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Abstract. The Fast Auroral Snapshot Explorer (FAST) satel- lines (NEIALS) are the radar backscatter from ion acoustic
lite detected intense and coherent 5—20 m electric field strucflA) waves that are significantly enhanced above the thermal
tures in the high-latitude topside auroral ionosphere betweeffiuctuation levels. These lines have been of considerable in-
the altitudes of 350 km and 650 km. These electric fields apterest because they may be signatures of strong field-aligned
pear to belong to electrostatic ion cyclotron (EIC) waves in currents and/or plasma turbulence in the auroral ionosphere.
terms of their frequency and wavelengths. Numerical sim-The purpose of this paper is to show that NEIALs can be
ulations of the response of an electron plasma to the parassociated with electrostatic ion cyclotron (EIC) wave-like
allel components of these fields show that the waves aréntense and sporadic spiky turbulent electric fields in the au-
likely to excite a wave-driven parallel ion acoustic (I1A) in- roral ionosphere.

stability, through the creation of a highly non-Maxwellian A summary of NEIALs characteristics is as follows. The
electron distribution function, which when combined with radar enhancements occur during intense red aurora and soft
the (assumed) Maxwellian ion distribution function provides electron precipitation; the enhancements are usually 2—3 or-
inverse Landau damping. Because the counter-streamingers of magnitude larger than the quiescent values (such large
threshold for excitation of EIC waves is well below that for enhancements cannot be associated with field-aligned irreg-
excitation of IA waves (assuming Maxwellian statistics) our ularities because the relevant ISR observations were made
results suggest a possible two step mechanism for destabivith the radar beam directed far away from perpendicularity
lization of IA waves. Combining this simulation result with to the magnetic field); the enhancements occur at a range
the observational fact that these EIC waves share a comef altitudes above 250 km, mostly occurring near 500 km,
mon phenomenology with the naturally enhanced IA linesand can reach 1500 km; radar interferometric observations
(NEIALS) observed by incoherent scatter radars, especiallyshow that their transverse extent is several hundred meters;
that they both occur near field-aligned currents, leads to thehey last less than a few tenths of a second; the upshifted
proposition that this two-step mechanism is an alternativeand downshifted spectral lines are not equally enhanced; the
path to NEIALS. enhancements can more frequently be seen at 224 MHz as
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waves and instabilities) — Space plasma physics (Electro¥Vahlund et al. 1993 Rietveld et al. 1996 Cabrit et al,
static structures) 1996 Forme et al. 2001, Grydeland et aJ.2004. For an
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. IA waves can be excited because of instabilities of two-
1 Introduction stream type, most likely the current driven electrostatic ion
coustic (CDEIA) instability and ion-ion two stream insta-
ility (St-Maurice et al. 2007 Collis et al, 1991 Foster

The large-aperture, large-power incoherent scatter radar

(ISR) are designed specifically to detect thermal electron
density fluctuations and therefore are extremely sensitive t tal, 1988 Wahlund et al. 1999. Because the radar en-

plasma instabilities. The naturally enhanced ion acoustic."’mceme.zntS oceur dynng soft electron precipitation condi-
tions, a first thought is that the soft electrons are stopped by

Correspondence tad. Bahcivan the neutral atmosphere and the current carried by the pre-
(hasan.bahcivan@sri.com) cipitating electrons closes into the thermal electrons, which
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resonantly interact with the 1A oscillations. However, one 2 Electrostatic ion cyclotron waves

problem with this mechanism is that current densities of

more than 1 mA/rh are required to trigger the CDEIA in- EIC waves are considered important plasma wave modes in
stability in the upper ionosphere. This current density isand near auroral arcs. Field-aligned currents are considered
in excess of typically measured field-aligned currents, al-as the primary energy source for these waves. Some of the
though there are recent theoretical and experimental studfield-aligned currents observed by spacecraft and ground-
ies that show that the threshold for the CDEIA instability based instrumentation are sufficiently strong to excite the
is significantly reduced if there is a transverse gradient incurrent-driven ion cyclotron instabilityk{ndel and Kennel

the relative magnetic field aligned drif@vrishchaka et al. 1971 Satyanarayana et al 985 Ganguli et al. 1994).

199§ or if the electron plasma is heated by Langmuir tur- Some examples of FAST spacecraft electric field measure-
bulence that leads to a high&r/T; ratio (Mishin and Fiala  ments from 360 km altitude are shown on the left side of
1995. Moreover, CDEIA instability cannot explain simulta- Fig. 1 between 4.16 and 4.19s, and between 4.21 and 4.22 s
neous enhancements of both ion lines — a turbulent excitatiopast 04:36 UT. The top and bottom panels show the time se-
process may explain the simultaneous enhancemgotme  ries of electric field measurements made by DC coupled elec-
et al.(2001); Kontar and Rcseli(2009 suggested that simul- tric field antenna of lengths, 5 and 56 m, respectively. The
taneous enhancements of both ion lines can occur throughscillations display a nearly sinusoidal wave form implying
parametric excitation of IA waves by coupling to beam- a spatially pure source. Under the “frozen-in” structures as-
driven Langmuir waves. The simultaneous radar observasumption, which is demonstrated to be valid below, the short-
tion of enhanced Langmuir waves and IA wavesStsomme  est scales are several meters in the direction transverse to the
et al. (2009 supports the parametric excitation mechanism,magnetic field. The right panels of Fifj.show their occur-
however, it is not a proof because the enhancements could b@nce in a broader context. The V1-2 signal (top panel) and
occurring independently. its power spectra (middle panel) show broadband ELF emis-

