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Abstract. We discuss a model for the quasi-stationary cou-sity. For higher values of the LLBL electron temperature the
pling between magnetospheric sheared flows in the dusk seenodel gives negative field-aligned potential drops in regions
tor and discrete auroral arcs, previously analyzed for the casadjacent to upward field-aligned currents.

of a uniform height-integrated Pedersen conductiviy ). .
. ) . ... Keywords. lonosphere (Auroral ionosphere) — Magne-
Here we introduce an ionospheric feedback as the variation ) . )
. L . _tospheric physics (Auroral phenomena; Magnetosphere-
of T p with the energy flux of precipitating magnetospheric . . .
: ionosphere interactions)
electrons €m). One key-component of the model is the
kinetic description of the interface between the duskward
LLBL and the plasma sheet that gives the profilebgf, the
magnetospheric electrostatic potential. The velocity shear i |ntroduction

the dusk LLBL plays the role of a generator for the auroral

CiI‘CUit Closing through Pedersen currents in the auroral ionODiscrete aurora| arcs Observed in the postnoon and evening
sphere. The field-aligned current densiiy, and the energy  sector are a rather common phenomenon. It has been sug-
flux of precipitating electrons are given by analytic func- gested that auroral activity in these regions is associated with
tions of the field-aligned potential dropy®, derived from  the Low Latitude Boundary Layer (LLBL), thus with di-
standard kinetic models of the adiabatic motion of particles.rect solar wind — magnetosphere interactiBythrOW et a|'

The ionospheric electrostatic potentidl; (and implicitely 1981 Evans 1985 Lundin and Evans1985 Lundin et al,

A®) is determined from the current continuity equation in 1995, According to recent statistical analysis based on par-
the ionosphere. We obtain values/d of the order of kilo-  ticle spectra measured by the DMSP satellites and ground
volt and of ji; of the order of tens ok A/m? in thin regions  pased dataNewell et al, 2004 2005 the locus of bright

Of the Ol‘del‘ Of SeVeral kilometerS at 200 km altitude. The ostnoon aurora| spots covers a region that maps to the LLBL
spatial scale is significantly smaller and the peak values ognd to the Boundary Plasma Sheet (BPS) or Plasma Sheet
A®, jj andeem are higher than in the case of a unifoli».  Boundary Layer (PSBL). The electrodynamics of large scale
Effects on the postnoon/evening auroral arc electrodynamicséof the order of 100 km) postnoon arcs seems to be sensitive
due to variations of dusk LLBL and solar wind dynamic and to the IMF B, orientation Kozlovsky and Kangas2001).
kinetic pressure are discussed. In thin regions (of the ordef)pen et al.(1994 showed examples of postnoon discrete
of kilometer) embedding the maximum af® we evidence  arcs with a thickness of 10-20 km and a lifetime of abegt

a non-linear regime of the current-voltage relationship. Thetg 5 min, embedded in a quasi-stable background luminosity.
model predicts also that visible arcs form when the velocity Moen et al.(1994 associated this type of auroral structures
shear in LLBL is above a threshold value depending on theyg magnetosheath plasma elements impulsively penetrating
generator and ionospheric plasma properties. Brighter arcghe | LBL (Lemaire 1977 Lemaire and Roth1978 or the

