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Electron Precipitation Pulsations
F. V, Coroniti and C. F. Kennel

University of California, Los Angeles

ABSTRACT
When high frequency wave turbulence is present, low frequency
miccopulsations can strongly modulate the high frequency wave
anplitudes, lecading to finite amplitude pulsations in the loss
rate of encrgetic electrons from the magnetosphere, micropulsation
amplitude is small, An extremely idealized model suggests that
the precipitation modulation depends exponentially on the

micropulsation amplitude, when the micropulsation period is less

than the clectron precipitation lifetime,
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I. Introduction

It has been popular to relate the loss of charged particles from the
magnetosphere to the atmosphere to pitch engle diffusion driven by nicroscopic
plasma turbulence., (Brice, 1963; Andronov and Trakhtengehrts, 1964; Keunel
and Petschek, 1966; Covrnwall, 1966; Roberts, 1968, 1969; Kennel, 1909.)
Those theories have generally described temporally quasi-steady precipitation.
However, observed electron precipitation, which is well documented, is
rarely even quasi-steady, exhibiting a variety of temporal features on
millisccond to perhaps thousand second time scales (Anderson, 1968). Less
is knowm about the temporal structure of proton precipitation, In this paper
we attempt a plausible explanation for somz of the electron precipitation
modulations vhich is within the framework of pitch angie diffusion theories,
In so doing, we propose a new, but simple-minded, nonlincar interaction
between wave modes which is stronger than those conventionally discussed
in the plasma turbulence literature,

The shortest millisccond to second time scale fluctuations in the
“electron precipitation rate may well be due to ionospheric effects ncar the
detector (Lampton, 1967; Perkins, 1968). The similarity between the spatial
morphology and structure of x-ray microbursts and whistler mode chorus
enissions, pointed out'by Russell, et al. (1969), suggests that 1 second structured
precipitation is related to the structure in the basic turbulent sbectrum
responsible for precipitation. The mechanism driving precipitation pulsations
of periods longer than a few seconds nced not be localized near the earth,
and may not depend strongly on the structure of the turbulent spectrun, since
electrons bounce many times throuch the equatorial plane in a pulsation

period, during which time the chorus structure has changed. Hopefully, long



period pulsations cen be explained by modulations of évcpagcd pitch angle
diffusion processes, which arc locelized to the equatorial plane,
Quasi-periodic electron precipitation pulsations have a wide rance of
tina sceles, Various.pulsnticnq with periods from 5 to 300 seconds have
been observed by Anger, et al. (1963), Evans (1963), Barcus, et al. (1965),
Barcus, et al, (1968), Parks, et al., (19682), and reviewed by Brown (1966)
end Anderson (1968). Rioucter and balleoon x-ray techniques typically
measure precipitation pulsations of clectrons with greater than 30 keV
encrgy. However, aurorzl light nléo is quosi-periodically modulated,
suggested that precipitation fluxes of lower encrgy (1-10 keV) electrons
pulsste also (Belon, et al., 1969), The > 30 keV measurenents

indicate that precipitation pulsations only occur on an already enhanzed
precipitation background (Parks ct 2)., 1968a), a fact of crucial importance.
In the pulsations, the peak-to-velley precipitation intensity ratios are
typically 1.5-3, so that pulsaticus are not small perturbations uvpon the
background precipitation rate, another important fact, Finally, the peaks
tend to have a harder cnergy spectrun than the valleys.

Using ;round-bascd magnetometers, McPherron, et al. (1968) found that
at least those precipitation pulsations with periods in the 5-40 sccond
range are accormpanied by magnetic micrepulsations with approximately the sane
period as the precipitation pﬁlsations. It is tempting to suggest that many
lov frequency precipitation pulsations are caused by micropulsations.
(However, Machlum and O'Brien (1968) have propecsed a different mechanisnm for
50-200 sccond period precipitation pulsations.) Without good micropulsation
information, it is impossible to formulate a precise theory of precipitatien
pulsations. Therefore, we can at most outline arguvents which indicate that
small amplitude micropulsations could produce large amplitude precipitation

pulsations.



