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Hamiltonian extended magnetohydrodynamics (XMHD) is restricted to respect helical
symmetry by reducing the Poisson bracket for the three-dimensional dynamics to
a helically symmetric one, as an extension of the previous study for translationally
symmetric XMHD (Kaltsas et al., Phys. Plasmas, vol. 24, 2017, 092504). Four
families of Casimir invariants are obtained directly from the symmetric Poisson
bracket and they are used to construct Energy—Casimir variational principles for
deriving generalized XMHD equilibrium equations with arbitrary macroscopic flows.
The system is then cast into the form of Grad—Shafranov—Bernoulli equilibrium
equations. The axisymmetric and the translationally symmetric formulations can be
retrieved as geometric reductions of the helically symmetric one. As special cases,
the derivation of the corresponding equilibrium equations for incompressible plasmas
is discussed and the helically symmetric equilibrium equations for the Hall MHD
system are obtained upon neglecting electron inertia. An example of an incompressible
double-Beltrami equilibrium is presented in connection with a magnetic configuration
having non-planar helical magnetic axis.
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1. Introduction

Extended magnetohydrodynamics (XMHD) is perhaps the simplest consistent,
in terms of energy conservation (Kimura & Morrison 2014), fluid plasma model
containing both Hall drift and electron inertial effects. It is obtained by reduction of
the standard two-fluid plasma model, when the quasineutrality assumption is imposed
and expansion in the smallness of the electron—-ion mass ratio is performed (Liist
1959; Kimura & Morrison 2014), although the latter expansion need not be done
(see Kawazura, Miloshevich & Morrison (2017, § VI)). The Hamiltonian structure
of this model was first identified in Abdelhamid, Kawazura & Yoshida (2015) for
its barotropic version and corroborated in Lingam, Morrison & Miloshevich (20155),
where transformations to the Hamiltonian structures of Hall MHD (HMHD) (e.g.
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Lighthill (1960)), inertial MHD (IMHD) (Kimura & Morrison 2014; Lingam, Morrison
& Tassi 2015a) and the ordinary ideal MHD model were identified. The Hamiltonian
structure of XMHD served as the starting points for two subsequent papers that dealt
with applications of its translationally symmetric counterpart to magnetic reconnection
(Grasso et al. 2017) and equilibria (Kaltsas, Throumoulopoulos & Morrison 2017). In
the former publication the incompressible case with homogeneous mass density was
considered, while in the latter the analysis concerned the compressible, barotropic
version of the model.

Here we present the Hamiltonian formulation of the barotropic XMHD model in the
presence of continuous helical symmetry, an extension of our previous work (Kaltsas
et al. 2017) that was concerned with translationally symmetric plasmas. Helical
symmetry is a general case that includes both axial and translational symmetry.
Therefore the results obtained within the context of a helically symmetric formulation
can be directly applied to the sub-cases of axial and translational symmetry. This
provides a unified framework for the study of equilibrium and stability of symmetric
configurations, which is important because purely or nearly helical structures are
very common in plasma systems. For example, three-dimensional (3-D) equilibrium
states with internal helical structures with toroidicity, e.g. helical cores, have been
observed experimentally (Weller et al. 1987; Pecquet et al. 1997) and simulated
(Cooper et al. 2010; Cooper, Graves & Sauter 2011) in tokamaks and RFPs (e.g.
Lorenzini et al. 2009; Puiatti et al. 2009; Terranova et al. 2010; Bergerson et al.
2011). Another example of helical structures that emerge from plasma instabilities,
such as the resistive or collisionless tearing modes or as a result of externally imposed
symmetry-breaking perturbations, are magnetic islands (Waelbroeck 2009). In addition
the helix may serve as a rough approximation of helical non-axisymmetric devices
(Uo 1961) and can be useful to investigate some features of stellarators (Spitzer
1958; Helander et al. 2012), the second major class of magnetic confinement devices
alongside the tokamak, in the large aspect-ratio limit. Also helical magnetic structures
are common in astrophysics, e.g. in astrophysical jets (de Gouveia Dal Pino 2005;
Pudritz, Hardcastle & Gabuzda 2012). Therefore it is of interest to derive a joint tool
for two-fluid equilibrium and stability studies of systems with helical symmetry, with
the understanding that for most cases of laboratory applications, helical symmetry is
an idealized approximation.

As in our previous work (Kaltsas et al. 2017), we use the energy—Casimir (EC)
variational principle to obtain equilibrium conditions. However it is known that the
EC principle can be extended for the study of linear, and nonlinear stability (Holm
et al. 1985; Morrison 1998) by investigating the positiveness of the second variation
of the EC functional, an idea that dates to the early plasma literature (Kruskal
& Oberman 1958). Many works that employ such principles for the derivation of
equilibrium conditions and sufficient MHD stability criteria, arising as consequences
of the non-canonical Hamiltonian structure of ideal MHD (Morrison & Greene 1980),
have been published over the last decades for several geometric configurations (Holm
et al. 1985; Holm 1987; Almaguer et al. 1988; Andreussi, Morrison & Pegoraro
2013, 2016; Moawad 2013; Morrison, Tassi & Tronko 2013; Moawad et al. 2017). In
Andreussi, Morrison & Pegoraro (2012) and Andreussi et al. (2013) EC equilibrium
and stability principles were used in the case of helically symmetric formulation. A
similar equilibrium variational principle was applied in the case of XMHD (Kaltsas
et al. 2017) for plasmas with translational symmetry. Therefore the use of such
principles in the case of helically symmetric XMHD seems a natural generalization
of the previous studies. To accomplish this task we first derive the Poisson bracket of
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Helically symmetric extended MHD 3

the helically symmetric barotropic XMHD and its corresponding families of Casimir
invariants. Those invariants, along with the symmetric version of the Hamiltonian
function, are used in an EC variational principle in order to obtain the equilibrium
equations for helical plasmas described by XMHD. To our knowledge this is the first
time that equilibrium equations containing two-fluid physics are derived for helical
configurations, especially exploiting Hamiltonian techniques.

The present study is organized as follows: in § 2 we present briefly the Hamiltonian
field theory of barotropic XMHD. In §3 we introduce the requisite description of
the helical coordinate and representations of the helically symmetric magnetic and
velocity fields. Then, the XMHD Poisson bracket is reduced to its helically symmetric
counterpart. In §4 the Casimir invariants of the symmetric bracket are obtained and
their MHD limit is considered. Also we establish the symmetric EC variational
principle, from which we derive generalized equilibrium equations for helical systems.
Special cases of equilibria, such as the Hall MHD equilibria, are discussed in detail
in §5. We conclude with § 6, where we discuss the results of our study.

