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Abstract. Direct observations of magnetic-field-aligned surements, strongly suggest that the electric field is self-
(parallel) electric fields in the downward current region of the consistently supported as a “strongA® > T, ;) double
aurora provide decisive evidence of naturally occurring dou-layer (Block, 1972; Schamel an Bujarbarua, 1983). The
ble layers. We report measurements of parallel electric fieldsabove report (Ergun et al., 2001) also establishes a direct
electron fluxes and ion fluxes related to double layers that aréink between parallel electric fields and electron phase-space
responsible for particle acceleration. The observations sugholes.
gest that parallel electric fields organize into a structure of Most of the earlier work on parallel electric fields of
three distinct, narrowly-confined regions along the magneticthe aurora focused on the upward current region. Visi-
field (B). Inthe “ramp” region, the measured parallel electric ble auroral arcs were determined to result from energetic
field forms a nearly-monotonic potential ramp that is local- (~10keV) electrons accelerated earthward by parallel elec-
ized to~10 Debye lengths alonB. The ramp is moving par- tric fields (Evans, 1974; Shelley et al., 1976; Mozer et al.,
allel to B at the ion acoustic speed,f and in the same direc- 1977). Theoretical treatments of the self-consistent struc-
tion as the accelerated electrons. On the high-potential sideure include weak double layers (Temerin et al., 1982), strong
of the ramp, in the “beam” region, an unstable electron beantdouble layers (Block, 1972), anomalous resistivity (Hudson
is seen for roughly another 10 Debye lengths al@1gThe  and Mozer, 1978), and parallel electric fields associated with
electron beam is rapidly stabilized by intense electrostaticon cyclotron waves (Ishiguro et al., 1997). However, no
waves and nonlinear structures interpreted as electron phasgenerally-accepted theoretical description of these parallel
space holes. The “wave” region is physically separated fromelectric fields has emerged, primarily due to lack of detailed
the ramp by the beam region. Numerical simulations repro-observations.
duce a similar ramp structure, beam region, electrostatic tur- Direct observations of parallel electric fields in the up-
bulence region and plasma characteristics as seen in the olyard current region have been reported (Mozer and Kletz-
servations. These results suggest that large double layers cafy, 1998) but corroborative electron and ion fluxes are not
account for the parallel electric field in the downward current gvailable. The reported electric field amplitudes are greater
region and that intense electrostatic turbulence rapidly stabithan 100 mV/m and therefore suggest that the parallel elec-
lizes the accelerated electron distributions. These results alsgic field is localized. Collisionless, localized, parallel elec-
demonstrate that parallel electric fields are directly associtric fields have also been extensively studied in laboratory
ated with the generation of large-amplitude electron phaseexperiments (Quon and Wong, 1976). Direct observations in
space holes and plasma waves. the downward current region (Ergun et al., 2001) now indi-
cate that the parallel electric fields are localized to roughly
10 Debye lengthsi(p) along B.
1 Introduction Observations also suggest that the parall_el e!ectric field
sets up strongly unstable electron beams which, in turn, cre-

The purpose of this article is to present a detailed descripf"te a spatially-separated region of strong electrostatic wave
tion of a direct observation of the parallel electric field in turbulence from which glectron phase-space holes emerge
the downward current region of the aurora reported by Er-(Matsumoto et al., 1994; Ergun et al., 1998a, b). The ac-
gun et al. (2001). The earlier report included observations ofcelerated electron fluxes are substantially modified by the

electron fluxes which, together with the electric field mea- 26COmMpanying intense wave turbulence and electron phase-
space holes. The wave turbulence modifies the electron dis-

Correspondence tdR. E. Ergun (ree@fast.colorado.edu) tribution to the degree that part of the electron distribution is
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Fig. 1. Derived from Ergun et al. (200Xy) The electric field perpendicular B (E ) and nearly along the velocity of the satellitgh)

