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Abstract. The expanded bow shock on and around “the daycrossings, the inner edge of the LLBL was flowing sun-
the solar wind almost disappeared” (11 May 1999) allowedward. The study extends our knowledge of magnetosheath
the Geotail spacecraft to make a practically uninterrupted 54ion wave properties to the very low solar wind dynamic pres-
h-long magnetosheath pass near dusk (16:30-21:11 magnetitire regime.
'OCQ' time) at a rad'al O'_'Sta'?ce of 24 to B¢ (Earth radi). . Keywords. lonosphere (Wave-particle interactions) — Mag-
During most of. this period, mterplangtary_parameters varlednetospheric physics (Magnetosheath) — Radio science
gradually and in such a way as to give rise to two extreme Waves in ol

. plasma)
magnetosheath structures, one dominated by magnetohydrcg-
dynamic (MHD) effects and the other by gas dynamic ef-
fects. We focus attention on unusual features of electromag-
netic ion wave activity in the former magnetosheath state,l Introduction
and compare these features with those in the latter. Mag- ] )
netic fluctuations in the gas dynamic magnetosheath werd here are two major approaches to mo_dellng the flow of the
dominated by compressional mirror mode waves, and left-Shocked solar wind around the terrestrial magnetosphere. In
and right-hand polarized electromagnetic ion cyclotron (EIC) the traditional approach, known as the convected gasdynamic
waves transverse to the background field. In contrast, thénodel (CGDM) and associated with the names of Spreiter
MHD magnetosheath, lasting for over one day, was devoigdnd coworkers (Spreiter et al., 1966; Spreiter and Alksne,
of mirror oscillations and permeated instead by EIC waves1969; Spreiter and Stahara, 1980), the solution for the flow
of weak intensity. The weak wave intensity is related to thearound a blunt body is obtained first, neglecting the magnetic
prevailing low solar wind dynamic pressures. Left-hand po_forces in the momentum equation. After that, the magnetic
larized EIC waves were rep|aced by bursts of right-hand po_fleld is derived by paSSive convection in the gas dynamic flow
larized waves, which remained for many hours the only ionfield, using the frozen-in field condition. Although this kine-
wave activity present. This activity occurred when the mag_matic approach decouples the solution of the flow from that
netosheath proton temperature anisotropy,(z/ T} j—1) of the field, it has been widely successful in exp_laining the
became negative. This was because the weakened bow sho8koss features of the magnetosheath of magnetized planets.
exposed the magnetosheath directly to the (negative) tempeHf becomes increasingly reliable as the Alfven Mach num-
ature anisotropy of the solar wind. Unlike the normal caseDer of the solar wind#/,) increases because in the momen-
studied in the literature, these right-hand waves were nofum equation thg¢xB force scales a8/, (Spreiter et al.,
by-products of left-hand polarized waves but derived their1966). QuantityM, (M3=V2/VZ=pV?2/(B?/u0), where
energy source directly from the magnetosheath temperatur&a is the Alfven speed ang is the mass density) is related
anisotropy. Brief entries into the low latitude boundary layer to the solar wind dynamic pressupg,,, by B2M3 =110 Py,
(LLBL) and duskside magnetosphere occurred under sucl$0 that for constanB, a low M, implies a low Pyy,, and
inflated conditions that the magnetospheric magnetic presvice versa. However, close to the magnetopause itself, and in

sure was insufficient to maintain pressure balance. In thestéhe absence of magnetopause reconnection at low latitudes,
which can convert magnetic energy into plasma energy, the

Correspondence taC. J. Farrugia magnetic field starts to pile up at the frontside of the magne-
(charlie.farrugia@unh.edu) topause, vitiating the assumptions of the CGDM. As a result,
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_Setelite Orbits — 14 VT, M‘AY 10-01 UT, Moy 13, 1998 Whereas the main body of the magnetosheath is high beta
- ] and the condition to de-stabilize the mirror mode is generally

] marginally satisfied (Phan et al., 1994; Hill et al., 1995), in

: the low 8 —high, positiveA, PDL the mirror mode is stable,

and instead left-hand polarized electromagnetic ion cyclotron

waves (EICWSs) transverse to the field are excited, as first

reported by Fairfield (1976). Right-hand polarized EICW

i ] power is lower than the left-hand power and is thought to be

20~ p 8 \ R generated as a secondary emission (“daughter” waves) from
i & / ] the left-hand waves. The PDL may thus be characterized by

Y (Re)
-
I
I
I
&

i a special type of wave activity, the EIC waves. One main
60 40 20 0 _20 objective of this paper is to show that under very 16,
X (Re)  GSE this PDL-type wave activity extends to the main body of the
magnetosheath (as judged by the distance of the spacecraft
1 from a model magnetopause surface). Another is to show
L ! ] that the right-hand polarized EICWSs are directly generated
o i 7 by the negative temperature anisotropy (and not as secondary

40 ‘

waves) at a time when the bow shock is weak.
In an experimental work, we shall analyze ion wave activ-
! ity in the magnetosheath under Ia®y,,, conditions (at nearly
3 ] constantB), which occurred over the extended period 10-11
! b May 1999. This is a much studied event, and 11 May 1999,
has been dubbed “the day the solar wind almost disappeared”
sl Ll Ll | because solar wind densities decreased to low values of or-
60 40 . (Rez)o . 0 ~20 der 0.2 cn3 and P4yn t0 ~0.10nPa, see special editions of
Geophys. Res. Lett. (2000) and J. Geophys. Res. (2000). In
Fig. 1. The orbits of three near-Earth spacecraft data from which part_lc_:ular, the bow shock was displaced to its most _Su_nward
are discussed in this study. The top and bottom panels show, reP0sition on record, about o qutream of Earth (Fairfield
spectively, GSE XY and XZ projections. The interval plotted is €t @l 2001). Because of the dilated magnetosphere and bow
14:00 UT (10), 01:00 UT (13)>3 h longer than Geotail's magne- Shock, the spacecraft Geotail spent an uninterrupted stretch
tosheath passage near dusk, which started at 16:40 UT (10). Thef 54 hin the magnetosheath. There it observed many effects
different colors correspond to different days. due to the strong influence of the IMF on the magnetosheath,
which may be isolated and studied by comparing them with
a long segment of the same pass when MHD effects were
a region of strong field and low density forms adjacent to much attentuated. An important feature is that interplanetary
the sunward side of the magnetopause, called the plasma d@arameters change very slowly during the long-duration den-
pletion layer (PDL). Its thickness is proportional t§M3  sity decrease, so that the magnetosheath traverses essentially
(Farrugia et al., 1995) a sequence of quasi-steady states.

