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Abstract: Basic concepts of anomalous res1stiv1ty and the physical mecha­
msm of current driven mstab1lit1es are reviewed with a view to applying them to 
the field-aligned acceleration of auroral electrons. A paradox that an anomalous 
'resistivity' contributes to acceleration of electrons 1s resolved by taking mto ac­
count its different effects on electrons m different parts of the distribution function 
(PAPADOPOULOS: Rev. Geophys. Space Phys, 15, 113, 1977); bulk electrons carry­
mg a field-aligned current are anomalously scattered and decelerated by collisions 
with turbulent electrostatic waves and contribute to mamtam parallel electric field, 
which m turn accelerates electrons in the tail of the d1stnbution. Among the 
possible mstab1lities the electrostatic ion cyclotron mstab1hty has the lowest 
threshold velocity for the wide range of Te/Ti mcluding Te/Ti"' 1, which is valid m 
the upper ionosphere. The electrostatic 10n cyclotron wave is destab1hzed by a 
relatively small field-aligned current m the upper ionosphere (KINDEL and KENNEL: 
J. Geophys Res., 76, 3055, 1971). A numerical model of the field-aligned ac­
celeration by SATO (Symposrnm on Plasma Waves m the Magnetosphere, 66, 1978) 
1s reviewed in order to emphasize an important role of the ionosphere; the existence 
of a res1st1ve external circmt (ionosphere) 1s necessary for resolvmg the 'chicken­
egg' cause and effect relationship among parallel electric field, anomalous res1st1vity 
and formation of runaway (accelerated) electrons prec1p1tatmg downward mto the 
ionosphere. 
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1. Ii t.:, cl) IC. 

* -p :11J!-=t0)11nJ10)rpiN1k1 *-p 7 0)9e��m:�MW3i- ;.s m'i'tJ£ 0M1�tJ: rp, flN ---c ,h ;,s 

i1;, �:ili:O) p Jr 'Y J,, ffifil.vc l 0Jil'ffi'tJ:tiJJlU*s=':vi, iST1i:f1JKi��vc. l o*-f-0)1Jf-1JlB0)11f1f§ 

fi '1::-J{#vt--C \,, 0 (ARNOLDY et al., 1974; MOZER et al, 1977; tffi5, 1978). 
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°
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::. -r .::c. * Jv=t--�vc.ifttr:� 6. ---c·vi::. 0) .::c. * Jv =t--�vi, Tifl'A�M---c vt.1PJvc.M�� 6 o)-c zb 7J 

? iJ,. 
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1v =¥ -�iJ;t10 0 c L --C, 7c O)*s=': l L --C'A:9::. 6 :JJf-lJ!vc v:>\, ,---cii@'i-6. �vc.���:b'[vc. ct 61m 

;!vc;W,,r#-� � --C, lW-¥---C vt. 7c 0)£�a'-Jtdfilv;:::.�!h;h, (PAPADOPOULOS, 1977), (1)"' (3) vc V:,\,, -c�fu 

f6. 'it-:.{ic'jfi (1978) vcl Q '/ � ;:1. v-V 3 :/-l:-7/v�{yUv�c V), 7,"'--7'0){iiTiil1J*Jf-fJll 
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(l) 

-:. ��vt t LftiJ G n� ��1*·-c E11 �mtf'if-e � h�i. ffl r vt ?iI- £ vc1Jr:iJ! � h 0-:. c ,j:�"t 
iJ;' -t t -t" t -� II 7° 5 �-� � .J: :He' :ffl}i--c· ViU! -ffi� C di,. tJ:: -lt 0 7° 5 ;( � $-e E11 � IE 
,m,�vc (�tJ:: < ct fflriJ;� keV vc;br:iJ! �ho vc -j-71tJ::H�Fa1) *lf'if'°t 0-:. c �1m•--c·j; 0. 

-�, ffi��_a; 0 7°5 A-���x_;rnf, ffl-y��gf}Jv:J:. mi =OO ���Jl'"(·�� .J:? vcic.�� 

hG. 

