
Width and brightness of auroral arcs driven by inertial Alfven waves

C. C. Chaston,1 L. M. Peticolas,1 J. W. Bonnell,1 C. W. Carlson,1 R. E. Ergun,2

J. P. McFadden,1 and R. J. Strangeway3

Received 14 June 2001; revised 10 December 2001; accepted 26 April 2002; published 26 February 2003.

[1] Alfven waves with scale sizes perpendicular to the geomagnetic field of the order of
an electron skin depth (le), or electron inertial length, and larger are often observed by
polar orbiting spacecraft above the aurora. Using observations from the FAST spacecraft,
predictions from an MHD simulation, and theoretically derived results for the efficiency of
light production from auroral electron spectra characteristic of those found in Alfven
waves, the width and brightness distribution of auroral arcs driven by linear inertial Alfven
waves are determined. It is shown that inertial Alfven waves can drive aurora to
optical intensities as high as 100 kR over widths in the ionosphere of the order of 1 km. It
is also shown that while linear inertial Alfven waves can cause auroral arcs of widths
less than 100 m, it is unlikely that these waves can account for the optically observed
distribution of narrow arc widths reported in the literature. INDEX TERMS: 2704
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1. Introduction

[2] An outstanding feature of auroral observations is the
narrow width of some arcs when viewed at magnetic zenith.
Such observations [Maggs and Davis, 1968; Borovsky et al.,
1991; Lanchester et al., 1997; Trondsen et al., 1997] has
prompted considerable speculation concerning the origins of
these narrow features [Borovsky, 1993; Otto and Birk, 1993;
Haerendel, 1999; Stasiewicz et al., 2000] which may be less
than 100 m wide. Perhaps the most widely invoked explan-
ation is electron acceleration in the parallel wave field of an
obliquely propagating inertial Alfven wave. In this theory
the width of the arc is �0.5 times the perpendicular wave-
length (l?) of the wave in the ionosphere since this width
corresponds to that part of the wave where the parallel
electric field points upwards. However, the real relationship
between the width of an auroral arc and the perpendicular
wavelength of the Alfven wave remains unclear.
[3] Observations of Alfven waves over a range of alti-

tudes [Wahlund et al., 1994; Chaston et al., 1999; Stasie-
wicz et al., 2000] show widths most commonly of the order
of 2ple but extend down to widths less than le [Seyler and
Wahlund, 1995; Chaston et al., 2001]. Electron acceleration
over widths comparable to the size of such structures could
account for the observed widths of optical arcs. The out-
standing question is however; can these small scale Alfven

waves/structures accelerate electrons up to the required
energy in sufficient fluxes to account for the observed
intensity and spectra of the optical emissions?
[4] It is the purpose of this report to attempt to answer this

question using electron measurements recorded coincident
with a large number of these waves from the FASTspacecraft,
a theoretical model for light production from precipitating
electrons in Alfven waves and results from test particle
simulations in an inertial Alfven wave field. The paper is
structured as follows: in section 2 we present two case study
examples of observed Alfven waves from the FAST space-
craft and discuss the width of the electron precipitation
associated with each. In section 3 we consider the process
of electron energy deposition in the upper atmosphere and
develop a model for determining the intensity of light emitted
for a given electron flux and characteristic energy specifically
for electron spectra found in Alfven waves and apply this
model to a database of Alfven wave driven electron precip-
itation events from FAST to approximate the expected light
intensity for each event. In section 4 we use a simulation to
develop a model relating arc width to the maximum energy
that an electron can obtain through resonance with an Alfven
wave within the limits of the wave and plasma parameters
observed from the FAST spacecraft. This model allows us in
section 5 to determine the width distribution of inertial
Alfven wave driven arcs observed from FAST. Then in
section 6 we discuss the limitations of the model and compare
the results with optically observed arc width distributions
before concluding this work in section 7.

2. Observations

[5] To gain an appreciation of the characteristics of
Alfven waves observed from the FAST spacecraft which
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produce electron precipitation at widths of 1 km and at
widths less than 100 m we now present two case study
examples. Both are capable of producing visible aurora at
these widths. The first event is from the polar cap boundary
near midnight and the second is a particularly intense event
(for a feature of such narrow width) from the dayside
aurora.
[6] Figure 1a shows observations of Alfvenic fluctuations

in perpendicular electric (E?1) and magnetic (B?2) fields

typical of activity seen at the polar cap boundary of the
auroral oval near magnetic midnight. Coincident with these
quasiperiodic oscillations are strongly field-aligned down-
going electrons with energies extending up to 10 keV. On
the far right edge of the electron spectra is an inverted-V
structure representing the high latitude edge of the auroral
oval. The bottom panel shows the integrated electron
energy flux mapped to the ionosphere at 100 km over the
width of the source cone (i.e., that region of pitch angle
space containing downgoing electrons which reach the
ionosphere without being magnetically reflected) as meas-
ured by FAST’s fixed energy electrostatic analyser instru-
ment (SESA).This data has a resolution of 2 ms. For a
purely spatially varying structure this relates to a perpen-
dicular width in the ionosphere of �10 m or roughly the
theoretical lower limit for the width of an arc based on the
scattering calculations of Borovsky et al. [1991]. The largest
amplitude electric field fluctuations at 11:23:27 UT are
correlated with the highest energy electrons and energy
fluxes. Figure 1b shows the result of applying a wavelet
transform with a Morlet basis to the integrated energy flux
at this time and over the interval 11:23:25–11:23:29 UT.
The y axis is the width mapped to the ionosphere. Two
dominant scales emerge: one centered on �1.8 km and the
other on �8 km. Given the energy of these electrons and
the large fluxes there seems to be little doubt that such
features will produce visible aurora at these widths. For an
observer on the ground these widths would correspond to
the latitudinal width of individual arcs imbedded within a
group of arcs.
[7] Figure 2 shows observations of a significantly nar-

rower Alfvenic event observed in the dayside oval. The
spike in E?1 (again invoking the spatial assumption) has a
width at half maximum mapped to the ionosphere of less
than 250 m. The electron spectra show a general region of
enhanced fluxes in association with the Alfven wave
extending from 13:08:30.8–13:08:31.8 UT. Within this
region there are a number of impulsive field-aligned bursts
with energies reaching from the lowest measured up to a
few 100 eV. The most intense of these is coincident with the
largest upward directed current (negative slope) inferred
from the magnetometer deflection. These electrons are
presumably of ionospheric origin for reasons discussed
previously by Chaston et al. [2000].
[8] The lowest two panels of Figure 2a resolve the

smallest scales in the electron bursts. The integrated
results from the SESA instrument reveal three impulsive
narrow bursts of field-aligned electrons with the left most
peak at most 100 m wide (13:08:30.85 UT). The last
panel of Figure 2a shows the source cone energy flux
mapped to the ionosphere for the energy channel centered
on 595 eV. This energy is close to the highest energy
observed for these bursts. The three peaks in energy flux
are in this case extremely narrow with widths at half
maximum down to 70 m, and unlike the result found by
integrating over all energies, each peak is clearly resolved
from the background. For later reference these widths
represent roughly 1/3 of the width at half maximum of the
spike in E?1.
[9] Figure 2b shows the result of applying a wavelet

transform to panel six of Figure 2a. The width of features
shown here at �13:08:31 UT extend well below 100 m. If

Figure 1. a) Observations of an Alfven wave event on the
polar cap boundary. The first panel shows the electric field
measured perpendicular to the geomagnetic field (Bo) and
along the spacecraft trajectory (E?1, roughly southward).
The second panel shows the wave magnetic field measured
perpendicular to Bo and E?1 (B?2). The third and fourth
panels shows the electron energy and angle spectra while the
fifth panel shows the integrated electron energy flux in the
source cone at 2 ms resolution and mapped to the ionosphere
(100 km altitude). b) Wavelet transform of the integrated
energy flux from panel 5 of a) using a Morlet basis with the y
axis in km at the ionosphere (100 km altitude).
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these represent arc widths then such features will be among
the narrowest seen in the aurora.

