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AROMALO!'S DC RESISTIVITY AND DOUBLF. LAYERS
LN THE AURORAL IONOSPHERE

Je M. Kindel, Chris Barnea, and D. W. Foralund
Lus Alamos National Laboratory

Abstract

There are at least four candidate Instabilities which
might account for anomalnus dc reaistivity in the auroral
ionosphere. These are: the 1{on=-ncouatic 1inatahility, the
Buneman instability, the ion-evclotron instabllity and double
layerns. We report here results of comhuter saimulations af
these four inatabilitiea which suggest that double lavers are
muat 1ikely to he renponeible for remiativity in the aurnral
ZONC .

The polar magnetoaphere='onoaphere interface 1is characterized by fleld-
aligned currenta conneciing reglons of piasma wita vastly different  partiele
densityv and cnerpy. Observat ional  and  theoret leal studies Indicate  that
parallel and perpendicular electrle fleldn exiat in the rvnlnn.l It would ot
be Rurprising to find micro=Iastabllities there which prow to saipndficant
amplitude and lead to  resintivite and particle acceleration. Althoupgh the
"bemdary" conditions  In this repfon are not well known, mart [ealarle po fele
dintribution functionn, {t would svem usciul to ertuady the e micro={nstahilities
ina gimplified, hut more eonteellahle forme 11 thelr belavior aml el tect under
these condit tone are Fnown, then additional comploxity and realite can e bul 1t
into the madel with some hope of produclog results which ean be compared with

erperimentnl nheervat fonu.
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The contents of this paper are therefore a summary of our work 1in
simulating several instabilities in mimple configurations. From these results,
one can tlnn say something about what physics might atill be mnissing from n
simulation wmndel which explains physical observationa. In a sensc, we arc
presenting only a progress report in a larger ongning program aimed at matching
simulation with the physical world.

We are concerned with clectrostatic instahilities and wavesn which appear {n
a current carrying plasmn with a posalhle field aligned electriec field in which
both particle apecies 1initfally have Maxwellian distribution functions. When
Vg € Ve and Tl << T,« w2 expert ion acoustic waves to grow and produce d=¢
resistivity. An v, cxceeds the electron thermal speed, the Buneman inmtabilfty
will arime for nll {on tcnpor.ll.urou.2 In the presence of n strong mapgnet.ce
field, oo Wnes ion-cyclotron waven will nrnw.‘ There Is nlro the porsibilite
of double layers, efther with or without a magnetie ficld prununt.h Yoo
that nmipnificant remintivit. occurs asn  a reanlt of {fon=acouatic and hunenan
{nrtability and of double layver., but not  lon=cyclotron waves directlve The
former «ftects plve rine tee large ehanger In electron and {fon Jintribat fon
functinns. Flpure | srows the repiomes of there instabilitieos an determined by
the rosultes of compuler experiments (n our simplified cont ignrat fons (unttorn,

pl.‘l‘lndh‘)-

The_Madu !

A ntandard clectrostatie partlele code wan uned thronghout . An arbltrary
atrength, uniform magnetic fleld conld be applicd in any direction relatfvee to
the coordinate axes. The bulk of the calentlationn vwere done with  perfadie
houndary conditionn on the {{elds and particles. Nowever, some rane were done

in a convective nvatem where the potent fal wan held tixed at two boundarfen anld
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particles striking thesc walls were collected. New particles could then be
injected at the boundaries with any desired distribution function. Tn this
configuration, heat could bte continually drained from the system by particle
convection. A fixed or time-varying potential could be placed across the
bounderies of this syst m to accelerate electrons or maintain a constant
current. In the periodic svstem, a uniform electric ficld could alse bhe