There are scveral intvitive difficultics with the hypothesized nicropulsation
source for precipitation pulsations. First, 5-300 second micropulsations,
ecting alone, conserve the electrons' first end sccond adizbatic invariants,
Seeondly, it is unlikely that micropulsation mognetic arplitudes be cormarahle
with the rmain mognetic {ield in space., Furtheimore, Parks et a), (1963h) have
ciservad low frequency modulations of the energetic electron distributions in
space, but of small amplitude; any associated miercpulsation ficld would then
have to be small, Thus, micropulsations eappear neither fast enough nor strong
enough to case precipitation pulsetions with 2:1 poek-to-valley intensity
ratios. However, it is crucial that precipitetion pulsations occur only during
aztive precipitation events when the general precipitation levels are enhanced,
In the context of whistler turbulence theory, this means that before micro-
rulsations can significantly affect precipitation, enhanced energetic electron
injection nmust increase the trapped Vau Allen clection fluxes above the criticeal
flux for whistler instebility. Then, the micropulsations can affect the
procipitation rate indirectly, by modifying the whistler instahility,

Consider the quasi-stcady enhanced electron precipitation state which
apparently cxists before the onsct of electron pulsation activity, The electrons
are in pitch angle diffusion cquilibrium with (for exarple) whistler turbulence,
with injection of new electrons balance by pitch angle diffusion to the loss
cone and subscquent precipitafion loss. This equilibrium, a delicate balance
between sources and sinks of particles and waves, keeps the growth rate of
whistlers near but slightly above marginal stebility. However, virtually any
snall external perturbation of the electrons resonant with whistlers, caused,
for instance, by micropulsations, changes the whistler growth rate. With the
vhistlers already near marginal stability, a linear change "in the growth rate

leads to an exponential change in the whistler amplitude and therefore in pitch



angle diffusion end precipitation rate, Conversely, when the vhistlers are

below warginal stebility, there is no enhanced precipitation background, and

wicropulsations would not markedly effect precipitetion. Thus, we wish to

describe a nonlincar interaction, through the resoueont particle distribution,

betweea Jow and high frequency waves which is exponentially large in the low

e
n

frequency micropulsation amplitude, This exponential nonlinearity should

5y

doinate the olgebraic nonlincasities almost exclusively discussed heretoflore

in the plecna literature, By neens of this interaction, the electron's first

adiabatic invariant is vieleted, though the micropulsation alone would conserve

it, and large applitude precipitalion pulsations are possible even vhen the

microputsation guplitude is sixll,
In Section 2, we review a siuplified mode) of the electron pitch angle

di{fusion ecquilibriun; here our understanding, though linited, is reasonably

sccure conceptuslly, In Section 3, we estimate the change in whistler growth

rate due to an idealized micropulsation perturbation of the electron distribution,

in which the micropulsztion incresses the magnetic field strength seen by

resonant electrons. Other perturbations would give differences in detail,

but hopefully not in qualitative behavior. (One corplicaticn, which we can

handle to a linmited extent, is that the modulated whistler turbulence itself,

through enhanced piteh angle diffusion, tends to counteract the micropulsation-

induced distortion of the whistler-resonant electron distribution, therehy

reducing the net change in the whistler growth rate.) These crude estinates

of the grosth rate modulation pernit similar crude estimates of the change

in whistler amplitude, from which we determine the electron precipitation

pulsation rate, in Section 4. Despite the extreme assumptions made, we arrive

at several physical predictions. In particular, the envelope of precipitation

modulation dapends strongly on the ratio of wave period to average pitch angle



diffusion tine and vpon whether or not the peaks and valleys corvespoad to the
strong or weak pitch angle diffusion rates,

While scue electryons moy be precipitated by whistlers sone of the tine,
not all electrons can be precipitated by vwhistlers all the time, Vhile we
have phrascd the present theory in teras of whistler twrbulence theory, our
discussion is sufficiently loose that other pitch angle diffusion theorics

could be straight forvardly modified to include the intersction with lov

frequency waves.,



2, Stendy Precipitation State

2.1) Imtroduction

Here we roview a 'grossly siuplified picturc of a steady state pitch angle
di ffusion process, originﬂlly.discusscd by Kennzd) and Petschek (1966), herein-
efter called KPP,  The senc siu

plificotions will be used in describing

precipitation pulsations. We poy especial attention, in 2,3, to the distinction
between strong end wesk pitch angle diffusici; since the precipitation rate is
reletively inscasitive to the diffusion cocfficient in streng diffusion,

precipitation pulsations will be weak in this linit,

2.2) Diffusion Pquations

Since vhistler weves cught to encounter the greatest numb:exr of resonant
electrons near the equatcerial plane, eand since they may be danped elsevhere
(Kenncel and Thorne, 1967), the turbulent waves are likely to be nost inteasc
near the cquator. We assume that all wave particle interactions occur in a
quasi-uniform region at the equator. Since the electrons must bounce many
times through the turbulent region for the diffusion picture to hold, our
conclusions to follow are limited to time scales longer than a bounce period.
Since whistlers propagating parallel to the local magnetic field grow faster
than oblique whistlers, we assume that parallel waves characterize the spectrun
at the cquator. Here, only clectrons which satisfy the cyclotron resonance
condition, v, = w-Q_/K, interact resonantly with the turbulent distribution.
w is the wave frequency, K the wave nunber, @_ the electron cyclotron
frequency, and v, the component of electron velocity parallel to the

magnetic field. A discussion of the effects of oblique vhistlers is contained

in Kennel and Petschek (19269). ;