2. Barotropic XMHD
2.1. Evolution equations

The barotropic XMHD equations, presented in a series of recent articles (Kimura &
Morrison 2014; Abdelhamid et al. 2015; Lingam et al. 2015b; Grasso et al. 2017;
Kaltsas et al. 2017), in Alfvén units, are given by:

dp=—=V-(pv), (2.1)
dw=vx(Vxv)—V’/2—p 'Vp+p ' x B —d’V (';p'i) , (2.2)
B =V x (vxB")—dV x(p ' IxB)+d’V x[p”'Jx(Vxv)], (23)
where
J=V xB, B*=B+dV x (V:B>. (2.4a,b)

The parameters d; and d, are the normalized ion and electron skin depths respectively,
p = p(p) is the total pressure and p, v, B and J represent the mass density, the
velocity, the magnetic field and the current density, respectively.

2.2. Hamiltonian formulation

It has been recognized that (2.1)—(2.3) possess a non-canonical Hamiltonian structure,
i.e. the dynamics can be described by a set of generalized Hamiltonian equations
(Morrison 1982, 1998)

am = {n, H}, (2.5)

where n = (p, v, B*) are non-canonical dynamical variables (not consisting of
canonically conjugate pairs), H[p, v, B*] is a real valued Hamiltonian functional
and {F, G} is a Poisson bracket acting on functionals of the variables 5, which is
bilinear, antisymmetric, and satisfies the Jacobi identity. The appropriate Hamiltonian
for our system is the following:

*

[ v? B-B
H= | d&x|p—+pU(p)+ ———|, (2.6)
b 2 2
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where D C R® and U is the internal energy function (p = p*>dU/dp), while the
corresponding non-canonical Poisson bracket is

{F, G} =/d3x{GpV-Fv—F,,V-G,,+p‘1(Vxv)-(vaG,,)
D

+p7'B* - [Fy x (V x Gp) — G, x (V x Fp+)]
—dip”'B* - [(V x Fg) x (V x Gp+)]
+d2p™(V x v) « [(V x Fg=) x (V x Gg-)] }, (2.7)

where F,:=§F/dz denotes the functional derivative of F with respect to the dynamical
variable z, defined by 8F[z, 8z] = [, d*x8z - (8F/éz). For the computation of the
functional derivatives of the field variables we make use of §z;(x")/z;(x) = ;6 (x' —x).

For non-canonical (degenerate) Poisson brackets, such as the bracket (2.7), there
exist functionals C[n] that commute with every arbitrary functional F[n]

{F,C}=0, VF. 2.8)

These functionals C are called Casimir invariants and obviously they do not change
the dynamics if H - F=H —>_,C, that is

on=1{n, 5}, (2.9)

describes the same dynamics as (2.5).
Equilibrium solutions satisfy {5, §} =0, which is true if the first variation of the
generalized Hamiltonian functional § vanishes at the equilibrium point, i.e.

8T =6 (H—ZQ) =0, (2.10)

is a sufficient but not necessary condition for equilibria (Morrison 1998; Yoshida,
Morrison & Dobarro 2014). To obtain stability criteria one may take the second
variation of the EC functional. It is known that if the second variation 8°F at the
equilibrium point is positive definite, then it provides a norm which is conserved by
the linear dynamics, so the equilibrium is linearly stable (Kruskal & Oberman 1958;
Holm et al. 1985; Morrison 1998).

The aim of the following sections is to derive the Casimir invariants of the helically
symmetric XMHD and then to find the corresponding equilibrium equations via the
condition (2.10). For the general 3-D version of the model described by means of
(2.6) and (2.7), the Casimir invariants are

C =/ d*xp, (2.11)
D

Cs :/ Ex(A* + yv) - (B* 4+ vV x v), (2.12)

D

with B* =V x A* and y. the two roots of the quadratic equation y* —d;y —d? =0,
ie. yie=(d; £ /d?} +4d?)/2.
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3. Helically symmetric formulation

As mentioned above, the helically symmetric formulation includes both the
translationally symmetric and axisymmetric cases, while being the most generic
case for which a poloidal representation of the magnetic field is possible, i.e. a
global description in terms of a component parallel to the symmetry direction and a
flux function describing the field that lies on a plane perpendicular to this direction
(poloidal plane), a representation which provides well-defined magnetic surfaces. In
a series of papers this symmetry was employed for deriving equilibrium equations of
the Grad—Shafranov type, i.e. second order partial differential equations (PDEs) with
solutions being poloidal magnetic flux functions, (Johnson et al. 1958; Tsinganos
1982; Throumoulopoulos & Tasso 1999; Bogoyavlenskij 2000; Andreussi et al. 2012;
Evangelias, Kuiroukidis & Throumoulopoulos 2018) in the context of standard MHD
theory. Particularly in Andreussi et al. (2012) the equilibrium Grad—Shafranov or
Johnson—Frieman—Kulsrud—Oberman (JFKO) (Johnson et al. 1958; Bogoyavlenskij
2000) equation was derived using a Hamiltonian variational principle. The same
approach is adopted also for our derivation, however, for the more complicated
XMHD theory.

3.1. Helical symmetry and Poisson bracket reduction

The helical symmetry can be imposed by assuming that in a cylindrical coordinate
system (r, ¢, z) all equations of motion depend spatially on r and the helical
coordinate u = £¢ + nz, where ¢ = sin(a) and n = —cos(a) with a being the helical
angle. For a =0 we obtain the axisymmetric case and for a = w/2 the translationally
symmetric case. The contravariant unit vector in the direction of the u coordinate is
e, =Vu/|Vu| = tkey, 4 nkre,, where k is

1
k= ——. (3.1
VA2 4 n2r?
The tangent to the direction of the helix r = const. u = const. is given by e, =e, X ¢,
and one can prove that the following relations hold:

V.-h=0, V xh=—-2nlk’h, (3.2a,b)

where h = ke, hence h - h = k*. Helical symmetry means that k - Vf = 0 where f
is arbitrary scalar function. The relations (3.2) give us the opportunity to introduce
the so-called poloidal representation for the divergence-free magnetic field and also
a poloidal representation for the velocity field, including additionally a potential field
contribution accounting for the compressibility of the flow, i.e.

