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Direct observations of the parallel electric field by the Fast Auroral Snapshot satellite and the Polar
satellite suggest that the ionospheric boundary of the auroral cavity is consistent with an oblique
double layer that carries a substantial fractiooughly 5% to 50% of the auroral potential. A
numerical solution to the Vlasov—Poisson equations of a planar, oblique double layer reproduces
many of the properties of the observed electric fields, electron distributions, and ion distributions.
The solutions indicate that the electron and ion distributions that emerge from the ionospheric side
dominate the structure of the double layer. The ionospheric electron distribution includes scattered
and reflectedmirrored primaries, auroral secondaries, photoelectrons, and a cold population. A
large fraction of the ionospheric electrons is reflected by the parallel electric field whereas the
ionospheric ions are strongly accelerated. The steep density gradient between the ionosphere and the
auroral cavity results in a highly asymmetric double layer, with a strong, localized positive charge
layer on the ionospheric side and a moderate, extended negative charge layer on the auroral cavity
side. This structure results in an asymmetric electric field, a feature also seen in the observations.
The electric field observations, however, do not always support a planar double layer since the
parallel and perpendicular signals are not always well correlated. Fully two-dimensional solutions
are needed to better reproduce the observed feature®002 American Institute of Physics.
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I. INTRODUCTION vations from the Dynamics Explorer satellfé"! and large-
scale modeling efforts? The concept of several separate ac-

~ One of the outstanding problems in space plasma physseleration layers changes the modeling approach; the two

ics has been to describe the self-consistent structure of Pgfagions of parallel electric fields can be treated separately. In

allel electric fields that accelerate auroral electrons. Observa&ddition, the role of wave—particle interactions, once thought

tions .from the Fast Auroral SnapsﬁdFAS‘l‘) and Polaf to disrupt strong double layers, is now better understood with
satellites have revealed new properties of the parallel eIeCtrlgurrent observations. Wave emissions appear to coexist with
fields and the charged particle distributions that support th ’ PP

existence of oblique strong double layErsat the iono- (t:he parallel electric field and strongly modify the accelerated

spheric boundary of the auroral cavity. There has been e)gistributions bl_Jt do_ not necgssarily dis_rup'F the st_ructure.
tensive research on the topic of double layeee Raadtfor ) Qur focus in t,h's paper is to examlqe ”'.‘ detail the elgc-
a review including an application to the auroral probl&m. trllc flleld.obsgrvatlons, thg electr-on distributions, and the ion
Thus, the theoretical framework for double layers, includingdistributions in the transition region between the auroral cav-
oblique, strong double layef€ has been well developed. ity and the ionosphere. Using these observations to constrain

A major advance from earlier theoretical efforts on par-& numerical solution, we test the hypothesis that the
allel electric fields is now possible because the problem igonosphere—auroral cavity transition region consists of an
better constrained by recent high time resolution obseroblique double layer that carries a minority fraction of the
vations! Another critical advance is the recognition that aauroral potential. We treat the two-dimensiofi2iD) prob-
parallel electric field in the upward current region of thelem with a 1-D static Vlasov—Poisson solver. The problem is
aurora is not confined to a single region along the aurorateduced to one dimension under the assumption of strong
flux tube but, instead, there appear to be at least tw@nagnetization. The analysis is extended to two dimensions
spatially-separated regions of parallel electric fields. Thisy treating the ion polarization arfXB drifts’ as perturba-
idea is supported by recent FAST observations, earlier obsefipns. These static solutions verify that many of the features
in the observations are consistent with an oblique double
dAlso at the Department of Astrophysical and Planetary Sciences. Iayer.
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II. PRIOR WORK ON DOUBLE LAYERS

There has been extensive research on double |&ysrs,

the theoretical development is well advanced. In this sectio
we do not intend to put forth a thorough review, but rather to

overview the results and describe the general properties

double layers. The earliest works generally concentrated on
class of analytically-solvable, monotonic double layers.
Many of these treatments assume that the electron temper
tures, ion temperatures, and plasma densities are identical G
both sides of the double layer. This assumption greatly sim

n

Ergun et al.

Double layers have been experimentally investigated in
laboratory plasmagsee Raadlifor a review including
strong double layers which were produced in a magnetized
Plasmat>1® A laboratory investigation of the plasma waves

sociated with strong double layErshowed a similar wave
%mission pattern to that which has been observed in the
aurora®*® In the aurora, high-frequency emissiore.g.,
h@ngmuir and quasi-electrostatic whistler wavese ob-
I;?rved on the high-potential side whereas lower-frequency
turbulence(e.g., ion cyclotron wavesare seen on the low-

plifies the calculation and results in a high degree of symmepo'[emialI side.

try in the solutions.

Two basic analytical approaches have emerged. On
such approacf? sometimes referred to as the BGK method

has a specified monotonic potentiab(z), in a time-

stationary, one-dimensional spatial system and all but one c!