3. Energy Deposition and Emission Efficiency

[10] In order to compare optical observations of auroral
arc filaments with satellite data of Alfven waves and the
associated accelerated electron spectra we use the transport
code of Lummerzheim and Lilenstein [1994] with a model

atmosphere from the mass and incoherent scatter model
(MSIS-90 [Hedin et al., 1991]) to calculate the total
intensity of emission in kR for electron energy spectra
found in Alfven waves over the range of electron energies
observed from FAST. The lines and bands included in this
analysis are given in Table 1 and are the brightest emissions
over the wavelength range from 400 to 750 nm. This range
is roughly that of the human eye but has been specifically
selected to correspond to that of the Image Orthicon camera
as used by Maggs and Davis [1968]. For each emission we
quote two values; one labeled ‘‘source’’ for the absolute
intensity obtained from the transport code and the second
labeled ‘‘camera’’ representing the intensity recorded by the
Image Orthicon camera. This camera intensity has been
derived by applying a wavelength dependent sensitivity
curve for this camera to the transport code (source) results.
The method of calculation of the emissions is detailed in
Appendix A.

3.1. Spectral Properties of Narrow Arcs Driven by
Alfven Waves

[11] Alfven waves in the ionosphere have perpendicular
phase velocities of the order of 1 km s�1 [Stasiewicz et al.,
2000]. If one is to detect an arc filament moving at these
speeds optically, then the precipitating electrons must excite
electronic states leading to sufficiently prompt emissions
such that the width of the precipitating electron spatial
structure is preserved. This has been commented on pre-
viously by Borovsky et al. [1991] who observed narrow
features for prompt emissions embedded within broader
structures composed of slower emissions in moving fila-
mentary auroral forms. The required lifetime of the emission
decreases with decreasing width and increasing wave phase
speed. For example, to create an auroral arc of 1 km width
from an Alfven wave with perpendicular phase velocity in
the ionosphere of 1 km s�1, emissions with a radiative
lifetime of less than 1 s must be present in sufficient
brightness, while for an arc of 100 m and the same
perpendicular phase speed we require a lifetime less than
0.1 s. Arcs with widths less than 1 km, if driven by Alfven
waves, then require prompt emissions. We will now show
from the two case studies discussed in section 2 that this
requires either energetic electrons or very large electron
fluxes to provide light intensities from these emissions
sufficient for visibility in the optical range.
[12] The case study electron spectra chosen for examining

the spectral properties of narrow auroral arcs in Alfven
waves are snapshots of the electron distributions in the
Alfven waves at 1998-10-08/11:23:27 and 1997-06-09/
13:08:31.3 of Figures 1 and 2 respectively. These are the
times when the most intense electron fluxes for these events
are observed. The electron spectra for the first of these times
is shown in Figure 3a where we have integrated over the
source cone width and mapped the observation to an
altitude of 500 km. We label this case study event the
‘‘polar cap boundary event’’. This event is characterized by
electron energies exceeding 10 keV, a total electron flux of
2.0 � 1010 cm�2s�1 and from the spatial interpretation of
section 2, electron precipitation over a width of �1 km. The
electron spectra for the second case study, labeled the ‘‘cusp
event’’ is shown in Figure 3b and is characterized by
electron energies less than 2 keV, a total electron flux of

Figure 2. a) Observations of an Alfven wave event in the
polar cusp. The first panel shows the electric field measured
perpendicular to the geomagnetic field (Bo) and along the
spacecraft trajectory (E?1, roughly northward). The second
panel shows the wave magnetic field measured perpendi-
cular to Bo and E?1 (B?2). The third and fourth panels shows
the electron energy and pitch angle spectra while the fifth
panel shows the integrated energy flux in the source cone for
all measured energies at 2 ms mapped to the ionosphere (100
km altitude). The sixth panel is the same as the fifth except
we have included only energies above 500 eV in the
integration. b) Wavelet transform of the integrated energy
flux from panel 6 of a) using a Morlet basis with the y axis in
km at the ionosphere (100 km altitude).
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1.1 � 1011 cm�2s�1 and electron precipitation over a width
of 70 m. The bottom row of Table 1 shows that both events
will give rise to bright auroral arcs, however the spectral
composition of each is quite different which has significant
implications for the arc width observed from the ground.
[13] Spectral composition is controlled by the atmos-

pheric model used and the altitude at which the electron
energy contained in each distribution is deposited. How this
altitude is related to the form of the electron energy spectra
can be understood by examining the degradation of the
source electron distribution incident on the topside thermo-
sphere as a function of altitude. With this in mind, Figure 3
in addition to showing the source spectra at 500 km altitude,
shows the spectra degraded by collisions with the atmos-
pheric components at various altitudes below 500 km as
calculated by the Lummerzheim and Lilenstein [1994] trans-
port code. At energies less than 1 keV the electron energy
flux in both 3a and 3b is degraded by more than an order of
magnitude before reaching 166 km. These low energy
electrons deposit much of their energy above this altitude
and excite most efficiently those lines with volume emission
rates that peak here such as atomic oxygen in the O (1D)
state, the parent state for the 630.0 nm line [e.g., Rees and
Luckey, 1974; Sharp et al., 1979], and the O+ (2P) state
providing radiation at 731.9/732.0 nm [Rees and Jones,
1973]. The rate of energy deposition in these two events as a
function of altitude is shown in Figure 4. This figure shows
that the cusp event deposits nearly all its energy above 170
km with the maximum energy deposition rate occurring at
250 km resulting in strong emissions at 630 and �732 nm
for this event as indicated in Table 1. Conversely, the rate of
energy deposition for the more energetic ‘‘polar cap event’’
shown in Figure 4a is �5 times less than for the cusp event
at the same altitude and so for the polar cap boundary event
we obtain significantly less light from these lines. As
indicated in Table 1 the emissions at 630 and �732 nm
have lifetimes greater than 1 s so it is unlikely that they will
produce bright and narrow aurora from a moving electron
source such as an Alfven wave. As a result the intensity of
emission at these wavelengths makes virtually no contribu-
tion to the brightness of a narrow moving arc.
[14] The important excited states emitting over the wave-

length range from 400 to 750 nm which will produce

Table 1. Intensities for the Brightest Auroral Emissions Over the Wavelength Range From 400 to 750 nm for Two Downgoing

Electron Distributions Found in Coincidence with the Alfven Waves of Figures 1 and 2a

