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ABSTRACT
"We propose that SAﬁrgrcs are geperated at the plasmapause as a
-'cpnéequencc of the turbﬁlcnf dissipation of ring.cufrent énérgy. During
the recovery phase of a geomagnetic storm, tﬁe plasmapause expands outward
into‘the symmetric ring current. When the cold plasma denéities'reach
about 100 cm_s, ring current protons (Ep ~ 20 keV) become unstable and
generate intense ion cyclotron wave turbulence in a narrow region i/Z.Re
wide (just inside the plqsmapause). Approximately Qné—half of the ring
- current énergy is dissipated into wave turbulence which in turn is
absorbed through a~Landau resonant interaction with plasmasﬁhefic electrons.
'lThe.combineq thermal heat flux to the ionOSphére due to Landau absorption
”iof:thé wave energy and.proton—electron Coulomb dissipatioh is sufficieht
Eo drive SAR—arés at the observed intensities. We thus predict that the
a?cs should be lpcalizéd to a.narrow latitu&i;ai-range just Within the
" stormtime plasmépause. They should occur at all local times and persist
for the ib to 20 hour duration of the plasmapause expansion.- Expected
- proton precipitation fluxes Qill not contaminate the spectral purity of

SAR~arcs;
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1.0 INTRODUCTION
Over the past several years a conscnsus haS arisen that stable auroral

red.arcs (SAR-ARCS) are exéited by the conduction of heat from magnetospheric

~‘electrons to ‘the red arc ionospheric region. Furthermore, the pioneering

papers of gglg_[1964; 1965; 1967] have established that the ring cufrent

protons are an adequate SAR—afc enexrgy éource{ The major remaining fundamental

theoretica} uncertainty is the conversion of préton eﬁefgy into electron heat.
Cole [1965] briginally formulated the transfer process as proton energy

degradation via Coulomb collisions with cool plasmaspheric electrons. Recent

‘ ~experimental and theoretical work, however, suggests that proton Coulomb
~ dissipation alone may be inadequate for supplying the required SAR-arc election
heating rates: First, the storm-time ring current proton energy spectrum

‘peaks between 10 and 50 KeV [Frank, 1967; Frank and Owens, 1970]. - Coulomb

dissipation rates appropriate for these energies are considerably lower than

- Cole's original estimate which was based on a mean proton energy of 1 KeV.

Second satellite observations by’ChaEEell, EE;Eﬁs: [1970] have demonstrated

-a strong correlation between the SAR-arc latitudinal location and the plasma-

pause. Similarly, several ground based observations have shown that SAR-arcs

'A are spatially correlated with the equatorial edge of the ionospheric trough

[Clark, et al., 1969; Norton and Findlay, 1969; Nortén and Marovich, 1969;

Chandra, gﬁ_gl.,‘1970; Elliott and La Valle, 1970] which itself is correlated

with the plasmapause [Thomas and Andrews, 1968; Rycroft and Burnell, 1970].

Proton Coulomb losses should maximize inside the high density plasmasphere

3

(N~ 10 cm-3), rathér than the lower density (N ~v 100-300 cms) lasmapause
. y P P

gradient rcgion; hence Cole's heating process would not necessarily exhibit
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~i)'iésmapausé'localizafcion. Finaliy, Cornwall, Coroniti, and Thorne [1970;‘
herein referred to as CCT] have a?gued that-ripg current prbtons dissipaté most
df'fheir energ& into ion cyélotron wave1turbulence‘énd thé goncomifan£ proton
piecipitatién loss. This turbulént pfotoﬁlrehoval is most éffe;tive in
regions of low Alfvén épecd? For 10. to 50 KeV préton energies CCT haye
‘argued that the.low dengities found just outside thé plasﬁapause provide a
region'of fing current stability. fh sharp céntfast,Athe high density plasma-
.sphere and the low magnetié field region for L > 5 to 6 should be highly
uﬂstable; The proton ring current is thus spatially boundea by two regions
ofvinstability{ which we tentatively aséociate with the ionosphe?ic SAR-arc
and proton aurorai emissions. We'finéliy note that yithin the plasmgsphere
the rapid proton energy transfer to ion cyclotron waves and enérgy loss via
precipitation severely limits the amount of available energy that protons can
‘dissipate by Coulomb éollisions. o

| Before procééding with our alternative aescription of_the SAR—arc enefgy

source, we briefly summarize the salient obsexvational features of the arcs;

a more complete discussion can be found in'Roach and Roach [1963], Eglg_[lQGS];'
Nagy, et al., [1970]. |

a. Intensity: SAR-arc intensities range from hundreds of Rayleighs (R)
- 'to several KR. Higher intensities generally occur for large Dst [Rees and

Akasofu, 1963], although the correlation exhibits considerable scatter

[Nagy, et al., 1970].

b. Spectral Properties: The dominant oxygen linc emission at 6300 A

is accompanied by at most one OF two per cent of 5577 A and insignificant

B

amounts of 3914 A and H, . Cole [1965] has convincingly argued that the
SAR arc spectral purity suggests cxcitation by clectrons with energies less

.



than a few electron volts, rather than by direct energetic particle bombardment.

c.  Temperaturcs: Norton and Findlay [1969]} .and Chandra, et al. [1970]
report electron temperatures of 4000-5000°K (0.4-0.5 eV) at altitudes between
900 and-2000 Km above a SAR-arc. Neutral.temﬁeratures are .much colder

(v 1000°K), and remain'eésentially unchanged from inside.to outside an arc

[Roble, Hays, and Nagy, 1970a]. Ion temperatures are expected to equal
neutral temperatures .at SAR-arc heights, and to increase toward electron
temperatures at high altitudes; Chandra et al. [1970] report ion temperatures

" of ~ 4000°K at 900 km.

d. Spatial Location: SAR arcs occur between altitudes of 300 and 700

km-with peak intensity near 400 km [Roach énd Roach, 1963]. Their north-south
extent is sevéfal hundred kilometers but they often extend for thousands of
kilometers in longitude and may completely encircle the earth [Roach et al.,
1962]7 SAR-arcs alsd exhibit the local time asymmetry of‘the plasmapause
[Glass et al., 1970] and occur on field line§ which lie 5ust inside the plasma- .

- ' . : : S N -3
~pause, where the equatorial electron density 'is several hundred cm

. [Chappell et al., 1970].

e. Temporal Morphology: SAR-arcs are observed during the rapid‘
recovery phase of magnetic storms, some-lO to 20 hours after the main phase
décrease begins. Their intensity is remarkably constant for periods of overn'
10 hours. | i

In the CCT ring curreﬁt proton-magnetic storm model, the rapid récovery
phase is controlled by the outward expansion of the plasmapause from the
position of maximum storm-time compression. Recovery bhase.éommences after

the last major injection of protons into the inner magnctosphere; at this

juncture of the storm, the ring current has attaincd maximum intensity and 1s
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approximately symmetric in local time [Akasofu, 1969]. The plasmapause then

expands outward into the symmetric ring current. Once inside the region of

high plasma density,'the ring protons become unstable generating intense ion
cyclbtron turbulence which results in their precipitation into the atmosphere