The idea that double layers could be responsible for au-
g)ral acceleration was investigated by Bldokho used a
uid model to construct analytic solutions. Kinetic solutidns

'later were used to model the aurora as an oblique double

pver. The solutions used primarily cold species, but these

the distributionsf,, for species) are specified at the spatial studies did consider the presence of hot magnetospheric ions.

boundaries. An unspecified distributiofy} is solved for. It

must be entirely reflected or trapped and therefore it is as-

sumed to be nonzero only in the energy range Udtg, the

net potential of the double layer. The specified distribution
are assumed to satisfy the time-independent Vlasov equati

throughout the potential structure with) constant as a func-
tion of energy,&, from which the individual charge densities
can be derived:

I€a)
Pu()=0, f faéal2)| 5| déa, (1)
14
where the energy is prescribed as
1 2

£(2)=0,P(2)+ 5 My, @
A remainder functiong(z), is defined:

9(2)=&V2R(2)+ 3 pa(2). 3)

In Eqg. (3), the summation includes only the specified distri-

butions so the remainder functiog(z), represents the “left

Obligue double layer models assume a planar geometry and
strongly magnetized electrons; electrons respond only to the
parallel electric field. lons, however, also can experience a

ssigniﬁcant polarization drift and a non-negligible portion of
Otneir energy can go into theXB drift. This model was later

expanded into two dimensichérom which solutions were
found for U-shaped potential structures in accordance with
early observations’ Oblique double layers were subse-
quently investigated with numerical simulatiéhshat indi-
cate that the double layer structure is nearly invariant to ob-
liqueness of the electric field. This same numerical
simulation effort concluded that the boundary conditions are
critical in modeling of the auroral double layer. Thus, we
emphasize the boundary condition rather than the complexi-
ties of the oblique solutions.

In this article we do not address the growth, evolution, or
stability of the double layers in the aurora nor do we discuss
possible nonmonotonic solutions or double layers related to
ion holes? A number of descriptions have been presented on
the formation of double layers including ion acoustic and
Bunemann instabilities. Recent effdftshave investigated
the role of shear instabilities. This topic is best addressed by

over” charge density from Poisson’s equation. To satisfydynamic numerical simulations which can reveal the forma-

Poisson’s equation, the unspecified distributidn) (must
obey the relation

d&,\ 7t
] e %] de=-gto @

tion and evolution of the double layers as well as the inter-
action with nonlinear structures such as ion holes.

There has been considerable discussion on the stability
of the double layers? since the Bohm conditi¢hrequires
that the accelerated populations have drift velocities exceed-

Equation(4) can be inverted by analytic techniques if the ing the threshold of the ion acoustic and ion cyclotron insta-
potential and specified distributions are in an appropriateilities and possibly the threshold of the Bunemann instabil-

analytic form, otherwise a numerical solution figy must be
found. The solution, however, must satisfy,(z,v)
=0,\V(z,v) to be physical. This criterion is not automatically

ity. Strong wave emissions are associated with these unstable
populations, but laboratory results have demonstrated that
strong double layers are not rapidly disrupted. Auroral obser-

satisfied, in fact, is difficult to satisfy, unless the potential,vations in the downward current region indicate that the

®(2), and specified distributionsf() are carefully con-

wave emissions related to the double layers are spatially

structed. We find, however, that numerical solutions can beeparated from the region of a parallel electric fiéld\u-
found by using fits to auroral observations as the specifiedoral observations in the upward current region, however,
distributions and fits to auroral electric field measurements tindicate that low-frequency waves coexist with the parallel
determine the potential. It is this BGK approach that we useelectric field of the double layér.

in this article. A complementary analytical approach involves

The role of wave—particle interactions, however, cannot

the specification of all of the distribution functions at the be entirely ignored. The ionospheric ions, for example, are

boundaries and calculating the potentfal.

perpendicularly heated by the low-frequency turbulence and
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lower hybrid waves generated by the accelerated magneta Oblique, Asymmetric Double Layer Model
spheric electrons. The heated ions evolve into a conical dis: : i 1 i

. . .o . . Auroral 2
tributions and acquire a significant anti-earthward drift due . cavity. ! ’
to the magnetic mirror force. Interestingly, this drift helps to %ﬁ‘g_ﬂem n=04cm? | é
satisfy the Bohm and Langmuir conditidris a rest frame, \ =)
that is, a frame with a constant altitude above the Earth’s : 5_

surface. Thus the double layers in the upward current region
as observed by satellites, do not appear to be moving alonq
the magnetic field. This same ion population also experi-
ences strong parallel heating within the double layer as it isAuroral cavity
accelerated into an ion beam. lon heating therefore can plajObservanonS'

a significant role in the formation of the double layer. We

1500 V

: Intense lower

partially account for the ion heating on the ionospheric side " liples; \ :/hybrid waves.
by using observed ionospheric ion distributions that are very ; = N o

. . -+ — — —— — — = S
near the parallel electric field. o /' A ’\/\/\,\ Low-frequency

! turbulence.

! : Tonospheric

' : plasma
observations.

IIl. OBLIQUE, ASYMMETRIC DOUBLE LAYER MODEL Laweireqlicicy

turbulence.

