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A study of inverted-V auroral acceleration mechanisms
using Polar/Fast Auroral Snapshot conjunctions

P. Janhunen,! A. Olsson,’? W. K. Peterson,® H. Laakso,"* J. S. Pickett,’
T. I. Pulkkinen,! and C. T. Russell®

Abstract. We present observations of electrons and ions that have been affected
by an auroral plasma acceleration mechanism. In the nine events studied, nearly
simultaneous and magnetically conjugate measurements were made by instruments
on the Fast Auroral Snapshot (FAST) and Polar satellites (1900-4100 and 20000-
37000 km altitude ranges, respectively). FAST sees inverted-V-type electron spectra
in five out of nine events, in the remaining four events the precipitation seen at
FAST is diffuse rather than inverted-V-type. In those inverted-V cases where the
electron distribution at Polar is quasi-Maxwellian (two events), assuming a potential
drop of appropriate magnitude between the two spacecraft can well explain the
spectra. In more complicated non-Maxwellian cases (three events), a net potential
drop between FAST and Polar could explain the total FAST energy flux rather
well, but it fails to explain the details of the distribution functions. Thus the
“standard” explanation of inverted-V-type electron spectra in terms of potential
drop acceleration may work in the quasi-Maxwellian events (which represent the
small-energy end of inverted-V spectra, with 1-2 keV energies) but not in the non-
Maxwellian events. Measurements of the upward flowing ionospheric ions at Polar
also support this view. In the non-Maxwellian events, sporadic very broadband
electrostatic wave activity (4-1000 Hz frequency range) temporally correlates well

with field-aligned acceleration of the cold (but not the hot) electron population.

1. Introduction

The U-shaped potential drop (Figure 1) is the stan-
dard picture of the electric field structure in auroral
inverted-V regions, which first appeared in literature
30 years ago [Carlquist and Bostrom, 1970]. The main
evidence for such a potential include (1) an inverted-V
shape of precipitating electrons showing downward ac-
celeration [Evans, 1974; Lin and Hoffman, 1979] and
(2) strong (up to 1 V. m~!) perpendicular electric fields
detected in the acceleration region, called electrostatic
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shocks [Mozer et al., 1977]. Also, upward accelerated
ions are often observed within the acceleration region
at 1-2 Rp altitude from the Earth’s surface [Shel-
ley and Collin, 1991], and large upward electric fields
have also been directly measured [Mozer and Kletz-
ing, 1998]. Conjugate studies between DE 1 and DE
2 satellites [Reiff et al., 1988] generally support this
picture as well. Thus one can say that the U-shaped
potential picture is able to account for the most impor-
tant observational findings below ~12,000-km altitude
on auroral inverted-V precipitation regions. In geomet-
rically asymmetric cases, the U-shaped (or V-shaped)
potential would rather look S-shaped [Mozer et al.,
1980).

The success of the U-shaped model to explain ob-
servations below 12,000 km still leaves open the ques-
tion whether the upright legs of the U-shaped poten-
tial extend up to the equatorial plane (closing only on
the opposite hemisphere in a symmetric structure), or
whether the potential contours rather close at some alti-
tude which is above 12,000 km but below the equatorial
plane. A statistical study of Polar electric field data at
~ 4 Rg altitude suggests the latter alternative, i.e., that
the potential contours often close below 4 Rg altitude
in the case of stable arcs [Janhunen et al., 1999].

In this paper we test the U-potential model up to Po-
lar altitude using magnetic conjunctions with the Fast
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Figure 1. The upward extended U-shaped potential
model for auroral electric fields. The acceleration region
resides in the 1 — 2 Rg altitude range. Polar measures
the electric field above the acceleration region at ~4 Rg
altitude.

Auroral Snapshot (FAST). The setup is similar to what
Reiff et al. [1988] did for DE 1 and DE 2, but we use au-
roral conjunction events between Polar (20,000-37,000
km altitude) and FAST (1900-4100 km altitude) so that
the altitude range is larger than what was previously ex-
plored. Besides particle instruments, we use data from
Polar wave detectors to find that the arc-associated elec-
tron acceleration in certain types of events is correlated
with broadband electrostatic wave bursts.

2. Instrumentation

The Polar satellite was launched on February 24,
1996, into a polar orbit with 9 Rg apogee over the
Northern Hemisphere and 2 Rg perigee over the South-
ern Hemisphere. In the examples studies here the north-
ern auroral oval is crossed at ~4 Rg altitude. (5 Rg
geocentric distance, equivalently).

