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Abstract. Most of the high-altitude auroral electric fields groups: electric field profiles that are monopolar, bipolar, or
observed by CUSTER can be classified into monopolar and of a more complicated naturdohansson et af2006 have
bipolar structures. The observations associate monopolarelated monopolar fields to the lobe-plasma sheet interface,
electric fields with polar cap boundary arcs, while bipolar and thus to polar cap boundary arcs, while bipolar electric
fields tend to be linked to discrete arcs within the auroralfields tend to be associated with interfaces within the plasma
oval and to polar cap arcs. The present paper proposes an exheet. Bipolar electric fields are also found in polar cap arcs
planation for this association based on a simple model of th€Maggiolo et al, 2006.

magnetotail configuration and kinetic model computations. The present paper examines auroral monopolar and bipo-
The paper introduces a quasi-electrostatic model to describkar electric fields in the context of kinetic descriptions of
the auroral current system associated with monopolar angnhagnetospheric boundary layers that might be the genera-
bipolar high-altitude fields. Analytic solutions are presented.tors of discrete arcs or other auroral phenomdrl et al,

The model gives indications about the location of the up- and1996 De Keysey 1999 Echim et al, 2008. The paper also
downward field-aligned current regions, the ionospheric andaddresses the general properties of the auroral current cir-
magnetospheric convection along the arc, the acceleration atuits associated with such monopolar and bipolar electric
deceleration of precipitating particles, and the behaviour offields. These can be understood in terms of the structures
escaping ionospheric ions. identified for convergent/divergent electric fieldd(Keyser

Keywords. Magnetospheric physics (Auroral phenomena; and_Echim 2010, since monopolar ano_l bipolar electric field
Current systems; Magnetosphere-ionosphere interactions) profiles can be regarded as a succession of convergent and/or
divergent electric field configurations. Because of their fre-

guent occurrence in the auroral regions, however, monopolar
and bipolar fields merit a more detailed study.

Special attention is given to the high-altitude signatures of
the auroral system that are observable by spacecraft such as
_CLUSTER: The high-altitude perpendicular electric field, the
served by CUSTER above the auroral regions. Flying at fielq-aligned c'ur'rents, the upgoin'g elec.trons, and the escap-

ing ionospheric ions. The latter, in particular, turn out to be

an altitude of 4—&g, CLUSTER indicates that strong auro- L
ral electric fields are always found at plasma boundaries isensitive indicators of auroral current system structure. They

the magnetosphere. The observed electric field profiles caf'® a]so Important in the.|r own right, as au_roral 0N €scape 1
have various forms. One way of classifying these structure< Mmajor source of heavy ions in the terrestrial magnetosphere.
is to distinguish “convergent” and “divergent” electric fields, 1 1iS Paper is organized as follows. Sectdescribes the

which correspond to V-shaped or nested V-shaped magnetéleneral configuration and proposes a quallta'qve exp.lana.non
spheric potential profiles (e.d.yons 1980 1981 De Keyser as to why polar cap boundary arcs are associated with high-

and Echim 2010. Another classification considers three altitude monopolar fields while auroral oval arcs and polar
' cap arcs tend to correspond to high-altitude bipolar electric

fields. Section3 focuses on the auroral current system of
Correspondence tal. De Keyser monopolar electric fields. Sectighpresents a similar anal-
BY (iohan.dekeyser@aeronomie.be) ysis for the case of bipolar fields. The paper concludes with
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1 Introduction

Johansson et a(2005 2006 have conducted an in-depth
survey of the high-altitude electric fields that have been ob
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Table 1. Notation.

J. De Keyser et al.: Monopolar and bipolar auroral electric fields

Symbol Meaning

Ps gyroradius of (thermal) particles of species

Ly, £ absolute and dimensionless transition length of spadies TD interface

Wi perpendicular energy of (thermal) particles of spegies

h altitude of the topside ionosphere

X ionospheric coordinate across a 1-D structure, measured at akitude

X magnetospheric coordinate across a 1-D structure, measured at high altitude
b scaling factor relating distances at magnetospheric and ionospheric altitude
A | Ptail electric potential difference across the magnetotail

A | pext electric potential difference imposed across a TD interface

A1dTD maximum electric potential difference supported by a TD interface

¢ ionospheric electric potential at altitude

é magnetospheric electric potential at high altitude

AL, A1dL, ALdr  electric potential differences across magnetospheric interfaces

€L, €R, €C magnetospheric convection electric fields mapped to altitude

Ay field-aligned potential difference between ionosphere and magnetosphere
Jl field-aligned current (FAC) density at altitude

j” field-aligned current density at high altitude

Jy, JIp total downward and upward currents

>p, Ip height-integrated Pedersen conductivity and Pedersen current in the ionosphere
P, P, PR half-thickness of magnetospheric interfaces, measured at altitude

S half-thickness of embedded plasma region, measured at altitude

£,n positions wheren ¢ changes sign, measured at altitude

Ky Knight constant for the upward current in the basic FAC model

K_ Knight constant for the return current above the polar cap

Ky Knight constant for the return current above the oval in the basic FAC model
Ay Ay Axe length scales associated wikh,, K_, K., measured at altitudie

JjPO precipitation/outflow offset current in the advanced FAC model

Jo field-aligned current fon ;¢ = 0 in the advanced FAC model

Ko Knight constant for the precipitation/outflow offset current

At Ase length scales associated wikh. + K resp.K« + Ko, measured at altitude
Ady, Ads equivalent electric potentials associated wgland K + K resp.K« + Ko

a summary of the main findings and their implications. Fora quasi-static state. This assumption is believed to be realis-
convenience, Tabl& gives an overview of the notation used tic for long-lived larger-scale auroral structures, although it

in this paper.

2 Global configuration

cannot be true in general because of the dynamic auroral en-
vironment. The analysis presented here therefore refers to an
idealization, which nevertheless bears out a number of fea-
tures observed in auror&divads et al.2003 Echim et al,
2009.

At the outset, it is assumed that the magnetosphere harbours

sufficiently long-lived electric potential structures that drive 2.1 Electric potential differences in the tail

auroral current systems, i.e., the quasi-electrostatic picture

is adopted here (as done hyons, 1980 1981, Roth et al, Models of the solar wind—magnetosphere interaction imply
1996 De Keyser 1999 Echim et al, 2008 De Keyser and the existence of a dawn-dusk electric field across the mag-
Echim 2010. Such magnetospheric potential structures cannetotail, corresponding to a cross-tail potential difference
act as generators and are connected via field-aligned currents; ¢i,j. The cold plasma in the lobe convects along equipo-
to the ionosphere, which behaves as a load. It is, howevettential lines as its motion is dictated by tiilex B drift. The
also possible that the ionosphere at times acts as a driver afonvection patterns for different IMF conditions have been
the electric circuit. The model described here applies to bothreconstructed from GQJSTER measurementdfaaland et a).
cases. The central assumption is that the feedback effec008. They are reflected by the corresponding cross-polar
of the currents on the ionosphere and on the magnetospheritap potential and the convection cell pattern in the iono-
potential structure are not too strong so that the system is isphere. The cross-tail potential is typically on the order of
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40 kV. 1t is therefore not surprising that electric potential with a dimensionless thickness parameter 1, and where

differences of a fraction oA ¢ would exist across the m, andv,, denote ion mass and perpendicular thermal ve-

plasma sheet boundary, as this is the boundary between opéacity. Condition () can then be rewritten as

field lines connecting through the lobe to the solar wind, and ¢ 2

closed field lines that thread the plasma sheet, especially durA  gext < A1 D = ——m4 v, = — Wiy, 2)

ing substorms when the configuration is dynamically chang- Ze Ze

ing. There is, indeed, no a priori reason why the electricwith W, :m+vJ2_+/2, which tells us that the maximum

potential on either side of that boundary would be identical. electric potential difference expressed in Volt must be of the
order of the energyV’ , = W, /e of the hot ions expressed

2.2 Properties of discontinuities in the tail in electronVolt. While this simple argument does not include
the polarization and shielding effects that would occur in a

In a simplified picture, there exist two kinds of plasmas in thereal TD because of the interplay between the different par-

tail: cold and hot plasma. Cold plasma fills the lobes. WhiletiCIe populations, it captures an essential physical ingredi-

originally thought to be characterized by particle densities ofeNt t.hat is present in fully kinet.ic TD models. Note that this
0.01 cni3 (e.g. Gosling et al, 1985, densities are now be- MaXimum potential difference is closely related to the well-
lieved to be 0105 cnr-3 (Engwall ét al, 2009. Detection known flow shear limit across a TD, since flow shear gener-

of the lobe plasma is difficult because of its low energy (a fetes a potential difference across a finite-thickness TD layer

eV). Hot plasma fills the central plasma sheet and the plasmé%(;te[;o i964 1222 Roth et al, 1996 De Keyser et al.
sheet boundary, with densities up to a few particles per cm » D€ REyser 9. . o
and ion energies on the order of 5-10keV. These distinct An additional feature of TDs is the structure of their in-
plasmas are separated by field-aligned interfaces; the mag%-emal electric f'e_ld' Figurd presents the interface struc-
netic field lines in the lobes are essentially parallel tailward ure computed with a klnetlc_ T.D moddR()th et al, 1996.

