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Abstract. The equilibria and stability of the least-dissipated relaxed state are de-
rived from a generalized theory of self-organization for open or closed general
nonlinear and dissipative dynamical systems. An application of the general theory
is presented for the two-fluid model of plasmas. The concept of selective decay,
together with helicity invariance, is analytically shown to have no connection with
relaxed states derived from helicity invariance.

1. Introduction

A recent generalized theory of self-organization for finding the decaying self-similar
states [1-3] has been shown to incorporate a previous theory [4] for obtaining
the minimum dissipative state of magnetic energy, by means of which the ‘Taylor
state’ [5] V X B = AB can be derived. The generalized theory is also applicable
to other relaxed states, such as non-Taylor states with non-uniform resistivity [6],
and to dissipative dynamical structures, such as the soliton solutions of the viscid
Korteweg—de Vries equation [7] and the vortex solutions of the two-dimensional
incompressible viscous fluid equations [8, 9]. In this paper, we describe equilibrium
states and their stability condition as derived from this generalized theory; we
also present an application of the theory to the two-fluid model of plasmas. We
also critique the traditional theories in [5, 10-12] to derive ‘relaxed states’ by
showing that the concept of selective decay together with that of helicity invariance
is unrelated to relaxed states (cf. [13]). Note that their theories are neither based on
a variational principle, used in the classical mechanics, nor on an energy principle,
used in an ideal Magnetohydrodynamic (MHD) plasma [14], either of which leads
to dynamical equations for the time evolution of the system of interest.

2. Equilibria and stability of relaxed states

First we briefly present the generalized theory of self-organization [1-3]. The gen-
eralized theory considers a set of N dynamical variables q = q[¢*] = (¢1[¢%], ...,
gn[zi* ]), with M-dimensional independent variables [¢¥] (k = 1,2,..., M). It deals
with a general nonlinear set of IV simultaneous equations, for an open or closed
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dynamical system, written as follows:

0g:[¢*)/0¢’ = D]lq], (2.1)
where &7 is a fixed independent variable among [¢¥], such as time ¢, and D![q]
(i =1,2,...,N) represents dynamical operators that include both nonlinear and

dissipative terms for the change of ¢; along &7. Since the self-organized states must
be the configurations that change the least along &/ during the evolution of the
dynamical system, the best algorithm to judge and identify the self-organized states
is that of finding those states for which the rate of change of global auto-correlations
for multiple dynamical field quantities is minimized:
| S ail€aile + (A8 /)l il [Ty dE*
min -1
J@lED? i T,y dEF
From (2.1) and (2.2), we obtain two equivalent equations for identifying the self-
organized states [1-3, 9]. Using variational calculus for the first and the second
variations of the two equivalent equations, we obtain the self-organized states,
denoted by the superscript #, for the minimum rate of change and also their
stability condition, as follows:

g F (R = Ui [eh) = eXp(_TciAilgj)Uil[gllg#j}' (2.3)
0 <Ay < At (2.4)

(2.2)

Here, \j1 and A;; are the smallest positive eigenvalues for the normalized solutions
of 3D [u] + e Nim Ui [{,’:#]] = 0 with boundary conditions for (5qu#[§,’§#j] and
the eigenvalue equation DI#[U] 4 7o Ajp Ui [€¥] = 0 with boundary conditions for
qg#[g’,g#j]. All N self-organized profiles of ¢/#[€¥] given by (2.3) correspond to the
most stable equilibrium states within the characteristic length 7.;, because they are
guaranteed to change more slowly than any other states due to the N stability
conditions (2.4). Since each profile Uj,,, [€¥] can appear at different points along the
&7 axis, the dynamical system evolves to a cycle around each ¢ 7% [¢¥], just as with
the phenomena of sawteeth oscillations in a fusion plasma.

We apply the generalized theory to the two-fluid model for a fully ionized,
compressible, resistive, viscid MHD fusion plasma. The plasma is described by
momentum and energy conservation laws for electrons and ions, and by Maxwell’s
equations with the displacement current neglected. Using the functional to cal-
culate the self-organized states with the minimum rate of change of global auto-
correlations for multiple physical quantities, and taking account of quasi-neutrality
and negligibly small electron mass, we obtain the following simultaneous eigenvalue
equations:

V(o +p1) + SacielvaV X VX uy —40,V(V - uy)/3 — Ve (V- ua) /3 + ua V2,
—V(ug Vo) +V X (Vg Xug)] + Dy —j X B =i e AnaManala, (2.5)
Vx{nVxB +n.VxB+ puy(l/en.) [V xV xy
—4yV(V-wi) /3 —Vii(V-wi)/34+V x (Vi x w;) — V(u; - Vi)
+u, Vi, + Dvi] —u. X B} + puoVn, X Vpe/eng = uoApB, (2.6)
SazielV " (Pata) /(v = 1) + pa(V  ua) = 33 ) Mo j 1, Dug /Oy,

