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Cold flowing O™ beams in the lobe/mantle at Geotail:
Does FAST observe the source?

K. Seki,2 R. C. Elphic,! M. F. Thomsen,! J. Bonnell,? E. J. Lund,*
M. Hirahara,® T. Terasawa,? and T. Mukai®

Abstract. The Geotail spacecraft observed high-energy (~3-10 keV) cold O* beams
(COBs) streaming tailward together with protons entering from the magnetosheath in the
northern dusk lobe/mantle when the IMF (interplanetary magnetic field) B, and B, are
steadily negative. He™ beams were also observed intermittently. During the same period
the FAST satellite passed across the dayside northern polar regions from dawn to dusk
at low altitudes (1200-3400 km) and observed O precipitation on both closed and open
field lines. There are regions where the magnetosheath and dayside plasma sheet/ring
current components coexist and are precipitating together. In the open field line regions the
precipitating O* seem continuous with the precipitation in the closed regions, while the H*
and He™ " precipitations are denser and typically have lower energy than O*. The phase
space density (PSD) of the precipitating ions is highly isotropic except for the loss cone in
the upward direction. Utilizing Liouville’s theorem, we have compared the PSD of locally
mirroring O+ at FAST with the PSD of COBs observed at Geotail. This comparison shows
that the PSD in the high-energy precipitation region on closed field lines is comparable
to that of the COBs. In regions where the magnetosheath and dayside magnetosphere
ions coexist, the Ot PSD is typically smaller than that of the COBs, but at low latitudes
it sometimes reaches values comparable to that of the COBs. These results suggest that
the high-energy O7 ions in the dayside magnetosphere are a promising candidate for the
source of COBs in the lobe/mantle. The ion dynamics on reconnected flux tubes needs to
be examined further to clarify the possible energization mechanisms and their effect on the

O™ ions.

1. Introduction

Observations of Ot and He* beams in the distant lobe/
mantle by Geotail [Mukai et al., 1994a; Hirahara et al.,
1996; Seki et al., 1996, 1998a, b, 1999] have shed a new light
upon plasma energization and transportation mechanisms in
the magnetosphere, since their location up to the largest tail-
ward distances explored by Geotail (~210 REg) as well as
their coexistence with ions of solar wind origin is not expli-
cable with a conventional view of magnetospheric dynamics.
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Among the ion species observed in the magnetosphere, O+
and He™ are commonly seen in the ionosphere and have been
used as indicators of an ionospheric plasma, while He*?,
which usually makes up a few percent of the solar wind,
has been used as an indicator of a plasma of the solar wind
origin. From the near-Earth observations [e.g., Chappell
et al., 1987; Yau and André, 1997, and references therein]
it has been suggested that ion outflows from the cusp/cleft
regions can contribute significantly to magnetospheric plas-
mas such as the near-Earth lobe and plasma sheet plasmas,
but these ionospheric ions were considered not to be able to
reach the distant lobe/mantle, because their outflow energies
are usually too low to overcome the magnetospheric convec-
tion toward the plasma sheet. In fact, quantitative compar-
isons of statistical properties of cold Ot beams (COBs) in
the lobe/mantle with those of ionospheric polar Ot outflows
[Seki et al., 1998b] showed the necessity of an extra ener-
gization of ~2.7 keV on average so as to supply COBs in
the distant tail with polar O outflows. A simulation result
by Delcourt et al. [1996], which shows a prominent effect
of the curvature-related accelerations of O* in the enhanced
convection, seems to provide a positive suggestion to the ex-
tra energization.

On the other hand, the statistical properties of COBs have
provided another remarkable clue to the supply mechanisms
of these ions of ionospheric origin. Namely, the COBs have
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a clear interplanetary magnetic field (IMF) dependence and
exist on the “loaded” quadrants of the north-south and dawn-
dusk plasma asymmetry where the magnetosheath plasma
entry is enhanced through the open flux tubes recently re-
connected in dayside. This asymmetry is explicable with
IMF B, effects on the dayside reconnection process and sub-
sequent motion of reconnected flux tubes during southward
IMF periods [e.g., Gosling et al., 1985; Cowley et al., 1991,
and references therein]. As discussed in detail by Seki et
al. [1998a] based on properties of COBs, one probable way
to explain the clear concentration of COBs on the recently
reconnected flux tubes is to consider sources of these iono-
spheric ions other than the conventional cusp/cleft outflows.
One of the candidates of the source of COBs is trapped ions
in the subsolar magnetosphere. If a flux tube which contains
trapped O™ ions is reconnected with the IMF at the dayside
magnetopause, the O+ ions will be mixed with the shocked
solar wind from the magnetosheath, injected into the high-
latitude ionosphere, undergo magnetic mirror reflection, and
finally be transported into the tail lobe/mantle, while the flux
tube is dragged tailward by the sheath flows. Observations
of O* and He" in the low-latitude boundary layer (LLBL)
on recently reconnected field lines [e.g., Gosling et al., 1990;
Fujimoto et al., 1997] seem to provide support for this idea.

