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Abstract

Particle simulations of magnetic recounnection show that the
presence of a magnetic field parallel to the current sheet changes the
character of reconnection from a laminar process to a weakly turbulent
one. An analysis of the quasilinear spectrum of tearing modes is
presented which may account for some features of the 2-1/2D
simulations. The turbulent, incompressible plasma flow carrying
reversed magnetic flux to the teéring layer is shown to produce a
positive definite anomalous resistivitye. The relationship to the

negative anomalous resistivity of Biskamp is discussed.

To be published in the Proceedings of the "Chapman Conference on Magnetic

Reconnection', Los Alamos, October 1983.
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I. Neutral Current Sheet and Tearing Instability

Extensive 2-1/2D particle simulations! of collisionless magnetic
reconnection show that there are two regimes depending on the ratio of
the reconnecting poloidal magnetic field to the toroidal magnetic
field. In the absence of the toroidal magnetic field parallel to the
current sheet, the reconnection involves a compressible, singular
laminar flow leading to the Sweet-Parker process2 followed by a faster
second phase.3 In the presence of a strong enough toroidal or parallel
guide field, howéver, the flow becomes essentially incompressible and
the simulations! show that the maénetic reconnection 1is a turbulent

/

process. Such a case may become relevant to the reconnection process
associated with the coalescence instability4 or the Kadomtsev
disruption model,5 for example. In general, any reconnection process
with a strong toroidal field drivem by other instabilities, other
island activities, or flow activities may involve the present process.
We, however, exclude consideration of any three dimensional effects
such as multiple helicity.

As mnoted in Ref. 1, the transition of the laminar to turbﬁlent
reconnection was observed only in the collisionless simulation,but not
in the magnetohydrodynamic (MHD) particle simulation. This suggests
that the turbulence involves electron dynamics in an essential way,
since the MHD smears out the electron dynamics. This. onset of
turbulence may be related to the onset of magnetized electron dynamics.
In the present work, we concentrate on analysis of the resultant

turbulence; we do not discuss the onset of or transition to the

turbulent plasma, however.
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The flow and magnetic activity are characterized by a spectrum of
kx’ ky fluctuations with time scales comparable to the maximum growth

rate for collisionless tearing modes Aw ~ ¥

max < kylABylve/B. Figure 1

shows typical examples of the contours of constant poloidal flux in the
turbulent phase.1 In the following, we analyze some aspects of the
quasilinear evolution of a spectrum of téaring mode turbulence.

The geometry we consider is a neutral current sheet jz(x) of
thickness  Ax = xp(t). The reversed poloidal field By(x) = Y/ ox
vanishes at x=0 is held fixed at BY = iBg at x = *L., The electric and

magnetic fields in the plasma are
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and thus the component of the electric field parallel to B is

E, = §];§ =% _gi"i+ v-vy) ‘ (3)
with

v = c%;V¢ . (%)
and the current density is

5= yxB = S v2yn . (5)
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In the turbulent motion the fields are split into their mean and

fluctuating components by

= [ [Er ad F=F- B

where Ly is the period of the system in the y direction and TAw >> 1
and yet T 1is short compared with thé time scale of the nonlinear
evolution of the background. |

The space-time scales of the fluctuations are determined by the
width = of  the current sheet' x; and the poloidal Alfvén speed

Vyy = BY/(4rmm;) /2 with

1 1 _ .
0
v, B v
rw € max(—2 Ay

in the laboratory frame. The first characteristic frequency is the
inverse of electron diffusion time in turbulent magnetic fields.! The

second is the inverse of the Alfvén transit time. The thermal

electrons see a correlation time Tg = l/Ak"ve and the dions a

" correlation time Ti = min(Yil, l/Ale] where ¥ = <v2>1/2,
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For the mean profile <y> and <¢> we take <¢> = 0 and

<Py = xoBg zn[cosh(gij]
<B,> = B) tanh(xio) (7)
By 2
. - X
G = 3 sech (—%) .

