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those observed in the post-noon auroral-zone ionosphere, or into turbulence. A steady-state viscous LLBL model-has also been generated in which the magnetic field deformation caused by the currents is included in a self
consistent manner. (2) A viscous-resistive model of magnetic field annihilation at the magnetopause has beendeveloped which allows for plasma flow along the reconnection line. (3) The structure of resistive and resistive-
dispersive MI-D intermediate shocks has been determined and their possible role as part of the magnetopause
structure assessed. (4) Certain geometric and dynamic properties of the magnetopause/LLBL have been extracted
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THE MAGNETOPAUSE BOUNDARY LAYER
Final Technical Report

AFGL Contract F19628-87-K-0026
Summary

The research conducted under this contract has been concerned with the structure of, and

dynamical processes in the earth's magnetopause/boundary layer regions. The work has been

concentrated in four areas:

1. Theoretical modeling of the low-latitude boundary layer.

2. Theoretical modeling of the magnetic-field reconnection process.

3. Theoretical modeling of the magnetopause structure during reconnection in terms of

intermediate MHD shocks.

4. Observational studies of the magnetopause during reconnection, including flux transfer

events and low-latitude boundary layer structure.

The following sections of the report contain a brief summary and discussion of the results

obtained in each of these areas. Details of the research are provided in a total of eight published
papers, one paper in press, and three papers submitted for publication. These articles are appended

to, and form an integral part of this final report. The research described in these papers has been

supported partially by the present contract; partial support has also been obtained from other

sources, as indicated in the acknowledgment section of each paper.

1. Theory of the Low-Latitude Boundary Layer

The low-latitude boundary layer (LLBL) is a narrow region, located in the low latitutde

region immediately inside the outer boundary of the magnetosphere, the magnetopause. The LLBL

contains plasma, mostly of magnetosheath origin, that flows along the layer in the antisolar

direction at a speed comparable to the magnetosheath flow speed. This plasma flow is at an angle

- in the simplest model at a 90* angle - to the geomagnetic field in the vicinity of the equatorial

plane and thus it has an associated electric field, Ee, which is projected, in part at least, into the

ionosphere at the footpoints of the geomagnetic field lines threading the LLBL. This impressed

electric field, Ei, drives a horizontal Pedersen current, Ji, in the ionosphere; the divergence in Ei
gives rise to a corresponding divergence in this horizontal current, i.e., it gives rise to a

corresponding magnetic-field-aligned current into or out of the ionosphere. This field-aligned

current connects the ionosphere to the LLBL, where it is again deflected to form a current Je that
flows across the geomagnetic field. In the ionosphere, the product Ei*Ji > 0, whereas in the
LLBL the product Ee&Je < 0; thus the former acts as an electrical load and the latter as an electrical
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generator, connected to the ionospheric load via the field-aligned currents. In the simplest

conceptual model, the projection of the equatorial electric field into the ionosphere occurs by

assuming the geomagnetic field lines to be equipotentials. In more realistic modeling such as ours,
a potential drop, A0l1, along the field lines is incorporated via a field-aligned conductance K, so

that J11 = KA0II. In the post-noon LLBL, the field-aligned current, J11, flows out of the post-noot;

ionosphere so that the potential drop AI 11 can accelerate electrons precipitating into the ionosphere

to energies comparable to those needed to explain auroral emissions. On the pre-noon side. a
potential drop A011 will accelerate electrons upwards and ions downwards instead. A schematic

drawing of the dawnside LLBL configuration and its coupling to the ionosphere is shown in Fig.

1. Note that the main field-aligned current associated with the LLBL provides the portion of the

so-called Region 1 current that is observed to flow into the pre-noon (8 - 12 LT, say) and out of

the post-noon (12 - 16 LT, say) sides of the dayside auroral oval. Any field-aligned return current,

at the outer edge of the LLBL, i.e., at the magnetopause itself, could correspond to the so-called

NBZ currents, observed at low altitudes during conditions of northward interplanetary magnetic

field (IMF). Note also that the actual local time extent of the LLBL projection into the ionosphere

remains uncertain at present, since no accurate geomagnetic-field mapping is available for the

region immediately adjacent to the magnetopause.

z e

V Dawnside LLBL /

Fig. 1. View from the sun of dawnside low-latitude boundary layer and its coupling to the

dayside auroral oval. Coordinates (x,y,z) are the usual GSM coordinates.

Under the AFGL contract, we have developed two distinct models of the LLBL and its
coupling to the dayside auroral ionosphere. The first of these models is described in detail in

Lotko et al. [1987, Appendix 1]. In this model, the magnetic field threading the boundary layer is
taken to be uniform within the region, IzI < H, O<y<5, occupied by the layer. The plasma motion
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within the !aye: is incompressible and confined to planes perpendicular to the magnetic field (xy
planes). The equation of motion includes inertia effects, pressure gradients, the Je x B force, and

a viscous force; the current Je is determined via coupling to the ionosphere as described in the
previous paragraph. A principal result of the formal theory is the identification of the appropriate

characteristic time and length scales which should be used, along with two nondimensional

groups, in describing the structure and dynamic evolution of the boundary layer. These quantities

are defined in Eq. (22) of Appendix 1.

A result of particular interest is the finding that, in our model, the LLBL is characterized by

a so-called Hartmann number, M, which is a measure of the relative importance of resistive drag
in the ionosphere and viscous drag in the boundary layer itself. Important findings are that the

coupling of the LLBL to the ionosphere creates the possibility of spatially anisotropic temporal

decay of large-scale disturbances in the boundary layer and that the field-aligned potential drops

promote long-lived fluctuations on the inverted "V" scale length. The Lotko et al. [1987] paper
also provides a complete analytical treatment of one-dimensional (D/Dx = 0), time-dependent

boundary-layer structures. It is shown that, as time increases, arbitrary initial boundary-layer
velocity profiles, vx(y,0), and current profiles, Jey(y,O) asymptotically approach a one-
dimensional steady state, in which viscous forces and Je x B are in exact balance. Finally, the

one-dimensional time-dependent theory is applied to describe the evolution (decay) of shear layers
in the magnetosphere and their possible relationship to inverted "V" structures.

The simple model in Appendix I has also been used to examine two-dimensional dynamical

processes of relevance to the LLBL. A particular application to post-noon auroral shear layers is

described in the paper by Lotko and Shen [1990, Appendix 2]. The approach taken by Lotko and

Shen is to treat the distribution of field-aligned current generated in the LLBL proper as given, and
ask what are the dynamical consequences of such currents in the lower altitude, low 3 region

extending along magnetic field lines from the top of the LLBL (at z=H) to the ionosphere.

Although the distinction between the LLBL region and this adjoining tenuous plasma region is
somewhat artificial, the fact that E x B shear flow instabilities tend to be supressed by the strong
magnetic shear (see Appendix 3) that accompanies field-aligned currents in the higher-P3, LLBL

region, and that the generation of currents by an enhanced viscous interaction is substantial in the

LLBL relative to the tenuous plasma region, suggests that such a distinction is qualitatively

meaningful. Given this distinction, the stability of the shear layer can be readily evaluated. As

shown in Fig. 2 of Appendix 2, the neutral curves depend on three nondimensional parameters
related to the amplitude of the field-aligned current (or E x B velocity amplitude) required by the

LLBL, the scale size of the current distribution and the Hartmann number. Numerical simulations

of unstable cases show (1) that 2D quasi-steady rotational states arise when the shear layer is

weakly unstable, (2) that eddy-shedding turbulent states can arise when the shear layer is more

3



strongly unstable, and (3) that the flow kinetic energy and the energy dissipation, by ioii,-cspheiic

Joule heating, by production of field-aligned particle fluxes, and by viscous heating are all

reduced as a consequence of the instability. Power spectral densities are also evaluated along

selected 'satellite' cuts through the shear layer. The results of the study are consistent with the

tendency for 2D rotational motion and periodic bright spots in post-noon auroral forms, found in

satellite images [Lui et al., 19S9] and radar measurements [Robinson et al., 19841.

Our second model of the low-latitude boundary layer [Phan et al., 1989, Appendix 31

concerns the time-asymptotic, steady-state, one-dimensional structures mentioned earlier, in
which a balance between Je x B forces and viscous forces is maintained in the layer. In this new

model, the magnetic field in the LLBL is no longer taken to be uniform. Rather, it is determined

self consistently from Amp~re's law. From the requirement that the total pressure, p + B2/2 go,

be constant everywhere in the layer, one can then find the variations in pressure and from it,

assuming isothermal conditions, the variations in density within the boundary layer. In this way,

the model actually describes the diamagnetic depression of the B field within the layer, caused by

currents Jex, as well as the bending of the field lines into parabolic shape caused by the presence

of currents Jey in the layer.

Although certain qualitative and even quantitative comparisons can be made, and have been

made, between the models discussed above and actual observations of the LLBL and its

ionospheric footprints, we believe that the models need to be improved rather substantially before

extensive comparisons with observations become meaningful and before the models can be used

to make realistic quantitative predictions. A number of physical effects such as mass diffusion,

inertia, and pressure gradients need to be included in the steady-state model and the one-

dimensional flow assumption must then be abandoned. Furthermore, the geometrical mapping

along magnetic field lines into the ionosphere needs to be incorporated in a more realistic and self-

consistent way. In our view, the greatest significance of the model calculations performed to date

is that they have helped identify a number of important parameters and effects associated with a

magnetospheric boundary-layer or shear layer coupled to the ionosphere, thus providing a

systematic framework for thinking about these problems and for developing new more realistic

models. It is noted that recently we have collaborated with Dr. G. Siscoe in an attempt to place

the simple model described in Appendix I in the context of the global magnetospheric electric

current circuit [Siscoe et al., 1990]. This application has required certain changes in the boundary

conditions at the magnetopause used by Lotko et al., changes that have led to the appearance of

NBZ currents at the magnetopause edge of the LLBL projected into the ionosphere,i.e., at the

poleward edge of the Region I currents, during conditions of northward IMF. This work

provides a good example of the kind of conceptual use to which our models can be put.
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2. Theory of Steady Magnetic Field Reconnection

Magnetic field reconnection is known to occur at the dayside magnetopause during

conditions ot southward IMF. However, parameters other than the IMF direction also appear to

control the onset of the process or the rate at which it occurs. In fact, a southward or neariv

southward directed IMF may not in itself be a guarantee that reconnection takes place [Paschmann

et al., 1986]. Our work on the theory of reconnection has been concerned with the case where :he

reconnection rate is sufficiently small so that the process can be described as magnetic-field

annihilation rather than reconnection. In this situation, the magnetopause is modeled as a plane

current sheet centered at x = 0. Plasmas containing nearly frozen-in magnetic fields flow towards

the current sheet from both sides. The magnetic field direction is different for x<0 and x>0, but

the field lines are confined to lie in planes parallel to the plan x = 0. The model, which can be

either two dimensional or three dimensional, is described by the incompressible, resistive, viscous

MHD equations. We have found a rather wide class of exact solutions of these equations for the

type of configurations just described. The two-dimensional solutions, for which a/az = 0, are

described in detail in a draft paper by Phan and Sonnerup [1990, Appendix 41; the 3D case is still

under study.

Among the exact solutions, one finds, as a special case, the irrotational, resistive

stagnation point flows discussed by Sonnerup and Priest [1975]. However, rotational flows of

the same type can also be obtained, some of which display less of the troublesome large magnetic

flux pile-up that tends to occur in these models but is not seen at the subsolar magnetopause (see

Figs. 1-3 in Appendix 4).

Another new feature of the exact solutions we have found is that they permit of a flow

velocity component vz(x,y) and a magnetic field component Bz(x,y) along the invariant (z)

direction. Except near the subsolar point, such a fluw component of large magnitude is always

prescat at the magnetopause. In that application, there is usually also a large amount of shear in

the flow along the magnetopause, i.e., vz(x,y) decreases rapidly with the coordinate, x, as one

crosses the magnetopause and LLBL from the magnetosheath, where the flow speed is large, into

the magnetosphere where the flow is small or absent. In our model of this shear flow, viscosity

plays an important role. The configuration is shown schematically in Fig. 2. This diagram shows

that the model contains an electric current component, Jx, which flows from the magnetosheath,

across the magnetopause and into the magnetosphere where it is deflected to become field aligned

(with the correct sense of the Region 1 currents, although the model in its present form does not

have coupling to the ionosphere built into it). As a result of this current, the magnetic field lines in

the magnetosheath are bent into parabolas with their vertices pointing in the upstream (sunward)

direction. The field lines in the LLBL immediately inside the magnetopause are also bent into
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Fig. 2. Magnetic field annihilation at a current sheet with shear .")w along the sheet.

Coordinates- x=YG',rl, Y=ZGSM, z=XGSM.

parabolas but with their vertices pointing in the downstream (antisunward) direction, just as in the

model by Phan et al. [1989, Appendix 3]. This type of reversal of the field curvature across the
magnetopause, in the vicinity of a reconnection line (tix. z axis in Fig. 2) with plasma flow along

it, has also been observed in the global numerical MHD simulation of the solar-wind

magnetosphere-ionosphere system performed by Fedder and Lyon at NRL.

The various field-annihilation models described in Appendix 4 need to be improved by

allowing different plasma properties on the two sides of the magnetopause current sheet before

they can be applied to the real magnetopause situation. In our view, they will ultimately prove
useful in providing a qualitatively correct local description of flow near the magnetopause subsolar

point as well as flow (in the magnetosheath and in the LLBL) along a magnetopause reconnection

line during weak reconnection.

Two more pieces of work on the reconnection problem have been performed under the

AFGL contract: a review article has been written by Sonnerup et al.[ 1990, Appendix 5] and a

comment has been generated and published on an incorrect paper concerned with MHD stagnation

point flows (Sonnerup and Phan 11990, Appendix 61).

3. Theory of Intermediate Shock Structure

Since the early theoretical work by Levy et al. [19641, it has been a commonly held view

that, during conditions of steady or quasisteady reconnection, the magnetopause should contain a
rotational discontinuity (RD) as the dominant part of its structure. Indeed, attempts to find in-situ
evidence of reconnection at the magnetopause have been strongly focused on this feature of the
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magnetopause structure [see for example Appendix 9]. However, recently C. C. Wu [1987:

1988a; 1988b; 19901 has proposed that, rather than containing a rotational discontinuity, the

magnetopause may consist mainl, ,i a weak intermediate shock. The tangential magnetic field

always rotates by exactly 1800 across a steady-state intermediate shock. To accommodate the real

situation at the magnetopause, where the field rotation angle seldom is exactly 180', Wu proposes

and shows by numerical simulation that intermediate-mode pseudoshocks exist, acrcss which the

field can rotat by an arbitrary angle. These psuedo-shock structures evclve in time, that

evolution being more rapid the more the field rotation angle deviates from 1800.

Since the structtre of intermediate shocks had not been studied in detail, we found it

desirable to investigate this topic so that one could come to understand what predictions, in terms

of observable featurtcs of the magnetopause structure, could be extracted from C. C. Wu's

proposal. The results of our study are contained in two papers by Hau and Sonnerup [1989.

Appendix 7; 1990, Appendix X]. In the first of these papers, the purely resistive, steady-state

structure of intermediate shocks is investigated; in the second paper, dispersive effects, associated

with the Hall term in Ohm's law, are included as well.

It has been known since the late fifties that two intermediate shock branches exist: a "weak"

branch and a "strong" branch. In other words, for one and the same superaifv6nic upstream

condition, two possible downstream states exist. For the .veak branch, the downstream state is
weady subalfv6nic but superslow while for the strong branch, it is more strongly subalfv'6nic and

also subslow. By downstream superslow (subslow) is meant that the downstream normal flow

speed, in the shock frame, is faster (slower) than the local small-amplitude slow-mode wave

speed. What is found in our work is that the structure of intermediate shocks is not always

unique: more than one structure can sometimes connect the same pair of given upstream and

downstream states. And, as the upstream or downstream states change from being subsonic to

being :.apersonic, rather different structures are obtained. In the two papers, the shock structures

are presented in terms of magnetic hodograms, i.e., they are shown as plots of one tangential

magnetic field component, Bz, versus the other, By- In the purely resistive case, all possible

structures of intermediate shocks (as well as fast and slow sho( K,') are contained within three

types of hodogram topology (shown in Fig. 8 of Appc.'dix 7). When dispersive effects are

included, a total of 13 distinct topologies (some having several subcases) were found (see

Appendix 8). We believe we have documented all possible structures described by the

resistive/dispersive nonviscous MHD model. Included are many cases where the shock contains a

substructure consisting of a discontinuous isomagnetic jump. Such a jump involves a transition

from supersonic to subsonic flow in which the magnetic field remains unchanged: it is an

ordinary gasdynamic shock, the structure of which is determined by viscosity and heat
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conductivity. For zero viscosity and heat conductivity, as assumed in our model, the width of

such a substructure collapses to zero, i.e., it becomes a discontinuity.

The question arises whether any of the many intermediate shock structures found in our

study could provide an acceptable explanation for observed magnetopause structures. At present,

the answer to this question remains somewhat ambiguous. One fundamental property of

intermediate shocks is that they always involve a transition from upstream superalfv6nic to

downstream subalfvdnic flow. In the most detailed observational studies of magnetopause

reconnection events that have been performed to date [Sonnerup et al., 1987; 1990, Appendix 9],

the ratio of flow speed (in the deHoffmann-Teller frame) to Alfv6n speed as the spacecraft

AMPTE/IRM crosses the magnetopause is calculated from the spacecraft data. The results contain

no indication of a transition from superalfv6nic to subalfv~nic flow. But these results are not

sufficiently accurate to allow one to exclude the possibility that the upstream (magnetosheath) state

could have been slightly superalfvdnic and the downstream (magnetospheric) state could have

been slightly subalfvdnic. The smallest-amplitude members of the weak intermediate shock

branch have exactly that property and, furthermore, the magnetic field magnitude also changes

very little (while the tangential field direction is reversed) across such a weak shock. It would be

difficult to distinguish a shock of this type from a rotational discontinuity (RD) with a tangential

field rotation of 1800 since, for isotropic pressure, the field magnitude is exactly constant in a

laminar, one-dimensional RD. It should also be said that many observed magnetopause structures

appear very complicated, indicating the presence of turbulent processes in the current layer.

There are isolated magnetopause crossings by earlier spacecraft, where plasma

measurements were not made, which fit the model of a laminar weak intermediate shock

reasonably well. An example is shown in Fig. 3. In that figure, a comparison is made between

the observed magnetic hodogram and one predicted from our purely resistive model. It is noted

that the tangential field rotates by almost exactly 180' in the main "circular" part of the observed

structure and that there is a modest decrease in magnetic field strength as the field rotates from its

upstream to its downstream state. These are the exact properties of a weak intermediate shock.

As can be seen, the details of the field rotation obtained from the resistive model do not match the

observations so well. We have found that inclusion of dispersive and other effects (viscosity,

gyroviscosity) does not lead to an improvement in this regard. Thus, this event, while

suggestive, does not provide entirely convincing evidence for the occurrence of a weak

intermediate shock as part of the magnetopause structure.

As mentioned already, the magnetic-field rotation angle across the magnetopause usually

differs substantially from 1800. In such cases, comparison between observations and theory

should focus on time-dependent pseudoshocks of the type discussed and simulated by C. C. Wu

rather than on the time-independent structures analyzed in Appendices 7 and 8.
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Fig. 3. OGO-5 crossing of the magnetopause on March 27, 1968 (from Sonnerup and

Ledley [ 1979]).

4. Observations in the Magnetopause/LLBL Regions

The AFGL contract has also provided partial support for a data-analysis effort in which

plasma and magnetic-field data, collected by the spacecraft AMPTE/IRM in the magnetopause and

in the adjoining low-latitude boundary layer, are interpreted. This portion of the project has been

carried out in close collaboration with Dr. G. Paschmann and his research group at the Max-

Planck-Institute for Extraterrestrial Physics (MPE) in Garching, F. R. G..

The studies that have been performed are based on a somewhat novel technique for

analyzing magnetopause data. This technique, which has some of its origins in the work by

Aggson et al. [19831 on the existence of deHoffmann-Teller frames, has been described in detail

by Sonnerup et al. [ 19871. It is based on the use of the convection electric fields, Ec = -vxB,

calculated from measured plasma velocities, v, and magnetic fields, B, for the determination of

the magnetopause normal, n, as well as for finding a moving frame of reference, a so-called

deHoffmann-Teller (-T) frame, in which the plasma flow is field aligned or nearly field aligned.

Sonnerup et al. [1990, Appendix 91 have applied the new electric-field-based analysis to a

number of magnetopause crossings having large magnetic field shear (i.e., having a large rotation

angle of the tangential component of the magnetic field across the current layer). In agreement

with Aggson et al., they have found that for many of these cases, excellent HT frames (moving

with velocity, VHT, and acceleration aHT) can be found. However, contrary to Aggson et al.,

they have also found that the existence of a good HT frame does not guarantee that the

9

. , i i I Ii



magnetopause has the properties of a rotational discontinuity (or a weak intermediate shock), i.e..,

it does not guarantee that the magnetopause has structure associated with quasisteady

reconnection. One excellent example of this situation is shown in Figs. 13 - 16 of Appendix 9.

The field-aligned plasma flow in the HT frame is small or absent in this case (Fig. 15 of Appendix

9), indicating that the current sheet was a 2D or 3D tangential-discontinuity structure carried in a

frozen fashion with the plasma flow along the magnetopause. The absence of a measurable

normal magnetic field component (Fig. 13 of Appendix 9) is consistent with this conclusion.

A second important result, described in Appendix 9, is that the acceleration, afT, of the HT

frame, first calculated on a trial basis by Sonnerup et al )87I, appears to be physically

meaningful, at least in some cases. There are two types of evidence to support this statement.

First, the normal component of af-, which should represent the acceleration of the magnetopause

normal to itself, has been found to slow down the normal motion of the magnetopause in every

case where it is known, from the presence of a subsequent crossing (caused by flapping of the

magnetopause), that the normal motion must ultimately reverse itself. Second, inclusion of the

tangential component of atT sometimes leads to a dramatic improvement in the tangential stress
balance (the Waldn relation, Av = + AVA, see Fig. 11 of Appendix 9). Thus it appears that the

tangential components of vHT and am' characterize the velocity and acceleration of actual 2D and

3D spatial magnetopause substructures in their motion along the magnetopause.

A third significant result, described in Appendix 9, is that the Wal6n relation, while

occasionally nearly exactly satisfied, more often is satisfied only to about 70 - 80%. In other

words, the observed field-aligned plasma flow speed in the HT frame is only 70 - 80% of the

local Alfvdn speed. While this discrepancy could perhaps be accounted for by assuming a small

admixture of heavy ions (O , say) in the magnetopause plasma (the AMPTE/IRM plasma analyzer

has no mass discrimination), an equally plausible explanation may be that pressure gradients along

the magnetopause cause actual systematic deviations from the Wal6n relation.

Recently, Paschmann et al. [1990, Appendix 10] have used the analysis methods based on

the convection electric field on one magnetopause crossing having small rather than large magnetic

shear, i.e., on a case where the B fields external and internal to the magnetopause have nearly the

same direction. It is found that, provided a substantial plasma boundary layer (LLBL) containing

strong velocity shear is present, the analysis method works: an accurate normal vector can be

found, a good HT frame exists, and, finally, the Waldn relation is found to be rather well

satisfied. This may therefore be an example of reconnection (above the cusps) for northward

IMF. Furthermore, knowledge of the magnetopause normal vector, n, allows one to calculate the

fluctuations in the measured boundary-layer plasma velocity component along n. If these

fluctuations are interpreted as inward-outward motion of the magnetopause and boundary layer,

the measured time series of, for example, plasma density, p(t), in the LLBL can be converted to a

10



spatial profile (Fig. 4 in Appendix 10). In the example examined, a thickness of the LLBL of -

1.3 RE was found. This is a rather large value, but it is qualitatively consistent with a number of

other studies that indicate the presence of thick boundary layers for northward IMF.

Finally, the analysis based on Ec has also been applied successfully to flux transfer events

(FTEs), as described by Sonnerup [1988, Appendix I1I and by Papamastorakis et al. [1989,

Appendix 121. The study deals with three FTEs, observed in the magnetosheath immediately

prior to a set of three crossings of the magnetopause by AMPTE/IRM, all of which displayed

unambiguous signatures of quasisteady reconnection and all of which are discussed in Appendix 9

(see also Sonnerup et al. [19871). Each FTE was found to have a ',ery good HT frame and,

furthermore, to a good approximation, all three FTEs, and the three magnetopause crossings

following them, have one and the same HT frame, suggesting that they were all part of the same

dynamic reconnection event. These results are consistent with the idea that FTEs as well as

quasisteady reconnection events are manifestations of large-scale reconnection with a reconnection

rate that sometimes fluctuates and sometimes remains approximately steady. Theoretical and

numerical models of this type have been discussed extensively by Lee and Fu [19851, by Scholer

[1988], and by Southwood et al. [1988]. Another important finding that is consistent with these

models was obtained for the first (outermost) of the three FTEs. This event appears to have

corresponded to a traversal of magnetic fields draped around an FTE flux tube (a so-called distant

encounter). The observed field structure was found to be quasi two-dimensional in the sense that

spatial variations across the structure occurred on a substantially shorter length scale than

variations along it. In fact, the observations agree rather well with a model proposed by Farrugia

et al. [ 1987] in which the FTE flux tube is a cylinder of semicircular cross section, around which

an irrotational B field is draped and around which a corresponding irrotational field-aligned flow

occurs in the HT frame.

The number of magnetopause crossings and FTEs studied to date by use of Ec analysis is

relatively small. The effort supported by AFGL should therefore be viewed mainly as a pilot

project in which the feasibility of extracting detailed results concerning spatial structure and

physical processes (reconnection) in the magnetopause region from single-spacecraft data is

demonstrated.
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Nonsteady Boundary Layer Flow Including Ionospheric Drag and Parallel
Electric Fields

W. LOTKO AND B. U. 0. SONNERUP

T ha. er School of Engineerinq. Dartmouth College, HanovLer, New Hampshire

R. L. LYSAK

School of Physics and Astronomy, University of Minnesota. Minneapolis

A simple iwo-dimensional model is developed for the perpendicular flow dynamics of boundary layers
located on closed magnetic field lines in the equatorial magnetosphere. In addition to viscous damping in
the equatorial region, nonlocal dissipation associated with the closure of field-aligned currents in the
ionosphere and field-aligned potential drops is included and is shown to have two consequences: (1)
coupling to the ionosphere causes large-scale disturbances to decay anisotropically and (21 field-aligned
potential drops promote long-lived fluctuations at scale lengths that can be comparable to the "inverted
V*" scale but which vary with the local Hartmann number (a measure of the ratio of ionospheric resistive
friction to magnetospheric viscous friction). Depending on the degree of anisotropy, the combined effect
is a tendency for the two-dimensional flow to organize into either relatively isotropic eddies or essentially
one-dimensional striations. The limiting case of a one-dimensional flow is considered with applications to
the low-latitude boundary layer and internal magnetospheric shear layers. A particular boundary layer
equilibrium state is compared with observations of an ionospheric boundary layer region and is found to
be in fair agreement with the observed properties for reasonable values of the model parameters. It is
also shown, under certain conditions, that a monotonically varying internal shear layer can form paired
oscillations in the electric field, which are characteristic of the so-cal!cd -v shocks" that occur in and
above the auroral acceleration region.

I. INTRODUCTION free internal shear layer in the equatorial plane of the hyberb-
The dynamics of the high-latitude ionosphere are governed olic tangent type can, under certain conditions, evolve toward

largely by nonlocal processes in which magnetic or mechani- a -V shock" structure [Mozer et al., 1977: Temerin et al..
cal energy of the outer magnetosphere is transferred to and 1981] on a time scale of 10 min and persist up to an hour.
eventually dissipated by the ionosphere. A particular process This behavior differs significantly from local analyses of equa-
of this type occurs in association with sheared convection in torial shear flows (no ionospheric coupling or parallel electric
low-latitude regions of the magnetosphere, for example, in the fields), which yield a simple turbulent relaxation of the shear
low-latitude boundary layer separating thc shocked solar wind profile [Miura, 1984; Pritchett and Coroniti. 1984: Wu, 1986].
and magnetospheric plasma [Coleman. 1971; Eastman et al., The model also predicts that semibounded flows, as occur
1976, 1985; Sckopke et al., 1981] or the evening equatorial near the low-latitude magnetopause. form relatively narrow
region where sunward flows encounter the more slowing con- boundary layers where nearly all of the flow variation is con-
vecting or corotating plasma of the inner magnetosphere fined [Sonnerup. 1980].
[Wolf and Harel. 1980; Olsen et al.. 1986]. Intense field- The emphasis of the paper is on mesoscale processes oc-
aligned currents, broadband turbulence, and auroral precipi- curring at scales of a few kilometers up to a few hundreds of
tation are generally associated with these velocity shear layers, kilometers in the ionosphere (hundreds of kilometers to a few
and, for this reason, they are thought to be of central impor- earth radii in the equatorial plane). Dynamic phenomena oc-
tance in magnetospheric and ionospheric dynamics. curring on such scales are not resolvable in current global

In this paper a two-dimensional model for time-dependent MHD simulations of the magnetosphere [see Ogino. 1986] for
coupling between magnetospheric shear layers and the iono- a recent study and survey of previous work) or of the auroral
sphere is developed. It describes the horizontal flow dynamics oval [Miura and Sato, 1980; Watanabe et al., 1986]. It is also
in each of the two regions and differs in at least one important unlikely that any proposed advances in computer technology
respect from other MHD [Lysak and Dum. 1983; Watanabe et will be able to accommodate two- or three-dimensional simu-
it., 1986] or electrostatic [L"vons, 1980; Chiu and Cornwall, lations spanning scales of kilometers to hundreds of earth
1980] models of magnetosphere-ionosphere coupling: The radii. The present study therefore complements global studies
magnetospheric convection pattern is not imposed as a by providing detailed information on magnetospheric bound-
boundary condition but is allowed to evolve throug. self- ary layer phenomena and their relation to mesoscale auroral
consistent interaction with the ionosphere. In effect, the model processes.
provides a measure of the time scale over which such bound- The principal elements of the model include: (01 an iono-
ary conditions are meaningful. It predicts, for example, that a spheric response characterized by an Ohm's law and current

continuity. (2) an equatorial magnetospheric region support-
Copyright 1987 by the Amencan Geophysical Union. ing nonsteady. incompressible viscous flow across a static

Paper number 6A8763 magnetic field, in which current continuity is also maintained.
0148-022787,'006A-87650500 and (3) a lumped (linear) current-voltage relation [Lyons et al.

The U.S. Government Is authorized to reproduce and sell this report.
Permlisson for further reproduction by others must be Obtained from 8635
the Copyright owner. 17
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1979] characterizing the plasma response in the intervening The article is organized as follows. In section 2 the b.! i
region along the magnetic field. In addition, a geomagnetic model equations are developed. In section 3 the spectral repre-
field model is required to map flux tube elements between the sentation of these equations is presented, and the behasior (f
ionosphere and equatorial plane. Elements I and 3 are the nonlocal damping effects as a function of wa'e number is
basis for the electrostatic models proposed by Lyons [1980] discussed. Section 4 contains an analysis of one-dimensional
and Chi and Cornmall [1980]. They are intrinsically passive flows with applications to the low-latitude boundary la. er and
and incapable of generating dynamical behavior without ex- the dynamics of an internal magnetospheric shear laser. A
ternal forcing. When combined, they define an Ohmic scale comparison between a particular boundary layer equilibrium
length for magnetosphere-ionosphere coupling. Weimer et al. state and observations of an ionospheric boundars layer
F 1985] recently concluded, based on DE I and 2 data taken at region is also presented in section 4. Finally. section 5 con-
times of approximate magnetic conjunction. that low- tains a summary and further discussion of the results.
frequency electric field fluctuations map between the two
spacecraft in accordance with these relations. Element 2 2. BAsic EQUATIONS

abose. together with boundary and initial conditions, governs In this section a closed set of equations is derived ior the
the dynamics of the system: it is one of the primary mecha- flow dynamics in a low-latitude region of the magnetosphere.
nisms for generating field-aligned currents in the mag- The equations include electrodynamic coupling to the iono-
netosphere [Vasyliunas, 1970]. including currents generated sphere through field-aligned currents and parallel electric
b. viscous forces [Sonnerup. 1980] and time-varying vorticity fields. The derivation merges several ideas that have been pro-
[ttaseyawa and Sara. 1980]. The model differs in this regard posed independently by Chiu and Cornwall [1980], Hasegawa
from the nonviscous. steady state model described by Kan and and Sato [1980], Lyons [1980], Sato and lijima [1979], and
Lee [1980], in which field-aligned currents are generated by a Sonnerup (1980]. The notation is for the most part the same
deceleration and accompanying expansion of the boundary as that used by Sonnerup [1980].
layer flow. The main contribution of this paper is to bring the We first consider the ionospheric response. The ionosphere
above ideas together and thereby analyze the interplay be- is characterized by Pedersen (ae) and Hall (a.) conductivities.
tween boundary layer and auroral dynamics. which depend on the electron density, the electron neutral and

The model is. of course, not without limitations. Self- ion neutral collision frequencies, and the electron and ion gyro
consistent magnetic fields are neglected, which may be impor- frequencies [Bostrom, 1973]. The current, electric field, and
tant for applications to the low-latitude boundary layer where neutral wind velocity perpendicular to the magnetic field are
the local currents often produce large deformations of the denoted as j.,, E,,, and v., respectively. These quantities are
magnetic field. Consequently, it is difficult to assess the rela- related by an Ohm's law:
tie importance of MHD processes such as flux transfer events J + v + x (E,, + v. x BJ (II
[Russell and Elphic. 1979; Cowley. 1982, Gosling el al., 1985]
and the essentially electrostatic processes described here. The The quantity B, is the magnetic field in the ionosphere, and a
passi'e ionospheric response implied by element I precludes local slab geometry is considered in which B, = Bji.
any description of small-scale ionospheric irregularities associ- The field-aligned current jt, in the ionosphere is related to
dted with E x B gradient drift or current convective instabil- j, through the current continuity relation:
ties [Ke.skinen and Ossakow. 1983: Mitchell et al., 1985] or of
propagating ionospheric disturbances [Sato, 1978; Rothwell et , j, 0 (2)
,l. 1984: Lysak. 1986]. The linear current-voltage relation For simplicity the neutral wind velocity, electron and ion den-
used in element 3 is known to be inaccurate near the edges of sities, and collision frequencies will be taken to be constant in
auroral forms [Lotko, 1986] and becomes wholly inadequate time and space. At high latitudes the magnetic field may also
for large downward field-aligned currents. Since it is a lumped be considered to be constant over the effective height of the
relation, it also eliminates the possibility of describing transit ionosphere. In this case, the Pedersen and Hall conductivities
time effects between the ionosphere and equatorial region. are also constant; consequently, neither the Hall nor neutral
Finite Larmor radius effects are also neglected, which become wind terms in (1) enter (2). Neglecting any vertical stratifi-
important at transverse scale lengths less than a few kilome- cation in the horizontal fields, we obtain from (1) and (2), after
ters (referenced to I RE). and which influence the behavior of integrating over the height of the ionosphere
auroral electric fields associated with small scale electrostatic
shocks (Swift. 1975: Temerin et al., 1981] aald kinetic Alfven j,= (3'V).* E, (3

waves [Hasegawa, 1976: Goert: and Boswell, 1979; Lysak and Here E,, is the height-integrated Pedersen conductivity, and
Carlson. 1981]. The model described here does not apply to
kilometer scale structure in the transverse electric field. Final- V, = V., + P(, 14)
ly. the structure of the magnetic field is not well known and
indeed may vary with time, especially near the magnetopause where x, and y, are ionospheric coordinates perpendicular to
and in the magnetotail. This leads to uncertainty in the scale the magnetic field. The i, direction is defined to be locally
factors used to map electric fields from the outer mag- tangent to a meridian of magnetic latitude (east-west aligned):
netosphere to the ionosphere. Although a resolution to these the , direction is locally tangent to a meridian of magnetic
problems will not be of immediate concern for this study, it longitude or local time (north-south aligned). Throughout this
does underly the ability to forecast ionospheric dynamics in paper. j, is chosen to be positive for field-aligned currents
the presence of nonsteady magnetospheric flows. We prefer to directed away from the earth.
NIIew the present study as one step in a progression toward a In treating the ionospheric conductivity as constant we are
comprehensive theory encompassing all such phenomena. effectively neglecting auroral conductivity enhancements that
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occur in regions of strong upward field-aligned currents. This relation. Lyons [1980] and Chtu and Corn,ai [19XO] ob-
important quantitative effect may influence the relationship served that (1) the high-altitude potential o, maps ialmost,
between gradients in the ionospheric electric field and the perfectly to the ionosphere if its scale is large compared to ,.
hield-aligned current and therefore in the structure of inverted while t21 a parallel potential drop of magnitude o, occurs
V precipitation regions. Gi.en this assumption, the model when the scale of o is small compared to /,. in which case (P
probably applies better to the sunlit and summer ionosphere is not transmitted to the ionosphere. This spatial-filtering
than to the nightside and winter ionosphere, since, in the effect was recently serified by Weimer et a[ [1985] by com-
former cases, the increased ionization makes auroral enhance- paring electric field spectral intensities from the DE I and 2
mcnts proportionately less dramatic, satellites at times of approximate magnetic conjunction The

Defining an ionospheric potential through the relation results imply that aurora] zone turbulence in the plane per-
E -- V,,. we can relate , to (,: pendicular to the magnetic field is quasi-static at scales ex-

ceeding 10 km (that is. it apparently maps electrostaticallv in
i , V. 2 , 5 accordance with (51 and (6) above). Although the relation

The variables j,, and P, may vary with xi v,. and time t. Once could not be tested at smaller scales owing to the measure-
the field-aligned current density is specified the ionospheric ment technique. other experimental studies using different
potential distribution can be found from (5). techniques [Temerin. 1978: Weimer et al.. 1987] suggest that

Following Lyons [1980] and Chiu and Cornwall [1980]. we smaller-scale two-dimensional turbulence also has a rather
assume that the field-aligned current at the ionosphere is relat- long correlation time.
ed to the potential drop between the equatorial region and the Another manifestation of 17) can be found in electric and
ionosphere through magnetic fluctuation data from the HILAT satellite, as report-

ed recently by Vickre.v et al. [1986]. For scale sizes in the
I K(Oi, - 0) (6) range 3-80 km the magnetic fluctuation levels and therefore

where ,(x ,. t is the potential distribution in the equatorial presumbably the field-aligned current densities j , are ob-

region in the plane perpendicular to the magnetic field and K served to be about the same in the summer and winter hemi-

is a constant conductance density. The subscript -e" will be spheres. Thus they are insensitive to the value of Z r. This

used to denote variables in the equatorial region. Note that effect is consistent with (7) for scale sizes that are sufficiently
the divergence of the flux tube implies that V,, # Vi,. small so that the second term on the left side of the equation

The phenomenological relation (6) applies primarily to cur- dominates the first term. in which case Zp can be eliminated
rents in "inverted V" precipitation regions [Lyons et al.. 1979], from the equation. The observed seasonal dependence of the

where the net field-aligned current is directed out of the iono- horizontal velocity or electric field fluctuations reported by
sphere. In these regions the current is carried primarily by Vickrey et al. is also consistent with 05) and bI. When - .is
accelerated kilovolt electrons, and the parameter K lies in the eliminated between these relations and ;.. is of the order of or

range 0.1-1 (uA, m2 ),kV [Fridman and Lemaire, 1980]. Cur- larger than 80 km. one finds that the 3- to 80-km scale iono-
rents near the edges of auroral precipitation regions or in spheric electric fields should vary inversely with 1. for a given
narrow channels may not. however, be adequately described magnetospheric electric field spectrum. In the absence of any
by this relation [Lotko, 1986]. It is also not clear that it seasonal dependence in the magnetosphertc electric fields it
applies in regions of downward field-aligned current, although follows that the velocity fluctuation intensity in the ionosphere

Lvsak and Dum [1983] and Chiu et al. [1981] have described should be larger in winter than summer as observed.
two special cases where such a relation may have some validi- Equation (7) alone provides no insight into the generation
ty. In addition, kinetic analyses by Knight [1973] and Fridman of turbulence or fluctuations and must be supplemented by a
and Lemaire [1980] indicate that the linear relationship im- dynamical equation for 0,(x, y,. t). This equation is obtained
plied by (6) becomes nonlinear at very small and large poten- by extending the one-dimensional, laminar model of Sonnerup

tial differences. This "nonlocal Ohm's law" is clearly an over- [1980] to include two-dimensional, time-dependent flow in the

simplification of the problem; its use here should be regarded plane perpendicular to the magnetic field [cf. Sato and lijima.

as a first step toward a more detailed analysis. 1979: Hasegawa and Saw. 1980]. If the flow is taken to be

The field-aligned current in the ionosphere can be related incompressible (V • v = 0) and is not allowed to perturb the

directly to the magnetospheric potential by eliminating 0, magnetic field (B = iB, with B, t-const in the low-latitude
from J5) and 16). This provides region, and i is directed away from the equatorial planel, then

the curl of the MHD momentum equation. together with cur-
(I - ,2V;.,2 ,li, =i -rV , 2(7) rent continuity (V, • = 0). provides

where , + • - VV"
2 
) = O . - - , 9

(Z, = lp/K)i (8) H
where p is the constant plasma density.

is the resistive scale length for magnetosphere-ionosphere cou-

pling introduced by Chiu and Cornwall [1980] and Lyons x x
:1980]. By Fourier transforming (7). Weimer et al. [1985] B,
have shown that the current density j,. induced by a given 0,
is larger when the gradient scale length of 0, is smaller. This is the magnetospheric convection velocity. E, = -V_0*. and

enhancement in current density is attributed to the finite value V 2(

of K in (6) and, consequently. to accelerated electrons. n = (V X V) • i = -0 (IIIB,
One may also eliminate 1,, between (5) and (6) to obtain a

similar relation between 0, and 0, On the basis of this latter is the scalar vorticity field. Furthermore, 2H is the effective

19



S63X LOTKO FT 4L . NONSTFADY W);NDARY LAVER FiLOW

height of the equatorial flow region. and j, is the field-aligned The mapping implieu by 151 assumes both the ,on vi r.
current at its lower-altitude boundary. that is at = H. and the equatorial magnetospheric coordinates are locally ,r-

A kinematic viscosity v has been introduced in (9) to allow thogonal. While this is true for "orange segment" mappiog.
for dissipation at small scales. Since the plasma is effectively the mapping relations suggested by etipirical magnetic field
collisionless. this dissipation should be attributed either to models are generall] nonorthogonal. For example. in these
wave-particle interactions occurring at scale lengths com- models, ionospheric magnetic latitude and lcal-tirme meri-
parable to the ion gyro radius or to an enhanced eddy vis- dians map to curves tn the equatorial plane %khich are nearlk
cosity as discussed by Sonnerup [1980] and Sato [1982]. A parallel in the vicinit of the magnetopause H,,wecr. empir,-
scalar form is used here to assess, in a simple way. the conse- cal models also become inaccurate in the o,',tr mag-
quences of viscosity in the flow dynamics and structure. As an netosphere, so the exact mapping relations rcmain .rmewhat
example. Tsururani and Thorne [1982] have deduced an uncertain. It is fair to say that the orthogonal mapping used
anomalous particle diffusion rate in the low-latitude boundarY here is a reasonable approximation in i, in, r . j
laver that is of the order of one-tenth of the Bohm diffusion netosphere and perhaps in the outer ntlaencto, ,h .: -- 7

rate. Using their diffusion rate to estimate the viscosity, one the immediate %ici t. of the magnetopause *r in the rnag-
finds that v - 100 km' s, which is about a factor of 10 less netotail current sheet
than estimates of large-scale eddy viscosity [Miura, 1984]. It is The system of )7F 1151. together with appropriate boundary
fair to say that the precise value of the enhanced viscosity is conditions, are sufficient to determine the flow dynamics.
not known and is likely to vary considerably from one region When a solution 0,x,. v,. 0 is given, the ionospheric fields can
of the equatorial magnetosphere to another. be determined by making use of(5). 17). and I 13) 151.

To close (7) and 9HII), we require relationships between It is emphasized that transit time effects between the iono-
and J , and V, and V,. In the intermediate altitude region sphere and magnetosphere are not included here In reality.

the plasma is both collisionless and strongly magnetized the ionospheric response to changes in magnetospheric con-
1plasma pressure much less than magnetic pressure, that is. vection will be delayed by the travel time of an Alfven wave to
low ft). The amount of field-aligned current diverted into per- the ionosphere and hack, which is the order of a few minutes
pendicular current in this region is therefore minimal in corn- on the dayside. although it can be significantly longer on the
parison to that in the higher P equatorial magnetosphere or nightside [Singer et al.. 19811. Neglect of this delay allows the
the collisional ionosphere. Neglecting any diversion in the in- use of the lumped relation (6) to couple the two regions. This
termediate altitude region, conservation of magnetic flux and model is therefore appropriate when the time scale for evolu-
field-aligned current implies tion of the low-latitude flow exceeds the Alfven wave travel

B, time. As disucssed in the following section, large- and

B, (12) intermediate-scale motions have lifetimes that are long com-
pared with the Alfven travel time and will therefore be ad-

For a dipolar magnetic field the relationship between the equately described by this model, whereas the very small-scale

length element dx, in the equatorial plane and the correspond- motions have the shortest lifetimes and, consequently. will be

ing east-vest element dx, in the ionosphere is given by damped before the io- sphere has time to respond. Whether
these small-scale motions are dynamically important will

dx, cosA I
dx - c 1- (13) depend on the Reynolds number for the magnetospheric flow

dx, L L 2 and the relative dissipation associated with mechanical vis-

where A is the latitude of the foot of the field line in the cosity (finite vIand particle acceleration (finite K

ionosphere and L is the radial distance, measured in earth 3. SPFCTRAL RPREsENTArtION
radii R,. to the intersection of a field line with the equatorial
plane. It should be noted, however, that the precise value of In this section the flow model described i the previous
dx, dx, can deviate significantly from that given by 113). For section is analyzed under conditions where the flow is either

more realistic magnetic field models one can expect this ratio localized or periodic. The objective here is to derive a spectral

to depend on both L and the azimuthal coordinate in some representation for the flow dynamics. which can be used to

complicated manner. Given a value of dxl/dx,. conservation of analyze the dissipative processes and to exhibit similarities to

magnetic flux can be used to determine a relation between the two-dimensional, incompressible Navier-Stokes flow

orthogonal length elements: First. 7) and (9) are combined by operating on 19) with
H - ;.,2V . using (71 a nd 112) to eliminatej,, and j,. This

d4, B, dx, (14) provides
dye B, dx,

YV B2 
-

For the simple type of mapping considered here these rela- (I - +.' + v . V.,. - vV ,1fl V , 1161
tions provide the scale factors required to convert derivatives Hp B,
in the ionosphere to derivatives in the low-latitude mag- where . . and 4, are related through (101 and H1, and thenetosphere: weev Lad .aerltdtruhI~ n 1i n h

derivatives in V, and V.. are related by (151. In the limit
d v, -, - 0. where the ionospheric drag is eliminated and 0, - 0.
dx, 1161 becomes equivalent to the two-dimensional (incompress-

(15) ible) Navier-Stokes equations

dV, IUsing the two-dimensional Fourier transform with respect
dy, it) the equatorial spatial coordinate s,,
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F( Fix,. rxIn the absence of an% dissipation. that is, v ith i I) I IXl
Fb} F t. i exp 1 -I • xl d'x possesses ar, infinite number of inariants. On]% tko of these.

117) the mean square ,orticit, or enstroph. Q 'and the meand'k
Fx,. t)- Fill exp ok x,) - square %elocity or energy . sur,,e a truncation )n K space

I 127t- when the continuum limit is replaced by a discrete Fourier

Equation 1161 can be represented as expansion. These ar- the so-called 'rugged inariants.- When
the di sipation is hnite and is produced b .scositv alone.

0,I 1 V&p ptKolmogoro% type cascades are known to arise in which en-
,ti I - -trophy is transferred from externally driven vae number,

to higher vvae numbers. while energy is transferred to smaller
%, hcrc vAe number,, through an inverse cascade The dimensionally

I - (k x p) determined inertial range spectra are k ' 3 %or the energy cas-
,lk. Pj -19) cade and k ' for the e: .troph cascade [Krauichnan and .\A.ni-

qom'r,. 1980] The effects of nonlocal d -iming described by
The linear damping term in 118I has the form the second term in 201 on these cascade processes and inertial

. k:;le 1 .410) range spectra have not been analyzed. To the extent that both
S= llK. ) 'L. " 

+ -- ". 1201 inertial ranges are a consequence of the iquadratic) mode-
I A I - k';.,z.4WI coupling term in 08). it follows from (20) for F, that the

with k = k, -. 4 = arctan ik, k.). and inversel. cascading energy is dissipated nonlocaly in the iono-
sphere and acceleration region. whereas the directl, cascading

i c) =, 0O f + sin-' 021 enstrophy is dissipated Iocai. in the boundary laver through

The angles ) = 0 and 0 - , 2 correspond. respectively, to viscous damping. The precise shape of the power spectrum
vsave vectors k that map into the ionosphere in the east-west may depend. however, in some complicated manner on both
ik,) and north-south 1k, directions Other parameters in 120) the flux tube anisotropy parameter and the Hartmann number
are defined as follows. and on vhethr the spectrum is observed in the equatorial

1, Bnetosphere or ionosphere. In this regard. it is worth men-
dd*- tit,. ing that Kelley and Kintner [19781 ha.e reported expert-

* Ii'i B, dt, dv, m-ntal evidence for both of the above spectral indices, based

.d I 122) on electric field spectra obtained in auroral shear flowy regions
.- - = (-.,dyt at altitudes below several thousand kilometers.

\dv d)'j Depending on the ;alue of the flux tube anisotropy parame-

Here ;, is a resistive decay rate associated with ionospheric ter 6. the dissipation at large scales may be highly anisotropic
drag on the convecting magnetic field lines. ;., is the resistive This behavior is illustrated in Figure 1. wkhere the decay time.
scale length scaled by the magnetospheric inorth-south) length r, = 1 r"ik. i. multiplied bv ,. has been plotted as a function

element.,!M is an effective Hartmann number, and ii is a flux of A;. for 0 = 0 and 0 = Z' 2 for a Hartmann number 1 = 35

tube anisotropy factor. The flux tribe anisotropy factor is a rhe 1) = n 2 curve is independent of the flux tube anisotropy

measure of the relative stretching of the east-west and north- factor 6. The middle and upper it = 01 curves are plotted for
south ionospheric flux tube dimensions in the equatorial 6 = 0.35 (dipolar mapping) and 6 = 0028. respectively lAs

plane. It is less than I when the north-south dimension is discussed below, the value of 6 may deviate significantly from

stretched more than the east-west dimension. The Hartmann the dipole value in the outer magnetosphere ) At small wave

number is a measure of the relative dissipation associated with numbers the decay time for "'east-west variations' i0 = 0 is

(ionospheric) resistive drag and Imagnetospheric) viscous fric- seen to be considerably larger than that for "north-south sari-

tion at the scale length ;., (cf. Cowlinq. 1976]. The ionospheric ations" (0 = Tr 21. A maximum occurs in the decay time at the

drag or "magnetic friction" is Jominant when M >> I and vice angle-dependent modal number

versa when M << I. It is noted that the Hartmann number and k1lOlA, = [A4 - I A!)]) 23
the mechanical Reynolds number Re are not independent pa-
rameters. The relation is AP2 = Re~-r,,,, where rT., = ;. ro is 1If M < I W4)1. the maximum occurs at k = 0 as for the upper
the eddy turnover time and v. is a characteristic flow velocity, curve in Figure 1. At the smallest scales the local viscosity.

The first term on the right side of 018) describes the nonlin- which is assumed to act isotropically in the equatorial region.
ear coupling between Fourier modes and is identical to the dominates the flow dynamics. Also indicated in Figure I are
Navier-Stokes nonlinearity: the second term describes the the three wave numbs. regimes for north-south variations
modal damping. Thi- system does not support normal modes where ionospheric drag (finite E,1. particle acceleration finite
iwaves) since the linearized equation does not admit a real KI. and viscous damping (finite v) are the dominant dissipatle
part to the frequency The hydrodynamic limit follows by set- mechanisms.
ting ; = 0 in 120). This shows that the effects of ionospheric The scale-dependent and anibtropic dissipation illustrated
drag Ifinite E,) and particle acceleration at intermediate alti- in Figure I suggests that relatively isotropic eddies should
tudes (finite K and ;.,I enter only the linear damping of the develop in the fl3w pattern in regions of the magnetosphere
flow. These are nonl(,cal effects which become dynamically where the relative maximum in the decay time is nearly iso-
important at large ane intermediate scales. Consequently. the tropic, as for the lower and middle curves in Figure I In
flow may be characterized as hydrodynamic only at small regions where the maximum in the decay time is highly aniso-
scales where viscosity is the primary dissipative process. tropic, as for the lower and upper curves in Figure 1. one
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0(8-- 028)

- ... .35) .

V\

IONOSPHERIC PARTICLE vISCOUS
DRAG ACCELERATION DAMPING

K Xe

i-w I Normahzed damping time ,r. versus k;., for wave vectors lying in the longitudinal ( = 0) and latitudinal
it, - n rI directions in the ionosphere for .l = 35 The parameter 6 = 0028 (0.351 for the upper (lower) 0 = 0 curves
Dissipation due to particle acceleration dominates Ifor latitudinal perturbations) at wave numbers I < k,., < 6. lono-
iphenc drag and %iscous damping are dominant to the left and nght of this interval

would expect the flow pattern to become striated or fila- be expected. For example, the local value of d':, dx, ma. he
mentary In either case, the eday size or striation spacing will much larger than the dipole value near the magnetopause. so
be determined by the wavelength 2n k. of the slowest decay- J may be greater than I near the magnetopause. In the night-
ing mode When striations occur, their orientation (i or y side plasma sheet the field lines are stretch,-d tailward. so both
alignedi will depend on the orientation of the minimally dyj'dv, and 6 should be smaller than the dipole %alue. The
damped mode. that is. on whether the decay time is maximum Hartmann number is expected to be large in low-latitude re-
for ,)= - 2 or o = 0. gions of the inner magnetosphere where the field-aligned cur-

The two sets of curves in Figure I (lower middle and rent flows out of the ionosphere and where the magnetic field
lower upper) illustrate only two of six distinct regimes in the geometry is fairly well known (see Table I for some numerical
.%f-(5 patameter space defined by (20) and (23). These include estimates). The value of M is more uncertain in the outer
the cases I. I < 1 ( < I: 2. 1 ( < W < 1:3. , ( < I < Nf: magnetosphere. It is probably also large in the nightside
4. MI < I < 1 6: 5. 1 < %I < 1 (5; and 6. 1 < 1 6 < W. The plasma sheet owing to the larger value of dv, dv, in the plasma
last two inequal~ies are represented in Figure 1. The other sheet: it may be less than 1. however, near the magnetopause

cases lead to modal decay curves similar to those in Figure I if dx,,dx, becomes much larger than the dipole value. (Note.
but with different types of anisotropy. For example. case 4 For orange segment mapping. dY,,dY, and therefore .%f are
implies that both the tpn 2) and T,,0) curves have a maximum inversely proportional to dx, dx1.) The Hartmann number
at k = 0. like the upper curve in Figure 1, with t1 n 2) < tr0, may also be small in regions where the large scale field-aligned
for all k as in Figure I Cases 1-3 lead to modal decay curves current flows into the ionosphere and, consequently, where
analogous to those for cases 4-6. respectively, but wit the both the "field-aligned resistance" I K and resistive scale
:0) and :r 2) labels interchanged length ;., become much smaller than what is expected in re-

It is possible that all six parameter regimes may be realized gions of large-scale outward field-aligned current
within the magnetospnere. For dipolar magnetic field lines the
flux tube anisotroi-y parameter depends only on the magnetic 4 O'0Ni-DMr',stiA COVi TItN

latitude and lies in the range I < c < I. This range of values The principal difficult, with constructing exact solutions to
(or a subset of iti is expected in the inner magnetosphere. In 161 or (181 is due to the consectie nonlincarit'. i • V (
the outer magnetosphere the field line topology deviates sig- When the flow is one-dimensional with v = vi (along lines of
nificantly from the dipole model, and more extreme values can constant latitude in the tonospherci and has a gradient only in
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1 ABLE I Data for Illustrative Numerical Examples where

Parameter Value :p B, dv "

Basic Parameters 
H B, 3)

Height-integrated Pedersen conductivity ,p, 6 mho
Field line conductance densit K =10 mho in

2  Relations (271 and (291 follow from the developments in sec-
Ionospheric latitude A 73 tion 2. Relation 128) is obtained using j W,= Hi,_ The inte-
Equatorial distance' L = 12 gration constant j, is determined by the boundary conditions
Ionospheric magnetic field* B, 6 -10-' t on the force balance equation in the equatorial region. which
Equatorial magnetic field* B, 2 ' 0-
Equatorial height H = 10 RE may include a constant pressure gradient in the x direction.
Maximum boundary layer speed (iy 0) c 200 km s Notice that j, is proportional to E, and therefore to ,, The
Kinematic viscosliy V = 10" m

2 s relation is
Boundary layer density no = 10' protons/m 3

Derived Parameters h dy,
Longitudinal-stretching factor dx, dx, = 42 J F - . , (31 )
Latitudinal-stretching factor di, dy, = 71
Flux tube anisotropy factor 0= 0.35 where h is the effective height of the ionosphere. Evaluating
Resistive-coupling length lat ionosphere) ,, 80 km (31) at two boundaries determines j. and E, in terms of the
Resistive-coupling length (at equator) ,. = 5700 km boundary conditions on j_ and j,,. Relations (26H29) also
Resistive-damping rate = 3.8 x 10- '/s
Maximum boundary layer electric field Eo = 4 mV m imply that j,- - ao(E, - E, - o I. Therefore. in con-

(5= 01 trast to the earlier model described by Sonnerup [1980]. we
Effective Hartmann number 4 = 35 find that jy, = j,. - aro(E, - E, ) only if the field-aligned po-

'Calculated for a dipolar magnetic field. tential drop is zero.

4.1. Boundary Layer Flows
We now consider nonsteady flow in a semibounded domain

the ' direction (along meridians of longitude in the iono- with 0 < y < c. When the flow velocity is fixed at a bound-
sphere). the convective derivative is identically zero. We now ary. in this case at Y = 0. the velocity variation is confined to a
consider this case which may pertain to ionospheric structures relatively narrow layer near the boundary, as occurs near the
elongated in the east-west direction. For simplicity the neutral low-latitude magnetopause.
wind velocity appearing in (1) is taken to be zero. The general solution to (26) on the interval 0 !: ' _ !- may

With normalizations, be obtained by taking a Laplace transform in Y. solving the
I V = , V (24) resulting ode in r. and then inverting the Laplace transform.

r I Yt . ' yA. This yields four integration constants at y = 0 (in addition to

Equation (16) becomes E ). Since the solution is required to be finite at .v = -k. only
two of the four constants are independent. A simpler approach

(I - in)LUfl} + Q 0 (25) is to use a sine or cosine Fourier transform [Erdelti et al..

where 1954] in y rather than a Laplace transform. In this case, only
two integration constants are obtained, but the solution is

y l 0, 0 Yexplicitly finite at y = x. The latter approach is less flexible
than the former because the types of boundary conditions that
can be treated in the time-dependent problem are restricted;

M is the effective H artm ann num be r defined in (22). U sing the ca be t a ed i th t m - ep n nt ro l m re es i t dM istheeffctie Hrtmnn umbe deine in(22. Uingthe only even derivatives of E, can be specified at v =0 when the
relation between 9) and the equatorial electric field E, a first sne ransform s sE, w as te coie transfrmwhelds

interal f(25 proidessine transform is used, whereas the cosine transform yields
integral of 12S) provides odd derivatives of E, at the boundary. Using either approach.

11 - i, 2)L{E,} + E, = E. (26) one can show that a unique time-independent boundary layer
state results as r -. X if the boundary conditons are also time-

wherc E, is an integration constant depending on the bound- independent. In this section we will demonstrate this state-
ary conditions. With periodic boundary conditions, it is easy ment using the simpler sine transform method and subse-
to show that the solutions to (26) always decay to the uniform quently analyze the properties of the equilibrium state
state, E, = E, as r -. x. Nontrivial equilibrium or time Making use of the Fourier sine transform, the solution to
asymptotic solutions require finite boundary conditions, either )26) is
on a doubly bounded interval or a semibounded interval.

Given a solution E,(y. r. which is either periodic or bound- E,(y r = E + ,(y. x )
ed. the ionospheric electric field E,, the equatorial perpendicu-
lar current density j,,. averaged over the height of the equa- 4 2 f- , - r, sin ki d. (32)
torial region H. and the field-aligned potential drop Ao11(y, 0

j --- ,,. r)/K are given in terms of E,(y, r) as where

dy,'E LE(y )(7 k [I * k 2)E, - E, - E,,'] (131E (y. r) = , [E - L{E,(y. r)}] 127) ', (Xl * .-At2  "" + k2 + N(

,ly. T) + co. uL I E*. r) ~ (28) contains the boundary information at y 0, E,(y. r I is the

A4',.)y, r) = .,L{,E,(y. rl (291 inverse sine transform of f,,( x 1, and 1%(01 - EAO0 - E,.
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1.25- k - becomes imaginary, and the equilibrium field decrta.
.00 omonotonically from its value at Y = 0. This case corresponds

to a viscous dominated boundary layer.

0.75 Equations (32) and (35) show that a unique boundary lacr
0 state E,h., Y_ 1. depending only on the boundar\ condition

and the Hartmann number Al and independent of thc !nitial

2 conditions, is approached as r - D. The flow %ariaon or
0.25 vorticity in the boundary layer extends over a dist,-ice of

order ;.,, k . This result applies only to one-dimensiona! flows.
c.oo however, and cannot be extended to two-dimensional flows

for which nonlinear mode coupling may be important.
An example of a boundary layer equilibrium St le is she,,

o in Figure 2 when (1) the flow velocity for electriL reidi i
\2 specified at y = 0. )21 the field-aligned current or potential

15. drop is zero at = 0, and (3) E. = 0. The first condition
0 "determines the integration constant E.. The second condition

determines the integration constant Eo". From (29) and (35)
Ut- we find Eo" = M 2Eo,,(M + ), A finite E, simply adds a con-

stant offset to electric fields. The six curves in each panel of
Figure 2 correspond to different Hartmann numbers: M = 2,

0 5. 10. 20. 50, and 200. The equatorial and ionospheric electric

fields and the field-aligned potential drop are shown in the
top, middle, and bottom panels. The electric fields are normal-

D.20 C ized to E, With this normalization, an equatorial electric field
0.2 \-with amplitude I would produce an ionospheric electric field
.15 \with amplitude dyldy, if the conductivity along magnetic field2 lines were infinite (no field-aligned potential dropl. The value

< 0.; 0 \of dy./dy, used to evaluate E, in Figure 2 is 71 (from the dipole- \ magnetic field parameters in Table 1). Aoi is normalized to

0.0s Eo;,. For reference the illustrative parameters given in Table I
are E0 = 4 mV/m and A, = 5700 km.

< 0.00 Since the scale length of the boundary layer varies as k ,
, , ,,which varies approximately as M-t for large M. the bound-

0. 1 2. 3. 4, ary layer width in Figure 2 is smaller for larger Hartmann
numbers. It is also apparent that the magnitudes of the field-
aligned potential drop (and current) and ionospheric electric

Fig. 2 Variation of the equilibrium state with the Hartmann field are smaller for large Hartmann numbers. At v = 0 the
number for ia) the equatorial electric field. (h) the ionospheric electric ionospheric electric field is reduced by a factor of I (M + I)
field, and 1cl the field-aligned potential drop versus v = y j = y,'A,.
In each panel the six curves (upper to lower, respectively) correspond from its perfectly mapped value, and for large Hartmann num-
to Af = 2. 5. t0. 20. 50. and 200. Other parameters are A0,0 - 0. bers, is substantially less than the perfectly mapped value. This
L , =O, and dy, d, = 71. effect is a consequence of the field-aligned potential drop.

For E0 > 0 (duskside) a perpendicular magnetospheric cur-
rent flows out of the boundary layer at y = 0 while a perpen-

where E~1 0) is the sine transform of the initial state. The dicular ionospheric current flows into the boundary layer at
damping rate for mode k is ) = 0. When j = E. = 0, (31) implies that the net current

k2  I flowing into the ionospheric boundary (at y = 0) leaves the
+ = I k2  (34) system at the magnetospheric boundary. Consequently, there

must be a net field-aligned current out of the ionosphere as
Here k is the ave number multiplied by k,. shown in Figure 2c. Since there is essentially no return current

AS r . x. the integral term in 132) approaches zero. The (that is. into the ionosphere) in Figure 2c. this example applies
time asymptotic solution is to the higher-latitude, region I current system versus the

E, E, lower-latitude, region 2 current system. When E,, . ) (dwn-
E, I. -_ e cos (k ' + o) + E (35) side), the sense of the boundary currents and net field-aligned

cos current is reversed. Finite values of j . and E, change the

with partition of incoming and outgoing perpendicular currents at
y = 0 and y = x but do not alter the current continuity of the

S= 2,1 l) 1 (36) system or the inferred direction of the field-aligned current.

2E E0-I Given that the equatorial perpendicular current is pro-
= arctan 4 Ill 2 (1" portional to the iotiospheric electric field including a sign re-

versal, a comparison of Figures 2a and 2b shows that this

When t A> 1. the oscillation length and exponential decay current acts, through a j x B force, to brake the tailward flow
length in (35) are nearly equal since k. k . When M < f, As discussed by Vasvhtunas [1979), this force is a consequence
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of the finite ionospheric Pedersen conductivity. The impressed Y, (kM)

ionospheric electric field induces a perpendicular ionospheric 0. :3. 0

current. As is the case for a duskside boundary layer, field- 40. 8 , 0.
aligned currents flow out of the ionosphere where gradients
exist in the ionospheric perpendicular current. Perpendicular 30.

boundary layer currents are then generated at the associated z ................. ... .................. ..

gradients in the field-aligned current. It is emphasized that the 0_ Lw 4- -

perpendicular boundary currents discussed above do not drive C 0.-

the boundary layer flow: when AOI = 0 at Y = 0 as in Figure > -
2, the energy dissipated by Ohmic and viscous processes is T_ V
supplied entirely by a mechanical shear stress at the boundary. W -1 o.

The average transport of magnetic flux in the boundary
laver is proportional to the integral of E, over the interval E 

0 < i y _. Figure 2a exhibits a net transport in the anti- .3C. - .

sunward direction, although the average value and direction
will vary with the offset electric field E .. For large M the --- 0

average flow relative to the offset value is proportional to -50.
M 2 and therefore negligible in large Hartmann number
boundary layers. In such cases, the average convection is de- t0.

termined almost entirely by the offset electric field. The oc-
currence of the sunward convecting "overshoot" region in
Figure 2a suggests that in addition to the general sunward
flow in the interior of the magnetosphere there should be a /
stronger sunward flow just earthward of the tailward flow . 6. \ -

region. Eastman et al. [1985] have. in fact, shown two exam-
pies from ISEE I data of dusk side boundary layer regions E K -" --

exhibiting such overshoots. fit is noted, however, that the
more or less uniform flow located earthward of the observed
overshoots is in the tailward rather than sunward direction in .- OGC

these data; this may be due to a (physical) offset electric field
as discussed above.) In the context of the present model the
observed overshoots are interpreted as evidence for field- r - Ey_

aligned potential drops. As pointed out by Sonnerup [1980], _ __ _...

there is no overshoot region for a viscous-dominated bound- -2. DOC

ary layer, corresponding to M < in the present model. It is
clear in Figure 2a that the effect of the field-aligned potential Ye (kwm

drop, that is. the overshoot region, becomes more prominent Fig. 3 Comparison between a houndar. )a'er equilibrium state
at large Hartmann numbers, and ionospheric electnc held iplus sign) and magnetic deflection

iasterisk( data inferred from Smidd i et al. C1980, Figure 4] The dotted
4.2. Comparison With Data line is the reference geomagnetic field from Smiddy et al. The solid

curves in the top panel are an approximate fit to the data. The predic-
We have attempted to fit a particular equilibrium solution ted field-aligned potential drop and equatorial electric field are shown

to observations of the ionospheric boundary layer region ex- in the bottom panel. The horizontal axis in the top panel is the
tending between the poleward and equatorward edges of the ionospheric distance (in kilometers) from the pole%,ard edge of the

region I current system (current away from the earth on the region I current system; in the bottom panel it is the equatorial
distance (in kilometersi from the magnetopause A one-to-one corre-

duskside). The polar cap boundary (or magnetopause projec- spondence between these distances is assumed so that the mag-
tionl may be regarded as the poleward edge of the region I netopause maps into the poleward edge of the region I current system
current system. To put the model in the context of other work, in the ionosphere. The equatorward edge of the region I current
the equatorward edge of the region I current system is usually system is located at the minimum in the observed magnetic deflection

taken to be a given boundary condition in the Rice convection
model [Harel et al.. 1981] which applies at latitudes below
this boundary.

Figure 3 shows a comparison between the model and obser- dimensional boundary layer model. (Smiddy et al. used a dif-
vations reported by SmidaV et al. [1980] for the summer hemi- ferent coordinate system in which their f and ' correspond to

sphere near 1700 MILT at an altitude of a few hundred kilom- our ' and i, respectively.
eters between about 73 and 71' invariant latitude 1S3-2 data). The observed amplitude of the electric field at the polar cap
The asterisks and plus signs in the top panel of the figure are boundary and its observed peak-to-peak value from the pole-
data points inferred from Smiddy et al. [1980, Figure 4] for the ward to equatorward edges of ihe region I current system are
observed magnetic deflection and ionospheric electric field, re- used to constrain two of four model parameters required to

spectively. The dotted line is the reference geomagnetic field calculate E,,ql. These are E. = 4.6 mV m and E,(dv,. diJ I

given by Smiddy et al. [1980, Figure 4]. The upper and lower - 42m V m. The other two parameters of the solution are the
solid curves in the top panel are the magnetic deflection AB, Hartmann number and the Ohmic scale length ;. In principle.

and the ionospheric electric field E, predicted by the one- the Pedersen conductivity and "field-aligned conductance" K
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required to calculate ,., can be determined as follows. The which would be inconsistent with in situ particle obser\ talen.
parameter K may be estimated following the procedure de- in the equatorial boundary layer region [Eastman et al._ 1995].
scribed by Lyons et al. [ 19791, wherein the field-aligned poten-
tial drop and current are determined from the observed 4.3. Flow Drinamw.s in an Iniernal

characteristics of the electron precipitation. (This assumes that Shear Layer

most of the field-aligned current is carried by accelerated elec- As discussed earlier, equilibrium solutions othcr hl..i, uni-
trons, which is usually a good approximation in regions where form flow do not exist when the %orticity distribution is either
the potential drop exceeds a few kilovolts.) The Pedersen con- periodic or vanishes at the boundaries. We now consider the
ductivity (in mhos) can be estimated from the relation between latter case in an infinite domain with boundary conditions
the magnetic deflection (in nanoteslasi and electric field (in (I ± x.. rl = 0. Since there are no fixed boundaries lor this
millivolts per meter) derived by Smiddy et al., which also fol- case, we do not expect to find boundary layer phenomena as
lows from our model: in the previous section. Rather. the velocit,, field ! ,vtlops a; a

free internal shear layer.SB~ - 1.256~pE,, = const

This relation assumes that AB, may be calculated from j, in
the infinite current sheet approximation. Two paired data
values for AB, and E, are required to determine 1p and the 0
constant. This relation is also used to calculate the predicted a
magnetic direction shown in Figure 3 from the predicted elec-
tric field. Unfortunately, Smiddy et al did not provide enough
details of the associated electron precipitation to estimate the
parameter K as described above, although they did note that a
rather intense inverted V event occurred slightly to the right -.

(that is, eoratorward) of the ionospheric convection reversal. L.
A reasonably good fit to the data was obtained by choosing

M = 6.0 and ;., = 150 km. This value for the Hartmann
number is a factor of 6 less than the illustrative value given in
Table 1. The difference is probably due primarily to deviations
from dipolar magnetic field mapping since M is directly pro- -

portional to dv, 2 'dy ,2 : a larger viscosity would also reduce the s0f
Hartmann number but less so since M - - 2 The value of
the Ohmic scale length used in Figure 3 is also larger by a
factor of 2 than the illustrative value given in Table I. Since
the Pedersen conductivity inferred from the above relation
between AB, and E, is 6.43 and therefore not appreciably
different from the value of 6 in Table 1, this difference is W 0
attributed to a smaller value of the field line conductance K. -
Its inferred value is 2.86 x 10 - "0 mho:m2 . which is in the
range of values estimated by Fridman and Lernaire [1980] for
typical inverted V electron events.

