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FOREWORD 

The text " I . S . P . M . Interdiscipl inary S tudy of Directional 

Discontinuities" will be included in a monograph published by P. 

Wentzel ( E S T E C ) . It contains the descriptions of the experiments and 

the theoretical studies to be realized in the framework of the inter-

planetary space mission : International Solar Polar Mission. It will be 

published by ESA (European Space Agency ) in the series of E S A - S P . 

A V A N T - P R O P O S 

Le texte " I . S . P . M . Interdiscipl inary S tudy of Directional 

Discontinuities" fera partie d 'une monographie éditée par P. Wentzel 

( E S T E C ) et contenant les descriptions des expériences et des études 

théoriques qui seront réalisées dans le cadre de la mission spatiale 

interplanétaire : International Solar Polar Mission. Il sera publié par 

l 'ESA (European Space Agency ) dans la série E S A - S P . 

VOORWOORD 

De tekst " I . S . P . M . Interdiscipl inary S tudy of Directional 

Discontinuities" zal opgenomen worden in een monografie uitgegeven 

door P. Wentzel ( E S T E C ) . De experimenten en de theoretische studies 

die gerealiseerd zullen worden in het kader van de interplanetaire 

ruimtezending : " International Solar Polar Miss ion" zijn erin beschreven. 

De tekst zal gepubliceerd worden door ESA (European Space Agency ) in 

de serie E S A - S P . 

VORWORT 

Der Text " I . S . P . M . Interdiscipl inary S tudy of Directional 

Discontinuities" wird in einer Monographie von P. Wentzel ( E S T E C ) 

geschrieben werden. Es g ibt Beschreibungen von Experimenten und 

theoretische Studien die im Rahmen von der interplanetarischen Raum-

mission : International Solar Polar Mission werden realisiert werden. Der 

Text wird herausgegeben werden bei ESA (European Space Agency ) in 

der Serie E S A - S P . 
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Abstract 

The solar-wind plasma is not the uniform medium that most 

theoreticians have imagined for the purpose of construct ing analytical 

models. Indeed, it contains large-scale as well as small-scale plasma 

irregularities or inhomogeneities. These collisionless plasma irregularit ies 

can be considered 'plasmoids' according to the definition g iven by 

Bostick [1] as 'plasma-field entities'. Two adjacent plasma elements are 

separated by current layers which are sometimes as thin as a few ion 

gyroradi i (1000-3000 km). Across directional discontinuities the 

magnetic-field direction and intensity change rapidly. Depending on the 

type of variation shown by the magnetic field and plasma parameters, a 

directional discontinuity can be either a tangential discontinuity, a 

shock, a contact discontinuity, or a true rotational discontinuity. 

Theoretical models of these discontinuities will be developed as part of 

the ISPM project. The magnetic and particle observations obtained 

dur ing the ISPM will be used to check these models, and consequently 

to identify fundamental plasma-physical processes. 

* Institut d'Aeronomie Spatiale de Belgique, 3, avenue Circulaire, 

B-1180 Bruxel les, Belgium. 

* * Aerospace Corporation, El Segundo, California, U S A . 



