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Abstract. Using high-time resolution measurements from such real, drifting small-scale physical objects. It was re-
the FAST and CLUSTER spacecraft we analyze differentcently underlined that nonlinear phase-space holes play a key
types of fine frequency structures of Auroral Kilometric Ra- role in generating different AKR frequency structures (Pot-
diation (AKR). Based on the results from previous numer-telette et al., 2001, 2003; Pottelette and Treumann, 2005;
ical simulations, we emphasize that the recorded frequencyutel et al., 2006). Since the scale size of electron and ion
structures are the ones which are expected to occur on thikoles is a few Debye lengths, the observed narrow bandwidth
low- and high-potential sides of an accelerating double layer(~100 Hz) of AKR fine structures is easily accounted for. In
Electron holes producing steep perpendicular velocity gradithe AKR source region the Debye length~400 m, so that
ents on the horseshoe velocity distribution function appear tdypical sizes for electron holes range from 100 m to 1 km. In
be responsible for generating AKR fine-frequency structuresorder to be capable of emitting, these objects must be em-
However, both ion and electron hole dynamics seem to playbedded in an unstable particle distribution and must be able
a major role in the generation of the subtle, fine structuregto stimulate radiation. This is possible when realizing that the
moving across the radiation spectrum. electron holes are effectively positive charges on the electron
background, which implies that they will interact in a cer-
tain way with the main electron component. This interaction
consists of the electron holes becoming attracted by the bulk
of the electrons and thus trapped in the electron horseshoe
pistribution while at the same time growing in amplitude as

the parallel acceleration of the electrons and the mirror effecfhEIr apsolute dep.th will be conserved. Th|s' can Igad to a
collection of holes in a more narrow space region which then

qf the magnetic f|eld_ Iegd tp the formation of an incomplete acts as the radiation source (Pottelette et al., 2001).
ring or horseshoe distribution. Under these circumstances, . . . :
In this paper we provide experimental evidence that the

the energetic electron distributian still remains peaked at . o : .
g m P presence of a localized magnetic field-aligned potential drop

0° but has large F,/dv, >0 over a wide range of parallel
velocities, wherey, is the component of the electron veloc- not only favours the growth of the electron-cyclotron maser

ity perpendicular to the magnetic field. FAST satellite ob- instability but in addlt.lonhleads to the generation (I)If fw;}g-
servations have now provided conclusive evidence that théreque_ncy structures in the AKR spectrum. Actually, this
electron-cyclotron maser driven by such an unstable horsePotential generates a large number of electron holes via the

shoe distribution is responsible for the coherent generatiorjjwo‘s”eam |.nstab|.I|fcy a”‘?' lon ho_Ies via the current-driven
of AKR (Ergun et al., 2000) ion acoustic instability which manifest themselves as subtle,

fine structures moving across the radiation spectrum.

1 Introduction

In the auroral upward current region, the concerted action o

High spectral resolution of the AKR emission strongly
suggests that a large part of the emission is made up of nar-
rowband drifting structures which are believed to be real el- )
ementary emitters (Gurnett and Anderson, 1981). The sim? Electrostatic double layers

plest assumption is thus to identify the emission sources with ] )
It has long been recognized that a class of electrostatic

Correspondence to: R. Pottelette structures generally referred to as double layers can support
(raymond.pottelette@cetp.ipsl.fr) a potential jump confined to a narrow spatial region in a
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FAST DRBIT 1843 and causes a density depresstonby evacuating the plasma
T T in a region of lengthAx while moving at speed;, the po-
B e tential dropA®=E,, Ax can be approximated by:
00 3 AD A ﬂiﬁ <kBTe> @
n npvp e

H wheren; andv, are the density and the drift velocity, re-
spectively, of the electron beam which sustains the parallel
. current. Typical shock velocities are of the order of the ion
-200 acoustic speed. Hence for keV beam electrons, the veloc-
I ity ratio is of the order<10-2. Assuming a nearly complete
L evacuation of the plasman~n as it is frequently observed
400 ) 7 in the upward auroral current region where AKR is gener-
Anti-Earthward ated, the total potential difference is® <102 (n/n;) kV.
ool Since the electron peam—to—plasma density ratiel@‘z— '

000 o on o n1s 102 the potential difference can reach several kV, implying

Secands fram 1997-07-07/20:50:1 1250 that a few of these strong double layers suffice to account for

the necessary potential drops in the aurora. Alternately, if
the density depression is much less, many very weak double

~_~
o
~
E; (mV/m)

