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Abstract. We study four intervals of Cluster data, last-
ing from five to eight hours, in the flanks of the magne-
tosheath. In a first part, we make numerical simulations
of these magnetosheath crossings, using a three-dimensional
double-adiabatic MHD model of the magnetosheath and as-
suming that the proton temperature anisotropy is bounded by
the kinetic thresholds of the Alfv́en proton cyclotron insta-
bility and of the mirror instability. The conditions at the
upstream boundary of the numerical domain are given by
the solar wind parameters observed by ACE. We assume
that the magnetopause is a fixed and impenetrable bound-
ary, i.e. without magnetic reconnection. The global agree-
ment between the observations and the simulations confirms
the validity of the model in the magnetosheath flanks. We
discuss the consequences of different models of the magne-
topause on some simulation results. In a second part, we
compare the observed proton temperature anisotropy and the
kinetic anisotropy thresholds of the two above-mentioned
instabilities which are local functions of the protonβ. In
the intervals with a low protonβ, the observed tempera-
ture anisotropy agrees well with the kinetic threshold of the
proton-cyclotron instability; in the intervals with a higherβ,
the observed anisotropy is close to both the proton-cyclotron
and the mirror thresholds. This confirms that the observed
proton anisotropy is indeed bounded by the instability thresh-
olds. We then analyse the magnetic field power spectra in a
frequency range 0.003–10 Hz during four 18-min intervals
for different values ofβ. If β<1, transverse (i.e. Alfv́enic)
fluctuations are dominant at every frequency. Forβ≥1, a
mixture of compressive (i.e. mirror) and transverse waves is
usually observed. For a case withβ≃10, there is no fre-
quency where compressive waves are dominant. The values
of β and of the proton temperature anisotropy are thus impor-
tant but not the only parameters which determine the domi-
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nant mode, compressive or transverse, at the proton scales in
the magnetosheath.

Keywords. Magnetospheric physics (Magnetosheath;
Plasma waves and instabilities; Solar wind-magnetosphere
interactions)

1 Introduction

The magnetosheath is a region between the bow shock and
the magnetopause where the plasma is hotter and more com-
pressed than in the upstream solar wind. This is a nice nat-
ural laboratory for studying plasma turbulence. There are
several sources of plasma waves and instabilities in the mag-
netosheath: some of the waves come from the upstream solar
wind or originate at the bow shock, some may appear at the
magnetopause (for example, due to the magnetic reconnec-
tion or surface waves). Finally, a third possible source of the
waves and instabilities is inside the magnetosheath and is re-
lated to the particle temperature anisotropy. As it was found
first in Explorer 33 measurements (Crooker et al., 1976), the
proton temperature perpendicular to the magnetic fieldT⊥p

is generally larger than the parallel temperatureT‖p in the
dayside magnetosheath.

The linear kinetic theory predicts that two electromagnetic
ion temperature anisotropy instabilities, proton cyclotron
and mirror, may grow under the conditionT⊥p>T‖p (Gary,
1993). Both of them have been identified many times in the
magnetosheath, at proton scales, i.e. at wavelengths equal to
about ten times the thermal proton gyroradius (e.g. Tsuru-
tani et al., 1982; Hubert et al., 1989; Anderson and Fuse-
lier, 1993; Song et al., 1994; Lacombe and Belmont, 1995;
Czaykowska et al., 1998, 2001; Hubert et al., 1998; Lucek
et al., 2001; Sahraoui et al., 2003; Alexandrova et al., 2004;
Scḧafer et al., 2005). However, such an identification is often
a complicated problem, and a comprehensive wave analysis
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reveals a mixture of different wave modes in most observed
events.

Relations between the thresholds of the two instabilities,
their maximum growth rates, and the plasma beta have been
found using the linear kinetic theory (e.g. Gary, 1993; Gary
et al., 1994a; Hellinger et al., 2006). An analytical ap-
proach of the mirror instability, accounting for arbitrarily
large ion-Larmor radius effects, is developed by Pokhotelov
et al. (2004). Gary et al. (1994a) show that the levels of con-
stant growth rate in the plane(β‖p, T⊥p/T‖p) obey the fol-
lowing relation:

T⊥p/T‖p = 1 + Spβ
−αp

‖p , (1)

whereSp andαp are coefficients which depend on the con-
sidered instability and on a particular level of the growth rate.
This kind of relation betweenT⊥p/T‖p andβ‖p determines
an upper limit of the observedT⊥p/T‖p in the magnetosheath
data (Anderson et al., 1994; Fuselier et al., 1994; Phan et al.,
1994, 1996).

Chew et al. (1956) in their classical double-adiabatic
model (CGL model) proposed to calculate separately vari-
ations of the perpendicular and parallel temperatures arising
from the magnetic field/plasma compression and expansion.
The CGL model was converted into a bounded anisotropy
model (BAM) by Denton et al. (1994), who used Eq. (1) as
an upper limit ofT⊥p/T‖p in the magnetosheath, in agree-
ment with observations. When the ratioT⊥p/T‖p exceeds
this limit, the development of the anisotropy instabilities re-
sults in an energy transformation from the perpendicular to
parallel degrees of freedom. The theoretical model of Denton
et al. has stimulated development of numerical anisotropic
MHD models which use Eq. (1) for the limitation of the
anisotropy. Denton and Lyon (1996) presented a simplified
two-dimensional (2-D) MHD model, but more realistic three-
dimensional (3-D) MHD models were developed by Sam-
sonov and Pudovkin (1998), Erkaev et al. (1999) and Sam-
sonov and Pudovkin (2000). A comparison of profiles of the
MHD parameters in the subsolar region for the anisotropic
and isotropic MHD models has shown that the difference be-
tween them would be usually no more than 10–15 percent.
In particular, Samsonov and Pudovkin (2000) found that the
magnetosheath width along the Sun-Earth line, calculated
with the anisotropic model, is about 1.14 times larger than
the magnetosheath width in the isotropic model. Farrugia et
al. (2001) found that the numerical results of the anisotropic
model reproduce well the observations of the Wind space-
craft near the stagnation streamline.

