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Abstract

A magnetofrictional method and MHD simulation are used to  study MHD equilib

ria and dynamic evolution of the E arth ’s magnetosphere during a substorm growth 

phase. I suggest that the new “entropy anti-diffusion instability” associated with 

plasma transport across field lines leads to an enhanced entropy gradient and ac

celerates the formation of a thin current sheet during the final substorm growth 

phase. Based upon the MHD simulations with a pressure diffusion term, I confirm 

th a t entropy anti-diffusion instability can lead to a very thin current sheet with 

B . < 0.5n T  and thickness < lOOOfcm in the near-earth magnetotail (x  ~  —8 to 

—20i?e) during the growth phase of substorm. The formation of the thin current 

sheet can explain the observed explosive growth phase of substorms. In the study 

of magnetotail equilibrium configurations, it is found that the profile of the mag

netic field strength B z component in the equatorial plane is mainly determined 

by the entropy S (A ) (5 =  pV"1) on magnetic flux tubes. I obtain self-consistent 

equilibria of the Earth’s magnetosphere with very strong lobe fields and a mono- 

tonically increasing B z component towards the Earth. It is also confirmed that an 

enhancement of the lobe flux favors the formation of a current sheet during the 

early substorm growth phase. However, my results do not support the notion that 

a critical amount of the lobe flux is required for a collapse of the tail current sheet.
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Chapter 1

Introduction

There is abundant evidence th a t the near-earth magnetotail plays a crucial role 

in magnetospheric physics. It is widely regarded as the “heart” of magnetospheric 

substorm phenomena. In the most popular observation-based picture of the magne

tospheric substorm, the classic substorm  sequence begins with a southward turning 

of the interplanetary magnetic field, a subsequent increase in the reconnection rate 

a t the dayside magnetopause, and a transfer of magnetic flux to the tail lobes [e.g., 

Russell and McPherron, 1973; McPherron et al., 1973]; this initial substorm phase 

(growth phase) terminates at the onset of the expansion phase, when an X-type 

neutral line forms in the central plasma sheet, and a plasmoid forms tailward of 

that neutral line [e.g., Schindler, 1974; Hones, 1979, 1984; Lyon et al., 1981]. Com

peting substorm models exist [e.g., Smith et al. ,1986], but in most cases, these 

models also depend crucially on the physics of the near-tail region.

Because of the intrinsic complexity of the near-magnetotail region, and its sub

tle coupling to the inner magnetosphere and the far tail, there are difficulties in

1
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2

developing a perfect analytical theory. In this region, the magnetic field config

uration and magnetospheric flows must be computed in a self-consistent manner, 

because they strongly affect each other. In this thesis numerical methods have 

been developed to describe the magnetotail equilibrium configurations and their 

evolution during a magnetospheric substorm.

1.1 T ypes o f M agnetic Field M odels

Several studies have produced quantitative magnetic field models for the Earth’s 

average or quiet magnetosphere. The observation-based models [e.g. Olson and 

Pfitzer, 1974; Tsyganenko and Usmanov, 1982; Stem , 1985] include several major 

current systems and are approximately consistent with quiet time or average mag

netic field measurements. However, these models are only magnetic field models 

and do not constitute global equilibrium, i.e., they do not enforce force balance 

between the magnetic field and the plasma.

Theoretically, global time-dependent magnetohydrodynamic (MHD) simula

tions [e.g., Wu, 1983; Lyon et al., 1981; Ogino et al., 1986] can generate self- 

consistent magnetic field configurations. However, they have not been applied to 

detailed studies of the inner magnetosphere. On the other hand, quasi-static MHD 

(inertial term of the momentum equation neglected) provides a convenient compu

tational basis for a self-consistent theory for the magnetotail and two-dimensional 

magnetosphere. Bim et al. [1975] and Birn [1979] have calculated magnetic field 

models for the magnetotail self-consistently in two and three dimensions, respec

tively. Their conceptually simple analytic solutions satisfy the force balance equa-
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tion within the asymptotic limit  Lx »  Lz but do not connect to the E arth’s 

dipolar field (i.e., a weak dependence of the magnetotail configuration on the tail

ward coordinate). Fuchs and Voig [1979] extended the self-consistent theory to a 

two-dimensional model of the whole magnetosphere (dipole included) for the case 

of a rectangular magnetopause, and they found a set of linear analytic solutions 

that satisfy the static MHD force balance equation; however, th a t set lacks the 

generality required for a realistic representation of the magnetosphere.

In the chapter 2, a magnetofrictional method is used to construct two-dimensional 

MHD equilibria of the E arth’s magnetosphere for a given distribution of entropy 

(5  =  pV7) on magnetic flux tubes, where p is the plasma pressure and V  is the 

flux tube volume per unit magnetic flux. The purpose of this study is to determine 

typical properties of the earth’s magnetospheric configurations during the growth 

phase and their dependence on the entropy function 5(.4) and on the distribution 

of the lobe magnetic flux.

1.2 M agnetotail D ynam ics

The formation and evolution of the current sheet is a crucial part of magnetotail 

dynamics. The evolution involves the storage and explosive release of magnetic 

energy and the energization of plasma. While these processes can be studied by 

direct measurements, theoretical and modeling tools are required to organize the 

diverse measurements into a comprehensive picture.

Theoretical studies of the m agnetotail can be divided into three categories. The 

first and most widely used approach is one-fluid magnetohydrodynamic (MHD)

3
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simulation where the plasma is treated as a  fluid, usually with isotropic pressure 

[Erickson and Wolf, 1980; Harel et al., 1981; Notzel and Schindler, 1985; Erickson, 

1992; B im , 1991; Hesse and B im  1992a, b]. Because of its connection to basic con

servation laws, MHD has been able to give us a reasonable large-scale description 

of the fluid parameters of the magnetotail system [Erickson, 1992; B im , 1991] and 

has provided three-dimensional distributions of fluid parameters such as pressure 

and current.

Modeling of the magnetotail on local spatial scales has also been attem pted 

with a method that has evolved from the test particle approach [Speiser, 1965: 

Pudovkin and Tsyganenko, 1973; Hill, 1975]. These models assume a very simple 

magnetic field geometry in which cold beams [Francfort and Pellat, 1976; Burkhart, 

1992; Pritchett and Coroniti, 1992] that are launched from the edges of the sys

tem support the assumed one-dimensional plasma configuration self-consistently. 

While this is a more realistic approach th a t does not assume pressure isotropy the 

simulation geometry is too simple to yield a realistic description of the magneto

tail, where particles convect through regions in which local conditions vary either 

gradually or abruptly. Because x and y dependencies are neglected, the model is 

relatively simple, but it cannot take convection into account properly: the con

vection electric field Ey is transformed away by moving into the deHoffman-Teller 

frame. This approach has demonstrated th a t thin current sheets can form embed

ded in the broader plasma sheet.

The third method of modeling the m agnetotail is a compromise between the 

first two; it is a semifluid model that allows anisotropic pressures, Pparaiiei^Pperp, in 

a gyrotropic but diagonal pressure tensor [Tsyganenko, 1982; Horton, 1993]. This
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approach is not valid within the central current sheet because guiding center ap

proximation cannot, be used there, especially in thin current sheets, and equations 

for P p a r a i i e i  and P p e r p  become inadequate, a t least for the ions, which are the main 

cross-tail current carriers.

1.3 B asic C oncept of a G eom agnetic Substorm

1.3.1 M agnetosphere

Figure 1.1 illustrates the various plasma domains within the earth’s magnetotail. 

The solar-wind flow is obstructed and becomes deflected by the earth’s magnetic 

field, resulting in the formation of a cavity, known as the earth’s magnetosphere, 

carved out in the solar-wind stream. The magnetotail is the cylindrically-shaped 

portion of the nightside magnetosphere. Because of the high speed of the solar 

wind, exceeding the local sound or Alfven speed, a shock front called the bow- 

shock is formed ahead of the magnetosphere. Behind the bow shock is a region 

known as the m agnetosheath where the solar-wind flow is reduced and the particle 

population of the solar wind is thermalized. Adjacent to the magnetosheath is the 

magnetopause which defines the outer surface of the magnetosphere. As illustrated 

in Figure 1.1, on the dayside at high latitudes, there is an abrupt transition between 

magnetic field lines th a t permeate only the dayside magnetosphere and adjacent 

field lines at higher latitudes that extend downstream toward the magnetotail. 

This demarcation gives rise to an indentation region on the dayside magnetopause 

called the cleft or the polar cusp.
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F ig u re  1.1 A three-dimensional drawing of the m agnetotail, exhibiting the plasma domain within.
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1.3.2 Tail Lobe and N eutral Sheet

A laxge portion of the magnetotail consists of two low-density regions known as the 

tail lobes, one in the northern half of the magnetotail and the other in the southern 

half. The field lines threading through the tail lobes are also open. Particles 

populating this region include ions from the polar region at low altitudes, and 

electrons from the solar wind entered into the tail lobe on open field lines. The 

energy density in the tail lobe is dominated by the magnetic field.

The neutral sheet, a sheet-like distribution of plasma, centers around the equa

torial plane of the magnetotail. In the neutral sheet, the magnetic field is weak 

(a few nanoteslas). The field reverses direction from pointing sunward to pointing 

tail-ward or vice versa as the neutral sheet is crossed.

1.3.3 Substorm  G rowth Phase

The substorm growth phase is the interval during which the solar wind energy is 

stored in the magnetosphere. Based on the observations [McPherron, 1970; Nagai, 

1982], the growth phase effects appear as the development of currents within the 

polar cap ionosphere approximately when an observed southward-directed compo

nent of the interplanetary magnetic field (IMF) impinged upon the dayside mag

netosphere. The enhanced currents result from enhanced magnetospheric electric 

fields th a t map to the polar caps, and such enhanced electric fields during a pe

riod of southward IMF are generally believed to be a prerequisite for substorms. 

Enhanced electric fields immediately extend into the closed field line region of 

the magnetosphere. Enhanced growth phase electric fields strongly modify the
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nightside magnetic field at synchronous orbit. Relative to the trend in the field 

components due to satellite motion, the northward-directed component (H) begins 

to decrease, and the magnitude of the radial-directed component (V) begins to

increase shortly after the southward turning of the IMF. These changes are typical

of the substorm growth phase and are generally believed to be due to an increase 

in the cross-tail current near synchronous orbit [e.g., Kaufmann, 1987]. An en

hanced plasma pressure P, with P monotonically increasing with decreasing r, has 

been observed during the substorm growth phase a t r  ~  7 — 10i?e by Kistler et 

al. [1992], and these pressures are sufficient to account for the enhanced cross-tail 

current during the growth phase [Lyons and Samson, 1992]. Here, some of the 

m ajor substorm features during the growth phase are listed below

(i) Thinning plasm a sheet

(ii) Increase of the tail magnetic field

(iii) Earthward motion of inner edge of the neutral sheet

(iv) Equatorward motion of the auroral arcs

1.4 Sum m ary o f M agnetotail Observations

In order to formulate and test a substorm theory it is necessary to identify the 

fundamental observational features of a substorm. While individual substorms can 

vary in many ways, there are a number of general features that characterize the 

substorm event considered here. The phenomenon described here happens often 

and generally is agreed to be a substorm. The m ajor features of the magnetospheric 

substorm in the m agnetotail are listed below.

8
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1.4.1 P lasm a Sheet T hinning

(i) A plasma sheet thinning begins during the substorm growth phase.

(ii) At X  < —15R e, the thinning proceeds until the poleward expanding auroral 

bulge (or the electrojet) reaches about dipole latitude 75°.

(iii) In general, plasma flow is weak during thinning. At X  >  —15R e, when 

plasma flow is observable, it is directed sunward, while a t X  ~  —30i2e, an anti- 

sunward flow is sometimes observed.

(iv) The plasma sheet becomes thinnest in the midnight sector. There is no 

indication of compression of the plasma sheet toward its midplane, since thinning 

occurs in the vicinity of the midplane.

1.4.2 P lasm a Sheet E xpansion

(i) At X  ~  — 15i?ej the plasma sheet begins to reappear or expand at about 

the maximum epoch of substorms.

(ii) Plasma particles in the expanding plasma sheet are much hotter than in a 

quiet time plasma sheet. The proton energy increases from about 1 KeV (a quiet 

time value) to 20 keV.

(iii) Despite the high particle energy, the plasma pressure does not show a 

notable increase, indicating that the density is appreciably lower in the expanding 

plasma sheet than in the quiet time plasma sheet.

(iv) The expanding plasma sheet is almost always associated with a high speed 

(~  500fcm/s) sunward flow of plasma.

9
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1.4.3 M agnetic F ield Variations

(i) There is no strong indication of the formation of a new magnetic neutral 

line in the near-Earth plasma sheet, which leads to a large-scale change of the 

magnetic field configuration.

(ii) Most of the reported B z component reversals are possibly a slight dipping 

of the B vector. The B z component is predominantly positive in the midplane of 

the plasma sheet during substorms.

(iii) Small-scale loops appear to be common in the vicinity of the midplane 

during substorms.

(iv) Tailward plasma flows can be associated with both a negative B z compo

nent (the dipping of the B  vector) and a positive B z component.

(v) The enhanced B z component is much larger than the dipole value.

(vi) The magnetic field configuration becomes tail-like again during a late epoch 

of the recovery phase.

Figure 1.2 illustrates schematically the configuration of the plasma sheet and 

of the magnetic field at about the maximum epoch of a substorm [Akasofu, 1977],

1.4.4 O utline o f th e Thesis

Using the MHD simulations, the objective of this thesis is to study the two

dimensional equilibrium structure and dynamic evolution of the E arth ’s magneto

sphere during the substorm growth phase.

In chapter 2, first a  magnetofrictional m ethod and related algorithms are de

veloped. Based upon the magnetofrictional code, I construct two-dimensional

10
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70’

F ig u re  1.2 Schematic diagram showing the configuration of the plasma sheet and of the magnetic field 
at T  =  0 and at the the maximum epoch of the magnetospheric substorm.
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MHD equilibria of the E arth ’s magnetosphere for a given distribution of entropy 

(5  =  pV7) on magnetic flux tubes, where p is the plasma pressure and V  is the flux 

tube volume per unit magnetic flux. I have found typical properties of the earth’s 

magnetospheric configurations during the growth phase and their dependence on 

the entropy function 5(A ) and on the distribution of the lobe magnetic flux.

In chapter 3, based on 2-D MHD simulations, I study the dynamic evolution 

of the magnetotail in the presence of a dawn-to-dusk electrostatic field. It is 

implied that the enhanced ionospheric convection electric field may be the main 

driving force of the near-earth magnetotail evolution during the substorm growth 

phase, which enhances the entropy and highly stretches the geomagnetic field fines 

tailward in the near-earth region.