are obtained for increased velocity shear in the LLBL; their kelvin-Helmholtz instability driven by the velocity shear in
spatial scale remains virtually unmodified. The field-alignedthe [ LBL (e.g.Hasegawal976 Miura and Pritchett1982
potential drop tends to decrease with increasing LLBL den-\\ij et al, 1990. A statistical analysisMo and Murphreg
1995 based on Viking UV images shows that the occur-
Correspondence tavl. M. Echim rence of postnoon auroral bright spots is favored by high so-
(marius.echim@oma.be) lar wind speed, low density, and an IMF;, <0, suggesting
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that not only the IMF direction, but also the velocity shear ical models Harel et al, 1977 Robinson et a).1987 give
plays an important role in triggering the dayside aurora. Ve-simple formulas that relate the height-integrated Pedersen
locity shears at ionospheric altitudes, related to a higher aland Hall conductivities to the energy flux of the precipitat-
titude “source” region, have been observed at the edges dhg electrons.
discrete arcs (see, eXpgt et al, 1999. A model of dayside An enhanced height-integrated Pedersen conductivity due
aurora based on spatial Kelvin-Helmholtz modulations of theto precipitating auroral electrons provides a positive feed-
LLBL without ionospheric feedback has been proposed byback to the coupling between the horizontal, Pedersen, iono-
Yamamoto and OzakP005. spheric currents and the magnetospheric field-aligned ones.
Modeling the Magnetosphere-lonosphere (M-1) coupling Early fluid models discussed the development of a feedback
aims to understand and evaluate the effects of changes iimstability feeding the multiplicity of auroral arcAtkin-
the macroscopic parameters of the magnetospheric and sgon 1970 Satq 1978 and stressing the active role of the
lar wind plasma (e.g. the shear of bulk velocity, the den-ionosphere in driving magnetospheric electron precipitation.
sity and the electron temperature) on the morphology andlime-dependent models based on ideal MHEakhtengertz
electrodynamics of discrete auroral arcs. Models based omnd Feldstein1984 Lysak 1986 have emphasized the pos-
a kinetic treatment of adiabatic motion of particles have suc=ible role of Alfven waves in accelerating auroral electrons.
cessfully described the large-scale structure (tens to hundredehey have stressed the role of conductivity fluctuations for
of kilometers) of the field-aligned potential drop consis- the formation of auroral arcs and their spatial scaling. Al-
tent with inverted-V spectra of precipitating electro@h{u though one cannot describe a static parallel electric field in
and Schulz1978 Lyons 198Q Chiu and Cornwall1980. ideal MHD, it has been shown by one and two-fluid simula-
Time-dependent MHD simulations based on the concept otions (Lotko et al, 1987 Ronnmark and Hamrir2000Q that
anomalous, or turbulent, resistivity and ionospheric feed-after a sufficiently long simulation time the system driven by
back through reflected Alén waves reproduced multiple Alfvén waves relaxes to a quasi-static situation similar to the
arcs with spatial scales of the order of tens of kilometers orone described by kinetic models, i.e. with a stationary field-
less (e.gAtkinson 1970 Satq 1978 Lysak 1986 Lysak  aligned potential drop extending along the auroral flux tube.
and Song2002. The feedback effect has been also introduced in steady-state
Based on convergent E-field distributions fitted to experi- kinetic models like the ones developedlbsons (1980 and
mental datalyons (1981) has shown that arclike, narrower Chiu and Cornwal(1980), that will be briefly reviewed in
structures can be obtained with quasi-static kinetic models othe next section.
M-I coupling. In a previous papeE¢him et al, 2007, here- In this paper we do not take into account time-dependent
inafter referred to as ERDKO7) we have demonstrated theeffects but we treat a steady state solution of the current con-
coupling between magnetospheric and ionospheric spatiainuity equation in the ionosphere. Thus the ionospheric
scales and the formation of field-aligned current sheets andeedback is introduced via the Pedersen conductabee,
channels of precipitating energy connecting the auroral ionothat depends on the precipitating electron energy #ux,
sphere with the generator. The latter is described by a selfas described bidarel et al.(1977); any other model fo p
consistent solution derived as in kinetic models of tangentialcan be also used. In the next section we briefly review the
discontinuities Roth et al, 1999. The spatial scales of the main features of the quasi-static coupling model. Then we
obtained auroral structures (field-aligned current sheets anfllustrate and discuss the numerical solutions obtained with
auroral arcs) are of the order of kilometers. In this previ- ionospheric feedback for various plasma parameters in the
ous study we considered a uniform height-integrated Pedergenerator. The paper concludes with a summary and discus-
sen conductivity. Thus the role of the ionospheric feedbacksijon.
on the coupling was not investigated.
The energy deposited by auroral electrons and the addi-
tional ionization produced in regions associated with visible2 A quasi-stationary model for the coupling between
discrete auroral arcs have been evaluated by various models sheared flows in the LLBL and the postnoon discrete
of auroral electron transport (see, eSfrickland et al.1976 auroral arcs
Sergienko and lvang\1993 Solomon 1993 Lummerzheim
and Lilensten 1994). These models emphasize the differ- Ad-hoc convergent electric fields in the magnetosphere were
ence between secondary electrons produced by precipitatinggeated in earlier studies Byons (1980 1981) as the basis
auroral particles and photoelectrons produced by incident sofor discrete arcs. A description of magnetospheric genera-
lar UV radiation. The distribution of photoelectrons is much tors based on the tangential discontinuity (TD) model was
broader in space and more stable in time and contribute t@iven by Roth et al.(1993 and De Keyser et al(1998.
a background ionospheric conductivity. Secondary electrongn this study we consider the inner edge of the low latitude
are localized in time and space in active auroral regions; theiboundary layer (LLBL) at the dusk flank of the magneto-
flux depends on the flux of precipitating energy and enhancesphere. This interface separates a region of magnetospheric
locally the conductivity (see, e.glardy et al,1989. Empir- (MSPH) low density, stagnant plasma with a relatively high
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Fig. 1. Diagram illustrating the geometry considered to study the coupling between a sheared flow LLBL and the postnoon/evening iono-
sphere.(a) A schematic 3-D view of the magnetospheric dusk flafi; A simpler, conical geometry has been adopted to describe a flux

tube extended from lower/ionospheric altitudes {o upper/magnetospheric leve},{). The upper boundary of the flux tube coincides with

a sector that includes the sheared flow layer at the interface between the LLBL and the magnetospheric dusk flank (MSPH). The shearec
flow layer is described by a TD and plays the role of an auroral generator, as explained in the text. The velocity profile is illustrated by
circles whose radius is proportional to the local value of the bulk velocity; the velocity is oriented anti-sunward, along the y-axis, into the
page (adapted frofachim et al, 2007).

thermal energy from the adjacent denser plasma moving antibe also applied for the dawn LLBL where divergent electric
sunward in the LLBL. The LLBL plasma properties (veloc- fields are likely to be obtained in the TD solution. This re-
ity, density) are closely connected to solar wind parameterssults in downward field-aligned currents into the ionosphere
The two asymptotic states are described in TdblEhe tran-  (Marklund et al, 2001). The pair of upward and downward
sition between the plasma-sheet like plasma (MSPH) and thearallel currents, respectively at the duskside and dawnside
LLBL plasma is obtained numerically with a Vlasov equilib- of the LLBL corresponds with the poleward region 1 parallel
rium solution derived from the principles of kinetic models of current (ijima and Potemral976.
tangential discontinuities (TD) with sheared flows, described The TD solution provides the profile @,,, the electro-
by Roth et al.(1996. One key feature of the solution is the static potential in the magnetosphere. It describes an un-
self-consistent electric field perpendicular to the surface ofiloaded voltage generator like the ones discussedRbth
discontinuity. Note that the intensity of this convergent elec-et al. (1993 and De Keyser et al(1998. The duskward
tric field depends on the shear of the bulk velocity, the gradi-LLBL is coupled by magnetic field lines to the conducting
ent of temperature and the gradient of density. ionosphere, i.e. the generator is connected to the ionospheric
The relative orientation of the magnetic field, plasmaload. Therefore magnetospheric plasma is in contact with
bulk velocity and velocity shear defining the magnetosphericthe ionospheric plasma. It can be assumed that the external
plasma TD interface correspond to the inner edge of thedriver sustaining the sheared plasma flow (the solar wind)
duskward LLBL (see Figla). The solutions does not de- do also continuously replenishes the loss cone and maintains
pend, however, on the chosen geometry. The model cathe electric field at the inner edge of the LLBL. The effects of
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the coupling to the auroral ionosphere on the LLBL structureergy, eem, derived from the empirical formula ddarel et al.
itself are not considered in this study. This type of effects(1977):

have been discussed in the framework of fluid models of the

LLBL by Lotko et al.(1987, Drakou et al(1994, Weietal.  Xp = Xpo + a/€em )
(1996. Lotko et al.(1987 showed that LLBL sheared flows ) i , P
with speeds of the order of 200 km/s might be braked by theln Ed- @, Zp andXZpo are givenin S, aneem, in JnT“s .