V(50 V| Ta + 0t ViTa)} — (g + nil®) = A Bazie pa/(y—1).  (2.7)
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where Dy = Y= eManNa(Uq - V)ug is the quadratic terms in u,. The self-organized
states with minimum dissipation depend on the spatial profiles of resistivity n and
viscosity v, as has been found in experimental measurements [15] and in simulation
results [6]. From (2.6), we obtain the Taylor state V x B = AB in the limiting
case of uniform 1 and v, u = 0, and for a quasi-steady zero-pressure plasma,
as well as in [4]. We also find the non-Taylor state, e.g., written as V x B =
VoA /n B with non-uniform 7 [6]. On the other hand, if we consider a simplified
axisymmetric case with moderate profiles of viscosity, negligibly small electron
viscosity and momentum, and divergent-free flows, we obtain from (2.5) and (2.6) a
set of simplified equilibrium and eigenvalue equations of shear flows and magnetic
fields, written respectively, as: (A) Vp = ji X B, +j, x By + mini(u; - V)u;; and
(B) v,V XV x Uiy = A,m¢miniui¢, V x [T]V X Bd’ + (,u,o/e’/le)l/iv XV x ui] = ,[L0A|;¢B¢.
Here, the subscripts t and p respectively denote the toroidal and the poloidal com-
ponents, and the subscript ¢ takes both of t and p. From the decomposed equations
in (A) and (B), we obtain simultaneous equations of the minimally dissipated stable
equilibrium with shear flow for plasma confinement systems of (a) the Tokamak,
the reversed field pinch and (b) the field reversed configuration, respectively, as
follows:

Vp=jxB+ mini(ui : V)ui, BV xVxuy = Amiqgminiuw.
V x [’I]V X B¢ + (,uo/ene)uiV X V x ui] = MOAB¢B¢- (28)
Vp = jt X Bp -+ mini(ui . V)ui, I/iV x V x ujy = Am@miniuit.

V % [T]V X Bp + (uo/ene)viV XV x uit] = /J,()A|;¢Bp. (29)

We obtained numerical solutions of (2.8) and (2.7), which are published in [16].

3. Critique of traditional derivations for relaxed states with the
use of helicities

The concept of selective decay is the final theoretical basis in [5, 10-12], where the
first basis of conserved helicities within ideal plasmas is used, but it is analyticaly
proved to be incorrect in [3]. Defining a canonical momentum P, = mqus +¢aA, a
generalized vorticity Q, =V x P,, and global and dimensional quantities Kp, Kj,
Ko, Wg, Wj, Wqq. which are respectively volume integrals on the magnetic, the
current and the selfhelicities, i.e. A-B, B-j and P, - Q,, and auto-correlations of the
magnetic field, the current and the generalized vorticity, i.e., B-B, j-j and Q, - Q,,
and the kinetic and the magnetic energies Wi,,, and using the same mathematical
process as in [5, 10-12], we can obtain the following selective decay relations among
the time derivatives of these quantities with respect to perturbed field quantities,
determined uniquely by the numbers of curl operator in their definition for the
MHD and the two-fluid plasmas, respectively, as follows:

0Ky /0t < OWy/0t < OK; /0t < OW;/0t, (3.1)

OK o /Ot < OWian /Ot < OWe /0L (3.2)

Using any one of the following three conjectures defined by { K = constant and min
Wg}. {Wg = constant and min Kj}, and {Kj = constant and min Wj} connecting
with (3.1) and also any one of their reversal conjectures defined by {Wp = constant
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and min Kg}, {Kj = constant and min Wy}, and {Wj=constant and min Kj}
having no relations with (3.1), we can directly derive the Taylor state V x B = AB.
In the same way, using any one of the following two conjectures defined by {K, =
constant and min Wy, } and {W,,,x = constant and min Wg,} connecting with (3.2)
and also any one of their reversal conjectures defined by {W,, = constant and min
K,} and {Wgq, = constant and min Wy, }, having no relations with (3.2), we can
directly derive ‘relaxed states for two-fluid model of plasmas’ [10-12]. Hence, the
concept of selective decay has no connection with so-called relaxed states in [5, 10—
12]. The fusion plasma is also known to be described for simulations by a set of
charge, mass, momentum, and energy conservation laws, and Maxwell’s equations
to follow its dynamic evolution. However, replacement of any element in the set
by the helicity conservation law [5] makes the evolution untraceable due to this
non-physical law. Thus, the theoretical basis for relaxed states derived on the basis
of conserved helicities and the concept of selective decay is questionable.

4. Conclusions

From a recent generalized theory of self-organization, we have derived eigenvalue
equations to obtain the equilibrium for the least dissipated stable relaxed state. We
applied this theory to the two-fluid plasma model (cf. (2.5), (2.6), and (2.7)). For a
particular simplified axisymmetric case with moderate viscosity profiles, we derived
equilibrium equations for the reversed field pinch and the field reversed configura-
tion with shear flow due to viscosity (cf. (2.8) and (2.9)). The generalized theory of
self-organization [1-3, 13] is a unifying theory for apparently different systems of
minimum dissipation of magnetic energy in [4] and of minimal (enstrophy/energy)
based on the selective theory in [16], as analytically proved in [9].
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