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Minimum energy states of the cylindrical plasma pinch in single-fluid

and Hall magnetohydrodynamics

|. V. Khalzov," F. Ebrahimi,® D. D. Schnack, and V. V. Mirnov'
'Center for Magnetic Self-Organization, University of Wisconsin, 1150 University Avenue, Madison,

Wisconsin 53706, USA

2University of New Hampshire, 8 College Road, Durham, New Hampshire 03824, USA
(Received 24 May 2011; accepted 29 November 2011; published online 20 January 2012)

Relaxed states of a plasma column are found analytically in single-fluid and Hall magnetohydro-
dynamics (MHD). We perform complete minimization of the energy with constraints imposed by
invariants inherent in the corresponding models. It is shown that the relaxed state in Hall MHD is a
force-free magnetic field with uniform axial flow and/or rigid azimuthal rotation. In contrast, the
relaxed states in single-fluid MHD are more complex due to the coupling between velocity
and magnetic field. Cylindrically and helically symmetric relaxed states are considered for both
models. Helical states may be time dependent and analogous to helical waves, propagating on a
cylindrically symmetric background. Application of our results to reversed-field pinches (RFP) is
discussed. The radial profile of the parallel momentum predicted by the single-fluid MHD
relaxation theory is shown to be in reasonable agreement with experimental observation from the
Madison symmetric torus RFP experiment. © 2012 American Institute of Physics.

[doi:10.1063/1.3676600]

. INTRODUCTION

Many magnetized plasma systems exhibit the phenom-
enon of self-organization—the spontaneous tendency to
evolve toward preferred configurations with ordered
structure. Theoretical prediction of such configurations is a
long-standing problem for both laboratory and astrophysical
applications. Due to the complexity and nonlinearity of
plasma behavior there is no universal mathematical method-
ology, except direct numerical simulations, that would be
able to describe the final self-organized states in all systems.

Among the plasma systems, whose self-organized states
can be predicted theoretically, are the systems without exter-
nal energy supply. In such isolated systems, the process of
self-organization is usually referred to as relaxation. The
concept of plasma relaxation was proposed by Taylor,! who
conjectured that during turbulent dynamics a slightly resis-
tive magnetohydrodynamic (MHD) system tends to mini-
mize its magnetic energy while conserving the total
magnetic helicity. The underlying basis of this approach is
the principle of selective decay of invariants,k3 i.e., one or
more ideal invariants of the system (conserved in the absence
of dissipation) are less susceptible to dissipation than energy
and thus can be considered as constants during the relaxation
process. Mathematically the relaxation theory is formulated
as a variational procedure for obtaining a relaxed state by
minimizing the energy subject to constraints.

The Taylor theory has been successfully tested in
experiments™® and applied for explaining the magnetic
structures in laboratory plasmas such as the reversed-field
pinch (RFP), multipinch, and spheromak.”” However, the
classical Taylor theory does not include possibility of flows
that are ubiquitous in experimentally observed relaxed states.
The origin of these flows is not well understood; laboratory
plasmas rotate in the toroidal and poloidal directions even in
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the absence of externally applied torques (intrinsic rotation).
Further, the experimental parameters are such that the
single-fluid MHD model may not be strictly valid, and the
inclusion of the effects of separate ion and electron fluids in
the model may be required.

The present work is motivated by the recent progress in
plasma velocity measurements in the Madison symmetric
torus RFP experiment, which show an abrupt change of the
global flows during the relaxation events. Detailed temporal
and spatial measurements of flow dynamics indicate signifi-
cant radial angular momentum transport and flattening of the
radial flow profiles.’

The goal of the present paper is to determine the mini-
mum energy (relaxed) states for a cylindrical RFP, to ana-
lyze the possibility of plasma flows in such states in both
standard (single-fluid) and Hall MHD (a two-fluid model
with massless electrons), and to elucidate their global proper-
ties. Since the RFP has significant fraction of “bad” magnetic
curvature caused by poloidal magnetic field, the effect of the
toroidal curvature can be ignored. The geometry of periodic
cylinder is a good approximation for RFP theory and simula-
tions.>> We employ a variational procedure that includes all
ideal invariants inherent in corresponding models. While the
experiments are open systems that interact with the external
environment through applied voltages, here we consider only
closed systems. This is consistent with Taylor’s approach,'?
which has been reliable for predicting the general properties
of relaxed magnetic fields without flow. The fields and flows
predicted by the present theory may be relevant to the flows
that are observed after the crash phase of sawtooth cycle in
the RFP. Of course, we cannot comment on the origin of
these flows, only on their relaxed properties.

In the framework of single-fluid MHD, the problem of
finding relaxed states with flows in geometries relevant to

© 2012 American Institute of Physics
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RFP is addressed in several papers.® ' The relaxed flows in
these papers are obtained by including into energy minimiza-
tion procedure the additional constraints, such as cross helic-
ity and momentum (or its components). It should be
emphasized here that the cross helicity is an ideal invariant
of incompressible MHD and in some special cases of com-
pressible MHD (e.g., Ref. 8); it is also a rugged invariant
during relaxation in the presence of dissipation, which is
confirmed by numerical simulations.'? Energy minimization
with the cross helicity constraint in periodic cylinder yields a
relaxed state with flow parallel to force-free magnetic field”
(results are corrected in Ref. 10). In Refs. 8 and 11 in addi-
tion to the cross helicity, the total angular momentum is
taken into account as a conserved quantity in toroidal geome-
try. This leads to a relaxed state with combination of parallel
flow and rigid toroidal rotation. In present paper, we general-
ize the results of Refs. 9 and 10 by considering along with
the cross helicity the total angular and axial momenta as
additional invariants of the cylindrical plasma pinch in
incompressible MHD.

The relaxation problem in the framework of Hall MHD
is considered in numerous papers.'* % In Refs. 13-20, the use
of electron and ion helicities as invariants during relaxation is
theoretically substantiated and the double-Beltrami structure
of the relaxed states in Hall MHD is revealed. References 13,
14, and 19 give several analytical examples of the relaxed
states for different geometries. However, these solutions do
not correspond to true minimum energy states for fixed elec-
tron and ion helicities since the minimization procedure is not
completed. This is because the unknown Lagrange multipliers
used in the variational procedure are not specified in terms of
the initial values of the invariants. A more complete analysis
is reported in Ref. 21, where the energy of relaxed states is
found in toroidal systems as a function of electron and ion
helicities. Although the general solution of the double-
Beltrami equation has two eigenfunctions, Ref. 21 uses only
one of them. This precludes the possibility of two different
spatial scales in the relaxed state (as in Refs. 19, 22, and 23).
In Ref. 22, relaxed states are obtained as a linear combination
of two orthogonal Beltrami eigenfunctions with eigenvalues
/1 and A, respectively, and the energy is expressed as a func-
tion of electron and ion helicities and eigenvalues Ay and 4.
The next step is to find a pair of eigenvalues (4, 4,) that min-
imizes the energy; however, this step is missing in Ref. 22.