A new entropy anti-diffusion instability, which leads to a  further thinning of the 

near-earth current sheet and the onset of dipolarization of near-earth geomagnetic 

field fines, is reported in chapter 4. The dependence of the growth rate of the 

instability on the diffusion coefficient is also presented.

In the last chapter, I briefly summarize the results.

12
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Chapter 2

Two-Dimensional Equilibrium 

Structure and Evolution of the 

Earth’s Magnetosphere During 

the Substorm Growth Phase

The major sequence of a magnetospheric substorm consists of a growth phase, 

an expansion phase and a recovery phase [Akasofu, 1977]. Based on satellite ob

servations in the equatorial magnetotail, the growth phase is characterized by an 

increase of the lobe field strength, a highly stretched geomagnetic field and thin

ning of the plasma sheet within ~  15i?e [e-g-- Kokubun and McPherron, 1981; 

Kaufmann, 1987; Fairfield et al., 1987; Lui et al., 1992]. The current sheet thin

ning starts before the onset of the expansion phase and the observed thickness of 

current sheets can be as small as 300-1000 km [Mitchell et al., 1990; Sergeev et al.,

13
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1990],

At the onset of the expansion phase, the stretched geomagnetic field lines in 

the near-earth region (x ~  —6 to —12i?e) are suddenly dipolarized [e.g., Lux et al., 

1992]. Recently Ohtani et al. [1992] found th a t an explosive growth phase, which 

is characterized by the presence of a thinner current sheet with a larger current 

density, can precede the full onset of substorms.

The onset of substorms is believed to be related to the evolution and stability 

of the current sheet in the near-earth (—6 R e >  x > —20 R e) magnetotail. The 

formation of thin current sheets in the magnetotail was widely investigated based 

on MHD and particle simulations. Two-dimensional MHD simulations of current 

sheet formation and rapid reconnection in the near-Earth magnetotail driven by an 

external electric field were carried out by Lee et al., 1985; Bim et al., 1986, 1991; 

and Ma et al., 1995. Global three-dimensional MHD studies were done by Usadi 

et al., 1993, Ogino et al., 1994, and Fedder et al., 1995. Full particle simulations 

[Pritchett and Coroniti, 1995] and hybrid simulation [Hesse et al., 1996] qualita

tively confirm MHD results. All simulations indicate tha t a thin current sheet can 

form in an initially smooth magnetospheric equilibrium if a driving boundary con

dition consistent with a southward IMF is turned on. The ideal MHD evolution of 

the geomagnetic tail in response to an applied field with inward flow is character

ized essentially by a quasi-static compression of the tail configuration. The electric 

field applied a t the boundary propagates inward in the form of a fast MHD wave, 

becomes reflected a t the plasma sheet boundary, and settles eventually after some 

wave traveling back and forth and interference of waves a t an approximately linear 

decrease from the boundary toward has much smaller values within the plasma

14
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sheet [Bim et al., 1986]. The stretching and energization of the tail by the adia

batic lossless convection has been studied analytically [Schindler and B im , 1982] 

and numerically [Hau et al., 1989; Erickson, 1992]. These studies showed that the 

tail configuration can be stretched as convection proceeds and that a B.-minimum 

can form in the plasma sheet. Bim and other [Bim, J. and K. Schindler, 1986; 

B im  et al., 1994; Schindler, K  and J. B im , 1993] demonstrated that a thin current 

sheet can be formed under adiabatic conditions (when 5(A ) is conserved) with the 

steep gradient of P (A ). The conservation of 5(A ) requires a steep gradient of 

the flux tube volume V (A )  to compensate for the steep gradient of P(A ). The 

stretching in the presence of an enhanced ionospheric convection electric field has 

been studied analytically [Cai et al., 1995]. This model implies that the enhanced 

ionospheric convection electric field is the main driving force of the near-earth 

magnetotail evolution during the substorm growth phase. Here, the formation of 

highly stretched field line configuration and the enhancement of entropy function 

in the near-earth region is a consequence of the enhanced ionospheric convection. 

Satellite observations [Lui et al., 1992] indicated th a t the substorm onset may not 

be initiated by magnetic reconnection. Recent theoretical studies tried to explain 

the onset without resorting to reconnection [Kan et al., 1988; Roux et al., 1991; 

Lui et al., 1992; B im  et al., 1994].

When the interplanetary magnetic field turns southward, dayside reconnection 

leads to an increase of open magnetic flux, which is convected antisunward. As a 

result, the magnetic flux in the lobes increases. Based on force balance Siscoe and 

Cummings [1969] predicted the earthward displacement of the cross-tail current 

sheet for an increasing amount of the lobe flux. During the growth phase, the field
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configuration in the near-earth plasma sheet becomes increasingly stressed and the 

cross-tail current sheet is displaced earthward with the buildup of a strong current 

density mostly in the near-earth region (x  ~  —6 to — 20i?e). Now the concept is 

widely accepted th a t the earthward displacement of the cross-tail sheet must cease 

at some point due to the dominant geomagnetic field near Earth. This provides a 

theoretical reason for a limit on the open magnetic flux allowed in the magnetotail. 

Open magnetic flux beyond this limit should lead to catastrophic changes which 

are possibly related to the substorm expansion phase.

Since the fast-mode transit time (~  a few minutes) across the magnetotail is 

much shorter than  the growth phase time, the magnetotail in the growth phase 

can be approximated by a series of quasi-equilibrium configurations. In my recent 

study [Lee et al., 1995], I use a magnetofrictional method to construct global MHD 

equilibria, in which the entropy per flux tube is imposed as a constraint. It is found 

that a very thin current sheet can be formed in the near-earth magnetotail during 

the growth phase of substorm. In this chapter, I study, in detail, conditions for 

and the formation of a thin current sheet during the growth phase, and construct 

the tail configuration corresponding to the conditions. I also discuss quantitatively 

the amount of open magnetic flux, its relation to the cross-tail current sheet, and 

the earthward displacement of this current sheet.

The present study of current sheet formation is based on a MHD formulation. 

The results provide a  framework for further studies of the current sheet, including 

kinetic effects and instabilities. Based on my equilibrium results, the dynamic 

evolution of the tail configuration is studied in other chapters.

The next section introduces the equations for the magnetofrictional method.

16
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It also presents boundary and initial conditions and I describe the model for the 

entropy function. The equilibrium field configurations corresponding to the entropy 

profiles are given in section 2.2, which shows favorable conditions to form a thin 

current sheet in near-earth magnetotail. I also discuss the relationship between 

the lobe flux and a current sheet. Finally a discussion and summary are given in 

section 2.3.

2.1 Num erical M odel

2.1.1 M agnetofrictional Equations

A 2-D MHD equilibrium in the noon-midnight meridian plane (x-z  plane in the 

geomagnetic solar magnetospheric (GSM) coordinates) is characterized by force 

balance, which is described by

J  x B — Vp =  0, (2.1a)

B =  V x (Ay), (2.16)

J  =  V x B , (2.1c)

where A  is the y-component of vector potential and p is plasma pressure. Solutions

of (2.1) can be obtained by specifying S(A) = pV " 1 as well as a boundary condition

on A. Here V (A ) = f  d s /B  is the flux tube volume per unit flux, and 5(A) is 

called the entropy function  in this thesis [Lee et al., 1995]. The equilibrium solution 

obtained by specifying 5(A ) and boundary conditions on A  is more relevant to the 

tail dynamics if the in- and outflow of plasma through the end of flux tubes are

17
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ignorable. In this case, the magnetospheric field configuration is controlled by the 

boundary flux distribution and the entropy content in each flux tube. Since there 

are no significant material flows from and to the ionosphere observed before the 

substorm onset, the adiabatic, lossless picture is close to the real magnetosphere.

When the system is force balance, it is in a state of minimum energy. In the 

chapter, a state of minimum energy is approached in terms of using the mag

netofrictional m ethod [Chodura and Schluter, 1981; Lee et al., 1995], in which 

an arbitrary initial field configuration satisfying the boundary condition and con

taining no X line is loaded with S(A )  and the whole system is allowed to evolve 

according to the following equations.

v  =  a ( J  x B — Vp), (2.2)

dA
-  =  - W A ,  (2.3)

^  =  - V  ■ (Av), (2.4)

where t  is a time-like parameter, a  is a positive function of space and f, whose 

magnitude is less than one and limited by a numerical stability condition, and 

h =  p1/ 7 with 7  =  5/3. Eq.(2.2) is equivalent to a usual momentum equation 

without the inertia term. The kinetic energy converted from the excessive potential 

energy is removed after each time-step, so th a t all the oscillatory modes are damped 

and the system moves toward the lowest energy state. Eq.(2.4) is obtained from 

the conservation of mass (dp /d t =  —V  • (pv)) and the Lagrangian invariance of 

specific entropy ((d /df)(p /p7) =  0 ). Eq.(2.4) guarantees that /„ =  / v p 1/7dV' is 

conserved for any volume V  enclosing certain fluid elements in every relaxation 

step. For an infinitesimal fluid element, we can define s =  p(<5V)7. Since s 1̂ 7 =

18
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p 1 /~'(8 V ) is conserved, s is also conserved, which means the entropy conservation 

for a fixed fluid element. During the relaxation of the magnetofrictional scheme, 

we cannot define the quantity 5(A ) =  p (A )V ’r before we reach the equilibrium 

because p is not necessarily constant along the field line, But Iv is defined and 

conserved for each differential flux volume labeled by A. In the equilibrium, I  a =  

p l/'rV (A )  =  5 (A )1/7. It is to be reminded th a t the entropy constraint expressed as 

5(A) =  p V y instead of Iv  is based on the assumption of the equilibrium. In the 

magnetofrictional method, only the final equilibrium is a valid solution. Equation 

(2.1) for MHD equilibrium is of elliptic type, whereas (2.2)-(2.4) form a parabolic 

system. The solution of the la tter thus asymptotically approaches the solution of 

the former. Since the initial condition can be chosen quite arbitrarily, only the 

final solution is significant. The param eter t tells us the direction of relaxation 

sequence. In this chapter, equations (2.2)-(2.4) are solved numerically. Every time 

step, I first solve equation (2 .2 ) to  obtain the velocity v, where a =  d t/(B 2 +  7 p). 

Then the magnetic field A and h evolve according to the equations (2.3) and (2.4) 

respectively. I repeat the procedure until the net force is smaller than 10 -4  to 10-5, 

which implies a typical time-scale for plasma acceleration of 105 to 106 seconds. 

The relaxation method requires 104 to 105 iteration steps (the large value applies 

to cases with very thin current sheets).

To compare my results with observations, I normalize the length scales to one 

Earth radius (Re), the magnetic field to Bq =  30 nT, which would be the E arth’s 

dipole field strength at r =  10 R e in the equatorial plane, magnetic flux to A0 =  

B 0R e =  30n T R e- and the pressure to pQ =  B% j /r0 =  0.71 nPa.
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2.1.2 B oundary conditions and Initial Field Configuration

My simulation domain is bound by a circle of radius of 3 R e concentric with the 

Earth (dOi), a mimicked magnetopause (<9Q2) composed of a parabola, which 

is described by x  =  —[15(10 — z )]^ 2, extending from the subsolar point (10,0) 

to (—5, ±15) and abutting straight lines extending to (—70, ±28), and a straight 

tailside boundary at x  =  —70 (<9fl3). At all boundaries, the flux function A  is 

set constant in time. At the magnetic flux is matched to a 2-D dipole field 

described by A d  =  —100x /( x 2  + z 2). The computation domain is shown in Fig.2.1.

Following the southward turning of the IMF, the dayside reconnection creates 

the open magnetic flux, which is then convected antisunward. The distance trav

eled by the first open flux tube in about 30 minutes (growth phase time scale) can 

be estimated as A x  ~  250kms_l x 1800s ~  72R e. The newly open flux is expected 

to be distributed over the region x  >  —70R e of the tail magnetopause. Since the 

open flux along the dayside magnetopause (x > 0) affects mainly the dayside field 

configuration, I simply set the open flux to zero along the dayside magnetopause. 

Therefore, A  is set to a constant value A \ along the dayside magnetopause (x > 0), 

and the open flux (A 2  — .4t ) is uniformly distributed along the nightside magne

topause (x < 0). Here A2 is the value of A  at corner of the two boundaries <9f22 

and 8 0 z. These are shown in Fig.2.1.

Along the tailside boundary <9f23, I simply choose B x(z) oc z /  (z 2 + a2)1/2, which 

leads to A (x  =  —70,z) =  A 3  —(A 3 — A2)[(a2 +  22)* — a]/[(a2+  282)? —a]. Here A3 

is the value of A  a t the intersection of the x-axis and 80,3, and a is a parameter 

controlling the distribution of flux along the tailside boundary. For a zw, where

20
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Simulation Domain

10 -10 -30 -50 -70 
X(Re)

F ig u re  2 .1  Sketch of the simulation domain in the noon midnight meridiem plane. 9 f i i ,  dO.2 and dO.2 
are the simulation boundaries.
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zw is the half-width of the magnetotail and equal to 28R e: a sharp current layer 

appears near the central part (2  ~  0) of this boundary and the flux is rather 

uniformly distributed across the tail boundary. For a 3> zw, the current layer is 

broadened and more flux is concentrated in the region near the magnetopause. 

The latter is thought to be more realistic and I tested a  number of values of a 

(10 < a <  300). The inflated magnetic field lines in the region x  < —20R e are 

mainly caused by the presence of open flux along the magnetopause. The results 

are not sensitive to the boundary condition imposed at the tailside boundary. The 

detailed results and discussion are given later. In the following cases, a  is simply 

set to 200. The flux (A3 — A2) is defined as the lobe flux and the flux (Ac — A3) 

as the closed flux.

The initial field profile is set up by interpolating the flux function A between 

inside and outside boundaries and contains no neutral point in the domain. The 

method I use in the chapter is described as follows. For any inside point (x , z) 

a straight line is determined by this point and the origin. This line intersects 

inside and outside boundaries a t two points respectively. Then initial flux function 

A(x, z) is given by the flux values of these two points in terms of interpolation. 

During the relaxation of the magnetofrictional scheme, the magnetic field evolves 

according to the ideal MHD, i.e., field lines cannot be reconnected or diffused. The 

field line topology of the final equilibrium configuration is fixed by the topology of 

the initial field.

22
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2.1.3 Entropy Function Profile o f S(A)

As pointed out in earlier studies [Lee et al., 1995], the evolution of geomagnetotail 

during the substorm growth phase can be described as a series of quasi-equilibrium 

configurations, which is defined by the entropy function S(A ).

