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ABSTRACT

The bropagation of electrostatic plasma waves in an inhomogeneous

and magnetized plesma is studied analytically. These waves, which are

~ .- -driven unspable by suroral beams of electrons, are shown to suffer a
further geometrical amplification while they propagate towards resonances.
Simultaneously their group velocities tend to be aligned with the geo=-
magnetic field. Then it is shown that the electrostatic energy btends
to accumulate at, or near wLH énd wUH’ the local lower and upper hybrid
frequencies. Due to this process, large amplitude electrostatic waves
with very narrow:spectra should be cbaeryed near these frequencies at
any place along: the aurqral field lines where intense .beam driven in-

stabllity takes place. These intense qpasi-monochromatice}ectrostatic waves

apre then shown to give rise by a coherent: non~linear three wave process to

pres—r

an intense electromagnetic radiation. Depending upon the ratio

wpe/wce between the electron plasma frequency and the electron gyro-
frequency the electromagnetic wave can be radiated in the ordinary mode
(at wbH) or in the extraordinary mode(at 2wU&9: As. far as the ratio
wpe/wce tends to be rather small it is shown that the most intense

radiation should be observed at 2@

UH in the extraordinary mode.




INTRODUCT ION

All magnetized planets seem.tq be intense vadio sources, emitting in the

decametrl: range for Jupiter (Warwick 1961, Carr and Desch '1976) in the hecto-

metric range for saturn (Brown 1975), and in the' kilometric range fox the Eanth
(Gurnett 1974, Alaxander and Kaiser 1976). The tempevature-of brightness of these
Sources dre so large that any classical incoherent radiation process is irrelevant,
Qt least for the Farth and Jupiter it is widely admitted that this radio-emission

- s tm

process takes place in the regions of their magnetospheres where in-
tense beams of electrons are known to exist. Thus it is clear that

the electromagnetic védiation is directly or indirectly driven by a
beam plasma instability. For non-relativistic heams of electrons most
of the energy driven by this beam plesma instability is electrostatic.
Thus the problem isg tB convert this ‘electrostatic energy into electro-
magnetic radiation. The total peak power of ¢ Auroral  Kilometric
Radiation (BKR hereafter) was estimated by Gurnett to be 107 W. which
can be 1% of the total energy available during auroral phenomena.

As far as the pawer of electrostutic noise should ne less théh the
power involved in auroral phenomena, it is required that the conversion
process have an efficiency of the order of at least 1%. It seems
thatsthis rules out any linear conversion process as those proposed by Oya (1974)
and Benson (1975). Thus, what is required is a very efficient non-

linear conversion process. Some non~linear theory were already proposed,




' ]
we will comment briefly on two of them. In the work of Palmadesso gﬁléi3;6

electrostatic high frequency waves, driven unstable by an energetic
electron beam, are coupled with lonic fluctuations. The required

level of ilonic fluctuation is very high (éni/n:L s« 0.3)s If such high
level ionic fluctuations exlst, they should be localized in the return
current ye4ions as shown by Kindel and Kennéﬁgé}that 1s where low energy
upgoing alectrons are observed. These return currents are known to take
place outside the region where downgoing primary electron beams are
observed. Thus the coupling between high frequency electrostatic waves
and ionic fluctuations should not be very strong. Furthermore the
suthors of the quqted works have used in an unstable situation the
theory of Dawson gnd Obemérji'??gg“irhich was demonstre ted to hold for

damped plasma wave;s. The transpcsition of this theory to the unsteble
case seems, to be irrelevant. Galeev and Krasnosel'skil‘tg\zgzmve Pro=
posed a different interpretation. They argued that due to the large
level of electrostatic fluctuations at ’crfe plasme, frequency there is a
tendency to cavitation. Then they considered that each such caviton
radiates a coherent electromagnetic wave at 2wpe- But, as far as they
should be a 1arg§ number of such cavitons inside an aurorasl electron
beam, one cannot expect that the radiation of this.set of cavitons is
still coherent. Even so, the maximum efficiency of their process seems

not 4o be large enough to account for the experimental regquirements.




"
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Melrose (1976) has discussed a generation mechanism for A.K.R. where
escaping electyomagnetic waves are directly driven unstable by beam plasma
instability. In principle such a mechanism is tempting since it is a direct
process, but the obtained tﬁreshold condition : &Loza Bfo would imply a very
large thermal anisotrcpy T. / 2 30 in the beam frame. In absence of ex-
perimental confirmation, at least theoretical arguments explaining how such

a,large anisotropy could be, aghieved overn_auroral region, would be reguired, .

