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Abstract. We study compressional pulsations in Pc5 fre- magnetic field magnitude, and not so much the physics be-
quency range observed in the dawn-side at distances of abohind it. Even sometimes the time scale can be outside of the
10 Rg, close to the magnetic equator. We use data obtainedPc5 range (150600 s), as defined by Jacobs et al. (1964).
during two events of conjunctions between Equator-S and Statistical studies of spacecraft data (Anderson et al.,
Geotail: 1000-1700 UT on 9 March 1998, and 0200-0600 UTL.990; Hedgecock, 1976; Takahashi et al., 1990; Zhu and
on 25 April 1998. In both events, pulsations are observed afKivelson, 1991; Lessard et al., 1999) show that compres-
ter substorm activity. The pulsations are antisymmetric withsional Pc5 pulsations are dominant pulsations at large dis-
respect to the equatorial plane (even mode), and move eastances,L. > 8, but are less common at synchronous orbit.
ward with phase velocity close to plasma velocity. The pulsa-They have highest occurrence rates in the morning and af-
tions tend to be pressure balanced. We also discuss possibiernoon sectors. Waves are observed close to the magnetic
generation mechanisms of the pulsations. equator (within about 29. The amplitude of pulsations
correlate with plasmg (a ratio between thermal and mag-
netic pressures); the highest amplitude waves are in regions
of high-8 plasma (amplitudes can be as high as half of the
ambient magnetic field). Magnetic and thermal pressure in
pulsations are primarily in antiphase and nearly balance each
other. Pulsations are polarized close to the meridian plane
1 Introduction with comparable compressional and transverse components.
The oscillations in inclination are such that low inclination

Strong compressional Pc5 pulsations, i.e. variations in th&0rresponds to a high magnetic field.

magnetic field magnitude with periods of typically about In several cases, it has been possible to estimate the trans-
10 minutes, are commonly observed in the outer magneYerse size of pulsations either using two satellites or the fi-
tosphere at low geomagnetic latitudes. The Equator-S andite gyroradius method (Takahashi et al., 1985; Lin et al.,
Geotail satellites are well suited for studies of these pulsa-1988; Zhu and Kivelson, 1994). The typical azimuthal size
tions because their orbits are close to the equatorial plane ari§ 0-5-5R. The radial scale size is usually larger than the
cover largeL distances. Equator-S, with its apogee at aboutdZimuthal. The magnetic equator is a node for the compres-
11.5 Rg, stays particularly long in regions where the com- sional component and antinode for the transverse component,
pressional pulsations are observed. We use data from twhe. the pulsations are antisymmetric with respect to the equa-
conjunctions between Equator-S and Geotail to study thesér (even mode) (Takahashi et al., 1987; Zhu and Kivelson,
pulsations. 1994).

Compressional Pc5 pulsations are most often observed at 1here are several explanations for the development of com-
large L distancesL > 8, and there is a vast amount of data pressional Pc5 pulsations. Observations indicate that the mir-
and studies related to this subject. Nevertheless, fundament&9r €ffectis dominating the response of the particles (Baumjo-
issues related to their generation, structure, lifetime, relatio’ann etal., 1987; Zhu and Kivelson, 1994), and therefore, the
to observed shear waves, and relation to ground observatiori1ase velocity of the pulsations must have typical values that
are still not settled. The term “compressional Pc5 pulsations'@® much smaller than the thermal velocity of ions. It has

still reflects primarily the time scale of the variations in the P&en proposed that the pulsations are drifting plasma clumps
or slow magnetosonic mode (Sonnerup, 1969) or drift mir-

Correspondence toA. Vaivads (andris@irfu.se) ror mode (Hasegawa, 1969). Later modifications in the drift

Key words. Magnetospheric physics (magnetospheric con-
figuration and dynamics; MHD waves and instabilities; plas-
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mirror mode have been introduced, taking into account mag- -9.0¢ ‘ ‘ : ; 15
netic field curvature and coupling to compressional and shear 9.5 Equator-S Geota!_[»______.u..._,... ;
Alfv én waves (Chen and Hasegawa, 1991, 1994; Cheng and - g ]

Qian, 1994). There are also suggestions that compressionag |
pulsations can be global modes of the magnetosphere (Kiveﬁ '10'5§
son et al., 1984). 1.0 11

Several studies have analyzed the phase velocity of com- -11.5¢
pressional pulsations (e.g., Takahashi et al., 1985; Baumjo-  ,£
hann et al., 1987). Most of these studies show that pulsa- g
tions in the afternoon sector and on the day-side propagate _
westward. Only few studies show that compressional pulsa- ~’
tions in the morning sector propagate eastward (e.g., Taka-
hashi et al., 1987; Haerendel et al., 1999). In which direction : ]
compressional pulsations propagate in the plasma reference 4 3 2 r 0 1 2 3
frame is still an open question.

