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Abstract. Propagation pattern (distribution of phase veloci- thermore, the use of the four identical spacecraft enables us
ties) is determined in three dimensions in the terrestrial magto determine intrinsic phase speeds in the plasma rest frame

netosheath on a statistical basis using Cluster spacecraft olfhereafter, plasma frame).

servations. It is found that the anti-sunward propagation Although a number studies have been presented on the
dominates and that the propagation direction is toward thenagnetosheath waves, most of them focused on the wave

magnetosheath flank at smaller zenith angles, while it is to-mode identification, e.g. dispersion relatioma(ita et al,

ward the magnetopause at larger angles. This pattern i2005, transport ratios@enton et al.1998, spectral signa-
axially symmetric regardless of the interplanetary magnetictures @nderson et a).1994), and the propagation pattern
field direction and agrees qualitatively with the density gra-is yet poorly understood. Furthermore, earlier studies of
dient directions in a hydromagnetic flow model of the mag- the propagation directions relied much on Afic fluctu-

netosheath, suggesting that the wave refraction mechanism &ions in the magnetosheatiatsuoka et al(2000 investi-

more significant than the wave drift effect. gated the Alfenic fluctuations observed by Geotail space-

Keywords. Magnetospheric  physics  (Magnetosheath;
Plasma waves and instabilities) — Space plasma physic
(Waves and instabilities)

craft and found that the propagation direction is outward
om the symmetry axis, which was directly confirmed by
luster spacecraft later o8¢hafer et al, 2005. On the other

hand, signs of the mirror mode are more often observed in the

magnetosheathT§urutani et al. 1982 Lucek et al, 1999.

) Recently it was found that the mirror mode waves propagate
1 Introduction toward the magnetopause in the plane containing the inter-

o . . planetary magnetic field directiomNérita et al, 200§. We
Identifying a wave propagation pattern is not an easy prob-

lem in the magnetosheath, since the ambient magnetic fielg, «
is bent to the magnetopause shape, which causes an asym-
metry about the zenith axis (GSM-X direction). In the case

of the foreshock or the solar wind, in contrast, the ambient2 Statistical study
field can be well approximated by a homogeneous field and

three dimensions” in the present paper.

aim to identify the propagation pattern in the magnetosheath

the wave propagation pattern can be relatively easily config-The purpose of study is to determine spatial distributions of
ured and sketched\rita et al, 2004. The bent magnetic the phase velocity vectors at various coordinates in the mag- &
field may cause an asymmetry in the wave propagation patnetosheath on a statistical basis. For this purpose the Clus-
tern in the magnetosheath, for instance, between the planter spacecraft missiorfegcoubet et al2007) offers a unique
containing the bent field and the one perpendicular to it, butPossibility. It consists of four identical spacecraft and there-
it is not clear how similar or how different the propagation fore enables to determine the wave vectors and the phase ve-
pattern is around the symmetry axis of the magnetosheatHQCity vectors. The time intervals of the Cluster observations
We use Cluster spacecraft data for a statistical study and deb the magnetosheath are chosen for the mission phase with
termine distributions of wave propagation directions. Fur-the smallest spacecraft separation (100 km) from February to

Correspondence toY. Narita vestigated.
(y.narita@tu-bs.de)

Published by Copernicus GmbH on behalf of the European Geosciences Union.

te

munica

June 2002, from which 84 magnetosheath traversals are in-
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Fig. 1. Histogram of sunward component of phase velocities (in the
plasma frame) divided by the magnitude of phase velocities. L7
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Itis convenient to introduce the solar wind coordinate sys- A
tem (Narita et al, 2006 Verigin et al, 2006. Its basis vectors i AN A
are spanned as E A
br =6 (1) 2 | . I N
ey =e; X ex (2) . 0 1
B
e, =———e, X ep, 3) Xaw
| Bx |

wheree, ande; denote the unit vectors in the solar wind di- o _ _

rection and in the interplanetary magnetic field (IMF) direc- Fig- 2. Distribution of the phase velocity vectors in the XY plane of

tion, respectivelyB, denotes the sunward component of the the solar wind coordinate system. Contours represent density ratio
1 X . .

IMF. In the solar wind coordinate system the IMF is tangent ' (€ upstream one in the Spreiter model.

to the bow shock in th& >0 region. Therefore the quasi-

parallel and the quasi-perpendicular shock regimes are sepa- , ) . ,

rated into they’ <0 andY >0 areas, respectively. The IMF is plasma frame frequencies are determined using the relation

contained in the XY plane. The Cluster observations are lim-©»/=®sc—k-v 1, wherew, denotes the plasma frame fre-
ited to the high latitude regions in the magnetosheath becausiUency«s. the spacecraft frame frequendythe wave vec-
of its polar orbit with apogee about Z: (1 Rz=6400 km), tor, andvy; the plasma f!ow velocity. Cluster ion data are
but they can widely spread out from the low to the high lat- US€d t0 determine ;; (Réme et al. 200). It should be
itudes in the solar wind coordinate system, as the XY p|anenoted that only muItl—pqmt measurements can determine the
is rotated about the X axis to include the IMF direction. The Plasma frame frequencies, since one needs the wave ector
ACE spacecraft data of the ions and the magnetic field ard?n€n applying the Doppler relation. Finally the phase VZEIOC'
used to determine,, e, and B, for the respective Cluster Y Vectors are determined from,, andk asv,p=wpk/k
observations. The IMF as well as the bent magnetic fielg@! the observation coordinateswhich are scaled from the
pattern in the magnetosheath are conveniently represented [pagnetopause to the bow shock crossing position.
the XY plane in this coordinate system.

