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Preface

The motivation for the present book originated in the quest to understand wave-
wave interactions in magnetohydrodynamics (MHD) in a non-uniform background
flow (this process is sometimes referred to as wave mixing in the solar wind and in
cosmic ray modified shocks). The variational approach to WKB wave propagation
in a non-uniform background plasma flow was developed by Dewar (1970). My
initial aim was to understand linear, non-WKB wave propagation in the solar wind.
The problem of wave mixing has also been identified as an important process in
the evolution of turbulence and Alfvénic fluctuations in the solar wind (e.g. Zhou
and Matthaeus 1990a,b; Zank et al. 2012). Waves in non-uniform flows also play an
important role in Lagrangian averaged Euler-Poincaré equations (LAEP equations)
of wave-mean flow interactions and the so-called alpha model of turbulence (e.g.
Holm 2002).

Another motivation for the book was to understand the elegant non-canonical
Hamiltonian formalism for MHD and fluids developed by Morrison and Greene
(1980, 1982), Holm and Kupershmidt (1983a,b) and Marsden et al. (1984). The
connection between a Clebsch variable action principle for MHD and the non-
canonical Poisson bracket of Morrison and Greene (1980, 1982) and the Clebsch
variational approach is developed by Zakharov and Kuznetsov (1997) (see also
Zakharov and Kuznetsov (1971) for the canonical form of Hamilton’s equations
for MHD using Clebsch variables). In particular the work of Padhye and Morrison
(1996a,b) shows the connection between Noether’s second theorem and the con-
servation of potential vorticity in ideal fluid mechanics and MHD, due to the fluid
relabelling symmetry of the equations (see also Salmon (1982, 1988) for an account
of the fluid relabelling symmetry in ideal fluids). The fluid relabelling symmetries
are due to the invariance of the action, in which the Lagrangian fluid labels can
change (i.e. there are transformations or maps of the fluid labels onto new fluid
labels that are diffeomorphisms) but the usual physical variables remain invariant.
There are relationships between the fluid relabelling symmetries and the Casimirs of
the non-canonical MHD Poisson bracket, which are explored in the present lecture
notes.
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Yet another motivation for the book is applications of topological methods in
fluid dynamics and MHD. In the book we give examples of magnetic helicity
conservation (e.g. Woltjer 1958; Kruskal and Kulsrud 1958; Berger and Field 1984;
Finn and Antonsen 1985; Moffatt 1969, 1978; Moffatt and Ricca 1992) in solar
physics and in solar wind physics. In Chap. 2, Sect. 2.5, we describe the investigation
of Torok et al. (2010, 2014) on the evolution of the twist and writhe components of
magnetic helicity in the evolution of the kink instability for solar magnetic flux
ropes, and its role in coronal mass ejections (CMEs). Other applications to the
magnetic helicity of the Parker interplanetary, Archimedean spiral magnetic field,
to nonlinear Alfvén waves in the solar wind, and the MHD topological soliton
solutions are described in Chap. 6.

Conservation laws obtained by Lie dragging advected invariants in magnetohy-
drodynamics (MHD) and gas dynamics or hydrodynamics (HD) were investigated
by Moiseev et al. (1982), Sagdeev et al. (1990), Tur and Yanovsky (1993),
Volkov et al. (1995), Kats (2001, 2003, 2004) and Webb et al. (2014a). The ten
Galilean, Lie point symmetries of the action give rise to the energy conservation,
momentum conservation, angular momentum and centre of mass conservation laws,
via Noether’s first theorem. The advected invariants are due to fluid relabelling
symmetries, or diffeomorphisms associated with the Lagrangian map. There are
different classes of geometrical quantities that are advected or Lie dragged with the
flow. Examples are the entropy S (a 0-form) and the conservation of the magnetic
flux (B - dS which is an invariant advected two-form), moving with the flow (i.e.
Faraday’s equation). Advected invariants are obtained by using the Euler-Poincaré
approach to Noether’s second theorem. Some of the invariants are important in
topological fluid dynamics and MHD. We discuss different variants of helicity
including kinetic helicity, cross helicity, magnetic helicity, Ertel’s theorem and
potential vorticity, the Hollman invariant and the Godbillon Vey invariant. Lie
dragged invariants or Cauchy invariants play an important role in describing the
dynamics of vortex and magnetic field lines in ideal hydrodynamics and MHD (e.g.
Kuznetsov and Ruban 1998, 2000; Kuznetsov 2006; Besse and Frisch 2017).

The multi-symplectic and multi-momentum approach to Hamiltonian systems
was originally developed by de Donder (1930) and Weyl (1935). They studied
generalized Hamiltonian mechanics in which the Lagrangian L = L(x, ¢', d¢'/dx")
where x*(1 < p < n) are the independent variables and ¢* (1 < k < m) are
the dependent variables. For the case where n > 2 one can define multi-momenta
nl' = d¢'/dx* corresponding to each x* (in the usual Hamiltonian formulation
x° = tis the evolution variable). The multi-symplectic approach has been developed
in field theory in the search for a more covariant form of Hamiltonian mechanics (in
the usual Hamiltonian formulation, there is only one evolution variable). Bridges
et al. (2005, 2010), Marsden and Shkoller (1999), Hydon (2005) and Cotter et al.
(2007) describe multi-symplectic systems. Our aim is to present both Eulerian
and Lagrangian variational principles for ideal fluids and MHD obtained by, e.g.
Newcomb (1962), Holm and Kupershmidt (1983a,b), Dewar (1970) and Webb et al.
(2005a,b, 2014a,b). Both Eulerian and Lagrangian multi-symplectic forms of the
equations can be obtained. In this book we concentrate on the Eulerian multi-
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symplectic form of the equations (the Lagrangian, multi-symplectic ideal fluid
equations are described by Webb (2015) and Webb and Anco (2016)). The multi-
symplectic Noether’s theorem and symplecticity and pullback conservation laws
are obtained. Nonlocal conservation laws, for a non-barotropic equation of state for
the fluid, in which the time integral of the temperature back along the fluid path
plays an important memory role, are obtained (see also Mobbs (1981) for similar
conservation laws for helicity in non-barotropic fluids). Yahalom (2016a, 2017a,b)
explores the physical and topological meaning of the non-barotropic cross helicity
and cross helicity per unit magnetic field flux, using a Clebsch potential formulation
(see also Webb and Anco 2017). The connection of the multi-symplectic approach
with Cartan’s theory of differential equations using differential forms is developed.
A potential vorticity type conservation law is derived for MHD using Noether’s
second theorem.

The motivation is to provide both local and nonlocal conservation laws of the
fluid and MHD equations that give insight into the physics. Conservation laws
are useful for the testing numerical codes and reveal new aspects of the physics
(e.g. nonlocal conservation laws associated with potential symmetries and fluid
relabelling symmetries, reveal the time history of the fluid elements can play an
important role in understanding fluid vorticity). For example, the baroclinic effect
leads to the creation of vorticity in fluids (e.g. in tornadoes), but the corresponding
nonlocal conservation law for fluid helicity is not usually discussed. Casimirs
(i.e. quantities with zero Poisson bracket with other functionals of the physical
variables) are important in describing the stability of steady flows and equilibria.
The knowledge of new conservation laws is important in fusion plasmas, space
plasmas, fluid dynamics and atmospheric physics. New conservation laws are
also important in mathematics in elucidating the symmetries responsible for the
conservation laws (e.g. Lie pseudo groups are most likely related to fluid relabelling
symmetries).

What Is Not Included in the Book

The abstract geometrical mechanics aspects of fluid mechanics and MHD are
not developed in the present approach. Detailed descriptions of the geometrical
mechanics approach to the theory are described in Marsden et al. (1984), Marsden
and Ratiu (1994), Holm et al. (1998) and Holm (2008a,b). Holm and Kupershmidt
(1983a,b), Marsden et al. (1984) and Holm et al. (1998) describe the role of semi-
direct product Lie algebras and Lie groups inherent in the non-canonical Poisson
bracket of Morrison and Greene (1980, 1982). Morrison (1982) gives a direct
algebraic method to derive the Jacobi identity. Olver (1993) uses the variational
complex to develop methods to check if a given co-symplectic differential operator
used to define the Poisson bracket is a Hamiltonian operator (i.e. the bracket is
skew symmetric and satisfies the Jacobi identity). Chandre et al. (2012, 2013) and
Chandre (2013) derived Dirac brackets for MHD to obtain well-behaved brackets
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that satisfy the Jacobi identity. Bridges et al. (2010) use the variational bi-complex
to describe multi-symplectic systems. The analysis of Lie symmetries of differential
equation systems using Lie’s algorithm (e.g. Bluman and Kumei 1989; Olver 1993;
Ovsjannikov 1962, 1982; Ibragimov 1985; Bluman et al. 2010) can be used to
derive analytical solutions of the equations. We do not study conservation laws
and symmetries for special and general relativistic MHD (see, e.g. Lichnerowicz
1967; Beckenstein and Oron 1978; Bekenstein 1987; Anile 1989; Achterberg
1983; D’Avignon et al. 2015). Pshenitsin (2016) has derived infinite classes of
conservation laws for incompressible viscous MHD by using the so-called direct
method developed by Anco and Bluman (see, e.g. Bluman et al. 2010). This method
of determining conservation laws is illustrated for the case of the KdV equation in
Chap. 4. However, we have not used this method to derive MHD conservation laws
in the present book.

We discuss topological invariants in fluids and plasmas, using Lie dragged
invariants in ideal fluids and MHD (see, e.g. Arnold and Khesin 1998; Berger and
Field 1984; Berger 1999a,b; Moffatt and Ricca 1992; Besse and Frisch 2017 for
detailed analysis). The papers by Kuznetsov and Ruban (1998, 2000) and Kuznetsov
et al. (2004) give an account of vortex lines and magnetic field lines, using a
mixed Eulerian and Lagrangian approach, which shows how one may resolve the
degeneracy of the non-canonical Poisson brackets, by using Weber transformations
and Lagrangian representations of the equations. They also show how the Hasimoto
transformation arises from their analysis. Euler potential representations of the
magnetic field and its use in fusion and space plasmas are another large area of
research not covered in our treatment (see, e.g. Stern (1966) for applications in
space plasmas, and Boozer (2004) in fusion plasmas).

Recent work by Webb (2015) and Webb and Anco (2016) on Lagrangian, multi-
symplectic fluid mechanics and work on MHD gauge field theory by Webb and
Anco (2017) are omitted from the present exposition. It is worth noting that Calkin
(1963) developed a version of gauge field theory for a polarized version of MHD.
Both Calkin (1963) and Webb and Anco (2017) identified the gauge symmetry
responsible for the magnetic helicity conservation law in MHD. These developments
lie beyond the scope of the present book.
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Chapter 1
Introduction

Variational methods are widely used in physics, engineering and applied math-
ematics. Noether’s theorems provide a route to deriving conservation laws for
systems of differential equations governed by an action principle. Noether’s theorem
applies to systems of Euler-Lagrange equations that are in Kovalevskaya form
(e.g. Olver 1993). For other Euler-Lagrange systems, each nontrivial variational
symmetry leads to a conservation law, but there is no guarantee that it is non-trivial.
Goldstein (1980) discusses action principles, Lagrangian and Hamiltonian equations
and Noether’s theorem in classical mechanics.

Noether’s first theorem deals with conservation laws for equation systems,
arising from variational principles, in which the action remains invariant with
respect to infinitesimal transformations of finite dimensional Lie groups. Noether’s
second theorem applies for infinite dimensional pseudo Lie algebras, where the vari-
ational symmetries depend on arbitrary locally smooth functions of the independent
variables. Noether’s second theorem states that in this case, such symmetries only
exist if there are differential relations between the Euler-Lagrange equations (see
Brading (2002) for an historical overview). Hydon and Mansfield (2011) include
constraint equations in their formulation of Noether’s second theorem, by means
of Lagrange multipliers. Rosenhaus (2002) determines the effects of boundary
conditions on Noether’s second theorem.

Another powerful method using a Lie dragging approach to derive conservation
laws in MHD and fluid dynamics, was developed by Moiseev et al. (1982), Sagdeev
et al. (1990), Tur and Yanovsky (1993), Volkov et al. (1995), and Besse and Frisch
(2017). Tur and Yanovsky use the Calculus of exterior differential forms and Lie
derivatives originally developed by Elie Cartan. These methods are used in general
relativity (e.g. Misner et al. 1973). One of the advantages of this approach compared
to classical work using Noether’s theorem is that the invariance of geometrical
quantities which are Lie dragged with the flow are naturally described by the
formulas of the exterior differential Calculus. Cotter and Holm (2012) developed
an Euler-Poincaré approach which takes into account the advection of geometrical
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2 1 Introduction

objects (e.g. tensors, vectors, differential forms) which are invariant under fluid
relabeling symmetries.

We present the basic ideas used in deriving advected invariants in MHD and
gas dynamics using the Calculus of exterior differential forms, and show how
these conserved invariants and conservation laws are related to Clebsch variable
formulations, Weber transformations, Noether’s theorems and the Euler-Poincaré
formulation of variational principles involving a symmetry group developed by
Marsden and Ratiu (1994), Holm et al. (1998), Cotter et al. (2007) and others.
Our aim is to study illustrative examples, and not to develop a complete discussion
of all possibilities. Tur and Yanovsky (1993), Volkov et al. (1995) and Kats (2003,
2004) show that there are an infinite number of advected invariants in ideal fluid
mechanics and MHD (Kats (2001) studies discontinuities in hydrodynamics using a
variational approach). These invariants are related to fluid relabeling symmetries and
gauge symmetries of the action. The magnetic helicity conservation equation is due
to a gauge symmetry, which is not a fluid relabelling symmetry (e.g. Calkin 1963;
Webb and Anco 2017). Tanehashi and Yoshida (2015) obtain gauge symmetries for
Clebsch parameterized, barotropic MHD, by exploiting the known MHD Casimirs.

The MHD equations admit the ten-parameter Galilei Lie group. This includes
the space and time translation symmetries, the space rotations and the Galilean
boosts (e.g. Fuchs 1991; Grundland and Lalague 1995; Webb and Zank 2007). These
symmetries are variational or divergence symmetries of the action, and give rise to
conservation laws via Noether’s first theorem, namely: (a) the energy conservation
law due to the time translation symmetry (b) the momentum conservation laws
(space translation symmetries), (c) angular momentum conservation laws (rotational
symmetries) and (d) the center of mass conservation laws (Galilean boosts symme-
tries).

There is a class of infinite dimensional fluid relabelling symmetries that leave the
MHD equations invariant under transformation of the Lagrangian fluid labels. The
fluid relabelling symmetries conservation laws are associated with Noether’s second
theorem (e.g. Salmon 1982, 1988; Padhye and Morrison 1996a,b; Padhye 1998;
Zakharov and Kuznetsov 1997; Kats 2003, 2004; Webb et al. 2005b; Webb and
Zank 2007; Cotter and Holm 2012). Yahalom and Lynden-Bell (2008) developed
simplified variational principles for barotropic MHD using Clebsch variables. In the
Lagrangian fluid dynamics approach, one can search for Lie transformations of the
form:

X =x+eV* =t1+¢€V, x5=x0+ €V, (1.1)

that leave the action invariant up to a divergence transformation, where x =
X(Xo, t) is the Lagrangian map between the Eulerian fluid particle position and its
Lagrangian label xy. The Lagrangian map is the solution of the differential equation
system dx/dt = u(x, t), where u is the fluid velocity, subject to the initial conditions
X = Xg at time ¢ = 0. The fluid relabelling symmetries correspond to the variational
symmetries of the action of the form X' = x, ¥ = t and X, = X¢ + €V* in which x
and ¢ are fixed.
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The inter-relationships between the fluid relabelling symmetries and the Lie
point symmetries were investigated by Webb and Zank (2007). They converted the
known Eulerian Lie point symmetries of the MHD equations to their corresponding
Lagrangian form in which the Eulerian position vector x are the dependent variables
and the Lagrange labels x¢ and the time ¢ are the independent variables. For
polytropic equations of state with p = pop? exp(S/C,) there are three scaling sym-
metries of the equations, which can be judiciously combined to give a conservation
law of the equations (Webb and Zank 2007; Webb et al. 2009). The form of the
scaling symmetry Lie generators in Lagrange label space involve a modified form of
the fluid relabelling symmetry equations. Sjoberg and Mahomed (2004) and Webb
et al. (2009) (and references therein) consider potential symmetries of the 1D gas
dynamic equations, which give rise to non-local conservation laws. Golovin (2011)
derives the Lie symmetries and equivalence transformations for the Lagrangian
MHD equations in which the Eulerian position of the fluid element x = y (t, &) leads
to a vector wave equation for y and (£', £2, £3) are appropriately chosen Lagrange
labels (Webb et al. (2005b) used a similar formulation, but did not work out the Lie
group of the equations).

Volkov et al. (1995) show the connection between advected invariants and the
odd Buttin bracket and supersymmetry.

In Chap.2, the MHD equations and the first law of thermodynamics for for
the case of an ideal, non-barotropic gas in which p = p(p, S) are introduced. An
application of magnetic helicity conservation to the evolution of a kink unstable
flux rope in the solar corona, in the solar atmosphere by Torok et al. (2010, 2014)
is described in Sect.2.5. We also indicate other applications in Chap.6 to: (a)
the magnetic helicity of the interplanetary Parker (1958) magnetic field, (b) the
magnetic helicity of nonlinear shear and toroidal Alfvén waves in the Solar Wind,
and to (c) topological solitons in MHD.

Chapter 3, gives an introduction to helicity in fluids and magnetohydrodynamics,
including: helicity in barotropic fluids, magnetic helicity, cross helicity potential
vorticity in MHD and fluids, and nonlocal conservation laws that apply for non-
barotropic gas equation of state with p = p(p,S). Both the differential and
integrated forms of the helicity conservation laws are discussed. The helicity is
defined as the integral of u - @ over the volume V of the fluid of interest, where u is
the fluid velocity and @ = V x u is the fluid vorticity (e.g. Moffatt 1969). Woltjer
(1958) described the magnetic helicity in plasmas as the integral of A - B over a
volume of the MHD fluid V, where B = V X A is the magnetic induction and A is
the magnetic vector potential. It applies for the case where the normal magnetic field
B - n = 0 on the boundary 0V of the volume of interest. Relative magnetic helicity
(Berger and Field 1984; Finn and Antonsen 1985, 1988) is a gauge independent
form of the helicity for cases where B - n % 0 on the boundary dV of the plasma
volume V. The magnetic helicity and cross helicity conservation laws for MHD are
derived directly from the MHD equations.

Chapter 4, introduces basic tools of the Calculus of variations and the Euler
Lagrange equations for a system of differential equations governed by a variational
principle. We derive Noether’s first theorem, and discuss Noether’s second theorem.
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We then discuss the direct method for deriving conservation laws developed
by Anco and Bluman (1996, 1997, 2002a,b), which does not require that the
differential equations are derived from a variational principle (see also Bluman
et al. 2010). A simple example derives conservation laws for the Korteweg de
Vries equation without using a variational principle. Cheviakov and Anco (2008)
and Cheviakov (2014) applied this method to obtain conservation laws for fluid
dynamics. Pshenitsin (2016) uses this method to obtain conservation laws of the
incompressible MHD equations, including the effects of viscosity. Rosenhaus and
Shankar (2016) investigate Noether’s second theorem for quasi-Noether systems
of equations, which they use to discuss the infinite number of conservation laws
for the incompressible Euler equations of fluid dynamics. Rosenhaus and Shankar
(2016, 2017a,b) investigate the role of sub-symmetries in the generation of infinite
families of conservation laws, with application to the 2D and 3D Euler equations
in the velocity and vorticity formulation. These analyses are related to the work of
Cheviakov (2014) on infinite families of conservation laws for the Euler equations.

Chapter 5, derives advected invariants of the MHD and ideal fluid dynamics
systems, by using the algebra of exterior differential forms:, i.e. exterior differ-
entiation d, the Lie derivative Ly with respect to a vector field V, the formation
of higher order forms by using the wedge product of forms, and the construction
of lower order forms by contraction of vector fields with differential forms. Lie
dragging of forms and vector fields are useful in obtaining geometric conservation
laws for the equations (Tur and Yanovsky 1993). We discuss Faraday’s equation
the entropy advection equation and mass continuity equation in terms of advected
invariant forms. Theorems, that are useful in combining known invariants, to obtain
new invariants from old invariants are discussed.

Chapter 6 discusses topological invariants for fluids and plasmas. For cases with
non-trivial magnetic field topology, there is no globally continuous form for the
magnetic vector potential A. However one can cover the whole manifold with two or
more vector potentials that apply locally, and in which there is a jump in A, between
the vector potentials applicable in different regions. The prototypical example is that
of the magnetic monopole field (e.g. Urbantke 2003; Webb et al. 2010a), where the
sphere S is covered by two separate regions ST and S~, where ST is the sphere
minus a small region about the north pole and S~ is a similar region of the surface
of the sphere, excluding the south pole. Multi-valued magnetic vector potentials
also occur in the MHD topological soliton (Kamchatnov 1982; Semenov et al.
2002). We discuss the Gauss link number formula and the Calugareanu invariant
(Calugareanu 1959; Moffatt and Ricca 1992) and the linkage, twisting and writhing
of magnetic flux tubes. Magnetic helicity, is an advected invariant. In Sect. 6.4
we discuss link numbers and signed crossing numbers for knots, and how these
numbers may be used to calculate the magnetic helicity of knotted flux tubes. We
discuss Dehn surgery in which knots are cut and reconnected, without change in the
helicity. Taylor relaxation theory (Taylor 1974, 1986) is described in which the total
magnetic helicity to lowest order is conserved in a high conductivity plasma during
turbulent reconnection. In this theory the field evolves to a force-free magnetic field
state satisfying the force-free magnetic field equation V x B = AB where A is a
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constant. Section 6.5 describes the Godbillon-Vey invariant in MHD, which arises
ifA-VxA =0o0rA-B=0(A-dxisassumed to be advected with the background
fluid flow). In this case there is a higher order topological invariant known as the
Godbillon-Vey invariant which is advected with the flow (e.g. Tur and Yanovsky
1993; Webb et al. 2014a). Applications of magnetic helicity conservation to (a) the
Parker interplanetary magnetic field, (b) toroidal and shear Alfvén waves in the solar
wind, and (c) the MHD topological soliton are discussed in Sect. 6.6.

Chapter 7 discusses the Euler-Poincaré equation for MHD following the analysis
of Holm et al. (1998) and Cotter and Holm (2012), followed by some applications
of Noether’s second theorem. The advection of the vorticity 2-form, as an advected
invariant 8 = @ - dS in ideal, barotropic compressible gas dynamics is shown
to be related to the mass conservation symmetry, via Noether’s second theorem.
Noether’s second theorem, and the Euler-Poincaré formulation of fluid dynamics,
are related to the advection of cross helicity, potential vorticity and Ertel’s theorem.
The differential conservation law for cross helicity for example, involves the the flux
heu+B(h+ ® — |u|?/2) where £ is the enthalpy, ®(x) is the gravitational potential
energy, and 4. = u - B is the cross helicity density.

Chapter 8 introduces the Hamiltonian formulation of MHD using Clebsch
variables (e.g. Zakharov and Kuznetsov 1997). The Clebsch variable formulation
involves a momentum map, in which the Lagrange multipliers in the constrained
variational principle are the canonically conjugate momenta for the system. The
canonical Poisson bracket using Clebsch variables is transformed to Eulerian
physical variables to obtain the non-canonical Poisson bracket for MHD obtained
by Morrison and Greene (1980, 1982) and Holm and Kupershmidt (1983a,b) (the
Morrison and Greene formulation uses the magnetic field induction B as the basic
variable describing the magnetic field, whereas Holm and Kupershmidt use the
magnetic vector potential, for which the one-form A - dx is advected with the flow).
The derivation of the noncanonical MHD Poisson bracket by Morrison and Greene
(1980, 1982) was obtained directly from the Eulerian MHD equations, written in
terms of the usual, noncanonical fluid variables, p,u, S and B. Some of the subtleties
of the MHD Poisson bracket discussed by Morrison and Greene (1982) associated
with the Jacobi identity being satisfied for functionals with V - B # 0 has been
addressed by Chandre et al. (2012, 2013) and Chandre (2013), by using Dirac’s
theory of constraints and the Dirac bracket. We discuss the gauge case in which 1-
form A - dx is advected with the flow (i.e. the advected A gauge). This approach
circumvents the need to discuss the condition V - B = 0 (see also Holm and
Kupershmidt 1983a,b). Investigations of the Jacobi identity for non-canonical MHD
Poisson brackets for the cases with (1) V - B 5% 0 (Morrison and Greene 1982), (2)
V -B = 0 (Morrison and Greene 1980) and (3) for the advected A gauge (Holm and
Kupershmidt 1983a) in which B = V x A, are carried out by using the functional
multi-vectors approach of Olver (1993). We discuss methods to obtain the MHD
Casimirs (see e.g. Morrison (1982), Holm et al. (1985), and Hameiri (1998, 2003,
2004) for discussions of Casimirs in studies of MHD stability for equilibria and
steady flows).
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Chapter 9 describes a multi-symplectic formulation of MHD based on the
momentum map for the Clebsch variable action principle. We review the approach
to multi-symplectic Hamiltonian systems developed by Bridges et al. (2005) and
Hydon (2005). We use mainly the version of multi-symplectic Hamiltonian systems
described by Hydon (2005). We extend the work of Cotter et al. (2007) to
obtain a multi-symplectic formulation of MHD using Clebsch variables. We discuss
the symplecticity conservation laws and Noether’s theorem for multi-symplectic
Hamiltonian systems. A conservation law obtained by using pull back of forms to
the base manifold gives rise to the energy and momentum conservation laws for the
MHD equations.

Chapter 10 introduces the Lagrangian map for MHD following the approach of
Newcomb (1962). The Eulerian and Lagrangian variations of the plasma are defined.
The Lagrangian and canonical Hamiltonian form of the equations are obtained. The
reduction of the MHD equations using the Lagrangian map by Golovin (2011) is
described in Sect. 10.4. Golovin (2010) used these ideas to describe steady state
MHD flows which are pressure balance solutions. Analogous solutions for non-
steady state pressure balance solutions were obtained by Golovin (2011). These
solutions show knotted field line structures lying on the toroidal Maxwell surfaces
(see Schief (2003) for similar solutions). We do not delve too deeply into these
solutions. Our aim is to show how the solutions are related to the Lagrangian map.

Chapter 11 develops Noether’s theorem based on the Lagrangian map, in which
the Lagrangian fluid labels xq are the independent coordinates and the Eulerian
position coordinates X = X(Xo,?) are the dependent variables (i.e. we use the
Lagrangian map). This approach was developed by Padhye and Morrison (1996a,b),
Webb et al. (2005a,b), and Webb and Zank (2007). The conservation laws are
converted to their Eulerian form using the Lagrangian map. Conservation laws due
to the Lie point symmetries of the MHD equations and the MHD action, and the
fluid relabelling symmetries are discussed. We investigate the connection between
the fluid relabelling symmetries and the Casimirs (see also Padhye and Morrison
(1996a,b)). Padhye and Morrison used Lagrangian variations in their analysis. We
use Eulerian variations to obtain similar determining equations for the Casimirs
(there are some differences between the two approaches).

Chapter 12 discusses MHD stability methods using the Lagrangian fluid dis-
placement &. The Frieman and Rotenberg (1960) equations for the stability of steady
MHD flows are obtained. These equations can be obtained by expanding the action
as a power series in &, and the Lagrangian variation AS of the entropy. This leads to
the perturbed momentum equation for the fluid which is equivalent to the Frieman
and Rotenberg equations. The characteristic manifolds for linear waves and their
relationship to the magneto-acoustic, Alfvén and entropy waves are delineated (e.g.
Webb et al. 2005a). The first and second variation of the action using Eulerian
perturbations are developed. The second variation of the action is used to derive the
Frieman and Rotenberg equations, and to write the equations in Hamiltonian form.
We also show the connection between the Frieman and Rotenberg equations and
accessible variations of the action using the non-canonical MHD Poisson bracket, as
developed by Holm et al. (1985), Morrison and Eliezer (1986), and Hameiri (2003).
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Chapter 13 concludes with an overview and discussion.

In Appendix A, we discuss the Lie derivatives of 0-forms, 1-forms and vector
fields. Appendix B discusses Weber transformations and the Clebsch variable
description of MHD using the approach of Zakharov and Kuznetsov (1997).
Appendix C discusses the Cauchy invariant b = B/p. Appendix D describes
magnetoacoustic N-waves of Webb et al. (1993). The phase and group velocities
of the fast and slow magnetosonic waves, are discussed by using the wave eikonal
formulation of the MHD dispersion equation, which is written as a first order,
nonlinear partial differential equation for the wave phase S(x, f) or wave eikonal.
The wave group velocity arises as an envelope solution of the wave eikonal
equation, and the characteristics of the eikonal equation describe the group velocity
surface via Hamilton’s equations. These ideas (from Webb et al. 1993) are used
to describe the magnetic field structure of the linear magneto-acoustic N-wave
which corresponds to singular delta function initial data for the gas pressure. In
Appendix E, we discuss Aharonov Bohm effects for the magnetic helicity Hy, and
the non-barotropic cross helicity Heyg in MHD as developed by Yahalom (2013,
2017a,b) (see also Webb and Anco 2017). Appendix F gives a formal definition of
equivalence transformations for a system of differential equations (see also Bluman
et al. 2010). Golovin (2011) obtained the equivalence transformations for the
Lagrangian MHD equations. Appendix G uses a modified form of the Lagrangian
action principle to derive a covariant form of the MHD momentum equation from
the action principle that uses generalized coordinates to specify the Eulerian position
coordinates. Generalized coordinates are also used to describe the Lagrangian fluid
labels.



Chapter 2
The Model

2.1 The MHD Equations

The magnetohydrodynamic equations are:

0
P LV (o) =0, @2.1)
ot
0 B? BB

(pu) + V- [puu + (p + ) I- :| = —pVo, (2.2)
ot 2o Ho
d
at(pS) + V- (puS) =0, (2.3)
Ei,;:—V><(u><B)+uV-B=O. 2.4

Here, p, u, p, S and B are the gas density, fluid velocity, pressure, specific entropy,
and magnetic induction B respectively, and I is the unit 3 x 3 dyadic. p = p(p, S)
is a function of the density p and entropy S, and o is the magnetic permeability.
Equations (2.1)—(2.3) correspond to the mass, momentum and entropy conservation
laws, and Faraday’s equation in the MHD limit. In classical MHD, (2.1)—(2.4) are
supplemented by Gauss’ law:

V.B=0. 2.5)

Ampere’s law for non-relativistic MHD, which neglects the displacement currents
for slow MHD phenomena, has the form

J =V xB/uo. 2.6)
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On the right hand-side of (2.2) ® is the gravitational potential of an external
gravitational field. This term is important in stellar wind theory, where the gravity
force —pV® modifies the plasma flow, both for the case of stellar winds and
accretion flows. The gravity force term is also important in static MHD models
of solar magnetic structures such as prominences, in which the gravitational force is
counter-balanced with the pressure gradient and magnetic forces (e.g. Low 1985).

There is an eigenmode of the MHD equations (2.1)—(2.4) with V - B # 0 known
as the divergence mode, which is advected with the fluid, which is used in eight
wave Riemann solvers in numerical MHD (e.g. Powell et al. 1999; Janhunen 2000;
Webb et al. 2009). In physical applications it is necessary to set V-B = 0. However,
for the sake of completeness we keep the V - B terms in the equations, in order to
see the mathematical effects that result if V - B # 0. The Alfvén, fast and slow
magnetoacoustic simple waves all apply to the case where V - B = 0.

If the equation of state for the gas is written in the form S = f(p, p) the entropy
conservation law (2.3) can alternatively be written in the form:

0
a’t’ Fu-Vp+A(p.p)V-u=0. A(p.p)=dp. @.7)

where a> = dp/dp = —f,/f, is the square of the adiabatic sound speed of the gas.
For the case of an ideal gas with entropy S = C, In[(p/p1)/(p/p1)?] where y =
C,/C, is the ratio of specific heats at constant pressure and volume respectively,
A(p,p) = ypin (2.7).

The above equations are supplemented by the first law of thermodynamics:

1
TdS =dQ = dU + pdV where V = o (2.8)

where U is the internal energy per unit mass and V = 1/p is the specific volume. If
one uses the internal energy per unit volume ¢ = pU instead of U (2.8) becomes:

1 +
TdS = = (ds—hdp) where h= """, (2.9)
P P
is the enthalpy of the gas. Since ¢ = ¢(p, S) (2.9) implies the relationships:
pT =¢e5, h=g¢, p=pe,—E¢, (2.10)

between the temperature 7', enthalpy 4 and pressure p to the internal energy density
e(p, S). Equation (2.9) gives the equations:

1 1
TdS=dh— dp and — Vp=TVS—Vh, @2.11)
P P

which gives an alternative expression for the pressure gradient force on the fluid.
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2.2 Energy Conservation

The total energy equation for the system (2.1)—(2.4):

3 (1 B? 1 ExB
ou* + &+ +p® ) +V-|pul |u+h+d)+ =0,
ar \ 2 210 2 n

2.12)

follows from adding together: (i) the electromagnetic energy equation:

9 ( B? ExB V-B
+ V. =—-J-E—u-B , (2.13)
9t \ 240 Mo Mo

where S = E x B/ is the Poynting flux, and E = —u x B is the motional electric
field, and J = V x B/ ¢ is Ampere’s law for the electric current in the MHD limit;
(i1) the co-moving gas energy equation:

de
ot

and (iii) the gas kinetic and gravitational energy equation:

+ V- [puh] =u- Vp, (2.14)

a (1 1 V-B
o’ +p® | +V-[pu| 1’4+ ®)|=—-uVp+J-E+uB . (2.15)
ar \ 2 2 Mo

Poynting’s theorem (2.13) follows from using Faraday’s equation (2.4) and
Ampere’s equation J = V x B/ in the combination:

B
-B;+VXE+uV-B)+E-(J-V xB/uy) =0, (2.16)
Mo

and by using the identity
V- (ExB)=(VXE)-B—(VxB)-E, (2.17)

The co-moving gas energy equation (2.14) follows from the second law of
thermodynamics: dQ = TdS = dU + pdrt, where U = ¢/p is the internal energy
per unit mass of the gas, and © = 1/p is the specific volume, and by noting that
dS/dt = 0 for an adiabatic process where d/dt = d/9t 4+ u -V is the time derivative
following the flow.

The kinetic energy equation (2.15) for the gas follows from the momentum
equation (2.2), which with the aid of the continuity equation (2.1) can be cast in
the form:

5 V.B
p(al:+u.Vu):—Vp+JxB—pV<I>+BM , 2.18)
0
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where J = V x B/ is the current. Taking the scalar product of (2.18) with u and
using the continuity equation (2.1) gives the gas kinetic energy equation (2.15). In
the derivation of (2.15) it is useful to note that

1
u.Vu:—uxw+V(2u2), (2.19)

where @ = V Xx u is the fluid vorticity.

In standard MHD, V - B = 0. However, for MHD numerical simulations, where
numerical generation of V - B # 0 (e.g. Powell et al. 1999), it is useful to know the
form of the equations for V - B # 0.

Note that the total energy conservation Eq.(2.12) does not depend on whether
V-B = 0or V-B # 0. Morrison and Greene (1982), (e.g. Chandre et al. 2012),
used the above form of the MHD equations with V - B # 0, in their non-canonical
Poisson bracket for MHD. They also study the case V - B = 0.

