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ABSTRACT

The power spectrum of density fluctuations in the solar wind is inferred by tracking small timescale changes in the
electron plasma frequency during periods of strong Langmuir wave activity. STEREO electric field waveform data
are used to produce time profiles of plasma density from which the density power spectrum is derived. The power
spectra obtained by this method extend the observed frequency range by an order of magnitude while remaining
consistent with previous results near a few Hertz. Density power spectral indices are found to be organized by the
angle between the local magnetic field and the solar wind direction, indicating significant anisotropy in solar wind

high-frequency density turbulence.
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1. INTRODUCTION

The solar wind at 1 AU is a good laboratory for the study
of turbulent magnetized plasmas. In situ spacecraft observa-
tions of magnetic field, electric field, and density fluctuations
have demonstrated a —5/3 power spectral index over many
decades of observation frequency, often breaking into a differ-
ent index above the thermal ion gyroscale (~1 Hz fluctuations in
the spacecraft frame of reference; Celnikier et al. 1987; Leamon
etal. 1998; Bale et al. 2005). This spectral break is thought to be
associated with the convected ion gyroradius (kp; ~ 1) and to di-
vide an inertial range from the shorter wavelengths where disper-
sion and/or dissipation become important. In the inertial range,
magnetic field magnitude and density are thought to be passive
scalars (Montgomery et al. 1987), their fluctuations set by and
unable to influence turbulently cascading Alfvénic fluctuations
driven by large-scale plasma motion close to the Sun. Below the
ion gyroscale, a dispersion range is reached where single fluid
theory no longer applies and ion kinetic effects become impor-
tant. Beyond the dispersion range is the dissipation range where
kinetic processes allow the dissipation of electric field, mag-
netic field, and density fluctuations through interactions with so-
lar wind particles. Several theoretical treatments of dispersion/
dissipation scale physics have been published (Schekochihin
et al. 2009, Section 8.2), but few observations are available to
distinguish between competing ideas. Observations of density
and electric field turbulence have reached 16 Hz (Celnikier et al.
1987) and 10 Hz (Bale et al. 2005), respectively, accessing the
beginning of the dispersion range. Magnetic field turbulence
observations have recently been extended to ~200 Hz using the
Cluster spacecraft, directly accessing the dispersion and dissipa-
tion scales (Sahraoui et al. 2009). However, simultaneous obser-
vations of electric field, density, and magnetic field fluctuations
will likely be required to definitively distinguish between for-
mulations of magnetized plasma turbulence (Schekochihin et al.
2009).

Measurements of high-frequency (>1 Hz) density fluc-
tuations can be used to evaluate models of plasma turbu-
lence which predict the relative importance of compressive
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MHD modes in magnetized plasmas (Montgomery et al. 1987;
Goldreich & Sridhar 1995). One such model is the Goldreich—
Sridhar (GS) model of Alfvénic turbulence (Goldreich & Sridhar
1995). The GS model invokes a turbulent cascade in perpendic-
ular wavenumber k| , the condition k; >> k|, and the concept of
“critical balance” (Goldreich & Sridhar 1995). Critical balance
says that the turbulent eddy turnover time is approximately equal
to the Alfvén wave period w ~ kjjvq ~ kv, . Taken together,

these conditions imply that k; ~ ki/ 3 and that “dissipative”
scales in the perpendicular wavenumber are still far below the
ion cyclotron resonance in k. Therefore, energy is dissipated in
the perpendicular direction long before it reaches k| ~ Qi /va.
This model introduces problems for the interpretation of reso-
nant ion cyclotron heating of heavy ions in the inner heliosphere
(Cranmer et al. 1999; Leamon et al. 1999). The resonant heat-
ing models require large kj;, which in turn suggests compressive
wave power.

