¢ %
4,057
L &

[E—

I N TERNATIONAL ATOMIOC ENEKERGY AGENCY

v
|
|
l UNITED NATIONS EDDCATIONAL, HCIENTIFIC AND COL'TURAL UHOANIZATION
|

INTHRNATIONAL CENTRE FOR THEORETICAL PHYSICS
34100 TRIFSTE (ITALYY - P.O A. G686 - MIRAMARE - RTRAD A CORTIERA 11

- TELEPHONES: 2249812143 8
CABLE: CENTKATOM - TELEX 466332-1

SMR/95 - 30

AUTUMN COURSE ON GEOMAGNETISM, THE IONOSPHERE
AND MAGNETOSPHERE

(21 September - 12 Wovember 1982)

WAVES AND WAVE~PARTICLE INTERACTICNS IN THE MAGNETOSPHERE.

Roger GENDRIN

Centre de Recherches en Physique de 1'Environnement
Centre National d*Etudes des Té¢lécommunications

3, avenue de la RSpublique

52131 Issy-les=Moulineaux

FRANCE

o S e Ern
nobon, Lnton

allable Uron Moom 2




e

ey W

ry

ER)



4

WAVES AND WAVE-PARTICLE INTERACTIONS i THE MAGHETTOSPHERE WAVES AND WAVE-PARTICLE INTERACTIONS IN THE MAGNETOSPHERE
Lectures given at the Interratioral Center for Theoretical Physics Lectures given at the International Center for Theoretical Physics
Trieste, Ttaly, October 1982 . Trieste, Italy, October 1982
by by
Roger GENDRIN : ' Roger GENDRIN

Centre de Recherches en Physique de 1'Environnement . Centre de Recherches en Physique de 1'Environnement

Centre National d'Ftudes des Télécommunicaticons Centre National d'Etudes des Téléccmmunications
3, avenue de la Républigue, 92131 Issy-les-Moulineaux, France 3, avenue de la Répubiigue, 92131 Issy-les-Moulineaux, France
INTROCUCTION . INTRODUCTION
CHAPTER 1 The study of ratural waves generated into and propagating

———————— through the magnetosphere is important for many reasons @
Appendix A :

1. Although these waves do not transport a lot of erergy (see
below) they play a fundamental role by modifying the dynamics of
magnetospheric particles {(pitch angle or radial diffusion, accela-
ration, exchange of energy between different particle species) in
an otherwise collisionless medium. Consequently their existence
must be fully taken into account in any realistic model of almost

all geophysical phenomena.
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2. The study of these waves is eguivalent to remctely sensing
the‘plasqa characteristics {(density, temperature, composition, velo-
city distribution) of the regions where they are gencrated. This is
valid only if cone has the correct explanation of the mechanism by
which they are generated. (One of the best example is the study of
the decémetric or metric radiation of Jupiter which yielded the
values of the magnetic field intensity and of the energetic particle
fluxes in the vicinity of this Planet well before any in situ measu-
rement has confirmed more or less these values).

3. The deformation of the wave characteristics between the
source region and the observing pbint gives alsc a valuable information
on the properties of the medium through which the wave propagates.
This information is wsually an integrated value which in many cases
{and under some realistic assumptions) can be transformed into a
Tocalized one. {One example is the deduction of the equatorial value
of the cold plasma density in far regions of the magnetosphere made
from the dispersion of whistlers four years before the first artifi-
cial satellite was launched), ’

Before starting the study of the different magnetospheric
emissicns, it is good to recall the definition of the different
frequency ranges (Table 1}. In this Table, a special column is
reserved for the nomenclature of natural ULF magnetospheric signals
{Chapters 1 and 2). Let us also give an idea of the spectral power

- of all these emissions, at least of the electromagnetic ones
(Figure 1). It is possible to apprnximafe-the data presented in this
Figure (Lanzerotti and Southwood, 1979)* by the formula

ponot077/ft ' o "

2 1

where P is in W.m “.Hz"' and f in Hz. This power flux is rather

small.

* referenced to in Chapter !
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For instance, the kilemetric radiation (‘I()-12 w2z,
integrated over a bandwidth of 100 kHz corresponds to a power flux

of 10'7 N.m-z. This has to be compared with the power flux deposited
*

in the auroral zone by precipitating particles (» 20-100 m N.m_z) ,

which is much more important. However the power fluxes which are

reported in the literature have been usually measured far frcm the

sgurce region. What counts is the total power radiated, which depends

on the gecmetrical dispersion of the waves. In the case of kilometric
*x

radiation for instance, Gurnett {1982) , integrating over 21 quotes

numbers between 107 and 10g W. When compared with the total kinetic
10
-10

precipitating particies during intense aurcrae {(n2x10 "

power of
the difference is not so large.

comparisons can be made in different frequency ranges
the power which is contained

Similar
and the answers are always the same :
always smaller than (and often negligible with respect

in the waves 1t
However , this may

to! the power which is contained in the particles.
not be always the case. For instance the hourly energy deposition by
Joule heating from a strond pulsation event may he an appreciable

fraction {~ 4%} of the total energy released during a weak substorm

{Greenwald and Walker, 1980). Morecver, because of the possible annu-

lation of the group velocity, the wave field may become very large.
nsity exceeds the particle

Then in a 1imited volume the wave energdy de

enargy density and non linear effects may cecome important. This 13

just the case for the Kilometric radiation in its generation reqion
In the ULF and VLF ranges electromagnetic waves

{see Chapter 3).
o reach amplitudes

(naturally emitted or artificially injected) may als
which are sufficiently large to trap the particles and comp!
medify the physics of wave-particle interactions, opening the door to
actiive modification of the magnetospheric envirenmant. A11 this proves

that the study of natural waves is far from being purely academic.

etely

by assuming 2 particle flux or
cnergy of 10 kel and a preci-

* The Jower vaiue has been obtalr

10°% electrons cm 2.5 ', an av

pitating area of (100 x 10000}

i

++ referenced to in Chaprer 3

*
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The lectures are divided inte & chapters :

.1. Long period pulsations (< 0.1 Hz)

2. ULF waves (n 0.1 - 10 Hz)

3. VLF waves ( including kilometric radiation)
4, Electrostatic waves

5. Detectors

6. Analysing technigues

In an Appendix, the general relationships which exist between
wave amplification and particle diffusion will be briefly discussed.

£

CHAPTER 1. LONG PERICC PULSATIONS

Contrary to the other emissions which are more or less loca-

1ized at least in their source région, the long period pulsations
of the nagnetic and electric fields (T 3 10-20 s} interest very large
volumes, if mot the whole, of the magnetosphere. Consequently, the

physics which they involve is different from the localized micro-

physics which other eﬁectromagnetic or electrostatic emissions

involve. The experimental techniques which are used for they study

are also different : chains of magnetometers, bi- or multi-static
radars, sets of spacecraft are tools which are necessary for under-
standing the spatial characteristics of these emissions.

Long period pulsations will be the subject of more detailed

Tectures by A.D.M. Walker, However it is useful to briefly review
their main properties, the kind of physics which is involved in their

propagation and generation and their principal consegquences on the
dyramics of magnetospheric particles.

Basic ideas. Orders of magnitude

Magnetic field lines immersed within a plasma may oscillate

at freguencies much lower than the ion gyrofrequency. The dispersion

equation of these oscillations can be established by using the magneto-
. *

hydrodynamic (MHD) theory with suitable boundary conditions. In the

case of the Earth's magnetic field lines, the existence of a highly

conducting ground imposes that nodes exist there in the wave notion
*h

and in the electric field . Standing waves are therefore to be

expected. The field lines resonate, their resonance frequency being

*F

ysually by assuming an infinite parallel éonductivity and by
neglecting magnetic viscosity.

The exlstence of an also conducting lonosphere with anisotropic
properties and of a non conducting space between the ionosphere
and the ground somewhat modifies this simple picture (see section I.3).

L)



given by

T:z] s . et (2)"
y N> '

whore the intagral is taken along the field line of length ? between
the two conjugaie points on the ground, where Va = (leuonmi)1/2 is

the Alfven velocity and <Va> its average value, almost equal to the
]

equatorial one .