2.1. HYDRA

The Polar/HYDRA can measure electrons in the 0.01
- 20 keV range [Scudder et al., 1995]. We use 12-s
resolution data which have been integrated over 0°-30°,
75°-105° and 150°-180° pitch angle bins. These bins are
called parallel, perpendicular, and antiparallel, respec-
tively. The raw count rates of HYDRA are proportional
to the differential energy flux, from which we can com-
pute the particle flux and distribution function by di-
viding by energy and energy squared, respectively. Cor-
rections due to the spacecraft potential are neglected.
These corrections might be needed for energies lower
than ~50 eV likewise, at these energies, photoelectrons
emitted from the satellite, which are also neglected, may
also contribute to the measured count rate.
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2.2. TIMAS

The Polar/Toroidal Imaging Mass Angle Spectro-
graph (TIMAS) instrument [Shelley et al., 1995] mea-
sures the energy and pitch angle distribution of ions
for a wide energy range (15 eV to 32 keV). The instru-
ment can identify four ion species (hydrogen, oxygen,
and singly and doubly charged helium), and it sweeps
through all solid angles in 3 s (half spacecraft spin). In
this paper we study mainly the energy and pitch angle
characteristics of outflowing ionospheric ions (we con-
centrate particularly on oxygen).

2.3. EFI and PWI

Polar electric field instrument (EFI) data [Harvey et
al., 1995] are used to estimate the amplitude of electric
waves in the 4-10 Hz frequency range. The plasma wave
instrument (PWI) [Gurnett et al., 1995] onboard Polar
uses the same antennas as EFI does. Here we study
the correlation between broadband electrostatic wave
activity and HYDRA electron anisotropies for wave fre-
quencies above 28 Hz. Together, EFI and PWI cover a
wide enough frequency range, 4-1000 Hz, to contain the
interesting waves in this region (the range 10-25 Hz is
covered using PWI snapshots only).

2.4. PSI

The Plasma Source Instrument (PSI) [Moore et al.,
1995] reduces the spacecraft potential to a few volts and
produces small perturbations at the long wire antennas
that affect the DC and AC electric field measurements
[Comfort et al., 1998]. Likewise, it may affect the low-
energy plasma measurement (the less than 50 eV part
of HYDRA). We do not draw any conclusions of the
low-energy HYDRA data in this paper, likewise, we do
not use DC electric field data from EFI. Possible effects
of PSI on PWI are treated in section 3.

2.5. FAST Electrostatic Analyzer

The electrostatic analyzers on board FAST [Carlson
et al., 1998] measure the distribution functions of elec-
trons in the range 4 eV to 30 keV. The time resolution
varies but is typically ~0.3 s which corresponds to ~2
km in the ionosphere, which is quite sufficient to char-
acterize the precipitation to the accuracy required in a
conjugate study between Polar and FAST.

2.6. CANOPUS Magnetometer Network

The Canadian Auroral Network for the OPEN Pro-
gram Unified Study (CANOPUS) is a ground-based
magnetometer network covering central Canada. We
use it in six cases to put the event in its geophysical
context and to evaluate the magnetic disturbance level.
For one event (970608) we use data from the Kotelny
Island (KTN) station, which belongs to the “210 mag-
netic meridian” chain maintained by Nagoya University.
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Table 1. The FAST /Polar Auroral Conjunctions

Event UT MLT FAST alt, km Polar alt, km Distance, km Inv-V PSI
19970603 0630 1930 1900 30000 109 yes/NM  on
19970606 0531 2000 2200 26000 9 yes/NM  on
19970608 1043 1830 2100 26000 7 yes/NM  on
19970615 0235 2030 3100 20000 388 yes/QM  off
19970629 0135 1840 3600 27000 145 yes/QM  off
19970710 2139 1830 4100 24000 188 no off
19970720 1622 0520 3200 29000 62 no off
19980727 0640 0640 2800 35000 54 no on
19980811 0258 0415 3400 37000 163 no off

Each FAST auroral traversal lasts ~2 min; the universal and mean local times given are
approximately at the center of each event or when the most important arcs were seen. The
spacecraft altitudes and the minimum equal-time distance of the footpoints in the ionosphere
are also given. In five events, inverted-V arcs were seen. In events 19970615 and 19970629,
HYDRA electron spectra is of quasi-Maxwellian (QM) rather than non-Maxwellian (NM) type
most of the time. The Plasma Source Instrument (PSI) [Moore et al., 1995] on board Polar is
operating in four events, so that low-energy particle, electric field, and wave measurements may
be affected and have to be interpreted with care. The last four events were diffuse precipitation

events.

