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Abstract 

In this note we identify a new collisionless dissipation rr.echanisra which 

can drive tearing modes in a plasma neutral sheet. The new mechanism relies 

on the presence of a background cold plasma which leads to node conversion 

into a continuous spectrum of cold plasma waves. 
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In recent yea r s , ex tens ive t h e o r e t i c a l work has been done on t e a r i ng 

modes in a c o l l i s i o n l e s s plasma neu t r a l sheet [Sagdeev 1979; Galeev 1978; 

Schindler 1974; Coppi e t a l . 1966]; such s t u d i e s are bel ieved to be re levan t 

to observat ions of the dynamics of e a r t h ' s geomagnetic t a i l . I t i s well known 

t h a t tearins; modes involve a breakup of the cur ren t sheet in the magnet ical ly 

n e u t r a l layer in to p e r i o d i c current f i l amen t s . This n e c e s s i t a t e s a change in 

the magnetic f i e ld l i n e topology and can occur only in the presence of a 

d i s s i p a t i v e mechanism, which breaks ideal-MHD c o n s t r a i n t s . In a c o l l i s i o n l e s s 

plasma, the d i s s i p a t i o n is t y p i c a l l y assumed to be due to wave-par t ic le 

i n t e r a c t i o n s v i z . e l e c t r o n and ion Landau damping e f f e c t s . In t h i s paper we 

demonstrate the ex i s t ence of a new c o l l i s i o n l e s s d i s s i p a t i o n mechanism which 

may con t r ibu te to t e a r i n g e f f e c t s . This d i s s i p a t i o n r e l i e s on the 

simultaneous presence of a cold background plasma in the hot plasma neu t ra l 

s h e e t ; the t ea r ing mode equations now contain cold plasma resonances 

( a s soc ia ted with f i n i t e perpendicular i n e r t i a of cold plasma p a r t i c l e s ) which 

lead to mode-conversion in to other damped and/or propagating waves. We show 

tha t for a cold plasma dens i ty comparable to hot plasma dens i ty , the 

c o n t r i b u t i o n from mode-conversion e f f ec t s can very s i g n i f i c a n t l y modify 

t e a r i n g mode growth r a t e s . 

We consider the well-known equi l ibr ium for a hot plasma neu t r a l sheet 

[ see , e . g . , Coppi et a l . 1966). The p a r t i c l e d i s t r i b u t i o n funct ions are given 

by 

2 
n exp(-m v^ /U.T ) m 2 e 

E -_2 « °° , - a . expf-7 s - h - v f v + — A I M . ( 1 ) 
ao , , . 3 / 2 K T 2 Oct - z n oz (Zirm T ; a a -x a 

inhere A (:0 is the onlv non-sera component of vector p o t e n t i a l . This 
oz 

2 
Toduc?s a s e l f - c o n s i s t e n t magnetic conf igura t ion with n (x) » n sech"(x/L) , 
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J = -en (x)v (1 + T./T ) , * = %- A = B tanh x/L , B" = 8 ™ (T + T ) z e oe l e vo dx 02 o ' o o e 1 
2 2 2 ' - ' 2 and L = (c~/v ) [T ~/2irn e (T + T.)]; the electrostatic potential is zero by oe e o e 1 

virtue of the choice of a frame where v /T + v ./T. = 0. We assume, in 
oe e oi 1 

addition, the simultaneous presence of a cold coll is ionless plasma background 
_3 with a density NQ par t ic les cm . 

We now consider a tearing perturbation of this equilibrium. The 

perturbed quantities go as g(x) exp(iky-iwt). We ignore the displacement 

current and combine the various Maxwell equations to derive the equation for 

perturbed electr ic field E viz. 

7(7-E) - 72E = ^ iuJ . (2) 

The current density perturbation J has a hot plasma contribution J, , and a 

cold plasma contribution J . J, is given by 

J u = r e ' vf d3v , (3) 
~h a • ~ a 

where f sat isf ies the linearized Vlasov equation; the Vlasov equation mav be 

solved by integration along the unperturbed trojectories giving formally 

f = - J ! f j i J ° E ( r , t ) - | ' dt- E[ r ( t - ) ,C- ] .v ( t - ) l • (4) 
a 

The first term is the adiabatic contribution. The second terra gives the non-

adiabatic effects associated with wave-particle interactions; this term gives 

the collisionless dissipation mechanism responsible for the growth of 

conventional tearing modes. Using Eq. (3) and Eq. (4) one may write 
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n a E „ n e E 

j, = - I [i _5_£ v 2 -i 2 + a * ~ •h L l T oa u m u lkv , J k̂v.. ' a a a tna tha. 