At L - 4 for instance, B v 500 nT, n v 400 cn™>, 2~ 50000 km,
30 that ¥, v 1200 wms~! and T ~ 100 5. This frequency lies in the
Pe-4 frequency rangs {see Table 1). By assuming realistic models for
the caid plaszma density distribution along the field lines and radially
across them, is is possible to compute the rescnant frequencies for

different values of L. On Figure 2, the results of such computations

aro given in a schematic form Lﬁai;o at al,, 1976}, One sees thaﬁ 3 given

period may correspond to 1 or 3 magnetic shells and that a given shell,
in tne vicinity of the plasmapause, may resgnate at 2 much different
frequencies, depending on 1ts plasme content. The situation quoted

Kp = 2 corresponds to an inflated plasmanause, as compared with the
situation gquoted Kp = 4, It may also be considered as representing the
day situation (by oppesition to the night one), since the plasma density
at a given L value is larger on the day side than on the night side.
This explains why a given frequency corresponds to a shell with a higher

**

L-value during the day than during the night {see Figure 7} . '

* A dipolir magnetic field Is usually assuned. However in a racent
oublication Eiﬂger et al. (128!} vlaim to have computod better values
for the pulsation periodﬂés a function of latitude and local time
by intreducing a more realistic model for the Earth's magnetic fisld.
But their model is based upen unrealistic values of the cold plazma
density (n=lem  at L=6.6 and constant along the whole rield line).
Moreover this model does por contain any local time variation of
thiz density. Knowing that the plasma density may vary by a factor
grezter than loi at the geostaticnary orbit whereas field intensity
varies at most by 50%, it iz clear that thelr conclusions are meaning
less.

#+% It has been noted that, for a plasina density waryiny like L, the
period of oscillation is approximately independent of L. More field
iines can roesenate with che same rrequency (Cavacinti et al., 1273},
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Simuitaneous measurements of .Pc=5 pulsations at- different

latitudes have confivmed these predictioh's, or a statistical basis :
when averaged over many events, the Tatitude for which the signal

has its maximum intensity is an increasing function of the period,

But for each individual event, the frecuency is independent of the

latitude {Samson and Rostoker, 1972). Consequently whereas the concept

of field 1ire rescnance can explain the passive properties of the

medium (among all field Tines excited by the same frequency, only

those which rescnate produce a large amplitude wave}, there must

be an independent excitation mechanism able to generate different

frequencies for different events. This mechanism is likely te¢ be

osciliations of the magnetopzuse induced by the Kelvin-Helmoltz

instability (see next Section), although wave-particule interactions

have been also invoked {Section 1.5).

Magnetic field 1ine resonance also implies the concept of

mode parity (odd or even). In an axisymmetric model of the magneto-

" sphere, one can also introduce the wave polarization by considering

toroidal and poloidal modes. In the toroidal meode {also refered to as
*
the transverse , torsional, shear cor Alfven mede), the total length
of the field line dees not vary. In the poloidal mode {also refered
¥

to as the compressional or fast mode) the plasma displacement is

radial and, for the odd modes, the length of the field line is oscil-

latory. These two concepts are explicited in Figures 3 and 4
(Southwood, 1981 ; Knox and Allan, 1981). Note that even in axisym=
- - **

metric fields, the twe polarization modes are coupled and an

.analytical solution of the corresponding differential equations has

not yet been found.

**

Note that "transverse" means that the azimuthal component of b (bq,}
is different from zero and that "compressicnal" is not restricted
to waves with a magnetic field b [/ §0, but to waves with b, = O.

b

except for infinite azimuthal wave number, i1.e. for the inphase

oscillation of a whole magnetic shell (cavity resonance).

42

Seuthweod , in “OLF pulsations in the ‘Haéuei'a;}.l.en"jp.}zudel L1981
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Finally the ioncsphere {with its anisctropic properties) and
the neutral atmosphere below {with its non-conducting characteristics)
play a role on the boundary conditions and therefore on the magneto-

L :
3. P spheric mode itself as well as on the wave characteristics as observed
E“ on the ground (see Section 1.3).
> 4]

,2. MM wave propagation through the magnetosphere

Theories of hydromagnetic {HM} wave excitation and propagation
may be found in books or reviews (i.e. Dungey, 1963, 1968 ; Jacobs,
1970 ; Hasegawa and Chen, 1974 ; Nishida, 1978 3 Lanzerotti and
Southwood, 1876). An important theoretical progress has been made

when Chen and Hasegawa {1974) developed the theory of the coupling

between a surface wave generated at the magnetopause and the shear
Alfven wave propagating inwards. The variations as a function of
latitude and Tocal time of the wave amplitude and of the polarization

TORODAL

Knox (@ Allan , i'n YULE Polsatlons ik the r!aﬁ"ne basphere, P.Reidel, lq?l

which were predicted by the theory agreed well with the ghservations.

In Chapter § of his book, Nishida (1378) gave'a simple demons-
tration of the approximate equations governing this propagation. For
sake of simplicity all the field lines were assumed to be straight
and to have the same length, & in the unperturbed state. The field
direction is taken as the z axis. The medium is assumed to be inhomo-
genecus in the x direction which is radially outward and the ¥y axis
is eastward. The perturbation fields are expressed as

g, 4. Axisymmetric toroidal and poloidal modes.

E

] | i + k7 -
‘ Ex(x), Ey(x), 0 ] exp [1(Ay kz mt)] )

5

X

b _(x), by(x), bz(x) { exp [i(ly + kz - mt)l

where the angular frequency w and the original wave vector are specified
by the source wave. The wavelength paralisl td the magnetic field

B {0,0,B} is equai to, or is an integral fraction of, 25, For waves of
small amplitude and neglecting pressur: gradient effects as compared

to the Lorentz force, one gets, far :he electric current perpendicular

to B o



(4)

= B Bt

where p is the plasma specific mass. By using ¥ x b = uoi and
¥ x E=-3b/ 3t, one easily obtains

dEy
(k2 - &k2) E_ = iA - iAE
' X dx X

]
dE
d y .
(k2 - k2) E = g5 (—d—x - nex)

where K& = w? (uoplaa)_z w? V%, Equaticns {5) lead to

d2E TR dgkz dE
—

- A Y s (k@) E = 0 {6)
dx?  (K2-k2) (K2-k#-Az)  dx dx Y

If the medium is homogeneous (dK2/dx = G) or if the wave vector
is in -the meridional plane {i= 0), equation (B) reduces to the disper-
sicn equation of a fast mode. In the presence of inhomogeneity and
finite azimuthal wave number, the second term presents a singularity
on the field line for which K2 = k2. This is the field line for which
the resonant period Zﬂk/Va is equal to the period 2m/w of the source
wave. The singularity is logarithmic but by intreducing a smail imagi-
nary part-in the wave frequency, one gets a finite amplitude on the
resonant field line. The variation of the wave amplitude as a function

of -x is represented on Figure 5.

The polarization of the wave is easily shown, from equations

(5}, to be given by

OO0

AE

Amplitude of E,

Polarization
{LT > 1200}

Magnetopause .

Xo

“ig. 5. Schematic representation of the distribution of amplitude and polarization of the
hydromagnetic wave in the model magnetosphere. A monochromatic surface wave excited

-on the magnetopause is supposed as the source and x,,

ant point (South-

) C{—e.omasnef‘fc. Di‘a.j nos\

denotes the reson
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433}6&4;0{ Michit
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i.e. the polarization changes at each extremum of Ey. In particular,
there is a polarization reversal at the resonance tatitude. At the
magne topause boundary, K* < A% so that K2-k2-A% is always negative
and the polarizaticn sense is everywhere defined by the sign of

Ad(Ln Eyyﬁ&For eastward propagating waves {* > 0} it has the sense
represented on Figure 5, For westward propagating surface wave (A < 0)

the polarization is opposite,

It is worth noticing that the reiatidnship which is thus esta-
blished {without any reference to a specific excitation mechanism
except that it is & surface wave of short azimuthal wavelength)
between the sense of polarization and the direction of propagation
is exactly the cne which is compatible with an excitation of the
Kelvin-Helmoltz inctability by the solar wind blowing arcund the
magnetopause (Figure 6) *

These local time and latitude variations of the polarization
are also exactly the ones which were cbserved, first at a high Jati-
tude by Néﬂiffﬂﬁfgil;,(1953) for Pc-k gscillations, second at diffe-
rent latitudes and for Pc -5 osciliaticns by Samson et al. (1971)
by using the Canadian magnetometer chain, These last authors also
showed that the polarization reversal occurred ai the latitude for
which the wave amplitude is maximum (Figure 7}.