3. Observations

We searched through all events where Polar and FAST
are on the same or nearby magnetic field line above
the northern auroral zone. We found five events where
inverted-V structures were apparent in FAST electron
data and four conjunctions which had mainly diffuse
precipitation at FAST. The times and spacecraft alti-
tudes of the events are given in Table 1. We also present
a measure of the quality of the Polar/FAST magnetic
conjunctions which we call the smallest equal-time dis-
tance. It is the smallest distance between the iono-

spheric footprints at the same time. Another measure
of conjunction quality (not shown) is the time difference
when Polar and FAST are passing through particular
auroral arcs.

For magnetic field line mapping between Polar and -
FAST we employ the Tsyganenko-95 (T95) model with
true dipole tilt, K, = 3, Dst = 0 and solar wind dy-
namic pressure of 2 nPa for the external part and the In-
ternational Geomagnetic Reference Field (IGRF) model
for the internal part. Varying the K, index or the type
of the field model produced only small differences in the
ionospheric footpoints.

Figure 2. Summary plot of all nine events. The events marked with black boxes are shown in
more detail in Figure 3 while the shaded ones are not. All the events marked with shading are

diffuse events.
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Figure 3. Event maps for all inverted-V events and one diffuse event (970710). The equal-time
minimum position of Polar (solid lines) and FAST (dotted lines) is shown with open circles. The
energy flux of FAST in units of mW m~2 (equivalent to erg cm™2 s~!) has been indicated in the
plot by shading by assuming uniformity in the magnetic east-west direction. The horizontal axis
shown is the geographic longitude to help locate the events on the map, but the vertical axis is
invariant latitude because the arcs are assumed to be aligned with that coordinate.

We also estimate the possible mapping error by an-
other method which takes the maximum magnetic field
observed during the event at Polar and subtracts a
model magnetic field from it, to obtain a variation
field. Assuming that the variation field is due to a
field-aligned current, the magnitude of the variation
field scales as v/ B between Polar and the ionosphere.
Although we know the direction of the variation vec-
tor at Polar, it is difficult to know the direction below
the spacecraft. Consequently, we compute the mapping
error for different directions. Selecting the worst case

shows that a mapping error as large as 10° in longitude
can be produced by this estimation. In latitude the er-
ror is much less. Longitudinal errors in mapping do not
matter if the arcs are east-west aligned.

We will use three categories for our events: (1) dif-
fuse Maxwellian events (diffuse precipitation at FAST
and approximately Maxwellian spectra at HYDRA),
(2) quasi-Maxwellian events (inverted-V precipitation
at FAST and approximately Maxwellian HYDRA spec-
tra most of the time), and (3) non-Maxwellian events
(inverted-V precipitation at FAST and HYDRA spectra,
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Figure 4. The closest ground magnetometer station
X component in a 3-hour time window around each
of the discrete precipitation events. Dawson (DAWS),
Contwoyto Lake (CONT), Fort Churchill (FCHU), and
Taloyoak (TALO) are the Canadian Auroral Network
for the OPEN Program Unified Study (CANOPUS) sta-
tions, while Kotelny Island (KTN) station of the 210
magnetic meridian (MM) chain belongs to the Institute
for Cosmophysical Research and Aeronomy (IKFIA) of
Russia. The time axis has been relabeled for each curve
to make the time of best Polar/FAST conjunction equal
to zero. An approximate distance from the conjunction
point to the station is shown in parentheses.

most of the time composed of more than one Maxwelli-
an). Those events that we call “quasi-Maxwellian” here
are usually not really Maxwellian in the mathematical
sense. Our definition is that if a particle spectrum has
only a single peak and is not “box-like” (i.e. does not
have a wide plateau), it is termed quasi-Maxwellian in
this paper, otherwise it is termed non-Maxwellian.

Figures 2 and 3 show the locations of the events on
the world map and the FAST /Polar mapping for six of
the events. The maps are not shown for three diffuse
events (19980727, 19970720, and 19980811) which are
not discussed in much detail in this paper. Table 1
gives the smallest equal-time distance of the ionospheric
footpoints, which is one measure of the accuracy of the
conjugacy. However, when evaluating the events, one
must also take into account where the arcs are with
respect to the spacecraft at each moment of time (see
Figure 3).

To evaluate the stability of the arc events we use
ground magnetometers. As a summary, Figure 4 gives
the X component of the closest ground magnetometer
station in a 3-hour window around each of the discrete
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events. Usually, the events are rather quiet, but event
19970603 is a bit more disturbed. We will discuss the
ground magnetic data throughout in connection with
the individual events when needed.

3.1. Diffuse Precipitation Events

In four events (Table 1) the electron precipitation at
FAST is mostly of the diffuse type and seemingly com-
ing from a Maxwellian source plasma.