: i _ 2 -2 L -3/2
coupling to the ionosphere through field-aligned currents andn Harel's modelpo=0.5 S andi=160 Cs2m 2kg 32,
electric field on time scales of the order of tens of minutes. 270 IS the base level of the ambient conductance, produced

The adiabatic motion of magnetospheric and ionosphericby the solar EUV radiation. The energy flux of precipitating

articles originating near the LLBL sheared layer and preci _electronsfem, is determined from the second-order moment
pari 9 g nea . . Yer and precip- ¢ 1o solution of the stationary Vlasov equatidrefnaire
itating along magnetic fields lines into the auroral ionosphere

- ) ; n hererl973 Lundin an n 78:
contributes to a net field-aligned current. When the Hall cur-a d Scherer1973 Lundin and Sandanl 97§
rents are divergence free, a situation quite often encountered

in the auroral ionospher&(giura 1984, the current conti- ¢, — N (kT;7)b kT x

nuity equation in the ionosphere requires that the net parallel 2m™

current in the ionosphergj() is equal to the divergence of N N 1\ _ae*

the horizontal height-integrated Pedersen current in the iono- (2+A07) —|AP"+2{1- »)1€ o ©)
sphere (p):

where N, and T,; are the density and temperature of
dlp d dd; the magnt_atosph_eric electrorts=B; /By, >_l is the magr_1etic
To = o ( P%) (2) compression ratio and ®*=eA®/kT,, is the normalized
! ! ! field-aligned acceleration energy due to the field-aligned po-
tential difference A®. By replacing Eq. %) in Eqg. (1) one
btains:

(@i, &) = —

where x; denotes the distance perpendicular to the arc a
ionospheric altitude ang; is the electrostatic potential in
the ionosphere at altitudg. , d?®; a dd;

The field-aligned current density,;, is a function of the J(®is Pm) = Epo dx;? + 2 ; (d_>

1T X Veem(®i, ) \ dxi

field-aligned potential droph ®=®; —®,,; this relationship deéem(®;, D) d2;
is known as the current-voltage relation (or Ohm’s law) for B + av/eem(P;, %Jﬁ (4)
the auroral electric circuit. It has been computed by several i i
authors for aA ® monotonically decreasing with altitude and The second and third term in the right-hand side of Bj. (
assuming adiabatic motion of particles along the flux tubedescribe the feedback; they vanish wi®p is uniform and
connecting the ionospheric load and the magnetospheric gerequal to the constari po.
erator described by Maxwellian (Knight, 1973; Lemaire and The type of feedback described by Eqg—4) has been
Scherer, 1973; Chiu and Schulz, 1978), biMaxwellian (Frid- considered in slightly different forms in previous models of
man and Lemaire, 1980) or kappa (Pierrard, 1996) velocquasi-static coupling between the magnetosphere and the au-
ity distribution functions. A recent review on the current- roral ionosphere Lyons (1980 used the same formulas of
voltage relation has been publishedRigrrard et al(2007).  Harel et al.(1977). In the model ofChiu and Cornwall
The current-voltage relation can be linearized for a limited (1980 the number of secondary electrons is taken propor-
range of A® (Knight, 1973 Lyons et al. 1979. In this  tional to j;. In these previous models the profile of the
paper we use analytical formulas f@r(A®) obtained for  magnetospheric/generator potentid), is prescribed Chiu
a monotonically decreasing® and Maxwellian magneto-  and Cornwal(1980) obtained auroral arcs with spatial scales
spheric and ionospheric sourcésight, 1973 Lemaire and  of the order of 40km at 2000 km altitude. The novelty of
Scherer1973. The net field-aligned current density,, is  our model with respect to previous kinetic ones is the self-
the sum of partial current densities due to magnetospherigonsistent description of the generator by a TD model and its
electrons and protons as well as ionospheric electrons angoupling to the ionosphere, including the feedback described
three species of ionospheric ions*HO*, He™). Gravita- by Eq. @).
tional effects are neglected. Equatid) gives a quantitative The model is quasi-stationary. It describes processes with
description of the coupling between plasma and field prop+time scale §7) larger than: (1)., the time needed for an
erties at the inner edges of the LLBL (the generator), andelectron to move from the magnetospheric generator to the
the plasma and field properties in the ionospheric load; it iSionospheric end of the magnetic flux tube and {g) the
solved for the unknowrp; and the input parameteds,, and  time needed for an Alfén wave to travel between the two
Xp. ends of the flux tubes. The time scaleis related to the

The ionospheric feedback effect is introduced via the re-stationarity of the generator; it gives a measure of the time
lationship betweenzp and the flux of precipitating en- needed to empty/replenish the loss congjs related to the
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time needed for a perturbation to propagate between the gerof about 2 km. Figurel gives a detail of the plasma density
erator and the load and is a measure of the stationarity oprofile and illustrates the effects on the density of changing
the entire auroral circuit. Note that a 1keV electron travelsthe asymptotic parameter¥y gL, n 5 and7; g . The
along 20 Earth radii in about 7 s while the travel time of an profiles of the magnetospheric potentid,,, as well as of
Alfv én wave would be of the order of several minutes. Inthe plasma density, illustrated in Figs2—4 are introduced
the next section we discuss numerical solutions of BY. ( in Eqgs. @) and @) and the current continuity is then solved

obtained for various profiles of the generator potentig, for the ionospheric potentia®; (x;).
corresponding to different values of plasma velocity, density
and electron pressure at the inner edge of the LLBL. 3.2 Solutions of the current continuity equation in the
ionosphere
3 Quasi-stationary M-I coupling: numerical results We assume that the plasma and field properties vary only in
the direction perpendicular to the arc. The current continu-
3.1 TD solution for the generator ity equation is height-integrated up to the top of the iono-

sphere, at=z;, thus the problem is one-dimensional, with

At the interface between the LLBL and the magnetosphericthe spatial variable; — the ionospheric coordinate normal to
dusk flank we consider a right-handed reference frame withthe arc at the ionospheric altitude (see Hi). The mag-
the interface layer containing the (y-z) plane. As shown innetospheric potentiatp,,, is given by the TD solution as a
Fig. 1a, the z-axis is aligned with the magnetic field direction, function ofx,, — the x-coordinate at magnetospheric altitude
the y-axis is oriented anti-sunward along the LLBL velocity, z,,. The profile of®,, has to be mapped intd,, (x;) at the
and the x-axisx;, in Fig. 1a) is perpendicular to the interface ionospheric altitude;;, the mapping rule being determined
layer. by the topology of the magnetic field. In ERDKO7 as well as

