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ABSTRACT 

We present the analysis of plasma and field data acquired from the 
AMPTE/IRM satellite for ULF wave fluctuations in the subsolar 
magnetosheath under a "quiet" condition. A total of seven magnetosheath 
crossings, representing twelve hours of observations, were selected for sta
tistical analysis. The statistical analysis results indicated that mirror-like 
compressional fluctuations are typical of the quiet-state subsolar 
magnetosheath. It is also found that mirror-like fluctuations with typical 
frequencies between 10 mHz and 80 mHz (or 0.02.fu+ $ / $ 0.2,k +,where 

/is the wave frequency and/8+ the local proton gyro frequency) are associ
ated with 0.1 $ (T.L/T11-1)$0.6 and 1 $ /3, $10 magnetopause plasma, 
where /3, is the proton beta and Tl. and T11 are the perpendicular and 
parallel proton temperature, respectively. We also found that the condition 
for mirror instability, T.i /T11 > 1 + f3 �·, is generally not satisfied in the en
tire region of the magnetosheath, especially near the magnetopause. This 
may indicate that temperature anisotropy is reduced due to the develop
ment of mirror waves as suggested by Price et al. [1986] and Lee et al. [1988]. 

(Key words: ULF fluctuations, Magnetosheath, Temperature anisotropy) 

1. INTRODUCTION 

It has long been suggested that magnetic Pc 3-4 pulsations observed in the magnetosphere 
are influenced by solar wind parameters, such as the solar wind velocity and the orientation 
and magnitude of the interplanetary magnetic field (IMF)[Fairfield, 1969]. A comparison of 
VLF fluctuations in the solar wind, the magnetosheath, and the dayside magnetosphere using 
simultaneous data from ISEE 1 and 2 in the upstream solar wind, AMPTE/IRM in the subsolar 

magnetosheath, and AMPTE/CCE in the dayside magnetosphere [Engebretson et al., 1991] 
showed that dayside magnetospheric Pc 3-4 pulsation activities are associated with low IMF 
cone angles and increased turbulence in the subsolar magnetosheath magnetic field, and with 

increased and highly variable levels of energetic magnetosheath particles. In a related paper, 
Lin et al. {1991] found that the thermal beta and the perturbation energy increase greatly as the 
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magnetosheath region becomes more distu�bed, and the tot�l pressure of the s�bsolar 
magnetosheath region decreases as the region becomes more disturbed. They also found that 
the changes in magnitude of the plasma bulk velocity in the subsolar magnetosheath have little 
effect on the occurrence of Pc 3-4 waves in the outer magnetosphere. 

Although the solar wind and interplanetary magnetic field (IMF) ultimately control geo
magnetic activity, it is the magnetic field and plasma in the magnetosheath which impinge 
directly on the magnetopause [Anderson and Fuselier, 1993]. Hence the processes responsible 
for transferring solar wind energy into the magnetosphere and the features of the magnetosheath 
are of great interes� and are one of the most debated issues in space physics. 

Magnetic field fluctuatioµs in the magnetosheath . associated with ion .. cyclotron and mir
ror instabilities have long been identified. Fairfield [19,76]first atajbuted the observed field 
fluc:tuations of aroµnd 1 Hz, below the local proton cyclotron frequen�y with a left-har;td polar
ization, in the magnetosheath near the. magnetopause, to ion cyclotron waves. Larg�-ampli
tude compressional fluctuations,8B/B-05, were alsq observedin the magneto�heath and 
were attributed to the mirror instability [Tsurutani et al., 1982]. Numerical simulation of mir
ror waves at the earth's magnetosheath has been studied by Price et al. [1986]. Lee et al. 
[1988] found that the mirror instability provides a mechanism for the isotropization of the ion 
temperature downstream of the shock. A number of studies have also examined the magnetic 
fluctuation characteristics of the magnetosheath near the magnetopause [Song et al., 1990, 
1993; Anderson et al. 1991; Anderson and Fuselier, 1993]. By using the .AMPTE/CCE satel
lite data, Anderson et al. [1991] and Anderson and Fuselier [1993] found close correlation 
between the wave magnetic fluctuations and plasma properties. They found that cyclotron 
waves occurred for reduced plasma density and increased magnetic field strength (iow [3). 
Their observations also suggested that magnetosheath ion anis.otropies may be 01,:dered by the 
ion anisotropy mode that"is most unstable. Anderson and Fuselier [1994] studied the plasma 
properties associated with different spectral features of 0.1-4.0 Hz magnetic fluctuations in the 
magnetosheath and found that mirror waves are associated with /JP > 5 and T.L/Tn - 1.5, 
where /3P is the proton beta, and T.L and Tu are the perpendicular and parallel temperature, 
respectively. , 