The above-mentioned numerical models following the ap-
proach of Denton et al. (1994) have used the threshold of
the anisotropy derived from experimental data, taking the
coefficients in Eq. (1) asSp=0.85 andαp=0.48. Then a
diffusion (or energy exchange) term has been added in the
MHD equations which describes the time evolution ofT⊥

andT‖ (see Eq. (8) of Denton et al., 1994). Samsonov et

al. (2001) have proposed to include three diffusion terms
in a similar equation of evolution ofT⊥/T‖: two terms de-
scribe the pitch-angle diffusion due to the mirror and proton-
cyclotron instabilities, and the third term works only near the
bow shock, where the diffusion (and growth of the anisotropy
instabilities) seems to be more intensive than in the magne-
tosheath proper. The thresholds related with the action of the
anisotropy instabilities have been obtained by Samsonov et
al. (2001) from the linear kinetic theory.

In this paper, we use a 3-D anisotropic MHD model, treat-
ing the proton temperature anisotropy in the magnetosheath
similar to the model of Samsonov et al. (2001), in order to
simulate four intervals of several hours observed by Cluster
in the magnetosheath flanks. In the next section, the data are
described. The numerical model is explained in Sect. 3. The
inner boundary conditions of the simulation imply that there
is no magnetic reconnection at the magnetopause. Results
of the numerical simulations are presented and discussed in
Sect. 4. In Sect. 5, we compare the observed proton tem-
perature anisotropy with theoretical thresholds of the proton-
cyclotron and mirror instabilities used in the MHD modelling
and analyse the role of the two instabilities in the limita-
tion of the proton anisotropy. A few observed spectra of the
magnetic field power, shown in Sect. 6, allow one to present
a discussion about the dominant wave mode (compressive
or transverse) in relation to the previous analysis, using the
thresholds of the instabilities. The last section contains the
conclusions.

2 Data

The data of Cluster 1 (Rumba), in the magnetosheath, are
analysed during four intervals. Figure 1 displays the position
of Cluster in the GSE planes (X,Y) and (Y,Z) for each inter-
val. A paraboloidal bow shock model without aberration,
X=14.6[1−(Y 2+Z2)/25.62] (Filbert and Kellogg, 1979),
and a magnetopause model (dashed line; Sibeck et al., 1991),
Y 2+Z2=139.2−0.18X2−14.2X are also shown. The con-
sidered intervals are generally far from the bow shock, except
the longest interval, on 12 February 2001, which corresponds
to a nearly complete crossing of the magnetosheath. The date
and the duration of the four intervals, lasting from 5 h to 8 h,
are given in the caption of Fig. 1.

The density, the velocity and the temperatures (Rème et
al., 1997) are the successive (0,1,2) moments, computed on-
board every 4 s, of the ion distribution function measured
by the CIS2(HIA) instrument, without mass separation but
with the best time and velocity space resolution. A com-
parison with densities obtained by the CIS1(CODIF) instru-
ment indicates that the major ion species is H+, with den-
sity ratiosn(He++)/n(H+) generally smaller than 6%, and
n(He+, O+)/n(H+) generally smaller than 2%. We use 4–s
averages of the magnetic field given by the FGM experiment;
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Fig. 1. For the four considered time intervals, projection of the Cluster orbit in the (XGSE, YGSE) and (ZGSE, YGSE) planes. Days 12
February 2001 (00:00 to 08:00 UT), 16 December 2001 (03:00 to 09:00 UT), 19 December 2001 (00:00 to 06:00 UT), 17 May 2002 (08:00
to 13:00 UT).

for the spectral analysis of Sect. 6 we use the high resolution
FGM data (20 samples per second) (Balogh et al., 1997).

We also use the ACE MAG magnetic field data with 16-s
resolution and the ACE SWEPAM plasma data with 64-s res-
olution measured near the Lagrangian point (XGSE is about
240RE) as input solar wind parameters for the numerical
model. In the same four intervals, the properties of the tur-
bulence at electron scales in the magnetosheath, as functions
of the ACE solar wind parameters, have been analysed in the
works of Mangeney et al. (2006) and Lacombe et al. (2006).

3 Numerical model

This work develops a method of the anisotropic MHD mod-
elling proposed by Samsonov et al. (2001), and Samsonov
and Meister (2002). They assumed that there are two in-
dependent theoretical thresholds, expressed in the form of
Eq. (1), for the mirror and proton-cyclotron instabilities in
the magnetosheath.

The following one-fluid 3-D MHD equations deduced
from the equations of the bounded anisotropy model of Den-
ton et al. (1994) have been used

∂B/∂t = ∇ × [V × B ], (2)

∂ρ/∂t = −∇ · (ρV), (3)

∂

∂t

(

ρV
)

= −∇ ·

(

ρVV + I
(
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)
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4π
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1
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)

dif
, (6)

whereA≡p⊥/p‖, b≡B/B, (∂p⊥/∂t)dif=(∂p⊥/∂t)dif1+

(∂p⊥/∂t)dif2.