One of the key issues to investigate the validity of this
scenario is whether enough O* precipitation exists around
the cusp/cleft regions to explain the COB quantitatively or
not. As for ion precipitation onto the ionosphere and quan-
titative identification of various types of dayside precipi-
tation, many studies have been done using polar orbiting
satellites [e.g., Sauvaud et al, 1980; Newell and Meng,
1988,1992; Woch and Lundin, 1992, and references therein].
On the basis of ion and electron precipitation signatures
at low altitudes, the dayside ionosphere is classified into
several regions such as the cusp, cleft/LLBL, plasma man-
tle, and ring current/plasma sheet. Among these regions
the cusp and plasma mantle are regions where the mag-
netosheath plasma has direct access to the magnetosphere,
and the cleft/LLBL has been attributed to effects of plasma
diffusion processes across the magnetopause. It should be
noted, however, a recent study suggests that distinction of
the cusp and the cleft/LLBL may not be created by different
entry processes but simply explained with single process of
magnetosheath plasma entry during southward IMF period
[Fuselier et al., 1999]. Although the difference between the
cusp and cleft/LLLBL is not clear and requires future study,
observationally, the magnetosheath ions can precipitate in
these regions.

On the other hand, the ring current/plasma sheet is con-
sidered as a region where equatorially trapped plasma in the
magnetosphere exists. From in situ observations near equa-
torial plane it is well known that the O* ions contribute sig-
nificantly to the ring current/plasma sheet plasma especially
at geomagnetically active times [e.g., Young et al., 1982;
Stokholm et al., 1989]. This naturally suggests an Ot con-
tribution to the ion precipitation onto the low-latitude iono-
sphere. However, most of the previous studies on ion precip-
itation are about protons and there seems no report about the
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quantitative properties of O precipitation on either closed
or open flux tubes for the energy range of interest (<20 keV).
This may be because of the high time resolution and sensi-
tivity required for its detection, since the flux of the O* pre-
cipitation can be by a few orders of magnitude less than that
of H*.

Utilizing the high-quality data from the FAST satellite
which provides excellent time resolution and sensitivity, we
have investigated the properties of O* precipitation onto
the dayside ionosphere during the COB event on April 7-8,
1998, when the Geotail spacecraft observed high-energy (3-
10 keV) COB:s in the northern dusk plasma mantle. During
this event, solar wind speed and density were almost con-
stant and IMF B, and B, were steadily negative. In order
to investigate the above issue of the plasma supply process
to the magnetotail, i.e., whether the equatorially trapped O*
ions can be a source of high-energy COBs in the lobe/mantle
regions or not, we compare the phase space density (PSD) of
precipitating O ions around the cusp with that of COBs in
the magnetotail using Liouville’s theorem, which ensures to
“map” PSDs by considering particle motion and has been
used to compare the distribution function of plasmas in dif-
ferent regions [e.g., Curran and Goertz, 1989; Chen et al.,
1994] The result suggests the importance of equatorially
trapped O ions as a potential candidate of the Ot beams
in the lobe/mantle regions.