Once an initial field profile is given, the differential flux volume V (A ) can 

be calculated, and one can obtain the initial pressure p(A) = S(A)/V(A)~I for a 

given entropy profile S(A ). I have calculated the entropy function and the plasma 

pressure along the x-axis based on Tsyganenko empirical field models[1989]. The 

force balance between the lobes and the current sheet at x  =  —60R e is employed to 

determine the pressure at x  =  —60R e on the equatorial plane. Using this pressure 

constant and J  x B  =  Vp along the x axis, I obtain the pressure distribution along 

the x axis. The results are presented for different K p and the substorm growth 

phase in Fig.2.2. [Zhang et al., 1994]

It is found th a t the modified entropy function S  is very small near the earth, in

creases tailward and reaches a nearly constant value. The decrease of S'(A) towards 

the Earth is due to the fact that hot ions cannot penetrate into the strong dipole 

field region. In addition, there is one mathematical constraint in 2-D geometry: 

S(A)  should be zero at the point where the x-axis intersects the inner boundary, 

because the differential flux volume V(A)  is zero at these points unless they are 

O-type neutral points. Therefore, I choose the entropy profile in my model as

23

, A C —  A .  
1 +  tanh(—— —) 

AA
(2.5)

Here Sm, A c and A A are constant parameters. Sm controls the amplitude of 

the entropy function. The entropy gradient is presented by the transition width
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(a)

x/R.

( d )

A '

F ig u re  2 .2  The configurations for different K p in Tsyganenko empirical field models, (a) K p =  1 
for quiet time; (b) K P =  5 and with an enhanced cross-tail current sheet for growth phase; (c) K p =  6 
for the configuration after a  substorm onset; (d)corresponding entropy function S  =  p V  versus flux 
A1 =  A — .4 6 1 ° •
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AA. The constant Ac largely determines where the thin current sheet is formed 

in the A-space. In this chapter, I carry out systematic study of properties of how 

the S ( A ) determine the configuration of magnetosphere and relate to the growth 

phase of substorms. This analysis will be done using param eter variations of Ac, 

A A, Sm and the distribution of the lobe flux. I will dem onstrate th a t, for instance, 

the formation of a thin current sheet is highly related to the enhancement of the 

entropy gradient and magnitude 5m.

The pressure p(A) in the lobe and dayside for the equilibrium solutions is 

determined by the following method: The region with A <  A3 is divided into two 

regions, one is A <  A2, another A2 <  A < A3. Since the pressure in the lobe is 

almost constant and the dayside magnetosphere does not play an active role in 

the tail configuration. The pressure in the region where A <  A2 is simply set to a 

constant bipi, where p*, is the pressure for flux value A3, i.e., it is the pressure in 

the edge of current sheet, and 61 is a constant parameter and should be less than 

one. In my cases, pL is a small constant, and equal to p(A3). The pressure for 

A2 <  A < A3 increases with the increase of the flux A and is given by the function 

p(A)  =  p i e x p [ K ], where K  =  Inbi [Fuchs and Voigt, 1979]. I also set the 

pressure inside the inner edge is not less than b2pp, where b2  is a constant and less 

than one, pp is the peak pressure. My results are not sensitive to  choice of b\ and 

b2 to calculate lobe and dayside pressure. In this chapter, I simply set bx to 0.5 

and b2 to 0.2. In my computation, I employ a staggered mesh and need not specify 

pressure at the boundary points. At all the boundaries, I set v  =  0.

Thus, the equilibrium is totally determined by the entropy function profile and 

the open and lobe magnetic flux. In the following section, I will discuss in detail the
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properties of the equilibrium configuration and how they depend on the param eter 

A c, AA, Sm, and the magnetic flux in the lobe. This will determine conditions for 

the stretching of the magnetotail in the subsection 2.1, current sheet formation in 

the subsection 2.2, the effects of a large lobe magnetic flux in the subsection 2.3, 

and I will justify the tailward boundary condition in the subsection 2.4.

2.2 2-D Equilibrium  Structure

2.2.1 Tailward stretch ing o f m agnetic field lines

During the growth phase, the field configuration in the near-Earth region becomes 

tail-like and a current sheet is displaced earthward. Based on the Tsyganenko 

empirical field models [1989], the entropy function 5(A ) shifts earthward in A- 

space, which resulting in transition point Ac moving earthward and an increase of 

the lobe flux (A3 — A2).

Here, I obtain the equilibrium field configurations with different transition 

points A c, and fixed open flux (A2 — Ai), closed flux (Ac — A3), transition width 

A A and 5m. The transition point Ac shifts earthward from 17.75 to 21, and cor

responding lobe flux (A3 — A2) enhances from 7.3 to 10.55. The results shown 

in Figure 2.3. In this case, 5m =  500 in units of 50 =  B q Z / n$, Ay =  —14., 

A2 =  1.5, and A A =  0.1. In run 1, shown in Figure 2.3a, A3 =  8.8, Ac =  17.75. 

In run 2, shown in Figure 2.3b, A3 =  9.8, Ac =  18.75. In run 3, shown in Figure 

2.3c, A3 =  10.8, Ac =  19.75. In run 4, shown in Figure 2.3d, A3 =  12.05, Ac =  21. 

As shown in Fig.2.3a and 2.3c, a shift of 5(A) in A-space causes the following
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(c )  Ac= 1 9 .7 5

0 - 2 0  - 4 0  - 6 0

- 5  -Q  - 1 1  - 1 4
X(R.)

(d )  Ac= 2 1 . 
 1-------1—

- 3 0

0 - 2 0  - 4 0  - 6 0

- 5  - 8  - 1 1  - 1 4
X(R.)

F ig u re  2 .3  The evolution of the equilibrium configuration if the entropy function S  =  pV"’ is shifting 
in A-space from Ac =  17.75 to Ac =  21. The shift generates a more stretched field configuration.
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changes: Dipole field lines in the near-earth region —5.5 R e > x  > —7 R e are 

stretched tailward, the lobe flux increases, and the inner edge of the plasma sheet 

moves toward the earth  about 1 R e, which is consistent with previous studies [Siscoe 

and Cummings, 1969; Coroniti and Kennel, 1972]. The location X e of the inner 

edge of the plasma sheet as a function of Ac is shown in Fig.2.4a. The tailward 

displacement of geomagnetic field lines can also be seen in Fig.2.4b, which shows 

the flux function A  in the equatorial plane (z=0) as a function of x. For example, 

the magnetic field line with .4 =  20 is located at x  ~  —5.3R e as Ac =  17.75 and 

stretches to x  ~  —30.Re as A c =  21. But the current sheet properties and the 

minimum B z almost do not change during S(A)  shifting in A-space.

2.2.2 Form ation o f a very th in  current sheet

Our previous results [Lee et al., 1995] show that the current sheet thickness is 

mainly determined by the transition width AA and the magnitude Sm of the en

tropy function. Using MHD simulations with a pressure diffusion [Lee et al., 1995], 

I demonstrated that the entropy anti-diffusion instability results in a steepening of 

the entropy profile in A-space, which finally leads to an enhanced current density 

and a thining current sheet in the near-earth region. For the empirical Tsyganeko 

field model [1989], the flux tube volume V  and plasma pressure p are calculated 

for different K p and for the substorm growth phase. It is found that the specific 

entropy and its gradient in the near-earth flux tube, which are connected to the 

ionosphere in the latitudinal range of 62° ~  64°, is highly enhanced as compared 

to the quite time values [Zhang et al., 1994].
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(a)

- 1 6  - 1 9  - 2 2
A c/ A 0

(b)

- 5  - 2 0  - 3 5
X (R e)

F igu re 2 .4  (a) The inner edge X e of the plasma sheet moves toward the earth about 1 ft, as S(A)  
shifts to the earth about 3.25Ao in A-space; (b) The magnetic flux A  in the equatorial plane versus the 
distance X (f t ,)  for Ac=17.75, 18.75, 19.75 and 21. The dipole field is stretched tailward when S(A ) 
shifts to the earth.
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The results shown in Fig.2.5, give equilibrium field configurations that have 

same param eters except for transition width AA, in which A A decreases from 

A A =  1.0 to A A =  0.05, and finally a very thin current sheet is formed in the 

near-Earth region. In this case, Sm =  500, Ai =  —14., A2 =  1.5, A3 =  9.8 

and Ac =  18.75. Figure 2.5a, 2.5b, 2.5c and 2.5d have A A =  0.05, 0.3, 0.5 

and 1.0 respectively. As shown in Fig.2.5a, the magnetic field lines in the region 

—6.5 R e > x  >  —25 Re are very tail-like. The field lines are cusp-shaped, i.e., the 

angle between the field line in 2 >  0 and that in 2 <  0 is nearly zero. Note that the 

cusp-shaped magnetic field configuration is stable to the interchange or ballooning 

instability.

Fig.2.6  shows the entropy function S, p, B z, and the current density Jy, which 

corresponds to Fig.2.6a (AA =  0.05), in the equatorial plane as a  function of x. The 

magnetic field B z is very small in the region — 8 Re > x >  —16 R e and the minimum 

value of B z is found to be B zmia ~  0.007 B 0 ~  0 .21  nT. The half-thickness of the 

obtained thin current sheet measures d ~  O.Q8 R e ~  500 km, which corresponds 

to three grid spacings, and the peak pressure reaches 1.96 po — 1.39nPa, which 

is consistent with observations by Spence et al. [1989] and Lui et al. [1992]. As 

A A gradually decreases magnetic field lines in the region — 6 R e > x > —15 R e 

are highly dipolarized and field lines in the fax tail region x <  —2 0 i?e is stretched 

tailward. The distances of field line’s moving earthward vary.

When A A decreases from 1 to 0.05, the flux function A and the distance 

D ( X A r e f ) =  X a ( A )  — X A r e f  of field line displacement in the equatorial plane (z= 0 ) 

as a function of X A T e /  are shown in Fig.2.7. X a ( A ) is the location of the flux A 

in the equatorial plane for A A =  0.05 and X A r e f  is for A A =  1.0 as a reference
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(c )  A A = 0 .5

0 - 2 0  - 4 0  - 6 0

- 6  - 9  - 1 2  - 1 5
X(R.)

(d )  AA=1.
-------1-------r

- 3 0

0 - 2 0  - 4 0  - 6 0

- 6  - 9  - 1 2  - 1 5
X(R.)

F ig u re  2.5 Sequence of equilibrium configurations showing the effect of increasing A .4 with (a) 
A.4 =  0.05, (b) A .4 =  0.3, (c) A  A  =  0.5, (d) AA =  1.0. The equilibrium field configuration for 
A.4 =  0.05 contains a very thin current sheet (d ~  0.08ft*) and a minimum B-  of ~  0.007Bo ~  0.21nT. 
The magnified view below the main plot shows a cusp-like field lines for the —6ft* <  x  <  —15ft*. For 
A.4 =  1.0, the m agnetic field is more dipolar in the region —6ft* <  x <  —15ft*. The current sheet is 
very thick (d ~  1.47ft*).
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0 20 , - 4 0  - 6 0
X(Re)

F ig u re  2 .6  Entropy function S  =  pV'1 and pressure p  (upper plot), and magnetic field B z and current 
density Jy (lower plot) in the equatorial plane as a function of x  for A A  =  0.05.
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case. So magnetic field strength B z in — 8 R e > x  >  —16 R e sharply decreases as 

A A  gradually decreases. Finally shapes cusp field lines is shaped. Simultaneously, 

the current sheet density sharply increases and the thickness of the current dra

matically decreases. The maximum value of the current sheet density increases 

from 1.25J0 to 12.43J0. The half-thickness d(Re) and maximum density Jmax of a 

current sheet and the minimum value 5 zm,„ of B z as a function of A.4 are shown 

in Fig.2.8.

The two cases shown in Fig.2.9, give equilibrium field configurations that have 

same param eters except for Sm. Here, A \  =  —14., A i  =  1.5, 4.3 =  9.8, AA =  0.3 

and A c =  18.75. Fig.2.9a and 2.9b have Sm =  250 and 750 respectively. As 

shown in Fig.2.9b, the magnetic field lines in the region — 6 R e > x  >  —35 R e 

are highly stretched tailward. The flux function A and the tailward displacement 

D ( X A r e f )  =  X a ( A )  —  X A r e f { A )  of field line in the equatorial plane (z=0) as a 

function of X A r e f ,  when Sm increases from 250 tO 750, are shown in Fig.2.10. 

Here, X a (A) is for S m =  750 and X A r e j  is for Sm =  250 as reference. In the region 

—6 R e > x >  —20 R e, the tailward displacement of field line is proportional to x. 

Field line’s stretching tailward result in a sharp decrease of magnetic field strength 

B z. Finally, a current sheet is formed in the near-earth region. The half-thickness 

d(Re) and maximum density Jmax of a  current sheet and the minimum value B zmin 

of B z as a function of Sm are shown in Fig.2.11.

It is shown th a t a larger entropy or a higher entropy gradient is required to form 

a thin current sheet in the near-earth region. But the enhancement of the entropy 

or the entropy gradient produces a different process in the near-earth magnetotail. 

A th in  current sheet is formed in the near-earth region due to field line’s stretching
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- 5  - 2 0  - 3 5
X ( R . )

F ig u re  2 .7  The magnetic flux A in the equatorial plane versus the distance X(R*)  for A  A =  0.05 and 
A A  =  1.0 (upper plot). The separation D(XAref)  of magnetic field lines with the same value of A along 
the equatorial plane for the configuration with A  A =  0.05 compared to the reference case with A  A  = 1 .0  
(lower plot).
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F ig u re  2 .8  The haif-thickness d(Re) (7 * d(Re))  of the current sheet, maximum current density J y 
and minimum B z (100 * B zmxn) versus A  A.
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tailward as the entropy Sm enhances. The dipolarization resulting from increasing 

entropy gradient leads to a very thin current sheet in the near-earth region.

2.2.3 R elationship  betw een lobe flux and a current sheet

During the substorm growth phase the interplanetary magnetic field (IMF) turns 

southward, and the solar wind transports open magnetic flux to the magnetotail. 

Consequently the lobe field strength increases. It is believed that the lobe flux has 

an important effect on the thickness and the earthward displacement. Siscoe and 

Cummings [1969] suggested that in a three-dimensional tail sheet model the inner 

edge of the cross-tail sheet must move earthward to accommodate an increasing 

lobe flux in the tail, as a consequence of force balance between the Earth and 

the solar wind. In the chapter, the effects of lobe flux on a current sheet in two

dimensional tail current model is discussed.

For comparison with previous studies [Siscoe and Cummings, 1969; Cao and 

Vasyliunas, 1995], the open magnetic flux is set to zero, i.e., A 2 = A i.  I obtain an 

approximate constant lobe field strength B t. In following discussion, I supposed 

that tail-lobe does not expand and the magnetopause boundary {dQ2) is fixed. So 

the lobe field strength B t increases proportionally with the lobe flux enhancement. 