The two curves in the bottom panel of Figure 3 show the
predicted equatorial field and field-aligned potential drop. In -8

order to generate these curves it is necessary to specify the Ic

salue of d,'., dy, which is taken here to be the dipole magnetic 0
field value of 70 for an invariant latitude of 73^. Although
there are no points for comparison with the observations of
Smiddv et al. [1980], both curves have profiles and amplitudes
,thtn the range of expected values. It is interesting that the fit-,1

predicts a maximum field-aligned potential drop of about 8.5 0

kV It is also worth noting that the peak in the field-aligned
potential drop and therefore in the energy flux in the associ-
ated inverted V precipitation occurs equatorward of the iono-

spheric convection reversal as discussed by Smiddy et al. The
predicted equatorial convection reversal also occurs on a mag-
netic field line that is equatorward of that on which the iono- -4 O
spheric convection reversal occurs. This feature seems to be
consistent with the observation that soft magnetosheathlike
precipitation was found only on the poleward side of the iono- Fig. 4. Dynamics of a small-scale internal shear layer for 1a) the
spheric convection reversal. Note that if the equatorial con- equatorial electric field. (i the ionospheric electric field, and iI the

field-aligned potential drop versus i = , - a, The I I curves for
vection reversal had occurred poleward of the ionospheric each field variable correspond to times -j 0, . 1 2. 5. 10, 20. 30.
convection reversal, this would put some of the tag- 40. and x. All fields are zero at t = % . and E, is essentially zero at
netosheath precipitation on sunward convecting field lines, ,t > 10. The initial condition is given by (401 with L, = 0. I
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Equation (25) for the 'orticity field is first solved using ex- times is very close to its perfectly mapped alue of idt, di )E,
ponential Fourier transforms. The vorticity distribution is It decays at approximately an exponential rate giten b% r.,
then integrated from v = 0 to t' = to obtain the electric 7.
field. This yields Similarly, (6) and (7) imply

E,, O. = ,(0, :I - } (0e ,, _e dk (38) . ,(t( =,,__ )" 2n ik 1 k

where fl,(0) is the Fourier transform of the initial vorticity For k :t 0 the field-aligned potential drop is AO 0. so this
distribution. r. i.. dcfincd bY _io, and El0. :( is an integration relation also implies that large-scale -Zar:'ipn m:'p .smest
constant specifying the %alue of E, at Y = 0. The particular perfectly between the ionosphere and magnetosphere. In addi-
choice of E,(O. ri does not affect the internal structure of the tion. it indicates that the scale length of the largest field-
shear layer. which is described by the integral term in (38). For aligned potential drops should occur at the Nmallet scale
simplicity it will be set to zero. lengths present in the equatorial spectrum. The field-aligned

As an example, we consider an initial vorticity distribution potential in Figure 4c exhibits this behavior. Finall.. noting
of the form that j, = -tao(dY, dyiE. a comparison of Figures 4a and 4h

Q V'. 0)= sech 2 y  (39)B,&,L, L,

The shear scale length L, is normalized to ., The initial elec-
tric field distribution is 0

EIy. 0) = E. tanh (40)

Choosing E,(0, r) = 0 allows the electric field distribution to
relax to zero at both y = X z as r - x. If instead, E0. ) =
E= (I - exp t)), the electric field would remain at E . at
y = - c. As r- x, it would then become uniform and ap-
proach the constant value E,.

The evolution of the equatorial and ionospheric electric
fields (normalized to Eo ) and the parallel potential distribution
(normalized to Eo , ) are shown in Figure 4 for L, = 0.1 and 80,
M = 35 (the Hartmann number given in Table I). Eleven
curves are plotted for each field variable corresponding to 0__
times 7t = 0. , 1 . 2, 5 10. 20, 30, 40, and x. For reference
the value of' given in Table I is 4.4 min.

The time scale for evolution of the fields shown in Figure 4 0
clearly depends on the scale length of the variation. The large- w 0

and small-scale length variations are more rapidly damped
than the intermediate scale variations. This is particularly ap-
parent in Figure 4a and is consistent with the damping
characteristics depicted in Figure 1. After the large- and small-
scale variations have died away a localized (intermediate scale) - _

oscillation remains on a rather long time scale. This oscillation
has the characteristic waveform of a so-called "V shock" and I

is accompanied by the development of small (downward)
return currents in Figure 4c. While the overall structure of the
equatorial electric field changes dramatically in the course of
time, the parallel potential profile does not. It resembles a
slowly decaying "inverted V- precipitation region that be-
comes increasingly narrow with time. particularly at early
times.

The small and intermediate scales are mostly filtered out of
the ionospheric electric field (Figure 4b). This is a consequence < ,
of the relation [Weimer et al.. 1985)

dY, E,,(t)

dy I + V

which shows that E,-. 0 as k-- . Since the Fourier spec-

trum of the equatorial field icompare (42) below, contains Fig. 5. Dynamics of a large-scale mnternal shear la),er Same
significant energy at large scales (k - 0), the amplitude format as Figure 4. The initial condition is given bt i401 , ith L, = 5 0
(though not the profile) of the ionospheric electric field at early All fields are essentially zero at -, >
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shows that the equatorial shear laver acts as a dynamo inner magnetosphere Ahere the field-aligned current is it -

ij • E < 01 except to the left and right of the primary oscil- ted out of the ionosphere and Ahere the magnetic tkwid gccr:,.
lation in Figure 4a. Return flows and currents occur where tr% is fairly well known. In the outer magnetosphere dhe %aju ;
j • E > 0 of the Hartmann number is somewhat uncertain owing to the

For comparison a solution with L, = 5 is shown in Figure uncertainty in the magnetic field mapping. It ma. be less than
, In this case. the equatorial shear profile simply relaxes at I in the immediate ,icinit, of the magnetopause or in regi,,.,
appro\imately an exponential rate equal to , Furthermore. where the field-aligned current i, directed into the ionspherc
the shear la.er acts as a dynamo throughout the entire equa- and consequently where the "field-aligned conductance" is
tonal region. Since the initial state now contains very little much larger than what is expected in regions of outwAard field
energ. at ,mall or intermediate scales, the oscillatory and aligned current.
nolidcal" bel,..i.: attributable to par,1lcl electric fields is For parameters illustrative of the low-latitude boundary

essentiall% absent. These results extend those obtained by layer and the high-latiude ionosphere the decay time for fluc-
Li ,k [1985]. in which oscillatory flow occurred for small- tuations at the wave number k = At' ., ma.y be !, lre a, 1
scale but not large-scale imposed flows in a model where the hour. In contrast, the deca, time for large-scale tk - Q1 fluctu-
equatorial response was described by a simple lumped con- ations may be as small as a few minutes. which is comparable
ductance. to the time scale for the transverse Kelvin-Helmholtz iK-H)

Although it has been shown above that a free internal shear instability that is thought to occur at the magnetopause [cf.
layer of the hyperbolic tangent type can. under certain con- .\iura, 1984: 14'u, 19861. One can therefore expect nonlocal
ditions. exole toward a V shock structure, it is emphasized ionospheric dissipation to be an important factor in anoma-
that this behavior is not a consequence of the initial hyperbol- lous transport processes occurring near the low-latitude mag-
ic tangent state. Rather. one can expect V shock signatures in neropause. especially those involving large-scale eddy motion.
the e\,ol',ing electric field distribution whene,,er there is signifi- The modal decay rate can also be anisotropic in k owing to
cant power at the wavelength 2r k. of the most weakly the anisotropic mapping of flux tube elements between the
damped mode. For .v < 2- k. and At >> I. where k. "- M:  2 is ionosphere and equatorial magnetosphere. For dipolar mag-
the wae number when r, is a minimum, one can derive the netic field mapping at turoral latitudes the decay time for
follov ing expression for the time asymptotic electric field: north-south variations ik directed along ionospheric meridians

.At e 2p of magnetic LT or longitude) is smaller by a factor of 6 -: 0.35

E.2. p(,) t ex p sin kv (411 than the decay time for east-west variations (k directed along
. ionospheric meridians of magnetic latitude). For more accu-

- rate magnetic field models. 5 is likely to be larger than this

The initial electric field spectrum is defined as E,(O) = value on field lines near the low-latitude magnetopause but
- B ,. ,Q 0i A. For comparison with Figures 4 and 5 we have smaller on field lines threading the nightside plasma sheet. The

taken Qt1. O) to be symmetric as in 1391. Relation (41) clearly modal decay times, which depend on both 6 and M, may
shows that the oscillatory behavior, present in Figure 4a and therefore vary significantly in different regions of the mag-

absent in Figure 5a. is governed primarily by the initial spec- netosphere. It is suggested that these differences will lead in

trum. The spectrum associated with.t39i is some cases to the formation of more or less isotropic eddies
and in otners to striated or filamentary flows.

E,0 2LE(4 As a preliminary step toward a fully nonlinear, tw,
sinh (n 2 AL] 142) dimensional analysis, the limiting case of a one-dimensional

flow, mapping onto lines of constant latitude in the iono-
Faluatig at k. and using .f -35. we find E0,(0)n sphere, was considered. This special case extends the one-
1 wn 0dimensional steady state model described by Sonnerup (1980]

and includes time-dependent effects and a more realistic
current-voltage relation for the field-aligned current. The evo-

5. LMMARY lution of all one-dimensional states involves relaxation either

Although the model and results described in this paper to a uniform state (effectively unbounded systems) or to a
,hould be viewed as illustrative rather than as applicable in particular equilibrium state (bounded systems) that depends

detail to the magnetosphere. they do indicate a number of on the boundary conditions. It is not yet known whether these
interesting effects of relevance to the low-latitude boundary equilibrium states are stable in two dimensions. The large
la.er and internal magnetospheric shear layers. The spectral velocity shear in the equilibrium flow profile suggests a K-H
anal.,is described in section 3 shows that while mag- instability, although nonlocal dissipation at large scales re-
netospheric flows are nonlocally dissipated by the ionosphere, suiting from ionospheric drag and field-aligned potential
the dissipation becomes less effective at smaller scales in the drops can be expected modify the K-H instability threshold
presence of parallel electric fields, leading, under certain con- inferred from numerical studies of (ionospherically) decoupled
ditions. to a minimum in the decay rate at an ionospheric magnetospheric shear flows [Miura and Pritchett, 1982].
sale length of ., AV 2 At is an effective Hartmann number In the case of one-dimensional. semibounded flows, as occur
which measures the ratio of tionospheric) resistive friction to in the low-latitude boundary layer region, the flow eventually
imagnetospherict viscous friction, and A, is the resistive scale forms a narrow boundary layer The boundary layer flow is
length for magnetosphere-ionosphere coupling defined by 'i"scous dominated" Ahen At < 4 and "'current limited" (Son-
I.',,n, [1981] and Chiu and Cornwall [1980]. For large Hart- nerup. 1980] when t ". The distinction is in the flow pro-

tmann numbers the scale length at minimum damping is there- tile In the viscous-dominaled boundary layer the flow profile
fore less than the inerted V scale lessentially ;.,. Large Hart- varies monotonically ioverdamped). whereas it has an over-
mann number flows are expected in low-latitude regions of the shoot region tunderdampedt in the current-limited boundar.
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la cr. The convection overshoot is a direct consequence of the The two-dimensional nature of the flow d.namics has rC-
field-aligned potential drop. Evidence for such overshoots in ceived very little attention in this paper and is left for tuture
the low-latitude. duskside boundary layer can be found in the study. As in Navier-Stokes flow. turbulent behasjor can be
data reported by Eastman et al. [1985. Figures 2 and 3]. When expected at sufficiently large Reynolds numbers. Hoxeser
.L 7 I, the thickness of the current-limited boundary layer '; since ordinary %iscous damping must be augmented b% nonlo-
independent of the ionospheric Pedersen conductivity and cal damping, which produces dissipation at both small and
\aries as (v KiI '. It is therefore relatively narrow if the vis- large scales, a ney. class of phenomena can also be expected. A
cosity v is small or the field-aligned "conductance" K is large. study of two-dimensional turbulence including these effects Is
When Al << 1. the thickness of the viscous-dominated bound- currently underway.
ary layer is independent of the field-aligned conductance and
saries as Iv Ei' -, as discussed previously by Sonnerup [1980]. ,4cknowledqments. This work was supported at Dartmouth Col-
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Appendix 2

On Large Scale Rotational Motions and Energetics
of Auroral Shear Layers

W. Lotko and M.-M Shen
Thayer School of Engineering, Dartmouth College, Hanover, NH 03755

ABSTRACT

The stability, dynamics and energetics of an auroral shear layer are considered

in the framework of incompressible, one-fluid magnetohydrodynamics, under condi-

tions where current flow through the system is limited by a resistive boundary condi-

tion. The model includes a magnetospheric region where currents resulting from polar-

ization electric fields and viscous forces are important, an ionospheric substrate of uni-

form conductivity, and a force-free acceleration region, characterized by a linear

current-voltage relation and located at an intermediate altitude between the magnetos-

pheric viscous/polarization layer and the ionosphere. It is assumed that the Alfv~n

wave transit time across the viscous/polarization layer is small compared with the

eddy time. Neutral stability of the model system is determined for a class of one-

dimensional equilibria in which a specified current distribution at the upper boundary
of the viscous/polarization layer produces a potential structure with convergent, local-

ized reversals in the transverse (E x B) electric field. The ca!culated neutral curves

depend on three nondimensional parameters related to the intensity of the imposed

field-aligned current, the shear layer scale size, and the ratio of resistive to viscous
drag at equilibrium. Numerical simulations of unstable configurations shows that (1)
2D quasi-steady rotational states arise when the equilibrium is weakly unstable; (2)

eddy shedding turbulent states can arise when the equilibrium is strongly unstable; and
(3) the flow kinetic energy and energy input/dissipation rates in the model system are

reduced as a consequence of the instability. Power spectral densities for the electric

and magnetic fields are also evaluated along sample 'satellite' cuts through the shear
layer. An application to post-noon auroral forms confirms the tendency for 2D rota-

tional motion and periodic bright spots, although the observed intensity of the upward

field-aligned current suggests that magnetoinductive effects such as Alfvdn waves may
be more important than is impl>-1 by the assumed condition for resistive current limi-

tation.
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1. Introduction

The term auroral shear layer, as used in this paper, refers to an extended region of horizontal

E x B shear, typically observed in the topside polar and auroral ionosphere and lower magnetosphere.

An auroral shear layer entails both velocity and magnetic shear because current conservation at the

ionosphere requires field-aligned current at locations of electric field divergence or convergence; the

average current in the layer is directed out of or into the ionosphere when the transverse (E x 13) clec-

tric field has a local convergence or divergence, respectively [cf. Burke et a]., 1984]. Satellite observa-

tions show that strongly convergent electric fields are associated with the precipitation of kilovolt elec-

trons [Gurnett and Frank, 1973; Burch et al., 1976], and it is now evident that the energetic electrons in

such precipitation regions are produced by a field-aligned potential drop, located at a nominal altitude

of I RE [e.g., Mozer et a]., 1980; Weimer et al., 1985]. It is also evident from ground-based and satel-

lite images of auroral luminosity [Davis, 1978; Oguti, 1981; Lui et a]., 19891 that auroral shear layers

frequently exhibit some form of two-dimensional rotational motion. In addition, in situ measurements of

small-scale vortices (Burke et al., 19831 and broadband, low frequency turbulence (Kintner, 1976; Kel-

ley and Carlson, 1977; Gurnctt et al., 1984; Basu et a]., 1988] in and near auroral shear layers indicate

that they are sites of considerable energy dissipation and variability in the lower magnetosphere and

ionosphere.

The observed rotational motions are apparently a consequence of two different types of macros-

copic instabilities, originally identified [Webster and Hallinan, 1973] as the charge sheet instability and

the current sheet instability. The charge sheet instability discussed is a prototype of the electrostatic

Kelvin-Helmholtz or shear flow instability: the current sheet instability [Murty, 1961] is a type of elec-

tromagnetic tearing instability [Furth et al., 1963; White, 1986] of a strongly magnetized sheet current

with zero flow in the unperturbed state. Webster and Hallinan (19731 suggested that the large scale

motions identified by them as auroral spirals [see also Oguti, 1974; Davis and Hallinan, 1976; Hallinan,

19761 evolve from the current sheet instability. They also suggested, and numerical simulations [Miura

and Sato, 1978; Wagner et al., 1981; 19831 of various 2D charge sheet configurations seem to confirm,

that the small scale rotational motions called curls and folds IHallinan and Davis, 1970] evolve from a

charge sheet instability.

The simulations are noteworthy, not only for their successes in reproducing many features of

ob.erved rotational motions, but also because they do so in the framework of a local model, i.e., effects

resulting from the closure of field-aligned currents in the ionosphere are not included. The implication

is that finite transit-time effects, associated with the propagation of shear Aflyn waves between the
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magnetospheric location of the instability and the ionosphere, are negligible. A local approximation is

reasonable if, for example, the instability is initiated in a strong shear layer located far from the iono-

sphere. If the linear growth time (proportional to the eddy time = shear scale length/velocity jump) is

small compared to the Alfvgn transit time, then the linear phase of the instability should proceed

locally, uninhibited by any knowledge of the ionosphere. The eventual fate of the instability cannot be

discerned from a local model, however, because information about the ionosphere is eventually com-

municated to the distant plasma by returning Alfvn waves. In addition, a local model gives no infor-

mation on the stability of configurations for which the eddy/linear growth time is on the order of or

larger than the Alfvgn transit time; nor can it be used to address the issue of whether, or under what

conditions, a mixed magnetic/velocity shear layer can be regarded primarily as a charge sheet

configuration or primarily as a current sheet configuration, if such distinctions are even meaningful in

the time-asymptotic limit.

Some recent 3D numerical studies by Seyler [19881, based on reduced equations of two-fluid

magnetohydrodynamics, provide some insights into these questions. In a simple model, the ionosphere

may be represented either as an infinitely conducting boundary or a nonconducting boundary. Not

surprisingly, the electrical current and potential within the shear layer are regulated very differently in

the two cases. When the ionosphere is represented as a short circuit boundary (infinite conductivity),

Seyler reports that a type of collisionless tearing instability dominates the shear layer dynamics because

large field-aligned currents and magnetic shear exist with minimal cross-field potential drops. The shear

layer in this configuration resembles an electromagnetic current sheet. Alternatively, when the iono-

sphere is represented as an open circuit boundary (zero conductivity), the shear flow instability dom-

inates because a large electric potential and velocity shear can be maintained across magnetic field lines

with minimal current flow through the system. In this configuration, the current density and, therefore,

the induced magnetic field are limited, so the shear layer more closely resembles an electrostatic charge

sheet. Neither of these two rather extreme boundary conditions is realized exactly in the ionosphere,

however, and to improve upon Seyler's model, it is necessary to model the ionospheric plasma as a dis-

tributed medium with finite conductivity.

Open and short circuit boundary conditions correspond to the respective limits, PZ4vA < I and

pI:,vA . 1, where i is the permeability of free space, Ep is the height-integrated ionospheric Pedersen

conductivity and VA is the characteristic Alfvdn speed at the magnetospheric end of the flux tube

[Lysak, 1990]. Both limits, as well as the intermediate regime, are of interest because Sp can be very

low in the nightside winter ionosphere, very high in the dayside summer ionosphere, and anywhere in

between depending on season and diurnal location (Vickrey et al., 19811. A hydromagnetic model,
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including magnetoinductive feedback in the flow dynamics, as well as the finite ionospheric conduc-

tivity, is required to treat the full range of values. Some progress has been made in developing such a

model [Seyler, private communication]. Results from a more restrictive electrostatic model [Keskinen et

al., 1988], appropriate to the low conductivity limit, show that the finite Pedersen conductivity, in con-

junction with a neutral wind and plasma density dynamics, reduces the growth rate of the shear flow

instability in the linear phase and inhibits the formation of eddies, which are supplanted by nonlinear

structures resembling breaking waves. The calculated power spectral densities of the electric field and

plasma density fluctuations in the model shear layer appear to be consistent with spectral densities

measured in the vicinity of relatively small scale shear layers [Basu et al., 1988].

The study reported in this paper is also concerned with the dynamics of an auroral shear layer in

the electrostatic approximation, but under somewhat less severe conditions than are implied by the ine-

quality 4.VAEP , 1. In particular, it is shown that when a field-aligned potential drop exists above the

ionosphere, this inequality should be replaced by the less restrictive condition li.VAZP C 1 + /.

Here, L, is the horizontal scale size of the shear layer, and X, = (Yp/K)' is a resistive scale length

[Lyons, 1980; Chiu and Cornwall, 1980] based on Ep and a field-aligned conductance density K that

characterizes the effects of the field-aligned potential drop. An expression for the parameter K can be

derived, under certain restrictions, from an adiabatic particle model [Knight, 1973; Lyons et al., 1979;

Fridman and Lemaire, 1980]; an alternative expression can also be derived from a local Ohm's law

involving an enhanced resistivity (cf. the Appendix; Lysak and Hudson, 1987). When L. > ,, the more

general condition given above is approximately equivalent to IVAEP < 1. However, if L, < k, current

limitation and an electrostatic response is expected when laVA(KL 2) ,c 1, which is independent of the

Pedersen conductivity. In this case, the low effective conductance KL,2 of an enhanced resistive layer in

the lower magnetosphere promotes the shear flow instability.

The model to be analyzed here is similar in some respects with the one proposed by Keskinen et

al. [19881. In both models, the field-aligned current closes via Pedersen currents in the ionosphere and

via electric polarization currents in the magnetosphere. Kcskinen ct al. also include the effects of a

constant inhomogeneous neutral wind and incompressible density dynamics (which are neglected here),

but do not include the effects of either a field-aligned potential drop or microscopically enhanced

viscosity (%khich are included here). In addition, the boundary conditions implemented by Keskinen et

al. correspond to a boundary shear layer, i.e., a transition from one flow state to another at large hor-

izontal distances from the shear layer. In the present study, as well as in the one reported by Seyler

[19881, a spatially localized, E x B flow reversal is maintained by fixing the field-aligned current distri-

rition on the upper boundary plane of the magnetospheric region. (Two examples of observed shear
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layers of this type are shown in Fig. 1.) While this type of boundary condition is not entirely satisfac-

tory because, in reality, one would expect the current distribution to evolve self-consistently at distancs

beyond this somewhat artificial upper boundary, we have found it difficult to understand how an inter-

nal layer, containing spike-like flow reversals, can be maintained without some type of forcing at the

upper boundary. In cases where the shear layer is not maintained by boundary conditions, Lotko et al.

[1987] show that an initial ID boundary shear layer can decay into an internal shear layer, while Lotko

and Schultz [1988] show that anisotropic magnetic field mapping can cause decaying E x B turbulence

to organize into turbulent internal shear layers. We comment briefly in the concluding remarks on simi-

larities and differences in the two-dimensional dynamics of decaying and forced auroral shear layers.

The basic equations of the model are discussed in the following Section 2, and its linear stability

properties are analyzed in the subsequent Section 3. The effect of the field-aligned potential drop is

demonstrated in Fig. 2, which shows that an auroral shear layer is, in fact, more unstable than one

would otherwise conclude from the numerical results reported by Keskinen et al. [1988] or from the

scaling argument given by Cornwall [1988]. Numerical solutions of the fully nonlinear, time-dependent

equations are discussed in Section 4, which also includes an analysis of the energetics of the model sys-

tem and the power spectra that would be observed by a satellite traversing the shear layer at different

locations. Owing to the one-fluid approximation employed here, the results of the study apply primarily

to relatively 'large scale' auroral shear layers with characteristic transverse scale sizes exceeding the ion

gyroradius and the electron inertial length. While this includes certain classes of fields associated with

'inverted V' precipitation regions [Gumett and Frank, 1973; Burch et al., 1976], the approximation is

perhaps marginal for applications to 'paired electrostatic shocks' [Temerin et al., 1981] which are often

observed with scale sizes comparable to the ion gyroradius or electron inertial length. It is worth

emphasizing, however, that paired electrostatic shocks and 'inverted V' precipitation regions are rather

extreme examples of an auroral shear layer. Many other observed auroral shear layers, to which our

results may also apply, are not particularly striking in terms of the associated electron energization. For

example, the electron precitation may be either sub-luminous or at background levels, especially when

the field-aligned current in the layer is directed into the ionosphere. In the final Section 5, we illustrate

how the model may be applied to observed shear layers by comparing the results to observed properties

of post-noon auroral forms exhibiting periodic bright spos [e.g., Robinson et al., 1984; Lui et al., 1989;

Potcmra et al., 1990; Bruning et al., 19901.
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2. Model Formulation

Physical description

The main elements of the model have been described previously by Lotko et al. [1987] and Lotko

and Schultz [1988]. Briefly, three distinct regions along a magnetic flux tube are modeled: (I) a low 3

magnetospheric region where viscosity and the divergence of magnetic field-aligned currents into polari-

zation currents are important. We refer to this region as the viscous/polarization layer; (2) an ionos-

pheric substrate characterized by a height-integrated Pedersen conductivity -p, assumed to be uniform

and constant (the Hall conductivity and neutral wind velocity are also assumed to be uniform and con-

stant and therefore do not explicitly enter the formulation), and (3) a force-free region, intermediate in

altitude between the ionosphere and the viscous/polarization layer, where a field-aligned potential drop

may exist. This region is refered to as the acceleration region. The field-aligned potential drop is

assumed to be linearly proportional to the field-aligned current evaluated at the ionospheric sub:.rate

(cf. the Appendix); the proportionality constant K has the units of mho/m 2. The field-aligned current at

the ionospheric substrate is diverted entirely into a Pedersen current when the neutral wind velocity and

ionospheric conductivities are uniform.

The ionospheric substrate together with the intermediate region provide a lower boundary condi-

tion on the magnetospheric flow. This boundary condiion relates the field-aligned current at the boun-

dary to the electric potential there. Above this boundary, the electric potential does not vary with z, the

coordinate along the magnetic field; however, the field-aligned current density varies linearly with z in

this region. This type of variation (or lack of variation with z) may be formally demonstrate I from the

MID equations under conditions where the field-aligned current in the system is limited by the boun-

dary conditions and when the Alfv~n Mach number MA = Vo %'A for the flow is small and of the same

order as (L,'L 1)2. L and L1j are characteristic scale lengths for variation perpendicular and parallel to

the d. c. magnetic field Bo = B1 assumed to be uniform in the magnetospheric region; vo is a charac-

teristic velocity for the flow; VA = B/%,lp 0 is the Alfv(n speed, and Po is the characteristic mass density

of the magnetospheric region. The small Mach number limit and the assumed relation between MA and

L L. imply that the Alfvn wave transit time along the magnetic field in the magnetospheric region is

small compared to the characteristic eddy time L1/v o. Alfv~n waves therefore do not enter the formula-

tion to lowest order in the small parameter F - (Li/L11)
2 

- N. It can be shown, with ,npropriate scal-

ing. that current flow is limited by the lower boundary condition when the nondimensional parameter

pLp-,v based on the Alfv~n speed in the viscous/polarization layer is much smaller than I + ).211t- 2
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where X = (B~i..BK) ' is the resistive length scaled by the ratio (Bi/B) '  of the flux tube dimension in

the viscous/polarization layer to that in the ionosphere. (Throughout this paper, the subscript 'i' will be

used to denote a value at the ionospheric substrate; unsubscripted variables denote values in the

viscous/polarization layer.) Current limitation implies that magnetic induction is weak, so the model is

essentially electrostatic when the MHD equations are expanded to 0(1) in F.

Basic Equations

The dynamical variables ued to characterize the viscous/polarization layer include the stream

function W, mass density p, magnetic field-aligned velocity vit, and magnetic field-aligned current jl. The

stream function is related to the electric potential through the relation xV = - 0/B. The perpendicular

velocity is defined in terms of the stream function as vi = VLw x 2. Subject to the above restrictions, the

reduced equations describing the magnetospheric flow are

dt • p-(t+ v1 • V1)p =0o (1)

dvVf

dt ( )vII =0 (2)

d.
T ,pVy = - I + vV - pVj.VfiW_ (3)

aW = 2p = 0 (4)

The parameter v is an effective kinematic viscosity, and Vi = ia + ', ay. The effective viscosity should

be regarded as an enhanced viscosity attributed to kinetic or fluid processes occurring on time and spa-

tial scales smaller than those considered here.

Relations (3) and (4) imply that ill is at most a linear function of z, i.e., it is uniquely determined

by its values at the z boundaries of the magnetospheric region, which we take to be z = 0 (upper boun-

dary) and z = H (lower boundary). The field-aligned current density is therefore given by

ill = Ji-L + j0(1 - -H) (5)

where jo (x, y, t) and jl (x, y, t) are the values of jl at z = 0 and z = H, respectively. At this point, we

identify the length H with the characteristic scale size LI.

Current continuity at the ionospheric substrate, the ionospheric Ohm's law, and the linear

current-voltage relation, jli = K(oi - 0) where 0i is the electric potential at the ionospheric substrate,

imply the following relation between Jll and W (Chiu and Cornwall, 1980; Lyons, 1980):
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(I - X'2V )jjj = BYpVj2W (6)

It is noted that perpendicular spatial derivatives in the ionosphere generally do not map into isotropic

spatial derivatives in the magnetospheric region owing to the anisotropic mapping of flux tube dimen-

sions [cf. Lotko et al., 1987; Lotko and Schultz, 1988). This anisotropy would enter the formulation in

equation (6) but will not be included in the present study. See Sec. 5 for additional comments on this

effect.

Once the field-aligned current density jo at z = 0 is specified, and the initial and x-y boundary

conditions on p and W are given, the stream function W (x, y, t) is completely determined by equations

(I) an (3) - (6). Note that vii is an 'enslaved' variable and can be evaluated directly from (2) once y,

and therefore vi , is known. If jo = 0, the system is undriven, and any initial state will decay as t - oo.

Numerical studies of undriven systems have been described by Lotko and Schultz [1988]. A nonzero

value of jo permits energy to flow into the system through the boundary at z = 0. Examples of driven

systems will be analyzed in detail below. Henceforth, it is assumed that p is constant initially and, as a

consequence of (1), p remains constant for all time. Periodic boundary conditions will be implemented

in the x-y plane.

3. Equilibrium and Stability

Method

The equilibrium states considered here are assumed to have a flow in the 3' direction which varies

in the R direction, i.e, v = (0, vy(x), 0). As a consequence, the divergence of the polarization current

represented by the left side of (3) is zero in equilibrium; in the viscous/polarization layer, the equili-

brium field-aligned current is therefore locally diverted into a transverse current resulting solely from

the viscous force. If the viscous force were zero, then any ID velocity profile is an equilibrium, as in

the Lyons [19801 and Chiu and Cornwall 11980] models.

Specification of the equilibrium state and its stability are facilitated by making use of the assumed

periodic boundary conditions in the x-y plane. The equilibrium stream function is denoted as 4, and

%ill be specified in terms of its Fourier amplitudes and the Fourier amplitudes of the boundary current

j,,k). Equations (3), (5) and (6) imply

j0(k) = - BZ k2 rkW,,(k) (7)
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where

k2x 2  1
rk = + k2 2 (8)

The composite parameter M is an effective Hartmann number defined by the relation

M2 Zp2BB,M2 = I"2- ZpBi(9)

v pvHK

The Hartmann number is a measure of the ratio of resistive or magnetic friction to viscous friction.

Magnetic friction dominates when M is large (cf. Lotko et al., [1987] and Lotko and Schultz [1988] for

additional discussion of the significance of the Hartmann number and the effects of nonlocal dissipation

represented by the factor Fk). The parameter y = I~pB 2/pH, defined implicitly in (9), is the RC decay

rate. This is the rate at which an initially imposed but unsustained transverse potential drop decays by

discharging currents through the resistive ionosphere. As defined by Mitchell et al. [1975], the effective

capacitance of the viscous/polarization layer is Cm = J(p/B 2) ds = pH/B2.

We now consider the effect of small perturbations wp about the equilibrium state W,,. The

Fourier amplitudes for the stream function are represented as v/(k, q, t) = Wq(k) + W/p(k, q, t). Lineariz-

ing (3) with respect to Wp and using (5) and (6) results in the following eigenvalue equation for the

Fourier amplitudes of the perturbed stream function:

atp(k, q, t) = Y Ck, q, k') q(k-k')Wp(k'. q, t) - yr.p(k, q, t) (10)
k'

Here, K = (k 2 + q2)', is the magnitude of the 2D wavevector (k, q), and

Ckq,k) k2 - (q2 - k2 + 2kk') (I I)

is a mode coupling coefficient.

The eigenvalues s of the truncated system (10) are determined by letting

Wp(k, q, t) = egNp(k, q, 0). The system is stable if for all eigenvalues Re(s) < 0. The system is unstable

if for at least one eigenvalue Re(s) > 0. The system is neutrally stable if Re(s) = 0 for one or more

eigenvalues with Re(s)< 0 for the remaining eigenvalues. Non-dimensionalizing (10) by letting

S- iy/Xvo and (k, k', q) - (k, k', q)), shows that the linear stability of the system depends on the three

parameters, M, vo/y., and L1/X, as well as the functional form of j0 (k).
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Neutral stability

The field-aligned current density at z = 0 is chosen so that the equilibrium stream function has a

Gaussian profile. The equilibrium flow velocity is then a derivative Gaussian resembling two adjacent,

localized and oppositely flowing streams. The spike-like, oppositely directed electric fields accompany-

ing this reversed flow configuration are similar to the observed electric field structures shown in Fig 1.

In coordinate space, the equilibrium stream function is chosen to be

Weq = v0 a exp(-x 2/a 2) (12)

The characteristic scale length Li introduced in the previous section should now be identified as a. The

Fourier transformed boundary current j0(k) required to produce this xyq is

j(k) BEPv k2 y2 
rk e - 2°

'
4  (13)

Neutral stability curves resulting from this boundary current are shown in Figure 2 for several

values of the Hartmann number M. The system is unstable when the velocity vo is sufficiently large

(parameter values above each curve); the critical velocity decreases as the Hartmann number increases,

which reduces the stabilizing influence of viscous dissipation. For any finite Hartmann number, the vor-

tex layer is stable when the scale size a is sufficiently large or sufficiently small. Stabilization at small

scale sizes is due to viscous drag, whereas at large scale sizes, ionospheric resistive drag on the feet of

the magnetic field lines impedes the instability.

Scaling relations

Qualitative features of the neutral stability curve can be understood by considering the competi-

tion between the various dissipative forces and the nonlinear inertial force in (3), which drives the per-

turbing modes. The inertial force acts on the eddy time scale, t, = a/vo. Instability occurs when the

(]river acts more rapidly than resistive and viscous relaxation, i.e., when te is smaller than both the

resistive decay time y-1 and the viscous decay time v = a2/v.

At large scale lengths, when viscous relaxation is negligible, the condition for instability is

S'te < 1/bl, where b, is a number of order unity. This implies

>" >b, T

On a log-log plot (as in Figure 1), the threshold is a line with slope I and a y-intersept at log bi. This

is the asymptote at large vo and a in the figure. The value of b, deduced from the figure is
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approximately 2.5. The neutral curves for a wall bounded shear layer (cf. Fig. 3 in the paper by

Keskinen et al. [19881) also obey this scalin" relation if allowance is made for a different value of the

parameter bi.

At small scale lengths, when resistive relaxation is negligible, the condition for instability is

r"ftv < b2, where b2 is another number of order unity. Note that rTIr,, is the inverse of the mechanical

Reynolds number. This condition implies

Vo b2 X
.yX - M2 .

On a log-log plot, the viscous dominated threshold is a line with slope -1 and y-intersept log (b2/M 2).

This is the M-dependent family of asymptotes at large vo and small a. The zero viscosity limit

corresponds to M -+ -. The value of b2 deduced from the figure is approximately 6. Of course, the pre-

cise values of b, and b2 depend on the particular form of the equilibrium state, but the asymptotic

behavior predicted by this scaling analysis is general.

The deviation of the large M neutral curves from the dotted line in Fig. 2 illustrates the influence

of the field-aligned potential drop. The dotted line is the neutral curve predicted by the scaling relation

given above in the zero viscosity and zero field-aligned potential drop limits. At relatively small vo, the

calculated threshold occurs at larger scale sizes than the threshold predicted by the simple scaling

analysis, i.e., the actual neutral curve lies below the zero viscosity, zero field-aligned potential neutral

curve. Because the field-aligned potential increases at smaller scale sizes, which effectively reduces the

electric field impressed on the ionosphere and, therefore, Ohmic dissipation, the marginal stability thres-

hold is lower than what would be expected from equipotential mapping. A better predictor of the neu-

tral curve is obtained if, in the above scaling relations, y is replaced by y/(l + 4X2/a 2), which represents

the denominator in the second term in the dissipation rate Tk given by (8) with k = 2/a.

4. Shear Layer Dynamics

Simulation method and parameters

We now consider the dynamics of an unstable shear layer, including nonlinear effects. Equations

(3), (5) and (6) with p constant are solved in discrete Fourier space using a pseudo-spectral method.

The initial Fourier amplitudes for the stream function have a Gaussian spectrum generated from the

discrete Fourier transform of (12). Superimposed on this ID Gaussian spectrum is an isotropic white
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noise spectrum with random phases. The power spectral density of the white noise has the form

2rtKI -v(K) 2 = constant; the intensity of the constant white noise spectral density is generally smaller

than the peak value of the equilibrium Gaussian spectrum by a factor of 10- 3 or less. The algorithm for

time-advancing the Fourier amplitudes is a variable time-step Adams-Moulton predictor-corrector

scheme. Aliasing terms resulting from the nonlinear term in (3) are removed using Orszag's [1971]

pseudo-spectral method. The numerical solutions described below are constructed from relatively low

resolution, truncated Fourier expansions of size 64 x 64 or 128 x 128 (k,1 , = 32 or 64, respectively).

Parameters for the four cases examined in detail are listed in Table I. In all cases, the effective

Hartmann number defined by Eq. (9) is fixed at M = 10. At Hartmann numbers somewhat larger than

10, we began to encounter significant truncation errors for comparable spatial resolutions (642 or 1282).

This numerical effect is typical of nonlinear spectral algorithms and can always be minimized by

appropriately increasing k~nax to resolve the dissipation range.

The four runs identified in Table I differ primarily in the scale size of the shear layer (aI/) and

the velocity amplitude (v0 /yX). It was necessary to use different values of 2rcr/L, the ratio of the shear

layer scale size to box size, in each run to adequately resolve both the driver spectrum, which is deter-

mined by a/ (cf. Eq. 13) and the scale dependent dissipation rate Fk defined by relation (8). The scale

size of the shear layer determines the primary dissipation processes, as follows:

Run (1) - Small scale shear layer (a/I = .1, v0 /y X = 2).

The energy flux incident at the upper boundary z = 0 is dissipated almost completely in the

magnetospheric region by local viscous heating. The flow dynamics are practically decou-

pled from the ionosphere and acceleration region, and the magnetospheric electric field

maps very imperfectly to the ionosphere.

Runs (2), (3) - Sub-intermediate scale shear layers (a/ = .5, v0 /YX = 2, 10).

The dissipation rates for viscous heating and fast particle production by the the field-aligned

potential drop are initially comparable (though not time-asymptotically) and are substan-

tially greater than the ionospheric Ohmic heating rate. The magnetospheric flow is weakly

coupled to the ionosphere in these runs.

Run (4) - Intermediate scale shear layer (a/I = 1, v0 / yX = 2).

Ionospheric Ohmic heating and fast particle production by the field-aligned potential drop

are roughly comparable initially, as well as time-asymptotically, and are much larger than

the viscous heating rate. The magnetospheric flow is moderately influenced by coupling to
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the ionosphere.

Run 1, which has a relatively small mechanical Reynolds number, and Run 4, which has a relatively

large ratio of eddy time to RC decay time, are more weakly driven than Runs 2 and 3. Run 3 is most

strongly driven owing to the large driving amplitude, vo/y) = 10, as compared with 2 for the other

three cases. Runs 2 and 3 will be described in detail below. Similarities and differences in the flow

dynamics for the other two cases will be indicated by comparison.

Referring to Table 1, it is seen that the linearly most unstable mode number is slightly larger than

2n/ 16r all cases considered (determined by the product of q, and 2na/L in Table 1). The growth rate

of the linearly most unstable mode scales roughly with the eddy time. The mode number and growth

rate of the linearly most unstable mode, as well as the linear regime bandwidth predicted by the linear

analysis in the previous section, have been verified by the numerical simulations. Several linearly stable

cases were also simulated to verify, at least qualitatively, the marginal stability curves indicated in Fig-

ure 1. The energy and mean square vorticity (enstrophy), as well as their sources and sinks (cf. Eq. 14

below), were monitored throughout the runs. The energy budget balanced to within about 0.1%; the

enstrophy budget, which is typically more sensitive to truncation errors than energy, balanced to within

about 1%.

Energetics

The overall dynamics of an unstable shear layer is best appreciated by considering the energetics

of the model system. The equations given in Sec. 2 can be combined to form the following energy

equation (cf. Lotko and Schultz 11988] for a derivation including all terms except the forcing term con-

taining j0):

dJI/pvi2Hdxdy = - fpvo 2 Hdxdy - -1fj2 dxjdy, - -LfI dx~dyj - f jodxdy (14)

Energy flux sources at the x-y boundaries, which are included in the derivation by Lotko and Schultz

[1988], do not appear in (14) owing to the periodic boundary conditions. The equation also does not

include effects resulting from a nonzero neutral wind velocity in the ionosphere. Notations include the

z-component of vorticity ((o = - V2x), the field-aligned current density at the ionospheric substrate

010 = jnBi/B), the height-integrated perpendicular current at the ionospheric substrate (1), and the Cowl-

ing conductivity defined in terms of the Pedersen and Hall conductivities as Ec = Xp + _/Ep. H is the
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height of the viscous/polarization layer as discussed in Sec 3, and dxjdyj is an area element at the ionos-

pheric substrate. The term on the left is the time rate of change in flow kinetic energy. The first three

terms on the right are negative definite and represent, in order of appearance, power dissipation by

viscous friction (P,), the production of particle energy flux attributed to the field-aligned potential drop

(Plo, and Ohmic heating in the ionosphere (Pa). The last term on the right can be shown to be the

integral of the Poynting flux (Ps) over the upper boundary surface of the magnetospheric region at z

0. The field-aligned current density jo(x, y) is fixed at this boundary, which sustains the system energy.

The Poynting flux at the boundary and its integral are not constant in time, however, because the elec-

tric potential there may vary with time.

Figure 3 shows time-histories for Runs 2 and 3 of the magnitude of each term on the right side of

equation (14) normalized to the initial value of the input power at z = 0 (the boundary integrated Poynt-

ing flux, Ps). The flow kinetic energy normalized to its initial value is also plotted. The net run time

displayed in Figs. 3 (i.e., t = 100 on the horizontal axis) corresponds to 680 x, (eddy time) for Run 2

and 426 Te for Run 3. The input power at z = 0, flow kinetic energy, and energy dissipation rates

shown in the figure all decrease as a consequence of the instability. As shown below, this decrease is

accompanied by the formation eddies within the shear layer. Most of the system energy resides in the

eddies, which are also the principal sites of dissipation within the layer. The input Poynting flux is

reduced because the flow velocity and, therefore, the electric field and potential are substantially

reduced from their initial values in the regions between eddies (cf. the following discussion of power

spectral densities).

Near the end of Runs 2 and 3, the energy dissipation attributed to the field-Pligned potential drop

exceeds both the viscous and Ohmic heating rates. Note, however, that the viscous heating rate is ini-

tially largest in both runs. In contrast, Ohmic heating and fast particle production are negligible for the

duration of Run 1 of Table 1, which is dominated by viscous heating; in Run 4 of Table 1, the Ohmic

heating and fast particle production rates are comparable throughout the run and are much larger than

the viscous heating rate. The relative energy dissipation rates for all four runs, evaluated at the end of

cach run, are compared in the last column of Table 2.

A somewhat more detailed examination of the simulations shows that in all four cases, the system

undergoes an initial transient phase in which the ID equilibrium flow breaks up into eddies; the number

of eddies present during the initial transient phase is determined by the linearly most unstable mode

number. This primary transient phase is clearly evident in Fig. 3 when the energy and dissipation rate

rapidly decrease. The primary transient phase is followed by a secondary transient phase in which
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spectral energy is distributed to other perturbing modes, principally to integral harmonics of the linearly

most unstable mode. Most of the excited harmonics are linearly stable modes. The secondary transient

phase is exemplified in Figs. 3 by a slower rate of decrease in the flow kinetic energy. During and sub-

sequent to the secondary transient phase in Fig. 3, irregular oscillations appear the flow kinetic energy

and dissipation rates. These oscillations are associated with eddy merging and splitting. Owing to the

finite run time, we cannot say whether eddy merging and splitting is a statistically-steady process, simi-

lar to hunting in a nonlinear control system, or whether it is a longer time-scale transient process

involving some type of damped oscillatory motion. The more weakly driven cases 1 and 4 identified in

Table 1 (but not shown in Fig. 3) show no evidence of eddy merging or splitting for the duration of the

runs which extend to 190 re and 167 r,, respectively. In both cases, the flow kinetic energy and dissipa-

tion rates are practically constant during the last half of the run, indicating that Runs 1 and 4 may have

actually reached a time-asymptotic steady-state.

A curious feature of the nonlinear dynamics, which is correlated with the relative linear growth

rate and, terefore, with how strongly the system is initially driven, is the ratio of final to initial flow

kinetic energy in the system. This ratio is given in column 2 of Table 2; the ratio of the final to initial

dissipation rate (which is also equal to the ratio of final to initial input power at the upper boundary) is

also tabulated in column 3. In all four cases, the net result of the instability is to cause the system to

undergo a transition from a one-dimensional state of relatively high energy and high rate of dissipation

to a two-dimensional, vortex flow state of lower energy with a correspondingly lower dissipation rate.

The reduction in energy and dissipation rate becomes more severe when the system is more strongly

unstable, as in Run 3 where the final energy is only 24% of the initial energy.

Flows and currents

Time sequences for the velocity field in the viscous/polarization layer and contours of constant

field-aligned current density at z = H (i.e., at the bottom of the magnetospheric region) are shown for

Run 2 in Figures 4 and 5. The current density at the ionosphere is identically distributed but is larger in

amplitude by the constant scaling factor Bi/B. In both figures, the dc magnetic field points into the

plane of the figure. The numerical time-step is indicated at the right side of the figures. Only the central

region of the simulation box containing the shear layer is shown at each sample time-step. Outside the

central region, the field amplitude is significantly reduced, with little apparent activity on the linear con-

tour level scale used in the plots.
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The initial flow field depicted in Fig. 4 is generated by the Gaussian stream function given in Eq.

(12). Since the velocity is the derivative of the stream function, the initial velocity field consists of a

reversed flow moving to the right above the midplane and to the left below it (the arrow directions for

velocity are not very well-resolved in Fig. 4). The corresponding electric field is orthogonal to the flow

velocity and dc magnetic field and initially points toward the midplane. The initial field-aligned current

density in Fig. 5 is maximum at the midplane, falls off exponentially and symmetrically away from it,

and changes sign at the transition from solid contours (positive values) to dotted contours (negative

values). However, the bulk of the current resides near the midplane, so the flow channel sustains a net

current out of the figure.

Recalling that one numerical time unit in Run 2 is equivalent to 6.80 T,, we see that the unstable

shear layer in Fig. 4 starts to break up within a few eddy times; by 30 tr, eight eddies, corresponding to

the linearly most unstable mode 8, are well-formed. At later times nonlinear mode couplings become

increasingly important, and two pairs of eddies merge, leaving 6 eddies at one point; after t = 100 the

last time-step shown in Fig. 4, one eddy subsequently splits, leaving 7 eddies. (The final eddy srnlitting

can be seen in the current density contours in Fig. 5 which is a slightly longer record than Fig. 4.) The

eddy structure is also apparent in the field-aligned current density contours shown in Fig. 5, which

shows concentrated current filaments near the center of the eddies.

Figure 6 shows the field-aligned current density at z = H for the more strongly driven Run 3. The

eddy structure is less well-ordered than in Run 2, and more fluctuation activity appears on the eddy

periphery. The dominance of the linearly most unstable mode 5 is apparent at time steps 2 and 4 (9.3

and 18.6 t), but subsequent nonlinear couplings (eddy merging) eventually produce a larger scale order

dominated by mode 3 at time step 100. Another difference between Run 3 and the previous Run 2 is

that free eldies are created when the driving amplitude is sufficiently large. Notice in Fig. 6 that the

rightmost eddy at time step 10 has moved out of and below the main shear layer by time step 20. After

time step 20, it continues to move away from the shear layer while convecting to the left in the direc-

tion of the average flow velocity. This free eddy decays as it moves away from the shear layer, and

between time steps 20 and 30 another eddy forms in the shear layer to take its place. The phenomenon

of eddy shedding is somewhat better resolved in the flow field shown in Figure 7.

The flows and current densities in the more weakly driven Runs I and 4 (not shown) exhibit

much less activity than those in Runs 2 and 3. A linear array of vortices forms in the main shear layer,

and the number of vortices, corresponding to the linearly most unstable mode, remains constant

throughout both runs (no splitting or merging).
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Power spectral density

Since a vortex shear layer is very inhomogeneous, the power spectral density that would be

recorded by a spacecraft traversing the shear layer will depend on its particular path through the layer.

To give some idea of the possible variations, power spectral densities have been evaluated for six

different "satellite" trajectories as indicated in Figure 8. The vortex layer shown in the figure is a

snapshot of Run 3 at time step 80. At this time the shear layer is evolving very slowly, in terms of a

'satellite' crossing time (10 sec or so for a layer of 10-50 km across and a satellite velocity of 5

km/sec), so the 'measured' frequency spectrum is primarily a result of Doppler shifted spatial variations

[e.g. Kintner, 1976].

Figures 9 and 10 show the electric field spectral density in the magnetospheric and the ionos-

pheric regions, respectively. Figure 11 shows the magnetic spectral density. The spectral densities for

the x and y components of the fields are identified in each figure. Significant harmonic structure is

apparent in the streamwise spectra (generated from x-cuts) in all three figures. The mode number of the

fundamental corresponds to the number of eddies in the simulation box, three in this case. The origin of

the harmonic structure is due to nonlinear coupling between the fundamental and higher order modes,

most of which are otherwise linearly stable. Note that the intensity tends to decrease as the satellite tra-

jectory moves from x = 0 to x = 15. Furthermore, the harmonic structure has disappeared in the x = 15

cut, which is outside the main shear layer region.

In contrast with the streamwise spectra, the spanwise spectra (generated from y-cuts) exhibit no

harmonic structure. The lack of harmonic structure is a consequence of the essentially exponential

decay of the field transverse to the shear layer, a remnant of the spatial distribution of the forcing

current imposed at the upper boundary of the viscous polarization layer. The spanwise spectra in E, and

By closely resemble the exponential forcing spectrum represented by Eq. (13), especially through a vor-

tex center (e.g., near y = 0). However, the power in these two field components decreases in the

regions between eddies (compare the spectrum generated along y = 0 with the one generated at y = 15).

At small spatial scales, in the viscous dissipation range, the spectrum tends to become relatively isotro-

pic and homogeneous. The spanwise spectra for EY and B, are significantly augmented relative to the

their initial values as a consequence of the instability. Recall that the initial spectrum is composed of a

ID Gaussian spectrum for E. and By, corresponding to the ID equilibrium shear layer, and a superim-

posed, isotropic noise spectrum with an initial intensity that is smaller than the Gaussian part by a fac-

tor of 10-3.
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A comparison of Figs. 9 and 10 shows that the electric field spectrum is less intense in the ionos-

pheric substrate than in the magnetospheric region and contains less power at large wavenumbers. This

effect is a direct consequence of the field-aligned potential drop; as discussed by Weimer et al. (1985)

and Lotko and Schultz (1988), the effect is analogous to a low pass filter when electric fields are

mapped from the magnetosphere to the ionosphere in the wavenumber domain. Other than this filtering

effect the electric field spectra in the ionosphere and magnetosphere are qualitatively similar. By con-

struction, the magnetic field spectra in Fig. 11 are identical in the magnetospheric and ionospheric

regions, except for an amplitude scaling factor of Bi/B, which results from mapping the field-aligned

current density between the two regions.

5. Discussion

Summary of Results

At this point it is worth reiterating one of the basic assumptions of the model: a temporally con-

stant or slowly varying field-aligned current is produced in some outer region of the magnetosphere, and

any feedback between this outer region and the highly tenuous, low (3 plasma region below it does not

appreciably modify the source distribution of field-aligned current flowing through the outer boundary.

Whether this assumption makes sense for a given application depends on the particular processes that

produce the field-aligned current, the spatio-temporal scales of interest, etc. The application described

below, to post-noon auroral forms resulting from field-aligned currents generated in the low latitude

boundary layer, is an example where it seems reasonable to distinguish between the current source

region and the plasma load region modeled here.

Given this assumption, and a ID form for the field-aligned current entering the upper boundary of

the viscous/polarization layer, e.g., equation (7), then the neutral stability diagram of Fig. 2, together

with the simulation results of Sec. 4, suggest the following interpretation for the structure and dynamics

of an auroral shear layer. If all of the field-aligned current entering (or leaving) the upper boundary of

the layer can be closed through the combined action of ion-neutral drag, leading to ionospheric Peder-

sen currents, and viscous body forces in the viscous/polarization layer, then there is no need to close

any of the current via polarization currents. In this case, the configuration will remain in equilibrium as

a ID flow state. If all of the current at the upper boundary cannot be closed in this way, then the

configuration is unstable, and polarization currents will develop in the viscous/polarization layer in
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order to close the unbalanced portion of the field-aligned current. The resulting 2D configuration, in the

unstable case, is either a quasi-steady rotational state, when the field-aligned current is weakly unbal-

anced, or a turbulent state, when the field-aligned current is strongly unbalanced.

Turbulent and quasi-steady rotational states arise when the field-aligned current density is

sufficiently large or, equivalently, when the associated ExB velocity is sufficiently large. How large is

sufficient depends on the shear layer scale size a, as well as three intrinsic parameters, as indicated in

Fig. 2: the RC decay rate y = Er,/Cm, where It, is the height-integrated Pedersen conducivity of the

ionosphere and C,,, = (p/B2 ) ds is the effective capacitance of the viscous/polarization layer; the rcsis-

tive scale length i = 4!-K, where K is the effective field-aligned conductance density of the accelera-

tion region; and an effective Hartmann number M = 4YXiv, where v is the effective kinematic viscosity

of the viscous/polarizaion layer. When polarization currents develop as a consequence of the instability,

both the flow kinetic energy and energy input/dissipation rates of the system are reduced relative to the

ID equilibrium configuration, by a large margin for turbulent states, and more modestly for 2D quasi-

steady rotational states (cf. Fig. 3 and Table 2). Turbulent shear layers shed free eddies, which are dissi-

pated in the formerly unperturbed region outside the shear layer.

The power spectral densities computed along sample spanwise 'satellite' cuts through an unstable

shear layer ae characteristic of the power spectral density of the imposed distribution of field-aligned

current density imposed at the upper boundary of the viscous/polarization layer. For streamwise cuts,

the spectrum exhibits peaks at the dominant wavelength and its harmonics when the shear layer is

weakly unstable. The valleys between spectral peaks become progressively shallower when the system

is more strongly driven. The fundamental wavenumber of a harmonic spectrum corresponds to the

linearly most unstable mode in the case of weakly unstable shear layers and is apparently smaller than

the linearly most unstable mode when the shear layer is more strongly unstable; in the latter case, how-

ever, non-steady effects associated with merging and splitting of vortices results in a dynamic spectrum,

for which a fundamental mode may not be well-defined. For streamwise cuts outside the region of

large velocity shear, the power spectral density is reduced relative to that within the large shear region,

and sufficiently far from the shear layer, it becomes broadbanded with no spec-al peaks. The field

fluctuations in the exterior region may be characterized as spatially decaying turbulence. Owing to the

spatial filtering effect of field-alignedi potential drops [Weimer et al., 1985; Lotko and Schiltz, 1)89],

the electric field spectral density at scale lengths smaller than the resistive scale length X defined above

is reduced in the ionospheric substrate relative to that in ;he viscous/polarization layer.
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Relation to Decaying Shear Layers

For comparison, we also considered the dynamics of an initial state that is identica! to one of the

unstable equilibrium states described in Sec. 4, but with the boundary source current j0(x) turned off.

Such a state can never be in static equilibrium and will decay to a zero flow/current state as t -) oo.

However, relative to the initial configuration of the decaying state, one finds that the system may still

be unstable (using Liapunov's definition of the stability of phase space paths), because the approach to

the zero flow state becomes qualitatively different as one crosses a neutral siability curve in Fig. 2. On

the stable side of the neutral curve, the initially ID state is a decaying ID state for all timc., similar in

form to the decaying ID shear layers analyzed by Lotko et al. [1987]; on the unstable side, the other-

wise ID decaying shear layer, develops 2D rotational motion similar to the driven unstable shear layer.

The difference between driven and decaying unstable shear laycs is a lack of organization of the eddies

in the latter case. Once formed, the eddies tend to move away from the original region of large velocity

shear, in more or less random directions as they decay. A similar situation arises if one abruptly turns

off the driving current j0(x) after the shear layer has developed eddies; the eddies decay as they move

avkay from the original location of the shear layer. One can envision (and examine with this model) a

continuum of related configurations in which the distribution of boundary current density var .s dynami-

cally throughout the period of interest.

In the study reported by Lotko and Schultz [1988], decay turbulence developed striated flows with

time that resemble ID shear layers. This organizing effect is a consequence of anisotropic magnetic

field mapping between the ionosphere and magnetosphere. It is not clear exactly what effect such aniso-

tropy would have on the driven systems examined in th,, paper. If the anisotropic mapping tends to

reinforce the one-dimensionality of the driven shear layer, then the configuration may be more stable

than indicated by the neutral curves in Fig. 2; alternatively, it may be more unstable if the mapping

tends to counteract the one-diriensionality of the equilibrium state.

Application to Po.t-Noon Auroral Forrs

Nearly all images from the Viking satellite show dynamic dayside au: ,al luminosity with fre-

quent occurrences of spatially periodic bright spots distributed in magnetic local time ;n the 1400 to

164) MLT region [Lui et al., 1989; Pote:nra et al., 19901. Similar features have also been identified in

electron density maps inferred from the Sondrestrom radar [Robinson et al., 1984). These bright spots

resemble the current filaments and vortices shown in Figs. 4-7; moreover, the meridional electric ficid

measured over post-noon auroral forms [e.g., Bruning et al., 19Qo0] exhibits I,calizcd, spike-like
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reversals that also resemble the derivative Gaussian initial condition implied by equation (12). It is

therefore natural to ask whether the model under consideration here actually predicts periodic bright

spots. Because dayside auroral forms are produced by relatively soft electron precipitation, the Hall and

Pedersen conductivities are relatively uniform (cf. Robinson et al., 19841, and our simple ionospheric

model is reasonably well-justified.

The observed periodic forms are typically located in the post-noon ionosphere at an invariant

magnetic latitude of about 75'. Lui et al. and Potemra et al. note that such auroral forms are most likely

the ionospheric projection of ExB plasma flows that map along field lines to the low latitude boundary

layer region. We therefore apply the model, in this case, at points along field lines from the F-region

ionosphere up to the effective lower boundary of the LLBL. This effective boundary is defined as the

transition from the higher altitude, higher 03 plasma of the outer magnetospheric region to the lower alti-

tude, lower 0 plasma of the middle magnetosphere. The transition occurs roughly at a distance of h the

length of the field line, as measured from its ionospheric foot to the point where it crosses the equa-

torial plane. Above this effective boundary, field-aligned currents are produced by processes that are

still not well-understood; an enhanced viscous interaction between the magnetosheath and magnetos-

pheric plasmas and an enhanced resistive interaction between merging magnetosheath and magnetos-

pheric magnetic fields are possible mechanisms. The mechanism that generates field-aligned currents in

the LLBL region will not actually be specified here; rather we assume that some quasi-steady process

generates the field-aligned current and that it is sufficient to model its distribution on the effective

boundary at z = 0 by the ID Gaussian function jo(x) given by the inverse transform of (13). Below the

effective boundary, the flow state is initially characterized by the ID equilibrium state (12), although it

may not remain in this state if the configuration is unstable. While this model does not allow feedback

to the LLBL processes that produce the field-aligned current, one might expect an instability of the

configuration to occur first in the middle magnetospheric layer where the stabilizing effects of magnetic

shear are comparatively weak.

We now estimate the parameters vWyX and o/X that are needed to determine the stability of the

ID flow state. Using the approximate formula C, = IOF(nl cm- 3)(I10)7 for the capacitance of the

viscous/polarization layer, we estimate a minimum capacitance of a few 1OuF, corresponding to L = 15

(75' invariant latitude in the ionosphere) and a density of a few particles/cm 3. The height-integrated

Pedersen conductivity in the 1400 to 1600 MLT auroral oval is about 5-10 mho [Robinson ct al., 19841.

The RC decay rate y = Yp/Cn, is therefore estimated to be of order y = 0.02/sec. Potemra et al. f 19901

report an average field-aligned current density in the region of periodic auroral forms of about 2VA/ m2,

projected to the ionospheric altitude, a value that is also consistent with the estimates reported by
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Bruning et al. and Robinson et al. Electron and ion velocity distributions measured over the post-noon

aurora show evidence of acceleration by a field-aligned potential drop of 1-3 kV [Bruning et al., 1990;

Robinson et al., 1984]. Assuming 1 kV for the field-aligned potential drop and 2tA/m2 for the field-

aligned current density, we estimate a field-aligned conductance density of K = j11/A 11 z 2x0-9 mho/m 2.

This value, together with Ep = 7mho, implies a resistive scale length of )" = T_ = 50km, projected

to the ionospheric reference altitude. Potemra et al. report an average bright spot separation of about 1/2

hour of MLT corresponding to about 200 km at 750 invariant latitude. This distance should be approxi-

mately equal to the wavelength qn of the linearly most unstable mode. Because 21ro/qn = 1, this

implies that a = 30km. Thus a/X is in the range 0.5 to 1. This value is also consistent with the meas-

ured north-south electric field profile reported by Bruning et al., which has a peak electric field of about

100 mV/m when a sliding 20 sec average is applied to the data or about 400 mV/m when the field is

examined at the instrument resolution of 0.4 sec. The measurement reported by Bruning et al. was

made at a geocentric distance of 3RE at 75.50 invariant latitude, where the inferred east-west ExB flow

maximum is about 5 km/sec or 20 km/sec, depending on whether average or instantaneous data is used.

At the ionospheric reference altitude, ignoring field-aligned potential drops in the mapping, the refer-

ence velocity is 1-4 km/sec. Our estimate for the parameter v0/yX is therefore in the range I to 4

because yX, = lkm/sec.

Referring now to Fig. 2, the neutral stability curves at a/X = 1 predict an unstable shear layer if

v(/;h> .6 at a Hartmann number M = 10 and v0 /yX > 5 at M = 1.5. Since M2 = Y/XZv, these two values

for the Hartmann number imply an effective viscosity at the bottom of the LLBL (i.e., the top of the

polarization layer) of 5x10 8m2/sec and 2xl0 1°m 2/sec, respectively. Although the effective viscosity is

the least certain parameter of the model, the higher value surpasses by an order of magnitude the eddy

viscosity estimate vdf = .02avo 109m2/sec deduced from numerical simulations [Miura and Sato,

197N: Miura, 19841. From these estimates, and using the neutral stability calculation, it is therefore

%cry plausible that 2D rotational states should occur in the post-noon sector of the auroral zone.

In concluding this section, we ask whether the values estimated above arc consistent with the

assumption of resistive current limitation, i.e., is the inequality AI.T-vA!(l + 4). 2/a 2) ,C 1, where vA is the

Alfv'n speed near the top of the polarization layer, satisfied? Using the previous estimates, this condi-

tion requires that VA < 600km/sec. At the top of the polarization layer at a geocentric distance of 9 RE

%c estimate vA = 650 km/sec for a density of a few cm - . Thus, the electrostatic approximation appears

to be marginal. As proposed by Potemra et al. [19901, this would indicate that magnetoinductive

effects involving Alfv&n waves are very likely an important part of the structure and dynamics of post-

n(x)n auroral systems.
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Appendix

The local Ohm's law in the acceleration region is

E,,(S) = ij(s)jlj(S) (A 1)

where s is the coordinate along the magnetic field. If the acceleration region is force-free then

jtl() = B(s) (A2)
Bi

Now express Ell in terms of an electrostatic potential, Ell(s)= -a,&(s); use (A2) for j1l(s); and integrate

(Al) from the bottom of the acceleration region, denoted by si, to the top, denoted by se (i.e., from the

ionospheric substrate to the bottom of the viscous polarization layer) to obtain

I S.JLi f B (s)-ql(s) as (A3)

The proportionality constant in the linear current-voltage relation (A3) determines the field-aligned con-

ductance density K:

Se

K-1 f B(s)Tl(s)ds (A4)

For the application to post-noon auroral forms discussed in Scc 5., K was estimated as 2x 10--mho/m 2.

To see what this implies for a resistivity, we approximate (A4) as K Z Bi/(BTIAs) where As is the

effective length of the acceleration region, and an overbar signifies mean value in the acceleration

region. For a nominal acceleration region located at high latitude (750 in the post-noon application), at

about I R: altitude, extending along the magnetic field a distance of about I R,, the estimate of

2x 10- 9 mho/m 2 for K requires a mean resistivity T = 600ohm-m.
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TABLE 1. Simulation Parameters

Run O/x Vo/WYX qm Sm'te "te R 21t/L tn/'te Box

1 0.1 2. 4 .21 .05 20 .263 3.80 642

2 0.5 2. 8 .33 .25 100 .147 6.80 1282

3 0.5 10. 5 .38 .05 500 .235 4.26 642

4 1.0 2. 4 .24 .50 200 .300 3.33 129 2

Glossary
O'/?' ratio of shear layer scale size to resistive scale length
vo/yX nondimensional shear layer velocity amplitude; y is the inverse of the RC decay time.
qm mode number of the most unstable linear mode (wavenumber scaled to aT is qn "27rt/L).
Smte growth rate of linear mode q, scaled to the eddy time T., = a/v 0 .
yT e  ratio of eddy time to RC decay time.
R mechanical Reynolds number (R = 72/v, the ratio of viscous decay time to eddy time).
27ta/L ratio of shear layer scale size to box size.
Tnf/t ratio of numerical time unit to eddy time (=romanL/27Ta).
Box box size.

For all cases, the effective Hartmann number is M = -TRyt ,X/a = 10.

TABLE 2. Comparison of Simulation Results

Run Ef/ Eo Pf/ P0 Relative dissipation rates

4 C') 48 Pv :b P11  1- PQ

2 .45 .48 Pv Pi/2 = Pa

3 .24 .30 Pv z P11 
/ 4 = Pa/2

4 .78 .84 Pv C P11 = Pa

E/ E 0 is the ratio of final to initial flow kinetic energy. Pf/P 0 is the ratio of final to initial dissipation rate, also
equal to the ratio of final to initial input power at the upper boundary. PP, P1 and PU2 are, respectively, the final dis-
sipation rates attributed to viscous heating, fast particle porduction by the field-aligned potential drop and ionos-
pheric Ohmic heating.

58



Table 3. Nominal Parameters for Post-Noon Aurora

MLT sector 1400-16(X)

Invariant latitude 75'

L shell 15

Mean periodicity of bright spots in local time (kin) 200

Peak east-west ExB velocity projected to 1 RE (km/sec) 1-4

Meridional scale size projected to 1 RE (km) 30

Field-aligned current density projected to I RE (tAlm 2) 2

Field-aligned potential drop (kV) I

Ionospheric Pedersen conductivity (mho) 7

Estimated particle density above acceleration region (m- 3) 3 x 106

Capacitance of the viscous/polarization layer Cm = f(p/B2 ) ds (Farad) 300

RC decay rate y = EpWCm (sec- 1) .02

Field-aligned conductance density K = jl/Aoll (mho/m 2) 2 x 10- 9

Resistive scale length at ionosphere Xi - _K (kin) 50
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Figure 1. Examples of the raidkona electric field distribution in an auroral shear layer from the DE- I
satellite in the evening auroral oval [from Weimer et al., 1987] and from the Viking satellite in the
post-noon auroral oval [from Bruning et al., 1990].
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Figure 2. Neutral stability curves for M =0.5, 1.5, 10, and IC (marked ae.M is the effective Hart-
mann number. For a given value of M. the shear layer is linearly stable below the curve corresponding
to that value of M and unstable above it.
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Figure 4. Time-sequence snapshots of the velocity field in the viscous/polarization layer for Run 2. The
not very well-resolved arrows represent the direction of velocity; their length represents the reiative
magnitude of velocity. The dc magnetic field points into the plane of the figure. Numbers to the right Of
each snapshot represent the run time (I unit = 6.80 )
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layer fcr Run 2. SoLid contours represent current out of the ionosphere; dotted contours represent
cwTaeflt into the ionosphere.
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Figure 6. Same as Figure 5 for Run 3 except that I unit of rn time now corresponds to 4.26 T,.
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Figure 7. Eddy Shedding. The snapshot of the velocity field for Run 3 at ume step 30 shows the full
simulation plane. The free eddy is apparent below the shear layer and to the right side.

66



• - - . i I

,, "' *1

__________________ u11"
01 ,

Y3I

Y 2 I - .a

• % -,,,
. ,. , ,g, *

XI X2 X3

Figure 8. Sample 'satellite' cuts for evaluating power spectral densities. The velocity field for Run 3 at
time step 80 is usedl to iWustrate spetrl features.
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Figure 10. Spectral density for the magnetospheric magnetic field at the bottom of the
viscous/ipolarization layer. Same format as Figure 9.
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Self-Consistent Model of the Low-Latitude Boundary Layer

T. D. PHAN, B. U. 6. SONNERUP, AND W. LOTKO

Thayer School of Engineering, Dartmouth College, Hanover. New Hampshire

A simple two-dimensional, steady state, viscous model of the dawnside and duskside low-latitude
boundary layer (LLBL) has been developed. It incorporates coupling to the ionosphere via field-
aligned currents and associated field-aligned potential drops, governed by a simple conductance
law, and it describes boundary layer currents, magnetic fields, and plasma flow in a self-consistent
manner. Slab geometry is assumed, with no variations along the flow direction -z and with the
layer on closed field lines. The currents in the layer are regulated by coupling to the ionosphere.
The magnetic field induced by these currents leads to two effects: (1) a diamagnetic depression of
the magnetic field in the equatorial region and (2) bending of the field lines into parabolas in the
rz plane with their vertices in the equatorial plane, at z = 0, and pointing in the flow direction,
i.e., tailward. Both effects are strongest at the magnetopause edge of the boundary layer and
vanish at the magnetospheric edge. The diamagnetic depression corresponds to an excess of
plasma pressure in the equatorial boundary layer near the magnetopause. This pressure drops
off both with increasing distance z from the equatorial plane and with increasing distance V from
the magnetopause. It reaches the magnetospheric level for z = *H as well as for y - o. The
boundary layer structure is governed by a fourth-order, nonlinear, ordinary differential equation
in which one nondimensional parameter, the Hartmann number M, appeer.. A second parameter,
introduced via the boundary conditions, is a nondimensional flow velocity vo at the magnetopause.
ft is shown that for large M values the coupling to the ionosphere is weak; in that limit, or when
v,* is small, the model reduces to that discussed by Lotko et al. (1987) in which induced magnetic
fields are neglected. Numerical results from the model are presented and the possible use of
observations to determine the model parameters is discussed. The general predictions of the
model in terms of region I currents and associated ionospheric signatures are similar to those
obtained earlier by Lotko et al. and by Sonnerup (1980). Those predictions are in qualitative and
approximately quantitative agreement with a number of observations. The main new contribution
of the study is to provide a better description of the field and plasma configuration in the LLBL
itself and to clarify in quantitative terms the circumstances in which induced magnetic fields
become important. In particular, it appears that for the low values of the field-aligned conductance
expected on the duskside of the magnetosphere, these fields may remain relatively unimportant,
at least in the noon to dusk segment of the LLBL.

