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ABSTRACT

Current density profiles in several types of interplanetary magnetic
holes have been calculated using high-resolution IMP-6 magnetic field
data (12.5 vector measurements/s), assuming that the currents flow in
planar sheets and that the magnetic field varies only in the direction
normal to the sheet. The planarity was verified in four holes which
were observed by two suitably spaced spacecraft. The structure of the
current sheets ranges from very simple in some holes to very complex in
others. Four types of simple magnetic holes are discussed, in whichk B
varies nearly monotonically on each side of the hole. In two of the
holes, B varies in intensity but not in direction as a result of currents
normal to B. 1In the other two holes, E'Chungcs in both magnitude and
direction as a result of currents both normal and parallel to B. The
observed structures are found to be qualitatively consistent with the
models of Burlaga and Lemaire, which are based on self-consistent solutions
of Vlasov's equation and Maxwell's equations. Examples of complex,
irregular magnetic holes are also presented, and they are shown to contain
multiple, current sheets in which currents flow parallel to one another
at various angles with respect to B. There is no model of such magnetic

holes at present.



1. INTRODUCTION

Magnetic holes in the solar wind (Turner et al., 1977) are thin
(~ 104km), isolated regions of low magnetic field intensity (IEI < 1 %)
imbedded in a background of uniform field with nearly average magnetic
field intensity. The direction of the magnetic field may change abruptly
by a large amount across a hole, it may vary irregularly, or there may be
no change in direction. Solar wind observations at 1 AU have shown that
magnetic holes occurred at the rate of about 1.5 per day in the interval
March 18 - April 6, 1971, and existed in several different states of the
solar wind, i.e., in regions that were characterized by streams, shocks,
or waves (Turner et al., 1977). Magnetic holes appear to be discrete
solar wind structures with their own physical processes. Holes are a class
of current sheets. Because the thickness of holes is on the order of 10 RL
to ~ 100 RL’ where RL is the proton Larmor radius, they are 'kinetic-scale'
phenomena according to the scale classification scheme of Burlaga (1969).
Models of several types of magnetic hole current sheets have been presented
by Burlaga and Lemaire (1978) based on a kinetic theory of sheaths
(Lemaire and Burlaga, 1976). 1In this theory, magnetic holes are a
diamagnetic response of the plasma to a local enhancement in the kinetic
pressure. The current is due to the magnetization and gradient drift
velocities of protons, and it is assumed to flow in a plane sheet. The
sheet is assumed to be an equilibrium structure at rest in the moving
reference frame of the solar wind. The magnetic field and plasma pressure
are assumed to be uniform along the sheet, i.e., all spatial variations

are in the normal direction.
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The purpose of this paper is to examine the structure of the current
sheets in interplanetary magnetic holes. 1In Section 2 we use observations
from the two spacecraft to show that the current sheets which we could
examine in this way were approximately planar over a distance of ~ 30 times
their thickness. In Section 3 we show how, for planar current sheets, the
currents can be calculated from measurements of B (t) at one spacecraft
when the solar wind velocity is known. We use this method to examine the
structure of current sheets in several types of magnetic holes. The
structure of magnetic holes ranges from very simple to very complex. We
present examples of four types of simple holes in Section 4, and we compare
the results with models of Burlaga and Lemaire (1978). Examples of complex

holes are presented in Section 5.



2. PLANARITY OF CURRENT SHEETS IN MAGNETIC HOLES

A basic assumption in the diamagnetic theory of current sheets
(Lemaire and Burlaga, 1976; Burlaga and Lemaire, 1978) is that the
curvature of the sheet is small compared with the thickness. This is
also crucial in determining currents from observations by one spacecraft,
for one can compute Vv x B from magnetic field observations at one space-
craft if and only if the current sheet is planar. One can test for
planarity if the current sheet is observed by two suitably placed space-

A
craft. The method which we use is to compare the normal, z, determined

.

from the internal structure of the current sheet observed by one space-

A
craft with the normal n determined from the time interval during which

the current sheet would pass from one spacecraft to another if it were
A

planar. The local normal, z, was obtained from high-resolution magnetic
field measurements in the current sheet using the method of Sonnerup (1971),
which determines by least squares the direction of a plane about which
the scatter of the individual magnetic field vectors is a minimum across

