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Theoretical Resolution of Magnetic Reconnection in High Energy Plasmas*
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1. Introduction

Magnetic reconnection in well confined, high temperature plasmasadtred in the
onset and evolution of macroscopic modes. Among these the so callgdatifyy mode [1]
is particularly, important, has a basic dependence on the electromy dams$itemperature
gradients play a basic role, has an intrinsic frequency of dgmilleelated to these gradients,
and is characterized by both a slower growth rate and significdiffitrent eigenfunctions
when compared to the purely resistive tearing mode [2,3]. The modarpudnving factor is
the longitudinal current density gradient and can lead to the formatioelatively large
magnetic islands. The excitation threshold is the same as ttied dsistive tearing mode, as
long as the relevant electron equation of state is adiabatic ¢¥jever, the mode was found
to be practically impossible to excite in collisionless regirf#g as a result of the combined
effects of electron Landau damping and temperature gradient [4]tbe @quivalent effects
of parallel longitudinal electron conductivity and temperature gradjhtin weakly
collisional regimes. At the same time, as experiments Miiler degrees of collisionality
have been undertaken [6], modes of this kind, that produce reconnection, andfebtsr e
have been observed to persist. In order to resolve this paradox [7nsiler [8] that
“mesoscopic reconnecting” modes develop from a background of “micro-retiogriec

modes with short scale distances d, Ec/a)pe) that generate a series of strings of small

magnetic islands and are driven by the electron temperaturergradiee envisioned effects
of the latter modes are to produce a significant increase oftioeof the transverse to the
longitudinal thermal conductivity. This is shown to restore the &txoit of drift-tearing
modes involving the combined effects of finite resistivity, electh@mmal conductivities, and
temperature gradients.
2. Micro-reconnecting Modes and Their Role

In view of extending our results to more complex configurationsefer to a plane

geometry where the magnetic field around a surface=x, is represented
asB = B, (x)e, +(x-%,)Ble,. A background of excited microscopic modes, |cuedi
over around successive surfaces x; contained in a finite interval centered orF X,

is considered to form. These “micro-reconnectingddes are collisionless and driven
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by the electron temperature gradient. The relevant itlatigal field
E =-0p -(Yc)oA/ot, while E =-00 , where A =A(Dx)exp(-iat+ik)y),
Ax; =x-x; and ,3“ =,5H(ij) is an even function d,. The frozen-in condition is
broken by the effects of finite electron inertiadanas we considek?p? <k’d?<1.
Moreover o > kivg, for vi, =2T,/m, and of <kivy wherevy, = 2T /mand k’p? >1.
Here p, and p indicate the electron and the ion gyroradius, eéespely. We note that
w=a, +iw and w, depends on the values gf =(dInTa|/dx)/(dInn/ &). The dispersion
equation for A, for w< g, =-kc/(eB)dT,/dx and n>1, is derived by the “drift’
approximation ~ considering  that f, = i, = —ne®/T, = (k{,,/w)n, Gy =-J,/(ne)is the
longitudinal electron flow velocityj|| = —c/(471)[62/6x2 —kz} Al, K, = kyB;,(ij )/B where
B'y/B =1/L,. The quadratic form that can be obtained fromdispersion equation in order

to estimate the mode frequency and growth rate is

2 Al 2| & 2 o Wy,
de<—dX +kW> <\A|\ — I“éfj > 1)
Here

=[x, O %J'j:dv”FMe(vﬁ)(me:’u] E(VO‘:’IE/Z; Fe = []/(\/i_TvtheHnexp(— ¥/ ).

w=df @, ¢, =(T/m)"*, L(vZ)=v?/vZ ~1/2. The “fluid limit" corresponds td1} = 1.

The resulting effective transverse thermal diffasapefficient on the basis of the relevant
quasi-linear theory, can be expected to be ther @B ~ a, (d,/r;.)cT,/(eB), wherea, is
a numerical coefficient, antir,, =-d InT,/dx , and we consider the ratily, =D /D to be

increased further relative to the classical valydhe expected reduction of the longitudinal

thermal diffusivityD; resulting from the excitation of the same modes.