The following generation mechanisms have been sug-
gested for the compressional pulsations: plasma anisotropy
(Hasegawa, 1969), pressure gradient, together with gradientg
and curvature in ambient magnetic field (Cheng and Qian, °
1994; Chen and Hasegawa, 1991), and bounce-resonant par-
ticles (Southwood, 1976). Most of these mechanisms predict
that in a highg plasma, the mode that will be generated first
is antisymmetric with respect to the magnetic equator. There
are also suggestions that compressional pulsations are gen-_
erated through Kelvin-Helmholtz instability at the boundary % 0
between the central plasma sheet and the low latitude bound-
ary layer (Rostoker and Samson, 1984), or within the regions
of high velocity shears associated to the Iovshear Alf\en 01-0:00 o 1200 1300 1200 1500
waves (Allan and Wright, 1997). UT 9 March 1998

This article is a continuation of the study done by Haeren-
del et al. (1999). In this article we study two CompressionaIFig' 1. The location of Equator-S and Geotail during event .of 9
Pc5-type pulsation events on 9 March 1998 and 25 Apr“March 1998. Also shown are the toual_thermalPT, an_d magnetic
1998. Simultaneous Geotail and Equator-S conjunctions durl’B pressure measured by both sateliites. The gap in the Equator-S
ing these events, with satellites being on opposite sides of thdata of the plasma pressure, betweet800 UT and~1430 UT,

. ' ; Gomes from a gap in the telemetry of the lon Composition Instru-
magnetic equator, allow a detailed study of the structure of o
the pulsations. In particular, we compare the phase velocity
of the pulsations with the plasma velocity.

We use data from the Equator-S magnetic field experimentyiigng after 1500 UT, as it enters deeper into the magneto-
(Fornacon et al., 1999) and moment data from the ion Comyphare  Equator-S observes pulsations until 1735 UT, when
position instrument (Kistler et al., 1999). From Geotail we data transmission ends.
use 12-sec averaged data from the Geotail magnetic field
(Kokubun et al., 1994) and low energy particle experiment

(Mukai et al., 1994).

16:00 17:00

9 March 1998 was a moderately quiet day with AE in-
dex values below 200 nT. The IMF turned southwaBd &
—3nT,B, ~ 5nT) atabout 0700 UT. At 0820 UT there is the
first onset of a substorm followed by later substorms (or in-
tensifications) at 0925 UT, 1010 UT, 1100 UT. Geotail EPIC
observes injection of energetic electrons at 0830 UT and en-
21 The 9 March 1998 event ergetic ions at about 0900 UT (not shown). Compressional
pulsations start to appear with the energetic electrons. How-
Figure 1 shows the location of the Equator-S and Geotail€Ver, they obtain their maximum amplitude after the arrival of
satellites and their measurements of total, plasma, and madhe energetic ions. Geotail also observes compressional pul-
netic pressure during the 9 March 1998 event. During thisSations several hours before the substorm (there are no data
period both satellites are located in the dawn-sector close tdfom Equator-S). Ground magnetometers show Pc5 and Ps6-
but on opposite sides of the geomagnetic equatorial planelyP€ pulsations in association with substorms (not shown).
In comparison to Geotail, Equator-S moves more slowly and In Fig. 2 and Fig. 3 we show more detailed plasma and
stays longer in the region. Both satellites observe compresmagnetic field data from both Equator-S and Geotail during
sional pulsations for many hours. Geotail ceases to see puthe time period around their conjunction. The conjunction

2 General event descriptions
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Fig. 2. Equator-S data for the time period around the Equator-rig 3. Geotail data for the time period around the Equator-
S/Geotail conjunction on 9 March 1998. Data are presente®id  g/Geotail conjunction on 9 March 1998. Panels are the same as
(radial SM) coordinates, wher&  is radially outwards H is anti- in Fig. 2.

parallel to the direction of magnetic dipole aftcloses the sys-

tem (approximately eastward). The different panels sh@ythe

magnetic field magnitudep-d) v, D, and  components of the  yg|ocity of Geotail shows an azimuthal convection sunward

magnetic field(e-g) V', D, andH gomponents o_f the plasma ve_loc- of about 20 km/s. Thus, both satellites are located within the
ity, (h) total, plasma and magnetic field pressiipeplasma density, lasma sheet
(P .