I. INTRODUCTION observed in the adjacent magnetosheath [Eastman et al.,
1976, 1985; Eastman and Hones, 1979] although sometimesThe low-latitude boundary layer (LLBL) is a narrow mag- with a significant contribution of magnetospheric or jono-

netospheric region, located on the earthward side of, and

immediately adjacent to, the magnetopause at low to mod- spheric particles [Sckopke et al., 1981; Peterson et al., 1982;

erate geomagnetic latitudes and containing magnetosheath Lundin et al., 1987]. The flow speed is comparable to, but on
average somewhat less than, the speed in the adjacent mag-

like plasma streaming across geomagnetic field lines in the netosheath [Eastman et al., 1985]. Although the data are
general antisolar direction. This plasma layer was first oh- highly variable, indicating the possible presence of turbu-
served along the flanks of the geomagnetic tail (Hones et lence in the layer, the plasma density and velocity generally

al., 1972] but subsequently has been found to be present, decrease with increasing distance from the magnetopause.

at least intermittently, inside the entire tow-latitude portion sometimes with a velocity reversal near the magnetospheric

of the dayside magnetopause. Its thickness is difficult to edge of the layer. The LLBL appears to be located prin-

determine front single-satellite observations but appears to cipally on closed field lines [Eastman and Hones, 1979]. al-

increase with increasing longitudinal distance from the sub- t hral so evine ta a tim es, art o l

solarthough there is also evidence that, at times, part of the layer

cal noon [Haeraendel et al., 19T8; Eastman and Hones, 1979; may be on open field lines, i.e.. on field lines with only one
Mcnohee ndel et al., 1987]; bey hasgment alng hes, 7, foot in the ionosphere [Mitchell et al., 1987].
Mitchell et al., 1987]; beyond that segment along the magne- Theoretical models of the LLBL have been discussed in
tospheric flanks, the change of thickness with distance down the literature, starting with the early qualitative work by
the tail is less apparent. Typical average thicknesses there Coleman [1971] and Eastman et a!. [1976] in which the

may be of the order 0.5-1 RE. and there is an indication Coln of an Eato e al. a1976a in the

that the thicknesses may be greater for the northward than coupling of the layer to the dayside aurora region ion 
for the southward interplanetary magnetic field [Mitchell et sphere plays a prominent role. This coupling produces what
af., 1987. sis known as the region 1 field-aligned currents [Ispima and

1987. Potemra, 1976ab] with the correct sense, namely into the
The plasma in the LLBL has properties similar to those ionosphere on the dawnside and out of it on the dusk-

side. On the basis of the ideas contained in those early
Copyright 1989 by the American Geophysical Union. papers, Sonnerup [1980] developed an illustrative quanti-

Paper number 88JA03628. tative model in which the LLBL con~ists of a slab-shaped
0148-0227/89/88JA-03628505.00 region containing steady state viscous plasma flow at right
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angles to a uniform magnetic field so that the layer acts as than the radius of curvature. However, other simplifyg 1-
a viscously driven MHD generator. Field-aligned currents sumptions are more restrictive: in reality the boundaiy layer
ill connect the generator to the resistive load provided by thickness is expected to increase in the flow direc:ion, at
the auroral ionosphere, and field-aligned potential drops are least on the front lobe of the magnetosphere where the force
allowed for in an ad hoc manner in order to limit the mag- equilibrium discussed above has not been reached. This ef-
nitude of the field-align' A currents to values commensurate fect may be counterbalanced to some extent by a spreading
with observations. The ionospheric signatures of the LLBL out of the boundary layer flow in the z direction as the dis
predicted by this model are not unlike those observed near tance from the subsolar region increases. On the oth,-r hand.
the convection reversal [e.g., Bythrow et al., 1981]. In par- mass addition to the boundary layer by diffusio, actuss the
ticular. broad inverted V structures containing field-aligned magnetopause, an effect discussed by Sonnerup [1980], is
potential drops of a few kilovolts and widths of the order likely to lead to an increase of the boundary layer thickness
of 50-100 km are predicted on the eveningside of the mag- with increasing distance from the subsolar point Th~s lat-
netosphere. Similar results were obtained by Kan and Lee ter effect is not included in our model. Rather it is assumed
[1980], who discussed a nonviscous model in which the cou- that such mass diffusion occurs only upstream of the region
pling to the ionosphere causes the boundary layer plasma to analyzed. On the whole, it seems that the best potential
slow down gradually as it moves in the antisolar direction. region of applicability for our model is on the low-latitude

More recently, Lotko et al. [1987] have reexamined and flanks of the magnetosphere where existing gradients 1/0x
improved the viscous model discussed above. In particu- may be small. Even there, some of the assumptions to be
lar, these authors incorporated field-aligned potential drops made, for example, those of a steady state and of symmetry
A0II in a more satisfactory manner by use of a simple con- between the northern and southern hemispheres, represent
ductance model [Lyons, 1980; Chsu and Cornwall, 19801 an oversimplification of the real situation. For this reason,
in which A011 is proportional to )ill They obtained one- the model should be considered mainly as illustrative. It has
dimensional steady state LLBL structures similar, on the the advantage of permitting precise mathematical analysis,
whole, to those found by Sonnerup [1980] but also discussed identification of significant dimensionless groups governing
one-dimensional time-dependent shear layers and outlined the system, and insight into the main effects to be expected
some of the spectral properties of the basic equations in in the interaction between a rapidly moving viscous layer
two dimensions and time. Numerical simulations of decay- in the magnetosphere and the auroral ionosphere. However,
ing turbulence have also been performed [Lotko and Schultz. future detailed comparisons with observations are likely to
19881. show the need for substantial improvements in the model

The present paper contains an extension of the one- assumptions.
dimensional steady viscous model by Lotko et al. [1987], A schematic drawing of the geometry in Figure I shows
the extension consisting of incorporating the induced mag- the dawnside of the magnetosphere and its coupling to the
netic field in the boundary layer in a self-consistent manner. ionosphere. The system is divided into three parts: the
The presentation is organized as follows. Section 2 contains LLBL region, the high-latitude (auroral) ionosphere, and
a qualitative description of the model. In section 3, the
basic model equations and the boundary conditions are de-
veloped. Section 4 contains results obtained by numerical
integration of the model equations, along with discussion of
those results. In particular, the problem of determining the
model parameters by use of observations is discussed. Fi- J#
nally. section 5 contains a brief discussion of results obtained 11A

from the study.

2. MODEL

The following basic features of the model to be analyzed

here are the same as in the work of Sonnerup [1980]: the
LLBL is assumed to be located on closed field lines, to be E
time independent, and to have slab geometry in which an , 1  h2 h,

equilibrium exists between viscous forces driving the flow 0 , _,

in the antisolar direction -z and j x B forces. The vi5- J, N s N

cous forces are transmitted across the magnetopause from
the streaming magnetosheath plasma. No inertia forces are 0 0
present, and the plasma moves in a unidirectional manner E, - --
with 9/ft = 0. As in the earlier model, we also haveB,_ 0. Y

y being the coordinate orthogonal to the slab (and to the
magnetopause), and thus a boundary layer thickness that Fig. 1. Schematic drawing oi the dawnside low-latitude bound-
is independent not only of z but of z, the coordinate due ary layer (LLBL) and its coupling to the auroral ionosphere in-
north, as well. In reality, the boundary layer has curvature cluding a field-aligned potential drop Afj, in the so-called accel-
in the equatorial and meridional planes but, as for ordinary eration region. The boundary layer occupies the region Itl < H
fluid mechanical boundary layers, modest curvature of this in which the plasma velocity vx(y) is as shown. Pederen cur-

rents and electric fields in the auroral ionosphere are shown intype is not expected to influence the results in an important the insert. Regions I and 2 correspond to the field-aligned cur-
manner as long as the boundary layer thickness is much less rent regions found by ipma and Posemrn [1976s, b].
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the intermediate-altitude region, or particle acceleration re- field and the flow velocity of the plasma, the jaw of conser-
gion, connecting the above two parts. Since the plasma in vation of momentum applied to the boundary layer yields
the LLBL is practically collisionless, the viscosity is assumed
to be produced by wave-particle interactions occurring on r component
scale lengths comparable to the ion gyroradius, as in the d d
work of Lotko et al. [1987], or possibly by macroscopic tur- 0 = ,yBd(y) + d--9'--vx(y) (1)
bulence, as discussed by Sonnerup [ 1980], Sato [1982], and

Miura [1987]. In the latter case, the equations to be devel- y component
oped here describe the time-averaged behavior of the bound-
ary layer. 0 d p(y z) B U+B(y(z)

As mentioned above, the basic force balance in the flow ay
direction for a fluid element in the boundary layer has two
terms: viscous forces which act to accelerate the element in z component
the downstream direction and Maxwell stresses associated
with magnetic field lines, curved in the rz plane, which op- 0 = , z(y, z)(
pose the viscous forces. The field line curvature is produced 9Z

via Ampere's law by currents j, flowing across the layer; the
associated Maxwell stresses can be expressed as a net force gas law
j.B, per unit volume opposing the flow. As one moves from gas law
the magnetopause edge of the LLBL toward the inner edge
of that layer, the plasma velocity and, with it, the velocity Also, i? is the dynamic viscosity, which for simplicity we
gradients decrease, the result being a decreasing value of the assume to be a function only of the temperature T. i.e..
net viscous force on a fluid element. The Maxwell stresses 17 = i(T). A more realistic expression for the viscosity
opposing the flow must also decrease proportionately, which should probably include a dependence on density as well
requires the current ii to be deflected gradually to join cur- as magnetic field. However, since the mechanism responsi-
rents in the zz plane. The latter currents have components ble for creating the effective viscosity is not well understood,
perpendicular to B which produce a force component j x B such an improved viscosity model is not available at present.
in the negative y direction. This component serves to bal- To describe currents and magnetic fields self-consistently.
ance the decreasing plasma pressure in the LLBL as one Ampre's law is used. The three components of the current
moves toward its inner edge. There is also a field-aligned are given by
component of the current which flows into the ionosphere in
the northern and southern hemispheres. The ionosphere is
treated as a resistive load, characterized by an Ohm's law I dB(y)
and the requirement of current continuity. In the absence of Ito dy
electric field components along the magnetic field, the iono- 1 aB (y, z) (6)
spheric electric field can be obtained from the equatorial 4- o z(
field -v x B in the LLBL by mapping of potentials along 1 B,(y, z)
the magnetic field from the LLBL to the ionosphere. How- (7)
ever, the coupling between the two regions is not perfect Ao &Y

in the model: an electric field component along B, related By use of these expressions, (2) and (3) may be integrated
to the field-aligned current via a simple conductance law, is to give
incorporated.

p+ (B.2 + B2) = c1(z) = c, (8)

3. BASIC MODEL EQUATIONS 20

3.1. Low-Latitude Boundary Layer 29)

We assume the boundary layer flow, located within a dis- from which it follows that B!/2po = CI(Z)-C2(Y). Since we

tance H north and south of the equatorial plane as shown have shown that B, = B,( 1), we conclude that cl(z) is in

in Figure 1, to be steady, unidirectional, and independent fact independent of z, i.e., cl(z) = ci.

of the coordinate z, i.e., v = ttv,(y, z). The magnetic field Finally, the potential distribution in the equatorial region

is assumed to be confined to the zz plane, i.e., Bv = 0. can be wrten in terms of v. and B. as

To satisfy V. B =0, the field component B. can depend
on y, but not on z. Thus the total field may be written 0(y) I- Ed - v.(y)B.(y)dy (10)
B = AB.(Y, z) + -B.(y). We also assume the frozen-field
condition to hold in the LLBL. It then follows that the
velocity v. must be independent of the z coordinate, i.e., 3.2. Coupling to the Ionosphere
v = tv.(). In a velocity field of this type, mass conserva-
tion is automatically satisfied, and one can allow the plasma In the remainder of the paper, all quantities referring to
density to vary in both V and z so that p = p(y, z). the ionosphere carry the subscript i, while those without a

With the previous assumptions concerning the magnetic subscript refer to the equatorial region. For simplicity, we
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assume the magnetic field B, to be constant over the ef- strict attention to the case of symmetrical conditior!s r, tih
fective height of the ionosphere and to be independent of boundary layer for z > 0 and z < 0. In this case, B. and
y,. The height-integrated ionospheric Hall and Pedersen j. are both zero at the equatorial plane and thn increa-e
conductivities, En and Ep, respectively, together with the linearly with z. Furthermore, from (9) and (4) it follows
neutral wind ve!ocity are also taken to be independent of that for fixed y, the pressure p and the density p have one
y,. The ionospheric field-aligned current density is then re- and the same quadratic variation with z. such that they de-
lated to the ionospheric potential distribution through the crease from their maximal values at z = 0 to the background
equation levels p. and p- at z = ±11. It should be nottd tha, un-

der the given assumptions, the z variations described -aov!
E( = 2_( are exact. In other words, they do not represent simply the

S11)leading-order terms of a nontruncating series expansion in

It is also related to the potential drop between the equatorial powers of z.
For simplicity, we now assume the plasma tempe. atu.T to be independent of y as well as of z. In other words.

we consider the case of a fully isothermal boundary layer.
Ji1,(Y,) = K[O,(y,) - 0(y)] (12) We shall also assume that at the magnetosphere edge of the

(Lyons, 1980; Chiu and Cornwall, 1980] where K is a con- LLBL, i.e., as y - -o, the plasma pressure p and velocity

ductance per unit area which we shall also take to be inde- vx, as well as the magnetic 'eld B., all approach constant

pendent of y,. It is seen that a large K value corresponds asymptotic values p., v., and B, respectively, and that

to good coupling between the two regions. Note also that a B., jy, and j. all approach zero. Note that we take the

positive value of .ll, corresponds to current flowing from the pressure to be p" both at z = ±H and along the entire

ionosphere into the magnetosphere. inner edge of the boundary layer.

We now assume that there is no current perpendicular to As discussed above, we now have

the magnetic field in the intermediate-altitude region. This
assumption is expected to be valid because the viscous forces B. =Aojz (16)
as well as the plasma 03 values are assumed very small in
this region. We can then relate the ionospheric field-aligned
current to the field-aligned current at z = ±H by use of the (1(d.7)
conservation of magnetic flux and field-aligned current: .7. = dy Z (17)

B ,(y, z = SH) (13 uSubstitution of (16) into (9), with the constant c2 (y) evalu-
= ±H)(13 ated at z = ±H, leads to

The mapping of a north-south length element in the iono- 1 2 2
sphere dy, to a corresponding length element dy in the equa- P = p- + 2 o)(H - z 2 ) (18)

torial region is obtained by use of :he law of conservation offluxin maneti flx tbe:Furthermore, substitution of (16) and (18) into (8) leads to
flux in a magnetic flux tube: the formula

dy, B,(y) dz 2
dy B, dz( B. _ - A H) (19)

where the ratio dz/dx, is the mapping factor for length el-
ements in the east-west direction, i.e., the x direction. For By use of (19) and the dimensionless dependent variables
simplicity, we assume the ratio dx/dr, to be independent of v" and 1", to be defined presently, the equation of motion
y. By integration of (14) the relationship between y, and y for the plasma, equation (1), becomes
can be obtained.

Finally, to convert derivatives in the ionosphere to deriva- v" = -" I - (j/M)2  (20)
tives in the LLBL region, the following relation will be used
[Lotko et at., 1987]: where M is an effective Hartmann number defined by

(15) M = E, dz) (

The significance of this nondimensional parameter will be
3.3. Equations for v1 and )i# discussed later. Also, in (20) a prime denotes differentiation

We have already shown that in our model, the quantities with respect to y*, the nondimensional y coordinate. The
v. and B., and from equation (5) therefore also j, have dimensionless variables are defined by
no z variation but are functions of y only. If we addition-
ally assume the viscosity to be independent of z (which for

= 9(T) means that the boundary layer plasma is isother- y, = y-M/A
mal along field lines), it follows from (1) that jl must be a
function of V only. From (6) and (7) it is then seen that B, = ) MuoH/B. (22)

and .i. must both be linear in z. For simplicity we further re- V = V'/V'
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where more general version of these equations is given in the ap-
peindix.

A, = A.(dx,/dx)(B,,/ j (23) As pointed out by Lotko et al. (1987], the effective Hart-
mann number M, defined by (21), plays an important role in

is the equatorial counterpart of the characteristic iono- the theory of viscous magnetospheric boundary layers cou-
spheric scale length A, introduced by Chau and Cornwall pled to a resistive ionosphere. The regular Hartmann num-
[1980] and Lyons [1980]: ber for MHD channel flows [e.g., Cowling. 19761 is of the

form Bd(/lq)11 2 , where d is the channel width and a/yl is
A. =_ V/,1K (24) the ratio of electrical conductivity to viscosity. Its square

The scaling of y and j. with M in (22) is such that y' and represents the ratio of i x B forces, estimated as a-rB2 . to
," remain of order unity for M > 1 (see equations (36) and viscous forces, estimated as it,/d2 , in the channel. In the
(28) of Lotko et al. [1987]). Finally, the quantity v, is a present model, these two forces in fact have exactly the same
characteristic boundary layer velocity given by magnitude. The version of M 2 used here can still be inter-

preted as the ratio of a j x B force to a viscous force. pro-
1 di\ 2 (B_(2 vided the former force is estimated as arvB2 and the latter

dPOE) (--- (25) force as qv/A , where o =_ (Ep/H)(B,/B)(dz,/dxr is the
effective boundary layer conductivity derived by Sonnerup

It can be shown that for perfect coupling to the iono- [1980], and A, is the characteristic boundary layer width
sphere, this velocity represents the flow speed in the bound- given by (23). Since the actual forces in general deviate
aryv layer at y = 0 for which the induced magnetic field systematically from these estimates, the Hartmann number
at y = 0, z = 0, which opposes the ambient field B0 , is defined by (21) does not have to be equal to unity.
equal to 46% of B, (see section 4.1). For imperfect cou- It is noted that, in the limit of weak coupling between the
pling, the flow speed needed to satisfy this condition exceeds boundary layer and the ionosphere, i.e., for small values of
ty. Note that by use of (25), the nondimensional velocity the field-aligned conductance K, the Hartmann number If
v" can be viewed as a modified magnetic Reynolds number becomes large. If terms of order M 2 are neglected in (20).
R_ = oE,v,(dr,/dz)2(B,/Bo). (27), and (28), these equations reduce to the steady state

Equation (20) provides a relationship between the current version of the equations analyzed by Lotko et aI. [1987].
," and the velocity v'. A second relationship between these which do not take into account the nonuniform (induced)
variables is obtained by differentiating (12) with respect to magnetic fields in the boundary layer. Thus the simpli-
y, dividing the resulting equation by B, and then differen- fled time-asymptotic boundary layer structures presented by
tiating once more with respect to y. By use of (10), (11), Lotko et al. [1987] are valid for weak coupling, i.e., for large
(13), (14), and (17), one may then eliminate 0, and 0 in values of the Hartmann number. They are also valid in the
favor of )V and v., the result being limit of small flow speed v, where induced magnetic fields

are again negligible.

T (3.4. Boundary Conditions

/(/M + (26) To illustrate the basic features of the model, the following

By one more differentiation of (26) with respect to y* and boundary conditions will be used:
subsequent use of (20). the velocity v may be eliminated to i. At the magnetospheric edge of the boundary layer.
yield the following fourth-order nonlinear differential equa- i.e., as y' - c,, the current )* and its derivatives vanish.
tion for 3°: For simplicity we also assume v! = 0. It is evident from

(27) and (28) that v , # 0 merely represents a shift in the
zero level of the velocity. Such a shift leaves the current

( I_(j./M)2)_,/,.,(1 _(j./M)2)-1/2 distribution unchanged.

2. At the magnetopause edge of the boundary layer, i.e.,
at y ° = 0, we assume ,

° to be known and j* to vanish. It
= *"/M - j*(l - (j*/M)2) 1

/
2  (27) is shown below that these conditions are equivalent to the

specification of the velocity and the field-aligned current at
From this equation, with appropriate boundary conditions, y = 0.
the current distribution j*(y*) can be calculated. The veloc- As can be seen from (17), dj,/dy = 0 implies that j, = 0
ity distribution v*(y*) can then be obtained by integration for all z values. Thus the condition )*'(0) = 0 means that
of (26), which leads to the field-aligned current is put equal to zero at y = 0. This

r, "1 condition is based on the idea that field-aligned currents
(are fed from a high-latitude (mantle) generator [Siscoe and

Sanchez, 1987] along the morningside magnetopause down
= .*/M + v* - v:. (28) to the low-latitude boundary layer, Izi < H, where they

cross the magnetopause and, gradually, are deflected into a
where j*(oo) = 0 has been used. The constant of integration field-aligned (region 1) current flowing into the ionosphere.
vto represents the nondimensional flow speed in the magne- In such a picture, the field-aligned current reverses sign at
tosphere with positive values representing sunward flow. A the magnetopause edge of the boundary layer.
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Using the conditions j° (0) = 0 and t,! = 0, (28), evalu- boundary layer at which, for perfect coupling , V . it
ated at y = 0, becomes induced magnetic field is 46% of the background fi.Id B-

so that B 0o = 0.54. When the coupling is weaker. i. when
M is larger, the flow speed needed to maintain the same size

, -- I(0) = J](O)/M - *'"o)/l - (](0)/M)2 ) (29) of the induced magnetic field should increase, as indeed it
does: for M = 1, vo z 2, and for M = 15, 1," : 17 las-

Thus for a given value of j"(0). (27) can be integrated and suming B*o = 0.54). When t, - oc. the curve, in Figure

the quantity j"(0) evaluated. Equation (29) then allows 2 approach B.0 = 0 for all M > 0. For perfe' t coupling,

one to calculate t, . the nondimensional plasma velocity at M = 0, the equations may be integrated in closed form .nd

= 0. it may be shown that B 0 = cos vt. Thus the curve cor-
responding to M = 0 in Figure 2 reaches B', = (1 54 at

4. RESULTS vo = 1. and it reaches zero at vj = 7r/2.
The plasma 3 in the equatorial plane at y = w. . d i.

In this section, results of numerical integration of (27) Oo, can be calculated directly from B; 0 and 3.. the magne-
are presented, subject to the boundary conditions given in tospheric / value, from the pressure balance across the field
section 3.4. The velocity, magnetic field, density, electric po- in the equatorial plane (as noted earlier, the assumed sym-
tentil, and field-aligned current profiles, which are related metry between northern and southern hemispheres implies
to the current j", will also be shown. The section is divided B (z = 0) = 0). The result is
into two parts. Relationships between dimensionless param-
eters will be discussed in part one. In part two, illustrative 3o = (I + 3.)/B:' - 1 (30)
numerical examples will be given. 'It is perhaps surprising that the plasma pressure and with it

4.1. Dimensionless Parameters the plasma density distribution in the boundary cannot be
specified arbitrarily. The explanation for this lies in the con-

With the boundary conditions described in section 3.4, the dition p = p, at Izi = H where poo is assumed independent
overall boundary layer characteristics are described by the of y.
following six nondimensional parameters: M, v;, B 0o, 30, The current )j(v;,M) = M(i - B*2)

1/
1 can also be

.o, and h,. Here v; = vo/v, and B 0 = B,(O)/Bo are calculated from B;o(v,M). For a given M value, it in-
the nondimensional plasma flow speed and equatorial field creases monotonically with increasing vo. The ratio jJ/AM
strength at the magnetopause edge of the boundary layer, approaches unity as v0 - oc.
respectively. Furthermore, Oo is the ratio of plasma pres- The boundary layer thickness h*(v*, M) is shown in Fig-
sure to magnetic pressure in the equatorial plane at V = 0 ure 3. For fixed v0 , the thickness decreases with increasing
and j* is the nondimensionaJ current density .), at y = 0. M. Given that M 2 is inversely proportional to the viscos-
Note that 2j*B B/lioM represents the total current per unit ity, this result is expected. For fixed M, the boundarv layer
length along z fed into the boundary layer from the mag- thickness increases with increasing flow speed r;. a result
netopause within the region IzJ < H. Finally, we define that is opposite to the case of ordinary viscous fluid me-
the boundary layer thickness h1 as the y value at which the
plasma flow speed reverses from the antisunward to the sun-
ward direction (if such a reversal occurs); the corresponding
nondimensional thickness is hl- hiVr/'-M We empha-
size that the entire boundary layer region described by the
model extends well beyond yi = hi. Other boundary layer
thicknesses of potential interest are h 2 , which is associated
with the reversal of I., and hi, which is associated with the
reversal of Ill and therefore with the transition from region
1 to region 2 currents [Iijima and Potemra, 1976a, b]. Re-
versals of V, j., and III are present for M > 1/2 and absent
for M < 1/2 (as in the analysis of Lotko et al. [1987)), and
furthermore we have h3 > h2 > hi, as shown in Figure 1. .

Among the six nondimensional parameters mentioned
above, M and v* can be viewed as the fundamental ones
from which all the others can be calculated. In Figure 2 we
show the relationship B,0 (vo, M). It is seen that for fixed
t,, the magnetic field depression in the equatorial plane at
y = 0 decreases with increasing M value. In other words,
the diamagnetic effect is weaker the weaker the coupling
of the LLBL to the ionosphere. This result is not surpris-
ing because weaker coupling means weaker currents, and Fig. 2. Nondimensional equatorial magnetic field strength at
weaker currents mean smaller deviations of the magnetic the magnetopause edge of the boundary layer, 8 0 = B.(O)/B,
field from the magnetospheric level, B:= 1. For a fixed as a function of nondimensional plasma flow speed at the mag-

v netopause edge, vo = vo/ve, and the Hartmann number M. Thevalue of B, 0 , B,0 = 0.54 say, the velocity v; = vo/v in- sixteen curves correspond to M = 0, 1,2,.... 15. The curve cor-
creases with increasing M. Again this result is expected responding to M = 0 reaches zero at vo = ir/2, whereas for
if one remembers that v is the characteristic speed in the M > 0, B;o approaches zero as v* - co.
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field, are denoted by (hI., h2,, h 3,). Because of the ...w::,-"
of field-aigned potential drops, the location y, = hi, is not
associated with any easily identifiable feature in the iono-
sphere. At y, = h2 , the ionospheric Pedersen current and.
for vanishing neutral wind (E,, = 0, which corresponds to
the case v=, = 0), the associated ionospheric electric field
reverse sign. For y, < h2,, the field-aligned current from
the morningside LLBL is deflected into a northward flowing
ionospheric current while for y, > h2, it is deflected equator-
ward and forms as part of a closed current loop, as shown
in Figure 1. The magnetic field line connecting the two
points y = h2 and y, = h2, thus serves as a separatrix for
the currents. Finally. the location y. = h,, corresponds to

the minimum in the ionospheric electric field which occurs
where the field-aligned current teverses sign. The thick-

M=IS nesses h2, = h 2 ,/A, and h;, = h3,/A, are shown in Figure 4
_ as fun :tions of t' and M. It is seen that for large A values

these thicknesses become essentially independent of i.*

4.2. Illustrative Numerical Eramples
Fig. 3. Nondimensional boundary layer thickness h = h1 /.\, Examples of velocity, density, current. and magnetic hid
determined as the Vy value at which flow velocity reverses from -o
the antisunward to the sunward direction, as a function of normal- profiles are presented in this section. The parameter v, I-
ized speed v* and Hartmann number M. The curves correspond ues used in these examples are listed in Tab!e 1. Some c.
toM = 1,2,3,..., 15. All curves extend to infirity in both vo and these values are chosen on the basis of observations. How-
h;. ever, other parameter values, such as kinematic viscosity.

field-aligned conductance, and mapping factors, are highly

chanical boundary layers. In the limit vo - 0, the thickness uncertain. For this reason, results shown in this section serve

is given by mainly as an illustration of the model. More reliable esti-
mates of the above parameters can in principle be obtained
by comparing the model results quantitatively to obsera-

h,' 2M f r - 2arctan (M - 1) 2A! + 1 (31) tions, as discussed in the next subsection.
2M+l (M + 1) 2!! - I Figure 5 shows the magnetic field configuration in the

a result that can be obtained directly from the model dis- LLBL for Hartmann number A = 0.85 and with con-
cussed by Lotko et al. [1987]. It is seen that h' - - as ductance K = 10- s mho/m 2 . mapping factor dx/dr, =

M - 1/2. This does not mean that the effective boundary 100, 6, = 0, and kinematic viscosity vo = 77/po = 105 m2/s

layer width becomes infinitely large but rather that the flow at V = 0. It is seen that field lines are bent into parabolas

reversal feature used to define h, disappears. For M < 1/2, with their vertices pointing in the flow direction. Such cur-

a better measure of the boundary layer width might be the vature is compatible with the tailward distortion of field

y* value at half-maximum flow speed. In the same limit, lines observed in the LLBL region [Eastman et al.. 1985].
v; - 0, it may be shown that As in the observations, the bending is strongest at the mag-

netopause edge of the layer and decreases as one approaches
the magnetosphere. Other factors being equal, the bending

S M 1 becomes less pronounced the larger ,he Hartmann number
(h - h) = 2M- - 2 arctan 4M 2 1 (32) and the smaller the velocity parameter vo. In Figure 5, large

values of K and vo were chosen in order to produce signif-
and that icant bending. For conditions that may be representative

of the duskside boundary layer (K = 10- 9 mho/m 2 . Vo =

___ " (M- 1) 2M + 1 10 s i m2/s, dz/dz, = 100), the field line deformation is fouid
(h;-h*) 2M-l{Ir+2arctan (M + 1) 2M - I to be small. Thus the simpler analysis of Lotko et al. [1987]

( may be applicable, at least in the noon to dusk LLBL.
(33) It may be added that for Ijz > H the field line slope at any

Numerical results obtained for vo # 0 indicate that (h2 - chosen y value remains the same as the slope at Iz, = H,
h) and (h; - h) are approximately independent of t'* and shown in the figure for that V value. However, the field
therefore can be obtained from the above formulas, as long magnitude is constant and equal to B,. for Inz > H; the
as B*0 remains substantially different from zero. Note that shear in the field is caused entirely by field-aligned currents.
the formulas (31) to (33) as well as Figure 3 refer to the Velocity and current profiles in the LLBL for different
case vL = 0. For v; 3 0, h2 and h* remain the same as for values of M are given in Figures 6 to 8. The four velocity
v:. = 0. On the other hand, h1 decreases for increasingly distributions shown in Figure 6 illustrate the presence of a
positive values of v: (i.e., for increasing sunward convection region of sunward flowing plasma on the magnetospheric sidC
at the inner edge of the LLBL). of the main boundary layer, i.e., for y > h, Such a region

The layer thicknesses in the ionosphere, corresponding to is present for M > 1/2. The magnitude of the sunward flow
(hIh 2,h3 ) and obtained by mapping along the magnetic speed increases with increasing Hartmann number, as men-
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increasing A' value. i.e., with increasing coupiv I.

sphere. The current compo-ent j.. butt notd J,. t!1 j li,-

sign reversal at y = 2 , :h is located uhstarttalv -arth-
ward of the reversal in fibsv speed, i.e.. ht2 > h I -Igure

6). The z component (if the current density inx I h,, tl.,uondarv

layer reverses sign at Vj = hi. where hi > ht . Fhl- hltribir-

tion of this currel, for various .values is slmixn II [ iure -
for one set of parameter values.

* In Figure 9a the equatorial diamagnctic fireld dnrussuon
ain the boundary layer is show as a turiction of Ii As x

* pected, the depression IS larger [he smaller thre 14 value-.
i.e., the stronger the coupling to the ioniisphete. I h, turni

ber density of the boundary la 'ier plasma in th .u-m

plane is shown in Figure 9b as a function of y tor I c '-
- where the magnectospheric plasma pressure and deusit ' are

assamed to be zero. i.'., - 3- = 0. By use of the pressuri- hal-
-.--- --ance across the layer, the plasma temperature in tire LI,31.

-.- '~~-- - can be calculated for eaca of the three examples in Fig-

- . ----- -------- -~ure 9. These temperatures are T = 1.5 x 10' *E for the

M = 0 85 case, T = 4.2 x 10' *I for the two Ml = -1.7 cases.
and T = 6.2 x 103 *K for M = 8.5. The fact that these

----------------- . . temperatures are very small is an indication that in reality
the magnetospheric density n. j4 0 so that 0, ?6 0. For

3-=1, the values are T =2.44 x 106 *K for M=0.5
* T =2.34 x 106 Of( for M =2.7, and T = 2.30xis *K for

M M 8.5.
* Field-aligned current density profiles and electric field pro-

files in the ionosphere are shown in Figure 10. As is seen
- from (11), thes;e two diagrams are related: the ficld-aligned

current is given by )11. = -E25dE,/dy. When compared to
(b) observations [Iijirna and Pote mra, 1976a], the field-aligned

- currents are much too large for K = 10-8 mho/m' but are
- nabout the right si7- for K = 10-9 nho/m 2. The field-

- aligned potential drops &ol obtainable as ,111/K, have max-
- ima uf about 600 V for K = 10-8 mho/M 2 and of 1.5-2 kV

--- --- for K = 10-9 mho/ M . The latter v'alues are in the range of
the electron energies observed in typical inverted V events

[e.g., Lin and Hoffman, 1982], but the potential drop hias the

TABLE 1. Data for mfustrrutive Numerical Examples

Fig. 4. (a) Nondimensional ionospheric boundary layer thick-
ness h2, =h 2,/,\,, where the ionospheric Pedersen current and Parameter Value
the associated ionospheric electric field reverise sign, as a function
of normalized speed vu' ant' Hartmann number M. The curves Boundary layer density no = r, protons/rn'
correspond to M =1, 2,3, 15. It is noted that for large values (Y -_ 0, Z = 0)
of Nf tis thickness is essentially independent of vo. (6) Same IHeight- integrated Pedersen Ep= 6 mho
diagram as in Figure 4a but for thickness h;, = h3,/A,, where conductivity
the field-aligned current reverses sign. Field line conductance per K =-10-7 -10-9 "ilm/rn

unit area
Kinematic viscosity at v , u 17/00 V = to5 

10s tl/

tioned earlier. It should be added that by allowing v,, $ 0 Ionospheric latitude A = 73*

the maxim~um speed of this reverse flow may be adjusted to Equatorial distance L =I1 Rp.
Equatorial height H = 10 Rjtany desired level. The se,-mnd feature apparent in Figure. 6 Mapping factor* dir/dr, = 10()

is the thickening of the boundary layer as the kinematic vwa Characteristic boundary layer v, = 442 km/s
cosity increases. However, to produce hI values of 1 he order speed
of I RE, a kinematic viscosity in excess of 1 010 m'/, would Maximum boundary layer vo = 200 kin/s
be needed, other parameters remaining unchanged. speed (y = 0)

Ionospheric magnetic field B, = 6> 1, o-t
The electric current density components 1. and ). in the Magnetospheric magnetic 8,, -2X 10-"t

boundary layer are shown in Figure 7 for the same parame- field (V - oo)
ter values as those used ;n Figure 6. The dependence of the
boundary layer thickness on the viscosity is again apparent, *Orange segment ma^,1 'iii ives dz/dr, 51 3t, which shuld
and it is seen that the currents increase in magnitude with be considered a lov.r limit
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--- -- - - of neutral winds. The resulting value of S, may vary a

.M=4i55K. IO',holm,.v'=lOrn:s] ..- . great deal depending on factors such as season and level
- of magnetospheric activity; the value in Table I may be

considered representative.
We now assume that the magnetic field ratio B 0

Bo/B- is measured simultaneously by a spacecraft travers-
ing the LLBL. We can then calculate j,/Mf = (I - B') x/2 .

and from current continuity, III = (Th/,I)(B/,fr Th,
latter quantity represents the total field-aligned current per

-'i r'magne.'ue.unit length along x fed from the magnetopause into the
* boundary layer between z = 0 and z = R. However. the

corresponding total current per unit length, III. in the iono-
sphere can also be measured by means of the total mag-
netic field deflection between y = 0 and y = h3 ,: i, =
AB,.3/MUo. The mapping factor dx,/dz can then be calcu-
lated as dx,/dz = Ii/Iii,.

-- It is now possible to calculate the characteristic boundary
-- layer velocity v, from (25), and. if the flow speed t0 in the

boundary layer adjacent to the magnetopause is measured
Rep by the spacecraft traversing the LLBL, the ratio r,* = 'o/c.

Fig. 5. Magnetic field configuration in the LLBL for M = may be formed. Since B;0 is also measured, the value of

0.85 (K = 10- 8 mho/m 2 ;n/p0 = = 10
9 m2/s;dx/dx, = the Hartmann number M can now be obtained from Figure

100;3oo = 0). The curves correspond to a range of y values from 2. Furthermore, v* and M may then be used in Figure 4
y = 0 (magnetopause edge) to y - oo (magnetosphere edge). to obtain h, = h3,/A,. Assuming that the width of the re-
The bending of the magnetic field lines is strongest at V = 0 and gion I current system, i.e., the ionospheric boundary layer
decreases as y "* 00. thickness h 3 ,, can be determined from the ionospheric mag-

netic field measurements as the y, value where the magnetic

correct sense only on the duskside where the field-aligned deflection is a maximum, we may then obtain A, and, from

current flows out of the ionosphere. Thus curves 2 and 4 in (24), the field-aligned conductance A'. The thickness h,3,

Figures 6, 7, 9, and 10, for which K = 10" mho/m 2 , may b rather than h 2, is used because, in the model, the former is

representative of conditions in the duskside boundary layer. independent of the electric field E,.¢ (which is zero in the

(Note that these figures have been drawn for the dawnside; simple calculations performed here as a result of putting

to adapt them to the duskside, one should replace y by -y = 0), whereas the latter depends on E,_, A more direct
method map be ue on the one whore the y mustand i11, by -)Il,) Such a small value of the field-aligned od may be used on the duskside where the LLBL must

conductance is compatible with the observational study of generate a broad inverted V electron precipitation struc-

auroral arcs by Lyons et at. (19791 and also with the analysis ture. The electron energies and field-aligned current densi-

of Fridman and Lemaire [1980]. The situation on the dawn-
side where the region 1 currents flow into the ionosphere is
more uncertain and will be dealt with in a separate paper.
Here, we merely note that the field-aligned conductance may
be far larger and the Hartmann number far smaller on the
dawnside than on the duskside. -".,

4.3. Thought Experiment ,

Finally, we illustrate how, in principle, one may deter-
mine some of the basic unknown parameters in the model
from r*.asurements in space during specific events. These
unknown parameters are: the height-integrated ionospheric
Pedersen conductivity Ep, the mapping factor dz,/dr, the "
field-aligned conductance K, the viscosity ql, and the bound- '11

ary layer height 11. 4- ., i , -
First, we note that the height-integrated conductivity EP

can be obtained directly from ionospheric measurements, "
from a polar orbiting satellite, of magnetic field deflections 5 . M.R K I ',.|,-". "
AB,. caused by :he field-aligned currents and of the electric
field E,,. For example, one may use the relation

AB, = const + 1.2 56EpEv (34)
Fig. 6 Boundary layer velocity proftles for four different com.
binations of K and &,0 with dr/dr, = 100 Note the increase in

derived by Smnddy et al. [1980j. Note that this formula magnitude of the sunward flow for larger Hartmann number .Af
depends on a number of assumptions, including the neglect The boundary layer thicknes h, is shown for case 2
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.. .. .. .... .. .... measurements in the ionosphere and in the corresponding
portion of the low-latitude boundary layer. Furthermore.

- ] M-" 85 K=I1ot,-: .=0 , our model assumes symmetric conditions in the northern
K=1,, ,

:
" 

.  
and southern hemispheres. whereas in reality rather large

3 M=Z- Ki- .=e'rmM- 5 asymmetries may be expected as a result of the dipole tilt
r 5 * K=:'s- and the associated difference in ionospheric onductivities

' in the two hemispheres. Thus the model needs to be gen-
eralized to incorporate such asymmetries. Other important

.- uncertainties in the model result fron our assumption that
- ' i - quantities such as d,i'dx. K. .P and the plasma pressure

at Izi = H are independent of y.
- Finally, it is emphasized that the set of comparisons with

observations described above is sufficieit to determir. th
model parameters but, except for the possibility of d-ter-

* - mining K from duskside inverted V tructures. contain, no
redundancy. Therefore it does not piovide a test of the in-

. . ... ternal consistency of the model-

5. DiscussIoN

,Re, In this paper, a viscous steady state slab model of the

low-latitude boundary layer (LLBL) has been presented in
iOi . which the magnetic field in the layer is determined from
1, M.0 RK-10 4h0',''n:,,4is, Ampre's law in a self-consistent manner. It is in this latter

respect that the model provides an improvement over the
...,51-2s K.K-n0,o, ,d0m, analyses by Sonnerup[1980] and Lotko et al. (1987] in which

a uniform field was used.
It is found that the field lines in the LLBL in general

take on a parabolic shape with the vertices pointing in the
downstream direction. This behavior is compatible with the

ihi tailward distortion of field lines observed by Eastman et al.
. 2, [1985]. The field line curvature is greatest at the magne-

topause edge of the layer; it vanishes at the magnetospheric

edge. Associated with this field deformation is a diamag-
- , : netic field depression near the equatorial plane, this effect

again being strongest at the magnetopause edge of the layer

and gradually disappearing as the magnetospheric edge is

Fig. 7. Electric current density profiles in the boundary layer -. M=2 "'K=10'mhon
for I a) j. () and (b) j,(y) for the same cases ain Figure 6. Note
that the currents increase in magnitude with increasing coupling
to the ionosphere, i.e., with increasing K value. Also note the
iicrease of the boundary layer thickness with increasing viscosity.
The boundary layer thickness h2 is shown for case 2.

ties measured in this structure will yield the conductance K
directly [Lyons et al.. 1979].

Finally, we may insert the calculated values of M, E,, K,
and dz,/dz into the definition of M, equation (21), and
thus calculate the product YIH of viscosity and boundary
layer height. Furthermore, a separate determination of H is
possible if the elevation z, of the equatorial spacecraft above
the actual symmetry plane of the model is known. From a
measured value of Bro. the magnetic field z component at
the magnetopause, we may then obtain H from the formula

B = = B_, z./ V.W (35) Fig 8 Distnbution of the z component of the current densty

in the LLBL for M = 2.7 (cae 2 in Figure 6) The eleven curv"In practice. the procedure descrb-d above may be diffi- correspond to z = 0, O. IH. 0 2H. . H The boundary layer
cult to implement because of the paicity of simultaneous thickness hA is shown.

80



PHAN ET AL.: SELF- CONSISTENT Low-LATITUDE BOUNDARY LAYER MODEL l191

-: - .~- --- -------- nondimensional diagrams (Figures 2-4) as well as in illustra-
..... 'lJtive numerical examples (Figures 5-101. 'The model (ontain)

1' ¢a number of poorly known parameters such as the boundary

" layer viscosity, the field-aligned conductance, and the rnag-
netic mapping factors from the LLBL to the ionosphere \\e

have discussed how these parameters could in principle 1-
determined by comparing the model to observations. but.
for lack of suitable data. such a determination has not been
possible. Nevertheless, for reasonable values of these paran-

. I (a) : eters, the numerical examples make it plausible that like the

. earlier analyses iv Sonnerup (19801 and Lotko 0t al [19A7.
the model is capable of describing several features of the

-. 2 Ms 7 1K=O mho/m: v,= Vm
-
is.

- 2JM=27 K=I0 mnho m: v =)u'mrn,s( -. .. .. S

-. . ~~~~~3, M.t2 7 K-fO nmho-,m =iO'M-"S) -- - ~ -
* 4) M's S IK=IOmrho/n, .vqll:

-4,
y (Re) 2.

M MM-085 tK=l04mho/Tn-'.v.=lOm:,s -?J'

- t3) M-27 K.iO ho/rn j v0=lbdlm

(4) M=8.5 (K=10fmho/m-.v --0 --n---------------

M K=. -' - -- .K - ,

(30

S',,~! M -085 K=!11 ,'n . : .'

.1: ,M=2 K=)'m ' n- '. '

y (Re) M. I K.0-h" -I"

Fig. 9. (a) Equatorial dianagnetic field depression in the
boundary layer and (6) number density in the equatorial plane
versus y for ) = 0. The curves again correspond to the cases
in Figure 6. The depression is larger for stronger coupling to the h ,
ionosphere, i.e., for smaller M values.

approached. The defect in magnetic pressure is exactly bal-
anced by the excess plasma pi tsure in the boundary layer.

We have shown that the field jj, rmation is controlled by "
two dimensionless parameters, namely M, the Hartmann ,,ae,
number defined by (21), and vo = vo/v, the ratio of flow - -"_

speed at the magnetopause to the characteristic flow speed
v,, defined by (25). The Hartmann number serves as a mea-
sure of the coupling of the boundary layer to the ionosphere,
with large M values corresponding to weak coupling. The Fig 10. (a) lonosphenc field-aligned current density profd, sti
quantity v* is an effective magnetic Reynolds number, based (b) ionospheric electric field profile for the same three -.,, w%

in Figure 6. The boundary layer thicknesses h2 , and h,, are
on the ionospheric resistivity and appropriate mapping fac- shown for case 2. Field-aligned potential drops may be ,bttined
tors. for any fixed M value, the field deformation increases as Ao n = ,I,/K. The total field-aligned current. obtained by
with increasing values of eo. as shown in Figuic 2. integrating i 1 , from 0 to -x. is -0 41 A/m for 'ase t. -11 21 A/ni

The properties of the model are presented in a set of for cases 2 and 3. and -0.08 A/m f,,r case 4
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morning and afternoon region I currents and their associ- i*(Y*) =M j&(y)AoH_1R_
ated ionospheric signatures. In particular, it appears that
the field line deformation in the duskside boundary layer ,(y)
may be relatively small, allowing the simpler straight field B*(y*) = b1 - * (y')H/M1 2)1 /2

line model of Lotko et al. [1987] to be used there. R'(y*) (d /dx,(y,))/(dx/dz,).
One possible discrepancy between the model and the ob-

servations is the predicted thickness of the boundary layer z;(y*) = E(y,)/E,.
which, for reasonable parameter values, tends to be less than 1( ° (Y") =.(y,)/A°
some of the observed thicknesses. The explanation for this is
not clear, but it may be an indication that part of the LLBL 71"(y*) = 7(y)/r1
is on open field lines at times. Any such part would be ex- H'(9") =H(y)/H

pected to display a more or less uniform plasma velocity,
i.e., a velocity that is independent of the y coordinate. Such The characteristic boundary layer velocity v_ i. ivt-n bv

plateau effects are occasionally seen in the LLBL plasma ve- 1 dx B
locity data (for example, Figure 8 of Eastman et al. [1985]). 1, = -,
In such circumstances, the present model should be applied AO Epo Zd 0 0B
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Appendix 4

MHD Stagnation-Point Flows at a Current Sheet Including Viscous
and Resistive Effects: General Two-Dimensional Solutions

T. D. PHAN and B. U. 0. SONNERUP

Thayer School of Engineering, Dartouth College, Hanover, New Hampshire 03755, USA

Exact solutions are presented of two-dimensional steady-state incompressible stagnation point

flows at a current sheet separating two colliding plasmas. They describe the process of resistive

field annihilation (zero reconnection) where the magnetic field in each plasma is strictly parallel to

the current sheet, but may have different magnitudes and direction on its two sides. The flow in the

x-y plane toward the current sheet, located at x=O, may have an arbitrary angle of incidence and an

arbitrary amount of divergence from or convergence toward the stagnation point.We find the most

general form of the solution for the plasma velocity and for the magnetic field. For the z

components of the flow and field, solutions in the form of truncating power series in y are found.

The cases obtained in this study contain the solutions obtained by Parker (1973], Sonnerup and

Priest [1975], Gratton et al.[1988], and Besser et al.[1990] as special cases. The role f viscosity

in determining the flow and field configurations is examined. When the two colliding plasmas have

the same viscosity and density, it is shown that viscous effects usually are important only in

strongly divergent or convergent viscous flows with viscous Reynolds number of the order of

unity or smaller. For astrophysical applications, the viscous Reynolds number is usually high and

the effects of viscosity on the interaction of plasmas of similar properties are small. The

formulation of the stagnation point flow problem involving plasmas of different properties is also

presented. Sample cases of such flow are shown. Finally, possible application of the results from

this study to the Earth's magnetopause is discussed briefly.
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1. INTRODUCTION

The problem of steady magnetic field annihilation in a plane current sheet has been

investigated by several authors, starting with Parker's (1973] study of a simple case in which the

magnetic field is of the form B=yBy(x) and the plasma velocity is of the form v= - k x i + k y y,

k being a constant, and in which the magnetic field vanishes at the center of the current sheet, at

x--O, and is antisymmetric, i. e., By(x)=-By(-x). In his work, Parker postulated the stagnation

point flow pattern, v= - k x I + k y Y, but did not consider the momentum equation for the

plasma. Sonnerup and Priest [1975] then showed that, with a proper choice of the pressure

distribution, Parker's solution in fact satisfies the incompressible MHID equations exactly. They

went on to develop exact solutions for three-dimensional (3D) MID stagnation point flows in

which the magnetic field lines are still straight and parallel to the current sheet, but can have

different directions. In Sonnerup and Priest's symmetric solutions, the flow is irrotational, and

consequently, assuming constant viscosity, the net viscous force per unit volume vanishes

identically. They also formulated the general 3D viscous M]HD stagnation point flow problem in

which the two opposing plasmas may have different properties, such as density , viscosity,

resistivity, and inflow speed. However, no solutions were presented. Recently, Gratton et al.

[1988, 19901 presented a new exact analytic solution (as well as certain numerical solutions) of the

2D incompressible viscous and resistive MHD equations in connection with stagnation point

flows. However, Sonnerup and Phan [1990] argued that the Gratton et al. solutions, while

mathematically correct and intrinsically interesting, do not represent flow behavior acceptable for

the symmetric (under the transformaron x=i-x) magnetic field annihilation problem. Even more

recently, Besser et al. (1990] presented a generalization of the Sonnerup and Priest 2D solution.

Their generalization consists of adding a term to the plasma stream function which allows the

construction of flow patterns with an arbitrary angle of flow incidence.
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The present paper describes what we believe to be the most general family of exact solutions

to the problem of 2D steady-state incompressible MHD stagnation point flow with field

annihilation at a plane current sheet. Resistive and viscous effects are included. These solutions

describe both symmetric and asymmetric flows toward the current sheet at arbitrary angles of

incidence and with an arbitrary amount of divergence or convergence in the incident flow. The

magnetic field lines are confined to a plane parallel to the current sheet, but are no longer required

to be straight. Because of the former property, the solutions therefore still represent magnetic

annihilation with no reconnection. It is this restriction on the magnetic field that allows one to

obtain simple exact solutions to the MHD stagnation point flow problem. The 2D solutions

presented here are far more general than those obtained previously: they include the configurations

discussed by Parker [1973], Sonnerup and Priest [1975], Gratton et al.[1988, 1990], and Besser

et al. (19901 as special cases. The 3D case will be dealt with in a separate paper.

In section 2, the formulation of the MHD stagnation point flow problem is presented. We first

find the most general functional form of the velocity and the magnetic field under the restriction that

the magnetic field have no component perpendicular to the current sheet. We then show the system

of equations, and the procedure for solving these equations for the stagnation point flow problem.

Section 3 contains analytic solutions for the flow and fields in the limits Re=*0 and Re=*-, Re

being the viscous Reynolds number. Some analytic and numerical solutions for the more general

case of finite Re are also presented. In section 4, we consider the case where the two colliding

plasmas have different density, viscosity, and conductivity. In section 5, we assess the influence

of viscosity on the flow and field distributions. Possible application of results obtained from this

study to the Earth's magnetopause is also discussed.
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2. BASIC EQUATIONS AND ASSUMPTIONS

The M equations governing the motion of an incompressible plasma are

Vv = 0 (1)

P, +p(v.Vv)=-Vp +jxB +lV 2  (2)

V-B = 0 (3)

VxB = g.oj (4)

j = a (E + vxB) (5)

VxE = -- (6)

where B, j, E, v, p and p are the magnetic field, electrical current density, electric field, and the

plasma velocity, density and pressure, respectively. Also, i is the dynamic viscosity and o is the

electrical conductivity, both of which are assumed, along with p, to be uniform in the each of the

flow regions x<O and x>O, for simplicity.

Equations (3), (4), (5) and (6) can be combined to form the induction equation

aB V2 B
+ Vx(vxB) + 0 (7)
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We now assume the flow and fields to be independent of the coordinate z, i.e., a/az=O. (The

electric potential and the plasma pressure are allowed to vary linearly with z). The magnetic field is

assumed to be confined to the yz plane, i.e., Bx = 0. To satisfy V. B = 0, the field component By

can depend only on x, whereas Bz can depend on x as well as y. In addition, the field components

can depend on time, t. Thus the total magnetic field may be written as

B = Y By(xt) + - Bz(x,y,t) (8)

It then follows from the x component of the induction equation (7) that, for By *0, the

velocity vx must be independent of the y coordinate.

To satisfy the incompressible-flow condition, V. v = 0, the most general form of solution for

the plasma velocity is

v = 2 Vx(x,t) + - [-vx'(x,t) y + g(x,t)] + 2 Vz(X,y,t) (9)

where a prime denotes partial differentiation of any function of x and t only with respect to x. The

form of the y component of the velocity given by (9) (but without time dependence) was used by

Besser et al.[ 1990] in their study of flow patterns which have arbitrary angles of flow incidence.

By use of the forms of B and v given by (8) and (9), and by cross differentiation of the x and

y components of the momentum equation (2) to eliminate the pressure, setting the coefficients of

like powers of y to zero, one obtains the following equations for vx(x,t) and g(xt):

-PVx"/at + T1 vxiV - p v x Vx"' + p vx' Vx" = 0 (10)

pag'/t - i g"' + P Vx g" - P Vx" g = 0 (11)
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Equations (10) and (11) may be integrated once to give

-pav,,/at + nlv,,"-pvv,,"+pv,, 2 = KI(t) (12)

pag/at - 71g" + pv,,g - pgvx' = K2(t) (13)

respectively. Here KI(t) and K2(t) are constants of integration which may depend on time.

Equations (10) and (12) with a/?t=0 were first given by K. Hienienz in his thesis at Gdttixgen in

1911 (see, e.g., Schlichting, [1968]) while equations (11) and (13) have been obtained by Besser

et al. [1990]. Gratton et al.[1988] pointed out that temporally varying flows and fields can be

incorporated, although~, to date, no such flows have been examined in detail.

The z component of the momentum equation, with p= pl(x,y,t) + p2(t)z, reduces to

where p,2(t) is a funrction of tim only.

The momentumn equation (2) may also be integrated to yield the pImssure distribution

p + (B 2+Bz2 )2po + p v, 2/2 - 11 vx' + Kjy2t2 + K2 Y - P2z + pO/t (f vxdx)= K(t (15)

where K3(t) is again a constant of integration.

The x component of the induction equation is identically satisfied while the y and z

components become
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-" - + vxB y + v"By = 0 (16)

at ILO

and
_B_ Ia_ B + a 2B]+Vx- -"vx'y-Bg) dy -B (17)

As mentioned already, in these equations a prime denotes partial differentiation with respect to the

coordinate x.

The equations (10), (11), (14), (15), and (17) constitute a set of coupled equations with

unknowns vx(xt), g(x,t), vz(x,y,t), By(x,t), Bz(x,yt), and p(x,y,t). In the remainder of this

paper, we consider only time independent flow, i.e., the time derivatives in equations (10) to (17)

are dropped, and the quantities K I, K2, K3 and P2 are taken to be constants independent of time.

The procedure for solving the set of equations is then as follows: Equation (10) is not coupled to

the other equations and may be solved for vx(x) first. Solutions of g(x) and By(x) are subsequently

obtained from equations (11) and (16). The coupled partial differential equations describing vz(x,y)

and B,(x,y) can then be solved as discussed in section 3.2. Finally, the plasma pressure p is

obtained by use of equation (14), with K I and K2 given by expressions (12) and (13).

In the next two sections, we shall obtain families of solutions of equations (10) to (17) for the

problem of MHD stagnation point flow at a current sheet. For this purpose, it is convenient to

render equations (10) to (17) nondimensional by introducing the following dimensionless

variables:

X* XAL.

y*= /L

Z* =/L
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vX* = V x/vAO

Vz* = Vz/VAO

g* = g/vA0

By* = By/BO

Bz* = Bz/B 0

p* = p/(B02/210)

P2* = P2/(Bo2 /2oL)
P* = P/Po

1* = rAO

O* = WOO0

K I* = KI/(poVA02/L 2)

K2* = K2/(poVA0 2/L)

K3* = K3/(B0
2i2p0 )

In these expressions, L, B0 , Po, Tlo 00, and vA0 = Bo(9 0 P0 )l/2 are the characteristic length,

magnetic field, plasma density, dynamic viscosity, electrical conductivity, and Alfvdn speed,

respectively. In section 3, where we solve for flow and field profiles, 'upsua=' conditions for v

and B are imposed along the x=±+L boundary, i.e., at x*=+.

Equations (10) to (17) may be written in terms of the above dimensionless variables as

(1*/Re)vx*iV - p*Vx* Vx*'" + P*Vx*' Vx*" = 0 (10*)

(l*/Re)g*' - p*vx* g*" + P*vx*" g* = 0 (01*)

(fl*/Re)vx*' - P*vx*vx*" + p*vx*' 2 = Kj* (12")
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- (T*/Re)g*" + P*vx*g*, -p*g*vx*' = K2*(13

.* Ov * pOV *  Y~ *P*]* (aZVz* + z----* p*vx* L+p(V*'y*-g- +- 0 (14.1

Re a*2 y*2 gx* a By ay* 2

p* + By 2 + Bz* 2 + p*vx* 2 - (2r1l*/Re,vx*' + Kl*y* 2 + 2K 2 *y* - p2 *z* = K3* 15*

(o*Rm)*lBy" - Vx* By*. -Vx ' By = 0

1 a* Bz*- + ayB.( V2, a-*+ (vx'y, - g*) a--+By* - = 0 (17*)

a*Rmn~ .2 *2 ax-v

where Re= VAoLP0/TtO and Rm--VAoLgoo are the viscous and magnetic Reynold' numbers,

respectively, based on the reference density, viscosity, conductivity, and Alfvdn speed. A prime

now denotes differentiation with respect to x*.

3. SOLUTIONS

In this section, the two colliding plasmas are assumed to have the same density p, viscosity T1,

and electrical conductivity a. In this case, we set p*, 7*, and o* to one in equations (10*) to

(17*). The section contains two parts. In part 1, exact analytic solutions for v,*(x*), g*(x*) and

BY* x*) are first obtained for the limiting cases of Re=*O and Re=,-, and for various inflow

boundary conditions. Analytic and numerical solutions for the finite Re case will then be presented.

Differences between these solutions will be discussed. In part 2, solutions for vz*(x*\y*) and
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Bz*(X*,y*) in the form of power series in y* are assumed, as a result of which, the partial

differential equations (14*) and (17*) become a set of ordinary differential equations. It is shown

that this set can be truncated at any desired power of y*. Two simple examples are given to

illustrate the procedure for obtaining solutions of vz* and Bz*.

3.1. Solutions for vx*(x*), g*(x*), and B7*(x*)

The general expression for By* in term of vx* may be found by integrating equation (16*), the

result being

By*(x*) = By*(O) I(x*) + By*'(O) I(x*) f I'(t) dt (18)

where I(4)= ex Rmf vx*(s)ds)

In what follows, we first present the solutions for vx*, g*, and By* for the limiting cases of

Re=*O and Re¢cm. We then go on to obtain sample numerical solutions for chosen finite values of

Re.

1. In this limit, equations (100) and (11*) reduce to

Vx*iV 0

and

g*'"= 0

with general solutions
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Vx* = alx*3 + blx*2 + clx* + d1

g* = a2x*2 + b2x* + C2

here a1, a2 , b1, b2 , c1 , c2 , and d1 are constant coefficients determined by inflow boundary

conditions. Many symmetric and asymmetric flow patterns can be generated by varying the seven

coefficients. For flows patterns that are symmetric about the x*--O plane, the corresponding

solutions are

Vx* = {[MA+vx*'(l)]x* 3 - [3MA+vx*'(l)lx*)/2 (19)

and

g* = g*(.l) x2

here MA is the AIfven Mach number at x*=+l. With g*O, the quantity vx*'(l) fixes the angle of

plasma inflow at x*=y*=+l. Flow toward the stagnation point, located at x*=y*=0, is referred to

as divergent (convergent) if vx*'Ll) is less (greater) than zero. If vx*'l)<-3MA, there are three

stagnation points located along the x* axis at x* 1 =0 and at

X*2,3=±+[3MA+Vx*'L±l)]/MA+Vx*'(.l)1. In this case, the velocity v,* in the region x* 2 >x*>x* 3

is in a sense opposite to that of the inflow at greater 1x*1 values. As will be shown later, this

behavior occurs only at low values of Re and then only when the inflow is greatly divergent.

Figure la and figure 2 show the v,* profiles and the streamlines, respectively, for values of

vx*'(.t) ranging from 4MA to +3MA, with MA=l, to illustrate the flow patterns just described. It

should be noted that when vx*'(+.1)=-MA, expression (19) reduces to vx*= -MA x*, which is the

standard stagnation-point flow utilized by Parker [1973] and by Sonnerup and Priest [1975]. In the
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standard stagnation-point flow solution, the plasma flow is irrotational. This is no longer the case

when vx*'(+1)*-MA.

An example of the construction of flow patterns which are asymmetric about x*=O is shown in

Figure 3 for the entire range of the viscous Reynolds number. These flows satisfy the following

boundary conditions:

At| x*= - 1: Vx*(-1)= MA

Vx*'(- 1)= 0

(20)

At x*= +1: vx*(+l)= -7tMA/2

VX*"(+l)= 0

This set of boundary conditions corresponds to the situation where the plasma flow incident

on the current sheet, from the left boundary, is at right angle to that boundary (at x*=-l), whereas

the plasma flow incident from the right boundary is irrotational at x*=+1. The amount of vorticity

in the flow region therefore varies with position, but is asymmetric about x*=O. In the limit Re=O,

the solution of (10*) which satisfies the above boundary conditions is found to be

VX*= MA [(x+2Xx* 3-3x*2-9x * ) + (22-Sx)]/32 (21)

The curves in Fig. 3a and 3b which correspond to (21), with MA=I, are labeled by "crosses".

The corresponding flow pattern is shown in Figure 3c. Flow patterns for other values of Re are

discussed in sections 3. lb and 3. 1c.
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A nonzero function g*(x*) introduces asymmetry in the flow pattern. The a2 term causes

asymmetry between the regions y*>O and y*<O, while the b2 term produces asymmetry between

the regions x*>0 and x*<0. This case is discussed further in section 3.1c.

We turn now to a discussion of the magnetic field By. Figure 4a shows the odd solutions of

By* as a function of x*, corresponding to the Vx* distributions shown in Fig. Ia, for Rm=10. The

magnetic pile-up effect is observed for all cases, the effect being more important for divergent

flow. For convergent flow, the magnetic field first decreases before piling up as the plasmas move

toward and into the current sheet, centered at x*=O.

In Figure 5a, the even solutions of By* as a function of x* are shown for the same cases as in

Fig. 1. It is noted that for vx*'<-3MA, i.e., when flow reversal in vx* is present, the magnetic

field exhibits extrema at x**0.These extrema occur at locations where the reverse flow is a

maximum. This behavior can easily be understood by examining the z component of the Ohm's

law. As will be shown presently, these extrema disappear at high Re values.

3.1.b Re o In this limit, equations (10*) and (11*) reduce to

*X v X 00 - v 2 '* v, *H =O0

v * g*" - vx*. g* = 0

These equations can be integrated to give either

Vx* = A1 x* + B,

or

Vx* = A, sin a5x* + B1 cos a5x*

or
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Vx* = Aisinh a5x* + B1 cosh a5x*

i'nd

g* = vx* A2 + B2  (Vx*) "2 dx*

where A1, B 1, A2 , B2 and a5 are constants of integration.

For flows that are anti-symmetric about x*=O, so that vx*(-x*)=-vx*(x*), the form of the

solution then depends on the value of vx*'(.1) in the following way:

For vx*'(21) = -MA:

vx = -MA X*

g* = a3 x* + b 3

For vx*('l) <-MA:

Vx* = a4 sin(a5 x*) (22)

g* = a6 sin(a5x*) + b4 cos(a 5x*)

For vx*'Ll) > -MA:

Vx* = a7 sinh(asx*) (23)

g* = a9 sinh(aSx*) + b5 cosh(agx*)

where the a's and b's are constants determined by the specific values of v,*'(x*) at x*=±+l. Note

that the standard stagnation-point flow solution for vx* again appears for Vx*'l)--MA. Unlike

the Re=O case, for Re:=*o the only stagnation point within -l<x*<l is that located at the origin.

Figure lb shows Vx* profiles for the same boundary condition as that used in Figure Ia. Finally, it
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is noted that, as a5 and a8 approach zero, expressions (22) and (23) approach the standard

stagnation-point flow.

In the limit Re=*-, the solution of (10*) which satisfies the asymmetric boundary conditions

(20) is given by

x*<0: vX*= MA sin(ix*/2) k24)

x'L>0: vx*= -NMAx*/2

The curves corresponding to (24), with MA=l, are labeled by "diamonds" in Figures 3a and

3b. The flow pattern is shown in Figure 3d.

Figures 4b and 5b show the odd and even solutions for By* as a function of x* for Re=*-.

The qualitative features seen in the Re=*O case are still present here, with the exception that only

one extremum, which always occurs at x*=O, is observed in the even solution. This is because no

flow reversal of the type shown in Figure 2d can occur for Re=*-.

&Finite Re

For finite Re, equations (10*) and (1 I*) can be integrated numerically to obtain solutions for

vx*(x) and g*(x), subject to specific boundary conditions. Examples of velocity and magnetic field

profiles are shown in Figures ic, Id, 4c, 4d, 5c, and 5d. An examination of Figure 1 shows that

the velocity profiles, vx*(x*), for Re=100 and Re =* - are nearly indistinguishable. Thus for

flows with large viscous Reynolds number, the influence of viscosity is very small.

As mentioned already, the standard stagnation point flow, vx*= -MA x*, is the solution of

(10*) that satisfies the particular boundary condition of vx*'(.l)=-MA, and has a flow pattern that

is symmetric about x*=0. For this flow, which is irrotational, the net viscous force per unit volume

vanishes identically. Regardless of the value of Re, viscosity therefore has no effects on the
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velocity profile, vx*(x*). The viscous force is nonzero in symmetric flows for boundary condition

vx*'L1):-MA. However, it is noted that the velocity distributions, vx*(x*), corresponding to the

boundary condition vx*'(-l)=O differ from each other by no more than 0.02 MA in the entire range

of values of the viscous Reynolds number. Thus the distribution of the x component of the velocity

in this case is determined almost entirely by the boundary conditions, me influence of viscosity

being very small. For flows toward the current sheet which have large amount of divergence from,

or convergence toward the stagnation point, the behavior at low Re differs substantially from that

at high Re, as can be seen is Figure 1.

The numerical solutions of (10*) for Re=l and 100 which satisfy the asymmetric boundary

condition (20) are labeled by "squares" and "circles", respectively, in Figures 3a and 3b. It is noted

that the velocity profiles, vx*(x*), for Re=f00 and Re=*o are almost identical. This again

indicates that, even in flows which are asymmetric about x*dO, the flow patterns at high Re values

are determined almost entirely by the boundary conditions and not by the viscosity.

With the standard stagnation point solution, vx*= MA x*, the general expression for g*(x) is

found to be

g*x) =c, [hrQ x* erf( x*+ Qxe2 +C2 X* +C3 (25)

where Q = ReMA/2. An expression equivalent to equation (23) was given by Besser et a.[ 19901 in

terms of the Kummer function. For other more general vx* solutions, equation (I I*) is still a linear

equation for g*; it can be integrated once to give

Re-lg*" - vx*g*' + vx*'g* = constant
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but further integration is most conveniently done numerically. Examples are shown in Figure 6 for

Re-10 6 and Rm-10, with the flow, vx*, satisfying the boundary condition v,*'(±l)=O. These

flow patterns are similar to, but somewhat more complex than those obtained by Besser et al.

(19901.

To investigate the influence of the viscosity on g*(x*), we examine the solution for g*(x*)

given by (25). The odd solution for g*, i.e., the term c2x*, is formally independent of the

viscosity. The non-constant part of the even solution for g*, i.e., the term proportional to c I, on

the other hand, is a function of the viscous Reynolds number. It is noted that this term is

approximately quadratic in x* near x*=0, while at large Ix*I it is proportional to Ix*l. The distance

away from x*=0 where the c1 term starts to behave essentially as 1x*1 is of the order of (ReMA)- In

Thus for flows with large viscous Reynolds number, the even solution for g*(x*) can be

approximated by g*(x*)- alx*)+3 over most of the flow region, a and 0 being constants which

depend on boundary conditions, but not on the viscosity. Thus, for large Re the effects of

viscosity on g* are limited to a thin layer at x*=0.

Since it is the magnetic Reynolds number, Rm, and the velocity distribution, vx*(x*), but not

g*(x*), that determine the magnetic field By*, via the induction law, the magnetic field profiles,

By*, are also nearly independent of viscosity, except in strongly divergent or convergent flows

with viscous Reynolds number of the order of unity or smaller. On the other hand, as will be

shown in section 3.2, the z component of the magnetic field, Bz*, may depend on g*(x*). Thus in

flows where the characteristic resistive length is comparable to or smaller than the characteristic

viscous length, the influence of the viscosity on the Bz* distribution may be important in flows

which are asymmetic about y*=O.

An asymmetric exact solution of equation (10) in the form vx=Uo(1-exp(±pUox/M)), was

found by Granton et al.(19881; comments on the relevance of this solution and on the importance of

viscosity can be found in Sonnerup and Phan (19901 and in Gratton et al [19901.
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3.2 Solutions for Vz*(X*,Y*) and Bz*(x*,y*)

We look for solutions of equations (14*) and (17*) of the form

V= vn(x*) y*fn (26)
n=O

and

Bz* - X Bn(x*) y*n (27)
n=O

where n is an integer. Substituting these expressions into equations (14*) and (17*), and equating

coefficients of like powers of y*, we obtain the following coupled ordinary differential equations

Re-V n"-vx *Vn'+nvx*'Vn= -(n+ I)BY*Bn+,+(n+ l)g*vn -(n+ l)(n+2)vn+2+6 0p2*/2 (28)

Rm- IBn,"Vx *Bn,+nvx*'Bn= -(n+ I )By*vn+1 +(n+ I )g*Bn+, -(n+ 1 )(n+2)Bn+2  (29)

where 8nO=1 for n=O and &.=O for all other n values.

In practice, this form of solution is useful only if the series can be mncated to a finite number

of terms. Examination of equations (28) and (29) shows that the inhomogeneous parts of the

equations, which are collected on their right-hand sides, involve only terms of higher order. The

series (26) and (27) cm therefore be truncated at will.

To lowest order where Vz*(X*)--v0(x*), and Bz*(x*)=Bo(x*), equations (28) and (29) reduce

to

(I/Re)v 0 " - vx* v0 ' = p2/2
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(I/Rm)B 0" - vx* Bo' =0

with solutions

vo(x*) = v0(0) + ds k1 H(s) + p2 Re H(s) H(t) dt (30)

and

Bo(x*) = BO(0) + k2 J dt I(t) (31)

where H(t) =ex ReJ vx*(s)ds

I(4) =ex Rmfkv*(s)ds

and k1 and k2 are constants of integration.

Expression (30), with velocity profile Vx*=-MA x* and p2*-- was given by Besser et

al.[1990]. Expression (31), with the same veiucity profile. was first given by Sonnerup and Priest

[1975]. Figure 7 shows the odd solutions of B0 (or v0 with p2*=0) as a function of x*,

corresponding to the various v,* distributions shown in Fig. 1.

If, in addition, we allow B(x*) to be nonzero, i.e., Bz*=B 0(x*)+yB,(x*), then equations

(28) and (29) produce 3 coupled differential equations for v0, B0, and B1 :

Re'Iv0 " - vx* v0' = - By* Bl+p 2 */2 (32)

Rm - 1 B0 " - vx* B0 = g* B1  (33)
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Rm - 1 BI" - vx* B I + vx*' B1 = 0 34)

For vx*=-MA x*, the solution of (34) is given by

B1 =ci [-RW x* erf ( x*)+X* (35)

Equations (32) and (33) can subsequently be integrated to yield

Vo - c 3 erf (i'Q x*) + C4 - Re Jds) dt J(t) B*B (36)

f Js dt RtgB1 2(36)

B0 =c5 erf (iW x*) + c6 + Rm R(s) dtR(t)g*B (37)

where W=RmMA/2, Q=ReMA/2, R(4)=exp(W 42), and J(4)=exp(Q 42). In section 5, equations

(35) to (37) are used to model plasma flow with field annihilation along the flank magnetopause.

4. DISCONTINUITY IN DENSITY, VISCOSITY, AND CONDUCTIVITY

Thus far we have described stagnation point flow in which the colliding plasmas have the

same density, viscosity, and electrical conductivity. In a situation where the two plasmas have

different properties, solutions for the plasma flow and electromagnetic field in the two media have

to be properly matched at the interface separating them. The interface conditions are that the

velocity, the tangential electromagnetic field components, and the shear stresses as well as the

normal stresses be continuous. Choosing the plane x*=O to coincide with the interface, the
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continuity requirement for the three components of the velocity lead to the following conditions at

the interface:

vx*l(0) = vx*U(o+) = 0 (38)

dvxI 40. = vH1(9d*( 0 ) ; 0+) = vx*'(O) (39)
dx* 'kx

g*I(0") = g*H1(0+) = g*(O)

vz*1(0-,y*) = Vz*Iu(O+,y*) -vz*(O,y* )

where the superscripts I and II denote the plasmas occupying the regions x<O and x>O,

respectively. The continuity requirements for the tangential components of the electromagnetic field

result in the conditions:

By*I(O-) = By*n(0+) a By*(O) (40)

Bz*1(0,y*) = Bz*n(0+,y *) z Bz*(O,y*) (41)

dx* dB 

d y = ...L_ dBzn \O , y)
addx* C* dx*

The balance of shear stresses at the interface leads to

105



r* 1 d2VX* 0 -) = r i*n0+)
dxzx,

g*I -: () u 0 +)

dx* dx*
*.1 -) *1d1 - )

Finally, the normal stress must be the same on both sides of the interface which leads to

p*Ia(0+,y*,z*) - p*I(0-,y*,z*) = 4 (11' -,*I) Vx*(0) / Re (42)

where conditions (39), (40), and (41) have been used. The last condition indicates that the plasma

pressure will usually be discontinuous across the interface if iV*lM'*11. This pressure discontinuity

is balanced by a discontinuity in the viscous normal stress.

