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Magnetic holes in the interplanetary medium are explained as stationary nonpropagating equilibrium 
structures in which there are field-aligned enhancements of the plasma density and/or temperature. 
Magnetic antiholes are considered to be associated with depressions 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. 

1. INTRODUCTION 

In an analysis of high-resolution (12.5 samples/s) magnetic 
field measurements obtained by Explorer 43 in the period 
March 18 to April 9, 1971, Turneret al. [1977] found that most 
low-field intensity regions (B < 1 3*) were isolated and very 
thin (• 104 km, or • 100 RL, where RL is the proton Larmor 
radius). They called these regions magnetic holes. Observa- 
tions of such structures with two spacecraft [Fitzenreiter and 
Burlaga, 1978] show that the extent of magnetic holes is more 
than • 105 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 [1978]: (1) 
holes with no change in the magnetic field direction across the 
current sheet, (2) holes with a reversal in magnetic field direc- 
tion 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 ('antiholes'). The purpose of this 
paper is to apply the theory presented previously by Lemaire 
and Burlaga [1976] to explain antiholes and the three types of 
magnetic holes. 

For the calculations we make the following assumptions: 
1. Magnetic holes are stationary inhomogeneities con- 

vected with the solar wind speed. 
2. They are bounded by thin current sheaths, and the 

radius of curvature of these sheaths is very large in comparison 
with the thickness. As a consequence, we consider the geome- 
try of the sheath to be planar, with a normal in the œ direction. 

3. The physical variables are functions only of z. 
4. The magnetic field B(z) is normal to the œ direction as 

for tangential discontinuities. 
5. In the frame of reference moving with the magnetic hole 

there is an electric field E(z) along œ; i.e., Ex = 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. Multiionic plasmas have been considered but will 
not be discussed in this paper. 

7. The plasma is collisionless. 
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8. The diamagnetic currents are carried only by the pro- 
tons (the electron velocity distribution is assumed to be iso- 
tropic). 

9. The plasma is in thermal equilibrium on both sides of 
the current sheath, and the bulk velocities at z = + oo are both 
equal to zero in a 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 mag- 
netic holes, using the method described by Lemaire and Bur- 
laga [1976]. In all of the examples discussed below we assume 
that the ambient magnetic intensity and particle density on 
each side of the current sheath are 5 3* (nT) and 5 protons or 
electrons per cubic centimeter, 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 = + oo: Te = Tt = 7.5 X 
104 K. Calculations with Te • Tt and with different temper- 
atures 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 princi- 
pal 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. 

2. MAGNETIC HOLES WITH NO CHANGE IN •: 
Aco= 0 

Let us consider magnetic holes in which the direction of 
magnetic field remains along .•: B = B(z)•. In particular, 
consider the case where B = 1 3' (nT) in the middle of the hole, 
together with the other boundary conditions discussed in sec- 
tion 1. A self-consistent solution of Vlasov's equation and 
Maxwell's equations, obtained by the method of Letnaire and 
Budaga [1976], is shown in Figure 1. 

The current in Figure 1 reaches a maximum at the two 
points where ]dB/dz] is largest. This follows directly from 

dBx dB 
#øJ= VxB=•-•z =• dz 

Note that J flows normal to B and œ in this current sheet. In the 

middle of the magnetic hole, I JI is zero because dBx/dz goes to 
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Fig. 1. Modcl of an isothcrmal magnctic holc in which I BI dc- 
crcascs to 1 • without changing direction and thcn incrcascs symmctri- 
tally to its initial 

zero there as Jy changes from negative values to positive 
values. 

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

Wl dB 
JD-- 

B • dz 

(where Wl = •; lmv• • = Nk(T• + Te•), which results from the 
gradient drift of protons in the inhomogeneous field, and the 
magnetization current 

J•u = • ( W.L 
(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 #o(Jo + JM) = V x B gives 

B •. 
+ Nk(T•l + T,•) = const (1) 2Uo 

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 enhancement 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 electron spikes or proton burst events sporadically 
detected in the interplanetary medium can produce such an 
excess kinetic pressure in an otherwise uniform solar wind 
plasma. Correlative studies would however be necessary to 
verify if some of the observed magnetic holes can be associated 
with these suprathermal particle beams. 

The electric field Ez in Figure 1 preserves local quasi-neu- 
trality in the plasma. Its value is largest where I dN/dzl is 
largest. This can be understood heuristically as follows. The 
electron velocity distribution is assumed to be isotropic. This 
implies that the bulk velocity of the electrons is zero and that 
their pressure tensor is isotropic with Pe = NkTe. The momen- 
tum equation for the electrons is therefore givefi by 

_ dN dkTe die _ -NlelEz = kTe • + m dz dz 

which shows that the charge separation electric field is indeed 
proportional to I d In N/dz I when dTe/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 IEI needed to maintain equilibrium in this case would 
be greatest where I dr/dzl 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 complicated, but the physical processes would 
be basically the same as those in the simpler cases just de- 
scribed. 

The first inflection point in N(z) in Figure 1 is indicated by a 
dashed line; note the small accumulation of positive charge at 
a distance of approximately RL•. (the proton Larmor radius on 
side 2) to the right of this point and the small accumulation of 
negative charge at •RL• to the left of this point. Since B• > B•., 
R• < R•, and the peak of negative excess charge is closer to 
the inflection point of N than the peak $f positive excess 
charge. This accounts for the asymmetry in the E•(z) profile in 
Figure 1. 

