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FOREWORD

The paper "Plasmoid motion across a tangential discontinuity
(with application to the magnetopause)" has been presented at the
"Chapman Conference on Solar-wind Magnetosphere -Coupling”
(Pasadena, California, February 12-15, 1984). This text will be
published in the "JOURNAL OF PLASMA PHYSICS".

AVANT-PROPOS

Cet article intitulé "Plasmoid motion across a tangential
discontinuity (with application to the magnetopause)" a été présenté a la
"Chapman Conference on Solar-wind Magnetosphere Coupling"
('Pasadena, California, 12-15 février 1984). Ce travail sera publié dans

"JOURNAL OF PLASMA PHYSICS".

VOORWOORD

Het artikel  "Plasmoid motion across a tangential discontinuity

(with application to the magnetopause)" werd voorgesteld tijdens de
| "Chapman Conference on Solar-wind Magnetosphere . Coupling”
(Pasadena, California, 12-15 februari 1985). Deze tekst zal verschijnen

in de "JOURNAL OF PLASMA PHYSICS".

VORWORT

Der Artikel "Plasmoid motion across a tangential discontinuity
(with application to the magnetopause)" wurde présentiert wahrend der
"Chapman Conference on Solar-wind Magnetosphere Coupling"
(Pasadena, California, 12-15 Februar, 1985). Dieser Text wird heraus-

gegeven werden im "JOURNAL OF PLASMA PHYSICS".



PLASMOID MOTION ACROSS A TANGENTIAL DISCONTINUITY

(W!TH APPLICATION TO THE MAGNETOPAUSE)

by

J. LEMAIRE
Abstract

The motion of a plasmoid (plasma-field entity) across an
inhomogeneous magnetic field distribution of which the direction and
strength change along the penetration trajectory has been studied. The
bulk velocity decreases when the plasma element penetrates into a
region of increasing magnetic field. The critical magnetié field intensity
wher‘é a plasmoid is stopped or deflected is found to be the same
critical field as: that‘ which has been observed in laboratory experiments
for a non-rotating B-field distribution. The polarization electric field
induced inside a moving plasma element has been determined for both
low "beta" and high-f plasmoids. The momentum density vector of a
plasmoid is deflected in the - B x VB and - B x (B.V)B directions as it

penetrates into an inhomogeneous B-field distribution.

This kinetic model has been applied to the impulsive
penetration of solar wind plasma irregularities impinging on the Earth's
geomagnetic field with an excess momentum density. As a consequence
of impulsive penetration, a Plasma Boundary Layer is formed where the
intruding plasmoids are deflected eastward. Magnetospheric plasma is
dragged in the direction parallel to the flanks of the average magneto-
pause surface. Diamagnetic effects of these impulsively penetrating

plasmoids into the magnetosphere are also briefly discussed.

Keywords : plasmoid, tangential discontinuity, magnetopause, solar
wind magnetosphere interaction, impulsive penetration of
solar wind irregularities in the magnetosphére, critical

magnetic field strength, FTE.



Résumé

On a étudié le mouvement d'un plasmoide (une entité plasma-
champ) au travers d'un champ magnétique inhomogéne dont la direction
et l'intensité varient le long de sa tr‘ajectoir‘e. La vitesse moyenne de
masse de cet élément de plasma décr‘o?tlorsque celui-ci pénetre dans
u'ne région de champ magnétique _croissant. La valeur critique de
I'intensité du champ ou le plasmoide est arrété ou dévié est la méme que
celle qu'on a déduit d'expériences de laboratoire dans le cas d'un champ
fnagnétique non-tournant. Le champ électrique de polarisation induit a
I'intérieur d'un tel élément de plasma en mouvement a été -déterminé
d'une part pour un plasmoide dont le "beta" est petit, et d'autre part,
dans le cas d'une valeur élevée de B. La vecteur de densité de quantité
de mouvement du plasmoide est dévié dans la direction - B x VB
et - B_.x (B .V)B lorsque celui-ci s'enfonce dans un champ magnétique

inhomogeéne.

Ce modele 'cinétique a’ été appliqué au cas particulier
d'irrégularités de densité de plasma du vent solaire pénétrant de
maniére impulsive dans le champ géomagnétique en raison de leur exces
de quantité de mouvement. Par suite de cette pénétration impulsive des
plasmoides du vent solaire il se forme aux confins de la magnétospheére
une couche limite connue sous le nom de "Plasma Boundary Layer", ou
ces plasmoides sont déviés vers I'Est. Le plasma magnétosphérique y est
entrame vers |'Est paralléelement aux flancs de Ia surface de la magnéto-
pause. On décrit égatement quelles sont les effets dlamagnethues que

ces 4p|asmondes,pr‘odunsent en pénétrant dans la _magnetosphere.



