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L. Introduction

a fraction of a nanoTegla (nT) to several tens of nanoTeslas (16-° T = |p-5 r=
17). These variations, observed on the ground and on spacecraft, are now recog-
nized as otiginating from a plasma phenomenon, namely hydromagnetic waves
ocewrriag in the magnetosphere. As a result the pulsations can also be thought of as
the lowest frequency waves that can be sustained in the magnetospheric plasma as
fig. 1 demonstrates. Schematically illustrated by the cross-hatched ares is the range
of power levels of geomagnetic variations typically measured on the Earth's surface
i geomagnetic mid-latitudes, Substantially higher power levels (by factors of

Table 1
Periods of geomagnetic variations

‘Period/fsec. Origin

108 internal and dipolar; dipole reversals

1010 Internal, non-dipolar; secular vasiation

106 external; magnetic storms
105 external; diumatl variations
104 exiemal; magnetic substorms

102 } external; magnetic pulsations

i ) external; subecoustic
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Fig. 1. Power flux Tevels for various frequency ranges of naturally-occurring waves in the Earth's
environment and in astrophysical sources as observed st Earth,

~10'-10%) are frequently observed in the auroral zones. The figure also contains
the power levels for varicus other natural electromagnetic variations (waves) pro-
duced in the magnetosphete and in astrophysical sources as detected at the Earth
{adapted from Helliwell [34]). The power levels over the entire frequency range
vary roughly with the inverse frequency squared.

These rapid changes in the Earth’s field have besn measured with sensitive instru-
ments (magnetometers) placed on the Earth's surt ice and, in the last ;wo decades,
on Earth-orbiting and interplanetary spacecraft. The first report of observations of
few-minute time variations of the Earth’s field was contained in a paper by Stewart
(84), who reported on a great magnetic disturbance that was recorded at the Kew
Observatory (England) in 1859, Stewart, in examining the records taken of the
magnetic field measured in England, noticed that during this large magnetic storm
there were very large (several hundred ) and rapid (few minute) changes in the
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Table 2

Classifiction of magnetosph.ric signals

Name Frequency Name Period or rise time (secs)
SHF 31-30 GHz Pcl infw= 0.2-5
UHF 0.3-1 CGH: Pc2 Infw= S$-10
VHF J0-300 MHz Pcd Infw= 1045
HF 1-30 MH: Pc4 Infw= 45-150
MF 0.3-3 MHz Pe S Infw = 150-600
LF 30-300 kHz

VLF 3-30 kHz Pil = 140
ELF 3-3000 Hz Pi2 te® 40-150
ULF <3 Hz «®, i e ~300-

, fteld magnitude and direction. The manifestations of this large magnetic storm were

observed widely in the form of aurora over Eucope, North America, and Hawaii
[56]. The telegraph operator in Boston, Massachusetts, Mr. George B. Prescott,
reported that the variations (his actual reported description used the word “wave™)
of the aurora varied from fifteen seconds to half 1 minute [67). He reported thess
“waves” in the aurora to be accompanied by similar period disturbances in the cur-
rent on the telegraph lines running outward from Boston ®.

Thui, the existence of few-minute variations in the Earth’s field has been known
for over ahundred years. Nevertheless the great impetus for the study of these “mi-
cro-puliztions™ came during the International Geophysical Year (IGY) in 1957
1958. Daring this program, in concert with the large international search for under-
standing of the Earth's geophysical environment, many more magnetometer sta-
tions were established around the world in order to study the global occurrences of
natural phenomena such as magnetic storms and magnetic pulsations [62]. During
this time, and in the succeeding years, the first global morphology and time depen-
dence cf such magnetic disturbances became established.

These early studies ultimately led to the clawsification of geomagnetic pulsations
into cazegories according to the frequency of the variations [42]. These categories,
together with the designations of other magnetospheric signals, are given in tabie 2
[75] fcr purposes of reference and orientation. The differences in the physical me-
chanisms producing various category waves in the “Pc™ and “Pi"* ranges, if indeed
there are any such differences, have by no means been clarified as yet. It is com-
monly believed that variations with periods of ~1 sec arise from processes associ:
ated with the proton gyro-frequency, and these signals in many ways form a sepa-

*® At asocher histerical note, it i3 interesting to point out that this magnetic storm period
(Augus 28--September 7, 1859) was associated with & large 30lar disruption. This storm on
the Sun (September 1, 1859) was apparently the first observation by an astronomer (Carring-
tan) of the so-called “white light™ Mare,
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rate class, They are for example, associated with ring current particle loss processes
(see, for exampie, chapter II1.1.4 by L.R, Lyonsin this volume), The attention of this
chapter is focused on frequencies <1 Hz,