In the second approach, the influence of the interplanetary The layout of the paper is as follows. After a discussion of
magnetic field (IMF) on the magnetosheath flow is includedjnterplanetary conditions recorded by Wind and IMP 8, we
from the start (see, for instance, Midgley and Davis, 1963;gjiscuss in turn the magnetic field, plasma, and wave obser-
Lees, 1964; Zwan and Wolf, 1976; Erkaev, 1988; Wang et al.. ations made by Geotail in the magnetosheath. Wave theory
2003). In this treatment the PDL arises naturally and definesesylts are discussed in conjunction with the observed elec-
a MHD—dominated region whose flow and wave propertiesyromagnetic ion wave spectra. We then discuss the relevance

are different from those in the rest of the magnetosheath. Oy these findings to our knowledge of the magnetosheath.
the dayside the flow is of the stagnation line type (Sonnerup,

1974; Phan et al., 1994). As a result, at the magnetopause

the flow tends to align itself perpendicular to the local mag-2 \wind and IMP 8 observations

netic field. As the magnetopause is approached, the tempera-

ture anisotropy of the protong,, =7), 1 /T )—1 (wherethe 2.1 Spacecraft orbits

symbols “L” and “||” are defined with respect to the back-

ground magnetic field direction) increases. Furthes,is  Figure 1 shows the positions of the near-Earth spacecraft

found to anticorrelate wits, |, as predicted by theory (Gary wind, IMP 8 and Geotail in a GSE XY (top panel) and

and Lee, 1994; Gary et al., 1994) and confirmed experimenxz (bottom panel) projection for the period correspond-

tally ( Anderson and Fuselier, 1993; Anderson et al., 1991,ing to Geotail's magnetosheath passage (14:00 UT, 10 May,

1994). 01:00 UT, 13 May). Different days are marked by different
colors. The kink on Wind’s orbit on 12 May occurs when

Z (Re)
—
N
|
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WIND /SWE /MF] May 10--02 UT, May 13, 1999
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Fig. 2. Plasma and magnetic field data from the SWE and MFI investigations on Wind. GSM coordinates are used. The time resolution of
the data sets are90 s (plasma) and 3 s (magnetic field). The vertical lines bracket the interval when Geotail was in the magnetosheath. The
arrow in the 5th panel marks the time when the bow shock passed over Wind. For details about the panels, see text. The light blue trace
in the bottom panel is an overlay of the clock angle measured by Geotail in the magnetosheath when no lag is assumed between Wind anc
Geotail measurements.

the spacecraft was executing a swing-by manoeuvre near th&tudy, since a distance 6f60 R perpendicular to the Sun-
moon (symbol “M”) on 12 May. Earth line is comparable to typical correlationlengths of the
Geotail orbits at a radial distance which varies betweenlMF in this direction (Richardson and Paulerena, 2001; Mat-
24.2 to 30.3R (Earth radii), and covers a magnetic local Suietal., 2002).
time (MLT) range from 16:25 to 21:10 MLT, with the space-  Proton plasma and magnetic field data from the Solar
craft staying close to the ecliptic plane. Wind was on the Wind Experiment (SWE; Ogilvie et al., 1995) and the Mag-
opposite side of the Sun-Earth line to Geotail and travel-netic Field Investigation (MFI; Lepping et al., 1995) on the
ing sunward. The inter-spacecraft separation orthogonal t&Wind spacecraft are shown in Fig. 2. From top to bottom
the Sun-Earth line lies in the range 46 to @&. IMP 8 is the panels display the proton plasma density, temperature
more favorably located, but no plasma data are available fronand bulk speed, the dynamic pressuPg(), the solar wind
this spacecraft. After introducing the Wind observations in proton temperature anisotrop¥,, s, the total field and its
Figs. 2 and 3, we shall cross-correlate Wind and IMP 8 mea-GSM components, and the IMF clock angle (i.e. the polar an-
surements to ascertain that Wind data are appropriate for thigle in the GSM YZ plane). The period plotted is 00:00 UT,
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WIND /SWE /MFl May 10--01 UT, May 13, 1999 values of~1 to~0.01, returning to typical solar wind values
et L N ARV W0 B A R VA AP SRR A of ~ 1 in the last 10 h of the interval. Parameddy;, which
1.000 g~~~ g yulw starts from~7, reaches lowest values 6f1.3, only to re-

turn to values>10 in the last 10 h. Thus there is~d..5-day
period, marked by the horizontal red bar, when parameters
‘ Pyyn< 0.3nPa,M4 <3 (dashed line), ang,<0.1. These
0.001 Lol il are different from typical solar wind conditions at 1 AU, i.e.
RN R R AR AR AN R RARS R RN LARE AR RAR ERRN AR RN T RAR MAzlo,ﬁpzl, andeyn=2.2nPa.
When the density starts to recover afte®0:00 UT (12),
the interplanetary field and flow parameters are highly vari-
v able, and their magnitudes and amplitudes of variation are
N PR TR Y " L & NV A A i much larger (Fig. 2). The density and dynamic pressure
AT AL/ AR approach steady values o220 cni 3 and~5.5nPa, respec-
00 04 08 12 16 20 24 04 08 12 16 20 24 04 08 12 16 20 24 tively. These last 10 h contrast sharply with the preceding
uT interval and are characterized B¥,>10 andg,>1, as is
typical of the solar wind at 1 AU under, however, compressed
Fig. 3. The proton plasma beta and the Alfven Mach number de-conditions.
rived from Wind measurements. The vertical guidelines bracket To summarize: Two types of solar wind are influencing
the duration of Geot.ail"s magnetosheath interval. Two regimes inthe magnetosheath structure during the period of study: An
Bp—M 4 space are indicated by the two colored horizontal bars: gytended segment where one would expect MHD effects to
MHD-dominated in red; gas dynamic-dominated in blue. predominate, and another 2 segments (particularly the last
10 h) where they should be much attenuated. Does the mag-

) netosheath structure reflect this subdivision? Are there ef-
10 May, 02:00 UT, 13 May 1999. The temporal resolutlonsfects which may be attributed to the loy, and/orM,?
of the data are 90s for the plasma and 3's for the magnetigaqe are the questions we seek to answer.

field. TheA, ,, data are 3-min averages. The vertical lines We now correlate Wind and IMP 8 magnetic field data.
delimit the time interval when Geotail was inside the magne-|\ip 8 was in the solar wind for long stretches of time, and

tosheath. (The colored horizontal bars in vganel and the ¢ j5 |ocated on the same side of the Sun-Earth line as Geo-
light blue trace in the clock angle panel are explained below.)j| (see Fig. 1). The highest cross-correlation coefficients
Aside from a brief intervat-17:40-19:40 UT (11), indicated 5, 10_12 May 1999, are 0.7B(), 0.77 (8,) and 0.76 £.)