B =k'Bi(r,u, Dh + Vy*(r,u, 1) x h, (3.3)
v=k'v,(r,u, Dh +Vx(r,u, t) x h+VY(r,u,t). (3.4)

For incompressible flows 7" is harmonic or constant. In view of (3.2), the divergence
and the curl of (3.3) and (3.4) are given by

V.v=AYT, V-.B"'=0, (3.5a,b)
V x v=[k2Lyx — 2ntkv,lh + V (k" 'v,) x h, (3.6)
V x B* = [k >Ly* — 2ntkB;lh + V (k" 'B}) x h, (3.7)
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where A:=V? and £:=—V - (k2V()) is a linear, self-adjoint differential operator. For
convenience we define the following quantities: w:=AY or T =A"'w and 2 =Ly
or x =L7'9.

Having introduced the representation of (3.3)-(3.4) for the helically symmetric
fields, in order to derive the helically symmetric Hamiltonian formulation we need
to express the Hamiltonian (2.6) and the Poisson bracket (2.7) in terms of the scalar
field variables nys = (o, vs, x, T, B}, ¥*). This is achieved not only by expressing
the fields n3p = (p, v, B*) in terms of the scalar field variables but it requires also
the transformation of the functional derivatives from derivatives with respect to 7,, to
functional derivatives with respect to the scalar fields nys. As in Andreussi, Morrison
& Pegoraro (2010), Andreussi et al. (2012) and Kaltsas et al. (2017), we accomplish
this transformation by employing a chain rule reduction,

F,=F,, F,=k'F,h+VFqxh—VF,, (3.8a,b)
Fgp =k 'Fgh—k>V(A™'Fy.) x h, (3.9)
where
F,=A"'"Fy, Fo=L""F,, (3.10a,b)
which follow from
/ &xF, 8 = / dxF o882, (3.11)
D D
/ ExFr8Y = / d*xF,,sw, (3.12)
D D

upon introducing the relations 82 = L8y, dw = ASY and exploiting the self-
adjointness of the operators A and L. Also we observe that in (2.7) there exist
bracket blocks which contain the curl of Fp+, which is

V x Fp = (k" *Fy+ — 2ntkF:)h 4+ V (k™' Fp:) x h. (3.13)

The helically symmetric Poisson bracket occurs by substituting (3.3), (3.6), (3.8) and
(3.13) into (2.7) and assuming that any surface-boundary terms which emerge due
to integrations by parts, vanish due to appropriate boundary conditions, for example
periodic conditions or vanishing field variables nys on 9D, except for the mass density
p because various terms diverge as p approaches zero, as is evident even from (2.7).
However, in view of the actual physical situation one can assume that the mass density
on the boundary is sufficiently small. The Poisson bracket takes the form

{F, G)JMHD — / d&*x{ F,AG, — G,AF, + p~'(£2 — 2ntk’v;)
D

x ((Fa, Gol+ k™ *[F,, G,]+ VF, -VGo —VFq - VG,)
+k7'v, ([Fo, p~'kGy, ] — [Go, p~'kF,,]

+V - (p~'kG,,VF,) =V - (0~ 'kF,,VG,))

+p 'kB;; ([Fa., k™ 'Gy:1 — [Go, k™' Fp]

+VF, -V 'Gp) — VG, - V(k™'Fg))

+v* ([Fo. p~'Gys1—[Ga. p~'Fyl + [k Fp, p7'kG,,]
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Helically symmetric extended MHD 7
—[k'Gg:, p7'kF, 1+ V - (07'GysVF,) = V- (p7'Fy:VG,))
—2ny" ([Fa. p~'k' Gyl — [Ge, p~ 'K F;]
+V(p~'KGy VF,) = V(p 'K F5VG,))

—dip”'kBy[k ™' Fi:, k™' G ]

—d*([p~ ' Fy, k_lGB;] —[p™'Gyr, k_lFB;])

+2n£d51/f*([P71k3FB;, kilGB;] — [PilksGB;, kilFB;])

+d2p7 (2 = 20l vy) [k~ Fp, k™' G

+ &2k vy ([p ™ Fye, k' Gl — [p7' Gy, k' Fir])

—2ned>k " v ([p 'K F g, k' Gl — [p 'K Gy, k' Fe]) ), (3.14)
where [f, g] := (Vf x Vg) - h is the helical Jacobi—Poisson bracket. One may prove

that with appropriate boundary conditions, e.g. such as those mentioned above, the
identity

/ &Ex[f, glh= / d&*x[h, f1g = / d*x[g, hlf, (3.15)
D D D

holds for arbitrary functions f, g, h. These conditions are necessary to derive the
bracket (3.14) and also for finding the Casimir determining equations.

It is not difficult to show that if we set a = m/2 the bracket (3.14) reduces to
the translationally symmetric XMHD bracket derived in Kaltsas er al. (2017). The
corresponding axisymmetric bracket can be obtained by setting a = 0. In this case
the purely helical terms which contain a coefficient 2nf vanish and the scale factor k
becomes 1/r.

To complete the Hamiltonian description of helically symmetric XMHD dynamics
we need to express the Hamiltonian (2.6) in terms of the scalar fields nyg, leading to

H = / d3x{’2)(v,§+k2|vx|2+|vr|2)
D

+ (T X1+ UGy + DB YV .W}'

5 3 (3.16)

Also from the definition of the generalized magnetic field B* (2.4) and the helical
representation (3.3) one may derive the following relations for the generalized
variables B} and y*:

Bl = (1+4n*Cdp 'kBy+d2 [p~ 'k ' L(k'By)
—2nlp kLY —kVp~ - V('BY]1, (3.17)

U=y +dp kTP LY — 2nlpT kB, (3.18)

where B, is the helical component and i the poloidal flux function of the magnetic
field B. Note that terms containing the parameters n and ¢ are purely helical, i.e. they
vanish in the cases of axial and translational symmetry. Also the last term of (3.17) is
purely compressible, i.e. it vanishes if we consider incompressible plasmas. Another
interesting observation is that due to the non-orthogonality of the helical coordinates,
there is a poloidal magnetic field contribution in the helical component of the
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generalized magnetic field B; and helical magnetic contribution B, in the poloidal
flux function *. This mixing makes the subsequent dynamical and equilibrium
analyses appear much more involved than in our previous study, however it can be
simplified upon observing that

/ ExIB;5B, + L5y
D d2
:/ d*x [BhSBZ—l—E(w)Sw*—l—p;(],f-i-kle(k‘lBh)P)(Sp}, (3.19)
D

where J, =k~ Ly —2nlk*B), is the helical component of the current density. Therefore
the variation of the magnetic part of the Hamiltonian can be written as