The two diffusion terms in(∂p⊥/∂t)dif are related to the
proton-cyclotron and mirror instabilities, respectively:

(∂p⊥

∂t

)

dif1
=

{

−
p⊥

τpc
(
p⊥

p‖
− Apc), if (

p⊥

p‖
) ≥ Apc,

0, if (
p⊥

p‖
) < Apc,

(7)
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(∂p⊥

∂t

)

dif2
=

{

−
p⊥

τmir
(
p⊥

p‖
− Amir), if (

p⊥

p‖
) ≥ Amir ,

0, if (
p⊥

p‖
) < Amir .

(8)

Samsonov et al. (2001) and Samsonov and Meister (2002)
used the proton-cyclotron and mirror thresholds,Apc and
Amir, which correspond to the maximum growth rate
γm/�p=10−4 in the linear kinetic theory; and they tested a
few different time parametersτpc andτmir between 100 and
103 s. In this work, we use the thresholds for a larger maxi-
mum growth rateγm/�p=10−2, which was shown to be the
functions ofβ‖ (Samsonov et al., 2001):

Apc = 1 + 0.64β‖
−0.41 (9)

for the proton-cyclotron instability and

Amir = 1 + 0.99β‖
−0.63 (10)

for the mirror instability. �p is the proton cyclotron fre-
quency. The maximum growth rateγm has been determined
for fixed plasma parameters but for all possible wave num-
bers and wave vector directions. For the proton-cyclotron
instability, the maximum growth rate is always atk⊥=0 (k⊥

is the wave vector perpendicular to the mean magnetic field),
but for the mirror mode, the search for the maximum growth
rate requires more effort, because one must search in bothk‖

(parallel wave vector) andk⊥. As we will see in Sect. 5, the
valuesγm/�p=10−4 and γm/�p=10−2 describe well the
magnetosheath observations.

We assume that the thresholds (9) and (10) determine an
upper limit of a possiblep⊥/p‖ in the magnetosheath, using
the conditionsp⊥/p‖≤Apc andp⊥/p‖≤Amir. It is equiva-
lent to takeτpc and τmir equal to zero in Eqs. (7) and (8).
Thus we consider no dependence onτpc and τmir in the
present work. We do not use the last term(∂p⊥/∂t)dif3 of
Samsonov et al. (2001) because most profiles, except one,
contain no bow shock crossing.

The numerical method used in this work is less diffusive
than the one used in Samsonov et al. (2001). Here we use the
TVD Lax-Friedrichs II-order scheme (e.g. Tóth and Odstr-
cil, 1996) for the numerical simulation of the interaction of
a supersonic solar wind with a magnetopause obstacle. The
numerical dissipation is introduced by the minmod slope lim-
iter. The magnetic field is corrected after a few time steps
by the projection scheme to hold the constraint div(B)=0.

We extend the numerical box to the magnetosheath flanks
using the parabolic coordinates apart from the subsolar re-
gion, and the spherical coordinates in the subsolar region,
in order to avoid the singularity of the parabolic coordinates
at the Sun-Earth line. The two coordinate systems intersect
and the values from the inner points of one coordinate sys-
tem have been used to determine the boundary conditions
for the other system. The grid spacing increases from about
0.25RE in the subsolar region to about 1RE on the nightside
magnetosheath flanks. An illustration of the numerical grid
has been shown in Fig. 1 of Samsonov et al. (2006).

The outer boundary of the numerical box is in the su-
personic solar wind near the bow shock. We assume that
p⊥/p‖=1 at this boundary. Usuallyp‖ is slightly higher than
p⊥ in the supersonic solar wind near the Earth’s orbit, but
we think that taking into account this difference would not
significantly change the results in the magnetosheath. The
other conditions at the outer boundary are obtained from the
ACE magnetic field and plasma measurements, taking into
account the time delay between ACE and the bow shock. The
resolution of the input parameters is taken to be 16s, mak-
ing a linear interpolation of the initial 64-s density, velocity
components and proton temperature. For each interval of the
magnetosheath data, we calculate the average time delay be-
tween ACE and Cluster which gives the best correlation be-
tween the magnetic field components on ACE and Cluster.
These delays, determined by large IMF discontinuities, vary
between 54 and 72 min, i.e. about 1 h for the four considered
intervals.

The inner boundary corresponds to the magnetopause
where the physical boundary conditions areVn=0 andBn=0.

There is also an outflow boundary where the plasma leaves
the numerical domain with a supersonic velocity, and there-
fore we use free boundary conditions. Despite some vari-
ations of the solar wind dynamic pressure in the intervals,
we assume that the magnetopause is a fixed, impenetrable
boundary with an average size and shape close to those pre-
dicted by Shue et al. (1998), which does not react to the up-
stream temporal variations. Another approach developed by
Samsonov and Hubert (2004) is to take an empirical mag-
netopause model and to change the distance from the Earth
to the subsolar point (i.e. in fact the spatial normalization)
in response to changes in the solar wind conditions. In this
work, we have made a few runs of simulation testing assump-
tions about both a fixed magnetopause and a moving magne-
topause when the position of subsolar point is determined by
the models of Pudovkin et al. (1998), Shue et al. (1998) and
pressure balance models. However, only results of the first
run with a fixed magnetopause will be shown in the figures.
We shall discuss the differences in these approaches in the
next section.

