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Many generic features of magnetic reconnection are not generic to the literature on reconnection.
This anomaly arises from the focus of reconnection studies on magnetic fields that depend on
only two spatial coordinates. When a magnetic field depends on all three spatial coordinates,
reconnection is enhanced by a mechanism that cannot occur when the field depends on only two—
the exponentially increasing separation of neighboring magnetic lines with the distance ¢ along a
line. The dependence of the theory on the number of coordinates is explained in a model that
could address many unanswered questions in three-dimensional reconnection. The computational
difficulty of studying reconnection in three spatial dimensions increases as e, where o is the number
of exponentiations in the field line separation. This appears to limit direct simulations to oymaez ~ 10,
which is consistent with a ¢ ~ 8 required to understand fast reconnection in fusion plasmas but

much smaller than ¢ =~ 20 required to understand reconnection in the solar corona.

I. INTRODUCTION
A. Ubiquity of magnetic reconnection

An evolving magnetic field that is embedded in a
highly conducting plasma generically undergoes fast
magnetic reconnections [1, 2], which means with a
reconnection speed determined not by resistivity but
by the Alfvén velocity or the plasma viscosity.

Evolution generally causes neighboring magnetic
field lines to develop [2, 3] an exponentially increas-
ing spatial separation §; with distance £ along a line,
51 (0) = 80e”®. Neighboring field lines are defined
in the limit as their £ = 0 separation dg goes to zero.

Even when the plasma resistivity vanishes, elec-
tron inertia causes a breaking of the magnetic field
lines on the c¢/wp. spatial scale, which can scram-
ble the magnetic field lines over a distance scale
as large as the characteristic spatial scale a of the
drive for the evolution [2, 3]. This occurs when
(c/wpe)e? D) = a.

In the solar corona, ¢/wpe ~ 10 cm and the radius
of the sun is about ten orders of magnitude greater,
R =~ 7x10° km, so an exponentiation o ~ 23 could
be responsible for the observed reconnection events.
An even larger ¢ may arise in astrophysical recon-
nection. A much smaller o is required to explain
fast reconnections in fusion experiments. The mi-
nor radius of ITER is a = 2.0 m, and the standard
operating density is 102°electrons/m?3, which makes

a/(c/wpe) = e82,

B. Two-coordinate reconnection theory

Many generic features of magnetic reconnection
are not, generic to the literature on magnetic recon-
nection. The reason is that much of the reconnection
literature considers magnetic fields that depend on
only two rather than three spatial coordinates [1]. In
two-coordinate systems, magnetic field lines can ex-
ponentially separate only in an exponentially small
fraction of space [2], while in three-coordinate sys-
tems exponential separation can occur throughout a
large volume.

Remarkably, Alfvénic reconnection can be ob-
tained in two-coordinate systems [1] though gen-
erally with an initial Harris-sheet profile [4]. In
(z,y, z) Cartesian coordinates, a Harris sheet has the
form B, = By, tanh(x/dy), where By, and ¢y, are con-
stants. A Harris sheet does not have a static equilib-
rium when distorted in the y direction [3] and con-
sequently does not represent naturally arising mag-
netic fields.

A reconnection trigger is difficult to obtain in two-
coordinate magnetic fields that evolve from a simple
initial state. In evolving magnetic fields that depend
on all three-coordinates, magnetic reconnection nat-
urally arises no matter how simple the initial state
of the magnetic field. The trigger time for recon-
nection is the exponential separation of neighboring
magnetic field lines o reaching a sufficiently large
value.



C. Simple reconnection model

Features of reconnection that arise in magnetic
field structures that depend on all three spatial co-
ordinates can be studied in highly simplified models
since many features are generic. Explanations will
be given using what is called a reduced MHD model
[5, 6] in which the magnetic field has the form [7, 8]

B=DBy(2+V_H x 2) (1)

in Cartesian coordinates, where B, is a constant
guide field and V| = 28/dz + §0/dy.

Van Ballegooijen [7] used the magnetic field of
Equation (1) in a simple evolution model to study
whether current singularities would develop but did
not directly study magnetic reconnection.

In van Ballegooijen’s model, the system extends
from a wall at z = 0 to a wall at z = L with L|V | H|
remaining finite as L — co. The z = 0 wall is a rigid
perfect conductor, but the z = L wall is a flowing
perfect conductor that has a velocity v, = v 1w X
2. The guide field B, is too strong to be compressed,
so the velocity of the plasma that lies in the region
0 < z < L can be assumed to have the velocity

T=V.¢x32 (2)

where ¢(x,y, z, L, t) = ¢y (x,y,t), the stream func-
tion in the flowing wall. Energy is put into the sys-
tem by the moving wall and must be removed by
dissipation, Appendix A.

