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Identification of magnetospheric particles that travel
between spacecraft and their use to help obtain
magnetospheric potential distributions
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Abstract. We identify magnetospheric ions from Hydra on Polar and compre-
hensive plasma instrument on Geotail that have traveled between these spacecraft
at three times at half-hour intervals from 1800 to 1900 UT on August 19, 1996.
During this time the activity level was low, the magnetosphere was quiet, and
inductive electric fields should have been minimal. The identification is made by
first using the magnetic fields measured by Magnetic Field Experiment (Polar) and
magnetic field instrument {Geotail), together with the Tsyganenko 1996 magnetic
fleld model to calculate the mapping of pitch angles between spacecraft. We then
make a one-parameter search in energy, and equivalently in the space defined by
the first two adiabatic invariants, to find matchings in the ion velocity distribution
functions as predicted by Liouville’s theorem. We find matchings at these three
times, with each matching occurring over the appropriate ranges of pitch angles
and at a unique difference in kinetic energy. We interpret the difference in kinetic
energy as a measure of the potential difference between the regions of the two
spacecraft. These differences are consistent with the potential changes along each
spacecraft path during this time from the electric fields measured by electric field
instrument (Polar) and electric field detector (Geotail) and from a map of estimated
magnetospheric potential distribution for the existing activity levels. Spacecraft
positions when plotted in the (U, B, K) coordinate system confirm that ion travel
between the spacecraft was possible during this time period. This technique for

identifying particles traveling between spacecraft should be a valuable tool for
correlating spectral features seen in particle data by different spacecraft in the

magnetosphere.

1. Introduction

One of the major goals of the International Solat-
Terrestrial Program is to use observations from differ-
ent spacecraft to gain understanding of magnetospheric
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processes. Yet the correlation of spectral features in
particle data seen by different spacecraft is a thorny
problem because of the complicated dependence of par-
ticle trajectories on energy and pitch angle and the re-
sulting uncertainty in the quantitative identification,
analysis, and interpretation of apparently similar fea-
tures seen by different spacecraft.

We seek to demonstrate in this paper that it is pos-
sible to identify magnetospheric charged particles that
travel between pairs of spacecraft. If this were done
as a function of spacecraft positions as they move, a
mapping could be provided between particle spectra
obtained in different regions. Thus particle detectors
could become tracer experiments and make remote sens-
ing measurements of the magnetosphere in much the
same way that charged particle beams have been used.
The problem of course is to identify which particles, if
any, have traveled from the vicinity of one spacecraft to
that of another.

The technique that we use is based on use of the first
two adiabatic invariants of charged particle motion, on



94 WHIPPLE ET AL.: PARTICLES THAT TRAVEL BETWEEN SPACECRAFT

the use of magnetic field models of the magnetosphere,
and on the use of Liouville’s theorem. We compare par-
ticle data from the Polar and Geotail spacecraft during
the interval 1800-1900 UT on August 19, 1996, when
the magnetosphere was quiet and when therefore the
magnetic field was reasonably stationary and inductive
electric fields should be minimal. We use the Tsy-
ganenko 1996 magnetic field model together with the
measured magnetic field at the two spacecraft to calcu-
late the pitch angle ranges of particles that could travel
between the spacecraft. We show how the use of (7,
B, K) coordinates (U, electric potential; B, magnetic
field magnitude, K(r) = ¢ /B(r) — B(s)ds) can de-
termine whether particle access is possible between dif-
ferent regions [Mcllwain, 1972; Whipple, 1978; Sheldon
and Gaffey, 1993; Sheldon, 1994]. K (r) is the modified
longitudinal invariant which has the property that it
depends only on position and not on any particle prop-
erties {Kaufmann, 1965; Roederer, 1970]. We then use
two different but equivalent techniques to compare the
measured distribution functions, f(v), from each space-
craft over the appropriate range of pitch angles and en-
ergy, or equivalently of magnetic moment p and A, and
lock for a match in f(v). We find such matches as a line
in (i, K) space which has a specific, predictable shape,
and from the constant energy difference between these
particles at the two spacecraft we infer the value of AU
between the two regions. (The potential I/ should not
be confused with spacecraft potentials caused by charg-
ing.)

