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Abstract. In the solar wind at 1 AU, coherent electrostatic bulence; solar wind plasma) Space plasma physics (electro-
waveforms in the ion acoustic frequency rangel(kHz) static structures)

have been observed by the Time Domain Sampler (TDS)
instrument on the Wind spacecraft. Small drops of elec-
trostatic potential 4® > 10-3V) have been found across
some of these waveforms, which can thus be considered ab
weak double layers (Mangeney et al., 1999). The rate of oc- — -
currence of these potential drops, at 1 AU, is estimated by Er:l’he solar wmd.ls aweqkly collisional plasma so that the va-
comparison of the TDS data with simultaneous data of an-'d't_y Of_ the ﬂu'(_j equatlpns that are_generally used to de-
other Wind instrument, the Thermal Noise Receiver (TNR),S’Crlbe |ts_flovv_ IS que_stlonable. I S usually _argued that
which measures continuously the thermal and non-thermaYvave'partml.e interactions replace binary CO“.'S'OnS and re-
electric spectra above 4kHz. We assume that the potentia?tore the fluid char_actgr of the flow by regulating the energy
drops have a constant amplitude and a constant rate of occuffansport and dissipation (see Kellogg, 2000; Salem, 2000).

rence between the Sun and the Earth. The total potential dro tmt(_)ng the Wa?;ﬁi that can pliy ? role Thth'.s respo?ctl, eltectro-
between the Sun and the Earth, which results from a suc= atic waves with frequencigsbetween the ion and electron

cession of small potential drops during the Sun-Earth travetOlasma frequenC|e§ haye b?e” opserved by several spacec_:raft
time, is then found to be about 300V to 1000V, of the same'" the free solar wind (i.e. in regions that are not magneti-

order of magnitude as the interplanetary potential implied byf:ally conn(.ected.tc_) the Ea.rth’s b(.)W shock). This broad band
a two-fluid or an exospheric model of the solar wind: the in- ion acoustic activity is an intermittent but almost permanent

; ; ; : ture of the solar wind (Gurnett, 1991; Mangeney et al.,
terplanetary potential may manifest itself as a succession offea . ) .
weak double layers. We also find that the hourly average Of1999), Gurnett et al. (1979) argued that the intensity of this

the energy of the non-thermal ion acoustic waves, observed’@ve act_ivity i”CTeaseS when the electron to proton temper-
on TNR between 4 and 6 kHz. is correlated to the interplan-ature ratiol, /T, increases, and when the electron heat flux

etary electrostatic field, parallel to the spiral magnetic fiel

Introduction

d.increases, lending some support to the idea that these waves
calculated with a two-fluid model: this is another evidence 01; play a role in regulating, at least partially, the electron energy
a relation between the interplanetary electrostatic field andransport (sge also Linetal., 2001)_‘ i

the electrostatic fluctuations in the ion acoustic range. We EX0SPheric models of the solar wind expansion assume, on
have yet to discuss the role of the Doppler effect, which isthe contrary, that the splar yvmd is essentially collisionless,
strong for ion acoustic waves in the solar wind, and which &t ast above a certain height, and that a small amount of

can bias the measure of the ion acoustic wave energy in thgollisions or wave-particle interactions only helps to smooth
narrow band 4—6 kHz. the strong gradients that are eventually produced. In these

models the fast moving electrons tend to escape from the
Key words. Interplanetary physics (plasma waves and tur-corona, and an interplanetary electrostatic potential differ-
encedgr sets in between the solar corona and “infinity”.
Correspondence toC. Lacombe The corresponding electric field is directed outward; it de-
(clacombe@despace.obspm.fr) celerates the outward propagating electrons and accelerates