B! 1 1 1
SHy = / d*x | =B;8B), + =BySB; + LWV + = L()sy*
D 12 2 2 2
s Revacs )78

2,02( h | ( h | 1Y

- s

= / d*x BZSB;,+£(W*)6¢—2;2(12+k2|V(k"Bh)|2)8p}, (3.20)
D L

= / &x |BudB; + L(Y)dy* +
D L

leading to the following relations for the functional derivatives of the Hamiltonian:

SH SH

— =B, — =Ly, 3.21a,b
5B, h Sy 4 ( a,b)
SH SH
— =B, — =LV, 3.22a,b
53 =B gy =LV (3.22a,b)
§H v? d —1p y)2
— =5 T U], + 55U, +EIVE B[, (3.23)
3p By 2 20
SH v? d? B
—| =5 +UPE], - 75U +EIVEBY)P). (3.24)
50 1g,y 2 2p
In addition, the functional derivatives with respect to the velocity related variables are
given by
SH SH
- — PUp —=-V. (kaVX)+[/0’ T]v (325a5b)
5Uh (SX
SH SH SH  O0H SH
— =-V.(pVTY ol —=LT"—"—, —=A""—. (3.26a—
5T (PVT)+1[x, pl 50 5y S 5T (3.26a—c)

3.2. Helically symmetric dynamics

The helically symmetric dynamics is described by means of the Hamiltonian (3.16)
and the Poisson bracket (3.14) as 9,nus = {nus, H}5e"'". Due to the helical symmetry
and the compressibility, the equations of motion appear much more involved than the
corresponding equations of motion in Grasso et al. (2017). For this reason we present
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Helically symmetric extended MHD 9

here the dynamical equations for incompressible plasmas (p = 1). Incompressible
equations are obtained from the Hamiltonian and the Poisson bracket that correspond
to p =1 and w = 0, or equivalently by the compressible equations of motion by
neglecting the dynamical equations for p and w and substituting #,, =0 and Ho = x
in the rest (see the appendix A),

dyon = k([x, k"ol + [k B, Y1), (3.27)

8,2 = [x, 21— 2nllx, Kv,] + [kvy, k~'v,]
+ [k~ By, kBj1+ Lo, ¥*] — 2nL[K° By, ], (3.28)

3,By = k™' (Ix, kB}1 + [kvy, ¥*1 = 2nlk*[x, ¥*1+ di[kB, k™'By] — di[ Ly, ¥*]
—2nld K [, k' By] + 2n€d; [ By, ¥*1+ d2[k7' By, 21 — 2nld*[k ' By, kv,
+d2 LY, kvl — 2nld2K* k7" By, k™' vp] — 2nld2[K° By, k' us)), (3.29)

W =[x, v 1+ dly*, k"Bl + d [k~ By, k™ 'vy]. (3.30)

Equations (3.27)—(3.30) differ from the corresponding dynamical equations of
reference (Grasso et al. 2017) owing to the presence of the scale factor k and the
purely helical terms with the coefficients nf. Setting n =0 we recover the equations
of motion for incompressible, translationally symmetric plasmas, whereas for £ =0
we restrict the motion to respect axial symmetry.

3.3. Bracket transformation

In Lingam et al. (2015b) the authors proved that the XMHD bracket (2.7) can be
simplified to a form identical to the HMHD bracket by introducing a generalized
vorticity variable

B*=B*+y.V xv. (3.31)

This transformation was utilized in Grasso et al. (2017) and Kaltsas ef al. (2017) in
order to simplify the bracket and the derivation of the symmetric families of Casimir
invariants. For this reason we perform the transformation also for the helically
symmetric bracket (3.14), rendering the subsequent analysis more tractable. One
can see that the corresponding scalar field variables, necessary for the poloidal
representation of B*, are connected to the variables nus as follows:

By =Bj +y+(k™'2 = 2ntk’v), (3.32)
YE =y + ek g (3.33)
Transformation of the bracket requires expressing the functional derivatives in the new

representation (vj,, x, Y, Bf, ¥*). Following an analogous procedure to that employed
in Lingam et al. (2015b), Grasso et al. (2017) and Kaltsas et al. (2017) we find

Fy, =F,, + yek ' Fys — 2nly.kFpe, (3.34)
Fo=Fgo+ yik*IFBhi, F,=F,, (3.35a,b)
F]/,* :F,/,i, FBzzFBf’ (336)

where F denotes the functionals expressed in the original variable representation. Upon
inserting the transformation of the functional derivatives of (3.34)—(3.36) into (3.14)
and expressing B and y* in terms of Bjf and ¥* we obtain the following bracket:
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10 D. A. Kaltsas, G. N. Throumoulopoulos and P. J. Morrison
{F, G)XMHD — / &x{ F,AG, — G,AF, + p~ (2 — 2ntk’v;)
D

x ([Fg, Gl + k7 [F,, G,]+ VF, - VGg — VFg - VG,)
+k "oy ([p'kF,,, Gol — [p”'kG,,, Fol
+V.(p'kG,,VF,)—V - (0 'kF, VG,))

+p kB ([Fo, k™'Gy] =[G, k™' Fie]

+VF, - V(k'Gpt) = VG, - V(K Fpe))

+9¥* ([Fo, p'Gye] — [Ga, p ' Fy]

+ o 'kFy,, k' Gyl — [0 kG, k™' Fie]

+V - (p7'Gy+VF,) =V - (p 'Fy=VG,))

=200y ([Fg, p~ 'K Gyz] = [Go, p~ K Fyt]

+V.- (0 'KGVF,) =V - (p7 K F:VG,))

—vep kB [k Fye, k™' Gyt

— Vs (o7 Fys, k' Gzl = [p7 ' Gys, k' Fge])
+2nlve = ([p 7 K Fge, k' Gyl = [0 Gy, k' Fe]) ), (3.37)

where vy :=d; — 2y.. Note that the helically symmetric XMHD dynamics is described
correctly by either using the parameter v, or the parameter v_.

4. Casimir invariants and equilibrium variational principle with helical symmetry

As mentioned in §2, the Casimir invariants are functionals that satisfy {F, C} =0,
VF. For the bracket (3.37) this condition is equivalent to

/ Ex(F, Ry + Fu R + o7 kFy Rs + FoRy + k' FpeRs + 7' Fy=Re) =0, (4.1)
D

where R;,i=1, ..., 6 are expressions obtained by manipulating the bracket {F, C} so
as to extract as common factors the functional derivatives of the arbitrary functional F.
Requiring (4.1) to be satisfied for arbitrary variations is equivalent to the independent
vanishing of the expressions R;, i.e.

