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Abstract

Boundary conditions for magnetopause processes such as reconnection can be under-

stood by studying the properties of magnetosheath plasma as it flows toward this transition.

This manuscript reviews the role of electromagnetic ion cyclotron instabilities in constrain-

ing ion temperature anisotropies in the magnetosheath. Linear Vlasov theory and hybrid

computer simulations have demonstrated that the inverse correlation between the proton

anisotropy and the parallel proton/3 observed from AMPTE/CCE in the subsolar sheath

is due to wave-particle scattering by ion cyclotron anisotropy instabilities. Recent research

on this topic is reviewed and the application of this inverse correlation to a successful

bounded anisotropy model of proton temperatures in the sheath is described.
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This manuscript describes a recent development in the theory of microscopic, i.e.

kinetic, physics upstream of the Earth's magnetopause. Therefore, although the primary

thrust here will be the same as that of my invited talk at the Conference, some of the details

will be different. In particular magnetosheath observations of magnetic fluctuations near
the proton cyclotron frequency are addressed in Anderson [1994] and will not be treated

in detail here.

The context of my presentation and of this manuscript can be established by quoting

several other speakers at this Conference. George Siscoe said that, in order that an issue

be regarded as of critical importance to future magnetopause studies, it should meet at

least one of several criteria. One of these criteria was that "microphysics sets qualitative

macrophysics." The concept that small scale physics determines a condition on plasma

parameters characterizing the large scale magnetosheath is indeed central to the research

presented here. Harry Petschek noted that, to get drag in fluid dynamics, viscosity is

necessary, but that its value is not important in subsonic flow. Similarly, although the

plasma physics described here depends in a detailed way on the small-scale processes of

fluctuation growth and wave-particle scattering, the result, an upper bound on the proton

temperature anisotropy, is independent of microscopic quantities such as wave amplitudes

or transport coefficients. Finally, Rick Elphic, speaking about a different problem, said,

"This is something we should have done in 1980." Indeed, the theoretical tools for the

solution of the problem I will describe have been available since the publication of Kennel

and Petschek [1966]. What we have done is to use the linear theory formalism and the

instability threshold concept of that pioneering paper in a new way which, I believe, can be

applied not only to magnetospheric and magnetosheath plasmas, but to any space plasma

in which microinstabilities are driven to sufficiently large amplitude.

It is well established that heating at the bow shock and magnetic field line drap-

ing against the magnetopause imply the development of a proton temperature anisotropy

T±p/TII p > 1, where I and II refer, respectively, to directions perpendicular and parallel

to the background magnetic field Bo. Such an anisotropy has been observed frequently in
i

the Earth's magnetosheath [Tsuru_ani et al., 1982; Sckopke et al.,! 1990; Anderson et al.,

19911.

In the terrestrial magnetosheath this nonthermal property leads to the growth of two

distinct instabilities and the observation of corresponding enhanced magnetic fluctuations

at frequencies below the proton cyclotron frequency 12p [Sckopke et al., 1990; Song et al.,
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1993; Anderson, 1994]. Mirror-like magnetic fluctuations arise from the growth of the

mirror instability, have frequencies wr much less than f_p, and are primarily compressive,

that is, 6B [I Bo. In contrast growth of the proton cyclotron anisotropy instability leads

to enhanced proton-cyclotron-like fluctuations at wr _ 12p with predominantly transverse

fluctuating fields, i.e., 8B 2. Bo. The relatively tenuous, hot, anisotropic doubly ionized

helium in the sheath can drive the helium cyclotron anisotropy instability; its magnetic

fluctuations are observed in the sheath at frequencies below the helium cyclotron frequency

[Anderson et al._ 1994]. Here I will primarily address the first two modes and refer the

reader to Dento_nj et al. [1994a] and Gary e't al. [19945] for further discussions of the

theoretical properties of the helium cyclotron instability.

Anderson and Fuselier [1993] and Anderson et al. [1994] used AMPTE/CCE ob-

servations to study the subsolar magnetosheath downstream of quasi-perpepndicular bow

shocks during times when the magnetosphere was strongly compressed by the solar wind.

