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Abstract. Electron density fluctuations (up to 2.5Hz) in the of the conservation of particle magnetic moment and the
solar wind have been studied, using the EFW experimentsotropy of the ion distributions (Kellogg, 2000), (2) Con-
on the Cluster spacecraft, which measures density througkiersion of Langmuir waves to electromagnetic radiation is
measurements of the biased probe potentials relative to ththought to involve interaction of the Langmuir waves with
spacecraft. The density fluctuation spectra obtained frondensity ramps, (Kellogg, 1986; Yin and Ashour-Abdalla,
the EFW probe potential variations are compared to earlier1999; Willes and Cairns, 2003; (3) density fluctuations play
OGO 5, measurements of ion density fluctuations and ISEEan important role in the propagation of radio waves in the so-
measurements of electron density fluctuations, and are corar wind and in near earth space (Lacombe et al., 1997 and
sistent with them. The electric fields corresponding to thereferences therein), and (4) most of our information about
electron density fluctuations are extremely small comparedhe solar corona inside of 0.3 AU comes from the study of
with what would be obtained if the electron fluctuations were this perturbation of radio signals by density fluctuations (e.qg.
not cancelled out by nearly equal ion density fluctuations.Woo, 1978, 1995; Coles et al., 1991, 1992; Grall et al., 1996;
This is consistent with the nature of ion acoustic waves. InKojima et al., 1998).

agreement with ISEE work, the fluctuations are proportional

to the ambient density. Correlation with magnetic fluctua- .

tions is weak, essentially nonexistent during part of the pe-2 Observations
riod studied. This might be expected as magneticﬂuctuation%bservaltions of plasma properties on the time scale near
are known to be nearly incompressible, but even the corre- P brop

lation with fluctuations in the magnitude of B is very small. the spin rate are generally quite difficult with spinning
Epacecraft. The four Cluster spacecraft are spinning, at

However, many structures which apparently are pressure bal 25Hz, but the double probe system of the EFW experi-
ance structures are found. Pressure balance structures are the L .
. SRR . ment (Gustafsson et al., 1997) , which is used for this study,

nearly perpendicular propagation limit of ion acoustic waves.. . . . :

As ion acoustic waves are stronalv damped in plasmas I'ke's designed to be relatively immune to the effects of changing
th II : 3 tII W \t/'fth | g.yt K P IMp li '.tangles to sunlight and to the solar wind. The probes of this

€ solarwind atieast Itihe plasma|s taken as Maxwellian, iy, o1om gre g-cm dia. spheres on the end of booms with a tip
has always been a puzzle as to why they are found there. A

.10 tip distance of 88 m.

speculate that these waves are created by mode conversion

i ) As the Cluster spacecraft do not go very far beyond the
from magnetic fluctuations, and may represent part of thebow shock (to 1R ), it is not easy to find extended periods
dissipation process for these. '

when the spacecraft are in the free solar wind, that is, beyond
Keywords. Space plasma physics (Electrostatic structuresithe bow shock and not connected to it by magnetic field. The
Turbulence; Waves and instabilities) spacecraft normally only go beyond the bow shock during
January—March of each year. A period from 00:03—-07:27 UT
on 19 February 2002 has been chosen. In Fig. 1 is shown the
spacecraft orbit (heavy line) relative to a model bow shock
together with a line of magnetic field at a certain time.

Solar Wind density fluctuations in the frequency domain N Fig. 2 are shown some data relevant to the plasma sur-
above about 0.01Hz have been little studied in situ sincg©unding the spacecraft. From bottom to top, the panels are
the 1980's. They are important for several reasons. (1ynagnitude of the magnetic field in nT from the FGM ex-

Fluctuations in general must replace collisions to accoun€iment (Balogh et al., 1997), the electron density taken

for the validity of MHD, a theory which requires some pro- from the Whlsper plasma line, th_e solar wind speed from
cess to maintain thermal quasi equilibrium, and for violation e CIS experiment, and the variance of the probe poten-
tials. This last is a measure of the fluctuations of electron

Correspondence td®. J. Kellogg density. The Whisper experiment measures the spectrum of
(kellogg@waves.space.umn.edu) Langmuir oscillations in equilibrium with the quasi-thermal

1 Introduction
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Fig. 1. Spacecraft position during the period chosen for this study, together with a line of magnetic field.

