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ABSTRACT
Theoretical modelling of the magnetopause structure and dynamics is an important activity of the Belgian
Institute for Space Aeronomy. This paper focuses on (I) the local structure of the magnetopause, its
equilibrium state and the conditions required to maintain this state, (2) on validation of theory from
observations made onboard ISEE 1 & 2 and AMPTE/IRM satellites, (3) on theoretical attempts to interpret
transient phenomena observed near the magnetopause by Interball-Tail and Magion-4 satellites, and (4) on
modelling the plasma wave distribution in the vicinity of the magnetopause in preparation of the
forthcoming CLUSTER 1I mission.
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INTRODUCTION
The magnetopause is the current boundary layer separating cold (;:::: 100 eY) dense (;::::30 cm· 3 ) plasmas on
magnetosheath magnetic field lines from hot (;:::: 1 keY) tenuous (;::::0.3 cm·3 ) plasmas on magnetospheric field
lines. It is a highly dynamic layer, which may result in the transfer of solar wind across this boundary'.
Study of the fine structure and dynamics of the magnetopause current layer is an established matter of
research at the Belgian Institute for Space Aeronomy . .It is recognized that this study is of fundamental
importance in understanding the entry processes of solar wind into the magnetosphere . In order to identify
these entry processes it is first necessary to build a realistic equilibrium model of the magnetopause, then to
perturb this equilibrium in response to solar wind variations. The simplest equilibrium state of the
magnetopause is that of a one-dimensional tangential discontinuity (TO) of finite thickness within which
the magnetic field rotates from an arbitrary interplanetary direction to the magnetospheric direction . In this
approach the magnetopause is an impermeable boundary since there is no magnetic connection between the
solar wind plasma and the magnetosphere. The RDKK (Roth-De Keyser-Kuznetsova) model developed at
the Belgian Institute for Space Aeronomy is a TO kinetic model. It has the unique feature to take into
account simultaneous large shears in magnetic field (>90°) and plasma flow, a characteristic often oberved
across TDs in space plasmas that no other previous TO model in the litterature was able to reproduce 2 •
Large-scale, adiabatic electromagnetic perturbations in the form of periodic variations are frequently
observed at the magnetospheric boundar/. We first summarize the results we obtained when these
perturbations are superposed on our equilibrium model of the magnetopause structure. The most interesting
conclusion of this study is that thresholds exist for the formation of stochastic "percolated" magnetic
filaments allowing transfer of solar wind into the magnetosphere 4-6 .
In this paper we also focus on the electron density observed at the sub solar magnetopause by the rSEE 1 &
2 pair of satellites in the case of high magnetic shear and show that the RDKK equilibrium model is able to
validate these observations 7. The RDKK kinetic model 2 is clearly the most appropriate one to tackle the
problem of the existence of equilibrium configurations when large shears in magnetic field and plasma flow
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supported by two other ISEE 1 and 2 days ide magnetopause crossings for which high time resolution
electron density data were available 7 .

CONDITIONS FOR TD EQUILIBRIUM
The effect of velocity variations across a tangential discontinuity has serious implications for the Earth's
magnetopause. Using the RDKK model 2 and assuming an empirical model of the solar wind flow around
the magnetopause based on satellite observations, De Keyser and Roth S- IO were able to predict which
regions on the magnetopause correspond to equilibrium configurations for a given magnetic field rotation.
These regions are indicated in figure 2 by shading on a plot of the dayside magnetopause for different
angles of the magnetic fie ld rotation.