The goal of this paper is to contribute to these studies bysions (reaching above 1KHz) near the boundaries of elec-
showing that IA oscillations are also sensitive to a differenttron precipitation regions. The emissions are also in spatial
kind of energy source. We are going to consider EIC wave-proximity to large scalex100 m) electric field structures su-
driven IA excitations because: (1) there is in-situ evidenceperimposed on the 5-s period spin modulation. The EIC-like
for strong EIC waves in the regions of enhanced backscatoscillations may be identified from the electric field power
ter observations, (2) the counter streaming current thresholgpectrum (middle panel) as broadband ELF spectral features
for excitation of EIC waves is well below that for IA waves above 500Hz. However, because of their extremely short
when the statistics are assumed to be Maxwellian, and (3¥lurations £0.05s), they are more easily distinguished from
previous kinetic simulations, e.Rowland and Palmadesso the electric field time series as isolated, spiky, and oscillatory
(1981), showed that strong EIC wave fields can potentially events as shown in the left panels of Fig.
distort the electron distribution function (EDF)(x, v, ). Another example of measurements from a higher altitude
The starting point of this work is that the observed EIC-like (562 km) is shown in Fig2 and demonstrates a distinction of
waves have already been initiated by a field-aligned currenthe subject small-scale electrostatic structures from electro-
instability mechanism, perhaps aided by shears and temperanagnetic oscillations with similar scales. The bottom panels
ture anisotropy, and we want to determine if |A waves can beare two subsets from the top panel, one coinciding with the
excited by such EIC waves. We will carry out kinetic simula- intense DC magnetic perturbations and sefl keV) elec-
tions for ion wave amplitudes comparable to the FAST satel-tron precipitation (on the left) and the other one occurring
lite measurements and from the simulation we will computewith no DC magnetic perturbations and in a region of hard
the incoherent scatter spectra. To the extent that the spectruf-1 keV) electron precipitation (on the right). The bottom-
is computable (the backscatter can be analyzed in terms afight panel shows a clear correlation between electric and
the fluctuation-dissipation theorem), the peak-to-valley ratiomagnetic fields indicating the electromagnetic nature of the
of the spectrum will be indicative of a near-instability condi- oscillations, while the bottom-left panel shows no such cor-
tion. relation.

In the next sections, we are going to (1) present the FAST The Fourier transform of the FAST electric field measure-
electric field measurements and discuss their EIC-like feament time series along the satellite track can be used as the k-
tures, (2) describe a kinetic (Vlasov) code for computing thespectrum. This is so because the satellite velocity of greater
electron plasma response to ion wave fields and compute thihan 8000 m/s far exceeds the electrostatic turbulence phase
electron distribution function, and (3) perform a Nyquist sta- velocities (perpendicular to B) of several 100 m/s, hence the
bility analysis and calculate the incoherent scatter spectrunobserved phase structuring is due to the spacecraft travers-
analysis from the computed distributions. ing spatial structures. We can demonstrate this with sample

multi-point electric field measurements. For example, the
left side of Fig.3 shows the approximate configuration of all
the FAST electric field antennas and the right side shows the
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Fig. 1. Top two panels: FAST observations of EIC-like electric fields. The upper panel shows the V1-2 signal collected with a 5m boom
with a 2.5 m projection transverse to the magnetic field lines. The lower panel shows the V5-8 signal collected with a 56 m boom with a
48 m transverse projection. The booms are on the spin plane and the spacecraft is in a cartwheel configuration. Bottom three panels: the
oscillations in a broader context, V1-2 signal (upper panel), electric field power spectrum (middle panel), and electron energy spectra (in eV)

(lowest panel).

www.ann-geophys.net/26/2081/2008/

Ann. Geophys., 26, 2Z0845-2008



2084 H. Bahcivan and R. Cosgrove: lon cyclotron wave-driven ion acoustic instability

FAST 1998/01/30 (Day 30), 18:48:55 — 18:53:55 Orbit 5704
1500

' B Value
| B B
2401

,,,,,

. ‘-Uﬁ ‘!u i : MW}JMWW
AR | 4283

|
i
10t |
P P 1

=]
5}

Time: 850 1851 1852 3
It 609.71 557.05 509.91 468.59
ILAT -78.02 —74.48 —70.80 -B67
MLT 12,10 11.76 11.54 11.39
Pi<SDT>, Vi<3.9> TecThu Jul 6 12:42:46 2008>; Cla=5704em
FAST 01998/01/30 (Day 30), 18:50:52.944 — 18:50:52.986 Orbit 5704 FAST 1998/01/30 (Day 30), 18:53:36.682 — 18:53:36.718 Orbit 5704