() plasma temperature parallel (dotted) and perpendicular (solid) t

the ambient magnetic field. 2.2 The 25 April 1998 event

Figure 4 shows the location of the Equator-S and Geotalil
is at~1215 UT. From Fig. 2 we see that the magnetic field satellites and their measurements of total, plasma, and mag-

at the Equator-S is dominated by the radial component. Th&'€tic pressure during 25 April 1998 event. During this pe-
azimuthal component of the velocity shows average sunwardiod both satellites are located in the early morning sector
convection of the order of 20 km/s. We will discuss the corre-/0S€ t0, but on opposite sides of the geomagnetic equato-

lation between velocity and magnetic field components in thefial plane. Both satellites observe compressional pulsations

next section. In the compressional pulsations that EquatorP€tween about 0320 UT and 0520 UT.

S observes between 1230 UT and 1300 UT, the tempera- 25 April 1998 was a geomagnetically active day with the
ture and density anticorrelates, while it correlates during the \E index values reaching over 500 nT. Between 0200 UT
other time periods. This can indicate that between 1230 uTand 0300 UT, one hour before the pulsation observations,
and 1300 UT Equator-S enters into the low-latitude boundar)}here is a substorm with three intensifications. Nakamura et
layer where an anticorrelation between temperature and derf2- (1999) gives a thorough description of this substorm. The
sity is common. Geotail, around the conjunction, is closer toDstindex mdlcates.that this event occurs during the recovery
the magnetic equator than Equator-S. The data confirm thig?hase of a magnetic storm.

the magnetic field is not dominated by the radial component,

even thpugh the magnetic fielq .variations are still largest ing  pata from Equator-S and Geotalil

the radial component. In addition, Geotail is on closer L-

shells than the Equator-S because the correlation betweem1 Magnetic field

density and temperature indicates that Geotail does not en-

ter the low-latitude boundary layer (except maybe for a fewDuring both conjunctions the satellites are on opposite sides
minutes, around 1240 UT). Similar to Equator-S, the plasmaof the geomagnetic equator. This configuration was used by
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F Py /0
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150 in Fig. 6 band-pass filtered data, 180<s T < 1800 s,
s 10“" of Equator-S and Geotail in the mean field coordinates. We
< choose the time interval that includes the conjunction and the
05 period before it. For almost the whole time interval, the po-
00 1 larization of the magnetic field observed by the satellites is
02:00 03:00 04:00 05:00 06:00 consistent with the antisymmetric wave structure, as shown

UT 9 March 1998 in Fig. 5, that does not change in time, but only passes from

left to right (sunward or eastward motion). There are several
observations that support it. At the conjunction, the mag-
netic field magnitudes seen by both satellites anticorrelate.
Equator-S (which is farther away from the magnetic equa-
tor) shows that the variations in the magnetic field are mainly

Haerendel et al. (1999) (see their Fig. 10) to show that thd" the field aligned component; there is a small radial com-
compressional pulsations are antisymmetric with respect t(ponen_t t_hat anticorrelates with _the field aligned component.
the equator (second harmonic type). In addition, the COn_Gthall is closer tq the magnetic equato_r and ghows that the
junctions allowed Haerendel et al. (1999) to estimate the azf@dial component is comparable to the field aligned compo-
imuthal phase velocity and the azimuthal size of pulsationsN€nt. Also consistent with the model is the phase lag of the
Both for 9 March 1998 and 25 April 1998, the azimuthal size 8Zimuthal component, with respect to the field aligned com-
is about 10 degrees, which corresponds to m-values of abolOnent; at Equator-S, after1130 UT, itis—90” and at Geo-
35. The azimuthal phase velocity values in SM coordinated@il, itis 90°.
are about 20 km/s in the eastward direction, which is the di- The models of compressional Pc5 pulsations usually do
rection of the plasma convection. Later we will analyze morenot discuss the velocity components, except in a few cases,
thoroughly the propagation of compressional variations. interpreting them as eventu# x B drifts. One thing to

In Fig. 5, we sketch the antisymmetric standing mode asnote is that, in general, the radial velocity component at both
seen when looking from the dawn side towards the Earth andatellites lag in phase by90° the field aligned component
from the tail towards the sun. Similar sketches can be seewnf the magnetic field. We will speculate that this velocity
in earlier studies. For a 3D-sketch of the spatial structurecomponent can be dominated by a diamagnetic drift. In this
of compressional pulsations, see Fig. 11 in Haerendel et alcase the phase relationship is consistent with the model of
(1999). For a similar 2D-sketch, see Fig. 8 in Takahashi etalFig. 5. There are no clear phase relationships between the
(1987a) or, for Jupiter's magnetosphere, Fig. 15 in Khuranaazimuthal velocity component and the magnetic field. At the
and Kivelson (1989). For an example of a numerical solutionsame time, it seems that azimuthal velocities at both satel-
to the structure of an antisymmetric drift mirror-ballooning lites are approximately in phase. This can indicate that part
mode, see Fig. 9 in Cheng and Qian (1994). of the variations in the azimuthal velocity component are as-