2. Instrumentation

The Geotail spacecraft was launched on July 24, 1992. Its
scientific objective is to study the structure and dynamics of
the Earth’s magnetotail. The top five panels in Plate 1 show
the magnetic field (MGF) and low-energy particle (LEP) ob-
servations by Geotail on April 7 and 8, 1998. For technical
details about the MGF and LEP instruments onboard Geo-
tail, we refer readers to the literature [Kokubun et al., 1994;
Mukai et al., 1994b]. The energy range of energy-per-charge
analyzer for ions (EA-i), a part of the LEP instrument, is 32
eV/q to 39 keV/q. There are two data acquisition modes in
the LEP. In the 3-D mode, fully 3-D distribution functions
f(v) are obtained for 8 hours a day on average. In the 2-D
mode, 2-D quasi-equatorial projections of the original f{v)
and their onboard 3-D moments (density, velocity, and pres-
sure tensor) are obtained with a full time coverage. In the
time period of interest in this paper, Geotail only has the 2-
D mode data sets. The MGF instrument provides the 3-D
magnetic field data. Both the plasma and magnetic field data
used here have a time resolution of 12 s.

The FAST (Fast Auroral Snapshot) satellite was launched
into a 4180350 km, 82.9-deg inclination orbit on August
21, 1996. Its aim is to investigate plasma processes occur-
ring in the low-altitude auroral acceleration region [Carlson
et al., 1998]. With this aim, instruments onboard FAST
are designed to provide good temporal and spatial resolu-
tion data both of particles and fields in polar regions. The
FAST plasma instrumentation includes the time-of-flight en-
ergy angle mass spectrometer (TEAMS) as well as electro-
static analyzers (ESA) for electrons and ions. The ESA in-
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Plate 2. Examples of the ion distributions of the multicomposition ion flows observed by Geotail in the velocity
space. Plates 2a-2d correspond to time periods indicated by black arrows at the top of Plate 1. The right panels of
Plate 2a and 2a’ display projections of counts/sample and phase space density (PSD) onto the equatorial plane for
the same interval. Their right panels and Plate 2b and 2d are cross sections along the azimuthal sector 13 which is
the closest to the peak of multicomposition ion flows. The red lines in the right panel of Plate 2a’ and Plates 2b-2c
display the PSDs calculated assuming the all ions as protons. The green lines above them are drawn assuming that

the ions are O™ for high-energy component.
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struments measure full pitch angle distributions of electrons
(3 eV to 25 keV) and ions (4 eV to 30 keV) and its best
time resolution is 78 ms [Carlson and McFadden, 1998].
The TEAMS instrument can determine the energy, mass per
charge, and incoming direction of ions over energy range
of 1 eV to 12 keV and measure 3-D distribution of each
ion species with time resolution up to 1/2 spacecraft spin
(~2.5 s) [MObius et al., 1998]. If there is an intense flux of
H+, there can be some contamination to higher m/q bins in
TEAMS. All data points in which this problem occurs are
excluded from the analysis.

During the time interval of the event reported in this pa-
per, the TEAMS has trouble with onboard data accumula-
tion and the pitch angle distributions at certain energies are
not reliable. (It does not cause any problem with the om-
nidirectional energy-time spectrogram.) In order to remove
the problem, we have corrected TEAMS data assuming that
the four major ion species (H He!* He! and O*) have
the same pitch angle distribution as that observed by the ion
electrostatic analyzer (IESA) at each energy bin. After the
correction of TEAMS counts at every energy bin under this
assumption, the energy flux ratio of each ion species ob-
served by TEAMS is multiplied to the energy flux by IESA
at correspondent energy bin to calculate the phase space den-
sity (PSD) and moments of H} He!* He! and O*. The
possible error due to this data accumulation problem is es-
timated from difference between PSDs calculated with and
without the data correction. The error corresponds to ~14%
of calculated PSD values on average at highest energy used
in this paper (5.467 keV) and decreases in lower energies.
As shown afterward, these errors do not affect the conclu-
sion of this paper.

3. Observations

3.1. Magnetotail Observation by Geotail
and Solar Wind Conditions ’

The Geotail spacecraft observed tailward flowing cold O+
beams in the northern-dusk plasma mantle of the Earth’s
magnetotail on April 7-8, 1998. Plate 1 shows the outline
of the event. The top five panels show the observations by
Geotail: From the top, the first two panels display the mag-
netic field strength and orientation, and the next three panels
show the energy-time (E-f) spectrograms for omnidirectional
electrons, ions, and ions by the solar wind sensor which is
less sensitive than the other two and observes only a limited
angle range around the sunward direction. As shown just
below the time axis, Geotail was located about X gy, ~-21
REg and goes into the magnetotail from northern-dusk (Yqsy,
varies from ~20to ~13.5 Rg).

