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Abstract. In the auroral kilometric radiation (AKR) source explorer spacecraft (FAST) which, with its still unrivalled
region, acceleration layers narrow in altitude and associatethigh time-resolution instrumentation and high telemetry rate,
with parallel field-aligned potential drops of several kV can provide ample details concerning the complex plasma pro-
be identified by using both particles and wave-field high cesses involved in the centre of the auroral acceleration re-
time-resolution measurements from the Fast Auroral Snapgion. This region is marked by the transition layer from the
shoT explorer spacecraft (FAST). These so-called doubléhot tenuous magnetospheric plasma to the cold and dense
layers (DLs) are recorded around density enhancements iionospheric plasma. In this paper we concentrate on the study
the auroral cavity, where the enhancement can be at the edgd the physical processes occurring in the upward current re-
of the cavity or even within the cavity at a small scale. Oncegion, i.e. the region that is associated with the visible aurora.
immersed in the plasma, DLs necessarily accelerate partiThe FAST observations have demonstrated unambiguously
cles along the magnetic field lines, thereby generating locallythat parallel potential drops, supported by nonlinear features
strong turbulent processes leading to the formation of nonlindidentified as double layers (DLs), constitute the source of
ear phase space holes. The FAST data reveal the asymmetrairoral particle acceleration (Carlson et al., 1998). These
character of the turbulence: the regions located on the highbLs accelerate the precipitating magnetospheric electrons
potential side of the DLs are characterized by the presence abwards the ionosphere, where they cause the aurora and,
electron holes, while on the low-potential side, ion holes arevice versa, they accelerate the cold ionospheric ion popula-
recorded. The existence of these nonlinear phase space holésn into an energetic, though cool upward ion beam.
may affect the AKR radiation pattern in the neighbourhood In the first part of the paper we highlight the role of tran-
of a DL where the electron distribution function is drastically sient nonlinear structures in the basic microscopic processes
different from a horseshoe shape. We present some observeegulating the cold—hot plasma interactions in the auroral
tions which illustrate the systematic generation of elementaryregion. The DL's characteristics are derived by using high
radiation events occurring significantly above the local elec-time-resolution measurements from the FAST spacecraft for
tron gyrofrequency in the presence of electron holes. Theséoth particles and waves-fields. These measurements show
fine-scale AKR radiators are associated with a local electrorthat the DLs are recorded in regions of localized enhanced
distribution which presents a pronounced beam-like shape. density structures. The turbulence generated by these DLs is
asymmetric: electron holes (EHs) are recorded on the high-
potential side of these nonlinear structures while ion holes
(IHs) are detected on the low-potential side.

The second part of the paper is devoted to the study of au-
roral kilometric radiation (AKR) generation in the regions
located in the neighbourhood of DLs, i.e in those regions

Th ication is d d 1o th v of where the parallel electric fields are sited. Being a direct
e present communication is devoted to the study of som onsequence of the parallel acceleration processes, the ra-

strong turbulent processes taking place in the Earth’s aurog;arion contains fundamental information on their charac-

r_al region |n_connect|on with particle acceleration and radla'teristic spatial and temporal scales (Gurnett and Anderson,
tion generation. We use data from the Fast Auroral SnapshoT
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1981; Pottelette et al., 2001). At large distances from a DL, The formation of EHs and their associated radiation mech-
the FAST observations have shown that the radiation resultanism are highly nonlinear and cannot be accessed by a per-
from an unstable electron “horseshoe” distribution which turbation approach. The only way of investigating such pro-
confirmed many of the fundamental elements of the electroneesses is through numerical simulations. However, it was re-
cyclotron maser mechanism (Pritchett, 1984; Pritchett et al.cently demonstrated using a heuristic approach that EHs have
2002; Ergun et al., 2000). Such a distribution is generated irthe capacity to emit band-limited radiation in good agree-
the presence of an upward-directed electric field that accelment with the observations, but that in the upward current
erates plasma sheet electrons downward to form a beam-likeegion, the growth rate of a single EH is too small for re-
distribution. When these electrons move down the field linesproducing the observed fine-structure flux (Treumann et al.,
into increasing magnetic field strength, conservation of their2011). The downward-current region has the advantage of
first adiabatic invariant causes their pitch angle to increasénosting much higher electron densities than in the upward-
as a consequence of the mirror force. In these circumstancesurrent region, which significantly increases the value of the
the energetic electron distribution develops a peak at larggrowth rate. It was then suggested that, in the downward-
pitch angles. This produces an extended region on the elecurrent region, EHs are capable of producing the AKR fine
tron distribution function wheré Fe(v,;,v1)/dv, > 0 pro-  frequency structures (Treumann et al., 2012). We return to
vides the free energy for AKR generation. The emission isthese conclusions in the light of the analysis of the experi-
generated in the X-mode via the electron-cyclotron maser inmental results obtained by the FAST spacecraft in the heart
stability and occurs at frequencies below the nonrelativisticof the upward-current acceleration region. We show that the
electron gyrofrequencyce. Moreover, the radio waves are observed AKR spectral features can be generated in localized
emitted very close to the direction perpendicular to the mag-enhanced density structures recorded in the vicinity of DLs.
netic field.