(2) 

(3) 

"'.)j: Q' fflvft�VTE-lt�f:t- - A �$J!Uvc .J: '? -CfJci 0 E11 =r;11h1 �-��!E,m,�vcml1#--t 0 
,:. c iJ;AJfjl§--c· j; Q. LiJ� L�vc1Jr:iJ! c \t, ? )�iJ� G J! 0 c, -:. � .J: ? fJ::11\:#C (ffi�) vi, �T 
vcJt L -c �vc�J! c L -c fi:h �, E11 vc .J: 0 -C-5£J!Jjf--c· r Y 7 r � -lt 0 tDt--c·1Jr:1J!vc�1 tJ:: G 
tJ:: \t '· 

J:�� .J: 5 vc, mi*�tJ::ffl:it <ffl:r�J1Jjf71;fp�•io -c-� x. 0 �! Q, E11 �imf,J (f:lij� 
n;!IZ,�) c 1Jr:iJ! <•oo�--c- j; 0 -:. c n;!IZ,�) c vtt§�"t 0 !Jl.� --c· j; 9, 1Jr:iJ!vc f 11\:#CJ iJ;�i 
< c \t, ::> � x. vt ,,{ 5 r � ::7 A vcJ!lx. 0 iJ;, A,m,m:mvc .J: 01Jr:iJ!n;,,{ 5 r � ::7 7' --c·tJ:: \t,-:. c vi 

PAPADOPOULOS ( 1977)vc .J: 0 -C �JHRJC Wl §F.1 � h -C \t , 0. .7c ,:. '"c' t
rF '"c' vi PAP ADO POULOS ( 1977) 

vc L f..:iJ; 0 -C, i -f � :!l!J:ffi:#Cvc "'J \t, -C � x. -C d;l.. 0. 
!/ - µ :/ffi�vc:ro\t ,-c, fflriJ;� (2) --c-�-lt 0 .J: 5 tJ::*� t.r.ttx.sLJEJ�:ji#"'.) fffi�J �:¥tvt 

0 ��1, ffl-y�;f-7 :/ -Y 7 Jv.:i:. ::f Jv,¥- e2/(411:sor) iJ;fJL-=f-Fa9� f§:Xf��VC .J: 0 ��.:i:. ::f Jv� 

- mev//2 (Vr viffl-=f--1 :t- :/r1c1,�fflx-J-J!Jjf) c !R]�}jtvctJ:: 0 t.::. c � �di,. --c·j; Q. "'.)£ 9 '�r 
vi��--c-�x. GtLo .J: '.5 tJ:: ro vc i --c-1 :t- :/VC�JL[ LtJ::\t, c *� fJ::ffi.!iLfiEJ�fil'"'Jffi.!iL�:¥tvt 
t.r. \t \. 
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(4) 

(5) 

(6) 

Lil" L. �&H::::. vi !7 - i=z :,; 1JiJ;f-<Feffl1rc-ti; '6 t-=:ot.) vuJ, � tJ.: Hx!L%J 0)1i5c'5LiJ; .J: IJ 1¥-� L, A 
(6) vi 

(7) 

C --g- '6 � � -c-tl; '6 (SPITZER, 1962). .::. ;:_ ·-c In A vi� - \-I :/X� � ---c In 11 "'10 -c-210 '6. ��511. 
{giJ;j};Jl_�-C-O) TJc ���"IL of-:_c).)v::._ Vr"'-'Vre ci"°hvi 

---c -3· x. G h '6 . 

me112e2 In A ric= ------- In A=6 5 x 10----­., 4rrco2(kT)3/2 . ye312 

(8) 

(9) 

?JO::::.ffi:-=fi1;1 ;t-:,;v::::.:ML---CJfil& Vn -c-;l:�:l:xtB".H::::. r' � 7 l- L-n<6:f:R,,fr��;t'6. Vn-:SV1·e 
-01 Vr "'VTe -C''1S I), A (2) O)JffrJ�Jff0)7(�� Fa, F=l.Jcme Vnoe Vn/vr/ ctJ.: I) Vn c�vc 
*�<ts:_ l);;ii: (2) vi/E:'.��tM�t-Yv:::>. LiJ4 L:iJE:v::::. Vn>Vr e -Cvi Vr l" Vn -C''1S I) F=l.Jcme Vncx.1/ 
Vn2 ctJ.:'6. v:::>"i I) Fvi Vn c;l�vUJ\� < tJ.: 1), W:mt'r{UM,iJ;tl)�.LR,{1-vCvi Vn 'c'7E'6ffi:-=f-vi 

F 

Fl'l'\Ai ---------

0 v;. 

