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Abstract. The current-voltage relationship in the auroral the upward field-aligned currents are associated with the
particle acceleration region has been studied statistically bynverted-V auroral particle acceleration events (é-tank

the Akebono (EXOS-D) satellite in terms of the charge carri-and Ackerson1971; Bryant et al, 1978 Kaya et al, 1987

ers of the upward field-aligned current. The Akebono satel-and therefore, they are believed to relate closely to genera-
lite often observed field-aligned currents which were sig-tion mechanisms of the parallel electric field. Various mech-
nificantly larger than the model value predicted Kgight anisms for the generation of parallel electric fields have been
(1973. We compared the upward field-aligned current esti-discussed for a few decadddofovsky, 1993 and reference
mated by three different methods, and found that low-energytherein). A relationship between the field-aligned current
electrons often play an important role as additional cur-density(J;) and the potential differencg/}) has been pre-
rent carriers, together with the high-energy primary electrondicted byKnight (1973.
which are expected from Knight’s relation. Such additional

currents have been observed especially at high and middl B | kTg eV
altitudes of the particle acceleration region. Some particular’' = ™S B\ 27m, (1 + ﬁ) ’
features of electron distribution functions, such as “cylindri-

cal distribution functions” and “electron conics”, have often WhereB and B are the magnetic strengths at an observation
been observed coinciding with the additional currents. TheyPointand the ionosphere, is the electron mass, an and
indicated time variability of the particle acceleration region. ks are the number density and thermal energy of the mag-
Therefore, we have concluded that the low-energy electron§€etospheric electrons, respectively. In the limit&f <k T,
within the “forbidden” region of electron phase space in the the Eq.1 becomes approximately linear. This model relies
stationary model often contribute to charge carriers of theUPon several assumptions:

current because of the rapid time variability of the particle
acceleration region. “Cylindrical distribution functions” are
expected to be found below the time-varying potential differ-
ence. We statistically examined the locations of “cylindrical
distribution function”, and found that their altitudes are re- - A time-stationary parallel electric field.

lated to the location where the additional currents have been .

observed. This result is consistent with the idea that the low- - The energy and the magnetic moment are conserved
energy electrons can also carry significant current when the ~ @long the magnetic field line.

acceleration region changes in time.

1)

- The charge carriers of the currents are only the magne-
tospheric electrons with an isotropic Maxwellian distri-
bution function in the source region.

This relationship has been studied theoreticalGhi(

Key words. Magnetospheric physics (auroral phenomena;and Schulz1978 Lyons 198Q Gurgiolo and Burch1988
current systems; magnetosphere-ionosphere interactions) Ronnmark 2002 and observationally, as summarized in Ta-
ble 1. However, the validity of Knight's relation is still
controversial. Among the six papers which examined the
current-voltage relationship quantitatively (marked papers in
Table 1), three papers reported good agreements of the rela-
in the tionship. Note that most of these results are obtained at low
Ialtitudes below the auroral particle acceleration region. On
the other handSakanoi et al(1995 have shown that the ob-
Correspondence tdvl. Morooka served field-aligned currents are about 2—20 times larger than
(morooka@irfu.se) the model currents using data from the Akebono satellite at

1 Introduction

The field-aligned currents play a key role
magnetosphere-ionosphere coupling system. In particula
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Table 1. Summary of previous studies about the current-voltage relationship in the upward field-aligned current region. The marked papers
have examineds) the Knight’s current-voltage relationship directly using particle data. Underlined papers have reported agreement with
Knight’s relation.

Instrument Observation altitudes Result
Lyons et al (1979 S10-2 Rocket ~200km Energy flux of the electrons fits well withV.
Weimer et al(1987) DE-1 satellite 1100813000 km The magnetic perturbation derived from the model
agrees with that measured by the magnetometer.

«Shiokawa et al(1990 S-310 Rocket ~200km KV (from particle) agrees wittf (from magnetome-
ter).

xLu etal.(1997) DE-1, 2 satellite 1100013, 000 km, KV (from particle) agrees witlly (from magnetome-
660—800 km ter).

xSakanoi et al(1995 Akebono satellite 900010000 km Parallel conductanck;, (from magnetometer and

potential) is 2-20 times larger than the model's
K7y (from fitting parameters).

Bruning et al(1990 Viking satellite ~13000km Critical potential drop is larger than the real parallel
potential difference at the center of the current sheet.
xHaerendel et al1994 Freja satellite ~1700 km Parallel conductanck ;, agrees with the model's
Kry.
«Frey et al (1999 Freja satellite and below 1800 km Parallel conductan&g, agrees with the model's.
ground based
*Olsson et al(1998 Freja satellite ~1700 km Parallel conductandér y is smaller thark ;4 in the
substorm related event.
Elphic et al.(1999 FAST satellite ~4000 km Linear relationship betweep and V) is quite good.

