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A MICRCGCOPIC DESCIUPl'IOO OF INl'ERPENE.'l'RATED PIlISMA REX;IOOS 

M A Roth 

ABSTRACT 

A model of steady-state tangential discontinuities 
has been developed using the kinetic theory of 
multi-components collisionless plasmas. In the 
momenta plane the velocity distribution functions 
are combined step functions of two anisotropic 
displaced Maxwellians whose first moments are 
identical with the actual asymptotic moments. We 
consider the magnetopause layer and the inner 
edge of the plasma boundary layer as regions 
where two different hydrogen plasmas are inter
penetrated and the model is used to describe their 
microstructures. Large field-aligned currents are 
generated at the magnetopause and may constitute 
a part of the field-aligned currents observed in 
the cusps. A stability study shows that the 
electron layers are nearly always unstable. The 
thickness of stable ion layers increases with 
in~re~sing values of the temperature ratio 
(T /T ) and/or with decreasing density variations. 
This thfck~ess represents also 2.5 ion gyroradii 
when (T /T ) becomes larger than 5. A minimum 
magnetopause thickness is found equal to 100 km. 

Key words : Vlasov plasmas, tangential discontinu
ities, modified two-stream instability, magneto
pause, low latitude plasma boundary layer. 

1. INTRODUCTl ON 

Cosmic plasmas are generally observed to divide 
themselves into distinct regions of different 
densities, temperatures, magnetizations and flow 
regimes. The boundaries of these regions are 
often stable transition layers with very high 
lifetimes, consisting of interpenetrated plasmas 
from the adjacent zones (Ref. 1). Most of these 
transitions contain electric sheet currents which 
change the orientation and the intensity of the 
magnetic field. Their observed thickness are 
generally of the order of a few ion Larmor gyro
radii. In the Earth's environment, the neutral 
sheet, the magnetopause layer and the plasma 
boundary layer or even the filamentary structure 
of the solar wind are some of the most pertaining 
examples. 
In this paper we shall use the kinetic theory of 
collisionless plasmas to describe the micro
structure of a family of these boundary layers, 
i.e., tangential discontinuities. In Vlasov 

plasmas these types of layers have been studied 
by a number of authors. In this domain the work 
of Sestero (Ref. 2-3) is a pioneer one. This 
author considered tangential discontinuities in a 
magnetized hydrogen plasma with equal ion and 
electron temperatures. In this model the magnitude 
of the magnetic induction changes while the 
direction does not. Subsequently other models have 
been developed, some of them with the aim of 
describing the magnetopause structure : Alpers 
(Ref. 4) and Kan (Ref. 5) considered only exactly 
charge neutral sheet models, but included multi
directional currents in the plane of the 
discontinuity. Like Sestero the inclusion of a 
normal electric field has been investigated by 
Roth (Ref. 6) in a description of the plasmapause 
structure, by Lemaire and Burlaga (Ref. 7) in 
studies of tangential discontinuities in the solar 
wind, by Roth (Ref. 8) and more recently by Lee 
and Kan (Ref . 9) in descriptions of the magnetopause 
structure. All these latter models are generaliza
tions of Sestero theory. They differ from one 
another in the choice of the analytical forms 
used to represent the velocity distribution 
functions. This choice and the boundary conditions 
determine with uniqueness the microstructure of 
the boundary layers. 
The mode1used inthis~r is described in section 2. 
It allows the presence of a multi-components 
plasma and includes boundary conditions which 
permit plasma flows in the discontinuity plane 
and temperature anisotropies on both sides of 
the sheath. It differs only slightly from the 
previous model of Roth (Ref. 8) by inclusion of 
different mean velocities for the plasma constitu
ents. In particular, two types of boundary layers 
can be derived compatibly with the presence of 
convection and charge separation electric fields. 
The first type includes layers in which the plasma 
bulk velocity on both sides is unchanged. In these 
layers the magnetic induction varies both in 
intensity and direction. The second type of layers 
includes structures in which the magnetic induction 
is everywhere oriented along a given direction. 
In these layers the magnetic induction varies only 
in intensity but the flow velocity changes both 
in intensity and direction. 
In section 3 and 4 these two types of boundary 

layers are succes~ely applied to the description 
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of t he microstructure of the magne t opause layer 
and inner edge of the plasma boundary layer. The 
r ol e of ordinary and modified two- stream instabil
ities on t he microstabi l ity and thickness of these 
current layers are analyzed in section 5 in the 
case of a hydrogen plasma. Main concl usions are 
given in section 6. 

2. THEORY 

2. 1. Descr i ption of the model 

In a collisionless plasma, a tangential discontinu
ity in the magnetic field is described by a kinetic 
theory based on the Vlasov-Maxwell equations . In 
this mode l the plasma contains p components of 
different characteristics, each of them being 
identified with the superscript v. The corresponding 
elementary partic l es have a mass m( v) and a charge 
Z( v)e. (Here e is the proton charge). The plane of 
the discontin~ity is para l le l to the (y, z) plane 
and all the variables are assumed to depend on the 
x coordinate only. The plasma characteristics on 
opposite sides of the transition (at x = - = and 
x = + = , identified with subscripts land 2) are 
the main moments of the actual veloCifY distfiyu
tion funct i ons : number densifies (N l v), N2 v ), 
mean velocity components (VYy v), V

Y2 
(v) and VZl (v), 

VZ2 ( v», perpendicular (T1-l ( v , T1- 2 ( v» and 
parall e l (Till (v), TII2 ( v» temperatures . Unlike 
components may be constituted of the same 
elementa ry particles . This c an occur when two 
hydrogen plasmas (p = 4) ' of different energies 
and flow velocities are i nterpenetrated on both 
sides of the discontinuity. 
Considering tha t ther e is no mass trans f er across 
the transi t ion and that the parallel conductivity 
is ver y large , the electric fie l d is everywhere 
oriented al ong the x axis. Furthermore, th e 
normal component of the magnetic field (Bx ) i s 
assumed to vanish since we do not c onsider 
rotational dis c ontinuities. Therefore, the 
potentials of the electromagnetic field are 
inferred to be of the form (0, ay(x), az(x» for 
the vector potential and~ (x) for the e l ectrical 
potent ial. 

