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Abstract. The Physics of Auroral Zone Electrons Il 1999 McAdams and LaBelle1999. For f,.< fc., banded
(PHAZE 11) sounding rocket was launched in February 1997 structures occur at frequencies belg,, with bands ter-

into active pre-midnight aurora. The resulting high frequencyminating in intense wave bursts #it= f,.. McAdams et al.
wave data are dominated by Langmuir waves. Consistenf1999 proposed that these bands result from conversion of
with many previous observations the Langmuir waves areLangmuir waves into whistler waves as they move on a sin-
sporadic, occurring in bursts lasting up to a few hundred msgle dispersion surface with constant frequency through an in-
We compute statistics of the electric field amplitudes of thesehomogeneous plasma: the banded structure results from the
Langmuir waves, with two results. First, the shape of the dis-causative Langmuir waves being sporadic rather than con-
tribution of running averages of the electric field amplitudestinuous. The banded structure therefore presents further ev-
remains approximately stationary for a large range of widthsidence that the Langmuir waves occur in localized packets.
of running average less thar0.3 ms and for a large range Beghin et al(1989 assert a similar interpretation for waves
of widths exceeding about 1 ms. The interpretation of thisobserved belovy,. in underdense conditions encountered by
transition timescale is unclear but appears unlikely to be ofthe Aureole-3 satellite.

instrumental Origin. Second, for 2.6-ms running averages, Many theory and simulation papers address the bursty na-
corresponding to the latter range, the distribution of the l0g-tyre of Langmuir waves in the auroral ionospher®rgun

arithm of electric field amplitudes matches a Gaussian formet a1, (19911 interpret bursty Langmuir wave data in terms
very well for all nine cases studied in detail, hence the statisupf modulational instabilities involving lower hybrid or ion

tics are lognormal. These distributions are consistent withgernstein wavesNewman et al(19943 considered linear

stochastic growth theory (SGT). aspects of the wave excitation and dispersion, both in the
Keywords. lonosphere (Auroral ionosphere; Electric fields overdense and underdense caséewman et al(1994h
and currents; Wave propagation) developed a nonlinear turbulence theory for the resulting

Langmuir waves based on modified Zakharov equations that
predict aspects of the observed bursty and modulated wave
fields. Muschietti et al.(1999 investigated the kinetic in-
teraction of Langmuir wave packets with streaming ener-
getic electrons, using low-noise self-consistent particle-in-
cell (PIC) simulations with open boundary conditions and

1 Introduction

Auroral electron beams generate Langmuir waves over
wide range of altitudes, from the bottomside of the F-region : i X X
to thousands of km. At the lower end of this range rocket-Weak field amplitudes. _Thg y showed th.at the interaction
borne wave receiver data reveal that these waves occur ifi2" lead to wave I_ocallza'uon, and apph_ed _the res_ults_ to
bursts lasting from1 ms to a few hundred ms (e Boehm wave observations in the auroral zone. Kinetic localization
1987 Ergun et al, 1991ab: McAdams et al. 1999. The of beam-driven Langmuir waves was also extended to pa-

frequency structure of the waves depends on the ratio ofameters relevant to the electron foreshock using PIC sim-

the electron plasma frequency to the electron cyclotron freulations with relaxed conditions (i.e. allowing for ion dy-

Uenc ) (e.q.Beahin et al. 1989 McAdams et al. namics) Muschietti et al. 1996. Most recently, interest in
9 Y (fpe/fec) (.9.Beg L1989 l beam-driven wave turbulence at intermediate altitudes in the

Correspondence td¥l. Samara aurora, above 2000km, has focussed on electron hole for-
(msamara@swri.edu) mation, directly observed with FAST satellite instruments
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3886 M. Samara et al.: Langmuir waves

(Ergun et al. 1998, extensively simulated3oldman et al.  Sect. 4 is a discussion of the results in terms of possible the-
1999 Newman et al.2001 Oppenheim et gl1999 2001), oretical frameworks for understanding auroral Langmuir tur-
and modeled analytically by the BGK modéWschietti bulence.

et al, 1999ah, 200Q 2002.

