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[1] Upward field-aligned currents and their associated parallel electric fields couple the
ionosphere to the magnetosphere. It is desirable to know how such a potential drop is
distributed along the flux tube, what controls its variation, and how it is balanced by the
plasma. By considering the motion of the ionospheric and magnetospheric electrons and
ions, under the influence of electrostatic and magnetic mirror forces, a quasi steady state,
quasi-neutral electric field distribution along the magnetic flux tube can be obtained. A
feature of the potential profiles is the occurrence of a potential jump that splits the profile
into three distinct regions: below the jump, within the jump, and above the jump. Within a
kinetic framework, we analyze how the plasma velocity distributions evolve along the flux
tube, taking into account ionospheric, magnetospheric, mirroring, and precipitating
electron populations. By calculating the moments of the governing Vlasov equation, we
ascertain what balances the parallel electric field (£)) and how it is maintained,
establishing a dynamical equilibrium. Our calculations show that (1) earthward of the jump
E| =—(p./enB)V B associated with the ionospheric electrons, except for at the base of the

F region where p| contributions become more significant; (2) within the jump
magnetosphere electrons dominate and £ = —(1/en)V p; and (3) above the jump
mirroring magnetospheric electrons make a principal contribution of £ = —(1/en)Vp,
with a secondary contribution of —(p, — p|)VB/(ne) becoming comparable beyond =3 Rp.
Additionally, we found that although the precipitating electrons carry the field-aligned
current, it is the mirroring population that determines where £ is concentrated and hence

where precipitating electrons are accelerated.
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1. Introduction

[2] Parallel electric fields and their associated field-aligned
currents are key in coupling the hot, tenuous magnetosphere
to the cool, dense ionosphere. They are responsible for the
observed aurora and play a significant role in the global
circuitry network surrounding the Earth. It remains one of the
outstanding problems in magnetospheric physics to fully
understand the origin and structure of parallel electric fields.
Observations have suggested that elongated, U-shaped
potential structures straddling the magnetic field are respon-
sible for the parallel fields. It is believed that the required
parallel potential drop (~1 kV) is distributed over a large
length scale (~10° km) however, observations of large-
amplitude electric fields (~25 to 300 mV/m) suggest that in
some instances a significant fraction of the total potential drop
occurs over a much smaller length scale (~10 km) close to the
Earth (~1000 km) [Mozer and Hull, 2001; Hull et al., 2003a,
2003b; Chaston et al.,2007; Ergun et al., 2000, 2001, 2002a].
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[3] A significant challenge is understanding how the
electric field varies as a function of position along the mag-
netic field and what controls that variation. Initial modeling
of magnetospheric fields by Alfvén and Filthammer [1963]
considered a low density, kinetic plasma in a simple mag-
netic mirror field and found that the parallel electric field
vanishes if the electrons and ions have the same pitch angle,
otherwise charge separation results and an equilibrium elec-
tric field is required to ensure the plasma is quasi-neutral
along the magnetic flux tube [Persson, 1963, 1966]. Following
similar treatments many have built upon these seminal works
incorporating additional physics. Alfvén and Filthammer
[1963] only considered magnetospheric, delta source dis-
tributions; Knight [1973] relaxed this simplification and
included Maxwellian source distributions at both the magne-
tosphere and the ionosphere. This approach yielded a current-
voltage relationship, but did not produce a potential profile,
nor did it consider quasi-neutrality. This deficiency was cor-
rected in the models adopted by Whipple [1977] and Chiu and
Schulz [1978]. Stern [1981] found that double layers, where the
potential varies significantly over a discrete length scale, were
a necessary and unavoidable feature of the solutions. Miller
and Khazanov [1993] produced potential profiles where the
source distributions could be manipulated to have a prescribed
degree of anisotropy. Others, such as Vedin and Rénnmark
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[2004], have used fluid and fluid-kinetic hybrid models to
yield potential distributions and current-voltage relations.

[4] Recently, Bostrom [2003, 2004] studied the distribu-
tion of current-driven electrostatic potentials along auroral
flux tubes analytically, taking into account quasi-neutrality,
the kinetic orbital motion of the plasma under the influence
of electric and magnetic mirror forces. Paying careful
attention to particle accessibility, Bostrom calculated a
series of potential profiles that included potential jumps
(double layers), where a significant fraction of the total
potential drop along the flux tube occurs over a small length
scale comparable to the Debye length. The altitude of the
potential jump is sensitive to the relative density and tem-
perature of the source ionospheric and magnetospheric
populations. The purpose of this paper is to extend the work
of Bostrom [2003, 2004] to investigate how the quasi-neutral
electric potential variation is balanced and maintained by the
plasma, specifically the electrons, along the flux tube. We
derive the moments of the gyrotropic Vlasov equation in
order to ascertain what are the significant contributions to
the parallel electric field. We also resolve the ambipolar
nature of the ionospheric plasma.

[5s] This paper is structured as follows: section 2 sets up
the kinetic framework that we will use throughout this
paper. It follows the treatment of Bostrém [2003, 2004],
briefly summarizing the important results relevant for the
subsequent work. Sections 3 and 4 build on this by deriving
the moments of the gyrotropic Vlasov equation in order to
understand how the plasma, specifically the electrons,
behave under the influence of the electrostatic potential, the
magnetic inhomogeneity and pressure effects.

