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-FOREWORD

This paper has been presented on October 24, 1973 at the “Belgo-British University
Week”’ (Europalia 73). It will be published in Planetary and Space Science.

AVANT-PROPOS

{

Cet article a-été présenté le 24 octobre 1973 a loccasipn de la "Belgo-British
University Week’’ (Europalia 73). Il sera publié dans Planetary and Space Science.

VOORWOORD

Deze tekst werd voorgedragen ter gelegenheid van de “Belgo-British University Week”

(Europalia 73). Hij zal in Planetary and Space Science gepubliceerd worden.

VORWORT

Diese Arbeit wurde am 24n Oktober, 1973 wihrend der “Belgo-Britisch University
Week” (Europalia 73) vorgelesen. Der Text wird in Planetary and Space Science heraus-

gegeben werden.



THE ”ROCHE-LIMIT” OF JONOSPHERIC PLASMA AND THE FORMATIQN OF
THE PLASMAPAUSE

by

J. LEMAIRE

Abstract

The plasfnapause, position is determined by the innermost equipotential surface which
is tangent to the “Roche-Limit” surface of the ionospheric plasma filling the magneto-
sphere. When the thermal particles corotate with the Earth’s angular velocity, the ’Roche--
Limit” equatorial distance is L, = 5.78 [Rg]. When the angular velocity is ev;luat,ed from
the quiet time convection electric field distribution E3 of Mcllwain (1972), L_ depends on .
the local -time. Its minimum value is then L = 4.5 near 2400 LT, and thé plasmapausle'
position and shape satisfactorily fit the observations. The diffusive equilibrium density
distribution appropriated inside the plasmasphere becomes convectivgly unstable beyond
L =L, where the collisionless type of model represents satisfactorily the observations. In
the intermediate region between the plasmapause and the last closed magnetic field line, a
continous ionization flux is expected to flow out of the midlatitude ionosphere as in the

polar wind.



Résumeé

La position de la plasmapause est déterminée par la surface équipotentielle tangente a
la surface représentant la ”Limite de Roche” du-plasma ionosphérique. Lorsque le plasma
thermique tourne avec la vitesse angulaire de la Terre; la ’'Limite de Roche’ est & une
distance radiale L = 5.78 [R]. Lorsque la vitesse angulaire est déterminée a partir de la
distribution E3 du 'champ électrique de convection obtenu par Mcllwain (1972), L dépend
du Temps Local. Sa valeur mininium eét alors L, = 4.5 aux environs de 2400 TL; la position
ainsi que la forme de la plasmapause sont en bon accord avec les observations. Les distrf-
butions de densité en équilibre de diffusion qui sont d’application a P’intérieur de la plasma-
sphére, deviennent cependant convectivement instable au dela de la surface “Limite de
Roche”. Dans cette région et plus généralement en dehors de la plasmapause les modéles
non-collisionnels représentent de fagon satisfaisante les mesures de densité. Dans la région
intermédiaire entre la plasmapause et la derniére ligne de force fermée, un flux d’igns et
d’¢électrons, analogue au vent polaire, doit s’écouler hors de 'ionosphére aux latitudes

moyennes.



Samenvatting

De plasmapauze wordt bepaald als zijnde het equipotentiaal oppervlak dat raakt aan
het oppervlak corresponderend met de Roche-Limiet.voor het ionosferisch plasma. Indien
het thermisch plasma deelneemt aan de rotatie van de aarde met dezelfde hoeksnelheid dan
is de Roche-Limiet bepaald door de radiale afstand L, = 5.78 [R;]. Indien echter de hoek-
snetheid bepaald wordt uit de distributie E3 van het convectie elektrisch veld (Mcllwain,
_1272), dan is L, functie van de plaatselijke tijd. De minimale waarde is dan L. =45en
wordt bereikt rond 2400 plaatselijke tijd; de plaats en vorm van de plasmapauze zijn in
goede overeenstemming met de waarnemingen. De dichtheidsverdeling in de diffusie- even-
wichtstoestand, die toepasselijk is binnen de plasmasfeér, wordt instabiel buiten het opper-
vlak corresponderend met de Roche-Limiet. In dit gebied en buiten de plasmapauze kunnen
de waargenomen dichtheden teruggevonden worden aan de hand van botsingwijze modellen.
In het gebied gelegen tussen de plasmapauze en de laatste gesloten veldlijn zal een naér

buiten toe gerichte electronen en ionenflux bestaan.