In this paper, we investigate the statistics of the ampli-
tudes of Langmuir wave bursts observed in the ionospher@ Instrumentation
under underdense conditiorfs. < f.. using a rocket-borne
wave receiver. The inspiration for this work comes from in- The PHAZE Il sounding rocket was launched to an apogee of
vestigations of Langmuir waves in the electron foreshock,945km in active pre-midnight aurora on 10 February 1997,
where they are generated by electrons streaming away frorait 05:17 UT. The spin axis of the payload was aligned par-
the bow shock that develop a beam distribution function byallel to the background magnetic field and the spin rate was
time-of-flight effects. In this region nonlinear processes such0.6 Hz. It carried a full complement of particle and field in-
as modulational instabilities and strong turbulence wave col-struments, provided by UNH and Cornell University, respec-
lapse (for exampleZakharoy 1972 Nicholson et al.1978 tively (Arnoldy et al, 1999. Dartmouth College provided a
Robinson 1997 and nonlinear three-wave decay into daugh- High Frequency Electric Field Instrument (HFE). These high
ter Langmuir and ion acoustic wave8djrns and Melrose  frequency field measurements provided information about
1985 Lin et al, 1986 do not appear to saturate the beam in- the electron density through observations of cutoffs and reso-
stability because the observed electric fields and predicte@ances. However, the high frequency wave fields are also in-
beam speeds are typically too low€dirns and Robinsgn trinsically interesting because in the auroral ionosphere they
1992 Cairns et al. 1998. From statistics of the Langmuir play a significant role in beam-plasma interactions.
wave amplitudes measured with the ISEE-1 satellite wave re- The sensor for the HFE consisted of two 5c¢m cylindrical
ceiver,Cairns and Robinso1997, 1999 find that the wave  probes mounted 30 cm apart on an approximately 1-m fixed
fields follow a log-normal distribution. Such a distribution axial boom projecting forward from the nose of the rocket
is predicted by Stochastic Growth Theory (SGT), developedpayload, parallel to the rocket spin axis and hence approx-
for the bursty Langmuir waves driven by an electron beamimately parallel to the background magnetic field. The an-
in the source region of solar type Il radio bursRopin-  tenna was therefore on the same field line as the payload.
son 1992 Robinson et a).1993. The statistical analyses of For reference, in the topside ionosphere the electron gyro-
Langmuir waves in type Ill source regions and Earth’s fore-radius is of order a few centimeters, the ion gyroradius of
shock Robinson et a).1993 Cairns and Robinsqri997, order a few meters, and the Debye length typically the order
1999 suggest that SGT is the appropriate theoretical frame-of a centimeter but was closer to ten centimeters for the low
work for understanding Langmuir turbulence in these two re-electron densities encountered by SIERRAcAdams and
gions. LaBelle 1999.

The auroral plasma is much more strongly magnetized The HFE continuously measured the waveform of the
than either the solar wind or the electron foreshock, but itelectric field with 5 MHz bandwidth, which was transmit-
represents another natural environment in which an electroited to the ground station using a wide band analog teleme-
beam penetrates a background plasma and generates Larigy (TM) transmitter; for details, sedcAdams et al(1999.
muir waves. Statistical analyses such as those employedhis measurement strategy required using an automatic gain
by Robinson et al(1993 and Cairns and Robinso({L997, control (AGC) because of the limited dynamic range of the
1999 may provide a valuable constraint on theories devel-wideband telemetry link. The AGC varies the amplification
oped to explain auroral Langmuir turbulence. Indeedirns  of the HF signals during the flight in order to assure that the
and Menietti(2001) andBurinskaya et al(2000 analyse the transmitter is always fully modulated and therefore makes
statistics of Langmuir-like waves driven by electron beamsoptimal use of the telemetry, and as a result the variable AGC
in the more strongly magnetized plasma of the polar capgain must be folded in to recover the waveform and spectral
finding agreement with SGT. On the other hand, nonlin-signatures. Previous flights observed whistler mode signals
ear three-wave processes involving Langmuir and lower hy-below 400 kHz which can force the AGC into a low gain state
brid waves arguably cause modulation of auroral Langmuirand make the receiver insensitive to weaker HF signals of in-
waves observed in satellite and rocket experimeltgyn  terest at higher frequencies. Therefore, a 5-pole high pass
et al, 1991h Bonnell et al, 1997 Khotyaintsev et a).2001; filter with 3-db point at 400 kHz was used to ensure that the
Lizunov et al, 2007). auroral hiss and other low frequency noise would not set the

In this paper we undertake a statistical analysis of the wavegain level of the AGC. In addition, a low pass filter at 5 MHz
fields of a selected set of Langmuir wave bursts detected atvas included in the signal path to avoid interference with
600—700 km altitude in the auroral region using instrumentsother TM links and also to avoid aliasing when the signal
on board the PHAZE Il sounding rocket. Section 2 describesvas digitized.
the instrumentation used to collect the data; Sect. 3 presents The AGC was implemented with analog electronics which
the statistical analysis and resulting fitted parameters; andetected the peak level of electric field fluctuations; when

Ann. Geophys., 26, 38853895 2008 www.ann-geophys.net/26/3885/2008/
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PHAZE II, Poker Flat, Alaska, Feb 10 1997
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Fig. 1. (a)Sequence of Fast Fourier Transform (FFT) spectra of the measured HF electric field with frequency resolution of 9.76 kHz. There
is a 70 dB difference between white and black on the grayscale. The horizontal axis is time since launch in seconds, and the vertical axis is
frequency in MHz. Vertical bands, such as at 640s or 6705, arise from the action of the AGC as discussed in(theTiestlogarithm

of the absolute value of the amplitude of the electric field for the same 449-763s time period. The data are expressed in decibel units
(20logio(V/m)). These data represent 6 ms averages and only one out of four points is displayed. The AGC has been accounted for in both
panels; calibration signals are removed from the top panel.