plasma, (Meyer-Vernet, 1979; Kellogg, 1981; Meyer-Vernet has been used. After 07:27, there are some bow shock cross-
and Perche, 1989) which provides a measure of plasma derings, and some magnetic connections to the bow shock, and
sity which is relatively independent of spacecraft perturba-the Clusters are only in the free solar wind for shorter periods
tions of the plasma, since the Langmuir waves at the lowesfor the rest of the day. A heavy line in the lowest panel shows
frequencies have wavelengths very long compared to the sizthe periods used for this study.
of the disturbed region. When the spacecraft are in the fore-
shock region, i.e. when there is a magnetic connection to the
bow shock, the amplitude of the plasma line increases enory
mously, as the plasma is unstable to Langmuir waves in this
s e e e 1o  plasma.an slated body assumes  poteialsuh
is connection to the bow shock and, consequent disturbanc&jrrents to_|t are balanced. In the solar wmd,_th_e main cur-
fents to an isolated body are photoelectron emission, which is

of the plasma. During the period under study, the solar Wlndthe largest and constant, and plasma electron pickup. If these

speed was relatively constant, at 335-360 km/s, so that thgre the main contributions, then the body becomes positive

dynamic pressure of the solar wind depends mainly on den; :
sity. Early in the day, the density is about 25-308mAt to reduce the escape of photoelectrons, by an amount which

. . . . varies with electron density and temperature. This variation
02:45, there is a relatively abrupt drop in density to about y b

3 g : may be reduced nearly to zero by supplying a bias current,
10 CT; - Then at about 0.3'45 there is a further_ drop to aboutin this case to the probes of the double probe sensors, which
4cm~°. In response to this decreased dynamic pressure, th

& constant and nearly balances the photoemission. In that
bow shock moves out and crosses the Clusters. The satel- y P

) o . ase, the potential of the probe relative to the plasma is con-
lites remain in the magnetosheath behind the bow shock u:?fant and small. Pedersen (1995) has shown that geometrical

Density vs. probe potential calibration

til about 04:00, reenter the magnetosheath about 04:25 an angmuir-Blodgett) effects reduce the importance of elec-

reemerge into the solar wind at about 05:50. Each of the bo ron temperature and that the potential of the satellite relative

shock crossings 15 shown by a peak in the variance of th o0 such a biased probe may be used to measure the electron
probe potentials. There are bow shock crossings at 03:4 density

04:03, 04:18, 05:48, 06:12 and 06:15. During the brief solar The EFW . i h a bi
wind interval from 04:00 to 04:25, there seems to be some e experiment supplies such a bias current to

magnetic connection to the bow shock, so that this period isthe probes, .and contlnuqusly measures the potential of the
excluded from the study. After 05:50, the bow shock recede§’rObes relative to the main body. We refer to thesg measure-
earthward of the satellites, but the density is still lower thanmentS as prope potential”, but t_he pTObe pot_e ntial relatlye
earlier. at about 6 cfr?. and remains low until about 07:27. © the plasma is small and what is of interest is the satellite

However, there is a magnetic connection to the bow ShOCI,potential. In the solar wind, the satellites are positive with re-

until about 06:50, so that only the period from 06:50 to 07:27SPectto the plasma, more positive if the density is low. The
' measured probe potential then is negative and becomes more
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Fig. 2. Some data pertaining to the spacecraft ambiance.

negative as the density becomes smaller, which is convenient The curve shows a fit to the observations, a linear com-

intuitively. bination of three exponentials with different “temperatures”
In Fig. 3 is shown a set of measurements of probe potentiaind coefficients, giving six parameters to be established.

vs. the electron density as obtained from the plasma line as

measured by the Whisper experiment (Decreau et al., 1997).

It will be seen that the probe potential is a quite good measurel  Discussion of observations

of density. In this plot, the periods when Cluster was in the

magnetosheath have been excluded. This technique does nibtis apparent from Fig. 2 that the variance of the probe po-

work well at all in the magnetosheath, — the points obtainedtentials is increased when the plasma density is increased.

there fall far away from the rest. A. Pedersen (private com-This is shown more clearly in Fig. 4, which shows the den-

munication) suggests that secondary emission by energetisity spectra in the regions of Fig. 2, separated according to

electrons in the magnetosheath is responsible. Calibrationambient plasma density. The lowest spectrum (red) is the

similar to these have been carried out by others, (Gustafsaverage of 5 spectra, based on 2048 samples, from the low-

son et al., 2001; Pedersen et al., 2001) but it was desired test density region, from 06:50 to 07:27 UT, where the aver-

do a calibration specifically for the conditions of this work. age density is about 5-6. The next (orange) is for the period

Separate calibrations were made for the various probes. Th82:45-03:45 UT, where the average density is about 10-15.

calibrations differ very slightly. The green spectrum is for the period 00:05-02:45 where the
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average density was 25-40. The highest spectrum (blue) iglg. 4. Density fluctuations spectra in several density regimes.