3. Mesoscopic Mode and Relevant Electron Thermal Energy Balance Equation

The perturbed magnetic field, for the mesoscopioden is represented by
B= B(X) exp( -k +ikyy) . The theory of this mode involves the analysishote asymptotic

regions of which the outer (macroscopic) regiorolugs scale distances of the order of the
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radius a of the plasma column. In this region the “hypendastivity” condition

E+VxB/c =0 is held to be valid and the perturbed magnetid fie described by the quasi-

neutrality conditionDDJ) =] ”J”) 0, as the effects of finite ion inertia can be netgd.

In the transition region, the relevant longitudinadmentum conservation equation is
0=-vinmd, -en€, -B (p# o, T,)/B B} §, an T,)/B, (@
whose components have standard definitions. Thatetlelectron thermal energy balance equation is

(3n/2)(aT, /ot +V,,dT, /ox) = nT,0,0, =00 G- (G BB Ba, /B), Vi, =-ick,®/B,

0pa, = D°P *T.4 x?)3n/2, -m(Baq, /B Badl/B)zilg,f le[ilgl'fgr (éX/B)(dTe)/dx}}
and k =k, B} (x-%)/B =k, (x=x%)/L,. We note that the terms associated with the tierm

conductivities for the mesoscopic mode are pretalénis not contradictory to envision weakly
collisional mesoscopic modes excited from a backygtamf collisionless microscopic modes as the

relevant frequencies and growth rates have veprelift values. In fact, the typical frequencyathb

modes is closely related @y, =k cT,/(eBr,). Therefore we require that the mean free path

Ag =V /V ; be in the following interval/ Y% < A, /(2r,) <(a/ )

realistic range of plasma parameters. We notetladgavhile in the case of the microscopic modes

o ‘ / y that corresponds to a

y=Im w> Re «, in the case of the mesoscopic moges |Rea+~ .- Thus we identify an

intermediate and an innermost region by the sdatarttes

|_ 1/2 1/4
a=ar(=] L as(2] o 3
k AW

A, =D:/Df, £,=D,/D,, D, =Vic®/af,, D, =vi/|al - ay|, @y =c(dp /dx)k, /(eBn),

where

&), =(1+a; ) @y, + @, and @, = —kcT,(dn/dx)/(enB). Matching the solution of the outer

region to that of the inner regions leads to fi@H [

Ak 1 D 3/4D 3/4 k3/2

w= o}, + dw+ S where-idy = D, —; ELEN e 4)

for A'~k , and

1 5 (D
—idw, = ‘ at—flgl‘A3/4 Do ~‘ @‘(D_gj (D_Lj ()
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T_ - a, . . .
whereOs | dxi* a, XL EO0q O ,, Ok and G, are positive [8] dimensionless

quantities(DOR = 2/‘6@ ‘lMGO = 2.2) . Likewise, we can verify theFRe(Ja/ a}'M) < 0. Thus the
0

considered modes, are excited even wher 0 in the considered regime whefg, > &, and the
basic drift-tearing modes cannot be excited. We tieat the width of the innermost regian
decreases quite slowly with temperature and ilesr ¢hat the linearized theory breaks down when

the width of the macroscopic magnetic islandsititain produce, as indicated By =|B, / B;k‘llz,

becomes the order of,. This corresponds t(c%xo‘ / B~&l/® thatis equivalent 9,Q,, ~vyal,,

where Q; =eB,,/(mc) and Q,, =Q, m/m,. Thus we may conjecture that when this limit is

reached the effective value &f will continue to grow until that o, is reached and that this will be

the island saturation size. It is evident thabgishe so-called Rutherford model, that is appatgri
for the highly resistive tearing mode [2], is nastjfied for the weakly collisional regimes to whic
the present theory [8] applies.
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