2 . 2. Basic equations 

In t h e rationalized MKSA units the Maxwell 
equations become 

ia p 
(v) ---...:t.. l: j 

dx
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where E O and ~o are respective l y t?e permittiv i ty 
and the permeability of vacuum, jy v) and jz(v) 
are the y and z components of the current density 

(r( v» carried by t~e charged particles of the 
v- species, and n(v is the corresponding number 
density. The electric field ( E, 0, 0) and the 
magnetic induction (0, By, Bz ) derived from the 
e l ectromagnetic potentials are given by 

d~ 
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The velocity distribution functions must satisfy 
Vlasov equation whose most genera l solution is 
any funct i on depending only on the constan t s of 
particle motion . These constants are the kinetic 
energy (H) and t he y and z components of the 
generalized momentum (p) 
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(9) 

Here H is also the Hamil tonian of the particle 
while v and v are the y and z components of 
the particle v~locity . 
The structure of the transition is de termined by 
s olving t he system of differential equations 1 to 
6. This can be achi eved by numerical methods when 
the current and number densities are expressed in 
terms of a ,a and~ . The numerical integration 
is made po~sibfe by a method of predicator
corrector type (Re f . 10). 
The electrical potential ~ ( x ) satisfies Poisson 
equation 3. Its determination is greatly 
simplified by using the quasi-neutrality 
approximation 

P 
l: 

v=l 

Z( v ) n( v) = ° (10) 

A self-consistent el ec t ric field is then obta ined 
whenever t he charge density - Eo (~ ) obtained 
by calculating the second derivative dx of the 
potential is much smaller than the charge 
densit y assoc iated with the positive (or negative) 
charged particles . This condition being realized 
in most cases supports a priori the validity of 
approximation 10. To solve Eq. 10 we use Newton 
method of successive iterations. 

2.3. The velocity distribution functions 

From the previous paragraph it follows that the 
velocity distribution functions are any functions 
of H, Py and Pz. In the present work we have 
genera 11zed Sestero functions (Ref . 2-3) by using 
the f ollowing distributions : 

~ { 
i=l 

(v) 
F (H , Py ' pz) 

(v) 
1] i (H, P y' P z) } (11) 
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wher e ~~v) are ani sotropic displaced Maxwellians 
which will be l ater on s t ated while gfv) are 
discontinuous fu nctions in the pl ane of the 
generalized momentum components. These l atter 
functions take constant va l ues Clv ) (k) (~O) in 
each quadrant Ek(k = 1, 2, 3, 4) div!di?g th i s 
pl ape in four from a fini t e origin po. v). For 
Z( V) > 0, these quadr ants a r e defined In the 
followi ng way 

E =] 
1 

E2 

E3 

E4 = [ 

- = , 

P oYi 

- oo , 

POY . 
~ 

(v) 1 x [ (v) + = [ 
paY. p oz ' 

~ i 

(v) 
,+00 [ x [ 

(v) 
,+ OO P oz . 

~ 

(v) 
] x ] 

(v) ] 
paY. - oo , p oz . 

~ ~ 

(v) 
, + = [ x 1 

( v) 
- 00 , poz. 

~ 

For Z(v) < 0, quadrants El , E4 and E2 , E3 are 
permuted. This is illustra t ed in Figure I which 
shows that the asymptotic domains of quadran ts Ek 
are relat ed to the asymp t otic v a l ues of t he vector 
pot entia l components loca ted in the quadrants Ek 
of the (a , a z ) p l ane. Thi s can be easily seen 
from Eq s . YS-9 defining the generalized momentum 
components. 
In what f ol lows we sha l l a l wa ys t ake 

(v) 
C

2 
(kl ) = ° ( 12) 

C~v) ( k
2

) ° (1 3) 

(14 ) 

Across t he t rans i tion, from x = - 00 (i = 1) to 
x = + = (i = 2) the ext remity of the vector 
potentia l describes a curve in the (ay ' a z ) plane 
starting in an asymptotic domain of a quadrant Ekl 
and ending in an asymp t otic domain of another 
quadrant Ek2 ' Eqs. 11 to 14 then show that the 
vfl~city distribution func t ion F( v) changes from 
~l v at x = - = to C~v) (k2 ) ~i v )at x = + 00 . These 
asymptot i c funct i ons must have t he same first order 
moments as the actual ve l ocity distribution 
functions on each side . A simp l e description of 
these functions is given by anisotropic disp l aced 
Maxwel lians of t he form 
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Figure 1 - Defin i tion of the quadrants Ek . 
For v = 1 , . . . , p and i = 1 , 2, t hese 
quadrants divide the generalized 
momenta plane (p , p ) i n four f r om 
a fin i te origin ypo . fv) . Quadrant s El, 

~ 
E4 and E2 , E3 are permuted for charged 
particles of opposite signs as di s
played by the figure. In this way , the 
asymptotic domains of quadrants Ek 
divid i ng the (ay ' a z ) plane are related 
to the asymptot~c doma i ns of the 
corresponding quadrants Ek. This can be 
seen f rom t he definition of the 
generalized momentum: p = mv + Z e a. 
For examp l e, the corresponding as 
ympto t ic domains of quadrants Ei and 
El are indica t ed by arr ows . When the 
vector potentia l curve starts in an 
asymptotic domain of a quadrant Ek 
(x = - (0) and ends i n an asymptotiJ 
domain of another quad rant Ek2 (x = + oo), 
the ve l ocity di stribution functions 
change from their starting asymptotic 
forms in quadrants Ek l to their final 
asymptotic forms in quadrants Ek2 , as 
defined by Eqs . 11 to 14 . 