The azimutnal direction of the propagation also agrees with
the theory : it changes from westward direction in the morning to
an eastward direction in tne a“terncon. This has peen observed both

on the ground, by usirg three stations situated at a geomagnetic

latitude A = £7.3° and separated in ieongituda oy ~ 57 {D01son ang

wouid nol oocur.
the Kelvin-ielnoltz instability would not pro e deep into
the magqnetcsphere. fnward diffusion of epergeo: particies would
be drastically reduced and precipitation in the auroral zone
should be ephanced.
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L.Model showing the polarization of long period geomagnetlc‘ mi
sations (viewed from the sun). (After T, Nagata, S. Kokubun and T. lijima)
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Rostoker, 1973')', and in Space by using three gecstationnary séte’lh‘tes
separated by approximately the same longitude diffarence (Hughes et al.,
1978}, In the first experiment the azimuthal wave number was shown to

vary with frequency :

m= (1.4 ¥ 0.4) f+0.26 " (8)

e

Samson etal., J.G-R., 76,3675 197].

IANLILYT DILINOYWO IO

1.3.

(Stuart and Lanzerotti, 1982).

The roie of the ionosphere

Because of its anisotropic properties and of its layered
structure, the ionosphere modifies the wave structure. This effect
will be described in more detail by A.D.M. Walker in his lectures.

o £
= .S
T
g
23
£ -2
A=
e
- oo
o Q
-
o L: . - 3 .
- f > < ~ w B where f is in mHz. The phase velocity at the ground is
&~ 5 \I\ \ = 8
- Y V;\ = Z 5 Vg * (2n Rq cosA)-(f/m) = anR cosa/ (1.4 L 0.4) x-10* (9)
/ v o 2 g .
— D X ~ S . . e
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- S SR ET S Its main consequence is the ™ 90° rotation of the wave magnetic field
s B} = o3 X i L.
Y g .%’ = E : A = batween the top of the ionosphere and the ground. It is sufficiently
s = <
al E o - % v o C important to be briefly described here.
5 S 5£ 2=
AR Y 5838 2E
=) 5 =z wE 235 A simple argument for explaining this rotation has been given
S P~z N £ 52 a2 P
@ “ © ; G o B by Masegawa and Lanzeretti (1978}. The toroidal mode, in the magreto-
- - N - - .
by "‘_\!5 g = = A 8 =g sphere, is Such that &, = 0, The magnetic field being divergence-free,
Q D z 2w =
T g ‘_g_ £g ;8% one has
5 2 2 s 2 < EEF 3b ab
== .5 = £ 2 =9 8 X y
a -t S22 2 + = 0 (10)
~ % = z=3 S8 ax ay /m
ey £ E g S 2z ¥
J:oo]ﬁﬁ;“\‘m R
b L S . .
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= —_ 1%5] L B At
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'DQ-TE e O 28256 2b ab
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B X ay g
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EL . . h = the magnetic component of the wave, the electric field of the wave
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It will be shown below that the correct transformation for the northern
hemisphere is given by equations {12} and not by equations {13}, when
assuming that x is directed northward and y is directed eastward. In
the northern hemisphere the ground magnetic field (when Tooking toward
the ground) is rotated in the counterclockwise direction with respect
to the field prevailing at the top of the icnosphere. The opposite is
true in the souihern hemisphere.

The physical reason for this rotation is the following. The
Pedersen current induced in the conducting ionosphere by the electric
field of the wave produces on the ground a magnetic field Qgp which
almost cancels the original cne (Qm). But the Hall current produces on
the ground a magnetic field b i which is in the same direction as the
original electric field En (Figure 9). Because the wave is propagating
towards the ground, ones goes from gm to gm {and therefore to b} in a
counterclockwise direction (as seen from above), A simplified trans-

formation formula (Nishida, 1978)° is

Ly
2 . - al b
Zp EXD[ ml ] ya

beg
(14)

b

ya 0

where m is the wave number of the perturbation in the horizontal
direction and d the distance between the ground and the jonospheric
conducting layer (d ~ 120 km). ZH and Lp are the height-integrated
Hall and Pedarsen conductivities. Because of the exp [-|m{d] factor,
the ionospheric attenuation is larger for waves having shorter hori-
zontal wavelengths.

A more complete study of this effect has been made by Hughes
and Southwood {1976a). Figurs 10 gives an example of their results
form, = 4 x 1072 xn! m, = Oandw=0.1s"". Ina following paper
(Hughes and Southwood, 1976b) these authors have combined this effect

* see also the review by Walker and Greenwald, 1981

Ionosphere
y4
Ground
7 Ez
a b
Ip
Vs Iy
———
t)ng
%

Fig.9. Ground rotation of the magnetic field of a magne;ospheric Aﬁfvgn wave impinguing
upon the ignosphere. a/ Coordinate system. This system is the projection, in the

_northern hemisphere, along the magnetic field lines of the system used for the study of
. magnetospheric wave propagation (section 1.2). It differs from the one used by Hugues

and Southwood (Fiures 10 and ii). b/ Slectric arnd magnetic fields of a tqroidal wave at
the top of the icnosphere. ¢/ Pedersen current and associated magretic field. d/ Hall

current and associated magnetic field {ions teing at rest, jy i3 opposite to Vd=tY3/B‘).
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with trie.results of the magnetospheric propagation theory which

imposes the x variation of the magnetospheric wave field (Figure 11,
where the origin of the latitudinal distance corresponds to the

3

rescnance field line and where a small longitudinal variation has
been superimposed : my = 10_3 km'i. The angular frequency is the

saime as hefore :w = 0.1 5_1). Improvement of the theory has been

The experimental cbservation of such an effect has been
made by comparing the magnetic component of Pc 4-5 pulsations
detected at the ground with data obtained on the ionospheric fizld
by using remote sensing techniques. These techniques are of two
kinds : the incoherent scatter radar, 1ike the one operating in
France at Saint-Santin {Lathuillizre =t 21.. 1981) or the multi-
static coherent radar system operating in tne Scandinavian auroral
zone {(Walker et gl., 1979)*.

Experimental results

In the previous section we have just presented the basic expe-
rimenta! facts which confirmed (or which have initiated) theoretical
works. In this Section, we will present more experimental data on
the characteristics of these long pericd pulsations or on their
relationships with other geophysical phenomena. These characteristics
or relationships are far from being all wel: established and more

experimental {and reliable) works have to b2 achieved in this field.

flccurrence

Figure 12 shows the results of a study made by Kokuoun (1981)
on the occurrence of Pc 4-5 pulsations detected simultanecusly on
the ground and on board ATS-6. These pulsations occur preferentially
in the morning sector (with a secondary peak around dusk), during
moderately active pericds. The figure also shows that the merning

+ gsee alsc the review by walker and Greeaowuld, 1981
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oscitlations have more stable periods {with a peak value of the grder
of 150s}. However, other studies made with the same spacecraft. when
it was situated at a different longitude, have provided different
results, the maximum of occurrence being situated around ngon and

the average period being of the order of 605 (see Kokubun's Figure 11).

Between (.2 and 50 mHz, ATS-6 data and date from other space-

craft or from the ground have been used for establishing the average
power spectra of pulsations in different magnetospheric regions
{Arthur et al., 1978}. In Figure 13 where these results are reporied

the symbols represent, IMF : interplanetary medium, MSH : magnetosheath,

KM : near the magnetopause, SYN : synchronous orbit, GRD : ground.
The sltone of 10@ PSD/log f where PSD is the power spectral density
varies petween - 1.41I{MSH)} and - 2.23 (GRD). These awerage values
have been obtained without making any seisction with respect to local
time, position or magnetic activity. As fer as the list parameter i3
conceyned an increase of almost 2 crders of magnitude of *he PSD is
observed when the majnetic activty increases from guiet conditions

= 24).