Résumé 

Le plasma du vent solaire n'est pas le milieu uniforme que la 

plupart des théoriciens ont imaginé dans leurs modèles analytiques. Bien 

entendu, il contient des irrégular i tés de plasma de grande et de petite 

échelle. On peut considérer ces irrégulari tés de plasma sans collision 

comme étant des 'plasmoids1, l'on se réfère à la définition de Bostick 

[1] : c . à . d . 'des entités plasma-champ'. Deux éléments de plasma 

adjacents sont séparés par des couches de courants d'une épaisseur de 

seulement quelques rayons de gyrat ion ionique (1000-3000 km). En 

t raversant des discontinuités directionnelles, la direction et l ' intensité 

du champ magnétique changent rapidement. Dépendant de la variation 

du champ magnétique et des paramètres du piasma, une discontinuité 

directionnelle peut aussi bien être une discontinuité tangentiel le, une 

onde de choc, une discontinuité de contact, ou une véritable 

discontinuité de rotation. Les modèles théoriques de ces discontinuités 

seront développés dans le cadre du projet ISPM ( Internat ional Solar 

Polar Mission). Les observations du champ magnétique et des part icules, 

obtenues durant l ' ISPM, seront utilisées pour vér i f ier ces modèles 

théoriques et , par conséquent, pour l ' identification des processus 

fondamentaux de la physique du plasma interplanétaire. 
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Samenvat t ing 

Het zonnewindplasma is n ie t het un i fo rme medium dat de 

meeste theo re t i c i bedacht hebben om ana ly t i sche modellen te kunnen 

opbouwen. U i t e raa rd beva t het onrege lmat igheden zowel op g r o t e als op 

kle ine schaal . Deze b o t s i n g v r i j e p lasma-onrege lmat igheden kunnen 

beschouwd worden als "p lamoïden' zoals z i j gede f i n iee rd werden door 

Bos t ick [ 1 ] , Twee aangrenzende plasma-elementen worden gescheiden 

door st roomlagen waarvan de d i k t e soms s lechts enkele g y r o s t r a l e n 

bedraag t (1000-3000 k m ) . Bi j het d o o r k r u i s e n van de g e r i c h t e d i s -

con t i nu ï t e i t en , v e r a n d e r e n de r i c h t i n g en de in tens i te i t van het 

magnet isch ve ld zeer snel . Al naar ge lang de va r i a t i e van het 

magnet isch ve ld en de p lasma-parameters is een g e r i c h t e d i scon t i nu ï t e i t 

een tangent ië le d i s c o n t i n u ï t e i t , een schokgo l f , een k o n t a k t -

d i scon t i nu ï t e i t of een reëele r o ta t i ed i scon t i nu ï t e i t . Theore t i sche modellen 

voor deze d i scon t i nu ï te i t en zu l len o n t w i k k e l d worden in het kader van 

het ISPM ( I n t e r n a t i o n a l Solar Polar Mission ) - p r o j e c t . De waarnemingen 

van het magnet isch ve ld en van de dee l t jes , ondernomen t i j dens de 

ISPM, zu l len g e b r u i k t worden om deze theore t i sche modellen te 

con t ro le ren en b i j gevo lg om fundamente le processen van de i n t e r -

p laneta i re p lasma- fys ica te i den t i f i ce ren . 
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Zusammenfassung 

Das Sonnenwindplasma ist nicht as einheitliche Milieu dass 

viele Theoret iker erwägt haben um analytische Modellen zu bauen. 

Naturlich enthalt das Plasma Unregelmässigkeiten in kleine und grosse 

Umfang, oder Heterogeneitäten. Diese stossfreie Plasma-unregelmässig-

keiten können betracht werden wie 'Plasmoiden', wenn wir uns basieren 

auf der Definition von Bostick [1] : m . a . w . 'Entitäten aus dem 

Plasmafeld1. Zwei angrenzende Plasma-elementen werden getrennt durch 

stromschichte, zuuveilen so dünn wie einige Ionen "Gyroradius" (1000-

3000 km). Im Kreuzung der gerichteten Unterbrechungen ältern die 

Richtung und die Intensität von dem magnetischen Feld sehr schnell. 