The anisotropy of the turbulent cascade rate and turbulent
fluctuation power with respect to the ambient magnetic field in
solar wind plasma is a subject of much recent theoretical debate.
At scales larger than the ion gyroscale, significant anisotropy
has been observed in both power spectral index and fluctuation
power of magnetic turbulence (Dasso et al. 2005; Horbury
et al. 2008; Podesta 2009). Yet other authors find weak or no
evidence of anisotropy in turbulent fluctuations (Sari & Valley
1976; Celnikier et al. 1987; Tessein et al. 2009). It is important
to resolve this observational discrepancy as the presence and
form of turbulent anisotropy is a key testable prediction of
several contending turbulence theories (Goldreich & Sridhar
1995; Boldyrev 2005; Schekochihin et al. 2009).

In the current work, we infer in situ plasma density in
1 AU solar wind plasma at frequencies between 7 Hz and
152 Hz using a technique which involves tracking fluctuations
of Langmuir wave frequency (f; = o, /2m) during periods of
strong Langmuir wave activity. The Langmuir wave frequency is
closely related to the electron plasma frequency (f, = w,/2m)
by the Langmuir dispersion relation (a)i = a)f, + 3vt2}1k1%) for
electron thermal velocity vy, and Langmuir wavenumber k.
Changes in f7, primarily reflect changes in f,, which is directly
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related to plasma electron density by n, = (27 f,)*m.e0/q?,
where m,, ey, and g, are the electron mass, permittivity of free
space, and the electron charge, respectively.

Doppler shift and ponderomotive effects, along with varia-
tion in solar wind speed (vgy), electron temperature (7,), elec-
tron beam speed (vj,), and the angle between the local magnetic
field and solar wind direction (6g,) influence the otherwise di-
rect relationship between plasma density and Langmuir wave
frequency. In Appendix A, we show that these effects mini-
mally impact the capability to measure high-frequency density
fluctuations using Langmuir waves.

In Section 2, we present observations of Langmuir wave
captures made by the STEREQ spacecraft. We also present the
inferred density profiles and density power spectra. In Section 3,
we compare properties of the density power spectra data set with
predictions from established turbulence models. In Section 4,
we summarize our conclusions. An appendix is included to
carefully address the data analysis used to infer density profiles
from Langmuir wave observations. The designations parallel
(]) and perpendicular (L) are defined with respect to the local
magnetic field throughout this paper.

2. OBSERVATIONS

Density fluctuation power spectra are derived from solar wind
Langmuir wave observations made by the STEREQ spacecraft,
STEREO ahead (STA) and behind (S7B). These twin spacecrafts
orbit ahead of and behind the Earth at a radial distance from the
Sun of 1 AU. Each spacecraft employs three 6 m, mutually
orthogonal, non-biased stacer antennas which feed several
experiments on board (Bale et al. 2008). The most relevant
to this study is the time domain sampler (TDS) which records
130 ms bursts of voltage data at 125 kilo-samples per second,
resulting in 16,384 electric field samples per capture, fast enough
to observe oscillations up to 64 kHz. The TDS has a nearly
flat gain response between 5 kHz and 50 kHz, while signals
outside this range need to be gain corrected. Further details on
the STEREO mission can be found in Kaiser et al. (2008) and
Bougeret et al. (2008).

We study 1180 of the approximately 2500 Langmuir wave
bursts recorded by STA/TDS and STB/TDS between 2006
November and 2007 February. The recorded wave bursts are
identified as Langmuir waves if the STEREO-measured plasma
frequency (f,) determined by density measurements from the
3DP instrument on the nearby WIND spacecraft (Lin et al.
1995) match within 1 kHz for each burst. Selected bursts must
also show Langmuir wave activity the entire 130 ms of the
burst, and the wave power must not fall below 10~ of the
peak wave power measured in the burst, excluding bursts with
isolated wave packets from this analysis. We impose the above
criteria to ensure that the plasma frequency is well measured
throughout each burst and, consequently, frequency components
of the density profile down to 7.7 Hz can be resolved.