We propose here a different interpvetation where the electromagnetic ra-
radiated 1s generated through a cdherent beatings between electrostatic waves.
The required coherency being due to the largé enhancement of the amplitude
of the electrostatis waves when they propagate towards resonances.

In what follows we will focus on the AKR, The relevance of the present

theory to the explanation of other planetary radio-emissions will be examined
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PROPAGATION (CHARACTERISTICS OF THE PRIMARY ELECTROSTATIC WAVES

According to Green et al(1977), AKR is generated along auroral field

e

lines in the reglons where the plasma frequency wpe is less or of the
order of the electron gyrofrequency w,q. Then provided that we have
still u.\P 1
relation for electrostatic waves writes in the zero temperature limit:

>> wci where the subscript i stands for ions, the dispersion

D(w,kt) = 1 - 22 L o (1)

As long as w/k” >>Vb;e where Vbhe is the thermal velocity of the so~called

"cold plasma', and ng>mn, n and n, being respectively the cold

c
plasma and beam densities, the expression (1) is valid. Of course very
far from the earth where'nw the warm plasme density can be larger than
na» thermed effects would be essentisl giving rise to Bernstein waves
having w ~ (n + 1/2)wce'< Wy The coherent non-linear process that

we wiil discuss later can also be pertinent in such situations but we
will not examine this in the present paper. )

Let us discuss now the dispersion relation (1l). ‘There are two

propegation windows: ¢ < @ < min (wpe, w ce) and max (w

pe? wce) <<

Wi Near from wpe and W, e

does not intervene in (1) thus . vg = 0; since ky is fixed by the resonance

k“ >3 kJ.. The modulus of the wave number

.~

condition |Vg| is well determined, even in the zero téinpera‘t:ure limit. Then
the introduction of a static magnetic field avoid the usual degeneracy of
Langumir waves. From the previous relation we deduce that the group velocity
is aligned with the static magnetic field ﬁo when & = W, o oOr

o




w On the other hand Vg L 30 when w =~ w__ or wce.

UH’ pe

In a situation where beam-plasma driven instability takes place
only those electrostatic waves which have their parallel phase velo-
cities in the same direction as the beam are amplified. As stated
earlier,waves having w ~ wpe or w.. eassentially propagate across the
magnebic field which implies that they rapidly leave the auroral tube
of force, that is the beam region. Thus what we will discuss now is

the behavior of waves having frequencies far enough from w e and wce.An unsta~-

P
ble wave,ln the lower frequency window, has its parallel group velocity
directed towards the earth consequently it propagates towards regions
where w,, increases, thus the ratio w/wLH(Z) (Z veing the distance
along field lines) decreases. Simulteneously its group veloeity
becomes more and more aligned with 30. On the other hend, an unstable
wave having: max(wpe, wce) < ® < w,, propagates outwards since its
parallel group velocity is directed away from the earth. Then the
ratio w/wUH(Z) decréases while Vé becomes more and more aligned with
30. Then in both cases the energy of plasma waves propagates towards
resonances, while their group velocities tend to be aligned with 30.
During this propagation, as long as the WKB approximation holds, kl
is constant and consequently k“(z) has to decrease in ordér to satisfy
locally (1). The medium being essentially statlonary it is cléar that
w 1s constant. Then, as the plasms waves pfopagate towards resonance
their parallel phase velocities increase while thelr parallel group
velocities decrease (since lec:‘k“) and simultaneously IVgL/VgHI

decreases.




‘Bepending upoii the satio kﬂl o/km between their paralisl
and perpendicplar wave nmumbers the electrostatic waves can remain inside
the beam region or rapidly leave it. Then it is important to evaluate
the critical value (k" °/k-'-°)cr corresponding to the transition between
these two regimes. Let us first discuss this problem for the upper
propegation window where the ratio kll/k‘.z. can change over distances much
shorter than it does in the lower one. Starting with a wave having

= k“(zo), k= k&‘(zo) 1t will reach resonance at 2 = Z_ + A%
where u)U",(Z + AZ) = w. Let R be the radisl size of the beem, if
AZ/v gllo » hb/ 210 the wave will still be inslde the beam when it reaches
resonance. This co‘.;‘;dition elgo writes k“ o AZ = k.t.o Rb’ Expanding
wUH(Zo * A7) = wUH(Zo) (1 + pAZ] where B »~ 3/R, and using (1) we find:

(klio/k )2 ( “peo ceo R)/ (6 ngo) (2)

Combining this expression and the relation k"o AZ = k.!.o Rb we get:

(k) [ k;,o/k”o) +1] = (B o 2o B)/ (6 By wUHo) (3)

Setting Rb ~ 10° m and hence RE/GRb ~ 10 we obtain for W,o = hwpe’ R=2Rp
(k”o/ 1o)op = 1y which corresponds to w ~ CI wpe)/e. Similar cal-
o)ep & 244 X 102 which cor-
responds to a wave starting with ‘”/wLHo ~ Lol

culations performed near wy, give (k" Sk

.
L]




LINEAR INSTABILITY OF BEAM DRIVEN PLASMA WAVES

We will now discuss the convective amplification of the electro-
static waves which are excited by the auroral electron beam. The problem
under discussion in this section was worked out numerically by Maggs(1976).
However, as far as he was interested in the production of the auroral
hiss he has not discussed the convective amplification inthe upper
propagation window. Furthermore, for the purpose of our future discussion
we need analytical (even though less precise) expressions.

Let us let Ecc exp ig‘]'k”dz +'15:L R - } s k” = J‘m(k“) and
G=-~[ Hl dz, H' is the spatial growth rate and G the effective gein
along & ray path. fb is the electron beam distribution function, it is
igotropic and centered around Vb, its bulk velocity; its thermal velocity
is Vb . fth’ 0, Uth are the corresponding quantities for thermal
electrons. Provided that fth(vf - UB).< fb(vb - UB) one can safely
describe the thermal plasme by a Dirac "function". A discussion of the
intermediate case where the beam is not completely detached from thermal
electrons can be found in Maggs', Then, assuming a cold plasma back=
ground with n, >>»nb we obtain by using standard methods the contribu~

tion of the Cerenkov pole to the growth rate:

2?2 KV, ¥, -
=+ g { Jarl o o5t g }v“ oW
pe =
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where J, is a Beasel function. When k‘L > u.\c&/Ub the contribution to ’
the growth is very omall; so that we have rostricted ourselves to the
case k, wce/Ub which will be checked a posteriori. Then Joa ~ 1,
and the expression (2) is very simple. What we have to do now is to
evaluate fﬁ, dz. Let us look first at the upper propagation window
For the other cases: W < W

and assume that Woe > e < W W

pe’ ol UH
and wp, < @ << min(wpe, wce) the calculations are very similar and we

will solely mention the rusults. From (1) we get:

2 2
W™ - w,5(2)

w2

2 .2 2
If Wy is significantly less than Whe then, (w -w]t,}e)/w&e ~ 1>
(we-wge)/wge or (wgﬂ;m2Yb§e these last two quantities being less than
wge/awge. Then the variation of wge can be neglected. Expanding the
gyrofrequency wce(z) =0, [1+ B(2z-2,)] we get from (5):

-

vV, dv w2
. gy o=l _dl pe W (6)
W ol S vfpﬁ]2

Combining (2) and (4) and setting Fb(V”) = 2R (Wl’ v,) dVlz we
obtain: i

L 1

2 W " dF.
G=- le ky 42 = g e — I &V W) SVE" (7)
Zq \/ ol

e W =W w
pe <¢Co Yo

' -2
where 8(ch , W) = gt(V(P“, W) = W Val W + Vall and Z, corresponds to k“ -+ 0,
that is to wUH(Zl) # w. Consequently, due to the inhomogeneity along field lirnes




1l
the parellel phase velocibty explores the beam from Vwo to infinity. If '
Voo > Vo the Lntegral will be negetive since be/wcp < 0, then G < O,
TPus it is needed that (for a beam symmetric with respect to Vb)
V¢o <V, - U But thic is not sufficient, if g was constant we would then
get ¢ = 0. It is eapy bto see that as long as W< Vi the growth will
be larger than further damping. In orxder to evaluate the integral in
(7) we have to specify Fb, which is a difficult task since it is poorly
known. The simplest way is to use a square-ended beam distribution:
F, = (n,/20) 2 H [chu - (v, -U)l-H [v(p“ - (W, + U)]Z where H is
the Heaviside "function". Then we obtain to the lowest order in
U/Vb (which must be a small parameter) ;

o My “’p‘:\l,+ w (l-wa/vbe )

n, (@2"11)%@) mgeo B vy, (l+r,a,12/vb2‘::3

(8)