The electric field is an especially important quan-
tity in the magnetosphete in that it is the energiza-
tion mechanism for charged particles and is therefore
an essential element for understanding magnetospheric
processes. The electric field is difficult to measure [Ped-
ersen et al., 1984; Gustafsson et al., 1997; Paschmann
et al., 1997} and is much more variable than the mag-
netic field, and there is therefore a scarcity of good
models of the magnetospheric electric field. Potential
distributions have been obtained [e.g., Mcllwain, 1972;
Stern, 1973; Volland, 1973], some of these by mapping
up magnetic field lines from the ionosphere with the
assumption that magnetic field lines are equipotentials
[Weimer, 1995, 1996; Maynard et ol, 1995). This is a
reasonable assumption in parts of the magnetosphere
during quiet times (which we use in this paper) but is
not a good assumption during active times when induc-
tive fields become important. In this paper we demon-
strate that it is possible to connect measurements of
the electric field made by different spacecraft by using
particles traveling between the spacecrafi to establish
the potential difference between the regions.

Data from the following instruments were used in
this study: plasma data from the Hydra instrument
on Polar [Scudder et al., 1995] and from the compre-
hensive plasma instrument {CPI) on Geotail {Frank et
al., 1994]; electric field data from the electric field in-
strument (EF1) on Polar [Harvey et al., 1995} and from

the electric field detector {(EFD) on Geotail [Tsurnda el
al., 1994]; magnetic field data from the Magnetic Field
Experiment (MFE) on Polar {Russell ¢t al., 1995} and
from the magnetic field instrument (MGF) on Geotail
[Kokubun et al., 1994].

In the following section we present a detailed descrip-
tion of how this analysis and comparison was done at
one time, 1830 UT on August 19, 1996. We then give
the results for the times of 1800 and 1900 UT, and com-
pare these potential differences inferred from the par-
ticle data with those that might be expected from the
electric field measurements on the two spacecraft and
from a map of magnetospheric potential distribution
based on statistical studies for the cxisting activity lev-
els.

2. Treatment of Particle Data at 1830
UuT

2.1. Assumptions and Choice of Time

The assumptions made in this analysis are as follows:
(1) The magnetospheric electric field is electrostatic and
that therefore inductive electric fields are negligible.
This also implies that the magnetic field is static over
at least the drift times of the particles. (2) There is
no electric field parallel to the magnetic field and that
therefore field lines are equipotentials. (3) The charged
particles that we study are collision-free with negligible
sources or sinks along their trajectories between space-
craft so that Liouville’s theorem is valid. {4) The Tsy-
ganenko [1995] 1996 magnetic field model is reasonably
accurate over this region of the magnetosphere. This
assumption can be verified by comparison with the on-
board measurements of B (see Table 1). The model
somewhat overestimates B, at Geotail.

We selected the time period of 1800-1900 UT, August
19, 1996, because at this time both the Geotail and Po-
lar spacecraft passed through the near-tail region of the
magnetosphere, and the activity levels of the magneto-
sphere were very low. The Kp levels and GSM coordi-
nates of of the two spacecraft are shown in Table 1 for
the three selected times. Although the two spacecraft
were fairly distant from each other during this interval,
the magnetic field lines on which the spacecraft were sit-
uated were reasonably close together (at 1830 U'L they
were about 3 Rg apart in the magnetic equator).

Figure 1 shows a high-latitude electric field model for
the existing interplanetary conditions during this time
petiod [Weimer, 1995, 1996; Shue and Weimer, 1994]
(By = -1.2 0T, B, = 2.0 nT, and Vsw = 400 km/s).
This model is mapped from the high-latitude ionosphere
into the GSM equator using the Tsyganenko 1996 mag-
netic field model and superimposed with the Earth’s
corotation potential. Also shown as symbols in Fig-
ure 1 are the GSM equatorial crossings of the magnetic
field lines on which Polar and Geotail are situated at the
three half-hour times of 1800, 1830, and 1900 UT. Both
spacecraft are moving toward the bottom of the map
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Table 1. Kp levels, GSM Coordinates, and Magnetic Field

