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Abstract. Ground optical data in conjunction with particle
measurementsfrom FAST orbit 1859 are presented. The satel-
lite crosses the camera field of view for about 2.5 minutes.
The recorded data show a large inverted-V with embedded
ion beams, pattern most probably resulted from atitude shifts
of the lower border of the acceleration region. The optical
observationscover alonger period, and enable connection of
satellite determined features with later developments of the
aurora structure. On this longer time scale small enhance-
mentsin the energy flux pumped into ionosphere, coincident
withion beams, seem to amplify and evolveinto fully devel-
oped visible arcs. Field aligned electron precipitation mea-
sured in front of the ion beams together with normal motion
of the aurora structure contribute to building up a coherent
scenario.

1 Introduction

Optica data have been used for long in studies devoted to
both large-scale (e.g. Akasofu, 1968; Anger and Lui, 1973)
and small-scal e features (e.g. Maggs and Davis, 1968; Meng,
1976) of the aurora

Onedistinct topic, given constant attention along thetime,
refersto the energy source feeding the aurord display. Start-
ing with the pioneering article of Mcllwain (1960), the re-
lationship between ~ 1 — 10 keV electrons and the optical
signature of aurorawas intensively explored (for reviews see
Arnoldy, 1974; Meng, 1978). Morerecently, conjugated stud-
iesusing ground-based optica and satellitedatashowed quite
convincingly the one-to-one rel ationship between the auroral
arcs and the features of the electron spectra (e.g. Haerendel
et a., 1994; Stenbaek-Nielsen et d., 1998).

However, to theknowl edgeof the authors, thereisno study
yet trying to establish a relation between ion beams and vis-
ible auroral arcs. To avoid confusion we emphasize that we
refer to the upward current region. For thedownward current
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region the relation between ions and aurora has been studied
sincelong time ago (for areview see Hultqvist, 1979).

This is not very surprising. Aurora luminosity is struc-
tured into arcsin the upward current region as a direct conse-
guence of energetic electron precipitation. Althoughtheions
take active part in various energization processes (e.g. Shel-
ley et d., 1976; Sharp et a., 1977; Gorney et d., 1981; Reiff
et al., 1988; André et d., 1998), theion effects could be con-
sidered as* second order” with respect to light emission. Nev-
ertheless, trying to relate auroral structures and ionospheric
ions, in particular ion beams, could offer new insight to auro-
ra processes. It isespecialy suited to try such an approach
at present, when new generations of instruments give better
access to small-scal e phenomena.

We shall further present a conjunction event between a
ground TV cameraand the FAST satellite. Ontheshortertime
scale of the satellite pass through the camera's field of view
(FoV) the particle measurements suggest the atitude of the
acceleration region (AR) changes, in accordance with recent
resultsfrom FAST (Carlsonet d., 1998; McFadden et d ., 1999).
On the longer time scale of the optical observation one can
followthe devel opment of thearc system whichrevea sapos-
siblerelation between ion beams and visible arcs.

2 Instrumentation
2.1 Ground-based cameras

Aurord imagesweretaken with threeimage-intensified CCD
cameras, two of them, Aur-A and Aur-B, equipped withlarge-
angle optics (86° x 64°), and one, Aur-D, equipped with
narrow-angleoptics(21° x 16°) . During the observationsre-
ported here the cameras were operated with > 650 nm edge
filters. Theimageswere stored on video tape, at arate of 25/s
if enough luminosity present. The exposuretime could be ad-
justed to either afraction or a multiple of 40 ms, the standard
PAL TV norm. The raw optical data were later digitized to
768 x 576 pixel arrayswith 8-bit depth.
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2.2 Satdllite detectors

FAST isequipped with state-of-theart detectors, for bothplas-
ma and field observations. The very high resolution permits
a detailed study of small-scale phenomena, in particular of
ion-beam events. For thispaper we use datacoming from the
electron (EESA) and ion (IESA) spectrometers (Carlson and
McFadden, 1998). The energy range of the two instruments
is4eV —30keV and 3eV —25keV respectively, dividedinto
48 channels. A complete energy sweep isdonein 78 ms and
atypica tempora resolution during theauroral oval crossing
is 312 ms (4 energy sweeps are grouped together). The in-
struments ensure permanent full pitch-angle coverage, with a
resolution of 5.62°. Data from the tri-axial flux-gate magne-
tometer (Elphicet a., 1998) were also used, to double-check
the upward/downward character of the current.