610 C. Lacombe et al.: Evidence for the interplanetary electric potential?

the protons. Thus, the presence of a potential differencgrobably not the ion acoustic waves (Lin et al., 1998; Gary
between the corona and the Earthyy ~400V or 500V et al., 1999). Similarly, we find no correlation betweE#
(Lemaire and Scherer, 1971, Pierrard et al., 2001), is a natand7,/T,, a parameter that controls the damping of the ion
ural outcome of collisionless exospheric models of the solaracoustic waves in the linear Maxwell-Vlasov theory. On
wind. Note that there is also a potential difference in two- the other hand, a thorough analysis of the data has shown
fluid solar wind models, which is required to keep the elec-that there are three quantities that tend to increase when
tron fluid moving with the protons and is determined by the E? increases: the electron temperatige the temperature
gradient of the electron pressure. The corresponding poteranisotropyZ,; — 7.1, and cog, wherey is the acute angle
tial is ® pg ~ 400V to 600V, of the same order of magnitude between the magnetic field and the GSHlirection (which
as®rx. Such large-scale potentials cannot be measured diis close to the solar wind direction). A possible interpreta-
rectly in situ. tion can be found in the fact that the analytical expression
Recently, in the ion acoustic frequency range (0.2 toof the two-fluid electrostatic potentidtp; in a spiral mag-
10kHz), the Time Domain Sampler (TDS) instrument on netic field itself depends of, 7, — 7.1 and cosy (Pilipp
Wind has recorded electrostatic waveforms with a high tem-et al., 1990). Therefore, we suggest that the en&gpf the
poral resolution. A first result of the TDS observations is thatelectrostatic fluctuations in the ion acoustic range is related
these waves are coherent and that the wave trains have scal@sthe electric fieldE;p = —V®pg; besides, the electron
of the order of a few tens of Debye lengths (Mangeney et al. Coulomb collisions may play a part in the generation of the
1999). Thus, the assumption that the waves have a randonen acoustic waves sincg? is larger when the collision fre-
phase, usually made in the calculations of the wave-particlejuency is weaker. The (unknown) instability generating the
interactions, is not necessarily valid. A second result of theion acoustic waves and weak double layers could depend on
TDS observations is that a small jump of electrostatic potenthe componenE, p| of this interplanetary electrostatic field
tial A® > 103V is found across some of the coherent elec- parallel to the magnetic field, as well as on the collision rate.
trostatic waves (CEW). Such potential jumps imply that the  Our suggestions about the influence of the collisions and
corresponding CEW are weak double layers, with a chargeof the interplanetary electrostatic potential on the energy of
separation on a scale comparable to the Debye length. Thehe ion acoustic waves have to be discussed. The Doppler
observed potentials usually drop towards Earth: they varyeffect, which depends on cgsand on the Debye lengthp,
in the same sense as the interplanetary electrostatic potentiahn also play a part in the energf of the waves observed
Dsg. on TNR. The continuous measurement of these waves has
It is tempting to speculate thabsg is actually the re-  only been made in a relatively narrow frequency band, 4 to
sult of a succession of small potential drops in weak doubles kHz, above the most probable frequency of the ion acoustic
layers (hereafter WDL), due to small charge separations bewaves, which is around 1kHz on TDS. An increase in the
tween the protons and the escaping electrons (Salem et aDoppler shift on 1 kHz waves will give an apparent increase
1999). To check this hypothesis, we have to estimate thén E2, even if there is no increase in the wave intensity in the
rate of occurrence of the WDL in the solar wind. This es- whole ion acoustic range.
timate cannot be made with the TDS instrument alone be-
cause the telemetry rate allows for the transmission of only
one waveform every 10 min. There is on Wind another wave2 The data
instrument, the Thermal Noise Receiver (TNR), which mea-
sures continuously the spectra of electrostatic waves: at th&he WAVES experiment on the Wind spacecraft measures
ion acoustic frequencies, a spectrum is recorded every 4.5 ¢he electric and magnetic plasma waves in a large range of
The TNR instrument is sensitive enough to measure both théequencies (Bougeret et al., 1995). In the present study,
non-thermal fluctuations corresponding to the coherent elecwe consider the electric field measurements provided by two
trostatic waves seen on TDS, and the thermal fluctuationsWAVES instruments (TDS and TNR) with theantenna, a
Thus, a comparison of the spectral energy measured on TD®ire dipole of physical length 22, tip-to-tip, spinning in the
and of the average non-thermal spectral energy on TNR willecliptic plane £, = 50 m).
give the rate of occurrence of WDL in the solar wind. We  The TDS instrument detects all the electric waveforms
find that the resultant total potential drop is of the same ordembove a programmable threshold, but only a few waveforms
of magnitude (300 V to 1000 V) as the interplanetary poten-are transmitted to the ground. We consider high bit rate data,
tial ®pg or dgy. for which the 2048 points of the waveform are sampled dur-
Finally, to check whether the waves play a part in the so-ing 17 ms. During the considered interval in 1995, the trans-
lar wind energy transport, we study how the hourly aver- mitted event is not the most intense but the most recently
age of the ion acoustic wave energy measured on TNR derecorded, every 10 min. To obtain the electric figldalong
pends on the solar wind properties and on the electron hedhe x antenna, we divide the measured potential difference
flux. We do not find any correlation between the electro- V at the antenna terminals by the lendth. We calculate
static energyE? between 4 and 6 kHz and the electron heatthe average spectrum of more than 2000 waveforms; 29%
flux or the normalised heat flux: if the heat flux is controlled of these waveforms are weak double layers, with a potential
by wave-particle interactions, then the interacting waves aredrop> 103 V.
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Fig. 1. Electrostatic waveforms observed by the TDS instrument in the solar andnd(b) packets of quasi-sinusoidal waves, and their
spectrum(c) and(d) an isolated weak double layer and its spectrum.