T T T T T T T
—B60 |

E1-2_16k
mVv/m
|
3
o

-=70

[
o N
o o o

Mag3AC (16K)
nT

I I I

LIRS

b o o

Mag3AC (16K)
nT
] I
o 4
o o

—8.5

[
L
v o

Time. 18;50:52.95 18;50:52.96 18;50:52.97 1850:52.98 Time. 18:53:36,69 18:53:36.70 18:53:36.71
At 563.97 563.96 563.95 563.95 A 446:36 446.35 446.35

Fig. 2. The center-top panels show the electric field power spectrum, DC magnetic field perturbations along the spin axis, and electron
energy spectra (in eV). The left-bottom panels show the V1-2 signal and the AC spin axis magnetic field perturbations from 0.04 s interval.
The time of these left-bottom panels corresponds to the location of one of the two intense DC magnetic field perturbations shown in the
center-top panels. The bottom-right panel shows the same signals as the bottom-left panels show, except that the time interval correspond
to a location in the hard{1 keV) electron precipitation period of the center-top panels and away from DC magnetic field perturbations.

time series of electric field measurements given by the poand Kintner 1989. Because the V5-6 signal has similar
tential differences between spheres 1 and 2, 5 and 6, and Waveform as the V1-2 signal and the nulling effect is ob-
and 8, all of which are located on the spin plane. Clearly, theserved in the V5-8 signal indicate that the oscillations should
V1-2 signal is very similar (after sign reversal) to the V5-6 have spatial scales between several meters and a few decame-
signal but with a lag#4 ms) corresponding to the separa- ters.
tion of the antennasx{70 m) divided by the satellite speed
(=8 km/s). This reappearance of the V5-6 signal wave form The electrostatic structures in the above examples are in-
in the V1-2 signal after a time delay that matches the timeterpreted as EIC oscillations for several reasons. First, their
it takes for the spacecraft to traverse their separation clearlgoincidence with strong DC magnetic perturbations sug-
supports the “frozen-in" assumption. However, it also possi-gests their association with field-aligned currents, a primary
ble that the waveforms have periods 10 ms or longer (at leasfree energy source to excite the current-driven EIC insta-
several times longer than 4ms). This means the frequencpility. Second, their scale lengths approximately matches
is <100 Hz, which would include the Ogyrofrequency of  the wavelength at which EIC instability growth maximizes.
~40Hz. Furthermore, the V5-8 signal is smoother, a con-For instance, the oscillations shown in Figwere detected
sequence of nulling that can be expected as the wavelengtra 360 km altitude, which falls in a collisional region for
approach the dimensions of the electric field dipoleBelle  the EIC instability Satyanarayana et atl985. The pre-
dicted EIC instability growth rate maximizes fan p;>1,

Ann. Geophys., 26, 2082095 2008 www.ann-geophys.net/26/2081/2008/
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Fig. 3. Left panel: A schematic view of the electric field sensors on the FAST satellite at 4.21 s past 04:36 UT. The EIC-like oscillations
of this time are seen on the right panel. Right panel: High-resolution electric field waveforms of the sensors V5-6, V1-2, and V5-8. The
numbering 1 to 5 identifies spikes that can be matched (after sign reversal) from V5-6 signal to V1-2 after a time delay of approximately
4ms.

where p; is the ion gyroradius and; is the wavenumber for the Doppler shift due to the rocket velocity, was in agree-
component transverse to the magnetic field lines. For amment with this mode. LateBering (1984 detected similar

ion temperature of 130K and Bo=4.2x10°T we have  waves with a different rocket in diffuse aurora at lower alti-
k1=0.31 1/m=2rn/), and the instability maximizes for tudes &150-250km). There were narrow peaks in the close
1<20.47 m. The oscillations seen in Fityhave scales from proximity of the O" and H" cyclotron frequencies and EIC
several meters to a few decameters, in agreement with thevaves were suggested to be the possible causes for these os-
scales predicted by the linear theory. The third reason is thatillations. More recentlyBonnell et al.(1996 using plasma

the observed wave amplitudes match the predicted broadwave interferometry reported the detection df BIC waves

band electric field amplitudes when the turbulence saturateat ~850 km altitude by AMICIST (interferometry was pos-

by ion resonance broadeningglmadesso et all974): sible because spacecraft velocity was much smaller thlan H
5 ) ) cyclotron wave parallel or perpendicular phase velocity).
(E) = ’&2 Tl.2 (w _ Qi) (1) At somewhat higher altitudes in the topside auroral iono-