Figure 2: Given a typical velocity jump domain (bottom left) and assuming that the magnetosheath
plasma is streaming radially away from the stagnation point, it is possible to predict where the
dayside magnetopause may be in TD equilibrium for a given magnetic field rotation angle. The
stagnation point is at its typical location 50 dawnward from the sub solar point, and the dipole tilt
angle is zero. The shaded regions correspond to magnetic field rotation angles of +180 0 and +90 0 (top
left-right), 00 and -90 0 (middle left-right) and -180 0 (bottom right) (from reference 10).
The following interesting results were found : (a) any magnetic field rotation is allowed near the stagnation
point. This region of the magnetopause surface can therefore be in a state of tangential discontinuIty
equilibrium whatever the angle of magnetic field rotation; (b) there is a tendency for large positive rotations
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to occur predominantly in the northern hemisphere, while large negative rotations are expected
predominantly in the southern hemisphere ; (c) small positive and negative rotations, i.e., less than 90°, are
only possible on the dusk side; (d) no low magnetic shear (less than 90°) equilibrium seems possible at the
dawn side.
In figure 3 (from reference II), these theoretical predictions are verified using data from 45 crossings of the
dayside magnetopause obtained by the AMPTE/TRM satellite.
Especially the sense-of-rotation difference of the magnetic field between northern and southern
hemispheres is important. This has been a debated subject since early studies based on Explorer 12
observations in 1968. As far as we know, only a theoretical analysis for wide crossings of the rotational
discuntinuity type is available to explain such a difference; our result for tangential discontinuities
constitutes a nice complement.

Figure 3: GSM map of AMPTE/IRM magnetopause crossings with the observed magnetic field
rotation. A + symbol indicates a positive (clockwise) rotation, a - symbol a negative (counterclockwise) rotation sense; the symbol size is proportional to the rotation angle. Note the dominant
presence of large positive rotations north of the dawn side equator and the absence of low shear
dawn side crossings (except for a case of questionable TD nature). Near the stagnation point and at
the dusk side both rotation senses are observed (from reference 11).

IMPULSIVE TRANSPORT OF SOLAR WIND
There is a long-standing controversy regarding impulsive penetration of solar wind plasma into the
magnetosphere and the other solar-wind magnetosphere coupling mechanisms l. Several international
meetings were organized in the period 1994-1999 in the hope of quantifying the specific importance of the
different solar wind/magnetosphere interaction mechanisms. At the Chapman Conference on The Physics of
the Magnetopause (San Diego, USA, 1994) an invited talk on the subject was given by Rothl2 . In 1996 a
three-year project called Source and Loss Processes of Magnetospheric Plasma was selected by the
International Space Science Institute (ISSl) in Bern as the first in the field of solar terrestrial physics. This
ISSl study project focused on the inner and outer boundaries of the magnetosphere in an effort to quantify
the significance of the various proposed source and loss processes for magnetospheric plasmas. The
Belgian Institute for Space Aeronomy contributed to that project and discussed the role of impulsive
penetration of solar wind plasma through the magnetopause as a plausible source of magnetospheric plasma
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(see reference I, pages 263--270). Recent and important developments on the theory of impulsive
penetration are presented elsewhere in th is bookl3.

