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ABSTRACT. Carriers of the dayside large-scale field-aligned currents (FACs) are
discussed. Since the gyro-radius of the current carriers are smaller than the size of
small-scale FACs (a pair of upward and downward FACs associated with inverted-V
potential structure as shown in Figure 1), the current carriers of large-scale FAC could
be controlled by small-scale (and hence meso-scale) FACs. We restrict the discussion
to only a few regions.

(1) Although the current carries are electrons in most cases, the framework of the large-
scale FAC system is sometimes determined by positive ions, especially in the cusp.

(2) There is a dawn-dusk asymmetry in the relationship between the large-scale FACs
and the current carriers. A substantial fraction of the Region-1 FAC is probably
composed of many small-scale paired FACs which are associated with the inverted-V
structure (see Figure 1), whereas the Region-2 FAC is carried by CPS electrons in the
morning sector and by thermal electrons in the afternoon sector.

(3) Meso-scale FAC is formed by individual ion injections, but it has no relation to the
large-scale FACs even inside the cusp region. Thus the large-scale cusp FACs (and the
cusp itself) are formed by a steady mechanism but not by the meso-scale injections such
is FTEs.. This rules out the FTE cusp model.
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1. Introduction

The purpose of this study is to show low- and mid-altitude satellite observations of the
field-aligned currents (FACs). Since lijima and Potemra [1, 2] derived Region-1,
Region-2, and cusp region (Region-0) large-scale FAC system from the satellite
(TRIAD) magnetometer data, many observational efforts have been made on the
subjects listed below. Some of them have been reviewed by Potemra [3].
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1. Alternative means to derive FACs such as from ground geomagnetic disturbances,
optical images, ionospheric convection patterns, and the electric fields [4-13; and
references therein].

Distinguishing the wave and the real FACs [14-21; and references therein].

Seasonal variations [22-24; and references therein].

The current closure in the ionosphere [5, 8; and references therein].

Subdivision of the current system in terms of the source and behaviors (see review

by Potemra [3] and references therein).

The distribution (shape, alignment, size) of each FAC regions [7, 23, 25-33; and

references therein].

7. Macroscopic current carriers, i.e., relation to BPS, CPS, PSBL, cusp, cleft, and
mantle. [16,27, 31, 34-39; and references therein].

8. Microscopic current carriers, i.e., potential-accelerated aurora particles, black
aurora, bursts, low-energy particles, and thermal particles [31, 40-44; and
references therein].

9. The relation to small-scale and meso-scale FAC systems [13-16, 19, 45-47; and
references therein].

10. The short-term development and long-term behavior in response to the change of
external conditions [13, 23, 48-51; and references therein].

11. The current closure (source) in the magnetosphere.
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All questions are of course further examined for various solar wind conditions and
geomagnetic activities. Here, the term “meso-scale” simply means anything smaller
than “regions” and larger than the inverted-V potential structures. For example,
individual electron/ion energy-time dispersion and multiple injections are all meso-scale
phenomena [46, 51, 52]. Compared to the first six questions (/-6), the next four
questions (7-10) are rather poorly investigated and the available results are controversial
and puzzling. The last question (//) has a large weight on the theoretical aspect, and
lies outside the scope of this paper.

Thus, identifying the current carriers and revealing the cross-scale relations are the
most needed topics. Here, we should note that Alfvén waves are related to both the
conduction current (real) and the induction current (wave), and it is often impossible to
distinguish wave (small and meso scales) or conduction current (meso and large scales)
for the stationary Alfvén structure [53, 54]. The same problem occurs for the
electrostatic shocks and weak double layers which are associated with cavitons [31, 55].
Obvious questions related to the current carriers are: (a) carrier species (ion or
electron); (b) energy of the carrier; and (c) their energization mechanisms, e.g., the
parallel electric potential, waves (burst), thermalization, Fermi-acceleration, and J X B
force. The answers to these questions depend on the location (MLT/latitude), altitude,
and the scale-size of the FAC system. For example, the current carrier can be different
between the morning side Region-1 FAC, near-noon downward FAC, afternoon
Region-2 FAC, and substorm-related downward FAC, although it has been generally
assumed that upward FACs are carried by auroral electrons whereas downward FACs
are carried by ionospheric thermal electrons. It is impossible to cover all the aspects of
current-carrier problem, and we show only a few observations of the dayside FAC
system.
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2. Relation Between Large-scale FACs and Small-scale FACs

