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Recent stedies of low frequency waves (w, - Qp, where £2,, is the proton gy-
rofrequency) observed by AMPTE/CCE in the plasana depletion layer and magne-
tosheath proper are reviewed, These waves are shown 1o he well identified with ion
cyclotron and nurror mode waves, By statistically analyzing the transitions hetween
the magnetopanise and time wtervads with jon evelorron and mirror mode waves, 1
15 established that the regions i which 1on evelotron waves aecur are hetween the
magpetepatse and the regions where the miarror wode s ahserved, This resull s
shown to follow from the faet that the wave spectral properties are ordered with re
spect to the proton paradlel hetas Sy The lter resnlt s predicted by linear V6asov
theory nsing a smple mode] Yor the magnetosheath apd plasima depletion Javer,
Flins. the observed speetral type can be asmoeiated with relative shstanee from the
magnetopanse  Che amsotropy beta relation, 3, o1y 76, | 0 :'“l{fll'“ ™
reslts Arom the fact that the waves piteh angle seatter the paricles wo that the

plasmacs near amarpanal stabahty amd sa fandamental constesant on the plasima
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INTRODUCTION

The plasma depletion layer {¢‘rooker ¢t al.. 1979: Midgley and Davis. 1963: Lees. 1964: Zwan
and Wolf, 1976; Wu, 1992] is a relatively thin layer (= 0.5Rf thick. where Ry is the radius of
the Farth) which forms on the sunward side of the magnetopause in the subsolar region when the
Interplanetary Magnetic Field (IMF) is quasi-perpendicular (at a large angle) to the Earth -Sun
line. that is. roughly tangent to the subsolar magnetopause. Magnetic flux from the magne-
tosheath is compressed as it convects through the plasina depletion layer and presses against the
magnetopause; at the same time, the plasma density is depleved. ‘1 he combined effect of increased
magnetic field strength. By, and depleted density is that the plasma beta is greatly reduced at the
magnetopause edge of the plasma depletion layer compared to that in the magnetosheath proper
(that region of the magnetosheath exeluding the plasia depletion layer).

In the magnetosheath downstream of the quasi-perpendicular bow shoek. the proton and dou-
bly ionized helium species (alpha particles) often may be characterized approximately by bi-
Maxwellian distributions with 7 - I} [Sckopke et al., 1990: Anderson ef al., 1991 Fuselier,
1992]. Linear Vlasov theory predicts in this case the existenee of three instabiiities. The first two
ate the proton eyelotron and alph exelotron instabilities driven by the temperature anisotropies
of the protons and alphas respectively and with real frequencies, w,, below their respective oy
rofrequencies L Gary ef al 1998 Denton ef al. 1993:]. The third instability is the mirror mode at
much lower w, [Guary et al. 1976]. The jon evddotron waves are transverse, that iz, Che fluctuating,
magnetic field, B, is perpondienlar 1o 13g. while the mirror made ic compressional. with B || Bo.

Che AMPPTE/CCE spaceeraft passes throngh the magnetosheath under conditions such that
the wolar windd dynamic pressure i high, <o that the magpetosheath beta s high, the marneo
phere s compressed, and the maenetopanse lies within the AMPUE/CCE apopee of S8 R ).
Uuine the ANIPTE/CCE data set, Suderon and Faselier [1993] and Anderson ot al, [1993) have
shown that the spectral praperties of abserved low frequeney waves (0.1 0.0 1L corresponding,
tows less than the proton pyrofiequency, A, By /mye) ane conelated with the variation of
plazma parameters acrons the plasma depletion Liver and jnto the maenetosheath proper. An
ccample illustiating, this cortelation i <hown in Fisure 1, On October I8 (day 2920 19%4 the

AMPTE/CCE spaceeralt ecronnes] the arhaolar maenetopanse at o tane doring, which the comjan