2. Theoretical background

Dungey [21] was the first 10 suggest that hydromagnetic waves in the exosphere
were a likely source of Beomagnetic pulsations. Alfvén [2], some ten years earlier,
had originated the basic theory of magnetohydrodynamics and magnetohydro-
dynamic waves. In 3 perfectly conducting fuid magnetic flux tubes can be thought
of as “frozen into” the fluid motion. Combining this idea with the use of the Max.
well magnetic stress tensor to describe the forces on the medium due to the mag-
netic field 8 leads to descriptions by analogy of the two hydromagnetic (or mag-
netohydrodynamic) waye modes. One wave mode in the *cold” plasma theory
(fluid pressure effects neglected) is associated with the Maxwell tension Bu, along
the magnetic field. This mode is a shear wave and only bends the field lines. I is
guided along the field, 8, with velocity A = 8/(uy0) /7 (5 is the mass density) and
the field lines thus behaye like stretched strings [3]. The second hydromagnetic
mode is the fast mode in which the field strength is changed by the waye and the
Maxwell magnetic pressure is the important stress, The wave propagates isotropi-
cally, also with speed Bi(uop)'? and is analogous to a sound wave in a gas.

The waves described above are cold plasma waves and are only decoupled in 3
uniform magnetic field and plasma, The magnetosphere plasma is not uniform, Fur.
ther, in the equatorial regions where the ring current is located (typically at radial
distances beyond ~4—5 Rg (Earth radij)), plasma and magnetic Pressures may be
comparable at times; thus, the plasma js pot glways “cold” either. Both these facts
complicate matters and lead to very interesting plasma theory in the magneto-

The first complication to be examined was mode coupling due to plasma inho-
mogeneities. In a dipole field the hydromagnetic momentum equation Boveming
small plasma displacements {sin the azimy thai direction s

~tgput m L p 1
Hoolty xS @ 0)428-% (5,0)

where 7 is the distance from the dipole axis. The magnetic perturbation by is related
to {y by the “frozen in" condition
B=VX@iExm
which gives
be=rB-v (Ealr).
Thus

(opu+r-1g.9 3p.9 xg./r)-ﬁ'%(s-o). )]
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Similarly,displacemenls in the meridian, £n, satisfy
) TR GBY 2 B-9XtyrB)=8% .y (8- b)/B?, (2)

where # iz a unit vector along the principal normal to 8, The operator on the left
hand side of q.(2} is the guided transverse wave operator; the right hand side con-
Lains the magnetic pressure terms that couple the fast mode effects. Again, from the
frozen in condition

B-5 !a #-v

7 s )],
¢gs. (1) anc (2) only decouple in special cases (e.8. 3/3¢ = 0). Thus, this mathema.
tical coupling means that in generaj the corresponding wave modes are coupled. The
coupled equations were first investigated by Dungey {21] and have stimulated a
variety of siudjes [68—70] but have not been fully solved in 2 dipole background
field geomeury, However, much Progress has been made in understanding the effects
of the coupling. As shown below, the importance of the region where signals are
quasi-transverse [left-hand side of €q. (2) %0; the field line resonance regions) has
been demonstrated both by theosy and experiment.

The consideration of finite plasma pressure effects first arose in the suggestion of

Chamberlain [14] that some pulsations might be drify waves. Such waves can occur
in an inhomegencous plasma and at frequencies in (he hydromagnetic range. Other

{31.32,48}. Drift waves when unstable draw their energy [rom plasma pressure gra-
dients, Often this js accomplished through a resonant wave--particle interaction and
can be regarced as inverse Landay damping (see, ¢.g., ref. [83)). A second effect of
a plasma pres:ure is that the guided mode, which geometrical considerations show jg
impontant, cat be strongly modified in 3 hot, inhomogeneous plasma [58,8] 82].

Another energy source suggested early as a hydromagnetic wave source was the
Kelvin-Heimholtz (wind-over-water) instability acting at the magnetopause
(76,79). This suggestion has had much success in explaining a substantial amount
of abservatioma] data (see bejow).

