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Abstract

The magnetic field of the magnetosheath is most naturally discussed

terms of its steady state and its fluctuating components. Theory of the

steady state field is quite well developed and its essential features have

been confirmed by observations. The interplanetary field is convected

through the bow shock where its magnitude is increased and its direction

changed by the minimal amount necessary to preserve the normal component

across the shock. Convection within the magnetosheath usually increases

the magnitude still further near the subsolar point and further distortes

the direction until the field is aligned approximately tangent to the

magnetopause. Fluctuations of the magnetosheath field are very complex,

variable and not well understood. Power spectra of the field typically

vary as 1/f or 1/f2 below and 1/f3 above the proton gyrofrequency. Spectral

peaks are common features which occur at different frequencies at various

times. Transverse waves are often dominant at frequencies; g .002 hz and

compressional waves are often dominant at somewhat higher frequencies.

Perturbation vectors of hydromagnetic waves tend to be aligned with the

shock and magnetopausesurfaces. Magnetosheath waves may be generated

upstream, within the magnetosheath, at the bow shock, or at the magnetopause,

but the relative importance of these sources is not known.
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MAGNETIC FIELDS IN THE MAGNETOSHEATH

I. INTRODUCTION

A tenuous totally ionized plasma continually flowing out from the

sun is known as the solar wind. Due to its high electrical conductivity,

solar magnetic fields are "frozen in" the solar wind and are carried

outward to the orbit of earth and beyond. The magnitized solar wind plasma

which encounters the earth is diverted by the geomagnetic field, confining

the latter to a region known as the magnetosphere. Located upstream from the

magnetosphere is a detached bow shock - a thin boundary,upstream of which

sound and Alfven velocities are not large enough to convey information

to the incoming plasma about the downstream obstacle. The region bounded

by the bow shock on the upstream side and by the outer boundary of the

magnetosphere (the magnetopause) on the downstream side is known as the

magnetosheath. The steady state and time varying properties of the

magnetosheath magnetic field constitute the topic of this review.

Knowledge of the properties of the magnetosheath magnetic

field is important in several respects. First, although the mean

free path for coulomb collisions is of the order of I astronomical

unit in the solar wind at the earth's orbit, continuum

hydromagnetic theory does a remarkably good job of describing the solar

wind - geomagnetic field interaction. Apparently fundamental plasma

processes create a scale length very much smaller than the coulomb mean

free path causing the plasma to behave like a fluid on a much smaller

scale. The magnetic field undoubtedly plays a role in this behavior and

its study promises further insight into these basic plasma processes.

The magnetosheath appears to be a particularly appropriate region to study

such fundamental plasma physics.
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Another incentive for studying the magnetosheath magnetic field

follows from the many correlation studies which have shown that both the

north-south (e.g. Hirshberg and Colburn, 1969), and east-west (e.g.

Svalgaard, 1974) components of the interplanetary field are important

in regulating the dynamical processes in the earth's magnetosphere. The

physical mechanisms producing these correlations are poorly understood

and an improved understanding will require a further investigation of

how a steady state interplanetary field interactswith the magnetosphere.

Convection of the interplanetary field irto the magnetosheath is the first

stage in this process. The magnetosheath field-magnetosphere field

interaction at the magnetopause is the second stage whose detailed understanding

is necessary to explain-the known correlations. A third reason for studying

the magnetosheath field is that some of its fluctuations are generated

at the bow shock and the magnetopause. Understanding these waves should

yield insight into the physical processes taking place within these

boundaries.

Section II of this review discusses the magnetic field of the steady

state magnetosphere. The hydromagnetic continuum theory is discussed

first, because of its leading role in understanding the steady state

magnetosheath. Measurements are then reviewed and found to support the

theory.

Section III describes the time varying magnetic fields of the

magnetosheath. Emphasis is placed on the measurements which reveal-a

rich, complex, variety of waves at many different frequencies. To

a large extent, wave modes have not been identified and locations where

the waves are generated have not been determined. This lack of experimental

knowledge has limited the theoretical understanding of the time variations.

The possible sources for magnetosheath waves are reviewed.
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Section IV summarizes the paper and suggests areas for further investigations.

II. STEADY STATE MAGNETOSHEATH

A. Theory

The techniques used for calculating the plasma and field parameters

of the steady state magnetosheath are well known and excellent reviews exist

(e.g. Spreiter et al., 1968; Spreiter and Alksne, 1969). Such studies

investigate the flow past an axi-symmetric body which is usually

obtained by rotating the equatorial trace of the magnetosphere boundary.

A more realistic shape representing indentations at the "neutral points"

in the polar regions might give rise to a second shock wave within

the magnetosheath (Walters, 1966), but only one tentative observation

of such a shock has been reported (Scarf et al., 1974). In this paper

we will briefly review only those aspects of the theory which lead to

determinations of the magnetic field of the magnetosheath.

The full set of magnetohydrodynamic equations for the steady flow

of a dissipationless perfect gas (e.g. Spreiter et al., 1966a) can only be

solved exactly in the case when the interplanetary field is aligned with

the solar wind direction. (The earth-sun line is assumed to be the solar

wind flow direction in all theoretical work). Results in this special

case (Lees, 1964; Dryer and Faye-Petersen, 1966; Spreiter et al., 1966a;

Dryer and Heckman, 1967) are illustrated in Figure 1 (Dryer, 1970) which

shows the strength of the magnetosheath field (and equivalently the mass

flux) relative to the interplanetary value for four different values of

the specific heat ratio 7. Results are quite sensitive to 7, a fact which

has allowed experimental determinations of 7 which favor a value near 5/3

(Auer, 1974, and references therein). The Figure 1 results for this secial

field aligned case



show that the magnetosheath field is unity at the shock at the subsolar

point (a parallel shock) and reaches a maximum at the shock at a location

near the dawn-dusk meridian plane. The field goes to zero at the stagnation

point (the intersection of the magnetopause and the earth-sun line) where

plasma pressure alone must balance the pressure of the geomagnetic field.

In this special field aligned case, all quantities exhibit axial symmetry

about the flow direction and field lines are identical to stream lines.

The field aligned case may be contrasted with another special case

where the field is transverse to the solar wind direction. Lees (1964)

has solved this problem in two dimensions where variations are not

permitted in the direction perpendicular to the plane of the field and

the earth-sun line. He finds that the field magnitude along the earth-

sun line increases at the shock and reaches it's maximum value at the

stagnation point. The Lorentz force deflects the flow and prevents any

plasma from reaching the stagnation point where the density is zero.

Magnetosheath magnetic field pressure alone must balance the geomagnetic

field at the stagnation point in this case.

To calculate the magnetosheath magnetic field for more abritrary field

orientations, it has generally been necessary to use the fact that the kinetic

energy of the solar wind is much greater than its magnetic energy. Under

these conditions (equivalently stated as large Alfven mach number conditions),

the equations decouple into a gas dynamic set and an electromagnetic set

(Spreiter et al., 1966a). The gas dynamic equations for flow past an axi-

symmetric blunt body (the magnetosphere) are then solved for the fluid

parameters in the magnetosheath. These parameters are illustrated in

Figure 2 (Spreiter et al., 1966b) for the case with an upstream gas dynamic
V

mach number (M = a- where V is the upstream plasma velocity and a is

the upstream sound velocity) of 8.71 and y = 2. Shown are magnetosheath

contours of the velocity V, mass flux pV, density p and temperature T. As



plasma flows into the magnetosheath in the subsolar hemisphere it is

compressed (p/p. = 3), the kinetic energy is decreased (V/V, = .3 to .7)

and converted into random energy (T/T r 15 to 30). As the plasma

continues its flow past the magnetosphere, the process reverses with

temperatures decreasing and velocities increasing as thermal energy is con-

verted back to kinetic-energy. Calculation of the magnetic field is then

accomplished by considering the previously neglected electromagnetic

equations V x (BxV) = 0 and V.B = 0 and B nl-B = 0, where Bnl and Bn2

are the field components normal to the bow shock on the upstream and

downstream sides respectively. For any given upstream field the latter

condition along with the previously calculated plasma quantities determines

the field adjacent to the shock on the downstream side. The V x (BxV) = 0

equation is the mathmatical expressions for the frozen field condition.