(see Figure 1). This outward moving zonc of turbulence encompasses a large

fraction of the ring current, out to perhaps 5 Re, in about one half to one

day.
In this paper we postulate that the intense ring current generated ion
cyclotron wave turbulence is an important SAR-arc electron heat source. The

wave cnergy is absorbed by thermal electrons on field lines near the plasma-

pause. ‘In the inhomogeneous geomagnetic field, ion cyclotron wave ray

tracing calculdtions by Kitamura and Jacobs [1968] have demonstrated that the
o ' 4
wave normal rapidly rotates to large angles with respect . to the magnetic

field direction. Very oblique ion é&éyclotron waves inside the plasmapause

have resonant Landau damping interactions [Kennel and Wong, 1967] with thermai

ﬁlaSmasphericlelectrons (CCT). Wé fherefore.ﬁroposeAthé foilowing.modei of
proton energy transport: 'prbtons.just insidé fhe plasmapause relinquish
energy to ion cyclotron waves and are precibitatéd; the ion cyc}otron waves
are then‘Landau absorbed by thermal electfons; the resultant heat input into
electrons 1is ther@ally cohduéted to the.ionoépﬂere to excite SAR-arcs on

lines of force connected to thé plagmépausc.. In this quel‘ion cyclotron
waves act as an intcrmediary which.couplcs ring'current proton energy to
thermal eléctrons. We find that proton Coulomb dissipation is still important
for warming plasmaspheric electrons to temperatures af which electrdnALandau

damping becomes efficient.



In the above model the SAR-arc is 1ocalizéd just inside the position of

the expanding plasmapause, and has a duration on the order of one half to

~ one day. Furthérmore, the symmetry of the recovery phase ring current implies
- that SAR—arcs are created at all local times, but with the local time vs. L
- value asynmetry of the plasmapause [Carpenter 1966; 1970]. CCT have also

argued that protons can on]y penetrate to distances of about 1/2 Re into the

plasmasphere before being prec1p1tated; this is con51stent with the ring

current observations of Frank [1967; 1970] (see also Russell and Thorne, 1970).
Since the group Velocity of ion cyclotron waves is almost parallel to the

magnetic field, the region of the ion cyclotron turbulence, and hence electron

Landau heating, will extend forVOnly about 1/2 Re just inside the plasmapause.

Therefore, the electron heat conduction to the-ionosphere and the resulting

SAR—arc excitation are 1imited to a narrow latitude range corresponding to

v fleld 11ncs p3551ng JUSt inside the plasmapause

Wlth the SPatJal and temporal SAR arc propertles reasonably well deter-

mined, we turn to quantltatlve evaluatlon of Jon cyclotron wave Landau

electron heating. Sectlon 2.0 reviews the ring current energy requirements,

Cole's [1965] electron heating conduction theory, and evaluates the proton

Coulomb dissipation rate for Frank's [1567] ring current spectrum. Section
3.0 Briefly discusses the ion cyclofron turbulence theory for an éQerage 100
gamma DSt magnetic stofm. We aigué that about 1/2 of the ring cﬁf?eﬁt pfotoﬁ
energy is converted into'idn cyclotron turbulence. We then estimate the
wave encrgy flux énd find it sufficient for SAR-arc production.

Section 4.0 considers elecfron Landau dambing'of ion cyclotron waves.
We first perform ray tracing calculations at L = 3 using both diffusive

equilibrium and gyiofrequency density models. We then compute the Landau



damping décrc@ent following a fay.péth and heﬁce'detefmine the path integrated
wave absorption. The calcu;ations are performedifor various wave frequeﬁcics
and électroﬁ temperatures. For electron temperatufes of one to scveral eV;
_electron Landau damping efficicntiy absorbs ion cyclotron wave energy‘aﬁd
hencé proQides_a sufficient heat soﬁrce for éAR;afég.

Section 5.0 describes a unified model fof SAR-arc formation. We determine
the total electron heat_flhx, resulting from both protonfCoulomﬁ losses andi
Landau gbsorbtion, as a-function of electron temperature and the critical
prbton anisotroéy for ion cyciotron instability. The computed electron heaf
flux is also conVerfcd to SAR-arc intensity usiﬁg tﬁe results of nglé_[l969]i
By estimating the electron heat conduction 105505, we'then'determine the
equilibrium magnetospheric electron.temperature and SAR-arc intensity. Section

.6.0 summarizes and comments on the results.
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2.0 REVIEW OF hOT ELECTRON THEORY.QF‘RED ARCS

In Section 2.1 we evaluate the total ring current energy density for a |
tmagnetic storm of sufficient strength to produce a SAR-ar;. Assuming a
préton energy dissipéfion rate consistent with the plasmapause expansion or
the SAR-arc duration, we estimate the fraction df ring cﬁrrent energy required
to drive a SAR-arc. We then review Cole's [1965] eleétron_heat conduction
theéry and determine the equatqrial electroﬁ temperature necéssary tog;ustain

a red arc (Section 2.2). Using the proton energy spectrum measured by Frank

[1967]. and by Frank and Owens [1970], the Coulomb collisional transfer rate

of proton energy to thermal electrons is then reevaluated (Section 2.3).

2.1 Ring Current Lnergy and Dissipatibn Time Scales

-‘The ring current proton energy spectrum and energy density-have been
measured-by Eﬁgﬂk_[1967]>for the moderate mggnetic storm of July 9, 1966,
'fdr which DSt was 50 gammas. Frank also showed that thé totalAenergy ,
Eoptent of ring current protons agreéd weli With the Sckopke [1966] relation-

ship. The data [after Frank and Owens, 1970].ére summarized in Table I.

Note that protons with.lesé than 1.8 keV constitute only 2% of the total
riﬁg current énergy. From thg DSt SAR-arc correlation-studies of Rees and
Akasofu [1963], the July 9, 1966, magnetic storm was probably-too smali fo
produce an observable red arc.. In order to estimateAthe riné current energy
available under condiﬁions when a SARfarc mightAbc produced, we assume that
the proton energy spectrum observed by EIEEE.[1967] remains unéhénged, and
t

is proportional -to the proton number density. A 1 KR SAR-arc

requires a storm Ds£ = 100 gammas [Reeé and Akasofu, 1963], and Table I

indicates that the proton ‘energy density would then be v 5.4 X 10'—7 ergs cm-3



. ’ . N 2 . .
- The total energy contained above an arca of one cm™ in the ionosphere at -

L =23 can be obtained by multiplying the equatorial energy density by

0

-5 x 101 cm (50 for the contraction pf the flux tube area, 109 cm for an

= 100 gamma should have a total

effective length). Thus a storm with Dy

proton energy 'W+ = 3.><_104 ergs cm-2 available.

During the storm recovery CCT have noted that the-total energy
dissipation time scale f+‘ is determined by the r#te of the plasmapause
expansion into the symmetric ring current; t,on (O;S - 1) x 105 sec.
Alternatively, a similar valué of t_ could be determined from the rapid
récovery phase [Aggégﬁg).1969] or the SAR-arc duration time scales. Notice
that t, is much 1onger than a proton turbulent lifetime since only a-
4§ma11 porfion of the ring current is.unstable ét a given time. We méy assume
that a f%action ‘f of the proton energy-is dissipated into electron thermal
ehergy'to 6btain tﬁe resultant eléctron heat flui available for r¢d arc
‘formatibﬁ fw+t+fl. Setting fw+t+_1'= F=7Xx 16—2 ergs‘cm—2 - secnli,

&hich is the required electron heat flux for'i.SAR;arc of about 1 KR intensity

[Walker and Rees, 1968; Roble, 1969], and substituting for W, and t+ ,

we find f ~ 0.25. . ' .