A charge separation An/N is required to support E. Pois- 
son's equation gives l elan - dE•/dz or An or -•N/dz •., 
indicating that there will be an accumulation of negative 
charge 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 Ez 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 with the gyroradius of the 
electrons. Indeed, the positive charges are deflected at a larger 
distance from the interior of the density (or pressure) enhance- 
ment 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 elec- 
tric field in a Ferraro-type magnetopause boundary layer, 

(b) 

Fig. 2. An illustration of the charge accumulation which produces 
an electric field in a magnetic hole and which determines the thickness 
of a magnetic hole. (a) A low density on one side and a high density on 
the other side of a sheath. (b) Zero density on one side of the sheath. 



BURLAGA AND LEMAIRE' INTERPLANETARY MAGNETIC HOLES 5159 

72 

lO 

N(crn -3) 

/x•: 180 ø 

T, :Te:7 5 x 104 o K 

I I 

••-o 

-•-•-- • +33 

(10-9 AMP/m2) 

-2 0 2 

Z(237km) 

Fig. 3. Mode of an isothermal magnetic hole in which the direction 
of B reverses without a rotation of B. 

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 = +•o. 

3. HOLES WITH A REVERSAL IN FIELD DIRECTION 
WITHOUT ROTATION: Aco = 180 ø 

Let us again consider the case where B = B(z)•', but now we 
allow 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 correspond to this special case of magnetic field 
reversal without rotation. As before, let us take B• = 5 3', B, = 
--5 'y, Ne = N o = 5/cm a, and Tt = Te = const = 7.5 X 104 K 
on each side of the current sheet. 

Figure 3 shows one possible solution of Vlasov'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 = 0. The density 
rises to a maximum at the center of the hole, as required by the 
pressure balance condition for equilibrium. The charge separa- 
tion 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 I EI and a concentration of negative charge 
on the other side; note that the positive charge concentrations 
overlap. Although the appearance of the magnetic hole in this 
case is rather different from that in section 2, the basic physical 
processes are the same in both cases. 

Figure 4 shows another solution of the Vlasov-Maxwell 
equations, again for B = B(z)•' 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 

A• = 180 ø 
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Fig. 4. Another isothermal magnetic hole in which the direction of 
B reverses without a rotation of/•. Although the boundary conditions 
are the same as those for the hole in Figure 3, the structures of the two 
holes are very different, illustrating the nonuniqueness of solutions of 
Vlasov's equation. 

in Figure 3. This illustrates the well-known point that bound- 
ary conditions do not specify a unique solution to the Vlasov- 
Maxwell equations. The principal difference in this case is that 
Figure 4 shows a double layer current distribution, while Fig- 
ure 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 
nonzero current where B is a minimum. 

4. MAGNETIC HOLES WITH A ROTATION OF ]] 

Consider the case in which B rotates 180 ø 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 
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Fig. 5. Model of an isothermal magnetic hole in which the direc- 
tion of B changes by a rotation of/• through 180 ø. In this case there is 
a component of current along B due to the rotation as well as a 
component of current normal to B due to the gradients. 
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Fig. 6. Model of an isothermal antihole. Compare with the hole in 
Figure 1. 

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 geometrical, 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 magnetic field direction as well 
as a component perpendicular to iff: 

dB•, dBy dB dco 
'uøJ='•-•-7-•-'•-z =(œX/J)'•z +B dz 

where Bx = B sin co and By = B cos co. Therefore if the 
magnetic field rotates without changing intensity (i.e., dB/dz = 
0), the diamagnetic current J is field aligned and proportional 
to the rate of rotation dco/dz. In Figure 5 the peaks in J occur 
near the points where the direction co changes most rapidly 
(and where dB/dz happens to be zero, as can be seen in the 
insert in Figure 5). o r is also nonzero at the secondary maxi- 
mum of B even though dB/dz = 0 there because the direction 
of B is changing (dco/dz :• 0) at that point. 

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 Ez, as required to 
maintain Ez, and the charge peaks are separated from the 
peaks in E, by • 1 R L. 

5. ANTIHOLES 

Figure 6 shows a solution of the ViaNov-Maxwell equations 
for a linear 'antihole' for the same boundary conditions that 
we have used in previous examples. By definition, B is en- 
hanced in some region with dimensions of the order of several 
ion Larmor radii or more. Since B = Bœ, I JI is maximum 

where dB/dz is extremum. We have assumed T = const, so N is 
anticorrelated with B as required by the pressure balance 
condition. E, is again extremum where dN/dz is extremum, 
and each peak in E is maintained by a charge separation over a 
distance of a few Larmor radii. Thus this type of antihole is 
physically equivalent to the type of magnetic hole described in 
Figure 1. 

6. CONCLUSIONS 

Magnetic holes are considered here as kinetic scale plasma 
inhomogeneities convected with the solar wind speed. These 
localized density and/or temperature enhancements are as- 
sumed to be sheetlike 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 thicknesses 
are 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 mod- 
els of Lemaire and Burlaga [1976], a variety of magnetic field 
structures similar to those observed in solar wind magnetic 
holes and antiholes. Even null sheets, in which the magnetic 
field reverses with I BI going strictly through zero, can be 
modeled by the theory presented above (e.g., case 3). 

There are a number of other factors that might be consid- 
ered 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 Alfv6n speed and cause local instabilities. Varia- 
tions in both ion density and temperature should be consid- 
ered. The effects of alpha particle drifts and curvature of the 
current sheet might also be significant in some cases. These 
factors are essentially complications, however. The aim of this 
paper has been to explain the basic mechanisms responsible 
for magnetic holes. It will be appropriate to consider the other 
factors when high-resolution plasma observations are avail- 
able which give n(z), T(z), etc., in the magnetic holes. 
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