In addition to B, H being the £ component of the
vector potential, H(x,y, z,t) is the Hamiltonian for
the magnetic field lines with ¢ a parameter,

dx OH
&= oy ®)
dy  OH
& o 4)

Magnetic field line trajectories are given by a
Hamiltonian of the same type as H(x,y, z,t) in far
more general representations of the magnetic field
than that of Equation (1). The magnetic field in a
stellarator or tokamak can always be represented as
[9, 10]

27T§ = ﬁl/it X 69 + 690 X 6/(/);0(71%791@7&7 (5)

where the poloidal flux %, is the field line Hamilto-
nian: df/dy = 0, /0, and dy/dp = —0,/00.
The toroidal magnetic flux is ¢, the poloidal angle
is #, and the toroidal angle is .

The stream function ¢(z,y, z,t) is the Hamilto-
nian that describes the motion of plasma points in
a constant-z plane,

de 0¢

= (6)
dy  0¢

%= B (7)

That is, z is a parameter in the Hamiltonian
¢(x,y, z,t) and not one of the canonical variables.

D. Reconnection is two versus three
coordinate systems

The fundamental difference in magnetic recon-
nection in two versus three coordinate systems is
contained in the Hamiltonian description of mag-
netic field line trajectories. At each point in time,
the Hamiltonian for magnetic field line trajectories,
Equations (3) and (4), is a one-degree-of-freedom
Hamiltonian, H(z,y), for two-coordinate systems
and a one-and-a-half-degree-of-freedom Hamilto-
nian, H(z,y,z), for three-coordinate systems. In
1986 the qualitative differences between the trajec-
tories given by these two types of Hamiltonians was
so exciting that Sir James Lighthill titled an arti-
cle [11] in the Proceedings of the Royal Society “The
Recently Recognized Failure of Predictability in New-
tonian Dynamics.”

When the magnetic field line Hamiltonian has the
form H (z,y) at a given point in time, B-VH =0, so
the lines must stay on constant-H surfaces. The im-
plication is that only an ~ e~2° fraction of the area
of the (z,y) plane is occupied by field lines that can
exponentiate apart by o e-folds. The only places at
which magnetic field lines can exponentiate apart are
at saddle points, where the Hamiltonian has the Tay-
lor expansion H = Hy,+(9*H/0x0y) sp(x —xsp) (y —
Ysp) + - --. When a is the characteristic spatial scale
of the function H(zx,y), only lines started within a
radius ae~ 7 of the point (zsp,ysp) can exponentiate
o times before being too far from the saddle point
to be influenced by it. The fraction of the area in
the (z,y) plane in which o exponentiations can take
place is therefore ~ e =2,

When the magnetic field line Hamiltonian has the
form H(zx,y,z) at a given point in time, the fraction
of the area in a constant-z plane occupied by lines
that exponentiate apart is generically of order unity.

The trajectory of a magnetic field line can be writ-
ten as Z(xs, ys, £), where (x4, ys) is the starting point
of the trajectory. The distance along the line is ¢,



which in the reduced MHD model is indistinguish-
able from z. That is,
f(xsa Ys, ﬂ) = (8)
fi(xwy&g) = x(xsvysag)i'+y(x8’y87£)g; (9)
w(s,Ys, £ = 0) = x5 and y(zs,ys, £ = 0) = ys. (10)

fL (IS7 Ys, g) + 62, Where

It is useful to use £ to indicate one is using (xs, ys, £)
as the spatial coordinates rather than the Cartesian
coordinates (x,y, z). In other words, Z(zs,ys, £) de-
fines a coordinate system in which the magnetic field
lines are trivial.

The separation between neighboring trajectories
is

- 0% 0%
= 50T 5. 9%Ys, 11
0L oz, dxs + i 0Ys, SO (11)
a@w gm
Ts Ys
Yy Jy Jy Ys
Jzrs 0Oys

where Sl = 6,% + ,9. The Jacobian matrix is

oz Oz

P Jdxrs 0ys
J = , (13)

dy Oy

Ozs  Oys

and the determinant of the Jacobian matrix is the
Jacobian J of the (xg,ys) coordinates. Since the
area element in the 2 direction is da = 2Jdxsdys,
magnetic flux conservation implies J = 1. The
mathematical implication of a unit Jacobian is that
the singular value decomposition of the Jacobian
matrix has the form

?(ms,ys,ﬁ):ﬁ- (eo e&;) "?T, (14)

o A <7 hoxd <>
where U and V are orthogonal matrices, UT-U = 1.
Each of the two-by-two orthogonal matrices gives
a rotation through an angle « as is clear from the
general form that goes to the unit matrix at o = 0,

ﬁ_( COS (v sma)' (15)

—sina cosa

There is a direction in which the magnetic field lines
approach each other exponentially, but when inte-
grating lines, numerical errors will quickly cause the
the exponential separation to overwhelm the expo-
nential convergence.