A
the hole. The normal n was independently computed from the time delay
between two spacecraft using the method of Denskat and Burlaga (1977).
Figure 1 shows the current sheet as a plane which moves at the solar wind
velocity, V, assumed to be radial and constant. The magnetic field is
B1 on one side of the current sheet and B, on the other side. The current

sheet is observed by one spacecraft at time t and by another spacecraft
) -

at a time t, + T. 1t is assumed that the spacecraft are separated by a
U
distance |L| which is large compared to the thickness of the current

sheet. Denskat and Burlaga (1977 showed that if the current sheet is a

plane, then the normal to the plane is given by

P



(8, - B) xL

N (S N} =

A
where I = r - r - x Vt is the vector line segment between the points in

~a ~b

the plane measured by the two spacecraft. Equation 1 satisfies the

A
peometrical condition n +'L = 0, and the additional physical condition
"
(B, - B,)+ n = 0 obtained from v-B = 0. Thus, the orientation

of the assumed plane is completely determined, provided (B, - Bl)fﬁ.b'
A A g
[f the planarity assumption is valid, then n and z should lie along the
same direction; if there is significant curvature in the current sheet,
A A
then n and z should be diffcrent.
The magnetic field data from IMP-6 and IMP-5 were examined for
magnetic holes observed by both spacecraft during the period March 16 to
July 1, 1971. Because of the lower resolution of the IMP-5 experiment
(one measurement each 2.56 sec), holes are not as easily detected in the
IMP-5 data as in IMP-6 data. For this reason, holes were first identified
in the IMP-6 data and then looked for in 20 sec averaged IMP-5 data.
For the first 25 days of the selected observing period, we started with
the holes identified by Turner et al. (1977) in the 1.28 sec IMP-6 data,
and we found no holes for which interplanetary data were available at IMP-5, since
IMP-5 was in the magnetosphere most of the time. For the remaining 80 days,

we began with the 15 sec averaged IMP-6 data. The criteria for selecting

holes observed by both spacecraft were: 1) B

p < 1 y at IMP-6 and an
min

indication of an intensity depression in the lower resolution data of
IMP-5; 2) identification of the same discontinuity in direction of the
magnetic field in the two data sets. Using the discontinuity in direction
as the primary basis for correlation, the time lag, T, was measured to

5
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the nearest minute of time. Since holes are discrete, usually isolated
phenomena, visually correlating holes in the two data sets should be
valid, even though somewhat subjective.

A total of 11 holes were found that could be clearly identified
in both data sets. In every case where simultaneous, non-magnetospheric
data were available, holes seen at IMP-6 were also seen at IMP-5. For
seven of the holes, IMP-5 was close to or within the magnetosheath and
the background magnetic field was elevated in intensity and fluctuating.
The remaining holes (cases in which the background field was most
characteristic of the interplanetary field) are listed in Table T along
with the results of the analysis. In each case, the current sheet normal,

P
z, obtained by the minimum variance analysis at IMP-6, was compared with

Py A A
the sheet normal n from equation 1. The angle between z and n show that
differences in the normal directions are of the order of the uncertainties
in the analysis. These uncertainties are based on error estimates in the

A a A
determination of z and n. In two cases,(z the sheet normal at IMP-5 was

A
determined by the minimum variance analysis and compared with z at IMP-6. The
results show that the sheet normals at the two locations are parallel within
an uncertainty which is consistent with the assumption of planarity over

this distance.

The thickness of the current sheet, {, is obtained from

> 5l T (2)

i
<
)
C
«w

where T is the width in seconds of time, V is the solar wind speed and

o is the angle between V (assumed to be radial) and the current sheet

o
normal. The longitude and latitude of the normal z are given in solar

ecliptic coordinates. The thickness of the current sheets and the

O



separation between observing locations in the sheet, L, are compared in
Table I. It can be seen that the minimum length to thickness ratio

(L/) .. 1is ~ 20.
min
AoA, A
The uncertainties in the comparison of z, z, and n given in Table I

are based on a combination of the errors in determining each normal

direction. In each case, the rotation angle, w, of the magnetic field
g (Y) ' . .

vector across the sheet is > 90 , and the ratio of the intermediate to

~
minimum eigenvalues, 4;,)/.\3 is > 3. Based on a numerical error analysis

of the minimum variance method by Lepping and Behannon (1978), these are

ranges of w and A,/\

3 for which the plane of the current sheet should be well

defined. The quantitative estimate of the error, ¢, in the normal direction

used here is sin ¢ ~ (HBZ) /B = where (HBZ) is the rms
rms mean rms

fluctuation in the normal field component and Bmean is the mean field

. : : " 20 0

intensity across the sheet. The errors in z and z range from 3 to 10 for

A
the holes in Table I. The error in n ranges from 5 to 11° due to the

0.5 minute uncertainty in determining the lag time.
The effect of the small curvature in the current sheet corresponding

to the uncertainties in the sheet normals can be estimated as follows.