Zusammenfassung

Die Lage der Plasmapause is bestimmt durch die innerste equipotentiale Fliche die an
der ”Roche-Limit” Fliche des ionosphirischen Plasmas tangential ist. Wenn das thermische
Plasma mit der Erdgeschwindigkeit dreht, liegt die “Roche-Limit” Fliche an einer
equatorialen Entfernung L, = 5.78 (R;). Wenn die angulare Geschwindigkeit durch das
konvektions elektrisches Feld von Mcllwain (1972) abgerechnet wird, ist L, von die lokale
Zeit abﬁéingig. Das Minimum, L_ = 4.5, fur die Entfernung der Roche-Limit” Fliche liegt
dann in der Nihe des 2400 LZ Sektors. Die plasmapause is dann gleichformig zu die
beobachtete Lagen. Die diffusive Equilibrium Modelle die sich gut zu der Plasmasphdre
. eignen, sind aber jenseits der “Roche-Limit” Fliche in labiles Gleichgew}cht. In diesem Teil
der Magnetosphire sind die exosphirische Modelle in besserem Zustand um die Dichte
Beobachtungen vorzustellen. In dem Teil zwischen der Plasmapaﬁse und die Letzten
geschlossenen Feldlinien fliessen kontinuierlich Ionen und Elektronen aus der mittlere Iono-

sphére heraus als im Falle des Polar-Windes.



1. INTRODUCTION

The plasmapause is generally considered as the surface of a forbidden region (: the
plasmasphere) where low energy protons and electrons from the magnetotail convected in
the sunward direction cannot penetrate under steady state conditions. To construct theoret-
ical plasmapause models Nishida (1966), Brice (1967), Kavanagh et al.(1968), Vasyliunas
(1970, 1972), Grebowsky (1970, 1971), Wolf (1970), Chen and Wolf (1972), have adopted
some ad hoc or best fit geometries for the dawn-dusk convection electric field induced
across the magnetosphere by the solar wind, as described by Dungey (1961) ar by -Axford
and Hines (1961). These theories of the plasmapause formation are based on drift path
determination of zero energy protons and electrons moving outside of the plasmasphere.
Fig. 1 shows for instance the drift path of these particles for a uniform dawn-dusk electric
field of 0.16 mV/m (Kavanagh e? al., 1968). The solid line in Fig. 1 is the equatorial section
. of this forbidden region (or zero-energy Alfvén-layer) usually identified with the plasma-
pause. In this interpretation the plasmapause coincides also with the drift path of the last
closed magnetic field line convecting around the Earth. Field lines outside this limit reach
the magnetopause where they open on the geomagnetic tail. Carpenter’s (1966) observations

of the knee and Chappell et al’s (1971) plasmapause positions are also shown in Fig. 1.

. Although: the plasmasphere is often considered as the forbidden region for cold plasma
originating m the magnetotail, its main property, however, is to be filled with very low
energy particles evaporated from the topside ionosphere. The density distribution of these
thermal particles a\i‘ong the magnetic field lines is determined by the:_gfavitational and
rotational potentials, ¥ . and ¥ ,. In this paper we suggest that the plasmapause is determ-
ined by the last field line along which ¢ = wg + ¥ ,, the total potential energy of the ions
or electrons, has one single maximum in the equatorial plane. For a corotating neutral
atmosphere this would correspond to the Roche-Limit located at 6.6 Earth radii, where the
radial- component of the centrifugal force is equal to the gravitational force (Roche, 1850).
For charged particles cdnstrainpd to spiral along dipolar magnetic field lines, the so called
* ”Roche-Limit” surface of cofotating ionospheric plasma is located closer to the Earth than

for a corotating neutral gas.
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Fig. 1.- Illustration of the drift path in the equatorial plane of zero energy protons
or electrons originating in the magnetotail. The dashed lines are also electric
equipotential lines in Kavanagh et al.’s (1968) model for a uniform dawn--
dusk convection electric field of 0.16 mV/m.In this theoretical model the
plasmapause is identified with the zero-energy Alfvén layer (solid line). Two
different knee or plasmapause positions are shown by dots (Carpénter,
1966) and by crosses (Chappell et al. '1971).