Equation (14) demonstrates that neighboring
magnetic field lines have a separation that depends
exponentially on o(zs,ys, ). Neighboring magnetic

fields lines characteristically exponentiate apart with
the distance ¢ along a line unless there is a constraint
that prevents the exponentiation, as when the mag-
netic field depends on only two spatial coordinates.

E. Drive and plasma equations

The drive for reconnection in the simple model of
Section IC is the flow ¥, = V¢, x 2 in the wall,
which is often assumed to be very slow

VL

Mess = v

<< 1, (16)
where a is the characteristic spatial scale for varia-
tions in ¢,,. The energy input and dissipation are
discussed in Appendix A.

Three plasma properties are of importance. The
first plasma property is the smallness of the Debye
length, which implies the current density is diver-
gence free [10]. That and the expression for the

electromagnetic or Lorentz force f = j x B implies

- [

!
.
!

Using Equation (1) for é, this is equivalent to

Lo 1 == f

B-VK = —B-V x —; 18
Vf Po ( )

ol
K = N 19
-1, (19)

B2
V2 = g 20
A HopPo (20)

where pg is the plasma density, which is assumed to
be a constant, and V4 is the Alfvén velocity.
Ampere’s law, V x B = pgj, implies
V:H =K. (21)
The second plasma property is the force exerted
by the plasma, which is taken to have the form
f ov = o= ﬁ]) 2 =
—=—47-V¥— — -1, Vi 22
po Ot Po v (22)
The term 7- V7 = V(v2/2)—7x V x&. The vorticity,
Q) =V x ¢ has only a Z component with

Vid}: -, so (23)
B - f 0 _ - )
EVX% = a"‘v'VQ—I/VUVLQ. (24)



The third plasma property involves the electric
field,

L o (N0 )
E+UXB:Z<W;)@> <at+yc> HoJ)|- (25)
The resistivity 7 is related to the electron collision
frequency v, by n/uo = (¢/wpe)?ve. The term in-
volving the time derivative of the parallel current
density is due to the electron inertia and is always
present since the electron is the lightest charged par-
ticle.

By definition, an ideal magnetic evolution can
move the magnetic field lines but cannot break them.
The condition that must be satisfied for an ideal
magnetic evolution is derived in Appendix B. T'wo
terms in the expression for the electric field break
the ideal evolution of the magnetic field. The di-
mensionless coefficients that give the strength of this
breaking are the magnetic Reynolds number,

AUy

m = e’ and (26)
c/ipe (27)

Both dimensionless coefficients must be very large
compared to unity to have a non-trivial reconnection
problem.

The viscosity v, breaks the ideal equation for the
plasma flow and has the Reynolds number as its di-
mensionless coefficient,

avy

R = (28)

Uy

A non-trivial problem in magnetic reconnection ex-
ists for any value of R.. The strength of the viscosity
is sometimes given by the magnetic Prandtl number
P,, = povy/n, which can be very large compared
to unity in plasmas. A more important parameter
in measuring the relative importance of viscous to
resistive dissipation will be found to be the Alfvén-
weighted Prandtl number,

_ 2
PA = Mefme
VL 2 LoV
= | 2= . 29
<GVA> n (29)

F. Unanswered questions

Many features of the evolving magnetic fields are
not known when the plasma dissipation is small.
Many questions on driven reconnection that remain

unanswered could be answered in the simple recon-
nection model associated with Equations (1) and (2).

Unfortunately, when the dependence of the mag-
netic field on all three spatial coordinates is retained,
the difficulty of computations increases exponen-
tially. A simple estimate, Sec. III, is as €7, which
appears to place an upper limit on what is compu-
tationally achievable, 0,4, =~ 10.

The limit 0,4, ~ 10 is consistent with the o ~ 8
required to understand fast reconnections in ITER
but far below ¢ = 20, which is important for re-
connection in the solar corona. Nevertheless, the
simplicity of these evolution equations may permit
approximations that allow studies of reconnection at
larger values of . More complete models are pre-
sumably even more challenging for numerical simu-
lations.

The evolution equations associated with Equa-
tions (1) and (2) were derived in 1985 by van
Ballegooijen [7] and have been studied by a number
of authors, notably [8] and [12]. The study [12] by
Yi-Min Huang et al is closely related to the model
discussed here but was limited to exponentiations
o S 6. Daughten et al [13] have done extensive
kinetic calculations of magnetic reconnection in a
more complete magnetic field model retaining all
three spatial coordinates. Nevertheless, a Harris
sheet was used as an initial condition, and the
number of exponentiations was o S 8.