To compare the sketch of Fig. 5 with the data, we plot sociated to some kind of large-scale azimuthal oscillations of

Fig. 4. The location of Equator-S and Geotail during event of 25
April 1998. Also shown are the totad, thermal P7, and magnetic
Pp pressure measured by both satellites.
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(positive outward)y — closes the system (approximately eastward). \5,q (dotted) directions, units are arbitrary.
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9 March 1998

the plasma sheet. Finally, the field aligned velocity compo- .
. . . : . total pressure can become almost constant when we take into
nent tends to be in antiphase, with the radial velocity compo- . : :
ccount all energetic particles. We have not taken into ac-

nent at_ Geotail (_no such phas_e relatlon_ Is seen at Eq_uator?S ount the pressure of electrons that contribute about 1/5-1/7
There is no obvious explanation for this phase relationship,

but Haerendel et al. (1999) has suggested that this is assé)-]c the total pressure (Baumjohann et al., 1989).

ciated with plasma being sloshed along the magnetic fiel .
lines. d3.3 Phase velocity, the 9 March 1998 event

Haerendel et al. (1999) estimated the azimuthal phase veloc-
ity of compressional pulsations using close conjunction of
In previous studies it has been shown that in compressiondEquator-S and Geotail satellites for the 9 March 1998 event.
pulsations, magnetic and thermal pressure (the componerkhe obtained velocity was about 20 km/s eastward for the
perpendicular to the ambient magnetic field) tend to be in antime period around the conjunction, 1100-1300 UT. During
tiphase and cancel out each other (Zhu and Kivelson, 1994){he same time period, the average azimuthal plasma veloc-
Direct inspection of our data verifies this also in our case.ity is 21 km/s from the Equator-S data and 16 km/s from
Figure 1 and Fig. 4 show the measurements of the magnetithe Geotail data (if not otherwise specified, we use the term
and thermal pressure. For Equator-S we plotted the pressuriglasma velocity as the velocity obtained integrating ions in
perpendicular to the ambient magnetic field summed over H the energy interval 32 eV — 40 keV). This indicates that the
and O' ions. Geotail cannot distinguish different ion species. compressional pulsations move with a phase velocity that is
The variations in the total pressure are small in comparisorflose to plasma velocity.

to the variations in magnetic and thermal pressure during 9 On 9 March 1998 the phase velocity of compressional pul-
March 1998. Thus, pressure balance is approximately satissations is approximately equal to the plasma velocity, also
fied for the pulsations of this event. During 25 April 1998, at time intervals outside the satellite conjunction. To show
the variations in total pressure are much larger than the variathis we estimate the phase velocity using the finite gyrora-
tions in thermal pressure, which would indicate that pressuredius method (Su et al., 1977). This method uses the phase
balance is not satisfied. However, during 25 April 1998, adifference between ion flux measurements from opposite di-
large part of the ion population has energies above 40 keVfections to estimate the phase velocity of the passing wave.
which is above the upper limit of ion instruments used in theln Fig. 7 we show such estimates for a few compressional
calculation of plotted pressures (the peak of differential en-variations in the magnetic field during the time period 1500-
ergy flux for protons seems to be close to 40 keV). Thus, thel540 UT. The solid line in Fig. 7a shows the magnetic field