“In Figure 2 we synthesize the results of Walker and Rees [1968] and of

Rees and Akasofu [1963] using the above estimates for f and 't+ . We first

. -1 . .
” » M\ . . .
equate the heat flux F to fh+t+ ; W+ is then converted yQ Dst using

' 4 ' ‘ s '-r L = 7 4 y
W+_— 3 x 10 (Dst/lOO) so that we have F = (f/t+) 3 x 10 (Dst/IOO) . The
calculated heat flux against SAR-arc intensity curves of Walker and Rees are
then converted to Dst vs. SAR-arc intensity using the above relation with
f=0.25 and t, = 0.5 x 105 and 105 seconds, thus giving the two thecoretical

curves shown in Figurec 2. The measured DSt vs. intensity points from



~Rees and Akasof;Aéré also plotted.in Figure 2 (cfror bars'bave been omitfcd
fqr'élarity}. Th¢ two theoretical curves roughly.bracket the measured point;
thus sﬁbstanfiating the estimated values of £ and t_ for éllarge range of
red arc intensities and magnetic storm sfrengths. Hence fqr SAR-arc production,
about one quartér'of fing'curfent pfoton enc;gy must be t;ansferred as heat to
electrons; the fime scale for thc energy ffansfer is on the order ofIO.S-f.

1.0 % 105_seconds.

2.2 Equatorial Electron Temperature Required for SAR-Arc

Following Cole [1965], we assume that the equatorial eleétron teﬁpéfature
TE is contrqlled by a balance between'ring current proton dissipation and
_heat losses along the-line of force to the ion65phere; Electron heat then
flows.from the equator to the ionosphere along lines of force and coilisionally
'ex;ites the SAR-arc. If the electrons inside thé plasmasphere argAcollisional;
the electron temperaturé .T, distribution alqng tﬁe'magnétic field obéys the
gource and gink—free heat conduction equatioﬁ? | |

| al(s)_ %g {'3(5) K-g—g} =0 ' n | | ' (2.1)'

s ’ié the length along a field line; a(s) = BI/B(S) is the flux tube area

49

normalized to unity at the ionosphere wﬁere'.B(S),= B and K = 1.64 x 10

%2 el sec™! is the parallel collisional thermal conductivity [Spitzer,

I

1962]. We solve (2.1) with the boundary condition that the heat flux at the

ionosphere equal F :

kL | = B . ' | o (2.2)



With (2.2), a double integration of (2.1) yields

S,

: F : 1
/% 27l T J e . (2.3)
S 2(1.64 x 10 °7) 5 : :
I -
. If the ionospheric electrons are cold, TI < 1/2'TEf, Ti in (2.3) can be
neglected, and we then can solve for the equatorial téﬁperature TE in

terms of the ionospheric heat flux:

T. = 2.86 x 10732 p2/7

E (ergsj . x- ; ‘-l A  ' ’(2.4)

~ For a 1 KR SAR-axrc, F = 7 X 10_2 ergs/cmzasec, and TE v1,3 X 10~12 ergé.f
Thus the electron heat source required for red arc production must be capable
- of maintaining the equatorial electron temperature at about 1 eV.

We note, as has Cole [1965]; that the heat conduction relation (2.1} is

valid only when the Coulomb clectron-electron collision time is less than the

électron bounce time. The collision time is‘>tC v1.3 x'1o$ N! T3/2
[SEitzer; 1952] where N is the_aensity and.'T the electrdn energy in eV ;
the bounce timé at L = 3 is approximatelyv £B v1,2 % 102 T—l/2 #or

T~ ] ev, t = t .at N = 1Q3 cm-s , a tYpical plasmaspheric density,

B. °C

From CCT, however, ring current protons destabilize ion cyclotron waves
and are precipitated along the plasmapause whefe N ~ 200-300 cnf3 ; hence

few protons, especially during recovery phase, penetrate the plasmasphere to

. 3 - . . - .
regions of 10~ cm 3 density. Assuming that electron heating occurs where

the ring current overlaps the plasmapause, we find for T Vv 1 eV and

N ~ 300 cm—s that te = 4 tp - The clectrons are. approximately collisionless

and thus remain quasi-trapped in earth's magnetic mirror field. Nevertheless,
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.piteh anélc isotropy is approximately maintained across the loss coné by - _
collisions as ih the case of strong turbulent pitch angle diffusién discussed
by Kennel f19691. Heat conduction to the iohOSphere then océurs by precipita-
-tion. Since the electron thermal flux J = N('I‘/M_)l/2 is:approximately
" isotropic, the'precipitation‘clectron heat flux caﬁ.be estimated as
NTS/2

CF.= JT = TR ' : . (2.5)
)ﬂj ' :

3/2

Note that in strong diffusion, heat conduction varies as T , a much

7/2

weaker dependence than the T variation of collisional heat conduction.

-1

For a 1 KR SAR-arc with F = 0.07 ergs cm—‘2 sec aﬁd N = 300 , equation

(2.5) yields T, = 2.2 eV for the equatorial electron temperature.

E
Necar the ionospheric SAR-arc iegion) precipitatihg electrons again
become collision dominated. Hence gradients of electron temperature should

be seen in the topside ionosphere above red arcs [Roble, et al., 1970b].

>

2.3 Ring'Curfent Proton Coulomb Energy Loss Rate

In Cole's [1965] theory the heat source for magnetospheric electrons
is the loss of proton energy'by Coulomb collisionﬁ. Here we reestimate the
Coulomb heating rate‘averaged over the observed ring current proton enéréy
spectrum [Frank, 1967] for é plasmapause dgnsity of = 300 cm—3 . .A proton
pf energy E+ moving in a thermal electron gas loses energy at a rate given

by [Spitzer, 1962]




where

: 2.5 x 10° E+1/2 ) S o ,
T_(E,) = ' — e (2.6)

e f+ ié measured in keV and Gf_is afdimensignleSs functiqn’of the ratio of
mean proton to electron velocity.- When this ratio is large, asiit is for 20
Kev'prdtons and electrons of less than a fewIeV, TC(E+) is essentially
- independent of electron temperature.

. The ;mean time TC for Coqlomb‘dissipation is found by averaging (2.6)
over the ring current energy specfrum given in Table I and substituting
N =.300 cm~3 . We find TC > 106 sec, which is about 30 fimes‘longer than_

”;

" the dissipation time quoted by Cole for N = 100 cmné and an average proton
encrgy of 1 KeV. For a storm strength with Dst‘= 100 gammas (W+ = 3 X 104
érgs/cmz) the heat flux to electrons from proton Coulonb collisions is

W /T = 0.03 ergs en 2 sec—l_,Awhich according to Walker and Rees [1968]

s

would produée about 100 R in a SAR arc.

It

Although iﬁadequate as the sole electron heat source for SAR arcs, a '

proton Couldmb dissipation rate of 0.03 ergs cm_2 sec = can raise the eléctron
temperafure to about 0.6 eV [from (2.4)] or 1.3 eV [from (2.5)], depending on
. the heat conductioq law. We show in section 4.0 that électron temperatures

on the order of 1 eV are required before Laﬁdau damping of ion cyclotron waves

becomés effective. Hence proton Coulomb heating of electrons is important

as a primer for Landau damping.