ion spacecraft AMPTE/IRM and UKS were upstream of the bow shock in the solar wind. Because
of this. it was possible to determine conclusively that «‘lmng.o:s in density and field strength in the
vicinity of the magnetopause resulted from a crossing of the plasma depletion layer, as distinct
from temporal changes in solar wind conditions [Fuselier ¢t al.. 1991]. Figure | (adapted from
[Anderson and Fuselicr, 1993] and [Fuselier ot al., 1991]) shows dynamic spectra of AMPTE/CCE
inagnetic field data together with CCE and [RM density and magnetic field data. The top panel
(labeled "XY™) shows the transverse (to Bg) srectral power from 0 to 2 Hz and the second panel
(labeled =77) shows the parallel power over the same {requency range. The third panel shows
the electron density at CCE, calculated as the sum of the proton density and twice the He?*
density measured by the Hot Plasma Composition Experiment on CCE. The TRM electron ilen-
sity, measured by the electron instrnment was multiplied by 1.92, determined as the ratio of vhe
[RM and CCFE densities from 1340 to 1400 U, The IRM time has been shifted by 3.5 minutes
to account for the plasma conveetion from 1RM to CCEL "This time was determined as discussed
by Puselier et al. [1991]. The bottom panel shows the CCE and IRM magnetic field steength,
3. The IRM magoatic field magnitude was multiplied by .81, the ratio of the average IRM and
CCE field magnitndes from P30 1100 UT, The absolute density and magnetic field values are
quite different upstream of the how shock and close to the magnetopause: the shift in IRM values
is made so that o relative comparison can be made, 1t is eloar that the CCE and TRM densities
are correlated during the interval 1310 1100, but not beforehand.

From 1300 to 1340 U the CC) 4|c-||,~;il._\,' is low and the CCE field strenpgthis high relative 1o the
values at TRM fmmediately upstream in the solar wind, \s discunsed by Vaselier et alo (1990 ] and
Anderson et all [1993], the CCE Spacecralt was generally located in the mapnetosheath after
maenetopanse crossing at < 1300 UT. Comparison with Che spsteeam solar wind monitar inde.s oo
that the interval from 13003 ve B0 UT has charactenstics ot o plasma depletion faver sanee the
density i depleted and the field strenpth enhaneed ot CCE pelative to TRNL The correspondense of
this ieterval with the transverse marnetic dignals (top panel of Fieure 1 indicative of jon cvelotron
waves Feclear anis the proetesave intensfication ol low frequeney compressional Quetnanon:
Covcond panelt alter 1330 U777 AWe dentity the Diter an marvor tnode luctuations We will Jhow

helow the - thene mode dentifications are woll established theoretically, Thus the ropion i which



the ion cyclotron waves are observed is the plasma depletion layer (1303-1340 UT), which is
between the magnetopanse (~ 1300 U'T') and the nmgnom.shoath proper (1:340-1100 UT), where
mirror fluctuations are primarily observed.

In order 1o demenstrate that the spatial ordering magnetopause-ion cyclotron waves-mirror
mode holds in general for the high magnetosheath beta conditions during which AMPTE/CCE
observes the magnetosheath. Anderson and Fuselier [1993] made a statistical study of transi-
tions fromn magnetopause crossings and from time intervals with ion cyvelotron or mirror mode
fluctuations. The results are shown in Table | (adapted from [Anderson and Fuselier. 1993]).
Transitions are shown fo magnetopause crossings and to time intervals with ion cyelotron, mir-
ror mode. or “other sheath™ waves. “Other sheath™ ndicates intervals in which the waves are
broadband (structureiess) fluctuations extending above ., or some comhination of ion cvelotron
fhuctuations and mirror mode fluctuations not considered in [Anderson and Fuselier, 1993] (see
below). Most of the magnetopanse transitions are to jon evelotron intervals. About hall of the
transitiors from ion eyclotron waves are to the magnetopanse. while the other half are to intervals
with mirror mode or “other sheath™ waves. None of the mirror mode transitions are to the mag-
netopause. Therefore it is clear that there is a spatial ordering, with the positions cor esponding
toion evelotron uctuations close to the magnetopause while the positions corresponding 1o the
méroe mode are farther away,

Anderson and Fuselier (1993] distinguished three tvpes of magnetic lnetnation spectra, These
were jon evelotton waves with transverse lluctnations and with w, extending : bove the a'pha
particle pyrofrequency (1, 0080, low frequeney transverse fluctnations with o, - 12, {(which
we now recopenize as lower frequeney o evelotron waves), and the mirror mode. Recently, An
devaon et al (19931 Tave proviedsd o mote complete categorization by distinguishine, five different
catepories ol luctuation spectia bounded above by the peaton evelotian feequency,

Examples of wpectral power donsity versus nornabized wave freguency, o /40 are shown for
each of thewe wpectral cateporien in Fienre 2 (which is taken Trom | Anderson of al 19930 In the
Fipne, Che dett hawd polanzed transvere (1o Bg) power density s idicated by the solul cupve,
while the right hand trans e and paradlel power density ae indicated by thedotted and dashed

finesw respecnivelv. (O Nate that the peak at very low Treguenoyv, w0 DL wineh oconrs the



BIF. CON. and LOW spectra is a numerical artifact. and should be ignored.) The characteristics
of the spectral categories are:

(1] Bifurcated (BIF. or B — the three letter abbreviations are used in Figure 2. while the one
letter abbreviations are used in Figure 4) transverse spectra with two peaks in wave power, and
a clearly resolved gap between the two. The higher frequency peak may extend above the alpha
particle gyrofrequency, €2,,, while the lower frequency peak is entirely below §,,.