One of the main drawbacks regarding AKR generation
from a horseshoe distribution lies in the fact that the growth2  Turbulence generated in the neighborhood
rate becomes significant only when this distribution is fully of a double layer
developed, i.e far away from the location where the electrons
have been accelerated by the DLs. Accordingly, the compaThe observations, recorded in the upward-current region of
rably simple picture of AKR generation solely by the global the aurora, reveal that parallel electric fields take the form of
horseshoe distribution might be incomplete because one hastrong DLs near the bottom of the acceleration region (Mozer
to face the unusual situation in which the radiation generatecand Hull, 2001; Ergun et al., 2002). Numerical simulations
by the electrons becomes more powerful as these electrorsave shown the character of the turbulence generated in the
move away from the place where they have been acceleratedeighbourhood of such DLs (Singh, 2000; Newman et al.,

The satellite measurements indicate that the AKR fre-2001; Goldman et al., 2003). On the high-potential side EHs
quency spectrum mostly consists of fine spectral featuresare generated and move earthward at a speed comparable to
which are extremely narrow in bandwidth and drift up and the accelerated electrons. On the low-potential side, the DLs
down in frequency. These observations provide ample rearelease ion holes which move anti-earthward with a speed
son for asking whether the presence of nonlinear phase spa@@mparable to the accelerated ion beam. Figure 1 illustrates a
hole structures generated near DLs could contribute to theatellite-crossing of such a turbulent acceleration layer asso-
production of the observed spectral features. In this case, theiated with an anti-earthward directed parallel electric field.
fine structured AKR features would result from the motion As a first simple schematic depiction, the amount of paral-
of phase space holes through space, with the frequency dritel energyeA®,, gained by the anti-earthward directed ion
mapping the variation of the electron gyrofrequency alongbeams on the low-potential side of the DL must be equal
the magnetic flux tubes to which they are confined. Sinceto the amount of parallel energy acquired by the earthward
the pioneering work of Pottelette et al. (2001), the radia-propagating electron beams on the high-potential side. This
tion from nonlinear phase space holes as a possible mectschematic interpretation is obviously oversimplified because
anism for explaining AKR fine frequency structure gener- in the auroral acceleration region the measured DLs are usu-
ation has been extensively studied (Pottelette et al., 2003ally oriented at an oblique angle to the magnetic field in such
Pottelette and Treumann, 2005; Mutel et al., 2006; Treumanra way that the perpendicular electric field is much larger than
etal., 2011). In the present paper we focus on the analysis ahe parallel electric field. Consequently, the ions which are
the FAST data obtained in the region located on the high-not strongly magnetized can experience a significant polar-
potential side of a DL. This region is filled with electron ization drift as they transit the DL. A non-negligible portion
holes (EHs) and the electron distribution function is dras-of their energy can go into the EXB drift. This is not the case
tically different from a horseshoe. In the neighbourhood of for the electrons which are strongly magnetized, so the elec-
such a DL, the FAST plasma wave tracker detects AKR finetron path is guided by the magnetic field.
frequency structures generated significantly above the local In the following we choose FAST orbit 1761 as a text
electron gyrofrequency. book example to illustrate the crossing of a localized DL.
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to apogee. As shown in Fig. 2, we note' thaF the spacecraft Seconds from 19970131 ) 06-44-38.717 UT
approaches the DL from the low-potential side. The paral- ¢ 10s 5

lel energy of the anti-earthward propagating ions drops from

8keV to a few eV in~ 2.5 s, while during the same amount Figure 2. Earthward electroia) and anti-earthward io(b) energy

of time the parallel energy of the earthward propagating elec{luxes associated with a crossing of a localized double layer. Due to
trons increases continuously from 4 to 12 keV. This fact pro-experimental constraints the angular resolutioft14°. The space-
vides strong support for crossing a localized potential rampcraft approaches the DL from the low-potential side. The amount
of ~8keV amplitude parallel to the magnetic field. This is of parallel energy lost by the ions is equal to the amount of en-

confirmed well by the simultaneous presence of a large am&roy gained by the electrons:8 keV. The event takes place inside
plitude DC perpendicular electric field, (~ 1.5Vm‘1) as- a density enhancement characterized by a large density {ajnp