Abhängig von der Variat ion, vom magnetische Feld und die Plasma-

parameter, kann eine gerichtete Unterbrechung ebenso gut eine 

tangentiale Unterbrechung sein, eine stosswelle, eine Kontakt-

unterbrechung oder eine reelle Rotationunterbrechung. Die theoretische 

Modellen von diese Unterbrechungen werden entwickelt werden im 

Rahmen vom ISPM Projekt. Die Beobachtungen von dem magnetischen 

Feld und von die Part ikel , festgestellt während des ISM Projektes, 

werden benutzt werden zur Kontrolle von diese Modelle und folglich zur 

Identif izierung von fundamentalen Prozessen vom interplanetarischen 

Plasma-Physik. 
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Figure 1 shows the values of the three components of the 

magnetic field vector as measured by the GSFC magnetometer on 

Explorer 43 -dur ing~a brief time interval on 24 March 1971. The space-

craf t penetrated at 16:33:48 U T , through a current layer into what has 

been called a "magnetic hole" [ 2 ] . At 16:33:58 the spacecraft emerged 

from this region of low magnetic-field intensity, and thereaf ter the field 

recover its IMF background value of 7 n T . This spectacular event has 

been chosen here to i l lustrate the observation of a directional discontinu-

ity in the solar wind at 1 AU in the ecliptic plane. Note that only one 

component ( B y ) of the magnetic field changes. This variation is similar 

to that i l lustrated in the upper panel of Figure 2. The latter is the 

result of a model calculation based on a kinetic plasma theory of 

tangential discontinuities, as developed by Lemaire and Burlaga [3, 4 ] . 

In addition to the change of the magnetic field intensity ( B
y ) produced 

by an electric current ( J ) flowing parallel to the x axis, there is also a 

smooth variation of the plasma density ( N ) , of the ion flow speed ( V ) , 

of the kinetic temperature ( T , and T ) , and of the electric potential 

(<j>) when the surface of discontinuity is traversed along the z axis, 

normal to the current sheet. The small fractional density of electric 

charges (An /n ) required for <j>('z) to satisfy Poisson's equation is shown 

in the bottom panel of Figure 2. It can also be seen that the polariza-

tion electric field (E ) which builds up in the direction normal to the 

surface of the magnetic hole reaches an intensity of 0.027 mV/m for the 

case il lustrated in f igure 2. 

At the surface of a "plasma-field enti ty" or plasmoid [1] like 

that i l lustrated in Figures 1 and 2, all physical quantities vary 

significantly over distances of the order of the average proton gyro-

radius in the solar-wind plasma. Considering that the i r regular i ty of 

Figure 1 is convected with the solar wind at a speed ^ 400 km/sec, the 

minimum thickness of the current layer can be estimated from the time 

required for t raversal , which in the present case is almost 4 sec; if we 

assume normal incidence, we obtain a sheet thickness of about 1600 km 



I MP -1 

MARCH 2 4 , 1971 

Fig. 1.- Magnetic hole observed in the solar wind with 

GSFC magnetometer on Explorer 43. The magnetic-

field components are given in a frame of reference 

determined by minimum variance analysis [2]. 
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GJ = 0 
Tj=Te=7.5*104 °K 

Z(237km) 

g . 2 . - Model ca lcu la t ion of an isothermal magnet ic hole in 

wh ich the magnet ic f i e ld i n t ens i t y decreases to 

1 nT w i t hou t chang ing d i rec t i on and t hen 

increases symmetr ica l l y to i ts in i t ia l va lue [ 4 ] . 



or 10 proton gyroradi i , at most. In the example of Figure 2 the current 

sheets are even thinner than this. 

The time resolution of present-day magnetic-field measur-

ements in space is usual ly high enough to determine the fine structure 

of such sharp magnetic-field "discontinuit ies", but the best time 

resolution for direct plasma measurements is generally much lower. A 

time of at least 10-12 sec (equal to the spin period) is required to 

sample particles in all energy ranges and in all velocity directions. 

Consequently, the maximum time resolution for plasma instruments 

corresponds to just one complete velocity distr ibution for each space-

craft rotation, i .e. , one distribution for every 10 or 12 sec. Over such 

a long period of time the spacecraft has traveled a distance of 4000 km 

or more in the frame of the supersonic solar-wind plasma. The sp in-

stabiiized platform on the cancelled ISPM spacecraft would have g iven 

the scientific community a unique opportunity to obtain detailed 3-

dimensional particle-velocity distr ibutions at time intervals shorter than 

the traversal time of the sharpest directional discontinuities. 

