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[11 Long-term-averaged three-dimensional data-based models were made of the —30 <x <
—10, |[y| <15, |z| <5 Rg plasma sheet region. The average magnetic moments () and
Chew-Goldberger-Low (CGL) double adiabatic parameters o, and oy were evaluated for
ions and electrons. It was shown that restricting the observations to those taken within
0.2 Rr of the B, = 0 point gave both a good determination of conditions at the neutral sheet
and enough data points for reliable averages. Large pitch angle anisotropies would
develop if the CGL parameters were constant along drift paths. In contrast, pitch angle
scattering was so rapid that the observed plasma remained almost isotropic and it was the
CGL parameters that varied markedly along the drift paths. Frequent ion scattering is
explained by the chaotic nature of ion orbits, but electrons usually spiral around magnetic
field lines even at the neutral sheet. Electron scattering by an average of 90° was needed
during the 1 min it takes for a typical flux tube to undergo a net earthward displacement of
0.1 Rg. A fast flow flux tube could move several Earth radii during this characteristic
scattering time period. Rapid electron scattering also provides a mechanism to divert
perpendicular current to form Birkeland current, produces diffusion, and generates a heat
flux. The long-term-averaged magnetization vector M was evaluated and used to calculate
the magnetization or bound current density j,, = V x M. The magnetization current and an
almost oppositely directed perpendicular free or guiding center drift current j, were
strongest near the neutral sheet. Their sum, the total perpendicular current density j,, was
an order of magnitude smaller than either j,, or j,in this region.  INDEX TERMS: 2764
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1. Introduction
1.1. Three-Dimensional Data-Based Models

[2] This paper is based on an analysis of three-dimen-
sional (3-D) long-term-averaged data-based models of
particles and fields in the plasma sheet. Magnetic fields
were measured on the Geotail satellite by the magnetic
field (MGF) detectors [Kokubun et al., 1994], and particle
measurements were made by the comprehensive plasma
instrumentation (CPI) detectors [Frank et al., 1994]. Plasma
and field measurements were averaged within boxes spread
throughout the —30 <x < —10 Rg, |y| < 15 Rg region. Both
3 x 3 Rpand 6 X 6 R x-y boxes were used with 6 years of
data. The ion count rates were low near the plasma sheet
boundary layer and in the lobes, so the present analysis was
limited to the central plasma sheet (CPS), or the region from
the neutral sheet out to |z| = 5 Rg.
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[3] The techniques used to create data-based models were
described by Kaufmann et al. [2002]. Briefly, the observa-
tions first were sorted into boxes according to the GSM x
and y trajectory locations and 3, = P/Pj,. In this expression,
P is the isotropic part of the ion plus electron pressure
tensor, and Pp, = Bﬁ/ZpLO is the magnetic field pressure
associated with only the x component of B. The (3, sorting
parameter was used rather than the ordinary plasma (3
because 3, becomes infinite at the neutral sheet, which is
defined here as the sheet on which B, = 0. Data points
having very large (3, therefore are present during every
crossing of the neutral sheet. Sorting on the basis of the
ordinary 3 can completely miss current sheet crossings for
which (3 never exceeds whatever value is selected to define
the neutral sheet region.

[4] After sorting data into (x, y, 3,) boxes the z location of
each box was calculated using the momentum equation and
the assumption of long-term-averaged x force balance
[Kaufmann et al., 2002]. Calculating the z thicknesses of
the boxes determines the shape of each field line and assures
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that the x components of the electromagnetic, inertial, and
pressure forces are balanced in the 3-D models. The full
pressure tensor was used to calculate the pressure force.
Force balance in the z direction and charge neutrality also
were assured by adjusting ion and electron calibration
factors. Kaufimann et al. [2001] described the calibration
procedure, and Figure 10 of their study showed how well z
forces were balanced in models based on 2 years of data.
The force-balanced feature is one of the principal advan-
tages of the plasma and field models used here. All z values
in this paper refer to these calculated distances from the
neutral sheet. The GSM z location of the trajectory was not
used anywhere in the analysis. Finally, the data were
interpolated to a fixed set of z locations to produce a
uniform (x, y, z) array of averaged fluid parameters.

[s] One limitation of this study is that only long-term
averages of the fluid parameters could be evaluated. The
minute-to-minute variations of some parameters were larger
than their long-term averages [Angelopoulos et al., 1993;
Borovsky et al., 1997]. Another limitation arose because the
techniques used to create the 3-D models treated B and all
plasma parameters in the same manner. The components of B
were simply averaged in each (x, y, 3,) box. This resulted in
the consistent treatment of all particle and field averages and
derivatives. We could not, however, retain the desired sim-
plicity and consistency of the analysis and also add the
requirement that V - B = 0. In contrast, empirical magnetic
field models use analytic expressions for B or the vector
potential A, which contain adjustable parameters that are fit
to give a good approximation to the measurements. These
models are constrained to maintain V - B =0 to a high degree
of accuracy [Tsyganenko and Stern, 1996]. We evaluated V -
B/V x B in each box to see how much the model V - B
deviated from zero. The average magnitude of this ratio was
typically ~0.1 or less throughout the studied region.