The full energy minimization of the incompressible Hall
MHD system with fixed electron and ion helicities is com-
pleted in Ref. 23 assuming the general geometry and ortho-
gonality of the basis Beltrami vectors (which is not true for
cylindrically symmetric states). The result is quite surprising:
the relaxed state in Hall MHD is always a force-free mag-
netic field with no plasma flows, i.e., nothing but the Taylor
state. Moreover, the authors of Ref. 23 question the conser-
vation of the ion helicity, arguing that it is not a rugged
invariant during relaxation and, therefore, it should not be
included into energy minimization procedure. The fact that
the ion helicity is not conserved in Hall MHD relaxation is
confirmed by numerical simulations.>>>> In present paper,
we extend the results of Ref. 23 for cylindrical plasma pinch
in incompressible Hall MHD assuming the conservation of
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both electron and ion helicities and total angular and axial
momenta. These velocity related invariants allows us to
obtain a relaxed Hall state with plasma flows.

One of the novel results of our paper is the prediction of
non-stationary relaxed states, which have the form of helical
waves propagating on a cylindrically symmetric background.
Such states are realized in both single-fluid and Hall MHD
when some of velocity related invariants are not zero.

The paper is organized as follows. In Sec. II, the invari-
ants of incompressible single-fluid and Hall MHD models
are introduced. In Secs. III and IV, the minimum energy
states are obtained for corresponding models. In Sec. V,
comparison of these states with experimental observations is
performed. In Sec. VI, these results are summarized and their
application for reversed-field pinches is discussed.

Il. STATEMENT OF THE PROBLEM

We consider the problem of finding the minimum
energy (relaxed) states of an axially periodic cylindrical
plasma pinch, with a periodicity length L (Fig. 1). We
assume that plasma is incompressible with spatially uniform
density p, and it is surrounded by a perfectly conducting
shell (flux conserver) of radius a. The incompressibility
assumption is relevant to RFP physics due to the fact that
relaxation in these systems is provided by tearing modes.
These modes are slow on Alfvenic time scale and, therefore,
essentially incompressible.’® Moreover, the resulting incom-
pressible relaxed states are in good agreement with experi-
mental observations, as shown below in Sec. V.

Under these assumptions the plasma is described by
equations of ideal incompressible Hall MHD, which in non-
dimensional form are'*

ov v2
a—i—V p—&-? =vx(Vxv)+(Vxb)xb, V- -v=0,
ey
ob
E:Vx(vxb—e(be)xb),V-bzo. (2)

Here, all physical quantities are normalized,

R VA L Va \'% B
T=-"1,
a

:p—‘/i7

where the Alfvén velocity V4 and the characteristic magnetic
field By are defined as
L

A T
\ ) J

FIG. 1. Geometry of the problem.
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with @, being a total axial magnetic flux, which is constant
due to perfectly conducting boundary. Equations (1) and (2)
also contain the non-dimensional ion skin depth (or Hall pa-
rameter) €, which is defined as

d ¢ m?
= — = — _— 4
‘T4 4 \/ 4npe2z?’ @)

where m; and eZ are ion mass and charge, c is speed of light.
In the limit € — 0, single-fluid MHD is recovered.

We adopt cylindrical coordinate system {r,@,z} with
volume element d°r = rdrd¢ dz. In order to solve Egs. (1)
and (2) uniquely, we have to specify boundary conditions for
velocity and magnetic field. At an impermeable surface the
normal component of velocity vanishes,

Vs = 3

na?’

=0, Q)
r=1

Uy

and the normal component of magnetic field and the tangen-
tial component of electric field are zero at the perfectly con-
ducting boundary, which is equivalent to

=0, (6)

where j = V X b is normalized current density. Note that in
single-fluid MHD (e = 0) the second condition in Eq. (6) is
satisfied automatically.

According to the fundamental idea of the Taylor
theory, a weakly dissipative system reaches a state of mini-
mum energy without significant change of certain global
quantities. These quantities usually correspond to ideal
invariants; they are conserved in ideal system and decay
slowly (slower than energy) in presence of dissipation. A
number of these ideal invariants inherent in system [Eqgs.
(1) and (2)] have been introduced into an'cllysis.l’g’”’w’14 In
this section, we examine these invariants for cylindrical
pinch geometry assuming boundary conditions [Eqgs. (5) and
(0)].

The sum of the kinetic and magnetic energies,
1 2 2\ 3
EZE (V" +b7)d’r, (7

is an ideal invariant in the incompressible closed system.
Indeed, its time derivative is reduced to a surface integral,

2
%: —L {<p+"2>v+bx (vxb—e¢jxhb)|-ds,
which is zero for boundary conditions [Egs. (5) and (6)]. In a
dissipative incompressible closed system, energy E can only
decrease in time. This validates the procedure of energy min-
imization in relaxation theory.

Magnetic helicity /; is equivalent to electron helicity H,
for massless electrons,

Downloaded 15 Apr 2013 to 128.104.166.218. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions

Cylindrical plasma pinch in single fluid and Hall magnetohydrodynamics

Phys. Plasmas 19, 012111 (2012)

—nlk.  (8)

hzdb:JA-Vfon I
=0

Here A is vector potential, such that b =V x A. The time
dynamics of vector potential follows from Eq. (2):

0A

—=-V¢p+vxb—¢Vxb)xb,

ot
where ¢ is normalized electric potential. As a result, the
time derivative of magnetic helicity is

Qﬁ:—J@m+Ax@xb—qu»d&

ot s

which is zero if electric potential ¢ is periodic in z and
boundary conditions [Egs. (5) and (6)] are satisfied. There-
fore, magnetic helicity is an ideal invariant; it can change
only in presence of resistivity. For our study it is important
that in resistive systems magnetic helicity is more robust
than the energy,l_3 i.e., we can assume that its value is
approximately constant in time and equal to its initial value,
I, = nlK, where 7l is dimensionless volume of the cylinder
and K is the volume-averaged density of the magnetic helic-
ity. For unique definition of vector potential and, therefore,
magnetic helicity we use a gauge invariance condition®’

[
v
0

Single-fluid incompressible MHD system (e = 0) has
the well-known ideal invariant—cross helicity,

dz=0. 9

r=1

= nM. (10)

b:vafn I
=0

Indeed, its time derivative is

6[2_ V2
E_—L Kp+2>b+v><(v><b)] - dS,

which is zero for boundary conditions [Egs. (5) and (6)].
Cross helicity can be considered also as a rugged invariant
(approximately conserved quantity) during relaxation. Its
ruggedness in a dissipative single-fluid MHD system is con-
firmed by numerical simulations for cases, where relaxation
is slow on Alfvenic time scaleslz—typical situation for RFP
experiments, in which relaxation is provided by slow tearing
modes.? In our single-fluid MHD analysis, we assume that
the cross helicity is constant and equal to its initial value,
I, = niM.