While distinguishing the source of the observed Langmuir
waves is not important to this study, it should be noted that due to
STEREQ’s orbit and the lack of strong solar activity during late
2006 and early 2007, the majority of the Langmuir waves used
in this study were observed as the STEREO spacecraft traveled
through Earth’s electron foreshock. However, the separation
between the spacecraft and the bow shock is no smaller than 15
Earth radii for all events considered in this study. The majority of
the Langmuir events considered here occur when the spacecraft
and bow shock are separated by greater than 50 Earth radii.
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Figure 1. (a) Spectrogram of Langmuir wave in (b). (b) Langmuir waveform
burst capture. (c) Peak frequency vs. time, roughly equivalent to density (see
the text for details). Error bars are explained in Appendix A.

(A color version of this figure is available in the online journal.)

Interplanetary electron beams, associated with type III radio
bursts, are presumed to be the other source of Langmuir wave
activity.

Figure 1(b) shows a measurement of Langmuir wave elec-
tric fields. Figure 1(a) shows the associated spectrogram, and
Figure 1(c) shows the derived plasma frequency profile. To gen-
erate the spectrogram, the first 8 ms (1024 data points) of the
130 ms (16,384 point) burst on each antenna is convolved with a
Hanning window, then Fourier transformed and converted into
a power spectrum in units of (mV? m—2 Hz™!). The power
spectra from each of the three antennas are then combined as

Prow = /P2 + Py2 + P2. The 8 ms (1024 point) data window

is then shifted by 10% (102 points) and a new power spectrum
is taken. The process is repeated across the entire 130 ms burst.
Using such a large overlap between Hanning windows limits
the highest frequency in the density power spectrum which
contains reliable information. The error bars in Figure 1(c)
come from estimates of fluctuations in ambient plasma con-
ditions. See Appendices A and B, respectively, for details on
error bar determination and the calculation of highest reliable
frequency.

Each electric field power spectral peak has a half width of
500 Hz-1 kHz and substantial fine structure near the plasma
frequency. Some events show bifurcations of the plasma peak,
indicating the simultaneous presence of forward and backward
propagating Langmuir waves, a phenomenon variously at-
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tributed to nonlinear processes including wave—wave inter-
actions (Cairns & Melrose 1985) and Langmuir eigenmode
formation (Ergun et al. 2008). This type of complex power
spectral peak structure precludes the simple assignment of the
observed Langmuir frequency as the power spectral maximum.
Instead, a weighted average of the power spectrum is used as
fo =2, Pufa/ ) P, This assignment produces a smoothly
varying plasma frequency profile over the burst (Figure 1(c)).
Given the burst duration (130 ms), the lowest density frequency
resolvable is 7.7 Hz and the highest is half the sampling fre-
quency: 1 (0.807!) ms™! = 625 Hz. Only the lower quarter of
the frequencies in this range contain reliable information due to
the large overlap between successive windows used to generate
the frequency profile.

Because the WKB approximation does not apply at these
scales (see Appendix C), fluctuations in the observed Langmuir
frequency (fz) are interpreted as directly related to fluctuations
in the plasma electron density (n,) by the relation n, =~
Qn f1)? egme/ g?. Plasma environmental parameter variation
and ponderomotive effects only weakly affect this relation, as
discussed in detail in Appendix A.

Measured plasma density profiles contain significant power
above and below the frequency band accessible by the fi-
tracking technique. Therefore, a “pre-whitening” and “post-
darkening” technique is applied to the spectra to limit spectral
leakage (Bieber etal. 1993; Bale et al. 2005). Briefly, this process
amounts to using a power spectrum of the difference between
density profile points rather than the density profile itself, then
applying a compensating amplitude correction. Tests by Bieber
et al. (1993) show that this procedure compensates for spectral
leakage better at low frequencies. Based on their analysis, Bieber
et al. (1993) determined that frequencies below % SNyquist show
the least aliasing. These considerations restrict our maximum
reliable frequency to %fNyquisl = 208 Hz. The large window
overlap used to generate the density profile further restricts the
maximum reliable frequency to 152 Hz. This final restriction is
detailed in Appendix B.