from about 10Re. One can therefore think about plasma Ir) .SUCh models, each speciess charaqterlzed by a tran—
sheet structure in the tail as being of the tangential disconti—S't'gn Ienlgth ds.calele =|£Sps ’f where_?s IS thef gyroradius
nuity (TD) type in a rough first approximation. The kinetic an Zs'z a dimensioniess .actor. mg are free param-
structure of such discontinuities has been modeled in con€€"s N the model, but physical Cons_lderatlons suggest that
siderable detail (seRoth et al, 1996 for a review). Forthe A+ =L+ <5p+ and 1< L. /L_ <10; in the examples be-

sake of simplicity of the argument, we assume here that theréow' this is achieved witi?, =1 and¢_ =40. Consider

is no significant perpendicular plasma velocity shear acros@" mtcﬂace between a cold lobe plasma (with a density of
the TD. 0.1cm 2, 1eV electrons and 5 eV protons) and a hot plasma

sheet plasma (with typical density50cni3, 1 keV elec-

An essential characteristic of TD layers is that there is %rons and 5 keV protons), with gyroradii such tHagg <
limit to the potential difference they can support. Indeed,LCold+ & Lhot- < Lnots. The transition of the hot parti-

:\:/lonsme”r.aTD \IN'tl.l th(;(.:ktn%ss;. separﬁtmg tW(t) plaslmaf W:.[hl cle densities across the TD takes place on the two differ-
axwetlian velocity distributions. 1t an external potential oy |agih scalednor. and Lnot., which tends to produce

d{ﬁerencg Al Pext EXISLS across that layer, th? average elec-, charge separation effect and an attendant polarization elec-
ric field n the layer 'SI_Z ~ _,Ai‘be“/D' Consider now the tric field. As the length scale is rather large, this gives rise to
forces acting ona parpcle with charge and perpendicular significant potential variations. The lobe ions and electrons
thermal velocityv, inside the layer. The Lorentz force that experience a similar charge separation effect but the result-

lﬁts this pzirt:jclé %yrate 'E.Ia magnettlc f'?ldlw'ih. S?je;’(\j@h ing polarization electric field is negligible since the distance
as magnitude&Ze Bv,, while the external electric field in- g0 - andLegia,. are much shorter.

side th‘?,'aYGr provide; aforcg with magnitLZﬂeALfgbext/D. If there is no external potential difference (pex =0,
An equilibrium can exist only if the Lorentz force is stronger Fig. 1b) across the interface, there is a broad region with

than the ext_ernal electr_ic fiel_d; other_vvise th_e_part_icles CaN N mall| £, | (thickness scal&not+) and a narrow region with
longer be tied to the field line. This condition is satisfied large | E, | in the opposite sense (thickness on the order of
when Lnot—), SO that integratingz, produces the net zero poten-
tial difference: This is a bipolar electric field structure. The
Alpext<viBD = A ¢7D. (2) presence of a significant electric potential difference across
the layer affects the balance of positive and negative charges

The thickness of a TD in the plasma sheet must be on thdn the transition. For instance, faX, gex: < O (Fig. 1a), the

order of the largest gyroradius involved, that of the hot ions,external potential attracts hot electrons to the center of the
o+, SO that layer and repels the hot protons, while it does the reverse

for the cold plasma species. As a consequence, the elec-
tric field becomes more intense and has definitely a monopo-

myvi4 .
— lar character. FOA | ¢ext > 0 (Fig. 1c), the hot protons are

D=tp, =¢
P+=t"7.B
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Fig. 1. Electric structure of magnetospheric tangential discontinuity interfaces for different transverse electric potential differeages

as computed with a kinetic modeR6th et al, 1996. The magnetic field at the center of the interfaces was taken to be 40 nT. Top three
rows (a), (b), (c): Interfaces between a cold plasmal(6m 2, 1 eV electrons and 5eV protons, left of the interface) and a hot plasma
(05 cm 3, 1 keV electrons and 5 keV protons, right of the interface), typical of the lobe—plasma sheet boundary. Bottom thiee (@Wws

(f): Interfaces between two hot plasmasl(@nd 1 cnt3, 1 keV electrons and 5 keV protons). The electric potegtjahe transverse electric

field E, and the partial densities of the electrons andy+ of the protons to the left (black and red) and to the right of the interface (green
and blue), are given for each case.

attracted while the hot electrons are repelled; the resultingsheet, between two hot plasmas with the same temperatures
electric field structure is also monopolar, now with the op- (1 keV electrons and 5 keV protons) but with different densi-
posite sense. Considering an interface within the plasmaies, Q1 cni3 on one side and 1 cn? on the other side, one

Ann. Geophys., 28, 2022046 2010 www.ann-geophys.net/28/2027/2010/



J. De Keyser et al.: Monopolar and bipolar auroral electric fields 2031
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Fig. 2. Electric potential variation from the lobe to the center of the plasma sheet. Given an externally applied potential difegence
and given a maximum for the potential differentg$Tp across a single discontinuity, this can be accounted for by a single discontinuity
whenA | gext < Ay ¢7p (left panel) but requires more discontinuities whepgext is larger (right panel).

finds electric field profiles that are tripolar, but that would ence across the plasma sheet boundary then needs not be as
observationally often be considered as bipolar. Figdres  big (but would still produce a monopolar field) as additional

f show that the electric field exhibits structure on the two smaller potential differences appear across internal plasma
length scaled.hot— and Lyot. The detailed structure de- sheet interfaces; the latter may have monopolar or bipolar
pends on the degree of asymmetry between the densities aor more complicated electric fields. If the lobe-plasma sheet
either side, and on the actual temperatures. Bipolar electripotential difference\ | ¢ey; is larger, additional interfaces in-
fields can of course also appear when two interfaces wittside the plasma sheet are necessary for an equilibrium con-
monopolar electric field are situated very close together. Thafiguration to exist. One can therefore conclude that there of-

is the likely situation in polar cap arcs, which can often be ten must be significant potential differences across the lobe-
thought of as a layer of hot plasma embedded in a coldeplasma sheet interfaces, leading to monopolar electric fields.

environment Kaggiolo et al, 20086. At the same time, the existence of additional interfaces in-
) ) side the plasma sheet should come as no surprise, and such
2.3 Required number of interfaces interfaces may have monopolar, bipolar, or more complicated

is ol h ial diff b electric field structures, depending on the changes in temper-
It is clear that a transverse potential differentegeq be- 4t re angd density. Finally, there is also the possibility of hot

tween the lobe and the center of the plasma sheet may €X5135ma embedded in the lobe, giving rise to bipolar electric
ist, depending on the global magnetospheric conf|gurat|onﬁe|d structures that are pairs of monopolar fields.
Since the lobe plasma is so cold, interfaces inside the lobes

cannot support any significant electric potential difference.

Part of the totalA | gey: can be supported by lobe convection, 3 Monopolar electric fields

but the remainder must appear concentrated over a number

of interfaces at the lobe-plasma sheet boundary and/or insid&he auroral current circuit can be studied with a one-
the plasma sheet. This is illustrated in Figwhere the role  dimensional model based on current continuity. kede-

of lobe convection is not included for the sake of simplicity. note the horizontal coordinate perpendicular to the structure,
Because of the maximum potential differentegrp across ~ measured at an altitudecorresponding to the topside iono-
an individual interface (Ec), it follows that there must be  sphere, positive in the poleward direction. Height cho-

at least sen so that all horizontal currents are situated below that al-
Aigext _ Aldext titude. A .hlgh—alt.ltude positiot in t'he magnetospherg can
Ntp > be associated with each by following the magnetic field