3.2 Pressure balance
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magnitude. A cross-correlation analysis between the out{ion density is about 0.7 cfrduring this event). Since Geo-
ward and inward flux of 22 keV ions, shown in Fig. 7b, gives tail is further away from the magnetic equator, it can already
a time shift of 75 s, such that the phase velocity is eastwardbe in a region outside the current sheet. Then the contri-
This corresponds to a phase velocity of about 20 km/s eastbution from the diamagnetic drift would be seen primarily
ward (assuming that the magnetic field magnitude is 28 nT) by Equator-S. This can explain the discrepancy of azimuthal
The cross-correlation between eastward and westward ioplasma velocities measured by both satellites.
flux, shown in Fig. 7c, gives a time shift 6f12 s. This An additional support for this explanation is that if in
indicates that the phase velocity has a small outward comEquator-S data we integrate only low energy ions (below 2
ponent of about 3 km/s. However, one should note that thekeV), thus measuring a cold component which does not con-
error in the radial phase velocity is of the same order as thearibute to diamagnetization drifts, we obtain azimuthal ve-
radial phase velocity itself; we cannot fix the direction of the locities of the order of 20 km/s eastward. This is close to
ion flux measurements with a precision better than some 1@he velocity measured by Geotail and also close to the phase
degrees. velocity of compressional pulsations. Since the velocity of
Thus, from the finite gyroradius method, we obtain an cold ions is dominated by thE x B drift, this can indicate
eastward phase velocity of about 20 km/s. During the samehat pulsations move approximately withx B velocity and
period, the mean value of the eastward component of thenot with the plasma velocity. However, a large part of the
plasma velocity is 19 km/s. The estimates of both the phaséons were outside the energy range of particle instruments
velocity and the plasma velocity have an uncertainty of aboutand therefore, definite statements are not possible.
2-5 km/s. We again see that the compressional pulsations
move approximately with same phase velocity as plasma ve3.5 Diamagnetization drifts
locity (note that the plasma velocity is a sum of thex B
drift and diamagnetization drifts). We obtain a similar agree- The role of diamagnetization drifts is also important when
ment for other time intervals during 9 March 1998. For ex- analyzing the structure of compressional pulsations. Above,
ample, during the time interval 15401640 UT, the phase vewe have shown that compressional pulsations correspond to
locity is about 16 km/s, while the eastward component ofregions of high and low magnetic field drifting azimuthally
the plasma velocity is about 13 km/s. During the time inter- past the satellite. Since pulsations are almost pressure bal-
val 1640-1720 UT, the phase velocity is about 6 km/s andanced, we expect that currents between regions of differ-
the plasma velocity is about 3 km/s. In all cases, the radiaent magnetic field magnitudes will be carried as a diamag-
component of the phase velocity is much smaller than thenetization drift of ions. From the finite gyroradius method,

azimuthal component. we know that variations in the magnetic field magnitude are
largest in the azimuthal direction. Therefore, we expect that
3.4 Phase velocity, the 25 April 1998 event the diamagnetization drifts will be the largest in the merid-

ional plane perpendicular to the direction of the magnetic

The phase velocity obtained from the conjunction of satel-field. We will take this direction for the radial direction be-
lites is about 30 km/s eastward. The phase velocity obtained¢ause during our event, it is close to the true radial direction.
using the finite gyroradius method of 30 keV ions is aboutIn this radial direction, the total plasma velocity can be even
25-30 km/s eastward, while the finite gyroradius method alsadominated by the diamagnetization drift component. This we
shows that the radial component of the phase velocity is smallemonstrate in Fig. 8.
in comparison to the azimuthal component. Thus, both meth- Figure 8a shows the cross-sections of the proton distribu-
ods to estimate phase velocity indicate that pulsations propation function for the time period 1500-1540 UT, 9 March
gate eastward, and there is a reasonable agreement in velocityp98 (the same as in Fig. 7). Figure 8b-d show the magnetic
amplitude. field magnitude (solid) and the radial velocity components

Plasma velocity calculations are more difficult because a(dotted) obtained by integrating different energy ranges of
large part of the ions are outside the energy range of particléhe proton distribution function. Due to the difficulties re-
instruments. The average azimuthal velocity measured byated to the particle instrument calibration for directions par-
Geotail is 20 km/s (about 25 km/s at the beginning of eventallel to the satellite axis (which, in our case, coincides with
and 15 km/s at the end). However, the average plasma vethe radial direction), there can be a bias in the zero-line of
locity measured by Equator-S is only about 0 km/s. The ex-velocities. The diamagnetization drift is carried primarily by
planation for this discrepancy can be diamagnetic drifts. Wehigh energy particles and therefore, best seen in Fig. 8c; the
can make a rough estimate of the diamagnetic drifts. In themaxima of the radial velocity are correlated with the periods
distance of 3.5Ry between satellites, the radial component of decrease in the magnetic field magnitude (as expected for
of magnetic field changes from abou80 nT to 40 nT (mag-  eastward propagation). On other hand, the radial velocity ob-
netic field during this event is very tail-like). The Earth’s in- tained integrating low velocity ions, shown in Fig. 8b, which
ternal field makes up approximately 20 nT of this change. Ifwe expect to be dominated #/x B drift, does not show any
we assume that the rest is caused by a local current sheet amdrrelation. The radial component of the total plasma veloc-
that the current is carried by ions (in tiliex B frame of ref-  ity, shown in Fig. 8d, is well correlated with the velocities
erence), we obtain a diamagnetic drift of the order of 15 km/sof high energy protons, as seen in Fig. 8c. From this we can
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the magnetic equator (90 means perpendicular), temperature
anisotropyA = T, /T, and mirror instability conditionr =
1+ B, (1— T, /1)) (instability condition is satisfied where < 0,
colored gray).