2. Upward Field-Aligned Current Model

[6] Field-aligned currents and their associated parallel
electric fields connect the ionosphere to the magnetosphere.
Plasma, of both ionospheric and magnetospheric origin, that
contributes to the current must have sufficient energy par-
allel to the ambient magnetic field to overcome electrostatic
and magnetic mirror forces. In the absence of a driving
electric field, the conservation of the first adiabatic invariant
solely dictates the plasma dynamics and determines what
population of the given source distributions mirror or pre-
cipitate, hence determining the current (termed the thermal
current). If the drawn current is larger, then a sympathetic
potential drop is required, widening the effective source
cone and altering the fraction of potential current carriers. It
is desirable to know how such a potential drop is distributed
along the flux tube and what controls this variation.

[7] By considering the motion of the ionospheric and
magnetospheric plasma, under the influence of a back-
ground electromagnetic field, one can obtain a quasi steady
state electric field distribution along the magnetic field while
preserving quasi-neutrality. Following Bostrom’s approach
[Bostrém, 2003, 2004], we consider a flux tube segment of
the global circuitry network surrounding the Earth, with one
end grounded in the F region of the ionosphere, the other in
the magnetosphere. We assume (1) a prescribed current
density along the flux tube (or equivalently a prescribed
potential drop, ¢,,); (2) some plasma processes continuously
replenish plasma at the ionospheric and magnetospheric
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ends of the flux tube, with a Maxwell-Boltzmann distribu-
tion function; (3) a dynamical equilibrium prevails, where
there are no temporal variations; (4) the particles carrying
the current along the flux tube are sourced from the dis-
tributions that enter/exit at either end of the flux tube; and
(5) the plasma responds to electrostatic and magnetic mirror
forces.

[8] Within a kinetic framework, the plasma species («) is
described by a dlstrlbutlon function fo (W), W, ¢, U(Q))
where: W), = u” 1/2 is the nondimensional kinetic energy
component parallel (perpendlcular) to the magnetic field; » , =
v, L(kgT, M/m) is the corresponding nondimensional
velocity components; Ty, is the magnetospheric source tem-
perature; U = e@/(kzTy,) is the normalized electrostatic
potential with U = 0 at the ionosphere and U = U, at the
magnetospheric end of the flux tube; and ¢ = B/B is a field-
aligned coordinate normalized by the magnetic flux density at
the ionospheric end of the flux tube B;. Thus, the ionospheric
end of the flux tube is at { = 1 and the magnetospheric end is
Car = B/Byy. Note that for ionospheric species, quantities are
normalized with respect to the ionospheric source temperature
T; and are denoted with a tilde. Please refer to Appendix A
for further details regarding corresponding dimensionalized
quantities. The magnetospheric and ionospheric source plas-
mas are composed of hydrogen and singly ionized oxygen
respectively, characterized by 7 = T;/T), and v = n,/n,, which
defines their relative temperature and number density. In this
study weuse 7 =1 x 107 and v = 3 x 10°.

[9] The dynamical evolution of f in phase space is
described by the Vlasov equation which can be conveniently
solved using Liouville’s theorem (i.e., the phase space
density, f, is constant along a particle trajectory). Hence,
given a source distribution at (; and knowledge of how the
trajectories behave under the influence of external forces,
then one can obtain the distribution function at an arbitrary
point in space (. For a plasma under the influence of elec-
trostatic and magnetic mirror forces, the particle trajectories
are described by the following equations of motion

Wis+ Wis+ Ug = W) (C) + WL () £ U(C) (1)

Cx Wi = CWL(C) (2)

where the plus (minus) sign refers to ions (electrons), for
ionospheric species add a tilde. The first equation is the
conservation of particle energy and the second represents
conservation of the first adiabatic invariant p = 2mv % /B.
Using equations (1) and (2) we can determine the populated
regions of phase space at an arbitrary point (. Particles
originating from the source at (,, will occupy the region at ¢
defined by

Wy > (/6 =D)L F (U-U) 3)
i z0

The boundaries of these regions will be denoted by I';, and

T', respectively. The particles satisfying the above condi-

tions that are subsequently lost at the end of the flux tube at

(. are given by

W > (/¢ — DWW F(U-U,) (4)
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Figure 1. Regions of phase space populated by electrons, originating from the (right) ionosphere and
(left) magnetosphere, at an arbitrary point ¢ where the electrostatic potential is U(¢). Particles in regions
Ay and A5 travel the length of the flux tube without mirroring, while those in regions 4, and A4 mirror.
Particles in region Ag are trapped between the magnetic mirror and electrostatic forces. Figure 1 is adapted

from Bostrom [2004, Figure 2].

This boundary will be referred to as I'.. These boundaries
define which particles precipitate and those which mirror.
To obtain the potential distribution along the flux tube U(()
the boundaries in phase space of both ion and electron
populations must be considered. Figure 1 shows the bound-
ary limits for the magnetospheric and ionospheric electrons
only (for the full set of phase space diagrams, including ions,
see Bostrom [2004]). Although we map the ions also, we do
not present a detailed discussion of them here, as it is done by
Bostrém [2004]. We focus our discussion on the electrons,
as the remainder of the paper aims to provide a comparison
with studies that consider electron observations. Regions 4,
and A5 are populated by particles that are lost at the end of
the flux tube; regions A, and A4 are populated by particles
being mirrored. In reality, particles that are trapped between
the magnetic mirror and electrostatic forces constitute an
additional population (region Ag in Figure 1) important to the
potential distribution. A correct treatment of the trapped pop-
ulation is rather involved; to simplify matters here we do not
include a trapped population in our calculations. As demon-
strated by Bostrom [2004, Figure 10d], when no trapped par-
ticles are incorporated the potential jump occurs at slightly
higher altitudes and accounts for a slightly larger fraction of
the total potential jump.

