.IN-ST'IT‘UT D AERONOMIE SPATIALE DE BELGIQUE

3 - Avenue Circulaire

B - 1180 BRUXELLES

AERONOMICA ACTA

A - N° 253 - 1982

- On the relevance of the MHD approach to study the Kéﬁlvin— .

Helmholtz instability of the terrestrial miagneto"pause
by

M. ROTH

BELGISCH INSTITUUT VOOR RAU.I'MT.E-_AERONOMIE

3 - Ringlaan
B - 1180 BRUSSEL



FOREWORD

The paper entitled "On the relevance of the MHD approach to
study the Kelvin-Helmholtz instability of the terrestrial magnetopause"
will be published in the "Bulletin de la Classe des Sciences de

I'Académie Royale de Belgique".

AVANT-PROPOS

L'article '\'On the relevance of the MHD approach to study the
Kelvin-Helmholtz instability of the terrestrial magnetopause" sera publié

dans le "Bulletin de la Classe des Sciences de I|'Académie Royale de

Belgique".

VOORWOORD

Het artikel "On the relevance of the MHD approach to study
the Kelvin-Helmholtz instability of the terrestrial magnetopause" zal
gepubliceerd worden in het "Bulletin de la Classe des Sciences de

I'Académie Royale de Belgiqué.

VORWORT

Das Artikel "On the relevance of the MHD approach to study
‘the Kelvin-Helmholtz instability of the terrestrial magnetopause" wird in
dem "Bulletin de la Classe des Sciences de I|'Académie Royale de

Belgique" herausgegeben werden.



ON THE RELEVANCE OF THE MHD APPROACH TO STUDY THE KELVIN-

HELMHOLTZ INSTABILITY OF THE TERRESTRIAL MAGNETOPAUS‘E

by
M. ROTH

Abstract

It is shown that the usual MHD approximation is not suitable
for the description of the - Kelvin-Helmholtz instability of the terrestrial
magnetopause. Indeed such a description implies an ideal magnetopause
with a smooth continuous variation of the plasma and field parameters
occuring in an extended current sheet. However, the actual magneto-
pause and its adjacent plasma boundary layer are highly irregular, both
spatially and temporally. Therefore, finite ion Larmor radius effects do
not represent small corrections. It is argued that these small-scale
inhomogeneities can change drastically the usual large-scale description

of the magnetopause oscillations.

Résumé

On montre que I'approximation habituelle MHD n'est pas
appropriée a la description de I'instabilité de Kelvin-Helmholtz de la
magnétopause terrestre. En effet, une telle description impl'ique une
magnétopause idéale avec une variation réguliere et continue des
parametres du plasma et du champ se produisant a l'intérieur d'une
couche de courant étendue. Cependant, la magnétopause réelle et la
couche frontiere de plasma qui Iui est adjacente sont fortement
irrégulieres, a la fois spatialement et temporellement. C'est pourquoi les
effets dis a I'existence d'un rayon de Larmor fini pour les ions ne
représentent pas des corrections négligeables. Des arguments sont
présentés qui suggerent que ces inhomogénéités de petites dimensions
peuvent modifier fortement la description a grande échelle appliquée

habituellement aux oscillations de la magnétopause.



Samenvatting

[

Er wordt aangetoond dat de gebruikelijke MHD benadering
niet geschikt is wvoor de‘\ beschrijving wvan de Kelvin-Helmholtz
onstabiliteit van de aardse magnetopauze. Een dergelijke beschrijving
vereist een ideale magnetopauze met een regelmatige en continue
verandering der plasma- en veldparameters die optreden in inwendige
van de uitgebreide stroomlaag. De werkelijke magnetopauze en de aan-
grenzende plasmalaag is echter hoogst onregelmatig zowel in de ruimte
als in de tijd. Om die redenen stellen de effecten, te wijten aan het
bestaan van een eindige Larmor straal, geen verwaarloosbare correcties
voor. Argumenten worden naar voor gebr‘acht, die erop wijzen dat
kleine schaal inhomogeneileilen drastisch de gebruikelijke grootschalige

beschrijving van de magnetopauze oscillaties kunnen wijzigen.