The analogue of the cross helicity in incompressible
Hall MHD (e # 0) is generalized cross helicity,

= nM. (11)

L= JV- (b iV x v)dr, I
2 =0

It is related to ion helicity

H:Jm+wvam+wm%
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by the equation

Hi:He+26]A2—|—6J (VXA)dS
N

Their time derivatives are, respectively,

o

€
E__Js [pb+v><(v><b)+§(pw+v><(v><w)

—Vx(ij))} -dS,

N ()

x (vx (b+ ew))] -dS,

where @ = V x v is the fluid vorticity. Taking into account
boundary conditions [Egs. (5) and (6)], time derivatives of
the generalized cross helicity and ion helicity become

8f2 € V2
E‘EL(?‘”)“""S’

81‘1,‘ V2
5 —eL <V~A—¢+€<E—p>)w-ds.

From these equations one can see that in order for I, and H;
to be conserved, an extra boundary condition must be
imposed,'* which is

=0. (12)

This condition is satisfied automatically for all time if it is
satisfied initially at t = 0. This is guaranteed by boundary
conditions [Eqs. (5) and (6)] and by equation of ideal dynam-
ics of the fluid vorticity

Ow .
E—Vx(vxw+be), (13)

which is obtained from Eq. (1) by taking the curl. In the fol-
lowing, we assume that the generalized cross helicity (and,
hence, the ion helicity) is conserved during relaxation and its
value is fz = nIM. As we show in Sec. IV, relaxed state in
incompressible Hall MHD is completely independent of this
invariant: energy minimizations with or without generalized
cross helicity lead to the same result.

Equations (2) and (13) being similar in structure also
guarantee the conservation of the axial fluxes of the magnetic
field and the fluid vorticity, respectively,

21l
I; = J J b.rdrdp, I =T, (14)
0 Jo =0
21l 27
I4=J J a)zrdrd(p:J V| do, 14 =210y, (15)
0o Jo 0 r=1 =0

where we used normalization [Eq. (3)] and assumed that the
azimuthally averaged angular velocity at the boundary is €.
Their time derivatives are

Phys. Plasmas 19, 012111 (2012)

8]’; J~27T

— = vxb—¢xb -e,do,
aT 0 ( ),A:l P
814 JZTL

— = VvXmw+jxb -e,do.
al_ 0 ( )r:] @

Note that magnetic flux [Eq. (14)] is constant in both single-
fluid and Hall MHD due to boundary conditions [Egs. (5)
and (6)], while fluid vorticity flux [Eq. (15)] is conserved
only in Hall MHD when additional condition [Eq. (12)] is
satisfied.

The geometrical symmetry of the pinch configuration
yields two more ideal invariants, the axial and angular
momenta,

Is = Jvzd3r7 Is| = nlu, (16)
=0
0
I = JrU(Pd3r, Il == (17)
=0 2

Their time derivatives are zeros for boundary conditions
[Egs. (5) and (6)] since

als
E = JS (b;b UZV) dS7
Jlg
E = Js (i‘b(/;b — i‘U(pV) - dS.

The initial values of these invariants can always be attributed
to some uniform flow with velocity # in z-direction and a
rigid rotation with angular velocity Q in ¢-direction.

In the following, we use these invariants as constraints
in energy minimization procedure.

lll. RELAXED STATES IN SINGLE-FLUID MHD

In this section, we study single-fluid MHD (e = 0)
relaxed states. We consider two cases here: the most general
case, where relaxed state corresponds to a minimum of
energy [Eq. (7)] subject to constraints given by Eqs. (8),
(10), (14), (16), and (17); and the case, where we ignore axial
and angular momenta constraints given by Eqs. (16) and (17)
for the reasons explained below.

A. Energy minimization with full set of invariants

First we consider the case, where relaxed state is found
by minimizing energy [Eq. (7)] with the most general set of
invariants [Egs. (8), (10), (14), (16), and (17)] inherent in
incompressible single-fluid MHD in periodic cylinder. The
Lagrange multipliers method results in variational problem,

O|E+ w (I — nlK) + (I, — nlM) + p3(l3 — m)

Q)
+u5(15—nlu)+u6(16—7>} =0, (18)
which determines a conditional extremum of E (it is mini-
mum since F is positive definite, and, therefore, the resulting
equilibrium is ideally stable). The Euler equations of varia-
tional problem [Eq. (18)] are
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~ OV Vo + ipbo + use: + pgre, =0, (19) 2CTy(2)  2C? D
’ K =222 26y o) - B + 2,
~3A: YV xby+2uby+ 1,V X vg =0, (20) y y A
(27)
~ow: Lh=nlK, L=nlM, Iz7=m=n Is=mnlu
) ) ) ) 2QC J, (A , s
7IQ M=u+ 200 50) 1, C? (ZJ%(A) = 3Jo(A)J2(2)
Iy =" Q1) A
8J3(1)
2 2
—J5(A) — — WD 28
Equations (19) and (20) can be reduced to one equation for 5(4) 22 e 28)

magnetic field

2
V x by — by = 2K e (22)
1 —us
where
2
p=H
=1

Thus, the relaxed magnetic field is no longer force-free as in
classical Taylor theory due to its coupling with the relaxed
flow. Note that the amplitude of the magnetic field by and the
Lagrange multipliers p;, i, 15, lg are not arbitrary, they are
determined by constraints from Eq. (21). Therefore, the relaxed
state depends only on the initial values of the invariants.

The most general solution to Egs. (19) and (20) satisfy-
ing gauge invariance condition [Eq. (9)] and constraints
I; = 7, Is = nlu, Is = ©lQ/2 is a superposition of a cylindri-
cally symmetric mode (with the azimuthal mode number
m = 0 and the axial wave-number k, = 0) and modes with
m#£0ork, #0,

C
Ao = %e(ﬂ + [ Gr) =D (Dr)e,
Ul el +5H @Y

A
b0:V><A0:eZ+C[J1(/lr)eq,+ (Jo(lr)—le())ez}—kH,

(24)
vo = Qre, + ue. — M2C|:<J1(;Lr) - @O e,
(o PO o

where J denotes Bessel functions of the first kind, coefficient
Cis
_ M1 = 13) —20u,
2J1(4) + 2#%]3(/1) ’

and H represents the helical part of the solution (modes with
m # 0 or k. # 0), such that V x H = AH. Substituting these
expressions into Egs. (7), (8), and (10), we obtain the
volume-averaged densities of the energy, the magnetic helic-
ity and the cross helicity,

E 1 O 1+, ,
412C2T2 () 1 2\D
- oy - B U b, 26)

where D is a non-negative quantity characterizing magnitude
of the helical part,

D= 1 J H’dr. (29)
il
Consider first the cylindrically symmetric solution with
D = 0. In this case Eqs. (27) and (28) are used to find u, and
A through the initial values of helicities, K and M. The result-
ing volume-averaged energy density of the relaxed state
E.; = (E/nl),_, as a function of K is shown in Fig. 2. A
sample of the relaxed state with non-zero plasma flows is
shown in Fig. 3. It should be emphasized here that the cylin-
drically symmetric MHD relaxed states are always ideal
equilibria, i.e., they satisfy Egs. (1) and (2) with 9/9t = 0.