3.0 ‘Enecrgy in Ion Cyclotron Turbulence
After cessation of strong convection and ring current injection, upward

ambipolar diffusion of ionospheric ‘plasma and corotation of the bulge region



[Carpcnter,.l97b; Chappell, ct al., 197Oa]7gradually.rcpopulatqs the plasma-

sphere or corotation zone. For a uniform ionospheric filling rate, the
sméllér VOluﬁe of low L-shell flux tubes results in an effective plasmapauseli»
. outward .expansion. Thus symmetric ring current pfotoné are, in effect,'
fransported across fhe-plasmapéusc and are thereby able to generate iﬁteﬁse
Vion cyclotron wave turbulence. (Of course additional proton tra55port by
Aradial diffusion cannot be discounted.) Since SARAafcs are observed betweén

L ~ 2 and 4, we evaluate theoretical ‘parameters at the mean 1ocatioﬁ L = 3.

- In.this section we reformplate for L = 3 and Dst = 100 gammas, the estimates

~

of CCT for the ion cyclotron growth rate chc , the fraction of proton

energy lost to ion cyclotron waves, and the turbulent wave intensity.
Section 4.0 considers the Landau absorptioh of ion cyclotron waves by plasma-
spheric electrons.

\.

' Instability of ion cyclotron waves with frequency ® requires that the

; ST ‘ . . ' Lo ‘ +
proton distribution function have a pitch angle anisotropy A > Aé where

>
.-

AL = x/(-x) . : ‘ | (3.1)

Here x = w/Q+', where £  1is the ion gyrofrequency. A" has been defined

by Kennel and Petschek [1966] and by Cornwall [1966] as a velocity space
: S : +
integral of gradients in the proten distribution functien £ . As an
y + . 2n ' o ' L. +
example, if £ ~ sin”a , where o is the proton pitch angle, then A = n
By using the cyclotron resonance condition w-kyvy = -§2 and the ion
cyclotron wave dispersion relationship, we find that for a given anisotropy

A ;_only protons whose parallel energy M+v“2/2 exceceds



By - /P AD | o (3.2)

can partake in the instability. .Here E
)

M is the magnetic energy per partiéle,

KeV at L = 3 . The growth rate for waves

Ey = BZ/SNN ~ 2.2 x 10° N

propagating parallel to the magnetic field is [Kennel and Petschek, 1966]

Yeye ©7 X T-x/2 N - A : S (3.3)

where n 1is the fraction of protons with parallel energy greater than ER .

 Now consider a magnetic storm with Dst-: 100 gammas. Sinc¢ the time
scale for density accumulation in the expanding plasmapause is reasonably
Slow, we note from (3.2) that the highest enefgy.ring current protons should
become unstable first; lower enérgy protons enter unstable cyclotron resonance
at higher densities;' For a giveﬁ average proton pitch angle anisotropy A s
the inétantaneous ion cyclotron wave spectrum should thus be dominated by the
iigher unstable frequencies near the upper'lﬁﬁit w/Q+ = A+/1+A+ .- Typical
anisotropies might range from A~ 1/2 to 3; with the higher values occurring
during the most intense stofms and at low L-shells. Thus near the magnetic
équator. w/Q+t is expected to be between 1/3 and 3/4

F;om (3.2) ring current protons with 10 to 50 KeV energies require

.densities on the order of 100 cm—s or moreAﬁpr unstable ion cyclotron inter-
actiéhs; to ensure instability we chéosc N = 300 cm“s in what follows. From
Table I, the ring current proton density appropriate for DSt = 100 gammas
is about 20 cm-3 [Frank and Owens, 1970], so we have 'n = 20/300. For

Q, = 100 rad s.ec:-1 , and A+—AC = 1/4 , the ion cyclotron growth rate is Yc;c =

4 sec—1 . When path integrated, such:large growth ratcs ensurc intense ion

cyclotron turbulent wave amplitudes [Cocke ;nd‘Cornwall, 1967; CCT].




Ion cyclotron wave energy is obtained at the expense of proton perpendicu-
lar kinctic energy. Protons diffuse in velocity space along the characteristic

curve [Gendrin, 1968; Haerendel, 1970; Eather and Caroﬁillano, 1970]

YL2,+ [v,- (w /k")]2 + vA2 log x = @oﬁst. S ' .(3-4)

vhere - Va is the Alfvén speed, w/ky 1s the parallel ion cyclotron phase

- speed given approximately by

w/ky = v (-0 o | )

and A is related to x by the resonance condition
'\’;" = "~-]; (1-—)()2 . L R T (3.6)
A . - ) . :
From (3.4) - (3.6), we. find that the predominance of high frequencies in the

turbulent wave spectrum implies that a ring current proton which diffuses from

flat pitch angles to the loss cone relinquishes an energy 1-2E, or some

M
10 to 20 KeV. Hence appro§imate1y 1/2 of the ring current energy is transferred
into ién cyclotron waves. Recall that the ffaction of ring current energy
needed for a red arc is f = 0.25. |

We now estimate the ion cyclotron tﬁrbulent wave amplitude. From CCT,
ion cyclotron turbulence should exist for a region of -about 1/2 Re inside the
A plasmapause.i During thq plasmapause expaﬁsion over 1/2 Re » the proton flux

will be rapidly reduced to the stably trapped limit. Hence the maximum proton

precipitation’ lifetime must be governed by the time of plasmapause cxpansion



acros$'1/2 Re" If we estimate the expansion velocity as the total distance

the plasmapause moves during recovery phase, = 3'Re, divided by t, = 0.5-1.0 x 10S

. . 4 = -1 : i A e
seconds, we find v = 3 X 10" cm sec . The maximum precipitation lifetime

"is then t, = 104 seconds. We can now estimate the pitch angle diffusion

coefficient during recovery phase as- [Kenncl and Petschek, 1966; Cornwall, 1966]

, . 2 t. ‘ '
. ) .
Dz-;l:_=§2+ [%_] i“t | . (3.7)
L ) B ' :
where BYV is- the wide band r.m.s. turbulent wave amplitude, and tint/tB

is the fractional time a proton spends in the ion cyclotron turbulent region;

for L =3, t

L

jnt/tB "~ 1/5 . For Q+ = 100 rad/séc and t. = 104 seconds,

(3.7) yields B' =2 gammas.

- The energy flux in ion cyclotron waves is

2 . - . .
. - (B . L S
rwave T8 VA _ * : » (3.8)

For L =3 and N = 300'cm_3 , .VA ~ 2 X'108'cm sec:—1 and (3.8) yields
meve = 3 X 10-3 ergs cm'z sec~1 , which corresponds to a wave energy flux at

the ionosphere of 0.15 ergs cm“2 sec = or approximately twice the energy flux
necded to produce a 1 KR red arc. Therefore, if the turbulent ioﬁ cyclotron
wave energy could efficiently Bé converted into electron_the;mal encrgy,-the
Tesulfant electron heat flux would ﬁe sufficient'to sustain a SAR arc appropri-

ate for a 100 DS storm.” Furthermore since the ion cyclotron turbulence is

t
localized to a narrow region just inside the plasmapause, and since the wave
group velocity is essentially guided along the magnetic field, the red arc

would exhibit a corresponding spatial localization in the ionospherec.

P
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. In the next scction we demonstrate that electron Landau absorption of ion
cyclotron waves tompletcs the coupling between the loss of Ting current
proton energy and the heating of plasmaspheric clectrons to the required

SAR-arc temperatures of several eV.

