Electrostatic and Electromagnetic Turbulence
Agsociated with the Earth's Bow Shock

by

Paul Rodriguez

A thesis submitted in partial fulfillment of the
requirements for the degree of Doctor of Fhilosophy

in the Department of Physics and Astronomy
in the Graduate College of

The University of Iowa

July, 1974

Thesis supervisor: FProfessor Donald A. Gurnett




Gradugste College
The University of Iowa
Towa City, Towa

CERTIFICATE OF APPROVAL

PH.D. THESIS

This is to certify that the Ph.D. thesis of
Faul Rodriguesz

has been approved by the Examining Committee

for the thesis requirement for the Doctor of

Fhilosophy degree in the Department of Physics
and Astronomy at the July, 1974, graduation.

Thesis cormnitteew %W

Thesis supervisor

Member

LA Dok

Member *




ACKNOWLEDGMENTS

In grateful apprecistion to the many people who have made my
research efforts possible, I wish to acknowledge their part in
this work. I extend my thanks to Dr. D. Gurnett, who has been my
advisor throughout my graduate career at the University of Iowa,
and who has served me as the model of a researcher and teacher par
excellence. Without his support and advice any merit to my efforts

; would have been greatly diminished. I also thank the students and

workers of the VIF group, in particular Messrs. W. Kurth, G. Voots,

and R. West, who took care of so much of the dreary work of data
analysis, and Mrg. 8. Van Engelenhoven, who typed the manuseript.

| Thanks are also extended to my fellow laborers Messrs. R. Shaw and
R. Anderson, whose work on the IMP-6 project has made mine easier.

' Among the other IMP-6 researchers, I thank Drs. N. Ness and
D. Fairfield for providing the magnetometer data, and Drs. S. Bame
and W. Feldman, whose particle data was used to obtain the shoek
parameters.

I also wish to express special thanks to Ir. J. Van Allen,
who first made it possible for me to come to the University of Iowa.

This work was supported in part by the National Aeronautics
and Space Administration under Contracts NAS5-1107 and NASS5-11431
and Grant NGL-16-001-0L3 and by the Office of Naval Research under
Grant NOOO14-68-A-0195-0009.

ii

-ll‘lIIllIl-----------------




ABSTRACT

The electric and magnetic field spectral densities of plasma
waves in the earth’'s bow shock have been measured in the frequency
range 20 Hz to 200 kHz using two l6-channel specktrum analyzers on
the IMP-6 spacecraft. The electric field spectrum in the bow shock
consists of two distinct components: one component has a broad peak
typically centered between 200 to 800 Hz with an average (5.12

second time constant) spectral density at the peak of about 1077 vo1t?

w2 Hz ™ and the other component increases monotoniecally with decreas-

-(2.0 +0.5)

ing frequency approximately as T and has an average spectral

B e =k

density of sbout 3.0 x 107> volts® m © Hz™* at 36.0 Hz. The magnetic

field spectrum in the shoeck has only one component which inereases mono-
tonieally with decreasing frequency approximately as f'{h'ﬂ 20.5) and
has an upper cutoff freguency near the local electron gyrofrequency.
This magnetic field spectrum appesrs to be associated with the monotonice
component of the electric field spectrum. The electric to magnetie
energy density ratio of this noise, {ngﬂn]fﬂﬂzfaﬂ}, ig about 1073

to 1ﬂ"h, which is consistent with the energy density ratic expected

for electromggnetic whistler mode waves in the bow shock. The broad
peak in the electric field speetrum at about 200 to 800 Hz has a

2

large electric to magnetic energy density ratio, ~ 10° to 193, indicat-

ing that this component consists of almost purely electrostatic waves.
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Electrostatic noise with a spectrum gimilar to the turbulence
in the ghock, but with lower intensities, ls observed throughout the
magnetosheath region, downstream of the shock. This magnetosheath
electric field turbulence often includes many bursts with a distinet
parabolie freguency-time varistion on a time scele of a few seconds.
Spin modulation measurements of the electric field direction show that
the electric field wvectors in both the shock transition region and
in the magnetosheath region are preferentially oriented parallel to
the static magnetic field direction. The electric field of upstream
electron plasma oscillations also is oriented parallel to the static
magnetic field.

The intensity of the electrostatic component of turbulence in
the bow shock increases as the upstream electron to ion temperature
ratio TE,fTi increases, and decresses as the upstream sound velocity
C% increases; both of these variations for the electrostatic component
are consistent with ion sound wave turbulence. The eleectric field
intensity of the electromagnetic component of shock turbulence has a
weaker, but similar, variation with T E/Ti and CE, indiecating that
whistler waves couple to ion sound waves in the transition region.

Both perpendicular and obligue shocks have the same charascteristic

spectra of electrostatic and electromagnetic turbulence.
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I. INTRODUCTION

A basie problem of shocks in collisionless plasmas is to
identify and understand the dissipation mechanism that occurs in
the transition region connecting the upstream and downstream states.
In the absence of binary collisions dissipation must occur through
collective Coulomb interactions of the charged particles. This
results in the self-consistent generation of a turbulent spectrum
of electrostatic waves that stochastically accelerates the charged
particles. Experimentally, this is often desecribed in terms of an
'anomalous' or effective resistivity for Ohm's law, t= T* j’,
through which turbulent electric fields heat the plasma. The earth's
bow shock provides a very convenient steady-state laboratory for the
study of high Mach number collisionless shocks. Electron and proton
velocity distributions measured in the solar wind and megnetosheath
near the bow shock indiecate that strong thermalization occeurs in
relatively thin regions within the shock structure [Montgomery et al.,
1970; Formisano and Hedgecock, 1973a, b]. Magnetometer measurements
of the magnetic field in the bow shock up to 10 Hz show a broad
turbulent spectrum 2-3 orders of magnitude above the interplanetary
spectrum [Olson et al., 1969; Holzer et al., 1966, 1972]. Electric

field spectra in the range 560 Hz to 70 kHz [Fredricks et al., 1968,




1970a, b] show electrostatic turbulence in the shock strongly correla-
ted with magnetic field gradients, indicating the presence of some
form of current-driven instability [Wu and Fredricks, 1972].

In this report we present some simultaneous measurements of
electric and magnetic field spectral densities in the bow shock as
obtained with the University of Iowa plasma waves. experiment on the
IMP-6 spacecraft. The frequency range of the plasma wave detector,
20 Mz to 200 kHz, covers most of the cheracteristic plasma frequencies
for electrons and protons in average solar wind conditions. Electrice
fields are measured with long dipole antennas (~ 100 meters tip-to-
tip) with high sensitivity, on the order of 1 microvolt/meter.
Magnetie Tields are measured with single-turn loop antennas.

The electric field measurements of Fredricks et al. [1968]
were obtained with short dipole antennas (effective length 0.5 meters)
on the 0GO-5 spacecraft, which are less sensitive than the long IMP-6
antennas (ratio of effective lengths ~ 100). To provide a basis for
comparison with the 0GO-5 measurements IMP-6 also has a short dipole
antenna (effective length 0.38 meters).

The IMP-6 spacecraft was launched on March 13, 1971, with
initial orbit parameters as follows: period, 4.18 days: perigee,
6614 km; mpogee, 212,269 km (-~ 3l HE]; inclination, 28.7°. The
satellite is spin stabilized with its spin vector perpendicular to
the ecliptie plane and pointing toward the south celestial pole, with

a nominal spin period of 1l.1 seconds.




The meacurements of the present study were obtained during
the first thirty orbits, covering the noon to dawn guadrant of local
time. During this time, from March 17, 1971, to July 15, 1971, the
solar wind condiltions were usually relatively quiet, with inter-
mittent nolsy periods as indicated by daily average values of KP.
The overall average Kb wag about 2.0. In thirty orbits the space-
craft would have to cross the shock at least 60 times, but multiple
crossings (due to the bow shock structure moving in oscillatory

motion past the spacecraft) have increased this number to over 150.




II. EXPERIMENT DESCRIFTION

A. Electric Antennas

The spacecraft has three mutually perpendicular long dipole
antennag identified in the spacecraft frame as +X, +Y, and +Z. The
spacecraft spin vector is in the +Z direction and the X-Y plane is
parallel to the eecliptic plane. The antennas are formed from pre-
stressed conducting ribbone, that assume a tubular shape as they are
extended outwards from the spacecraft. An insulating material
covers all but the outer 16.8 m of the antennas. Extensions of
the antennas were made in seven steps over the time interval of the
first nine orbits. The final tip-to-tip lengths are as follows:

EH = 54.0 m, EY = 93.2 m, Ez = 7.7 m. The effective lengths for

the long antennas are taken ag one-half the tip-to-tip lengths.

The short dipole antenns (SE) is attached to the magnetometer boom
and oriented along the Z direction. Two spherical wire ceges at the
ends of insulating rods form the elements of the short dipole antenna,
giving it an effective length of 0.38 m. This antenna was designed
to serve as a back-up to the long antennas and to provide the measure-
ments at a different effective length. Figure 1 shows a schematic

drawing of the spacecraft.




B. Magnetic Antennas

A system of three orthogonal loops gt the end of a boom form

the magnetic antennas {Mx, My, MZ}. They ere oriented to conform to

the coordinate system defined by the long electric antennas. Each

loop is made of a single turn of aluminum tubing and has an area

of U.Bl mE -

C. Bpectrum Analyzers

Two 16-channel spectrum analyzers (A and B) are used to
provide spectrum measurements. Each spectrum analyzer covers the
frequency range from 20 Hz to 200 kHz with four filters per decade
of frequency. The filter bandwidths range from about 209 of the
center freguency at low freguencies to about 10% at high frequencies.
Each filter is connected to a logarithmic receiver with 100 db
dynamic range and 10 pvolt sensitivity. The receiver output is
proportional to the logarithm of the input voltage. Using the long
electric antenna, electric fields as low as 0.2 microvolts/meter
can be detected. The magnetic field sensitivities depend on the
wave frequency and range from 2.0 milligammas at 36 Hz to about
10.0 microgammas at 16.5 kHz. A block diagram of the plasma wave
experiment is shown in Figure 2.

In the usual mode of operation analyzer A is connected to
the EY antenna and analyzer B iz connected to the MI antenna.
However, on command each analyzer can be switched to any of the

seven available antennas. In the high-rate data sampling mode, the

32 analyzer channels are sampled in rapid sequence once every 5.12




geconds for average and peak outputs. The peak meagurement gives
the maximum receiver output over the 5.12 second interval between
samples. The time constants are 5.12 seconds for the average
measurement and 0.10 second for the peak measurement. A complete
set of average and pesk spectrum measurementsg is obtained for all
channels once every 5.12 seconds and is called a snapshot. A snap-
ghot ie the basic data unit for the spectral density calculations

] presented in this paper. In addition to the spectrum measurements,
there ig a rapid-sample mode in which & given channel is sampled
every 0.32 seconds. The rapid-sample measurements cycle through 8
spectrum analyzer channels in a fixed seguence, giving 128 consecutive
samples from & given channel.

Shortly after launch, it was determined that intense low-
frequency (below 1 kHz) electric field interference was being pro-
duced by the spacecraft solar array. The main component of this
noipe is strongly spin moduluted and is due to voltege transients
caused by the shadow of the magnetic antenna boom and loops moving
across the solar cell panels. The near 2:1 relationship between the
| spacecraft spin period (11.1 sec) and the sampling interval (5.12 sec)
means that noise contamination in the peak measurements occurs in

alternate snapshots, and is easily identified.

D. Wideband Receivers

Two wideband receivers provide broadband coverage over the

ranges 10 Hz to 1 kHz and 650 Hz to 30 kHz. These analog signals

—_—



are used to reconstruct analog frequency-time spectre for studying
cutoffs, resonances, and other wave characteristics which reguire

good freguency-time resolution.




| ITT. FLASMA BHOCK WAVE THEORY

4. The MHD Approximetion

A smell amplitude pulse propagating through a fluid may be

[ viewed sg the propagetion of a small gradient in some plasma property,
for example the pressure. If the phase velocities of the wave compo-
nents of the pulse are proportional to the pressure, then where the
pregsure is slightly greater the waves travel slightly faster. Thus
the higher pressure portions of the pulse move zhead of the lower
pressure portions, inereasing the gradient of the pressure and

the pulse is said to steepen. The steepening of the pulse produces
more waves travelling faster, which causes further steepening. This
process continues until dissipative mechanisms, prnpartiuqal to the
pressure gradient, become strong enough to stop the steepening and
establish an equilibrium gradient. For large enough amplitudes the
propagating pressure gradient can become a shock wave travelling with
a velocity greater than that of a small amplitude wave in the undis-

I turbed fluid.