(v) 
di are constants defined by 

(17 ) 

(v) 
The constancyof d. is easily deduced from Eqs. 
5(6).ln Eq. 15, k~is the Bolt zman constant and 
N v is a constant which will be s h own related 
to the asymptotic number density at x = - oo. The 
parame t er s 8 i a r e the constant ang l es between the 
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z axis and the magnetic induction direction at 
x = + =. However, some conditions on the parameters 
entering into the definition of the asymptotic 
velocity distribution function given by Eq. 15 
must be fulfilled to obtain charge neutrality and 
uniformity at x = + =. These conditions will be 
considered in the next section. 
Finally , it could be shown that the velocity 
distribution functions defined in this paragraph 
have analytical moments of any order (Ref. 11). 
Their determination is purely algebrical but rat~ 
lengthy and will therefore not be considered here. 

2.4. Boundary conditions 

2.4.1. Initial conditions. We start the integration 
with large initial values of the vector potential 
components situated in an asymptotic domain of 
quadrant Ekl . For these initial values the ( ) 
velocity distribution functions reduce to ~lv 
We also give initial values for the electrical 
potential and the magnetic induction components 
and assign an arbitrary negative value xo for the 
nfrfal distance x. The constants cfv) (k3), 
Cl

v (k
4
), C(v) (k3 ) and Ci v) (k4) are suitably 

chosen to ma~e the vector potent1al extremity 
describe a curve beginning and ending in prescribed 
quadrants Ekl and Ek2' This can be realized if the 
kinetic pressures associated with the asymptotic 
domains of quadrants Ek3 and Ek4 are larger than 
the initial total pressure (kine tic + magnetic) 
associated with quadrant Ekl' This procedure 
together with appropriate initial values of the 
vector potential components permits ~rbitrary 
rotations of the magnetic induction B. 

2.4.2. Constraints on the boundary conditions. At 
x = + = the plasma and field parameters must 
become uniform. This implies some constraints on 
the parameters viv) and Nfv). Indeed, the plasma 
must asymptotically be charge neutral and the 
total current density (J) must vanish. This leads 
to the following conditions : 

p 
z(v) (v) 

L. Ni 0 
v=l 

p 
Z(v) (v) -(v) 

L. N. V. 0 
v=l 

1 1 

For different asymp t otic mean velocities of 
plasma components the bulk velocity c

i 
is 

defined by 

P 
L. 

v=l 

(18) 

(19) 

and the corresponding convection electric field 
is given by 

(21) 

Eqs. 4 to 6 and Eq. 21 show that the asymptotic 
potentials take the following analyt i cal forms: 

¢. a. c + ¢ (22) 
1 1 i oi 

a B x + a 
(23) Yi z. °Yi 1 

a B x + a (24) 
z. Yi oz. 1 1 

where ¢oi' aOYi and a oz ' are constants which are 
generally diffenrt: for1 

i = 1 and i = 2. 
We can determine the partial number densities 
and current densities at x = - = (i = 1) and 
x = + = (i = 2) by calculating the first moments 
ofJhe asymptotic velocity distributions 
cf) (ki ) ~i (v). This gives the following results: 

( 

C~v) (k.) N(v) exp~ _ 
1 1 l 

(v) - -(v) 
Z e (¢ i a i . Vi} 

k T (v) 
~i 

(26) 

Taking account of Eqs. 22 to 24, the dependence 
of Eq. 25 upon the electrical potential takes 
the following form 

¢. 
-(v) 

- a. V. 1 1 1 

[ (~. - v( v»" B. ] x + a 
oi 1 1 1 X 

(27) 

For the plasma to remain uniform, it is therefore 
essential that 

(28) 

(v) . 
where a. art constants which must sat1sfy Eqs. 
19-20. Qhen Vi

v) are given by Eq. 28 the depen
dence of Eq. 25 upon the electrical potential 
reduces to: 

(29 ) 

In this paper we shall analyze a class of transi
tions for which 

(30) 

o (31) 

Eq. 30 indicates that the mean velocity of any 
plasma component is unchanged on both sides of 
the transition while Eq. 31 shows that the 
asymptotic densities are given by 

Z(v)e ¢ . 
~01 ) 

k T (v) 
I i 

(32) 
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In a frame of reference moving with the velocity 
C1 we normalize the electrical potential to zero, 
i. e. , 

<1>0 
1 

o 

Taking account of Eq. 14 the constants N(V) 
then seen equal to the number densities at 
x = - 00, i. e. , 

(33) 

are 

(34) 

In a frame of reference moving with the bulk 
velocity of the plasma the electrical potential 
difference <1>02 is deduced from Eq. 32 

k T (1) 
12 

(35) 

The superscript (1) identifies an arbitrary first 
plasma constituent. From Eqt 55, it is seen that 
the value of the constant c2

l (k
2

) determines 
the electrical potential difference <1>02. The other 
constants C~V)(k2) are given by 

C(v)(k) 
2 2 

z(V) (1) 
T12 

N (v) NO) 
(1) T(V) z 

[ J 
1-2 

2 2 (36) 
N(v) cO) (k ) N( 1) 

1 2 2 1 

2 (v) 
When the quantities .~l C~ (k~), j=l, ... , 4 are 
equal to unity and 1.-lJ fV) = lJiv), the corresponding 
velocity distribution function remains a full 
Maxwellian throughout the transition and the 
temperatures and mean velocity of this constituent 
remain constant from x = - = to x = + =. When 
electron (resp. ion) constituents remain Maxwellian 
distributed the ions (resp. electrons) alone 
contribute to the variation of the magnetic 
induction. As Sestero [Ref. 2] we have called this 
type of transitions 'ion (resp. electron) layers'. 
Notwithstanding this distinction the class of 
transitions defined by Eqs. 30-31 can be split up 
into two categories which will be described in the 
two next sections. 