‘\"
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4;0 ELECTRON LANDAU ABSORPTION OF ION CYCLOTRON WAVLS

The absence of definitive ground micropulsatidn detectioﬁ of the large
ion cyclotron wave amplltudcs near the p]asmapause immediately suggests that
‘part of the wave encrgy might be absorbed in the plasmasphere. We notlcc,at
once that_tﬁe ion cyclotron phase velocity, essentially thc Alfyén spéed; is
compdrable fo the thcrmal velo;ity of plasmasphericAelectfons. This suggests
that Landau damping may be important. (Low energy protons, of a few KeV,

have similar velocities, but are of much lower density than clectrons and
, s y .

 hence are relatively unimpoftant.) Ray tracing calculations by Kitamura and
Jacobs [1968] have demonstrated that’the wave normal ‘angle of ion cyclotron
waves pgopagating in the anisotropic magnetosphere rapidly rotétes to large -
angles with respect to the magnetic field'direction.i Oblique ion cyclotron

waves can then experience appreciable Landau resonant energy exchange with

~thermal electrons [Kennel and Wong, 1967]. Although the resonant interaction
;ncreasesbonly the_pafallél energy of the eléﬁtrons, non—resonanf processés
such as collisions distribute the thermal enefgy.and maintain approximate
ﬁitch angle isotropy. Thié—éection evaluates the total path integrafed Landau
absorption of ion cyclotron wave enérgy for a variety of electron temperatures
and wave frequcncie;. Section 5.0 then estimates the combined electron heat
flux from proton Coulomb dissibatioﬁ and Laﬁdau damping,.and determihes the
resulting SAR-arc intensity;

| The local Landau damping decrement lYLI for ion cyclotron waves

propagating through a Maxwellian electron plasma is derived in the Appcndix

Jequation (A.17)]
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@ is the anglc between the wave propagation vector and the ambient magnetic
1/2 ' '

/w] is the resonant wave normal angle at which
/

1/2

field; © = arctan. [(2.Q )
res S

the wave phase velocity v is zero and Vin = [ZT/M_]

' is the clectron
ph _ _
thermal speed. -

Clearly |YL[ is a very sensitive function of the four parameters 0, Br

b

es

and v th

absorption, it.is mandatory that these parameters be known precisely along

vph’ Sincg our goal is to determine the total path integrated
a ray path. The calculations were therefofe performed using the Stanford ray
- tracing program to follow representative ion cyc}otroh ﬁavcé propégating thfough
a ﬁodel maénetosphere. A dipole magnetic fieid at L = 3 was adopted; hence ’
self—consis;ent ring current distoftions‘of the magnetié topology mnear the
équaforial plane are neglected. ,Twé density models are used: a) diffusive
?quilibrium, which is probably most representative of the.quiet time piasma—
éﬁhere; b) the gfrdffequency mod¢1, N/B = c;nstant, which is more appropriaté _'
for collisionless plasma conditions encountered during the plasmasphere
repopulation when large density gradienté along the field are possible. The -
aqtual density distfibution near the expanding plasmapause probably resides
between these two extremes. |

The selection of initiai conditions fdf.tﬁe rayltracing calculations is,
of course, somewhat arbitrary. Ion cyclotron unstable growth probably occurs .

-for a latitude range of order * 20° about the equator. In addition a large

range of wave normal angles arc likely to be unstable [Kennel and Wong, 1967;
Dobé&s, 1970]. Clearly, the fate of cvery wavelet in the turbulent wave spectrum

~ecannot be determined. Therefore we choose to follow test waves which start at



a létitﬁdc of -20° with proéagation vectors parallel fo the ambient fiéid
and then propagate across the cquatorial plane towards the ionosphere. The;e
waves spend .a maximum time in the unstable growfh region, and heﬁce might
bc-expected to dominate the wave spectrum. We can thus at best determine av
- representative electron-Landau absofption rate. . |

The Léndau damping‘decremént was evaluated ét small latitudé intervals
along the ray path, and thcnlintegratcd to obtainifhe total residual Qave
energy exp[- j 2 IYL] dt] or the total clectron absorption coefficient
a - 1 - exp|[- J 2 IYL’ dt] . :As an cxample, in Figure 3 the instantaneous
Landau damping rate IYLI for wéves with Q/Q+ = 2/3 at»the equator is
plotted against'latitude; recall that'ibn cyclotron instability at the eqﬁgtora
‘requires AY ~ 2 for w/f, = 2/3 . " The electron teﬁperature of 2 eV is
typical of_SAR—arc conditions (see sections 2.0 and 5.0) andwthe cQu§tbria1
:electron density N = 300.cm~3 is appropriate for the expanding'plasmapause
- (see éection 3.0). [YLI feﬁains small for the first 20° of prOpagation,
;bus ensuring a large region of uninhibited ion cyclotron unstable growth;
it then peaks'strongly near 15° 7'20° latitude. IYLI rises due to the
increase in the wave normal angle 6 which feaches aﬁout 80 to 85°.near the
peak; note that 8 v 60° at the equator. The rapid décrease in IYLI at higH
latitudes is dﬁe to the incrgase ofAthe Alfvén velocity which from (4.1)

- exponentially reduces lYLI when v, > v ‘Both density models yield

A th °

similar dampihg decrements although the N/B = constant model has a slightly
broader rcgion of wave damping. Since the density médcls differ appreciably
~only at high latitudes, where IYLI + 0 anyway, the calculation is expected
to be reasonébly insensitive to the actpal density distribution. The path
integrated damping decrement for this case was J.éIYlet o2 ,xso that

approximately £0% of the wave energy is absorbed by plasmaspheric clectrons.
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In_Figuré q.the'residual wave energy .(B'£in$1)2/(3‘initial
= exp[- J ZIYL’di] = J-a(T) . is plotﬁed agéinst pla;maspheric clectron
temperature using the wave frequency w/'Q.+ or critical anisotropx A" as a
parameter. Again an equatorial dénsity-‘N ='306 cm—,3 at L = 3 was used. At
low temperaturés iittle Landaﬁ dgmping Qccuré éince very féw clectrons are
in Landau reSonanée with jon cyclotron waves. At temperatures above a few .
ev'Landau-absorption esseﬁtially saturates. Again ﬁote the relative
insensitivity of the calculations to the model of electron density distribu-
. tion. From Figure 4 we conclude thaf under typical storm and recovery phase
conditions when A > 1, a sizable fraction of the ion cyclotron wave energy
will be Landau absorbed by tﬁe:mal p;asmaspheric electrons.

By starting waves at _205 latitﬁde;-the above ray trating computations
are weighfed in favor of attaining . large wave normal angles ahd consequently
,:large Landau damping decreménts.' Caléulatioﬁs have shown that waves stérting

parallel to the magnetic ficld at the equator reach wave normal anglés of

..
(]

only about 60°, neaf.the peak in ]YL[, and'hgﬁce are only'weak]y Landau
damped. On the other hand, such aneS‘originéting at the equator experience
less unstable growth than waves Startiﬁg at -20° latitude and, due to the
exponential nature of wave growth, should have cénsiderably smaller amplitudes.
Ho&ever, since we have not solyed for the ion cyclotron unstable wave sbectrum,
our calculations are at best ‘an approximate estimate of the overall eiecfron
» Landau absorption of ioﬁ.cfclotron turbulence.