These observations showed that proton-cyclotron-like fluctuation spectra were predomi-

ant at _llp _ 1, whereas mirror-like spectra constituted the majority of observations at

values large compared to unity. These authors also showed that the proton tempera-

ture anisotropies exhibited a. relatively small variation for a given value of flllp and that a

lea_t-squares fit to the data,over the range 0.02 £ flllp £ 10.0 yielded the result

: T±p 1 = 0.85 (1)

where _Itp- 8_npTllp/B2"Similaranisotropy/_inversecorrelationsinthemagnetosheath

have been observed by Phan et al. [1994] and Fuselier et al. [1994].

My collaborators and I have interpreted this observation using both linear Vlasov

theory and hybrid simulations. I will first discuss linear theory results using the formalism

and notation of Chapter 7 of Gary [1993].

It has long been known that the thresholds of both the proton cyclotron anisotropy

instability and the mirror instability qualitatively satisfy the same type of inverse corre-

lation between proton temperature anisotropy and parallel _ that is represented by the

observations of Equation (1) [Gary et al., 1976]. To quantify this relationship, we assumed

that 7m, the instability growth rate maximized over all wavevectors, held a constant value

of 0.01ftp at the thresholds of both growing modes, and used computer evaluations of

the unapproximated linear Vlasov dispersion equation to determine tile corresponding j

temperature anisotropies. For each of these instabilities we then plotted these threshold
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anisotropies as functions of filly and, in both cases, used a standard least-squares fitting

procedure to obtain analytic expressions for the corresponding relationships. Our results

for the range 0.01 </_llp -< 10.0 are for the mirror instability

T±v 1 = 0.9.__.77 (2)

and for the proton cyclotron anisotropy instability

T±p 1 = 0.64 (3)

Although the/_llp value of the crossover point of the two threshold curves in Figure

1 can vary with different choices of 7m and inclusion of the range of Hc+-t! densities

observed in the sheath Gary et al. [1993a], it is generally true that the proton cyclotron

instability has the lower threshold anisotropy at flllp £ 1 and the mirror instability has the

lower threshold at /9 values considerably larger than unity. Thus, if a strong anisotropy

were suddenly imposed on a plasma as, for example, at the quasi-perpendicular shock, the

system would be unstable to both modes and both types of fluctuations might be observed.

On the other hand, if the proton anisotropy were relatively weak so that the plasma was

stable to the growth of both modes and that anisotropy were gradually increased, as

might happen under the more slowly changing sheath conditions downstream of the shock,

Figure 1 suggests that the local/9 value would determine which instability would first arise.

The presumption that that growing mode would also dominate the magnetic fluctuation

spectrum leads to the interpretation that proton-cyclotron-like spectra should primarily be

observed at low/3 and mirror-like spectra at high/3, in agreement with the observations.

Yet the identification of enhanced fluctuations from a particular instability in either

spacecraft data or computer simulations does not necessarily imply that that instability

dominates the wave-particle processes which help determine plasma properties. The sim-

ulations of McKean et al. [1992b, 1994] have shown that, even at relatively high/3, the

mirror instability may be less effective than the proton cyclotron anisotropy at reducing

T±p/TII p under conditions characteristic of the magnetosheath.

This result has been illustrated in a different way by Figure 2 which plots late-time

results from a series of initial-value hybrid simulations [Winske and Omidi, 1993]. Each

run was begun with ion temperature anisotropies large enough to excite rapid instability

growth; the individual points in the figure correspond to late-time results reflecting the pro-

ton heating and reduction of the temperature anisotropy to the condition of relatively weak
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instability growth. The solid squares represent the results of one-dimensional simulations

at kx Bo = 0, a condition permitting only ion cyclotron instabilities to grow. The "X" sym-

bols represent results of one-dimensional simulations allowing only wavevectors strongly

oblique to the background magnetic field; in these simulations only the mirror instability

was able to increase in amplitude. The open squares illustrate late-time anisotropies from

two-dimensional hybrid simulations which permit a broad range of wavevector direction

and which therefore have allowed both ion cyclotron and mirror instability to grow. The

simulations which involve growth of ion cyclotron instabilities yield late-time results which

show the same proton anisotropy/_ inverse correlation as the observations, whereas the

one-dimensional computations which permit the growth of only the mirror instability do

not resemble the observed results. This result supports the hypothesis that ion cyclotron

instabilities are the source of the inverse correlation; the picture is that the relatively short

wavelengths of these instabilities are very efficient at scattering and reducing the proton

temperature anisotropy to the threshold condition, whereas the mirror-like fluctuations are

less efficient at producing wave-particle interactions and, when they do interact with the

protons, produce changes in the protons that are not readily characterized as a reduction

of T.p/ lp.