1.2. Fluid Parameters

[6] Kaufmann et al. [2001, 2002, 2003] concentrated on
the average 3-D distributions of parallel and perpendicular
electric current densities, particle pressure, and the aniso-
tropies of electron and ion distribution functions. This paper
investigates the contributions of ions and electrons to
several parameters related to the long-term-averaged or
static plasma magnetization vector

M= no(i,), (1)

where n, is the number density of particles of species 0. The
magnitude of the magnetic moment is i, = m(,vzm/ZB for a
single nonrelativistic particle which is spiralling around a
magnetic field line, where v ; is the perpendicular velocity
and m, is the mass. The average magnetic moment for a
distribution of particles can be written as

<u‘o> = 7TJ_0 B/Bzv (2)

where the temperature 7 is expressed in energy units. The
closely related Chew-Goldberger-Low (CGL) double adia-
batic equations [Chew et al., 1956] are discussed in section 3.

[7] Section 4 contains plots of M. The magnetization or
bound current density

jn=VxM (3)
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and the perpendicular part of the free or guiding center drift
current density j=V x H are evaluated in section 5. The
term ““magnetization current” will be used in the remainder
of this paper instead of “bound current,” which is more
commonly used in electrodynamics, because M is the
parameter that is determined by the observations. In
contrast, the term “free current,” which is typically used
in electrodynamics, will be used rather than “guiding center
drift current” in this paper. The term free current was
selected to avoid confusion because ions in the plasma sheet
follow various chaotic orbits rather than the typical spiral
orbits usually associated with guiding center studies. The
major physical difference between j, and j, is that
magnetization currents do not involve any net displacement
of a particle after one orbital period. Magnetization currents
therefore are divergence-free and cannot be diverted to form
Birkeland currents. The free currents involve a net
displacement of particles after one orbit, so they can
transfer charge to or from the point at which perpendicular
current is diverted to form Birkeland currents.

[8] In one relevant study, Kan and Baumjohann [1990]
used Active Magnetosphere Particle Tracer Explorers/Ion
Release Module data to determine the average ion magnetic
moment. This paper also included a discussion of the CGL
equations. Several satellite experiments have shown that the
plasma is nearly isotropic at the neutral sheet [Stiles et al.,
1978; Kistler et al., 1992; Kaufmann et al., 2002]. Processes
that can maintain isotropy have been studied by Heinemann
and Wolf' [2001], who compared effects of elastic scattering
to effects of thermalization in the plasma sheet. This work
was carried out in connection with global simulations. Here
we investigate particle scattering rates from the long-term-
averaged data-based modeling perspective.

[o] This paper emphasizes 3-D aspects of the central
plasma sheet. Three-dimensional information reveals the
changes of fluid parameters both along an average flux tube
and also in the x and y directions at the neutral sheet. This
latter information allows one to follow changes that would be
seen by an observer moving at the average drift velocity.

2. Magnetic Moments

[10] Chaotic orbital motion results in the breakdown of the
ion magnetic moment adiabatic invariant y; near z = 0 beyond
about x = —10 Rz [Chen and Palmadesso, 1986, Biichner
and Zelenyi, 1989; Kaufmann et al., 1994; Delcourt and
Martin, 1999]. As a result, most anisotropic ion distribution
functions f(v) that are incident on the neutral sheet will leave
having an approximately isotropic angular distribution.

[11] Typical electron orbits are not chaotic in the average
field studied here. If p, was conserved and all electrons
drifted together, then electron drift paths in the neutral sheet
would be the same as the contours of constant average
electron magnetic moment magnitude {ji.). Sections 2.1—
2.3 will describe a practical method to determine (j,) at the
neutral sheet from the data and will examine constant (i)
contours. A quantitative estimate of the pitch angle scattering
time constant is presented in section 3.

2.1. Variations Along a Flux Tube

[12] Figure 1 shows the field lines obtained using 6 years
of Geotail data. Field lines were traced starting at z = 0 and
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w 2 e Figure 2. Average (a) ion and (b) electron magnetic
© o moments along the eight field lines shown in the y = 1.5 R
N 6 panel of Figure 1.
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0 —L L1 each flux tube are associated with the decrease of B in this
6 region. This strong variation of (p,,) along B does not imply
4 - P that p, of an individual particle is changing as it moves
s | / = along a magnetic field line. Particles with large p, simply
oL ARy AR / mirror very close to the neutral sheet, so those with small p,
6 dominate in regions with large B. The average B at the
s b ~ neutral sheet is ~3 nT atx = —30 Ry, ~5nTatx= —20 R,
> [ bl and ~12 nT at x = —10 Rz The typical B at the most

- ~ ﬁ m earthward end of each curve is ~40 nT.

0 [14] In order to investigate the importance of scattering,
6r - diffusion, and parallel heat flux, it is necessary to examine
4T P the x-y variations at the neutral sheet of (ji,) and other
2 ﬁ = parameters that would remain constant along drift paths if
0 AN VA A4 there were no scattering. The neutral sheet is the only
6 location in a flux tube that is accessible to all particles.
4 ® Figure 2 makes it clear that the data used to determine the
> | / % averages must be restricted to a region very close to z =0 in
N VA AN AN S ART A / m order to evaluate () at the neutral sheet. For example, our
30 o5 20 15 10 model shows that 3 = 1 and B = 15 nT at approximately |z| =
X R 3.5 Rp. Figures 1 and 2 show that the use of (o) based on
B all B <15 nT or 3 > 1 data would not give a worthwhile
Figure 1. The x, z projections of eight magnetic field estimate of (j1,) at the neutral sheet. On the other hand, if

lines. The lines start at z = 0 and at the y locations listed at
the right side of the panel. Six years of Geotail data were
combined to create this model.

at the y given at the right side of each panel. A new set of
field lines was traced for each model run, but the magnetic
field structure was never significantly different from that
shown in Figure 1 for the runs described in this paper.