4 Numerical results

Figures 2 to 5 show the temporal variations of the main MHD
variables obtained in the numerical simulation (red lines) in
comparison with Cluster data (black lines) for these four in-
tervals. The time-shifted input solar wind parameters are
shown by blue lines. Mean values of the fast Mach num-
berMf , of the Alfvén Mach numberMA, of the plasma beta
β and of the IMFBz component in GSM coordinates, de-
termined from ACE data near the Lagrangian point for each
event, are given in Table 1. These values are typical for a
quiet solar wind. Now let us consider each interval sepa-
rately.

Ann. Geophys., 25, 1157–1173, 2007 www.ann-geophys.net/25/1157/2007/



A. A. Samsonov et al.: Temperature anisotropy in magnetosheath 1161

Fig. 2. Temporal variations of MHD parameters in the first interval. The data are shown by black lines, the numerical results are shown by
red lines, the time-shifted solar wind data are shown by blue lines.
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Fig. 3. Temporal variations of MHD parameters in the second interval. The data are shown by black lines, the numerical results are shown
by red lines, the time-shifted solar wind data are shown by blue lines.
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Fig. 4. Temporal variations of MHD parameters in the third interval. The data are shown by black lines, the numerical results are shown by
red lines, the time-shifted solar wind data are shown by blue lines.
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Fig. 5. Temporal variations of MHD parameters in the fourth interval. The data are shown by black lines, the numerical results are shown
by red lines, the time-shifted solar wind data are shown by blue lines.
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On 12 February 2001 (Fig. 2), the beginning of the interval
is very disturbed and there is a large data gap on the previ-
ous day. We think that at midnight the spacecraft is near the
magnetopause and may be in the vicinity of the cusp. In the
first two hours, the density andβ (the observedβ‖ for these
intervals will be shown in Figs. 6 to 9) are smaller, and|B|

and T⊥/T‖ are larger than the average values over the in-
terval. These are typical properties of the plasma depletion
layer (PDL) which usually forms in the magnetosheath near
the dayside magnetopause. The bow shock crossing is at the
end of the interval at 07:36 UT. An almost complete crossing
from the magnetopause to the bow shock is thus observed.

Figure 2 shows that generally the simulation reproduces
well the data, except that the position of the bow shock is pre-
dicted closer to the Earth than it is really observed. A reason
for this discrepancy will be discussed below. Average values
of the predicted density and magnetic field components are
rather close to the observed ones, the predictedT⊥/T‖ and
|V | are a little smaller than in the data. Most variations of
the magnetic field orientation are predicted, although small
errors exist due to the average time delay used for the con-
vection time of the IMF discontinuities.

Usually numerical results of the local magnetosheath
MHD models (e.g. Farrugia et al., 2001; Samsonov and Hu-
bert, 2004) have reproduced magnetosheath crossings in the
dayside region. Here we present the results of the numerical
simulation on the magnetosheath flanks. Making numerical
predictions on the flanks is a more difficult problem than to
simulate only the subsolar region. In the subsolar region, the
numerical model must reproduce correctly the jumps across
the bow shock and the magnetic barrier formation near the
magnetopause: this is relatively easy using a conservative
form of the 3-D MHD equations. On the contrary, the model
must determine well a size and a shape of the magnetopause
for correct predictions on the flanks. This determination is
rather difficult for a local magnetosheath model, and it may
also be a source of errors in predictions of global MHD mod-
els.

We may define roughly two types of discrepancies be-
tween numerical predictions and observations. First, the av-
erage numerical values may differ from the observed ones
in a whole interval. Occasionally some discrepancies may
be explained by different calibrations of instruments on two
spacecraft. However, excluding this possibility, we have to
conclude that the difference between the average values re-
sults from some model defects and, in particular, is explained
by an incorrect approximation of the magnetopause shape.
The last is often a fault of local magnetosheath models, be-
cause even using an axis-symmetrical (with respect to the
Sun-Earth line) magnetopause obstacle is a possible source
of mistakes. As it is explained in the previous section, we
have made several runs of the simulation using different as-
sumptions about the magnetopause reaction to solar wind
variations. A substantial difference in the results of these
numerical runs has been found in some intervals. For exam-

Table 1. Mean values of upstream solar wind parameters ob-
tained from ACE for the four intervals. Here,Mf =V/Vf is
the fast Mach number,MA=V/VA is the Alfvén Mach number
(Vf =(V 2

s +V 2
A

)1/2, Vs=(γp/ρ)1/2).

Date Mf MA β Bz GSM, nT

12 Feb 2001 6.8 8.3 0.57 2.4
16 Dec 2001 5.0 6.1 0.60 6.5
19 Dec 2001 6.0 6.5 0.20 −1.6
17 May 2002 6.7 7.8 0.41 −0.3

ple, the runs with a moving magnetopause predict the bow
shock crossing on 12 February 2001 even a little later than
it is observed (and later than it is predicted by the run with
a fixed magnetopause). Correspondingly, average values of
the MHD parameters in the magnetosheath predicted by the
runs may differ in tens of percent. Generally the observed
values are placed between the numerical results of the differ-
ent runs. We do not show all the results in the paper because
the main object of this work is the behaviour of the temper-
ature anisotropy rather than a correct determination of the
magnetopause shape in every particular case.

Another type of discrepancy between simulations and ob-
servations can be related to spatial structures in the solar
wind. An additional time shift of several minutes is often
required in order to match the simulations and observations
of abrupt jumps in the magnetic field components. These
are explained by variations of the IMF discontinuity orien-
tation in the solar wind. Since the solar wind monitor near
the Lagrangian point is relatively far from the Sun-Earth line
(more than 25RE), a variable slope of the IMF discontinu-
ities would result in premature or delayed observations near
the Sun–Earth line (e.g. Weimer et al., 2002). Moreover, the
velocity of the solar wind varies over the whole time inter-
val, and the discontinuities usually propagate with respect to
the solar wind flow in the upstream or downstream direction:
this may lead to an additional time shift near the Earth.