8 2re §2i sphere the Freja spacecraft (1700km) detected BB-ELF

Considering the mode with the maximum linear growth €missions containing a mixture of Ak, ion cyclotron,
rate Gatyanarayana et all985, we havekipl?:l and as well as IA wavesWahlund et al. 1998. _The Astrid-2
w=1.2Q;, and for T;=1300K the resulting wave electric (1000km) Holback et al.200]) detected similar BB-ELF
field amplitude is 16 mV/m. The oscillations we observe €MISSIONS.
are around tens of mV/m range and therefore in satisfactory The electrostatic turbulence we consider here must be dis-
agreement with the theory. tinguished from similar scale turbulence, some of which con-
Previous studies using an order lower velocity spacecraftfaining electromagnetic components. Satellites commonly
i.e. sounding rockets, detected similar structures at similar aldetect small scale Al@nic structure in the auroral region
titudes and similar proximities to field-aligned currents and with energetic ion gyroradii scale sizdso{iarn et al, 1994
suggested that the structures are EIC waves driven by fieldlozer et al, 1997 Ergun et al, 1998 Cattell et al, 1998
aligned currentsBering et al.(1979 detected narrowband Stasiewicz et al2000. Moreover, theE x B (gradient drift)
electric field oscillations with a sounding rocket at approx- interchange instability leads to an irregularity spectrum with
imately 350 km altitude, in a region where the differential a power-law form that extends in scale from 10km down
drift between ions and electrons was sufficient to destabito the ion gyroradius Tsunoda 1988. By contrast, the
lize the EIC wave. The detected wave forms are similar tooscillations we see are very localized, quasi-periodic, and
the FAST measurements shown in Fign terms of magni-  spiky events. Their spectrum is often narrowband with no
tude and scale. The rocket measurements were assumed fiesemblance to a power-law form. Furthermore, a toroidal
be EIC waves because of the narrow bandwidth of the osdistribution of ion velocity transverse to the magnetic field
cillations and because their frequency range, after adjustindines can induce the Post-Rosenbluth instability at 0.5-1m

www.ann-geophys.net/26/2081/2008/ Ann. Geophys., 26, 20845-2008
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Starting with zero, the normalized ion wave amplitude is in-

Table 1. Numerical simulation parameters. ) . : p
creased with a linear growth rate parameteuntil t=¢’, as

Parameter value units ni fno=14Ty (t—(t—t)u(t—t'))] Sin(ky z+weict).

EIC wave, 256 m

EIC wave “linear” growth ratey) 10 1/s where u is the unit step function. Two valuesoére chosen
Electron temperature 3000 K to achieven; /no=0.1 andn; /n9=0.2. The frequency of the
Electron thermal velocity 213 kmis ion wave is given by the EIC wave dispersion relation
Number of spatial grids 256

Simulation size 256 m Wt =wi+k?C?

lon temperature 1000 K '

IA wavelength 1160 cm where,w, is the ion cyclotron frequency, is the wavenum-
Velocity interval for velocity distribution 4 km/s ber, andC; is the ion sound velocity. The wavelength along
¥?r:10;:|st¥elgterval after interpolation 22 MT/ S the magnetic field is fixed at =256 m, and the perpendicu-
Electron collision frequency, 1000 1s lar wavelength is adjusted to give two different phase veloci-

ties along the magnetic fieldZ,=20 km/s, and/,=40 km/s.
These choices result i)/« ~0.1 andk; ~1/p;, wherep;

is the ion gyroradious. In addition, for reference, we run the
simulation withV,, artificially set to zero.

Equations 2) and @) are solved together using a finite dif-
erence method. Starting from the initial distribution func-
tion f(x,0)=fp, first the Poisson equation is solved and
hen f(x, r) is iterated byAr in time using the fourth or-
der Runge-Kutta method. Then.(x) is computed from
f(x,t+At), andn; is updated for the new time. The sim-
ulation is cycled this way until a stationary solution in the
ion wave reference frame is reached, that is,

wavelengths Qtt and Farley1975. This instability cannot
be a cause for the oscillations because its frequency is of th
order of the lower hybrid frequency, which is outside the pos-
sible frequency range we infer. For this same reason, th
oscillations should also be distinguished from upper hybrid
wave packetsl(@aBelle et al, 1989 of similar scale sizes.

3 Electron distribution function distorted by EIC local
wave fields, stability of IA waves, and enhanced inco-  §f(x+V,r)
herent scatter radar spectra TZO'
The purpose of this section is to show that electron distri-Figure4 shows the resulting EDF contour plots for wave den-
bution function (EDF) perturbations, similar to those in the Sity amplitudes of 20% (left panels) and 10% (right panels),
simulation works b)Row|and and Pa|mades$]:98]), |mp|y and fOpr=40, 20, and O km/s, top to bottom. Density max-

IA wave growth and therefore ISR spectral enhancements. ima corresponds to flat topped EDFs, where low energy elec-
trons have been trapped by potential wells (potertialec-

3.1 Electron distribution function tron potential energy). Density minima correspond to po-
tential peaks and sharply peaked EDFs, where mid-to-high
The analysis consists of setting an ion wave as the paralle¢nergy electrons have been depleted relative to low energy
component of a small aspect angle EIC wave and computinglectrons. The depletion occurs because the mid to high en-
the motion of a column of electron plasma by solving a ki- €rgy electrons are constantly moving away, and must be re-
netic equation in one dimension with the BGK collision term plenished with electrons from the neighboring region. Upon
(Bhatnagar et a11954), imposition of the potential structure, the neighboring region
(to the potential peak) is in a potential well, so that the elec-
af " s n edp/oxof f — fo) (2) trons replenishing those with velocitymust have a higher
ot ax me v ¢ 0 velocity v+Av at their origination point, that is, the replen-
ishing electrons come from further down on the tail of the
distribution function.

On the other hand, zero velocity electrons at the exact
maxima of the potential structure never move away (in the
caseV,=0), and hence need not be replenished. Their num-
bers are not decreased by imposition of the potential struc-
ture. These contrasting supply-and-demand scenarios for low
energy, and for mid-to-high energy electrons leads to sharply

peaked EDFs at the potential maxima. EDFs at the potential
ne(x) = / fx, v)dv (4)  peaks (density minima) fdr,=0 are shown in Figbc, and f.