[13] Figures 2a and 2b show how (j;) and {j.), as defined
by equation (2), vary along the eight field lines in the y =
1.5 Rg panel of Figure 1. Changes seen along field lines at
other y locations are similar. The dramatic increases shown
in Figure 2 near the most distant or neutral sheet ends of

the data set is restricted too severely to a region extremely
close to z = 0, then statistical errors become too large for us
to draw useful contours of constant (p,) [Borovsky et al.,
1998].

[15] Figures 2 (see also Figures 3, 4, 6, 7, and 8)
involving (u,) and the CGL parameters are based on
geometric averages. Linear averages were evaluated for all
fluid parameters and were used to calculate the z locations
of each box. Geometric averages can be evaluated only for
those parameters which do not change sign from point to
point. One problem with using linear averages for variables
which involve ratios of measured parameters is that if the
denominator varies a great deal within one (x, y, 8,) box, a
few points with very small denominators can dominate the
averages within the box. For example, (1/B) was signifi-
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Figure 3. Average electron magnetic moments in eV/nT determined using (a) only 3, > 300 data and

(b) only 8, > 100 data.

cantly different from 1/(B) when linear averages were
taken. In contrast, the above two ratios are the same when
using geometric averages. Contours of (u,) based on
linear averages had magnitudes ~50% larger than those in
Figure 2. The shapes of the () contours were similar for
the two averaging methods. The differences between linear
and geometric averages can be much larger for other
parameters, as will be discussed in section 3. Averaging
methods also become important when dealing with products
or ratios of correlated parameters.

2.2. Determining () at the Neutral Sheet

[16] Figure 3 shows contour plots of {j1,) near the neutral
sheet. Figure 3a used averages of all data with 3, > 300, and
Figure 3b used all 8, > 100 data. The average thickness of
the 3, > 300 boxes, as obtained by the analysis that
determines z for each box edge, was 0.2 R;. The average
thickness of the 3, > 100 boxes was 0.4 R;. Within each 6 x
6 Rg x-y box, there were ~2000 one-minute-averaged data
points per 3, > 300 box at x = —30 Rz and ~1000 points per
B¢ > 300 box at x = —10 Rz. The number of points per box
increased to >3000 and >2000 at x = —30 and —10 Rg,
respectively, when 3, > 100 boxes were used.

[17] The contours in Figures 3a and 3b are similar except
for an ~10% increase in magnitudes when the 3, > 300
averages were used. This similarity shows that averaging
using only data that come from the 3, > 300 regions
provides a practical way to determine () at the neutral
sheet for flux tubes throughout the region surveyed by
Geotail. There are enough (3, > 300 data points to give
averages with reasonably small statistical errors. This iden-
tification of a technique to determine () at the neutral
sheet from the available data is the reason why variations of
(1) along magnetic field lines were examined. The remain-
der of the plots in this paper involving P and P, used only
data from B3, > 300 regions.

2.3. Variations of (p;) Along Drift Paths

[18] Figure 4 shows the plot of (u,) obtained using
equation (2) and only (3, > 300 data points. As for electrons,
the plots generated using 3, > 100 data points were similar,
with slightly smaller magnitudes.

800

L 600
o b= . ... |

-28 -22 -16 -10
X, Re

Figure 4. Average ion magnetic moments in eV/nT
determined using only (3, > 300 data points.
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Figure 5. Average ion perpendicular flow vectors for
1.5 < |z| <2.5 Rg.

[19] Figure 5 shows the ion perpendicular bulk velocity
u; based only on measurements made at 1.5 Rp < |z|] <
2.5 Ry and averaged over 3 x 3 Ry x-y boxes. The
perpendicular bulk velocities tended to be largest at the
neutral sheet and to decrease as |z| increases. Averages of
the x component u ,,; and y component u ,; of u,; were 70
and 25% larger, respectively, in the |z| < 0.2 R box than the
velocities in Figure 5. However, there were many fewer data
points in the thin |z| < 0.2 Rz boxes, so these averages gave
a much more erratic pattern than that shown in Figure 5.
Using 6 X 6 Ry boxes produced a smooth flow pattern
which was qualitatively similar to Figure 5 even at |z| <
0.2 Ry but contained only one fourth as many independently
evaluated flow vectors. At |z| = 5 Ry the average u, ,; was
less than half that in Figure 5. The average u,,; was small
and erratic at |z| = 5 Rg, with most measurements showing
flow from dusk to dawn rather than the dawn to dusk pattern
in Figure 5.

[20] Angelopoulos et al. [1993], Huang and Frank
[1994], Paterson et al. [1998], and Hori et al. [2000]
presented qualitatively similar flow patterns based on data
from several satellites. These results all involved averages
over much thicker z regions, e.g., using all data with 3 >
0.5, so they could not study the z dependence of flow
velocities.

[21] One conclusion from Figures 3—5 is that the con-
tours of constant (j,) do not resemble the observed flow
patterns. This shows that () and (u;) were not constant
along drift paths. However, the variations of (p,) were
relatively modest. The averages in Figures 3 and 4 remained
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within ~25% of () = 160 eV/nT and (p;) = 800 eV/nT
throughout the region studied.

3. CGL Double Adiabatic Parameters

[22] The CGL double adiabatic magnetohydrodynamic
(MHD) relations have been used in many geophysical
studies. Recent papers have used these relations to examine
low-frequency waves [Ferriere and André, 2002], inter-
change and bursty bulk flows [Ji and Wolf, 2003], the
magnetosheath [Hau, 1996; Samsonov and Pudovkin,
2000], and collisionless shocks [Guéret et al., 1998]. Some
of these papers introduced more general versions of double
adiabatic relations [Hau, 1996; Samsonov and Pudovkin,
2000]. Here we will only consider the original CGL
parameters and examine which of the assumptions associ-
ated with their invariance fail.