0 The process by which a shock wave is formed depends upon the
nonlinear properties of the wave, i.e., the phase velocities of the
component waves are proportional to a guantity which is changed by
the waves. If we consider only very small smplitude waves, then the
nonlinear equations of motion thet desecribe the fluid mey be linearized

and solved for the elementary modes of osecillation of the fluid.

I



These elementary modes may then be used as a basis for studying the
nonlinear waves.

For shocks in a magnetized plasme the magnetchydrodynamic (MHD)
waves for frequencies w < Ri fﬂi = eB/mic, the lowest ion gyrofreguency)
form the elementary modes of the plasma. Considering the plasma sg
a perfectly conducting, nondissipative fluid, the ideal MHD equations

are

; g—%+v-(p_ﬂ.’r}=0 (1)
?
F a?r -+ =+ 1. =+
! ph—t+pv-?v+?p-gl:JxB}=0 (2)
i
i 2 ox(@xB) =0 (3)
r
D + -
E.E{;%}»rv-v(ﬁhn (L)
v +-B=0 (5)
vxB=20 3 (6)

where p is the mass density, ¥ the fluid velocity, p the plasma

pregsure and v is the ratio of specific heats cp/Cv' T end B are
i the current density and magnetic field intensity. The first four
equations describe the mass flux, momentum flux, magnetic induetion,

and entropy conservation of the plasma. The last two equations are

Maxwell's eqguationg.

lI.Ji..-IIlllllIIlllIIIIIIIlIIIlIII-I--------------------
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[ We agsume & coordinate system in which the wvave is stationary
(wave phase veloeity egual and opposite to the fluid veloeity) and in
which B and v define the x-y plane, B = Eﬁk’ ﬁy, 0), v = E;k’ 0, 0) and
the z-axis is the perpendicular to this plane. The MHD equations may
be linearized by assuming small perturbations (subscript 1) on the

average quantities (subscript 0):

' B=pytP
!
- -+ -+
vVEYe T
i
P =D, * Py
- e K
B = ED Bl

Taking only the first order eguations that result, we may
solve for the wave velocity B to obtein the dispersion

relations [Kentrowitz and Petschek, 1966].

VE = CE cuBE 8 {(7)

2

5 sin © (8)

2 O B - -
(v -c:s}(v -c}-csur;‘al

where qﬁ = BEXMWF is the Alfven velocity, Ci = wp/p is the sound

—+
veloeity and @ ig the angle between B and the wave normal

——
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;{: ¢f|¢1]. The dispersion relations (7) and (8) deseribe the three
elementary modes of the MHD fluid and are named the fast, intermediate
and slow waves, according to the megnitude eof the veleoeity. The
intermediate mode iz given by (7). The faet and slow modes are given
by (8), from which it mey be shown that they satisfy the inequalities

o o_ =2
vf,aca,vfacs

and

where f and s indicate the fast and slow modes. The dispersion re-
lations are plotted in Figure 3 for several ratios cgjqi .

By considering the effect of a small amplitude intermediate
wave on the plasme flow properties, it has been ghown [Jeffery, 1966,
Kentrowitz and Petschek, 1965] that this mode merely retates the
megnetic field component in the plane of the wave front and perpen-
dicular to the direction of propagation, while leaving the density,
pressure and normal component of veloeity unchanged. Thus, large
amplitude inmtermediate waves which do not steepen into shock waves
are possible in a plasma. TFor small amplitude fast and slow waves

it is found that the magnetic field remains in the plane defined by

the wave normsl and the magnetic field ahead of the wave (magnetic




coplanarity). In addition, the density, pressure and normal component
l of velocity change across both fast and slow modes, but in opposite
directions. The changes in flow properties may be summarized as:
a) The velocity changes across the three waves are mutually
perpendicular.
b) For the fast and slow modes, magnetic and veloeity coplan-
arity holds, i.e., changes in the magnetic field and
! velocity remain in the planegs defined by their upstream
vectors and the wave normal vector. For the intermediate
f wave, the changee in the magnetic field and velocity vectors
are perpendicular to these planes.
¢) For the fast wave, the density and magnetic pressure
changes have the same sign, i.e., 2 compressive wave
increasges the magnetic pressure; for the slow wave, the
changes have opposite sign; the intermediate wave produces
no changes in maghnetic pressure or density.
The flow properties of fast and slow waves indicate that
for large amplitude waves, they tend to steepen into shock waves.
Thus for C = yvp/p and v, ~ e, , avy/v, ~dc_/c_ = 1/a/~ (v-1) da/p ,
and for dp > O the wave velocity inecreases. On thermodynamics
grounds, it may be shown [Jeffrey, 1966] that the entropy must increase
across a shock and thus equation (L) does not hold for shocks. This
restricts the flow properties of fast and slow shocks so that across
a fast shock the density and magnetic pressure incresse while across a

glow shock the density increases and the magnetic pressure decreases.

B



From Figure 3 we caen see that a perpendicular shock (5 1 E} must be

e fagt shock.

Given that a shock wave has formed in a plaamz, we may obtain
relations between the state variables on either side of the shock wave,
independently of the dissipation processes which occur in the transi-

tion region where large gradients in the plasma variables exist. This

ig done by rewriting equations (1) - (3) and (5) in the form of
conservation equations, dU/dt +v - F = Aor dUt +V - (F -C) =0
ifA=¥% E , and integrating them from a position ahead of the shock
(upstream) to a position behind the shock (downstream), at which
poimts it may be assumed that steady state conditions (pU/dt = 0)

t prevail. These relations are called the jump conditions; the steady
state assumption is equivalent to evaluating the jump conditions in

I the shock frame of reference.

g In the form of conservation eguations (1) - (3) and (5)

become [Jeffrey, 1966]

_'
%—p+?'{pv)=ﬂ

HeM) v v - (R +pr -9 - (@) = 0
é%% +v . (WB-W) =0
Doyeg. @)ty - (- BOER) _ g

ot T L

v.B=0
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where p* = p + ngEn and where entropy conservation equation (4)

(no longer walid for shocks) is replaced by the equation for energy
flux conservation with W = lepv? + pu + B°/Bn (where W is the total
energy and u is the internal energy). In the frame of the shock the
time derivatives drop out and assuming that the shock front is a
plene defined by the loeal shock normal vector ;, we may integrate
the divergence terms across the shock front to get the jump conditions

(or Rankine-Hugoniot relations)

[pv « Bl =0 (9)
[pv(¥ + &) + p*n - %ﬁ .m)l =0 (10)
v@ - 0) -3F - 8)] = 0 (11)
[{w+po) ¥« 8 (. Eﬁ . E}}-c 0 (12)
(B-al=o0 (13)

where [x] = Xy = X535 1 and 2 refer to upstream and downstream sides
of the shock.

If the jump conditions are to be evaluated between the up-
stream state and the shock transition, source terms must be included
on the right hand side of equations (11) and (12) which are propor-

tional to finite resistivity and energy dissipation, respectively.
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-+ 4 -+ 4
| These source terms come from Ohm's law E + 1/c(v x B) = T*J, where T¥
is the anomalous resistivity, and from the energy conservation

-+ -+ = 3
equation dW/dt + Vv . 8 = -E - J, where s is the energy flux and

E - :} is the energy dissipation. For each frequency component w,
the electric field ﬁm arises self-consistently from the currents 3m,
resulting in the turbulent spectrum <3 o -E':u? for shock dissipation.
The jump conditions show that shocks can be characterized by
four variables, _‘:r, _ﬁ, p, and p. Bhocks may be described in a concise
way by using the upstream values of these variables to define the

following shock parameters:

_ o o o
R - 1/2 " C
{Blfhnpl} / Al

Vi ¥y

" /o) 2 B

=
m
|

2
csl
2
Ca1

ki
(85/8n)

- £
¥

I where HA and ME are the Alfven and sound Mech numbers and must be
greater than one for shocks, and B iz the ratic of thermael to magnetic

pressure. For y = 1 the fluid acts isothermally, for v = 5/3 it

acts adlabatically; thus
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where upstream velues are understood. The plasma beta (B) is an
important parameter which indicates whether magnetic pressure dominates
the plasma behavior (B << 1) or whether thermal effects are important
(B2 1). Low B plasmas cen often be considered to be cold plasmas

(T ~ 0) with particle thermal motion ignored. In high B plasmas

(8 ~ 1) the thermal motions cannot be ignored because the intersctions
of waves and particles leads to plasma behavior (such as wave damping
and growth) not found in cold plasmas.

Another parameter often used to classify shocks is the shock
normal angle, w(ﬁ, Q), the angle between the upstream magnetic field
and the shock normal. Perpendicular and parallel shocks have shock
normal angles of 90° and 0°, respectively. Oblique shocks have
intermediate angles. From (13) we can see that the normsl component
of magnetic field is conserved through a shock; thus changes in
magnitude and direction occur only in the tangential component. If
a shock is & perpendicular shock, (B + n = 0) the only changes in
the magnetic field are in its magnitude, the direction remaining
congtant.

For the case of the earth's bow shock, appropriate values of
the shock parameters are B ~ 1, M, ~ 5 and 4(B, f) ~ 30° - 70°. The
bow shock i1s thus, on the average, a high beta, high Mach number,
obligue shock.

The validity of the MHD equatione (1) - (4) requires that fluid

properties be retained over appropriate length and time scales. This

means that the isotropy of the charged particle distributions must
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be attained over lengths and times gmsller than the scale lengths
and times that characterize the flow. In other words the mean free
path for collisions lc and.the collision freguency Vo must satisfy
e <§:15 and v, >> u_, where )  and w_ are length and freguency
scales for the flow. These requirements are implicit in the assump-
tion of an adisbatic equation of state for the plasma, as in equation
(4). Now the three elementary wave modes of the MHD fluid have no
basic scale length, i.e., all wavelengths of a given mode have the
same phase velocity. For shocks, however, a basic scale length is
required, the shock thickness Lb over which the graedients of plasma
properties are appreciable. This indicates that the model of the
idealized MHD fluid, equations (1) - (4), cannot be correct for
shocks, even if the plasma otherwise satisfies the requirements for
fluid flow. In the presence of a zero-order magnetic field the
reguirements for fluid flow may be relexed somewhat to lc < 7Ty and
v, = ﬁe where ry is the iom gyroradius and ﬂE is the electron
gyrofrequency. Thesze inequalities mean that isotropy is maintained
in directions perpendicular to the magnetic field independently of
the parallel direction. The adiabatic equation of gtate may now be
replaced by two adiabatic equations, for ﬁi and Pl' This introduces
an anisotropy into the fluid equations end may be expected to result
in modifications of the elementary wave modes and the resulting shock
Jjump conditions.

One model of anisotropic pressure which has been used sre the

CGL equations [Chew, Goldberger, and Low, 1956]:
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P
— (5 =0 (14)
P, BZ
fﬂt- [J.%_} =0 (15)
p

+
where % = SQ‘E + v « ¥ . These equations express conservation of the

I magnetic moment p = lf 2 mvi{'ﬂ and zero parallel heat flow, regpectively.
The CGL equations are appropriate in low B plasmas, and less accurate

for B ~ 1.