. . . . . The blue shaded region corresponds to the crossing of the parallel
sociated with an anti-earthward directed parallel DC electric, o yic field illustrated in Fig. 3.

field E,, of ~0.3VmL. Previous observations of this kind
have already been published (Ergun et al., 1998, 2002) show-
ing that low-altitude DLs are recorded at the boundary be- It is important to point out that this event took place inside
tween the auroral cavity and the ionosphere. a localized density enhancement characterized by a density
In the present case the recorded 8 kV potential drop assocjump from 0.4 to 1.4 cm? (see Fig. 2c). Measuring electron
ated with a 0.3V m* amplitude of the parallel electric field number density from an electrostatic analyzer is difficult, es-
implies that FAST was crossing a turbulent accelerating layeipecially at low energies, where spacecraft photoelectrons of-
with a parallel extension of 25 km. Note that the event plot- ten dominate the electron flux. The density plotted in Fig. 2¢
ted in Fig. 3 does not completely fit the ideal model of a is determined from the electron electrostatic analyzer data
planar, oblique DL since the parall&l;, and perpendicular above 40eV in order to eliminate the contribution of photo-
E | electric fields do not have a constant ratio. The strengthelectrons. However, the plasma density can also be estimated
of the local magnetic fieldd ~ 14 000 nT together with the from the plasma wave cut-off (Ergun et al., 1998; Strangeway
recorded amplitudeZ; ~ 1.5V m~! produce a convection et al., 1998). In the present case, the accuracy of both mea-
drift Vp ~100kmsL. So, the perpendicular energy that an surements agrees to within about 15 % in the density cavity,
HT ion gains as it traverses the DL is about 50 eV. This iswhereas the peak value of the density appears to be underes-
supported by the measurement of low-energy (< 100 eV) ionsimated by the electrostatic analyzer by about a factor 3. This
at pitch angles close to 9@nside the DL (data not shown). indicates thationospheric electrons have a significant popula-
Electrons which are strongly magnetized respond only to thetion at energies less than 40 eV. Both measurements show the
parallel electric field. presence of a well-defined enhanced localized density struc-
ture regardless of the exact magnitude of the enhancement.

www.ann-geophys.net/32/677/2014/ Ann. Geophys., 32, 6884 2014



680 R. Pottelette et al.: Radiation in the neighbourhood of a double layer

f — ——p @

120 LOW -
POTENTIAL
SIDE

E, ' (a)

mV/m

Parallel Electric Waveform
(mV/m)

&
=
H

asolp 4 1 - z S
/ 6s A Y
0 ———— = ~ Seconds from 06:44:40 UT n
. ' (b)
Ion Hole

@
2

Electron Holes

~
(g)
~—

-300-]
1 AE|~ 60 mV/m
At~ Sms

(mV/m)

-600-|

mV/m

900 1 | |
| | AE|~ 150 mV/nq

) 1 | [ m( > 10‘ | At~ 150ps |
-1200- - - =20 - — - L0 L]
1200+ | [ ms € - ——5ms— = = >

Parallel Electric Waveform
(mV/m)
Parallel Electric Waveform

o2 4 6 8 Figure 4. Fluctuations observed in the 32 kHz quasi-parallel elec-
Seconds from 1997-01-31 / 06:44:38.717 UT tric field waveforms measured by FAST in the neighbourhood
of a DL. The temporal extension of the anti-earthward parallel
Figure 3. Parallel(a) and perpendiculafb) components of the DC  electric field corresponds to the blue shaded regiapn From
electric field measured at the same time as the electron and ion erp6:44:44.713 UT bipolar electric field structures are detected on the
ergy fluxes. The large unipolar negative excursion of the parallelhigh-potential side of the DI(b); they characterize the presence
electric field (blue shaded region) indicates the presence of a fieldbf EHs which have time spans of about 150 us with amplitudes
aligned potential difference. of ~150mV 1. On the low-potential side of the DL large am-
plitude (~ 60 mV m~1) electric field structures (ion holes) are also
recorded at 06:44:40.630 UT; they have time spans bims(c).