(2Kp = 0) to moderately disturbed ones (zk,

Mode structure

It is important to know the mode number of the standing wave
which is observed, Otherwise it is impossibie to uniquely relate the
plasma parameters {the density for instance) to the zuantity which is
measured {(the peoriod). Dynamic spectral analyses* of the pulsations
detected cn board ATS-6 have shown that many modes are present simul-
taneously (Takahashi and Mc Pherron, 1982). Peaks in the PSD have

been observed at the harmonics (n = 2, 3, 4, ...)J of a same freguency,
the fundamental (n = 1) being almost always absent. The ahsence of the
fundamental is natural when the observation of an Alfven wave is mads
on its magnetic component when the spacecraft is in the vicinity of

* known as 'sonagratis’ (see Chapter 6)

b, J-GR. 8338591978

é) wel,

Art“tdf‘/ NePherron, Lanzerott
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13. Average power spectra for the five regions. The symbols are

FFig.

explained and the slopes are given in Table 2.
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the equator (see Figure 3). The relative ampiitudes of the harmonics 32
in this region can be computed if one has a model of the plasma -
density distribution along the field line and if their relative

amplitudes are known at another point. An example of the results

of such a computation is shown on Figure 14 which was obtaired by

assuming a plasma density distribution of the form . Taka_haski nC‘Phe.ﬂ'O’! Jl'q-g- 37 15041 1522
! 1.L) A

-4
n=n, (rO /r) (15} 14—

where » is the geocentric distance algng the field Tine and o its

ULy — | -
value at the apex. The amplitudes are normalized to their ground ;/J LY—AUGUST, 1975 /‘JUNE 1974~MAY 1975

values. Examination of Figure 14 shows that the relative amplitudes

of the different harmonics vary with the latitude of observation
(the Tatitude of ATS-6 varied because this spacecraft was moved in
longitude). Note however that one cannot use these curves to preci-
sely predict the observed amplitude ratios, which much depend on
their assumed values at the ground 1eve1.* The order of the lowest
harmonic being knewn (n = 2} it is possible to evaluate n,. For
some events Takahashi and Mc Pherron (1982) found values increasing
steadily from 3 em™> at 08.00 LT to ~ 8 cm > at 13.00. These
values (and their trend) are in good agreement with those deduced

WAVE MAGNETIC FIELD

from the active resonance sounder experiment on board GEOS-2
{Higel and Wu Lei, 1982). ’

Another method can be used in space for evaluating the mcde parity.
It consists in measuring the phase difference between the magnetic
field vector and either the plasma velocity {Kokubun et al., 1977)

or the electric field {Singer et al., 1982). The phase lags which

. " s ‘ 10 12 16
are expected for different mode parities between these quantities MAGNETIC LATITUDE (DEGREE)
are represented on Figures 15 and 16. (In Figure 16, x is radially . . . ,
outward and y azimuthally eastward). By apolying the first method Fig.t4 . Wave magnetiz field of the torcidal mode
to OGO 5 data, Kokubun et al, (1977} showed that most of the events waves. The amplitude 1is normallized by the value

at the surface of the earth.

* This is clear proof that more experimental studies are needed !

-
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1,3, ...

Singer &t al, (1982}, by applying the second method to ISEE 1 and 2

data found that most of their events were even mode standing waves
*

{n=2).

torresponded to odd mode -standing waves (n =

In their already guoted work Hughes et al. (1978) found that
the longitudinal extension of the wave at the geosynchronous orbit
wag v 20° and that the oscillations were in phase over a limited
range of radial distances (0.2 - 0.5 Re), which implies a strong
selectivity of the excited magnetic shells, as expected. The radial
extension of Pc 4 waves was also studied by Singer et al. (1982)
with ISEE | and 2. They found it to lie between 0.2 and 1.6 Re.

Pelarization reversal

Most of the original works dealing with the local time or
latitudinal variations of the Pc 4-5 polarization were done by
using magnetometer data (see Section T.2). Recently the STARE**
etectric field data have beer used to show the polarization
reversal of the waves as a function of latitude (Villain, 1982),
Figure 17 gives an example of the results thus cbtained for the
morning hours, The observed polarization agrees with the predictions
of the Kelvin-Helmotz instability theory. The bolarization reversal
clearly coincide with the maximum amplitude {dashed line).

Besides of the comparison between the ionospheric E field
and the ground b field {see the previous Section), the b rotaticn
indﬁch by the presence of the ionesphere has recently been put in
evidence by an original method based upon the change of the magnetic
field length for poloidal oscillations {Andrews et al., 1981).

* This is a clear proof that more experimental studies are needed !

#* Scandinavian Twin Auroral Radar Experiment.
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Powerful VLF transmitters emit signals which can propagate
in the whistler mode* within magnetospheric ducts and which are
received at the cenjugate point, Often these signals are subject to
swall Doppler shifts (Af < 1 Hz) due to the variation of the duct
length. On some occasions these Doppler chifts poscillate at ultra
Jow frequencies in conjunction with long period pulsations of the

same frequency.

Toroidal oscillations would not affect the phase path length
but paleidal ones do. If the field line is moved from its unperturbed
position {corresponding to a phase path length i j to angther posi-
tion for which tho phase path length becomes :, the change of tha
orientation of the field Vine produces a variat.on of the horizontal
component, of the magnetic field, as shown ¢n Figure 18 for the funda-

mental mode. Cne can write
b = w_ -kb (16)
where k is a positive constant. Therefore
Af = - % =k éN (17)
If there were no rofation of £he magnetic field between the

top of the icnosphere and the ground, the H component measured on
the ground would be equal to bN’ st that one would have

af = kH (18)

On the contrary, if there is an jonospheric effect, such as
the one theoretically predicted {a 30° counterclockwise rotation in

the Northern hemisphere), one will have
of = -x 0 (19)
Correlation techniques have been used which show that equa-

tion (19} is indeed verified {Figure 19].

*  see Chaprer 3

in the
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A lot of studies have been devoted to this subject. But the
linkage between the various properties of geomagnetic pulsations and
various parameters of the solar wind is rather Tcose. Correlations
which were claimed to exist by some authors were demonstrated by
others not to exist. The only correlations which seem presently to

be well established concern :

L'
w-
<l
-
S
o
<

- wd
pt |

- the pulsation occurrence with IMF orientation,
- the pulsation pericds with IMF strength,

- the pulsation amplitudes with the solar wind velocity.

snf&D
«Af 8 H

The two last correlations are illustrated on Figures 20 and
21. Students are referred to the review by Greenstadt et al. 1981)
for a detailed discussicn of this problem.

That energetic particle f]uxes* detected on board spacecraft
could present oscillations at frequencies in the Pc 4-5 range 1is
known since long ({.e. Laquey, 1973 ; Baxter and Laquey, 1973). Recent
studies of phencmena observed on board excentric (i.e, Kokubun et al.,
1879 Enée]bretson and Cahill, 1981) or geostationary spacecraft

NOI LV 1355032
0 S o~

“OuF Pulsabions in thefaguehoaplere ™, D-Reidel 1981,

M. K. ANnpDrEWS, L. J. LanzeroTTt, and C. G2 MACLENNAN

in

-

DOPPLER LEADS
MAGNETIC RECORD

"o o o
T

T T i T i 1

(i.e. Hughes et al., 1979 ; Su et al., 1977, 1979, 1980 ; Kremser
et al., 1981) have emphasized the asscciation between these flux
oscillations and hydromagnetic pulsations. One example of such wave-
asscciated flux oscillations is given on Figure 22. The main conclu-
sions which can be drawn from these observations are :

- the total particle density (fons + electrons) oscillates out
of phase with the magnetic field intensity : the sum of the kinetic
and magnetic energy densities remains more or less constant {Hughes
et al., 1979 ; Kremser et al., 1981). '

19. Cross correlation of Siple whistler mode signals and magnetic data from Durham

hour 16, July 6, 1975,

- * in the encrgy range from ™ 1 keV to " 200 keV, both protons and
electronsg.

