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Cross-scale coupling in the auroral acceleration region
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[1] High resolution imaging within regions of auroral
luminosity reveal complex, highly structured dynamic and
often vortical forms which evolve on time scales of the
order of several seconds and less. These features are
inherently multi-scale in nature with different sizes
moving and evolving at different rates. Recent analyses
have shown how the scale dependency of these motions
can provide new insights into the nature of energy
transport across scales occurring in current sheets through
the auroral acceleration region. However the processes
driving this transport and thus facilitating particle
acceleration and the formation of bright and dynamic
aurora remain unknown. This is a basic issue not only for
advancing understanding of auroral arc formation but
moreover for understanding dissipation and particle
acceleration in current sheets generally. In this Frontier
article we show how dedicated space-borne auroral
imagery combined with magnetically conjugate field and
particle measurements can be used to advance
understanding of this universal physical process. By
coupling these measurements with numerical simulations
we show how flow shear, magnetic reconnection and
tearing may launch a cascade toward smaller scales and
conspire to form, shape and structure auroral forms. The
simulations show that these processes evolve toward a
robust scaling of structured magnetic fields (B,) with
wavenumber (k,) perpendicular to the geomagnetic field
where B)Zc(ky)/Aky ~ k;w 3 as observed. Citation: Chaston,
C. C., K. Seki, T. Sakanoi, K. Asamura, M. Hirahara, and C. W.
Carlson (2011), Cross-scale coupling in the auroral acceleration
region, Geophys. Res. Lett., 38, L20101, doi:10.1029/
2011GL049185.

1. Introduction

[2] Observations from spacecraft traversing the auroral
acceleration region have revealed in great detail the micro-
physics of particle acceleration and the zoo of plasma effects
that occur within this region of space [Paschmann et al.,
2003]. However, how these dissipative processes which
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occur on small scales are coupled to the larger scale
dynamics responsible for transporting energy from some
source region to maintain the auroral acceleration process is
unclear. While models exist to describe the formation of
field-aligned currents and auroral potential structures from
features in the plasma sheet [Haerendel, 2011] and its
boundary layers [Lotko et al., 1987; Echim et al., 2009]
there is often a disconnect between the size of these features
mapped to the ionosphere and the observed width and internal
structuring of auroral arcs [Borovsky, 1993; Stenbaek-
Nielsen et al., 1998; Partamies et al., 2010]. The apprecia-
tion of the role of dispersive Alfvén waves [Stasiewicz et al.,
2000] in the formation of auroral arcs has lead to a dis-
tinction between aurora that are clearly the result time
varying (‘Alfvénic’ aurora) and quasi-stationary (‘quasi-
static’ aurora) acceleration processes [Paschmann et al.,
2003]. However even in the case of ‘Alfvénic’ aurora a
continual supply of energy on small scales is needed to
account for observations [Chaston et al., 2008]. Conse-
quently some process driving filamentation in field-aligned
current sheets and potentials along field-lines between the
source regions and the ionosphere is required to account for
the formation and structuring of auroral arcs on the scales
observed.

[3] The structuring of auroral arcs is generally attrib-
uted to either ionospheric feedback, phase mixing, plasma
instabilities or a combination of these. Recently significant
effort has been devoted to advancing understanding of the
role of ionospheric feedback in the structuring of auroral
currents [Lysak and Song, 2002; Streltsov and Lotko, 2004,
2008; Lu et al., 2008; Russell et al., 2010]. In this process
electron precipitation and current closure through the iono-
sphere drive enhanced ionization and depletion of current
carriers in regions of upward and downward current
respectively. These variations lead to transverse conductiv-
ity gradients and current structuring. The positive feedback
between the structuring in conductivity and field-aligned
current can lead to very narrow and intense currents sheets
with widths ultimately limited by collisional damping in the
ionosphere [Lessard and Knudsen, 2001] and dissipation
along auroral field-lines [Lysak and Song, 2002]. In the
inhomogeneous plasmas of the Earth’s magnetosphere and
ionosphere the growth rate for structuring and filamentation
is enhanced by the partial trapping of wave energy in nat-
urally occurring Alfvén wave masers. These occur along
geomagnetic field-lines either between hemispheres [Sato,
1978], as in the case of field-line resonances, or in the
ionospheric Alfvén resonator (IAR) between the iono-
sphere and the gradients in the wave phase speeds just below
the peak in Alfvén speed at ~1 Re altitude [Lysak, 1991].
Evidence for the action of such a process has been observed
from the Cluster [Streltsov and Marklund, 2006; Streltsov
and Karlsson, 2008] and FAST spacecraft [Chaston et al.,
2002] at high altitudes and within the IAR, respectively.
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Figure 1. Reimei observations of a rapidly evolving auroral arc. (a) Omni-directional electron spectrogram. (b, ¢, d) Auro-
ral snapshots at ~670 nm; white rectangle shows magnetic foot-point while yellow dotted line shows trajectory of spacecraft
mapped onto image - dimensions are for an assumed emission altitude of 105 km. (e, f, g) Optical flow velocity (arrows)
and vorticity for measurements performed at Fourier scale Az = 3.3 km for each of the snapshots.