[23] The CGL equations were derived by expanding f(v)
in powers of a small parameter, substituting this into the
collisionless Boltzmann equation, and integrating. The
expansion assumed that the plasma was quasi-uniform, with
the characteristic length for spatial variations being much
larger than the gyroradius and the Debye length [Chew et
al., 1956; Rossi and Olbert, 1970]. Similarly, the plasma
was assumed to be quasi-static, with only small variations
during a cyclotron period or during an electron plasma
oscillation period. The derivation also assumed that £ = 0,
or that conductivity was infinite along a field line, and that
the pressure tensor was diagonal and gyrotropic in the
magnetic field aligned frame

Py = Pi,1+ (P, — Pis)bb, (4)

where 1 is the unit tensor and b is a unit vector along B. The
infinite set of fluid equations obtained by the expansion
procedure was cut off by assuming that the parallel heat flux
can be neglected. If all of the above assumptions are valid,
then the CGL parameters

PLU
- = 5
QL nB ( )
P|,B
Qg = HT (6)

are constant along drift paths. These parameters can be
combined, giving

s AR
a=(adoy) "= =

™)
There are many geophysical situations for which the
assumptions needed to derive the CGL relations are not
valid, so that o, and oy, change along drift paths. The
purpose of this section is to examine the spatial variations of
the long-term-averaged o, and o, at the neutral sheet. A
study of these variations will provide quantitative informa-
tion regarding the breakdown of some assumptions.

[24] Since equation (5) is essentially the same as the
magnitude of the average magnetic moment equation (2),
Figures 3 and 4 also illustrate the observed variations of
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Figure 6. CGL oy parameter in nPa nT? cm’ determined using (3, > 300 data points for (a) ions and

(b) electrons.

« | , within the neutral sheet. Kan and Baumjohann [1990]
showed that for the simple case of particles confined
between moving mirror points within a flux tube or
magnetic bottle, conservation of oy, is approximately
equivalent to conservation of the second adiabatic invariant.
Figure 6a shows o, and Figure 6b shows o in the 3, >
300 boxes. The structure was similar except that the
magnitudes were ~20% larger in plots using 3, > 100 data.
The »n* and B? factors in oy created the largest differences
we found between the use of linear and geometric averages
to evaluate any parameter. At the neutral sheet the quantity
(B*/n’) differed by up to a factor of 1000 from 1/(n’/B?)
when using linear averages. These two quantities are equal
for the geometric averages used in Figure 6.

[25] Figures 3—6 show that the contours of constant o
and o, bear little resemblance to drift paths. Figure 6
shows that oy, increases by at least an order of magnitude
when moving from x = —30 to —10 Ry, while Figures 3 and
4 show that o, increases by less than a factor of 2 when
going from x = —10 to —30 Ry. Since o, is the averaged
first adiabatic invariant and o, is more closely associated
with the second invariant, we conclude that violations of the
second invariant are much larger than violations of the first
invariant.

[26] One way to appreciate the magnitude of the differ-
ences between the observations and the results that would
be obtained if oy, and o, , were conserved is to note that

2
Pl ooty
P, o .B

(8)

so that the average P|,/P |, ratio would vary as n%/B if Vo
and o, were constant. Figure 7 is a plot of n/B°. The

12 0.004
0.002
6
L
C 90
>
0.p04
6
I 0.002
-12 | 4
-28 22 -10
X, Re

Figure 7. Ratio n/B’ in cm ® nT ™ determined using
B, > 300 data points.
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Figure 8. Average pressure anisotropy P)/P, of (a) ions and (b) electrons determined using 3, > 300

data points.

model »; and n, are almost equal. It is seen that P,/P
would be ~10 times larger in the most distant boxes than it
is in the boxes nearest the Earth for both ions and electrons
if o, and o, were constant. Figures 8a and 8b show the
measured P),/P |, ratio for ions and electrons, respectively,
using data from the 3, > 300 boxes. Instead of changing by
a factor of 10, it is seen that the long-term-averaged P),/P | ,
ratios are usually within 2% of 1.00 throughout the neutral
sheet. The pressure anisotropy is significantly larger during
short time intervals. The standard deviations of the 1-min-
averaged P|,/P |, ratios were ~10% near the neutral sheet.
The anisotropy also was examined using 3 x 3 Rz boxes to
see if the long-term averages showed any effects of butterfly
distributions, which begin to appear near the perigee of
Geotail [Fritz et al., 2003]. Statistics became poorer and the
standard deviation was larger when using the smaller 3 X
3 Rr boxes. We could not identify significant effects of
butterfly distributions in the averages by examining only the
Pyo/P | ; ratio. It is likely that such effects could be found at
these altitudes if distribution functions were examined, but
the data set used here includes only the fluid parameters.

[27] The pressure becomes more anisotropic as one
moves away from the neutral sheet along plasma sheet field
lines. This feature was analyzed by Kaufimann et al. [2002].
Both ions and electrons had a maximum average P)o/P |,
ratio of ~1.1 at distances on the order of 1 Ry from the
neutral sheet. The fact that this feature was seen throughout
the plasma sheet indicated that it was not produced by
adiabatic behavior associated with the drift of flux tubes.
The buildup of an electron anisotropy along a flux tube was
attributed to the weak parallel electric field needed to
maintain charge neutrality in a region containing guiding
center electrons and nonguiding center ions [Kaufimann and
Lu, 1993]. The ion anisotropy was attributed to effects of
chaotic orbital motion.