The helical part of the solution H corresponding to
D # 0 can be presented as a linear combination of modes
with non-zero azimuthal mode numbers m and/or axial wave
numbers k. = nn/l (m and n are integer),

mAJy, (oar) +k.orJ! (ar)
o?r
mk.J, (ar) + Aord), (ar)
a o?r
+J(ar) sin(me +k,z+ 0)e., (30)

hy k. = cos(mp +k,z+0)e,

sin(me +k.z+0)e,,

where o = 4/ 22— k2 is a radial wave-number, 6 is an arbi-
trary phase, and V x h; . = Zh; . by definition. Each
helical mode given by Eq. (30) should satisfy boundary con-
dition [Eq. (6)] resulting in

FIG. 2. Volume-averaged energy density of cylindrically symmetric MHD
relaxed state [Eqgs. (23)—(25)] E; as a function of magnetic helicity K (solid
curve) and its difference with energy density of helically distorted MHD
relaxed state Ej.; in domain of its existence (dashed curve). Note different
scales for positive and negative energies. Results are presented for cross hel-
icity M =0.1, axial momentum u = 0, angular momentum Q =0 and
/ = 3.11 for helical state.
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FIG. 3. Cylindrically symmetric MHD relaxed state [Eqs. (23)—(25)] with
magnetic helicity K = 2, cross helicity M = 0.1, axial momentum u = 0,
and angular momentum Q = 0.1. Solid lines are components of magnetic
field (left vertical axis) and dashed lines are components of velocity (right
vertical axis).

mAd (o) + k.ord! (o) = 0. (31)

For given m and £, this equation determines 4 (Fig. 4). Note
that only one value of 4 is possible in the relaxed state as can
be seen from Eq. (22). The description of the helically dis-
torted relaxed state is completed by expressing its magnitude
D and the Lagrange multiplier u, from Eqgs. (27) and (28) in
terms of the initial values of helicities, K and M. Our calcula-
tions show that in the domain of its existence the helically
distorted state has lower energy Ej, = (E/nl),., than the
cylindrically symmetric state (Fig. 2); besides, the lowest
energy is achieved when the value of A is minimal. This min-
imal value 4 = 3.11 corresponds to helical mode with m = 1
and k., = 1.23 (Fig. 4); in our following analysis we assume
that the helical distortion is due to this mode, i.e.,

H=Ch (32)

J=3.11, m=1, k.=1.23

The quantity D defined in Eq. (29) can be expressed in terms
of the amplitude of the helical distortion Cj,

C2I2T2 (o) m*  mi

The domains occupied by cylindrically symmetric and
helically distorted relaxed states in the K — M plane are

10

FIG. 4. Eigenvalues A of helical modes [Eq. (31)] with different azimuthal
mode numbers m and axial wave numbers k.. For periodic cylinder of finite
periodicity /, the axial wave numbers are discrete: k, = 27nn/l, where n is
integer.
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FIG. 5. Domains occupied by cylindrically symmetric and helically dis-
torted MHD relaxed states [Egs. (23)—(25)] in the plane K — M (magnetic
helicity—cross helicity) for axial momentum # = 0 and different values of
angular momentum Q.

presented in Fig. 5, the boundary between them can be deter-
mined by setting D = 0 in Eqgs. (27) and (28). The classical
force-free Taylor state corresponds to the line M = 0 in this
figure; it becomes helically distorted for values of magnetic
helicity larger than K = 4.08, which is in agreement with
Ref. 28.

The interesting property of the helically distorted
relaxed MHD states is their oscillatory nature. Indeed, sub-
stituting Eqs. (24), (25), (30), and (32) in Egs. (1) and (2)
with € = 0 one obtains that the phase 6 of the helical distor-
tion is changing with time as

o0 _
ot
:—m(Q+

—k - (Vo + p2bo)
HeCRE) k), o9
where k = m/ re, + k.e. is the wave-vector. In other words,
the non-cylindrical part of the relaxed MHD state is the heli-
cal wave, which is propagating with a phase velocity
Vpon = Vo + lpbg. At each point of the fluid, relaxed velocity
and magnetic field are oscillating near the cylindrically sym-
metric state with the frequency w = 96/97 (Fig. 6).

Fig. 7, shows the F — ©@ diagram of the relaxed MHD
states with different values of cross helicity M and angular
momentum Q. The reversal parameter F' and pinch ® are
defined here as

B.
FEM: 1 — CJ(2), (35)
By

= CJy (4), (36)

where brackets (), , denote averaging over ¢ and z. As fol-
lows from Fig. 7, the presence of the initial flow (non-zero
cross helicity M or total angular momentum Q) in cylindrical
plasma pinch affects the relaxed magnetic field significantly.
This is due to the coupling of the velocity and the magnetic
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FIG. 6. Values of oscillation frequency o = 90/0t [Eq. (34)] of the helical
distortion in the plane K — M (magnetic helicity—cross helicity) for MHD
relaxed state [Eqs. (23)—(25)] with axial momentum # =0 and angular
momentum Q = 0.

field that occurs in Eq. (22) through the term on the right
hand side. Such coupling does not take place in the systems
without axial symmetry where the angular momentum is not
conserved, e.g., in a periodic rectangular box. In this case, a
relaxed magnetic field corresponds to a force-free Taylor
state and it has the same structure independent of the initial
flows and determined by the value of magnetic helicity
only 2425

B. Energy minimization without momenta invariants

In order to obtain a relaxed state, which more realisti-
cally reflects the features of RFP, we have to exclude both
axial /s and angular /s momenta invariants [Eqgs. (16) and
(17), respectively] from the energy minimization procedure
for the following reasons. The angular momentum invariant
I is an artifice of the idealized geometry of periodic cylin-
der, it does not have an analogue in toroidal systems such as
RFP. Although the axial momentum invariant /5 has a coun-
terpart in toroidal systems, we also discard it because it is
not conserved in RFP experiment.” Such “fragility” of the

1
0.5

F o5t :
—M=0, Q=0 (Taylor state) :
L T s
+==M=0.1, Q=0
L3P M=0.1, Q=01
D i ; ;
0 0.5 1 1.5 2

(C)

FIG. 7. Reversal parameter F [Eq. (35)] vs. pinch ® [Eq. (36)] for the
relaxed MHD states [Eqs. (23)—(25)] with axial momentum u = 0, different
values of cross helicity M and angular momentum Q. The initial straight
intervals and the final point of the graphs (® = 1.55, F = —1.55) corre-
spond to helically distorted states.