Fig.
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Lfg " . The ULF wave has always a compressional compone;;_ (.by/),
- . 'wh'ich may reach values as large as 30y ('KLerE_eI__e_t_a“l._, 1981).
Kr«eMSer ef'al.JJ.q.R.J 851 5345/ IGE[ . - In the energy range & 5 - 200 keV, the modulation is more
.a 108 : : ‘ easily seen on the protons than con the electrons. The proton modula-
sz r GEQS~? ) tion amplitude is larger at higher energies (M:_aL, 1979, 1580 ;
" 31 OCTOBER, 1978 | Kremser et al., 1?81‘}. The ratio (Jmax - ‘]m'in) / (‘Jmax + ‘Jmin) may
= i ! : | | | reach values as high'as ~ 4 (M, 1980).
33 | YA i
E: - { g\ I i{ \ ﬂ f ;\ ,‘ f ELECTRONS ] _ _ - The medulation amplitude is also a function of the pitch
:T / \ L | (VM \ ,ﬁ \ A f | angle {Su and al., 1980).
Eg 'X/ . | | !! , o .'\ \H\!,\ “I\ .
zz |PITEH ANGLES 850-959 v \; ‘,\‘,l U’}\\] - The phase relationships between J, and J, depends on the
':E_'g 107+ | | TN 1oca1 time, J and .J being in phase in the morning and at noon, and
zz (‘\ 7t / \\ f\ ;\ AR }\ \/"—\ /\,./\ /} out-of-phase at dusk. This effect is linked with the change of the
- \J \ / \ |\ /\ 1 i ] \ V \‘ \/ ‘, \IIU ) shape of the electron pitch angle distribution from pancake to butter-
§ \ / \} \, I\l i | ¥ IONS © | fly when going from the morning side to the late afternoon side
“ o7 I M {Kremser et al., 1981),
E._ 520}?‘ ! \\ /’\! N ,'\H ‘r\l /’\ f'v% ! r\/f\' fil \ h pow AN sl - The phase relationship between the proton flux and the wave
EE HO.{_\, I \{ \F/ \/ \j\/ \| / \/ \_5 \X /\/\ ﬂ IH\ ” /\\”i i ' amplitude is a function of the particle energy (Su et al., 1980).
29 Y VU I TR RRTRIRAIRY '\{ J UW« _ | .
g': 90}‘ : | ; : : : ‘ IH These phencmena are so complex and they have such a large
- L : N ) . amplitude that it is unlikely that they result from the action of
gggg %88 ?ggg ??gg ??'g% ?‘2388 t',}' waves (?enerat?d independently somewhere else} on particles.
Energetic particles themselves, which are convected from the plasma-
Fig. 2.Example of in-phase variations of the fluxes of electrons sheet towards the dayside outer magnetosphere, must play a fundamen-
and ions. This is a part of an in-phase event that lasted 8 hours. The tal active role in the generation of these waves. Processes involved
top part contains 60.6-s averages of the electron intensity (>22 keV) - in such generation mechanisms are briefly reviewed in the next Section.

and the ion intensity (>27 keV) in the pitch angle range of 85°-~95°.
The bottom part represents the variation of the-total magnetic induc-
tion at GEOS 2. The vertical dashed lines were drawn to facilitate the
companson of the relative phases. The hatched area indicates a period
that is discussed in more detail in section D1 (see Figures 4-6).
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In situ generation of Pc 4-5 waves

As already noticed, all experimental data do not fit with the
theory of Pc 4-5 generation by a Kelvin-Helmotz instability at the
magnetopause and subseduent coupiing to magretospheric Alfven waves.
The observed periods are not always compatible with the field line
resonance thecry, the wave polarization is often the result of
conbined compressional and transverse modes and particle flux modu-
Tation is far from being compaiible with a siimple theory of an adia-

batic modification induced by The waves.

Other theories, bassd upcn more or less iocalized interactions
between waves and particles, have been propesed for the generation of
the P¢ 4-% waves. [n these theories the wave Trecuency is not imposed
oy an external scurce @ it deoes not depend eicher on the the Tength
of the field tine. In some of these theories the wave polarization

.

o of the Interaction .

i lmpesed, fh somE cthers 3boic TGRSEYUE

IoEwo main s1ories,

These theories may oe dividad

+

Theories beicnying te the first cateanry consist in a sort

of macroscopin approach in which the particle aiztribution functions

are character ized by their averail derivatives of 4L, 3F/0W (where
is the Mc Iiwain parameter and W the particie energy). W varies
hecause of the magnetosipheric convoecticn and because of the wave-
particle interaction +WP1). The waves are considered to have a pre-
established polarization ‘usually a transverse wave). Following the
original ideas of Dungey (1965), this approach has been mainly
documented by Southwood (1974, 1976, 1977, 1981},

In the second approach, WPI's are studied by examining the
kinetic perturbation of the distribution function in the presence
of a wave, The wave characteristics themselves are deduced from the

solution of tne full dispersion equation, A mixture of cold and hot

* In all theories By = 0O, the cold plasma being sufficiently
dense to short-circuit any parallel electric fisld,

46

plasma is introduced, as wel} as gradients in the hot particle density
and in the DC magnetic field. A review of the mathematical techniques
and of the physical principles involved in this second approach may

be found in Hasegawa's {1975) book.

It is out of the scope of these le-tures to go into the details
of such theories. However we will illustrate the first approach by
discussing £he bounce resonance mechanism and the second one by
showing the results of some recent theoret wal computations &Lig
and Parks, 1982).

Bounce resonance

Let us assume that a standing weve {along the field line) of
frequency v propagates azimutaally (in the y direction). AL any given
latitude the phase of the wave field is wt - m$ where ¢ is the longi-
tude (measured positively eastward) and m the azimuthal wave number,
The Yengitude of a drifting particle veries ke w,t where Wy {nega-
tive for protons and positive for electrors} is the drifi angular
frequency. The freguency that the particle sees is Doppler shifted

and the apparent frequency of the wave is . - m 4.

Because of the bounce notion of the particle {with a bounce
period Ty = EH/wb) a cumulative exchange ¢f energy between the particle
and the field may occur if the apparent we.e frequency is either
equal to zero or to an integer multiple of 1/rb. Resonances occur if

w - My = Ny (20)

ATl rescrances do not have the sape efficiency : as for gyro-
resonant interactions {see Chapter 2}, the higher the value of N,
the lower the efficiency, so that only the lower order resonances
are important. Another effact must -1s0 be taken into acceunt :
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depending ¢n the modé parity, odd or even*, the averaged exchange of
energy between the wave and the particle over one bounce period is
equal to or different from zers. This is illustrated by Figure 23,
the demonstration being given below.

For simp11c1ty reason let us assume that Ey=by=10and
that E = E(z} y where y is the unit vector in the azimuthal dtrect1on.
The instantaneous change of the particle energy

W=qE, v, +qE- Vgt H abﬁ/at (21)

(see for instance Southwood, 1981) is in this case reduced to Evy
where V4 keeps a constant sign. For an odd mode (Teft hand part
of Figure 23) the sign of £ changes when the particle has achieved
a quarter of its bounce period. When integrated over one bounce
period j'w dt = 0. For an even mode the situation is different
because when the particle crosses the equator the combined effects
of the spatial structure of the wave and of its temporal variation
are such that the partic]e sees an electric field which has always
the same sign : w dt # 0. One sees that symmetric modes anly
rescnate with N O, -2, 3 antisymmetric modes resonate with
odd orders N =1 1, T3, .. (Southwood, 1981},

For the N = 0 order, the field is static (in the reference
frame of the particle) and the Tongitudinal invariant is conserved,
The first invariant p being always conserved**, there is no first
order exchange of energy. Taking all the above arguments into
account, one sees that the most important interactions will invo]ve
the N = % 1 resenances, i.e. antisymmetric modes (second harmonic}.

Because wy and wy, vary respectively Tike v? and v the resonance
equation reduces to

Moy % wp {22)

* See Figure 3

**  The wave frequency being much smaller than the gyrofrequency
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Fig. ?3. The bounce resonance phenamenon i
The wave frequency (as seen in the frame of the drifting particle} corres

pends to the first order resonance N = = 1. Two wave modes a;etgipgfzeizid :
the fundamental and the second rarmon:c In the upper partho cihe 11%e

the field is represented as a function af distance along the ;c1n " cle
for different times t,, t,.... The twomirror points of the DUUtIOngfgean
are A and 2. The figld ssde by the zarticia in its douncing mo

¢ & funct rotime,
dots) is represented on Tae S0LTam sart 3f tne figure as a function or t )
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for particles of high energy {ard/or for waves with a high wave number),

and to

w oA mb (23)

for particles of Tow enercy (and/or for waves with a low wave number).

For instance, in urder to obtain a wave period of 100 s at L = 6.6,
one must consider particles with an energy of 150 keV in the first
case {assuming a pich angle o = 90° and m v 40}, and particles of
25 key f{and o = 0°) in the second case (i.e. Su et al., 1979}.
Particles of 25 keV could not satisfy equation (22) except for very
high wave numbers (m ™~ 200).

In a recent paper Southwood and Kivelson [1981) have studied

in detail the consequences of such types of interaction on the ampli-
tude and the phase of the particle flux modulaticn. They showed that
these quantities not only depend on the particle energy and pitch
angle but also on the value of the density gradient 3f/3L with
respect to its adiabatic valve (3W/L).(3f/39W).

