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FOREWORD

The article “’Interplanetary magnetic holes : theory™ is submitted to "Journal ot Geo-
physical Research™. It has been presented at the ’Spring Annual Meeting of the American

Geophysical Union in Washington D.C. (May 30 - June 3).

AVANT-PROPOS

Ce texte "Interplanetary magnetic holes : Theory™ sera publié dans Journal of Geo-
physical Research. Il a fait I'objet d’une communication au "Spring Annual Meeting of the
American Geophysical Union™, 30 Mai - 3 juin 1977 (Washington D.C ).

VOORWOORD

De tekst “Interplanetary magnetic holes : Theory™ zal gepubliceerd worden in
“Journal of Geophysical Research”. Hij werd voorgedragen op de "Spring Annual Meeting

of the American Geophysical Union” in Washington D.C. (30 mei - 3 juni).

VORWORT

Der Text “Interplanetary magnetic holes : Theory’ wird in Journal of Geophysical
Research verdffendlicht. Diese Arbeit wurde wihrend das ”Spring Annual Meeting of the

American Geophysical Union’ (30 Mai - 3 Juni 1977) in Washington D.C. vorgetragen.
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Abstract

Magnetic holes in the interplanetary medium are explained as stationary. non- propa-
gating, equilibrium structures in which there are field-aligned enhancements of the plasma
density and/or temperature. Magnetic anti-holes are considered to be associated with de-
pressions in the plasma pressure. In this model, the observed changes in the magnetic field
intensity and direction are due to diamagnetic currents that are carried by ions which drift
in a sheath as the result of gradients in the magnetic field and in the plasma pressure within
the sheath. The thickness of the sheaths that we consider is approximately a few ion Larmor
radii. An electric field is normal to the magnetic field in the sheath. Solutions of Vlasov’s
equation and Maxwell’s equations are presented which account for several types of magnetic
holes, including ""null-sheets’, that have been observed.

Résumé

Les "holes” magnétiques observés dans le milieu interplanétaire sont décrits ici comme
des structures stationnaires associées avec des irrégularités de densité ou de température dans
le plasma du vent solaire. Les “anti-holes” magnétiques sont associés avec des dépressions
dans la densité des particles du milieu interplanétaire. Ces irrégularités sont allongées dans la
direction du champ magnétique interplanétaire. Dans le modéle cinétique propos,les varia-
tions observées de l'intensité et de la direction du champ magnétique sont dues 4 des
courants diamagnétiques transportés par les ions qui se déplacent i la surface de I’élément de
plasma sous Peffet du gradient de la pression magnétique et du gradient de la pression
cinétique du plasma. L’épaisseur des couches limites que nous considérons ici n’est que de
quelques rayons de gyration de Larmor des ions. Le champ électrique est perpendiculaire au
champ magnétique et 4 la surface de la couche limite. Les solutions des équations de Vlasov
et de Maxwell qui sont discutées illustrent différents types de “holes” et “anti-holes”
magnétiques observés.



Samenvatting

De "magnetic holes” die men in de interplanetaire ruimte aantreft. worden hier
beschreven als stationaire strukturen die met inhomogeneiteiten van temperatuur en dicht-
heid in het plasma van de zonnewind verbonden zijn. De "magnetic anti-holes zijn ge-
associeerd met gebieden van lagere densiteit. In het beschreven kinetisch model zijn de
waargenomen variaties van de intensiteit en de richting van het magnetisch veld te wijten aan
diamagnetische stromen ten gevolge van de verplaatsing van ionen aan de oppervlakte van
een plasma-element onder de invloed van de gradiént van het magnetisch veld en van de
gradiént van de kinetische druk van het plasma. De dikte van de lagen die we beschouwen is
nagenoeg gelijk aan enkele ionen-Larmorstralen. Het elektrisch veld staat loodrecht op het
magnetisch veld ter hoogte van het oppervlak van de grenslaag. De oplossingen van de
vergelijkingen van Vlasov en Maxwell beschrijven verschillende waargenomen types van
“magnetic holes™ en “magnetic anti-holes”, de zogenaamde "null-sheets’ inbegrepen.

Zusammenfassung

Die magnetische “holes” die im interplanetaren medium beobachten sind, sind hier
beschrieben worden als stationaire Strukturen die mit Temperatur - und Dichte Inhomoge-
neititen in dem Sonnen wind verbunden sind. Die magnetische “anti-holes” sind mit
Senkungen in der Dichte verbunden. Die Inhomogeneititen sind entlangs der magnetischen
feldes verbreitet. In unseres kinetische Modell sind die Anderungen in das magnetisches Feld
durch diamagnetische Stromme die in der Oberfliche des Plasmaelementes durch Gradienten
der magnetische und kinetische Drucken verursacht sind. verbunden. Das elektrisches Feld
ist normal iiber die Oberflache des plasma elementes. Die Losungen der Vlasov und Maxwell
Gleichungen sind fur verschiedene magnetische holes” und anti-holes” besprochen

worden.