In its lowest frequency band (32 channels between 4 andatio of the TNR average non-thermal spectrum over the typ-
16 kHz) the TNR receiver measures a spectrumafz ev- ical spectrum of a TDS event (Sect. 5). We finally obtain the
ery 4.5 s with an integration time of 1.472s. With the TNR average rate of occurrence of WDL in the whole ion acoustic
data, the square electric fiele? (V2m~2Hz 1) is usually ~ frequency range, in the solar wind at 1 AU.

obtained by dividing/? (V2/Hz) by LZ. This leadstoanun-  puyring the studied period (38 days, from 20 May to 26
derestimation of=? for small wavelengths. The response  june 1995), the bit rate on TDS is high every two days. Thus,
of a dipole antenna is a function &fL,, wherek = 27 /> the occurrence of the weak double layers will be determined
is the wave vector (see Fig. B1, Scudder et al., 1986). WheRyjth 19 days of data. This interval is relatively short, but it
kL, < 1, the potential is indeed proportional k¢; but for s typical of the solar wind close to the minimum of solar
kL, = 1to 3, the potential is crudely proportional If  activity because Wind has explored high-speed streams as
divided by 1 to 3. If we assume that.p = 0.3 for the ion e as low-speed streams (Mangeney et al., 1999; Lacombe
acoustic waves (Mangeney et al., 1999}, varies between gt g 2000).

0.5 and 3 because the Debye lenggthis comprised between

5 and 30m in our solar wind sample. To take crudely into
account the bias of the antenna resposewill be multi-

It is well known that, in the foreshock of the Earth’s bow
shock, electrostatic waves can be generated by backstream
ing electrons or protons (Filbert and Kellogg, 1979). We do

glr'glj gé %)?i\r?ev'\ll'rll\leg )sLDeitrlaSar\rI},O\I/;Z f(\;\ﬁﬁr:si;?;)cr&np‘gf thenot want to consider these waves, but rather only the waves
y P generated in the free solar wind. For an analysis (Sect. 6)

thermal fluctuations, and thus, for the first time, a continuous ¢y, oo b veen the level of the non-thermal ion

;neei?arle c((;L:jtgrlee\l/retls ?)ff 'f[?]z ?%rgtcveal(,n;%riﬁ)seCtra that are th%ltcoustic waves and the properties of the solar wind, we have
P P ' thus withdrawn the hourly intervals during which Wind is in

static waves that are observed to be weak double layer80W shock, or during which Wind is upstream of this field
(Mangeney et al., 1999), and give the proportion of cew line but at less than 5Rg (along the GSEX axis) of the
observed above 4 kHz. We then determine the typical spectoreshock boundary. Only 5% of the hourly intervals have
trum of a CEW, which is the average over the spectra ofo@en withdrawn, corresponding to a geometry in which the
the TDS waveforms observed during a total time intervalinterplanetary magnetic field is nearly radial, because Wind
T = 38 days. With the TNR instrument operating contin- Was close to the Lagrange point, at more than RgGrom
uously, we determine the average of the non-thermal spectrdhe Earth.

energy over the same intervEl(Sect. 4), above 4 kHz. The In this study, we use hourly averages of the Key Parame-
number of CEW above 4 kHz duriri will be given by the  ters data: the magnetic field components (MFI experiment,
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Fig. 2. Spectral power of the electric potential in the coherent elec-
trostatic waves(a) as a function of their central frequengy,. (b)
as a function of their maximum frequengy, + Af.
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— non-sinusoidal isolated structures (Fig. 1c) lasting about
1 ms: these electrostatic spikes have a larger relative band-
width (Fig. 1d). Assuming that these isolated structures
are one-dimensional, Mangeney et al. (1999) found a
potential difference\ ® across the structure
AD > 1073V, eAD/ kT, ~ 1074 — 1073, (1)
where kp is the Boltzman constant and the electron
charge. Such potential differences imply that the correspond-
ing structures are WDL: 626 (about 29%) of the CEW are
weak double layers.