B. The Two-Fluid Flaema

For & collisionless, magnetized plasma like the solar wind
the requirements for fluid flow are not met ( ?"c == ls, }'c ~ 1 AU)
and it would appear that the fluid equations do not apply. However,
experimental measurements have shown that the equetions do predict
correct values for measurable guantities over large enough scale
lengths. The position and flow characteristics of the bow shock
and magnetosheath have been well described using the MHD equations
[Spreiter et al., 1966; Formisano et al., 1973a] and the jumn condi-
tions have been successfully applied to the bow shock [Mihalov et al.,
1969; Formisano et al., 1973b]. The resolution of this apparent
paradox lies in the long range Coulomb force between the charged

particles in the solar wind. The Coulomb interaction serves to weakly

bind the electron and ion gases and, along with the magnetie field,
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provides a coherence to the flow necessary for the fluid approximation.
Over large enough scale lengths, the solar wind therefore appesrs to
be a gingle fluid. On smaller scales, however, measurements (near
the Earth]1shmr that the electron and proton gases have different
temperatures {TE ~ 105°H, Tp ~5 x 1ﬂu°xl in addition to having
anisotropic pressure (Pl, ﬁi]. These temperatures and pressures arise
from the lack of binary collisions, which prevents the electron and
proton gases from acting together as one fluld, with one temperature
and pressure. As a result, the solar wind is more like a two-fluid,
anisotropic plasme with particle distributions given by bi-Maxwellians
for both electrons and protons [Hundhausen, 1968, 1970]. The electron
anisotropy is small and can be ignored, but for protons it results

in temperatures Tﬂ| =L x IDM“K and TpL =2 x lﬂh“K.

A more accurate description of the solar wind thus requires
that fluid equations be used for the electron and prntnﬁ Eases
separately, with terms included for the Coulomb interaction between
the gases. The Coulomb interaction could be represented by an 'effect-
ive' collision frequency, for which a value 10 times greater than the
clasgical binary collision frequency is found to explain the electron
and proton temperatures at 1 AU [Nishida, 1969]. The need for a
larger effective collision frequency suggests that a possible aspproach
to the two-fluid description of the solar wind is to modify the
assumption of infinite conductivity in Ohm's law used in the MHD
approximation (equation (3) is obtained from Maxwell's eguation using

T+ 1}{:{&1:‘ X -];) = _ifu + 0). The resulting elementary wave modes of

F
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the two-fluid plasma may then be expected to be dispersive (i.e., to
have basic scale lengths) introduced by the effects of finite particle
inertia. An attempt may then be made to relate the dissipative

seale length of shocks, the shock thickness LE, to the wave lengths

of the possible wave modes, and thereby gain understanding of the
dissipative processes themselves. However, various theoretical
investigations [Tidman end Krall, 1971; Biskamp, 1973] show that
belovw a critical Mach number ME ~ 2 the sghock thicknegs is determined
by wave dispersion and above ME ~ 2 digsipation determines the shock
thickness. (This provides another categorization for shocks, laminar
for M, < M¥

A A’
may not be totally independent so that for the earth's bow shock

turbulent for M, > ME} The two possible scale lengths

f“ﬁ ~ 5) the shock thickness may involve both dispersive and
dissipative scale lengths; a double structure may also exist in the
transition [Paul et al., 1965, Woods, 1971].

In the two-fluid description, the mass conservation eguation
(1) remains unchanged in form when applied to each fluid separately.
The momentum equation (2) must now include a source term on the
right hand side, of opposite sign for each gas, to account for the
transfer of momentum between the two fluids. These equations for the
two fluids may therefore be added to regain mass and momentum con-
servation equations in the same form as for the one-fluid deseriptionm,
provided that the pressure terms for each gas are also of the same
form. According to the assumptions made for the eguation of state

and/or Ohm's law the rest of the two-fluid equations take different
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forms. One choice [Abraham-Shrauner, 1967a, 1968, 1973] that has
been made is to use the CGL equations of state (14) and (15) and
retain the assumption of infinite conductivity in Ohm's law,

T+ 1/c(v x B) = 0. This choice introduces considerable modification
of the MHD wave modes depicted in Figure 3. Instabilities peculiar
to the CGL assumption are also possible, being associsted with
violation of the adiabatic invariance of the magnetic moment u and
the longitudinal invariant J. For shocks, this offers a possible
disgipation mechanism. The jump conditions for anisotropic pressure
[Abrahem-Shrauner, 1967b] acquire an additional equation, representing
the additional conservation equation in the CGL pressure tensor.

For the earth's bow shock, however, the CGL equations of
state are hard to justify because that model requires a strong enough
magnetic field (low PB) so that a preferred direction is established.
The soler wind P is. of order 1 and thus it is not clear that the
magnetic field will impose a preferred direction for thermal motion
in the bow shock.

Ancther form [Formiseno and Kennel, 1969] of the two-fluid
equations is obtained by retaining the isotropic equation of state
(L) with different polytropic indices v_ and y,_ for electrons and
protons (with resultant total pressure P = P, + P ) and modifying '
Ohm's law to include the effects of finite particle inertia. For
the problem of shock dissipation, this approach has the advantage of
allowing for the introduction of dissipation in a natural way (through

Ohm's law). The Ohm's law equation obtained for the linearized two-

fluid eguations is (after same algebraic manipulation)
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quencies and Pl+ is the partial pressure of ions. The first two
terms on the right hand side represent the effects of particle
inertia with characteristic inertial lengths cfmp+ for ions and
cfmﬁ_ for electrons. These characteristic lengths enter into the
theory of plasma shocks [Tidman and Krall, 1971] where it is found
that efmp_ and c:fmp_i_ are characteristic transition lengths for
perpendicular and oblique shocks, regpectively.

Assuming harmonic perturbations of the form ﬁlfx, )=

A : x ;
Byb exp i(k - % - wt) in the linearized fluid equations, Formisano

and Kennel [1969] obtain the dispersion relation

(cos® 8 - Q.—""E:* ) [{cnsgﬂ———”f—} - QJ-“E— (1 - =]
K°cs Kol k°ch K%ce
2 2 2
w cos @
o) (17)
a2 Koc?

where 8 is the angle between ?{ and -ﬁu‘ The effect of ion inertia
is represented by the ion gyrofrequency 0, = 0; = EEJHHF . Electron
inertia is represented by Q = 1 + k%:efmi_. CE and EA are the
sound and Alfven velocities. The wave modes of the dispersion

relation (17) are shown in Figure L, where it may be seen that they

-
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connect with the MHD fast, intermediate, and slow waves (also called
the magnetosonic, Alfven, and ion acoustic waves) for fregquencies

w< 0,. The MHD dispersion relations (7) and (8) can be obtained

from (17) by taking the limits Q = 1 and mEjnf ~ 0 with phase

velocity v = w/k. TFor frequencies w ~ 0, the slow mode couples to

the intermediate mode, becoming the electroacoustic (or ion sound)
wave, and the fast mode becomes the whigbler wave. In the range

f, <w<0_only the whistler and ion sound waves exist. AL w ~0_
the whistler and the ion sound weves couple so that only the ion sound
wave remains above 0 .

Of particular interest are the whistler and ion sound branches
in the range IIJ.',‘!I'":I < u.'lfﬂ+ < 2 x 103. In this range the ion sound wave
is given approximstely by w/k = Cg = [K(y T + 1+T+}fm+]lf2, where the
signs refer to electrons (-) and protons (+) and K is Boltzmann's
constant. As the plasma temperature increaseg this branch moves toward
the upper left hand corner of the plot so that intersections with the
whistler branch occur. These intersections are mode coupling points
(equal phase velocities) and energy in one mode can couple into the
other mode. Thue, in the presence of a temperature gradient, as in
the shock transition, a spectrum of mode coupling points may be
expected to occur.

In Figure 5 is shown how the phase velocities of the two-fluid
plasma wave modes depend on propagation angle & and cgfci. The dotted

eirele in each disgram iz a reference with radius equal to the value

of C . Increasing temperature corresponds to increasing Cgfﬂi (~8).
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Below mfﬂ+ = lDD the three MHD modes corresponding to Figure 3 are

to be found. For frequencies 10° < w/e, < 2 x 103, only the whistler
and ion sound waves exist. The diagonal for frequencies wfﬂ+:> lﬂﬂ
represents the locus of coupling points between the ion sound and

whistler waves for increasing temperature.

C. Plasma Weve Turbulence

We have previously stated that for the high Mach number shock,
like the earth's bow shock, the dispersive properties of waves alone
cannot provide the transition between the upstream and downstream
states. Dissipation must be included to convert the streaming
kinetic energy in the upstream region into thermal energy downstream.
This can be done only by a broad spectrum of turbulent electric
fields. ©8uch turbulent trensitions imply that unstably growing
wave modes provide the Coulomb interactions that lead to an effective
resistivity. The wave modes obtained with the fluid approximation for
a plasma do not exhibit wave growth or damping because thege are
effects that depend on wave phase velocities becoming equal, or nearly
equal, to some range of particle thermal velocities. In a fluid
treatment, however, the particle thermel velocity distribution is
replaced with an average fluid velocity, and the details of wave-
particle interactions is lost; therefore the particle thermal velocity
digtribution must be congidered.

Flasma instabilities generally fall into two classes:

macrogcopic, where the wave length of the ungtable mode is of the

game order ag the scale length of the flow; and microscopic, for
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which the wavelengths of unstable modes ere much smaller than the

scale lengths of the flow. Macroscopic instebillties are assoclated
with the low frequency MHD wave modes while the microgcopic ingtabili-
ties occur at the higher characteristic frequencies of ions and
electrons. For shock dissipation where particle distributions must
be thermalized, the microscopic instabilities are the important sources
of turbulent electric fields. The gradient of magnetic field in the
main shock transition may be associated with = macroscopie instability,
such as the steepening of a fast wave.

Microscopic plasms instabilities require & kinetic treatment
in which the particle thermal velocities mand the wave phase velocities
define reglons of wave-particle interactions which can lead to growing
or damped waves. For a collisionless plasma the apmropriate starting
point for this description iz the Vlasov equation
-+

x E} . ‘El'f =0 {lﬁ]

o

E£-+ ;—. gf + E (ﬁ o+

olad

where £ = £(, v, t) is the distribution function for a given particle
species and ?¢ = i% . Mayxwell's equations give the self-consistent
fields.

The Vlasov-Maxwell system of eguations is linearized by
assuming that the distribution function fl[::, :.'r, t) and the fields

-+ - -+ 4
E(x, t) and B(x, t) can be written as the sum of average and per-

turbed guantities:
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and then solving for the perturbed quantities. When this is done,

the resulting set of equations for each particle species is
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where an effective collision term C = - E(i?ﬁl + % x‘%l} . ?3f1:>
now exists which represents the interaction between partiecle digtri-
butions and fields that results in dissipative turbulence.

The wave modes of the plasmz are obtained by considering only
the first order terms of the Vlissov equation. An immediate simplifi-
cation that can be made is the electrostatic approximation, i.e., the

gssumption that the electrie field is derivable from a potential,

-4
= = - 3 T £
E = -9, and that B, =B, = 0. Assuming also that £, and ¢,

-
vary as exp i(k - x - wt), where w = w_ + iw; has real and imaginary
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parts (to allow for damped or growing modes) the first order equations

result in the complex dispersion relation

D(ﬁa mr] = Dr(ﬁ, “"r) +1 Di{-ﬁ-: u’r}
which gives the wave diepersion relastion
Dr'(i:'-r UJI,) =0

and growth rate

n.i
D:I. (k, u:-r]

& 0, (%, w)/ow,
where w, << W ie required for weekly damped waves to exist as
elementary modes of oscillation for the plasma. The details of the
derivation of these equations can be found in most plasms physics
textbooks.

According to the limits assumed for the phase veloecities, two
modes of electrostatic osecillations fﬁi H‘i) can be found for
Maxwellian particle distributions, electron plasma oscillations and
ion acoustic waves. The dispersion relations and growth rates for

these modes are [Krall and Trivelpiece, 1973]:

a) electron plasma oscillations

2 2 2 .2
0.’ =w? (L+3k iz (19)

2

r
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here w/k v = (KT_/m }IKE d kA << 1 for weak dampin
wner w = therml e & an D T W E.“Ip‘ g

b) ion acoustic waves

, ¥c®
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and C_ = — is the sound speed.
1
The reguirement |u.11fmr[ << 1 for weakly demped ion acoustic waves
means Tg = Tj.

The dispersion relations (19) amd (21) are obtained assuming
there is no magnetic field, however the same eguations hold in the
presence of a magnetic field and represent electrostatic oscillations
parallel to the magnetic field direction [Bernstein and Kulsrud, 1960].