TRANSIENT PHENOMENA AT THE DUSK SIDE
Interball-Tail and Magion-4 are part of the Russian multi-satellite Interball mission. They were launched in
August 1995 into essentially the same highly elliptical orbit with a period of 95 h, an apogee of 200,000
km, and an incl ination of 62.9°.
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Figure 4: February 15--16, 1996 dusk side inbound crossing of the magnetopause by Interball-Tail
(from reference 15).
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Figure 4 shows Interball-Tail data obtained between 22:00 UT, February 15 , and 00:30 UT, February 16,
1996: (a-d) the magnetic field magnitude and its GSE components, (e-g) the GSE ion velocity components,
(h) the ion and electron densities n+ and 1'-, and (i) the ion and electron temperatures T+ and T . The
magnetopause crossing (labeled " MP" in figure 4) occurs near 22:50 UT and is identified by the large
magnetic field rotation. This M P crossing is followed by four distinct transients, labeled A, B, C, and D.
The main velocity change does not occur at the magnetopause, but after transient A, at about 23 :03 UT,
coincident with the transition to magnetospheric density, corresponding to the LLBL inner edge (IE) . There
are also smaller transients, labeled d, e, f, g, hand i, before the magnetopause crossing, characterized by
temporary rotations of the magnetic field.
In one stud/ 4 transients A, B, C, and 0 were shown to correspond to a new class of Flux Transfer Event
(FTE) called DMTE for Disconnected Magnetosheath Transf er Event. DMTEs are thought to bc the result
of localized sporadic reconnection: magnetos heath plasma blobs disconnect from the magnetopause,
propagate and dissipate into the magnetosphere .
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Figure 5: Flux rope topology suggested by juxtaposing data obtained from the four consecutive
transients A, B, C, and D: projections of (a) magnetic field and (b) velocity vectors onto the xy plane
of a reference frame that is oriented like the GSE frame but that moves with a velocity intermediate
between the magnetosheath and the magnetospheric plasma flow. The offsets between the
trajectories for each transient were chosen arbitrarly. The vectors for different transients do not
have a common scale; this figure is meant to illustrate only their orientation (from reference 15).
Another studylS made at the Belgian Institute for Space Aeronomy, in collaboration with the Space Science
Institute (Moscow, Russia) and the Charles University (Prague, Czech Republic) investigated other
possible interpretations: are the transients observed in figure 4 the signature of tailward traveling waves or
are they the manifestation of magnetosheath plasma penetration into the magnetosphere? [n revisiting the
February 15-16, 1996 dusk side magnetopause crossing the authors of this study found strong evidence for
magnetic field and flow vortices near the magnetospheric boundary (see figure 5) and hence for the
existence of flux tubes with helicoidal field lines; such structures can be associated with both
interpretations. However, the cross-correlation between the dual satellite observations and the apparent
periodicity strongly suggest a Kelvin-Helmholtz surface wave, although other interpretations are not
impossible.