Samenvatting

De beweging van een plasmoide (een entiteit uit het plasma-
veld) werd bestudeerd doorheen een inhomogeen magnetisch veld
waarvan de richting en de intensiteit variéren tangsheen het penetratie-
traject. De gemiddelde massasnelheid van dit plasma-element daalt
wanner het in een gebied van stijgend rﬁagnetisch veld binnendringt.
De kritische intensiteit van het magnetisch veld waar een plasmoide
gestopt of afgeleid wordt is dezelfde aIsA die waargenomen Dbij
Iaboratoriumexper‘imen"cen in het geval van- een niet-draaiend magnetisch
veld. Het elektrisch veld van polarisatie teweeggebracht binnen een
dergelijk plasma-element in beweging werd zowel bepaald voor een
plasmoide met kleine "beta" als met grote B. De dichtheidsvector van de
hoeveelheid beweging van de plasmoide wordt afgeleid in de richtingen
- B x VB en - B x(B . V)B wanneer deze in een inhomogeen magnetisch

veld binnendringt.

Dit kinetisch model werd toegepast in het bijzonder geval van
p|asma-onregelmétigheden \}an de zonnewind- die a.h.w. tegen het geo-
magnetisch veld van de Aardse bdtsen wegens hun te grote hoeveelheid
beweging. Als gevolg van deze krachtige binnendringing vormt er zich
aan de grenzen van de magnetosfeer een limietlaag die gekend is als de
"plasma Boundary Layer" waar deze plasmoiden afgeleid worden naar het
Oosten. Het magnetosferisch plasma wordt meegevoerd naar het Oosten
parallel met de flanken van het opperviak van de magnetopauze. Men
beschrijft eveneens de' diamagnetische effecten die deze plasmoiden

teweegbrengen wanneer ze de magnetosfeer binnendringen.

Trefwoorden : plasmoide, tangentiéle discontinuiteit, magnetopauze,

wisselwerking tussen de zonnewind en de magnetosfeer,
krachtige binnendringing van zonnewindonregelmatig-
“heden in de magnetosfeer, Kkritische intensiteit van het

magnetisch veld, FTE.
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Zusammenfassung

Die 'Bewegi'ng eines Plasmoides (eine Entitdt aus dem Plasma-
"feld) wurde studiert hindurch eines inhomogenen magnetischen Feldes
wovon die Richtung und die Intensitat entlang des'Penetrationstr"ajekts.
Die mittlere Massengeschwindigkeit- dieses Plasma-Elementes nimmt ‘ab -
wenn es in einem Gebiet von steigenden magnetischen Feld eintritt. Die
kritische Intensitdt des magnetischen Feldes wo ein Plasmoide gehalten
oder abgeleiteit wird ist dieselbe wie die beobachtet bei Laboratorium-
experimenten falls ein nicht rotierendes magnetiéches Feld. Das
elektrische Feld von Polarisation verursacht in einem derartigen Plasma-
Element in Bewegung wurde sowohl bestimmt fir einen Plasmoide mit
kleine "Beta" als mit grosse B. Der Dichtigkeitsvektor der-Quantit'ét
Bewegung des Plasmoides wird abgeleiteit in dem Richtungen - B X vB
und - B x(B . Y)B_ wenn dieser in einem inhomogenen magnetischen

Feld eintritt.

Dieses kinetische Modell kam zur Anwendung falls Plasma-
Ungr'eg'elm'éssigkeiten der Sonnewind die gegen das geomagnetische Feld
der Erde kollidieren wegen einer zu grossen Quantitat Bewegung.
Infolge diese kriaftige Eindringung kommt. es an den Grenzen der
Magnetosphidre eine Limitschichte die .man "pPlasma Boundary Layer" -
heisst wo diese Plasmoiden abgeleiteit werden nach Osten. Das magneto-
sphirische Plasma wird mitgefihrt nach Osten parallel zu den Flanken
der .Oberflache der Magnetopause. Man beschreibt auch die dia-
magnetische Effekten die die Plasmoiden verursachen wenn diese in der

Magnetosphéare eindringen.