A further inpontant Energy source is in processes associated with the unsteady,
large-scale Magnetospheric plasma convection which naturally give rise 1o Alfvén
waves [8]. Tre Pi2 pulsations (see table 2} associated with magnetospheric sub-
storms (71,73] are a prime example of such pulsations,

3. Observational background
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Fig. 2. {2) Plasma and magnetic fleid line displacements for the fundamentat frequency of an
odd mode standing wave. (b) Schematic illustration of the magnetic field perturbation st any
point along a field line assuming excitation of the fundamental odd mode frequency,

attempted some correlations with ground signals using rather poor resolution
ground magnetograms. Observations at synchronous altitude in space [19] of
purely transverse sinusoidal signals confirmed the standing Alfvén wave idea and the
authors calculated local tigenfrequencies using eqs. (1) and (2), ignoring the 8 - b
coupling terms.

Statistical studies of ground data had demonstrated that the rotation of the pul-
sation horizontat polarization ellipse had a preferential sense before and after local
foon at a particular station (e g., review by Saito [72}). Most observations of long
period (2100 sec) waves showed predominant left-hand polarization (anti-clockwise

POST - LOCAL
NOON

Fig. 3. Rotation of the polarization vector (seen from the Sun) of the transverse mode of hy-

dronugne-tlc waves us would be expected from the Kelvin—Helmholtz excitation mechanism on

the day side of the magnetosphere. Left-hand polarization (counter-clockwise rotation looking
along the field line} is observed pre-noon; sight-hand polarization post-noan.
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looking along the {ield) in the local moming and the reverse in the afternoon. It was
recognized that this polarization was consistent with the Kelvin—Helmholtz insta-
bility as a source of the sisnals as the schematic iflustration in fig. 3 shows [7). Mag-
netometer measurements on the spacecraft Explorer 33 showed that the polariza.
tion of turbulence near the magnetopause followed a similar pattern, directly con-
firming this source [23].

4, Wave localization and wave modes

Experimental results in the early 1970% from a chain of ground-base¢ magnetom-
eters n northern Alberta marked an important turning point in the understanding
of hydromagnetic wave phenomena in the Earth's magnetosphere [74]. Systematic
statistical observations were reported on the local time and latitude dependence of
wave amplitudes and polarizations for hydromagnetic variations with periods
~200-600 sec. It was found that at a certain latitude, which changed systematically
with Joczl time, the wave polarizstions reversed in sign (fig. 4). At low latitudes the
wave polarizations tend to be left-handed (counter<clockwise rotation of transverse
disturbance vector looking along field Jine) in the hours prior te local noon and
right-handed clockwise rotation until ~2100 LT. At higher latitudes, above the
“demarcation line” where the amplitudes are a maximum and the polarizations are
linear the waves are oppositely polarized. The waves were also reported to be ori-
ented approximately in the north—south direction near the demarcation line.
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Fig. 4. The statistical diurnal variations of the polarization chasacieristics of quasi-monochro-
matic magnetic veristions with frequency ~5 mHz. (Copyright by American Geophysical Union,
1971)
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These Canadian results had a strong effect on theoretical developments. Two
groups independently pointed out that the observed signaj structure was consistent
with a theory that combined the current ideas on the Kelvin—-Helmholiz instability
source at the magnetopause with the notions of standing wave “field [ine reso-
nances” on flux tubes mapping 1o lower latitudes on the Earth [16,80]. The devel-
oped theory suggested that broadband surface waves are generated at the magneto-
Ppause. At a given frequency, however, energy could “tunne!” to the magnetic shel)
of shells in the magnetosphere where the frequency matches the eigenfrequency of
@ standing transverse Alfvén wave structure aiong the field line, This magnetic shell

explained,

The statisticat results shown ig fig. 4 near 60° geomagnetic latitude often do not
hold for shorter period variations. A group from Beil Laboratorjes, using a network
of stations established around the L = 4 magnetic shel| in North America and one
station in the geomagnetically conjugate region (Siple, Antarctica) demonstrated
that waves in the frequency fange ~10-30 mHz are often localized within the latj.
tude range corresponding to geomagnetic dipole L values 3.2-4 4 [26,27,49,53).

fy
PC 3 PC 4
E T
x t f
2 1
&
'3
LATITUDE
MAGNE TOPAUSE PLASMAPAUSE
(L ~10) L ~235)

Fig. 5. Schematic profile of the excited intensities of wave variations in the Pc 3 ang Pc 4 fre.
quency range (see table 2} inferred from daty measured in the interval £ = 3.3 1ol = 4.4, (Copy-
right by American Geophysical Union, 1974.)
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magnetic power in the {requency bands'2—5, 1015, and 15-27 mHz using two
our power spectral and coherency analyses. Summaries of these results for the
-owest and highest frequency bandy are shown in fig. 6 [50}. For power in both of
these bands, reversals in the sense of polarization are observed near local noon and

rear 0600 LT and locat noon, Also, reversals in the polarization are observed near
L =4 in the Joca aftemoon hours in the band 15-27 mHz. The results for the band
1015 mHz varieg considerably from day to day, with the regions of maximum
amplitude frequently reaching L = 3.2 near inca day {50]. The wave polarizations
were reversed on opposite sides of the maximum amplitude.