km/s

field magnitude (magnetic field lags the radial velocity com-
ponent). Exactly this type of phase relationship has been ob-
served by Geotail (A. Nishida, Spring AGU 1999).
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15:00 15:10 15:20 15:30 15:40 3.6 Pulsation generation
9 March 1998
In many studies it has been concluded that compressional
Fig. 8. (a) The cross-section of distribution function for period Pc5 waves are most likely drift mirror-type waves, where it is
1500-1540 UT, 9 March 1998. Velocity intervals which are in- important to take into account the coupling of compressional
tegrated to obtain results in panels (b) and (c) are marked grayynq shear components in a curved magnetic field. There are
(b) The magnetic field magnitude (solid) and the radial componentalso suggestions about the compressional waves being mag-

of plasma velocity (dotted), integrating ions in the energy interval netospheric cavity waves or surface waves generated by the
140-960 eV(c) The same as (b) only for energy interval 5-36 keV. P Y 9 y

(d) The same as (b) only for the whole instrument energy intervaI,KEIVin Helmholtz instability. Howe_ver, there is not much
32 eV — 36 keV. data supporting the latter suggestions. We cannot exclude

that several generation mechanisms of compressional pulsa-

tions act at different regions and/or at different times.
conclude that the radial component of the total plasma veloc- The condition of the drift-mirror instability in a straight
ity is dominated by the diamagnetization drifts. This is alsofield line geometry, for the casg « k., has been found to
consistent with the rough velocity estimates from Ampere’sbetr = 1+ 8, (1 — T /7)) < 0 (Hasegawa, 1969). This
law. A typical magnetic field gradient of 10 nT/2000 km and condition requires that the plasma anisotropy is high enough
plasma density of 0.8 cn? corresponds to plasma velocity to generate waved| /Ty > 14 1/8,. For waves with
(which is the same as a diamagnetic drift because of the prese; ~ &, the instability requires even higher anisotropy. On
sure balance) of the order of 30 km/s. This velocity is aboutthe other hand, magnetic field curvature changes the insta-
the same as the velocity seen in Fig. 8d. bility character (ballooning terms should be taken into ac-

If the radial velocity component is dominated by diamag- count), and decreases the anisotropy required for the insta-

netization drift, then we expect that on the afternoon side bility (Chen and Hasegawa, 1991; Cheng and Qian, 1994). It
the phase shift between the component of plasma velocityhas been shown that for large curvature, an instability can
and the magnetic field magnitude will be opposite to that ondevelop even if the plasma is isotropic. One should also
the morning side. In the afternoon sector, maxima in the ratemember that it is not the local instability condition that
dial velocity will coincide with an increase in the magnetic should be satisfied, but the integral value along the field line.
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For the 9 March 1998 event, Fig. 9 shows the magneticeastward phase velocities. The 9 March event was observed
field magnitude, the angle between the direction of mag- at 5.0-6.5 MLT during calm geomagnetic conditions, while
netic field and the magnetic equator (in SM coordinates), thehe 25 April event was observed at 4.0-4.3 MLT during a
temperature anisotropy = 7', /7j, and the mirror instabil- geomagnetically active period a few hours after a substorm.
ity condition z. It has been shown before (Zhu and Kivel-  Satellite data show that the phase velocity of the compres-
son, 1994) that when compressional pulsations are presensjonal pulsations is eastward (sunward) and has values al-
the mirror instability condition tends to be satisfied in the re- most equal to the local plasma velocity for the 9 March 1998
gions close to the magnetic equator. Our data are partiallyevent. Similar values of phase velocities are obtained using
consistent with these observations. We can use the angle data from two satellites in conjunction or using the finite gy-
as an approximate indicator of how far satellites are from theroradius method. In comparing the phase velocity with the
real magnetic equator. During 9 March 1998, Equator-S isplasma velocity, it is interesting to know how large a con-
closest to the equator at the beginning and at the end of th&ibution to the plasma velocity comes fraBhx B drift and
interval, and these are periods of time when the mirror con-diamagnetic drifts. We can assume that the radial scale of the
dition is satisfied. Geotalil is close to the equator during thechanges in the background pressure is larger than the spatial
whole time period and a mirror instability condition is often scale of the compressional pulsations (which is of the order
satisfied. One can also see that for Geotail, the mirror instaef 1 Rg). The data of Geotail and Equator-S before and after
bility condition tends to be better satisfied just before Geotailthe conjunction, when there is a radial separation of satellites,
enters from the plasma sheet into the inner magnetosphergupport this assumption. This implies that the diamagnetic
(around 1500 UT). In comparison to Equator-S, Geotail isdrift (due to the radial plasma pressure gradient) would be
moving relatively fast in the radial direction and therefore, less than 5 km/s. Therefore, during this event, the azimuthal
Geotail data can also reflect the radial structure of the regionyelocity of plasma, which is of the order of 20 km/s, is domi-
i.e. the mirror instability condition is better satisfied both nated by theE x B drift. Due to the small values of expected
close to the equator and close to the inner edge of the plasm@iamagnetization drifts, from the data, we cannot distinguish
sheet. whether pulsations move with x B drift or plasma veloc-