[28] The above observations provide some information
about which of the CGL assumptions are most severely
violated. The 1-min time resolution was far too slow to
study either the temporal or spatial scales over which
conditions are assumed to be quasi-static or quasi-uniform.
All elements of the pressure tensors were measured, and the
off-diagonal elements were consistently found to be very
small. This supports the gyrotropic assumption. As noted
above, our earlier studies concluded that an £ exists near
the neutral sheet. This field is too weak to significantly
modify the ion distribution function but can produce a 10%
anisotropy of the less energetic electrons over a z distance of
1 Rg.

[20] The observation of almost perfect isotropy at z = 0
strongly suggests that wave-particle scattering, or the
violation of the assumption that the plasma is collisionless,
is the primary cause of CGL parameter variations. The
presence of scattering will result in diffusion and a parallel
heat flux, which are considered to be secondary effects. For
example, it would be hard to imagine any heat source or
sink along a flux tube, such as at the ionospheric end, which
would inherently supply or remove just enough heat so the
equatorial pitch angle distribution happens to remain within
2% of complete isotropy. In contrast, strong pitch angle
scattering within the plasma sheet is a physical process that
would naturally remove almost all anisotropies that develop
during convection.

[30] The required scattering rate can be estimated by
noting that a factor of 2 change in P),/P,, would be
expected (Figure 7) as flux tubes move a distance of 5 Ry in
the x direction. The observation that the average measured
electron anisotropy rarely changes by >2% over 5 Rg shows
that one 90° scattering event takes place as the long-term-
averaged location of an electron moves earthward by 5 x
0.02 = 0.1 Rg. This 90° of scattering could involve the net
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Figure 9. Magnitude of the average electron magnetization vector in eV cm > nT ' at (a) |z| < 0.2 Rg

and (b) 0.2 < |z| < 0.7 Rg.

effect of many small angle scattering events. Since the long-
term-averaged earthward drift speed is on the order of
10 km/s, a net 90° of electron scattering is needed about
every minute. Typical electron bounce times are on the
order of 10 s. The chaotic ions, which become nearly
isotropic during each neutral sheet interaction, have bounce
times on the order of 10 min.

[31] Angelopoulos et al. [1993] and Borovsky et al. [1997]
showed that fluctuations are so large that the average drift
speed (|v,|) is several times larger than the magnitude of the
average bulk velocity u, = |(v,)|. These fluctuations will
smooth the observed average variations of o, and ;.. A
typical flux tube will move back and forth by a distance on
the order of 1 R during the minute required for the long-
term-averaged location to move 0.1 Ry earthward. The CGL
parameters therefore would be conserved while an average
flux tube moves back and forth by 1 R, or while a flux tube
moves several Earth radii during a fast flow event.

4. Magnetization Vector
4.1. Electrons

[32] Figures 9a and 9b show the magnitude of the
electron long-term-averaged magnetization vector M, =
ne(pe) in the |z] < 0.2 and 0.2 < |z| < 0.7 Rg boxes,
respectively. Linear averages are needed in section 5, so
they were used here too. The direction of M, is antiparallel
to B. Since electrons follow spiral orbits, p, and M, have
their usual meanings. Figure 9 shows that M, varies more
rapidly in the z direction than in the x and y directions, as
might be expected from Figure 2.

4.2. Ions

[33] It is easy to put the measured ion parameters into
equations (1) and (2) to obtain values for M; and the total
plasma magnetization M. The resulting constant M contours

have features similar to those seen in Figure 9, with
magnitudes ~6 times larger. However, since ions do not
spiral around field lines at the neutral sheet, the interpreta-
tion of M; is more difficult.

[34] We carried out a lengthy study of this topic in
connection with a project to develop theoretical plasma
sheet models using consistent orbit tracing techniques
[Kaufmann et al., 1997a, 1997b]. Currents carried by
various groups of energetic ions were examined [Kaufinann
et al., 1997b] by accurately tracing the chaotic orbits. These
results were compared with predictions based on the
adiabatic guiding center approximations [Parker, 1957,
Northrop, 1963], which will be examined in section 5. It
was found that ions following some of these complex
trajectories carry very large magnetization currents even
though they do not spiral around field lines.

[35] One class of particles remained trapped, meandering
back and forth across the neutral sheet. Both spiral orbits
and meandering orbits have adiabatically invariant action
integrals. The associated spiral orbit angle variable is s, =
pb, where p = v,/Q is the gyroradius, 2 = ¢gB/m is the
gyrofrequency, and 0 is the azimuthal angle about B. The
resulting action variable

f v LdS 1

is 4mp/q. The meandering orbit angle variable is z, and the
action variable is
I, = f v, dz

for nonrelativistic particles.
[36] The y-z projection of a nonguiding center trapped
particle trajectory has the shape of a figure eight centered at

©)

(10)
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z =0 that drifts slowly in the y direction. Figure 5 of Larson
and Kaufmann [1996] shows a sample trapped orbit. Such
orbits create strong magnetization currents j,, from dusk to
dawn near z = 0 and slightly larger j,, from dawn to dusk at
zo < |z| <2 zp, where

(11)

is the point at which the B,, magnetic field becomes strong
enough to turn a particle of mass m, velocity v, and charge ¢
back toward the neutral sheet and Bﬁy =B+ Bﬁ. In the
magnetic field model shown in Figure 1, z, is ~0.7 Rz for a
typical observed ion and shows little dependence on x or y.
A particle on a figure eight orbit that did not drift would
return to its starting point after one oscillation period, so it
would carry no free current. The strong dawnward j,,, at |z| <
zo and the strong duskward j,, at zo < |z| < 2 zy would cancel
if integrated from z = 0 to |z| > 2 z,.