The transition between two asymptotic states of plasmain this paper we follonLyons (1980 and use a simpler con-
and field variables in the generator is computed self-ical mapping withx,,=x;/B;/B,,. We consider a reference
consistently from the TD model dRoth et al.(1996. The  ionospheric altitude of;=200 km and a magnetic compres-
boundary conditions of the TD model (bulk velocity, den- sion factory/b=32.
sity, temperature) are specified at left i, (the MSPH The ionospheric feedbackE p=Xp(eem) included in
side) and at right in,,r (the LLBL side);x,,. =—10000km  Eqg. (4) adds some nonlinearity to the current continuity equa-
and x,,r=+5000 km in the examples discussed below. At tion solved as a two-point boundary problem. We noticed
the right hand-side of the TD the LLBL plasma bulk ve- that the solution converges very slowly, if ever, when the
locity, density and electron temperature take each of thenboundary conditions, in;=x; andx;=x;r correspond to a
a set of different values; the resulting TD solutions are plot-zero parallel potential drop (as in the worklgfons, 1980,
ted in Fig.2. One color is assigned to solutions obtained for or a zero total field-aligned current density (as in ERDKO07).
variations of one parameteVi( gL, nLLsL Of T g ); When  The solution converges for a broader range of input param-
a parameter is varied, the others take the reference valuasters and the convergence is faster when the boundary con-
ViLeL =200 km/s, ni gL =5cm 3, T gL.=10eV. The pa- ditions specify a vanishing flux of the precipitating energy,
rameters at the left hand-side of the TD, labeled MSPH,e.=0. The fluctuations o » are therefore smoother close
are kept constant for all the solutions illustrated in FIg.  to the boundaries. This type of boundary condition can also
their values are specified in Table 1. Note that the over-be sustained on physical grounds by recalling that auroral
all magnetospheric transition layer maps into an ionosphericrcs are structures localized spatially, defined by a signifi-
region extending roughly over 480 km in the direc- cant electron precipitation that vanishes at the edges of the
tion. Figure 2 shows however only the central region arc. We tested a range of values fe=x; andx;=x;r for
(—200 km<x,, <200 km) of the magnetospheric TD solu- which the boundary conditiorsem, =0 was imposed. We
tion; the corresponding ionospheric projection extends overchose limits large enough so that the overall profile of solu-
roughly 15 km. tions of Eq. &) did not vary anymore with;. andx;r. In

The various magnetospheric TD solutions illustrated inthis way we are able to determine a self-consistent spatial
Fig. 2 show that the most significant changes of the mag-scale of the discrete arc, independent of the boundary con-
netospheric potentialp,,, are produced by variation of the ditions. Self-consistent scales of the inverted-V region (tens
LLBL bulk velocity, which is connected to the solar wind to hundreds of kilometers) were obtained with quasi-static
speed. A detailed view on the central region of the magnetomodels byChiu and Cornwal(1980. The partial current
spheric potential is given in Fi® and illustrate small varia- densities corresponding to all species treated in our model
tions of ®,,, of the order of 100-200V, introduced by vari- have been computed from the analytical expressions given
ations ofn | 5 and7 g at the right hand-side of the TD. in the Appendix of ERDKO7. The numerical method used
The substructure of the magnetospheric potential evidencetb solve Eq. 4) is based on finite differences and a damped
in Fig. 3 maps into a thin ionospheric region with a thickness Newton iterative procedure. The solutions are computed in
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Fig. 2. Vlasov equilibrium solutions describing the magnetospheric generator. The panels(shdle magnetospheric potentiab,;, ;

(b) the plasma density;; (c) plasma bulk velocity in the antinsunward directidry, (see also Fig. 1a—b). The magnetic fieldxjp_, at

the left (MSPH) side of the TD, is equal ®,,,=30nT. Each color corresponds to solutions obtained by changing one of the following
asymptotic parameters at the right hand-side: LLBL bulk velocity (red), LLBL density (black), LLBL electron temperature (blue). Different
linestyles illustrate solutions obtained for different values of the same asymptotic parameter, see legend of panel (b). When one parameter i
varied the others take constant valu¥s; g =200 km/s gL =5 cm3, T gL =10eV (see also text inserted in panel a). The asymptotic
parameters at the left hand-side (MSPH) are constant and given in Table 1. The integration is carried outihgtweer0 000 km and
x,R=5000 km but only the central part of the solutior200 km<x,, <4200 km) is shown in order to better visualize differences between

the different profiles.

2000 spatial samples corresponding to a resolution of 50 MV/right (2009 andVedin and R®nnmark(2009 but these re-
at 200 km altitude. lationships are not included in our model.