It ix clear from (8) that we must have w2 < Vb2 in order to get an
amplification. If we start at some point Z, with w/k”o z Vy = Uy,

the preceeding condition can be written: W2/V,D2 X kﬁ w2/w2 (S
(kﬁo/kio)[(we'wieo)/wal' On the other hand, as mentioned above, it is
necessary that (klalo/k‘io) > (U, /v, )? otherwise finite larmor radius
effect would begin to decrease the size of the gain factor. oCozijining

. - X , 2 2 52 2 2 2
these conditions we get (U,/V,)° < (k”o/klo)<< (w=)/ (v ”wpéo) which
2

seems reasonable since wg/(w2~w )> 1 and (Ub/V'.b)2 ~ 0.2 : See the observations

peo

resumed in figure 2 of Maggs(1976). It is worthwhile to notice "that the above

condition is also compatible with (3) which insures that most of the

wave energy remains inside the beam and hence can be convectively ampli-

fied by it.

B

i R R e

Mg s R
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In order to have an order of magnituile for G we have set

W/, )2 « 1/2, Wy << Uyg 8O that we-wge w2, v, =107 w/s, B = 3/R

and w = 271 x 10° Hz, R = 2.5 Ry, Then

W, b
G=2x10° 2 G2) (9)
c “ceo
-3
o,/n, = 107
Then with "  and wp./w = 2 we get G=12.5 which is a rather

large factor. It should be said at this point that the choice of a square
ended beam has increased the gsize of G as compared as it would have
been for a more smooth beam distribution.
The discussio‘n of the cage W, < W< w is essent:.ally similar
one gets with the same square-ended beam distribution and wg =

‘(wz-wce‘?')/kf ~ oty

i

Iy & R
2 0y @ Wg/vb v

Gy = T = o

(10)

Now G is always positive, the maximum corresponds to W22 ~ Vbz 3 for
the same reasons than those discussed above we will require that
(ub/vb)2 < klal O/1«:3c> g 1 the last inegality now comes from (3) in the case
Wpe ~ Wae

Finally, when w.., < 0 << min(wpe, w,.) we get also:

6 =2 B w /% - (11)
3 B BV (1+w2/vb2)

s A




13

_ .2, 2 2 2 .2 '
But now W§ = 0w (w -wLHO)/k”o wr - 'G3 is smaller than G, since now, in.
(}3 the frequency of interest is: w ~ Jz‘wm instead of being wx Yoy
Consequently the convective amplification is less than in the upper

frequency window.
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GEOMETRICAL AMPLIFICATION OF ELECTROSTATIC WAVES NEAR THE RESONANCES

When an electrostatic wave propagé.tes towards resonance, as said
earlier,k“ and huapce ’U‘g” decrease in order to satisfy (1) for increasing
ratios w/wUH(Z) or decreasing ratios w/wLH(Z). If we assume that
Vs” E2 is conserved then E2 increases and would even became infinite

UH IH
procedure falls,we heve a turning point. Let us evaluate this in a

when k” -+ O that is when w 2w, or w.... OFf course then the WEKB

more appropriate way, Near a turning point (1) becomes in the upper
propagation window: .
e 2 2
2 ” [wUH(Z) - o]

49,42
7 1Pl (2) 1Py (2)]

=0 (12)

As we are interested in the behavior of the electrostatic potential ¢

near from resonance, we can asswune that: wg-uu2 ~ w2 and that (1),2--<n2 X
pe ce pe
2

W and keep them constant. Then expanding the upper hybrid frequency

we find: wUH(Z) = W (L+p8 (Z-ZQ)} where Z  is our starting point.
2 2 _ .2 2 2 =

Then Wy~ = W -0 + 2 B ul (z-2,) setting thet Om(Z1) = o,

we get:
Zy = Zy = (wtaIHo"wg)/gﬁw%Ho | (13)

Then, working with § =k“ 02/ 3(Z-Zl)(Zo-Zl)'l/ 3 instead of Z we caﬁ rewrite

(12) in the form:
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?o/at? -§ ¢ =0 - (1)

whose solution 1s an Airy function,Ai@fg). According to this solution
the electrostatic potential ¢ increases when Z = Zl’ that is when the

wave propagates towards resopance. Using the results of White and Chen

(1974) we get

. 1/6
(Ppx/ 9o) = 1+93 [k (2-24 )] (15)

9, being the potential of the incident wave far from Z,. This result

is valid as long as the reflection coefficient is one. Then starting
with K~k  and assuming that B ~ 3/B, Vp = 107 m/s, wgq = 2wy & 21 X

10° Hz, R = 2.5 Ry, ve get (oF -0®)/ul w2 /202, % 1/8 and then

-

[ ‘ e z
from (15): (p,./®,) ~ 10 and (E /E)) ~ (km/,\/kloz/k” oﬁ) CHWEREN S
s , h 2
This is a large increase since (Emax/Eo ) 50.