[37] Whereas trapped particles remain near the neutral
sheet for an extended period of time, Speiser [1965]
investigated a class of nonguiding center orbits that mirror
at low altitudes and spend only brief intervals near the
neutral sheet. Speiser particles spiral around field lines for
most of such an orbit and cross an orbital separatrix near
|z] = 2 zy. These particles then meander back and forth
across the neutral sheet for a short period as they drift along
a path with a semicircular projection in the x-y plane. After
this, they leave the neutral sheet region to resume spiral
motion. Although p is nearly constant during the spiral
portions of these orbits and /; is nearly constant during the
meandering portion, in general, neither is conserved near
the separatrix. The magnetic moment often is substantially
different before and after the neutral sheet interaction. Most
of the net drift of a Speiser particle takes place while it is at
|z| <2 zo. This free current j-is from dawn to dusk in the
neutral sheet. A weak dusk to dawn current is present
beyond |z| = 2 zy [Kaufmann et al., 1997b].

[38] The orbits of nonguiding center particles with mirror
points intermediate between the trapped and Speiser
extremes have been referred to as cucumber orbits [Biichner
and Zelenyi, 1989]. Depending on their distribution of
mirror points, a group of such particles can carry cross-tail
current in either direction at the neutral sheet. The cross-tail
current is from dusk to dawn at |z| somewhat smaller than
the average location of the mirror point of a group of
cucumber particles and from dawn to dusk at larger |z|.
Figures 2 and 3 of Larson and Kaufmann [1996] show
typical Speiser orbits, with mirror points far away from the
neutral sheet, and cucumber orbits, with mirror points closer
to the neutral sheet but beyond |z| = 2 z,.

[39] The chaotic nature of plasma sheet ions often causes
them to move from one type of orbit to another during a
neutral sheet interaction. The resulting substantial change in
mirror points from orbit to orbit shows that the second
adiabatic invariant changes markedly. The angle variable is
s, the arc length along a field line, for the second invariant

action variable
J = 7{ my) ds.

[40] When a group of particles was specifically selected
so that it was dominated by ions on trapped orbits or by ions

20 = mv/ [qBy(20)]

(12)
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on Speiser orbits [Kaufimann et al., 1997b], it was found
that these groups carried currents that differed substantially
from the currents predicted by the adiabatic guiding center
drift equations. These select groups had highly anisotropic
distribution functions. When various groups of particles
following trapped, cucumber, and Speiser orbits were mixed
together to produce a nearly isotropic self-consistent plasma
sheet, then the full plasma was consistently found to carry
currents that were very close to those predicted by the
adiabatic guiding center equations. Usadi et al. [1996]
reached a similar conclusion by comparing the adiabatic
drift equations to the actual drifts of groups of nonguiding
center particles. These studies therefore show that because
the overall plasma is observed to be nearly isotropic, the use
of equations (1) and (2) provides a reasonable estimate of
the total plasma magnetization vector. In section 5 we
therefore will use equations (1), (2), and (3) to estimate j,,,.

5. Calculated Magnetization and Free Current
Densities

[41] The total average plasma sheet current density is
coupled, through Ampere’s law, to the average observed
magnetic field j = (1/p9)V x B. For some applications it is
necessary to separate the total perpendicular current into
perpendicular magnetization j,,, and free j; components
and to separate the currents carried by ions and electrons.
For example, Kaufmann et al. [2003] used the 3-D data-
based models to examine the buildup of parallel current j;
within the CPS. Since j,,, is divergence-free, it is only the
perpendicular j, portion of the total current that can be
diverted to create a steady jj. Detectors in the topside
ionosphere have shown that it is electrons which carry the
bulk of the observed j; even within upgoing ion beams
[Kaufimann and Kintner, 1984], so it is j that is of interest
to studies of the source of Birkeland current in the CPS.
Another reason for separating j and j,,, is because they
contribute differently to kinetic and fluid plasma instabil-
ities [Ichimaru, 1973]. It is only the drift associated with jg,
that is involved in the kinetic resonant particle instabilities
with perpendicularly propagating plasma waves. The total
perpendicular current is involved in MHD and certain other
kinetic instabilities.

5.1. Adiabatic Drift Equations

[42] The adiabatic guiding center expressions for the
perpendicular magnetization and free current densities are
[Parker, 1957; Northrop, 1963]

. B P, PHU
jm:ﬁx |:VPJJ;— B VB—E(BV)B (13)
. B Pis Py,
Jro = g % { g VB + BH2 (B-V)B+ ngmg(u-V)u— anUE]
+Jcos (14)

and the total perpendicular current density is

30 =" (i o)

(]
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The magnetization current terms are the pressure or density
plus temperature gradient current, the part of the VB current
associated with the area of a gyroorbit and the period of
gyration, and the part of the field line curvature current
associated with orbit crowding. These terms involve only
the circular component of the motion of a spiralling particle,
not any net displacement of the particle’s guiding center.

[43] The free current terms are the part of the VB drift
associated with the net displacement produced by the
spatially varying gyroradius of meandering particles, the
centrifugal force portion of the curvature drift, polarization
drift associated with spatial variations of the perpendicular
bulk speed, the E x B drift, and diffusion associated
with collisions or other scattering processes. These terms
all result in a net displacement of a particle after one
gyroperiod so they can continuously supply particles to a
flux tube that carries a steady Birkeland current. Gravita-
tional drift has not been included in equation (14) because
its magnitude is very small in the plasma sheet. The net
cross-tail displacement of chaotic particles after one full
figure eight-shaped orbit, the meandering portion of Speiser
orbits, and the net displacement after a full cucumber orbit
all contribute to the free current.