[10] With knowledge of how the distribution functions
evolve with position along the flux tube one can easily
obtain any bulk commodity at ¢ (such as the number density
or the fluid velocity) by integrating the distribution function
over the appropriate regions in phase space. Summing over
the charge densities of the participating plasma species (ions
and electrons) yields the total (dimensionless) charge den-
sity p(¢, U). Maps of p as a function of ¢ and U can be
constructed [see Bostrom, 2004, Figures 8 and 9] that show

two distinct regions of positive and negative charge density
separated by the contour p = 0. To obtain the potential
distribution along the flux tube, quasi-neutrality is invoked
by finding the root U(() that satisfies p((,U) = 0. In general
the resulting potential distribution is a multivalued function
of (, with no acceptable continuous solution joining the
ionosphere to the magnetosphere. This issue can be cir-
cumvented by means of a potential jump (double layer). The
maps of p apply within the potential jump where ( is
approximately constant and the charge density is only a
function of U. The location of the potential jump is found by
considering Poisson’s equation within the double layer.
Following Bostrém [2004] and others [Langmuir, 1929;
Stern, 1981; Block, 1972] multiplying Poisson’s equation by
dU/d¢ and integrating once yields the necessary criteria for

the position ((;) of the jump,
(©), (@)
i), \dc),

where k = Apd(/dz (approximately constant within the
double layer); A\p is the Debye length; and z is the dimensional
coordinate along the flux tube. If the scale of the background
magnetic field variation is ~Rg, then k = A\p/Rp < 1. As
described by Stern [1981] and Bostrém [2004], if £ adjacent
to the jump is much less than that inside, the integral inside
equation (5) is zero to leading order.

[11] Note that Bostrom [2004] assumes no potential drop
between the jump location and the ionospheric end (i.e.,
U;1 = 0). Our calculation relaxes this simplifying assumption,
and resolves the ambipolar structure of the ionospheric
plasma.

Un k2
/ p(¢,U)dU = >
U

/j1

~0 (5
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[12] Given the potential variation U((), the magneto-
spheric and ionospheric source distribution functions, and
the electron trajectories in phase space, we can calculate the
moments of the governing Vlasov equation and ascertain
how the parallel electric field is maintained, establishing a
dynamical equilibrium. An alternative way of expressing
this is that we identify the principal routes through which the
electric field modifies the electron motion such that a net
charge density is established which satisfies Poisson’s
equation, or quasi-neutrality, as appropriate. For example,
the main effect of the electric field could be to accelerate the
current carrying electrons, or to redistribute the mirroring
electrons, etc.

3. Parallel Electric Field

[13] In this section we derive the moments of the Vlasov
equation. Initially, we will suppress the nondimensional
notation to aid a physical appreciation.

[14] Assuming the plasma to be collisionless and the
guiding center approximation valid, the electrons are
described by a gyrotropic distribution function f= A7, v, v, ?)
which is a function of the distance along the flux tube, /;
the parallel guiding center velocity, v; the perpendicular
speed of the electrons, v ; and time, 7. Under the influence
of a parallel electric field and the magnetic mirror force,
the electron dynamics are described by mdv|/dt = —eE) —
uOB/Ol, where p is the first adiabatic invariant. In the
steady state f = f(/, v, v.) and the gyrotropic Vlasov
equation becomes

VHVL 8B Of _

p 229 g ()

of _ (B v 9B\ of
(r)VH 2B oY 8VL o

War = \m T 2B o0

where f= fy, + f;, and f;, and f; represent the magnetospheric
and ionospheric electron distribution functions respectively.
The average, macroscopic description of the plasma is found
by calculating the moments of the Vlasov equation. Taking
the zeroth moment yields the continuity equation

0, _ nT/H OB .
5 -5 =0 (7

where v = [v fdv/n and n = [fdv. Noting that j;| = +env,
this can be rewritten to explicitly emphasize that jj/B is
conserved along a flux tube,

)

This expression provides a useful means of calculating v
along the flux tube. Calculating the first moment, by mul-
tiplying the Vlasov equation by mv and integrating over
velocity space, gives the momentum equation

1 OB 10B
E%/vifdv—j—gw/vﬁfdv 9)

en 0 2
_;EH = &/V”fdv-ﬁ-
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where use is made of equation (7). This equation can be recast
in terms of the parallel (p)) and perpendicular (p, ) electron
pressure

V(o OV pL—p| OB
B = -+ oB
1= e (az TS TR w

(10)

where the parallel pressure is

= f =)

and the perpendicular pressure

. :2/ 2 fdv (12)

Equation (10) clearly exhibits the main components balanc-
ing the parallel electric field: the first term is the parallel
pressure force; the second term is a measure of the electron
fluid acceleration; and the third term quantifies the effect of
the magnetic inhomogeneity: (p,/B)0B/0! is the magnetic
mirror force and —(p/B)0B/0l is the pressure force associated
with the changing cross-sectional area of the flux tube. Note
that these two forces are in opposition [Comfort, 1988].