The slope and power level of the density power spectra derived
using f; tracking matches closely in slope and spectral power
with previous observations at lower frequencies (Celnikier et al.
1987). Figure 2 shows the previous measurements (by Celnikier
et al. 1987) as solid lines extending down to 16 Hz. The den-
sity spectra from the current work are plotted from ~7 Hz to
~200 Hz. The shorter vertical lines consist of all TDS event
spectra overplotted, and the heavy solid line (red online) is the
average over all observations. The long vertical line shows the
location of 152 Hz. The all-event averaged power level at 8§ Hz
matches within a factor of ~2 the power at 8 Hz from Celnikier
et al. (1987). The close alignment of observed density power
spectra by two completely different observational techniques
strongly indicates that f; tracking is a sound method of measur-
ing fine density structure. Further, it supports the assertion that
variations in f, due to T,, vp, and 65, as well as ponderomotive
effects only weakly affect the relation between n, and f; .

In this study, spectral indices derived by the Langmuir
frequency tracking method are limited by counting statistics.
Each spectrum results from a waveform capture with 130 ms of
relatively constant amplitude Langmuir waves. When all events
considered in this study (1180) are averaged together, the error
on the resulting spectral index is small (£0.02). When the data
are binned, each bin has a smaller number of spectra averaged
together to determine the spectral index, increasing the statistical
error on each power spectral index.
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Figure 2. Solid lines below 16 Hz are density fluctuation power density
vs. frequency from Celnikier et al. (1987). The vertical lines are density
fluctuation power density vs. frequency from the f; tracking method for all
events overplotted. The thick solid line extending above 16 Hz is the average of
all f; tracking derived spectra.

(A color version of this figure is available in the online journal.)

3. RESULTS AND INTERPRETATION

The density power spectral index for all events averaged is
—1.70 £ 0.02 for frequencies between 7.7 Hz and 152 Hz.
We find that the density power spectral index depends on the
angle between the solar wind velocity and the local magnetic
field (6p,). We assume that our measured fluctuations are
convected by the solar wind such that the observed density
fluctuation frequency is given by w = Kk - vg,, where k is
the wavevector of the density fluctuations. This is equivalent
to assuming that the evolution timescale of the measured
fluctuations is longer than the time it takes for the solar
wind to convect them past the observation point such that
the measured fluctuations maintain an approximately static
configuration as they pass over the spacecraft. Fluctuations in
density along B are therefore discerned when vy, || B. Likewise,
density fluctuations perpendicular to B are measurable when
Vs L B. We can therefore look separately at the parallel
and perpendicular wavenumber spectrum by organizing the data
with respect to 65, the angle between B and vy, .

Figure 3 plots the spectral index versus 6y, binned by 2°
increments. Error bars are set by counting statistics such that bins
averaging few spectra have large errors in determined spectral
index. The straight line (red online) is a linear best fit showing
the trend toward increasing spectral index with increasing 6p,.
The spectral index increases from ~ — 1.9 when 0, =~ 0 to
~—1.60 when 6y ~ 90.

A variation in the density power spectral index from ~—2 to
~—1.67 with 05, is predicted for inertial range density turbu-
lence by theories which invoke a critically balanced turbulent
cascade (Goldreich & Sridhar 1995; Schekochihin et al. 2009).
In the critically balanced case, the predicted power spectral in-
dex perpendicular to B is —1.67 and the anisotropic scaling
ky = ki/ ? should apply such that the predicted power spectral
index parallel to B is —2. This behavior has been observed re-
cently by Horbury et al. (2008) and Podesta (2009) for inertial
range magnetic field turbulent fluctuations.
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Figure 3. Density power spectral index as a function of 6p,, binned by 2°. Error
bars are set by counting statistics such that bins averaging relatively few spectra
have large errors in determined spectral index.