[4] While the ionosphere and gradients in Alfvén speed
along the magnetic field can provide Alfvén wave masers
that pump energy into smaller scales, transverse gradients in
Alfvén speed can drive the production of structure and
smaller scales through phase mixing [Genot et al., 1999;
Wright et al., 1999; Lysak and Song, 2008]. The production
of increasingly smaller transverse scales by this means can
be easily understood by considering the progressive rotation
of a wave phase front toward the field-aligned direction
when propagating along field-lines where a transverse wave
phase speed gradient exists. When the dispersive scales for
Alfvén waves are reached [Lysak and Lotko, 1996] this
process can lead to the localization of wave power over very
narrow perpendicular distances [Streltsov and Lotko, 1997;
Rankin et al., 2005]. In the low beta plasmas above the
auroral oval the oppositely directed transverse phase and
group velocities of these waves leads to focusing into density
depletions to provide localized regions of enhanced particle
acceleration and cavitation [Chaston et al., 2006]. These
cavities may radiate Alfvén resonance cones [Stasiewicz
et al., 1997; Sakanoi et al., 2005; Singh and Khazanov, 2007,
Semeter et al., 2008].

[5] A third means to drive the structuring of auroral arcs
concerns the action of instabilities on auroral current sheets
and potential structures. These instabilities are thought to be
responsible for the folding and curling of auroral forms so

commonly observed in auroral imagery. They comprise
variations of the standard MHD instabilities including flow
shear or Kelvin-Helmholtz (KH) like instabilities [Hallinan
and Davis, 1970; Lysak and Song, 1996; Periano and Ganguli,
2000; Wu and Seyler,2003; Asamura et al., 2009; Chaston and
Seki, 2010] and tearing instabilities [Seyler, 1990; Otto
and Birk, 1993; Chaston and Seki, 2010]. Interchange
instabilities on steep transverse current gradients have also
been discussed [Seyler and Wu, 2001]. Importantly these
instabilities lead to the generation of rotational vorticity in
the plasma flow and naturally promote a cascade toward
smaller scales. Seyler [1990], for example, using 3-D
reduced MHD discussed the generation of a broad spectrum
of field fluctuations and structured currents under the action
of the tearing instability which he suggested lead to a tur-
bulent cascade. Chaston et al. [2008] from a statistical
sample of FAST spacecraft traversals through the Alfvénic
aurora identified a power-law scaling in magnetic field
spectral energy densities with wave vector (k) perpendic-
ular to the geomagnetic field. A spectral index of —7/3 over
a range of scales (27/k ) corresponding to observed widths
of auroral arcs [Knudsen et al., 2001] and down to sub-
kilometer distances was found. Similar power law trends
have been identified from in-situ measurements by Lund
[2010] and Golovchanskaya et al. [2006] and also in
auroral imagery on large scales [Uritsky et al., 2002]. These
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simulation results and observations suggest that some form
of non-linear cross-scale coupling is active in the structuring
and ultimately the formation of auroral forms.

[6] While sophisticated models for the structuring/
filamentation of current sheets and potentials above the
aurora have been suggested, advances in the understanding of
this process have been limited by the observational con-
straints implicit in single or even multi-point in-situ mea-
surements. Polar orbiting spacecraft provide an essentially
one dimensional slice through auroral current sheets and
potential structures. While these have provided a wealth of
observations that have driven major advances in the under-
standing auroral particle acceleration [Paschmann et al.,
2003] they provide only a snapshot along a single path
from which the morphology of the acceleration region needs
to be reconstructed [Andersson et al., 2002]. Multi-point
observations from the Cluster spacecraft have allowed
glimpses of the sequence leading to auroral arc formation and
evolution [Marklund et al., 2011; Hull et al., 2010]; however,
even in this case it is necessary to ‘fill in the gaps’. Advances
in understanding auroral arc structuring and evolution really
requires high resolution 2-D measurements in the plane
perpendicular to the magnetic field and ideally at least two
observation points along the geomagnetic field to provide
some information on variation in the third dimension. The
first requirement has been addressed by high resolution
ground based or airplane borne cameras [Hallinan, 1970;
Trondsen and Cogger, 1998; Vogt et al., 1999]. However,
with a few exceptions [Stenbaek-Nielsen et al., 1998;
Hallinan et al., 2001; Asamura et al., 2009] these data have
rarely been available with conjugate in-situ plasma mea-
surements of the required cadence.

[7] The Reimei spacecraft [Asamura et al., 2003; Sakanoi
et al., 2003] was launched in August of 2005 with the intent
of providing dedicated magnetically conjugate high resolu-
tion auroral imaging and particle measurements. This mis-
sion has ‘opened the door’ for the study of the processes
driving the structuring of auroral luminosity and the asso-
ciated evolution of auroral forms not previously possible.
Through the use of attitude control the magnetic foot-point
of the spacecraft is maintained in the field of view of the
Reimei cameras for extended periods allowing the evolution
of the auroral form to be observed in coincidence with the
precipitating electrons responsible for the visible emission.
The high spatial (~1 x 1 km/pixel) and temporal (0.12s/
frame) resolution of the imager with a nearly vertical look
direction along the magnetic field allows the application of
new analysis techniques which can resolve multi-scale
motions, structuring and evolution within auroral forms. In
this Frontiers paper we perform such an analysis using
Reimei observations of a meso-scale auroral arc implement-
ing the approach of Chaston et al. [2010]. We demonstrate
with the help of simulations how the arcs evolution may be
driven by velocity shear, magnetic reconnection and tearing
that drive a cascade toward small scales in a manner similar
to that originally suggested by Seyler [1990]. We show how
these observations can be described through the physics of
Alfvén waves whose characteristics are embedded in the
variation of vorticity as a function of scale. This ordering
provides a remarkably simply framework in which the rapid
motions, structuring and formation of auroral arcs can be
understood. This result is relevant not only to the terrestrial
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context but in fact any low beta plasma environment where
thin current sheets are found.

