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Abstract. Three ULF wave events, all occurring in the ever, when they appear itis usually during magnetically quiet
dayside magnetopshere during magnetically quiet times, arémes.

studied USing the Cluster satellites. The mUlti-pOint mea- The usual ang|e of attack on geomagnetic ULF waves is
surements obtained from Cluster are used to determine thgy solve the MHD equations for a magnetised plasma in a
azimuthal wave number for the events by means of the phasgipo|e field geometry (e.g. Radoski, 1967). For small az-
shift and the azimuthal separation between the satellitesimuthal wavelengths the solution to these equations for the
AISO, the pOlarisation of the electric and magnetic fields is magnetic field is predominant|y in the meridional and para|-
examined in a field-aligned coordinate system, which, inje| directions. In the limit when the azimuthal wavelength
turn, gives the mode of the oscillations. The |arge-inC|inati0n goes to zero, the eastward magnetic field Component also be-
orbits of Cluster allow us to examine the phase relation-comes zero. This is usually termed the poloidal mode. The
ship between the electric and magnetic fields along the fielhroposed excitation mechanisms for this mode are internal
lines. The events studied have large azimuthal wave numtg the magnetosphere and involve unstable particle distribu-
bers (n~100), two of them have eastward propagation andtions. Sources external to the magnetosphere (such as so-
all are in the poloidal mode, consistent with the large wave|ar wind waves) are ruled out because of heavy damping.
numbers. We also use particle data from geosynchronoughe reason for this is that transmission between the mag-
satellites to look for Signatures of proton injeCtionS, but nonenetopause and the resonance position is by means of the fast
of the events show any Sign of enhanced proton flux. ThUSWa\/e_ Consider a box model with theaxis a|0ng the Sun-

the drift-bounce resonance |nstab|||ty seems Unlikely to hquzarth line (positive earthward); the magnetic field lines are
played any part in the excitation of these pulsations. As forparallel to the;-axis and they-axis completes the coordinate

the drift-mirror instability we conclude that it would require system. In a smalB plasma the local dispersion relation is
an unreasonably high plasma pressure for the instability Cri'(WaIker 2004):

terion to be satisfied.

Keywords. lonosphere (Wave propagation) — Magneto- 2 5 2 o

spheric physics (Plasma waves and instabilities; Instruments;z ~ ki —ky — kz=0, @)
and techniques) A

wherew is the angular frequency of the wavg, , , is the
) x, y, zcomponent of the wave vectdfy is the Alfvén speed.
1 Introduction We can assume:=k,r, wherer is the radial distance and
. , . m is the azimuthal wave number. It follows then thakff
Although waves with small azimuthal length scale in the Pc5 ominates the leading term of Edl)( k, becomes imagi-

frequency range have been stu.died since .the 19,303 (Rol ary. The wave is then evanescent everywhere between the
1931) there are still open questions regarding their generaﬁwagnetopause and the resonance position. Its decay is of

tion me_chanism, largely due to insufficient_data for a COM- e order of exp— [k|dx) with distance from the magne-
plete picture of both the waves and the particles. ULF Wavestopause. Whe, is large, no significant energy can reach
in the Pc5 frequency range are seldomly observed close t%he resonance p)osition

noon MLT in the magnetosphere (Hudson et al., 2004), how- . ) o L
During magnetically active times, substorm injection of

Correspondence tofommy Eriksson energetic particles can produce an unstable plasma distribu-
(tommy.eriksson@alfvenlab.kth.se) tion that via drift-bounce resonance interaction can couple to
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ULF waves. The drift-bounce resonance criterion betweenin GSE-coordinates. The FGM instrument (Fluxgate Mag-

the wave and the particles is normally written as netometer) measures the three components of the magnetic
field. The Cluster data used have a time resolution corre-

@ —mQp=NSp, (2) sponding to one spacecraft spin period (4s). Data from the

whereQ) is the particles’ bounce-averaged drift frequency, LANL geosynchronous satellites have been used to monitor