By use of expression (15) and the matching conditions (38) - (4), the left-hand side of (42)

may be evaluated to give

p*Ii(0+,y*,z*)-p*(0" ,y*,z*)=2("'*'i*')vx*'(0)/Re-y*2(]Kl*l-Kl*I)-2y*(K 2*I-K 2*I)

+z*(p 2 *fl-p2*l)+K 3*II-K 3*l (43)

Since the right-hand side of equation (42) is independent of y* and z*, the coefficients of y*. y,2,

and z* in (43) are required to vanish identically. This leads to 3 additional matching conditions,

namely
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K1*I = KI *H (44)

K2* -- K2*1I

P2*I = P2*I

The relation between the K3* values in the two plasmas is found by substituting (43) into (42). the

result being

K3,I = K3*1, + 2(11*il*U)vx'(0)/Re

In what follows, we show two examples of the interaction between plasmas of different

properties. For simplicity, we shall restrict the discussion to the situation where the two incident

plasma flows are in'otational, i.e.,

vx*I() =* - x*

Vx*11(+-,) =* -' x*

where ,L and -JI are positive constants. The matching condition (44) then leads to

P*1 (-e)2 = p*11 (-P)l (45)

In the first example, the two colliding plasmas have the same dynamic viscosity and electrical

conductivity, but their densities are different from each other. Figures 8 shows the x and y

components of the velocity, together with the y component of the magnetic field for Re= 1, 10, and

100, and Rm=l, based on the properties of plasma I. The density, dynamic viscosity, and

electrical conductivity ratios of the two plasmas are p*1I/p*=10, T*'/11, and c*11/c*1=l,
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respectively. From equation (45) it can then be deduced that -I/M =( 10)- 1/2. It should be noted that

a viscous layer appears near the interface, located at x*--O. The nondimensional width of the

boundary layer is of the order of the viscous length kv*=Xv/L=(rl*/p*y*Re)l/ 2 , as expected.

Inside this layer, a smooth joining occurs of the asymptotic inviscid solutions, namely vx*l(x*) =

y, x* for x*<O and vx*lI(x*) = YU x* for x*>O. An examination of the magnetic field profile,

By*(X*), shows that extrema in the profiles occur a, distance comparable to the resistive length

X* r=XyL=(o*r*Rm)-I/ 2. Finally, as expected, the magnetic field profiles are less sensitive to the

viscosity at large viscous Reynolds number.

In the second example, in addition to the discontinuity in density across the interface, the

dynamic viscosity and the electrical conductivity are now also discontinuous. Figure 9 shows the

velocity and magnetic profiles for Re=Rm=l, based on the properties of plasma I. The density,

dynamic viscosity, and electrical conductivity ratios of the two plasma are p*I,/p*I= 10,

i*IlI/T*I=0.0l, and a*1i/d*I=0.1, respectively. In this case, the viscous normal stress, the plasma

pressure, and the z component of the electrical current are discontinuous across the interface, as

can be seen from the abrupt change in slopes at x*=O of the vy*(X*,y*)/y* and By*(x*) curves.

In this section, we have only discussed situations where the two incident plasmas are

irrotational. But it should be expected, from the discussion in section 3, that, except in strongly

divergent or convergent flows with low viscous Reynolds number, the effect of viscosity is

confined to a narrow boundary layer.
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S. DISCUSSION AND CONCLUSION

In sections 2 and 3 of this paper, we have presented exact solutions of two-dimensional

steady-state stagnation point flows at a current sheet. The physical process described consists of

magnetic annihilation without reconnection. Resistive and viscous effects are included in the

analysis. The effects of resistivity on the flow and field have been discussed extensively by others

(see for example Sonnerup and Priest [ 1975] and Gratton et al.[ 1988]) and need not be explored

further here. On the other hand, in our view, the role of viscosity in determining the flow and field

configurations is less clear. It has been argued that a defect of the types of flow discussed by

Sonnerup and Priest [1975] is the fact that the viscous forces are zero in those flows [Gratton et

al., 1988; 1990; Besser et al.,1990]. These authors suggest that viscous effects are important in

stagnation point flows having nonzero vorticity, even in astrophysical applications where the

viscous Reynolds number, Re, is usually high. In this paper, we have examined flow with

nonzero vorticity incident on the current sheet at an arbitrary angle and having an arbitrary amount

of divergence or convergence. We have explored the behavior of these flows in the entire range of

Reynolds numbers. When the two colliding plasmas have the same density and viscosity, it is

found that the viscous effects are important only in strongly divergent and strongly convergent

flows with viscous Reynolds number of the order of one or smaller. We have also examined the

situation where the two colliding plasmas have different density, viscosity and conductivity. It is

found that the viscous effects are important only in a boundary layer, in the vicinity of the

interface, of width comparable to the viscous length. For many astrophysical applications, the

viscous Reynolds number is high and the effect of viscosity is therefore confined to a narrow

layer.
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As a second point of discussion, we note that solutions for vz* and Bz* of the form shown in

section 3.2 may be used to model the dawn and dusk portions of the Earth's magnetopause where

magnetic field annihilation (or reconnection at a very low rate) may take place in combination with

a strong external magnetosheath flow component at right angle to the magnetic field. A schematic

drawing of the dawn magnetopause is shown in Figure 10. In this figure, the correspondence is

shown between the (x,y,z) coordinate system used in this paper and the standard geocertric solar

magnetospheric (XGSM, YGSM, ZGSM) system, commonly used to discuss magnetospheric

configurations and phenomena. We have used solutions of the form (35), (36) and (37) to describe

the flow and magnetic field in a situation where the x component (the YGSM component) of the

electric current becomes large as x*-.o and vanishes as x=*4+-. The region x<O corresponds to

the magnetosheath and the region x>O to the magnetosphere. In the former region, the main

component of the current is along x with a smaller component along y; in the later, the current is

gradually deflected to become more or less magnetic-field aligned. Both jx and jy vanish deep in the

magnetosphere. This behavior of the current is shown schematically in Fig. 10 along with the

bending of the magnetic field lines into parabolas with vertices facing downstream in the

magnetosphere and upstream in the magnetosheath, bending that results from the presence of the

current component jx. On the magnetospheric side, the parabolas become increasingly obtuse, i.e.,

the field lines become increasingly suiight, with increasing distance from the magnepause; on the

magnetosheath side they become increasingly acute. We note that the field-aligned cmrents on the

magnetospheric side have been chosen to have the sense of the observed so-called Region I

currents.

Figure 1 la shows velocity profiles for the flow along the negative z axis (the -XGSM axis) for

different values of the pressure gradient, p*Mz*=p2*, along the magnetopause. It is seen that a

pressure drop in the flow direction (p2"O>) generates a minimum in the velocity profile on the

magnetosheath side of the current sheet, whereas a pressure rise in the flow direction generates a
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region of reversed (sunward) flow on the magnetosphere side. The z component of the magnetic

field, divided by y, is shown in Fig. 1 lb and the main field component, By. is shown in Fig. 11 c

as a function of x. The By component reverses sign across the magnetopause, corresponding to

southward magnetic field in the magnetosheath. Finally, Fig. lId shows the "field-aligned" current

jy, divided by y, as a function of x. This current component approaches a constant value deep in

the magnetosheath and approaches zero deep in the magnetosphere.

It should not be inferred from the previous discussion that we believe our MHD solutions with

flow along z to be directly applicable to the Earth's magnetopause. This is not the case: we realizt

that the incompressible MHD model is not capable of describing many important effects in the flow

of the plasma along the magnetopause. However, the model calculations may nevertheless have

merit as illustrations of the kind of flow and field configurations that might arise.

Finally, we note that many of the results presented in this paper can be generalized to three-

dimensional flows of the type considered by Sonnerup and Priest [1975] in which a flow

component, vz, along the z axis is included which is proportional to z. The most general version of

these flows and their associated magnetic fields will be discussed in a separate paper.
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Fig. 1. Distributions of the x component of the velocity for MAL+.')=', vx*±l)= 3O,-l- 3 , and
-4, and for (a) Re=*O, (b) Re=ss., (c) Re-i, (d) Re-1OO. Note the flow revers,-'s 'xlc v,1 ',)
<-3 in the low Re cases (parts aand c). Only half of the symmetric flow region is shown.
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-'x* x. -

(C) (d)

X* 1 -

Fig. 2. Streamlines in the x-y plane for symmetric flows in the vicinity of the stagnation point, for
the limiting case of Re=:O, and for (a) v,*(±1)=3, (b) vx*'(±)-O, (c) v,*(±)=-1 . and (d)
Vx*UL)=-4. Flow reversal occurs when vx*'(l)<-3. (see fig. 2d)
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Fig. 4. Odd solutions of the magnetic field B*vs x* for Rm= 10, and for the same cases as in fig.
1.- Note that the magnetic pile-up effect is more important for divergent flows.
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Fig. 11. Plasma flow and magnetic field distributions at the dawn-side magnetopause for

Re=Rm=100. (a) Velocity profiles for the flow along the -z axis (the -XGSM axis) for pressure

gradient p2*= -0.02, 0, and +0.02, (b) current Jx* or Bz*/y* profile, (c) main field By* profile,

and (d) current jy* profile.
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Appendix 5

STEADY MAGNETIC FIELD RECONNECTION

B. U. 0. Sonnerup J. Ip, and T.-D. Phan

Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire

Abstract. A brief overview is presented of steady two condition in a small volume, called the diffusion rtknon.
dimensional magnetic field reconnection, with emphasis around the null point. The result of the relinking i ,hal
on recent developments. First. comments are made on reconnected magnetic field lines and plasmia 4leinrir
difficulties in arriving at a satisfactory rigorous definition different origin (cells #1 and 2, leave together at a l:ph
of the reconnection phenomenon which retains the tra- speed 12 = Eo/B 2 in magnetic cells #3 and 4. The -l-,'l
ditional topological aspects of the magnetic field as an v2 is large because the magnetic field B 2 is weak. In 'h:-
integral part. Analytical models of magnetic field annihi- sense, reconnection may be thought of as a process rhat
lation and magnetic field reconnection are then reviewed converts, on a continuous or intermittent basis, the hicih
with emphasis on the description of flux pile up as well as magnetic energy and low plasma kinetic energy in cells # 1
on the structure of exit jets and of vortex layers forming and 2 to a state of low magnetic energy and high plasma
at magnetic separatrices. In particular, a new exact an- kinetic energy in cells #3 and 4. In addition, realistic
alytic incompressible MHD solution, illustrating flux pile treatments of the process indicate that the thermal energy
up in the inflow, is presented. A brief discussion is then of the plasma is also increased as it enters the exit flow
given of numerical simulation results. Finally, comments cells #3 and 4. The pairwise symmetry of cells #1 and 2
are made on the importance of two-fluid effects in the im- and #3 and 4 in the figure is not required and the process
mediate vicinity of the reconnection site, in the so-called may operate also in the presence of a "guide" magnetic
diffusion region. field, B11, perpendicular to the plane of the figure.

1. Introduction As indicated in Figure 1, an analogy exists between re-
connection and some of the interactions between solar andThe classical concept of magnetic field reconnection in magnetospheric physicists sought at the present meeting.

a highly conducting plasma is illustrated in Figure by The reconnection electric field that drives the two research
Plasma elements in magnetic cell #, linked together by communities together at Bermuda is provided by confer-
a strong magnetic field. B1 , move slowly to the right with ec raiesER retadCTRseli h oa

sped v = OI~. A th sae tmeplama lemntsin ence organizers E.R. Priest and C.T. Russell in the solarspeed t l = Eo/B. At the same time, plasma elements i and the magnetospheric cells, #I and 2 respectively, while
magnetic cell #2, linked together by a strong but oppo- the reconnection process itself is brought about by certain
sitely directed field, Bl, move slowly to the left, again with activities of the third conference organizer. L.C. Lee, in
speed v, = Eo/Bl. The motion occurs as a result of the the diffusion region (Hamilton). We know that merely
reconnection electric field. E0 , directed out of the plane pushing the two research communities together does not
of the paper, and the speed of motion is small because guarantee that strong interaction and relinking will occur.
B1 is large (in a 2D steady state, EO is the same every- The same holds true for differently magnetized plasma re-
where, as a consequence of Faraday's law). An encounter gins: magnetic reconnection between them often occurs

and subsequent relinking of pairs of oppositely directed only reluctantly and at low rates although in special cir-
magnetic field lines and the plasma located on them oc- cumstances, poorly understood at present. the process is
curs at the X-type magnetic null point at the center of the thought to proceed rapidly, even explosively
figure. The relinking is made possible by finite electrical Magnetic reconnection is expected to play an important
resistivity, which serves to break the frozen magnetic-field role in flux rope physics. As illustrated in Figure 2, it can

be responsible for: (a) the generation of flux ropes via
Geophysical Mnograph 58 the tearing instability in the presence of a guide magnetic
Copyright 1990 by the field. B11, along the current; (b) the coalescence of flux
American Geophysical "Inion ropes via the coalescence instability; (c) the relinking and

The U.S. Government is authorized to reproduce and sell this report.

Permission for further reproduction by others must be obtained from 63
the copyright owner.
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64 STEADY MAGNETIC FIELD RECONNECTION
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Fig. Schematic drawing showing basic aspects of the
magnetic field reconnection process.

unlinking of flux ropes: and (d ithe restructuring of a flux
r'";w via the internal kink mode. (C)

In thi-s paper. a brief discussion is pres;ented of certain
a.~pecrs of steady or quasi-steady reconnection: dynamic

are dealt with in the review by Schindler and Otto
99his conference : t urbulent aspects are discussed by

Lv ak an~d Song '1989: this conference>. The paper is or-
eamii/.': ;,- f. iiowl WNt first conmnent briefly on the def-

iiitin of ii' *tnioti. an area whie rertain important I '

ileeLliint- av ocuredrecnty.We then summarize :~l

'hLi :au, rop~erties of existing 2D analy-ticalimodels of re-
ii m 1ecIon nluding a recent unification of those models

provt-,iedl tiv Priest and Forbes .1986 Numerical simu- *

,atioi. are then examined which have brought to light()
1.1 art. unexpected features of the reconnec-

tlI. 1ir'iit-. among them the formation of vortex layers Fig. 2. Role of reconnec-tion in flux rope physics ( a Fluix
at mimr eparatrices. Finally, we comment briefly on ropes generated by tearing instability in the presence of a
t he p,- *%-:rai processes in the diffusion region which may guide field. B11. i b) coale'cence of flux ropes after Pritch-

aliw eonn~ection to occur even in a collisionless plasma. ett and Wu. 19791: cr, relinking and unlinking of flux
Tl: i-im~e of the paper has substantial similarities to ropes; (d) rearrangement o)f internal flux rope structure

ttai ,f~cn review article on steady state reconnec- by the internal kink instability Ifrom Park et al . 1984'
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S(.NNERT"P E .L

ti u,',': ie .1,)SS: hereafter referred to as Paper I For 2 I

th,,,t e-li. "Ii pre.-ent account is brief and from rime to

tit,v ;, :ea ir ,'il ',. referred to the earlier artoije foir .

1 Definition - --'-- , ,

., ,,f li, - foriial definitions ,f reconnect a - --.
pi:, i,,i ,, V;Iylimi a, '197.5 who stared that 'naiz,.:, "----.... ' -
ti,',:Ii ,c. or reoC iiection. is the process wh,:,I ..-

0p~),-i~I d,,wv cross a turface that separates regions ,,n- - . '< • - .
aullm, ,,, i, ,icali different magnetic field kine- Tie

i 4 a . f th, plasmna flow is a measure of the ier- -------...

i. :;it,. The separating surface referred to in th,' ef- -

mui i- ii alled a separatrix: the field lines formiii ri nhe-
X :n Future I delineate two such surfaces orthogonal to .

th, plai' ,f he figure. Later, the working grolop iI
jt,',, f.,t ,o ajt tie Coolfont Workshop 'Butler ai ii Pa- 6. .

patopolos. .984] agreed on a slightly different. hut for .20o c

pr;,tical purposes equivalent definition: 'magnetic field
recnnection occurs in a plasma whenever an electric field. Fig. 3. Magnetic field 1Ines in the meridional plane ',,In-
E E, in Figure 1. is present along a magnetic separa- taining the null points X, and X2 for a un:form horizonstJ
tin, :,.. along a line of intersection of two separatrix iur- field superimposed on a vertical 3D dipole. Dashed line is
face,. which divide space into different magnetic ceils.. ". the separator circle, viewed edge on 'after Cowley. 1973
Tlhe -eparator in Figure 1 is a straight line through the
center point (,f the X and at right angles to the plane of
thi ,riiure: it is often referred to as the X line. of a separatrix surface cannot be done locally but requl!e-

Both of the above definitions are based on topological an excursion along two neighboring field lines located in
po- .p*ries of the magnetic field. namely. the separatrices the presumed separatrix surface until those two lines meet
aiini the separator. Except in special cases, such as the at X, or at X 2. Two dimensional configurations such as
piuiy 2D case with B11 - 0. these properties cannot be the one shown in Figure 1. but with an added transverse
as, crrained locally but require reference to null points in constant field component. B11. or toroidal configurations
rhe i:ianetic field, points that may be located at large such as tokamaks. have the further difficulty that no null
[i-'auict. from the place where reconiaection is being ob- points exist which can form the basis for a unique defin-

i ' ,ed r examined. The importance of these nulls' has tion of separator and separatrices. Similar difficulties may
h,.,u ,i.tcussed recently by Greene 11988]. An illustra- arise in many space applications of reconnection e.z . in
t iii ,f magnetic cells. separatrix surfaces, separators and plasmoid formation in the geomagnetic tail.
null imts is shown in Figure 3 where a cross section is A local definition of reconnection. i.e.. a definition that
deicted of the field configuration obtained by superposi- does not depend on finding, possibly distant. null points
tion of a dipole field and a uniform field at right angles in the B field would be desirable since it seems somewhat
to the dipole moment vector. Two X type magnetic null questionable whether the local dynamics associated with
points (see Dungey 1 19631 for a precise definition) are lo- the reconnection process could be controlled by these dis-
cated at X, and X2 in the plane of the figure. They are tant nulls. An attempt to provide such a local definition
connected by a circular [Yeh, 1976] field line that lies in a that retains the topological aspects of the field consists
plane perpendicular to that of the figure. Note that this of examining the local magnetic field topology in a plane
special field line is located at the intersection of separa- perpendicular to a chosen field line, as discussed in some
trix surfaces that separate three distinct magnetic cells, detail in Paper I (see also Podgorny [19861 and Priest and
Thus it comprises the separator in this configuration. At Forbes [1989]). If the field topology in that plane is hy-

an arbitrarily chosen point on the separator, there is a perbolic, then the field line is a potential separator line.
nonvanishing value, B11, of the parallel magnetic field in However, it turns out that this procedure does not pro-
general; only at X 1 and X 2 is that field absent. At such an vide a unique separator: typically, entire regions in space
arbitrary location, it does not seem possible to uniquely will contain potential separator field lines (e.g , in the field

identify a field line as being the separator without fol- B, = ay; B. = bz; B, = B0 . all field lines display the
lowing it in both directions to assure that one ultimately required hyperboc topology). In Figure 1, say. reconnec-
reaches points X, and X 2. In the same way, identification tion then ceases to be localized at the origin when B, 9 0
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66 STEADY MAGNETIC FIELD RECONNECTION

but occurs in the entire diffusion region, i.e.. wherever the but this portion of the flux rope is in s,,lii-body rtam,,
electric field has a component along B. at angular rate ,; about its axis so that

The difficulties described above can be circumvented by
adopting a more general definition of reconnection that vi = -- Ro
does not involve the topology of the magnetic field at all. E 3
Thus Axford [1984] described reconnection as "a localized E3 = RBoR
breakdown of the requirement for 'connection' of elements In the intervening region 2. i > s > 0. the coductivity.
.4 fluid at one time on a common magnetic field line."
Such breakdown by necessity involves the presence. in a lre i feelectric field are.Jaiized region, of an electric field component along B.
.Moie recently. this idea has been pursued in detail by v2 = -(z/h),_ }
Sir.-,21er et al. 19881 and Hesse and Schindler [19881 E2 = .ih ,RBof1+( ;R'i2hBoi
who define what they call 'general magnetic reconnection'
iGMR) as "the breakdown of magnetic connection due The electric field is curl free everywhere, as required. but
'o a localized nonidealness." They have established that there is a positive %olume charge density in region 2 as well
uch breakdown occurs if and only if the quantity as positive and negative surface charges at z = 0 and at

z = h. respectively. so that this region has the appearance
U = B x [V x (E-4-v x B] #0 (1) of an electrical double layer plus a net charge. There is

an electric field component along B in region 2 and the"his broader definition includes all cases, such as the onesto the
depic:ted in Figures 1 and 2. which we have traditionally quniyU ~/)~ 0 sotacorigtth
depited ith the d.iae termdeconnec tion, butalsocasesthat Schindler et al. definition, reconnection does indeed takeassociated with the term reconnection, but also cases that

are rather different. An example of GMR that does not place throughout region 2 (except at R = 0) as a result of
the localized resistive nature of the plasma in that region.

involve the usual hyperbolic field topology is shown in the type oehavi iat ure is aric-
Figue 4whee a lu' roe cofigraton fr wichThe type of behavior illustrated in Figure 4 is partic-

ularly relevant to this conference because it would allow

B = to ,BoR 3/$h --i?0  a segment of a sti,,iglv twisted flux rope to untwist it-
(2) self, thereby releasing magnetic energy, a mechanism that

P -Po- M0oIa Bo) 2Rb,796h? Jhas beeii dis.cused by P. Carlqvist [1969) in connectiouwith solar flares But at the same time. we point out
i depicted. Here B0 and po are constants representing that the nature and dynamics of this type of reconnection
the uniform axial magnetic field and the plasma pressure appears rather different from those of the configuration
on the flux tube axis (R = 0), respectively. Pressure vari- in Figure 1 Thu, the wisdom of using the same name
atiris due to fluid motion are neglected In region 1. i.e., for both cases may be questioned. At present, we tend
for < 0. the electrical conductivity is assumed infinite to prefer the more traditional, topologically based defi-and there is no plasma motion so that vi = El = 0. In nitions even though they have certain shortcomings To
rezioi 3. i.e.. for z > h. the conductivity is again infinite quote Supreme Court Justice Potter Stewart (in Jao,b'l-

his v. Ohi,,. 1964 ' shall not today further attempt to
--.6_0 ae define the kind of material I understand to be embraced

E,=O - E3  ,within that shorthand description. and perhaps I could
S, , ®('v3  never succeed II intelligibly doing so. But I know it when
-. .•~-. . .AI se it,.

" - 0 3 l,.ipetic Field Annihilation Models

I , ttnIn The iiial lec ,ilection configuration, magnetic fluxno transt),, ted fromn tw(, magnetic cells (rells #1 and 2 ;u
V,: 0 Z-2 0 Z' h V3 -OwR Figure , irit, !%%,, ,e 'ells ,#3 and 4 in Figure I" :

whi'h the iiaeiit, fi,-id hne are differently crimi',.-,
Fig 4 Flux rope having a twisted magnetic field. In tile splal , ;i,,. fthld ainihilation the ail ."'
1 B,. 8z i. givetn by equation 21. The plasma in region by the tw, ex;! c-ll, ( t3 aid 4 .which i- al,, ti,
1 is infinitely conducting and stationary, the plasma in between the 'tpaTati ic,-.. has been collapsed t, zet, % In,1,

region 3 i, aiso infinitely conducting but is in solid body means thit anwpat idh magnetic flux i. carried froi ,'jvl.
rotation aioiit the : axis. General reconnection occurs in #1 and 2 to%%at ( Tie current sheet ithe y, plane. -. pa
region 2 where the conductivity is finite rating them what,-, tie flux is resistively annihilated Tht-
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The acceleration along the current Iieet is ,'ffecte,d Iv th,
pressure gradient. op/y. asociated with the , xcv- pre,
sure. Po = pi ?- 2/ 2 io,. at the stagynation pint Thb. ,v

* , .,. ,2 ', .e .formula describing this model. due to Swet '7 " 
ol,

Parker '1957: 19631. is

I. -

-114 1 "1 4 1 S -. I

.,- where r- t = B 1. v1_i,)i is the Alfven peei in the ii,,,w

Z, . and S 1 =poo-, 41iL is the Lindquist tiumber hased .n,.h
length L of the current sheet. This formula is -asily ,i-
tained from mass conservation and Bernoulli's equation
along with Ampere's and Ohm' laws. as reviewed in Pa-
per I. The Alfven Mach number .fl-1 is a commonly used

(a) nondimensional measure of the reconnection rate. Since
the Lundquist number is very large in most costnc op

plications, mainly on account of assimied large value,. 4
L. the predicted reconnection rate is very smail. Howevr

B-B e Re- larger rates can be achieved if the plasma can find a way o
generate an effective scale much smaller than L. the ,..'t
all size of the reconnection configuration in the y dir,-tlin
or to generate a smaller value of v.41 This is exactly what

4 a,,-. is assumed to happen in the Petschek model and other re-
connection models, to be discussed presently. Note how-

3 ever that a decrease in t'.41, while increasing i4 1 . mn fact
leads to a decrease in the actual inflow speed, ul. as well

2 as in the reconnection electric field. E0 .
The configuration discussed above incorporates the ba-

5 sic assumption of uniform flow and field conditions in the
upstream regions. This is not necessarily what will occur

0 the velocity v. and magnetic field B,, far upstream may
0 02 04 06 08 1 differ from those (vt and BI ) immediately adjacent to the

/X 0  current sheet, as long as E0 = -t',B = -r B. remains

(b) constant. For incompressible flow we may thus rewrite
equation (5) in the form

Fig. 5. Magnetic field annihilation (Sweet-Parker like) B
models. (a) Stagnation point flow [after Sonnerup and MA. = - - 6
Priest, 1975); (b) magnetic field profiles from equation (11) VAcc Boo V(1Li7Vaoc6

for flow between two fluid emitting walls at x = +xo where If we think of vA 30 and L as fixed, then an increase in vt
v = 4iUo. (or equivalently E0 ) means an increase in M. 4 , 0 : this can

only be accomplished by increasing BI/B 0 , an effect re-
ferred to as flux pile up. An important consequence of the

resulting field annihilation configuration is shown in Fig- above is that the upstream measure of the reconnection

ure 5a. In this figure, plasma inflow occurs from the left ate is dffeream m the reconnection

and right in broad regions (length = 2L) and with a small eated A d ent o du region ae

velocity v, = E0/BI that exactly equals the diffusion ve-

locity 1/ploab, based on the electrical conductivity, a, in MAI = MA.(B.IBI )1/ 7
the current sheet and on the half width, 6, of the sheet.
Outflow in the ±y direction occurs in the narrow region Thus, flux pile up corresponds to MAI <. ,.4,. Further-
(thickness = 2) occupied by the current sheet. The out- more, for fixed L, an increase in MA30 by a factor k, say,
flow along the y axis is accelerated from v, = Oat the stag- simply leads to an increase in B/B 0 by the same factor
nation point (at z = y = 0) to v, = v2 = BI /"1i= V AI and an associated decrease of MAR by a factor k / 2.
at the "exit" sections, y = ±L, where the plasma pressure The flux pile up effect is a prominent feature of the
is assumed to be the same as in the inflow, i.e., P2 = pl. 2D MHD stagnation point flow depicted in Figure 5a and
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68 STEADY MAGNETIC FIELD RECONNECTION

studied by Parker [1973] as well as by Sonnerup and Priest The pressure distribution is given by a Bernoulli-type Ior-
11975 i> The latter authors demonstrated that exact so- mula:
lutions of the incompressible MHD equations could be
obtained for the type of straight field-line configuration P - . 2 -'/2 B
shown in Figure 5a when the flow field is of the form X y2S

I, = -klx: t, = k2 y: v, = k 3 z with (-k l - k-2- k3 ) = 0. A plot of the magnetic field, B. given by equation li
These solutions are reviewed in Paper I. Here we discuss is shown in Fieure 31b for several different vahus of the
instead a new exact 2D field annihilation solution where magnetic Reynolds number but with R, = x. The d'u,
a somewhat different flow configuration is used. namely pile-up effect is clearly evident in this diagram for R,, =
unidirectional uniform inflow v = :TUo0i at two upstream 5. 10. and 100 In fact. the pile up becomes infinite a;s
boundaries z = =z0 (this set of boundary conditions was R, x.
brought to our attention by M. F. Heyti in a private com- A second point to note is that the influence of fini:' R,

municationi. This solution, along with the stagnation on these results is minimal, as shown by comparisou of the
point flows mentioned above, are members of a general curve for R,, = 100 labelled R, = 0 with the curve for
class of 2D and 3D field annihilation solutions in which Rm = 100 having R, = x. The reason for this small dif-
the magnetic field lines remain straight and parallel to ference is that the two velocity distributions v = -(t,., i)
the current sheet. The viscous momentum equation gov- given by equations (9 1 and (10) for R, = x. and R, = 0.
erning the velocity field (here assumed two dimensional respectively, differ by only 2(7( in the region 0 < ;.4 !< 1.
for simplicity, is given by Since it is t' that enters the term v x B in Ohm's law. the

influence of the viscous Reynolds number on the magnetic
ReItf ';'  f '2 - ff" i s) field is correspondingly weak. Thus it is evident that the

where = -U0/f s.. r = U0( y/xo if'( I and the con- viscous forces (which vanish identically in the stagnation
stan, = .rt,Uoy'uOp/8y). Also. R, - o,/' is the point flows discussed by Sonnerup and Priest [1975]) play

visc,,s Reynolds number, based on the ordinary newto- no important role in these symmetric MHD flows toward

nian kineniatic viscosity. v. and a prime denotes differen- a current sheet other than that of changing the pressure

tiation with respect to the variable s =xxo. Equation gradient K. This latter effect would modify the Sweet-

18,. with the boundary conditions f f" = 0 at s: 0 Parker formula, equation (5): on the basis of approximate

and f 1. f' = 0 at s ±1. has simple solutions both calculations, Park et al. [1984 i conclude that viscous of-
for Re x a d for Re --Oa 0: fects reduce the value of MAI by a factor 1 + poav -1/4

Note. however, that this result cannot be general since it

= ints/2 ] does not apply to the stagnation point flows mentioned

Re oc (9) above.
= - 2 /4 It should be added that the -xact solutions discussed

above are valid only for incompressible flow. In that limit.
= . - ,,/2 ) time-dependent versions can also be generated e.g.. Grat-

Re - 0 (10) ton et al., 1988]. For the compressible case, no exact so-
= -3/R, I lutions have been found: it appears that the field lines

cannot remain straight and parallel to the yz plane in
Te correo.Ind:ng magnetic field profiles. obtained from that case. On the other hand. the case of self-similar de-
Olnis law, are eiven '-N cay of a one-dimensional current sheet in a compressible

R" medium has been treated !Kirkland and Sonnerup. 1979B, = ER,,, 'h-i/, R.,~~d !1

wiere R,,, i, Uu. s the magnetic Reynolds number 4. Magnetic Field Reronnection Models

aid As mentioned already, the pincipla dificulty III ap-
plying the Sweet-Parker forniul;a t(, com In ieconnect ion

a problems lies in the small recomerti ', 1;ites "blamned for
I, -, -- f(g )d~i L values comparable to the overall -i,, ,of a '(,,iiic region

Ti- r,-.at- i',h etweeti tlie iecoinection electric field, Et. in which the reconnr ction ociiw Pt I h , t , on "rely way
an',t th) .l 1pilh-Tic hr'l,. B,,. at r = ±x( is t<, avoid this difficulty is r( ;.-uni-. di; th t i<. atid flow

taometries will adjust theiielk.- ;\lt''oI;t;,il\ Ii uch a0

fa hion that a much ;mallcr eff-. ti\,- Ii tit .I/. ;a V. 1- ,

B EJR/() / R_'ild. t ablished and replaces L in .t 3 Tli i, th,- Idea
developed by Petschek "19641 wl, pi'i ..... 'd the recomi,

1 30



SONNERI:P ET AL 69

tion eotiiiirationi shw Win i Figure 6Ga. In this geometry. comies smaller andl more square in -;iape a_ -, r,:''
lie Sweet - Parker current hmeet. irotniefinemnent of it to nection rate increases.

allow a magneptic field cflhipoieiit B, i to develop grad- The magnetic field and the flow speed. nim-li-i
liallv as 1/ ices~ tI p~i~merrh rgn na points on the x axis outside the diffusion r-z,-i .
dlifflisioii regKioii of -o/e '-)I/ x 2r', Pries.t aiid Cowley nearly independent of .r for small reconnei -:u
19735 have -;liowi that. ass iiiiivi ;ualvt ic behavior near Howevev. as V! 4, increases, the field weakeii- ai:, i'h,-

r=q=0. B, - Y in i nconipre,-ole rt esistive flow. j In flow speed toward the diffusion region inr~ :.,-ar
the outflow wedges. the flow in P-rscliek's miodel has speed r = . spitdotb avins>

2 :Bl, I7p regardless of the recoiiiection rate; the ac- behavior is ascribable to fast-mode expan :i ii m n i-
Celeration of most of the plasma to this velocity cannot be flow: it is the opposite of the flux pile ip :l":r e-

achieved by a pressure gradient ip/ay (only the plasma the previous section and it leads to I 1 - A,
flowing thr ough the diffusion region is accelerated in this .*14i is the Alfven Mach number mieasured- at rz
fashion). Rather Maxwell stresses, concentrated in pairs According to Petschek 1964[, the tieid wa-:xa
of standing slow shocks (near the switch-off condition) are X! = x* limits the reconnection rate ,'i -,!,ix;inv rii
responsible for the acceleration. Value given by the formula (as correcteti hY \s

Thme qualitative behavior of Petschek's reconnection 1l9735j
Conitiguration. as the reconnection rate. V.4 ,. increases
is as follows. .f''~-{n2!~ S ':
* The outflow speed remains approximately

At this maximum rate. If is rted to ;)e4
2= Bi'(o)12unity..41i 

Y

An important point to note is that Petschek'< :iiaxinvu;:
but the angle 02 between the slow shocks increases, reconnection rate depends on the upstreatn Lunlqji;.t

" At the same time, the length, 2y., of the diffusion region number. S,. only logarithmically. Thus thp form,,i'a
dlecreases. The width, 2xr. of that region also decreases (13) predicts maximum rates that far exceedi t'1It)-o
hut rather less rapidly so that the diffusion region be- tamned from the Sweet-Parker formula 5j. It t-i

SIO.

(a) (b)

Fig. 6. Reconnection models containing standing slow mode waves. (a) Petschek's model [from
Petschek. 19641: (b) Sonnerup's model [from Vasyliunas, 19751.
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70 STEADY MAGNETIC FIELD RECONNECTION

that Petschek employed small perturbation analysis in ar- Recently. Priest and Forbes [1986 have produced a urn-
riving at equation (13) even though the deviations from fled linear perturbation theory of steady 2D reconnection
the unperturbed state, which consists of oppositely di- which provides insight into the interrelationship between
rected uniform magnetic fields in the regions x > 0 and the various reconnection models discussed above. These
x < 0. are not small. Thus the formula for the upper limit author- started with an unperturbed stationary state in
M,"' must be considered approximate. which the magnetic field is uniform and directed to the

Petschek's [19641 discussion of the above reconnection right in the upper half of a square box and uniform but
configuration also contained the observation that, in in- directed to the left in the lower half of that box A con-
compressible flow, the addition of a constant magnetic centrated current sheet separates the two halves. A small
field. B, = B11. is allowed without any important change electric field, E0 , is then introduced to drive the piasmas
in the analysis or the behavior of the system. In the same in the two halves of the box toward each other the per-
paper, Petschek also dealt with the compressible case but turbation procedure used can be viewed as an expansion
only for antiparallel fields; the addition of a B, compo- in powers of this field or, equivalently, in powers of the
nent is now not trivial since B. by necessity is a function reconnection rate. The method of expansion is equiva-
of z and Vi in compressible flow. Nevertheless, such a com- lent to the perturbation analysis performed by Petschek
ponent is not expected to have a critical influence on the [19641. To lowest order, the expansion leads to a Poisson
reconnection process. at least not in the MHD limit, equation for the perturbation magnetic vector potential

A special case of asymmetric reconnection, applicable in which the nonhomogeneous term, the perturbation cur-
to the earth's magnetopause, was discussed by Levy et rent, is a function only of the coordinate perpendicular to
al. [19641: more realistic versions of this case have been the current sheet. Therefore this current in fact can be
produced recently [Heyn et al., 1985; Biernat et al., 1989]. specified as a boundary condition. The equation is solved
including a time-dependent model that may be relevant to by separation of variables and a large variety of solutions.
the formation of flux transfer events and associated flux the nature of which depends on the boundary conditions.
ropes on the dayside magnetopause [Biernat et al.. 1987). are possible. The most interesting aspect of the analysis

There exists another type of solution to the incompress- is that it allows, for the first time. a systematic insight
ible reconnection problem that consists entirely of a set of into the role played by the boundary conditions in deter-
standing slow-mode waves separating wedges of uniform mining the nature of the plasma inflow toward the current
flow and field Sonnerup, 1970]. This solution is shown sheet. The diffusion region as well as the outflow wedges.
in Figure 6b. It is exact exterior to the diffusion region: the latter being extremely narrow on account of the as-
in the latter, only approximate analysis is available. A sumed small reconnection rate, are not treated in detail
basic property of this model is the appearance of slow- but have the same character as in the original Petschek
mode rather than fast-mode expansion in the inflow. How- calculation. Behavior in the inflow ranging from slow-
ever. the slow-mode expansion is unrealistically confined mode compression to fast-mode and slow-mode expA...on
to a set of standing waves upstream of Petschek's slow and. in the extreme. to ttux pile up can be readily gener-
shocks and no expansion is present on the x axis so that ated. Petschek's configuration i, included among the solu-
M.\l = .A 4 . The maximum reconnection rate in this tions as is the case of pure slow-mode expamivioi. although
case is found to be .14 1 = 0 + V2). At the maximum rate. this expansion occurs in a distributed manner rather than
conditions are the same in the inflow and outflow wedges being concentrated into the staiiding waves shown in Fig-
so that no energy conversion takes place. More gener- ure 6b. Even the Sweet-Parker solution and the case of
ally. it is believed i but has never been rigorously proved) stagnation point flow, with its associated extreme flux pile
that value, of the Alfven number.MAI, in the inflow ad- up. can be identified. Illustrations of the type of field and
jacent to the diffusion region, of order unity represent the flow maps obtained from the analysis are shown in Figure
maximum reconnection rate possible in any reconnection 7.
configuration of the general type described in Figure 6. The structure of the outflow regions associated with re-

Approximate compressible. symmetric as well as asym- connection cannot be obtained from linear analysis Re-
metric versions of this model have been given by Yang and cently. this problem has been studied in detail by use of
Sonnerup 1976:1977 who also pointed out the possibility the boundary bayer approximation .Sonnerup and Wang.
of fast-mode termination shocks in the exit flow wedges. 1987[. In this manner a family of self similar ncoimpress-
An exact solution in which all slow-mode waves were re- ible solutions describing the flow and field in such recon-
placed by rotational discontinuities has been discussed by nection layers was obtained. The layers, which are tnondis-
Hameiri j19781. In the latter solution, the magnetic field sipative. are bounded hy two slow-mode standing waves in
magnitude is constant everywhere and no conversion of which all the disipation is concentrated. One nvimber of
energy from magnetic field to plasma occurs, except in the family of solutions has precisely the same stru'ture a.,
the diffusion region. that assumed iii Petschek's analysis: other members cor
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interestinp fear ir, of he reconnection lav,-r ~i.
that. in the fiilt:-.ipative equations ltesrr it.:,

magnetic field ind the velocity field appear :: t.

~-'-*--..~ tiall- vnnr~~ fazhiion. Therefore the"e :7'n

~ . i'~ I)e 1itotrrilal.e"!-) that thle magnet ic hfl u..,- v

~~ . - .... . iire s ie. t reaiilines anld %ire .e, a 1. -

done. ,ne t im:at jpiaia flo w across a
aratrix appemi - , be as,ociated vith harp .1- . :

~ streaimiimc. xit h the pres!en'e of a :h%-
~ VOI-tl~lt. 'ott. I it ,hle loration of fill,.:rm:

iole plaf.m x:,e~e inaziletic eparat rix Xa.-,: it,

_______________________ 9 for t he c;,e ,f :,wjnert ion a' a Nvo:.it.

~~ Point It m: dthar separatrix ia.r

also in wh I. r-oniiect ion ronflgu rat ion, :: p

usual Pets Le _eoietrv However. the 1:i i ea

performed I,% P,rsc;hek :1964: and b% Prie~tr: F

ai 19S61 , CIoe il permit of such layers. Thus it ..

Fig. 7. Magnetic field lines -solid linesi and streamlines that thne ie-,ii- 4' these linear analvqs are i;..
except for :er. -nlall reconnection rates In part:':. ~

(dashed linles) resultiiig fruom mail perturbation analysis is nlot ,iear that linear anialysis can be isec. t,) t_
by Priest and Forbes; for miagnetic Reynolds number prdc t.er~miu eoneto ae o

500. based on inflow roiilitions and box size. Rectangle obtaining e,4uat ion i13 i
at bottom of each frame shows size of diffusion region. Tepyia esnfrteapaac
The quantity b measures the current density in the inflow lyr a engvn . ySwr n retl~

~fro Prestand orbs. 9S6and Schindler and Birn '19871 As reviewed in deail ::.

Paper I. these layers occur because of the large ir.creasem
respond to different overall reconinection geometries. e.g.. in flux-tube cross'sertion that oc-curs near a magnet v c l
reconnection at a Y type magnetic null. In this latter point as a tube is convected toward the null. Plasma n ' -
case, it appears that the reconnection layer, rather than Raow along the magnetic field toward the weak field , eg!Im.
being wedge shaped, can have a constant thickness. An in order to fill the void and, at least for incompressitble
example of this type of layer is shown in Figure 8. An fotiefctWillbesrnaslg teifii.

region (wh-r,- the frozen-field 'ondition be-omes:nva~iit

~ is small.

A5im..w ov

Fig. 8. Magnetic field .nd streamlines in a self similar P~~ 4 E.

incompressible reconnection layer having width indepen-
dent of x. By interchange of field lines and streamlines,
a vortex layer surrounding a magnetic separatrix is ob- Fig 9. Schematic drawing of reconnection configura-

tamed. Also shown are Hall current lOOPS. JH, in the xy tion at a Y-type magnetic null sbowing how the recon-
plane and associated transverse components. B, and v', nection laver/ separatrix layer solution in Figuire S woiill

of field and flow [from Sonnerup and Wang, 19871. arise (from Sonnerup and Wang, 1987j.
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72 STEADY IMAGNETIC FIELD RECONNECTION

5. .Numerical] Simulations Field and flow maps, taken from the work (2 Lev ai;;d

A fairly large number of numerical simulations of 2D Fu J1986b} and illustrating the behavior describd above

reconnection have been performed to date. These have are shown in Figuzre 10.

been reviewed in detail by Forbes and Priest [19871. Here6.ToFudEf7t
we mention only three important features of these simu- 6 w li fet
lations. The MHD description of the recoiniectioi. pr-ce-s ui!ed

The first point to be made is that it appears fairly dif- tip to this point in the paper is expected t,. tIe iequatl..

ficult to set uip houndiry conditions such that the precise even in the case of a collisionless pia'Tina. pi't A li !the

Petschek configuration emerges. including fast-mode ex- charactcristic scale sizes for chanige in pla.iii ia and
pansion in the inflow. The main feature of Petschek's field are much larger than the relevant iner pir a-calles.

inodel. namely the appearance of Alfvenic exit flow jets viz.. the ion and electron inertial lengti.-. *, ri.5

wedged between slow shocks is seen in a number of driven g~roradii. RL, and RL, If that mI IditIlI, --a::.ei -1.,
as well as spontaneous numerical reconnection experi- hialf width. x*. of the diffusion region -.kill i. -f 7,e or
nients [e.g.. Sato. 1979: Ugai. 1988] but the inflow often der of the resistive length A, = I po77!i . as, - c ussed
has features associated with slow-mode rather than fast- in section 3. The above condition for use of te .i HD de-
miode expansion. Fast mode termination shocks in the scription in the diffusion region is then equivaleii to the
exit flow have been seen in several simulations [e.g.. Ugai. statement that the resistive length must be 'omlo.Taitiall

1988] larger than the inner plasma scales.Nt that *tl re i

The second item to be mnentioned is that for certain tie length can be nonzero ev'en in a rollisioie-- idamiiia
classes of boundary conditions. e.g.. those used by Bis- if mnicroinstabilities are present in the diffusion reegion to
kamp '1986] and Lee and Fu '1986a~b[ the reconnection generate a finite effective electrical conlductixit% If thle
configuration depends on the reconnection rate in a man- resulting value of A~, is comparai-le to, \, aud)i R1, hut

ncr that is exactly opposite from the Petschek model: remains much larger than A,~ and R,,_ then the NIHD
both thle length 2y' and the width 2z' of the diffusion description should be improved by inciusioii of thle Hal
region increase with increasing reconnection rate in these
simulations. Increasing reconnection rate also leads to an (a V, - 0. V, FELD LINES TEM*
iricreasinig amount of flux pile up in the inflow Although ,
it is clear from The work of Priest and Forbes [1986) that
rhiil. beairi1oeo associated with the particular --

1iiiidar\ c qiiit iolv' used in these simulations, a convinc- OW
imie ph,,irotl explanation for the '.caling rx - MA .

I',ob~.erved b\ Biskanip i-. not available. And theC1

quietion iof whepther ieal reconnection events occurring on -

tll- Inr or in tile earth's miagnetosphere have boundary M(b V, 0o 
1 
VA

C,)Ii(ltioiis that will lead to Petschek-like or curient-sheet
like Sweet-Parker like plus flux pile up) configurations
reiains unanswered. However, we note that in a number
(It cI-,ietries where the exit flow is impeded. long diffu- /r

- Ir.-iom.. .e.. Sweet- Parker- like behavior seenis to be

ieerred This appears to be the case in Tokaiiak simu-
AtIJIls 'Park et al., 1984], in magnetic island coalescence (C V, *O. 15 V.

.~iiaItn Pritchett and Wu. 1979]. and in simiulations .. II

'If It-aying 2D MHD turbulence Biskamrp and Welter.

III'M Thle tearing mode also becoines active ill uch long

.~':>for Y*/r > 10. say, [Lee and Fu. 19S6b. Biskarnp.
.9,r3 13i'kammp and Wtelter. 1989].

I ii, tliird point to be made is that the in.-oiiipres- ___________

:;,*,- iiitiiiatioris of driven reconnecrioii by' Biskani.al 155-
ext Pent those by Lee and Fii shom stronig vortex

.;-': -u il le magnetic separatri(e'.. i11i1i11 as Ch" ussed in Fig 10 Formation of a long current sheet a, the recoil.
--iwis section. The outflow; wedlge. jet\ween these nertion rate V1, VA evaluated at r/a 1 1 mcrae, in

- trce, are much wider than iii the Petschek model inc ,nipres.sible NIHD simulation by Lee and Fui Note iu
.iv fl,," ,peed there is onlY a fractioii of the Ahfven vI te laN1;yers a t the miagnet ic separatrices :frun I.- ;snd]

-* * 1 Fi: ,9 56b;
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.irrnt term. j s Bo/i, in ()hn's !;,k% -o that it has the terms on the right-hand side of , 1.51. If the first ot iL-,e

form terms is unable to do this. or is unable to do it alone.
then either the off-diagonal electron stress tensor terms

I E - v x B) = j,,, i-I-j x B/)e - - p, 141 or the electron inertial terms n~ist come into play. It
ri can be shown 'Sonnerip. 1979 that the latter terms are

a well as by inclusion ,f an improved version of the ion unable to provide the tinfreezing in 2D steady-state , Aes

pressure tensor in the momentum equation to incorpo- (their role in 3D .itagnation point flows with manetic

rate the ,.ffets of finite ion gvroradii (if RL, is compa- field annihilation has been examined by Sonnerip 11979

rable to \,. and A,I Neither of these effects has been That leaves the , ff-diagonal ePvroviscous) terms Ill the

dealt with ii much ,1uaiititative detail to date but the electron -tress tensor. The importance of these term, to

role of the Hall term may be understood qualitatively as collisionless reconnection was first discussed by VasyliIia.,

follows ( see also Sonnerup 19791). If V x j x B/ne . with [19751.

j = ijl r. 0( and B taken from the MHD solution, vanishes If terms such as electron gyroviscosity or electron iier-

identically. as it does for the field annihilation solutions tia are required to unfreeze the magnetic field from The

discussed in section 3. then Hall currents in the xy plane electrons, then the diffusion region must contain a sub

need not flow. The Hall term can then be exactly can- structure at the separator of scale size \, and/or Rj_.

celled by a Hall electric field, provided the boundary con- This would add further complexity to the electroinainetic

ditions permit of the presence of the corresponding Hall structure of the diffusion region. More detailed disctissior

potential. If not. Hall currents will flow. A quantitative of two-fluid phenomena in the diffusion region is providec

example of this situation, referring, not to the diffusion in Paper I. Here we add one more comment: because of an

region but to a reconnection layer of width comparable to ongoing controversy in magnetospheric physics concerninK

A,. is shown in Figure S. In this particular MHD configu- antiparallel ( Bl -- 0) merging versus so-called component

ration V x (j x B/') = 0 but the condition of constant (Bil jk 0) merging. it would be particularly important to

potential along the slow shocks that form the boundaries evaluate how the unfreezing provided by the three terms

of the layer leads to the two Hall current loops in the ix, on the right-hand side of equation 11 is influenced by the

plane shown in the figure. These currents, jH, are seen presence of a guide magnetic field. B11, in the : direction.

to flow along the streamlines but in the opposite sense
to the bulk plasma flow. They close by flowing outward Questions and Answers
along the slow shocks (labelled "Alfvdn waves" in the fig-
ure). We expect that a set of four such Hall current loops Zelenyi: What can be the maximum potential
(two in each outflow region) would also be present in the reconnection rate (and what are the corresponding
diffusion region but no rigorous analysis producing such boundary conditions) for the two eounterstreaming

loopshasb p r rm eouin s p ng sh plasma flows with antiparallel magnetic fields with a
loops has been performed. The point we want to empha- given Mach number and a given resistivity?
size is that such loops will lead to a nonuniform magnetic Sonnerup:tn my view, the maximum
field component, B, (.r. yl, as well as flow, v, (z. y). in the z reconnection rate, MAI, evaluated in the inflow region
direction. There will also be associated electric field corn- immediately outside the diffusion region, is of order
pone-ts E, and E. which were not present in the MHD unity. This result is given for the unified theory

provided by Priest and Forbes (1986) and also in the
model. Thus the actual electromagnetic field configura- self-similar MHD reconnection geometry (Sonnerup,
tion in the diffusion region and outflc'v regions would be 1970) where the value MAI + + 2 was obtained.
far more complicated than that indicated in Figure 1.

If the resistive length becomes comparable to, or smaller Atkinson: In a paper to be given on Thursday, I
than A, and/or RL,, additional terms, namely the electron will be presenting a model which proposes that the
inertial terms and the full electron stress tensor, P,, come Alfv6n waves you discussed propagate to the
into play in Ohm's law which now becomes [e.g.. Rossi and ionosphere and become auroral arcs. I will also
Olbert. 19701 present experimental observations which stronglysupport the idea that there is a one-to-one

relationship between arcs and X-lines.
E + v, x B = j/a - (1/ne)V -P,+ j.onnerup: I shall be very interested in hearing

(M,/ne 2 )(@j/y + V .(vj + jV)l (15) about these new results.

In this version of Ohm's law, the terms v x B and j x Schindler. I should like to explain why there is a
B/ne which appear separately in (14) have been combined close relationship between the configuration that you

,x B, where v is the electron fluid velocity, referred to as a "double-layer" and more conventional
to form v , ereconnection fields. Consider a situation where the
It is then seen that unfreezing of the eicetron fluid from electric field is parallel to the magnetic field, varying
the magnetic field must be accomplished by one or more in the perpendicular direction such that V X E r 0.
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Comment on "MHD Stagnation Point Flows in the Presence of
Resistivity and Viscosity" by F T. Gratton, M. F. Heyn,

H. K. Biernat, R. P. Rijnbeek, and G. Gnavi

B. U. 6. SONNERUP AND T. D. PHAN

Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire

In a recent article, Gratton et al. [1988] have presented a version of the magnetic field annihilation problem. Rather,
new exact analytical solution of the two-dimensional incom- it appears to us that one half of the Gratton et al. solu-
pressible viscous and resistive MHD equations which they tion, for y > 0 say, corresponds to the flow that would be
claim to be relevant to the magnetic field annihilation prob- generated in a viscous plasma for example by "upwelling"
iem in stagnation point flow at an electric current sheet, of some massive and nearly solid material from the region
a problem studied earlier by Sonnerup and Priest [1975]. y < 0 toward the plane yJ = 0, with deflection of its motion
They have also discussed the possible application of their to be purely horizontal (parallel to the plane y = 0) at y = 0
solution to the problem of magnetic field annihilation near and given by v, = (U.2/v)x. This motion of the "solid" at
the stagnation point at the subsolar magnetopau3e. It is the y = 0 would viscously entrain the plasma occupying the re-
purpose of our comment to demonstrate that the Gratton et gion y, > 0 via t -angential viscous stress pvav1 /ya, causing
al. solution, while mathematically correct and intrinsically it to move in the manner described by the Gratton et al.
interesting, does not represent flow behavior acceptable for solution. However, we cannot think of any actual situation
the field annihilation problem, either in its symmetric form in which this type of flow would be important.
or in the asymmetric version thought to occur at the mag- As is evident from the discussion of asymmetric annihi-

netopause. lation configurations in section 4 of the Gratton et al. pa-
Gratton et al. have found the velocity field per, its authors are aware that certain conditions must be

applied to the stresses at the interface, y = 0, which sep-
V. = (UO/v)ze i v ° l  arates the two halves of the flow problem. However, for
V (U.0 e*.Us.VV(1) the tangential stresses this condition is incorrectly stated

= U( - °  ) as 7,(y = 0+) -a7x,(y = 0-), the correct version be-
ing i'sv(y = 0+) = +ai,(y = 0-). In a solution that

to satisfy the laws of mass and momentum conservation, in- is symmetric about the plane y = 0 in the sense that
ciuding viscous effects represented by the kinematic viscos- v 5 (y) = v(-y), vy(y) = -v,(-y), the correct condition

ity s,. In these formulas, the upper and lower signs refer to leads to otv,/ay = 0 at Y - 0.
y < 0 and y > 0, respectively. An attractive feature of this The basic viscous momentum equation governing the ve-
velocity distribution is that it yields parallel flow, at speed locity field is found by Gratton et al. to be
U., toward the current sheet, located at y = 0, as y, the
coordinate perpendicular to the current sheet, approaches v1' = fr2 - ff" + (3)

-oo. At V = 0 it yields flow along the ±z direction, i.e.,
flow parallel to the current sheet and directed away from where v. = zf'(p), v, -f(y) and x is a constant which
the stagnation point which is located at z = y = 0. This can be shown to represent a pressure gradient 9p/&z. One

parallel flow has a speed that increases linearly with increas- may ask whether this equation possesses acceptable solu-
ing distance, Inl, from the stagnation point. The Gratton et tions of the general type discussed by Gratton et al., i.e., so-
al. solution differs in a fundamental way from the velocity lutions that have a similar asymptotic behavior as hy oo
field but where, in addition, the stress condition 9vc/y = 0

Vs = kiz is satisfied at V = 0, which requires f"(0) = 0. It is evi-

S-k 1 (2) dent that solutions of this type have f'(i.oo) = f"(±oo) =
f"(-oo) = 0 so that the constant r = 0; this is the ic value

employed by Sonnerup and Priest. The difficulty with the used by Gratton et al., and it implies tk~at the flow is not

Gratton et al. solution lies in the cusplike behavior of the driven by pressure gradients in the impressed flow at large
velocity distribution v(z,I) when plotted as a function of Iy[ values. For a = 0, we may integrate equation (3) from

V for any fixed z value. This behavior, shown in Figure 1, y = 0 to y = oo, employing partial integration to deal %-ith

implies that the fluids on the two sides of the plane V = 0 ex- the term f f". The result is
ert a viscous drag force (directed toward the origin, z = 0)
on that plane, of magnitude 2pvjav./81ay. We do not see Lo
how this type of behavior can be relevant to any realistic ["(oo) - f"(0)] = 2] Jf0 dpt - [f(o)f'(oo) - f(0)f'(0)

(4)
The boundary conditions described above are such that all

Copyright 1990 by the American Geophysical Union. of the boundary terms vanish, leaving only the integral in

Paper number 89JA01601. (4), which has a nonnegative integrand. It follows that no
0148-0227/90/89JA-01601502.00 nontrivial solution of the required type exists. This result is
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Fig. I. Velocity distribution vs(y) at a fixed x value in the flow discussed by Grafton et a/. [1988]. The direction
of the shear stresses, a, transmitted from the fluid to the plane y = 0 is shown by heavy arrows.

not surprising, for without a pressure gradient at large IyI flow at a solid stationary wall [e.g., Schlichting, 1968]. The
values or a shear stress at y = 0 to drive the flow, no motion Hiemenz solution could be used to describe magnetic field
wil occur, annihilation in viscous resistive MHD stagnation point flow

In order to obtain solutions of equation (3), which rep- at a solid stationary wall.
resent pressure-driven rather than viscously entrained stag- The response by Gratton et al. [this issue] to the above
nation point flow, one needs to abandon the flow behavior comments has not led us to make any changes in those corn-
at large iIj values assumed by Gratton et al. and replace ments, but it has prompted the following additional remarks.
it with behavior appropriate to two-dimensional pressure- As is evident from the previous paragraph, we fully agree
driven stagnation point flow, i.e., v. = kjz for large hyi- with those authors that viscous forces (and associated vor-
One then finds n = -k2 in (3). The only solution of that ticity) may become important under asymmetric plasma and
equation that also satisfies v. = 0, i8vz/Dy = 0 at y = 0 can flow conditions. However, we do not believe that asymmet-
be shown to be f = kly, which is the stagnation point flow ric solutions of the type described in Figures 2 and 3 of the
described by (2) and used by Sonnerup and Priest [1975]. response, i.e., solutions for which the pressure gradient term
We believe that this is the flow behavior to be expected in is absent (r = 0 in equation (3)), are relevant to flow near
pressure-driven magnetic field annihilation. It is important the subsolar magnetopause stagnation point.
to realize that this pressure-driven solution does not "lead Acknoisledlement. The research was supported by the Na-
to the neglect of the viscous term" as stated by Gratton et tional Science Foundation, Atmospheric Sciences Division, under
al. Rather, the situation is that for this symmetric flow the grant ATM-807645 and by the Air Force Geophysics Laboratory
net viscous force per unit volume vanishes identically, as it under contract F19628-87-K-0026 to Dartmouth College.
does for any irrotational incompressible flow of a Newtonian
fluid. In more detail, the Newtonian viscous shear stresses, REFERENCES
0, = ,, vanish identically in the flow given by (2). Butthe viscous normal stresses, uzz and on,, do not vanish, and Gratton, F. T., M. F. Heyn, H. K. Bierat, R. P. Rijnbeek, and

G. Gnavi, MHD stagnation point lows in the presence of resis-the viscous dissipation per unit volume is also nonzero. tivity and viscosity, J. Geophys. Res., 93, 7318, 1988.
Even in the case of pressure-driven MHD stagnation point Gratton. F. T., G. Gnavi, M. F. Heyn, H. K. Biernat, and R.

flow, the viscous forces may enter in a nontrivial manner as P Rijnbeek, Pressure drive and viscous dragging: A reply, J.
a result of a lack of symmetry between the plasma and flow GeopIys. Res.,, this issue.

Schlichting, H., Bouadary Layer Theory, pp. 87-92, McGraw-in the two regions y > 0 and y < 0. This problem was dis- Hill, New YorkL 1968.cussed briefly by Sonnerup and Priest [1975], who derived a Sonnerup, B. U. 0., and E. R. Priest, Resistive MHD stagnation
set of coupled ordinary differential equations describing gen- point flows at a current sheet, J. Plasma PAys., 14, 283, 1975.
eral three-dimensional viscous MHD stagnation point flows.
These equations reduce to equation (3) in the special case of T.D. Phan and B. U. 0. Sonnerup, Thayer School of Engi-
two-dimensional flow. It may be added that the latter equa-
tion is also well known in ordinary viscous fluid mechanics. (Received October 25, 1988;
It was derived, and solved numerically, by K. Hiemenz in his revised June 28, 1989;
thesis at G6ttingen in 1911 for the case of stagnation point accepted June 28. 1989.)
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On the Structure of Resistive MHD Intermediate Shocks

L.-N. HAU AND B. U. 0. SONNERUP

Thayer School of Engineering, Dartmouth College, Hanover. New Htampshire

An overview is presented of the resistive steady state structure of intermediate MHlD shocks, i.e., shocks that
effect a transition from super-alfv~nic to sub-alfv~nic flow. The results are presented in terms of magnetic
hodograms in which the two components of the magnetic field tangential to the shock surface am plotted against
each other. By performing fixed-point analysis in this plane, at the possible upstream and downstream states of
these shocks, and by solving the one-dimensional, steady state, resistive, nonviscous MHD equations
numerically,i is found that three basic types of hodogram topology exist, describing the resistive intermediate
shock structure. These topologies are characterized by the normal flow speed (in the shock frame) relative to the
fast-wave speed and the sound speed at the upstream and downstream states. Fast-mode and slow-mode shocks
are contained within these hodograms as well. In brief summary, it is found that all intermediate shocks that have
an upstream normal flow speed, v 1, less than the local small-amplitude fast-mode wave speed, cp., and a
downstream normal flow speed, v, greater than the local small-amplitude slow-mode wave speed, cs2, have a
unique magnetic structure consisting mainly of a rotation of the tangential magnetic field, accompanied by a more
or less pronounced change in field magnitude. This type of shock is called a subfast (v,, < cfl) weak (v,2 > cs2)
intermediate shock. A subfast strong intermediate shock has v.1 < cfl and vx2 < c instead. Its magnetic
structure is found to be nommique and the shock thickness depends on thi structure. Wen the upstream normal
flow speed exceeds c ,the shock is said to be superfast (v,, > cts). The structures of both weak (v,> c 2) and
strong (vy2 < cs5 ) luperfast intermediate shocks are found t6 be nonunique. When the intermediate shock
involves a transition from supersonic (v5 l > cl) to subsonic (vx2 <.c2) conditions, the resistive intermediate
shock structure usually contains a discontinuous substructure consisting of a gas dynamic shock in which
dissipation processes other than resistivity, namely, viscosity and/or heat conductivity, are dominant. However,
in certain cases a continuous, purely resistive transition from supersonic to subsonic flow is possible.

1. INTRODUCTION shock modes, according to which the shock normal, e., and the

Conventionally, magnetohydrodynanic (MHD) shock waves are field vectors B, and B2 on the two sides of the shock lie in one
classifiedialo, ineoredai or Dasthccodgto their plane. Fast and slow shocks have A0 = 0 while intermediate

classified as slow, intermediate or fast according shocks (IS) have A0 = n. In other words, fast and slow shocks do
propagation speeds relative to the slow, intermediate and fast norersthsneofhetgniacmpetofBweea

smal-amlitde HD wve pees (~g.,Andrso, 162;not reverse the sense of the tangential component of B, whereas
sall-amituand et 19661. Fave sp se shockdes 1962, the intermediate shock does. It is noted that the RD is a purely
Kantrowi z and Petschek, 1966]. For these shock modes, the nondissipative structure and therefore does not exist (or.
upstream and downstream velcity cornaponents, Vat and V52, equivalently, must be infinitely thick) in a dissipative medium.
normal to the shock and measured in a frame of reference moving As mentioned above, an IS propagates at a super-alfvgric speed,
with it. are, respectively, greater than and less than the slow, the will overtake upstream intermediate-mode wavesso that it wl vraeusra nemdaemd ae
intermediate, and the fast small amplitude wave speeds, a propertythat allows each shock mode to be generated by steepening of (Alfv, n waves; RDs) propagating in the same direction.
finite aplituewaes.ck mo ts reg erateand slow shock Similarly, the normal flow speed behind an IS is sub-alfvinic so
finite amplitude waves. In this regard, fast and slow shocks may that the IS is always overtaken by such waves in the downstream
steepening to form these structures involves only the properties of region. Therefore upstream and downstream intermediate-mode
sthecrespnin g l m thesestructuresinvo s otheprpert waves tend to become incorporated into the IS structure.
itermediate-mode shocklisea h d mod he or hich the However, as discussed by Kantrowitz and Petschek [1966], a
steenig pres -m depe shoiot oyd on e prortis the difficulty then arises, since the IS must obey coplanarity whereas
steepening process depends not o on on the properties ad intermediate-mode waves such as RDs in general do not obey thatlinear intermediate mode but also on those of the slow mode and, cniin hsdlmaldKnrwt n eshk ncondition. This dilemma led Kantrowitz and Petschek, and
in some cases, the fast mode. A nonlinear purely intermediate others, to conclude that the IS must be an extaneous structure
wave ,n a loss-free medium, called a rotational discontinuity which in interacting with any noncoplanar intermediate wave will

(RD), does not steepen. It propagates exactly at the normal disintegrate rapidly, principally into an RD and a slow shock. On
component of the Alfvdn speed, c . and leaves the this basis, intermediate shocks which had been studied in some
thermodynamic state of the plasma unchanged, its only effect detail in the fifties and sixties [e.g., Shercliff. 19601 were rejected
being a rotation, without change of magnitude, of the component as unphysical and were essentially forgotten. at least by the space
of the magnetic field tangential to the shock front by an arbitrary physics community. However, recently W t (1987, 1988a, b] has
angle. AO, and a corresponding rotation of the tangential velocity undertaken to reexamine the behavior of ISs and RDs by use of
component. This rotation property means that in general an RD numerical simulation, based on the resistive or resistive/viscous
does not obey the so-called coplanarity theorem, valid for all three MHD equations. In brief, he has demonstrated (1) that a

nonlinear plane-polarized transverse MHD wave can steepen to
form an IS; (2) that, with appropriate initial conditions, all four

Paper number 89JA00296. types of ISs, described by Shercliff [1960], can be generated and

0148-0227/89/89JA-=0296$05.00 appear stable; (3) that. in the interaction between a noncoplanar
The U.S. Government Is authorized to reproduce and sell this report.
Permission for further reproduction by others must be obtained from 141
the copyright owner. 6539
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RD and an IS described above, a long time may elapse before the resistivity. Also, the quantities denoted by subscripts 1, and 2
disintegration predicted by Kantrowitz and Petschek 11966] takes represent the upstream (ahead of the shock) and downstream
place, this time being longer the smaller the deviation of the field (behind the shock) conditions, respectively. Note that the energy
rotation AO in the RD from 0; (4) that, in the presence of equation (4) is written in a frame of reference moving with the
J.j.;.,,, an RD ha- irg AO - ' evolve- into a "neighboring" discontinuity and sliding along it in such a man,. ,hr E = 0
class of IS while for AO * n it evolves into a new slowly time outside the shock and E = e. E. within the shock. In this so
dependent IS-like structure which however does not obey the called deHoffmann-Teller frame, which will be used throughout
usual Rankine Hugoniot conditions and which, in particular, this paper, the plasma flow velocity v is parallel to B on both
violates coplanarity, sides of the shock. The above equations will be used in two

In light of the above mentioned new results, Wu has proposed different ways: (I) to obtain shock jump conditions, and (2) to
that time-dependent and, in some cases, time-independent ISs obtain a set of ordinary differential equations for steady state
rather than RDs may be at hand in a variety of space plasma shock structures.
situations such as in the solar wind or at the earth's magnetopause In this section, we review the jump relations, which relate the
during reconnection events [e.g., Sonnerup et al., 1987]. uniform properties on both sides of a stationary time independent
However, the relevance of the one-fluid dissipative MHD shock front. The derivation of these relations is straightforward
equations to these applications remains open to question. For and may be found, e.g., in Anderson [1962] or Jeffrey and Taniuti
example, in recent collisionless hybrid-code particle simulations, [1964), although in a form somewhat different from that
Lee et al. [1989] have found RDs to be stable and some ISs to employed here. Regardless of the resistivity and/or other
evolve into RDs, i.e., behavior opposite to that reported by Wu. dissipative processes within the shock, the normal Alfvdn
Nevertheless, the structure and evolution of ISs in the MHD numbers A. = v.(pp)°5 1B1 on the two sides of a discontinuity
description has become a topic of intrinsic interest and are found to be related by the following equation:
fundamental importance as a result of Wu's work.-ths2 2 t-.-- a20 2-2
In this paper, we examine the steady state structure of A = [A (X- ta 1)2

intermediate shocks in a purely resistive MHD medium (which is y ¥-f
the simplest case from a mathematical view point), as well as
certain aspects of their relationship to rotational discontinuities. 2 ,-1 2 2 2 2
The purpose of our study is to present an overview of the structure + tan 0 1 -A. 2 - I)(Az - 2)) ----- (A 2 .- 1)]/
of steady state resistive ISs, which we believe will provide a cos 0
useful complement to Wu's dissipative MHD simulations and to
an earlier incomplete study of the intermediate shock structure by (A2 2
Bickerton et al. [1971]. (Indeed, some of our conclusions can be [Ax 1 ) tan 0 ("- 2A _ 1)] (6)
deduced from a careful study of the set of simulation results 7 cos8 t  Y
reported in Wu's papers.) The paper is organized as follows. In
section 2, the MHD jump conditions and the different types of ISs where A, is the upstream ratio of plasma pressure to magnetic
are reviewed; in section 3 different types of steady state pressure. 0, = p/(Bt2/2.L). and 0, is the angle between the shock

intermediate shock structures are obtained. Section 4 contains a normal, e., and the upstream magnetic field vector. The curve

summary and discussion of the results. describing the relationship between A., 2 and A. 2
2 given by this

equation is shown in Figure 1 for two sets of parameter values

2. MHD Jump RELATIONS (0h, 0,). We shall refer to these curves as shock curves. They
have several noteworthy properties. First, they always intersect

Using standard notation, the one-dimensional, steady state the 450 line A, = A. 2 at three points. These are labeled s. i.
nonviscous MHD conservation laws (a/ay = 0; ai/z 0; B. = and fin the diagram and they represent small amplitude slow,
constant) can be integrated once and written as follows: intermediate, and fast MHD waves, respectively. Second,

portions of the shock curve located below the 450 line are
P = Pivhl (I) unphysical because they yield an entropy decrease across the

2 shock.
2 B 2 Bt Slow-mode shocks (SS) lie on the branch of the shock curve

pv 1 +p +- =P V1 l +p +1  (2) above the 45" line that stars at point s and goes upwards until the
2 1o 2g"t0 condition A, 2 = 1 is reached. This latter point is denoted by so

in the diagram and corresponds to the strongest possible slow
pv1 1 - w-BB, = P 1v 11 - =XlBl (3) shock, also called a switch-off shock. It has the property that the

90 90 tangential component of the magnetic field is switched off by the
shock, yielding B2 = #.B.

2 2 As one continues from point so upward and to the right alongP V € Pt "I
.L, £. + _= Y - + - (4) the shock curve, one enters the intermediate-shock (IS) portion of
7-1 p 2 Y--I P1  2 the curve for which A., 2 > I and A, 2

2 < I and for which the

Furthermore, Ohm's law may be written as tangential component of 82 is now antiparallel to that of B,. It
can be shown that between so and the maximum point on the

E + Y ==a VB (5) shock curve, the flow speed v.2 downstream of the intermediate

B =r()shock is always less than the local slow wave speed, v. <c 2. In
0o this regime the IS is said to be (downstream) "subslow," or

In these equations, the subscript t denotes the two components "strong." At the maximum point, labeled cs in the diagram, the
of a vector tangential to the shock and r is the electrical down.,tream flow is "critical slow" (V2 = c, 2). Continuing from
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this point downward and to the right along the shock curve, one 2.0 --

enters the (downstream) "superslow," or "weak." parameter region
of the IS for which v, 2 > c,2 . This region extends to the point i tanO0

where A, 1 = z2 which represents the endpoint of the IS branch
of the shock curve. it lb a' o the location of purely intermediate
waves (RDs) which have 1BII = 1821 and arbitrary angle rotations,

A0, of the tangential field. The slope of the shock curve at the 7
point i is always equal to -1. From the discussion above and from

the behavior of the shock curve, it is evident that for one and the
same upstream condition an intermediate shock can generate two 1 0

different downstream states: one of these is subsiow and
corresponds to a strong IS, the other is superslow and corresponds "

to a weak IS. ,

Finally, the fast-shock (FS) portion of the shock curve starts at
pointfand extends upward and to the right above the 450 line. It (Y
will not be discussed further in this paper. However, we note that '

for some, but not all parameter values the fast-mode propagation
speed can be less than the intermediate shock speed. An example
of this situation is provided by the shock curve labeled I = 0.1, 00 0_0,_ 06_ 08_ _ '00 02 04 06 08 ;o 3
61 = 26.570 in the diagram, for which the maximun point cs has a
larger value ofA,. 2 than does the pointf. The portion of the IS CON'TOUR FROM 10 TO A9 COTOUR INTERV L,)F

branch located above fis termed (upstream) "superfast" and the 2.0__

portion belowfis termed "subfast" The two points labeled cfon 20

the IS branch correspond to fast critical conditions upstream of tan0i (b)
the IS, i.e., v., = cf.tn >
The values of the Alfvdn numbers A. 2 and A 2

2 at the
maximum point (the critical-slow point cs) on the IS branch of the
shock are shown in Figure 2 as a function of 01 and tanO1 . In

Figure 2a a curve separating superfast and subfast upstream
conditions at the point cs is also shown, allowing one to identify F
the parameter regime in which upstream superfast ISs can occur.
As an example, for conditions typical of the magnetopause (1.