(1) How does the reconnection depend on the three
dimensionless parameters Ry,, Pa, and Meyy?

Reconnection is trivial unless the magnetic
Reynolds number R,, is very large compared to
unity, but the complexity of the behavior as R,,, —
oo is poorly understood. Unless the plasma has sig-
nificant dissipation, the energy released by the re-
connection will drive strong Alfvén waves. These
waves propagate along the magnetic field lines and
develop an extremely complicated spatial depen-
dence and enhanced dissipation from exponentially
increasing separation of the lines [3, 14].

Significant dissipation with a very large mag-
netic Reynolds number requires the Alfvén-weighted
Prantl number P4 be large. The dependence of re-
connection phenomena on P4 is not understood. Al-
though the Alfvénic Mach number M. is generally
assumed to be small compared to unity, the actual
plasma flow can become large due to the large spatial
excursions made by magnetic field lines. Indeed, the
plasma may become unstable [12] and make a tran-
sition to a different state on an Alfvénic time scale.

Because of the computational limit on the



number of exponentiations ¢ that can be resolved,
it is particularly important that the maximum
naturally occurring number of exponentiations
Omaz D€ understood.

(2) How does the reconnection depend on the
complexity of the drive ¢, (z,y,t)?

An important but poorly understood question is
when the drive ¢,, continues for a long time does the
reconnection settle into a quasi-steady-state or is it
episodic. A finite time, the trigger time, is clearly
required to obtain the first reconnection event when
the initial condition is H = 0. The dependence of
the trigger time on either the dimensionless parame-
ters or the complexity of ¢,, is essentially unknown.

Is the reconnection behavior qualitatively similar
for all functions ¢,,(z,y,t) that have a similar char-
acteristic spatial scale? When ¢,,(x, y,t) depends on
time, neighboring points in the flowing wall gener-
ically separate exponentially in time; when ¢,, has
no time dependence neighboring wall points do not
exponentiate apart. Does this produce a qualitative
difference in the reconnection?

When the dominant spatial scale a of ¢, is
small compared to the size b of the reconnecting
region, which may be a periodicity length 27b, the
reconnection has a relatively slow diffusive nature,
but this is not well understood.

(8) How quickly do plasma elements that originally
lay along one field line spread across the reconnect-
ing volume?

The rapid spreading of impurities across a
tokamak plasma during a disruption is poorly
understood but may be a byproduct of the fast
magnetic reconnection that is associated with the
current spike [15].

(4) Under what conditions does c/wpe dominate
the resistivity m for causing magnetic field line
breaking?

The large magnetic field line excursions that
occur when o is large can give large flow velocities
and make the time derivative term involving c/wp.
far more important than it appears to be.

(5) When ¢, has a form that gives episodic rather
than quasi-steady-state reconnection, how quickly is

equilibrium, OK/OC = 0, reestablished?

This question is of particular interest in tokamak

disruptions because it presumably determines the
length of the current spike [15].

(6) How is the plasma heating spread over the
plasma?

When the magnetic Reynolds number R,, is very
large, reconnection can occur with little dissipation
of energy; most of the energy goes first into Alfvén
waves. The rapidity with which the Alfvén waves are
damped is a complicated issue [3, 14] but defines the
spatial region over which the plasma heating occurs.

II. MODEL EQUATIONS
A. Relation between 0K /9¢ and d/dt

K = poj)/Bo is constant along magnetic field
lines in a static reduced-MHD equilibrium. The vari-
ation in K along the magnetic field, 0K/0¢, Eq.
(C3), is related to the vorticity @ = 2 -V x 7.
The relation between K /9¢ and ) is given by the
divergence-free constraint on the current, Eq. (18),
the parallel component of the curl of the force, Eq.
(24), and the definition of total time derivative, Eq.
(C1):

o V2

0K 1 (dQ
dt

— - yvViQ> . (30)

When the Alfvén speed goes to infinity, K /00 —
0. Writing the magnetic field line trajectories
as Z(xs,ys, ), the equation OK/0¢ = 0 implies
K(Z(zs,ys,0) = K(2s, ys)-

B. Relation between 9¢/0¢ and 0H /0t

The evolution of the magnetic field line Hamilto-
nian, 0H/0t, and the variation in the stream func-
tion along the magnetic field lines, 0¢/0¢, are re-
lated by the electric field, Equation (25). Equa-
tions (1) for B and (2) for ¥ imply ¢ x E/Bg =
—V.1¢p+{2-(VLH x V_$)}2. Faraday’s law can be
written as E = —B,(0H/0t)z — V®. Two equations
are obtained ¢ = —®/B, and

06  OH
a - E‘FNB, where (31)

N (wj)z (gt + uc> K (32)




breaks the ideal evolution of the magnetic field,
which means the maintenance of unbroken magnetic
field lines, Appendix B.