Qjp is the bounce frequency of the particles and N is anpossible particle injections. The CPA and SOPA instruments

integer (Southwood et al. 1969). Recently, Glassmeier efarried on board the satellites measure electron and proton

al. (1999) generalised Eq2)( by allowing an asymmetric fluxes. The satellites used to monitor injections are (with

ionospheric conductivity. In doing so they came to the con-their longitudinal position in geographical coordinates),

clusion thatN could take any real value, determined by the 1990-095 (38 W) 1991080 (166 W) 1994-084 (145 E)

physical properties of the system. Oscillations that occur durbANL —01A (7.9 E) LANL—02A (69 E) LANL-97A

ing active times are normally observed in the dusk sector and102’ E), all of which are in geostationary orbit.

are termed storm-time pulsations.

Another proposed excitation mechanism is the drift-mirror ] .
instability (Chen and Hasegawa, 1991; Walker et al., 1982)3 Observations and data analysis

It can develop in finite beta plasmas when there is a signifi-_ o
cant pressure anisotropy, with the instability criterion This paper focuses on three ULF wave events occurring in
the dayside (MLT~10-15) magnetosphere in the vicinity of

ﬂ>1 + i 3) the plasmasphere {4.<6). This region of space is crossed
Py B’ by Cluster in the period May-September when the spacecraft
are close to perigee. For this time period ULF oscillation
events have been identified by inspection of the duskward
Electric field.

A field-aligned coordinate system is needed to determine
the relevant polarisation of the oscillations. This system is
defined as follows: a 20-min running average is applied to the
measured magnetic field. This average is then taken as the
QDackground magnetic field and its direction defines the par-
allel componentp, in the coordinate system. The other com-
ponents are then chosen todse(px R)/| px R|, whereR is
the radius vector of the satellite ane:e x p; e thus defines
the eastward direction aridis meridional (radially outward
t the magnetic equator). The coordinate systemis illustrated
n Fig. 1. By plotting the electric and magnetic fields in this
%oordinate system, the polarisation can be found. This then
Yells us whether the oscillations are in the toroidal or poloidal
mode. For this study, only events which are found to be in
Yhe poloidal mode are selected.

The large-inclination orbits of Cluster make it a good plat-
form for studying the physics along the field lines for a ULF
2 Instrumentation pulsation event. In addition, the azimuthal separation of

the spacecraft allows us to determine the propagation char-
Our study uses the EFW (Gustafsson et al., 1997) and thacteristics of the wave in the azimuthal direction (i.e., the
FGM (Balogh et al., 1997) instruments on board the fourazimuthal wave number). This is done by calculating
Cluster spacecraft (e.g. Escoubet et al., 2001). The Clustaihe phase difference between the satellites. A detailed de-
spacecraft have an orbital period of 57 h and the nearly poscription of the calculations of the azimuthal wave number is
lar orbits have a perigee ofRz and an apogee of 19/5¢. given in Eriksson et al. (2005). Figure 2 shows the duskward
The orbital planes are fixed in inertial space, so as the Eartlelectric field for s/c 1 and s/c 2 (top panel) and the phase
progresses around the Sun, apogee will change from localifference between the two (bottom panel). The phase differ-
noon in midwinter to midnight in midsummer. The space- ence at the time when both spacecraft are on the gastel|
craft constellation forms a tetrahedron, which, in general, isis selected and divided by the azimuthal angle separation of
non-regular (i.e. the separation between each pair of satekhe spacecraft in SM-coordinates. This is performed on as
lites is not equal). The EFW (Electric Field and Waves) in- many combinations of satellite pairs as possible, to obtain
strument measures the electric field components in the spimultiple estimates ofz. An interesting aspect is how much
plane of each spacecraft. This plane is close to the eclipthe frequency of the oscillations is Doppler-shifted due to
tic plane and the two components measured (duskward anthe motion of the spacecraft. If we assume wave propaga-
sunward) are thus very close to tireand y components tion of the formei”¢~i®! the Doppler-shift can be estimated

where P=Nk,T and 8, =2uoP./B? (that is, the perpen-
dicular pressure is larger than the parallel pressure, so pa
ticles are “squeezed” from regions of higher magnetic field
into regions of lower). In the rest frame of the plasma the
mirror instability grows without oscillations (zero real fre-
quency). This instability is a viable excitation mechanism
at L>8, where the magnetic field becomes weak enough t
allow g8 to exceed unity during normal conditions.