applied,

Ton-Acoustic Turbulence

Tv is well known that electrons dritfting through an {on backpround will
exclte fon=acoustic waves which, 11 the lons are cold enouph, will grow to larye
amplitude, The threshold drift velocity for growth {s predicted from theory to
be only several times the ton sound speed vv//?ﬁﬁﬁmf. It has  been tound 1roc
simutations,  that dritt veloelties must exceed  rouphily v“/\ to produece g
stpnfficant level of fon wave fluctuntions. When vy > ov S modftfeation of the
clectron distribut{on tunction {s casily observed as ts an enhaveed leovel of de
resfstivitys The fon=acoustic waves produced in sueh aosvstem are characterfeed
hy o Tarpe anpular spectrum of modes o Althourh each mode saturatos at o a tafrly
low level, taken as whole they can produce fon flactuation jevel s ol Vo
particalarlv for dritt veloctties exceoding \",,’,‘. The drittdoy electrons 7,
peatter of f these ton=t Iactuat fensy Teading to an anomalous iy hieh ottect fve
colliston fregquency in the several x l”_‘(npv ranve s The offect on the electron
disteibhut ton functdon s tao  tiest flatten tHt, then whow Tt towarde  low
velocftten  wo that  the  peak appears very near v - O, The high veloctty o
then runs away (In the preseace of oan exterally applied 70t a0 mearly the
free aceeleratton  rate uinee fart  clectrons do not meteh well the paratle)

component s ol the fon wave phase velocitye Flpare D fa 00 plat ot o typlead
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electron distribution functioﬁ showing the skewing of the perk and the runawav
tail due to the presence of ion-acoustic turbulence.

The wide angular spread of the ion modes suggests that the level of dion-
acoustic turbulence in a one-dimensional system would be much smaller, producing
a low level of resistivity. One=dimensional simulatinns show this to be  true,
glving cne to two orders of magnitude lower resistivitv than is found in two-
dimensional svatems.

In a magnetized svstem with a uniform magnetie  field parallel  to th.
direction of drift, the level of {fon woaves excited o reduced, more so ac the

field increases. For fnstance when w S

. ; ave s i+ ' : vy SO
co E e the wave amplitude {s T than

half  of the equivalent unmagnetized values  The anomalous resistivity resaltinge
from the fon turbulence decreasce raptdlv as magnetic tield strenvth fnerease.,
Figure 3 showe the variation of measured resistivity in tonr 2= runs with
Vg T Ve The  magnetic  tield increases from A K l‘uw . HE

resistivity varies over aimosst an order of maenitude in theose toar ran.e.

Bunenan lniiﬂhllitv

When  the  colectron dritt excoeds rouphly 13 Vo the Buneaan dinstahility
takes overs This Instabl ity {0 a hvdoodynamic tvpe Instability which o abma
Indensftive to  Lon temperature and maenet e fleld strenethe Tt Teadae to hioh
reststivity and rapid electran heat inge, Becanue the unatahle waveuw are burtye byeed
around  the dritt ddreetton, a ane=dimenstona’ or mapnetized svatem will exhibit
this tnstability as strongly au o a molti=dimendtonal or anmapnet ioed wvat om,

Thisv Anstabilfity  effeetfvely  places an upper  Hmit on the  relat{ve

electron=-fon dritt  tna Maxwellfan  planma. Bocanse  prestattefty rapfdls

inereanes with dritt, vdfv“ fo eftectively Hmlted to the order or 1.5,



Ion-Cyclotron Waves

Because of the presence cof a magnetic field and the likelihood that the ion
temperature equals or exceeds the electron temperature in the magnetosphere,
ion~acoustic waves may not provide the principal resistivity mechanism there.
1t has been shown that ion cyclotron waves are excited bv relative electron-ion
drift in a magnetized plasma. The question is whether thesce waves will lead to
large enough i1on densitv variations to produce resistivitv,

