
A statistical study of plasma sheet electrons carrying auroral
upward field-aligned currents measured by Time History of Events
and Macroscale Interactions during Substorms (THEMIS)

S. Lee,1 K. Shiokawa,1 J. P. McFadden,2 and Y. Nishimura1,3

Received 22 June 2011; revised 23 September 2011; accepted 23 September 2011; published 2 December 2011.

[1] We have statistically investigated the electron density ne,M and temperature Te,M in the
near-Earth plasma sheet in terms of the magnetosphere-ionosphere coupling process, as
measured by the electrostatic analyzer (ESA) on board the Time History of Events and
Macroscale Interactions during Substorms (THEMIS-D) satellite from November 2007 to
January 2010. To find out when and where an aurora can occur, either with or without
electron acceleration, the thermal current j∥

th and the conductivity K along the magnetic
field line were also estimated from observations of the magnetospheric electrons with pitch
angle information inside 12 RE. The thermal current, j∥

th(∝ ne,M Te,M
1/2), represents the

upper limit of the field-aligned current that can be carried by magnetospheric electrons
without a field-aligned potential difference. The conductivity, K(∝ ne,M Te,M

�1/2), relates the
upward field-aligned current, j∥, to the field-aligned potential difference, V∥, assuming
adiabatic electron transport. The thermal current is estimated by two methods: (1) from the
relation by using ne,M and Te,M and (2) from the total downward electron number flux. We
find that in the dawnside inner magnetosphere, the thermal currents estimated by both
methods are sufficient to carry typical region 2 upward field-aligned current. On the other
hand, in the duskside outer magnetosphere, a field-aligned potential difference is necessary
on the region 1 current since the estimated thermal current is smaller than the typical
region 1 current. By using the relationship, j∥ = KV∥, where K is the conductivity estimated
from Knight’s relation and j∥ is the typical auroral current, we conclude that a field-aligned
potential difference of V∥ = 2–5 kV is necessary on the duskside region 1 upward
field-aligned current.
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1. Introduction

[2] Many recent studies have strived to understand auroral
electron acceleration, because it provides vital insight into
magnetosphere-ionosphere coupling processes along auroral
field lines. Auroral structures are categorized into two pri-
mary types: discrete and diffuse aurora [Davis, 1978]. Dis-
crete aurora, which has intense and bright features, is usually
associated with downward electron acceleration along the
magnetic field line above the ionosphere [Frank and
Ackerson, 1971]. Diffuse aurora, which mostly shows tem-

poral pulsation, is caused by precipitation of magnetospheric
electrons without field-aligned electron acceleration. Swift
[1981] reviewed the precipitations of different types of
aurora: the diffuse aurora usually forms at the equatorward
boundary of the auroral oval and the auroral patches and
pulsations appear most commonly within the morning sector
of the diffuse aurora; the discrete aurora is most prominently
observed in the evening and poleward sectors of the auroral
oval, and the “inverted-V” aurora appears in the same regions
as discrete aurora but with much larger size scales. However,
the mechanism that creates such different characteristics of
aurora in latitudes and local times has not been clearly
explained. Corresponding structures have not been identified
in the magnetosphere.
[3] In the magnetosphere-ionosphere coupling system,

field-aligned currents play a key role in the exchange of
information between the two altitudes. In the ideal magne-
tohydrodynamic equations, field-aligned currents can be
driven by magnetospheric processes, such as flow shear and
azimuthal pressure gradients [Hasegawa, 1979; Haerendel,
1990]. For the ionosphere, Knight [1973] introduced the
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field-aligned current density, j∥, carried by magnetospheric
electrons accelerated along field lines
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where e, k, and me are the electron charge, Boltzmann con-
stant, and electron mass, respectively. V∥ is a field-aligned
potential difference that accelerates electrons downward. BI

and BM are the magnetic field intensities in the ionosphere
and in the source magnetosphere, respectively. Equation (1)
is obtained by integrating the electron flux in the loss cone
within the magnetosphere, assuming a Maxwellian distribu-
tion function for the magnetospheric electrons with density
ne,M and temperature Te,M. However, effects from back-
scattered electrons and pitch angle anisotropy for the mag-
netospheric plasma are ignored.
[4] In the case that no field-aligned potential difference

exists (i.e., V∥ = 0), (1) is reduced to

jth∥ ¼ ene;M
kTe;M
2pme

� �1=2

; ð2Þ

where j∥
th is the thermal current and represents the field-

aligned current carried by magnetospheric electrons without
field-aligned acceleration.
[5] In contrast, when 1 ≪ eV∥/kTe,M ≪ BI/BM, which is