We solve for the electric potential using Poisson’s equation
60V2¢ =n; — N, 3)
In EQ. @), the background distribution functiofy is uniform

in space and Maxwellian in velocity, with the initial electron
temperature. The electron densityis obtained as

Ann. Geophys., 26, 2082095 2008 www.ann-geophys.net/26/2081/2008/
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Fig. 4. Contours of EDF:(a) n=20% andV,=40km/s; (b) n=20% andV,=20km/s; (c) n=20% andV,=0km/s; (d) n=10% and
V=40 km/s;(e) n=10% andV,,=20 km/s;(f) n=10% andV,=0 km/s. The 256-m long simulation box is repeated to 512-m.

In the casé/,>0 it is the electrons moving with the exact from electrons becomes negative, and overcomes the (pos-
velocity V), that never move away from the potential max- itive) Landau damping from ions. For a Maxwellian EDF
ima, and whose numbers experience the greatest increase abe shift must be on the order of the electron thermal veloc-
cording to the supply and demand scenario. Hence, the EDRy, which implies a rather large electric field. However, for
maxima is shifted in the direction of the phase velocity of the the sharply peaked EDFs shown in Figthe required shift
EIC wave. The resulting EDFs, shown in Flg, b, d, and is much smaller. We will analyze the stability of the EDFs
e, are similar to the case faf,=0, except that they are not obtained from our simulation using the Nyquist method.

symmetrical, and have peaks shifted towalfd The dispersion relation for electrostatic waves (e.qg.

Nicholson 1983, which includes IA waves, is written
3.2 lon acoustic stability analysis and incoherent scatter

spectrum
€ = 0, where
- . . . . 2
Destabilization of ion acoustic waves requires that the cen- w, OF /du
: : . =1+¢ =14+ | ——
tral peak of the EDF is shifted past the phase velocity of ¢ et + k2 /c w/k — udu ®)
ion acoustic waves (about 1km/s, defined with respect to me

~ 1
the ion distribution function), such that the Landau dampingF' () = Fi @)+ Fe(w)= /fi‘s(“_k : v)d”+n_0 (6)

nom;

www.ann-geophys.net/26/2081/2008/ Ann. Geophys., 26, 20845-2008
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) (d) is stable for the stationary wave. In addition, for the same
T e ‘ E R T ‘ ‘ phase velocity, the increase of ion wave amplitude increases
L Vo /e the number of curves encircling the origin.
The functionF is an effective distribution function deter-
mining the effects of ion and electron Landau damping on
IA waves. Using the residue theorem, it can be shown that
‘ ‘ ‘ ] ‘ ‘ the imaginary part of the dispersion functienfor w on the
TA00 70002000 00 ma00 000200 400 real axis, is—n‘;—gz?j—ﬂu:w/k. Therefore, the curvg can only
(b) vewcity (um/s) (@) velocity (km/s) cross the real axis when the derivative Bfvanishes. Be-
., 7 3% 1o cause the imaginary part is positive for>-+oo, and nega-
. tive for o— —o0, to circle the origin in the counterclockwise
directioné must cross the real axis at least twice. Therefore,
a necessary (the Nyquist criteria is necessary and sufficient)
criterion for instability is that the effective distribution func-
tion F must have two humps. It is this fact that gives rise

[ n=0.20 y
[ Vp=40 km/s
O L x=44m

[ Vp=20 km/s
[ x=250 m

—400 —200 ,O 200 400 =400 —200 VO 200 400 to the common wisdom that the EDF must shift sufficiently
o (€ veedity (/o) (f)  Veloety (n/e) with respect to the ion distribution function for the system

r n=0.20

to become unstable. When the EDF is sharply peaked as in
Fig. 5, the required shift is not as far, and this explains why
the system has become unstable at a relatively modest elec-
tron drift. As a consistency check, a closeup of the function
F is shown in Fig10, showing the emergence of two humps.

N R R pe R S Figure8 (left panel) displays the EDFs at all 256 positions
A0 D0 200 R0 A0 e 0 200 #0052 3-D plot for the case=20% andV,=40 km/s. The right
veloclty (km/s) veloctty (km/s) panel zooms into the first 64 positions and also shows the un-
stable positions with black curves. The dominant feature of
this set of EDFs is the “ridge” that crosses from negative to
positive velocities as we advance in position. The unstable
/ f.8(u — k - v)dv, 7) curves occur near where the ridge crosses the zero velocity
axis. This means that the sharp gradient of EDF in velocity
associated with the ridge must occur near the zero velocity
gxis so that strong inverse electron Landau damping occurs.
Although we have already smoothed the EDF’s with a spline
function, the EDFs are not entirely artifact free, which affects
the A stability. However, the “ridge” feature in the EDF is
clearly not an artifact. Moreover, the clustering of the un-
stable cases near where the ridge crosses the zero velocity
axis is evidence that the stability is determined by the ridge

[ Vp=0D km/s ]
O L x=192 m ]

0.5

Fig. 5. Individual EDFs near density minimums.