In Sec. 3 we describe the influence of angular rotation on the diffusive equilibrium
density distribution, and deduce that it is convectively unstable beyond the "Roche-Limit”

distance.

2. THE POTENTIAL DISTRIBUTION

Let Q be the angular drift velocity (averaged over a bounce period) for a thermal
proton or electron; Q is measured in an inertial coordinate system K :e.g. the solar-
magnetospheric frame of reference. In the coordinate system K_, rotating with angular

velocity €, the total potential energy at the radial distance r and latitude X is given by

my++m,- " GM 1
yir,N)= - ———

> - t 3 Q2 r? cps’ A j' +cte (1)
where G is the gravitational 'constant, and, M the mass of the Earth (see, Angerami and
Thomas, 1964; Melrose, 1967). The factor (m + + me-)/2 in the r.h.s. of Eq.(1) results from
the Pannekoek-Rosseland’s charge separation electric field necessary to maintain local
quasi-neutrality in a hydrogen i)]ésma, when the electron and H ion temperatures are equal
(Mange, 1960).

For a dipole magnetic field, the equation of a line of force is given by
r=LR; cos? A ‘ (2)

where Ry is the Earth radius and L is Mcllwain’s pararﬁeter characterisihg the equatorial

distance of the line of force.

Rep]acing r by (2) in Eq.(1), it can be shown that the total potential energy

my++m;- GM [ 1 Q? RE3 L3

P LR cos? A 26M ¢

(3)

g\ L) =-

E



has a maximum at the equatorif LS L ;L isa critical L parameter given by

2GM \I/3 ~
Lc= <392 RE3> (4)

For field lines corresponding to L> L , the potential energy has two maxima at the

latitudes * ) where

L < 3/8
C
A= o .
., = arcos ( L > \ (5)
The corresponding radial distance is determined by
L, 3/4
r. =LR, <L_> 6)

Fig. 2 shows the potential distribution ¥ (A; L) in a coordinate system K  corotating with

the Earth along different field lines with L smaller, equal, and larger than L _.

If the ionospheric particles corotate with the Earth, (ie. =8 =7.29x 10°%
rad sec’!) the critical L value for which the potential energy along a given field line changes
from a singly peaked to a doubly peaked function is L "= 5.78. This value coincides approx-
imately with the observed average plasmapause position‘ at magnetically quiet time
(Kp = 0), as reported by Bins.ack (1967), by Rycroft and Thomas (1970; Lpp = 5.64-
(0.78+ 0.12) | Kp) or by Carpenter and Park (1973; Lpp =5.7-0.47 Kp ).

If for any reason the mean angular drift velocity, (r), is smaller (or larger) than Qp,
the critical magnetic field line will cross the equatorial plane at a distance larger (or smaller)
than 5.78 Rg. A uniform dawn-dusk electric field can for instance decrease the value of $2 at
dusk and consequently increase the value of L . The opposite occurs in the dawn sector
where the convection Ecv x B drift increases the angular drift speed of the cold plasma énd
consequently decreases L . Therefore, the effect of such a steady and uniform dawn-dusk

field will be to change the circular equatorial section of the Roche-Limit” surface into a
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dissymmetrical curve shifted towards the dusk sector. But the convection electric field, E...
induced -into the magnetosphere by the solar wind is not necessarily uniform in the
dawn-dusk direction. The dashed curves in Fig. 3 represent the equipotent;a—l lmes
corresponding to the electric field distribution, E3, deduced by Mcllwain (1972) from the
observed fluxes of energetic particles encountered by the ATS S satellite at 6.6 R, during
low magnetic activity periods (i.e. Kp ~ 1). The E3 electric field (E,,,) and the M2
magnetic field (B) distributions of Mcllwain (1972) can be used to calculate the actual
angular drift velocity of zero-energy particles inside the magnetosphere

i(E . xB)xr |

-tot
r? B?

() = 7

The critical L parameter (4) can be calculated for each local time angle, and the
”Roche-Limit” surface, L = L., can be deduced from the distribution of Q(1). The solid line
. in Fig. 3 shows the equatorial section of the “Roche-Limit” surfage corresponding to
Mcllwain’s quiet time electric and magnc‘etic fields. Note that' the smallest radial distance of

the Roche-Limit” surface is 4.5 R, near the midnight meridian.