by an arrow in panel 6, when the sunward-expanding bOWeached at atime lag 6f3 min, i.e. IMP 8 observed the same

shock crossed Wind, this spacecraft was positioned upstream ;e features 3 min earlier than Wind. We may thus use Wind

of the bow shock, being at (32.6,29.8, 17'8_)RE and (47.7,  yata. Below we shall assume a propagation time between
—35.3, -5.1)Rg (GSE coordinates) at 16:00 UT, 10 May \yind and Geotail of 0 min. That this is a reasonable value

and 01:00 UT, 13 May, respectively. (For convenience, Wepay he seen from the light blue trace in the last panel of
shall use below the notation x UT (y) to denote x UT on May ig” 5 which represents Geotail measurements of the clock
y, 1999.) angle, a quantity which correlates well across the bow shock

At Wind, the density started its steady decrease from valgong et al., 1992). With no lag assumed, it is seen that the
ues of~3cni3 at 11:00 UT (10), reaching lowest values of agreement with Wind is very good up te04:00 UT (12).
~0.2 cn3 when the bow shock passed over the spacecrafiy shift of ~45 min appears on late 12 May since Wind and
at ~18:00 UT (11). The progressively more tenuous wind Geotail move in opposite directions. The large deviation at
is also progressively colder and slower. In contrast, the totabe:00 UT (12) has other causes, as discussed in Sect. 3.2.1.
field is relatively steady<{B>=5.60+0.68nT) and is char- e next inquire why the measurements at Wind and Geo-
acterized by a negativBy, a positiveB, and has a slightly  taj| may be considered as practically simultaneous for the
northward orientation on average. Quantiy,, reaches earlier part of the interval under consideration. A minimum
lowest values of~0.07nPa. The temperature anisotropy, variance analysis of Wind magnetic field data (Sonnerup and
A, w 1S generally negative with intermittent positive values. Cahill, 1967) for the interval 10:00 UT (10)-04:00 UT (12)

The solar wind density decreasesigs=2.45€ %7 (T picks out a well defined normal. The ratio of intermediate-to-
in hours), shown by the red line in the first panel of Fig. 2. minimum eigenvalues=4.5, and the field normal to the plane,
This almost linear descent amounts to a steady decreasg,=0.10+1.03 nT, consistent with zero. The normal to the
of ~0.1cn3h~t in n), (and 0.02nPat in Pyy,), slow  plane isn=(0.601, 0.644, 0.474) (GSM coordinates). The
enough for conditions in the magnetosheath to be consideregunward tilt of the plane explains why IMP 8 sees the solar
as changing in a quasi-steady fashion. wind before Wind, and Geotail at the same time as Wind, at

For the same interval as Fig. 2, Fig. 3 shows the plasmdeast in the early part of the interval. We conclude that during
beta g, and the Alfven Mach numbeM, derived from the low-density event the IMF was to a good approximation
the Wind measurements. During the density decrease, tha planar interplanetary structure containing the Parker spiral
plasma beta drops by about two orders of magnitude, frondirection (Nakagawa et al., 1989).

o 0.100

0.010




C. J. Farrugia et al.: Waves in low pressure magnetosheath 1321

GEOTAIL-MP radial separation: 14 UT May 10-8 UT May13, 1999 The bottom panel of Fig. 4 gives an indication of the
12;}},‘\5.'\_”\‘.\‘v\"—\“\\.\"\H‘\\\‘\H‘H\‘\\\‘H\‘\\\‘\H‘\H‘\H‘\H‘H\‘HL Changlng Shape Of the magnetopause The “Shape faCtor"
8 | oy | X N | - . .. . .
c : v DnE e plotted along the vertical axis is the ratio of the distance to
the terminator to the subsolar stand-off distance in the equa-
torial plane, using the Shue et al. (1998) model. Through-
; out the density decrease, this quantity diminishes slowly, ap-
Szl bbb b ben b b s e b b b B b proaching a value of~1.44 whenM  4~1. Thus according
Cae e e ey to the model the magnetosphere expands approximately self-
similarly and reaches the quoted shape ratio when the bow
1.7 [T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘w?ﬂ??m)’\)\a\js\e\\‘sl\q\a\ﬁ?\ T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ShOCk IS Very Weak/absent The Other EXtreme Of VanIShlng
L 1 IMF, i.e. gas dynamics, valid fodM 4 —>o0 (Spreiter et al.,
16 — 1966), gives for the shape factor a value of 1.32 (Mead and
i ST Beard, 1964; see also Kivelson and Russell, 1995).

15 _ N — After ~02:00 UT (12), as the density recovers in the sec-
b e e M i e ond solar wind regime, and in particular the north-south com-
talbobon bbb Ben b o b b B b ponent of the IMF undergoes Iarge Changes the magneto-

16 20 24 04 08 12 16 20 24 04 08 12 16 20 24 04 08 R s ’ L.
spheric shape changes on short time scales and is in general
blunter than before. Its most flared shape, at 05:00 UT (13)

Fig. 4. For the period 14:00 UT (10) to 08:00 UT (13), the top Coincides with a dynamic pressure-0nPa, and a large,

panel shows the quantit,, defined as the radial distance of Geo- N€gativeB; excursion (not shown).

tail from the center of the Earth minus radial distance of the mag-

netopause. The time of the bow shock crossing is indicated by the3.2 Geotail magnetosheath observations

vertical guideline on the left. The bottom panel plots the shape fac-

tor as a function of time, where the shape factor is defined as the8.2.1 Magnetic field and plasma

terminator distance divided by the stand-off distance of the magne-

topause. The model magnetosphere is that of Shue et al. (1998) Geotail magnetic field measurements from the MGF instru-