altitudes of 9000—10 000 km. The parallel electric fields gen-2 Data analysis
erally exist at altitudes of 3000—15 000 km (eRgiff et al,
1993. Hence, Akebono was located in the middle of the The Akebono (EXOS-D) satellite was launched on 21 Febru-
acceleration region, while the other results are obtained byary 1989, into a semi-polar orbit with the initial perigee
the satellites located well above or below the particle accel-and apogee of 274 km and 10 500 km, respectively, to study
eration region. The discrepancy between these results frormechanisms of the auroral particle acceleration by direct ob-
the previous studies may be due to the difference of the observations of particles and fields in the acceleration region.
servation altitudes. A large amount of data taken during theWe examined the current-voltage relationship in the accel-
eight years of observation by Akebono, which can cover theeration region, using LEP (the low energy particle detector,
altitudes of 3000—-10 000 km over the auroral region in theMukai et al, 1990 and MGF (the magnetometet-ukun-
nightside and dayside, makes it possible to investigate the alishi et al, 1990 data obtained by Akebono. The LEP data
titudinal dependence of auroral particle acceleration region. provide three-dimensional distribution functions of electrons
and positive ions with a time resolution 6f8s. For mag-
netic field data, the 8-s (spin period) averaged fluxgate mag-
netometer data are used for the present analysis. In order
The purpose of this study is to examine the current-voltageo analyse only the auroral particle acceleration events, all
relationship in the acceleration region statistically, using datadata used for the statistical analysis in this study are the data
obtained by Akebono, and discuss the results in terms ofwvhich are regarded as an auroral electron acceleration event
charge carriers of the upward field-aligned currents. With the(where the accelerated Maxwellian distribution function has
advantage of using a wide-range of coverage of altitudes ufpeen detected) iMorooka and Muka{2003. We have used
to ~10000 km, we have investigated latitudinal, local time, only data which sufficiently cover the downward pitch an-
altitudinal, and seasonal characteristics of the current-voltaggles (0-30° in the Northern Hemisphere, and 1508C in
relationship. We will show that the field-aligned current den- the Southern Hemisphere) of electrons and the upward pitch
sities often exceed Knight's model current, and that low en-angles (156-18(° in the Northern Hemisphere, and-80°
ergy electrons play an important role as additional currentin the Southern Hemisphere) of ions (see Sect.Manooka
carriers in this case. By examining the distribution function and Mukai (2003 for details). Figurel shows data num-
of electrons in detail, we suggest that the low-energy elecbers of events used in the statistical analysis. Each map con-
trons within the “forbidden” region of electron phase space insists of bins of 64—76° in invariant latitudes and 24 mag-
the static particle acceleration model often contribute to thenetic local times, being divided into three altitude ranges of
current when the particle acceleration region varies in time. 3000-6000 km, 6008-8000 km, and 800610 000 km.
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There are several methods to estimate the field-aligned

currents in the auroral particle acceleration region. We cal- electron datanumber used in the analysis
culate the field-aligned current densities with three different summer hemisphere winter hemisphere
approaches. 12 12
2.1 Current estimation using Knight’s modékogel
. . . 18 6 18
The field-aligned currentdmegel are calculated using the
model Eqg. ). The parameters$, N,;, andTy) in Eq. (1)
are estimated from the distribution functions of electrons and
ions as follows. 8000 - 11000 km
The potential difference|) is calculated as the sum of the D
potential differences above and below the observation point.
The potential differences are determined by the peak ener- \
gies of the distribution functions of downward electrons and
upward ions, respectivelyp( and ¢™). When a poten- 15 6 18
tial difference exists above (or below) the satellite altitude,
the magnetospheric electrons (or ionospheric ions) gain ener-
gies from the field-aligned electric field, and the accelerated / 6000 - 8000 km
Maxwellian distributions will be observed. The accelerated 0
Maxwellian distribution can be written 12
I E—ep
m — e
E)=Ng| —— — , 2
15 =N () e E ) @
18 6 18
wherem is the electron or ion (proton) mass, amj and
kT, are the number density and the thermal energy, respec-
tively, in the source region (the magnetosphere for electron 3000 - 6000 km

and ionosphere for ion), and is the potential difference 0

above (and below) the observation point. We have also es- — o,

timated the potential difference below the observation point 100 more hian 200

from the energy-dependent width of the electron loss cone_. ,
((b;fc)- When a potential difference exists below the satellite Fig. 1. The data number of accelerated electron events counted with

titude. th lar b d f the elect | units of the 8-s data point. The data are divided in MLT, MLAT, alti-
f"‘ : u €, the angu ar boundary of the electron loss aie tudes, and seasons. Each panel indicates the invariant latitude-local
is given byCladis and Sharfil979,

time map for each altitude range and season. The top panels indicate
the high altitude range data above 8000 km to 10 000 km. The mid-

B, E, — e 2 dle panels are for middle altitude range, 6000 km to 8000 km. The
Orc = sin ! <_” ”—b> 3) bottom panels are for low altitude range below 6000 km. The left
B; E, and right side panels are data obtained in the summer and the winter

hemisphere, respectively. The color bar is displayed in linear. The
Here, the subscripts andi indicate the observation point red color indicates the number of data more than 200.
and the ionosphere level, respectively. For the estimation of
the electron loss cone, we have used the loss cone search
technigue used iBakanoi et al(1999. 2.2 Current estimation by integration of electrons:
The number densityN,) and the thermal energy ;) are !‘EWJ“h'gh, Jeh,'gh
estimated by fitting the observed distribution function above
the peak energy (here after, discrivedmssay to the accel-  The field-aligned current densities can be estimated by in-
erated Maxwellian distribution function (ER)} by a least-  tegrating the particle differential flu¥ over the whole en-
squares method. ergy and pitch angle range. The particle differential flux
Examples of the distribution functions of electrons and F [/cm?s streV] is integrated by
ions observed in the particle acceleration region are shown
in Fig. 2. The fitted accelerated Maxwellian distribution is . Emax
represented by solid curves. In order to identify unambigu-]” - _e/E
ously acceleration events, case§§$f<3 were excluded. In
addition, we have checked the detected peak energy by visualthere ¢ is the electron charge unit. Herd;y, is set
inspection. at 100eV in order to eliminate spurious effects caused by

dE /n 27 F sin(@) cog6)deé , (4)
0

min
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EXOS-D LEP 90/20/06
07:35:48-07:35:56

fitted parameters fitted parameters
Electron number density: 1.6 10° [/m3] Ion number density: 1.5 10! [/m 3]
pitch angle thermal energy: 670 [eV] pitch angle thermal energy: 350 [eV]
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Fig. 2. Distribution functions of downward electrons and upward ions observed by Akebono/LEP in the particle acceleration region (repre-
sented in dot). Solid curves represent the fitted accelerated Maxwellian distribution. Fitted parameters are also shown in each panel. The
distribution function aboveZpeak (dark hatched area) was integrated to calculé}ig and light hatched area was integrated to calculate