Cylindrical plasma pinch in single fluid and Hall magnetohydrodynamics
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axial momentum invariant /s in real experiment can be
explained by an important role of the viscous dissipation due
to no-slip condition at the radial boundary. Results of this
subsection reproduce in part results from Ref. 9 with correc-
tions in Ref. 10.

The Euler equations describing a single-fluid MHD
relaxed state under these assumptions are

~Oov: Vvy+ Wbo =0, 37)
~0A: VYV xbo+2ubo+ 1,V xvy=0, (38)
~ow : Iy =mnlK, I =nIM, I3 = . (39)

Equations (37) and (38) lead to one equation for a relaxed
magnetic field,

21
5—1

V x bo = »bo, A= (40)

which means that magnetic field relaxes to a force-free Tay-
lor state. Notable feature of this relaxed state is that the flow
is parallel to the magnetic field as seen from Eq. (37). The ra-
dial structure of this relaxed state is given by

- 1 1 C;h
Ay = m[fl (Ar)e, 4+ (Jo(Ar) — Jo(2))e:] + PR 41)
A ,
b() = V X A() = m [Jl ()ur)e(p +J0(/Lr)ez] + Chh, (42)
Vo = — by = —Lj‘ [Jl ()J’)e +J0()u‘)ez] — 1,Crh
271(4) ’ ’

(43)

where helical part of the solution h is defined in Eq. (30).
Here, the parameter 4 (for cylindrically symmetric state) or
amplitude of the helical part C;, (for helically distorted state)
have to be specified from the magnetic helicity constraint,
I, = nlK, while Lagrange multiplier u, is determined from
the cross helicity constraint, I, = nIM,

_ A Jo(AL(A) |, D
K—2(1 70 )JW’ (44)
s A o)) | Mo(2) D
W= 2n1Jb0 =7 (1 200) ) ) 2
(45)
M
Hy = W (46)

where D is magnitude of the helical distortion given by Eq.
(33) and W is volume-averaged magnetic energy of the
relaxed state. The sum of kinetic and magnetic energy of the
state is

2 M?
E=(1 W=W+——. 47
(14 12) + I 47)
Therefore, for relatively small values of cross helicity M the
system in many aspects is similar to the classical Taylor
relaxed state. In particular, the transition to a helically
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distorted relaxed state occurs if value of magnetic helicity is
larger than K = 4.08; the helical state in this case has the
lowest possible value of A = 3.11 corresponding to m = 1
and k, = 1.23. This situation is violated when the cross hel-
icity M is comparable to the magnetic energy W of the
relaxed state. In fact, if M > 2W then the minimum energy
state is cylindrically symmetric (Fig. 8).

In contrast to the relaxed states from Sec. III A, the
states described by Eqgs. (41)—(43) are always stationary and
do not possess traveling helical waves.

IV. RELAXED STATES IN HALL MHD

In this section, we consider the Hall MHD (e # 0)
relaxed states corresponding to a minimum of energy [Eq.
(7)] subject to constraints given by Eqgs. (8), (11), and (14)-
(17). As in Sec. III, we follow the standard procedure of min-
imization by applying the Lagrange multipliers method.
Then the Euler equations of variational problem are

~ OV 1 Vo + tp(bo + €V X Vo) + use. + ugre, =0, (48)

~0A :V X bg+2ubg+ 11,V X vg =0, (49)
~ oW : I, =mnlK, L=nM, I =, I, =210y,
1Q (50
15 = TElLt, 16 :ﬂTT.

Equations (48) and (49) can be reduced to one equation for
magnetic field

etV X V x bo + (1 — 13 + 2ept,16,)V X by + 21;bg

A solution to this equation is the so-called double Beltrami
ﬂow,19

Mol
251

by = Cib; + Cby +

e, Vxbio=24idbis (52)

where 41, are two roots of quadratic eigenvalue problem
derived from homogeneous part of Eq. (51),

60 ; ;
Cylindrically
40} y R . y AR
symmetric: 5
statess : f
20 B L 1357 o ARR L T LT TS UPPETS SRTRPPRTR .
; Hehcally Helically
distorted distorted
M (0] SEREEIE [EERRR S tates W]th AAAAA states with
k—3 11 3.11<A<3.83
SO0 e NG b
VT | SEICITRE ST S, N T,
_60 N H N
0 5 10 15 20

K

FIG. 8. Domains occupied by cylindrically symmetric and helically dis-
torted MHD relaxed states [Eqs. (41)—(43)] in the plane K — M (magnetic
helicity—cross helicity). Grey areas correspond to helically distorted states
with 3.11 < 4 < 3.83.
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—(1 —ﬂ% +26M1M2)i\/(1 _/1% +2€M1H2)2 —8ep iy

i =
12 2

(53)

The presence of two spatial scales associated with eigenval-
ues 41 and 4, is typical for the double Beltrami flows arising
in the Hall MHD relaxation theory.'*19>23

Similar to single-fluid MHD case, the most general solu-
tion to Egs. (48) and (49) satisfying constraints I3 = m,
1y = 27Qy, Is = 7lu, Is = ©lQ/2 is a superposition of cylin-
drically symmetric and helical modes,

:4%+§:[ (1 () =1 ()r)e,

j=12
C; , H;
+.J(J(](/uj7’).]()(/1j))ez+]:|, (54)
Aj ;»j
b=V xAy=e, + |:CJ1 jl e(p
j=12
2]
+G@%0 f”)+ﬂ, (55)
Yy
Ai+2 41, (A;
vo = Qre, + ue; —Z M |:(:j (Jl (4r) — 2(’)r> e,
=12 Mt j
271 (4
+¢y (i) - 4 em . (56)
j

where H;, are the helical parts of the solution, such that
V x Hj, = Z12H) 2, and the coefficients C, , are

A (Ao +2p,) (1 + 182 )3 (22) + A1 A2ty (2 — Q)1 (42)
A ()L2+2u1)J1 (}1 ).]3 (/12) —/12(}4 +2u1)11 ()uz).]g, (/11) ’
(57)

Ci=—

_ A2+ 200 (e + 15 R5) T3 (A1) + A Ao (Q — Q)1 (M)
A (iz+2u1)11 (/Ll).]3(/12) —/12(/11 +2,u1)J1 (/12).]3(/”) '
(58)

Substituting these expressions into Egs. (7), (8), and (11) we
obtain the volume-averaged densities of the energy, the mag-
netic helicity and the generalized cross helicity,