88

SPACE SCIENTIF IC RES EARC H IN B ELGIUM / VOLUM E 2 SPAC E SCfENCES PART 2

PLASMA WAVES AT THE MAGNETOPAUSE
In the framework of the Cluster II mission the Belgian Institute of Space Aeronomy (BISA) participates in
the experiment teams STAFF [Spatio-Temporal Analysis of F ield Fluctuations; Principal Investigator is N.
Corni lleau-Wehrlin (CETP/UVSQ, Velizy, France), BlSA Co-Investigator: M. Roth] and WHISPER
[Waves of HIgh frequency and Sounder for Probing of E lectron density by Relaxation; Principa l
Investigator is P. Oecreau (LPCE and Universite d'Orleans, Orleans, France), BISA Co-Investigator: 1.
22
Lemaire]. The participation in WHISPER is described elsewhere in this book .
T he objective of the STAFF wave experiment is to assess the role that plasma waves play in affecting and
controlling the physical processes by wh ich mass, momentum, and energy are transferred through the
magnctopause, from the so lar wind to the magnetosphere 23 . Many experiments aboard single spacecraft
have shown that a very high level of fluctuations is observed in all freq uency ranges during magnetopause
crossings. The question of the origin of these fluctuations has seldom been addressed in the literature. Two
di fferent hypotheses are genera lly considered: either they are due to local instabilities of the current layer,
24
or they are generated in the magnetosheath and are amplified at the magnetopause ,23 . Modelling the
plasma wave d istribution in the v icinity ofthe magnetopause will help to test the second hypothesis.
A study of the propagation of ultra-low frequency electromagnetic waves at the magnetopause using a
l6
linear magnetohydrodynamic (MHO) description was made at the Belgian Institute for Space Aeronomy,
in collaboration with " Ie Centre d'Etude des Environnements Terrestre et Planetaires (Veli zy, France)" .
Even though the mass flux across the magneto pause turns out to be zero, there may very well be an energy
flux into the magnetosphere. Figure 6 shows the wave amp litudes (maximum and minimum modulus of the
magnetic fi eld, left frames) and the time-averaged energy fl ux (right frames) as a function of the distance to
the center of the magneto pause (in krn). The magnetosphere is to the left, the magnetosheath to the right of
the magnetopause. They found different solution classes. Class 1: a non-vanishing perturbation intensity in
the magnetosphere indicates transmission, whi le the energy flux remains constant as the incident flux
equals the transmitted flux plus the reflected one. In the reference frame adopted here, a negative flux
indicates energy transfer fro m the magnetosheath to the magnetosphere. Class 2: the wave does not
penetrate into the magnetosphere and is completely reflected, resulting in a net zero energy flux. Class 3:
similar to class 2 but now resonant ampl ification (infinite wave amplitude) occurs at I or 2 points insi de the
magnetopause; resonant absorpti on implies a j ump in the energy flux profile. Class 4: reflection ,
transmission and resonant amplification occur simu ltaneously; again, the energy flux is discontinuous at the
resonant points.
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Figure 6: Representative solutions for the zero magnetic shear magnetopause in the warm plasma
case. The figures plot the maximum and minimum values of the modulus of (left) B(I ) (in arbitrary
units) and (right) the time-averaged energy flux q> (in arbitray units; zero flux corresponds to the
dashed horizontal line) as a function of the distance to the center of the magnetopause (in km). The
magnetosphere is to the left and the magnetosheath is to the right of the magnetopause. See text for
the description of the different solutions (from reference 16).
In a subsequent study by De Keyser the linear magnetohydrodynamic response of the magneto pause to
pressure pulses and broadband magnetosheath fluctuations has been computed l8 The tail flank
magnetopause is known to be subject to magnetosheath pressure variations, and may possibly deve lop a
Kel vi n-Helmholz instability,
De Keyser has also examined the effect of low-frequency long-wavelength perturbations induced by
magnetosheath waves on the flank magnetopause and on the plasma sheet and the plasma sheet boundary
layerl 7, He found that a certain fraction of the energy input contained in the magnetosheath waves can cross
the magnetopause and can be transported to and locally dissipated in the plasma sheet boundary layer.
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Figure 7: Wave solution for a frequency of IOmHz, a tangential wavelength of 24R£ (earth radii) and
a tail magnetic field orientation from dusk to dawn. The time-averaged energy flux «Dx> (right
panel) is normalized to the energy flux carried by the incident wave (from reference 17).
Figure 7 shows the propagation of an incident magnetosheath wave (the magnetos heath is on the right of
the figure) across the magnetopause (near x=20 R£ ), through the lobe, and across the plasmasheet
boundary up to the central plasma sheet (at x=o Rd. Part of this wave is reflected at the magnetopause. Part
of the wave is resonantly absorbed at the magnetopause, as shown by the singularity in the wave amplitude
(left panel) and the jump in the energy flux profile (right panel). Although the wave is evanescent in the tai l
lobe, it still has a non-zero amp litude by the time it reaches the plasmasheet boundary layer, where resonant
absorption can occur again (peak in wave amplitude, jump in energy flux) . At these sites of resonance,
wave energy is converted from the imposed compressional waves to Alfven waves (as in this example) or to
slow mode waves. The j umps in the energy flux indicate how much of the energy carried by the wave is
d issipated in the resonant layer. In this examp le both Alfven resonances are responsible for diverting only
0.04 % of the incident wave energy.

CONCLUSIONS
Kinetic models developed at the Belgian Institute for Space Aeronomy can clarify under which conditions
the magneto pause may be in a state of TO equi librium. In this review we have shown that these mode ls are
well va lidated from satellite observations. The dynamics of the magneto pause is under the control of solar
wind parameters. There are a number of processes that may lead to transfer of solar wind plasma across the
magnetopause. Transients observed near the magnetopause are hard to interpret, although observations
made by dual satellites may shed some light on the processes responsible of their occurrence. The highreso lution multi-point in situ measurements made by the armada of CLUSTER II satellites are needed to
assess the importance of these processes. Plasma waves play also a role in affecting and contro lling the
energy transport from the magnetosheath to the magnetosphere . The STAFF and WHISPER experiments
on the CLUSTER II mission will he lp characterize the plasma wave distribution in the vicinity of the
magnetopause. In add ition, the WHISPER experiment has the capabi lity to measure the absolute value of
the total density in four points and will therefore provide more precise information about the structure and
velocity of transients observed in the solar wind and magnetosheath regions as well as during
magnetopause crossings.
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