We  have found that in order to excite large amplitude fon-cvelotron waves
ir, & uniform plasma, electron dritt must  exceed the  Bureman  limit. Nt
surprisingly, Banoman resistivity  overshadows anv due to fon=svelotron waves.
Ina run in which vy = 2v dnftially and in which subscquently the  current s
Fept  constant by the  applicartion  of an external electric ficld, the Bunemon
instability crows rapidly  to  saturation  produacine a0 peak  ir resistivity,
Fipure 4o shows o time hiictor o cloctrontatic ticb enerew Ao thie run. Tli
rapid prowth of the Boaneman inctab i ity can he weens There is o rapi! eleetron
heat fny co thae ‘.'(l/\'(‘ declines, quenchinge the faatabilite,  Firure Sn shows the
parallel electron  temperatare  histors  tor the  same  rav, Meantt fon-

*

cvelotron vaves  are prowvinge  to larve anplitudes They pergist throuebont the

reviaindes ot the run,  althousy they Seec to e weak by driven, T i

apparent I the  case s iae (SN P now onle b ardor o and ey The moded are
v +

nearly perpendica’ar to the mappnetic ticld and ocenr g the tipot e o oy

harmenice  of the fon evelotron Treqoeoo v, The resistivite declines Tate o the
run an order ot mapnitade trom it peas value. Pven  this value 0w pone Wy
attribotable to restdoal maneean anduced resistivity,  Fipore 5 shows o plot ot
a petentdal savtace talken durfoy the Bonesan fnetability phave ot this ran,
Elecvean dritt and  mapnetic tield divection  fo nearly perpendicatar coo !,

horfzontal axis,  Flpuvre o showe o o simtiar plot later in the  ron when the
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Buneman waves have died down and ion-cyclotron waves are fullv developed., The
model was arranged to favor an axis aliened fon-cveolotron mode.

Figure 7 shows a potential surface plot for a similar run in which the
drift and magnetic field were aligned with the horizental axis. Ton-cv lotron
waves can be seen propagating onliquelv to the horizontal  axis, The  Timite!
angular spectrum can he inferred from this plot.

In order to a.sess  the level of resistivity due to fon-cvelotron wiave
alone, we performed a series of one=dimensional caleulations in which  the  mod,
vector was at a large angle (857) from the maynet e fietd and drist direcstion,
This prevents the Buneman instability from growing while allowine  jon=cvelotra

modes  to erow  freelwv, Dritt velocities hetween 1oh V.. and 3 v,owere et

~ "\ -

Anomalous collision frequencies bebetween 10 and e were megsuted s ey

e
this  must be taken as an upper Timit since there was sone evidence of o8y an,
Enneman wave s, Ton denaity variations of order 107 wore woen. Vieare ooy oo

oot of anomibons e ision frequency oo ftunction b et o veloedite s nne !

P these one=dimenasional rare,

The tecehle resistavity choerved moct ot feact in part be dae ta by
restricted  mode spectrum characteristio of dea=cvolotr o nowaves fa thin ety
nlike Jon=acoustic waven, fon-cvelotioan waven  do not have Larye oo
spectrum. The waves  do ot stecpen in saturation a fon=acoustic wave b

produciny a smaller density vaoriation,

NDouhle Taver:
Double Tavers are non=neatrval repgions oo cnrrent earevineg plasmy acto
which there can bhe o large potential fampe Flectrons are aceclorated acra

this jump  and  downstream  are thermalized by olectron=clectran two ot ream

turhulence, providing @ mechanfum tor converting P« Jwor! into tocrmat oneree,




Double layers are formed and driven by the drifting electron component at small
negative charpe perturbations. As shown by Hasegawa and Sato,5 there is a self
consistent solution to Poisson’s equation and the Vlasov equation in a non-
drifting plasma in which a negative potential well exists of depth less than the
electron thermal potential. TIf now the electrons ar- piven a drift across  such
a local structure, reflected electrons upstream will have ereater density than
trapped electrons downstream canging a net potential dump across the  structare,
This double  laver  is driven by electron drift encreove  In onc=dimen<ional

simulations 1t is seen that a4 small negative  potential  disturbasce will  tornm

movine  in the direction ot electron dritt ot neariv the sovnd specds A e

erowe din oamplitade ) fv decelerates, Tt Yocomes ctationary or aearly o<tati ooy

as it reaches masinuem amplitade ot which tiee there s g talle developed Bole 0

Ton phase space., Avofr de e diar v fon-acoustic  soblitary wave, it acain
pioks  an aneed e P the direction opposito to thie clectron Jdrint, tt
then divappears e B reaches the don sonnd apeed, ite Pitetioe e a0 nearte
statfonary Joauahle Taver can vty coniderab ey an b maey handye o ot s ey