(A color version of this figure is available in the online journal.)

Other authors have attributed such anisotropy in the spectral
scaling of turbulent magnetic fields in terms of coherent so-
lar wind structure, specifically magnetic discontinuities (Sari &
Valley 1976). Sari & Valley (1976) found that anisotropy in the
spectral scaling of turbulent magnetic fields was not significant
when periods showing coherent solar wind structures, specif-
ically magnetic discontinuities, were removed from their data
set. Sari & Valley (1976) reported between 1 and 6 magnetic
discontinuities per day in their data. Given that the STEREO data
used here sample only 130 ms with a duty cycle of 1-30 samples
per day, it is unlikely that a significant fraction of STEREO wave
captures coincide with magnetic discontinuities.

Further, the conditions used to exclude events where the
plasma frequency was not well determined ensure that the data
used in this study are free of events with plasma frequency
(density) discontinuities. Requirements are imposed in the data
selection (see Section 2) that (1) the Langmuir wave power is
strong enough to discern a plasma peak throughout the event
and (2) the density implied by the measured plasma peak
must be, for the entire duration of the event, within 1 kHz of
the plasma frequency determined by convected WIND density
measurements. Therefore, we do not believe that magnetic
discontinuities of the type reported in Sari & Valley (1976)
or density discontinuities significantly influence the STEREO/
TDS data used in this study.

Gyrokinetic (GK) theory is a turbulence model which as-
sumes critically balanced anisotropic turbulence explicitly and
makes testable predictions of density power spectral scaling
(Schekochihin et al. 2009). Therefore, we compare our ob-
servations of dispersion range density power spectral scalings
with GK predicted scalings. According to GK theory, disper-
sion range density and magnetic power spectra are expected to
show steeper indices (—2.33 perpendicular to B) than in the
inertial range (—1.66 perpendicular to B). The anisotropy of
density fluctuations predicted by GK theory in the dispersion/

dissipation range (k| = kl/ ?) is greater than density fluctuation

anisotropy in the inertial range (k) = K 3; Schekochihin et al.
2009).

Cluster observations of magnetic field turbulence reported
by Sahraoui et al. (2009) are consistent with GK predictions.
Specifically, Sahraoui et al. (2009) observed a magnetic spec-
trum with an index of ~ — 1.66 in the inertial range, an index
of ~ — 2.33 in the dispersion range, and an index of ~3.9 in
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the dissipation range. However, Sahraoui et al. (2009) do not
explicitly include in their report spectral index variation with
Opy during their measurements.

Figure 3 shows that the current data are inconsistent with
GK theoretical predictions. While the STEREO/TDS density
measurements are in the dissipation/dispersion range (>1 Hz
in the spacecraft frame), the observed spectral anisotropy instead

matches that predicted for the inertial range (k) = ki/ ?). Further,
the steepest density power spectral index for Ogy > 80° is
~—1.73, much shallower than the GK prediction of —2.33. The
STEREO/TDS data does agree with the prediction that solar
wind density fluctuations are significantly anisotropic, even if
that anisotropy is not as strong as predicted by GK theory.

From the measurements of Sahraoui et al. (2009) and those
reported here, we conclude that solar wind density and magnetic
field fluctuations do not share power spectral scaling relations
below the ion gyroscale. It is therefore unlikely that density is a
passive turbulent scalar below the ion gyroscale.

The observations presented here indicate that significant
anisotropy in the power spectral scaling of solar wind den-
sity turbulence below the ion gyroscale exists. However, the
observed scaling of power spectral indices is inconsistent with
specific predictions for density turbulence below the ion gy-
roscale made by GK theory.