2. \
N 0 /

/ k--

2.5 - --- -

1 0.0 0.2 0.4 0.6 0.8 10 5 1 2

2mCONTOUR FROM 0 6 TO 10 CON'TOUR INTERVAL OF 0 Ow PTO 4,= 1)I

/ ,., /Fig. 2. Location of the criticl-slow q.cs) point in Figure 1, as a function of
A ... [ and tnO, 'Me oordiates A , ad A zt22 of point ¢# ame shown as

cs 2 ~~~~~~~cos an cntn nte tnpae
In pan 2a of the figure, the region below the curve labeled "critical fast"b X (cf) permits of superfast intermediate shocks. Above that curve, only

. sosubfast intermediate shocks are possible.

RD

-1 1, tanO > 5, say), all ISs are subfast and have values of A 2

/ restricted to a rather narrow range above unity, 1 A,,1
2 < 1.1,

J say. The downstream Alfvdn number, Ax 2, has a much broader
. , I 2 2. 2 .5 3.5 3 5 range: Figure 2b indicates that, in the example above, the weak IS

2 branch occupies the approximate range 0.85 < A2 2 < I from
A,2  x

Fig. I. Shock curves showing the relationship between upsteam (A 2) which one can estimate the strong IS range to be, very
Fi. n.Shokrvesshwin the reatonhi betwe n usra( A pproxiately A208

and downstream (A2) normal Alfv~n numbers (A2 v 2jtop/Bz2nfor approxitely0.7 <A 2 < 085. Thus substantial deviations
two sets of values of2t=P12R./B 2 and angle 0 between shock normal from the RD condition Ax, 2 = A2 2 = I could i principle occur;

and field vector B. Slow shocks (SS) occur between points s and so; in particular, A. 2
2 could be substantially less than unity, if the

strong (subsiow) intermediate shocks (IS) occur between points so and cs; magnetopause contained a strong IS rather than an RD.
weak (superslow) ISs occur between points cs and i; rotational
discontinuities (RD) occur at point i; fast shocks (FS) occur above the point By use of the relationship (6) between Ass2 and A 2 the
f The portion of the IS branch (if any) above the line cf-cf-f is called changes in tangential magnetic field. B. in the angle, 0, between
superfast; the portion below that line is called subfast the magnetic field and the shock normal, in the density, p, and in
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" - - ------ - , ... .. -It is not possible here to present a complete g..v:,-.al over, ic.

of the changes in these quantities across intermediate shocks fr
..... - .,all values of A, and 9,. Figure 3 shows results for the (531, 0,

values used in Figure 1. in a format similar to that used by Lee ei
:I. [!I391. in :-his diagram. the IS branch of 'he chnc!4 -urve i
also shown for convenient reference along with the locations of

the switch off shock (so), the rotational discontinuity (i) and the

- (downstream) critical-slow (cs) point. It is seen that p 2 1pI and
- _ ~ ., p2/P1 have maxima for the switch-off shock where A., = I and

Be2 /B, 1 = 0. In this sense, the switch-off shock represents the
strongest possible slow or intermediate shock. However, it is

noted that for the IS the entropy ratio, $ 2IS., is a maximum at th.e
extremum of the shock curve, i.e., at the point cs It Is furthCr

.- 13 B seen that the ratios of downstream to upstream pressure, densit),

and entropy are always greater for the (downstream) subslow IS
branch than for the superslow branch. Thus it is also appropriate
to label the former the strong and the latter the weak IS branch.
We shall adopt this notation in the remainder of the paper. The
weak IS branch has its end point (i) at A., = Az.= 1, where p 2 p1

p2/P, = S21S t = I and B(21Bfl = - 1. This is the behavior of a
rotational discontinuity with A0 = .

50 -- The curve for -B, / Bt in Figure 3a is such that LB21 < 1B11 I for
/P2 / p! 3 = 0.1. 0, = 26.57 the entire IS branch, which in this example is purely subfast.

Nb) Since a decrease in lBI is a characteristic of the slow compressive
mode, all ISs in this figure can be viewed as hybrids of mainly

40- intermediate-mode rotation and slow-mode compression with the

later being more dominant on the strong branch than on the the
/ weak branch. This interpretation will be verified and discussed

3,2 / S, - further in section 3 of the paper. A different type of behavior is
s Revident in Figure 3b where the portion of the diagram to the right

_n ~of A 1 2= 1.272 represents upstream superfast conditions. It is
/ CS) P2 PI seen that in this case the entire weak IS branch, as well as a small

20- , portion of the strong IS branch (near the cs point), has IBt21 > IB 1l.

eal In such cases it is clear that fast-mode compression, which leads
- lB,, / B,, - to an increase in IBI, is also involved, along with intermediate

to / - mode rotation and perhaps slow-mode compression.
Wt -Isb-nch U: I Furthermore, the fast-mode effect dominates the slow-mode one
gs_ cs' A on the entire weak IS branch as well as on part of the strong IS

branch. Again. these effects will be discussed further in section 3.
o _ubfast,--The information concerning IS jump conditions given in the

1 2 1 4 A 6 preceding paragraphs can be found, at least qualitatively, in the
A, existing literature. The following additional property of ISs

Fig. 3. The pressure ratio P;Pt, density ratio p2/pt, entropy ratio S21 S , appears to be little known: for chosen A 1, the downstream statetangential magnetic field ratio -8.2, and A as a function of A11lzfor apast eltl nw:frcoe 1 ,tedwsra tt
intermediate shock with (a) [1= -and l = 4 and (b) I]1= 0.1 and I = of the weak (superslow) IS solution can also serve as the upstream

26.570 state for a slow shock that propagates at exactly the same speed
and that has exactly the same downstream state as the strong
(subslow) IS. This relationship between the weak and the strong

IS solutions at the same A,5 will be clarified in the next section.
the plasma 1 value can be calculated from the following further
jump conditions which are readily obtained from equations (I)-

(5): 3. EQ BRIUM I'INTERtMEDIATE SHOCK STRUCTURE

21 aO (A1 -1 31. Differerial Equations

B- tan1 (A 2 ( 1) In this section, we discuss the one-dimensional, steady state,

resistive MHD equations which describe the shock structure.

2 With the assumption of uniform resistivity, equations (1)-(5) can

2  AXI (8) be simplified to the following form:

P1  A 2  2 B 2 2

2 (+ A) 2 +A 20= + - (9) 2 dli
2 cos 2 2O S(9) A 2 Xr- - = (A .- I)B .- (A .2 - I)B ,I (11)

2cs2  2cs 1  21 z 2
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2 2 A + 
1  B ... 2 3.2. Fixed-Point Analysis

2cos 01 28 +1 The set of equations (10)-(12) represents a two-dimensionalY 0autonomous nonlinear system [e.g., Hochstad, 19641. The

upstream an,! downstream states are the fixed points of the

2A I +l 82 2 2 B, system. The character of the fixed points in terms of nodal or
(A11+ - )+-. 1  +2(A.k-1 )tan0 - saddle-point behavior can be obtained by studying the response of

2cos 01 28X Y+1 BX 18 equations (10)-(12) to small perturbations about the fixed points.

Linearization of these equations around the upstream state, say,

2 leads to
+ A2 I 2 + A- P M- 0 (12)2-(A, 1-1) tanG 01lI---2"(2 Aa + i)]j 0 5  d(8A ) 2

21 X1 (12 X1  Y
cos 0 y- (At -)SBy K 8By (13)

d Vx1 dx

where X,1 = "1/gov,1 is the resistive length. As before, variables 2 2 2 2 2 2
with subscript I represent upstream conditions. For the upstream rIAZ1 d(BB,) A11  X1 -cl)(v1 -C K)vai f h ubcit .rprsnin h dwsremcndtosi 0 1  d 2 2 -2 K7 8B, (14)
state, we further assume Byt = 0. However, the equations remain dx 2 2 2
valid if the subscript 2. representing the downstream conditions, is Xoa Ia vx -c )

used in place of the subscript 1. Equations (10)-(12) describe the As before, the subscript 1 can be replaced by 2 for the
resistive structure, not only of ISs, but of fast and slow shocks (for downstream point. The second of these equations was first
which we may put B Y- 0) and RDs as well. In particular, they derived by Coroniti [1970] in his study of slow and fast shocks; it
imply that RDs, which have the properties A. = A2t =.In2 = 1, is in fact valid for all resistive shocks. The first equation is not
have finite thickness only in the case of zero resistivity. On the needed for fast and slow shocks, since they permit a shock
other hand, for all MHD resistive shocks the thickness is seen to structure with By = 0 (however, to prove that By = 0 in fact is the
ba pruportional to ,riAul2. However, as is evident from the only possibility, one needs it).
equations, this proportionality does not describe the complete We first review the nature of the fixed points for different values
dependence of the shock thickness on Al. In particular, for A.2  of the coefficients (eigenvalues) Ky and K, on the right-hand sides
near unity the factor (A1

2 - 1) on the right-hand side of the of equations (13) and (14). Four possibilities exist. First, if both
equations tends to make the shock thickness much larger than k,. KY and K. are positive the point examined is an unstable node.

The following comments should be made concerning the plus or By unstable is meant that infinitesimal deviations 8By and/or 68B,
minus sign in equation (12). In the vicinity of the upstream state lead to exponential growth of B and/or B, away from their values
(A,=A,1 ;Bzt =B1;8,t =0) only one of the signs will give A,2  at the fixed point. Second, if both K and K. are negative the
=Axt2 Similarly, in the vicinity of a downstream state (A, = point is a stable node instead. Third, if KY is positive and K,
A.,2; B,2 = B2; By2 = 0) only one of the signs will give A. = A,2. negative we have a saddle point that is unstable (in the sense
It can be shown directly from equation (12) that the criterion for described above) to deviations 8BY and stable to deviations 8B,.
choosing the sign is as follows: the plus sign and the minus sign Finally, for KY negative and K, positive we have a saddle point
are to be used, respectively, for A 2 greater than and less than that is stable to deviations 8B, and unstable to deviations 8B.
,t/2cos20 or, equivalently, for v, 2 • c2 and V,2 < c where c2 = Next, let us examine the nature of the upstream fixed point for
yP/p. When the signs needed are the same for the upstream and intermediate shocks. First, since A,2 > 1, we know that K is
the downstream state (i.e., when v, 1 and v. are both supersonic positive. The constant K, is also positive both for the subfast

or both subsonic), or, to borrow a mathematical term, when these subsonic case and for the superfast (and therefore by necessity
two states are located on the same Riemann sheet in the complex supersonic) case. In these two cases the upstream point is
B, plane, a purely resistive transition from the upstream to the therefore an unstable node. This means that an infinite number of
downstream state exists. When the signs are opposite for the solutions to equations (10)-(12) exist where B, and B, in
upstream and downstream states, i.e., since the case v, < c1 and different proportions, start to deviate from their initial upstream
v, 2 > c2 does not occur, when the shock involves a transition from values as x increases. In the subsonic case the node is located on
supersonic to subsonic flow, it usually contains a substructure in the minus Riemann sheet; in the supersonic case it is located on
which dissipative processes other than resistivity, e.g., viscosity the plus sheet. For the subfast supersonic case, we have K, < 0 so
and/or heat conduction, dominate (although in special cases a that the upstream point is a saddle point located on the plus
purely resistive transition from supersonic to subsonic flow is Riemann sheet and stable to perturbations 88; unstable to
possible, as we shall see). Since these additional dissipative perturbations 8B Y. Therefore any continuous solution for the
processes are not described by our basic equations, such a subfast supersonic case must start out from the point BY = 0B, =
substructure will appear as a discontinuous jump from one B, with 8B, = 0 and 8BY * 0. In other words, the solution must
Riemann sheet to the other. Such jumps constitute regular gas start as a pure field rotation. A second possibility is that the
dynamic shocks and they leave the magnetic field and the solution is discontinuous at the upstream point and starts with a
tangential velocity components unchanged. It is a matter of gas dynamic shock which provides a transition to subsonic (but
straightforward algebra to show, from the basic conservation still super-alfvdnic) conditions. Following this gas dynamic
laws, that a transition from the supersonic (plus) Riemann sheet to substructure, a purely resistive part of the shock structure will
the subsonic (minus) Riemann sheet, at a fixed value of the field occur.
vector, B, leads to the usual gasdynamic jump conditions. It We turn now to an examination of the two possible downstream
should be pointed out that the calculations shown in this paper are states for an intermediate shock: the subslow and the superslow
valid under the assumption that the viscous scale length is much cases. For both, we have A,22 < 1 and therefore K, < 0. For the
smaller than the resistive length. subslow or strong IS case, the flow must also by necessity be
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I T s Spc F a transition is usually achieved by means of an ordin.7-
A >,) ssn.- s ,, Sumom viscous/heat conductive gasdynamic shock which is to be ,rcatc

- S,iwon 41 Sd~ as a discontinuity in the present purely resistive theory. Another
K , A . " .3 . possibility, to be discussed further below, is that a smooth purely

resistive transition from supersonic to subsonic conditions occurs.
One location in the matrix is excluded altogether, on the basis that

S'b- k sA,h-Ak
a shock cannot achieve a transition from subsonic to supersonic
flow.

I A *'. Fure,'c,,~~s C PagurCe From the discussion above, it may appear that the equations
.. o_' .. qu \.... (10)-(12) have three fixed points corresponding to the upstream

'hk state and the two downstream states of the IS. In fact, as we shzU
rC..... s.., see, there is a fourth fixed point which corresponds either to the

L L,. . upstream or the downstream state of a fast shock. In the former

F gum , case, this point is an unstable node on the supersonic (plu:)
-- " , I r'h , Riemann sheet and it also serves as the upstream state of superfast

P-1, -ISs; in the latter case it is either a saddle on the plus sheet with
" . A. __ ~ 'C~~'stable approach along the B, axis or it is an unstable node on the

minus sheet.
2- -.We now discuss in quantitative detail the nature of the tangential

I ______3 ' FC ' magnetic field behavior in resistive intermediate shocks. The

Fig. 4. Matrix showing possible intermediate shock conditions and results to be presented were obtained by numerical integration of
structures. K and K are coefficients defined by equations (13) and (14). equation (10) and (11). They will be displayed in terms of
The symbols plus and minus refer to the supersonic and subsonic Riemann magnetic hodograms, i.e., plots of B, versus B . In these plots,
sheets. Nature of upstream and downstream fixed points (nodes or saddle the upstream and downstream states have B = 0.
points' at- shown schematically. Y

3.3. Subfast Subsonic Upstream Flow

subsonic so that K, < 0. Thus the subslow downstream point is In this case, which comprises the second column of the matrix in
always a stable node located on the minus Riemann sheet. An Figure 4, the minus sign has to be used in equation (12) for the
infinite number of solutions exist that approach the downstream three relevant fixed points, because the upstream state and the two
stable node exponentially as x -* -. For the case of superslow downstream states of the IS are all subsonic. Thus we rmay
downstream conditions, the flow may either be subsonic or confine our attention to the hodogr r in the subsonic (minus)
supersonic. In the latter case, K. < 0 and we again have a stable Riemann sheet (the other sheet will be discussed in section 3.5).
node but now on the plus Riemann sheet; in the former case, K, > Figures 5a-Sd show such hodograms in the case where 1= 1, and
0 and we have a saddle point on the minus sheet, stable to 01= 450 for which all ISs are subfast and subsonic. As discussed
approach along the B, axis and unstable to approach along the B , previously, this means the upstream and the strong-IS (substow)
axis. downstream states are nodal points and the weak-IS (superslow)
The preceding discussion is summarized in the matrix, shown in downstream state is a saddle point. We start by examining the

Figure 4. In most cases, purely resistive IS structures require the magnetic hodogram in Figure 5b. It is seen in this figure that the
upstream and downstream points to be located on the same strong-IS transition is nonunique: it can be achieved not only with
Riemann sheet. It is seen that there are four such cases: (1) For B = 0 (i.e., going along the vertical axis in the diagram) but also
subfast subsonic upstream conditions the strong IS, i.e., the aong an infinite number of other trajectories which have BY * 0,
(downstream) subslow subsonic case is purely resistive and the leading from the upstream point, labeled 1 to the strong-IS
structure is expected to be nonunique because an unstable and a downstream state, labeled 2s. The node structure of points 1 and
stable node can be connected by an infinite number of paths in the 2s is evident in the figure. It is also seen that I Y8I cannot become
By B, plane. (2) For the same upstream conditions, the weak IS, arbitrarily large in the strong-IS transition. There exists an outer
i.e., the superslow but subsonic case, also has a purely resistive bounding trajectory which leads along a nearly circular arc, from
structure, which is expected to be unique, except tor the sign of the upstream point to the weak-IS downstream state, labeled 2w,
BY because only two paths from the upstream ustable node lead and is followed by a straight-line segment upward along the
into the downstream saddle point from the stable directions. (3) vertical axis to the strong-IS downstream state. As mentioned in
For the case of subfast but supersonic upstream conditions, only section 2, the transition 2w --* 2s consists of a slow shock. It is
the weak IS structure is located entirely on one Riemann sheet and also clear that the outer bounding trajectory is the only possible
then only when the downstream flow remains supersonic. For the transition from the upstream state to the weak-IS downstream
same reason as in the previous case, a unique structure is state. Thus, except for the sign of By. the resistive structure of the
expected. (4) For superfast (and therefore supersonic) upstream weak IS is unique whereas the nonunique strong IS structure is
conditions, it is again only the weak IS with supersonic bounded as follows: at one extreme it can be viewed as a weak-IS
downstream conditions that is located entirely on one Riemann field rotation followed by a slow shock; at the other extreme it has
sheet. This time an unstable upstream node is connected to a no field rotation at all (By = 0). In between these extremes, a
stable downstream node; this connection is expected to be strong-IS structure follows the weak-IS curve some distance away
nonunique. from the upstream point (1) and then starts to deviate toward the

For the remaining positions in the matrix shown in Figure 4, a strong-IS downstream state (2s). Along the weak-IS trajectory,
transition from one Riemann sheet to the other must occur at there is a small decrease in field magnitude, produced by slow
some location in the shock structure. As pointed out already, such mode compression but the main effect is a field rotation. (For the
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Fig. 5. Magnetic field hodograsas in the minus Riesnan sheet for subfist subsonsic upstream normal flow, shown forP =-I and 8
45* and (a) A. 21;(b)A 1 2 = .0429- (c) A~I2 = 1.745; (d) A~l 2 = 1.0765. For detailed discussion, see section 3.S. In Part i
the weak IS transition, 1-4.~ , cori;d" to a rotational discontinuity and the strong IS transition, 1+ 2, to a switch-off shock or
to a rotational discontinuity followed by a switch-off shock. In pan 5d the downstream. flow is critical slow (CS).

case shown in Figure 5b. this trajectory is described with good the switch-off shock is classified as a slow shock rathier than as an
approximation as an arc of a circle with its center at B Y = 0. BE = intermediate one.
(B11I- B,2)/2.) Thus, this leading-edge portion of the strong-IS It is also noted that those solutions on the strong IS branch
shock can be said to be dominated by the intermediate wave which have B u 0 do not involve the intermediate mode at all but
mode. On the other hand, its trailing edge portion involves field represent simply ani extension of the slow-mode shock branch into
rotation accompanied by a substantial net decrease in field the super-alfvtnic regime.
magnitude so that the slow mode compression in this part of the In terms of the properties of the fixed point 2s in Figure 5, it is
structure is strong. noted that for the switch-off shock in prt 5a of the figure, this

The separation of intermediate and slow mode effects in the point is degenerate in the sense that the two eigenvalues, K Y and
strong IS becomes perfect in the limit as A, 1 -+ 1. i.e., for the K., characterizing the solution near the point (e.g.. Hochstadt.
switch-off shock. The hodograr2 for this case, shown in Figure 19641 are equal, giving the appearance of an isymietric sink at
5a. has a purely circular weak-IS trajectory corresponding to RD the origin. In Figure 5b the behavior at point 2s appears nearly
behavior, followed (for a strong IS) by purely radial slow-mode the same because the two eigenvalues are close but not identical.
field decrease to ie point hs at die origin. However, u pointed The usual no ildegenerate node behavior which has two principal
out already, the RD portion of the structure will in fact be and orthogonal asymptotic directions of approach (or departure)
infinitely thick. Thus the only switch-off shock structure having a of the trajectories is always evident for the upstream point (1). In
finite thickness is that for which B a 0. It is for this reason that Figure 5c which has a larger value of A., than Figure 5b, this
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- , in Figure 6) involves only the slow mode. As 8, decrcases rt.n.
.. its initially positive value to zero within such a shock. the density.

shown in the third panel of Figure 6, is seen to r....ie. ASs

expected in slow-mode compression. This density increase is
followed by a small decrease as B, reverses sign and increases in
magnitude to its final negative value. This latter behavior
corresponds to slow-mode expansion at the trailing edge of the

06 0 . .b , 1.0 shock structure.
x/X1

.... ....... 3.4. Subfast Supersonic Upstream Flow

As indicated in the third column of the matrix in Figure 4, J'!
0- "upstream state in this case is a saddle point located on t&c pl.

5 Riemann sheet, and the strong IS downstream state is a stable

node on the minus Riemann sheet. For the weak IS case, .here are
. ---_____ "- _-two possibilities which we discuss separately.

ii First, for certain parameter values, the downstream flow may
.... -1, 0 remain supersonic in which case the downstream state is a stable0. node, also on the plus Riemarm sheet so that a purely resistive

weak IS exists. Trajectories on this sheet are shown as dashed

pip lines in Figure 7a (for G = 0.5, e1 = 26.570 and A., 2 = 1.0546). It
is seen that only a single (approximately circular) trajectory

S - -connects the upstream saddle point with the downstream weak IS
S stable node, yielding again a unique weak-IS structure. The plus

- - sheet also contains an unstable node and associated trajectories.
* These features are not shown in the figure but will be discussed in

section 3.5. Trajectories on the minus Riemann sheet are shown
.. . . .,_"- .- "by solid lines in Figure 7a. They em erge at the edge of a

forbidden region in the BYB, plane, in which the square root in

Fig. 6. Spatial structure of strong and weak intermediate shocks with equation (12) is imaginary (at this edge, shown by the dash-dotted
subfast subsonic upstream flow. Tangential magnetic, field components B curve in the figure, the normal flow is sonic, v1 = c), and converge
and B., and plasma density p are given as a function of distance, x, norma toward the strong IS downstream stable node. Transition from the
to the shock. The three curves shown in each panel correspond to the plus sheet to the minus sheet is achieved by a gas dynamic shock
hodograrn traces labeled a. P. and y in Figure 5b. The curves ct and s
represent strong (downstream subslow) intermediate shocks (which have (which leaves B and B, unchanged). The transition point can
nonunique structure); the curve y represents the special case uI a strong IS be located anywhere on the approximately circular trajectory on
composed of a weak IS (WIS. which has unique structure) followed by a the plus sheet from point 1 to point 2w (an example, denoted by
slow shock (SS). The refenmce value p, is the upstream density and x1 * gs, is shown in the figure). If it occurs immediately at the
500 T1/LOVA 1 upstream edge (point 1) of the shock layer, the strong IS shock

has B s 0; if it occurs at point 2w, the strong IS has the
behavior is evident at point 2s Rs well. It implies that the trailing appearance of a weak IS followed by a slow shock where the
edge of a subfast strong IS usually involves pure slow-mode latter has a regular gas dynamic subshock at its upstream edge.
expansion or compression, the only exception being the one The second possibility is that the weak IS downstream flow is
trajectory that enters point 2s at right angles to the B, axis. Figure subsonic and corresponds to a saddle point located on the minus
5d shows the limiting case where the strong and weak Riemann sheet (see matrix in Figure 4). An example of this
intermediate shocks coincide (2s = 2w), i.e., the (downstream) situation is shown in Figure 7b (for 0, = 0.5, 01 = 26.570 and A., 2

critical-slow case, for which A, has its maximum allowed value. = 1.1471) where, as before, trajectories in the plus sheet are
The noncircular nature of the weak-IS trajectory is evident in both shown as dashed lines and those on the minus sheet as solid lines
Figure 5c and 5d. (as in Figure 7a. we have not shown an additional unstable node
The thickness of the strong intermediate shock depends on its on the plus sheet and its associated trajectories; these features will

hodogram trajectory. The situation is illustrated in Figure 6 be dealt with in section 3.5). In this case, the weak IS structure is
which shows B., BY and p as a function of x for the hodogram again unique but there is now a smooth supersonic-subsonic
trajectories labeled a, P, and y in Figure 5b. The smallest transition at a sonic point (v. = c). denoted by sp in the figure.
thickness is obtained when B, = 0 (curve a). For hodograms This point is located where the trajectory out of the upstream
extending to increasingly large I values, the corresponding saddle (point I on the plus sheet) and the trajectory into the
shock thickness also becomes increasingly large (curve 0) and downstream saddle (point 2w on the minus sheet) both reach, and
reaches a maximum for the outer bounding trajectory (curve y). are tangent to the boundary of the forbidden region. The strong
As pointed out already, this latter case consists of a weak IS IS structure remains nonunique and there are cases both with and
followed by a slow shock. The slow shock may in fact be placed without a gas dynamic shock. Such a shock, denoted by gs in the
at an arbitrary location downstream of the weak IS. The case figure, can occur anywhere between points I and sp along the
shown in Figure 6 has A 1

2 = 1.0428: as A. 12 -+ I, the thickness trajectory out of the upstream point. On the other hand, if this
of the weak IS approaches infinity. In this limit the weak IS trajectory is followed all the way to the sonic point, sp, and
becomes an RD. perhaps some distance beyond it toward the point 2w, purely

As mentioned already, a subfast strong IS with B, s 0 (curve a resistive strong IS structures are obtained.
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state may be a stable node on the plus sheet or it may be a saddleFBzB point, stable t- ,,ppr ,ch along the BY direction, on the minus
(a) sheet. The former case is illustrated in Figure 8a, which is the

same as Figure 7a but with the upstream fast-mode nodal point, If
(on the plus sheet) and its associated trajectories shown. It is now
this point that serves as the upstream point for the superfast
intermediate shocks as well as for the regular fast shock. It has
31.= 0.4523.1,= 6.050,A =1.2578. These parameter values

gs ' are such that the downstream state, 2f of the fast shock iemains
supersonic. Any of the trajectories out of the node point If.can be

". followed to the weak IS downstream state 2w. Included is the
~: B/Bx special case where the weak IS consists of a resistive fast shock

transition from fto 2f/(2f is the same as point I in Figure 7a),
followed by a subfast-supersonic weak IS in which the flow
remains supersonic (v.2 > c2) and for which the hodogram

2w ,trajectory consists of the unique path connecting point I to point
2w. At the other extreme is the special case where a direct
transition along the B, axis from fto 2w occurs. Thus the weak
IS structure is now nonunique. The strong IS structure is also
nonunique: one may follow any of the trajectories in the plus
sheet out of point fand then make a transition, by means of a gas
dynamic shock, gs, to the minus sheet in which one then follows

B {- one of the trajectories into the point 2s. At one extreme, the
strong superfast IS structure may consist of the path lf-2f.2w-2s

(b) with a gas dynamic shock to achieve a transition from the plus
sheet to the minus sheet located at the point 2w. In this special
case, the superfast strong IS consists of a resistive fast shock,

- followed by a subfast supersonic purely resistive weak IS,
followed by a slow shock with a viscous subshock at its upstream
edge. At the other extreme, the superfast strong IS may consist of
a direct transition along the B, axis from I/ to 2s with a gas
dynamic shock located somewhere between, or possibly at one or
the other of these two points. Or it may cosist of a direct

B JB. transition, along the B. axis from If to 2w, followed by a slow
2s shock from 2w to 2s, the latter having a viscous subshock at

rlocation 2w.
We now turn now to the second case mentioned above, where

sp SP the downstream state for the weak IS is a saddle point on the
2w subsonic (minus) Riemann sheet. This case is illustrated in Figure

8 for two situations. In Figure 8b the normal flow downstream of
the fast shock remains supersonic (vaW> c2,). This figure is the
same as Figure 7b but with the upstream fast-shock nodal point,
If (on the plus sheet) and its associated trajectories shown. The

Fig. 7. Magnetic field hodograms for subfast supersonic upsucam normal conditions at point fare: If= 0.4738, 91f= 13.570. A 1 2

flow. Dashed curvea are trajectories on the plus Riemann sheet; solid ins 1.3048. In Figure Sc the normal flow downstream of the fast
lie on the minus sheet. For detailed discussion, see section 3.4. Case 7a, shock is subsonic (v ,< c ). This figure is the same as Figure 5b
with = 0.5, 01 = 26.57° , A,, = 1.0546, has supersonic downstream but with the supersonic (plus) Riemann sheet, which contains the
state for the weak IS. For the strong IS, a gas dynamic shock (gs) provides upstream fast-shock nodal point, If, supplied. In this case, the
transition from the plus to the minus sheet. The inner edge of the forbidden u
region is shown by the dash-doted line. Case 7b, with 0= 0.5, 9, = conditions at point Ifare: 01= 0.2586, 011= 1.740, A, 12=26.57O, Ax2 = 1.1471, has subsonic downstream state for the weak s. 2.4129. We discuss Figures 8bandgcseparately.
For the weak IS the supersonic-subsonic transition is continuous and In Figure 8b, the superfast weak intermediate shock is
occurs at the sonic point, sp. For the strong IS, a gas dynamic shock (9s) nonunique and can correspond to any trajectory emerging from
may occur anywhere between points I and sp. Another possibility is a the upstream point If. There are two classes of such trajectories:
continuous transition at point sp. those that reach sonic conditions, v = c at ththoe hatrech onc ondtinsvx= c a te point, sp, and

those that reach v, = c at the boundary of the forbidden region
away from that point. For the former class, purely resistive weak

3.5 Superfast Upstream Flow IS structures exist with the supersonic-subsonic transitionoccurring at sp. For the latter class, that transition occurs in a gas
In this case, the upstream state is an unstable nodal point located dynamic shock, gsw, located where the trajectory in the plus sheet

on the plus Riemann sheet. For the downstream state, the crosses the short segment of trajectory in the minus sheet between
situation is the same as the pivious case, i.e., the strong IS the points sp and 2w. The strong IS is also nonunique: again one
downstream state is a stable node on the minus Riemann sheet, can follow any trajectory emerging from point If in the plus sheet
while there are two possibilities for the weak IS: its downstream until it crosses one of the trajectories into point 2s in the minus
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Fig 8.Mageti fildhodograms for superfast (and therefore supersonic) upstream normal flow. Dashed curves are trajectories on

the plus Riemsnn sheet; solid lines lie on the minus sheet. For detailed discussion, see section 3.5. Case Sa is identical to Figure 7a
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again witlh the node, If. on the plus sheet, shown. This node has Plf - 0.4738, 91f - 3.570, AX2 -~ 1.3048. and again serves as the
upstremstate for the ISs. Case &cias identical to Figure 5b but no%.' with the plus Riemann sheet and the node If added. This node
has 01f 0.2587. 01f = 1.740, A.I 2 =2.4129.

sheet. At the crossing point. a gas dynamic shock. gs, brings the stuscture, followed by a purely resistive slow shock transition 2w-
solution from the supersonic to the subsonic Riemann sheet. In 2s. In the other extremne, the weak IS has B .a0 and is described

II

this case too, pure~ly resistive structures with a continuous by a trajectory from If to 2w on the plus sheet along the B. axis,
supersonic -subsonic transition are possible and occur for all followed by a gas dynamic shock at 2w to bring the solution from'
trajectories passing through point sp. the plus sheet to the minus sheet where point 2w is located. The

In Figure 8c. all shocks having their upstream conditions strong IS, in tiis extreme. may be obtained either by adding a
defined by point If must contain a gas dynamic subshock as part resistive slow shock at the downstreamn edge of the weak IS jusi
of their structure. For the fast-shock transition lf-2f (2f is the described, or by direct transition from If to 2sr along the B. axis.
same as point I in Figure 5b). this substructure must occur at the with a gas dynamic shock located somewhere between these two
trailing edge, i.e., at point 2f. since this point is an unstable node. points (or at one or the other of them). In between these extreme
Both the weak and the strong IS have nonunique structures. In cases, weak IS structures all have a gas dynamic shock, gsw,
one extreme, the weak IS consists of a fast shock with a viscous located somewhere on the outer bounding trajectory connecting
subshock at its downstream edge, followed by a unique subfast points I and 2w; strong IS structures have their gas dynamic
subsonic weak IS along the outer bounding trajectory from point I shock, gss, located somewhere inside that 'v.'nding trajectory, at
to point 2w. In this same extreme, the strong IS has the same the intersection between a trajectory emerging from point If in the
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plus sheet and a trajectory terminating at point 2s in the minus Several comments should be made about these results. First, we
sheet, as illustrated in the figure. have found a large number of possible equilibrium structures for

resistive intermediate shocks. We have not examined the stability
4. SUMMARY A.,D DISCUSSION of all, or most of these equilibria. Numerical simulations by Wu

The principal definig property of anintermediate shock [1987, 1988a, b], as well as a few simulations that we havecinig aniVIUI.J undertaken ourselves indicate that at least some of these structures
(IS) is that it produces an abrupt transition from super-alfv~nic to undeen strslesa complete survcy of the stability propertics

sub-alfvnic flow. The magnetic fields on the two sides of the is not available at prsent. In parcular, the stability of cases

shock obey the coplanarity theorem, i.e., the two field vectors and inovi at purel rti t han stiot o s apes
the shock normal vector lie in one plane, but in contradistinction involving a smooth purely resistive transition from supersonic to

theshok nrml vcto li i on plne bu inconraistncton subsonic normal flow needs to be examined, along with cases
to the better known fast and slow MHD shocks, the sense of the wheeotis trasitones te by a a d ic s s

tangential magnetic field reverses across an intermediate shock. hi an i tion i i te ova shoc suture.
*having a nonunique location within the overall shock structure.

In this paper, we have examined the steady state structure of Another remaining task is to map out the regions in parameter
intermediate shocks by use of the resistive nonviscous MHDequations. The results may be summarized as follows, space in which the three different types of hodogram topology

eon. te rsuste nrmal flow vumaielo , as i s hk occur. The relevant parameter space is three dimensional and is
1. Whes than the loal smallamplit fast-mode shock defined by the upstream plasma beta, 131= p1 2 g 0181

2, the
frame is less than the local small-amplitude fast-mode MHD wave upstream angle, 01, between shock normal and magnetic field, and
propagation speed, cl. as well as less than the local sound speed, the upstream normal Alfvdn number A.1 2= v.I 2 op1/B. 1

2. With
ci , the magnetic structure of weak (v2 > cs2) and strong (v,2 < the exception of the limited information provided in Figure 2.
c, 2) intermediate shocks is described by a hodogram having the such an overview is not at hand. However, for any chosen set of
topology shown in Figure 8c (see also Figure 5) (the downstream panoerie is g in items for ab c n enormal flow speed and small-amplitude slow-mode MHD wave parameters, the conditions given in items (l)-(3) above can be

norml fow seedandsmal-amlitue sow-ode HD aveused in a straightforward manner to establish the relevant
propagation speed are denoted by v2 and c,2, respectively). The usd in traighe
weak IS has a unique structure which involves a deviation of the hodogram topology.TeIt should be noted that the three hodogramn classes in Figure8
magnetic field from coplanarity within the shock layer. I also incorporate fast and slow resistive shocks. In particular, we
tangential field behavior consists mainly of a rotation by 180" have recovered the well known result for such shocks that when a
accompanied by a more or less pronounced change in field transition from supersonic to subsonic normal flow is required,
magnitude. The strong IS has a nonunique structure which in one this transition is effected by a gas dynamic subshock located at
extreme satisfies coplanarity and in the other extreme looks like a the upstream edge of a slow-shock layer and at the downstream
weak IS followed by a slow shock.2. When fl > t > c1, two hodoram topologies are possible, edge of a fast-shock layer [Coroniti. 1970; Kennel and Edmiston,

n e hasn in Fu v., ( ctwor igra whpologien are p orl, 1988]. The only case not contained in the main part of the paper
namely that shown in Figure 8a (Or Figure 7a) when Y.2 > c2 for is that of switch-on shocks. However, since such shocks are closethe weak IS, and that shown in Figure 8b (or Figure 7b) when vx neighbors to the intermediate shocks, they are discussed briefly in
< c2 for the weak IS. As in the previous case, the weak IS has a the appendix.
unique structure, the strong IS does not. Finally, we emphasize that we do not claim that resistive3. When vzl > Cfl, all three hodogram topologies in Figure 8 are Fialwemhsztatedontci htrssiv
possible. When the downstream normal flow speed, v of a fast intermediate-shock structures are necessarily directly relevant toposibl. Wen he owntrem orml fow pee, v ofa fstspace plasma applications such as the magnetopause (during
shock (having the same upstream state as the IS) is subsonic, the reconnection) or the solar wind. In these applications. effects
hodogram topology is that shown in Figure 8c. In the case where ot r ths la r ind. ithes aplicto ets
v is supersonic instead, the hodogram topology is that shown in other than classical electrical resistivity are likely to be important
Figure and perhaps to dominate the structure of these shocks. In
suesonic, 8a whe n d ise sown ie ofiue 8bwen te i particular, dispersive effects generated by the Hall term in Ohm's
supersonic, V.,2 > c2, and is that shown in Figure 8b when the law should be included, as in the early study by Bickerton et at.downstream state of the weak IS is subsonic, v.2 < C2. Both weak [19711. Nevertheless, as has been the case for fast and slow
and strong ISs have nonunique structures. shocks, the development of our understanding of structure can
4. The three hodogram topologies in Figure 8 are the only ones profitably use the resistive MHD limit as a starting point.

that occur (except for transition cases between them). pro re mh erisimulions a arti nd
5. Intermediate resistive shocks that involve a transition from Furthermore, many numerical simulations of magnetospheric and

supersonic to subsonic values of the normal flow speed usually space plasma phenomena such as reconnection are based on thecontain a discontinuity consisting of a regular gas dynamic shock resistive MHD description. The results provided in this paper
in which dissipation processes other than resistivity, namely, should prove useful for the identification of field-reversing shock
vict adshepato oducesseotivi r d anesiit. , w eve, i structures that may arise in such simulations. For example, itviscosity and heat conductivity are dominant. However, in follows from Figure 5 that only strong, not weak subfastspecial cases, it appears that a continuous purely resistive intermediate shocks can occur in two-dimensional simulations
transition from supersonic to subsonic flow, i.e., a transition where the magnetic field and flow vectors are confined to the
without a gas dynamic subshock, can occur. simulation plane.

6. The overall thickness of resistive shocks is proportional to
A.1 

2k.l where A., is the Alfvin number based on the upstream APPE'mx
normal flow speed, A 1

2 mv,1
2 i0 p1/Bx1

2, and X.r is the resistive
length, ',, aMl/g.ov1 . However, the complete dependence of In the special case where the shock propagates exactly along the
shock thickness on A., is more complicated. For example. the upstream magnetic field, 01 = 0, the shock curve, defined by
weak IS shock thickness approaches infinity as Axi approaches equation (6), reduces to the straight line given by
unity. When the shock structure is nonunique, the shock
thickness is usually greater the greater the deviation of the A2 = - A-2 - I (Al)
magnetic field from coplanarity within the shock layer. Y-1 7-l
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plus the portion of the line Aa 2 = I for which A., 2 lies between The structure of a resistive switch-on shock involves a ga_
unity and the value (y+l)/(y-1) - Y1/(Y-1). The situation is dynamic subshock located at the downstream edge of the shock
shown in Figure Al from which it is clear that the intermediate layer, whenever a supersonic to subsonic transition of the normal
shock branch exists only for 01 < 2/ y and that it then has a flow is required, as discussed by Bleviss (19601. As an example,
triangular shape. The downstream superslow (weak) branch of for y = 5/3 and P, = 0 one can show that a purely resistive
this IS curve is the vertical line at A 2 = 1 located between A,1 2  structure of the switch-on shock occurs only in the range 1 i A 1 2
= and the tip of the triangle at A. 1 = (+l)/(-1)-yl /(y-l). < 1.708, whereas the entire possible range for the switch-on shock
although this portion of the shock curve can also be viewed as in this case is 1 S Al 2 5 4.
part of the fast-shock branch. The downstream-subslow (strong) The strong IS branch for 01 = 0 also coincides with a portion of
branch of the IS curve is the portion of the line given by equation the fast-shock branch. If the corresponding shocks are viewed as
(Al) located between A 1

2 = I and A,, 2 = (y+l)/(y-) - "1 I(- fast shocks, they are ordinary gas dynamic shocks in which the
l). magnetic field remains equal to B1e. throughout the shock
The weak IS branch corresponds to so-called switch-on shocks structure and where the structure is determined entirely by

for which the downstream state has A,, 2 
= I and a nonzero viscosity and heat conductivity. However, if they are viewed as

tangential magnetic field B,2. The magnitude of this field can be ISs instead, another possibility, pointed out by Kantrowitz and
obtained by puttingA. 2 =,Ax22= I and) 1 =Oin equation (12): Petschek [19661, exists: such a shock can be composed of a

switch-on shock followed by a switch-off shock traveling at the
2 22same speed. This possibility exists because the downstream

B I 2 = 1 ) + (2- - .. 4 (A2) Alfv6n number for the former shock is A. 2 = I which is also the

B1  B. ' required upstream Alfvn number for a switch-off shock (more
generally, we have pointed out that the downstream state for any

It can be shown from this formula that the two end points of t weak IS is also the upstream state for a slow shock propagating at
weak IS branch have B22/B 2 = I (i.e., no tangential field is
generated) and that a maximum value of B 2

2 /Ba2 occurs at A 1
2 = downstream state as the strong IS mode). It would also be

)(2-Pi )/2(C-) and is given by possible to insert a rotational discontinuity, with an arbitrary angle

82 .fz of rotation, AO. of the tangential magnetic field, between the
( ) = .... (I - 0 + 1) (A3) switch-on and the switch-off shock, in which case the strong IS

2 LI 4 hodogram would have the appearance of a segment of pie.
However, for finite resistivity this RD would have infinite

It is seen that this maximum value is largest for 51 = 0. thickness. For further discussion of switch-on shocks, the reader
The structure of resistive switch-on shocks can be obtained from is referred to Kennel and Edmiston I1988].

equations (10)-(12). From the first two of these equations, with
B, 1 = 0, it is seen that the magnetic hodogram will consist of
purely radial straight lines through the origin. Thus unless a Acknowledgments. We thank ot.e cf the referees for drawing our
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rotational discontinuity is added at its trailing edge, the switch-on form [Anderson, 19621, which conuain discussion of shock curves and of
shock has a purely coplanar structure and does not involve the fixed-point analysis somewhat similar to that given in our paper. The
intermediate mode. For this reason, it is most appropriately research was supported by the National Science Foundation, Atmospheric
classified as a fast shock. Sciences Division, under grants ATM-8507192 and ATM-8807645, and by
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Appendix 8

The Structure of Resistive-Dispersive Intermediate Shocks

L.-N. HAU AND B.U.0. SONNERUP

Thayer School of Engiseering, Dartmouth College, Hanover, New Hampshire

The structure of intermediate shocks is studied on the basis of the resistive, nonviscous two-fluid equations.
Electron inertia effects are neglected so that the generalized Ohmn's law contains only the Hall current and the
electron pressure terms in addition to the usual resistive term and the electric field. As for the case of purely
resistive MHD, reported recently by Hsu and Sonnerup (Journal of Geophysical Research, 94, 6539, 1989),
fixed-point analysis is performed to examine the nature of the magnetic structure near the upstream and
downstream states of the iniermediate shock. The one-dimensional, steady-state, resistive Hall MHD equations
are then integrated numerically to generate complete shock structures which are presented in the form of
magnetic hodograms. These hodograms describe fast and slow shocks in addition to intermediate shocks. As
expected, the calculations show that the main effect of Hall currents is to remove the symmetry between left-hand
and right-hand polarized shock structures found in the purely resistive case and sometimes to convert the
smooth shock transitions obtained from the resistive MHD model into transitions that incorporaite oscillatory
standing wave-train structures at their upstream and/or downstream edge. The magnetic structure in the plane of
the shock near the possible LPstream and downstream states of the intermediate shock, which in the case of
purely resistive MHD is either a node or a saddle, can be either a node, a saddle or a spiral point, the latter
corresponding to a standing wave train, when the Hall term is included. As a result, the number of possible types
of magnetic hodogrun topology increases from 3 in the resistive case, to a toual of 20. However, it appears that
the constraints provided by the shock jump conditions make certain of these topologies unattainable: only 13 of
the 20 cases have been found and are reported in the paper. The relationship between small amplitude
dispersive waves in the flow upstream or downstream of a shock and the nature of the corresponding fixed
point is also discussed.

1. INTRODUCrION (1) There exist three basic types of magnetic hodogram topology,
describing the resistive IS structure; slow-mode and fast-modeThe subject of intermediate shocks, i.e., shocks that effect a shocks are contained within these hodograms as well. These

transition from superalfv6nic to subalfv~nic flow and that reverse toos are chaaized by the norm flo we, The

the magnetic field component tangential to the shock, has been topologies are charactsized by the normal flow speed, v , (in the
reopnedrecntl, a a rsul ofthenumrica MH siulaion shock frame) relative to die fast-wave speed (cf) and the sound

reopenedreecently, as a result of the numerical MHD simulation speed (c) at the upstream and downstream states. (2) All subfast
results of Wu f 1987; 1988a, b]. One of the peculiarities of the weaklISs, i.e., all ISs which have an upstream normal flow velocity,

intermediate shock (IS), obtainable directly from the MHD jump VXl, less than the upstream small-amplitude fast-mode wave speed.

conditions, is that for one and the same upstream condition, the IS

can have two different downstream states: one of these is subslow Cnl o perpendicular to the shock (x <ch) and a downstream

(Vx2 < Cs2) corresponding to what is termed a "strong" IS, the normal flow speed, V,2' greater than th downstream small-

other is superslow (vx2 > Cs2 ) corresponding to a "weak' IS. amplitude slow-mode wave speed, cs 2 . perpendicular to the shock

When the upstream flow is subfast, i.e., spo <c, the latter is also (vx2 > Cs2), have a unique magnetic structure (except for the sense

referred to as an Alfvin shock [e.g., Jvl and Teltr, 1964). of polarization) consisting mainly of a rotation of the tangential

Here vx is the flow velocity component perpendicular to the magnetic field, accompanied by a more or less pronounced change

shock, measured in the shock frame, and the subscripts I and 2 in field magnitude. (3) On the other hand, all subfast strong ISs

denote conditions upstream and downstream of the shock, (i.e., VYX < cfl and VX2 < cs2) have nonunique magnetic structure.

respectively. Also, cf and c, are the fast and slow wave-mode (4) The structures of both superfast weak ISs (VXl > cfl and vx2 >
speeds in a direction perpendicular to the shock. It can be shown c. 2 ) and superfast strong ISs (vxl > Cft and Vx2 < cs2) are
that the two IS downstream states also satisfy the jump conditions nonunique. (5) When the IS involves a transition from supersonictha tlosheock IS roeasti alstsfy the jumsped candiins to subsonic conditions, the purely resistive IS structure usually
of a slow shock (SS) propagating at the same speed s, and behind contains a discontinouous substructure consisting of an ordinary
the weak IS. Similarly, one can show that the downstream state of gasdynamic shock in which dissipation processes other than
a fast shock can also serve as the upstream state of an intermediate resistivity, viz., viscosity and heat conductivity, are dominant.
shock propagating at the same speed as, and behind the fas shock. However, in certain special cases, shock structures containing a

By performing fixed-point analysis of the behavior of the continuous, purely resistive transition from supersonic to
magnetic field components tangential to the shock surface at the subsonic flow appear possible, although the stability of such

possible upstream and downstream states of intermediate shocks su c flo ben essblshed.

and by solving the one-dimensional, steady-state, resistive, structures has not been established.

noniscus HD quaion nuercaly. au nd omwup 199] The overview of possible resistive MHD IS structures,nonviscous MHD equations numerically. Hauand Sontruc o1989] described above, is useful in some respects, e.g., for the
(hereafter referred to as Paper I) have studied the structure of identification of field-reversing shocks in MHD numerical
purely resistive ISs. Their results can be summarized as follows, simulations of reconnection (see Scholer, [1989]). However,
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effects other than the electrical resistivity are usually important in field rotation with either the right-hand or the left-hdnd
space plasmas and therefore should be included. In this paper, we polarization, evolves to an S-shaped hodogram structure ith
will use a nonviscous resistive two-fluid model to study the upstream right-hand polarization and downstream left-hand
dispersive structure of intermediate shocks. However, for polarization. On the basis of their results, Lyu and Kan suggest
simplicity, we shall neglect the electron inertia terms in the that the S-shaped hodogTams with a net rotation angle of the
generalized Ohm's law, leaving the Hall current term as its only tangential magnetic field component of 1800, occasionally
important new feature. We refer to this plasma description as observed at the magnetopause (Berchem and Russell; 1982al, may
resistive Hall MHD. correspond to Alfvdn shocks, i.e., to subfast weak intermediate

Even though viscous effects and heat conduction are expected to shocks. However, it will be shown here that, at least in resistive
be important dissipative mechanisms in many intermediate shocks, Hall MHD. S-shaped hodograms may occur not only for the weak
there are several reasons for not including these effects at the but also for the strong IS.
present time. To gain physical insight, we find it desirable to add The paper is organized as follows. In sections 2 and 3. we wil
the various processes that operate in the shock one by one. In this present the basic equations and discuss the magnetic structure nea-
manner, one can come to appreciate the role played by each the upstream and the downstream states of ISs by performing
individual process as it is added to the analysis. From this fixed-point analysis. In addition to a node and a saddle, which are
standpoint, the simplest dissipation mechanism to incorporate is the only possibilities in resistive MHD, the magnetic structure in
ordinary electrical resistivity. This was done in Paper I. The the B B, plane (the coordinates y and z are tangential to the
logical next step is to add dispersion effects. This is done in the shock) at a stationary point can now also be a spiral, owing to the
present paper by inclusion of the Hall term in Ohm's law. effect of Hall currents. The actual shock structure will depend, not
Viscosity and heat conductivity should be ultimately included as only on the upstream plasma beta value, 01, shock angle. 01, and
well but it is noted that these effects lead to added complexity in Alfvin number, A, but also on one additional parameter, namely
the mathematical structure of the problem, namely a change from a h, the ratio of electron gyrofrequency to collision frequency.
second order to a sixth order system so that six, rather than two Using the same type of analysis as in Paper I, all allowed types of
eigenvalues are obtained at each fixed point. As pointed out magnetic behavior near the upstream and downstream states of ISs
above, and discussed further in Paper L the case of small but finite have been identified. In section 4. the results are presented in
viscosity and heat conductivity can in fact be understood rather terms of magnetic hodograms, in which the two tangential
well without actually including these effects in the analysis: when components of the magnetic field, By and BZ. are plotted against
these dissipation coefficients are small compared to the each other. Discussion of the physical meaning of the different
resistivity, they tend to be important only in narrow substructures types of fixed points is contained in section 5. A summary of the
of the shock. These substructures show up as discontinuities in results is given in section 6.
the purely resistive as well as in the resistive-dispersive shock
structure. They are in fact ordinary gasdynamic shocks and the 2. BAsic EQUATIONS

role played by viscosity and heat conductivity in them is well In the usual notation, the one-dimensional, steady state,
understood. Finally, we note that the correct form of the viscous nonviscous conservation laws can be written as follows:
and heat conduction terms in the equations describing a
collisionless magnetized plasma remains open to debate. For this pvx =piv.1 (1)
reason, it is not a simple matter to incorporate these effects in a
realistic fashion. Although a similar statement cam be made about B 2  

2 
2

electrcal resistivity effects in a collisionless plasma, the simple 2 B 2 1

constant resistivity to be used in this paper should be sufficient to 24 oP2
capture most of the essential features of resistive shocks.
The effect of Hall currents on the intermediate shock structure was

also considered in the early work by Bickerton et al. [19711 and in Pvzxv - "BB I v.tv ( - "-BBt (3)
the recent study by Kennel et al. [1989]. Some of the results to be go g1o
presented here are similar to those reported in these papers.
However, direct quantitative comparison is not possible (except 2 2

in cases where resistive dissipation dominates) since, unlike these ..- P- + - = Y P1 , V2 (4)
studies, our analysis does not include viscous and heat conduction y-1 p 2 y-1 pl 2
terms. Our work is more complete than that of Bickerton et al. in
the sense that we present a catalog of all allowed hodogram where the subscript t denotes the two components of a vector
topologies; it is more general than the work of Kennel et al. in the tangential to the shock and the quantities denoted by subscript 1
sense that it is not restricted to small shock amplitudes or small represent the upstream condition. Note that equation (4) is
angles, 01, between the shock normal and the upstream magnetic written in the deHoffmann-TeUer frame which has E = 0 outside the
field. By performing numerical two-fluid simulations (including shock and E = erEx within the shock. The pressure, p, in (2) and
electron inertia) in which viscosity and heat conductivity were the (4), which is assumed scalar for simplicity, is the sum of electron
dominant transport coefficients. Lyu and Kan [1989) recently and ion pressure; quasi-charge neutrality is assumed; the electron
found that an initial discontinuity, which satisfies the jump mass is neglected and, in (4). the ratio of specific heats. y = 5/3, is
condition of a subfast, subsonic weak IS and which has a smooth assumed to be the same for electrons and ions, i.e., the ions are
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assumed monoatomic. Also, the electric stress CoE 2 /2 is assumed is not constant across the shock. By use of mass conservauon, one
negligible compared to the magnetic stress B2 /2po. may write h/h 1 = Ax 2/A. 12.
To this set of equations must be added the generalized Ohm's law Equation (8) is identical to equation (12) of Paper I Fir

1 I supersonic (subsonic) flow. the plus (minus) sign in front (if the
E - vxB = TV 

+ - B - -Vp, (5) square root has to be used. Corresponding to these two signs, the
ne nyBz plane can be considered to consist of two Riemann sheets:

in which electron inertial terms have been neglected, leaving only the supersonic (plus) and the subsonic (minus) sheet. These two
the resistive term, "nj, the Hall term, jxB/ne, and the electron sheets come together at a certain closed curve encircling the ongin
pressure term, -(VPe)/ne, on the right hand side (n and e are the in the ByB, plane. On this curve, the square root in equation ( 8 is
number density and the magnitude of the electron charge, zero and the flow is sonic. Outside it, the square root is
respectively). In principle, an equation for the electron pressure, imaginary: we refer to this region as the forbidden region. since no
Pe., should be supplemented for the closure of equations (1)-(5). real hodogram trajectories exist there. The bounding curve itself
However, the electron pressure term appears only in the normal (x) is referred to as the edge of the forbidden region or simply the
component of (5) which is an auxiliary equation for Ex, the normal forbidden curve. In principle, a smooth transition from one
component of the electric field. This field component cannot be Riemann sheet to the other, i.e., a smooth transition from subsonic
determined unless an equation of state for the electrons is to supersonic flow, or vice versa, can occur at points on the
provided but the magnetic and plasma structure of the shocks does forbidden curve. However, it is easy to show that only hodogram
not depend on E.. trajectories that reach the forbidden curve (from the inside) at

It can be shown that the two tangential components of equation grazing incidence can effect such transitions: trajectories
(5) together with equations (1)-(4) can be reduced to the intersecting at a finite angle are unacceptable because the subsonic
following: and supersonic trajectories can be shown to have the same slope as

dB 22well as the same direction at the forbidden curve. If the shock
A. 1Xl-(l +h )- = (A2-1)(B Y-hB )+(A21-l1)(hB_ -B ,) (6) involves a net transition from supersonic to subsonic conditions

dx ~ (the reverse does not occur), the resistive or resistive-dispersive

2 2 dB shock usually contains a discontinuity, representing an ordinary
A21X.(l+h )-= (A 2l)(B +hB )-(A 1l)(hB +B,)(7) gasdynamic shock, in which dissipation processes other than

dx .5 Ii Y I resistivity, i.e., viscosity and heat conduction, are dominant. Such

in which By 1 can be put equal to zero without loss of generality a discontinuity produces an abrupt jump from the plus to the minus
and. for ByI = 0, sheet, without change of By and BZ  In reality, this substructure

has a finite width, of the order of the characteristic viscous or heat
2 2 01+1  B 2  conductive scale. These scales become vanishingly small as the

AX =_I' I + "2 )  {(Y") viscosity and heat conductivity go to zero. However. as7+1 2cos 2 0 2Bx 2~
1 7+mentioned above and as discussed in detail in Paper I. in certain

2 cases, such as when the upstream state is subfast and supersonic
2 t 2 2 while the downstream state of the weak IS is subsonic, a
XA os4--2 2( tfi continuous, purely resistive transition from supersonic to

2cos 2e 2B8 Y B2 a subsonic flow is possible. It will be shown in this paper that this

2 property also exists for resistive-dispersive ISs. The calculations
2 2 2 Ax4  2 in Paper [ further indicated that when the signs in equation (8),

+ (A,-I) tan - - A X, + - A- )]} (8) applicable for the upstream and downstream states of an IS are the
cos e _-_ same, i.e., when both states are either subsonic or supersonic, a

purely resistive transition from the upstream to the downstream
As in Paper 1, equations (1)-(8) remain valid if the subscript 2, state always exists. As we shall see in section 4, in resistive Hall

representing the downstream :onditions, is used in place of the MHD certain cases can be found where no purely resistive-
subscript 1. In equations (6)-(8), A,, Xrl, 01, and 01 are the dispersive shock structure connects two such states.
normal Alfv~n number, vx/vAx where VAx = (B,2/4±p) 0 .5 ; the Remarks should be made concerning two general properties that
resistive length, T/govxl; the ratio of particle to magnetic can be easily deduced from equations (1)-(8). It is well known that
pressure, 24oPl/BlB ; and the angle between the shock normal and equations (3) and (5), applied as jump conditions from one side of
the upstream magnetic field vector, respectively. In addition, the a discontinuity to the other, give rise to either the coplanarity
Hall parameter. h. defined as B/nel,, which comes from the Hall condition, (BlxB2)'ex = 0, or to the conditions Vxl 2 = v4x1 2

current term in Ohm's law, appears in equations (6) and (7) but not and vx2 2 = VAx2 2, i.e., Axl 2 = Ax22 = 1. In the former case
in equation (8). The value h = 0 represents the resistive MHD which applies to all shocks, if Byl = 0 is assumed, then it follows
limit. It is also evident that the Hall current term plays no role in from the coplanarity condition that By2 = 0. In the latter case, it
perpendicular shocks (i.e., the case where B, = 0). Note that h can can be further shown that P2 =PI, P2 = PI and B2 =BI so that
also be written as the ratio of electron gyrofrequency, o2e o based Vxl = Vx2. This type of nondissipative discontinuity is called a
on Bix, to electron collision frequency, 'vine2/m,, Or as the ratio of rotational discontinuity. In the presence of finite resistivity, it can
ion inertial length, X'i = VAx/Oci to Afv6n resistive length, LA, be kept nondissipative only by making its width infinite, ie . in
the latter defined as Tl/JiovAx. Finally, it is emphasized that, for practice it does not exist [Wu, 1988b]. In ordinary MHD with
constant TI, h is inversely proportional to the density and therefore
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zero resistivity, its width is arbitrary and the quantities p, v, p, downstream conditions to x -* +*,, unstable behavior, i.e.,
and B 2 remain strictly constant throughout the structure. When the exponential growth with increasing x, is the behavior normally
Hall term is included, the zero-resistivity case has Xr1 = 0 and h = required upstream of a shock. Stable behavior correspords to
- but X 1 h =/vAx 1. For Axl 2 = 1, equations (6)-(8) then yield exponential decay with increasing x and is required downstream
A,2 = Axl 2 = 1 and dByldx = dBz/dx = 0. In other words, one of a shock.
may conclude that within the framework of the nonresistive Hall Before examining the nature of the fixed points for ISs, %e shall
MHD model, the rotational discontinuity has infinite thickness, review the values of K and K at the possible upstream and
i -., it does not exist. downstream states of an iS. For the purpose of this discussion, we

3. Fsuppress the subscript I (or 2) on Ky. Kz' K and h. As seen from
.FID PotrANALYSTS equations (11) and (12), and as discussed in detaii in Paper I, at

Although the detailed shock structure will be obtained by the upstream state K is always positive. Therefore, we have
integrating equations (6)-(8) numerically, an overall picture of the KyK z > 0 for subfast subsonic (vxl < c 1 < Cfl) as 'Aell as
magnetic structure is most conveniently obtained by performing superfast (v x > cfl) ISs, while K Kz < 0 for subhas. supersonic
fixed-point analysis near the upstream and downstream states. (c1 < V l <Cf) Ss. At the two possible downstream states of
Linearization of the equations around an upstream state (or, by ISs, namely the subslow (and therefore subsonic) case and the
replacing the subscript 1 by 2, around a downstream state) leads superslow case, corresponding to the strong and the weak IS,
to the following equations: respectively, Ky is always negative. Therefore, at the

2 downstream state we have KyK 2 > 0 for subslow (strong) fSs and
71A 2 d(SB )for superslow (weak), supersonic ISs, and KyK z < 0 for
- dx Y y I I superslow (weak) but subsonic ISs. It is seen from equation (13)

0 Xl that the two eigenvalues are always real and have the opposite

2 sign for KyK z < 0; in that case the fixed point therefore is a
TIA11  2 d(8B ) saddle. However, for the case KyK z > 0, the two eigenvalues are

I+h dx K 8B, + hIKy Y B (10) either real having the same sign so that the magnetic structure is a
l'KoVXt node, if (Ky-KZ)2 > 4h2 K K.. or they are complex conjugates

and the magnetic structure is a spiral, if (K -K Z)2 < 4h2KyK .K l =AY l (11) For the latter case, it can be further shown that, for Bx > 0. i.e., for
Bx in the direction of the (positive) flow component vx acrossA2, 2 2,,2 2,

A xl (t C l)(v21 _C2) the shock, the trajectory in the ByB, plane spirals
K, 1 = (12) counterclockwise with increasing x for the upstream state of an IS

v 2(v 2-c 2 and clockwise for the downstream state. In the MHD limit (h = 0).
X1 x1 I

the two eigenvalues become K/K and K7 IK; these are always real
where 8By and 8B2 are the small deviations of By and B, so that the magnetic structure is a node for KyK, > 0 and a saddle
respectively, from their upstream (or downstream) values. As for KK 2 <0.
before, cf. cs.and c are the propagation speeds, in the direction of In Paper 1, we used this fixed-point analysis to find all allowedth shcnormnal, of small-amnplitude fast waves, slow waves andthe shoc ntypes of magnetic structure at the upstream and downstream states
sound waves, respectively. The nature of a fixed point depends of an IS. The results were summarized in a 3x3 matrix (see Figure
on the value of the two eigenvalues of equations (9)-(10). which 4 of Paper I) in which the columns represent the three possible
are upstream states (subfast subsonic; subfast supersonic; superfast)

( _ _ and the rows represent the three possible downstream states
(K I +K ) + q'(KtK 1 K1  (13) (subslow; superslow subsonic; superslow supersonic). The same

k± = 2K 1  matrix representation can be used in the present case and is shown
in Figure Ia. However, depending on the value of the Hall

where parameter. h, more than one type of upstream and downstream

2 fixed-point structure is now possible in each of the basic matrix
X=- lh) (14) elements so that many more topologies of the B Bz hodogram

401 I= exist than for h = 0. Note that the element in the ?ower left-hand

comer of the matrix is unphysical because it represents a net shock
Three possibilities exist. First. if the two eigenvalues, .+ and transition from subsonic to supersonic flow.
-, are real and positive, the point examined is an unstable node. If As can be seen from the matrix, there are three fixed points: the

they are real and negative, it is a stable node. Second, if ).+ and X_ upstream state and the strong and weak downstream states of the
are real and have the opposite sign, the point is a saddle instead. IS. However, as discussed in Paper I, there is in fact a fourth fixed
Finally, if the eigenvalues are complex conjugates, we have a spiral point in the ByB, plane, which corresponds either to the upstream
point- The spiral point is unstable when the real part is positive or the downstream state of a fast shock depending on whether the
and stable when it is negative. The relationship between saddle upstream state of ISs is subfast or superfast. In the former case,
points, nodes and spiral points and the properties of small this fourth fixed point is a node or a spiral on the supersonic (plus)
amplitude waves in the regions upstream and downstream of a Riemann sheet and it represents the upstream state of a fast shock.
shock is discussed in section 5. Here. we merely emphasize that, Furthermore, in this case the downstream state of the fast shock is
assuming upstream conditions correspond to x -+ -- and
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also the upstream state of ISs so that a subfast IS can propagate there are 12 allowed magnetic hodogram topologies in this column.
immediately behind the fast shock and at exactly the same speed. Two of these correspond to the MHD limit: (1) when the
The combination of a fast shock and an IS propagating in this downstream state of the strong and the weak IS are, respecti% ely, a
manner constitutes a special case of the superfast IS. In the latter node and a saddle point (as mentioned earlier, the upstream state of
case, this fourth fixed point can be either a saddle on the the IS is always a saddle) and the upstream state of the fast shock
supersonic (plus) sheet or a node or a spiral on the subsonic is a node (Figure 8b in Paper 1); (2) when the two downstream
(minus) sheet: the upstream state of ISs in this case is the same as states of the IS as well as the upstream state of the fast shock are all
the upstream state of a fast shock. In addition, as mentioned nodes (Figure 8a in Paper I).
earlier. the weak and strong downstream states of the IS also For the last column of the matrix where the upstream state of the
satisfy the jump condition of a slow shock so that the four fixed intermediate shock is superfast (and therefore supersonic),
points can be identified as the upstream and downstream states of corresponding to point 1, it would appear from the matrix that
fast and slow shocks. Following the notation given by Germain there are two possible structures for the upstream state, i.e.. a node
( 19601, the upstream and the downstream states of a fast shock are or a spiral point, while the situation for the strong and the Aeak IS
then referred to as points I and 2. respectively, while the upstream downstream states is the same as in the previous column. Thus the
and downstream states of a slow shock correspond to points 3 combination of possible structures of these three fixed points
and 4, respectively. In this notation, the possible sl -s are: 1-*2 would appear to constitute another 12 types of magnetic
(fast shock), 3-+4 (slow shock), 1-+3 (superfast we-., ,S), 1-44 hodogram topology. However, if one includes the fourth point.
(superfast strong IS), 2-+3 (-ubfast weak IS). and 2-44 (subfast i.e., the downstream state of the fast shock (point 2) which can be
strong IS). It is evident that the ByB, hodograms to be generated either subfast and subsonic (a node or a spiral) or subfast and
will contain, not only the structure of ISs, but also the structure of supersonic (a saddle), the situation is in fact identical to the
fast and slow shocks. Note that the notation used here for previous two columns. In the last column of the matrix, one would
labelling the four fixed points is different from that in Paper I, in therefore expect 10 hodograms in each subcolumn for a total of 20.
which the weak and strong downstream states of the IS (or, But these 20 hodogram topologies are exactly the same as the
equivalently, the upstream and downstream states of the slow 8+12 cases found in the two first columns.
shock) are denoted by 2w and 2s, respectively, while the upstream Another way to account for the 20 types of magnetic hodogramn
and downstream states of the fast shock are labelled If and 1, topology is by distributing the four fixed points on the plus and
respectively. Note also that we will continue to use the subscript minus sheets, as illustrated in the matrix in Figure lb. Since the 4
1 and 2 to denote the upstrea,.n u.d down-stream states of any fixed points, namely the upstream state of the fast shock (point 1),
particular shock. For example, for a slow shock the subscript 1 the downstream state of the fast shock (point 2). the downstream
refers to fixed point 3 and the subscript 2 to fixed point 4. state of the weak IS (point 3), and the downstream state of the
In the first column of the matrix in Figure la, where the IS strong IS (point 4), cannot all be on the plus (supersonic) or minus

upstream state is subsonic (and therefore subfast), the three fixed (subsonic) sheet, there are only three possible ways to distribute
points, corresponding to the upstream and the two downstream these 4 fixed points on the plus and minus sheets. First, one of the
states of an IS. are all on the same Riemann sheet, namely the four fixed points is on the plus sheet and the other three are on the
subsonic, or minus sheet. Since the upstream state (point 2) as well minus sheet; in this case. point 1 must be on the plus sheet. Second.
as the downstream subslow IS state (point 4) can be either a node two fixed points. 1 and 2, are on the plus sheet and the other two,
or a spiral and since the downstream superslow IS state (point 3) 3 and 4, are on the minus sheet. Finally, three fixed points are on
is always a saddle, one might expect that four types of magnetic the plus sheet and one on the minus sheet. In the case, point 4 must
hodogram topology should exist in this column. However, if the be on the minus sheet. For the fust row of the matrix, point 1 on
fixed point on the plus sheet, representing the upstream state of a the plus sheet as well as points 2 and 4 on the minus sheet can be
fast shock (point 1), which can be either a node or a spiral, is also either nodes or spiral points while point 3 is a saddle on the minus
considered, there exist 8 possible magnetic hodogram topologies, sheet: one therefore expects 8 possible magnetic topologies in
One of these topologies, in which the upstream state of the IS is a this row. The same accounting procedure can be applied to the
node, the strong-IS downstream state is a node. the weak-IS second and the last row of the matrix, yielding 4 and 8 possible
downstream state is a saddle, and the upstream state of the fast cases, respectively. The three rows together therefore produce 20
shock is a node. corresponds to the resistive MHD limit (Figure possible cases, in agreement with our previous accounting.
8c in Paper 1). However. as we shall see, some of these 20 cases may not be

When the upstream state is subfast and supersonic, realizable. In the last column of the matrix in Figure lb we show
corresponding to the second column of the matrix in Figure la, the the cases which have been found. In this column, the letters, n. sa,
upstream point of the IS (point 2) is always a saddle (on the and s stand for node. saddle and spiral point, respectively: the
supersonic sheet); the downstream state, however, can be either a sequence of letters describes the four fixed points in the order 1,
node or a spiral on the subsonic sheet for the strong IS (point 4) 2, 3 and 4. It is seen that only 13 of the 20 possible hodograms
and it can be a node, a spiral, or a saddle for the weak IS (point 3) have been found.
depending on whether the downstream state is supersonic or When the fixed point 2 is located on the subsonic Riemann sheet
subsonic. We therefore expect 6 possihle types of magnetic it is either a node or a spiral point (Figure lb, first row) and
hodogram topology in this column. However, if the fourth fixed furthermore it is always an unstable node or spiral. Unstable
point, which is again the upstream state of the fast shock (point 1) behavior is appropriate, and provides the required egress from
and can be either a node or a spiral on the plus sheet is considered, point 2 when it serves as the upstream state of an IS. But stable
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rather than unstable behavior is required when it serves as the upstream state would have unphysical parameter values. F-or
downstream state of a fast shock. Thus the unstable node or spiral exampe, it is possible to choose plasma conditions at point 2 n
behavior is not directly relevant to the latter case where, in the such a way that point 1 has a negative plasma pressure. In such a
resistive-dispersive model access to the downstream fixed point case, point 2 is not an acceptable downstream state for a fast
is achieved via a gasdynamic subshock at the trailing edge of the shock but it remains a valid upstream state for a weak or stTing
fast shock. This subshock leads to an abrupt drop of the solution intermediate shock.
curve from the supersonic Riemann sheet into the fixed point 2, on
the subsonic sheet. If finite bulk viscosity is included to permit 4. HoDoGRAMs
resolution of the viscous subshock structure, the order of the
system is increased from two to three. In that case, one In this section, we show the behavior of the tangential magnetic
eigenvector provides a direction of stable approach to the fixed field in resistive-dispersive ISs quantitatively. The results Aere
point 2 which is utilized when this point serves as the obtained by numerical integration of equations (6)-(8).:he -. :e
downstream state of a fast shock. The unstable node or spiral displayed in terms of magnetic hodograms in which Bv and B, are
behavior remains in the plane containing the other two plotted against each other. For convenient comparison with the
eigenvectors to provide egress from point 2 when it serves as the resistive MHD cases in Paper I, the results are classified on the
upstream state of an IS. It is this latter behavior that is used to basis of the normal flow speed relative to the small-amplitude fast-
characterize point 2 in the purely resistive-dispersive model wave and the sound speed at the upstream state of the shock, as in
discussed in this paper. Specifically, a fast shock characterized as the matrix in Figure la. For the calculations shown in the
an s-s transition in Figure 1 (see also Figure 5) in fact has spiral following, B, is in the direction of v, and in each figure the
behavior of the B field only at its upstream edge: the downstream trajectories on the plus (supersonic) and minus (subsonic) sheets
edge consists of a viscous subshock. are denoted by the dashed and solid lines, respectively. For