2.3 Faraday’s Equation and Flux Conservation

The relationship between Faraday’s equation (2.4) and magnetic flux conservation
for moving media is described by Panofsky and Phillips (1964) (ch. 9, p. 160 et
seq., Parker (1979), p. 34, Chapter 4). Parker uses V - B = 0 in his derivation, but
Panofsky and Phillips allow for the possibility that V - B # 0. The basic argument
that d®/dr = 0 where ® = |, ¢ B-dS for a surface § moving with the flow, is given
below. Consider the volume V carved out by the fluid in the time interval (¢, r + Af)
in which S(r) = Sy and S(t + At) = S, at time ¢ + At. An area element on the side
of the tube bounded by S; and S5, has a surface element d€ x udt pointed out of the
volume, where d¥ is an element of the curve C bounding S() (see Fig.2.1). At time
t, Gauss’s theorem gives:

/V(V-B) dPx = /B(t)-dsz—/B(t) -dS, +/B(t)-de xult.  (2.20)

Here we use the convention that dS; is pointed out of the volume, but dS| is pointed
into the volume.
The change in magnetic flux through S in (7, f + Af) is:

A 1
N (/B-dS) =\ (/ B(t + At)-dsz—/B(t)-dsl). 2.21)

Using the Taylor series expansion:

B(t + Af) = B(r) + %1: At+ O (AN + ..., (2.22)
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Fig. 2.1 Magnetic surface S
advected with the flow,
illustrating magnetic flux
conservation in MHD. The
flux surface S(¢) at time ¢ is
advected to S(r + Ar) at time
t + At. Input flux at time ¢
equals output flux at time

t + At. C(t) is the contour
bounding S(7). Flux out the
side of the tube accounted for
in the flux conservation
equation

C(t+dt)

and using (2.22) in (2.21) gives, in the limit of small At, the equation:

dd d _ [ 0B()

where ® is the magnetic flux through the surface § at time ¢. Using (2.20) in (2.23)
to eliminate the surface integrals over dS; and dS,, we obtain:

o _ / IB(1)

d’x
. V-B — [ B(@)- . 2.24
& 5 ds +/s At / (t) - (d€ x u) (2.24)

Noting that d*x/At = u - dS in (2.24), we obtain:

d® OB
" Z/S iy .ds+/S(v-B)u-ds+/C(Bxu)-d€
9B
:/I:at +u(V.B)—Vx(uXB)i|'dS, (2.25)
N

where Stokes theorem was used in the last step. Faraday’s equation (2.4) follows
by setting d®/dt = 0 in (2.25). Thus, Faraday’s equation implies the conservation
of magnetic flux ® moving with the flow. By taking the divergence of Faraday’s
equation (2.4) yields the continuity equation:

gt (V-B) + V- [u(V-B)] =0, (2.26)

which shows that numerically generated V - B # 0 is advected with the flow out of
the computational domain in a well designed code. The V - B # 0 mode is known
as the divergence mode in numerical MHD.
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2.4 Field Line or Vortex Line Preservation

Definition A fluid motion is line preserving if two fluid particles initially on the
same line remain on the same line at a later time throughout their motion

This definition is less general than a flux preserving motion studied in the
previous section. Line preserving motions have been studied by many authors (e.g.
Zorawski 1900; Truesdell 1954; Prim and Truesdell 1950; Truesdell and Toupin
1960; Newcomb 1958; Stern 1966; Parker 1979). Here we follow the development
of Stern (1966) and Prim and Truesdell (1950). The motion of vortex lines and
magnetic field lines has been studied by Kuznetsov and Ruban (1998, 2000),
Kuznetsov et al. (2004), and Kuznetsov (2006), by using a combined Eulerian
and Lagrangian approach involving non-canonical Poisson brackets for fluids and
plasmas.

Consider the equation for position along the field line of the form: x = x(6, 1)
where 6 is the affine parameter, or distance along the field line from some fiducial
point, describing the field quantity Q (in MHD we take Q = B, but in ideal fluid
mechanics Q = € = V x u is the fluid vorticity in the case of vortex lines). The
parameter 6 is assumed to be advected with the flow. The condition that Q and the
tangent vector Xg are parallel implies:

xg X Q = 0. (2.27)

The condition (2.27) implies that two particles a distance X436 apart on the same
field line (|60| << 1), forms a line segment parallel to Q. The line preserving
property asserts that the particles lie on the same field line at a later time ¢. The
latter condition is equivalent to the requirement that:

d
=0. 2.28
dr (xo x Q) (2.28)
The condition (2.27) implies that x4y and Q are parallel, and hence:
xg = AQ, (2.29)

where A is some scalar parameter.
From (2.28) and (2.29) we require:

dQ ou dQ
)xQ—i—x@x dr _BOXQ+X9X &

ng

d
dt(x@xQ)z(dt

:(x(;'Vu)xQ—}-x@xdd(t2 :AQX(CZ?—Q'Vu) =0,
(2.30)
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where we used the result u = dx/dt is the fluid velocity. The result (2.30) can also
be written in the form:

0Q

d
dt(XGXQ)Z/\QX(at

+ [u, Q]) =0, (2.31)
where

Q] = (u-VQ-Q-Vu), (2.32)

is the ith component of the commutator of the vector fieldsu =u-VandQ = Q-V.
Yet a further form of (2.30) is obtained by writing:

:;t(xon) :AQx(Z?—i—QV-u—Q-Vu)

=1Q x [aa? —Vx@uxQ)+uV- Q):| =0. (2.33)

In (2.33) it is useful to note that:

(;ﬁﬁ“) (Q-dS) = [aa?—vX(uxQ)+u(v.Q)]dszo, (2.34)

is equivalent to the condition that the flux Q - dS is Lie dragged with the flow,
where £, = u- V is the Lie derivative operator following the flow. For the case
Q = B (2.34) is equivalent to Faraday’s equation (2.4). Similarly, (2.31) involves
the formula:

) _(Q
(at + Eu) Q-V) = ( 9 + [u, Q]) -V, (2.35)

corresponding to Lie dragging the vector field Q - V with the flow.

To sum up, the field line preservation condition (2.30) or (2.31) requires that the
component of the Lie dragged vector field Q - V perpendicular to the field line is
conserved. Note that if the motion is flux preserving, so that (2.34) is satisfied (i.e.
Faraday’s equation in MHD is satisfied), then the motion of the fluid is field line
preserving. However, the condition that the field line is preserved does not imply
Faraday’s equation is satisfied.

Figure 2.2 shows a simple example of a field line preserving flow in a fast
magnetohydrodynamic shock. In the normal shock incidence frame, the shock is
at rest, and the upstream fluid velocity u; = u;e, is incident normal to the shock,
which is located in the x = O plane. The magnetic field and fluid velocity are
restricted to the xz plane, and the motional electric field E = —u x B is directed
down the y axis. The fluid is compressed and slows down in passing from the
upstream to downstream region of the shock. The upstream magnetic field B; lies
in the xz-plane, and makes an angle ¥, with the x-axis. The transverse component
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Fig. 2.2 Field line
preserving flow upstream of a
fast MHD shock. The figure
depicts two plasma particles
P, and P, on the same field Upstream Downstream
line at time ¢ = f¢, which
move to the positions P} and
P attimet = 1y + dt Uz
respectively. For field line
preserving flows, P} and P} N
also lie on the same field line

at time ) + dt. P; and P, P,
have been advected a distance

u, dt toward the shock in the P,
time interval (¢, ty + dt)

ZA
BZ

of the field B, increases across the shock, but the normal component of the field
is conserved (i.e. B,y = B,, where the subscripts 1 and 2 denote the regions
upstream and downstream of the shock). The figure depicts two points P; and
P; located on the same field line, upstream of the shock at time ¢t = fy say. At
a later time t = 1y + dt, the field lines are advected further downstream toward
the shock, to the positions P} and P, where P,P, = wdt and PP} = u;dr. The
perpendicular separation P;Q; of the position of the field line at fy 4 dt is given by
P1Q; = (u—u-egep)dt = Vpdt where Vi = E x B/|B|? is the electric field drift
velocity (see e.g. Webb et al. (1983) for an application of these ideas to cosmic ray
acceleration at MHD shocks due to the drifts in the electric field at the shock). This
example, illustrates the concept of fluid preserved field lines. The points P; and Q;
on the same field line at time ¢ = 1y, are advected to the points P’1 and Q’1 , which are
on the same advected field line at time fy + dt. Magnetic field line preservation is
sometimes invoked in studies of magnetic reconnection in magnetospheric physics.

2.5 Incompressible Fluid and MHD Limit

The equations of ideal gas dynamics and MHD with an equation of state p = p(p, S)
implies the equation:

dp _dpdp  dpdS

= . 2.36
dt dpdt 0Sdt ( )
For isentropic flow dS/dr = 0. In this case (2.36) reduces to the equation:
d d d,
P_p2% =P L 2pv.u=0, (2.37)

dt dt dt
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where a> = (dp/dp)s is the square of the adiabatic gas sound speed. In the
derivation of (2.37) we used the mass continuity equation in the form:

dp
V.u=0. 2.38
dt+p u (2.38)

For an incompressible gas (i.e. in the incompressible gas limit) a> — oo (i.e. for a
highly subsonic flow for which the Mach number M? = u?/a® ~ € where € << 1)
(2.37) requires V-u — 0 as a> — oo. Thus, in the incompressible flow limit balance
of terms in (2.37) suggests:

dp

o~ 0 and Vou—o. (2.39)

Note that a’p ~ pu*/e ~ O(1/€) and V - u ~ O(e), so that dp/dt ~ O(1) in this
limit (i.e. it is not necessarily true that dp/dt — 0 in this limit). From the mass
continuity equation (2.38) dp/dt — 0 in this limit. Thus, for the incompressible
limit for the gas dynamic equations (M> — 0) leads to the basic equations:

V.u=0 (2.40)
d 1

Y__ v, (2.41)
dt P

which are respectively, the mass continuity equation and the momentum equation
for the fluid. In many applications it is assumed that p = py = constant for the
density p. However, in the Boussinesq approximation used in describing gravity
waves p = po + 8p is not set equal to a constant, since variations of p in a
gravitational field can give rise to buoyancy oscillations of the fluid (e.g. Whitham
1974). In the Boussinesq approximation p is set equal to pp in all equations, except
in the momentum equation, where p is allowed to vary (in that case the gravitational
force on the fluid element —pV ® should be included in the right hand side of the
momentum equation (2.41)).

In vortex dynamics, one takes the curl of the momentum equation in (2.41) to get
the vorticity equation:

3;; _Vxuxw)=0, (2.42)

which is solved in conjunction with the mass continuity equation (2.40) to obtain
the solution for u (subject to boundary and initial data). The gas pressure p is then
obtained by taking the divergence of the momentum equation to obtain a Poisson
equation for p (i.e. V2p = —V - (ppdu/dt)) which is solved for p.
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2.5.1 Incompressible MHD

In the incompressible limit the MHD equations reduce to:

du lv(4_W)+BVB

dt Po b 2uo topo

V-u=0, V.-B=0,

oB

5~V x (uxB)=0. (2.43)

The total pressure (magnetic plus gas pressure) is written as:

P=p+_ . (2.44)

An application of incompressible MHD is in the description of the MHD topo-
logical soliton (e.g. Kamchatnov 1982; Semenov et al. 2002), which is described
in Sect.6.6.5. A more detailed description of incompressible MHD is given in
Chandrasekhar (1961). Pshenitsin (2016) has analyzed the symmetry structure of
the incompressible MHD model including the effects of viscosity. He uses the direct
method of Anco and Bluman (1997) and Bluman et al. (2010) to obtain a large class
of conservation laws of the equations.

We will not discuss this model in the present book. There are many applications
of fluid dynamics and MHD in astrophysical and geophysical fluid dynamics.
In particular in applications to meteorology, it is useful to write down the fluid
equations in a frame rotating with the Earth. This leads to the addition of non-
inertial force terms in the fluid momentum equation in the rotating frame (Pedlosky
1987), namely, the Coriolis force, the centrifugal force and the Darwin force (see
e.g. Holm 2008a,b)

2.5.2 Reduced MHD

Kadomtsev and Pogutse (1974) and Strauss (1976) derived the so-called reduced
MHD equations, in which the incompressible MHD system has a strong guide field
B = Bye; along the z-axis or along the toroidal direction in a tokamak. The equations
are derived using MHD perturbation theory, in which the perturbation parameter
€ ~ Bj /B, and in which spatial variations perpendicular to the guide field are
much faster than parallel to the guide field. These equations are useful in describing
plasma behaviour in tokamaks in fusion plasma physics. The equations have been to
describe MHD turbulence in the solar wind, and in astrophysical plasmas (e.g. Zank
and Matthaeus 1992; Oughton et al. 2017 and references therein). Morrison and
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Hazeltine (1984) derived the Hamiltonian Poisson bracket form of the equations.
The incompressible limit implies that magnetoacoustic waves do not occur at lowest
order in these equations. We do not investigate the reduced MHD model in the
present book.

2.6 Solar and Heliospheric Physics Applications

The main applications to solar and heliospheric plasma physics are centered around
the use of magnetic helicity, to describe magnetic field structures. These applications
are given mainly in Sect. 6.6 of the book, which includes (a) The magnetic helicity
of the Parker, Archimedean spiral magnetic field, including a warped heliospheric
current sheet across which the magnetic field polarity reverses (e.g. Bieber et al.
1987; Webb et al. 2010a); (b) the magnetic helicity of toroidal and shear Alfvén
waves and more complicated versions of fully nonlinear Alfvén simple waves, in
which the magnetic field B hodograph (i.e. (B, By, B;) plot) lies on the sphere B =
const. (spacecraft data show B & const., e.g. Bruno et al. 2001; Matteini et al. 2015;
Gosling et al. 2009; Webb et al. 2010b). (c) MHD topological solitons derived by
Kamchatnov (1982) which were subsequently investigated by Sagdeev et al. (1986),
Semenov et al. (2002), and Thompson et al. (2014). These steady Alfvénic structures
travel at the Alfvén velocity (i.e. u = £V,). The total p+B?/(241) = P is constant
throughout the wave. However, unlike simple Alfvén waves, the magnetic pressure
B?/(2/10), is not constant. These hybrid MHD structures incorporate some of the
features of both Alfvén waves and pressure balance structures; (d) linear magneto-
acoustic N-waves arising from delta function initial data for the gas pressure (p =
A§(x) at time ¢ = 0) from Webb et al. (1993) are described in Appendix D.

There are many applications of MHD in solar physics, and solar-heliospheric
physics. An example of the type of phenomena of interest in heliospheric physics is
the evolution of the writhe in unstable magnetic flux ropes and erupting filaments
due to the kink instability (e.g. Torok et al. 2014). Figure 2.3, from Torok et al.
(2014), shows examples of erupting and writhing solar magnetic filaments observed
in the EUV (extreme ultraviolet) observations by the SOHO spacecraft (27 May,
2002) observed in 195 A by the TRACE satellite (July, 2000) observed in 171 A.
Magnetic helicity can be decomposed into twist and writhe components via the
formula Link = Twist + Writhe (e.g. Berger and Prior 2006) and the question
arises how the writhe (out of plane distortion of the magnetic field) evolves in kink
unstable flux ropes in CMEs. The writhe of a flux tube is sometimes referred to
as the self-linkage of the flux tube with itself. Taylor’s hypothesis that the magnetic
helicity decays much slower than the magnetic energy density in a high conductivity,
dissipative plasma (Taylor 1974, 1986) was developed to explain the magnetic field
and current behavior of the reversed field pinch in toroidal fusion devices (e.g. the
tokamak). Taylor’s hypothesis also has important applications in solar physics in
describing turbulent reconnection.
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Fig. 2.3 Erupting and writhing solar filaments observed in extreme ultraviolet (EUV) wave-
lengths. (a) A full eruption (evolving into a CME on 18 January 2000, observed in 304 A° by the
EIT telescope onboard the SOHO spacecraft. (b) A confined eruption (trapped in the low corona)
on 27 May 2002, observed in 195 A° by the TRACE satellite. (¢) An eruption, which most likely
remained confined, on 19 July 2000, observed in 171 A°® by TRACE (from Torok et al. 2014)

The main thrust of our analysis is to present a theoretical framework for
fluid and MHD conservation laws (e.g. the magnetic helicity and cross helicity
conservation laws). However, the main impetus for many space physicists is in
the explanation of Earth based and satellite observations of solar, solar wind and
magnetospheric phenomena. Kinetic plasma physics and numerical simulations are
in many instances required to explain physical phenomena, which lie beyond the
MHD fluid description.



Chapter 3
Helicity in Fluids and MHD

In this chapter we provide an overview of helicity and vorticity conservation laws
in ideal fluid dynamics and MHD. For ideal barotropic fluids, in fluid mechanics,
we derive the helicity conservation law for the helicity density 7y = u - @, where
® = V x u is the fluid vorticity. The integral Hy = fVm hy dx over a volume
V.n moving with the fluid, is the fluid helicity. It is important in the description
of the linkage of the vorticity streamlines (e.g. Moffatt 1969, Arnold and Khesin
1998). In MHD, the integral Hy = fVm A - B d’x is the magnetic helicity, where
B = V x A is the magnetic induction and A is the magnetic vector potential. It is
referred to as the Chern Simons term in field theory (the Chern Simons term in Yang-
Mills theory has a totally different form). It describes the linkage and self linkage of
the magnetic field lines (Woltjer 1958; Berger and Field 1984). The cross helicity
He = fVm u - B @*x describes the linkage of the magnetic field flux tubes and the
vorticity flux tubes. For the case of a barotropic gas with p = p(p), Hc is conserved
following the flow, i.e. dH¢/dt = 0. For non-barotopic flows, a modified form
of the cross helicity, Hcyp is conserved following the flow. We derive topological
invariants (topological charges) by determining invariants which are Lie dragged
with the flow in Chap. 6 (e.g. Moiseev et al. 1982; Tur and Yanovsky 1993; Webb
et al. 2014a).

The Aharonov-Bohm interpretation of: (a) magnetic helicity Hy (b) cross
helicity H¢ for barotropic flows and (c) non-barotropic cross-helicity Hcyg for non-
barotropic flows was developed by Yahalom (2013, 2016a, 2017a,b) (see also Webb
and Anco 2017). An account of these developments is given in Appendix E.
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22 3 Helicity in Fluids and MHD
3.1 Helicity in Fluid Dynamics

For a barotropic, ideal fluid, in which p = p(p), is independent of the entropy S, the
helicity density

hy =u-®w where o =V xu, 3.1

satisfies the conservation law:

h 1
aatf +V. [uhf + (h Lo 2|u|2) w:| — 0. (3.2)

The net helicity for a fluid volume V,, moving with the fluid, in which there is no
vorticity @, = ® - n normal to the boundary 9V, is conserved (e.g. Moffatt 1969).
It satisfies the conservation law:

dH,
dtf =0 where Hf = / u-Vxudix (3.3)

m

Here d/dt = 0t + u - V is the time derivative following the flow. The total helicity

integral describes the linkage and knotting of the vorticity streamlines and is a key

quantity in topological fluid dynamics (Moffatt 1969; Arnold and Khesin 1998).
To derive (3.2), note that for a ideal gas, the momentum equation:

Jdu

1
+u-Vu=— Vp—Vo, (3.4)
ot 0

may be re-written in the form:

Jdu

1
af—uxw:TVS—V(h+<I>+2|u|2). (3.5)

For a barotropic gas, there is no 7V term in (3.5). To obtain (3.5) note that the first
law of thermodynamics may be written in the form:

1
— pr =TVS—Vh, (3.6)
where

h=g¢, p=pe,—e, pT=c¢s 3.7

defines the enthalpy 4, pressure p and temperature 7 in terms of the internal energy
density &(p, S) per unit volume. For a barotropic gas set TVS = 0 in (3.6). Using
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the first law of thermodynamics (3.6) and the identity:
1 2
u-Vu=-uxw+ 2Vlul , (3.8)

in the momentum equation (3.4) gives the equivalent momentum equation (3.5).
The curl of the momentum equation (3.5) gives the vorticity equation:

0w

ot

The scalar product of @ with the momentum equation (3.5) plus the scalar
product of u with the vorticity equation (3.9) gives the equation

—Vx@uxw)=VTxVS. (3.9)

8(ua-tw) +V-[(u.w)u+ (h+d>—;|u|2)w} —®-(TVS) +u-VT x VS.
(3.10)

For a barotropic fluid p = p(p) and VS = 0, and (3.10) reduces to the helicity
conservation law (3.2).

To derive the integral fluid helicity conservation law (3.3), use the mass
conservation law p, + V - (pu) = 0 in the form

1d
P__v.u, G.11)
p dt
in (3.2) to obtain:
d (u-w ® 1
=— V|h+d- 2). 3.12
dt(p) P (+ 2|u|) G12)

The total helicity Hy in (3.3) can be expressed in the form:

Hfzf (wﬁ;u)pd‘?’x. (3.13)

Noting that d/dt(pd’x) = 0 (mass conservation equation), and using (3.12) results
in the equation:

dH; d {u- 0\ d
: :/ SO o+ () (o)
dt v, lat\ p p Jdt
1 1

f [_“’ .v(h+q>— |u|2)]pd3x=—f w.v(h+d>— |u|2) dx
Vi P 2 Vi 2

|
/ V.[w (h+d>— IUIZ)] d’x
Vin 2

/ (@ - n) (h fo- ] |u|2) as, (3.14)
Wi 2
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where Gauss’s theorem was used to convert a volume integral to a surface integral
over dV,, with outward normal n. The assumption @ - n = 0 on dV,,, implies
dH;/dt = 0, which proves (3.3) (see also Moffatt 1969).

Kelvin’s theorem implies that the circulation I' = _(ﬁc u-dx is conserved following
the flow, for an ideal, barotropic fluid, where C is a closed path moving with the
fluid, i.e. dT"/dt = 0, where d/dt = d/9dt 4+ u - V is the Lagrangian time derivative
(this result also holds if there is a conservative, external gravitational field present).
The circulation is not conserved if VIS # 0, in which case dT"/dt = | (VT x VS) -
ndA, where A is the area enclosing C with normal n.

Theorem 3.1.1 (Ertel’s Theorem) Ertel’s theorem for ideal fluids states that the
potential vorticity g = w - VS/p is a scalar advected with the flow, i.e.,

d fw-VS
=0, 3.15
dt( P ) G19

where @ = V xu is the fluid vorticity.

Proof The vorticity equation (3.9) may be written as:

d
d‘;’+wv.u—w.Vu=VTxvs. (3.16)

Using the mass continuity equation (2.1), V- u = —(dp/dt)/p in (3.16) gives:

d(w)_w :VTXVS‘ (3.17)

-Vu
dr \ p P P

The scalar product of (3.17) with VS gives the equation:

vs.[d (“’)—“’-Vu}zo. (3.18)
dr \ p p

From the entropy advection equation dS/dt = 0, we obtain:

do . asy T _ T
dtvs_v(dt) (Vu)' - VS = —(Vu)* - VS. (3.19)

Taking the scalar product of (3.19) with @ /p gives:
o [d T
. VS+ (Vu)' - VS| =0. (3.20)
p Ldt

Adding (3.18) and (3.20) gives the potential vorticity equation (3.15). ]
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3.2 Helicity in MHD

Magnetic helicity in space and fusion plasmas is a key quantity describing the
topology of magnetic fields (e.g. Moffatt 1969, 1978; Moffatt and Ricca 1992;
Berger and Field 1984; Finn and Antonsen 1985, 1988; Rosner et al. 1989; Low
2006). The magnetic helicity Hy, is given by the integral:

HM:/d3xA-BE/aAdoc, (3.21)
14 \4

where &« = A - dx is the magnetic vector potential one-form, da = B - dS is the
magnetic flux 2-form; B = V xA is the magnetic induction, A is the magnetic vector
potential and V is the volume in which the magnetic field of interest is located.
The second form of the helicity in (3.21) is known as the Chern-Simons term, or
the Hopf invariant. The magnetic helicity is an invariant of magnetohydrodynamics
(MHD) (Elsdsser 1956; Woltjer 1958; Moffatt 1969, 1978). In (3.21) it is assumed
that B, = B - n vanishes on the boundary dV of V.

For magnetic fields, in which B - n # 0 on the boundary surface dV, a gauge
independent definition of relative helicity (Finn and Antonsen 1985, 1988) is:

H, = / Px(Ar +As)- (B, —By). (3.22)
1%

(see also Berger and Field (1984) for an equivalent definition) where B = V x A
describes the magnetic field of interest and B, = VXA, is a reference magnetic field
with the same normal flux as B; (in many cases B, a potential magnetic field, i.e.
V xB, = 0). Relative helicity is used to model solar magnetic structures (Longcope
and Malanushenko 2008; Low 2006). Bieber et al. (1987) and Webb et al. (2010a)
studied the relative helicity of the Parker interplanetary spiral magnetic field. Berger
and Ruzmaikin (2000) determined the injection of magnetic helicity into the solar
wind from the photospheric base using normal magnetic field observations and
taking into account the differential rotation of the Sun.

3.2.1 Magnetic Field Line Flow

Cary and Littlejohn (1983) describe a variational principle for magnetic field line
flow, using non-canonical Hamiltonian mechanics. This description of magnetic
field lines has been used by Yeates and Hornig (2013) and by Prior and Yeates
(2014) to characterize the magnetic field lines (see also Berger (1988) who defined
fieldline helicity). Berger (1991) studies third order braid invariants. In this section,
we give an overview of the Cary and Littlejohn (1983) variational principle for
magnetic field line flow. We indicate its connection to the magnetic helicity density
A-B.
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Proposition 3.2.1 The magnetic field line equations:
= = or dxxB =0, (3.23)
may be obtained by requiring that the action:
dx
J= /A[(X(A)] . d)kdk = /A[(x)] - dx, (3.24)

is stationary, where X = X(A) describes the field line.

Proof First note that the Lagrangian for the action (3.24) is:
dax*
L=AxM)) .. 3.25
ECh (3.25)

The condition for J to be stationary is given by the variational equations:

8J _ oL d (oL _ 0AS dx*  dA! _dx 0A%  0A! _0 (3.26)
Sxi T axi da\dx)  oxidi dA T di\ox ox ) ‘
Writing
JAS  0A! ) ; dAk
Q= . . — , B=(VxA) =¢; .y 3.27
oxt ox’ (VX A) = e ox/ (3:27)
we obtain:
1
B = zepsigsia S-zab = Gahpoa (328)

(this is referred to as the hat map by Holm (2008a)). In effect, €2, is the magnetic
part of the Faraday tensor, which is dual to B.
Using (3.27) and (3.28), variational equation (3.26) becomes:

§J  dx dx’ dx\'
- _ L BP) = =0. .
si = = g (@nB’) (B x dx) 0 (3.29)
This proves the proposition because (3.29) is equivalent to (3.23). O

Cary and Littlejohn (1983) study both canonical and non-canonical Hamil-
tonian field line variational principles. Berger (1988) introduced the notion of
field line magnetic helicity, which was used by Yeates and Hornig (2013) and
by Prior and Yeates (2014) to describe magnetic braids. Following Yeates and
Hornig (2013), consider braided magnetic fields confined to a cylinder V =
{(r,$,2): 0 <r <R, 0<z<1},satisfying B, > 0 everywhere in V, and impose
boundary conditions B = e, and u = 0 on 9V, where u is the fluid velocity. In
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general, two magnetic field braids have the same topology if they have the same
field line mapping from z = 0 to z = 1. The map x'(xo,z) = f'(Xo, z) represents a
point on a field line passing through the point xo = (ry, ¢, 0), where (r, ¢, z) are
cylindrical polar coordinates, and z = X at z = 0. The field line equations can be
written as:

dx B [f(x¢, 2)]
= f(xg,2) = . 3.30
dz = 10D = g e, 2) S
The action integral J in (3.24) can be written as:
! dx
J= {1 Ax@)]- . dz (3.31)
0 dZ

where the affine parameter A — zin (3.31). Using (3.30) in (3.31) we obtain:

"'A-B
J = dz. (3.32)
0 Bz

The integral J depends on the magnetic helicity density #,, = A - B. The field
line action principle (3.23)—(3.24) is related to symplectic field line maps, in fusion

plasma devices (Morrison 2000) or for line tied magnetic equilibria in the solar
atmosphere.

3.2.2 Magnetic Helicity Conservation Law

In ideal MHD, h,, = A - B satisfies the conservation law:

oh,,
9 + V-[uh, +B(¢gr —A-u)] =0, (3.33)
where
0A
E=-V¢r— atz—uxB, B=VxA, (3.34)

To derive (3.33) we use Faraday’s law B,4+ V xXE = 0 and the formulaB = VxA
relating B to the magnetic vector potential A to obtain the equations:

B, +VxE =0, (3.35)
A +E+ Vér =0, (3.36)
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where ¢ is the electric field potential. The curl of (3.36) gives Faraday’s law (3.35).
From (3.35)—(3.36) we obtain:

A-B+VXE)+B-(A;,+E+ V¢r) =0. (3.37)
Using the identity:
V- (ExA)=A-VXE—-E:-VxA, B=VxA, (3.38)

in (3.37) gives the equation:
ad
at(A~B)—|—V'(EXA—}—¢>EB) = —2E-B, (3.39)

Since the electric field E = —u x B for ideal MHD, and setting /,, = A -B in (3.39)
gives helicity conservation equation (3.33) for ideal MHD.

For non-ideal MHD with a finite conductivity o, the simplest form of Ohm’s law
has the form:

E:—uxB+J or E’=E+uxB=J, (3.40)
o o

(e.g. Boyd and Sanderson 1969, Eq.(3.61)). In this case the magnetic helicity
equation (3.39) reduces to:

aat(A.B)Jrv-[A.Bu+(¢E—A-u)B+ === (3.41)

JxA 2J-B

.
Thus, a finite conductivity o results in dissipation of magnetic helicity. The
dissipation term on the right hand side of (3.41) dependson J-B = B -V x B/
which is the current helicity of the plasma (there is also a modification of the
magnetic helicity flux in (3.41) of J x A/o for a finite plasma conductivity). More
complicated forms of the generalized Ohm’s law including Hall current effects and
plasma pressure and current effects (Boyd and Sanderson 1969), lie beyond the
scope of the present analysis. In the limit as 0 — oo one recovers the ideal MHD
helicity conservation equation (3.33). The dissipative helicity transport equation can
be written in terms of the resistivity n = 1/(o0) (e.g. Berger and Field 1984).

Below we prove that the total magnetic helicity Hy = fVm A -B d3x moving with
the flow is invariant, i.e. dHy,/dt = 0 provided B - n = 0 on the boundary surface
aV,, of the volume V,,. Using the continuity equation (1/p)dp/dt = —V - u, the
helicity conservation law may be written as:

d(A'B

B
al ) ): pV(A.u—¢E). (3.42)
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The total helicity H,, is given by

Hy :/ (A[')B) o dx. (3.43)

Using the continuity equation in the form: d/dt(pd*x) = 0 and taking the total
Lagrangian time derivative of (3.43), we obtain:

dHy / d (A-B 3
= o d’x
dt Vin dt P

:/ B-V(A-u—¢E)pd3x=/ B-V(A-u—¢g) d’x

m m

:/ V-[BA u—¢gp)] &’x
_ / B-n(A - u— ¢p) dS. (3.44)
v,

Assuming B - n = 0 on dV,, then implies dHy;/dt = 0. Thus, the magnetic helicity
(3.43) is conserved following the flow provided B - n = 0 on the boundary dV,, of
the moving volume V,,.

Consider the gauge for A. By setting B = V x A, (3.34) may be written as:

dA

= V(A -u—¢g)— (V) - A, (3.45)

where d/dt = 9/9t 4+ u- V. Introducing the gauge transformation: A=A+VAin
(3.45) gives the evolution equation for A as:

A . A
dt +(Vu)T-A:V(d

p W +A-u—¢E). (3.46)

By choosing the gauge potential A such that:

dA

A-u— =0, 3.47
dr +A-u—¢g (3.47)

results in the formula:
t
A= / (¢ — A -u) dt’, (3.48)

for A, where the integration in (3.48) is with respect to the Lagrangian time
variable ¢, in which the labels x( are kept constant. Faraday’s equation, for A from
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(3.46) becomes:

dA .
0 + (Vu)'-A =0, (3.49)

which can also be written in the form:

a?—UX(VXA)—FV(U-A):O, (3.50)

This equation can be written as d/ dt(zi - dx) = 0 which shows that A - dx is Lie
dragged with the flow (see Chap.5). The latter equation is equivalent to (3.34) for
E = —u x B in the form:

A

E=-V(u-A)— 3

(3.51)

Thus, in the new gauge is qu =u-A. The Cauchy solution of (3.49) for As:

I dA,
_ 70%0 —
A = Aj ok where P 0 (3.52)
(e.g. Parker 1979; Holm and Kupershmidt 1983a,b). Combining (3.49) with Fara-
day’s equation for B gives the helicity transport equation:

oh 5
o+ (w) =0, (3.53)
where
- - A -B ) .
h=A-B="°0"° p="ig (3.54)
J J

is the magnetic helicity density in this special gauge. Here x; = dx'/dx{ and J =
det(x,;i).

The gauge choice (3.48) appears to be the best choice of the gauge potential A
since it fits in with the idea that A - dx is an invariant, Lie dragged one form, and
gives the simplest continuity equation for the helicity conservation law (3.53).

3.2.3 Cross Helicity

The cross helicity in MHD (for p = p(p)) is defined as the integral:

He = Clu, B] =/ d’xu-B, (3.55)

Vin
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where it is assumed that B - n = 0 on the boundary dV,, of the volume V,,. It is
a Casimir of barotropic MHD (p = p(p)). C is a Casimir if { F, C} = 0, for any
functional F where {., .} is MHD Poisson brackets (Padhye and Morrison 1996a,b).
It is referred to as a rugged invariant in MHD turbulence theory (Matthaeus
and Goldstein 1982). For a barotropic gas, the cross helicity (3.55) is conserved
following the flow:

dHc/dt = 0 (3.56)

The cross helicity density conservation law (for p = p(p)) is:

Oh, 1
o T V. [uhc +B (h + O — 2|u|2):| =0 where h.=u-B, (3.57)

and h = (p 4 ¢)/p is the gas enthalpy. Equation (3.57) also holds if p = p(p, S) and
B-VS=0.

To derive the cross helicity conservation law (3.57) we use the Faraday and
momentum equations:

oB d 1 B
—vxuxBy =0, M__ly, 1B _yo (3.58)
ot dt 0 0

where J = V x B/ and du/dt = (9; + u - V)u and we assume V - B = 0. Using
the thermodynamic Eq. (2.11), the MHD momentum equation reduces to:

1, JxB
u—uxew+V h+<I>+2|u| — ) —TVS =0, (3.59)

where u, = du/9dt. The scalar product of Faraday’s equation with u plus the scalar
product of the momentum equation (3.59) with B gives the equation:

u-(B;—Vx(uxB))

1, JxB
4By, —uxw+V h+<I>+2|u| — —TVS) =0. (3.60)
Using the identity:
V. (Exu)=u-VXE—-E-Vxu where E=—-uxB, (3.61)

in (3.60) gives the cross helicity equation:

gt(u-B) +V-[Exu+ (h+®+(1/2)|u?)B] = TB - VS. (3.62)
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IfB .- VS = 0, Eq. (3.62) reduces to the cross-helicity conservation law (3.57). The
cross helicity conservation law (3.56) follows by integrating (3.57) over a volume
V,» moving with the flow, and by assuming B -n = 0 on dV,,.

Magnetic helicity and cross helicity are widely recognized as important quanti-
ties in topological MHD. However, there are other invariants, such as the magnetized
version of potential vorticity (e.g. Kats 2003), and other advected invariants (e.g. Tur
and Yanovsky 1993), which are also important. We discuss these invariants in the
following analysis.

3.3 Nonlocal Conservation Laws

We introduce a nonlocal potential (X, ) satisfying the equation:

0
0

where T is the temperature of the gas. This allows one to obtain nonlocal helicity
and cross helicity conservation laws that generalize the fluid helicity law (3.2) and
the cross helicity law (3.57) for the case of a non-barotropic equation of state for
the gas. The variable r is related to the Clebsch potential 8 = rp of Zakharov
and Kuznetsov (1997) in their Clebsch potential variational principle for fluids and
plasmas. Note that:

; fu-Vr=-T(x 1), (3.63)

r= —/ T(x(xo, ), 1) df' + ro(x0), (3.64)
0

is the integral of the temperature from time ¢ = 0 to time # in the fluid frame (r((Xo)
is integration ‘constant’), where X, is a Lagrange label advected with the flow.