2.5. Transitions for which c
l 

Bl f B2) 

(v) 
If ai O,Eq. 31 is satisfied and Eq. 28 
indicates that at x = + = all the plasma components 
move with the same mean velocity equal to the bulk 
velocity. Furthermore, Eq. 30 states that the bulk 
velocity must remain unchanged at x = - = and 

;f=dtV)·F 0 (a~V) = 0), the initial parallel 

component of the vector potential is not vanishing. 
A large series of computations has shown that the 
value of al/Ol is a parameter controlling the 
total rotation (6e) of the magnetic induction. 
However, arbitrary rotation of ~ can be made 
possible principally by choosing suitable s~rting 
(E'kl) and ending (E'k2) quadrants and suitable 
values of the constants CiV)(k3) and cfV) (k4 ) as 
described in section 2.4.1. With this procedure 
6e can take arbitrary values in any quadrant 
between 0 and 271. Subsequently, the value of a liOl 
controls the rotation in this quadrant. For these 
transitions, parallel currents are generated 
since the magnetic induction changes direction. 
When the magnetic induction is rotating througpout 
the transition its final orientation is not known 
a priori and we restrict the model to isotropic 
temperatures at x = + = (i.e., A~V) = 1). This 
reduces to unity the last exponential term of 
lJi v ) defined in Eq. 15 and avoid tedio~s itera
t1.ons to determine the true value of di V ) 

(or aI/2). 

2.6. Transitions for which c
l 

F c
2 

(c
l 

f c
2

) , 

These transitions allow a variation in intensity 
and direction of the plasma bulk velocity while 
the magnetic induction remains everywhere 
oriented along a given direction. This category 
of boundary layers are constructed by taking 
d (. v) 0 . 0 I th· 1. = , 1.. e., aliOl = a!102 = \ n 1.S case 
Eq. 31 is satisfied even if afVl f O. The vector 
pot~ntial will everywhere remain perpendicular 
to B and no net parallel current will be gener
ated if the velocity distribution functions in 
the (Py' pz) plane are symmetrical with respect 
to the line corresponding, in the (a , a ) plane, 

~ y z 
to the vector al. 
As we consider transitions for which vi V) = v~v) 
(Eq. 30), the plasma bulk velocity will vary in 
direction only when more than two plasma compon
ents are present in the layer. In this case the 
constants a£V) differ from zero but must satisfy 
Eqs. 19-20. Taking account of the charge neutral
ity condition (Eq. 18) it is deduced from Eqs. 
19-20 that the constants a£v) must satisfy the 
following relation: 

L: (v) (v) 
a. N. 

(z(v), m(v» 1. 1. 
o (37) 

where the summation is extended to plasma 
components characterized by the same elementary 
particles. This kind of transition can be 
encountered when two hydrogen plasmas are inter
penetrated on both sides of the discontinuity. 
In this case the two populations of electrons 
(or ions) have generally not the same number 
densities, temperatures and mean velocities. 
It is important fo)note that the perpendicular 
components of Vi v and ti v ) are equal. This is 
a consequence of Eq. 28. Furthermore,Eq. 30 shows 
that this perpendicular component is unchanged 
on both sides of the transition. 
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-(II) 
Ff~ t~e fore~oing it is concluded that Vi , 
Ni

ll 
, ci and Bi are not independent quantities 

but are connected between themselves through Eqs, 
18-28-30 and 37, Physically this means that the 
plasma must be asymptotically charge neutral and 
uniform, Furthermore, the con~tancy of the 
perpendicular components of ViII) is simply the 
result of the common electric drift imposed to all 
charged particles, Indeed, when the plasma and 
fields are uniform, the only perpendicular drift 
is the electric drift, 

3, A MICROSCOPIC DESCRIPTION OF THE MAGNETOPAUSE 
STRUCTURE 

Observations show that the magnetopause is a 
transition layer through which the magnetic field 
shifts its direction, In general no significant 
changes in electron density or energy spectra are 
observed at the magnetopause (Ref, 12-13), In this 
section we consider the magnetopause as a current 
layer in which two hydrogen plasmas are inter
penetrated, It is a transition of the type 
analyzed in section 2,5, We define i = 1 (x = - 00) 

as the magnetosheath side and i = 2 (x = + 00) as 
the magnetospheric side (or more exactly the 
plasma boundary layer side), The four plasma 
components are numbered II = 1 for the solar wind 
originatin.g electrons, II 2 for the magn.etosphere 
originating electrons, II 3 for the solar wind 
originating ions and II 4 for the magnetosphere 
originating ions, 
The following typical boundary conditions have 
been used (for simplic~ty we Co?stder ts~troPic 
temperatures on both s1des) : NIl = N1

3 = . 

25 cm-3 N~2)= N~4) = 1 0379 cm-3 , N~l) = N~3) 
20 cm-3 N(2) = N(4) = 1 cm-3 T(l) = T(l) 

5 2(Z) 2 6 · <:3) 1 (3) Z 6 
5 x 10 K, Tl 2 = 3 x 10 K, Tl = T2 = 3 x 10 K, 

(4) (4)' 7 , 
T = T = 4 x 10 K, For 1 = 1, 2 and II 
11 ~ V(II) = c = 3Z0 km/s and V(II) =c 

) ••• , y ' Yi zi zi 
320 km/s, Th~ initial magnetic induction compon-

ents are: BYI = - 35,45 nT and BZl = 6,25 nT, 

We also define kl = 3, k
Z 

= 4, k3 = 1, k4 = Z and 

take the following constants C~II)(k3)= 1, 
(II) _ (II) _ (II) 

C (k) - 1, C
2 

(k
3

) - 1, C
2 

(k
4

) 
_1 (11)4 (II) 
POI POZ = 0, 

W from Eq, 36,C
Z 

(k
Z

) 
(4) 

for II = 1, 

=1,c(2)(k) 
2 2 

1 ' l 

4, Finally, 

1 C(3)(k) 
' .Z Z 

0,77, C
2 

(k2 ) = 0,96, 
From these aoove values of the constant C it can 
be deduced that the kinetic pressures associated 
with quadrant Ek3 and quadrant Ek4 are both larger 
than the total pressure (kinetic + magnetic) 
associated with quadrant Ekl , 'This will allow the 
extremity of the vector potential to describe a 
curve ending in the prescribed quadrant E'kZ' 
Furthermore the layer will neither be an ion layer 
nor an electron layer bu~ an intermediate layer 
with electron and ion current components (see the 
end of section Z,4), 
Integration has been started with a * = - 539 and 