The parallel electric field &) in the upward current
region of the aurora has been modeled on a large scale wit|
one-dimensional, quasi-neutral solutidAg* These large-
scale solutions with an imposed parallel potential sugges!
that E; concentrates in two transition layers. The lower- Potential

. . . contours.
altitude transition layer separates the auroral cavity, the re- \
gion in between the two layers, from the ionosphere. Accord- o .
ing to the quasi-neutral model, the location and strength of ; ; s m=4cm
the parallel potential in this Ia_lyer is gqverned by .auroral v v v v x
secondary electrons and the ionospheric scale height. The
higher-altitude layer separates the auroral cavity from th IG. 1. Amodel of an oblique, asymmetric double layer. The oblique solid

| heet-dominated t h Th | [nes represent equipotential contours of the double layer. The vertical
pasma S ee_ -aominate _magne osp _ere' € _auro_ra_l CaVii¥shed lines indicate the magnetic field direction and the thick, horizontal
is often dominated by an ion beam of ionospheric origin andiashed line is the path of a satellite traversing the region. Electrons are
precipitating electrons of magnetospheric origin. Thestrongly magnetized so the electron path is guided by the magnetic field.
current-voltage properties closely follow the Kni@'htela- The line labeled “ion path” includes the polarization drift of an ionospheric

. ion as it transits the double layer.
tion. These results are supported by FAST, Polar, and Dy-
namics Explorer observations.

From the above modeling results and supporting obser-
vations, we now know that we can treat the parallel electridrom the ionospheric side contribute significanthy 40%)
field in the transition region between the auroral cavity ando the auroral cavity density. Thus, the ionospheric popula-
the ionosphere as a separate structure from the high-altitud®ns appear to dominate the physics of the double layer at
parallel electric field. One boundary of the transition regionthe ionosphere—auroral cavity transition region.
is the auroral cavity with electrons accelerated by a high-  We label the double layer at the ionosphere—auroral cav-
altitude electric field and hot magnetospheric ions that havély transition region as “strong” because the net potential
penetrated the high-altitude potential. The other boundary 0cé®,>T{®, T, whereT® and Ty are, respectively, the ion
the transition region is the ionospheric plasma. Observationand electron temperatures on the ionosphirigh-potential
suggest that the double layer is oblique to the magnetiside. The superscript “is” designates the distributions or
field“2 and carries an order of magnitude change in plasmaharacteristics measured on the ionospheric side of the tran-
density. The thickness of the transition regi@he order of sition region. The double layer is actually “weak” with re-
10 km) is less than the perpendiculéo the magnetic field, spect to the auroral cavity parameterB,<T{°, Tg°, where
B) width of the auroral cavitythe order of 100 krj) so it  the “ac” designates the auroral cavifjow-potential sidg
appears that the planar solutions of oblique double layer$he strong density and temperature gradients are in accor-
may be used to reasonably model the observations. dance with a highly asymmetric solution.

The electric fields at the ionosphere—auroral cavity tran-  Figure 1 is a cartoon of a planar, oblique double layer.
sition region display a highly asymmetric structtfevith an ~ The vertical direction £) represents distance aloiy(z in-
abrupt onset on the dense ionospheric side and a mom@eases with increasing altitudand the horizontal direction
gradual relaxation in the auroral cavity. Interestingly, the(x) represents distance perpendiculaBtdrhe oblique solid
Bohm condition is not met by the down-going distributions lines are equipotential contours of the planar double layer,
of the auroral cavity by themselves, nor is it necessary sincassumed to extend infinitely in they direction (normal to
ionospheric ions are often the majority species throughouthe page The double layer is bounded on the top left by the
the transition region. In addition, the electrons emergingplasma of the auroral cavity and on the bottom right by the

44: Electron pa‘,th.

. Tonospheric
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ionospheric plasma. The double layer carries a significani(a) 200 e
(factor of 10 density Change. Time is reversed from Ergun ef a/,! Figure 7.

We use FAST observations to constrain the boundary
conditions. Ideally, it would be best to use observations sepa = 0 fss . di LR Yy
rated inz along a common flux tube, but the satellite path =

m
e

(the dashed line in Fig.)lis always nearly perpendicular to = i Function (d/dz)
B in the auroral zone. Thus, the ionospheric plasma condi-W 200} i FAST DATA -
tions are derived from data taken at pointldbeled in Fig. L D ap LT9000:08-10
1) and the auroral cavity conditions are derived from data Tonosphere 1|1 Auroral Cavity MTL =20.5
; ALT = 3702 km
taken at point 3. Under the assumed planar geometry, the -4000 . . < s . -
X

plasma conditions at point 1 should be equivalent to those a 0 12 od
point 1a, and likewise for points 3 and 3a. The parallel elec- Distance (km)

tric field (E;) along the satellite path should correspond to
the parallel electric field along the flux tube.

The lowest-order effectinfinite magnetization of the (b) 2000 ._' s ' ' ' '
oblique electric field is to linearly stretch the double layer Time is reversed.
along the magnetic field by 1/ca( where 6 is the angle > 1500
between the magnetic fiel@®) and the normal of the double %:

layer plane. In the auroral problem, electron gyroradii are ong 1000
the order of 10 meters which is far less than the double layeid
thickness of roughly 10 kilometers. The electron motion, § 500
therefore, is restricted to the magnetic field lirég. 1, elec-

Function (-®)

FAST DATA
97-02-17:05:00:08-:10]
ILAT = 68.9°

MTL =20.5

tron path. The gyroradii of H ions are on the order of 100 0 Auroral Cavity ALT = 3702 km
meters, so H experiences a small polarization drift. lono- x 0 6 12
spheric O, however, can undergo a substantial polarization z. 0 12 24

drift (Fig. 1, ion path which may affect the double layer Distance (km)

- . . . . 7 .
solution. The ion polarization drift was treated by SWiftho  FiG. 2. () A magnified view(2 9 of the measured parallel electric field

demonstrated that the ion density is perturbed by a factor dfiside of the auroral cavity from Fig. 7 in Erguet al. (Ref. 1). The hori-
zontal axis labeled X” is the distance the spacecraft traveled perpendicular