Time Kp Level Polar Geotail
X Y A X Y Z
1800 1 -1.05 -3.05 2.93 -10.86 -6.66 1.80
1830 <1 -0.71 -3.17 3.88 -10.71 -7.46 1.74
1900 <1 -0.35 -3.20 4.67 -10.55 -7.99 1.62
Polar Geotail
Time  Source B B, B, B: B, B.
1800 Meas. 294.33  432.77 -72.72 -8.36 -6.08 3.98
1800 Model 288.22 440.90 -88.75 -5.11 -8.49 9.22
1830 Meas. 164.40 304.46 -161.45 -6.38 -6.20 4.99
1830 Model 162.82  313.11 -170.52 -0.85 -6.91 9.59
1900 Meas. 95.18 214.54 -171.38 -2.45 -3.15 5.46
Model 98.55 225.67 -178.64 0.87 -5.87 10.07

1900

GSM coordinates are in Rp and

(toward dusk) during this time. The potential contours
on the map have been referenced to 0 V at the Polar
spacecraft location at 1830 UT. Figures 2 and 3 show
the magnetic and electric field as measured by the in-
struments on Polar (Figure 2) and on Geotail (Figure
3) for the 1-hour time interval.
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Figure 1. Map of potential distribution projected to
the GSM equatorial plane for the existing activity levels
during this period based on the Weimer [1996] model.
The positions of the spacecraft field lines are shown
at the three times (asterisk, Polar; plus, Geotail, both
spacecraft are moving toward the lower left). The level
for the potential map has been chosen to be zero at the
Polar field line location at 1830 UT. The contour levels
are shown in kilovolts. The magnetopause is taken [rom
the Tsyganenko 1996 model.

magnetic field is in nanoteslas.

2.2. Magnetic Field Line Calculations

The mapping procedure for finding the particles that
travel between spacecraft is illustrated schematically in
Figure 4. We used the Tsyganenko 1996 model to calcu-
late the magnetic field and the value of the invariant K
along each of the two field lines through each spacecraft,
shown as Bp(K) and Bg(K) in Figure 5. Particles at
one spacecraft, say Geotail, with a measured pitch an-
gle (agi) travel up the field line until their pitch angle
reaches 90 °; the value of K at which this occurs (call
this Aj) 1s determined from the constancy of the mag-
netic moment and therefore by the values of the mag-
netic field at Geotail, Bg., , and at the mirror point,
Be{K;):

Dgee M
sin 2oy

The particle mirror point can then be considered
to drift on this constant K; surface. If K; is greater
than or equal to that at the Polar spacecraft, i.c.,
K; > 800vnTRE, and if the particle has the right en-
ergy (to be found later) it will intercept the Polar field
line where that field line goes through the same K; sur-
face. Thus we know from the Bp(K') curve what the
magnetic field is at that point, and therefore can cal-
culate the pitch angle when the particle bounce motion
takes it down the magnetic field line to the Polar space-
craft from a relation similar to (1):

I}G(IKQ)JZ

Bpo

= 2

Br (K} (2)
We restrict our use of K to values allowed for particles

to travel between the spacecraft, i.e., to values of K
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Figure 2. Electric and magnetic field measurements on
Polar for 1800-1900 UT, August 19, 1996. EX-Y and
EZ are de-spun values in the spacecraft spin plane. The
spin axis component is not shown because it is more sus-
ceptible to error than the other two components. The
spin axis component did not contribute to the poten-
tial along the Polar path (shown in Figure 11) since
the Polar orbit was perpendicular to its spin axis. Unit
vectors in the X-Y and Z directions have the following
GSE components respectively: (-0.606, -0.575, -0.549)
and (0.0, -0.691, 0.723). The components of B are in
the GSM coordinate system.

greater than that at the Polar spacecraft (800 VnTRg),
and less than 2000 vnTRg, which corresponds to an
altitude of about 2 Rg in the polar regions. The latter
constraint was chosen so that we would not deal with
particles mirroring in the interaction region too close
to the Earth’s ionosphere. From these calculations we
arrive at a range of pitch angles at each spacecraft, with
a one-to-one correspondence between them (labeled by
K), which identify those pitch angles at each spacecraft
that particles must have in order to travel between the
two spacecraft at this time. Note that this calculation
does not depend on the particle species, energy, nor on
the direction of travel. These remain to be found.

