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Abstract. We analyse the power spectral densi§? and in the magnetosheath result from the Doppler shift of a spa-
8 E? of the magnetic and electric fluctuations measured bytial turbulence frozen in the plasma, and that the intensity
Cluster 1 (Rumba) in the magnetosheath during 23 h, on fouof the turbulentk spectrum is strongly anisotropic, for both
different days. The frequency range of the STAFF Spectrale.m. and e.s. fluctuations. We conclude that the turbulence
Analyser (f=8Hz to 4kHz) extends from about the lower has strongly anisotropi& distributions, on scales ranging
hybrid frequency, i.e. the electromagnetic (e.m.) range,from kc/wp.~0.3 (50km) tokip.,~1 (30m), i.e. at elec-

up to about 10 times the proton plasma frequency, i.e. thdron scales, smaller than the Cluster separation.
electrostatic (e.s.) range. In the e.m. range, we do not con-
sider the whistler waves, which are not always observed, bu
rather the underlying, more permanent fluctuations. In this
e.m. range§ B2 (at 10 Hz) increases strongly while the lo-
cal angle®py between the magnetic fielB and the flow
velocity V increases from Oto 90°. This behaviour, also
observed in the solar wind at lower frequencies, is due to the

Doppler effect. It can be modelled if we assume that, for thel Introduction

scales ranging fronic/w,.>~ 0.3 to 30 ¢/w). is the elec-

tron inertial length), the intensity of the e.m. fluctuations for The magnetic and electric fluctuations in the Earth’s magne-
a wave numbek (i) varies likek™" with v~ 3, (ii) peaks tosheath have been mainly studied either in the Ultra Low
for wave vectorsk perpendicular taB like | siné;p|"* with Frequency range (ULFf<10Hz) or at much higher fre-
u~100. The shape of the observed variations Bf with guenciesf >1kHz (see the review by Lucek et al., 2005).

f and with @BV ImplleS that the permanent ﬂuctuations, at The intermediate range (10 I-szsl kHz) has been given
these scales, statistically do not obey the dispersion relatiofess attention, although results have been obtained thanks
for fast/whistler waves or for kinetic Alen waves: the fluc- o spacecraft which observed electromagnetic (e.m.) and/or
tuations have a vanishing frequency in the plasma frame, i.€glectrostatic (e.s.) waves in the magnetosheath. According to
their phase velocity is negligible with respect¥o(Taylor  these results, the wave intensity in the e.m. range is mainly
hypothesis). The electrostatic waves around 1kHz behavgontrolled by the position in the magnetosheath, in particu-
differently: E2 is minimum for ® sy~ 90°. This can be |ar the distance of the magnetopause (Rodriguez, 1985). In
modelled, still with the Doppler effect, if we assume that, the e s. range, the wave intensity depends on the distance of
for the scales ranging fromi.p,~0.1t0 1 ¢ p. isthe Debye  the bow shock (Rodriguez, 1979); and it depends strongly
length), the intensity of the e.s. fluctuations (i) varieskk& o the local angle between the magnetic fiBldnd the flow

with v 4, (ii) peaks fork parallel toB like | costi | with  velocity V (Coroniti et al., 1994). The STAFF Spectral Anal-
n=100. These e.s. fluctuations may have a vanishing freyser (STAFF-SA) on board Cluster allows one to analyse
quency in the plasma frame, or may be ion acoustic waveshis intermediate range between 8Hz and 4kHz, i.e. be-
Our observations imply that the e.m. frequencies observegyeen aboutf;;, and 107, or 10 i (fin, fee @nd f,; are the
nominal lower hybrid frequency, electron gyrofrequency and
Correspondence taC. Lacombe proton plasma frequency in the magnetosheath plasma rest
(Catherine.Lacombe@obspm.fr) frame).

eywords. Magnetospheric  physics  (Magnetosheath;
lasma waves and instabilities) — Space plasma physics
(Turbulence)
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In the present paper (Paper 1, and in a companion Paper 2 Above 1kHz, the fluctuations are electrostatic: the elec-
by Lacombe et al., 2006) we show results obtained from thetric field and the wave vectors are mainly parallel Bo
STAFF-SA data, the most striking of which, discussed in Pa-This broadband electrostatic noise is made of bipolar and
per 1, being the strong dependence of the intensity of theripolar pulses observed up 6, with a typical duration of
fluctuations, both electromagnetic and electrostatic, on thé.1 ms (Pickett et al., 2005), superimposed on a background
angle® gy between the magnetic fielBl and the flow veloc-  of waves, up to a few kHz (Pickett et al., 2003).
ity V. In Paper 1, we show that a simple interpretation of this  In the intermediate frequency range of STAFF-SA (8 Hz—
observation is that the fluctuations have a highly anisotropic4 kHz), the magnetic and the electric fluctuations at a given
distribution of wave vectors, while their observed frequen-frequency are nearly isotropic; but we find that their to-
cies are mainly due to a Doppler shift. In Paper 2, we will tal intensitiess B2 (in the three directions) anti£? depend
show that no parameter other thegy appears to play asig- strongly on the angl® gy betweenB andV (Sect. 3). These
nificant role in the turbulence intensity in the magnetosheathstrong dependences can be modelled if khdistributions
Actually, the fluctuations in the STAFF-SA frequency range I (k) have a power law dependente” and if the angu-
are made of two components, one component permanentliar distribution of/ (k), assumed to be axisymmetric around
observed, the “permanent” component, over which are supers, is highly anisotropic (Sect. 4). In the electromagnetic or
posed intermittent, short duration bursts of whistler or elec-“whistler” range kc/wp.~0.3 to 30), we find thaf (k) has
trostatic waves. In both papers, we neglect the whistler waveso peak fork mostly perpendicular t#, and that the perma-
or the electrostatic pulses, which are not always present, andent fluctuations statistically have a vanishing frequency in
we only consider the underlying permanent fluctuations.  the plasma rest frame (Sect. 5). In the electrostatic or “ion

To interpret spectral observations, the frequencies meaacoustic” rangekc/w,.~15 to 150, oA p.~0.1 to 1), the
sured on board a spacecraft must be transformed to frequemistribution 7 (k) has to peak fok mostly parallel toB; the
cies in the plasma rest frame and, if possible, to wave numf{luctuations may have a vanishing frequency in the plasma
bers. Any observed frequeney can be considered as the frame, but the dispersion relation of ion acoustic waves is
sum of the frequencyg of a wave in the plasma rest frame also statistically consistent with the observations (Sect. 6).
plus the Doppler shifip=wo+k.V, wherek is the wave vec-  In Sect. 7, we discuss a possible wave mode identification
tor . The Taylor hypothesis, usually made in the solar wind,based on the rati®E?2/5 B2 observed in the electromagnetic
implies thatwg is vanishing i.e. that the phase speed of range. We compare our results about the anisotropies of the
the wavewp/k is much smaller tharv in a large range of wave vector distributions at electron scales, in the magne-
frequencies. If we make the Taylor hypothesis in the mag-tosheath, to the anisotropies observed in the solar wind. Fi-
netosheath, the STAFF-SA frequencies 8 Hz to 4 kHz correnally, we show that the strong dependence of the intensity of
spond to the electron scalesOc/wp, t0 ~3Ap, (c/wpe iS the permanent e.m. and e.s. fluctuations on the adgleis
the electron inertial length, p, the electron Debye length). probably not due to the dissipation of an energy input in the
In the present paper, we thus study the anisotropies of thenagnetosphere frame.
wave vector distributions at electron scales (about 50 km to
30 m) which are smaller than the Cluster separation.