Since this frozen field is convected with the plasma it is possible to use

the previously calculated magnetosheath velocities and integrate V dt over

a fixed time dt to find the subsequent location of a plasma element with its

associated field line. By successively carrying out this procedure for many

points, the three dimensional-steady state-vector magnetic field of the

magnetosheath can be determined with an accuracy that in principle is

limited only by the originalhigh mach number assumption that allowed the

decoupling of the equations.

Several investigators have used this technique to calculate field lines

in the magnetosheath. Spreiter et al., (1966a) considered those cases when

the interplanetary field was oriented at 450 and 900 to the flow direction,

but they limited their calculation to the symmetrical case where the

field-velocity plane passed through the center of the earth. Their results

showed how the field lines tend to become draped over the nose of the

magnetosphere and compressed against it. Dryer and Faye-Peterson (1966)
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obtained similar results in studying the 900 orientation case, but they

investigated the interplanetary field lines which lay in the plane defined

by the flow velocity and field vector but which passed through the

magnetosphere at a distance offset from the center of the earth by a distance

D/2 where D is the geocentric distance to the stagnation point. These

calculations indicated distortion of the field in the third demension.

Alksne (1967) used this technique in a more general manner, by considering

several oblique orientations in several offset planes. An example of these

results are illustrated in Figure 3 (Spreiter et al., 1968) for the case

when the interplanetary field makes an angle of 450 with flow direction

but where the plane of the field and the flow is offset from the parallel

plane through the earth's center (the XY plane) by a distance D/3. The

left hand portion of the figure shows field lines projected in the XY plane

and the right hand portion shows the projection in the YZ plane. The

intersection of the field plane with the bow shock is designated by a solid

line and the intersection with the magnetopause with a dashed line. The

numbered contours indicate the field strengths. The XY projection shows

that portions of the field lines near the subsolar point where the velocity

is low tend to lag behind the portions of the field lines on the flanks,

so that the field appears to become draped across the magnetosphere and

aligned tangentially to its surface. Compression is greatest in the subsolar

region, but is asymmetric, with fields in the dusk hemisphere having higher

magnitudes than those at a symmetrical location in the dawn hemisphere.

The YZ projection shows significant distortion of the field in the third

dimension. The several specific examples of field distortions calculated

by Alksne have been presented in a more general form by Alksne and

Webster (1970).
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Shen (1972) advanced the fluid theory by solving the magneto-

hydrodynamic equations without neglecting the magnetic field terms and

decoupling the equations. His analysis is performed for several oblique

orientations of the interplanetary field but is again confined to a

symmetrical case where the plane of B and V includes the earth-sun

line. 'Inclusion of the oblique magnetic field means that Shen's results

are the first to give asymmetries in the magnetosheath plasma parameters,

although Walters (1964) had proposed such asymmetries after evaluating

the conservation relations across the bow shock. Shen evaluates the

pressure at the magnetopause in an effort to determine magnetopause

asymmetries such as had been proposed by Waiters. He confirms the finding

of Walters that dawn side plasma pressure exceeds that on the dusk side,

but he goes on to point out that the magnetic field asymmetry is in the

opposite direction so that the total pressure near dusk is greater than

that near dawn. Hirsh and Reshotko (1971) also show that the effect

proposed by.Walters would be confined largely to the region near the

subsolar point, thus making it less effective in creating a magnetospheric

asymmetry than was originally thought.

The magnetosheath fields calculated by Shen are not greatly different

than those given by Alksne (1967) which is not surprising since Shen's

velocity asymmetries are not large, with symmetric locations showing

differences of not more than 20%. Alksne's large three dimensional field

distortions would seem to be more appropriate for comparison with experiment

than Shen's mathematically more exact two dimensional results.

B. Observations

The most extensive observations of the steady state fields in the
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magnetosheath have been made by the Explorer or IMP class spacecraft.

Simultaneous measurements by IMP I and INMP 2 (Fairfield, 1967) demonstrated

the essential validity of the frozen field approximation. Whenever IMP 1

detected a discontinuity in the interplanetary medium, IMP 2 detected the a

similar discontinuity further downstream a few minutes later with a time delay

which was consistent with convection from one spacecraft to the other at

the plasma flow velocity. This type of data is illustrated in Figure 4

(Behannon and Fairfield, 1969) which displays simultaneous data when

Explorer 34 was in the interplanetary medium near the Earth-Sun line

32R E (earth radii) upstream from the Earth while Explorer 33 was in the dusk

magnetosheath 45 RE downstream from the Earth. In the figure, F denotes

the field magnitude, 8 the latitude angle of the vector field in solar

ecliptic coordinates and 0 the longitude angle with 900 representing a field

directed from dawn to dusk. Angular changes such as those in 0 near 22:00

and in e at 23:15, 00:50 and 1:40 are seen at Explorer 34 approximately 10

minutes before they are seen at Explorer 33. In principle it is possible

to compute a velocity by dividing the spacecraft separation by the observed

time delay. Agreement of this velocity with a measured plasma velocity would

indicate strict validity of the frozen field approximation, whereas,

disagreement would indicate propagation of the discontinuity relative to

the. streaming plasma. In practice, the two spacecraft usually are not

aligned along a radial vector from the sun, so they do not measure the same

volume element of plasma. Under these circumstances it is necessary to know

the three dimensional shape and orientation of the discontinuity surface to

compute the expected arrival time under the frozen field assumption. In

practice it is difficult to determine these quantities with enough accuracy to

allow determination of any propagation relative to the plasma. (Burlaga and

Ness, 1969).
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Utilizing one opportunity when Pioneer 7 was 1000 RE (earth radii)

behind the earth, good agreement was found between a velocity calculated

from the transit time and the simultaneously measured solar wind velocity

(Fairfield, 1968).

While discontinuities are useful for demonstrating that the inter-

planetary field is the origin of the magnetosheath field, they are of no

further use in evaluating steady state theories which assume a uniform

interplanetary field. However, these discontinuities usually occur at intervals

of the order of one hour (e.g. Burlaga, 1972) which are long compared to the

time it takes an element of plasma to pass the magnetosphere. The field between

discontinuities can be supposed to approximate the steady conditions

assumed by theory. Furthermore, simultaneous interplanetary observations

at spacecraft separations of a few tens of earth radii generally reveal

similar vector fields (Fairfield 1967). This observation demonstrates that

the spatial scale for appreciable interplanetary changes is usually large

compared to magnetosphere dimensions; to a first approximation, a point

measurement in the upstream region can be considered representative of a

uniform field on the scale of the magnetosphere.

The simultaneous field measurements by IMP 1 and IMP 2 (Fairfield,

1967) were the first to demonstrate the relation between steady state

interplanetary and magnetosheath fields. Figure 5 illustrates magnetosheath

fields which have been averaged between discontinuities and are projected

in the ecliptic plane. Data in the various panels have been separated

according to the direction of the simultaneously measured interplanetary
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fields. The vectors tend to be aligned among themselves and also aligned

with the magnetopause, in spite of the fact that the azimuth angle 0

of the simultaneous interplanetary data ranges over 1800. In the left

hand panels where 00< 0 < 1800, the magnetosheath field generally is

oriented in the dawn to dusk direction; x4hereas, in the right hand panels

with 1800 < 0 < 3600 the magnetosheath field tends to be oriented in the

dusk to dawn direction. In other words, the sign of the Y component of

the interplanetary field is what determines whether the magnetosheath field

will point in the dawn or dusk direction.