Stichwéfter: Plasmoide, tangentiale Unterbrechung, Magnetopause,
Wechselwirkung zwischén der Sonnenwind und der
Magnetosph'air‘e, kraftige Eindringung von Sonnenwind-
unregelmassigkeiten in der Magnetosphadre, kritische

Intensitdt des magnetischen Feldes, FTE:



INTRODUCTION

Baker and Hamel (1965) have demonstrated expérimentally that
slightly diamagnetic plasma streams injected into a region of uniform
magnetic field drift across the magnetic field lines with constant bulk
velocity Yo when the integrated Pedersen conductivity of these field
lines is zero or small : i.e. Zp = op dh = 0. This condition implies
that the transverse Pedersen conductivity is smalli everywhere along the
magnetic field line; i.e. not only in the collisionless plasma itself, but
also in the walls of the vacuum tank through which the magnetic field

lines pass.

~ Since, in these experiments, no external electric field (Ee) is
applied perpendicular to B, the single particle kinetic approach as well
as the MHD theory would predict zero E cross B drift velocities.
N'evertheless, despite the absence of such an exter‘nal E-field, plasma
beams of finite widths in the Vo X B direction or injected plasmoids
(i.e. plasma-magnetic field entities according to the definition of Bostick,
(1956)) drift straight across the strong magnetic field and conserve
their initial forward momentum, when Zp = 0. This indicates that tljg
motion of plasmoids in an external magnetic field differs drastically from

~ the motion of a single (test) particle in the same B-field distribution.

The reason for this difference has been described by Schmidt
(1960). Indeed when n, the density of ions and electrons is great
enough for the plasma dielectric constant & to be much larger than
unity, collective plasma effects lead to the accumulation of polarization
~charges which generates a.local (infernal) electric field, Ep, inside the -

moving plasma element such that its initial momentum can be conserved.

Schmidt (1960) has "described how the self-polarization _E_b

field builds up in a non-diamagnetic plasmoid injected into different



magnetic field dist‘ributions of interest for laboratory experiments.
Cross-field injection experiments can be divided into two categories

(i) wide plasma beams injected from plasma guns for which the beam
width w is much larger than the ion gyroradius r‘+, (ii) narrow high-
energy neutralized ion beams injected from ion diodes and whose width
is smaller tha r‘t. In the following we shall concentrate only on the first
case which is relevant to the study of the interaction of the solar wind
plasma stream with the Earth's geomagnetic field. Indeed for narrow
energetic ion beams, the first-order guiding centre approximation, used
below to calculate the ion and electron drift velocities averages over one

gyromotion, fails to be applicable.

This sludy is also concentrated on cases where plasmoids are
injected across an imposed external magnetic field distribution whose
direction and intensity change as in a Tangential Discontinuity (see fig.
1). Thié magnetic field topology simulates the magnetopause interface
where the magnetic field direction changes from a northward direction
in the magnetosphere to arbitrary orientations and intensities in the
solar wind-magnetosheath region. Firstly, we have considered non-
diamagnetic, low-B plasmoids. Next we discuss briefly the penetration of

diamagnetic high-B plasmoids across a tangential discontinuity.

A. Non-diamagnetic plasmoids

Consider an external .magnetic field like that illustrated in
fig. 1; the magnetic field direction has no component along the ox
direction and its B_ and BZ components are continuous functions of x.
No externally imposed electric field is applied either parallel or
perpendicular to B. A plasmoid is injected along the ox axis with an
initial wvelocity Vo The density inside the plasmoid is assumed to be

large, so that the plasma dielectric constant is much larger than unity

+ 2 + 2
Enmc w
e=1~+—2———=1+ —E>>>l (1)
B /2uO Q



Fig. 1.- lllustration of a rotating magnetic field distribution across a tangential

discontinuity.



+ + :
(wp and Q are respectively the ion plasma frequency and Larmor gyro-.

frequency). This inequality is generaily satisfied in laboratory plasma
3 5
- 107,

This implies that collective dielectric effects are important. Polarization

experiments, as well as in thermal space plasmas where & = 10

charges build up a dielectric field in the plasma cloud and in its

vicinity.

Furthermore, let us assume that the plasma density is small
enough so that (i) the collision mean free paths, £, of the electrons
and of the ions are much larger than the dimensions of the system (i.e. |
the diameter of thel vacuum tank or the density scale length in space
plasmas), but also that £ is much larger than the corresponding Larmor

gyroradius, (ii) the total kinetic energy density of the particles is

ros
L’ .
much smaller than the magnetic energy density i.e.

1 nm+ v2 + nk (T+ +T)

2 L 1

B = > << ] . (2)
B /zuo

This latter condition implies that diamagnetic currents or

other plasma currents produce additional magnetic fields which are small’

compared with the applied external magnetic field strength.