In the ULF range f <10 Hz) what are the directions of the 2 Data

wave vectors found for case studies in the magnetosheath? ) )
For the Alfven ion cyclotron waves, the wave vectors are The STAFF Spectral Analyser (Cornilleau-Wehrlin et al.,

generally parallel to the magnetic fieRl (e.g. Lacombe et 1997) measures every second the diagonal terms ofxtise 5
al., 1995; Alexandrova et al., 2004). Some observations offOMPlex spectral matrix computed with the thédcompo-
mirror modes show that they are 3-D structures, with the mi-Nents of the magnetic field fluctuations and ® compo-

nor axis nearly along the magnetopause normal (Hubert epents of th_e elgctrlc field quctuatlons._ STAFF-SA operates
al., 1998) and perpendicular to bathand v (Lucek et al., at 27 logarithmically spaced frequencies, between 8_Hz and
2001). The normals of the mirror structures observed by Hor-# KHz. We shall use here 4-s averages of the magnetic Power
bury et al. (2004) suggest that they are cylinders rather tharpPectral Density (P,SD)ZWh'C? IS th;a tracg of the gnagnenc
sheets. A case study with the k-filtering method, in mirror- field spectral matrixdB“=4 By, +§By,+6B;; in nT*/Hz,

like fluctuations near the magnetopause, displays wave ve@nd 4-s averages of the electric PSB?=6E2 +E2, in

tors mainly perpendicular t# (Sahraoui et al., 2004) and (mV/m)?/Hz. We shall also consider the phase differences
also perpendicular to the magnetopause normal (Sahraoudietween the three componentséd, given by the nondi-

et al., 2006). With the same method, during 37 intervalsagonal terms of the complex spectral matrix measured ev-
over 5 months, Scifer et al. (2005) find standing mirror ery 4s. This 4-s complex spectral matrix is projected in a
modes with wave vectors mainly perpendicularBp and  magnetic-field aligned frame, so th&B1 and §B» are the
Alfv énic fluctuations at every angle with respectRo but two components of B perpendicular to thé field averaged
quasi-perpendicular, mirror-like waves are also found, withover 4 s:§ B1 is in the plane B, Xgsg), with a positive com-
phase speeds up to the local Adfvvelocity. ponent alongXgse. A phase difference of 9(betweens By

Ann. Geophys., 24, 3503521, 2006 www.ann-geophys.net/24/3507/2006/
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Table 1. Coordinates of the four time intervals on Cluster-1.

date 12.02.2001 16.12.2001 19.12.2001 17.05.2002
time (UT) 00:15 07:30 03:15 09:00 00:00 06:00 08:00 12:15

X Rg 420 1181 -110 079 340 506 553 6.10

Y Rg 504 7.07 997 1501 17.74 1853 -8.69 -12.84

Z Rg 891 852 862 6.90 403 064 8.00 6.66
LT (hour) 14:39 14:04 1825 17:48 17:17 16:59 08:10 07:42
lat (deg.) 53.6 31.8 40.7 24.7 12.6 1.9 37.8 251

andsd B, implies a circular right-handed polarisation, while a g P/12/01 0000-0600 UT  1p/12/01 0000-0600 UT  i7/05/02 03001215 UT
phase difference of°Cor 180 implies a linear polarisation. 1 o 1
We analyse four intervals of Cluster data (spacecraft 1),
lasting from 4 h to 7 h. Tabl#& gives the dates, the GSE co-
ordinates, the local time and the latitude of Cluster 1 at the Lok
beginning and the end of each interval. The considered inter- 56 Hz . 6.8 Hz
vals are generally far from the bow shock, except the longest 0 50 100 150 0 50 100 150 o 50 100 150
interval, on 12 February 2001, which corresponds to a com- 16/12/01 0315-0900 UT
plete crossing of the magnetosheath. We shall mainly analyse  "°'f .o ¢

16/12/01 0315-0900 UT

I

19 December 2001, when the Cluster spacecraft were in the ¢ 10-51
dusk side. 5o 10-
The plasma properties, proton density, temperature and % ro- 10- 1077}

velocity (Reme et al., 1997) and the electron temperature 0} 3(‘9.3 Hy 10

370 Hz] 10 111 Ha
(Johnstone et al., 1997) are sampled with a time resolution o 50 100 150 o 50 100 150 o 5o 100 150
of 4s. We use 4-s averages of the magnetic field (Balogh et
al.,, 1997). Fig. 1. Scatter plots of the tracéB? of the spectral matrix

of the magnetic fluctuations every 4s, as a function of the angle
®py between theB field and the flow velocityV in the mag-
3 Observations netosheathya)19 December 2001, fof=8.8 Hz; (b) 19 Decem-
ber 2001, /=56 Hz; (c) 17 May 2002, 8.8 Hz{(d) 16 December
The point we want to stress in this paper is the remarkable001, 8.8 Hz{e) 16 December 2001, 70 Hff) 16 December 2001,
and strong dependence ®&B2 andSE? on the angle®gy 111 Hz. The thick line gives the median value for bifiside.
between the magnetic fielB and the flow velocity, when
observed at a given frequency in the STAFF-SA range. This
strong dependence is observed while the variance of the fluche median line fo® 3y ~90° and a strong curvature of the
tuations is nearly isotropic, so thanX:SBﬁy:(Ssz and  scatter plot at 8.8 Hz (Fig. 1d), as well as at 70 Hz and 111 Hz
SEZ ~3E2,. (Figs. 1e and 1f).

Let us first consider the magnetic fluctuations. Figure 1 As mentionned in the Introduction, the fluctuating fields
displays scatter plots @fB2 as a function ofd zy on differ- are made of several components. This is clearly shown
ent days and at different frequencies, the broken line beingy histograms of the PSDB? at a given frequency, and
the median value for bins’5wide. Despite the scatter of the histograms of the phase differenggiz> between the two
data, Fig. 1a, at 8.8 Hz, shows that the median line displaygomponents$ B; andé B, perpendicular to the loca® field
a broad peak fo®py~90°. On the same day, 19 Decem- (Fig. 2). In the histogram of Fig. 2a, the solid line corre-
ber 2001, Fig. 1b displays a weaker curvature at a highesponds to the data of the scatter plot of Fig. 1a: this is a nearly
frequency, but this is due to the background noise: the backGaussian distribution, at 8.8 Hz. The corresponding phases
ground level is about 102 nT?/Hz at 56 Hz (Cornilleau-  ¢g1z2 (Fig. 2b) are around®Oand 180 and imply a linear
Wehrlin et al., 2003), and it prevents the measurements opolarisation. Whistler waves, which are right-handed, should
weaker signals fo® gy <50°. Figure 1c shows tha®gy appear as a peak @g1522>>90°, if they were intense enough.
varies over about 180in 4h on 17 May 2002: it helps to The dotted line in Fig. 2a gives the histogram of the PSD of
see that there is probably a symmetry betwées, <90° the fluctuations with$ g1 52=90°+10": these whistler waves
and®py>90°. On 16 December 200882 is very intense,  have a negligible power at 8.8 Hz. The histogram (solid line)
well above the background noise: there is a broad peak obf Fig. 2c corresponds to the data of Fig. 1le at a higher

www.ann-geophys.net/24/3507/2006/ Ann. Geophys., 24, 33PL-2006
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79/12/2001 8.8 Hz 19/12/2007 88 Hz 722/02/07 0015-0730 UT 76!72/01 0315-0900 UT
» 1000 500 b : 10 — fu —Jee 1 107°r i Jeel
§ a 400 : D 4]~
g x 107 %t 1074 "~ E
o 100 “E

_6 -6 -
; & 107°%¢ 1070
g . 10-10 10-10 N
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19/12/01 0000-0600 UT 17,/05/02 0800-1215 UT
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§ ‘,‘:‘:V:j " o 10710
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log 68° (nTZ/HZ) Parsz

Fig. 2. 19 December 2001 at 8.8 H£a) histograms of log B2 Fig. 3. Average power spectral densitys2(f) for large angles
(nT2/Hz) for the whole data set (solid line), and for the right-handed (65°<© gy <115, solid line) and for small anglesd(zy <25°,
fluctuations (dotted line)(b) histogram of the phase difference ©py>155", dashed line), for the four considered intervals. The
¢p1p2 between the two componeni8; andsB, of the fluctua- dotted line gives the observed minimum PSD over each interval.
tions perpendicular to the loc# field (4 s average). 16 Decem- The horizontal bars at the top of each figure give the range of lower
ber 2001 at 70 Hz(c) histogram of log B2 for the whole data set hybrid frequenciesf;;, and of electron cyclotron frequencigs.
(solid line), and for the right-handed fluctuations (dotted lirfd); ~ found during the interval.

histogram of the phase differengg1z2.