An electrostatic mode also exists for waves propagating per-

pendicularly to the magnetic field [Bernstein, 1958; Stix, 1962].

These waves occur in narrow bands between harmonics of the electron

i IL.
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and ion gyrofrequencies and at the lower hybrid freguency QLH =
(ﬂiﬂé)l/g [Fredricks and Scarf, 1969). These modes of propagation are
referred to as the Bernstein modes and are strongly damped for direct-
ions of the wave vector E & Tew degrees awsy from the perpendicular
to the magnetic field.

The electrostatic modes discussed above are found to be
unstably growing if a relative drift exists between two populations
of charged particles and the drifi velocity exceeds a certain level,
usually at about the order of the wave phase velocity. Drifts arise
from gradients of plasme variables and therefore the shock transition
is expected to cause particle drifts due to gradients in magnetic
field, density, tampera.tureP etc,.

For electrons drifting through ions with a drift velocity
Wiy ™ CE it has been found that ion sound waves grow ungtably for

T = Ty [Fried and Gould, 1961]. The growth rate for ion sound

waves when vy = Cs and for wavelengthsg A > ‘.’LD is
T 'n
Wy ~ - w, T e (1 - g cos 8) (23)
B, s

where B is the angle with respect to the drift velocity direction
[Tidman and Krall, 1971]. Instability [wi > 0) occurs for a wide

range of angles of propagation about the direction of the drift

C
g

veloclty with Cerenkov cone angle cos 8 = =

I
For currents parallel to the magnetic field, drift waves

associated with the self-consistent inhomogeneities generated by the

currents can become unstable for w<< @, and T, ~T,. As a result,
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the critical electron streaming veloeity for ion-wave current in-
stability is much below the threshold of Fried and Gould [1961] for
ion sound instablility [Kan, 1971].

The wave instabilities discussed above can be applied to the
discussion of electrostatic turbulence in plasma shocks. The shock
model most often used in the discussion of shock turbulence is that
of a perpendicular shock with diamsgnetic current'} flowing across
the magnetic field and in the plane of the shock front [Krall and
Book, 1969]. The current is determined by Ts e/bn(v x B) = ne v.. ,
where ;b is the net drift velocity in the gradients of magnetic fiela
and density, € = VB/B and ¢' = vn/n. For a model relevant to the
earth's bow shock, it is assumed that wPe:£> ne and that the ions
ere 'unmegnetized', i.e., that ri{vaB} > 1 so that ion trajectories
are only slightly perturbed through the shock. For electrons, revafB}
<= 1 so that the diamsgnetic current'j is an electron current. Seversl
authors have refined the perpendicular shock model to include a gteady
electric field T and & drift velocity from the temperature gradient
§ = vT/T [Biskamp, 1970; Gary and Sanderson, 1970; Priest and
Sanderson, 1972]. The geometry of the model is depicted in Figure 6.

For x incressing in the negative direction,

-4
B = Efl—sﬂ};

n, = nefl~e'x}
{ Ty = T, (1-6x)

- A

E = Ex
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with resultant drift velocities

o —+
vb = J%—E x B
B
2

+ _ e
Vn—an :ﬁr

a

2
—+ ve-ﬁ
Vp =85 ¥
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where vEE = KTEme. The net drift current is .

n_’

Be a _ -
J=eqp-V=nev =ne(, - vh-vT}ﬁ

For typical parameters in the earth's bow ghock, the condition
for unstably growing ion sound waves, vy > CB, easily occurs. Most
theoretical and some laboratory results have regarded ion sound tur-
bulence as the source of colligionless shock dissgipation for electron
heating [see Biskamp, 1973, for a review]. More recently, an
instebility arising from coupling between ion sound waves end Doppler-
ghifted electron Bernetein modes (due to the E x B drift of electrons)
has been regarded as a source of shock turbulence [Gary and Sanderson,
1970; Gery, 1970, 1971, 1972; Wu and Fredricks, 1972]. This in-
stability is usually referred to as an electron cyclotron drift
instability. The growth rate for this instability is found to be
greater than for the ion sound instability [Gary and Sanderson, 1970]

and may therefore be a more likely source of turbulence. For the
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electron cyclotron drift instability, in contrast to the ion sound in-
stability, the propagation angle of the wave vector 71; ig resgtricted to
s very narrow cone of angles perpendicular to the megnetic field.

From the two turbulence models above, the ion sound and electron
eyclotron drift instebilities, the resulting electrostetic field is
oriented perpendicularly to the magnetic field. However, as Biskamp
[1970] has shown for shocks in which 0

i
for the earth's bow shock) two limiting cases can be obtained for

el (approximately true

the ion sound instability, klljkl s (mefmi}lfz , i.e., waves propagating
perpendicularly and obliguely to the megnetic field, with obligue
propagation occupying the largest volume of ?c-apace. The limiting
cage lﬁlka > fmefmi]lf 2 thus corresponds to an electrostatic field
with a component parallel to the magnetic field.

The electroetatic modes discussed shove have the perturbation
electric field parallel to the wave vector, El || k. Electromagnetic
golutiong to the dispersion relation Dr(f:, :ur} = 0 also exist when
'ﬁn # 0 for which %1 L ¥. In the frequency range of interest,

9, <w<a, the electromagnetic mode is the whistler wave (see

i
Figure 4), which has the dispersion relation [Stix, 1962]

2

N (24)
w w(w-0, cose)

where nE = {kcfm}e is the index of refraction and & is the angle of
propagation with respect to the magnetic field -ﬁn' Whistler waves

can become unstable by interacting with thermal electrons at the

1
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resonance cone angle cos 8 = (w i i . ;é}fne. The possibility of
whistler turbulence providing the dissipation for colligionless shocks
with a magnetic field has been investigated by several authors

[Kennel and Petschek, 1968; Patrick and Pugh, 1969]. In average

gsolar wind velocities, whistler waves can stand in the flow at the
eerth's bow shock and thus provide a turbulent wave energy density

for particle thermalization [Secarf, 1970].

The unstable electrostatic and electromagnetic wave modes that
are predicted by plasma theory must eventually be limited by non-
linear interactions that tend to quench the instebility. If an
external source and gink of energy mre avallable, however, a stationary
turbulent state can be maintained [Ichimaru and Nakano, 1968]. For
the earth's bow shock, an external source of energy exists in the flow
kinetic energy of the golar wind and a gink iz available in the
thermalization of the magnetosheath particle distributions. Thue &
stationary spectrum of turbulent plasms weves is maintained in the
bow shock which can be measured over time sceles long compared with
the growth times of the unstable plasma waves. With experimental

megsurement of the plasma wave spectrum, an attempt can then be

made to identify distinet wwave modes.
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IV. PLASMA WAVE SFECTRA I THE BOW SHOCK

A. General Characterigtics

Figure 7 illustrates the electric and magnetic field intensities
typically cbserved in a bow shock crossing with the IMP-6 plasma
wave experiment. Average and peak electric and magnetic field ampli-
tudes are shown as a Tunction of Universal Time (UT) for seven
channels of both spectrum analyzers. The average field amplitudes
are indicated by vertical lines and the peak field amplitudes by
dots. The constant level for the peak measurements in the 36 Hz
and 120 Hz electric field channels is caused by the previously
mentioned interference from the solar array. The spacecraft crosses
the bow shock, passing from the magnetogheath into the solar wind,
at about 1048 UT, as indicated by the sharp enhancement in the
electric field strength at all frequencies below about 10.0 kHz.

The electric field noise in the bow shock typically extends over a
very broad frequency range, usually from 36.0 Hz, which is the lowest
frequency measured, to greater than 10.0 kHz. In some cases electric
field noise associated with the bow shock has been detected up

to 56.2 kHz.

The regions upstream and downstream of the bow shock are
distinguished by their correspondingly low and high levels of elec-

tric field noise. In the magnetosheath the peak electric field
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spectral density in the 1.00 kHz and 3.11 kHz channels is typically
about three orders of magnitude above the solar wind levels. In
the solar wind the pesk field strengths, and to & lesser extent the
average field strengths, are strongly modulated at the lower
frequencies by the solar array noise.

Immediately upstream of the bow shock a distinet enhancement
ig evident in the 31.1 kHz electric field strength from about 1048 UT
to 1055 UT. This noise is primarily electrostatic since no comparable
enhancement is evident in the 31.1 kHz magnetic field data, and is
caused by electron plasma oscillations at the local electron plasma
freguency mPEKEn. Several accounts of electron plasma oscillations
of this type, generated by electrons streaming into the solar wind
from the bow shock, have been previously reported [Fredricks et al.,
1968; Scarf et al., 1971; Fredricks et al., 1971, 1972]. Eleetron
plasma oscillations upstream of the bow shock are observed on almost
all shock crossings with IMP-6.

Figure 7 shows only & slight increase in the magnetic field
intensities at the bow shock. In the solar wind, upstream of the
bow shock, the maegnetic field intensities are below the sensitivity
threshold of the receiver in all except the lowest frequency channel.
In the magnetosheath, downstream of the bow shock, magnetic field
fluctuatione are evident in all fregueney channels below about
1.00 kHz. Thege fluctuations are usually most evident in the peak

measurements, indicating that the fluctustions occur on a time

scale much less than the 5.12 second time constant for the average




field strength measurements. Often, the magnetic field measurements
in the megnetosheath indicate turbulence at only two or three
intermediate freguencies (such as 120 Hz and 200 Hz). The magneto-
sheath noise starts sbruptly at the bow shock. The magnetic field
Ffluctustions at the shock are usually only slightly larger than in
the magnetosheath.

Figure 8 shows a double crossing of the bow shock, the first
at ebout 1251 UT and the second at about 1252 UT, caused by
oscillatory motion of the shoeck gtructure. A clean geparation of the
upstream and downstream regions by the shock transition oceurs in
this example, with the upstream solar wind region between 1251 and
1252 UT. The magnetic field measurements from the GSFC megnetometer
on IMP-6 show a clear jump in the magnetic field at each crossing
from a steady upstream wvalue, El ~ 5%, to a dovmstream value,

BE ~ 20 y. The angle between the upstream field and the shock

normal calculated fram the model of Fairfield [1971] is 1|’ﬁ-,’1'1) ~ g2°
for both crossings [D. Fairfield, personal commurication]. The bow
shock in thisg casge is, therefore, a perpendicular shock. Measurement
of the upstream electron and ion distribubtions by the LASL plasma probe
on IMP-6 gives the shock parameters M, = 6.0, B = 0.54, and Tef'l"i =
3.3.

Electric and magnetic field spectrel demsities, EEI:U.'I:] and
BE(W} , have been computed for 16 snapshots obtained for the second

crossing of the shock shown in Figure 8. FEach snapshot of data

provides a complete electric and magnetic field spectrum for both
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average and peak measurements. The electric field strength ie deter-
mined by dividing the measured AC voltage st the antenna terminals
by one half of the tip-to-tip length, ignoring amy antenna impedance
corrections. The computed electric field spectral densities for
the average field strength measurements are shown in the three-
dimensional plot in Figure 9. The time exis is at an oblique angle
in this plot and successive spectra are 5.12 seconds apart. The
time indicated at the bottom of the figure is the UT of the first
gsnapshot. For ease of reference, each spectrum is labeled by a
snapshot nmumber. Figure 10 shows the corresponding megnetic field
spectra for the same time interval.