= /

Argto 2Wihor line that connects the ionosphere to the magnetosphere; the
interfaces, given that usuallfnory =1 andfhoy 1. As  function £ (x) represents this mapping. All spatial variations
long as the potential difference is not too large,gext <  can then be expressed in terms of the ionospheric coordinate
A1¢7D, there should be at least one interfadéry > 1).  x. The high altitudes considered in this paper correspond to
The left panel in Fig2 illustrates this case. The simplest 5-6Rg, above the auroral acceleration region, the altitudes
configuration of the plasma sheet would be one in which theat which the CUSTER spacecraft typically cross the auro-
only hot-cold transition with a sharp density difference is lo- ral field lines. The electric potential profile in the magneto-
cated at the lobe-plasma sheet interface, thereby producinggpheric generatot) (£ (x)), is considered to be given. Cur-
monopolar electric field profile. Of course, the plasma sheetent continuity can then be expressedlagfs, 1980
might have more internal structure so that there are addi-
tional interfaces inside the plasma sheet. The potential differ-

www.ann-geophys.net/28/2027/2010/ Ann. Geophys., 28, 2Z026-2010
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Table 2. Populations and their associated piecewise linear current—voltage relation. Terms in black correspond to the simple model. A more
realistic model includes also the red terms to account for zero-potential currents due to precipitation of hot plasma sheet particles and the
outflow of heated ionospheric particles. Subscripts m and i refer to magnetospheric and ionospheric particles, respectivelgnahile

indicate ions and electrons.

population A <0 Ap=0

lobe electrons jm— = 0 0

lobe ions jm+ = 0 0

polar cap electrons Ji— = +Ki_A¢ 0

polar cap ions Ji+ = —KipAp¢ 0

plasma sheet electrons j;m— = jm_o+1€m_A”¢> jm_o+1€m_A”¢>+Km_A”¢>

plasma sheet ions Jjm+ = jm+of~Km+A”¢>+Km+A”¢ jm+of~1<m+A”¢>

auroral oval electrons  ji_ = jico+Ki—Aj9+Ki_A)¢ Ji—o+Ki—Ay¢

auroral oval ions Jit = Jiro— Kit Ajo—Kip A9 Jito— Kiy Ay
E i — the main current carriers. A more advanced model, which
o p o ¢ )= C/ -

incorporates also the red terms in the table, accounts for the

where¢ (x) is the ionospheric electric potential profilEp precipitation and outflow offset currenfso that exist for
represents the height-integrated Pedersen conductivity, and ;¢ =0 due to the hot plasma sheet electrons and the ions
Jji is the field-aligned current density in or out of the iono- that precipitate via the loss cone, as well as due to the outflow
sphere. The parallel currentg are taken to be vertical, and of ionospheric ions and electrons in the auroral oval when it
positive for upward currents. This equation states that thés bombarded by the hot plasma sheet particles. The con-
divergence offp = —Zpde¢/dx, the horizontal Pedersen cur- stants in the current—voltage relation (the Knight constants
rent integrated over the ionosphere up to altithgés bal-  and the zero-potential offsets) depend on source population
anced by the field-aligned currents. The ionosphere acts asproperties, such as density and temperature, as well as on the
load in the auroral current system, characterized by the Pedgeometric mapping between magnetosphere and ionosphere.
ersen conductivity; this conductivity is taken constant here.The currents implied by the additional terms must be small;
Note that the Hall conductivity does not appear in the model,if not, they would lead to a build-up of a magnetosphere-
because the Hall currents do not contribute to current closurégonosphere charge imbalance. Despite the fact that they are
in the one-dimensional setup. small, they may alter the configuration and affect the escape
A crucial element in the auroral current system are theof ionospheric ions. Adding the current contributions of all
field-aligned currents. The current—voltage relation indi- populations leads to a combined current-voltage relation that
cates how such currents relate to the field-aligned electrigs piecewise linear as well. The linear approximation has
potential differenceA ¢ = ¢ — ¢ between the ionospheric been used in the past (elgions 198Q Temerin and Carl-
(¢) and magnetospheriéﬁl electric potentials. The present son 1998, but it obviously is a simplification. The individ-
study employs a phenomenological approach by consideringla| currents are not independent from one another as charge
(piecewise) linear current—voltage relations (aB&Keyser ~ nheutrality must be maintained, and that would translate in a
and Echim 2010. The fundamental principle is that the certain relationship between the different Knight constants,
field-aligned current grows witiy ¢ for particles of one  as well as a possible deviation from linearity. Neverthe-
sign, while particles of the opposite sign experience an elecless, the linear approximation can already capture a number
tric potential barrier. We use two different models, both of of interesting properties of the actual physical system (e.g.,
which are summarized in Tabf The basic model includes De Keyser and Echin2010.
only the black terms given in the table. Faf¢ <0, a re- A monopolar electric field produces a step-like change
turn current is the net result of upgoing ionospheric ions andA ¢ in the magnetospheric electric potential. We consider
electrons. Electrons are accelerated out of the ionosphere armnfigurations as depicted in Figwhere a transversa | ¢
some of the ions can escape too if they have enough energgxists across the lobe-plasma sheet boundary. This boundary
to overcome the electric potential barrier, while the plasmamaps onto the polar cap boundary, at the poleward edge of
tries to maintain charge neutrality. The analysisf/edinand  the auroral oval. The transverse potential difference drives
Ronnmark(2005 indicates that a substantial upward elec- field-aligned currents that close horizontally as a Pedersen
tron flux can indeed exist when the accelerating potential iscurrent in the ionosphere; the upward currents are mainly
at lower altitude; this is supported by observations of blackdue to precipitating electrons that produce auroral emission.
aurora Marklund et al, 2001). For A¢ > 0 only precipitat- ~ The magnitude and sign @, depend on the overall state
ing plasma sheet electrons are considered as they usually aoé the magnetosphere. The magnetospheric electric potential

Ann. Geophys., 28, 2022046 2010 www.ann-geophys.net/28/2027/2010/
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plasma sheet
lobe boundary plasma sheet

lobe

—

P 4P
polar cap polar cap auroral oval

T

plasma sheet

Fig. 3. Sketch of the geometry for monopolar electric fields at the polar cap boundary. The polar cap boundary separates the polar cap
from the auroral oval and maps to the plasma sheet boundary layer, the interface between the lobe (black) and the plasma sheet (green
Up- and downward field-aligned currents (represented by arrows) flow on either side of the interface. The inset shows the one-dimensional
situation considered here. The blue curve gives the magnetospheric electric pgtegtialfunction of position across the structure, from

pole to equator. The shaded region indicates where hot ion and electron precipitation and ionospheric ion outflow occur. Hot ion and electron
precipitation extend throughout the interface.

distribution is closely related to plasma convection and re-The monopolar magnetospheric electric field is taken con-
flects the solar wind—magnetosphere and the magnetospherstant inside the interfacek, = —A ¢/2P. This is only
ionosphere coupling. Typically, velocity shears may be re-an approximation as observations indicate a more smoothly
sponsible for the potential difference across a plasma intervarying electric field profile Johansson et al2006. The
face. The sense of the velocity shear determines the sign daflectric fieldse. ander on either side of the lobe-plasma
AL, which turns out to be a crucial parameter for the struc-sheet interface are due to plasma convection. They are con-

ture of the auroral current system. sidered here to be relatively small.
Note that the thickness of the boundary is determined by
3.1 Monopolar field with Aﬂ;i <0 the hot plasma sheet particle gyroradii. These hot particles

are present throughout the transition, although their number

Consider an interface with thicknes® 2hat separates the actually depean on the sign 0ii¢ (as evident in Figl).
That would, strictly speaking, affect the value of the corre-

cold lobe plasma on the left from the hot plasma sheet on the . ; ) X
. T . . Sponding Knight constant; such changes are not considered
right, as in Fig.3. The problem domain then consists of the here

lobe (above the polar cap,< —P), the lobe-plasma sheet '

interface (corresponding to the polar cap boundary, <

x <+P), and the plasma sheet (above the auroral aval, 3.1.1 Basic field-aligned current model

P). The magnetospheric electric potential is represented by

If . ander are small, there clearly must be a point

[—P,+ P]inside the transition wher& ;¢ changes sign. The

. T basic field-aligned current model can then be summarized in

=1 30197, —P<=x=+P, (4)  a combined current-voltage relation above the auroral oval
+%A¢<f5 —er(x—P), +P<x. and the equatorward part of the boundary, whaye > 0,

“lAp—eax+P), x<-P,

www.ann-geophys.net/28/2027/2010/ Ann. Geophys., 28, 2Z026-2010
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as This solution exhibits a left/right symmetry, i.e., it is invari-
ji=Km-Ajp=KiAo. ant for a simultaneous exchange of the variables— i,

—Xx <> +x, —€L < +€R, and—A ¢ < +A ¢. (Note thats
Above the poleward part of the boundary, whexgp < 0, also changes sign for such an exchange.)

the current-voltage relation is A second special case occurs when the return current is

Ji=(Ki- —Kit + Km) A9 = Ko A9, rather strong. A strong return current can arise as a negative
while above the polar cap, where ¢ < 0 and where there parallel potential difference might be able to produce a fairly
is no precipitation rapid upward acceleration of the electrons and therefore a