The bottom three panels of Plate 1 present solar wind con-
ditions observed by Wind during the same period. Their time
axis is shifted to the right by 83.7 min, to account for the dis-
tance between Geotail and Wind as well as the average solar
wind speed (V;; =~-312.1 km/s) which is very steady during
the period of interest as shown by green line in the second
bottom panel. The red line in the third panel from the bot-
tom shows that the interplanetary magnetic field (IMF) B,
is steadily negative from 1920 UT on April 7 to 0730 UT on
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April 8, and simultaneously IMF B, is almost southward ex-
cept for time intervals of 2057-2123,2156-2216, 2243-2246,
and 0115-0142 UT as shown by the blue bar graph.

After 1800 UT, Geotail was first in the magnetosheath as
indicated by significant tailward ion counts in the ion(SW)
E-t (the fifth panel from the top). From 1930 UT, Geotail be-
gan to skim the mantle-like boundary layer and finally went
into the magnetosphere. Comparison of IMF B, (blue bar
graph of Plate 1) with tailward ion counts in the ion(SW) E-
t (the fifth panel from the top) suggests that Geotail, without
exception, went back to the magnetosheath with these north-
ward turnings of IME. During the negative IMF B, period
(after 1920 UT on April 7), the northern-dusk quadrant of
the magnetotail, where Geotail was located, corresponds to
one of the loaded quadrants of the tail plasma asymmetry
caused by motion of reconnected flux tubes at the dayside
magnetopause [e.g., Gosling et al., 1985]. Thus the reloca-
tions of Geotail to the magnetosheath during northward IMF
periods seem to be due to the interruptions of energy supply
from reconnected flux tubes and consequent reduction of the
magnetotail volume. This feature also suggests that the time
adjustment between Wind and Geotail is reasonable.

Now, let us look at the Geotail data in more detail. As
shown in the E-ts of OMNI and SW ions, Geotail observed
multiple ion flows at different energies in the mantle region.
For example, from 2225 to 2310 UT, SW instrument ob-
served two distinct ion flows at different energies of <0.5
keV and 0.8-2 keV and the EAi (ion OMNI Et) detected
one more ion component at high energy of 5-10 keV. This
three-population ion flow continues intermittently to 730UT.
Plate 2 shows examples of the counts/sample or the phase
space density (PSD) of the multicomposition ion flows ob-
served by Geotail at the time periods indicated by black
arrows at the top of Plate 1. As shown in the left pan-
els of Plate 2a and 2a’, these ions are streaming tailward.
Their right panels show that counts/sample has three peaks
at energies of 0.16, 0.76, and 5.47 keV, respectively. From
the ratio of energy perpendicular to the local magnetic field
(0.23:1:4.5), these three components at the low, middle and
high energy are most likely to consist of H*, Het, and O+
ions, since the perpendicular velocity in the lobe/mantle pri-
marily comes from ExB drift and tail flapping, and is in-
dependent of the particle mass and charge state. This same
method of the ion species identification has been used before
[e.g., Seki et al., 1999, and references therein].

The red lines in the right panel of Plate 2a’ and Plates 2b
and 2c display the PSDs calculated under the assumption
that the all ions are protons. Owing to the sensor design, if
the highest energy ion component is O*, the PSD should be
multiplied by 162 and the derived PSDs of O are shown by
the green line in each plate. As shown, the PSD at the peak
energy of Ot beams are the order of 107! m~%s3. Their
PSD will be compared later with that observed by FAST.

3.2. Low-Altitude Northern Polar
Magnetosphere Observations by FAST

As shown by color bars at the bottom of Plate 1, FAST
crossed the dayside northern pole from dawn to dusk six
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FAST and GEOTAIL orbits on Weimer's ionospheric potential model
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Figure 1. Foot points of the FAST orbit (black crosses) are shown together with the ionospheric electric potential
(solid contours) estimated from Weimer’s [1996] model under IMF conditions at the center-time of the orbit as shown
in the righthand side of each panel. Figures la-1f corresponds to orbits 6431-6436, respectively. In each figure, the
duskside potential cell (left-hand side) has negative values of the electric potential. The white cross marks display the
foot-point of the Geotail orbit at the time shown in the righthand side.

times during this event. Figure 1 displays the foot points
of these 6 FAST orbits together with the ionospheric elec-
tric potential estimated by Weimer’s model [Weimer, 1995,
1996] under IMF conditions at the middle of the orbit. The
foot point of the Geotail orbit at the same time is also dis-
played in Figure 1 by white cross marks. It should be noted,
however, that the effective Geotail foot point may be shifted
towards dayside by the convection, since the ion travel time
from FAST to Geotail is ~11 min for 4 keV O*. As shown
by black lines and cross marks, FAST was located in the po-
lar cap but far from the cusp in orbit 6431 and getting closer
to the cusp in later orbits.