the peak level exceeded a threshold, the circuit responded bfMcAdams et al.1999 2000 McAdams and LaBellg1999,
reducing the gain of a logarithmic amplifier. The peak detec-diffuse signals neay,. near the F-peak and man-made in-
tor had a time constant of 1.6 ms; i.e. when it exceeded theerference signals abovg,.. In this paper we focus on the
threshold, the peak electric field signal was passed througitiF waves between 200 kHz and 500 kHz abe#30 km al-
an RC low-pass filter with a time constant1l/RC=1.6 ms, titude, which are dominated by Langmuir waves at or near
resulting in a slowly varying voltage which controlled the f,.. Due to unusually low densities during this flighf,.
log amplifier gain. As a result, increases or decreases of theanged from 200-500 kHz.

electric field with time scale less than 1.6 ms were not effec-

tively regulated by the AGC but were registered directly in

t_he raw HF signal level, while variations of the signal with 3 Data analysis

time scale 1.6 ms or longer were effectively regulated by the

AGC. The quasi-DC control voltage was independently Sam'Figure 1 is an overview of the active part of the flight, from

pled at a 2 kHz rate, sufficient to allow accurate reconstruc—449 to 763s after launch. Apogee is at 556 and 945.3 km.
f[lon of the Wavefor_m. Slg_nlfpant dlstortlon COL_“d oceur only uring this period the rocket penetrated multiple auroral arcs
if an unregulated impulsive increase in the signal exceedetiS indicated by inverted V signatures in 1-10keV electron
the range of the analog to digital converter, or if an unregu-¢ ectra Arnoldy et al, 1999 Lynch et al, 1999. Figure 1a
lated rapid decrease in the signal was so severe that the sign&@p panel) represenis a sequence of |':aSt Fourier Transform
level fell below the noise level of the system. The statistics FFT) spectra of the measured HF electric field. There are
of the raw HF signals, discussed in detail below, showed tha 12 points per FFT, skipping 1280000 points between each
occurrences of such distortion were rare during the event?ransform, and the’digitization rate is 5MHz. These num-
stgdled f_or this paper and had a negligible effect on the alnalbers translate to a time resolution of one spectrum per 0.256 s
ysis of signal levels presented below. and a frequency resolution of 9.76 kHz. The intensity of the

A variety of wave modes was observed during the grayscale corresponds to the power spectral density of the
PHAZE 1l flight, including whistler mode signals below FFT, with a difference of 70dB between white and black.
fpe and harmonics of them near 1.1 MHEzaBelle et al, The horizontal axis is time since launch in seconds, and the
1999, band and chirp phenomena near the plasma frequencyertical axis is frequency in MHz.

www.ann-geophys.net/26/3885/2008/ Ann. Geophys., 26, 388%-2008
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The signals shown in Fig. 1 have been adjusted to accounwith a lower end of 100 kHz and an upper end of 2.5 MHz, in
for the variable AGC level and associated amplification of theaddition to the on-board analog filters at 100 kHz and 5 MHz.
instrument. This a process that entails multiplying by a largeThroughout the sample period the dominant signal is the
number when the gain is low and a small number when the_angmuir wave at about 400 kHz, well within the pass band.
gain is high. When strong natural signals n¢ggr cause the  The data shown are decimated by a factor of 100, and despite
instrument to reduce the gain, the result is a reduced signadub-sampling, the bursty nature of the waves is evident.
to noise ratio on the telemetry link for the weak signals away To obtain statistical distributions of electric fields analo-
from f,.. Then, adjusting the signal strength for the gain gous to the analysis of Cairns and Robinson (1997), one can
leads to the telemetry noise appearing as a vertical bar of highise either straight averages or running averages of the mea-
power spectral density. Examples are near 620 and 640s. sured electric field amplitudes. Both averaging methods are

In Fig. 1a calibration signals, which are used for correct standard methods of smoothing or filtering time series. There
timing and amplitude calibration, have been removed; thatisjs effectively no difference between them, but we elected
any spectra including such signals are not displayed. Sincéo calculate running averages. In both forms of averaging
the duty cycle of these calibrations is of order 1%, removinglonger averaging times imply a better estimate of the elec-
them has negligible effect on the plot. tric field if it is stationary over the averaging time, as well as