ment at 3 s resolution (Kokubun et al., 1994) and plasma data

. ) from the LEP instrument at 64 s time resolution (Mukai et

3 Geotail observations al., 1994) are shown in Fig. 5 for the period 14:00 UT (10)

—08:00 UT (13). From top to bottom the panels display the

GSM components of the magnetic field, the total field, the

In order to interpret Geotail observations we first deter-Proton density and temperature, the GSM components of the
mine the spacecraft's location with respect to the magne-Velocity vector, the total bulk flow speed, and the angle be-
topause. We do this using the magnetopause model of snhuween the field and the velocity yectors. The green traces in
et al. (1998), where the magnetosphere shape is obtained #3¢ B andn, panels reproduce, with zero time lag, the corre-
a function of bothP,,, and IMF B.. spon_dlng interplanetary mea_surements durlng_the solar wind
The top panel of Fig. 4 shows the quantity defined as density decrease for comparison. The_reader is alsp referred
the distance of Geotail from the model magnetopause alon§P Terasawa et al. (2000) for an overview of Geotail obser-
the radial line. The Fig. extends from 14:00 UT (10) to Vations, and to Kasaba et al., (2000) for an overview of the
08:00 UT (13). When the solar wind density is decreasing, G€0tail electron observations.
D, decreases monotonically on average, mainly as a result A quasi-perpendicular bow shockg(;,=84.5, the an-
of the expansion of the magnetosphere. The spacecraft igle between the upstream IMB and the normaln to
severalRz away from the model magnetopause, in the mainthe bow shock determined from the coplanarity theorem,
body of the magnetosheath. As the pressure starts to recoveiee Abraham-Shrauner, 1972) is crossed at 16:40 UT (10).
quantity D, increases. The close approach to the magne_'l'hereafter, during the phase of decreasing density, the dusk-
topause during 08:00 UT (12)L1:00 UT (12) is a result of side magnetosheath density, temperature and magnetic field
the drop in solar windP,,, in this interval (Fig. 2). Itis  Strength also decrease monotonically. The field and plasma
followed by a renewed magnetospheric compression. Af-variations become smooth as the density decreases. After
ter 16:00 UT (12) when the pressure is highs(5 nPa) and 02:00 UT (12), when the solar wind density is recovering,
fairly constant,D, decreases steadily, mainly as a result of Magnetosheath field and plasma parameters display great
the inward motion of the spacecraft (Fig. 1). According to the Variability. Thus these two magnetosheath states reflect the
model, there should be a definitive magnetopause crossing &hanges in the two solar wind regimes identified earlier. One
~00:00 UT (13). This value would be expected to be too May note the following features: (i) The approach of the ra-
early by 30-45 min because the zero-lag assumption breakd0s 751 /nsw and Bsj / Bsy, to unity as the bow shock weak-

constant, small angle between field and flow in the first phase

(<30°); (iii) the increase in speed from 200 to 350 ks
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GEOTAIL/MGF /LEP May 10— 08 UT, May 13, 1999 (GSM)
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Fig. 5. Geotail field and plasma measurements for 14:00 UT (10)-08:00 UT (13) from the MGF and LEP instruments, respectively. From top
to bottom the panels display the GSM components of the magnetic field, the total field, the proton density, temperature, the GSM components
of the velocity vector, the total bulk flow speed, and the angle between the field and the velocity vectors. Overlaid as green Fraces are

np panels from Wind.

and the deflection of the velocity at the start of the secondencountered on entry into the magnetosphere (panel 1) as a
phase. Similar changes occur in the solar wind and Geotaiprecursor to a substorm onset which occurred@4:00 UT

is thus observing a convected feature; (iv) impulsive change$13) (Farrugia et al., 2000a); (vii) the definitive entry of the

in most parameters at what we shall show to be brief entriespacecraft into the LLBL at~01:00 UT (13), i.e. about 1 h

into the low latitude boundary layer (LLBL)/magnetosphere after the entry predicted by the model assuming zero lag, and
at around 06:00 UT (12) and 09:00 UT (12) (arrowed). Hereinto the magnetosphere a05:30 UT (13).

the field is weak and the plasma is flowing sunward. (v) the Other quantities of interest are shown in Fig. 6: the first 4

bursts of compressive field oscillations, particularly ewden_tr[tganels display the total field for reference, the proton plasma

dhurirlwg Gigtﬁil’s finall ai)pdrfo.ach_ t0\|/qvards_|the(;nagnetr(1)pguf_selé eta, the Alfven Mach number, and the 1-min averages of
LR (panels 1-4); (vi) the tailward stretched fie the proton temperature anisotropy, (A,=T, 1 /Ty, —1).



C. J. Farrugia et al.: Waves in low pressure magnetosheath 1323

GEOTAIL/MGF /LEP 14 UT May 10-08 UT, May 13, 1999 (GSM)
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Fig. 6. For the same interval as Fig. 5, the panels show measurements by Geotail of the total field for reference, the proton beta, the Alfven

Mach number, and the 1-min averages of the proton temperature anisatrpgyf}, 1 /T, |—1). The last panel plots the quantitfir,
defined in the text.

T, andT) are calculated from the ion moments by referring shock weakens, from- 11:00 UT (11) onwardsA,
to the magnetic field direction. There is a gapAp val- decreases from values of 0.5 and becomes negative for
ues from~20:00 UT (11) to~04:00 UT (12) because the some hours on either side of 16:00 UT (11), coinciding

magnetic field was directed in such a way that the parallel with the weakest bow shock.
and perpendicular temperatures could not be reliably deter-
mined. The last panel plots the quanti¥ir, defined by  This negative sign ofi, is the same as in the solar wind at
Mir=A,-1/8, 1. ConditionMir>0is necessary one for a this time (see panel 5 in Fig. 2). Values of quantiyr in
mirror unstable configuration. The following points may be the last portion of the pass, as the spacecraft approaches the
made: magnetopause (wheg, is generally>1 and compressive
) magnetic fluctuations are observed) are approximately zero.
1. The main body of the magnetosheath on 00:00 UT (11)-Thys in the early and later part of the pass, the mirror mode
16:00 UT (12), when Geotail is sever&l; from the s ynstable, remaining close to the marginal limit.
magnetopause (red line in Fig. 4), is mirror stable; this  \ve oy direct attention to the two entries into the

is the opposite of the normal case. LLBL/magnetosphere at 06:00 UT (12) and 09:00 UT (12).

2. Two large depressions in the field accompanied by aFig' 7 shows an expanded plot of the 5-h interval 05:00-

high 8, and lowM , mark the two brief entries into the 10:00 UT (12). The GSM location of the spacecraft is
LLBL/magnetosphere mentioned above. (—8.8, 27.5, 5.7Rg and (-9.9, 27.2, 3.2Rg at 05:00 and
10:00 UT (12), respectively. The panels are the same as
3. The plasma beta is'1 in the MHD-dominated region. those of Fig. 5, except that the last panel now shows the
Thus the main body of the magnetosheath is PDL-like Pressures: the field (black trace) and the proton temperature

by definition (Sect. 1) (Farrugia et al., 1995). plasma pressure (red). The behavior of the particles (ions
and electrons) is also shown in the spectrograms of Fig. 8.