Jiow-

instrumental secondaries and so on. The value estimated bfjeld-aligned current density is estimated from the east-west
this method is written ag'°W+h'9h component of perturbation of the magnetic field in many pre-
Knight (1973 assumed that the magnetospheric electronsYious studies. However, we have estimated the current densi-
which are accelerated by the field-aligned potential differ-ties more generally without assuming that the current sheets
ence, carry the field-aligned currents dominantly. The field-are aligned along the east-west direction. Assumingshat
aligned current densities carried by the magnetospheric ele@ndb are the perturbation of the magnetic field at the loca-
trons can be estimated by integrating the particle differentiaftions corresponding to poings and p2, the spatial variation

flux f over all pitch angles abovEpeak of the perturbed magnetic field is given by
. Emax P4 _ Ab =by —b;. (7)
JjI = —e/ dE / 27 f sin(@) cog0)do . (5)

peak energy 0

Note thatAb is aligned to the current sheet. The perpendic-
This value is described asehlgh_ It is expected that ular width of the current sheetw is derived from the inner
low-+high - high e product of the normal vector of the current sheetnd the
o is almost equal td, ", and also to Knight's model  spacecraft orbit vectoV, which is perpendicular to the am-
current Umode) in & time- statlonary acceleration model. bient magnetic field component. Therefore, the field-aligned

L . i current density is given by
2.3 Current estimation by magnetic field daf%‘.’

The total field-aligned currents are estimated from the mag-/Il = T o dw ®)
netometer data. With the assumption of a sheet structure, the
field-aligned current density can be estimated from horizon- This value is defined ag}gm. When the angle between
tal perturbations in the magnetic field, using Ampere’s law, s and V is larger than 69 the accuracy of the estimated
current density is low. In this case, the obtained data are
. 1 9b .
ji=——=, (6)  omitted.
Mo 9s By comparing/{t with 7, andJ,"", we can iden-
where g is the permeability in a vacuung is the hori-  tify which particles domlnantly (_:ontrlbute to the total cur-
zontal perturbation of the magnetic field, ands the nor-  rent. In this studyJ'O""“Lh'gh Jeh,'gh, and J are mapped
mal distance from the current sheet. Discrete auroras ardown to the |onospher|c altitude (120 km), assuming a dipole
usually elongated along the east-west direction, hence théeld.

low-++high high
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Upward Field-aligned current region
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Fig. 3. Summary plot of the event 90022006--c)Magnetic field perturbation for the northward, eastward, and radial direction by (F.

The field-aligned current density estimated by the magnetometer data. The estimated values are mapped down to the ionosphere (120 km
with assumption of the dipole magnetic fie(@) Potential differences estimated from the peak energies of the downward electrons and UFIs.
Total (black), above (red), and below (blue) the satellifeh) E-t (Energy-time) spectrogram of electron data by L&) E-t (Energy-

time) spectrogram of ion data by LEP. Detected peak energies of the downward electrons and the UFIs are also indicated over the panel (f)
(downward electron) and panel (k) (upward ion).

3 Case study of an event on 20 February 1990 above the satellite. Akebono also observed UFIs (Upward

Flowing lons) at 07:23—07:40 UT, which indicate the poten-
On 20 February 1990 (event 90022006), Akebono passed thgal difference below the satellite altitude. Therefore, Ake-
nightside auroral oval at altitudes 0900 km from highto  bono was located in the middle of the parallel acceleration
low latitudes. Panels (f-k) in Fi@ show Energy-time (E-t) region during this time interval. The positive slope of the
diagrams of electrons and ions. Large amounts of energetieastward magnetic field perturbation during 07:23-07:40 UT
electron precipitation at 07:23-07:40 UT are magnetospherigpanels a—c) corresponds to the upward field-aligned current.
electrons accelerated by the parallel potential differences
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Fig. 4. (a) The field-aligned current densities estimated by the three different method (see the details in Q%E‘I(Iil)ick), Jeh,igh (red),

Jj'_ithow (green),JlTlgde'(dark blue), anngde'(light blue). ¢, calculated angy,,,; (middle) usingp;, in different estimation techniques

are displayedb) and(c). Solid lines indicate the data usiﬂ:évc, while dashed lines indicate the data us&rbﬂ:'.

The field-aligned current estimated from the magnetic field Jeh,'th (red),Jeh,"‘]’h is much higher than the model. This may be
is also shown in panel d. In this event, the upward field- due to the underestimation of the potential differerieiff
aligned current region (enclosed area with red dash) agreest al.(1988 argued that the energy degradation of UFIs may
well with the energetic electron precipitation region, and thisoccur owing to the two-stream instability of hydrogen and
is consistent with the expectation that the field-aligned cur-oxygen ions. In this casepb":' might be underestimated.
rent is related to the particle acceleration. On the other handThe potential differences below the observation point esti-
the field-aligned current was not simply proportional to the mated from UFI's peak energy;k”:', black) and electron loss
potential difference (black line in panel e) like Knight's rela- cone techniqueg(-€, blue) are shown in panel (b). It can be

tion. noticed thatp€ is often larger thamp’™, as is consistent

) ] ) . _ with the previous resultsREeiff et al, 1993 Sakanoi et aJ.
Figure 4a shows the field-aligned cgrrept densities esti- 1995 Wwith this effect, the value of model (blue in panel a)
mated in three different methods. If Knight's relation is cor- high

rect, all the current densities estimated by the three different " _ el and
techniques should be consistent. However, the currents ddLc — are aimost the same at 07:39 UT whilgg™'is much
not necessarily agree well. First of all, when the magneto-smaller than the others. The agreememle?i?h and JS“,?ldQ'
spheric electrons are accelerated adiabatically, as assumediimdicates that one of the assumptions in Knight's relation,
Knight's theory, Knight's model current should agree with that electrons with energies higher th&peax are adiabati-

J"9". However, comparing 9! (dark blue in panel a) and ~ cally accelerated by the potential drop, is valid.

Pften reaches the value rbf,igh (red). For example/
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Fig. 5. Plots of the Akebono orbit during December 1989 to February 1990. For most of the time, the Akebono satellite was located at the
high altitudes above nightside auroral region.
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Fig. 6. Left: Comparison ofp;, estimated from two different techniques. Right: Comparisoﬂi&?de'andjg‘,gde'.