Plates 3a-3e show the particle observation by FAST/ESA
in orbits 6431, 6432, 6433, 6434, and 6436, respectively.
The black arrows at the bottom indicate the timing when the
FAST passed across the zero potential of Weimer’s model.
From the top of each plate, energy-time (E-t) spectrograms
for electrons and ions, and the pitch angle distribution for
ions above 80 eV are displayed. As for orbit 6435, which we
will see in detail later, the same format of data is shown in

the top three panels of Plate 4a. Ram ions due to the satellite
motion, which are sometimes accelerated by negative satel-
lite potential and can have energy larger than ’ram energy,’
are responsible for the intense, low-energy fluxes in the ion
E-t spectrograms. We will ignore these ions and focus on the
high-energy ions above 80 eV in subsequent discussions.

As expected from orbit shown in Figure 1, FAST observed
a well developed polar cap in orbit 6431 from 2041:20 to
2052:45 UT between the high energy precipitation. The
polar cap is also observed in orbit 6433 from 0107:15 to
0110:15 UT. Outside the polar cap, we observed ion precip-
itation which has a single loss cone in the upward direction
(pitch angle around 180°). This is shown in Plates 4b-4e,
which display the energy flux distributions above 80 eV cor-
responding to time intervals indicated by the red arrows at
the top of Plate 4a. The antifield direction is to the left in
each plate. No upgoing ions are observed within the loss
cone and the variation in the width of the loss cone with the
altitude of FAST suggests that these ions either are precipi-
tating or have mirrored at lower altitudes.
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A remarkable point is that the single loss-cone ion pre-
cipitation can be classified into two groups. For example,
in orbit 6432 shown in Plate 3b the ion precipitation from
2248:50 UT to 2256:40 UT is accompanied by high-energy
electron precipitation. It is most likely on closed flux tubes
and is due to the trapped ions in the dayside plasma sheet,
since electrons are usually considered to have too large ve-
locity to remain on open flux tubes. However, it is not easy to
distinguish open/closed regions only from the electron data,
since there often exist electrons accelerated by a parallel po-
tential drop in an energy range similar to that of plasma sheet
electrons. One useful method to distinguish open/closed re-
gions is to look at the He*™™ flux. For example, the downgo-
ing flux of He** increases by about one order of magnitude
from 2256:40 to 2303:20 UT (not shown), which suggests a
significant contribution of magnetosheath plasma to the ion
precipitation during this period. The dispersed energy sig-
nature of the ions during this interval is consistent with the
latitude dependence of precipitating ion energy in the cusp.
Thus there are two contributors to the single loss-cone ion
precipitation, i.e., the dayside plasma sheet (DPS) and mag-
netosheath (MS).

In the later orbits 6434-6436 it is difficult to distinguish
the MS-originated and DPS-originated precipitation. The
time intervals of MS-precipitation in each orbit, inferred
from increase of He** flux, are 0320:00-0325:30 UT, 0534:
35-0537:35, and 0745:45-0749:15 UT, respectively. During
these intervals we can see the coexistence of intense rela-
tively low energy ions and a high-energy component which
seems continuous with the high-energy DPS-precipitation
on the closed flux tubes. This behavior becomes clearer
when we look at the observations of different ion species.
The bottom four panels of Plate 4a show the E-t spectro-
grams for different ion species (H; Hett He; and Ot) ob-
served by the mass-spectrometer (TEAMS) on orbit 6435. It
should be noted that ~10 % of the He** counts may be con-
tamination from H*, while the contamination of He* and
O+ by H* is negligible.