_ e dE, to B whereas 2" is the projected distance alonB, assuming a planar
1-e=1- M wZ dx’ ©) double layer diagramed in Fig. 1. The dashed line is a fit to the function
Cl

d®/dz described in Eq(6) with ®,=1600V andz,=4.0 km. (b) The
wheree is the fundamental charg®) is the ion massgwy; measured energy of the peak ion fluXescles plotted against-®.
the ion cyclotron frequency, arigl, is the perpendicular elec-
tric field in thex direction in Fig. 1. The net parallel energy

an ion2 gains as it trgverses the .po'FentiaI is _redL_Jced b}fned in Fig. 1. An angle of 63° between the double layer

1/2M.VEXB.WhereVEXB s the I.EXB dnft_ n Fhe y-direction. normal andB is assumed. This assumption forces the net

In this article, we treat the ion polarization and tB&B otential across the double |ay¢64 krr‘EH(Z)dZZ 1600 V. to

drifts as perturbations to the one-dimensional double laye e consistent with the ion beam energy. The 63° angle is also

problem. somewhat justified because it is consistent with the ratio of
the peakE, and peakg;, although the two peaks are not

IV. OBSERVATIONS AND CONSTRAINTS simultaneous EP**EP*3=2.0).

We base our analysis on an event published in a com- The measure&, signal[Fig. 2@)] displays an asymme-

panion papér(Fig. 7 in that paperwhich has detailed, high- try. It hgs an abrupt onset on the_ionospheric side ar_1d gslow
resolution electron and ion distributions. The event does nolielaxgnon on .the auroral cavity S'de.' That asymmetric signa-
completely fit the ideal model of a planar, oblique doubleture 'S seen in allmost aII' the published eyents. Thg signal
layer sinceE, and perpendicularl], ) electric fields do not also includes a time-varying component driven by intense,
have a constant ratio. Nonetheless, since all of the ten r%(_)w-frequency(less_ than the H cyclotron fre_:quencyturbu-
ported direct observations of parallel electric fields indicate < '€ S0 @ d|rect_|ntegrat|0n & to determine the shape (.)f
that E, >E; and thatE, and E, generally have a similar ® is not appropriate. Instead, we model _the elef:trlc field
structure(and in some of the events have a good correlation E,=d®/dz with a simple monotonic potential form:
we proceed with a planar model for now and disregard the 5
complexities in the observed electric field structures. ®(x=constz)= —Pse” /2", (6)

The measured parallel electric field in the event is plot-
ted in Fig. Za). The horizontal axis labeledx” is the dis-  where®,=1600 V andz,=4.0 km. The electric field de-
tance that the satellitéraveling at~6 km/9 traveled across rived from Eq.(6) is drawn as a dashed line in Fig. 2. It has
the magnetic field representing observationsrav@ s pe- nearly identical amplitude and has a similar asymmetric
riod. The horizontal axis labeledz" is the projected dis- shape as the measured signal. The potential derived from Eg.
tance along the magnetic field assuming the geometry out6) also is consistent with the energy of the peak in the ion
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Auroral Cavity Electrons: Down-going Tonospheric Electrons: Up-going
10° . . . 109 —————————— -
Cold Population
Function (1,%¢)
. 10'10 — 4 10'10_ Function (%)
S o TSl T
-02- £ FAST data:
Q 05:00:09.126 - o ;
3 » 05:00:09.443 a (1)290700120%)777\*
§ 101} E S 4o 11| 05:00:10.393 |
g g
3 3
B B
a 12 0
- i e :
10 107121 1600 &V i
10_13 | | | 13 B
o 210° 410° 610”810 0 e
Velocity (cm/s) -8+10 -6+10 -4+10 -2+10 0

Velocity (cm/s)
FIG. 3. The reduced, 1-D down-going electron distributioincles as mea-
sured by FAST in the auroral cavity immediately before crossing into theFIG. 4. The reduced, 1-D up-going electron distributigircles as mea-
ionosphere. The solid line is a fit to the functi6#f described in Eq(7). sured by FAST in the ionosphere near the auroral cavity boundary. The solid
line is a fit to the functionfy described in Eq(7) for »<2.37x109 cm/s
(1600 eVj.

energy flux, as shown in Fig(ld). The latter agreement lends
support that the assumption of a planar, oblique double layesution is well described by a “flat top” distribution which
is adequate for modeling the observations. we define as
The electron distributions and ion distributions must be b ac

specified on the high- and low-potential sides. Two of the  fa v)="foe Ml 10 P2Te" (p=1y),
distributions, ¢, the auroral cavity ions antf, the elec- ac
trons on the ibnospheric side, contain partig(ies that may be felv=fo (0=v<w),
“reflected” or “trapped” (particles that have insufficient en- wherem, is the electron mass;,=2.0x 10° cm/s, andTa°
ergy to pass through the structurend particles that are (500 eV) is the plasma sheet electron temperature. Such a
“free” (particles that have sufficient energy to pass throughdistribution is expected from parallel acceleratidrom the
the potential structuje The other two distributions,2°, the  high-altitude parallel electric fiejdand mirroring in the
auroral cavity electrons anf®, the ions on the ionospheric Earth’s dipole magnetic field. The second moment of this
side, are entirely free particles streaming through the doubldistribution gives an effective temperature-ef.800 eV and
layers. The ion distributions and the precipitating electronsan energy flux peak at 3400 eV. The valiygis determined
(auroral cavity electronsan be directly derived from obser- by fit, and yields a density2°=0.30 cm 2 for the down-
vations. going part of the electron distribution in the auroral cavity.

