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Abstract. Strong localized high-altitude auroral electric 201Q 2011). The Cluster observations indicate an associa-
fields, such as those observed by Cluster, are often associat¢éidn of monopolar fields with the lobe—plasma sheet interface
with magnetospheric interfaces. The type of high-altitude(mapping onto the polar cap boundary), and of bipolar elec-
electric field profile (monopolar, bipolar, or more compli- tric fields with interfaces within the plasma sheet (mapping
cated) depends on the properties of the plasmas on eithénside the oval).

side of the interface, as well as on the total electric potential Auroral interfaces are typically field-aligned, with a strong
difference across the structure. The present paper exploreend almost unidirectional magnetic field. Minor magnetic
the role of this cross-field electric potential difference in the field variations are produced by the field-aligned currents
situation where the interface is a tangential discontinuity. Athat connect magnetosphere and ionosphere, and are super-
self-consistent Vlasov description is used to determine thamposed on the background geomagnetic field. Additional
equilibrium configuration for different values of the trans- magnetic field variations may be due to waves. We will con-
verse potential difference. A major observation is that theresider the limit case in which the interface is a quasi-steady
exist limits to the potential difference, beyond which no equi- structure that is exactly parallel to the magnetic field; that
librium configuration of the interface can be sustained. It isis, the interface has an equilibrium tangential discontinuity
further demonstrated how the plasma densities and temperaonfiguration (TD).

tures affect the type of electric field profile in the transition, The structure of TD interfaces has been studied in great
with monopolar electric fields appearing primarily when the detail in the past (see the review Roth et al, 1996 and
temperature contrast is large. These findings strongly supporieferences therein). In a one-dimensional planar TD config-
the observed association of monopolar fields with the plasmairation, all particle guiding centers move parallel to the in-
sheet boundary. The role of shear flow tangent to the interfaceéerface. How the particles arrive at a specific position in the
is also examined. structure in the first place is a question known as the “ac-
cessibility problem” Whipple et al, 1984). Using reason-
able assumptions, a realistic set of particle velocity distribu-
tions can be put forward based on only a few parameters.
The Vlasov—Maxwell equations must then be solved, as the
) Vlasov equations expressing the conservation of particles in
1 Introduction phase space and Maxwell's laws impose constraints on the

Cl f high-altitud | electric fields h allowed plasma and field configurations. Solving the Vlasov—
uster surveys of high-altitude auroral electric fields havey ., | equations in this fully kinetic description is fairly

consistently shown tha’F intense Iocallzed_electrlc fields areeasy Roth et al, 1996,
found at magnetospheric plasma boundaries above the auro-
ral acceleration regionJphansson et al2005 2006. Such

Keywords. Magnetospheric physics (Auroral phenomena,;
Plasma sheet) — Space plasma physics (Discontinuities)

The nature of a tangential discontinuity boundary strongly
. . depends on the boundary conditions, in particular on the total
fields play a I.<ey. role in t.he auroral current sy_;tem. Th? Ob'electric potential across the layer and/or the flow shear (e.g.
served electric field profiles have been classified into CON-gesterp 1964 1966. An external electric potential differ-

\igrgf Bte EZSs:ji\;?]rgg::tIZi[?é%?(r)ic(::eiﬂi “(ri.ggg;jlalr?gg q ence (EEPD) between the two plasmas enforces the existence
. , X of an electric field perpendicular to the interface. Shear flows
“bipolar” fields (e.gJohansson et aR00G De Keyser et a). perp
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252 J. De Keyser and M. Echim: Electric potential differences across auroral interfaces

magnetospheric potential structures can act as generators and
are connected via field-aligned currerifdo the ionosphere,
where a horizontal current (the height-integrated Pedersen
current/p) closes the circuit, as sketched in Fig.a cur-
rent /g must therefore exist across the magnetospheric inter-
face. In other situations the ionosphere might be the driver
while the magnetospheric interface behaves as a load. In ei-
ther case, the interface cannot be a TD in the strict sense
of the word, since there can be no plasma flow and hence
no current across a TD interface. However, since the inter-
face surface is very large, an extremely small current density
across the interface suffices to balance the field-aligned cur-
rents that flow in thin sheets to and from the ionosphere, so

that the interface may still be modelled as a TD, at leastin a
Fig. 1. A magnetospheric interface (brown) connects via field- first approximation.

aligned currentg to the ionosphere, where the current system is
closed by an ionospheric current (Pedersen curfgntThe driver
is a generator currerig across the interface.