1. INTRODUCTION

In an adnalysis of high resolution (12.5 samples/s) magnetic field measurements
obtained by Explorer 43 in the period March 18 to April 9, 1971, Turner et al. (1977) found
that most low-field intensity regions (B < ly) were isolated and very thin ( ~10* km or
~ 100 R, . where R is the proton Larmor radius). They called these regions magnetic holes.
Observations of such structures with two spacecrafts (Fitzenreiter and Burlaga, 1977) show
that the extent of magnetic holes is more than = 10° km. Magnetic holes form a class of

current sheets.

Three types of magnetic holes were identified by Turner et al. (1977) and analyzed by
Fitzenreiter and Burlaga (1977): 1) holes with no change in the magnetic field direction
across the current sheet: 2) holes with a reversal in magnetic field direction, but no rotation
of the field vector across the current sheet; and 3) holes in which there is a rotation of the
magnetic field vector across the current sheet. Turner et al. also exhibited current sheets in
which the magnetic field intensity increased with no change in direction (*’anti-holes’). The
purpose of this paper is to present a theory for the three types of magnetic holes and for
anti-holes.

For the calcula;tions, we make the following assumptions : 1) magnetic holes are sta-
tionary inhomogeneities convected with the solar wind speed. 2) They are bounded by thin
current sheaths and the radius of curvature of these sheaths is very large compared to the
thickness. As a consequence, we consider the geometry of the sheath to be planar, with a
normal in the 2 direction. 3) The physical variables are functions only of z. 4) The magnetic
field, B(z), is normal to the 2 direction as for tangential discontinuities. 5) In the frame of
reference moving with the magnetic hole,there is an electric field E(z) along Z ie..
E = Ey = 0: this implies that there is no net plasma flow across the boundary layer.
6) The plasma is quasi-neutral and consists of electrons and protons. Multi-ionic plasmashave
been considered but will not be discussed in this paper. 7) The plasma is collisionless. 8) The
diamagnetic currents are carried only by the protons (the electron velocity distribution is

assumed to be isotropic). 9) The plasma is in thermal equilibrium on both sides of the



current sheath and the bulk velocities at z= * = are both equal to zero in 2 frame of

reference comoving with the solar wind speed.
The basic equations are Maxwell’s and Vlasov’s equations.

We obtained solutions of these equations which describe magnetic holes using the

method described by Lemaire and Burlaga (1976). In ali of the examples discussed below.
' we assume that the ambient magnetic intensity and particle density on each side of the
current sheath are 5y (nT) and 5 protons or electrons/cm?® respectively. For simplicity we
also assume that the temperatures of the electrons and ions are the same on both sides of
the layer at z =too: Te = Ti = 7.5 x 10%K; calculations with Te #* Ti and with different
temperatures on both sides have also been made but are not discussed in this paper. This
complicates the structure of the layer but does not alter the basic physical effects, which are
our principal interest for the present article. The following sections present solutions to the
problems that we have posed above, and they include heuristic discussions, based on particle

orbit theory, aimed at identifying the basic physical processes in magnetic holes.

II. MAGNETIC HOLES WITH NO CHANGE INﬁ chw =10

Let us consider magnetic holes in which the direction of magnetic field remains along
R B = B(2) 2. In particular, consider the case where B = 1y (nT) in the middle of the hole,
together with the other boundary conditions discussed in Section 1. A self-consistent solu-
tion of Vlasov’s equation and Maxwell’s equations, obtained by the method of Lemaire and

Burlaga (1976) is shown in Figure 1.

) dB
The current in Figure 1 reaches a maximum at the two points where g7 | is largest.

This follows directly from
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Fig. 1.- Model of an isothermal magnetic hole in which [B| decreases to 1y without
changing direction and then increases symmetrically to its initial value.



Note that J flows normal to B and Z in this current sheet. |J| is zero in the middle of the
dB,

magnetic hole because there -
7

goes to zero as J v changes from negative values to positive

values.

In the first orbit approximation J is actually the sum of two currents, the gradient drift

current

W, 4B
Iy = -— —
B2 dz

(where W_L= Zi1/2m \f = Nk T.L ), which results from the gradient drift of protons in the

inhomogeneous field, and the magnetization current

J =

W
M 'g_z'(_i—)

B
(There is no current due to E, since electrons and protons drift in the same direction and

with the same speed due to E x B). Setting u x (J, + J,) = ¥ x B gives

B2
2p,

+ Nk T.L = constant, | (1)

which shows that the pressure is constant across the current sheet, in agreement with our
assumption of equilibrium. The increase in N coincident with the decrease in B shown in
Figure 1 is a consequence of the constant pressure condition, (1), since for the case

considered the kinetic temperature is nearly constant across the sheath.