the average of 2 large spectra which seemed anomalous, one
from the discontinuity at 02:45, the other from the beginning spectrum weighted by an average spectrum. For the den-

of the period, at 00:05 UT, where there is some uncertaintygj, re|ative power, the average spectrum is taken to be the
about connection to the bow shock. However, the spectra d%ower law 137 The result is then essentially the coeffi-

nlotdhe(ljve thehform ‘ij forehshoclfkspectrahand so have bheen "eient of a spectral density fitted to the observed spectrum.
cluded. In these plots, the spikes are harmonics of the SPRhis is so that all frequencies will be represented in the “rel-

frequency, are due to photoelectric effects, and are to be i9atye nower’, and is used to reduce statistical fluctuation. If

nored. one simply calculates the variance of the time series, the de-
Celnikier et al. (1987) were the first to find that the fluctu- scending spectrum means that the low frequency component
ations are proportional to the density, and this extends theitietermines the calculated power, and its statistical fluctuation
observation to somewhat higher density. In Fig. 5, the resultss so large as to obscure the trends. In calculating relative
of this technique are compared with earlier measurements OE)ower, the harmonics of the spin frequency, so prominent in
the spectrum of density fluctuations (Unti et al., 1973; Cel-Figs. 4 and 5, have been removed.
nikier et al., 1983, 1987). A red line has been drawn at The density fluctuations do not seem to follow the mag-
the same frequency and power in each of the plots to facilnetic field fluctuations very well. In Fig. 7 are shown time
itate comparison. It will be seen that the present techniquesequence plots of the relative power in the magnetic field
yields results which are roughly comparable to the measurefiyctuations and in the density fluctuations. Up to about
ments of Unti et al. (1983, 1987) who measured ion densityp1:30 UT, there is some tendency to correlation, but then in
fluctuations with a Faraday cup experiment, and with Cel-the period 01:30-02:45, there is anticorrelation, rather. In
nikier et al. (1983, 1987), who measured electron density Usfig. 8 is shown a more conventional scatter plot of the corre-
ing varying phase shifts in a radio wave propagation experi{ation, or lack thereof. In this figure, the magnetic field fluc-
ment. These observers saw the flattening above 0.1 Hz whickyations are calculated both as the sum of the relative powers
is clear in the two spectra at lowest density (red and orange)in the vector components of B, and the relative power in the
and Marsch and Tu (1990) have investigated it more commagnitude of B. For these “relative powers” of B, the aver-
pletely in Helios data. Here the two lowest densities showage spectrum has been taken to be a power law &/ ¥ It
similar flattening, but the highest density (green) is well rep-would be expected that fluctuations of density would corre-
resented by a single power law at'f’. late best with fluctuations of the magnitude, i.e. the com-
In Fig. 6, plots at a higher time resolution show the approx-pressible part. There is little correlation in either case. It will
imate proportionality of the “relative power”, vs. the square be seen that the relative power in B does not show the same
of plasma density averaged over the same 50 s interval. “Reldependence on plasma density as the density power does.
ative power” means that the power has been calculated but even within the regions of relatively constant ambient
summing the squares of the Fourier coefficients of the powedensity, there is little correlation between the two. Note that
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L.M. Celnikier', L. Muschietti**, and M.V, Goldman?
Astron. Astrophys. 181, 138-154 (1987)
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the period 00:00—01:30 UT corresponds to the highest denwhich occur less than once in this time, on average one or
sity, and these points are therefore the points to the right intwo per hour (Smith, 1973; Tsurutani and Smith, 1979; Hor-
the figures, since the fluctuations in density are largest thenbury and Balogh, 2001).

Conversely, however, some of the density fluctuations are
accompanied by opposite fluctuations in the magnitude of B
which we assume are pressure balance fluctuations or ta

These electron densities must be nearly neutralized by ion
densities, a characteristic of electrostatic waves in this low
r’{[equency range. If they were not neutralized, then the elec-

gential discontinuities. These are very rapid, some changel{iC field would be far larger than observed. As an order of

happening in 0.5 s or about 5 proton Larmor radii, and sinc

the electron and ion temperatures are not available on the
time scale required, this cannot be demonstrated with cerkE=—epnTor/do.
tainty. But it seems reasonable. Several examples are shown
in Fig. 9 In the first 1000's of 19 February 2002, we iden- Assuming convection with the solar wind so that the ob-

tified 30 of these. There were fewer, 7, in the next 1000 s,served frequencyf, is mainly Doppler shift, we have

These are considerably more than the number of discontinu-
ities found in studies of averaged data with a slower cadencek = 2¢f/Vsw ~ 107>

gmagnitude calculation, we have, in Fourier space:
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Sne/snror = k13,

Fig. 7. Time series of relative power in magnetic and density fluc-

tuations. where b is the debye length, here about 10m, so that
klp~10~%, and the ratio of the squares of the density fluc-
tuations as above is about T§. A similar very small ratio

and taking dn-3x10~?/cmPHz=3x10'?/mPHz, we would s also expected for kinetic Aln waves at some angles of

have: propagation.