~ Part of the electron distribution on the ionospheric sideThe analytic form will be used in the double layer solution.
(f5), however, cannot be derived from the observationsThe auroral cavity ion distribution is modeled as a Maxwell-
since spacecraft photoelectrons contaminate the measurian with T*=5 keV andn®=0.1 cm 3, consistent with the
ment at low energies<(100 eV). We therefore break this FAST observationgsee Erguret al,* Fig. 9).
distribution into two parts. The free part of the distribution The electron distribution on the ionospheric side is plot-
(>1600 V) is made up of precipitating electrons that wereted in Fig. 4 along with a fit {) to the functional form in
scattered or reflected in the lower ionosphere, secondargq. (7). The fit ignores the part of the measured distribution
electrons emitted in the scattering process, and energetlelow 1600 eMin other words, the fit is restricted to veloci-
photoelectrons produced in the ionosphere. We label the freies »<<—2.37X 10° cm/s) and results in vy=2.3
part of the distribution ags;. This part of the distribution is X 10" cm/s, T5;=520 eV, andns;=0.30 cn 3. The mea-
specified from the observations. The reflected electron distrisured distribution is valid betweer 100 eV and 1600 eV
bution (fg,) is numerically derived from Eq4). We com-  which can be compared to the solutiof’{ derived from
pare the measured distributions and the derived distributionthe double layer model.
in the energy range from 100 eV to 1600 V to test the double  Figure 5 plots the ionospheric ion distributions. The
layer solution. circles represent the measured distribution which indicates a

As discussed above, the satellite traverses the electricold (~3eV) population with a substantial drift

field structure nearly perpendicular ®, so the observed (~2.0 vy, Wherevy, is the ion thermal speedThe dashed
auroral cavity and ionospheric distributions are not from theine represents one count per reduced bin, that is, one count
same flux tube. The auroral cavity electron distribution isis divided equally between all the measured bins that con-
plotted in Fig. 3. The data are from very near thetribute to the reduced bin. The measured ion distribution has
ionosphere—auroral cavity transition regi@oint 3 in Fig. few points that are above the one-count level per reduced
1, see Erguret al,! Fig. 7). We find that the reduced distri- bin, but does display a significant anti-earthward bulk flow.

)
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Ionospheric Ions: Up-going spatial grid with variable grid spacing. The grid spacing is
10 . ' T ' ' ~10 m on the ionospheric side and increases-tbkm on
: the auroral cavity side, well below the local Debye lengths in
1081 4 | the critical regions. The distribution$,,, are prescribed at
. Function () the boundaries of the spatial grid; the ionospheric distribu-
e FAST data: tions are on the left boundary, the magnetospheric distribu-
i 107} e | Countper | tions are on the right. The distribution functions are broken
5 05:00:10.393 A / reduced bin. into 100 to 400(as neededvelocity—space elements. Using
3 1081 2K | the prescribed distributions at the boundaries @d), the
= velocity space distributions are calculated at all the spatial
o locations between the boundaries. Once the densities have
109 g been derived, the remainder functiog(z), in Eq. (3) is
determined. The reflected ionospheric electron distribution is
1010 el e Tt then derived by numerically integrating E@) and solving
6107-44107-2410! 0 2107 44107 6107 for g, on an energy—space grid that corresponds to each of

Velocity (cm/s) the values® on the spatial grid. The distribution is then

L interpolated onto a velocity space grid and combined with
FIG. 5. The reduced, 1-D up-going ion distributi@ircles as measured by he prescribed free ionospheric electron distribution dis-
FAST in the ionosphere near the auroral cavity boundary. The solid line is &E p i . p
drifting Maxwellian which will be used to represent the ionospheric ion played in Fig. 4.
distributions. The dashed line is the 1-count level in a reduced bin. The solution of the infinitely magnetized problem is dis-
played in Fig. 6 along with a table that summarizes the
o . _ _ boundary conditions. The top panel, Figag plots the den-
The solid line represe_ntiss a drlftlnggMa_\xwe!lslan labelgt  sities of the five species as a function of distance alBng
constrained to a densitly;’=4.0 cm* with T°=3 eV and  panels(b)—(d) display the potential, parallel electric field,
vg=2.0 v : and net charge density. Electron densities are represented by
fgs(y):foefmi(yfyd)zlzﬂs, 8) dashed lines and ion densities by solid lines. The density of
: the auroral cavity ions on the right boundary was increased
whereM is the H" mass. Clearly, the ionospheric ion distri- from the observed value of0.1 cni 3 to ~0.15 cm 3 to
bution is not as well constrained by the observations as argake the rightauroral cavity boundary charge neutral prior
the electron distributionsT;® and v4 are established to to solving forg(z).

roughly a factor of 2. The auroral cavity species, prescribed on the right side,
show only a small change in density. The precipitating elec-
V. NUMERICAL SOLUTIONS trons (f59 have a significant acceleration from a higher-

altitude parallel electric fiel@~ 3400 eV in the observatiohs
n?_o they are not strongly modified by the 1600 V potential.
i . . ) he auroral cavity ionsf originate from the plasma sheet