The present paper focuses on the situation in which the
interface behaves as a generator. This generator can be long-
lived only if the feedback effects in the auroral system are not
too strong. This implies that particles lost to the ionosphere

are related to a corresponding convection electric field, als@'€ replenished in the generator, so that the system remains
in the normal direction. As the temperatures of the plasmd & quasi-static state. The interface might actually bea TD in
components and hence their gyroradii are different, they willWhich a certain amount of wave—particle scattering is able to
react to this electric field differently, which provokes charge Compensate for this loss, or it might be a rotational discon-
separation. This, in turn, produces a polarization electric fielgtinUity with @ small normal component through which par-
that counteracts the charge separation. ticles continuously access the interface layer, or convection

The present paper examines the role of the EEPD and ofond the boundary may replenish the loss cone, or the inter-
flow shear across a planar TD interface, for different plasma@Cce layer might itself be so large that it constitutes a reser-
densities and temperatures that correspond to possible auryQ!l Of particles able to maintain the configuration for a suf-
ral configurationsDe Keyser et al(2010) presented a few ficiently long time (several minutes, see lifetime estimates in
typical TD configurations and concluded that interfaces be-Roth et al, 1993_ De Kgyser 199_9' Th? lifetime obviously
tween hot and cold plasmas, across which a significant EEP'_gepends on the mten_s_lt_y of the fleld_-allgned currents. For Iqw
is applied, give rise to monopolar electric fields. They arelonospheric co_ndL_JctNltles the reqmred currents can be quite
thus able to explain the association between monopolar field/éak and the lifetime correspondingly longer. Also, the con-
and the lobe—plasma sheet boundary. This argument is exlribution of ionospheric outflow is ignored in this study. The
plored here in further detail by conducting a more systematiciuasi-static assumption is believed to be appropriate at least
survey of the effect of the EEPD on TD structure. for larger-scale auroral structures. ,

This paper is organized as follows. Secti@rpresents Another assumption is that the TD_ interface has a pla-
the general plasma and field configuration. The TD model"@" geometry. The overall surface radius of curvature is of-
is briefly described in Sec8. Section4 explains the basic €N on the scale of the magnetosphee-(1R ) while the
structure of the equilibrium TD configuration of a typical au- mterfacg thlqkness is of the order of th.e gyroradius of the
roral interface. SectioB explores the effect of the EEPD on Nottest ions involved® < 600km for typical plasma sheet
the structure of such auroral interfaces. How this effect is!0n témperatures and magnetic field strength), so that this
modulated by the plasma densities and temperatures is digondition is satisfied /R < 10 %). When magnetohydro-
cussed in SecB. Section7 addresses the effects of shear dynamic waves are present, however, deviations from pla-
flow. The paper concludes with a discussion of the conseNarity are likely importantlRe Keyser et a).2011).

quences of these results for auroral current systems. Auroral generator interfaces may be found in various
places in the magnetosphere; the focus here is on interfaces

involving the lobes and the plasma sheet. Such interfaces can
2 Plasma and field configuration be classified into two types: cold-hot interfaces, typical of

the lobe—plasma sheet interface, and hot—hot interfaces, typ-
At the outset, it is assumed that the magnetosphere harbouisal of substructure inside the plasma sheet. The magneto-
sufficiently long-lived electric potential structures that drive spheric lobes are populated with cold plasma. Because of its
auroral current systems: the quasi-electrostatic picture thefow temperature (a few eV at most), this plasma has often
applies (e.glLyons 198Q 1981; Roth et al, 1993 De Keyser escaped detection. The lobe densities are believed to be 0.1—
1999 Echim et al, 2008 De Keyser and Echin2010. Such  0.5cn1 2 (Engwall et al, 2006. The central plasma sheet is
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more dense, up to a few particles perScrand much hot-  charge imbalance since that would provoke intense localized
ter, with ion energies of 5-20keV. There is no reason whyelectric fields, and such configurations are not stable. Never-
the electric potential on either side of the lobe—plasma sheetheless, an infinite number of configurations remains possi-
boundary, or of interfaces inside the plasma sheet, shouldhle. AsWhipple et al.(1984 have pointed out, this indeter-
be identical. The electric potential differences in the tail andminacy can only be resolved by considering the mechanisms
across the plasma sheet are the result of the solar wind— madpy which particles enter the TD layer, but that falls outside
netosphere coupling. This coupling may induce potential dif-the scope of a stationary planar TD model.

ferences on the order of several tens of kV; the cross-tail po- In building a TD model, one therefore has to make a choice
tential, typically 40 kV Haaland et a).2008, is an example. and pick “reasonable” particle distributions. We consider
There may also be shear flows across such interfaces, for iriere a type of distribution that satisfies quite natural require-
stance, when bursty bulk flows are present with speeds of uments: (a) far from the TD, the distribution is a Maxwellian;
to hundreds of kms! (Angelopoulos et a]1992). (b) at each position, the distribution has a single maximum
in py, pz space; (c) the distribution changes smoothly across
the transition inpy, p, space. Such a reasonable choice is
the following. Let f;(H, py, p;) be the velocity distribution

The self-consistent kinetic TD model used here is the Onefunctlon (VDF) that describes a populatioren the left side

discussed byroth et al.(1996. We briefly describe its main Of. thg discontinuity. This VDF is chosen to be a Maxwellian
features; the interested reader is referred to that reference ch'th isotropic temperaturd; and a mean velocity; for
a more thorough discussion. r= oo