There are a number of spacecraft observations of large-
ULF pulsations and two reviews of these are given by Ander-
son (1994) and Takahashi (1988). The majority of these stud
ies were with satellites near the equatorial plane and som
utilised multi-spacecraft configurations. One such study wag
conducted by Takahashi et al. (1985), who investigated th
azimuthal wave number of several compressional Pc5 wave
They foundm in the range of-40 to—140 by observing the
phase difference between two azimuthally spaced satellite
We shall adopt a similar approach in this paper.
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Fig. 1. Schematic illustration of the field-aligned coordinate system Jous o),

used in this study. The green line represents a magnetic field line

and the purple line represents the spacecraft orbit. See text for theig. 3. The duskward electric field for the 17 August 2002 event.

definition of the coordinate axis. The bottom panel is s/c 1 (black), followed by s/c 2 (red), sic 3
(green) and s/c 4 (blue) at the top.
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Fig. 2. The top panel shows the duskward electric field for s/c 1

(black line) and s/c 2 (red line), and the bottom panel shows theFig. 4. L-value, polar angle in SM-coordinates and MLT for s/c 1
phase difference between s/c 1 and s/c 2 for the 21 September 20qBlack), s/c 2 (red), s/c 3 (green) and s/c 4 (blue) for the 17 August
event. 2002 event.

by m fsatwhere fsas is the azimuthal orbital frequency of the 16:40 UT for s/c 1, 2 and 4. For s/c 3 they appear at 17:15 UT,
satellite in SM-coordinates. Of interest is also the phase re€onsistent with the fact that s/c 3 is trailing the rest of the
lationship between the electric and magnetic fields. In thissatellites, as seen in panel 1 of Fig. 4. This event occurs at
study the phase difference between theomponent of the about noon MLT. The abrupt onset and end of the oscilla-
magnetic field oscillations and tliecomponent of the elec- tions might be related to an abrupt change in plasma density,
tric field oscillations has been examined. From this we canlike a crossing of the plasmapause. As the spacecraft move
deduce if the standing wave is in an asymmetric or a sym+o smallerL, the amplitude of the oscillations decreases (i.e.,
metric mode with respect to the wave magnetic field, or if the spacecraft are moving away from the resoriashell),

the wave has developed into a quarter wavelength mode dugo that the extent of this event is abouk 2 in the equatorial

to large asymmetry in ionospheric conductivity. plane. Figure 5 shows the fields plotted in our field-aligned
coordinate system . The polarisation of the magnetic field in
3.1 17 August 2002 the field-aligned coordinate system shows clear oscillations

in the7 and p directions but none in thédirection. This in-
Figure 3 shows the duskward electric field measured by thalicates that the wave is in the poloidal mode. The estimate of
four spacecraft. The oscillations appear in the data at aboute azimuthal wave number yields=130+30, so the sense
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Fig. 5. The electric and magnetic fields in a field-aligned coordinate Fig. 7. As Fig. 5 but for the 14 August 2003 event.
system for the 17 August 2002 event. The subscript r indicates the
meridional, e the eastward and p the field-aligned (parallel) direc-

tion. 3.2 14 August 2003
E-dusk This event occurs at about 13:30 MLT, when the spacecraft

. ‘2‘ ‘ ‘ ‘ are relatively close to each other).1 Rg in L and<0.5° in
§ . azimuthal separation. Accordingly, the commencements of
gl the oscillations in the duskward electric field are within mins