Beginning with snapshot 1, Figure 9, strong electrie field
noise is present in the 16.5 kHz channel which steadily decreases in
megnitude as the shock is approached. This noise is the previously
mentioned electrostatic electron plasma oscillations assoeciated with
electrons streaming into the solsr wind froapn the bow shock. ILow
frequency noise associated with the shock begins in snapshot 3 and
steadily increases in intensity to & maximum in snapshot 7, by which
time the electron plasma oscillations have disappeared. For the
crossing at 1252 UT, the maximum r. m. s. electric field, E_ .,
obtained by integrating across the entire frequency range, from 20 Hz
to 200 kHz, occurs in snapshot 7 and has a value of B.73 x lﬂnh volts/m.
Up to 98% of the contribution to Erms comes from below 1 kHz and the

spectrum has & broad maximum in the freguency range from about 200 Hz

to 800 Hz. After the Tth znapshot, the low frequency noise decreases
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in magnitude but the cheracteristic ehape of the spectrum at the
shock is maintained through the last snapshot in the figure. Exami-
nation of spectra taken when spacecraft is well into the downstream
megnetosheath region on this and other crossings reveals that although
there are varlastions in the low frequency portion of the spectrum
the shape of the magnetosheath spectrum is the same as in the shock.
Thus, the electric field spectrum in the shock appears to be carried
into the downstream region. The downstream spectra elso has a
roughly periodic moduletion of low frequency intensities with a period
of about U4 snapshots, or about 20 seconds. This modulation appears
to be a general feature of the downstream electric field spectra
near the bow shock. Modulation periods range up to 60-70 seconds.

The magnetic field spectra, Figure 10, reveal the shock transi-
tion as merely an enhancement of low frequency nolse. Above about
3 kHz the spectral densities are close to or at the receiver noise
level. The maximum r. m. 5. magnetic field intensity, obtained by
integrating across the entire frequency range, 20 Hz to 200 kHz,
occurs in snapshot 6 and has a value of 5.49 x 1072 ¥ . Most of the

contribution to Erms comeg from below 100 Hz.

B. Electric and Masgnetic Field Spectra in the Bow Shock

For purposes of surveying the electric and magnetic field
spectra for a large number of shock crossings one spectrum must be

selected which is representative of each shock crossing. The snap-

shot which gives the maximum r. m. s. field amplitude, using the
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average spectral density measurements integrated from 20 Hz to 200 kHz,
ig selected as the shock spectrum. The electric and msgnetic field
spectra thus selected are denoted Ez(uzjah and BE{UJ}Eh, and are
referred to as the shock spectra.

A typical shock transition takes place over four or five
snapshots, sometimes as many as ten. In the series of values of
Erms calculated for a given shock crossing, there is usually only
one maximum in E_, thus clearly defining EE{m]Bh. However, the
gseries of values of Brm " celculated through the same shock crossing
may have several mexima, none of which occurs at the same time as
the maximum in Erms « For these cases we choose as the shock magnetic
field spectrum, EE{m}Eh, that one which gives the largest wvalue of
Erms within three snapshots of the ghock electric field spectrum.

From the discussion above, it can be seen that the determination
of the characteristic electric and magnetic fields shock spectra ie
based on the snapshot in which the most intense low frequency elec-
tric field noise occurs. It is considered that this is appropriate,
gince the shock transition would be characterized by the spectrum
EE(m}sh that represents the greatest dissipation, i.e., the one
with greatest turbulent electriec field energy density.

Figure 11 shows the shock electric field spectrum selected for
the shock crossing at 1252 UT. This spectrum corresponds to snapshot
T in Figure 9. Both the peak and average electric field strengths

obtained during this snapsghot are shown. The noise level indicated

|
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in Figure 11 is the ambient noise level (both interference and natural
noise) which existed in the solar wind Just shead of the shock. The
shape of both the average and peak electric field spectrum is
characteristic of all the shock spectra examined in this study.
However, as will be shown, the intensities at a given frequency vary
over two orders of magnitude. The inflection in the spectrum at
about 200 Hz in Figure 11, sometimes becomes very pronounced so that
a broad peak develops in the spectrum between 200 to 800 Hz.. The
existence of a distinet peak in the spectrum suggests that this
component of the electric field noise (indicated by the dashed curve
in Figure 11) may result from a discrete noise source in the wave
spectrum which is broadened by Doppler shifts and non-linear inter-
actions. The tendency for the electric field spectral density to
continue to increase with decreasing frequency below about 100 Hz
suggests that a second component also exists in the electric field
spectrum varying approximetely as g2 (straight dashed line in
Figure 11).

The electric field spectrum from the peak measurements in
Figure 11 is from the same 5.12 second averaging period as the average
measurements. The peak spectrum has approximately the same shape as
the average spectrum but is shifted upward in intensity by about an
order of magnitude. The large ratio between the pesk and average
measurements indicates that the field strength has large (order of
magnitude) fluctuations on a time scale less than the averaging time

(5.12 seconds). The peak measurements give the upper bound on these

.
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fluctuations. For many shocks the peak spectrum does not have a emooth
shape like the average spectrum but has a more irregular appearance
with several sharp maxima. Most of these sharp maxime are grouped
around two frequencies: one near the local electron plasme frequency
in the upstream solar wind, and the other nemr the broad peak in the
average shock electric field spectrum.

Figure 12 ghows the shock magnetic field spectrum selected
for the shock croseing at 1252 UT in Figure 8., Thie spectrum corres-
ponds to emapshot 6 in Figure 10, however, in sccordance with the
selection criterion this shock spectrum does not correspond in time
with the shock electric field spectrum since in this case the meximum
r. m. s. magnetic field intensity occurred slightly before (upstream
of ) the maximum r. m. s. electriec field intensity. Both the average
and pesk magnetic field spectra exhibit a generally smooth monotonic
decrease with increasing frequency, verying approximately as fhh in
the range fram 20 Hz to 200 Hz, with no evidence of & peak in the
spectrum comparable to the peak in the electric field spectrum. A
distinet steepening of the spectrum is also evident at & frequency of
about 200 Hz. This steepening of the spectrum oceurs at a frequency
glightly below the local electron gyrofrequency, which in this case
is about 350 Hz. The peak magnetic field spectral density is about
an order of magnitude greater than the average magnetic field spectral
density indicating the presence of large fluctuations on a time

scale lese than 5.12 seconds.
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In Figure 13 the peak and average electric field spectra,
EEfm}Bh, for 36 shock crossings selected at random from the IMP-6
data are overlayed to illustrate the range and variability of the
electric field spectrum in the shock. In the majority of cases thege
spectra exhibit the same spectral shape illustrated in Figure 11. Two
distinct components are evident in the average electric field spectra,
end to & legser extent in the pesk spectra: one component, at low
frequencies, decreases monotonically with inereasing frequency

-(2.0 fp'ﬁ}, end the other component has a broad

approximately as T
peak centered between 200 Hz to 800 Hz. The greatest variation in
the gpectral shape appears to occur in the spectre with the lowest
intensities, ranging from spectra which decrease monctonically

with no evidence of a peak, to spectra which have a distinet peak
which is displaced toward higher frequencies (~ 3 kHz). The largest
intensity variation, which occurs in the range from about 200 Hz to

3 kHz, is associated with the broad peak in the spectrum. As

the electric field intensity increasses starting from the lowest
level, the peak initially becomes more pronounced until at an inter-
mediate level the intensity of the monotonic component starts to
increase and gradually merges with the broad peak. Except for the
lowest intensities, the wain contribution to the r. w. s. electrie
field strength comes from the peak. As will be gshown, the broad peak
in the spectrum is caused by electrostatic turbulence and the
monctonic component is caused by electromagnetic whistler mode tur-

bulence. In this study the largest r. m. s. electric field strength
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encountered from the peak measurements is 2.3 x 10 ° volts ml. The

largest r. m. . electric field strength from the average memsurements
is 6.6 x 107> volts m > .

Figure 14 shows the overlayed peak and average magnetic field
spectra for the same 36 shock crossings used in Figure 13. These
gpectra tend to showy a monotonic decrezge with inecreasing freguency,
verying approximately as f"{h"‘:|I 10.5) in the range from about 30 Hz
to 100 Hz with clear evidence of a steepening in the spectrum at
ebout 100 to 200 Hz. This steepening in the magnetic field spectrum

ugually occurs slightly below the local electron gyrofrequency.

C. Electric to Magnetic Energy Density Ratio

To aid in identifying the plasma wave modes involved in the
bow shock turbulence the electric to megnetic field energy density
ratio can be caleulated ag the spacecraft paesses through a shock.
Figure 15 shows the ratio of simulitaneously measured energy
dengities, [ngﬂw}fiﬁgfﬁn}, et a sequence of snapshots for the shock
crossing at 1252 UT in Figure 8. The snapshot mummbers refer to the
spectra of Figures 9 and 10. Because the magnetic field intensities
gt high frequencies ( > 3 kHz) are often comparsble to, or less than,
the receiver noise level, the magnetic energy densities musgt be
corrected for the receiver noige level. Only mapgnetic field measure-
ments which exceed the receiver noise level by at least two quantizing
steps (0.8 db) are used. At frequencies greater than sbout 10 kHz

the magnetic field intensity is usually too smell to be accurately

messured so the energy deneity ratio cannot be determined at thege




high frequencies. As the spacecraft passes through the shock a
prominent peak develops in the energy dengity ratio at sbout 1 kHz.
At snapshot 7, which is the time at which the most intense r. m. s.
electric field occurs (see Figure 9) the meximum energy density ratio
is {EEKBW}K{BEfEﬂ} ~5x 10°, This large ratio coincides in frequency
with the broad pesk in the electric field gpectrum and indieates that
this component of the spectrum consists of almost purely electro-
static waves.

Considering the lower frequency limit of the electrostatic
turbulence to be given by the frequency where (E-/8m)/(E%/8m) = 1
(indicated by the dashed line in Figure 15) then it is seen that the
electrostatic noise broadens toward lower frequencies as the electric
field intensity increases. There ig thus an indieation that as
the shock ig traversed from the upstream to the downstream sides,
the electrostatic turbulence first begine at high frequencies and
then spreads toward lower freguencies further into the transi-
tion zegion, where the main shock digeipation occurs. Only the
increase to maximum intensity is shown in Figure 15, the decrease
to the downstream state having approximately similar curves. At
frequencies below ebout 120 Hz the energy density ratio remains
epproximately constant through the transition region, as in snapshots
5, 6, and 7, indicating that at these frequencies the shock turbulence
involves a distinct electromegnetic mode.

To indiecate the range and distribution of electric and magnetie

energy density ratios in the bow shock Figure 16 shows an overlay

-
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of the energy deneity ratio for 10 shock crossinge selected at random.
The gimultaneous electric and megnetic field energy spectra used to
ealenlate these ratios were gelected on the bagis of the meximum

r. m. 8. electric field intensity obteined from the average measure-
ments. The energy density ratios for the shock crossinge selected
in Figure 16 show the same basic features evident for the single
shock crossing in Figure 15. In the frequency range above about

200 Hz the electric field energy density exceeds the magnetic field
energy density, sometimes by a factor of as much as 10“, confirming
that the broed pesk in the electric field spectrum consgistes of almost
purely electrostatic waves. At frequencies below about 200 Hz the

gpectra with the lowest energy density ratio, in the range from 1-‘.2!_3

to lﬂ_h, show a distinct change in the slope, similar to snapshots 5,

6, and 7 in Figure 15. These energy density ratios correspond to the

low freguency monotonic components of the electric and magnetic field
spectra. In this frequency range (between the ion and electron gyro-
frequencies) the only electromagnetic wave which can prnﬁagate is

in the whistler mode (see Figure 4). The observed energy density
ratios, 1073 to lﬂ_h, ere consistent with the electriec to magnetic
field ratio expected for whistler mode waves. The tendency for the
energy density retio to inerease with increasing frequency, approxi-

1.5 +0.5

mately proportional to f , is also coneistent with the expected

variation of the whistler mode refractive index, hence electric to

magnetic field ratio, in this frequency range. The steepening of the




magnetic field spectrum at f ~ 200 Hz, evident in Figures 12 and 1h,
can be attributed to the whistler mode propegation cutoff at the loecel
electron gyrofrequency. On the basis of this evidence we conclude
that the low freguency monotonic componente of the electric and mag-
netic field spectra is caused by whistler mode turbulence generated

in the bow shock.