Proposition 3.3.1 For a non-barotropic gas, the fluid helicity law (3.2) generalizes
to the nonlocal conservation law:

gt R -w+rV)]+V-lu[®- (u+rVS)| + L (h+<I>— ;|u|2)} =0.
(3.65)

(Webb et al. 2014a,b), where

R =w+VrxVS, ®=Vxu, (3.66)

and r(X, t) is the nonlocal potential (3.63).

Proposition 3.3.2 For a nonbarotropic gas, the MHD cross-helicity law (3.57)
generalizes to the nonlocal conservation law:

;; B-(u+rVS)]+V-{uB-(u+rVS)+B (h +0-— ;|u|2)} =0, (3.67)
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(Webb et al. 2014a,b) where V -B = 0 (Gauss’s law) and r(X, t) satisfies (3.63). The
non-barotropic cross helicity:

Heng = / B (u+rVS) d’x, (3.68)

is conserved following the flow, i.e.

dHcnp

— 0, 3.69
gt (3.69)

The generalized vorticity £ in (3.66) satisfies the analog of Faraday’s equation for
MHD:

0

o —Vx@ux)=0. (3.70)

Note that V - € = 0, and that (3.67) has the same form as (3.65) in which  is
replaced by B. For the isentropic case, S = const., VS = 0, and (3.65) reduces
to the fluid helicity conservation law (3.2). Similarly, (3.67) reduces to (3.57) if
VS =0.

3.3.1 Example: 1D Gas Dynamics

Webb (2015) describes a multi-symplectic formulation of Lagrangian, 1D gas
dynamics (multi-symplectic here refers to a Hamiltonian form of an equation sys-
tem, in which all the independent variables can be thought of as evolution variables).
The equations were shown to admit a nonlocal conservation law involving the
nonlocal variable r(x, ) of (3.63). The Eulerian form of the equations of 1D gas
dynamics are:

dp 0
=0, 3.71

o T ax(pu) (3.71)
1

Up + Uity = — py, (3.72)
P

S+ uS, =0, (3.73)

where p = p(p, S). Using (2.11), the pressure gradient force may be written as:

1
— px =TS, —hy, (3.74)
0
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where i and T are the enthalpy and temperature of the gas. Using the nonlocal
variable r, (3.71)—(3.74) imply the nonlocal conservation law:

d d 1,
o (u+rSy) + 9 (h + 2u + uer) =0. (3.75)

Of course, one could include an extra term —®, to the momentum equation in (3.72)
due the an external gravitational field. In that case # — h + ® in (3.75).

Remark This example shows that the nonlocal conservation law associated with the
nonlocal variable r(x, 7) also applies in flows, in which there is no vorticity.

3.4 Potential Vorticity in MHD

Cheviakov (2014) derived new conservation laws for fluid systems involving
vorticity and vorticity related equations (potential type systems) including MHD
and Maxwell’s equations. Webb and Mace (2015) derived a potential vorticity type
equation for MHD by using a non-field aligned fluid relabeling symmetry of the
equations, in conjunction with Noether’s second theorem, as developed by Hydon
and Mansfield (2011). The Webb and Mace (2015) conservation law is a special
case of the conservation law obtained by Cheviakov (2014).
Cheviakov (2014) studied the system of equations:

V.N =0, (3.76)

331:1 1V xM =0. (3.77)

Equations (3.76) and (3.77) in electromagnetic theory are Gauss’s law (3.76) and
Faraday’s magnetic induction equation, in which

N—B and M—E, (3.78)

where B and E are the magnetic and electric fields respectively.

Proposition 3.4.1 The equation system (3.76)—(3.77) admits the conservation law:
ad
o (N-VF)4+V-(Mx VF —=NF,) =0, (3.79)

where F(X,t) is an arbitrary function of X and t.

Remark The conservation law (3.79) might be thought to be trivial, since there is no
constraint on F(x, 7), except that it is differentiable. However, if F(x, f) is a potential
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or function, which is part of a larger equation system, then (3.79) can have physical
significance.

Proof Using the identity:
V-AxC)=VxA-C-VxC-A, (3.80)
it follows that:

V.-(MxVF)=VxM-VF—(VxVF)-M= VxM-VF

oN ad
dr { g NV -N t}
0
=— o (N-VF)—V-(N-F)); . (3.81)
Equation (3.81) is equivalent to (3.79). O

Remark Equations (3.76) and (3.77) are satisfied by writing N = V x A and by
uncurling (3.77) to obtain the equations:

0A
N =VxA, Mz—at—V¢>, (3.82)

where A and ¢ are potentials describing N and M. This is in fact, the standard
approach used in classical electrodynamics (e.g. Jackson 1975), for expressing B
and E in terms the magnetic vector potential A and electrostatic potential ¢ when
the identifications (3.78) are used.

Proposition 3.4.2 The MHD equations,including gravity (2.1)—(2.5), satisfy the
MHD potential vorticity type conservation equation:

il JxB
y (w'Vw)+V'|:(w~VW)u—(TVS+ ) )xV¢i| =0, (3.83)

where Y (X, t) is a scalar function advected with the background plasma flow, i.e.

dy oy
= vy =0 (3.84)

This conservation law was derived by Webb and Mace (2015) by other methods.

Proof First note that the MHD momentum equation (2.2) can be written in the form:

1
u,—uxw:—V(
2

W+ h+ cp) +F, (3.85)
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where

B V xB
Forvs+ B J VB v (3.86)
p Ho

in which J = V x B/ is the electric current density and  is the fluid vorticity.
Taking the curl of (3.85) gives the fluid vorticity equation in the form:

oN
+VxM=0, (3.87)
ot
where
M=-uxw—-F, N=ow, (3.88)

Since w = V x u, then V- @ = 0. Using (3.85)—(3.88) with F — ¥ (x,1), the
conservation law (3.79) reduces to:

0 B
5 (w-Vy)+ V- |:(w‘V1/f)u—(1/fz+u-V1//)w—(TVS+ J; ) XVI//i| =0,
(3.89)
where v at this point in the proof, is an arbitrary function of x and ¢. If in addition,

we require that ¥ (x, 7) is advected with the background plasma flow, and satisfies
the scalar advection equation (3.84), then (3.89) reduces to (3.83). O



Chapter 4
Noether’s Theorems and the Direct Method

In this chapter we give a general discussion of Noether’s theorems and the Calculus
of Variations, for systems of differential equations governed by a variational prin-
ciple. Noether’s theorems are discussed by Gelfand and Fomin (1963), Ibragimov
(1985), Marsden and Ratiu (1994), Holm (2008a,b), Bluman and Kumei (1989),
Olver (1993), Anco and Bluman (1996, 1997, 2002a,b), and Bluman et al. (2010)
and others. We use the analysis of Bluman and Kumei (1989) and Ibragimov
(1985) as summarized by Webb et al. (2005b). Hydon and Mansfield (2011) give
a clear presentation of Noether’s second theorem. The main aim is to briefly present
Noether’s theorems and methods to derive conservation laws. Noether’s theorems
link the symmetries of the action and conservation laws, for systems of differential
equations governed by a variational principle. Kara and Mahomed (2000, 2002)
describe how to generate new conservation laws from known conservation laws by
using Lie symmetries of the equations. Bluman et al. (2010) also describe these
methods and nonlocal conservation laws which can arise from potential symmetries
and higher order symmetries. They also discuss recursion operators for symmetries
and maps between diiferent equation systems using symmetries.

We also discuss the so-called direct method to derive conservation laws for
systems of differential equations that are not necessarily derivable from a variational
principle, as developed by Anco and Bluman (1997, 2002a,b) and Bluman et al.
(2010). In the direct method, integrating factors or multipliers of each of the
equations in the system are sought, which result in a pure divergence expression,
encapsulating the conservation law. This method exploits the mathematical proper-
ties of the Euler operator E, for the dependent variables # which commutes with
the total derivative operators D; = 9/0dx' of the system. The Euler operator (or
variational derivative operator) also plays a central role in Noether’s theorems.
However, the Euler operator is defined independent of a variational principle,
and thus can be used to derive conservation laws for systems not described by a
variational principle. Section 4.1 describes some basic results in the Calculus of
variations, namely the derivation of the Euler Lagrange equations from a variational
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principle. Section 4.2 describes the variational equations used to derive Noether’s
two theorems. We also list the properties of canonical or evolutionary symmetry
operators used in the analysis. Noether’s first theorem is stated in Sect. 4.2.1.
Section 4.2.2 describes Noether’s second theorem, and Sect. 4.3 describes the direct
method of Anco and Bluman (1997, 2002a,b) for deriving conservation laws with a
simple example.

4.1 Euler Lagrange Equations and the Calculus of Variations

Consider a system of differential equations in the dependent variables u® (1 < a <
m) and independent variables x* (1 < i < n) of the form:

Rs(xi,u“,u?,u?;,...):O, 1<s<m, 4.1)

(the subscripts in the uf and u;]’. denote partial derivatives with respect to the

independent variables x' (1 < i < n)), which are the Euler-Lagrange equations
of the action functional:

] = / AXLE 0 ). 4.2)
R

At a critical point, the action is stationary, i.e.,

o —of L
5o/ = 1im W TNl [ 4.3)
e—0 € e—>0 R €
Expanding §L as a power series in € gives:
8L =Llu+ ev] — L[u] = € (v'E, (L) + D:W'[u, v]) + O(e?). (4.4)

Here, D; denotes the total partial derivative with respect to x' (Bluman and Kumei
1989). The critical point requirement §.«¢ = 0 is satisfied if the u® satisfy the Euler-
Lagrange equations:

E(L)—aL o (EN 4o, () —pop [ E )+, =0
o - Jue i Jue i’ Jue ik auf;k ..o =V,

i ij

(4.5)

An abbreviated notation is to use multi-index notation where u% = du®/ 1 0¥ . ..
0¥, i.e. J = jijoj3 . .. j, for some arbitrary given n. Using the multi-index notation,
the Euler-Lagrange equations (4.5) can be written in the form:

oL

o
oug

Ea(L)z(—D)J( ):o, a=12....4q (4.6)
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Here, (—D), is defined as:

(=D); = (=1)!D; = (=Dj,)(~D},) ... (=D},), 4.7

(see e.g. Olver 1993, p. 245). The surface term W - n that arises from using Gauss’s
theorem is assumed to vanish on the boundary dR. Here n is the outward unit normal
of the integration region R for .27 [u]. The boundary vector Wi[u, v] is given by

Wila,v] = v” oL —D; oL +D;D oL _
e ou! ! 8u3; 7 auf./jk o
| (2 o ) -
/ auffj * BMZ»,( o E)u?}klz o

oL oL
Y
+Ujk|:8u)./. —D5<au?{ )+]+ 4.8)

The surface term W[u, v] can be written more succinctly in the form:

. SL SL SL
Wilu,v] = vyauiy + U;/Sul}; + v’%uiyjk +..., (4.9)
where
SL oL oL oL
=E,(L) = —D; D;:D; 4.1
sy ~ VP =gy (8w,-)+ ’(8w,-,-)+ 10

(e.g. Ibragimov (1994): note that this definition of §L/81 is used for convenience;
it is not the usual meaning associated with a variational derivative). The vector
Wiu, v] will vanish on 9R if §u®* = ev® and its normal derivatives all vanish on
the boundary. In the above equations, E,[L] defines the Euler operator E, for the
system. The Euler-Lagrange equations (4.5) are the differential equations R* = 0
(1 < s < m) for the system in this case. The surface vector Wi is important in
Noether’s theorem.

4.2 Noether’s Theorems

In the proof of Noether’s theorem an important result is that two Lagrangian
densities L; and L, that differ by a pure divergence have the same Euler-Lagrange
equations (4.5). This property follows from the result that E, [D;F] = 0 for any
sufficiently smooth functional F[u]. Thus if L, — Ly = D;A’, then E,[L|] = E,[L,]
(e.g. Bluman and Kumei 1989).
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Consider the variation:

1 . .
847 = lim (/R/ dx/L’(x”,u’“,ugo‘,u;j‘?‘, ) —/R dxL(x', u®, uf, ug, . . .)) ,

e—>0 €
(4.11)
due to the infinitesimal Lie transformations:
Fi=x+eVix,uu,uy,. ) +0(€?), 1<i<n, (4.12)
u =u® 4+ en®(x,uuuy, L) + 0(€?), 1<a<m, (4.13)
and the divergence transformation:
L' =L+ eD;A" + O(€?). (4.14)

The Euler-Lagrange equations E,(L') = E,(L) = 0 are invariant under the
divergence transformation (4.14). From (4.12)—(4.14), we obtain:

8o = /dx [XL + LDV’ + D;A"], (4.15)
R

= / dx [&L +D; LV + Ai)] . (4.16)
R

Here, the prolonged symmetry operator X is related to the prolonged, canonical
symmetry operator X by the equation

X=X+VD,. 4.17)

The canonical symmetry operator (or evolutionary symmetry operator X with
characteristic 7) is the infinitesimal Lie symmetry transformation for which

X=X, W =u"+ef”, 7% =n"—Vul, (4.18)
(see e.g. Ibragimov (1985), Bluman and Kumei (1989) and Olver (1993) for further

discussion of canonical or characteristic symmetries). The prolonged symmetry
operator X[7] is given by

N a il Gl
X[n] =7 D;n* D;D;n*
[77] n aua + n au? + Jn au;jx‘ +
o 9
+Di1Di2 D,TT'] U + ..., (419)
Ui i

The prolonged symmetry operator X gives the transformation of x, u® and the
derivatives of the u* under the Lie transformation (4.12)—(4.13). X is the extended
symmetry operator corresponding to the canonical symmetry (4.18). The terms in
(4.15) consist of: the change in L due to the Lie transformation (4.12)—(4.13); the
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change in the volume element dx due to Lie transformation; and the change in .27 [u]
due to the divergence transformation (4.14).

Since the integration region R is arbitrary in (4.15), it follows that a Lie
group, with infinitesimal generators (4.12)—(4.13) is a divergence symmetry of the
variational functional (4.2) if

XL + LD,V' = —D;A, (4.20)

for some vector field A’. The condition (4.20) ensures that §# = 0 in (4.15). If
A’ = 0, the symmetry is called a variational symmetry. From (4.16), (4.17), (4.20)
is equivalent to:

X[AIL + Dy(LV') = —D; A, 4.21)

where X [7] is the prolonged canonical symmetry operator (4.19).

The invariance condition (4.20) implies that (4.12)—(4.13) is a Lie symmetry of
the Euler-Lagrange equations E, (L) = 0, i.e. XE, (L) = 0 when E, (L) = 0. One
can show that )A(E), (L) = 0 and hence from (4.17) XEV (L) = V'Dy[E, (L)]. The proof
that )A(Ey (L) = 0is given in Bluman and Kumei (1989). The proof depends on the
facts: L(x, ', u},...) = exp(e)A([ﬁ])L(x, w,u;,...), for a finite Lie transformation;
that the commutator [X [7], D;] = 0 and the result (4.21).

The Lie bracket of two evolutionary symmetry operators with characteristics 7;
and 7, is given by

[X[71], X[72]] = X[A3]  where 713 = X[fi]A2 — X[l (4.22)

One can also show that [X [7l,D;] = 0 and [D;, D;] = 0 (Ibragimov 1985). The
canonical symmetry operators form a Lie algebra, L, which is infinite dimensional
if there is an infinite number of distinct 7;. From Ibragimov (1985), the algebra Lis
a subalgebra of L, the symmetry algebra of the vector fields X. One can show, that
Lis isomorphic to the factor algebra L/L, where Ly = - {Xx € L: Xy = g*D }isa
closed ideal in L (i.e. [X X«] € Ly for all X, € Ly and X € L)

The main idea behind Noether’s theorem is given below. We first note from (4.4)
with v = 7)? that

X[AIL = 77y (L) + DiW'[u. 7). (4.23)
Using (4.23) in (4.16) now gives:
Sof = /R dx[#7E, (L) + D; (W'[u, §] + LV' + A’)] = 0, (4.24)
Because the integration region R is arbitrary in (4.24), then 6./ = 0 if
A Ey(L) + D; (W'[u. ] + LV' + A") = 0. (4.25)

Equations (4.24)—(4.25) are the basis of Noether’s first and second theorems.
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4.2.1 Noether’s First Theorem

If the Euler-Lagrange equations E,(L) = 0 are non-degenerate, then to each
divergence symmetry (4.12)—(4.14) of the variational functional (4.2), there is a
corresponding conservation law:

D; (Wiu, 7] + LV + A') = 0. (4.26)

More precisely, there is a one-to-one correspondence between the symmetries and
the class of conservation laws equivalent to (4.26). In the usual case where there is a
finite Lie group of transformations that leave the action invariant (up to a divergence
transformation), then each independent Lie symmetry of the group gives rise to a
conservation law. The theorem follows from (4.25) if we assume that the Euler-
Lagrange equations E, (L) = 0 are satisfied and are independent, i.e., the Euler
Lagrange equations and their differential consequences are independent. A system
of differential equations is called non-degenerate if it is locally solvable and satisfies
the maximum rank condition (see e.g. Olver (1993), Ch. 2, p. 158 et seq. and Ch. 4
and 5 for a detailed discussion of these notions).

Noether’s first theorem can be used in the derivation of conservation laws
associated with Lie point symmetries, or with multi-parameter Lie groups with a
finite number of parameters. For example, the momentum and energy conservation
laws correspond to space-translation and time translation variational symmetries of
a system of differential equations governed by a variational principle.

4.2.2 Noether’s Second Theorem

Noether’s second theorem describes so-called, under-determined systems of Euler-
Lagrange equations, and relates infinite dimensional Lie groups of variational
and divergence symmetries to dependencies among the Euler-Lagrange equations.
In this case, one can obtain solutions of the variational equations (4.24), i.e.
8o/ = 0, for the independent variables u“, that do not satisfy the Euler Lagrange
equations, but nevertheless correspond to a divergence symmetry (or possibly a
variational symmetry) satisfying the infinitesimal Lie symmetry equations (4.20)
and (4.21). These solutions satisfy so-called generalized Bianchi identities obtained
by integrating (4.25) over all the independent variables x' over some region R, or by
integrating only a subset of the independent variables over a hypersurface embedded
within R. A detailed description of Noether’s second theorem may be found in Olver
(1993) (Ch. 5).

A typical application of the use of Noether’s second theorem is in the description
of fluid re-labeling symmetries in ideal MHD and fluid mechanics (e.g. Padhye
and Morrison 1996a,b; Padhye 1998). In this case one obtains generalized Bianchi
identities by integrating the analogue of (4.25) over the Lagrangian fluid labels
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xf), but not over the time variable r. The Eulerian fluid coordinates X' = x'(xo, f)
(i = 1,2, 3) in this development are the independent variables, and the Lagrangian
fluid labels x{ and the time ¢ are the dependent variables. For the case of gas
dynamics, there is an infinite dimensional Lie symmetry involving transformations
of the fluid labels that corresponds to Ertel’s theorem (i.e., the conservation of
potential vorticity following the flow). Ertel’s theorem results if one assumes that
the Euler Lagrange equations of the fluid (i.e. the momentum equation for the fluid)
are satisfied. This conservation law is known as a weak conservation law. However,
there are also other solutions of the generalized Bianchi identity, which do not
satisfy the individual Euler Lagrange equations, and are associated with so-called
strong conservation laws.

Noether’s second theorem (Olver 1993; Hydon and Mansfield 2011) expresses
the idea that there must exist a relation between the Euler-Lagrange equations if the
symmetry operator (X, [u, g]) depends on an arbitrary function g(x).

Proposition 4.2.1 (Olver 1993) The variational problem (4.24)—(4.25) admits
an infinite dimensional group of variational symmetries whose characteristics
7*(x, [u, g]) depend on an arbitrary function g(x) (and its derivatives) if and only if
there exist differential operators D, D?, ... DY, not all zero, such that:

D'E\(L) + D’E>(L) + ... + DE,(L) = 0, 4.27)

for all x and u.

A proof and discussion of the theorem is given by Olver (1993). Hydon and
Mansfield (2011) give a simpler proof of the only if part of the proof, (based on
Noether (1918)) and identify the operators {D* : 1 < s < g}.

In Hydon and Mansfield (2011), an explicit form of the relationship (4.27)
between the Euler-Lagrange equations is obtained by applying the operator Ej to
(4.25) to obtain:

E {7 (x, [w; g])Ex (L)} = 0, (4.28)

as the required differential relation (4.27) between the Euler-Lagrange equations.
The theorem extends immediately to variational symmetries whose characteristics
7% depend on R independent arbitrary functions g = (g'(x)....,g"(x)) and
their derivatives. This gives R differential relations between the Euler Lagrange
equations:

0n* (x, [u; g])

Eg 7% (x. [u; gD Eu (L)} = (D), ( o
J

Ea(L)) =0, r=1,....R
(4.29)

It is useful to consider (4.28) as Euler Lagrange equations for the action

Tuigl = / £ (x: [u: g]) dx, (4.30)
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where
Lix, [wig]) = 7% (x. [ g Eq (L(x. [u]). (4.31)
In the case, where the functions g = (g', g, ..., g¥) are subject to S constraints,
of the form:
Dy(g) =0, s=1,...,85, (4.32)

where the D;, are differential operators, the constraints can be incorporated in the
Lagrangian L, by using the modified Lagrangian:

L(x, [u; g]) = 7*(x, [w; gD Ea (L(x, [u]) — v'Dyr(g). (4.33)

Here the v® are Lagrange multipliers which ensure that the constraint equa-
tions (4.32) are satisfied.
By varying the action (4.30) and (4.33) with respect to g", we note that

5 ( [ o) dx) — (. Dy (5¢") = (D}, 5¢'). (4.34)

where we have dropped the surface integral terms. The angle brackets define the
usual inner product for functions. Taking variations of (4.30) and (4.33) with respect
to g" yields

5 _ D), o lugh —DL) =0, r=1.....R. (435
8g” ag";

Thus, if S < R, it may be possible to eliminate the Lagrange multipliers in (4.35). In
any event, (4.35) relates the Lagrange multipliers v* to the solutions of the original
Euler Lagrange equations (4.5).

We use the above form of Noether’s second theorem by Hydon and Mansfield
(2011) was used by Webb and Mace (2015) to derive potential vorticity conservation
laws for MHD using fluid relabelling symmetries of the equations.

4.3 The Direct Method

The direct method for obtaining conservation laws of a differential equation system
was developed by Anco and Bluman (1996, 1997, 2002a,b). This approach is
described in Bluman et al. (2010). Cheviakov (2007, 2014) and Cheviakov and
Anco (2008) solved the determining equations for the multipliers A,[u] for each
of the equations R’ [#] = 0 in (4.1) to obtain non-trivial conservation laws. Before
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describing the direct method, it is useful to have at hand some definitions of what
actually constitutes a non-trivial conservation law (e.g. Bluman et al. 2010). A trivial
conservation law arises in two cases, and contains no information about the partial
differential equation system of interest.

Definition A local conservation law of a system of partial differential equations:
R°[u] = R°[x, u, Ou, az[u], e aku] =0, 1<o0<m, (4.36)
is a divergence expression:
Di®'[u] = D\®' + D,®* +...D,d" =0, (4.37)

which holds for all differentiable solutions of (4.36).

Definition A local conservation law of (4.36) is trivial if its fluxes have the form:
®'[u] = P'[u] + Q'[ul, (4.38)

where P[u] and Q'[u] are such that (i) P'lu] = 0 on solutions of (4.36) and (ii)
D;Q'[u] = 0 is valid for arbitrary fluxes, not necessarily related to (4.36).

An example of a trivial conservation law of type (ii) for n = 3, is the identity
V - (V x F) = 0 which is an identity for arbitrary differentiable and continuous F.

Definition Two conservation laws D;®[u] = 0 and D;¥‘[u] = 0 are equivalent if
D;(®[u] — Wi[u]) = 0 is a trivial conservation law.

Thus, conservation laws split up into equivalence classes, of non-trivial conser-
vation laws.

Definition A set of £ conservation laws DiCD’O) = 0, where i < j < £ is linearly
independent if there exist a set of constants {& : 1 < j < £}, not all zero, such that

the linear combination D; (a/ ®2j) [u]) = 0 is a trivial conservation law.
In general, one is only interested in linearly independent conserved currents and
conservation laws.

The Euler operator with respect to U“ is defined by the equation:

ad 0 ad ad
Eye = -D; D;D; ...(=1’D;,D;, D;
U U« (ant)-’_ J (aUg)_'_ ( ) 1~ s (aU?iiz___ij)_'_
(4.39)
It can be shown (e.g. Bluman and Kumei 1989; Ibragimov 1985) that
EU” (D,F) = 0, (440)

for F = F(x,U, dU,...d*U) an arbitrary differentiable and continuous function of
its arguments.
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Definition A set of conservation law multipliers A,[U], 1 < o < N, for the partial
differential system (4.36) , i.e. R’ [u] = 0, has the property

A [UIR°[U] = D;®[U], (4.41)

where the {®'[U]} are the conserved fluxes or currents for the conservation law,
where the D;®’ are non-trivial divergence expressions. On the solution manifold
U = u and R°[u] = 0. Thus D;®'[u] = 0 on the solution manifold.

Proposition 4.3.1 The equations
Ey (F[x,U,0U,9°U, ... 9"0]) = 0, (4.42)
(1 <j < m) holds for arbitrary U(x) <—
F[x,U,0U0,0°U,...9"U] = D,V (x, U, U, 9°U, ... 0" 'U), (4.43)

holds for some functions W[x, U] where 1 <i < n.

Remark The above proposition is described in Bluman et al. (2010) (see also
Bluman and Kumei (1989) and Ibragimov (1985) for related results). The result does
not depend on the existence of a variational functional formulation of the equations
R°[u] = 0. It is related to the property that the variational derivative of a pure
divergence term is zero in Noether’s theorem, and hence does not change the Euler
Lagrange equations E,«[L] = 0 in cases where the equation system is described by
a variational principle.

To derive non-trivial conservation laws of the system (4.36) it is necessary to
determine non-singular multipliers (integrating factors) A,[U] satisfying (4.41).
by applying the Euler operator E;; to both sides of (4.41) gives the determining
equations for the multipliers A, [U] as:

Eyi (A[UIR[U]) = Eyy; (Di®') =0, 1<j<m. (4.44)

Equation (4.44) applies for general U(x), and not just for solutions U = u that
lie on the solution manifold R°[u] = 0. It is also required that the differential
consequences of (4.44) are taken into account. Notice that the right-hand side of
(4.44) vanishes by virtue of (4.42)—(4.43). The net upshot is that the integrating
factors A, [U] must satisfy the determining equations (4.44).

Once the determining equations (4.44) are solved for the multipliers A,[U], one
needs to determine the flux functions @' satisfying (4.41). This can be achieved, for
example, by using the homotopy formula given by Olver (1993) (see e.g. Bluman
et al. 2010; Anco and Bluman 1996, 1997, 2002a,b).

A question not addressed by the above analysis is: under what conditions do
non-trivial conservation laws arise? Conversely, under what conditions does a set of
local multipliers A, give non-trivial conservation laws? To answer these questions,
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it is necessary to write the equation system in a solved form (i.e. in Cauchy-
Kovalevskaya form), with respect to some leading order derivatives.

Our aim is to give an outline of the direct method for deriving the integrating
factors or multipliers A, and the conserved currents {® : 1 < i < n} for the
system of partial differential equations R°[u] = 0 (1 < o < N), in m dependent
variables {## : 1 < j < m} and n independent variables {x' : 1 < i < n}. Below
we use an example from Anco and Bluman (1997, 2002a,b) to illustrate the direct
method.

4.3.1 Example: KdV Equation

Our aim is to find some of the lower order conservation laws for the KdV equation:
R[u] = u; + uity + uyx = 0. (4.45)

by using the determining equations (4.44) for multipliers or integrating factors of
the form A(x,t, U, Uy, Uy, . . .), i.e. we search for multipliers A such that

AR[U] = D,®' + D, %", (4.46)

is a pure divergence expression. From (4.44) the integrating factors A must satisfy
the determining equations:

Ey (AR[U]) =0, (4.47)

for general U(x, 1), i.e. U(x, f) is not in general a solution U = u of the KdV equation
R[u] = 0. Using the formula (4.39) for the Euler operator Ey, we obtain:

A dA
Ey (AU,) = — D,A + U Ay — D, U, D? U,
v (AU N+ Uy (BUX r)+ X(BUXX r)+

dA dA
Ey (AUU,) = — UD,A + UUAy — D, (8U UUX) + D? (aU UUX) +...,

oA oA
E AUxxx = - DSA UxxxA - Dx Uxxx D2 Uxxx cee
u( ) A+ U (BUX )+ X(BUM )+
(4.48)

where we have assumed (without loss of generality) that A = A(x,t, U, Uy, Uy, . . .).
Adding the terms in (4.48) gives:

EU [A (Ut + UUx + Uxxx)]
= —D,A —UDA —D>A + Ay (U, + UU, + Uyy)
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D aA(U+UU + Upw) | + D? oA (U, + UU, + Uy | +
X BUX t X XXX X aU,\fx t X XXX

=0, (4.49)

for the determining equations.
Consider the special case where A = A(x, t, U). In that case:

DA = A, + AUUta DA =A,+ AUUX7
DiA = Axxx + 3UXXAXU + 3[]x(],\foUU + 3[]xAxxU + 3U3AUUX
+ U Ay + U Ayuu, (4.50)

and (4.49) reduces to:
Ey (AR[U)) = —(A, + Apx + UA, 4 3A Uy + 3A,pU?
+ 3AwUx + 3Ayy U Uy + AUUUU;j) =0. (4.51)

Setting the powers of U, and U,, equal to zero in (4.51), the determining
equations (4.51) splits up into the equations:

At + Axxx + UAx =0, (452)
Aov = Awwv = Axu = Ayy = Agyr = 0. (4.53)

The determining equations (4.53) reduce to:
Ayy = Aw = 0. (4.54)
Equations (4.52) and (4.54) have solutions:
A=B@U—-x)+yU+S4. (4.55)

where B, y and § are arbitrary constants. From (4.55) there are three independent
solutions for A, namely:

HA=1, ()A=U, (ii)A =1U—x (4.56)

corresponding to (3, y, ) = (1,0, 0); (0, 1,0); and (0, 0, 1) respectively.
Using the multipliers (4.56) we obtain three conservation laws of the form:

D,® + D =0, 1<i<3, (4.57)
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where
t X 1 2
o, =U, o] = 2U + Uy, (4.58)
PR x 1 5 1,
<I>2:2U, P = 3U + UU,, — ZU"’ (4.59)

‘ L. c_los Xo» 1
Oy =—xU+ _tU°, 3= U — U +t|({UUyx— U |+ U—xUy,
; 2 >3 2 2
(4.60)
where U = u satisfies the KdV equation.

The integrating factors (multipliers) A; and the conservation laws and conserved
densities ®! and P} are related to the linearized KdV equation:

X(R[U] = R'Uln = (D, + U, + UD, + D3) n =0, 4.61)
where X (n) is the canonical or characteristic (evolutionary) Lie symmetry operator
in which the independent variables are frozen,i.e.,x’ = x,/ =tand U = U + €7
are the infinitesimal Lie transformation forms. The Green’s function identity:

AR'[U)Y = YR[U]A + D,S° + D,S", (4.62)
relates R'[U] to its adjoint operator R [U], where

R'[UIA = — (D, + D} + UD,) A. (4.63)

Note that Rf[UJA = 0 by (4.52) where A is an integration multiplier of the KdV
equation. In (4.62) S° and S in the divergence term, are given by:

SO =AY, S'=YAn+ AYy—Y.A,+ UYA. (4.64)

The divergence term D,S° 4+ D,S' is analogous to the bilinear concomitant in the
theory of ordinary differential equations (e.g. Morse and Feshbach 1953, Vol. 1,
p. 528).

In the case where Y = U, (4.62) reduces to the equation:

AR'[UJU = UR[UIA + D,S° + D,S", (4.65)
where

" =AU, S'=UAyw+ AUy — UA, + UA. (4.66)
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Equation (4.66) can be written in the form:
d 0 1
e (AR[U + €Y])y_y = D,S” + D,S", 4.67)

where d/de corresponds to a Lie derivative symmetry operator at an arbitrary point
€ = ¢ say on the Lie trajectory (¢p # 0 in general) corresponding to the scaling
symmetry transformation:

¥=x =t U =AU 1=exp(e), (4.68)

where A[UJR[U] = 0 and R""[UJA = 0 on the KdV solution manifold where U =
u. By integrating (4.67) with respect to € (or equivalently with respect to 1) we
obtain the conservation law:

D,®' + D,®" = AR[U] = 0, (4.69)

where ®' and ®* are given by the homotopy formulas:
t ! dA’ 0 t
Q' = A S Ul yr=av + @'(4 = 0),
0
1
dA
o* =/ N S"UYpr=av + (A = 0). (4.70)
0

In (4.70) we have assumed that the integrals over A (or €) are well defined (this is
the case in our applications). In some cases it is useful integrate A over a different
range than in (4.70) if the integrals do not converge (e.g. from A = 1 to A = o0
in some cases: e.g. Webb et al. 2010a). By setting the initial value terms equal to
zero in (4.70), and using the three multipliers (4.56) for the A’s, and carrying out
the integrals (4.70) we obtain the conserved densities for the KdV equation @} and
@7 for 1 <i < 3 listed in (4.58)—(4.60) where U = u satisfies the KdV equation.

Remark By using the recursion operator for the symmetries associated with @/ and
@} one can generate two infinite sequences of conservation laws by application of
the recursion operator (e.g. Anco and Bluman 1997).

Remark One can search for multipliers A = A(x,t, U, Uy, Uy, . ..) which depend
on the derivatives of U,, U,, as well as on (x, ¢, U). This possibility is discussed by
Anco and Bluman (1997, 2002a,b) and Bluman et al. (2010) .

There are substantial computational algebra investigations of conservation laws
for nonlinear partial differential and discrete nonlinear equations (e.g. Hereman
et al. 2006; Cheviakov and Anco 2008). Cheviakov (2007, 2014) has obtained large
classes of conservation laws for fluid and potential type systems of pdes using the
direct approach of Anco and Bluman (1997, 2002a,b). Kelbin et al. (2013) use
the direct method to obtain conservation laws for helically symmetric, plane and
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rotationally symmetric viscous and inviscid flows. These methods are important
in deriving conservation laws for systems of pdes, such as fluid equations and
the MHD equations. However, these methods will not be the focus of the present
book, because our emphasis is on the use of action principles in MHD and fluid
mechanics, in deriving conservation laws. Pshenitsin (2016) has used these methods
to derive conservation laws for the viscous and finite conductivity, incompressible
MHD equations.



Chapter 5
Advected Invariants

Tur and Yanovsky (1993) developed a formalism for Lie dragging of geometrical
objects G (tensors, p-forms and vectors) that are advected with the flow in ideal gas
dynamics and MHD. The basic requirement for G to be advected or Lie dragged
with the flow u is that

d 0
(at+u-V)G=(at+£u)G—O, 5.1

where L, is the Lie derivative with respect to the vector field u. As in the Calculus of
exterior differential forms and in differential geometry (e.g. Harrison and Estabrook
1971; Misner et al. 1973; Fecko 2006), vector fields V and one-forms o = A;dx’ =
A - dx are dual.

5.1 Exterior Differential Forms and Vector Fields

Discussions of the algebra of exterior differential forms are given in the books by
Frankel (1997), Bott and Tu (1982), Misner et al. (1973), Marsden and Ratiu (1994),
Holm (2008a,b), and Flanders (1963). A short summary is given by Harrison and
Estabrook (1971), who develop a geometric approach to invariance groups and
solutions of partial differential systems using Cartan’s geometric formulation of
partial differential equations in terms of exterior differential forms and vector fields.