These observations are further supported by a statistical study of

over 340 hours of IMP 2 data in the magnetosheath (Fairfield, 1967). Data

from the inner magnetosheath (the half of the subsolar magnetosheath closest

to the magnetopause) showed a preponderance of orientations in directions

tangent to the magnetosphere and no occurrence of orientations in the

direction approximately along the magnetopause normal. This alignment

of the field with the magnetopause is in general agreement with the

theoretical results shown in Figure 3. This approximate alignment of

magnetosheath fields with the magnetopause does not, however, preclude the

existence of a small field component across the magnetopause and, hence,

the results should not be interpreted as demonstrating that the magneto-

pause is a tangential discontinuity (Fairfield, 1967).

The field magnitude in the magnetosheath can best be studied by considering

the measured magnetosheath field as normalized by a simultaneous measurement

of the interplanetary field. Behannon and Fairfield (1969) utilized a total

of 1661 such hourly average pairs which were measured by four Explorer

spacecraft. The manetosheath



magnitude IBI normalized by the simultaneously measured interplanetary

magnitude JBoI are shown at their position of measurement in the magnetosheath

in Figure 6. They are compared with the dashed contours of Alksne (1967)

which are labeled by the circled numbers. Measurements are restricted to

interplanetary orientations which make angles between 800 and 900 with the

earth-sun line and to magnetosheath observation points between 4 and

15 RE from plane defined by the interplanetary field and the earth

sun line. The theory is for the case where the field is

perpendicular to the earth-sun line and where the XY plane intersects the

Z axis at a distance equal to 2/3 of the subsolar magnetopause distance.

Experimental values as high as 6.0 occur near the subsolar region and

decreases to less than unity in the downstream region. The agreement

between experiment and theory appears to be satisfactory considering the

rather wide range of experimental Z positions.

The upstream to downstream decrease in B/B seen in Figure 6 is further

illustrated in Figure 7. Values from all Y and Z positions and all field

orientations are included and the data spin the entire range of X values.

The average values decrease from 4.0 in the upstream region near the subsolar

point to less than unity downstream. Variations between the shock and the

magnetopause in any given X region are surpressed in this presentation,

but it should be noted that values less than unity are not uncommon in

the downstream region away from the shock. This observation is predicted

by the theory (e.g. Dryer and Heckman, 1967, Alksne, 1967). When the data

of Figure 7 are separated according to interplanetary field orientation,

the dawn dusk magnitude asymmetry predicted in Figure 3 is also detected

(Behannon and Fairfield, 1969).

Information on the orientation of the field is presented in Figure 8.
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Magnetosheath vectors are shown for cases when the interplanetary

field makes an angle between 300 and 400 with the earth-sun line. The

XY plane is that defined by the upstream field and the X axis. In

the "dusk" hemisphere where the interplanetary field is approximately aligned

with the shock surface, the field undergoes a minimal angle change at the

shock in order to preserve the normal component across the shock. Fields

in the dusk hemisphere are very well ordered. In the dawn hemisphere

the field is nearly normal to the shock surface and must undergo a much

larger angle change in order to conserve its normal component. Also large

amplitude fluctuations tend to be present in the upstream field for these

approximately parallel field-shock normal orientations (see next section).

The vectors in the dawn hemisphere are less well ordered than those on the

dusk side. In the dawn hemisphere apparently the field at the shock is some-

times distorted in one direction to preserve its normal component rather than in

the opposite direction as it would be if it were draped across the

magnetosphere. The effects of the large amplitude fluctuations may dominate

at other times and produce odd orientations.

In summary, the measurements of the average fields in the magnetosheath

are consistent with the theoretical predictions of magnetohydrodynamic theory

in the high mach number approximation. The interplanetary field is

convected through the bow shock where its magnitude is increased and its

orientation changed by the minimal amount necessary to preserve the field

component across the shock. Convection within the magnetosheath further

distorts the field so that it aquires an orientation approximately tangent

to the magnetopause and in effect appears to be draped across the
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magnetosphere. The magnetosheath to interplanetary field ratio can be as

high as approximately 6 near the subsolar point but decreases at more

downstream locations and is frequently less than unity anti sunward of

the dawn dusk meridian plane. It should be realized that the difficulties

involved in comparing theory and experiment are such that a high order of

agreement cannot be claimed. The field of the magnetosheath has not been

investigated under low mach number conditions where an accurate theory

requiring inclusion of the magnetic field would produce rather different

results.

III. MAGNETOSHEATH TIME VARIATIONS

A General Overview

The earliest magnetic field observations of the magnetosheath by the

spacecraft Pioneer 1 (Sonett et al., 1959; Sonett et al., 1960), Pioneer

3 (Sonett and Abrams, 1963; Sonett, 1963) and Pioneer 5 (Coleman, 1964)

were all single outboard traverses attempting to explore the gross nature

of the solar wind-earth interaction. (See Wolfe and Intriligator, 1970

for a historical review of these early measurements) The two-axis search

coil magnetometers on these spacecraft identified the large amplitude

field fluctuations as characteristic of the magnetosheath, but the very

limited understanding of the interaction process combined with relatively

primitive and limited data sets precluded any definite conclusions as to

the properties of the waves. The early earth orbiting spacecraft more fully

delineated the nature of the interaction by conducting extensive surveys

using full vector measurements (Cahill and Amazeen, 1963; Ness et al., 1964),

but even these experiments lacked the necessary sensitivity (Explorer XII)

and time resolution (IMP 1) to adequately study magnetosheath fluctuations.

The single axis search coil experiment on the earth orbiting Vela 3 space-
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craft further characterized the sometimes irregular nature of the

fluctuations (Greenstadt et al., 1967) but lack of vector data prevented

a definitive study. Further progress was made with the full vector

measurements such as those made by the single outbound traverses of

Mariner 4 (Siscoe et al., 1967a,b) and Pioneer 6 (Ness et al., 1966)

and earth orbiting OGO-1 (Heppner et al., 1967) and Explorer

(Fairfield and Ness, 1970) spacecraft. Even up to the

present time, the complexity of magnetosheath fluctuations has apparently

discouraged extensive investigation and definitive studies determining

polarizations and distinguishing wave modes are lacking.

The nature of fluctuating magnetic fields is most conveniently

discussed in terms of power spectra (Blackman and Tukey, 1958) where

estimates of the power in various frequency bands are plotted versus the

frequency. An overview of the magnetosheath is attempted in Figure 9

which displays a composite spectra of the total field magnitude covering

11 decades in power and 4 decades in frequency. The data have been

drawn from many sources and illustrate the primary features of magneto-

sheath fluctuations. The usefulness of Figure 9 is limited by the fact

that magnetosheath fluctuations may be very different at various times.

(e.g., Fairfield and Ness, 1970, Smith and Davis, 1970).

The most representative spectra in Figure 9 are probably those

calculated from thirty minute intervals on Sept. 1 and Nov. 1, 1967

(Fairfield and Ness, 1970). These two spectra were selected from a

large number of spectra in the subsolar hemisphere to illustrate typical

periods of high and low amplitude fluctuations. The spectra peaks near

.05 hz on Sept. 1 and .07 hz on Nov. I are typical, but the exact frequency
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of the peaks and their magnitude are variable. The Explorer 12

spectrum (Kaufmann et al., 1970) was selected on the basis of very large

amplitude fluctuations so it is not surprising that its power

level is relatively high. The July 31 spectrum illustrates a period when

the interplanetary magnetosonic mach number reached a very low value.