Figure 2 displays the mean square electric potential per
Hertz of each evenV?/Af = E?L2/Af as a function of
Jfm (KHz), and as a function of,, + Af, which is a measure
of the highest frequency reached by the event. The sharp
lower bound of the electric potential in Fig. 2 is produced
by the threshold of the TDS receiver, which increases when
the frequency decreases. We note (Fig. 2a) if)avaries
between 0.2 and 8kHzf,, + Af (Fig. 2b) is larger than
4kHz in 11% of the CEW: the TNR receiver that operates
above 4 kHz will be able to detect 11% of the CEW in the
solar wind.

The upper line of Fig. 5a (Sect. 5) gives the spectral den-
sity V2(f) of the CEW averaged over the 2160 waveform
spectra. The largest part of the spectral energy is below
4 kHz; but between 4 and 6 kHz there is a non-negligible en-
ergy that can be compared with the TNR observations (next
Section). This comparison will allow for the determination
of the rate of occurrence of weak double layers.

4 Properties of the electrostatic fluctuations on TNR

Lepping et al., 1995), the electron and proton temperature§-1 Comparison with the TDS data
(3D-Plasma experiment, R. Lin et al., 1995), the proton den-

sity and the solar wind velocity (SWE experiment, Ogilvie
et al., 1995). The detailed electron distribution functions
(R. Lin et al., 1995) have been integrated to give hourly av-
erages of the components of the heat flux vector, and of th
parallel to perpendicular temperature rafig /7., (Salem

et al., 2001).

3 Properties of the coherent electrostatic waves (CEW)

Figure 3 gives the temporal profile of the electrostatic fluctu-
ations (in \2/Hz) measured on the Thermal Noise Receiver
(TNR) at three frequencies between 4 and 8 kHz, on 21 May

4995. During this six hour interval, the plasma frequency

is nearly constantf,, ~ 23 — 25kHz. Around 10:00 UT,

the only fluctuations are the thermal fluctuations, the level
of which decreases slightly when the frequency increases.
From 05:00 to 08:00 UT, very sporadic non-thermal fluctua-
tions are observed. Their intensity, and thus their rate of oc-
currence, decreases when the frequency increases. Are these
TNR fluctuations the spectral counterparts of the waveforms

To analyse the sample of 2160 CEW detected by TDSseen by TDS?

during 19 days, we have calculated the central frequéfcy
of each waveform, its bandwidth f and its mean square
electric field E2 in V2/m? (Mangeney et al., 1999). The
CEW display two main typical shapes (Fig. 1):

— sinusoidal wave packets (Fig. 1a) lasting more than 5ms,
with a relative bandwidtiA f/f,, < 0.4 (Fig. 1b); 985
(about 46%) of the CEW are wave packets.

Histograms of the intensity of the TNR electrostatic fluc-
tuations, observed on the same day at two frequencies, are
shown in Fig. 4. The dashed lines correspond to an interval
of thermal noise, 09:00 to 10:00 UT (see Fig. 3). The solid
lines correspond to a longer interval (00:00 to 14:00 UT) dur-
ing which the density,, the electron and proton tempera-
turesT, and T,, and the wind speedt;,, remained nearly
constant. The solid line histograms are made of two compo-
nents:
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Fig. 4. Solid lines: histograms of the TNR spectral power at two
frequencies, during 14 h. Dashed lines: histograms at the same fre-
guency during one hour with purely thermal fluctuations.

time (hour)

Fig. 3. Time profile of the spectral power of the electric potential at
three frequencies on TNR, during six hours (sampling time: 4.5s).  Thus, the non-thermal fluctuations of the TNR receiver
are the spectral counterparts of the TDS waveforms: if we
take into account the ratio between the integration times on
—a low intensity component (peaks at #§ and  TNR and TDS, then the fluctuations have the same intensity
3107*V?/Hz, respectively, at 4.27 and 7.18kHz). Its in their common frequency range, 4 to 6 or 8 kHz.
intensity distribution is Gaussian, and corresponds to

the thermal ion acoustic noise which dependsM\n 45  percentage of non-thermal fluctuations on TNR
Visw, Te andT), (Issautier et al., 1999);

Histograms similar to those of Fig. 4 have been drawn every
(pour during 38 days, in the 32 frequencies of TNR between
4 and 16 kHz. They allow for the determination of the hourly
critical value \2(f), in V2/Hz, below which the histogram
is Gaussian. A TNR spectrum will be considered as non-
thermal at a frequency if its intensity V2( f) is larger than
Vf(f). The percentag® (f) of non-thermal spectra is then

— ahigh intensity component which is called non-thermal:
it is not observed between 09:00 and 10:00 UT (dashe
line histogram). Its intensity distribution is more or less
a power law.