The vector field V in 3D Cartesian geometry is a directional derivative operator:

0 0 0
v=Vv* %4 Vo, 5.2
ox + ay + 0z >2)
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and the one-form A - dx has the form:
® =A-dx=Adx+Aydy + A.dz. (5.3)
The inner product of vector u and 1-form w is the scalar or dot product:

a a a
(wow)={u"_ +u', +u", Adx+Ady+Adz
ox ay 0z

=uA+ WA +ufA, =u A 5.4
Equivalent forms for the inner product are:
(u,w) =uvlw =i, (5.5

where i, denotes inner product of contravariant field u with a covariant field w. In
particular,

0 , 0 ad
i\ —§. = =
<8xi , dx> 8, eg. <3x’ dx> 1, <3x’ dy> 0. (5.6)

In an n-dimensional, differentiable manifold, a p-form w is a completely anti-
symmetric covariant pth rank tensor, described by its anti-symmetric components
Opy.prp- 10 general, a p-form can be expressed in the form:

© = Wy, g, dX AN AN LA X (5.7

One forms are elements of the cotangent space at a point of a manifold, involving
the mapping of the vector fields in the tangent space onto the reals. In (5.7) A
denotes a non-commutative anti-symmetrized multiplication. At each point of the
manifold, the forms have a Grassmann algebra defined by the properties of the
wedge product operator A. On the manifold, one may use the three operations of
of exterior differentiation, d, of contraction with a vector field V (a contravariant
vector V*), V 4w , and of Lie derivative with respect to V, Ly®, to give rise to new
geometric quantities from given geometrical objects. These operations give forms
of rank p 4+ 1, p — 1 and p respectively.

An application of the Grassmann algebra is the integration of tensors over surface
and volumes and to Stokes and Gauss’s theorem in vector Calculus where the
oriented volume element is dx A dy A dz, and the integral of a vector field V over
a surface element dS can be written in terms of the two form: ¢ = V -dS =
Vidy ndz+VydzAdx+ Vidx Ady andda = V-VdxAdy Adz = V-VdV. Thus, the
differential form of Gauss’s divergence theorem may be written using the exterior
derivative in the form:

d(V-dS) =V -Vav. (5.8)
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Elementary derivations of the Lie derivatives: Lyf, Ly« and L,w where f is a 0-
form (function), « = A - dx is a 1-form and w = w*d/dx + wYd/dy + w*d/0dz is a
vector field, are given in Appendix A.

Misner et al. (1973) and Schutz (1980) discuss the geometrical picture of
the commutator of two vector fields in terms of the closure of the quadrilateral
associated with the two vector fields. The Faraday two form is visualized in terms
of an egg-crate like structure by Misner et al. (1973). The magnetic field two-form
B - dS, has a geometric structure associated with the oriented surface element dS
and the vector field B, which describes magnetic flux tubes. Lie dragging of vectors,
differential forms and tensors involves parallel transport, in which the change in the
geometric quantity at a point along a Lie orbit or trajectory, is pulled back to the
initial point. It is useful in applications to use the dual of vector fields and forms
using the hodge star formalism (e.g. Flanders 1963; Frankel 1997; Fecko 2006).

Basic properties of the wedge product, A, of the exterior derivative d and the Lie
derivative Ly are given below.

If w be a p-form, o a g-form, f a O-form, ¢ a constant, V and W be vector fields,
then:

wAno = (—1)YoAw,

dlwno)=dw Ao + (—1)Pw A do,

ddw =0, dc=0, (5.9)
V+Woo=Vio+Wio, (fVY)oo=f(V i),
ViwAro)=(NViw)Aog+ (—1)Yo A (V 10). (5.10)

Cartan’s magic formula for the Lie derivative of the p form w:
Lyvo =V Jdw +d(V Jw), (5.11)
is useful in applications. Further Lie derivative formulae are:

ﬁvf =V. df, Lvdw = d(ﬁva)) N
Lyv(wAo)=(Lyw)ANo+ oA (Lyo),

Lv(W_ow)=[V,W]liow+W.l(Lyw). (5.12)

5.1.1 Exterior Derivative Formula Relations (Vector Notation)

Let X and V be vector fields. Then:

df = Vf -dx,
d(V-dx) = (VxV)-dS (Stokesthm),
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d(A-dS) = (V-A)dV (Gauss thm),

d*f = d(Vf-dx) = (Vx Vf)-dS =0 (Poincaré Lemma),

d*(V-dx) =d[(VxV)-dS]=V-(VxV)dV =0 (Poincaré Lemma)

Xu(V-dx) =V X,

Xiu(B-dS) = -(X x B) - dx,

X.dV =X-dS,

d(X1udV) =d(X-dS) = (V-X)dV. (5.13)
Let @ be a p-form, then ddw = 0. It implies the equality of mixed second order
partial derivatives. If ® = du is a p-form, where « is a global form of order p — 1,
then w is exact. A form w with dw = 0 is closed. Not all closed forms are exact.
Exactness means ‘globally integrable’. Inexact forms, imply in many cases, that the

geometric structure has a non-trivial topological structure (e.g. the MHD topological
soliton: Kamchatnov 1982; Semenov et al. 2002).

5.1.2 Lie Derivative Relations

Lxf = X.df = X- Vf,
Lx(V-dx) = (=X x (Vx V) + V(X - V)) - dx,
Lx(B-dS) = (—V x (X x B) + X(V - B)) - dS,

Lx(fdV) =V - (Xf)dV. (5.14)
For vector fields X and Y
LxY =X, Y] =X Y=Y -X) -V = adx(Y). (5.15)

Here [X, Y] is the left Lie bracket.
For a 1-form density m = m - dx ® dV, the Lie derivative of m with respect to
the vector field x is given by:

Lxm = (V- (X®m) + (VX)" -m) -dx ® dV =: adym. (5.16)

The pairing between the one form density m and the vector field u is defined by the
inner product:

(m, u) :/u_nde. (5.17)
Q
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Vector fields are either left or right invariant vector fields. Associated with the group
transformation X = gxo, the right invariant vector fieldu = gxo = gg~'x defines the
right invariant vector field u = gg~'. The left invariant version of the same vector
fieldis v = g~'g. The right and left Lie brackets are related by: [U, V]z = —[U, V];.
The left Lie bracket is used in (5.15). The right Lie bracket in (5.16) is given by:

ady(V) = [U,Vlg = (V-VU—-U-VV) . V. (5.18)

Further discussion of the difference between right and left vector fields of a Lie
algebra are given by Marsden and Ratiu (1994), Holm et al. (1998), Holm (2008a,b)
and Fecko (2006).

5.1.3 Lie Dragging of Forms and Vector Fields

Formulas for the Lie dragging of 0-forms, 1-forms, 2-forms, 3-forms and vector
fields are given below. These formulae are very useful in describing advected
invariants.

For 0-forms or functions I:

dl  dl
— .V = . .
it 9 +u-Vi=0 (5.19)
For 1-forms: S - dx
d aS
dt(S'dx)z at—ux(VxS)—}—V(u-S) -dx = 0. (5.20)
For 2-forms B - dS:
d JoB
dt(B'dS)z at—Vx(uxB)—}—u(V'B) -dS = 0. (5.21)

For 3-forms pdx A dy A dz:

dp

d
" (pdx Ady A dz) = (31‘ + V. (pu)) dx Ndy Adz = 0. (5.22)

For vector fields (the dual of one-forms): J = J'V;:

fl‘: = ?; 4+ wJ] =0, where [wJ]=(u-VJ' -] Vi)V, (5.23)

is the Lie bracket of uw and J.
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5.2 Applications

Tur and Yanovsky (1993) derive a variety of forms and vector fields that are
Lie dragged with the flow. Some of these invariants are obtained by combining
old invariants or known invariants, using the wedge product, Lie derivative and
contraction of vector fields and forms. The inner product of an invariant vector field
and an invariant 1-form is an invariant scalar. Similarly, the wedge product of an
invariant p-form and an invariant g-form is an invariant p + g form. The exterior
derivative of an invariant p-form is an invariant p + 1 form. The Lie derivative of
an invariant p-form, with respect to an invariant vector field V is an invariant p-
form. These theorems were given in Tur and Yanovsky (1993) (see also the next
subsection).

Below we list some invariants based on invariant O-forms, 1-forms, 2-forms, 3-
forms and vector fields. We use the results (5.19)—(5.23) and Cartan’s magic formula
(5.28) to discuss Faraday’s equation described by the advection of the magnetic flux
2-form, the magnetic potential 1-form and the Lie dragged vector field b = B/p.
We describe the entropy S (a 0-form) and the mass 3-form in terms of advection of
invariant forms.

5.2.1 Invariants Related to A and B in MHD

There are many invariants in MHD involving A and B (Tur and Yanovsky 1993).
However, for the magnetic vector potential 1-form A - dx to be Lie dragged by the
flow, it is necessary to choose the gauge of A so that u- A = ¢r where ¢ is the
electric field potential that arises from uncurling Faraday’s equation.
Some of these invariants are:
A-B

S =VS(x,0), I'= ., o =A-B. (5.24)
P

Here §' - dx is 1-form, I’ is a scalar, and p’dx A dy A dz is a three-form, which are
Lie dragged by the the flow.
Another class of invariants (second generation) are:

I”=B-VS, S =V A-B ) J//= B )
p P A-B

1
o' =B-VS, J = , (VS x A). (5.25)

Here I” is a 0-form, §” -dx is a 1-form, J” is a vector field, p”dx Ady Adz is a 3-form
and J; is a vector field, that are invariant under Lie dragging with the flow.
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5.2.2 Some Integral Invariants

r;=5£ DA - dl, rf:/ OB - dS',
y(©) S(t)

L= / ®(A - B) d’x,
Q(r)

A-B
1;‘:/ DA - [VSXV( )} d’x,
Q1) 1Y

AB A-B B-VS
q>=q>( .V ) ( )) (5.26)
P P P

There are many more examples.

e Ifd =1, Fll is circulation of A (note ¢ = u - A).
« If ® = 1, I'} is magnetic flux; /3 is magnetic helicity.

5.3 Lie Dragging

In this section we use Faraday’s equation (2.4) to illustrate the Lie dragging of 2-
forms, 1-forms and vector fields discussed in (5.19)—(5.23). A key equation in the
analysis is Cartan’s magic formula (5.11).

Example 1 Consider Lie dragging the magnetic flux 2-form:
B = Bydy Adz+ Bydz Adx + B.dx ANdy =B -dS, (5.27)

by the fluid velocity vector field u = u*d, + w’dy + 1?9, = u - V. We determine
Ly(B) by using Cartan’s magic formula (5.11):

Ly(B) =u_sdf+duip). (5.28)
We obtain:
df =V -BdxAdyndz,
u.df=V-B(u-dS),

u_Jf =—(uxB)-dx,
du_B)=-Vx(uxB)-dS. (5.29)
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Use (5.29) in Cartan’s formula (5.28) gives the equation:

(§t+£u),3:(%]?—Vx(uxB)—}—uV-B)-dS:O, (5.30)

expressing the Lie dragging (5.21) of the magnetic flux B - dS with the flow.
Equation (5.30) is Faraday’s equation (2.4). By taking the divergence of (5.30) we
obtain the continuity equation

(V- B)

) +V-@v-B) =0, (5.31)

which implies a non-zero V - B is advected with the flow. This result is used in
numerical MHD in which numerically generated V - B # 0 is advected with the
flow (e.g. Powell et al. 1999; Janhunen 2000; Webb et al. 2009; Balsara and Kim
2004; Dedner et al. 2002; Evans and Hawley 1988).

Example 2 Lie drag the one form:
a=Adx+Ady+Adz=A-dx. (5.32)
Use Cartan’s magic formula: £,() = u 1 da 4+ d(u J «) and the results:

do = (VxA)-dS, ulidoe=—-[ux(VxA)]-dx,
uisa=W-A), dusa)=V@-A)-dx, (5.33)

to obtain the Lie dragged 1-form equation for a:

0 0A
(at+£u)a=(at—ux(VxA)+V(u-A))-dx=O. (5.34)
Equation (5.34) is the same as (5.20) for the advection of a one-form, but with S
replaced by A. From (3.36) the uncurled form of Faraday’s equation for A where
B=VxA,is:

0A
o ux (VxA)+ Ver =0. (5.35)
Here E = —V¢g — 0A/0t is equivalent to Faraday’s equation and ¢g is the

electric field potential. Note that (5.35) is equivalent to the Lie dragged 1-form
equation (5.34) if the gauge for A is chosen so that ¢z = u - A. For this particular
gauge the magnetic helicity conservation equation (3.33) assumes the continuity
equation form (3.42).

Example 3 Faraday’s equation (2.4) can be written in the form:

db

—b-Vu=0, (5.36)
dt
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whereb = B/p and db/dt = db/dr+u-Vb. Equation (5.36) comes from combining
Faraday’s equation (2.4) with the mass continuity equation (2.1). It can also be
written in the form:

db

ad
9 + [u,b] = (81‘ + Eu) b =0. (5.37)
Equation (5.37) is equivalent to (5.23) for the advection of the vector field b =
b'd/0x', but with J — b. Note that L, (b) = [u, b] where [u, b] is the Lie bracket of
the vector fields u and b (see Appendix A).
The Lie dragged vector field equation (5.37) may be directly integrated to give
the solution for b. First note that (5.37) implies that

0 i 0

b =b . b = x;b, 5.38
i~ Mg e 039

where X = X(Xo, 7) is the Lagrangian map and x; = 0x'/ Bx{). This is the Cauchy
solution for the magnetic field (e.g. Newcomb 1962). To see this explicitly, it is
necessary to use the mass conservation equation in the form

Po

pd’x = pod®xy which implies p = 7 (5.39)

where J = det(x;) is the Jacobian of the Lagrangian map. Combining (5.38) and
(5.39) gives:

_ xiBy
J

B , (5.40)

which is the Cauchy solution for B’ given by Newcomb (1962).

5.3.1 Entropy and Mass Advection

The entropy S = S(xp), a O-form (i.e. a function) which is Lie dragged with the
fluid, i.e.

d 3s
W)= VS =0, 41
(at+£) 5 Tusvs (5.41)

which is (5.19) for the advection of a O-form I, but with I — S. The integral of
(5.41)is S = Sy(x9), where X is the Lagrange fluid label for which x = x; at time
t=0.
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Consider the mass 3-form:
B =pdcndyndz (5.42)

Using Cartan’s formula (5.28) we find df = 0 as f is a 3-form in 3D xyz-space,
and u 4 8 = pu - dS, which implies:

Luy(B) =0+duip) =V-(puydx AdyAdz, (5.43)
and
0 _ ap . 3
(at+£u),3— (8t +V (,ou))dx—O. (5.44)

Equation (5.44) is the same as (5.22) for an advected 3-form pdx A dy A dz. The
integral of (5.44) is:

pd’x = pod®xo, where p = po(x0)/J, J= det(x;). (5.45)

Thus the mass continuity, entropy advection and Faraday’s equation can all be
expressed in terms of the Lie dragging of forms by the vector field u.

5.4 Theorems for Advected Invariants

Theorem 5.4.1 Ifw? is an invariant, then P+ = dw? is an invariant (p+1)-form.
Proof w” is invariant implies:

d
P —
(8t + Eu) w 0. (5.46)

Take d of (5.46). Use dd; = 0,d, and dL, = Lyd gives (5.46) but with @” — w?*!,
O

Example The entropy S is a scalar invariantimplies « = dS = VS-dx s a conserved
1-form. Note that

avs

5 ~UX (VX VS)+ V(- V) =0, (5.47)

shows that VS satisfies (5.20). From (5.47) and noting dS/dt = 9,S +u-VS = 0,
implies « is Lie dragged with the flow:

9 as
(at+£“)“zv(at+“'vs):0' (5.48)
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Similarly, dI, = VI, - dx is conserved 1-form which is Lie dragged with the flow,

where I, = w - VS/p is the Ertel invariant.
Theorem 5.4.2 Let a)’f and a)é be advected k and I-form invariants, then k! =
w{‘ A a)é is an advected (k + l)-form invariant.

Proof Use
0 8w1 8w2
at(wl A wy) = g NO2TOIA
Lu (a)l A a)z) =Ly (a)l) Awy + w1 ALy (a)z) s (5.49)
to get
0
o + Ly ) (w1 Awn) =0. (5.50)
O
Example w; = S| -dx and w, = S, - dx are advected one-forms, then
w1 \Nwy = (S] X Sz) -dS, (5.51)

is an advected 2-form, and (w; A w,)/p is an advected invariant vector field.

Theorem 5.4.3 If w is a conserved p-form, and J is a conserved vector, then
0PV =J 4w is a conserved (p — 1) form.

Proof Use

Ly (Jow) = [u, J]uw + Ju(Luw), (9, + L) @ =0,
[(0,J] =i 0:(Jow) = [0, J]uw + Ja(w)),
(0r + Lu) Jow) = [0 + u, JJow + JL[(3; + Lu)o]. (5.52)

But since J is an invariant vector field, then
0+ J]=[0.J]+[wJ]=J +[ulJ]=0. (5.53)
and the last equation in (5.52) reduces to:
(0 + Lu) Juw) =0, (5.54)

which proves the theorem. Note that [d;, J] = J; and £,J = [u, J]. O

Theorem 5.4.4 [f w is an invariant p-form, and J is an invariant vector field, then
o' = Lyw is an invariant p-form.
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Proof Use Cartan’s magic formula:
Lyo = Jido +d (Jow) . (5.55)

Note dw is invariant (Theorem 5.4.1), and J_dw is invariant (Theorem 5.4.3); also
J_w is invariant (Theorem 5.4.3) and d (Juw) is invariant (Theorem 5.4.1). Net
result: ' = Lyw is an invariant p-form. O

Theorem 5.4.5 If Ji and J, are invariant vector fields then so is [J1,J2] iff
{J1,J2, u} are elements of a Lie algebra.

Proof 1Tt is based on the equations

aJi aJ

5 TIl=o. > 4w =o0. (5.56)

ot

Using (5.56) we obtain:
ad 0
( o au) Bl = | 0B+ Lald 8
= [JieJo] + [J1. J2] + [u, [J1, J2]]
[—[w, J1], Jo] + [J1, —[w, 2] + [u, [J1, 2]
w, [Ji. 20l + Ji, [Jo.u]] + [J2, [w, Ji]]l. (5.57)

Ifu, Ji, J, are vector fields that are elements of a Lie algebra, then the right handside
of (5.57) is zero by the Jacobi identity for J;, J» and u. This proves the theorem. 0O

5.4.1 Comment

The question of Lie algebraic structures for fluid relabeling symmetries has been
addressed by Volkov et al. (1995). Their work shows that there is a hidden
supersymmetry in hydrodynamical systems (i.e. ideal MHD and hydrodynamics),
with respect to the odd Buttin bracket.

5.5 Magnetic Helicity

o = A - dx is advected one form for the magnetic vector potential, provided the
gauge for A is chosen so that ¢y = u - A. The Lie dragging condition for A is:

0A

5 ~UWX(VXA)+V(-A) =0, (5.58)
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This equation can be written as dA /dt + (Vu)? - A = 0. The magnetic flux 2-form
B = B -dS and the vector field b = B/p are Lie dragged with the flow. Thus,
b 4 (A-dx) = A-B/pis a Lie dragged scalar invariant. Thus, we obtain the
magnetic helicity conservation law:

d (A -B

ahm
= V . = .
& ) ) 0 or Y + V- (hu) =0, (5.59)

where h, = A - B is the magnetic helicity in the gauge ¢y = u - A. Gordin and
Petviashvili (1987, 1989) obtained these results using the advected A gauge where
A satisfies (5.58).

5.6 The Ertel Invariant and Related Invariants

In this section we discuss Ertel’s theorem in gas dynamics, and the generalization
of Ertel’s equation to MHD (e.g. Kats 2003). The MHD generalization of Ertel’s
theorem uses the Clebsch variable representation of the fluid velocity, that arises
from using Lagrangian constraints in the variational principle for MHD discussed
by Zakharov and Kuznetsov (1997) (see Appendix B). We also discuss the Hollmann
(1964) invariant, which is related to the Ertel invariant (e.g. Tur and Yanovsky 1993).
The Ertel invariant is:

L= 'pVS where ® =V xu. (5.60)

To derive the Ertel invariant we use the Clebsch representation for u:

u=V¢—rVS—AVu,
t 1 t
¢ = / (2|u|2 — h) (xo0,7)dl', r= —/ To(xo,t) dt’, (5.61)
0 0

where h = (p + ¢)/p = is the enthalpy, S is the entropy, ¢ is the velocity potential,
and Ty(x¢, 1) = T(x, 1) is the temperature. A and p are related to the Lin constraints
associated with vorticity in a Lagrangian variational principle with constraints (e.g.
Zakharov and Kuznetsov (1997), see also Appendix B). The Clebsch variable
representation for u is related to Weber transformations (Appendix C).

Let

w=u—V¢+rVS=-AVyp, (5.62)

V xw = —VA x Vpu represents the component of the vorticity of the fluid that
is not generated by entropy gradients, i.e. it does not depend on VS. The one-form
o = w - dx is Lie dragged with the fluid. Thus w satisfies Eq. (5.20):

ow

5 —ux(Vxw)+V(@-w)=0. (5.63)
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Using (5.37) it follows that b = (V x w)/p is a Lie dragged vector field. By
Theorem 5.4.1, VS - dx is a conserved 1-form. Thus, bL,(VS-dx) = b-VSisa
conserved scalar. Inspection of b - VS reveals that:

Vx@m+rVS—Vo) Vs — V xu

P P

I, =b-VS = VS, (5.64)

is the Ertel invariant.
Theorem 5.6.1 The generalization for the Ertel invariant in MHD, given by Kats
(2003) is:

V x (u—uy)

Jm —
0

Vs, (5.65)

where

_(VXF)XB_F(V~B)’

uy = (5.66)
P P
aal;—ux(VxI')+V(I'-u)=—50, (5.67)
and Lo is the magnetic permeability. We can also write (5.67) as:
d B-dx
it (I -dx) =— . (5.68)
Proof Use the Clebsch representation for u:
u=Ve—rVS—AVu + uy. (5.69)
Inspection shows that w satisfies the equation:
wW=u—V¢+rVS—uy = —;\Vu, (5.70)

and hence ¢ = w - dx is an invariant 1-form. It follows thatb = V x w/p is a
Lie advected vector field. By Theorem 5.4.1, dS = VS - dx is an invariant advected
1-form; Thus, I = b - VS is an invariant scalar, given by:
I' =Vx@—V¢+rVS—uy)- -VS/p
=[Vx@—uy)+ VrxVS]-VS/p
=Vx((u—uy)- VS/p.
(5.71)
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The quantity I’ is the MHD analogue of the Ertel invariant. It reduces to the Ertel
invariant in the case where b and u,, are zero. O

Theorem 5.6.2 The Hollmann invariant is:

VS x VI, (V xu)-VS

Iy =@—-Vg)- where I, = (5.72)
p p

is the Ertel invariant. Here ¢ is the Clebsch potential in (5.61) associated with
potential flow. The Hollmann invariant I, is Lie dragged with the flow.

Proof w; = VS -dx and w, = VI, - dx are conserved one-forms. Thus, ® =
w1 Awy = (VS x VI,) - dS is a conserved two form, and

b = VS x VL/p, (5.73)

is a conserved vector. « = W - dX is a conserved one-form, where

w=u—V¢ +rVS, (5.74)
and w satisfies the equation:
ow
Y —ux(Vxw)+V(@-w)=0. (5.75)

Using (5.73) and (5.74) it follows that

VS x VI,
Li=w-b=@u—Vg). "~ (5.76)
0

is a scalar invariant (i.e. the Hollmann invariant). ]
Similarly, the MHD version of the Hollmann invariant is:

VS x v
Iz”zwm'bmz(u—uM—w)-( ) ) (5.77)
P
where
VS x VI*
W, =u—V¢ +rVS—uy, b,= €. (5.78)

P



Chapter 6
Topological Invariants

In this chapter we discuss topological invariants of MHD and gas dynamics.
Topological invariants and integrals of differential forms over a volume V that
are non-zero are sometimes referred to as topological charges. A more complete
discussion is given by Tur and Yanovsky (1993). Topological fluid dynamics and
invariants are discussed in more detail in Arnold (1974), Arnold and Khesin (1998),
Berger and Field (1984), and in many other works. Tur and Yanovsky (2017) present
examples of vortices in two fluid plasmas with nontrivial topology in which the
streamlines and magnetic field lines are linked. They also discuss MHD topological
solitons.

Below we first recall the definitions of closed and exact differential forms. This
is followed a discussion of the magnetic monopole and non-global A, advected
invariants, the Hopf invariant, the Calugareanu invariant, the Link = Twist +
Writhe formula for the linkage of magnetic flux tubes, link numbers and signed
crossing numbers in knot theory, Dehn surgery and magnetic reconnection, and the
Godbillon-Vey invariant. This is followed by a sequence of examples of magnetic
helicity in space plasmas and in MHD (the Parker (1958) interplanetary magnetic
field, Alfvén simple waves, MHD topological solitons and the Hopf fibration).
Appendix E discusses the Aharonov-Bohm interpretation of magnetic helicity, cross
helicity and fluid helicity for both barotropic and non-barotropic fluids developed by
Yahalom (2013, 2016a,b, 2017a,b) (see also Webb and Anco 2017).

6.1 Closed and Exact Differential Forms

Definition 1 A p-form w” is closed if its exterior derivative dw” = 0.

Definition 2 A p-form w” is exact if it can be expressed as the exterior derivative
of a (p — 1)-form o’ de., w? = doP!. It is assumed that @” and ?~! are
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sufficiently smooth and differentiable on a star-shaped region of the manifold on
which the forms are defined.

Lemma 6.1.1 (Poincaré) The Poincaré Lemma states that if X is a contractible
open set of R", then any closed p-form defined on X is exact, for any integer 0 <
p=n

Definition Contractibility means that there is a homotopy F; : X x [0, 1] — X that
continuously deforms X to a point. Thus every cycle ¢ in X is the boundary of some
cone. One can take the cone to be the image of ¢ under the homotopy. A dual version
of this result gives the Poincaré Lemma.

From the above definitions, it follows that an exact p-form is closed, but a closed
p-form is not necessarily exact. To verify these statements, note that if @” is exact,
then w” = dw”™! for some p — 1 form w1, By the Poincaré Lemma, dow” =
ddwP™" = 0 (i.e. the Poincaré Lemma states that ddo = 0 for a differential form
o, where « is sufficiently differentiable, i.e. at least twice differentiable on the star
shaped region of the manifold M on which the form is defined). However, a closed
form w” with dw” = 0 is not necessarily exact, i.e. there might not exist a (p — 1)
form such that @” = dw”~'. The word exact is synonymous with the notion of
global integrability.

6.1.1 The Magnetic Monopole and Non-global A

The notion of exactness means that given a p-form w?, there exists a global (p —
1)-form w”~! such that w”? = dw’~!. In that case dw” = ddw’~' = 0 by the
Poincaré Lemma, and hence the exact form w” is closed. A counter example to
this situation is that of a magnetic monopole field (e.g. Urbantke 2003; Webb et al.
2010a). Webb et al. (2010a) point out that the split monopole solution is applicable
to the description of the Parker, interplanetary spiral magnetic field, where the radial
component of the field is outward (inward) above the interplanetary current sheet
and inward (outward) below the sheet. In addition there is an azimuthal component
of the field due to solar rotation. The radial component of the field is represented
by the split monopole solution in which the polarity of the field changes across the
current sheet.

For the monopole field B = I/r%e; where e; = r/r is the radial unit vector. In this
case w?> = B-dS is the magnetic flux 2-form, i.e. ? = I'sin 8d0d¢. It is not possible
to define a global, continuous magnetic vector potential A, because the solutions for
the magnetic vector potential have singularities at the poles at 6 = 0 (north pole)
and at & = m (south pole). To circumvent these problems, define two open sets on
the sphere S? of radius r: Ut := §%\{south pole} and U~ := S$?\{north pole}. On
the region S2, = U™ N U™, excluding the poles the vector potentials

1 —cos@)eA A — I(—1 —cos@)eA

AT , . ,
rsinf ¢ rsin 6 ¢

6.1
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are analytic and bounded (i.e. excluding small regions about the poles). Thus, for
the region U', AT is analyticand B = V x AT, whereason U™, B = V x A~ It
turns out that

21
AT —A = T e =VA, (6.2)
rsinf ¢

where
A =2I¢[H(¢) — H(¢p — 27)], (6.3)

where H (x) is the Heaviside step function. Here A is discontinuous and has jumps
of 41 each period of 27 in ¢.

* The main point of this example is that there is not a global A such that B = V xA
which is valid over the whole sphere S2. Note also that there are discontinuous
jumps in the difference of the two magnetic vector potentials involved. The
existence of jumps in the magnetic vector potentials is indicative of non-trivial
magnetic topology (see Urbantke 2003; Webb et al. 2010a for further discussion).

¢ There does not exist a global 1-form ¢ = A - dx such that § = do =
B - dS. However, df = V - Bdx = 0 everywhere, except in the immediate
neighbourhood of r = 0. Thus, S is closed meaning df = 0 but § is not exact
as there does not exist a global 1-form o with 8 = do.

e A similar jump in the magnetic vector potentials used to describe the MHD
topological soliton occurs in the Euler potential representation for A = «Vf +
VA, where there exists jumps in the potential A (e.g. Kamchatnov 1982;
Semenov et al. 2002).

6.2 Advected Invariants: Closed and Non-closed Forms

It is clear that invariant p-forms advected with the flow split into two classes: the
forms are either closed, or they are not closed, i.e. either dw” = 0 or dw” # 0. The
so-called S invariants (Tur and Yanovsky 1993), are invariant 1-forms of the form:
o = A-dx, are in general not closed as the 2-form da = VxA-dS # 0if VXA # 0.
However, the exterior derivative of a O-form I: 8 = dI = VI - dx is an advected
invariant 1-form but df = ddI = (V x VI) -dS = 0. Thus 8 = dI is a closed
1-form. Thus, there are both closed and non-closed invariant 1-forms advected by
the flow (e.g. the entropy S is an advected O-form and dS is an invariant, closed,
advected 1-form).

Invariant 2-forms @~ can also be either closed or not closed. An example of a
closed two form is the magnetic flux § = B - dS where B = V x A, where B is the
magnetic induction and A is the magnetic vector potential. The exterior derivative
dB = V-Bd’x = 0as V-B = 0. Alternatively, note that d8 = dda = 0 where
a=A.dx.

2
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6.2.1 Topological Charge

If B = w - dS is an advected invariant 2-form, then J = w/p = (0'/p)d/0dx’ is an
invariant advected vector field, and df = V-0 d*x = V-(pJ)d’x # 0if V-(pJ) # 0.
If V- (pJ) # 0, the integral /9 = [ df has non-zero topological charge. Examples
of two-forms with non-zero topological charge can be constructed from the wedge
product of two invariant 1-forms. For example, if

wél =8, - dx, a)§2 =S, -dx, (6.4)
are invariant 1-forms, then
®® = w§ Awg, =S;-dx A Sy -dx = (S X S,) - dS, (6.5)
is an invariant 2-form. Taking the exterior derivative of w? gives
dw®> =V -(S; xSy) d*x. (6.6)
In general V - (S; x Sy) # 0, and hence the 3-form dw? has non-zero topological

charge. More precisely, the topological charge for a volume V = Dj;(¢) is given by
the equivalent expressions:

14:/ dw2=/ a)2=/ (S1 xSy) - dS. (6.7)
D3 (1) aD3(t) aD3(t)

Thus 72 is zero if the normal component of S; x S, is zero on the boundary 9D5(t)
of the volume D;(¢) of the region of interest.

Example 1 For compressible ideal fluid flows:

ol =VS-dx, wi=@u-Vep—rVS) -dx=w-dx, (6.8)
are invariant 1-forms advected with the flow. We show that w - dx is an invariant
1-form in Appendix B, where u = V¢ + rVS + AV is a Clebsch representation

for the fluid velocity u. The two-form w? with properties:

w* = o] Aoy = VS x (u— V) -dS,
dw?* = V-[VS x (u— V¢)]dx, (6.9)

is an advected invariant 2-form. Using the identity

V.(ExA) =A-VXE—E.VxA, (6.10)
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withE = VS and A = u — V¢ in (6.9) we obtain:
dw? = —VS-V xud’x = —pl, d°x, (6.11)

where I, is the Ertel invariant. In this case, in general dw?> = V- (pJ) d*x # 0 where
pJ=VSx(u—-Vg).

Example 2 A second example in MHD is to set
1 1 B
w; =A-dx, w, =V(b-VS)-dx where b= . (6.12)
P
In this case,
= /a)} Awy = /Ax V(b-VS)-dS. (6.13)
Using Gauss’s theorem we obtain:
= /v.[A x V(b-VS)] d°x = /b-V(b.VS)p d’x, (6.14)

where b = B/p is an invariant vector field advected with the flow and B = V x A,
and we used the identity (3.38). In this case pJ = A x V(b-VS)and V- (pJ) =
pb- V(b - VS) is in general non-zero.

It is interesting to note that the invariant /7 above is in general non-zero if B-VS #
0. On the other hand, the cross helicity conservation law (3.57), only applies in the
opposite case for which B- VS = 0.

6.3 The Hopf Invariant

Arnold (1974), Tur and Yanovsky (1993) and Arnold and Khesin (1998) discuss
the Hopf invariant (see also Berger and Field 1984; Moffatt and Ricca 1992; Finn
and Antonsen 1985, 1988). Arnold and Khesin (1998) discuss the Hopf invariant
in 3D and higher dimensions. Below we give a discussion of the magnetic helicity,
which is the Hopf invariant for the magnetic field (e.g. Moffatt and Ricca 1992). We
address in particular, the form of the magnetic helicity when the magnetic vector
potential 1-form o = A - dx is Lie dragged with the flow. Consider the 2-form:

w; =bLe’ © =fdx, (6.15)

where f is a scalar function and b is a Lie dragged vector field that is advected with
the flow. The most obvious choice for f is f = p, but other choices are possible. We
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require wi to be closed. Note that
w; =bi(fd’x) =fb-dS. (6.16)
Thus, wi is closed if
dw} =V - (bf) d’x = 0. (6.17)

By the Poincaré Lemma, for a smooth manifold, the closed form condition dwi =0
implies that locally, there exists a 1-form @' such that

w; =do' and ®'=A-dx,

wi =d(A-dx) = (VxA)-dS =fb-dS. (6.18)
Thus,

V xA

fb=VxA or b=
f

(6.19)

The one form @' = A-dx might not be an invariant 1-form, that is Lie dragged with
the flow. However, it is possible to introduce a 1-form @' that is Lie dragged with
the flow, such that:

@' =A-dx where A=A+ VA, (6.20)
and A is a gauge potential. Note that @' = ' + dA. For the sake of simplicity we
omit a discussion of the gauge potential in the magnetostatic limit in which [u| — 0

(see (3.50) et seq. for a discussion of this limit).
From (6.20) we obtain:

d /-~ d dA
A.dx) = A-d \Y - dX, 6.21
dt( X) dt( X+ (dt) X ( )

where d/dt = 9/0t + u - V is the Lagrangian time derivative following the flow.
Writing dA /dt = g gives:

t
A= / 2. x0) df, 6.22)

where g(¢', X¢) := g(z,x). Equation (6.21) then reduces to:

dé' dw!
= Vg - dx. 6.23
dt dt + Vgrdx ( )
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We can choose the gauge potential A and gauge function g so that d@'/dr = 0
which ensures that @' = A - dx is Lie dragged with the flow. The gauge
transformation (6.20)—(6.23) is similar to that used in (3.45)—(3.51) in the discussion
of magnetic helicity using vector Calculus in Chap. 5. Because @' is Lie dragged
with the flow, A satisfies (5.20) but with S — A, i.e.