FAST ORBIT 1843 layers are required to account for the potential drop. These
R weak double layers will be asymmetric, soliton-like struc-
- Earthward ! tures or phase space holes.

wr

1

3 Turbulence generated in the neighbourhood of a

MUMH/\U V V UMW %"U”ﬂ double-layer

E

= o

E Double layers once immersed in the plasma will necessarily

| U accelerate particles along the magnetic field, thereby gener-
L ating locally strong turbulent processes leading to the forma-

tion of phase-space holes. The ion holes are the result of a

(b)

- 1o Anti-Earthward : two-stream instability (Gray et al., 1990; Main et al., 2006),

i ] while the electron holes are generated by an electron-electron
150 ' ' 1 1 ] instability. The physics of the formation of these holes is
B0 LRl 000290 oG 30 000k

highly non-linear and cannot be accessed by a perturbation
approach. The only way of investigating their evolution is

Fig. 1. High time resolution of quasi-parallel electric field VLF through numerical simulations which have been .performed
waveform measured by FAST in the upward current region when itby several authors (Newman et al., 200:!-’ 2002; Singh, 2000;
was located in the vicinity of a double layda) Low-potential side ~ Goldman et al., 1999, 2003). These simulations have pro-
showing a large amplitude chain of equally spaced tripolar electricduced important results: in particular they have shown the
field structuregb) High-potential side showing well defined bipolar asymmetric character of the turbulence generated in the re-
electric field structures. gions located upstream (low-potential side) or downstream

(high-potential side) of a double layer.

. . The asymmetry is well-illustrated by Fig. 2 of Goldman et
currgnt-carrymg.coII|5|onI.ess plasma (Block, 1971). The ap-g. (2003). The space-time plot of the time history shows that
proximate electric potentlz‘:}I drop across such an electr O_Stat'ﬁwitially, on the high-potential side of the double layer, many
double layer (also called “electrostatic shock”) in collision- electron holes are generated by an electron-electron instabil-

Ies_s plasmag can be easily estimated from the energy consg y, and are moving earthward at a speed comparable to the
vation law (Tidman and Krall, 1971; Jasperse et al., 2006): accelerated electrons. These holes are small amplitude and

}j//E//| ~ d(nkgT,)/dt (1) have a bipolgr, parallel electric-fielq sig.nature.

At a later time, on the low-potential side, the double layer
Here j,, is the parallel current densit¥,, the parallel elec-  releases ion holes which move anti-earthward with a speed
tric field, andnkp T, the thermal energy density of the back- comparable to the accelerated ion beam. These ion holes
ground plasma. Assuming that the shock is quasi-stationanare themselves ramps on the electron scale, i.e., they reflect

Seconds from 199 7-02=07 /50:50:1 3. 3568
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low energy electrons thereby leading to the generation of sec4 Radiation from nonlinear phase space holes

ondary electron holes which remain captured between the ion

holes and the double layer ramp for a relatively long time. AAs previously emphasized, the emission of AKR is not con-
chain of electron and ion holes with a tripolar electric-field tinuous but consists of the superposition of elementary radi-

Signature begins to move anti-earthward with a Speed comation events, the emitted radiation of which superimposes to
parable to the ion-beam drift velocity. generate the apparently continuous AKR spectrum. In light

of the previous discussion, it seems quite natural to assume

It should be stressed that the nonlinear structures preghat the elementary radiators are the electron holes which are

dicted by the results of this numerical simulation have def_generated in the plasma and move on the background of the

. . . - __horseshoe distribution.
initely been observed in the heart of the acceleration region : . . .
Numerical simulations show that electron holes are situ-

(Pottelette and Treumann, 2005) in the vicinity of a dOUbIeated in the plateaued initial electron beam (Singh, 2003).

layer associated with localized anti-earthward directed par- . . . !
. . . : In order to contribute to the generation of radiation via the
allel fields. As illustrated in the 200 ms time sequence of