A1l1. Drift velocities

Under these low-B conditions the total B-field inside and
outside the plasmo.id is equal to the externally imposed field. When the
variation of this field is small over a few Larmor gyroradii, the sum of
all perpendicular drift wvelocity components can. be determined from

classical first order orbit theory
' 2

E X B‘ ") ' B m dw ’
w = + 3 Bx V| — |+ — B x —=° (3)

- .B2 qB 2 qB dt

where the last two terms correspond respectively to the gr‘ad-B. drift
and inertial drift (Watson, 1956; Longmire, 1963); p is the magnetic
moment of a particle of mass m and electric charge g
me .
= — (4)
2B



We have assumed tHat the first order guiding centré
approximation is 'applicable and that p is an adiabatic invariant. Note
fchat this approximation breaks down for high energy neutralized ion
beams whose width is smaller than the ion Larmor gyroradius; it breaks
also down in regions where the magnetic field strength becomes
vanishingly small. The gyration energy of the particle around its
guiding centre is mvlz/Z; wy is the zero order approximation of' the

guiding centre velocity :

B

(<]

|

o}

N X
1

(5)
B B '

By elimination of v, in eq. (3), the first order approximation

of the perpendicular component of the velocity of the guiding centre

becomes
2
}_2 X 1} 1 mV//
w = 5 +——ZBXYB+ 4 _x(?,Y)}}
B qB qB
m d. E x B _
f— Bx— | T - (6)
qB dt B

The last three terms in eq. (6) are first order corrections.

They correspond respectively to the grad-B8, curvature and polarization

drifts. Their directions are opposite for électrons (q- < 0) and ions

(q+ > 0). These drifts are not necessarily small .compared to the

perpendicular component of the zero-order guiding centre velocity. f
which, according to eq. (5), is equal to

| Ex B
W) = 5 =~V - (7)

BZ

For the magnétic field distribution illustrated in fig. 1, Bx
0 and the magnetic field lines are straight lines parallel to the oyz

plane. Consequently (B.V)B = 0, and, the curvature drift is zero.

— _9_



A2. Polarization electric field

As a conseduence of their oppositely directed drifts the ions.
and electrons move perpendicular to B toward the lateral surfaces of
the plasmoids where they accumulate (Schmidt, 1960). Neglecting stray
fields and magnetization currents because of the low-B conditions, the

rate of change of the electric field inside the moving element of plasma

is given by
+ + 7 - -7 =
ag q n .Yl. +q n Vl : . .
— = \ : (8)
ot £ '

(o}

For the sake of simplicity the electron and ion densities n  and n+ will

be assumed equal and uniform inside the plasmoid.

After averaging the drift velocity over the velocity distribu-

. L + + - -
tion of the ions and electrons, taking into account thatq n =-qgn =
qn, and neglecting the electron mass (m’) as compared with the ion

mass (m+ = m), eq. (8) becomes

—_— emmae

. ¥ - .
oE nm (TR V) d - ExB
— = - > Bx | —— VB+ — 7 (9)
ot . £0B m dt B~

It can be seen from eq. (9) that 3E/3dt is perpendicular to B.

The polarization electric field building up with time is therefore also

normal to B.

, -The factor nm/z»:o 82 is equal to &€ - 1; since the plasma
dielectric constant ¢ is very large, the value of ‘the expression within
the brackets in eq. (9) must be very small in order to avoid un-

reasonably high values for the rate of change of the electric field

intensity : i.e. for 3E/dt. Consequently,
— - .
d Ex B A u+ + U '
— = > = + — VYV B=x~O : . -(10)
de B : m '
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By combining eiq. (7) and eq. (10), it can be deduced that

d\_//dt is a vector parallel to - VB, i.e. parallel to the ox axis.

. ¥ -
dv dv o+ u dB : . '
— v/ - - . (11)
dt dx m dx :
Taking into account the adiabatic invariance of the magnetic -
+ - . .
moments g and p , and integrating eq. (11) from Xs to x, it results
that '

+ -
9 : 9 Lo+ U ‘
vi(x) = v +2 —/— [B - B(X)] (12)
o} o .
. : o
Using eq. (4) and the definition of the perpendicular kinetic

pressure

p = — nom’ vi = n pB = nkT (13)

eq. (12) becomes also

l mv2 + kT+ + KT, = Cstb= i mv2 + (kT+j + (kT.) (14)

9 - L L s O j o) Lo
This shows that the sum of the translational and the perpendicular
thermal ener‘gy densities of the ions and electrons is a constant of
motion. A similar result was derived by Séhmidt (1960) for the two
stage plasma accelerator and non-rotating B-field distributions. Eq.
(12) has been verified experimentally by Demidenko et at. (1967, 1969)
for plasmoids traversing " inhomogeneous but non-rotating magnetic
fields, and, whbse:intensity tended to zero for x = *+ » (i.e. for Bo =

0).