Figure 4 reveals, as a function of time, the fluctuations
of the 32kHz parallel electric field waveform recorded in
the neighbourhood of a DL whose temporal extension corre-
sponds to the blue-shaded region. As expected, bipolar elec-
tric field structures are detected on the high-potential side of _ The DC measurements show that the particle accelera-
the DL; they illustrate the presence of EHs with time spans of tion takes p|ace in the region where an anti-earthward-

the amount of energy gained by the earthward-directed
electron beam on the high-potential side.

about 150 ps and amplitudes ©f150 mV nt*. These non- directed parallel electric field is present.

linear structures are positively charged and are thus associ-

ated with radial diverging electric fields. All the measured — In agreement with numerical simulations, the analysis
EHs have a positive polarity followed by a negative one (see  Of the turbulence generated in the neighbourhood of the
Fig. 4b) indicating that they are travelling earthward; their DL reveals the presence of ion and electron holes.

velocity should be of the order of the drift velocity of the . N .
associated electron beam (Goldman et al., 2003) but can- On the high-potential side of the low-altitude DLs, the ma-

. . . - Jority of the ionospheric electrons are reflected by the anti-
not be directly determined due to experimental constraint . e ;
. S earthward-directed parallel electric field and this leads to lo-
in the present case. On the low-potential side of the DL,

large amplitude £ 60 mV m2) electric field structures are cally enhanced density structures. It is worth mentioning that

also recorded. From their polarity they can be safely iden—fSlmllar results are also recgrded l_)y the Cluster spacecraft
" ; N in the heart of the acceleration region (A. Masson, personal
tified as anti-earthward moving ion holes. As compared to

- . . _communication, 2013). Therefore, the characteristics of the
the EHSs, they are detected during a much longer time period”." . : ) -
A .. radiation emitted by the accelerated electrons in the vicinity
(At ~ 5ms), indicating that they have a much lower velocity.

. : : of a DL might be quite different from those recorded inside
In short the following observations are all in agreementthe density cavity where a nearly complete evacuation of the
with the crossing of a localized DL by the FAST spacecraft y y y P
. . i plasma has taken place.
during orbit 1761:

— From the particle measurements it appears that the
amount of energy gained by the anti-earthward-directed
ion beam on the low-potential side of the DL matches

Ann. Geophys., 32, 677687, 2014 www.ann-geophys.net/32/677/2014/
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Figure 5. Electric (a) and magneti¢b) power frequency spectra measured by the onboard swept frequency analyser (SFA). The frequency
spans 0 to 500 kHz with a 4 kHz bandwidth. The shaded blue region again corresponds to the extension of the measured DC parallel electric
field. The dark horizontal line is the nonrelativistic electron gyrofrequefagyThe electric power densitg) provided by the plasma wave

tracker reveals the presence of large-amplitude fine spectral AKR features in close relation to the detection of EHs (initial time indicated by
the broken white lines). The frequency axis goes from 400 to 420 kHz with a 32 Hz resolution. Note that the seconds from 06:44:38.717 UT
refer to the label for the lower axes.

3 Radiation generated in the neighbourhood of
a double layer

indicating that the onboard 32 kHz sampling frequency on
the FAST spacecraft may sometime be insufficient to resolve
their characteristics entirely. The AKR emissions occurring

Figure 5a and b display the electric and magnetic spectra?bovef ce have the following characteristics:

power density, as a function of frequency and time, gener-
ated in the neighbourhood of the DL illustrated in Fig. 3;
they show that the high-frequency waves recorded alfgyve
are electromagnetic. The magnetic waves in panel b are mea- — They are associated with an electron distribution show-
sured thanks to the onboard search coil. The electric wave ing a pronounced beam-like character as illustrated in

— Their amplitude is about two orders of magnitude larger
than the ones occurring arourfgk.

power in panel a is derived from a single electric antenna lo-
cated in the spacecraft spin plane. The satellite is oriented
so that the magnetic field lies withirf ®f the spin plane
normal in the auroral regions, and the spin period is 5s. As
illustrated in panel a, the AKR emissions recorded at (and
slightly below) fce show strong spin modulation with a pe-
riod of ~ 2.5, indicating that the wave electric field is po-
larized perpendicular to the ambient magnetic field. As pre-
viously pointed out by Ergun et al. (2000), these AKR emis-
sions are generated inside the density cavity; they result from
the electron-cyclotron maser mechanism. The free energy
is provided by the horseshoe electron distribution function
measured in these regions, which is displayed in Fig. 6a.