The solutions of Eq.4), with the boundary conditions out- We assume asemerin and Carlso(1998 that at iono-
lined above, might give a negative potential drapd <0 spheric altitudes a negative field-aligned potential drop is
in regions adjacent to the upward field-aligned current. A*“screened” by the ambipolar electric field. Thus, due to
negativeA ® applied directly to the topside ionosphere will uncertainties in the current-voltage relationship we assume
evacuate an important fraction of the ionospheric electronsthat whenA® <0 the downward field-aligned current den-
thus driving an unrealistically huge downward (or “return”) sity of up-going ionospheric electrons is equal to the cur-
current. Negative field-aligned potential drops must there-rent density of up-going ionospheric ions. This limitation in
fore be localized to higher altitudes, and the electrostaticthe treatment of downward current reflects our partial lack of
potential might not vary monotonically with the altitude as knowledge regarding the current-voltage relation explained
was pointed out byfemerin and Carlso(l1998. Therefore  above. Note also that in-situ measurements by Freja satel-
the current-voltage relationship derived Byight (1973 lite (Marklund et al, 1997 suggest that the downward cur-
is not valid in regions with negative field-aligned potential rents are associated to black aurora and are carried mainly
drop. Note that current-voltage relations for downward cur-by ionospheric electrons in thin regions with intense electric
rents with non-monotonic variation oh® with the alti-  fields detected at altitudes higher than 200 km. Owing to the
tude have been recently computed ®san-McGreehin and  non-linear current-voltage relation, negative current densities
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Fig. 3. Detail on the very central region of the magnetospheric po- _ ) i .
tential profile,,, (x,), derived for TD solutions obtained for vari- F19- 4. Detail on the very central region of the magnetospheric elec-
ous boundary conditions: three LLBL bulk velocities (red profiles), N density profiles(x,,), derived for TD solutions obtained for

three LLBL densities (black profiles), three LLBL electron temper- Various boundary conditions: three LLBL bulk velocities (red pro-
atures (blue profiles). See caption of Fidor explanation of colors files), three LLBL densities (black profiles), three LLBL electron
and reference values of parameters. temperatures (blue profiles). See also caption of Eig.

(corresponding to downward currents carried by ionospheri Table 1. Asymptotic values of the number density, temperature and
P 9 y P Coulk velocity of the asymptotic populations that define the TD tran-

g_lectrons) are obtaineq with our model for very sma'II POS-sition. “_* and “+" stand for electron and, respectively, proton.
itive values ofA®, as illustrated by some examples in the ;& is a parameter of the VDF that controls the width of the TD
next sections. layer Echim et al, 2007).

3.2.1 Effects due to variation of the LLBL velocity n—=nt T— Tt v - It
[cm=3] [eV] [eV] [km/s]

Figure5 shows the solution of the current continuity E4) (
resulting for various profiles ofb,, derived for different
LLBL velocities (illustrated by red curves in Fi@). In
Fig. 5 the Pedersen conductance is given by EX).with
¥ p0o=0.5S, corresponding to a nightside background con-
ductance. The structures obtained at 200 km altitude are
quite narrow. We show the overall solution in panel (a) while the flux of precipitating energy,,,. Therefore one can infer
panels (b—d) zoom on the central region. The field-alignedinformation about the auroral arc by inspecting the spatial
potential drop,A®, increases with increasing LLBL bulk variation ofe.,. The flux of precipitating energy obtained
velocity. A similar result has been obtained with a uniform for Vi g =100km/s is of the order of .001Wn1?2, the
Pedersen conductance (ERDKOQ7). The maximum value ofhreshold limit of arc visibility with the unaided eye. Thus
A® varies from 250V to 2000V when the LLBL velocity a sheared LLBL flow with a bulk velocity less than 100 km/s
varies from 100 km/s to 500 km/s and the other plasma pawould not supply enough energy to produce visible auroral
rameters are kept constant and equal to the reference valudgminosity.
given in Tablesl and2. The relative peak observed in the  An interesting feature of the solution is the discrete au-
profile of A® (Fig. 3a) corresponds to the fine structure of roral arc centered in;=0 and extending over a couple of
®,, (see Fig2a). kilometer. The arc is embedded into a broader structure with
The field-aligned current density, the energy flux of pre- a lower flux of precipitating energy and field-aligned current
cipitating electrons, and the Pedersen conductance all indensity. The dimmer aurora extends over a distance of 50—
crease with increasing LLBL speed. It is appropriate to con-60 km. Note also the asymmetry of the profiles/ob, j,
sider that the luminosity of an auroral arc is proportional to andegn, that reflects an asymmetry &f,, and plasma density

x=—o00 (MSPH) a5 200 1000 0 20 5
x=+o0 (LLBL) 5 10 100 200 20 5
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Fig. 5. Solution of Eq. 4) and the derived quantities obtained p given by Eq. ) with ¥ pg=0.5 and various profiles ab,, (see Fig2)

obtained for five different bulk velocities on the LLBL side of the TD. The value$9fg. corresponding to each color are given in the
legend of panel (d). The panels shofa) overall solution of the field-aligned potential drdp) detail of the profile of the magnetospheric

(solid line) and ionospheric (dashed line) electric field; shown is the component normal to the arc; the solid arrows illustrate the orientation of
the electric field suggesting the regions where the field is convergent or divef@etdtail of the profile of the field-aligned current density;

(d) detail of the profile of the flux of precipitating enerdg) detail of the profile of the height-integrated Pedersen conductivity.

Table 2. Reference density and temperature of the ionospheric In Fig. 6 data from three classes of solutions are shown

species considered in the current-voltage relationship. The chargiPgether:  solutions obtained foEp given by Eg. )
densities were adjusted such that charge neutrality is satisfied. ~ With £po=0.5S (solid lines) and respectivelypo=5.0S
(dashed lines); solutions obtained for a unifokp equal

e ot H+ to X po=5S (dotted lines, discussed also in ERDKO07). The
ionospheric feedback results in: (1) an increase of the max-
Tlev] 0.2 0.02 0.02 imum field-aligned potential drops (see F&g); (2) an in-

-3 , o)
nem—3  7x10® 65x10° 5x107 crease of the maximum energy flux of precipitating elec-

trons (see Figéb) and (3) an increase of the maximum field-
aligned current density (see Figc). The ionospheric feed-
back also produces narrower arcs (compare the squares on
the dashed line with the squares on the dotted line inGely.

and field-aligned current channels (compare the circles on
the dashed line with the circles on the dotted line in Bi).