Switches in the oricntation angle of wave ellipses around Jocal noon were earlier
reported for distinct wave events by Van Chi et a1, [89] using data from the con-
lugate stations Sogra/Kerguelen and by Lanzerodti et . {34]. Both of these groups

guelen result covered observations for an entire year [89]. No discemibie seasonal
effzcts in the ellipse orientation directions as 2 funetion of local time were reported
in this {ast study,

Chen and Hasegawa [16] pointed out that their theory could explain such ilts

polarization ¢llipses. The i)t direction is decided by the gradient of the plasma
density and by the azimuthal wave number, Dungey and Southwood {24] noted
that the tilts indicated the direction of the energy flux in the magnetospheric signal
and are independens of the precise source mechanism. An important feature of
these tilts & that although the sense of wave polarization is not affected by the
“otazion of the signal polarization by the ionosphere (first pointed out by Dungey
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[22] and Nishida [61]), the quadrant in the horizontal plane where the ellipse major
axis lies clearly is (sec below).

The Kelvin—Helmholtz source mechanism makes one very easily visualizable pre-
diction: the waves it generates must move perpendicular to the Earth's magnetic
field in the same sense as the wind (the solar wind) which drives them (see also fig.
3). Thus, in the moming sector, the mechanism predicts the waves should have 2
westward phase velocity; an eastward velocity should prevail in the afternoon. In
contrast, pulsations orginating as drift waves could propagate in either direction,
depending upon the precise mechanism; theory shows E—W (East—West, azimuthal)
wavelengths are short for such signals (e.g., refs, [31,32,83]). Signals at auroral and
subauroral latitudes originating from magnetospheric convection should show a
genral night to day motion, in conformity with the overail magnetospheric convec-
tion pattern. Thus, measurements of the azimuthal E—W phase of waves constitute
a good test of signal origins, Studies of localized waves on the nightside have pro-
vided some evidence for night to day propagation {52,91].

Appropriate azimuthal phase gradients of pulsation signals have only recently
been measured. Initial measurements were made by Herron [35] but were ambigu-
ous, being of the total field at stations aligned geographically. Measurements in Ca-
lifornia with stations separated ~3° in longitude indicated very small phase differ-
ences between the stations [94]. A study in the British Isles reported the remark-
able fact that the majority of the mid-atitude signals showed a West to East phase
motion throughout the day [28]. Such a result is inconsistent with a Kelvin—Helm-
holtz source. The reported azimuthal wavelengths were relatively large, with most
phase differences <10" per degree of longitude. Such long wavelengths preclude a
drift wave source. The source of these mid-latitude pulsations remains an enigma.

Azimuthal phase gradients have now been reported from measurements made in
space. Hughes et al. [39] used magnetometer data from three near-geostationary
spacecraft (ATS6, SMS] and SMS2) to obtain the measurements of the E—W angu-
lar wave numbers shown in fig. 7. The sense of propagation generally switches near
midday from westward in the moming to eastward in the afternoon. This is consis-
tent with aKelvin—Helmholtz source mechanism. The apparent “gap™ in the data in
the late local afternoon is due to the fact that although at these times there is a
strong wave power, the signals at the different spacecraft were not coherent. This
condition precludes any estimate of the phase difference between spacecraft and
suggests that the E—W wavelengths of these later aftemoon signals is shorter than
the spacecraft spacing (~4° longitude 3t a radial distance of 6.6 RE). Such short
wavelengths might be screened by the ionnsphere [37] and may be a reason why an
absence of waves are reported in the local afterncon from gro:'nd-based data {54)
(see also below),

An analysis was made of high latitude (ausoral zone) low frequency pulsation
phase differences from an E-W network in Alberta [63]. These results show ptopa-
gation directions consistent with a Kelvin—Helmholtz source and E-W wavelengths
that are relatively large.
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Two studies of mid-latitude data have shown that for ground-based stations
spaced a large azimuthal distances (3 to 5 hours in magnetic local time) phase shift
for individual wave events cannot be deduced [12,90]. However, simultaneous