Vhena the parallel electron velocity v, is sufficiently lavge, evelotrou

resoncnce inteiactions produce gpproxim:itely pure pitch angle diffusion, A
steady state electron distribution balances pitch angle diffusion to the doas
cone and subsequent less to the atrosphexe with en injection source §, 1If

. "1 . .
v is the particle specd and @ = cos ° v, /v , the pitch engle, the electron

distribution fimction f(c¢,v) obeys

v

0 : 4
—3 ( D(c) sint of ) = S(w,v) 2N

siny oq o

outsidz the loss cone, D) 3s the pitch engle diffusion cocefficient, to be

estin~ted shortly. Let the cquatorial loss conc bo at C Inside the loss
cone, G < v, » VO neglect the source, but include an atvospherie sink:
1 9

of f
« % teiogl-g & 0 - (2.2)

vhere the tire scale for loss is the quartesr bounce tine Ty Since averaped

» similar equations apply in the

-

over nany bounce periods, f s even in v,
two hewmispheres 0 < o < %/2, %wW/2<au<w.
The cyclotron resonance condition specifies only the parallel encrgy of a

resonant electron. Therefore, a given wave interacts with clectrons of different

total cuergy. If the resonant region is slightly inhonogenecous spetially, a

~s
-~

wave can interact with c¢lectrons of different parallel encrgies. Finally,

¢ ]
e

given electron can interect with different corponents of the wave spoctrun
different places. It is recasonable, therefore, that as far as the particles
’ P

are concerncd, the effective diffusion coefficient behaves as though the waves
were quasi-uniformly distributed in K . Henceforth, we will neglect structure

in the whistler spectrun. For a relatively srooth wave spectrun,

’ ==

D(cv) = ”TS%Y- x (AKv c:osa)'1 P == (2.})
mec



vhere ¢ is the elecironic charge in esu, n the clectyon mess, and ¢ the
speed of light, AK is the effective width of the wave spectrum, and B'
is the wave arplitﬁﬂo integrated over the spectrua,

Equations (2.1) end (2.2) hove been solved by KF for the speciz) case

of an injection source is concentrated at flat pitches, S(e,v) = S&(a-u/2) .

Vhen o 2 ¢,

-ty
!
=N
o i

{IGL(LETU/Fiﬂﬁo) 4 h(ﬂo)} (2.4)

vhere h(e) is the solution within the loss cone

TR I 12T
h(¢) = .-th i e oo (2.5)

g
¢ 12 (molynoxnj

¥here J I? arc Pescel functions of imaginory argument.

o’
The diffusion co~fficient involves the wave energy. In principle

therafore we should accounti for growth and deesy following the individual

ray paths of 211 componcnts of the turbulent spectrum. However, the wave

1

ecnergy losses probal

hably all occur after the waves have convected out of the
region of grosth, Thus a schematic equation deseribing the balance of growth

and loss is

2 2
%{ B'“ = 2(y-v) B! (2.6)

vhere y is a "typical” growth rate (defined below), and v is a "typical”
loss rate, which is the order cf the group velocity divided by the length
of the grewii. region. Again, we have averagad over all structure in the
spectral distribution.

¥ , the "typical” whistler growth rate, is roughly

Y *® Qq.\ (2:7)



T 2T

where n end A ere defined in ¥P. Physicelly, n §s roughly the fraction
of the totul electron distribution near reronence with whistlers, A §s o
measvre of the resonant clectron piteh angle enisotropy. For a two teiscrature
anisotreyic Maxwellion, A =0, - T)7, .
3 ‘ - '||2 AW = US 2 . 1
In steady state, 9B'" /ot wust be zero. To maintain & steady state,
waves must e-fold a few tines in crossing the cquoterial plane to iale up

for losscs elsevhere; if Y < v, there is no cquatorial) vhistler grosth,

D=0, and the source increases the trapped flux () uwaspposed by

precipitation wntil y = v . If ¥ >> v, wvaves e-fold rapidly, renid
precipitation decreases n , and therefere y , wntil ¥y  approzches v,
Primarily the nuaber of trapped electrons adjusts until g = v, since the
anisotropy is fixed by the boundary conditions of the diffusion problesn,

: > ' wa : 2
Since (2.3) indicates that D(u) dopends dominantly vpon B!