In the example illustrated in Figure 1, we assumed that the kinetic pressure en-
hancement was due to a larger thermal proton and electron density inside the magnetic hole.
But a similar structure would be obtained when the excess of particle pressure is due to a
localized beam of suprathermal electrons or ions spiraling in an interplanetary magnetic flux
tube. High intensity electrons spikes or protons bursts events sporadically detected in the

interplanetary medium can produce such an excess kinetic pressure in an otherwise uniform



solar wind plasma. Correlative studies wgﬁld however be necessary to verify if some of the

observed magnetic holes can be associated with these suprathermal particle beams.

The electricdfield Ez in Figure 1 preserves local quasi-neutrality in the plasma. Its value
is largest where 157! is largest. This can be understood heuristically as follows. The electron
velocity distribution is assumed to be isotropic, due to the small mass of electrons. This
implies that the bulk velocity of the electrons is zero and that their pressure tensor is

isotropic with p, = NkT, . The momentum equation for the electrons is therefore given by

dkT,
dz

dp,
— = -Nl|elE, = kT
dz z

e

ﬁ+N
dz

' ~ which shows that the charge separation electric field is indeed proportional to id 4n N/dz|

when dT, /dz =~ 0; this is the case for the solution in Figure 1. If the temperature changed
and N were everywhere constant, the same argument would apply and the |E| needed to
maintain equilibrium in this case would be greatest where |d_z| was greatest. In general both
N(z) and T(z) can vary and they need not be in phase; in this case E (z) could be compli-
cated, but the physical processes would be basically the same as in the simpler cases just

described.

The first inflection point in N(z) in Figure >l is indicated by a dashed line; note the
small accumulation of positive charge at approximately R , to the right of this point and
the small accumulation of negative charge at ~ R | to the left of this point. Since B, > B,,
R, <Ry,

the peak of positive excess charge. This accounts for the asymmetry in the E,(2) profile in

and the peak of negative excess charge is closer to the inflection point of N than

Figure 1.

A charge separation An/n is required to support E. Poisson’s equation gives
2 . . .
le] An = %;‘ or An « - d’N indicating that there will be an accumulation of negative charge
2 -

z , . . . . .
in the region where E_ is decreasing most rapidly (i.e., where the dN/dz is increasing with z)
" and an accumulation of positive charge where E, is increasing most rapidly (i.e., where
dN/dz is decreasing with z). Such electrostatic double layers generally appear at the surface

of a magnetic hole having an excess kinetic plasma pressure. The excess of positive charges



at the edges of a dense plasma region results from the larger gyroradius of the ions compared
to the gyroradius of the electrons.’ Indeed, the positive charges are deflected at a larger
distance from the interior of the density (or pressure) enhancement than the lighter negative
charges. On the contrary an excess of negative charges is expected to accumulate at the edge
of a plasma depression. Indeed, because of their small mass-to-charge ratio, the electrons
tend to be reflected before the ions. This builds up a negative surface charge on the low

density side and a positive charge accumulation toward the high density-side (see Figure 2a).

Willis (1971, 1975) has discussed the charge separation electric field in a Ferraro-type
magnetopause boundary layer, assuming that there is no plasma in the magnetosphere (i.e.,
on the low density side). In this extreme case when the density is strictly equal to zero
outside the plasma region, only the positive charge accumulation is present at the edge of
the enhancement (see Figure 2b). This “single-layer’” structure is also described by the
kinetic theory of Lemaire and Burlaga (1976) when the plasma density is forced to become

equal to zero at z = + oo,

III. HOLES WITH A REVERSAL IN FIELD DIRECTION WITHOUT ROTATION (Aw =
180°)

Let us again consider the case where B = B(2) Q, but now we Aallow B(z) to vary
monotonically from B, > 0 to B, < 0. Clearly, B(z) must go through zero at some point in
the magnetic hole in this case. Note that neutral sheets” or “null-sheets” ideally cor-
respond to this special case of magnetic field reversal without rotation. As before, let us take
B, =5v,B,=-5y,N,=N_= S5/cm® and T, = T, = constant = 7.5 x 10°°K on each side

of the current sheet.

Figure 3 shows one possible solution of Vliasov’s equation and Maxwell’s equations for
the case considered. One sees that there is a single current peak, which is maximum in the
center of the diamagnetic current layer, where |Bf = 0. The density rises to a maximum at

the center of the hole, as required by the pressure balance condition for equilibrium. The
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charge separation electric field is maximum in each of the two regions where N changes
most rapidly, as required to maintain approximate local quasi-neutrality'of the plasma. Each
electric field region is maintained by a concentration of positive charge on one side of the
maximum of |E| and a concentration of negative charge on the other side; note that the
negative charge concentrations overlap. Although the appearance of the magnetic hole in
this case is rather different from that in Section II, the basic physical processes are the same

in both cases.