The electric field parallel t@. (c) Anti-earthward travelling ion energy flux versus energy and time. The ion fluxes have pitch angles from
—225° 10 22.5. (d) Earthward travelling electron energy flux versus energy and time. The electron fluxes have pitch angles fromw 167.5
202.5. (e) The spectral power density of the omni-directional electric field fro#® Hz to 16 kHz. Each spectra is averaged ever25s

and has 40 Hz resolution in frequenéf). The wave power integrated froml kHz to 16 kHz displayed at 4 ms resolution.

reflected back toward the double layer. These reflected elec- Figure 1 displays 10s of data from the downward current
trons may provide a mechanism for interaction between thaegion on the aurora. The spacecraft was in the pre-midnight
wave turbulence and the double layer. These data suggesector travelling toward the northern polar cap at 5.57 km/s
that a self-consistent treatment of the parallel electric fieldso the horizontal axis in Fig. 1 also may be interpreted as
must include substantial modification of the electron distri- distance spanning approximately 56 km. The top two panels
bution due to intense wave turbulence. display the (a) perpendicular (®) electric field ) closest

to the direction of the spacecraft velocity and (b) the parallel
electric field € = E- B/|B]). Inmediately below (Panel c)
are the anti-earthward electron energy fluxes with pitch an-
Tgles between 157°5and 202.8. The electron fluxes are plot-

The observations are from the Fast Auroral Snapshot q ime-fi ¢ Th
(FAST) satellite (Carlson et al., 1998a) which measures elecic? s an energy-time-iux spectrogram. The energy ranges

tromagnetic fields and charged particle distributions in the{rom 5ertt<r)1 30 k?;‘/' Pa&nel (d.) IS an ]fla nergy—ztlgr:(:—ﬂ;;;pec—
earth’s auroral zone. The FAST satellite is in a near-polar rogram otthe earthward-moving ion uxes22 02e0

orbit with 8% inclination. The orbit has a 350 km perigee PN angles). Panels (€) and (f) display the omni-directional
and a 4175 km apogee. The FAST satellite has electron arﬁa\'e electric field in the frequency range fronl kHz to

ion spectrographs and 3-axis electric field and magnetic fiel 6 kHZ' Panel (€) displays the spgctral power density as a
instruments. unction of frequency (40 Hz resolution) and time (0.25 s res-

2 Observations
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Fig. 2. (Top) The signals on three spatially separated probes duringrFig. 3. A cartoon interpreting the observations in Fig. 1.
the £, event. The dotted line is the negative of the Probe 1 signal,
the solid line is the negative of the Probe 8 signal, and the dotted
solid line is the Probe 5 signal.B¢ttorm) The orientation of the
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Figure 2 shows the signals from three individual probes

. : . and the magnetic orientation of spacecraft during the event.
shaded lines are perpend|cule_1rto the motion ofthe_ str_ucture. Probe.?he magnetic field, pointing downward in the diagram, was
5 and 8 are 6.5from perpendicular to Probe 1 as indicated by the "~ o . - ’
dashed line. within 3° of lying in the spin plane of the satellite. The space-

craft is moving at 5.57 km/s toward the right in the diagram;

its velocity is almost perpendicular 8 with a small com-
olution). Panel (f) plots the RMS integrated wave power atponent alongd and downward.
4 ms resolution. The horizontal axis of the top panel is greatly magnified

At ~15:35:03UT,E, reaches-150 mV/m (Fig. 1a) and in time encompassing only 100 ms. The spikejpfirst ap-