(2] Continuous {CON, or (') transverse spectra having a single peak in wave power with fre-
quency width extending above €.

[3] Low frequency transverse (Low, or L) spectra with a single maximum at a frequency below
2,, and with no significant energy at frequencies above {2,

(1] Mirror plus low frequency transverse (MRL, or L and M) spectra in which the mirror-like
longitudinal luctuations and low frequency transverse fluctuations are both present at different
frequencies,

(5] Mirror (MIR, or M) spectra with predominantlv fongitudinal magnetic luctuations, spectral
maxima at e - - (L, and no transverse components above Lhe noise level,

There is in fact a continuous transition between these types, so the differences between the
observed spectra in adjacent categories may be small, but the differences between non-adjacent
categories are significant,

Fhe diflerent spectrad types ocear at different values of plasma beta We characterize the plasma
beta using, Lhe parallel proton beta, s Wwhich we define in this paper as the ratio of the paradiel

pressure and the magnetic pressure,

A Swog Ly CIG). (1)

with n, and "”,, heinpe the proton density and temperature parallel to By vespectively, Fienree 3,

Cahen fram | Anderson of al 193] hows 102 wave ovents plotted in 1, .i”,, space, where A s
the praton trmperature anisotropy,

1, (I‘|/I]!),, t. (")

Fach wave event represents rom 5 to 30 minntes of data (e [ Anderson of al 0 199%38] for more

detaala. I the npper lelt panel, al! tie eventare plotted topether, while in the five remaining,



panels. the events are plotted separately by category (BIF. CON, etc).

Note fromn the upper left panel of Figure 3 that all the events lie along a straight line, which
Anderson et al, [1993] have it to A, = ().:’;OlilTp“""’ (tie solid line in the Figure). The ovents lie
along this line because it is close to the marginal stability condition for ion cycletron and mirror
mode waves [Gary et al.. 1993a: Denton ot al.. 1593a: Gary and Winske, 1993: Gary ot al., 1993b).
Though the magnetosheath plasma convects through the plasma depletion layar. and the plasma
parameters corresponding to a particular moving flux tube are continually changing. Denton et al.
(1993a] has shown that the local instability has suflicient time to saturate nonlinearly and reduce
the anisotropy. sc that the plasma is near marginal stability. Therefore. the plasma depletion layer
is in adriven, tiime independent state. The dashed curve in the upper left panel of Figure 3 shows
the contour in A, ), space for which the proton cyelotron (driven hy the proton anisotropy)
growth rate is equal to 0.018,, while the dotted line shows the corresponding curve for the mirror
made. Note how these contours parallel the dava values.

The remaining panels showing wave events separated by spectral category demonstrate clearly
that the spectral type of the observed waves is ordered by Hips with the lowest values o 2,
corresponding, to bifurcated (BIF) events, while the largest values of d), correspond to mirror
made (MIR) events. The events with the mirror mode exclusively (MIR) generally have vidues of
Ay for which the contour of canstant growth rate for the mirror mode (the dotted linei lies below
that for the proton evelotron mode (the dashed line) [Gary ef al., 1993a], so that the mirror mode
rrowtlh rate is larger.,

Sinee variation of Jy, s stroagly related 1o the spatial structure across the plasma depletion
faver, the fact that the speetral wave 1tvpes are ordered by ), indicates that the variation o
spectral tvpe relates to the spatial varition of Ay aeross the plasma depletion laver and into the
marnectosheath proper. Thas the bilurcated (BIF) catepory ocenrs close te the mapnetopanss,
while the mirtor mode (MIR) ocenrs more often in the maenetosheath proper.

Denton et al [ 19930 showed theoretically that the detailed frequency spectrnm of waves conld
b explained in the case of one event with o biturcated (B spectrnm, Subsequentiv, Denton of
ol (130] eccended their analyvain of the frequency specetram to the tull ranpee ol plasma depletion

Laver and mapnetosheath conditions, Phev introduced a model for the plasma variation across the

]



plasma depletion layer and into the magnetosheath proper (the model is similar to that of [Gary
ct al., 1993a: Gary and Winske, 1993 Gary et al., lS).f):lh]j. The model incorporates anisotropic
protons and aipha particles (at 1% of the proton density with (T /T}). = 1.}T./Ty)p) and
isotropic electrons (see [Denton of al.. 1993b] for details). The central feature of the model is the
anisotropy -beta relation discussed above, .1, = ().:';OHH‘F:"“.