In our original model, a current sheet is formed in the tail boundary center (d£l2, 

z =  0) if the lobe flux is too large. To obtain a  equilibrium configuration (x >  —60) 

without a current sheet in the tail boundary. I prolong the computer domain 

tailward to — 100i?e. After force balance, I obtain equilibrium configurations (x > 

-60 ).

36
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F ig u re  2.9 The dependence of the equilibrium configuration on the magnitude S m of the entropy 
function. For Sm =  250 (a), the magnetic field is more dipolar field in the region —6R* <  x  <  —15Re, 
while Sm =  750 leads to a thinner current sheet and a more stretched magnetotail configuration.
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X ( R e)

F ig u r e  2 .1 0  The distribution of magnetic flux A  in the equatorial plane versus the distance X(fU)  for 
Sm =  750 and Sm =  250 (upper plot). The bottom plot shows the separation D ( X Arcf )  of field lines in 
the equatorial plane as a function o f X^rcf  for Sm =  750 and 250.
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sm/s0
F ig u r e  2 .11 The half-thickness of the current sheet d(Rc),  maximum current density Jymax and 
minimum Bz (50 * Bzm,n) versus Sm.
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My results confirm that a current sheet moves earthward continuously as the 

lobe flux enhances. But the thickness of a current sheet does not decreases much 

and the current density hardly increases with the enhancement of the lobe flux Ai0b- 

Fig.2.12 shows the inner edge X e, maximum current density Jmax and thickness 

d(R e) as a function of the lobe flux A[0b- Here the lobe flux is defined as Aiab =  

A (x  =  —60, 2 =  0) — A2. But to tal cross-tail current /  Jydz enhances significantly, 

as shown in Fig.2.13. It is consistent with a significant enhancement of the lobe 

flux.

My result show there are equilibrium configurations even if the lobe field 

strength B t is very large. It does not support the existence of a critical amount 

of the lobe flux, over which the tail current sheet supposedly collapses. Fig.2.14a 

shows an example with a large lobe field strength. Here, Sm =  500, A x = A2 =  

—20, A3 =  8.05, A A  =  2. and A c =  18.75. The lobe magnetic field strength down 

tail —20R e is about B t =  1.71i?o — 51 nT, and corresponding B z and Jy as a func

tion of x is shown in Fig.2.14a. In this case the equatorial B z has a B z minimum. 

An enhancement of the lobe flux results in a B z minimum in the equatorial plane 

when 5(A) does not change. But I also find tha t increasing lobe field strength 

B t does not always causes a B z minimum. The B z profile in the equatorial plane 

is mainly determined by the entropy function 5(A ). The higher entropy gradient 

favors the formation of a B z minimum in the equatorial plane. An equilibrium con

figuration with a large lobe field strength and B z decreasing monotonically down 

the tail is shown in Fig.2.14b. The lobe magnetic field strength B t down the tail 

—20R e is about B t =  1.7B0 =  51 nT.  Corresponding B z and Jy as a function of x is 

shown in Fig.2.14b. In this case, all parameters are as same as in the previous case
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8 16 24 32

A - l o b / A ( )

F ig u re  2 .1 2  The half-thickness of the current sheet d(Rt ) ,  maximum current density Jvmax and inner 
edge X c versus A/0f> =  A( x  =  —60, z  =  0) — A2 , for fixed Sm — 500 and A  A =  2.
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(Fig.2.14a), except for A A  =  4. I t is shown tha t during an early phase of substorm, 

the enhancement of the lobe m agnetic field strength B t results in increasing and 

thining an current sheet. But continuous enhancement of the lobe field does not 

thin an current sheet further. There must be other mechanisms such as entropy 

anti-diffusion instability to th in  an current sheet during a  final substorm growth 

phase.

2.2 .4  lobe and tail (param eter a) boundary conditions

In the previous sections I have explored the influence of the amount of magnetic 

flux in the lobes (for open and closed lobe boundaries) and of the gradient of the 

entropy function (A A  and S m) on the tail configuration and on the thickness of 

the near Earth current sheet. So far unresolved for the presented model is the 

effect of a varying distributions of open magnetic flux a t the tail magnetopause. 

Another im portant aspect is the potential influence of the magnetic flux distribu

tion through the tailward boundary <9f23 which is controlled by the parameter for 

B x a t this boundary.

F irst I consider the influence of the lobeward boundary using 4 cases with 

different boundary conditions. Here I include also basic cases with a nonuniform 

distribution of open magnetic flux. Such a nonuniform distribution of open flux 

could be generated for instance by a variation of the IMF B z component such as 

a short northward turning which has been recently suggested by Lyons [Lyons, 

1995] as a possible trigger for magnetic substorms. A nonuniform flux distribution 

is also relevant to time dependent simulation studies which sometimes assumed a
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/ J y d z ( x . t )

X(R.) (ta ilw ard  -»)

F ig u r e  2 .1 3  The total current J  Jydz  for different lobe flux Aiob as a function of x.
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- 6  - 9  - 1 2  - 1 5

X(R .)

- 6  - 9  - 1 2  - 1 5

X(Re)

F ig u re  2 .14 (a) An equilibrium field configuration with the
lobe flux Aiobe =  A(x — —60,2  =  0) — .4; =  28.07.4o, and a transition width A A  =  2.0; magnified 
view in the —6 <  x  <  — 15/Z*; the magnetic field component B z (5 « Bz ), and the current density 
Jy in the equatorial plane as a function of x. (b) An equilibrium field configuration with the lobe flux 
A/oie =  A (x =  —60, 2 =  0) — Ai =  28.08Ao, and a transition width AA =  4; B z decreases monotonically 
down the tail.
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non constant electric field a t the lobe boundary [Birn et a i,  1986].

To relate to the results of section I choose the same parameters as for the first 

series of runs in section 3.2 (Figures 2.4 to 2.8) with AA =  0.3. Thus my reference 

case here is the one shown in Figure 2.6b with a uniform distribution of open flux 

at the lobe magnetopause. The second case has the same amount of lobe flux, 

however, with an entirely closed magnetopause as shown in Fig.2.15a. To study 

the influence of a nonuniform distribution of open lobe flux I have selected the 

cases shown in Figure 2.15b and c. For both cases (b) and (c) the to tal amount of 

open flux is the same as for the reference in Figure 2.6b. The run in Figure 2.15b 

has a closed magnetopause close to the Earth (between x  =  0 and x  =  —20) and 

all open flux is located a t larger distances from the Earth. The result in Figure 

2.15c uses an open magnetopause close to the Earth (between x  =  0 and x  =  —25) 

and a closed magnetopause at larger distances.

The results in Figure 2.6b and Figure 2.15a to c show that all cases except 

for the one with the fully closed magnetopause show a very thin current sheet 

close to the Earth. A closed magnetopause implies a  larger amount of flux in the 

more distant lobes and thus requires a larger crosstail current in the more distant 

magnetotail. This is in fact seen in Figure 2.15a which shows a larger current 

density and a thicker current sheet in the more distant tail.

Comparing the cases with an open flux distribution the result in Figure 2.15c 

with the open flux boundary close to the Earth shows the largest maximum and 

the thinnest current density (about 50% larger and 50% thinner than in Figure 

2.6b). Although this increase is moderate compared to the influence of A.4, it 

is interesting to see the maximum current density for this particular case (Figure

45

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



2.15c) because it is has the smallest lobe flux a t x  — — 13i?e consistent with 

the open magnetic boundary. In terms of a slow quasi-static evolution of the 

magnetotail a  nonuniform open flux would be caused by a nonuniform convection 

(and electric field) at the boundary. I note th a t a stronger local thinning of the 

current sheet has also been found in time-dependent studies with a localized electric 

field applied to the boundary [B im  et al., 1986]. Regarding a possible trigger of 

magnetic substorms the results show th a t the thinning of the current sheet is 

stronger for an open flux distribution a t the tail magnetopause. An additional 

variation of the open flux distribution can contribute to some m oderate further 

thinning and could possibly trigger a substorm  if the configuration is already in 

a marginal state. It appears that such further thinning can be expected for an 

increase of open flux in the near Earth region.

In my model, the distribution of magnetic flux along the tailside boundary is 

controlled by param eter a. As a »  zw, the results are not sensitive to a. Fig.2.16 

gives equilibrium configurations with same parameters except for a. In the case, 

Sm =  500, Ai  =  -1 4 , A 2 =  1.5, A 3 =  9.8, A c =  18.75 and A A  =  0.3. Fig.2.16a 

and 2.15b have a =  200, 5 respectively. Corresponding p, B z and Jz are shown in 

Fig.2.16. I t  is shown tha t an equilibrium configuration is independent of parameter 

a (a > >  zw).

2.3 D iscussion and Sum m ary

As mentioned earlier, three conditions are needed for the formation of very thin 

current sheets: (1) the entropy function S  is enhanced, in the near-earth region
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F igu re 2 .1 5  Equilibrium field configurations for different flux distribution in the magnetopause bound
ary; The magnified view in the —6 Re <  x  <  —15Re- B r, Jy and p in the equatorial plane as a function 
of x. (a) An entirely closed magnetopause, (b) Open flux is located at far-tail, (c) Open flux is close to 
the Earth.
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F ig u re  2 .16  Equilibrium field configurations with (a) a  =  200, (b) a =  5.
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(—15R e < x  < —6R e), (2) the entropy gradient is steepened in A-space and (3) 

the lobe flux enhances. Satellite observations show that the plasma pressure in the 

region — 6 R e > x  > —10R e increases during the growth phase to about ten times 

the value in the quiet time [Kistler et al., 1992]. At the same time, the magnetic 

field in the equatorial plane (B z) may decrease to about 1/7 of the dipole field 

strength [Lui et al., 1992]. As a rough estimate, the differential flux volume thus 

increases to seven times and the entropy function to about 250 times the quiet 

time value at a fixed point. The decrease of B z also indicates the decrease of the 

entropy transition width AA.

As the interplanetary magnetic field (IMF) turns southward, dayside magnetic 

reconnection leads to an increase of open magnetic flux in the polar cap. This in 

turn leads to an increase of electric potential drop across the polar cap, and hence 

an increase of dawn-to-dusk electrostatic electric field [e.g., Reiff et al., 1981], 

Through the penetration of electric field in the conducting ionosphere, the electric 

field in the auroral oval region is also enhanced [Swift, 1967; Vasyliunas, 1970; 

Wolf, 1970]. This enhanced electric field can be transm itted by Alfven waves from 

the ionosphere to the closed field region of magnetotail along magnetic field lines. 

This would contribute to a dawn-to-dusk electrostatic component E s of electric field 

in the plasma sheet. The enhanced convection electric field in the growth phase 

results in an adiabatic evolution of the plasma sheet in the A-space and enhances 

the entropy in the near-earth region. Simultaneously, the entropy transition region 

shifts toward the earth. Under the assumption of adiabatic evolution, the entropy
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function satisfies the following conservation equation in A-space,

^ ) + £ , (t)^ M =0> (2.6)

where H ( A , t ) =  S 1 ? 1  =  p1̂ 7V, Note that (2.6) is consistent with the particle

conservation and entropy conservation. E s(t) is assumed to change slowly with

tim e[Cai et al., 1995]. If a dawn-dusk electrostatic field is E  ~  0.3m V /m  (80kV 

over 40/?e) and a growth phase lasts about A t~0.5 — 1 hour. So the entropy 

function shifts about

A A = £ sA f~85 -  175nTRe =  2.8 -  5.8A0, (2.7)

where Ao is a flux unit of .40 =  30n T R e. It is implied th a t the enhanced ionospheric 

convection electric field is the main driving force of enhancing the entropy in the 

near-earth magnetotail during the substorm growth phase. Non-adiabatic particle 

heating, such as the damping of fast mode waves and drift instabilities [e.g., Lui 

et al., 1992], also contributes to the observed enhancement of entropy in the near

earth  region. Further a localized non-adiabatic heating in the entropy transition 

region can lead to the steepening of the entropy profile in A-space. In the chapter 

3, I use MHD simulations with a dawn-to-dusk electrostatic field E y to confirm 

the conclusion. An enhanced ionospheric convection electric field can enhance the 

entropy and highly stretch geomagnetic field lines tailward in the near-earth region.

W hen open magnetic flux is convected from the dayside to the magnetotail, 

the enhancement of the lobe magnetic flux is accompanied by a gradual thining, 

and inward motion of the plasma sheet during early substorm  growth phase. It is 

found th a t it is unlikely to form a very thin current sheet in the near-earth region
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only by an enhancement of the lobe flux. We are confronted with the problem 

of finding a new mechanism for the plasma sheet thining without invoking an 

enhanced reconnection in the near-earth region.

I suggest there are two approaches to form a thin current sheet. First, during 

the formation of thin current sheet, the lower-hybrid drift instability may occur 

in the region where there exists a sharp pressure gradient and (3 < 2 [Huba et al., 

1977], The regions with high density gradient favor the lower-hybrid-drift instabil

ity, leading to the transport of particles across magnetic field lines. The diffusion of 

pressure associated with the particle transport can further steepen the entropy pro

file, corresponding to an effective “anti-diffusion” of entropy function. In Fig.2.6, 

I can obtain some physical insights to this process. From the pressure maximum 

outward, the pressure decreases monotonically, but the entropy increases. This 

pressure diffusion will result in a sharper gradient in entropy and hence a thinner 

current sheet which also means a steeper pressure gradient. The process is thus 

further accelerated in itself and also leads to a dipolarization where pressure is 

decreased and formation of a very thin current sheet. During the process, the 

evolution of the entropy function is approximatively described as

dH(A, t )  dH(A, t )  _  P H i A t )
~ ~ +  B‘ (t)— dA  ~ D  &A* ' ( 2 ' 8 )

where D  is anti-diffusion coefficient of the entropy function. This instability is

seen in my MHD simulation of the dynamic magnetotail evolution and the results 

are presented in Chapter 4. This “entropy anti-diffusion instability” leads to the 

onset of dipolarization of near-earth geomagnetic field lines and a very thin current 

sheet in the near-earth region. The growth time is proportional to the diffusion
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coefficient and ~  1 minute. The instability may correspond to the explosive growth 

phase observed before the full onset of substorms [Ohtani et al., 1992].

Another mechanics to form and thin a current sheet may be provided by the 

nonuniform of electrostatic field E s, especially y-component. In two dimension, the 

electrostatic field E y is strictly a constant. But in three dimensions, the electro

static y-component Ey could be nonuniform. Jaggi and Wolf [1973, 1975] suggested 

tha t there is ‘the Alfven layer’ at ~  —7R e region. The electric field becomes much 

weaker in the near-earth region x  > —7R e and Eq(2.6) becomes a nonlinear con

vection equation. The plasma sheet convects with different convection velocities 

at different location. The plasma further from the earth, convects faster toward 

the Earth. In the ‘Alfven layer’, the convection velocity is almost zero. The en

tropy function steepens during the current sheet convection, and finally, a very 

thin current sheet is formed in the near-earth region x  ~  —7R e.