Fig. 6b. The core of the distribution is associated with
larged Fe(v//,v1)/dvs, > 0 in the vicinity of the peak
value of v/,. In addition, for smaller values of,,,
energetic electrons at pitch anglés- +45° are ob-
served, which induce positive perpendicular gradients

such thad Fe(v;/, vy, /dv) = 02 elintl) The exis-
tence of these available free energy sources, both in the
parallel and perpendicular directions, may induce AKR
emissions in a direction oblique with respect tothe mag-
netic field, as observed. This indicates that these electro-

magnetic waves have a finite parallel wave veétor

The primary function of the onboard plasma wave tracker

Starting from 06:44:45UT the most striking feature ob- (PWT) is to provide fine-frequency resolution spectra of

served in Fig. 5a and b occurs during the crossing of thenarrow-band emissions. Figure 5¢ shows that large ampli-
high-potential side of the DL: intense AKR emissions are tude AKR fine frequency structures are detected by the PWT
detected some 10 % above the local electron gyrofrequencin close relation to the presence of EHs. The fine spec-
(fce ~ 365 kHz) in association with the simultaneous pres-tral AKR features consist of a well-defined series of closely
ence of EHs (see Fig. 4). These localized nonlinear strucspaced absorption and emission bands with several hundred
tures generate impulsive broadband electric field emissionslertz bandwidths. It is expected that such a structuring re-
up to 100kHz in the swept frequency analyser (SFA) datasults from AKR generation by EHs (Pottelette and Pickett,

www.ann-geophys.net/32/677/2014/ Ann. Geophys., 32, 6884 2014
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occur significantly abovge and are not polarized in a direc-
tion perpendicular to the magnetic field.

Observations of this kind are often recorded by the FAST
spacecraft when it travels through the acceleration region.
Another example taken from orbit 1773 during the crossing
of a different AKR source region is displayed in Fig. 7. The
spacecraft was travelling poleward at an altitude of 4050 km
~-16.8 and an invariant latitude of 68°. This orbit has been se-

I_17 . lected because the PWT measures the characteristics of the
' ' high-frequency AKR emissions occurring aboyg at the
| -18.6 same time and in the same frequency range as the SFA. The
presence of a localized DL can be derived from the SFA data
L e : — (Fig. 7a) around 09:26:46 UT when sporadic broadband elec-
5104 0 5104 trostatic emissions are detected, indicating the presence of
Para. Velocity (km s'l) EHs. These nonlinear structures are displayed for a 55ms
period in Fig. 7d. They propagate earthward with ampli-
tudes of~150mVnt! and time spans of 150 ps. The
FAST ORBIT 1761 fine AKR spectral features recorded by the tracker around
this time are illustrated in Fig. 7c. This event covers a fre-
guency range of about 2 kHz (430-432 kHz) but is composed
of closely spaced absorption and emission bands with sev-
eral hundred Hertz bandwidths. These AKR emissions occur
| =158 at frequencies 20 % above the local electron gyrofrequency
(fce ~ 360 kHz) and exhibit no apparent polarization in a di-
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| ot rection perpendicular to the magnetic field. Again, this event

{ l 177 & took place on the flanks of an enhanced density structure, as
| H-186 S illustrated in Fig. 7b. As for orbit 1761, the density has been

determined in this figure from the electron electrostatic anal-

yser data above 40 eV in order to eliminate the contribution

5104 0 510¢ of photoelectrons. In the present case, using an estimate from
s L. 1 the plasma wave cut-off, it appears that the peak value of the

Para. Velocity (kms™) density is underestimated by about a factor of 4.
. ] ) o The electron distribution functions related to this AKR
Figure 6. A t)_/plcal full ring hors_eshoe dlstrlbutlon_ of electrpns source crossing are displayed in Fig. 8. They are averaged
measured inside the density cavity at 06:44:42 UT is show@jin over~ 0.8s. In the density cavity the distribution has an in-

while an incomplete horseshoe electron distribution exhibiting a lete h h h Fig. 8 hile it b
pronounced beam-like character is recorded in the enhanced det%—omp ete . orseshoe shape (Fig. ‘i‘)’ whiie 1 ec_omes a par-
sity region around 06:44:43.500 UT as illustrated(i). The dis- tial ring with a pronounced beam-like character in associa-

tributions are plotted in perpendicular, parallel velocity space. Bothtion with the crossing of the DL which generates EHs around
distributions are averaged over0.8 s and the low-energy electron 09:26:46 UT (Fig. 8b). In this figure, several distinct regions

background has been eliminated in order to remove photoelectrongvith large positive parallel velocity gradients can be iden-
tified from v, ~ 35 x 10*kms 1 to v/, ~5x 10¢kms™L.