’
(2.6) also describes the time dependince of the diffusion coefficient,
vhereupon,

3« 2(v-w) D : £2.8)

2.3) Linits of Wezk and Strong Diffusi

e A AN A e S e oo T S P S

The electron lifetineg TL is the total nunher of electrons outside the

loss conc divided by the diffusion flux into the loss conc. Using (2.4)

and (2.5), /2

do sina fla) h(a)) + log(2/e, )
° . :
T » — - = (2.9)
o

1?




«)1.

T, oy »lso be computcd by tadling the divectional flux within the loss cone
L ) 4 b

integrating over the loss cong, dividing by 'l'B to give the loss rate, o

norinalizing to the totz) trepped flux, Fron (2.4) and (2.5), we coupute the

1
o

ratio of average directiona) flux within the loss cone J_ te the averaged
dirvectional vrepped flux, J.. , by first computing the emnidircctional

1

. . . . - . 2 »
fluxes and ¢ividing by the solid angie ratio o, /2 . Thus,

[ =5 ";J
Sy
v I vsdv 38 ¢' da' h(a')
J /\o) v Do 0
P =3
I",l', Gv ) s Toges segRaptuiate . o enian e = e ;"'
% Sy :
I vidv flﬁ}lf.f da’ sinu’ h(O ) + log S;Ih~- ®
v o o Sinis
0 o
(2.10)
or :
Jp ?H ll T g
- E [h(u ) 4 lng(?/ca Y] € TL- (2.11)
T (o] o L

vhere Tl is defined in (2.9) and TM = 2'1‘5/(1.02 , the mininum 1lifetime,

to be discusscd shortly,

In the weak diffusion limit, defined by « 2/I)O'I‘L 1 , an electron,
once having diffused to the loss cone, is lost on the next bounce to the
atnosphcre.  Vhen ¢, /D 18 3 h(ao) << 1 eand TL is inversely

proportionzl to the diffusion coefficient, TL = 3/Do . Since increases in

the vhistler anplitude decrease the electron lifetine, the whistler arplitule
can adjust so that precipitation balances injection. Since Jp/JT < ],
the fluxes in and n-ar the loss cone ere anisotropic.

2 . -
vhen ¢ /Do1r = 1 , a particle can random walk across the loss cone

before it reackes the atnosphere. Not all the particles in the equatorial



planc less cone will thea gctually be precipitated, When aoz/hoTB »-1
nearly alJl loss conc particles remain trapped., 1In this linit, the stendys
diffusion preblem approuchies one without sinks, for vhich the only steady
solution is an isoirOpic pitch angle distribution. Since the clectrons then
are cqually probably distributed at 21l pitch angles, the 1lifetine is the
quarter-bounce time divided by the probability thuat the particle be in the
loss cone (which is just the retio of the selid angle outside the loss cone

fo inside), v Ty = ZTB/(v.o2 . This is clearly the sunllest possilble
lifetime; at L = 6 , for = 40 keV electrons, it is roughly 200 s¢conds,
Once the sfrong diffusion limit is gpprouached, large inc cases in the
diffusion coefficicnt diminish the precipitation lifetine only slightly,
Since Up/JT -3, e f]nics ncar the loss conc approach isotropy es the

diffusion coafficient incroascs.,

#.4) Summory

In the steady precipitation state preceding a precipitation pulsation
event, the sources and sinks of particles and waves are delicately balenced,
Pitch angle diffusion to the loss cone removes particles at the rate they are
injected, at the sanz time adjusting the electron pitch angle anisotropy and
intensity so that the average wave growth rate balances the average wave
loss rate.

In describing this steady state, we arrived at several idealizations to
be helpful for the time-dependent discussions to follow. Namely, we shall
neglect all structura in the wave distribution and pitch angle diffusien
coefficient, assume thet the "typical" growth rate (2.7) adequately describes

the averaged vhistler spectrum, and reglect all details of the propagation



U

and loss of whistler encrgy, lumping all uncertainty inte the cffective

convective loss rate V.,



3. Modulation of Turluleut Wnistlexr Distwibution
A vove exerts a periodic foece which distoris the particle's velocity
distributions, In pargiculer, & micropulsciion will modulate the distribution