Around 4 kHz, the spectral power on TNR is generally be-
low 1011 V2/Hz (Figs. 3 and 4), while the average spectrum
on TDS reaches 13°V2/Hz (Fig. 5a). This discrepancy is
simply due to the fact that the spectra of the TDS events are’(f) = 100Nn7(f) / Nior, (2
made with a signal integrated during 17.07 ms, while the in-
tegration time for the TNR spectrais 1.472 s, 86 times largerwhere N,,; is the total number (about 800) of spectra ob-
if there is only one isolated event like the WDL of Fig. 1¢ served during one hour, aidyr (f) is the number of spec-
during 1.472s, then the corresponding TNR spectrum willtra which are non-thermal at the frequentgduring the same
be 86 times less intense than the TDS spectrum. We see dmour. Figure 5b shows that the averageP@ff) over 38 days
Fig. 3 that a large part of the spikes observed at 4.088 kHancreases wherf decreases. This increase is weak, so that
are not observed at 5.781 Hz. They probably correspond tehe average ofP () would have not reached 10% if TNR
narrow band waveforms, as in Figs. 1a and 1b. Broad bandhad operated at 1 or 2 kHz, where the CEW are more fre-
waveforms (Figs. 1c and 1d) can be observed above 6 kHz. quent (Fig. 2a).
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VE/Hz

Fig. 5. (a) The upper line is the average
spectrum of the 2160 coherent electro-
static waves detected by TDS from 20
May to 26 June 1995NT is the non-

0 ‘ ‘ ‘ ‘ thermal TNR spectrum averaged over
the sample of non-thermal spectrg;

is the thermal spectrum averaged over
1.0 the sample of thermal spectra. The solid
line M is the total intensity of the non-
thermal TNR spectra divided by the to-
tal number of spectra, thermal and non-
thermal; it is thus a time average of the
non-thermal spectral energgb) Aver-
age over 38 days of the percentage of
non-thermal spectra (Eq. 2), as a func-
tion of the frequency(c) the rate of oc-
0.0 ‘ ‘ ‘ ‘ currence as a function of the frequency,
in s~ (Eq. 3), of coherent electrostatic
waves in the solar wind at 1 AU.
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4.3 Average TNR spectra 5 Occurrence of the coherent electrostatic waves
(CEW)

The average number of CEW observed per second in the so-
On Fig. 5a, the dashed lIMENR— T is the spectrum of the lar Wing will be given by a comparison of th(_a average spec-
purely thermal fluctuations averaged over the sample of therffum V7s of the TDS waveforms (upper line in Fig. Sa)
mal spectra, and the dashed IiiBIR— N7 the spectrum  With the time-averaged spectrun)/, of the TNR non-
of the non-thermal fluctuations averaged over the sample othermal fluctuations (labelled/ in Fig. 5a). As noted in
non-thermal spectra during 38 days. The solid line spectrun®ect. 4.1, the ratio between the integration times on TNR
labelled M is the average of the non-thermal TNR spectral @nd TDS isb = 86. If there is only one TDS event during
energy over the total number of spectra, thermal plus nonthe TNR integration time = 1.472s, then its TNR intensity
thermal it is thus a time average of the non-thermal energyat @ given frequency will be ¥, , = V2, / b. The ratio
over 38 days. (The increase of the slope of the average ther: 2 2
mal spectruni” below 5kHz is an artifact due to the back- N(f) = b Vine() /(T Vips(hH) (3)
ground noise: the actual background noise was sometimethus gives the number of CEW observed in the solar wind
larger than the background noise subtracted from the rawduring 1s, above 4kHzN (f) is drawn in Fig. 5¢c. We do
data (Salem, 2000), so that the measured fluctuations weneot considerN (f) above 6kHz (dashed line) because the
sometimes overestimated between 4 and 6 kHz. This uncemumber of CEW is very low (Fig. 2). Between 4 and 6 kHz
tainty on the background noise does not spoilthandN T (solid line), the ratiaV ( f) is nearly constant, and its average
spectra which are calculated with the non-thermal fluctua-value is 0.36: thus, during one second, there is 0.36 CEW
tions, well above the background). above 4kHz. We have seen (Sect. 3) that 11% of the CEW
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Fig. 6. In the free solar wind (not
connected to the Earth’s bow shock),
hourly averages of solar wind parame-
ters as functions of the hourly energy
EZ2 in non-thermal ion acoustic waves
between 4 and 6kHz. Left-hand pan-
els: scatter plots. Right panels: av-
erage and standard deviation in equal
bins of logE2. Ordinates:(a) and (b)
the temperature ratid,/7,; (c) and
(d) the electron temperaturée) and(f)
the electron temperature anisotrofy)
and(h) the cosine of the acute angle be-
tween the magnetic field and the radial
direction; (i) and (j) the interplanetary
electric field parallel to the spiral mag-
netic field in a two-fluid model (Egs. 10
to 13);(k) and(l) the estimated Doppler
shift of ion acoustic waves in the solar
wind (Eq. 14). ForE2, we have crudely
corrected a bias due to the dipole an-
tenna response for small wavelengths
(see Sect. 2).