the 10eV to 100 eV anti-earthward electron fluxes increasepears on Probe 1, next on Probe 8, the last on Probe 5. The
(Fig. 1c). These observations are characteristic of the downdelay between the peaks of Probe 1 and Probe 8 appear to
ward current region of the aurora and indicate that a parallebe ~5 ms while the time delay derived from correlating the
electric field is on the magnetic flux tube and earthward oftwo signals over a 20 ms period (40 ms to 60ms in Fig. 2)
the spacecraft (Carlson et al., 1998b; Ergun et al., 1998c)is ~3.4ms. The direction of motion of the structure in the
The 200 mV/m (positive is earthward in the northern hemi- spacecraft frame is clearly from the bottom right toward the
sphere) excursion iffj; at~15:35:05 UT (Fig. 1b), however, top left in the diagram. The velocity of the structure derived
is extremely unusual. At the same time, the electron fluxedrom the correlation delay is 12.5m/s. In an inertial frame,
abruptly decrease (Fig. 1c) and the wave power briefly in-the structure velocity is nearly anti-parallelBoat~10 km/s.
creases by nearly two orders of magnitude as indicated by théccounting for uncertainties in the measurements, the elec-
spike in Fig. 1f and the broad band increase in wave spectrdlic field observations are consistent with & structure

power density in Fig. le. travelling anti-earthward within 200f B and with a velocity
between 8 km/s and 11 km/s. This speed is consistent with
2.1 Electric field observations the estimated ion acoustic speed on the low-potential side

(see later). Using these speeds, the net potential oEthe
One of the first problems that needs to be resolved is thestructure is determined to be between 21V and 30 V.
spatial-temporal nature of the large-amplitude spikeijn Since theE|; measurement is critical to this article, we
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iaw: tential contours of a two-dimensional structure that carries a
Expanded View: 0.3 s st _ e -
250 ‘ ‘ ‘ ‘ parallel electric field. The dashed lines indicate the velocity
200-(a) E)| 1 of the spacecraft, the velocity of the structure, and the rela-
E 128 B | tive path of the spacecraft through the structure. The space-
E 50 craft entered the structure-atl5:35:03 UT when the electric
0 field was perpendicular tB as attested by the negative spike
-50 in E, and the appearance of anti-earthward electron fluxes.
30 Although the actual spacecraft velocity was nearly perpen-
20 dicular to B, the apparent path of the spacecraft relative to
S the structure was at an oblique angle due to the motion of
= 10 the structure as shown in Fig. 3. The spacecraft then exited
0 the potential structure 2 s later-afl5:35:05 UT through a re-
gion which had a parallel electric field. Thus, the spacecraft
192 (©) <E2> T 1 kHZ 1 6 kHZ crossed the parallel electric field from a region of accelerated
. 10_2 B RMS- 7 electrons (high-potential side) into the region of unacceler-
£ 107 ated electrons (low-potential side).
S 103
104 2.2 Wave observations
107

:04.95 :05.00 :05.05 :05.10 :05.15 :05.20 :05.25

Time (UT) Seconds from 1997-02-05/15:35:04 Figure 4 displays (a) an expanded viewsy, (b) the poten-

tial (®))) derived from integrating;, and (c) the broad band
electric field wave amplitude from 1 kHz to 16 kHz. The po-
tential ramp was calculated with the assumption that the rel-
ative velocity between the spacecraft and the parallel electric
field structure was 10 km/s. The net potential87 V.

A salient feature of the figure is the substantial increase in
. _— . the wave power that was observed clearly before the parallel
describe our methqu of validating the observations. Theelectricfieﬁd. There was no correspondin; increase ngnetic
FAST ele_ctrlc_ field mstrument_uses a set of four, 8-cm d"field wave power, and hence we conclude the wave emis-
ame_ter, h|gh impedance sphepcal probes to measure the V€&ions were primarily electrostatic. The most intense wave
tor f'e.ld .(F|g_. 2). _In the spin plane (.Jf the sateliite, the power occurs over &50 ms period. Under the interpretation
e!ectrlc f|elq is derived from Ipng-basellne (56_3 m and 29 m) iagrammed in Fig. 3, the intense wave emissions are on the
dipoles which measure the instantaneous (independent igh-potential side of the parallel electric field and associ-

satefl_lltg tshpl? tpr)]hase) electric ff'fhld‘ From emplrlfzzl anal;(;ss,ated with the accelerated electron beam. The energy density,
we find that the accuracy of the measurement depends ofy,"_ ", ‘r2 /5, 7 ~ 10-3 19 10-2 (ignoring the magneto-

the plasma p_ropertles, n Eg‘”'cu'ar-. the plasma density. W'trgpheric electrons), indicates strong modification of the elec-
plasma denS|tX(ng)'> 5ScnT, the spin-averaged accuracy|Is 4o distribution and possibly nonlinear behavior. Far less
+1mV/m and the mstantaneou_s accuraq#]so mV/m if(1) wave energy is seen on the low potential side of the double
none of the probes are magnetically conjunctive to the Spaceléyer.