D. High Resolution Spectra

Wideband analog spectra of the ghock crossings at 1251 and
1252 UT in Figure B are shown in Figure 17 for the range O to 500 Hz.
The guiet upstream and turbulent downstream regions are clearly
evident in the electric field spectrum. The shock transi‘[:i-ﬂn region
is most evident in the magnetic spectrum. Both the electric and
magnetic field spectra show a relatively unstructured noise enhance-
ment in the shock transition. In the downstream region the electrie
field spectrum shows many 2 to 3 second bursts which have a distinct
'parabolic' frequency-time structure, sweeping rapidly downward in
frequency from about B0O Hz, reaching a minimum of about 50 Hz, and
then rapidly sweeping back upward in frequency. These bursts are
almost purely electrostatic since no associated magnetic field is
detected. They occur randomly in time and are cheracterisgtic
of the downstream magnetosheath electriec field gpectrum. The distinect-
ive freguency-time structure of these noise bursts has never
previously been reported and this electrostetic noise appears
to represent a basic new turbulence dissipation mechanism operative

in the magnetosheath. The time scale of these burste is not
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resolved by the 5.12 gecond averages meggurements in the digitel data
of Figure 8, however, the peak meapurements are indicative of the
peak smplitude of the bursts.

An expanded time scele gpectrogram of the shock erossing at
1252 UT is shown in Figure 18, for frequencies up to 1 kHz. The low
frequency electric field turbulence in the sghock ean be geen between
1252:10 and 1252:15 UT, corresponding to the time intervel of snapshot
T, Figure 11. The intense, broadband electric field noise in the
shock is cleaerly distinguished from the downstream region (after
1252:15 UT) in which a few 'parabola-shaped' bursts are intermingled
with the background noise. The most intense portion of the low
frequency magnetic noise occurs between 1252:00 and 1252:10 UT

(corresponding to snapshot 6 of Figure 10), slightly upstream of the

point where the most intense electrie field noise oeceurs.
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V. ELECTRIC FIELD FOLARIZATION

From previous discussion it cen be seen that for electrostatic
waves the direction of the electric field is in the same direction
ag the waves propegate, ag indicated by the wave vector i. Therefore,
the orientation, or polarization, of the electric field with respect
to the static magnetic field shows the direction of wave propagation
with respect to the static magnetic field. Determining the wave
electric field direction relative to the gtatic magnetie field is
of importance as an ald to identifying specific wave modes. The
wave electric field direction, projected onto the plane of rotation
of the electric antenna, can be determined from the modulation of
the messured electric field amplitude due to the antenna rotation.
A mull in the measured electriec field amplitude occurs when the
antenna axis is perpendicular to the electric field direction and a
maximum occurse when the antenna axis is parallel to the electrie field
direction. Sinee angular resolution measurements are required the
rapid-sample dats must be used for this type of analygis.

This method of determining the electric field direction relies
on the noise intensity remaining nearly constant during at least
one rotation (~ 11.1 seconds). For the upstream and downstream
waves, which of‘ten have an approximastely constant amplitude for many

rotations, the electric field direction can be reliebly determined
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using this technique. Becasuse the time required to traverse the bow
shock is often comparable to the rotetion period, it is more difficult
to apply this technigue to the noige which occurs in the shock. Only
gshock crossgings which have an epproximately constant amplitude for

at least 10 seconds, or more can be analyzed. The number of cases
which can be analyzed is further restricted by the automatic cycling
of the rapid-sample mode which must coincidentally sample the

correct electric field channel at the time the event of interest is

encountered.

A, Upstream Electron Plasma Oscillations

Figure 19 sghows an example of upstream electron plasma oscilla-
tions for which suitable rapid-sample measurements are available to
determine the electric field direction. The electron plasma fre-
gquency in thie case is estimated to be about 20 kHz. The spectrum
of the plasma oscillations is sufficiently broad thet moderate elec-
tric field intensities are evident in the 31.1 kHz channel throughout
the entire region prior to the shock crossing et 1548:30 UT. The
electrostatic noise labeled 'precursor' at 3.11 kHz appears to be
a component of the electron plasms oscillation gpectrum which
has bromdened to freguencies well below the loecal electron
plasma freguency sbout 5 minutes Lefure the ghoeck ig encountered.
Precursor effects of this type are frequently observed in assoclation
with the bow shock, usually starting a few minutes before the shock

is encountered.

L
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Two periods, labeled A and B, are shown in Figure 19 during
which rapid-sample measurements were obtained. The spin modulation
of the electron plasme oscillations in the 31.1 kHz channel, starting
gt 1541:29 UT, is shown in the polar plot labeled A in Figure 19.
The points shown in this polar plot are the electric field strengths
obtained during the rapid-sample interval, plotted radially outward
from the origin according to the logarithmic scale shown below the
plot. The polar angle is the angle between the electric antemna
axis and the satellite-sun line, memsured counter clockwise &s viewed
from the north ecliptic pole (the spacecraft spin axis is perpendicu-
lar to the ecliptic plane). The static magnetic field direction,
projected onto the ecliptic plane, is indicated by the dashed line
in the poler plot, st an angle of $B = 04°, The total magnetic field
vector lies sbove the ecliptic plane at an angle 8j = 16°.

The points shown in the polar plot include four camplete
rotations of the spacecraft. The electric fleld intengities have &
pronounced maximum when the antenns axis is parallel to the projected
megnetic field direction and a minimum when the antenna axis is per-
pendicular to the magnetic field. Since the magnetic field direction
in this case is very close to the plane of rotation of the electrie
antenna (the ecliptic plane) it is evident that the electric field
direction of the upstream electron plasme oscillations is parallel
to the static magnetic field, as would be expected if these waves

are excited by electrons streaming along the static magnetic field.

Polar plot B in Figure 19 shows that the electric field direction of
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the precursor waves is also aligned parallel to the static magnetic
field. Similar observations for other shock crossings with widely
varying megnetic field directions shows that the electric field
direction of these upstream electron plasma oscillations is always

parallel to the sgtatic magnetic field.

B. Electrostatic Waves in the Bow Shock

A shock crossing for which the rapid-sample measurements were
available in the transition region is shown in Figure 20. The shock
croseing in this case occurred neer the ecliptic plane at 10.3 hours
local time with very guiet upstream conditions. The detailed electric
field amplitude obtained from the rapid-sample data in the 3.11 kHz
electric field chennel is shown as a function of time in the upper
left panel of Figure 20 with the GSFC magnetometer measurements of
the gtatic magnetic field for the same shock crogsing shown in the
lower left panel. The GSFC magnetometer shows that the upstream
magnetie field direction is very nearly perpendicular to the shock
normal, ﬁfﬁ,;]‘: 87° , so that the bow shock is a perpendicular shock.
The IASL plasms probe measurements give shock parameters ﬂﬁ = 4.8, -

B = 0.28, end '.l."&fT‘,.]L = 6,7. The electrostatic turbulence associated
with the shock transiti;n occurs between about 1440:37 to 1440:L49 UT
(the interval between labels & and b). In this same time interval
the GSFC megnetometer data shows that the magnetic field has many.
ghort period, smell amplitude fluctustions sbout an average field
magnitude which increases monotonically from sbout 12y to about 50y .

4g shown by the vertieal dashed lines the electrostatic noise of the
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ghock transition correlates clogely with the initial gradient of the
static magnetic field, a clear indication that the electrostatic
noise is caused by a current-driven instebility.

The electrostatic noise associated with the shock is near
maximum intensity for one complete rotetion so that a definite spin
modulstion pettern can be obtained. Since the bow shoek is &
perpendicular shock the megnetic field direction remains constant
through the transition with direction angles of approximately $E =
255° and 8 = 43°. The magnetic field direction, projected onto the
plane of rotation of the electric antenna, is indicated by the dashed
line in the polar plot in the upper right corner of Figure 20.

The angular distribution of electric field strengths in the
shock transition is seen to be symmetricelly distributed with respect
to the magnetic field direction, with two distinet meximums when the
antenna axis is parallel to the projected magnetic field direction
and & minimum when the antemns axis is perpendicular to the statie
megnetic field. Since only one rotation occurs in the region where
the intense electrostatic noige ocecurg it is possible that this
apparent spin modulation may be due to a coinecidental variation of
the noige intengity rather than s spin modulation effect. However,
the magnetic field gradient, which is correlated with the electro-
gstatic noige intensity, incresses smoothly as the magnetic field
magnitude reaches a single meximum and does not indicate a variation
associated with the two electric field maximums (at about 1L4O:LO UT

and 14bo:46 UT) which occur when the antenna axis is parallel to the
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magnetic field. Thus, it is felt that the engular distribution in
the polar plot of Figure 20 ig repregentative of the actual distribu-
tion of electric field directions in the shock. Since the magnetic
field in this case has an appreciable component perpendicular to the
plene of rotetion of the electric antenna {EB = 43°) it cannot be
definitely established that the electric field 1s aligned parallel to
the magnetic field vector, although this is certainly the simplest
and most obvious interpretation of the observed modulation. Cther
gimiler cases ﬁhich have been examined usually show definite evidence
of spin modulation, however never as pronounced as for the upstream
plasma oscilletions. The modulation factor is usually less than 2:1
for meximum and minimum emplitudes which indicatee that weve vector
directions of the electrostatic weves in the bow shock are distributed
over & relatively broad range of angles. When a definite spin
modulgtion is evident, as in Figure 20, the meximum electric field
amplitude in the shock usually tends to oceur in a direction parallel
to the static magnetic field.

The downgtream electric field meaguremente, after about
1440:50 UT, conteins & serlies of sharply peaked fluctuations which
displey an exponentially decaying envelope, an indication that shock
generated turbulence is damping to the less intense noige levels of
the magnetoshesth. Each of the gharply peaked fluctuations is
correlated with gradients in the megnitude of the downstream static

magnetic field.




The middle and lower right polar plots show the distribution
of electric field directions for the downstream fluctuations. These
fluetustions eclearly do not show epin modulation effects associated
with the rotation of the antenns in & sgteady electric field. It is
therefore concluded that the downstream fluctuations are real varia-
tiong of the dowvmetream electrie field with about & 3 second periodi-
city in the spacecraft frame. The direction angles #B and EE of the
downstream magnetie field show an oscillation of the direction of
the magnetic field vector that also has a 3 second periodicity.

The sharply peaked electrostatic fluctustions appear to also be
correlated with the maximum rates of change of the direction of the

magnetic field vector.

C. Electrogtatic Turbulence in the Magnetosheath

As previously discussed, a moderate level of electrostatic
turbulence is alweys present in the magnetosheath downetream of
the ghock. Since the intensity of the magnetosheath electric field
noige ig usually reletively steady for several rotatione of the
spacecraft, the electric field direction can be determined with a
high degree of confidence in this region. Figure 21 shows the polar
plot of a series of rapid-sample measurements obtained in the magneto-
sheath about one minute after the shock crossing at 1612:20 UT. For
thig crossing, the bow shock parameters are M, = 1.8, B = 0.03,
Te,z"l‘i = 4,0, and ¢fﬁ,g} = 95°, These rapid-sample measurements are
fram the 3.11 kHz electric field chamnel and include four complete

rotations of the spacecraft. The maximum electric field amplitude
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ggain occurs when the electric entenna axis is oriented perallel to
the static magnetic field direction (projected onto the ecliptic
plene). The megnetic field vector in this case lies at an angle of
EE = 35° gbove the ecliptic plane. Other gimiler ceses which have
been analyzed show that the electrie field direction of the megneto-
sheath turbulence is always oriented nearly parallel to the magnetic
field direction. Usually the electric field amplitude perpendicular
to the magnetic field is a factor of 3 to 5 below the amplitude
parallel to the magnetic field, which indicates that the distribution

of electric field directions is rather closely aligned with the

static magnetic field direction (within 20" or less) .