) local depletion of the ionospheric electrons. This would have
Ji=&Ki-—Kip)Aip=K_4¢. two consequences: a large Knight constant (> K) and a
Ky, K., and K_ are the overall Knight constants, with low conductivity (an effect that we do not model here). Both
K. > K_. Armed with these current-voltage relations, cur- lead tox, <i_ <« P, while A is on the order ofP. One

rent continuity can be expressed as then finds that = — P, and the solution is

T@-d), x<-P, 0
d2¢ 17 ~ )
W: E(‘l&_(ﬁ)a —P<x<§, (5) x<—P,

Lo—d), E<x, (AL+2eRPIAs 2P [y it

rz:(qs ), &< o—i Lot R g /+S|nh")\—+, ®)
where . = Sp/K+, i = V/Ep/K: and A_ = ) —P=x<+P,
JZp/K_ > L, define the characteristic length scales. W&(l_e—%/ﬂ)e—u—m/h,
Writing down the form of the solutions in the four regions P +P<x,

]—o00,—P[, [—P,&[, [E,+P[, and [+ P,+oo[, each hav-

ing a linear magnetospheric potential profile and beingin which there is no parallel potential difference fox — P.
characterized by a specific Knight constant, and imposing\Note that\, andx_ have disappeared from the solution.

the boundary conditiong(+c0) =0 and the continuity A final special case is the thin interface limit, whén<
conditions for¢(x) and Ip(x) at —P, §, and+P, leadsto  , —, andp « A4, i.e., when the characteristic length
a linear system of 8 equations in 8 coefficients. This allowsgcales associated with the auroral circuit are all larger than

the problem to be solved in terms ®f which is determined  {he interface thickness. The conditioR¢(§) = 0 then
from Ay¢(§) =0. The full analytical solution is given in 3mounts to

Appendix A. To gain more insight, we look at a few special

cases. 2 _ry A€
When the current carried by precipitating magnetospheric‘§ = m [(A—_)”r) - A—M;]
ions in the return current region is negligible relative to the

current carried by the upgoing ionospheric particl&s (— whereAe =er —e€|, so thatt — 0 asP — 0. Note thatr,

Kit+ > Kmy), thenK,, = K_ andi,=2_. The point sep-  plays no role as the region with magnetospheric ion precip-
arating the up- and downward current regions can then beration becomes vanishingly thin. The ionospheric potential

©)

found explicitly as is

A_—A A_A ALp+2er P
g — + P _ + |O J_d:_’_ €R (6) (A (5_)\’ Ae) )\,,ex/)hf Y < 0

Ay Athy T ALp+2¢ P gy TR A g (10)
as long as the convection electric fields are small and/or the —(AL<$+A_A6)A)J{1;A: , 0<ux,

transition is sufficiently thin, so that the potential difference
across the structure dominates and the argument of the logFhis solution has the same left/right symmetry discussed be-
arithm is positive. The corresponding ionospheric potentialfore: It is invariant for an exchange of the variables< A,

is —X < +x, —€| <> +er, and—A ¢ < +A,p. The corre-
(A1p+2e P))_ 1@ 2E+P) /Ao yglx+P)/A sponding field-aligned currents are
BuorEa PP (1-e )e :
x<—P,
2 n A_et /- 0
(AJ_¢+42€|_P))L_ e P/ (@ /h _glx—20)/h-) ji= K_(Al(b—)urAe)—LH+ , x <0, (11)
P ’ - ~ —X/A
. —P<x<&, —Ky(Aip+r-Ae) S, 0<x,
bp=¢+1, . . (7
(A1p+2erP)A1 e P/rr (e—(x—zg)/x+_ex/x+) )
4p - P ’ The current forms two current sheets carrying up-
. Fsx<+p ward/downward field-aligned currents on either side of the
QUOA2RPIs (11 @E—P)/ht g (=P /Ay lobe-plasma sheet interface, with thicknessesanda . It
+P <x. is interesting to compute the total parallel current on either
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side of the interface. These integrated currents are o
0 ; @ = .
. Ajp—XriAe
J¢=/ Jjo)dr = Sp—————, o of
-0 Aoty (b)fi_f 0
+oo AL1p+i_Ae T 0 —
A v CREE —
The two currents are exactly opposite when the con- (d)fg M ' '
vectjon electric field difference is small,|Ae| « =2 \/
A p|/max{i_,rt}, sO that there is a local closure of @) .= «f ' H
the currents flowing between the magnetosphere and the “E i
ionosphere. @ = - T
Combining the thin interface approximation with the <%
strong return current limit, a marked asymmetry between the @ -
two sides arises as- < A4 (WhenK_ > K. ). As the scale 5@

lengthA_ decreases, the return current region becomes nar- (h 0
rower while the peak return current increases, so as to main-

Yl
[km/s]

tain the balance betweeh andJ;. The solution is 0 =
~ |0, x <0, @ :i or H
¢) = —_ ~ (12) (J) 0 - - - :
AJ_¢e7x/)‘+, Ofx - 100 [
B m! / — |
The field-aligned currents are B R o T T
 [km)]
- (A1d— )»+A€)[5(f ),  x<Q, (13) Fig. 4. Auroral current structure for a monopolar electric field
JI= K+AJ_¢€‘_X/)“+, 0<x, at the lobe-plasma sheet boundary, with an electric potential jump

A ¢ =—5kV and convection electric fieldg =10 mV/m and
whereé(x) is the Dirac function representing a thin current er =30 mV/m. The magnetic field mapping factor used to re-

sheet on the left side. The integrated currents are produce magnetospheric quantitiesbis= 10, corresponding to a
magnetospheric altitude just above the parallel acceleration region.
Aﬂlg — A€ Aﬂlg The boundary thickness is 10 km at ionospheric altitude (100 km at
Jy = EPT, Jy = —EPF, magnetospheric altitude). All quantities are plotted as a function of

x, the transverse horizontal coordinate at the altitude of the topside

which balance each other when the convection electric fieldéonosphere. The height-integrated Pedersen conductivity is 1 S. The
are small basic field-aligned current model was used, with Knight constants
' _ 2 _ 2 _ 2
Figure4 shows a typical lobe-plasma sheet boundary con-X - =15 A/KVM?, Ky =17 WA/kVm, andKy =5pA/kvms
figuration, with an electric potentialjurrmlq@:—S KV and (a) lonospheric and magnetospheric potential, blue resp. green;

. - (b) Parallel potential differencec) Field-aligned current at mag-
convection electric fields, =10 mV/m ander =30 mV/m netospheric an@d) at ionospheric altitude(e) Perpendicular elec-

(panel a). All quantities are plotted as a functionxofthe ¢ field at magnetospheric artf) ionospheric altitudetg) Height-
transverse horizontal coordinate at the altitude of the topsidentegrated Pedersen curreii) Parallel and(i) perpendicular ve-

ionosphere. The magnetic field mapping factor is typically locity at magnetospheric altitude, afi)l energy of upgoing ions
b= x(x)/x ~ 10 if the topside ionosphere is At=400km that escape from the ionosphere with an initial endigy= 100 eV
and if the magnetospheric altitude iRg. These parame- (H™, blue, and O, green).

ters are such that they reproduce the observed parallel current

densities at ionospheric altitude on the order of 1-10 |2A/m

for accelerating potentiala ¢ on the order of a kilovolt, ~treated separatelDg Keyser and Echin2010. The elec-
while the parallel current densities observed at high altitudetric potential jumpA ¢ = —5kV implies a monopolar field
are a factob? smaller, i.e., two orders of magnitude lower of 50 mV/m at magnetospheric altitude.

