
VOLUME 45, NUMBER 10 PHYSICAL REVIEW LETTERS 8 SEPTEMBER 1980

V-Potential Double Layers and the Formation of Auroral Arcs
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A simulation study of the electrostatic interaction of a field-aligned electron current
sheet with ambient hot iona P', /7; ~ 0.6) and a conducting boundary shows that a V-shaped
potential double layer spontaneously develops and accelerates electrons to the ion thermal
energy. It is proposed that this double-layer process is responsible for the aurora energy
supply. Only as T8/T; approaches unity, the potential exceeds T; via resistivity enhanced
by wave trapping of electrons.

PACS number s: 52.25.Lp, 94.30.Kq, 52.65.+ z

The acceleration mechanism of electrons which
cause the polar aurora has been one of the most
challenging problems in cosmic electrodynamics.
Satellite observations reveal two intriguing fea-
tures associated with thin curtainlike auroral
forms (auroral arcs) surrounding the geomagnet-
ic pole. The first is that an auroral arc is caused
by a thin sheet of electrons streaming down along
geomagnetic field lines and these electrons carry
a significant amount of field-aligned (upward-di-
rected) current. ' The second is an indication that
the sheet current is associated with a V-shaped
potential structure in which a potential difference
of a few kilovolts is present along the geomagnet-
ic field lines above the auroral ionosphere. ' Sev-
eral mechanisms, including double layers and
anomalous resistivity, have been proposed for
sustaining such a field-aligned potential differ-
ence in a, collisionless plasma (see review').

On the basis of the present simulation study,
the following physical picture has emerged in an
attempt to explain the above observations. A mag-
netized sheet of current-carrying electrons and
hot shielding ions (of plasma sheet origin) is in-
jected through a cool background plasma towards
a conducting (ionospheric) boundary. As the hot
ions try to shield the current sheet, a potential
drop forms perpendicular to the magnetic field
as a result of their larger Larmor radius (the
potential contours being parallel to the magnetic
field). The partially shielded electron beam ap-
proaches the conducting boundary and is acceler-
ated towards it, because the electrons near the
boundary "see" their opposite charged images on
the other side of the boundary. As the electron
sheet beam reaches the conductive layer, the po-
tential contours close, forming a V-shaped poten-
tial structure. The resulting potential drop is
limited by the ion kinetic energy T„ in agree-
ment with a two-dimensional, double-layer solu-
tion to Poisson's equation for a steady-state con-

dition. 4

However, once the electrons become acceler-
ated, they excite electrostatic waves through the
two-stream instability under certain conditions,
and they become trapped in the waves. When this
occurs, the total potential drop results from the
interaction potential (limited by T, ) and anoma-
lous resistivity (unlimited by T,). Thus, the
double layer develops through a two-step proc-
ess, involving both the conducting boundary and
the anomalous resistivity. The backscattered
electrons play a crucial role in that without them
the double layer is not stable and the collisionless
plasma is unable to sustain a steady-state voltage
drop. Ionospheric electrons and backscattered
electrons are supplied from the lower boundary
to guaraatee overall charge neutrality. Note that
this is in contrast with the formation of a classi-
cal sheath where the plasma gains potential with
respect to the wall because electrons are deplet-
ed because of their higher thermal velocity and
are lost from the plasma.

Our simulation shows that not only does a dou-
ble-layer solution exist, but it forms spontane-
ously and remains stable provided that the proper
initial and boundary conditions are met. This is
the first two-dimensional simulation that shows
a double layer can form under auroral conditions,
and demonstrates that it is capable of accelerat-
ing the

current-carrying

electrons to the ob-
served energies.

The initial and boundary conditions which we
use are (i) an upper boundary through which cur-
rent-carrying electrons and hot magnetospheric
ions are supplied from the plasma sheet, (ii) a
lower conducting boundary through which the up-
streaming ionospheric ions and the trapped elec-
trons are supplied (the ionospheric Pederson and
Hall conductivities are much larger than those in
the magnetosphere), and (iii) a cool background
plasma.
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Electrons and ions are injected at a constant
rate (drift velocity V„and temperature T, and

T, ) from the upper magnetospheric boundary (x
=N„b, with 4 being the grid size, the x axis par-
allel to the field lines). Similarly, ionospheric
ions are supplied at a constant rate from the low-
er boundary (x = 0) from half-Maxwellian reser-
voirs, but the injection of trapped electrons is
varied in order to maintain overall charge neu-
trality. Because of this variation, and because
particles are allowed to leave the system through
either boundary, the current is not determined
by the particle sources at the boundary. How-
ever, when the double-layer potential becomes
large enough to reflect upstreaming electrons
and downstreaming ions between the double layer
and the boundaries, the current is controlled by
the electron source and the upstreaming ions.
The potential drop' along field lines is not ap-
plied, but is allowed to evolve self-consistently
as a result of the interaction. This is different
from many previous double-layer simulations' in

which the potential was imposed externally.
The simulation is carried out according to a

bounded 2 —,
' dimensional electrostatic algorithm'.

periodic in the y direction, and bounded in the x
with the potential y =0 specified at x = 0 (the con-
ducting boundary) and E„=0 at x =N„A. The cur-
rent-carrying electrons are magnetized and re-
main as a sheet of finite thickness l, immersed
in hot ions. At x = 0, downstreaming electrons
are reflected up by degrading the energy by 6%.
The reflected electrons are to simulate backscat-
tering of the energy-degraded primary electrons,
which we find to play an important role in the for-
mation of the U-potential double layer. Typical
parameters employed are grid size N, xN, =128
x 32, E, =6~, the particle number 32 768, V„
=0.76v, » where v„denotes electron thermal ve-
locity, the electron cyclotron and plasma frequen-
cies 0, =2&u~„ the mass ratio m;/m, = 10, and the
electron Debye length gD, =d.