typical for auroral electrons acceleration, (1) then becomes
[Lyons, 1980]

j∥ ¼ KV∥; ð3Þ

where

K ¼ e2ne;M

2pmekTe;M
� �1=2 : ð4Þ

K, which is the conductivity, represents the efficiency of the
upward field-aligned current, j∥, that a field-aligned potential
difference V∥ can produce. Note that j∥

th and K depend only
on the magnetospheric electron density ne,M and temperature
Te,M. Estimating j∥

th and K in the plasma sheet is important
for understanding the ability of plasma sheet electrons to
carry field-aligned current.
[6] When field-aligned current is conserved along a field

line, the upward field-aligned current is carried by down-
going magnetospheric electrons, while the ionospheric ions
are usually either gravitationally bound or, in the case of
heated conics, have too small a flux to represent significant
current. If j∥

th, as expressed by equation (2), is enough to
carry the field-aligned current driven by magnetospheric
processes, then a field-aligned potential difference V∥ is not
necessary. If j∥

th is smaller than the driven current, then V∥
needs to be formed. Thus, by estimating j∥

th, and compar-
ing it with typical auroral field-aligned current, one can esti-
mate where, when, and how much V∥ is necessary in the
magnetosphere-ionosphere coupling system.
[7] Shiokawa et al. [2000] performed a similar study.

They estimated j∥
th and K on the basis of auroral electron data

obtained by the Active Magnetospheric Particle Tracer

Explorers/Ion Release Module (AMPTE/IRM) satellite in
the near-Earth plasma sheet at 10–18 RE in February–June
1985 and March–June 1986, during the solar minimum. The
results were compared with those from Defense Meteoro-
logical Satellite Program (DMSP) satellites above the auroral
oval at an altitude of �800 km. However, electron data for
the inner magnetosphere (within 10 RE) were not investi-
gated. Moreover, pitch angle information for the electrons
was missing from their data.
[8] In the present study, we statistically investigate the

electron density ne,M, temperature Te,M, thermal current j∥
th,

and conductivity K in the plasma sheet within 12 RE with
pitch angle information. To do this, we used electron spectra
obtained by probe 3 (THEMIS-D) of the Time History of
Events and Macroscale Interactions during Substorms
(THEMIS) satellite over 2.25 years, during the solar mini-
mum of 2007–2010. From this investigation, it is suggested
that a field-aligned potential difference is particularly nec-
essary for the dusk region 1 upward field-aligned current,
where j∥

th is not sufficient to carry the typical current.

2. Data

[9] The THEMIS spacecrafts, launched on 17 February
2007, are equipped with comprehensive in situ particle and
field instruments that measure thermal and superthermal
ions and electrons [Angelopoulos, 2008]. For the present
analysis, the following data from onboard THEMIS instru-
ments are used: electron data for energies from a few electron
volts up to 30 keV, as measured by an electrostatic ana-
lyzer (ESA) [McFadden et al., 2008]; magnetic field data
obtained by a flux gate magnetometer (FGM) [Auster et al.,
2008]; and spacecraft potential data from an electric field
instrument (EFI) [Bonnell et al., 2008]. THEMIS consists
of five probes, named THEMIS-B (probe 1), THEMIS-C
(probe 2), THEMIS-D (probe 3), THEMIS-E (probe 4),
and THEMIS-A (probe 5). Since we intend to investigate
within 12 RE, we select the THEMIS-D probe, which orbits
in a near-equatorial plane with an apogee of �12 RE and a
perigee of �2 RE.
[10] Figure 1 shows an example of the 1 day summary plot

from THEMIS-D on 15 December 2008. From top to
bottom, Figure 1 shows the three components (Bx, By, and
Bz) of magnetic field in GSM coordinates (Figure 1a), den-
sities (Figure 1b) and temperatures (Figure 1c) of both elec-
trons (red) and ions (black), the three components (Vx, Vy,
and Vz) of ion velocity in GSM coordinates (Figure 1d),
omnidirectional ion energy-time spectra (Figure 1e), omni-
directional electron energy-time spectra, with the satellite
potential represented by the black line (Figure 1f), and ther-
mal currents, j∥

th (Figure 1g). THEMIS-D passed the inner
radiation belt at the perigee (with XGSM = 0.12 RE, YGSM =
1.6 RE) at dusk at 0028 UT, and outer magnetosphere at the
apogee (with XGSM = �0.7 RE, YGSM = �11.53 RE) at dawn
at 1227 UT.
[11] The plasma sheet electron data used in the present

analysis were acquired during the time interval between the
two vertical lines A and B in Figure 1. The plasma sheet is
identified using the following features.
[12] 1. THEMIS-D occasionally detects magnetosheath

particles. Therefore, by checking for electron data with high
density (>10 cm�3) and low temperature (<100 eV), and for
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electron energy-time spectra with high fluxes at low energies
(<1000 eV), data were excluded when THEMIS-D goes out
of the magnetopause.
[13] 2. To avoid radiation belt particles in the inner mag-

netosphere, we use the data outside 7 RE.