. : S : electron-cyclotron maser mechanism, an electron hole must
Fig. la, tripolar electric field profiles are observed on the : - R
L : . . be able to modify the original horseshoe-distribution func-
low-potential side of this double layer. These electric field . . : . . .
. tion by imposing a steep perpendicular-velocity-gradient on
E}]is electron-distribution function. Since the density of an
electron hole is conserved, its amplitude grows when mov-
ing into the denser part of the electron distribution (Pottelette
et al., 2001). In the region of the hole, this implies a lo-

holes. As expected, they have very large amplitudes reac
ing ~800 mV/m peak-to-peak with typical time duration of
approximately 5ms. The anti-earthward (negative) field in

their centres is flanked by two weaker-field earthward (p05|-Cal decrease in electron density and, at the same time, an

tive) peaks, in agreement with the tripolar structures moving. . . . .
. S increase in velocity space gradients. Therefore, the gradients
upward. In contrast, on the high-potential side of the same A L :
. - on the electron distribution function increase steeply in both
double layer, the 5ms time sequence shown in Fig. 1b re-;. =~ . L
! : - directions — parallel and perpendicular to the magnetic field —
veals the presence of well defined bipolar electric field struc- S
) when the hole deforms and enters the horseshoe distribution.
tures (labelled 1 and 2) which reflect the presence of elec-In this wav. deformed electron holes produce steeb. peroen
tron holes. As expected, the holes in this chain have much Y, P P. Perp

) S . dicular gradients F, /v, >0 in the horseshoe velocity dis-
smaller amplitudes than those moving in the IOVV_pmem""“tribution at the hole boundaries and act as efficient radiation
side. Their typical amplitude is of the order of 15-30 mV/m

S . ; . emitters.
pe_ak-_to-_peak and thelr_tlme duratlondQOO;_J,s, their po As illustrated in Fig. 30 of Treumann (2006), emission
larity is in agreement with a downward motion. The exper-
. . occurs at the edge of the electron hole whefe/dv, >0,
imental results unambiguously reveal the presence of elec- .
) ) . while at the edge wher&F,/dv; <0, the hole absorbs radi-
tron holes in the upward current region which so far has been _. gy . .
overlooked ayon. The emissions and absorptlpns tgke place at ;hghtly
' different frequencies due to the finite width of a hole in
_ _ _ velocity space. The frequency gap between emission and
The numerical simulations also show that, on the low- absorption can be easily estimated from the value of the res-
potential side, after having interfered with other newly cre- onant velocityv, required by the maser mechanism at the
ated electron and ion holes and having reached large enougBcation of the hole in velocity space where it forms a dip.
amplitudes, the electron holes belonging to this chain attainthe resonance condition leading to a resonant interaction
enough momentum to break through the initial double layerhetween the electromagnetic waves and energetic electrons
ramp and escape earthward. The large-amplitude electrogccurs at the Doppler shifted electron-cyclotron frequency

holes quasi-periodically interrupt the double layer until ithas (Eq. 1 of Treumann, 2006). For strictly perpendicular prop-

again reformed. agation, as observed in the AKR source region, the resonant
velocity is such that:
These observations, associated with the theoretical predic—2 ) f
tions, prove that all of the turbulent dynamics are basicallyvy = 2c“(1— —) (3)

ce

confined to the low potential side of the double layer where
a dynamical coupling between electron and ion holes takegvhere f.. is the electron-cyclotron frequency. Differentiat-
place. Moreover, it appears that the phase-space holes gefid EQ. (3), one easily gets:

erated by a double layer interact with this layer and can eveng s A 4,

disrupt it. However, the numerical simulations performed so—— ~ —— (4)

far have neglected the formation of the horseshoe distribu—f“ cc

tion which, in the presence of a magnetic-field-aligned elec-Assuming 102<A /v, <101 as derived from numerical
tric field, is unavoidable. Therefore, these simulations do notsimulations, the AKR spacing between emission and ab-
contain any signature of radiation. sorption should be such that 1b<sf/f<10-3. This

www.nonlin-processes-geophys.net/14/735/2007/ Nonlin. Processes Geophys., 14, 735-742, 2007
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SFA4_TRK_18K {KkHz)
Leg{{v/m}'/Hz)

20 23
Seconds from 1997-02-01/08:26:03.807

Fig. 2. Frequency-time spectra of striated AKR bursts recorded on the FAST spacecraft when it was located in the nightside magnetosphere
at an invariant latitude of 68

corresponds to a frequency gap on the order-dDOHz. 5 Observations

Consequently, signatures of narrow emission and absorption
lines in the AKR spectrum should indicate strong evidenceln order to illustrate the different types of AKR fine fre-
for the identification of electron-hole radiation. quency structures, we use high time resolution data provided
In short, the main striking results derived from numerical 3¥fthe FA|S_T gnd CLUSTER spacecraft that track AKR in
simulations which can be applied to the understanding of the ' erent§t|tu eranges.
Assuming dipole magnetic field geometry, by transform-

eneration of AKR fine-frequency structures are the follow- . ; . . . "
9 q y ing the induced frequency drifts into spatial radial velocities

ng: V, one gets
V ~ E(&)lﬁlﬂ (5)
1. The large number of small-amplitude electron holes es-" = "3 f f dt

caping at high speed from the high-potential side of a }
double layer and moving earthward should form the el-Where f, is the electron cyclotron frequency at the surface

ementary background radiation sources; of the Earth {.,~1.7 MHz), f the observed frequency, and
R is the Earth radius (Gurnett and Anderson, 1981).