In Plate 1a we show HYDRA and FAST energy fluxes
for event 19970710. After Polar and FAST have been
mapped to a common invariant latitude (ionospheric
footpoint), they have a time difference which can be
read from the UT time labels given in Plate 1. The
integrated energy fluxes (Plate la, lower panel) match
pretty well (disregarding the energy flux peak in FAST
at ~74.5° invariant latitude (ILAT) which is probably
a temporal variation). This serves as a first consistency
check for the correctness of the mapping, and it also
shows that in the absence of inverted-V-type precipi-
tation, the measured energy fluxes by high- and low-
altitude spacecraft are comparable. In the other diffuse
events (19970720, 19980727, and 19980811) we can also
confirm these findings.

Note in passing that although we classify event 1997-
0710 as diffuse, there is inverted-V precipitation also,
concentrated at 74-75 invariant latitude. Since the time
difference is already more than 20 min at 74°-75° ILAT,
however, we do not discuss this aspect of event 19970710
further in this paper.

FAST energy fluxes tend to be on the average some-
what higher (factor of roughly 2-3) than HYDRA fluxes .
in all four diffuse events. We do not think that this is an
instrumental calibration issue. Anyway, the difference
is clearly less than that for inverted-V events which are
discussed in section 3.2.

3.2. Quasi-Maxwellian Inverted-V Events
(19970615 and 19970629)

In Plate 1b the HYDRA /FAST energy fluxes mapped
into the ionosphere along the magnetic field are plotted
against invariant latitude for event 19970615. We iden-
tify three auroral arcs in FAST data which are marked
in Plate 2. Notice that the times increase with decreas-
ing invariant latitude because the satellites are moving
southward. For the event 19970615 analysis we have
shifted the FAST latitude by 0.6° to get better agree-
ment between acceleration features as was done by Reiff
et al. [1988]; the shift is done in all our data processing
concerning event 19970615 but not when data are plot-
ted. The need for the shift can come about if the arc is
not completely east-west aligned or has moved a little
during the event. The integrated energy flux in FAST is
clearly higher (at least by an order of magnitude) than
that in HYDRA during the arc crossings. When the
energy flux discrepancy is largest (arc 1), the temporal
difference between HYDRA and FAST is more than 15
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min. During arc 2 and arc 3 the temporal difference
is smaller, 5-10 min, and the energy flux discrepancy is
roughly 10. In event 19970629 (data not shown) the en-
ergy flux discrepancy is even larger (a factor of ~100),
but the temporal difference is also rather large (15-25
min).

. Plate 2a shows TIMAS ion data for event 19970615.
During arcs 2 and 3 the upgoing oxygen energies are
small (less than ~200 eV). There are some oxygen ions
at higher energies also, but they have a rather isotropic
pitch angle distribution (this cannot be deduced from
Plate 2a but we verified it using the data files). At arc 1
the upgoing oxygen has a higher energy, 1-2 keV. Thus
arc 1 is compatible with a potential drop estimated from
the FAST peak, but arcs 2 and 3 are not. The time
difference is the largest at arc 1 (and the sign is such
that HYDRA measures the region before FAST so that
the oxygen time of flight effect, of the order of minutes
from FAST to Polar, does not help to reduce the time
difference) and becomes better at arcs 2 and 3, so as a
whole the 19970615 ion data do not show clear evidence
for energization of oxygen by a potential drop.

For event 19970629 (data not shown), TIMAS data
show that there is outflowing oxygen whose energy
(again up to 2 keV) is qualitatively in agreement with
the FAST peak energy. Thus the oxygen ions in this
event are compatible with a potential drop of 1-2 kV.

The velocity of 1-keV oxygen ions is about 1 Rg per
minute, and Polar is ~2 Rg above the auroral accel-
eration region. Thus, the conclusions drawn from the
oxygen data are subject to the constraint that the arcs
remain stationary for a few minutes at least, which is
an assumption we are making in any case.

3.3. Non-Maxwellian Inverted-V Events
(19970603, 19970606, and 19970608)

Event 19970603 takes place over the northern coast-
line of Alaska and Canada, and from CANOPUS data
(not shown in detail) we see that there is a substorm
going on close to Fort Churchill (FCHU). The nearest
CANOPUS stations Dawson (DAWS) and Contwoyto
Lake (CONT) show ~200 nT variations (Figure 4),
 which can well be due to the substorm current systems
(that is, not produced locally). Event 19970606 is also
located in the arctic Canada, and the conditions are
quiet as judged from CANOPUS data (Figure 4). The
temporal mapping between Polar and FAST is close to
optimal for event 19970603. By optimal mapping we
mean that zero temporal difference occurs at some of
the arcs. The temporal mapping in event 19970606 is
not quite optimal (time difference is more than 9 min).
Event 19970608 happens over northeastern Siberia and
is likewise magnetically rather quiet (Figure 4). This
event has good mapping (2-10 min time difference dur-
ing the arcs; concerning the time differences, see the
colored dots in the panels).