;H'l‘i(u!h.
The above deceribhed doot e Taver G o enrrent drpven fantabhy ity in  whi.
the potentia! furiy cannot ereat 'y escced the clectron thermal cner oy e Do

[}

that the dritt ot fncomine electvons will be Timited to ronehie thoedr therog!

speed he don geonst e e Paneman dnstabh Ve e, Pl don phace vrace b hed
in ft caunsed be the potenttal dip oand done e trapped b EE N S NE A fon
Aceelerated NPt e e o o [ARERE Ao LT S T I T S R SRS PR SUUR U SR B YR
stread upstredn once they hoave poae o bty pota et ial i Vivare 9 ohowe i

example ot double Tavers toreed in cne-dimenaional computor abalat fong, AN FPRTRCY

ate plota o fon phase cpace  and  time averaved  clectrostatte potentfal o
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several instants of time. One can see the nepative potential dip in front of
the potential jump.

Suppose now that an external potential drop is applied across the plasmi
which contains the double ]ayer.6 The neutral plasme will exclude the appliv
field and force it to appear solelv in the non-=neutral double laver revions, 1o

this potential exceeds soveral kT /e

ot the fons aceelerated upstrean b o the jars

will become untrapped and stream upstream freely  past  the  aricinagl notent o)
dip. The dip ftself will disappear becaase the tractiona! e dn 4 ey fre
through the dip will be small due to the hich fon entrance velocite,  Troere wil!
be less  excess nerative charype there, an. therctore a smaller dip, Sioiee th

douhle laver is now field driven, the Jip which allowed 4 corvent drioes i,

Taver to torm {6 not necessary and in fact dicappears when tre oot 00 e
becomes lTarve enonch, Sow the fon and  electron phaae apaee oo fre
nirror imayes ot TR ather s with fons heamine nnectrean ot gt

Figure l" ahowe Z"l( o Lo 1‘?).[‘4‘ it Lot Voone=di e oy b ey AR ¢
tield driven donble laver acroes which there Copetent iy I
Notdoe that done are not trapped and treely otreee tin Lot Ve

eloctron dreiftr direction.

I'n one=dimenaion ! cimalat foa dogh 1, P AT YRR v s
spontancously o with dritt velocities ao Tow o e Coaopartienlaan e i vers !
Vst oeme, There  fo 0 hootatpaprdn, co Danior dn one dimencafon e 0o v vy
that f{elds do not decav with distance o in two aad threr dymens foan 1 te
houndary  condittons  are tixed patential  or pericad i, 0 potentiat G '

create a deceleratine Hiold elaowhere whioch G cvtraet onerypy trom Loy

clectvon drite and teed £ fnto the doabdle laver.
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This is bhecanse

miltidimensional

simulations,

~G-

doubhle

lavers

do nnt oas readily form,

thev form loecally and onlv become one-dimensional by spreadin:
sidewavs as  thev grow. The  local  porential dip does not tead towaric o
potential jump becaunse the excess negative  charoe upstream can be  defleer,
sidewavs aqt discipate. Aleny  the retardine field venerated he o dar vy
cxtracts drift  encrev from electrons locally  since fields fall afs o
distance.

ooa one=dinenaional dencity nertuarbation ; ' : . '
condition, upstreas escess electrons cannot he deflecto b oidowave (i ; -
tranaverse ) 1 tie A Aot rat o Pth distance., Ui ohe e
thoer dont e Tavere e r oo . PUione o v readile it =i '
Cimmiat i,