C. Combined equations
1. Relation between 02/0¢ and dK/dt

The commutator for 9/0¢ and V?, Eq. (C4),
implies

oles 0 R -
Viﬁ = @Vzﬂﬁ +2- (VLK xV1¢); (33)
0¢/0¢ = OH/Ot + N and V3 H = —K imply
06 0K
209 _  oi 2
Vi 50 5 + ViNB. (34)

Therefore the current K and the vorticity 2 =
—V? ¢ are related by

dK 09

d 0K

2. Ezpression for 4 5

Using the commutator relation between 9/9¢ and
d/dt, Eq. (C8), one finds that

dOK 9 dK

%W_%E_Z.(VLKXVJ—NB)' (36)

3. Alfvén wave equation

Equations (30), (35), and (36) give an Alfvénic

wave equation,

92Q) 1 d?Q
Vy d _q
= ——— Q
Na % Yt
oVv?2 - -
—WNB L5 (VK xViNg). (38)

The two dissipative terms, one proportional to v,
and the other proportional to n/ug, have a ratio of
the Alfvén-weighted Prandtl number P4, Eq. (29),
which follows from H ~ a?/L and © ~ v, /a. The
term d2§)/dt* has a relative size compared to the
viscosity term of the Reynold number R..

The term 0%Q/0¢* in (zs,ys,f) coordinates is
more complicated in Cartesian coordinates, Equa-
tion (C12).

IIT. SOLUTIONS
A. Difficulty of obtaining solutions

The evolution of the simple model for a driven
magnetic field can be obtained by integration until
the number of exponentiations ¢ in the separation
between neighboring magnetic field lines becomes
large. Unfortunately, the difficulty of following the
evolution increases as €°?, so a hard cutoff exists in
the maximum value of o that can be resolved. A
petascale computer can perform 10 operations a
second or ~ 1026 per day. When ¢ = 10, the num-
ber of operations is increased by approximately 10?2
times over the case when o < 1, so o &~ 10 appears to
be an upper limit on what can be computed. Increas-
ing the computer power by a thousand increases the
maximum computable ¢ from ¢ ~ 10 to ¢ ~ 11.4.
Reaching values of ¢ =~ 8 for studying magnetic re-
connection in fusion devices is credible, but o = 20,
which is required to understand reconnection in the
corona, appears impossible. Simulations using mod-
est values of o must be sufficiently well understood
to devise extrapolations or reliable approximations.

Once o becomes large, distances in the (z,y)
plane of order ae™? must be resolved as must dis-
tances of order Le™? in the z direction. The speed
with which the magnetic field lines move is of order
vwe?, so the time required for a field line to move
over a spatial scale ae™7 is (a/vy,)e 2. Assuming
the computational difficulty scales as the number of
spatial grid cells times the number of time steps, the

difficulty scales as e®°.

—0a

B. Solution when viscosity is dominant

When the viscosity dominates the damping of the
vorticity, Equation (37) can be written as

FQ 00 dD,
ez Aoarr T dt’
D=-v,ViQ. (40)

(39)

When the dissipative function D is negligible, the
general solution to Equation (39) is

Q= Qd(l'svys;t'i_g/vA)"_Qu(xsa ysvt_g/VA)a (41)

where Q,, (zs,ys,t—£/V4) is an upward-going Alfvén
wave propagating along a field line defined by its
¢ = 0 starting point (zs,ys) and Qg is a downward-
going Alfvén wave. Note d/dt means moving with
the plasma velocity. As shown in Appendix B, in



the ideal case this means moving with the magnetic
field lines.

The two functions 2, and Q4 can be found us-
ing the boundary conditions, 2 = 0 at £ = 0 and
0 =Qp at £ = L. Letting ¥, (x5, ys, {,t) be the tra-
jectories of the magnetic field lines with ¢ = 0 start-
ing points (zs,ys), the vorticity at Qp(xs,ys,t) =
Qu (fj_(l‘s, Ys, Ly 1), t), where the vorticity in the
wall Qy(x,y,t) is known in Cartesian coordinates,
Qw = 7vi¢w-

When the evolution of €2 is slow compared to the
Alfvén transit time L/Vy, the dissipationless solu-
tion is Q = (), — Q.,)¢/V4, where the prime means
a differentiation in ¢ £+ ¢/V,4 argument. The two
boundary conditions are then Q4 + €, = 0 and
(Q —QU)L/ Vs = Q.