[15] Rewriting the problem in nondimensional form yields

(o e
=N dy I Ay ¢ Ay
apiono I—)iono _ﬁiono 6< B »
T I I - mag iono
= — | =E E 13
where
b =p)¢/ (ks Tyno) (15)

—iono

P = p"°/ (ks Tino) (16)

N =n/ny (17)

For = S (kg Tar/m)** /g (18)

Ji = filks Ty /m)*" ng (19)
and we have performed the change of variable to a field-
aligned coordinate y = (/,,, — [)/Rg which is measured from the
ionospheric end, such that y = 0 is the base of the F region
and y increases as we approach the magnetosphere. Further
details regarding dimensionalized quantities are given in
Appendix A. The magnetospheric electron contribution can
be decomposed into that from the precipitating and mirroring
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Potential Profile U(y)
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Figure 2. Plot of the electric potential variation U as a
function of the field-aligned coordinate y for the whole spa-
tial length of the flux tube. The plot exhibits three main re-
gions of interest: earthward of the potential jump
(prepotential jump), within the present double layer (within
the potential jump), and magnetospheric end of the jump
(the postpotential jump). Note that the potential variation
in the prejump region and within the potential jump varies
on a scale that cannot be resolved by this plot (see Figure 3
for further details).

ag _ —mag,p +l—7mag ,m

populations: p[* = pii*®P + pi**e™ and p7*¢ = pT

such that Ef¢ = Ef*®P + E[f*®™ where

Pyt = / uj frrdu — Nt (20)
Ay
Pt = / uf firdu (21)
24>
P = [ du 22)
Ay
P = [ i (23)
24,
and
- Cu -
uH = N_C quMdu (24)

source

The latter expression is a convenient way of calculating i
along the flux tube exploiting the conservation of ¢ (i being
the dimensionless current density jj|). A similar relation can be
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used for the ionospheric electrons. In this notation the iono-
spheric electron pressure becomes

e = / i} frd — Nitj (25)
As+24¢
pi™e = i, fidu (26)
As+244

Evaluating the integrals over the appropriate regions of phase
space defined by equations (3) and (4) we can calculate the
contributions to the parallel electric field £ I

[16] When a potential jump occurs it is also of interest to
analyze how the parallel electric field within the jump is
balanced by the electrons. A full, self-consistent calculation
for the electric field in this region would require explicitly
solving Poisson’s equation, since we would be working on a
length scale where quasi-neutrality breaks down. Here, we
probe the plasma behavior by prescribing a electric potential
(consistent with U}, and Uj,) within the double layer to get a
glimpse of the electron behavior. Ultimately a self-consistent
calculation is required. Within the potential jump we choose a
dimensionless length scale of interest A( = (I,, — [)/Ry, where
Ry is expected to be of the order of the Debye length) that is
sufficiently small such that there is no significant spatial
variation in the magnetic field 6¢/0A = 0, yet acceptably large
that there is a spatial variation in the distribution function. On
such a length scale any forces associated with the ambient
magnetic inhomogeneity are negligible, therefore

1 apﬂmg 8uH
HEH oA + Nu ”8A +

where k = Ro/Rp.

—iono
™

N 0A @7)

4. Contributions to the Parallel Electric Field E I

[17] Given the potential variation U(({) there are two
equivalent and complementary methods for calculating the
parallel electric field Ej. The simplest and most direct
involves calculating the derivative of the normalized
potential variation with respect to y, E | = 0U/Oy. In the
analysis presented here, given U(C): the magnetospheric and
ionospheric source distributions, and the electron trajectories
in phase space, we can calculate the moments of the Vlasov
equation to find E |- In doing so, we gain the added benefit
of understanding what balances the parallel electric field and
how it is maintained. The contributions to E” calculated
from equation (13) is equal to E | = 8U/6y (the alternative
method) and agrees to O(10°): This is an important con-
firmation of the calculations presented here.

[18] Following Bostrom’s model (as described in section 2),
the variation of the electric potential as a function of y along
the flux tube is shown in Figures 2 and 3. For this particular
calculation the prescribed potential drop was UM =-10(j; =
2.7 x 107"2n\/T™ Am- %, for n}' = 10° m™ and kT =
500 eV, jj; = 6 S,uAm Wthh corresponds to ¢, = 5 kV)
and the key dlmensmnless parameters listed in Table 1 were
used. The potential jump was found (using equation (5)) to
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Figure 3. Plot of the electric potential variation U in the three regions of interest: earthward of the poten-
tial jump (prepotential jump), within the present double layer (within the potential jump), and magneto-
spheric end of the jump (the postpotential jump). The dashed (solid) curve is the electric potential (parallel
electric field); in all subplots the left-hand axis (right-hand axis) corresponds to the electric potential (par-
allel electric field). Prepotential and postpotential jump variation is a function of the field-aligned coor-
dinate y; within the potential jump, the variation is a function of a dimensionless spatial parameter A. Note
that within the potential jump, the plotted parallel electric field is xE|, where k = Ro/Rg, Ro being the

typical width of the double layer.

occur at (; = 13.47 (which occurs at a radial distance 2.33Rg
from the Earth), where the potential changes suddenly from
Uy =—231 x 107 to U, = —8.53. Figure 2 exhibits the
potential variation along the entire flux tube under consid-
eration, showing the three main regions of interest: earth-
ward of the potential jump (prepotential jump); within the
potential jump; and the magnetospheric end of the jump
(postpotential jump). Note that the potential variation in the
prejump region and within the potential jump varies on a
scale unresolved by the plot. Figure 3 shows the detail of the
potential variation and the variation of the parallel electric
field within the three regions. Note that within the potential
jump the plotted parallel electric field is KE | Where k= Ro/Rp,
and Ry is the field-aligned scale of the jump.