On the other hand/ " often significantly exceedgi9%! 4  Statistical result at high altitudes
and /"9, Thus, there must be other particles (besides the

magnetospheric primary electrons) for charge carriers of thdn order to generalize the result in the previous section, we
current. We suggest that the low energy electrons also congxamined the field-aligned current in the particle accelera-
tribute to the current. It is found, in Figla, that the val-  tion region statistically, using the data during a period from
ues of J'ow-high (green), which is the current density car- November 1989 to February 1990. Figudllustrates the

ried by ee[ectrons over the whole energy range above 100 e\/?\keb_ono (_)rbits_ in this_ period. Akebonp has mainly observed
the nightside high altitude auroral region.

i high model :
aT§W3252 significantly Iatr(?tertha!}_, and /g Besides, _Figure6 shows the comparison of the results using the two
s often reachesy”, especially near the edge of the gifferent techniques for potential difference. The left panel
upward field-aligned current reg?on, where the potential dif- shows the differences betweghC andgY™. In many cases,
ferences above the satellite alt|tudes_, are smgll (07:39 UT¢I£C is larger thar‘rp,&”:'. As a resu“,Jincgdel is larger than
for example). Hence, the electrons with energies lower than, mogel

LT . ! . JUR ©'in most cases, as shown in the right panel. Hereafter,
Epeaxsignificantly contribute to the upward field-aligned cur- we have usea’-C for the calculation of the model currents
rent. We have further examined the relationship between b

the field-aligned current and the potential difference for five" ::he fOHC;W'T]g analﬁsm. . b .
more events observed in February 1990 (not shown), and ob- ~'9Uré 7 Shows the comparison between C“”e”jﬁeles“'
tained similar results to the event 90022006. mated by three different methods. In the left panigl;

andJ"" are compared. Most data points are located around

e—
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Fig. 7. Comparison of the field-aligned currents obtained during December 1989 to February 1990. Comparison be@%mm
Jmodel (jeft), st and /MOl (middle), and/ it and J:,‘EWJrh'gh (right) are shown, respectively.

the line omeodeFJEh,igh. Some data are still above the line of J!?Whigh, shown in right panel, have a good agreement with
JM9N_ e+ This may be due to the electron heating effect /" The above results are all consistent with the event study

e

or non-isotropic distribution of the source electrofeiff  in 20022006.

et al, 1988 Shiokawa and Fukunish1991). Shiokawa and Our statistical study shows that the lower-energy electrons
Fukunishi(1991) examined the heating effect as a function also contribute significantly to the total field-aligned current
of in the particle acceleration region, which cannot be explained
by the time-stationary adiabatic Knight's model. This is con-
kTs = kTso + AeV), (9)  sistent with the previous results obtained ®gkanoi et al.

(1995, that thes ' is significantly larger the Knight's model

where kT; and kT, are the thermal energy of magneto- mode
purrent Uoe ). Contrary to these Akebono results, there

spheric electrons at the source region and the observatio ) i

point, respectively, and is the heating ratio. They found have been several reports that the field-aligned currents are

the heating ratio oft 0.05-0.4. Assuming Eqg}, the model well explained by inght's model, using the satell?te data

current can be estimated to increase by a factor of 1.5 (thé)bs:arved at Iowerlaltltudes (elgrons et al, 1979 Weimer

details of the calculation are not shown here). Hence, thét @l- 1987 Lu etal, 1991). ,

electron heating effect may account for the underestimation 1h€ discrepancy between the results obtained by these

of the model current. satellites and Akebono may be due to the difference in their
Knights model current might be underestimated if OPsServation altitudes.

the electrons at source region do not have an isotropic

Maxwellian dls_trlbutlon function. Itis pomted 01_Jt the_xt the 5 Statistical survey on altitudes, latitudes, local times,

magnetospheric electrons often have bi-Maxwellian distribu-

tion or Kappa distribution (e.gEridman and Lemajr1980.

In case when the source electron had bi-Maxwellian distri-Since 1989, Akebono has obtained a large amount of data in

and seasons

bution function the model current would be modified as:  the auroral particle acceleration region. We have surveyed
KTy 2N 8165 Akebono passes over the auroral region during sum-
Jy = kTsi mw|, (10)  mer (May to July) and winter (November to January) of 1989

to 1997. Data numbers of events, in which the energetic elec-
wherek Ty andkT;, are the parallel and perpendicular ther- trons with accelerated Maxwellian distributions have been
mal energies of the source electrofsigman and Lemair observed, are shown in Fid).

(1980). Here, the large accelerating potentiaV(<kTy) is Figure8 shows/'®"1iah versus.]eh,ig’h observed in the win-

assumed. The ratio @ffy to kT, is typically less than 1.5.  ter hemisphere at altitudes above (left) and below (right)
The above electron heating or anisotropic electron effectgsngg km), respectively. The lines gtowthigh _ - yhigh 54

can cause the underestimation of Knight's model current, owthigh high . N o .

but we can say that Knight's model predicts well the field- ¢~ = 2/, are displayed in each panel. At high alti-

aligned current densities contributed by the magnetospherkt:Udes one C%@fﬁgeha significantly large number of data above

. high . :
electrons. This result is consistent with the event study inthe line OfJT— - = ZJ%T h= while few data exist above
90022006. However, in the middle panel, most data pointsthe line of """ = 279" in the case of low altitudes.

of Jl‘;’t are much larger thadi“c"de'. On the other hand, This result indicates that lower-energy electrons contribute
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Fig. 8. The plot of J versusJ obtained at high altitudes (above 6000 km) and low altitudes (below 6000 km), respectively.

e~ e” i i i i
These data were obtained in the winter hemisphere. Two lines in each panel indicate thdjﬂ%’gﬁgh = J:_'gh and]LIEWJrhlgh = ZJeh_'gh,
respectively.

to the current at higher altitudes, whereas high-energy elecsatellite (see Fig. 3 dflorooka and Mukai2003, the high
trons mainly carry the currents at lower altitudes. Note thatoccurrence of 'Y+ ;"9 5 region is located in the mid-
during the period of November 1989 to February 1990, mosidie of the acceleration region. Figui® shows the ratio
of the Akebono passes were located at altitudes of 8000 t@y; ;low-+high / Jghjgh versus the ratio of potential difference