The second interval (Fig. 3) is an outward partial cross-
ing of the magnetosheath on 16 December 2001. This case
is characterized by a strong increase in the density between
05:30 and 07:10 UT observed one hour earlier in the super-
sonic solar wind. At the same time,|V | is about 20–30 per-
cent larger,β‖ (in Fig. 7) is larger andT⊥/T‖ is smaller than
the surrounding values. The discrepancy between the pre-
dictions and the observations of the density in this interval is
larger than the discrepancy of other parameters. The density
enhancement is considerably underestimated by the model.
The predictedT⊥/T‖ is a little higher than the observed one
only between 05:00 and 07:00 UT. The behavior of magnetic
field components and|V | is mainly predicted by the model.

Cluster seems to be in the outer magnetosheath in the
third interval, on 19 December 2001, shown in Fig. 4. The
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previous studies of wave turbulence at electron scales (Man-
geney et al., 2006; Lacombe et al., 2006) reveal that this is a
rather quiet case with a low solar wind density. The numeri-
cal predictions underestimate the averageT⊥/T‖ andB over
the interval. The density and velocity are well predicted in
this case, except for some local variations.

The last interval on 17 May 2002, shown in Fig. 5, is again
an outward crossing. At the beginning of the interval, Cluster
seems to be near the magnetopause, which is confirmed by a
high observedT⊥/T‖ and a lowβ. Both the density and|B|

are systematically underestimated by the model, while aver-
age values ofT⊥/T‖ and|V | are generally well predicted.

We have to raise here another question: How does the
magnetic reconnection at the magnetopause influence the
magnetosheath flow? Samsonov (2006) studied this prob-
lem with an isotropic MHD model using the same numerical
method and varying boundary conditions at the inner bound-
ary (assuming a non-zero normal velocity and magnetic field
components). Generally this model gives a higher beta near
the magnetopause and, correspondingly, a smaller tempera-
ture anisotropy. However, we do not think that the magnetic
reconnection would be important in the four considered in-
tervals, for whichXGSE is generally positive (see Fig. 1). We
determine the mean values of the IMFBz component (in Ta-
ble 1) and find that a prolonged period of a small negativeBz

has been observed by ACE only on 19 December 2001. But
in this case Cluster was in the outer magnetosheath where the
magnetopause reconnection should not influence the plasma
flow. For the three other events, only relatively short intervals
with negativeBz have been observed. However, some local
structures, like those observed in first 30 min of the interval
on 12 February 2001, may be affected by the reconnection
and these are not taken into account correctly by our present
model.

Summarizing the predictions of the 3-D MHD model for
T⊥/T‖ in the four intervals, we conclude that the average pre-
dicted anisotropy is generally equal to or a little smaller than
the observed one. The only exception is the strong density
increase in the middle of the second interval, when the pre-
dicted anisotropy is larger (or, more precisely, the observed
decrease in the anisotropy is underestimated in the simula-
tion).

Our numerical model combines the double-adiabatic
(CGL) MHD description of the plasma flow with the thresh-
olds of the proton-cyclotron and mirror instabilities obtained
from the linear kinetic theory. What happens if we simulate
the anisotropyT⊥/T‖ predicted by the CGL equations with-
out the limitation by the two thresholds? Estimations (not
shown) for the four considered intervals and results of other
simulations (e.g. Samsonov and Pudovkin, 2000) show that
T⊥/T‖ in the magnetosheath can reach values from 3 up to
10 or more (the exception would be downstream of the paral-
lel bow shock). This is reasonable because the CGL relations
imply thatT⊥/T‖∼B3/n2.

Thus the observed temperature anisotropy shown in Figs. 2
to 5 is smaller than the pure CGL model predictions, but it
is sometimes larger than the anisotropy predicted by our nu-
merical model with the two thresholds. In the first part of
this section, we have seen that the accuracy of the local MHD
model can be less good in the magnetosheath flanks. But this
last discrepancy can also be due to the fact that the thresholds
(Eqs. 9 and 10) do not limit well the observed anisotropy. In
the next section, we shall compare the observed anisotropy
T⊥p/T‖p with the theoretical anisotropy thresholds which
depend only on the locally observedβp.

5 Role of proton-cyclotron and mirror instabilities

Both the proton-cyclotron and mirror instabilities may grow
in the magnetosheath, owing to a high proton temperature
anisotropy. Since these instabilities have the same source of
energy, they would be in competition: the growth of one in-
stability results in a decrease in the temperature anisotropy
and thus suppresses the growth of the other one. According
to results of the linear kinetic theory (Gary et al., 1993) and
of the hybrid simulation (McKean et al., 1994), the proton-
cyclotron instability may dominate for low-β conditions with
β‖p.1, and the mirror instability may dominate for high-
β conditions withβ‖p&6. The 2-D hybrid simulations of
McKean et al. (1994) show that both modes would grow for
an intermediate beta (thereβ‖p=4) and results of the mode
competition depend on the percentage of solar windα par-
ticles (Price et al., 1986). McKean et al. (1994) described a
simulation run with the mode competition when the proton-
cyclotron instability may be responsible for only half of the
magnetic fluctuation energy, but be more efficient in the re-
duction of the proton anisotropy.