For lower frequencies, that is for waves which propagate towards
increasing lower hybrid frequencies the situation is very similar to the
previous case. By similer calculations we get: (mmax/mo) = 1.93 [HIO

2 2 1/6
(w -wLHO)/(Qa wLHb] / . As mentioned above, only waﬁes starting
at very small values of (Hlo/kao) can reach resonance inside the beam
then (E /Eo) is cuite as large as previously (~ 7).

Consequently, electrostatic waves having Hlo/kio small enough
to reach resanance inside the beam are linearly amplified by beam driven

instability and also geometrically amplified when they propagate. towards

resonances. -, Thus; . the electrostatic waves spectrum should peak

-

-

PR
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near Wy and wLH at a given place along suroral field lines. At a given

place the frequency width of these spectra are essentially fixed by the

Airy function. A wave having o + 6w will reach resonance at wUH + 6mUH

0

that is at a point 2y + 62, where 6wUH/wUH = 3szl/RE. We will fix
6Zl by setting that the argument of the Airy function varies from -2
to +2. Then §Zy = h(Zo-Zl)l/ 3 k” 0-2/ 3. Consequently we get:

5w, w. ) 1
e St TS N (16)
UH w

UHo

where k” ~ w/Vb. Setting as above w ~ w ce = 2wp o 2 X 105 Hz, R = 2.5 Rp

v = 107 m/s. We ge} (w -wz)/ ~ 1/8 and Sw 1.2 x 1073 .

e Yum =
Thus GwUH = 2 X 130 Hz, which is a very nerrow spectrum. Of course

this only corresponds to the largest peak of the Airy function.

¥

o
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NON-LINEAR INTERACTION BEIWEEN FLASMA WAVES

We want to generate, by non-linear beating between electrostatic
waves an electromagnetic wave which can escape from the scurce region.
Then, If the subscript 1l and 2 refer to the primery electrostatic wave

while 3 stands for the electromagnetic one, we have to insure that:

N
% = ke 1_!.2 .
wg = wy kW, (27)

)
D(w, 5 ki) =0

where D is the dispersion relatlon, i =1, 2, 3. In order to produce

an electromagnetic wave it 1s necessary that k| ~ w/e < Ik, ol ~o/w.
>

Consequently we mst have "klll' ~ “‘Ila‘ and [k .| ~ [k p|. The first

of these conditionsii not easy to fulfil, for instance if we want to

couple wy and w2 and get w3 = “’l + Wy k”3 k“l + kHZ’ k.l.3 .Ll + k

capr wm% Tt o wn mommes

we must ha.ve 1:“2 - kﬂl Then, since ampl:.fn.ed waves have thew parallel 2

o - s wrmiom v s e o o e~ o P Lol it $ 4 2

phase veloc:.'tles in the same d:.ract:.on as the beam, only one of these

P Y i L L ]

ot winbOes v "hida e

waves can be amplified. Of course, the second condition is easy
to satisfy, provided that the radial size of the beam is large and
the distvibution of k . is lsotropic around B 0° As we know from
4

previous discussion that the electrostatic waves have large ampli-

tudes neer wp., and wyy any strong coupling between such waves is -

T
] -
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a priori likely to ocqur. Furthermore, near from resonunces ]k”ll and
Iklla‘ are already very small, hence the matching condition ‘ﬁ“3 = 'ﬁ“l + '12“2
will be easily fulfilled. Then, in all what follows we will assume

that primary electrostatic waves are near resonange.

An important question must now be discussed. Depending upon
tbg width of the spectrum of the primary waves the non-linear decay
or mode coupling can be eoherent, or inccherent.

In the incoherent case, the random phase approximetion (RPA
hereafter) must be used. Due to the averaging over random phases the
coupling beEie32 incoherent waves is usually rather small. In & recent
work Barboéézzzgas sfudied in the RPA, the generation of the AKR by
non-linear coupling between two electrostatic waves having w ~ wUH'
Then he found that the primary electrostatic waves should have at
least 3V/m in oréer +o generate the observed large powers of electro-
magnetic waves., Which is probebly too large by at least one order of
megnitude, (which means four orders of magnitude as far as the electro-
magnetic energy is concerned).