4. CONCLUSION

The authors introduced a technique to infer rapid fluctuations
in plasma density using Langmuir wave observations, opening
the door to observations of density turbulence at frequencies
an order of magnitude above previous observations. It was ar-
gued on theoretical grounds that changes in solar wind plasma
parameters on millisecond timescales only weakly perturb mea-
surements of the density fluctuation power spectra. The density
power spectra generated by this method match well with previ-
ous observations at overlapping frequencies, supporting insen-
sitivity of this method to plasma parameter fluctuation. Trends
in power spectral index demonstrate significant anisotropy of
solar wind plasma density turbulence below the ion gyroscale.
However, the data are at odds with specific theorized scalings
of density turbulence as determined by GK turbulence models.

The authors are grateful to the entire STEREO team, and
specifically the STEREO/WAVES team, for their continued
efforts and support, and for access to STEREO/TDS data. This
work was funded by NASA’s STEREO/WAVES Phase E and
an NASA Earth and Space Sciences Fellowship (09-HelioO9R-
0001).

APPENDIX A
RELATING f;, AND n,

To convert between f; and plasma density 7., we begin with
the relation w;, = wr + wp where wr = w,(1 —3Te/(mev§))’%
is the theoretical Langmuir frequency using the dispersion
relation for a hot, weakly magnetized plasma and the Langmuir
wave resonance condition k; v, = wr. We also define (f; =
wy,/2m). The frequency wp = ki vg, cos(0p,) is due to Doppler
shift as the solar wind convects the Langmuir wave past the
spacecraft. For Langmuir waves, Ky, is parallel to B, therefore
wp depends on 0p, and the magnitudes of Ky, and vy,. The
electron temperature is T,, and m,, ki, vsy, and Op, are the
electron mass, the Langmuir wavevector, the solar wind speed,
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and the angle between B and vy, respectively. Solving for wy :

3T, 3 Usw
wp=w,[1- 5 1+ U_bCOS(er) . (A1)

VM,

To determine the relationship between f; and (n,), it is critical
to determine what effects variable T,, v, and 6p, have on the
relationship between w; and w,,.

Variation of 7, and v, must be estimated by physical argument
since there are no observations of electron distribution functions
at cadences approaching 1 ms. To isolate variable 7, and vy,
we assume briefly that cos(6p,) = 0. Using Al: dw;/w, =

—%y(dTe/Te) and doy/w, = vy (dvy/vy), where y =

(3T, /me)(1 — 3T,/ (mev,%)‘%. For common solar wind parame-
tersat 1 AU (1 eV < T, < 50 eV, and 6vy, < vp), y is less than
1, therefore variation in 7, and v;, alters dw; /w, only weakly.

Further, variation in 7, over 1 ms should be negligible because
the distance a 10 eV solar wind electron travels in 1 ms at
1 AU (~1.33 km) is greater than the scale size of millisecond
plasma density fluctuations (~400 m). Therefore, the thermal
part of the local electron distribution describes electrons from
a volume which is large compared to the measured density
fluctuation scale, implying that the electron temperature is stable
on millisecond and longer timescales.

The electron beam speed v, may evolve by dispersion or
quasilinear flattening as the beam propagates past the location
of the Langmuir waves, but these variations are likely small on
timescales of 130 ms. For Langmuir waves to grow, the condition
wr = vpk; must be satisfied for at least one Langmuir growth
time (~0.5-1 s). During this time, dwr/wr must not change
more than 3% to obtain a typical observed f; peak width of
1 kHz/30 kHz. Therefore, dv;, /v, must also vary by <3% over
0.5-1s. This amounts to dv, /v, < 0.01% per millisecond given
alinearly changing v,,. The 3% constraint on f; width is an upper
bound since most of the f; width is from Doppler broadening,
and the true resonance width is much smaller than 3%.