In summary for this chapter, I have constructed 2-D MHD equilibria with the 

entropy function S'(A) as a constraint and found th a t the larger entropy or the 

higher entropy gradient favors the formation of very thin current sheets. It is also 

shown th a t the enhanced ionospheric convection electric field may be the main 

driving force to form highly stretched field line configuration and enhance the 

entropy function in the near-earth region during the substorm growth phase. In 

the final substorm growth phase, the “entropy anti-diffusion instability” associated 

with pressure diffusion or with a nonuniform y-component of the electrostatic field 

leads to the dipolarization of near-earth field lines and accelerates the formation of 

a very thin current sheet, which may explain the observed explosive growth phase 

of substorms. Corresponding dynamic simulations will be presented in C hapter 4.
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In the next chapter, I present MHD simulations with a dawn-to-dusk electro

static field to confirm my equilibrium results: An enhanced ionospheric convection 

electric field may be the main driving force to form highly stretched field line con

figuration and enhance the entropy function in the near-earth region during the 

substorm growth phase.
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Chapter 3

Dynamic Evolution of the 

Earth’s Magnetosphere During 

Substorm Growth Phase

One of the most im portant topics in magnetospheric physics is the study of mag

netospheric dynamics during substorm growth phase. A typical observed feature 

of the growth phase is highly stretched geomagnetic field lines just before the  onset 

of substorms [e.g., Kokubun and McPherron, 1981; Kaufmann , 1987; Fairfield et 

al., 1987; Lui et al., 1992]. This phenomenon can be modeled using an intense thin 

current sheet in the near-earth magnetotail [e.g., Kaufmann, 1987]. An outstand

ing problem in the substorm study is to identify particles which constitute the 

current [Akasofu, 1994] and to understand how the near-earth magnetic field fines 

are distributed in that extraordinary way(highly stretched) during the substorm  

growth phase [Vasyliunas, 1994]
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The stretching and energization of the tail by the adiabatic lossless convection 

has been studied analytically [Schindler and B im , 1982] and numerically [Hau et 

al., 1989; Erickson, 1992; Wiegelmann and Schindle, 1995]. These studies showed 

that the tail can be stretched as convection proceeds and a  B z-minimum can be 

formed in the plasma sheet region. The magnetohydrodynamic(MHD) simulations 

[Lee et al., 1985; B im  and Hesse, 1991; Ma et al., 1995] shown that, based on rapid 

reconnection, geomagnetic dipole field can be stretched out and a current sheet 

forms and is thining in the near-earth magnetotail driven by an external electric 

field that induces an equatorward boundary flow, in which the X or Y lines and 

plasmoids form during the period when the driving force is being applied. The 

hybrid [Hesse et al., 1996] and full particle simulations [Pritchett and Coroniti, 

1995] qualitatively confirm MHD results. In these simulations, the current sheet 

formation and thining rely on reconnection and the formation of X or Y line in 

the near-earth region. Satellite observations [Lui et al., 1992] indicated that the 

substorm onset may not be initiated by magnetic reconnection. Recent theoretical 

studies tried to explain the onset without resorting to reconnection [Kan et al., 

1988; Roux et al., 1991; Lui et al., 1992; B im  et al., 1994].

I studied the evolution of the earth ’s magnetosphere during growth phase an

alytically [Caz et al., 1995] and numerically [Lee et al., 1995; L.Zhang et al., 1997] 

in Chapter 2. The m agnetotail in the growth phase can be approximated by a 

series of quasi-equilibrium configurations. The equilibria of the earth’s magneto

sphere were determined by the distribution of entropy function (S  = pV"1). So 

the evolution of the earth ’s magnetosphere can be shown in term of the evolution 

of the entropy function profile. It is found that the formation of highly stretched
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field lines is mainly due to enhancement of the entropy function S  in the near

earth  region. Satellite observations show that the plasma pressure in the region 

—6 R e > x  > —10R e increases during the growth phase to about ten times the 

value in the quiet time [Kistler et al., 1992]. At the same time, the magnetic 

field in the equatorial plane (B z) may decrease to about 1 /7 of the dipole field 

strength [Lui et al., 1992], As a rough estimate, the differential flux volume thus 

increases to seven times and the entropy function to about 250 times the quiet 

time value a t a fixed point. I study the evolution of the entropy profile in pres

ence of the enhanced ionospheric convection electric field and construct the tail 

configurations corresponding to the entropy function profiles. It is shown that the 

enhanced ionospheric convection electric field is the main driving force of the near

earth  magnetotail evolution during the substorm growth phase. The enhancement 

of entropy function, the formation of highly stretched field fine configuration in 

the near-earth region and the earthward movement of the plasma sheet inner edge 

are consequences of the enhanced ionospheric convection.

It should be shown that my scenario of substorm growth comes from the steady 

sta te  evolution presented in Chapter 2, in which the magnetotail in the growth 

phase can be approximated by a series of quasi-equilibrium configurations. In 

this chapter, I use MHD simulation to study substorm growth phase. My results 

in Chapter 2 can actually be reached physically in a dynamic evolution. It is 

shown that the enhanced ionospheric convection electric field causes that the flux 

tubes in the outer plasma sheet are convecting adiabatically toward the inner 

plasma sheet, and the lobe flux and entropy function in near-earth region enhances. 

Simultaneously, in the A-space, entropy function S  shifts to the Earth and the
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plasma sheet inner edge moves earthward in the real space.

In the next section the MHD equations with static electric field are presented. 

Boundaries and initial configuration are explained. The simulation results is pre

sented in section 3.2. In the section two simulation runs, in detail, is shown for 

different initial equilibrium configurations. It is shown that a driving dawn-to- 

dusk electrostatic field cause the enhancement of entropy in the near-earth region 

and the earthward moving of plasma sheet inner edge. Finally a discussion and 

summary are given in section 3.3.

o (

3.1 Sim ulation M odel

In this chapter, I study the magnetotail dynamics based on the two-dimensional 

magnetohydrodynamic equations with a dawn-to-dusk electrostatic field E s(t). 

The simulation space is in the noon-midnight meridian plane (x-z  plane in the 

GSM coordinates). The MHD equations are described by

a±  +  V • (pv) =  0, (3.1)

i » ( f j r + v - V v )  = J x B - V p , (3.2)

(3.3 a)

r  B - dAX -- Q »   Q >oz OX
(3.36)

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



58

_  +  V • (/iv) =  0, (3.4a)

h = p l h . (3.46)

where E s(t) is dawn-to-dusk electrostatic field. Es(t) should be constant in a pure 

two-dimension plane. In the chapter, dawn-to-dusk electrostatic field is constant 

and ~  0.33m V /m  (80kV over 40i?e). To compare my results with observations, I 

normalize the length by the E arth ’s radius (Re), the magnetic field by Bo =  30 nT, 

which would be the Earth’s dipole field strength a t r  — 10 R e in the equatorial 

plane, and the pressure by p0 =  B%/po =  0.71 nPa and average plasma density 

n ~  0.5cm-3 . Thus I have VA ~  1100A:m/s, tA ^  5.7s and electric field unit 

E a = VaBq ~  33m V /m .

My com putational domain is surrounded by a circle of radius of 3 R e concentric 

with the Earth (3QL), a mimicked magnetopause (<9fi2) composed of a parabola 

extending from the subsolar point (10,0) to (—5, ±15) and abutting straight lines

extending to (—70, ±28), and a straight tailside boundary at x =  —70 (<9fl3).

The initial equilibrium is given by previous results in C hapter 2 [Zhang et al., 

1997], in which a magnetofrictional method is used to  construct two-dimensional 

MHD equilibria of the Earth’s magnetosphere for a given distribution of entropy 

function (S ( A ) =  p V (A )~r) and distribution of flux A  in the boundaries, where 

p is the plasma pressure and V  is the tube volume per unit magnetic flux and 

equal to /  d s /B .  In the initial equilibrium, the flux distribution in the boundaries 

are explained as follows. At 3f2l5 the magnetic flux is matched to a 2-D dipole 

field described by A d =  —100x/(x2 +  z 2). Since the open flux along the dayside
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magnetopause (x  >  0 ) affects mainly the dayside field configuration, I simply set 

the open flux to zero along the dayside magnetopause. Therefore, .4 is set to a 

constant value Ai  along the dayside magnetopause (x  >  0 ) and the open flux 

(A2 — Ai) is uniformly distributed along the nightside magnetopause (x <  0). 

Along the tailside boundary dQ3, I simply choose Bx(z) oc z / ( z 2  +  a2)1/2, which 

leads to A (x  =  —70, z) — A3 — (A3 — A2)[(a2 + z2)* — a]/[(a2 +  282)2 — a]. Here A2 

is the value of A a t the corner of the two boundaries 9f22 and dQ3, and A3 a t the 

intersection of the x-axis and dQ3. In the presented cases, a is simply set to 200, 

since the final equilibrium configuration is not sensitive to the choice of a [Zhang 

et al., 1997], The simulation domain is shown in Fig.2 .1 .

The entropy profile in each initial equilibrium configuration is given by

59

S( A )  =  i s „
, ,AC -  A. 

1 +  tanh(—— —) 
A A '

(3.5)

The pressure in the dayside magnetosphere and lobe is set to small constant p^.The 

initial density p is loaded by

P = Cph , (3.6)

where Cp is a constant. An initial global configuration of the magnetotail is shown 

in Figure 3.1a.

I point out th a t (i) plasma always moves in real space w ith v  =  E  x B / B 2, 

where E  is the to ta l electric field and includes both electrostatic and inductive 

electric field, and (ii) the motion of magnetic field lines is only associated with the 

inductive electric field. Since the decomposition of electric field depends on the 

choice of “gauge” , field line motion also depends on the “gauge” . In this chapter, 

I choose a gauge in which a field line is identified by its ionospheric footprint and
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assume th a t the field line labeled A  does not move at the ionosphere. Note, that 

this is different from the identification of field lines using the ffozen-in concept if 

here is ionospheric convection ( as is implied the presence of an electrostatic field ). 

The boundary condition is specified as follows. Along the Earth and magnetopause 

boundaxies (c?f2i and <9f22), the magnetic flux is maintained at the initial value, the 

velocities are set to be vz = E SB X/ B 2, vx =  —E SB Z/ B 2. The boundary conditions 

imposed at the tailside boundary (3Q3) are |^  =  0  and ^ + v - V A  =  E s. However, 

in the region with an inward plasma flow (vx >  0 ), I set vx =  0 to reduce the wave 

reflection a t the boundary. At 2 =  0 a symmetric boundary condition is imposed. 

For the density p and h, continuous condition is imposed in all boundaries.

The governing equations are finite differenced in space-centered form and in

tegrated in time using semi-implicit sch.eme[Hamed and Schnack, 1986; Choe and 

Lee, 1991]. My algorithm is free from the Courant-Friedrichs-Lewy (CFL) con

dition. Due to the symmetry property of each variable across the x-axis, I carry 

out the numerical simulation in half of the physical domain in the x-z plane, with 

x  G (10, —70)R e and 2 G (—30,0)/?e. With a 251 x 111 array and a nonuniform 

mesh, I are able to resolve 0.08Z?e in x and 0.06i?e in z.

3.2 Sim ulation Results

The dynamical evolution of magnetotail in response to a dawn-to-dusk electrostatic 

field E s is presented. I simulate many cases for different initial equilibria and 

present two case in detail. Figure 1 shows Case A, in which the initial equilibrium 

configuration is obtained in Chapter 2 with A\  =  —14., A 2  =  1.5, A3 =  8.55,
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A c =  17.5, A A  =  0.1, pL = 0.127 and Sm =  500 in units of S a = B ^ 3 R 5J 3 /  pa. 

The dawn-to-dusk electrostatic field is set to E s =  0.01

The initial equilibrium of magnetic field is shown in Figure 3.1a. The field 

configuration at t =  3O0to is shown in Figure 3.1b. It can be seen that due to the 

dawn-to-dusk electrostatic field E s the dipolar magnetic field lines in the near-earth 

region (—5R e > x  > —8Re) are stretched tailward and the lobe flux Ai0be increases 

from 6.36A0 to 8.28Ao, where Aiobe =  A (z  = 0 .x  = —70) — A (z  = 28, x  =  —70). 

The increase is about 30% of total lobe magnetic flux. The tailward movement of 

geomagnetic field lines can also be seen in Figure 3.2c, which shows the location 

X e(A , t) of the flux function A in the equatorial plane (z =  0) as a function of A. 

For example, the magnetic field line with A = 20.07 is initially (t =  0) located 

at x  ~  —5.3Re and moves to x  ~  — 14.61?e at t =  300fo. Figure 3.2c shows the 

location X e(A, t) of A(z  =  0, x) a t different simulation times t  =  0, 165 and 300t0.

Figure 3.2a shows the entropy function, as a function of A at different simulation 

times t  = 0, 165 and 300f0- As time increase, the entropy function S ( A , t) shifts 

3A0 units earthward during A t  =  300f0 ~  0.5 hour. The transition point A c of 

the entropy function S (A , t) shifts from 17.50.40 to 20.50Ao* It is consistent with 

E sA t  =  3.4o- In the presence of the driving electrostatic field Es, the plasma drifts 

earthward. It can be seen tha t the inner edge move to the earth  about ~  1 R e 

in Figure 3.2b and 3.2d. It is also found that, only driven by the electrostatic 

field E s, the current thickness is almost constant and only to tal current sheet 

/  J y d z  increases slightly. It is consistent with our previous equilibrium results and 

observations[Zhanp et al., 1997], I have calculated the modified entropy function 

along the x-axis based on Tsyganenko empirical field models[1989]. It is found
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th a t the modified entropy function S ( A , £) shifts about 3A0 during the substorm 

growth phase in Fig.2.2.

Figure 3.3 shows the magnetic field lines and flow patterns a t different sim

ulation times, t =  75, 165, 235 and 300£0 for case A. Only the region with 

—5R e > x  > —45R e and 5R e >  z >  —5R e is shown. The plasma flows earth

ward driven by the driving electrostatic field E s. As time increases, earthward 

flows in the center part of plasma sheet decreases. Because the plasma can not 

cross dipolar field lines and piles up just behind the inner edge. It causes the 

enhance of the pressure in the region and stops plasma convection. At same time, 

the flux convects as the velocity v  +  v ', where v ' is related to the dawn-to-dusk 

electrostatic E s and is given by v'z =  —E SB X/ B 2, v'x =  E SB Z/ B 2. So the field lines 

are stretched tailward as the plasma flows earthward.