This implies that, during the measuring time of the electron

2007; Treumann et al., 2011). The event exhibits predomi-distribution function, FAST is crossing a local parallel elec-
nantly very large, positive frequency driftsf¢dr > 0). tric field directed anti-earthward which accelerates the elec-

Summarizing the analysis of the FAST data from orbit trons from~ 7 to ~ 14 keV. As in Fig. 6b, one also notes
1761, there is evidence that in the density cavity the freethe perpendicular extents of the distribution arowpd= 0
energy source for AKR generation is provided by an elec-which induce positive perpendicular velocity gradients.
tron horseshoe distribution function (Fig. 6a). In agreement Figure 7a also shows a very interesting event around
with the previous work by Ergun et al. (2000), such AKR 09:26:47.500 UT when weak amplitude broadband emis-
emissions are polarized in a direction perpendicular to thesions covering the entire frequency range are detected. They
magnetic field and occur at or slightly belofie. In the re-  are generated by a brief incursion of the spacecraft out-
gions of enhanced density located in the neighbourhood ofide the acceleration region. Around this time, the poten-
the DL, the electron distribution exhibits an incomplete ring tial moves entirely above the spacecraft as indicated by
signature with a pronounced beam-like shape illustrated irthe sudden recorded large density enhancement. The ions
Fig. 6b. In these latter regions, the recorded AKR emissionsshow a conic-like structure while lower-energy electrons
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Figure 7. Crossing of an AKR source region during FAST orbit 1773. The presence of a localized DL can be derived from the $&A data
around 09:26:46 UT when sporadic broadband electrostatic emissions are detected indicating the presence of EHs. These nonlinear structure
are displayed from 09:26:45.769 UT for a 55 ms perioftiin The fine AKR structures recorded by the tracker during 6.5 s from 09:26:39 UT

are illustrated ir(c); they cover a frequency range of about 2 kHz (430-432 kHz). Again, this event took place on the flanks of an enhanced
density structure as illustrated (h).

appear within the upgoing source cone (data not shown). AfDL locally generated or are these emissions beamed to the
ter this time earthward-propagating energetic electrons arspacecraft from a small source below the FAST altitude? As-
again detected, consistent with the potential extending tasuming a generation at the locfk below the spacecraft and
lower altitudes where the FAST spacecraft is located. An-dipole magnetic field geometry, we can estimate the distance
other region of sporadic broadband emissions associatetb the source from the frequency of these emissions. It is
with a moderate local density enhancement is also recorded 400 km for orbit 1761 and- 600 km for orbit 1773. Such
around 09:26:51 UT. Weak transient enhanced AKR emis-an explanation cannot be excluded. This would mean that the
sions abovef;e are detected by the SFA but unfortunately local presence of EHs inhibits the generation of electromag-
not by the PWT; they are again associated with the presenceetic radiation.
of EHs (data not shown). On the other hand, as the AKR emissions recorded signif-
icantly abovefce occur in the immediate vicinity of a DL,
_ _ it is natural to think that the regions where the electrons are
4 Discussions the most strongly accelerated should be the source of intense
. electromagnetic radiation. For instance, the recorded AKR
In short, a systematic study of FAST data shows that EHSampIitudes abovefee reach~ 10~ (V/m)2Hz1 for orbit
are ubiquitous in the AKR source region; they are excited at) 761 this is about two orders of magnitude greater than the
the edge of the density cavity or within small-scale density ynes recorded in the cavity (Fig. 5).
enhancement structures inside the cavity. At FAST altitudes, ag previously mentioned, the electron distribution func-
EHs are not detecte(_:i in the cavity itself apart from within tions Fe(v/,,v,) recorded in the vicinity of a DL possess
the small-scale density structures. These EHs are produceg,jjaple free energy sources, both in the parallel and per-
in the neighbourhood of a DL and are associated with an iNpendicular directions (see Figs. 6b and 8b). This may ex-
complete electron horseshoe distribution function showing lain why, in these regions, AKR emissions are generated
well-pronounced beam-like signature. The analysis revealg, 5 girection oblique with respect to the magnetic field, as
that, in close relation with the simultaneous presence of EHSgpcanved. However, it does not provide any valuable expla-
fine AKR spectral features can be generated at frequencieSaiion with regard to the generation of elementary radiation
located significantly above the locdle. In contrast to the  oyents occurring significantly aboyee. Given the FAST ex-
AKR emissions recorded in the density cavity, such AKR perimental observations, it seems natural to think that EHs
fine structures are not polarized in a direction perpendiculai,5ye the capacity to emit such band-limited radiation.
to the local magnetic field indicating that they possess a finite 1o processes involved in AKR generation by EHs
parallel wave vectok,,. have been recently studied theoretically by Treumann et