3. DIFFUSIVE EQUILIBRIUM DENSITY DISTRIBUTIONS

If the collision time of the exospheric particles is smaller than the characteristic time for
removing these particles from the inner magnetosphere by convection or precipitation all types
of orbits (ballistic and trapped) and all pitch angles will be equally populated. The velocity
distribution will then be isotropic and a diffusive equilibrium model will result along the
vﬁeld' line. Such steady state models have been described by Angerami and Thomas (1964),
and reviewed by Bauer (1969). ‘

The H' and electron density distribution along a field line L in an isothermal diffusion

equilibrium model is given by the usual barometric formula

) Yoy J
kT

o

n(A\;L)=n_ exp - [ (8)
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Fig. 3.- Equatorial section of the magnetosphere. The dashed curves are the equipotential lines for the electric field
distribution E3 of McHwain (1972). The solid line shows the “Roche-Limit” L=1L_, for an angular drift
velocity, (), determined by ‘the radial component of the electric field E3. The plasmapause is the innermost
equipotential surface tangent (near midnight) to the “Roche-Limit” surface. The plasmasphere (shaded region D
is filled with nearly corotating thermal plasma held by the Earth’s gravitational field. The shaded region IIl is
the convection region of the magnetosphere, where any zero-energy particle will drift toward the magnetopause

. boundary and finally escape through the magnetotail. In the dayside portion of region II, the thermal particles
have stable drift paths along the equipotential lines. Once this plasma has crossed the “Roche-Limit” it is
convected outwards in the. nightime ‘sector. The pressure gradient force will drive it across equipotential line

towards.region III.
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where the pq'@ntial distribution Y (A) is given by Eq.(3) ; n, is the density at the latitude A,
. wl;ér.el_‘thé-‘ii-he ;f};r;gi r_ea;—}1es the reference level hO ;T o is the kinetic temperature of the
ionospheric electrons and protons. Along a field line with L < L , the density n(A; L) has a
mjnimum at the equator. But for L> L, the density distribution has a minimum at the
points (rm’ + A, Eq. 5 and 6) where the gravitational plus centrifugal force has a zero
component along the magnetic field direction. ForA<A_ and r> r_ the density increases

with altitude and it reaches a maximum at the equatorial plane.

The equatorial density distribution, n(L) for @ = Q_ is shown by the solid line D2 in
Fig. 4. The dashed line D1 illustrates the equatorial density in a collision dominated model, '
when the ‘rotational speed Q is zero. The dot-dashed line D3 represents the equatorial
density distribution when the angular rotational speed Q(r) is evaluated along the
0200 LMT radial direction from the magnetic and electric fields models M2 and E3 of
Mcliwain (1972). In all these three model calculations the HY jon and electron temperatures
(1500 °K) and densities (2 x 10% cm™3) at the reference level (1000 km) are supposed to be
independent of the dipole altitude A . '

It can be seen that the density at large distance increases when the angular velocity
increases. For the non-rotating model D1, n(L) decreases asymptoticaly to a constant value
at L=-c. When Q = Q_ as in the corotating model D2, n(L) has a minimum value at
L =(%)1 /3 L_ = 6.6, and increases indefinitely beyond this radial distance. The D3 density
distribution has a2 minimum at L= 4.5. Below this radial distance n(L) coincides.
approximately with the D2 distribution, since in this region Mcllwain’s E3 electric field is
nearly equal to the corotational electric field, and, Q(r)~ Q. However for L> 4.5,
Mcllwain’s electric field distribution predicfs a large increase of 2(r) with radial distance.
The maximum density (7 x 10® cm™3) is obtained at L = 9, where Q(r) reaches a maximum
value (5.43 ) in the 0200 LMT meridian plane.