2. Observations

[8] Figure 1 shows electron observations and magneti-
cally conjugate auroral imagery of an auroral arc imaged at
~670 nm from the Reimei spacecraft above the northern
auroral oval. At this time the spacecraft was traversing the
polar cap boundary and moving southward. This motion
progressively shifts the arc through the Reimei camera’s
field of view from the southern edge, as shown in Figure 1b
at time t;, toward the northern edge as the Reimei spacecraft
passes overhead. The small white rectangle and yellow
dashed lines on each of the snapshots shown in Figures 1b
to 1d indicate the location of the magnetic foot-point and
trajectory of the Reimei spacecraft mapped along the geo-
magnetic field onto each image respectively. The assumed
emission altitude is 105 km. Over the time span when the
Reimei spacecraft is magnetically conjugate with the auroral
arc (i.e., between t; and t3) the electron energy spectrogram
shown in Figure la reveals a spectral peak above 1 keV.
Below this peak, however we find significant fluxes of
electrons over a broad range of energies that at times show
evidence of energy/time dispersion. The spectral peak and
the more broadly distributed electrons at lower energies are
characteristic of what have become known as ‘quasi-static’
and ‘Alfvénic’ aurora respectively [Paschmann et al.,
2003].

[s] The sequence of contour images in Figure 1¢ show the
optical flow velocity (v, , arrows) and field-aligned vorticity
(€ = V x v,) derived from a wavelet cross-correlation
analysis of the luminosity in the images shown in Figure 1b
[Chaston et al., 2010]. In this technique we evaluate the 2-D
Paul wavelet [Torrence and Compo, 1998] of the spatial
derivative of the luminosity and use the 2-D phase infor-
mation to derive the velocity of moving patches as a func-
tion of position and scale. For a time Az between snapshots
the velocity is v, = (% Ar)/At where A¢ is the phase
difference between consecutive images at each location and
Ar is the Fourier wavelength. The rectangular field of view
provided by the Reimei camera conveniently defines two
orthogonal directions perpendicular to the geomagnetic field
(, v) along which Az can be defined. In this analysis we take
equal values of A\r along each and note that we could
alternatively use any combination without introducing sig-
nificant differences for our present purpose. The motion of
the spacecraft is eliminated in the measurement by inter-
polating each pair of consecutive images onto the same
spatial grid. From the resultant velocity vectors we evaluate
€} by finite differencing as by shown by the color scale in
Figure lc. Since we are observing from above in the
northern hemisphere the magnetic field points into the page.
Blue-black and yellow-red in this figure then correspond to
clockwise or right-handed rotation and to anticlockwise or
left-handed rotation about the geomagnetic field respec-
tively. The sharp edges on these plots show the boundary of
the 60% confidence level above noise for the phase deter-
mination. The small black arrows shown on each plot
indicate the direction and magnitude of the optical flow
calculated at A = 3.3 km. Since the technique operates on
the derivative of the luminosity this scale can be thought of
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Figure 2. Optical flow (arrows) and vorticity measurements for Fourier scales of (a) Az = 6 km, (b) Az =10 and (c) \r=

15 km at time t;=10:04:37.34 UT as given in Figure 1.

as the size of a the patch of luminosity over which the
correlation is performed.

[10] Overall in Figure 1c¢ we find an eastward flow on the
northern edge of the arc and a westward drift along the
southern edge. Under the assumption that these flows rep-
resent the convective motion of auroral flux tubes above and
through the acceleration region [Hallinan, 1981; Frey et al.,
2010] they correspond to electric fields directed inwards
towards the center of the region of luminosity. In this
interpretation the convective motion of magnetospheric flux
tubes is decoupled from the ionosphere through parallel
electric fields. While this decoupling needs verification it is
supported by the common observation of large converging
perpendicular electric fields from polar orbiting spacecraft
bracketing regions of downward electron acceleration
[Mozer et al., 1977; Marklund et al., 2011]. These provide
E x B, drift speeds mapped to the ionosphere similar to
those observed in optical measurements. lonospheric
electric fields of sufficient size to account for these speeds
are however not found.

[11] Closer inspection of Figure lc reveals considerable
structure within the predominately eastward and westward
flows indicative of rotations in plane perpendicular to the
geomagnetic field. To aid in the identification of these
features we have over-plotted the sense of rotation in each
region of intensified flow. These reveal a repetitive or
‘street-like’ quadrupole structure in vorticity along the arc.
In this geometry the generally eastward flow on the northern
side of the arc is directed along separatrices between rotating
cells in toward the center of the arc and then along the arc
before moving outward. The same pattern can be found on
the southern side of the arc and is repeated on both sides in
the measurements at t, and t;. This configuration leads to
regions of inflow and outflow toward and away from the
center of the arc respectively.