The upper frequency cutoff of the waves near 250-effectively filtering out variations on time scales faster than
500kHz is interpreted as the local plasma frequerfgy the averaging time. However, when statistics of the averaged
(McAdams et al.1998. This active part of the flight corre- quantities are presented, one must evaluate statistical uncer-
sponds to underdense plasm@.< f..), for which f,, ap-  tainty somewhat differently in the two cases. We treat each
pears as a lower cutoff of LO-mode signals. For a nominalsample or average of distinct samples as an independent mea-
value of f,,=400 kHz the plasma density is approximately surement and estimate the random statistical uncertainty as
2000 cnT>. In addition to the cutoff effect, Langmuir waves +/Nett/ Nett, Where Neg is the effective number of indepen-
nearf,. are occasionally excited to large amplitudes, for ex- dent measurements. Thus, because samples are in common
ample near time 470s. The bursty nature of these Langmuibetween successive running averages, we consider the effec-
waves is evident in the spectrogram and even more obviousive number of measurements to be reduced in proportion to
in the time series data (bottom panel). the length of the running average, and the uncertainty is cor-

Figure 1b (bottom panel) shows the logarithm of the ab-respondingly larger. Specifically,
solute value of the amplitude of the electric field for the
same 449-763 s time period. These data represent 6 ms aplef = NsampA1/ T, 1
erages decimated by a factor of four. The AGC has beerwhereNsampis the total number of samplesy the time sep-
accounted for and the data are expressed in decibel unitgration between samples, afidhe averaging time. In subse-
given by 20logy(E) whereE is the electric field, in V/m, quent analyses, we use this method to estimate the statistical
obtained from the measured antenna voltage and the effeaincertainties.
tive antenna length is assumed to equal the physical length The top panel of Fig. 2 displays the same data as the bot-
of 30cm. Peaks at 460, 555, 650 and 745s are artifitom panel, but in histogram form: the horizontal axis repre-
cially injected calibration signals. The time series showssents values of electric field amplitude into which data have
that a large range of amplitudes occurs: the rms level variebeen binned, and the vertical axis gives the number of occur-
over more than an order of magnitude, typically being in rencesin each bin. The amplitude axis of the histogram is lin-
the range 3-32mV/m, and the peak amplitude ranges up ear in electric field. Ten curves are shown, corresponding to
to approximately 158 mV/m. Assuming=2200cn12, in- widths of running averages ranging from L&to 26 ms. For
ferred from the observed,., and7,=3000K, a typical au-  larger running averages, although not obvious in Figs. 2 and
roral F-region value, this observed range of electric field3, the average electric field converges to values of 4.1 mV/m
amplitudes corresponds tgE?/nkpT,<«1, in the range and 15.6 mV/m, respectively. A long tail in the distribution
0.9x10°%-25%x10°3. beyond the right end of the figure implies that the average

As expected from previous observations cited above, thevalue is larger than it appears, especially for short running
Langmuir waves occur in bursts. For careful study, we se-average time scales.
lected nine such bursts that were well defined, relatively large The different running averages suggest two different
amplitude and had sufficiently long duration to allow good regimes based on the time scale of the running average. For
statistics. This last characteristic was accomplished by retime scales between 0.0012 and 0.026 ms, the histograms are
quiring at least 270 independent 6-ms electric field measurebunched together, from 0.12 to 0.26 ms they make a rapid
ments. These bursts are denoted 1 through 9 in Fig. 1b.  transition, and then from 1.2 to 26 ms they are again similar.

Figure 2b (bottom panel) shows the electric field ampli- The transition lies near 0.3ms. We have done this analysis
tude, corrected for the AGC, versus time for “event 1” in for all nine events with similar results. For instance, Fig. 3
Fig. 1b, corresponding to time 465s and altitude 915 km.shows the results for event 2, which indicates a similar tran-
These data have been digitally filtered using a band pass filtesition. For reference, the instrumental AGC time constant is

Ann. Geophys., 26, 38853895 2008 www.ann-geophys.net/26/3885/2008/
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Fig. 2. (a) Electric fields of the the Langmuir burst denoted as

event 1 in Fig. 1b, in histogram form: the horizontal axis repre-

sents values of the electric field amplitude into which data have )

been binned, and the vertical axis gives the number of occurrence8S Fig. 2.

in each bin. Ten curves are shown, corresponding to widths of run-

ning averages of electric field amplitudes ranging from ds2o L

26 ms (from top to bottom)b) Time series of the sampled electric 1€ measured electric fields appear broadly peaked near

field amplitudes in event 2, corrected for the automatic gain control10 mV/m (logg=—2.0). Inspired by work done on statistics

and decimated by a factor of 100. of Langmuir waves in the foreshockéirns and Robinsgn
1997 1999, we used the weighted least-squares method to
fit the data over the entire observed range (typically between