The constants of motion of a particle of speciewith 3 ik V2 Vay—ptis
chargeZse and massn; in an infinite planar TD layer are (H, py, p,) = Nv( s ) e %BTs
its energy and its canonical momenta (the x-axis is defined 2rks T
along the interface normal):

3 The TD model

)

whereN; is a normalization constant that is proportional to

1 . . . . . .
H = Zma?+ Z,ed, (1) the.numbe'r density. Ir15|de the d.ISCOHIIHUIty layer, this \/DF
typically will not remain Maxwellian. And on the other side
py = mgvy + ZseAy, (2)  of the discontinuity, for positiver, this VDF must vanish if
Pz = mgvs+ ZseAs, (3) the TD is to form a boundary separating different popula-

- ) o tions. This kind of argument must hold for all species (posi-
where the electromagnetic field configuration is given by thetively or negatively charged, to the left or the right of the TD

s_calar electric potentigh(x) and the m_agn_etic vector poten- boundary). In general, this requires some sort of “cutoff” in
tial A = [0, Ay(x), Az(x)]. It a particle in this 1-dimensional the distribution function that force to vanish on the oppo-

TD configuration has a gyroradius that is much smaller thanSite side of the TD. The VDE is therefore written as
the length scales over whighandA change (that is, the par- '

ticle sees essentially zero electric field and a constant magf (H
netic field), it simply gyrates around a magnetic field line ”*

in a helical orbit. If there is an electric field, or if there is a
magnetic field gradient, the particle will experience the well-
known (_alectric or gradien_t-B drift parallel to the plane Qf the |im Cy(py. p2) =1, lim  Cy(py. p) =0,
TD. While the particle orbits may be much more complicated *—— X—>+00

than helical trajectories around field lines, it is easy to se
that the particle will always move in a limited rangexinal-
though it can drift along andz. In this sense, each particle

s pys pz) = Cs(py, p2) Fs(H, py, p7) ()

with the cutoff functionC; satisfying

Sor a population on the left, and the converse for a popula-
tion on the right. While the cutoff function operates in phase
space, it results in a cutoff in geometrical space as well: it

g]szesézg(l:l Tﬁgzgﬁgrg}ggi trggggg r,ee::ltlit/ght/ﬁf;;ayesr at effectively forces the density on the other side of the TD to
y gep yer. vanish. It is, in fact, the choice of the cutoff function that re-

A consequence of the above is that many TD Conflgura'solves the indeterminacy mentioned earlier. The cutoff func-

tions are possible, although there are limitations. First, ON&ion that is used here is essentially thaRafth et al (1996

has to respect the pressure balance condition that states thf% hough the formulation is slightly different. This choice is a
the total pressure,

generalization of earlier theoretical descriptions of TD struc-

Piot = Pxin(x) + Pmag(x) ture (Sesterp1964 1966 Lemaire and Burlagal976 Lee
B2(x) and Kan 1979. Let 6; be an angle in the y,z-plane some-
= Zns (x)kpTs(x) + 20 (4)  where in between the asymptotic magnetic field clock angles
N

Oieft andéignt on either side. Rotatéy, z) and(py, p;) over
must be constant across the structutg (lenotes Boltz- angleé to (y’,z) and(py, pz). In the rotated frame the'y
mann’s constant). Second, one should try to avoid a strongxis is oriented in between the magnetic field directions on
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where the last equation expresses quasi-neutrality and re-
places the Poisson equation. This system of equations is a
nonlinear differential algebraic problem. Givély, B, Ay,

Az, and¢ at a pointxg, the solution can be obtained by step-
wise integration of the four ordinary differential Eq8)<£(9)

and by iterative solution of the implicit nonlinear algebraic

OW Eqg. (10) at each step. Because of the various length scales

0 5 -5 that may be involved, the use of a variable step integrator is
o -mV § py-mYV, advised
z VA .

Once the electromagnetic potentiglsand A are com-

Fig. 2. The cutoff function in phase space is animportantingredientputed from Maxwell’s equations, the conserved quantities
in tangential discontinuity models, as it ensures that a population isgre known so that the VDFs and their moments are obtained
present on.only one side.qf the TD interface. The.plot il!ustrates thethroughout the TD layer, since the dependency of the VDFs
cutoff f_unctlon for atransntlo_n length= 2 and an orientation of the on H, py, and p; is fixed and since these are conserved
cutoff line (whereC' = 1/2) given by?) = 30°. guantities. One therefore has found a steady-state planar TD

configuration. Note, however, that this solution depends on
either side. One can then define the cutoff function as the choice of the cutoff, and in particular of the dimension-

; ; less transition lengthg. This solution also depends on the
Cs(py, p2) = [aseric(—U) + (1 — as)erfe(+U;)1/2 boundary conditions that are supplied (the magnetic field ori-