The analysis of the linear stability of the system at large magnetic

Reynolds numbers S = XOvAy/n is given by Drake and Lee.6 The linear

outside solution of §-Vj" = §.V¢ X VV2¢ = 0 gives
tanhﬂzi)
| X[ 2 0 Jeos(kyy) (8)
e (2) = P (0)e t——  — Jleos(k,y
with
29 Y,
A,k = _X—l%,_‘ = i 1 - k.yXO] . (9)
y Il’ky =0 Xg Kyxg -

The collisionless growth rate is

0 2 ’
e = Bykyvec XnA (ky) (10)
y 2ﬂ1/2Bx%m§e
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and the collisional growth rate is

VA. , _
ka - C;Q?)(CXOA ky)é/S(kyXOJZ/S g~3/5 (11)

with C = T(1/4)/T(3/4).
In the tearing layer the magnetic fluctuations ¢ky(x) drive an
electrostatic potential ¢ky(x) through Poisson’s equation or in the

quasi-neutral limit valid for k ip, << 1 through VeJ = —3tp¢ = 0.

II. Nonlinear Electron Dynamics and Ohm’s Law
Even at a low amplitude of the fields wk’¢k the electron motion
becomes nonlinear, The distribution f£(x,v,t) of magnetized or

adiabatic electrons evolves by

of Bof CEXE af
B g2 ox

- 2 B, of/ v, = Cf (12)
Mg

where we include a weak electron-ion collision operator E to define the
classical resistivity ng.

With the 2D spatial dependence of the simulations and the
eiectromagnetic fields in Egs. (1)-(3) the kinetic equation (12)
becomes

F | z e dy of _ %

=tg V(v ¥cd) x VE = — —t = = Cf : (13)

with
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In Egs. (13) and (14) it is useful for the nonlinear analysis to
introduce the Poisson brackets [f,g] defined by
of 23g of og

f —Z- = ____ 2 - __ _°
[f,g] Vf x Vg %5 " Oy o

because of their obvious conservation and symmetry properties. We note

that [dx f[f,g] = fdx glf,g] = 0 and

<[£,81>y = -03,<g 3f/8y> = 3,<E 3g/8y>.

One of the most important aspects of the electron motion during
field line reconnection is the form of Ohm’s law parallel to the
fluctuating magnetic field., Thus, we take the parallel current moment
j“ = -er"f dv of Eq. (14) and then average over the fluctuations to

obtain the generalized Ohm’s law

BRI RO T
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(15)
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There are three important quasilinear transport processes described by

Eq. (15).



1. Radial Tramsport of <j >

The fluctuations in the electron pressure 6p" combine with the
cross—field tilting of the magnetic field GBX = =3¢/ dy to produce a net
flow of current across the neutral sheet. In addition, the current is
. convected by the §x§ flow across the currenf sheet. >The net current
flux Fj is given by (second and third terms of Eq. (15))
e 3V

3 ..
F, =S¢--2 Y +22 65>

(16)

c R * . e *
= ) ikg[<o 83p> = — < Spy>] -
B K mo.

A lengthy calculation of Gp" and 8j; wusing renormalized turbulence
1
theory7 shows that the principal contribution to F. reduces to an

Iy

anomalous electron viscosity

. d<jp
j“ =T WA dx (a7
with
2.2
—-CZZfd > I Ty
My = 2 L v <&¢ 2 o t = l1'1<| Im G (v) (18)
s e

!

where Gyp(v,) = (w—k"(X)V”+in)_l and

Vi = 1vg- E (051 +2/B)21¥ e e ey 1B (V1)
k1
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For the regime v, < v, < Ak,v <6B2>l/2/B < (vo/x0)(BY/B)  we
0 k © 1Ve e’ *0 y

estimate that the maximum anomalous viscosity is given by

2 2 0
v4| 6By, | v_.|BY)
el Tkl &y (19)

Hp = — S
k \)kBZ XOB

/

where the last formula  applies for large <6Bi>1/2 and

Ve ~ kvg<ssil/2/8.