During the interval of DPS-ion precipitation on closed
flux tubes from 0527:55 to 0534:35 UT and after 0537:35
UT, a significant contribution of O is seen. Its intensity de-
creases, but the O component continues into the region of
open flux tubes (0534:35-0537:35 UT). On the other hand,
the intensity of He** and H* precipitation is enhanced on
these open flux tubes. As shown in Plates 4d and 4e, both
the high-energy DPS-like precipitation and the intense rel-
atively low-energy MS-like precipitation exist on the same
flux tubes. A similar feature can also be seen near the zero-
potential time (black arrows in Plate 3) in orbits 6434 and
6436. These results suggest that the DPS plasma of terres-
trial origin and the MS plasma of solar wind origin some-
times coexist on the recently reconnected flux tubes in the
cusp near the dayside open-closed boundary.

3.3. PSD Comparison

Observations by FAST in the previous subsection reveal
that high-energy O ions are precipitating over a wide range
of the dayside polar ionosphere, and sometimes they can ex-
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ist even on open flux tubes. The high-energy O ions pre-
cipitating on the reconnected flux tubes at the dayside mag-
netopause undergo magnetic mirror reflection and some of
them might reach the plasma mantle and lobe regions of the
magnetotail where Geotail is located during this particular
event. In this subsection we will compare the Geotail and
FAST observations quantitatively in order to investigate the
validity of trapped O ions in the dayside magnetosphere as
a source of high-energy O* beams in the lobe/mantle.

Since some precipitating particles have reflected before
they reach the low altitudes where FAST is located, the up-
going flux is not the appropriate quantity to compare these
observations at two different locations. One possible way to
compare them quantitatively is to compare the phase space
density (PSD) at the two locations utilizing Liouville’s the-
orem. Figure 2 illustrates PSDs of Ot observed by FAST
(Figure 2a) and Geotail (Figure 2b), respectively. Now let us
direct our attention to ions at typical Ot beam energy in the
magnetotail and assume that no extra energization occurs be-
tween FAST and Geotail locations. When we trace the PSD
of O* ions whose pitch angle at FAST ;. is 90 deg (solid cir-
cles in Figure 2a) to the Geotail position in the plasma man-
tle, it will move along a constant-energy surface, reducing
its pitch angle to 6, which satisfies sin® ; = B /B (solid
circles in Figure 2b) because of the change in magnetic field
strength. Utilizing this feature, we have compared PSDs ob-
served by FAST and Geotail. Practically, the 6. obtained
from the difference of the magnetic field strength between
Geotail and FAST is typically a few degrees and much less
than the angular resolution of the Geotail instrument. Thus
the PSD of O mirrored at FAST moves into an angular bin
including the peak PSD of O* beams at Geotail, and we
compare these two PSDs.

Plate 5b shows the O* PSD at energies of 3.188 (orange)
and 5.467 (red) keV as well as H* PSD at energies of 163
(dark blue) and 487 (light blue) eV observed by Geotail. As
shown in the E-t spectrogram for ions during the same in-
terval (Plate 5a), the typical energy of O* beams is 3-6 keV.
Orange and red circles in Plate 5Sb show that the peak PSD

(a) PSD at FAST v, (b) PSD at GEOTAIL D,

E field direction

. B
sin?0, = =%

—_—
B B field direction

—_—
B field direction

Figure 2. The idea of the PSD comparison between FAST and
Geotail is illustrated schematically. The contours in left and right
panels show the O phase space density (PSD) observed (a) in low-
latitude polar magnetosphere and that (b) in the plasma mantle, re-
spectively. The solid circles indicate the points where the PSDs are
compared based on Liouville’s theorem, reflecting a change in the
pitch angle due to difference of the magnetic field strength between
two regions.
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of Ot beams is almost constant in time and of the order of
10712 or 101! m~=%s3. This value does not change sig-
nificantly in later time periods and the average O* PSDs
at 3.188 and 5.467 keV are 3.02x 10712 and 1.54x10~!2
m~6s3, respectively.

Next, we compare these values with the PSD at pitch an-
gles of 90° observed by FAST. Plate 6 shows the PSD of
H* (dark and light blue diamonds) and O* (orange and red
circles) observed by FAST at the same energies as those dis-
played in Plate 5b. From the top of Plate 6, each panel cor-
responds to a different orbit as shown in the top right corner.
The horizontal orange and red lines display the average O*
PSD observed by Geotail at energies of 3.188 and 5.467 keV,
respectively. The time interval indicated by a green bar at the
bottom of each panel corresponds to the open flux tube re-
gions where the downward He'™ flux is enhanced or clear
polar cap features are observed. As mentioned in the instru-
mentation section, these PSDs can contain errors due to a
problem of onboard data accumulation, and mean error lev-
els for 0.163 keV H* (dark-blue), 0.487 keV H* (light-blue),
3.188 keV O (orange), and 5.467 keV O (red) correspond
to ~1, ~2, ~12, and ~14 % of displayed PSD values, re-
spectively. These errors are small enough for the following
comparison with Geotail observations.