The large-scale FACs often contain many upward and downward pairs of small-scale
FACs [14, 15, 19]. It is a question whether these small-scale FACs are simply added to
the background large-scale FACs, or the difference of the upward and downward small-
scale FACs makes up the large-scale FACs. In the former case, the large-scale FACs
are basically carried by the thermal electrons and are independent of the small-scale
FACs of the Alfvén waves. In the latter case a substantial portion of the small-scale
FACs must be a stationary structure (such as the electrostatic shocks and weak double
layers [19]) and the current carriers are not necessarily the thermal electrons. It has
been generally believed that small-scale FACs are induction currents of Alfvén waves
and therefore they cannot form the large-scale FACs.
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Figure 1. Relative strength and carriers of small-scale FACs in the night-side sector.

However, FREJA [31] and FAST [44] satellites revealed that many FAC spikes in
the night-side sector are associated with electron bursts and field-aligned potential drops
as shown in Figure 1. They are of the small-scale, but yet stationary structure
associated with the ionospheric plasma cavities [31, 55]. This structure is often denoted
the electrostatic shocks. The observations are made at a few thousand km altitude, and
the picture is altitude-dependent [R. Ergun, private communication, 1997]. Burch et al.
[42] using DE-1 data at mid-altitude concluded that 20-200 eV upward electrons are the
major carriers of the downward FAC near the cusp. Although they concluded that
electric potential causes an energization of upward electrons (carriers of downward
FAC), the observation itself generally agrees with the above view, i.e., the energetic
electrons are not necessarily accelerated by a potential electric field but by the waves.
Therefore, we have to consider this type of FAC carriers (Figure 1) as well as the
traditional thermal electrons and precipitating auroral electrons [40, 41].

Now we have the following questions: How should we understand these small-
scale stationary FACs in the framework of large-scale FACs? What portion of the FAC
is carried by energized electrons and what portion by thermal electrons? This is not a
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simple question because the same types of plasma population (CPS, BPS, LLBL, cusp,
cleft, etc. [56-59; and references therein]) must explain the opposite sense of FACs
between dawn and dusk. For example, we have to associate the CPS plasma population
to both upward (dawn) and downward (dusk) Region-2 FACs, whereas the BPS or
LLBL plasma population must explain downward (dawn) and upward (dusk) Region-1
FACs.

2.1. MORNING SECTOR

We start with the dawnside FACs. The small-scale FAC of Figure 1 has some
similarity to Region-1 and Region-2 FACs: the downward FAC is associated with a
bursty electron region (this is the characteristics of BPS and LLBL), whereas the
upward FAC is associated with a weak potential drop (this is the characteristic of CPS
because of the mirror force [60, 61]). Figure 2 shows one such example [43]. Nearly
40% of the Region-1 FAC is concentrated within a tiny region of a spike-like FAC at
around 21:35 UT, which is accompanied by the upward electron burst of BPS.

Figure 2. Particle and magnetic field data from Viking orbit 176 (25 March, 1986). Positive
(negative) slopes of Bg mean upward (downward) FACs. Region-1 FAC is found at around

74°-75° Inv., and Region-2 FAC is found at around 72°-73° Inv. (after [43]).
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Figure 3. Particle and magnetic field data from Freja orbit 2388 (5 April, 1993). Positive
(negative) slopes of Bg mean upward (downward) FACs at 17 MLT, and positive (negative)
slopes of By mean upward (downward) FACs at 13 MLT. Corresponding to cusp, BPS, and
CPS, we find cusp region FACs, upward Region-1 FAC, and Region-2 FAC, respectively.

On the other hand, 60% of the downward FAC are not associated with energized
electrons. This need further investigation because VIKING could have missed the
small-scale electron bursts if the scale size of the electron burst is smaller than the time
resolution of VIKING which detects upward electrons only once every 20 seconds (spin
period). For example, the ion conics which is seen all the way from 21:31 UT to 21:36
UT indicates waves activities and possible electron burst in this region. Therefore, we
can conclude only that some portion of downward Region 1 FAC is composed of
upward electron burst associated with the electrostatic shocks (and cavitons), but
contributions from the thermal electrons are still unknown. None of the past studies
give sufficient answer to this.