2.3. The (U, B) Plot in the K Surface Going
Through Polar

Figure 6 is & plot using ( I/, B) coordinates in the con-
stant & surface corresponding to the value of K (call this
Kpor) at Polar (Kpo = 800v/nTRE). The values of B
for the two spacecraft field lines where they intersect
this surface are known from the model magnetic field
as shown in Figure 5. We have located the two space-
craft field lines in this surface using these values of B
and values of the potential U which we determined from
the f{v) comparison described below. We have shown
before that particle mirror points travel in a straight
line in this kind of plot. The drift motion is a combina-
tion of the electric field drift and the magnetic gradient
and curvature drifts and is determined by (total) en-
ergy conservation and thus is automatically averaged
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over the particle bounce motion [Whipple, 1978]. The
slope of this line is known from energy conservation:

slope = (~pfe) = S (3)

where ¢ is the particle charge, AU = Ug — Up, and
AB = Bg(K) — Bp(K). Thus ions have a negative
slope and electrons a positive slope. 'T'he consistency
of the slope from this relation is used later as a test of
the results. We also know from the constancy of the
magnetic moment and from the conservation of total
energy that the kinetic energies E of a particle on the
two field lines are related by

Eg/Ep
Eg—Fp =

Bg(K)/Bp(K) (4)
—eAU

Thus we have two relations involving the two energies
and the value of AL/, but all three of these are at the
moment still unknown. We invoke Liouville’s theorem
to provide the final relation that is needed to identify
AlF, namely that the distribution functions should be
identical for particles that are seen at both spacecraft.
Each value of K provides a different AB(H) and ra-
tio Bg(K)/Bp(K), but if the assumptions, reasoning,
and measurements are valid, then each comparison (as
a function of K) should give the same AU.

We note from Figure 5 that at 1830 UT the values
of Be(K) are consistently higher than Bp(K). This
means that the particles have higher energy at Geotail
than at Polar and therefore the potential at Geotail is
lower (higher) at Geotail than at Polar if the species are
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Figure 3. FElectric and magnetic field measurements
on Geotail for 1800-1900 UT, August 19, 1996. EX
and FY are de-spun values in the spacecraft spin plane
and are close to the GSE X and Y directions. £X has
an undetermined offset, and only the variations should
be considered significant. Only EY was used to obtain
the potential change along the spacecraft path. The
components of B are in the GSM coordinate system.
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Figure 4. Schematic illustration of the travel of particles between Geotail and Polar at 1800
UT. The magnetic field line going through each spacecraft is shown above the GSM equator (the
gridded plane). Geotail 1s above the GSM equator but slightly below the K = 0 surface.

ions (electrons). The direction of motion is determined
by the value of the generalized velocity function W and
the equations of motion [ Whipple, 1978]:

dBfdt = W
Wit = —(u/e)W (5)
dﬁy/dt = 0

(VUXVB) VK (6)
B-VK

The W = 0 curves for the K p,; surface are also shown

in Figure 6. These curves represents the dividing line

between the tail (where particles gain kinetic energy)

and the front (where particles lose kinetic energy), but

it is possible to use the one plot for both tail and front
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Figure 5. Magnetic field versus the invariant K for
the two magnetic field lines going through Polar and
Geotail at 1830 UT. The locations of the two spacecraft
are indicated by asterisks.

with the understanding that particles travel towards
higher B in the tail but towards lower B in the front.
By using the model magnetic field and the map of
estimated potential distribution (Figure 1) we find that
W is positive at Geotail and at Polar at all three times,
although irregularities in the map of potentials made
the calculation difficult. From the relative positions of
Geotail and Polar in this plot we infer that ions have
traveled from the vicinity of Polar toward the higher B
and lower U at Geotail at 1830 UT, but from Geotail
to Polar at 1800 UT. We show the position of the Polar
field line in this plot at 1900 UT, but travel between the

spacecraft by drifting on this K surface of 800 vVnT Ry is
not possible at this time since Bp(K=800) at 1900 UT
is less than at the Polar spacecraft (but travel is possible
at higher K values). The value for W at Polar from the
potential map was ~5 nT/s. From this an estimate of
the drift time for the ions to travel from Polar to Geotail
can be made from (5): namely, At = AB(K)/W (20
nT)/(5b nT/s) = 4s