E 1 u* &

8C1C2(/11 + 2#1)(12 + 2,[11).]2(/11).]2(/12)
TR .
nl 2 2 4

2,
VeI

2 2
+2C1C2<1—|—ul+ ﬂl)(122+ .Ul))
/11/12/12

" <Jo(/12)11 (41) =Jo(A)1(4) 211(/11)J1(22))
Al — o Ao

AC2 I3 (), (/1 +2u,)* . (1+(Aj+2u1)2>
VM 2213

2l

c? '
<2’<z.zzm 390 () ~ Jguwl;’)]
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CiCy 2.500
K =2 (1,0a)3(01) — 11 (a3 (%))
= ) M=0.2
ZCJz(/l) 2C; ) D: A
30 [P 2 ) — ) + 2.
j;z A A A 2.495
(60) £
ml
. C1Copty (34 13 — 2¢
M= u(1 + Q) — 1044 ( .“22 o) 2.490 =01
eu
2
o ((JoU2) o) = Jo(3a)a(la) _ 892(0a)a(0a)
/12 o ;2 /12}2 2485
1 2 172 0 0.02 0.04 " 0.06 0.08 0.10
Ci(Aj + A3 + 21, B
J\"J J2 1 A
#30 | SRR Q1) - ) | | |
=12 )j 1253 FIG. 9. Volume-averaged energy density as a function of Lagrange multi-
A A 5 plier u, for all possible cylindrically symmetric Hall MHD relaxed states
L G 3(4) (B +2p) (4 + 4ps + 2u) c2(2(3;)  Eas GH-G6) satislying conssaints iven by Eas. (60) and (61). Resuls
ij /12 #3 J\"2\ are presented for magnetic helicity K = 2, axial momentum « = 0, angular
12 momentum Q = 0, boundary angular velocity €, =0, Hall parameter
i Jg()»f).h (;Lj) D; € =0.1, and two values of generalized cross helicity M = 0.1 (stars) and
=i (’1/’)‘]3 (/“j) - ] R + 7 ) (61) M = 0.2 (circles). The state with the lowest energy corresponds to u, —0
)

where D, are magnitudes of the helical modes (note that
helical eigenmodes of the curl operator corresponding to dif-
ferent eigenvalues 4, # J, are orthogonal®®),

Diy="t J Hi,d’r

12 — 7l 12 .

Equations (60) and (61) with given K and M yield two condi-
tions for determining two remaining unknowns. For a cylin-
drically symmetric state with D, = O these unknowns are
Lagrange multipliers yx; and u, or, equivalently, Ay and /,,
since they are related to y; and p, by Eq. (53). For a single-
helicity state with Dy # 0 and D, = 0, these unknowns are
D, and 4, since eigenvalue A, of the helical mode is speci-
fied now by Eq. (31). For a double-helicity state, the
unknowns are D; and D, since both eigenvalues 4; and 4,
(and, therefore, i, and w,) are specified by Eq. (31).

The relaxed state found in such a way is not necessarily
unique: for a given set of values of invariants there might be
more than one solution corresponding to local minima of the
energy functional. A true relaxed state should be selected as
one of them with the lowest energy. One of the examples is
illustrated in Fig. 9. It corresponds to the case when Egs. (60)
and (61) being solved for y; and u, yield multi-valued func-
tion u, (K, M) with point of condensation at x, = 0. Because
of non-uniqueness of this solution there exists a discrete set
of energy levels corresponding to given values of the invari-
ants K and M. The lowest energy state in Fig. 9 corresponds
to 1, = 0 and is independent of the value of generalized cross
helicity M. The dependence of energy E on magnetic helicity
K for such state is shown in Fig. 10. Note that the non-
uniqueness of the cylindrically symmetric states is a charac-
teristic feature of the Hall MHD model, it has no practically
important applications in the single-fluid MHD model.

Despite the complexity of Eqgs. (57)—(61) a simple ana-
Iytical treatment of them is possible when Q, = Q, i.e.,
when boundary angular velocity defined by Eq. (15) is equal
to averaged angular velocity defined by Eq. (17). In the rest
of this section, we consider this case in more detail. The case
Q, # Qs considered in Appendix.

and is independent of value of M.

When Q, = Q a state with the lowest energy corre-
sponds to infinitely small px, (Fig. 9). In order to show this,
we assume that g, is a small parameter and represent all
quantities as a power series of u,. Then

Ay = =2y = 2315 + o(13) ~ 1,

A 11 )
fo ==yt 2gs +o(i) ~

and
A
Ci=="—o(l) ~1,
TP (1)
And3(2a) 13
Cr=—r—F"""—~+0 ~ U,
2 2]] (/Ll).]3(/12) (:UZ) H

where it is also assumed that C, ~ p, (i.e., J3(42) ~ ), this
assumption is justified below [see Eq. (68)]. Taking into
account leading order terms in Egs. (54)—(56), we arrive at

FIG. 10. Volume-averaged energy density of the Hall MHD relaxed state
[Egs. (54)—(56)] as a function of magnetic helicity K for cylindrically sym-
metric (solid curve) and helically distorted (dashed curve) solutions. Results
are independent of generalized cross helicity M. Other parameters are: axial
momentum u« = 0, angular momentum Q = 0, boundary angular velocity
Q) = 0, and Hall parameter ¢ = 0.1. Note that for K > 4.08, the state with
the lowest energy is helically distorted.
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Ao = 1 (ar)en + o(ar) — Jo(in))es] +
= hr r) — .
0 2“[1(11)11 " o(A1 ol#))e:] + 7
(62)
M \ ,
bo=V xAg =1 |/ J 1+H,,
o=V X Ag le(il)[l(mr)ew o(4ir)e;] +Hy
(63)
C ,
Vo = Qre(/, “+ ue, — ; [J] (/lzr)e(p + JO(/“Zr)eZL (64)
)

where helical mode H; is neglected, since in order to be con-
sistent with Eq. (61) its magnitude has to be Dy = o(143).
Equations (62)—(64) demonstrate the separation of scales in a
relaxed state: magnetic field varies slowly in radial direction
(with typical scale 1/4;) while velocity has fast varying part
(with typical scale 1/4,).

In the limit u, — 0, Egs. (59)-(61) become

2 2 2 ,
E _ M_+Q_+;u_1 1 _J()()L;)Jg(il) /Ll.]()(ll) +&,
nl 2 4 4 J2(2) 471 () 2
(65)
A Jo(A1)J2 (A1) D,
K=—|1—-——+"> — 66
2 ( 2o ) T (66)
. Qy (A1) 2€||C3
M =u(l+ Q) + — - — . 67
( ) Ji(4) w3 ©7

As one can see from Eq. (65) the fast varying part of the
velocity does not contribute into energy in leading order.
The energy of the relaxed state given by Egs. (62)—(64) is
the sum of kinetic part, which is due to uniform axial flow
u and/or rigid azimuthal rotation Q, and magnetic part,
which is due to the force-free magnetic field with fixed
magnetic helicity K. It is easy to verify that Eq. (65)
yields the lowest possible value of the energy under con-
strained magnetic helicity, axial and angular momenta.
This validates the use of the limit u, — 0 (or, equiva-
lently, Ay — 00).