®pv; they are due to whistlers which are relatively more fre-
frequency (70Hz): on the Gaussian distribution is super-quent or more intense on 12 February 2001 and on 17 May
posed a shoulder of less frequent and more intense fluctug2002 than on the two other days. The scdle$=V/2r f
tions. The corresponding phases (Fig. 2d) are still mainly lin-corresponding to 8 Hz-800 Hz give:/w,.~0.3 to 30, so
ear ¢pp152=0° or 180) but a few whistler waves are present that the wavelengths are40km to 400 m, smaller than the
with a right-handed polarisatiapg152>~90C°. In Fig. 2c, the  separation between the Cluster spacecraft. The spectral slope
dotted line gives the histogram of the PSD of these whistlersis v~3 around 10 to 30 Hz, anet~4 above 100 Hz (Fig. 3).
at 70 Hz, the whistlers are relatively more important above | et us now consider the electric fluctuations. As we did
107°nT#/Hz than below. They are not dominant but they not withdraw the whistlers from the magnetic fluctuations,
contribute to the dispersion of the scatter plots of Figs. 1eye do not withdraw them from the electric fluctuations in
and 1f. The low intensity boundary of each scatter plot hasihe electromagnetic range (belavB00 Hz) because they are
a maximum for® gy ~90°: this is typical of the permanent ot dominant. In the electrostatic range (abav@00 Hz)
e.m. turbulence. The high intensity boundary of each scatihe short duration pulses observed in the time domain by
ter plot has no clear maximum: this is due to whistler wavespijckett et al. (2005) probably do not play a large part in
which will be analysed in a future work. The time inter- 5 data which are 4-s averages of the PSD. We have not
vals with whistler waves at different frequencies have notyijed to withdraw them from our data: indeed, Pickett et
been withdrawn from the data because the whistlers are rely| (2005) note that neither the time duration nor the ampli-
atively rare and because their occurrence and their intensity,ge of the pulses depend @yy. Conversely, Coroniti et
do not depend o® gy . The scatter plots and the medians of 5| (1994) noted that, around 1kHz in the magnetosheath,
Fig. 1 thus mainly correspond to permanent fluctuations withg 2 ig large for small®gy and vanishes fo® zy~90°.

a Gaussian histogram, which are the subject of our study. \ve also observe that the electric PSD at a given frequency
In Fig. 3, we show the spectra averaged over sev-depends on the angl®py, but with a change in regime
eral hours on the four considered days, for large an-between low and high frequencies. Indeed, the spectra of

gles (63<®py <115, solid lines) and for small angles Fig. 4 show that E2 is more intense for larg®zy (solid
(®py <25 and ©py>155, dashed lines). Frony;, to lines) below a frequency,~200 to 1000 Hz, while E? is
fee, 8BZ is always more intense for larg@py. The dot-  more intense for smalb gy (dashed lines) abové.; £, is
ted line gives the observed minimum PSD over each intervalglightly below f,,;, and is below or aroung,.. Figures 5a
which is near the sensitivity of STAFF-SA given by Fig. 2 of to 5e display E< as a function oB gy on day 19 December
Cornilleau-Wehrlin et al. (2003). The spectral bumps around2001, at different frequencies. At 8.8 Hz (Fig. 5a) there is
70Hz on Figs. 3a and 3d are observed for large and smalho maximum ofs E2 for ® 3y ~90°, while the maximum of

Ann. Geophys., 24, 3503521, 2006 www.ann-geophys.net/24/3507/2006/
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Fig. 4. Average power spectral densMZ(f) for large angles
(65°<®py <115, solid line) and for small angles®(gy <25°,
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Fig. 5. Scatter plots 08 E2 as a function of the anglegy. 19 De-
cember 2001(a) at f=8.8 Hz;(b) 18 Hz;(c) 88 Hz;(d) 445 Hz;(e)

O®py>155’, dashed lines), for the four considered intervals. The 891 Hz. 17 May 2002(f) 707 Hz. The thick line gives the median
dotted linei gives an estimation of the background impact noise onvalue for bins 8 wide.

the antenna, which varies liké~2. The horizontal bars at the top
of each figure give the range of proton plasma frequengigsand
of electron cyclotron frequencieg, found during the interval.

8 B? at the same frequency was clear (Fig. 1a). But at 18 H

(Fig. 5b) and at 88 Hz (Fig. 5¢},E2 has a broad maximum
for @3y >~90°. At higher frequencies, there is a relative min-
imum for ® gy ~90° at 445 Hz (Fig. 5d), and a deeper min-

imum at 891 Hz (Fig. 5e). In Fig. 5e, the dispersion of the

datas E2 at® gy ~20° is larger than a® gy ~90°. Note that

Fig. 5f (day 17 May 2002) displays a scatter plot which is

not symmetrical with respect ©3y=90°. This point will
be addressed in Sect. 7.2. The spectral slopiFSfvaries
from v>~1 to 2 belowf,;, and is about 4 abovg,; (Fig. 4).
In the e.m. range, belovf,;, the spectral slope of E2 is
thus weaker than the spectral slopesf. We shall see in
Sect. 6 how these different behaviours §@&?2( f, ® gy ) can
be modelled.

4 Models of the anisotropic distribution of wave vectors
of the turbulence

A possible explanation for the dependence@py of the
levelss B2 ands E2 of the permanent fluctuations, at a given

observing frequency, is that the observations are affected b
a significant Doppler effect. Indeed, a natural assumptio
is that the intensity of the permanent turbulence increase

with a decreasing wave numbgr A given Doppler shift
27 f=kV costy will be reached by a small (which has a
large intensity), if cos,y is large @ry~0°): this happens
for ® gy >~0°, if k is mostly parallel taB, and for® gy ~9(°,
if k is mostly perpendicular tB. 6,y is the angle betweeh
andV.

www.ann-geophys.net/24/3507/2006/

We shall explore the possibility that the Doppler effect,
combined with an anisotropic distribution of wave vectors,
explains all or a major part of the observed PSD variations:

Zsimple models with reasonable properties naturally account

for the observations.

We shall see in Sect. 7.4 that the dependenciBdfand
§E2 on®py in the magnetosheath is probably not due to the
dissipation of an energy input like the solar wind Poynting
vector energy fluwE sw x B sy in the magnetosheath.

4.1 General method

A 3-D wave vector spectrunfgp (k) of the magnetosheath
fluctuations cannot be directly measured with the STAFF
Spectral Analysers, as the information on phase delays be-
tween the four probes is lost for wavelengths smaller than
the separation. However, as usual in space physics, the mo-
tion of the plasma with respect to one probe allows a 1-D
analysis of the wave vector spectrum, along the direction
of the flow velocity.

Let us assume thalp (k) is axisymmetric with respect
to the direction of the meaB field, so that it only depends
on two parameters; and the anglé;z betweenk and B.

lasma parameters remaining roughly constai(k, 6xp)

I.ghen, if the angl® gy betweenB andV changes, the other

is sampled in different directiort .

We use a coordinate system with thexis aligned with
V, and theB field in thex, y plane. Ifwg is the frequency
of a wave in the plasma frame( is assumed to be positive),
the observed frequency is

w = lky V + wo(k, Okp)| , 1)

Ann. Geophys., 24, 3PL-2006
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wherek, can be>0 or <0. The angl&; g can be written as
a function of@ gy,

SiNGs = [k2 + (ke SINOpy — ky cosOpy)21Y2/k,  (2)

wheref,p and® gy vary between 0 and. We introduce the
function

h(ky) = @ — ke V + wo(k, Ocp)| , ®)

so that Eq. 1) is equivalent toh(k,)=0. The power
8B%(w, Opy) (or SE%(w, ®py)) observed at a given fre-

4.2 Parameters of the models

Our aim is to study the respective influences@t (v, ©zy)
and ondE2(w, ®py) of the anisotropy of the distribu-
tion, of the Doppler shift and of possible dispersion effects.
We shall first test whether simple anisotropic models for
Isp(k, 6rp) (EQ. 5, with Eg. 6 or Eq. 7) can explain the
observed behaviour &fB2(f, ©gy) andSE2(f, ®py) de-
scribed in Sect. 3.