N .
9000 km in winter. ¢a/d,un. Mean values of the current ratio as a function of

h curth ined th I q ¢ hpotential ratio are displayed in red diamonds. The high ratio
We have further examined the seasonal dependence o the: Jlow-thigh , o shigh (o especially when the ratio of the

low-energy electrons contribution to the current. We identi- ___¢ €

fied such a reaion where the low enerav electron contributegmential differences above and below the satellite altitudes
) 9 19y w-thigh . -high are unity. This is consistent with the idea that the low energy
to the field-aligned current by the ratio mﬁ toJ

_ ) e electrons contribute to the field-aligned current in the middle
and obtained the occurrence frequency against the accelergy the acceleration region. This result can explain that the

tion event in each altitude range and season @jigrhe red  aehono satellite, which has a high altitude orbit, often ob-
color indicates that the lower-energy electrons contribute toservedjéot larger than Knight's model current, while other

the current in more than 15% of the total cases. The highyq,y aititude satellites obtained® consistent with Knight's
est occurrence frequency is observed in the pre-midnight reggation.

gion at the highest altitudes in the winter hemisphere. On

the other hand, at low altitudes below 6000 km, the ratio of

JLE?WJ“h'gh/Jeh_'gh is mostly less than 2, that is, the field-aligned 6 Discussion

current density can be explained only by the electrons with

energies higher thalipeak as expected from Knight's model.  Using the magnetic field and particle data obtained by the
These results can explain the discrepancies between the rékebono satellite, the current-voltage relationship in the au-
sults obtained by low (e.g. DE-2) and high (Akebono) alti- roral particle acceleration region has been statistically exam-
tude satellites. A rather high occurrence frequency region isned. The obtained results are summarized as follows:

also observed at the highest altitudes around midnight in the

summer hemisphere. The occurrence frequency decreases ai- The upward field-aligned current,, was often sev-

lower altitudes. This tendency is similar to that in the win- eral times larger than Knight's model currentjig®®!
ter hemisphere, however, the altitude of highest occurrence  and JE‘COde'. item Jeh_'ghwqumodeh that is, the elec-
frequency in summer (above 8000 km) is higher than the al- tron with energies higher thafjeaxis accelerated adia-
titude in winter (6000 k8000 km). This seasonal effect batically, which is consistent with Knight's assumption.

of altitude is expected due to the seasonal dependence of  On the other hand/i~eq ™" which indicates
e 1

particle acceleration region. It has recently become known  tnat the electrons with energies lower thBgeak Signif-

darkness (winter) hemisphere are lower than those in the sun-

light (summer) hemisphere. Comparing the altitude profile 2. Such low-energy electrons contribute to the current, es-
of the particle acceleration region obtained by the Akebono pecially in the middle of the particle acceleration region,
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the ionosphere or trapped ones between the magnetic mir-
ror point and the particle acceleration region above the satel-
3000 - 6000 km lite altitude. The trapped region of electron phase space is
considered as a “forbidden” region where the particles from
B ——— - either side of the acceleration region cannot enter adiabati-
0.00 8.0 15.0 [%] . .
I_level:” 100 cally, and therefore, they cannot contribute to the current in
the adiabatic model. However, in the middle of the auroral
particle acceleration region, we often observed a significant
amount of electrons in the “forbidden” region of phase space,
particle acceleration region. The color bar shows the linear defini-and they contribute to the current. We will discuss what the
tion of the occurrence with maximum value as 15%. origin of the low-energy electrons is and how they contribute
to the current.
One candidate for the low-energy electron population is
the ionospheric electronSakanoi et al(1995 have pro-
osed that the upgoing electrons, which were the carriers of
1e downward field-aligned current, may be transported into
the acceleration region and become a new carrier of the up-
he ab | . . ith . K ward current. In order to transport the cold electrons into the
tha—trt 'tehtaa1 Sg\?v;j uflteslg1 fshg?]telg C:Sr?:asr:teTavr\:ltbeprs:;,?;igjorbjnverted -V region, arE x B drift caused by the convection
Knight's model at low alfitudes (see Fi§). Furthermore, electric fleld along the current sheet may help: However, an
Bigh_ /model E x B drift force can supply cold electrons only in a very nar-
even at high altitudes, the result 8{ ~J, =" suggests 4y edge region of inverted-V, since the velocity of electrons
that Knight's model predicts well the current carr:]ed by the 5, high and they can pass through the acceleration region
electrons with energies higher th&Beak thoughJ,~ "9 tends quickly. Lotko (1996 suggested that the acceleration region
to be larger (but with a factor of 2) thar[""de'. More sur-  consists of many double layers and the convection electric
prising and the most important question is why and howfield can make the collimated electron spectra near the edge
such low-energy electrons dominantly contribute to the cur-of the inverted-V region. The pitch angle scattering of the
rent. In the adiabatic model, such as describedCiyu cold electrons is also assumed in this model. Their model can
and Schul21978 andKnight (1973, the low-energy elec- explain the presence of such low energy electrons in about
trons are considered as secondary electrons originating frorlO km width at the edge of the inverted-V region. However,

low+high
Fig. 9. The occurrence frequency of the caséW >2.0 in the

where the parallel electric fields exist above and below
the observation point. The altitude of the region de-
pends on season in the same way as the seasonal dg:
pendence of the particle acceleration region.
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Fig. 11. Distribution of electrons and ions observed by Akebag@) Distribution function of electrons and ions, respectively, in the velocity
space. The electron’s distribution function shows a “cylindrical” distribut{bh.Up: Schematic model pitch angle distribution function by
Eqg. (11). Bottom: Pitch angle distributions of electrons at different energies.