- . . 1d d

The current flow vmen the sheet is planar is |J l G- —E, where P
plane B dz dz

is the kinetic pressure gradient in the sheath. The contribution to the

current flow due to possible curvature of the field lines is lJ urvl
-

“ 3 P/R where p is the kinetic pressure and R is the radius of curvature.
d£

P -
In magnetic holes, dz ~ /L, where + is the sheath thickness, and there-

| ~ 5 . 1If the angle of curvature is U over the distance

foxe |J R

/J
curv  plane

¥ 6. For L/y = 20 and

=g
. along the sheet, then R L and lqurv/Jplanel e

PRS2

v =20 = 0.35 radian (which is an upper limit to the uncertainty in the
7 ORIGINAL PAGE 1o
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planarity determination), IJ = 0.02, and the curvature drift

/3 |
curv “plane
current is negligible. Therefore, the results show that these current
sheets are thin, with L/ > 20, and have no significant curvature over

{4
the distance L ~ 2 X 105 km ~ 30 RE (RE = radius of the earth).

B



3. COMPUTATION OF CURRENTS IN CURRENT SHEETS

For the calculations of the current, we assumed that it flows in a
uniform, planar sheet, i.e., that th2 field components vary only in the
normal direction across the sheet. The sheet normal was determined by
the method of minimum variance discussed in Section 2. The accuracy of
the normal is related to the ratio of the intermediate to minimum eigen-
value AZ/AB, as discussed above. The measured field components are

transformed to the coordinate system in which the z-axis is along the

normal to the sheet and the x-y plane lies in the sheet. In this orthogonal

coordinate system the components of Mo ’g =V x B are K, Jx = - dBy/dz,
Mo Jy = dBK/dz, and J2 = 0, where J is the current density, B is the magnetic field

and 4 is the permeability of free space. Since the hole is assumed to
(6]
be a static structure convected past the spacecraft at the solar wind

speed, the normal derivative, is related to observed time variations

Ey

by the component of the solar wind speed normal to the current sheet,

Vn = Vcos &, by the equations
= B 1 (3)
Mo “x Vn 8t "% y Vn dt

We have computed the derivatives using three consecutive points of the
appropriate field component measurements, smoothed by a one second running
average. The current densities will be plotted in units of the maximum

current density in the hole, Lglmax'

For later reference, we recall that the current in a current sheet

can be expressed in the form

o n
= dB  _ dw
Mo Mo J = (z x B) dz +3B dz ° (4)

where w(z) is the direction of'g_with respect to a line in the current
9
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sheet. This shows that'J flows normal to B when there is no change in

the direction of B, and J flows parallel to B when there is no change in

the intensity of B.

The quantities referred to above, Vi?i’ Kz/k3, 5, lilmax’ and w, as

well as the thickness of the hole, @é in units of the proton Larmor

H

radiés RL are giﬁen in Table 2 for each of the events discussed in the

following sections. We use RL = 147 km, corresponding to a mean field

in the hole of 2.5Y and a temperature of 7.5 x 10401(c

=

10




4. CURRENTS IN SIMPLE MAGNETIC HOLES

By simple magnetic holes (antiholes), we mean those in which B - ]B[
decreases (increases) monotonically from the ambient value outside the
hole to a minimum (maximum) at or near the center of the hole. We can
distinguish two classes of such holes: those in which B does not change
direction across the hole, and those in which'B does change direction
across the hole. In the former, J flows normal to B, while in the latter
there is a component of J parallel to B (see equation 4).

A

We orient the rectangular coordinate system such that x is in the

plane of the current sheet and along the direction in which the change in
A

B is greatest, and y forms a right-handed coordinate system. For holes
with no rotation of B, By = 0; for holes with rotation of' B, BV + 0. We

shall discuss four rases: a hole and an antihole with BV = 0, and two

holes with BV + 0.

a) B, =0, B_<0. Linear hole. An example of this type of

magnetic hole is given in Figure 2. The magnetic field vector is seen
to remain essentially along the negative x- direction as the field
magnitude passes through a minimum, Bmin < 1.0% and returns to its
original value of B ~ 5y. Since there is no change in direction in this
A
case (w is only 7 degrees), the minimum variance direction, z, cannot be
uniquely defined by measurements at just one location. However, the
plane (y-z) in which the vector field changes are a minimum is determined
A
knowing the direction of maximum variance, x. In this case ¢ is estimated
- G : 0 S e 2

using the relation § = 90 - cos =~ (x . V/V).