R, =0, i=1,2,...,6. 4.2)
The expressions for the R;,i=1,..., 6, read
ER] - ACW - CT, (43)

R, = —AC, —[p 'k 22, C,]1+2nllp kv, C,]
+V . (p7'Cue VY ) =20V« (p7 IPCpVYT) + V - (p7kCy, V (K o))
— V. (p7'R2VCq) +2nLV - (p7 K0 VCo) = V - (07 kB V (k™' Cpe)), (4.4)
Ry =[Ca, k™ vl + V(K 'vy) - VC,, — [P, k7' Ct ], 4.5)
R, = V- (p'R2VC,) —2nLV - (p~'k*v,VC,)
—[p7'2. Col+2ntlp " K vy, Col — [k~ vy, p'kC,,]
— [y, p7 Cos] = [p KBy k™ 'Cel + 208y, p7'KC). (4.6)
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Helically symmetric extended MHD 11

Rs = [p~'kCyy,, Y51+ [Co. p7 kB 1+ V - (07 'kB; VC,) — 2nlp~ 'K [Ca, ¥*]
—2nlp ' K*VY* - VC, +vi[Ye, p7'Cy ] +vilp kB, k_ICB,f]
—2nbvop K Y, K Car ]+ 2nlve[p” K Chr, Y7, 4.7)

Re =[Cq, Y]+ Vhs - VO, 4 vl Y, k™' Cpe . (4.8)

Equation R; =0, i.e. Cyr =0, implies that the Casimirs are independent of 7. We
observe that (4.2) are satisfied automatically for C, = const., which amounts to the
conservation of mass density,

Cp= / d*xp. (4.9)
D

For the rest of the Casimirs we follow a similar procedure as in § IIIB of our previous
study (Kaltsas et al. 2017). Although the analysis is now more involved due to the
purely helical terms appearing in (4.4)—(4.8), it turns out that it is not difficult to
make the necessary adaptions for computing the helically symmetric Casimirs. For
this reason we avoid presenting the procedure once again, instead giving directly the
resulting Casimir invariants, which in terms of the original magnetic field variables
(B}, ¥*) are given by

C = / Ex[(kB: +y 2 — 20yl v) F(W* 4+ vk v,) + 20tk F(y* + yk~'vy)1, (4.10)
D
Cy= / (KB} + pS2 — 20l pk v GO + pk~'vy) + 20k G (W™ + pk~'vp)], (4.11)
D
Cy= / Exp M + yk'y), (“.12)
D

Ci= / ExpN (Y™ + uk~ vy, (4.13)
D

where the parameters y and pu are (y, u) = (y4, y-), F, G, M, N are arbitrary
functions and F, G are defined by

~ Y ykly, 5 Yk oy,
F= / F(g)dg, G= / G(g) dg. (4.14a,b)
0 0

Obviously C,, is just a special case of the functionals C;, C4. Upon substituting the
functionals (4.10)—(4.13) into (4.3)-(4.8), we can verify that (4.2) are satisfied and
thus C;, C,, C; and C4 are indeed conserved quantities of the helically symmetric
XMHD. The interesting new feature of these Casimirs is the presence of two purely
helical terms appearing in C; and C,, which vanish for either n =0 or £ = 0. An
analogous helical term, that depends on v, having coefficient 2n¢, appears also in the
Casimirs of ordinary MHD (Andreussi et al. 2012). In the case of XMHD the helical
terms depend on ¢* and on the helical velocity vy, this additional dependence on v,
emerges due to the presence of the vorticity in (2.12).

4.1. MHD limit

In Kaltsas et al. (2017) various limits of the symmetric XMHD Casimirs to the
Casimirs of the simpler models of Hall MHD, ordinary MHD and inertial MHD
were obtained. Here, to corroborate that the computed invariants are correct, we
take the MHD limit, anticipating the recovery of the invariants found in Andreussi
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12 D. A. Kaltsas, G. N. Throumoulopoulos and P. J. Morrison

et al. (2012). For the MHD limit we set d, =0 (Hall MHD) and d; = 0. If we set
only d, =0 we exclude electron inertial contributions and we obtain the Hall MHD
Casimirs

CIMHD — / Ex[(kBy, + di$2 — 2nldikv,) F (Y + dik ™" vy) 4 20k F (¥ + dik ™ vy)],
D

4.15)

clmn _ / Ex kB,G (W) + 200G ()], (4.16)
CHMHD / Ex pM@ + dik vy, (4.17)
CHMHD _ / &*x pN(¥). (4.18)

For the corresponding MHD families of invariants we additionally require d; — 0 in
(4.15)—(4.18). From the resulting set of Casimirs the cross-helicity and the helical
momentum are absent. This is a characteristic peculiarity, encountered when the MHD
limit of models with Hall physics contributions is considered (e.g. see Hazeltine, Hsu
& Morrison 1987; Yoshida & Hameiri 2013; Abdelhamid et al. 2015; Kaltsas et al.
2017). In Kaltsas et al. (2017) we resolved this peculiarity by expanding the invariants
C{MHD - CHMHD about 1, then by rescaling the arbitrary functions we managed to show
that, since the terms that diverge when d; — O are already Casimirs, the rest of the
terms translate into the MHD Casimirs. Doing so for the helically symmetric Casimirs
we arrive at

¢ = /D dx[ByonF () + 2F ()], (4.19)
o = /D CHKBG () + 20t G (), (4.20)
c = /D Cxpk o M), 4.21)

¢, = /D ExpoNW). (4.22)

The functionals (4.19)—(4.22) are indeed the correct helically symmetric MHD Casimir
invariants (Andreussi et al. 2012).