are observed above 4kHz. Thus, the number of CEW pearbitrarily selected. As the selection has probably favoured
the strongest events, we consider that the average potential
jump across aWDL is\® ~ 103V to 3107 3V.

second from O to 6 kHz is

Ncew =~ 33571,

(4)

Since about 29% of the solar wind CEW are weak doublethen

layers (Sect. 3),

NWDL ~ 1S_l .

300V < & <1000V .

(%)

The total potential jump between the Sun and the Earth is

(6)

This estimation relies on the simple assumptions that the rate

During the average travel time of the solar wind from the Sunof occurrence of the WDL and their typical potential jump

to the Earth{ ~ 3 1(°s), the total number of WDL will be
Nwprt ~ 310. The potential jumps measured on Wind
(Mangeney et al., 1999) are between 249 and 5 102V,

are constant from the corona to the Earth.
Let us compareb with the exospheric potentiagbgy ~
400 to 500V, and with the potentidip; at R = 1 AU, due

with an average value of 4 18V, for a sample of 77 events  to the gradient of the electron pressure in an isotropic plasma
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with a radial magnetic field. Neglecting the electron inertia, when there are less collisions. Phillips and Gosling (1990)
we have have shown that the solar wind behaves like a marginally col-
lisional plasma in which the electron temperature anisotropy

eNed(®pg)/dr = d(NekpTe)/dr . ™ s regulated by collisions and by expansion. Their model dis-
An integration gives regards the interplanetary e!ectrostatic field. They find tha_t
the electron temperature anisotropy, observed on ISEE 3, is
+a _ i ic field i
e®pi = Too [(R/ro)™ — 1], (8)  largerwhen, is weaker and when the magnetic field is more

radial. This last property is also observed in our sample: a

whereT,q is the electron temperature in the corona at a dis-comparison of Figs. 6e and 6g shows thigt— 7, is larger
tancerp = 4R, andR = 214Rs; Ry is the solar radius; When the field is more radial (cgs= 1). We thus find that

o ~ 0.6 is the power law index of the electron temperature the intensity of the ion acoustic waves is sensitive to the colli-
which varies liker—* with the distance from the Sun; the sional properties of the plasma and to its expansion rate. But
density varies like-=2. We find that® p ~ 400V to 600V  the ion acoustic waves cannot be due to the electron tem-
for T,o ~ 100 to 150eV. Asbp; and®y are of the same Perature anisotropy instability: indeed, the electron firehose
order of magnitude, our observations cannot help to distininstability generates waves around the proton cyclotron fre-
guish them, inasmuch as the uncertaintylofEq. 6) is large. ~ duency, well below the ion acoustic frequency (Hollweg and
Our estimate is consistent with a two-fluid model of the solarV0lk, 1970); furthermore, the instability condition is not ful-

wind, as well as with an exospheric model. filled in our sample.
The parameters with which lag? is related T, T, — T,