of clectrons resonant with whkstlcrs. Over part of the micropulsetion phasc
the whistler growth rate shev)d incicase, Ordinarily, this small increasc is
not significent; hewever, when whistler turbulence is already present, swell
increases in the already positive growth rate acting on en already eahanced
wave distribution cen produce significant incwresses in wave encergy deasity.
Khistler ray paths will also be nodificd by the wicropulsation, altering -
tﬁercby the c¢ffective loss rate of whistler energy. However, it is difficult
to visunlize cases in which growth ond loss do not becoms wnbalanced; thus
turbuleat levels end electron pitch engle scattering rates should be modulated.
Without obscrvntinng f nicropulsetion polarizations, the lew frequoncy
wave forces arc ill-defined, As a qualitative illustration, we consider
modcl micropulsation perturbations which modify the magnetic field strength
felt by the resonant electrons. For exanple, the nicropulsation could vevy
the magnetic field strength, or transport resonant electrons end waves into
an increasing magnetic field, or both. In this nodel, high frequency whistlers

find themselves in a tine varying magnetic field B(t)
B(t) = Bo(l + b sin mot) £3.1)

where o is the micropulsation frequency, and b << 1,
We now atterpt to relate temporal changes in the typical whistler growth

rate (2.7),

diny SAR A S A0 H ¢ :
dt S e s Taaien ’ (3.2)
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to B(t) . The grouth rate should be nodulated sirply because the electron
cyclotron frequency, the basic scale frequency for whistler processes, changes
with tiuc. Sccondly, the pitch angle anisotropy might be modificed. Thirdly,
because  |B]  ehanges, the total clectron density and the resonant electron
density should also change. However, n , their ratio, should not chunge
as puch from this effect. On the other hand, if the loss rate of high energy
electrons is modulated due to chenges in the tuwrbulence level, n will
deercase. Thus, enhenced turbulence aets like collisions to relax the
por:urb:giuu in the distribution function. Hovever, it cannot entirely
counteract the bosic pertwbation. Meny other effects cannot be trested
within our gpproxinations, For example, changing ‘R\ alters the encrgies
of elcctrons rescnant with whistlers; perhaps destebilizing some waves and
darping cthers preferentially.

In the absence of whistler turbulence, micropulsations would conserve at
least the first end sccond clectron adiehatic invariants. First invariant
conservations implies that T, is proportional to B . Assuming that T,

does not vary strongly, we may estimate

dn A _ To 35nB _ 1+A dnp 3.3
- = 3 ’r’:’"-”i‘“ ot A dt : (3.3)

Since the cquilibrium = %-(RP 1966), A is roughly proportional to In B .
The modulation of the anisotropy when whistler turbulence is present will
in fact be smaller than in its ahsence, since pitch angle diffusion relaxes
anisotropy changes.

In stecady state, precipitation balances injection, and n is constant,
However, increases in the turbulent whistler level (due to micropulsations)

unacconpanied by increases in the injection level, might dininish n  throug!

erhanced precipitation. Hovever, if the fractional decrease of n in one



vave period is snall, this effeet will not conpletely counteruct increnses in

*
the growth rate. Let Tl be the eleetyon lifetine averaged over a nicre-
4
. . 2 (31 * . .
pulsetion period; when A lL >>1 , n wil) rewain roughly constant oves
a wvave period,  The obsexvation that the peak to valley precipitotion rate

*
ratio is two, implics TL ﬂ'TL/Z » So that corparison of the micropulsation

period with the cquilibziva electron lifetine esteblishes the validity of this

*
TL >> 1 , we nay drop 9 Ln n/ot

small relexation limit., When CR

: : -, ¢ 5% & bt sy Joing ;
substituting (5.3) into (3.2) iuplics ngt')'ﬂ K'ihﬁé“"' « Integrating

. . . L . :’)
this equation, using (3.1), end diopping tesns of 0(7)

t B =
Iéwl e A Sin et (5.4)
o
where we have assuned the equilibriwg growth rate Y, ¢quals the cquilibaiun

loss rate v .,
ch i o

(5

*
When We T! * 1 a full diffusion trcationt is nceded to fird +y(t) .