°aV + \a$ ' ( 5 ) 

i where v~ = 2T /ra , Z(r) is the well-known plasma dispersion function (Fried 
thct a a 

2 and Conte 1961) and we assumed m v /T < 1 . The derivation of the nonet oa a 
adiabatic term assumes (a) that E (x(t')) » E (x(t)J may be treated locally 

and taken out of the t" integration and (b) that the term is finite only for 
i y Ixl < (p L) " [where p = v , /(e B /ra c)I - a region in which particle a a tha a o a 

o r b i t s may be t r e a t e d as e s s e n t i a l l y unmagnetized. Tne cold plasma response 

may be r ead i ly w r i t t e n down using cold plasma theory [St ix 1962]. Thus we have 

icl = °1~ + °2 I x ~ 

i c , • y ° 3

 E v • ( 6 ) 

Where i and !l r e f e r to d i r e c t i o n s perpendicu la r and p a r a l l e l to the f i e ld 

l i n e s and 
* e" . IJ e"- p. 

r a a. ^-iu.) v ct a a 
° 1 " <• m m ' °2 = " '-_ _ 2 2 a a fi -u a a II - ui a a 

N e 2 

, - V 1 -S_» , C 7) 
J • D 111 

a a 

N being the dens i t y of cold spec ies a . S u b s t i t u t i n g for the components 

of J in Eq. (2) and e l imina t ing E x we get the two equat ions for E v , Zz-

,2 z~ - i k s , dE 
r±-* - k~ + : ; E + 1 2 + " , - — ' E = - = — '-r^\ (8a) . 2 a z na 1 , 2 ,. _ • z , 2 „ _ dx dx k - ; , -i . k - S . -i 1 na I na 
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A - , , 2 dE . E,E 
^ 2 3 nai y dx l

k
2-I,-J d x ' d x V-:,-!: 

1 na 1 na 

where E i — K — a • The full fourth order set can be used to study mode 
c 

conversion process in detail. For our purposes of derivation of tearing mode 

growth rates, it is sufficient to work in the limit of 

Infinite < conductivity o . Physically, this corresponds to restricting our 

attention to wavelengths long compared to the collisionless skin depth c/u_ e 

i.e., ck/w << 1. This point should be emphasized. The Infinite 

conductivity approximation is only meant to throw away correction terms of 

order c k /u_~ . If the 53 for cold plasma were truly infinite, a thin region 

of x ~ (T /m fj~) L where the cold plasma particles are unmagnetized c a" a 
would shield all indue ion fields and prevent reconnection; as it is, the 

contribution to y from electron inertia in this region is finite, but 

negligibly small. Equation (8b) shows that in this case E v (x) + 0 and then 

Eq. (8a) with right side equal to zero describes the tearing node of 

interest. We rewrite it as 

2 z~ 
' ^ ~ k 2 + t i E, = - '£ + Z, - — "• E (9) , 2 a • r. na 1 ,2 _ z dx k -1,-2 I na 

where 

, 2 2 , 2 
4tre v Aire n E - V — S « ( x ) - ? , I -T 2_S _SL_ z ( " _) , (10) 5 ^ T a 2 na 2 kv , kv . a a c a m c tha t.ia 

2 "* AirN a 2 *ii,1 e" (- iu)fi „ _ v Ct a Li r 3 3 - 3 

It is "0 be emphasized that the above expression for the hot plasma non-
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adiabatic contribution to the current, E n a . is derived under the assumption of 

untnagnetized particle orbits and is, as such, valid only for Ixl < (p L)'2 ; 

r = 0 for Ixl > (DaL,)'2. All terms independent of u = iy are written on the 

left side of Eq. (9); these will be treated as zeroth order terms. The terms 

proportional to m are perturbations and written on the right side. We solve 

the eigenvalue problem posed by Eq. (9) and the boundary condition of well-

behavedness at x = ±=>, by using standard ^uantum-mechanical perturbation 
2 2 theory. To the zeroth order we take u = 0, k L = 1 and use the equilibrium 

conditions following Eq. (1) to get tht; equation 

!L2 ~ - 1 + 2 Sech 2 f ) E = 0 , . 2 L ' zo dx 

with the s o l u t i o n Ezn = ( 1 / 2 L ) 1 / 2 Sech (x /L) . T rea t ing (1 - k 2 L 2 ) as a 

pe r tu rba t i on , to the next order , we get the e igen-value condi t ion 

1 - ' A 2 - -if r ° ' - Z ~ Z, + — ] Sech 2 r d x • C ! l > 
2 ' -m n a 1 , 2 ' L 

k - Z, ~ Z 
1 na 

Note tha t the var ious terms of Zna i n t e g r a l are f i n i t e only within Ixl < 