Zusammenfassung

Wir zeigen dass die MHD Approximation nicht glltig ist um die
Kelvin-Helmholtz Instabilitat der Magnetopauze zu beschreiben. (n die
MHD Beschreibung ist es einbegriffen . dass die Intensitat des
magnetisches Feld und die Gradienten in die Plasma parameters sich
langsam verandern Uber Abstdnde von einige Larmor Radien. Die
Magnetopauze und die nabeiliegende "Plasma Boundary Layer" sind sehr
unregelmidssig und unstationar. Deswegen sind die "finite ion Larmor
radius" Effekten nicht vernachldssigbar. Wir denken dass die
Inhomogeneitdaten in die Plasma Boundary Layer und an der Magneto-
pauze in die Beschreibung der Magnetopauze Swankungen eine wichtige

Rolle spiellen miissen.



1. INTRODUCTION

» Most work on the stability problem of the terrestrial magneto- -
pause has been carried on with ideal MHD equations considering this
transition as a discontinuity (see for instance Southwood, 1968). More.
recent work however has taken into account of the finite thickness of
the magnetopause layer (Ong and Roderick, 1972; Trussoni et al.,

1982), while retaining the MHD approximation.

It has been shown by Lerche (1966) that the growth rate for
the Kelvin-Helmholtz instability of a discontinuous transition s
proportional to the wave number. Therefore, for such a model, the
highest grthh rate occurs for the shortest wave-lengths quite in-
consistently with the approximation of negligible thickness. On the
other hand, it has been put forward (Trusso_ni et al., 1982) that due to
the finite magnetopause thickness, finite ion Larmor radius effects can
be expected to be negligible. In.that case, the MHD equations should |
remain a suitable approximation to invesfigate the large-scale oscillations

of the magnetopause boundary.

It is the purpose of this paper to show that the MHD
approximation is actually not appropriate for the study of disturbances
at the terrestrial magnetopause. Such an approximation implicitly implies
that the magnetopause has an infinite parallel conductivity and a
vanishingly small transverse conductivity. In that case, the electric
field does not strongly differ from the convection electric field.
Therefore, the contributions due to the Hall effect, the pressure
gradient, the temporal dependence and the effect of a finite resistivity
are neglected in this MHD framework. These contributions could actually
be neglected if the magnetopause were an ideal transition with smooth

continuous variations occuring in an extended current sheet. However,



the actual magnetopause and its adjacent plasma boundary layer are
highly irregular, both spatially and temporally. Indeed, high spatial
and temporal variations of plasma and field parameters inside the
magnetopause layer (MPL) and plasma boundary layer (PBL) have been
demonstrated by many observations (see for example Eastman and
Hones, 1979). Following Eastman, the MPL is the current layer through
which the magnetic field shifts in direction.. This current layer (the
magnetopause) is often resolved with both plasma and field parameters
and must be distinguished from the PBL which denotes the layer of
magnetosheath-like plasma observed earthward of the MPL (Eastman,
1979).

From these in situ observations, it has been established that
the thickness of the magnetopause layer (MPL) is much smaller than the
thickness of the plasma boundary layer (PBL). Although highly
variable, a typical thickness of the PBL is ~ 0.4 RE’ while the magneto-
pause thickness ranges between 140 km and 700 km, i.e. 1-5 ion Larmor
radii (Ri) of 140 km. Although the magnetic field variation takes place
through the MPL, most of the plasma variations, including the velocity
shear, take place inside the PBL and at its inner edge. However, scale
length (L) for significant var'iations (greater than a factor of four) in
plasma parameters within the PBL ranges between 10 km and 1000 km
(Eastman, 1979). In such a situation, it is clear that finite Larmor
radius effects due to these sharp variations cannot be neglected since
the ratio (L/Ri) ranges between 0.07 and 7 with the above observed

values of L and of the ion Larmor radius (Ri)'

Section 2 gives the basic MHD equations of an incompressible
fluid. These equations are usually perturbed for the study of the
Kelvin-Helmho!tz instability. In section 3, it is shown that the
assumption of the "frozen field" is irrelevant for both the MPL and
PBL. Indeed, terms usually neglected in the generalized Ohm's law are

shown to be comparable to the convection term due to the electric field.