Plates 1c and 1d show HYDRA and FAST energy
fluxes for events 19970603 and 19970606, respectively.
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In both cases the energy flux at FAST is the same as
or larger (sometimes much larger) than that at Polar.

During the discrete arcs when inverted-V precipitation

can be seen, FAST energy flux is typically ~10 times
higher than HYDRA energy flux.

By computing the ratio of the HYDRA distribution
function in the parallel and perpendicular directions
we can get an estimate of the anisotropy of the dis-
tribution. Plate 3 shows this anisotropy for events
19970603 and 19970606, together with wave amplitudes
summed from the PWI and EFI instruments (which
use the same sensors) over two frequency bands, 4-10
Hz (EFI) and 28-1000 Hz (PWI) averaged over 10 s.
We see in Plate 3 a clear temporal correlation between
HYDRA anisotropies and EFI+PWI wave power. For
PWI we used the longest boom (U) data only. We
see that the most important electrostatic wave activ-
ity is very bursty and occurs below 1 kHz. In all our
non-Maxwellian events the Plasma Source Instrument
(PSI) on board Polar is on. The PSI operation does
create spurious waves in the surroundings of the space-
craft, and one must be very cautious when interpreting
wave data. In general, the effect of PSI on PWI is to
raise the background noise level in the electric measure-
ments at all frequencies up to a few hundred kilohertz.
However, in our events we see no plausible mechanism
for how PSI could cause the observed strong electro-
static wave bursts in correlation with HYDRA electron
anisotropies. As a further check, we have also looked
at some other examples of Polar data where PSI is off,
and similar correlated occurrences of anisotropies and
wave bursts were found in several occasions.

Besides monitoring > 28 Hz frequencies all the time,
the PWI instrument also takes low-frequency “snap-
shots” of < 25 Hz waves using all antenna booms (data
not shown). A snapshot lasts ~2.5 s, and about two
snapshots are taken per minute. The snapshots reveal
significant burst-type wave activity in the 10-25 Hz fre-
quency range, which is not covered by the EFI and PWI
plots in Plate 3. In fact, a substantial portion of the
total spectral power may lie in the 10-25 Hz band. Sig-
nificant wave activity is seen both in the spin plane
and parallel to the spin axis in the low-frequency snap-
shot band. As a summary, we believe that the wave
amplitudes shown in Plate 3 are underestimates of the
true electric wave power in the full 4-1000 Hz frequency
range, but the overall qualitative behavior of the wave
power as a function of invariant latitude can be trusted,
which is enough to infer the above-mentioned correla-
tion with HYDRA anisotropies.

In event 19970603, at arc 2 (Plate 3a), a detailed look
at HYDRA data reveals clearly superposed Maxwellians
during the whole inverted-V arc (not shown). Almost
all the time there is fy > f. anisotropy and wave activ-
ity. At arc 1 we have superposed Maxwellians as well,
and we see that when the anisotropy moves to some-
what higher energy (up to a few hundred eV), the wave
activity also intensifies and seems to move to some-
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Plate 2. (a) Toroidal Imaging Mass Angle Spectrograph (TIMAS) energy-time spectrograms
and pitch angle distributions for the energy range 0.015 — 12 keV for event 19970615, showing
hydrogen and oxygen ions. (b) Same but for event 19970606.
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Plate 3. (a) Anisotropy/wave correlation for event 19970603. Top panel: HYDRA parallel vs.
perpendicular anisotropy (fj/f.). Energies smaller than 100 eV are not shown. Middle panel:
plasma wave instrument (PWI) electric wave activity between 28 Hz (the lower threshold of the
instrument) and 1 kHz (a limit above which the broadband activity starts to fade and other wave
phenomena might interfere) from the “U” antenna. Lower panel: electric field instrument (EFI)
instantaneous electric field amplitude in the 4-10 Hz frequency range. f; > f. anisotropies are
seen to be correlated with waves, for example, at 70.4 ILAT. The plasma source instrument (PSI)
is operating during this event, so PWI and EFT data must be used very cautiously. There is no
reason why the correlation could be caused by PSI, however. (b) Same but for event 19970606.
Also here the f > f anisotropies (yellow and red) are correlated with waves. PSI is on in this
event as well. .
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what higher frequency (PWI intensifies relative to EFI).
The largest anisotropy occurs at ILAT=70.4, which is a
clearly identifiable peak in PWI wave data. The corre-
lation between anisotropy and waves occurs also in the
other non-Maxwellian event, 19970606 (Plate 3b).