2. Mean Parallel Electric Field <E“>
The convection of the magnetic flux v « V§ produces an average
inductive change in the electric field parallel to the neutral sheet

current. The total mean field is given by

| 3F
_ x| oy
EP = Y \ (20)

where FW is the flux of B_-magnetic flux into the turbulent layer given

y
by

icky " *
Fyp = <vgt> = § —5= [ - <opdye>] - (21
k ~ o~

This flux FW depends on the cross—correlation function of the magnetic
and kinetic fluctuations. In Sec. III we calculate this flux in detail
for a simple dynamical model. In general AE, = aFw/aX can have either
sign —- (AEZ>0) reinforeing the ambient resistive E, or (AE,<0)

reacting against it.
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3. Parallel Friction from Density Fluctuations

The correlation function

<8ndE > = g <om Epg> (22)

produces a parallel friction to the passage §f the electron current.
The most common mechanisms giving rise to this type of anomalous
resistivity ware the lower hybrid and ion-acoustic waves. Thesé
mechanisms for producing anomalous resistivity are ‘'reviewed by

Papadopoulos.8

III. Evolution of the Mean Flux and the Effective Resistivity

in tﬂis section we neglect processes‘ (l) anomaloﬁs eléctrbn
viscosity and (3) parallel friction ‘from density fluctuations in
Sec. II and calculate process'(z) the turbulent transport of magnetic
. flux.
For 8t<j"> <L (e2<n>/me)<E”> the generalized Ohm’s law (15) and

Eq. (20) yield

‘ 2

= <> . (23)

where mng 1s the collisional resistivity and F¢ is given by Eq. (21).
The value of F¢ requires knowledge of the y~¢ cross—correlation
function.

The electrostatic potential is determined by Poisson’s equation in

the quasi-neutral limit
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vesd = -B.v(38/B) = - = [v,7%y]

1
B
where in the cross—-field ion current we include the effect of a weak
ion viscous force uovzg. The magnetic flux ¢ is determined by Ohm’s
law parallel to magnetic field E" = ngj, using Egs. (3) and (5). The

model nonlinear equations for ¢ and ¢ are

3y , ¢ _ Nop¢ 2

st Lol = —— vy (24)
1 23y _c¢ w2 _EQ 4 .

?vﬁ §[¢,V¢]+ZV¢. (25)
A VA

Although the system (24) and (25) is an overly simplified description
of the reconnection dynamics, it possess the correct conservation laws
and the tearing mode instability, and thus is a useful model for
calculating the Y-¢ correlation function.

Small amplitude fluctuations 6wky(x), 6¢ky(x)exp(iky y+vt) in

Eqs. (24)-(25) satisfy the linear system

B 2.2 —ik. ¥
YHng(kg=35) thy 5 y ka(x)
=0 (26)
|-k, 20 (12-92) = g, B (k2-22) + (k2—32)2 § Sy (x) |
Uy e V% ) YT T M0 B L0, 00
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The sixth order system (26) with suitable boundary conditions is an
eigenvalue problem  for Y =,Y(S’M’kyX0) with S = XOVAy/nO and
M= XOVAy/“O' The same equation is solved by Dalhburg et.al.9 for the
problem of 2D incompressible resistive-viscous magnetohydrodynamics.
For SM > 2 the system is unstable for all modes with kgxg ¢ 1 and the
growth rate is given by Eq. (11) for large S = XOVAy/nO'

The linear solutions of Eq. (26) determine the phase relation
between wky(x) and ¢ky(x) or w(kx,ky)' and ¢(kx,ky) by a TFourier
transform in x. [In general the relationship between Y(k) and o(k) is
nonlocal due to coupling from By(x/xo). We neglect this coupling here
assuming kyXO > 1 and consider the effect in a future study.] From