All Region-2 FACs are found in the region of CPS particles. Except for its
poleward boundary where CPS electrons and BPS electrons coexist, we do not find any
electron bursts below 73° Inv. The large-scale FAC in this part is not the sum of the
small-scale paired FACs, but is carried by the precipitating CPS electrons accelerated
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by the large-scale steady electrostatic potential structure. This is consistent with
previous results [40, 41]. However, its poleward part (21:38-21:39 UT) is different. It
is apparently composed of many paired FACs which agrees with the small-scale
structures shown in Figure 1 or the meso-scale magnetic fluctuations associated with Pc
4-5 pulsations [16] and/or transient magnetosheath plasma injections (PTE) [46] inside
CPS. According to the total magnetic deviation, this part contributes about 50% of the
total upward Region-2 FAC. The question is if the FAC in this part is contributed by
such small- (or meso-)scale FACs. The majority of FAC in this region could still be
carried by thermal electrons if the small- (meso-)scale FACs adds only minor spikes (up
and down) without net FACs. Since the FAC regions are determined simply by its
sense (upward or downward), one may not draw a general conclusion on the co-existing
population without thorough statistics. Yet we see some cases of Region-2 FACs
without any small-scale spikes related to the electrostatic shocks (e.g., Figure 1 of
[38]). So, we may at least conclude that CPS-related upward FACs are carried by these
CPS electrons and are not the sum of small-scale FACs. Contribution from the small-
scale FACs to the dawnside Region-2 FAC is a future problem.

2.2. AFTERNOON SECTOR

Let us move to the dusk sector. BPS electrons are now associated with the inverted-V
structures, discrete aurora, and upward FACs. The relation is self-consistent. However,
we have a puzzle concerning the CPS-related Region 2 FAC. It flows downward, i.e.,
the current carriers (electrons) must move upward whereas the plasma regime in this
region (CPS) is in favour of upward FACs (cf. morning sector). So, we have to find a
different type current carrier in this region.

Figure 3 shows the FREJA particle and magnetic field observations in the noon
and dusk sectors. The satellite traversed the BPS region and CPS region at around
00:40 UT. Region-1 and Region-2 FACs are found exactly in the BPS and CPS
regions, respectively. Enlarged plots of the electron data [62] in these regions are
shown in Figure 4. Figure 4a (BPS = upward FAC) clearly shows intermittent inverted-
V potential structures, indicating that the Region-1 FAC is subdivided into many small-
scale FACs as is expected. However, the upward electron burst (expected in Figure 1)
is barely seen. Certainly, the small-scale FAC structures are quite different between
dawn and dusk. We instead see upward low-energy electrons (< 70 eV) continuously.
The same type of upward low-energy electrons extends to the CPS region as is clear
from Figure 4b. These electrons must be the carriers for the downward FAC, and hence
Region-2 FAC may not be divided into small-scale FACs contrary to Region-1 FAC.

In summary, the relation between the large-scale and the small-scale FACs is
similar in both sectors. The major differences between dawn and dusk are the roles of
thermal electrons and electron burst. Contributions to the FACs are largest from the
auroral precipitating electron (upward FAC), the second largest from the low-energy
upward electrons (downward FAC), the third largest from the CPS-origin precipitating
electrons (upward FACs), and barely from electron burst (downward FAC). The
majority of upward FAC in the BPS is associated with intermittent inverted-V structures
and the majority of the downward FAC in the CPS is carried by low-energy electrons .
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2.3.NOON SECTOR