. _ o and cog, (Figs. 6¢, 6e and 6g) do not only play a part in the
6 Energy of the ion acoustic waves in different solar  Coulomb collision frequency and the solar wind expansion,
wind regions but they also play a part in the interplanetary electrostatic

potential. According to Pilipp et al. (1990), the interplane-

Gurnett et al. (1979) have found correlations between the, .y electrostatic potentiab pi due to the electron pressure
electric field in the ion acoustic waves and some pmpert'esgradient, in a two-fluid model (Eq. 7), can be written as a
of the solar wind plagqu in spite of allarge dispersion of theg 1 tion of T,, T,y — T,1 and cos?y for a spiral magnetic
data, the peak electric field over 36 min of data, at 5.62kHz g (d in the ecliptic plane
tends to increase whefy /T, increases, when the heat flux
increases, and when the solar wind speed decreases. We have d®pg d[pej_ + (Pej — Pel) cog X]
not considered2 the peak electric field, but rather the squaré™¢ ™, = dar
electric field E< of the non-thermal fluctuations, averaged o _
over the 800 spectra measured during 1h, between 4 and +(1/r)@cos x szX)(pe” Pel). (10)
6kHz. As explained in Sect. 2, we have withdrawn from our wherep,. 1 = N.kgT,|, 1 is the electron pressure parallel
analysis the intervals during which there was a risk, for Wind, and perpendicular to thg field. Using the relation
to be in the Earth’s foreshocke? varies between 10¢° and y 5 5
10-11V2/m2. The lowest values 105 to 10-14v2m2 are €O x = Vi / (Vi3 + Q%) (11)
below the thermal electrostatic level corresponding toZthe
spectrum in Fig. 5a; they are found during hours with very
few non-thermal spectra.

Figure 6a displays a scatter plot &f/ 7, as a function

where is the angular frequency of the Sun'’s rotation, the
radial component of the interplanetary electric field at 1 AU

of logE2. The right-hand panel (Fig. 6b) gives the aver- E (V/m) = _d%rg _ |:(2+05)TeL + (Ty = Toy)
age value and the standard deviation of the same quantity, in dr
equal bins ofog E2. The variation of the peak electric field [1 + (14 a)cos x — 2cod X]]/l.s 101, (12)

at 5.62 kHz withT, / T, found by Gurnett et al. (1979) is not
observed here, neither in the scatter plot nor in the averagehere the temperatures are in eV, and the component of this
profile, for the hourly averages @2. Similarly, we do not electric field along the magnetic field is

find any variation ofog E2 with the solar wind speet;,,, or

the heat fluxQ.. The electron Coulomb collision frequency Erpy(V/m) =
v, is a function ofN, andT,

|cosy| E; . (13)

Figures 6i and 6j indicate that there is a relation between
_ _ 6 -3/2 E;py, calculated at 1 AU forr = 0.6, and the ion acoustic

Ve = 2.55ves = 255 7107 N T. ™ In A, ® fluct”uation levelE2 between 4 and 6 kHz: the correlation co-

wherev, | is the electron-electron collision frequency for the efficient between log? andE; pj is 0.45. With a correlation

angular diffusion, and 2.55 is a factor which takes into ac-coefficient of 0.45 and a sample of 991 points, the probability

count the electron-proton and electrercollisions (Phillips  that logE? andE; p; are uncorrelated is less than=f0 We

and Gosling, 1990). There is a slight tendencylfgrE? to thus consider that this correlation is significant, inasmuch as

be larger whert,, is large (Figs. 6¢ and 6d), and when the the correlation of logz2 with E;p) is better than the indi-

density is low (not shown). ThusgogE? tends to be larger vidual correlations of log? with 7, (0.32), WithTe — Te 1
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(0.31) or with co$ x (0.32). This result indicates that the is inthe ion acoustic range 0.2 to 8 kHz. Some of these wave-
coherent electrostatic waves are related to the large-scale iderms are weak double layers (WDL): the electrostatic po-
terplanetary electrostatic field parallel to the magnetic field. tential drops over a few Debye lengths, and these drops are
directed towards the Earth, in the same sense as the large-
scale interplanetary electrostatic potential between the Sun
7 Discussion and the Earth (Mangeney et al., 1999). The rate of occurrence
of the WDL cannot be determined with the TDS instrument
The correlation shown in Figs. 6i and 6j between the calcu-gjone, which does not operate continuously. The Thermal
Iated Value Of the parallel interplanetary eleCtrOStatiC f|e|d in Noise Receiver (TNR) on W|nd Operates Continuous|y in the
a two-fluid model (Egs. 12 and 13) and the measured level ofon acoustic spectral domain, and measures the electrostatic
the non-thermal ion acoustic ﬂuctuatioﬂ% is Signiﬁcant, in fluctuations above 4kHz. A Comparison of the time average
spite of a large dispersion of the scatter plot. We have yelf the TNR non-thermal spectral energy and of the average
to check whether or not this correlation is an artifact of the Tpg spectrum, over a period of 38 days, has allowed for the
Doppler effect in the solar wind. We have seen (Fig. 2) thatgetermination of the rate of occurrence of WDL in the solar
most of the ion acoustic fluctuations were observed on TDSyind, Ny p; ~ 1572 Assuming that this rate of occurrence