In the two previous sections we have shown that neaxr from
w_.. and Wi the spectrum of electrostatic waves 1s very peaked. Then

LH
& coherent three wave process is likely to occur. : . .

e . NP i
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Such a conc:.l.us;lon is valid if the phase velocity variation remains
small over a non linear growth time. This condition can be written YL 3 Aw .
YL iy the non linear growth vate that one obtains assuming that the
non-linear wave-wave interaction process is coherent. Aw , "he phase
vadation is linked to the spreading of the linear growth rate of plasma

waves ; expanding, up to the second order, the phase of the electrostatic

wave we get Aw/2m % {82/8w2 LS AL ]}‘W

which corresponds to a phase variation of 2m .

We have shown in the previous part.that, in the uppen propagation window

f (YL/Vg//)dZ = 12, the characteristic wi&th of the convectively
i

unstable waves (dw) is much smaller than the upper propagation band itself,

. . N 2,2\, . _
say 1/5 of it. Then we get &w (wce/s)(wpe/“wce)’ with W = Gwpe

¥

and W™ 21 % LOOkHz we get Sw/2m % 1lkHz and Aw/27 = 300Hz.
Consequently we must have YyL 2 2x10° .
Let us now discuss the coherent three wave process, keeping in mind that the

previous condition must hold. Two cases are possible :

W, W, e Wy and W, o ‘”UH! Wy o Wyps the frequencies of 'the resulting elec~

tromagnetic radiation being respectively Wy 2Wyy and: wy 2wy

e e kit e
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RADIATION AT Wy N Wi

The non-lineazf currents which produce the electomagnetic radiation
can be obtained by combining the Maxwell and fluid equations. In a
‘situation where wp N W o guch & calculation is a prisri very lengthy.
Nevertheless, since Wy & Wy and w, R Wras their wave numbers are
nearly perpendicular to the static magnetic field; furthermore, as said
above lk3| < x|, lkzl. Then the problem is greatly simplified.
Parallel and perpendﬂ;cular non-linear currents have similar order of
magnitude. But, since we need a. freely escaping electromagnetic radiation,
only the parallel current, which senerates an O-wave, 1s of interest
here. We get three coupled equations, but will only write the one

which describes the production of the electromagnetic wave. Retaining

only the largest contribution to the non-linear current we obtain:

0D, dE5 (W35 k3 o I:U-g E(wl, k) E(w,, ko)
°k¢3, or =m Wy k4 wg
2 2 o2 (18)
c '
D= 23 .14+ B8
3 wa o 2
3 3
where wy ~ U’ W, near from Wy s w3 ~ W Since the O-mode propagaé:es
0D, OE
essentially across the magnetic field we have expanded D R e -3 .
3 3 bk.l. br

Then using the following relation: wa/k”2 & /k.Ll’ which

pe/ kp® “pe
holds even when w, is near (but not at) Wy ey (18) becomes:
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OE w
e 3 *
5 T i e (19)

Let us asoume that |Ej| |By] >> |Eg|, then (19} deserives the production
of the O-radiation by non-linear coupling of electyrostatic waves. As
long as |E3| remains small one can neglect the two ather eqﬁébions which
deseribe the reaction of the electromagnetic wave on the production of s
the electrostatic ones. Then setting ;gé-z g%, r being the distance
measured in a direction perpendicular to By, and Ar the characteristic
length over which E, and E, have large amplitudes, which should be

of the order of the radial extension of an inverted V evenbt, that is,
for L ~ 2-3 R, Ar = R, =~ 109 m. Segting By ® E, ® 100 :Xc{;n:;utez Jupe
we get E3?¥ 3 aV/m, wh%ch seems to be an accurate value TOr.iarge AKR
events in the source region. The largest ‘AKR events as observed by

Hewkeye, in the 178 kiz channel have Eg % 10-20 mV/m if one takes care

of the size of the propagation cone and of the dependance in (RE/R)‘ of

the power flux ( see Green et al, 1977), Of course we also need the ampli-
tudes of the electrostatic waves which is difficult to know since measurements

in the presuméd source region are lacking. Only recently, during low altitude
(R~ 1.7 R;) over the southern hemisphere in auroral regions electric (from
1.78 Hz to 178 kHz) and magnetic kfrom 1.78 to 562 Hz) dc fields were measured
on board Hawkeye 1. When there is some indication of a‘field aligned currunt
in the night sector on auroral field lines, most of the:eieutric field channels
measured strong noise, (see fig.8 of Gurnett and Green 1978).