Tt paasrae e et i 0 donhl Laver  wrowioy Yo ! Co
nertart ot bon Wi ns Yoo [N At Necame e =t IR [RACSRE *
[ Dot e trancverae Wit ety i ' ’ et RIREE
Yo Do e vy Pl x IRRETELE NS " ' Co Lo ’
tarherleneey o SRR O clec ot i T .

e [ TR TN N \ LT S B A ] et (Y] [ i et oy
the beaadariea o vio b Triven Jdoat be oo Yot e ! I A N R B g
wher | T .o ! s foitiad e rtart o . . [T N
Yoty vt e e L XX BFTIIN N N T AR R B . v N ti
oL TN Voo ' [NARFRTWES ! - Pt fon o ! ! RERTERIN
Vaver dnowhiio b 0 e teet iy L “‘.‘ o s ! Vot i TR N , ,
lenyt he fon . Ta oty Presenoe 0t Voo e Ui T R I Rt EU KN B IR PR BROR
cvelotron waveo are excited ot downatteam o the  donhie lavon whoon, v
clectrons are heamine with hivh velocity, The  fon=cvolotron  waves  thy
propavate downactre e bt near ty R T gne iyt the maetet o tield, AR SRRTRI th



grow to

large

amplitude, they

significantlv.

Recsistivity

As
lavers and
resistivity i
t he
shows the

runis as A

Feooadb b casen, the ]\1({‘-.7'1«
\lﬂf".-’l.&’\!h‘(l‘;’.tui with Tl' :“'. Douhle Tavers toreed in aome o tie rie., at
Bivher dritt velocitics.,

Conditions in  the mroral SRR " U Tead re et artion ot g
modes sinee each b i femberatare oo et vl reanirencate tar
cristeno which oo Lot b met thoere Tom=aeone b ie wayes Fequir
Lemborature jons it o marnet e tieldey The  ton=cvclotron o anld
inctabilitice  require  clectron-fon  drie doacitics  eveeodinge tbhe o
theraal apecds Donhle Tavere are relatively dnsencitive  to mret i
Gtreestis g fon=clectron temperatare ratio Slthourh they apparent by Jdo ne
perburhation om owhich to prow,

It s thoueht that {fon temperature in the auroral  zone s comparable
clectron  temperatuare. That and the presence ot 0 mavnet fo tield aneeeats
fon=acoustic wiaves will not he drfven to Tarvee amplitade and o010 produace 1
resistivity, The two  hest candidates tor the  production  of auaroral
resistivity are double lTavers and the  Buneman  inciabhility, Poth  occut

electron

suggest ed

ion=cvclotron

anomalous

drift

in preceeding

the  Buneman
novurrent
instability
collision

fuanct ion of

te

Ton=t
carrving plasmas.,

PY‘H\‘.H(‘:W

clectron
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apparentlyv

paragraphs
lectron
(%}

by

dritt

’

instability

tar

trequency measured oo

velaoci{ty,

comparable to the electron thermal

the

do nnt affect  the double

lon-acousti rturbhulence,

specdy Becanse

two--dimenaional

haoth

laver

douh

lar e

all can  produce
four instabilities discussed,
[N e 0 reaiativity, Figare oo
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te e

Satie

whien

aaan



-11-
account for large resistivity, electron drift driven by external fields will not
much exceed the electron rhermal velocity.

In situations where the instabilitv is driven bv large external potential
drops (such as are found in the auroral zone), simulations have shown th:r
double layers will dominate over the otlier three candidates. Once formed, tiov
abhsorb most of the potential drop so that electron drift remaine ot or heloy b,
thermal speed except near the double  laver. Downstream, after the b
clectrons hecome thermalized by electron-electron two stream  oftects,  their
temperature mav he quite hioh,