- Pz —mVsz entationsfiest and Orignt, and the external electric potential
SigN(Zs)+/2mskg Ty (€2 — 1) ' differenceA¢eyt). Nothing is known a priori about the possi-

whereg; is 0 or 1, depending on whether the population is on ble s_tab|I|ty of th_e co_nﬂgur_atlon. . o

the left or on the right side. The dimensionless free parame- Given the arbitrariness in the choice of distribution func-
ter ¢, > 1 determines the sharpness of the cutoff. The Cutofftions, it is advisable to verify whether this TD model is real-
function is graphically represented in Fjwhere the angle istic. To that end, this model has been confronted with obser-
6, gives the orientation of the cutoff line in ths, p,-plane vations of solar wind discontinuitie®é Keyser et a).1996

and ¢, determines the thickness of the transition zone. Forlgg?)’ of the magnetopauseHgbert et al, 1998 Echim

¢, — 1, the cutoff in phase space has zero thickness, while‘zaggl‘ 2(|)1]),”an: of auroral generator m(;cerfacEs:hlm eéal,
for larger values a smoother transition is obtained. It can 9. In all these situations, a good agreement between

be shown that, can be regarded as a dimensionless Iengthmodel and observations was obtained, suggesting that the

scale, since the characteristic transition length of a populaphOICe of distribution functions is an appropriate one.

tion is Ly = €55, With p; = «/2mksT;/|Zs|e B the gyrora-
dius of a thermal particle of speciesand temperaturé; in
a magnetic field of strength.

An interesting property of this particular form of VDFs is
that its moments

4 Equilibrium configuration of auroral interfaces

In this section the TD model is applied to a typical cold—
b _ f//viv§v§.fs(vx, vy, vz)duxdvydu, hot (Iob_e—plasma sheet) ar_1d hot-hot (plasma sheet—ple_lsr_na
sheet) interface, and the importance of the characteristic
can be computed analytically (s&oth et al, 1996 Ap-  lengths is discussed.
pendix A). Consequently, the partial densities= 0°%° Thg simplest D is one where the interface separates
and currentsj,y = Zje Q§010) and ji; = Zye ngol) can be two_ different stationary proton—electron plas_mas. Con_szlder
an interface between a cold lobe plasma with a density of

expressed in terms of the potentiglsand A. The time- 3 o
stationary Maxwell equations can then be formulated as 0.lcm, conS|_st|ng of ,1 eV electrons and 5e\( protonz, and
a hot plasma with a typical plasma sheet density.6tth,

day = +B,(x), (6) consisting of 1keV electrons and 5keV protons. We have
dx chosen an ion-to-electron temperature ratio of 5, which is
dA, — —By(x) @) well established for the plasma sheet but less known for the
ddx e lobe; the precise temperature ratio actually does not matter
By _ . much for the analysis presented here. The magnetic field at
d +MO;]SZ(¢(X)’AV(X)’AZ(X))’ @ the center £ = 0) is taken to be 40nT, with the field ori-
dB, ented along the z-axis. For the moment, it is assumed that
o —MOsty(¢ (x), Ay(x), Az(x)), (9)  the plasma populations on either side have zero mean veloc-
s ity and that there is no net electric potential difference across
0= Zn($(x). Ay(x), Az(x)). (10)  the structure.

Ann. Geophys., 31, 251261, 2013 www.ann-geophys.net/31/251/2013/
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The thermal gyroradii of these distributions argq— = 6 —
0.084KM, pcoldr = 8.OKM, pro- =2.7km, and pnoyr = @, f— —¢=2
256km. Because of the large proton-to-electron mass ratio, A S —
and also due to the temperature differences, the ion and elec- ' 20 1
tron gyroradii are quite different. The transition length scales 0
of the four populations, however, should not be too disparate . —
since that would give rise to very strong localized charge- é 5 AA —iz2
separation electric fields that are likely to render the structure >E ] S — A
unstable. Physical considerations suggest thak L, < .

504 and 1< L;/L_ < 10; this is achieved here with the &

choicet; = ¢ =1 and¢_ = 40¢ = 40 so that the transition 16 ]
lengths are ordered from small to largelag)g— = 3.4km < ’TT . e

Lcoigr = 8.0KkmM <« Lpot- = 108km< Lpot = 256 km. g L > — leit 1

Consider a configuration where the magnetic field is =107 // \rn —lefio
unidirectional alongz, i.e. feft = 6right = 90°. Because I
the plasma beta is fairly lowfg(< 1.2), the magnetic ~1000 ~500 [12 ] 500 100¢
field strength does not change much. The cutoff direction @ [k
is chosen ag®); =90 for all populations, so that in the 5
rotated frameBy > 0 and lim., +o0 Az (x) &~ Foo. Hence,  (b) — o)