Since the actual time resolution of solar-wind plasma 

instruments will be much larger than the time 1-5sec) required for 

the interplanetary vehicle to pass through a t h i n ' current sheet, 

interpretation of the observations will be much more difficult than had 

originally been anticipated. Thè particle f luxes measured in successive 

energy channels and successive solid angles must now be compared 

directly with the corresponding values deduced from theoretical velocity 

distributions calculated at different depths in the current sheet. Th i s 

detailed comparison of theoretical calculations with magnetic-field and 

particle-flux measurements is one of the f irst objectives of the present 

Interdiscipl inary S tudy of Directional Discontinuities in the Solar Wind 

conducted as part of the International Solar Polar Mission program. 



In Figure 1 the magnetic-field direction inside the magnetic 

hole is parallel to the external IMF, but this is a rather exceptional 

event . In general the direction of the B- f ie ld on one side of the 

current layer makes an angle ( 6 ) with the field direction on the other 

side of the surface of discontinuity. Depending on this angle, on the 

field intensities, and on the plasma pressures, densities, and bulk 

speeds on both sides, one can allocate all one-dimensional ( 1 D ) 

directional discontinuities (DD 's ) among the various categories which 

have been described in a paper by Hudson [5] published several years 

ago (see also Landau and Lifschitz [6] for such a classification). 

The simplest (but also the rarest ) events are those for which 

the magnetic component normal to the surface of discontinuity is exactly 

zero. Such a plasma structure is called a tangential discontinuity ( T D ) . 

The magnetic-field lines then run parallel to the current sheet. To 

model a tangential discontinuity it is convenient as a f i rs t approximation 

to assume that the surface currents are coplanar sheets extending 

from -oo to + » in directions perpendicular to the z axis. Figure 3 

illustrates how the magnetic-field vector, as calculated by Roth [7] 

using a kinetic theory, rotates across such a one-dimensional T D . The 

plasma-and-field boundary, conditions assumed on the two sides of this 

TD correspond to typical values observed on the inner and outer sides 

of the earth magnetopause, the numerical model developed at the 

Institute of Space Aeronomy in Brussels can be applied direct ly to 

tangential discontinuities already observed in the solar wind at low 

heliographic latitudes as well as those which might be discovered dur ing 

the ISPM mission out of the ecliptic plane [7, 12] . 

When the magnetic-field intensity has a nonvanishing 

component normal to the current sheet, the directional discontinuity is 

then often called "rotational discontinuity" ( R D ) [ 8 ] . Note that ( in this 

category) one must distinguish among contact discontinuities, oblique 

shocks, non-oblique shocks, double layers and t rue rotational discontinu-



3D represen ta t ion of changes in d i r ec t i on and 

leng th of magne t i c - f i e ld vec to r across a tangen t ia l 

d i s c o n t i n u i t y pe rpend i cu la r to the x ax i s . The 

p lasma-and- f ie ld b o u n d a r y cond i t ions at x = ± » 

co r respond to t yp i ca l cond i t ions in the magneto-

sphere and in the magnetosheath , r e s p e c t i v e l y . 

The tota l l eng th of the x axis is 1075 km. The 

leng ths of the y and z axes are bo th 45 nT [7 , 

12] . 
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ities [5, 6]. A common feature for all these discontinuities is that 

magnetic-field lines and flux tubes penetrate through the current 

sheet : they traverse the magnetic hole, slab, or filament, as is 

il lustrated in Figure 4. 