Eq. (26) we write the quasilinear phase relations as
/

ik v’ (x)
S = ——— St : (27)
-~ Y+kln0 ~

ik (KTP +97 ")
8¢y b

S (28)
= KOk O

Substituting relationships (27) and (28) into Eq. (21) we obtain the

flux formula

2 2 r e ’
N [ky<15¢51 > i k%(k§+¢ /97)
v k Yg"k%_no k%_( Y5+kiu0 )

~

<) sy 2] 2 (29)

ox

The first term in the square bracket in Eq. (24) comes from diffusion

by ExB drift; the second term originates from the electron meandering
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in the turbulent magnetic fields. Formula (29) is dinstructive for
several purposes.
First we consider . the short wavelength, dissipationless limit,
k% DR MAEE R xaz and ng = yg = 0. Formula (29) then reduces to the

Biskamp formulalO

Fy=- ny o (30)

with

i

EN E Vb K2[<1 8012 = <isy BT

(3D

1o [<vZ> - <8B2>]

with 1. the average correlation time in the laboratory frame. Biskamp
uses formula (31) along with the observation that the 3D simulations of
tokamaks show the buildup of a short scale magnetic turbulence with
<GB2> >> <6V2> to purpose an explanation of the major disruption based
on the negative value of Npe

Formula (31) shows that a spectrum of Alfvén wave turbulence does
not produce a transport of magnétic flux since |6¢k|2 = |6¢k|2 for
Alfvén waves and thus Fw = 0.

Finally, we observe that for tearing mode turbulence, where

formula (29) must be used, the magnetic and kinetic contributions in

Eq. (29) are related through the local dispersion relation

kf (vicdug ) (vridng ) + 15 (kw2407 9777 ) = 0
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from Eq. (26). Along this dispersion relation (k,y) the magnetic and

kinetic contributions are equal and combine to yield

2k2<| 84y 12> .
~ o (32)

F, = — z.___________
A

'

giving a positive definite anomalous n, from tearing mode turbulence.

IV. Summary and Discussion
To  complete the quasilinear calculation we carry out the

integration of

3y 9 Y
=t (50 = (n(x,t) 3}-5)
with (34)
2k§<16¢ky(x,t>12>
n(x,t) = ng+ } 5
ky Y +k_]_n

with 6¢ky(x,t) given by the inner solution of the tearing ﬁode
“equations and Yi = Yk(AE) calculated from the solution of the outer
equation for ka(x) using ¢ "' (x,t)/¢y’(x,t) for the local potential.
The results are shown schematically in Fig. 3 and will be reported
in detail in a later work. The principal features are that there is a
strong inward connection of the magnetic flux to the turbulent
reconnectioﬁ layer. This flux induces an electric field EO + AE, with

AEZ = aFw/BX which has EOAEZ < 0, inhibiting the current flow din the
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center of thé current sheet, and EGAE, > 0, strengthening the currént
flow, in the outer regions of reconnection. As the current layer
broadens the spectrum shifts to longer wavelengths. If the turbulence

remains weak then we expect the turbulent broadening to continue until

the last mode ky = 21T/Ly is stabilized.
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Figure Captions

Fig. 1(a) and (b) Contour of constant poloidal magnetic flux ¢ at
times t; and ty > t; showing the growth of the turbulent layer xo(t).
(e¢) The approximately linear increase of the flux ¢ trapped in the

turbulent layer.

Fig. 2

Schematic of the evolution described by the quasilinear system of
equations.

Fig. 3

Evolution of the quasilinear effective anomalous resistivity, the
inward flux Flp of the poloidal magnetic flux and the change AE, in the

parallel electric field produced by the inward turbulent convection of

magnetic flux.



256
256

y —>
y —=>

1

FIG,




b x,1) = S et

New 7=+ %

2Ky |8 bi(x,1)]°

Yt kf”?

FI1G. 2

New A'(k,t) and %, (1)

- T )8%()().