3. Vorticity Scaling and Reduced MHD

[12] The results presented in Figure lc are evaluated at a
particular A\ or scale. From viewing movies of this auroral
arc it is clear that at larger scales there exists motions not
revealed in the smaller scale measurements presented in
Figure lc. To reveal this variation we present in Figure 2 the
optical flow and vorticity evaluated at t; for A =6, 10 and
15 km. Because the degree of correlation between succes-
sive images increases with increasing scale the extent of the
60% confidence interval increases with Az These plots
show that with increasing scale the vorticity decreases and

that vortices derived at one scale exist within vortices
identified at larger scales. This pattern suggests a certain
degree of self similarity across scales. To quantify this
variation we have averaged these results over all images
between t; and t; to form a spectrum of the average || for
each A\ as shown in Figure 3 [Chaston et al., 2010]. Each
value shown in Figure 3 is the average of the absolute value
of € at each A\x from all points and images over this time
range and within the 60% confidence limits defined for each
image. The errors bars correspond to one standard deviation
from the average vorticity at each scale and the abscissa
shows k; = 27/Ap. In performing this analysis we have
taken k, = k. = k, but note that any combination of A\
values less than the size of the region of luminosity yields
similar results. The spectral results clearly show three distinct
ranges with a power law-like section for k| >7 x 10%m % a
short section of steeper scaling for 7 x 1074 >k, > 2 x
107" m™" and a flat section for smaller k, corresponding to
scale sizes larger than the region of luminosity. Over this last
range the standard deviation shown by the error bars becomes
very large and the average trend is not meaningful. The
dashed lines on this figure show model results which we will
discuss momentarily.

[13] Field-aligned vorticity measurements provide a use-
ful tool for advancing understanding the formation and
evolution of aurora. This is because the strength of the

100 ;

Q/(Ak )" (s'm™)

10° 10°
k., (m”)

Figure 3. Optical vorticity spectrogram. Error bars show
standard deviation at each scale while dashed lines show
expected trends for densities through the acceleration region
of 0.1 (blue), 1 (green) and 10 cm > (magenta) respectively.
Finer dashed lines show power law trends as indicated.
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geomagnetic field above the auroral oval means that the
flow is dominated by E x B, drifts and so is largely trans-
verse to B, [Lotko et al., 1987; Seyler, 1988, 1990, Streltsov
et al., 1990; Shukla and Stenflo, 1999; Chmyrev et al.,
1992]. In this case the full set of MHD equations can be
reduced so that the curl of the momentum equation describes
the evolution of the field-aligned vorticity expressed in
terms of the scalar potential ¢ as,

2
8,200 2 x V.60 V.V
ov3 4
,Vj(B 5‘ H+Z><VLAHOVLV AH)ZO (1)

Where ¢ and 4 are the scalar and vector potential respec-
tively and Q” V3 ¢/B,. V, is the Alfvén speed and Z is a
unit vector in the vertical direction. Ohm’s law then pro-
vides the variation in 4 as,

9 i
5 A1 = XV +2x Vige Vo (4 — X Vid))
9o 1
/Bo _E_E"(z)vi/l” =0 (2)

where ), is the electron inertial length and n = me/(qine)l/
with v being an anomalous collision frequency. For brevity
we omit extended discussion of these model equations and
their derivation and point the interested reader to the works
listed above with the primary reference being that of Seyler
[1990] where equations (1) and (2) can be found [see Seyler,
1990, equations 11 and 12]. Significantly, the non-linear
terms allow the formation of vortices and coupling across
scales while inclusion of electron inertia and resistivity in
Ohm’s law allows parallel electric fields that can lead to
particle acceleration.

[14] For periodic variations in ¢ and A4 the Fourier
transform of equations (1) and (2) provides the dispersion
relation for inertial Alfvén waves [Lysak and Carlson,
1981]. Combining this result with Faraday’s law allows
the vorticity to be expressed in terms of the transverse
magnetic field amplitude (B,) as,

iBy v
(k) =5k Vi 1+k}ag(1 +;) 3

Since it is known through ‘Alfvénic’ aurora that BX(k )/
Ak, = Ck, 73 over the range of scales covered by the Reimei
camera [Chaston et al., 2008], we can compare the predicted
scaling in € from equation (3) with that observed in Figure 3.
Taking densities through the auroral acceleration region of
n=0.1, 1 and 10 cm ~ [Strangeway et al., 1998] for v =0
and Values of k; = k, mapped from 105 km to 4500 km
altitude - an approximate altitude for the base of the accel-
eration region - we obtain the dashed magenta, green and blue
curves shown in Figure 3 respectively. Alternate altitudes for
the base of the acceleration region would shift the curves to
the right or left without affecting the trend. Since it is the
trend and not the absolute magnitude which is of interest
here, the constant C has been arbltranly set to yield the
observed magnitude of () = (k J_)/Ak 1~ at the largest wave-
number measured. Forn< 10 cm >andk, >7 x 10 *m ' the
slope of these lines provides a reasonable approximation to
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that observed. Taking the limit where k2/\2(1 +% > 1in
equation (3) shows that this relationship approaches the
power- -law Q) (kL)/ AK'? ~ k/° represented by the red dashed
line in Figure 3. The same agreement has been reported for
other ‘Alfvénic’ arcs in the Reimei dataset [Chaston et al.,
2010] and suggests that the vortices shown in Figures 1 and
2 comprise part of a broad spectrum of Alfvénic fluctuations.
[15] Since the auroral arc we observe has a ‘quasi-static’
component evident in the inverted-V electrons we also
consider the electrostatic case where 0/0t — 0. In this case
equation (2) provides the current voltage relation J; = —K¢
where K = 1/[ndz is the field-line conductance. Now
evaluating () from the curl of the £ x B, drift we find