Figure 1 (taken from Denton et al. [l!')ﬂ-'ﬂ)] ) shows how the variation of the observed fluctuation
spectra follows naturally from the magnetosheath and plasma depletion laver model. At each
value of .3, (plotted on the horizontal axis). the model has been used to generate the plasma
parameters. Panel (a) shows the normalized frequency range (w,/82,) of jon eyciotron instability
using the full model, while panel (b) shows the resuly with A, lowered to zero, and panel {¢) shows
the result with A, lowered 1o zero. The solid lines indicate frequency values corresponding to
marginal stability, while the long and short dashed lines are plotted at frequencies corresponding
to maxima in the growth rate. We note from panel (aj that at low Jy, there are two regions
of instability, one with frequency above (2, and one with frequency helow.  These regions of
instahility werge at 3, slightly less than unity. Panels (b) and (¢) show clearly that the higher
frequency mode is driven by the anisotropy of the protons, while the lower frequency mode is
driven by the anisotropy of the alpha particles. Thus we identify the higher frequencey mode as
the proton evelotron mode and the lower frequeney mode as the alpha evelotron mode (indicated
by the letters poand o in the Figure), Panel (d) shows the normalized temporal growth rate, y /€2,
[or the higher frequency proton eyelotron made (long dashes), lower frequency alpha cyelotron
muode (shorter dashies), and the mirror mode (solid line). using the full maodel. Panels (¢) and (F)
have 4, 0 and A, - O respectively. Note from panel (d) that the nurror mode growth rate
becomes larger than the jon evelotron mode srowth rates at - 6.

Fhe letters B, 0 Lo Loaver MLand Moin paned o) of Figare 4 refer to the spectral categories
diseussed above. Fach one of these fettors s plotted at o horizontal position which corresponds
to the average value of Jyfor the eventsin that category in the study ot [ Andvrson o al | 1993].
Woe oo that B plotted where the model predicts o bifureated spectrum of ion evelotron waves,
Coand 1oare plotted where the model predicts aomerged spectrinm, Loover Mois plotted where the

mirror mode srowth vate starts to become sipntlicant, and M o oot ted where the mirror made



growth rate becomes greater than that of the ion cyclotron modes. Thus the .3, variation of
spectral properties is well predicted by the theory. In fact. there is a remarkable resemblance
hetween Figure | and Figure 4 because the passage of the satellite shown in Figure 1 corresponds
1o passage into the plasma depletion layer and into the magnetosheath where 1), becomes larger.
As further evidence of the adegnacy of linear Vlasov theory to predict the wave properties. the
unstable frequency bands for the example cases are shown in Figure 2 as horizontal bars: again
there is good agreement, except for the mirror mode (MIR) case. for which the theory predicts
ion cvelotron waves. Possibly, presence of the mirror mode inhibits the ion cyclotron mode in this
rase.

The fact that the proton and alpha cyclotron instabilities approach their respective gyrofrequen-
cies at low J), is easy to understand. Instability occurs for particles which are Doppier shifted up
to their gyrofrequency. At low J,, the thermal velocity is small compared to the Alfvén speed.
which is roughly equal to the phase velocity of the waves. So at low i, the wave frequency must
approach the gyrofrequency. At higher ), the Doppler shift is greater. henee the wave frequency
is lower.

The data presented here pertain only to periods with high solar wind dynamie pressure, e, high
magnetosheath beta. For low dynamic pressure con 7 ons the beta just downstream of the bow
shock may be quite low, - 1. In this case, the magnetosheath plasma will evolve along the same
Ap ) relation obtained here as it conveets toward the magnetopause, but will start on Lthe curve
at alower value oy, and higher value of A, than the high beta cases stadied to date. Henee, un-
der these conditions it is possible that ion evelotron waves could dominate the observed spectrum
thromehout the magnetosheath jSckopke et al., 1990]. 5o that the mirror mode is not observed.
Such a result is entirely consistent, with the results stated hore provided that the low beta plasma
in the magnetosheath is highly anisotropic (see Figure 3). [ndeed. highly anisotropic proton dis
tributions have heen observed downstream of low heta shocks | Thomsen of al., 19895: Sckopke et
al 1990, While distributions downstream of low beta shocks are much more anisotropic than the
distributions observed in the high bet magnetosheath proper by AMPTEF/CCE it i important
ta realize that they 6l only represent o plasma that & mareinally stable to the crowth of ion