~1 Y
d:t = [aalj—ux(VxA)+V(u~A):|'dX:O. (6.24)

Because @' is a Lie dragged 1-form, thenfl(b1 and @' A d@" are also invariant, Lie
dragged forms. Noting that d@' = (V x A) - dS we obtain the Hopf invariant:

I = / o' Ade' = / (A-dx)A[(v x A) -ds] = / A-(VxA)d’x.  (6.25)
\4 14 \4
Thus, the Hopf invariant can be written in the form:
I = /A -Bd’x where B=VxA. (6.26)
14

The formula (6.26) is the usual formula for magnetic helicity but it is given for the
special case for which @! = A - dx is advected with the flow. The magnetic vector
potential A satisfies the equation:

0A

5 —ux(VxA)+V@u-A+g) =0. (6.27)

In the analysis in Chap. 5, Eq. (5.35), the function g = ¢r —u - A in (6.27), where
¢k is the electric field potential. Note that in general A - dx is not Lie dragged with
the flow for g # 0.

Tur and Yanovsky (1993) make the 1mp0rtant point that the helicity based on the
Lie dragged invariants @' =A-dxand do' = (V x A) dS in (6.26) and (6.27)
does not require B - n = 0 on the boundary dV () of the region V() moving with
the fluid, as is the case with the Moffatt (1969) analysis of the magnetic helicity
discussed in Chap. 3. The Hopf invariant (6.26) is sometimes written in the form:

Iy = / B - curl”!(B) d’x, (6.28)
V()

where A = curl™! (B) is given in terms of B using the Biot Savart formula for A
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6.3.1 The Calugareanu Invariant

Moffatt and Ricca (1992) show that the magnetic helicity I, of two isolated magnetic
flux tubes, can be expressed in the form:

Ih = chblq)z where n = Lk(Cl, Cz), (629)

is an integer known as the link number or Calugareanu invariant, or Gauss link
number of the two curves C(f) and C,(f) representing (in the present case) the
central field lines of the two flux tubes (labelled 1 and 2) with magnetic fluxes
®, = B;-dS| and ®, = B,-dS; with cross-sectional areas dS;| and dS, respectively.
As a simple example of the formula (6.29) consider the case of two flux tubes
T and T that are coupled by a single link, as illustrated in Fig. 6.1. The magnetic
helicity integrals for the two separate flux tubes (assumed not to be twisted) are:

I,=] (A-B)d’x where B-n=0 on dV,, (m=1,2), (6.30)
Vm

where n is the outward normal to the flux tube. In Fig. 6.1, the area S; is the area
bounded by the closed curve C; and S, is the corresponding area enclosed by the
curve Cy. The integral of A - B over flux tube 1 is:

I = (A.B)d3x=/ A - (B,01dx)
V1 Cl

=@1¢A~dX=q>1/(VXA)'dO'=q31/B'd0'=q31q32. (6.31)
Ci N Si

Similarly, the integral of A - B over the flux tube 2 is I, = ®,®;. The total integral
of A - B over both flux tubes is:

Ioo = 11 + 12 = 2nd>1d>2 = 2(1)1@2, (632)

Fig. 6.1 Two untwisted @,
magnetic flux tubes 7} and

T,, coupled by a single link.

The magnetic helicity integral

for the two flux tubes reduces

to 2n®; ®,, where n = 1 is

the number of links

D,
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Fig. 6.2 Two untwisted

magnetic flux tubes 7} and

T,, coupled by two links. The

magnetic helicity integral for S
the two flux tubes reduces to GY !
2n®; ®,, where n = 2 is the

number of links

where n = 1 is the link number of the two curves C; and C,.

As a second example, consider two flux tubes T} and T, which have a link
number of n = 2 as illustrated in Fig. 6.2 (again the tubes are assumed not be
twisted). The helicity integral for flux tube 1 is:

I = (A-B)d3x=q>1§£ A-dx=®, | (VxA)-do
C S1

Vi

=, / B-do = & (flux &, at A + flux ®, at C) = 2P, P,. (6.33)
S1

Similarly, for flux tube 2, I, = 2®,®,. The total integral of A - B in this case is:
Io=5L+15L =499, =2nd; P, where n =2. (6.34)

In this case the link number n = 2.
More generally, the Gauss link number or Calugareanu invariant Lk(C,, C;) for
the two closed interlinked curves C; () and C,(¢) is given by the formula:

1 [x1 (1) — x2(t)] - dx1 (1) x dxa(t)
wener = $ ¢ T e 6

(Calugareanu 1959; Aldinger et al. 1995; Moffatt and Ricca 1992). In general the
link number of the two curves C;(¢) and C,(¢) can be split up into twist (Tw) and
writhe (Wr) components:

Lk(C1, Co) = Tw(Cy, Ca) + Wr(Cy), (6.36)

where the writhe is the self-linking number of the curve C; with itself, which is
given by the formula

1 [x1 (1) — x2(t)] - dx1 (1) x dxa(t)
Wi = 4n 5’% ?gc % (0) — 32 ’ (6:37)

(e.g. Aldinger et al. 1995). In the above formulation, the curves C; () and C;(f) can
be thought of as a ribbon, with edges C;(¢) and C,(¢), in which one of the curves
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C,(?) is conceived as winding about the axis curve C,(¢). The writhe Wr(C}) is the
out of the plane buckling that occurs in a tangled telephone cord due to the stresses
on the cord. Note that a single curve C;(f) can have a non-zero link number due to
its writhe. Note also that there is an interplay between the twist (7w) and the writhe
(Wr) in such a way that their sum is a constant (i.e. twist can be converted into
writhe and vice versa).

Self and Mutual Helicity of Two Flux Tubes

The total helicity of two flux tubes in a volume V consists in general of a contribution
from the helicities of the separate flux tubes, plus the mutual helicity of the two tubes
due to their winding around each other (e.g. Berger and Prior 2006; Campbell and
Berger 2014). Let T and T, be the self helicities of tubes 1 and 2, and let w;, be the
winding number of the two tubes about each other. The self helicity of tube 1 say, is
due to the twisting of the field lines inside the tube about its central axis, as well as
the writhe Wr; (out of plane buckling) of the axis itself, i.e.

Tl = Iyl + ers (638)

(Berger and Prior 2006; Campbell and Berger 2014). If the fluxes of the two tubes
are ©; and @, then the total helicity is given by:

H =T 0 + T, @} + 2w, &, Dy, (6.39)

(e.g. Berger 1986; Ruzmaikin and Akhmetiev 1994). This generalizes the previous
formula (6.29) where the self helicities of the two tubes were neglected, i.e. (6.29)
haswi, =nand Ty = T, = 0).

The formulas (6.29)-(6.37) are derived using formulas from differential geom-
etry, and have a wider significance in topological problems in physics and mathe-
matics (i.e. (6.29)—(6.37) also apply to the knotting and linking of DNA (Summners
1992)). The Hopf, fibration describes the stereographic map of the three sphere in
a 4-dimensional manifold onto the two sphere in 3D space. The map is used in
the construction of the MHD topological soliton (e.g. Kamchatnov 1982; Semenov
et al. 2002). Kamchatnov (1982) uses the work of Nicole (1978) to derive the MHD
topological soliton.

Proof (of (6.29)) Here we use the work of Moffatt and Ricca (1992) to derive
(6.29)—(6.35). Using Amperé law J = VxB/ o, using B = Vx A and the Coulomb
gauge V - A = 0 gives Poisson’s equation for A = A, as:

VA = —juod, (6.40)
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with solution:

¢ = . 6.41
4 | X —x| ( )

Expressing J = V x B/ in (6.41) integrating by parts, and using a generalized
version of Stokes’ theorem we obtain:

1 (x —x') x B(xX) P — / B(x') x n(x)
9

A.: —
¢ 4z Jy |x —x'|? v 4mx —X|

ds/, (6.42)

where n(x’) is the outward normal to the surface dV. Assuming the integral over the
boundary 0V vanishes (e.g. the boundary is at infinity or B is of compact support),
we obtain the Biot Savart form for A_:

1 (x —x) x B(xX)

— &x . 6.43
4z Jy |x —x/|? o ( )

A, =

Multiplying (6.43) by B(x) and integrating over the volume V gives the magnetic
helicity for the volume V as:

1 _— . B B/ /
Hy = / d*x / £y X 7X) B X B (6.44)
47 % % |X — X/|3
For the case of two linked flux tubes:
B(x1)d’x; = B(x1)dx, - dS| = ®dx,
B(x2)d’x; = B(x3)dxs - dS; = ®dx,, (6.45)

where x; = x(7) is the position vector on curve C; and x,(¢') is the position vector
on C; used in the integration (6.44). Using (6.45) in (6.44) gives:

+ (1< 2), (6.46)

CD1CI>2 (Xl — X2) . Xm X dXz
Hy = 3
4r Jei Je, X1 — Xa|

where 1 < 2 corresponds to replacing x; by X, and vice-versa. Equation (6.46)
gives the flux in tube 1, that links with the flux in tube 2 plus the flux in tube 2 that
links to the flux in tube 1. The net result from (6.46) is

Hy = 2n®; s, (6.47)

where n = Lk(C}, C5) is the link number of curves C; and C, given by (6.35). This
completes the proof. O
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6.4 Link Numbers and Signed Crossing Numbers

In general, the linkage of one or more curves in knot theory is not intrinsically
associated with magnetic fields or fluid vortices (e.g. DNA strands can be knotted
and linked). There is a vast literature on knot theory. The books by Kauffman (1987)
and Gilbert and Porter (1994) are sufficient for our purposes. As a simple example,
consider the linkage of two curves depicted in Fig. 6.3. The link number of the two
curves C; and G, in Fig. 6.3 is given by:

Lk(1,2) = ; (04 + 0p), (6.48)

where 04 and op are the signed crossing numbers of the two strands at A and B,
which is illustrated by the sub-diagrams b and c¢ in Fig. 6.3. The signed crossing
number of two strands in which the over-strand is right-hand related to the under-
strand has a crossing number 0 = 1. Similarly, if the overstrand is not right hand
related to the under-strand (i.e. it is left hand related), then 0 = —1. If the knot is
represented by a closed curve in the xy-plane, then the crossing number o = 1 if the
cross product of the overstrand with the understrand is directed along the positive z-
axis, and o = —1 if the above cross product is along the negative z-axis. In Fig. 6.3b
and ¢, o4 = op = 1 and the total link number using (6.48) is given by:

Lk(1,2) = ;(1 +1)=1. (6.49)

If the two curves are replaced by magnetic flux tubes, then the total helicity integral
is given by:

Ioo = 2LK(1,2)®, @, = 20, D, (6.50)

in this case.
Figure 6.4 shows a variant of the Whitehead link, involving two curves C; and
C; (e.g. Kauffman 1987, Ch. 2, p. 15). A calculation of the link number using the

%_.%

GA—l

(b) (@]

Fig. 6.3 (a) Two linked curves C; and C,, (b) the signed crossing number of the curves at B,
(c) the signed crossing number at A
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Fig. 6.4 A variant of the C
Whitehead link. By adding up

the signed crossing numbers F
of the two curves at A, B, C, E

D, E, F, the total link number

of the two curves turns out to

be zero, as there are as many D_JC
positive crossing numbers as
negative crossing numbers G
B
A

signed crossing numbers gives:

Lk(1,2) = _ (04 + 0 + 0c + 0p + 0 + 0OF)

1
2
1
=, (+1+1-1-1-1=0. 6.51)

Thus the link number n = 0. In general, knots can be linked, even when their link
number is zero.

6.4.1 Dehn Surgery and Reconnection

In Dehn surgery of flux tubes, one cuts and reconnects flux tubes without altering
the total helicity of the flux tube structure as a whole. At crossing points where the
knot or tube crosses itself, one can cut the knot with pairs of backward and forward
cuts in such a way that after reconnection, Hy, is conserved (e.g. Berger and Field
1984; Ruzmaikin and Akhmetiev 1994).

Consider a planar trefoil knot, that does not kink out of the plane (Fig. 6.5), with
crossing numbers 04 = op = o¢ = —1 at the cross-over points A, B and C of the
knot. The knot (flux tube) is a single tube and the helicity of the tube is

Hy = (04 + 05 + 0¢) &> = -39, (6.52)

Figure 6.6 shows the same trefoil knot as in Fig. 6.5 (left panel). At each cross-
over point, a backward and forward cut of the flux tube is made in the manner
illustrated in Fig. 6.6. The rules for insertion of the cuts and the re-connections are:
(a) the forward and backward cuts occur in pairs, so that no helicity is injected into
the knot by the cuts and the net helicity in the reconnected configuration (right panel)
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A
:X G=-1
B ¢ I
T— Gy=-1
_T+ c=-1
Fig. 6.5 Trefoil knot and signed crossing numbers 04 = 0 = 0¢ = —1

(J)—&

Fig. 6.6 Dehn surgery for the trefoil knot

is the same as the original trefoil knot; (b) the cuts and reconnections do not violate
the direction of the knot. The net result of the surgery is shown on the right. The
large outer circle comes from reconnecting the outer parts of the trefoil knot (left
panel). The inner small circle is a deformed version of the inner part of the knot
on the left. Similarly, the three figure eight knots on the right are equivalent to the
figure 8 structures created by cutting and reconnecting the field about the cross-over
points in the left figure. The net upshot results in no change in Hy, = —3®? after
the surgery.

If one twists a figure 8 curve to obtain a circle, then the twist of the resultant
circle must convert the twist into writhe (i.e. the circle is under torsional stress), so
that Link = Twist + Writhe is conserved.

In Dehn surgery, one can omit some of the backward and forward cuts (e.g.
one could omit the outermost cuts leading to the large circle in the right panel of
Fig. 6.6), but still obtain interesting knot configurations that have the same helicity
as the original trefoil knot of Fig. 6.5. This leads to the knot configuration in Fig. 6.7.

One can also presumably, eliminate the inner circle loop on the right of Fig. 6.7
by merging it with the outer loop. This process is analogous to island merging in
magnetic reconnection. In merging two magnetic islands, with the same sense of
rotation, reconnection occurs where the islands collide with each other, in such a
way that the total magnetic flux of the two separate islands equals the net magnetic
flux of the single magnetic island that results from the merging process.
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By —&

Fig. 6.7 Partial Dehn surgery for the trefoil knot

Not all of the possible knot configurations obtained by Dehn surgery are
necessarily stable, and correspond to a minimum magnetic field energy state (i.e
Dehn surgery may need to be supplemented by other energetic criteria to obtain an
acceptable configurations of the re-connected field).

The above excursion into knot theory is only the tip of the iceberg. For example,
the linkage and topological structure of more complicated knots can be described by
knot polynomials: (e.g. the Kauffman, Jones, Homfly and Alexander polynomials).
One can use Dehn surgery to calculate the linkage of knots. Knots can be defined
by using Seifert surfaces in which the knot is embedded.

6.4.2 Taylor’s Hypothesis and Magnetic Reconnection

Taylor’s relaxation hypothesis (Taylor 1974, 1986) is that in a high conductivity
plasma, the total magnetic helicity to lowest order is conserved during turbulent
magnetic reconnection. The helicity of individual flux tubes is not conserved.
Because of the high magnetic Reynolds number the plasma undergoes turbulent
reconnection. The application of Taylor’s hypothesis was initially developed to
describe the plasma evolution and relaxation in fusion devices, such as the tokamak
and the spheromak. Later work applied the same idea to astrophysical plasmas. In
most cases of interest, the magnetic energy is dissipated or converted into heat
energy (e.g. by possibly accelerating particles in the electric and magnetic fields)
and also into flow kinetic energy (e.g. as in a CME). Magnetic reconnection is
widely thought to be one of the basic physical processes at work in heating the solar
corona, and in driving the solar wind (e.g. Parker 1979, 1994; Low 2015). Dewar
et al. (2015, 2017) have developed the theory of Taylor relaxation for multi-region
relaxed MHD with application in fusion plasma devices.

Taylor (1974, 1986) argued that the action principle for the relaxed turbulent
magnetic reconnection state in low 8, high conductivity plasmas reduces to §. 4 = 0
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where the action A is given by:

BZ
A= /( —AA-B) d’x. (6.53)
v \ 210

The magnetic helicity for individual flux tubes is not conserved in the turbulent
relaxation of the plasma, but the magnetic helicity for the turbulent plasma region
V as a whole is conserved for a weakly dissipative plasma (magnetic Reynolds
number Ry, >> 1). In that case, the Lagrange multiplier A in (6.53) is taken to
be constant, which implies the total magnetic helicity is conserved at lowest order.
Using integration by parts, the variation of the action §.4 is given by:

SA = /8A (VXB—sz) (8AXB—A8AXA)d3x
Mo Mo

/8A ( —ZAB)+/ (8AXB—ASAXA)-ndS, (6.54)
)% Mo

where n is the outward normal to the boundary dV. Assuming that n x §A = 0 on
the boundary 0V, the stationary point conditions §.4/5§A = 0 imply:

VxB=AB where A =2Apu,. (6.55)

Thus, the required field is a constant A force-free magnetic field. The application of
the solutions of (6.55), in general requires a superposition of solutions with different
A in order to fit the boundary conditions (Taylor 1986).

Taylor (1986) shows that the magnetic helicity decays much slower than the
magnetic energy in a highly conducting plasma. The gist of his argument is given
below. Let

B2
wp = , hn=A-B. (6.56)
2110

If the plasma has conductivity o, then use of Ohm’s law in its simplest form: E =
—u x B 4+ J/o coupled with Maxwell’s equations gives Poynting’s theorem:

aWB+v.(EXB):J.E=J-(—uxB+J), 6.57)
ot o o

From (3.41), the magnetic helicity evolution equation for a dissipative plasma
obeying the above form of Ohm’s law, satisfies the evolution equation:

ohy,
ot

+V-(uhm+(¢5—u-A)B+JzA):—2JO'B. (6.58)
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Integrating (6.57) and (6.58) over the plasma volume V, and dropping surface terms,
gives the estimates:

dH, ‘B
M~—2/J d3x=—2u0n/J-Bd3x,
d[ o Vv

dw J?
B _ / &x = —pon / 2 dx. (6.59)
dt o Vv

where n = 1/(uo) is the plasma resistivity. Using the formulae:
HM:/hm dx= Hy=) kB,
[ hatv= Y B =Y
BZ
WB=/de3x=ZWk=ZMk, (6.60)
v

0

for the Fourier decomposition of Hy; and Wp we obtain the estimates:

dH}

dW,
~ —2nkB;, ~ —nk*B}/ 110, 6.61
d NKb dt nk”Bj/ o ( )
Ohmic dissipation with B; ~ expli(k - x — wt)] gives @ ~ nk>. Thus, £ = 1/k =
\/ n/w is the dissipation scale and k = 1/£ = \/a)/ n is the corresponding wave
number. From (6.61) we obtain the decay estimates:

. wB? . H
Wi~ — K H~=2noB, " ~2yn/o . (6.62)
Ho Wi

Thus, the helicity decay rate is ~ O(,/n) the magnetic energy decay rate, and
the decay rate for the magnetic helicity is much smaller than that of the magnetic
energy density in the high conductivity limit in which the plasma diffusivity n =
1/(noo) — 0 (cf. Taylor 1986).

6.5 The Godbillon Vey Invariant

Consider the Pfaffian differential form (1-form) (I)i = A - dx, for which d& /14 =
(V xA)-dS and

@i Addl =A-dx A (VxA)-dS=(A-VxA)dx (6.63)
The Pfaffian differential equation:

®y=A-dx=0, (6.64)
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determines planes perpendicular to the vector field A ateach point. For these planes
to exist, i.e. for the Pfaffian equation (6.64) to have a solution requires that the
integrability conditions

®yANddL = (A-V xA)dx=0. (6.65)
are satisfied. If
A-VxA=0, (6.66)

the Pfaffian equation (6.64) is integrable (e.g. Sneddon 1957).

Tur and Yanovsky (1993) discuss the geometric obstruction to integrability when
A-VxA # 0 in terms of non-closure of the integral paths. Note that the helicity or
Hopf invariant

= / A -V x Adx, (6.67)
\%4

is non-zero only if A- V x A # 0 in some region in the volume V (i.e. A-V x A = 0
throughout the whole of V is not possible). Thus I* # 0 implies ¢ = A - dxis
non-integrable in sub-regions of V where o does not change sign.

A natural | question (e.g. Tur and Yanovsky 1993), is: given that the differential
fom@' = A-dx = 0is integrable, and satisfies the integrability condition (6.65),
are there then higher order topological invariants that have non-zero topological
charge? The answer to this question is yes, there is a higher order topological
quantity that can be non-zero in this case called the Godbillon Vey invariant. It
is defined by the equation:

3 AxB
Ig:/ n-Vxndx where = . . (6.68)
D3 (1) |A|2

where B = V x A, and B-n = 0 on the boundary dD?(#) of the region D3(¢) with
outward normal n. /8 is a topological invariant that is advected with the flow, i.e.,

dre
=0 (6.69)

where d/dt = 0/0t + u - V is the Lagrangian time derivative moving with the flow.
It is important to note that the Godbillon Vey invariant (6.68) only applies to zero
helicity flows for which A-VxA=0.

In (6.68) n is defined by the integrability equation:

ddy = @) A@y, (6.70)
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where

@y =A-dx, and o, =7n-dx (6.71)

are 1-forms. Taking the exterior derivative of cb}‘ and using it in (6.70) we obtain the
equivalent flux equation:

(VxA)-dS=(mxA)-dx or VxA=pygxA. (6.72)
From (6.72) we obtain:
Ax(VxA) =Ax(xA)=(A-A)y—(A-pA. (6.73)

The general solution of (6.73) for p is:

1 ~ -~
1= i (AxB+ n-AA) (6.74)

By dropping the arbitrary component of 5 parallel to A we obtain the solution (6.68)
for n.

A derivation of the Godbillon Vey invariant (6.68) and and the invariance
equation (6.69) for I (see also Tur and Yanovsky 1993) is outlined below.

Proof (of Godbillon Vey Formula (6.69)) The Frobenius integrability condition
(6.65) is satisfied if there exists a 1-form w}] such that

ol = 0! Ao, (6.75)
Note that
OYANdOL =0l A (@ AB)) =—dAd) Al =0, (6.76)

where we used the associative and anti-symmetry properties of the A operation.
Equation (6.75) ensures d@} = 0 whenever &} = 0. The condition d@} = 0
implies by the Poincaré Lemma that there exist a O-form ® such that 6)}\ = do.
The Pfaffian equation 6)}\ = A -dx = 0 is then satisfied by ®(x,y,z) = const.
Equation (6.75) implies that the set of forms {®@},d@}} is a closed ideal of
differential forms which are in involution according to Cartan’s theory of differential
equations (e.g. Harrison and Estabrook 1971), i.e. the equations (I)/l4 = 0 are
integrable and satisfy the integrability conditions (6.65)). Equations (6.75) are
similar to the Maurer Cartan equations, which are differentiability conditions in

differential geometry.
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We require that dcbi is advected with the flow, i.e.

ad - d ~
(31‘ + Lu) ! = (3t + Lu) (w:] A w},) =0. 6.77)
Expanding (6.77) using the properties of the Lie derivative £, gives:
R Y DTSR D N (I YN (6.78)
o u| @, | Aoyt o, o w|®, | =0. .
Using (6.78) and the condition that @ /14 is Lie dragged with the flow (6.78) simplifies
to:
I RN S (6.79)
a ) AT '

Equation (6.79) is satisfied if
9 1 ~1
9 +Luy)w, =0d,, (6.80)

Equation (6.80) can also be written in the form:

on

5 —ux (Vxny)+Vu-g) =cA. (6.81)

Taking the scalar product of (6.81) with A gives:

an

“"&F:A'[at

—ux(Vxn) +V(u- 1})1| . (6.82)

An alternative expression for o can be obtained by noting that A -dxis Lie dragged
with the flow. Thus, A satisfies (3.50), and hence:

():;7.|:aa?—ux(VxA)+V(u-A):|. (6.83)

Noting that A - = A - (A x B/|A|?) = 0 and adding (6.82) and (6.83) we obtain:

- |A1|2 {A- [u-Vo+ (Vu) gl +n-[u- VA + (Vu)T-A]} . (6.84)
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Next we investigate if the 3-form:

®, = o, Ado,, (6.85)

is an advected (Lie dragged) 3-form. We find:
9 3 ~1
o + Lo ) 0, = —d (ad@}) . (6.86)

In the derivation of (6.86) we use the fact that da),l7 A 6)114 = 0 which follows by
noting

ddél) =0= d(w}7 A@;) — do} A&} — o) Ada), (6.87)

and that ®) A d@, = 0 by (6.75).
Next consider the integral

Ig:/wf]:/w;Adw:]E/ n-Vxydx (6.88)
D3 (1)
Using (6.86) gives:

oI 0w} 3 ~1

0 = | o= / [—£u (@3) — d (@da)) . (6.89)

However, using Cartan’s magic formula gives

Lu(0}) =d(ws0}) +uode} =d(use)), (6.90)
(note @ is a 3-form and hence dw; = 0). From (6.90) and (6.89) we obtain:

oI8
= —d 3 4 adol) = _/ Stadal), 6.91
o /D3(t) (“J“’n +a wA) - (“J“’n + o wA) (6.91)

Writing

v =n-Vxy, (6.92)
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(6.91) can be written in the form:

o == [ s (o) )
_ _/{uJ [(n-dx) A (V x 1) - dS] + a(V xA)-ds}
_ _/[uJ(y,-vX dx + oB - dS]
_ _/ [Yu-dS + B - dS]
D3 (1)
= —/ V- (uy + aB) d’x. (6.93)
D3()

Equation (6.93) implies the conservation law:

oY

T V. (uy +aB) =0. (6.94)

where « is given in (6.84).
Integrating the continuity equation (6.94) for ¥ over the volume D3(¢), and using
the results

dlnJ
Udx = U(x0)dxo, dx = Idxo, W = Wolxo), dr; —V.u, (695
from Lagrangian fluid mechanics where J = det(x;) is the Jacobian determinant of

x;j = 0x'/ 8x{) of the Lagrangian map relating the Eulerian position coordinate x and
the Lagrangian label xy where x = X at t = 0, we obtain:

o:/ [al/f +v.(uw+aB)} d*x
D3(I‘) 3[

_ oy dinJ . 5
“hoLa e (5w

dy — dI
= J d
/D3(t) |: d[ + I// d[} xO

_ ay d s
= /D}(r) [ RN x):|. (6.96)

In the second line in (6.96) there is no contribution from the «B term, because if we
apply Gauss’s theorem V - (@B)d3x — aB - dS = aB - AdS/|A| = 0 and because
B-A = 0is the integrability condition for A-dx = 0. The last integral in (6.96) can
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be recognized as dI¢/dt. Thus, (6.96) implies the Lagrangian conservation law:

dIé
0= 0. (6.97)

Thus /¢ is a constant moving with the flow. This completes the proof of (6.69). O

6.6 Magnetic Helicity Examples

In this section provide examples of the application of magnetic helicity (3.21) and
the relative helicity (3.22). In particular we study the magnetic helicity of the Parker,
Archimedean spiral magnetic field derived by Parker (1958, 1963). The relative
magnetic helicity of the Parker field was derived by Bieber et al. (1987) and later
by Webb et al. (2010a). The approach to the magnetic helicity of the Parker field
of Webb et al. (2010a) is described below. Berger and Ruzmaikin (2000) study
the related issue of the injection of magnetic helicity into the solar wind, based
in part on observations of the Sun’s photospheric magnetic field. After describing
the relative helicity of the Parker field, We then discuss the helicity (relative helicity)
of fully nonlinear shear and toroidal Alfven waves which is of interest in solar and
heliospheric physics (e.g. Alfvén waves in the solar wind), based on the work of
Webb et al. (2010b, 2011).

6.6.1 The Parker Archimedean Spiral Field

The Parker Archimedean spiral interplanetary magnetic field field beyond a few
solar radii, with a flat current sheet in the helio-equatorial plane has the form:

B af(zé’) [er B Qr sin@ed)} ’ 6.98)
I u
where
a=0Bor, f(0)=1-2H(O—m/2) = sgn(cosh). (6.99)

Here H(0) is the Heaviside step function, €2 is the angular speed of rotation of the
Sun, u is the radial solar wind speed (both 2 and u are assumed to be constant) and
0 is the helio-colatitude. Parameter ¢ = 1 if the field is radially outward above the
current sheet, and 0 = —1 corresponds to the opposite polarity case where the field
is inward above the current sheet.

The Parker magnetic field is sometimes referred to as the garden hose spiral
because the pattern produced by a rotating sprinkler, consists of radially moving
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water droplets, which form an Archimedean spiral pattern due to the rotation of the
sprinkler at the center of the pattern. Similarly, the frozen in magnetic field blobs
(elements) released from the rotating Sun move radially outward with the plasma.
However as the blobs are emitted from the rotating solar source surface the net
pattern of the frozen in field elements forms the Archimedean spiral. It is implicitly
assumed that the magnetic field is sufficiently weak, that it does not modify the
background flow (this assumption is questionable near to the solar surface where the
plasma g is small). Gleeson and Webb (1980) provides a derivation of the Parker
Archimedean spiral field, by directly solving Faraday’s equation which implies the
magnetic flux is frozen in to the flow, subject to the constraint V - B = 0. The solar
wind velocity is assumed to be a constant radial outflow from the Sun (this latter
condition that u is constant is not necessary), in which the field does not modify the
background flow.

An illustration of the Parker spiral magnetic field in the heliosphere is shown
schematically in Fig. 6.8 (from Balogh et al. 2008). The field lines for the Parker
spiral are obtained by integrating the field line equations:

dr _ rd6 _ rsinG, (6.100)
B, By By

Streamlines

Magnetic Field Lines

S.T. Suess
Rev1,18Mar'99

Fig. 6.8 Parker spiral field in the heliosphere, including the Sun, the heliospheric termination
shock, the heliopause and the heliotail (Balogh et al. 2008)
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with integrals:

0 = ¢ = const., ¢+ Sir = 0, (6.101)
where ¢; and ¢, are integration constants. The field lines (6.101) consist of
Archimedean spirals r = —(u/2)(¢ — ¢o) + ro that lie on the surface of a cone
6 = c). The Parker field for the case of a flat current sheet in the helio-equatorial
plane is illustrated in Fig. 6.8 (Balogh et al. 2008: figure made by Steve Suess,
MSEFC, in March 1999 (private communication)). It shows the Parker magnetic field
north of the flat current sheet located in the helio-equatorial plane. Also shown
is the (assumed) spherical termination shock, where the solar wind undergoes a
supersonic-subsonic transition at the spherical termination shock. The helio-pause
is the contact surface beyond the termination shock, where the gas of solar origin
meets the interstellar gas. The heliotail streamlines of the flow inside the helio-pause
are illustrated on the top right-handside of the figure. A more realistic form of the
magnetic field, involves a warped current sheet in the vicinity of the helio-equator
is illustrated in Fig. 6.9 (e.g. Jokipii and Thomas 1981). The magnetic field south
of the current sheet (not shown) is also an Archimedean spiral, but the field has
opposite polarity to the field north of the current sheet.

In many applications, it is necessary to define a gauge invariant form of the
magnetic helicity (3.21), for cases, where B - n # 0 on the boundary dV of the
volume V bounding the plasma by using the relative helicity (3.22), i.e.

H, = / &x (A1 + Ay) - (B; —By), (6.102)
\4

where By = V x A is the magnetic field of interest, and B, = V x A, is a
reference magnetic field, with the same normal flux as B; (B, is sometimes taken as
a potential magnetic field where B, -n = B -n on dV). The relative helicity (6.102)

Fig. 6.9 Parker spiral field
and heliospheric current sheet
(Jokipii and Thomas 1981;
Wikipedia)
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is independent of the gauges chosen for the magnetic vector potentials A| and A,.
The usual magnetic helicity integral is recovered if B, = A, = 0.

Two methods to determine the magnetic vector potential A for a given B-field,
is to either use the Biot Savart formula or Coulomb gauge form for A, or to use the
homotopy formula (Webb et al. 2010a). The Biot-Savart formula:

1 — %) x B(x
A, =— /d3x’(x X) x B(x) (6.103)
4z Jy |x — x|

gives the vector potential for the Coulomb gauge. For magnetic fields that are well
behaved near r = 0 (i.e. B ~ Cr® with s > —2) the homotopy formula for A is

1
A, =/ B(Ar) x ArdA, (6.104)
0

(an alternative homotopy formula for A, applies if s < —2: Webb et al. 2010a).
Formula (6.104) was used by Webb et al. (2010a) to determine the relative helicity
of magnetic flux ropes observed by the wind spacecraft. In general, A, = A, +V®,,
where &, is a gauge potential.

6.6.2 Magnetic Field Representations

The magnetic helicity of the Parker field (6.98) was studied by Bieber et al. (1987).
The related problem of magnetic helicity injection into the solar wind was also
investigated by Berger and Ruzmaikin (2000) (see also Webb et al. 2010a). An
overview of helicity injection into the solar wind is given by Berger (1999b). The
role of helicity injection in coronal mass ejections was studied by Low (1994) and
Rust (1994).

Bieber et al. (1987) showed that the magnetic vector potential A, for the Parker
spiral magnetic field (6.98)—(6.99) using the Coulomb gauge (V-A. = 0) is given by

ar =29 (1 _ 3 xma +x)) ,
3u 2
2a2 X
0 _ .
Al = 3 sin 0 (0) (1 . + In(1 +x)) ,
(1-x), x=cosb]|, (6.105)

The magnetic vector potential for the split monopole magnetic field for 2 = 0 is
obtained if A = A%e,.
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Webb et al. (2010a) used the homotopy formula for A to obtain the magnetic
vector potential A = Ay, of the form:

1 —|cosd 6)Q sin
Ah:a( |cosf], _ f(O)Szsin eg), (6.106)
rsin 6

which gives the Parker field (6.98) (i.e. B =V x Ay).
By using the holonomic base vectors Vr, VO, V¢, and using B = V x A, we
obtain:

B=VaxVB=VxA,,

r

Q
A, =aVP, o =—alcosh|, B=¢+ — Q1 (6.107)
u

as another representation of the Parker magnetic field in terms of the Euler potentials
« and B, which are Lagrangian variables which are advected with the flow. In this
representation the field lines are given by the intersection of the surfaces @ = const.
and B = const. The Euler potential representation for magnetic fields are discussed
by Parker (1979, Ch. 4), and by Low (2006).

The Parker magnetic field B can also be decomposed as B = Bp + By where
Bp and By are the toroidal and poloidal components of B, where Bp is the split
monopole field, and the toroidal field is the azimuthal component of the field. We
obtain:

1- 6
BP = azf(e)er =V x AP’ AP =V x (I‘P) — Cl( |.COS |)e¢’
’ rsin 6
a Qrsin 0 a2|cos 0|
BT = — zf(e) ey = V x AT, AT =r7 = — e, (6108)
r N 3

where explicit formulae for P and T are given in Webb et al. (2010a). The magnetic
vector potentials Ap and Ay can be expressed in the Euler potential forms:

Ap =a(l —|cos8|)V¢ = ;1 VP,

Ay = af2| cos 0|
u

V(r—ut) = ayVBs, (6.109)
where the o; and §; surfaces enclose elemental volumes in spherical polar coordi-
nates. Thus, the magnetic helicity analysis of Low (2006) in which B is split up into
a poloidal and a toroidal field applies in this case (see also Kruskal and Kulsrud
1958).

The poloidal and toroidal decomposition (6.108) can be used to describe the
helicity in terms of the linkage of the poloidal and toroidal flux (e.g. Kruskal and
Kulsrud 1958; Berger and Field 1984; Finn and Antonsen 1985, 1988; Low 2006).
The poloidal flux of the split monopole field passes through the closed loops of
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the toroidal field. One can visualise in a more general model, the poloidal flux as
consisting of closed field loops that return at large distances from the Sun at the
symmetric point south of the current sheet at 6 = 7w — 6; where 60, corresponds to
the outward poloidal field, with toroidal field loops of the opposite polarity south of
the current sheet.

6.6.3 Magnetic Helicity of the Parker Field

The gauge independent relative helicity density in the spherical shell R; < r < R,
(see (6.102)) is:

24%f(0) Q(1 —|cosb|)

=A1+A) B -B)=—"",
r u

(6.110)
where A, and B, are the split monopole contributions to the Parker spiral field, and
B; and A are the total fields associated with the Parker spiral field (i.e. A} and B,
are given by (6.106) and (6.98) and B, is the radial component of B; and A is the
azimuthal component of Ay, in (6.106)).