]9 NI pz =Sigr(_zs)"mx%:|:oo Az =Sigl’(:|:Zs) - 00, % 40 (=3
and lim,_, 1 Us (x) = +00. By choosinge; =0 or 1, the _Nzo

cutoff will act to limit the population to the <0 orx > 0 &

side respectively. 0

Figure 3a shows the equilibrium configuration for the =R — =l
cold-hot interface. The computations have been performed = A (=3
for three different choices of characteristic lengths: 1, 2, BT T
and 3, corresponding th; =1, 2, 3 and¢_ = 40, 80, 120. & -5
One readily observes, far= 1, that the half-width of the
transition as visible in the variation df, is about 250km, Flo" ' ' ' 1
which corresponds to the hot ion gyroradilig,.. The layer o 107 i = S
widens for larger. The hot particle densities across the TD KSR == — e
(red and blue curves in the third panel of F3g) vary on the = 10 // \ ]
different length scalegnor. andLnet, . This produces a po- ~1000 ~500 ) 500 T00C
larization electric field over a distance on the ordef g, z [km]

which is rather large. The cold ions and electrons (grey and

green curves) create a similar charge separation effect, bifti9- 3. Structure of a tangential discontinuity f¢a) a cold-hot
the polarization electric field exists only over a distance of P!asma interface between a 1eV electron and 5eV proton plasma

. . _3 .
aboutL g+ ; this is much shorter. Since there is no external with density 01cm™= on the left side and a 1keV electron and

. . . . . . 5keV proton plasma with density@cm‘3 on the right, andb) a
electric potential Q|ﬁerence, there ',S e} broad region (th'Ck'hot—hot plasma interface between two 1keV electron and 5keV pro-
ness scald.not) With a small electric field Ex| and a nar-

: . . . ton plasmas with densities cm~3 on the left side and 1cm?
row region (thickness scalbnot-) With a large|Ex| in the on the right. The top panels show the magnetic field profile across

opposite sense, so that the structure §, component; the field is unidirectional alony
the middle panels give the electric field, and the bottom panels plot
+o0 the densities of the four plasma populations involved. The solutions
Adext= — f Eydx =0. are obtained for zero external electric potential difference across
the discontinuity and in the absence of flow shear. The compu-

o tations have been carried out for dimensionless transition lengths

Hence, the positive and negative electric field excursions aré = ¢+ =1, 2, 3 and the corresponding values = 40, 80, 120.

asymmetric. The polarization electric field can be up to sev-

eral mVnt1, Its strength is roughly inversely proportional

to the width of the layerEx max o« 1/£). plasmas on either side of the hot—hot interface have the same
Figure3b shows the equilibrium configuration for a typical temperatures, there are only two length scales that play a role.

hot—hot interface. The overall thickness of the layer is of theThe electric field profile is less asymmetric; it is solely due

same order as for the cold—hot interface, since the maximunto the density difference between the two sides. Again the

characteristic length scale ISyt in both cases. Since the relation Ex maxx 1/¢ seems to hold.

www.ann-geophys.net/31/251/2013/ Ann. Geophys., 31, 286% 2013
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@ = & " " " ] the external potential attracts hot electrons to the center of
& N 4 ___________ the layer and repels the hot protons, while it does the re-
E 50 ~ = verse for the cold plasma species. The converse is true when
Tl—lOC — HY Adgext > 0. For the hot—hot interface (also foe= 1), electric
) ; ; 2KV field profiles are obtained that may have a bipolar or a more
. 10" " h " ] complicated character as long Agex; is small, but that also
® 10 / A\ ] become monopolar for larger EEPD (F#h). The detailed

CIE o A > — A — LA profiles depend on the density asymmetry and on the temper-
= 107 e = atures.
. = . The behaviour of a TD in response to an external electric
-1000 -500 0 500 100C . .
 [km] potential difference can be understood in terms of the fol-
lowing simple argument. The TD thickness can be roughly
by = 6 ——i approximated ad. ~ Lnoy- for monopolar fields and. ~
= 49 - ’% § 1 2Lnot: for bipolar fields, as the hot ions have the biggest tran-
ER Tskv ] sition length. Making abstraction of the polarization electric
< _23 """"" —7 i field (which can only be done when considering the hot ions,
with the largest spatial scale), the average electric field in the
ﬁlOl " " " ] layer due to an external electric potential differeme@ey;
o 0
i 10 e o GEEe—— must be
B 2L T
) AN — ~ Adext
= 10 N S nghi e Een™ —— . (11)
-1000 -500 0 500 100C
x [km)] Since L scales with¢, this explains the inverse proportion-

. o o ality betweenEy max and£ observed earlier. A particle with
Fig. 4. Structure of a tangential discontinuity f¢&) a cold-hot  chargez..e and perpendicular thermal velocityoy . in-
plasma interface anfb) a hot-hot plasma interface; the properties gjqe the layer then experiences a Lorentz force associated
Show the slectc eld profie and the battom panels piot the en- 1 £ 8Yrating mofion in the ambient magnetic field with