Figures 6–9 show temporal variations ofβ‖p andT⊥p/T‖p

for the considered four intervals. Black lines are the ob-
served profiles, color lines on the lower panels correspond
to the upper boundary ofT⊥p/T‖p, calculated for the mir-
ror and proton-cyclotron instabilities: the red lines represent
the maximal anisotropy in the case when the mirror instabil-
ity controls the plasma state. The blue lines give the max-
imal anisotropy in the case when the proton-cyclotron in-
stability plays the dominant role. The solid lines give the
anisotropy (Eqs. 9 and 10) calculated with the maximum
growth rateγm/�p=10−2, the dashed lines correspond to
γm/�p=10−4 (the equations are in the caption of Fig. 6).
As we will see the observedT⊥p/T‖p fits well the temper-
ature anisotropy calculated with the maximum growth rate
within the rangeγm/�p ∈ (10−4, 10−2).

According to Samsonov et al. (2001), the mirror thresh-
old is valid for 1.0≤β‖p≤10.0 andTe/T‖p=0.25, the proton-
cyclotron threshold is valid for 0.01≤β‖p≤10.0, independent
of Te/T‖p. Note that the observedβ‖p is sometimes less than
1, so that the predictions of the mirror instability threshold
may be wrong there. Nevertheless the accuracy seems to
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Fig. 6. Temporal variations ofβ‖p and of T⊥p/T‖p in the
first interval. The data are shown by black lines, the thresh-
olds of the mirror instability found from the linear kinetic the-
ory with γm/�p=10−2 (T⊥p/T‖p=1+0.99β‖

−0.63) and with

γm/�p=10−4 (T⊥p/T‖p=1+0.67β‖
−0.78) are shown by solid

red and dashed red lines, respectively, the thresholds of the
proton-cyclotron instability found from the linear kinetic the-
ory with γm/�p=10−2 (T⊥p/T‖p=1+0.64β‖

−0.41) and with

γm/�p=10−4 (T⊥p/T‖p=1+0.37β‖
−0.41) are shown by solid

blue and dashed blue lines, respectively.

be saved because Hellinger et al. (2006) obtained a similar
threshold for the mirror mode for a smallerβ‖p (.0.1). The
observed ratioTe/T‖p is between 0.1 and 0.3 for the consid-
ered intervals.

Assuming the presence of a minor component of cold
electrons, Hasegawa (1969) derived the marginal stabil-
ity condition for the mirror modeT⊥p/T‖p=1+1/β⊥.
We compare the temporal profiles ofT⊥p/T‖p obtained
by the Hasegawa’s condition (not shown) with the pro-
files of the mirror threshold for differentγm shown by
the red lines in Figs.6–9. We find that the traditional
marginal stability thresholdT⊥p/T‖p=1+1/β⊥ nearly co-
incides with or is slightly lower than the kinetic mirror
thresholdT⊥p/T‖p=1+0.67β‖p

−0.78 obtained by Samsonov
et al. (2001) for the maximum growth rateγm/�p=10−4.

Fig. 7. The same parameters as in Fig. 6 in the second interval.
The vertical dashed lines mark two 18-min intervals used for the
spectral analysis in Sect. 6.

Looking at the first interval (Fig. 6), we see that the thresh-
old of the proton-cyclotron instability withγm/�p=10−2

agrees rather well with the observed temperature anisotropy
over the whole interval. There is a lowβ‖p region nearly
from the beginning to 02:32 UT which may correspond to
the PDL (see Sect. 4). The threshold of the mirror insta-
bility with γm/�p=10−2 is above the observedT⊥p/T‖p

over the whole interval. The threshold of the mirror insta-
bility with γm/�p=10−4 is generally above the observed
anisotropy before 02:32 UT and below it after. The thresh-
old of the proton-cyclotron instability withγm/�p=10−4 is
everywhere below the observedT⊥p/T‖p.

The second interval (Fig. 7) may also be divided into
two parts, with low and highβ‖p. In the low β‖p re-
gion before 04:30 UT, the proton-cyclotron threshold with
γm/�p=10−2 corresponds well to the observations. The
high β‖p region is connected with the increase in the so-
lar wind density discussed in the previous section. In
this region, both the proton-cyclotron and mirror thresh-
olds withγm/�p=10−2 are above the observed anisotropy.
The observedT⊥p/T‖p is described better by the kinetic
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Fig. 8. The same parameters as in Fig. 6 in the third interval.

proton-cyclotron and mirror thresholds withγm/�p=10−4,
but occasionally the observed anisotropy is even below these
thresholds, indicating that the magnetosheath plasma is sta-
ble with respect to the proton-cyclotron and mirror instabil-
ities. The two 18-min intervals separated by vertical dashed
lines in Fig. 7 are used for the spectral analysis in Sect. 6.

The observedT⊥p/T‖p coincides with or is some-
times slightly below the proton-cyclotron threshold with
γm/�p=10−2 in the third interval in Fig. 8. The mirror
thresholds withγm/�p=10−2 and evenγm/�p=10−4 are
above the measuredT⊥p/T‖p: this means that the role of the
mirror waves should be negligible in this case.

The last interval in Fig. 9 consists of the two well-
separated parts with low and highβ‖p. Again, the proton-
cyclotron threshold withγm/�p=10−2 agrees well with the
observedT⊥p/T‖p before 09:40 UT whenβ‖p is about 1.
Later,β‖p is larger than 2 and the observedT⊥p/T‖p is be-
tween the thresholds withγm/�p=10−2 andγm/�p=10−4

of both instabilities. Therefore, a mixture of the two modes
may exist. We shall present the observed fluctuation modes
in Sect. 6.