As the AKR emissions take place near the electron cy-
2. The occurrence of intense, fine-structured emissiortlotron frequencyf.., assuming again a dipole magnetic
bands (known as striated AKR) can be explained onlyfield geometry, a bandwidth f corresponds to a radial size
when ion holes and secondary electron holes are pro4z of the elementary radiation structures such that

duced on the low-potential side of a double layer. These 13
electron holes are trapped between the ion holes andy, ~ ﬁA_f (&) (6)
move anti-earthward at the ion-drift velocity. 3 f\ [

At FAST satellite altitudes wheref~400kHz, one
3. A small number of large-amplitude electron holes aregetS éz—0.85 km for Af=100Hz, and V=8km/s for
S . df/dt=1kHz/s.
trapped on the low-potential side and move along with
the double layer. They are reflected until they reach suf-5 1 siriated AKR emission
ficient amplitudes to break through the double-layer po-
tential. These trapped holes produce intense “invertedrigure 2 shows an example of a specific type of AKR fine
U” type narrow-band signatures in the AKR spectrum structure known as striated AKR (Menietti et al., 2000).
(Pottelette and Treumann, 2001). These 6's of data were acquired by the tracker experiment on

Nonlin. Processes Geophys., 14, 735-742, 2007 www.nonlin-processes-geophys.net/14/735/2007/
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FAST ORBIT 1752

FA4_TRK_1BK (KkHz)

Log((V/m)/Hz)

S

26 27 28 29 30
Seconds from 1997-01-30/10:50:26.509

Fig. 3. “Inverted U” type AKR frequency structures recorded by the FAST spacecraft at about 22:00 MLT and at invariant latitiide of 69

Time
fa
ofy
Nfe .
| |
I‘ I 1
Y Y Y Yy 1
Magnetic Field B b 4 b t

Fig. 4. (Left) Reflection of an electron hole at a parallel electric-field layer. The hole moving earthward and being a positive charge is
rejected by the anti-earthward directed field-aligned electric field. (Right) “Inverted U” type frequency structure radiated by the hole when

rejected by the electric-field layer.

board the FAST spacecraft when it was located in the night-AKR spectrogram in agreement with the hypothesis that they

side magnetosphere at an invariant latitude df. 6B this are generated by slow electron holes moving together with

figure we see a large number of negative sloped traces in thmn holes in an anti-earthward direction along the magnetic

frequency range from 485 to 475kHz, corresponding to lo-field lines.

cal electron cyclotron frequencies at altitudes~@&500 km.

The striated AKR fine structures are those which are ex- The moving structures have an averaggd:~—30kHz/s

pected to be generated on the low-potential side of a douand their instantaneous bandwidth i€100 Hz which is

ble layer in the plasma regime where ion and electron holegbout the frequency resolution of the experiment. Using

move together anti-earthward at about the ion-drift velocity. Egs. (5) and (6) leads to a spe€d-200 km/s and to a size

As previously illustrated in Fig. 1a), trains of nested ion and Az~0.65km along the magnetic field lines for the elemen-

electron holes are characterized by large-amplitude; isolatetry radiators. The velocity range corresponds to ion drift

parallel electric-field structures of tripolar polarity (Pottelette speeds (Bounds et al., 1999) and such a small source size

and Treumann, 2005). The elementary radiation sources obmatches with a few Debye lengths. These structures last typ-

served in Fig. 2 move towards lower frequency across thdcally 0.2 s, corresponding to several thousands of plasma pe-
riods in the AKR source region whepg ~5 kHz. Such time

www.nonlin-processes-geophys.net/14/735/2007/ Nonlin. Processes Geophys., 14, 735-742, 2007
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Fig. 5. Spectrogram showing pulsed and striated AKR observed on a Cluster satellite located in the nightside magnetosphRpeatd 4.2
invariant latitude of 80 on 16 May 2005 over a 5s interval.