Formisano et al., (1971) and Fairfield (1971) have shown that under these

conditions and stand off distance of the bow shock increases dramatically

to a distance as much as 10 or 15 RE upstream from the magnetosphere.

Under these unusual conditions magnetosheath fluctuations achieve the very

low values representedin Figure 9. The flattening of the July 31 spectra

above .4 hz is due to the experimental noise level. The Mariner 4 spectrum-

(Siscoe et al., 1967a) was calculated from a 7 hour period as the space-

craft departed from the earth near the 0400 local time meridiani. The

relatively low power level is probably due to the fact that it is further

downstream than the other spectra. Mariani et al. (1970) have shown that

spectral power decreases exponentially in the downstream region with a

characteristic distance of the order of 40 RE. Peaks occur in the Mariner

4 data if short time intervals are investigated, but they tend to blend

together when the 7 hour interval is used. The ATS 1 data (Cummings and

Coleman, 1968) were taken during a rare interval,when the magnetopause had

moved inside of the 6.6 RE radial distance of this spacecraft. Since such

earthward magnetopause distances can occur only under exceptional solar wind

conditions, it is not surprising that this spectrum exhibits an unusually

high fluctuation level. The largest amplitude fluctuations in Figure 9

were measured in the high latitude dayside magnetosheath by OGO-5

on November 1, 1968 when interplanetary and geomagnetic conditions were

very disturbed (Scarf et al., 1974). Large fluctuations are probably

characteristic of this high latitude region even during more normal
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conditions (Fairfield and Ness, 1972) and may be associated with a

standing shock within the magnetosheath (Walters, 1966; Scarf et al., 1974).

It is interesting to note that the OGO-5 data in Figure 9 were taken

upstream of the point tentatively identified as the second shock.

The highest frequency data in Figure 9 come from the search coil

experiments on OGO spacecraft and represent fluctuations in components

rather than field magnitude. The solid line spectrum at the highest

frequencies is an average spectrum calculated from OGO 3 waveform data

obtained several minutes downstream from 11 shock crossings (Olson et al.,

1969). Superposed on this data are bars which span the range of values

for three sample magnetosheath spectra presented by Smith et al., (1967).

A pair of lines representing spectra from OGO 1 correspond to highly

disturbed and moderately disturbed intervals within the magnetosheath

(Holzer et al., 1966). Dashed lines with slopes of 1/f and 1f3 are

included in Figure 9 for reference. The f-3 variation of spectra in the

high frequency region is common but variations in shape and magnitude often

occur (Smith et al., 1967). A prominent feature of Figure 9 is the steepening

of the spectra in the frequency range above the proton gyrofrequency.

This feature was pointed out by Siscoe et al. (1967a) and Smith et al.

(1967) and is probably due to the cutoff of slow magnetoacoustic wave

modes at the proton gyrofrequency (see below).

B. Magnetosheath Wave Observations

In any investigation attempting to determine the mode of the

propagating waves it is useful to know the propagation direction of the

waves. A technique for determining this direction (except for an ambiguity

in sign) was first used by Siscoe et al. (1967b) who adapted an approach

previously used to study discontinuities at the magnetopause (Sonnerup and

Cahill, 1967) and in interplanetary space (Siscoe et al., 1968). The
N

technique involves a minimization of the quantity y (B in) = s2
n= 1
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where the -L are N vector field measurements. This problem is equivalent

to determining the three eigenvalues of the real symmetric matrix

N

T = 1 B B, V = X,Y,Z

The eigenvectors associated with the eigenvalues, denoted Sk < sm'

define a coordinate system where t is the direction of minimum variance,

A A
m is the direction of maximum variance and t completes the orthogonal

system. If plane waves are present, may be associated with the wave

propagation vector, with the perturbation vector lying in the -tm plane.

The first use of this technique established the presence of shock

aligned oscillations in the outer portion of the magnetosheath during the

single outbound pass of the Mariner 4 spacecraft (Siscoe 'et al., 1967b).

Siscoe et al. considered 4.8 second intervals of data which occurred every 12.8

seconds and contained four vector measurements. They found that when the

spacecraft was downstream and within 15 minutes of the bow shock during

several multiple crossings, the fluctuations were often planar in the

sense that Sk/S <1/4. Since power in the field components was greater than

that in the field magnitude by approximately a factor of 3, the

perturbation vectors also tended to be approximately transverse to

the average field. Furthermore, the associated k directions for the

different intervals were distributed in the general direction of the

shock normal expected on the basis of gas dynamic theory. This fact implies

that the fluctuations were primarily in the plane of the shock surface.

In the adjacent low field regions upstream of the shock,planar fluctuations

were not so evident.

This tendency for the perturbation vector to align itself with the

shock surface was subsequently shown to be a general characteristic of

the subsolar magnetosheath and also true at lower frequencies (Fairfield and

Ness, 1970). Fairfield and Ness computed power spectra for the field
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components perpendicular to the average field for half hour intervals on

many passes of IMP 4 through the subsolar magnetosheath. Since the average

magnetosheath magnetic field tends to align itself along the shock or

magnetopause surface, when one of the directions perpendicular to the

average field is oriented near the shock normal the other tends to align

itself with the shock surface. In Figure 10, the ratio of the integral powers

in the frequency range .01-.2 hz for the components X and Y perpendicular to the

average field are plotted versus the angle between the X axis and a model shock

normal. When this angle is small (i.e. X is aligned along the shock

normal), the power tends to be in the Y component which is aligned with the

shock plane. When the angle is large and X is aligned within the shock

plane, X contains more of the power. Frequently these fluctuations were

linearly polarized but occasionally they were found to be circularly

polarized. The alignment of the fluctuation vector with the shock surface

is also consistent with a study of the downstream magnetosheath (Mariani

et al., 1970) which demonstrated that not only did power transverse to the

field vector dominate the power in the field magnitude, but that the

greatest power was in the ZSE component which was approximately parallel to

the bow shock and magnetotail boundary at the spacecraft location.

Siscoe et al. (1967a) also noted the presence of large amplitude

waves which occurred primarily in the field magnitude in the inner portion

of the magnetosheath during the Mariner 4 traversal. Kaufmann et al. (1970)

later studied large amplitude waves in this region using data from the

Explorer XII spacecraft. The 12.1 RE apogee of Explorer XII limited the

study to the inner magnetosheath and the large digitization error of the

experiment (+12y) confined the study to large amplitude events. Kaufmann
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et al. considered 12 intervals of the order one hour in length and were

able to determine a representative minimum variance directinn for eight

events. They concluded that the fluctuations in the frequency range .01

to .1 hz tended to be confined to a plane and primarily to a given direction

within the plane. They then computed power spectra of two quantities.

The first quantity was the field magnitude in the plane perpendicular to

the minimum variance direction which they found to be nearly the same

as the spectrum computed from the total field magnitude. Their second

-1
quantity was the angle 5 stanl (Bm/B where Bm and B. are the instantaneous

measurements of the components perpendicular to the minimum variance direc-

tion. has the advantage of being affected by rotational waves but

not magnetoacoustic waves; however, it has the disadvantage of not having

the units of 72/hz. Kaufmann et al. felt the advantage out-weighed this

disadvantage which they overcame by a conversion of 72/hz units which made

the instrumental noise levels of the field magnitude and angular spectra agree.