Assuming now that v, and 7, are nearly constant
and again using Equation (Al): dw;/w, = (1 — 3T,/
vgme)’% (vsw/Vp) cos(Bp,) (d cos(fpy)/ cos(0p,)). For typical 1
AU solar wind parameters (7, = 10 eV, v, = Svy, vgy =
400 km s~'), and a worst case 05, = 0, dop/w, = 0.0304
d cos(0p,)/ cos(fpy). Again, variation in 6, causes small vari-
ation in f7. Additionally, the maximum 6, variation over 1 ms
is <2°, determined by extrapolating a measured magnetic fluc-
tuation power spectrum (Alexandrova et al. 2008) to 1 kHz and
assuming B = 9 nT. Unlike T, and vy, 6, varies with B, which
is itself a turbulent quantity. Therefore, when 0p, is small, n,
and B are weakly coupled in the observed frequency profile.
Likewise, when 05, is large, the Doppler shift is small and the
turbulent properties of f;, are those of n,.

To further demonstrate that millisecond timescale fluctuations
in vp, Vg, and 6p, do not strongly influence the results of
this paper, we compute error bars on the frequency profile in
Figure 1. For this calculation, we assume typical solar wind
environmental values of vy, = 400 km s~ !, 7, = 10 eV,
vp = 0.08 ¢, and O, = 45°. As argued above, the variation in
vp, 1s likely to be <3%, and the variation in 63, likely less than
2° (4.5%). Variation in the solar wind speed on these timescales
has never been measured, but we adopt a very conservative
estimate of 5% maximum fluctuation over 1 ms. The error bars
on the computed frequency peaks are show in Figure 1. Left
to right, the error bars represent 5%vsy, 3%vy, and 4.5%0gy
fluctuations, respectively.

Power Law index 7.7 Hz- 152 Hz
o
(=]

" dbded] ‘ it bbb, booak e daead bbbl
10° 10° 107 107 107 10"
W

Figure 4. Density spectral index as a function of W = €)E 2 /2 nkp T,). The
solid line shows spectral index binned by log;o(W) = 0.1.

(A color version of this figure is available in the online journal.)

It is also known that Langmuir waves of sufficient amplitude
can modify the local plasma density by the ponderomotive
force. For the ponderomotive effect to be negligible, a typically
cited criterion is that the ratio of the wave energy to the
kinetic energy of the surrounding plasma should be small:
W = eOEZ/(Z nkgT,) <1x107°. Using the mean electric
field strength in each TDS data burst, W < 1 x 1073 for all
events used in this study. However, some electric field peaks of
short duration (~10 ms) have high enough amplitude to push W
above 1 x 1073, though values of W such that W > 1 x 1072 are
rare in this study. Figure 4 shows a scatter plot of density power
spectral index, derived using frequencies from 7.7 Hz to 152 Hz,
as a function of the maximum W in each Langmuir waveform.
There is a slight increase in power spectral index from —1.72 to
—1.62 between W = 1 x 1073 and W = 1 x 1072, However,
this variation is within the estimated error on spectral index and
is not evident for any other range of W. Additionally, the trend
presented in Figure 3 is independent of whether only events
with W < 1 x 1073 or events with W > 1 x 107> are used.
Finally, qualitative comparison of W > 1 x 1073 structures
and density profiles shows that W > 1 x 1073 structures are
not consistently associated with density decreases. Therefore,
density power indices derived from Langmuir wave packets
containing structures with W between 1 x 1073 and 1 x 1072
are only weakly influenced by ponderomotive effects.

APPENDIX B
WINDOW OVERLAP EFFECTS

The large overlap between windows used to generate each
density profile serves to smooth the resultant profile, but also
causes adjacent density points to become strongly correlated.
Density profile points which are larger distances apart are
progressively less correlated. The strongly correlated points
correspond to high frequencies in the resultant density power
spectrum and therefore an accurate spectrum excludes the
appropriate high frequencies. To quantify where the exclusion
should begin, we specify a few parameters.