-enhancements and depressions in the overall power in a given frequency band are

very ofien seen. An example like this was first shown by Troitskaya [88] for one
event clserved both in the Soviet Union and at an observatory in Texas (USA). A
study hzs shown that the enhancements and depressions in wave power over 2 5
hour magnetic local time separation appeared to be controlled by the interplanetary
magnetic field ditection in the ecliptic plane [90). Such results argue for an extes-
nal souroe controlling, at times, wave amplitudes over large distances.
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Anather form of network study involves conjugate abservations, where gound
signals measured at each end of 3 magnetic field line on the Earth are comparsd. As
noted above, early measurements of this nature confirmed the standing wase pic-
ture. In a review Lanzerotti and Fukunishi [47] concluded that most of the mea-
sured signals were the fundamental. The significance of this is rather subtie, far
while most envisaged source mechanisms should excite the fundamental mode most
readily, symmetry considerations show that even mode standing structures are most

1_ion. a fair guide (o field line fesonance eigenperiods is given by the WKB e»pres-
sion,

T =(2/n) 56 ds/A, (3)

where # is the harmonic number, 4 is the Alfvén speed, and the integral is taken
l!ong the flux tube from ionosphere to ionosphere. More accurate calculatiors of
cigenperiods have been done (e.g., refs. | 19,60,64,65]). A direct implication of this

tons.. The use of this technique could possibly distinguish circumseances when
heavier jons become dominant in parts of the magnetosphere,

5. The ionosphere and the atmosphere and boundary conditions

nomena but jts relatively small volume in no Way means it is unimportant. As no ed
a‘bove, Pungey [22] and Nishida [61] were first 10 examine the nature of puisatinn
signals in the jonosphere and atmosphere; Dungey tmplicitly and Nishida explicicly

the transverse magnetospheric signal. These resuits were initially greeted with scep.
ticism by the experimental community., )
‘Hughes and Southwood [37.38] deveioped the theory further and reached three
major conclusions: the signal polarization cllipse is indeed rotated by the ion>.
sphere; signals with horizonta) wavelengths shorter than ~120 kms ‘the height uf
the conducting E region) are attenuated between the ionosphere and the ground;
magnetospheric signals reflect wei| off a typical dayside ionosphere but absorption
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@n be very high on a middatitude nightside ionosphere where conductivities are
low.

The rotation of the polarization ellipse occurs because the signal above the iono-
sphere, being quasi-transverse, has V- § ~ 0; near the ground however, the low con-
dictivity of the air means V X &y, ~ 0. The field transverse 10 B above the iono-
sphere, 8, is thus roughly at right angles to the horizontal ground signal, bp. The
actual rotation of the signal ellipse is accomplished by ionosphere curtents, where
collisions are important and both Pedersen and Hall currents play a role. The nu-
merical wark shows that the ionosphere is thin enough that the currents can be
censidered sheet currents. The ionospheric Pedersen current shields the magneto-
spheric wave ficlds from the ground. The associated Hall current (at right angles to
the Pedersen current) generates an unimportant localized signal above the iono-
sphere but this current provides the magnetic signal seen on the ground. Below the
ioyosphere the signal attenuates with decreasing height on a scale comparable with
thz scale of the horizontal viriation, because the signal is essentially magnetostatic
in the insulating atmosphere.

The reflection properties of the ionosphere can be understood by noting that the
magnetospheric magnetic 5 and electric £ wave fields at the top of the ionosphere
are related by

bIE =2, ' Q)]
where I, is the height-integrated Pedersen conductivity. (Equation (4) has recently

been used with ground magnetic and balloon electric data to deduce Z,foraPe
S-type wave {57]). In a travelling Alfvén wave

b/E= 1[4,

Bai reflection occurs when impedances match and the requisite condition Apg ~
1/Z, can hold at mid-latitudes at night. Elsewhere L, islarge and reflection is good.
Hughes and Southwood (38) suggested that this could explain the prevalence of
damped pulsations observed at night and continuous pulsations observed in the day
as less than perfect reflection means that field line resonance standing structures
have characteristic time scales on which they damp. Day and night sources of
energy do differ, however, and could be the deciding factor in determining contin-
uoss or damped wave occumences,

The field line resonance theory also predicts that the resonance region thickness
is inversely proportional to the damping time, except for waves generated at steep
density gradients [17,52]. A measurement of resonance region thickness in space
[33] suggests that dayside ionospheric damping is inadequate to account for that
obszrved, and other sources of damping are important [60]. Collisionless damping
pro:esses are the alternatives.