Khen Wy TL* << 1 the wicrepulsation slowly modulates the cqui]ibrium
electron distribution., For a rough estinate here, we vse the equilibriun
formula for n (derived in KP) to find §~§¥~n-= - §~%2wp . Substituting
this into (3.2), and intcgrating,
TOLG T e Y (3.5)
v B D{t) : ==

0
Here, time inecrcases in the diffusion eocfficient clearly reduce the rodulation
, L
of y(t) . Here, and henceforth, Do is the initial background diffusion cooffi
In addition to the above relaxation of the growth rate due to enhanced
precipitation, thers might be other changes in y due to "ripples" in the
pitch angle distribution of scale Ac = /wofﬁ arising from nonnsinotonic

pitch angle solutions to the full time dependent diffusion equation.
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These highor 1odes should have @ faster tine scale than Uy and their

precisc details should vary spuatially on scele length of the clectron gyro-

radjus. However, since the observations of precipitation modulation integrate
’ i &

over many electron gyro-radii, the "ripples" nay be snoothed,

Jiue Popendence of Piffusion Cocfiicient

We now solve for D(t) wusing (2.8) with a time dependent growth rate.
Given the crude epproxinations leading to (3.4) end (3.5) it is wisc to
attach significance only to the qualitative behavior obtained in several
liniting cases.

First, we consider the small relaxation limit, where ER >> b,
Substituting (3.4) into (2.8), and integrating, assuning D = Do at t =0

2\)0 b
D|1| = D exp 16’1"(1 ~ €OS wot) (3.6)

In the small reloxation limit, the modulatien of D is exponentially large
in b . This case gives the lnrgést precipitation modulation. Since the
increment of whistler energy created in the micropulsation compression phase
equals that recabsorbed in the rarefaction phase, D(t) is always greater
than Do « Relaxation will gradually decrease the growth rate and damp the
diffusion coefficicat modulations on time scales of 1/D . Presumably, as
more and more particles are lost, more and more waves will sink below marginal
stability, and the whistler spectrum will shrink, Should the micropulsation
also act as a particle injection source, relaxation could conceivably be
counteracted to some extent, Finally, in strong pitch angle diffusion, the
small rclaxation limit ought to apply for all frequencies, since the enhanced

loss of electrons will be snall.
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Now we tura to the quasi-static limit where D S Wy ¢ Since @ priidcle
can diffuse to the loss cone in 2 weve pariod, (2.8) must be solved including
the changes in D duve to particle Josses, Substituting (3.5) iute (2.8),

dropping teris of ovder b? » we find

2v b : & ] - cos wt
0 E (&
D(t) UL e e .o.o PR 1T s CRETE e AR e e o » (3. ’})
» 1+ (27 /v )?' 3 . » w A
- 'o Q) (a] (o]

) << he
If /v, 1, then

b(t) - Do (1 +

>

sin mot) . (3.8)

Here the modulation of the diffusion coclficieat is only linzarly propor-
tional to the nicropulsation awplitude, and the vhistler amplitude yesponds
adisbatically to the micropulsation modulation,

In suhmnry, the vhistler growth rote should be modulated by a low
frequency nicropulsation becouse the resonant electron distribution is
modified. Over part of the micropulsation phase, the growth rate should
incre-ze. When the wave period is nuch less thon the electron lifetime,
enhanced precipitation docs not remove many particles in a wave period,
Here the growth rate is lincerly proportional to the micropﬁlsation amplitude,
The whistler arplitudc is exponentially proportional to the micropulshtion
anplitude. When the wave period is much lenger than the lifetime, the
growth rate modulation is much weaker, since the perturbation is nore
nearly counteracted by enhanced diffusion, and the whistler-amplitude

depends only lincarly won that of the micropulsation.
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4. Prccipitetion Modulation

The small loss cone epproprizte to neny geophysical situntions poriits
a siiple expression for precipitation nodulation, found without solving the
full tine dependont dlffnsioﬁ equations, If aoz << D /u$ , the pitch
angle profiles in and near the loss cone approach the steady state profile,
since purticles can random walk across the less cone in one wave period.
Thus the ratio of precipitated to trapped fluxes, ohserved ncar the earth
at the wirror points, will be given roughly by (2.12), with D a prescribed
function of tine., This steady state solution is valid only near the loss
cone. In additien, we can only describe the ratio of trapped to precipitated
fluxcs since the absolute flux levels can Le affected by variations in the
effective source strength of particles to snall pitclies by time depeadent
ripples of scale angle 3Ud75; in the distribution function at large pitches,

Assuvning that the tine dependence of D dominates all others we find

J (1) T
Py ¢ o (4.1)
T ) L
vhiere TL(L) is the effective electron lifetime assuning that diffusion
continues steadily at the instantaneous rate D (t) .