In the first three orbits, 6431-6433, there are no signifi-
cant O counts at the energies of interest on open flux tubes.
However, as observed in such intervals as 2035:30-2037:45,
2248:40-2254:10, 0059:30-0105:35, 0313:00-0315:10, and
0739:45-0743:30 UT, the PSDs of precipitating dayside plas-
ma sheet Ot on closed flux tubes is comparable to that of
O™ beams in the magnetotail. Another remarkable feature is
that even on the open flux tubes, there exists high-energy O*
precipitation as in orbits 6434-6436, and that the PSD of this
high-energy O~ is typically less than that of O* beams in the
magnetotail but is sometimes at comparable values. These
results suggest the importance of equatorially trapped high
energy O+ ions as a potential candidate of the O* beams in
the lobe/mantle regions.

4. Summary and Discussions

From 2130 UT on April 7 to 0735 UT on April 8, 1998,
the Geotail spacecraft observed high-energy (~3-10 keV)
cold Ot beams (COBs) flowing tailward together with He*
and H* in the northern dusk plasma mantle at X gy ~-21
Rpg. During the interval the interplanetary magnetic field
(IMF) B, and B, were almost steadily negative, and the
FAST satellite passed across the dayside northern polar re-
gion from dawn to dusk six times at altitudes of 1200-3400
km, observing several types of ion precipitation.

Ion precipitation observed by FAST in a wide range of
MLT and ILAT of the dayside polar magnetosphere typically
has an isotropic distribution except for a loss cone in the
upward direction and sometimes contains heavy ions such
as Het* He! and O™ in addition to the major H* compo-
nent. This ion precipitation with a single loss cone can be
roughly classified into two groups. One is the high-energy
ion precipitation in the relatively low latitude and flanks in
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which the Ot contribution is significant, and the other is the
intense cusp-type precipitation sometimes with dispersed-
energy signature and in which the He™* flux increases. A
remarkable point is that these two types of ion precipita-
tion coexist in the orbits skimming near the dayside sepa-
ratrix around the cusp. In other words, there exist flux tubes
which contain plasma of both magnetosheath and dayside
plasma sheet (or low-energy tail of the ring current) origin.
Such a mixture is expected in the LLBL. These observations
confirm the existence of O precipitation in the cusp which
have been potentially expected by previous Ot observations
in the dayside magnetosphere [e.g., Stokholm et al., 1989;
Gosling et al., 1990; Fuselier et al., 1991] but had not yet
been confirmed.

The COB energy observed by Geotail in the tail plasma
mantle is in a range from 3 to 10 keV. This energy is much
higher than the typical energy of cusp/cleft originating ions
which are traditionally considered to feed the near-Earth
lobe plasma [e.g., Chappell et al., 1987], and the investiga-
tion of energization and supply mechanisms of these high-
energy COBs has been one of the outstanding problems
in the magnetospheric physics [e.g., Hirahara et al., 1996,
1998; Seki et al., 1998a, b, 1999]. On the basis of statisti-
cal properties of COBs in the lobe/mantle regions observed
over a wide range of distances up to Xqsn = —210 REg,
Seki et al. [1998a] have discussed possible supply scenarios
of these high-energy COBs to the magnetotail and came to
the conclusion that there seem to be three surviving candi-
dates (see Figure 6 of Seki et al. [1998a]). Other than ex-
tra energizations of cusp/cleft originating ions, two possible
supply mechanisms of COBs are proposed. One of the can-
didates is to consider the trapped O ions in the closed flux
tubes in the dayside magnetosphere as a source of COBs in
the magnetotail as illustrated in Figure 3. Once the Earth’s
magnetic field is reconnected with the IMF at the dayside
magnetopause, equatorially trapped O* bouncing along the
field line will now be on open flux tubes. Some O ions on
the newly-reconnected flux tubes will continue to precipitate
into the high-latitude ionosphere and undergo magnetic mir-
ror reflection without experiencing energization around the
reconnection site. There will be also some Ot ions which
mix with magnetosheath ions from the opposite side, get en-
ergized around the reconnection site [Sonnerup, 1984, and
references therein], then be injected into the high-latitude
ionosphere and mirrored, and finally be transported into the
tail lobe/mantle, as the reconnected flux tube is dragged tail-
ward. In this event, FAST is observing a part of the injected
O™ ions into the dayside high-latitude ionosphere. Thus we
can investigate the validity of the scenario by comparing O*
observations in the two different regions observed by Geotail
and FAST.