* - * . .Y az = - Z540 where a 1S a dimens10nless vector 
pOfeytial ftye vector potential unit is 
[m 1 k Tllll Jl/ 2/e), These initial conditions 

correspond to a 88° angle between a and Band 
have been chosen to produce a rotation 6e between 
90° and 180°, After the integration has been 
performed a new system of coordinates has been 
chosen, In this system the direction of the new 
z axis coincides with the direction of H

2
, In the 

following part of this section, all the results 
are given in this new system of coordinates, This 
system is very useful because in all computations 
of the magnetopause structure the z axis now 
coincides with the magnetospheric magnetic 
induction, 
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Figure 2 - Variations of the magnetic induction 
components (By, Bz) and intensity (B) 
across the magnetopause from the 
magnetosheath (large negative values 
of x) to the magnetosphere (large 
positive values of x), 
The hodogram on the left hand side 
shows that the magnetic induction has 
rotated through an angle of 136°, The 
length of the y axis represents ZO nT, 
The intenSity has a dip at Z3 nT near 
the center of the transition but does 
not change appreciably on both sides 
of the magnetopause, 

Figure 2 shows the Band B components of the 
magnetic induction, On the ieft hand side a 
hodogram shows that 6e = 136°, The thickness of 
this transition is about 200 km, The intensity 
(B) changes from Bl ~ 36 nT in the magnetosheath 
to B2 ~ 44 nT in the magnetosphere with a dip at 
23 nT near x = 0, A three-dimensional illustration 
of this magnetic induction variation is also 
displayed in Figure 3, 
The current density responsible for the field 
variation is displayed in Figures 4 and 5, 
Corresponding hodograms are shown on the left 
hand sides of these figures, It can be seen that 
this current is highly field-aligned, The 
integrated part of this parallel current density 
is more than twice the integrated part of the 
perpendicular component, The maximum intensity 
attains 7,5 x 10-7 A/mZ at the center of the 
transition, These field-aligned currents at the 
magnetopause may constitute a part of the 
parallel currents observed in the cusps (Ref, 
14-15), They can transfer plasma, momentum and 

.' 
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Figure 3 - A three dimensional representation of 
the magnetic induction displayed in 
figure 2 illustrating the spatial 
variation of the B vectors. 
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1075 km while the lengths of the y and 
z axes both represent 45 nT. 
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Figure 4 - Intensity (J), y component (J y ) and z 
component (Jz) of the total current 
density across the magnetopause. 
The maximum intensity attains7.5 x 10-

7 

A/m2 near the center of the transition. 
A corresponding hodogram is shown in 
the left corner of this figure. Its 
y axis represents 5 x 10-7 A/m2 . This 
current density produces the magnetic 
induction variation displayed in 
figures 2 and 3. 
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Figure 5 - The current density displayed in 
figure 4 is represented in this 
figure by its parallel (JU) and 
perpendicular (J~) components. The J 
curve still represents the correspon
ding vector intensity. The hodogram 
in the left upper corner refers to a 
local frame of reference whose z axis 
is orientated along the local B 
induction. J-L has the same orientation 
as the local y axis so that x, J1 and 
JJi form a right-hand system. The 
length of the y axis represents 
5 x 10- 7 A/m2 . The current density at 
the magnetopause is highly field
aligned since JI/ is everywhere larger 

than J-L 

energy between the magnetosheath and magneto
sphere, or vice versa (Ref.16). 
Figure 6 displays the components (c arrd c z ), the 
intensity (c) and the parallel (cl/)Yand perpendic
ular (c-L) components of the flow velocity. This 
bulk velocity is unchanged on both sides 
(450 km/s) but increases at the center (~ 600 km/~ 
while changing slightly its orientation as shown 
by,the hodogram on the left hand side. In the 
magnetosphere the bulk velocity is highly field
aligned (c1/2 = 444 km/ s) wi th a small perpendic
ular component (c~2 = - 88 km/s). 
Electric field (E), electrical potential (~) and 
charge separation (6n/n) are illustrated in 
Figure 7. The potential ~ is deduced from the 
charge neutrality approximation given by Eq. 10. 
The asymptotic values of the electric field 
correspond to the convection electric field due 
to the plasma motion across the field lines. As 
the magnetic field direction is nearly reversed 
while the flow velocity keeps the same orientation 
on both sides of the transition, this electric 
field changes sign when passing through x = O. 
In the magnetosheath, the bulk velocity has a 
significant perpendicular component (see Figure 6) 
and produces a convection electric field of 
- 13 mV/m. However, the bulk velocity in the 
magnetosphere is nearly field-aligned (see 
Figure 6) and produces a convection electric 
field of only + 3 mV/m. The charge separation 
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Figure 6 - Intensity (c), y component (c y) and 
z component (c z ) of the flow velocity 
across the magnetopause. The dotted 
curves represent the parallel (cu) and 
perpendicular (Cl ) components of this 
flow velocity . The hodogram displayed 
on the left hand side of this figure 
shows that the flow velocity changes 
slightly its orientation near x = 0 
where the intensity (c) attains a 
maximum value of nearly 600 km/s. 
However, this flow velocity remains un
changed on both sides of the magneto
pause current layer where the mean 
velocities of the plasma constituents 
are all equa~ fO the flow velocity, i. e . , c = c = V v = V( v) The length of sw m sw m' 
the y axis represents 200 km/s. Because 
of the large B rotation displayed in 
fig ures 2 and 3, the parallel (cu) and 
perpendicular (c~) components, exhibit 
si gnificant variations. In the magneto
sphere ( x = ~ =), the flow becomes 
highly field-al igned (c1/2 = 444 km/ s) 
with a small perpendicular component 
(c~ 2 = - 88 km/s). 

displayed in the bottom panel of Figure 7 is 
everywhere negligible, being everywhere less than 
6 x 10-7 . This supports a priori the charge 
neutrality approximation (Eq. 10) used for solving 
Poisson equation (Eq. 3). 
Figures 8 and 9 illustrate the number densities 
and mean temperatures variations across the 
transition . The number densities n+ represent the 
electron (-) or ion (+) number den~rties from solar 
wind (sw) origin for which v = 1 (electrons) or 
v = 3 (ions). In the same way n~ are the number 
densities from magnetospheric (m) origin for which 
v = 2 (electrons) or v = 4 (ions). A similar 
notation is used for the temperatures on both 
sides. In Figure 9, < T+ > and < T- > are the mean 
temperatures of ions and electrons defined by 

where '{ are the temperatures across the 
transition. 