it is also difficult to explain the existence of the low-energy upward field-aligned current region. Machida (personal com-
electrons deep inside the acceleration region. Wave-particlenunication) has also found similar electron distributions to
interaction, such as pitch angle scattering by auroral kilometthe one in Figllin the Akebono data, and called it a “cylin-
ric radiation (AKR), suggested b@alvert (1982, Calvert  drical” distribution. Using Viking datal.ouarn et al(1991)
(1987, can also transport cold electrons to the acceleratioralso found similar electron distributions, and suggested that
region. However, in this case, the assumption of adiabatidt could be explained if one considers the time growth of the
acceleration is violated, which is inconsistent with the resultparallel potential differences above the spacecraft. The idea
that Knight's model current is well predicted. of the growing potential differences was first proposed by
So far, we have discussed the possible mechanisms to Idtliasson et al(1979. In general, the time that the electrons

the low energy electrons contribute to the current on thego to the magnetic mirror point and back again is so fast that
time-stationary condition, however, it is concluded that thethe electric fields can be considered as static. However, when

ionospheric electrons cannot contribute to the current Siglhe potential difference above the observation point increases

nificantly in the time-stationary model. In order to examine from 0 to ¢ with time comparable to the electron bounce

the origin of the low-energy electrons, we have examined themotion, mirroring electrons will be reflected back by the in-

electron distribution functions in more detail, and found that creased potential difference, and will be trapped between the

the distribution function of the trapped electrons has someacceleration region and the magnetic mirror polaliasson

important characteristics, which cannot be simply explainedet al. (1979 predicted the pitch angle distribution of such

by the conventional adiabatic model. We will show the elec-trapped electrons from Liouville’s theorem as follows:

tron distribution functions which have been obtained in the 3

upward field-aligned current region, as follows. f(E,a) = Ng ( e )2 exp{_iﬂ sinza} . (1)
Figure 11 shows the electron distribution function ob- 2rkTs kTs Bo

served in the event 90022006. In this example, the trappedvhere E is the electron energyy is the pitch angle, and

electron distribution function is elongated along the magneticB; and B, are the magnetic intensities at the source and

field. This pattern is often observed in the middle of the observation regions, respectively. Details of the pitch angle
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Fig. 12. The pitch angle distributions functions in the phase space obtained during 07:25 UT-07:40 UT in event 90022006. The cylindrical
distributions are observed for a long time. The electrons with energies loweEfaaphave contributed to the field-aligned currents during
this interval.

distribution functions of electrons are shown in panel (b).loss cone was about 4840 eV, which is more than twice the
Note that the cylindrical distribution has a similar sine curved value estimated by the UFI peak enerdeiff et al. (1989

pitch angle distribution to those expected by Efil)( as  have also suggested that the potential difference estimated by
shown in upper part of panel (b). Figut® shows a time the UFI peak energy is often smaller than that estimated from
series of the electron distributions obtained in the eventelectron loss cone because of thermalization during the trans-
90022006, in which the cylindrical electron distribution is port. However, the present 2.4-times difference is too large to
observed for a significantly long period, from 07:25 UT to be explained only by the thermalization proceR3siff et al,
07:40 UT. This fact implies that the potential differences 1988 showed only 30% difference). The time variability of
above the observation region varied in time. Note, how-the acceleration region is also one possible mechanism to ex-
ever, that the symmetrically trapped electrons does not sigplain the energy difference, and it can also explain the large
nificantly contribute to the current. difference between the UFI peak energy and the potential dif-

Another peculiar feature, as shown in FIg, has been ob-  T€rence estimated from the electron loss cone.

served near the edge of the upward fie|d-a|igned current re- If the potential difference well below the observation pOint
gion, where the low-energy electrons significantly contributevaries rapidly, it takes a long time for ions to reach the ob-
to the upward current. This distribution contains several im-Servation point, while electrons can respond quickly to the
portant characteristics. First, there is a significant amountime variability. In this case, the trapped electrons can also
of downward electrons in the forbidden region (at the ener-contribute to the field-aligned currents.

gies belowEpeay. Second, the electron’s loss cone angle  The distribution function of Figl3 has another important
was extremely large. In this case, the potential differencecharacteristic, that is, the presence of the upward electrons
below the observation point, estimated from the UFI's peakwith energies higher than the peak energies of downward
energy, was about 2040 eV. On the other hand, the potentialectrons.Epeax0f the upward electrons with the pitch angle
difference below the satellite estimated from the electron’sof 160° was 1288 eV, whileEpeak 0of the downward (in €)
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Fig. 13. Distribution functions of electrons and ions observed by Akebono. The format is the same as panel (albf Fige electron
loss cone is extremely large, which indicates a potential difference much larger than that estimated by the UFI's peak energy. Upgoing
high-energy electrons with larger energy than that of the downward peak energy are also observed.

electrons was only 279 eV. This can be explained by a rapid As suggested bigliasson et al(1979, the electron popu-
decreasing of the potential difference below the observatioration in the “forbidden” region of the phase space can be ex-
point, which also indicates the time variability of the accel- plained by the magnetospheric electrons in a time varying ac-
eration region. celeration region. The characteristics of the electron distribu-
tion function in Fig.13 indicate that the potential difference
We expect that the following scenario is possible to explainpe|ow the observation point increases and decreases, repeti-
the mechanism to make the low-energy electrons contributgjely. Therefore, a combination of the distribution functions
to the current. First, the potential difference increases slowly, Figs.11and13implies that the particle acceleration region
(in order of several s) above the observation point, which caryround the Akebono satellite altitude varies in time, and it
make the population of the electrons in the “forbidden” re- makes it possible for the electrons in the “forbidden” region
gion of phase space. After that, a rapid increase of the poyf phase space originating from the magnetosphere to con-
tential difference below the observation point is necessary tqripyte to the field-aligned current. A similar electron distri-
make a large loss cone and allow the low-energy electrons t¢tjon function to Figl13has been observed above the auro-
contribute to the field-aligned current. ral region by the Viking satelliteXndré and Eliassor992),

The above features in electron distribution functions in- and the fluctuating acceleration region below the spacecratt

. ) . ) .. has been suggested to explain the feature. Their model seems
dicate that the particle acceleration region often varies in . ; . : X

. o ; ; . . to be consistent with our consideration. In the time-constant
time, which is inconsistent with the time-stationary assump-

tion of Knight's model. We emphasize that the low-energy Knight's model, many parts of the precipitating electrons

. . ; - =7 from the magnetosphere are reflected back by the magnetic
electrons, which contribute to the currents in such a time-_: . : . .
mirror force. However, in the time-varying acceleration re-

variable case, exist in the “forbidden” region of phase space . L :
. . . . ; gion case in this study, more magnetospheric electrons may
in the time-stationary model. When we consider the time- L . .