Finally, the relevance of the MHD framework to study the physical
processes involved at the magnetopause surface is critically analysed in

section 4.

2. BASIC MHD EQUATIONS

The basic equations usually adopted for the KéIQin-HeImholtz
instability problem are the MHD equations of an incompressible fluid,
i.e., in MKSA units (Trussoni et al., 1982).

gft2+v.(pg)=0 ‘ ] (1 .

P 4 p @V u=-Tp+IAB (2) :
V.u=0 (3)

9B _ '

S2=VA (uAB) (4)
VAB=p J (5)

V.B=0 A (6)

where p is the mass density and u the bulk velocity of the plasma. p is
the pressure, J is the current density and B the magnetic field.
Equation (1) is the equation of continuity while equation (2) is the
hydrodynamic equation of motion. Equation (3) accounts for the in-
compressibility of the flow. {f the plasma ‘is infinitely conducting along
the field lines and infinitely resistive across them, then the magnetic
field is "frozen" into the plasma and is "carried out" along at the

velocity u as described by equation (4). Equation (5) is the Maxwell



equation for the curl of B for which the displacement current is
neglected, Ho being the wvacuum permittivity. The divergenceless

character of B is given by equation (6).

A perturbation technique is wusually applied to these
equations. Linearized perturbed equations are then used to derive a
dispersion relation from which unstable modes can be deduced. In this
paper however we only want to check the relevance of these basic
equations for the study of the hydromagnetic stability of the terrestrial

magnetopause.

The first three equations are similar in form with the original
hydrodynamic equations of an incompressible fluid. However in a
collisionless magnetized plasma, the pressuré tensor does not remain iso-

tropic and therefore equation (2) assumes the smallness of the aniso-

tropy.

The MHD approximation comes from equation (4) and it is
interesting to recall from which assumptions this equation' is derived.
To derive equation (4), it is first assumed that the electric field (E) is

zero along the lines of force, i.e.,

E.B=0 7)

&

This implies also that the magnetic field B is steady or slowly varying.
Secondly, it is also assumed that all the particles drift with the electric

drift velocity which therefore is identical with the bulk velocity u.

EAB . (8)




From (7) and (8), the electric field ‘is
E=-uAB (9)
Using the Maxwell equation

=-VAE ‘ ' (10)

{3

with E given by (9), it follows that equation (4) is reproduced. This is
the usual form of the '"frozen" field approximation. In this approxima-
tion, the electric drift (8) is the principal motion of the plasma. This
means that gradient drifts have been left out. This is satisfactory

providing
(R,/L) << 1 ‘ . (11)
where Ri is the ion gyroradius and L is the scale length for spatial

variations of the field (and associated plasma parameters).

3. ON THE RELEVANCE OF THE "FROZEN" FIELD APPROXIMATION

The assumption (7) that the parallel electric field vanishes
implies an infinite parallel conductivity (0” = o) while the assumption
(8) of the same common drift for all particles is not compatible with any
transverse conductivity. In that case, the transverse Pedersen conductiv-

ity of the plasma must be zero (o_'_ = 0). However, the existence of



large potential drops along field lines linking the magnetopause to the
polar ionosphere s undoqbtedly. admitted from observations of
precipitated electron fluxes (Arnoldybet al., 1974; Croley et al., 1978).
Theréfor'e, the relevance of (7) is questionable at the magnetopause. On
the other hand, the finite value of o, cannot be neglected, not only
because of the internal resistance of the medium resuiting from local
wave-particle interactions, but also because of the finite integrated
Pedersen conductivity (Z.L) of current systems linking the magnetopause

to the ionosphere.

As shown in section 2, the "frozen" field approximation (4) is
derived from the fact that the electric field reduces to the convection
electric field (9). However, the actual electric field results from the

generalized Ohm's law which can be written (see for instance, Seshadri,

1973) :
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Iin this equation, gje is the electron kinetic pressure dyad, n
is the number density, e is the magnitude of the electron charge, m, is .

the electron mass and"Qp is the dyadic resistivity.