At the lowest frequencies Kaufmann et al. found that the spectra

rose rapidly with decreasing frequency, indicating the predominance

of rotational Alfven waves with periods longer than about 10 minutes. On

the outbound pass of Mariner 5 Smith and Davis (1970) noted the presence

of timilar linearly polarized waves oscillating parallel to the magneto-

pause with periods of approximately 2 minutes.

In the higher frequency range of .01 - .1 hz, Kaufmann et al. found

greater power in spectra of the magnitude component in the -m plane, thus

identifying the waves as magnetoacoustic. Furthermore, the fluctuations

seemed to anticorrelate with plasma flux, thus identifying the mode as

slow magnetocoustic rather than fast magnetocoustic.

In the later paper, Kaufmann and Horng (1971) considered the waves
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in terms of the deviations of the field direction from

tangency to the magnetopause. They concluded that plasma clouds or con-

densations with scales of several hundred to several thousand km are

associated with the weak field regions where deviations from tangency are

greatest. Cloud dimensions were thought to be extended along the average

field direction. These clouds and the distorted field convecting

past the spacecraft then produced the waves seen by the spacecraft.

Large amplitude waves were found to be particularly prevalent near the

earth-sun line.

An example of these waves is given in Figure 11 which displays one

minute of data from the IMP 6 spacecraft in an orthogonal coordinate system

where the Z axis is aligned along the model magnetopause normal and the

Y axis is the average field direction in the XY plane calculated over a

fifteen minute interval. The data, taken on an inbound pass through the

magnetosheath which closely paralleled the earth-sun line, clearly showed

large amplitude waves with a frequency of approximately .05 hz which appear

primarily in the field magnitude. Similar waves persist for the entire

pass although there appears to be a tendency for their amplitude and

period to increase nearer the magnetopause. The averagedirection

of the interplanetary field measured simultaneously by the IMP 5

spacecraft was unusually steady during the 2-hour interval of

the IMP 6 magnetopause traversal, oriented approximately

transverse to the earth-sun line (0=1000) and pointing in a slightly

southward direction (8 = -230). The minimum variance direction throughout

the magnetosheath is approximately along the earth-sun line (or equivalently

the magnetopause normal) and hence is approximately perpendicular to the
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average field in the magnetosheath (0=900). The maximum eigenvector

direction is not greatly different from the average field direction.

Composite spectra for both the magnetosheath and the simultaneously

measured interplanetary field are shown in Figure 12 along with a sketch

of the spacecraft locations. On the left are the X and Y spectra for

components perpendicular to the average field direction and on the right

are the spectra of the field magnitude. The Y spectra are given by solid

lines and the X spectra by dashed lines with the higher power levels

corresponding to the magnetosheath. The time interval refers to that

of the lowest frequency spectra while the higher frequency spectra were

computed from reprentative shorter intervals. The predominant feature of

the spectra is the peak at .06 hz corresponding to the waves in Figure 11.

This peak is larger in F than X or Y as it would be for the waves studied

by Kaufmann et al. Another striking feature of Figure 12 is the relative

power levels of X and Y components at lower frequencies. Not only are the

interplanetary X and Y components comparable at low frequencies but the

X component in the magnetosheath is not enhanced relative to this level.

The Y component, which is in the plane of the shock surface, is enhanced by

more than an order of magnitude and is thus in agreement with the results

of Figure 10. There is no suggestion of .06 hz interplanetary waves

related to the magnetosheath peak, although a small gap at the IMP 5 spin

frequency makes this conclusion somewhat tentative.

In the frequency range above I hz the information on the magnetosheath

field fluctuations comes almost exclusively from the search coil experiments

on the OGO 1, 3, and 5 spacecraft. These experiments (Holzer et al., 1966;

Smith et al., 1967; Olson et al., 1969; Smith et al., 1969) produced data
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on the intensity of fluctuations in broad band channels centered on 5

frequencies between 10 and 1000 hz. Additional waveform data contained

information up to a cutoff frequency which was as high as

139 hz on rare occasions when the OGO 5 spacecraft was in a high bit rate

telemetry mode.

Data from the 5 spectrum analyzer channels on OGO-3 are presented in

Figure 13 for a representative inbound pass on Nov. 21, 1966 (Smith et al.,

1969). The magnetosheath is evident as a region of enhanced noise bounded

by the much quieter interplanetary and magnetosphere regions. The noise is

seen to be broadband in nature since four and sometimes five frequency

channels vary in the same manner. The intensity varies considerably with

time and order of magnitude changes lasting a few minutes to tens of minutes

are common (Smith et al., 1967). The noise is usually higher nearer the

boundaries, particularly the bow shock (Holzer et al., 19661 The data

of Figure 13 were taken when the instrument was in a high gain mode which

caused large fluctuations to saturate the analyzer. For this reason the

largest values, particularly in the V(100) channel, are truncated at 5

volts which is below their true value. The 800 hz channel is typically

somewhat lower than the other channels, probably due to the fact that

800 hz is generally above the electron gyrofrequency which is a cutoff

frequency for wave propagation.

In addition to the broadband noise with a 1/f3 spectral shape discussed

above and shown in Figure 9, Olson et al., (1969) report the sporadic

occurance of quasi-monocromatic bursts throughout the magnetosheath on

most orbits. The bursts typically occur in the frequency range 50-200 hz

and have durations from less than one second to tens of seconds. The
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amplitudes are typically tenths of gammas and they are elliptically

polarized. The authors tentatively suggest a cyclotron instability

involving electrons and whistler mode waves as the most likely

explanation of these bursts. Further resolution of this question must

await answers to such questions as the left or right hand sense of the

polarization, the direction of propagation, and information on the

particle anisotropies which are required to feed energy from particles

to waves.

As yet no information is available on the relation between >1 hz

waves in the magnetosheath and the simultaneous presence and variations

of lower frequency waves, plasma and energetic particles. The study

of such questions could undoubtedly go a long way towards understanding

the nature of the fluctuations.

C. Origin of Magnetosheath Fluctuations

Before considering the origin of magnetosheath waves it is important

to appreciate the relation between the frequency of a wave in the plasma

frame of reference and the doppler shifted frequency observed by the

spacecraft. To investigate the relative velocities of propagation and

plasma flow, we follow the discussion of Smith et al., (1967) and in

Figure 14 plot phase velocity as a function of frequency for the two simple

modes that can propagate along a magnitude field (ek = 0) and the one mode

that can propagate across the field (ek=900 ). At low frequencies, all

three phase velocities are asymmtntic to the Alfven velocity which is 157

km/sec for the typical magnetosheath parameters used. The fast mode waves

propagating along the field can exist at any frequency below the electron

cyclotron frequency and their phase velocity is an increasing function of
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frequency up to a maximum of 3370 km/sec which occurs somewhat below the

electron cyclotron frequency. The slow mode propagating along the field

exists only below the ion cyclotron frequency and its phase velocity

decreases with increasing frequency. The fast mode propagating across

the field exists only below the lower hybrid frequency and its phase

velocity decreases on approaching this frequency. Also indicated in

Figure 14 are typical magnetosheath flow velocities of 100 to 300 km/sec

which will be different at different times and at different locations in

the magnetosheath.