Nevertheless it is difficult to know what are the electrostatic wave amplitudes

for w = wUH' As said earlier the peak at wUH should be very narrowj; since the

178 kHz channel of Hawkeye is also very narrow there is very little chance that
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the 178 kHz channel be measuring the UHR.noise at the right time and place,
Furthermore, since thore are no plasma frequency measurements, the plasma
frequency (and thus the upper hybrid frequency) cannot be determined preci~
sely. For the above recasons one cannot deduce from present Hawkeye measu-
rements the electrostatic waves amplitude and spectrum for u N Wy 10 ,
regions where inverted V events take place. '
Netherveless in the lower frequency channel, there is a strong indication

that we have a large electrostatic noise peaked around Wy, The 1.78 kHz

HO

and 5,62 kHz channels are often at or near saturation when there is some
indication of a flield aligned current over auroral regions. This means

that near from W the amplitude should be of the order or larger than

40 mV/m which is not far from what was §equived by the previous calculation.
'4

We must insure that the condition YL 2 Aw holds. Since Yar, * C/Rb % 3000
and Aw ~ 2%10° (see the previoy: part) the previous condition is marginally

satisfied,

»

It is also possible to couple low and high frequency electrostatic waves

having w, = w. , and w, =

it}
1 LH 2 = Wy in order to produce an extraordinary wave with

Wy % W The coupling coefficient is even stronger thay the previous one

at least when C > wpe. Nevertheless, such an electrogtatic wave cannot

escape from the source because its frequency is below fﬁe RsX cutwoff

L ]

except for very small ratios upe/wce which are unlikely on the earth but
might be reasonable in Jupiter's magnetosphere).
For the above mentioned reason we will delete here this possibility

o

for AKR generation. . '
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RADIATION AT szH

Setting Wy R W, ¥y for the primary electrostatic waves we
get by non-linear beatings a large non=linear current perpendicular to
both the electrostatie wave numbers and gg. The corresponding parallel

non linear current is completely negli.gible. Hence the radiated

wave is polarized in the X mode., Since the interaction involved here
is & kind of self-interaction between the.electrostatic wave which
approaches resonance and & reflected wave the matching

-h
conditions k 4 + KJ.E & 0 kHIl. + klla = 0 are easily satisfied, Then we
geb:

‘\

d *
“133'2'33“% hin {1+———-§-3£1+—-2-—°° )J?

- e w3 W, 030%) ) oy
k2 62 WP wa w?
Dy ) —de- - 14RO c1+-§1’-%é—9-g-:3
w? ’“’ce (w -wUH) Wy
kl-ki3

Frovided that Wne < w,, the last term in the RHS of the first

equation is small and this equabién rewrites:

2 -
DEB/bera/Ar'v ( ) (B, - (21)

Setting Ar ¥ R 10° m, w i = e Ep = 50 mV/m ve get By 2
18 mv/m which is fairly typical of strong TKR events. According to the
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gyrofrequency and plasma frequency model of Green et g};§1977) : wce>> Wog
over & wide range of altitude along auroral field lines; which increases
significantly the coupling between electromagnetic and electrostatic
waves 8s can be seen in (21). It should be noted that if one uses the
same parameters as above namely Wi xswpe
for both O~wave and X-wave generation. The latter 1s 25 more efficlent

E, ® B, x 50 mV/m, Ar 3 107 m

as far ag the energy is concerned.

It should be noted that the convective amplification which runs
l
like n/ng (wpe/wce)’ is grestly reduced when w . decreases furthermore
the geometrical amplification whizh runs liks (wpe/wce)l/3 also decreases

when

Pe/wce decreaseés. Then, too small ratios wpe/wce would finally

decreasce the cnergy of th . 2lectromegnetic radistion. The optimum
velue for wpe/wce greatly depends upon the value of nb/nc which is very
poorly known. In any case, it seems that this optimum value is below
the expected value of wpe/wce hence the conclusion that a decrease of
wpe/wce increases the efficiency of the radiation process seems to be
valid. It should be said also that teo large amplitude for the elec~
tromagnetic wave will tend to saturate the emission process by pumping

too much electrostatic energy.
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CONCLUSION !