-4 between the satellites, as seen in Fig. 6. For this event the
g phase difference between the satellites range froto 3C°,
é: l with fluctuations in the same range. So we cannot make
. | a precise determination of the-number other than that it
3 zm q “ MN ”‘ " }‘ is large £~100). The observed frequency is at_>out 5.8 mHz
£° w W\ ‘h \h\\ \M It u\‘ MMW w N ‘\M / ‘w“ W“W W‘m’\ when the spacecraft are south of the magnetic equator and
5’2 ‘. JU IU \ then decreases to about 5.4 mHz north of it. Since we do
. 72 not know the azimuthal wave number, this change might be
£ o caused by a Doppler-shift in frequency, but it is unlikely
€ since fsat changes approximately from510~3 mHz south

Thoo 0% o TS 200 23 13:00 of the magnetic equator t0$1073 mHz north of |t, meaning

Hours (UT)

2003-08-14 thatm has to be about 220 to accommodate this change. The
magnetic field exhibits the poloidal mode polarisation (i.e.
Fig. 6. The duskward electric field for the 14 August 2003 event.  ygcillations are in the radial and field-aligned components),
as shown in Fig. 7.K, is 20 from 09:00 UT to 12:00 UT

o _ . _ and the IMFB; is mostly positive from 08:00 UT to about
of propagation is eastward for this wave. By inspecting the1s.00 UT.

phase difference betweépandE, we find that it is approx-

imately 100 south of the equator and approximatei30® 3.3 21 September 2003

north of it, meaning that there is a 18phase shift across the

equator. So this is an asymmetric (odd) mode with respecThe ULF oscillations in the duskward electric field compo-
to theb,-component of the wave magnetic field. This event nent start at about 11:55 UT on all four satellites (Fig. 8),
is monochromatic in time and space, with the wave oscillat-due to their relative proximity<€0.1 in L during the event,

ing at 4.2 mHz measured in the satellite frame. Regarding-ig. 9). At about 12:30 UT, coinciding with the minimum
the Doppler-shift, s/c 2 moves aboutt2 from 16:30 UT  in amplitude in the electric field oscillations, the satellites
to 17:00 UT, which meangsarv4.0.10 3 mHz. For an az- pass perigee. Pc 3 pulsations are also visible, especially from
imuthal wave number of 100 this would give us a Doppler- about 12:50 UT to 13:30 UT. The Pc 5 wave event of interest
shift of 0.4 mHz, an order of magnitude less than the ob-here occurs at about 11:00 MLT. From the phase difference
served frequency for this event. The geomagn&ticindex  of the duskward electric field between the satellites, the az-
is 1+ from 15:00 to 18:00 UT and the interplanetary mag-imuthal wave number is estimated to be about90, mean-
netic field (IMF) B, has mainly a weak negative component ing that this is a highn event, with the wave propagating
from 15:00 UT to 20:00 UT. eastward. By inspection of the polarisation of the magnetic
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Fig. 9. L-value, polar angle in SM-coordinates and MLT for s/c 1,

s/c 2, s/c 3 and s/c 4 for the 21 September 2003 event. Fig. 11. Spectrogram for the duskward electric field measured by

s/c 4 on the 21 September 2003 event.

field in the field-aligned coordinate system, we see that thet ReSUlts

field is oscillating in the andp directions (Fig. 10), whereas
no oscillations are found in thedirection, indicating that it

is the poloidal mode that is excited. Looking at the phase
difference between, and E,., we find that its about-90°
south of the equator and about 2Qfbrth of it, with varia-
tions of the order oft15°. Figure 11 shows a spectrogram
for the duskward electric field on s/c 2. Apparent is the in-
crease in frequency from about 4.6 mHz at 11:50 UT to abou
6.6 mHz at 12:20 UT. This increase cannot be accounted for
by an increase in Doppler-shift, since the angular frequency LRg\®
fsatis more or less constant through the event. Khein- P=Peq ( ) )
dex is 3+ from 09:00 to 12:00 UT and 4o from 12:00 UT

to 15:00 UT,; the IMF is northward from about 10:00 UT to wherep,, is the density at the equatak, is the Mcllwain
12:00 UT when it rapidly changes sign and stays southwarcharameterRg is the radius of the Eartlr,the geocentric dis-
for a couple of hours. tance to a point on the field line andis the scaling index.