[14] 3. Within the plasma sheet, the densities of the elec-
trons and ions have approximately the same values as shown
in Figure 1b, whereas they are significantly different in the
radiation belt, as shown outside the time interval A–B.
[15] 4. The densities of both the electrons and ions start to

increase rapidly as the satellite approaches the radiation belt.

Figure 1. Example of the 1 day summary plots, taken from THEMIS-D on 15 December 2008. (a) The
three components (Bx, By, and Bz) of the magnetic field in GSM coordinates, (b) densities and (c) tempera-
tures of both the electrons (red lines) and ions (black lines), (d) the three components (Vx, Vy, and Vz) of
the ion velocity in GSM coordinates, (e) omnidirectional ion energy-time spectra, (f) omnidirectional elec-
tron energy-time spectra, with the satellite potential represented by the black line, and (g) thermal currents
j∥
th, estimated with (red line) and without (black line) assuming a Maxwellian distribution. The interval
between lines A and B indicates the plasma sheet defined in this study.
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[16] 5. The characteristics of the energy spectrograms in
Figure 1f are also considered in order to identify the plasma
sheet, in which the electron and ion spectra tend to show
high fluxes at high energies.
[17] In estimating the electron density, temperature, and

flux, we do not subtract the background counts due to con-
tamination with high-energy particles because either they are
negligible in the plasma sheet or in most cases they do not
affect flux. From the satellite potential data, obtained by
using a single-probe measurement, electron data below the
satellite potential are excluded, since they are contaminated
by photoelectrons. The satellite potential gradually increases
from the inner magnetosphere to the outer magnetosphere
and correlates well with the upper boundary of the high-flux,
low-energy electrons seen in the spectrograms in Figure 1f.
Since we used equations (1)–(4) in the analysis, we assumed
that the auroral electrons follow the adiabatic theory and
come from the equatorial plasma sheet to the ionosphere.
[18] Figure 2 shows the orbits of THEMIS-D after exclu-

sion of the radiation belts in the inner magnetosphere and the

magnetosheath outside the magnetopause. The orbits are
given in GSM coordinates. It is clearly seen that the selected
THEMIS-D orbits cover from 7 to 12 RE and the equatorial
plane in |ZGSM| < 5 RE over all local times.
[19] The average electron density ne,M is shown in Figure 3

in terms of magnetic local time (MLT). In Figures 3a and 3b
the average electron densities are plotted for the daytime
(9–15 MLT) and nighttime (21–3 MLT) during magnetically
quiet periods when AE < 100 nT (Figure 3a), and for active
times when AE > 100 nT (Figure 3b). Densities at dawn
(3–9 MLT) and dusk (15–21 MLT) are plotted similarly in
Figures 3c and 3d for quiet and active times, respectively.
The solid and dashed lines in Figure 3 correspond to the
pitch angles of the electron data, where pitch angles between
0° and 30° are defined as “quasi-parallel” and those between
60° and 90° are defined as “perpendicular.” The term quasi-
parallel is used because the loss cone cannot be resolved,
and the parallel distribution is approximated by assuming
that its angle range has similar values to the pitch angle
scattered population. Finally, the thick and thin lines in
Figure 3 represent the different MLTs and the error bars
indicate �0.2s. Because the number of events is very small
at 7–8 RE during the daytime and at dusk during the mag-
netically active time, these values are not plotted. The den-
sities are generally higher during the nighttime than during
the daytime, and higher at dawn than at dusk during both the
quiet and active times. Additionally, densities increase with
decreasing radial distance for all local times, and values at
small radial distances are higher during magnetically active
times than during quiet times. Moreover, the densities of
quasi-parallel electrons are higher than those of perpendic-
ular electrons during the nighttime and at dusk.
[20] The average electron temperatures, Te,M, shown in