duration is in very good agreement with the lifetimes of elec-tron holes in phase space which are of the spatial size of just
tron holes predicted by numerical simulations. During thisa few Debye lengths. In the present case, the radiation is
elapsed time the elementary radiation sources travel aboutaused by large-amplitude electron holes trapped on the low-
40 km inducing perturbations in &5 kHz frequency range potential side of the double layer. They are reflected until
as observed. they reach sufficient amplitudes to break through the double-
layer potential (Newman et al., 2001; Goldman et al., 2003).
5.2 “Inverted U” AKR fine structures
5.3 Pulsing AKR emissions

So far, “inverted U” type narrow-band signatures in the AKR
spectrum have only been reported from the high-time res+igure 5 displays pulsing AKR emissions recorded in the
olution data acquired by the FAST spacecraft (Pottelette ehightside magnetosphere at 1&2 and invariant latitude
al., 2001; Treumann, 2006). They are illustrated in Fig. 3,80° by the WBD (wide band data) high-time resolution ex-
where 4 s of data taken by the FAST tracker are displayedperiment on board the Cluster mission (Gurnett et al., 1997).
The arrows present in this figure show well-defined drifting This event took place during the recovery phase of a large
elementary emission sources approaching a reflector frongtorm in a 10000-13 000 km altitude range given the ob-
above (increasing frequency), being reflected when hittingserved frequency range of the radiation. The AKR am-
the reflector and returning upward (decreasing frequencyplitude appears to be modulated at frequencies near 2.8 Hz
along the magnetic field lines. The radiation pattern of theseypical for Pcl-pulsations (R. Schreiber, personal commu-
sources forms a kind of inverted U. nication). In addition to this modulation, the spectrum of

It is tempting to identify the reflector with a parallel AKR radiation reveals two different types of fine-frequency
electric-field layer as schematized in Fig. 4. Being a posi-structures. The first one, known as striated AKR, is asso-
tive charge, the electron hole is rejected by the presence of aiated with moderate negative-slope frequency drifts and is
field-aligned electric field. An underestimated order of mag-recorded below a quasi-steady frequerféy~70kHz at the
nitude of the vertical size of the layer can be approximatedlow frequency edge of the spectrum. The second type is as-
from the overall frequency width fz of the induced pertur-  sociated with an abrupt frequency expansion into higher fre-
bations (see Fig. 4, right). A systematic analysis reveals thatuencies abovg™.
A fg~1kHz corresponding tohz p~8 km. These observations can be interpreted as the result of a

It must be stressed that just as in the case of striated AKRlocal acceleration by a pulsing parallel electric field layer lo-
the lifetime of the elementary radiating structures-i3.2s,  cated at a quasi-steady altitude~et1 000 km for which the
and their instantaneous bandwidfly~100Hz. As in the value of the electron cyclotron frequencyfi$. Upstream of
former case, these sources can be safely identified as elethis layer, at frequencies smaller thar, the usual striated

Nonlin. Processes Geophys., 14, 735-742, 2007 www.nonlin-processes-geophys.net/14/735/2007/
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AKR emissions are recorded. The mean slope of these AKRFig. 5. Fine AKR frequency structures reveal unambiguously
drifting emissions is-2.4 kHz/s, corresponding to a trigger the presence of a quasi-steady pulsing parallel electric field
speed of 210 km/s using Eq. (5), which matches with anti-located at a fixed altitude around 11 000 km.

earthward propagating ion hole speeds. Downstream from

the accelerating layer, electron holes escaping earthward dcknonedgements. We thank the organizers of the NLW-6
high velocity are responsible for the abrupt frequency eXpan_\/\lorkshop_heId in Kyushu, Japan in October 2006 for_lnvmng usto
sion of the AKR emissions abovg*. What is noteworthy in present this worI§. We glso thank th.e referees for their cpngtruc;tlve
the latter emissions is the presence of a well-defined series ?Eomments and improving suggestions. - The FAST mission is &

losel d ab . d ission band q roject of the Space Sciences Laboratory of the University of Cali-
closely spaced absorption and emission bands (separate Smia at Berkeley run under the auspices of NASA. The authors

a few hundreds Hertz) which are characteristic of AKR gen-ge indebted to C. W. Carlson and R. E. Ergun for providing the
eration by electron holes. Similar structuring, but somewhatparticle and wave data as well as for some useful discussions. This
less defined, can also be observed in Figs. 2 and 3. research has been initiated within the France-Berkeley program.
Work at the University of lowa was carried out under NASA GSFC
Grants No. NAG5-9974 and No. NNG04GB98G and NSF Grant
6 Discussion and conclusions ATM 03-27450.
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