Note that when the magnetic field strength is independent of
. x (i.e. when dB/dx = 0) the bulk velocity of the plasmoid is constant
-‘and equal to Ve even when the direction of B rotates as a function of

x as illustrated in fig. 1.

-11-



A plasmoid penetrating into a region of lower magnetic field
intensity is acéelerated due to adiabatic diminution of the gyration
enef‘gy (see eqs. (12) or (14)). In contrast when a solar wind plasma
element -moves from the magnetosheath. into the magnetosphere, where
the B-field intensity is higher, it can be verified from eq:. (12) that

the velocity of the intruding plasmoid decreases.

The components of the polarization electric field inside the

plasmoid are given by
E(x)=vB -vB ;EG(=v (B (x);E(=-v (0B (x) (15
X zy y 2z y X z z X y

When the magnetic field vector rotates, the polarization electrié field.
eq. (15) rotates by the sé_me angle, but both field wvectors remain
orthogonal to each other; indeed it can be verified that E . B = 0 when
B, =0. ‘ '

A3. Non uniform bulk velocities -

in the derivation of eqs. (8) and (9) a simple "capécitor‘"
model, first introduced by'Schmidt (1960), has been used for the sake
of simplicity. This model is based on the assumption that polarization
charges "accumulate" only at the surface of the plasmoid. This implies
that the electron and ion densities are equal and uniform inside the
whole plasma element. It was also assumed that these densities drop
abruptly to zero outside the sur'f'ac_e, of the plasmoid. As a consequence
of the polarization drift, grad-B, and curvature drifts the uniform
electron and ion densities (n and n+) are simply shifted in 6pposite
- directions. This produces surface polarization charges at the sharp
boundaries of the plasmoid as in the case of a capacitor. But this. shift
of density distributions will create a volume polarization density.
Neglecting stray-fields near the ‘edges, the res;ulting electric field
inside an elongated plasmoid is then approximately uniform; the rate of

variation of E can then also be derived from eq. (8) or (9).

_‘]2_



The "water bag" or squar‘é distributions assumed for n’ and
n are of course ldeal models, in reality, the plasma densities are more
likely non- umform. However‘, even for these less ideal, non-uniform
density distributions, the oppo;sitely directed drifts of electrons and
ions give rise to surface polarization charges similar to those obtained
with the uniform capacitor model. But 'in addition a non zero
polarization density is then qr‘eated within the pltasmoid. The resulting
polarization electric field may therefore be non-uniform. As a
consequence, the plasma can well have an internal non-uniform
circulatory motion, in addition to the average forward velocity of its

centre of mass.

When the plasma density is not uniform and when vortex or
cir‘éulation flows exist inside a plasmoid, the equation of motion of the
centre of mass must be considered instead of eq. (12). The total mass
and magnetic moment of the plasmoid enter in this equation of
conservation of global momentum. ABut this would deserve a more

detailed study not undertaken in this article.

A4. Critical magnetic field intensity A

From eq. (12) a critical magnetic field strength B1 can be
deduced. Indeed, a plasmoid injected in a transverse magnetic field
whose intensity increases steadily with x, will necessarily reach a

position x, where its bulk velocity (v) has been reduced to zero. The

1
plasma element cannot penetrate beyond this distance where the external

magnetic fleld is equal to B1

. mvi . mv0
B(x]) =Bo+ —— = =BO 1 + " ) — =7 (16a)
2( + p ) m(V) +m (v)
. : A L/ )
or equivalently,
1 m\/2 + (kT+) + (kT,)
B(x,) = 2—2° Lo 1o (16b)
1 = —
Lo+ R
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from eqs. (14) and (13).

When the plasmoid reaches the point,.\x.l, all the translational
energy has been converted into perpendicular (gyration) thermal
energy. Plasmoids are reflected adiabatically or dispersed transverselly

when they reach this point where the field strength is equal to B1.

The critical magnetic field strength given by eq. (16b) is the
same as that deduced by Demidenko et al. (1969) for a non-rotating
B-field distribution and for Ilaboratory plasmas where the electron
temperature (T ) and magnetic moments (u ) were negligibly small. Note
also that in these experiments the field B at large distance is taken

equal to zero.