Species/State
Wavelength

(400–750 nm)

Integrated Intensity, kR

Radiative
Lifetime, s

Polar Cap Boundary Event
(1 km width)

[Char. Energy 2240 eV]
Cusp Event (70 m width)
[Char. Energy 80 eV]

Source Camera Source Camera

N2
+ (1N) 427.8, 470.9 10.0 5.6 0.95 0.54 3.0 � 10�7, 1.0 � 10�6

O I 5577 557.7 61.4 60.2 6.24 6.11 0.75
O I 6300 630.0 2.5 2.0 16.1 12.8 134
O2

+ (1N) 498.7–730.7 6.1 5.1 0.19 0.16 3.0 � 10�5–2.0 � 10�6

O II 7320 731.9,732.0 1.6 0.4 9.97 2.49 5.8
N2 (1P) 601.4–762.6 14.5 4.6 2.11 0.67 1.0 � 10�4–1.0 � 10�5

Total 427.8–762.6 96.1 77.9 35.56 22.7
aThese results have been calculated using the transport code of Lummerzheim and Lilenstein [1994] and from emission factors and chemistry as

discussed in Appendix A. ‘‘Char. Energy’’ is the Characteristic energy as defined by equation 1. The ‘‘source’’ results refer to the absolute intensity
obtained from the transport code while the ‘‘camera’’ results are the source intensities as viewed by the camera of Maggs and Davis [1968].

Figure 3. Degradation of observed electron spectra
through the upper atmosphere as modeled by the transport
code of Lummerzheim and Lilenstein [1994]. a) shows a
slice of the spectra from the polar cap boundary event in
Figure 1a integrated over the angular width of the source
cone and the modeled degraded spectra at a number of
altitudes above the Earth’s surface. b) shows the same
except with the initial spectra taken from the cusp event in
Figure 2a.
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narrow visible aurora from a moving electron source
include atomic oxygen in the O (1 S) state at 557.7 nm
[Rees, 1984; Strickland et al., 1989], molecular ionized
oxygen in the O2

+ (1N) state at 498.7–730.7 nm, molecular
nitrogen in the N2 (1P) state over the band from 601.4 to
762.6 nm and the N2

+(1N) state at 427.8/470.9 nm [Rees and
Jones, 1973]. These states all have radiative lifetimes less
than 1 s and have maximum volume emission rates well
below 170 km where Figure 4b shows that the energy
deposition from the ‘‘cusp’’ event approaches zero. This
means that to excite these states at a rate sufficient to cause
visible aurora above 170 km altitude requires very large
fluxes. For the cusp event the electron flux is large. In fact it
is equivalent to 176 mA/m2 which is a very large current
density by auroral standards [Peria et al., 2000]. Because of
this Table 1 shows that this distribution, despite the limited
penetration to lower altitudes, is able to produce significant
intensities in all these lines at altitudes above 170 km except
for the band from O2

+ (1N). In such a feature it can be
expected that the leading edge of the moving auroral form
may contain a faint and filamentary like structure represent-
ing the emission from the molecular nitrogen lines over the
width of the region of electron precipitation (70 m) followed
by a broader and more diffuse region trailing this leading
edge representing the slower lines. Such structuring has

in fact been observed for narrow arcs with width less than
300 m (Peticolas, private communication).
[15] By contrast Figure 3a shows that significant fluxes

of electrons for the ‘‘polar cap boundary event’’ penetrate
to 96 km altitude and Figure 4a shows that the maximum
rate of energy deposition for this event occurs at 105 km.
This is the altitude where the volume emission rates for the
prompt emission lines described above are greatest. Con-
sequently this event excites the prompt emissions much
more efficiently than the ‘‘cusp event’’ despite have
approximately five time less electron flux at 500 km. In
fact the transport results of Table 1 show that this event
produces nearly 100 kR of light from prompt emission
lines mentioned already and in addition excites molecular
oxygen into the O2

+(1N) state to provide an extra significant
contribution to the spectrum over the band from 498.7 to
730.7 nm. It can be expected that this event will produce a
very bright and narrow arc with a width closely represent-
ing the width of the region of electron precipitation which
in this case is �1 km.
[16] The altitude of greatest energy deposition also has

significant implications for the measurement of auroral arc
widths. In published reports of arc widths [Maggs and
Davis, 1968; Borovsky et al., 1991; Trondsen et al., 1997]
there is an assumption regarding the altitude at which the
emission constituting the arc is observed. This altitude is
approximately 100 km in all these studies. If the altitude of
maximum energy deposition is the altitude where the
brightest emissions occurs then it is straightforward to show
that the width of the auroral form produced by the cusp
event, shown in Figure 4b, will be underestimated by a
factor of 2.5. Consequently the 70 m width suggested by
Figure 2 for this event would, in the published studies
mentioned above, be measured as 28 m.
[17] The features of the electron distributions for the two

events considered here represent the general relationship
between perpendicular width and energy found in observa-
tions from FAST. Typically the energy of a distribution
increases with increasing width up until widths of the order
of 1 km. It will be demonstrated in section 4 that this
dependence arises naturally from the physics of inertial
Alfven waves in the aurora and then in section 5 it will
be shown to exist statistically in FAST observations.

3.2. Database Results

[18] Here we establish a simplified model for converting
the observed electron energy spectra into kR’s and then
apply this model to a large number of field-aligned electron
distributions observed within Alfven waves. To expedite
this process we specify the characteristics of each observa-
tion in the database in terms of the characteristic energy of
the distribution defined as,

E ¼
R
Ef Eð ÞdEdqR
f Eð ÞdEdq ð1Þ

Here f(E) is the electron flux as a function of energy and the
integral over pitch angle, q, is taken over the width of the
source cone at the altitude of observation. The numerator
and denominator are the integrated electron energy flux and
particle flux, respectively. The characteristic energies
presented in the top row of Table 1 have been calculated
using this equation.

Figure 4. Rate of energy deposition in the upper atmo-
sphere as a function of altitude for the distributions shown
in Figure 3.
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[19] To calculate the total light intensity for a particular
characteristic energy and flux we repeat the transport
calculations used to create Table 1 for a number of events
observed from FAST with characteristics energies over the
range from 60 eV up to 3 keV. The results of this process are
presented in Figure 5 and specifically apply to electron
energy spectra found in association with Alfven waves. As a
result they will be different from those expected for the
monoenergetic electron spectra typical of inverted-Vs [Rees
and Luckey, 1974].
[20] The higher efficiency curve in Figure 5 represents

results for the absolute intensities obtained from the Lum-
merzheim and Lilenstein [1994] transport code labeled
‘‘source’’ in Table 1. The lower efficiency curve is that
for the Maggs and Davis [1968] camera system. Since the
sensitivity of this camera drops to 1% near 400 and 750 nm
and only ever returns the source intensity at 500.0 nm, the
‘‘camera’’ efficiency curve always remains below the
‘‘source’’ curve. We use the camera efficiency curve in
the remainder of this report since we will be comparing the
observations reported by Maggs and Davis [1968] with
results derived from FAST observations. It should be noted
in this comparison that these curves have been derived for
stationary auroral arcs and so we are almost always over
estimating the intensities of the emission for an observed
temporally and spatially varying precipitating electron dis-
tribution. This is particularly true at low characteristic
energies where the contribution from the slow emission at
630.0 accounts for the steep rise in efficiency at energies
below 300 eV. This means that the intensities determined for
each case can be considered as an upper limit.
[21] Having established a model to relate energy and