4. Initially, the temperature anisotropy is positive with val- From top to bottom, this figure shows the omni-directional
ues<2.5. As the pressure decreases further and the bovion and electron fluxes, the electron fluxes travelling dawn-
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Fig. 7. Geotail measurements during 05:00 UT (12)-10:00 UT (12), in the same format as Fig. 5 except that the last panel gives the field
(black trace) and proton plasma pressures.

ward, sunward, duskward and tailward, respectively, and iorhigher, corresponding to the plasma sheet. Thus unlike the
fluxes of solar wind origin. Judging from the behavior of normal situation, at this inflated magnetosphere it is mainly
the proton density, temperature, and magnetic field strengtlthe internal gas pressure which keeps the external pressure in
and the spectral characteristics, the first entries are probacheck.

bly mostly into the LLBL because some low energy electron Compressional waves are only present for two short time
fluxes coexist with higher energy fluxes. At the inner edgesegments of the pass when the proton plasma beta is large
of the LLBL, the flow is sunward (Figs. 7, 8), as predicted (Figs. 6, 7). Their average period is 16 s, corresponding to a
by Sonnerup (1980), see also Sonnerup and Siebert (2003requency,f, of 0.06 Hz. According to theory, these waves
The second crossing is into the magnetosphere proper (alare produced at zero frequency (Treumann and Baumjohann,
sence of low energy electrons). Interesting in the first setl997). If they are generated locally, the observed frequency
of crossings is the way the magnetopause is kept in pressurg would be f <k, V, whereV~400 km s (Fig. 5), and we
balance. At these radial distances30Rg), the magnetic assumed the angle between flow and field to ke g0r the

field strength and magnetic pressure are very low comparegvavelength perpendicular to the magnetic figld), a rough

to those in the magnetosheath (fourth and last panels of thapper limit is them.; <6.5RE.

Fig. 7), but the temperature is about 2 orders of magnitude
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Fig. 8. From top to bottom, this figure shows Geotail measurements of the omni-directional ion and electron fluxes, the electron fluxes
travelling dawnward, sunward, duskward and tailward, respectively, and ion fluxes of solar wind origin.

In the rest of the period under study, the total field is fairly the scale on the right. One Fourier transform is performed
steady, so that any waves have to be transverse to its dire@ver 1024 data points. Each Fourier transform is shifted by
tion. We study these waves next. 1024 points with respect to the previous one. The white trace

in the middle panel gives the proton gyrofrequency in Hz pre-
3.2.2 Electromagnetic ion waves in the magnetosheath  sented as 5-point smoothed averages not to obstruct the wave

data during intervals of strong fluctuationsAn
Figures 9, 10 and 11 show frequency-time spectrograms of

the magnetic fluctuations for 10, 11 May and-102:00 UT QuantitesB,, B;, and B, are obtained as follows. The
(13), respectively. From top to bottom the panels displayoriginal magnetic field data from the on-board magnetometer
the spectral amplitude of right-hang,(), left-hand B;) and  are first despun. Thg axis in the satellite coordinate system
compressional §;) components, color-coded according to is along the spin axis, while th& andY axes are in the
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Fig. 10. Same as Fig. 9 but for 11 May 1999.

spin plane. This satellite coordinate system is close to theplitudes of the right-hand and left-hand components, respec-
geocentric solar ecliptic (GSE) coordinate system, with thetively; and¢gyx, ¢sy, ¢5,, andgp, are phases for each com-
spin axis subtending an angle of°8i the ecliptic plane. ponent, respectively. The compressional component corre-
The data are then transformed to a field-aligned coordinatesponds to theZ component in the field-aligned system.

system. In this system the axis is parallel to the ambient From 16:40 UT (10), when the bow shock was crossed, to
magnetic field, the axis is defined as the cross product of 1.00 UT (10), wave power resides in both the compressional
the unit vector in the direction of the spin axis and that in 3ng transverse (to the background field) directions. Up to
the direction of the ambient magnetic field, and fexis  19:00 UT (10) power is intermittently present up to frequen-
is defined by the cross product of unit vectors along¥he qjeg of ~1 Hz (for comparison, the proton gyrofrequency
andZ axes. The right-hand and left-hand components of thegre is~0.18 Hz), an upward shift in the frequency presum-

magnetic field are defined as follows ably due to the Doppler shift induced by the flow speed. Af-

Bx coSwr + ¢px) + i By cOSwt + ¢py) ter 21:00 UT, the compressional power fades slowly away
_ . . (see also Fig. 6, bottom panel) and the frequency spectrum
=By eXpiwt + ¢pr) + B exXp(—iot + ¢p1) (1) becomes dominated by left-handed transverse activity. This

where By and By are amplitudes of th& andY com-  transverse activity continues until 12:00 UT (11). After
ponents in the field-aligned systerfi; and B; are the am-  ~12:00 UT (11), as the bow shock becomes much weaker
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Fig. 11. Same as Fig. 9 but for 12 May02:00 UT, 13 May 1999.

(Fig. 2) the left-hand power drops out, leaving only sporadictity « is computed from a dispersion relation of the form
bursts of weak right-hand activity. This transition correlates D(w, k, Q)=0 that contains a set of plasma parametrs
well with significant values ofA , |, with A, <0 (Fig. 6). This equation, derived from kinetic theory (see, e.g. Gary,
On 12 May (Fig. 11c), as the density is recovering in 1993), is usually set up in the plasma frame. The waves can
the second solar wind regime, transverse and compressionake excited by instabilities, depending on the values of the
wave activity resume between 04:00-09:00 UT. The bowparameters).
shock is gaining in strength, increasing the perpendicular In the frequency range, <<, (the proton gyrofrquency),
temperature and thereby the positive temperature anisotropthree wave modes were observed by Geotail in the magne-
(Sckopke et al., 1990). During this period there are close entosheath, all of which are driven by,. Their intensity and
counters with magnetopause/LLBL. Indeed, during the en-other physical characteristics vary in concert with changes
tries identified above at 06:00 UT and 09:00 UT, the wavein A, andB,, and are also Doppler-shifted by the flawy
activity subsides, and in the second crossing drops out comwhich near the dusk terminator is appreciable, to a frequency
pletely. Intense wave activity in all components resumes atw,=w,+k-V. The waves were: 1) the mirror modes (MMs)
~16:00 UT (12) with a predominance of the compressional2) left-hand polarized ion cyclotron waves (L-EICWSs) and
power. This is the time when normal magnetosheath condi3) right-hand polarized ion cyclotron waves (R-EICWSs). As
tions prevail, as may be seen in the time series (Fig. 5). noted in the Introduction, the MMs are usually the dominant
Summarizing, during the density dropout (MHD- wave mode in the main body of the (normal) magnetosheath,
dominated magnetosheath), the magnetosheath is bereft dut disappear in the PDL because of the I8y prevailing
waves, except for weak, sporadic, right-hand activity. In par-in that region, see, e.g. (Schwartz et al., 1996). Because the
ticular, compressional power in the main body of the mag-R-EICWs are driven by a negative,, which is not usually
netosheath is completely absent, the very reverse of what ithe case in the magnetosheath, they are not ordinarily excited
typically seen at the dayside (Anderson et al., 1991, 1993)n the magnetosheath, and are observed there and in the PDL
and on the flanks (Lucek et al, 1999, Farrugia et al., 2000b)only as daughter waves, generated by nonlinear wave inter-
Normal magnetosheath wave activity is present in the last 9-actions in both regions.
10 h of the pass. We now discuss the wave observations from Below we shall address the following points of the obser-
the viewpoint of the linear kinetic theory of electromagnetic vations:

ion waves.