It is seen that terms of the generalized Ohm's law (11)

neglected in the MHD approximation (9) include

m
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The role of the first term (7:1) J has already be discussed at
the beginning of this section. The significance of the other terms
neglectéd in equation (9) can be evaluated in terms of the scale length
L for spatial variations of the plasma and field parameters and in terms
of the characteristic velocity u of the plasma (Eastman, 1979).

Considering that

eB
W= — (12)

ce m,

2
u)2 - ne8 (13)
pe m. &, .
B p’o JL (14)

(where W, and w e 2re respectively the gyrofrequency and the plasma
frequency for the electrons while €y and b, are the vacuum permittivity
and permeability respectively) we can evaluate the ratios X, Y, Z of
the electric field due to convection l u A B |to the other contributions

to the electric field neglected in equation (9), i.e.,

1 1 Me oJ
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respectively. It is found
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where c is the velocity of light in vacuum

v (16)

where k Te is the electron thermal energy

PN 2 v 2
= (m ) ~ K3 uB EEL—gjf—— ~ k& (17)
L ) L me !5? I c

Taking into account of the following typical values across the
MPL (Eastman, 1979)

n~ 10 cm-3

B~ 30T
u v 150 km/s 7
T ~ 100.eV

e.

for which

1
1

W~ 5.3 ks
ce,

w  ~ 178 ks
pe .
and -

X\ 10

5 m"_'l
L

Y u45%x10° m!
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it can be seen from (15), (16) and (17) that the contributions to the
electric field neglected in equation (9) become comparable (or greater)
to (than) the convection electric field (i.e., X = Y = Z £ 1) for scale
lengths of the order (or smaller) of (than) 100 km for the Hall term,
22 km for the pressure gradient term and 1.7 km for the time
depending term.. Such scale lengths for plasma and field variations are
often observed within the MPL whose mean thickness is only a few
hundred kilometers. Indeed, scale lengths for significant variations
(greater than a factor of four) in plasma and field parameters, as
determined from hightime resolution magnetic field data, may be as small
as 10 km (Eastman, 1979). These irregularities are always present and
well documented by observations with high time resolution (see also
Eastman and Hones, 1979; Frank et al., 1978). They should not be
smoothed out for convenience and cannot be neglected, even in a first
approximation, because of their large amplitude. Therefore, at the
magnetopause, where these irregularities are present, terms usually
neglected in the generalized Ohm's law become comparable to the

convection term due to the electric field. Clearly this invalidates the

MHD approach.

This conclusion is even reinforced if we consider the inner

edge of the PBL layer with the following typical values (Eastman, 1979)

n~1 cm-3

u ~ 50 km/s

B~ 40 nT

T ~ 150 eV
e

for which
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ce _
w_ ~ 56 ks
pe

and
X ~ 2.5 x 10_7 m_1
L
X'\v1.3x 10_5m 1
L
2—2-~3.5x 1078 n72
L

Indeed, in this case the contributions to the electric field
neglected in equation (9) become comparable (or greater) to (than) .the
convection electric field (i.e., X = Y = Z £ 1) for scale lengths of the
order (or smaller) of (than) 4000 km for the Hall term, 75 km for the
pressure gradient term and 5 km for the time depending term.
Remembering that typical scale lengths for significant variations in
plasma and field parameters (greater than a factor of four) within the
PBL ranges between 10 km and 1000 km (Eastman, 1979), it can be
concluded that the MHD approximation is even much less appropriate
within the PBL than it is within the MPL layer.

4. IS AN MHD APPROACH RELEVANT TO STUDY THE STABILITY OF

THE TERRESTRIAL MAGNETOPAUSE?

in -section 3, it has been shown that terms usually neglected
in the gener'a'lized Ohm's law became comparable to tHe convection term
due to the electric field for regions both inside the MPL and PBL. vThis
is due to the presence of large amplitude irregularities whose scale

Iehgths range between 10 km and 1000 km. At the sharp boundaries of

-12-



these irregularities, finite Larmor radius effects do not represent small
corrections and the inequality (11) is certainly not checked. Clearly
this invalidates the MHD assumption of "frozen" field as described by
equation (4). Therefore it is not relevant to use an MHD approach to
study the physical processes occuring at the terrestrial magnetopause

and in particular to study its stability.