1.6 ms, about five times this transition timescale. The origin™~3 and 100 mV/m (log'=—2.5 to—1.0) to a Gaussian form:
of this unexpected transition feature is unknown, but several
possibilities, including possible instrumental effects, are dis-’ = “0¢

cussed in Sect. 4 below. Herex=log E. A good fit to a Gaussian would imply a log-
Figure 4 presents an expanded and modified view of thenormal electric field distribution. The resulting fit is shown
histogram for event 2, with a running average period ofin Fig. 4 as a light line. The fitted parameters are given in
2.6 ms that exceeds both the transition time (0.3ms) dethe first three columns of Table 1 along with redugedval-
scribed above and the AGC time constant (1.6 ms). The Xues which provide a relative estimate of goodness-of-fit. The
axis is the logarithm of the electric field amplitude while reducedy? values, calculated for the entire observed range
the y-axis is the logarithm of the effective number of occur- of fields, are less than or of order unity in all cases, imply-
rences,Net, defined in (1) above. The error bars give the ing that that the lognormal provides a very good fit with high
statistical uncertainty/Nes predicted for counting statistics  statistical significance.
that take into account the number of independent measure- Figure 5 shows histograms with error bars for all nine

ments, also as described above. events. As in Fig. 4, each histogram corresponds to a 2.6 ms
In Fig. 4 and subsequent analyses, we account for theunning average, and light lines indicate the best-fit Gaussian
AGC and pass the data through a band pass digital filter withover the range of observed electric fields. The fit parameters
pass band 0.1-2.5 MHz. We conducted this analysis twiceare given in Table 1, including reducgd values over the fit-
once digitally adjusting for the instrumental high pass filter ted range of fields. The low normalizgd values, all but one
at 400 kHz and once without the adjustment. We observe n@maller than unity, suggest that our estimated correction to
difference between these two analyses, even though event 1he uncertainty, shown as error bars in Figs. 4 and 5, may be
in which the Langmuir waves occur well below 400 kHz, actually somewhat overestimating the statistical uncertainty.
should suffer maximally from any effect of the instrumen-  In some cases in Fig. 5, most noticeably events 3 and 7,
tal filter. We also checked the other eight events with thethe histogram data appear to depart from the lognormal fit
same result. Hence in Figs. 4 and 5 we have not adjusted that small E, with fewer samples observed than predicted by
waveform for the instrumental high pass filter. the fit. These departures occur for electric field amplitudes

Fig. 3. Time series and histogram of running-averaged samples for
the Langmuir burst denoted as event 2 in Fig. 1b, in the same format

—(x—a1)?/2d3 )

www.ann-geophys.net/26/3885/2008/ Ann. Geophys., 26, 338%-2008
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Table 1. Fit parameters for all nine events, as described in the text. 21

event time (s) ag ai a» red. x2

one 463.55-466.4 154 —2.42 0.225 0.38
two 469.25-472.4 131 -1.95 0.387 0.32
three  609.35-612.95 1.56-2.27 0.280 0.47
four 618.41-621.44 1.42 —-1.82 0.284 0.16
five 637.1-639.05 1.27 —-1.85 -0.237 0.14
Six 689.9-694.07 1.84 —2.53 0.182 0.58
seven 700.4-713.0 2.00-2.39 0.291 1.18
eight 716.0-725.0 1.79 -1.97 0.420 0.48
nine  726.02-728.18 1.42 -2.41  0.205 0.42

i
I

o
3
T

samples per bin (log scale)

0.0

very near the instrumental noise level, where the background

noise, rather than Langmuir waves may determine the shapEig. 4. Histogram for event 2 corresponding to 2.6 ms width for
of the histogram. In other cases in Fig. 5, most noticeablythe running average. The x-axis is the logarithm of the electric field
events 8 and 9, an additional peaked feature appears at low@fmplitude while the y-axis is the logarithm of the number of oc-
fields than the main peak, which obviously cannot be pre-currences. Error bars indicate the statistical uncertainty based on
dicted by a simple lognormal form. These features slightly Counting statistics, as explained in the text.

exceed the Ir uncertainty estimate but are well within2-

and do not cause the reducgd to significantly exceed 1. hints. If the waves are generated by auroral electrons with

Accordingly, the significance of these departures is not Sum'energies Up to a few keV observed with electron detectors

cient, based on these data, to warrant attentlo_n._ _on the same rocketd¢noldy et al, 1999, then the reso-
In summary, two features emerge from statistical analysis

T . nance condition for-0.5—-1 MHz plasma waves implies par-
of nine intervals of auroral Langmuir wave bursts observed .
. . . . allel wavelengths of tens of meters. Takikg/k;>>1 for
with the HF waveform receiver on PHAZE-II. First, analysis waves within a few percent of,.,, the perpendicular wave-
of the probability distribution of the Langmuir wave electric P pe Perp

fields suggests a characteristic time scale associated with ﬂ}Iength must be hundreds of meters, whereas interpretation of

wave bursts: for more than an order of magnitude in width %e 1-100 ms wave packets as spatial WOU|d imply perpen
: N dicular scales 0100 m for the perpendicular rocket speed
of running average, 1-26s, the distributions resemble each ) ;
. . . . of ~1km/s. However, the parallel dynamics provide no such
other before making a rapid transition to a different form, constraint on the interpretation: the Langmuir group velocit
which then governs the distribution for more than an order P 9 group y