73
lkyBx

QH (k)’) = 7/~LoBoK

4)

Substituting Bﬁ(k YAk, = C/{W3 as above we obtain Q”
(k YIAK? ~ KLY ¢ as plotted in Flgure 3. This relat1onsh1p is
similar to the observed trend over the range 2 x 10 * <k, <

7 x 10* m™'. We could also include a contribution due to
ionospheric electrlc fields [Chaston et al., 2010] but note
that since the arc we are considering has a width much less
than expected magnetosphere-ionosphere coupling scale
lengths (\y; = /2,/K = 100 km) we can assume its
contribution is small. While the range over which this
power-law describes the variation observed is narrow, it is
suggestive that at larger scales the motion of the aurora
behaves in a manner more consistent with an electrostatic
(or quasi-static) rather than Alfvénic description of the
auroral acceleration process (at least for this case study).

4. Reconnection and Cascade to Small Scales

[16] To facilitate understanding of the processes leading to
the formation of vortices and the multi-scale structure within
the arc we now use equations (1) and (2) to simulate the 3-D
evolution of a field-aligned current system imposed on the
ionosphere from a magnetospheric source. The simulation
domain extends from an ionospheric boundary characterized
by a height integrated Pedersen conductivity of 1 mho, up to
an altitude of 11000 km and over widths transverse to the
magnetic field of 20 km and 40 km, nominally in the north—
south (x) and east-west (y) directions respectively. The
boundary conditions along the x and y directions are peri-
odic. For simplicity we assume a uniform magnetic field of
7 x 10°® T which is the geomagnetic field-strength at ~1
Earth radii or roughly the middle altitude or our simulation
region. Over this range we use an altitude dependent O
density profile glven by n, = 104 9 ¢ laltitude(km)500] 3 oy =3
with a fixed H" density of 10 cm™ Th1s provides a profile
in ¥, that increases with altitude up to ~4000 km above
which V, is constant. This model is not intended to be an
accurate representation of an auroral field-line but it does
allow us to explore those processes above the ionosphere
that can drive the evolution of auroral forms.

[17] To define 7 in this model and provide a ‘quasi-static’
potential consistent with the spectral peak in the electron
observations we use the current-voltage relationship given
above with J; and ¢ derived from the electron measure-
ments. We find a characteristic energy of ~1.5 keV and J; 2
5 pAm 2 projected to the ionosphere for energles above
12 eV. We note that J; measured in this manner is likely an
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Figure 4. Simulation results showing Jj, f, 4 and ; at (a—c) t = 4.15 and (d—f) t = 4.8s for vertical and horizontal slices
through the simulation box. Dashed lines show the location of the slices in each plane. The contours on the vertical slices in
Figures 4a and 4d show Figure 4f. The contours on the horizontal slices in Figures 4b and 4e show 4, in the units indicated.
The black arrows on the horizontal slices in Figures 4c and 4f show flow velocity. The white lines on Figure 4c and 4f show
the boundary between regions of upward and downward current.

underestimate since we have not measured the cold electron
population - hence the inequality. If the electron tempera-
ture is significantly less than the acceleratin ng potentlal then
¢ = 1.5 kV which yields K = 3.3 x 10°° mho m 2. To
define a profile for n that provides this K we use n(z) =

ezl [ﬂ : i
nee M PLR ] with 7, = 25 ohm m where z, is the

altitude of peak resistivity chosen to be at 3500 km and
h, = 50 km and 10000 km below and above z, respec-
tively. This provides a profile in 7(z) which falls off rapidly
below 3500 km with increasing ionospheric density and
decreases slowly above this altitude. We are of course unable
to determine the actual profile from single point measure-
ments however this model is intended to represent the gross
variation based on the variation in density and magnetic
field above the auroral oval.

[18] A field-aligned current (J; = -~ L w24 |) is introduced
into the simulation through the boundary condrtlon at the
magnetospheric end given as Ay + podX4 = Ao(x, t) where
Y4 = [uoVar/1+ K )\2] . Here A,(x, ?) is the vector
potentral correspondln% to the applied current J,(¥, f) = G(f)
[cosh 2 (k27%) — WM This form for J,(X, 7) is taken from
Seyler and Wu [2001] where X is a normalized variable that
varies with distance from —1 to 1 over the width of the
simulation domain in the north—south direction. With this
form J,(x, f) comprises an upward current sheet bracketed
by two downward current sheets to the north and south. The
value of k sets the relative width of the upward to downward
currents. We use £ = 1 which provides an upward current
sheet width of 7.5 km similar to that observed in Figure 1
(Ae above the ionosphere in our model is 1.7 km). G(¥)

varies from 0 — 10 uA/m” over a small fraction of the simu-
lation time which provides values for J| in the simulation
similar to that observed. Once the simulation begins Jj is
perturbed in the y direction by a k;Z noise spectrum com-
posed of sine waves with random phases. The amplitude of
the perturbation is <0.01 A/m?.