3. Comparisons of Distribution
Functions

We have used two methods to search for a match
between distribution functions from the two spacecraft
using Polar Hydra data and Geotail CPI data. The
first method works with the allowed energies and pitch
angles at each spacecraft. We first assume a value for
AU, this enables us to calculate the energies at. the two
spacecraft at which the match might occur as a function
of K, from the two equations in (4). These are shown
in Figure 7, for the AU at which the match was found,
as a functlon of the parameter K at the time 1830 U'L.
These values of K give the appropriate pitch angles at
the spacecraft from (1) and (2), which are also shown
in Figure 7.
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Figure 6. Plot of the W = 0 curves in (U, B) coordi-
nates in the constant K surface that intersects Polar at
1830 UT. The positions of the Polar and Geotail mag-
netic field lines are also shown at 1800, 1830, and 1900
UT (both spacecraft are moving toward lower B; the last
two positions of Geotail overlap). The W = 0 curves
are boundaries between the tail (% > 0) and the front
(W < 0) of the magnetosphere. Mirror points follow
straight lines toward higher B in the tail and towards
lower B in the front; ions have a negative and electrons
a positive slope.

In these comparisons we were working at times with
quite low count rates in the lon measurements. We
therefore fitted the velocity distribution functions at
each energy to a linear expression in pitch angle to
remove some of the fluctuations in the values of f(v)
caused by the low number of counts. We also folded
over the values of f(v) from pitch angles greater than
90° to their complement below 90° (which give the same
K) in carrying out the fitting procedure. We then in-
terpolated in energy between these fitted curves to find
f(v) for the appropriate (£, a) or (g, K') required for
the comparisons. Figure 8 shows the Polar data points
from Hydra (for every third energy) that were used at
1830 UT and the corresponding fitted curves.

We form the sum of the squares of the difference in
the normalized distribution functions taken from the
fitted curves over this range of E and a to calculate a
chi-squared summation:

X2 =3 falvaeo i) = fr(vpor, N /o (7)

i

and calculate this sum systematically for a range of val-
ues for A/, The index i refers to the set of distribution
functions for the set of equally spaced values of K from
that at Polar up to A = 2000v/nTRg. Each index is
assoclated with

a particular pair of pitch angles (through K) and also
with a particular pair of energies (through the mirror
point magnetic fields and the value of Al7). The de-
nominator in (7) is the joint standard deviation for the

two measurements of the particle distribution functions
based on the square root of the number of counts and
the calibrations of each 1astrument:

055 = /0% (Polar) + 0% ;(Geotail) (8)

We find that there is a clear minimum at some value
of AU, and we take this value as the potential differ-
ence between the two spacecraft regions. These results
for the three times are shown in Figure 9. Each summa-
tion, at a given value of AU, involved 15 terms. At all
three times, the values of x? at the minimum was of the
order of or less than 15, indicating that the agreement
between the two spacecraft distribution functions was
significant for that value of Al/. The values for AU at
the three times are 3.1, -1.5, and -7.0 kV.