The components of the current density plotted in Figuie 2, J‘ and Jv’

were calculated from p vV % B as described in Section 2. The ordinate
~

T

11



of the current plots in this and subsequent plots is in relative units,
normalized to the magnitude of the peak current density for the hole
which is given in Table 2. The sensitivity of the current calculation

to small scale fluctuations in the field can be seen by the level of
fluctuations in Jy on either side of the hole relative to the current
inside the hole. Since the field variation is almost entirely in Bx’

the current is almost entirely in the Jv component and J is normal to B.
The maximum and minimum of .I\: in Figure 2 show that there are two adjacent

current layers with oppositelv flowing currents. Note that the magnitude

/9

)
of the current density, |Il = ~J + J\' , peaks at the point where the
~ X 4

»

magnitude of the field is changing most rapidly in the hole and is zero
at the center of the hole where the field change is zero, in agreement
with (4). Also, note that the current density profile is asymmetric with
respect to the peak, i.e., it rises sharply near the edge of the hole and
talls off more slowly toward the center of the hole.

Both the shape and thickness of the current density distributions
across the hole in Figure 2 are correctly predicted by the theory of
jurlaga and Lemaire (1978) for a model with similar boundary conditions.
The hole width, ¢, which is approximately twice the thickness of each

current sheet is ~ 26 R

l (Table 2). According to the theory, the current

is due to the magnetization and gradient drift velocities of protons, which
accounts for each sheet being several Larmor radii thick. The skewness of
the current profile i=s explained by the fact that the Larmor radius inside the

hole is greater than outside (R] inside > RI outside), giving a broader

4

current layer towards the center of the hole. ORIGINAL PAGHE IS
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b) Bv = 0, B‘ > 0. Linear antihole. As defined by Turner et al.

(1977), an antihole differs from a hole in that B increases in an anti-
hole whereas it decreases in a hole. Figure 3 shows an antihole in which
B changes nearly along a line. The Jv current profile for the antihole
in Figure 3 closely resembles that for the hole in Figure 2. 1In both

o
cases, there is a current flowing in the -y direction on one side of the

"

hole and a symmetrical current flowing in the +y direction on the other

o
side of the hole. However, note that B is along +x in the antihole and

along —: in the hole. Thus, J x B points toward the center of the hole
but away from the center of the antihole. This is required for equilibrium,
because in a magnetic hole there is an enhancement in the plasma pressure,
whereas in an antihole there is a depression in the plasma pressure. The
basic features of the antihole described above are reproduced in the model
of the antihole in Burlaga and Lemaire (1978).

Figure 3 differs from Figure 2 and from the antihole model of
Burlaga and Lemaire in that there is a small but significant change in

n

By and a corresponding component of current in the x direction, Jx, in
one half of the antihole. There is thus a component of ] along B in that
sheath. From the bottom panel in Figure 3 it can be seen that |J . Elmax
~ 0.5 in the current sheet on the right side of the antihole. Equation 4
indicates that there is consequently a small rotation of B in this part
of the antihole. This sheath is thus an example of a current sheet in which
the change in B is intermediate between that in the example of Figure 2

(no rotation) and that in the case to be considered next, in which there

is a large rotation of B.

13



¢) B\ F 0, B changes sipgn.  Figure 4 {llustrates this case in
, x ! !

o b i e e e e

which B changes direction by rotating across the magnetic hole. (Note
Tad

that B > 1y, so it does not satisfy the criterion used by Turner ot al,

min
(1977 Lr,)’ select holes; nevertheless, it is the same phenomenon.)
At the right ot the figure is a plot of the tip of the magnetic tield
vector as it rotates in the (x-v) planc of the current shoeet across the
holes.  The points labeled 1, 2, and 3 correspond to the vdges and
center of the hote.  Since the plotted points are cqually spaced in Uime
(80 msec), the spacing of paints indicates how rvapidly B is changing

through the sheet; the wider the spaciong, the more rapid the rotation of

B. Tt can be scen that the current density peaks at point 2 where the

chanpe in direction is groatest, Since the variations in B are much
v
A}
smaller than those in B, JJ | <~ |J |, and ]~ T v as in the cases
.\\" x ‘\' ~—~— .\’

discussed above.  In this case, howvever, J does not flow normal to B since

B\r PO (. B~ H\ i 0): there ts ovorvwhere a component ol 0 along B,
— —— v T - S RPN