It is out of the scope of this lecture (and out of the compe-
tence of its author) to go irte the details of such complex plasma
theories. It is however important to understand the vocabulary which

is used and the physical parameters or mechanisms which are involved.

Usually one considers a hot plasma with @ density gradient in
the x (radial) direction. The scale length of the demsity variation

is defined by
oo . AN (24)

The magnetic field is also assumed to be inhomogenzous :

B8 (1-cx) 2z (25)

where 511 = uoN m; Ulia / 32O is the ratio of the perpendicular pressure

X

From the balance between plasma pressure and magnetic prassure,

-
one easily deduces

2
to the magnetic energy density (mi U;i = 2K Tli defines the mean per-
x

. *
pendicular temperature of the jon population). The average velocity
of the drift induced by the pressure gradient (see Roederer's lectures}

is
2

Vgp = A U /2 (27)

whergas the average magnetic gradient drift velocity (which is in
the opposite direction) is

) _
Vag = Uy S 2wy = VB /2 (28)

In high-8 plasmas, the magnetic gradient drift cannct Le

fgnored (Lin and Parks, 1982}). The equilibrium distribution function
af the hot carticles can be expressed as [Hasegawa, 1975)

where @

-n
i

= flv,, v} [1 + X (x - Si.) J (29)
i

ey = €@ B0 / my is the anqular gyrofrequency and where the

distribution function f can be assumed to be of the form

2 2
N Y, v,

7 exp | -
(em2)t/2 U#i Uliz alp? U

flv,, v) =

] (30)

1

The first order perturbation of the distribution function

under the influence of a wave can be computed, from which one

ceduces the dispersion equation and hence the wave

&

*

we have neglected here the electren pressure, which is usually
smaller than the pressure of lons

* . is the ion and K the Boltzman constant
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polarization characteristics. An example of the results thus obtained
for the -mirror drift waves is given on Figure 24 (Lin and Parks, 1982).
On the left panel the curves have been normaiized to

*
w = -Ak, U2/ fw.=-k ¥

471 ci 1 °dp (31)

*
which is the ion drift frequency {due to pressure gradient alene)

These curves show that the inclusion of the magnetic drift has dras-
tically changed the real part of the dispersion curve and that the
growth rate is maximized for waves propagating at Targe angles to the
magnetic field {(k,/k, ~ 0.4). The right hand part of the figure shows
that, for frequencies correponding to the maximum gfowtp rate, the
comgressiona] component of the wave is much larger than the transverse
one.

The first-order perturbation also gives the average flux varia-
tion as a fucntion of the wave field. On Figure 25 the amplitude and
the phase of this variation are represented. The amplitude ¢ is defined
by .

v = (8/)(B,/5,) | (32)

The amplitude ratio between the compresional component of
the wave and the DC magnetic field has been taken as a normalizing
parameter, the amplitude of the modulation being obvicusly propor-
tional to the amplitude of the wave**. The figure shows that the modu-
lation amplitude is a function of both the particle energy and the
particle pitch angle, a result in qualitative agreement with Su et al's
* (1980) observations. As far as the amplitude is Eoncerned, the agree-
. ment is even quantitative : values of ¥ ~ 30 for E/T ~ 10 are to be
expected from Su et al's (1980) measurements (8J/J ~ 3 for £~ 150 keV)
assuming that T ~ 15 keV and b, / Bo n 0.1 {bz ~ 10nT, Bo & 100 nT).

These results show the powerfulness of such theoretical approaches.

They also show that more detailed measurements are needed in the field of

wave-particie interactions in the long pericd range.

* It is edsily shown that w* = - mw,_ since the angular wave number m
introduced previously verifies m =-kl.ﬂ., where R is the equatorial
radius of the magnetic shell. .

" #* 9There is obviously a printing error in Lin and Park's (1982}
dgfinition of Y (section 3.b), pdage 5106},
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1.6. Conclusion

The huge amount of work devoted teo the study of long period
pulsations has been paid for. A coherent picture of their propagation
characteristics and of their possible excitatien mechanisms has
emerged. These pulsations are invaluable tools for studying, on
a statistical or case by case basis, the geseraticn of waves at

The abscissa is BT, .
as 10 Figure 4.

the magnetopause boundary or the instabilities in the ring current,
These waves also play a fundamental role in the radial diffusion
rotti, 1974 ; Lanzerotti

of energetic particles (i.e. Schulz and Lanzerottl
et al., 1972) and they contribute by a non negligible amount to the
engrgy budget of magnetospheric processes cGreenwald and Walker, 1980) .
On the contrary the use of the long periocd sulsations for the quanti-
tative diagnosis of the magnatopsheric or sclar wind plasma, which

stonad component
cters are the sione

has been advocated by many people, is - to the author's opinion -
based on grounds which are not sgiid enough to be worth the effort,

this figure, the

taking into account all the unknown interv:ning parameters.

Lin awd Parks,  Jgr. 87, 5102,1982.

3
-9
o
..A
-

d G,

* The Joule heating due to pulsations in ™ 5 X 10™% erg. s ', to
he com ::arrad with the energy deposited By pal’tic‘lﬁ‘ ')recipitation
(2 x jot’ - 104y, lOPOSDnt""C currents (2 X 0% - 10%%), auvroral
tuminosity (10Y% - 10Y7) or kiiseeiric radiation {JO - 10t
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APPENDIX A

WAVE PROPAGATION IN A COLD MAGNETCPLASMA
SU, $.-Y., A. KONRADI and T.A. FRITZ, On propagation direction of ring

current proton ULF waves observed by ATS 6 at 6.6 Re, J. Geophys. Res.,
82, 1859-1868, 1377. -

AT ULF AND VLF FREQUENCIES

SU, S.-Y, A. KONRADI and T.A. FRITZ, On energy dependent modulation of the A.1 General formulae
ULF jon flux oscillations observed at small pitch angles, J. Geophys.

Res., B4, 5510-6516, 1979, The dispersion equation for waves propagating in magnetoplasmas

can be fourd in every textbook on Plasma Physics (1.e. Ratcliffe, 1859
*

Budden, 1961 ; Stix, 1962 ; Quémada, 1968) . We recall it here in order

to ensure the homogeneity of the notations and to introduce simplified

expressions for waves propagating in the ‘whistier mode' (f < fce) or in

SU, S.-Y, R.L. Mc PHERARUN, A. KONRADI and T.A. FRITZ, Observations of ULF
oscillations in the ion fluxes at small pitch angle with ATS,
J. Geophys, Pes., 85, 515-522, 1380.
- the 'hydromagnetic regime' (f < fci)' Let us introduce
TAKAHASHI, K., and R.L. Mc PHERRON, Harmonic structure of Pc 3-4 pulsations, 9" Ny 1 .y B !

J. Geophys. Res., 87, 1504-1516, 1982. A T R o *.0
Eo 5 h

Eo My
VERD.J., and L. HOLLD, Connections between interplanetary magnetic field

and geomagnetic pulsations, J. Atmos. Terres. Phys., 40, 857-865, 1978, where Nh is the number of particles of species f per unit votume, m, and

S, their mass and charge (pesitive for positive ions and negative for
electrons). Let us introduce also the relative masses of the ions with

VILLAIN, J.P., Characteristics of ?¢-5 micropulsations as determined with * ;
: respect to the electrons, m, and the concentration ratio Ai of each ions

the STARE experiment, giggggphys. Res,, 87, 129-137, 1982.
- = species (one assumes that there is no negative ions) :
WALKER, A.D.M., R.A. GREENWALD, W.7. STUART and C.A. GREEN, STARE auroral
Noo= N A with LA, = 1 (A.2)

radar observaticns of Pc 5 geomagnetic pulsations, J. Geophys. Res., 1 € i !
84, 3373-3383, 1979.

so that
A. X Y
X = £ Vo= o- &
ms* ms*
, _ {A.3)
2
% (_“Je_) -
€ w € )

where Goe and w_, are the electron plasma frecuency and gyrofrequency.