IS

fer, can be derived from Edd). By itself, the existence of a and thus have a high temperature and show little significant

. is . ~
;gltl;]té?;sfg}(z’ny)oiﬁigzaygu;\llgl Iztyr(e):gllz)lljrfr';leprpr)r?(r)trethteh:ysolugontribUtion to the double layer structure. The double layer

tion is valid for energies less than the net potential of th solution inside the auroral cavity is substantially influenced

double layer(1600 V), so it can be compared with the Ob_eby the ion beamaccelerated ionospheric ignand the au-

served ionospheric electron distribution in the range fromroral seconde_lry elictrong.
The solution, {¢,) indicates a cold, dense electron popu-

100 eV to 1600 eV. We start with the simplest case by as- . ) o .
suming strong magnetization and the assumption of a ogation on the ionospheric side that is reflected by the poten-

lique planar structuréFig. 1). We later include the ion po- tal- Its density, the dashed line on the left side of Fig)6

larization andEXB drifts as perturbations and investigate decreases by two orders of magnitude~il km. The den-
solutions with combinations of Oand H'. sity of the ionospheric ionsff’) also decreases as the ions

. are accelerated into a beam. The ion density decreases
A. Strongly magnetized model slightly less rapidly than that of the cold electrons which

The numerical solutions are obtained from a Vlasovcreates the positive charge layer. The free electron population
solver with one spatial dimension and one velocity—spacéfom the ionospheref(;) penetrates the double layer and
dimension. The spatial dimension is scaled to account for theontains~40% of the electron density within the auroral
obliqueness of the double layer. As discussed above, we agavity. Figure a) suggests that the ionospheric ion and elec-
sume an angle of 63° between the double layer normal and tron distributions dominate the physics of the double layer.
B. The reflected ionospheric electron distributidif,§ that

The basic procedures to obtain a self-consistent, timewas determined from the double layer solution is combined
stationary solution of double layers are well docu-with the free electron distributionff;) and plotted Fig. &)
mented,~®314so0 we give a only a cursory description here. as a solid line. The measured electron distribution is plotted
The potential®(z), is prescribed from E¢6) on a 300 km  as circles. The combination ¢f, and fg; is nearly identical

Since d(z), &, fF, & {5 are specified by fits to
observations, the reflected ionospheric electron distributio
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%_1000 1013 R A R R
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‘E-; ! Ionospheric lons Drifting . 4.00 32 2.0
ur 100- ! 4 Maxwellian
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. i trons (>1600 eV) Equation 7 (500)* (1.73)*
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FIG. 6. The self-consistent numerical solution to an oblique, asymmetric double layer using fits to observed distributions. Both electronseaadsonsed

to be infinitely magnetizeda The densities of the ionospheric and magnetospheric populations as a functipthefdistance alon8. (b) The electric
potential,®. (c) The parallel electric field along. The asymmetric shape in the electric field results from the strong density gradjeflte charge density.
The double layer is, in total, charge neutral. The ionospheric side has a large but nartdun( positive charge layer. The auroral cavity side has a moderate
charge layer that extends several kilometées.The derived electron distribution<(1600 eV) and the prescribed electron distributiorsl600 eV). The
distribution functions at the boundaries are described in the accompanying table.

to the observed distribution. Given the uncertainties in thdnstead, we use a more exact expression for the density
prescribed distributions, the uncertainties in the prescribedhange under the guiding center approximation derived in
potential, the fact that the prescribed distributions were acAppendix A:

quired on different flux tubes, and the assumption of infinite 5 5
magnetization, we find that the solution in Fig. 6 is in re-  Mp¥p \/ € dEy e dE ©)
markably good agreement with the observations. This analy- Nuvy B M wgi dx M wgi dz |’

sis supports the hypothesis that the parallel electric field at . .
the ionospheric—auroral cavity transition region is self-wheren, and v, are the unperturbed density and velocity

consistently supported as an oblique double layer. andn, and v, are the density and velocity perturbed by the
polarization andEXB drifts. Equation(9) reduces to Eq(5)

in the limit of e<1.
o _ The EXB drift in the y-direction reduces the net parallel
B. lon polarization and E XB drifts energy gained from the potentiéh the direction of travel
One of the challenges in modeling the ionospherichby 1/2IVIUEXB. Including the energy of thEXB drift in Eq.
boundary of the auroral cavity as an oblique double layer i€9), the ionospheric ion density is modified by

that the ions are not strongly magnetiZeghrticularly in the > 5
case of O. Fortunately, we can account for these 2-D ef-  Mp¥p _ \/ e dE e dE
fects by treating the polarization ar€iXB drifts as pertur- nyvy B wgi dx ngi dz
bations to the ionospheric ion density in the 1-D probfem.
The polarization drift perturbatior in Eq. (5) has an \/ Ko—ed
absolute maximum value o0é=0.05 for H" ions ande Ko—e® 1 1/2M (E, /B)? (10

=0.8 for O" ions. The polarization drift for O therefore is
not adequately described by a first-order expansion for thevhereKj is the initial ion kinetic energy. This perturbation
prescribed potential that we derived from the observationscan be introduced into the one-dimensional solution.
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1 . Double Layer Solutlon | | |
(@ 10 : Ionosphenc Tons (f) (b) 1081 TIonospheric Electrons
Reflected Ionospheric Electrons (f,,”) ) . is
. 0 B Free Ionospheric Electrons (1} / %) . 10® 71139AgS7"1:0dza_t1a 7 Solution /e, A
(?E 105 5 , Auroral Cavity Electrons (f,%) . #E 05:00:10.077 - :
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FIG. 7. The self-consistent numerical solution to an oblique, asymmetric double layer using fits to observed distribufitvesdensities as a function of
z, the distance alonB. (b) The derived electron distribution. In this example, electrons are assumed to be infinitely magnetized. The ions are assumed to be
weakly magnetized O. The polarization drift and th&XB drift are treated as perturbations using Erp).