P P p strengthB as well as the electric force due to the EEPD. If

sities of the four plasma populations involved. The dimensionless he L f . h h el ic field
transition lengths aré; = 1 and¢_ = 40. The solutions are shown the Lorentz torce Is stronger than the external electric field,

for various values of the external electric potential difference and invhot+L B > | Eextl, an equilibrium configuration is possible. If
the absence of flow shear. not, the electric field is so strong that the Lorentz force can-
not tie the particles to the field lines and no equilibrium is
possible. An equilibrium can be found as long as
The interface becomes wider and the electric field corre-
spondingly weaker for larger transition lengths, but the inter- Adext < A¢Tpmax = Vhot+ L BL, (12)
face structure does not change qualitatively. That is why, in

the remainder of this paper, mostly the choice 1 is used. ~ Where A¢rpmax is @ rough upper limit to the maximum
EEPD for which a TD equilibrium can exist. Sindgot =

Lpnotr = €myvhotr1 / Znotre B, this condition can be written
5 Role of external electric potential difference for monopolar fields as

In this section, the role of an external electric potential dif- Age,, < A¢TDmax,monopola= %
ferenceA¢eyt is examined. This is a boundary condition that Zhott-€
is imposed while solving the differential algebraic system in
Eqgs. 6)—(10). The presence of such an EEPD modifies the
electric field structure inside the transition, and it therefore 4 Whott L
has an important effect on the resulting configuration. Agext < A¢PTDmax,bipolar= ————
The electric structure of the same cold-hot TD interface
as before (for = 1) has been computed for various values These expressions are similar to the velocity limit that has
of the EEPD. Figurela summarizes the results. A first ob- been deduced analytically for the analogous case of an ex-
servation is that the electric field profiles that are obtainedternal flow shear across the TD (but withgpex; = 0) by
(for significant values ofA¢ey;) are monopolar, with field De Keyser et al(1997).
strengths up to several tens of mVfand with a polarity It should be noted that, even for EEPD below the limits
determined by the sigh af¢eyt. Comparing the solution for  given by Egs. 13)—(14), instabilities may occur that further
Adext = —4KkV < 0 with that for zero EEPD, it is seen that restrict the possible TD configurations.

(13)
with Whott1 the hot ion energy, and for bipolar fields as

(14)
Zhotr-e

Ann. Geophys., 31, 251261, 2013 www.ann-geophys.net/31/251/2013/
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0

> 50 |
R B
é 0 L Ao 4444 ; AAAAAAAAAAAAAAAAAAAAAAAAA — 10
E -50 ! =
8 1
K -100 ! i
£ -150 = 107
S 0 5 10 15
A?Zsext [kV] 10—3
_ -40 -20 0 20 40
b) & , Adext [kV]
=" 300 |
£ 200 (b)
£ 100 !
i 0
2 L _ -
T |
£ -20¢ ;
& N i
= -30 -20 -10 0 10 20
A(ﬁext [kV]
Fig. 5. Maximum (black) and minimum (red) electric field values 10
in (a) a cold—hot tangential discontinuity afia) a hot—hot disconti- -40 -20 0 20 40

nuity (see caption of Fig) as a function of external electric poten- Adext [kV]

tial difference. Both plots indicate the existence of upper and lower ) o o o

limits to the external potential difference for which an equilibrium Fi9- 6. Existence of a tangential discontinuity equilibrium be-

can be found. Only for smalA¢exi less than a few kV one finds tween(a) cold and hot plasmas, Wlt_h the C9|d plasma density being

| Exmax| ~ | Ex,minl; the interfaces are characterized by a monopo- 0-16m° and the hot plasma density varying betweed0a cm 3

lar electric field signature elsewhere. and 1cnT3, and(b) two hot plasmas, with a density on the left
side of 01cm™3 and a density on the right side varying from
0.001cnt3 to 1cnT 3. In both cases the computations have been

The above reasoning is only qualitative. We now verify the carried out over a broad range of EEPD values. The red regions in-
validity of the qualitative argument with the kinetic model dicate the existence of a tangential discontinuity; in the blue regions
that does include the effect of the polarization field. The TD no tangential discontinuity equilibrium is possible.
model was used to compute the solutions for a rangegak:
values. Figuré shows the minimum and maximum electric
field ValueSEX’mm = m|nx E)(()C) and Ex’maxz maXxg Ex(.x)
fas a fuInCtl(')tE OfA Pext f‘lj_r t.:\e coldf—ho;a}ndtﬁot—hot 'm?r'd The above calculations illustrate the role of the plasma prop-

aces. In either case, limits are found in the range of ad-

) , o ; erties in determining the electric field profiles and the re-
mitted EEPD values for which a TD equilibrium exists. The g,,ng6 to an external electric potential difference. This sec-
limits for cold—hot interfaces are found to be4.2kV and

_ ) X tion therefore examines the effects of varying plasma densi-
+13.7kV. Equation 13) gives a maximum valué¢tpmax

o e om ties and temperatures in combination with an EEPD on the
of 10kV for 5keV hot_prptons, which |s.|nfjeed indicative of existence of an equilibrium solution.
.the observed upper limit. The EEPD limits for hot-hot TD In order to determine for which TD configurations an equi-
interfaces are-31.5kV and+21.5kV, larger than the value

] ! . librium exists or not, a large set of model computations has
of 20kV obtained from Eq.X4). Such cross-field potential - poen carried out. An automated routine determines whether
differences may actually be reached in the magnetotail.