The doppler shifted frequency observed by the spacecraft, wD

can be written as

WD = w + k.V

where w is the frequency in the plasma frame, k is the propagation vector

of the wave, and V is the shocked solar wind plasma velocity relative to

the spacecraft whose velocity (-1 km/sec) is neglected. The last term

in this equation is the contribution due to motion of the plasma

relative to the spacecraft. Defining a as the angle between

K and V and using the definition of phase velocity

V - we may write the above equation as
ph k

WD = w (1 + V cos a)

Vph

In the high-power hydromagnetic region below the ion gyrofrequency, we

can see from Figure 14 that (Vph VA). Furthermore, we note in

Figure 14 that VA c V which indicates that the contribution to the observed

frequency due to plasma motion is often comparable to the plasma frame

frequency as long as the propagation is not approximately transverse to

the flow direction. On the other hand, it appears that the flow velocity
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will seldom be more than a factor of 2 or 3 greater than the phase

velocity so the observed frequency will seldom be different from the plasma

frame frequency or more than a factor of 3 or 4. Above the lower hybrid

frequency the phase velocity will be considerably greater than the flow

velocity and the observed frequency will be nearly equal to the plasma

frame frequency.

In many investigations a power spectrum of many waves is often considered

rather than an isolated wave, and.hence it is of interest to know the effects

of doppler shifting on the power spectrum. Siscoe et al., (1967a) has

considered this question under the somewhat restrictive conditions of a

non dispersive plasma and power which is not a function of propagation

direction. They conclude that the slope of the spectrum is unchanged by

the doppler shifting, but the absolute power level is changed by a para-

meter which depends on the slope of the spectra and the ratio of the

plasma velocity to phase velocity.

Upstream Origin - One source for at least some magnetosheath time

variations are the waves and discontinuities present in the interplanetary

magnetic field. When such variations are convected through the bow shock

they will be seen in the magnetosheath and contribute to the power in the

magnetic field spectrum (Michel, 1967). The nearly simultaneous detection

of such field changes by an upstream and downstream spacecraft has been

discussed above and illustrated with Figure 4.

In addition to normal ambient interplanetary field variations, low

frequency (.01 - .05 hz) quasi-periodic waves are known to exist upstream

from the bow shock on field lines that intersect the shock (Fairfield, 1969).

It has been suggested (Fairfield 1969; Barnes 1970) that these waves are
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generated in the upstream region by protons emanating from the bow

shock. Such waves have small velocities compared to the solar wind

velocity and hence they are convected back downstream to the shock,

passing through it and contributing to the magnetosheath fluctuations.

Examples of these waves can be seen in Figure 15 which illustrates

simultaneous data taken by two spacecraft in the vicinity of the bow

shock. IMP 5 is inbound in the dusk quadrant while IMP 6 is outbound in the

dawn quadrant as shown in the figure insert. The heavy trace illustrates

the field magnitude, B, solar magnetospheric latitude e, longitude 0,

and 15 sec standard deviation from IMP 6, while the lighter lines

illustrate the similar quantities from IMP 5. At the beginning of the interval

shown, both spacecraft are upstream of the shock except for brief IMP 5

encounters with the shock at 18:02 and 18:08.. At 18:16 the shock moves

out past IMP 6 and at 18:38 it reaches IMP 5. The field (0 - 900) makes

a large angle with the shock at each crossing. In each case the

magnitude and the standard deviation increases abruptly at the shock and

there is a lack of upstream fluctuations. At 20:34, when both spacecraft

are near the average shock position, the shock moves earthward and crosses

both spacecraft almost simul taneously. From 20:34 to 21:07 while both

spacecraft are upstream, the field (0 -350) is approximately parallel to

the shock normal at IMP 5 but forms a much greater angle with the shock normal

at IMP 6. During this interval, large amplitude fluctuations are apparent

at IMP 5 but not at IMP 6. After the shock moves out past IMP 5 at 21:07

large amplitude fluctuatiom persist in the magnetosheath, thus suggesting

the possibility that they may be the upstream waves convecting through the

bow shock. The disturbed magnetosheath persists until 21:30 when the field

suddenly becomes approximately transverse to the earth-sun line. The greatly

enhanced standard deviation from 18:24 to 18:36 at IMP 6 in the magnetosheath
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is also probably caused by the interplanetary 0 angle increasing to a value

above 900 which undoubtedly causes waves to be present upstream of IMP 6.

Upstream fluctuations are not seen at IMP 6 until 23:30 when the field

suddenly becomes approximately parallel to the shock normal (0=1300). This

example supports the concept (Greenstadt et al., 1972, and references

therein) that there is a critical angle between the field and the bow shock

normal such that for angles less than the critical value upstream waves

appear and the downstream magnetosheath is disturbed.

A. Wave Transmission - The theory of wave transmission through the bow

shock has been investigated by McKenzie and Westphal (1969), Westphal

and McKenzie (1969), McKenzie (1970) and Ass"eo and Berthomieu (1970). These

authors assume wavelengths that are large compared to the shock thickness

allowing them to proceed with a hydromagnetic fluid theory which does not

require knowledge of the shock structure.

McKenzie and Westphal (1969) investigate an Alfven wavewith

propagation vector in the plane of B and the flow velocity, incident on a

fast hydromagnetic shock. In this case Alfven and magnetoacoustic waves are

not coupled. They find that two Alfven waves appear in the downstream

region. Under typical solar wind conditions, the transmitted wave has an

amplitude approxmately three times that of the incident wave and the

generated'wave has an amplitude roughly equal to the incident wave. Since

the wave energy is proportional to the square of the field amplitude, the

wave power for Alfven waves is increased by approximately an order of

magnitude. This increase is in general agreement with the increase in the

spectral power in the Y component as seen in the simultaneous spectra

presented in Figure 12.

McKenzie and Westphal also find that greater amplification factors

should be expected under low Alfven mach number conditions. This fact
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appears to be at variance with the unusually quiet magnetosheath

conditions observed at the times of low mach numbers. Resolution of this

apparent conflict may lie in the fact that the interplanetary field appears

to be unusually quiet under low mach number conditions and hence there may be

a considerably lower fluctuation level to amplify.

Westphal and McKenzie (1969) investigate the more complicated case of

a magnetoacoustic wave incident on the bow shock. Their primary result is

that the incident wave is amplified by a factor of 4. This amplification

leads to an increase in the power by a factor of 16 which is greater than

that for Alfven waves and might suggest that magnetoacoustic waves should

predominate in the magnetosheath. This supposition is based on the

assumption that Alfven and magnetoacoustic waves are equally prevalent in

the interplanetary medium; whereas, in fact in the case of both ambient

interplanetary fluctuations (Coleman, 1966) and bow shock associated waves,

(Fairfield, 1969) transverse waves are prevalent. In the interplanetary

medium this imbalance may be due to more efficient damping of magneto-

acoustic waves (Barnes 1966). This damping might also reduce the

magnetoacoustic wave level in the magnetosheath.

Asseo and Berthomieu (1970) consider waves incident on a fast shock

at an arbitrary angle. In this more general case the modes do not

decouple and Alfven waves can produce magnetosonic waves and entropy waves;

magnetosonic waves produce Alfven and entropy waves, etc. Furthermore,

the amplification factors are found to be so strongly dependent on the angle

of incidence that the authors suggest that it will be impossible to

evaluate the importance of wave transmission without knowing more about

of the incident waves.
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Evidence suggesting that bow shock associated waves contribute to

magnetosheath fluctuations is presented in Figure 16 (Fairfield and Ness,

1970). The quantity 6 is an average of standard deviations computed from 8

points taken within 20 seconds; the average being taken over an entire

magnetosheath traversal of several hours duration. The abscissa is

effectively the longitude of the spacecraft pass through the magnetosheath.