- At the distance of maximum penetration (x1) the y and z
components of the electric field (15) both become equal to zero. Note
however that E (x.l) can have a finite component in the ox direction

i.e. perpendicular to the front edge of the plasmoid : Ex(x1) # 0.

A5. Maximum penetration depth of solar wind plasmoids in the geo-

magnetic field

A solar wind plasmoid penetrating impulsively in the magneto-
sphere traverses the magnetopause where the magnetic field generally
has a zero or very small normal component (Bx = 0).-:;!'he magnetic field
BM inside the magnetosphere increases almost as R ~, where R is the
geocentric distance. As a consequence there is always a penetration
depth (x1) yvhere BM(x) is equalh to B1, the critical magnetic field

strength given by eqgs. (16a) or (16b).

Let us now consider a plasmoid moving across the inter-

planetary magnetic field whose mean intensity is equal to B0 % 6 nT

(Ness et al. 1971; Hedgecock, 1975); let the velocity of the plasmdid be

-14-



Vo = 468 km/sec, corresponding to the mean solar wind speed (Feldman
et al., 1977), and let the electron and ion temperatures respectively be
(T), = 1.4 x 10° K and (T*’)o = 1.2 x 10° K; it can then be verified’
from eq. (16a) that B1 = Bo [1 + 2200/43] = 313 nT. In the Earth's
dipole magnetic field BM is equal to 313 nT at an gquator‘ial‘ distance
R_l = 4.6 RE.

In the preceding numerical application we have used the mean
fnter‘planetary magnetic field and solar wind parameters measured before
the bow shock. However, through the bow shock the sdlar wind plasma |
parameters are drastically modified. When post-shock values are used
i.e. Bo = 30 nT and Mi = mvi/Zk[T+ + T 1= 0.5 one obtains from eq.
(16a) : B1 = 45 nT, and R1 = 8.8 RE which is almost equal to the
observed mean radial distance of the magnetopause at the subsolar

point.

When Ms’ the sonic Mach number, and/or when Bo’ the
magnetic field in the magnetosheath, increase, it can be verified from
ed. (16a) that B1
distance of the average magnetopause position is pushed closer to the

increases also, and consequently that the radial

Earth. Furthermore, from the first order theory presented above, the
penetration depth X does not depend on the angle of rotation of the

magnetic field across the magnetopause.

Mégnetopause observations analysed by Fairfield (1971) and
Formisano et al (1979) confirm these theoretical r‘esﬁlts concerning (i)
~the average subsolar position of the Earth's magnetopause, and (ii) its
dependence on the solar wind bulk velocity. The observations support
our theoretical conclusion that (iii) the average magnetopause position
does not significantly depend on the orientation of the interplanetary
magnetic field. The dependlence of the magnetopause position oﬁ the
valuebof Bo the interplanetary magnetic field strength, has not yet been

checked statistically, at least to our knowledge.
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It might be interesting to check whether or not these
theoretical results will be confirmed by observations of Jupiter's and
ASaturn‘s magnetopause crossings when -a significantly large number of

them are available.

A6. Momentum density

The momentum densify in the plasmoid can be obtained from
eqs. (3) or (6) by averaging y+ and w  over the velocity .distribution
of the ions and electrons. At zero order approximation pv = pE X B/BZ,
where p = ‘Zinimi; at the first“ order approximation and for a multi-

component plasma

. Ex B - [n,mz, Vz,] B x VB
pv=Zn~mw =p_ — + 5 ii1:il - —
- iii-pi BZ i 24 B3
[n. i VTI] B x (B.V)B
+y, L1 2
i q "

o n,m? B d . ExB
+ T = = - X — (17)
-t a4y B dt B ,

Note that p'i and p Y the perpendicular and parallel components of the
partial kinetic pressure for the iTT particle species can be used to
express the terms in the brackets of eq. (17) by using eq. (13) and
2 —akr . =p ‘ (18)
n.m, V., = n kT . = p . . 8
iyl - i N1 ni
The third term in the right-hand side of eq. (17) comes from
the 'polarizatioh' drfft and can be transformed by using eq. (10) or

d E x B | Z,n}m,yf, Z.nimivf. - |
— (=) - AL LLiogpo —1——2——5— (B.V)B (19)

20B . pB T
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Note that eq. (19) is derived, as ‘in section A2, for a uniform
density distribution inside the plasmoid by taking into account
that ¢ >> 1. It is applicable to general magnetic field distributions with
curved field lines and for arbitrary values of B. Curvature currents
must then however, be considered, unlike in eq. (10) where it is
assumed that (B.V)B = 0. It should also be pointed out that magnetiza-
tion currents resulting from the circular motion of ions and electrons
about their individual guiding centres do not contribute to a net
transport of electric charges. Therefore these magnetization currents

are not included in the right-hand side of eq. (8).