Initial value simulations provide insight into the wave-particle interactions associ-

ated with ion cyclotron anisotropy instabilities, and provide a useful model for the study

of plasma evolution downstream of a quasi-perpendicular shock, where ion temperature

anisotropies are suddenly introduced and instabilities lead to a subsequent reduction of

those anisotropies. In the plasma depletion layer, by contrast, macroscopic forces lead

to a more gradual compression of the magnetic field and to a consequent increase in ion

ansotropies. In such a situation, we believe that the model of Kennel and Petschek [1966]

and Manheimer and Boris [1977] is appropriate: a macroscopic driving force which con-

tinually pushes the plasma toward increased anisotropy is balanced by the consequences

of microscopic effects reducing this anisotropy so that a balanced, relatively steady-state

condition is established which corresponds to an instability threshold.

To represent the conditions of this steady-state balance between macroscopic and mi-

croscopic effects, we have modified the one-dimensional hybrid simulation code of Winske

and Omidi [1993] to include a recycle algorithm which periodically changes velocities of su-

perthermal superparticles. These simulations, which are generally similar to the "recycled"

simulations of Ambrosiano and Brecht [1987] and McKean et al. [1992a] or the "refreshed"
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simulations of Denton et al. [1993], are described in detail in Gary et al. [1994a]. If our

recycling algorithm does not strongly perturb the ions, ion anisotropy instabilities will

continue to grow and the quasi-steady balance we seek will be established.

Figure 3 shows results from one such simulation. The growth of the fluctuating mag-

netic field energy density to saturation indicates that the instability is indeed flourishing

here. The proton temperature anisotropy undergoes an initial phase in which the system

develops its response to the recycling process, then enters a state in which it remains

relatively constant with time. In contrast, the late-time response of _ilp shows a gradual

diminuation; because np and Bo are constant in these simulations, the decrease in fl re-

flects the result that the recycling procedure not only reduces Tllp but also removes ion

kinetic energy from the system.

Figure 4 exhibits results from an ensemble of fifteen driven simulations. The solid

circles represent the anisotropy values corresponding to the early-time maximum of the

proton temperature anisotropy (See Figure 3), whereas the solid squares show late-time

values of the anisotropy from the same runs. A detailed discussion of these results is given

in Gary et al. [1994a]; the solid line of Figure 4 represents the least-squares fit of the

late-time results:

T±p 1 = 0.55 (4)
Tllp  0.52"lip

The similarity between the late-time results of the initial value and the recycled simulations

is strong evidence that our recycle algorithm has not disturbed the wave-particle scattering

process which drives the plasma toward instability threshold.

Denton et al. [1994b] have developed a bounded anisotropy model for describing the

evolution of proton temperatures in the magnetosheath. Figure 5, which is taken from that

paper, illustrate several relevant quantities observed from AMPTE/CCE as the spacecraft

made a single crossing of the sheath. Here the quantities are plotted as a function of

_llp so that data from the magnetosheath proper appears toward the right and data from

the plasma depletion layer toward the left. The approximate constancy of p±tot in the

bottom panel of this figure indicates that conditions in the subsolar magnetosheath were

approximately constant during this spacecraft transit.

Three curves are shown in the top three panels of Figure 5 for comparison against

the data (crosses). The short dashed lines represent the predictions of adiabatic theory

in which T±p = Tiip; this approach obviously predicts a T±p which is smaller than that

observed and a Tllp which is larger than observations. In contrast, the long dashed lines
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illustrate the predictions of double adiabatic theory [Chew et al., 1956] in which there is

no coupling between the parallel and perpendicular proton temperatures. In this case the

opposite result obtains; T±p is too large and TIIp is too small to match the observations.