Tt shoald  he mentioned  that the  form  of doubic lavers in the anroral

Tonosphere mav be quite ditterent from that supyested by osivnlartions ren oot

here. The particle dictribation function applicabhl o as bonndare o0 000 o
nost Tikely quice Jitteroar there and cont!t cause much more ostent! R
Taver like  stractares almeat untecoenisanie er heeine o robated o vy e
classical torm reported hereo Whntewven their  tore,  donh RTINS . e
ctticiently  convert boeamine cnerpey into thersad e, ) beadtiag o

b reaiat feity,

1. e P Vs g b O Ty TEormat bon ot Anrar gl Npoe g b e
Pro it it iona s An overviow, o Pheaden ot w0 Ny g
Publicat fon, a8,

o Do Buneman, }j@::. Bov,, JJJH U RN,

b T Me Findo b oand O Fe Fennely MTopndbde Currentr Dt ahi i e

Je Geophve, Reaoy Jhy d0ns (1aty,
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Figure Captions

Fig.

Fig.

Fig.

i

1.

'}l

0.

Regicns at which various instabilitirs will be found as a funrtion of

v /v_, the electron drift and wce/w

o/ Ve the magnetic field strength.

pe’
The effect of ion-acoustic vesistivity on tle electron distribution
function. Initially a drifting Maxwellian, the peak has skewed
towards zero velocity while the tail has extended, indicating runawav
electrons.

The effect of magnetic ficld strength o fon=acoustic  resistivity,
Shown  ie¢ o plot of effertive collision frequency normalized to w as

pe

a function of w_/

col¥per In all runs, the clectron drift as maintaianed

artovy = v e The mass ratio was 100 and Ti/WP wits 0,060,

A twe=dimensional simulat!on of {fon- velotron wave evcitation in whiel
VaoE vy W, E QmP“ and Ty o= T The mass ratio was 1000, () The
ti1l enerpy (mormalized to electron thermal cnerev) as a fanction ot
time with m“dt = 0,37, The Buneman b oceoilite vopidly watarates ol
heats ol crons, The  heated  celectrons reduce vd/v“ which Tarec!

WETw the fastahility later, don=cvelotiron  waves  piow 1o laree
amplitades ()Y A time history plot of paratlel olectron tomper ity
One can readily see the heat ey etffect of  the  Buneaan instability,
The  perpendicular clectron vomperature slo by fnereases by A0 da i
the ran as paraltel thermal enerve to Dot ropiced,

A potontial sartace plat ob the ran of Fled 4 davipe the carly ot fme
Wwhea o uaneman waves are o stronpest . Blectroa dedet and mopnet £ e
are avay from the viewer but ot o oTieht anele (87,

A el potenttal o surtace Later o the run when fon=evelotron wavee

have reached Tarpe amplftude,



Fig. 7.

"ig. 8,

Fig. 9.

Fip.

Fip

I 1)"0

104

ll.

124

~14~
A potential surface plot for a run in which an angular spectrum of
ion-cyclotron waves Is allowed. Several modes are present but nearlwv
perpendicular to the magnetic field which 1s along the horizontal axis
here.
Anomalous collison frequency in several 1-d runs duc to ion-cyclotron
waves.

Results »f 1 spatially periodic simulations ot current driven doublo

lavers. Flectron drift is  to the right. (a) Ton phasc space and
electrostatic potential at time Wy = 260, (b)) Similar plots  at
Whet T 160, One  can  ecasily see a potential dip fellowed by o suen

near the ripght hand side.

ton phase space for a ficld driven double laver. Notice how the  dons
are not trapped but stream freely to the Teft (ap:tream),

A 2=d simulotion of a Ciceld driven double Tavers The double taver o
one=dtmensional (planar)  becausce it vas o launebhed  from the et
boundary which itecltf fs flat,

A plot  of anomal v colliston frequency oo a function of dritr far o
number of simutations in whiech fon=acoust e tarbulence was soon. For
tans  at the  larpere dritts, double tavers tormeds One can soe the
rapld fncrease as electron drift excoeds the thermal speeds Shown are
runs  with  two  difterent amass ratfes (100 and 2000),  The olectron.,
woere canled artittedally I some rans to o hetter  approsteoat s stoady

state conditions o a convectfve svston,
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