Figure 4, are plotted in the same format as Figure 3. Figure 4
shows that temperatures are generally higher during the
nighttime than during the daytime and higher at dawn than at
dusk. This is especially true within 10 RE, for both mag-
netically quiet and active times. It can also be seen that
temperatures tend to decrease with decreasing radial distance
inside 10 RE for all local times, except for at dawn during
active times. In addition, temperatures are higher during
magnetically active times than during quiet times, and tem-
peratures are clearly higher for perpendicular than for quasi-
parallel electrons.
[21] The average thermal currents j∥

th shown in Figure 5 are
plotted in the same format as Figures 3 and 4. It is observed
that the thermal currents during the nighttime and at dawn
are higher than those during the daytime and at dusk,
respectively, since the thermal current is proportional to both
the density and square root of the temperature. For similar
reasons, the thermal currents tend to increase with decreas-
ing radial distance for all local times, both magnetically
quiet and active, except at dawnside during quiet times and
at duskside during active times, which tend to decrease
within 9–10 RE. Furthermore, at dawn, during the active
time, the thermal current increases significantly with
decreasing radial distance. At large radial distances, the
thermal currents during quiet times are comparable with
those during active times; however, at small radial distances,
the thermal currents during active times are much larger than
those during quiet times. During the nighttime, the thermal

Figure 2. THEMIS-D plasma sheet orbits from 1 November
2007 to 31 January 2010, defined as the plasma sheet in this
study, in (a) XGSM-YGSM coordinates and (b) ZGSM-XGSM

coordinates. Each point indicates a trace for each day.
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Figure 3. Average electron density, ne,M, in terms of magnetic local times (MLTs). During the daytime
(9–15 MLT) and nighttime (21–3 MLT), ne,M is found during the (a) magnetically quiet time (AE < 100 nT)
and (b) active time (AE > 100 nT). Similarly, the density is found at dawn (3–9 MLT) and dusk
(15–21 MLT) during the (c) quiet and (d) active times. The solid and dashed lines represent the pitch angles
of electrons, where pitch angles of 0°–30° are defined as quasi-parallel (Para) and 60°–90° as perpendicular
(Perp). Thick and thin lines represent different MLTs, and error bars indicate �0.2s. The numbers of data
points are shown at the bottom of each panel. Since the number of events is very small between 7 and
8 RE during the daytime and at dusk in the active times, these values are not plotted.

Figure 4. Average electron temperatures, Te,M, plotted using the same format as Figure 3.
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currents estimated from quasi-parallel electron data are, in
general, higher than perpendicular thermal currents during
both quiet and active times, as well as at dusk during active
times, whereas the perpendicular thermal currents are higher

than the quasi-parallel ones during the daytime and at dawn,
throughout both quiet and active times.
[22] Last, the average conductivities K are presented in

Figure 6 in the same format as Figures 3–5. It is found that

Figure 5. Average thermal currents, j∥
th, estimated from inputting values of ne,M and Te,M into equation (2)

and plotted using the same format as Figure 3.

Figure 6. Average conductivities, K, estimated by inputting values for ne,M and Te,M into (4) and plotted
using the same format as Figure 3.
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the conductivities tend to increase with decreasing radial
distance and that the conductivities estimated by using
quasi-parallel electron data are generally higher than per-
pendicular conductivities, especially outside 9 RE.

3. Discussion

[23] First, let us discuss where and when a potential dif-
ference would be formed by comparing the present results
with observations for the field-aligned current found previ-
ously by Iijima and Potemra [1976], who presented a polar
map for the field-aligned current distribution determined
from magnetic field measurements made by the Triad sat-
ellite during the period from July 1973 to October 1974.
Region 1 field-aligned currents, located at a higher latitude
of the auroral oval, consist of an upward current at dusk and
a downward current at dawn. Conversely, region 2 field-
aligned currents, located at a lower latitude, consist of a
downward current at dusk and upward current at dawn. By
considering typical magnetic field configurations, the mag-
netospheric source region of duskside region 1 and dawnside
region 2 upward currents would be connected to the dusk
plasma sheet outside of 10 RE and dawn plasma sheet inside
of 10 RE, respectively. Iijima and Potemra [1976] reported
that the duskside region 1 upward current and dawnside
region 2 upward current have values of 1.0–1.4 mA/m2 and
0.4–0.6 mA/m2, respectively, for magnetically quiet times
(Kp = 1–3), and 1.5–2.0 mA/m2 and 0.7–0.8 mA/m2 for
active times (Kp = 3–5).
[24] For comparison with the results found here, values of

ne,M, Te,M, j∥
th, and K in these two source regions (dawnside

at radial distances of 7–9 RE and duskside at 9–12 RE) for
both magnetically active and quiet times, including quasi-
parallel and perpendicular pitch angles, are summarized in
Tables 1 and 2. From Table 1, at dawn at radial distances of
7–9 RE during magnetically quiet times (AE < 100 nT), the
density, temperature, and thermal current for the quasi-
parallel electrons are 0.4–0.6 cm�3, 800–1400 eV, and
0.3–0.5 mA/m2, respectively. It is thus seen that the thermal