Integrating 4, over the northern hemispherical shell with R; < r < Ry:

ko o _27a’Q(Ry — R
/ dr/ d@/ dprisinf h, = — ¢ ( 2R 6.111)
R

we obtain the net relative helicity above the current sheet, in the region R} < r < R».
The total relative helicity over the shell Ry < r < Ry is H, = HY + H> = 0 where
HS is the total relative helicity below the current sheet. Note that HY < 0 above the
current sheet, and Hf > (0 below the current sheet.

The formula (6.110) can be written in the form:

Q(R> —Ry) ©3,

HY = — , (6.112)
u 27
where
by = 27112B, = 27lal, (6.113)

is the magnetic flux in the northern hemisphere above the current sheet.

Below, we calculate the magnetic helicity for the region R; < r < R; using
the poloidal-toroidal decomposition of the field. The net result is the same as the
result (6.112). Using the toroidal and poloidal decomposition (6.108), we obtain the
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helicity density

a2Q

N _ _
hPT_(A.D"'AT)'B__rZM’

(6.114)

Note that ipr = Ap-B7r + A7 - Bp and that the helicity Hf.YT obtained by integrating
hlf\,’T over a spherical shell north of the current sheet is given by H in (6.111). This
example illustrates the theory of Low (2006) in which it is not necessary to worry
about the gauge of A in order to calculate a gauge free magnetic helicity if the field
admits a poloidal-toroidal decomposition.

The helicity integral Hf.YT can also be written in the form (Webb et al. 2010a,
Appendix E):

/2 dFy dFy
HY. =/ hpTd3x=/ de (FN e 3 T), (6.115)
PT Va 0 T d@ P d@

where Vy is the volume north of the current sheet and

LIQ(RZ — Rl)
C

u

Fj = /BTdST =— os, Fy = /Bp dSp = 2ma(l — cos9),
(6.116)

are the flux integrals of the toroidal and poloidal magnetic field components for the
Parker spiral magnetic field. We find HgT = HY where HY is given by (6.112)-
(6.113).1In (6.116) dSt = rdr A df and dSp = r*sin 6 dO A d¢ are the toroidal and
poloidal surface elements. In this formulation, the 8 = const. surfaces are magnetic
flux surfaces (i.e. B- VO = 0 and B has no component normal to the surface,
i.e., By = 0). The toroidal flux is located in the helio-equatorial band 6 < 6’ <
/2, Ry < r < Ryand 0 < ¢’ < 27 where 0’ and ¢’ are integration variables
corresponding to 6 and ¢. The poloidal (i.e. radial) flux is in the polar heliolatitude
band 0 < 0’ < 6,0 < ¢’ < 27 and R| < r < R;. Thus, the helicity integral Hf.YT
represents the linkage of the poloidal and toroidal fluxes (e.g. Kruskal and Kulsrud
1958; Low 2006). Note that HgT in (6.115) depends only on the poloidal and toroidal
flux integrals, which are gauge independent.

The result (6.112) for the helicity HY north of the current sheet also applies for
a model Parker field, with a warped current sheet as in Fig. 6.9 (Webb et al. 2010a).
This is expected as HY describes a topological invariant, which does not depend on
the detailed geometry of the current sheet.

Using the magnetic helicity transport equation (Webb et al. 2010a; Berger and
Field 1984; Berger and Ruzmaikin 2000; Finn and Antonsen 1985) results in the
helicity injection rate north of the current sheet as:

oHN P2 27
"= 200, xE)) - ndS=— ", 1T="", 6.117
9 /rle (A2 xE;)-n T Q ( )
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where E; = —u X Bj is the motional electric field and T = 27/ is the
solar rotation period (see e.g. Berger and Ruzmaikin 2000; Webb et al. 2010a) for
estimates of the helicity injection rate.

6.6.4 Alfvén Simple Waves

Consider the relative helicity of multi-dimensional Alfvén simple waves. Webb et al.
(2010Db) identified two basic Alfvén modes: (a) the planar 1D simple Alfvén wave
(the shear mode), in which the wave propagates along the z-axis, with wave normal
n = (0,0,1) and phase ¢ = ko(z — At), where k¢ is the wave number and Ae,
is the group velocity of the wave, and (b) the generalized Barnes (1976) simple
wave with wave normal n = (cos @, sing, 0) in the xy-plane, and the mean field
B, = const. (possibly B, = 0). More complex Alfvén simple waves are given
by Webb et al. (2010b, 2011), in which all physical variables depend on a single
wave phase ¢(x,y, z, ), where ¢ satisfies an implicit equation of the form: f(¢) =
x-n— A(p)t. K = Vg and @ = —¢;, are the local wavenumber and frequency of
the wave. n(¢) = k/k is the wave normal and w/k is an eigenvalue of the MHD
equations (A(¢) is the normal speed of the wave front). Simple Alfvén waves admit
the six integrals:

B
u+ =uxV,=(V,V,,V3) =V = const.,
np

p=c4, p=cs, B? = c. (6.118)

where the {V; : 1 < i < 3} and the {¢; : 4 < i < 6} are integration constants.
Here (p, u, B, p) are the gas density, fluid velocity, magnetic field induction, and gas
pressure and V4 = B/, /up is the Alfvén velocity. We consider only the forward
wave for whichu + V4 =V = const.

The Shear Mode

For the shear Alfvén wave

B = B, (cos¢,singp,0) + B(0,0, 1),
o =ko(z— A1), A=u,+ Vs, n=(0,0,1). (6.119)

where B| = By cosag and B; = By sin ag. The magnetic field lines for the wave are
described by the helix ¥ = (tan & sin ¢, — tan oy cos @, @) / ko in the traveling wave
frame (r = r — Are;). An illustration of a magnetic field line for the shear Alfvén
wave (6.119) is shown in Fig. 6.10. The hodograph of B(¢) = (B,, By, B;) is a circle
at the co-latitude & = g of radius B} = By sing and center (0, 0, By cos ) on
the sphere |B| = By = const.
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Fig. 6.10 Magnetic field line for the 1D, shear Alfvén wave (6.119), with ag = 7/4, kg = 1.

The wave is a traveling, non-centered simple wave, propagating along the z-axis. The wave normal
n = (0,0, 1)”. The current is finite and azimuthal about the z-axis

The relative helicity H, of the shear Alfvén wave for a volume V = {(x,y,2) :
0<x<a0<y<b0<z<c}wherec = 2mm/ky is an integral number of
wave lengths may be written in the form:

BZ
H, = abc(h,), (h)=—0 |ki| 1-6), o==I,
0
_32¢% cosh(koa) — 1 o~ mi[1 — (=1)"] cosh(nrb/c) — 1 (6.120)
miab sinh(lkola) = (n> - n?)2n  sinh(nwb/c) '
where n; = 2m. Effectively, the sum (6.120) is over odd values of n. Note that

n; = 2m is an even integer, so the sum in (6.120) is well defined. The result (6.120)

applies for a fixed volume V in the traveling wave frame. For c/a << 1 and ¢/b <<
1 the relative helicity density (k,) simplifies to:

B2
(hy) ~ —0 kl, (6.121)
0
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which is the helicity density for a shear Alfvén wave packet with wavelength much
less than its transverse dimensions given by Berger and Field (1984).

Torsional 2D Mode Solutions

A relatively simple 2D mode or generalized (Barnes 1976) solution, has magnetic
field B and wave normal n given by Webb et al. (2010b):

B = B (cosg,sing,0) + B(0,0,1), n = (cose,sing,0), (6.122)

where the wave phase satisfies a wavefront equation of the form f(¢) = r - n, and
r = r— Vt is the position in the traveling wave frame. Choosing f(¢) = 0 (centered
simple wave case), the wavefront equation reduces to r.n = Xcos ¢ + ysing = 0,
which may be written as:

p=0+o0n/2, o==l, (6.123)

where (@, 0,7) are cylindrical coordinates (0 is the azimuthal angle and @ is
cylindrical radius). Thus, the magnetic field in the wave is B = oB1ey + Bje;
and o determines the sense of rotation of the transverse field about the z axis. A
schematic of the solution (6.122) for B and wave normal n, for the case By = 0
is shown in Fig.6.11. and the wave normal n for the case By = 0 is given
in figure. The relative helicity of the wave can be determined either from the
relative helicity formula (6.102) using B = Bje; for the comparison magnetic
field, or by expressing the helicity integral in terms of toroidal and poloidal fluxes.
Note that the cylindrical surface @ = const. are flux surfaces for the field. The
poloidal-toroidal decomposition of the field, and the fluxes for a cylindrical volume
V={w,0,7): 0<w <R, 0<0 <2m, 0<z<L}are:

B=Br+Br, Bp=2Bje;, Br=o0Biey,
_ Fp(w) _ Fr(w)

A Vo, A Vz,
P . T L z
Fp=nBjw?, Fr=LR-w)oB,. (6.124)
Using these results we obtain:
27t()'BJ_B||LR3
Ppr = 3 , (6.125)

for the relative helicity H, = Hpr. This corresponds to a mean relative helicity
density of

Hpr _ 4 B1B

2
, h ki)= _. 6.126
v =30 e Gah=gp (6.126)

(hy) = (hpr) =
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Fig. 6.11 The magnetic field lines and wave normal for the Barnes (1976) simple Alfvén wave
solution (6.122) with B, = 0. The wave normal n and magnetic induction B are parallel and are
directed in the azimuthal direction (n = (cos ¢, sin, 0)” where ¢ is the wave phase). The wave
phase fronts are planes ¢ = const. perpendicular to B, passing through the origin of the xy-plane

Here (k1) = fV(l /w)d’x/V is the mean wave number of the wave in the volume
V.

The torsional simple Alfvén wave (6.122) has current density J = B /(tow)e,
directed along the z-axis. For the shear wave (6.119) J = —koB_ (cos ¢, sin ¢, 0)/ 1o
is non-singular and has no z component and ¢ = ko(z — Az). Both waves have the
same field lines (i.e. a helix about the z-axis). The helicity of the shear mode in
(6.120) and (6.121) depends on Bﬁ_ whereas the 2D mode helicity in (6.126) depends
on B1 B).

Wave Breaking for Alfvén Simple Waves

For simple waves, the wave normal n(¢) and wave speed A(¢) satisfy the equations:

Vo
Vol

AMg)=="=-7 6.127)

nw) = £ Vel

Thus, ¢ must satisfy the first order partial differential equations:

Vo —n(p)|Ve| =0, ¢+ A(¢)|Ve| =0, (6.128)
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where n(¢) and A(¢) are given functions of ¢. Boillat (1970) showed that the partial
differential equations (6.128) have general, implicit solutions for ¢(x, y, z, f) of the
form:

flp) =r-n(p) — Ap)t, (6.129)

where r = (x,y,2), and f(¢) is an arbitrary differentiable function of ¢. One can
verify the implicit solution (6.129) by implicit differentiation of (6.129) to obtain
the equations:

A n(p)
=-", Vg= , 6.130
@ F 9] F ( )
where
dA dn 1
F=f(p)+ t—r- = ) (6.131)
do dp  |Vol

For a consistent solution F must be positive. At points where F — 0, k = |V¢| —
oo and wave breaking occurs.

Equation (6.129), for a fixed parameter ¢, consists of a family of planes in
(t,x,y,z) space, i.e.

G = f(p) + Ap)t —xn*(¢) — yn’(¢) — zn*(¢) = 0. (6.132)

A characteristic curve of the family of planes (6.132) is obtained by solving the
equations:

G(x,y,2,t,9) =0 and Gy(x,y,2,t,9) =0, (6.133)

simultaneously for a fixed ¢ (e.g. Sneddon 1957, Appendix). Calculating G, in
(6.132) we obtain:

dn 1

r- = ) (6.134)
dp |Vl

di
G,=F={f t—
¢ f((/))+d(p

The simultaneous solution of (6.133) defines the envelope of the family of planes
(6.132). From (6.133)—(6.134) we note that the wave breaks on the envelope of the
family of planes (6.132) (see also Appendix of Sneddon 1957). Note that current:

1 v dB
J= toxB= V0 ® L o & Foo (6.135)
Mo Mo de

on the wave envelope.
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As an example of wave breaking for Alfvén simple waves, consider the Alfvén
wave family with:
n = (sin ® cos ¢, sin H; sin @, cos B) ,
f(p) =sin by (xcos @ + ysing) + zcos O¢ — Af,
B = (sin oy cos @, sin ag sin ¢, cos o) ,
A=+ V4)-n, (6.136)
and the wave possesses the six integrals (6.118)
Figure 6.12 shows two examples of Alfvén simple waves in which there is a
current sheet singularity in the wave as |V¢| — oo and F — 0. The left panel of

Fig.6.12 corresponds to a centered simple wave in which f(¢) = 0. In this case
(6.132) reduces to the equation:

X-n(p) = Xcose + ysing +zcot®y = 0, (6.137)

where

X =x— (u+ Va)t, (6.138)

Fig. 6.12 Left panel: Magnetic field line for centered simple Alfvén wave, (6.136) which
generalizes the (Barnes 1976) simple wave. The current is singular on the cone 7 = rtan ®,
where 7 = (¥ + y?)"/? is radial distance from the Z-axes. ®; = 45° and oy = 85°. ¢ = 0 at the
top of the figure, and ¢ = 7/cy at the bottom, where the field line intersects the cone. Right panel:
Field line and current sheet for the non-centered simple Alfvén wave (6.136), for kg = 10, rp = 1
and 0 < ¢ < 37 /co. The field line in this case does not hit the singular current surface
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is position in the wave frame. In this example F reduces to:

F = sin® (P — Ztan’ ©) "/, (6.139)

where 7 = ¥*> + 2. Thus, F — 0 and |V¢| — oo on the conical surface 7 =
+7tan ®¢ and |J| — oo. The example in the right hand panel of Fig.6.12 is for a
non-centered simple Alfvén wave in which f(¢) = ¢/ko and hence

G= ;{0 —sin O (Xcos ¢ + ysin @) — cos 6z = 0, (6.140)
0

which implicitly defines ¢(x, ). The figure shows a very complicated current sheet
structure, and a typical example of a field line that does not intersect the current
sheet. In the limit as ®y — 0 the left panel solution approaches a modified form of
the (Barnes 1976) solution, in which there is a current singularity on the 7z axis as
r— 0.

Observations and Alfvén Wave Examples

There are other more complex 2D simple Alfvén waves discussed in Webb et al.
(2010b), which show a complicated hodograph of B in which |B| = const. similar
to the hodographs of B given in spacecraft data (e.g. Bruno et al. 2001; Roberts and
Goldstein 2006).

Bruno et al. (2001, 2005) observed Alfvénic structures in the solar wind shown
in the left panel of Fig.6.13. The tip of the B vector moves over the sphere

(@

—
o

N
s)

(km/

800
pYa T T 20

700 IWW =
Non intermittent sample d.‘.}b{:'hu 1075
g SO0 EN TV o

(Lu

pr

> 500 Eeu . s
- P T 16
2 Oti\*ﬂ'fWﬂWMB @
£ -100 : .
< y "
: s-2ml i T o, 2
S = ST 20
m € 0 10 =%
E _ J 10 5
& 7100 P NN b W ket 0 3
Z 7200 bttty e bl 12
.| &
§0 € 2@““( W H"‘""'"“~ rs =
@& oa ! e SOV T
B 10 ~1.0 £ 27 hevscecaasosa 4
x 04:00  08:00 12:00 16:00

UT 12 May 2003

Fig. 6.13 Evidence for Alfvén waves in the solar wind: (a) left panel shows the tip of the magnetic
field vector in minimum variance reference system in a time period without intermittency (from
Bruno et al. 2001), and (b) right panel shows ACE data for the fluid velocity, V, magnetic field B
and density N on May 12, 2003 (from Gosling et al. 2009)
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|B| = const. as expected for fully nonlinear Alfvén waves. During Alfvénic periods,
the minimum variance direction tends to align with the mean magnetic field (see
Barnes 1981 for a statistical model). This alignment is not expected from turbulence
which decreases the alignment. The Alfvénicity of the fluctuations decreases with
increasing distance from the Sun, due to wave mixing. The right panel of Fig. 6.13
shows data from Gosling et al. (2009) of nonlinear Alfvénic structures in the solar
wind on May 12, 2003.

Matteini et al. (2015) (Fig. 6.14) provide evidence of large amplitude Alfvénic
fluctuations in the solar wind obtained from an analysis of the Helios data of protons
and alpha particles and magnetic field fluctuations. They show that the protons
velocity distribution in the wave frame is roughly spherical implying kinetic energy
of the protons is conserved in the wave frame. The wave frame is identified as the
mean frame of the alpha particles, which move approximately with the velocity
u + V4, where u is the mean fluid velocity and Vg4 B/ /up is the Alfvén
velocity. This observation is consistent to a first approximation, with fully nonlinear
outward propagating, Alfvén waves in which u + V4 = V is constant for which
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Fig. 6.14 Top: Scatterplot of normal and radial magnetic field (left) and proton velocity (right) red
points: from earlier low speed solar wind; Bottom: (left) scatterplot of normal Alfvénic components
for protons and alphas (blue); red dashed straight line corresponds to Alfvén speed; (right) protons
and alphas (blue) in the (Vy, V) plane for same time as left panel (from Matteini et al. 2015)
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du = —8V, (the relative alpha-proton velocity Vo, = (Vo — V) &~ 0.85V, is
always approximately aligned with the magnetic field (Marsch 1982)).

Figure 6.15 shows the magnetic field lines for an Alfvén simple wave that has
both a fast evolution of the wave phase ¢ superimposed on a longer scale periodic
evolution of the phase (the fast evolution is due to the change in the wave normal
n(p) and the longer scale evolution comes from the evolution of the components of
B in the moving trihedron frame in which n(¢) is the tangent vector to some curve
X(¢) (Webb et al. 2010b, 2011). The main point is that the hodograph of B in the
(Bx, By, B;) coordinates moves on the B = const. sphere, which is similar, at lowest
order to the spacecraft observations of B depicted in Figs. 6.13 and 6.14. Figure 6.16
shows a similar nonlinear simple Alfvén wave with n = n(¢). The left panel shows
the field line and the right panel shows the hodograph of B, which traces out a path
on the B = const. sphere. The hodograph of B is a re-scaled version by a factor of
B = const. of the tangent indicatrix (tantrix) of the field line.

Webb et al. (2010b) determine the relative helicity of simple Alfvén waves
similar to the examples in Figs. 6.15 and 6.16. It was found that magnetic helicity
decreases monotonically as n = Ry/Rp increases. This suggests that magnetic
helicity increases as the large scale component of curved field increases, which in
turn is possibly related to an inverse cascade or dynamo action that increases the
large scale field.
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Fig. 6.15 Left panel: A field line for a centered simple Alfvén wave which generalizes Barnes
(1976) solution (Webb et al. 2010b, 2011). The wave normal n(¢p) evolves with the phase ¢x =
©/Rx with scale Ry and the magnetic field in the Frenet frame evolves with phase g = ¢/Rp.
Right panel: hodograph of B for the wave, lies on the B = const. sphere. There are three main
lobes to the field line because the parameter n = Ry/Rp = 3
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Fig. 6.16 Left panel shows a field line for a centered simple Alfvén wave. There are n = 10 =
Rx/Rp small curls for each 27 -period in 6. The right panel shows the hodograph of B, in which B
moves on the B = const. sphere (Webb et al. 2010b, 2011)

6.6.5 MHD Topological Solitons

Topological solitons in electromagnetic theory have been reviewed by Arrayas et al.
(2017). The MHD topological soliton was derived by Kamchatnov (1982) by using
the Hopf fibration which is a map from the 3-sphere S to the two-sphere S? in which
each point of the 2-sphere is associated with a circle S! on the 3-sphere. Formally,
the Hopf fibrationis amap p : S* — S2xS! where the circles S! are referred to as the
fibers of the map or as Villarceaux circles. The Villarceaux circles in > are linked
to each other, and lead to linked and knotted electromagnetic field structures, by
mapping tangent vectors on the 3-sphere to tangent vectors on the 2-sphere, where
the tangent vectors are described by 1-forms A wdg” (1 < p < 4) which are mapped
onto tangent vectors in R? described by 1-forms Aidx' (1 < i < 3) where A is the
magnetic field vector potential and B = V X A is the magnetic field induction.
For the Kamchatnov topological soliton, the magnetic helicity is an invariant of
the Hopf fibration map which allows one to construct linked magnetic fields, with
specific values for the magnetic helicity.
The steady MHD equations:

V-(puy=0, V-B=0, Vx(uxB)=0, (6.141)

BZ) B-VB
+

, (6.142)
20 Mo

pu-Vuz—V(p+
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admits solutions for which:

B B?
u= =+ =3Vu, p+ = P = const., p = const, (6.143)
op 20

where V4 = B/, /1op is the Alfvén velocity. In particular, the magnetic force
balance equation (6.142) splits into the equation:

B B B-VB

. = , (6.144)
VIop  /op Mo

poVa-Vovy =p

where 0 = +1, and the pressure balance equation p+B2/(219) = P = const. listed
in (6.143). Equation (6.144) implies that the magnetic tension force is balanced
by the inertial force. This force balance also applies to the simple Alfvén wave
solutions (Webb et al. 2010b). This solution of the MHD equations was noted by
Chandrasekhar (1961) and by Kamchatnov (1982) for the case of incompressible
MHD. For non-barotropic, compressible MHD, with equation of state p = p(p, S),
the pressure balance equation is a consistent solution provided there is a variation
in the entropy through the wave. It is clearly different than the simple Alfvén waves
investigated in the previous section for which the magnetic pressure B?/(2j19) =
const. The above solution used by Kamchatnov (1982) to construct the MHD
topological soliton (see also Sagdeev et al. 1986; Semenov et al. 2002; Thompson
et al. 2014). Chanteur (1999) discusses constraints on localized Alfvénic solutions
for compressible MHD. Tsinganos (1981) discusses the analog of Hill’s spherical
vortex for steady, Alfvénic MHD flows with an ignorable coordinate.

Below we give a short account of the MHD topological soliton based on the work
of Semenov et al. (2002) and Kamchatnov (1982).

In Semenov et al. (2002), the magnetic vector potential A and magnetic field
induction B have the form:

A=-BVa+Vy, B=VaxV§. (6.145)

If A, «, B, and ¢ are smooth, single valued functions of space and time, then the
magnetic helicity integral:

HM=/A-Bd3x=/vw-Vaxvﬁd3x=/w-mz%
\4 \%4 \4
Z/V-(BI//) d3x=/ YB-ndS =0, (6.146)
\4 v

because it is assumed that B - n = 0 on the boundary 9V

In order to obtain a non-zero magnetic helicity Hy,, it is necessary that the
potential ¥ is discontinuous at a set of surfaces {¥; : 1 < j < n — 1} that splits
the volume V into sub-volumes V;, V5,...V,. Consider the case where V = V, U V,
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is split up into two disjoint regions V| and V, in which the adjoining surface X is a
surface of discontinuity, across which ¥ jumps by [¥/] = ¥, — ¥. In this case:

HM=/ A-Bd3x+/ A-Bd3x=/ V-(Bl//)d3x+/ V. (BY) d’x
Vi %3 Vi V2
=/ B-mpds+/B-n11/f1+B-n21/f2ds+/ B-ny dS
S1 = $2
=/ B ny dS+/B-n2[1p] dSE/B-nz[w] ds. (6.147)
S1US, P x

Thus, Hy # 0 due to the jump in [{] = v, — ¥ across X. This proves the assertion
that a jump in ¥ across X results in a non-zero Hy,.

Hopf Fibration

The Hopf fibration in our application is a map between S* and S2. The three sphere
$? is defined as the set of points (g1, g2, g3, q4)" € R* such that g3 +g3+q¢3+45 = 1.
One can also define S° by introducing two complex numbers:

Zi=q1+igy and Z, = g3+ iqq. (6.148)
In terms of Z; and Z,, S° is described by the equation
1Zi + |2 = 1. (6.149)
The Hopf fibration from the 3-sphere S° to the 2-sphere S is defined by the map:
P(Z1,22) = 225 \Z = | %) (6.150)
where we think of the 2-sphere as C x R. From (6.150) we note:

RZZP+(211 - 122P) = 4z P12 - |12P) = (120 + 12P) = 1.

(6.151)
which shows that p(Z;,Z,) lies on the two sphere S?. Because p(AZ;,AZ;) =
M?p(Z1.22) = p(Z1.2,) if |A]*> = 1, the circle |A|> = 1 on S is mapped onto
a single point on S2, which is identified as a Villarceaux circle on S°. In addition the
inverse image p~! (m) of a point on the 2-sphere S? is a Villarceaux circle on S3. The
Hopf fibration map (6.151) can be thought of as a stereographic projection from $3
onto S? in which

2Re()) 2Im(¢) 1- IZIZ) , (6.152)

P& 2) = (xy.9) = (1 PG+ (g
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where

Z;
= -, 6.153
¢ Z ( )

Note that x> 4+ y> + z2 = 1, i.e. (x,y, z) lies on 2. The projective definition (6.152)
is equivalent to the complex number definition of the Hopf map in (6.150).

The Hopf fibration, can be described using the SU(2) and SO(3) Lie groups.
SU(2) can be described by the Pauli spin matrices, or in terms of quaternions, and
by using angular coordinates (6, ¢, ) in S* and in terms of the angular variables
(0, @) on 2.

Hopf Map and Topological Soliton

A circle on S? can be represented by the equation:
I1(t) = (Zy exp(iwit), Z, exp(iwat)) . (6.154)

Two circles which correspond to different initial points Z; and Z,, (where w; and
w, are integers) link each other w;w, times (Semenov et al. 2002). The topological
soliton obtained by Kamchatnov (1982) corresponds to the case w; = 1 and w, =
—1.

A tangential vector field on S? is obtained by differentiating the curve (6.154)
with respect to ¢ to obtain the curve:

- di (1)

Ay =Y(w1,w2) = P (—w192, w191, =294, W2q3) (6.155)

where wy = Audq" is the magnetic vector potential one form on S3. Note that
quA, = 0implies A* is tangent to S3. Here

q1 =Z coswit, qr =172, sin w; t, gz =Zrcoswyt, qs =12 sin wyt.
(6.156)
Curves with different Z; and Z, initial data also have link number of w;w,. From
Kamchatnov (1982) the magnetic vector potential one-form wjy is such that

wp = A,dg" = Adx, (6.157)

where wy = A; dx' is the form in the range R3. From (6.157)

(6.158)

To obtain the topological soliton solutions, Kamchatnov (1982) and Semenov
et al. (2002) use the stereographic projection from S*> — R3 from the south pole
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(0,0,0,—1). This transformation preserves the Hopf invariant. They obtained the
transformations:

x= 1 =123, (6.159)
1 +4q4
i 2% 224242 1=1,23 (6.160)
= , ;= , X=X 4 x5 + x5, =1,2,3. .
B T4 1R

Using (6.157)—(6.160) one obtains the formulae:
A =(1 + q)A; — giAs, (6.161)

~ 1 ~
Ay :2(1 + A —xxA;, Ay = —xiA;, (6.162)

as the transformations between the A; and Au (cf. Kamchatnov 1982).
Using (6.155) and (6.161) we obtain the magnetic vector potential A in R? of the
form:

4

1
= (142 |:— (w1x2 + Wrx1X3) , W1X] — WX X3, 2 1+ 2.3 —xz)i|
(6.163)

Taking the curl of (6.163), gives the magnetic field induction B = V x A as:

16

B =
(1 + x2)3

1
|:0)1X1X3 —+ wyrxy, W1X2X3 — WyrX1, 20)1 (1 + 2x§ — xz)i| . (6.164)

The magnetic vector potential solution (6.163) for A and the solution (6.164) for
B at first sight, appear to be different than the solutions given by Semenov et al.
(2002). However, if we use the notation AW (w;, w») and BY (w;, w») to denote the
solutions (6.163) and (6.164) for A and B (here the superscript W denotes Webb),
we obtain:

1 1
As(wl,wz)=4AW(—wz,—w1), Bs(wl,wz)=4BW(—wz,—w1), (6.165)

where the superscript S refers to the forms for A and B given in equations (26)
and (16) of Semenov et al. (2002). Note that the magnetic helicity density 4, in
Semenov et al. (2002) depends only on the link number combination w;w;. Thus,
the helicity integral an}/ is related to Hf,l by the equation:

HYy = 16H;, = —4n*w w;, (6.166)
where H;fl = K and K is given by (31) in Semenov et al. (2002).

Figure 6.17 from Semenov et al. (2002) shows magnetic flux tubes for the case
w; = wp; = 11n (6.165). The magnetic field lines are linked with a link number
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Fig. 6.17 A magnetic flux
tube for the topological
soliton (6.165) in the form of
a Mobius strip, for the case
w) = wp = 1 (Figure 1 of
Semenov et al. 2002)

Fig. 6.18 Two linked
magnetic flux tubes for the
topological soliton (6.165) for
the case w; =2and w, = 1
(Figure 8 of Semenov et al.
2002)

of Lk(wy,w2) = wiw; as expected for a single flux tube in which the edges of the
flux ribbon are linked field lines, with link number Lk = 1. Figure 6.18 shows two
linked magnetic flux tubes for the MHD topological soliton described by (6.165) for
the case w; = 2 and w, = 1 (from Semenov et al. 2002). Other more complicated
examples of magnetic flux surfaces and flux tubes for other values of w; and w, are
given by Semenov et al. (2002) and by Thompson et al. (2014).

Case w; = —wq

An inspection of (6.163) and (6.164) reveals that if w, = —wy, then:

4601 1
A= 4yp [’“”‘3 =31+ 0w, (1425 _xz)} ,
160)1 1
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The solution (6.167) for A and B has the property:

4
B=VxA=AA where A= . (6.168)
1+ x2
A straightforward calculation gives
N
Al = 21+ 22) where N = 4|w;| (6.169)

Equations (6.168)—(6.169) imply (6.167) is a special solution of the equation:

8sgn(w)) 2

V x A = k|A|A where k= = .
N ||

(6.170)

One can clearly rescale the coordinates in (6.170) so that k¥ = 1. The Lie point
symmetry group of (6.170) was determined by Bila (1999). Bila (1999), refers to
Blair’s solution for A, which is essentially the same as the Kamchatnov (1982)
solution for A, given in (6.167). Blair was interested in the Riemannian geometry of
contact metric manifolds.



Chapter 7
Euler-Poincaré Equation Approach

Poincaré (1901) wrote down the Euler equations for a rigid body on so(3) in a
matrix commutator form (see also Holm 2008b, Volume 2, p. 46). Arnold (1966)
showed that the equations for ideal, incompressible fluid dynamics could be derived
from a variational principle in which the Lagrangian consists of the fluid kinetic
energy, subject to an infinite Lie group (pseudo-Lie group) constraint, associated
with the Lagrangian map (the constraint is that the Lagrangian map x = (X, f) for
fixed ¢, is a differentiable (smooth) and measure preserving diffeomorphism). The
group G, is known as Sdiff (R*). The variational formulation showed that when the
Lagrangian / is a metric on the tangent space TG, the resultant variational equations
(the Euler-Poincaré equations) are geodesic spray equations for geodesic motion on
the group G with respect to the metric /. For the case of rigid body dynamics the
group involved is the semi-direct product Lie group SE(3) = SO(3)®R?>. Euler-
Poincaré variational principles have been developed by a number of authors (e.g.
Marsden et al. 1984; Holm and Kupershmidt 1983a,b; Holm et al. 1998; Cendra
et al. 2003; Arnold and Khesin 1998). The geodesic spray equations for MHD were
obtained by Ono (1995a,b). These equations are sometimes referred to as the Euler-
Arnold equations. Araki (2015, 2017) determine the geodesic spray equations for
incompressible Hall plasmas, known as XMHD (i.e. extended MHD). The curvature
associated with the geodesic metric is negative for unstable flows. Holm et al. (1985)
describes the use of Casimirs in stability analyses. Squire et al. (2013) derive the
Hamiltonian structure and Euler-Poincaré formulations of the Vlasov-Maxwell and
gyro-kinetic systems.

Our analysis in this chapter is based in part, on the analysis of Holm et al. (1998)
and Cotter and Holm (2012). In action principles in MHD and gas dynamics, it is
useful to use both Lagrangian and Eulerian variations. The Euler-Poincaré approach
uses Eulerian variations in which x is held constant.

The solution of dx/dt = u(x, t) with X = X at + = 0 is written as X = gxy =
X(Xo, ). The inverse map Xo = g~ 'x defines Xy = X((x, f). The Lagrange label xo
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is advected with the flow:

0 0
(at—i—u-V)xo:(at—}—Eu)xo:O, (7.1)

1 1

Write X = gxXo, Xo = g~ 'x. Notice that Xp = (g7)x = —g'gg™ "X, (use
g 'g = e where e is the identity). Here Xg = 0x(/0t where x is held constant. Thus,

f(() = —g_lgg_ng() = —g_ng() = —,CUX(). (72)
We identify
E=Ly=u-V=glg (7.3)

with the fluid velocity u. Note § = g!¢ is left invariant vector field. Similarly, for
a geometrical object Lie dragged with the flow:

( ;t + Lu) a=0. (7.4)
Let ap = ga then a = g~ 'ay and
da=2§ (g_l) ap = —g '8gg 'ap = —g '8ga = —L,(a). (7.5)
We write
n=g '8g. (7.6)

as the vector field associated with the variations. Note 5 is a left invariant vector
field (i.e. (hg)~'8(hg) = g~ '8g, assuming that §h = 0).
To compute §& where £ = g~'¢ we note:

8¢ =8¢ "5+ g8 = —(g 888 i + 488, (7.7)
which gives:
88 = —n& +¢7'62. (7.8)
Similarly, for n = g~'8g we find
N=(¢g8e+g "0k =—g 'ag"0e+g'88, (7.9)
which gives:

0=—&n+g 88 (7.10)



7.1 The Euler-Poincaré Equation 117
Subtract (7.10) from (7.8) gives:

Sé=n+én—nE=n+I[§ 1. (7.11)

where [, n]r = adg(n) is the left Lie bracket. The right Lie bracket [§, 5]z =
_[E s "]L

7.1 The Euler-Poincaré Equation

Consider the Variational Principle (Holm et al. 1998; Cotter and Holm 2012) in
which the action:

J= /K(u, a) d’x dt, (7.12)

is stationary, i.e.

31:/ 8£-3u+5€5a d3xdt5/ ‘%,(su + 56,&: dt=0. (7.13)
su Sa su Sa

However from (7.11) with & = u, and (7.5),
Su=1q+[wnl, da=-Ly(a). (7.14)

Thus

1= [[(gei+ ) + (, ~rt@) . 115
Su Sa

Integrate (7.15) by parts, and use ady () = [u, n] to obtain:

d [5L d (8¢ Y4
8" = ) - ) s dll
J A Galsan) = () + s
Y4
— <8a Ly (a)> } dt. (7.16)
for 8J.
In the further analysis of (7.16) it is useful to introduce the diamond operator.

The diamond operator ¢ in the present application allows one to take the adjoint of
the (§€/6u, ady(n)) term in (7.16) and thereby isolate its § component, by using the

formula
Y4 Y4
<8a ©a, n> = —<Sa,£n(a)>, (7.17)
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A more formal definition of the diamond operator is given below.