(Figueiredo et a).2005 Johansson et aR005 2006 2007). The ionospheric potential (panel a, blue) is a “smoothed”
The interface has a half-thicknegs= 5 km in the iono-  version of the magnetospheric profile (panel a, green). The
sphere, typical of observed discrete auroral arc curtains anfleld-aligned potential differenca ¢ is indeed< 0 on the
corresponding to a half-thickned® =50 km in the magne- lobe side and> 0 on the plasma sheet side (panel b), with
tosphere. Note also th#t <1, andP <A_. If Pislarger  Aj¢ changing sign & = —1.2km. The potential difference
than both, one deals with a pair of converging and diverg-peaks at—1.2 and+1.9 kV. The return current is located
ing electric field configurations so far apart that they can bepoleward of the interface, while the upward current region is
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2036 J. De Keyser et al.: Monopolar and bipolar auroral electric fields

found on the equatorward side (panels ¢ and d). The width oenergy (pitch angle 99, while they have an essentially par-
the parallel current regions is of the ordenaf=8.2kmand  allel motion above the auroral oval (pitch angle @ 180
A+ =14.1 km, respectively X, = 7.7 km plays only a sec- depending on the hemisphere).

ondary role inside the return current region). The narrower

return current region on the polar cap side has more intensé-1.2 Advanced field-aligned current model

currents than the broader upward current on the side of the . .

oval, since the total up- and downward currents must balancecOnsider now the same problem, but with the more advanced
While the monopolar magnetospheric electric field perpen_f!eld-allgned current model that includes (small) precipita-
dicular to the lobe-plasma sheet interface has the rectangdion/outflow offset currents. Such currents are only present
lar shape implicit in the imposed magnetospheric potentia@P0Ve the oval and its boundary, not above the polar cap.
(panel e), the ionospheric electric field transverse to the au! N current-voltage refation there is, ¢ > 0, (slightly)

roral structure is also monopolar but more smoothly varyingMedified to

(panel f). The height-integrated Pedersen current (panel g}»” = (jm_o+ jmio+ ji—0+ jiro)
peaks near the center of the polar cap boundary. - - - -

Itis particularly instructive to examine what happens in the +(Km—+ Km— = Ky + Ki = Kip) A6
auroral oval. Plasma sheet electrons are accelerated down- = jo+ (K++ Ko)A ¢ = jro+ K+ A ¢,
fons have an energy’,. m kev ihat s larger tham, g Vi precipitaion/oufiow offsetcurtenbo= jo-+ Ko,
KV (inequality 2 derived above), the plasma sheet ions can'/Ner€ Jjo = jm-0+ jm+0 + ji-0 + ji+o and Ko = K —
precipitate as well, despite some parallel deceleration, sincg ™+ +Ki— K.”' For Ay¢ <0, the current-voltage rela-
Ayp <A1 <20y W\ ,/Zy~2W' . Theionsinthe upper tion there now is
!onosph_ere gain energy throu_gh the mech_anlsm of transvsars;;| = (jm—0+ jm+o+ ji—o=+ ji+0)
ion heating by the lower hybrid waves excited by the precip- F(Kme +Kie — K
itation (Eliasson et a).1994 Moore et al, 1999. This may mET AR
lead to an outflow of the heated ions, mostly protons but with +Km— — Km+ +Ki—- = Kit) A9
a significant admixture of oxygenions. During outflow inthe = jo+ (K« + Ko)A ¢ = jro+ KA ¢.
diverging magnetic field, the perpendicular energy of these . .
particglesg is cognverted adiabatirc):alli)/ into parallel er?grgy. TakeAbove the polar cap, whegy¢ <0, the relation remains
this initial energy to bé¥y =100eV, a realistic valueHlias- Ji=(Ki- —Kip)Aj¢p=K_Ajo.
son et al.1994). The assumption of a constant initial energy
is of course quite crude. In reality it depends on the ion massAS l0ng asKo is small compared t&_, K., andK_, the
the ionospheric conditions, and the precipitation, but as the? |¢-dependence of; doesn’t change much. The presence
ionospheric ions are used here as “tracers’ to illustrate the ba@f @ smalljo, however, has a fundamental effect on the nature
sic behaviour, this assumption is sufficient. In addition to the©f the solution. One must distinguish two different situations.
initial escape velocity corresponding ¥y, the ionospheric
ions experience a further parallel acceleration by the paralle
potential difference as they flow upward, leading to signifi-

cant parallel velocities at high altitude (panel h, blue for H . .
and preen for @). The argllel velocit(pof the O ions is Ao (+o0) > 0 when jeo < 0. The overall configura-

9 ) P Y . tion then is the same as before, with a return current on
about 1/4th that of the protons because the energy gain e poleward (left) side and an upward current on the

mass-mdep(.endenp At .the same time, thesg lons eXper.'enc@quatorward (right) side of the interface. Current continuity
an E x B drift, which gives them a perpendicular velocity implies

v, = E, /B (paneli). This produces a peculiar behaviour of

the upgoing ion energies (panel j). Inside the transition, the , Aiz(¢—¢3), x<-—P,
O™ energy exceeds that of'td the perpendicular drift speed d?¢ |T A

increases monotonically with altitude in a mass-independenig, 2~ E((p _d’f A, —P=x<s, (14)
manner, so that the Oions acquire 4 times more perpendic- %2(05 —¢+Apy), E=ux,

ular energy than the protons. Outside the transition, the en- -

ergies of H and OF are identical as¥p was assumed to be where i, = Tp/(K++Ko), i+ = /Zp/(K++Ko),

the same for both species and as they are accelerated througty. = jo/ (K« + Ko), andA¢+ = jo/(K+ + Ko). One may
the same potential difference. The outflowing ions have aregard A¢, and A¢, as equivalent potentials that would
high energy inside the boundary, which drops off on a lengthproduce a parallel currerig with the given Knight constants
scale), towards the background enerf§p. Thisresultcan K, andK, respectively.

also be interpreted in terms of the particle pitch angles: inside Expressing the boundary conditions and the continuity of
the transition the ionospheric ions have mainly perpendicular (x) andIp(x) at — P, &, and+ P again gives a linear:88

I\Iegative precipitation/outflow offset current

The boundary condition jj(+00) = 0 requires that

Ann. Geophys., 28, 2022046 2010 www.ann-geophys.net/28/2027/2010/
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Fig. 5. Auroral current structure for a monopolar electric field at the lobe—plasma sheet boundary, similadid&ignow computed with
the advanced field-aligned current model. Lgf= —3 uA/m? and K = 0.5 pA/kV m2. Right: jo = +3 pA/m2 andK = 0.5 pA/KV m2.

system, leading to a solution in terms&fthe point where

that make sense when compared to the field-aligned currents

Ao changes sign inside the transition. The analytical ex-produced by parallel acceleration. The ionospheric potential
pressions are too complicated to be given here, but the prob{panel a, blue) remains above the magnetospheric potential

lem can also be solved numerically.

It is instructive to take a look at the thin interface limit,

P — 0. In that casé& — 0. The solution then is

A~ ~ X /A
(ALp—Apy —hpAe) =S
+Ay

A
P d3 x <0,
=¢+ —
(AL P—Ap+h_ A) =L A,
+ +
A_Ahg
O0<x,
with the field-aligned currents
2 = r_et/
K (A=A —hyhe) =2,
x <0,

=

A~ T a—x/A
—(K4+K0) (AL d—Ad 41— Ae) 2
A.7+)\.+

0<x,
from which 1, and A¢, have disappeared.

boundary conditions.

(15)

(16)

Note that
¢ (+00) = —A¢, > 0 and thatj;(+o0) =0 to satisfy the

for x - +oo (panel a, green), so that;¢ < 0 on the lobe
side andA ¢ > 0 on the plasma sheet side, changing sign at
& =—1.8km (slightly poleward of its position in the absence
of a precipitation/outflow offset current), and asymptotically
reaching the valua ¢, (panel b). The presence of the small
Jeo does not significantly affect the electrostatic structure:
The field-aligned currents, the electric fields, and the Peder-
sen current remain essentially the same (panels c—g). What
does change, however, are the properties of the outflow-
ing ionospheric ions. Since there exists a honzero positive
Ay¢ > A¢, throughout the auroral oval region, the upgoing
ions experience parallel electrostatic acceleration throughout
that region (panel h). The perpendicular ion velocities are not
really affected (panel i). As a result, the energy of the out-
flowing ions above the oval is noticeably higher, at a value
Wo+ ZeA¢, away from the interface (panel j).