number flux to emitted light intensity we can now consider
the amount of light produced from observed precipitating
electron distributions. With this in mind a database of over
1000 Alfven wave events has been established from obser-
vations from the FAST spacecraft over a range of altitudes
from 400 to 4000 km and all MLTs. Each event has been
identified from correlated electric and magnetic field fluc-
tuations with E?1/B?2 approximately equal to the local
Alfven speed and an order of magnitude larger than that
expected for a field-aligned current using reasonable values
of height-integrated Pedersen conductivity. The coincident
electron data measured at a resolution of 80 ms has been
integrated to obtain the peak precipitating electron energy
flux and characteristic energy associated with each event
over the source cone width to determine the optical bright-
ness using the above determined efficiencies in each case.
Figure 6a shows the results from this process with the grey
crosses and the dark diamonds representing dayside and
nightside events respectively. Not surprisingly the average
optical intensity increases with characteristic energy. From
this survey it seems not unusual to observe arcs driven by
Alfven waves of 10 s of kR with some up to 100 kR, the
majority however, are clustered around 1 kR and below. If
we impose a visibility criteria of 1 kR then we can separate
these observations into those that will produce visible
aurora and those that will not. Figure 6b shows the 1 kR
threshold derived from the efficiency curves of Figure 5 and
plotted as characteristic energy versus flux, or current,
superimposed on a scatterplot of the same quantities from
the observed Alfven wave event database. The lower and

upper solid curves in this figure are the 1 kR threshold
derived from the source and camera curves of Figure 5
respectively. The dot-dashed line is the visibility threshold
suggested by Nielsen et al. [1998] of 1 erg cm�2s�1. The
portion of the plot above the curves contains that region of
electron energy-flux space giving rise to visible aurora,
while that below is invisible. About one half the of the
dayside events (when in darkness) do not produce visible
aurora. In contrast nearly all the nightside Alfven wave
events included in the database do produce visible aurora.
As will be demonstrated in the next section the reasons for
this difference is related to the density of the plasma above
the auroral oval and the resulting phase speed of the Alfven
wave.

4. Electron Energies and Arc Widths

[22] Since the Alfven wave field varies in time and space
it is not possible from the single point electron and field
measurement to associate a particular width or wavelength
with each event. However, for each particular wavelength
there exists a maximum energy to which an Alfven wave

Figure 5. Emission efficiency for electron distributions
found in Alfven waves as a function of characteristic energy
including the contribution from all the spectral lines and
bands listed in Table 1. Diamonds (source) correspond to
results directly obtained from the transport code of
Lummerzheim and Lilenstein [1994]. Triangles (camera)
are efficiencies corrected for the spectral response of camera
used by Maggs and Davis [1968].
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may accelerate an electron bounded by the range of density,
composition and wave amplitudes observed from FAST. By
comparing the observed energy with this maximum energy
we can ascribe a range of possible wavelengths to each
observed wave event. With this in mind we approximate the
maximum energy for a particular perpendicular wavelength
and frequency by performing test particle simulations in an
inertial Alfven wave field using the model of Thompson and
Lysak [1996] and empirically derived altitude dependent
density and composition profiles. The modeling performed
is similar to the H+/e� plasma simulations performed by
Chaston et al. [2000] where it was shown that distributions
very similar to those observed could be produced.
[23] The relevant equations follow from a generalized

Ohm’s law including electron inertia which allows for the
existence of a parallel electric field. The details of the
derivation and the technique for solution of these equations
can be found in the work of Thompson and Lysak [1996]. In
SI units the equations are,

VA
2= 1þ V2

A=C
2

� �

 @Ak z; tð Þ=@zþ @f z; tð Þ=@t ¼ 0 ð2Þ

1þ k2?l
2
e

� �

 @Ak z; tð Þ=@tþ @f z; tð Þ=@z ¼ 0 ð3Þ

where Ak(z, t) is the parallel component of the vector
potential, f(z, t) is the wave scalar potential and z is a
coordinate representing the altitude with t being time. The
boundary condition at the ionospheric end of the simulation
is Ak + m0�Pf = 0, where �P is the height-integrated
Pedersen conductivity. At the magnetospheric end the
boundary condition is Ak + m0�Af0(t) = m0�Af where �A

is the Alfven conductivity given by �A = 1/[m0VA(1 +
k?
2le

2)1/2] allowing the wave to propagate freely through the
top of the simulation box without reflection. fo(t) is the
applied potential variation at the magnetospheric end
required to launch the wave. The wave then travels down
the field lines toward the ionospheric end according to
equation 2 and equation 3 where it may be reflected. The
free parameters in the model include fo(t), the density n(z)
and composition c(z) profiles, �P at the ionosphere and the
perpendicular wave number k?.
[24] The simulation produces auroral arcs of infinite

East–West extent but periodic in the north–south direction
with separation equal to the perpendicular wavelength
mapped to the ionosphere. Each arc travels to the North
or South with the perpendicular phase speed of the Alfven
wave.

4.1. Density and Composition Model

[25] Two density and composition profiles are employed
representing the dayside and nightside auroral oval as
shown in Figure 7. The functional forms used in creating
these profiles are:

n magnetosphere zð Þ ¼ nM zþ ReÞ=Reð Þ�gð ð4Þ

n E zð Þ ¼ nEexp � z� Ealtð Þ2=w2
E

� �
ð5Þ

n F zð Þ ¼ nF z� F0ð Þ exp � z� F0ð Þ=að Þhð Þ ð6Þ

and the values of each of these components is given in Table
2. For profile n_F, the peak density is given by nFa(1/h)

1/h

exp(�1/h) in cm�3 and occurs at altitude F0 + a(1/h)1/h. a is
similar to the ionospheric scale height, however the profile is
modified to stretch it out on the high altitude end by the
exponent h. The resulting profile is something similar in
form to a Chapman profile as described by Lysak [1999].
However, the actual functional form is not important for the
simulation results provided they accurately represent the
observations. For the other profiles the peak density is given
by nM and nE in cm�3 and the peaks occur at F0 and Ealt km
respectively where wE is the E region scale height. Re is the
Earth’s radius taken as taken as 6370 km. Each profile
represents a rough approximation to the densities and
composition of the magnetospheric and ionospheric E and
F regions over the altitude range considered. We have not
included the contribution from molecular species such as
NO+ which is usually dominant below 180 km [Schunk and
Nagy, 2000, p. 385] however the effects of these species
upon this study are negligible since it is found that almost no
electron acceleration occurs at these altitudes and the
electron energy gained from the reflected wave, which
may be modified by composition at these altitudes, are small