A similar situation arises when the fixed point 3 is located on the subfast ISs (the first and second columns of the matrix in Figure
supersonic sheet, in which case it is a node or a spiral (Figure lb, la), the structure of the fourth fixed point, i.e., the upstream state
column 3). and furthermore, it is always a stable node or spiral, of the fast shock, denoted by I in the hodograms, which can be
Stable behavior is appropriate when point 3 serves as the either a node or a spiral, will also be shown, even though its
downstream state of a weak intermediate shock bui not when it character does not affect the hodogram topology of the subfast IS.
serves as the upstream state of a slow shock. In the latter case, the The reason for showing this fourth fixed point is that it also
node or spiral behavior is not directly relevant because egress serves as the upstream state of superfast ISs (the last column of the
from point 3 occurs abruptly via a viscous subshock located matrix in Figure Ia), as discussed further in section 4.3 (in
immediately at the upstream edge of the total slow shock structure. examining sections 4.1 and 4.2 which deal with subfast ISs, the
Thus, even though a slow shock transition characterized as s-s is reader may focus attention on the hodogram traces emerging from
given in Figure 1 (and in Figure 14) such a shock does not display point 2). Also, in Figure lb and in the text following, the fixed
a spiral B field at its upstream edge. Instead, that edge consists of points will always be listed in the order 1; 2; 3; 4. As an example,
a viscous subshock. the list n-n-sa-n refers to the case where the points 1, 2 and 4 are

We have not been able to produce a simple physical explanation nodes while 3 is a saddle point. As in Paper I, all calculations are
for the absence of certain hodogram topologies but we have found performed with constant 11 and with y = 5/3.
the following empirical rule to be consistent with all cases
reported here: in the resistive-dispersive model, shocks that 4.1. Subfast Subsonic Upstream Flow
involve fast-mode compression (1Bt2l > tBtll) cannot have an In this case, which comprises the first column of the matrix in
upstream node and a downstream spiral point whereas shocks that Figure la or the first row of the matrix in Figure lb with point 2
involve slow-mode compression (IBt2 1 < lBtll) cannot have an as the upstream state of ISs, the three fixed points corresponding
upstream spiral point and a downstream node. Fast-mode to the upstream and the two downstream states of the IS are all in
compression occurs in all fast shocks and in all superfast weak the subsonic (minus) Riemann sheet. As shown in Figure I b, the
intermediate shocks. Thus the cases (n-s-sa-n) and (n-s-sa-s) are upstream (point 2) and the strong-IS downstream (point 4) states
excluded from row one and the cases (n-sa-s-n) and (n-sa-s-s) are can be either a node or a spiral point while the weak-IS
excluded from row 3 of Figure lb. Similarly, slow-mode downstream (point 3) state is always a saddle point so that four
compression occurs in all slow shocks as well as in all subfast hodogram topologies are possible. In principle, each of these
strong intermediate shocks. Thus the cases (n-sa-s-n) and (s-sa-s. contains two possible subcases when the fourth fixed point, 1, on
n) are excluded from row 3 and the cases (n-s-sa-n) and (s-s-sa.n) the plus sheet, i.e., the upstream state of the fast shock, is
are excluded from row I on Figure lb. In this accounting, the cases considered. However, in reality we have only been able to find
(n-s-sa-n) and (n-sa-s-n) appear twice so that only 6 of the 7 four of the 8 subcases. The missing cases are (n-n.sa.s), (n-s-sa-s),
missing cases have been accounted for. It can be shown that the (n.s-sa-n) and (s-s-sa-n). For the hodograms shown in Figures 2-5,
final missing case (n-n-sa-s), in row one of Figure Ib, would the upstream (point 2) conditions used are: 01 = 1, 01 = 450 and
contain a superfast strong intermediate shock for which IBt21 > Axl 2 = 1.0428.
lBtl 1 , with an upstream (point I) node and a downstream (point 4) Case (i): n-n-sa-n. We start by examining the case where the
spiral, behavior that is again excluded by our empirical rule. upstream state of the fast shock (1) and of the intermediate shock
One final, unrelated matter is that certain downstream plasma and (2) are nodes, whereas the weak-IS downstream state (3) is a

magnetic field states may be forbidden because the corresponding saddle point (as it is in this entire subsection) and the strong-IS
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downstream state (4) is a node. The hodogram shown in Figure 2, Note that the trajectories into and out of the point sp are tangential
for which h1 = 0.012, is topologically the same as the purely to the forbidden curve at that point in both Riemarin sheets.
resistive MHD case in Figure 8c of Paper I. It is seen that the two Between the two extremes in parts (a) and (b) of Figure 5. many
hodograms are in fact very similar, the difference being the possibilities exist: three examples are shown in parts (c), (d) and
absence of precise symmetry between right-hand and left-hand (e). As seen in part (c) where hl = 5.715, the curve into the left
polarized traces in the hodogram when the upstream Hall side of the saddle point, 3, reaches the forbidden region at grazing
parameter, h1, is different from zero. There are an infimite number incidence at the sonic point sp, while the curve into the right side
of trajectories connecting the upstream (point 2) and the strong-IS of 3 remains entirely on the minus sheet. In this case, there still
downstream state (4), but only two trajectories connecting point 2 exists an infinite number of spiral curves connecting points 2 and
and the weak-IS downstream state (3). Detailed discussion of this 4. Slightly increasing hl to 6.64 leads to the case shown in part
type of hodogram is given in section 3.3 of Paper I. (d), in which the left-hand curve into point 3 terminates at the
Case (ii): s-n-sa-n. Increasing h1 to 0.1 leads to the case where forbidden edge while the right-hand curve into that point barely

the upstream state of the fast shock (point 1) is converted from a reaches the forbidden region at grazing incidence (at point sp).
node to a spiral while the other three fixed points are the same as The transition between 2 and 3 along the left curve can be achieved
in the previous case. It is seen from Figure 3 that. except for the by including a subsonic-supersonic transition at sp and a viscous
weak counterclockwise (right-hand) spiral structure at point 1, the subshock (denoted by gsw) in the structure, i.e.. along 2-sp-gsw-
magnetic-field behavior is the same as in the previous case. 3. For the strong IS (2--4), there still exists an infinite number of
Case (iii): s-n-sa-s. By further increasing the Hall parameter to h1  discontinuous transitions, such as along 2-rp-gss-4; while the only

= 1. we obtain the case where the strong-IS downstream state smooth transition is composed of a S-shaped curve connecting 2
(point 4) is converted from a node to a spiral point, as shown in and 3, followed by a slow shock described by the spiral curve
Figure 4, while the other three fixed points are the same as in case between points 3 and 4. Between the two cases in parts (c) and
(ii). It is seen that the two trajectories connecting points 2 and 3 (d) of Figure 5. one of the curves connecting points 2 and 4 passes
are asymmetric, an effect that is also present but is is less the sonic point, sp, at grazing incidence, as illustrated in part (e)
pronounced in Figures 2 and 3 and is completely absent in the (where hl = 5.814). The right trajectory into point 3 remains on
purely resistive case. The hodograms in the minus sheet are similar the minus sheet but the left trajectory emerges at the forbidden
to those in Figures 2 and 3 in that there still exists an infinite curve and is disconnected from the upstream state. In this case, the
number of transitions connecting points 2 and 4. The only purely resistive-dispersive shock structure connecting points 2
difference is the spiral structure of point 4 in Figure 4 which leads and 4 can be achieved by an infinite number of curves bounded on
to a clockwise (left-hand) twisting of the trajectories in the ByBz one side by the S-shaped trajectory connecting the upstream state
plane near that point. and the right side of the weak-IS downstream point, 3, and on the
Case (iv): s-s-sa-s. By increasing the Hall parameter still further, other side by the curve connecting 2 and 4 and passing through the

we obtain the case where the upstream fast and intermediate shock point sp. As in part (d) of the figure, the transition between points
states as well as the strong-IS downstream states are all spiral 2 and 3 or points 2 and 4 can also be achieved by including a
points while the weak-IS downstream state (point 3) remains a smooth subsonic-supersonic transition followed by a viscous
saddle. Unlike the previous cases, in which purely resistive- subshock and a trajectory on the subsonic sheet into 3 or 4.
dispersive transitions exist between the thi-ee fixed points, 2, 3
and 4, on the minus sheet, in the present case a continuous 4.2. Ssbfast Supersonic Upstream Flow
transition between 2 and 4 or 2 and 3 does not exist if the As shown in the second column of the matrix in Figure a the
counterclockwise twisting at the upstream point 2 becomes too
strong. At one extreme, illustrated in part (a) of Figure 5 where h, upstream IS state in this case is always a saddle point located on
= 3.33, there still exist nonunique smooth transitions between the plus Riemann sheet and the strong-IS downstream state is a
points 2 and 4, bounded by the two trajectories connecting points either node or a spiral on the minus Riemann sheet. For the weak-2 and 3; at another extreme, illustrated by part (b) of the figure IS downstream state, there are three possibilities. For certain
where h = 10, the spiral curves out of point 2 and the two curves parameter values, the downstream flow may remain supersonic in
wnohe sa10,dtespracuveouo point 2alltermie a nda tof ve which case the downstream state is a node or a spiral, also on the
into the saddle point 3 all terminate at the boundary of the pu imniset h te osblt sta h eki

forbidden region where the square root in equation (9) becomes plus Riemann sheet- the other possibility is that the weak IS
zero and the flow is sonic. Thus there is no continuous connection downstream flow is subsonic and corresponds to a saddle point

between the upstream and the downstream states. However, it is located on the minus Riemann sheet. This column therefore
seen that the transition from points 2 to 3 can be achieved via a contains 6 cases. If the fourth fixed point, I, is also considered,

smooth subsonic-supersonic transition at the sonic point. denoted this section can be viewed to comprise the second and third rows

by sp in the figure, followed by a trajectory on the supersonic of the matrix in Figure lb (with point 2 as the upstream state of

sheet to the position of a gasdynamic subshock, gswl or gsw2. ISs) with a total of 12 possible hodogram topologies: of these, the
combinations (n-sa-s-s), (n-sa-s-n) and (s-sa-s-n), all in the thirdwhere a jump from the plus sheet to the minus sheet occurs,

followed by a trajectory on the latter sheet into point 3. For the row, have not been found.
strong IS (2-4), the transition can be achieved by an infinit, Case (v): n-sa-sa-n. A sample hodogram for this case is shown in

number of trajectories, e.g., along the one just described followed Figure 6, for which the upstream parameter values are 01 = 0.5, 01
by a slow shock from point 3 to point 4, or along 2-sp-gss-4. = 26.570, AX1

2 = 1.1471 and hl = 0.2. The hodogram topology
is the same as that in Figure 8b of Paper I but the asymmetry of the
hodogram trajectories generated, by we Hail current effect is
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evident. As discussed in section 3.4 of Paper I, the weak IS infinite number of curves connecting points 2 and 4, m al!
(2-3) has its upstream and downstream states on different a discontinuous viscous subshock, gss, is included in the o, cral,
Riemann sheets. Nevertheless, two shock-free trajectories connect shock structure.
these two states with a smooth supersonic-subsonic transition at Case (x): s-sa-n-n. Using the parameters: 131 = 0.24, 0 1 = 38.66, .

the two points sp. For the strong IS (2-*4) there are infinitely A,1 2 = 1.1316 and h1 = 0.25, one finds the case where poir.t I i
many trajectories connecting the upstream and the downstream converted to a spiral point while the other fixed points rema% t:.he
state; some but not all of these contain a gasdynamic subshock same as in the previous case. It is seen from Figure I I that except
(gss) which can occur anywhere between points 2 and sp along the for the weak spiral structure at point 1, the magnetic ioploy is
two trajectories out of the upstream point. the same as in Figure 10.
Case (vi): s-sa-sa-n. Using 131 = 0.255, 01 = 40.890, Ax! 2 

= Case (xi): n-sa-n-s. With the same upstream conditions as in case
1.1425 and h1 = 0.25, we obtain the case where point 1 becomes (ix) (Figure 10) but with a larger value of hl, we obtain the c,ise in
a spiral while the other points remain the same as in the previous which the strong-IS downstream state (4) becomes a spiral ,,
case. The hodogram is shown in Figure 7. It is seen that Figures 6 the other fixed points remain the same. The case shown in 1 gur,
and 7 are similar, the only difference being the change of the fast- 12 is for hl = 0.125. The basic features of Figure 12 are similar to
shock upstream state (1) from a node to a spiral point. those in Figures 10 and 11 (see also Figure 8a of Paper I) in the
Case (vii): n-sa-sa-s. By use of the same upstream conditions as sense that there are two trajectories between points 2 and 3 and an

in Figure 6 but with hl > 0.323, we obtain the case where the infinite number of transitions from 2 to 4; in the latter case, a
strong-IS downstream state (4) becomes a spiral while the other viscous gasdynamic shock (gss) is required to complete the shock
fixed points remain the same as in Figure 6. The hodogram shown transition.
in Figure 8 is for h1 = 0.345. It is seen that the spiral structure at Case (xii): s-sa-n-s. Increasing h1 still further leads to the case
point 4 is so weak that the hodogram in Figure 8 is very similar to where point I becomes a spiral point while the others remain the
Figures 6 and 7. In particular, there still exist two smooth same as in the previous case. As indicated in Figure 13 (in which
supersonic-subsonic transitions from point 2 to 3 at the sonic h1 = 1). the asymmetry of the hodogram becomes more evident but
points, sp. otherwise the basic hodogram structure is similar to that in Figure
Case (viii): s-sa-sa-s. By slightly increasing the Hall parameter 12.

h 1 but with the same upstream conditions as in the previous case, Case (xiii): s-sa-s-s. Further increasing the Hall parameter (h I >
we obtain the case where point 1 is converted to a spiral point, as 1.54) but otherwise with the same upstream parameters as in
shown in Figure 9. We have found several possible transitions Figures 10, 12 and 13, one finds a structure where the upstream
between two states on different Riemann sheets. At one extreme, state of the fast shock as well as the strong and the weak IS
shown in part (a) of Figure 9, the magnetic hodogram topologies downstream states are all spiral points. This case is similar to
are similar to the purely resistive case in that there still exist two case (iv) in the following respect: despite the fact that the
smooth supersonic-subsonic transitions from point 2 to 3 at the upstream and the weak-IS downstream states are both on the
sonic points, sp, while the transitions from 2 to 4 may or may not supersonic sheet, there exists no smooth purely resistive-
contain a subshock (gss). Another possibility is that one of the dispersive transition between these two states in certain cases.
two transitions from 2 to 3 involves a discontinuity in the form of We discuss various possibilities below. The case shown in part
a viscous subshock. as illustrated in part (b) of Figure 9: here the (a) of Figure 14 (where h 1 = 3.33) is similar to Figure 13 in that
dashed curve out of left-hand side of the saddle point 2 intersects two smooth transitions between points 2 and 3 exist; the main
the solid curve into the right-hand side of the saddle point 3 at difference is that in Figure 14, due to the clockwise spiral
gsw where a subshock occurs, while the trajectory out of the right- structure of point 3, the left trajectory out of point 2, which
hand side of point 2 still connects smoothly to 3 at the sonic point. connects to point 3, is S-shaped. Pan (b) of Figure 14, in which
sp. For the strong IS (2-+4), there are again cases both without h1 = 10, shows that if the spiral structure at point 3 is so strong
and with a gasdynamic subshock, gss. The subshock can occur that the two curves leaving the upstream saddle point as well as the
anywhere between points 2 and sp along the right trajectory or spiral trajectories into the point 3 all terminate at the edge of the
between points 2 and gsw along the left trajectory out of point 2. forbidden zone then there is no purely resistive-dispersive
For the magnetic topologies shown in parts (c) and (d) of the transition between these two states. However, the transition from
figure, the transition from point 2 to point 3 can occur only by points 2 to 3 can be completed via a gas dynamic shock located
including a viscous subshock either at point gswl or at point either at point gswl or at point gs-w2, which effects a jump from
gsw2, whereas for the strong-IS (2-*4), a viscous subshock, gss, the plus to the minus sheet, along with a subsonic trajectory to the
can occur at the intersection between either of the two curves out sonic point sp where a smooth transition back to the supersonic
of point 2 on the plus sheet and any of the spiral curves on the sheet occurs, followed by a supersonic trajectory into point 3.
minus sheet converging to point 4. Unlike the weak IS (2-+3), the transition from the upstream to the
Case (ix): n-sa-n-n. We turn now to cases where point 3 is downstream state of the strong IS can be achieved by an infinite

supersonic. By using the parameters: 01 = 0.5, 81 = 26.570. Axl 2  number of paths, such as along 2-gss-4. Also included are two
= 1.0546 and h I < 0.085, we obtain configurations of the type trajectories passing the sonic point: 2-gswl-sp-4 and 2 -gsw2-sp-
shown in Figure 10 (where hl = 0.067), which are topologically 4. Between the two cases shown in parts (a) and (b) of Figure 14,
the same as Figure 8a in Paper I. As discussed in section 3.4 of intermediate magnetic hodogram topologies exist. An example is
that paper, there exist two trajectories between points 2 and 3, shown in pan (c) of the figure where the right-hand trajectory out
both of which are located on the supersonic Riemann sheet, and an of point 2 terminates at the edge of the forbidden region, while the
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left-hand trajectory out of 2 is tangential to that edge at the sonic transitions connecting the upstream state and the two downstream
point sp. It is further seen that one of the spiral trajectories into states of the IS. Furthermore, there are cases both with and without
the strong-IS downstream state (4) also passes the sonic point, a smooth supersonic-subsonic transition at the sonic point sp. In
Therefore, despite the fact that points 2 and 4 are located on the former cases, the hodogram topology is similar to the purely
different Riemann sheets, a smooth supersonic-subsonic transition resistive MHD case (Figure 8b of Paper I) in that all of the
between these two states is possible. As in part (b) of Figure 14, trajectories out of point 2 are tangential to the forbidden curve at
the trajectory in the minus sheet between points gsw and sp can the sonic point; in the latter cases, illustrated in parts (b). (c) and
also be used to achieve a transition between points 2 and 3 that (d) of Figure 9, the spiral structure of point I is so strong that the
includes a gasdynamic subshock. trajectories out of it become disconnected from those into the

downstream states: a gasdynamic subshock is then required to
4.3. Superfast Supersonic Upstream Flow complete the transition.

As discussed earlier, the cases in this section include all three Type Ill. This type of hodogram corresponds to the case where
Aos discussefearlier the casrixinFigues ibnd tid setotincluie point 4 is on the minus sheet while the other three fixed points arerows of the matrix in Figure lb and yield a total of 20 possible all on the plus sheet, as illustrated in Figures 10-14 and in the third

hodogram topologies. In the hodograms presented in the previous row of the matrix in Figure lb. This case is of particular terest

two subsections, we have included the structure near the upstream fr the following reason: despit he i fact that the upstream

state of the fast shock, i.e., near point 1. This point now also supr the we t ream tat re u nste

serves as the upstream state of the superfast IS. The present same Riemann sheet, in certain cases, no smooth transition exists

subsection therefore contains all magnetic hodograms displayed between these two states. As shown in part (b) of Figure 14. an

earlier, with point 2 representing the downstream state of the fast infinite number of transitions between points I and 3 can be

shock rather than the upstream state of the IS. In the following, we achieved via a gasdynamic shock, which can occur anywhere

discuss the hodograms shown earlier in the context of the matrix in between points gswI and gsw2 along that particular trajectory n

Figure lb. Since in the limit of resistive MHD, the hodograms in the subsonic sheet that reaches the sonic point sp. In certain cases.

each row of that matrix correspond to Figure 8c, 8b and 8a of illustrated in part c) of Figure 14, a smooth supersonic-subsonic

Paper 1, we shall classify those in each row as type 1. type H and transition between points I and 4 along the trajectories l-2-sp-4

type Ill, respectively. It is also of interest to note from the matrix in coexists with the supersonic-sonic-supersonic transition between

Figure lb that a certain symmetry exists between hodograms of poits 1n3l the rajctoni -sp tt

type I (those contained in the first row of the matrix) and type [ points I and 3 along the trajectory 1-2-sp-3.

(those included in the third row). Specifically, the eight possible 5. DIscUssION
hodogram topologies in she third row are the same as thoseobtained from the first row by reversing the sequence of the four Fixed-point analysis of the type employed in this paper consistsfixed points (or, equivalently, by flipping the hodogram around of establishing the properties of time-independent small-amplitudethe ynaxis) and interchanging the solid (subsonic) and the dashed spatial perturbations around the upstream or downstream state of athuersonis) curve intche oreoning thehsolidubsonran Pased , shock. But these properties must coincide with those of small-(supersonic) curves in the corresponding hodograms. In Paper I, amplitude waves standing in the upstream or downstream regions.
this type of symmetry therefore exists between Figure 8c and altud waves reg vernedtream h distreao region
Figure 8a. In Hall MHD, such waves are governed by the dispersion relation
Type 1. This case comprises the first row of the matrix in Figure [Sringe,, 1963; Formisano and Kennel 1969]

lb where point 1, representing the upstream state of superfast ISs, (o -2k 2  Cos 0)[0 -(c +v/ ))2k +c v2k Cos 0
is on the plus sheet while the other three fixed points are on the
minus sheet. This case therefore includes the hodogram topologies t2 4 222
in Figures 2. 3. 4 and 5. Itis seen that in all of these, aninfinite -Ikk0) (o2kc)cos20 (15)

number of transitions exists for both strong and weak superfast where the quantity Xi a (miltone2 )0-5 in front of the dispersive
ISs. However, unlike the purely resistive MHD case (Figure 8c of term is the ion inertial length; c is the speed of so,'nd; vA is the
Paper I), in which a viscous subshock is always required to Alfvdn speed and 0 is the angle between the propagation vector
complete the transition from the supersonic upstream state to the and the magnetic field. The fast mode described by this relation
two subsonic downstream IS states, in certain cases, illustrated in has the following properties. (1) Its phase and group speeds
parts (c), (d) and (e) of Figure 5, a smooth supersonic-subsonic increase monotonically with increasing wave number. k. For k-- 0
transition at a sonic point sp is possible. Figure 5c serves as an both speeds approach the MHD fast-mode speed, cf. For k --#-,
example of this behavior the transition between 1 and 3 can be both speeds approach infinity. (2) For all finite wave lengths, the
achieved either by a single continuous trajectory along I-sp-3 or mode displays anomalous dispersion, i.e., the group speed
by an infinite number of discontinuous transitions such as the one exceeds the phase speed. (3) The mode is right-handed. Similarly,
along l-gs-3. Similarly, for the strong IS, the transition can be a the slow mode has the following properties. (1) Its phase and
continuous one along 2 -sp-4 or it can be discontinuous, a special group speeds decrease monotonically with increasing wave
case of which is 2-gs-3-4. number. For k -+ 0 both speeds approach the MHD slow-mode
Type II. In this case, point 1, the upstream state of superfast ISs, speed, cs . For k --* - both speeds approach zero. (2) For all

and point 2 are on the plus sheet while points 3 and 4 are on the finite wave lengths, the mode displays ordinary dispersion, i.e.,
minus sheet. As indicated in the second row of the matrix in the phase speed exceeds the group speed. (3) The mode is left-
Figure lb, this case includes the hodograms in Figures 6, 7, 8 and handed. Finally, the intermediate mode has the property (1) that its
9. It is seen that, as for Type I, there exists an infinite number of phase and group speed both approach the MHD intermediate wave
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speed, VAx = vAcose, as k -+ 0, while for k both speeds Thus, when point 2 falls on the supersonic Riemann sheet it .n:-.
remain finite and approach the sound speed, c. (2) The always be a saddle point- When it falls on the subsonic errn.::
oolarization and dispersion properties are different for c > sheet (which requires 3 > (2/y)cos 20), it is either a node or .j p'-.
vAcosO and c < VAcoso, i.e., for [5 > (2/-y)cos 2 O and P3 < point. As seen in Figure lb. this is indeed the case. Furtherincre,
t2f'y)cos'0. In the former case, the intermediate mode is right- since the intermediate mode has anomalous dispersi :on : a31. .'
handed and has anomalous dispersion; in the latter case it is left- right-handed) for 5 > (2/y)cos 2o, the node or spiral p,-nt :s
handed and has ordinary dispersion. (3) For c = vAcosO. the mode always unstable indicating that, for sufficiently large h! a rneht-
is longitudinal and nondispersive. These properties of the three handed standing intermediate wave train can be generated :t: ,he
modes are illustrated by the dispersion curves in Figure 15. upstream edge of a subfast subsonic intermediate shock hut never

As shown quantitatively in the Appendix, the occurrence of at the downstream edge of a fast shock. As mentioned alrcad.. it
saddle points, nodes and spiral points in the fixed-point analysis is for this reason that a resistive fast shock ha.inZ ; .Jils::
is related to the above small-amplitude wave properties as downstream state must contai,, a viscous subshock at its :ra.. n

follows, If none of the three modes can phase stand in the upstream edge: in the resistive-dispersive model, this subshock provides
or downstream flow, i.e., if the phase speed cannot be equal to the the only possible access to the unstable node or spiral point
plasma flow speed there, then the corresponding fixed point is a representing the downstream state.
saddle point. If one of the modes can phase stand, the fixed point The remaining fixed point represents the upstream state of the
is either a node or a spiral point. It is a node for sufficiently small slow shock or the downstream state of the weak intermediate
h values and a spiral for larger h. The former instance corresponds shock (point 3 in Figures). The plasma flow is subalfvenic but
to the case of an overdamped system where resistive dissipation superslow so that only the intermediate mode can phase stand in
effects dominate dispersion effects; the latter case represents the flow and then only if the flow speed falls between c and
underdamped behavior, and the critical h value at which a node is vAcosO. Since the flow is subalfvnic, this is never the case when
converted to a spiral point corresponds to critical damping. A c > vAcos0, i.e., when 13 > (2/y)cos 2 9. W,':i P < (2/y)cos 2e, it

right-handed (left-handed) spiral point corresponds to a right-hand will occur only when the flow is supersonic. Thus, when point 3
(left-hand) polarized wave mode. Finally, as pointed out, e.g., by falls on the subsonic Riemann sheet, it is always a saddle. When it
Ke.'wiel et al. 119851, a wave standing at the upstream edge of a falls on the supersonic Riemann sheet, it is either a node (for small
shock must always have anomalous dispersion otherwise wave hl) or a spiral point (for sufficiently large hl). As seen in Figure
energy cannot be transported from the main shock into the lb, this is indeed the case. Furthermore, since the intermediate
upstream region where it is dissipated, in the present case by mode has ordinary dispersion (and is left handed) for I <
Ohmic heating. This situation corresponds to an unstable spiral (2/y)cos 2 0, the node or spiral point is always stable, indicating
point (or, for small h1 values, an unstable node). Similaly, a wave that, for sufficiently large hl. a left-handed standing intermediate
standing at the downstream edge of a shock must always have wave train can be generated at the downstream edge of a weak
ordinary dispersion in order to allow wave energy to escape and intermediate shock for which the downstream flow is supersonic
be dissipated downstream. This situation corresponds to a stable but never at the upstream edge of a slow shock. It is for this
spiral point (or, for small h2 values, a stable node). reason that a resistive slow shock having a supersonic upstream
Equipped with this information, we may now reexamine the state must contain a viscous subshock at its leading edge: in the

results obtained in sections 3 and 4. First, we note that, at a resistive-dispersive model, this subshock provides the only
sufficiently short wave length, the small-amplitude fast-mode wave possible path of departure from the the stable node or spiral point
can always phase stand upstream of a fast shock or a superfast representing the upstream state.
intermediate shock. For this reason, point 1 in the Figures is In summary, the properties of small amplitude waves in resistive
always either a node (for small hl) or a spiral point (for Hall MHD lead us to conclude the following. (1) For sufficiently
sufficiently large hl) but never a saddle. Furthermore, the fast large Hall parameter hi, a fast shock will have a right-handed
mode always has anomalous dispersion, as required for it to be oscillatory wave train at its upstream edge but never a standing
generated at the upstream edge of the shock. Similarly, at a small-amplitude wave train at its downstream edge: if the
sufficiently short wavelength, a small-amplitude slow-mode wave downstream state is subsonic, a viscous subshock will appear at
can always phase stand downstream of a slow shock or a strong the downstream edge. (2) For sufficiently large Hall parameter, a
intermediate shock. For this reason point 4 in Figures is always a slow shock will have a left-handed oscillatory wave train at its
node or a spiral, never a saddle. Furthermore, the slow mode downstream edge but never a standing small-amplitude wave train
always has ordinary dispersion and thus can be generated at the at its upstream odge; if the upstteam flow is supersonic, a viscous
downstream edge of a sho(k. subshock will appear at the upstream edge. (3) Superfast
At the downstream state of a fast shock (point 2 in the Figures). intermediate shocks will have an upstream right-handed wave tram
which is also the upstream state of the subfast intermediate shock, in the same circumstances as the fast shock; subfast subsonic
the plasma flow is subfast but superalfvknic and therefore intermediate shocks will also have a right-handed upstream
superslow. It is evident from the dispersion relation that only the standing wave train for sufficiently large hI values whereas
intermediate mode can phase stand in such a flow and then only if subfast supersonic intermediate shocks will not. (4) Strong
the flow speed falls between the MHD intermediate wave speed, intermediate shocks will have a downstream left-handed standing
vAcos0. and the sound speed, c. Since the flow is superalfvnic, wave train in the same circumstances as a slow shock: weak
this is never the case when c < vAcosO, ie., when 13 < (2/y)cos 2e. intermediate shocks will have a left-handed downstream standing
When 1 > (2/y)-os 2 O, it will occur only when the flow is subsonic. wave for sufficiently large h1 values when the downstream flow is
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supersonic but not when it is subsonic. (5) It follows from (3) and (1) For sufficiently large h1value, a nodal fixed point in the y8Az
(4) that certain strong as well as weak intermediate shocks may plane is convened to a spiral point with the sense of the electron
have a right-handed wave standing at the upstream edge and a left- (right-hand) polarization at the upstream state of a fast or an
handed wave standing at the downstream edge of the shock. intermediate shock and the ion (left-hand) polarization at the
Note that conclusions (I) and (2) are not new but are restatements downstream state of an intermediate or a slow shock. Both weak

of earlier and by now well-known results (e.g., Kennel et at., 1985; and strong intermediate shocks may in some cases have an
Coroniti, 1970; 1971; Bickerton et at., 1971]. Note also that the upstream right-hand and a downstream left-hand spiral point,
above conclusions do not depend on the dissipation mechanisms representing phase standing wave trains of the intermediate mode.
operating in the shock but only on the properties of small- or, downstream of a strong intermediate shock, of the slow mode.
amplitude dispersive waves. Thus we expect the upstream and (2) Thirteen distinct hodogram topologies (some of which have
downstream behavior of shocks which incorporate small viscous several subcases) of a total of 20 possible cases have been found,
dissipation and heat conductivity to be essentially the same as for describing resistive-dispersive fast, slow and intermediate
the purely resistive case, with the exception that viscous shocks in Hall MHD, compared to only 3 topologies for hl = 0.
subshocks will acquire a finite width (for large viscosity the latter Seven cases that are allowed in the fixed-point analysis appear to
may become the width of the entire shock). be missing as a result of constraints imposed by the shock jump
As mentioned earlier, fixed-point analysis indicates the possible conditions.

existenc ei of a total of 20 different hodogram topologies for (3) The spiral structure associated with certain fixed points does
shocks in resistive Hall MHD. However, the constraints imposed not affect one of the basic results obtained by Ilau and Sonnerup
by the jump conditions appear to restrict the actual number to 13, [1989] from the purely resistive MHD model: there still exists an
or at least, our numerical search of parameter spare, has produced infinite number of transitions for all strong ISs as well as for all
only 13 of the 20 cases. The missing cases, as well as the 13 cases superfast weak ISs, while only two transitions exist for the
that have been found, are consistent with the rule that an upstream subfast weak IS.
node and a downstream spiral point cannot occur for a shock that (4) Unlike the MHD case, a purely resistive transition between
produces a net fast-mode compression (LBt 2 > lBt I)whereas an two supersonic or two subsonic states of an intermediate shock
upstream spiral and a downstream node cannot occur for a shock may not always exist. In such cases, the transition can sull be
that produces a net slow mode compression (lBt21 < IBt11). This achieved via a discontinuity in the form of a viscous gasdynamic
rule is known from previous studies to be valid for fast and slow subshock along with a smooth subsonic-supersonic transition at a
shocks and four of the missing 7 hodogram topologies can be sonic point.
accounted for by noting that they contain forbidden fast or slow (5) The relationship between small amplitude dispersive waves to
shocks. The remaining three missing cases (as well as two of the the flow upstream or downstream of a shock and the nature of the
four cases accounted for already) contain intermediate shocks that corresponding fixed point has been established.
are forbidden by the rule. In the context of small-amplitude (6) For fast and slow shocks, which are also contained in the
standing waves, the rule implies that the h value at critical damping hodograms presented here, our findings are in complete agreement
is always lower upstream than downstream of a shock that with the previous studies by Coroniti [1970; 1971]. Bickerton et
generates net fast mode compression and always lower al. [19711 and many others. In the limit of resistive MHD, i.e., for
downstream than upstream of a shock that generates net slow mode h1 = 0, the upstream state of a fast shock is always an unstable
compression. From the behavior of damped oscillations in i-nple node while the downstream state can be either an unstable node or
mechanical or electrical systems (e.g., an LR circuit), one can a saddle point [Hau and Sonnerup; 1989]. For the slow shock, the
further infer that the h value at critical damping will be lower the situation is reversed, namely the upstream state can be either a
shorter the wavelength of the phase standing wave. Beyond that, stable node or a saddle point but the downstream state is always a
no physical explanation for the rule can be obtained from the small stable node. Inclusion of the Hall effect with sufficiently large h I
amplitude wave analysis alone; the shock jump conditions appear values leads to the conversion of the fast-mode upstream node to a
to be involved in an intrinsic manner. right-handed unstable spiral point and of the slow-mode

downstream node to a left-handed stable spiral point. In addition,
when the downstream fast-mode state is a subsonic unstable node

In this paper, we have examined the steady-state structure of for h1 = 0, conversion of this point to an unstable right-handed
intermediate shocks as well as fast and slow shocks by use of the spiral point may occur, for both hI= 0 and h1 *I 0 this state can be
resistive nonviscous Hall MHD equations. It is evident from the reached only via a viscous subshock at the trailing edge of the fast
fixed point analysis in section 3, as well as from the calculations shock structure. Thus, spiral behavior of the magnetic field does
reported in section 4, that for a sufficiently large upstream Hall not occur at the downstream edge of a fast-mode shock. Similarly.
parameter, h1, defined as the ratio of the ion inertial length to the when the upstream slow-mode state is a supersonic stable node for
Alfvin resistive length, the magnetic hodogram topology may h1 = 0, conversion of this point to a stable left-handed spiral point
become very different from that obtained for the purely resistive may occur; for both h1 = 0 and h1 * 0, departure from this state
MHD case which corresponds to the limit h = 0; in that limit, all occurs via a viscous subshock at the upstream edge of the slow
fixed points are either nodes or saddle points, as discussed hy shock tructure. Thus, spiral behavior of the magnetic field does
H1au and Sonnerup [ 19891 whereas for AI * 0 spiral points my also not occur at the upstream edge of a slow-mode shock. Unlike the
occur. Specifically, we have found the following: intermediate shock, there always exists a purely resistive-

dispersive transition between upstream and downstream states
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located on the same Riemann sheet. Unlike the intermediate Berchem, J. W., and C. T. Russell. Magneic field rotation lhrc4.
shocks, the fast and slow-mode shock structures are unique for magneause: ISEE I and 2 observations, J. Geophys Re 7
given upstream parameter values, both when h1 = 0 and when hl * 1982a.
0. Figure lb indicates 5 possible hodogram topologies (n-n; s-n; Bickerton, R. ., L. Lenamon, and R. V. W. Murphy. The sinictlr-' A
s-s; n-sa; s-sa) for the fast-mode shock but the cases s.n and s-s are hydromagnetic shock waves, J Plasma Phys, 5, 177, 1971

Coroniu, F. V., Dissipation discontinuities in hydromagnetic sh ., waves,not distinct since for both access to the downstream state occurs J Plasna Phys., 4, 265, 1970.

via a viscous trailing-edge subshock. Similarly, formally there are Coroniti. F. V., Laminar wave-train structure of collisionless rriipeaic ..

5 possible hodogram topologies (sa-n; sa-s; n-n; n-s; s-s) for the shocks, Nutl. Furion, 11, 261, 1971.
slow-mode shock but the cases n-s and s-s are not distinct since Formisano, V., and C. F. Kennel, Small amplitude vaves in high pltsmas, I
for both egress from the upstream state occurs via a viscous Plasma Phys., 3, 55, 1969.

Germain, P., Shock waves and shock wave siructurcs in migrci- fu(id
leading-edge subshock. dynamics, Rev. Mod Phys. 32, 951, 1960.
Finally, we note that no systematic attempt has been made to Hau, L.-N., and B. I'. 0. Sonnerup, On the structure Ad resis T v, N'I

identify and delineate the regions in parameter space in which the intermediate shocks, J Geophys Res., 94, 6539, 1989
13 different hodogram topologies arise, to examine the dynamic Jeffrey, A., and T. Taniuu, Non-Liaear Wave Propagation, Academic, San
stability of the various intermediate shock structures described Diego, Calif., 1964.

Kenmel, C. F., J. P. Edmiston, and T. Hada, A quarter century of collisionless
by these hodograns, or to work out spatial profiles of quantities shock research, in Collisionless Shocks in the Heliospere: A Tutorial
such as density, temperature, magnetic field and velocity. Review, Geophys. Monogr. Ser, vol. 34, edited by R. G. Stone and B. T.

Tsusmtai, p. 1, AGU. Washington, D. C.. 1985.
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amplitude intermediate shock waves, Phys. Fluids, 2, 253, 1990
The dispersion relation for small-amplitude waves in Hall MHD, Lyu. L.-H, and J. R. Kan. Structures of Alfvkn Shocks: S-shaped magnetic

i.e, quation (15), can be rewritten as follows: hodogram observed at the magnetopause, Geophys. Res. Lett. 16, 349,
1989.
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Wu, C. C., The MHD intermediate shock interaction with an intermediate
wave: Are intermediate shocks physical?, J. Geophys Res , 93, 987,

If a wave can stand in the upstream or downstream flow, then its 1988a.
phase speed must be equal to the plasma flow speed there, i.e., W/k Wu, C. C., Effects of dissipation on rotational discontinuities, J Geophys

= vx. Furthermore, it can be easily shown that c2 - vA2 = c) 2 + Res., 93, 3969, 1988b.
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definition Ax = x lvA cosO, equation (Al) becomes L-N. Hau and B. U. 0 Sonnenp, 'Thayer School of Engineenrg, Dartmoutp

College, Hanover, NH 03755.
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Writing (A2) in terms of the quantities Ky and K,, defined in
equations (11) and (12), yields

2 KK
k = __Z_ (A3)

z i

Equation (A3) clearly indicates that for the case KyKz < 0, i.e.,
when the fixed point examined is a saddle, none of the three wave
modes can phase stand in the upstream or downstream flow, or,
equivalently, the phase speed cannot be equal to the plasma flow
speed there. For the case KyKz > 0, i .e., when the fixed point
examined is either a node or a spiral point, (A3) gives the
corresponding wavelength of the standing wave train.
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Cases Supersonic C"-') Sheet Subsonic "- Sheet Hodograrns

Fig 2 (n-n-sa-n)
Point 2: node or spras e Fig 3 ,s-n-sa-ni8 Point 1: node or spiral Point 3: saddleFi 's-sa)PointFig 4 (s-n-sa-s)
Point 4: node or spira. Fig 5 (s-s-sa-si

Fig 6 (n-sa-sa-n)
Point 1: node or spiral Point 3: saddle Fig 7 (s-sa-sa-n)
Point 2: saddle Point 4: node or spiral Fig 8 (n-sa-sa-s)

Fig 9 (s-sa-sa-s)

Fig 10 (n-sa-n-n)
Point 1: node or spiral Fig I I (s-sa-n-n)

8 Point 2: saddle Point 4: node or spirai Fig 12 (n-sa-n-s)
Point 3: node or spiral Fig !3 (s-sa-n-s)

Fig 14 (s-sa-s-s)

(b)

ptr3mSub fast Subfast Supetfast

Subsonic ('-) Supersonic f"-' Supersoc ni "
(Point 2) (Point 2) (Point 1)

Section 4.1 Section 4.2 Section 4.3

Downsueam node spiral saddle node spual

' Subslow Fig 6,7
node Fig2,3 Fig 2,6.10 Fig

Subsonic Fig 10. 11i

~Fig 8,9Fig 129 Fig -..5.9
P spiral Fig 4 Fig 5 Fig 12,13 Fig9.12 Fig 13.14

' ("-") I Fig 14

Superslo
Fig 6,7

Subsomc Fig 2,3 Fig 34.5
Ssaddle Fig 5Fg , F'g 2,6.8

Fig 4 Fig,9 Fig 7.9

'A Superslow Fig 10,11
F node1 Fig 10,12 Fig 11.13S: upersonik Fig 12,13

sp Fig 14 Fig 14

(a)

Fig. I. Matices showing pousibie shock stales based on (a) the namre of the
upstram and downstrenam flow for intermediate shocks or (b) on the fixed-
point location on the supersonic and subsonic Rtiiann sheets. Notation: 1. 2
and 3, 4 denote fast-shock and slow-shock upstream and downstream
conditions, respectively; the possible intermediate shocks (IS) are: 1-43
(superfast weak), 1-.4 (superfast strng). 2-3 (subfast weak) and 2-+4
(subfast strong). The fixed points (n = node, sa = saddle point and s = spina
point) are listed in the order 1, 2. 3, 4. Missing hodograms are: (n-nsa-i), (A-
s.sa-s)., (n-s-sa-n) and (.s-so-n) m rw I of pan (b); (n.a-s-i), (nm-,--p) and (a-
sa-si) in row 3 of pans (b).
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Fig. 2. .Magnatc field hodogriun for cuse (i) of section 4 (A~-s-as). where the
fast-shock upstram state, 1,* and downstream state, 2. as well as the stoti-IS
dowssears stat, 4. are all nodes while the weak-IS downstream suate. 3. is a Fig. 3. HOdograus fOr case, (ii) of section 4 (se~aawhere point 1 Is
saddle. Point 2 serves as the upstuma state of a uubfast IS while -~r I can Ca"eWe fromn a node to a spial POint whsile poits 2. 3 and 4 renas the same
also be the upstream stae of a superfast IS. Dashed cuves ame trajectories on as in Figure 2. Supersonic-subsonic tranition occurs in a gaidyntamic
ste supersonic (plus) Riesnana sheet solid fines lie on the subsonic (minus) subsiock. denoted by 'sw and ~SA for the weak and strong superfast
sheet. In the superfast IS. the supersonic-stshsonic transition ocoars in a initermtediate shock. -epeazvelY. Paraneters at point 2 ame the same as in
gasd~~tsnii suliahock (qi). Plasia paameer at poit 2 ame: 01 a 1,691 a 450, Figure 2, excqe that A1  0. 1.
A = 1.0428. mad Hall pasneter (the ratio of election gyrofrequency to
Zilion frequency). hl a 0.012.

Fig. 4. Hodog-a for case (iii) Of section 4 mil-.,) wee points I and 4
lie spiral Points, poust 2 is a node and pon is a saddle posnL Parameters
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P* .
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Fig. 6. Hodogram for case (v) of Sectm 4 (a-sa-4e-), when points 2 mad 3

am saddle points while rifts I and 4 am mods. Parinnae at point 2 am: Fig- 7. HodOput (Or CAse (vi) of action 4 (Ss-se-x.). wheoe point I is

-1.0.5, 1-26.57, A7 1.1471 andOl =O.. T!hesymobol ip denotmestU sfm anods S MPa ia wlpom,3d4m A the e

point where smooth supenocn-mbonic umulition is possibLe the p-n s a i Figum 6 PSIurs at poit 2 amt: A,. 25 , 40890, A51  =

is a iadyumric subihock, which serves as pen of the unsitam beween the 1.1425 and h 1 0.25.

IS upmam stae (which cm be at pou I or 2). md die sumig-IS dowetmmm
state (4).
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Fig. HOdogrm (for C (vi) ofetm 4 (m.u-u-s wbme point I is
node, poit 4 is- spGsd1 poin whil pouts 2 and 3 am both saddle poie,.,
Panmeuses at pow 2 a tim - n mi pm 6, except is 0.345.
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Fig. I I. Hodogram for case (x) of section 4 (v-sd-st-o), whert point I is
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in the s"me I' Figur 10. Plasma cdiions at pout 2 am: 0.24,
1=38.660. Adl 1.l3l6wA h =0.23.
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Fig. 12. Hodopram for case (xi) in sedlion 4 (n-sa-n.:), where points I and 3
arm nodes, point 2 is a saddle and point 4 is a spinL Pamueters at poilnt 2 ame
the same as in Figure 10, except that hl 0.125.
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Fig. 13. Hodogsun for case (xi) in section 4 (s-s-n-), where point I is
converted from a node to a spid while points 2. 3 and 4 am the same as in
Figure 12. Paruneters a point 2 am the sane as in Figure 12, excx that hl
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Fig. 15. Dispersion reLasion (phase spel4. oVAk, vern wave nume.k o
a~ewvs()fr0>0)o4 9(y -S53; ft 1:0 =450 );(b) for <

(2/y)cos @ (y= 5/3;0~= 0.5;06= 26.57 ), Posuive (negative) slope of the
dispersion curve corresponds to group speed greater (smaller) than the phase
speed.
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The Magnetopause for Large Magnetic Shear: Analysis
of Convection Electric Fields From AMPTE/IRM
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A number of magnetopause crossings by the AMPTE/IRM spacecraft, which exhibited large
shear in the magnetic field, were studied recently by Paschmann et al. (1986) in order to assess
the presence or absence of reconnection processes at the dayside magnetopause. In the present
article, eleven of these crossings are reanalyzed by use of methods described by Sonnerup et al.
(1987). Although only eight of the cases lend themselves to this more detailed analysis procedure,
the results derived when the analysis is successful are considerably more detailed and quantitative
than those obtained previously. Four such cases are documented in detail in the paper. For these
events it was possible to derive accurate vectors, n, normal to the magnetopause. It was also
possible to place boundson the values of average magnetic field and flow velocity components
along n as well as on the average electric field tangential to the magnetopause and on the velocity
of the magnetopause itself along n and therefore on the magnetopause thickness. It is particularly
noteworthy that in two crossings (on September 4, 1984) it was possible to place lower bounds of
2.8 mV/m and 0.5 mV/m on the tafhgential (reconnection) electric field and corresponding lower
bounds on normal flow and field. In a third crossing (September 8, 1984), located about 1 RE
north of the subeolar point, evidence is deduced, indicating that the observed plasma acceleration
along the magnetopause had a large temporal component, caused by a tangential gradient in
the total pressure, in addition to the usual convective component caused by the Maxwell shear
stresses. Finally, in the fourth crossing (October 19, 1984), large magnetic shear was present but,
in agreement with a conclusion reached by Paschmann et l. (1980), the analysis shows that no
evidencefor reconnection was present and that the magnetopause had the properties of a tangential
discontinuity. This case provides convincing evidence that the mere existence of a deHoffmann-
Teller frame of reference in which the flow is field aligned (an excellent fit of the data to such a
frame could be performed in this case) does not guarantee that the magnetopause is a rotational
discontinuity. The remaining events analyzed by use of the new procedure demonstrate that
the methodology sometimes fails, or yields unconvincing results, even when there is considerable
evidence, in the form of accelerated plasma flows, that some form of reconnection is in progress.

1. INTRODUCTION et al., 1982;1986]. The main finding in paper 1 is that the

Recently, Poschrnonn et al. [1986], hereafter referred to presence of large magnetic shear is not a sufficient condition

as paper 1, have surveyed the features of 21 passes by the for the occurrence of velocity enhancements having direc-
AMPTE/IRM spacecraft through the magnetopause region tions and magnitudes that are in approximate agreementiMT/n spacecraf thre magneticshearwastopbe pregn. with the so-called Walin relation. The latter relation is
in which large magnetic shear was observed to be present. valid across rotational discontinuities and it is assumed that
In that study, special attention was paid to the presence the main magnetopause structure during reconnection con-
or absence of the large plasma velocity enhancements in temi antpuesrcuedrn eoncincn
ore a useneof t d lar plama veotehancarembentsvd sists of a rotational discontinuity, as in the classical model
the magnetopause/boundary-layer region that are believed

to signify the occurrence of reconnection at the magne- proposed by Levy et al. [1964]. Thus the principal con-

topause, such enhancements having been reported earlier clusion of paper 1 is that the presence of large magnetic
shear is not a sufficient condition for the occurrence of re-on the basis of observations from the ISEE 1 ad 2 space- cneto ntesboarmgeoas ein ahri

craft [Paschmann et al., 1979; Sonnerup et al., 1981; Gosling connection in the subsolar magnetopause region. Rather it
appears that velocity enhancements approximately compat-

ible with the Walin relation occurred only when the plasma
1Permanent affiliation is Physics Department, University of beta value (#= 2pop/B 2 ) in the adjacent magnetosheath

Crete, Heraklion, Greece. was less than about 2. For larger #3 values, the velocity en-
hancements, if any, amounted to only a small fraction of the

Copyright 1990 by the American Geophysical Union. change in Alfvin velocity, indicating that the Walin rela-
Paper number 90JA00228. tion, Av = ±AVA, was poorly satisfied. Here, Av denotes
0148-0227/90/90JA-00228$O5.00 the difference between the locally measured plasma velocity
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at some point within the magnetopause/boundary layer re- normal electron pressure term, ('7 p. ,)/ne the r,:,T, ,
gion and the plasma velocity measured during a reference dispersive terms, 77j and j x B/ne, as well as th- .
interval in the magnetosheath, immediately preceding (for inertia terms in Ohm's law must all be small compar' A
an inbound crossing) or following (for an outbound crossing) v x B. These additional conditions are expected Z r,. f:l-
the magnetopause data interval. Similarly, AVA is the corre- filled for a rotational discontinuity of thickness mlih great,-r
sponding difference between the locally measured magnetic than the ion gyroradius. They may or may n, L , a-.-f-,

field, converted to a local Alfvdn velocity, and the Alfvdn by a tangential discontinuity so that one carmncA : ,,- n, rai
velocity in the reference interval. The positive and nega- use the existence of an HT frame for a thick di-, -, r1,1'1y
tive signs in the Walin relation correspond to plasma flow to conclude that it must be a rotational disco, tl:ijjt -.
across the discontinuity that is parallel and antiparallel to point will be illustrated in one of the events to b,. anah'cd
the normal magnetic-field component, respectively. In the here. For internally sampled shock structurs wt.:',h h,:
context of the standard subsolar reconnection model ILevy a substantial intrinsic electric f,,:ld. one wct: i. . "
et al.. 1964], the positive and negative signs correspond to an HT frame to exist, although certain w.:;!k i::',
crossings north and south of the reconnection site, respec- shocks [ Wu, 1987; Ifau and Sonncrup, 19.' i i prrtv,
tively. be indistinguishable from rotational discontinuiti s in this

A new framework for examination of various features of regard. As discussed in paper 3, an FTE stru,.ture moving
the magnetopause, including its orientation, normal motion along the magnetopause may also have an H'I fram-
and acceleration as well as its adherence to the Walin re- It has been shown in paper 2 that in some caseb the fit
latioiL, has been reported by Sonnerup et al. (1987], here- between -v x B and -VHT x B can be improved substan-
after referred to as paper 2, who applied the new methods tially by assuming the HT frame to be in a state of ac-
to one of the magnetopause crossings (September 4, 1984. celerated motion relative to the spacecraft, i.e., by writing
1500:42-1501:51 UT) discussed in paper 1. Plasma velocity VHI' = VHTO + aHT • t, where both the initial iT veloc-
enhancements on that day have also been studied by John- ity, vHTo and the (constant) frame acceleration. a1IT, are
stone et al. [1986] using data from the AMPTE/UKS space- determined from a least squares fitting procedure. The com-
craft. Certain portions of the new methodology have also ponents of vTr and of BHT perpendicular to the magne-
been found useful in the study of magnetopause flux trans- topause represent the initial normal velocity and the average
fer events (FTEs) [Popomastorakis et al., 1989), hereafter normal acceleration of the magnetopause itself. I he compo-
referred to as paper 3. In the present paper, the new proce- nents tangential to the magnetopause represent the motion
dures will be applied to the remaining eleven crossings that of the HT frame in the magnetopause tangent plane which
were discussed in detail in paper 1, with the objective of test- is needed to bring about a field-aligned plasma flow in that
ing the new methods further, as well as obtaining improved frame. The physical significance of the tangential accelera-
information about the orientation, motion and structure of tion is discussed at a later point in our paper.
the magnetopause during these events. Finally, we note that, by use of the HT frame, the Waldn

In brief, the new analysis is based on the convection elec- relation can be written in the convenient form
tric field, E, = -v x B, computed from measured local
plasma velocities, v, and magnetic fields, B. It is found (V- VnT)(1
that for many (but by no means all) magnetopause crossings,
this electric field can be nearly removed by transformation
to a moving frame of reference, called the deHoffmann-Teller indicating that in this frame the flow is field-aligned and
(HT) frame, which follows the magnetopause in its motion Alfvinic. As discussed in the Appendix, the existence of

normal to itself and also slides in the local magnetopause an HT frame and the validity of the Walin relation are in-norml t itelfand lsoslies n te loal agntopuse terrelated properties of steady quasi one-dimensional MHD

tangent plane in such a manner that the individual plasma discontinuities when (and only when) the normal magnetic

velocity vectors observed in the HT frame are as nearly field- field component is nonzero.

aligned as the data set permits. It should be added that, even for rotational discontinu-

Unless the plasma velocity is constant, or nearly constant, It strict ae th the for reation, is ex-

it is by no means a trivial property of a magnetopause data ities, strict agreement withice W n relation, (1, is ex-

set to possess a good HT frame, for its existence implies that pected only for sufficiently thick, one-dimensional and time-

the component of each measured velocity vector, v, perpen- independent structures; all of these conditions are usually
not met at the magnetopause. An additional difficulty is

dicular to the simultaneously measured magnetic field vec-
tor, B, is equal to the component of the constant vel ocity the fact that the AMPTE/IRM plasma instrument (annot
of motion, vH , of the comp en hcoat the same discriminate between different ion species. It is usilly a-,-

of otin, jj~, o th NTfrae prpediclarto he ame sumed that the particles are protons. But even a small ad

field. However, an HT frame does exist for the data on

two sides of any thin one-dimensional and time-independent mixture of heavier ions such as 0' will influene the mass

current sheet which has a nonzero normal magnetic field density and thus the calculated Alfvn velocity significantly
component, such as a shock [deHoflmann and Teller, 1950] By use of the relation
or a rotational discontinuity. Furthermore, a thin tangen-
tial discontinuity with uniform, but different field and flow pI - a) = cunst 2.

on its two sides also has an HT frame [Poschmann, 1985.
But for thick current sheets where the data consist of v and which is valid across any ideal rotational discontinuity and
B measurements mostly within the layer itself, further re- is also approximately valid within such a discontinuity. Pro
strictions are needed: the intrinsic normal electric field, i.e., vided it is much thicker than the ion gyroradiws. it was ar-
the electric field normal to the current sheet, evaluated in gued in paper I that the effective ion mass within the magn.-
an HT frame obtained from exterior data, must cancel the topause and boundary layer can often be significatly large-r
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than in the magnetosheath reference interval. In equation DIDo, where Do is obtained from (4) with VHT 0 is a

(2), p = T n,m, is the total mass density, summed over all measure of the quality of the fit between what we call the
species, and or is the total locally measured plasma pressure HT electric field, EHT E -VHT x B. and the measured con-
aisotropy factor, o - (pll -p.L )o/B', which can be shown vection electric field, E, = -v x B, with a small value of
to depend only weakly on the mass composition, as discussed DIDo indicating a high-quality fit. A visual representation
in paper 1. Thus the problem of the unknown mass com- of the fit is also provided in a single scatter plot of the three

position in calculating the Alfv~n velocity was overcome in components of E, versus the corresponding components of
papers I and 2 (a similar procedure was used in paper 3) by EHT, using an arbitrary cartesian coordinate system. in our
writing case the GSE system, denoted by (X, Y, Z) in the paper. It

can be shown that in such a scatter plot the correlation co-

VA BV1(I - -)/Iop = B(1 - .)/V/popi -1 (3) efficient, but not the regression line slope, depends weakly
on the choice of coordinate system: since the correlation co-

where p, and or, refer to the magneto~heath reference in- efficients given in the paper are used only for comparison of
tere ind hic ref the plas ma g tosheonisath d re nce fits using the same coordinate system but different levels of
terval in which the plasma composition is assumed known, analysis, this is not a serious problem. Changes in regression

The same method will be employed here and. for simplicity, Line slope as well as correlation coefficient also occur when
it will be assumed initially that the magnetosheath plasma the electric fields E. and EHT are transformed to a frame

consists exclusively of protons and electrons. Possible cor- of eferce movin w h h e ano ed Agaate

rections to that assumption will then be discussed. of reference moving with the magnetopause. Agan, these

The paper is organized as follows. In section 2, we sum- We emphasize that EHT is not the electric fio.4 in the lIT

marize briefly the nature of tne data and data analysis pro- fae The at e is not t e lecri and ; he de
I,,,tures used' in the stud. In section 3. we present detailed frame. The latter field is (E - EHT) and VHT has 6oer d-

s termined from (4) in such a way that its magnitude-square.
results for four AMPTE/IRM magnetopause crossings, con-
tained in paper 1, along with our interpretation and discus- averaged over the data set, has been minimized. Exc-pt for
sion of those results. We also mention briefly the results singular cases, this determination of VHT is unique. Further-
from the other crossings discussed in detail in paper 1. In more, the component of VHT perpendicular to the magne-

section 4, a summary of our findings is given, along with topause represents the motion of that layer perpendicular to

concluding remarks. itself, although, as discussed more in detail below, the vector
normal to the magnetopause is usually not precisely known.
The component of VHT tangential to the magnetopause rep-

2. DATA ANALYSIS METHODS resents he sliding motion of the HT frame along the layer.

The observations presented in this paper were obtained needed to make the flow in the HT frame as field aligned as

in the Fall of 1984, with the 3D plasma instrument and the data set permits.

the magnetometer onboard the AMPTE/IRM spacecraft. The agreement of the data with the Wal~n relation can

A brief summary of the features of the plasma instrument is now be tested by use of a scatter diagram in which each

given in paper I; more details are prtvided in Paschmann et of the three components of (V-i - VHT) is plotted against

al. [1985]. The magnetometer has been described by Lihr the corresponding component of the AlfvIn velocity, v. =

et al. [19851. B'n(1 - atm)/i pi(l - O). Here pi, and al are the mass

The data used directly in the analysis consist of measured density and pressure anisotropy, evaluated in a suitable ref-

ion number density, n, flow velocity vector, v, magnetic field, erence interval in the adjacent magnetosheath in which. ini-

B, and pressure anisotropy factor, a = (pil - pi)Mo/B 2. tially at least, we assume the plasma ions to consist only of

These quantities were obtained every spin period, i.e., ap- protons. Good agreemeat requires not only that the data

proximately every 4.4 s. The magnetic field data has much points fall on or near a straight regression line through the

higher time resolution (32 samples/s) but only spin aver- origin but also that the slope of that line be unity. Slopes

ages synchronized with the plasma measurements were used greater than unity should not occur since they would imply

in the study. a particle mass less than the proton mass in the reference

The data reduction procedures are described in detail in interval. Slopes that are moderately less than unity can

paper 2. Depending on the quality of the data and the perhaps be explained by assuming the presence of accept-

event, the analysis can be carried through one or more of able amounts of alpha particles or other heavier ions in the

three levels of increasing complexity, as summarized below. magnetosheath reference interval.
It is noted that, in contrast to the version of the Waln

2.1. Level A test employed in paper 1, the present test is independent
of the plasma velocity in the reference interval. Since that

A (constant) velocity, VHT, of the deHoffmann-Teller velocity often fluctuates a great deal, the new version of
frame is determined by minimization of the quadratic form the Waln test is far less sensitive to the choice of reference

v interval.
1 V B 2  (4) As a third step, one performs variance analysis on the

D L= I- T( c-invection electric field E, = -(v - urn) x B where u,
is an assumed velocity of the magnetopause normal to it-

where the superscript m is used to denote the N individual self. The velocity v' _= (v - u,n) represents the plasma
pairs of velocity and magnetic field vectors in the data set flow in a frame of reference moving with the magnetopause
for the magnetopause crossing. This set is chosen to include The normal vector, n, is identified with the maximum vari-

points within the current-layer structure as well as some ance eigenvector, ic, for the field E and must therefore be
points on the two sides of the layer. The relative residual obtained by iteration of the variance analysis in which the
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initial guess for n is usually taken to be the maximum vari- where t = 0 corresponds to the first data point i. ti, ..

ance eigenvector obtained for u, = 0. It is our experience which time VHT = VHT,. The expression (61 for v: -, car!

that the normal vector obtained in this manner is usually a now be substituted into (4) and a new minimization :,n h,

far better estimate of the true normal direction than that performed to obtain VHTo as well as aHT. The romaimnder

provided by the magnetic-field minimum-variance direction of the steps performed at level A may then he rpeat

ifor a discussion of the minimum-variance method, see Son- with the proviso that u, is replaced by u, the ti,rioai

nerup and Cahill [1967]). However, the normal vector thus magnetopause speed at t = 0. If the two linear ,fa,.,ni-

obtained does depend somewhat on the choice of magne- now show satisfactory agreement, the data anal.wsi ,a:,

topause velocity, u.. A diagram of important quantities stopped and interpretation of the results can be ur:,I itaken

such as the average normal magnetic fiel!, A - n, and flow Included in the latter process is a check to siee whcth-r the
component. V' • n, as well as the average tangential elec- normal component of ar has an acceptable mtL;ncit,1- I 1
tric field component, V. x n. versus u can now he prepared particular, it is noted that u.. should be (hc...... I, -

and usually shows linear behavior of all these quantities. We u, . u", + allT • nt does not reverse its -icr i itrl.. t:i,

therefore refer to such a plot as a linear diagram. As dis- crossing. Also, one can check whether an improvom.nt in

cussed in paper 2, an allowable range, but not a unique value the agreement with the Wal~n relation has been obtained

for the magnetopause velocity, u,, can be inferred from such by inclusion of anT. An improvement, relative to level A.

a diagram. in the agreement between the convection electric field. E_,
Finally, the third step can be repeated by use of E'HT = and the HT electric field,EHT, must occur, since this is the

-(VHT - un) x B in place of E' and a second linear dia- basis for the determination of aqT. This improvement can
gram can be prepared. Close agreement between the linear be seen in a scatter plot of the components of the two fields
diagrams obtained from EV and from E'T indicates that

no need exists to proceed to the next level of analysis, to E' = -(v - aHTi - u.,n) x B

be described below. Hodogram plots of E, and EHT can Eu u

also be generated and compared to provide a visual three- E'kT = -(VHTo - uno) x B

dimensional picture of the agreement between these two vec- which are fields referred to a frame of reference moving with

tors. the magnetopause at speed (u,, + aHT nt), directed along
We have already mentioned that the maximum variance n, and at the same time moving a:ong the magnetopause

eigenvectors i, or iHT, evaluated at one's best estimate of with velocity tn x (aHr x n). In preparing such a scatter
the magnetopause normal speed, u., may serve as predictors plot, the vector n is replaced by i. The component along
of the true magnetopause normal, n. However, in many n of the plasma velocity, v" - (v - aHrt - U,,on), in this
cases where a good HT frame exists, the minimum variance moving frame of reference, now represents the actual flow of
directions, k and kiT, for the convection and HT electric plasma across the magnetopause so that, in the usual model

fields, E' and EHT. respectively, are far more accurately of magnetopause reconnection, one expects V". n < 0.
determined than i, and iHT. Where that is the case, these
k vectors are usually also nearly aligned and, at the correct 2.3. Level C
u,, should be good tangent vectors to the magnetopause.
If the maximum-variance eigenvector, iB, of the magnetic If the coincidence between the two linear diagrams ob-

field is also well determined, in the sense that the eigenvalue tained at level B is still judged unsatisfactory, it is desirable

ratio AB,/AB, > 1, then iB is also a good tangent vector, to attempt one further step in the analysis procedure, by
Therefore, if iB forms a substantial angle with k, and kHr, a use of what is referred to as the Final Method in paper 2.

preferred predictor of the magnetopause normal is the vector This method is described in detail in section 3 of that pa-

i in the orthonormal triad given by per. We do not repeat those rather complicated details here
but simply note that in some cases the procedure fails to
converge which means that the analysis cannot be c-arried

k¢ =k + kH)/k +- kHTI Lyond level B In other cases the Final Method fails to

= (Xi × k)/i > I 1 (5i vhl an oLverall impro ,'ment in the linear diagrams or it
I- ad. to unreasonable allies of the acceleration and ,tn as-

j = k x i .o,iated substantial deterioration in the agreement between
(If tv-r 'nau fields E,' and E'7, defined by (7). Ilowever.

(If the vector i is not accurately determined, or if it form there a,' lso instanc-S (see, e g., paper 2) where it leads to
only a small angle with !k, or if k, and k.-- are widely ac~etaLle accelerations and little change in the agreement
different, it may be preferable to use i, the re-normalized l,.tw,.,, E' and E"r We also note that the analysis at
average of i. and iHT. as the predicted normal vector 1n level is surh that k -kir at a chosen reference HTlue f

that case. an orthogonal triad. 1, J, k, is formed by putting J th, initial n rmna rnagnet,,pause speed. Un.
equal to the reiormrnlzed "ersion of the re, tor (k, t-kHT! x i

and k = Ix A'1 : A%,IY'IS (t) EVENTS

I L tl 3 i .' pte ,6,er 4 1 L.o4 t'r.it ('ro lqing

If the agreement b-:tween the linear diagrams based on E, Jhis inbound magnftupause crossing, the first , f thr,, .o

and E' T needs to be improved, one may attempt to include the September 4 inboulnd pass of the satellite, (urr, I . it

a ,.,nst.,nt ac,-leration of the HT frane by writing the afternoon side I1530 1.I') 1" ,ne magnetosphtr,, at 'ub
'tantial southern iatitude i I5' (1,5M) The se, n , t-.ing

VUT = V1FT. + IIUT1 (6) on this pass was disi ussed ii paper 2, the thii, - r.-ing is
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treated in the next subsection. T'hree flux-transfer events TABLE 1. Derived Magnetopause Parameters ,.n
in the magnetosheath, preceding the three crossings were September 4, 1984, 1441:32-1444.08 UT

discussed in paper J. The first crossing has a rather long
duration (1441:321-1444:08) and exhibits an extrtmy com- PAram-ter' Level A Le'v-! 2 . ~
plicated magnetic structure. This structure is shown in Fig-
ure 1 in the usual hodogram form. Since the ratio of in- deHoffrnann - Tooller Framie
termediate to minimum variance of the B field is not large v HT-. km/s -189,298,-65 -151,268,-80 -130.217,-84
(AB 1 /ABk = 1.7). the minimum variance eigenvector kB is aHT, kmr/s2  0 -0.51.0.50.0.32 -0.57.0.76,0.3S
not a useful predictor of the magnetopause normal vector, DID. 0.044 0.030 0.040
n. In fact kB forms an angle of 120* with our best normal AantpueMto
vector prediction (given in Table 1) for this case. On thegp Mt,
other hand, the maximum to intermediate eigenvalue ratio, ul. km/s 20 40 40
AB,/AB, = 7, is fairly large, indicating that the maximum aHT , kmn/s 2  0 -0.28 -0.21

variance eigenvector iB should be approximately tangential 'fg~oaejoias(1'

to the magnetopause (see paper 2).
T'he measured plasma velocity vectors during this cross- C7714,5082,-3829 7908,5184,3253 -841 .5312.-3209

ing are also highly variable and the convection electric field 78746-7779643-70T7051.35

E,= -v x B displays a complicated structure as well. Nev- i76541,3678,80.9t 3,17,- Y,
ertheless, the minimum variance direction, k~, for the E, ne, (8360,5480.-170)

data is extremely well defined, the ratio of intermediate to Electric Field Correlahrn't

minimum eigenvalue being about 27, and furthermore the Slope 1.022 ± 0.022 1.017 ± 0.021 1 1.30 =001
average value of E"~ along k, is nearly zero, as shown in Correlation 0.978 0.9810.77
Figure 2b. As discussed in paper 2, these properties of Ec coefficient
are a strong indication that a good de Hoffman n-Teller frame Wal~n Cori-clationt
may exist. Therefore, in spite of the complicated structure Slope -0.756.t 0.040 -0.782 ± 0.030 0 ;60 ± 1).33
of the magnetopause, this event lends itself to the analysis Correlation -0.899 -0.937 -01.90-
developed in paper 2; in fact the calculation can be carried coefficient
through level C, although, as will be seen below, the results
at level B are of higher quality than those at level C. Per- 'Vectors are given in terms of (X, Y. Z) components in GSE.
tinent results of the analysis at all three levels are given in b'Magnetopause reference speed used for normal vector calcula-

tions, electric field correlations, and for calculation at Iesel C.
Table 1. First, it is seen that even when the acceleration, 'Mfaximumn variance direction of E,' or E4,..

dFrom Fairfield [1971).
;.YP TE PY 8~4 - Q49-' C:4 4 4 44 C2 .7" 'Regression line cvznrstraX. 0 d -.. k- through the -rigin

I Magnetosheath reference interval ( 1438:4 5-1441 30 1*1 ihas

cot) 1.50.

Eoci

21 allT, is zero (level A) a good correlation exists between E~
B Bk and VHT It improves slightly when &HT $ 0 at level B but

---q a substantial decrease in the relative residual. DID_. dloes
-60 -2 660 -' 6020 occur. At level C, the correlation coefficient and J)ID,. are

about the same as at level A. The correlation at level B is

shown as a scatter plot in Figure 2a for u,~, = 40 km/s (a
choice to be discussed further below), and as a superposition

- of E"' and ET 7-bodograms (in the coordinate system ij,k
-defined by (5)) in Figure 26. The vectors I at the different

-levels of analysis are given in Table 1 along with the vectors
IIIN VARIANCE AVERAGES i. and iti which may serve as alternate predictors of n

B. Bj 86
-5 35 2094 -7 38.~ Comparison of these vectors provides insight into the level

PrEN iALIE_,of uncertainty in the normal vector prediction

:06 329 )-4 4-Th an correlation atlevel B. where the urrelal ion

EIOEN WECT)5P', coefficient is significantly larger than at levels A and I ,
,4125 0 0770 0 y) 7 Table 1), is shown in Figure 3. It is seen that the lIope !the'

)( -Q') ) 119 .4,j I regression line is negative, as expected from the standardi

I1%6 .- 990)4 r, .1 reconnection model for a crossing at substantial southern

Fig. 1. Magnetic structure dunng magnetopause crossing on latitudes. The magnitude of the slope. 0 7,3 ± 1) I. itf-
September 4, 1984, 1441 32 144408 UT. shown in hodogram cates that, assuming all particles in the malznet. sheath ref.
form. The quantities B_, B, and Bk are the lield components erence interval to be protons, the fleld-alignei flo-w ~P-(is
along the maximumn, Intermediate, and reunimu i variance cigen- in the de Hoffman n-Tele r frame were on averagte ,nl% -%17
vectors i, ,j, and k, respectively Also given are th- average values o h oa lvnsed Ti iceac ol ehp
(nT) and the variances I(= the eigenvalues A,, A., A, (nTI 2 ) of oftelclAvnspdsTidsrpac udprhp
thome components, and the 0GSE (XYZ) romponentq of ,j, an be explained by assumning tnat in addition to the ext."ted

k. presence of some 5%4: alpha particles. heavier i. e
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84 -- 04 144. 32--144408 B-1 -09-04 1441 -1 1, 2 2 -

400 . ... ..