Phan et al. [1994] studied 38 low-latitude, dayside (0800-1600 LT) magnetopause cross
ings by the AMPTE/IRM satellite and found that the structures of the key parameters, mag
netic field and the dynamics of plasma flows, in the magnetosheath region depend strongly on 
the magneticshear across the magnetopause. They concluded that when the magnetic sheafis 
low ( $ 30°), a magnetosheath transition layer, also called the "plasma depletion layer,'' of 10-
min average width exists where the magnetosheath magnetic field piles up against the magne
topause. In this region the plasma density and plasma f3 , as well as the proton and electron 
temperatures, are lower than in the magnetosheath proper; They also found that the condition 
for the onset of the mirror instability is generally not met in the magnetosheath transition· layer, 
where the plasma /3 often falls below 1, while it is marginally satisfied in the magnetosheath 
proper, where usually f3 > 1. When the magnetic shear across the magnetopause is high (> 
60°), the near-magnetopause magnetosheath is more disturbed. The magnetic field in this case 
does not pile up in the immediate vicinity of the magnetopause, and no systematic variations in 
the plasma parameters are observed in this region until the

_ 
enccmnter of the magnetopause 



K. Liou & C. A. Lin 

current layer; that is, there is no magnetosheath transition layer. Also, in contrast to the low
shear case, the mirror instability threshold is marginally satisfied throughout the magnetosheath. 

The study ofrelative high frequency (0.1-4 Hz) and high solar wind dynamic pressure in 
the magnetosheath has been reported by Anderson and Fuselier [1994]. To our knowledge, 
however, there is no report concerning the PC 3-4range fluctuations(< 0.1 Hz) in the 
magnetosheath, which may be directly associated with the PC 3-4 pulsations observed in the 
magnetosheath. In the present paper we will use AMPTE/IRM measurements to study the 
wave characteristics in a frequency range below 0 .1 Hz and their associated plasma properties 
in a "quiet" magnetosheath under normal solar wind dynamic pressure. A"quiet" magnetosheath 
can be distinguished from a "disturbed" one by the presence of energetic ions of 3-40 ke V [ 
Asbridge et al., 1978]. 

The organization of the report is as follows. In section 2 we present data analysis using a 
case study with emphasis on wave characteristics and mode identification. Section 3 presents 
the statistical analysis on background plasma parameters. Since this research is only prelimi
nary, we will not try to make any conclusion but a short discussion will be given in section 4. 

2. DATA ANALYSIS 

The AMPTE/IRM satellite was launched on August 16, 1984, into near equatorial highly 
elliptical orbits. Plasma parameters are sampled every 4.5 s and the magnetic field data are 
averaged over the plasma sampling time from the original sample rate of 32 s·1• A detailed 
discussion of the magnetometer and the plasma instruments on board the APMTE/IRM can be 
found in the reports of Ltihr et al. [1985] and Paschmann et al. [1985], respectively. 