�1 m�c�*y����n��hG�fflM 
� [!:t Vr � � � c L -c yjZ -t- (PAPADO­

POULOS, 1977 i';:'... J: 0) 
Fzg 1. Frtctwnal force F between electrons and 

wns as a functwn of their relative velocity 
Vr (afte1 PAPADOPOULOS, 1977) 
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.l;lJ.:O)!Ujf*�5Ettl¥Jvc� Lt..: t 0)-(', 7C{fil7fO)'�r (v::;vTe) vi !1- P :,;jj��'.:?l:vt 01.J:, � 
!1 A '7 ;r. lvJj'1fJO)f§#;t}rO)'?K=fvi, !1- p :,;jj��vi C Iv c·'.:?tvtfvc m�vc J: "'.) ··cvnJ! �;rt 
�;t:�-J-c ts: 9 ? 0.::. c �� L-Ct., Q. *�O)�-yi.J:, �JE:ffi:rc ts: 0.::. c ts: Lvc !1- P:,; 

fJf�vc J: "'.) -C*iM��;h,QJ&7CO)m� ED (Dreicer m�) vi 

(10) 

--e-9- x. G tt Q . 
.::. .::. "C:'$,B�tfm 7° '7 ;;( "? v-=. :xt L -C r;c c ED O)* � � � J[ffl t "'.) -C �.::. ? . h"' 104 km "c' 0) 

{f!1 n-107 
m-

3 c Te ""3000°K ��A -t 0 c A (9), (10) J: 9 

r;c =4 x 10-3 n-m 

ED =lO-s V/m 

�f�}-9 . .::. 0) J:? vUJ\� tJ:'f[.L�vc J: "'.) -C1: l:0tfH�JJtlJJfPJO)mfft�vi, t:.c ic.SjJ�O)� 
:J:Hc:ht..: "'.) -Cffl:B-L-C{i(Sj/-.�,t;;v r O){@:"(·ti; 9, :i""- P :1m-J-O):r..:f1v=¥-vCviffl�1.t,. 
Ye.::. -c-, :i""- P '7 �-yO):r. .:f Jv=t-' - vc;t§�-t 0 m&�i.J:SJJflJJfPJvCmft� � ;rt Q t:.oi'.:>vCvi, 
gl1?¥{VC7C � td!ti1i)J:�,� c ts: 0 i.J�. .::. O){wf� ::::· < 7C �--"'.)vive;[� t "'.) -C 7-;.. Q. * - P '7 7 -
!1 r:p-C-�i 10 µA/m2 

�� 0) hf O)ffiEil�:ffl� �;rt-CI.' 0 n: (PARK and CLOUTIER, 1971), ,: 0) 

J:? fJ:'"ftvfE (1-ilil:tiO)f..:oi:>vC(fJ'ffi:-yvCJ: 93lvi;rt0 c�x.0) i.J:, :i""- P 7m-=fO):r..:f;v:¥­
vC:X� rt--t 0 V11 -s kV O)m{:s'l�vc J: 91:_ t: t..: t 0) c � x. 0. � G vc E11 n: , ,.., IRE ffl�vc:h 
t.::. "? -c #tE-t 0 c � x. Q c , 

E11 = Vit!l-0.S mV/m 

1Jana=E1tfhi "'80 il-m 

ctJ:6. t t>6lv.::.fi,Go)*��vi, z vc'f.&ffLJs< "i"C:':i--;,''-O)ms"(·ti;Qn:, 1.,fnvc 
L -C t 1Jana'�r;c, E11 ')>ED --eJ; Q. c .::. 6 "c' 1Jano 0)7( � � n:, �-O)ffl�ts: O)i.J, � Ji!. Q t.::.o'.:> vc 
'�1JJff.J�i O)mm c J::t� L -c ::t-o < . E � 0)"" ;-·· - -+.: / M:11c�t r; 1- 1 s 0) ��1¥JtdlHi 

1)1- I s ""6 X 10
4 

n-m 

·-eel) 9, .::.;h,vi 1Jano vc.Jt""'nvivi0i.J•vC7C�\,, . .::. O)Jj\:�vi, 1it�Ji"t:'vi� kV O)�{\i:�� 
mn•c��JJfPJK•�-t60)��£�JsQ.::.c�•*L <���-'7-=¥-� ��K�R 
-rkV O)'"it{ft�iJ�iJ.iJ. "?-CI.' Q), ,.��/i't c I.' ? 1.fi:mlt 0) 71-ffil@J�O)ffiEil�. E11 0) nltltsl�� 
x. 6_1::"t:·��mvc:l:�"t:-Js 6.::. c �1&*-t 6. 