The high values+100) of the azimuthal wave number found

in all three events are consistent with the poloidal mode type
polarisation of the wave magnetic field. All of the studied
events are located within £.<6). Many authors have stud-
ied the eigenfrequencies for geomagnetic ULF pulsations
(e.g. Cummings et al., 1969; Schulz, 1996; Takahashi et al.,
t2004) These studies adopted a power law for the plasma
density along a field line:

4
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From this model of the density the Wentzel-Kramer-Brillouin orbit. Thus, they found the instability criterion (EQB))
(WKB) approximation can be used to calculate the eigenfre-to be satisfied. Woch et al. (1988) found an anisotropy of
quencies. In this approximation the harmonics are multiples60% for a Pc5 pulsation event observed by GEOS-2 on 14
of the fundamental frequency which is inversely proportional November 1979. As the magnetic field increased. ate-

to [ f—j wheres is the coordinate along the field line angl creases, larger anisotropy is needed for an instability to de-
is the Alfvéen speed. However, the WKB approximation is, in velop. We can make an estimate of the plasma density re-
general, only true for=6. So, in reality, the frequency ratios quired for Eq. 8) to be satisfied based on the observed mag-
of the different harmonics are dependent on the variations ofetic field. The absolute value of the magnetic field is 220—
the plasma density. This effect can be incorporated by solv380nT for the 17 August 2002 event, 36880 nT for the

ing the governing wave equations numerically, yielding a nu-14 August 2003 event and 25@00nT for the 21 Septem-
merical approximation for the eigenfrequencies. This wasber 2003 event. If we assume a temperature anisotropy of
done by Takahashi et al. (2004) for the toroidal mode. Their60% and?Z =1 MK (~86 eV), the particle density has to be
Table 1 shows the obtained ratio f@¢f>/fr1 and fra/fr1 between 11x10° cm=3 and 23x10% cm2 for Eq. @3) to be

for integer values of in the range-6<a<6 atL=6.6. They  satisfied. This is a very high value fdr~5. Farrugia et
also find thatt~0.5 at 4<L <6. The events studied here also al. (1989) found the ion temperature in the quiet plasmas-
occur within L <6, so we can use=1 as an estimate of the phere to range from»10°K to 1.5x10*K and the proton
distribution of plasma along a field line. Fee=1 Takahashi  density to vary smoothly betweer10?cm—3 (L~6) and

et al. (2004) obtainedrs/fr1=4.09 for the toroidal mode. 2x103cm 3 (L~3). Thus, it seems unlikely that the drift-
Cummings et al. (1969) showed that the frequency of the fun-mirror instability is the driver for any of these three events.
damental poloidal mode is lower than for the frequency ofthe SOPA and CPA data from the LANL satellites have been
fundamental toroidal mode. Schulz (1996) derived an empirstudied for signs of proton injections prior to, or during, the
ical relation factor between the two fundamental frequenciespbserved ULF events. An observed enhancement of the pro-

given by: ton flux in conjunction with the waves would give a strong

fr1 0.246 case for the drift-resonance instability as a driving mecha-

'f— = Fp1=0.690+ (—) . (5) nism. However, none of the satellites show enhancements
T1