(a)

200 - "\

-
-20o- 4,

4-200 - " 20 --

-40'
-40 -20 0 20 40

EHT in mV/m -400
-400 -zoo o 20r 400

AMpTE,';PM 84-09-04 14,41.32-14.4408 UT in km s

E, &i Fig. 3. Wain correlation for magnetopause crossing ,,n Septem-

(b) 25 25- ber 4, 1984, 1441:32-1444:08 UT, with VUTo and al[T from level
B of the analysis. Parameters are provided in Table 1.

as 50% [Fusehier et al., 1989], although only for northward
interplanetary magnetic field. On the other hand, we have

. not discovered any indications in the measured particle dis-

tributions that a separate species with different flow, beha,-
ior was present. In our view, it is therefore entire!y possi-

bWe that, because of the compbca'ed three-dimensional and

presumably time-dependent magnetopause structure in this
event, the actual average flow speed in the HT frame was in

,' ,.fact some 20% less than the Alfvdn speed and that equation
-2 (2) was not applicable Letween the magnetosheath refer-

ence interval and the magnetopause. However, it sh,!- be

E..E, vE:TORS pointed out that equation (2) does appear to be relevant
' 24 04804 -0 3963 within the magnetopause itself: its use there to cast the

" £305 408' 08906 Alfvdn velocity into the form B-(1 - a")/ x#p,, 1 - ':)

2230 leads to an improvement of the Walin correlation coeffi-
cient by about 5% relative to the value obtained hv use of

Fig. 2. Electric structure during magnetopause crossing on
September 4, 1984, 1441:32-1444:08 UT. Relationship between VA = B' /(1 - cQm)/popm

. 
(As before, the su,ei,, ript m

the two electric fields E' and E T, defined by equations (7) denotes individual measurements in the data set ohtaiied
with uo and atHT from levelBor the analysis, is shown (a) as during a magnetopause crossing
a scatter plot and (6) as a superposition of hodograms for E' We turn finally to a discussion of the acceleratin and
(solid line) and E" T (dashed line), using components along the-m vetr I ,/ceie yeuto () z'mtr r of the linear diagram for this event. The latter is shown
unit vectors i, j, It defined by equations (5). Parameters are
provided in Table 1. in Figure 4 at analysis level B. The calculated a(,,leration

is rather small and it does not change a great deal from

level B to level C Furthermore, the normal (omponent.

aur i = -0.28 km/s>, is small. as might be expected for a

O by number) were present in the magnetosheath refer- crossing oflong duration. It is also negative, indicating that

ence interval. It is further noted that, for this crossing, the the magnetopause was slowing down in its outward motion,

ratio of effective ion mass in the magnetopause to that in as one would expect if that motion were initiated in an im-

the reference interval, calculated from equation (2) as de- pulsive manner prior to the encounter of the spacecraft with

scribed in paper 1, was 1.50, suggesting that the population the magnetopause The time plot for this pass, provided in
of heavy ions in the magnetopause itself may have been even paper I suggests that the magnetopause ultimately came

larger (e g , 8.7% 0' by number). If such was indeed th,. to a near halt when its inner edge reached the space-raft

case, it would be unreasonable to assume that none of these because the latter then remained immersed in the magne-

heavy tons would migrate into the adjacent magnetosheath topause/boundary layer region for about 15 min b'fore the

during a reconnection event. In this context it is noted that motion was reversed to produce the second magnetopause
the boundary layer region inside the magnetopause has been encounter (analyzed in paper 2) It is for the above reason

observed occasionally to have O number densities as high we believe that the initial normal velocit .,, I h. , II1't4
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-

with the normal vector predicted in paper 2. Nevertheless.

2 -it is remarkable that the normal vector we have obtained
is such that the average normal magnetic field. B. i. and

- the normal flow. Q". i. both have their expected sign and

B ,- . " reasonable magnitudes.

A

.3.2. Septembsr 4, 1984. Third Crossing

*" This final inbound crossing o. the magnetopause was rel-
a, , ,,. ...... atively rapid (1504:19-150-5:24 U;T) and was the result of

*/ i -- an outward magnetopause motion that probably started im-
I__2 -------- -pulsively shortly before the encounter. The results from this

/ encounter are presented in the same format as in section 3.1,
the only difference being that the results for level C are not
given. The reason for omitting the level C results is that,
relative to level B, a large change in acceleration and an at-

- / " tendant substantial increase in DID., as well as a decrease
'/ in electric-field and Wal6n correlation coefficients occurred.

/ "Use of the results from level B rather than those from level

.. / A is justified on the basis of a substantial improvement in
/ / the linear diagram.

The following comments should be made on this case.
First, as can be seen in Figure 5, the magnetic structure of
this magnetopause crossing was relatively simple, the B,B,

Fig. 4. Linear diagram, at analysis level B. for magnetopause hodogram showing a tangential field rotation of the type ex-
crossing on September 4, 1984. 1441:32-1444:08 UT. Solid lines pected for a classical rotational discontinuity. The Bt com-
correspond to the vector system (ia, jc, k,) and the electric field ponent is positive, suggesting a positive value of the normal
E" from equations (7); dashed lines correspond to the vector
system (

1
HT- jg', k-T) and the electric field ET Note that magnetic field, but has a large variance (AB,/ABk = 1.7).

ET kT 0. Allowed range for ,o is such that ',,. > O. Therefore the vector kB does not provide a reliable normal

Parameters are provided in Table 1. vector prediction. On the other hand, AIa,/AB, = 16.9 so
that iR should be a good tangent vector.

netopause was in the vicinity of 40 km/s. This is the value The correlation between E'' and EH',T (at level B) is ex-

used in Table I and in Figure 2. It is seen from the linear cellent as shown in Figure 6 and in Table 2. The Waln

diagram in Figure 4 that for u., 43 km/s the velocity of correlation diagram, Figure 7, also shows much less scatter

the magnetopause at the end of the data interval, u, , has than for the first crossing on September 4. The slope of

been reduced to zero. Thus, strictly speaking, only values of
u,, greater than 43 km/s are allowed. This corresponds to a AMPTE/PIP 84-09-04 5 -04 9- 5 C' 2 , T
magnetopause thickness of not less than d = 3350 km. It is
also seen from the figure that the average normal magnetic 5"
field component was positive, as expected for a southern
hemisphere crossing, and that its magnitude was at least 10 91:
nT. Similarly, the average normal flow speed was negative, 90 9
as expected, and h-d magnitude of at least 13 km/s. The " t
tangential (reconnection) electric field E" J was at least 2.8 30.{
mV/m while the component of E" along k was very small. ,, 25'
It is also seen in the linear diagram that, at level B, the solid - .50\ -90 - 3S 3 0  90 150 -_<
lines, derived from E', and the corresponding dashed lines, , /t/
derived from EI4 T, are parallel but do not coincide exactly. tv,
At level C. they are forced to intersect at the reference veloc- -9

ity u,- = 40 km/s, but are then no longer parallel but form I
angles of up to 5* We take this latter feature of the linear --
diagram as a further indication that the analysis at level C__W
yields results that are less believable than those at level B. MiN wARLANCE Av(A(CES

8, Bi Bk
The behavior described here should be compared to the case -17?3 -1 110 1905

reported in paper 2 where analysis at level C brought .bout
a nearly exact coincidence of solid and dashed lines. EiGEN ,AL ES

268898 595 2,. 441
Finally, it is seen in Table I that considerable scatter ex- 2689 1

EirEN , ?P
ists in the variouq normal vector predictions at levels A, B, 06840 -0 ,44 3 ',5

and C. For this rea.son, we do not believe that the normal r, 46 - 6 ) -r7" '
vef tor determination in this event has the same high qual- -:61, 16 _ 3985
irv as for the second magnetopause crossing on September 4 Fig. 5. Magnetic structure during magnetopause crossing on
analyzed in paper 2 We note, for example, that th,- i vector September 4, 1984. 1504 19-IMS', 24 1", shown in hodnAraM

I at level 11) in the pr,.sent crossing forms an angle O 11 6" form For explanation Jf symbols. %e Figure 1
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84-09-04 15 04 19- 15.05:24 TABLE 2. Derived Magnetopause Paraneters a
40 r September 4, 1984, 1504:19-1505:24 UT

(a) Parameter* Level A Level B Level C

20 " deHoffman - Teller Frame

VHTo, km/s -315,360,16 -256,348,53I alHT, km/s2  0 -0.92,-1.42,-2.08
DID. 0.032 0.011

0 Magnetopause Motion

1 L, km/s 15 30
aMT i, km/s

2  
0 -0.48

-20 Magnetopause Normals (x 10 )

iC 5875,6107,-5309 5997,6186,-5076

i/T 6207,6069,-4964 6172,6150,-4908

-40 IIH 6209,6279,-4694 6225,6246,-4716
-40. -20 0. 20 40. mod( 3

EHT in mV/m Electric Field Correlation'

Slope 1.017 ± 0.030 1.008 - 0.021
AMPTE/IRM 84-09-04 15:04:19-15:05:24 UT Correlation 0.983 0.992

Ei coefficient
(b) Waln Correlation

e ,1

21 21. Slope -1.101± 0.028 -0.840 ± 0.038
Correlation -0.987 -0.965

coefficient
7 7

. . . .._ _"_._EL_ Ek G-e For explanation, see Table 1.
-35"-21 - . 2:1 35 7 7 .Magnetosheath reference interval (1503:30-1504:16 UT) has

n1 = 92 cm- 3 ; al = -0.11; effective mass nm(l - om)/n(I -

a) 1.41.

L -21 84-09-04 15:04:19-15 05 24

1 3400 [ I .

EIGEN VECTORS
06225 06246 -04716 200

04364 02232 08716
0 6496 -0 7484 -0 1337 • X __

Fig. 6. Electric structure during magnetopause crossing on "cSeptember 4, 1984, 1504:19-1505:24 UT, with ti o and aHT from 0 o .-
level B of the analysis, shown (a) as a scatter plot ad (6) aus a su-
perposition of hodograms, as explained in Figure 2. Parameters " ° '

the provided in T sble 2.as

the regression l"e is again negative, as expected south of a - -

reconnection site. The magnitude of the slope, 0.81, could > .x.
be accounted for by an admixture of 5% alpha particles and
2.6% 0 in the reference interval (1503:30-1504:16 UT). It
is noted that in the adjacent reference interval (1502:00- -400

1502:16 UT) for the second crossing, an admixture of 3.5% -400 -200 0 200 400

alpha particles and no oxygen would account for the slope A in km,s

discrepancy in that crossing (see paper 2). For the present Fig. 7. Walin correlation for magnetopause crossing on Septem-
crossing, the effective ion mass in the magnetopause pre- ber 4, 1984, 150419-1505:24 UT, with VjT o and alMT from level
dicted from (2) was 1.42 times the effective ion mass in the B of the analysis Parameters are provided in Table 2

reference interval which would be accounted for by a mag-
netopause ion composition of 5% alpha particles and 7% but do not coincide exactly. Second, all of the sets of parallel
oxygen. lines intersect the uo axis in the vicinity of u.. = 20 - 25

The linear diagram (at level B) for this crossing is shown km/s. The magnetopause is again decelerating (see Table
in Figure 8. It is first noticed that, as in the previous case, 2) and only for u.. > 25 km/s is U.., the normal velocity
corresponding lines from E ' and from E',r data are parallel of the magnetopause at the end of the crossing, positive,
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20- TABLE 3. Derived Magnetopause Parameters on
Allowedrange - September 8, 1984, 1444:01-1445.-02 LIT

/Parameter' Level A Levtl B Level C

/ deffoffman& - Teller Frame

vjHr., kmn/s 34,286,74 173,443,-252 210,474,-306
10 in aHjT, km/s 2 0 -1.67,0.09,5.79 -2.20,0.33,6.62

u- rsDID. 0.040 0.022 0.024

Magnetopause Motion

u~n,,kn/s -5 0 0

IOE" ItmV~ir aHjT , kn/S2 0 -0.04 -0.32

Magnctopause Normals (x 104)
0 U,

1 
kX-/

0 40 0 u S ic 643,-2303,2269 9426,-2271,2447 9319,-2353,2762
1

MT 9491,-1944,2478 9398,-2168,2640 9321,-2371,2736
9420,-2070,2640 9394,-2144,2675 9318,.2344,2770

nd (9940,-990,520)

Electric Field Correlation'

Slope 1.020 ± 0.035 1.015 ± 0.028 0.984 *0.027
-1-Correlation 0.971 0.986 0.987

coefficient

9"i jwv Watdn Corlto'

84-09-04 15 04 19-15 05 24 UT Slope 0.414 + 0.024 0.924 ± 0.019 1.038 *0.021

Fig. 8. Linear diagram, at analysis level B, for magnetopause Correlation 0.941 0.993 0.993
crossing on September 4, 1984, 1504:19-1505:24 UT, in the same coefficient
format as Figure 4. Parameters are provided in Table 2. 64 1For explanation, see Table 1.

f Magnetosheath reference interval (1444:58-1445-.42_UT) has
as required to avoid reversal of the motion. In this case, ni 13 cm-3; at, = -0.10; effective masw nm(1 - o"')/n, (I -
the lower bound on J - " -1, an 1". is approximately 0,) =1.17t.

zero and the lower bound on the magnetopause thicknesa
is 810 km- at u..0 = 25 km/s. For larger u.. values .8 . I AMPTE/IRM 84-09-08 14.44:01-14:45:02 UT

and E" - j are positive and 9" -I is negative, as was the Bi '
case in the previous two crossings. However, at the end of 75. 75.

the third magnetopause crossing, the magnetopause velocity
was probably small, because th- spacecraft remained in the 45. 45,

boundary layer or in the innermost portion of the magne-
topause structure for 3-4 min beyond the end of the data 15..1
analysis interval. For this reason, we have chosen u,., = 30 BB
km/s for the data presentation in Table 2 and in Figure 6.+'1

-75 -45 1i 15 45 7 5
If this value is approximately correct, then the reconnection
rate, measured by the tangential electric field, or the normal
magnetic field, was small but nonzero during this crossing. -4 45-

3.3. September 8, 1984: First Crossing
This outbound crossing, the first of a set of three during

this outbound pass, occurred near local noon (1140 LT) at MIN VARIANCE AVERAGES
slightly northern latitude (7.5* GSM). It was again a rel- u. Bj Sk

atively rapid crossing (1444:01-1445:02 UT) and was the 14,51 6942 -20.65
result of an inward motion of the magnetopause past the EIGEN VALUES
spacecraft. The analysis has been carried through level C 792,23 3528 594

nd, as we shall see, it is an example where the inclusion 0 IE VECT04 O0RS69
ot a large acceleration, asHT, appears necessary. The linear06 -013 880.73 046799

diagrams from E. and ERT data which shaw rather poor -0097 -00521 04659

agreement at level A are brought into nearly perfect coinci- 088 002 015

dence at level C. Basic result. from the three levels of anal- Fig. 9. Magnetic structure during ulagnetopause crossing on
September 8, 1984, 1444:01-1445:02 UT, shown in hodogram

ysis are summarized in Table 3 and (at level C) in Figures form. For explanation of symbols, see Figure 1I
9-12. The following comment. should be made.

First, the magnetic field structure of this magnetopause variance eigenvector, kq, is at beat a fair predictor of the
crossing, shown in Figure 9, wais relatively simple and not normal direction (As,/A, = 5.9) whereas the maximum-
unlike that of an ideal rotational discontinuity with a neg- variance eigenvector, Is, should be an excellent tangent vec-
ative norm.l magnetic field, BA,. However, the minimum- tor (Ae./Aar, = 22.5).
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84-09-08 14 44 01 - 14 45 02 tribution function that are significantly different fr-.n,'
40 T - of the regular magnetosheath plasma. In particuiar. the-,

(a) would be flowing across the magnetopause in a directvin op-
posite to the magnetosheath protons. With oxygen prez>ent
in such high concentrations, a noticeable influence on the

20 - -I measured distribution functions should therefore he at :,and.
We have found no such effects in the data for September ,

- 7Furthermore, the data scatter in Figure lIb is consvi:!rsrr!y
less than in Figure Ila, indicating that inclusion oe he t ac-

- - celeration improves, not only the E"' - Ek7. correlation (as
it must), but also the Walin correlation For these rtasons

2 we find the results with alRT A 0 more bke] t- I,- c :r-,--
than those with ant = 0. The Walin regressir-Lnc

-20 -- in Figure lib is 1.038 ± 0.021. While formalv this resilt

40 . l 0 84-09-08 14 44:01-14 45 2
-40 -20 0 20 40 5 1

EHT in mV/m (a)

AMPTE/IRM 84-09-08 14:44:01-14.45:02 UT

(b) 3 5

2' 25

771

35 -22 -*7 7 21 35 -77

- ' IGNiCO-250 o n2
1

15000I -500 -250 0 250 50 0

VA i n km,/s
EIGEN 'ECTORS

0 9318 -0 2344 0 271) 84-09-08 14 4401-14 45 02
-00950 05695 08160 '00

-0 3'90 -0 '880 0 5073 100

I (b)
Fig. 10. Electric structure during magnetopause crossing on -
September 8, 1984, 1444:01-1445:02 UT, with u,0 and aHT fromt -
level C of the analysis, shown (a) as a scatter plot and (b) as a
superposition of hodograms as explained in Figure 2. Parameters 250
are provided in Table 3.

L: ./

The correlation between E" and E"T at level C, shown
in Figure 10, is very good, although certain discrepancies ,
are evident in the two hodograms shown in Figure 10b. The 7'
Walen correlation is shown without acceleration (level A) .
in Figure iia and with acceleration (level C) in Figure I Ib. >
It is seen that in both cases the regression line has a posi- -

tive slope, as expected for a crossing north of an equatorial
reconnection site. However, for aHT = 0 the slope of the
regression line is only 0.41. To account for such a slope in
association with a rotational discontinuity, one would have _

to assume an admixture of 5% alpha particles, say, plus 31% -0 -.50.....

0* in the reference interval and 5% alpha particles plus VA in km s
38% O + in the magnetopause interval. As mentioned ear-lie. sch ighconentatins f oyge canotbe xclded Fig. 11I. Wadn correlation for magnetop ase .rossing on Sep-
her, such high concentrations of oxygen cannot be excluded tember 8, 1984, 1444:01-1445:02 UT: (a) with vHT from level A
entirely. However, those ions would be of magnetospheric of the analysis and (b) with vqr o and am-r from level C of the

rigin and would be expected to have properties of their dis- analysis. Parameters are provided in Table 3
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1 0 the Walin relation in a nonaccelerating frame, the tacit (but
incorrect) azsumption is made that they refer to one and the
same state; it is for this reason that the Wa;n relation ap-
pears poorly satisfied in Figure I Ia. On the other hand, in

5 the accelerating HT frame, the plasma flow is approximately
A! lowed ange steady. In this frame, aMT = -(1/)VP.L and, furthermore,

the Maxwell shear stresses are balanced by the convective
change of tangential momentum as a plasma element crosses

-20 10 20 30 the magnetopause, exactly as required by the %Val6n relation
7,, 1 1 nkimn s (see Figure 1b).

the steady stat: nonviscous MIHD equations in an acceler-
ating (HT) frame of reference have been written down in
the appendix, under the assumption that the flow is field
aligned in that frame, as was the case for the September -
event. If the flow occurs in a narrow current layer having
a small but nonvanishing normal magnetic field component

-10 2B i nT and having the property that changes across the layer occur
on a length scale that is much less than the characteristic

5E" j mV/n length scale for changes along the layer, then it is shown

Une/2 kim's that (except perhaps in certain exceptional cases) the flow
in the HT frame must be Alfv~nic and that the gradient in
total pressure, (pi. + B/2;,.), must balance the effective in-

Y". i kros ertia term associated with aHT, exactly as described above.
Note that Alfvinic field-aligned flow means that the Waln

84-09-08 14 44 01 -14 402 u relation is satisfied, as was indeed found to be the case for
this event. Thus, the physical explanation of aHT outlinedFig. 12. Linear diagram, at analysis level C, for magnetopause in the previous paragraph is a reasonable one, at least for

crossing on September 8, 1984, 1444:01-1445:02 UT, in the same
format as Figure 4. Solid and dashed lines coincide in this case. the September 8 crossing. However, many different types of
The allowed range for uo is determined by the requirements temporal and spatial variations in the magnetopause layer
u,,, < 0 and 9" .i < 0. Parameters are provided in Table 3. may manifest themselves in the data analysis by yielding a

nonzero RHT vector. For this reason, we cannot prove that
our explanation is uique. And we do not claim that it is

would correspond to in effective ion mass about 2% less necessarily applicable to other events where aHT # 0.
than the proton mass, rp, in the reference interval (and an The linear diagram (at level C) for this event is shown
effective mass of 1.15mp (5% alpha) in the magnetopause ir Figure 12. It is seen that the lines derived from E'' and
interval) we find that such a discrepancy easily falls within E'T data have been brought into virtually exact coinci-
the expected uncertainties of this type of analysis. For ex- dence. It is also seen that u,,o is restricted to the range
ample, it is seen in Table 3 that at level B of the calculation -10 < u,o < 0 km/s; the corresponding range for the mag-
the Wain regression-line slope is 0.924, i.e., less than unity. netopause thickness is 580 < d < 1100 km. At U,o = 0 the

The large change in Wal~n regression-line slope between normal magnetik field, A • i, the normal flow speed. V" 1
level A and level C (or B) of the analysis is caused by and the tangential electric field, E" J, have their maximal
a large tangential (northward) component of au-T which values, -1.2nT, -7.5 km/s, and +0.7 mV/m, respectively.
causes mainly a rotation of the vjr vector from its initial Note that both 1B • i and V" -i, although small, have their
duskward-southward direction to a final duskward-north- expected signs. Note also that these two quantities along
ward direction with an associated decrease in JvHTJ from with E" .3 all decrease as uo, becomes negative and reach
600 to 500 km/s. It has been pointed out to us (J. Scud- zero simultaneously at Uo = -10 km/s. At that value of

der, private communication, 1986) that the Wal~n relation u, the magnetopause should be interpreted as a tangential
should not be expected to hold in an accelerating frame. discontinuity. However, as argued above, we expect a small
If it is nevertheless found to be valid, as in the present negative normal magnetic field component to be present so
case, we argue that the effective inertia force present in that the observed velocity changes are generated as a coin-
such a frame must be exactly cou rterbalanced by a tan- bined effect of pressure forces and Maxwell stresses. For this
gential force other than that associated with the Maxwell reason, we have selected u.. = 0 as the reference value of
shear stresses in a one-dimensional current sheet. One pos- the normal magnetopause speed in Table 3 and in Figure
sible such force would be a gradient in the total pressure, 10.
Pj. = pj. + B 2/21o, in the north-south direction associ-
ated with a higher value of P± on the equatorward side of October 19, 1984: Ninth Crossing
the spacecraft. In the spacecraft frame, this gradient drives
a nonsteady, northward-accelerating plasma flow such that This outbound crossing, the last of a set of nine during this
&v/l3(= amT) = -(I/p)VP±. In this frame, each of the outbound pass, occurred on the prenoon side of the magne-
individual velocity vectors, measured as the spacecraft tra- tosphere (0930 LT) at substantial northern latitude (-1-18.40
verses the magnetopause, refers to a different dynamic state GSM). It was again a relatively rapid traversal (0518.20-
of the system. However, when those vectors are used to test 0519:26 UT) and was the result of a final inward motion of
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the magnetopause past the spacecraft during this pass. The AMPTE,'IPM e 4- C - C ' B 7

analysis had to be stopped at level B since no convergence _k7

was obtained in the iterative procedure used in level C. Fur-
thermore, only a small decrease in the residual DIDo and
no improvement in the E. - EHT correlation was obtained -... 30
by allowing for an acceleration aHT at level B. The linear
diagrams at level B were better than those at level A in .
the sense that corresponding lines from E" and E'uT were 0
brought closer together. However, one unacceptable feature, - 2 -' --0
not present at level A, appeared: the normal flow was pos- 10 0
itive in the entire range of allowable u, values. Thus we
decided that the optimal results for this event were at level - ,

A. These results are summarized in Table 4 and in Figures
13-16.

TABLE 4. Derived Magnetopause Parameters on
October 19, 1984, 0518:20-0519:26 UT MIN VARIANCE AVERAGES

B, 8) Bk
1536 -2340 -056

Parameter' Level A Level B Level C
EIGEN VALUES

deHofjmann - Teller Frame 101234 13799 702
EIGEN VECTORS

VHTo, km/s -123,-223,75 -102,-204,21 -04071 -06843 0 6049

aHT, km/s 2 
0 -0.62,-0.54,0.88 -0 2878 -0 5324 -0 7960

DID. 0.012 0.010 08668 -0 4982 00198

Magnetopause Motion Fig. 13. Magnetic structure during magnetopause crossing on
October 19, 1984, 0518:20-0519:26 UT, shown in hodogram form.

u'no, km/s -5 -5 For explanation of symbols, see Figure 1.
aRT "i , km/s

2 0 -0.25

Magneopause Normals (X10) cient of 0.140 and a slope of 0.054. It is clear that the Waldn

ic 9015,-4312,370 9012,-4254,822 relation (or anything resembling it) is not satisfied in this
HTr 8911,4503,558 9038,4173.969 case. Since little systematic flow remains in the HT frame,

i 8989,-4178,1323 9024,-4214,896 it appears instead that the detailed structures of the magne-
I 8963,-4408,466n, (8640,-5020,310) topause current sheet were carried past the spacecraft in a

-.od frozen manner by the tangential plasma flow. As mentioned
Electric Field Correlatione in connection with the September 8 case, and as discussed

Slope 1.007 ± 0.016 1.004 ± 0.016 in the appendix, the existence of a good HT frame for a
Correlation 0.994 0.994 quasi one-dimensional current sheet having a nonvanishing

coefficient normal magnetic field component implies that the Waldn

Walin Correlatione f relation should be satisfied in the sheet. We therefore be-

Slope 0.054 ± 0.263 0.180 ± 0.04 lieve that no normal magnetic field component was present,

Correlation 0.140 0.640 i.e., that the magnetopause was a tangential discontinuity
coefficient on this occasion. This belief is reinforced by the fact that no

relation should be satisfied in the sheet. We therefore be-0-For explanation, see Table 1. lieve that no normal magnetic field component was present,
fMagnetosheath reference interval (0519:30-0520:00 UT) has i.e., that the magnetopause was a tangential discontinuity
n,= cm-3; o = -0.15; effective mass nm(l - o-)/n(I - (n tls occasion. This belief is reinforced by the fact that noo ) 0.60.ontsocsinThsble srifrebyteftthto

significant velocity enhancements occurred in this crossing

(see paper 1).
Thr nagnetic structure of the crossing is shown in Figure The linear diagram, shown in Figure 16 (at level A), is

13. fhe structure is not unlike certain magnetopause struc- relatively poor in the sense that corresponding lines, de-
tures observed by OGO 5 [Sonnerup and Ledley, 1979]. The rived from E'C and EHT data, while parallel, do not coin-
minimum variance analysis of the B field yields extremely cide. Their slopes are also small, causing a substantial un-
well separated eigenvalues indicating that the minimum- certainty in the intercepts with the U,,, axis. Nevertheless,
variance eigenvectcr should be a good predictor of the mag- if the renormalized version, 1', of the vector (i + iHT)/ 2 is
netopause normal and that the maximum-variance eigenvec- used as a predictor of the magnetopause normal (the kc vec-
tor should be a good tangent vector. It also appears that tor is poorly determined for this case so that I rather than
the average normal magnetic field component Ak may have i s used as the optimal normal vector), the average inter-
been close to zero. We shall return to this point presently. cepts are well defined and are found to be uo, =-2 km/s, -4

The correlation between E, and E T, at level A, is shown km/s, and -5 km/s, for the normal magnetic field, the nor-
in Figure 14. It is seen to be excellent, with a correlation co- mal flow velocity and (using the average of E' and EVT),
efficient of 0 994. On the other hand, the Walen correlation, the tangential electric field, respectively. Since we have al-
shown in Figure 15, is very poor, with a correlation coeffi- ready concluded that the magnetopause was a tangential
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Fig. 14. Electric structure during magnetopause crossing "I Fig. 16. Linear diagram, at analysis level A, for magnetopaues-
October 19, 1984, 0518:20-0519:26 UT, with UVn and aHT from crossing on October 19, 1984, 0518:20-0519:26 Uef. As in Fig-
level A of the analysis, shown (a) as a scatter plot and (b) as a ure 4, solid and dashed lines correspond to the vector triads
superposition of hodograms as explained in Figi~re 2, with- the 0(ic,~, k,) and (iHT, jHT, kHT), respectively. However.
exception that the coordinate axes are Ti, J,~rather than 1, J, k. since aHr =_ 0 at analysis level A, the electric fields are E
Parameters are provided in Table 4. -(v - u,ic) x B and E =-(VjjT - lUniHT) x B. Allowed

un range is determined by the condition u,, < 0. Parameters are
provided in Table 4.

discontinuity, these results indicate that the magnetopause ancies can produce inconsistent results. For example. the
was moving inward with a speed of - 4 km/s so that the projection of the average velocity vector along kB, which
duration of the event, 66 s, can be translated into a magne- one might reasonably adopt as the true normal direction.
topause thickness of 260 km. yields a flow component of +8 km/s "normal" to the mag-

It should be noted that the various estimates for the nor- netopause, an unacceptable result since it is known that the
mal vector that could be used in this case all are very '-1lose. magnetopause was moving inward past the spacecraft. Fi-
The vectors i, and iHT (at u.. = -5 km/s) each deviate nally, it is noted that the angle between T and the Fairfifid
from I by less than 0.* the angle between T and -1 is 4.2* [1971] normal is only 4.3".
and the angle between I and kB is 4.0*. The vertor kq can
also be rotated slightly so that the average magnetic field
along it is exactly zero; the angle between I and this cor- 3.5 Other Cnrsq
rected vector is 35*. Further, the angle between T and in is

W8, indicating that iB is a rather accurate tangent vector In addition to the four magnetopause encounters dis-
to the magnetopause. However, even small angular diqcrep- cussed in detail in this paper, we have attempted to reana-
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TABLE 5. Summary of Magnetopause Parameters (AMPTE/IRM, 1984)

September 4 September 8 October 19 August 30 OctA, ',I
GSM latitude -25.0* +7.50 +18.40 +1.80 -10.50
Local tine 1530 1140 0930 1230 1305

Crossing 1 2- 3 1 9 2 3 1 -

Diriction SH-SP SP-SH SH-SP SP-SH SP-SH SH-SP SP- SH SP--St? Sl--'<P

Analysis level B C B C A A A B B

E' /E"T
Correlation 0.981 0.994 0.992 0.987 0.994 0.992 0.978 0.977

roefficient
b

DID, 0.030 0.011 0.011 0.024 0.012 0.010 0 026 0.04's ',3

Wa3lin
Correlation -0937 -0.985 -0.965 0.993 0.140 0.715 .535 -0.627 -0.881

coefficient

Walin regression
Line slope -0.78 -0.94 -0.84 1.04 0.05 0.20 0.29 -0.38 0.73

uOo (kni/s)
Range >43 >-97 >24 >-10 >0 >-15 > -90 >11

<-88 <0 <0 <0 <0
Reference 40 -90 30 0 -5 0 0 10 20

d (km) > 3350 >3040 >780 >580 ,-260 - >370 >315
<3640 < 1100 <390 <3520

/, (nT) >10 >0 >1.9 >-1.3 -0 >-3.1 >0 >9,0
<2.4 <0 <-1.3 <0 <3.0

t" (km/.q) >-5 >-8 -0 >-2 >-i6
<.13 <0 <-2 <0 <-3 <0 <0 <-,

!E'I (mV/m) >2.8 >0 >0.5 >0 -0 >0.2 >0 ">3.0

<1.1 <0.8 <0.8 <2.0

,aHTI (km/s 2
) 0.8 1.6 2.7 6.9 - - - 3.0 1.0

at4T • n (km/s
2

) -0.3 1.3 -0.5 -0.3 - - - -0.6 -0.2

Angle:
(n , n ) 22.90 11.90 "j97* 15.5 0 4.3 16.30 4.90 13.00 3.10

*From paper 2.
'Evaluated at reference value of uo.
'Model normal, nod, from Fairfield [1971].

lyze sc%, n more of the crossings dealt with in paper 1, in the clusion to be correct. Rather the situation may have been
sariie manner. Included were the two remaining crossings on that these events had a too complicated structure (includ-
the September 8, 1984, outbound pass: in neither case was ing reflected iiiagnetosheath ions, as discussed in paper 1)
it possible to find a good deHoffmann-Teller frame. For to lend themselves to the detailed analysis attempted here.
thc middle (.rossing (1446:51-1449:23 UT) this is perhaps Finally, two crossings on October 9, discussed in paper 1.
not ,urprsing sinc o! there are indications that the reconnec- were studied. The first of these (1419:51-1420:26 UT) was
tion site may have moved past the spacecraft during the analyzed through level B. A fairly good deHoffmann-Teller
(rossing (see paper 1). We have also attempted to analyze frame was found but the Walkn correlation was only -0.63.
the three crossings on August 30, 1984, discussed in paper , he second crossing (1424:22-1425:19 UT) could be ana-
l. The first of these crossings did not yield an acceptable lyzed through level C although the results at level B were
HT frame; the second and third crossings were analyzed at judged more acceptable. The results are summarized in Ta-
'evels A and B but did not show convergence at level C. ble 5. An excellent HT fit could be made (correlation coef-
Furthermore. the res,'lts at level A, which are summarized ficient = 0.989); the Wakn correlation was less good (cor-
in Tablc 5. were judged more reliable than those at level relation coefficient = 08bl) with a regression line slope of
B The Waln correlation was poor (corre!ation coeffici, nts -0.73. With the simpler analysis method and Waldn test
0.51 and 0.53) and the Walen regression line slopes much employed in paper 1, both of these crossings appeared L
too small. From these results, one might be tempted to be good reconnection cases. However, as discussed in de-
conclude that these current layers were tangential discon- tail in that paper, both had complicated, possibly strongly
tinuities. However, since large velocity enhancements were time-variable structures. This may explain why they give
present in these two crossings we do not believe such a con- marginal results in the present, more detailed analysis
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4. SUMMARY north of the GSM equatorial plane). A timilar acelthra-
tion may have been responsible for thle motion, surgeste.d in

In this paper, we have analyzed four magnetopause cross- paper " o h e e ne consi e f a the o ,s e eraf t

ings in detail, and discussed several others briefly, using during the scond magnetopause encounter on , pt-mbe-r

the methodology developed in paper 2. The priicipal el- w
ement of this methodology is the determination of an opti- here. Thus our results add strength to the interpretation

mal deHoffmann-Teller (HT) frame in which the convection of the September 8 eents in terms of rec nnectrpr The

electric field E. = -v × B has been transformed to zero final event in Table 5, the October 19 case, is irkterprf-t,-
as nearly as the data permit. An initial velocity, VHTo, of as a tangential discontinuity, both here and in paper 1. It
this frame as well as its acceleration, aMT, is determined,
although in some cases the physical meaning of the latter provides convincing evidence that the inmr a xistenc of a

remains in doubt. A summary of our findings is given in
Table 5, which, for completeness, also incluides the t ro s t ru c t ure was that of a rotational discontinuity.

icrssing The analysis of magnetopause data employed h.re (and
studied in paper 2. in paper 2) is considerably more detailed than that u,,l

In general terms, we have found that many, but by no in paper 1. The advantage gained thereby is that the rf:-
means all magnetopause crossings possess a reasonably good connection hypothesis can be tested in a more quantitdtti'.'
HT frame. The acceleration cf the HT frame obtained from and therefore more objective manner and that pre(ise in-
the analysis should be taken seriously only if it leads to a formation about the magnetopause normal vector. as w, I
substantial decrease in the relative residual, DID,, associ- as approximate information about magnetopause thi(kn.-s
ated with the determination of VH-o and 811T and/or an and reconnection electric field can be obtained. .\nothor ad-
increase in the correlation coefficient between the convec- vantage is that the new version of the Waln test depnd. ,ri
tion electric field and the HT electric field. -VHT > B. This the choice of reference interval only via the square r'.,,t 1ii,

is not always the case but when it is, the component of aHT average density and pressure anisotropy in that intra. On
along the magnetopause normal is interpreted as the acel- the other hand, the older. more primitive analyi in paper
eration of that layer in its motion normal to itself. The 1 also depends linearly on the plasma v:locity in the refer-
physical interpretation of the tangential components of alHT ence interval and therefore is rather sensitive to the choice of
is less clear and can vary from event to event, that interval. The disadvantage of the new analysis is that

The method has yielded magnetopause normal vectors only relatively few events have sufficiently simple structur,.
which we believe to be rather accurate in some cases. It has to permit such detailed analysis. The failure of a parti,
also yielded components of magnetic field and flow normal ular magnetopause crossing, in which substantial vclocitt
to the magnetopause, as well as an electric field component, enhancements are measured, to lend itself to the more a,-
Et, tangential to the magnetopause, that have the expected vanced analysis procedure should not be construed to mean
signs and reasonable magnitudes. The range of these quan- that the event could not or should not be interpreted in
tities and of the magnetopause thicknesses (more precisely, terms of reconnection. Rather, it may simply mean that the
the data interval thicknesses), d, are given in Table 5. Note basic assumptions underlyii,, the analysis, nameiy those of
in particular that in one case a lower limit on E, of 2.8 a time-stationary (in the HT frame) quasi-one-dimensional
a value in the range 1.7-2.8 mV/m. magnetopause structure, were not at hand to a sutficient

The Walin relation has been tested for all of the cross- extent to allow the analysis to proceed.
ings in Table 5 and was found to be satisfied in a reason-
ably accurate way only in the second and third crossing on APPENDIX
September 4 and in the September 8 crossing. In the first
crossing on September 4, the Waln correlation ws convinc- We show that for a steady, quasi-one-dimensional Mill)
ing but the slope of the regression line was some 2? too current sheet having a nonzero normal magnetic field ,com-
small. Except for the extremely complicated two- or three- ponent, B., the existence of an accelerating deHoffmann-
dimensional magnetic structure of this crossing, we have no Teller (HT) frame, in which the flow is field aligned. implie-
simple and convincing explanation for this deviation from the v~ihdity of the Waldn relation in the accelerating frame
the ideal Walin formula. A principal source of uncertainty as well as a balance of the total pressure ferce and the in-
in the Wadn test is the actual plasma composition, which ertia term, paHr in the sheet. By stead) is meant that
was not measured. On the whole, our study of the three the flow and field configuration appears time independent
crossings on September 4 nevertheless confirms their inter- in the accelerating lIT frame; by quasi-one-dimensional is

pretation in paper 1 as reconnection events. In the Septem- meant that derivatives, a/az, across the layer scale as I/
ber 8 case, excellent agreement with the Walin relation was while derivatives, O9/y and 8/Oz, along the layer scale a-,

achieved, but only after a substantial acceleration of the HiT 1/L where 6 < L. Viscous stresses and finite resistivity at,.
frame tangential to the magnetopause was incorporated in both assumed unimportant.
the analysis. In accordance with the theory develop d in The steady state momentum equation in the lIT fram'.
the appendix, we interpret this acceleration in terms of the which is assumed to have acceleration, atHr, can be wrirte

presence of a gradient in the total pressure (pj + B 2 /2po) as
along the magnetopause, this gradient being responsible for
a temporal change, av/Ot, of the plasma velocity in the V [pvv -(1 - c))BB/p,] = -VP - pari- .l
magnetopause region. This effect would set into northward
accelerated motion plasma and magnetic structures located where the total pressure P. = (pi. 4 B2/2pai i- the -um
equatorward of the spacecraft, thus causing them to move perpendicular plasma pressure and magnetic pressure and
toward and past the spacecraft (which was located - 1R s _ pl1 - p. )ws/B 2 is th pressure anisotropy factor -inr-
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the flow is assumed to be field-aligned in this frame of ref- A 2 
= , so that they are zero. But . 2 

I '.'s

erence, we may write Walkn relation is satisfied in the acccleratinig 11T frain-'. ,.s
was indeed the case for the September 8 crossing and also

v = (v:/B.)B (A2) that PL1Y -UT

so that (Al) can I- rearranged to the form 0'.d pH ('

B - 7(A' - 1)(1 - a)B/jti] =-7P-, - pa,,2 - (A 3) These equations then ,how that the componomt6 rf at tar1-
gential to the current sheet are generated by changes !i total

Herc A -2 11ptpv!BX'(1-a.) = ipv/U-a) is the Alfv~n perpendicular pressure along the sheet.

number of the flow in the lHT frame. One should not conclude from the above that sat.<fac-
We now examine the r component of (A3) which repre- tion of the WVain -cIatv~n is -in n.i.,c .

sents the momentum balance normal to the clarret~t sheet. the v-xi-,rnce of _-uc,(d 11i' frame. if tioc rurr>.-

Assuming (A 2 
- 1) to be at most of order unity and paHTX no normal magne tic f'.ld comprincnit, or if any A, tLsi- . 5

to be at most of the same size as aP.11a9, we then find assumptions leading to (A 9), e.g., those of stationaritv or
quasi-one-dimensionality, are seriously violated, it is entirely

-oP,1 /3: - pa)4r O(B'6/,L 2 ) (M4) possible to find a good H-T frame but poor or no agreement
with the Wal~n relation. An example of this situation is the

where R. .-- B, -~ B. and (from V - B = 0) B '- (B&5/L). October 19, 1984, event discussed in the paper.
Neglecting terms of order 6 2 /P we may thus replace the z Acknowhedgmtnis. The research of Bengt Sonnerup was
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Appendix 10

THE MAGNETOPAUSE AND BOUNDARY LAYER FOR SMALL MAGNETIC SHEAR:
CONVECTION ELECTRIC FIELDS AND RECONNECTION

G. Paschmann I ' B. Sonnerup 2 , 1. Papamastorakis1 ,3 W. Baumjohann I . N.Sckopke I , and H. Llhr4

Abstract. Convection electric fields. Ec = -VPXB. measured during a can be used to estimate the actual boundary layer thickness and density
magnctopause/boundary layer encounter at low latitude by the profile.
AMPTE/IRM spacecraft, are shown to yield an accurate determination
of the magnetopause normal vector, N, even though the magnetic
shear across the magnetopause was small. The average plasma 2. Data Description
velocity along N is used to estimate a boundary layer thickness of
about 1.3 RE . Analysis of Ec in the magnetopause itself reveals The data employed in our study were obtained on December 29.
the existence of a deHoffmann-Teller frame in which the flow is 1984. with the 3D plasma instrument [Paschmann et al.. 1985] and
nearly field aligned. The field-aligned flow is also found to be the magnetometer [Lilhr et al., 19851 on board the AMPTE/IRM
approximately Alfvinic, indicating that the magnetopause was a spacecraft during an inbound pass of the spacecraft through the
rotational discontinuity; his is intispetied as a signature that morningside magnetopause (local time: 0815 h) at a moderate
magnetic-field reconnection was occurring somewhere on the southern GSM latitude of -10.50. An overview of relevant
magnetopause. observations is shown in Figure 1 during a 20 minute period

surrounding the magnetopause and containing measurements during a
brief period of the magnetosheath (on the left) as well as during an

1. Introduction extended period of the low-latitude boundary layer (LLBL, on the
right) on the magnetospheric side of the magnetopause. Conditions

The properties of the earth's magnetopause under conditions of large in the magnetosphere proper, inside the LLBL, appear briefly at
magnetic shear have been studied extensively over the past 25 years. around 1818:40 UT near the right-hand edge of the diagram but the
Early investigations [Cahill and Amazeen, 1963; Sonnerup and spacecraft reenters the LLBL almost immediately and then does not
Cahill. 1967: Aubry et al., 1971; Ledley. 1971] were based on return to the magnetosphere proper until 1840 UT.
magnetic field data alone. An unambiguous identification of the We have identified the center of the magnetopause (MP) to be
magnetopause is difficult in such circumstances, unless the magnetic located at 1804:58 UT with an approximate duration of 40s. In the
field displays a large rotation, i.e., large shear, as the observing order of the various panels in Figure 1, the following signatures of
spacecraft passes from one side of the magnetopause to the other, the magnetopause are evident. Although there is little signficant
Even when such is the case, it is occasionally difficult to distinguish change in the measured proton number density, NP the energetic
true magnetopause crossings from traversals of interplanetary electron number density N2e(40>E>2 keV) increases rapidly from
magnetic discontinuities that have become draped over the very small values in the magnetosheath toward an intermediate level
magnetosphere by the magnetosheath flow. More recent studies characteristic of the LLBL; the full magnetospheric level can be seen
(Moter et al.. 1979; Berchem and Russell. 1982; Aggson et al., briefly in the interval 1818-1819 UT. The parallel and perpendicular
1983; Gosling et al.. 1986, 1990; Paschmann et al., 1986; Sonnerup proton temperatures, Tp1l and Tp.l, both increase across the MP but
et al., 1981. 1987, 19901 have made use of data from electric-field the former more rapidly than the latter so that a change occurs from
probes, fast plasma analyzers and energetic-particle detectors on board Tp L>TpI1 in the magnetosheath to Tp.L-Tpll in the LLBL. There is
the ISEE and AMPTE spacecraft in addition to magnetometer data, a2io a pronounced increase in the electron temperatures Tel and Te.L
thereby greatly enhancing the possibility of identifying the with an associated change from approximate isotropy in the
magnetopause unambiguously and of studying its properties, magnetosheath to Tel>Te.L in the LLBL. A well defined decrease in
orientation and dynamics. In particular, analysis of the convection the plasma flow speed, Vp. occurs as the spacecraft crosses the MP
electric fiel dL. ing magnetopause crossings with large magnetic shear and there are associated small changes in the LMN elevation angle,
has been shown to yield accurate magnetopause normal vectors. N, Xpath iuangle, p of the flow vector. Note in particular
(Sonnerup et al., 1987, 1990) as well as quantitative evidence for the the change from flow toward the MP (.vp<O) in the magnetosheah to
occurrence of magnetic field reconnection. To date, the case of flow more nearly parallel to it, but on the average slightly outward
moderate to low magnetic shear has not been studied in the same ().vp>0), in the LLBL. Finally, the magnetic field magnitude. B,
detail, the reason being that it has been thought difficult or exhibits little net change from one side of the MP to the other but has
impossible to derive good N vectors from the data. Furthermore, the a small minimum during the MP crossing. There are associated
signatures of reconnection in the form of plasma jetting would be modest changes in field direction, in particular in the azimuth angle.
weak or absent. But even when the shear is observed to be weak (pB. The LLBL, which adjoins the MP. exhibits substantial
locally, reconnection may be globally important: because of draping structure, much of which may have been caused by inward-outward
of the interplanetary magnetic field (IMF) around the magnetosphere, oscillatory motion of the MP with a period of 60-120 sec or by a
unobserved regions of high shear and strong reconnection signatures modulation of the layer thickness. Apart from these effects, the
may exist elsewhere on the magnetopawe surface. boundary layer density decreases gradually over a period of about 13

In this letter we show that an excellent N vector can be obtained minutes to its magnetospheric level, seen at 1818-1819 UT.
eves, for low magnetic shear, provided a region of boundary layer Two further comments are required concerning Figure 1. First, our
plasma and flow with substantial velocity gradients is present inside identification of the MP, which we consider to be unambiguous, is
the magnetopause. We also show that convincing evidence for not based solely, or even principally, on the changes in magnetic field
magnetic connection across the magnetopause (and thus for and flow velocity that occur there. Such changes can be observed
reconnection) can be obtained even for low magnetic shear. Finally, frequently in the magnetosheath. Rather, it is the appearance of
we show how the N vector, along with measured plasma velocities, energetic electrons in association with marked changes in the thermal

properties of the plasma that permits the identification to be made. In
particular, in a study of many passes of the spacecraft through the
MP, we have found the 'cigar-shaped' electron distribution functions1 Max-Planck-lnstitut ffir Physik und Astrophysik, Garching. F.R.G. (Tel>Tej.) that appear at the MP on an inbound pass. say, and then

2 Dartmouth College. Hanover, NH. persist inside it for a period of time to be a common and
3 University of Crete and Research Centre of Crete, Heraklion. unambiguous signature of boundary-layer plasma.
(jreece.
4 Technische Universitat Braunschweig. F.R.G. 195



The second comment is that the zero level of the elevation angles, excellent HT frames. However, for a TD there is no a-priori reason
Xvp and XB, depends sensitively upon the choice of the magnetopause why the flow should be Alfv&ic when viewed in the HT frame. Even
normal vector N. The N vector used in Figure 1 is the maximum- for aTD. Alfv~nic flow could of course arise. purely acidCn!::. -,

varsance eigenvector. ic.of the convection electric field. Ec' = -(Vp- to speak. But for an RD, the tangential stress balance rWqk. %,

NVn)xB, calculated from measured plasma velocities and magnetic flow always to be Alfvdruc in the HIT frame. We conclude, n(r or.'%
fields and evaluated in a frame of reference travelling with the average that the data during the magnetopause crossing are consistent ' tl t 1~:
outward speed, Vn = 10.8 km/s, of the plasma during the boundary RD structure and therefore consistent with the interpretaion outimned
layer interval 1805:17-1818:37 UT. This vector has GSE at the end of the previous section, in which the magnetopurc
components N = (0.7551.-0.6343.-0.1660) and deviates by only 4.5 propagated outward against an inward magnetosheath flow coni xine::,
from the Fairfield model normal [Fairtield. 19711; it has the advantage but also that the consistency of those data with the Walen relat:on
over the latter that it leads to a smaller average normal magnetic field would be purely coincidental in theTD interpretation.
(Bn = +0.3 nT versus +4.9 nT) during the same time interval. With Because of the small magnetic and flow shear across the Nil', the
either normal, an inward plasma flow. i.e.. a flow towards the MP is minimum variance direction for B and the maximum variance
present in the magnetosheath in a 4-minute period preceding the MP direction for Ec during the short MP interval fail to provide consistent
encounter (a tailward rotation of N by more than 80 would be needed and credible N vectors. Therefore, we initially assume that the N
to reverse this flow). This inward plasma motion has an average vector derived from LLBL data (see Section 2) appilies L, the .kit ,
speed ofV 0 = -38 kn/s during the magnetosheath interval (1801:00- well. We then find Vn = V N = -11 km/s, VUTn = %'HT N - I')
1804:37 UT) but it decreases toward zero near the end of that interval, kn/s. VAn = VAAN = -17 km/s, and Bn = B N = -1.8 nT during
just before the MP encounter. The inward flow appears incompatible the magnetopause crossing. Note that VHTn represents the motion ot
with the observed fact that the magnetopause moved outward past the the MP along N. This velocity has the correct sign. corresponding to
spacecraft around 18:04:58 UT. unless one assumes that plasma could outward motion, but is too small (it yields an MP thickness of only
flow across the MP or (and) that N was directed more tailward during 20 km). presumably due to a small error in N. The plasma flows
the magnetosheath interval than during the boundary layer interval. inward across the magnetopause with speed Vn - VHTn = -11.5 kmis
Plasma motion across the magnetopause would require it to have been as expected, but this flow speed is smaller than VAn, again indicating
a rotational discontinuity (RD) rather than a tangential discontinuity possible errors. The normal field Bn is negative as expected from the

ID). In order to reach the spacecraft. this RD would have propagated positive regression line slope in Figure 3. A rotation of N by only
outward, against the inward magnetosheath flow. at a speed greater 1.50. to the new orientation (.7494,-0.6342,-0.1899). leads to Vn = -
than that flow. There may also have been a chan ge in N but evc so. 9.9 kilis, VHTn = 10 km. VAn = -27.5 km/s, and Bn = -2.8nT.
we show below that data taken within the MP structure itself indicate corresponding to a more reasonable MP thickness of 390 km (-4 ion
RD rather than TI) structure, inertial lengths) and flow across the MP at 72% of the normal Alfvcn

speed. In light of the imperfect correlations in Figures 2 and 3, and
the general uncertainties in measured plasma velocities and mass

3. Magnetopause Structure densities, this latter discrepancy should not be considered significant.
If the MP were a TD instead, one would expect B INTD = 0 anatd V-

In practice, it is essentially impossible to check whether a low-shear VHT). NTD = 0 which gives NTD = (0.4514, -0.836, .
magnetopause is an RD or a TD on the basis of magnetic field data 0.3115): such a large deviation from the model normal seems
alone. However. when plasma measurements are also available, as in unlikely. For example, it would lead to an increase of the variance in
the present case. two properties can be checked: (i) the existence of a Bn from 4.2 (nT) 2 (using N) to 7.6 (nT) 2 (using NTD) Also, the
maving frame of reference, the so-called deHoffmann-Teller (HT) magnetopause velocity would be 82 km/s and the corresponding MP
frame, in which the plasma flow is field aligned (an I-IT frame must thickness 3200 km, which must be considered unusually large.
exist for an RD; it may or may not exist for a TD); and (ii) the
requirement for the RD. also referred to as the Walen relation, that the
flow be Alfvwnic in this moving frame. We have examined these two 4. Discussion
features by use of the simplest version of the analysis (i.e.. assuming
zero acceleration of the HT frame) described in Sonnerup et al. 11987]. Three conclusions emerge from the present study:
According to this analysis, the velocity, V HT, of the HT frame is () The maximum-variance direction of the convection electric field.
determined from a least-squares fit between the convection electric Ec = -VxB. during the boundary layer crossing discussed here appears
field, Ec; -VpxB. and the electric field EHT =- - VHTxB. Figure 2 to provide an excellent estimate of the average direction normal to the
shows a scatter plot of the three GSE components of Ec versus the magnetopause. This result has been confirmed by examination of
corresponding components of EHT. The correlation coefficient in other cases where a substantial boundary layer, but only small
this diagram. cc = +0.989, is sufficient to justify the conclusion that magnetic shear across the magnetopause, was observed.
an Hi frame exists. This frame moves relative to the spacecraft with (2) Even magnetopause structures having small magnetic and
velocity VHT = (-85. -3. -378) km/s (GSE components). The velocity shear may display the rotational discontinuity structure that
relationship between the measured velocity components and the has been associated with magnetic connection across the
corresponding measured Alfvin velocity components VA = BI I- magnetopause and therefore presumably with reconnection. To date.
ot)±0 op] 1/2 , cs being the pressure anisotropy and p the mass density we have found one additional example (November 10. 1984. 0929:45
(based on the assumption that all measured particles are protons), is 0942:50 UT) in the AMPTE/IRM data set of the type of
shown in the scatter plot in Figure 3. Again. the correlation between oragnetopause properties discussed here; there may be more cases
(V -VHT) and VA is not perfect (cc = +0.986). But a correlation is where local temporal and spatial variations obscure those properties.
clearly present and furthermore the regression line slope, s = 0.832, Low magnetic shear across the equatorial magnetopause may occur.
is sufficiently close to unity so that, allowing for experimental not only for northward or nearly northward interplanetary magnetic
uncertainties including the possible presence of heavier ions, the flow field (IMF) but. ass result of field draping around the magnetosphere,
could indeed have been Alfvdnic in the HT frame. Furthermore, with also when the IMF has other orientations, e.g., when it lies more
an assumed inward flow of plasma across the MP. the positive slope nearly in the ecliptic plhc. Yet, the large thickness of the LLBL
signifies the presence of an inward directed component of B across the observed in this event is most conveniently explained in terms of a
IP. northward IMF and reconnection above the cusps. as shown b- the
It is noted that the existence of an HT frame does not in itself tn_-en in Figure 3 [from Cowley. 1981]. Through this process, layers

indicate that the magnetopause must have been an RD. As pointed of magnetosheath plasma and magnetic flux are continuously added to
out by Paschmann ["19851. and as established observationally by use the frontside LLBL.
of the AMPTE/IRM data [Sonnerup et al.. 19901. TDs may also have
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k3) There is evidence in Figure 1 of quasiperiodic outward/inward Paschmann. G., Comment on "Electric field measurements at the
motion of the LLBL past the spacecraft with time periods in the range magnetopause 1. Observation of large convective velocities at
60-120 s. If such motion did occur, the actual thickness of the layer rotational magnetopause discontinuities. by T. L. Aggson, P. 1.
can be esumated as the product of its duration (800 s) and the average Gambardella, and N. C. Maynard. J Geophyv Res, 90. 7629,
measured outward plasma velocity in the LLBL (10.8 km/s), the 1985.
result being a thickness of -1.3 RF. We have also attempted to Paschmann. G H. Loidl. P. Obernayer. M. Ertl. R. Laboreni, N.
deconvolve the radial oscillatory motion and the measured temporal Sckopke. W. Raomohann, C. W. Carlson. and D. W Curtis. The
density profile in the top panel of Figure 1 in order to obtain a true plasma instrument for AMPrE IRM. IEEE Trans (;osci Rcnwte
spalial density profile. This is done by associating each sampled Sens., GE-23. 262. 1985.
density Npk at time tk with a distance along the magnetopausc Paschmann. G.. I. Papamastorakis. W. Baumjohann. N. Sckopke, C.
normal given by W. Carlson. B. U. 0. Sonnerup. and H. Luhr. The magnetopause

for large magnetic shear: AMPTE/IRM observations. J. Geophys.
k Res.. 91. 11,099. 1986.

= At Vni Russell. C. T.. and R. C. Elphic, ISEE observations of flux transfer
i=l events at the dayside magnetopause. Geophys. Res. Lett., 6, 33.

1979.
where Vrji is the normal plasma velocity at ime ti and At is the time Sonnerup. B. U. 0.. and L. J. Cahill, Magnetopause structure and
betwen samples. The result -.! this rrocess is shown in Figure 4. attitude from Explorer 12 observations, J. Geophys. Res., 72. 171.
There is considerable scatter in this plot but one can nevertheless 1967.
discern a smooth average density profile that has a modest negative Sonnerup, B. U. 0., G. Paschmann. I. Papamastorakis. N. Sckopke,
slope, starting at the magnetopause and extending over most of the G. Haerendel. S. 1. Bame, J. R. Asbridge. J. T. Gosling, and C. T.
thickness of the LLBL with a steeper negative slope near the Russell. Evidence for magnetic field reconnection at the Earth's
magnetospheric edge of the layer. Such a profile would not be magnetopause. J. Geophys. Res.. 86. 10,049. 1981.
generated by a purely diffusive process unless the diffusion coefficient Sonnerup, B. U. 0., 1. Papamastorakis, G. Paschmann. and H. LUhr.
is a decreasing function of distance from the magnetopause. Eddy Magnetopause properties from AMPTEARM observations of the
diffusivity in the outer part of the layer could perhaps lead to the convection electric field: Method development, J. Geophys. Res.,
observed density profile. 92. 12,137, 1987.

Sonnerup, B. U. 0.. 1. Papamastorakis. G. Paschmann, and H. Luhr,
The magnetopause for large magnetic shear: Analysis of convection
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ABSTRACT

A brief overview is presented of a number of qualitative geometrical models as well as simulation models of flux
transfer events (FTEs) and an attempt is made to identify critical observational tests that would help discnminate
between these models. These tests are concerned with flux tube orientation, speed, and structure. Available single
and multiple spacecraft observations are discussed in the context of these tests. Particular attention is given to the
problem of determining flux-tube orientation and speed from a single spacecraft.

1. INTRODUCTION

The phrase "flux transfer event." or FTE for short, is used to refer to a set of observations, near the magnetopauqe,
of short-lived abnormal deflections in the magnetic field, in many cases accompanied by associated characteristic
signatures in the plasma and energetic particle properties. For events observed inside the magnetopause, the main
plasma signature is the presence of magnetosheath-like plasma in the event; for observations outside the
magnetopause, the main signature is a slightly depressed plasma density and the occurrence of magnetospheric-like
energetic particles streaming along the magnetic field. Since their discovery in 1978 by Russell and Elphic/1,2,3/,
FTEs have attracted an unusual amount of attention and have come to play a singularly important role in a conceptual
picture of the solar-wind magnetosphere interaction that is shared by many workers in magnetospheric physics. In
this picture, FTEs represent a time-dependent and perhaps patchy form of magnetic-field reconnection which may be
the dominant mechanism whereby the cross-magnetospheric electric potential is generated and magnetic flux is
transferred from closed field lines in the front lobe of the magnetosphere to open field lines which are deposited in,
and added to the geomagnetic tail flux.

A great deal of data analysis has been performed to establish the main observational features of FTEs in terms of
occurrence statistics as well as in terms of the geometrical features and structure of individual events.
Simultaneously, several different theoretical models have started to emerge. These models are either of a qualitative
geometrical nature or they are based on numerical simulations which have been performed, for the most part in two
space dimensions and time. It is not the purpose of this paper to review all of this work in detail. Rather we shall
focus attention on a few critical observational tests which need to be performed to help identify the most promising
model or models and which may perhaps guide the development of new different or more detailed models. These
tests are concerned with in situ measurements at the magnetopause. Observations concerning FTE signatures in the
ionosphere are potentially important as well but, in the author's view, are more likely to provide supportive evidence
rather than unambiguous critical tests of different FTE models.

The paper is organized as follows. In sections 2 and 3 we review briefly the properties of the original Russell-
Elphic geometrical model of an FTE as well as the main features of several more recent, mainly two-dimensional
models. In section 4 we discuss critical observational tests which are concerned with local FTE flux-tube
orientation, motion, and structure. In section 5 we provide an illustration, from the recent work of Papamastorakis
et al. /4/, of the determination of flux-tube orientation and speed by use of data from a single spacecraft
(AMPTE/IRM). Section 6 deals with the relationship, proposed by Saunders et al. /5,6/, between magnetic twist in
FTE flux tubes and Alfvdn waves. Finally, section 7 contains a brief summary and comments on future multiple
spacecraft studies.

2. THE RUSSELL-ELPHIC MODEL

The potential importance of FTEs was generally recognized and accepted almost instantly after their discovery, in
part perhaps owing to the highly suggestive name "flux transfer event" assigned to the observational syndrome by
R,, sell and Elphic, in part owing to an equally suggestive and creative cartoon drawn by these authors to represent
the magnetic field geometry associated with this syndrome. This cartoon, a modernized version of which is
reproduced in Figure I. -hnw; an el, , flux tui . c7ro ,i 6r " ,e ii..-gne rnine. It hi'; ,, ledst four imp(-ant
nplic' ::c (of which however only the first can be considered as being reasonably firmly established

observationally): (i) that the FTE signature is caused by an elongated object, such as a tube, rather than by a short
one such as a nodule on the magnetopause; (ii) that the magnetosheath part of an FTE flux tube ultimately extends
out into the solar wind and that the magnetospheric part ultimately reaches the ionosphere, thus providing direct
macnetic connection between a patch in the ionosphere and the solar wind: (iii) that, very approximately, the flux
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tube has a cross section that is a more or less deformed circle or semicircle, leading to an ionospheric footprint ,t
similar shape; (iv) that magnetic tension in the elbow-shaped tube causes it to accelerate polewards which in turn
leads to a gradual straightening of the elbow. This latter effect means that the two arm,, of the flux tube away trom
the elbow form an angle with the ambient field, causing the latter to be draped around the tube. However, the
draping effect may be relatively weak along the two arm parts of the tube whereas it is strong near the elhoA
indeed, as the tube sweeps past a spacecraft this draping produces the characteristic bipolar signature in BN. the
magnetic field component normal to the magnetopause. that led to the discovery of the FTE syndrome in the first
place. It was soon realized from encounters with the actual FTE flux tube that tme field in that tube must iiselh be
twisted, as shown in Figure 1, in order to account for the observed magnetic signature and for the persistent
presence of a maximum of the total pressure, P = p+B 2/2po, in the tube /7 9/ This twis:ed field may he
incorporated into the Russell-Elphic model in an ad-hoc manner. Observational evidence that it may be associatcd
with an Alfven wave travelling in the tube has been discussed by Saunders et al. /5.6/ and will be considered turther
in section 6.

MAGNEIOSP.ER.C

MAGNWETO-EN

PAUSE

FIELD LINES

MAGNETO-

FIELD TWISTING

ASSOCIATED
VMTH FTE,

Fig. 1. Russell-Elphic model of flux transfer event (from Saunders et al. /6/).

An added implication of the Russell-Elphic model is that the FTE flux tube has been produced by reconnection that
switches on and off in a fairly narrow longitude segment, creating pairs of elbow-shaped flux tubes, one tube in the
northern hemisphere, as illustrated in Figure 1, and its mirror image in the southern hemisphere as shown in Figure
2. Indeed. FTEs with mirror image BN signatures are seen in the two hemispheres: the source region for an FTE
flux-tube pair statistically appears to be in the equatorial region /9/. Other important observational indications that
FTEs involve reconnection are the fact that they are seen only for southward IMF and the fact that enhanced plasma
flow speeds are often seen, usually near the trailing (equatorial) edge of the events. This latter observation suggests
that active reconnection may be occurring on the equatorward side of the flux tube /2,7/. There are also observations
/10/ of electron heat fluxes to support this latter contention.

Finally, it has been assumed from the beginning /2/ that the FTE flux tube is convected away from its point of
generation more or less with the velocity of the ambient magnetosheath plasma. It has been argued/ Il/that, as a
result of a force balance between Maxwell stresses in the elbow and Maxwell stresses produced by magnetopause

field lines being pushed ahead of, and wrapped around the FTE flux tube (see Figure 2), such flux tubes of small
cross section will indeed be convected with the ambient plasma whereas tubes larger than a certain critical size will
move poleward more rapidly and will involve reconnection of magnetopause field and FTF flux-tube field as well as
magnetopause field with itself. Another consequence of pushing the magnetopause field out of the way is the
generation of field-aligned currents in the FTE tube, currents that have the sense needed to generate the observed
field twist /1 I/.

Because of its intrinsically three-dimensional and time-dependent nature, few attempts have been made to provide an
internally consistent mathematical description of the plasma dynamics associated with the Russell-Elphic model, or
to establish whether this kind of flux-tube configuration would tend to be generated spontaneously at the dayside
magnetopause (a recent 3D simulation by Sato et al. /12/ showed a more longitude-extended structure). Thus the
model, while qualitatively predictive of a number of geometrical features of FTEs. does not provide quantitative
predictions concerning field and plasma. However, it must be said that, on the qualitative level, it has been
remarkably successful in either accounting for, or being able to accommodate, a large number of observations.
Owing to this success, the Russell-Elphic model remained unchallenged as representing the proper FTE geon'.en
until 1985, when Lee and Fu proposed their so-called multiple X-line model. That model and others that have
followed are summarized briefly in the next section.

3 TWO DIMENSIONAL MODELS

The Lee-Fu multiple X line model /13,14/is the outcome of a two-dimensional simulation of the tearing mode as it
may occur at the nose of the magnetopause, i.e., in the presence of a stagnation-point like flow. A rec-,'t global
version of this simulation by Shi et al. /15/, in which a magnetized incompressible plasma flows past a two-
dimensional dipole, is reproduced in Figure 3(a). Magnetic islands are formed, grow, and are ejected in the
pole%%.d c!rection with a velocity that approximately equals the magnetosheath Alfvdn speed evaluated at the
subsolar point. Lee and Fu /13/ proposed that, with the addition of a field component By perpendicular to the plane
of the figure, such magnetic islands become FTE flux tubes imbedded in the magnetopause and containing a helical
magnetic field (the latter having the actually observed sense of helicity). Connection of such a tube to the
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Fig. 2. A pair of FTE elbow-shaped flux tubes. Wrapping of magnetopause field Bmp around
the elbow is shown (from Sonnerup/1 1/).

magnetosheath held and to the magnetosphenc field would occur on the davn side and dusk side as illustrated in

Figure 3(b). The establishment of this connection is not described by the simulations (but the 3D simulation b': Sato

et al. /12/ suggests that the process for providing such connection may be fully three dimensional and rather

complicated), It is of course possible to argue that the basic geimetry of an FTE at the center of the "elbow - as
shown in Figure 3(a) but that the longitude extent of the portion of the FTE tube that is imbedded in the
magnetopause is much more limited than in Figure 3(b), In that case, however, 2D simulation cea.c to be
quantitatively valid and it is not clear that the model is then significantly different from the Russell-Elphic one. One
also loses a key prediction of the 2D geometry: that a spacecraft located somewhere on the frontside magnetopause
will encounter all FITEs, which is an attactive explanation for their observed high frequency of occurrence.

f - 16f 1 301 • t=32f 35!

,-. l-3O

2

2 XIni) n 12 R') 12 \(R p S 1, 14

Fig. 3(a). Simulation of two-dimensional incompressible MHD flow past a dipole, showing the
formation of multiple X lines and magnetic islands (from Shi et al. /151). (b) FTE flux tubes
(view towards the sun) in Fu-Lee multiple X line reconnection model (from Sonnerup /11/1).

Careful examination of the magnetic field map in the Fu and Lee as well as the Shi et al. simulations /14,15/ sho ,s
the presence not only of magnetic islands but also of layers of magnetic flux located between islands and penetrating

the magnetopause. This feature has not been emphasized by the Alaska group but it forms the essential ingredient in
the recent 2D simulation model by Scholer /16,17/ as well as in the qualitative model discussed by Southwood et al.
/18/. These authors propose to interpret FTEs in terms of ongoing but time-variable reconnection in some longitude
segment on the front-side magnetopause. They argue that periods of increased reconnection rate lead to the
formation of a pair of bulges in the magnetopause, much like magnetic islands, except that there is no intrinsic need
for X lines away from the equator. These bulges are carried pairwise toward the north and the south cusp regions
essentially with the Alfvdn speed. Analysis of 2D time-dependent reconnection by Biernat et al. /19/in the MHD
description and by Owen and Cowley /20/ in the collisionless case also predicts ejection velocities of this size. This
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result is not surprising since the exit flow speed in standard steady-state reconnection models is of the (,rder o!
Alfven speed regardless ot the reconnection rate.

'I, most impnrtnt suggestion concerning FTE geometry made by Scholer and b, Southwocl et al. is that it 1,
opet fl,,x :.%er between tv o magnetic islands rather than an island itself that pro,. ide, the magnetic coupl,n
bet.een the magnetosheath and the magnetosphere in an FTE event. This layer hals the same longitude extent a, uf a,
of the overall reconnection event. Thus its ionospheric footprint may be in the form of a hand extended in inc't::e
rather than in the form of a more or less circular patch. The field it the cenicr of the hulge. i.e. if mu!iple X rc
do occur as in the Alaska simulations, the field in the flux tube produced by a magnetic i land plus a B, componct"
need not have the connection to the magnetosheath at one end and to the magnetosphere on the other. indicateJ in
Lee-Fu model and shown in Figure 3(b). Instead. this field may he connected at both ends to the magnetopauc
field or perhaps even at both ends to the magnetosheath field or to the magnetosphere field. Connect;on to th-
magnetopause field is proposed in a recent paper by Scholer /17/ as a mechanism wherebv a high B field' i
generated in the core of an FTE and whereby a drag force on the bulge is generated, similar to that dtscu,,,co- ".
Sonnerup /Il/. Such a drag force would slows down ri ,. poleward speed of 7 n FlE huige t,) %alus that .ol, o.
considerably less than the Alfven speed expected it 21) models It Would render invalid other qkinItI.I "
predictions obtained from 2D simulations as well. For short elbows, the Scholer / 7/geometrN returns rup.
the Russell-Elphic situation as modified by Sonnerup /11/. However, it is different in some important respects., in
particular, the FTE flux tube would be ribbon shaped rather than tubular, the ribbon being linked by a bundle of
stretched magnetopaise field lines which would form the core of the FTE bulge. The process whereby twist is
generated in the band might include the effect discussed by Wright /21/ as well as perhaps velocity shear lk/. Both
of these are different from the mechanism proposed in/I 1/.

Both the Scholer and Southwood et al. geomety and that described by Sonnerup /11/ imply a layered sictucte ot
the FTE and there is evidence in the data /22,2324/ that some such layering may be present.

It may be added that recent 2D simulations by Liu and Hu /25/ and by LaBelle-Hamer et al. /26/ concerning the
interaction of the Kelvin- Helmholtz (KH) instability with reconnection (the tearing mode) at the magnetopause have
led to yet another 2D FTE model in which the FTE bulge is a rolled-up vortex and its associated rolled up magnetic
field. Such a model also entails a layered FTE structure. However, detailed comparison with observations will
have to await more precise predictions concerning this structure from the simulation experiments.

4. OBSERVATIONAL TESTS

As is evident from the widely different nature of the various theoretical models described above, the most important
unfinished experimental task in FTE research is to establish the overall geometry of FTE flux tubes and their motion
on the magnetopause. It is of particular importance to determine to what extent, if at all, FTEs can be understood
quantitatively in terms of two-dimensional models and simulations. Three specific questions will be addressed here:
(i) what is the orientation of the FTE flux tube or bulge in an individual event and what is the statistical distribution
of orientations as a function of local time and perhaps latitude; (ii) what is the velocity of motion of the flux tube or
bulge along the magnetopause and perpendicular to the tube (bulge) axis; (iii) is the FTE signature produced by a
tube that is pressed against one side or the other of the magnetopause current layer causing an indentation in that
.. yer or is the flux tube an integral part of the magnetopause itself, describable as a latitudinally locali7ed growth ot
its thickness (caused by enhanced reconnection) which produces a longitudinally extended bulge on the outer as well
as the inner surface of the magnetopause layer? We now discuss briefly how these questions relate to the various
theoretical models.