Finally, since the group velocity of ion cyclotron waves is essentially
guided along the magnetic field (a result which is confirmed by all'ray
traciﬁg computations performed here), the wave energy is absorbed by electrons

in a small region approximately 1/2 Re wide just within the plasmapause. The
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5.0 TOTAL LELECTRON HEAT FLUX AND RESULTING SAR-ARCS INTENSITIES
In the previous sections the multiple links in the energy transport

= 100 gammas. We now

chain were evaluated for -a main phase storm of De,

estimate the total electron heat flux incident on the ionosphere and use the
conduction models of Section 2.2 to dctermine the equilibrium equatorial
clectron temperature and SAR-arc intensity.
The electron heating rate from Landau absorption of ion cyclotron
turbulenceis approximately given by
i = a(T) F | - (s,
L o (_) wave _ o R | : (5.1)
where a(t) = 1 - exp[- J ZIYlet] is the absorption coefficient. In
section 3.0 we estimated the turbulént r.m.s. wave amplitude-as B' = 2 gammas

-2 .
~ 0.15 ergs cm = sec . Since some waves

and the wave energy flux as F
' wave

>

may never attain large wave normal angles and are consequently not Landau

damped, we compensafe for this loss by taking’ Fwave = 0.1 ergs cm—2 sec_?
in what follows. -

Electrons are also heated by proton Coulomb dissipation. Since ring
‘current protons are lost before they can penetrate 1/2 Re into the.plasma-

sphere [CCT], the Coulomb dissipation will also bé cpnfined to a narrow

~region just inside the plasmapause. Therefore to obtain the total electron

heating rate Ftot we add the proton Coulomb heating derived in section 2.3,
‘ -2 -1 ' . '
1 3 o~ & ~ . = i S s
h+/jc 0.03 ergs cm = scc for DSt 100 gammas, to FL to obta1ﬁ
2 = T ) L . . . .
rtot a(T) rwave * F“+/Ic) (5 2)



orx

B - (5.3)

. . H' i _2 )
Ftot = 0.1 a(T) f,o’oé-(?lgs cm © sec

In Figure S the ray path calculations of a(T) , from seétion 4.0, are

used to plot Fto against elcctron température T. for several proton

t E

.+ . ' . o + +
anisotropies A (or alternatively unstable wave frequencies w/f = A /1+A ).
We have also plotted the collisionless strong diffusion heat conduction law
(2.5) and included for comparison the collisional heat conduction law (2.4).

On the right hand side of Figure 5 we have converted the total electron heat

flux to SAR-arc intensity using the results of Walker and Rees [1968] and

Roble [1969].
The equilibripm eclectron temperature and‘electron heat flux incident

upon the ionospherc is given by the intersection of F " with the strong

: tot
diffusion heat conduction curve; at this point the electron heating rate is

balanced by heat conduction lesses. Thus for At = 1, T.=2.0¢eV and

_ . E
-1 ; the correspond{pg SAR-arc intensity is about

Ftot =A0.06 ergs cm—z'éec
800 R. At larger proton anisotropies, the wave spectrum is dominated by higher
frequency ionﬂcyclotron waves which_are subject to sffonger clectron Landau
absorption. This results in a higher electron temperature, larger electron
heat flux, and a more intense SAR-arc. Hence the ring current proton-ion
~cyclotron wave-electron Landau'absorptidn model when combined with protdﬁ
Coulémb dissipation can provide a sufficient electron heat flux to.the'iono-
sphere to excite the obsérved SAR-arc intensities.

So far onl? the cﬁuilibrium state has been discussed. The temporal

evolution of the electron temperature from cold plasmaspheric values of perhaps

as low as 0.2 eV to SAR-arc values is undetermined. Although we do not



explicitly solve for it, the temporal development of the clectron temperature

< 0.6

can be qualitatively obtained from Figure 5. Suppose initially that TE <

eV. Then, as soon as the ring current overlaps the plasmapause, proton
Coulomb dissipation starts electron heating. Landau absorption contributes
negligibly unless A " 2 to 3. The electron temperature rises since heat

conduction losses are less than heat input. By the time T_, Vv 0.6 eV, electron

E
Landau absorption of ion cyclotron turbulecnce has begun to contribute to the
total heat flux Ftot . The energy flux and electron temperature continue to
increase until the heating rate is balanced by strong diffusion heat conductipn
to the ionOSphefe. Tﬁus, although capable of sustaining only about a 100 R
SAR-arc, proton Cguiomb dissipation is importaﬁt for'raising the.electfoh

temperature to values at which electron Landau absorption becomes efficiént.

-Of course, during main phase, there may be other proéesses acting in conjunctioﬁ'

with Coulomb dissipation to heat the electrons to this critical temperature.

The numerical estimates in Figure 5 are based on specific values of

3

various magnetospheric parameters: D__ = 100 gammas, L =3, N = 300 cm ~,

A st
and B' = 2 gammas. Clearly, the sensitivity of the equilibrium red arc
intensity %o plasmapausellopation\and structure, protoﬁ anisotropy, and the
ion ;yclotronAturbulcnt wave spectrum suggests that red arc intensities are not
uniquely detcrmined‘by DstA gloﬁe, and that for a given Dst value a wide
range of arc intensities is possible. Sincé:our theoretical estimates are
rathef imprecise, simultaneous measureﬁents of all»the above variables are

needed to firmly establish the interrelations between the various parameters

and red arc intensity.
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6.0 DISCUSSION .

6.1

Summary

Accepting'Cole's [1964; 1965] original hypotheses that SAR arcs are

excited by thermal electron heat conduction from the magnetosphere and that

the ultimate arc encrgy source is the ring current, we have developed a

model for the clectron heat source which is consistent with recent ring

current and SAR arc measurements. We summarize the salient features (see

Figure 6).

,a)

b)

d)

During the rapid recovery phase of a magnetic storm, the plasma- .

‘pausc moves outward into the approximately symmetric ring current.

When N reaches v 100, ring current protons destabilize ion cyclotron

. waves and are'precipitated; a narrow zone, 1/2 Re wide, of ion

cyclotron turbulence is formed just inside the expanding plasma-
: , . ,

pause.

Ring current protons dissipate about 1/2 their encrgy in ion

cyclotron waves. A small fraction of the proton energy is dissi-

pated in Coulomb collisions with thermal electrons. “The remaining

- proton energy is lost as precipitation.

Obliquely propagating ion cyclotron waves have resénant Landau
dampingAintcractiQns witﬂ thermal plésmasphegic electrons. .The
rate of Landau absorption depends sensitively on totél density,
electron‘tempcrature? wave normal aﬁgle, and-proton anisotropy.
Calculations of the total path integrated electron Landau absorption

cocfficient demonstrate that a significant fraction, approaching

4



£)

g)_

h)

J)

unity for:high electron temperatures and large proton anisotropies,

. \ . ) T
of the ion.cyclotron turbulent wave energy is converted into.
clectron heat.

For a 100 gamﬂa'-Dqt storm the total electron heat flux provided

by Landau absorption and proton Coulomb dissipétion is sufficient
to excite SAR-arcs with iutchsiyiés of several 100 R's to a few
KR‘si | |

The above model predicts that:

SAR arcs should be localized td'lines of force which lie just

inside the plasmapause.