Obtaining the current carrier is more difficult because the cusp is normally filled with
various wave activities [63], which makes it difficult to identify the electron population.
Burch et al. [42] showed that at mid-altitude upward electron beams can explain the
cusp Region-1 FAC in the prenoon sector, but the situation is not so simple. Electron
data for the cusp part in Figure 3 is enlarged in Figure 5. There is no difference
between the upward FAC region and the downward FAC region. Both regions are
filled with supra-thermal electron bursts and the injecting electrons. Ion conics and
beams [64] are another possible clue, because the ion beams usually indicate inverted-V
potential structure below the satellite whereas ion conics usually indicate wave activity
below the satellite (same source for the electron burst). However, we again find a lack
of good correlation between the ion beams/conics and the senses (upward/downward) of
FACs. Apparently the cusp large-scale FAC is not a simple extension of the
dawnside/duskside Region-1 or Region-2 FACs [4, 27, 33, 36, 37]. This is one of the
counter-evidence against the reconnection-related cusp models, e.g., by Cowley et al.
[65; and references therein].

Figure 4. High-resolution electron data of Figure 3: (a) BPS part (upward Region-1 FAC); (b)
CPS part (downward Region-2 FAC). The upper two panels in each figures show downward
field-aligned electrons, the third panel shows trapped electrons (90° pitch angle), and the last
panel shows upward field-aligned electrons.
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Figure 5. High-resolution electron data for the cusp part of Figure 3: (a) upward FAC region;
(b) downward FAC region. The format is the same as Figure 4.
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Figure 6. Particle and magnetic field data from Viking orbit 480 (20 May, 1986). Positive
(negative) slopes of By mean downward (upward) FACs. Positive deviation By indicates

upward FAC poleward of the satellite and/or downward FAC equatorward of the satellite [45].
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3. Relation Between Large-scale FACs and Meso-scale FACs

Although we do not see a clear signature of meso-scale FAC systems in Figures 2 and
3, they are often observed in the dawn and dusk sectors together with transient plasma
injections (PTE) and/or Pc 4-5 pulsations as mentioned above [16, 46]. These meso-
scale FACs usually have bipolar signatures. So, it is difficult to estimate their
contribution to Region-2 FAC. Region-2 FAC always exists in the CPS regardless of
the existence of such meso-scale FACs. The same type of semi-independence is seen
for the travelling convection vortices [66]. Relations between PTE and TCV are under
investigation. Only the exception for such independence between the meso-scale FAC
and the large-scale FAC could be the series of auroral spots at 14-15 MLT [13, 67, and
references therein]: the meso-scale FACs may form the large-scale Region-1 and
Region-2 FACs there. But, these meso-scale FACs are smaller in intensity than the
cusp FAC. In Figure 3, the first large bipolar signature of By is the cusp FAC but all

the other minor bipolar signatures and ion injections near 14-15 MLT are probably the
LLBL-related afternoon auroral spots.

What about the cusp? Yamauchi and Lundin [52] showed that cusp is generally
composed of many meso-scale plasma injections. Individual injection often carries a
pair of FAC [39, 45]. However, the amount of the current carried by the individual
injection is far below the large-scale cusp FACs. Figure 6 (after [45], their Figure 15)
shows one example. IMF is strongly duskward (By = + 5 nT); i.e., upward FACs must
be located poleward of the cusp and downward FAC equatorward of the cusp. Such
FACs are easily verified by the Bg deviation. The meso-scale FACs are deduced from
Bn. It is well correlated with the magnetosheath plasma injections but is nevertheless
not forming the large-scale cusp-region FACs. The same result is obtained by the
FREJA satellite [39]. The result argues against FTE-related cusp models [68, 69] in
which the entire large-scale cusp region FAC is composed of meso-scale FACs.

Yet, meso-scale FACs carried by the meso-scale plasma injections could be
important in the formation of the cusp FAC. Although such studies are difficult with
single satellite observations because of the separation problem between the temporal
development and the spatial structure, Yamauchi et al. [5S1] showed a clear case when
the IMF turned from steady southward to steady northward. The cusp current flows in
the cusp part, but some meso-scale FAC is also found in the equatorward injection. The
observation indicates that either the cusp is moving back and forth, or we have an
independent meso-scale injection. All the above observations support the wave-assisted
cusp model by Yamauchi and Lundin [70; and references therin]. The unusual
observation of the meso-scale injections and FACs equatorward of the steady cusp
during northward IMF [71] could belong to such a category although the injection could
be attributed to the plasma transfer event [72]. Note that some of the meso-scale
magnetosheath plasma injections into the low-altitude CPS region do not accompany
FAC:s at all [73], indicating that they are not FTEs that Southwood has modelled [74].