cratft, (2) none of the probes is in dc saturatidtb0 V), (3) The intense wave emissions were broad banded with

none of the probes in is ac saturatich300 mV/m), (4) no . .
bias or mode switching was occurring at the time, and (5) thethe frequency extending up to and possibly over 16kHz

: ; .. (Fig. 1e). The plasma frequency wagl0kHz. No wave-
spacecraft was not crossing the terminator. Such condition . .
: orm data are available for this event, but Ergun et al. (2001)
were met during the event.

] ) . ) found that the spectral signature of the wave emissions was
The spin-axis component df is measured with far less  ihat of electron phase-space holes. This interpretation has

accuracy £200 mV/m withn, > 5?”‘__3) because of the  gince peen verified by numerical simulations (Newman et

short baseline (4 m). The FAST mission, however, was de-  2001) and subsequent observations (Andersson et al.,

signed such that its spin plane is often r)equy coplanar (withinzooz)_ The electron phase-space holes in the downward cur-
6°) of the plane formed by the magnetic field and the spaceyent region of the aurora were seen to travel with the elec-

craft velocity, so the instantaneous parallel electric field does;on beam and thus explain the wave turbulence beginning at
not greatly depend on the short baseline measurement. At 15-35.02 UT.

the time of the event, the magnetic field was°2from the
spin plane. We conclude that the 200 mV/m spiké&jnwas 2 3 Electron observations
measured with an accuracy 420 mVv/m.

Figure 3 displays a cartoon interpreting the observations inFigure 5 displays the measured electron distributions on the
Fig. 1. The thick, vertical solid line represents the magneticlow-potential side (solid line) and high-potential side (cir-
field and the thin, “U”-shaped solid lines represent equipo-cles and dashed lines) of the parallel electric field. In all of

Fig. 4. An expanded view of th&, event.(a) E||. (b) [ Ejvdt.
v is assumed to be 10 km/¢c) The wave power integrated from
~1kHz to 16 kHz displayed at 4 ms resolution.
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electric field. The circles represent the fluxes on the high-potential
Fig. 5. Electron distributions surrounding the parallel electric field. side and the triangles represent the fluxes on the low potential side.
The solid line is the distribution on the low-potential side. The cir- The ions fluxes are consistent with a 30V potential. The one count
cles indicate the distribution closest to the beam region. An unstabldevel is indicated on the plot. Measured flux levels unded.(?
peak is visible. The dashed line is the distribution on the high po-(cm-s-stery have large statistical uncertainties.
tential side farther from the double layer.

cles) shows a dramatic increase in fluxes with a peak at
& = 35+ 4 eV in energy, indicating a net energy gam()

the distributions, there is a tenuous] cnm3, hot,~1.2 keV, ‘ hiv 306V, Th fthe distribution in th
electron population indicating a magnetic connection to the®f roughly 30eV. The moments of the distribution in the en-

central plasma sheet that is not apparent in Fig. 5, but can p&rdy range from 5eV to 100 eV yield a parallel temperature

seen as the blue background in Fig. 1. This population is non ~12|$V and a ggnTity of 12 cnd (aQClJIrate LO a;actor qfh.
significantly perturbed by the parallel electric field. o). The perpendicular temperature is less than 2 eV. Within

he | ial o . id error, A¢ agrees with the net potentiak (b =21 eV to 30 eV)
_The low-potential or source dls_,tnbunon ('.:'g' 5,50 |d_3|ne) derived from the electric field observations. This agreement
displays a heated population with a density ~ 5cm