Thus the ionospheric feedback enhances the auroral charac-
Seristics observed for a unifor® p. When the feedback is
added to a background conductance of 5 Siemens the thick-
ness of the field-aligned current sheet diminishes from 15 km
Q0 10 km. The width of the arc also decreases from 9 to 7 km.

in the LLBL generator. The arc is localized close to the iono-
spheric mapping of the inner edge of the LLBL, northward
of the region of lower (magnetospheric) precipitating energy
flux. This feature of the solution is consistent with obser-
vations of discrete auroral arcs at the poleward side of th
postnoon/evening auroral ovétgschmann et aR003. The
field-aligned current sheet (defined fjp|r>1MA/m2) is sys-
tematically broader than the discrete arc (corresponding t
€em>0.002 W n12).
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Fig. 6. Auroral arc’s characteristics as a function of the bulk velocity at the LLBL side of the magnetospheric TD generator and height-
integrated Pedersen conductivity. Solid lines represents results obtained=fprthat depends orvem (see Eq.2) with a background
conductancex pg=0.5; dashed lines show results obtained for a non-uniform conductancelpiga=5.0 S; dotted lines correspond to
results obtained for a uniform Pedersen conductaBges5 S. The panels showa) the variation withV} | g| of the maximum of the field-
aligned potential dropa ®™M2X, (b) the variation withVy_ g of the maximum of the flux of precipitating energf&; (c) the variation with

ViLeL of the maximum field-aligned current densi b 3% (d) the width at half maximum of the current sheet (circles) and of the auroral
arc (squares) as a function ¥f g|_ .

The increase o p by the flux of precipitating auroral of the current continuity Eq4). The auroral structures are
electrons drives a reduction of the gradient of the electro-much narrower wheix pg diminishes from5Sto 0.5S. The
static potential in the ionosphere. As the circulation of thefield-aligned current sheet extends roughly over 3 km while
electric field along the auroral circuit is equal to zero, a de-the thickness of the discrete arc is of the order of 2 km.
crease ol ®; /dx; produces an increase of the field-aligned Figure 6 shows that the maximum of the field-aligned
potential drop,A®, precisely what is observed in the so- potential drop,A®™& the maximum of the energy flux
lutions outlined in Fig.6. When the background conduc- of precipitating electrons¢Ji2%, and the maximum of the
tanceX po in EQ. @) is reduced from 5S t0.6 S, the val- field-aligned current density’,ﬁ“ax, increase with increasing
ues of the peaka® are consistently smaller (compare the Vi g . This is a direct effect of the changes induced in the
dashed and solid lines in Figa). A reduction of the field- generator by an increased velocity shear. The TD interface
aligned current density and energy flux of precipitating elec-generates more electromotive force when the LLBL and solar
trons is also observed for smallErpg. Changes in the back- wind velocity is higher. While in the case of a uniforgyp
ground height-integrated conductivit¥,pg, may reflect di- it seems that an increase %f g produces slightly broader
urnal (dayside/nightside) or seasonal (summer/winter) variaauroral structures, this effect is not seen when the ionospheric
tions. A low background Pedersen conductance favors lesfeedback is taken into account (see the square-dashed profile
intense auroral arcs produced by electrons precipitating fronin Fig. 6d). Thus faster flows in the LLBL would produce
the region close to the inner edge of the LLBL. Experimen- brighter arcs without modifying their thickness.
tal studies at the daysid&ljue et al.2001) seem to confirm
this trend. The decreasing gfi with Xpg is mainly due
to the reduction of the corresponding right-hand side term
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3.2.2 Effects due to variation of the LLBL density the current-voltage relatioyons, 1980:
Th iati f the pl densit dit dient in theJj = < " AD (5)
e variation of the plasma density and its gradient in theJj| NN T

magnetospheric generator has also effects on the coupling
between the generator and the auroral ionosphere. These ef-Note also that outside the discrete arc, for

fects are illustrated in Fig7, showing the electrodynamic 3 km<x; <2 km, bothj;; andA® decrease with increasing
parameters obtained in the ionosphere for various magneto,,[LBL_ These effects illustrate the complex intermingling
spheric®,, profiles derived for different values of | g ,the  petween parameters describing the electrodynamics at
LLBL electron density. Note that the density is increasedthe ionospheric level j(|), the parameters describing the
only at the right-hand side of the TD generator, thus the presgenerator staten(| 5, ) and the potential drop between the
sure gradient across the TD is also increased. The resuligenerator and the loac\@®).

shown in Fig.7 were obtained by solving Ecd) with an in- The magnetospheric potentiab,, is less affected by an
put magnetospheric potentiak,,, illustrated by the black jncrease of LLBL density from 5 to 13 cnd when the shear
curves in Fig.2a, corresponding td/i g =200km/s (see  of velocity across the interface is 200 km/s. However the
Tables1 and2 for the values of the other plasma parame- pjasma density at the two sides of the TD generator is an im-
ters). The height-integrated Pedersen conductivity is comportant factor for the lifetime and sustainability of the overall
puted from Eq. %) with £po=0.5S. TD structure. The solution of Egd) shows strong variations

The field-aligned potential drop is smaller for increasing With | g, due to the role of this parameter in the current-
values of the LLBL density, as shown by Figa. On the con-  Voltage relationship.
trary, the field-aligned current density increases with increas- When the ionospheric feedback is included in the coupling
ing nj, g, , an effect due primarily to the variation gf with ~ model (solid and dashed lines in Fig), the maximum of
n; g from the current-voltage relatiofkqight, 1973. An the energy flux of precipitating electrongli2X, tends to de-
interesting feature of this set of solutions is the negative spikecrease with increasing density of the magnetospheric gen-
of the field-aligned current density obtainedxagt2.75km  erator. For a uniformzp (dotted lines in Fig8) the ten-
for the highest asymptotic LLBL density (13c#) used in ~ dency is reversed anekm increases withy 5 . The au-
this study (see Fig/b). This peak of negative current, whose roral arc and field-aligned current sheet are narrower for an
spatial scale is of the order of roughly 50 m at 200 km alti- increased LLBL density in the generator. A drastic reduc-
tude, is obtained for small values afp, a consequence of tion of all auroral ionospheric parameters is observed when
the non linear current-voltage relation. Indeed when the conthe background conductivity decreases frod Siemens to
dition A®<kT;” /e is satisfied, with7,~ the temperature of 0.5 Siemens, confirming that, for a broad range of generator
the ionospheric electrons, the flux of escaping ionospherigparameters, a reduced background conductance diminishes
electrons is much larger than the flux of precipitating mag-the auroral effects in the postnoon/evening sector coupled to
netospheric electronk(ight, 1973. Since we consider an LLBL.
ionospheric population witl;”=2320K (0.2eV), nega-
tive currents carried by ionospheric electrons are obtained.2.3  Effects due to variation of the LLBL electron temper-
only for a narrow range of values<A\®<0.2V, as illus- ature