* Gre v t.eet Diieroa aimple snd ologant demcnstration of the wave
propertics in 1 paper by Smith and Arice (1964}, whose formalism
is used here.
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There exist three principal limiting modes for which there is no
fluctuation in the electron density, i.e. for which :

g-E =0 or k-E =0 (A)

Two of them are circularly polarized, their electric and magnetic
véctors are perpendicular to k, the other being linearly polarized, also
in the wave front. These three modes are defined by the suffix s(=+1,-1,0},
their phase indices are defined by :

X

w2 = 1- E " (A.5)
s h sYh + 1
and their phase velgcities by :
W, = ¢/ _ (A.6)

5 S

If condition (A.4) is released, one finds the general dispersion
equation, or the 'tangent equation’

(W2 - W) (W2 - W )sine + (W2 - W %) (W2 - W 2)cos® = 0 (A7)

where g i3 the wave normal angle, (k, B) and where a new velocity has been
introduced.

_ 1
wez - E

(WHZ + w_12) {A.8)
Equation (A.7) can be transfcrmed in the usual biquadratic form :

WY - we [(woz - W2)sinZd + 2wez] + W PWSInT0 ¢ W, 2W_Fcos?e = 0 (A.9)

from which one deduces

*

For each wave normal direction, two waves can propagate, one of
them being possibly evarescent (W2 < 0), For & =0, one finds tha two
principal circularly polarized modes

W2 = w+$ W2 =W 2 (a.11)

TR - T\ 2w 2) sin® a2 A10)
W2 o= W2+ 2 (K 2-W,2)sin®0 = E\&woz We2) sin®0 4 (W ,2-W_12) cos®s ( )

A.2

¢

For 6 = /2, one finds the ordinary mode (also circularly pola-
rized} : W? = HDZ (but this mode is evanescent for frequencies below
the plasma freguency) and the extracrdinary mode :

W2 o= wez : ) B (A.12)

An example of the frequency dependence of the phase velocity for
the three principal modes in the VLF and ULF ranges is given on Figure A.1
which is drawn for a plasma containing two ion species (66% of K and 33%
of He'). Resonance frequencies {W = 0) and cut-off frequencies (W =+ «)
are ¢learly evidenced on this figure,

Depending on the relative importance of the two terms under the
square-root sign, expression {A.10) can be simplified, leading to the quasi-
longitudinal (L) and to the guasi-transverse (QT} approximations. The
first one is valid when :

(H* - W,2)" sin"e << (W42 - W47 cos?e (A.13)

the second one when

(02 - u2)" sin*8 >> (W42 = W_y?)" coseo (A.14)

The domains of validity of the QL and QT approximations depend on
the frequency'range and of the ratio Xe / Yez =(fpe ! fce)z(see section
A.3). When collisions are introduced they are also determined by the ratio
v/wc where v is the collision frequency {section A.5). The QL approximation
may be valid up to large wave normal angles ; conversely, it may occur that
the QT approximation can be used even for small values of 8 (Section A.3 and
2.2},

Correspondence with other notations

instead of using phase velocities, other notations make use of
the jndices. For instance, Stix's (1962) notations, which are cften
used are :

T

P

T
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- 2

po= uo T

1 |
5 = ' (R+L) i

: |

The use of these parameters is not so aractical because resonances
(W= 0} and cut-cffs (W ~ ) are not obtained for the same limiting values.
For instance cut-offs are obtained for R = 0, L =0, P =0, but the cut-offs
for the transverse mode are not defined by € =0 but by § = R/? or S = L/2.
On the contrary S = 0 defines the rescnance of tae transverse mode (the

hybrid rescnance) whereas the two other resonances (the gyroressonances)

are obtained for R == or L * ™.

Ome also finds in the literature the bigquadratic equation for the
*

index of refraction

AN* -BN2 +C =0 ‘ {A.16)
with

A = Ssin?® + Pcos?0

B = Risinz® + PS5 {1 + cos?f) (A7)

C = PRL

The shape of the velocity surfaces is different in each region of
the Clemmow-Mullaly-Allis (CMA) diagram which is represented on Figure A.2
(Note that the y cocrdinate is equal to Y 2).

Instead of using the parameters X, and Y, defined by (A.3} it is
often more advantageous to introduce other dimensionless parameters such as
a = fpe [ Tee ‘ . {pn.18)
which defines the medium and
x = f/f, or X = f/fci (A.19)

* obhviously its selution has a less simple form thanm (A.10).
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Fig. A.2. C.M. A, diagram. The phase velccities are represented by the
symboT u, with the following correspondence with the fext notation :
up = W, = W ug = W., u, = W,., Cut-offs {“coupures’ in French)
ontaineé fog R=0(or L =0) 70 Stix's notation correspond to us = ®
{or ug = ®) and u, = =. The cut-off at the plasma freguency (uy = =)
corregponds to P = 0. Gyrorescnances are obtained for up or up = 0

(R or L = =jand hytrid resonance for u, = 0 {$ = 0). Thé diagPams which
are drawn into each CMA region give the shapes of the phase velocity
curves 15 a function of wave normal znglz {the DC magnetic field is in
the direction of the y axis). m is the mass ratio between icns and
electrons (one component plasma). After Quémada, 1968.
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which characterize the frequency. The parameter x will be used in the study
of VLF waves (x < 1) and X in the study of ULF waves {X < f}. In the magne-
tosphere, o is usually larger than 1, except in the hight altitude (™1 Re)
auroral regions (A ~ 65°). Approximation which can be obtained in these
conditions are discussed in the next section.

Approximations valid in the YLF and VYLF ranges

We restrict curselves to the case a% >> 1, although some formulae
are also valid when this conditicn is not satisfied. In the VLF range, for
x < 1, one obtains : '

€ - (e )

W2 =
;+1 a? m*
2
Wyt s-So (e x) (<L - )
. o? m* . ‘ (A.20}
2

we = -_C 2
e .o g

¢t i
W2 = 2
o - ( il )

which jead to the following dispersion relation

. b
sin'9

W, a2 1 _
c = (1--—sin®8) -x2 ¢
c? m* 2

+ %2050 (A.21)
4m*2 .

In these expressions, which are valid for a plasma containing only
one ion species, m* = m,i/me (= 1840 for a proton plasma) has been neglected
when compared to 1, '

The lower hybrid fregquency Tonr is defined by W, = 0, i.e,

= fce . fci {A.22)

z - ' 2

x = or fﬂhr
It defines two frequency ranges : the VLF range (x? >> 1/m*) and the ULF
range (x2 << 1/m* or X2 << m*). In the VLF range (so defined), the disper-
sion equation becomes even more simplified, leading to only one mode, the
whistler mode :

T

e

ra
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e e L (4.23)

o

W o= (cos8

+

the mede W_ being evanescent (W2 _ < 0).

In the ULF range (X2 << m=}, one nas
- 2
N+12 = VA {1+%)
2 =y, % (1-X
gt = vy (A.24)
2 =
Ho 0
wez =VA3
where
VAZ = ¢/ {pfm*} (A.25)
is the Alven velocity, as can be seen frem the dafinitions of « and m*,
Equations {A.10) and (A. 24) g1ve
1. PO R
= V,2 - = 2g = =\ 6 + 4X2 costé {A.26)
wtz v 1 = sin 8 , Ysin

This expression can still be simplified but one must be careful.

The OT approximation, which is valid for very low frequencies over a wide

* %
range of angular directions easily gives

W, = VA

A28
Vpcosd {4.28)

W

The first Alfven mode o the second one, which

ig very anisotropic, is the modified Alfven mode,

mode is the isotropic
The GL approximation

Wi =vy?2 { i- %—sinza T cose] (a.29)

+  ne could alsc use Jircctly {(ALZ1)

TR N ST R R

C(A2T)

A4,
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should he 1n principle also valid over a wide range of angles at higher
frequeng1es . However, it is dangercus to use it : it is valid for W_
but not for W_ when the frequency approaches the resonance freqmncy.
For instance, by using the complete expression [A.26),

that the resonance (W_

one easily finds
1 whatever 3, whereas (A.29)
= X =V ¥ - 1 which would mean that X
This is because terms of

= () occurs at X =
does give resonances for cosg
should ke larger than 1. second order in 0,

which are necessary to include near the rescnance, have been omitted in {A.29).

In the range of small 8 values there is anly one approximation
which is useful. It is the one which corresponds to strictly longitudinal

oropagation :

We = (A.30)

\IA‘1 (htx)

When o is not strictly equal to -zero, one must use the complete
expression (A.26), at least for the anisotropic mode.