~ One of the fundamental questions to ask is the follow- 51 (2011). The authors use a heuristic approach and assume
ing: are the AKR emissions recorded in the vicinity of a
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FAST ORBIT 1773 magnetic field of a few Debye lengths one geg ~ 1 km.
Concerning the transverse scale we note that the theory by
Berthomier et al. (2003) predicts spherical holes in configu-
ration space in the case where the plasma frequency is small
as compared tgee. This is in agreement with the observa-
tions by Franz et al. (2000). Such a perpendicular size is well-
suited for trapping wavelengths of the orderof km. Thus

the EHs can be considered as efficient radiating antennas in
the kilometre wavelength range.

In the absence of a magnetic field, EHs have a hole in the
electron parallel velocity distribution localized near its veloc-
ity Vh in configuration space (Newman et al., 2001). In these
g . circumstances, the numerical simulations show that EHs are
416 0 410 very narrow in configuration space while occupying a sub-

Para. Velocity (kms™) stantial part of parallel velocity space. The depletion region
FAST ORBIT 1773 contains the hot electrons trapped inside the hole. Therefore,

. in the presence of a magnetic field, the expectation is that the
4104 M 526| -46.500 UTi ll I!‘ depletion nea¥}, extends in perpendicular velocity up to the
-12 perpendicular thermal velocity of the trapped electrons. To

| l13.7 be an important radiation source via the electron-cyclotron
, in the perpendicular and parallel directions (Treumann et al.,
| [17.2
| B-18.4 X ) ; . i
numerical magnetized simulations (Oppenheim et al., 2001).
-410¢ 0 410¢ velocity components can be written as (cf., e.g., Treumann

i maser mechanism, EHs should produce steep positive veloc-
2011). It is important to mention that, thus far, perpendicu-
£ The general weakly relativistic resonance condition for the
Para. Velocity (km s‘l) and Baumjohann, 1997, Chapt. 5, 120-125):

B
-
2

~(km.s?'y |

Log [#! em?

-410¢

Perp. Velocity (km

”n

Log [#{em® - (Jam.s') |

Perp. Velocity (km s

{ ity space gradients on the electron distribution function both
| -16.1
lar velocity space data are unfortunately not represented in
electron-cyclotron maser instability in terms of the electron

k;c? 2¢2 k2t
() — L) 408 = T (wge—w) + //2 : (1)
Wce ,

ce Wee

Figure 8. Electron distribution function recorded around
09:26:40UT in the density cavitya), incomplete ring dis-
tribution with a pronounced beam signature detected around
09:26:46.500 UT during the locally enhanced density structurewith o the angular wave frequenayce the angular electron
(b) for the FAST orbit 1773. Both distributions are averaged gyrofrequencyk// the modulus of the wave vector para||e|to
over ~0.8s and the low-energy electron background has beenrhe magnetic field andthe speed of light. It describes a res-
eliminated. onant circle shifted along the parallel velocity direction. For
satisfying the resonance condition, the velodigyof the hole
must be such that the perpendicular gradients localized at the
that EHs are evolving inside a horseshoe distribution func-holes coincide with the resonance contour which implies that
tion, generating significantly largé Fe(v//,v1)/dvy >0
needed for the electron-cyclotron maser instability. This hy- k)2
pothesis does not fully correspond to the observations, whichy;, = qe 2)
bring to light that EHs are generated in the regions of local- @Wce
ized enhanced density structures by a predominantly beamrys relation provides a determination of the parallel wave
like electron distribution function resulting from a local ac- number from the hole velocity and shows that the radia-
celeration parallel to the magnetic field. However, some partsjon emitted by an EH is oblique with respect to the mag-
of the arguments advanced in this theory provide some cluefgic field, in agreement with the observations previously de-
that EHs could contribute to the generation of radiation. scribed.

4.1 Electron Holes as radiating antennas 4.2 Frequency range and growth rate

The Debye length in the acceleration regior.is~ 200 m. One of the remaining challenges concerning the experimen-
Assuming a spatial extensiany, of the EH parallel to the tal observations consists of explaining the fact that the AKR
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emissions generated in the vicinity of a DL occur at frequen-
cies sited 10 to 20% above the lockk. First, it is worth
mentioning that an EH acting as a radiating antenna selects ¢
wavelength of the order of its linear scale and this impinges
on the value of the radiated frequency. As previously men-
tioned, in the auroral upward-current region, the EH'’s per-
pendicular size is well suited for trapping wavelengths of the
order of~ 1 km. Trapping inside the EHs might be a viable