Figure 1 shows the potential structure, the elec-
tron and ion phase spaces at t = 2500cu~ '. [Fig-
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FIG. 1. Stable double layer at t =2500~~, t. (a) —(o) '1",/Z, =0.2; {d)-{f)1' /'1'. =().b (a) Potential contours with
i g = . ;. p= at x=0. (b) Electron phase space, integrated over y as in (c), (e), and gf). c Ion h

space. (d) Potential contours with A&=0.254' . Q=O at x=0. { )a x= . {e) Electron phase space. (f) Ion phase space.
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ures l(a)-1(c) for the case with temperature ra, -
tio T,/T, =0.2, while (d)-(f) for a cooler ion case
with T,/T, =0.6.] The temperature ratio T,/T,
= 0.2 closely models magnetospheric conditions.
A clear field-aligned potential drop is observed
in both cases. A double-layer structure is evi-
dent in the ion and electron phase spaces for both
sequences. In time, the double-layer structure
approaches steady state around 75~~, ', and re-
mains for the length of the run (up to 2500&.i~ ').

The potential for the case T,/T, = 0.2 shows that
the majority of the potential drop (0.7T;) occurs
over a short distance of 6go, near and above the
conducting boundary (the ionosphere). Above this
steep gradient the potential increases slowly (an
additional 0.06T, ) over a length of about L-60yD, .
This additional potential is small compared to the
drop near the conducting boundary. In the double-
layer region, there are downstreaming electrons,
trapped electrons (by the double layer), upstream-
ing ions, and trapped ions.

For T,/T,. =0.6, the potential increases from
zero to T; over a distance of 7xD, and then con-
tinues to increase at a slower rate, but to con-
siderably higher energy (21T;) over a distance of
100gD, . This suggests that there are two compli-
mentary mechanisms which produce the total po-
tential drop when the T,/T; ratio increases to-
ward unity. The first mechanism occurs only
within - AD, and the potential is limited by the
ion kinetic energy; this is the same for the case
T,/T, =0.2. The second mechanism operates
when T, approaches or becomes greater than T, .
Associated with this "additional potential drop"
is the prominent electron trapping by large ampli-
tude electrostatic waves as seen in Fig. 1(e).
These waves are due to the Buneman instability
excited by the accelerated electrons, Since the
most unstable wave number k- sr~, /V, (x) changes
as the electron beam is accelerated, the electron
phase space modulation wavelength increases a,s
the beam propagates toward the conducting bound-
ary. The wavelength of the vortex structure can
be scaled approximately by X(x) =2mV, (x)&u~ '.
The trapping of electrons by these waves can lead
to an increase of the effective resistivity (anoma-
lous electron dragging') and thus contributes to
the additional voltage drop distributed over the
length where the instability is active.

The effective collision frequency associated
with the additional voltage drop as a function of
the temperature ratio T,/T, is shown in Fig. 2(a).
The effective collision frequency v, ~ is deter-
mined by the effective conductivity cr* = ~~,'/4n v, *,
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FIG. 2. (a) Effective resistivity in the double layer
for various T, /T; (b) .Structure of the double layer at
various &, /T;.

where the conductivity is measured by electronic
current density divided by the electric field at
the location where the additional drop takes place.
When T,/T, reaches about 1, the effective colli-
sion frequency becomes well over the level given
by normal collisions v, . Figure 2(b) indicates
that the two-dimensional double-layer potential
provides approximately the same amount of volt-
age drop cp/T, irrespective of T,/T, The total
voltage drop y/T; across the system, however,
increases as T,/T, increases. At the same time,
the V-shaped equipotential lines become more
and more straight horizontal stripes, i.e. , one-
dimensional structure. For larger temperature
ratios (T,/T, ), it is easier to overcome the thresh-
old of the Buneman instability as well as those of
the ion-acoustic and ion-cyclotron instabilities.

The present simulation of the two-dimensional
V-potential double layer reproduces many of the
features which are found in the formation of au-
roral arcs. The essential elements include a
field-aligned electron sheet current interacting
with the surrounding magnetospheric ions and the
conducting ionosphere. The stable two-dimension-
al double layer accelerates electrons to the ener-
gy of the ambient hot ions in agreement with the
observations' for the case of T,/T, -0.2 which is
reasonable in the plasma sheet. In this tempera-
ture-ratio regime T,/T, ( 0.6, the contribution of
anomalous resistivity to the acceleration of elec-
trons is not important [see Fig. 2(a)]; it becomes
important when T,/T, ) 0.6. The tendency of in-
creasing potential drop in the double layer for in-
creasing field-aligned electron velocity V„(see
Fig. 3) is also consistent with auroral observa-
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FIG. 3. Properties of the double layer as a function
of electron drift velocity ~,~.

tions: A brighter aurora is associated with a
higher intensity of the field-aligned current.
When the temperature ratio is fixed at T,/T, =0.2, .
the structure stays as Vshaped even when V„ is
increased; the length of the double layer is found
to be proportional to V„.
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