: an equilibrium solution can be found for the specified param-
Only for small |[Agexi|, less than a kilovolt or so, the

. - o ) eters. In practice, this implies checking whether the bound-
maxima and minima of the electric field profile are compa-

: ary conditions can be met and whether uniform asymptotic
rable (Exmax ~ [Exminl). The fact that eithefExmaxd > plasma states are obtained on either side of the boundary.

| Ex,minl OF | Ex max| < |Ex.min| €lsewhere demonstrates that g ,chy an automatic test may deliver slightly different results
cold-hot interfaces are nearly always characterized by &epending on the numerical parameters with which the in-

monopolar signature, while hot-hot interfaces also havgeq ation of the differential algebraic equations is carried
monopolar fields as soon fsdex is larger thanafew kV. ot particular attention was therefore given to the size of

the simulation domain (large enough to deal with configura-
tions with very hot particles that have a large gyroradius), the

6 Role of plasma properties
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10° as expressed by Eg4)( Particle redistribution is therefore

@ easiest for low plasma beta, i.e. if the densities are smaller.
Existence domains for a tangential discontinuity equilib-

rium between plasmas with different or with the same tem-

peratures are given in Fig. The left density is @ cm 2,

while the density on the right is.®cm3. In the first panel,

the left population temperatures vary frdfg- = 1eV up to

1keV for the electrons anfl+ = 57, for the protons, while

the right plasma consists of 1keV electrons and 5keV pro-

0 10 20 tons. _The structure of these transitions is determined by the

Adex [kV] ordering of the transition lengths. At the low temperature end

Lcold- < Leold+ < Lhot- < Lnot+ and the precis@;oig+/ Teold-

ratio does not matter much. As the temperature increases,

this ordering changes. At the high temperature end, the elec-

tron lengths are still shorter than the ion lengths so that the

results are not qualitatively modified when thg)q+/ Tcold-

ratio is changed somewhat. In the second panel, both plas-

mas have the same temperatures, varying through the same

ranges. Higher temperatures invariably lead to broader limits

for Agext: as the temperature increas@s)tpmax increases

as well.

- [keV]

=107

(b)

-20 -10 0 10 20
Adext [kV]

7 Role of shear flow

Fig. 7. Existence of a tangential discontinuity equilibrium be-
meen(a)_glasmas of different temperatures, while the left density The realization that the external electric potential difference
is 0.1cm* and temperatures vary frof,- =1eV up to 1keV  places limits on the existence of TD equilibria is closely re-
for the electrons andy+ = 5T~ for the protons, while the right |50 g earlier work on the flow shear limit across a TD, since
plasma consists of 1keV electrons and 5keV protons with a densmﬂow shear generates a potential difference across a finite

_3 . . -
of 0.5cm™2, and(b) two plasmas with the same temperatures, with thickness TD layer$esterp1964 1966 Roth et al, 1998

left and right densities of.@cm™2 and 05cm~3 and with electron .
and ion temperatures varying through the same range as in(@anel De Keyser et 8).1997 De Keyser1999 Echim et al, 2007).

In both cases the computations have been carried out over a broad N that spirit, it is natural to examine the existence condi-
range of EEPD values. The red regions indicate the existence of #0ns when both a flow sheaxV and an EEPDA¢ex: are
tangential discontinuity; in the blue regions no tangential disconti- present. Figuréd shows the existence domain for cold—hot
nuity equilibrium is possible. interfaces withAgex = —2kV, 0kV, and+2kV for ¢ = 1.

Note that the existence domain depends on the shape of the

cutoff functions through the characteristic transition length
number of discretization points (large enough to resolve alsosalues. The domains are symmetric with respect toAfig
the small length scales), the precision of the ordinary dif-axis. This can be explained by noting that the VDFs (where
ferential equation integrator and the solver for the nonlinearthe mean velocities ar€ = AV /2 with the sign indicat-
algebraic equation, etc. ing on which side the population is located) are insensitive to