current is comparable with typical region 2 upward field-
aligned currents (0.4–0.6 mA/m2). From Table 1, during the
magnetically active time (AE > 100 nT), the density, tem-
perature, and thermal current for the quasi-parallel electrons
are 0.6–1.7 cm�3, 1500–2500 eV, and 0.8–1.5 mA/m2,
respectively. The thermal current is comparable to, or
higher than, typical region 2 upward field-aligned currents
(0.7–0.8 mA/m2) observed in the ionosphere. Hence, mag-
netospheric electrons are able to carry sufficient currents for
region 2 upward current without field-aligned acceleration.
[25] Precipitation without acceleration is caused by elec-

trons in the loss cone, which has a very small pitch angle
(<1.0°). For electrons to be precipitated into the ionosphere
continuously, the loss cone needs to be continuously refilled
with electrons from outside the loss cone. Precipitation of
auroral electrons can occur by particle scattering into the loss
cone through wave-particle interactions [Tsurutani and
Lakhina, 1997].
[26] From Table 2, at dusk at radial distances of 9–12 RE

during magnetically quiet times (AE < 100 nT), the quasi-
parallel density, temperature, and thermal current are
0.2–0.3 cm�3, 500–700 eV, and 0.1–0.2 mA/m2, respec-
tively. Hence, the thermal currents are clearly lower than typ-
ical region 1 upward field-aligned currents (1.0–1.4 mA/m2).
During active times (AE > 100 nT), the quasi-parallel densi-
ties, temperatures, and the thermal currents are 0.3–0.6 cm�3,
900–1500 eV, and 0.3–0.5 mA/m2, respectively. The thermal
currents are again smaller than typical region 1 upward field-
aligned currents (1.5–2.0 mA/m2). Since the estimated ther-
mal currents are not sufficient for typical region 1 current for
both quiet and active times, auroral electron acceleration
would be necessary in this region. Thus, field-aligned
potential difference is expected for the dusk region 1 current,
but not for the dawn region 2 current. A field-aligned
potential difference would be distributed along the field line,
particularly at low altitudes near the ionosphere, to satisfy
the quasi-neutrality condition, as discussed in detail by
Lennartsson [1977], Chiu and Schulz [1978], and Stern
[1981].

Table 1. Averages of the Electron Density ne,M, Temperature Te,M, Thermal Current j∥
th, and Conductivity K, for the Inner Magnetosphere

(7–9 RE) at Dawn

Parameter

Quasi-parallel Perpendicular

AE > 100 nT AE < 100 nT AE > 100 nT AE < 100 nT

Density ne,M (cm�3) 0.6–1.7 0.4–0.6 0.6–1.7 0.5–0.7
Temperature Te,M (eV) 1500–2500 800–1400 2000–3500 1100–1700
Thermal current j∥

th(mA/m2) 0.8–1.5 0.3–0.5 0.8–1.7 0.5–0.6
Conductivity K (10�10 S/m2) 3–25 4–10 3–23 4–12

Table 2. Averages of Electron Density ne,M, Temperature Te,M, Thermal Current j∥
th, and Conductivity K for the Outer Magnetosphere

(9–12 RE) at Dusk

Parameter

Quasi-parallel Perpendicular

AE > 100 nT AE < 100 nT AE > 100 nT AE < 100 nT

Density ne,M (cm�3) 0.3–0.6 0.2–0.3 0.2–0.5 0.2–0.3
Temperature Te,M (eV) 900–1500 500–700 1000–2000 700–1000
Thermal current j∥

th (mA/m2) 0.3–0.5 0.1–0.2 0.3–0.5 0.1–0.2
Conductivity K (10�10 S/m2) 4–7 3–6 2–4 2–3
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[27] We should address the source region for the dusk
region 1 upward field-aligned current, which is assumed to
be located at 9–12 RE in the present study. This source
region could extend beyond the THEMIS-D orbit coverage
of 12 RE, since region 1 currents extend to the poleward
boundary of the auroral oval, where the field line connects to
the mid or distant tail. The results in Figures 3 and 5 show
that as duskside densities tend to decrease with increasing
radial distance, the associated thermal current also decreases
with distance. Taking this tendency into account, the ther-
mal current outside 12 RE would probably decrease with
increasing radial distance. Thus, our conclusion that the
thermal current is smaller than typical region 1 current is not
changed even outside 12 RE.
[28] That the field-aligned acceleration is necessary for the

dusk region 1 upward current is consistent with the statistical
distribution of a field-aligned potential difference shown by
Newell et al. [1996]. They reported a high probability of
observing electron acceleration at dusk on the basis of a
large set of data on precipitating electrons, as measured by
DMSP satellites from December 1983 to November 1992.
[29] Note that although Knight’s relationship in equation (1)