VI. INTENSITY VARIABILITY OF SHOCK TURBULENCE

A. Correlstion with Upstream State

The variability of the sgpectrel dengities of plasms wave tur-
bulence in the bow shock is illustrated in Figures 13 and 1hk. Since
plasms wave shocks are usuelly categorized in terms of the upstream
state through such parameters as M,, B, TefTi, and wfﬁ,;), it is of
interest to investigate the relationship between these parametere and
the r. m. 8. electric and magnetic field strengths measured in the
bow shock. Using the least squares fitting technigue, the linear
correlation coefficients listed in Table 1 have been caelculated for
the upstream perameterg indicated. Erma,l and Erms,E are the r. m. 8.
electric field strengths obtained from the avermsge shock electric
field spectrum by integrating from 20 Hz to 200 Hz, and from 200 Hz

to L kHz, respectively. E and Er are thus the r. m. . field

rms,l ms,2

strengths of the electromzagnetic and electrostatic components, res-
pectively, of the shock electric field spectrum. &mms ig the r. m. 5.
magnetic field strength obtained by integrating #he average shock
magnetic field spectrum from 20 Hz to 200 kHz. For I points used in
the least saquares fit, Ec is the critical value of the correlation
coefficient at the 1% level of significance for & two-parameter fit

[Neville and Kennedy, 1964]. If the sbsolute value of the computed

correlation coefficient |R| exceeds R, the probebility is 1% that
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the obeerved correlation between the two parameters is due to chance
alone. The two fitting equations shown in Table 1 have been used
according to the range of magnitudes that occurred for the ghock
parameters. Bince the meagurements of electriec and megnetic fields
are taken with equel quantizing steps on a logrithmic scele, small
field strength messurements have greater uncertainty. Therefore the

pointe in the least squares fit are weighted accordingly [Bevington,

1969].

B. Eleectrlec Field Strength Dependence

A study of the coefficients in Table 1 reveals that the electric

field strengths E, o 1 and E are strongly correlated with several
2

rme,2
of the shoek parameters. In particular, Ermﬁ o and TE/'Ti have the
2

largest value of R, indicating that a strong positive correlation
exists between the intensity of electrostatic turbulence in the bow
shock and the electron to ion temperature ratio in the upstream solar

wind. Figure 22 shows the plot of E against TEfTi. The

rme, 2

diagonal dashed line in Figure 22 is the line of regression for

ErmB,E on TE/Ti, and the glope of thie line indicetes the apparent

dependence of E 2 on TEfTi. The large error bars are at + o(y),
the standard deviation, sbove and below the line of regression and
indicate the degree of dispersion of the data pointe about the mean.

However, in this case the large dispersion does not mean that large

random errors are present in the values of Er gince every point

ms, 2

is definitely a shock measurement, for which Erms o ie at least an
.

order of magnitude above the noise level. The dispersion of the
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values of Erﬂmr,_-_j is probably indicative of the dependence of Erms,a
on other parameters besides TE;"Ti which are not ineluded in the two-
perameter fit. As is shown in Table 1, Erms 5 displays strong

3
correlation with other shock parsmeters, so that the total dependence

of E is very likely a camplex function of TE;"Ti, Cgs My, ete.

rme, 2
The slope of the regression line is the important messure of associla-
tion between .. o and TEXTi, and since the regression line is &
mean fit, the stendard deviation of the mean, o(y), is a better
measure of dispersion because this tends to compensete for correla-
tions not ineluded in a two-parameter fit. The smaller error bars
in Figure 22 are at the 1% level of significance, +2.576 o(¥). At
their location on the regression line, the emall error bars also
indicate the 1% limits to the dispersion of the slope of the re-
greegion line about its midpoint. It is clear thet the slope of the
regregsion line does not change very much in theee two limits. The
pointe iﬁ Figure 22 also show that there appears to be a lower
threshold for the electrostatic turbulence of the bow shock which
moves toward higher intensities as Te/Ti inereeses, as indicated by
the solid diagomal line.

The association of E 2 and the upstream sound speed C_ (=
[5/3Efm Ty }]le] igs shown in Figure 23, where the line of re-
gresgion for the two-parameter fit ig the disgonel dashed line and
the error barg heve the same meaning es in Figure 22. The glope of
the regression line indicateg that & significant negative correlation

exists between electrogtatic turbulence in the bow shock and the up-

stream sound speed.

L
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Table 1 ghowe that Ermﬂ 1! the electric field strength of the
k]
electromagnetic component of the sghock spectrum, is best correlated
with EE- Figure 24 ghows the plot of Erma,l egaingt CB' The glope
of the line of regression indicetes that s strong negetive correlstion
exists between Erma,l
Teble 1 elso ghows that for both electric and magnetic r. m. s,

and EE, elmoet as strong ss for Ermﬂ,g and cs.

field strengths, no significant correlation is found with the shock

-+ A
normal angle, ¢(B,n).

C. Magnetic Field Turbulence

The r. m. 8. magnetic field strength for the bow shack, &rmﬂ’
displays a substantially significant correlation only with ¢(ﬁ;$gwl,
the angle between the upstream vectors of the stetic magnetic field
and the golar wind velocity (see Table 1). Figure 25 shows the plot
of Erms and #fﬁ,ﬁéw}; the line of regression and error bars have the
seme meaning as in previous figures. The slope of the regression line
indicates that more intense magnetic field turbulence occurs for
larger values of ¢f§,$éw}- Since whistler waves propagate in a cone
about the magnetic field direction, large angles ﬁfi;ﬁéw) means that
there will be lesg Doppler broadening of the wave apectrum by the
golar wind. With a smaller volume of frequency space available for
resonant interaction with the thermal particle distribution, less
damping of the weve spectrum msy result. The positive correlation
between Blomg 804 ¢(%,$EWJ ig then consistent with the previous conclu-

sion that whister waves comprige the shock magnetic field spectrum.
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VII. SUMMARY OF RESULTS AND CONCLUSIONS

The plasma wave turbulence of the earth's bow shock has distinet
electrostatic and electromagnetic components. The characteristic
electric field spectrum of the bow shock shows that the electrostatic
component hes & broad peak centered at about 200 Hz to 800 Hz with =
large electric to magnetic energy density ratio, (EE/EH}K(BEXBHJ ~

lﬂE to lﬂh

, indicating slmost purely electrostatic waves. Spin modu-
lation measuremente at the high frequency side of the broad peak

(~ 3 kHz) show that the electric field direction of the electrostatiec
waves in the bow shock tends to be oriented parallel to the static
megnetic field. Since usually only one rotation of the electric
antennas is available in the shock transition this result is not as
relisble gs other spin modulstion meagurements where four complete
rotations occur. However, a sufficient number of cases have been
examingd to be reasonably confident of the electric field orientation
in the transition region. The maximum intensity of the electrostatic
component of the ghock electric field spectrum correlates eclosely with
the initial gradient of the static magnetic field at the shock fromt,
indicating that a current-driven instebility is responsible for the
electrostatic turbulence. The r. m. 8. field strength of the electro-
static waves correlates positively with the upstream electron to ion

temperature ratio, TefTi, and negatively with the upstream sound velo-

city C (proportional to {TE + Ti)le}-

ﬁ' .
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The observed polarization of the electric field in the bow
shock cannot he explained by any pregent theory. For the perpendicu-
lar shock of Figure 20 the electric field direction ie determined to
be oriented parallel to the static magnetic field, & result coneistent
with the electrie field directions expected for ion sound waves
propagating along the magnetic field direction [Bisgkamp, 1970; Tidman
and Krall, 1971]. This electric field orientation is inconsistent
with the perpendicular shock model of Krall and Book [1969] and with
the eleciric field directions expected for the turbulent Bernstein
wave mechanism suggested by Gary and Sanderson [1970], Wu and Fredricks
[1972], and others.

The positive correlation between Erms,E’ the r., m. s, field
strength for the electrostatic component of the shock electric field
spectrum, and the temperature ratio TEfTi corresponds with the re-
guirement for unstably growing ion sound waves andfnr drift waves
[Fried and Grould, 1961; Kan, 1971]. The negative correlation for
E and the sound velocity CS is also consigtent with the require-

rms,2
ment w b-EE for unstable ion sound waves since an increasing velue of

D
EE raises the threshold for instability.

The electrostatic component of the shock electric field spectrum
almost certainly corresponds to the electrostatic waves discussed by
Fredricks et al. [1968, 1970a, b] and Scarf et al. [1971] using
electric field messurements from 0G0-5. The electrostatic character

of these waves, the general frequency range, and their occurrence in

association with the magnetic field gradient at the shock transition
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are in good agreement with the 0GO-5 repults. Detailed comparisons of
the shape of the fregquency spectrum are not possible since the 0GO-5
deta only provide mesgurements at 2 single frequency on & given shock
crogging. The only area of disagreement concerns the electric field
amplitude. Whereas Fredricks et al. quote eleectric field gpectral

6 . 2 g™t (see discussion

densities et 1.3 kHz of 1070 to 107" volts® m”
of Figure 4 on page 3757 of Fredricks et al. [1970b]), the largest
peek electric field spectral density encountered by IMP 6 in this
frequency renge for the 150 ghocks analyzed in this study is about

7 vnltsE 1:1:1"E

2 x 10 Bz ™1 (gee Figure 13). This order of magnitude
difference in the shock electric field amplitude hes not been resolved.
One pogeibility is that the wavelength of the electrostatic waves may
be much shorter than the length of the long electric antennas on
IMP-6. However, sufficiently short wavelengths (~ 10 meters) to
sccount for such a large error would have a Doppler shift (~ 10 kHz)
too large to account for the low frequency (200 to BOO Hz) at which
the broad peak in the spectrum cccurs. Also, comparisons between the
two long antennas on IMP-6, which have different lengths, give con-
gistent results and cross calibrations with the magnetic antennas,
using electromagnetic waves with a known electric to magnetic field
ratio, give consistent resulte [Gurnett and Shaw, 1973]. Further
studies are being conducted using the short electric antenna on IMP-6,
which is similar to the short electric antenne on 0G0-5, to determine

the reason for this apparent disagreement in the pesk electric field

emplitudes in the bow shock. (From & recent personal communication
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with Scarf, the electric field amplitudes reported in Fredricks et al.

[1970b] were too large due to a typographicel error; pesk electric

field amplitudes obtained with O0GO-5 are on the order of 30 millivolt/

meter. Thus, 0GO-5 electric field measurements are now only 1-3

timeg larger than IMP-6 memsurements insteed of en order of magnitude.)
The electromagnetic component of the ghock electric field

gpectrum incresses monotonically with decreasing freguency epproximetely

-(2.0 #0.5)

as f Correspondingly, the shock magnetic field spectrum

haes only & single component which incresses monotonically with de-

_(h_ﬂ ip'ﬁj. The magnetic field

creasing frequency approximately as T
spectrum also shows a distinct steepening of the spectrum, indieative
of an upper cutoff freguency, at about 100 to 200 Hz. Since the
whistler mode is the only electromegnetic mode which can propagete in
this freaguency range (above the proton gyrofrequency but below the
electron gyrofreguency, see Figure 4) this magnetic field turbulence
must be caused by whistler mode waves. The steepening of the magnetice
field spectrum is thought to be associated with the whistler mode
propagation cutoff at the local electron gyrofrequency, which is
typically at about 350 Hz in the shock transition region. The mono-
tonic component of the electric field spectrum is thought to be the
electric field spectrum of these whistler mode waves. The electrie
to mkarneble PLE1A sterey denstty vatss, (B2/6m)/(EE/8n) = 1073 4o 107}
of the monotonic component is consistent with the electric to magnetic

field ratio expected for whistler mode waves. Also, the steeper

magnetic field spectrum compared to the electric field spectrum is
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expected for whistler waves because the index of refraction n = cB/E,
hence magnetic to electric field ratio, lnereases with decreasing
frequency, as indicated by equation (24). The negative correlation of
the r. m. 8. electrie field strength Erms,l with the upstream sound
velocity cs is consistent with whistler waves because, &8 previously
discusged, whisgtler waves may be expected to couple to ion gound
waves, which have a similar correlation with CB. The identification
of whistler weves in the bow shock is also mutually consistent with
jon sound waves becsuse whistler waves propagate in a cone of wave
veotor directions oriented about the static magnetic field direction,
gimiler to the observed electric field direction, hence wave vector
direction, for electrostetic waves in the bow ghock.

An interesting result of the sssociation of bow shock turbulence
with upstresm parameters is the lack of a gignificant correlation with
the shock normal angle w(ﬁ,;], so that both perpendicular and obligue
shocks have similar spectra of plasma wave turbulence. This result
may indicate that widely different properties for perpendiculsr and
oblique shocks, i.e., the scale length of the transition region, do
not oceur.