1. In comparison with typical EICW intensities exempli-

fied by those on 10 May, EICWs in the loRy,,-low

4 Magnetosheath waves: theory M, magnetosheath are present but at much reduced in-
The theory of electromagnetic ion waves is based on modes tensities;
varying asexp(—iwt+ik-x), where a real wavevectdr is 2. Sometimes R-EICWs appear alone driven directly by
given, andw=w,+iy is in general complex valued. The negativea ,; and
real partw, =% (w) is the angular frequency in rad™s of
the mode, while the imaginary papt=3(w) is the growth 3. MMs are excited only in the higi¥t4 magnetosheath
(damping) rate of the wave according as-0(<0). Thus (at the beginning and end of the interval of interest),

t.=1/y gives the corresponding e-folding time in s. Quan- appearing together with EICW activity.



1328 C. J. Farrugia et al.: Waves in low pressure magnetosheath

We note that in the following calculations we omitthe con-  Using experimental values of A, and
tribution of thew-particles. We thereby underestimate the gy, ,=(37 /(2T +T}))B,, we solve Eg. 5 with param-
theoretical excitation rates of both L- and R-EICWSs, which eters changing with time. The normalized growth rages
are both enhanced by the presencersf(see Gratton and are shown as a function of the Doppler-shiftedn the 3-D
Farrugia, 1996; Farrugia et al., 1998; Gnavi et al., 2000.)plots of Figs. 12 and 13. Time is the third axis and increases
The same is true for MMs waves. The theory, therefore, givedowards the left. Data for the calculations are available

only conservative estimates of the growth rates. only where there is a horizontal line segment starting at
the UT axis. When the horizontal line segment extends
4.1 L-EICWs along the wholex, range the corresponding<10-4. From

. N ) N ~21:00 UT (11) to~04:00 UT (12) there is a gap in the,
The instability of L-EIC waves is due to positive,. These  data and growth rates are not computed (blank in Fig. 13).
modes grow when the protons resonate with the waves, i.eThe shift in frequency is computed and plotted only for
when condition forward-propagating waves,, >0 using the angle between
V andB shown in the last panel of Fig. 5. We shall comment
later about the Doppler shift of backward-propagating
is satisfied. Herey is the particle velocity parallel to the WaVes. which correspond to roots of the dispersion equation
magnetic field. Waves propagating aloBgi.e. with k| =0 for negativey values that are equally am.p_llfled. We can
andk=Kk, are amplified faster, and we shall assume that the>®® that the frequency range of amplified waves goes
observed waves are mainly of this kind. We consider only/ntérmittently beyond the proton gyrofrequency (at=1

protons. We shall also assume a bi-Maxwellian distribution, N€"€, andf, in the spectrograms), as also observed in the
spectrograms of Figs. 9 and 10, though experimental values

l>3/2 1 exp( (v)z) ( (vi)z) @) are somewhat higher. Evidently there could be no agreement

(O —kv”:Qp (2)

2
Vil

:fl(?)Max: (n 3 between theoretical and observed frequencies without taking
Viho) into account the important Doppler shift at the spacecraft
position.

The normalized frequency for which the theory predicts a
maximum growth rate for L-EICWSs is shown as a function
X=w/Q, Xr=w/RQp, y=kVa/Qp, &8=7v/2p.(4) of time in the upper panel of Fig. 14. The thin line join-

ing plus symbols, computed with experimental data, is the
The resonant protons move against the wave (i.e. with0 frequency in the plasma frame, while the thick line joining
when the phase velocity,,>0), so that resonance occurs diamond symbols corresponds to Doppler-shifted values for
for waves withx,<1. At resonance (Eg. 2), wave emis- v,;,>0. The latter are about a factor of 2—-3 higher than the
sion or wave absorption may take place. However, whenformer. The lower panel in Fig. 14 gives the correspond-
x, is less than a critical valuge.=A,/(A,+1), emission ing normalized maximum growth rates as a function of time.
is the dominant process and the wave grows, while forThe wide gap in computed properties, fromi3:00 UT (11)
x,>x., absorption prevails. From equations 2—4 it fol- to ~04:00 UT (12) is due to the growth rates being less than
lows that the fraction of resonant protons is proportional to10~# because of lowA, and/or lowg, , or absence of L-
exp(—(1/B, 1) ((x,—1)/¥))?) (see, e.g. Gnavi et al., (2000), EICWs amplification due to negativ,, during the first part
Farrugia et al. (2004), and references therein) and is thus regf the interval (up to~ 21:00 UT (11)), and for the rest of
ulated byB,, | =(vin,/ Va)?, decreasing a8, | decreases.  the period is due to the data gap noted above. A growth rate

During May 11, 1999, L-EIWC activity was greatly cur- ¢=10"%is very weak, meaning that 1600 proton gyrope-
tailed by two factors: 1) the large decreaseggf which re-  riods have to elapse before the wave amplitude increases by
duced the emission rate per particle, and 2) the strong dea factore~2.72.
crease of the density which, in turn, reduced the number Starting from Fig. 12 at 18:00 UT (10), theory shows
of emitters. Both effects are taken into account in the nor-EICWs amplification at~ 20:00 UT (10) followed by
malized growth rateg, computed by solving for each real  negligible g values until a stronger excitation occurs at
the dispersion equation of L-EICWs far(see, for instance, ~21:00 UT (10), a time in which ,(>0) increases signif-

2
Vth|| Vi1

WhereUIh’H’J_E\/ZzKB Ty, L/mp).
It is convenient to normalize as follows:

Gratton and Farrugia, 1996) icantly (Fig. 6). The theoretical amplification is then mod-
ulated according to the variations df,—pg, (Fig. 6), with
2 (A, +Dx - A, x—1 varying values of from~21:00 UT (10) to~05:00 UT (11),
yo=Ap —x+ N Z <y :B|»I7) : ©) when a short data gap appears. Additional modulations con-

tinue from~06:00 UT (11) to~10:00 UT (11), after which
Z is the plasma dispersion function. In view of the fact the excitation becomes negligible. We may note peaks of
that the electrons have only a minor influence on L-EICWsamplification, withg between 0.01 to 0.1 at21:00 UT (10),
we have neglected the inertia of electrons and assumed that02:00 UT (11),~04:00-05:00 UT (11);~06:00 UT (11),
A.,=0in (eq.5). (Wind/SWE values oA, lie in the interval  ~07:00 UT (11),~09:00 UT (11), and~10:00-11:00 UT
-0.5<A.< 0.5 with large scatter). (11), separated by more or less wide and degplleys with
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reduced wave excitation.
The absence of wave amplification from shortly after
~11:00 UT (11) to after~20:00 UT (11) seen in Figs. 9

and also Fig. 14 is, according to the theory, a consequence

of the long interval dominated by negativg, values, which
prevented the excitation of L-EICWSs (Fig. 6, panel 4). When
positive A, were sporadically observed in this interval, the
concomitant low beta was not sufficient to prodgcel0—4.
Figure 13, which is a continuation of Fig. 12, covers the
period from 12:00 UT (11) to 20:00 UT (12). Here the am-
plification reappears at04:00 UT (12), after the data gap.
The growth rate rises to a pegk-0.1 at~05:00 UT (12), itis
negligible from~07:00-08:00 UT (12), grows again to sub-
stantial values from-09:00-11:00 UT (12), falls down after

~11:00 UT (12) and peaks strongly again at 12:00 UT (12).

Therafter follows a valley of very low up to~15:00 UT
(12), then some additional peaks~at5:00-16:00 UT (12),
and at~17:00 UT (12), after which the theoretical amplifi-
cation becomes negligible.

After about 18:00 UT (12), during the highf4 phase
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Fig. 12. Theoretical results on L-EICWs using measured values at
Geotail. Plotted are the growth ratesin units of 2, against UT
and Doppler— shifted frequecies, normalized to2,,. The time
axis is in hours starting from 18:00 UT, 10 May 1999, and increases
to the left. This interval starts soon after the bow shock crossing
and ends at the lowest values of the solar wind density 12:00 UT
(11). Left-hand-amplification with modulations gnthroughout the

brought about by the recovery of the density, the compresinterval except for 2h at its extremities.
sional activity observed in the spectrograms (which restarted

some hours earlier) becomes stronger and kegpat low
values, as shown in Fig. 6. The smal}, values, in turn, re-

duce the growth rate of the L-EICWs to negligible values, as

shown in Figs. 10 and 11, so that we do not extend Fig. 13 ;. |

beyond 20:00 UT (12).

4.2 R-EICWs

The R-EICWSs are observed sometimes together with L-
EICWs, and at other times alone (Figs. 9, 10 and 11). These

two cases have to be treated separately.
According to linear theory, an instability of the R-EICWs

can be excited by a negative temperature anisotropy, pro-

vided theg,, is not too small, (see (Gary, 1993). At the same
time, a negatived , inhibits the growth of the L-EICWs, as

3
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Fig. 13. Same as Fig. 9, but for the interval 12:00 UT (11) to

noted above. According to the linear theory R-EIC waves20:00 UT (12), i.e. during the phase when the density starts to

are not amplified at all whert ,>0. When R-EICWs are
observed unded ,>0 conditions, they are by-products of L-

recover. Note the absence of L-EICW amplification in the inter-
val 12:00 UT (11) to 04:00 UT (12), in agreement with the data

EIC waves (see, for example, last part of 10 May and early(Fig. 10).

part of 11 May). Note also that whe#,>0 andg, <1 the
R-EICWs have little or no damping, particularlygt<1, so

they may last long after being generated. Conversely, when The R-EICW activity observed in the interval after
By is large the damping of R-EICWs may increase consider-~12 UT (11) and~21:00 UT (11) whem , <0 corresponds

ably, except at very low frequencies«1.
We consider now the case of negatidg. Geotail ob-

to very low valuesg, (<0.1), but we must note that, |,
which is the key parameter for the waves, wak1 due to the

serves weak bursts of R-EICWSs with little accompanying sporadically enhanced, negative anisotropy. As an example
L-EICWs (Fig. 10). These right-hand waves are now be-of the theoretical results, we quote two computations, one for
ing generated directly from the temperature anisotropy. In-~12:00 UT (11) and the other for 15:00-16:00 UT (11). (For
terestingly, this period coincides with a weak bow shock sothe dispersion relation see, for example Farrugia et al., 1998).
that the magnetosheath is exposed to the proton temperatufeor the first we haves,=0.09 andA4 ,=-0.8, andg, ;=0.19.
anisotropy of the solar wind. This is negative (see Fig. 2,For the second we hay,=0.09,A4,=—0.94,8,, ,=0.24. In
panel 5). We conclude that this weak R-EICW activity is di- both cases we find~ 0.1 in the frequency range 0.35-0.37
rectly a result of the weakening of the bow shock, thus elim-2,,. A growth rateg=0.1 is important (every-1.6 proton gy-
inating a major source for preferentially enhancihgat the  roperiods, there is an e-folding rise of the wave amplitude).
expense of th@ (Sckopke et al., 1990). When the quoted frequency is Doppler-shifted by a factor 2-
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of Fig. 6. The points represent experimental values. The
quantity 8, and the temperature ratios are 1-min running av-

erages. The mirror instability is a non-resonant process in
which all the particles participate, and it tends to reduce the
anisotropy as the amplitude of the waves grows. Therefore,
these modes are ordinarily only marginally unstable, and are
WBad T Hean seah lah swh  zeah s iah s ze02 observed close to the theory limit.