used for the present study assumes a Maxwellian distribution
for plasma sheet electrons, actual plasma sheet electrons
mostly do not follow a single Maxwellian distribution. There-
fore, we also estimate the thermal current without the
assumption of a Maxwellian distribution. This estimation is
achieved by integrating the observed electron spectra to
obtain the total downward electron number flux, which
represents the electron flux that can reach the ionosphere and,
hence, is equal to j∥

th/e. Figure 1g shows example of these two
thermal currents for the 1 day summary plot. The red line
indicates the thermal current calculated from equation (2),
and the black line indicates the thermal current found

from the total electron number flux without the assump-
tion of a Maxwellian distribution. The thermal current
obtained from the total number flux is generally higher than
that from equation (2), which is derived from Knight’s
relation, by a factor of 2–3. The accuracy of Knight’s rela-
tion has been controversial. Morooka et al. [2004] dis-
cussed that the current estimated from Knight’s relation
might be underestimated if the electrons at source region
do not have an isotropic Maxwellian distribution function.
Fridman and Lemaire [1980] introduced the formula assum-
ing bi-Maxwellian distribution for the primary electrons in
the source region.
[30] Figure 7 shows the statistical average thermal

currents, obtained from the total electron number flux
without the Maxwellian distribution assumption, for quiet
(AE < 100 nT) and active (AE > 100 nT) magnetic local
times. Note that the scale on the vertical axis is different in
each plot. It can be observed that the thermal currents at
magnetically quiet times (Figures 7a and 7c) are smaller
than those at active times (Figures 7b and 7d). For obvious
reasons, a dawn-dusk asymmetry exists during both quiet
and active times. Further, the thermal currents are smaller at
dawn than during the nighttime in the magnetically quiet
period, while the thermal currents are higher at dawn than
during the nighttime in the active period. At dawn inside 9 RE

during active times, the thermal currents are 2.0–3.0 mA/m2,
much larger than typical dawnside region 2 currents of
0.7–0.8 mA/m2. On the other hand, at dusk outside 9 RE

during active times, the thermal currents are 0.7–1.1 mA/m2,
smaller than typical duskside region 1 currents of 1.5–
2.0 mA/m2. Although from Figure 7 the thermal currents
obtained by using the total flux are 2 times higher than
those calculated from equation (2), it is again concluded that
a field-aligned potential difference is necessary for the dusk

Figure 7. Average thermal currents, j∥
th, estimated from the total downward electron number flux and

plotted using the same format as Figure 3.
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region 1 upward field-aligned current, and not necessary for
the dawn region 2 upward field-aligned current.
[31] From equation (3), the potential difference V∥ is equal

to j∥/K. Thus we can estimate how much a potential differ-
ence is needed between the magnetosphere and ionosphere.
Note that the conductivity K was obtained from equation (4).
The conductivity estimated using the formula by Fridman
and Lemaire [1980] with assumption of bi-Maxwellian dis-
tribution is roughly 0.7–0.9 times smaller than that using
Knight’s relation with isotropic Maxwellian assumption of
equation (4). Using the typical dusk region 1 auroral current
given by Iijima and Potemra [1976] stated as 1.5–2.0 mA/m2,
and a value for the conductivity of 4–7 � 10�10 S/m2 given
in Table 2 from our observations, an average field-aligned
potential difference of V∥ = 2–5 kV is estimated for the
duskside region 1 upward field-aligned current. Although
we assumed the adiabatic transport of the magnetospheric
electrons to estimate the field-aligned potential difference,
the estimated potential difference is well consistent with
those reported by other researchers using ionospheric satel-
lite data [e.g., Burch et al., 1976; Bosqued et al., 1986; Reiff
et al., 1988; Shiokawa and Fukunishi, 1991;Marklund et al.,
2011]. Recently, a statistical study by Partamies et al. [2008]
using a huge number of inverted-V events observed by Fast
Auroral Snapshot (FAST) from 1997 to 2001 showed that
the typical maximum energies of the inverted-V events are
2–4 keV, mainly less than 6 keV.
[32] However, the region 1 and 2 currents reported by