wherek is a unit vector along the wave vector, which in our
case we take to be along the magnetic field. The system i
unstable if the dispersion relatia=0 has solutions in the
upper half of the complex frequency plane. The Nyquist
method is to determine the number of such solutions by trac
ing out the patlg traversed by asw encircles the upper half
of the complex frequency plane (i.e.oco<w<oo, since as
|w|—00, €e—1). As can be shown by a simple application
of the residue theorem, the number of times that (the closed€ature-
path)é circles the origin in the counterclockwise directionis ~ Figure 11 shows the mean electron drift along the mag-
the number of zeros efin the upper half plane. (Circlingin  netic field as a function of position along the wave. The peak
the clockwise direction is impossible.) electron drift for 20% wave amplitude 10 km/s, which
Figure6 shows the curve$ obtained by using the EDFs is much lower than the critical drifefv;.) for IA instability
shown in Fig5in Eq. (7). Note that the curves are plotted ~ required for Maxwellian electron and ions. This is a main
for —3<w/k<3 km/s and they mosﬂy Correspond to the ion point of this paper, that the current as inferred from the in-
distribution function because the electron distribution func- Situ magnetometers does not need to be near the critical drift
tion does not change much over this interval. Figusiows  for the 1A instability to occur.
a representative drawing of the curgdor —co<w/k<oo We find that the peak electric potential fay=20% and
where the dashed curve corresponds to the electron distribu,=40 km/s, is~0.1V, which is higher than the Boltzman
tion function. The system is unstable for the céise-40 m/s,  potential we estimate for the ion wave density. A flat-topped
n;/no=0.2. Figure9 shows¢ at multiple positions for the electron distribution and collisionality of the electrons results
same set of simulations as in F#§. Note that there are 256 in a higher potential as the electron response to shield the ion
positions, and for every position is plotted. A plasma in- wave is diminished by these factors. The peak electric po-
stability occurs if any ot encircles the origin. The plasma tential corresponds to a peak perpendicular electric field of

Ann. Geophys., 26, 2082095 2008 www.ann-geophys.net/26/2081/2008/



H. Bahcivan and R. Cosgrove: lon cyclotron wave-driven ion acoustic instability 2089

— —— . —— — —— ——
° {a) I n=0.20 ] o[ (d) I n=0.10 ]
R T Vp=40 km/s 1 Vp=40 km/s 1
[ T x=44 m ] x=55m ]
I leop 4 :
o o
2 T B 1
o //—\ © il
< o : e — < o I SRR R Y NS
o T o
E Q \ £ j> \
\r‘) j il: ] L{‘] b ﬂ{q ]
ol I . 1
"t T I I I : I I I
0 5 10 15 0 5 10 15
Real(epsilon) Real(epsilon)
— —— —— —— ——— ——
o (b) 1 n=0.20 i oL (e) T n=0.10 ]
r T Vp=20 km/s 1 Vp=20 km/s q
T x=250 m ] x=250 m ]
T of t 15 of + ]
o o
% 0 I 2
a a
2 Ly v v = v P SN L
> O —t—t bttt ~t+—F—+—+—+—+—1 > O
o r T je]
E I \ £
© L T ] w L T ]
of <\’J/ o
"L T ! P S R S S S S
0 5 10 15 0 5 10 15
Real(epsilon) Real(epsilon)
— —— —— — ——
o (c) I n=0.20 ] o (f) I n=0.10 ]
F T Vp=0 km/s Vp=0 km/s 1
x=192 m x=192 m
T 9or T 1< ©°r T
o o
‘D %
\% | | | \% |
o © T =1 o © T
o o
: Q £
o [ T ] o [ T ]
| |
ot o
: | | | : | | |
0 5 10 15 0 5 10 15
Real(epsilon) Real(epsilon)

Fig. 6. The plasma dispersion curég, found by mapping the curv&,, for the EDFs shown in Figb.

~30mV/m fork ~1/p;, which when multiplied by 1./2, 4 _
corresponds to an RM8E | =21 mV/m. This value is in m(epsilon)
good agreement with the predicted broadband electric field

(8E) of 16 mV/m calculated from Eql{, which is for tur- W->-+nf.

bulent saturation by ion resonance broadeniPglifhadesso F
et al, 1974. In addition, the spiky electric fields measured '
by the FAST satellite, as seen in Fiy.have amplitudes of
several 10s of mV/m, sometimes reaching 100 mV/m. We
predict stronger EDF distortions and, therefore, a stronger
IA instability for the measured electric fields.

Re(epsilon)

>
>

The ISR spectrum can be calculated for the EDFs that are
stable to IA waves. The ISR spectrum for a collisionless un-
magnetized plasma with one Maxwellian ion species is givenFig. 7. Representative drawing of the plasma dispersion caive
by (Dougherty and Farlgy1960): ion (Jw/k|<3km/s) (solid) and electrond/ k| >3 km/s) (dashed)

features. The contour plots in Figshow only the ion feature.
2

F, (%) 8)
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lies near the reab axis. Itis clear that those panels in Fig.
that contain spikes match to the panel€pfn Fig. 9that in-
dicate instability based on the Nyquist stability criteria.