In order to complete description of the relaxed state, one
has to use Eq. (66) to determine A; for cylindrically symmet-
ric state (with Dy = 0) or D; for helically distorted state
[with 4; satisfying Eq. (31)]. Amplitude C, is then deter-
mined from Eq. (67),

QJ5 (A1) ’

|y L
Ji(21) z

P M —u(l+€eQ) —

C; = (68)

which justifies assumption made above.

Though formally the terms in brackets in Eq. (64) are of
order 1, they are negligible for any radius » > 0 in the limit
Ay — oo. For large arguments /Z,r > 1, Bessel functions
entering Eq. (64) are bounded,

2
Im(Aar)] < 1/— 0, 1 .
‘ ( 2))‘ < n_|)L2|r — Ly — OO

Therefore, at any fixed radius » > O the relaxed velocity is
asymptotically close to

Phys. Plasmas 19, 012111 (2012)

vo = Qre, + ue.. (69)

We should also note that the boundary value of azimuthal
velocity from Eq. (69) is

r=1

which is consistent with the assumed condition Q, = Q. So,
Eqgs. (62)—(64) describe the lowest energy Hall MHD state
satisfying all imposed constraints given by Egs. (8), (11),
and (14)—(17) with Q, = Q.

Note that the relaxed magnetic field given by Eq. (63) is
nothing else but a force-free Taylor state (V x by = A1by),
i.e., it is a state with minimal magnetic energy under the con-
straints of constant magnetic helicity and total axial mag-
netic flux (Fig. 11). On the other hand, the asymptotic form
of the relaxed velocity given by Eq. (69) is the flow, which
minimizes kinetic energy with the constraints of constant
axial and angular momenta. Thus, the Hall MHD relaxed
state [Egs. (62), (63), and (69)] can be found formally from
the energy minimization procedure if one ignores the gener-
alized cross helicity constraint.

This result is in agreement with the earlier considera-
tions first made with the use of simple model in Ref. 20 and
later for full Hall MHD model in Ref. 23. As mentioned
there, it is a manifestation of the ill-posed variational prob-
lem: the constraint I, (generalized cross helicity) is more
“fragile” than the target functional E (energy), since I, con-
tains higher-order derivatives of velocity v in comparison
with E. This result suggests that the relaxation in Hall MHD
systems happens in such a manner as if there is no conserva-
tion of the generalized cross helicity. Such “fragility” of the
generalized cross helicity in a real RFP experiment can be
explained by its fast viscous decay due to an extra derivative
of velocity and due to no-slip condition at the cylindrical
boundary. The final relaxed state is trivial; it is the force-free
magnetic field (Taylor state) and uniform axial flow and/or
rigid rotation of plasma.

0 02 04 06 08 1
r

FIG. 11. Cylindrically symmetric Hall MHD relaxed state [Eqs. (54)—(56)]
with the lowest energy, corresponding to a classical Taylor (force-free) state.
The state is independent of generalized cross helicity M. Other parameters
are: magnetic helicity K = 2, axial momentum # = 0, angular momentum
Q = 0, boundary angular velocity Q, = 0, and Hall parameter ¢ = 0.1. Note
that such state has no flows since both momentum invariants # and Q are
zero.
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From the mathematical point of view, obtained Hall
MHD relaxed state corresponds to a single-fluid MHD
relaxed state [Eqgs. (23)-(25)] with u, = 0. Similar to
single-fluid MHD case, helically distorted Hall MHD
relaxed state can be oscillatory in time if vy # 0. The non-
cylindrical part of the relaxed magnetic field H; is the heli-
cal wave with the wave-vector k = m/re(p + k,e, and the
phase velocity v,;, = v, so the frequency of oscillations is
[cf. Eq. (34)],

w=-Kk-vyg=—-—mQ — k.u. (70)

The transition of the force-free magnetic field to helically
distorted state with 4 = 3.11 occurs when magnetic helicity
K > 4.08 [Sec. III A].

We stress here that the presence of the flow in the Hall
MHD relaxed states is fully due to the inclusion of momenta
invariants /s and I into energy minimization procedure. If
we ignore them to better adapt the model to the features of
RFP experiments [see explanation in Sec. III B], the final
Hall MHD state will be just force-free (Taylor) magnetic
field with no plasma flows. Obviously, such state cannot
explain the flows observed in RFP experiments.

V. COMPARISON WITH EXPERIMENT

In this section, we compare theoretically predicted
relaxed velocity with the plasma velocity measurements in
the Madison symmetric torus (MST) RFP experiment taken
from Ref. 7. For comparison we use single-fluid MHD
relaxed state [Egs. (41)—(43)] from Sec. III B (with flow par-
allel to the force-free magnetic field), since it is obtained
under assumptions consistent with realistic RFP experiment.
As pointed out in Sec. IV, Hall MHD relaxed state under
these assumptions does not have flows, so it cannot be used
for comparison.

The MST RFP has a major radius R =15 m and a
minor radius a = 0.5 m; the other plasma parameters
relevant to our study are as follows: the line-averaged den-
sity is na1x10% cm™, the plasma current is
I, = 200—250 kA, the reversal parameter is F' ~ —0.2, and
the pinch parameter is ® ~ 1.7.

MST plasmas exhibit quasiperiodic (sawtooth) oscilla-
tions, which are characterized by sudden bursts in all plasma
diagnostics. Sawtooth oscillations in the MST consist of a
fast crash phase (~0.1ms) and a slow recovery phase
(~3ms). During the crash plasma relaxes towards its mini-
mum energy state.”* This relaxation event is accompanied
by a rapid flattening of the plasma parallel momentum profile
(Fig. 12).

In order to compare predictions of the relaxation theory
with experimental observations presented in Fig. 12, we find
parallel momentum normalized by the magnetic field using
Egs. (42) and (43),

= —lb, (71)

where p, is constant independent of radius and can be cal-
culated from Eq. (46). This result is in agreement with the
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FIG. 12. Radial profile of the parallel momentum normalized by the mag-
netic field before (squares) and during (circles) the relaxation event in MST.
Reprinted with permission from A. Kuritsyn, G. Fiksel, A. F. Almagri, D. L.
Brower, W. X. Ding, M. C. Miller, V. V. Mirnov, S. C. Prager, and J. S.
Sarff, Phys. Plasmas 16, 055903 (2009). Copyright 2009, American Institute
of Physics.

observed flattening of the parallel momentum profile during
relaxation events. The momentum profile flattening is mostly
noticeable in the plasma core, while the changes at the edge
are small (Fig. 12). This is similar to the incomplete relaxa-
tion of the parallel current profile observed in these relaxa-
tion events.”