Definition 7.1.1 The diamond operator ¢ is defined as minus the dual of the
Lie derivative, with respect to the pairing induced by the variational derivative
p = 6¢/8q, namely:

(Poq.§) = (p,—Le(q). (7.18)

Using (7.17) and the definition of ad};:

<ad5i (86) : n> = <8e,adu(n)>, (7.19)
su Su

in (7.16) where ¢ is the diamond operator (this involves integration by parts, and
dropping surface terms). We obtain:

d (8¢ « [ Y4 Y4 n
8J = /<17,—dt (Su) + ad; (8u) + sa <>a> dr + |:<8u,17>i|t0. (7.20)

Assuming the surface term vanishes in (7.20), and p is arbitrary, then §J = 0 implies
the Euler-Poincaré equation:

d (8¢ L (8¢ 5t
W (5u) +ad" (5u)R = oa. (7.21)

ad:(Se) =—ad:(8€) . (7.22)
Su/, su/,

Here, (7.21) is the Euler-Poincaré equation associated with the variational principle
8J = 0 (Holm et al. 1998). In (7.21), d/dt = 9/ 0t keeping x constant. Below, we

show that:
ady ((%) :V-(u@gg)—i-(Vu)T'((%). (7.23)
‘u/p Su Su

The proof of (7.23) is given below.
Proof Letm = §¢/8u. We obtain:

where

(n.ad; (m)r) = (adu(n), m) = (~[u, y].. m)

:—/[(u-Vn—n-Vu)V]Jm-dxd3x
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= /—V-(u(m-n))—i—n- (V-(u®m)+(Vu)T-m) d*x,
=®.V-(a®@m) + (Vu)" -m), (7.24)

where we dropped the surface term. This proves (7.23). O
It can be shown that:

Lym-dx®dV) = (V-(@®m)+ (Vu)’ -m)-dx ® dV. (7.25)
For MHD the Lagrange density £ is given by:

1, B?
L= _pu —e(p,S)— . (7.26)
2 20

We now determine the different terms in the Euler-Poincaré equation (7.21).
From (7.13), the variation of the action §J = 8Jy + 8J, where:

b4
81y = / - 8u dx dt,
Su

14 14 Y4

= -8B &xdt. 7.27

8/, /(8p3p+8S8S+8B ) )dxdt ( )
From (7.26) we obtain:
8 1, 1, A st m—
8p_2u fo =l S B
Y4 Y4 B
= —gc= —poT = — 7.2

5S &s PT. n o’ (7.28)

where T is the temperature and # is the enthalpy of the gas.
Using the formulae:

§ (pd’x) = —Ly (pd’x) = =V - (pu) d’x,
§S = —L4(S) = —u - VS,
§(B - dS) = —Ly(B- dS)

=[Vx(@uxB)—-u(V-B)]-dS, (7.29)
we obtain:
8p=—-V-(pu), 8S=—-u-VS§,
B =[V x (uxB)—u(V-B)]. (7.30)
Note that §p, §S and 5B are Eulerian variations in which Ax’ = —x,-jé’x{) is replaced

by u’, where Ax is the Lagrangian variation of x, and x; = 9x'/ 8x{) (e.g. Webb et al.
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2005a,b; Newcomb 1962). Using §¢/6u = pu = m in (7.23) gives:

ad:;((%) =V-(,ou®u)+,0V(l|u|2). (7.31)
Su/p 2

for the advected term on the left hand side of the Euler-Poincaré equation (7.21).
Next we find the (6¢/8a) ¢ a term on right hand side of (7.21). We obtain:

50 st s s
sa=""50+ 55+ °sm
5a° = 5" T 55 T 5B

&4 &4
= 5, OV (W) + (-0 VS)

+8€ -[Vx (uxB)—uV-B] (7.32)
5B
Thus
Y4 Y4 Y4
=_V. V.-
Sa&z (pu&o) + |:(u x B) x 8Bi|

ST AN 14 8¢ 8¢
AV - - : .
+u %p (8p) 8SVS+BX(VX(8B)) spY B} (7.33)

From (7.33) we find:

8¢ s€\ 8¢ 8¢ 8¢
5 0a=pV (Sp)—(SSVS+Bx(VX(SB))—SBV-B. (7.34)

Integrate (7.33) over d3x over the volume, V, drop surface terms, and set # — u in
(7.20) gives the result (7.34) for §¢/6a © a.

Using the first law of thermodynamics in the form: TVS — Vh = —Vp/p and the
expressions (7.28) for 6¢/8p, 6£/8S, 6£ /6B in (7.34) gives:

Y4

B 1
oa=(-Vp+JIxB+ V-B|+poV| _|u?). (7.35)
da Mo 2

Using adj; (6¢/8u)g (7.31) and 6£/8a ¢ a (7.35) in the Euler-Poincaré equation
(7.21) gives the MHD momentum equation in the form:

d B
at(pu)—i—V'(pu@)u)=—Vp—f-JxB—i-’uV-B. (7.36)
0

the momentum equation (7.36) can also be written in the conservative form:

9 B? B®B
at(;ou)JrV'(pu®u+(erZMO)I— o )ZO, (7.37)
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where the magnetic terms involve the Maxwell stress energy tensor. The above
derivation of the Euler-Poincaré equation is essentially that of Holm et al. (1998).
It is also discussed by Cotter and Holm (2012) in their analysis of symmetries and
conservation laws associated with advection of physical quantities i.e., the Tur and
Yanovsky (1993) conservation laws.

7.2 Noether’s Second Theorem

Consider the application of the above ideas to obtain a version of Noether’s second
theorem associated with the symmetries 5. In the derivation of Noether’s theorem,
it is useful to keep track of all the surface or divergence terms that arise when
integrating by parts. These terms are assumed to vanish in the derivation of the
Euler-Poincaré equation (7.35) or (7.36). The variation of the action §J is again
given by (7.13), which reduces to the result (7.15), i.e.

8J = / o .0+ [u,n]) + 86,—£”(CZ) dt = 6J, + 8J,, (7.38)
du da

where §J, and 6J, are given by (7.27). Using integration by parts, the first term 8/,
in (7.38) reduces to:

= [ (Y i () )
‘o T ar\su) T\ su R
d 8¢ 8¢ 5
+/8t (7}-8“)+V-|:(17-5u)u1| d’xdt. (7.39)

The variations of the a variables is given by (7.5), i.e. §a = —L,(a). Thus, we
compute the variations §(pd>x), 8S and §(B - dS) as in (7.29) but with u replaced by
. The net result from (7.30) is:

§p=—V-(pn), 85S=—9y-VS,
B =[Vx(nxB)—n(V-B). (7.40)

Using the results (7.28) and (7.40) we obtain Eq. (7.32) but with u replaced by 7.
The net upshot is the result (7.33) but with u replaced by 5, i.e.,

)4 )4 Y4
- _V. V.
5a’ (’”’ Sp) * [(” xB) x 53}

Y4 )4 )4 Y4
. \Y — \Y \Y — V-
i %” (Sp) 53 “BX( X(SB)) 5B B}

(7.41)
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Using (7.41) we obtain:
8J, = / 56&1 dx dt
da
/<n, f}ft <>a> dt+/V- (—prlgﬁ + (n x B) x ?ﬁ)d:”xdr,
(7.42)

where 8¢ /8a ¢ a is given by (7.34), or the coefficient of 5 in (7.41). Adding (7.39)
and (7.42) for §J, and 8J, we obtain:

d (8L Y4 Y4
8 =68Jy+68J, = — , d; — dt
- /<" i (Su) T (au)k a °“>
0 Y4 Y4 Y4 Y4
: Vlg-, u-— B d*xdt.
L () + 7 (o gy )|

(7.43)
We require §J = 0 in (7.43) in order for 5 to be a variational symmetry of the
action. Because there are an infinite number of fluid relabeling symmetries 5 one

cannot automatically assume that the Euler Lagrange equations (7.21) are satisfied.
We can write (7.43) in the form:

8J = /("’E{u,a} ) dt+// (88? +V-F) d*x dt, (7.44)

where

d (8¢ . (8¢ 14
Ewa () = — % " (8u) + ady (SU)R ~ s oa} , (7.45)

is the Euler operator and

Do 8¢
=1 Su’
8¢ 8¢ 8¢
F=7g- - B , 7.46
LA pn8p+(n>< )XSB (7.46)

are the density D and flux F surface terms. Further analysis of (7.44) involving
integration by parts is necessary before one can arrive at a conservation law
for particular Lie symmetries (which involve arbitrary function(s)). In particular,
Padhye and Morrison (1996a,b) and Padhye (1998) describe how this procedure
results in Ertel’s theorem, which is associated with a fluid relabeling symmetry.
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The variational equation (7.44) can be written in the form:

8J=/(n,E(€)) dt + C(t)+//V-Fd3xdt, (7.47)

where

) 8e\7
C(t):// B?d-”xthRn,guﬂ .

fo

(. 56) = / d*x (n- ‘%) (7.48)
du v Su

and D and F are given by (7.46).
For the case of MHD, use of the formulae (7.28) for §¢/8p, 6¢/8u, 6£/8S and
8¢ /8B gives:

D= V*. ou,
s B 1 ) B®B
F=V*-{pu®@u+e+p+ — _pla)7 )1 - , (7.49)
Mo 2 Mo
where use the notation:
V¥ =n. (7.50)

Here V* is the canonical symmetry generator associated with fluid relabeling
symmetries, in which x = X(xo,) is the Lagrangian map, in which the x' are
the dependent variables and Lagrange labels X, are the independent variables (e.g.
Webb et al. 2005a,b; Webb and Zank 2007). From Ibragimov (1985) and Webb et al.
(2005a,b)

V= VY VD = — Vi, (7.51)

gives the formula for the canonical symmetry generator V¥ in terms of the Lagrange
label symmetry generator V0 where x;; = dx'/ 0xp.

An alternative approach to Noether’s second theorem is based on the Lagrangian
variational approach of Padhye and Morrison (1996a,b) and Padhye (1998). Webb
and Mace (2015) use the formulation of Noether’s second theorem of Hydon and
Mansfield (2012), to determine a generalized potential vorticity conservation law
for MHD.
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7.2.1 Fluid Relabeling Determining Equations

For fluid relabeling symmetries, Eulerian physical variables do not change (e.g.
Webb and Zank 2007). Advected quantities a satisfy:

8a=—L,(a) =0, (7.52)

where 7 is the vector field generator of the relabeling symmetry.
The Eulerian fluid velocity u does not change under fluid relabeling symmetry.
Thus,

du=n+[un] =0. (7.53)

Equation (7.53) is condition for the vector field 7, to be Lie dragged by the fluid, i.e.
dn/dt = 0 moving with the flow.

The conditions (7.52) are equivalent in the case of MHD of setting §p, §S and 6B
equal to zero. Using the notation V= 1, (7.40) reduce to:

V.(pV¥) =0, V*-VS=0,
V x (\7" x B) -0, (7.54)

where we used Gauss’s law V - B = 0. Setting §u = 0 in (7.53) gives the equation:

dvx

—V*.Vu =0, 7.55
dt u ( )

where d/dt = 9/9t + u - V is the Lagrangian time derivative moving with the flow.
The condition (7.55) shows that the vector field V* is Lie dragged with the flow.

Comment

One can derive similar Lie determining equations for fluid relabeling symmetries
by requiring that the Lagrangian form of the action is invariant under the Lie
transformations: X' = x, ¥ = f, and x;, = Xo + eV o O(€). The Lie determining
equations in this case reduce to (Padhye 1998; Webb et al. 2005b):

Vo (poV¥) =0, V¥-VoS=0, ux;D (pov%) =0,

XiaXib

By [Vox (V¥ xBy)]"=0, Vo-Byp=0, (7.56)
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where D, = 0, +u- 'V (i.e. 0, keeping X, constant), x;; = axi/Bx{), J = det(x;). The
relation between V*' and V™ is given by (7.51).

Equations (7.56) are slightly more general than (7.54)—(7.55) and may be written
in terms of V* and B as:

V-(pV) =0, V*.VS=0,

u-(dZX—VX.Vu) -0, B.[VX(VxxB)]zo, V.B=0.

(7.57)
Equation (7.57) has more solutions than the relabeling symmetry determining

equations (7.54)—(7.55), but there is a class of solutions of (7.57) that satisfy the
relabeling symmetry equations (7.54)—(7.55).

7.2.2 Noether’s Second Theorem: Mass Conservation
Symmetry

In this section we consider the conservation law associated with the mass conserva-
tion equation for the case of an ideal, isobaric fluid, with equation of state p = p(p)
(see also Cotter and Holm 2012). For Noether’s second theorem the variation of J,
8J, is given by (7.47), i.e. we require:

§J = /d3x / dt [n-E(K) + aal: + V-F} =0, (7.58)

where E(¢) is the Euler operator given by (7.45). For the fluid relabeling symmetry
associated with mass conservation, the variation da of a = pd3x is set equal to zero,
i.e.,

Sa = —L,(pd’x) = 0, (7.59)
Use Cartan’s magic formula:

Ly(a)=dn sa)+n 2da, (7.60)

da = 0 (as a is a three-form in 3D-space).
Alson sa = pn-dS. Thus

L, (pd*x) = d[pn - dS] = 0. (7.61)
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By the Poincaré Lemma, there exists a 1-form ¢ - dx such that
naoa = pn-dS=d( -dx) =V x ¥ -dS. (7.62)
Since n.a is a conserved advected 2-form, then

\%
n= x is a conserved (Lie dragged) vector field. (7.63)

A simpler derivation of (7.63) is to note that n = VX satisfies the first Lie
determining equation in (7.54),i.e. V- (o) = 0.
The first term in (7.58) containing the Euler operator : E({) is:

Tl:/d3x/dm-E(e)=/d3x/dtV:‘”-E(e)

- / Px / di (V- [§ < E(0)/p] + ¥ -V x (E(0)/p)}
= /d3x/dm/f-v x (E(£)/p), (7.64)

where the surface term due to V- [y X E(£)/p] is assumed to vanish on the boundary
dV of the volume V of integration.
The remaining integrals in §J in (7.58):

T2=/d3x/dt (B£+V-F)=C(t)+/d3x/dtV-F, (7.65)

can be reduced to the form:
5 0w
T,= | d&x | dtiv- at—Vx(uxw) +V-W; (7.66)
where
W=V x [(h + ;|u|2) v — (¥ -u)ui| ) (7.67)

and @ = V X u is the vorticity of the fluid. Note that V- W = 0, because W may
be written in the form of a ‘curl’: W = V x M. Put another way

/V-Wd3x=/ VxM-dS = M - dx, (7.68)
1% v 20V

which is zero since d0V does not exist (i.e. the boundary of a boundary is zero for a
simply connected region: e.g. Misner et al. 1973). Combining (7.64) and (7.66) we
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obtain:

= foefoly [ -vewmories ()] o v

(7.69)

Thus, invoking the du-Bois Reymond lemma of the Calculus of variations and
noting that V- W = 0, (7.69) yields the generalized Bianchi identity:

do —VX(uxw)—}-VX(E(e)) = 0. (7.70)
ot 0

Equation (7.70) is the basic result of Noether’s second theorem, which shows that
there are differential relations between the Euler-Lagrange variational derivatives
E;(£) (1 <i < 3) in this case. Note that (7.70) does not necessarily imply that the
Euler Lagrange equations E;(£) = 0 (1 < i < 3) are satisfied. In the case where
E;(£) =0 (1 <i <3),(7.70) implies the vorticity conservation law:

(;ﬁﬁ“) (@ -dS) = (aa“t’ —VX(uxw)Jruv.w)-ds:o. (7.71)

Note that V- w = 0 as @ = V x u is the vorticity. Equation (7.71) shows that the
vorticity 2-form w - dS is advected with the flow.

The generalized Bianchi identity could also be derived using the method of
Lagrange multipliers for Noether’s second theorem developed by Hydon and
Mansfield (2011). The proof of (7.65)—(7.66) is given below.

Proof We use the analysis of Cotter and Holm (2012) to calculate C(f). Using (7.48)
and (7.66) C() is given by:

Y4 Y4 5
0= ()= [, (s0°1)
164 5 1684
= . = v AS:dx:
/ (p 814;) on; d’x / pSuj( x ¥ );dS;dx;
= / 1ot ~dx N d(Y - dx). (7.72)
péu

From (7.72)

dC d (184 18¢ 9
g / { o (p8u -dx) ANd(Y - dx) + » bu -dx A at[d(y,.dx)] . a73)
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Write dC/dt = t; + t, where ¢, is first term and #, second term in (7.73). Note that
a, ) and (y.a), where a = p d*x are advected with the flow. Thus,

0 d
(8t + Eu) (naa) = (at + Lu) [d(¢ -dx)] = 0. (7.74)
At this point it is useful to introduce the notation:
164
o= -dx, B =Ly(¥-dx), y=1v-dx (7.75)
pdu

Using (7.74) in (7.73), the second term in (7.73) reduces to:
168¢ 16¢
tzz—/ -dx/\Lud(w-dx)z—/ ~dx ANdLy(Y - dx)
pdu pdu

= /{ﬁu(doc)/\y+d[oc AB—ul(daAy)}. (7.76)

Similarly, we can write ¢#; in the form:

a (1L
tl:/é)t (pgu'dx)/\d(w-dx)

ad
= / { Bt(da) Ay —d(a; A y)} . (7.77)
In the derivation of (7.76) we used the results:

dlanp)=danp—andp,
Ly(da Ay) = Ly(da) Ay 4+ da A Ly(y),
Lu(da Ay) =uld(da Ay) +dus(da Ay)l. (7.78)

Note that d(da A y) = 0 since da A y is a 3-form in 3D space. In (7.77), we used
the result:

aANdy =do, Ay —d(a, A y). (7.79)
Adding (7.76) and (7.77) gives:

c

dt —/%(gt-f‘ﬁu)(da)A)"i‘d[aA,B—ll_l(daAy)—arAy] _

(7.80)
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Using (7.80) for dC/dt in (7.58) for §J gives:

8J=/dt{ (§t+£u)(doz)/\y+d|:¢x

+oz/\,3—uJ(doz/\y)—a,/\)/:|} +/d3x/dm/f-Vx(E(€)/p)

E
;6) -dS +F-dS

(7.81)
Next we note that the surface term:
dlF-dS+aAnB—ui(dany)—oa Ay
=d(W-dS) = V-Wd'x, (7.82)
where
W =V x [(h + ;|u|2) v — (¥ -u)u:| } (7.83)

Note that V- W = 0. In (7.83) we assumed a barotropic equation of state, with
p = p(p), and used the momentum equation (3.5) to determine «,. Also note that

3 d
/(at—i—ﬁu)(da)Ay:/(at+£u)(w'ds)/\(¢'dx)

= /l/f @ =V x (ux w)] dx. (7.84)
Substituting (7.82)—(7.84) into (7.81), and assuming the surface term due to ¥ x
E({)/p is zero, we obtain the result (7.69) for 6J. This completes the proof. O
Comment

In the derivation of (7.82)—(7.83) we used the results:

F-dS:[(Vx¢)-uu+ (h—;|u|2)wa:|-dS,

aAf=ux[V -¢)—ux(Vxy)]-dS
uis(dany) =¥ -w)u-ds,

1
ozt/\yz[uxw+8TVS—V(h+2|u|2):|x1/f-dS, (7.85)
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where for an isobaric equation of state p = p(p), the parameter § = 0, but for a
non-isobaric equation of state with p = p(p, S), 6 = 1.
Alternative Proof of Bianchi Identity (7.70)
Proof An alternative, equivalent approach to obtain the vorticity conservation law
(7.71) and the Bianchi identity (7.70), using vector Calculus is given below.

First note that for the mass conservation symmetry n = V x ¥ /p, that ¥ - dx is
a conserved 1-form that is advected with the flow, and hence ¥ satisfies (5.20), but

with S — ¥, i.e.

oy

o —ux(Vxy)+ V@ -y)=0. (7.86)

Noting that
D=pu-p=u-Vxy,
F:(wa)-uu+(h—;|u|2)Vx¢, (7.87)
(7.58) for 6J reduces to:
8J=/ d3x/ dt{ a(1#-«))+V-|:a(1pxu):| +V-F+ vy -E(K)}
v ot ot P
(7.88)

Using (7.86) to eliminate ¥, in the first term in (7.88) we obtain:

9
51:/Vd3x/ dt{xlr[;;—VX(uxw)}+V'P+¢'VX(E(5)/K))}
(7.89)

where
P:aat(wxu)+¢x(wxu)—w~V(u-¢)+F. (7.90)

Using (7.86) for ¥, and (3.5) for u,, and F from (7.87), we find

PEW:VX[(h—k;lulz)w—(tﬁ-u)u} (7.91)
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(see also (7.83)). Use of (7.91) in (7.89) gives the same expression for §J obtained
previously in (7.66)—(7.69). This completes the proof. O
Comment

Note that W is of the form: W = V x M. Thus, W -dS = d(M - dx) and W - dS is
exact. Also d(W - dS) = dd(M - dx) = 0 by the Poincaré lemma.

Symmetry Operators

Consider the relabelling symmetries:

\Y% A
X1=( X'/”).Vz -V where A=Vx1vy,,
P P
\Y% B
X2=( To'/’z).vzp-v where B =V xy,, (7.92)

Note that V- A = V - B = 0. The Lie bracket of X; and X, is:

[X1.X5] = X1 X> — XoX) = [‘: .V (B) By (A)} .V

P P P
=—1VX(AXB)-V, 7.93)
P P
Write:
Vxy
X)), X(¥,)] =X(,,) where X(¥) = ) .V,
g, = (VX FD X (T xd), o
0

Jacobi Identity

One can verify that the Lie bracket Jacobi identity is satisfied for the symmetries
X(¢¥). Write

A B C
XW)= -V, XW)= -V, XW3)= -V

p p P
A=Vxvy,, B=Vxvy, C=Vxiy;, (7.95)
Sapc = [[X(¥ ). X(¥)]. X(¥3)]. (7.96)
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A% C C A% A%
SABC:|: 'V( )— 'V( )]V, X1, Xo]= -V,
p p) p p p
B A
W:A.v( )—B.v( ) (7.97)
p p
Using (7.95)—(7.97) we obtain:
Sasc + Spca + Scap = 0, (7.98)

which verifies the Jacobi identity.

7.2.3 Cross Helicity

To obtain the cross helicity conservation law (3.57) using Noether’s theorem, it is
necessary to obtain the appropriate solution of (7.52)—(7.55) for the fluid relabeling
symmetries. The condition that the mass 3-form & = pd°>x is a fluid relabeling
symmetry using Cartan’s magic formula requires that:

L,(pd*x) = dn 1 (pd’x) = d(pn - dS) = V - (pp)d’x = 0. (7.99)

The entropy variation S = —» - VS = 0, and the magnetic field variation 6B =
V x (5 xB) = 0 and the fluid velocity variation du = 3 + [u, ] = 0 are all satisfied
by the choice:

N B
n=V*=2C(xg)b where b= and B-VS=0. (7.100)
I

Note that b = B/p is an invariant vector field that is Lie dragged with the flow (see
(5.36) and (5.37)). From (7.49) the surface term D in the variational principle (7.44)
is given by:

D = pu-n=pu-l(xg)b=(xp)u-B. (7.101)
Similarly, the flux F surface term in (7.49) is given by:

B 1 B> B®B
F = {(x¢) -|:pu®u+p(h— |u|2)l+ | — :|
Ie 2 o o

= ¢(xo) |:(u -B)u + (h - ;|u|2) B:| ) (7.102)
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In the variational principle (7.44) §J reduces to:

8J = /de/dt {Q(xo)ﬁ -E() + E?t (¢(xp)u-B)

+V. [g(xo) ((u ‘B)u + (h — ;|u|2) B)} }
B B-E({) 0k,
= /d%/d; {g(xo)[ ) +
+V. |:uhc + (h — ;|u|2) B] ] + R} . (7.103)

where h. = u - B is the cross helicity, and
ac I,
R =nh, o +u-V¢ )+ h— 5 lul” ) B-V¢. (7.104)

The fluid relabeling symmetry must satisfy B - VS(xo) = B - V{(x9) = 0. and
dt/dt = 0. Thus, the remainder term in (7.103) and (7.104) R = 0. The net upshot
from (7.103) is the generalized Bianchi identity:

B-E he 1
O 0he & [uhc " (h _ |u|2) B:| =0 (7.105)
0 ot 2

Thus, if the Euler Lagrange equations E(¢) = 0 are satisfied, then (7.105) reduces
to the cross helicity conservation equation (3.57), i.e.

he 1
aaz +V. |:uhc + (h — 2|u|2) B] =0. (7.106)

The only constraint on (7.106) is that we require B - VS = 0. If B- n = 0 on the
boundary dV,, of the volume V,, of interest, then the integral form of the (7.106)
reduces to dH./dt = 0.

7.2.4 Helicity in Fluids

In a barotropic, ideal fluid in which the pressure p = p(p) is independent of the
entropy S, the helicity density:

hf =u-@w where o =V xu, (7.107)
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satisfies the conservation law:

I 1
aif V. [uhf + (h - 2|u|2) w:| - 0. (7.108)

This conservation law is the analogue of the cross helicity conservation law (7.106)
where

B—w® and h.— hy, (7.109)

The helicity
Hf=/u-V><ud3x, (7.110)
Vv

is a topological invariant describing the linkage of the vortex tubes (Moffatt 1969,
1978), where it is assumed that ® - n = 0 on the boundary of the region V with
outward normal n. This is equivalent to assuming that the volume V consists of
vortex tubes with @ - n = 0 on the boundary V. Hy is the fluid dynamical analogue
of the magnetic helicity H,, = [, vA-B d*x which gives the linkage of the magnetic
flux tubes (e.g. Moffatt and Ricca 1992; Kruskal and Kulsrud 1958; Woltjer 1958).
H,, describes the linkage of the poloidal and toroidal magnetic flux (e.g. Kruskal
and Kulsrud 1958). The integral form of the helicity conservation equation (7.108)
is dHy/dt = 0 for a volume V moving with the flow (see Section 3 for more detail)
where it is assumed @ - n = 0 on the boundary daV,,,.

The Lie symmetry associated with the helicity (kinetic helicity) conservation
equation (7.108) is:

{(x0)w
0

p=V¥= where ® - VI (xo) = 0. (7.111)

One can verify that the solution (7.111) satisfies the fluid relabelling Lie determining
equations (7.53)—(7.55) with B = 0. In particular (7.55) reduces to the vorticity
equation:

d 9
V= vu or - Vx@xw) =0, (7.112)
dr \ p P ot

which applies for a barotropic equation of state with p = p(p). The derivation of
the helicity conservation law (7.108) using Noether’s theorem is analogous to the
derivation of the cross helicity conservation law (7.106) except that B — @ and
]’lc — ]’lf.
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7.2.5 Potential Vorticity and Ertel’s Theorem

The Lie determining equations (7.54)—(7.55) admit the symmetry:

. VX(®PVS) V
= px = VX @VS) ;'/’, where ¢ = OVS, (7.113)
0

and ® = P(x¢) depends only on the Lagrange labels xo, i.e. @ is a O-form Lie
dragged by the flow:

dd 3P
= V& = 0. 7.114
dt ot tu ( )
Note that
nopdx=pn-dS=Vxy-dS=d-dx) = d(®dS). (7.115)

The condition (7.55) implies V= n is a Lie dragged vector field which satisfies
(7.53). Similarly, the 1-form o« = ¥ - dx is Lie dragged with the flow, i.e. ¥ satisfies
the equation:

Y
ot

Using ¥ = ®VS, (7.116) reduces to:

ds do
oV Vs =0. 7.117
(dt) + dt ¢ )

—ux(Vx¥)+Vu-y)=0. (7.116)

Equation (7.55) is equivalent to the curl of (7.117). Since dS/dt = 0, (7.117) implies
d®/dt = 0. Note that ¥ - dx = ®VS - dx are Lie dragged 1-forms and hence @ is
necessarily an advected invariant O-form or function.

Proof (Ertel’s Theorem) To derive Ertel’s theorem from Noether’s theorem, we
require 8J = 0 in (7.58). From (7.81):

]
8]:/dt/v[(at +Lu) (da)/\y+d(W~dS)] +/dz/vd3x¢-Vx(E(Z)/p),
(7.118)

where W is given by (7.83). Note that W is a solenoidal vector field, i.e. V- W = 0.
In (7.118) ¥y = ®VS and d®/dt = 0. We introduce the notation:

1=/(a +£u) (do) Ay, (7.119)
v \ 0t
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for the first integral in (7.118), where «, § and y are the differential 1-forms given
in (7.75). From (7.119) and (7.75) we obtain:

I:/d V x 1ot -dS| A VS - dx
v dt péu

d
:/ (@ - dS) A VS - dx
y dt
d
:/ o (@ dS A OVS-dx). (7.120)
Vv

In (7.120) we use the fact that ® is a O-form and VS - dx is a 1-form, which are Lie
dragged with the flow. The integral / in (7.120) can be further reduced to:

d (@-VS d (@-VS
1:/ Y op dix :/ @ ®p dx. (7.121)
\% dt P v dt P

Note that d/dt(®pd3x) = 0 as pd’x is an invariant 3-form and @ is an invariant
0-form.
Using (7.121) in (7.118) gives:

51:/dr/vd3x{q>[pjt (w.pvs)+VS-VX(EI(OK)):|+V-W}.

(7.122)

Because V - W = 0, and using the du-Bois Reymond lemma in (7.122), we obtain
the generalized Bianchi identity:

! (“’ ' VS) VSV x (E(ﬁ)) —0. (7.123)
dt P P

If the Euler-Lagrange equations E({) = 0 are satisfied, then (7.123) implies Ertel’s
theorem:

v
d ("’ S) — 0. (7.124)
dt P

This completes the proof. O



Chapter 8
Hamiltonian Approach

This chapter describes the Hamiltonian approach to MHD and gas dynamics. In
Sect. 8.1 we describe a constrained MHD variational principle by using Lagrange
multipliers to enforce the constraints of mass conservation; the entropy advection
equation; Faraday’s equation and the so-called Lin constraint describing in part,
the vorticity of the flow (i.e. Kelvin’s theorem). This leads to Hamilton’s canonical
equations in terms of Clebsch potentials. The Lagrange multipliers define the
Clebsch variables, which gives a Clebsch representation for the fluid velocity u
(Zakharov and Kuznetsov 1997). In Sect. 8.2 we transform the canonical, Clebsch
variable, Poisson bracket to different non-canonical forms that use Eulerian physical
variables (see e.g. Morrison and Greene 1980, 1982; Morrison 1982; Holm and
Kupershmidt 1983a,b). The different MHD brackets are described in Sect. 8.3.
Section 8.4 verifies the Jacobi identity for the bracket of Morrison and Greene
(1982) in which V - B can be non-zero. We discuss how the Morrison and Greene
(1980) bracket, with V - B = 0, has been placed on a more rigorous footing by the
use of the Dirac bracket and projectors by Chandre et al. (2012, 2013) and Chandre
(2013) (see also Banerjee and Kumar 2016). We use the functional multi-vector
approach of Olver (1993) to investigate and check the Jacobi identity for: (1) the
Morrison and Greene (1982) bracket, (2) the advected A bracket in which A - dx
is Lie dragged with the flow used by Holm and Kupershmidt (1983a,b) and (3) the
Morrison and Greene (1980) bracket. The non-canonical Poisson brackets are used
to determine the MHD Casimirs in Sect. 8.5 (e.g. Hameiri 2004). The Casimirs are
related to the advected invariants.

8.1 Clebsch Variables and Hamilton’s Equations

Consider the MHD action (modified by constraints):
J= / dx diL, (8.1)
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where

S, B? ap
L {zpu —e(p,S)—zﬂO} +¢>(3t+V-(pu))

aS o
+/3(3t +u.vs)+x(at +u-w)
B
+r-(at—Vx(uxB)+u(V'B)). (8.2)

The Lagrangian in curly brackets equals the kinetic minus the potential energy
(internal thermodynamic energy plus magnetic energy). The Lagrange multipliers
¢, B, A, and T ensure that the mass, entropy, Lin constraint, Faraday equations
are satisfied. We do not enforce V - B = 0, since we are interested in the effect of
V-B # 0 (which is useful for numerical MHD where V-B # 0). It is straightforward
to impose V - B = 0 if desired, although some care is required in the formulation
of the Poisson bracket, to ensure that the Jacobi identity is satisfied (e.g. Morrison
1982; Chandre et al. 2012, 2013; Chandre 2013).

Stationary point conditions for the action are §J = 0. §J/6u = 0 gives Clebsch
representation for u:

u:V¢>—'BVS—AV,u+uM (8.3)
P P

where

VxT)xB _V-B
uy = - VxXTD)xB o , (8.4)
p p

is magnetic contribution to u. Setting §J/8¢, 8J/8B, 8J/8A, 8J/3T consecutively
equal to zero gives the mass, entropy advection, Lin constraint, and Faraday
(magnetic flux conservation) constraint equations:

pr+ V- (pu) =0,

S;+u-VS =0,
e +u-Vp =0,
B,—Vx(uxB)+uV:-B)=0. (8.5)

Setting 8J/6p, 8J/8S, 6J /8., 6J /5B equal to zero gives evolution equations for
the Clebsch potentials ¢, B A and I as:

d¢ L,
_(at+u.v¢)+2u —h=0, (8.6)
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8a,f: 4+ V- (Bu) + pT =0, (8.7)
oA

o + V- (Alu) =0, (8.8)
alq—u><(V><I')—|—V(l"-u)+B =0. (8.9)
ot Ho

Equation (8.6) is related to Bernoulli’s equation for potential flow. The V(I" -u) term
in (8.9) is associated with V - B # 0. Taking the curl of (8.9) gives:

ar . V xB N
—Vx@xF)=—""" where T =VxT. (8.10)
ot Ko

Equations (8.6)—(8.10) can be written in the form:

dp_ 1, d (/3) _

dt 2 dt \ p
d d (A
(Ad’x) =0 or ( ) =0,
dt dt \ p
d B-dx d -
(T.dx)=— % “(F.ds)=—-J-ds. 8.11)
dt Mo dt

where d/dt = d/0t + u - V, is the Lagrangian time derivative following the flow.
Introduce the Hamiltonian functional:

2

1 B
H= /Hd3x where H = Zpu2 +€(p,S) + (8.12)

20 '

Substitute the Clebsch expansion (8.3)—(8.4) for u in (8.12). Evaluating the varia-
tional derivatives of H gives Hamilton’s equations:

dp _§H 3¢ §H 9S _SH 9P SH

ot S’ ot Sp’ ot 8B ot 58S’
du _SH OA_ SH OB _SH 0T _ M

o 8L ot Su’ ot ST Ot 5B (8.13)
Here {p, ¢}, {S, B}, {1, A}, {B, '} are canonically conjugate variables.
The canonical Poisson bracket is:
SF8G SF8G  6F 8G 6F 4G
{F,G} = / d’x - o en T er
dpép d¢p Sp B SI' oOI' 6B
F F F F
) SG_S 8G+8 8G_8G8 ' (8.14)
8§88 6B SS  Spu A SudA
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It is straightforward to verify that the canonical Poisson bracket (8.14) satisfies
the linearity, skew symmetry and Jacobi identity necessary for a Hamiltonian (i.e.
the Poisson bracket defines a Lie algebra).