In Fig. 10, we show the dependence ofT⊥p/T‖p on
β‖p, combining all the measurements in the four intervals

Fig. 9. The same parameters as in Fig. 6 in the fourth interval. The
vertical dashed lines mark two 18-min intervals used for the spectral
analysis in Sect. 6.

with the above-mentioned thresholds of the proton-cyclotron
and mirror modes withγm/�p=10−2 and γm/�p=10−4.
The proton-cyclotron threshold with a larger maximum
growth rate γm/�p=2.5×10−2 is shown by a dash-dot
blue line because it sometimes determines better an upper
level of the observed anisotropy. The mirror threshold with
γm/�p=2.5×10−2 (dash-dot red line) is well above the ob-
servedT⊥p/T‖p. The observations may be separated into
two parts, one withβ‖p<1 and one withβ‖p>2. It ap-
pears that most points ofT⊥p/T‖p in the low-β region are
located between the two proton-cyclotron thresholds with
γm/�p=2.5×10−2 andγm/�p=10−4, but below the mir-
ror thresholds. This confirms the previous works (see An-
derson et al., 1994) where it has been shown that proton-
cyclotron-like fluctuations arise preferentially in the low-β

high-anisotropy plasma. In the high-β region the proton-
cyclotron and the mirror thresholds withγm/�p=10−2 are
close enough, so that it is difficult to say what instability will
dominate. This will be illustrated in the next section, where
we consider the magnetic fluctuations observed by Cluster in
the frequency range where the proton cyclotron and mirror
mode are generally found.
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6 Observed fluctuation modes

We look at the properties of the magnetic fluctuations ob-
served in regions with different values ofβ‖p and A. An
analysis of the high resolution profile of the magnetic field
components with the Morlet wavelets (Torrence and Compo,
1998), in intervals lasting 18 min, yields average spectra be-
tween 0.003 Hz and 10 Hz. We consider the spectral den-
sity of the parallel (or mirror-like) fluctuationsW2

‖
(fluctua-

tions of the modulus ofB), and the spectral density of the
transverse (or Alfv́enic) fluctuationsW2

⊥
=W2

t −W2
‖
, where

W2
t =W2

x +W2
y +W2

z is the sum of the intensity of the fluctu-
ations in three directions.

In the spectra of Fig. 11,W2
‖

(dashed line) andW2
⊥

(solid
line) are shown in two relatively low-β‖p regions (left col-
umn) and in two higher-β‖p regions (right column). The
selected intervals corresponding to the spectra in the upper
panels are displayed between vertical dashed lines in Fig.7
(16 December 2001), and those corresponding to the lower
panels are in Fig. 9 (17 May 2002).

In Fig. 11a (〈β‖p〉=0.8, 〈A〉−1=0.7), there are some
compressive fluctuations, but transverse fluctuations are ev-
erywhere dominant. The correspondingT⊥p/T‖p profile
(Fig. 7) indeed favours the growth of proton-cyclotron waves.
(A large maximum in the vicinity offci , around 0.4 Hz, is
a sign of Alfvén vortices recently discovered in the mag-
netosheath by Alexandrova et al. (2006). The relation be-
tween the linear proton-cyclotron instability and such non-
linear Alfvénic structures is the subject of a future work.)
In Fig. 11b (〈β‖p〉=9.8, 〈A〉−1=0.1), there are relatively
much more compressive fluctuations than in Fig. 11a, on the
same day. This is consistent with the results of Anderson et
al. (1994), who show that a largeβ‖p favours the growth of
compressive waves. However, the Alfvénic fluctuations are
slightly dominant at every frequency in Fig. 11b, and this
has not been observed by Anderson et al. (1994) at such high
values ofβ‖p. Let us recall that the results of Anderson et
al. (1994) have been obtained with AMPTE/CCE (apogee
8.8RE), i.e. for a highly compressed magnetosphere.

In Fig. 11c (〈β‖p〉=1.1, 〈A〉−1=0.6), there is a peak of
Alfv énic fluctuations around 0.1 Hz, but there is a stronger
peak of mirror-like fluctuations at 0.08 Hz, in spite of the
fact that the observedT⊥p/T‖p (Fig. 9) is below the mirror
mode threshold forγm/�p=10−4. In Fig. 11d (〈β‖p〉=3.4,
〈A〉−1=0.4), the mirror fluctuations are not more intense
than in Fig. 11c, in spite of the strongerβ‖p. Note that
the mixture of the Alfv́enic and mirror-like fluctuations ob-
served here is in agreement with the results of Fig. 10 and
with the simulations of McKean (1994) and of Hellinger and
Trávńıček (2005).

A systematic comparison of the ratio betweenW2
⊥

andW2
‖
,

at different frequencies, as a function ofβ‖p andA is out of
the scope of the present paper; it will be performed in the
future. With the spectra of Fig. 11, we confirm thatβ‖p and

Fig. 10. Dependence ofT⊥p/T‖p on β‖p. Black points show all
measurements in the four intervals, red and blue lines are the same
mirror and proton-cyclotron thresholds as those shown in Figs. 6–9.
The proton-cyclotron thresholdT⊥p/T‖p=1+0.84β‖

−0.38 and the

mirror thresholdT⊥p/T‖p=1+1.31β‖
−0.58 corresponding to the

maximum growth rateγm/�p=2.5×10−2 are shown by blue and
red dash-dot lines, respectively.

A=T⊥p/T‖p are important parameters for the determination
of the dominant wave mode, but other parameters certainly
play a part. And one of them is the percentage ofα particles
(e.g. Price et al., 1986; Hubert et al., 1998).