Ii) Flux-tube orientation
In the multiple X line model of Lee and Fu as well as in the time-variable reconnection models of Scholer and
Southwood et al., one would expect most or all FTE tubes or bulges encountered on the day-side magnetopause to
have their orientation approximately along the magnetopause net current (this is precisely the case in the Fu-Lee as
well as the Scholer simulations). For equal strengths of the magnetospheric field and the magnetosheath field, the
FTE axis would then bisect the angle between the two fields. This type of result has recently been reported by
Elphic and Southwood /27/ who examined nearly simultaneous observations from ISEE and AMPTE/UKS of an
array of FTEs in the northern and in the southern hemisphere, and were able to determine the flux-tube or bulge
orientations by minimum-variance analysis of the magnetic field, as discussed further in section 5. As these authors
point out, their result is compatible with the Lee-Fu model (or indeed the more recent models by Scholer and by
Southwood et al.) but it could also correspond to pairs of Russell-Elphic flux tubes sampled at. or near the elbow.
Only in a statistical sense is the prediction of the Russell-Elphic model different: when many events are observed at
the day-side magnetopause and are analyzed to yield the flux-tube direction, there ought to be a substantial
probability of encountering either the magnetospheric arm or the magnetosheath arm of an elbow-shaped flux tube.
The former arm would be more closely oriented along the magnetospheric field and the latter more closely along the
magnetosheath field. However, this type of statistics must be done with care: as pointed out already, the elbo,
events are likely to have a larger magnetic draping signature, on average, than arm events. Therefore, there may be
a built-in bias in favor of detecting elbow events.

The Lee-Fu model has a flux tube topology that is similar to the Russell-Elphic model but with the elbw flattened
and extended over a substantial longitude segment. In such a geometry, only elbow encounters are expected near
local noon whereas, for positive interplanetary By component, as shown in Figure 3(b). one would expect to ,ee
magnetospheric-arm FrEs on the afternoon and dusk side in the northern hemisphere and on the morning side ad
dawn side in the southern hemisphere. Similarly, for By>( one would see magnetosheath-arm FTEs on ihe

. An increase in field strength also oiccurs in a purely two-dimensional model, as a result of plasmd comprcssion and an &.,so.iatcd
increase in By near the center of a magnetopause island or bulge.
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morning (dawn) side in the northern hemisphere and on the afternoon (dusk) side in the southern hemisphere For
By<O the reverse would hold.

It is noted that the Scholer and Southwood et al. models must also have some kind of three-dimensional structue at
the morning and evening ends of the bulge in the magnetopause caused by ;.- main flux transfer event. The exact
nature of these effects is not known but it clearly depends on how the field lines in the core of the FTE bulge are
connected.

Undertaking a statistical study of the type outlined here is a major task which is made extremely difficult by the fact
that determination of flux tube orientation in general requires multiple spacecraft observations of one and the same
flux tube or bulge. The only realistic hope is that the method, utilized by Elphic and Southwood /27/ and discussed
further in section 5. which requires only magnetic data from a single spacecraft, can be used in a sufficient number
of cases to provide the required statistic;.

00i Flux-tube velocity

Based on the previous description of various FTE models, it would appear that experimental determination of the
velocity of an FTE flux tube or bulge perpendicular to its axis, together with the direction of the axis, would provide
a critical test of the two-dimensional aspect of these models even if only a few events are studied. As pointed out
already, models which invoke ongoing reconnection with a modulation of the reconnection rate and which are
basically two-dimensional, should show FTE bulge ejection away from the principal reconnection region in the
equatorial plane with a speed comparable to the Alfven speed. On the other hand, the Russell-Elphic configuration
and any other configuration where the tube has to push its way through the magnetopause field would show.
velocities that are comparable to, but for large flux tubes perhaps somewhat greater than the surrounding
magnetosheath flow speeds /11/; these are generally substantially smaller than the Alfv6n speed on the frontside
magnetopause. Finally, with reference to the recent models by Liu and Hu /25/ and LaBelle-Hamer et al. /26/, the
process of generating Kelvin-Helmholtz vortices requires these vortices to move at a speed less than the ambient
magnetosheath flow speed. This would also be the case if the FTE signatures were produced by nothing more than
a simple wave on the magnetopause, travelling past the observing spacecraft.

In general, the determination of the orientation and speed of a planar front requires the use of three probes in a
triangular configuration, well separated and located near the magnetopause. With luck, a few such events may be
found when the Cl'ver spacecraft become operational. However, in this case too it turns out that data from a single
spacecraft may yield the desired information, provided a good deHoffmann-Teller frame, i.e., a frame in w hich the
plasma flow is aligned with the magnetic field, can be found for an FTE structure. An efficient method for
determining the velocity of this frame has been described recently by Sonnerup et al. /28/ who applied the method to
a quasisteady reconnection event. The application to an FEE is illustrated in section 5.

Once the perpendicular flux-tube speed has been detennined, one can convert the duration of the FTE into a
characteristic scale size along the magnetopause but transverse to the FTE axis.

(iii) Flux-tube structure
In order to examine whether an FTE is caused by a swelled-up part of the magnetopause itself (a bulge), as in the
Lee-Fu model or the Scholer and Southwood et al. models, or whether it is caused by a flux tube pressed against
one side or the other of the magnetopause current layer, it would be of particular value to examine data from two
radially separated spacecraft, located near to, but on opposite sides of the magnetopause. Observations of this kind
have in fact been made by Farrugia et al. /29/, who referred to them as "Two-Regime FTEs." These authors discuss
two events where ISEEI and 2 were located in the required manner. They found one case to be consistent with an
encounter with the magnetospheric arm of a Russell-Elphic type flux tube. This tube was penetrated by the
spacecraft in the magnetosphere but was sensed remotely also by the adjoining magnetosheath spacecraft. The
magnetosheath effect was assumed to be caused by the indentation of the inner magnetopause surface and the
corresponding bulging of the outer magne-.pause surface caused by the flux tube. However, the evidence is not
conclusive: the magnetopause could have bulged on both sides with the magnetospheric spacecraft penetrating the
bulge on the magnetospheric side and the magnetosheath spacecraft sensing the bulge on the magnetosheath side
remotely.

The second case reported by Farrugia et al. /29/and interpreted by them as an encounter with the magnetosheath arm
of a Russell-Elphic type FTE flux tube may have been more conclusive. Here it appears that the magnetospheric
spacecraft briefly sampled the flux tube itself and. in doing so, passed through the magnetopause on the way into
and out of the tube. This type of behavior would not be compatible with the FTE flux tube being part of the
magnetopause itself.

Most importantly, observations of "two-regime" events rule out the aforementioned interpretation of FTEs in terms
of a simple travelling wave, since such a wave would not generate the observed simultaneous BN signature on both
sides of the magnetopause. However, rolled-up KH vortices 25,26/ cannot be excluded in this manner.

Another critical observation relating to the internal structure of an FEE bulge is that of enhanced plasma flow speeds
concentrated to the equatorward portion of an FTE bulge travelling past a spacecraft r7/. These enhanced flow
speeds are likely to be associated with reconnection However, in a two-dimensional model with continuously
ongoing reconnection at a time-modulated reconnection rate, the whole FTE structure should be moving with the
Alfvdn speed and one would expect flow-speed enhancement throughout the time that the spacecraft is located inside
the FTE structure, not just during the latter part of its residence time in the tube. It would therefore seem that this
asymmetry of the flow speed enhancements is an indication that the poleward motion of the FTE structure occurs
with a velocity that is substantially less than the flow speeds generated by the reconnection process (i.e., the Alfven
speed). This is the situation for the Russell-Elphic model and for Scholer's model /17/ when drag generated by
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pushing the magnetopause field out of the way is included However, it remains unclear whethe.- the tradingcJ.-
tlow-speed enh,ncement is generated by reconnection between magnetophenc and magnetosheath fields .r ':

equatortal plane. as in Scholer s model, or by reconnection away from the equatoral plane. perhaps as propos ed h-.
Sonnerup /I l/ in the context of the Russell-Elphic model In both cases, a layered FTE structure is predicked n
vhhch the reconnection heated and ,.cliatcd plasma (K.cupies an outer la,.er w here !he magnet ic fie:d niag::.c

ea, he also depressed. surrounding an F-E core %,hich is occupied hy plasma of magnetosheath o fr, in Schirr,,
,:-.e. magnetopauset origin. These predictions may have a direct beanng on the crater-like F-E signatures in the
ma':etosphere reported b- LaBelle e! al 122/ and on the imilar structures reported bv the AMPTE/UKS g,'

Another clue related to the flow-speed enhancements is that thcsl are seen both in magnetosphenC i:C :r
macnetosheath events (although perhaps somewhat more frequently in the latter) This is expected in Smnei.1? -
! ' conficuration but it is less clear what to expe,.t i the FTE is simply a manifestation of a burst of (- i

"emor-nection rate in an ongoing reconne.tion even: in wiiich magnetosheath and mainetopher :c fields conntn.:,
beome interconnected. In quasisteadv rco,)nnection. ,,iw , .erated pla:,ma anpei:'., ',",e !agic opau., :d
magnetosphenc side of the maznetopa ase but not ort) ire naenet, erh :de of :t l, is not clear I.-
.ismmeti. ;hould be lost if the reconnection rate is suddenl', increased. In !he nemer:.al simulations :
symmetry appears to be at hand but this may be due to a failure to build into the calculations the intrinsic plasma i.
magnetic- ield asymmetry that usually exists across the real magnetopause.

Finally, we comment on the ribbon-like nature of the flux tube that connects the magtetosheath and the
magnetosphere in a model of Scholers type This band is wrapped around a core of magnetic field and plasma of
magnetopause origin. Since the overall diameter of an FTE bulge may be fairly large. 1-2 RE say, it would -seem
that escaping energetic magnetosphenc particles should be mainly confined to this band. Thus. a spacecraft
penetrating all the way into the deep core of such an FTE should see a burst (or at least an enhancement) t
streaming such particles during entry into and exit from the FTE structure whereas they should be more or les
absent during the traversal of the core itself. Evidence of this type should be looked for: none of the 15 FTEs
examined by Paschmann et al. /7/, using ISEE data, showed this behavior (although only the energetic-particle
density, not the streaming. was examined). In the Southwood et al. scenario, all of the field lines in the FEE bulge
provide connection between the magnetosheath and the magnetosphere so that the entire FTE may contain streaming
energetic particles. However. even in that case, one may expect the fluxes to be most intense near the surface of the
bulge where field lines first become connected.

5. EXAMPLE

In this section the process of obtaining FTE flux-tube orientation and velocity from single spacecraft data is
illustrated. The analysis to be presented is discussed in more detail in a recent paper by Papamastorakis et al. /4/
The method is based on two assumptions: (i) that the magnetic field sampled in the event has a constant component
along the flux tube axis: (ii) that a frame of reference, the deHoffmann-Teller frame, exists in which the plasma flow
sampled in the event is aligned with the magnetic field Both of these assumptions are also made in a recent
theoretical study of the external-field draping region by Farrugia et al. /30/ and both can be verified by use of
magnetic field and plasma velocity measurements. From examination of a few AMPTE/IRM events the impression
has been gained that assumption i) is likely to work well only in the draping region whereas (ii) may work also in
the interior of at least some events.

-, '--7. ,

Fig. 4. Magnetic field hodograms for FTE observed by AMPTE/IRM on 4 Sep 1994. The
average field B has been subtracted (from Papamastorakis et al. /4/).
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Fig. 5. Hodograms of convection electric field. Ec = -vxB in Fig. 5 (from
PapamastorakJs et al. /4/).

Figure 4 shows the result, in the usual hodogram form, of minimum varia.nce analysis of the magnetic field in a
weak magnetosheath FTE event in which the AMPTE/IRM spacecraft sampled the field draping but did not penetrate
the FTE flux tube. The ratio of the intermediate to the minimum variance is 58.4/3.4, indicating that a god
minimum variance direction (k) has been obtained. This direction should be identified with the direction of the flux-
tube or bulge axis. The average field component along this axis is seen to be -95nT. The roughly circular
hodogram representing the field components perpendicilar to the minimi.;i variance direction is Ahat is expe:ted
from a model of the type discussed by Farrugia et al. /30/. For the semicircular tube cross section (of radius a. ',a%
used by these authors, one can further deduce a satellite "impact parameter" of about 1.4a in this case.

The axis determination described above is identical to that used by Elphic and Southwood /27/ '.. ho examined ,3
cases and found 8 of these to have the ratio of intermediate to minimum variance greater than 10. The existence of 
good minimum-variance ditection in these FTEs provides convincing evidence that they are produced by distant
encounters with an elongated rather than a nodular structure.

We r'ow analyze the convection electric field Ec = -v-<B in the manner discussed in Sonnerup et al. /28/. Minimum
variance analysis on Ec yields the results in Figure 5. It is seen that the eletn, field component in the minimum
variance (k) direction is nearly zero and that it has a very sma! variance. This is usually an indication that a good
deHoffmann-Teller transformation velocity, VHT, exists (vHT is expected to be parallel to k). Leas- squares fitting
as described in /28/ was used to determine this velocity. The three components of the resulting electric field Eh-T = -
VHTxB are found to have a correlation coefficient of 0.990 with the corresponding components of Ec, \%hich
demonstrates that a cood deHoffmann-Teller frame has been found.
Figure 6 shows the orientation and magnitude, in a plane tangential to the magnetopause, of the magnetospheric and
magnetosheath fields, of the net magnetopause current, of the flux-tube axis, of the deHoffmann-Teller velo ity. and
of the magnetosheath flow velocity. The FTE occurred in the magnetosheath around 15.40 LT and -1.1° GSE
latitude. It had !he signature of a southern hemisphere event. It is seen that the flux-tube axis is tilted b, a
substantial angle away from the net magnetopause current victor and towards the external field. Yet it also deviates
substantially from the latter field. Furthermore, the component of vHT perpendicular to the flux tube axis is only
about 35 kn/s, in the southerly direction. The magnetosheath flow speed, on the other hand, has a perpendicular
component of about 70 krm/s, in the northerly direction. Thus it is clear that this portion of the FTE structure is not
convected with the magnetosheath flow. Furthermore, we note that the opposite sense of motion of the FTE bulge
and the magnetosheath plasma is also present in Scholer's simu;ations /16/'. As shown in the figure. the
magnetosheath pldsma velocity in the deHoffmann-Teller frame, VshHT, is 235 km/s and is approximately field-
aligned as expected. It should be compared to an Alfvdn speed of 290 km/s in the magnetoshealh. The correlation
coefficient between the three components of (v-vHT) and the corresponding components of the local Alfvn velocity
was 0.998 but the magnitudes of the former were only 81% of the corresponding Alfvdn speed components. Thus
the Wal~n relation was not exactly satisfied. Nevertheless, given the uncertainties in the data and in the analysts,
one cannot exclude the possibility that this FTE had the basic propertes expected f'"m 2D models in which ongoing
bursty reconnection is responsible for the creation of the FTE. In this context, it is noted that this FTE preceded b%
about 50 minutes the quasisteady reconnection evet. discussed by Sonnerup et al. /28/. On the other hand. the
results are not consistent with the FTE being caused by wave motion on the magnetopaus, or by rolled-up KH
vortices for which one would expect motion of the magnetopause bulge in the same direction as the ambient
magnetosheath flow.

" It is presumably a result of the fast-mode expansion, characienst-: of the inflow regions of a Petschek-ltike reeonnection geometry, as
discussed by Vasvliunas /31/
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Fig. 6. Relative orientation of flux tube axis, magnetospheric and magnetosheath fields,
magnetosheath flow velocity and deHoffmann-Teller (HT) transformation velocity, vHTT,
for F i-E in Figs. 4 and 5. Magnetic fields are drawn in Alfvdn speed units. Note that the
magnetosheath velocity in the F-IT frame is nearly antiparallel to Bsheath and has magnitude
equal to about 80% of the magnetosheath ALfven speed (from Papamastorakis et al. /4/).

The FTE signature analyzed here had a duration of 130 sec. With .. perpendicular component of vHT of 35 kirr's.
this tune translates to a transverse FTE dimension of 4550 km along the manetopause.

It .ould seem that analysis of the tNpe described here. carried out on a number of events observed at different local
::mes. should cast a great deal of light on the geometry and dynamics of FTEs.

6. ALFVEN WAVE IN FTE TUBE

Although detailed documentation was not provided, Saun..,rs et al. /5.6/ have reported one FTE where the Waldn
relation, b_ = B .v.Ao, A0 being the Alfven speed, was satisfieo for the components bj and vi of magnetic field
and plasma velocity perpendicular to the main field B0 . It is not known f this is a common property of FTEs, but it
appears that there is now a fairly widespre.d belief that the magnetic field twist in FTEs and its associated flux-tube
aligned current are propagated along the arms of the tube, thought of as having the Russell-Elphic geometry, away
from a source region where the tube crosses the magnetopause. It would seem important to examine the WalEn
-elation in FFE flux tu,-es for a substantial number of e .-nts to see whether the finding by Saunders ct al. has
general validity. However, as is evident from the example in section 5 (and as stressed by Farrugia et al. /301),
approximate satisfaction of the Waln relation is not an unambiguous indicator of an Alfv~n wave propagation in the
FTE tube. It could simply indicate that a ., eHoffmann-Teller frame exists in which the flow is field aligned, with
speed equal to, or near the Alfvdn speed. Here we point out that the twist-AIf'vin wave idea may be in conflict with
well documented observations /7/ of a substantial increase of total pressure, (p+B 212p), in the interior of FTEs.
This pressure increase is due mainly to the magnetic term. This point is illustrated by considering a flux tube of
circular cross section containing a propagating twist-Alfv~n wave. With the tube axis along z and with the
assumptions d/az = 0 and a/dio = 0 (axial symmetry.), ihe magnetic field and the plasma velocity may be written as B
= ezBz(R)+e0Bb(R) and v = ezvz(R)+eov0(R), respectively. For this configuration, we can show that the
momentum equation for the plasma reduces to a radial force balance of the form

d(p+B 2/2l.o)/dR = p(v 2
0 -B20/ILOp)/R

In the Alfvenic case we have v 2
0 = B2 0olp, the result being that the tot ! nressure P = p+B 2/21,to is constant over

the tube cross section. This result arises because me magnetic hoop stres. 3-'P.ji0R, used by Paschmann et al. /7/to
account for the excess values of P in FTEs. is exactly counrerb. -iced by th,. centrifugal force pv 2 o/R.

On the basis of the above argument, it seems somewhat doubtful" that the FTE field twist is generally the result of
a propagating Alfv~n wave in a flux tube of the Russell-Elphic type. It seems more likely that we are simply dealing
with a flux-tube aligned current as envisaged by Paschmann et al. /7/. We may additionally ask whether the
configuration might be a force-free one. For the cylindrical geometry described above, the force-free condition j-B

0 becomes

d(B 2/2t-io)/dR = - B2130 iR (2)

and the radial force balance, equation (1), reduces to

dp/dR = p v2 6/R (3)

In such a situation the plasma pressure would increase and the magnetic pressure decrease with increasing radius R
lowever, if the Walltn relation holds, the total pressure would still remain constant.

However. one can perhaps not entirely exclude the possibility of a wave-gudc like mode ir" which v:O 2
0 11Op
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7. SUMMARY

In this paper the author has discussed, in a general way, some observational tests that he believes would be of help
in discriminating between a number of existing models of FTEs. The main objecuve has been to determine the local
orientation and speed of an FTE flux tube. It will be difficult to obtain statistical information concerning these
quantities if they ha'e to be determined from time-of-passage measurements from three widely separated spacecraft.
all ,imultaneously located near the magnetopause. For this reason, special emphasis was placed on the possibilit of
finding orientation and speed from a single spacecraft. Although a few such determinations have been reported. the
information available to date is not sufficient to unambiguously select or reject any particular model or models.
Indeed, one should be alert to the possibility that, in reality, more than one type of FTE geometry may occur.

When the four Cluster spacecraft begin to deliver data, a vast new set of possibilities for detailed examination of
FE orientation. structure and dynamics will open up. In the context of determination of the flux-tube orientation.

the method discussed in this paper required the magnetic field to have a constant component along the flux-tube asis
during the FTE traversal. This may be a realistic assumption for distant encounters but, on account of the field-
strength maximum at the center of an FT'E tube, probably not for penetrating ones. When Cluster data become
ivai(able, one may be able to determine the flux-tube orientation by use of the requirement kaeVB = 0 where k, is a
unit vector along the tube axis. This set of three scalar equations has a nontrivial solution only if the determinant of
the matrix 6B,/)x vanishes. The determinant will be readily obtainable from the Cluster data so that this condition
i along with the condition that the matrix have zero trace) can be checked throughout an FTE encounter. If it is 'Aell
,Misfied. many determinations of the flux-tube orientation will be obtained for each event, by solving the equations
k4 .VB = 0 for each individual time of measurement.

One important current question in FTE research concerns the significance of observed streaming magnerospherc-
like energetic particles in magnetosheath FTEs /32,33/. Do such observations provide unambiguous evidence for
magnetic connection across the magnetopause, as has been generally assumed, or could they be accounted for in
terms of particle leakage across the magnetopause without the presence of magnetic connection /34/0 Since a clear
and generally accepted answer to this question does not seem to be available at present, continued detailed studies ot
the energetic-particle signatures in FTEs are of extreme importance.

Finally, a comment should be made about numerical simulations of FTEs. In order for these simulations to be
maximally helpful, they should be used to generate artificial data that represent the measurements made by one or
more "spacecraft" passing through the FTE structure. Comparison of such artificial data with real observations
should prove most illuminating.

ACKNOWLEDGMENT

The research was supported by the Air Force Geophysics Laboratory under contract F19628-87-K-0026. by the
National Science Foundation, Atmospheric Sciences Division, under grants ATM-8507192 and ATM-8807645. and
by the National Aeronautics and Space Administration under grant NAGW- 1169 to Dartmouth College.

REFERENCES

1. C. T. Russell and R. C. Elphic, Initial ISEE magnetometer results: magnetopause observations, Space Sci. Rev.
12, 681 1 1978)

2. C. T. Russell and R. C. Elphic. ISEE observations of flux transfer events at the dayside magnetopause,
Geophy. Res, Lett t. 33 (1979)

3, R. C. Elphic and C. T. Russell, ISEE-1 and -2 observations of the magnetopause, in: Magnetospherie Bnundarv
Layers ed. B. Batmck. ESA SP-148, Noordwijk, Netherlands 1979, p. 5 1.

4. 1. Papamastorakis, G. Paschmann, W. Baumjohann, B. U. 0. Sonnerup, and H. Luhr. Orientation, motion and
other properties of FTE structures on September 4, 1984, 1.Geophvs. Res. to be submitted (1988)

5. M. A. Saunders, C. T. Russell, and N. Sckopke, Flux transfer events: scale size and interior structure.
Geophs Res Lett. 11, 131 (1984)

6 M. A. Saunders, C. T. Russell, and N. Sckopke. A dual-satellite study of the spatial properties of FTEs.. in:
Magnetic Reconnection in Space and Laboratory Plasmas, ed. E. W. Hones, Jr.. Geophys. Monogr. Ser. 30.
Am. Geophys. Union, Washington, DC 1984, p. 145.

7 G Paschmann, G. Haerendel, 1. Papamastorakis. and N. Sckopke, Plasma and magnetic field characteristics of
magnetic flux transfer events. 1. Geophvs. Res. K, 2159 (1982)

8 S. W. H. Cowley, The causes of convection in the Earth's magnetosphere. Rev, Geophys. Space Phys. 20, 531
(1982)

1) C. T. Russell. J. Berchem, and J. G. Luhmann, On the source regions of flux transfer events. Adv. Space Res,
5. 363 (19R5)

10. J. D. Scudder, K. W. Ogilvie, and C. T. Russell. The relation of flux transfer events to magnetic reconnection.
in: Magnetic Reconnection in Space and Laboratory Plasmas, ed. E. W. Hones, Jr., Geophys, Monogr Ser
30, Am. Geophys. Union, Washington. DC 1984. p 153.

207



0 C-2B t. () 5 )flferup

11. B. U. 6. Nonnerup. On the stress balance in flux transfer events, J. Geopi. Res. 22, 8613 (1987)

12, T. Sato, T. Shimada. MI. Tanaka, T. Hayashi, and K. Watanabc, Formation of field-twisting flux tubes ott the
magnetopause and solar wind partcle entry into the magrietosphere, Geophvs. Res. Let 2.1 801 (1986)

13. L. C. Lee, and Z. F. Fu. A theory of magnetic flux transfer at the Earth's magnetopause. Geophvs. Res, Lett,
jl, 105 (1985)

1 -1. Z. F. Fu. and L. C. Lee. Simulation of multiple X-line reconnection at the dayside magnetopause. Geophys
Res, L,1), 291 (1985)

15i. Y. Shi. C. C. Wu. and L. C. Lee. A study of multiple X line reconnection at the dayside magnetopause.
Geophys. Res. Lett 1_5. 295 (1988)

1 t). Nt. Scholer. Magnetic flux transfera.4 the magnetopaLISe based on single X line bursty reconnection, Oophys.
Re.LtU 291 (1988)

17. M. Scholer, Strong core magnetic fields in magnetopause flux transfer events. Geophys. Res. Lett 2., 748
(1988)

18. D. J. Southwood, C. J. Farrugia, and M. A. Saunders. What are flux transfer events?. Planet. Space Sci. 2.t.
503 (1988)

19. H. K. Biernac, M. F. Heyn. and V. S. Semenov. Unsteady Pe-,sziek reconnection. J. Gepy.Rs 2 3392
(1987)

20. C. J. Owen, and S. W. H. Cowley. Simple models of time-dependent reconnection in a collision-free plasma
with an application to substorms, in the geomagnetic tail, Pet,~ Spae ci 3.1, 451 (1987)

21. A. N. Wright, The evolution of an isolated reconnected flux tube. Plant.LSpace..c 25, 813 (1987)

22. J. LaBelle, R. A. Treumann. G. Hacrendel, 0. H. Bauer. G. Paschmann, W. Baumjohann, H. LUhr, R. R.
Anderson, H. C. Koons. and R. H. Holzworth, AMPTE IRM observations of waves associated with flux
transfer events in the magnetosphere. J.Gohy.Rs 22, 5827 (1987)

23. R. P. Rijnbeek, C. J. Farrugia. D. J. Southwood, M. W. Dunlop, W. A. C. Mier-Jedrzejowicz. C. P.
Chaloner. D. S. Hall, and M. F. Smith. A magnetic boundary signature within flux transfer events. Planet,.
Spc c.U 871 (1987)

24. C. J. Farrugia, R. P. Rijnbeek, M. A. Saunders, D. J. Southwood, D. 1. Rogers, M. F. Smith. C. P.
Chaloner. D. S. Hail, P. I. Christiansen, and L. I Wooliscroft. A multi -instr-ument study of flux transfer event
structure, .L cps ResR !a, in press (1988)

25. Z. X. Liu, and Y. D. Hu, Local magnetic reconnection caused by vortices in the flow field. Geophys. Res. Lett.
2., 752 (1988)

26. A. L. Labelle-Hamer, Z. F. Fu, and L. C. Lee, A mechanism for patchy reconnection at the dayside
magnetopause, Geophys. Res, Lett. .LU 152 (1988)

27. R. C. Elphic, and D. J. Southwood, Simultaneous measurements of the magnetopause and flux transfer events
at widely separated sites by AMFTE UKS and ISEE 1 and 2, 1. Geohys Res,~ 22, 13,666 (1987)

28. B. U. 0. Sonnerup. 1. Papamastorakis. G. Paschmann. and H. Luhfr, Magnetopause properties from
AMPTE/IRM observations of the convection electric field: method development, . Geps 2es2.? 12,137
(1987)

29. C. J. Farrugia, D. .1. Southwood, S. W. H. Cowley, and R. P. Rijnbeek, Two-regime flux transfer events.
Plnt pc c-U 737 (1987)

30 C. J. Farrugia, R. C. Elphic. D. J. Southwood, and S. W H. Cowley, Field and flow perturbations outside the
reconnected field line region in flux transfer events: theory, Pliet Spac Sc, 227 (1987)

31 V. M. Vasyliunas, Theoretical models of magnetic field line merging, Revs. Geophys, Space lPhys .L,1130
(1975)

32. M. Scholer. D. Hovestadt, F. M. Ipavich. and G. Gloeckler, Energetic protons, alpha particles and electroits in
magnetic flux transfer events, .Lephs Re, 2169 (1982)

33. T. W. Speiser, and D. J1. Williams. Magnetopause modeling: flux transfer events and magnetosheath quasi-
trapped distributions, 1. hy.Bpzy .Re-82177 (1982)

34. D. G. Sibeck, R. W. McEntire, A. T. Y. Lui. R. E. Lopez. S. M. Krimigis, R. B. Decker, L. J. Zanetti. and T
A. Potemi-a, Energetic magnetosphenic ions at the dayside magnetopause: leakage or merging?, 1.Gohs
&~L 22, 12,097 (1987)

208



Appendix 12

P\ '"\L OF GEOPHYStCAL R Si. \K'CH \ OL L4. . .P.\t.ES - JL) L 1

Orientation, Motion, and Other Properties of Flux
Transfer Event Structures on September 4, 1984
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Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire
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Institut fir Geophysik und Meteorologic, Technische Universitit, Braunscht Federal Republic of Germany

Three flux transfer events (FTEs), observed by the AMPTE/IRM spacecraft in the southern
hemisphere magnetosheath are studied by use of variance analysis of measured magnetic fields, B,
and convection electric fields, E. = -v x B, with the objective of determining the orientation and
motion of the flux tube or magnetopause bulge causing the FTE signature. These FTEs preceded a
series of magnetopause crossings during which the high plasma flow speeds, characteristic of quasi-
steady reconnection, were present. The main results are as follows: (I) For each FTE, a moving
so-called deHoffmann-TeUer (HT) frame of reference can be found, in which the local plasma
velocities are nearly antiparaflel to the local B vectors and have magnitudes in the range 70%-
90% of the local nominal AIvn speed (assuming aU measured ions to be protons). The velocities
of motion, vr, of the HT frames for all tohree events, and for two subsequent magnetopause
crossings, are sufficiently similar so that a single HT frame orders the data in this manner for one
full hour. (2) In the first FTE, the spacecraft appears to have sampled fields and flow around
a moving tube or elongated magnetopause bulge. The tube orientation and motion (given by
the component of v-r perpendicular to the tube axis) could be determined along with impact
parameter (f = 1.4a), tube diameter (24 = 8000 kn), and, with reasonable assumptions, tube
length (L > 20,000 kIn). The tube was found to move southward past the spacecraft, consistent
with the observed negative-positive signature in the component of B along the magnetopause
normal. The ambient magnetosheath plasma moved in the opposite direction. (3) For the second
and third FTEs, which were close encounters (t/a < 1), the tube orientation and therefore its
motion could not be reliably determined. (4) On the whole, the observations are consistent
with ongoing magnetopause reconnection wita a time-modulated reconnection rate that leads to

repeated ejection of bulges in the magnetopause from the reconnection site.

1. INTRODUCTION and Elphic, 1978], the idea of sporadic and patchy magnetic

The phrase "flux transfer event," or FTE for short, is connection across the magnetopause has gained wide accep-
near the tance and forms an integral part of a conceptual picture ofcommonly used to refer to a set of observations, nezte the solar wind-magnetosphere interaction that is sha~red by

magnetopause, of a bipolar pulse in the magnetic-field com-

ponent normal to the magnetopause [Russell and Elphic, many workers in mgnetospheric physics. In this picture,

associated characteristic signatures in the time FTEs represent a time-dependent, perhaps patchy form of
1979]s and emagnetic field reconnection which may be the dominant
records of measured plasma and energetic particle proper- mechanism whereby the cross-magnetospheric potential is
ties [e.g., Paschmann et at., 1982; Scholer et l, 1982]. The generated and magnetic flux is transferred from closed field
use of this phrae in the literature should not be construed lines in the magnetospheric front lobe to open field lines that
to mens that, for each observed event, an unambiguous are deposited in the geomagnetic tail.
demonstration has been made, or can be made, that mag- A number of geometrical and quantitative models have
netic connection ws present between the magnetosheath been proposed to account for FTEs [Russell and Elphic,
and the magnetosphere, i.e., that in some loc a region mag- 1978; 1979; Lee and F6, 1985; Sonnerup, 1987; Scholer,
netic flux crosed the magnetopause. Rather, the term FTE 1988a, b; Southwood et aL, 1988; LaBelle.Hamer et al., 1988;
has become a generly accepted a ud convenient name for an Liu and Hu, 1988]. Although a fairly large number of obser-
observational syndrome that merits study in its own right, vational studies of individual events has been undertaken,
regardlesa of whether the name is an appropriate one or not. teei ocnessa rsn st hc fteemd

Since the discovery of FTEs about 10 years ago [Russell there is no consensus at present as to which of these mod-
els, if any, provides an acceptable explanation for the ob-

ase at Physics Department, University of Crete, and Re- served features of FTEs. In our view, there is a need to
search Center of Crete, Heraklion, Greece. establish, directly from the observations, certain basic ge-

ometrical and kinematic properties of FTEs before an in-
Copyright 1989 by the American Geophysica Union. formed choice between models can be made. The present

Paper number 89JA00198. paper represents a step in that direction. As a vehicle for
0148-O227/89/89JA-W00198505.00 the study, we use three FTEs in the mgnetosheath which
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-receded the quasi-steady reconnection events observed by deHoffmann-Teler frame, vmr, and the test of the VaJen
.he AMPTE/IRM spacecraft on September 4, 1984. On this relation. Section 4 contains discussion and interpretation

nbound pass of the spacecraft, the basic signatures of re- of the results in terms of various proposed FTE models A

-onnection, principally the appearance of high-speed flows, summary of our main conclusions is given in section 5.

were observed [Paschmann et al., 1986] during each of three
magnetopause traversals that occurred within a time span 2. DATA PRESENTATION
f about 30 mn. The second of these crossings has been an-

alyzed in considerable detail by Sonnerup et al. [1987], who An overview of data gathered during the September 4.
made use of convection electric fields, E. = -v x B, cal- 1984, inbound pass of AMPTE/IRM through the magne-

culated from measured plasma velocities, v, and magnetic topause region may be found in Paschmann et al. [1986],
fields, B, to determine the magnetopause orientation, nor- along with a brief description of the plasma and magnetic
mal speed, and acceleration, and to confirm the validity of field insorumentation and the data reduction procedures
the WaI1n relation in the magnetopause current sheet, As The FTE and magnetopause encounters occurred on the af-
part of this activity, it was shown that a moving so-called ternoon side of the magnetosphere at about 1540 LT, a,.4
deHoffmann-Te~ler (HT) frame of reference could be found in the southern hemisphere, at -1.2* GSE, -25" GSM iat-
in which the plasma flow was nearly antiparallel to the mag- itude, and at a geocentric distance of about 8.5 Re. A de-
netic field and in which therefore the convection electric field tailed plot of relevant plasma and magnetic field data for the
was nearly zero. A convenient methodology for finding the time period 1400-1440 UT is shown in Figure 1. Three FTEs
velocity, vHT,, and acceleration, am7., of this frame was de- are identified in the diagram, although it appears plausible
veloped. that several additional small events may have occurred. The

In the present article, we show that the study of convec- first of these events has the classical bipolar signature in the
tion electric fields provides important insights into the prop- normal magnetic field component, here expressed in terms
erties of some FTEs as well. In particular, we find that, for of the elevation angle, As, of the magnetic field relative to a
each of the three events on September 4, 1984, that form the suitable magnetopause tangential surface. The angle Ae is
object of our study, a good deHoffmann-Teller frame exists. zero when the field lies in that surface and is +90" when it is
Furthermore, we find that the Walin relation, which in this directed along the outward-pointing magnetopause normal,
frame has its fundamental form, requiring the field-aligned N. The azimuth angle vs is 0' and +90" when the field
flow to be Alfvinic, i.e., v - VHT = +VA, VA being the local lies in the first or fourth quadrant of the LN plane and the
Alfvin velocity, is approximately, but not exactly, satisfied MN plane, respectively, of the standard boundary-normal
in these FTEs. (In other frames of reference, the Walin coordinate system, LMN, introduced by Russell and El-
relation is usually written in terms of velocity differences: phic 11979]. The negative-positive bipolar signature, seen in
AV = ±AvA.) These two results have important implica- Figure 1 for FTE 1, is characteristic of the southern hemi-
tions for the kind of geometrical and physical models that sphere. The second and third events have more complicated
may account for the observations, negative-positive-negative X, signatures. The total pres-

Further observational information may be obtained in the sure, P = p + B2 / 2po, rises somewhat in the middle of each
case of models that invoke an elongated flux tube or elon- event, mainly on account of an increase in the magnetic pres-
gated bulge in the magnetopause to account for the char- sure. The plasma density remains nearly constant through-
acteristic FTE signature. If the axis of elongation can be out the first FTE for which also the magnetic and other
determined, then the component of the defloffmann-Teller signatures are relatively weak. For the other two events,
velocity perpendicular to the axis represents the motion of the density shows several minima within the main struc-
the FTE tube or bulge normal to itself. This velocity corn- ture. Large increases in plasma velocity and in the flux of
ponent may be used, together with the event duration, to energetic ions are present in the centers of these two events.
estimate the bulge diameter. Furthermore, by comparison The first FTE appears to have the basic properties ex-
with the corresponding component of the ambient plasma pected in a distant encounter with an FTE tube or bulge
velocity, one can decide whether the FTE tube is convected where the main observable effects are associated with the
with the ambient plasma or moves relative to it. However, draping of magnetic field around the tube or bulge, and as-
determination of the orientation of a flux tube is not a sim- sociated flow deflections, somewhat in the manner described
pIe matter and may usually not be possible from single by Farrugia et al. (1987]. The second and third FTEs have
spacecraft measurements. An exception is the case where complicated and not entirely typical signatures, which nev-
the magnetic field component parallel to the tube axis re- ertheless indicate that the spacecraft may have penetrated
mains constant throughout the event. In that case, the tube the tube or bulge and sampled its complex internal struc-
orientation corresponds to the minimum-vaxiance direction ture. While the signatures of the first event could perhaps
of the magnetic field, a fact that has been used recently by have been caused by a ripple on the magnetopause, travel-
Elphic and Southwood [1987] in order to estimate a total of ling past the spacecraft, rather than by a moving flux tube or
13 FTE tube orientations. This method will be used here bulge, detailed structural features, as well as the appearance
also. of high-speed flows in the second and third event, would not

The paper is organized as follows. In section 2 we present readily fit such an interpretation.
the basic observed features of the three FTEs in terms of The magnetopause normal used in Figure 1 and later fig-
the temporal variations of magnetic field, plasma velocity, ures was obtained in two steps. First we constructed a nor-
plasma density and pressure, and energetic particle den- mal from the cross product of v and B, averaged over an
sity. In section 3, the results of minimum variance anal- adjacent quiet magnetosheath interval (1422-1426 UT). as-
ysis of magnetic field and convection electric field are pre- suming that v and B are (nearly) tangential to the mag-
sented along with the determination of the velocity of the netopause. This normal, however, produced slight asym-
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AMPTE/IRM 4 SEP 1984
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Fig. 1. Overview of measurements during three flux transfer events on September 4, 1984.
The AMPTE/IRM spacecraft was in the magnetosheath during the time interval shown, 1400-
1440 UT. Starting at the top of the figure, the quantities shown are magnetic-field magnitude,
B (nT); measured ion number density, Np(cm- 3 ); magnetic-field azimuth and elevation angles,
wj* and A, in LMN system (see text); number density of energetic ions (40 > Ep > 9 kV)
and electrons (30 > R. > 1.8 kV), N 2p and 100. N2.(cm- 3 ); plasma bulk speed Vp(km/s); total
pressure P, = P = p+ B 2 /2po, magnetic pressure, PB = B 2 /2p.,, and plasma pressure Pp1 = p
(all in nPa). The quantities n., ny and n, represent the GSE components of the magnetopause
normal vector used (see text).

metries in the bipolar A, signature To remove this asym- According to that procedure, Vmr is determined by mini-
metry, we rotated the normal by 4" around the M axis. mization of the quantity
The resulting normal vector has the GSE components given
in Figure 1 and agrees rather well with the Fairfield [1971] N

normal (n. = 0.843, n, = 0.538, n. = -0.018). On the D = N Z I(v' - VYsr) x B'l
other hand, there is an 11' discrepancy with the normal de- rn1

termined by Sonnerup et al. [1987] for the magnetopause
crossing at 1500:42 UT. Deviations of this size or more are where the superscript m denotes the N individual data

not surprising in light of the likely presence of large scale points used in the analysis. The relative residual, DID.,

undulations of the magnetopause. They are not in any way is the value of D for the optimal value of VHr divided by its

critical for the analysis to follow, value for v.r = 0. This residual serves as a measure of the
quality of the fit.

3. DATA ANALYSIS The acceleration of the HT frame is also determined, as
discussed by Sonnerup et al., but is found to be relatively

The data from each of the three FTEs will be treated small for the events under study. For this reason, accelera-
in an identical manner. Minimum variance analysis will be tion effects are not incorporated in the results given here.
performed on the magnetic field data as well as on the con- The next step in the analysis procedure is to perform
vection electric-field data, E. = -v x B, obtained from the minimum-variance analysis on what we refer to as the
measured 3D velocities and magnetic fields once every 4.3 deHoffmann-Teller electric field, ENT = -vsr x B, and
s. As we shall see, the results of the latter analysis usually to examine the correlation between the components of E.
indicates whether or not a good deHoffmann-Teller (HT) and the corresponding components of EHr. Finally, the re-
frame exists. The velocity, vmr, of this frame relative to the - lationship between the velocity components measured in the
spacecraft frame is determined by use of the least squares deHoffmann-Teiler frame (in which v' = v - v.r) and the
procedure described in section 2.4 of Sonnerup et al. 1987]. corresponding components of the Alfvin velocity is exam-
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AMPTE / IRM 84-09-04 14:04:08-14:0618 UT

- MIN V ANCE AVERAGES }

-25 5tN VALUES
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-1 EiGEN VECTORS -
0.5116 0.21551 0.8105

-2 0o.6868 -0 7C25 -0.1864 -

Fig. 2. Hodolgram representation of the magnetic field for ETE 1. Average field components,
8i, 89, and B, (in nT) along the maximum variance, intermediate variance, and minimum
variance axes (eigenvectors), is, Ji, and ka, have been subtracted from the measured field. The
corresponding variances (eigenvalues), A.9, X,s, and AX8 (in (nT)2 ) are given in the figure along
with the eigenvectors, is (first row), jB (second row), and ks (third row), in the GSE coordinate
system.

ined with the objective of testing to what extent the Walin well as the occurrence of a maximum in the field magnitude
relation, v - V11 = ±VA, is satisfied. near the center of the event.

Hodograms representing the convection electric field,

3.1. FTE I E. = -v x B , in the eigenvector system (i,j, k) of the cor-
responding variance matrix are shown in Figure 3a. The

The results of the minimum-variance analysis of the mag- most striking feature in these diagrams is the existence of
netic field for the data interval 1404:08-1406:18 UT are an extremely well defined minimum-variance direction, k.
shown in Figure 2 in the usual hodogram form, where the The ratio of intermediate variance to minimum variance,
maximum, intermediate, and minimum variance directions A,/A&. = 6.4/0.04, is very large and the electric-field compo-
are denoted by is, jB, and ke, respectively, the correspond- nent along k, as well as the fluctuations in that component,
ing variances being As,A18 , and 4ksn. Note that the average are both extremely small. These features provide an indica-
field components along the three axes have been subtracted tion that an excellent deHoffmann-Teiler frame should exist
in the hodogrms. It is seen from the large value of the for this data set and that the transformation velocity VHT
ratio A ,/A#B = 58.4/3.4, as well as from the relatively un- to this frame should be closely aligned with the k vector.
systematic nature of the variations in the field component As mentioned above, we have determined this transforma-
B, (shown in the hodogram on the right), that a fairly re- tion velocity by finding the best least squares fit between E,
liable minimum-variance direction, k9, is at hand. In the and Ei M -vMt x B, the result being v'r = (-218, 313,
next section, this direction will be used as a predictor of 8) km/s with a relative residual DID. = 0.010. Here, and in
the axis of the flux tube or bulge causing the magnetic field the remainder of the paper, all vector components are given
deflection. The major component of the magnetic field, - in the GSE coordinate system, XYZ. The direction of this
95 nT, is along ka. The hodogram on the left in Figure 2 VHT vector deviates from the -k direction by only 2*. The
shows the behavior of the magnetic-field components B, and electric field EM? is the field that would be present in the
B, in the plane perpendicular to ke (the average values of spacecraft frame if a perfect deHoffmann-Teler frame had
these components are -34 nT and -44.5 nT, respectively). In existed. Thus, EM. can be thought of as a predictor of the
this plane, we have also shown the approximate orientation field E.. The results of minimum-variance analysis on Em?
of the vector, N, normal to the magnetopause. The looped are shown in Figure 3b. It is seen that a striking similarity
hodogram trace is then seen to represent the presence of a does in fact exist between hodogramns representing the fields
negative normal magnetic field component, B4, in the first E.-and Em-. Note that the VM? vector also happens to
half and a positive Bm in the second half of the event, as be nearly aligned with ki, the angle between the two being

212



8856 PAPAMASTORAKIS £T AL.: OBSERVED POPEIlT1ES OF FTES

AMPTE Rm 84-09-04 14-08-1-06:18 UT
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Fig. 3. Hodogram representation of (a) convection electric field, 3. = -v X B, and (b)
deHoffnann-TeUer (HT) electric field, E3- = -vnr x B (both in mV/m), for FTE i. The
transformation velocity Vif has (SE components (-218,313,S) km/s. Same format as in Figure
2, except that average values of the field components have not been subtracted. The similarity
between the E. and Emr hodogprsa indicats that a good HT frame exists. Note that in 34 the
right-hand hodopram tram has En-r • k a 0.
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84-09-04 14 04 08- t -1 f6 18 regression line shown has been constrained to pass through
32 - the origin but it is evideRt that the data are consistent with

this behavior. This result requires not only that the %ectors

V - VHT are nearly aligned with the vectors B but, addi-
tionally, that the magnitudes cf the two vectors are propor-

:6 - -. tional, with a fixed constant of proportionality, throughout

the event. Second, the data are seen to Ie clustered in two
groups; the ordinary correlation coefficient is misleading in
such circumstances and is therefore not given in the figure.

- The reason for the clustering is that, in the coordinate svs-
./ tern used, none of the three velocity components is neaz

zero. Third, the negative slope of the correlation line shown
S/in the figure indicates that, in the deHoffmann-Teller frame,

the flow is antiparallel to the magnetic field. This .5 also
the flow direction expected and observed in quasisteady re-

- connection events south of the reconnection ine and it is,
.....2, indeed, the flow direction found in the magnetopause en-

-32 -16 3 16 32 counters on this pass discussed by Poschmann et al. [19861
1 HT In r ,.'n and Sonnerup et al. [1987]. The fourth point to be made is

Fig. 4. Relationship between the three GSE components of the that the slope of the regression line is -0.816, i.e., its mag-
convection electric field, E, = -v x B, and the correspond- nitude is somewhat less than the value of unity required by
ing components of the deHoffmann-Teller electric field, ENT = the nominal Walin relation. Perfect agreement with that
-vMT x B for FTE 1. The solid line shown passes through the relation could be achieved by assuming the presence of %
origin and has unit slope: it represents the ideal relationship.
The actual regression line, constrained to pass through the ori- alphas and 2% oxygen ions (by number). Alternatively, the
gin, and based on orthogonal distances, has slope = 1.045 ± 0.011 actual situation may have been that the plasma contained
and correlation coefficient = 0.990. only lesser amounts of heavy ions and that the field-aligned

flow speed was somewhat less than the actual Alfvin speed.

only 13*, so that the (ij) plane in Figure 3 is tilted relative 3.2. FTE 2
to the isji plane in Figure 2 by only 13". It is then clear
that there exists a simple explanation for the loop-shaped The results of the analysis of this event are presented in
electric hodogram in the (ij) plane: we have EHr, = vHtrBJ Figures 6-9, in the same format as before. The data interval
and EHTI = -VHwTB, indicating that the electric field loop used is 1412:22-1417:00 UT. As is seen in Figure 6, the
is a simple (but somewhat distorted) image of the magnetic magnetic structure in this case is complicated; in particular,
loop on the left in Figure 2. In general, the E,E, hodogram the minimum-variance direction k5 should be considered a
of EmT represents the behavior of the component of B per- far less reliable predictor of the flux-tube axis than in the

pendicular to vmr. The new information it contains, beyond previous event.
that provided by the B hodograms, consists of the direction
and magnitude of the transformation velocity VHr. 84-09-04 14.04.08- 14 06 18

The relationship between the three components of E. and 400

the corresponding components of EHr is shown in a scatter
plot in Figure 4. It is seen that the data points are gathered
in a narrow band around the ideal 45 line. This remarkably
accurate agreement of ENr with E. constitutes one of our200
main experimental results. It will be discussed further in E
section 4.

The relationship between the components of the plasma 0
velocity, (v - VHT), in the deHoffmnn-Teller frame, and
the corresponding components of a nominal Alfvdn velocity, >
VA. = B(I - ar)'1 2 (onmp) 1 1 2 , is shown in Figure 5. Note
that in calculating VA. we have used the individual mea- >

sured B vectors but average values of measured pressure
anisotropy, a = (pl - p,)*./B2 , and of measured number
density, n, during the event and that we have assumed all
particles to be protons (mass = rn,). Thus the diagram -400 1

shows the relationship between (v -vmr) and B, the latter -400 -200 0 200 400

expressed as a nominal Alfvin velocity, rather than between VA. n km/s
(v - vF) and the local value of VA as required in the true Fig. S. Test of noninalWah.nrelatlon, v-vHT = *VA. for FTE
local Waldn relation. However, for FTE 1 the difference be- 1. Nominal Alfvin velocities, vA., ar calculated from measured
tween the nominal and the true Walin relation is very small. local magnetic fields, using average values of ressure anisotropy,

Four items should be noted in Figure . First, an ex- -0.09, and number density, fn = 68 cm- , during the event,
and assuming all measured ions to be protons. The regression linecellent linear relationship exists between the components of passing through the origin &ad based on orthogonal distances has

(v - vHr) and the corresponding components of VA.. The slope = -0.816 10.007.
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Fig. 6. Hodogram representation of magnetic field for FTE 2. Same format as in Figure 2.

In spite of the complicated magnetic structure, the E= very small variance in the k direction although the aver-
hodogram on the right in Figure 7a shows a nearly van- age E, component does not vanish, as was nearly the case
ishing k component of the field, with a small variance, an in FTEs 1 and 2. Nevertheless, a fairly good deHoffmaan
indication that a good deHoffmann-Teller frame may again Teller frame appears to exist, moving with velocity VKT =
exist. The velocity of this frame is found to be VHT = (-206, 285, -2) kn/s (relative residual DID. = 0.041). Note
(-226, 321, -14) km/s, which is rather similar to the re- that this VHT is similar to the corresponding velocities for
suit for the first event, except that the relative residual, FTEs 1 and 2. The results of minimum-variance analysis on
DID. = 0.033, is larger. Results of the minimum-variance EHT = -VHT x B are shown in Figure llb which exhibits
analysis on EHT = -VHT x B are shown in Figure 7b. Com- substantial similarities to the E. data in Figure 1 Ia. The
parison of the left-hand hodogram in Figure 7b to that in correlation between the two sets of electric-field components
Figure 7a gives a visual impression of the correlation be- remains good as illustrated in Figure 12. Finally, the nom-
tween E, and EHT (the relationship of the former to the inal Walin correlation for this event is shown in Figure 13.
left-hand B hodogran in Figure 6 is also evident). The The scatter in the data is substantial- but, as in the previ-
scatter plot of the components of these two fields is shown in ous two cases, a regression line through the origin provides
Figure 8. Again, the data points are well clustered around a good fit. The slope of this line, -0.729, indicates that a
the ideal 45" line although the scatter is somewhat larger significant number of heavier ions (e.g., 5% oxygen) would
than for FTE 1. have to have been present in order for the nominal Walin

The nominal Walin correlation for FTE 2 is shown in relation to be satisfied. Alternatively, and more likely, the
Figure 9. The data points are seen to cluster around a re- field-aligned flow speed may in fact have been less than the
gression line of slope -0.860 through the origin, a result that nominal Alfvin speed.
is quantitatively consistent with the nominal Walin relation
only if one assumes, as for FTE I, a small amount of heavier 3.4. General Comments
ion:l in the plasma. In our view, it is more likely that thefow speed in the HT frame was in fact somewhat less than In studying the Walin relation, we have also tried to useflowsped i th HTfrae ws infac soewht lss han the actual local Alfvhn speed, based on individual measured,
the nominal Alfvn speed (which is again based on average the ta loca A lses o n ivd measure ,density and pressure anisotropy during the event), rather than average, values for the pressure anisotropy, ar,

and number density, n, but retaining the assumption that

3.3. FTE 3 all measured particles were protons. For FTE 1, in which
the measured number density was nearly constant through-

This event is presented in Figures 10-13, in the same for- out the event, the resulting correlation differs little from the
mat as before. The data interval used is 1430:01-1434:09 one shown in Figure 5, but for FTE 2 and, in particular,
UT. As can be seen from Figure 10, the magnetic field struc- FTE 3 the scatter in the data increases substantially. This
ture is again complicated and is quite different from that effect is caused by the large fluctuations in n, evident in Fig-
seen in FTE 2. As in that case, the ke vector should be ure 1. The improved correlation, when a constant number
considered a rather unreliable predictor of the flux-tube axis, density is used, indicates that, rather than the proportion-
The E. hodogram on the right in Figure la again shows ality between v - vHT and vA predicted by the true local
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Fig. 7. Hodogiram representation of (a) convection electric field, E., and (b) deHoffmann-Teller
electric field, ZE, for FTE 2. Same format as in Figure 3. The transformation velocity vrT has
GSE components (-226,321,-14) kmu/s.

Walin relation, a linear relationship between v - vi. and number density was low so that B and vA were directly pro-
B was a fundamental property of these FTEs. However, one portional. In this latter context, we have noted that the data
cannot exclude the possibility that there may have been an scatter in the Wal6n diagrami decreaes slightly in all three

anticorrelation between number density and effective parti- _ events, below what is shown in Figures 5, 9, and 13, if the
cle mass with a higher proportion of heavy ions where the nominal Alfvin velocity, vA. is replaced by B(I - a), using
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local measured values of the pressure anisotropy. As pointed e4 -09-04 14 12 27 - I .
out in Paschmonn et al. [1986], the combination B(1 - a) 32

arises directly from the tangential stress balance across a
one-dimensional discontinuity. Furthermore, in a thick rota- 7

tional discontinuity the relationship p(l - a) = coLIst holds ' ;
so that, by elimination of p, the instantaneous Alfv~n ve- 6

locity v = B(1 _ or) 1 12 ( )-112 is directly proportional
to B(I - a). For this reason, B(I - a) is an appropriate
variable to use in testing the Waldn relation in the magne-"
topause itself. As pointed out by Paschmann et al. [1986], -

it has the advantage over VA itself of being far less prone
to uncertainties caused by the presence of heavy ions in the
plasma. However, it is not clear whether its use is justified -16
for FTEs since they are not one dimensional structures.

A second general comment concerns the existence of L

deHoffmann-Teller frames for each of the three events. We
have already noted that the velocities, vH?, obtained for _
these events are rather similar. They also do not deviate -32 -16

much from the VHT, obtained by Sonnerup et al. [1987] EH- in mV, ni
for the second magnetopause crossing, at 1501 UT, on this Fig. 8. Relationship of components of E and EHT for FTE 2.
pass. Thus it is natural to ask whether an acceptable com- Actual regression line through the origin has slope 1.016:E 0.015
mon deHoffmann-Teller transformation velocity vqr can be and correlation coefficient = 0.971.

found for the entire pass. We have used our least-squares
procedure to obtain VHT = (-237, 319, -25) km/s (with field loop in the hodogran on the left in Figure 2, we esti-
a relative residual DIDo = 0.071) for the one-hour inter- mate an impact parameter of about 1.4, as shown in Figure
val 1403:02-1502:56 UT. The scatter plot of E. versus EMr 15. However, it is noted that the left-hand hodogram in
and the Walin correlation are shown in Figures 14a and Figure 2 does not have the precise shape of a cardioid, in-
14b. The correlation in both diagrams is impressive, given dicating that the actual flux tube or bulge over which the
the long data interval used. In the former figure, the cor- measured magnetic field is draped does not have a semicir-
relation coefficient is 0.960; in the latter it is 0.968 with a cular cross section or, more realistically, the cross section
regression line slope of -0.866. Some data clustering of the associated with any of the field-line surfaces draped over a
type evident in Figures 5, 9, and 13 is present in Figure semicircular object. Other cross sections, and correspond-
14b also. However, the spread in the points is now sufficient ing hodogram traces, can be generated in a straightforward
to make the correlation coefficient a useful indicator of the manner by use of potential theory. For example, it is easy
quality of the fit. This result is similar to that reported by to show that a circular hodogram shape is obtained if the
Aggson et al. [1983] for a 15-minu period of ISEE 1 magne- two-dimensional dipole used to produce the circular cylinder
tosheath/magnetosphere data. is replaced by a line current.

4. DATA INTERPRETATION The actual measured magnetic field vectors are also shown4.D1. FTE i in two projections in Figure 15. It is clear from this figure

As is evident from Figure 2, the magnetic field in the 84-09-04 14:12.27-14 16 56
first FTE exhibits rather well organized behavior. For this 400

reason we start with the interpretation of this event. It
is first noted that the magnetic field and flow behave in a
manner that is in substantial qualitative agreement with a
simple model of magnetic field draping over, and steady field ) 2oo
aligned flow past a flux tube of semicircular cross section,
proposed by Farrugia et al. [1987], and shown qualitatively .x
in Figure 15. The key assumptions used by those authors is C
that of a current-free magnetic field and an associated irro- 0
tational, field-aligned, incompressible flow, v = CB, where
C is a constant. In this model, the component of B (and >

of v) along the cylinder axis remains constant. Thus, the
variance in this field component is zero; for this reason, we > -200

tentatively identify the minimum-variance direction, ka, for
the magnetic field with the flux-tube axis. The shape of the
magnetic-field hodogram in a plane perpendicular to this
axis, i.e., the (i9,j9) plane in Figure 2, predicted by the -4o0 -200 0 . , 0 400
Farrugia et al. model can be shown to be that of a "car- VA in km/s
dioid," with its size determined by the 'impact parameter,"
t/a, a being the cylinder radius and I the distance of the Fig. 9. Test of nominal Waln relation for FTE 2. Nominal

Alv~n velocities, vA., are based on a = -0.06 and At = 64spacecraft trajectory above the cylinder axis, as shown in cm- . The regression line passing through the origin has slope
the figure. On the basis of this model and the size of the = -0.+60 0.015.
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Fig. 10. Hodogram representation of magnetic field for FTE 3. Same format as in Figure 2.

that the flux tube direction does not coincide with the ambi- would be expected from Bernoulli's equation in irrotational
ent magnetosheath field direction or with the field direction flow. This is perhaps an indication that the external flow
at the center of the event. may have been somewhat rotational, contrary to one of the

A second key assumption in the model by Farrugia et assumptions made in the Farrugia et al. model.
at. (1987] is that a frame of reference exists in which the We turn now to a discussion of the orientation of the
flow is field-aligned. Since we have found an excellent de- flux-tube axis (or, more precisely, the k- vector) and the
Hoffmann Teller frame for this event, this assumption can deHoffmann-Teller velocity vector, vmr, relative to each
be considered experimentally verified. Furthermore, with other and relative to the r- snetospheric and maguetosheath
the assumptions made by Farrugia et al., it follows from the magnetic fields as well as the ambient magnetosheath plasma
equations of motion that the magnitude of the velocity must flow speed. A diagram showing the location of the projec-
be proportional to the magnetic field, with the constant of tions of these vectors in a plane tangential to the magne-
proportionality, C, independent of position and time. This topause (the LM plane) is given in Figure l6a. The vectors
result is verified in Figure 5. are nearly, but not exactly, perpendicular to the chosen mag-

The additional feature in Figure 5, namely that the flow netopause normal vector N. For example, the vectors ke
speed is as high as 82% of the nominal AIfvn speed, is not and VHT form angles of 79.9" and 90.5", respectively, with
predicted by the Farrugia et al. model, in which the flow N. Figure 16a shows that the flux-tube direction does not
speed can be chosen arbitrarily. If the mass composition coincide with either the direction of the net magnetopause
was such that the actual Alfvin speed was only 82% of the current, 1mp, as in the simulations by Fu and Lee [19851 or
nominal values used in Figure 5, then the event can be con- Scholer [1988a], or with the magnetosheath field direction.
sidered to be a nonlinear multidimensional Alfvin wave of Rather the axis falls halfway between these two directions.
the type discussed by Walin [1944]. It is noted that in such It is also seen that the flux tube moves in the southward
a case the total pressure, P = p + B' /2M 0 , should be con- direction with a velocity of about 63 km/s which is the corn-
stant throughout the event. As can be seen in Figure 1, this ponent of vHT perpendicular to ki (the component of v1T

is not the case. The total pressure is higher in the center along the tube axis has no physical significance other than
of the event by about 1.1 nPa. This amounts to 22% of the that of representing the motion of the liT frame along the
dynamic pressure, Qv2 /2, associated with the Alfvin speed tube axis required to make the flow field aligned). On the
at the center of the event, thus providing evidence that the other hand, the ambient magnetosheath plasma flow veloc-
actual flow speed there was about 11% less than the Alfvin ity, v,, has a component perpendicular to the tube axis
speed. This calculation remains somewhat uncertain be- that is directed northeastward and has a magnitude of about
cause the measured plasma pressure also depends to some 45 km/s. Although this flow direction is unusual, given the
extent on the actual mass composition, although much iess location of the event relative to the subsolar point, it could
so than the mass density (Paschmann et al, 1986]. A fur- perhaps be explained in terms of the fast-mode expansion
ther unexplained feature is that the plasma pressure does present in the inflow regions of the Petschek reconnection
not display the minimum at the center of the event that model [ Vosyliunas, 1975] and in the recent simulations by
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Fig. 11. Hodopram representation of (a) convection electric field, E., and (b) .. Hoffmann-TeUer
electric field, H?-, for FTE 3. Same format as in Figure 3. The transformation velocity vH? has
GSE componmts (-206,285, -2) krm/s.

Szholer (1988c]. However, regardless of the explanation for the magnetosheath mapgnetic field perpendicular to the tube
the manetosheath flow direction, an important conclusion axis. Furthermore, %lthough there is some uncertainty con-
from Figure 16o is that the flux tube is not convected with cerning the actual flux-tube orientation, it is clear that the
the ambient flow. Rather, it moves southward relative to axis could not be located south of the VyT vector for then
the magnetosheath plasma with a speed that is about 82% the tube would be moving northward which would yield an
of t.he nominal Alfven speed, based on the component of incorrect BN signature.
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Fig. 12. Relationship of cormponents of E. and EHT for FTE 3.
Actual regressionline through the origin has slope 1.019±0.019 84-09-04 14 03 0- 1'3 02 56
and correlation coefficient = 0.971. 300 1

Motion of FTE flux tubes relative to the ambient magne-
tosheath plasma has been invoked by Daly et al. [1984] in 150

discussing certain anomalous FTEs observed by the ISEE .

spacecraft. However, to our knowledge the case discussed .

here provides the first quantitative experimental determina-
tion, from a single spacecraft, of such relative motion. S 0

Finally, the component of vHr perpendicular to the tube -i
axis, 63 km/s (relative to the spacecraft), can be used to- >

gether with the duration of the event, At = 130 s, to esti- i

mate a distance along the magnetopause of about 8,000 km, > -1,0
which one may expect to be comparable to the diameter of
the flux tube or bulge causing the magnetic and flow deflec-
tions. An FTE tube diameter of the order of 1 R5 has been
reported by Saunders et al. [1984] from ISEE I and 2 obser- -300 I I
vations. Thus the value 8,000 km is reasonable, although it -300 -iso 0 Ir 300

VA in km/'

Fig. 14. (a) Relationship of corresponding components of E.84-09-04 14 30.01 -14.33 56 and EHT for a I hour data interval which inch.des the three
400 , -FTE as well as two magnetopause crossiags. Actual regression

line through the origin has slope 1.038 :h 0.007 and correlation
coefficient = 0.960. (6) Test of nominal Walin relation for the
same interval. Nominal Alfvn velocities, VA., are based on & =

200 L -0.05 and fi = 59 cm - 3 . The regression line passing through
.e the origin has slope = -0.866 ± 0.005, and correlation coefficient
, =0.968.

may be in error by & much as a factor 2, owing to uncertain-

0 1- ties in the flux-tube speed, 63 km/s. These uncertainties are
caused by possible errors in the flux-tube and normal vec-
tor orientations. A characteristic length along the flux-tube

* axis is more difficult to obtain: if the entire flux tube were
> -200 moving along its axis, ke, with speed v0h • k., a plausible

assumption, then the actual tube length would have been at
least lvy. ks] At = 19,800 km.

-400 _ L., i 4.2. FTEs 2 and 3
V- in 1cm/s The vectors ke and viT for these two events are shown

-0 -2 0 0i0n00 42 FTe 1bs 2 etoe aray and aseietfo

Fig. 13. Test of nominal Wain relation for FTE 3. Nominal in Figure 16b. As mentioned already, and as is evident from
Alfv4n velocities, vA., are based on 6 = -0.04 and Ai = 53 Figure 16, the ver vectors are similar for all three events.
cm - . The regression line pasing through the origin has slope They also agree rather well with the VnT vector (-294, 320,

-0.729 + 0.015. -49) kmi/s for the magnetopause crossing at 1501 UT [Son-
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S/C TRAJECTORY

14 0 -I

Fig. 15. Comparison between measured magnetic-field vectors in FTE I and a model by Farrugia
el aL [1987] representing a potential magnetic field outside a diamagnetic semicylinder. An impact
parameter t/a = 1.4 can be deduced from the model.

nerup et al., 1987]. For the k8 vectors, the situation is rather such a flux tube, the vector k8 is in fact perpendicular to
different. As can be seen in Figure 16b, these vectors now lie the tube axis. Axial currents, if present, will influence the
closer to the magnetosheath field direction and well south of Bw signature. In other words, a priori one should not expect
the vmr vectors, thus implying northward flux-tube motion the Farrugia et al. draping model to be fully applicable to
with a speed normal to the flux tube axis comparable to the FTEs 2 and 3.
magnetosheath flow component normal to the tube. In other It should be added that the existence of a good
words, if one believes that the k, vectors represent the ac- deHoffmann-Teller frame and a convincing correlation be-
tual flux-tube axes, then the tubes would be convected more tween the components of (v - VHT) and the corresponding
or less with the magnetopause plasma. For FTE 3, where components of B, with the flow speed amounting to a large
the k5 vector is south of the magnetosheath field vector, the fraction of the nominal Alfvin speed, are important prop-
B,. draping signature would then remain the basic negative- erties of FTEs 2 and 3 that remain valid regardless of the
positive excursion characteristic of th e -othern hemisphere, resolution of the above dilemma. Furthermore, the fact that
but for FTE 2 the B14 signature would be reversed. In real- the flow in the deHoffmann-Teller frame is antiparallel to
ity, both events have an unusual negative-positive-negative the B field, as was the case in FTE 1, indicates that any
Bm signature that is difficult to account for in terms of sim- explanation of the B,, signature that invokes motion of a
ple field-line draping &round a flux tube, unless one assumes, reconnection line past the spacecraft is not viable.
either that the sense of motion of the flux tube reversed it-
self during the event, or that the spacecraft encountered 5. SUMMAtY AND DISCUSSION
flux tubes that were detached from the magnetopause. We
are not able to provide a definite resolution of the dilemma The main observational results of this study can be sum-
posed by the unusual k5 orientations found for FTEs 2 and marized in four points.
3 and the unusual Bp, signatures associated with those two 1. We have shown that for each of the three adjacent
events. However, it should be remembered that for FTEs southern hemisphere magnetosheath FTEs studied here, a
2 and 3 the spacecraft is likely to have penetrated the ac- moving frame of reference (the defloffmann-Teller frame)
tual flux tubes providing magnetic connection between the can be found, in which the plasma fow is aligned, or nearly
magnetosheath and the magnetosphere across the magne- aligned with the magnetic field. For each case, we have ob-
topause. Within such tubes, azimuthal electrical currents taned a reliable value for the velocity, ViT of this frame.
may be present, causing systematic variations in the axial We have also found that a common value of V, -provides a
magnetic field so that the minimum variance direction, ks, good de Hoffman-Teller frame during a full hour of observa-
no longer coincides with the flux tube axis. In the extreme tions including the three FTEs a well as two magnetopause
case of a central encounter (impact parameter = 0) with crossings.
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direction of the net magnetopause current and the ambi-
ent magnetosheath field. The motion of the cylinder per-

pendicular to itself can be determined and is found to be
k 9 southward, in agreement with the observed B signature.

M Furthermore, the cylinder is not convected with the ambi-
ent magnetosheath plasma but moves relative to it with a

9" -.. r. ,, speed that is at least 82% of the Alfvdn speed, based on
as' s "r- the magnetic field component perpendicular to the cylinder

axis. A cylinder diameter of the order of 8,000 km and, with
reasonable assumptions, a cylinder length of not less than
about 20,000 kxm can also be inferred.

4. For the second and third FTE, the observations indi-
cate that the cylinder or bulge causing the event wa pen-
etrated by the spacecraft. The internal structure of these

-a events was complicated and the prediction of cylinder orien-
tation much more uncertain. Taken at face value, the orien-
tations obtained would provide evidence that the tube axis
may have been closer to the direction of the ambient magne-

M - tosheath magnetic field, in which case the FTE flux tube or
bulge would also have been convected approximately with
the magnetosheath plasma flow. The unusual BN signature

\ x . for these two FTEs remains unexplained.
We now discuss these results briefly in the context of

as iseveral different FTE models. An important question is
whether the first event, FTE 1, could have been simply a
bipolar Alfvdn wave pulse, unrelated to reconnection, rather

\, \, than the signature of an FTE flux tube or bulge moving past
the spacecraft in such a way that no penetration but only
distant sensing of field and flow perturbations occurred. We

(b) cannot exclude this possibility completely, although there
is some evidence in the total pressure increase during the

Fig. 16. Plot of flux tube axis (represented by the minimum event to indicate that the flow speed in the deHoffmann
variance direction, k5 , of B), magnetic field vectors, and velocity Teller frame was not the full Alfvin speed. Furthermore,
vectors (relative to the spacecraft) in the magnetopause tangent the similar values Of VHT for the three FTEs and for the
(LM) plane: (a) for FTE 1; (b) for FTEs 2 and 3. The tube axis
is reliably determined for FTE 1 but is uncertain for FTEs 2 and adjoining magnetopause at 1501 UT suggest that they were
3. The magnetic-field vectors Bsheath and Baphere are shown as all part of the same dynamic event. It is then logical to
Aifven speeds (based on average density and pressure anisotropy interpret the first event as a distant encounter with an FTE
in the magnetosheath reference interval, 1403:30-1404:00 UT for tube or bulge and the second and third events as penetrating
PTE 1, and 1417:00- 1430:00 UT for FT1E 2 and 3). Numbers
given in the diagram are in units of km/s. Also shown is the direc- encounters with subsequent tubes moving past the space-

tion of the net magnetopause current, Ip. The vector VjAHT in craft. Furthermore, it is not attractive to interpret FTE I
pa, ]&a represents the magnetosheath flow velocity as observed in terms of distant sensing of a Kelvin-Helmholtz surface
in the deHoffmann-TeUer frame of FTE 1. wave on the magnetopause, because its propagation direc-

tion is then not readily accounted for. Neither would it be
reasonable to interpret FTEs 2 and 3 in terms of radial mag-

2. We have shown that, for each of the three events sepa- netopause motion, causing the spacecraft to become briefly
rately, as well as for the combined FTE magnetopause event, immersed in the magnetopause current layer during ongoing
the velocity components measured in the deHoffmann-Tefler reconnection, because the large BN signatures in these two
frame were proportional to the corresponding magnetic field events would then not be accounted for. Furthermore, the
components, with one and the same constant of proportion- behavior of the other field components is not the same as in
ality for all three components. Furthermore, this constant the subsequent first magnetopause encounter at 1441 UT.
has a large negative value, indicating, not only that the flow At present, the most satisfactory explanation for the three
in this frame was antiparallel to the magnetic field, as ex- FTEs appears to be in terms of models where continually
pected for a southern hemisphere reconnection event, but ongoing reconnection, with periodic and strong time mod-
also that the flow speed was a large fraction (0.73-0.86) of ulation of the reconnection rate, occurs somewhere north
the nominal Alfvin speed. of the observation site and causes large bulges in the mag-

3. For the first FTE we have demonstrated that sub- netopause to travel southward past the spacecraft. Such
stantial agreement exists between the observations and a models have been discussed by Lee and Fu (1985], Biernat
simple model [Farrugia et of., 1987) for irrotational plasma et al. (1987], Scholer (1988a, 6], and Soughuood et al. (1988].
flow along a potential magnetic field that is draped around This type of model fits well with the existence of a com-
a diamagnetic cylinder of circular cross section. An impact mon deHoffmann-TeUer frame for all three FTEs and two
parameter of 1.4 was obtained. For this event, a reason- subsequent magnetopause crossings during which reconnec-
ably reliable estimate of the orientation of the cylinder- has tion signatures were present. The fact that the flow veloci-
been obtained. The cylinder axis falls halfway between the ties in the deHoffmann-Teller frame were antiparallel to the
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magnetic field and had magnitudes approaching the Alfv~in LaBelle-Hamer. A. L., Z. F. Fu. and L. C. Lee. A mrchanism for
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