We may now distinguish four separate precipitation modulation envelopes,
depending upon the background diffusion rote and the micropulsation arplitude.
Either the backgrouad diffusion rate is weak or strong; similarly, the

maxinum diffusion rate con be weak or strong, implyine the four corbinations
) T} 8

listed in Table 1.
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2') Week Strong
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“r

The weak-weal: case can be calenlated

Casy 1y, SENCE L i

rate is still weak, so that 'l‘L(i) n /b (1) o Substituting the zeso

relaxation gpproximation expression for D (t) , (3.0), into (4.1) we find

J (1) 3 2\’0 b
%y " :i;l--(o-)- exp | === (1 - cos (=:~O‘L) (4.2

‘Imol A

vhere 'l‘L(O) is the lifetime ot t = 0 , Similarly, the ncar strong-weak

diffusion rate is strong.

2 -
J (1) o 2v_ b
...R e ) - .o_. - 0X - .._......0.4_-... -~ c ") 4
= ) = xp (1 - cos L ¢ (4
JT(t) )olB |Lx.\°| A .

4v
vhere « 2/D T ¢e ) ; Whem b <<} , there are oscillations
o/ oB A IUB‘

0
.
)

4v°

-2 :
ackgrot ate =1 - ', . Vhen —r >
the background state Jp/Jt § =8} Vhen A]UOI e 1,

e

(¢

Jp/JT = ] for significant portions of the micreopulsation roried. Here the

peaks of the oscillation are "clipped." The wenk-strong case is nixed, with

the valleys behaving like (4.2), and the peaks like (4.3), with clipped
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profiles. A sketch of these four cases is shown in figure 1Y,
In the quasi-static linit of cq. (3.8), the precipitation proflile slould

vary norc or less lincarly, corresponding to slow, relatively sinall aimplitude

»n

wells of the beckground prece

Assuning that eny tine dependent vipples in the pitch angle distribution
spatially sverege out end, in the zero relaxation 1imit, that the trapped
flux as epproxinately constent over one nicropulsation peried, (4.2) describes
the ragnitude of the precipitetion flux in the week-weak case, We can then
renornalize (4.2) to the background precipitation rate, Jp(U), and taking
the Jogarithn of both sides we have

Ju(t) 2v0 b :
Joo :%;UU' . ];:] ;:(] - €05 Ubt) 5 (4.4)
o
h a positive definite time dependence,
&~ gos Ut This bchavior qualitatively agrees with observations by
Parks et al, (1968z).
We now estinzte b by teking a typical peak to valley ratio

Jp(w)/Jp(O) v~ 2, a background whistler growth rate vo N~ 1 rad/sec
A~N1/6 , and & nicropulsation wave period of 10 scconds, to find b v ,02 ,
Thus the physicel statenent that vhen the whistler noise and clectron
distribution are in diffusion equilibrium, a small distortion of the eclectron
distribution cen prodeoce large changes in the whistler amplitude and
precipitation rate appeers self-consistent., A direct comparison with
observatijons is difficult., For exasple, an absolutely relizble ground based

magnetoneter measurerent of micropulsation amplitude would not yield the

amplitude in space, because for instunce, ottenvation in the ionosphere and

at the ionospherz-neutral atmosphere interface is difficult to estimate.
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relate to precipitation ptilsations unless corrclated modulations of the VLF

spectrun were also found,



fe svomarize our physical argunents, corparing them with observations
where possible, Our arguments are far from rigorous, and sugeest only

e

that large precipitation pulsations could be caused by small micropulsations,

(1) At disturbed tines, enhanced injection increases the trapped electroa

y instabilitics, Ve

=)

fluxes ghove the eritical flux for precipitatio
have considered wiiistler instebility as an example,
(2) A diffvsive ecquilibriun is established, in which whistlers scatter
elcctrons into the atnosplicric loss concs at the rate they are
injected, #nd the vhistler growth rate from ecquatorial resonant electron
interactions balances wave losses fronm convective propagation,
(3) lore than one instzbility is likely to occur at disturbed times, For
insteance, in addition to ¢ 4 frequency whistler turbulence
“driving particle paccipitetion, low frequency micropulsations ere also
enhanced at disturbed tines (Coroniti et al., 196%).

(4) ‘the low frequency oscillations perturd the diffusion equilibrium by

distorting the resonant electron distribution and nodifying the

whistler ray peths. When the frequencics differ greatly, as for
ricropulsations end whistler turbulence, this interaction is physically

visualizable. The micropulsation adiabatically modulates the velocity
distribution 6? those clectrons resonant with whistlers. This velocity
space distortion changes the whistler growth rate, which depends upon
the resonant electron distribution. On the other hand, the increascd
vhistler turbulence which follows from the increases in the growth

rate acts like collisions to re lax the micrepulsation modulation.