Positive precipitation/outflow offset current

When jpo > 0, the parallel current can vanish asymptotically

Figure5, left column, shows the lobe-plasma sheet bound-only if Aj¢ <0 there. The configuration is now a bit more
ary configuration, for the same parameters as before. Acomplicated: For a small positivieo > 0, the parallel poten-
small precipitation/outflow offset current is added, charac-tial difference is negative for < &, with & inside the transi-

terized by jo = —3 pA/m? and Ko = 0.5 pA/kVm?, values

www.ann-geophys.net/28/2027/2010/
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for x > . Current continuity states that asx — +o0. The field-aligned potential differencg¢ is
1 R negative on the lobe side, changes sigy,abecomes pos-
E(‘P_‘f’)’ x<—P, itive on the plasma sheet side, until it turns negative again
d2p Xi2(¢_<[s_|-A¢*), —P<x<&, at n, after which it asymptotically reaches the valne,

-—=31 - a7 anel b). Since the parallel potential difference now is a bit
dr? E(d) _?+ Ag+), E=x<m, I(grger w%en compargd to thepcaﬁegz 0, the field-aligned
X%(gzb —+A¢), n=x. currents are somewhat stronger and the ionospheric perpen-
i dicular electric field and the Pedersen current are more in-
EXpreSSing the bOUndary conditions and the Continuity) of tense (pane|s C_g)_ The outﬂowing ionospheric jons now
and/patx=—P, &, +P, andn, results in a 1& 10 linear  have to overcome an electric potential barrier for 7. If
system that gives the solution in termssadindy. These tran-  their initial energyWop exceedsZ eA ¢, they can still es-
sition points are found from the nonlinear algebraic systeMcape but their parallel velocity is reduced; Wy is insuf-
Aj¢(§) =0 andA¢(n) =0, which can be solved numeri- ficient to overcome the barrier, then the outflow region has

cally. only a limited extent, as in the present example (panels h—j).
The problem is more tractable in the thin interface limit

P — 0, wheng =0. Current continuity then is expressed by 3.2 Monopolar field with A1 > 0

F@—9), x <0,

P The auroral current circuit has a completely different struc-
22 @ ?+A¢+)’ O=x<m, (18) ture for the opposite sign of the potential difference across
1—12(¢> —¢+Ady), n=ux, the interface A ¢ > 0. We will address this situation only

with the basic field-aligned current model.
with the notation introduced before. Expressing the bound-

ary conditions and the continuity @f(x) andIp(x) atx =0
andx =, results in a 6< 6 system that gives the solution
in terms ofy. The latter is found from the condition that
Aj¢(n) =0, which is the nonlinear algebraic equation

d?¢
2

3.2.1 Basic field-aligned current modelAe >0

If Ae > 0, the parallel potential difference must be positive
for x < 0 and negative far > 0, with a sign change at a point

(% + %)(M +A_)e2n/x+ & inside the boundary. Following the basic field-aligned cur-
= A A rent model, the parallel currents above the auroral oval and
+2(A1¢ = Ady +A_Ae)el the equatorward part of the boundary, whergs < 0, are

+(%+ - %)(L —2)=0.
- Ji = (Ki- = Kiy + Kmp) Ao = KAy .
This equation is quadratic irffé+ and can be solved analyt-
ically. An approximation is found by observing thato is With A ¢ > 0, the parallel currents are
small, so that) > 1. The quadratic equation then reduces
to a linear one, from which .
JI=Km-8p=K+4¢

—2(A1p— Apy +A_Ae)
(%+%)(i++l—) ’ above the poleward part of the boundary. The lobe and
At A the polar cap are not able to supply significant current for
Aj¢ > 0, resulting in a small Knight constant as there are
not enough lobe particles to maintain a strong precipitation
(the lobe density may be D-0.5 particles per cth(Engwall

n~iilog

The argument of the logarithm is positive far ¢ < 0 and
whenAce is small enough. Ad\¢, andA¢, become smaller

for jpo— 0, the transition point) becomes progressively i :
larger. et al, 20006, but their low energies correspond to a narrow

Figure 5, right column, shows the lobe-plasma sheet loss cone and to speeds that are too slow to provide a sig-

boundary for a precipitation/outflow offset current given by nificant flux) nor ionospheric particles to flow upward (neg-
jo=+3pA/m? and Ko = 0.5 pA/kV m2. The sign changes ligible precipitation implies that the upper ionosphere is not
of Ay¢ até =—0.3km andy = 26.0 km determine the lim- heated; also, the sign of the parallel potential is such that it
ited extent of the region where the ionospheric ions can es"OW has to accelerate ions rather than electrons out of the
cape. The numerical solution of the nonlinear equations®NoSPhere, which is much harder because of their mass). A
for £ andy has been simplified by using the values found small Knight gonstant is equivalent to a qug length scalg.
for £ in the absence of precipitation/outflow offset current AS 10ng as this length scale exceeds the size of the region
(Sect.3.1.1) and fory in the thin interface limit (derived considered here, the Knight constant is effectively zero and
above) as initial guesses. The ionospheric potential (panel a,

blue) is below the magnetospheric potential (panel a, green); =0

Ann. Geophys., 28, 2022046 2010 www.ann-geophys.net/28/2027/2010/
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Basic modelAe >0 Basic modelAe <0
s v v v v - v v XM
@:z @ S B o
B q Y
-8 X L I 1 1 I n -8
b)es s = 4F
( )<T 22 a= af
0 0
& 06 & 06
(€= 1=2 0 A
= I =
(d)_% T oaf
R N =0 AN
s 20 -
= E 0
(e)j >: {1 4=
) 4 E b
= 0 ER
(f) g S g = am
£ 40 E 00
02 _0
(g)& ,: 0 £ i 0
- 0. 0.2
\ = ; s00 F \
> —] Y . . , :
- - v T o : : v
4 T £ o
1 sop N N N T
! — IUU! T T T T
{ =2 v} \
. L n n | 01l , . . A

-100 -50 o 50 100 -100 -50 0 50 100
2 [km] @ [km]

Fig. 6. Auroral current structure for monopolar electric fields at a lobe—plasma sheet boundaryita +5 kV. The boundary thickness
is 10 km at ionospheric altitude. The basic field-aligned current model was used. ¢Lef:—80 mV/m andeg = 30 mV/m. Right:
€L =30mV/m andeg = —80 mV/m.

above the polar cap. Current continuity can now be expressedurrent layer is associated with a narrow region of magneto-
as spheric electron precipitation and upward accelerated iono-
spheric ions. It is separated by a gap from the continuous

0, x<—P, T X
R . R precipitation and upflow above the auroral oval. The precip-
— =109, —P=x<§, (19) itating electrons come from the poleward edge of the plasma
dx pf(qs_q;), £<x. sheet population, which pervades the interface. In the sim-

ple description used here, the density of the plasma sheet

Solving this ordinary differential equation piecewise gives particles drops abruptly at that poleward edge, while in re-
the ionospheric potential in terms &f which is found from  ality @ smooth change in density is expected across the in-

Ajp(E)=0. terface over a thickness scale dictated by the particle gyrora-
It is again illustrative to consider the thin interface limit, dius. Above the auroral oval, away from its poleward border,
in which the ionospheric potential is there is ionospheric ion outflow (panel h) but these ions are
not accelerated beyond their initial enerdy (panel j).
A AJ_(i;—)\,*AE, x <0,
=0+ {—A*Aee—x/k*, 0<x. (20) 322 Basic field-aligned current modelAe <0

The ionospheric potential above the polar cap varies linearlyf Ae < 0, it turns out that several configurations are possible,

with x, with the same slope as. Obviously,A, does not depending on the values of, g, P, andA 4. Only one of

intervene in the thin interface solution. them will be analyzed here. Consider the situation where
The left panel of Fig.6 shows a typical solution for Aj;¢ > 0 everywhere. The field-aligned currents above the

A1 =5KkV and for aP =5 km thick interface. The paral- auroral oval and its boundary are

lel potential difference (panel b) is large above the polar cap,

on the order ofA ¢. In the example the convection elec- jj=Km_Ajp =KAo,

tric fields were chosen rather large to obtain a clear figure,

€L = —80 mV/m andeg = 30 mV/m. A strong field-aligned  while above the polar cap

current appears inside the boundary, near its poleward border

(panels cand d, betweenP = —5kmandé =2.2km). This  j; =0.

www.ann-geophys.net/28/2027/2010/ Ann. Geophys., 28, 2026-2010
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Fig. 7. Various configurations can give rise to bipolar auroral electric fields. This sketch shows the geometry for a slab of plasma sheet-

like hot plasma (orange), embedded in the cold lobe medium (black) and separated from the plasma sheet itself (green). Such an entity
would map into the polar cap, and could give rise to a polar cap arc. Up- and downward currents (represented by arrows) couple the
magnetospheric structure to its ionospheric signature. The inset shows the one-dimensional situation considered here. The blue curve give

the magnetospheric electric potentfads a function of position across the structure, from pole to equator. The shaded region indicates where
hot ion and electron precipitation and ionospheric ion outflow occur. Hot ion and electron precipitation extend throughout both interfaces.