Due to the statistical tendency for the interplanetary field to lie along the

spiral angle (e.g. Schatten, 1972), interplanetary fields in the dawn to

noon region will more frequently make large angles with the shock surface than

those in the noon to dusk region and upstream waves will occur more frequently

near dawn. The standard deviation in Figure 16 is indeed enhanced near dawn

relative to dusk as it would be if upstream waves were transmitted to the

magnetosheath. Additional evidence supporting this viewpoint is supplied by

Formisano et al., (1973) who found that the maximum amplitude of magnetosheath

field fluctuations observed within 1 hour of the bow shock was almost twice

as great (7.7 to 3.9 ) when upstream waves are present as when they'were

absent.

B. Discontinuities - Interplanetary tangential discontinuities

incident on the bow shock are transmitted through the shock but may be

modified by the interaction process. In addition, secondary discontinuities

may be generated by this interaction along with various waves; all of which

contribute to magnetosheath flictuations. This theoretical problem has

been investigated by several workers.

Jaggi and Wolf (1971) have studied the generation of magnetosonic waves

in the magnetosheath by weak tangential discontinuities incident on the bow

shock. Results of their linear perturbation analysis show that density and

velocity perturbations are most effective in producing waves. A 10% density

inhomogeneity typically produces a wave in the magnetic field with an amplitude

3% of the total magnetosheath field.
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Neubauer (1973) considers the tangential discontinuity-fast shock

interaction problem in greater generality by allowing arbitrary orientation

of the discontinuity and shock planes and investigating the non-linear

theory. Neubauer's results include both the magnetosonic waves of Jaggi

and Wolf (discussed in terms of fast reflected shocks or rarefaction waves

by Neubauer) and the parallel alignment case studied by Volk and Auer

(1974). The theory predicts the orientation of the modified tangential

discontinuity and shock, along with the magnitudes of the various field

and plasma parameters on either side of these discontinuities. Numerical

results for typical parameters show that when the field direction, but

not the field magnitude and plasma parameters, vary across the initial

discontinuity, the field angle change across the modified discontinuity

can be several degrees different from that across the initial discontinuity.

As the same time, the field magnitude ratio across the modified

discontinuity can be as much as 20% different from its initial value of

unity. Cases when the density increases across the incident discontinuity

are even more effective in producing propagating disturbances in the

magnetosheath (Neubauer, 1974). A shock generated by the interaction

would typically have a field increase of the order of 10% when the density

changes by a factor of 2 across the original discontinuity. For certain

discontinuity orientations which are particularly common in the dawn

hemisphere, a generated fast wave in the magnetosheath can propagate ahead

of the point where the discontinuity intersects the shock. This generated

fast wave can then interact with the bow shock before the interplanetary

discontinuity arrives and this situation leads to a breakup of the initial

bow shock with a more complicated set of disturbances.
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Additional changes in the orientation of a discontinuity during transit

through the magnetosheath have been considered by Rigby and Mainstone (1973).

Experimental work on discontinuities in the magnetosheath has not proceeded

beyond the type of observations illustrated in Figures 4 and 15 where simultaneous

spacecraft observations reveal qualitatively similar discontinuities before

and after encountering the bow shock. Recent high quality measurements

could probably be used to search for the relatively small additional effects

predicted by theory, but such work has not been reported. Although inter-

planetary discontinuities undoubtedly contribute to magnetosheath fluctuations,

their relatively low occurrence frequency suggests that they .cannot explain

a significant portion of the fluctuations that are continually present in

the magnetosheath.

Shock Generation - Another source of fluctuations in the magnetosheath

is undoubtedly the bow shock. A vast literature exists on collisionless

shocks and their associated waves (e.g. Tidman and Krall, 1972; Biskamp, 1973)

but a review of this topic is beyond the scope of this paper. Here we will

review the very few studies that have concentrated on magnetosheath

observations downstream of the bow shock.

Figure 17 shows the field magnitude and,3 solar ecliptic components across

one of three bow shock crossings studied by Holzer et al., (1972). The high

frequency ( 1.5 hz) waves in the low field upstream region are undoubtedly

rift hand polarized whistler mode waves propagating away from the shock and

into the upstream region (Fairfield, 1974) and hence do not affect the

magnetosheath. The lower frequency ( 0.3 hz) downstream waves were observed

to be left hand elliptically polarized relative to the average field direction.



32

Furthermore, this polarization did not reverse when the shock motion

reversed, thus demonstrating that the waves were not stationary in the shock

frame of reference but rather were propagating with a velocity that is large

compared to the shock-spacecraft velocity and presumably is in the downstream

direction. The propagation vector of the downstream waves was not obviously

related to the shock normal, the field direction or the plasma-flow velocity,

but the major axis of the polarization ellipse was noted to be approximately

aligned with the upstream propagation direction.

In the example in Figure 17 the angle between the upstream field and

the shock normal was approximately 600. This structure is probably typical

of large angles; whereas, at smaller field-normal angles the bow shock

degenerates into a much broader region of irregular pulsations (Greenstadt

et al., 1970) and the (.01 - .05 hz) low frequency upstream waves are

present. Under these latter conditions any distinction between shock

generation versus upstream origin of the magnetosheath waves becomes

extremely difficult, at least from the observational point of view.

Search coil experiments have also detected enhanced high frequency

noise at the bow shock which may contribute to noise in the magnetosheath

(Holzer et al., 1966).

Magnetopause Origin - Another possible source of magnetosheath

fluctuations is the magnetopause. Many authors have discussed the possible

Kelvin-Helmholtz instability of the magnetopause caused by the relative

velocity between the magnetosheath and magnetosphere plasmas (e.g. Southwood,

1968; Boller and Stolov, 1973, and reference therein). In the most general

analysis, Southwood (1968) has determined the nature of the wave modes that

would be the first to go unstable if the magnetosheath velocity increased



33

from an initial low value. He finds that at low and middle magnetospheric

latitudes these modes would exhibit circular polarization in a plane

perpendicular to the magnetospheric field. Dungey and Southwood (1970)

checked these predictions using Explorer 33 data taken in the vicinity of

the magnetopause. They found that waves with periods of the order of 10's

of seconds had polarization which strongly supported the Kelvin Helmholtz

instability theory. Although the primary interest of Dungey and Southwood

was in waves inside the magnetosphere as an explanation of PC 2-5 micro-

pulations, they also noted that similar waves were seen on the magnetosheath

side of the boundary where they contributed a substantial portion of the

observed power.

Since high velocities as well as preferred field orientations create

the conditions for the Kelvin Helmholtz instability, it is clear that

instability is more likely along the downstream portion of the magnetopause'

where magnetosheath plasma velocities attain a larger fraction of their

interplanetary values (see Figure 2). Boller and Stolov (1973) investigated

IMP 1 magnetic field and plasma observations and, using a simplified

instability criterion, concluded that indeed, the instability criteria were

more often met in the downstream region. Wolfe and Kaufmann (1973)

concluded that high magnetosphere to magnetosheath power density ratios

occured more frequently away from the earth-sun line and where Southwood's

Kelvin Holmholtz stability criterion were met.

Even if the magnetopause is often Kelvin Helmholtz unstable over a

significant magnetopause area, there remains the question of whether the

waves can propagate rapidly enough relative to the magnetosheath plasma
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that they will reach locations in the outer portion of the magnetosheath.

On the basis of comparing typical propagation velocities with flow velocities

(see Figures 2 and 14), it would seem that propagation to the remote regions

of the magnetosheath is unlikely under most conditions.

For the example in Figures 11 and 12 we may take the measured magnetic field

and the plasma values determined just before entry into the magnetosheath (n=6,

V=450 km/sec) and supplied by the Los Alamos plasma experimenters. After

scaling them according to Figure 2, we calculate a magnetosheath Alfven velocity

of 144 km/sec. This velocity is equal to three tenths of the solar wind

velocity, showing that propagation from the magnetopause might be just

marginally possible to explain the observations. Even if propagation to distant

locations in the magnetosheath is not always possible, this source may

have significant effect nearer the magnetopause and in the downstream

magnetosheath.