Beyond the Light-Ion-Trough (LIT) latitudes, oxygen ions gradually become the main
ionic constituent at the altitude of 1000 km, and the electron and ion densities and
temperatures depend on the latitude A  (Thomas et al., 1966; 1970 ; Brace et al.,1967,
1970 ; Taylor et al., 1965, 1968, 1972). Multi-constituent diffusive equilibrium models with

-12-
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Fig. 4.- Equatorial density distribution calculated for diffusive equilibrium, without rotation (D1 ; Q.= 0), with
uniform rotation (D2 ;Q = QE), and with non-uniform rotation (D3 ; §(1) determined along the 0200 LMT
direction from Mcllwain’s (1972) magnetic and electric fields distribution M2 and E3). In all these
two-constituent models the ionosphéric temperatures of electrons and HY ions are equal to 1500 °K. The

electron and H' ion densities at the reference level (1000 km) are also assumed to be independent of the dipole
latitude A : no(.H+) =n () =2x 10% cm’3.



variable reference level conditions are therefore required to describe the density profiles
along field lines Models of this type have'been studied by Thomas and Angerami (1964),
Thomas and Dufour (1965), Risbeth et al. (1966), Colin and Dufour (1968), Rycroft and
Alexander (1969). The curve D4 in Fig. 5 gives the results obtained by Rycroft and
Alexander (1969) for a corotating diffusive equilibrium plasmasphere model with latitude
dependent reference level conditions reported by Sagredo and Bullough (1972). For
comparison the curve D2 in Fig. 5 illustrates the equatorial density in a corotating diffusive
equilibrium model with reference level conditions independent of the dipole latitude A, as
in the model D2 of Fig. 4. The positive density gradient obtained beyond.L = 4.6 in the
corotating diffusive equilibrium model D4 with latitude dependent boundary conditions, is —
here a consequence of the increase of the relative O" ion concentration, temperature, and
electron density for dipole latitudes larger than 58°. Therefore, the steep density gradient
obtained beyond L = 4.5 in model D3 where Mcllwain’s electric field &istribution was used
to calculate (r), would be reinforced when realistic latitude dependent boundary

conditions were used as in the model D4.

4. THE PLASMAPAUSE BOUNDARY

From the results illustrated in Fig. 4 and 5, it can be deduced that, when Q.# O,
positive density gradients in the radial direction (or along the magnetic field line) would
exist for L> L’ (or L> L)) in diffusive equilibrium models. Unless a sufficiently large
kinetic pressure exists at large radial distance in the magnetosphere to maintain such positive
density gradients, the diffusive equilibrium models D2 and D3 are convectively unstable
beyond L = L . An outward expansion of the plasma will then occur spontaneously, trying
to fill outer space and to build up there the required iarge pressure to make the static
distributions D2 at D3 convectively stable. However the pressure gradient will force the
particles located beyond the “Roche-Limit” surface to penetrate into the outermost
region Il (in Flg 3). where the convection motion will bring them on open magnetic field
lines at the magnetopause boundary (The inner edge of the shaded region III corresponds to
the last closed field line limit for Mcllwain’s quiet time E3 model.) At the magnetopause

these particles will finally escape into the magnetotail as suggested by Nishida (1966).

- 14 -



-S[-

INVARIANT LATITUDE

30° t5° 50 55° 60° 65
1 | 1 1 { 1
2x10 | 1 ! T T T
e
g
—0
—J

IS

EQUATORIAL ELECTRON DENSITY : ng

1 1 ! 1 | L
: 3 A 5 6
EQUATORIAL DISTANCE: L [Re¢]

—_
o
N
—
N

Fig. 5.- Equatorial electron density distributions for diffusive equilibrium with uniform corotation (£ =%QE). The model D4 corresponds to a
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equatorial temperature and electron density at 900 km in the model D4 of Rycroft and Alexander{(1969).



Therefore the expected large thermal plasma pressure can never be build up in the region III
of the nuter @e}@hexgmd consequently a continous outward motion of trapped thermal
particles originating from the trough ionosphere will result in the region beyond L=L_. In
the frozen-in” field concept (Gold, 1969 ; Sonnerup and Laird, 1963) this dynamical

situation would be interpreted in terms of the interchange of magnetic field lines.

If the boundary of the shaded region I is defined as the innermost electric equipoten-
tial surface tangent to the “Roche-Limit” surface (at L = 4.5, near 2400 LMT for
Mcllwain’s E3 model) no particle located inside this region will cross the ”Roche-Limit”

- surface during its corotation-convection diurnal motion. Since these particles will be .stably
trapped, it is suggested that the region I of Fig. 3 corresponds to the plasmasphere and its

boundary to the quiet time (Kp ~ 1) plasmapause position.