Iijima and Potemra [1976] are large-scale field-aligned
currents, whereas actual field-aligned currents usually have
many complicated small-scale structures. Individual small-
scale currents, such as those corresponding to individual
inverted-V events, can be higher than the large-scale cur-
rents [e.g., Hoffman et al., 1985; Bosqued et al., 1986].
Therefore, a field-aligned potential difference associated
with a small-scale acceleration event would be larger than
the 2–5 kV estimated above. We should also note that we did
not consider the electron acceleration processes by disper-
sive Alfvén wave, which are quite localized and highly
variable. Several observations showed that such processes
provide significant contributions to auroral particle acceler-
ation, using Freja satellite [e.g., Andersson et al., 2002],
FAST satellite [e.g., Ergun et al., 2005; Chaston et al.,
2007], and Polar satellite [Wygant et al., 2002; Dombeck
et al., 2005]. In this study, however, it is difficult to distin-
guish small-scale electron acceleration by dispersive Alfvén
waves using the magnetospheric satellite.
[33] It should be also noted that we considered that the

downward electrons from equatorial plasma sheet are the
carriers responsible for the upward field-aligned current.
Using the Akebono satellite data, Sakanoi et al. [1995]
showed that the conductivities estimated from the potential
drops and field-aligned current densities using the relation
j∥ = KV∥ is 2–20 times larger than those calculated from
Knight’s relation using source electron density and temper-
ature obtained by fitting accelerated Maxwellian function.
They suggested that the upward field-aligned current in the
inverted-V region is significantly carried by low-energy
electrons such as secondary and backscattered ionospheric
electrons through nonadiabatic transport across magnetic
field line. Morooka et al. [2004] showed using the Akebono
satellite data that the low-energy electrons often play an

important role as additional current carriers in the middle
altitude of the particle acceleration region, where the parallel
electric fields exist above and below the observation point,
while the high-energy primary electrons are accelerated
adiabatically. However, the Akebono measurements with a
time resolution of 8 s might average over the edges of
auroral arcs where Knight’s relation may not apply. Using
the FAST satellite data with much higher time resolutions of
13–78 ms, McFadden et al. [1999a, 1999b] discussed that
regions of low-density cavities are shown to contain little or
no cold plasma, but rather only hot plasma that is consistent
with Knight’s relation in those cases where the magneto-
spheric population is a single Maxwellian. We estimated that
field-aligned potential difference is 2–5 kV by using V∥ =
j∥/K, where K is calculated using Knight’s relation. These
values of 2–5 kV applies to the center of arcs, which is the
only place where Knight’s relation applies, and are well
consistent with previous observations. From this consider-
ation, we speculate that the general feature of large-scale
field-aligned potential differences and associated upward
field-aligned currents might be explained by the adiabatic
electrons in the equatorial plasma sheet, while the small-scale
structures of potential difference and upward field-aligned
current might be controlled by nonadiabatic mechanisms
such as wave-particle interaction for low-energy electrons
near the edges of auroral arcs.
[34] By comparing the electron densities and temperatures

of equatorial plasma sheet with those estimated by fitting
accelerated Maxwellian distribution for inverted-V events,
Shiokawa et al. [2000] suggested that the source region of
inverted-V electrons might be just above the acceleration
region. The conductivities estimated by Sakanoi et al. [1995]
using Knight’s relation might imply electron densities and
temperatures at middle altitudes. The conductivities in our
study were estimated from the electron density and temper-
ature of equatorial plasma sheet. We speculate that the
upward field-aligned currents are carried away from the
equatorial plasma sheet up to near the acceleration region by
downward high-energy plasma sheet electrons. Because of
mirroring effect of downward electrons, the flux from the
plasma sheet does not fully reach the ionosphere, as
described by Knight’s relation. The role of low-energy
electrons may therefore become important to keep carrying
the upward field-aligned currents near the acceleration
region. Chiu and Schulz [1978] indicated from one-dimen-
sional model calculations by considering the mirroring effect
and quasi-neutrality with ambient plasma that the resultant
potential difference tends to be formed at lower altitudes
below 10,000 km.
[35] To understand the differences between current and

previous results, values for ne,M, Te,m, j∥
th, and K obtained in

the present study are compared in Table 3 with those from
the AMPTE/IRM satellite, given by Shiokawa et al. [2000].
These parameters, averaged over all pitch angles and all
MLTs, are shown at the radial distance of 9–12 RE for our
study and 9–19 RE for the data of Shiokawa et al. [2000].
Both sets of data were obtained during solar minimum per-
iods. The densities and temperatures measured by the two
satellites during magnetically quiet time and the densities
during active time are similar, while the temperatures mea-
sured by THEMIS during magnetically active time are
slightly higher than those measured by AMPTE/IRM. This
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might be due to the difference of radial distances. According
to Figure 3 of Shiokawa et al. [2000], electron density and
temperature decrease with increasing radial distances.
Another possibility might be the difference of actual mag-
netic activity defined by AE > 100 nT. According to Figure 4
of Shiokawa et al. [2000], temperature increases and density
decreases with increasing AE index. With the different radial
distances, if the magnetic activity level in the present study
is higher than that in the study by Shiokawa et al. [2000], the
temperatures by THEMIS might be higher than those by
AMPTE/IRM and the densities by two satellites might be
comparable. However, we do not know the average AE
index in the study by Shiokawa et al., [2000]. The thermal
currents and conductivities estimated from THEMIS are
about 1.5–2 times higher and lower than those estimated
from AMPTE/IRM, respectively, because of these differ-
ences in density and temperature.
[36] As for the pitch angle dependence shown in Figure 3,