Upstream of the bow shock intense narrow-band electrostatic
plasma oscillations are frequently cbserved by the IMP-6 plasme weve
experiment at frequencies of 10 kHz to 30 kHz. The spectrum end
intensity of these electron plasma ogcillations agree with the previous

cbservations of Fredricks et al. [1968] and confirm the main features

already known about these waves. The TMP-6 epin modulation measurements
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show that the electriec field vector of these plasema osecillations is
oriented parallel to the local static megnetic field direction. This
electric field direction is consistent with the direction expected

if the plasma oscillations are produced by a two-stream instability
from electrons which are streaming into the solar wind along megnetic
field lines which intersect the shock transition. PBEroadband electro-
static noise, referred to as & precursor, is also frequently observed
by IMP-6 immedistely upstream of the ghock. This btroadband electro-
static noise typically extends from the local electron plasma fregquency
(which is usually at sbout 20 kHz to 30 kHz) down to freguencies of

! about 1 kHz. The electric field direction of these precursor waves

| is also oriented parallel to the static magnetic field. Since these
precursor waves appear to be closely assoclated with the long wave-
length narrow-band electron plasma oscillations (they heve the same
electric field polarization, and the upper frequency limit of the
precursor spectrum is the local plasma frequency) it seems most likely
that these waves are shorter wavelength electron plesma oscillations
which are Doppler shifted downward in frequency from the local plasme
frequency. A downward shift in frequency would be expected for waves
propagating upstream into the solar wind.

In the megnetosheath, downstream of the bow shock, a moderate
level of electrostetiec turbulence is always present. This electro-
gstatic turbuledce has a spectrum similar to the electrostatie turbu-
lence in the shock transition region, but with an electric field

strength about one to two orders of magnitude smaller than in the
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transition region. The spin-modulation messurements show that the
electric field direction of this turbulence is also oriented parallel
o the static magnetic field. The similarity of the spectrum and
electric field direction of electrostetic turbulence in the bow

shock and in the magnetosheath suggests that ion sound wave and/or
drift wave turbulence also occurs in the downstream region with the

lower intensity of the turbulence roughly proportional to the smaller

magnetic field gredients which occur downstream.
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TABLE 1
Linear Correlstion Coefficient, R

¥ Regregsion
X EI'Ima s 1 Ermﬂ 5y 2 Elrms Line
M -0.333 -0.212 0.032
A
log y =
a logx + b
B -0.37h -0.268 -0.032
TefTi 0.368 0.55U -0.018
C, -0.41k -0.489 -0.053
log y =
v -0.191 | -0.boy | 0.213 ax+hb
SW
o (B,10) -0.021 | 0.061 -0.017
*@jsw) 0.259 0.300 0.291
R, 0.195 0.200 0.192
| 178 158 179
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Figure 1 IMP-6 Spacecraft schematic.
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Figure 2

Block dis
gram of IMP-6 plasme wave
experiment
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Figure 3

78

MHD wave modes. Polar plots showing the dependence
of the propagation speeds of the three linear wave
modes on the angle between the wave normal and the
magnetic field for several values of the ratio of
sound speed GB to Alfven speed Cﬂ. The speeds are

1/2
normalized with respect to {cg + ci) . [After Kantrowitz

and Petschek, 1966.]
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Figure b

The three solutions to the two-fluld dispersion relation
for a warm plasma, propagation direction with respect

to the megnetic field 8 = 45°, and C5/C; = 0.2. The
wave frequency w is normelized to the ion gyrofreguency
0, end the wave number k to C_/0,. The dashed line
labelled C 2 egtimates the electron thermal veloeity for
a hydrogen plasma with egual ion and electron temperatures.
The lower left hand corner is the domain of wvelidity

for the MHD epproximation. Below the ion gyrofrequency
the three MHD waves propagete; between the electron and
ion gyrofrequencies, the whistler and ion sound waves
propagate; above the electron gyrofrequency the ion sound
wave propagetes. Coupling points oceur nesr the electron
and proton gyrofrequencies. The approximate expressions
ghown for the phase velocities are strictly wvalid only

when Cifﬂi << 1. [After Formisano and Kennel, 1969.]
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Figure 5

The properties of warm plasms propagation in w/Q,,

Cﬁ/ﬂi parameter space. In each region is a polar plot
whogse radiueg is the plane wave vhase velocity and whose
angle is the mngle of propagetion relative to the magnetic
field. The direction of the magnetic field is denoted by
an arrow. The dotted reference .circles have a radius Cg-
The interaction diagonal indicates where the cold plasma
parallel whistler phase velocity egusls the sound speed.
Parallel sound waves are slower ;l:han whistlers to the

left and faster to the right of this line. [After

Formisano and Kennel, 1969.]
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Figure 6

A schematic diagram of the perpendicular shock model with
_E's(xj = B{x}% and T = Ex. The magnetic field gradient

vB = |oB/ox|(-x) is related to the net electron drift
current by {hn/c)j = yxB. The electric field is deter-
mined by charge separation. The guiding center trajectories
in the x-y plane of ions (i) and electrons (e) indicate
that only electrons undergo appreciable drift motion over

the shock thickness scale length Ls'
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Figure 7 A typical bow shock crossing as detected by the IMP-6
plasme wave experiment. Average measurements (5.12
gecond time constant) are plotted as vertical lines;
peak measurements (0.1 second time constant) are plotted
as dots. The shock tiansition occurs at about 1048 UT.
The eleetric field measurements (left) show upstream

plesma oscillations at 31.1 kHz after 1048 UT. Shock

1 parameters, M, = 7.7, B = 0.89, TExTi = 3.3, ﬁﬁ;ﬂﬂ} = 73"
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A double crossing of the earth's bow sghock as detected
by the IMP-6 plasma wave experiment. The bow shock was

very nearly a perpendiculer shock during these crossings.

Shock paremeters, M, = 6.0, B = 0.54, TEfTi = 3.3,
y(B,0) = %2°.
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Figure 9

The electric field spectra, based on average measurements,
for the crossing at 1252 UT in Figure 8. The time indi-
cated is for the first spectrum with the averaging time,
5.12 seconds between succeeding spectra thereafter.

Snapshot 7 ie the shock electric fleld spectrum.
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Figure 10 The megnetic field spectra, based on average measurements,
for the crossing at 1252 UT in Figure 8 and corresponding
to the electric field speetra in Figure 9. Snapshot 6 is

the shock magnetic field spectrum.
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gl

Figure 11 The shock electric field spectrum E-(w), selected on
the baeis of the r. m. 8. electric field amplitude.
The peak spectrum obtained during the everaging time of
the average measurements is also shown. The two distinet

components in the shock electric field spectrum are shown

by dashed lines.
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Figure 12 The shock magnetic field spectrum BE(W]E}] for the shock

E
:
.!
;
B
i

crossing of 1252 UT. The characteristic frequency de-

pendence f_h is present in both peak and average spectra.

The electron gyrofrequency :IE‘EE ~ 350 Hg.
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Figure 13 A representative distribution of electric field shock
gpectra, average and peak meggurements. The average
spectra show that the broad peek in the electrie field
spectra becomes more distinet as the overall intensity of
the spectra inereases up to some intermediate range, and
then becomes less distinet as the very low freguency
electric field spectra density saturates. The peak

spectra are generally similar to the average spectra in

shape, but range up to an order of magnitude more intense.
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Figure 14 Representative distribution of magnetic field shock
spectra, average and pesk messurements, corregponding to

the electric field spectra of Figure 13. Some of the

peak spectra indicate the presence of distinct wave modes.




101

vL RNDI4

{zH) ADNINDINYA (ZH) ADNINOIYS
Ol nm_ wm__ _mu. | %_ ol 0! o] Ne] o1 0l ol
._...r... ik ki " NPT i -.___.nﬁ_._ T Ar I Laka i b PR Y i d n‘._lﬂ.._
: 3 m
=] I m.—u.D._ F _H_Iﬁ_.._
1 i N_ﬁ; i m_m...___
R - .0l E ool
LR L &
3 m 3 Al
’ - Cad 3
E = &=
F | —
" s | - 20l =
o =
: L o & o =
. 8= ”-ﬂ g= M
] 4, 0I% 9l F,0 @ 4_oixgp L0 @
e=Mligs W z SWig 2 w..m_.u
7 A OIX by .rm.__u; NZ_ F 5.0l B
1 1= m % 4, 01%b'g M,
] kol b 0l B
3 (v 3d) e (SIOVHINY)
1  vHLD03dS MO0HS M YHLI3dS MOOHS
i 07314 J1L3INOWW o a73id JIL3INOYW
] T
“ L
T w._.r.__ e T T

F=18l-wLD =3




Figure 15 The raetio of electric energy density to magnetic energy
density for the shock crossing of 1252 UT, Figure 8.
The low frequency portion of snapshots 5, 6, and 7 is
consistent with whistler waves. At higher fregquencies
electrostatic noise is the dominent wave mode. The
region of electrostatic noise is observed to broaden
toward lower fregquencies further into the transition

region.
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Figure 16 A representative distribution of energy density ratios
for 10 shock crossings, selected at random from the shock

electric and magnetic field spectra.
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Figure 17

Wideband spectra for the shock ecrossings of Figure 8,

for frequencies 0 - 500 Hz. The turbulence of the

106

shock trensition appears more homogeneous than downstream

turbulence for both electric and magnetic fields.
Diserete noige structure characterizes the downstream

regione.
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Figure 18

Eypanded time scale wideband spectra for the second ghock
crossing of Figures 8 and 17. The shook turbulence
retains a homogeneous appesrance, while the downstresm

noise shows a few 'parabola shaped' bursts in the electrie
fiels,.
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Figure 19

110

Upstream electron plasma oscillations and 'precursor' en-
pountered a few minutes before the ghock crogsing a2t about
1548:30 UT. The rapid-sample measurements A and & give
the spin moduleted electric field amplitudes showm in

the two poler plots. The electric field vector of these
waves ig predominantly aligned parallel io the static
magnetic field. Shock parameters, M, = L.8, B = 0.34,

A
T /T, = 3.3, ¢(B.n) = 111°,
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Pigure 20 Rapid-sample measurement of electric field at 3.11 kHz

for the bow shock transition end downstream regions. The
electric field Tluctuations are correlated with magnetic
field gradients in both the trensition and downstream
regions. The polar plot in the upper right corner shows
the spin modulation of electric field amplitude for the
traensition region, intervel & to b. The downestream electric
field fluctuations, indicated by the envelope of exponential
decay, do not show spin modulstion effects (middle and
lower right polar plots). Shock parameters, My = 4.8,

B = 0.28, T /T = 6.7, s(B,n) = 87°.
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Figure 21 A series of rapid-sample measurements of the magnetosheath
electric field turbulence which showe that the electrie
field vector of this noise is aligned parallel to the
sbatic magnetic field. Shock parameters, M, = 1.8,

B = 0.03, T /7, = 4.0, y(&,R) = 95°.
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Figure 22
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The plot of Ermﬂ,E against T;fTi which shows a strong
positive correlation. The dashed diagonal line is the
line of regression for a least squares fit to the eguation
log y = ax + b, where y = Enms,e and x = TEfTi. The
degree of dispersion of the slope of the regression

line, which is the important measure of esgociation, is
indicated by the small error bars st + 2.576 o(¥).
Correlations with parameters not ineluded in thisg fit
contribute to the large error bars at + o(y). The solid
diagonal line indicates an epparent lower threghold

for electrostatic turbulence,
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Figure 23 The plot of Erms,E egainst C_ (proportional to {TE + Tij
showing & strong negative correlation for & least squares
fit to log ¥y =ax + b where y = Erma,E and x = Es' The

error bars have the same meaning as in Figure 22.
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: 1/2

Figure 24 The plot of Erms,l egainst C_ (proportional to (TE + Tij )
showing & negative correlation almost as strong as for

Efms,?

in Figtl.r‘E EEi

and Cs. The error bars have the same mezning as
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Figure 25 The plot of B, against ¢(B,Vg,), the angle between
the upstream vectors of magnetic field and solar wind
veloeity. ﬁfﬁ’ﬁéwj iz the only mngle with which shock
turbulence had a significent correlation. The error bars

have the seme meaning az in Figuwre 22.
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