The other method converts the energy and pitch
angle parameters for the particle instruments at each
spacecraft into the corresponding values for the mag-
netic moment x and longitudinal invariant K. This
method makes use of the fact that since both u and
K are invariants of the particle motion, the velocity dis-
tribution functions at the two spacecraft if plotted as a
function of (i, A) should be the same for those parti-
cles seen at both spacecraft. We form a contour plot of
the logarithm of the ratio of the two distribution func-
tions, in the (g,K&) plane, shown in Figures 10a, 10b,
and 10c. We find that there is a curve in this contour
plot where the values approach nearest to zero, and we
take that curve in (p,K) space as an identification of
those particles seen at hoth spacecraft. The values of
and K along this curve identify the energies at the two
spacecraft and thus the corresponding AU/, For exam-
ple, in Figure 10b there is a curve in the upper part of
the figure stretching from a g of about 12 keV/nT at K
= 800 VnTRE to a u of about 8 keV/nT at K = 2000
VNn'TRfE where the values in the contour plot approach
zero. Superimposed in this part of the plot are a set of
asterisks. These are the values of p as a function of K
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Figure 7. Allowed energies and pitch angles at each
spacecraft at 1830 UT. The dashed curves are for Geo-
tail and the solid for Polar.
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Figure 8. Polar f(v) versus pitch angles showing data
and fitted curves for every third energy channel (in eV),
from the even-numbered detectors at 1830. Error bars
from the count statistics are not shown to avoid clutter
but can be estimated from the fact that the lowest value
for f corresponds to one count.

given by the slope of the drift trajectory n the (U, B)
plane for each corresponding A surface (from equation
(3)):

u(K) = —eAU/[AB(K)] (9)
with the value of -1.5 kV for AU. It can be seen that
these crosses lie on or very close to the contour closest
to zero. Thus this contour is consistent with the slopes
of the drift trajectories for ions drifting on different K
surfaces but with a constant AU of -1.5 keV between
the two field lines. The contour plots for the other times
also show the values for p(K) from (9) with the corre-
sponding AU from Figure 9. Note that the comparison
in Figure § gives a global test on the agreement of dis-
tribution functions (i.e., a sum over the points in veloc-
ity space} whereas the comparisons in Figure 10 give a
point by point test along the line in (¢, K') space.

4. Comparison with Electric Field
Measurements and Model

We have integrated the electric field as measured by
EFI on Polar and by EFD on Geotail along each space-
craft path during the time interval from 1800 to 1900
UT. These potentials plotted as a function of time are
shown in Figure 11 as solid curves. We have arbitrar-
ily set the potential at Polar at 1830 UT to be 0 V,
and have placed the potential curve measured along the
Geotail path so that it goes through the potential of -1.5
kV at 1830, as indicated by the vertical arrow at that
time. This is the inferred difference derived above for
the (Geotail - Polar) potential difference. Thus we use
the potential difference obtained from the particle data
to interconnect electric field measurements obtained on
different spacecraft. We envisage this as one of the
important applications of our technique for identifying
particles that travel between spacecraft.
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We also show by vertical arrows in Figure 11 the po-
tential differences (magnitude and direction) obtained
from the particle data at the times 1800 and 1900
UT. These differences are consistent with the measure-
ments of potential change along the spacecraft paths
as measured by the onboard electric field instruments,
although the difference between the potentials derived
from the onboard electric field measurements indicate
a somewhat greater change in the potential differences
over the hour’s time between the two regions than is ob-
tained from the particle measurements. We note that
the electric field magnitude measured on Geotail in the
GSE Y direction during this time was very small, of
the order of 0.25 mV/m. Since this is near the sensitiv-
ity of the measurement, it is possible that the potential
change calculated along the Geotall path is an upper
limit. The electric field measured on Polar was typi-
cally of the order of 2 mV/m (the spin axis component
is not known well).

The dashed curves in Figure 11 are the model poten-
tials as read from the map of Figure 1 for the spacecraft
magnetic field lines during this time interval. Again,
there is reasonable consistency between the dashed curves
and the potential differences (vertical arrows) between
Polar and Geotail determined by the particles at the
three times.

5. Comments and Conclusion

We have not tried yet to make error estimates in our
identification of such particles or in the potential dif-
ferences that we have inferred. There are obviously a
number of possible difficulties and sources of error in our
procedure. We list some of these here without trying to
evaluate them quantitatively.