. strongly supports the interpretation diagramed in Fig. 3.
and a parallel temperaturé, ~ 6eV (derived from the

S The electron distribution farther from the parallel electric
second moment of the electron distribution in the energysq

) I . Id on the high-potential side (Fig. 5, dashed line) has no
range from 5eV to .100 eV) that is drifting antl—ea_lrthward peak, rather, it appears as if heated and drifting. The acceler-
at~1km/s. Langmuir probe measurements (not displayed)

o ated electron distribution has a significant phase-space den-
however, suggest that the source electron distribution has

8ity with a positive parallel velocity (see Fig. 4c, Ergun et al.
dense £, ~ 50 cnT 3+ a factor of two) core with a temper- Y P P v ( g.4¢ =19 ’

hat is bel h f the el I 2001) indicating that part of the population is travelling back
ature that is below the energy range o the electron ana Y2€{oward the double layer. This electron population, created by
(<5eV). Thus, the electron distribution on the low potential

oo . ) the wave turbulence, may affect the structure and dynamics
side is comprised of three populations: a cold, dense cor

e
: of the double layer.
a “heated” [, ~ 6eV) population and a “hot"~+1keV), y
tenuous plasma-sheet population. The second moment of the 4
three combined populations yields an electron temperature of

~25eV which indicates that the ion acoustic speed inan O The jon energy fluxes also indicate several different popula-
plasma is roughly 12 km/s (within a factor of 2). tions. Energy fluxes at pitch angels fror22.5° to 22.5
The high-potential or accelerated electron distribution (cir- (travelling earthward) are displayed in Fig. 1d. The most

lon observations
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Time-Reversed Plot count for the ion observations.
530 The horizontal axis in Fig. 6 is linear in energy which al-
€ 200 lows one easily to see-a30 eV increase in energy between
E 50

the high-potential side and the low-potential side. The one-
count level of the instrument, indicated in the figure by a
dashed line, is such that values undef(&m-s-stery! have
large statistical uncertainties. Thus, the earthward-travelling
o ions see the same energy gain as the anti-earthward-travelling
10t 3 —— electrons, both of which are consistent with the observed par-
1021 () <E>rus H 7 allel electric fields.

T 103L 1kHz- 16 kHz
S 4
10 '~
10° S
02O s e SsesS®  %® 3 Discussion
10 Electron phise-sphce distribution The obsgrved pa_rallel electric field structure reaches a rel-
Co atively high amplitude (200 mV/m) and endures fot0 to
o oy 11 ‘ ~20ms (Fig. 4). Using 10km/s as relative speed aldhg
=0 ) | ENNPNGEN between the electric field structure and the spacecraft, the
size of the structure is between 100 and 200 m. The plasma
Y AR S R R R A A R S S SR R parameters on the low-potential side of the parallel electric
0 100 200 300 | 400 500 600 field are such thatp ~5 m if one considers all electron pop-
Xhe ulations (the magnetospheric electrons increégse On the
/ / ? \ high-potential sidepp ~20m. Thus, the ramp region ex-
(1) Low- @) Ramp  (3)Gap/Beam  (4) High- tends between 5 and 40, alongB. The local ion-acoustic
Potential Region Region Potential Side: speed was estimated to 842 km/s on the low-potential side
Side Wave Region and~23 km/s on the high-potential side (Ergun et al., 2001).