From Figure 4 it can be seen that the configuration of 

magnetic-field lines depends drastical ly on the direction 0 and on the 

intensity ( E ^ ) of the constant external magnetic field. The magnetic 

field ( S ) carried by the plasma element is parallel to the axis of the 

cylindrical plasmoid; it is produced here by a solenoidal surface-current 

system (J ) . In contrast to the case of one-dimensional T D illustrated in 

Figures 2 and 3, the magnetic flux inside the plasma-field irregular ity 

here is linked tn the magnetic f lux outside. In all the 2D models of 

cylindrical plasmoids illustrated in f igure 4, there are only two lines 

along which B n , the magnetic-field component normal to the surface 

layer is precisely zero; only along these two lines or in their vicinity 

can the structure of the discontinuity be described as approximately a 

T D . Everywhere else the discontinuity is an RD, since B n is not equal 

to zero. 

A completely satisfactory kinetic theory descr ib ing the 

detailed structure of RD ' s has not yet been published, as far as we 

know. Thus , it will also be one of the objectives of the present Inter-

discipl inary S tudy to develop 1D, 2D, and possibly 3D models of 

directional discontinuities for which B * 0. n 

When the angle 0 between the magnetic-field directions inside 

and outside the plasmoid is made equal to 180°, the magnetic lines all 

become parallel to the axis of the infinitely long solenoidal current 

system. Under these circumstances, there is no longer a magnetic 

connection between the interior of the solenoid and the magnetic flux 

outside. This isolation results from the assumption that the solenoid has 

infinite length. In the real world, however, plasmoids are always of 
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Configuration of magnetic field lines produced by an infinitely long 

solenoidal current system superposed on a uniform external magnetic 

field ) . The angle 6 between the axis of symmetry of the 

cylindrical currents ( J ) and the external field is assumed to be 10°, 

90° and 170°, respectively. The intensity of the external field relative 

to the solenoidal magnetic field ( S ) varie from 0.1 (top panels a, b , c ) 

to 1 .0 (bottom panels d , e , f ) . Note the interconnection of magnetic 

f lux inside and outside the fi lament, except in the ideal cases 6 = 180° 

( i . e . , for special magnetic holes like those of Figures 1 and 2) and 6 = 

0° ( i . e . , for some special magnetic anti-holes [ 4 ] ) . 
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f inite extent , and (as for all solenoids of f inite length) there is in ter -

connection between the magnetic f lux inside and outside. This 

discussion shows that it is sometimes misleading to use two-dimensional 

models (and a fort iori 1D models) to represent the three-dimensional 

reality [ 9 ] . 

When the angle 9 is equal to 180°, the magnetic pressure 

inside the plasmoid is smaller than that outside, as is i l lustrated by the 

magnetic holes shown in Figures 1 and 2. "Magnetic humps" or "anti-

holes" which are sometimes observed in the solar wind ( e . g . , in [ 2 ] ) 

have also been interpreted by Burlaga and Lemaire [3] as magnetized 

filaments, but in these cases the angle 6 is almost equal to zero instead 

of 180°. 

There is no reason to restr ict the plasma current system to 

be solenoidal only. Figure 5 shows the magnetic-pressure distr ibution in 

the xy plane, which is a cross section of a cylindrical plasmoid for 

which solenoidal currents have been combined with additional currents 

flowing parallel to the axis of symmetry of the infinitely long cyl inder . 

In this case both solenoidal and toroidal magnetic fields must be super-

posed on the external field Plasma distributions generating such a 

magnetic-field structure can be imagined and constructed. Such 

plasmoids are in mechanical equilibrium if the distribution of kinetic 

pressure satisfies the equation p + ( B 2 / 2 H q ) = constant, and other 

(more complicated) relations for the off-diagonal components of the 

pressure tensor p. If the perpendicular plasma pressure p is reduced 

inside this plasma element, then the cross section and volume of the 

plasma element will shrink until the pressure balance between the inside 

and outside is eventually achieved, possibly after a few hydromagnetic 

oscillations. 