To compare models and observations, we shall mainly

guency for a given angle can be written as the sum of contriconsider 19 December 2001 because the variations of the

butions at different scalds™1
o0 o0 o0

5B2(w, @Bv)qq/ dkyf de/ dk 8Th (k)1 Iap (k)
—0o0 —00 —0oQ

where A is a normalisation factor anélx) the usual Dirac
function. There are generally several soluti@ps (positive
or negative) to the equatidr(k,)=0 (argument of the Dirac
function). 65 is a function ofk,;, k,, k; and®py (Eq. 2).
After the integration ovet,, we obtain

§B%(w, Opy) =
A X / dk, f dk Top ks Ky, ko) /1 (es)| (@)
—00 —00 X

whereX; is a sum over thé,, solutions. In what follows,

plasma parameters, velocity, density, temperatures and mag-
netic field are only 20% to 35% over 6 h. (Conversely, on
16 December 2001 the proton density, for instance, varies
from 10 to 70 cm® over 6 h; see Paper 2). On 19 Decem-
ber 2001, the average parameters #ee260 km/s for the
flow speed, 148.4 km/s for the Alén speed 4, 152.7 km/s
for the sound speed,=(ykg(T.+T,)/m,)¥? (y=5/3 is
the ratio of specific heats), so t /v§=1.06; B,=1.07,
Be=0.2, c/wpe~2Km, c/wpi~ry,;~90 km, the Debye length
Ape~15m, f,;~530Hz, f..~ 484Hz and f;;,~11.3 Hz.
The temperature anisotropies &t /T, =1.65 for the pro-
tons, andr, /T, ~1 for the electrons.

The models$ B2(f, ©gy) or SE2(f, ®v) (Eq.4) will be
calculated for the 27 frequencies of STAFF-SA (from 8 Hz

we shall make simple assumptions about the dependence @) 4 kHz) and for 19 values d® gy from (° to 180°. For

Iap (k, Org) onk andf;p:

— I3p has a power law dependence on the wave number
Isp k™72 (5)

in a rangek,,;, <k <kmax, With a spectral index inde-
pendent ordy g,

— for a givenk, I3p has one of the two typical angular
distributions,

Izp o< | cosOxp|* (6)

illustrating situations whe# lies mostly parallel taB,
and

Iap | SinGp|* (7)

for k mostly perpendicular t®.

Note that the exponemtrefers here to the power law index
of the 1-D spectrundip (k) defined by

§B% = /dk Iip (k)

with
g

Iip(k) = ZJTAkZ/ SiNOkpdOkpIap (k, Okp) .
0

For an isotropic Kolmogorov spectrurhpock™ with
v=5/3, the 3-D spectrum ifgpock "2,
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the spectral index of the magnetic fluctuations, we shall take
v=3 (at low frequencies) to 4 (at high frequencies), as in
Fig. 3c, andv=1 to 4 for the electric fluctuations (Fig. 4c).
The cone aperture @z, corresponding to Egs. (6 and 7), is
about 20 for © = 10 and 7 for u = 100.

5 Magnetic fluctuations in the “whistler” range
5.1 Models with pure Doppler effects

First, let us assume that the Doppler shift is much larger
than the wave frequencyw§~0), so that EqX) reduces to
w—lk,V|=0. This implies that the STAFF-SA “whistler”
range (8 Hz to 500 Hz) has wave numbers comparable to the
inverse of the electron inertial lengtt; /w,.~3. We choose
herek,,inc/wp.=0.3 andkmaxc/w,.=30. We further checked
that the results do not depend on the precise values of the
bounds, as soon as thelomain is extended enough, cover-
ing two decades. The spectral index was chosen to=t#
for 0.3<kc/wp.<3 andv=4 for 3<kc/wp.<30.

We first calculateS B%( f, ©y) (Eq. 4) for wave vectors
mainly parallel toB (Eq.6) with £=10. Figure 6a give8B2
from f=8.8 Hz (upper solid line) to 56 Hz (lower solid line)
and to 561 Hz (lowest dotted line); this highest frequency
561 Hz correspond to the largest Doppler shiftaxV. At
all the frequenciess B2(®py) is minimum for © gy =90°.
We see in Fig. 6b that the scatter plot or the mediadR?
at 8.8 Hz cannot be explained by a model (solid line) vkith

www.ann-geophys.net/24/3507/2006/
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ke/w,, = 0.8 — 30

mostly parallel toB; similarly, Fig. 6¢ shows that the aver- rptr o p=10
age spectrum for small anglésy (s.a., defined in Sect. 3.1, f
dashed line) is more intense than the spectrum for [&rge
(l.a., solid line), while the opposite is observed (Fig. 3).

As discussed at the beginning of Sect. 4, we indeed ex- ™
pect that the wave vectors are mainly perpendiculaB to
the e.m. range: we have evaluated E4).with the angular L ueto
distribution of Eq. 7). To check the influence of the angular |
width, we consider two cases, a wide one°(2®@ith =10 :
and a narrow one (J, ©«=100. Figure 6d gives the calcu-
lated PSDSs B2(f, ©gy) for the wide angular width, forf 1010p
between the lowest frequency 8.8 Hz (upper solid line) and el a7 el sorelifn
561 Hz (lowest dotted line). At all the frequencies, the peak Lo oo o
of §B2(®pgy) is for @y =90°. Figure 6e shows that the
agreement is not very good, at 8.8 Hz, between the scatter
plot or the median of the observations (in4ffz) and the
model with an arbitrary normalisation factar10-18 (solid
line). Figure 6f displays the calculated spectra for large an-
gles®pgy (solid line) and for small angles (dashed line): at
every frequency, the calculaté®? is larger for large angles,
as in the observed spectra (Fig. 3).

Let us now consider the narrow angular widf=100.  Fig. 6. The modebB2(f, ©gy) (Eq.4) with a pure Doppler shift
Then (Fig. 6h), the agreement is better between the mediaAnd no dispersion relation in Eql)(  The distribution/zp (k) is

of the observations and the model, wit5 1018, Fig-  9iven by Eq. £) with v=3 to 4, forkc/wpe2 0.3 to 30, and for
ure 6g shows that the curvature &)32(@)3‘/) is larger at the average parameters of 19 December 2001. For wave vectors

P . . . mostly parallel toB (Eq. 6) and for=10 (large angular width of
EgtHzeélr?\;\rlg IS:“;J Ig;fr) :fr]]a;ngttﬁégsHaZ.slne(ftqumel"stlha? r::'?h Izp(k)): (a) the models B2(©py ) at the STAFF-SA frequencies,
W -a.sp u -a.sp umi 9 Z%‘ﬁom 8.8 Hz (upper solid line) to 561 Hz (lower dotted line); arbi-

10, and this is more conS|stent. W|th the observat'O”S_ (F'g- 3)trary ordinates. (b) the model at 8.8 Hz (solid line) compared to
The shape of the spectra in Figs. 6c, 6f and 6ifis’ the scatter plot and the median of the observations at the same fre-
with v=3 at low frequencies and=4 at hlgh frequencies: quency, as a function @ gy ; (c) the model spectra for large gy
in models with pure Doppler effects’&k.V /2x) the ob-  angles (solid line, l.a.) and for smadlg angles (dashed line, s.a.).
served spectral index of the frequency spectrum is equal The vertical dotted lines give the average valuegjgfand fc. on
to the spectral index of the 1-D wave number spectrum, re-19 December 2001. For wave vectors mostly perpendiculd to
gardless of the anisotropy of the (axisymmetric) wave vectorlEQ. 7) and fo.=10 (large angular width afy p (k)): (d) the model
distribution. §B2(Opy) at different frequenciege) the model (solid line) and
wn i ” the data, still at 8.8 HZ{f) the model spectra. With EgrYand for
o e il range, th shabe o e Pover SHEC e sy oy 6 ne e o)
. . . ... at different frequenciegh) a good agreement between the model
fore b_e e_:xplalned by the Doppler shift of quctuatlons_ W_lth (solid line) and the datai) the model spectra.
a vanishing rest frame frequency. The wave vector distribu-
tion has to be strongly anisotropic, with (i) a spectral density
peaking fork perpendicular taB like | sin6;5/*%%, and (i) @  wy(k, 6,5) of the dispersion equations. Different shapes for
steep power law dependenceirlike k3. the dispersion relation can be found in the considered wave
number range:

\}S.(l.
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3

10-12ifin e

0 50 100 150 0 50 100 150 10 100 1000

6B*
3
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R i N i

1SN 9. 1077 10-12 i
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5.2 Effects of a nonvanishing rest frame frequency
— modes with a phase velocity/ k independent of and
Let us now assume that the rest frame frequesngtk) is nearly independent af; g, an example being the fast
comparable to the Doppler shift. Does the inclusion of MHD mode
wo(k) # 0in h(k,) (Eq. 3) significantly modify the eval-
uation of the model PSD (E4)? wo=kcy (8)
First, note that we have to extend somewhat the range
of wave numbers towards small values to reach the same Whel’eCf=(U§+cSZ)l/2 is the fast mode velocity for per-
STAFF-SA frequencies: we shall now use the range pendicular propagation;
0.03<kc/wp.<30. Furthermore, to avoid cumbersome and
time consuming numerical solutions of kinetic dispersion
equations, we shall use analytical approximate solutions
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— modes with a phase velocity which depends mainly onthem for® gy smaller than 20 Thus, the observed fluctua-

Ok, as in the ion acoustic mode or the slow mode tions probably do not obey the fast mode dispersion relation
for a quasi-perpendicular propagation.
k costyp Figures 7c and 7d givé B%(f, ©py) for the slow-ion
wo:\/sz Te/mp) NN acoustic dispersion relation (E®).for a quasi-perpendicular
T pe propagation: we take this mode into account in spite of the
1+ 37”(1+ k272 Y2 ~kcs cosbyp . (9)  fact that it is strongly damped. We see in Fig. 7d that the
e

agreement between the model and the observations at 8.8 Hz
is as good as in Fig. 6h (pure Doppler shift), basically be-
cause the slow-ion acoustic rest frame frequency, for a quasi-
perpendicular propagation, remains very small compared to
the Doppler shift.
Figures 7e and 7f givé B2(f, ©py) for the dispersion
relation (Eq.11) of quasi-perpendicular Alen waves, tak-
ing into account kinetic effects: there is no agreement be-
(10) tween the model and the observations at 8.8Hz. Let us
now assume that the wave vectors of the Alfwvaves are
. ] o o not quasi-perpendicular but are quasi-parallel in the range
or in the Alfvén mode, taking into account kinetic ef- ke/wp.=0.03 to 0.3, with/zp given by Eq. ) for 1£=100.
fects The intermittent presence of such waves is probable: indeed,
according to WHAMP, Alfen ion cyclotron (AIC) waves
wokv COSOp[1+k* i’ O grg; (3/4+T,/T,)Y{11)  are unstable on 19 December 2001 kafw).~0.01, for
a quasi-parallel propagation. The AIC waves are unstable,
(see Eq. 10.179 of Baumjohann and Treumann (1996)While the mirror modes are damped, because the pro-

the factor 34+T, /T, is about 1 for the average param- ton temperature anisotropy is relatively large afydrela-
eters of 19 December 2001). tively small on 19 December 2001 (see Lacombe and Bel-

mont, 1995). Figures 7g and 7h giiB2(f, Opy) for

To check the validity of these analytical dispersion rela- quasi-parallel Doppler-shifted Alén waves (in the range
tions, we calculate using the program WHAMPO{Rimark,  kc/w,.=0.03 to 0.3), and for a pure Doppler shift of quasi-
1982) the fully kinetic dispersion relations for the average perpendicular fluctuations (in the range/w,.=0.3 to 30).
parameters of 19 December 2001. For a quasi-perpendiculaFhere is no agreement between the observations and a model
propagatioryyp = 85° and forkc/w,.< 0.3, all the modes  with quasi-parallel Alfén waves (Fig. 7h).
(mirror, Alfvén and fast) are damped; there is no whistler We conclude that the observations of the magnetic PSD by
mode, and the fast and A mode merge with the ion Bern- STAFF-SA are consistent with permanent fluctuations with a
stein modes. Fatc/w,.>0.3, all the modes are so strongly vanishing rest frame frequency but Doppler-shifted ugjto
damped that the solutions of WHAMP are uncertain. Asand f,. in the spacecraft frame. The distribution of the wave
T,~0.2T, on that day, the slow mode is strongly damped vectors of these fluctuations has to be strongly anisotropic,
for everyk and every . with a spectral density depending 6pg, like | sing; 3|1

We shall therefore modify our evaluation of Ed),(using  and ork, like k=, with v=3 to 4 (see Fig. 8a). The wave vec-
the analytical dispersion relations described above (&ds. tor range iskc/w,.=0.3 to 30. These permanent fluctuations
and11) in the calculation ofz(k,), in spite of the fact that  with a vanishing rest frame frequency and with wave vectors
these modes are damped. To comply with the kinetic theorymostly perpendicular t& could be mirror or slow fluctu-
of the dispersion, only fluctuations witfz/w,,=0.03t0 0.3  ations. According to @not et al. (2001), the polarisation
are assumed to be Doppler-shifted waves with a non zero resif the magnetic and electric fluctuations of purely growing
frame frequency, while a pure Doppler shift will be consid- modes, like the mirror modes, is always linear. The polarisa-
ered for the rangéc/w,.=0.3 to 30. (The results are not tion of the observed magnetic fluctuations (see Figs. 2b and
basically changed if the approximate dispersion relations ar@d) and the polarisation of the observed electric fluctuations
assumed to be valid in the whole rangg'w,.,=0.03 to 30).  (not shown) are mainly linear in the whole e.m. frequency
We still assume that=3 or 4, andu=100. range. This is another argument in favour of purely growing

Figures 7a and 7b display the PSB2( f, ©y) obtained  linear modes like the mirror mode. Arguments against the
using the fast mode dispersion equation (8qfor a quasi-  presence of linear mirror modes or slow modes, based on a
perpendicular propagation, with;=215km/s. Figure 7a comparison of the intensity of the electric and of the mag-
gives the shape of the PSD from 8.8 Hz (upper solid line)netic fluctuations, will be given in Sect. 7.1.
to 561 Hz (lowest dotted line). We see in Fig. 7b that if the In this section, we have used analytical approximations
model fits the data fo®py larger than 30, it does not fit  of the dispersion relation of kinetic linear wave modes in a

This dispersion relation is derived from Egs. 10.55 and
10.113 of Baumjohann and Treumann (1996).