The scale size and the speed of the observed electric field
Fig. 7. The structure of the parallel electric field region. The top structure are consistent with the parameters of a strong dou-
panels are identical to those in Fig. 4 with the time axis reversedble layer (Block, 1972).
The bottom panel is a snapshot of the electron phase-space from an A numerical simulation, designed to investigate the ob-
numerical simulation (Newman et al., 2001). In this figure, the hor- garyeq parallel electric fields illustrates the basic structure of
izontal axis §) is the distance anti-parallel to the magnetic field o 150  heam and turbulence regions. The details of the
in units of Debye lengths (derived from the low-potential side), _. . .
increasing from low-altitude (low potential side) to high-altitude simulation .are described elgewhere '(N.ewman et.al., 2901)
(high-potential side). The ramp region, the beam region and the’® W€ provide only a very brief deSCI’IptIOI’l.' The s'mL,"at'O”
turbulent region are seen in both observation and simulation. used a 1-D, open boundary Viasov code with dynamic elec-
trons. Figure 7 (bottom panel) displays a snapshot of an elec-
tron distribution near the end of a the simulation that started
] o with a density depression in the presence of a current im-
energetic fluxes%1keV) indicate a hot{5keV) plasma  posed through boundary injection. The simulation has ions
sheet population. Not visible in Fig. 1d are weak ion fluxes gyiting to the left at the ion thermal speed and the electrons
(~3 x 10°cm~?s sr!) at energies on the order of 106V 5o drifting to the right. Thus, Fig. 7 is in the rest frame of
with nearly perpendicular pitch angles. The perpendicularine gouble layer, that is, moving at the ion acoustic speed.
fluxes were detected after 15:35:05UT indicating ion con-  gigyre 4 is replotted at the top of Fig. 7 with the horizontal
ics on the low-potential side of the double layer. The ion 4yiq veversed so electrons are accelerated from the left to-
distributions associated with double layers are discussed by,5,q the right as in the numerical simulation. The evolved
Andersson et al. (2002). state of the numerical simulation is qualitatively similar to
The most unusual feature in Fig. 1d is the enhancementhe observations. The regions of interest are marked on the
at ~250eV that is visible throughout the plot. We examine plot with vertical dashed lines. On the low-potential (left)
these fluxes in more detail in Fig. 6 which plots the ion en-side, the electrons are undisturbed and drifting though the
ergy flux on the high- and low-potential sides of the double double layer. lons are accelerated into the low-potential side
layer. One can see a clear peak in energy flux2B0 eV that  through the double layer but cause only low-level turbulence.
was also visible in Fig. 1d. We interpret these fluxes as evi-The ramp region is confined to roughly 1@, carries a po-
dence of an approximately 250 eV parallel electric field thattential (A ®) ~3-5 times the initial electron thermal energy,
is anti-earthward of the spacecraft. Under this interpretationand appears nearly monotonic. Immediately to the right of
the observed parallel electric field carries only part of the to-the ramp (high-potential side) is an unstable electron beam.
tal potential on the flux tube. Figure 3 includes a U-shapedThe convective instability can exist indefinitely but extends
potential structure, anti-earthward of the satellite path, to ac-over a distance less than 1@. To the right of the beam re-



R. E. Ergun et al.: Double layers in the downward current region of the aurora 51

gion, the beam is rapidly stabilized by intense turbulence and lons are accelerated into a beam in travelling in the oppo-
electron phase-space holes. The electron phase-space hokdte direction of the electron beam. The energetic ion fluxes
propagate toward the right, away from the double layer in thesuggest that parallel electric fields on a magnetic flux tube
same direction as the accelerated electrons. are a localized to one or several strong double layers. There
Although the double layer and intense electrostatic turbu-are, however, several open questions that need to be resolved
lence are spatially separated, they can interact by means aéncluding how the electrostatic turbulence and double layers
the stagnating electrons. Both the observations and the nunteract through the stagnating electrons, how moving dou-
merical simulations indicate that the intense wave turbulencéle layers interact with heated ions, the role of the acceler-
creates an electron population that is moving toward the douated ions and if they disrupt the double layer, and how sev-
ble layer. This population, in turn, is reflected by the double eral moving double layers combine to form the large-scale,
layer back into the wave turbulence region. The stagnatingluasi-static potential structure.
electrons appear to set up the two-stream instability which
can lead to rapid gromh of electr.on phase-space hOIeS.(GOldAcknowIedgementsThis work was supported by NASA grant
man et al., 1998). This population also must be conS|derethG5_3596_
in a self-consistent solution of the double layer.

The above observations suggest that multiple double lay-
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