Plate 2b shows TIMAS ion data for event 19970606.
During the arcs the energy of the outflowing oxygen
is small (<200 eV), except for one brief appearance of
1-2 keV ions at 0545 UT, but the pitch angles of these
higher energy oxygen ions are roughly perpendicular (in
addition to Plate 2b we checked it also from the data
files where the fluxes are stored as functions of both
pitch angle and energy). The time difference is favor-
able for detecting ions because HYDRA measures the
region a few minutes after FAST for arc 1 (for arc 2
the time difference is larger than 10 min). From the
FAST peak one would expect to find 1-2 keV upgoing
oxygen with mostly parallel energy, if the FAST peak
is produced by a potential drop between the FAST and
Polar altitudes.

In event 19970603 (TIMAS data not shown) there
is a low-energy (<200 eV) upgoing oxygen population
during arc 2 and simultaneously a higher-energy one
(around 2-5 keV) whose intensity is, however, smaller.
The more energetic population is extended over all pitch
angles (this was again checked from the data files), how-
ever, and therefore does not represent an upgoing beam.
The existence of two upgoing oxygen populations at
different energies does not really speak in favor of a
static potential drop of either magnitude (the magni-
tude would anyway not correspond to the peak energy
in FAST, which is 5-8 kV) but probably indicates the
existence of temporal variations and/or inductive-type
downward parallel electric fields which accelerate oxy-
gen ions sporadically and locally. During arc 1 there
is an upgoing oxygen population at 1 keV. The FAST
peak is at 3 kV in this case.

In event 19970608 (data not shown) only low-energy
oxygen is seen where the time difference is small be-
tween FAST and Polar observations. Thus, also in this
case the oxygen data do not support the existence of a
U-shaped potential drop.

4. Summary of Observations

One must note that the set of nine Polar/FAST con-
junctions all took place during summertime, and most
took place in June 1997. Thus the set of conjunctions
is not completely representative with respect to season.
No clear correlations with Polar altitude can be seen in
our nine events. The major observational findings are
the following:

1. Events could be easily classified as diffuse events,
quasi-Maxwellian events, and non-Maxwellian events.
(For the definitions of quasi-Maxwellian and non-Max-
wellian events, see the beginning part of section 3.)

2. In diffuse precipitation events, FAST and HYDRA
energy fluxes generally match rather well. The diffuse
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events show that the mapping method is feasible and
provide an independent consistency check for the cor-
rectness of the energy flux computation routines for the
two spacecraft.

3. During inverted-V electron precipitation (quasi-
Maxwellian and non-Maxwellian events), FAST energy
flux is typically ~10 times higher than HYDRA en-
ergy flux. This demonstrates that as expected, electron
energization below Polar is clearly needed to explain
inverted-V events.

4. The two quasi-Maxwellian events show a mixed
character. In one event (19970615), matching of the
spectra and the integrated energy flux is rather good
after acceleration through the FAST peak energy (for
a quantitative treatment, see section 5). In the other
event (19970629) the electron matching is not as good,
but, on the other hand, it was found that the energy (1-2
kV) of outflowing OF approximately matches the FAST
peak energy. Thus it is unclear whether the events are
compatible with small (1-2 kV) potential drops, but in:
any case there is no evidence for potential drops larger
than 1-2 kV among the quasi-Maxwellian events.

5. In the non-Maxwellian events there is a good tem-
poral correlation between short-lived (or spatially com-
pact) electron anisotropy occurrences at middle (~40-
400 eV) energies and broadband electrostatic wave
bursts in the 4 Hz to 1 kHz frequency range. The oxygen
data do not support a potential drop of similar magni-
tude as FAST electrons would indicate.

5. Quantitative Comparison of FAST
and HYDRA Electron Fluxes

In this section we compare FAST and HYDRA elec-
tron fluxes quantitatively. We also test the parallel po-
tential drop model by computing the distribution func-
tion from HYDRA, estimating the potential drop V
from the particle flux peak position of the conjugate
FAST measurement, accelerating the HYDRA distri-
bution by V, and comparing with FAST.