The cusp region FACs are somewhat troublesome. Although the plasma regime
(ion) clearly determines the entire region of large-scale FAC, the shape of FAC regions
is unclear. In Figure 3, the magnetic deviation in the cusp region is seen mainly in the
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north-south component of the magnetic field, indicating that the current system is
aligned in the north-south direction. However, Figure 6 shows the opposite. In both
cases the satellite traversed the cusp azimuthally.

4. Summary

It is yet too early for far-reaching conclusions without thorough statistics. Here we just
list some summaries of several case studies.

The Region-1 and 2 FACs are well located in BPS/LLBL and CPS, respectively,
in both the dawn and dusk sectors. This fact naturally causes some asymmetry of the
current carrier between the dawn and dusk. The dawn Region-2 FAC is mostly carried
by CPS electrons precipitating into the ionosphere whereas the duskside Region-2 FAC
is carried by ionospheric low-energy (mostly thermal) electrons. The current carriers in
the Region-1 FAC could be symmetric if it is mostly composed of many small-scale
FACs as shown in Figure 1. However, its fine structure is different between dawn and
dusk because the upward small-scale FACs inside an inverted-V potential structure is
wide-spread compared to the downward small-scale FACs which are carried by the
bursty electrons next to the inverted-V structure. Furthermore, the upward electron
burst does not necessarily exist in the duskside Region-1 FAC. The roles of the thermal
electron for the dawnside Region-1 FAC and of small- and meso-scale FACs for the
dawnside Region-2 FAC must be investigated in the future.

The cusp FACs are not well understood. Meso-scale FACs are related with
individual plasma injections, but unlike these injections, the meso-scale FACs do not
constitute the large-scale FACs. They add minor bipolar signatures to the steady large-
scale current system. The current carriers are quite unknown in the cusp region. We
need thorough statistics, and any studies from a limited data set are not sufficient to
solve the current carrier problem in the cusp region.

High-latitude Source

A source
cpefacceleration)
CUSH CLUS[H

Figure 7. Proposed locations of the cusp (region-1) FAC. If the source is high-latitude, the
decelerated solar wind directly drives a dynamo [76, 77]. If the source is low-latitude, the solar
wind is accelerated and energy must come somewhere else. In this case, the cusp region-1
FAC must be dispersed and weak compared to cusp region-0 FAC, which is against the
observation.
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5. Restriction in Modelling

Before closing this rather diagnostic paper, let us mention some important notes for
modelling. Since the FAC is a sink or a source of energy, any 2-D model needs an
additional sink and source as the 3rd dimension effect [75-77]. For instance, the FAC
transports energy from the source region to the ionosphere.

One may classify the source into two types: (1) constant dynamo (deceleration of
convection or solar wind) and (2) constant total energy (conversion of “stored”
electromagnetic energy). If the flow (e.g., solar wind) is steady, the former system
predicts a long-term development of FAC toward a steady value whereas the latter
predicts a decay of FAC system due to the ionospheric joule dissipation. According to
MAGSAT observations, the cusp FAC system is quite steady and never decays [23].
So, the FAC system must take energy from the solar wind (decelerate the solar wind
somewhere) rather than from the “stored” magnetic field. Next question is the location
of dynamo; i.e., poleward of the cusp (cusp region-0 FAC) or equatorward of the cusp
(cusp region-1 FAC). During southward IMF, the equatorward FAC is always stronger
than the poleward FAC, indicating that the dynamo is connected to the cusp region-1
FAC rather than the cusp region-0 FAC (mantle FAC). This gives us a restriction in
mapping the FAC system, as shown in Figure 7 because the solar wind must be
decelerated in the source region. Apparently, we have to map the cusp to the high-
latitude dynamo region [70, 76] rather than the dayside magnetopause [78, 79]. The
same conclusion is also obtained from the high-altitude observations of the cusp by
HAWKEYE [80, 81], INTERBALL [82], and POLAR [83] spacecrafts. One may not
simply map the low-altitude FAC beyond the high-altitude cusp [84, 85].
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