EDF(1-256)

4 Discussion

The numerical simulations here show that strong EIC-like
wave fields lead to non-Maxwellian electron distribution
_500 0 500 functions that look like “phase-space holes”, which are elec-
(km /s) tric potential structures that trap some portion of the electron
- - velocity distribution (see p. 89 iRPaschmann et al2003
and the references therein). Previous auroral region stud-
ies associate the phase-space holes with the non-linear phase
of plasma instabilities of mainly two-stream type, such as
electron-ion drift and electron beams (eNewman et al.
200% Muschietti et al. 1999. In our case, phase-space
holes occur periodically in space as a result of a large ampli-
tude EIC wave potential structure along the magnetic field.
= L Sss The structure moves along the magnetic field with the par-
—500 0 500 allel phase velocity of the EIC wave, i.@eic/ k), which is
Veloeity (km/<) much greater than the ion acoustic/thermal velocity. To de-
termine whether these EIC wave-induced phase-space struc-
Fig. 8. Left: The EDF forn=20% andV,=40km/s over all 256  tures can be described in terms of an exact nonlinear elec-
positions. Right: The EDF over the first 64 positions; the lines in trostatic plasma structure, e.g. a Bernstein-Greene-Kruskal
black are unstable. (BGK) electron hole Bernstein et a).1957), requires a sep-
arate analysis. The main interest here is, rather, on the tran-
sition region from one phase-space hole to another, and to
(9)  determine if the structuring in the transition region near zero
velocity could excite the IA instability.
whereZ is the charge number of the ion specigs; are the The topic of wave-driven IA wave excitation was explored
one-dimensional velocity distributions along the radar line-in our previous work Bahcivan et a.2006, which was on
of-sight, ande is the plasma dispersion function, both of the enhancement of 1A oscillations by the parallel electric
which are given in Eq.q). The electron and ion characteris- fields of the Farley-Buneman waves in tBaegion. In that

Velocity
T T

EDF(1-64)

m;Z
mek

e(w/k)|?
| ()

tic frequencies are given as work, we used a kinetic code with a detailed modeling of
)\ 12 electron collisions and solved for the EDF for a spatially
D0 i= < noe ) homogeneous plasma along the magnetic field for a given
1\ eome.i RMS local parallel electric field. The solution contained non-
Maxwellian features that lead to enhancements of |A oscilla-
The contour integral in Eq3] is evaluated as tions; however, an instability was unrealistic for a reasonable
00 RMS parallel electric field in the collisiond region. On
/ = P/ — im (residue atv = w/k) the other hand, because the F region electrons are much less
C —00

collisional, the EDF could be easily distorted and an IA in-

where the first term on the RHS is the principal value of the stability is more likely to occur.
integral. For the ion species, we used a mass of 16 pro- The critical drift for the CDEIA instability is reduced if
tons, corresponding to Dions. The plasma can be con- there is a transverse gradient in the relative magnetic field
sidered collisionless for the purpose of ISR spectrum cal-aligned drift. This effect was studied@Gavrishchaka et al.
culations because the (UHF/S-Band) ISR correlation time is1998 2000, and experimentally demonstratétepdorescu
much smaller than the mean time between collisions. et al, 2002 Agrimson et al. 200]). A transverse gradient

Figure12 shows the ISR spectrum for 11.6 cm waves ac-is naturally present in an EIC wave structured electron flow
cording to the Eq.9) using the EDFs shown in Fi$. Note because the electron drift is energized by EIC wave fields: in
that the ISR calculations are inapplicable if the plasma is un-one phase the drift is upgoing, in another itis downgoing, and
stable; however, we may interpret a “spike” in the calculatedthe opposing drifts are separated by/2. The transverse
shape as an indicator that the denominator in Byjig ap-  gradient effect on the 1A instability can be analyzed from the
proaching zero, that is, a solution of the dispersion relationgeneralized dispersion relation developedGgnguli et al.
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(1988. For Maxwellian ions and electrons, the generalized T
susceptibility functions5? ; are related to the susceptibility ~ L2920

= Vp=40 km/s
functions in Eq. §) as Lox=48 m

V) ©
= 14— 10 - T
€e €e ( + M”Qi> ( )

V.
— g (1- L& 11 0 [
61 € ( qu) ( ) _

| 1 1 1 1

whereu=k;,/k,, V;,=dV(da)/dx, and u=m;/m.. Here, -40 -20 O 20 40
k, and k; are the transverse and magnetic field aligned Velocity (km/s)

wavenumber components of the IA mode. The importance of

the shear effect can be quantified as follows. Figishows  Fig. 10.The functionF.
the electron drift for the 20% wave amplitude: the drift is

about 10km/s. For simplicity assume that this drift repre-

sents that of Maxwellian electrons, although the simulation

www.ann-geophys.net/26/2081/2008/ Ann. Geophys., 26, 2Z0845-2008



2092

H. Bahcivan and R. Cosgrove: lon cyclotron wave-driven ion acoustic instability

(d)

~ O ~ O

Q s F —— —— ——— ——— ——— ‘7 Q s F ——— ——— ——— — — ]

E o7 £ ]

< o /X/) < o+

£ SF lg |F ]

a ?ﬁ P S T R I < $ PR S S S S H S S R B |
'o 50 100 150 200 250 o) 50 100 150 200 250

(b) Position along magnetic field line (m) (e) Position along magnetic field line (m)