, 3 4.4 Comparison of wave theory with the observed spectra
w0’ E A general preliminary comment: the linear theory of waves
cannot reproduce fully the observed power spectrum, due
to the absence of wave-wave interactions and other realistic
. elements omitted in the treatment. Nevertheless, the linear
1013(10) T 24(10) 06(11)  12(11) 18(‘11) 24(‘11) 05‘(12) 12(12) 18 (12) 247(12) model can pOint out some basic trends of the wave aCtiVity,
predict the presence or absence of the instability, and reveal
Fig. 14. Theoretical maximum growth rates of L-EICWs (bottom the influence on the waves of the variation of important phys-
panel) and corresponding frequencies (upper panel) for the intervaical pa'rameters. Wlth these limitations in mind, we carry out
18:00 UT (10)-24:00 UT (12), where data for the computations area qualitative comparison of the theoretical properties com-
available. Note that at dusk there is a large Doppler shift in theputed with the observed wave phenomena.
frequency (thick line) due to the fast magnetosheath flow at dusk. Between~21:00 UT (10) and 11:00 UT (11) a qualitative
In the gap the temperature anisotray <0, and these waves are  agreement between the observed spectral activity (Figs. 9,
not excited. 10) and the computed frequencies and amplification rates can
be noted. (see Figs. 12 and 14) At about 21:00 UT (10), when
3 as before, it yields for,;,>0 a frequency~<,,. Outside the mir_ror mode activity declines s_ignificantly, the parame-
the cited frequency range the growth rate becomes very smalf” 4p increases and, correspondingly, the growth rates of
becauseA | is small. These estimates are in agreement with-"EICWS expected from linear theory reach substantial val-
the observed weak right-handed emission whgr:O. ues (Fig. 12). Note also in Figs. 9—10 the observed relative
The weakness of the R-EICW power at this time may pereduction of L-EICWS activity at about and after 24:00 UT
explained as follows. The amplification of R-EICWs is due (10), & recovery from 02:30 to 04:30 UT (11), a decline from

to the cyclotron resonance of ions with the waves: 05:00 UT (11) to 07:00 UT (11), followed by a weak revival
at low frequencies from 07:00 UT (11) to 11:00 UT (11), and

o, — k= — Q,, (6) the subsequent fade out. These features are qualitatively re-
flected in Figures 12 and 14 as trends of growth rate variation,
at approximately the same times.

The observed intensity at very low frequencies, with
o<k, in the range f<0.1Hz (Figs, 9, 10 and 11) can be
explained within the linear theory by the amplification of
backward-propagating L-EICWs {, <0). For these waves,
which propagate against the field, is replaced by, and
the observed resonant frequency is, thereforesw, —|k|V
(Eq. 2) so that the Doppler shift may reduce their frequency
considerably. An additional, different, contribution to the L-
EIC wave population at low frequency may be non-linear
interactions producing a cascade from the excited frquency

The mirror modes have a wavevector quasi-perpendicular téange down to lower frequencies.

the field ¢, >>k, k~k,). A characteristic signature of the A temporary absence of theoretical L-EICW growth rate
MMs is the anticorrelation of magnetic field fluctuations with may be noted at09:00 UT (12), Fig. 13, at the same time of
density perturbations. The condition for the MMs instability @ transient entry of Geotail into the magnetosphere, discussed

10°F

which is known as the anomalous resonance condition
Equation (eg-6) is satisfied only whef>v,, and for these
wavesv,, > V. Therefore, under this condition, and remem-
bering thatﬂp,”:(v,h,H/VA)Z, it follows that there are only
few particles in the proton distribution function that travel
faster than the R-EIC waves whet), ;<1 and resonate,
sincev,,>Va>vy,. Therefore, ag, | decreases due to an
increase ofV4 at nearly constant temperature, the R-EICWs
excitation is reduced.

4.3 Mirror mode waves

resulting from kinetic theory is before, when a power decline appears in the spectrogram of
Fig. 11.
1-> (BLsAs) < 0. () The presence of R-EICWSs under positive temperature
N

anisotropy conditions seen in the spectrograms can be
where the sum extends over all the particle species (see, e.gxplained by the linear theory, from the Doppler shift of
Hasegawa, 1975; Treumann and Baumjohann, 1997). already existing backward propagating L-EICWSs, or those
Taking only protons into account, we represent the theoretexcited together with forward propagating L-EICWs when
ical instability limit (Eq. 7) by a horizontal line in last panel A,>0. We have seen (Fig. 14) that the Doppler shift may
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increase the frequency of L-EICWSs with,,>0 by factors ~ work on electromagnetic ion waves in the magnetosheath to
varying from 2-3. For,, <0, negative values ob, are  the low dynamic pressure regime.
also obtained, which means that Doppler-shifted, backward The second consequence of low solar wind dynamic
propagating L-EICWs can be observed as R-EICWSs. Thepressure is that the resulting Alfven (and magnetosonic)
recorded R-EICWs may also be generated, at least in pariMach number weakened the bow shock. The weak bow
by nonlinear wave interactions that can produce these modeshock exposed the magnetosheath directly to the temperature
from pre-existing L-EIC waves. anisotropy of the solar wind, which was negative. Plasma
Theory predicts no wave amplification fromn11:00 UT  wave theory then predicts the presence of right-hand polar-
(11) to~21:00 UT (11) (Figs. 12-13), a long interval where ized EICWSs, deriving their energy from the anisotropy. And
availableA , data shows a preponderance of negative valuesthese waves were observed. We have thus confirmed another
which prevent the growth of L-EIC waves. The same time prediction of wave theory in the context of space physics
period is characterized by a sharp decline, and almost abplasmas. To our knowledge, this is the first observation of
sence of L-EICW power, except for a trace at very small fre-transverse right-hand EICWs existing alone in the magne-
quencies (Fig. 11). This is also the period of observed weakosheath.
bursts of R-EICWSs power, in agreement with theoretical no- The temporal aspect of the observations was very crucial
tions about R-EICWs excitation whet), <0. The R-EICW  in our case. As Fig. 3 clearly demonstrates, the solar wind
bursts occur at about 12:00 UT (11), 14:00 (11), 16:00 (11),underwent a large-scale transformation, and Geotail stayed
18:00 (11), 20:00 (11), and 21:00 UT (11). As noted, this Jong enough in the magnetosheath to observe its effect. In
activity cannot be a by-product of L-EICWs excitation. this case, clearly, what class of waves were observed de-
The agreement between the theoretical instability limit of pended on a temporal feature and did not reflect a spatial
Fig. 6 and the MMs activity shown in the spectrograms of structure of the magnetosheath. As a corollary, the waves
Figs. 9-11 is, in general, good during the whole interval observed were not related to the position of the spacecraft
studied, taking into account the fact that mirror modes arewith respect to the magnetopause or bow shock: EICWs were
ordinarily only marginally unstable, as mentioned in the In- seen in the main body of the magnetosheath, without mirror
troduction and Sect. 4.3. This comment applies also to somevaves; and mirror mode waves were observed right next to
details of the spectrograms. For instance, one may note théhe magnetopause.
MM bursts at~ 21:00 UT (10), and at06:00 UT (12) that

can be correlated with points lying on, or above, the theoret'Acknowledgementsi?art of this work was done while FTG and GG
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