(38) 
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Figure 7 - Electrical potential (~) and electric 
field (E) across the magnetopause are 
displayed in the upper panel of this 
figure. The potential ~ is deduced 
from the charge neutrality condition. 
The electric field is normal to the 
plane of the discontinuity . As a 
consequence of plasma motion across 
field lines this electric field on 
both sides becomes a convection 
electric f ield. The relative charge 
separation (6n/n) is shown in the lower 
panel. Here n+ is the total ion number 
density (n(3) + n(4»and n- is the 
total electron number density 
(n (1) + n (2 ». 

It can be seen that the densities hav e a peak 
near x = 0 but their variations are not important. 
It is interesting to note that ions and electrons 
fram the same origin have not exactly the same 
concentrations although the plasma r ema ins 
locally charge neutral. The temperatures dis
played in Figure 9 exhibit small amplitude 
variations hut have a tendency to increase when 
going from the magnetosheath to the magnetosphere. 

4. A MICROSCOPIC DESCRIPTION OF THE INNER EDGE OF 
THE PLASMA BOUNDARY LAYER 

The plasma boundary layer (Ref. 17 to 21) is a 
region of magnetosheath-like plasma located 
immediately earthward of the magnetopause layer. 
This layer is located inside the magnetosphere. 
Its thickn ess is generally much larger than the 
thickness of the magnetopause layer. At its inner 
edge,towards the Earth, variations in bulk 
velocit y and plasma parameters are often observed 
while the direction of the magnetic induction 
remains unchanged. This inner edge constitutes a 
transition of the type analyzed in section 2.6. 
Here i = 1 defines the plasma boundary layer side 
(x = - ~) and i = 2 denotes the magnetosphere 
side (x = + = ). The four plasma components are 
numbered as in section 3. 
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Figure 8 - Number densities across the magneto-

pause. + 
In the upper panel, n 
respectively the ion f~ 
electron (v = 1) number 

and n~w are 
= 3) and 
dens it ies of 

solar wind origin. In the lower panel, 
n! and n; are respectively the ion 
(v = 4) and electron (v = 2) number 
densities of magnetospheric origin. It 
can be seen that ions and electrons 
from the same origin have not exactly 
the same concentrations, although the 
plasma remains locally quasi-neutral. 

With isotropic temperatures the fol10wtn, typical 
boundary conditions have been used : NIl = Ni 3)= 

10 -3 N(2) = N(4) = 1 -3 N(l) = N(3)= 1 5 ~ 
cm , 1 1 cm, 2 2 em , 

N~2) = N~4J = 0.7289 cm-3 , T~l) = T~l) = 5 x 105K, 

T(2) = (2) T(3) = T(3) = 3 106K T(4) = 
1 T2 1 2 x , 1 
(4) = 4 7 _ (v) _ (v)_ 

T2 x 10 K. For v-I, ... ,4 VY1 - Vy -
(0 0) _ 2 

km/s while VZ1 VZ2 - 189.277 knv\;, 
0) 0) 

c = c = 17 

)i) = ~2(2) = - 308.744 km/s, VZl = VZ2 = 

v~~) = V~~) = - 308.774 km/s, c Zl 
144 km/s, CZ2 = 26.4 km/s. The magnetic induction 

zl z2 
189.277 km/s, 

components are BYI = 0 nT and BZl 

define k1 = 1, k2 = 2, k3 = 3, k4 

constants C(v)(k ) = 1 C(v)(k) = 

80 nT. We also 

4 and adopt the 

o C(v)(k) = 0, 
, 2 3 

(v) 1 -d) -(v) 1 4 
C2 (k4) = 1; POI = P02 0, for v = 1, ... , 4. 

Finally, from Eq . 36, ci 1)(k
2

) = 1, c~2)(k2) = 1, 

c~3)(k2) = 0.109, c~4)(k2) = 0.712. The integration 

has been started with a* = - 1500 and a* = 0, i.e., 
with i .B = O. These abo~e conditions ha~e been 
chosen to satisfy Eqs. 18-28-30 and 37. No 
rotation of the magnetic 

5.4xl0
6 

T;w = 3xl0
6

K 
g 

5.2xl0
6 

T+ = 4xlO' K m 
UJ 
a: 
:::I 

5.0xl0
6 

~ 
a: 
UJ 

4.8xl0
6 Q. 

~ 
UJ 
I-

4.6xl0
6 • :I: 

g 
6.2xl0

5 T~.w = 5xl0
5
K <T-> 

UJ T~ = 3xl0
6

K a: 
:::I 

~ a: 
UJ 
Q. 