in proton flux for any of the events, several hours prior to, as
So atL=4 the fundamental poloidal frequency is about 25% well as during the events themselves. For the 17 August 2002
lower than the corresponding toroidal frequency (and aboukevent three LANL satellites had data available (LANQ1A,
27% atL=6). Furthermore, we assume that the frequencyLANL —97A and 199%-080). This event was particularly
ratio of the higher order harmonics is one. So we obtainquiet, with no signs of injections observed in the data eight
fr3/fp1=5.44 as an estimate for the ratio for the poloidal hours prior to the observation of the ULF oscillations. For
mode (where we have assumggk= fr3). Although thisra-  the 14 August 2003 event, data from all six LANL satellites
tio is L dependent, it does not vary strongly for4 (Schulz,  were available and none of them show any sign of proton in-
1996, Table 2). If we assume that the observed oscillations ifjections three hours before, or during, the ULF event. LANL
the 17 August 2002 event were the third harmonic, we obtaindata from 21 September 2003 does not show any injection
the estimate of 0.7mHz (with the calculated Doppler shifttwo and one half hours before, as well as during the event,
taken into account) for the fundamental mode. Althoughalthough 1991-080, 1994-084 and LANR7A show a de-
low, this value is not unreasonable. If we instead assume thagtression in the proton flux during the ULF wave event. The
the observed frequency is the fundamental mode, we obtaigatellites LANL-01A and LANL—02A show no significant

21 mHz for the third harmonic. By following the same rea- alterations in the flux. 1990-085 had no data available for
soning for the 4.6-6.6 mHz wave of the 21 September 2003 this event.

event (which also had an approximately 18thase jump

across the equator, and accordingly, occurred in the asym-

metric (odd) mode), we obtain 0:9.2/25-36 mHz as an 5 Discussion and conclusions

estimate for the fundamental/third harmonic.

Most of the studied poloidal wave events with high az- The drift-mirror instability caused by an anisotropy in the
imuthal wave number have displayed westward propagatiorplasma pressure has been considered by several authors to
(consistent with the predominant drift motion of ions). In be a driving mechanism of high- ULF pulsations. How-
this study at least two of the three events exhibit eastwarcever, for the events studied here unusually high values would
propagation (positive wave number). Events with eastwarcbe needed for either the pressure anisotropy, the density
propagation have been studied with radar by Walker ancbor the temperature, for the instability criterion to be satis-
Nielsen (1984) and with satellite by Takahashi et al. (1987);fied. The drift-resonance instability is also unlikely since
however their events occurred in the post-midnight sector, irthe events occur during magnetically quiet times and no pro-
contrast to the dayside events observed here. ton injections are visible from geostationary satellites. A

The existence of pressure anisotropy can render the plasmgelvin-Helmholtz instability at the magnetopause, or other
unstable to the mirror instability. Takahashi et al. (1987) driving mechanisms outside the magnetosphere, are also
observed an anisotropy of 14% afd~9 at geostationary ruled out, due to the very large azimuthal wave numbers
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observed. Thus, it seems likely that the 17 August 2002Eriksson, P. T. I., Blomberg, L. G., and Glassmeier, K.-H.: Cluster
and 14 August 2003 events were driven by some other satellite observations of mHz pulsations in the dayside magneto-
plasma instability. The drift-wave instability associated Sphere, Adv. Space Res., doi:10.1016/j.asr.2005.04.103, in press,
with a gradient in the cold plasma population, discussed by 2005. . . .
Hasegawa (1971), or a modification of the drift-mirror insta- EScoubet, C. P., Fehringer, M., and Goldstein, M.: The Cluster mis-
bility such as the one studied by Pokhotelov et al. (2001), SO Ann. Geophys., 19, 1197-2000, 2001,

. . . . SRef-ID: 1432-0576/ag/2001-19-1197
would be two candidates. As for the drift-wave instabil- Farrugia, C. J., Young, D. T., Geiss, J., and Balsiger, H.: The com-

ity Hasegawa (1971) assu_med t_he following plasma param- position, temperature, and density structure of cold ions in the
eters at the plasmapause: the ion and electron temperature g et terrestrial plasmasphere: GEOS 1 results, J. Geophys. Res
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