During the entire mission of the AMPTE/IRM between 1984 and 1986, a total of 68 
passes through the daytime (0800-1600 LT) low-latitude magnetopause have been identified. 
A preliminary study indicated that highly structured magnetic field fluctuations ( < 60 mHz) 
were often seen during the near noon magnetosheath passes. In order to study these waves, we 
only select cases in which the AMPTE/IRM made a near noon equatorial pass(< 15° LMT). 
Under this restriction, only 7 such passes are found to be appropriate. In this study, we will 
present a typical event to study the waves in the ULF frequency range(< 0.1 Hz). 

To identify the structured field fluctuations, we will use a simple parameter, R, introduced 
by Lin et al. [1991]. The R parameter is defined by 

R=_!_ f B; 
N i=t IB I 

(0 ::; R ::; 1) (1) 

3 

where N is the number of measurements of the vector B in a time interval. The R parameter 
gives the information about the concentration level of vectors [ Mardia, 1972]. If the vectors 
are randomly· distributed in direction, R is zero and if the vectors all point toward the same 
direction, R is equal to 1. For scattered vectors, R will fall between 0 and I.The variation of R 
indicates both the fluctuation level of the field and plasma flow, and, as pointed out by Lin et 
al. [1991], that R is sensitive to the transverse variation of the vector but is unaffected by the 
compressional component of the vector. This means that R is a good indicator of direction. 
changes but not of magnitude changes. In this study, we will use the R parameter to separate 
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the "quiet" state magnetosheath from the "disturbed" state magnetosheath. The "quiet" state is 
defined by a low fluctuation in the level of magnetosheath plasma, and the field parameter 
(large R). A preliminary study of the seven selected events indicated that in each case 

magnetosheath magnetic fluctuations intensified when R was lower than 0.8. Therefore, only 

data with R > 0.8 will be used for statistical analysis. 
In this study, each R parameter is evaluated using 55 samples (about 5 min.). Data are 

shifted 12 samples (about I min.) for calculating the next R value. It should be noted that the 
choice of the time interval and the shift length are not unique. Generally, a smaller time seg
ment results in a more detailed time variation for R. 

Case study event: 1000-1200 UT August 30, 1984 (day 213) 

Figure 1 shows an outbound near noon magnetosheath pass. The AMPTE/IRM satellite 
entered the magnetosheath at about 10:05 UT from the magnetosphere. Data from the top 
panel to the bottom panel of Figure 1 are respectively, the plasma flow velocity, plasma den
sity, three components of magnetic field in GSE coordinates, the total magnetic fields, the 
proton parallel and perpendicular temperature, and the electron parallel and perpendicular 
temperature. After the encounter of the magnetosheath plasma (> 1005 UT), the AMPTE/ 
IRM observed a highly structured magnetic field fluctuation as can be seen in Figure 1. The 

wave structure of the magnetic field, with an amplitude ( oB/B) decreasing from -0.5 to -0.1, 
appeared throughout the magnetosheath. The R parameter shown in the bottom panel of Fig
ure 4 indicates that the field vectors are highly concentrated (R-1). By using the minimum 

variance analysis, we found that the wave vectors are mainly pointing in the x direction (not 
shown). 

The dynamic power spectra of the waves from 1015-1145 UT are shown in Figure 2. The 
time window is about 5 minutes and data are shifted such that the total number of data segment 
(about 200) across the entire time range is fixed. The power density (in unit of nT2/Hz) is 
scaled using 16 tones of gray. From top to bottom, the panels in Figure 2 show the total, the Z, 
the Y, and the X components of the magnetic fields on GSE coordinates. One can see that the 
wave power is mainly in the range 10 mHz to 80mHz (or 0.02.fu+ S.fS. 0.2.ftt +, wherefis 
the wave frequency and .ftt +the local proton gyro frequency). The wave frequencies tend to 
be increasing with the distance from the magnetopause for the first 30 minutes. They then 
remain steady, but weaker in power, in the range 40 to 80 mHz throughout the rest of the 

magnetosheath region. It is interesting to note that the highly similarity between the �and the 
� power spectra densities indicates that wave fluctuations were mainly in the y direction. 
This can also be justified by the low power density in the z direction for frequencies above 10 
mHz. Since the wave vectors were approximately in the x direction and the local magnetic 
fields were roughly in they direction (see Figure 1), we conclude that these are compressional 
waves. 