If H™ is the dominant ionospheric constituen,/n, is  in steps of 10%, we found that a 70% £80% O solution
near unity and the solution for the densities and the coldesults with the least deviation in the 100 eV to 1600 eV
ionospheric electron distribution cannot be visibly distin-range.
guished from those plotted in Fig. 6. The perturbation to the  Figure 8 illustrates the effect of the polarization and
O" plasma density, however, is quite strong, so the€d-  EXB drifts. The ionospheric © density(thin, solid ling in
lutions somewhat differ from the strongly magnetized caserig. 8a) decreases more abruptly than does the dénsity
Figure 7 plots the solution for Oionospheric ions using the (thick line) at z=2 km, primarily due to the polarization
perturbation described in E¢10). The ion density in Fig.  drift. The O density then nearly plateaus zt 3 km due to
7(a) drops more abruptly at the ionospheric side of thethe EXB drift. The net effect of the O behavior on the
double layer than in Fig. (@). As a result, the calculated solution[Fig. 8(b)] is to cause an increase in the phase-space
electron distribution plotted in Fig.(8) has an enhancement density of the solution ab=—1.5x10 ° cm/s and a de-
in phase-space density @t — 1.5 10 ° cm/s and a deple- crease in phase-space densitpat—1.0x 109 cmis.
tion atv=0.8x10 % cm/s.

Figure 8 displays the solution for ionospheric ions of
50% H" and 50% O. This ratio is roughly consistent with
the FAST ion mass spectrometer observati¢®@ second Modeling of FAST satellite observations of the parallel
average The O" ions were treated as weakly magnetizedelectric fields and the accompanying electron and ion distri-
[Eqg. (10)]. The predicted electron distributions are slightly butions provides solid support to the idea that the parallel
greater than the observed distributions at=-1.5 electric field at the ionospheric boundary of the auroral cav-
x10"° cm/s but the 50% H/50% O solution results with ity is self-consistently supported as an oblique double layer.
a better agreement between the measured ionospheric elddumerical solutions to the Vlasov—Poisson equations indi-
tron distribution and the solution at low energies{—1.0  cate that the observed electric fields, electron distributions,
x10"° cm/s) than seen in Fig. @00% H"). Testing ratios and ion distributions are in accordance with the oblique

VI. DISCUSSION AND CONCLUSIONS

1 Double Layer Solution ®) 1o ; ; :
(a) 10 ' Reflected Tonosoherio EL i 107 Jonospheric Electrons
‘/\/ Sp eric Electrons (fe, )
4~ Tonospheric 0" 109 FAST data: Solution (fe,”)
. Ionospheric ) — 1997-02-17
"’E 1001 Free Tonospheric Electrons (f,/) - g 05:00:10.077 - :
N e Auroral CaVlty Electrons (£,%) 2 10710/05:00:10.393 e i
% _____ D SRRETaT T TT T U g
--------- 3 11 .
é 10-1 r : 7 g 0T \ (f iS): |
'I Auroral Cavity Ions (%) 1o o7
lono- + Auroral ™. 10 / : i
102 Sphere , Cavity e ‘ 13 o 1e0ev
0 5 10 15 20 10% 610® a10® 2107 0
Distance along B (km) Velocity (cm/s)

FIG. 8. The self-consistent numerical solution to an oblique, asymmetric double layer using fits to observed distribufitvesdensities as a function of
z, the distance alonB. (b) The derived electron distribution. In this example, electrons are assumed to be infinitely magnetized. The ions are assumed to 50%
be weakly magnetized Oand 50% H . The polarization drift and th&XB drift in the O" distributions are treated as perturbations using (By.
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double layer interpretation. There are several interesting fea-
tures that emerge from the observationally-driven numerical
solution. The significant gradient in plasma deng#yhange

of nearly a factor of 1pacross the double layer results in an
asymmetric electric field signature. The double layer has a
strong, confined positive layer on the ionospheric side and a
moderate, extended negative charge layer on the auroral cav-
ity side. The structure of the double layer is almost entirely
determined by the ionospheric populations since the mag-
netospheric species have only a minor contribution to the net
charge density.

Parallel electric fields in the upward current region . . .
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The electron distribution on the ionospheric side in- N \
cludes scattered and reflected primaries, auroral secondaries, Surface 1 ——w Double N
and a cold population. The col(8 eV) population, deter- \ | laysr plane),

\ \

mined from the double layer solution, is almost entirely re-
flected in the first~1 km of the double layer, creating a thin

\

\

\

layer of a large positive charge. The hotter populatitify)( Ion path A.  Ion'path B.
consisting of scattered primaries, auroral secondaries, armiG. 9. The deflection of the ion paths due to the polarization drift result in
energetic ionospheric photoelectrons, penetrates the doubiedensity perturbation that depends on the deflection afgféhe thick
layer and makes up a substantial fractien25% to 50% of ?:;rgii nllnt\eNso r;?fgii?ti Ot:ep Eﬁfge of the double layer and the solid lines
the electron density in the auroral cavity.