The solid lines in Figure 5 represent the results of the bounded anisotropy theory in which

the proton anisotropy may not be larger than the observed value (See the top panel). This

model yields quite good agreement with the observed evolution of both the perpendicular

and parallel proton temperatures. The model even reproduces the temperature fluctuations

observed as the spacecraft traversed the magnetosheath.

In summary, AMPTE/CCE observations have found a inverse correlation between

the proton temperature anisotropy and 1311p in the highly compressed terrestrial magne-

tosheath [Equation (1)]. We have obtained similar correlations from the linear theory

threshold condition of the proton cyclotron anisotropy instability [Equation (3)], from

initial-value hybrid simulations of this instability, and from driven hybrid simulations of

the same growing mode [Equation (4)]. The theory and simulations show that the obser-

vations may be interpreted as an upper bound for the proton anisotropy, imposed by the

growth and wave-particle scattering of the proton cyclotron instability. The successful ap-

plication of this bound to the prediction of Tap and TIIp observed during an AMPTE/CCE

sheath crossing implies that this relationship represents a limited closure relation for the

equations of anisotropic MHD that should provide more accurate descriptions of sheath

flow as well as more accurate boundary conditions for magnetopause dynamics including

reconnection. Although this closure relation is limited in the sense that it applies only

if the protons have a bi-Maxwellian distribution with T2.p sufficiently larger than TiiP,

it is quite general in the sense that it should be valid in any such plasma in which the

field-aligned gradient scale lengths are long compared to an instability wavelength. Thus

with minor modifications it should also be applicable to anisotropic MHD models of the

terrestrial magnetosphere, Earth's magnetotail, and other planetary magnetosheaths.
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Figure Captions

Figure 1. Proton temperature anisotropies at the thresholds of the proton cyclotron

and mirror instabilities as a function of/311p. The solid symbols represent numerical solu-

tions of the linear Vlasov dispersion equation [Gary, 1993] at _'rn= 0.01_p for the proton

cyclotron instability (circles) and for the mirror instability (triangles). The lines represent

analytic expressions fitting these results: the dashed line is Equation (2) and the solid

line is Equation (3). Anisotropies greater than threshold correspond to faster instability

growth; anisotropies less than threshold imply slower growth or stability. The model here

is that of an electron-proton plasma with Te = 0.25Tp (After Gary et al., 1994c).

Figure 2. Proton temperature anisotropy as a function of/311p; results from the

asymptotic states of initial-value hybrid computer simulations using the magnetosheath

parameter model of Gary et al. [1993b]. Here the solid squares represent results from

one-dimensional simulations of ion cyclotron anisotropy instabilities, the × symbols show

results from one-dimensional simulations of the mirror instability, and the open squares

represent results from two-dimensional simulations in which both instability types may

arise. The solid line represents an approximate fit to the AMPTE/CCE observations

(From Gary etal., 1993b).

Figure 3. Results from a driven simulation of the proton cyclotron anisotropy

instability in an electron/proton plasma. The initial parameters here are/3tl p = 1.00 and

T±p/Tup = 1.58. The three panels here represent the total fluctuating magnetic field

energy, the proton temperature anisotropy, and the proton parallel/3 (From Gary et al.,

1994a).

Figure 4. The proton anisotropy from an ensemble of driven simulations of the

proton cyclotron anisotropy instability in an electron/proton plasma as a function of/311p.

For this ensemble of runs, the initial values of/311p ranged from 0.25 to 10.0. The solid circles

represent the maximum early-time value of the anisotropy from each simulation; the solid

squares show corresponding late-time anisotropies. The line represents the least-squares

fit to the late-time results, Equation (4) (From Gary et al., 1994a).

Figure 5. The proton temperature anisotropy, the perpendicular proton tempera-

ture (in keV), the parallel proton temperature (in keV), and the total (plasma plus mag-

netic) perpendicular pressure (in units of 10-e dyne/cm 2) as functions of/311p. The curves

represent predictions of three theories: isotropic adiabatic theory (small dashes), double

12



adiabatic theory (large dashes), and the bounded anisotropy model (solid lines). Observa-

tions from CCE are plotted as plus signs (From Denton et al., 1994b).
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