A solution to Equation (39) with dissipation can
be found by treating the dissipation dD/dt as an in-
homogeneous term. The solution is then 2 = Q, +
Qp, where Qp, = Qd(37sa Ys, t+ E/VA) + Qu(l’s, Ys, T —
¢/V4) and Qp is a particular solution to Equation
(39). Suppressing the (z4,ys) arguments to sim-
plify the notation, the viscous dissipation function D
can be written using the step function o4 (¢), where
ost(¢ <0)=0and ou(¢ >0)=1:

DL, t) = Dy(t)ost(£) + Dr(t)ost (£ — L)
. [ nm!
+ Z’Dn(t) sin (L) .
n
The two boundary conditions, which determine the

functions Qg(xs,ys,t + £/Va) and Qq(xs,ys,t —
l/Vy4), are

(42)

Qu(t) + Qut) — / Dot =0at (=0, (43)
0
Qq (t—|— ‘Z) +Q, (t— é) —/tDL(t)dtZ Qp
0
at £ = L. (44)

The particular solution Q2p iszeroat f = 0and ¢ = L
and is given by

. [ nml
Op = Zn: 0, (t) sin (L) ; (45)
20 dD,,
R T (10
Wy = n%. (47)

L

Since D(t) is zero for t < 0, Equation (46) for
Q,, can be solved by introducing a constant -, and

letting
Q,(t) = e“’"t/Qne*i‘“tdw, S0 (48)
~ ; dD
/ ((yn — iw)® + wi)Qne(V"ﬂ”)tdw . dtn' (49)

The function D, (t) is zero for ¢ < 0, and can be
written as

D(t) = /ﬁne(v"ﬁi“’)tdw, where (50)
. 1 [ A

D, = %/700 e ™ID(t)e™ dt, so  (51)
G, == g (52)

(Yn — iw)? + w2 "

The constant v, must be chosen to avoid a singu-
larity in the solution at w? = w?, which presumably
implies that v, should be a fraction of w,.

The dissipative function D(xs,ys, £,t) can be ob-
tained using the unity of the Jacobian between (z, y)
and (z,ys) coordinates

D(zs,ys, 1) = / Dk, 2, t)er T @eva b i dg,

=, / kR QUkL, 0t e R dk,dk,  (53)

Qky,0,t) =
f Q(.’Es, Ys, L, t)e_i’;l 'fi‘(xs’ys’e’t)dxsdys
(2m)? ’

(54)

where EL = k& + kyg.

The remainder of the calculation is carried out
in Cartesian coordinates. The vorticity in Carte-
sian coordinates Q(z,y, z,t) is determined using the
equality of z and £:

Q(x’ Y, z, t) = / Q(EJ_a 2, t)ei(km$+kyy)dkzdky(55)

The stream function ¢(x,y, z,t) is obtained from
V2 ¢ =—Q(z,y,2,t). A common assumption is that
the system is periodic in x and y; then ¢(z,y, z,t)
can be particularly easily determined as a Fourier
series. As time advances the change in the Hamilto-
nian H(z,y,2,t) is given by 0H /0t = d¢/0¢ — N3,
which has the explicit form

OH 00 <6¢6H 06 OH

o "o T \away ayax> ~Ne. (56)

The non-ideal term depends on K through Np,
which can be found from K = —V? H.



The Hamiltonian H(x,y,z,t) at each instant
of time gives the magnetic field line trajectories
Z(xs,ys, £, t), so a solution can be followed as the
system evolves from an initial state in which H = 0.
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Appendix A: Power flow and dissipation
1. Wall equations

When the upper wall is a thin shell, its current
density has the form j, = (V_.g)é(z — L). In prin-
ciple, j, = (ﬁj_g + V1kw X 2) 0(z — L). The cur-

rent potential in the wall k,, is given by V x fw, but
V x (V x é) = BgﬁK x z. The current density in
the Z direction is assumed to vanish at the z = L
boundary so V x ;’w =0 and Kk, = 0.

The divergence-free property of the current im-
plies 9j./0z + V. - jw = 0. Integrating in the z
direction across the wall,

vig=tig,, (A1)
Ho
where j. = (By/po)Kp, is the current flowing from
the plasma into the wall at z = L.

The power required to drive the flow in the wall
is

P = _ / Ty - fdz
o / (V1w x 2) - (G x B)dx

= _Bg /(6L¢w . 6Lg)daw

= Bg /(¢wvig)daw

_ B

= %/(qﬁwKL)daw, or (A2)
_ B

- = / (QuHy )daw, (A3)

where Hj, is the field line Hamiltonian at £ = L.