. . 2 .
of magnitude in width of running average, 1-26 ms. This parallel to the magnetic fieldy) =0/ dk)=3wpek| Ay is of
seems to imply a transition timescale of 0 3ms wh.ich order 5-25km/s for the parameters of the observed waves,
far exceeds filter time constants and is about a factor of fivemUCh greater than th? para}llel rocket velocity. Hence, a
below the AGC time constant of 1.6 ms 100 ms wave packet, if spatial, would correspond to scales
' i . up to kilometer scales, larger than the parallel wavelength by
The second result concerns the statistics of the amplltudegm ample mardin. Unfortunatelv. no direct measurements us-
of the Langmuir waves for running averages exceeding the pie margin. Y. )
L . : A ing wave interferometry are available to test the hypothesis
transition time, determined from studying distributions made

using a 2.6 ms running average. In all nine distributions stud—:ir;?t the Langmuir wave bursts are temporal rather than spa-

ied, a lognormal form matches the observed distribution very Several plausible reasons exist for the change in the form

well and with high statistical significance across the range of . . . L
. . 4 ; of the time-averaged field statistics near an averaging time
observed fields exceeding the instrumental noise level.

of 0.3ms. Possible instrumental causes include the various
analog and digital filters, which have time constants of order
4 Interpretation 1/400kHz, 1/100kHz, and 1/2.5 MHz, far shorter than the
transition timescale. Another possible instrumental effect is
The PHAZE-II measurements confirm previous observationghe AGC, which has a time constant of 1.6 ms, about a factor
showing the bursty nature of auroral Langmuir waves, withof five higher than the transition timescale. The AGC could
wave bursts occurring on time scales of 1 to 100 ms. Thes@nly produce artificial distortions of the measured waveforms
Langmuir wave amplitude variations may be temporal or spa-if sufficiently rapid large variations in the envelope of the
tial; neither possibility can be excluded based on the datd.angmuir wave occur. A large enough increase in the enve-
from a single-point sounding rocket platform, although con- lope within 1.6 ms would encounter the compression point,
sideration of the wave dispersion relation provides someset~20dB above the level to which the AGC regulates the
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Fig. 5. Histograms of the effective number of sampl&&¢, versus the logarithm of the electric field amplitude, applying a 2.6 ms running
average, for all nine events labeled in Fig. 1b. Lighter traces show Gaussian modelsKin fitigd to the observed range of fields. Error
bars reflect estimates of statistical uncertainty as described in the text.

signals. Signals increasing by more than about 20dB insponds to zero voltage), and the y-axis displays number of
1.6 ms would experience compression and would be underesamples. Figure 6 includes only one sample per Langmuir
timated in the recovered waveform. Similarly, a large enoughwave period, that corresponds to the largest voltage reached
decrease within 1.6 ms would cause the Langmuir wave sigin each cycle, and hence contains only a small fraction of the
nal to noise level to become small, in which case the signatotal raw data samples. Significantly, the raw amplitudes in
would be overestimated in the recovered waveform. A de-Fig. 6 never approach the compression point, which is near
crease of order 10-15 dB within 1.6 ms would cause the sig255 counts. Furthermore, only 505 out of 100 000 samples,
nal level to approach the telemetry link noise level, assumingor 0.5%, have values130 counts, which is 10 dB below the
that the signal level is indeed dominated by the Langmuirpeak of 136 counts. Under these conditions, we expect no
wave and not set by some other signal. significant distortion due to AGC action. Even if the AGC
We can evaluate these AGC-related instrumental effectdime constant matched the transition time of 0.3 ms observed
by examining the raw HF data before they are corrected foin the Langmuir waves statistics, there is no known mecha-
AGC action. First, we confirmed that the Langmuir wave NisSm by which the AGC would produce the observed tran-
at 350-400 kHz indeed dominates the raw waveform in thesition or affect the distributions of electric fields calculated
selected events. Second, we produced histograms of th#ith @ 2.6 ms running average.
raw signals. Figure 6 shows such a histogram of the posi- If the transition is not instrumental, one possible inter-
tive side of the envelope of the Langmuir waves for event 1,pretation is that for running averages shorter thah3 ms
corresponding to 463.55-466.4s. The x-axis is the raw sigthe statistics reflect the variation of the fields within one
nal level (in integer counts, 0—255, where 128 counts correpacket of Langmuir waves, whereas for running averages
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-------- ARRAAAAALARARARRALARRARARSY SGT involves waves driven by a linear instability and sub-
; ject to damping and scattering that vary with position and
time in an inhomogeneous mediuRdbinson 1992 1995
Robinson et a).1993 Robinson and Cairn2001; Cairns
] and Meniettj 2001). Wave-particle interactions then lead to
- the system evolving to a state near marginal stability in which
] the wave gairG= [ dtI'=In(E/Ep) is a stochastic random
variable. The waves are then intrinsically bursty and the
free energy source can then persist longer than otherwise ex-
] pected. Accordingly, SGT predicts a lognormal distribution
. of wave fields (and energy), provided only that the Central
| Limit Theorem applies. A semi-quantitative analytic model
for the feedback mechanism exists for Langmuir waves in-
160 170 teracting with an electron beam in an inhomogenous plasma
Raw counts (TM counts) (Robinson et a).1993 Cairns and Robinsqri997 Cairns
_ ) and Meniettj 2001 and recent simulations show evolution
Flg. 6. Hlstogram_ of absolutt_a value of the raw HF data, samp_leqof electron beam—Langmuir wave systems to a SGT state (
twice per Langmuir wave period, at the peak values. The x-axis is
the raw signal level in integer counts (0—255) and the y-axis displayset al, 2009. L. . . .
the number of samples. SGT was orlglnallly 'applled to Langmuir waves driven
by electron beams in interplanetary type lll radio sources
(Robinson 1993 Robinson et a.1993. It has since been
applied to similar beam-driven Langmuir waves in the fore-