trated by the negative peak in Figp.
An increase of the electron temperaturg, g, , at the right

f th itV in th | h h fland-side of the magnetospheric generator results into an in-
oh the I#‘BL density in t r? gengﬁrator. It aslo sfot\:vsh 9"‘;} crease of the corresponding Larmor radius. The latter is the
these effects depend on three different models of the heighty, o est spatial scale intervening in the magnetospheric TD

integrated Pedersen conductivity: unifomip=5.0S (dot- o) tion. As can be seen also from FRysolutions in blue)
ted lines), non-uniforx p given by Eq. &) With Xpo=0.5S 16 effects on the amplitude df,, due to increasing;; g,

(solid lines) and respectively withpo=5.0 S (dashed lines). ;0 qjite limited. Nevertheless the small-scale peak revealed
Regardless the model assumed for the conductivity, the pe Fig. 3 is significantly reduced for largef | 5, . The tem-

H H H max
of the field-aligned potential drop\&™, decreases when o4t re of the colder electron population at the inner edge of

LLBL density increases and seems to saturate for larger dent'he LLBL is also an input parameter for the current-voltage
sities. This trend is consistent with Freja observations re-

ove relationship and the energy flux of precipitating electrons.
ported byOlsson and Janhung@000 for potential differ- i ,res9 and10 summarize the effects of this parameter on
ences below 5kV, in the 1'4:.%(;;2.2:00 MLT sgctgr. The max-y. o solution of the current continuity Ecf)(
imum of the current density,™, increases with 5 and A remarkable feature of solutions shown in F@jis the
its variation is non-linear as shown by F&g. region to the right ofc;=5km, where the field-aligned po-
The variation ofj"® and A®™® with the density in the  tential drop takes negative values for LLBL electron tem-
generator does not follow exactly a linear approximation of peratures higher than 10 eV. The largest negative values of
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Fig. 7. Solutions of Eq. 4) and derived quantities obtained for a non-uniform height-integrated Pedersen with background conductivity
¥ po=0.5 (see Eq2). Different colors illustrate solutions obtained for various profilesbgf obtained for four different LLBL plasma
densities. The values af | 5 corresponding to each color are given in the legend of p@h)elSee caption of Figb for an explanation of

data from all panels.

A® are obtained for the highest LLBL electron tempera- imum of current density decreases while the maximum of
tures. In order to avoid unrealistically large field-aligned cur- field-aligned potential drop increases with increasiig, .

rent densities in this region, the current density due to upgo-This behavior is observed for all three models adopted for the
ing ionospheric electrons is set equal to the current densitjheight-integrated Pedersen conductivity. The maximum of
of upgoing ionospheric ions. This limitation is equivalent the energy flux of precipitating electrons decreases with in-
to imposing the condition that the ambipolar parallel electric creasingl| 5, for Xp given by Eq. 2) and Xpo=5 (dashed
field “screens” the negative field-aligned potential drop thatlines in Fig.10c). This effect is less evident for the other two
is therefore confined at higher altitudes. The flux of precipi- models adopted foE p. The auroral structures have the ten-
tating magnetospheric protons gives a small current densitydency to expand spatially for larger electron temperature in
even for negativeA®, suggesting that the downward cur- the generator for all three models Bf». This expansion is
rent is mainly carried by ionospheric electrons as shown bydue to the increase of the smallest spatial scale of the genera-
Marklund et al.(1997). In Fig. 9a the amplitude oA ® in- tor. In summary, Figl0 shows that auroral arcs are brighter
creases Withl; | 5, for eachx;. The field-aligned current and thinner for a colder electron population in the solar wind
density increases witl, | 5, only outside a thin region de- and LLBL. As in previous cases, for all the temperatures in-
fined by—0.75 km<x; <3 km; inside this region, decreases vestigated, the auroral ionospheric parameters take signif-
with T\ g, - icantly larger values when the background conductivity is

larger.
Figure 10 summarizes the effects of increasing LLBL

electron temperature on the coupling between the magne-
tospheric TD generator and the auroral ionosphere. A sat-
uration effect is obtained forjlrlnax and A®M® the max-
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4 Summary and discussion layer, modifies the magnetospheric potential and increases
the electric field at the inner edge of the LLBL. On the other
The results discussed in this paper describe the coupling berand, variations of the LLBL temperature and density, re-
tween a sheared flow layer at the inner edge of the LLBL andated to solar wind changes, do not produce significant varia-
the polar ionosphere. The TD solution assumed for the magtions of ®,, but may have significant effects, via the current-
netospheric sheared flow describes a generator of electromaoltage relationship, on the field-aligned current density and
tive force withV-E <0. The generator “power” is mainly de- consequently on the solution of the current continuity equa-
termined by the shear of velocity and/or the gradients of dention. This aspect is disregarded in models assuming a linear
sity and temperature driven by the interaction between thecurrent-voltage relationship and uniform plasma density and
solar wind and the magnetosphere in the dusk flank. The protemperature in the generator.
file of transition between these two asymptotic states is com- The model for the M-I coupling discussed in this paper
puted self-consistently from Vlasov and Maxwell's equa- shows a number of interesting effects on the auroral arc
tions. The resulting magnetospheric electrostatic potentiatharacteristics due to variations of plasma properties in the
is introduced into the current continuity equation at the topLLBL. The field-aligned current density and the flux of pre-
of the ionosphere. The current continuity equation couplescipitating energy, and thus also arc luminosity, increase with
the magnetospheric and ionospheric plasma and field paramncreasing velocity shear at the inner edge of the LLBL. They
eters. The field-aligned current density is a function of thereach values of the order of tens;of /m? and, respectively,
field-aligned potential drop inferred from the current-voltage tens of mwWm? for a velocity shear in the LLBL of the order
relationship derived from a kinetic treatment of the adiabaticof 500 km/s and a field-aligned potential drop of the order
motion of particles moving between both ends of the mag-of 2kV. The Pedersen conductance takes values up to 30 S
netic flux tube. for a backgroundz pp=0.5S. For the parameters tested in
On one hand, an increase of LLBL and solar wind veloc- this study (see Tables 1 and 2) we found a threshold value
ity, and implicitely of the velocity shear across the boundary of the velocity shears£100 knys) below which the flux of
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Fig. 9. Solutions of Eq. 4) and derived quantities obtained for a non-uniform height-integrated Pedersen conductivity with background
¥ po=0.5 (see Eq2). Different colors illustrate solutions obtained for various profilesbgf obtained for five different various electron
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of Fig. 5 for details.