[19] Equations (1) and (2) are solved over a grid with 128 x
256 x 64 points in the x, y and z directions respectively using
a spectral technique in the transverse direction and finite
differencing in the field-aligned direction. Details regarding
the solution of the model equations are given by Chaston
and Seki [2010]. Once the current at the upper end is
turned on the evolution proceeds as follows: The application
of J, (¥, ) at the magnetospheric boundary results in polar-
ization drifts that launch an Alfvén wave down the geo-
magnetic field. The wave establishes a field-aligned current
system in its wake where charge separation leads to con-
verging electric fields around the upward current sheet
which drives a flow shear across the sheet. Once the wave-
front encounters the steep negative gradient in ¥, at ~3000 km
partial reflection causes a reversal in the electric field which
tends to cancel the electric field along the current sheet as
the wave front propagates back up the field-line. Conversely
the magnetic field along the flux-tube, and hence Jj, is
intensified [Lysak, 1983]. The intensification of the current
drives the current sheet unstable leading to the formation of
vortices and ultimately a cascade toward smaller scales.

[20] To demonstrate how this process proceeds Figure 4
shows contour plots of ¢, J;, 4), and €} for two snapshots
(Figures 4a—4c and 4d—4f) taken from vertical (Figures 4a
and 4d) and horizontal slices (Figures 4b, 4c, 4e, and 4f)
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Figure 5. (top) Spectrogram of magnetic field fluctuations
in the simulation transverse to the original current sheet (B,)
for times indicated. Dashed line shows power-law relation-
ship as indicated. (bottom) Spectrogram of vorticity from
simulation. Dashed line shows expected result from
equation (3) for inertial Alfvén waves.

through the simulation box. These are recorded at times
subsequent to reflection of the incoming wave-front from
the Alfvén speed gradients below 4000 km. The formation
of a ‘quasi-static’ field-aligned potential is apparent in the
U-shaped ¢ contours in both Figures 4a and 4d. The closure
of these contours above 3000 km decouples the transverse
motions of the plasma above this altitude from those in the
ionosphere. This decoupling is achieved due to parallel
electric fields arising from the finite value of K. In our fluid
model these fields may provide the observed inverted-V
electrons, while the evolution and structuring in ¢ and Jj,
and hence that of the observed luminosity itself, is Alfvénic.

[21] To identify this Alfvénic nature we consider a hori-
zontal slice through the simulations taken at 4000 km. The
altitude of this horizontal slice in Figures 4a and 4d is shown
by the black dashed line while the position of the vertical
slice in Figures 4b and 4e is shown by the yellow dashed
line. The contours superimposed on the J; color scale
(Figures 4b and 4¢) show 4, and indicate the orientation of
the magnetic field due to J;. By the time of the first snapshot
shown in Figures 4a—4c the originally uniform planar cur-
rent sheet geometry has become distorted. In Figure 4b
along the y coordinate at ~5 and ~25 km the upward cur-
rent sheet has thinned and intensified while there is a
broadening and a corresponding reduction in current density
in the regions in between. The magnetic field contours
shown in this figure reveal the well known geometry of a
magnetic X-line and island associated with the current sheet
thinning and broadening respectively. Figure 4c shows that
the initially laminar flow along the current sheet at this time
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is distorted with the formation of vortices. In this figure the
direction and length of the black arrows correspond to
direction and speed of the flow. Significantly, these indicate
that the center of the intensified current sheet (or X-line) in
Figure 4b corresponds to the location of flow reversal from
westward on the left side to eastward on the right side. The
flow shear across the current sheet however distorts the
symmetry so that outward flow from the X-line occurs to
the left along the lower edge of the current sheet on the left
side of the X-line and to the right along the upper edge of the
current sheet to the right of the X-line. The inflow regions
occupy the other quadrants as indicated by the white arrows.
These appear as a diversion of the opposite flows on either
side of the current sheet towards its center. This configura-
tion leads to a structure in flow and vorticity somewhat
similar to that observed and shown in Figures le, 1f, and 1g.

[22] This pattern is more evolved by the time of the sec-
ond snapshot shown in Figures 4d—4f where the regions of
thinning identified in Figure 4b have intensified. The com-
mensurate increased angular variation in A apparent in
Figure 4e relative to Figure 4b corresponds to an enhance-
ment in the reconnection rate. The faster flows and hence
increased vorticity required to support this enhancement are
apparent in Figure 4f where the initially laminar flow along
the current sheet has been largely disrupted through vortex
formation. The vortices however are stretched into elon-
gated forms where we find fast localized flows with sharp
peaks in vorticity. Flows of these speeds are not resolvable
from Reimei camera but similar speeds have been recorded
from fast ground based cameras [Trondsen and Cogger,
1998] (exact comparison of magnitudes is not so meaning-
ful because of the uniform geomagnetic field model
assumed in the simulation). At later times we find further
distortion of the current sheet with the generation of smaller
scale structure until the grid scale of the simulation is
reached. This process leads to what can be perhaps best
described as a cascade driving the continual formation of
smaller scale structure with increasing vorticity on small
scales.