5.1. Quasi-Maxwellian Events

In Figure 5 we present eight examples of HYDRA
spectra taken during inverted-V precipitation of event
19970615. To produce Figure 5 we have simulated the
electron spectra that would be obtained if the HY-
DRA data were accelerated through a potential drop
[Evans, 1974] that was determined from the correspond-
ing FAST electron data by finding the peak position.
A latitudinal shift of 0.6° is included in this event in
order to improve the correspondence as stated before.
The unaccelerated (observed) HYDRA spectra are also
shown as the left member of each pair of plots for com-
parison. The HYDRA spectra have a quasi-Maxwellian
character (possibly accelerated by a few tens of eV),
while FAST spectra during the discrete arcs show an
inverted-V-type signature where the peak is around
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Figure 5. HYDRA (solid lines) and FAST (dotted lines) particle fluxes for event 19970615 (a
quasi-Maxwellian event). The plot contains eight pairs of nonaccelerated/accelerated line spectra,
selected uniformly during inverted-V precipitation. The accelerating voltage has been found from
the peak position of FAST (with 0.6° latitudinal shift). We see that the nonaccelerated HYDRA
spectra are mostly quasi-Maxwellian. After acceleration the correspondence with FAST is good

in this event.
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1 keV. The accelerated HYDRA spectra match with
FAST spectra rather well in this case.

For the other quasi-Maxwellian event 19970629 (Fig-
ure 6) the HYDRA electrons are colder and do not pro-
duce an equally good match after accelerating them by
the FAST peak potential. The HYDRA spectra are
deformed a bit from a Maxwellian shape, which adds
to the narrowness of the spectra after acceleration, so
that they fail to reproduce measured FAST spectra to
some extent. If the energization is due to a potential
drop in event 19970629, some nonadiabatic process has
to broaden the spectra before the particles reach FAST
altitude.

In Plate 4a we show the accelerated HYDRA en-
ergy flux (which should simulate FAST energy flux if
the potential drop model is valid) for event 19970615
for all data points as a spectrogram plot. Comparison
with the unaccelerated version (Plate 4a, lower panel,
dotted blue line) shows that letting HYDRA electrons
go through a potential drop causes energization which
improves the correspondence with FAST energy flux,
which is not unexpected. Notice that the shift of 0.6°
should be done in the lower panel of Plate 4a.

For event 19970629 (Plate 4b) the match after accel-
eration is not as good as that for event 19970615, as
noted above. The coldness of the HYDRA population
and its slight deformation from a Maxwellian character
make the energy flux after acceleration too small in this
case.

5.2. Non-Maxwellian Events

In Figure 7 and Plate 4c we show the effect of po-
tential drop acceleration on HYDRA data in the non-
Maxwellian event 19970603. The spectral curves (Fig-
ure 7) show that the matching of HYDRA and FAST
spectra cannot be very good, because HYDRA data
consist of two or more peaks, while FAST has only a
single peak (there is sometimes a second peak also in
FAST but at too low energy to be significant in this
regard). The small energy peak of HYDRA, after ac-
celerated through a potential drop, becomes a peak at
the correct location (by construction, because the ac-
celerating potential was taken from FAST), but it is far
too narrow and too high. Likewise, the higher-energy
peak of HYDRA becomes a smaller peak at somewhat
higher energy, which is absent in the FAST data. In
other words, the integrated energy fluxes (Plate 4c,
lower panel) match rather well, but the matching of the
functional form of the spectra is rather poor. The point
is not only that the functional forms mismatch in these
particular events but also that the multiply peaked HY-
DRA spectra produce very abnormal looking inverted-V
spectra if accelerated through a potential drop. Thus
- questions such as mapping errors and temporal stabil-
ity which are always a concern in conjunction studies
do not affect this conclusion.

The fact that the integrated energy fluxes match af-
ter acceleration is not very surprising and should not
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be taken as an indication that the real energization pro-
cess is necessarily a potential drop. Especially when the
FAST peak energy V is clearly larger than the source
plasma thermal energy T, variations in V' cause corre-
sponding variations in the accelerated energy flux, al-
most regardless of how the original HYDRA data look.
This is because the energy flux is under these condi-
tions approximately proportional to nT~/2V2 where
n is the source plasma density [Fridman and Lemaire,
1980]. The energy flux is much more sensitive to vari-
ations in V, which is determined by FAST data alone,
than to variations in n or T', which are determined by
HYDRA data. The other non-Maxwellian events show
a behavior similar to that of event 19970603.