- + )
When all terms of the order of m /m are neglected in the
first order approximation, the momentum density for a two components

neutral plasma becomes

ExB P m _\2| Bx VB
o2 N 53
o [, 2] Bx (B.WB
i L (v ) S B (20)
& " o3

where the brackets can be expressed in terms of the perpendicular and

parallel electron temperatures.

These first order correction terms are small when the electron
temperature is small or when the gradient of B and the curvature of
magnetic field lines are not large. Otherwise these corrections
contribute to a deflection of the plasmoid in the - B x VB and

-'B x (B.V)B directions respectively.
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A7. Viscous-like interaction

It has been shown above that there is a critical magnetic field
strength B1 given by eq. (16) where solar wind plasmoids are stopped
or deflected. From eq. (16) it can be seen that the penetration of
plasmoids into the geomagnetic field is greatest when the Interplanetary
Magnetic Field strength, Bo’ is greatest. Furthermore, it results also
from this equation that larger values of B1 are obtained for larger sonic
Mach numbers. As a consequence, solar wind plasmoids with a flux of
momentum density greater than the background will be stopped or
deflected deeper into the geomagnetic field, i.e. beyohd the mean
position of the magnetopause where the condition BM = B1 is met for

average solar wind plasma elements.

For a solar wind plasmoid impinging with an excess momentum
on the geomagnetic field at the subsolar point or on the dusk flank as
shown in the lower part of fig. 2, the last two terms in eq. (20)
contribute to a deflection toward dusk (i.e. eastward) in the "Plasma
Boundary Layer". As a matter of consequence Impulsive Penetration of
solar .wind plasmoids into the Plasma Boundary Layer transfers
momentum to magnetospheric plasma along the flanks of the magneto-
pause. As a result of the electromagnetic coupling with the dayside
cusp ionosphere via highly conducting geomagnetic field lines, this flux
of momentum is also transferred to the ionosphere. These coupling and
interaction processes correspond to ‘viscous-like" interaction as
suggested a long time ago by Axford and Hines (1961) and Hines
(1964). '

l|"1 the dusk flanks of the magnetopause region all three terms
in eq. (20) produce an eastward drag; in the dawn flanks the zero
order term (i.e., pE x B/BZ) is initially predominant and contributes a
westward (anti-sunward) drag. But deeper in the magnetosphere where

the y and z components of the polarization electric field (15) become
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Fig. 2.-

Illustration of the eastward deflection of solar wind plasmoids

penetrating impulsively in the magnetospheric Plasma Boundary Layer
along the dawn flanks (upper part of the figure) and dusk flanks
(lower part of the figure) of the magnetopause. Both the gradient-B

and curvature drifts of the ions contribute to the eastward deflection

of intruding solar wind plasma irregularities.



equal to zero in the vicinity of Xq1 the first order drift terms in eq.
(20) become the predominant ones. As a consequence. the flow direction
changes from westward to eastward as illustrated in the upper part of
fig. 2. Orders of magnitude calculation indicate that the grad-B drift
velocity of a solar wind plasmoid penetrating through the magnetopause

can range up to 1 Km/sec.

A8. Effects resulting from dcpolarization currents

Up to this stage we have ignored the possibility that the
polarization charges may be neutralized by transverse Pedersen
currents flowing either within a collision dominated plasma, within

conducting walls or in a resistive ionosphere.

- This effect has already been discussed by several authors in
the case of laboratory experiments (Bostick, 1956; Baker and Hamel,
1965; Schmidt, 1960; Gol'ts and Khodzhaev, 1969) as well as in the case
of solar wind plasma irregularities penetrating into the magnetosphere
(Lemaire, 1977, 1983, 1985; Lemaire and Roth, 1978). It has been
suggested that solar wind _plasmoids penetrating into the geomagnetic
field transfer part of their excess of momentum to the ionosphere, and
dissipate part of their excess energy by inelastic collisions and Joule
heating in the ionosphere at dayside cusp fatitudes. This non-adiabatic
deceleration of impulsively injected solar wind plasmoids‘ contributes to
an. additional and important term in the right-hand side of eq. (19); In
consequence this short-circuiting effect enhances the polarization drift
velocity in eq. .(17) (last term). It can be verified that this (non-
adiabatic) deceleration contributes a significant additional transfer of
momentum density to magnetospheric plasma in the Boundary Layer next
to the magnetopause surface as well as to the dayside cusp ionospheric
plasma.. This _additional drag is again eastward in the direction of the