[19] To aid in a physical appreciation of the plots we
shall set 7 = 10° m 3, kzT™ = 500 eV and the spatial
extent of the double layer to = 100 km. The prejump region
then occurs over a length scale = 8900 km, where the
potential difference A¢ ~ 1.25 V and the peak electric
field 1Ef “k| ~ 62.7 pVm™'; within the potential jump A¢ ~
4264 kV and IEﬁe“kI ~ 320 mVm™'; and in the postjump
region A¢ =~ 735 V and IEﬁe“kl ~ 0.3 mVm ' over a spatial
range of =48000 km. These values are in general agreement
with Ergun et al. [2002b, 2004].

[20] In Figure 4 we show the total space charge distribu-
tion within the potential jump, which integrated over U is
zero, consistent with equation (5). Within the jump, a tanh
potential variation is used, which closely mimics a typical
sheath field, such that the electric field at the edges of the
double layer is zero.

[21] Figures 5 and 6 show the electron number density as
a function of y, decomposed into contributions from the
jonospheric (N!/) and magnetospheric (V) species; the

magnetospheric mirroring (N¥™) and precipitating popula-
tions (N2'7) respectively. In the prepotential jump region
(i.e., earthward of the jump), there is a pronounced peak in N2/
resulting from a combination of competing effects acting on
the magnetospheric electrons; moving earthward E| (the
magnetic mirror force) tends to accelerate (decelerate) the
magnetospheric electrons. Additionally, as the magnetic flux
density increases, the cross-sectional area of the flux tube
decreases. As the ionosphere is approached, the precipitating
electron population (and the empty region in phase space
associated with them not mirroring) grows in significance as
fewer electrons are mirrored leading to a decline in the den-
sity. This effect is evident in the prejump region in Figures 5
and 6.

[22] The effect of the magnetic mirror force is clearly
exhibited in the magnetospheric pressure components in
Figure 7: as the magnetospheric electrons move from the
source, the magnetic anisotropy gradually increases and the
mirror force grows increasingly prominent. Conservation of
the first adiabatic invariant transfers energy from the particles

Table 1. Key Dimensionless Parameters for Numerical Simulations®

Quantity Value
Cm 1000
Uy -10
T 1x1073
v 3x10°
G 13.47
of -231x107°
Up -8.53

“The bottom half of the table lists the potential jump conditions
obtained as part of the quasi-neutral solution calculated from the
parameters listed in the top half of the table.

6 of 13



A07216

Total charge density vs U within the potential jump
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Figure 4. The total (dimensionless) charge density (all
species « including ions) as a function of potential within
the potential jump from Uj; to Uj. The positive and neg-
ative charge distribution w1th1n the double layer balance

and [ p(¢, U)dU = 0.

parallel motion to its perpendicular motion increasing p'%,
hence p'1*¢ > pi™

[23] Similar competmg effects dictate the dynamics and
hence the density variation of N. (see Figure 5). Under the
sole influence of an upward electric field, ionospheric elec-
trons with a nonzero source temperature would be expected
to be restricted to the ionosphere, and have a density vari-
ation x v exp(—U), where U = U/T. However, the combined
competing effects introduced via the magnetic inhomoge-
neity complicates this simple dependence. The magnetic
mirror force aids in allowing the electrons to reach further
along the flux tube than would be possible without it,
whereas the pressure force associated with the changing

Pre—potential jump
1500
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cross-sectional area of the flux tube, acts to constrain the
electrons close to the ionosphere. Within the potential jump,
where forces associated with the magnetic inhomogeneity
are negligible and U varies dramatically, the ionospheric
electrons are excluded and N/, tends to zero. The effect of the
magnetic mirror force is evident in the behavior of the
parallel and perpendicular ionospheric pressure terms
(Figure 8): moving away from the ionosphere, conservation
of magnetic moment converts u, to u, causing the distri-
bution to become highly collimated and having p|™® > p"™"°.
The exclusion of these electrons from traversing the
potential jump means p|™"® and PO are negligible postjump
and throughout most of the jump.

[24] Using the expressions derived in section 3 and the
solution for U(() obtained from Bostrdm’s model, we can
now analyze how the electric field is balanced and main-
tained by the electrons. Contributions from the precipitating,
mirroring and ionospheric electron populations in the three
regions of interest are shown in Figure 9, which are plotted
normalized to the total parallel electric field £ at each value
of y (or A). In the prepotential jump region the ionospheric
population supports virtually the entire electric field close to
the Earth due to N > NY. When N. becomes comparable to
NY (at A =~ —4, see Figure 5) the influence of the ionospheric
population drmlnlshes and the magnetospheric populatlon
becomes the primary contrrbutor to Ej. Of this species it is
the mirroring population (NY™) that balances the majority
of E) due to its greater number density relative to the pre-
cipitating particles (Figure 6). This trend continues in the
postpotential jump region: IEJ*$™| > |E[*P| and their
respective spatial variations within and outwith the poten-
tial jump region correlate with those of N and N7
(Figure 6). Although the precipitating electrons carry the
field-aligned current it is the mirroring population that
actually balances the majority of E| which accelerates the
precipitating electrons. This result underlines the importance
of the mirroring electron population, as they play the
dominant role in maintaining the quasi-neutrality of the
system.