[23] To facilitate quantitative comparison of these simu-
lation results to observations, Figure 5 shows k,-spectra of
the magnetic field variations and vorticity in the simulation.
These are taken from the same horizontal slice through the
simulation shown in Figure 4 and at the times shown on the
figure. They are compiled in the y direction and along
the upward current sheet to remove contributions from the
initial geometry imposed by J,(x, f) and to use results from
the most rapidly evolving portion of the simulation - how-
ever we note similar results are obtained in &, in the later
stages of the simulation run. As can be seen in Figure 5 (top)
the magnetic field spectrum flattens over time but eventually
approaches an equilibrium that remains nearly constant
toward the end of the simulation. This equilibrium occurs
for a spectral scaling well described as Bﬁ(ky)/éky ~ k;w ,
This is the same scaling found in the observations reported
by Chaston et al. [2008] and used earlier in this manuscript
to predict the scaling of the observed vorticity spectra. We
find from other simulation runs with alternate parameters
appropriate for the auroral zone that this is a robust result.
To derive a vorticity spectra comparable to the observa-
tional results we note that each point plotted in Figure 3
corresponds to ) at a single value of k, and k,. From the
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simulation results the simplest comparable choice is (k) =
—ik,E,/B,. We show the k, spectra of this quantity in
Figure 5 (bottom). This curve approximately follows the
expected trend for inertial Alfvén waves given by equation (3)
with BY/Ak, ~ k,”" as shown by the black dashed line and
tends toward Q(k,)/(6k,)""* ~ k'® for ;A2 > 1 as observed.
The deviation from the predicted result at the smallest and
largest values of %, is due to the influence of non-local
effects on the Alfvén speed gradient in the simulation and
insufficient simulation run-time for the cascade to fully
reach the smallest scales. Significantly, we do not find in
these simulation results the steeper scaling expected from
the current-voltage relationship predicted by equation (4).
While Figure 3 showed some evidence for this scaling on
scales larger than 10 km we find from analysis of other
inverted-V type events that the expected current-voltage
scaling is not always present. Why this is the case remains
uncertain at the time of writing.

5. Discussion and Conclusion

[24] These observations and model results suggest that the
motions and structuring of the case study auroral arc occurs
through a cascade of Alfvén waves along resistive geo-
magnetic field-lines. The Alfvén waves facilitate the evo-
lution while the resistivity (finite K) along the field allows
for the inverted-V electrons and hence the bulk luminosity
observed. We are unable to comment on the nature of K
from these results except to say that its value is consistent
with expectations [Knight, 1973]. The dispersive low energy
‘Alfvénic’ electrons, as in the case study of Asamura et al.
[2009], are a symptom of the action of small-scale Alfvén
waves through the acceleration region which propagate to
the ionosphere. The resulting variation of the spatial distri-
bution of vorticity with scale and the k-spectra of the
average magnitude of vorticity over the region of visible
emission provides insights into how this cascade is initiated
and maintained as we now briefly describe.

[25] The vorticity observations shown in Figure 1 are
suggestive of instabilities active along the current sheet
which drive the formation of vortices or eddies transverse to
B,. Since auroral current sheets are regions of charge sep-
aration the shear in £ x B,, drifts across these sheets provides
a source of instability that has been discussed by several
authors [Hallinan and Davis, 1970; Wagner et al., 1983;
Lysak and Song, 1996; Pefiano and Ganguli, 2000]. How-
ever the perpendicular magnetic fields associated with the
field-aligned current exert a strong stabilizing influence on
the instability. As an approximate rule, instability to the KH
instability requires the change in flow speed across the arc to
be greater than the Alfvén speed defined by the magnetic
field change across the current sheet [Chandrasekar, 1961].
For the case study arc integration of the electron measure-
ments provides an upward current mapped to the ionosphere
of >5 pA/m? and the largest change in flow we observe
across the arc in Figure 1 is ~20 km/s. Using Ampere’s Law
and observed values of electron density through the accel-
eration region (0.1-10 cm ° [Strangeway et al., 1998])
where the flow shear occurs, suggests that instability for the
case study arc would then require widths of the order of a
kilometer or less. This is clearly smaller than we observe in
Figure 1 and so on this basis we believe that the arc is stable
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to the KH instability. This result is supported by the simu-
lations we have performed where we do not find the KH
instability.

[26] An alternative was suggested by Seyler [1990] who
noted that the width of auroral arcs was similar to A, through
the auroral acceleration region. Auroral current sheets with
widths less ~27\, may be unstable to a tearing instability
which for typical acceleration region densities includes most
discrete auroral arcs. The simulation we have performed for
parameters representative of the case study arc suggest that
this instability may indeed be responsible for initiating a
transition from an initially smooth planar current sheet to the
structured and rapidly varying feature we observe. This is
apparent firstly from the structure of 4 and the flow [Seyler,
1988] shown in Figure 4 and secondly in the growth rate
[Furth et al., 1963] of the electric field along the plane of the
arc (£,) which we have not shown here. From the observa-
tions our identification of the tearing instability is more ten-
tative yet is suggested by the flow pattern shown in Figure 1
which bears similarity to the simulated result in Figure 4
having the same pattern in vorticity and the corresponding
inflows and outflows along the arc. We note that while the
flow shear across the arc is insufficient to drive the KH
instability unstable its effect is evident in the distortion of
the inflow and outflow regions around the reconnection
X-lines. In fact, alternate simulation runs show that the
flow shear suppresses the growth of the tearing instability
as K is decreased and for sufficiently small values of K
the KH instability will occur.