The tailward stretching of geomagnetic field lines and the earthward moving 

of the plasma sheet due to the driving electrostatic field E s can be understood as 

follows. If Es =  0 and hence d A /d t  =  0, magnetic field lines move with plasma. 

In other words, the plasma, which stays on the field line labeled A, will stay on 

the field line with the same label A. If E s ^  0, a plasma element located in the 

flux tube labeled A at time t will move to the flux tube labeled A  =  A  +  E s8t. 

Therefore, the plasma drift velocity in A-space is

us(t) =  ^  =  Es- (3-7)

For E s #  0, the plasma stays the flux tube while the flux tube labeled A at time t 

move to the flux tube labeled A  =  A  +  E s8t. Here I supposed th a t the magnetotail 

is balanced at time t. Relabeling field lines is equal to moving footprints of field
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(a ) M a g n e tic  F ie ld  L in e s  ( t= 0 )
30

(b )  M a g n e t ic  F ie ld  L in e s ( t= 3 0 0 t,)  
301---- '---- '----1----1----■----■----

F ig u r e  3 .1  (a) The initial field configuration (t=0) and (b) the final configuration (t=300) for Case A.
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(a) S(A.t) (b) S(x,t)

A /A „ ( ta ilw a rd  -♦) X(Rt ) ( ta ilw a rd  -»)

F ig u re  3.2 (a) The evolution of S  =  p V  in A-space from t =  0 to t =  300. (b) The evolution of S  in 
real-space. (c) The change of the field line position in the equatorial plane, A i t =  x e(A,  ) — xe(A,0), 
shows the tailward stretching of a field line labeled A. (d) The evolution of J j ydz along x axis for Case
A.
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X(R.)

F ig u re  3 .3  Plasma flow patterns at t=75, 165, 235, and 300£o for Case A. Earthward flows are present 
in the central part of plasma sheet.
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lines in ionosphere equatorward and turning dayside magnetic field lines to night- 

side. The force balance of the m agnetotail is destroyed by bo th  the equatorward 

movement of the footprints of magnetic field lines in the ionosphere and the in

crease of the lobe flux. The unbalanced force causes that the plasm a and the flux 

A  convect earthward. But from the ’’gauge” that field lines are identified by the 

value A  in the ionosphere, total convection of the flux must include the convection 

velocity v ' relative to the driving electrostatic field Es. The location X e(A, t) of 

the flux at equatorial plane (z  =  0) is \Cai et al., 1995]

X e(A, t ) ~  v{A!{t'), z  = 0, t')dt' + X e{A'{t), t =  0), (3.8)
Jo

where A'(t) = A  — /0£E s(t”)dt”. So under the chosen ’’gauge” , the magnetic field 

lines in the near-earth region are stretched tailward during the driving process.

Figure 3.4a and 4b show the field configurations at t=0 and t =  340£0 for Case 

B. The parameters used in Case B are the same as in Case A, except th a t A  A  =  1. 

in Case B. The entropy profile S(A ,  £),S(x,t), the location X e(A ,t)  of A{z  =  0, a:) 

and the total current sheet f  Jydz a t t  =  0, 155 and 340fo are shown in Figure 3.5. 

The entropy profile S(A, t) shifts 3.4Ao units in A-space and the inner edge moves 

earthward ~  1 R e during A t  =  340t0- The magnetic field lines and flow patterns 

at different simulation times, t =  80, 155, 250 and 340io for case B are shown in 

Figure 3.6. The dynamic evolution of the magnetotail is qualitative similar to Case 

A. The driving electrostatic field E s causes th a t the current sheet moves earthward 

and the field lines in the near-earth region are stretched tailward. But the current 

sheet thickness remains almost constant during the dynamic evolution.
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(a )  M a g n e t ic  F ie ld  L in e s  ( t= 0 )
301---------■---------■---------■---------1-------- 1 i

(b )  M a g n e tic  F ie ld  L in e s ( t= 3 4 0 t , )  
3 0 1---------'---------1---------'-------- ■-------- 1---------1---------

F ig u re  3.4  (a) The in itial field configuration (t=0) and (b) the final configuration (t=340) for Case B.
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(a) S(A,t) (b) S(x.t)

A/Ag ( ta ilw a rd  - )  X(R.) ( ta ilw a rd  - )

F ig u re  3.5  (a) The evolution of S  =  pV"1 in A-space from ( =  0 to t =  300. (b) The evolution of S  in 
real-space. (c) The change of the field line position in the equatorial plane, A i c =  x e(A, 1i)  — z e(.4,0), 
shows the tailward stretching of a field line labeled A. (d) The evolution of f  jydz along x axis for Case
B.
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F ig u re  3 .6  Plasma flow patterns at t=80, 155, 250, and 340£o for Case B. Earthward flows are present 
in the central part of plasm a sheet.
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3.3 D iscussion and Sum m ary

The simulation results indicate th a t in the “gauge” in which a field line is identified 

by its ionospheric footprint and assume that the field line labeled A  does not 

move at the ionosphere, a dawn-to-dusk electrostatic field can drive a current 

sheet to move earthward and simultaneously stretch the dipolar magnetic field 

lines tailward. During the driving process, it is also found th a t the thickness of 

the current sheet is almost constant. It is consistent with equilibrium results in 

Chapter 2 [Zhang et al., 1997], It also is confirmed that in the presence of a dawn- 

to-dusk electrostatic field E s, under the adiabatic evolution, the entropy function 

S (A ,t)  satisfies the following conservation equation in A-space,

d S (A ,t)  „ , ,d S (A ,t )  / n n .
- ^ r L + E ’ {t)- 7u r i = 0 - (39)

As the interplanetary magnetic field (IMF) turns southward, dayside magnetic 

reconnection leads to an increase of open magnetic flux in the polar cap. This in 

turn  leads to an increase of electric potential drop across the polar cap, and hence 

an increase of dawn-to-dusk electrostatic electric field [e.g., R eiff et al., 1981], 

Through the penetration of electric field in the conducting ionosphere, the electric 

field in the auroral oval region is also enhanced [Swift, 1967; Vasyliunas, 1970;

Wolf, 1970]. This enhanced electric field can be transm itted  by Alfven waves from

the ionosphere to the closed field region of m agnetotail along magnetic field lines. 

This would contribute to a dawn-to-dusk electrostatic component E s of electric 

field in the plasma sheet. My simulation results show th a t the enhanced convection 

electric field E s in the growth phase enhances the entropy in the near-earth region. 

Simultaneously, the entropy transition region shifts toward the earth. It is implied
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tha t the enhanced ionospheric convection electric field is the main driving force of 

enhancing the entropy and highly stretching magnetic field lines in the near-earth 

magnetotail during the substonn growth phase.

It is found th a t only from a constant driving electrostatic field Es, a thin current 

sheet can not formed in the near-earth region, which is shown by Wiegelmann 

and Schindler [1995]. But I can obtain some physical insights from my simulation 

results. If there is a  driving electrostatic field E s, the evolution of the entropy 

function S(A , t) satisfies eq.(3.9). My equilibrium results [Lee et al., 1995; Zhang 

et al., 1997] show th a t the high entropy gradient in A-space results in forming of 

a very thin current in the near-earth region. One mechanics to form and thin a 

current sheet may be provided by the nonuniform of electrostatic field E„, especially 

y-component. In two dimension, the electrostatic field Ey is strictly a constant. 

But in three dimensions, the electrostatic y-component Ey could be nonuniform. 

Jaggi and Wolf [1973, 1975] suggested that there is ‘the Alfven layer’ a t ~  —7R e 

region. The electric field becomes much weaker in the near-earth region x  >  —7R e 

and Eq(3.9) becomes a nonlinear convection equation. The plasma sheet convects 

with different convection velocities at different location. The plasma further from 

the earth, convects faster toward the Earth. In the ‘Alfven layer’, the convection 

velocity is almost zero. The entropy function steepens during the current sheet 

convection, and finally, a very thin current sheet is formed in the near-earth region 

x  ~  —7R e.

In summary, I have examined the dynamic evolution of the magnetotail in the 

presence of a dawn-to-dusk electrostatic field E s. It is implied that the enhanced 

ionospheric convection electric field may be the main driving force of the near-earth

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



magnetotail evolution during the substorm growth phase. I demonstrate that the 

formation of highly stretched field line configuration, the enhancement of entropy 

function in the  near-earth region and the earthward movement of the plasma sheet 

inner edge are consequences of the enhanced ionospheric convection. In my 2-D 

model, the earthward moving of plasma sheet inner edge, the enhancement of cross

tail current, the increase of tail lobe magnetic fields, and the plasma convection 

in the equatorial plane during substorm growth phase are found to be consistent 

with observations. It is also shown tha t it is impossible to form a very thin current 

sheet whose thickness is about 0 .1i?e. I still need some theory to explain how to 

form a very th in  current sheet in the last stage of a substorm growth phase.

In the next chapter, I report a new instability, called as “entropy anti-diffusion 

instability” , produced by a pressure diffusion in the current sheet region, which 

can leads a very thin current sheet with about 0.1 R e thickness during a substorm 

growth phase.
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Chapter 4

Entropy Anti-DifFusion 

Instability and Formation of a 

Thin Current Sheet During 

Magnetospheric Substorms

During the substorm  growth phase, an increase of the lobe field strength, highly 

stretched geomagnetic field lines and formation of a thin current sheet are observed 

at a radial distance ~  7—15Re from the Earth[e.g., Kokubun and McPherron, 1981; 

Kaufmann 1987; Lui et al., 1992]. After the onset of substorms, the stretched field 

lines are suddenly dipolarized and earthward plasma flows are observed. Ohtani et 

al.(1992) reported that an explosive growth phase, which is characterized by the 

presence of a thinner current sheet with a large current density, proceeds the full 

onset of substorm. Satellite observations [e.g., Lui et al., 1992] indicated that the
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substorm onset and dipolarization of geomagnetic field lines may not be initiated 

by magnetic reconnection.

Two approaches have been used to understand the formation of a thin current 

sheet in the magnetotail. In the first approach, a driving or perturbed electric field 

is applied at the boundary of simulation domain to obtain the formation of a thin 

current sheet inside the plasma sheet of a magnetotail-like configuration. In both 

MHD simulations [Lee et al., 1985; Wiegelmann and Schindler, 1995; Ma et al., 

1995] and particle simulations[Prictchett and Coroniti, 1995; Hesse et al., 1996], 

it was found th a t the presence of driving electric field can lead to formation of a 

thin current sheet.

In the second approach, the global MHD equilibrium configuration of the 

E arth’s magnetosphere is constructed and conditions for the formation of a thin 

current sheet are obtained [Hau et al., 1989; Erickson 1992; Lee et al., 1995; Cai 

et al., 1995]. In addition, Bim et al. (1994) found that a thin current sheet can be 

formed under isobaric dynamic conditions, i.e.. the plasma pressure in each flux 

tube is held constant in time during the dynamic evolution.

In my study presented in Chapter 2 , it was found tha t as the profile of entropy 

function S becomes steeper, the current sheet in the near- earth magnetotail be

comes thinner. Here the entropy function S  =  p V 1, p is the plasma pressure and 

V  is the volume of a  unit magnetic flux tube and 7  =  5/3. It was also found that 

in the equilibrium configuration the entropy function increases tailward , while 

the plasma pressure decreases tailward. Since S  is proportional to p, the presence 

of particle transport or pressure diffusion across magnetic field lines leads to an 

effective anti-diffusion of the entropy function. This, in turn, leads to a sharper
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gradient in the entropy profile and hence a thinner current sheet, which favors 

the pressure diffusion. Thus I have a positive feedback process, which accelerates 

the formation of a very thin current sheet. This process is called the “entropy 

anti-diffusion instability” . In this chapter, I use MHD simulation to demonstrate 

that this instability can indeed occur and lead to the dipolarization of geomagnetic 

field lines and formation of a very thin current sheet. For this purpose, I will first 

use model equations to study the effect of only the pressure diffusion term. To 

complete the study, I test the influence of a resistive term which is a  more realistic 

case of diffusion due to momentum exchange by electrons and ions. The growth 

rate and plasma flow pattern  resulted from this instability are also obtained.

4.1 For m ulat ion

In order to examine the plasma sheet dynamics in the presence of pressure diffu

sion, I start with a 2-D global equilibrium configuration in the x-z plane, which 

is obtained from the magnetofrictional method developed in Chapter 2 [Lee et al., 

1995]. The following 2-D MHD equations are then applied to study the dynamic 

evolution:

75?  +  V • (pv) =  0, (4.1)

dpv
dt

=  V  ( p w  +  (p +  ^ B 2)I -  B B )  +  D V 2pv, (4.2)

dA. _  o
—  +  v  • V A  =  t)V 2 A, (4.3)
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—  =  —7 pV  • v  — v  • Vp -1- V • (Z?Vp) +  (7  — 1 )r]J2 +  (7  — 1 )H, (4-4)
at

H  =  V  • (D v)V  • (pv) +  V x (D v) • V x (pv), (4.5)

Here p is the plasm a density, v  is the plasma velocity, D  is the diffusion co

efficient, 77 is the resistivity, J  is the current density, A  is the vector potential in 

the y direction and magnetic field B =  V x (Ay).  I write (4.4) in the conservative 

form using the time-step splitting method[(7hoe and Lee, 1992]. Equation (4.1) 

through (4.4) can be rewritten and yield to tal conversation of mass, momentum 

and energy.

In (4.1)-(4.5), I normalize the length by the E arth ’s radius (R e), the magnetic 

field by B0 =  40 nT, which would be the E arth ’s dipole field strength at r  =  10 R e 

in the equatorial plane, the density by na =  0.5cm-3 , p0 =  mpn0, the velocity by

=  B 0 /(4irp0 ) 1 / 2  =  1200k m / s  , the time by t 0 =  R e/V 0 =  5s, and the pressure

by p0 =  B q/8 tt =  1.27 nPa. m p is proton mass. The dimensionless resistivity 77

2
is given by 77 =  ^ j £ Vo, where rjph is the resistivity in Gaussian units (sec) and c 

is the speed of light. The dimensionless diffusion coefficient is given by D = 

with Dph in physical units and D 0 = R eV0 = 7.4 x 1012m 2/s .