During the four considered intervals, the numbernα of
α particles is given by the CIS1(CODIF) instrument. The
magnetosheath containsnα/np=2 to 4% on the 12 Febru-
ary 2001, 2 to 5% on 16 December 2001, 5 to 9% on 19
December 2001 and 4 to 7% on 17 May 2002 (Jean-Michel
Bosqued, private communication, 2007). According to Gary
et al. (1994b), a percentage of 4 to 5% ofα particles al-
lows the growth of helium-cyclotron waves, but contributes
to the damping of the proton-cyclotron mode, thus raising its
threshold. According to Fig. 3 of Hellinger and Trávńıček
(2005), the growth of the proton-cyclotron mode is indeed
reduced by the presence of 5% ofα particles, mainly for
β‖p≃0.1 but also up toβ‖p≃1 to 3. At suchβ‖p, the presence
of α particles could thus favour the mirror mode, as observed
in Fig. 11c.

The conclusion which can be drawn from Figs. 10 and 11
is that the Alfv́enic fluctuations dominate the magnetic spec-
trum for β<1, in agreement with the previous works. How-
ever, we observe that aboveβ=1 both types of magnetic fluc-
tuations seem to control the quasi-linear equilibrium of the
magnetosheath state.
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Fig. 11. Solid lines: average spectraW2
⊥

of the transverse (Alfv́enic) magnetic fluctuations. Dashed lines: average spectraW2
‖

of the
compressive (mirror) magnetic fluctuations, for different intervals lasting 18 min. The dotted vertical line gives the average value of the
proton cyclotron frequency for the considered interval. The dotted diagonal helps to see the variations of the spectral density for a given day
and from day to day.

7 Conclusion

We have simulated four magnetosheath intervals measured
by the Cluster spacecraft, using the numerical 3-D double-
adiabatic MHD model and taking upper limits of the pre-
dicted proton temperature anisotropy from the kinetic thresh-
olds of the proton-cyclotron and mirror instabilities (Sam-
sonov et al., 2001). The ACE magnetic field and plasma solar
wind data have been used as input parameters of the model.

We assume that the magnetopause is a fixed and impenetra-
ble boundary, i.e. without magnetic reconnection. Generally
the numerical predictions agree with the observations, how-
ever, the accuracy of the predictions for these crossings on
the magnetosheath flanks is worse than that obtained by sim-
ilar models in the subsolar region. We think that the problem
may be caused by an inaccurate approximation of the magne-
topause shape in the local magnetosheath model. Therefore,
sometimes the average values of the predicted density and
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magnetic field differ from the observed ones. Another dis-
crepancy between the predictions and observations is con-
nected with the time of arrival of solar wind discontinu-
ities from the Lagrangian point to the magnetosheath. Since
the orientation of the IMF discontinuities, their speed in the
plasma frame and the solar wind velocity in a time interval
may vary, additional time shifts from one minute to tens min-
utes are often required.

The predicted temperature anisotropyT⊥p/T‖p in the four
intervals is equal to or slightly smaller than the observed
one. In Figs. 6–9, we compare the observed temperature
anisotropy with the theoretical kinetic thresholds used in our
MHD modelling. In every interval we can separate low-β –
highT⊥p/T‖p regions (withβ‖p.1), where the observed ra-
tio T⊥p/T‖p is described well by the kinetic threshold of the
proton-cyclotron instability and it is below the thresholds of
the mirror instability. In high-β – low T⊥p/T‖p regions, the
observedT⊥p/T‖p is often between the proton-cyclotron and
mirror thresholds (with the maximum growth rate varying
from γm/�p=10−4 to 2.5×10−2), so one may assume that
the growth rate of both instabilities could be nearly equal.
There are only a few short intervals during the large den-
sity enhancement on 16 December, 2001 when the observed
T⊥p/T‖p is a little below the proton-cyclotron and mirror
thresholds.

We also consider the well-known mirror marginal stabil-
ity thresholdT⊥p/T‖p=1+1/β⊥ and find that it generally
coincides with or is slightly lower than the kinetic mirror
thresholdT⊥p/T‖p=1+0.67β‖

−0.78 obtained by Samsonov
et al. (2001) for the maximum growth rateγm/�p=10−4.

We analyze several magnetic field power spectra between
0.003 Hz and 10 Hz both in low-β and in high-β regions.
This analysis shows that the values ofβ‖p and T⊥p/T‖p

are important but not the only parameters which would de-
termine the dominant mode, compressive or transverse (i.e.
mirror or Alfvénic) fluctuations at the proton scales in the
magnetosheath. Other factors, such as, for example, the per-
centage ofα particles in the solar wind, may also be rather
important. Forβ‖p from 1 to 10, which is typical for the
magnetosheath (except the PDL), there would be usually a
mixture of compressive and transverse fluctuations, with-
out a certain dominance of one of them. Even when the
threshold of the proton-cyclotron instability with the growth
rate γm/�p≃10−2 determines well the observed tempera-
ture anisotropy, while the growth rateγm/�p of the mirror
instability is less than 10−4, nevertheless, the wave power
spectrum may display compressive mirror-like fluctuations,
together with the transverse Alfvénic fluctuations.

Summarizing all obtained results, we can conclude that the
bounded anisotropy model (Denton et al., 1994), using two
separate kinetic thresholds for the proton-cyclotron and mir-
ror instabilities (Samsonov et al., 2001), can describe rather
well the proton temperature anisotropy in the flank magne-
tosheath.
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