The solution can again be computed from the current conti4.1
nuity condition. The ionospheric potential in the thin inter-
face limitis

Bipolar field with A ¢, <0 and A ér >0

Consider a pair of interfaces, separated by a distaficé Re

left interface has half-thicknes® , the one at the righPg.

x <0,

. |ALd—2iAe,
{M’ +Ae 21)
O0<x,

=¢+
¢=¢ —Ay Aee /At

which is very similar to the previous case. As shown in the
right panel of Fig.6, a field-aligned current appears at the
poleward edge of the interface and the gap between the out-
flow in the polar cap boundary and above the oval has disap-
peared.

b=
4 Bipolar electric fields

Turning to the case of bipolar electric fields, the number

of possible configurations increases dramatically. The dis-
cussion is limited here to situations where hot plasma sheet
plasma is embedded in colder plasma sheet or lobe material

— AL +ec(S—PL)—el (x+S+PL),
x<—S-P,

+ec(S—PL+HEE (x+S—PL),
—S—P_.<x<—-S+P_,

—€cx,
—S+P.<x<+S5—Pr,
—€c(S—PR)+ 3R (x—S+PR),
+S—Pr<x <+4+S+PR,

+A 1 pr—ec(S—PR)—€r(x—S—PR),
+S+Pr<x,

This situation can be represented by a magnetospheric poten-
tial profile of the form (Fig.7)

(22)

(Fig. 7). The medium on either side of the structure is as-where¢(0) =0. The size of the structur, is larger than

sumed to be identical, and the two potential jurpg. and
A1 ¢Rr on either side have the same order of magnitude.

Ann. Geophys., 28, 2022046 2010

the interface thicknesses but smaller than or on the order of
the characteristic auroral length scales (A«, A); if not, it
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would be more appropriate to view the two potential jumps asat the other boundary. As expected, the two problems decou-
individual monopolar transitions. Small convection electric ple completely forS — oo, as Eq. 24) then reduces to two
fieldseL, ec, ander may be present. Whef 1pL <0 (> 0) separate instantiations of E4.(}.

andA; ¢r > 0 (< 0), the parallel potential difference is neg- Wheni_ « S, that is, whenk _ is very large, a simpler
ative (positive) outside the structure and positive (negative)form of solution is found, with = —A ¢ andg = A ¢R,

within. so that
4.1.1 Basic field-aligned current model ~ ALgReS/H +AL¢L Q) hs
¢p=¢ +
AS/hy _
The parallel potential changes from negative to positive at ALLES+ 1A ng

e (=9)/r+

some point in the left interface, and from positive to nega- -

. . . . S/hy —
tive atn in the right interface, so that eh/ —1

inside the central region anl= ¢ outside. The upward cur-

%((p_q))’ x<=S-h, rent clearly extends throughout the embedded region, with
L@¢—¢), —S—-P=<x<&, impulse-like return current regions on either side. The au-
dz_¢= ql*z(qs_q;)’ E<x<n, (23) roral current circuit then is completely characterized by the
dx2 A1+ . - ¢-profile and by (or, equivalently,K ). Using the sym-
g(qﬁ —¢), nN=<x<+S+PR, metric version of this simple solution, with ¢ = —A | ¢ =
i2(¢_¢3), +S+Pr<x. +AL<;3R, it is easy to assess the thickness above which the
= bipolar structure can be considered as two adjacent monopo-
The same solution strategy applies as before, witth (§) = lar ones. The relative magnitude of the parallel potential dif-

0 andA ¢ (n) = 0 forming a set of two nonlinear algebraic ference at the center is
equations from whicl§ andn are obtained. The analytical
form of the solution is not given here as it is too complicated A”d’(AO) _20 _?(0) - L ,
to be useful. Ag A cosh25/4.+)

It is again instructive to look at the thin interface limit,
whené = —§ andn =+S. Using the boundary conditions
and requiring continuity of (x) and Ip(x) at —S and+S,
and solving the system, results in

so thatA ¢ (0) is less than a fractiogr of the maximum po-
tential differencen | ¢ for a thickness & > . arccoskil/v).
For instance, fory = 0.1, the thickness must exceed

2.993\.
(a+ ALpp)ex+S)/r— Figure 8, left panel, shows the solution for a bipo-
x <—P, lar configuration withA ;¢ = —5kV and Aj¢r = +3 kV,
S/ S/, eL =10 mV/m, ec =50 mV/m, ander = —30 mV/m, and
b=t B st 0T =) (24)  With K_ =15 pA/KVm?, K, = 17 pA/kVm?, and K =
—P<x<+P, 5uA/kV m? as before. The interface half-thicknesses are
B— ALpr)e /A P. =4km and Pr =5km, less than the embedded region
+P<x, thickness, but of the same order. A posititge is found in

the hot plasma region, which i$2= 40 km wide. The paral-
where the field-aligned potential differences just inward of lel potential changes sign at=—21.0 km andy = 23.1 km.

the left and right boundaries are Hot electron precipitation is fairly intense in the inner region,
as/i with accelerating potentiale and 8 of the order ofALqAbL
o = Ao (ALGLIES O +32) + O —2)] andA ¢r (panels a and b). Since the energy of the hot ions
—A+A6L[e45/*+ A +rA)—(Ay:—22)] exceedsAlch and AL¢R (if not, such tangential disconti-
+25 0, (A LR+ A_AER) ) /K — AL, nuities could not exist), they are able to precipitate as well
o as despite the fact thah ¢ decelerates them. Given the fact
B =2r-_(ALBRIE™ ™ (A +2-) + (g —2)] that the hot particle precipitation extends throughout the in-
2t Ar[EVH (o +2) — (g —2)] terfaces, upflowing ionospheric ions are found over a region
—2&54 ) (AL +A_AeL)) /i + ALdR, that_is slightly broader thaf%, ], as just outside this region
the ions have an energyy that enables them to overcome
wherex = e*/*+ (4 +1-)2— (A4 —r_)2and whereAe. =  even a slight negative,;¢. Upward field-aligned currents

ec—eL andAeg =ec —er. FOrS > i, the terms in &/*+ flow in the embedded plasma region, while return currents
dominate. The terms involving;¢r and Aeg in the ex-  flow on either side (panels ¢ and d). The bipolar perpen-
pression fore, and those involvingA ¢, and Ae in the dicular electric field at magnetospheric altitude is character-
expression fop, then become irrelevant: The parallel poten- ized by two pulses of opposite sign (panel e), while the iono-
tial at one boundary does not depend on the potential jumsphericE | alternates sign more smoothly across the bipolar
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Fig. 8. Auroral current structure for bipolar electric fields that correspond to a 40 km wide region (400 km in the magnetosphere) of plasma
sheet material embedded in the lobe. The left and right interfaces have thicknesses of 8 and 10 km. Left: for electric potential jumps
AL =—5kV andA | dr =+3KkV and convection electric fields = 10 mV/m, ec =50 mV/m, andegr = —30 mV/m. Right: for electric

potential jumpsAJ_q3|_ =+5kV andA | ¢g = —3 kV. The convection electric fields atg = —20 mV/m, ec =0mV/m, andegr =10 mV/m.

electric field structure (panel f). The profile of the Peder-4.2 Bipolar field with A ¢ > 0 and A g <O

sen current illustrates that the upward and downward currents

across each of both interfaces more or less balance each othiéthe magnetospheric potential jumps have the opposite sign
(panel g). lonospheric ions are accelerated upward and aa@s beforeA ¢ > 0 andA | ¢r < O, different configurations
guire a substantial parallel velocity (panel h). The particlesare possible depending on the signs/afi and Aer. As
acquire a perpendiculak x B drift velocity (pitch angles an example, the discussion here addresses the/case 0

90r) of opposite sign at the two interfaces (panel i). Inside and Aer < 0, with small convection electric fields, so that
the embedded plasma sheet region, the upgoing ion energfne parallel potential difference is negative in the embedded
is mainly parallel (pitch angle®0or 180 depending on the layer.

hemisphere), as the ions there gain a significant parallel en-

ergy by field-aligned acceleration, on top of their initial en- 4.2.1 Basic field-aligned current model

ergy Wo (panel j).

Given thatA ¢ < 0 between point§ and# located inside
the interfaces, and ¢ > 0 outside, current continuity based

4.1.2  Advanced field-aligned current model on the basic field-aligned current model dictates that

It is possible to address the same problem with the advanced 0, X <—=S—P,

field-aligned current model. For a negatiygy, the sign of ) /\%(d;—(ﬁ), —S—P <x<§,

Ay ¢ is positive in the embedded region, so that the samed_¢> _ i(¢_¢3) £<x< (25)
type of solution remains valid. For a positiyeo, the par-  dx2 — Ali e =E=0

allel potential A ¢ can in principle become negative in the E((P—qﬁ), n=<x<+S+PR,

embedded region. However, §fis of the order ofi; and 0, +S+Pg <x.

if jo is small, this never happens as the length scale associ-
ated with jo is much wider than the structure. A smgo For the sake of simplicity, we turn again to the thin interface
therefore does not significantly affect the solution. limit where& = —S andn =+S. The ionospheric potential
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thenis structure associated with these monopolar and bipolar elec-
tric fields has been presented. The analysis is based on the
principle of current continuity in the context of an electro-
static model, so that the horizontal ionospheric current can be
related to the field-aligned currents in- and out of the iono-
sphere. This allows the computation of the field-aligned po-
tential differences, the parallel currents, and the properties of
escaping ionospheric ions. The simplifications (ad hoc pro-
file of the magnetospheric electric potential, constant con-

fductivity, piecewise linear form of the current—voltage rela-

a+ AP,
x<-—P,
aesﬁh*_l[je_s/’h* _ )\* ae—S/I\*_ﬁeSA* )L*
2sinf255,) © ¥/ 2snrasi) € 5
—P<x<+P,

(26)

B—ALdR,
+P <x,

where the field-aligned potential differences just inward o

the left and right boundaries are

tio

n, ...) are such that the essential properties of the system

are retained (see alf¥e Keyser and Echinr2010.

tanh(2S/x.) cosh(2S/Ay) )’
B = +)‘—*<A€R_L)_
tanh(2S/14) cosh2S/ry)

The above expressions ferandg illustrate howe becomes
independent oAer andg of A¢ forlargeS/A,, as the elec-
tric field structure then consists of two individual monopolar
transitions.