When the upper wall has a finite resistivity, the
Ohm’s law in the wall is E+ 7, x B = 14, (V 1 9)0(z —
L). Crossing this expression with Z and averaging
over the wall of thickness A,,,

2% By + Byl = 225 x V1 g.

. (A1)

The electric field has the form E,, = —0A/dt — V.
Since the time derivative of the vector potential
is in the Z direction, Z X Ew = —Zx ﬁj_q), SO
(n/A)V1g = BgﬁJ_(QSL — ¢) with the boundary
condition that the tangential electric field is contin-
uous. This boundary condition is required because
otherwise the curl of the electric field and the time
derivative of the magnetic field would be infinite.
The stream function ¢ in the plasma equals —® /B,
with ¢y, the value of ¢ at z = L.

The divergence of the equation relating v 19 to

V(61 — du) implies

K
QL:Qw_niwiLa

A5
Mo Aw ( )

where the vorticity in the wall is 2, = fo_gbw and
the vorticity in the plasma next to the wall is Qf =
—V2 ¢r. When the resistivity of the wall is zero,
Qr = Q, but when the resistivity in wall is non-
zero there is a slippage between the plasma flow and
the wall flow.

The power required to drive the flow in the wall is
the sum of two parts, Pﬁf“ = P, + P,, where P, is
the power transmitted to the plasma and P, is the
power dissipated in the wall:

B2
P, = J/(¢LKL)daw; (A6)
Ho
B2 n
P, = —giw/K Hiday,
K Ho MOAw L
B2 4 . .
= 4 e VLHL~VLHLdaw
Ho MOAw
T Bi
= —=day, AT
polyw J  po (A7)

where B, = BgﬁH X Z is the magnetic field tangen-
tial to the wall at z = L.

2. Energy and power

The energy density is w = B?/2uy + pov?/2, so

2

S (1 (VL)) + 2V 10) (A8)

w =
240



/ wda

Ho

B2
/<2€'(1+HK) + '02%59) da; (A9)

W = /wdad€ = /wd?’x (A10)
is the energy.
The energy consists of three terms,
W = Wyee + —2 2 /HKd% + 2 /¢Qd3x(A11)
Ho
where Woae = /d3 A12
2o (A12)

is the vacuum energy, which is the energy in the
absence of plasma current or motion.

The power input per unit length along the field
line is

3fwda oOH oN
5 —/< IK—— o + pop—— )da, (A13)

/de _8]K¢da_/¢6l(

_(w;) <;§t+Vc>/K2da (A14)
[ fo(a-

The energy is W obeys
aw
dt

Nw = pOVU/QQd:gx

B? c 10
—Z . K2d3z (A1
+2M0 <wpe) (2at+y>/ (A17)

since [ ¢V2QdPz = [Q2d3z. P, is the power en-
tering through the wall, and Ny is the power loss.
The term OK?2/9t in Ny is technically not a loss
of energy; the energy goes into the kinetic energy of
the electrons.

The typical value for Q/K is v,,L/a, so the ratio of
the kinetic energy to the magnetic energy associated
with the plasma current is Mezf - The ratio of the
viscous to the resistive dissipation of energy is the
Alfvén-weighted Prandtl number P4, Eq. (29).

v, V2 Q) da (A15)

= Py —Nw (A16)

Appendix B: Preservation of magnetic field lines

Magnetic field lines move but are unbroken when
a potential ®¢ exists such the general form for the

electric field, E+0xB= £, is consistent with B.
E=-B. V<I>g This condition is always satisfied
in a spatially local region in which B # 0, but the
resulting potential ®¢ may not satisfy the boundary
conditions. When ®¢ does not satisfy the boundary
conditions, field lines must break.

The condition for the preservation of magnetic
field lines in the model field of Equation (1) can be
obtained using the freedom of canonical transforma-
tions of the magnetic field line Hamiltonian, which
in Cartesian coordinates is H(x,y, z,1).

Canonical coordinates (£, 7, z) are defined by their
relation to Cartesian coordinates and have a velocity
through space of u:

(&, z,t) = x(&,n,2,0)T +y(&,n,2,t)§ + 2%; (B1)
@ = W. (B2)

Derivatives with respect to time will be denoted
as (0f/0t). when holding the canonical coordinates
constant and as (0f/0t)z when holding the Carte-
sian coordinates constant. The magnetic field line
Hamiltonian in general canonical coordinates will be
denoted by H(&,n, 2, t).