Large-amplitude compressional fluctuations in the magnetosheath have long been attrib
uted to mirror instability [Tsurutani et al., 1982]. Previous theoretical study has also shown 

that compressional fluctuations are consistent with the mirror mode [Gary et al., 1993]. To 
identify the wave mode of the observed compressional fluctuations, a simple and useful method 

. { 
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5 SEC RESOLUTION AMPTE Ill C DATA 9.9,0.6 0.7 - 11.9 L.9 0.8 Q/IE 
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Fig. 1. Plasma and magnetic field data for the magnetosheath interval of August 

30, 1 984. From top to bottom, the figure shows the plasma flow speed 
( V1p), the plasma density ( N tp), three components of magnetic field 

(Bx,By,Bz) on GSE coordinates, the total magnetic field (Bt), the proton 

parallel (:!Rn) and perpendicular temperature ( Tpl.), and the electron 

parallel ( '1�11) and perpendicular temperature (Tel.), respectively. The 
start and end positions of the AMPTE/IRM are shown next to the main 

title on the right in Earth radii (Re). 
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Fig. 2. Dynamic power spectral density of the magnetic field for the 1015-1145 
UT interval of August 30, 1984. From top to bottom, the figure shows 
the dynamic spectra of the total, the Z, the Y, and the X components of 
the field in GSE coordinates. 
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will be used. Although fast, slow, ·and mirror mcides can all be predominantly compressional, 
the phase relation between the density variation 8n and the field variation DB is different. For 
the fast mode, on and DB are in phase, but they are in antiphase for the slow and mirror modes. 
The mirror and slow modes may be distinguished according to the ratio of l8n/n] to l8B/B

I
: 

magnetic field perturbations predominate in the mirror mode [Gary, 1992], loB/Bl>l8n/n; 
whereas density perturbations predominate in the slow mode [Gary and Winske, 1992], 
18 n/nl> l8B/BJ. 

To identify the observed wave mode, we plot a small time segment from 1015 UT to 1025 
UT of the normalized variations of plasma density, 8n/n , and magnetic field, oB/B, in 
Figure 3. The plasma density variations are calculated using proton density rather than elec
tron density as an approximation. In a typical magnetosheath plasma, the concentration of 
He+2 is about 5%. It is easy to estimate that the error introduced by our underestimation of the 
plasma density is less than 10%. The variation of the plasma density and field are obtained 
from high-pass filtering of the observed data at 1 mHz. One can see from Figure 3 that o B/B 
(dotted line) predominates 8 n/ n (solid line) and that they are an ti correlated, indicating a 
mirror wave. 

The plasma parameters for this event from 1015-1145UT are evaluated and plotted in 
Figure 4. From top to bottom, the panels show the mirror instability parameter, 
T.l/T11 -1-J3 ::L.1, the proton temperature anisotropy, t.l/Tu - 1, the electron beta, /le, the 
proton beta, f3 P' the perpendicular proton pressure, ,P .l •the parallel proton pressure, P11, the 
dynamic pressure, Pv, the magnetic pressure, B2/81t, and the R parameter. The dynamic 
pressure is defined as 0.881 NPMP v; [Spreiter et al., 1966], where NP and MP are the 
proton density and mass, respectively, and Vn is the velocity component normal to the magne
topause. For simplicity, we will approximate Vn to Vx because this event was a subsolar 
measurement. The magnetic pressure generally decreases with the distance from the magneto
pause, where as the plasma thermal pressure and dynamic pressure increase with the distance 
from the magnetopause. Consequently, the proton beta and electron beta increase with the 
distance from the magnetopause. The proton temperature anisotropy is enhanced in the high 
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Fig� 3. N ottnalized plasma density (solid line) and magnetic field (dotted line) 
fluctuations for the 1015-1025 UT interval of August 30, 1984. 
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the mirror instability parameter ( T.L/Tn -1-1//h ), the proton tem
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and the R parameter. 
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field, low- f3 region. This is because of a comparatively large decrease in parallel temperature. 
One should note from the top panel in Figure 4 that the condition for mirror instability is not 
satisfied for the entire magnetosheath region. Since mirror instability provides a mechanism 
for the isotropization of the ion temperature [Lee et al., 1988], this may indicate that mirror 
waves have developed, leading to a decrease in T.1_/T11 to below the instability condition. 