”.‘;'Ch Igngfefr tr,:agf .?hms,ttrgg t(jistri]?ution begli(nst t.o' be S;‘I?h shocks of Earth and other planeSajrns and Robinsgn
nificantly affected by the StaliScs ot wave packets, 1.e., 1 e1997, 1999 Boshuizen et al.2001; Sigsbee et al.2004

characteristic tlmescale for Langmuw wavepackets is a feWKrasnoseIskikh et 312007 and type Il burstsknock et al,
ms then averaging over smaller times will lead to at most on

o S : 002, mirror mode and electromagnetic ion cyclotron waves
wavepacket within the sample and a distribution dominate ) 9 Y

by the th | noi red bet ket hil n Earth’s magnetosheattCéirns and Grubits2007), and
y the thermal noise expected between Wavepackets, Whilg,,, o5 near the electron plasma frequency in Earth’s inner
averaging over longer time periods will correspond to aver-

) o magnetosphere and polar c8ufinskaya et a)200Q Cairns
ages over several wavepackets and little contribution fromand Menietti2007). These regions are all much more weakly
thermal noise. o - _ magnetized f../fp.<0.1) than the auroral context consid-

A related possibility is that the transition time scale re- gred in this paper fl,.> f..). It might then be questioned
flects whether the measurements correspond to temporallyyhether SGT is likely to apply. However, many components
growing significantly nonthermal signals or to thermal of the extremely intense, coherent, radio emissions from pul-
plasma noiseNfeyer-Vernet and Perch2989. Equation (4)  sars have statistics consistent with S@aifns 2004, and
of Cairns et al.(2000 shows that the characteristic ther- these sources are believed to be extremely highly magnetized
mal noise electric field is of order 0.3 mV/m for a 2000K ith fee> fpe- In addition, the basic theory makes no as-
plasma with plasma frequency of 400 kHz. In comparison,SumloﬁonS on the relative sizes Af and f,,..
the peaks in the observed probability distributions are near a As discussed above, the Langmuir waves analyzed in this
few mV/m (Figs. 2—-4) and so are about a factor of 10 abovepaper are most plausibly driven by auroral electron beams.
the calculated thermal level. Therefore the transition, whichThe situation then appears qualitatively analogous to the
be attributed to a transition from thermal to nonthermal sig-planetary foreshocks and over Earth’s polar cap. It is then not
nals. In principle, thermal noise can make a contribution tosyrprising that the observed statistics are quantitatively con-
these types of observations, but the instrument noise levekistent with SGT. Two scenarios by which the auroral waves

~3mV/m rms over the 5 MHz bandwidth, implies that ther- and electron beams might evolve to an SGT state are as fol-
mal waves make a negligible contribution to the measuredgyys:

field distributions.

We turn now to the shapes of the observed distributions of
electric field amplitudes, which, to within the estimated un-
certainties, are very well fitted by a lognormal form over the
entire range of observed fields, above the instrument noise
level, for all nine selected Langmuir bursts. This result es- 2. The auroral electron acceleration processes may be in-
tablishes that the bursty waves are consistent with beingina  trinsically bursty and unsteady, so that even initially the
stochastic growth state and well described by pure SGT. beam consists of beamlets with varying duration, speed,

samples (x1000)