4.2. Equilibrium variational principle with helical symmetry

With the helically symmetric Casimirs at hand, we can build the EC variational
principle to obtain equilibrium conditions. For analogous utilizations of this methodol-
ogy for symmetric or 2-D plasmas the reader is referred to Holm er al. (1985),
Almaguer et al. (1988), Andreussi & Pegoraro (2008), Tassi et al. (2008), Andreussi
et al. (2010, 2012), Moawad (2013), Morrison, Lingam & Acevedo (2014) and
Kaltsas et al. (2017). As mentioned in §2, the EC principle states that the phase
space points that nullify the first variation EC functional § are equilibrium points. In
our case requiring the vanishing of §;§ amounts to
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Helically symmetric extended MHD 13
2 2 |VT|2

3 v, |k 2
8| dxsp |5 +=IVxI"+IT, x1+ +U(p)
b 2 ' 2 2
7 Bi

2
— (KB} 4 82 — 2npuk’v,)G (§) — 20k G(€) — pM(p) — ,0/\/(5)} =0, (4.23)

+

k? N
+ va* -V — (kB} + y 2 — 2nlykv,) F(p) — 2nlk* F(p)

where ¢ :=y¥* + vk~ v, & :=v¢* + uk~'v, and

&
ﬁ;:/(p]:(g)dg and Q::/ G(g)dg. (4.24a,b)

Since the variations of the field variables are independent, equation (4.23) is satisfied
if the coefficients of the variations of the field variables vanish. This requirement, upon
exploiting the relations (3.21)—(3.26), leads to the following equilibrium conditions:

2 d2
8 : (UM, + 5 — M(@) —N(©) + PRIV B =0, @429)
8T : =V« (pVT) +I[x, p]1=0, (4.26)
8x: =V - (PRV ) +[p, 1= yLF () — nLG(E) =0, 4.27)

Svy: pvy — pk [y M/ (@) + N (€)] — Bily F'(9) + nG'(§)]
—k7N(2 = 2ntkv) [y F () + 1*G (€)1 =0, (4.28)

8B),: By — k[F (@) + G(4)]

0, (4.29)

Sy Ly — kB[ F (9) + G'(§)] — 2nlk* [ F(9) + G(&)]
—(£2 = 2nllPv)[y F' (@) + nG' )] — pIM' (@) + N'(§)] =0.  (4.30)

Note that the left-hand side of (4.25)-(4.30) are the coefficients of the variations
(bp, 87, 8, Sv,, 8By, 8¢*) in 6F. In addition to these terms, some surface-boundary
terms emerged in §3F, due to integration by parts. We assumed that those terms vanish,
which is true if the variations 87, éx, dy* vanish on the boundary dD. The first
equation (4.25) represents a Bernoulli law

2 d2
P(p) = pIM(p) + N'(§)] - p% = 5 TEIVETBF, (4.31)

where p := p[pU(p)l, = ph(p) where h(p) is the total enthalpy (p = I'p/(I" —1)
if we adopt the equation of state p oc p/" with I' being the adiabatic constant). It
describes the effect of macroscopic equilibrium flow including the electron inertial
effect, expressed via the magnetic terms, in the total plasma pressure. The rest of the
equations can be cast into a Grad—Shafranov or a JFKO system as in the case with
translational symmetry.
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14 D. A. Kaltsas, G. N. Throumoulopoulos and P. J. Morrison

4.3. The JFKO-Bernoulli system

The system (4.25)-(4.30) can be cast in a JFKO-Bernoulli PDE form that describes
completely helically symmetric XMHD equilibria. This can be done by exploiting
(4.26), (4.27), (4.29) and (3.17) in order to turn (4.28) and (4.30) into a coupled
system for the flux functions ¢ and &. These equations, except of their coupling to the
Bernoulli equation, are additionally coupled to the definition (3.18) given in terms of
¢ and & expressing essentially the Ampere’s law. The derivation of the system requires
tedious algebraic manipulations that we omit here; however, the steps are analogous
to those used in Kaltsas et al. (2017) for the derivation of the corresponding system.
The JFKO equations for barotropic XMHD are

k2
(Y +d)HF'V - <p V]-'>
o

=1 +)F +G)F +pM + (—2 Ed CKF )Ew/f
Yy — o

ot Frg -k {p +2n£yk2]-"’] (0—8), (432)
Yy —u ( Yy — MK

Yy — w)?
2
W2+ GV - (';vg>

2
=1+ S)kz(./r'i‘ g)g/ + pN’ — ()/ + 2n£d€k2g/> Ly
y — 1 P

tome T k“(]-' +O) + K [p —2ne “kzg’] (0 —&), (433)
(y —w)? Yy — M
Ly =K ;2 {’“/’_’”5 — Y+ 2ned o K (F + g)} : (4.34)

where s:=4n*0?d?>p~'k*. The equations above coupled to the Bernoulli equation (4.31)
describe completely the equilibria in terms of the flux functions v, ¢, & and of the
density p, for given free functions F(¢), G(&), M(¢), N'(£) and a thermodynamic
closure p =p(p), since all physical quantities of interest can be expressed in terms of
¥, ¢, &€ and p. Namely, the helical component of the flow is

vy =k——, (4.35)

the helical magnetic field is given by (4.29), the poloidal field is simply V¢ x h,
while for the poloidal velocity we need to observe that (4.26) and (4.27) can be
written as

h-VxQ=0 and V. (’Q)=0, (4.36a,b)
with
Q:=pVyx —pk*VY xh—yVF —uvg. (4.37)
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Helically symmetric extended MHD 15
Therefore the mutual solution of (4.26) and (4.27), should satisfy

pVx —pk>VY xh=yVF + uVg. (4.38)
Upon taking the cross-product of (4.38) with h, we obtain the poloidal velocity
v,=p ' (yVF+uVG) x h. (4.39)

Note that (4.38) was necessary in the derivation of (4.32)-(4.33). Due to the number
of the PDEs that have to be solved simultaneously and the consequence of the
symmetry that inserts additional terms and the strong coupling among the equations,
the solution of this system is not trivial even in the context of numerical computing.
For this reason we present below special cases of equilibria, including axisymmetric
XMHD, incompressible XMHD, barotropic and incompressible Hall MHD equilibria
with helical symmetry. To our knowledge all these reduced kinds of equilibria have
not been studied so far. In the next section we present the corresponding system of
Grad—Shafranov or JFKO equations for each of the aforementioned equilibria.

5. Special equilibria
5.1. Axisymmetric barotropic XMHD

The axisymmetric equilibrium equations are obtained by setting the helical angle a to
zero, i.e. £ =0 and n= —1, so the parameter s is zero and the scale factor k =1/r
and h = r‘1é¢. With these parameters, equations (4.32)—(4.34) reduce to the following
Grad—Shafranov system:

F'Vv —
Y +dHFrV . (pf) =F(F+G +roM — %A*w — p&

—u W—MVGD

42 +dHGPY - (g VS) GF+G +roN +—L—ay1p =5 (52
p Y — I (y —w

AW—<W—@?3f>, (5.3)

where A*:=7r?V . (V / r2) is the so-called Shafranov operator. The Bernoulli equation
(4.31) assumes the form:

2 2
p(p) = p[M(p) + N (€)] - 2;2 [Jg + IV (By)I*, (54)
where J, = —r 'A*y is the toroidal current density. For d, = 0 we obtain the

axisymmetric Hall MHD Grad—Shafranov-Bernoulli system (Throumoulopoulos &
Tasso 2006).