Figure 9 also shows that the mirror instability condition ity. Note that the phase velocity of pulsations does not agree
is not continuously satisfied, but only in regions where com-with a typical drift velocity of keV ions that drift with several
pressional pulsations have a minimum in the magnetic fieldtens of km/svestwardn the E x B reference frame.

In these regions, not only § usually much larger than one, The second 25 April 1998 event also shows that compres-
but also plasma anisotropy is higher. This can be an indicasional pulsations move eastward with a characteristic phase
tion of the instability saturation. velocity of about 25-30 km/s (it varies during the event).

During the 25 April 1998 event, both satellites show that Similarly, the data from satellite conjunction give phase ve-
perpendicular and parallel temperatures are approximateljocity values consistent with the values obtained from the fi-
the same. In this case, the simplified instability condition of nite gyroradius method. In addition, the azimuthal plasma
the mirror mode cannot be satisfied (therefore, we do not plovelocity of about 20 km/s eastward, measured by Geotall, is
data for this event). There still can be several explanationgelatively close to the phase velocity values. However, the
for wave generation: the anisotropy can be in high energyEquator-S shows the azimuthal plasma velocities of about
particles that are not measured (above 40 keV), the mirrof® km/s that significantly differs from the phase velocity val-
condition can be satisfied closer to the magnetic equator odes. We speculate that this occurs because during this event,
closer to the inner magnetosphere, or the radial pressure grdhe magnetic field is tail-like and Equator-S, being closer to
dient and/or magnetic field curvature can be high enough thathe magnetic equator than Geotail, observes the diamagnetic
the ballooning-mirror modes can grow even in the isotropicdrift creating the current. In support of this, we show that the
plasma. From this event we cannot distinguish which is theintegration of only low energy ions (below 2 keV) gives the
case. However, the high curvature of the magnetic field (ofazimuthal plasma velocity of about 20 km/s eastward that is
the order of 2R), small variations in the SM-Z component consistent with Geotail data and also close to the phase veloc-
and the eventual absence of the anisotropy can indicate thay of pulsations. This would indicate that close to the mag-
ballooning effects dominate the wave generation; these conretic equator, pulsations can move eastward in the plasma
ditions are predicted by the drift ballooning-mirror instability reference frame; they still can have a small westward compo-
(Cheng and Qian, 1994). Due to the high curvature, only anentin the frame moving witl® x B velocity. More studies
small pressure gradient would be necessary to initiate the inof similar events are necessary to draw definite conclusions.
stability, even in isotropic plasma. Periodic structures i > 1 plasma with the total pressure

almost constant are very common in cosmic plasma. They
have been seen in the magnetosheath (mirror waves), solar
4 Results and discussion wind (magnetic holes), and at other planets. Our data do not
contradict the earlier observations that compressional pulsa-
We have analyzed two conjunction events, 9 March 1998tions are pressure balanced structureg,+ p, = const.
and 25 April 1998, between Equator-S and Geotail, duringPressure balance is clearly seen during the 9 March 1998
which satellites observe compressional Pc5 pulsations witkevent. However, we cannot show the pressure balance for
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the 25 April 1998 event because a large part of the ions hav8aumjohann, W., Sckopke, N., LaBelle, J., Klecker, B., Luhr, H.,
energies above 40 keV, which is the limit for ion instruments  and Glassmeier, K. H., Plasma and field observations of a com-
used to calculate thermal pressures. We can still see that the pressional Pc 5 wave event, J. Geophys. Res., 92, 12203-12212,
pressure of ions with energies below 40 keV and the mag- 1987 o .
netic pressure oscillate in antiphase. Chen, L. and Hasegawa, A., Kinetic-theory of geomagnetic-
We show that compressional Pc5 waves move with a ve- pulsations. 1. Internal excitations by energetic particles, J. Geo-
locity which i P ol [0 the ol locity, A phys. Res., 96, 1503-1512, 1991.
ocity which IS approximately equal to the p asmave ocity. Chen, L. and Hasegawa, A., Kinetic-theory of geomagnetic-
wave mode that has such a low phase velocity and also low