R - B M
AL the center aof the hole, where B = 0 and B|= B ; 0, J x B = -1 B_v
X ~ v ~ = vooUX

Thus, J is parvalltel to B at the center of this hole and this current

praoduces the rotation in B with no change in lBl , In accordance with

-

(4). This case is in contrast to the linear hole in Figure 2, whore

“
there is a double current sheot with oppositely I'lowing curvents that
produce a change in lHl with no change o direction.  In the case in

Figure 4, there is just one currvent sheet with maximum current at the

'Y

point where B, changes sig
< .

d) B,» Bovary. ln this tast example of o stmple hole, wo discuss

i o i

; 5 . ) RN I ; ,'
a wmagnetic hole across which B rotates through « = 115 (Table ) as a

Q0.



result of changes in both Bw and By. The magnetic field observations and

the calculated currents are shown in Figure 5. In this case, there are

two minima in the magnetic field intensity and two overlapping current

sheets. The two maxima in lJloccur where the change in direction of the

field vector is

B\c in Figure 5,
H

respect to B is

plot shows that

greatest. This can%be seen from the plot of By Versus
where the greatest change occurs at points 2 and 4.

The direction of the current with
s o ) o
given by J . B in the bottom panel of Figure 5. The

A # i ‘
J s+ B =1 at the two minima and the central maximum of

]B] in the middle of the hole indicating that the current is flowing along

A A
B at these points. At all other points within the hole, lJ . B[ <1

~

which means there is a component of J L B, which is necessary to support
~ ~

the gradients in }B].



5. COMPLEX MAGNETIC HOLES

Case a. Tigure 6 shows a magnetic hole in which B reverses
direction by shrinking along a line to nearly zero intensity <Bﬁin = 0.12yj
and then increasing in the opposite direction along that line. This is
more complex than thé holes discussed above, in that it is asymmetrical
and it has three different current sheets (labeled a, b, and ¢ in the
bottom panel of Figure'6).

Thg two‘oqter curfents, a and ¢, flow normal to‘§: Their difference
in magnitude 1is félated to the different gradients in IEJ on the t&d sides
of the hole, the larger current corresponding to the steeper gradient in
IEJ in accordance with‘(4). These outer currents flow in the same direction,
in contrast to the linear hole iﬂ Figure 2 where the currents flow in
opposite dir?ctions. The difference is due. to the fact that Bx changes
sign‘acroés Ehe hole in Figure 6, but not in Figure 2. The g_%’g'forces,
therefore, are oppositely directed on either side of the hole in each
case, as required for equilibrium.

The central current, b, is due to two components of J, one (J ) normal
~ y

to the average B direction, and the other (Jk) parallel to'B. ~J_X is
associated with a rotation in'B and is related to a small local deviation
0 A .

of B from the x direction; i.e., it is due to the fact that the variation

of B is not exactly along a line. Smaller fluctuations in JX and J_ are
LA A Y

associated with other small deviations of B from x.

Case b. Figure 7 shows a very broad hole in which there are irregular
fluctuations in the magnitude ani direction of B. The IQJ profile shows

that there are several current sheets in the hole, and the fact that Bz

is close to zero throughout the hole indicates that these current sheets

O
e o
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e e

are nearly parallel to one another. The hole is bounded by two current
sheets with relatively large current densities. 1In one of these sheets
(on the right-hand side of the figure), the current flows normal to B,
while in the other there is a component of J along B as well as normal to
B. The other cqrrént sheets are associated with irregular fluctuations
in the diréction and magnitude of B. Note that in one part of the hole
lEJ = 0 for a few seconds and [QJ is zero there. It is conceivable that
one could model complex magnetic holes such as this by modeling each of
the current sheéts separately using the stationary equilibrium theory of
Burlaga and Lemaire (1978f and setting them side by side. However, it is
also possible that such céﬁplex magnetic holes are not in equilibrium and
are not stationary. Observations by at least two spacecraft are needed
in order~to distinguish these two alternatives.