The vector potential A for the model magnetic
field, Eq. (1), in an arbitrary gauge g and its time
derivative at a fixed point in Cartesian coordinates
are

EVn+H(En, 2,t): + Vg;

B
) (5) o0 (2) we (2) -
B, \ot). " \ot). ot ).~
o ((2) ve(2)),

Time derivatives holding the canonical coordi-
nates fixed are related to time derivatives hold-
ing the Cartesian coordinates fixed by (9f /8t)

(Of J0t)z+U-V f. Consequently, (0&/0t)z = VE,
(an/at) = —@-Vn, and (87{/(“)15) (37-[/ t) — 1
VH. The expression for @ x B =i x (V x A) is

(B3)

(B4)

—

i % nVE— (- VENn—(ii-VH)2 (B5)

QUU‘ SV]1
<L

using « - V2 = 0 since Z is a constant unit vector.
The electric field

. 0A .
E = _<at>fw’

(B6)



M\ . =
x B - B, <8t>cz—v¢c (B7)

¢+((3?>;€(3’Z)5) B (9

When the electric field has the form E 4+ x B =

2

—V®,, the choice of canonical coordinates @ = ¥

gives By (0H /0t).2 = V(®, — ), which has the so-
lution ®. = ®,, and (0H/0t). = 0. Since the Hamil-
tonian H does not change in canonical coordinates,
the magnetic field lines remain the same in canonical
coordinates. The magnetic field lines do move with
the velocity @ = ¢ through Cartesian coordinates,
which means the lines are attached perfectly to the
fluid and do not break.

A solution with (9H /0t). = 0 does not exist when
E + 7 x B = € unless one can represent B-& =
B V<I>g. When such a potential ®¢ does exist,
a new velocity can be defined, @, = 7 — B x (5+
6@5) so that the electric field has the form E +
Up X B = —V(I)g and the magnetlc field lines are
unbroken moving with the velocity .

When the Cartesian coordinates are chosen as the
canonical coordinates « = 0. Assumlng E=—0x B
one finds @ x B = B, (8H/t), + V®., which for

7=V x 2 gives p = —®, and (9H/0t), = d¢/OL.

Appendix C: Derivatives

1. Definition of Z’; and af

The total derivative with respect to time df/dt
means moving with the plasma,

af _ [0f R
% - <at> (z,y,2) o Vf
= g—{—kz (ﬁj_fxﬁﬂﬁ). (C1)

The partial derivative with respect to distance
along the magnetic field lines 0f/0¢ is defined by

af B =
o =5V (C2)
_ gﬂ (VifxViH)  (C3)

10

2. Commutator of V2 with Z{ and af

af af . = -
vi@ = %1 (32 +2-(VLf x VLH)>
= 5 +2-(VLV2fx V. H)
+2-(VLf x VV2H)
= %Vif—ké-(ﬁlKXﬁLf). (C4)
2 df o (Of LT =
Vig = Vilg +2 (VifxVie)
- ag;f £ TV X §10)
(VJ_f X VLV ?)
= Vif +2(VIQx VLf). (C5)
3. Commutator of % and %
oof 0 8f g
giac =~ daor T2 (Ve x Vil
OH
(VJ_f X VJ_ o1 )
0 9of - oOH
4. Commutator of 2 3¢ and %
This derivation uses
02-(VifxVig) _ . o 0f =
Y =z (VJ_ai X VJ_g)
2 (VifxVi 8€> (C7)

which follows from the coordinate invariance of % -
(V.ifxV_.g), Appendix C6.

odf 0 (0f . .

W 86(815—’_2 ( LfXVL(/)))
Y
= (o (Fr2%:%))

+%Z (VifxVie)



daf ., o _ OH 8¢
= @ae ~FValx Vg = 50)
L daf o _

= %@JFZ“(VLJCXVLNB). (C8)

5. Form for z- (V. f x V.g) useful in
integrations

(02)-50%)- @

6. Coordinate invariance properties of
z- (VJ_f X VJ_g)

0

ox

0

2 (VifxVig) = ey

In arbitrary coordinates z,(z,y) and y.(z,y),
the gradient V, f = (8f/024)Vza + (0f/0Ya)Va,
which implies
of 0g  0f 9y
dr dy Oy ox
_ (9f 09 Of 9y
B <8xa Tya 8ya ail'a

2 (VifxVig) =

) Ja{C10)

Jo = 2- (Ve X V). (C11)
The Jacobian of the (x4, ys) coordinates 7, is unity
when the coordinates are the starting points (zs, ys)
of magnetic field line trajectories.

3%f

7. Cartesian coordinate expression for 7

o2f  00f . - of -
o = oac T Vg Ve
o fof . o ;

+{2«(€L <gf

z
0% f
=g 2

+2-(Vofx %H)) x %H)}

T
Z(VL£XVLH)

. . OH
F2(Vifx Vi

55 (C12)
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