If the rotation of a2 wave polarization ellipse were the only effect of the iono-
sphere it could easily be allowed forin the interpretation of ground data. The atte-
nuation of signals with rapid horizontal variation is more serious and can mean
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some signals may only be seen in space (as mentioned above in the discussion of
fig. 7). Figure 8 illustrates the manner in which a2 signal can be modified [38]. Sclid
lines indicate 2 model magnetospheric signal while dashed lines indicate the ground
signal. A daytime sunspot minimum ionosphere model was used; the Earth was
taken to be flat and to have a uniform conductivity of 10~ mho/m. The azimutha
wave number is 10~ rad/km, the wave frequency 10™" radfsec, and the thickness
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of the resanance region, €, is ~100 km. This model calculation predicts that the wave
amplitudes at the ground are reduced near resonance and the polarization reversal
on cach side of the resonance in the magnetosphere does not occur on the ground.
Most often, however, polarization reversals are seen on the ground even when no
resonant amplitude peak is observed (see, e.g., refs. [25,52]).

A statistical study of spacecraft magnetic field data contains an analysis of waves
detected on the near-equatorial (geomagnetic latitude ~10°) synchronous altitude
satellite ATS-6 (6]. This result, plotted in fig. 9, shows that the major axes of the
polarization ellipse of waves which are polarized in the plane perpendicular to the
local satellite magnetic field (i.c., the radial—azimuthal plane) are located in the
northeast quadrant during local moming and in the northwest quadrant during local
afternoon. The statistical results from observations st Lac Rebours of conjugate
waves (Lac Rebours/Siple) [$4], show wave ellipse orientations opposite to that on
the spacecraft (fig. 9). Thus, on this statistical basis the wave ellipse orientation in
the magnetosphere is rotated from that observed on the ground.

Andrews [S] has discussed s set of measurements on the modulation of the
Doppler shift of signals propagating in the whistler mode from the VLE station
NLK in' Seattle. He reports a significant number of occasions when the whistler
duct is apparently acted upon by the electric field of hydromagnetic waves in the
period range ~100—600 sec and concludes that the observations are consistent with
the magnetospheric wave being the fundamental, odd-mode resonant field line oscil-
lation. Andrews has inferred the wave phase in the magnetosphere and, comparing
this with the ground, concludes that, within the resolution of the standard mag-
netograms necessarily used in his analyses, the wave perturbation vector is rotated
by 90° between the space and ground.

Also in favor of the rotation effect Is & general feature found in ground mea-
susements; that is, far more Istitudinal structure js observed in the north—south
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126
. . ies predict such struc- probably the first which Suggested hot plasma effects could be important a¢ limes
component ol‘.the slgna_ls on the ground wt":: :es:;:an;:t::czr::pl::m thzt observa- in the Mmagnetospehere | 13,78). Large amplitude (~20y) magnetic oscillations
ture to occur in Fhe aguqulha_l componc;l - oFl" th.e polarization ellipse rotation whict had Strong compressiona) Magnetic component (j.e., oscillations in both
tional evidence is building in strong a;,cte d by theory. : field - trength and direction) were observed. Such signals have since been observed
between magnetosphere and ground as predi y 3t gesynchronaus orbit [9- 11 and further out in the Magnetosphere at £ ~ §_9
[33). A example from L ~ 6.6 js shown in fig. 10. Such events are often preceeded
6. Waves in hot plasma : by dedressions in the background magnetic fieig strength, suggesting the presence
" . tens of keV which form of har plasma. The oscillations themselves also 3uggest this. If they were 2 cold
The protons and electrons with energ::: l:z::,l,;:y::::::lhﬂz can at times have a plasmz wave the existence of the compressional component would mean it wys the
the fing curtent and plasma sheet ot field pressure in the outer magnetosphere fast mode. However, the signals appear o be confined principaily to the late afjer.
pressure comparable to the magne:c l:h[; fnean that cold plasma theory may be noon/cusk sector; fast mode signals with the observed jow frequencies could not be
(that is, the Pmm'ﬁ. ~ 1). Not only- ocs in these regions of space but also that s0 locaized. Sonnerup et al, {78) considered several possible mechanisms to explain
inadequate o explain mag.nelilf oorations f wave energy. the L = 5 signals ang concluded that the most likely was a “slow" mode in which
the (;:tl,aﬂmti_nle"i:l ‘:;:? l::rh:‘;:’:;?::‘: :t L = 5 during a magnetic starm were particls pressure ang magnetic pressure were in anti-phase. The variations of ener-

servations rep

Betic paotons (98 keV) were in anti-phase with the magnetic pressure oscillations.
One of the mechanisms suggested for the flux oscillations is in fact exactly thay