(p L ) 1 ^ . For w/kv... « 1, Z ( u / k v r h J * i i t ^ tho. < A '• Z ( t " ' k v t h a ) * U a n d " e g e t ( f o r u i i"' ) 

2 \} •Jf f" Z Sech 2 f dx - » lh- ^ B - l L _ (!SL)V2 . ( 1 2 ) 2 • -» '"na L - 2 v_. L a c tha 

The second and third terras on right side of Eq. (11) are the new terms arising 

out of the cold plasma response. A look at Eq. (10) shows the existence of 

cvclotron resonances at the points n (x) = w; similarlv the regions 
a 

*'._ - " ] (x ) = o correspond to e lec t romagnet ic ion and e lec t ron cyclo t ron 

resonances. I n t e g r a t i o n around these resonances give non-adiaba t ic 



contributions (proportional to 7); thus, this is a source of dissipation in 

the equations (i.e., i J»E dx * 0 because of these terms). Physically, the 

time-dependence of tearing mode perturbations excites a continuous spectrum of 

normal modes in an inner layer, which then phase mix away. Such mode-

conversion induced damping has been extensively studied for Alfven naves 

[Hasegawa and Chen 1974; Tataronis and Grossman 1973], plasma waves [Barston 

1964], surface waves [Baldwin and Ignat 1969) and even waves on field-reversed 

ion layers (Gerver and Sudan 1979]. Assuming •< is small, we can obtain simple 

expressions for the above integrals. In this case we may 

expand n (x) » 3 „(x/L) and treat N as constant and Sech x/L = 1. The 

resulting definite integrals are of the form f dx /(x~ + a -) = ir/a and its 

simple generalizations. Me thus find 

2 2 

~ 2 /_„ :i S e c h "L d x " J - " " 7 — ̂  • ( 1 3 a ) 

a c" 'a 

and 

L"M ,-1 Sech2 I dx . I -Eif- f- II + (1 + Ji£-)' 
c "i c" 

(13b) 

where u__„ - (4TTN e""/m ) i is the plasma frequency for the cold species and in P<*c a a a 

deriving Eq. (13b) we have neglected contributions from electron resonances 

since they are down by (m e/m() j /" in magnitude. Combining tqs. (11) through 

(13) we find 

V 



J L 2 '/? Lr. i, lh» 
r pe n - j- r e >/2 + ir_7_°j 

' 2) ' ^ "> -v -' 2 n 
(1 - k L'J c" "e the o 

2 .2 2 . 2 . 2 
UJ . L ui . L / c 

TT PIC f, p i C - , . 

c .1. 1 + (I + a" L"/c") ' 
IC p ic 

In the absence of cold plasma, we get the s tandard r e s u l t [Coppi e t a l . 19661 

(for kL C 1 ) 

, ^ t h e - V 2 n . ^the f^e-,3/-, ' 2 n = " " c f_̂  J ' - . (15) 
2 , 2 p. L •' "e L L -1 * ^ ' 

j '- e 
pe 

The contribution from cold plasma resonances becomes comparable to that from 

wave-particle interactions of hot plasma when N Q / n 0 ~ (P ci^ L' (M j/nig) ~ 

0(1), where p c i is the Larraor radius of the cold ton species at the warm 

plasma temperature T ~ T^. For cold plasma densities in excess of "he above, 

the non-adiabatic response to tearing perturbation is dominated by cold plasma 

resonances nnd the growth rates are considerably smaller. 

In conclusion, we have identified a new collisionless plasma dissipation 

mechanism which can drive tearing modes. It is related to mode conversion 

into a continuous spectrum of normal modes at cold plasma resonances and can 

significantly modify tearing mode growth rates. In the above discussion we 

have assumed that the equilibrium field is only in y-direction. It is well 

known that a small B it s = n magnetizes the electrons so that they do not 

contribute to non-adiabatic response [Schindler 1974]; in the conventional 

theory the growth is then entirely due to ion wave-particle interactions. The 

node conversion problem with B X Q * 0 is a genuine fourth order differential 

filiation problem and will be treated in a separate publication. Preliminary 

"stinaOs indicate that the non-adiabatic resnonse due to cold plasma 

resonances continues to operate as Ions as v * (e3 /'!,c!. This could make 
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the t ea r ing mode dr iven by mode-conversion processes more important for 

non l inea r reconnect ion phenomena. F i n a l l y , i t should be pointed out that the 

use of cold plasma response of the background plasma is va l id only if T_/T, < 

<M3/M > ) l / 2 ( a , / L ) 3 . 1 c i e l 
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