6.0xl0
5 ~ 

UJ 
I-

Z 
0 a: 
I-
U 

5 UJ 
..J 5.8xl0_

3oo -200 -100 0 100 200 300 UJ 

X(km) 

Figure 9 - Mean ion and electron temperatures 
are respectively displayed in the 
upper and lower panels as a function 
of the distance normal to the magneto
pause. The temperatures of the diff
erent plasma components are unchanged 
on both sides of the transition and 
their values are recalled in the left 
upper corner of each panel. In the 
upper panel T~w and T;w are 
respectively the asymptotic ion 
(v = 3; i = 1, 2)-and-electron (v 
i = 1, 2) temperatures of the solar 
wind particles. In the lower panel 

l' , 

T~ and T; are respectively the 
asymptotic ion (v = 4; i = 1, 2) and 
electro;-( v = 2; i = 1, 2) temperatures 
of the magnetospheric particles . 

induction is allowed for sinre the velocity distribu
tion functions are symmetrical with respect to 
the p axis. Furthermore, the above temperatures 
and v~lues of constants Cf V)(k

3
), Ci V)(k4) and 

C~V)(k2) for v = 1, 2 indicate that we have an 
ion layer as described in the last paragraph of 
sec tion 2.4. 
Figure 10 is an illustration of the bulk velocity 
variation. A small perpendicular component (cy = 

17 km/s) is applied on both sides of the transi
tion while a substantial parallel component 
(c zl = 144 km/s) is allowed for on the plasma 
boundary layer side. 
Across the transition the parall el component 
decreases monotonously while the perpendicular 
component has a peak of nearly 400 km/s near 
x = O. The hodogram displayed on the left hand 
side of Figure 10 shows that the rotation of the 
bulk velocity is larger than 180°. This variation 
of the bulk velocity is also represented in 
three-dimensions in Figure 11. 
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Figure 10 - Intensity (c), y component (c y) and 
z component (c z ) of the flow velocity 
across the inner edge of the plasma 
boundary layel' from the plasma 
boundary layer (large negative values 
of x) to the magnetosphere (large 
positive values of x). The hodogram 
in the left lower corner shows that 
the flow velocity has rotated through 
an angle of more than 180°. The length 
of the y axis represents 150 km/s. The 
parallel component (c z ) decreases 
monotonously from 144 km/ s to 26.4 km/ s, 
while the perpendicular component has 
a peak of nearly 400 km/s near x = 0 
due to the intense ion current density. 
All the plasma components have the 
same asymptotic perpendicular mean 
velocities equal to 17 km/s. 

z 

Figure 11 - A three-dimensional representation of 
the flow velocity displayed in 
figure 10, illustrating the spatial 
variation of the c vectors. The length 
of the x axis represents 205 km, while 
the lengths of the y and z axes 
represent respectively 125 km/s and 
175 km/ s. 
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Figure 12 - Total current density (Jy) and 
magnetic induction (Bz ) variations 
across the inner edge of the plasma 
boundary layer. The magnetic 
induction remains aligned-along the 
z axis while the total current 
density is always oriented along the 
y axis, i.e., 1.B = 0 and there is 
no field-aligned current. 

The peak in the perpendicular velocity is due to 
the displacement of ions from their mean positions 
in a frame of reference moving with the bulk 
velocity of electrons. Th is ion displacement 
across the field lines generate the current 
densit y. As the number density jump from one side 
to the other is relatively important in this 
example, it is reasonable that the current 
density and the perpendicular bulk velocity 
become intense. This is rarely observed in the 
plasma boundary layer but this could happen at 
the inner edge when the density jump becomes 
sharp as assumed in this example. 

The magne tic induction (B z ) and current density 
(J y) ar e displayed in Figure 12. These two vectors 
are perpendicular and no f ield- aligned current 
can be generated. The amplitude of the magnetic 
induction variation is relatively small (~8 nT) 
and the peak current intensity attains 
3 .5 x 10-7 A/m2 . The thickness of the transition 
is about 100 km which represents half of the 
magnetopause thickness evaluated in section 3. 
Electric field (E), electrical potential (rt» and 
charge separation (6n/ n) are illustrated in 
Figure 13. On both sides the electric field is 
negative and equal to the convection electric 
field cAB. In the center of the transition the 
electric field has a positive peak of 4 mV/m due 
to the charge separation displayed in the bottom 
pane l of Fi gure 13. This charge separation 
(6 n/n) remains quite small and less than 
1.25 x 10- 5. 
Finally, figures 14 and 15 show the number 
densities and the mean temperatures as given 
by Eq. 38. The notations are similar to those 
of Figures 8 and 9 displayed in section 3. It 
can be seen that the number densities decrease 
monotonously towards the magnetospher e interior 
while the reverse variation is seen in the 
temperature profiles. In fact, thes e types of 
variation are characteristic of the low latitude 
plasma boundary layer (Ref. 12-13). 
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Figure 13 - Electrical potential (~) and electric 
field (E) across the inner edge of the 
plasma boundary layer are displayed in 
the upper panel of this figure. The 
potential ~ is deduced from the charge 
neutrality condition. The electric 
field is normal to the plane of the 
discontinuity. As a consequence of 
charge separation into the layer, a 
peak electric field is set up near 
the center of the transition. Its 
intensity grows up to nearly 4 mV/m. 
The relative charge separation (6n/n) 
is shown in the lower panel. Here n+ 
is t~e to(at ion number density 
(n(3 + n 4 land n- is the total 
electron number density (n(l) + n(2)). 

5. STABILITY AND THICKNESS OF A VLASOV-MAXWELL 
TANGENTIAL DISCONTINUITY 

The stability of structures analyzed in this paper 
represents a difficult problem. Nevertheless 
(Ref. 11) some results have been found in the 
special case of a two components hydrogen plasma 
whose current carriers are either the electrons 
or the ions. (The so-called electron layers or 
ion layers in Sestero theory, Ref. 2). In such 
layers the temperatures and mean velocities of 
the two plasma constituents are unchanged on both 
sides of the transition. In this section we shall 
summarize the principal results. 
Figures 16 and 17 illustrate the stability of 
electron and ion layers with respect to ordinary 
(0) and modified (M) two-stream instabilities 
(Ref. 22). Curves labeled (0) and (M) are the 
locations in the (u, n2 ) plane where the threshold 
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Figure 14 - Number densities across the inner 
edge of the plasma boundary layer. 
In the upper panel, n~w and n;w 
represent respectively the ion (v ; 3) 
and electron (v ; 1) number densities 
of solar wind origin. In the lower 
panel, n~ and n~ represent respect
ively the ion (v ; 4) and electron 
(v ; 2) number densities of magneto
spheric origin. It can be seen that 
ions and electrons from the same 
origin have not exactly the same 
concentrations, although the plasma 
remains locally quasi-neutral. 