Most previous work on the magnetopause stability was
performed before high time resolution observations become available and
this fact explains why ideal MHD was so frequently assumed in these
early studies. However as it has been demonstrated in this paper, the
relevance of a continuing MHD approach becomes hardly justifiable.
Actually, the small-scale inhomogeneities present inside the MPL and
PBL can change drastically the usual large-scale description of magneto-
pause oscillations somewhat like in hydrodynamics when turbulent eddies
present in an otherwise laminar flow can change the characteristics and

the stability of the layer surrounding this flow.

Another point to be criticized in the MHD theory of the
Kelvin-Helmholtz instability is the assumption of incompressible perturba-
tions of the magnetopause layer. Indeed, it may be surprising that, in
such a highly spatial and temporal varying layer, the plasma inside the

magnetopause behaves like an ideal incompressible fluid.

It is also important to note that the layer over which the
plasma bulk velocity changes significantly has a larger thickness than
the layer over which the magnetic field wvariation takes place. As
demonstrated by observations (Eastman and Hones, 1979), the plasma
velocity variation does not so much take place at the magnetopause (as
the magnetic field does), but the largest velocity shear occurs at the
so-called plasma boundary layer (PBL). How can then the Kelvin-
Helmholtz modes be unstable when the plasma velocity appears nearly

unchanged across the magnetopause?
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However, a salient feature of many satellite traversals is that
the magnetopause appears to be crossed repeatedly in a single pass
(multiple crossings). It has therefore been suggelsted that the magneto-
pause is frequently in motion (Aubry et al., 1971; Lepping and
Burlaga, 1979). These inferred magnetopause motions have also been
interpreted as magnetopause oscillations consistent with ripples on the
magnetopause surface, although deductions about the temporal structure
of the magnetopause are hard to formulate from a single satellite
traversal. Recently, the pair of ISEE satellites have detected some
detached structures of magnetosheath -like plasrﬁa well inside the
magnetopause (Eastman and Frank, 1982). Such magnetosheath-like
structures have also been detected inside the PBL by ‘the Prognoz-7
satellite (Lundin .and Aparicio, 1982). These magnetosheath-like regions
are usually associated with strong flow of solar wind ions (H+ and
He++) and the presence of terrestrial O+ ions ahd can be classified
roughly as "newly injected" or "stagnant" (Lundin and Aparicio, 1982).
A non stationary indentation mechanism cannot explain the stagnant
magnetosheath-like events with strong O+ fluxes inside the structures.
On the other hand, the theory of impulsive penetration of soiar wind
ir‘r‘egularities into the magnetosphere first proposed by Lemaire and
Roth (Lemaire and Roth, 1978) can account for these observations. It is
likely that some magnetosheath-like plasma irregularities have been
observed in the past during single satellites traversals but have been

understood as magnetopause oscillations.

Furthermore, the role of the interplanetary magnetic field
orientation with respect to the eérth's dipole field is knowh to be
important for the interaction processes between the solar wind and the
magnetosphere (Sckopke et al., 1976). In an MHD framework, the
importance of this factor does not appear a significant one (Trussoni et
al., 1982). However, in the impulsive penetration theory of Lemaire and
Roth, it is shown that the interplanetary magnetic field direction
controls the capture of plasma irregularities into the magnetosphere

(Lemaire et al., 1979).
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in .conclusion, greater theoretical insight into the physical
processes occuring at the terrestrial magnetopause must come from
studies of the self-consistent plasma and field equations, allowing for
the presence of the interplanetary magnetic field. This requires the
reformulation of the problem in the kinetic domain.’ This is however a
very difficult problem but it results from observations that there is no
other alternative. Furthermore, observational evidence of large potential
drops along polar-cusp field lines indicates the need for further efforts
to determine the appropriate boundary conditions at the magnetopause
(willis, 1975).

In this context, a continuing MHD approach would hamper the
progress to be encouraged along the line of more appropriate kinetic
‘appr‘oaches. vlndeed, it would give the false impression that the MHD
framework can provide a satifactory "Ersatz" to study the physical

processes involved at the magnetopause.
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