[27] The auroral reconnection process we describe is an
extreme form of ‘guide field’ reconnection [Birn and Hesse,
2010]. The strength of the geomagnetic field (B,), which
plays the role of the ‘guide field’, is 100—1000 times greater
than the reconnecting field provided by the auroral current
sheet. For upward directed, east-west aligned current sheets
in the Northern Hemisphere, the reconnecting field points
westwards on the northern side of the current sheet and
eastwards on the southern side with the geomagnetic or
guide field vertically into plane where the reconnection
takes place. Schematics of the field-line configuration are
given by Otto and Birk [1993]. Through the auroral
reconnection process the distortions or stresses of the geo-
magnetic field due the field aligned current are in part
released and the magnetosphere is locally decoupled from
the ionosphere. In our simulation this proceeds through the
formation of magnetic islands or tearing modes. Via this
means the magnetic field undergoes reconfiguration - a
requirement often used in definitions for reconnection. For
the formation of auroral arcs the important consequence of
this process is an increase in the efficiency of energy con-
version from the free magnetic energy provided by the field-
aligned current to the downward acceleration of electrons.
This leads to bright periodic patches or auroral rays as often
found in active auroral forms. The presence of net transverse
electric fields over scales broader than the current sheet, or
arc element, will result in the advection of these patches
along the arc as observed.

[28] The cascade to smaller scales initiated by magnetic
reconnection and the tearing instability can through sec-
ondary instabilities drive a transition toward a turbulent state
[Seyler, 1990; Wu and Seyler, 2003]. We do not discuss the
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nature of these secondary processes here except to note that
the result of the cross-scale energy transport in the simula-
tion is a robust B(k, )Z/Ak ~ 3 scaling. This scaling is the
same as that 1nferred from the Vort1c1ty measurements
shown in Flgure 3 and by direct in-situ measurement of
X(k) /Ak, in a statistical study [Chaston et al., 2008]. T

suggest an heurlstlc description for the origins of th1s scahng
we invoke Kolmogorov’s locality assumption which pur-
ports that the energy transport through the cascade is gov-
erned by the eddy turnover tlme (7) at each k. The turnover
time is given by 7 = [kVi(k)] " where Vi(k) = [E(k) x B ]/B2

The energy transport rate through the cascade is then given
by e(k) = H(k)/T(k) where H(k) =% E* (k) + 5~ B (k) is the
electromagnetlc energy in the wave We now use the dis-
persion relation for inertial Alfvén waves invoked earlier

with the approx1mat10n E(k) = Ey(ky) = Bulk,)Vay /1 + k2N
to obtain 5(k) =% 2B, ) [gOVA (1+ kz)\ﬁ) +1 ]k V(1 + szﬁ)m

Now for & > X2 > 1 the first term on the RHS of e(k)
drops out and we find B(k )2/k 35( )2/ 3 where the
constants have been omitted. We note that in regions of
extreme plasma depletion where V;, — ¢, as sometimes
observed in the auroral acceleration region, the range in £,
where this scaling is appropriate may be quite narrow and the
relativistic version of the Alfvén speed [Lysak and Song,
2000] should be used. Expressed in terms of the observed
and simulated spectral measurements the scaling relationship
becomes Bx(ky)z/Aky ~ k;%a(ky)”3 . Since the observed power
law scaling suggests that the energy transport rate through
the cascade is effectlvely invariant with k, we can write

B (k )Z/Ak ~ k,5 as observed. This descrlptlon is consis-
tent w1th that used to understand turbulent cascades in
‘critical balance’ [Goldreich and Sridhar, 1995] and spe-
cifically with that proposed for kinetic Alfvén wave turbu-
lence in the solar wind as put forth by Howes et al. [2008]
among others. However, whether or not a fully turbulent
state is attained in the aurora and why dissipation over the
range where k,\, > 1 does not act to provide a steeper
spectral slope in observations than suggested by the fluid
simulations and the Kolmogorov-like analysis remain to be
determined.

[29] These results demonstrate the efficacy of combining
magnetically conjugate imaging and in-situ measurements
for advancing understanding of auroral particle acceleration
and arc evolution. The obvious next step is to perform high
resolution imaging that is continuously magnetically con-
jugate to measurements of particles, electric and magnetic
fields through the acceleration region. This is needed to
allow direct measurement of the field structures driving
auroral forms, and to relieve assumptions connecting optical
flow speeds to plasma motions. The next generation of
auroral physics missions should ideally then include in-situ
field and particle measurements through the acceleration
region with magnetically conjugate imaging providing
spatial and temporal resolution similar to or better than
provided by Reimei. To facilitate an understanding of the
relationship of the smaller scale forms to the larger scale
dynamics of the auroral oval and magnetosphere, a second
wide field imager containing the narrow field cameras field
of view within its broader field of view would be advanta-
geous. Since auroral acceleration potentials are structured in
three dimensions, ideally a second spacecraft magnetically
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conjugate with the first and separated over a variable range
of scales along the geomagnetic field would be included.
If budget and orbital mechanics allow, these measurements
could be augmented with additional lightly instrumented
spacecraft in approximately the same plane perpendicular to
the magnetic field to resolve transverse structure and tem-
poral evolution through the acceleration region. Such a
constellation would be a valuable asset not only for under-
standing the terrestrial aurora but also aurora on other planets
[Hess et al., 2010] and for providing new insights to help
understand the enigmatic filamentation and electron energi-
zation process in the Solar corona [ Emslie and Henoux, 1995]
which is not so easily reached.
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