(5)

(€)

0))

(@)
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pulsation pevturbation, so the vhistler growth raie should aliave e

p

modulated ai least somc:hat by micropulsaiions. Only when the vhistleoss
are 2lready vasteble can suall changes in thair growth rate lead to
Jarge changes in their anplitude, Thus precipitation pulsations should
occur only superposed on an elveady enhanced precivitation bachground,
in agreement with ohservations by Parks et al. (19650),

If the micrepuleetion period is much shorter than the precipitation
lifetine, only @ snall f{raction of the clectrons ean be precipitated

in 2

Qn

¢ period, and the varelaxed growth rate modulation is large in

this Yinit, The moduletion of the whistlor amplitude is exponsit

—e

ally
large in the nicropulsation amplituds, Since the mininum difetin- is

a few hundrcd J\cow‘s on auroral lincs of force, large whistler

s}

modulations ought to be found only in the 3 « ¥ 300 secoud periad range,

If the micropulsation peried is conparable with electron lifetine, the

modulntions of the whistler intensity should be enly linearly proportional

to the micropulsation amnlitude

Pulsations ef the whistler amplitudes in speco produces electron
precipitation pulsations. MPherron et al. (1968) have correlated
precipitation pulsations with Pe2 and Pe3 micropulsations.

Unlike the whistler amplitude modulations, precipitation pulsations
should have a‘varicty of temporal envelopes depending upon the strengt
of the pitch angle diffusion rate, and upon the nicropulsation frequency.
The largest pulsations should eccur when the ninimm pitch .ngle
diffusion rate is wcak, and when the micropulsation period is nuch
shorter than the electron lifetime. Even here, however, there arc two

distinct cases. Either the maxinua diffusion rate is wenk. in which
)

A}



. ?;)—.

case the precipitation is exponentially moduluted with a smooth profile,
or the waximum diffusion rate is strong, in which case the precipitation
prefile is c]inu:ﬂ. During the wicropulsation conpression phase the
preripitetion rate cxponentiates to its strong diffusion maxinuwn,
whoreupon it stuys constant, until the microptlsation deconpression

reduces the diffusion coefficient sufficiently that the precipitation

rete fells erponentislly below strong diffusien to its background venk

Lie

diffvsion yete. This cycle repeats. Vhen pitch angle diffusion is

alvays stvong, increases in the diffusion cocfficient do not increasc
the precipitetion rate. MHere, relaxation of the micropulsation
perivibution should be srall for a1l micropulsation frequencies, and
vhistler aplitude nedunlations could be layge even at low frequencics,

Hovever, these nodulations would not eppear in the precipitation,

.. .
I

Finally, when t

e micropulsation peried and weak diffusion lifetinc

1 .

arc comprrable, precipitation pulsations should be weak.

(9) Several feetures of the pulsation envelones deseriled by Parks et al,
(18652) nay be consistent with the idess presented here, in particular,
the sinvsoidel tire dependence of the logarithm of the obscrved X-ray

fluxes. There is a suggestion of a elipped precipitation pulsation in
their figure 4.

(10) Since low cnergy particles have larger fluxes than high encrgy particles,
they are rwore likely to be strongly unsiable and in strong di ffusion,
In this casc, precipitation modulation would be most pronounced in

higher encrgy chamnels. At the very highest energy channels the

particles are not sufficiently numerous to be uastzhle in the first

e

lace., The hich encrgy particles precipitation mieht still be weakly
p (=] e - (&) v



modulated due to poresitic effccls discussed by Kennel ond Petsch

T
(1969)., These enexrgy considerations are svamarized in figure 2,

(1)) Experimental corcelations between euhanced whistler (or other hish
frequency) noise and micropulsations are necded to test these ideas,
Helliwell (19G5) hos deseribed quasi-periodic VLY emissions with
periods sinilear te those of micropulsations and precip

pulsations, and has already suggested thot hydronegnetic modulation

of the be-jc V
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Possible Prccipitation Pulsation Envelopes,

The logarithm of the ratio of poesk to valley precipitation
fluxes, log Jp/.‘)v , has a time envelope which depends upon the
strength of the pitch angle diffusion rate and upon the strength
of the micropulsation perturbation, The four cases

-
, Suanarized

in Table 1, are sketched here,

Schematic Energy Depondence of Pulsition Amplitudes,

If low encrgy fluxes are on strong diffusion, they will
have weak pulsations; Intevmediate energy electrons (here
chosen arbitrarily to lic betwecn 10 ond ]02 keV) could be
unstable, but on weak diffu.ion; these will heve strong

pulsations. Finally, high encrgy elcctrons could have weak

pulsations due to parasitic effccts (Kenncl and Petschek, 1969).
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