€ coompiares which perates in the drift-mirror instability [32,48). This instability is a modified
preot form of the MHD mitror instability. In an inhomogeneous plasma medium, where
the proson pressuze substantially exceeds the electron Pressure, waves generated by

ror seached he mirror instability threshold; he suggested the waves that were observed

8 ArAR “Ts ] Nainly polarized in the menidian [9.33] and, jp a hot inhomogeneous plasma, wave

® 'WWWUUUW ) motion ia the meridian generally modifies the particle pressure. Southwood [82]

| points ome that if energy is to be trapped on 3 flux tube, as occurs in field line reso-

nance, am equal apd Opposite magnetice pressure change must balance the particle
P-essure perturbation (see also refs, {18) and [58])).

j\ﬁ "wo A wavr-particle Tesonance mechanism can be an important source of wave
B“ V\'\l\,\,-v

erergy [E°). The relevant resonance with such Jow frequency, large scale signals is
reionance between the particles® azimythal motion and the field-aligned bounce

mation. Rsonance occurs if
W - mdi, =Nun,, (5}
—t—— e e where N & an integer, w and ™ are wave frequency and 2zimuthal angular wave
430 0440 0430 0300 ' Lo o
0330 0400 o060 0420 a3 namber, and &y and wy, are the particle azimuthaj and bounce frequencies. &4 and
UNIVERSAL TIME . W are praportional to y? apg U, respectively, so eq. (5} is a quadratic in the reso.

Fig. 10. Compressional wave in the Pc 5 frequency band (see table 2) measured at geesynchro-

iation i ed along ) ) . '
the Etih's ipole dlmmnciometer on medAlTsu;:e w:t“:::ft&urxifnvﬁ;l??sl;:::::; nadially The wawe standing structure along 8 is important. Particles can resonate with an
the Earth’s dipole direction, D is measured In cast- .

. . ; i . :1anding structure along the field if & is even while an even mode struc-
rand ocal ersal time minus approximasely 10 h R 0dd mode :1an . - ! !
anmfr;lo hﬂ:e:,'?::he i 'ty;:.’:’;;, 1.,.:::: :l:eu:::kyound field magnitude (in 7). ture requises ¥ odd. If there 15 an adequate spatial gradient of resonant particles,
e fnum righ
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energy is fed to the wave and instability occurs [43 46,83]. For odd mode waves to
be generated, the N =0 resonance is the most imporctant and waves are only un-
stable if the spatial gradient of resonant particles is inwards and exceeds that gener-
ated by adiabatic particle injection [81). As a result, waves with such symmetry
(2.g.. the fundamental standing wave on a field line) generally experience collision-
less damping due to resonance. Even mode waves interact with particles in the & =

even mode transverse waves [19] although later work questions this conclusion
[20]. As noted above, 2 review of evidence on the symmetry of pusiations deduced
from studies at magnetically conjugate sites concluded that most waves had odd
mode symmetry [47)]. A ground—satellite study also concluded this [53]. How-
ever, the waves generated by the ¥ = 21 resonance should have a short azimuthal
wavelength and might be shielded from the ground by the atmosphere and iono-
sphere as discussed above, Short wavelength signals observed in local afternoon at
synchronous orbit [39) may be generated in this way,

7. Particle flux oscillations

A way of considering resonance phenomena is 1o note that particles in resonance
provide a cument in phase (giving damping) or in anti-phase (giving growth) with
the wave electric field, The current from the bulk of the plasma is in quadrature
with this electric field. Thus, a particle’s behavior in 3 low frequency wave is 3
strong function of its energy; as a result, 3 study of particle flux oscillations ob-
served at different energies can potentially yield a variety of information about
wave structure. Early measurements of flux oscillations in space were of particles in
the high energy tail of the distribution [13]. Even so, the pressure of energetic pro-
tons (>98 keV) during a magnetic storm event was found to be considerable
[48,78].

A study of particle and magnetic field data in the outer magnetosphere using
data from the elliptical orbit 0GO-5 satellite shows that waves in the Pc 5 frequency
band (see table 2} are quasi-transverse (44]. ‘Cold’ (<600 eV) ion flux oscillations
are interpreted as originating from wave-induced ‘E X B' drift; the amplitude of the
oscillation yields an estimate of the wave electric field, an otherwise difficult mea.
surement, The electric fieid is in quadrature with the transverse magnetic field oscil-
lation, a confirmation that the signals have a standing wave structure along 8. The
energetic electrons (>50 keV) and energetic protons (>100 keV) often showed
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caronous satellite ATS6 have been studied [85]. In particular, distinct phase differ.
ences are observed between particle oscillations measured in detectors with 180°
03ening angle separations. The observations suggest that for these oscillations the
waveleng:h across b s comparable with the Larmor radius of the detected energetic
potons,