Post—potential jump

35 60=

1000

500 25 20t

Figure 5. Variation of the magnetospheric (N2, solid curve) and ionospheric electron number density
(N/, dashed curve) as a function of position y along the flux tube and position A within the Eotentlal jump.
Note that in the three subplots, the left-hand axis (right-hand axis) corresponds to N, (V)
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Post-potential jump

Figure 6. The magnetospheric electron number density (V) decomposed into its mirroring (N2"

35 1.4
3 1.2
25 1

2 0.8 E—

Nej\r{ m

1.5 0.6 =
1 0.4
0.5 0.2
N
e o=
-5 0 5 2 4 6 8
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, solid

curve) and precipitating populations (V27 dashed curve). N2 and N7 are plotted as functions of y
(and A within the potential jump). The plot clearly shows what populations that make up N dominate

in what regions.

[25] In this system, the electron guiding center dynamics
are dictated by the electric force, the pressure force and
the forces associated with the magnetic inhomogeneity.
Figure 10 exhibits how these forces acting on the ionospheric
electrons balance the parallel electric field in the prejump
region. Close to the ionosphere, the electrons thermal energy
exceeds its potential energy (IU(y < 0.05)l < 1), as a result
thermal effects (the parallel pressure gradient) locally support
E|. As y increases and the electrons are decelerated through a
growing electric potential (IU(y < 0.05)! > 1), thermal effects
diminish leaving those associated with the magnetic inho-
mogeneity to dominate. Now, the parallel pressure gradient
and the competing parallel pressure force associated with the
magnetic inhomogeneity largely cancel each other leaving
the magnetic mirror force as the main effect balancing the
majority of E|.

Pre—potential jump

Potential jump

[26] Within the potential jump (Figure 11), the main
contributor balancing £ changes suddenly from the iono-
spheric to the magnetospheric species since N. falls to
almost zero. The small length scale of the transition means
the magnetospheric parallel pressure gradient dominates the
mirror force, and balances the parallel electric field.

[27] In the postjump region, where the magnetospheric
species dominates, it is their parallel pressure gradient that
balances the majority of the parallel electric field (Figure 12).
Additionally, the electric potential energy of the electrons is
less than their thermal energy (U < 1), highlighting the
importance of thermal effects in this region. At y = 3 the
magnetic inhomogeneity is approximately equal in magni-
tude to the parallel pressure force; as y decreases, both
increase in magnitude with the latter becoming the dominant
effect. We note some details of the magnetic inhomogeneity
term, (p|"“® — pT**)(0¢/0y)/(NC): In a trapped, perfectly

Post—potential jump

28 30

2.5

0 0.5 1 -5
)

0.5

=~ o
<

Figure 7. Magnetospheric parallel (p[“%, solid curve) and perpendicular (p7*¢, dashed curve) pressures
plotted as a function of y prepotential and postpotential jump and as function of A within the potential

jump.
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Figure 8. Ionospheric parallel (p|

, solid curve) and perpendicular (p')

iono

, dashed curve) pressures plot-

ted earthward of the potential jump, within the jump, and on the magnetospheric side of the jump.

mirroring isotropic Maxwellian distribution, there would be
no current and p; and p, would have the same (constant)
value along the entire field line. The individual contributions
of p and p, to the above term are not zero, but are equal
and opposite such that they cancel and yield the solution
E” = 0. The current carrying case we present in Figure 12
seems to be a perturbation to this state, inasmuch as the
contributions of pj and p, to the above term are a factor of
O(10) greater than the sum of the contributions. Thus the
magnetic inhomogeneity term only plays a secondary role in
accounting for £ in the magnetosphere.

5. Discussion and Conclusion

[28] In this paper we have studied the contributions to the
parallel electric field responsible for coupling the ionosphere

Pre—potential jump

Potential jump

to the magnetosphere. Following Bostrom’s kinetic model
[Bostrom, 2003, 2004] we considered the motion of the
ionospheric and magnetospheric plasma under the influence
of electrostatic and magnetic mirror forces, to obtain how
the quasi-neutral electric potential varies with position along
the flux tube U((). Invariably we find that U(() contains a
jump which may correspond to a double layer where the
electric potential suddenly jumps over a length scale com-
parable to the Debye length. The potential jump splits U(()
into three distinct regions: the region earthward of the
potential jump (prejump); within the potential jump; and the
magnetospheric side of the potential jump (postjump). This
is in qualitative agreement with the model of parallel electric
fields proposed by Mozer and Hull [2001] and the numerical
simulations by Ergun et al. [2000]. In the later, multiple

Post—potential jump

1 —_—

0.8

l

EH/EﬁOta

1
0.8
mmag,p
0.6 - — E 4
s
0.4 Elilono
0.2
0 T = i

Figure 9. Contributions to the parallel electric field £} from the ionospheric (E|

. magm
spheric mirroring (£

that these contributions are normalized to the total parallel electric field Ej

iono

, solid), magneto-

, dotted) and magnetospheric precipitating (Ef“®”, dashed) populations. Note

total

at each y (or A) shown

in Figure 3 (to aid in the visualization of the data). In the prejump region the ionospheric population
supports the parallel electric field. Within the potential jump when N. ~ N2’ (A ~ —4) the magnetospheric
mirroring population suddenly becomes the dominant contributor to Ey. In the postjump region the
magnetospheric mirroring population remains the dominant species balancing E|.
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_s Contributions to Eﬁ""" in the pre-jump region

_7 . . .
0.4

0.6

y

Figure 10. Contributions to Eh"“o from the moments of the ionospheric electron distribution. These cor-
respond to the parallel pressure gradient plus the pressure force associated with the magnetic inhomogeneity

(dashed), the electron fluid acceleration (dotted), the magnetic mirror force (dash-dotted), and £ I

iono

(solid).