In the wave analysis procedure dominant frequencies are
first identified in the frequency spectra using Cluster mag-3 Results
netic field dataBalogh et al. 2007, and then wave vectors
at those frequencies are identified. We make use of the wavBoth sunward and anti-sunward propagation (in the plasma
telescope methodQlassmeier et al.2001;, Motschmann frame) are identified in the magnetosheath, but the anti-
et al, 1996 Pincon and Lefeuvrel99]) which was de- sunward propagation dominates (Fly. The majority of the
veloped particularly for the multi-spacecraft mission. The waves peaks in this directiom,{, . /v,,~—1) and hence the
Doppler shift of the frequencies is then corrected and theanti-sunward direction is the most preferred direction.

Ann. Geophys., 24, 2442444 2006 www.ann-geophys.net/24/2441/2006/
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0 =1 the density contours toward the smaller densities, i.e. the re-
Ksw lation v,y || —Vn holds, wherev,, andVn denote the phase

velocity and the density gradient, respectively.
Figure 3 displays the distribution of the phase velocities
Fig. 3. The same panels as F@gjfor the XZ plane. in the XZ plane (perpendicular to the IMF). Again the above
pattern is seen, too. The propagation is almost anti-sunward
“at the zenith angle about 45The waves at the smaller zenith
angles tend to propagate in the flank direction, whereas those
at the larger angles tend to propagate in the magnetopause

The propagation pattern for the anti-sunward waves ex
hibits a unique organization shown in detail below. Figre
displays the distribution of the phase velocities in the XY
plane (containing the IMF direction) in the solar wind co- irection.
ordinate system. They are plotted as unit vectors projecte

his ol he ob ) i i th Figure 4 displays the distribution in the YZ plane. Most
to this plane. The observation coordinates in the magne; 4o \waves propagate toward the X axig, Z)=(0, 0), at

tosheath are scaled to the relative position from the magney,iqs clock angles in this plane. The length of the arrows
topause to the bow shock using the Spreiter moB@F€- 5.0 gmalier, reflecting the fact that the phase velocities are
iter et al, 1966 of axially symmetric, hydromagnetic flow dominant in the X direction

in the magnetosheath under the condition of Mach number

M=8 and polytropic index/=5/3. The anti-sunward prop-

agation is clearly seen at the zenith angle (the angle fromy Conclusions

the X axis) about 45 while the propagation directions are

slightly shifted toward the magnetopause at the zenith angldo summarize, the anti-sunward propagation dominates. At
about 90. This tendency is found both in tHe>0 andY <0 the smaller zenith angles the propagation is toward the mag-
half planes. Note that the Cluster spacecraft have an apogeagetosheath flank, and at the larger angles it is toward the mag-
typically upstream of the bow shock and the observations ara@etopause. At 45t is almost anti-sunward. The propagation
not made in the subsolar region (near the X axis). Contourglirections form qualitatively a symmetric pattern around the
in gray in Fig. 2 represent the density ratio relative to the X axis and it can be approximately expressea gg|—Vn.
upstream value varying from 0.8 to 4.1. It exhibits a maxi- The relationship between the propagation pattern and the
mum in the subsolar region and becomes diminished towardiensity distribution is of great interest. In plasmas waves
the flank region. Superposition of the phase velocity vectoramay be coupled to the density gradient, and they become the
and the density contours yields an interesting result, that iso-called drift waves. In the case of the magnetosheath the
the phase velocities traverse more or less perpendicular tmirror mode waves are often observed, and the existence of

www.ann-geophys.net/24/2441/2006/ Ann. Geophys., 24, 2444-2006
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the drift mirror mode has been expected. The drift mirror tosheath observed by Geotail, J. Geophys. Res., 105, 18 361—
mode, however, propagates perpendicular to the density gra- 18376, 2000.

dient direction Hasegawa1969 Pokhotelov et a).2001), McComas, D. J., Bame, S. J., Barker, P., Feldman, W. C. Phillips,
whereas our results prefer the parallel direction. Perhaps the J- L. Riley, P, and Griffee, J. W.: Solar Wind Electron Proton
drift mirror mode is operating in the magnetosheath, but the AlPha Monitor (SWEPAM) for the Advanced Composition Ex-
frequency is proportional to logarithm of the density distri- plorer, Space Sci. Rev., 86, 563-612, 1998.

; - Motschmann, U., Woodward, T. I., Glassmeier, K.-H., Southwood,
bution,wxV logn, and therefore the wave drift effect would D. 3., and Pingon, J. L.: Wavelength and direction filtering by

be tqo small to detect. The parallel p_ropz_igatio_n to the density magnetic measurements at satellite arrays: generalized minimum
gradient may suggest a wave refraction in an inhomogeneous \4riance analysis, J. Geophys. Res., 101, 4961-4965, 1996.
medium. In that case the WKB approximation or the ray trac-Narita, V., Glassmeier, K.-H., Séfer, S., Motschmann, U., &nz,

ing method should be applied to the low frequency waves in M., Dandouras, 1., Fornacon, K.-H., Georgescu, E., Korth, A.,

the magnetosheath, which solves the wave vectas func- Reme, H., and Richter, I.: Alfén waves in the foreshock propa-
tion of the coordinate. This shall be done and compared  gating upstream in the plasma rest frame: statistics from Cluster
with the Cluster observations. observations, Ann. Geophys., 22, 2315-2323, 2004,

http://www.ann-geophys.net/22/2315/2004/
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