3. STATISTICAL ANALYSIS 

The example shown in the previous section is one of typical "quiet" state magnetosheath 
observations near the subsolar point. In this section, we will address two questions raised from 
the previous case study. The first is whether the mirror mode predominates the ULF waves in 
a "quiet" state magnetosheath near the subsolar region, and the second is what the mechanism 
responsible for the generation of the observed wave fluctuations is. 

There were 7 magnetosheath passes which fall within our interests. In addition to the case 
study event of August 30, 1984, the other 6 events are 1305-1445 UT of August 28, 1984, 
0630-1000 UT of September 1, 1984, 0900-1045 UT of September 12, 1984, 1240-1400 UT 
of October, 1984, 1300-1500 UT of September 12, 1985, and l 130-1300UTofNovember 17, 
1985. 

To answer the first question, we take each measurement of density and field variation 
over all the surveyed events (about 12 hours or around 8700 samples) and on/ n versus 8B/B 
in Figure 5. It should be noted that in Figure 5 a single dot corresponds to a single measure
ment. One can see that the anticorrelation between the density and field variations is obvious 
with lo n/nl< lo B/Bj, indicating a mirror mode. The correlation coefficient is high at -0.8. 
Therefore mirror mode may be the typical wave which predominates the field fluctuations in 
the ULF range in a "quiet" state subsolar magnetosheath. 
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Fig. 5. Plot of normalized plasma density variation versus normalized magnetic 
field variation for all events. 
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In order to determine what physical parameters control the wave activity observed by 
AMPTE/IRM in the subsolar magnetosheath, we have studied the relation between the sheath 
parameters for all events. The magnetosheath parameters include proton parallel thermal pres
sure, P11, proton perpendicular thermal pressuref P .l • proton beta, f3 P' electron beta, f3e, pfasnia 
dynamic pressure, PD, magnetic pressure, B 2 Sn, proton temperature anisotropy, T .i/T11 -
1, and the mirror instability parameter, T .l/T11 -1- J3 ::L.1• The background sheath parameters 
are an average of 55 point (-5 minutes), and a total of 158 points was "obtained for each ·parani
eter. The results are shown in Figure 6. Figure 6(a) shows the relation between the proton 
parallel and perpendicular pressure or temperature. Under the "quiet'' state condition, the 
proton perpendicular temperature is linearly �ependent on the proton parallel temperature with 
P11 �Pl. - 0.5 nPa . Figure 6(b) sh9ws the relation between the electron parallel and perpen
dicular beta or temperature. One can see that the temperature ratio, Ten/Tel. is equal to 1 over 
a wide range of electron beta. The electron beta, for most of the measurements, falls J:>etween 
0 and 2. The is9tropy feature in electron temperature may be useful for identifying a. quiet state 
magnetosheath. • . . . . . 