We have studied analytically the convective amplification of elec-
trostatic plasma waves by beam-driven instability. In both the lower
and upper propagation windows, amplified waves propagate towards resonances

(w,, and wUH); simultaneously the modulus of their group velocities and

LH
their angle with the geomagnetic field tend to decrease. Thus the convec~
tively amplified electrostatic waves suffer a further "geometrical
amplification while they propagate towards resonances. Consequently

the spectrum of electrostatic waves in the regions where inverted-V events

take place should peak near Wy OF Wiy

Due to the narrowness of the spectra of these primary waves the
i

non-linear three wave interaction process which leads to electromagnetic
wave generation is coherent. This is essentially the reason why the
efficiency of the tﬁansformation of electrostatic waves into electromagnetic
is so large. In principle the escaping electromagnetic radiation could

be either in the O-mode with w = Wy o in the X-mode with w = szH'

The respective efficiencies of the two preceeding processes are essentially
controled by the ratio wpe/wce which is smaller than unity over auroral
regions for R~ 2 - 4 Ry (see Green et al 1977). When'it is so, the

generation of the X-mode at 2w u becomes very efficient and largely overcomes

U

the generation of the O-mode at Wy

tudes E ~ 20 mV/m) can easily be generated by beatings between two electro-

The strong A.K.R. events (with ampli~

static waves having narrow spectra and E ~ 50 mV/m for w = Woyge

Such an amplitude does not seem' unrealistic especially if one takes- cave

of the geometrical amplification effect; 50mV/m at w

yy ¢an correspond to
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10mV/m just after the linear amplification stage, that is for w not too

near from wUH'

The energy balance is discussed in the appendix.

One should keep in mind that the generation of electromagnetic

radiation in the X-mode at or near w., which was not considered here

UH

since it doesn't escape from the source region, could be an important
component of the Jupiter Decametric Radiation (J.D.R,). This difference
between A.K.R. and J.D,R., 1is essentially due to the very small ratios

wpe/wce that presumably exist in Jupiter's magnetosphere. Then, as

shown by smith (1976),; tuneling through the "stop zones" is very efficient.

¥
. . N =
For very small ratios wpe/wce one could even have wLH+ wUH wa thé cutoff

of the R-X mode, in such a case one could directly produce an escaping

and w. = W

X-mode by beatings between electrostatic waves having w, = Wy n LH

3
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APPENDIX

Let us assume that the auroral region can be modeled by a paral-
lelepiped L x H 2 & where 4 is the latitudinal extension of the
auroral region at a distance Ry 2.5 RE' L is the longitudinal exten-

sion of the A, K. R, source at the same distance and h is vertical

size. We have used L« H a2 107 m d ~ 10S m.

We want to evaluate the efficiency of the conversion qf electros~-
tatic waves into er‘l.ectromagnetic ones. We have seecn that the generation
of the X mode at 2mUH is the more likely to occur, thus we will only
consider it here, which gimplify the matter since only the electrosta-

tic wave energy near from w . is to be considered. The power flux of

UH
electrostatic waves is Eovg Ld EZ s, Near from resonance the optical
// [ [

geometry fails and Ee s greatly increases ; thus we will evaluate the

LRE=21

power flux far from resonance, that is before that the focussing effect

associated with this resonance has increased Ee s by a large factor.

The production of the electromagnetic wave at a given frequency takes

over a small region L x 621 x 4, where Gzl its vertical size is defi~-

ned by the spatial extension of the Airy peak (see formula 16 and

1/3 . =2/3
discussion above). We get 621 o 4 (zo - zl) k//o , for
- - 5 7 \ .
W o, = 2(»}?e =2 x 27 x 10" Hz, Vbd 10’'m/s and R =@ 2.5 RE we get

3
z -z RB/12 and Gzlg 1.3 % 10° m. .

]
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Then power flux conservation writes :

2 2
(a.1) (1 - R) Ee.m = 0O Ee.s

where o = vg a/ 6z1 C, R being the energy reflexion coefficient. The
l .

2

reflected part of the electrostatic energy is proportional to R Ee s

hence eq. 21 rewrites :
4
(A.2) E = M" R Ee

where M is the coupling coefficient. Then combining (A.1) and (A.2)

we get

2 .2 2 2
(a.3) Ee'm = Ee's @ +1/ M Ee

)

3

For large enough values of Ee s the assymptotic solution of (aA.3) is

EZm = aEi s with the previous values of the parameters and

‘Q? /C & 1/30 we get o 2 3. The electromagnetic wave energy is compa-
rable to the electrostatic wave energy (as taken far from resonance).
The same calculation can be made at any distance from the earth within
the source, so that the real width of the A. K. R. spectrum, as observed

far from the earth, results from the integration over the vertical size

of the source of the locally monochromatic radiation processes.
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