— modes with a phase velocity which dependg@md on
Ok, as in the whistler mode

2 k?costyp

wozwce 2 2.2 2 ’
wse 1+ kc/ws,
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Fig. 7. The modeI5B2(f, ©pyv) (EQ. 4), parameters and observations on 19 December 2001kcop.~0.3 to 30, the fluctuations

suffer a pure Doppler shift, witltz, (k) given by Egs. (5) and (7),=3 to 4 andu=100. For larger scale4{/w,.~0.03 to 0.3), different

(Doppler shifted) dispersion relations and different wave vector distributions are considered. Quasi-perpendicular fast mode (Egs. 7 and 8):
(a) the model532(®BV) at the STAFF-SA frequencies, from 8.8 Hz (upper solid line) to 561 Hz (lower dotted line); arbitrary ordinates;

(b) the model at 8.8 Hz (solid line) compared to the scatter plot and the median of the observations at the same frequency, as a function
of ®py. Quasi-perpendicular slow-ion acoustic mode (Egs. 7 andcdthe modeBBz((—)Bv) at different frequenciegd) the model at

8.8 Hz compared with the observations. Quasi-perpendiculaéAlivaves in the kinetic range (Egs. 7 and {&)the modeBBz((-)B y) at

different frequencies(f) the model at 8.8 Hz compared with the observations. Quasi-paralleéiifsaves (Eqs. 6 and 11(g) the model
832((—)3\/) at different frequenciegh) the model at 8.8 Hz compared with the observations.

plasma (Egs. 8 to 11). The conclusion is that these lineaConversely, at and abovg;, 8 E? is minimum for® gy ~90°
waves, if they are present in our data intervals, must haveéFig. 4): we shall assume that the wave vectors for these
a vanishing phase velocity and a quasi-perpendicular propasmall scales are mainly parallel #®, according to the re-
gation direction. If we had taken the phase velocities of thesults displayed in Fig. 6a . Figure 8b displays our composite
nonlinear wave modes given by Stasiewicz (2005), we shouldnodel for thek distribution of the electric fluctuations: from
have found the same result: a vanishing phase velocity for &c/w,.=0.04 to 160, we assume thatl, 2 and 4 for in-
quasi-perpendicular propagation. creasingk (solid line); the anisotropy varies likesingy g |*
with ©=100. In the upper range, frokr/w,.=16 to 160
(kAp.=0.1 to 1), we superimpose a spectrugk—*, 300
6 Electric fluctuations in the “ion acoustic” range times more intense, with wave vectors mainly paralleBto
like | costx g |* (dashed line in Fig. 8b), still witlx=100.
The electric PSD is maximum fad zy ~90° at frequencies
below f,; (Sect. 3.2): a model with wave vectors mainly per-
pendicular toB is thus probably suitable in this e.m. range.
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Fig. 8. The models of the wave vector distributidsy, (k) as func- Fig. 9. The models E2(f, ®py) (Eq. 4) with a simple Doppler

tions ofkc/wp. (a)for the magneticfluctuation?sBz; in our model, shift and no dispersion relation in E®)( The wave vector distri-
the anisotropy with respect to the averagéield direction varies  bution I3p (k) is given by the composite spectrum of Fig. 8b. Pa-
like | singg|* with £~100; (b) for the electric fluctuations £2; rameters and observations on 19 December 2@&}lthe model

in the electromagnetic range (solid ling;/w.~0.03 to 30), the SE2(®py) at the STAFF-SA frequencies, from 8.8Hz (upper
anisotropy model varies likesing; g |* with £~100. Inthe electro-  dashed line) to 3600 Hz (lower dashed line). The four solid lines
static range (dashed link;/w,.~16 to 160), the anisotropy model correspond, respectively, t6=11Hz, 88 Hz, 354 Hz and 891 Hz;
varies like| cosfy g |* with ©~100. arbitrary ordinates(b) the model at 11 Hz (solid line) compared to
the scatter plot and the median of the observations at the same fre-
guency, as a function @ gy ; (c) the model and the observations at
6.1 Models with pure Doppler effect 88 Hz,(d) at 354 Hz,(e) at 891 Hz;(f) the model spectra for large
®py angles (solid line, l.a.) and for sma#l g angles (dashed
We assume that the composite spectrum of wave vectorine, s.a.). The vertical dotted line gives the average valug,pbn
(Fig. 8b) simply suffers a Doppler shift. Figure 9a dis- 19 December 2001.
plays the resulting calculated speci®&?( f, ©zy) between
8.8 Hz (upper c_;las_hed line) an_d 3.6kHz (Iowe_r da_shed IIne)'shifted ion acoustic waves, with a frequeney given by
The upper solid line (11Hz) is also shown in Fig. 9b su-

; . Eq. 9) (wo~kcg cosOrp) with ¢;~150km/s. We see that
gﬁgrﬁzc’:&%iggltTﬁeogts)gg\?:ﬁzﬁzHae; dpltcr);[e(lr:()(g:e\l?/t?io;t% disEhe calculated spectra (with ion acoustic waves) given in
- ' N . Figs. 10b, 10c, 10d and e are consistent with the observa-
play a minimum for® gy ~0° and a broad maximum around

®4y~90. At higher frequencies (Figs. 9¢, 9d and 9e), thet|0ns, as were the calculated spectra (without ion acoustic

global agreement between the model and the data is evewaves) of Figs. 9b, 9¢, 9d and 9e. Above 500Hz (Fig. 100)

better: at 354 Hz (Fig. 9d) there is a relative minimum of the model spectrum for large 3y is about 10 times weaker

N . . than the spectrum for smafl gy ; this is observed in Fig. 4c.
;?en?gta fo_'g)oﬁv 5(9})O°th'll'hle m?ld(iel t(Fnltg\'/vigtg)t;]/arllerS stgi)ngl)r/ If we now suppose that the model of the wave vector dis-
ion flir‘;_d to it Stsfnoﬂs s eTh (?[ra gfeFi spgef " tribution of the ion acoustic waves is isotropic, i.e.ui0
slon ot the data points at smavlgy. 1he spectra of Fig. for the dashed line in Fig. 8b, the l.a. and s.a. spectra (not
for large and small angles are similar to the observations o

Fia. 4c. If we now subpose that the wave vector distrib t.Onshown) are not the same above about 500 Hz: the l.a. spec-
9. &€. 1T weé Now supp wave vector diStribution ., is 2 to 3 times weaker than the s.a. spectrum. Indeed,
of the model is isotropic fokAp.=0.1to 1, i.e. ifu=0 for

he ion ic ph velocity vanish lavge h
the dashed line in Fig. 8b, the spectra (not shown) are tht € lon acoustic phase velocity vanishes at so that

. ?arge (less intense) is needed to reach the same frequency
issa:]n; ]3;3'2:3: dansdof?r:astr?ﬁg ?A‘//a\?etz)?/\gz) ?O dultstzr %?j;gn g}'?hewhen Opy is large. As we observe that the l.a. spectrum
es ﬂuctuations'has to be anisotropic is at least 10 t|me§ weaker than the s.a. speptrum (Fig. 4c),

= ' the wave vector distribution of the ion acoustic waves has to
be anisotropic. But the presence of ion acoustic waves, with
a phase velocityx cost, g, amplifies the part played by the
Let us now assume that, in the compoditeistribution of anisotropic wave vector distribution, peak?ng foparallel
Fig. 8b, the fluctuations witlk perpendicular toB (solid  t© B, more especially as the sound speed is close to the flow
line) still suffer a simple Doppler shiftap~0) while the ~ SPeed.
fluctuations withk parallel toB (dashed line) are Doppler-

6.2 Models with a nonvanishing rest frame frequency
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v=1,24 L u=100

1072

1Hs (my/mifHs  geshs e.m. frequencies. On 19 December 2001, the observed ratio
: : 8E2/5B2 averaged over 6h (in (mV/rfnT2) varies from
about 10 at 10 Hz to f0at 400 Hz in the plasma frame (from
the observed values Qf (§ E2) in the spacecraft frame, we
B have substracted the electric field/(§ B%) which is an up-
GUd e per value for the induced electric field xéB), and which
Jo0 130 o 5o 100 150 o 50 100 150 is negligible). Using the program WHAMP, we calculate
ot tmyst Npmio0 os9rme T o0 ke = 00405, 16, 160 the ratios E2/8 B2 for the different kinetic linear modes at
: ‘ : 65=85 and for 102<kc/w,.<0.3; §E?/8B? is 107° to
102 for the mirror mode, 3 10° to 1 for the slow mode, 3
102 for the Alfvén mode, and 5 1@ to 3 for the fast mode:
there is no linear quasi-perpendicular mode Wifi? /s B2
! as large as the observed values. (The slow mode for a quasi-
o &0 o0 1aa 1o 100 1000 parallel propagation is the only mode for whiét2/s B2
reaches 10 to B). However, the linear kinetic model of
WHAMP at large scales cannot be used for a mode identifica-
Fig. 10. The modeBE2(f, ®y) (Eq.4) for the composite spec-  tion at smaller scales, especially as the observed small-scale
trum I3p (k) of Fig. 8b: the electromagnetic fluctuations corre- fluctuations can be in a highly nonlinear state.
sponding to the solid line in Fig. 8b suffer a simple Doppler shift;
the electrostatic fluctuations corresponding to the dashed line in . .
Fig. 8b suffer a Doppler shift and have the dispersion relation of7'2 Symmetries with respect @y =90°
the slow-ion acoustic mode (E§): (a) the modelSE2(@py) at
the STAFF-SA frequencies (see the caption of Fig. 9a). The fourwhen the angle®y varies from O to 18C, the scatter

solid lines correspond, respectively, fe11 Hz, 88 Hz, 445 Hz and plot 532(®Bv) around fi, is symmetrical with respect to
891 Hz; arbitrary ordinategb) the model at 11 Hz (solid line) (see ©py=90° (17 May 2002, Fig. 1c); buJSEZ(@Bv) around

the caption of Fig. 9b)(c) the model and the observations at 88 Hz, £, is not symmetrical (Fig. 5f): it is 10 times larger for
d) at 445 Hz (e)at 891 Hz;(f) the model spectra for large and small 7! ) )
@ ) M P g Oy =45 than for@y=135.