Figure 6. Intensities from observed energy fluxes and
characteristic energies. a) The estimated yield in kR for each
event in a database of Alfven wave events using the
efficiency curves of Figure 5. b) shows the distribution of
electron flux or current with characteristic energy. Grey
crosses are dayside (mainly cusp) events while black
diamonds are nightside observations (mainly polar cap
boundary). The diagonal lines represent the visibility
threshold taken as 1 kR using the curves of Figure 5. The
straight line is the 1 kR line using the approximate efficiency
of 1 kR/Erg cm�2 s�1 from Stenbaek-Nielsen et al. [1998].
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in comparison to that gained on the first pass. The sum of the
H+ and O+ densities are however reflective of the total
densities over all altitudes. The diamonds plotted in Figure 7
are the median densities determined from the langmuir line
over 200 FAST orbits in 400 km bins starting from 400 km
altitude. The error bars plotted on each represent the range of
density values in each bin. In addition we have added
densities observed in auroral acceleration cavities (where a
distinct Langmuir line is not present) often seen from FAST
in the nightside oval at altitudes above 3000 km. The
measurement technique in these cases is detailed in the
studies of Ergun et al. [1998], Strangeway et al. [1998], and
McFadden et al. [1999].
[26] The dashed curves shown in Figure 7 are fits of

equations 4, 5, and 6 to the observed density values from the
FAST spacecraft, rocket measurements [Knudsen et al.,
1992] and radar measurements of densities in the ionosphere
as reported by Baron [1974] and Tsunoda [1988]. The
profiles given differ from those used previously in similar
simulations [Temerin et al., 1986; Lysak and Lotko, 1996;
Thompson and Lysak, 1996] and from previously reported
profiles [Kletzing and Torbert, 1994] in several ways. First,
we found it impossible to accurately fit the observations
from FAST and the radar to a single exponential function of
the form ne(altitude) = neoexp(�altitude/scale_height). Sec-
ond, we have included significantly more O+ than usually
included in such a model at altitudes above 1000 km. There

are no reports to our knowledge of observations detailing the
variation of total composition of the topside ionosphere with
altitudes above those reached by International Reference
Ionosphere (IRI) [Bilitza et al., 1993] (which in fact is not
valid for the auroral ionosphere). The enhanced scale
heights for O+ in the auroral ionosphere is due to ion heating
through wave particle interactions as discussed by Norqvist
et al. [1998]. The relative composition used here is based on
the observations of the composition of ion beams from
FAST which provides a good indication of the composition
at the source altitudes of the beams (�3000 km), observa-
tions of relative densities of heated ions and estimates of
composition based on the observed wave modes. Mobius et
al. [1998] presents statistical results detailing the composi-
tion of ion beams observed in the nightside oval. Their
results indicate that ion beams, which are populated by ions
of ionospheric origin, contain mostly O+. Similar beams are
also observed on the dayside when the ionosphere is not
sunlit [Pfaff et al., 1998] suggesting an ionosphere which at
its upper reaches (>3000 km) is populated by at least 50%
O+. Below the altitudes where beams are observed the FAST
spacecraft does not provide a complete sampling of the
ionospheric components in the plasma due to the low energy
cutoff of the detector. However, in the case of heated ions at
altitudes above 3000 km we see composition ratios from
50% to 80% oxygen. This is particularly the case on the
dayside where compositions at this altitude are often closer
to 80% O+. In Alfven wave events in the dayside oval at an
altitude of 1700 km, Chaston et al. [1999] reports a plasma
composed of 80–90% O+ based on the low frequency limit
of penetrating plasmaspheric hiss given by the L mode H+

cutoff. This has been confirmed through comparisons with
that predicted by the lower hybrid frequency. The dayside
profile shown in 7a) is representative of the cusp where we
have allowed the O+ density to decrease smoothly from the
fitted points according to equation 6.
[27] The third and perhaps the most important change in

the density profiles, compared to previous studies for
electron acceleration by Alfven waves, is the inclusion of
the effects of a potential drop in the nightside model. As
mentioned above FAST observations indicate densities at
times of less than 1 cm�3 at altitudes above 3000 km within
the potential drop. The observation driven simulations
performed by Ergun et al. [2000] indicate that these
potential drops rather than being evenly distributed along
the field-line over several thousand kilometers are in fact

Figure 7. a) Dayside (cusp) and b) nightside density
profiles based on equations 4, 5, and 6 and the parameters
given in Table 2. The dashed and dot-dashed lines represent
oxygen and hydrogen densities respectively. The solid and
dotted lines represent the Alfven speed and inertial Alfven
speeds based on a perpendicular wavelength of 5 km at an
altitude of 100 km. The diamonds are statistically obtained
median values for densities from FAST observations with
the error bars representing the range of densities observed at
that altitude.

Table 2. Parameters for Dayside and Nightside Density Profiles

for O+ and H+

Dayside 0900–1500 MLT
Nightside 2100–0300

MLT

O+ H+ O+ H+

nM � 1.0 � 1.0
g � 0.5 � 0.5
nE 2.0 � 104 � 2000.0a 400.0a

Ealt 110.0 � 350.0a 800.0a

wE 50 � 1100.0a 1000a

nF 3000 2.0 1600.0 4.0
F0 95.0 95.0 95.0 95.0
a 13.5 800.0 100.0 250
h 0.45 1.0 1.05 1.0

aPotential drop function.
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largely concentrated over vertical distances less than 100
km. Such results provide Alfven speeds of the order of c
and strong density gradients at the interface between the
cold plasma of the ionosphere and hot plasmas of the
magnetosphere at these altitudes since densities at the same
altitude bordering these cavities is of the order of 100 cm�3.
To include such features in the density model we have used
equation 5 superimposed on the F region profile (indicated
by the ‘‘a’’ in Table 2) to provide a sharp gradient in
n(altitude) from 2000 km to 3000 km and densities
approaching 1 cm�3 above 3000 km. In fact the density
gradient is probably significantly steeper than shown in the
average results presented here.
[28] While the presence of the potential drop probably

means that any observable narrow features due to Alfven
waves will be obscured due to an inverted-V type arc we
have incorporated its effect on the density profile because
we are attempting to give small-scale Alfven waves the best
chance of producing sub-100 m arcs. Inclusion of the effects
of a potential drop provides low densities at low altitudes
yielding faster Alfven speeds and large inertial effects
which, as will be shown, provides higher electron energies
for a given perpendicular wavelength (or arc width) and so
yields brighter prompt emissions.
[29] The solid and dotted curves shown in Figure 7

represent the Alfven speed and inertial Alfven speed for a
perpendicular wavelength in the ionosphere of 5 km based
on the simplified dispersion relation for the inertial Alfven
wave as derived by Goertz and Boswell [1979] for an
infinite homogenous plasma. Since the perpendicular wave-
length scales inversely with the square root of the magnetic
field the inertial effects are greatest where densities are low
and the magnetic field is strong. This occurs close to the
altitude where the Alfven speed is greatest and so it is at
these altitudes that the parallel wave field of the inertial
Alfven wave in the infinite homogeneous case is largest. A
1 Hz plane inertial Alfven wave with a perpendicular
electric field amplitude of 1 V/m and a perpendicular
wavelength in the ionosphere of 5 km according to the
expression Ek/E? = kkk?le

2/(1 + k?
2le

2) [Lysak, 1998] yields
a parallel electric wave field for the nightside model at 4000
km of 0.15 mV/m. Given the large parallel wavelengths
(>1000 km) of these waves it is obvious that a large portion
of the plasma through which it travels will be pushed along
in the wave front. In fact such wavelengths are larger than
the scale size of the density gradient which the downward
travelling wave encounters at 4000 km in the nightside
model resulting in parallel electric field strengths up to
1 mV/m as the wave reflects at this altitude. It will be
demonstrated in the next section, where the plasma is
considered uniform only in the perpendicular direction, that
the low densities at 4000 km in this model provide the
opportunity for the Alfven wave to accelerate electrons to
energies approaching 10 keV.