Case c. We conclude by discussing a rare structure which is
suggestive of an unstable hole. The unique feature of this "hole'", shown
in Figure 8, is the presence of nearly periodic oscillations in lEJ. The
amplitude of tﬂe oscillations is largest near the center of the hole, whare
the direction 6f B changes ﬁost rapidly, and it decreases to zero with
increasing distance from the center of the hole. Calculating J as we did
for the other events discussed in this papef,iwe find one large peak in
lgj, associated with the large change in the direction of B at the center
of the hole, and several secondaty\peaks,on eéch side. The primary maximum in

igJ is probably significant, since Bz = 0 in that current sheet. The secondary

maxima, however, do not necessdrily represent secondary current sheets,
since the assumption of planarity is not satisfied across this "hole",

as indicated by the fluctuations in Bz' The oscillations in [El suggest
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the presence of an instability associated with the central current
sheet. This could be driven by changes in conditions across the current
sheet (e.g., by a velocity shear) or by currents in the current sheet

itself. There are no plasma data with sufficient time resolution to

investigate these mechanisms quantitatively.
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6. SUMMARY
We have calculated the current density profiles in several types

of interplanetary magnetic holes assuming that the current flows in
i
planar sheets and that the variation in the field is normal to the sheet. The

validity of the planarity assumption and a lower limit on the extent of the

current sheet were determined in four holes observed simultaneoulsy by
two separated spacecraft. The distance L between the points on the

sheet sampled by each spacecraft was ~ 30 RE' We found the current sheets

>
o’
o

to be thin, with the minimum length to sheet thickness ratio L

f /3

§ Ingeach case, we found that the angle of curvature over the distance L was

i

= 20-150.

i o . . : .
less than 20  (the order of the uncertainty in the analysis); -and that

this amount of curvature would contribute negligibly to the drift currents

ingthe sheet. Thus, planarity was verified in these four current sheets,
the only events that could be observed in this way in the selected’data‘
interval.

Tﬁe internal structures of four types of simple current sheets were
presented, in which the magnetic field intensity varied nearly monotically
on each side of the hole. 1In two ééses (oﬁe was an antihole), the

magnetic field vector B varied along a line with no rotation and the current:

density:g was essentially perpendicular toxg. The current sheets were
double layered with obpositely flowing currents in each layer such that
the J x B forces balanced the pressure gradients on each side of the holef“
Two cases were presented in which there was a rotation in E as well as a

change in field intensity. In these cases there were two components of J,

one parallel to B which caused the rotation, and the other perpendicular
to B which supported the gradient in lgl The profiles of these simple

type current sheets were shown to be qualitatively consistent with the

P k ; : 19
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theoretical models of magnetic holes by Burlaga and Lemaire (1978).

The magnitude of the current density and the sheet thickness are also

. . . . -8
in quantitative agreement with the theory: ~ 10 amperes m

[glmax
and ¢ ~ several proton Larmor radii. Examples of current sheets were
also discussed which have a more complex internal structure, i.e.,
irregular variations in intensity and direction of‘E. Two of these holes
wére shown in which there were multiple current sheets with components
of J with parallel and perpendicular to E and which flowed in planes
parallei to one another.

A fundamental assumption in both the theory of holes and in the
in%erpretation of the observations in that these current sheets are
static structur&;cgnyected along with the solar wind. A final examp;é
was preseﬁted in which the plane of the current sheet was not well defined
across the hole and the variation in B was oscillatory, suggestive of an

instability in the sheet.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8
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FIGURE_CAPTIONS

Sketch illustrating the two spacecraft analysis technique

(after Denskat and Burlaga, 1977).

A linear hole in which Bv =0, Bx < 0 (no rotation) across
the hole. The current sheet is double layered with J in

opposite directions in each layer and perpendicular to B.

A linear "antihole" in which By ~ 0, Bx > 0.kt is physically

similar to the linear hole in Figure 2.

Current sheet in which there is a rotation, w = 94°
(B’v ~ constant 7 0, BX changes sign). There is a single
current density peak in which J is predominantly parallel
to B and a small component of i is perpendicular to

to A,

Current sheet in which B rotates, w = 116° (BV varies, Bx
changes sign). In this case there are two overlapping
current layers.

Complex hole in which there are three current layers parallel
to one another (B: = 0). This is an example in which ﬁ

changes along a line, shrinking to ~ 0 and reversing direction.
Complex hole consisting of multiple, parallel current sheets.

Structure resembling a hole but with oscillatory variations
in i&l suggestive of an instability. Note that Bz 7/ 0 across
the hole indicating that the current sheet may not be well
defined for this case.
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