for instability is attained somewhere in the 
transition. The absciss u represents the tem
perature ratio T+/T- while the ordinate n2 
represents the asymptotic number density ratio 
N2/Nl' (It is assumed that the value of the 
number density is the largest on side 1). For 
the two-stream instabilities the shaded areas 
represent the stable domains of the (u, n2) plane. 
From Figure 16, it can be seen that the electron 
layers are nearly always unstable with respect 
to the modified two-stream instability. Indeed, 
these layers can only support a very small 
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Figure IS - Mean ion and electron temperatures are 

respectively displayed in the upper 
and lower panels as a function of the 
distance normal to the inner edge of 
the plasma boundary layer. The tem
peratures of the different plasma 
constituents are unchanged on both 
sides of the transition and their 
values are recalled in the left upper 
corner of each panel. In the upper 
panel T~w and T;w are respectively 
the asymptotic ion (v = 3; i = 1, 2) 
and electron-(v = 1; i = 1, 2) tem
peratures of the solar wind particles. 
In the lower panel T~ and T~ are 
respectively the asymptotic ion 
(v = 4; i = 1, 2)-and-electron (v = 2; 
i = 1, 2) temperatures of the magneto
spheric particles. 

density var~ation when the temperature ratio is 
not too different from unity. 
However ion layers can be stable in a large frac
tion of the (u, n2) plane as shown in Figure 17. 
At the magnetopause, u = 10 (Ref. 13) and the 
maximum allowed variation of the number density 
is 90% (i. e., n2 = 0.1) for an ion layer. Larger 
variations would make these transitions unstable 
with respect to the modified two-stream instabil
ity. 
A definition of the transition thickness is given 
by Figure 18 for a monotonously decreasing density. 
For ion layers this thickness is shown in 
Figure 19 in unit of the ion gyro-radius measured 
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Figure 16 - Stability of an electron layer with 
respect to the ordinary (0) and 
modified (M) two-stream instabilities. 
The curves are the locations in the 
(u, n2 ) plane where the threshold for 
instability is attained somewhere 
into the transition. Shaded area shows 
the stable domain of the (u, n2 ) pla~ 

at the center of the transition. It is given as 
a function of the ratio u. The value of Bi (ratio 
of the electron kinetic pressure to the magnetic 
pressure on side 1) has been assumed equal to 1.5. 
It can be seen from Figure 19 that for u > 5, the 
thickness tends to become equal to 2.5 ion gyro
radii whatever the value of n2 (> 0.1) may be. 
The absolute value of the ion layer thickness is 
displayed in Figure 20. The unit is now the 
electron inertial length (Ref. 23 to 26) which is 
inversely proportional to the square root of the 
electron density on side 1. For a typical magneto
sheath density of 10 cm- 3 this unit represents 
1 km, i.e., the classical Ferraro magnetopause 
thickness (Ref. 23). Figure 20 shows tha t the 
measured thickness of an ion layer increases with 
u. For u values larger than 1 the thickness is 
also increasing with n2 . But for u smaller than 
0.1 the thickness is decreasing when n

2 
is 

increasing. 
For u = 10 the magnetopause thickness is expected 
to be about 100 km (N l ~ 10 cm- 3) for n = 0 2 
But this thickness increases substantially when 
the density variation decreases (1. e. , when 
n

2 
~ 1). 
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Figure 18 - Definition of the transition 
thickness D. 
The number density normalized to 
unity at x = - 00 is assumed to 
decrease monotonously towards n2 at 
x = + 00. The thickness (D) is between 
the points of intersection of the 
tangent to the slope at the point of 
inflexion with lines parallel to the 
asymptotic densities. 
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Figure 19 - Thickness of an ion layer in unit 
of the ion gyroradius as a function 
of the temperature ratio T+/T- for 
different values of the density 
ratio N2 /N l when ~i = 1.5. 
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the electron inertial length as a 
function of the temperature ratio 
T+/T- for different values of the 
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These results explain pretty well why the magneto
pause is rarely observed with thickness smaller 
than 100 km . The minimum magnetopause thickness 
is therefore close to the Parker magnetopause 
thickness (Ref. 27) rather than close to the 
Ferraro magnetopause thickness. 

6. CONCLUSIONS 

The kinetic model of tangential discontinuities 
described in this paper has been used to represent 
the magneto pause and inner edge of the plasma boundary 
layer. In the former case, the magnetic induction 
changes orientation in an arbitrary way while the 
bulk velocity remains unchanged on both sides. In 
the latter case,the plasma bulk velocity is able 
to vary both in intensity and direction while the 
magnetic induction remains oriented along a given 
direction. The variation of the plasma bulk 
velocity is made compatible with the presence of 
different convection electric fields on both sides 
of the transition. 
At the magnetopause high field-aligned currents 
can be generated. These parallel currents may 
constitute a part of the field-aligned currents 
observed in the cusps and can transfer plasma, 
momentum and energy between the magnetosheath and 
magnetosphere. 
Ordinary and modified two-stream instabilities 
play an important role on the microstability of 
the current sheets analyzed in this paper. It has 
been shown that for a hydrogen plasma, electron 
layers ere nearly always unstable, but ion layers 
can be stable for conditions pertaining to the 
magnetopause or to the plasma boundary layer (i.e., 
u = T+/T- ~ 10, n2 = N2/N l > 0.1). It is also 
shown that the thickness of these ion layers 
are at least equal to 2.5 ion gyro-radii 
evaluated at the center of the transition. However, 
the absolute thickness increases when the ratio 
T+/T- increases and/or when the density variation 
decreases. 
For the magnetopause (u = 10), we have deduced a 
minimum thickness of 100 km . This minimum 
thickness is attained when the density variation 
through the sheath becomes equal to 80% (n2 = O.V, 
i.e., when the density ratio N2/Nl becomes close 
to the threshold value for the modified two-stream 
instability. 
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