- ) ' 3 o an pulsations. 2. lon flux modulations by transverse-waves, J. Geo-
frequency is a mirror mode (with appropriate modifications  pnys. Res., 99, 179-182, 1994.

in the case of gradients in magnetic and thermal pressure, angheng, C. Z. and Qian, Q., Theory of ballooning-mirror instabil-
curvature in magnetic field). Here it is important to remark ities for anisotropic pressure plasmas in the magnetosphere, J.
that analyzing pressure changes in the mirror mode we can- Geophys. Res., 99, 11193-11209, 1994,

not apply fluid description. In a fluid description of homo- Fornacon, K.-H., Auster, H. U., Georgescu, E., Baumjohann, W.,
geneous plasma, assuming that particles travel fast enough, Glameier, K.-H., Rustenbach, J., and Dunlop, M., The mag-
pressure changes in a compressional wave, such as the mir- n_e_ti_c field experiment pnboard Equator-S and its scientific possi-
ror mode, are given byp, = (1 — T, /T))BL8ps. Thus, bilities, Ann. Geophysicad,7, 1521-1527, 1999.

for the magnetic and thermal pressure to be in anti haseHaerendel’ G.,. Baumjohann, W, Georgescu, E., Nakamura, R.,
9 P P ' Kistler, L. M., Klecker, B., Kucharek, H., Vaivads, A., Mukai, T.,

plasma should 'be anisotropif, > 7j, and only in special Kokubun, S., High-beta plasma blobs in the morningside plasma
cases, magnetic and thermal pressures should balance eachyheet Ann. Geophysicae, 17, 15921601, 1999.

other. However, Southwood and Kivelson (1993) show thatasegawa, A., Drift mirror instability in the magnetosphere, Phys.
if the contribution from resonant particles is taken into ac-  Fluids, 12, 2642—2650, 1969.

count during the growth of the mirror mode, magnetic and Hedgecock, P. C., Giant Pc 5 pulsations in the outer magnetosphere:
thermal pressures balance each other. A similar result was A survey of HEOS-1 data, Planet. Space Sci., 24, 921-935, 1976.
obtained earlier by Southwood (1976). We can expect thatlacobs, J. A, Kato, Y., Matsushita, S., and Troitskaya, V. A., Clas-
the same will hold for the nonlinear saturation phase of the Sification of geomagnetic micropulsations, J. Geophys. Res., 69,
mirror mode, also including effects of gradients and mag- 180, 1964. _

netic field curvature. Then mirror structures will be pressure<urana, K. K. and Kivelson, M. G., Ultralow frequency MHD
balanced and will not satisfy the pressure variations predicted waves in Jupiter's middle magnetosphere, J. Geophys. Res., 94,

f the fluid th 5241-5254, 1989.
rom the fiui eory. Kistler, L. et. al, Testing electric field models using ion energy spec-

We have shown that in our event compressional pulsa-  tra from the Equator-S ion composition (ESIC) instrument, Ann.
tions have phase velocities sunward, which is opposite t0 Geophysicael7, 16111621, 1999.
the magnetosheath velocity. Therefore, Kelvin-Helmholtz Kivelson, M. G., Etcheto, J., and Trotignon, J. G., Global compres-
at the magnetopause is most probably not involved in their sional oscillations of the terrestrial magnetosphere —the evidence
generation. Even though we cannot exclude a possibility of and a model, J. Geophys. Res., 89, 9851-9856, 1984.
the Kelvin Helmholtz instability at the inner boundary of the Kokubun, S., Yamamoto, T., Acuna, M. H., Hayashi, K., Shiokawa,
sunward convection region (the region of region 2 currents), K. and Kawano, H., The GEOTAIL magnetic field experiment,
we do not see large velocity shear there. To interpret the ob- J- Géomagn. Geoelec., 46, 7-21, 1994. »
served waves as cavity or wave-guide modes, there should bIeessard, M. R., Hudson, M. K., and Luhr, H., A statistical study of

I tion for th bal . tric st Pc 3-Pc 5 magnetic pulsations observed by the AMPTE/lon Re-
an explanation for (n€ pressure baiance, antisymmetric Struc- o, \oqule satellite, J. Geophys. Res., 104, 4523-4538, 1999.

tur_e, S_unward phase velocity and highaumber, each of Lin, N., McPherron, R. L., Kivelson, M. G., and Williams, D. J.,
which is not a natural consequence of those models. An unambiguous determination of the propagation of a compres-
sional Pc 5 wave, J. Geophys. Res., 93, 5601-5612, 1988.
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