According to kinetic theory, the condition for mirror instabiUty is T .l /T11 > 1 + /3 ::L.1. 
Since we have identified the observed compressiOnal fluctuations as a mirror mode, we expect 
that this condition must be satisfied for all events. However, this is not consistent with the 
observational resuit. In Figure 7, the ni.irror instability parameter is plot�ed versus proton beta. 
One can clearly see that the value of this. parameter falls between -0.5 and 0.3. It should be 
noted that mirror instability occurs for a positive value of this parameter. The mirror condition 
is satisfied,but only marginally, for f3P � 2. However, it is not satisfied for /3P::::; 2. · 

Linear Valsov theory predicts that magnetosheath ion temperature anisotropy w�th 
T .l > T11 can give rise to three different growing mod�s in a homogeneous plasina. From the 
condition under which a mirror wave can grow, i.e.; T .l/T11 -1-J3 l.1 > 0, a high beta plasma 
becoming unstable is more probable at a low level of anisotropy than at a low beta plasma. The 
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Fig. 6. Relation of parallel and perpendicular proton pressures (left panel) and 

parallel and perpendicular electron beta(right panel) for all mirror mode 
intervals. 
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result sho�n in Figure 8(a) is consistent with this theory. The relation between ( T.l/T11 -
l)and B2 /Sn is roughly linear correlation, Le., the proton temperatQre ani�otropy increases 
with the increase in the magnetic pressure (see Figure 8(b)), where as theteinperature anisot
ropy increases with the decrease in proton.pressure and dynamic pressu�e (see Figure 8(c) and 
8(d)). It should be noted that the te�perature condition, ( T -1/Tn � 1) < 0.5, accounts for more 
than two-thirds of our surveyed: measurements, indicating a low level of temperature anisot
ropy under a "quiet', state magnetosheath condition. 

4. DISCUSSION AND CONCLUSION . 

In this study we have shown that compressional mirror-like field perturbations predomi
nate the ULF band fluctuation in the equatorial magnetosheath under a "quiet'' sheath condi
tion. The mirror-like fluctuations found in this study have frequencies in the range of 10 mHz 
- 80 mHz (0.02 fH+ s; f s; 0.2/H +)throughout the magnetosheath. However, the peak of 
the wave spectrum shifts from low frequency near the magnetopause to high frequency near 
the bow shock, and the wave power, in general, incre�$eS 'Vith. the distance. from th� magneto-
pause.. . 

Statistical analysis of seven surveyed magnetosheath,crossings indicates that mirror-like 
field fluctuations were observed throughout the magnetosheath under different plasma condi
tions. In ge�eral, the plasma conditions �nder which the mirror-like fluctuations occurred can 
be summarized as follows. . 
(1) Electron temperature is isotropic for all measurements (from Figure 1). 
(2)The condition fo.r mirror instability to occur is generally satisfied for f3 P � 2 (from Figure 

7). . . 
(3)The mirror-like fluctuation occu�s wP.en ( T'-1/T11 - 1)_ < 1.5 and /3p � 1. We al�o fo!-Jnd 
•. that 0.1.s; (. T.l/T11 - l) s; 0.6 and 10 � f3p � 1 account for over two-thirds of the measure

ments (see Figure 8a). 
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Fig. 8. Plot of the proton beta (panel a), the magnetic pressure (panel b), the 
parallel proton thermal pressure (panel c ), and the dynamic pressure (panel 
d) versus the proton temperature anisotropy. 

The identification of the compressional fluctuations as the mirror mode is based on the 
criterion given by Gary [1992] that magnetic field perturbations predominate the density per
turbations in the mirror mode and the antiphase relation between 5 n and OB. Our result is 
reasonably consistent with that of Anderson and Fuselier [1993] who found that compres
sional mirror waves with/< 0.2/8+ are associated with /3p > 5 and ( T .L/T11-1) = 0.5. How
ever, we do find that mirror-like fluctuations might occur for /3p < 5, and mirror instability is 
generally not met near the magnetopause where the most intense mirror-like compressional 
fluctuations were observed. This might indicate that the mirror wave may have developed, 
leading to a decrease of T .L/Tu below the instability condition. 
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