®pgy (see the caption of Fig. 9f).
It is well known that the wave vectors of Aln waves
in the magnetosheath are generally directed downstream, so
We conclude that the permanent electric (e.m.) fluctua-thatk,=k.V >0 (Matsuoka et al., 2000). Can the asymmetry
tionss E2 observed betweeyi, and f..~ f,; have avanish-  of Fig. 5f be due to an asymmetry of the distributionkef
ing rest frame frequency and are Doppler-shifted ugjto  for e.s. fluctuations with a nonvanishing?
and f..; the distribution function of their wave vectors peaks  a¢ g given frequencyy, the solutionsk,; of Eq. (1) are

like | singz|*® i.e. k perpendicular taB, and varies like  the same foI® yy =45° and for @, =135, because we as-
k", with v= 1 to 2; the wave vector ranges/w,,~0.05  gyme that waves with.B>0 and waves with.B <0 have
to 20. At smaller scalesic/w),~20 to 200, the electric  he same positive frequenay. The waves wittk. B> 0 for
(e.s.) fluctuations may have a vanishing frequangy0, but © gy =45 will suffer the same positive Doppler shift >0)

the observations are also statistically consistent with DoppleL,g the waves witlk. B <0 for ©py=135. Thus, if we with-
shifted ion acoustic waves; the distribution of the wave vec-§,a the solutiong,; <0 in the integral (Eq4), we simply

tors has to peak likecosg; 3|1, i.e. k parallel toB, with a
power law dependencek 4.
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obtains E2(®zy) two times weaker than if we consider both
kys <0 andk,;>0: 8E2(f, ®py) remains symmetrical with
respect t@py=90.

The only way to obtain asymmetriesdi?(® zy) would
be to have waves propagating with oilyB >0, because the
7.1 Wave modes in the e.m. range? Doppler shift would increase for ® gy =45 (k,s>0), ar_1d

would decrease for ®py=135 (k,s<0). But waves with

In Sect. 5.2, we have seen that the magnetic fluctuations i®nly k.B>0 (or onlyk.B <0) are not observed.
the e.m. range have a vanishing frequency. The electric fluc- Figure 11 shows that the asymmetry observed on 17 May
tuations in the same frequency range also have a vanishin@002 (Fig. 5f) is probably due to the fact that the plasma
frequency (Sect. 6.1). If interpreted with a linear theory, properties were different fo® gy <90° and for® gy >90°:
these e.m. fluctuations could thus be mirror structures or slovthe plasma density (Fig. 11b) and the proton temperature
mode structures with wave vectors quasi-perpendicul®.to (Fig. 11d) were higher fo® gy >90°, the magnetic field was

To try to identify the wave mode of the permanent e.m. weaker (Fig. 11c); the flow speed (Fig. 11a) and the electron
fluctuations, we consider the ratid?/8 B2 observed at the temperature (not shown) were nearly the same.

7 Discussion
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17,/05,/2002 0800 — 1215 UT Sahraoui et al. (2004) analyse an interval of magnetic
al 26F8 e ] fluctuations in the magnetosheath, up to 1.4 Hz, in a high-
] ] B plasma near the magnetopause. They observe a mirror
mode, Doppler-shifted at 0.11 Hz, which corresponds to the
160t largest linear growth rate for the observed plasma parame-
140 ‘ L ters; they also observe mirror modes Doppler-shifted up to
0 50 100 150 0 50 100 150 1.4 Hz, as a nonlinear extension of the most unstable mode
Osv Osv to smaller scales; the wave vectors are mostly perpendicu-
lar to B. During our interval, 19 December 2001, accord-
ing to WHAMP, the quasi-perpendicular mirror modes are
not unstable, while the quasi-parallel AIC waves are lin-
early unstable (see Sect. 5.2). However, the observations of
b ol 004 4 | SB2(f, QBV) are consistent with quasi-perpendicglar wave
o 50 100 100 R 10'0 50 vectors in the e.m. rande/w,.~0.3 to 30. We thus find that
05 O, the wave vectors of the permanent fluctuations in the mag-
netosheath are mostly perpendiculaiB@t electron scales,
in the rangekc/w,.~0.3 to 30, even if the unstable domi-

Fig. 11. 17 May 2002, observations between 08:00 and 12:15 UT,hant modes at larger scales are not quasi-perpendicular mir-
as functions of the angl® gy, (a) the flow speed(b) the proton  ror modes but are quasi-parallel AIC waves.
density,(c) the B field intensity,(d) the proton temperature. Carbone et al. (1995) consider the magnetic fluctuations
below 1 Hz during Alfenic periods in the solar wind. They
analyse separately the A#imic (A) polarisation and the com-
7.3 Comparison with the solar wind turbulence pressive (S) polarisation. For the A polarisatidnjs ob-
served to be mainly parallel tB; for the S polarisation, the
The magnetosheath is made of the solar wind plasma com distribution is flattened in theB, V) plane. This last re-
pressed through the Earth’s bow shock. There are similaritiegult implies that the distributions are not axisymmetric with
between the anisotropies of the wave vector distributions iﬁ'espect toB. In the magnetosheath near the magnetopause’
the solar wind and in the magnetosheath. Sahraoui et al. (2006) also findkadistribution which is not
In the electrostatic rangef ¢=4-6 kHz,kAp.~0.3) the in-  axisymmetric.
tensity SE? of the electric fluctuations in the solar wind At MHD scales, the cascade from small to |arge wave
is minimum when the angl®zx betweenB and the  numbers is different in the directions parallel and perpendic-
GSEX-axis is about 90 (Lacombe et al., 2002). As ylartotheB field (see the review by Oughton and Matthaeus,
Opx~0Opy in the solar wind, this minimum can be due to 2005): the parallel cascade is likely to be rather weak in the
the Doppler shift: in the solar wind, as well as in the magne-solar wind. This difference is probably still present at the
tosheath, the e.s. wave vectors are mostly parallBl itothe electron MHD scalesk¢/w,.~1) in the magnetosheath: we
rangekip.>0.1. find wave vectors mostly perpendicularBdor the e.m. fluc-
In the MHD range ¢~10-2Hz), i.e. in the inertial range  tuations.
of the electromagnetic solar wind turbulence, the total inten- | our observations, we have 0n|y considered the trace
sity B2 in the three directions depends @rpy: Bieber et 582 of the magnetic fluctuation tensor, and we have as-
al. (1996) observe thas? increases whe® zy increases Up  sumed in our model that the distributions were axisym-
to 9C° in the solar wind. These observations imply that the metric at the electron scales. In a future work, we shall
wave vectors are mostly perpendiculatoAs for the wave  check whether non-axisymmetitcdistributions in the mag-
modes, Bale et al. (2005) suggest that kinetic Btfwaves  netosheath would be consistent with the slightly anisotropic
could account for their observations of the electric field in the distribution of the variance of the e.m. fluctuations observed
solar wind, in the inertial and proton dissipation ranges. around 10 Hz.
In the magnetosheath, at electron scalesw,.~0.3 to
30, we find that the wave vectors of the permanent magneti@.4 Energy dissipation?
fluctuations are mainly perpendicular B, as in the solar
wind at larger scales; but the variance of the magnetic flucdn the STAFF-SA frequency range, the magnetic and electric
tuations is nearly isotropic in the magnetosheath, while thisfluctuations are more intense in the magnetosheath than in
variance is minimum along§ in the solar wind. At the same the solar wind and in the magnetosphere. This could be due
electron scales, the electric fluctuations also have wave vedo a continuous dissipation of part of the solar wind energy:
tors mainly perpendicular t8, but no dispersion relation is such a dissipation indeed begins at the bow shock.
consistent with the observations&#?2 ands E2 as functions The solar wind Poynting vect& gy < E sw x Bsw gives
of f and of the angl®py . the large-scale e.m. energy flux which impinges on the mag-
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netosphere obstacle. ABsw=—VswxBgsw, Ssw varies  modes, for a quasi-perpendicular propagatipp=85> and