Figure 4 shows another solution of the Vlasov-Maxwell equations, again. for
B=B (2) )’2 and for the same boundary conditions that were used in the preceding example.
Although Figures 3 and 4 are solutions for the same boundary value problem, the solution
in Figure 4 is rather different from that in Figure 3. This illustrates the Well-knowp point
that boundary conditions do not specify a unique solution ?o the Vlasov-Maxwell equations.
The principal difference in this case is that Figure 4 shows a double layer current distri-
bution while Figure 3 shows a single peaked current distribution. The current distribution in
Figure 4 resembles that in Figure 1 in being double-peaked, and it resembles that in Figure 3

in having a non-zero current where B is a minimum.

IV. MAGNETIC HOLES WITH A ROTATION OF B

Consider the case in which B rotates 180° from one side of a magnetic hole to the
other, and consider the same boundary conditions that were used in our previous examples.
A solution of the Vlasov-Maxwell equations obtained by our numerical program is shown in
Figure 5. The magnetic field intensity profile in this case differs qualitatively_from'those
considered above in that there is now a secondary maximum in B where in previous
examples B was a minimum. The reason for the secondary maximum is basically geometri-
cal, as can be seen by considering the rotation of B in the current sheet (see the insert in
Figure 5). When B rotates in a plane, the current has a component parallel to the local

A
magnetic field direction as well as a component perpendicular to B :

-11-
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de dBy A dB dw -

P i S Qi UV
Hox = Y dz dz (2x3B) dz ~ dz
where B, = Bsin w and By = B cos w. Therefore if the magnetic field rotates without

changing intensity (i.e., dB/dz = 0) the diamagnetic current J is field aligned and propor-
tional to the rate of rotation dw/dz. In Figure 5, the peaks in J occur near the points where
the direction, w, changes most rapidly (and where a7 happens to be zero, as can be seen in
the insert in Figure 5). J is also non-zero at the secondary maximum of B even though

dB d
— = 0 there, because the direction of E is changing (d_;_‘) # () at that point.

dz

The density profile in Figure 5 is anticorrelated with B(z) as required by the constant
pressure condition. The electric field is again extremal at the extrema of dN/dz for the same
reasons given earlier. The charge separation profile shows a positive and negative peak beside
each extremum of E_, as required to maintain E,, and the charge peaks are separated from

the peaksin E, by = 1 R, .

V. ANTI.HOLES

Figure 6 shows a solution of the Vlasov-Maxwell’s equations for a linear anti-hole” for
the same boundary conditions that we have used in previous examples.By definition, B is
enhanced in some region with dimensions on the order of several ion Larmor radii or more.Since
B=B ’z\, I;ll is maximum where 3—2 is extremum. We have assumed T = constant, so N is
anticorrelated with B as required by the pressure balance condition. E_ is again éxtremum
where g—fis extremum, and each peak in E is maintained by a charge separation over a
distance ~ few R . Thus, this type of anti-hole is physically equivalent to the type of

magnetic hole described in Figure 1.
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IV. CONCLUSIONS

Magnetic holes are considered here as kinetic scale plasma inhomogeneities convected
with the solar speed. There localized density and/or temperature enhancements are assumed
to be sheet-like structures which are stationary in the solar wind flow. The plasma in the
magnetic hole is separated from the background solar wind by sheaths whose thickness is
only a few proton gyroradii. Diamagnetic currents flow in these sheaths. In the kinetic '
model presented here to describe the structure of these sheaths, we have assumed that the
radius of curvature of the surface is much larger than the thickness of the current sheath
itself. Neglecting Coulomb collisions and other irreversible processes we have found, by
using the models of Lemaire and Burlaga (1976), a variety of magnetic field structures
similar to those observed in solar wind magnetic holes and anti-holes. Even null-sheets, in
which the magnetic field reverses with IEI going strictly through zero, can be modeled by

the theory presented above (e.g., case III).

There is a number of other factors that might be considered in constructing more
refined models of magnetic holes. Coulomb collisions although infrequent would tend to
broaden the holes. In some cases the ion drift speed might exceed the Alfvén speed and
cause local instabilities. Variations in both ion density and temperature should be con-
sidered. The effects of alpha particle drifts and curvature of the current sheet might also be
signiﬁdant in some cases. These factors are essentially complications, however, the aim of
this paper has beén to explain the basic mechanisms responsible for magnetic holes. It will
be appreciated to consider the other factors when high resolution plasma observations are

available which give n(z), T(z), etc., in the magnetic holes.
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