'The north-south latitudinal extent of SAR-arcs should be severaL

hundred kilometers.

SAR-arcs should occur at_essenfially all local fimes, with a
latitude vs. ioéal time dépendence similar to that of tﬁe plasma-
pause. Heﬁce at a given local time SAR-arcs sﬁould exhibit a
general motion to higher latitudesgés.the rapid rcecovery phase
progresses. . |

SAR-arcs should persist throughout the rapid recovery phase, or
about one-half to one day. Red arcs intensities shoﬁld greatly

diminish after proton fluxes are reduced to the stably trapped

- limit; after this point only Coulomb dissipation remains but is

weakened by the lower proton fluxes.
Thc'SAR—arc'intensity dcpends.sensitive]y on the proton anisotropy;

large anisotropies produce intense red arcs.

In the following sections we comment on several featurcs of SAR-arcs not

previously discussed.



6.2 Proton Precipitation Fluxes and SAR Arc Spectral Purity

. -~ © .
The SAR arc spectrum consists predominantly of 6300 A with very little

"~ spectral cohfaﬁination from other auroral emis$ions; this spectral purity
originally 1led Cole [19651'to the elcctron heat conduction excitation
hypotﬁesis.‘ quing rapid recovery phase, riﬁg'currént prétdns inside the
plasmapause precipitate [CCT] as well as heating eleét:ons via ion cyclotron
: wévés. We must thercfore inqﬁire about the magnitude of proton frecipitation
fluxes and the intensities of various_aurorél emission lines which might be
directly excited by the energétic proton bombardment.

Thé.ratio of the profon precipitation flux Jp to the trapped fiux J.

T

is [Coroniti and Kennél, 1970]

N Jp/JT = tmin/tL - o ’ . _‘v - f” 3 (6.1)

thin ='2tB/a02. is the minimum precipitation lifetime [Kennel and Petschek,

1966]; o is the pitéh angle of the équatorfél,loss cone. For ring current

protons at L = 3, tﬁin = 1500 seconds. From section 3.0, we estimate

t, v 104 sec. Since the total trapped proton flux is of order JT = 109

-2 - -2 - ) - . .
m sec 1 , We expect Jp X 10‘8 cm sec ! along a narrow region just

c
within the plasmapause during the storm recovery.

To determine the directly Excitcd emigéion intenéitics, we must first
recognize that these precipitation fluxes are not of fhe fype commonly studied

in works on proton auroras [Eather, 1967); i.e., proton beams with very small
— [

pitch éngles. Since t_. /t

min’ & is recasonably small, precipitation is near the

weak diffusion limit; hence the loss cone is practically empty, and protons

which rcach the ionosphcre have very flat pitch angles. Second, the north-south

<
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ionospheric spatial extent over which protons prccipitate is about 300 Km

or about the SAR arc thickness; thus precipitation is highly collimated.

Between 400 and 1000 km altitude, the proton charge eXchange mean free path

is on the order of 200—3004km; hence all precipitating protons suffer

schral charge‘cxchange collisions before reaching the 200 to 300 km altitude

region where direct auroral excitation occurs. However, when an almost

"trapped proton with a very flat pitch angle charge exchanges, the resulting

"fast neutral hydrogen atom has a very high probability of leaving the

collimated precipitation region before it suffers a further charge exchange.
The probability of a fast neutral hydrogen returning to the precipitation
region after having left it, and being reconverted to a proton, is negligdible.

-~

Therefore, the collimated, flat pitch angled precipitating protons are

- spatially spread out by high altitude charge exchange interaction, so that

“the energetic proton flux reaching the emission region is greatly reduced

from the incident precipitation flux at 1000 km altitude.

L

Without detailed calculations, a precisé determination of the resulting

_proton flux at 200-300 km altitudes is difficult. Howevér, since protons

suffer at least 2 to 3 charge exchange collisions, and since the losses are

practically irreversible, we estimate that the proton flux is degraded by a

1 1

factor exp(-2) to exp(-3) or 167~ to 0.5 x 10~ Hence the energetic_proton

flux available for direct auroral excitation should be about 5§ X 106 to 107

-2 21 -
S .

cm ec
The auroral emission to be Expected-from flat pitched 4 keV protons has
been calculated by Prag et al. [1966]. The avefage enbrgy of precipitated

ring current protons might be around 15-20 keV (which is less than the average

energy of trapped protons, because a proton loses a good fraction of its

4+




. energy és it}diffuscs toward the loss cone), éoAthcré'is some uncértainty»in
extrapolatiﬁg tlie above authors™ rcéults. Fortunatciy, most of the impoftanf
 chafg§—exchangc-and cxéitation.crdss sections vary ﬁy less than a factor of
“two from 4 to 15 keV. Hence, for a rough estimate we multiply the emission
.ratcs‘bf‘Prag et gl._ﬁ} a factor of 5 and find that a flux of 107 en”? sec™t
protons'shéuld yield about 4 R of 3914 A, 8 R of 6300 A, 4-5 R of 5577 A, and
 1.6 R of HB (4860A). Thés¢ values are still comfortably inside the experi-
mental detection thresholds of some tens of Rayleighs. For comparison,
Eather [1567] gngs,about 20 k of HB fér the same flux, with a full loss cone.

Hence precipitating ring current protons do not greatly contaminate the

- spectral purity of SAR-arcs.

. 6.3 Main Phase

SAR~arcs occur primarily dﬁring‘recovery phase but not often during the
main phése of a magnetic étorm. Main phase is dominated by substormé,lstrong
;onvection distortions’of.fhe,plasﬁépéuse [Qézﬁenter, 1970], and intense ring
current protoﬁ injécfion, all with three hour.or less repetition time Scales.
Therefore, although transient heating of plasmaspheric electrons by ion
cyclotron waves, proton Coulomb collisions, or other processes, undoubtedly
occurs during main phasé, thé repeated stripping away of the plasmapause by
convection events [Chappell 23 313, 1970b] probably prevents-thé formation of
the well collimated regiqn”of hot electrons nceded for SAR-arc excitation. ’
Thus SAR—arcs would nét be.expected during main phase even though intense

ring current fluxes arc present, but .would occur during recovery phase when

the plasmapause is reasonably quicscent.



6.4 .Localiiatibn of SAR Arcs to 2 < L <.4

SAﬁ—arcs are rarely detected outside fhc region 2 < L < 4. The.lomer
‘L-shell limit corresponds to the inncrmost known penetration of the plasma-
vpausé [Carpcnter, 1966) and, tﬁerefore, the ring current; On'au§ora1.1inés
.of'force L > Stou;sidc:the plésmapausé ,EM ;‘BZ/SHN ‘may-ﬁe sufficiently
smalllduring storm condition (N > 10) that ion cyclotron waves are againf
destabilized by profons df ring current energies. Here ion cyclotron wave
turbulence and proton precipitation are expected to occur over a broad spatia;=
. region, thus producing the pféfon aurorae [Eather, 1967; Eather and o
Carovillano, 1970]. AThercfore during the iapid recovery phasevthe flux of
ring current protons for L > 5 is reduced below the stably trapped limit.:
When the plasmapause has expénded out into the auroral region laﬁe in.thev
. rapid recovery phase, proton fluxes should havé‘beén reduced to a level where
-they are.stable'even inside the plasmééaqse; thus no SAR afcévwould be

expected.