5.2. Incompressible equilibria

To obtain the equilibrium system for incompressible plasmas with uniform mass
density, we set p = 1. Note that incompressibility may refer also to the kind of the
flows, i.e. flows with divergence-free velocity fields, that renders the mass density a
Lagrangian invariant, that is, p is advected by the flow. Here we address the simpler
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16 D. A. Kaltsas, G. N. Throumoulopoulos and P. J. Morrison

case where the mass density is constant. One should be careful when adopting
this assumption because it has to be imposed a priori, i.e. before varying the EC
functional. This is because, if we use the barotropic version of the EC functional
to derive the equilibrium equations and then impose the uniformness of the mass
density, this will result in a restricted class of equilibria because the Bernoulli equation
(4.31) will act as an additional constraint on the permissible equilibria. However for
uniform mass density, no Bernoulli equation occurs via the variational principle and
the computation of the pressure decouples from the PDE problem. Ultimately the
resulting equilibrium equations will be given by (4.27)—-(4.30) with p = 1. This system
leads to the equilibrium system of (4.32)—(4.34) with p =1, that is, the differential
operators on the left-hand side of (4.32) and (4.33) reduce to the operator —L acting
on F and G, respectively. Those equations can alternatively be derived directly by
taking projections of the starting stationary XMHD equations. We have verified that
this method leads to the same JFKO system. The pressure can be computed from
(2.2) by setting d,v = 0, taking the divergence of the resulting equation and acting
with the inverse of the Laplacian operator in order to solve for the pressure, leading
to the following equation:
v 4l
p=A"'"V.(vxVxv+JxB)— —— <),

) (5.5)

If we employ the helically symmetric representation (3.3), (3.4) for the fields B*, v
and B and use the equilibrium equations (4.27)—(4.30) with p =1, then we can prove

that
vxVxv+JxB =VM(p)+ VN (E), (5.6)
so from (5.5) and (5.6), we deduce that the incompressible pressure is given by
v: P
p=M(p) + N () - 5 —EEJZ- (5.7

5.3. Hall MHD equilibria

The Hall MHD Ilimit is effected by setting d, = 0 and thereby neglecting electron
inertial effects. Thus, y =d;, © =0, and the flux functions become ¢ = v + dik~'v,
and £ = . In this model, only ion drift effects are considered and the electron
surfaces coincide with the magnetic field surfaces. The JFKO system for computing
the poloidal ion and magnetic fluxes is

2

d;F'V - (];V]—") =K (F +GF +pM — & [52 + zneﬁ/] (p—19), (58

(so—t/f).

LYy =k(F +G)G + pN' + 20tk (F +G) + k*p i

(5.9)

These equilibria are completely determined through the coupling of the equations
above with a Bernoulli law, which can be deduced from (4.31) for d, =0, allowing
the computation of the mass density p self-consistently given an equation of state
P(p). So the HMHD Bernoulli equation is simply

k2 (90_ 1[[)2 —d2k2 (]:/)2

pp)=p |M+N - 2P ,

N2 (5.10)
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Helically symmetric extended MHD 17
Also from (4.35) and (4.39) we have

_ f/
=V and v,=d V¢ x h. (5.11a,b)
0

vy = k
For ¢ = 0, equations (5.8)—(5.10) reduce to the axisymmetric Grad—Shafranov—
Bernoulli system of Throumoulopoulos & Tasso (2006). For the baroclinic version
of the axisymmetric HMHD equilibrium equations the reader is referred to Hameiri
(2013), Guazzotto & Betti (2015).

5.4. Incompressible HMHD equilibria and the double-Beltrami solutions

As in the case of XMHD, to obtain an equilibrium system that is not constrained by
an equation arising from the p functional derivative of the EC functional, we take
p =1 before varying the EC functional. If we do so for the HMHD model then the
equilibrium system reduces to (5.8)—(5.9) with p =1, i.e. we have

BFLF ==k (F + GQF — M + K (d;” + 2ntk> F') (@ — V), (5.12)
Ly =IA(F +G)G + N + 20l (F + G) + k(¢ — ¥)d: . (5.13)

The pressure can be computed using (5.7) with d, = 0. To obtain solutions for the
fluxes ¢ and v, we need to specify the free functions F, G, M and N. There exists
a particular ansatz for the free functions, for which the system (5.12)—(5.13) assumes
an analytic solution. In this case the magnetic and velocity fields are superpositions of
two Beltrami fields and the functions ¢ and i are expressed as linear combinations
of the corresponding poloidal flux functions of the Beltrami fields. The generic linear
ansatz, for the system (5.12)—(5.13) is

F=fo+fie, G=go+a¥, M=my+me, N=ny+mv, (5.14a—d)

where fy, f1, 8o, &1, Mo, Ny are constant parameters, leads to the following equations for
helically symmetric HMHD equilibria:

- e\ _ (W W 10 R
o) W0 e

where

o LR 1 g L 20k

1— d?f‘lz dlz ) 2 — dlzf-l d;&f‘lz
1 4 2nbf,d?k 1 — 2nlg,d?k*
Wom Oy 1oty
d; di
fots m "
Ri=— "fldiz" - d%ﬁ;kz, Ra=g1(fo+ 80) + 15 + 200K (fo + 2o).