Contributions are plotted as a function of y in the prepotential jump region. In most of this region the mag-
netic mirror force is the main effect balancing the parallel electric field.

transition layers (double layers) can occur depending on the
specific conditions invoked at the ionospheric boundary.
However, our results differ from Ergun et al. [2002b, 2004],
who reported that =10% of the total auroral potential is
concentrated in the double layer. The difference can be
attributed to the relative complexity of the models involved.
Ergun et al. [2002b, 2004] consider a more complex system
incorporating a greater number of particle species including
a trapped population, which we neglect. The inclusion of
extra particle species can give rise to more than one jump in
the potential, whilst the inclusion of a trapped population
given in the work by Bostrom [2004, Figure 10d] can reduce
the potential drop we find in Figure 2 by =50%, and lower
the altitude of the jump by =20%. The remainder of the
potential is then dropped gradually over the magnetospheric
portion of the field line. Evidently the details of the potential
solution are sensitive to the particle species that are present.

[20] With the variation U((), we evaluated the moments of
the governing gyrotropic Vlasov equation to study how the
quasi-neutral electric field £  is balanced and maintained by
the electrons in each of these three regions. Our results show
that in the prejump region the ionospheric species supports
the electric field as a consequence of M. > N. Close to the
ionosphere it is the parallel pressure gradient that locally
balances E » but as we approach the potential jump and the
electrons are decelerated by the electric field, the magnetic
mirror force becomes the main contributor to E). Within the
potential jump itself, as N. falls to zero, the magnetospheric
electrons become the sole species maintaining E| through
the parallel pressure gradient. This is consistent with Polar
[Hull et al., 2003a, 2003b] and FAST [Chaston et al., 2007]
observations, where detailed analysis of large-amplitude

Contributions to E“ within the potential jump

-5 0 5
A

Figure 11. Contributions to £ | from the moments of the
moments of the electron distribution. These correspond to
the magnetospheric parallel pressure gradient (dashed); the
ionospheric parallel pressure gradient (dotted); the electron
fluid acceleration (dash-dotted); and E” (solid). Contribu-
tions are plotted as a function A within the potential jump.
The contributions from the electron fluid acceleration and
the ionospheric parallel pressure gradient are negligibly
small, leaving the magnetospheric parallel pressure gradient
to balance the parallel electric field. As a result the plot of E I
(solid) is indistinguishable from that of the magnetospheric
parallel pressure gradient (dashed).
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Figure 12. Contributions to Ef'“® from the moments of the
magnetospheric electron distribution. These correspond to
the parallel pressure gradient (dashed), the electron fluid
acceleration (dotted), the magnetic inhomogeneity (dash-
dotted), and Ef'*¢ (solid). Contributions are plotted as a
function of y in the postpotential jump region, where the
magnetospheric parallel pressure gradient is the primary
contributor to E|.

electric field structures (double layers) suggest that they are
balanced by ambipolar effects. In the postjump region, as we
approach the magnetosphere, it is the magnetospheric par-
allel pressure gradient that supports the majority of E|.
Additionally, we found that although the precipitating
electrons carry the field-aligned current it is the mirroring
population that actually balances the majority of £} which
accelerates the precipitating population. The mirroring pop-
ulation, being more abundant, is crucial for quasi-neutrality
considerations.

[30] Related studies by Vedin and Rénnmark [2005, 2006,
2007] find the main contribution to the parallel electric field
is from thermal effects consistent with Hull et al. [2003a,
2003b] and in general agreement with our calculations
within the potential jump and in the postjump region. In
general, the contribution from the magnetic inhomogeneity
is comparatively smaller but still significant [Vedin and
Ronnmark, 2005]: This is echoed in our postjump calcula-
tions, particularly as the outer magnetosphere is approached.
Inertial effects [Ronnmark, 1999; Wright et al., 2002; Wright
and Hood, 2003] have also been suggested as an important
contributor to the electric field. In a cold plasma [Wright
and Hood, 2003], electron inertia must dominate E”; for
a warmer plasma, such as in Earth’s magnetosphere, our
results show that it is no longer dominant. Previously the
role of £ and U in overcoming the mirror force experi-
enced by precipitating magnetospheric electrons has been
stressed. Whilst this is still an accurate statement, in this
paper we have shown that it is the more plentiful electrons,
that do not contribute to the current, that are responsible

A07216

for the variation of U along the field line, and hence
determine where electron acceleration occurs.

Appendix A: Table of Quantities

[31] Table Al shows the dimensional quantity (x), its
nondimensional counterpart (¥) and its characteristic value
(xp) such that x = x/x,.