A study of low energy particle response to g low frequency wave {~55 sec peri-
oc) has been made by W.J. Hughes, using data from the geosynchronous satellite
ATS56. Shown in fig. 11 are two proton and two electron energy ranges {integrated
ovwer four energy channels ¢ach) plotted against the phase of the magnetic field
oscillation as measured by the on-board magnetometer. (This analysis procedure
Was necessary becausa the time for 3 complete scan (~24 sec) over i particle ener-
gies (0—80 keV) way comparable to the wave period,) The 0.8-1.2 keV protons
which osciliate in quadratyre with the magnetic field are dominzted by the wave
EXB drift. The 2132 keV proton flux osciliations are interpreted as particle
acaeleration and deceleration in the wave field and indicate that the proton pressure
oscillates in anti-phase with the magnetic field oscillations. The 34 eV electrons
are much faster than the | keV protons and hence their £ X B drift is unimportant;
the r response is believed due to acceleration and deceleration in the wayve field. An
inspection of the context of occutrence of this event suggests that it occurs close to
8 steep gradient in the 10.7 keV electron population. Convection of this gradient

PRQYQNi ELECTHQNi
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Fig. 11. Particle count rafes in four energy channets from the plasma instrument (University of

Califo-nia, San Diego) on the ATS$ spacecraft. Count rate is plotted as a function of the phase

of the magnetic field oscillation as recorded by the on-bowd magnetometer (University of Ca-
lifornia, Los Angeles). Figure kindly Provided by W J, Hughes, Imperial College.
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back and forth across the spacecralt is believed 1o be responsible for the oscillations
of these electrons being in phase with the magnetic field.

Particle flux oscillations in the absence of a magnetic signal would indicate the
occurrence of an electrostatic wave. Although such events appear to be uncommon,
a report of particle observations made on the geosynchronous ATS-5 sateflite sug.
gested an electrostatic drift wave origin for the events [55]).

8. Condluding remarks

This paper has discussed fome of the areas of current research interest in the
physics of low frequency waves in the earth’s magnetosphere. The feview is by no
means exhaustive and the field js presently very active, Among current topics that
we have not discussed in depth are the variety of correlations studied between inter-
planetary conditions and pulsation parameters in order to better understard day-
side source mechanisms {e.g., recent work includes refs. [29.45.77.92.931). The
physical processes underlying these correiations are a matter of much dispute. The
Kelvin —Helmholtz instability is one candidate and, as discussed above, there is
much inferential data and limited direct data 1o suggest that this is an important
dayside source mechanism, However, some reported correlations would be inconsis-
tent with this mechanism, The existence of the corelations does, however dzmon-

parameters.

Another potentially useful role of pulsations in magnetospheric diagnostics, only
briefly mentioned above, is exemplified by the nightside impulsive Pi 2 signals (see
table 2) which dj ectly correlate with changing magnetic activity on the nightside,
These signals have regularly been suggested as providing a timing scheme for mag-
netic substorms, [71,73) and more work on their source mechanism is warranted.
There is evidence that at sub-gurora] latitudes these signals appear as fieid line reso-
nances {25,59] and an excitation mechanism has been proposed [15]).

A further major field of research ignored here is that of Earth induction, where
the prime concern is o deduce the conductivity structure below ground level For
this type of study to be effective, a clear delimitation of Source-associated wave
structure is needed. As seen above, preat progress has been made jn studies of
lource structure in the Jast few years. Applications to induction studies are just
beginning [1,4).

To date, hydromagnetic waves have been studied in situ in the near-Earth cosmic
Plasmas of the terrestrial magnetosphere ang interplanetary space within ~5 AU

In summary, then, we have reviewed magnetospheric hydromagnetic waves,
Many features of these waves are tasy to visualize, and at times simpie ideas have
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been very productive in stimulating theoretical developments. A variety of experi-
mental techniques have been used in the study of the waves. Much important work
czn oaly reasonably be done on the ground with magnetometer networks, but
spacecraft alone can make measurements actually within the plasma. Some experi-
mental techniques have yel to be fully exploited in pulsation studies. Amongst
these can be included balloon-based electric field measurements, ionospheric radar
systems such as STARE, EISCAT and Chatanika, and detailed studies of particle
Mux oscillations. As noted throughout the review, important physics questions
remain to be answered by new and/or by standard techniques,
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