4.2. Initial Conditions

[30] Having defined the medium through which the
Alfven wave propagates the remaining free parameters in
the model include the �P, the applied potential at the
magnetospheric end and the perpendicular wavelength at
the ionosphere. For the dayside case we assume �P = 10
mhos and for the nightside �P = 1 mho. These values are

however not so important since the electron acceleration is
over well before the Alfven wave reaches the ionosphere
and the acceleration that occurs after the wave has reflected
at this boundary is small by comparison.
[31] The magnitude of the applied potential and perpen-

dicular wavelength for the given density models determines
the amplitude of the wave. In this case we will again give
the Alfven wave the ‘‘benefit of doubt’’ by allowing the
wave to have a maximum amplitude of 1 V/m at any
altitude. It is rare that Alfven waves are observed with
amplitudes this size, however it seems reasonable in esti-
mating the maximum energy to which such a wave can
accelerate an electron to allow the wave amplitudes as large
as the maximum observed. Consequently for each perpen-
dicular wavelength the magnitude of the applied potential is
such that the amplitude of the wave at some altitude reaches
1 V/m. The exact altitude at which this occurs varies with
perpendicular wavelength due to the changing electron
inertial effect on wave dispersion with l? but roughly
occurs where the wave is reflected from the increasing
mass density below 10,000 km close to the peak in wave
phase speed shown in Figure 7. Since in the database each
Alfven wave is identified from a single slope in the
magnetometer corresponding the form of the applied poten-
tial is taken to be a ramp composed from half a gaussian
with polarity such that direction of the parallel electric field
in the wave front of the traveling wave is pointed upwards
along the fieldline.

4.3. Maximum Energy Variation With Perpendicular
Wavelength

[32] Figure 8 shows the maximum energy that an electron
can gain from rest through interaction with the Alfven wave
as a function of perpendicular wavelength for a range of

Figure 8. Maximum energy obtainable for a given
wavelength and frequency from simulations using the
profiles of Figure 7 and a maximum perpendicular wave
amplitude of 1 V/m. The secondary y axis shows the
threshold current or electron flux required to produce 1 kR
of white light.
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wave frequencies for nightside density profiles except for
the one labeled dayside. These curves have been deter-
mined numerically from test particle simulations in the
wave fields given by the solution of equations 2 and 3
using the density profiles and parameters given previously.
There is a steady power law increase in electron energy
with perpendicular wavelength up to a perpendicular wave-
length of 3 km. Above this wavelength the maximum
energy rolls off with a peak for the density profiles
employed here of 7.5 keV at a wavelength of 3 km and a
frequency of 1 Hz. This frequency corresponds to a
potential ramp in time of 0.5 s or a gradient in the measured
magnetic field perturbation of 0.5 s duration. At frequencies
above and below 1 Hz the maximum energy falls off. For
wavelengths beyond 6 km the energy gain for an initially
resting particle rapidly falls since the wave phase speed
exceeds

p
(2f/me) at all altitudes where f is the field-

aligned potential in the wave front. Of course a portion of
the ambient electron distribution with speeds closer to the
wave phase speed may still be accelerated, however obser-
vations show that accelerated population is comprised
primarily of cool electrons presumably of ionospheric
origin with temperatures less than �10 eV [Chaston et
al., 2000]. These are effectively at rest relative to the
Alfven wave phase speed. For perpendicular wavelengths
greater than 3 km when mapped to the ionosphere these
cool electrons interact with the wave nonresonantly. This
interaction is strongest at the altitude where the parallel
wave electric field is greatest which for the density profile
considered here is in the vicinity of 4000–8000 km. For
wave frequencies less than 1 Hz and wavelengths greater
than 3 km this energy can be up to a few keV.
[33] The energy gain possible for electrons in the dayside

oval is appreciably less than on the nightside. While we
obtain peak energies for similar perpendicular wavelengths
the maximum energy attainable, as indicated in Figure 8, is
an order of magnitude smaller for the same wave frequency.
The reason is related to the greater ionospheric scale heights
resulting in lower phase speeds and smaller parallel electric
fields.

4.4. Wavelength to Arc Width

[34] As mentioned earlier the relationship between arc
width and perpendicular wavelength in the ionosphere is
unclear. A maximum, if the possible smearing due to
species with radiative lifetimes longer than the wave period
are ignored, is half the perpendicular wavelength since this
is the width of the region where the parallel electric field
points in the same direction. This is a maximum since the
electron energy and flux across this width will not be
constant and the values on the edges may be below the
visibility threshold while in the center be above it. To
simplify determining the relationship between arc width
and perpendicular wavelength we rely on the observations
of parallel arcs reported by Trondsen et al. [1997] with
forms very similar to those expected from the simulation
geometry. The distributions are peaked with an arc width of
500 m and a separation of 1250 km. The arc separation is a
good measure of the perpendicular wavelength, l?, yielding
a width approximately equal to l?/3. This width corre-
sponds the full width at half maximum of the width of the
upward pointing electric field in the wave.

[35] Based on this relationship Figure 8 indicates that the
arcs driven by the most energetic electrons should be of �3
km width. On the secondary y axis of this plot is the
necessary energy flux or current as measured by the ESA
experiment (>5 eV) on board FAST that will provide visible
aurora based on the efficiency curves of Figure 5. This axis
shows that auroral arcs with widths less than 100 m that are
driven by Alfven waves require energetic electron fluxes
greater than 0.05 cm�2s�1 or 8 mAm�2 to cause visible
aurora. These are large fluxes by auroral standards partic-
ularly since they do not include contributions to the current
or fluxes at FAST altitudes of electrons below 4 eV, the
lower energy limit of the electron detector.

5. The Distribution of Arc Widths

[36] To generate a distribution of arc widths driven by
Alfven waves as observed from the FAST spacecraft the
results shown in Figure 8 are employed to determine if a
particular observation could be associated with a wave of a
given width based on the observed characteristic energy.
Since all the observations from FAST are from below 4000
km there will be very little acceleration by the wave, if any,
below the altitude of observation. Consequently, the energy
of the field-aligned electrons as observed is a good estimate
of the field-aligned electron energy incident on the iono-
sphere and may be compared with the maximum energy
results presented in Figure 8. Only those events with an
observed characteristic energy less than or equal to the
maximum energy possible at a particular wavelength shown
in this plot can be of that wavelength. In this way, the
maximum energy that can be found at a particular wave-
length can be used to bin the observations according to
perpendicular wavelength or arc width. So, each wavelength
(or arc width) bin contains all those events which have both
energies less than or equal to the maximum energy for that
wavelength, and produce more than 1 kR of light.
[37] This process is made more selective by determining

the possible frequency range for a particular observation for
a given width. This range is given by:

wobs � k?vsp�w � wobs þ k?vsp ð7Þ

where wobs is the frequency observed in the spacecraft frame
and vsp is the spacecraft speed. Since the orientation
between the spacecraft trajectory and k? is unknown we
employ the maximum possible Doppler shift, k?vsp which
in equation 7 is always taken as positive. For small
perpendicular wavelengths the frequency range is large
since the Doppler shift is large while the frequency range is
small for large perpendicular wavelengths. For example if
we observe a wave in the spacecraft frame to have a
frequency of 5 Hz and if we take l? = 100 m then for a
spacecraft speed of 6 km s�1 the possible frequency range
will be 0–65 Hz while for l? = 10,000 m the possible
frequency range is 4.4–5.6 Hz. Once the frequency range
has been found the maximum energy obtainable in that
range, from the curves of Figure 8, is used to determine if
this observation could be of a given width. If the observed
energy is less than or equal to this maximum then the
observation may be of this width and is counted in that bin,
otherwise it is not included in this bin and so on for each
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observation and each perpendicular wave number bin
considered.
[38] Using this procedure the distribution of arc widths

shown in Figure 9a was generated. Only observations which
satisfied the visibility criteria developed in section 3 have
been included. Each curve represents results from potentials
applied at 30,000 km, the magnetospheric end of the
simulation, which yield maximum wave amplitudes of 1
V/m at some altitude. Once the maximum potential indi-
cated on each curve is reached then the applied potential is
held fixed at this value for the remaining widths considered.
Not surprisingly the possible arc widths become larger with
the increasing applied potential necessary to maintain the 1
V/m maximum wave field for increasing perpendicular
wavelengths. As mentioned in the previous section, for
widths greater than 2 km (l? > 6km) and potentials greater
than 2 keV the nature of the acceleration process is no
longer dominated by resonance with the Alfven wave. For
such values the phase speed of the wave increases more
rapidly than the square root of potential in the wave front.
As a result the electrons after gaining some energy from the
passage of the wave fall through the quasi-static potential
drop (invariant over the transit time of an electron) estab-
lished by the waves’ reflection on the density gradient and
through this interaction they gain most of their energy.
Landau resonance and this quasi-static process provide the
two humped distribution found for applied maximum
potentials above 2 keV in Figure 9a.
[39] From this distribution the most likely observed arc

width is 900 m. Below this width the fraction of the
database capable of producing visible aurora falls steeply.
At 100 m only 20% of the visible database is capable of
producing visible aurora and we find no events capable of
producing auroral arcs at widths less than 30 m. The portion
of the distribution at widths below 1 km is largely insensi-
tive to the wave frequencies measured in the spacecraft
frame since the range of possible plasma frame frequencies
associated with Doppler shift is such that the frequency
selected from the curves of Figure 8 is always the one with
the maximum energy possible for the width considered.
Because of this these results are unaffected by instrumental
limitations in the magnetic field measurement on which the
spacecraft frame frequency is based.

6. Discussion

[40] Figure 9c shows the distribution of arc widths as
reported by Maggs and Davis [1968]. The distribution has
its greatest value at the lowest width bin centered on 105 m.
The camera resolution employed is limited to 70 m which is
the bin width. The distribution falls rapidly to widths at 1
km where it flattens out with values of the order of 1% of
the peak.
[41] Clearly this distribution disagrees with that shown in

Figure 9a. Can we still account for the observed widths in
terms of Alfven waves? To address this issue we now
scrutinize the assumptions from which Figure 9a was
created and discuss some of the models shortcomings to
show that these will not appreciably affect the determined
width distribution:
1. The most obvious assumption is the relationship

between arc width and perpendicular wavelength, w = l?/3.

To obtain results consistent with Maggs and Davis [1968]
the relation between arc width and l? for a maximum
applied potential of 100 eV would require that w = l?/27.
This maximum potential however, will not account for the
brightest arcs observed. For brighter features higher
maximum potentials are required and so the denominator
in this relation needs to be smaller still. This can be seen in
Figure 9b where the average intensity for each of the arc
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Figure 9. a) Distribution of arc widths based on observa-
tions from the FAST spacecraft of energy flux and
characteristic energy, model efficiencies for light production
and simulations of electron acceleration. Each curve
represents the distribution of widths if a maximum applied
potential at the magnetospheric end of the simulation is set.
b) Average estimated intensity of the observations in each
bin as a function of width. c) Observed distribution of arc
widths adapted from Maggs and Davis [1968].
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width bins given in 9a is shown. At 100 eV the average
intensity is down by 40% from the peak. To more
rigorously address the question of the relationship between
arc width and perpendicular wavelength requires either the
separation of temporal and spatial variations in the observed
spacecraft data or simulations in two or three dimensions.
The first of these is an almost impossible task for
perpendicular wavelengths much greater than 1 km which
is close the minimum arc of separation of 900 m reported
by Trondsen et al. [1997] and a good measure of
perpendicular wavelength at the ionosphere. Since this
width scales inversely up the fieldline with the square root
of the geomagnetic field it can only be larger at FAST
altitudes. The multidimensional simulation study is worth
attempting and is perhaps the subject of another paper.
Nonetheless, it is difficult to envisage acceleration in the
Alfven wave being concentrated over widths as small as
1/30th of the perpendicular wavelength and still provide a
bright aurora, particularly since Maggs and Davis [1968]
report that the arcs they observe become brighter with
decreasing width.
2. Another assumption embedded in the simulation is the

infinite east–west extent of the perpendicular wave field.
This follows from the usual observed geometry for discrete
auroral arcs which almost invariably are elongated in this
direction. Observations of vortical structures termed curls
are however not unusual [Hallinan and Davis, 1970] and
the filaments linking individual curls in a ‘‘street’’ of such
structures are extremely thin when observed at zenith.
Trondsen and Cogger [1998] show a distribution of widths
for these features peaked at 175 m with a mean of 270 m.
The evolution of wave fields along the magnetic field line
under such circumstance is difficult to simulate since it
requires three dimensions with the inclusion of nonlinear
effects. It is unknown if such structures will lead to greater
electron characteristic energies and fluxes from those in
laminar arcs since it is difficult to identify them from single
spacecraft measurements. Nonetheless, these features could
fall in the tail of the distribution of events shown in Figure
9a without being inconsistent with the overall distribution.
3. The distribution we obtain is binned according to the

relationship between width and energy derived from
simulations (and Doppler shift). If the maximum energy at
a given width is underestimated then the whole distribution
will be shifted to larger widths. However, throughout the
simulation an effort has been made to over estimate the
energy that an electron can gain from the Alfven wave. First
we have allowed a maximum amplitude of 1 V/m which is
only attained by the very largest Alfven wave events. This
provides a significantly larger parallel electric wave field
and hence greater electron energies than usual. Second we
have employed a density profile which includes the effects
of a potential drop thereby allowing greater wave phase
speeds and larger parallel fields since the wave propagates
through magnetospheric-like densities right down to 4000
km. In practice, the identification of an individual
filamentary features can only be achieved outside the
inverted-V or potential drop region where they are not
obscured by luminosity from inverted-V electrons. Densities
outside these regions are an order of magnitude or more
higher than within the potential drop resulting lower
electron energies. Furthermore the maximum energy from