Polarization
The polarization is characterized by qLuntities proportionnal to
Ex’ E where the axes are defined on Figure A.3, k, x and z being

cop]anar and z being parallel to the static magnetic field B. One has
{see f.i. Smith and Brice, 1964) :

; [ W2 Wo,e
5ing +1 -1
B 2 Wt wz-wal
+1 -1
w 2 w 2
. -1
iEy e -2108 +] - ] (A.31)
2 . H 2 - oya2
LR L
N2 1
£z ec €058 !
L W 2 - w.a i

X o= i far G
€= "5,

cendie g




zZ
A2

© g
c = 8 .
{g_ L The two first expressions can be transformed into a less symmetric
™ - .
= - d but more useful form
~N =] * 8
-— © ZSvs . N We?)
N Yo E ec sing
- - -
5 =g (0,42 - W) (g2 - W)
— D D w .
8_ ‘5"5?3 . (A.32)
wn e
[43) cucu: . ing NZ(W_E—W z)
£ 5% ﬁym.in 1 A
} . ur
;..6 2:‘2% (N+12 - Wz) (N-iz - wz)
o= a )
Eg -5 Because E /E, is real, the electric field vector 1ies in a phase
-]
i =25% normal to the xz plane, which is the plane of polarization. Its orienta-
1 Fcw con is defi :
! i tion is defined by _
a
] + W ! - .
" % § % tan ¢ = E /E, o (A.33)
2. ) . . : . . .
sl The polarization ellipse is then completely defined by the ratio
o £ C ~
§:;Z§ Ey/Ex' However it is better to use another coordinate system where axis 3
@ E_E is along k, axis 2 is identical to y and axis 1 is in the x, z plane. Such
ANA> TR a chaice is interesting because the magnetic field of the wave b, which
;'E&EA lies in the 1, 2 plane because k + b = 0, is simply obtained by a rotation
[
“e s of El, El being the component of E in the wavefront {the 1, 2 plane) :
ok g
B=c t  kxE
m| 22 b= T (h.34)
e 3"5: . ,
N w _° The polarization is defined by the ratio
—a @
- —_————— Toa
A \ 3Th p= E,/E (A.35}
\\ = s AR
‘ ' on 2
4 \ a=-~ . .
\\ \\ Caw The transformation formulae between the two coordinate sysiems are :
= =
\ =S .
\I'O \ c';IL_M a Ey = E, cose - E, sing
<z o

~
~
1
-~
~
Fig.
e

= Ey ) (A.36)
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The similar expression for E, is of no use, the plane of polariza-

tion being defined by (A.33) as well as by the ratio E,/E5.

A much more simple expression for E1 is obtained by replacing
the product H+1= wale by 1ts value a: deduced from {A.9). One obtains

5109 We{W 2 - W)
E1cc - it (A.38)
cosg (w+12 - W) (w_12 - W)
from which one deduces
cosH W 2 -4,
+1 -1
Py = — (A.39)
- 2i W2 - W2
* e
where Nt is given by (A.10). By using this same equation one easily
demonstrates that
p, +o. = 1 (A.40)

The polarizations of the two waves which can propagate in a given
directicn p with the same frequency f are inverse.

These results can be used for studying the polarization of VLF
and ULF waves by making some approximatipns, In the limit =2 >» 1 and
%2 > 1/m* the use of equations (A.20) (A.32) (A.23) and (A,33] leads to

p, = - 1 {A.41)

and
(A.42)

Z4

fquation (A.41) shows that the whistler mode {(the only one which
can prepagate for nTH k¢ 1) is right nanc polarized. Equation (A.42}
is different from the equation given by Storey [1959), which is valid only
for x <K 1.* It shows that, for small g, the plane of pelarization is almost
perpendicutar o 8. Yhen the wave normal appreaches the resonance cone
{8 -+ cos'1x) the polarization plane almost contains the wave normal direc-
tion. Because the polarization in the plane perpendicular to k is still
circular, the components'E2 and E1 + 0 and the wave becomes purely elec-
trostatic (L 7/ k).

In the ULF range, the use of (A.24) {A.37} and (A.39) first shows

that

E, =0 (A.43)

which means that the electric field is situated in a plane perpendicular

to B. Second, one has

2X cosp (A.44)

p. = 1 o

I sing ; vsintg + 4X° cos?g

where the upper (or lower) signs have to be used simultaneously. In the
QT approximation (X or cosg very small), one finds

o = § —S.cose © (A.45)
sin%0

which means that 552/51! is-yery small, i.e. that the polarization
ellipse (for E) is much elongated along the x axis. The ellipticity
decreases when X or cosg increases. This mode (which is called the slow
mode since W_ < VA) is left handed. In the QL approximation

X cosB
{A.46)

% cosd + % 5in?8

*  Storey computed the angle between axis | and the trace of the
poiarization plane on the xz plane. Let 5 be this angle. He found
tan § = E]/El = - tan g, whereas equation (A.42) shows that
tan § = sing/(x-cosp) where use has been made of the relation
§ = - (8 + w/2). i
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IF sin?8 << 2¥cosd, the OL condition {A.13} is a fortiori satisfied

so that (A.45) is valid, and

p_ i (A.47)
The wave is almost circularly polarized in the left hand mode.

For 8 strictly equal to 0, equatien (A.44) shows that p_ is strictly

equal to i, so that the wave is strictly circularly polarized,

The deformation of the polarization ellipse when & varies from
90 to 0° is shown on Figure A.4. Equivalent drawing can be made for the
fast mode (N+) by making use of the fact that p,p_ = 1 {equation (A.40)).

The displacement of the piasma which is associated with tha wave
is easily deduced in the low freguency regime {the displacement currents
and induction electric fields being negligible) since one has

E+vxi=40 (A.48)

One is therefore able to deduce the characteristics of the

ellipse which is described by the extremity of the velocity vector.
For the slow mode {M_) this ellipse is elongated along the y axis so that
v is almost perpend1cu1ar to k. The mode is said to be 'torsional'. For
the fast mode {W,} the ellipse is elongated along the x axis, so that the
velocity has a strong component along k, except for & = 0. The mode is

said to be 'compressional’.

The main propagation and polarizaticn properties of
the ULF waves, which are at the origin of their different names, are

summarized in Table A.1.

Fig. A.4. Polarization ellipses in the ULF range
For a given wave qorma] direction, the ellipticity decreases when the frequency

increases,

o



A5,

4
TABLE A. 1

Characterization of the two Alfven waves

Alfven Modified Alven
Fast Slow

_ (W, = v (K = Vpcosd)
Isotropic Anisotropic

Right-handed (0 o -1} teft-handed {p_oc i)

Compressional {v.k large) Torsional (v.k small)

One must note that the equations (A.43) ta (A.47) are valid not
on1y w?en a? = fp;/fce2 »> 1 but also when fpizlfcjz o1 (a2 3> ymt)
which is a less constraining condition.

Role of the collisions

A1l formulas given in this Appendix are valid for a celd plasma
without collisions. When collisions exist it is sufficient to replace
the particle masses m, by an 'effective"mass mh(1—1Zh) with Zh = Vh/w
where vy is the collisien frequéncy for the h species. This is due to
the fact that in the momentum equation

ay.
m

3t
a friction term has to be introduced. This leads to

ay
m

at

which is equivalent to (A.43) if one replaces m by m (1-iv/w)*

+ hie o svnarecsnvion D3 owniid when one oongidess

Fiolds waruing like
Sberdture =il JURQs o CONVer-

100 el

rir
tion which ivads to in offecsive masz miria/a).

expt ik, BuicLImes onoe

=q {E+vxB) (A.49)

=g {L+vxB)-umy {A.50)

<8
1

we must therefore replace X, Dy Kh(ﬁ—ilh)'1 and Y, by Yh(1-i2h)' .
correction is unimportant in the magnetasphere and in the upper jonu-
sphere because the collision frequencies are much smaller than any
gyrofrequency. The gituation is different in the lower ionosphere, and
this carrection can even change completely the rafraction index and

This

the polarization figure {see Sections 2.2. and section 3. .).

On the contrary temperature effects are always important when
one aporoaches a resonance. The definition of a cold plasme is that the
particie thermal velocities are negligible with respect to the phase
yelocity of the wave. Obviously this condition is not satisfied near a
resanance (see Section 3. .). The consequences of this effect are studied
in the review by Ginzburg and Ruhadze {1970}.




.-

ry