Earth rotation.
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A9. Mass losses of plasmoids

The question of mass loss of a dielectric plasmoid moving
across transverse magnetic field lines, resulting from edge effects,
electrostatic charge repulsion, or cross-B ion drift due to non-uniform
or oscillating E-fields, has been considered in the literature by Dolique
(1963); Schmidt (1960); Baker and Hamel (1965); Demidenko et al.
(1966, 1967); Khizhnyak et al. (1969); Heikkila (1982).. It will not be
emphasized here, although it deserves a more detailed study, which is

outside the scope of this paper.

It should be emphasized, that mass losses of a plasmoid
penetrating into the geomagnetic field, either by field aligned
expansion, or by particle trapping and precipitation in the 'dayside
cusps upper atmosphere, are important physical processes affecting
solar wind plasma elements penetrating ’im‘pulsively into the magneto-

sphere.

Impulsive precipitation in the dayside cusp ionosphere of
magnetdsheath ions and electrons along magnetic field lines extending to
the frontside magnetopause region has been observed for the first time
by Carlson and Torbert (1980). The dissipation of energy of the
precipitating particles in the atmosphere produces the well defined peak
in the electron temperature up to an altitude of 1000 km at the latitude

of the dayside cusps (Titheridge 1976).

A stationary kinetic model describing the flow of precipitation
of magnetosheath injected ions and electrons through the topsidé iono-
spheric background plasma contained in a dayside cusp flux tube, has
been described by Lemaire and Scherer (1978). Field a_ligned currents
and the formation of a double layer near 20.000 km altitude - were

obtained in this kinetic model calculation. Although a time dependent
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model would be preferable. to simulate the expansion of solar wind
plasmoids along geomagnetic field.lines, the kinetic model of Lemaire and
Scherer (1978) shows that double layers can form quite naturally at the
interface between the- warm magnetosheath plasma and the colder iono-
spheric plasma. Such field aligned double layers or electrostatic shocks
(.plossibly propagating downward) accelerate the precipitating electrons
and produce upward streaming beams of cold ionospheric ions which
penetrate in the intruding solar wind plasmoid and intermix there with

the injected magnetosheath plasma.

B. Diamagnetic effects

Up to this stage the impulsive penetration has been discussed

~only for non-diamagnetic plasmoids which do not significantly perturb

the externally applied magnetic field distribution. However, when the
value of B is of the order of unity, as it is most of the time in the
solar wind, large diamagnetic effects perturb the externally imposed
geomégnetic field. This question has been discussed already in a recent

article by Lemaire (1985).

It is important to recall, however, that, as a consequence of
the penetration of d-iamagnetic pliasmoids, the outer geomagnetic field
distribution becomes distorted and variable in time. By vector super-
position of the variable diamagnetic field carried by moving plasmoids
and the main E‘ar‘t‘h's magnetic field, one obtains patchy and time
dependent interconnections of magnetic field lines as illustrated by
Lemaire (1983). Along the bundles of geomagnetic field lines inter-
conﬁected to those of interplanetary space in a dynamical way energetic
solar particles éan be guided into the magnetospﬁere and precipitated in
the polar caps. Conversely magnetospheric particles can sporadically
bour out of the geomagnetic trap into the solar wind, as has been

suggested by Lemaire (1977).
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‘The typical Flux Tlr‘ansfe'r't Events (FTE) often observed in
.rhagnetogr‘ams near. the magnetopause by Ruséell and Elphic (1979) and
repor‘ted. by many others, . correspond to typical magnetic field
signatures of high-B, diamagnetic plasmoids penetrating impulsively fro}ﬁ

the magnetosheath into the magnetosphere.

It is worth noting that eq. (17) .and (19) are valid for a
diamagnetic plasmoid, but in the case of high-B plasmoids the magnetic
field B is the sum of the éxternally imposed B-field and the diamagnetic
fields associated with all local and distant plasma currents. These
electric currents have a magnetic dipole moment in addition to higher
order multipole moments. The dipole-dipole interaction of two plasmoids,
or of a diamagnetic plasmoid, with the Earth's dipole magnetic field is
another force which must be taken into account. But this is a separate

topic which will be discussed elsewhere.
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