Appendix B: Calculation of Pressure Terms
B1. Magnetospheric Electrons

[32] Forthe magnetospheric electrons the relevant integrals
are evaluated over the appropriate areas in Figure 1. First the
parallel pressure,

/ uﬁfMdu: / uﬁfMdu—i-/uﬁfMdu

A1+24, A1+4, Ay
=n+mnm (B1)
where
W) ~U+Uy
© © U—-Uy -1
n = / / uﬁfMdu — uﬁfMdu
Wy=0 W.=0 Wi=0 W.=0
eU—Un 302
=Sy eke(VU = Tn) =~ D(v/5(U = i)
U - U,
4 i (B2)
¢ T
where D(x) is Dawson’s Integral, and
U-Up © © ©
h = / uﬁfMdu + / uﬁfMdu
W0y, v Mi=U-ts Ty
Kk CM -1 U - UD
=e
¢ T
t73/2
+5 e’(U_U”)erfc< t(U— UD)>
32
- D< S(U—-U, ) B3
= (VT Th)| (B3)

where s = (/((yr — (), t = C/(¢ — 1) and Up = (1 — 1/Q)Up/
(1 — 1/Cay). The contribution from the precipitating elec-
trons is given by

PP = / uf fudu — Naj =y —m (B4)
Ay
and the contribution from the mirroring electrons is
ﬁﬁmg’m = / uﬁfMdu =21 (B5)

24>
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Table Al. Important Quantities Used in the Preceding Work®

Quantity Nondimensional Form Characteristic Value Description

VL uj, . VkgTy/m Magnetospheric parallel (perpendicular) guiding center velocity
VL i), 1 kT /m Ionospheric parallel (perpendicular) guiding center velocity
(mvﬁ, )2 IZVH, n kpTy Magnetospheric parallel (perpendicular) kinetic energy

(mvﬁ, 12 WL kgTy Tonospheric parallel (perpendicular) kinetic energy

10} U kpTyle Electric potential normalized to magnetospheric plasma temperature
6] 1% kpTje Electric potential normalized to ionospheric plasma temperature
E, E) kgThr/(Rge) Parallel electric field

j i noe/kpTy /m Current density

PE )i (kgTymo) ™" Parallel (perpendicular) magnetospheric pressure

pi‘m" i)i‘ﬁllo (kgTmg)™" Parallel (perpendicular) magnetospheric pressure

fu f: M nolkgTydm) > Magnetospheric electron distribution function

1 f1 no(kgTdm) > Tonospheric electron distribution function

n N no Number density, n is the magnetospheric source number density

Ty, magnetospheric plasma temperature; 7}, ionospheric plasma temperature; Ry, radius of the Earth; kz, Boltzmann constant.

Secondly, the perpendicular pressure

/ w? fyydu = / uifMdu+/uifMdu

A1+24, Ay +4s A
= 1+ p (B6)
where
W) ~U+Uy
© © U-Uy ~Jou—T1
o = / / 2 figdu — 2 Firdu
Wy=0 W.=0 Wi=0  W.=0
U-U,
= eV Werfe(vVU — Uy) — CTM -
™
2 v U—-Uy
Sl S A e U D( U—0, ) B7
and
U-Up © © ©
Uy = / ui Sfudu + / / uifMdu
W=y, A MU=ty y, M0
_ 1-C¢y\ /U—-Up
¢ s
£/ (U=Up)

+ i (l—cijlﬂ—%)erfc( t(U—UD))

The contribution from the precipitating electrons is given by

et = / W fudu = = i (B9)
Ay
and the contribution from the mirroring electrons is
Pt = / u? furdu = 21 (B10)

24,

B2.

[33] Following the same mantra we consider the iono-
spheric electrons. First the parallel pressure

/ i) frdi = / i} frdi — / i} frdu

Ionospheric Electrons

As+246 2(As+Ag) As

= 271 — "2 (Bl 1)
where

Wy=U/e
r i ver  ver
- R EAg = X B12
"M = / / ij frdu = CRRT (B12)
Wj=0 W.=0

[34] Since area As is identical to area 4, with potentials
scaled by 7, v, can be found by substituting U = U/, Uy, =
Uy/T and Up = Up/T into n; — 1, (given in equations (B2)
and (B3)) and multiplying by ve/r due to the difference in
furand f to give

o U — U,
ﬁ_e_erfc( 7M>
T
§732 uy s w Gy U — Uy
- ‘(S w-u : ]
\/7_re ( 7'( M))+e ¢ T

(G —1 g /U - Up
¢ T
1732 t
- e~erfc| /—(U — Up)
2 T

+ s*3/2e@D( Sw- UD)) (B13)
T
The perpendicular pressure is
TN ~2 7 os ~) 7o
/ u fidu = / uLﬁdu—/uLﬁdu
As+24¢ 2(As5+4q) As
=26 -6 (B14)
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where
WH U/T
U Uj/r 1
/ / uLf[du—Z/(e t<C—112C))
=0 W=

(B15)

[35] As in the parallel integral case, we can find ¢, simply
by substituting U = U/, Uy, = UyJ7 and Up = Up/T into
— 1o (found in equatlons (B7) and (BS)), and multiplying

the answer by ver to obtain

b f( /@) _
CM,I @ U*UD i CM U*UM
() R T(g_l)
Cv
LD S @ S
er ( ;(U—UM))—Q'D( ;(U—UD))>

& U 1 t
*w(m‘l‘z)"“( ?(U‘UD)> e

v w U Uy
oM m Y T UM

¢ T

| S}

[36] Since the ionospheric temperature is small in com-
parison to the magnetospheric temperature, the integrals
over region As tend to zero and no ionospheric electrons
surmount the potential barrier.
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