101
10.000 km

1012

12.000 km - - -§ - 1013

SC4 Tango

1014

1015

fying it over the lifetime of the holes. But trapping cannot
be complete because the amplification would become exces
sively large. So, one attractive hypothesis is to assume that ) . .
the waves are partially trapped and amplified in the EHs and9ure 9 Spectrogram covering a period of 5 s showing pulsed and
that a fraction of these waves is radiated outside the EHs dur§tr'ate‘.JI AKR o.bserYEd by remote sensing on a CIUSte.r sat_elllte lo-
cated in the nightside magnetosphere at Bg2and at invariant

ing their propagation. Since EHs are generated in locally en'Iatitude of 80. The horizontal white line indicates the value of

hanced density structures, the radiated waves can escape .Qﬁé local gyrofrequencyce ~ 70 kHz at an altitude of- 12 000 km
cause they can propagate freely above the X-mode cut-off iRagapted from Pottelette and Pickett, 2007).

the surrounding regions of decreasing density.

An approximate order of magnitude of the maximum
growth rate of the electron-cyclotron maser radiation pro-frame and constitute the small-scale AKR radiators. Assum-
duced by EHs is given by Treumann et al. (2011). It can being an EH velocity close to the electron drift beam veloc-
written as ity, one getsVh-4 x 10°kms™! (see Fig. 6b), leading to
f ~ L.14f.e which is in reasonable agreement with the ob-
servations.

13:45:46 13:45:47 13:45:48 13:45:49
UT (hh:mm:ss) on 2005-05-16

13:45:45

13:45:50

RNV
Wce 8 fce,
with o = np/ne the ratio of the electron beam to the back- 5 Conclusions

ground plasma densities an being the total plasma fre- ) _
guency. Let us take the concrete example of the electrorf e careful analysis of FAST data reveals that two different

distribution plotted in Fig. 6b recorded in the presence of AKR sources may coexist at the spacecraft altitudes around
EHs during orbit 1761. The electron beam density is cal—4_000'km- They both arise from the electron-maser mecha-
culated from the electron spectrometer data taking an open?'SM-

ing angle of£11° (experimental constraints), which yields  _ | the density cavity, the radiation results from an un-

3)

np~0.05cn3. The value of the peak density estimated
from the plasma wave cut-off ise ~ 4cm3 leading to

fe ~ 18 kHz. For fee ~ 360 kHz, we gety ~ 10 3w¢e. This

is an appreciable growth rate of the same order of magnitude
as the one obtained for a global ring horseshoe distribution
(Pritchett, 1986; Louarn, 2006).

An additional effect has to be considered. In the proper —

frame of the hole, emitted frequencies are slightly beneath
the local nonrelativisticfce (Treumann et al., 2011). In the
observer’s frame, the change in frequency due to the dis-
placement of the EHs along the magnetic field is described
by the relativistic Doppler effect which, for the observed fre-
quencyf of the radiation, yields

Y
f:fceﬂ

148y’ @

stable “horseshoe” electron distribution function. The
emission is generated in the X-mode slightly below the
nonrelativistic electrorfce. This radio wave is emitted

very close to the direction perpendicular to the local
magnetic field (Ergun et al., 2000; Pritchett et al., 2002).

Around density enhancements in the auroral cavity, the
free energy leading to AKR fine spectral feature gener-
ation may be provided by the presence of EHs. On the
electron distribution, they provide steep positive veloc-
ity space gradients which are restricted to their edges in
the parallel and perpendicular directions. The emission
is generated in the X-mode at frequencies located sig-
nificantly abovefce. It is radiated in a direction oblique
with respect to the magnetic field. The electron density
being locally enhanced, the growth rate of the electron-
maser instability becomes appreciable.

where gn = V/c. The sign+ in the denominator applies The EH radiation mechanism investigated in this paper re-
to holes either moving away or approaching. The radiationproduces several features of the fine structure in the AKR.
propagates earthward and is emitted obliquely with respectt can explain the frequency drifts withfddr > 0 which are

to the magnetic field. In these circumstances, only signalsllustrated in Figs. 5¢c and 7c. Unfortunately the induced fre-

generated by approaching holes are detected in the satellitguency drifts in these figures are too large to be accurately
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determined given the experimental constraints. It is thus im-a perturbation approach. These observational results might
possible to deduce the spatial radial velocities of the as-encourage investigation of such radiating processes through
sociated structures from FAST data (Pottelette and Picketthumerical simulations because they could be relevant to other
2007). astrophysical radio sources.

Regarding the AKR frequency drifts associated with
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