- : : : . precipitate into the ionosphere.
variability of the acceleration region, the ionospheric cold
electron, which successfully moves into the inverted-V re-
gion from the edge region, can be a candidate for the low- Finally, secondary electrons are also a candidate for the
energy electrons which contribute to the current. However,current carrier, when we consider the time variability of the
the pitch angle of such electrons will probably be very small, acceleration region. As investigated Bylliam et al.(1981),
which is inconsistent with our result that a part of the field- a significant amount of secondary electrons could be sup-
aligned current is carried by the electrons in the “forbidden” plied by iterating the scattering and reflection above the au-
region. In addition, they can only explain the low-energy roral region. However, their population is mostly generated
electrons at a narrow edge area of the acceleration region, a low altitudes below the acceleration region and they have
mentioned above. Therefore, the ionospheric electrons cardifficulty in reaching the altitude of the acceleration region,
not be a charge carrier of the filed-aligned current. where the Akebono satellite is located.



3654 M. Morooka et al.: Current-voltage relationship in the auroral particle acceleration region

7 Conclusions References

On the basis of the LEP (low energy particle) and MGF André, M. and Eliasson, L.: Electron acceleration by low-frequency
(magnetometer) data obtained by Akebono, we have statis- electric field fluctuations: Electron conics, Geophys. Res. Lett.,
tically examined the current-voltage relationship in the par-_ 19, 1073-1076, 1992. _ _ _

ticle acceleration region quantitatively. The particle acceler—Bor%VSkY' J. Eé A”Lora' Arc Tgécg‘eoss gsszredéggd by Various
ation region has generally coincided with that of the upward_ ' "€ories, J. Geophys. Res,, 98, 6101-6138, 1993. .

. . - o Bryant, D. A., Hall, D. S., and Lepine, D. R.: Electron acceleration
field-aligned current, and this fact indicats that the upward ™5 * ' array of auroral arcs, Planet. Space Sci., 26, 81-92, 1978
field-aligned current is related to the generation mechanisny, ’ , o i '

2 ] ) uning, K., Block, L. P., Marklund, G. T., Eliasson, L., Pottelette,
of the parallel electric field. However, the field-aligned cur- g murphree, J. S., Potemra, T. A., and Perraut, S.: Viking ob-

rent density was not proportional to the potential difference, servations above a postnoon aurora, J. Geophys. Res., 95, 6093—
on the contrary to the expectation frdfmight (1973. 6049, 1990.

We have statistically examined the upward field-aligned Calvert, W.: A feedback model for the source of auroral kilometric
current in terms of the current carrier, and obtained the fol- radiation, J. Geophys. Res., 87, 8199-8214, 1982.
lowing results: (1) The field-aligned current calculated by Calvert, W.: Auroral precipitation caused by auroral kilometric ra-
integrating the electron distribution above the peak energy diation, J. Geophys. Res., 92, 8792-8794, 1987.
(Epeay) agrees well with the model current. (2) However, the Chit: Y. T. and Schuiz, M.. Self-consistent particle and par-
real current densities estimated from the magnetometer were 21€! electrostatic field distributions in the magnetospheric-

often several times larger than the model currents, that is lonospheric auroral region, J. Geophys. Res., 83, 629-642, 1978,
9 ! Cladis, J. B. and Sharp, R. D.: Scale of electric field along magnetic

because_the low-energy electrons, wh|ch_ exist in the “forbid-  ic14 in an Inverted v event, J. Geophys. Res., 84, 6564-6572,
den” region of phase space, often contribute to the current. 1979
(3_) The Iow—energy electrons c_ontribuFe to the current in thegjiasson, L., Holmgren, L., and@nmark, K.: Pitch angle and
middle of the particle acceleration region, where the parallel energy distributions of auroral electrons measured by the ESRO
potential differences exist above and below the observation 4 satellite, Planet. Space Sci., 27, 87-97, 1979.
point. Moreover, the existence altitude of such regions de-Elphic, R. C., Bonnell, J. W,, Strangeway, R. J., Kepko, L., Ergun,
pend on season. R. E., McFadden, J. P., Carlson, C. W., Peria, W., Cattell, C. A.,
It is also noted that the above results are not inconsistent Klumpar, D., Shelley, E., Peterson, W., Moebius, E., Kistler, L.,
with previous works that upward field-aligned current can and Pfaff, R.: The auroral current circuit and field-aligned cur-
explain Knight's model at low altitudes. From the altitude rlzrgg observed by FAST, Geophys. Res. Lett., 25, 2033-2036,
depeln(z]en(;]e ofr;[hedf:harge Carrlsr of the Churrent (:B)I,gwbe . Iarank, L. A. and Ackerson, K. L.: Observations of charged particle
conclude t at_ the |Screpancy etween t e_ results o talr_ua precipitation into the auroral zones, J. Geophys. Res., 76, 3612—
by the low-altitudes satellites and Akebono is due to the dif- 3643 1971.
ference in their observation altitudes. Frey, H. U., Haerendel, G., Clemmons, J. H., Boehm, M. H., Vogt,
We have examined the electron distribution functions in  J., Bauer, O. H., Wallis, D. D., Blomber, L., andihr, H.:
detail, and suggest that the low-energy electrons contribute Freja and ground-based analysis of inverted-V events, J. Geo-
to the field-aligned current when the particle acceleration phys. Res., 103, 4303-4314, 1998.
region varies rapidly in time. The electron distribution func- Fridman, M. a_nd Lemair, J.: Re_lationship be_tween auroral electron
tions showed some important characteristics which indicate fluxes and field aligned electric potential differences, J. Geophys.
the time variability of the acceleration region around theF Ees;'r?5‘H664|':‘§,70h19|§0|-( bun. S. H K. Toh -
observation altitudes. By considering the time-variability "~ <uMshl H., PUjll, ., Bokubun, ., Hayashi, ., fohyama, 1.,

of the acceleration region, the magnetospheric electron Tonegawa, Y., Okano, S., Sugiura, M., Yumoto, K., Aoyama,
gion, g P I., Sakurai, T., Sato, T., lijima, T., Nishida, A., and Natori, M.:

population may preC|p|ta.te into the ionosphere more than Magnetic field observations on the Akebono (EXOS-D) satellite,
expected by the time-stationary model. J. Geomagn. Geoelectr., 42, 385-409, 1990.
Gurgiolo, C. and Burch, J. L.: Simulation of electron distributions