My computational domain is surrounded by a circle of radius of 3 R e concentric 

with the Earth (d fli), a mimicked magnetopause (5Q2) composed of a parabola 

extending from the subsolar point (10,0) to (—5, ±15) and abutting straight fines 

extending to (—70, ±28), and a straight tailside boundary a t x  =  —70 (<9fi3). In 

the initial equilibrium configuration, the flux .4 in the boundaries are described
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below. At the magnetic flux is matched to a 2-D dipole field described by 

A q =  —100x /(x 2 +  z2). Since the open flux along the dayside magnetopause 

(x > 0 ) effects mainly the dayside field configuration, I simply set the open flux to 

zero along the dayside magnetopause. Therefore, A  is set to a constant value Ai 

along the dayside magnetopause (x  >  0 ) and the open flux (A2 — Aj) is uniformly 

distributed along the nightside magnetopause (x < 0). Along the tailside boundary 

dQ3, I simply choose B x(z) oc z / ( z 2  +  a2)1/2, which leads to A(x =  —70, z) =  

A3 — (A3 — A2)[(a2 +  z 2 ) 2  — a]/[(a2 -I- 282)z — a]. Here A2 is the value of A at the 

corner of the two boundaries dQ 2 and dQ3, and A3 a t the intersection of the x-axis 

and dQ3. In the presented cases, a is simply set to 200, since the final equilibrium 

configuration is not sensitive to  the choice of a. The computation domain is shown 

in Fig.2 .1 .

The entropy profile in each initial equilibrium configuration is given by

77

S(A)  = i s m 1 + ta n h ( '4^ A ) |.  (4.6)

The pressure in the dayside magnetosphere and lobe is set to An initial global 

configuration of the magnetotail is shown in Figure 4.1a. Detailed properties of 

equilibria for a given distribution of entropy function are discussed [zhang et al., 

1997; Lee et al., 1995] in Chapter 2 .

In the presence of a finite diffusion coefficient D  in (4.2) and (4.5), the pressure 

profile will be re-distributed and the initial configuration will be no longer in equi

librium and will evolve with time. During the evolution, the following boundary 

conditions in the simulation domain are applied. In my computation, I employ 

a staggered mesh and need not specify pressure at the boundary points. At all
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boundaries, I set v  =  0, and A  remains constant with time.

Although the classical diffusion is expected to be very low in the collisionless 

space plasma, a sufficiently large anomalous diffusion may be provided by parti

cles being scattered by plasma waves, probably lower hybrid waves [Huba et al., 

1977; Gary et al., 1990; Lee, 1991]. The diffusion coefficient from the development 

of lower-hybrid drift (LHD) instability associated with pressure gradient can be 

estim ated as
rrt

D L H d  ~  0.085p?a =  0 .1 7 -g  =  0.02A,, (4.7)
c B

where pi, flj, and T, are respectively the ion gyroradius, gyrofreqrency and thermal 

energy. In (4.7), I set T, =  10keV  and B  =  lOnT in the central plasma sheet. For 

comparison, the Bohm diffusion coefficient can be estimated as
rn

D b = ~ £  =  8.63 x 10u m 2/ s  =  0.12£>0 (4.8)
c B

The Bohm diffusion coefficient D b  can be considered as the upper bound of D .  

Simultaneously, a anomalous resistivity is expected from the anomalous collisional

frequency caused by lower-hybrid drift instability [Gary et al., 1990; Lee, 1991].

The anomalous collisional frequency v  can be written as

p X l + T i /T .y  ( ' )

The corresponding anomalous resistivity tj is

D l h d ^ c  , .  i n ,

^  =  ~ 2 2 (4-10* p2ee2 n ( l  +  Ti/Te)

The ratio of the dimensionless anomalous resistivity rj to the diffusion coefficient 

D l h d  is given by
2

V V m e c  „  , . x
D =  ~D̂ Td =  47rp2e2n(l +Ti/Te) = -04, (4’X }

78
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where pe is the electron gyroradius, Te is the electron therm al energy, m e is the 

electron mass, and n  is the number density. In (4.9), (4.10) and (4.11), I set 

Te = 2keV  and n  =  0.5cm -3

Note tha t the diffusion coefficient in (4.7) is obtained for a  current sheet with 

a thickness of several ion gyroradii. For a thicker current sheet, the diffusion 

coefficient will be smaller. The MHD approximation is not valid for scales of 

the order of the ion gyroradius or smaller such that transport caused by very 

sharp gradients such as diffusion or resistivity with an influence on the large scale 

dynamics has to be incorporated into the MHD fluid model. MHD is limited to 

predict the “final” thickness and the structure of a current sheet to scale larger 

than the ion gyro-scale. However, MHD can demonstrate large scale mechanism 

which lead to the thining of an initially thick current layer.

4.2 Sim ulation R esults

The pressure diffusion term  is a crucial term  in the entropy anti-diffusion instability. 

In the most basic models to study the entropy anti-diffusion instability, I only have 

a constant pressure diffusion term and ignore the anomalous resistivity (77 =  0 ). 

In this chapter, I present case A, B, C only with a constant pressure diffusion. 

In addition, I discuss the effect of anomalous resistivity 77 on the formation of a 

thin current sheet resulted by the entropy anti-diffusion instability. Anomalous 

diffusion D lh d  and resistivity 77 caused by the lower-hybrid-drift instability is 

proportional to /?-1 , where /3 =  S n n ikT i/B 2 [Brackbill et al., 1984; Birk and Otto, 

1991]. In the central plasma sheet region, the magnetic field is very weak and j3
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is very large, such th a t the anomalous diffusion coefficient D l h d  and resistivity- 

77 is very small in the central plasma sheet region (\z\ ~  0). I run more realistic 

cases in which D l h d  and 77 are proportional to the function of g  =  1 — exp(—2 z2) 

such th a t the corresponding transport is zero in the center of the current sheet in 

agreement with the high j3 stabilization of the lower hybird drift instability. This 

functional dependency is considered in the case D and E. To compare the effects 

of resistive or pressure diffusion I consider the case F with 77 =  0 and D  =  D l h d  

and the case G with D  =  0 and 77 proportional to the function g.

I simulate many cases, which only have a constant pressure diffusion term, 

and present two cases in detail. Figure 4.1 shows Case A, in which the initial 

equilibrium configuration is obtained with A! =  —12.75, A2 =  2.75, A3 =  11.05, 

Ac =  20.0, A A =  1.0, p l  = 0.127 and Sm =  500 in units of Sa =  R 5JZ /  p,0. The 

diffusion coefficient is set to D =  0.05£)o. The initial equilibrium configuration 

of the magnetic field is shown in Figure 4.1a. The field configuration at t =  80 

is shown in Figure 4.1b. It can be seen that the magnetic field fines in the lobes 

collapse toward the center of plasma sheet and form a thin current sheet. As 

shown in the magnified figures of the field fines in the region —6 R e > x  >  —17R e, 

magnetic field fines move earthward and become more dipolar in the region x  > 

—7R e. Field fines a t t  =  801 0 are cusp-shaped. Figure 4.1c shows the entropy 

function logi0 ( S / S o), as a function of the flux function A at different simulation 

times, t  =  0 , 20, 50, and 80t a. In the evolution, the profile becomes steeper and 

the transition region moves toward the region with a large A due to the pressure 

diffusion across field fines. The entropy profile 5(A) indeed shows an effective 

anti-diffusion in A space.
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The earthward motion or dipolarization of geomagnetic field lines can also be 

seen in Figure 4.Id, which shows the flux function A in the equatorial plane (z=0) 

as a function of x. For example, the magnetic field line with A  =  21.38 is initially 

(£ =  0) located at x  ~  —12.5ile and moves to x  ~  — 5.6Z2e at £ =  50£„. The current 

sheet thickness d at the position with the maximum current density is plotted as 

a  function of time in Figure 4.2. The thickness d decreases from ~  1.4R e a t £ =  0 

to ~  0 .1i?e at £ =  1 0 .

Figure 4.3 shows the magnetic field lines and flow patterns at different simu

lation times, £ =  20, 50 and 80io, for Case A. Only the region with —5R e > x  > 

—45R e and —5R e > z > 5R e is shown. The plasma flows earthward in the central 

part of plasma sheet, while plasma flows tailward on the outer parts. Notice that 

the initial pressure is high in the earthward region. The diffusion of pressure leads 

to a decrease of pressure in the inner flux tube. This results in a force imbalance 

and earthward flows. The pressure diffusion also leads to a pressure increase in the 

earthward part of outer flux tubes, which results in a tailward flow on the outer 

part of plasma sheet. The maximum flow velocity is ~  0.30V^ ~  350km /s.

Figures 4.4a and 4.4b show the field configurations at £ =  0 and £ =  80£o for 

Case B. The parameters used in Case B axe the same as in Case A, except that 

A  A  =  0.5 in Case B. Due to the smaller value of the transition width of the initial 

entropy profile, the initial current sheet in Case B is thinner with a thickness 

~  0.3R e. At £ =  80£o, the current sheet becomes very thin with a thickness 

~  0.06i?e as shown in Figure 4.2. The entropy profile S(A)  and the flux function 

A(x)  a t £ =  0, 20, 50, and 80£o are shown in Figures 4.4c and 4.4d, respectively. 

The entropy profile becomes steeper at £ =  50 and 80£o. The maximum value of
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( a )  M a g n e t i c  F ie ld  L i n e s  ( t = 0 )
30 (--------- 1---------1---------1---------1--------- 1--------- r

0 -20  -4 0  -60

X(RJ

( c )  E n t r o p y  F u n c t i o n  P r o f i l e s

( b ) M a g n e t i c  F ie ld  L i n e s ( t = 8 0 t „ )
301 r

0 -2 0  -40  -60

X(Re)

( d )  F lu x  F u n c t i o n  P r o f i l e s

X(R.)

F igu re 4 .1  (a) The initial field configuration (t= 0 ) and (b) the final configuration (t=80) for Case A 
(A.4. =  1.)- (c) The entropy function S as a function of A, and (d) the flux function A as a function of 
x at different simulation times.
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C u r r e n t S h e e t  T h ic k n e s s

0 5 10

t / t - o

F igu re 4 .2  The current sheet thickness d at the position of maximum current density as a function of 
time for Case A and Case B.
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-5  -15 -25 -35 -45
X(Ke)

F ig u re  4 .3  Plasma flow patterns at t= 20 , 50, and 80to for Case A. Earthward flows are present in 
central part of plasma sheet.
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current density, Jmax, as a function of time is plotted in Figure 4.5a for Case A, 

B and C. In Case C, A A  =  0.3 and all other parameters are the same as those in 

Case A and Case B. In Case A, Jmax reaches its saturation value at f ~  20£o; in 

Case B, Jmax reaches the saturation value a t £ ~  10£o. The slopes (dashed lines) 

in Figure 4.5a can be used to calculate the growth rates. The growth rate in Case 

A is T =  0.35U J1; T  =  0.415£Jl in Case B; T  =  OASSfJ1 in Case C.

The normalized growth rates for different values of A  A and different values 

of diffusion coefficient D are plotted in Figure 4.5b. In ail cases, the parameters 

used,except A  A and D, are the same as those in Case A. For the same initial con

figuration (same A A ), the growth rate increases linearly with diffusion coefficient 

D. The growth rate is higher for a thinner current sheet initially with a smaller 

value of AA.

If the diffusion coefficient is set to the value in (4.7), D  =  0 .0 2 , which is 

associated with the lower hybrid drift instability, I would have the growth rate 

T  =  OAOTf"1, 0.340 and 0.293 for A  A =  0.3, 0.5 and 1.0 respectively. The e- 

folding time Y -1  ^  2.3, 2.8 and 3.5£0, corresponding to 13.6s, 16.2s and 18.8s.

I add the anomalous resistivity 77 to eq.(4.3) to study the effect of the anomalous

resistivity 77 to the entropy anti-diffusion instability. First, based on the diffusion 

D  and anomalous resistivity 77 produced by lower-hybird-drift instability being 

proportioned to /3~l , D  and 77 are expressed as

D = D LHd{ 1 ~  exp(—2 z 2)). (4.12a)

77 =  a D in o i  1 ~  enp(—2z2)), (4.126)

where a  is a constant. The function form (4.12) is a simple representation of the
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30
( a )  M a g n e t i c  F ie ld  L in e s  ( t = 0 ) ( b ) M a g n e t i c  F i e l d  L i n e s ( t = 8 0 t „ )

Z(R.)

-30

I
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1 1 » 1 » • -  — ■] 30 — i-------- 1-------- 1-------- 1-------- 1--------1--------

Z(R.)
*

-30
0 -2 0  -40 -60 0 -2 0  -40  -6

I

z(R.)

- l
- 8  - 1 1  

X(RJ
-14 -5 - 8  -11  

X (R J

( c )  E n t r o p y  F u n c t i o n  P r o f i l e s ( d )  F lu x  F u n c t i o n  P r o f i l e s

-1 4

A /  Aj X(R.)

F ig u r e  4 .4  (a.) The initial field configuration (t= 0) and (b) the final configuration (t=80) for Case B 
(A A  =  0.5). (c) The entropy function S as a function of A, and (d) the flux function A as a function of 
x at different simulation times.
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t / t 0
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0 0.03 
D / D 0

0.06

F ig u re  4 .5  (a) The maximum current density Jmax in plasma sheet as a function of simulation time 
for Case A (A A  =  1.0), Case B (A A  =  0.5) and Case C (A A  =  0.3); (b) The normalized growth rate 
Y<o as a function of diffusion coefficient D for three different values o f A A  (A A  =  0.3, 0.5 and 1.0).
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diffusion and resistivity that are zero at central line (z =  0 ), increases monotoni- 

cally with increasing \z\ and has the maximum value D i h d -

Two cases address the current sheet evolution if the resistivity is given by 

eq.(4.12b). The two cases have the same param eters and initial configuration as in 

case B except D  and 77. For case D, a  =  1 . and for case E, u  =  0.04. Figure 4.6 and 

4 .7  show the configurations at t =  0 and t  =  654o for case D and E respectively. 

The magnetic field lines and plasma flow a t different simulation times are shown 

in Figure 4.8 (case D) and Figure 4.9 (case E). (case D). To show the influence of 

a resistivity 77, I run case F, in which the parameters and initial configuration are 

same as in case D, except the resistivity 77 is zero. The corresponding configurations 

is shown in Figure 4.10. It is shown when the anomalous resistivity 77 is very small 

in the current sheet region (\z\ < 0.5R e) it accelerates the  formation of a thin 

current sheet. The evolution of magnetosphere is qualitatively similar to case B. 

To compare with case F, the growth rate increases from Q.08384^1 to 0.28554^1 (case 

D, a  =  1 .) and 0.08884^"1 (case E, a  =  0.04) respectively. The relative evolution 

of the maximum current density Jymax for case D and E are plotted in Figure 

4.12. This including a resistive diffusion which is zero in the center of the current 

sheet appears to accelerate the instability. Note that 77 =  0  a t z  =  0 (motivated by 

the stabilized LHD instability in high /? plasma) excludes magnetic reconnection. I 

suspect th a t this acceleration of the instability is caused by the additional pressure 

diffusion from the resistive term. From Figure 4.12, when resistivity 77 is small ( 

a  is small), the linear stage of the growth phase is very longer than in the large 

resistivity cases. Final value of the maximum current density Jymax is determined 

by the resistivity 77.
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This is indeed confirmed by the results shown in Fig.4.11 and 4.12 for case G 

which uses only a resistive term eq.(4.12) and no explicit pressure diffusion (D =  0). 