@ g L T T T T @ g T T T ]

£ SE 18 8¢ 1

L e A

¢ &L 1z &t ]

a SE L L L L L 15 SE L L L L ]
o 50 100 150 200 250 o 50 100 180 200 250

(C) Position along magnetic field line (m) (f) Position along magnetic field line (m)

@ g r T T T T @ g T T T

€ ]f 1¢ 8¢ :

< o _—— 32 ofFf 3

¢ QF Je QL ]

a SE L L L L L 15 SE L L L L L
o 50 100 150 200 250 o 50 100 180 200 250

Fig. 11. The mean (parallel) electron drift as a function of position along the magnetic (@ld=20% andV,=40 km/s;(b) n=20% and

Position along magnetic field line (m)

Position along magnetic field line (m)

V=20 km/s;(c) n=20% andV,,=0 km/s;(d) n=10% andV,=40 km/s;(e) n=10% andV,,=20 km/s;(f) n=10% andV,,=0 km/s.

@

@

£ NF 41 g oFf 5
£ n=0.20 £ n=0.10
= Vp=40 km/s = Vp=40 km/s
8 x=44 m ] x=55 m
@ 9l 1 & el ]
5 5 7
B K]
O O
? a
- € 7
o @
o @
° 2
g wl 1 8 wl ]
< o < o
o L it n n Il n o n L L I 1 L
—3000 —2000 —1000 0 1000 2000 3000 —3000 —2000 —1000 0 1000 2000 3000
(b) Phase velocity (m/s) (e) Phase velocity (m/s)
— ———— et A ——— e
~ B ~ B
£ n=0.20 £ n=0.10
= Vp=20 km/s S Vp=20 km/s
® x=250 m ® x=250 m
& ol 1 & vl ]
e & 7
5 °
O Q
3 3
I 2 7
o I
[ [0}
2 2
3 wl 1 8 el ]
£ o £ o
L. i — n - M- ol v v ——— n n n PRI —
—3000 —2000 —1000 0 1000 2000 3000 —3000 —2000 —1000 0 1000 2000 3000
(C) Phase velocity (m/s) Phase velocity (m/s)
2l ——— ——
~ B ~ B
£ n=0.20 £ n=0.10
+ Vp=0 km/s = Vp=0 km/s
3 x=192 m 4 x=192 m
@ 9l 1 & el ]
5 5 7
B K]
O O
? a
- € 7
o @
o @
° 2
g wl 1 8 wl ]
< o < o
ol . L e M ; : ol . L FEE—— n n n : n
—3000 —2000 —1000 0 1000 2000 3000 —3000 —2000 —1000 0 1000 2000 3000

Phase velocity (m/s)

Fig. 12. The incoherent scatter spectra for the EDFs shown ingzig.

Ann. Geophys., 26, 2082095 2008

Phase velocity (m/s)

www.ann-geophys.net/26/2081/2008/



H. Bahcivan and R. Cosgrove: lon cyclotron wave-driven ion acoustic instability 2093

results here show otherwise. For a 10m transverse wav® Conclusions

scale, V/, will be on the order of 10008. Choosing

k-/ky=0.1, we will find that for O V) /(nu$2;)~2x 1075, The large-amplitude EIC wave fields in the low-altitude auro-
Furthermore, the ions in response to wave fields are essenal ionosphere can lead to non-Maxwellian electron distribu-
tially immobile in the By, direction, that is, the ion drift is tions with slopes in the distribution function that are unstable
on the ordewn; /m, times less than the electron drift. Then, to IA waves. The FAST satellite detected such wave fields in
V):/uSi)<1. Therefore, according to the simulation re- the altitude regions where enhanced incoherent scatter was
sults here and ignoring non-Maxwellian features of the par-recorded. On the basis of the computed particle distributions
ticle distributions, the transient gradient in the relative mag-in response to such fields and the corresponding dispersion
netic field aligned drift as driven by the EIC wave has a neg-relation and incoherent scatter spectrum calculations, radar
ligible effect on the amplitude of IA oscillations. ion lines can be enhanced by such large-amplitude ion waves

Additionally, the role of ion temperature anisotropy in the through an “ion cyclotron wave-driven ion acoustic instabil-
growth of shear-modified IA waves is to change the propa-ity”.
gation direction ork,/k,, which is a critical term of Gan- This study will be followed by a higher dimensional code
guli’s generalized dispersion relatioSgangler et a).2002 and including the ion dynamics to do a more complete sim-
Teodorescu et gl2003. As explained above, for a wide ulation. We will also be looking for additional evidence of
range ofk,/k, values, the shear effect as part of EIC wave enhanced incoherent scatter as indicator of EIC turbulence in
oscillations will be insignificant, and therefore ion tempera- the auroral regions by looking into a larger dataset of FAST
ture anisotropy needs to be addressed independently from theatellite measurements and determining where and when EIC
shear effect. turbulence occur, and comparing with the onset of enhanced

Determination of the relative significance of EDF distor- incoherent scatter.
tion effect to shear and temperature anisotropy effect in the
presence of strong parallel inhomogeneous flows requires afcknowledgementsThis work was supported by NSF grant
advanced higher-dimensional numerical simulation code. no. ATM-0334122 to SRI International.
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