the simulation has been used to bin events in width through
comparison with the characteristic energy. Strictly speaking
the characteristic energy from simulations should be
compared with the characteristic energy from observations.
In this way we are again over estimating the theoretically
attainable characteristic energy obtained by an electron in an
Alfven wave of a given perpendicular wavelength and
artificially improving the ability of a narrow Alfven wave to
produce a visible narrow arc.
4. At lower altitudes the Alfven wave is sometimes found

to be propagating inside a density cavity with size similar to
the width of the region containing the observed fluctuations
in the spacecraft frame [Stasiewicz et al., 1997]. Density
cavities can allow the wave to carry an appreciable electric
field at lower altitudes and thereby cause acceleration at and
below the spacecraft. Chaston et al. [2000] has shown that
at times such cavities are devoid of ionospheric densities
and contain only the electrons accelerated by the wave field.
However, these events are limited to those cases with very
narrow widths and the observed field-aligned bursts in such
cases have characteristic energies less than 100 eV. Typical
energy fluxes associated with these events are of the order
of 0.1–1 erg cm�2 s�1 which according to Figure 5 will
produce sub visual light intensities. Even with electron
energy fluxes in excess of 10 ergs cm�2 s�1 (among the
largest energy fluxes observed in such events so far) these
do not form bright aurora from a moving electron source.
See the cusp event discussed in section 3 for example.
5. The last criticism of the simulation results relates to

the ionospheric model used. Lysak [1991] has modeled the
self-consistent interaction between the ionosphere and an
incident Alfven wave in the resonator region [Trakhtengertz
and Feldstein, 1987] showing that for the appropriate
phasing the amplitude of the Alfven wave may grow to
nonlinear levels. The largest perpendicular amplitudes
observed by FAST in this region are less than 1 V/m. Even
under the assumption of a wave amplitude of the order of
1V/m it is still difficult for the Alfven wave to carry a large
parallel electric field necessary for appreciable electron
acceleration in these regions due to the high densities at
altitudes below 3000 km. From the simulations and from
inertial dispersion, which is appropriate for regions below
the peak in the Alfven speed shown in Figure 7, the
magnitude of the parallel field for a perpendicular field of 1
V/m and a 500 m perpendicular wavelength in the
ionosphere based on the nightside density model is less
than 10�4 mV/m at resonator altitudes and the maximum
energy gain for an electron accelerated by the wave between
the top of the resonator and the ionosphere in this region is
of the order of 100 eV. So, while the feedback instability
may provide larger amplitudes for waves with small
perpendicular wavelengths the electron acceleration they
provide for the maximum observed wave amplitudes
observed (at least in the linear approximation of Ek) is still
insufficient to account for the arc width distribution
measured by Maggs and Davis [1968].
[42] From these considerations we cannot account for the

observed arc width distribution reported by Maggs and
Davis [1968] in terms of electron acceleration in linear
inertial Alfven waves. Even without the benefit of the
simulations performed in this work and invoking a purely
time independent interpretation, the FAST data suggests this
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to be the case. Interestingly the distribution of arc widths
derived in this work ‘‘fills the gap’’ between observed
widths reported by Maggs and Davis [1968] and the
recently reported widths of ‘‘mesoscale arcs’’ from Knudsen
et al. [2001]. Furthermore the broadly peaked distribution
centered at �1 km is very similar to the characteristic width
for Alfven wave driven arcs of 1.7 km derived by Borovsky
[1993].

7. Conclusion

[43] The distribution of the width of auroral arcs driven
by inertial Alfven waves and visible to the human eye and
all-sky cameras has been determined from FAST spacecraft
observations, an MHD model with an inertial correction and
theoretically determined efficiencies for light production
from precipitating electrons. It has been found that the most
commonly occurring arc width due to Alfven waves is of
the order of 900 m and that arcs of this width on a statistical
basis will also be the brightest. In fact, for events observed
in the polar cap boundary near midnight, Alfven waves may
produce arcs of this width with intensities as high as 100
kR. Conversely, less than 20% of the observed Alfven
waves are capable of producing aurora at widths less than
100 m. From these results it would seem that linear Alfven
waves are not responsible for the observed distribution of
auroral arcs reported by Maggs and Davis [1968] which
continues to rise with diminishing width down to 70 m, the
limit of the camera resolution used in their study. Maggs an
Davis [1968] also report that arcs become brighter with
decreasing width. In our distribution the Alfven wave
driven arcs become brighter with decreasing width down
to widths of 1 km. Below this width the light intensity
decreases quickly and the narrowest possible, yet still
visible to the eye, Alfven wave driven auroral arc in our
database has a width of �35 m.

Appendix A

[44] All of the emissions were calculated using the
electron number fluxes and cross-sections from the trans-
port code of Lummerzheim and Lilenstein [1994] and from
the atmospheric species calculated from MSIS-90. Steady
state chemistry is assumed throughout. Vallance Jones
[1974] uses Einstein transition probabilities (A-values)
and Frank-Condon factors for the N2

+(1 N), O2
+(1 N) and

N2 (1 P) band emissions to produce relative intensities for
specific transitions [Vallance Jones, 1974, Tables 4.9, 4.12,
and 4.17]. These relative intensities were used in the
calculations of the N2

+(1 N), O2
+(1 N) and N2 (1 P) band

emission rates in the wavelengths between 400 and 750 nm.
Since cascading from the N2 (C3�u) state is important to
the N2 (1P) emission [Vallance Jones, 1974], the excitation
rates for this band included the N2 (C3�u) state as well as
the N2 (B3�g) state.
[45] In calculating the OI 557.7 nm line, we included

energy transfer processes as well as excitation of O(1S)
from electron impact and quenching of O (1S). For the
energy transfer from N+ and O2, 1.08 times the emission of
391.4 nm was used [Rees, 1984] where 391.4 nm was
calculated in the same way as 427.8 nm discussed in the
previous paragraph. The energy transfer from N2(A

3�+
u)

colliding with atomic oxygen was included using the rate
coefficients in the work of Gattinger et al. [1996]. Quench-
ing by atomic and molecular oxygen was included using the
rate coefficients in the studies of Zipf [1969] and Schiff
[1973] and A-values in the studies of Vallance Jones [1974],
Beluja and Zeippen [1988], and Chamberlain [1995]. Using
this method of calculating the intensity of emission at 557.7
nm yields 20% higher values than obtained from the
analysis of Rees [1959] where I(557.7)/I(391.4) = 1.9.
Our calculated values are within the 50% uncertainty in
this observed ratio.
[46] The OI 630.0 nm line calculation included cascading

from OI (1S) and quenching from molecular nitrogen and
oxygen, using the rate constants from Schiff [1973].
Quenching by NO was not included which implies that
the 630.0 nm emission is over estimated. The OII 732.0 nm
emission includes quenching by molecular nitrogen and
atomic oxygen as well as by recombination. The rate
constants for these processes were taken from Table A5.1
in the work of Rees [1989].
[47] The camera response curve used was created to

match the description by Maggs and Davis [1968] that the
response of the curve ‘‘peaks near 5000 A and the 1 per
cent-of-maximum response points are near 4000 and 7500
A’’. We assume that at 5000 A, all the light emitted at the
source is observed by the camera. The curve is similar to the
sensitivity curve of the S-20 Image Orthicon shown by
Davis [1966].
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