6.5 Ground Detection of Ion Cyclotron Turbulence

Our model predicts intén;e ion cyclotron turbulence with amplitudes
1 - 2 gammas just inside the plasmapause; the expected wave frequencies at .
L = 3 are 5 to 10 Hz. Evcn if»a sizable fraction of_thé ion cyclotfén wave
~energy is not electron Landau daﬁped ana the waves consequently propagate to
the lower ionospherc,.ionospheric absorption.below about-ZOO km probably
prevents most of these waves from being detected on the ground.. Henceva cor-
relation between SAR-arcs and micropulsations would nof neccssarily be expected
unless lower frequency, 1 Hz, waves are also gencrated by the high encrgy tail

of the ring current protons cor possibly by the Davis-Williamson [1963) protons. -




ELECTRON LANDAU DAMPING DECREMENT FOR ION CYCLOTRON

For

a uniform, homogeneous plasma the electron Landau damping decrement

~ T

APPENDIX

WAVES

for ion cyclotron waves derived by Kennel and Wong [1967] is

where
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F (v) is the clectron distribution function normalized so that J F(v) dsv =1,
and Vi’ Vi are the electron velocitics parallel and perpendicular to the

WYL
1/2-
i)/

ambient magnetic field of strength B . w_ = (4ﬂNe2/M are the

. . P
proton (+) and electron (-) plasma frequencies and Q, = ¢ bB/M+c are the

.respective gyrofrequencies; N is the density, e the electronic charge,

M, the particle mass, and c¢ 1is the velocity of light. Gaussian units are

used throughout. 6 is the angle between the wave vector k and the magnetic

~

fieid, and kU’ EL_ are the components of 5. parallel and perpendicular to
B.‘ The Bessel functions JO and J1 in (A.2) give the daﬁping pontribution
from the longitudinal and transverse electric field components, respectively.
The Dirac—Plemelj delta functi;n 6[%‘ - (w/kﬁ)] in (A.1) seleéts Landau
clé;trons whose parallel velocity equals the wave parallel phase épeed w/ku'.
‘ Fo£ inhomogeneous magnetic ficlds (A1) is valid if the radius of curvature

greatly exceeds a typical wavelength.

We now simplifyA(A.l). First, terms of order (w/Q+)2 and higher are

small and can be neglected. For ion cyclotron waves,

ELV

). v | v M y1/2 tan® -
e ln ) (wren Jo

whefe : -
oo [Y?
4+ -
tan © T ————
Te

s ST (A.9)

gives the wave normal angle of the resonance cone at which the index of
refraction n = o . Hence in (A.2) JO and Jl can be expanded in the
small argument limit. In (A.2) the longitudinal contribution V(JO term)

dominates the transverse contribution_(J_1 term) at large wave normal angles
L] .



—é:)..

by the fraction 2 tanZO(VH/YL)Z‘x Since .YL is significant only at large .

wave normal angles, we drop the J

; term in- (A.2)." With the above approxi-

mations, (A.1) becomes

v | : ’
= e 00, w/Q,) D , : (A.10)

wvhere the energy factor is

[e®]
€=~ v“2 J v, dvy %%- » : . (A1)
T % 'v = m/kw = Vph .- :
and the angular dependence is
(0, w/Q+) = 4(wp Jw)” M7 /p . o . ' . (A.12)

We now choose an isotropic Maxwellian distribution for the plasma-
spheric electrons so that

- ‘ 1 S (YLZ * Vuz) :

F (v) = [ ——-——~) exp|- — (A.13)

v, . Vih

wvhere Vip = ¢2TE/M; is the electron thermal speed. (A.11) then reduces to

v ) 1 '\I- h 3 v } 2 ’ . .
e(—P—]——[TP—] exp-[;m] (A.14)
th Vi th th :

\

where the parallel phase velocity of ion cyclotron waves is

3 1/2 ' '
Vph T Vil - w/2) SR ' : (A.15)



Near the magnetic cquatorial planc we expect .Vph/vth v 1 so that

e(vph/vth) v (1) . After some tedious algebraic manipulation, (A.12) can

be written approximately as

9(6) = 3 N (A.16)
. (r +87/2)(2 + 67)
vhere
§ = tanf/tan eres . _ L o (A.17)

Since the wave normal angle never actually approaches the resonance
| S | 2 .
cone, &6 << 1, a reasonable approximation is to take &(8) = 6 . Substitu-

tion of (A.13) into (A!lO) then yields

res

Iy, | | 2 (v 3 voo42 - |
R T [__lfﬂﬁl;h] [.Jﬂl ] exp[} [ _Eh.] ]* - (A.18)
w o | tan 3] Vit s Vih
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TABLE 1 : : S ]

Data ffom Frank and Owens [1970], covcrihg the-storm of 9 July 1966.

Energiés are given in keV.

-2 -1 _ Energy Density
» ~ I4 « e g J ak a ] 4 -
‘Lne;g) Range Flux (cm ~ sec ) Number Density (cm 7) (ergs cm 3)
30 < E < 50 4.0 x 10 1.5 - ©79.6 x 107°.
16 < E < 25 4.5 x 108 2.4 7.7 % 1078
11 < E < 19 4.0 x 10° . 2.5 | 6 x 1078
' 8 ' . L -8
g 7 <E<12 2.5 x 10 A 1.9 3 x 10
3<E<5 1.0 x 10° : 1.2 B 6 x 1070
- e 7 . - o S a9
1.1 <E< 1.8 4.5 x 10 © 0.9 2 % 10
- 0.45 < E < 0.75 6 x 10° 0.2 | 2 x 10710
; . L 9 | ~ | o -7
TOTAL - . 1.6 x 10 ~10.6 . . 2.7 x 10
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Figure 1.

“ FIGURE CAPTIONS

A review of the magnetic storm model prescnted by Cornwall,

. Covoniti, and Thorne [1970]. S to 50 keV protons injected from

Figure 2.

- Figure 3.

Figure 4.

the magnetospheric tail during magnetic étorm main phase become
highly unstable and are precibitated just inside the ﬁlasmapausc.
During the storm recovery the slow outward expansion of the
plésmasphere erodes the symmetric ring current along the inner
edge.

The obsecrved D
st

vs. SAR-arc intensity points of Rees and Akasofu

[1963) are compared to theoretical curves estimated from the

total énergy content of the ring current, assuming a 25% enefgy
éonversion effiéiency over é time scale of one-half to-one day.
The thermal electron Landau damping’rate of ion cyclotron Qaves
is plottecd against latitude along a typical magnetospheric ray
path for both diffﬁsiveAequilibrum and g?rofrequency (N/B = céhst.)
density modcls. The wave normal éﬁgle bétween the magnetic field
and propagation vector 1s also shownL'

Ray path integrated damping rates for both diffusive equilibrium
(solid lines) and gyfofrequency (dotted 1iﬁes)_dengity models are
used to plot the £esiduai wave energ} against electron tempera-
ture for various wave frequencies normalized to the equatoridl

proton gyrofrequency along the ray path.



wm

Figure

Figure 6.

The total cléctron heat flux to the ionosphere due to both proton
Coulomb. dissipation and Landau wave absorption is plotted against

electron temperature. ~Intersection points with the collisionless

"Strong diffusion'" conduction curve specify the equilibrium

equatorial electron tempcrature and SAR-arc intensity.
A synopsis of the energy transfer processes responsible for

SAR-arc formation at the plasmapause.
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