Any plasma evaporated from the ionosphere in the dayside portion of region II will at
a certain time cross the “Roche-Limit” surface, and will experience, in the night side, an

outward motion bringing it to region IIIL.

Therefore in region II corresponding to the midlatitude Light-Ion-Trough, a dynamical
situation will result as in the polar wind : a given flux tube being gradually filled with
ionospheric particles during the day and depleted of its thermal plasma content during the
night. The upward field aligned particleﬂuxes suggested by the observations of Brinton et al.
(1971) inl t}_le mi_d_lgt.itEQe. topside ionosphere supports the conclusion that _the exospheric
plasma r»n,oves out of the regidn Il into tﬁe regibn IIT where the density of the higher energy
plasmasheet particles becomes predominant. The region II can be considered as a plasmas-
heath separating two different kind of plasma : (1) the low temperature high density iono-
spheric plasma, and (2) the high temperature low density magnetospheric plasma. The
magnetosheath is an other example of such a transition region between two different kind

of plasmas : (1) the magnetosphere, and (2) solar wind plasmas.
Considering that the ballistic particles emerging from the dayside midlatitude iono-

sphere and put into trapped orbits by collisions are rapidly removed from the original flux

tube by outward motion in the convectively unstable nightside portion of region II, it can

- 16 -



be expected that, beyond L = Lc, the total density will mainly be due to the ballistic
particle contribution as in the collisionless models of Eviatar e# al. (1964) or Hartle (1969).
* Such exospheric models without trapped particles predict much smaller equatorial densities
than diffusive equilibrium models; collisionless models are also in much-better agreement
with the observed r® density variation generally observed outside the plasmasphere (see
Carpenter and Park, 1973, and Chappell, 1972).

CONCLUSIONS

It is shown that the plasmapause formation is related to the existence of a ”Roche -
Limit” surface where the components of the gravitational and centrifugal forces along the
magnetic field direction balance each other. Even without any solar wind induced
convection electric field, a plasmapause would exist and be located on a circle at L = 5.78.
In Fig. 3 we have shown how this ”Roche-Limit” surface is deformed by the quiet time
convection electric field E3 of Mcliwain (1972). This electric field distribution has been
deduced from energetic (non-thermal) particle measurements at the ATS 5 orbit. The
plasmapausé» is identified with the innermost equipotential which is tangent to the ’Roche.-
'iimit” surface (at L = 4.5, near midnight where, according to Chappell et al. (1971), the
level of magnetic activity detérmines the plasmapause position). The resulting ‘shape and
dimensions of thé quiet time plasmasphere are in satisfactory agreement with the observa-
tions of Chappell ef al (1971) illustrated in Fig. 1.

In the present picture the plasmapause is not the last closed equipotential surface as in
the earlier convection theories of the plasmapause formation. 'Indeed, in the unshaded
region II of Fig. 3 the equipotential surfaces do not reach the magnetopause. The thermal
plasma cohvecting in this region corresponding to the midlatitude LIT ionosphere, will
necessarily cross the ”"Roche-Limit” surface (solid line in Fig. 3) where the gravitational
force is overtaken by the centrifugal force. The pressure gradient will force the ﬁarticles to
move outwards across the equipotential surfaces and ultimately bring them in the region III

where they finally are lost at the magnetopause boundary, as suggested by Nishida (1966).
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In region I corresponding to the plasmasphere the tptal ionization density is mainly
constituted of thermal trapped particles since the ballistic component gives a muc;l-lmsﬂme.l—lsler
contribution at high altitudes. Diffusive equilibrium models are quite appropriate in this
stable corotating region. Dynamical models with inter-hemispheric coupling, as studied by
‘Mayr et al. (1972), are however necessary when the boundary conditions at magnetically
conjugated points are not the same. In region II outside the last closed field line limit,
collisionless models without trapped particles are more appropriated than diffusive equilib-
rium models which are unable to reproduce the observed densities. In the intermediate
region 11, local time variing models with uncomplete trapped particle population are more
adequate to describe flux tube filling in-the dayside and the outward convective motion in

the nightside beyond the Roche-Limit” surface.

-18-
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