Not only one-dimensional, but also two-dimensional models of 

TD's and RD's of infinite extent , in at least one direction, are some-

times poor mathematical representations of real 3D plasmoids, which can 
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2 n T  i 0 = 150 

- V 3 n T ;  6 = 0 . 2 5 

2 . 6 4  n T 

2 
Fig.  5 . -  Distr ibution  of  magnetic  pressure  (B  /2ho)  across  a 2D  solenoidal 

plasma  filament  in  an  external  magnetic  field  tf^  of  2 n T . The 

solenoidal  currents  (J^)  produce  a magnetic-field  perturbation  ( b ^ 

parallel  to  the  axis  of  symmetry  of  the  filament.  The  central  value  of 

b z  is  - -J3  nT . The  thickness  of  the  current  layer  is  0.25  times  the 

radius  of  the  solenoid.  There  are  also  currents  ( J z )  flowing  parallel  to 

the  z-axis  and  producing  a toroidal  field  perturbation  (b^).  The 

inclination  of  the  external  field  is  0 = 150°.  Note  that  the  magnetic 

energy  density  is  depressed  in  the  middle  of  this  magnetic  hole  or 

filament.  To avoid  expansion  or  implosion  of  this  B- f ie ld  d istr ibut ion, 

the  cur ren t -ca r ry ing  plasma  must  have  a k inet ic-pressure  distr ibut ion 
2 such  that  p + (B  /2|J  )=  constant. o _-]4_ 



assume any shape (as clouds in the gravitational field do) [ 9 ] . In 

addition to having a f inite volume, a f inite mass, and f inite linear and 

angular momenta, actual solar-wind plasma elements can have f ini te 

magnetic dipoles and other multipoles. Moreover, a plasmoid having a 

f inite dipole moment may interact significantly with the magnetic dipole 

of another magnetized plasmoid, or even with the magnetic dipole of a 

planetary magnetosphere [10, 11] . 

All these problems of basic plasma physics need to be 

addressed from various theoretical viewpoints, but only detailed and 

reliable plasma and field observations will be able to tell us which are 

the best or most realistic theoretical models among those proposed to 

describe these mlcroscale plasma structures. 

Under certain extreme physical conditions one could expect 

that plasma instabilities will occur at sharp directional discontinuities in 

regions where the plasma and magnetic field change rapidjy . However, 

from the rather smooth variation of magnetic-field components observed 

across a var iety of directional discontinuities in the solar wind ( e . g . , 

in Figure 1 ) , it can be concluded that within many thin plasma 

structures perturbations with wave lengths between 1000 km and 10 km 

( i . e . , with periods between 3 sec and 0.04 sec) are not significantly 

unstable, i . e . , that the amplitude of such waves does not grow 

exponentially with a time constant ^ 3 sec. This conclusion does not 

exclude the possibility that certain categories of directional discontinu-

ity ,may be dynamically unstable, or that TD's or RD's can be sources 

or generators of h igher- f requency waves. The spectra of any waves 

generated will be observed dur ing the ISPM. We expect to compare 

these with theoretical spectra that we plan to calculate as part of the 

IDS project. How much does the presence of such waves invalidate the 

collisionless (or zero-order kinetic) approximation used to model these 

plasma discontinuities? This is a fundamental question that we wish also 

to address as part of our ISPM project. High-resolution AC magnetic 
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and electric-field measurements would have been of great help in 

sorting out the most realistic models for descr ibing the generation of 

such waves at sharp DD ' s . 

The distribution of directional discontinuities in the ecliptic 

plane is already well documented in the literature, but we know nothing 

about their distribution at higher heliographic latitudes. Their 

frequency of occurence, their type, their th ickness, and their orienta-

tion are important statistical quantities that should also be investigated 

dur ing the ISPM and compared to the same quantities for ecliptic 

latitudes. In this way the present interdiscipl inary s tudy of directional 

discontinuities in the solar wind should not only contribute to the 

improvement of our knowledge of the 3-dimensional solar wind and of its 

microscale structure, but it might also help toward an increased under-

standing of basic plasma phys ics . 
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