E(k)? = (esn/kep)? ~ 10°(V/m)?.
5 Summary and Conclusions

The electrostatic part of the electric field, which will
be the subject of future work, does not exceed aboutwe feel that we have verified the probe voltage technique as
10-°(V/Im)?/Hz, giving a ratio of greater than 4®for the  a measure of electron density fluctuations in the solar wind.
ratio of electron density to charge density divided by e. There has been, at least for one of us (PJK), always a sus-

This ratio is in rough concordance with expectations for picion that electron temperature might play a greater role
electrostatic waves in which the electrons are isothermalthan it apparently does. However, the probe voltage curve of
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Fig. 9. Probable pressure balance fluctuations.

Fig. 3 shows very little of the scatter that might indicate de-field. This does not contradict the identification with ion
pendence on electron temperature. The measurements agraeoustic waves, as pressure balance fluctuations are the per-
with past measurements as well as can be ascertained. Henpendicular propagation limit of ion acoustic waves. Their
we feel that this technique, which offers the possibility of ex- power spectrum¥/3is flatter than that of magnetic fluctu-
tension to higher frequencies in the future, is validated for theations, which are /2 in the lower part of the frequency
study of fluctuations of density. range studied here, and steeper in the higher part (Leamon
A second, physically more important, point is that the den-et al., 1998, 1999). The power in fluctuations seems to be
sity fluctuations represent a plasma mode which is differentoroportional to the square of the ambient plasma density, in
from the magnetic fluctuations, and which seems not to beagreement with the observations of Celnikier et al. (1987).
included in the frequently used incompressible MHD theory. It appears that density fluctuations are relatively indepen-
Evidence points to density fluctuations as being somewhaglent of magnetic fluctuations. They are even uncorrelated
like ion acoustic waves, though the evidence is not suffi-with fluctuations in the magnitude of B, the usual indicator
ciently strong to rule out the other mode with strong density of compressible fluctuations, so that they give another win-
fluctuations, the kinetic Alfén mode at near perpendicular dow which can be used to study the turbulent solar wind.
propagation, and certainly not strong enough to rule out a lon acoustic waves should be heavily damped if the dis-
mixture. The electron density fluctuations must be neutral-tribution functions of the particles are “normal” Maxwellian
ized by ion density fluctuations to high accuracy, as are iondistributions. Yet ion acoustic waves do occur frequently in
acoustic waves. They are not well correlated with magneticthe kHz range, where they are usually detected through their
field fluctuations on the whole, but some fluctuations seem teelectric fields. In that range, it is believed that the waves
be pressure balance fluctuations, which do involve magnetigrow on occasionally occurring unstable distributions. The
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kHz waves are extremely intermittent, however, whereas the B., Sten, T. A., Tanskanen, P., Lappalainen, K., and Wygant, J.:
waves studied here are less so. It is likely that the two fre- The electric field and wave experiment for the Cluster mission,
quency ranges have different causes. As the solar wind is Space Science Reviews, 79(1-2), 137-156, 1997.
very turbulent, it is probable that there is a lot of mode con- Gustafsson, G., Andre, M.,Corazzi, T., Eriksson, A. I, Faltham-
version as well as frequency and wave number conversion Mar C. -G., Grard, R., Holmgren, G., Holtet, J. A., lvchenko,
taking place, and some of this may result in the conversion '\ Karlsson, T., Khotyaintsev, Y., Klomov, S., Laakso, H.,
of magnetic fluctuations to ion acoustic-like waves which we Lundaqvist, P-A., Lybekk, B'.‘ Marklund, G., Mozer’ F Murf

. sula, K., Pedersen, A., Popielawska, B., Savin, S., Stasiewicz,
see here. The inverse process would occur also. A tendency

) o - i K., Tanskanen P., Vaivads, A., and Wahlund, J.-E.: First results
toward equipartition, but involving a balance between mode  f gjectric field and density observations by Cluster EFW based

conversion and wave damping, will result. In this, these on initial months of operation, Ann. Geophys., 19, 12191240,
ion acoustic-like waves, if they are damped like ion acous- 2001,

tic waves, will be important in the absorption of solar wind  SRef-ID: 1432-0576/ag/2001-19-1219

fluctuations. Horbury, T. S. and Balogh, A.: Evolution of magnetic field fluc-
tuations in high speed solar wind streams: Ulysses and Helios
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