Magnetosheath Generation

Generation of fluctuations within the magnetosheath is a relatively

unexplored area. One suggestion for generating waves within the magneto-

sheath is that of Kaufmann et al., (1970) who suggested that the mirror

instability might be responsible for the large amplitude .01 - .1 hz slow

magnetoacoustic waves frequently observed. This instability, which occurs

when p - p >- (P /p )B2/8I, causes plasma to become concentrated in

regions of decreased field strength where is is confined by the high field

"mirrors" of the adjacent regions. These plasma clouds, subsequently

discussed by Kaufmann and Horng (1971) propagate slowly with the slow mode

wave velocity.

Kovner and Feldstein (1973).suggest that when the component of
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interplanetary field perpendicular to the earth-sun line is small, the

magnetosheath plasma flow would be turbulent. Under these conditions

diffusing plasma elements would stretch the frozen in magnetic field

resulting in the spontaneous creation of large and irregular magnetic

fields. (e.g. Ferraro and Plumpton, 1966). This suggestion has not been

experimentally checked.

Two other proposals for generating magnetosheath waves are (1) an

instability present when p >p that generates transverse waves below the
I II

proton gyrofrequency (Noerdlinger, 1964) and (2) the cylotron instability

mentioned earlier as a means for producing 50-200 hz bursts in the

magnetosheath.

IV. SUMMARY AND FUTURE WORK

The average magnetic field in the magnetosheath is relatively well

understood. The magnetic field frozen in the solar wind plasma is convected

into the magnetosheath by the streaming plasma. At the bow shock the field

undergoes a compression and a minimal angle change necessary to preserve

the normal component across the shock. Velocity differences within the

magnetosheath lead to further distortion and an effective draping of the

field over the magnetosphere, causing approximate tangency of the

magnetosheath and magnetosphere fields. The typical high Alfven mach

number conditions of the solar wind allow a theoretical approximation

which decouples the magnetohydrodynamic equations into a gas dynamic set

and an electromagnetic set. The gas dynamic equations are first solved

for the plasma parameters in the magnetosheath and the magnetic field is

then calculated, assuming that the field is frozen in this plasma.

Experimental results agree with theory to the accuracy of the comparison.

Future theoretical work will have to treat the full set of uncoupled

equations, thus allowing the magnetic field to influence the plasma
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parameters which in turn will change the magnetic field. Comparison of these

higher order calculations with observations will be difficult, but is

possible with high accuracy data. Comparisons under low mach number

conditions when the field has its greatest influence should be most fruitful.

Time variation in the magnetosheath magnetic field are not as well

understood as the average field. The simultaneous presence of many diverse

and complicated wave modes of various frequencies make experimental study

difficult. Fluctuations tend to be concentrated in the region below the

proton gyrofrequency and power spectra in this low frequency region often

contain peaks. On the average, such spectra show a decrease with increasing

frequency which is roughly proportional to 1/f or 1/f
2 . Above the proton

gyrofrequency, the power spectrum decrease approximately as 1/f
3 . At the

lowest frequencies, transverse waves tend to dominate, but slow magneto-

sonic mode waves are usually more prevalent in the .01 to .1 hz range.

Wave perturbation vectors tend to align themselves with the shock or

magnetopause surfaces.

Magnetosheath waves probably originate in a variety of ways but the

relative importance of various sources is not clear. Upstream waves

convected through the bow shock are undoubtedly an important source of

waves, at least at certain times and in certain locations. Additional

waves are surely generated at the bow shock, but the relative importance

of this source is not known. Instabilities within the magnetosheath may

generate waves, but neither theory nor experiment has investigated this

possibility to any great extent. The magnetopause is another possible wave

source, although such waves probably could not propagate to all regions of

the magnetosheath from this location.
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Experimental work will have to take the lead in future investigations

of fluctuations. Such studies should attempt to isolate individual wave

modes using filtering and modern methods for determining propagation

directions. Comparison of simultaneous data from several experiments is

a very important and relatively unexploited technique for determining

wave modes and studying instability criteria.

The study of the magnetosheath has the potential for yielding much

insight into instabilities and wave particle interactions which influence

the behavior of tenuous collisionless plasmas. Understanding this behavior

should contribute both to pure plasma physics and to a further understanding

of the interaction of the solar wind with the geomagnetic field, and with

other bodies in the solar system.
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FIGURE CAPTIONS

Figure 1 Contours of normalized magnetic field strength in the

magnetosheath for four values of specific heat ratio 7.

(Dryer, 1972)

Figure 2 Contours of normalized plasma parameters in the magnetosheath.

Upstream gas dynamic mach number is 8.71 and specific heat

ratio is 2. (Spreiter et al., 1966b)

Figure 3 Magnetic field configuration and intensity in two planes.

The upstream field lines are in a plane parallel to the

plane of symmetry through the center of the earth, but offset

from it by a distance equal to 1/3 the distance to the

stagnation point. (Spreiter et al., 1968)

Figure 4 Simultaneous magnetosheath and interplanetary magnetic field

measurements from Explorers. 33 and 34.

Figure 5 Projections of IMP 2 magnetosheath vectors in the XY plane

are shown for 4 different directional groupings of the

interplanetary field. For 00 < 0 < 1800 the magnetosheath

fields tend to point toward dusk, and for 1800 < 0 < 3600

the fields point toward dawn.

Figure 6 Comparison between experimental values of the normalized

magnetosheath field magnitude and theoretical contours, for

the case of the interplanetary field oriented transverse to

the earth-sun line.

Figure 7 Averages of normalized magnetosheath magnetic fieldmagnitude

for intervals of 10 RE along the earth-sun line showing the

continuous decrease of the magnetosheath field with distance

downstream.



Figure 8 XY plane projection of magnetosheath field vectors for cases

when the interplanetary field was oriented at 300-400'from

the earth-sun line.

Figure 9 Composite of magnetosheath magnetic field magnitude spectra

covering 11 decades in power and more than 4 decades in

frequency.

Figure 10 Relative power in the two components transverse to the

average field versus the angle the X axis makes with a

theoretical shock normal. When the angle is small and X

is aligned near the shock normal, there is considerably more

power in the Y component which tends to be aligned with the

shock surface.

Figure 11 A representative data interval illustrating waves in the

field magnitude on a magnetosheath pass near the earth-sun

line when the interplanetary field was oriented transverse

to the earth-sun line. The Z axis is aligned with the normal

to a model magnetopause.

Figure 12 Power spectra of the field magnitude and the field components

perpendicular to the average field diredion computed from

simultaneous measurements in the magnetosheath and in the

interplanetary medium. There is no interplanetary enhancement

corresponding to the magnetosheath peak near .06 hz. The

data interval includes that of Figure 11.

Figure 13 Data from 5 OGO-3 spectrum analyzer channels on a representative

inbound pass. Broadband, time-varying noise is seen throughout

the magnetosheath between 10 and 800 hz. (Smith et al., 1969)



Figure 14 Phase velocity as a function of frequency for propagation

along and perpendicular to the magnetic field. Horizontal

dashed lines denote the typical range of plasma flow velocities.

Figure 15 Simultaneous data from two spacecraft in the vicinity of the

bow shock.

Figure 16 Twenty second standard deviations averaged over many magneto-

sheath passes and ploted versus orbit number or (equivalently)

solar ecliptic longitude.

Figure 17 OGO-5 data in solar ecliptic coordinates illustrating 0.3 hz

waves immediately downstream from the bow shock. (Holzer et

al., 1972)
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