Figure 4.12 demonstrates th a t resistive diffusion is in fact sufficient to lead to a 

significant growth of the maximum current density and a strong current sheet 

thinning. Fig.4.11a and 4.11b demonstrate the existence of a very thin current 

sheet and the evolution is very similar to the case B with zero resistivity and 

D = 0.05.

The final two cases address the current sheet evolution if the resistivity is non

zero at z =  0 and thus allow magnetic reconnection. The two cases have the same 

parameters and initial configuration as in case B except rj is

rj =  cslD l h d . (4.13)

For case H, a  =  0.04 and for another run, a  =  0.1. Because of the present of 

the resistivity in the center region (|z| ~  0), the magnetic reconnection occurs in 

near-earth region (or ~  10i?e) very soon after the current sheet begin to thin, as 

shown in Figure 4.12. After the magnetic reconnection, previous similar results 

[Lee et al., 1985] can been seen in my simulations.

4.3 D iscussion and Summary

The simulation results in the last section indicate that the growth rate is linearly 

proportional to the diffusion coefficient D and also decreases with increasing A.4 

or initial current sheet thickness. Furthermore, the diffusion coefficient due to 

density/pressure gradient for a thick current sheet is expected to be much smaller
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(a) Magnetic Field Lines (t=0)
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( c )  E n t r o p y  F u n c t i o n  P r o f i l e s

A /A 0

( b ) M a g n e t i c  F ie ld  L i n e s ( t = 6 5 t „ )
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X(R.)

(d )  F l u x  F u n c t i o n  P r o f i l e s

X (R .)

F ig u r e  4 .6  (a) The initial field configuration (t=0) and (b) the final configuration (t= 65 ) for Case D 
(a  =  1.). (c) The entropy function S as a function of A, and (d) the flux function A as a function of x 
at different simulation times.
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(a) Magnetic Field Lines (t=0) (b)Magnetic Field L ines^S S to)
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( c )  E n t r o p y  F u n c t i o n  P r o f i l e s  ( d )  F lu x  F u n c t i o n  P r o f i l e s

A/A„ X(R.)

F ig u r e  4 .7  (a) The initial field configuration (t= 0) and (b) the final configuration (t=65) for Case E 
(a  =  0.04). (c) The entropy function S as a function of A, and (d) the flux function A as a function of 
x at different simulation times.
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F ig u re  4 .8  Plasm a flow patterns at t=20, 50, and 65t0 for Case D. Earthward flows are present in the 
central part of plasma sheet.
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X(Re)

F ig u re  4 .9  Plasma flow patterns at t=20 , 50, and 65l0 for Case E. Earthward flows are present in the 
central part of plasma sheet.
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( a )  M a g n e t i c  F ie ld  L in e s  ( t = 0 )
3 0 1 -----------1---------- 1---------- 1----------1---------- 1---------- r

0 -20  -40  -60

X(Re)

( c )  E n t r o p y  F u n c t i o n  P r o f i l e s

A/A0

( b ) M a g n e t i c  F i e l d  L i n e s ( t = 6 5 t „
301--------- 1----------1--------- 1--------- 1--------- 1---------r

0 -2 0  -40  -60

X(Re)

( d )  F lu x  F u n c t i o n  P r o f i l e s

X(R.)

F ig u re  4 .1 0  (a) The initial field configuration (t= 0 ) and (b) the final configuration (t=65) for Case F 
(v — 0). (c) The entropy function S as a function of A, and (d) the flux function A as a function of x at 
different simulation times.
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(a) Magnetic Field Lines (t=0)
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( c )  E n t r o p y  F u n c t i o n  P r o f i l e s

( b ) M a g n e t i c  F ie ld  L in e s (t= 55t< ,)
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(d )  F lu x  F u n c t i o n  P r o f i l e s

X(R,)

F ig u r e  4 .11  (a) The initial field configuration (t= 0 ) and (b) the final configuration (t=55) for Case G 
(D  =  0). (c) The entropy function S as a function of A, and (d) the flux function A as a function of x 
at different simulation times.
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F ig u r e  4 .1 2  The maximum current density Jmax in plasma sheet as a function of simulation time for 
Case D , case F (77 =  0), case G (D  =  0) and case H (a  =  0.04). In the case H, the magnetic reconnection 
occurs after 17to.
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than the value in (4.7). Therefore, the growth rate for an initially thick current 

sheet will be very small. The growth rate is larger for initially thinner current 

sheets. As shown in Figures 4.5a and 4.5b, the growth time for Case B is only 

~  10fo ~  1 minute. Ohtani et al. (1992) found an explosive growth phase of 

substorm before the full onset. In the explosive growth phase, the current sheet 

becomes thinner with a large current density for ~  1 — 2 minutes. Therefore, the 

final stage of this entropy anti-diffusion instability may explain the occurrence of 

explosive phase.

As mentioned earlier, both MHD simulations [Lee et al., 1995] and particle 

simulations [Pritchett and Coroniti, 1995; Hesse et al., 1996] showed th a t a driv

ing electric field imposed at simulation boundary leads to the thinning of plasma 

sheet. Global 3-D MHD simulations [e.g., Usadi et al., 1993; Ogino et al., 1994; 

Fedder et al., 1995] also showed that the plasma sheet thinning and subsequent re

connection can occur in the near-earth magnetotail. On the other hand, my study 

of equilibrium configuration in Chapter 2 showed th a t the current sheet thickness 

depends mainly on the entropy content in flux tubes and entropy transition width. 

If the entropy content in flux tubes change and steepen the entropy gradient in 

the entropy profile, a thin current sheet can been formed from an initially thick 

current sheet. In order to change the entropy content in flux tubes, a plasma diffu

sion or some other non-adiabatic processes must occur. I suggest that the plasma 

sheet thinning observed in MHD or particle simulations is associated with the pres

sure/density diffusion and hence the entropy anti-diffusion instability. Note that 

the density/plasm a diffusion is present in some MHD or particle simulations. In 

order to test this suggestion, we have studied the dynamic evolution of global 2-D
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magnetotail with, an imposed electric field at the boundary. It is found that the 

t hinning of plasma sheet can occur in the presence of a finite diffusion coefficient. 

W ithout pressure diffusion, the current sheet thinning is relatively small with an 

imposed uniform E field [Bim and Schindler, 1985]. thick even with the imposed 

electric field. The result has been presented in Chapter 3. I have demonstrated 

that this pressure diffusion leads to an unstabile evolution (with decreasing current 

sheet width) independent of the precise diffusion mechanism. In case of resistive 

diffusion thinner current sheet develop if magnetic reconnection can not operate, 

i.e., if the resistivity is zero at the center of the current sheet.

In summary, I have examined the entropy anti-diffusion instability, which oc

curs in the near-earth plasma sheet with the presence of pressure diffusion. The 

instability leads to an earthward plasma flow and collapse of lobe fields to form 

a very thin current sheet. The growth time a t the final stage of formation of a 

very thin current sheet is ~  1 — 2 minutes, which may correspond to the explosive 

growth phase as reported by Ohtani et al. (1992).
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Chapter 5

Summary and Discussion

Observations and modeling of the near tail region [e.g., McPherron et al., 1987; 

Mitchell et al., 1990; Sergeev et al., 1993] have shown th a t a  crucial feature of the 

substorm growth phase is the development of a thin current sheet in the tail region 

between geosynchronous distance and approximately 15 ~  20R e. The thickness 

of such a current sheet is observed as small as 800km. The increase in the local 

current density and the corresponding decrease of the current sheet thickness and 

of the magnetic field component B z normal to the current sheet axe presumably 

crucial to expansion phase onset [e.g., McPherron et al., 1987; Schindler and B im , 

1993],

The evolution of these thin current sheets and their crucial role in the evolu

tion of geomagnetic substorms gave motivated this thesis. Based upon my MHD 

simulations, the results of this theses are presented as follows.
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5.1 C onditions For T he Formation O f A  Very 

Thin Current Sheet

A magnetofrictional method is used to construct two-dimensional MHD equilibria 

of the E arth ’s magnetosphere for a  given distribution of entropy (S  =  pV'1) on 

magnetic flux tubes, where p is the plasma pressure and V  is the flux tube volume 

per unit magnetic flux. The purpose of this thesis is to determine typical properties 

of the earth ’s magnetospheric configurations during the growth phase and their 

dependence on the entropy function S (A ) and on the distribution of the lobe 

magnetic flux. Favorable conditions to form a very thin current sheet are (1) the 

entropy function S  is enhanced, in the near-earth region (—15i?e <  x  < —6Re), 

(2) the entropy gradient is steepened in A-space and (3) the lobe flux enhances.

It is found that a very thin current sheet with B z < 0.5n T  and thickness 

<  lOOOfcm can be formed in the near-earth magnetotail (x ~  —8 to — 20i?e) during 

the growth phase of substorm. The formation of the thin current sheet can explain 

the observed explosive growth phase of substorms. The profile of the magnetic field 

strength B z component in the equatorial plane is mainly determined by the entropy 

function S(A).  I obtain self-consistent equilibria of the E arth ’s magnetosphere 

with very strong lobe fields and a  monotonically increasing B z component towards 

the Earth. It is also confirmed th a t an enhancement of the lobe flux favors the 

formation of a current sheet during the early substorm growth phase. I show that 

the shape of magnetic field lines in the near-earth region are mainly determined 

by the location (Ac) of the transition point of the entropy function.

1 0 0
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5.2 D ynam ic Evolution o f M agnetotail

During the substorm growth phase, satellite observations show that the plasma 

pressure in the region —6 R e > x  > —10R e increases to about ten times the value 

in the quiet time [Kistler et al., 1992]. At the same time, the magnetic field in the 

equatorial plane (B z) may decrease to about 1/7 of the dipole field strength [Lui 

et al., 1992]. As a  rough estimate, the differential flux volume thus increases to 

seven times and the entropy function to about 250 times the quiet time value at a 

fixed point. During this period, geomagnetic field lines in the near-earth region are 

highly stretched tailward. The observations also demonstrate th a t the electric field 

is enhanced in the auroral oval region during the growth phase. This enhanced 

electric field can be transm itted by Alfven waves from the ionosphere to the closed 

field region of magnetotail along magnetic field lines. This would contribute to 

a dawn-to-dusk electrostatic component E s of electric field in the plasma sheet. 

My simulation results show th a t the enhanced convection electric field E s in the 

growth phase enhances the entropy in the near-earth region. Simultaneously, the 

entropy transition region (Ac) shifts toward the earth and magnetic field fines in the 

near-earth region are highly stretched tailward. It is implied th a t the enhanced 

ionospheric convection electric field is the main driving force of enhancing the 

entropy and highly stretching magnetic field fines in the near-earth magnetotail 

during the substorm growth phase.

1 0 1
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F igu re 5 .1  General distributions of entropy function S  =  S  =  pV"' and pressure p  in the equatorial 
plane as a function of x  .

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



5.3 Formation o f a T hin Current Sheet

103

The formation and t hinning of the tail current sheet is a crucial for the magnetotail 

dynamic evolution. In this thesis, I have identified a new instability called as 

“entropy anti-diffusion instability” which can lead to the formation of a very thin 

current sheet during the substorm growth phase. In chapter 2, it is found th a t a 

steeper profile of entropy function S  leads to the formation of a thinner current 

sheet. In the presence of a density gradient at edges of a current sheet, the lower- 

hybrid-drift instability may lead to pressure diffusion. Since the pressure generally 

decreases and the entropy function S  increases tailward, as shown in Figure 5.1, 

the diffusion of plasma pressure results in a steepening ,or anti-diffusion, of the 

entropy profile. This, in turn, leads to a thinner current sheet, which enhances 

the pressure diffusion. This positive feedback process is called the “entropy anti

diffusion instability” . Based on MHD simulations with a pressure diffusion, I find 

tha t the entropy anti-diffusion instability leads to a further thinning of the near

earth current sheet and the onset of dipolarization of near-earth geomagnetic field 

lines. The growth rate of the instability is linearly proportional to the diffusion 

coefficient. The growth time at the final stage for the formation of a very thin 

current sheet is ~  1 minute. This instability may explain the observed “xplosive 

growth phase of substorms and the onset of dipolarization of geomagnetic field 

lines.
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5.4 Future Studies

Possible topics for future studies are listed below. They include (a) aspects involved 

with the global equilibrium structure and the current sheet formation, and (b) the 

kinetic description of the study the entropy anti-diffusion instability.

5.4.1 T hree-D im ensional A spects

The magnetosphere is a three-dimensional configuration. To fully understand the 

interaction between the solar wind and the dynamic processes in the magnetotail, 

3-D studies are desirable. Here a  3-D equilibrium study can be the first step for a 

3-D global simulation.

Based on the results of this thesis, a thin current sheet could be formed in 

the near-earth region if the m agnetotail is driven by a nonuniform dawn-to-dusk 

electric field. For my results, the dawn-to-dusk electric field Ey a t the boundary 

of the simulation is constant, which is consistent with ^ \bound =  0- In three 

dimensions, the dawn-to-dusk E y a t the boundaries is in general nonuniform. Jaggi 

and Wolf [1973, 1975] suggested that there is ‘the Alfven layer’ a t ~  —7Re region. 

The electric field becomes much weaker in the near-earth region x  > —7Re and 

entropic equation (2.6) becomes a nonlinear convection equation. In the ‘Alfven 

layer’, the convection velocity is almost zero. The nonuniform convection of the 

plasma sheet allows a steepening of the entropy function such tha t a thin current 

sheet could formed in the near-earth region x  ~  —7R e.

Three-dimensional convection to replace dayside magnetic flux (which is re

moved from the dayside by magnetic reconnection) with flux from the tail region
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is subject to certain constraints. One of these is again entropic conservation such 

th a t only flux tubes consistent with this constraint can be convected to the dayside. 

This is also a potential source for the formation of a thin current sheet.

5.4.2 K inetic Effects

There axe two main kinetic aspects to  be considered for future investigations. First, 

I have assumed particularly the lower hybrid drift instability in a phenomenological 

manner. It would be desirable to include this and other instabilities in a more self- 

consistent kinetic treatm ent of the entropy anti-diffusion instability. Second, the 

strong thinning of the current sheet can involve length scale of the order of the 

ion Larmor radius or the ion inertia length. Here, one would have to include finite 

ion gryoradus effects, the Hall term , and possibly the electron pressure gradient 

in a suitable fashion. Such an approach can yield insight into a transition to 

an instability for a sufficiently thin current sheet and therefore might provide an 

answer to the open problem of the expansion phase onset.
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