In the comparison of particle distribution functions
we are dependent on accurate calibrations of the par-
ticle instruments on the two spacecraft. The particle
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Figure 9. Plotof y? = Y [fg(v) — ﬁp(w.')]:’/a'f2 versus
AU for the three times. The steps in Al were 0.1 keV.
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Figure 10. Contour plots of In[fs(v)/fp{v)] in the
{1, K) plane: (a) at 1800, (b) at 1830, and (¢) at 1900.
The contour nearest to zero is taken as the identification
of ions travelling between the spacecraft. The asterisks
are p(K) from (9), where the value of AU is the same
as found from Figure 9 for the three times.
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pitch angle binning relies on the accuracy of the mag-
netic field measurements on the two spacecraft, and the
mapping of pitch angles between the spacecraft relies on
the Tsyganenko 1996 magnetic field model and on the
choice of activity parameters that go into that model.
The comparison of potential differences with the elec-
tric field measurements are dependent on the calibration
of the electric field instruments. Probably the largest
uncertainty in our work comes from the process of in-
tegrating along the model magnetic field lines to ob-
tain B{K). However, this affects mainly the pitch an-
gle relation between the two spacecraft, and for fairly
isotropic velocity distributions such as we have been
working with in this study, the uncertainties due to
errors in pitch angle determination may not be large.
However, it is true that the difference and ratio of mag-
netic fields at the particle mirror points enter into the
determination of the appropiate energies of the parti-
cles, and into the test of the drift relations involved in
matching f(v). We do not know what errors might have
been introduced by any of these considerations.

We have noticed that in some of the comparisons of
f{v) (not discussed elsewhere) that there can be “acci-
dental” agreements between the distribution functions
in different parts of velocity space (typically at low en-
ergies of a few hundred eV) than where we have iden-
tified the particles as common to both spacecraft. Our
determination was partly based on the consistency of
the progression of the potential differences with the on-
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Figure 11. DPotentials along the spacecraft paths
from 1800 to 1900 UT {from the onboard electric field
measurements (solid curves) and also from the map
of potential distribution {dashed curves) based on the
Weimer [1996] model. The two Polar curves are forced
to go through zero potential at 1830 UT and the Geo-
tail solid curve through -1.5 kV at 1830 UT. (The Polar
electric field measurements are questionable before 1815
UT.) The vertical arrows at the three times indicate the
values of the potential differences AU found from the
particle data: 3.1 kV,-1.5 kV, and -7.0 keV.
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board electric field measurements and with what in gen-
eral is expected for the magnetospheric electric field, as
demonstrated by the potential map based on existing
conditions. Such accidental agreements are probably
to be expected at times, especially when the f(v) are
nearly isotropic since rnatching f(v) in such a case de-
pends mainly on the energy variation. We note that
having a larger variation in both Bg(K)/Bp(H) and
B(K) as a function of K would provide a clearer iden-
tification of matching because of a larger variation in
energy ratios and differences over the allowed range of
K.

It can be seen from (3) that the kinetic energy of
particles at which matching f(v) can be found for
a given AU can be estimated to be of the order of
[eAUB(K)/AB(K)|. Thus for moderate or large |AU}
but small |A B| one can expect to find matchings to oc-
cur at high energies. This relation can help to guide in
the choice of particle data in the search for matchings.

We have neglected possible gyrophase dependence of
the particle distribution functions, and we note in this
connection that particles at the same energy but with
different gyrophases at a spacecraft will be drifting on
slightly different paths because it is the particle energy
at the gyrocenter that determines drift across equipo-
tentials. At the Polar ion energy of 10 keV where there
was lon matching at 1830 UT (Figure 7), the gyroradius
for protons is of the order of 37 km. For the measured
electric fields at Polar of about 2 mV/m, the potential
change across a gyrodiameter would be about 150 V.
This would introduce some smearing in energy of the
f(v) comparisons with consequent uncertainties in the
inferred potential differences.

It is striking that in spite of all the possible sources
of error, the inferred potential differences between the
two spacecraft regions are as consistent as shown with
other estimates of those potential differences (Figure
11). These results demonstrate that it is possible to
1dentify charged particles which have traveled between
two spacecraft and that useful information about the
magnetosphere can be extracted from the properties of
these particles. In addition to the inference of potential
differences and the mapping of particle spectra between
different spacecraft measurements mentioned in the in-
troduction, a number of other possible applications of
this new tool can be imagined. We leave the consider-
ation of these for future work.
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