[44] Several terms cancel when evaluating j, using
equation (15). The VB terms in equations (13) and (14)
cancel when j,,; and j;, are added. The E x B terms cancel
in the sum over species if the plasma is neutral. One feature
that may seem confusing is that the expression typically
used to evaluate j; by calculating V x j, for an isotropic
slow flow plasma involves using V x j, = V - (B x
YV P/B?) [Vasyliunas, 1970; Wolf, 1983]. Since VP appears
only in j,,, which is divergence-free, it might seem as if this
term should not appear in a calculation of j. However, it is
because V - j,, = 0 that the divergence of the first term in
equation (13) is equal to the divergence of the other two terms
in equation (13) and therefore is the same as the divergence
of the first two terms in equation (14) in an isotropic
plasma. Since all other terms in equation (14) are either
zero or neglected when flow is slow and the species are
combined in equation (15), V - jris correctly given by the
usual expression which contains only the VP term.

5.2. Current Density Evaluation Methods

[45] The technique that has almost always been used to
determine j, in either the ionosphere [Zmuda and
Armstrong, 1974; lijima and Potemra, 1978; Weimer,
2001] or the magnetotail [7syganenko et al., 1993;
Israelevich et al., 2001] is to use Ampere’s law and
measurements of B. Section 4 concluded that M, can be
adequately approximated using equations (1) and (2). It
therefore is possible to apply this same technique, using
equation (3), to determine j,,, for each species. Since the
perpendicular free current density is given by j,=j — ju.
the availability of j| only for the sum of all species means
that j, can be evaluated only for the sum of all species.

5.3. Current Density Results

[46] Figure 10 shows j, for the three z boxes closest to
the neutral sheet and for one box at larger z. These results
are based on evaluating V x B using all data from 6 years
of measurements. The first three z boxes are from runs that
kept Northern and Southern Hemisphere data separate so
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that derivatives could be evaluated at the neutral sheet. The
resulting values of j; were similar in boxes above and
below the neutral sheet, so pairs of results at (x, y, z) and at
(x, v, —z) were averaged for the plot. Figure 10d was made
by first folding Northern and Southern Hemisphere data
together and then taking the derivatives. All these methods
were the same as those used previously [Kaufinann et al.,
2001]. The calculations of electric currents were based on
linear averages. It is not possible to geometrically average
the components of B because the sign of each component is
positive for some data points and negative for others.

[47] Figure 11 shows j, obtained using equation (3),
again on the basis of linear averages. Since M also could
be evaluated using geometric averages, j,, was calculated
using both methods. The values of j,, determined using
linear averages were ~20% larger than the values of j,,
determined from geometric averages. The principal conclu-
sions of this part of the analysis therefore did not depend
strongly upon the averaging method used.

[48] The magnetization current is seen to be from dusk to
dawn at z < 0.7 Rg. The very strong z dependence is partly
caused by the localization of M and partly because the
direction of B and therefore of M changes rapidly near the
neutral sheet. The sign of the cross-tail current fluctuates
from box to box in Figure 11c but is primarily from dawn to
dusk. The current is consistently from dawn to dusk at all
larger z, as shown in Figure 11d. Since zq is ~0.7 R, these
directions and locations are all consistent with the properties
expected for chaotic particle magnetization currents, as
discussed in section 4. The most important aspect of
Figure 11 is that the scale differs from that in Figure 10
by a factor of 10. The magnetization current at z < 0.2 Ry is
more than an order of magnitude larger than the total current
j. and in the opposite direction.

[49] Equation (3) gave j,, separately for ions and elec-
trons. The electron magnetization current plot was similar to
Figure 11 except the magnitudes were about one fifth the
values for ions. This is approximately the same as the ratio
of T,/T; in our data set, as has previously been reported
using other data sets [Baumjohann et al., 1989]. These
results also are just what would be expected in a nearly
isotropic plasma. It is the curvature of field lines that
produces most of the j,,, for both electrons and the chaotic
ions. For electrons the curvature term was an order of
magnitude larger than the VB and pressure terms in
equation (13).

[s0] Figure 12 shows j or the perpendicular part of V x
H, which is simply j|; — j,.. Figure 12 has the same scale as
Figure 11. The direction of jis consistently from dawn to
dusk only at |z| < 0.7 Rg. The direction of the calculated j,
fluctuated in the outer z boxes. Both j, and j, were
consistently from dawn to dusk and had similar magnitudes
in the outer z boxes. Their difference, or the calculated jj is
not sufficiently accurate here to even give a reliable
direction. The data-based calculations of j, are therefore
useful only in the |z| < 0.7 Rg boxes.

6. Discussion and Summary

[s1] This paper investigated the magnetization vector M
and several associated parameters throughout the —30 <x <
—10 Rg, |y| < 15 Ry region of the plasma sheet. Approx-
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Figure 10. Total perpendicular current density j, in the (a) |z| <0.2 Rg, (b) 0.2 < |z| < 0.7 Rg, (¢) 0.7 <

|z < 1.5 Rg, and (d) 3.5 < |z| < 4.5 Rg boxes.

imately 100,000 one-minute-averaged plasma sheet data
points were available per year. All data from 6 years of
CPI particle and MGF measurements taken on the Geotail
satellite were combined for the analysis. As a result, only
long-term-averaged conditions were studied.