3 Datadescription
3.1 Opticd data

Ground images in conjunction with FAST were obtained on
9t" and 13" of February ' 97, during an auroral campaign at
Deadhorse(Lat. 70.22°,Lon. 211.61°), Alaska. Inthisstudy
we focus on the first event, which took place between
UT 8:21:00 and 8:23:20. The optical data used come from
Aur-A and cover alonger timeinterval, UT 8:18 - 9:14. A
sequence of 9 frames, 1 minute apart, centered on the con-
junction intervd, is shown in Fig. 1. The 1 minute resulted
by visua evaluation asareasonabletime-scale for the change
of theauroral display. The frames are sequentially numbered
in the upper right corner, for better readability. One can also

+88 758

Fig. 1. Selection of auroral images, 1 minute
apart, takenwith Aur-A on February 9, 1997,
UT 8:18-8:26. The North and East direc-
tions point roughly to the left and to the bot-
tom, respectively. For better identification
the frames are numbered sequentially. FAST
crosses the camera’s FoV in frames 4,5,6.
For these framesthe projection of the trajec-
tory is indicated and the satellite’s footprint
is shown as a square. The limits of theion
beams seen by FAST are overplotted in all
the frames (seetext).

read, in the upper left corner, the exposure time: “00” means
40 ms and “-01" means 20 ms. Note that the exposure time
doublesfor the last frame.

For thetime period when FAST crossed the camera’s FoV
(frames 4,5,6) we indicated the satellite's footprint at iono-
sphericlevel (110 km). The instantaneous satellite’s position
is shown as a square (the mapping viewing-direction «
image-pixel was done by recording reference frames with
bright, well-known stars). One can test that the FAST foot-
print is at the right place: the time for the maximum energy
flux, as derived from brightness data, is close to that derived
from EESA data (Fig. 2). Cross-correlation of the two data
arrays produces agood agreement, withinalimit of 2-3 s.

The energy fluxesin Fig. 2 are givenin relative units. An
absolute calibration of the cameras can aso, in principle, be
achieved. However, thefootprint of FAST pathisfar fromthe
magnetic zenith (45° maximum el evation whilethe magnetic
zenithis80°), so that brightnesscannot be directly compared
to energy flux. The off zenith tragjectory of FAST isdso the
reason for thediscrepancy, except for the maximum, between
optical and electron datain Fig. 2.

On each frameinFig. 1theionbeams, asread in|ESA data
(seebelow), areidentified with aletter: A ... D. Foreachion
beam the beginning and the end are indicated. Note that the
satellite actually encounters ion beams between 8:22:04 and
8:22:57. Marking of all the frames is only meant to give a
better idea about the temporal evolution of luminosity at the
places where FAST isgoing to meet or has met the beams.

For presentation purposes a contrast-enhancement proce-
dure— histogram-equai zation— wasapplied (for detail ssee
Research Systems, Inc., 1995). At the same timethis proce-
durepartially compensates thel oss of brightnesswhen shorter
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Fig. 2. The energy flux resulting from optical data compared to the energy
flux resulting from particle data. The fluxes are represented in relative units,
scaled to the maximum value.

exposure times are used and makes the low luminosity struc-
tures more evident (on the condition that the exposure time
was nevertheless long enough to get something on the tape).
The brightness profile, showninFig. 2, isnot affected by this
processing.

3.2 FAST data

During the conjunction FAST was near the apogee, at an alti-
tude of 3800—3900 km. In the upper part of Fig. 3 we present
particle and magnetic field data corresponding to the FAST
crossing of the camera's FoV. Panels 1 and 3 show energy
spectrograms for downgoing eectrons and upgoing ions,
while panels 2 and 4 show pitch-angle spectrograms for el ec-
trons and ions over the whole measured energy range. The
most prominent featurein thespectrogramsisalargeinverted-
V which encompasses a multipleion-beam period. The peak
energy isoverplottedfor both el ectronsand ionsintherespec-
tive energy spectrograms, during theion beam period. Panel
5 showsthe perturbati on magnetic fiel d three components, ori-
ented roughly N-S, E-W, and along-B. The small N-S and
along-B variations correspond to E-W current-sheets, first
downward and then upward, which agree well with the parti-
cle data

Electron energy flux and field-aligned (FA) potentia are
given at the bottom of Fig. 3 for theinverted-V period. The
energy flux is mapped at ionospheric level and the full-line
curveiscorrected to take into account the potential below the
satellite during ion beam events:

-]LCE‘OM‘ = (Uaboue + Ubetow :)/Uabove x JE

Uabove iStakentobeequal tothe peak energy of the FA down-
going electrons. Up.1. 1S Calculated the same way from ion
spectra. The phenomenological limits of 1 erg/em?s and 1
keV are overplotted in the respective energy flux and poten-
tia panels.
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Fig. 3. FAST data, orbit 1859. Top Panel 1: Energy spectrogram for down-
going electrons. Panel 2: Electron pitch-angle spectrogram. Panel 3: En-
ergy spectrogram for the upgoing ions. Panel 4: lon pitch-angle spectro-
gram. Panel 5: The 3 components of the perturbation magnetic field. The
dotted vertical cuts are done at the times of frames “4”, “5” and “6” from
Fig. 1. Thefull-linevertical cutsA ... D show thetimesfor theplotsinFig. 4.
Bottom Panel 1: Electron energy flux into ionosphere, mappedat 110km al-
titude. The full-line corrects the energy flux during the ion beam events by
taking into account the the potential below the satellite. Panel 2: FA poten-
tial, bellow the satellite, abovethe satellite and total. The phenomenologica
thresholdsof 1 erg/cm?s, respectively 1 keV, are also figured.



Journd: Physics and Chemistry of the Earth
MSNo.: p1-12
First author: Octav Marghitu

4 Discussion

On the shorter time scale of the satellite overpass the auro-
ral display is dominated by a large inverted-V arc, roughly
70 km large at ionospheric level (see Fig. 1, frames 4,5,6).
The luminosity pattern shows littlemodification, except for a
slow southward motion of thearc. Thismotion can benoticed
by comparing the position of the arc southern edge across the
above mentioned frames. The velocity of the motion can be
estimated at about 100 m/s. We shall return to this vaue be-
low.

The satellite data describe the auroral situation in much
more detail. For the first part of the overpass one can note
in Fig. 3 characteristic features of the downward current re-
gion: upward eectron beams (panel 2), isotropic, except for
theloss-cone, ion preci pitation (panel 4), positives opeof the
E-W magnetic component (panel 5). All these associate well
withthe diffuseluminosity area presentin Fig. 1 at the south-
ern (right) side. North of this region, between 8:22:00 and
8:23:20, the satellite enters the upward current region, in
agreement with thelarge sca e current pattern for the evening
sector (lijimaand Potemra, 1978) and crosses alargeinverted-
V, with embedded ion beams. The repeated encounter of ion
beams associated with the optical observation which show a
stable situationduring the satellite' scrossing, suggest that the
altitudeof thelower border of the AR changesa ong the satel -
lite path, dternatively passing above and below it, which
seems to be arelatively common behavior at the FAST dti-
tude (McFadden et al., 1999, in particular plate 9).

However, on the longer time scale of the image sequence
presented in Fig. 1 one can see that the situationis no longer
as stable. The aurora display evolved, from oneroot-arcto a
multiple-arc structure. Theincreased exposuretimeis partly
responsiblefor the better visibility of the structure multiplic-
ity inthe last frame. Nonetheless, as one can see by inspect-
ingthe other 8 frames, wherethe exposuretimeremained con-
stant, there is a clear evolution independent of instrumental
reasons.

Asafirst step towards establishing a closer connection be-
tween the satellite and the optical observation let us look in
more detail to the bottom panels of Fig. 3. One can imme-
diately note the close similarity between the energy flux and
total implied potential, J5"" and U1, in good agreement
with the adiabatic theory of auroral energization (e.g. Knight,
1973; Lyonset al., 1979; Lyons, 1980; Fridman and Lemaire,
1980) and with the large inverted-V character of the aurora
structure. An interesting aspect isrevea ed when relating the
datato the phenomenological limitsof 1 erg/cm?sand 1 keV.
The first one corresponds roughly to the visibility threshold,
when looking into the zenith, while the second one is men-
tioned in various papersas athresholdin auroral el ectron pre-
Cipitation (see Semeter et a., 2000, and referencestherein). It
isobviousthat both the energy flux and the FA potential come
above the respective thresholds a roughly the same time. In-
cidentally, if onecal culatesthe FA conductivity, K = Jg/U?,
resulting from these two values, one gets 10~ S/m?, atypi-
ca valuefor stablearcs (Olsson et ., 1998, table 1), asitis

also our arc, at least for the duration of the satellite pass.

If we now look more carefully, we can see that, apart from
the main arc, there are other two small enhancements of the
energy flux, around 22:43and 22:53 (labeled C and D, in cor-
respondence with theion beams). They are not visiblein the
luminosity pattern during the satellite overpass, dueto the off
zenith position and the short exposure time, set to accommo-
date the bright main arc. However, about three minutes later
(frame 8 in Fig. 1), two new arcs become visible at the re-
spective positions C and D. It is more than plausible that the
two energy flux enhancements evolved into fully devel oped,
visiblearcs.