) within auroral acceleration regions, J. Geophys. Res., 93, 3989—
AcknowledgementsThe authors would like to express her ac- 4003, 1988.

knowledge to members of the Akebono science team. We are i”HaerendeI, G., Frey, H. U., Bauer, O. H., Rieger, E., Clemons, J.,
debted to M. Ande for his valuable suggestions and careful reading Boehm, M. H., Wallis, D. D., and @ihr, H.: Inverted-V events
of this manuscript. The authors would also like to thank P. Janhunen simultaneously observed with the Freja satellite and from the

and A. Olsson for much valuable advice and comment. ground, Geophys. Res. Lett., 21, 1891-1894, 1994.
Topical Editor T. Pulkkinen thanks T. Sakanoi and another Kaya, N., Matsumoto, H., and Yamagish, H.: Rocket measurement
referee for their help in evaluating this paper. of auroral keV electron fluxes in Antarctica, Mem. Matl. Inst.

Polar Res., 18, 427, 1981.

Knight, S.: Parallel electric fields, Planet. Space Sci., 21, 741-750,
1973.

Lotko, W.: Diffusive acceleration of auroral primaries, J. Geophys.
Res., 91, 191-203, 1996.



M. Morooka et al.: Current-voltage relationship in the auroral particle acceleration region 3655

Louarn, P., Qéau, D. L., and Roux, A.: Formation of electron Reiff, P. H., Collin, H. L., Cravan, J. D., Burch, J. L., Winning-
trapped population and conics inside and near auroral acceler- ham, J. D., Shelley, E. G., Frank, L. A., and Friedman, M. A.:
ation regions, Ann. Geophys., 9, 553-563, 1991. Determination of auroral electric potentials using high- and low-

Lu, G., Reiff, P. H., Burch, J. L., and Winningham, J. D.: On the altitude particle distributions, J. Geophys. Res., 93, 7441-7465,
auroral current-voltage relationship, J. Geophys. Res., 96, 3523— 1988.

3531, 1991. Reiff, P. H., Lu, G., Barch, J. L., Winningham, J. D., Frank, L. A,,
Lyons, L.: Generation of large-scale regions of auroral currents, Craven, J. D., Peterson, W. K., and Heelis, R. A.: On the high-
electric potentials, and the Precipitation by the Divergence of the and low-altitude limits of the auroral electric field region, in:

convection electric field, J. Geophys. Res., 85, 17-24, 1980. Physics of Auroral Plasma Dynamics, Geophys. Monogr. Ser.,

Lyons, L., Evans, D. S., and Lundin, R.: An observed relation be- vol. 80, edited by: Lysak, R. L., 143-154, AGU, Washington,
tween magnetic field aligned electric fields and downward elec- D.C., 1993.
tron energy fluxes in the vicinity of auroral forms, J. Geophys. Réonnmark, K.: Auroral current-voltage relation, J. Geophys. Res.,
Res., 84, 457-467, 1979. 107, 1430, doi:10.1029/2002JA009294, 2002.

Morooka, M. and Mukai, T.. Density as a controlling fac- Sakanoi, T., Fukunishi, H., and Mukai, T.: Relationship between
tor for seasonal and altitudinal variations of the auroral field-aligned currents and inverted-V parallel potential drops ob-
particle acceleration region, J. Geophys, Res., 108, 1306, served at mid altitudes, J. Geophys. Res., 100, 19 343-19 360,

doi:10.1029/2002JA009786, 2003. 1995.
Mukai, T., Kaya, N., Sagawa, E., Hirahara, M., Miyake, W., Obara, Shiokawa, K. and Fukunishi, H.: Global characteristics of field-
T., Miyaoka, H., Machida, S., Yamagishi, H., Ejiri, M., Mat- aligned acceleration process with auroral arc, J. Geomag. Geo-

sumoto, H., and Itoh, T.: Low energy charged particle observa- electr., 43, 691-719, 1991.

tions in the “Auroral” magnetosphere: results from the Akebono Shiokawa, K., Fukunishi, H., Yamagishi, H., Miyaoka, H., Fuijii,

(EXOS-D) satellite, J. Geomagn. Geoelectr., 42, 479-496, 1990. R., and Tohyama, F.: Rocket observation of the magnetosphere-
Olsson, A., Andersson, L., Eriksson, A. I., Clemmonds, J., Erlands- ionosphere coupling processes in quiet and active arcs, J. Geo-

son, R. E., Reeves, G., Hughes, T., and Murphee, J. S.: Freja phys. Res., 95, 10679-10686, 1990.

studies of the current-voltage relation in the substorm relatedWeimer, D. R., Gurnet, D. A., Goertz, C. K., Menietti, J. D., Burch,

events, J. Geophys. Res., 103, 4285-4301, 1998. J. L., and Sugiura, M.: The current-voltage relationship in auro-
Pulliam, D. M., Anderson, H. R., Stamnes, K., and Rees, M. H.: ral current sheet, J. Geophys. Res., 92, 187-194, 1987.

Auroral electron acceleration and atmospheric interactions: (1)

rocket-borne observations and (2) scattering calculations, J. Geo-

phys. Res., 86, 2397-2404, 1981.