Figure 6a reports the results of a number of simulations a change of the sign etV as it does not appear in the cut-

of the cold-hot plasma interface, in which the hot plasmaoff function in the unidirectional magnetic field configuration
density varies between@?1cnt3 and 1cm3, and where  considered here. The sense®¥ |, however, is important
Adgext Varies between-40kV and+40kV. The red region since it determines the sign of the convection electric field. If
represents the domain in parameter space where a TD equihe EEPD-related field has the same sign, the two tend to re-
librium is found to exist. Figur@b similarly plots the exis- inforce each other. If they have opposite signs, they may par-
tence domain for a hot—hot interface where the right plasmaially cancel. In either case the degree of charge-separation is
density and the EEPD vary over the same range as beforaffected, and thus the existence condition will be modified.
Increasing the hot plasma density appears to lead to a morEven for the relatively small\¢ey; examined in these sim-
restricted range ofA¢ex. This can be understood as fol- ulations, the existence domain is modified significantly. For
lows. The particles in the transition redistribute themselves tahe hot—hot interface (not shown in Fig), the shear veloc-
counter charge separation, but as they do so, the plasma preiy limits are higher because of the larger thermal velocities
sure changes. Changes in the plasma pressure, however, akthe populations involved, so that the velocity limits likely
limited because of the requirement of constant total pressurelay a lesser role in the magnetotail.

Ann. Geophys., 31, 251261, 2013 www.ann-geophys.net/31/251/2013/
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Fig. 8. Existence of a tangential discontinuity equilibrium at the cold—hot interface in the presence of both a flok Bhaad an EEPD
Adext= —2kV, 0kV, and+2kV for £ = 1. The red regions indicate the existence of a tangential discontinuity; in the blue regions no
tangential discontinuity equilibrium is possible. The circles, drawn Bt= £vpoty = 979 km s1, are indicative of the regions where flow
shear driven instabilities might develop.

This reasoning again does not address instability issues. Iducted, demonstrating that this is a robust conclusion, regard-
general, it is known that flow shear driven instabilities ap- less of the precise plasma densities or temperatures involved.
pear when the velocity difference is larger than the thermalSignificant plasma shear flow can be important in addition
velocities and when the shear layer becomes narrower. Th the EEPD: there is both a maximum to the EEPD and to
regions outside the circles in Fi§.qualitatively represent the magnitude of the flow shear that can be sustained in an
situations prone to such instabilities; the circles are drawn aequilibrium tangential discontinuity configuration.

AV = lvhotr = 979kmsL, This finding has important implications for the genera-
tors of quasi-static auroral and subauroral features. Cold—hot
plasma interfaces are found, for instance, between the lobe

8 Conclusions and the plasma sheet. Since auroral field lines connecting
to the plasma sheet are likely closed, while the lobe field

The present systematic study of tangential discontinuitylines may be open, an important EEPD may exist across

structure, computed with a self-consistent kinetic model,such interfaces. According to the TD model, such interfaces

elaborates on the results reportediyy Keyser et al(2010. are characterized by essentially monopolar electric fields,

It shows that a strong external electric potential difference in-which explains the observational resultloliansson et al.

variably leads to monopolar electric field signatures at both2006 De Keyser et a).2011). Cold-hot plasma interfaces

cold-hot and hot-hot interfaces, whereas for smaller EEPare also found at the edges of hot plasma regions that are
the electric field profile is monopolar or asymmetrically bipo- embedded in the lobe plasma, and that have been associated
lar for cold—hot interfaces, and bipolar or more complicatedwith polar cap arcsMlaggiolo et al, 2011, De Keyser et aJ.

for interfaces between plasmas with comparable tempera2010. Yet another situation where hot and cold plasmas are

tures. Parameter surveys of the solutions have been con-
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in contact occurs at the inner plasma sheet—plasma trough The TD model describes the generator of the auroral cur-
interface, or at the ring current—plasmasphere interface durrent system in the limit where no current is drawn. For quasi-
ing hot plasma injection into the inner magnetosphere instatic auroral structures, with their relatively long lifetime,
the course of a substorm. Shear flow across such interfacesuch a description is appropriate. The model presented here
rather than an EEPD, appears to provide a more appropriatihus does not include any parallel currents; such currents
description of such configurations, which may give rise to thewould modify the magnetic field (but that perturbation is
very strong monopolar magnetospheric and ionospheric eledknown to be small). Precipitation and the presence of upward
tric fields driving subauroral polarization streams or subauro-accelerated electrons or ionospherit &hd O™ outflows are
ral ion drift layers De Keyser1999 De Keyser and Echim  believed to have minor effects on the actual TD structure.
2010. Also the low latitude boundary layer can be an inter- To obtain a complete picture of the auroral circuit, the model
face between cold plasma of solar wind origin and hot mag-should be extended self-consistently with a description of the
netospheric plasma. In that case both EEPD and flow shegparallel currents and of the ionospheric conductivity. Doing
may be important; the role of flow shear and its consequenceso is unlikely to modify the TD existence limits dramatically.
for the coupling to the ionosphere has been studiediym
et al. (2008. Hot-hot interfaces, on the contrary, are found
within the plasma sheet and are associated with bipolar of\‘cknowledgementsThis work was supported by the Belgian Sci-
more complicated electric fields for small EEPD and with engeAPtpllcy folcteMtg;gl;?gsfrodex-CLUSTER PEA4200090316
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