Moreinsight to this presumed evolution can be gained by
focusing our attention on theion beams. Asanimmediatere-
mark, the bottom panels of Fig. 3 suggest a correlation be-
tween the ion beam energy and the tota potentia drop, as
well as the association of theion beams with gradientsin the
total potential and energy flux. The suggested connection be-
tween theevol ution of theluminosity pattern and the enhance-
mentsin energy flux snapshoted by FAST would thus be ex-
tended to ion beams. Such a feature seems to be, however,
rather peculiar to the case under study, and is not supported
by other FAST data, which apparently shows no correlation
between the ion beams and the total potentia drop or gradi-
entsin thispotential drop (McFadden et al., 1998).

Nonethel ess, taking into account the optica evidence, itis
worth deepening the exploration of the ion beams. A com-
mon important feature isthe presence of FA e ectron precipi-
tationjustin front of each beam, whichisbest seenin energy—
pitch-angle contour plots. Figure 4 shows a selection of such
diagrams, which respectively correspond to the A ... D cuts
inFig. 3. It isnecessary to mention that a) these are not the
only measurements showing FA precipitation a ong the satel -
lite path and b) the extension of such periods varies between
about 1 s, in front of beam A, up to about 4 s., completely
covering the period between beams B and C. Keeping these
two factsin mind we shall further analyze the significance of
the FA precipitation preceding the ion beams.

Association of FA electrons and upgoing ions has already
been observed by the S3-3 spacecraft (Temerin et al., 1981,
Mizeraet al., 1982; Redsun et a., 1985). The sequential ap-
pearance of the el ectrons and ionswas interpreted as happen-
ing on opposite sides of electrostatic shocks. Later McFad-
den et al. (1986) attributed FA electron precipitation at the
edge of an arc to cold ionospheric el ectrons convected above
the AR and subsequently energized by the FA potentia drop.
Such a mechanism would imply an eectron distributionwith
amonoenergetic peak, whichwould match quitewel | withthe
sample datain Fig. 4. One apparent difficulty isthat only the
first FA burst appears at the edge, al the others come under
the large inverted-V. This difficulty can be overcome by tak-
ing into account the varying atitude of the lower border of
the AR, which makes possibleasimilar mechanism each time
FAST passes from below this lower border to above it. Pre-
liminary analysis show in addition that duringion beam peri-
odsthe upper border of AR comes quite close to the satellite,
so that accel erated el ectrons have just ashort way totravel up
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to detection, which prevent thefrequently observed flattening
of the distribution.

Further support to a coherent view of the observed optical
and particle features comes when considering the estimated
100 m/snorma velocity of theauroral structure. Inaseriesof
papers Haerendel (1989, 1994, 1999) suggested a model for
the acceleration of the auroral particles which naturally im-
plies the norma motion of the arc. In this model the kinetic
energy of theelectronsis supplied by conversion of magnetic
energy, a thelevel of the AR. If theinput energy islarger or
smaller than the output energy, the auroral current circuit ex-
pands or shrinks, which producesthe motion of thearc. lono-
spheric plasmaisthus accelerated at the leading edge of the
arc, appearing as FA dectron precipitation, coming from
above, and ion beams, coming from below. The predicted
proper motion of the arcsisin close agreement with the ex-
perimental measurements (Haerendel et a., 1993; Frey et d .,
1996), but one hasto be careful when comparing tothemodel:
thenormal velocity referstothe motion of thearc intherefer-
ence system of the ambient plasma, i.e. in order to get it one
has to subtract the plasma velocity - e.g. radar determined -
from the velocity of the arc. Thereis no radar measurement
available for the period and location referred to in this study,
but except for this the data are in good agreement with the
model.

Asafina point, the main goa of thisstudy isto show ob-
servations suggesting that a more than accidenta connection
could exist between visible auroral arcs and ion beams.

10820 Fig. 4.  Energy—pitch-angle distribution

snapshots for electrons, shortly before each
of the four ion beams.

To put the observation on a sound basis, work is currently
donetowardsafull exploiting of theinformation containedin
the distributionfunctions provided both by the EESA / IESA
spectrometers, as well as by the mass spectrometer aboard
FAST (TEAMS, Klumpar et a., 1998). Important results
which are expected from the detailed analysis of the distri-
bution functions include a good identification of the various
plasma popul ations and a reasonabl e evaluation of the dtitu-
dind limitsof the AR, implicitly of the electric field distribu-
tion along the magnetic field line.

5 Concluding remarks

Optical datafromaground-based camera, inconjunctionwith
FAST data, for one auroral overpass, were investigated. The
satellite datawere interpreted in terms of the altitude shift of
the lower border of the acceleration region. FA electron pre-
cipitationin front of theion beamsis consistent both with this
altitudevariation and with the normal motion of the arc, vis-
iblein the optical data. Following the luminosity pattern on
thelonger time scal e of the optical observation suggestsapos-
sible relation between ion beams and visible aurora arcs.
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