J.:�[30) J: ? vc, ti�J.fi:mvi�mm:ttvcJ::t""', vi Q iJ•vUJ\ � \, ,iJ�. :VllJ! 0)1£:f-14: CI.'? }�"c'vi 
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��vt�t�9;J-P/��0��tt�0�vtm�t�0. �19����ffi� c��t 

0 't1t -=fvc�-t Lt -5:E 0 ��ltlrm.i:fi-'i c L-c !�jJ <) c �t.i:: 9, J!JJ[ o) ,J, � t.i:: 1ltrvi ?' - 1=1 / f.1"1� 

vc l l'.J �jf��H�, ;;i- - A 0t&rt1Jt-1x i 0 l 5 t.i::�� Eo(-$ED) o)*ffJ:#vc*-s--t oil:, -1J 

J£flt0::k�t.i::1!t-=_HiEJ: C Iv c' ;J - p / 1:frs�0J����vt-n=., Eo vC l 0 L 1JnJ!�n3i;E'ttL 

r c t.i:: 6 ,1t� --c-21) 6. .:. h vi ffe/rin1ttt 0 LJJ �vc t 25 t vii i'.J , ::9c v:::. ;£ � t:.. _, � :J r' 'Y v 7, iJ �, tl 

=f0 � !Ip ·tt��7c.. 6 ,::_ C vC l 0 tffl?ffk:�;h,6 ,::_ C �� L-n, 6. t:..k. L��niv10:l;;'ii"lC 

,l1 JJ�J1-lbt l i) t ( i 6 iJ, v:. ::k � tJ: ¥('i'r� JI\:}JHt, 7
° :J ;1..' � r=j::i 0 �ic;ttt r::. J: -0 t t t:.. '? � J t 6 

iJ;, :,1- - p 7 �ir < ?&thtiJ: o) 7' 7 A-�1�*5:Ett 015jJ,t9{,;jf�i�� *- o J:--c-l± § --t� � }�\vi, 

:k - 1=1 7 ,;jfL 7 V - :7 7 -y 7
°

�], � 6 \.'Ii MttiMJ-vc t wrnm � h 6 lS�;Jfi �viE 0{ftE (TIJIMA 

and POTEMRA, 1976) "c' 25 0 'J. ;:_ 0 )/1 0{f1fvi, f:__ f,:_ 't::; vC-Jr - P 7 ffi:-=f 0;}JQJ!�� .:_ -j- E11 

O);{ftE���'t" 6 t 0t'VifJ:\,'1J;, -ht::k�t.i:: }// vc J: 0 L, 1iii;JfJRvC{S0 tfnJGiJ,0)1�nr;: 

�*JEttiJ;l)j)J,1:9 �h, �rfitrft:Jn�:i: l'., �--rt ;_s nJ��tiv:.v::>t,tvi-J---c-vc�� < t�m�h t �t:.. 

(t:.. C X. (i SWIFT, 1965). 7c ;:_ L t-Xrt vi, {{::Hifl:1JiJR'mbtvc l 0 L JE}Jj(g � n? 6 Buneman 

/J�*5rt1:, 1 */1rvJr.1,*1C'l�L 1�1rm1 :;j-y-rJ-1 ;J p 1, p /1�*!E:'.tt0je{:t���cv::>1.i,t;Jt. 

1:lfl L, ;� 1111. t-i S/ � ;:I. v - S/ 3 / 0 *;' L!f� c , r�� � vc j@Jl:J ·l o J&ii' 0 ri:ii� ,i�uc "".)", t ;;F L < f;Jt 

3.] Buneman �:t'�tt 

.:. 0)1-:_�fEttvi, ilitWEl'9 (nonresonant) tJ::Jt�*�t1--c-ci,;.s. r� 2 o) l 5 vc, 'fltri.J·1 :,J- / 

�cMLt3*oc VD --C'F� 7 ), L-C\i,67
°
77�-x'��X..Q. C0if�0)7}-��vi, '�riJ:!WtJ1:L 

t�*-C{)(O) l 5 v::::.-9-Jt. Gh 6. 