Figure8, right column, shows the solution for thick bound-
aries (PL =4 km and Pr =5km). The parallel poten-
tial difference changes sign at poinis= —17.1 km and
n=16.6 km. Since the hot particle precipitation is present
throughout the two interfaces, upward current regions with
electron precipitation and upgoing ions are present at the
outer edges of the interfaces; the return current is situated
below the core of the embedded structure.

4.2.2 Advanced field-aligned current model

It is again possible to address this problem with the ad-
vanced field-aligned current model. Since, however, the
field-aligned currents are still considered negligible outside
the embedded structure, there will only be a small effect on
the solution inside the structure. If the embedded region is
narrow enough, that effect is negligible.

5 Conclusions

Auroral current circuits are associated with magnetospheric
interfaces Roth et al, 1993 Marghitu et al, 2006 Echim

et al, 2007, 2009 Johansson et al200§. The hypothe-

sis made here is that an external potential difference may
exist across such interfaces (asRwoth et al, 1993. A
different, but essentially equivalent assumption is that there
may be velocity shears across them (aBD@éKeyser 1999
Echim et al, 2007). Based on fundamental properties of
field-aligned plasma interfaces (tangential discontinuities),
this paper has demonstrated that these potential differences
give rise to strong perpendicular electric fields inside the in-

Three possibilities have been considered:

1. Hot plasma sheet material in contact with cold lobe
plasma: This is exactly the situation at the plasma sheet
boundary layer (the polar cap boundary). It has been
shown that it is quite natural that a significant exter-
nal potential difference appears across this layer. Ki-
netic model simulations illustrate that this gives rise to
monopolar electric fields. The association of monopolar
fields with the polar cap boundary has been established
observationally Johansson et al200§. An analysis
of the electric structure shows that, for an equatorward
monopolar field, the hot particles can always precipi-
tate so that they can heat up the ionosphere and lead to
the escape of ionospheric ions. For a poleward electric
field, precipitation and ion escape are typically weaker
and sometimes even precluded.

. Hot plasma sheet material embedded in cold lobe
plasma: this produces a pair of monopolar fields that
may be so close together that one should treat them as
a bipolar field structure. This can be a model for (some
types of) polar cap arcdMaggiolo et al, 200§. For
electric field pairs with an equatorward field on the pole-
ward edge and poleward field on the equatorward edge,
hot magnetospheric ions are able to precipitate through-
out the embedded region, which is exactly what is ob-
served in polar cap arcs. For the opposite sign of the
electric fields, electron precipitation and ion outflow is
much less pronounced or even absent.

. Different hot plasmas in contact with each other: This
occurs at interfaces inside the plasma sheet. Such inter-
nal structure may arise during times of activity in the
tail. In this case, bipolar or even more complicated
electric field structures appear. The regions of oppo-
site electric field then are always close to each other, at
a distance of a few hot particle gyroradii at most. The
predominant association of bipolar fields with the inte-
rior plasma sheet has also been found observationally
(Johansson et aR006.

terfaces, of monopolar and bipolar type, or even more comNote that there may be magnetospheric sources of monopolar
plicated. In addition, an analysis of auroral current circuit or bipolar electric fields other than those in the plasma sheet
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or at the plasma sheet boundary, for instance, in the LLBLAppendix A

(Echim et al, 2008. The same principles govern the elec- )

tric structure of such interfaces to the extent that they can b&olution for monopolar field (A1 ¢ < 0)
modelled as tangential discontinuities.

Monopolar and bipolar electric fields give rise to com- This Appendix gives the full analytic solution for the iono-
pound ionospheric structures, that include both upward an@pheric potential in the case of a monopolar electric field
downward current regions. This implies that one finds char-With A ¢ <0 at a thick interface (half-thicknes®), using
acteristics of both discrete arcs (in the upward current rethe basic field-aligned current model. This is the problem
gions) and of black aurorae (in the return current regions)described in Sec8.1.1
For instance, at the polar cap boundary an intense arc is ex- The solution can be expressed in terms¢ofthe point
pected at the poleward edge of the auroral oval, adjacent to where the field-aligned potential difference changes sign.
black aurora at the equatorward edge of the polar cap. In narThe conditionA ¢ (£) =0 corresponds to
row bipolar field §tructures, several successive up- and down—Ang 4 2erP =y (AL +26, P), (A1)
ward current regions may be present.

Hot plasma sheet particle precipitation often occurswhere
throughout the auroral oval, with stronger emission typically A eP=6)/1y
at its poleward border due to !arge potential q|fferences attheg’ = »_coStEZZ 1 A, sinhe?
plasma sheet boundary. During substorms, internal structure = -
may develop in the plasma sheet, giving rise to the subseSolving this nonlinear equation fgr, the ionospheric poten-
quent appearance of discrete arcs inside the oval. Our anattal is found as

ysis of the various configurations indicates that this precipi- A2 Py o P
tation very often leads to a significant outflow of ionospheric 2Py -1 ’
ions. This must be a major source for the ldnd O cir- X x<-P
culation in the magnetospher€l{appell et a].1987 Moore %ﬁj“’A*(Cze*@f*P)/M+C3e(X+P)/M),
et al, 1999. Another general conclusion is that, for many . —P<x<E&,
of these auroral structures, the ionogphe_ric electric fielq ip=¢+ A+2eP (Cag -+ PYiag Cogls—PYiny (A2)
strong enough to produce ionospheric drift and convection 4Pv +it4 5 ’
along the auroral arc, thus contributing to ionospheric plasma R §=x<+P,
convection in the auroral zon&llen et al, 2008. %}:FJ’MQ}@(%PVM,
The analysis presented here relies on an electrostatic +P<x,

model. The magnetospheric configuration varies in time, aI-With
though the structure often persists over a time scale of min-
utes (e.gFigueiredo et a.2005. That is sufficient to estab- v = (Ah ) (hdh)02T2 — (As—h 4 ) (A ),
lish the quasi-electrostatic auroral current circuits discussedc [, s 02022 N
here. Major time-dependent effects include, but are not lim-C1 = LA+ +(hith)o Tl = 2A 10401y /T4 A,
ited to, (1) low-frequency waves communica‘Fing the field ¢, = ()L++)L*))L_g*2_(A__)L*)Mg*mry/f*u,
changes between the magnetosphere and the ionosphere (e.Cg.
Ronnmark and Hamrir2000; (2) ionospheric conductivity = (G4 A)h — (AAh)A 1 0:Te0 4y /T4,
variations due to precipitation, ionospheric drift, and neutral ¢, = Oeti) M) 027202 — (Mgbhs) (h——hi) 0 2
winds (Lyons 1981, Walterscheid and Lyond.992 Echim
et al, 2008; (3) lower hybrid waves, generated in the up-
per ionosphere by the precipitation and responsible for transCs = —1,
verse ion heatln_gE(Ilas_sto_n et aj.1994_t Moore_ et al, 1999; Co = (hyhu) (hhs) — (A++A*)(A++k_)oftf
(4) waves and instabilities due to interactions between the 2. 2
various up- and downgoing particle beams on the same field —(A4 ) (A——A)o /T
lines; (5) depletion and replenishment of the particles at the +(rg—hs) )0 2t202 /72
magnetospheric interface as discussedbth et al.(1993
andDe Keyser(1999; and (6) enhanced wave activity pro- " A " ™
viding the pitch-angle scattering needed for re-populating theVhereo, = &/ oy =€/t g =Pt 1y =P/
loss cone (e.gSigsbee et 811998 Swift, 2001). AcknowledgementsThis work was supported by the Bel-
gian Science Policy Office through Prodex/CLUSTER (con-
tract 13127/98/NL/VJ(IC)) and the Belgian Solar-Terrestrial Centre
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