between 0.5 and 3kHz, while TNR can only measure themppserved at 1 AU is constant during the travel time of the so-
above 4 kHz. Thus, an increaselif between 4 and 6kHz |ar wind, the total potential drop between the Sun and the
on TNR can be simply due to an increase in the Doppler shift garth is 300 V< & < 1000V, which compares well with the
which brings above 4kHz the waves emitted below 4 kHz. potentials implied by the two-fluid solar wind model and the
The considered electrostatic waves propagate a®ngith  exospheric model. A first experimental evidence of the ex-
wave vectors in the rangeD < kip < 0.6 (Mangeney et stence of the large-scale interplanetary electric potential is
al., 1999). The Doppler shift is thus given by the determination of the rate of occurrence of
KV, COSB. Vo)  khp Viw COSB, Vi) the weak double layers, the scale of which is a few Debye
Spop = o T (14) lengths.
b We have subtracted the thermal fluctuations from the TNR
where(B, V;,) is the acute angle betwedhandV,. Fig-  spectra and determined the hourly averagésV2/m?) of
ures 6k and 6l displayfp,, calculated with the average the non-thermal ion acoustic spectral energy integrated be-
valuekip = 0.3, as a function of log?. For waves with  tween 4 and 6 kHzE2 does not depend on the wind speed,
E? > 10713v2/m?2, the Doppler effect is important (0.5 to nor on the ratidl,/ T, nor on the electron heat flux. But we
1.5kHz). Since the angleB( V;,,) is near the anglg, a part  find a correlation betweeA? and the interplanetary electric
of the relations between ldg? and cos( or E;p| (Figs. 6g  field parallel to the spiral magnetic field, calculated with the
and 6i) can be due to the Doppler effect. Similarly, a partmodel of Pilipp et al. (1990). This correlation could be con-
of the relations between lag? and7, (Figs. 6¢ and 6d), or  sidered as a second evidence of the relation between waves
between logz? and the density, can be due to the relation in the ion acoustic frequency range and the large-scale in-
between the Doppler shiffp,, andi p, for kA p =~ constant. terplanetary potential. We show, however, in the Discussion
To really test whether the intensity of the ion acoustic that this second evidence is weakened by the fact that the
waves depends on the solar wind properties and is relatedNR receiver only operates above 4 kHz, while most of the
to the solar wind expansion, it would be necessary to get ridon acoustic waves, in spite of a strong Doppler shift, are ob-
of the Doppler effect, i.e. to measure the intensity of the ionserved on TDS around 1-2 kHz.
acoustic waves in their whole frequency domain (0.2 kHz to
6 or 8kHz) and not in a narrow frequency domain aroundAcknowledgementsThe WAVES experiment on WIND was built
5kHz. This cannot be done on Wind/TNR which only op- by teams of the University of Minnesota, the University of lowa and
erates above 4kHz. On Ulysses (see Hess et al., 1998), tHge Observatoire o_Ie P_aris,_ Meudon, with support of NASA/G_SFC.
0.75kHz. Unfortunately, there is on Ulysses a frequencytiﬁque. We are very grateful to the teams of the Three Dimensional

sweeping which lasts 128, with 2 or 4 measurements durfDIasma experiment (Pl R. P. Lin), of the Magnetic Field Investiga-

ing 2 S'_ at each f'reque'ncy. With this low time and fr(:"".JL“:"nCytion experiment (Pl R. P. Lepping) and of the Solar Wind experi-
resolution, the distinction between the thermal and the nONment (P k. W. Ogilvie).

thermal spectra, using histograms similar to Fig. 4, would be  Topical Editor E. Antonucci thanks G. Mann and another referee
less clear. for their help in evaluating this paper.
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