Regarding the role of the observed correlation be-
tween very broadband electrostatic waves (4-1000 Hz)
and middle-energy electron anisotropy, the question
arises whether the waves cause the anisotropy or vice
versa. We think it more likely that the waves cause
the anisotropy, because it is difficult to explain the
energy-selective parallel acceleration and the anisotropy
by something else than waves. Especially, lower hy-
brid waves have been suggested as being responsible for
parallel acceleration [Bryant and Perry, 1995; Bryant,
1999]. A plausible candidate for the free energy source
of the waves is a hot ion population of ~30-50 keV ther-
mal energy. This population is mostly beyond the en-
ergy range of HYDRA ion detector but can be seen
in CAMMICE data (not shown). Studying possible
plasma instabilities which could tap energy from the
hot ion population in the presence of the observed cold
and middle-energy populations would be interesting but
is beyond the scope of this paper. Assuming the exis-
tence of the observed waves at Polar, we have recently
shown using test particle simulations that realistic low-
altitude inverted-V electron spectra are produced if an
O-shaped potential well is assumed to lie between Po-
lar and FAST [Janhunen and Olsson, 2000]. This re-
sult is compatible with the observations reported in the
present paper and also with the statistical results pre-
sented earlier [Janhunen et al., 1999].

6. Comparison With an Earlier Study

Reiff et al. [1988] used similar methods to study ac-
celeration between DE 1 and DE 2 satellites. A differ-
ence between their study and ours is that their upper
satellite (DE 1) is at 11,000-17,000 km altitude, whereas
ours (Polar) is at 20,000-37,000 km (Table 1). There-
fore it is not meaningful to compare these two studies
in detail, especially as we have shown earlier that accel-
eration region (~6000-12,000 km) potential structures
above stable arcs do not usually reach the Polar altitude
[Janhunen et al., 1999]. We anyway wish to point out
that Figure 15 of Reiff et al. [1988] shows a comparison
of average upward ion energy (E), to other estimates of
the potential drop e®yp and e®tor, where @yp is
the potential drop below DE 1, calculated from the loss
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Plate 4. (a) Top panel: 19970615
HYDRA electron energy flux acceler-
ated by FAST peak energy (simulated
effect of parallel potential drop). A lat-
itudinal shift of 0.6° was included when
finding the FAST peak energy. Mid-
dle panel: FAST energy flux. Lower
panel: Comparison of FAST energy
flux (red) with HYDRA accelerated
energy flux (blue). The originally
measured HYDRA energy flux (nonac-
celerated) is also shown (dotted blue
line). (b) Same but for event 19970629.
No latitudinal shifting is included in
this event. (c) Same but for event
19970603, where HYDRA data are of
the non-Maxwellian type.
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Figure 7.
Maxwellian type.

Same as Figure 5 but for event 19970603,

where HYDRA data are of the non-
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cone width, and ®ToT is the potential drop above DE
2, inferred from the peak electron energy. The quan-
tity that should be compared to the potential drop is
Epeax, plotted in their Figure 14, rather than (E),, as
they point out in the text. Epeak is usually less than the
other estimates of the potential drop, especially in the
events where the energies are generally higher. Indeed,
Epeak never exceeds 3 keV in their events and is usually
1-2 keV at most. Thus, they do not show an-example
where the ion data would support a significant (more
than 5 keV) potential drop below the spacecraft. This
result is in agreement with ours; despite the difference
in spacecraft altitude range.

7. Conclusions

We studied the inverted-V electron acceleration mech-
anisms between FAST and Polar altitudes. Nine Po-
lar/FAST magnetic conjunction events were found, out
of which five contained inverted-V type precipitation.
In the inverted-V events the energy flux at FAST was
~10 times higher than the energy flux at Polar, so that
an energization mechanism is needed. In cases where
the electron distribution at Polar is quasi-Maxwellian
(two events), a U-shaped potential drop can explain the
electron spectra reasonably well. In more complicated
non-Maxwellian cases (three events) a U-shaped potern-
tial could explain the total electron energy flux rather
well, but it fails to explain the details of the distribution
functions. In the non-Maxwellian evernts a correlation
between a middle-energy electron anisotropy and the
occurrence of broadband electrostatic waves at Polar is
seen.

The quasi-Maxwellian events represent the low-energy
end of inverted-V events. They partly support and
partly do not support the presence of a potential drop;
the potential drop, if it exists, is in any case small (1-2
kV). The non-Maxwellian events have higher peak en-
ergies and thus represent the most typical inverted-V
events. In these cases a potential drop model of auroral
energization leads to inconsistencies with the spectral
shape of precipitating electrons and missing energiza-
tion of upflowing oxygen, while it can reproduce the
integrated precipitating electron energy flux magnitude
rather well. We suggest that the energization mecha-
nism in the non-Maxwellian events is rather related to
the observed correlation between electron anisotropies
and broadband electrostatic wave bursts.

In the paper of Janhunen and Olsson [2000] we de-
veloped this idea further using the same events as those
in the present paper and demonstrated that wave en-
ergization combined with a closed potential well struc-
ture best corresponded to the data. This approach to
explain the non-Maxwellian inverted-V events is also
compatible with the statistical results of Janhunen et

[1999].
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