The ionospheric ions are observed to have a drift that
satisfies the Bohm condition. They are accelerated into anirror force then accelerated the distribution into the double
beam as they penetrate the double layer and wave—particlayer. lon heating may critically affect the double layer solu-
interactions rapidly heat the ions parallelBoThe interplay tion and therefore needs further investigation.
of the accelerated ion beam and the free electron population The solutions match the observations best if we account
(reflected auroral electrons, electron secondaries, and scdbr the polarization drift andEXB drift of O and include a
tered primariescreates an extended, relatively weak nega-mixture of~70% H" and 30% O . The streaming ion beam
tive charge layer. Because of the dominant role of the ionoemerging into the auroral cavity may also be unstable. In
spheric distributions, the auroral cavity distributions are notspite of the large acceleration relative to the initial thermal
required by themselves to satisfy the Bohm condition. Thespeed, a strong instability is not expected from the ion beam
ion and electron pressures are in balance to lowest order, soteraction with the ambient ion population in the auroral
the Langmuir condition may be satisfied in a stationarycavity (1 keV—5 keV plasma sheet ionsThe intense low-
frame. frequency waves, however, are observed to coexist with the

The asymmetric shape of the electric field signal and garallel electric field of the double layer indicating a shear
strong gradient in plasma density is seen in almost all direcinstability, an ion—ion (O/H*) two-stream instability, or
observations of the parallel electric field. The above numerianother wave-growth mechanism. This analysis suggests an
cal analyses demonstrate that the asymmetric shape of tloblique double layer as the lowest-order solution, but a fully
electric field signal is in accordance with the strong densitydynamic, two-dimensional analysis is needed for a better un-
gradient. The relatively strong, localized positive chargederstanding.
layer on the ionospheric side scales more closely to the iono-
spheric Debye length whereas the extended, moderate negaEKNOWLEDGMENTS

tive charge layer scales with the Debye length in the auroral This work is supported by NASA Grants No. NAG5-

cavity.

The electric field observations in the example we stud+20026, No. NAG5-3596, and NSF Grant No. ATM-
. . 0202564.
ied, however, do not entirely support the planar model of an
oblique double layer. Under a planar model, the two compo- )
nents,E, andE;, should be highly correlated. Such a good APPENDIX: ION POLARIZATION DRIFT
correlation is seen in roughly one half of the ten events iden-  We derive the density change from the ion polarization
tified by Polar and FAST. It is possible that the ionosphericdrift using a geometric argument and assuming that the guid-
boundary may also form “stair step” potential structure. In ing center approximation is valid, that is, the conditions for
this case, the two- or three-dimensional Laplacian operatathe polarization drift hold. As described by Swifthe guid-
must be used in a Vlasov—Poisson solution. ing center approximation also breaks down eafEqg. (5)]

The electron acceleration from the double layer can reapproaches unity, so a full kinetic solution is ideal.
sult in an unstable electron distribution and intense lower  Figure 9 sketches the basic geometry and defines some
hybrid and quasi-dc turbulence. These waves may interagiarameters. The argument goes as follows. The guiding cen-
with the double layer through ion heating. The intense electers of ions A and B will follow the magnetic field until they
trostatic wave turbulence heats the ions on the ionospherieach the double layer plane. Within the double layer, the
boundary into a drifting “conic” distribution. The magnetic paths are deflected by angb(variable from the local equi-
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potential plane as they experience acceleration and a polawhereg is the instantaneous angle of deflection.

ization drift. In the plane of the double layer, the flux of the

Combining Egs(A2) and (A7), we get

ions through Surface 1 must be the same as that through

Surface 2. The ions experience the identical potentials along

the double layer plane, so flux conservation becomes
(A1)

wheren, and v, are the unperturbed density and velocity

nyv, cog ) =nyv, cog 0— ),

(that is, the density and velocity expected if there were no

polarization orfEXB drift) andn, and v, are the density and
velocity perturbed by the polarization drift. Isolating, the

n
—np:pz\/(l—e)2+ezcot2(0)
u”u

x\/l edEX2+ e dE.\? A8

density perturbation due solely to the perturbation drift, we ‘R- E. Ergun, L. Andersson, D. S. Main, Y-J. Su, C. W. Carlson, J. P.

calculate

cog6)  Jl+tarr(p)
ngv, cog6—pB) 1+tan)tanB)’

The deflection anglg can vary and is derived from the
guiding center motion of the polarization drift which can be
described as

Npvp

(A2)

dx e dE. e [dE.dx dEXdz) A3
dt Me? dt M2\ dx dt T dz a3

From Eq.(A3), the ion trajectories can be described by

dx e dEX/(l e dE,

d_Z:ngiE _ngiﬁ)'
For convenience, we use the relation
dE, dE
dx dz
and, as described in E¢Q), let

e dE,

(A4)

tan( ), (A5)

€= (AB)

Equation(A3) becomes

dx

€
dz tan@)(1—e) (A7)

=tan(p),
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