( 11) 

[ ( (J) )2/3]3/� 

lk· ViJ\ <wpe 1 + -w:: ( 12) 
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!&I 2 Buneman �*'.AE·l�v::.�,�tJ:'ilt-=f c 1 ::t '/ O)Ji/Jt5}*11*l�. -Nv �t�*'.AEYBlO){)tJF:l:& 
It O)i1ui�ffi-t 

Fig 2. Electron and wn velocity d1strzbut zons for the case of Buneman mstabd1ty and the 
range of phase velocity of unstable waves 

[ ,y'--( )1/3] 
(J)�(J)p6 l +i / 2:� 

7 

(13) 

0) l '.5 v.:.�;t G no .  L t.:.iJ� "? --C7G*5Et�� O){i[*§Jfil&vt , � 2 0) "'11\r --c:-� Li: ii�--c-� 0 .  
t.:. t!.. LtJJ: O)A�i. �v.:.:x;j L --C 'mr c 1 ;;t :,.,  iJ�f,st.:. \, ,  1::' - A c 7,,.. t�-l±" o �ifv.:. 0)7,,..7Fi5<'_h"C', 
?x O)�{lfiJ�n\t.ft L --C l '  t� vt;J1, �it� Gt� \, ' · 

(1 4) 

1J 7 r Jfil&n�JI>J< � n 0 .  

� 3 a .  2 � O)  1 * / 1::· - A v.:. c1: o 2 mtf*7f-*5Ett 0) 1 ?x5c�{ii v � :i. v - v ::! / O)m5* 
--c:-� o (DAVIDSON et al., 1 970). ;: O){JU--c:-�t:xt�tttJ� G'mvfEvi O --c:-� on: ,  7G*5Eii_O)�IJ: 
vi� 2 O)�if c*Jia9v.:.n �b Gt� t, , , Wll3:Jj(rl--c:·�t'mr • 1 * :,.,�v.:.+Jtr/ijO)�\, 'Jfil&5d-1JI 
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F,g 8. Electron and ion velocity distnbutwns for the case of electrostatic ion cyclotron 
rnstability and the range of phase velocity of unstable waves. Vv' is the drift velocity 
of electrons rn the d1rectwn of the wave propagation (oblique to the magnetic field). 
Note that the instabtlity occurs even if the wave phase velocity ltes m the region of 
<;trong ion Landau dampmg m the case of k1- =0. 
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7 ;;z..'� J,ru•inc� L < t.i: 0 ,  "'J i  9 gp���0)5i1, ,�:tc5E·I� (Buneman 

�:tc5E·l1:) vqJrr� 0 r Y 7 r Jfil/.t�jf-�. }��v'i STRINGER O)gf�tJ���-ct.i: 1, ,  
iJ:lg!Z�jf-� (KINDEL and KENNEL, 1971 vc J: 0 ). 

Fig. 9. Hydrogen plasma critical drifts, normalized to the electron thermal speed, of the 
ion cyclotron and ion acoustic waves as a function of electron to ion temperature 
ratio, Te/Ti . The H+ cyclotron wave is unstable to the smaller current over the 
range 0.1 < Te/Ti <8. In addition, we plot, usmg STRINGER'S (1964) results, the 

drift for which the maximum ion acoustic growth rate equals the ion plasma fre­
quency, the transition to nonresonant strongly unstable behavior (BUNEMAN, 1959). 
The dotted lines indicate where STRINGER' s estimates may be inaccurate (after 
KINDEL and KENNEL, 1971). 
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Jtvc� G (KINDEL and KENNEL, 197 1  vc J: G ). 

Fig 1 1  Comparzson of criflcal current profiles and field-aligned currents. We computed 
the critical current for the o+ cyclotron wave assuming the plasma were pure o+ 

(lowest solid curve), the pure fl+ cyclotron wave (middle sobd curve), and the ion 
acoustic wave (top solid curve). Te/T, was chosen to be 1 The dotted lines re­
present the cw rent densities for total field-aligned current fluxes (at 200 km) of 108, 

109, 1010, and 1011 electrons/cm2 sec as a function of height assuming L�8 and that 
the current is conserved. For thzs ionosphere, 108 electrons/cm2 sec zs stable, 109 

electrons/cm2 sec excites cyclotron waves, 1010 electrons/cm2 • sec may excite ion 
acoustic waves. As the current increases, the unstable region moves to lower alti­
tude (after KINDEL and KENNEL 1971). 
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F1g. 12. Constant potentzal source-driven field­
alzgned acceleratwn model (SATO, 1978). 
At t =O field-altgned current with zntensrty 
of !11 = </J 1-I Rp, where Rp is the wnospheric 
Pedersen resistivity, flows along the equi­
potential field lzne Owing to the sym­
metry we have only to consider a half of the 
closed circuit 
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