We emphasize that the relaxation theory is developed
for isolated systems, while the MST experiment is an open
system with external energy supply. However, even in open
systems, where energy relaxation happens much faster than
dissipative decay of the invariants, the principle of selective
decay remains valid, and the present theory can be applied.
This is the case of the MST RFP experiment, in which
the characteristic energy relaxation time (crash phase,
terash ~ 0.1ms) is much shorter than the dissipation time
(tgiss ~ 100 ms).

VI. CONCLUSION

In the present paper, the application of the Taylor relax-
ation theory to a cylindrical plasma pinch was generalized
by inclusion into energy minimization procedure of velocity
related ideal invariants. We obtained the minimum energy
(relaxed) states within the framework of both single-fluid
and Hall MHD. When we began the calculations, our moti-
vation and expectation was that more general Hall MHD
would lead to more diverse relaxed states than single-fluid
MHD, and that these might help to explain the rotation that
seems to be ubiquitous in the RFP experimental results. To
our surprise, it was not so. It turned out that accurate minimi-
zation of the energy E in the Hall MHD model leads only to
the force-free Taylor magnetic field and simple flows (rigid
rotation and/or uniform axial flow), while MHD relaxed
states are much more complex and diverse. Physically this
suggests that the difference between two models appears in
the process of relaxation in the way that makes Hall MHD
states simpler. From the mathematical point of view, this is
due to ill-posedness of the variational problem in the Hall
MHD, which is related to “fragility” of the generalized cross
helicity I, explained at the end of Sec. IV. Our formal analy-
sis shows that accurate energy minimizations in the Hall
MHD with or without generalized cross helicity lead to the
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same result. Therefore, during Hall MHD relaxation in a
weakly dissipative system one should expect rapid viscous
decay of the generalized cross helicity—it is not a robust
invariant and does not affect the final relaxed state.

In both single-fluid and Hall MHD models, depending
on initial values of the corresponding invariants the relaxed
states can be either cylindrically or helically symmetric. The
interesting property of the helically symmetric relaxed states
is their oscillatory behavior. The helical distortion of relaxed
velocity and magnetic field acts as a helical wave, propagat-
ing on a cylindrically symmetric background. The phase ve-
locity of such a wave is not zero only when the initial values
of velocity related invariants are not zero.

Like all variational theories of plasma relaxation, the
present calculation is silent as to the details of the dynamics
that are responsible for the relaxation process. The only
requirement is that they preserve the robust invariants
assumed during the variational procedure. The comparison
of the theoretically predicted relaxed states with MST RFP
experiment (Sec. V) shows that the ideal single-fluid MHD
results are in better qualitative agreement with the experi-
mental data than the Hall MHD results. The single-fluid
MHD yields more complex states with flow and agrees better
with experimental results, than Hall MHD. The Hall effect
(or other non-MHD effects) can influence the relaxation dy-
namics, but the final relaxed state in the experiment resem-
bles the minimum energy state from the single-fluid MHD.
Further insight in this regard requires more detailed experi-
mental measurements and large scale computer simulations.
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APPENDIX: RELAXED STATES IN HALL MHD
FOR Q, # Q

In general case, when €, # €, there are no simple ana-
Iytical solutions to Eqgs. (57)—(61). In order to find, for exam-
ple, a cylindrically symmetric relaxed state (so, D, = 0),
one has to solve Egs. (60) and (61) for y; and p, (or, equiva-
lently, for A; and A,), substitute found values into Egs.
(57)—(59), and if there are several solutions, choose the state
with the lowest energy. Such procedure can be realized
numerically and it leads to non-trivial profiles of magnetic
field and velocity (Fig. 13). It should be emphasized here
that the non-trivial relaxed states obtained in this way do not
always have a smooth transition to a trivial state [Egs. (62),
(63), and (69)] when Q, — Q.

We note that the Lagrange multipliers method applied to
a minimization problem with constraints gives a solution from
a class of continuous, differentiable functions. If we are not
restricted to this class of functions, it is possible to construct a
discontinuous relaxed state, which has lower energy than any
other state. Indeed, let us represent velocity in the form,
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FIG. 13. Example of a “smooth” cylindrically symmetric Hall MHD relaxed
state [Eqs. (54)—(56)], which is not a true minimum energy state. Calcula-
tions are done for magnetic helicity K =2, generalized cross helicity
M=0.1, boundary angular velocity Q;, = 0, axial momentum u = 0, angu-
lar momentum Q = 0.1, and Hall parameter ¢ = 0.1. Solid lines are compo-
nents of magnetic field and dashed lines are components of velocity.

v=u+(Q —Q)S(r)e,, (A1)

where u is assumed to be spatially continuous and S(r) is a
discontinuous function describing a spike at the boundary,

S(r>:{(1)z 7

r=1.
For such representation of velocity, the generalized cross
helicity constraint now has a form,

I, :Ju. (b+§V x w)d’r + nle(Qy, — Qu.|
r=1

(A2)

= M,
=0

and the azimuthal component of u should satisfy boundary
condition [cf. Eq. (15)],

2n
0

In terms of continuous differentiable functions b and u, the
problem is now reduced to the case €, = Q with modified
generalized cross helicity [Eq. (A2)]. Hence, continuous part
of the relaxed state is determined by Egs. (62), (63), and
(69). The spike discontinuity at the boundary introduced in
Eq. (Al) enters the azimuthal component of the relaxed
velocity,

dop =21Q. (A3)
1

r=

vo = Qre, + ue. + (Q, — Q)S(r)e,. (A4)

The state given by Egs. (62), (63), and (A4) has the lowest
possible energy under imposed constraints. Therefore, iso-
lated dissipative Hall MHD system will tend to relax toward
this state.

A discontinuity at the boundary in the relaxed azimuthal
velocity Eq. (A4) is due to the assumption that axial flux of
the fluid vorticity /4 [Eq. (15)] is conserved. However, simi-
lar to the generalized cross helicity, this constraint is more
“fragile” than the energy since it contains higher-order deriv-
atives of the velocity. As a result, ideal invariant /4 is more

Downloaded 15 Apr 2013 to 128.104.166.218. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions



012111-13

susceptible to dissipation than energy and cannot be consid-
ered as a constant during relaxation. Ignoring this invariant
in the energy minimization procedure, we obtain Eq. (69) for
the relaxed velocity without any discontinuities.

The relaxed state obtained in such way is exactly the
state described by Egs. (62), (63), and (69), and all results of
Sec. IV also apply. So, the final relaxed state of the cylindri-
cal pinch in the Hall MHD is always a trivial state with the
force-free magnetic field (Taylor state) and uniform axial
flow and/or rigid rotation of plasma.
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