precipitating energy is less than the threshold of visibility by an enhancement of the field-aligned potential drBoth
human eye. In such cases the TD generator does not providet al, 1993. Our model shows also that for values of
enough power to sustain visible auroral arcs. Increased denx pg of the order of (6'S, one obtains smaller field-aligned
sities at the LLBL side of the generator produce a narrowingpotential drops, reduced field-aligned current densities and
of the auroral arc. The model also shows that the currentfluxes of precipitating energy as well as narrower auroral
voltage relationship is nonlinear in narrow regions where thestructures. Statistical studieSHue et al.2001) show that
field-aligned current density is maximal. Assuming that the dayside global auroral brightness increases slightly with
plasma properties in the solar wind and LLBL slowly vary background Pedersen conductance in the range 0.5Sto 5S.
in time, the effects discussed above could also describe th&he solutions obtained with ionospheric feedback also show
time evolution of the auroral characteristics as a function ofnegative potential drops in the neighborhood of the arc, at
the (slowly) time change of the generator. the poleward side, especially for increased thermal energy of

the generator plasma.
For a moderate background Pedersen conductance

(2po=5S) the ionospheric feedback enhances the In ideal MHD and fluid models of magnetosphere-
magnetosphere-ionosphere coupling; the auroral effect®onosphere coupling, small-scale field-aligned currents and
are more prominent than in the case of a unifoEn. discrete arcs are obtained as a consequence of instabilities
Indeed, inside the arZp increases due to precipitation of driven by small-scale perturbations of the ionospheric con-
electrons and a smaller perpendicular electric field is estabeuctivity and Alfven waves $atq 1978 Lysak 1986. In
lished in the ionosphere. Since the circulation of the electrictime-dependent fluid models the initial state and the initial
field in the auroral circuit is equal to zero, the reduction perturbartion are defined rather arbitrarily and the genera-
of the perpendicular E-field is necessarily accompanied bytor is introduced via an ad-hoc conductivity model and an
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inductance of the field lines connecting the generator ancenhancement ok p by auroral electrons is neglected, the
the load Gatq 1978 Lysak 1986. Models of the iono- non-steady/turbulent flow in the LLBL depends in Lotko et
spheric feedback mechanism developpedLiggak (1986 al.'s model on the Hartman number that in turn is determined
andLysak and Song2002 (see also the references therein) by several parameters, including the background Pedersen
give auroral arcs with scale length of the order of 10 km; conductance. Lotko et al. (1987) observed that the field-
the upward field-aligned current density is of the order of aligned potential drop increases with the Hartman number a
10uA/m? corresponding to Pedersen conductances of therend that could be considered similar to the variationdf
order of 10-15 Siemens. In this paper we show that thinnemwith X p in our model. InLotko et al.(1987) the spatial scale
arclike solutions can be obtained in the stationary case wittof the inner interface of the LLBL strongly depends on an
a quasi-stationary model based on kinetic treatment of thead-hoc viscosity coefficient; in our model the spatial length
adiabatic motion of charged particles and a Vlasov equilib-of the transition layer is determined self-consistently from
rium solution for the magnetospheric generator with shearedasymptotic macroscopic plasma parameters and velocity dis-
plasma flow. We obtain also more intense field-aligned cur-tribution functions at the two sides of the transition region.
rents for roughly the same range of Pedersen conductancekotko et al.(1987) show also that a sheared flow in the LLBL
In our model the spatial scale of the arc depends on the spatialf the order of 200 km/s decays due to the viscous and elec-
scales of the generator; the latter are self-consistently detetromagnetic coupling to the ionosphere in about 30—40 min.
mined and depend on the magnetospheric electron and protofhe TD generator considered in our model may be subject
Larmor radius. to a discharging due to Joule dissipation in the coupled iono-
Non-stationary aspects of the coupling between the LLBLSphere.Roth et al.(1993 have shown that the typical time
generator and the auroral ionosphere were described by thi@r “discharging” a TD formed in a plasma with temperatures
fluid model ofLotko et al.(1987 based on a prescribed ini- ©f the order of 1keV and densities of the order of 0.5€m
tial distribution of the electric field in the LLBL. When the is larger than 10 min.
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The quasi-stationary model discussed in this paper deReferences
scribes the coupling between the LLBL and the polar iono-
sphere as a function of kinetic and macroscopic propertie\tkinson, G.: Aurorql arcs: result of the interaction of a dynamic
of the generator. The model has, however, some limitations. T7a595ne1tg§8here with the ionosphere, J. Geophys. Res., 75, 4746~
One simplification concerns the treatment of the downward ’ o
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drop is negativeAd><.0 the downward current is carried in A.: Observational evidence for a boundary layer source of day-

b ot ] side region 1 field-aligned current, J. Geophys. Res., 86, 5577,
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