like Vsw B3, sind5Y. We have seen that the PSIB2 in-  for 10~2<kc/wp.<0.3. We conclude that there is no indi-

creases like the local sty in the magnetosheath. Is this cation of the presence of linear wave modes in this range:

increase due to a dissipation®§y ? Let us first assume that the electric and the magnetic fluctuations do not belong to a

the local quantities in the magnetoshelthB, sin®gy (and  same linear wave mode. Nevertheless, there is a crude corre-

SV B2sin®py) are proportional to the solar wind quanti- lation between the time variations &2 ands B at a given

ties Vsw, Bsw, sineg‘é’ (andSsw). If B2 was proportional  frequency because these two kinds of fluctuations have sim-

to S, it would increase when sigy increases (which is ilar k distributions and thus suffer the same Doppler shift at

observed) but also wheB? increases, and this is not ob- the same time.

served: on the four days consideré®? is constant or de- At smaller scalegkc/wp.~ 20 to 200 (i.e.kAp, ~0.15

creases wheB? increases, so tha? is not proportional to  to 1.5), the variations of E2 with ® gy imply that the dis-

S. Furthermore, the numerical simulations of Paper 2 showtribution of the wave vectors of the electrostatic fluctuations

that even if the magnetosheath intensitiesvond B are  is peaked fok parallel toB, like | coso,p|*, with «©~100.

related to the solar wind intensities G§w and Bsy, there  The observation8 E2(© gy) are consistent withp=0 in the

is no simple relation betwee?ﬂ," and®py in the magne- plasma frame; they are also consistent with the presence of

tosheath: indeed, for a giveﬁg‘”}’, Oy strongly depends quasi-parallel dispersive ion acoustic waves in the electron

on the position in the magnetosheath, so thas not pro-  dissipation range (related to the Debye length). To account

portional toSsyw. The increase id B2 with the angle®@,  for the observed variations @f£? with the frequency and

is thus probably not due to the dissipation of the large-scalgvith ®py, the electrostatic fluctuationsEZ which peak

solar wind Poynting vector in the magnetosphere frame, it igike | cosd,s|1%° have to be about 300 times more intense,

mainly due to the Doppler shift. atkc/wp.~ 30, than the electromagnetic quctuatio%Efm
Similarly, we have checked that the increas@ #? with ~ which peak like] sin6; | *%°.

©®py in the e.m. range was not due to the clock angle of the The distributions of the magnetosheath wave veckors

solar wind magnetic fieldsy, or to local velocity shears. shown in Figs. 8a and 8b, have not been obtained by a decon-

As for the dependences 682 and§EZ on the solar wind ~ Volution of the data but by a fitting with a model implying

dynamical pressure and on the cone angl8gjf, they will several parameters. This model is not unique and we can-
be addressed in Paper 2. not really state that more complex models with dispersive

waves (and, for example, an anisotropy ingexlepending

onk) are excluded by the observations. However, the fit be-
8 Conclusions tween the relatively simple axisymmetric models described

here and the data is surprisingly good. This means that, in the
In this paper, we have not considered the fluctuations like thenagnetosheath, some properties of the magnetic and electric
e.m. whistler or the e.s. solitary waves which are sometimesurbulence, at scales smaller than the spacecraft separation,
observed in the magnetosheath, but only the underlying perean be determined thanks to the Doppler effect, and thanks

manent fluctuations. to the good coverage of the range-090° by the angle9 gy .
At a given frequency in the magnetosheath, the permanent As mentioned in the Introduction, the Taylor hypothesis
electromagnetic Power Spectral Densitid andSE? (be-  implies that the wave frequenc in the plasma rest frame

low about 300 Hz in the spacecraft frame) strongly depends vanishing, i.e., that the phase speed of the wayg 2k is
on the local angle® gy between the magnetic fielB and much smaller than the flow spe&d This hypothesis is usu-
the flow velocityV: § B? ands E? peak wher®y is around  ally made in the solar wind, in the MHD range and in the dis-
90°. This is due to the Doppler shift of the fluctuations, the sipation range. In the Earth’s magnetosheath, the flow speed
frequency of which isfo~0 in the plasma frame. This im- is smaller than the solar wind speed, while the characteristic
plies that at the electron scales ranging frbeiw,.~0.3t0  frequenciesf,; and f,;, are slightly larger than in the solar
30, the distribution of the wave vectors is strongly peaked forwind. The Taylor hypothesisr2fp/ k<« V could thus be less
k perpendicular taB, like | sin6g|*, with ©~100, and in-  valid in the magnetosheath: any dispersion effect occurring
creases at large scales, like”. In this pure Doppler model, in the dissipation range could be more evident in the magne-
the slopev of the 1-D wave vector spectrum is equal to the tosheath than in the solar wind. However, we have shown that
slopev=3 to 4 of the frequency spectrum in the spacecraftin the electron MHD (electromagnetic) rant/ w,.~0.3 to
frame. We emphasize that the wave vectors of the perma30, the Taylor hypothesis is valid for the permanent fluctua-
nent e.m. fluctuations at electron scales are perpendicular ttions in the magnetosheatlf; is vanishing in the plasma rest
B, regardless of the wave vectors’ direction for the unstableframe, and there is no indication of statistically important fast
waves at larger scales (quasi-parallel for Afvion cyclotron  waves, Alf\en waves or slow waves (meanwhile, the linear
waves, quasi-perpendicular for mirror modes). polarisation of the magnetic and electric fluctuations is con-
The ratio§ E2/8 B? observed in the e.m. range is much sistent with the permanent presence of purely growing modes
larger than this ratio calculated for the linear kinetic wave in the electron MHD range, see Sect. 7.1).
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In the electrostatic range, the presence of ion acousticCornilleau-Wehrlin, N., Chanteur, G., Perraut, S., Rezeau, L.,
waves is possible. The sound speed is weaker than the flow Robert, P., Roux, A., de Villedary, C., Canu, P., Maksimovic, M.,
speed, but it is not negligible: the Taylor hypothesis is gen- de Conchy, Y., Hubert, D., Lacombe, C., Lefeuvre, F., Parrot,
erally less valid than in the e.m. range. M., Pingon, J.-L., Bceau, P. M. E., Harvey, C. C., Louarn, P.,

We emphasize that the electric or magnetic PSD, at a given Santolk, O., AIIeyng, H. St.C., Roth, M., Chust, T, Le Contel,

. 0., and Staff team: First results obtained by the Cluster STAFF
freqL_Jency below about 3 kHz in the spacecra_ft frame, can be Experiment, Ann. Geophys., 21, 437456, 2003,
multiplied by 10 to 18 when the angl® gy varies. We thus http:/Awww.ann-geophys.net/21/437/2003/
have to take into account this consequence of the Doppleggroniti, F. V., Greenstadt, E. W., Moses, S. L., Tsurutani, B. T.,
effect if we want to study the other parameters which control  and Smith, E. J.: On the absence of plasma wave emissions and
the intensity of the magnetic and electric fluctuations in the the magnetic field orientation in the distant magnetosheath, Geo-
magnetosheath. This will be done in Paper 2. phys. Res. Lett, 21, 2761-2764, 1994.
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