)

For n, £ #0 we can find a solution to this system assuming m; =n; =fy =g, =0

A —g A —g
o=y + e, Y=ty (5.17)
fi A
where 1, are solutions of the equation
k2 Lrs = s + 20044k Yy, (5.18)
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and parameters A, are given by

111 1 > fita
A =— | — + —_ —4 . 5.19
=2 ay e ﬂd%fl +g‘> a7, 619

Either solving (5.18) directly or following the construction of Barberio-Corsetti (1973)
(see also Chandrasekhar & Kendall (1957)) we obtain the following analytic solutions

(/A

d
Yy =c[€Jy(Aer) — nrJi(Aer)] + Z ai [K/lilgm(oir) + nralgm(air) cos(mu),

(5.20)
where oy := \/m?’n* — A% and I,, denotes the modified Bessel function of the first
kind with order ¢m. The parameters c. and aX can be specified in connection with
the desirable boundary conditions. The functions 1. are poloidal flux functions of
helically symmetric Beltrami fields with Beltrami parameters A.. Their combination
(5.17) is a homogeneous solution of the system (5.15). Since the solution is a linear
combination of two Beltrami fields, the resulting solution is called double Beltrami
(DB). Another reason for adopting this terminology is that the resulting velocity and
magnetic fields satisfy conditions that involve the double curl operator. Such states,
are not only natural solutions of the incompressible Hall MHD equilibrium equations
(see Mahajan & Yoshida (1998)) but they occur also as relaxed states via minimization
principles (Yoshida & Mahajan 2002). They have been used to construct high-beta
equilibria with flows for 1-D (Mahajan & Yoshida 1998; Igbal et al. 2001) and
axisymmetric systems (Yoshida et al. 2001) but not for helically symmetric ones. Here
we compute a helical DB equilibrium in view of (5.17) and (5.20). The computed
configuration is depicted in figure 1. The flux function ¥ labels the magnetic surfaces
while the function ¢ labels the ion flow surfaces. We obtained the configuration of
figure 1, possessing closed surfaces, for normalized ion skin depth d; =0.09, fi =4.2,
g1 =2.01 and imposing the vanishing of i on some predetermined boundary points,
yielding the values of the free parameters in the truncated expansions (5.20). We
observe that the ion surfaces depart significantly from the electron—magnetic surfaces,
although in a manner consistent with other computations for axisymmetric (Guazzotto
& Betti 2015) and translationally symmetric (Kaltsas et al. 2017) HMHD equilibria,
resulting in a configuration with distinct helical structures for the ions and the
electrons.

6. Conclusion

We derived the helically symmetric extended magnetohydrodynamics Poisson
bracket and the corresponding set of Casimirs which consists of four infinite families
of helically symmetric invariants. The Poisson bracket was employed in order to
describe helical dynamics and the Casimirs with the Hamiltonian were used to derive,
via an energy—Casimir variational principle, the equilibrium equations of helically
symmetric XMHD. This symmetry makes both the dynamical and equilibrium
equations more involved than the corresponding translationally symmetric equations,
through the presence of a scale factor k, and new purely helical contributions. The
equilibrium equations were manipulated further for two simpler cases: first was
the axisymmetric barotropic and incompressible XMHD and second the helically
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FIGURE 1. The magnetic (solid red) and the ion (dashed blue) surfaces of the analytic DB
equilibria with helical symmetry in connection with (5.17) and (5.20) in three different
sections, namely z = 0, z = /12, z = /3. The parameters £ and n are ¢ = 1 and
n =15 corresponding to five helical windings for distance 27t covered in the z-direction.
The contours have been plotted on the (x,y) plane (perpendicular to the z-direction).

symmetric barotropic and incompressible HMHD. Both systems with barotropic
closure were cast in Grad—Shafranov—Bernoulli forms, which describe completely
the respective equilibria. In the incompressible cases the Bernoulli equation can no
longer be derived via the standard EC principle and one has to return to the primary
equations of the model. The Bernoulli equation decouples from the equilibrium PDE
system, becoming a secondary condition for the computation of the pressure. As
an example, a particular case of equilibria was studied by means of an analytical
solution. The application concerns an incompressible, helically symmetric plasma
described by HMHD, for which we derived an analytic double-Beltrami solution and
constructed an equilibrium configuration with non-planar helical axis which can be
regarded as a straight-stellarator-like equilibrium.

Acknowledgements

This work has been carried out within the framework of the EUROfusion
Consortium and has received funding from (i) the National Programme for the
Controlled Thermonuclear Fusion, Hellenic Republic and (ii) Euratom research
and training program 2014-2018 under grant agreement no. 633053. The views
and opinions expressed herein do not necessarily reflect those of the European
Commission. D.A.K. was supported by a PhD grant from the Hellenic Foundation
for Research and Innovation (HFRI) and the General Secretariat for Research and
Technology (GSRT). D.A.K. and G.N.T. would like to thank G. Poulipoulis, A.
Kuiroukidis and A. Evangelias for very useful discussions on helically symmetric
equilibria. PJ.M. was supported by the US Department of Energy contract DE-FGOS5-
80ET-53088 and a Forschungspreis from the Alexander von Humboldt Foundation.
He warmly acknowledges the hospitality of the Numerical Plasma Physics Division
of Max Planck IPP, Garching where a portion of this research was done.

Appendix A. Compressible helically symmetric XMHD dynamics

The compressible XMHD dynamics that respects helical symmetry is given by
dmus = {nus, H}}eP. In view of (3.14) and (3.16) we have:

ap ==V -(pVT)+[x, pl, (A1)
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dvn=p "k([Heo, k™ vl + [k By, "1+ V(™ 'vy) - VH,), (A2)

32 = [Heo, p '] —2nl[Heo, p ' K0 ] +V - (07 ' 2VH,) —2nLV - (0 'Kv,VH,,)
+ lkvy, k'] + k7' By, p kB + [0~ Ly, ¥ = 2nL[p~ KBy, ¥, (A3)
dw = —AH, +[Hy, o7 k221 = 208[H,, p kv ] — V- (07 2V Hy)
+2nlV - (p ' KEv,VHe) + V - (kv,V(k'v,)) — V - (0 'kB;V (k™' By))
+V.(p 'LYVYT) —20lV - (p ' K*B, VYY), (A4)

B, = k' ([Ha, p "kB;1+V - (o 'kB;VH,) + [kv,, ¥*]
—2nlp 'K [He, ¥*1—2nlp ' K'VY* - VH,, +dilp kB, k' B)]
—dilp™ LY, Y] = 2nldip” KW, k7' By] 4 2nldi[p” KBy, ¥
+d* k7' By, p7' 2] — 2n8d’ [k ' By, p 0] + APl L, kT o)
—2nld> o~ K [k By, kv ] — 2nld? [ o P By, k), (A5)

Wy =p"'(He, Y1+ VY* - VH, +dly*, kBl + k' By k~'vi]),  (A6)

where H, is given by (3.23) while H, and H,, are given by (3.26). For incompressible
plasmas (o =1, w = 0) the terms that contain functional derivatives F, and F,, in
(3.14) cease to exist. Hence (A1) and (A 4) are absent, while H,, =0 and Hg = x in
the rest of the equations, leading to the system (3.27)—(3.30) for the incompressible
dynamics.
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