First, we are using 1024 point Hanning windows and sliding
them by 10% to obtain each successive density profile point.
This means that adjacent windows share 90% of their electric
field time series data points. A metric of the correlation between
spectral estimates made by successive overlapping windows
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Table 1
Overlap Correlation Between Successive Windows Shifted by N t and the
Frequency Needed to Resolve Spectral Power for Fluctuations at those Scales

Nt Overlap with 0 7 (r) oC Nyquist (Hz)
1 90 94 610
2 80 77 304
3 70 55 203
4 60 33 152
5 50 17 122

(referred to as the overlap correlation, OC) was determined by
Harris (1978). When OC = 100, the spectra derived using the
data under two adjacent windows are entirely correlated. When
OC = 0, no artificial correlation is added to the data by window
overlap.

Y wjwjann

N—-1 2
i=0 @j

OC(r) =

(BI)

Here, j is an index which counts the data points, N is the total
number of data points per window (1024 in this case), r is the
fractional overlap (0.9 here), and w; is the value of the window-
convolved data at point j.

For the specific case of a Hanning window with 90%
overlap between windows, the OC for two adjacent windows,
corresponding to two adjacent density profile points, is 94. In
the STEREO/TDS data treated in this paper, adjacent windows
are separated by 102 E-field points (8.1 x 10™* s). We define
this number as 1. The frequency required to resolve fluctuations
from density profile points separated by 17 is therefore ~610 Hz.
Based on these considerations, we construct Table 1.

We select 152 Hz (points 4t apart) as the upper bound of
reliable frequencies in the density power spectrum because it
is the first frequency where the OC is significantly less than
50. At frequencies below 152 Hz the OC decreases further,
increasing the reliability of the density power spectrum data at
low frequencies.

After considering the effects of window overlap in detail,
it should be noted that for density power spectral frequency
cutoffs of 203 Hz, 152 Hz, and 122 Hz the primary results of
this paper remain valid. The averaged density power spectrum
matches closely with the results of Celnikier et al. (1987) and
the spectral index increases with 6, from ~1.90 to ~1.60.

APPENDIX C
WKB

The group velocity of a Langmuir wave resonant with a
10 vy, electron beam (considering 10 eV thermal electrons)
is &~ 360 km s~!, which is of the same order as the solar
wind velocity. Therefore, Langmuir waves observed during each
130 ms event are actively propagating across solar wind density
structures and WKB effects may be important.

Under the WKB approximation, the frequency of a propagat-
ing Langmuir wave stays constant as the wave traverses density
gradients. The wavevector (Ky,) changes to stay resonant with
the electron beam driving the Langmuir waves. The profiles
presented in this paper show Langmuir frequency varying as
a function of time, contradicting WKB predictions in the limit
that the Langmuir frequency fluctuations are weakly affected by
changes in the resonant electron beam or significant variation in
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magnetic connectivity to the electron beam source during each
130 ms observation (see Appendix A). Frequency variation due
to density structure is expected because for the scales studied
here, the WKB approximation is not valid.

The WKB approximation is valid as long as change wave-
length of a Langmuir wave is small compared to one wave-
length. From this definition, Kellogg et al. (1999) derived an
expression for WKB validity:

G (7)) ) (@) < e

Defining the left-hand side of the above equation as €, we solve
the above equation using typical solar wind parameters (vgy =
400 km s™!, T, = 10 eV, n = 9 cm ™) and dn/n =~ 0.0016
per millisecond, which correspond to density fluctuations of
the order observed in Figure 1. For weak foreshock electron
beams (w/kpc & v, /c = 6v,), we find € ~ 0.01. For moderate
foreshock electron beams (v,/c =~ 10v,), we find € ~ 0.1.
For solar electron beams, v,/c &~ 1/3, we find € =~ 1. The
€ < 1 condition is marginally valid for weak foreshock electron
beams. Changing solar wind parameters do not strongly alter
these results and electron beam speeds are typically greater than
6v;;, for solar wind Langmuir waves. Therefore, we conclude
that the WKB approximation does not hold for frequency (or
density) fluctuations on the observed rapid timescales.
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