cyvelotron waves,



We have shown that the low frequency waves (w, < {1,) observed by AMPTL/CCL in the
plasma depletion layer and magnetosheath proper are well .i.(lenl,iﬁe(l with proton cyvclotron waves
(driven by A,), alpha cyclotron waves (driven by A.), and the mirror mode. The wave spectral
properties are weil ordered with respect to the proton parallel beta. J,. Such a result is pre-
dicted by linear Vlasov theorv using a simple model for the plasma depletion layer. Because of
this, the observed spectral type is related to relative distance from the magnetopause. since i,
increases sharply away from the maguetopause within the plasma depietion layer and into the

magnetosheath proper. The anisovropy--beta relation, A, = 0.50d”‘;"4”. results from the lact that

the waves pitch angle scatter the particles so that the plasma is near marginal stability. This
relation supplies a fundamental constraint on the plasina. and should be taken into account in

fluid descriptions of the plasma depletion layer and magnetosheath proper.
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FIGURE ('APTIONS

Table 1. Percentage of transitions from the magn:topause and from time intervals during which ion -y-
clotron and mirror mode waves were observed. to the magnetopause or to time intervals with ion cyclotron,
mirror mode. or ~“other sheath” (see text) waves. For each of the rategories from which transitions oceur,

the number of total transitions is indicated as “No. Events”.

Fig. 1. Dynamic spectra of AMPTE/CCE magnetic field data together with C'C'E and IRM density aad
magnetic field data. The top panel {labeled "XY™) shows the transverse (to Bg) spectral power from: 0
to 2 Hz and the second panel (labeled “Z") shows the parallel power over the same frequency range. The
third panel shows the electron wnsity at CCE, calculated as the sum of the proton density and twice the
He2+ density measured by the HPCL instrument. The [RM electron density, measured hy the electron
insttument was multiplied by 1.92. determined as the ratio between the densities fromn 1340 to 1100 UT.
The TRM time has been shifted by 3.5 minutes to account for the ylasma convection from IR to CCE,
‘The bottom panel shows the CCE and IRM magnetic field strength. 3. The IRM ficld magnitude was

multiplied by 4.81, the ratio obtained from the 1340-1400 UT interval.

Fig. 2. Example power spectra of magnetic field data for the five spectral categories of [Anderson et al.,
1993] defined in the text. Left and right hand polarized power in the plane perpendicular to Bg are
indicated by the solid and dotted curves respectively, while the power of fluctuations parailel to By is
indicated by the dashed curve. The horizontal bhars above the spectra snow the frequency range of linear

instability predicted by Viasov theory.

Fig.- 3. Plot of proton temper dure ansotropy, A, versus parallel proton beta, Ay, for all the events

in the study of [Anderson ¢ al., 1993) (upper left. panel), qnd for the events i each spectral category

q AN
e

The dashed curve shows the contour of proton evelotron growth rate of 0 014, and the dotted curve shows

imdividually. The solid line in the apper left panel shows the least squares lit relation: A, o 0.00
the correzponding contour for the meror mode assumne, A4 He™!

Fig. 1. Praperties of the won evelotron amsotropy mstabilities and the marcor instalnlity as netons oy,
inder the parameters of the model of [Denton ot al . 19980]0 The top three panelsallustrade frequencies
wp which are relevant 1o the ion evelotron amsotropy istabilities: the sobd hines idicate the frequencies
which bound the mstabdity regumes. 5/80, - 1 < 10 Y and the dashied bnes mdieate the Iregquencies
which correspond to a loeal maonsun (with respeet toow,e ) m temporal growth rate, 5 Phe bottom three

panels ilnstrate the maxinmm growth rates Jor the proton «yvelotron wstabnhity (the fong, dashed lines),
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the helium cyclotron instability (the short dashed lines), and the mirror instability (the solid lines). Panels
(a) and (d) correspond to the full model. Panels (b) and (¢) represent results from the model except that
(T8 /T))e = 1.0. and panels (¢) and (f) represent results from the model except that (T /Ty), = 1.0. The
n.és B. . L. L over M, and M in panel (a) indicate the spectral categories of [Anderson el al, 199]

defined in the text. They are plotted at a horizontai position corresponding to the average value of J), for

the cvents in each category.
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Transitions

No.

to

to to to
From: Events | MgPause | lon Cyc. | Mirror | Other Sheath
MgPause 30 — 7% 0% 23%
lon Cyec. 36 64% — 19% 17%
Mirror 18 0% 50% — 50% |

Table 1
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Example Power Spectra: AMPTE/CCE 1984 Day 280
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Protons: Temperature Anisotoropy vs Beta
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