1. Spatiotemporal inhomogeneities in the background
plasma lead to different wave growth in different re-
gions, resulting in temporal and spatial fluctuations in
the driving beam.
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density, and temperature. This second scenario may b&he transition time scale lies near 0.3 ms. Second, for 2.6-
viewed as a way to “jumpstart” SGT, rather than relying ms running averages, corresponding to widths exceeding this
upon the first scenario’s wave-electron-medium interac-transition time scale, the distribution of the logarithm of elec-
tions to produce the SGT state. tric field amplitudes matches a lognormal form to within un-
certainty across the entire range of observed fields in all nine
A gquantitative means to test the first scenario exists for eleccases studied in detail. The field statistics are thus consistent
tron beam-driven Langmuir waves in an essentially unmag-with pure SGT. This suggests that the waves are driven by
netized enviromenRobinson et aJ1993 Cairns and Robin-  electron beams into an SGT state in the inhomogeneous au-
son 1997). It predicts that SGT should apply in type lll roral ionosphere, with the beam-wave-plasma system being
sources and Earth’s foreshock, as observed. Moreover, naivglose to a state of marginal stability. This is analogous to nu-
application of this method to the conditions of the PHAZE- merous other wave modes in other contexts. Other processes
Il experiment, which is a strongly magnetized environment, appear to play at most small roles in these events. However,
suggest that SGT should apply there (Smmara2005.  wave collapse cannot be ruled out at this time for the short-
However, detailed consideration of the mechanism by whichest scale wavepackets and largest fields observed. Observa-
the auroral electron beams and Langmuir waves evolve to afional searches for such wavepackets and more exact theo-
SGT state is deferred to further work. retical calculations should be performed. Upcoming rocket
The finding that the probability distributions of wave launches should test these analyses and results, by provid-
fields associated with nine Langmuir bursts observed in théng more data with improved instrumentation that will allow
PHAZE-II rocket experiment are quantitatively consistent better assessment of the approach to an SGT state and the ro-
with pure SGT suggests that other processes play small roldsustness of the finding that SGT is relevant, further investiga-
in the events studied. For instance, there is no evidence thaion and interpretation of the observed transition time scale,
the thermal distribution of waves is observed at low fields and evidence for other processes.
(Robinson 1995 Cairns et al.2000, even though the calcu-
lated total field of thermal Langmuir waves4€0.3 mV/m,
but this may be due to the instrumental noise level bei”gAppendixA
higher &3 mV/m integrated over the 5 MHz bandwidth of
the experiment). Likewise, there is no evidence for the char-,4itions for wave collapse in the auroral ionosphere
acteristic high electric field cutoffs caused by nonlinear de-
cay processes of the Langm“” v_vavm)_@_nson etal1993 Wave collapse is an alternative mechanism to SGT for
Cairns et al.2000. Modulational instabilities and strong tur- forming bursty, spiky, Langmuir waves. It is a nonlin-

bulence wave collapse might also alter the field statistics al ., self-focusing (or modulational) proceZskharoy 1972
high E, Iikely_ caus_ing power-lawsRobinson 19_97: Cairns Nicholson et al. 1978 Robinson 1997, in which wave en-

L . q & L 1991 Kh , aérgy refracts into the density depression associated with a
angmu||r2\6vgve hatg_ Se.tb (gun e]E f" b otyalmt- . wavepacket, intensifies the field and the nonlinear pondero-
sev etal, ), the distributions of Langmuir wave electric motive force, which then further evacuates the plasma and

fleld_s _analyzed here show no evidence for such powe_r-la\/\{:auses the wavepacket's scale size to decrease, leading to
deviations from pure SGT. Nevertheless, in the Appendix we

ider th traint laDsi ket qfi a:ore refraction and further collapse of the scale size. A
consider the constraints on coflapsing wave packets and fin avepacket of a given spatial scdlehas a threshold elec-
that collapse cannot be ruled out. It therefore may be war-

d e th I h hesis | detail. f tric field for collapse to occur. This threshold electric field
ranted to examine the collapse hypothesis in more detall, 1oy, ot heen calculated for the magnetized case. However,

example by applying magnetized theories to the auroral Ca8Shere comparisons have been done, the unmagnetized and

to predict effects on the wave statistics, or by seeking ®Ximagnetized treatments have given nearly identical qualita-

amples of localized wavepackets in auroral rocket data anqive results and similar quantitative resulopinson 1997).
comparing them with the predictions of collapse theory. For example, in the magnetized case the wave [,)acket shape
changes slightly from the isotropic/spherical shape in the
nonmagnetized case, and the power law exponent of the elec-
tric field statistics differs by-1.

Because there is no analytical magnetized threshold to re-

Statistics of Langmuir wave electric field amplitudes ob- . . .
. . fer to, we consider here the non-magnetized c@sérns and
served with the HFE wave receiver on the PHAZE-II rocket ; . . .
Robinson(1995 show that in this case a collapsing wave

in the auroral zone at altitudes 830 to 945 km reveal two note- acket satisfies
worthy features. First, the distribution of running averages ofp

the electric field amplitude takes on a similar form when the

width of running averages is in the range 1426 then takes . L) > 17kpT, *p
on a different form when the width is in the range 1-26 ms. ¢ €0 L

5 Conclusions

: (A1)
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where L is the packet scale size arf), (L) is the enve-
lope electric field. For the PHAZE |l experiment we assume
n=2200cnT3 and 7,=3000K. Taking L~0.5km, corre-
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Burinskaya, T. M., Rusanov, A. A., and Mogilevsky, M. M.: Small-
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Res., 38, 475-482, 2000.

sponding to the smallest possible perpendicular wavelengtl¥@ims, I. H.: Properties and interpretations of giant micropulses
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