the densities, ne,M, of quasi-parallel electrons are higher than
those of perpendicular electrons both at night and at dusk
during quiet and active times for all MLTs. The temperatures
of quasi-parallel electrons are lower than those of perpen-
dicular electrons, as shown in Figure 4. A possible origin of
these features is the upward ionospheric electrons, which
have much higher densities and lower temperatures than
plasma sheet electrons. The upgoing electrons from the
ionosphere become field-aligned parallel electrons in the
magnetosphere.
[37] Another possible reason for the high temperatures of

perpendicular electrons is due to perpendicular Betatron
acceleration of these electrons. Hada et al. [1981] and
Shiokawa et al. [2003] showed that the occurrence rate for
bidirectional parallel electrons in the plasma sheet increases
during magnetically active times, and suggested that this was
a result of Fermi acceleration of parallel electrons in the
plasma sheet. In contrast, the average perpendicular tem-
peratures during both active and quiet times are higher than
the quasi-parallel temperature in our observations. This fact
indicates that perpendicular Betatron acceleration may be
more effective than parallel Fermi acceleration within the
plasma sheet. According to Sharber and Heikkila [1972],
Betatron acceleration is responsible on the dipolar field lines
near the Earth (<�10 RE), whereas Fermi acceleration pre-
dominates on the distant tail-like field lines (>�10 RE),
under the adiabatic invariance. The radial distance of our
study is from 7 to 12 RE that is relatively closer to the Earth.
[38] Finally, we note that we assume isotropic distribution

in 30° angle range. This definition is necessary for the sta-
tistical analysis, though the field-of-view of the ESA tele-
scope is about 22°. As shown in Figure 3, it looks that the

densities show isotropic distribution except for the night
side, while the temperatures show unisotropic distribution.
But these anisotropies are between quasi-parallel and quasi-
perpendicular direction. Further detailed investigation would
be necessary for the electron pitch angle distribution inside
the 30°, particularly near the loss cone.

4. Conclusions

[39] The magnetospheric electron density, temperature,
thermal current, and field-aligned conductivity have been
statistically investigated, on the basis of measurements
taken by the THEMIS-D satellite from November 2007 to
January 2010. With the thermal current being the amount of
upward field-aligned current that can be carried by down-
going magnetospheric electrons without field-aligned elec-
tron acceleration, the thermal current was estimated from
equation (2) by inputting the electron density and tempera-
ture and assuming a Maxwellian electron distribution func-
tion and from the total downward electron number flux,
obtained by integrating the observed electron spectra. The
conclusions from this investigation are summarized as
follows:
[40] 1. On the dawnside at 7–9 RE, which is the source of

region 2 upward current, the thermal currents estimated by
the two methods are comparable to, or higher than, typical
auroral current during both magnetically quiet and active
times. As a result, a field-aligned potential difference is not
necessary for the region 2 upward current.
[41] 2. On the duskside at 9–12 RE, which is the source of

region 1 upward current, the thermal currents estimated by
the twomethods are smaller than typical auroral current during
both quiet and active times. Therefore, field-aligned potential
difference is needed for the region 1 upward current.
[42] 3. From the relationship j∥ = KV∥, where field-aligned

conductivity K is estimated by using Knight’s relation, a
field-aligned potential difference of 2–5 kV is expected for
the region 1 upward field-aligned current at dusk.
[43] 4. For the pitch angle dependence, quasi-parallel

electron densities tend to be higher during the nighttime and
at dusk, and the quasi-parallel temperatures are lower than
those for the perpendicular electrons at all local times. This
fact indicates a contribution from upward ionospheric elec-
trons with high densities and low temperatures in the parallel
direction. The high temperatures of the perpendicular elec-
trons suggest that Betatron acceleration is more effective
than Fermi acceleration in the magnetosphere.
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Table 3. Comparison Between the Averages for Electron Density ne,M, Temperature Te,M, Thermal Current j∥
th, and Conductivity K

Obtained at 9–12 RE by the THEMIS-D and at 9–19 RE by AMPTE/IRM Satellitesa
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Conductivity K (10�10 S/m2) 2–3 4–5 3–5 6–10

aSee Shiokawa et al. [2000].
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