We have compared phase space densities (PSDs) of O
at typical COB energies utilizing Liouville’s theorem. The
results can be summarized as follows:

1. In the high-latitude energy-dispersion regions, there is
no O~ precipitation which has energies comparable to
those of COBs in the plasma mantle.
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Plate 3. Particle observations by FAST/ESA during the northern polar magnetosphere passages in orbits (a) 6431,
(b) 6432, (c) 6433, (d) 6434, and (e) 6436. The black arrows at the bottom of each plate indicate the time when
the FAST passed across the zero electric potential inferred from Weimer’s model. From the top, each plate shows
the energy-time (E-t) spectrograms for electrons and ions, and the pitch angle distribution for ions above 80 eV. At

the bottom of the plates, the universal time (UT), altitude (ALT), invariant latitude (ILAT), and magnetic local time
(MLT) are displayed.
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Plate 6. Phase space density (PSD) of OF and H* observed by FAST at the same energies as those shown in
Plate 5. The different color marks represent the same ion species and energy as in Plate 5. Though no error bar is
shown to avoid intricacy, these results can contain errors as explained in the text, and typical error levels for 0.163
keV H* (dark-blue), 0.487 keV H™ (light-blue), 3.188 keV O* (orange), and 5.467 keV O™ (red) correspond to
2, and ~14 % of displayed PSD values, respectively. From the top, each panel corresponds to orbits
6431-6436. The green bar at the bottom of each panel corresponds to the time intervals when the downward He*
flux is enhanced or the polar cap is observed. The horizontal orange and red lines display average values of the O
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Figure 3. A three-dimensional schematic cutaway of the magnetosphere during negative IMF B, and B,. This
figure illustrates the supply scenario of O* ions to the magnetotail lobe/mantle with the trapped ions in dayside

magnetosphere as a source.

2. O* PSD in the high-energy precipitation region on
closed flux tubes is comparable to that of COBs ob-
served by Geotail.

3. In the LLBL-like regions where the magnetosheath
and dayside magnetospheric plasmas are precipitat-
ing together, the PSD of precipitating Ot is typi-
cally smaller than but sometimes comparable to that
of COBs.

These results show that O+ population in the dayside
magnetosphere on closed flux tubes is adequate in quantity
to supply COBs in the lobe/mantle. It is the first identifi-
cation of the dayside magnetospheric plasmas as a proba-
ble source of heavy ions of terrestrial origin in the magne-
totail. However, it does not deny the possibility that iono-
spheric polar outflows is a source of some COBs, since Geo-
tail sometimes observes low-energy O* beams especially
in the near-Earth regions which can be explicable with this
conventional source and the extent of extra energization of
these outflowing O ions at high altitudes is not fully under-
stood. The relative contribution of each probable sources of
COBs needs to be investigated. Ongoing statistical studies
on ion precipitation in the polar magnetosphere for different
ion species will provide important information.

The O* PSD on the open flux tubes which is smaller than
.that on the closed ones suggests the importance of ion dy-
namics in the dayside reconnection process. Namely, the
amount of O™ originally on closed flux tubes that can remain
in the magnetosphere or near the magnetopause when these
flux tubes are reconnected with IMF at the dayside magne-

topause will be a key issue for further discussions. In this
paper, we compared PSDs at the same energies observed
by Geotail in the plasma mantle and FAST on closed flux
tubes. However, depending upon the ratio of energized and
unenergized O™ in the precipitation, we may also need to
compare PSD at different energies for the precipitation on
closed flux tubes to properly take account of the energiza-
tion around the reconnection site. In order to answer these
issues, a close examination of the observational information
provided by multiple spacecraft, as well as the theoretical
information provided by such a method as global test parti-
cle simulations in a realistic field configuration will play a
crucial role.
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