6.1. Average Magnetic Moments and CGL Parameters

[52] The Chew-Goldberger-Low (CGL) double adiabatic
parameters o, and oy, [Chew et al., 1956] were evaluated
as a part of the data-based modeling procedure. The
parameter o, is essentially the same as the average
magnetic moment (p,). Since (u,) varies rapidly along
magnetic field lines near the equator, it was necessary to
investigate this spatial dependence so a procedure could be
developed to determine (j,) at the neutral sheet. We
concluded that averaging all data with 3, > 300 provided
both a good estimate of (ji,) at |z| < 0.2 Rg and enough data
to give consistent results (Figures 3 and 4). It was found that
o or {|i,) at the neutral sheet tended to decrease as one
moved earthward and toward the flanks but varied by only
25% from the value averaged throughout the region studied.

[53] Contours of constant o, changed much more
dramatically in the region studied. This parameter, which
is related to the second adiabatic invariant, increased by an
order of magnitude when moving from the most tailward to
the most earthward boxes (Figure 6). It also was shown
(Figure 7) that the P|/P, ratio at the neutral sheet would be
expected to change by approximately a factor of 10 as
particles drift through the region studied if the CGL
parameters remained constant. In contrast, this ratio varied
by only ~2% from 1.00, or perfect isotropy. Since ions
follow chaotic orbits, the fact that they were scattered and
became isotropic during each interaction with the neutral
sheet was not surprising. However, electrons follow spiral
guiding center orbits, and they remained almost equally
isotropic at the neutral sheet. It was estimated that electrons
were scattered by 90° in ~1 min, or the time required for an
average flux tube to undergo a net earthward displacement
of 0.1 Ry in the plasma sheet.

[s4] The presence of strong electron and ion scattering
has several important consequences. Such scattering results
in diffusion and an associated parallel heat flux. Strong
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Figure 11. Magnetization current density j,, in the (a) |z| < 0.2 Rz, (b) 0.2 < |z| <0.7 Rz, (¢) 0.7 < |z| <

1.5 Rg, and (d) 3.5 < |z| < 4.5 Rg boxes.

scattering also suggests that a collision term (§/76f). may be
needed in the Boltzmann equation for any study of transport
in the plasma sheet. In addition, the presence of electron
scattering helps explain how region 1 Birkeland currents
build up within the plasma sheet [Kaufmann et al., 2003].

6.2. Magnetization Vector and Perpendicular
Current Densities

[s5s] The separation of total perpendicular current density
j. into electron and ion magnetization j,,, and perpendic-
ular free jg, current densities was examined. One reason for
an interest in this separation is that j,,, is divergence-free so
that only the perpendicular j; can be diverted to create
parallel currents. The electron current j, is of particular
interest since a continuous source of electrons is needed to
sustain the observed long-term-averaged Birkeland current
system. Another reason it is worthwhile to separate j,,, from
i 1s to permit a study of instabilities. Drift waves and MHD
instabilities depend upon the total current j,. Some kinetic
instabilities involve resonances with groups of particles that
are steadily drifting at the perpendicular wave propagation

velocity. Only the j; component of j, can sustain this type
of resonant interaction.

[s6] The magnitude of the electron magnetization vector,
as determined using equations (1) and (2), was plotted in
Figure 9. On the basis of previous orbit tracing studies
[Usadi et al., 1996; Kaufmann et al., 1997b] it was
concluded that equations (1) and (2) can be used to estimate
M even for chaotic ions as long as the distribution function
remains nearly isotropic, as is observed in the long-term
averages (Figure 8). The average magnetization M was
found to be strongly concentrated near the neutral sheet.

[57] The magnetization current j,, = V x M was calcu-
lated and compared with the total perpendicular current j ,
determined from V x B. It was found that j,, was an order
of magnitude larger than j, in the z box closest to the
neutral sheet but that j,, dropped off so rapidly that j, = j,,
in the outer boxes studied. Separate ion and electron
magnetization currents were calculated, and it was found
that j,,; was ~5 times as large as j,,,.. The ordinary adiabatic
drift equations were examined to see how much each term
contributes t0 j,.. It was found that the VB term was
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Figure 12. Perpendicular free current density j-in the (a) |z| <0.2 Rz, (b) 0.2 <|z| <0.7 Rg, () 0.7 < Iz]

< 1.5 Rg, and (d) 3.5 < |z| < 4.5 Rg boxes.

smallest, the pressure term was next largest, and the field
line curvature term dominated by approximately a factor
of 10.

[58] Finally, the free current j; or the perpendicular part of
V x H, was estimated from the observations by evaluating
the difference between the two currents that could be
determined directly, jo=j, — j,. This procedure produced
reliable results only near the neutral sheet. Since j,, was an
order of magnitude larger than j, at the neutral sheet, it is
clear that jrand j, must have nearly equal magnitudes and
must point in nearly opposite directions in this region.

[59] Since j, was found to be so large and highly
concentrated near the neutral sheet, it might at first be
expected that the neutral sheet is the principal source of
Birkeland current. Our recent paper [Kaufinann et al., 2003]
used the data-based models to study the origin of parallel
currents in the plasma sheet. When data from all IMF
orientations were combined, we concluded that j/B, the
long-term-averaged parallel current within a unit flux tube,
built up throughout much of the CPS. In particular, it did
not all originate very close to the neutral sheet or at the

plasma sheet boundary layer. Wave-particle scattering is
needed to divert perpendicular current and to increase the
parallel current per unit flux tube at a given location.
Electron scattering therefore appears to be distributed
throughout the central plasma sheet.
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