8.2 Non-canonical Poisson Brackets

Morrison and Greene (1980, 1982) and Holm and Kupershmidt (1983a,b) intro-
duced non-canonical Poisson brackets for MHD.
Introduce the new variables:

M=pu, o =0pS, (8.15)

The formulae for the transformation of variational derivatives in the old variables
(p,¢,S, B, u, A,B, T) in terms of the new variables (p, o, B, M) are:

SF P | SF SF oo SF o (F

S0 8p o T eM Y sp Psm )

S _SF Ly (5 F 6F __6F

5s =~ Pso T sM) sp T M

i i i i

=V. =—-Vu-

Su (ASM)’ 52 R sme

SF [6F 5F 5F 5F i i

B = [SB+V(5M)'F+5M'VF] = 8B+v(r.8M)+(er)x ar

5F 5F 5F 5F i i

[ () o () w2 ),

(8.16)

Note that

M = pu=pV¢p —BVS—AVu +B-(V[)' =B-VI —T(V-B).  (8.17)

Using the transformations (8.16) in the canonical Poisson bracket (8.14) we
obtain the Morrison and Greene (1982) non-canonical Poisson bracket:

5 5G\ 5G _ (8

{F’G}z‘/dS’“{"[al\Fd'v(ap)_aM'v(ai)]
SF_ (8G\ §G _ (SF
+°[5M'V(aa)_5M'v(aa)}

SF _\ 8G (8G _\ OF
M- [(5M'V) SM (SM'V) SM}
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OF G 8G SF
+B [8M v (SB) sM Y (SB)}
SF\ &G 0G\ OF

+B-[(V8M)-8B (vSM).SB“. (8.18)
The bracket (8.18) has the Lie-Poisson form and satisfies the Jacobi identity for all
functionals F, G and H of the physical variables, and in general applies both for
V -B # 0 and in the limit as V - B = 0. (Marsden and Ratiu 1994, Chapter 13),
discuss the Lie Poisson bracket and the third term in the Poisson bracket (8.18) and
how it is related to the Lie-Poisson reduction theorem, and to the mass preserving
diffeomorphism group (for incompressible fluids, the group is that of volume
preserving diffeomorphisms). The condition V - B = 0 needs to be accounted for in
the evaluation of the Jacobi identity (Chandre et al. 2012, 2013; Chandre 2013).
Banerjee and Kumar (2016) carry out further analysis of MHD using the Dirac
bracket. We verify the Jacobi identity for the bracket (8.18) for V - B # 0 in the
next section, using Olver (1993)’s method. We also use the Olver functional multi-
vector method to verify the Jacobi identity for the Holm and Kupershmidt (1983a,b)
bracket based on the magnetic vector potential A. Holm and Kupershmidt (1983a,b)
and Holm et al. (1998) use the semi-direct product and Lie Poisson form of their
bracket to deduce the Jacobi identity.

By using the transformation o = pS, and the variational derivative transforma-
tions:

§F 18F 8F SF SG6F
= ; =, - , (3.19)

do  pdS 3p sp pébS

the bracket (8.18) may be written in the form:

{F,G} =/d3x{(GM-VFM—FM-VGM)-M
\%4

+(Gm-V(Fp)—Fu-(VGp)-B
+ Fp-[(B-V)Gm] — Gg - [(B- V)Fum]
+ IO[GM : V(Fp) —Fum- V(Gp)]

+ SV - [GmFs — FMGS]} . (8.20)

In (8.19) F refers to the functional in (8.18) in the old variables, and F = F refers to
the same functional in the new variables used in (8.20). The Poisson bracket (8.20)
was used by Hameiri (2004) in a paper on the MHD Casimirs.

Another useful form of the Poisson bracket is obtained by changing variables
from (M, p) to the new variables (u, p) in (8.20). The transformation of variational
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derivatives from the old to the new variables are given by:

§F _ 16F (sﬁ_aﬁ_lu §F
M pdu’ 8p o p Su’

(8.21)
in th§ bracket (8.20), where F refers to the old variables functional used in (8.20)
and F to the new variables u and p. The bracket in the new variables is:

{F,G} = —/V d*x { F,V - (Gu) + Fu- V(Gy)

V xu WA
< (Gu x Fy) + o (FsGu— GsFy)

+B- [1FU-V(GB)— 1G.J-V(FB)}
p p

+B-[V(IFU)-GB—V(IGU)-FB:H. (8.22)
P P

This bracket was discussed by Morrison and Greene (1982) and Morrison (1982).
We use this form of the Poisson bracket later to discuss the MHD Casimirs.

8.2.1 Advected A Formulation

Below we formulate the MHD variational principle using the magnetic vector
potential A instead of using B (see e.g. Holm and Kupershmidt 1983a,b for a similar
formulation using A). The condition that the magnetic flux B - dS is Lie dragged
with the flow (i.e. Faraday’s equation) as a constraint equation, is replaced by the
constraint that the magnetic vector potential 1-form o« = A - dx is Lie dragged by
the flow. This implies Faraday’s equation, where B = V x A is a solenoidal vector
field with V - B = 0. This approach is tantamount to a gauge choice for A, which
simplifies conservation laws associated with A and B, since both « = A - dx and
B = B - dS are Lie dragged with the flow. The condition that A - dx is Lie dragged
with the flow is equivalent to:

0A

5 ~ WX (VXA) +V(-A) =0 (8.23)

(see Chap.4). The condition that @ = A - dx is Lie dragged with the flow implies
A - dx = Ay(xp) - dxo, where Ay(Xo) is the magnetic vector potential in Lagrange
label space (Xo), i.e. dA¢(xg)/dt = 0.
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We use the variational principle §.4 = 0 where the action A is given by:

2
A:/d%/dt{ |:1,o|u|2—£(,o,S)— IV Al :|
v 2 2

+¢(g’j+V-(pu))+,3(gf+u-VS)+k(%l;+u-Vu)

+y-|:aa?—ux(VxA)+V(u-A)]}. (8.24)

By setting the variational derivative §.4/5u = 0 gives the Clebsch variable
expansion:

A VxA) V-
w=vp-Pus_ Py, ¥¥ (VXA Ve
p b p p

A, (8.25)
for the fluid velocity u.

Setting the variational derivatives §.4/8¢, §A/88, §A/8A, and §.A/8y equal to
zero gives the constraint equations:

ap as

V~ f— . =
3t+ (pu) =0, 8t+u VS =0,
au

-V =0,

8t+u 7!
A
5 —ux(VxA)+V(@-A) =0. (8.26)

Similarly setting 6.4/6p, §.A/8S, §A/6p and 8.A/5A equal to zero gives the
equations:

¢ Lo

-V h— =
8t+u ¢+ 2|u| 0,
0
a’f + V- (Bu) + pT =0,
oA

9 +V-(Au) =0,

aa):—Vx(uxy)—i—u(V-y)—i-VXB:O. (8.27)
"
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The Euler-Lagrange equations (8.25)—(8.27) together imply Hamilton’s equa-
tions:

dp _SH 9¢p _ SH 9S _SH Ip SH

o S¢p’ ot 8o’ ot §B° ot 88’

u M oA SH A _SH oy _ SH .
o SAT A Su’ o Sy’ o A’ '

Here {p, ¢}, {S.B}, {#, A}, and {A, y} are canonically conjugate variables. The
Hamiltonian functional H is given by (8.12), and u is given by the Clebsch
expansion (8.25). The canonical Poisson bracket is:

{FG}—/d3x 3F5G_8F5G+5F 5G_3F §G
e Sp8p Spdp  SA Sy Sy SA
0F8G O0F8G OF6G OF (SG)

_ _ 8.29
5SB 8B 8S | Su sk 6Asu (8.29)

The transformations of the variational derivatives from canonical Clebsch vari-
ables (p, ¢, S, B, A, y) in terms of the non-canonical new variables (p, o, A, M) are:

8F:8F+SSF+8F'V¢’ SF:_V.(p(SF),

sp  6p do M 8¢ M

£ (). s

o= (o) w7

= oa 7 Vi< (o <7)

gi = —-B x 88151 -V [A' (;15[)} , (8.30)

we obtain the non-canonical Poisson bracket:

{F.G} = —/ d3x{ [Fm-V(Gm) —Gm - V(Fw)]-M

+p[Fu-V(Gp) — Gm - V(F))]
+0[Fm-V(G,) — Gy - V(F,)]
+A-[FuV - (Gy) — GuV - (Fa)]

+VXA-[GAXFM—FAXGM] s (8.31)
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where Fyy = §F/6M and similarly for the other variational derivatives in (8.31). The
non-canonical bracket (8.31) was obtained by Holm and Kupershmidt (1983a,b). It
is a skew symmetric bracket and satisfies the Jacobi identity.

8.3 Differences Between the MHD Brackets

The differences between MHD brackets are subtle. Both Holm and Kupershmidt
(1983a,b) and Marsden et al. (1984) discussed the form of the brackets using semi-
direct product Lie algebraic approaches using the Lie-Poisson bracket which implies
that the Jacobi bracket is satisfied.

Chandre et al. (2012) developed the theory of non-canonical Poisson brackets
in incompressible fluids and MHD by using Dirac brackets. They use projectors P
which split vector fields in 3D space up into a solenoidal and an irrotational part (e.g.
Panofsky and Phillips 1964, Ch. 1). The vector field V is written in the form V =
V xa+ V¢ where P(V) = V x a. Chandre (2013) and Chandre et al. (2013) study
the relationship between projectors and Dirac brackets, for both incompressible and
compressible MHD. Below, we discuss in more detail the different MHD brackets.

For brackets with V-B = 0,

B=VxA, V.-B=0. (8.32)

We show how (8.32) and the variational derivatives Fa and Fp can be described by

using the projector formalism of Chandre et al. (2012, 2013) and Chandre (2013).
Taking the curl of the first equation (8.32) gives:

Vx(VxA)=VxB=pul, (8.33)

where J is the electric current. Equation (8.33) can be written in the form:

V(V-A) — VA = pol, (8.34)
or as:
PA = V2l = M0 [ Iy (8.35)
47 | |x —X/|

where V=2 is the inverse Laplacian, used in solving Poisson’s equation. Here:

P=1-V2V[VO)] = - V[V2V-() (8.36)
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is the projection tensor that maps a 3D vector field V onto its solenoidal part, and |

is the unit 3 x 3 dyadic. The kernel of the operator P. is defined as

Ker(P) = {V: PV = 0}.

(8.37)

For vector fields V that vanish sufficiently fast as |x| — oo, with specified

divergence Q and curl y sources:
V-V=0 and VxV=y,
the vector field V has the form:
V=Vxa+ V¢.
From (8.39)

VxV=Vx(Vxa)=-V*(Pa) =y,
V.V =V =0,

give the curl and divergence of V respectively. From (8.40)

Pa=-V7(). ¢ =Y.

(8.38)

(8.39)

(8.40)

(8.41)

are the solutions for Pa and ¢. Note that the Laplacian operator A = V2 and

ATl =V~
Chandre et al. (2012) list some of the properties of P, namely:

P>V =PV, P-VV=0, P-VxV=VxV,
(VxP)V=VxV, (V-P)V=V-(PV)=0.

The projection operator P is self adjoint:
/d3xa-P-b= /d3xb-73-a.
By noting that
/ FA-SAdx:/ Fg-0Bdx, 0B =V xJA,
integrating by parts, and dropping surface terms gives,

/FA'(SAdX:/VXFB'5AdX,

(8.42)

(8.43)

(8.44)

(8.45)
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which suggests:
FA =Vx FB. (846)

However, if V-Fj # 0, then (8.46) cannot be true. For general Fy, (8.45) is satisfied
if:

PFy =V x Fg. (8.47)

Chandre et al. (2012) derived (8.47) by setting Fo — Fa + Y and then determined
Y by requiring V- (Fa + Y) = 0. Note that V - (PFa) = 0. By noting that

V x (PFg) =V x {Fg— V[V *(V-Fg)]} =V x Fg, (8.48)

(8.47) can also be written in the form:
PFA =V x (PFp). (8.49)
Starting from the Holm and Kupershmidt (1983a,b) bracket (8.31), and naively

using the transformations (8.46) and B = V x A we obtain the Morrison and Greene
(1980) bracket for V - B = 0 in the form:

LF,Glgy = —/dSX{ [Fm-V(Gm) —Gm - V(Fm)|-M

+p[Fm- VG, — Gy - VF,]
+0[Fm-V(Gy) —Gum - V(F,)]
+B-[(Fm- V)G — (Gm - V)Fg]

+B'[V(FB)'GM—V(GB)'FM]}- (8.50)
The magnetic part of the Poisson bracket (8.50) can be written in the form:
{F.G}§, = —/d3x% Fuy-B x (V x Gg) — Gy - B x (V x FB)} d’x,  (8.51)

The Morrison and Greene (1980) bracket (8.50) is tainted because the Jacobi
identity is satisfied only if V - B = 0 (see later in this chapter). Chandre (2013)
and Chandre et al. (2013) use the modified bracket for B in which

B—>B=B-VA~!'V.B=7PB, (8.52)
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in { F, G}g, in (8.51). This results in the bracket:
(F.G}E = —/d3x{ Fv-Bx (VxGg)—Gu-Bx(VxFg)t d’x, (8.53)

Bracket (8.53) gives a modified version of the Morrison and Greene (1980) bracket
which satisfies the Jacobi identity unconditionally. This latter bracket also has V - B
as a Casimir. The magnetic component of the Poisson bracket (8.53) can also be
written in the form:

(F.GE = (F.G}8 + / #xV-BATY(V-C), (8.54)
where
C = Fy x (V x Gg) — Gy x (V x Fg). (8.55)

Thus, the effect of using the transformation B — PB is to add an integrand
term proportional to V - B to the Poisson bracket (8.50) (see Chandre et al. 2013,
Equation (19)).

The corresponding Poisson bracket of Morrison and Greene (1982) with V- B #
0 is given by (8.18) (hereafter denoted by { F, G}3,). The difference between these
two brackets is given by:

{F,Gg, —{F.G}g = /d3xv.B[FM.GB—FB.GM]. (8.56)

For the { F, G}, bracket, with V - B # 0, the MHD momentum equation can be
written in the conservative form:

d B? B®B
at(,ou)+V-(,ou®u+(p+2 )I— ® )=0, (8.57)
M 0

Equation (8.57) can also be written in the form:

du B(V-B
p . =—-Vp+JxB+ ( ),

" (8.58)

where J = V x B/ is the current.
Faraday’s equation for the Morrison and Greene (1982) bracket for V- B # 0
may be written in the form:

%‘j—vx(uxBHu(v-B):o. (8.59)
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It corresponds to Lie dragging the magnetic flux f B - dS with the flow. Taking the
divergence of (8.59) gives the magnetic flux conservation law:

gt(v B) + V-[u(V-B)] =0, (8.60)

which shows that V - B is advected with the flow (this is sometimes referred to as
the divergence wave eigenmode, e.g. Webb et al. 2009; Powell et al. 1999). For the
Morrison and Greene (1980) bracket the momentum equation has the form (8.58)
and Faraday’s equation has the form (8.59), but with V- B = 0.

8.4 The Jacobi Identity

In this section, we derive the Jacobi identity for the Morrison and Greene (1982)
bracket for V - B # 0. The Jacobi identity for V - B = 0 can then be obtained by
setting V - B = 0 after all the calculations are done (one can also take the limit as
V - B — 0 if desired after the calculation is done). We prove the Jacobi identity
for the bracket (8.18) for the general case where V - B # 0 by using the functional
multi-vector approach of Olver (1993, Chapter 7, Theorem 7.18). We use the same
method to verify the Jacobi identity for the advected A bracket, and then convert the
advected A bracket to the bracket (8.18). Morrison (1982) gives a direct approach
to the derivation of the Jacobi identity that is applicable for a restricted range of
Hamiltonian operators or co-symplectic forms. However, this class of co-symplectic
forms is sufficient for a wide class of fluid and plasma models.

8.4.1 The Morrison and Greene (1982) Bracket

In the functional multi-vector approach to the Jacobi identity of Olver (1993), one
first writes the bracket in the standard, co-symplectic form:

(F.G} = —/FaDaﬂGﬂ dx, (8.61)

where Dgg is the co-symplectic form or Hamiltonian operator and F, = §F/du®
is the variational derivative of the functional F' with respect to the dependent field
variable u®.

The Poisson bracket (8.61) is required to satisfy the conditions of skew-
symmetry:

{F.G} = —{G.,F}, (8.62)
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and to satisfy the Jacobi identity:
WF.GLHy +{{G,H},F} +{{H,F},G} = 0, (8.63)

for all admissible functionals F, G and H. These conditions are required for Dyg
to define a Hamiltonian operator (co-symplectic form) and Poisson bracket (8.61).
From (8.61) these conditions imply that the bracket (8.61) is bilinear in both
arguments:

{ClF + C2G,H} =Cl{F,H} + C2{G,H},
(F,d\G + doH} =d\{ F, G} + do{ F. H}. (8.64)

The Leibniz rule for a finite dimensional Hamiltonian system (e.g. Olver 1993,
Ch. 6), is not required for the infinite dimensional Poisson bracket (8.61).

Using the non-canonical, MHD Poisson bracket (8.18) where u* =
(0, M”,0,BT)7 are the dependent variables, we obtain:

{F.G} = _/{ (FPDprGMj +FM/DM//JGP)
+ (FoDoriiGri + FriDuiicGo)

+ (FMiDMiM/GM/' + FyiDyigiGp + FBiDBiMjGMj) dx, (8.65)

where D, in (8.65) are given by:
DpMj ZDJ(IO)’ Dpr = pDj,
Dan :D](U), DMj(T = UD],
Dy =D; (Mi') +MD;(),
Dy =B'Di(-) — §; [V -B + B*Dy] (-),
Dyiyy =D;(B') — §;B*Dy(-). (8.66)
Here we use the notation D; = V;, which is the total partial derivative with respect
to x’ (i.e. we use Olver’s notation).
Below we verify the Jacobi identity (8.63) for the bracket (8.61) where the D,g

are given by (8.66). Olver (1993) shows that the Jacobi identity (8.63) is equivalent
to the functional bi-vector Lie derivative condition:

1
prVpg(0©) = 5 / Vo A (0% A DegbP) dx =0, (8.67)
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where
0% = (0°,6™,6°,0"), (8.68)

are 1-form, dual basis elements of the cotangent space, Té dual to the tangent vector
space Ty. Ty is spanned by the vector fields e, = 9/0u”, and Vy = Vee, live in
the tangent space Tp. The vector valued 2-form in (8.67) is defined as:

1
0= 5 / 0% A Dy dx, (8.69)

where A is the usual skew symmetric operator acting on forms. The symbol prVy
denotes the prolonged vector field V or extended evolutionary symmetry operator,
defined by the equation:

pr (VQ) =Q0" .

.8

ad d d
+ Dy (Q%) + DDy (Q%) +..., (8.70)
o ou® auf‘sp

where
0% = Dysb?, (8.71)

is the vector-field valued one form, associated with the co-symplectic form Dyg. In
(8.70)

Ju®

o _ o R ) =
W= Do), u, = DuDal) = 1 L

. (8.72)

denote the partial derivatives of the u® with respect to the x*.
It is straightforward to verify the skew-symmetry of the co-symplectic form D,g
by using integration by parts, i.e.

(Dup)’ = —Dup. (8.73)

where Dlﬂ is the adjoint of the operator Dyg. As a consequence, the bracket (8.61) is
skew-symmetric, i.e. { F, G} = —{G, F'}. The derivation of (8.67) is given in Olver
(1993, Chapter 7 (Proposition 7.7 and Theorem 7.18, pp. 443—444)). The one-forms
0% are dual to the vector field d/du® i.e.,

0
B\ _ gB
<8u°‘ ,0 > =4. (8.74)
where (, ) denotes the pairing (inner product) between the basis vector fields d/du®
and 1-forms ##. In (8.67) it is implicitly assumed that the integrand is a sum of
perfect derivatives that vanish on the boundary dR of the integration region R. The
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boundaries dR could be at |x| — o0, or periodic boundary conditions are used in
the case of a periodic domain R.

In the above translation of the Jacobi identity into the form (8.67), one needs to
keep in mind the map between the tangent space of vector fields T, to the manifold
M and the co-tangent space or dual vector space Ty, of differential forms. If @',
w?...w" are elements of T;, and Vi, V, ...V, are vector fields in T}, then the inner

product map:
(@' A?, .. AW VLV, V) = det(ay) = det((w'; V) (8.75)

maps the n-form o' A w?... A w" onto the reals. Furthermore, the Poisson bracket
{P, R} is defined by the inner product:

1 sP 0R
P, R; @ == Da d
( ) 2] Su A B sup X
1
=, / (P*DogR? — R*DogPP) dx
8P IR
:/ SM“Daﬂé’uﬁdX
=(P. R}, (8.76)
where
8 SR
P* = L = Eu (P)v R* = = Eu (R)s (877)
Su® Su®

are the variational derivatives of P and ‘R, and E,« is the Euler operator.

Effectively, (8.67) is the Jacobi identity in which direct reference to the function-
als 7, G and ‘H have been stripped away from the identity. One can of course,
include the variational derivatives of the functionals F, G and H back into the
formulation, but this is best done at the end of the calculation. We illustrate this
process later in our investigation of the Jacobi identity for the Morrison and Greene
(1980) bracket in (8.113) et seq.

To evaluate the integral (8.67) modulo perfect derivative terms, we first note that:

1
prVpy(0®) = ) / Vpo A (0% A DaﬂQﬂ) dx

| 5 5 9 .0
— 0 o B’
z/{Q oo T 50 T T2
5 9
+ Dy (0) + Dy (Q%)
p.s d0 ¢
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4 Dy (QBk) azk +}

0
oMK

oo (e")
x (0P ANQP + 07 AQ° + 0 A QM + 0% AQP) dx,  (8.78)
where
Qp = D,DMk (eMk) =V. (p@M) 5
0% = D, (eMk) =V (c6M),
QMi = DMiPG” + Dy 0° + DMiMjeMj + DMiBjij
= pDi6” + oDi6” + D; (M'0™ ) + M'D; (6M)
+ BD6® —[V-B + B,D,] 6%,

0" = p; (B0") - B'D,0™, (8.79)
are the components of the Q. Here we use the abbreviated notation Dy = D,s. Note
that we need up to first order derivatives in pr(Vy) in (8.78) as Q depends at most on
first order derivatives and the function values of the u*. The Q* are obtained from

(8.71).
From (8.78) to (8.79) we obtain:

pr(Voe(®)] = T, + Tay + Ts + T, (8.80)
where Ty, consists of terms linear in ¥ and Vi (here v = p, M, o, or B). Thus, the
task of verifying the Jacobi identity reduces to the evaluation of the different terms
(8.80). This objective is achieved by evaluating the integrals in (8.78), integrating

by parts, and dropping surface terms (assumed to vanish).
The term T, has the form:

Tp=;/{v.(peM)A(v.eMAeue;AeM")
+p07 A (VM A 4 0% A0

+ D[V - (08™)] A 6™ A 90} dx. (8.81)
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After some integration by parts and dropping surface terms we obtain:
1 .
Tp = — ) /95( A D] (peMJ AN QMk) dx
1 P 174 M* Mt M
=, [ P9~ (9 N AN ) dx = 0. (8.82)

T, in the second line of (8.82) is zero by the antisymmetry of the terms in braces,
whereas the 95,( derivative is symmetric with respect to x’ and x*. T, is also given by
(8.82) except that p is replaced by o in (8.82),1.e. T, = 0.

A similar calculation for Ty, gives:

Ty = / oM A Dy (MH6M A 6" ) dx
=_ / MkHMk eM’ oM 4 oM" A eM") dx = 0. (8.83)

Note that T}y is (8.83) has a similar form to 7, in (8.82).
Both Qf and Q° do not contribute to 7. Only linear terms in B and first order
derivatives of B contribute to 7. We find:

Tp = ; / {0 AXp (OM) + 0% AXp (Q%)} ax, (8.84)
where
5 AMk 3 Bk 3 AM]‘ 3 Bl‘ a
Xp=0" Q"+ D (0 s+ P () 69
In (8.85):
O" = B6¥ — (V-B+B'D,) 6", (8.86)

is the component of QMi that is independent of p, o and M*. After some algebra,
(i.e. integrating by parts and dropping surface terms, and using the anti-symmetry
of the wedge product), we obtain:

T, = / {QBS A(OF A O — 0" AOE) —OM A M A0 lax.  (8.87)

Using (8.86) for QMi and (8.79) for QBi in (8.87) and integrating by parts, and
dropping surface terms, gives:

Tg =Ty +Ts =0, (8.88)
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where
Té _ / {BaeBP A (Q’ng A 9,1;41) + 9,1;41) A QZZIY)

+BO™ A (00 A 0% + 65 A0 Ldx

0, (8.89)

depends on the first derivatives of 6“. By using the anti-symmetry of the wedge
product it follows that 75 = 0. The term T3 is given by:

pa

Té :/ { _BseM“ A QMP A HBS

—B (0™ A 0% + 0% AOM) A OM L dx = 0. (8.90)

.as

T2 depends on second order derivatives of §%. By the anti-symmetry of the wedge
product, and noting that 8%, = 6%, it follows that T3 = 0. Thus, Tp = Tj+T5 =0
which verifies (8.88).

To sum up, pr[Vpe(®)] = 0 because T, Ty, T, and Tp are all zero. It follows
from Olver (1993, Proposition 7.7 and Theorem 7.18), that the Jacobi identity for
the Morrison and Greene (1982) bracket (8.18) with V - B # 0 is satisfied.

8.4.2 The Advected A Bracket

In this section, we show that the advected A bracket (8.31) of Holm and Kupersh-
midt (1983a,b) satisfies the Jacobi identity. Note that for this bracket V- B = 0,
because B = V x A. The V - B = 0 bracket of Morrison and Greene (1980) is
more complicated to describe, because of the constraint V - B = 0 imposed on
the variations. This bracket has been investigated by Chandre et al. (2012, 2013)
and Chandre (2013) using the Dirac bracket to define more precisely the conditions
on the functionals allowed for this bracket. They also show that the bracket can
be obtained by using a projection operator applied to the variational derivatives to
ensure that the functionals Iy, are divergence free.

We prove the Jacobi identity using Theorem 7.18 and Proposition 7.7 (Chapter 7)
of Olver (1993) to simplify the analysis. The non-canonical Poisson bracket (8.31)
with field variables u* = (p, M”, 0, AT)T, where A is the advected magnetic vector
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potential, can be written in the co-symplectic form:

{F, G}A = —/ { (FprMjGMj + FM/'DM/'pGp)
+ (FoDoriGri + FriDyiio Go)

+ (FMiDMiMfGMf + FMiDMiAjGA_/ + FAiDAiMjGMj) dX, (891)

where
Dowi =Dj(p"), Duyip = pDj,
Dymi =Dj(0+),  Duyiec = oDj,
Dy =D; (M) + M/D;(-),
Dyiy =Dj(A") — A{i’
Dy =A'Di(") +Af]»-. (8.92)

The advected A bracket (8.91)—(8.92) is similar to the Morrison and Greene (1982)
bracket (8.65)—(8.66) except that A is used, rather than B and the skew symmetric
operators Dy, and D,y are different operators describing the magnetic vector
potential A. The operators Dy in (8.92) are skew adjoint, so that { F, G} = —{G, F}
for the bracket (8.91).

From Olver (1993, Proposition 7.7 and Theorem 7.18 (pp. 443—444)), the proof
of the Jacobi identity for the bracket (8.91)—(8.92) reduces to proving

1
prVpp(®) = 5 / Voo A (90‘ N Daﬂeﬁ) dx =0, (8.93)

where pr(Vp) is defined in (8.70)—(8.71) and Q% = Dyp 68,

Following the approach of (8.61) et seq., we obtain essentially formula (8.78)
for prVpy(®) but with B replaced by A in (8.78). Thus, the canonical symmetry
generator Q in the present application has components:

0" =V-(pt™), Q° =V-(ct™),
QMi :pD,H” + GD,HU + Dj (MZOM/) + MjDiQM/ —+ QMi,
OM = (A, A1) 0¥ + AV -2,
0" =A6 1 AV, (8.94)

In (8.94) we have split off the A-dependent part of Q*', which is denoted by Q™'
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As in the previous proof of the Jacobi identity in (8.67) et seq., we split prVpg (®)
up into p, M, o and A components as:

prVpe(®) =Ty + Ty + T + Ta. (8.95)

The terms T, Ty, Ty are the same as in (8.81) et seq. The term T} is linear in A and
the first order derivatives Af] The term T4 has the form:

=, / [0 AR (Q") + 6% ARy (0V)] d. (8.96)

where

fo=0r ) ot e (07),) 40 () (8.97)

oMk oMk Ak

Equations (8.96)—(8.97) are analogous to (8.84)—(8.85) in the V - B bracket analysis.
Ty = / {QAk S N AT B AN AN
— 0" A (0 A ) } dx. (8.98)
. k gk . . .
Using (8.94) for Q4" and Q™" in (8.98) and integrating by parts gives:
T = / Ak{ ol AN AR AN PN
Mk Al M AP M MP Al
+ 6 A[@ AV-OM— 0 A 0% g /\9’1)]
—V-0AAM A egk} dx. (8.99)
The term T4 in (8.99) can be reduced to the form:

Th = /(lAl + a2 + 143 + fas) dX, (8.100)
where
ta =— A" (QAP N LN GAP) A =0,

N N LN N B}
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_ Akt MP M* Mk M| _
iy =AY A 03 A 0N+ O A0 ] =,
tas =AY -0 A O A OM (1 -1) = 0. (8.101)
Thus, T4 = 0. As in the previous analysis in (8.78) et seq. for the V - B # 0 case,

T, = Ty = Ty = 0, which implies from (8.95) that prVpg(®) = 0 and that the
Jacobi identity is satisfied by the advected A bracket (8.91).

8.4.3 The Morrison and Greene (1980) Bracket

In this section we look at the Jacobi identity for the Morrison and Greene (1980)
bracket for MHD, by using Olver’s version of the Jacobi identity (8.67), (here-after
referred to as the MG80 bracket). The MG80 bracket has the form (8.65) except
that the components of the co-symplectic form (8.66) are different for the D,,ip and
Dgipi terms. For the MG80 bracket,

Dyip =B'D; — §;B°Ds,
Dyiyi =D; (B*) —8; (V-B + B'Dy). (8.102)
The other components of the co-symplectic form D,g are the same as in (8.66). The
quantity pr[Vpg(®)] in the Jacobi identity analog pr[Vpg(®)] = 0, in the present
case reduces to the form (8.67), i.e.,
pr[Vpo(©)] = T + Ty + T5 + T. (8.103)
where T, Ty and T, are zero as in (8.81) et seq. Thus, we find:
pr[Vps (©)] = T, (8.104)
where Tp is formally given by (8.84)—(8.85), except that now
Q" =pDi6” + oD;8” + D; (M'6") + MiD; (6% ) + O
O™ =B'D,0® — B'D,H"”,
0% =p; (BfeM’) _ D, (BSGMi) =D, (BieMj _ B‘YQMi) . (8.105)

Note that QMi and QBi differ from the MG82 bracket by terms proportional to V - B,
namely:

oM = QM LV .BoF, QF =QF —V.BOM, (8.106)

where the subscripts 80 and 82 refer to the MG80 and MG82 brackets respectively.
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The expression for T in the present case is obtained by using (8.84)—(8.85)
where QM and QF' are given by (8.105). Integrating (8.84) by parts, and dropping
surface terms gives:

Ts = / [QM" AOM A OM 1 QP A OM A (egk - eﬁ”)} dx. (8.107)
Then using the expressions (8.105) for QMi and QBi in (8.107) we obtain:
_ aMP M M* Bk BP
TB_/{ (B0™ — Br0M") A 62 A (05 — 0%
aMP M M* BF BP
+ (BUOM — BPOM") A M A (em - eﬁ,m)
+B (05 - 05 ) A0 A eM‘} dx. (8.108)

The terms in (8.108) can be split up into first order derivatives terms T,(gl) and second
order derivative terms T,(gz) as:

T =T + T, (8.109)

Using integration by parts in (8.108) we obtain:
Ty = - / NN
= / {V'BHW AOM A GY
a [ gM? M MP M* B’
+B [9 AOM 4 O A G ]A 6" } dx, (8.110)
and
Ty = / %B“HM” O A (05 68

+ B0 A0 A (67— 67) +BOY A 6M A (6] 1) } o

8.111)

Substituting 7 from (8.111) and TS from (8.110) in (8.109) we obtain:

pr[Vpg (©)] = T = / V.BOM A 0M A 0% dx, (8.112)
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for pr [Vpe (©)]. The result (8.112) is the most important result of this sub-section.
It shows that the Jacobi identity condition pr [Vpg (®)] = 0 requires that V-B = 0.
However, in the derivation of (8.112), we did not assume V - B = 0. Assuming
V - B = 0 at the outset, can be implemented by using the Dirac bracket, where the
constraint V - B = 0 is properly taken account of, at the outset (e.g. Chandre et al.
2012, 2013; Chandre 2013).

Using the inner product formalism (8.75)—(8.76), we find:

(P, O, R; pr[Vps(®)]) = / V - Bdet(A) dx, (8.113)

where A, = a, is given by the equations:

(8.114)

Wk = v s\ spo

8P 6Q ( SR )
Olver (1993) argues that if (P, Q, R; pr[Vpe(®)]) = 0, for arbitrary functionals P,
Q and R, then the cyclic sum of such terms will be zero, which implies the Jacobi
identity. In general det(a,x) # 0. Thus, if V- B = 0, the Jacobi identity for the
MGS8O0 bracket can be satisfied, but if V - B # 0 then the Jacobi identity will not be
satisfied.

8.5 The MHD Casimirs

The Casimirs in Hamiltonian mechanics, are defined as functionals that have zero
Poisson bracket with any functional K defined on the phase space. The functional K
is usually thought of as a Hamiltonian (not necessarily the MHD Hamiltonian). The
condition for a Casimir is:

{C.K} =0, (8.115)

for arbitrary functionals K. The Casimirs typically reveal underlying symmetries
of the phase space, implying dependence among the variables used to describe
the system. The reduced Hamiltonian dynamics, taking into account the Casimir
constants of motion (note C; = 0) is said to take place on the symplectic leaves
foliating the phase space (e.g. Marsden and Ratiu 1994; Morrison 1998; Holm et al.
1998).

To obtain the Casimir determining equations, we introduce the vector:

¢ = (Ku Kp. Kp. Ks) = (€, X, 1,0), (8.116)
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where K, = §K/8u, and similarly for the other variational derivatives in (8.116).
The MHD Poisson bracket {C, K} can be written in the form:

[ 8C LK . [ 8C ..
{C,K}—/SWA wadx_/Sw“A ¢y dx

§C
=_ / gaA“”W d’x, (8.117)

where ¥ is the state vector of the system (in the MHD case we take ¢y =
(u,B, p,S)). The matrix differential operator in (8.117) is skew-symmetric, since
the Poisson bracket is skew symmetric, i.e. {C,K} = —{K,C}. From (8.117) it
follows that for arbitrary ¢, = §K /8, the Casimirs must satisfy the equations:

sC

A sy = 0. (8.118)

In the present analysis we use the MHD variables ¥ = (u, B, p, S) and the non-
canonical Poisson bracket (8.22). Hameiri (2004) carried out a similar analysis to
that developed here, except that he used the variables (M, B, p, S) where M = pu is
the mass flux.

The gas dynamic terms in the Poisson bracket {C, K} are:

F,V-Ky+Fy-VK, = F,V &+ F,-VA=—£-VC,— AV - (Cy),

V x
u'KuXFu:_g'(wXCu)s
P P

Vs 1
(FsKy —KsFy) = [£-VSC,—aVS-Cyl. (8.119)
P P

In (8.119) we have dropped pure divergence terms which give rise to surface terms
when integrated over the volume V involved (i.e. we assume the surface terms
vanish). Similarly, the magnetic field terms in {C, K} are:

1 1 1 1
B-|: Fu-VKp— KU-V(FB)}+B-[V( Fu)-KB—V( K)FB:|
P P P P

1
ZE-BX(VXCB)-FX-VX( CuxB). (8.120)
P P

Using the results (8.119) and (8.120) in the Casimir equation {C,K} = 0, and
setting the coefficients of A, 0 and y to zero gives the equations:

1 1
V. (Cy) =0, pCu-VSzO, Vx(pCuxB)zO. (8.121)
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Similarly, by setting the coefficient of & equal to zero in the equation {C,K} = 0
gives the vector equation:

B x [V x (C)] + pV(C,) = CsVS +w x Cy =0, (8.122)

where @ = V x u is the fluid vorticity. The form (8.122) is useful in the case
of ordinary fluid mechanics in deriving conservation laws associated with the fluid
vorticity.

An alternative, equivalent form of the Casimir determining equations (8.121) and
(8.122) was given by Padhye and Morrison (1996a,b) and Hameiri (2004), who used
the variables 1} = (M, B, p,0) where M = pu and o0 = pS instead of the variables
¥ = (u, B, p, S). Noting that

/ d*x Cydyt = / &’x Cpusyt, (8.123)
we obtain the transformations:

- M . o ~
Co=Cpt  Cu+t G,
p p
Cs = pCy, Cy=pCym, Cp = Cp. (8.124)

Using (8.124) the Casimir determining equations (8.121) and (8.122) become:

V-(pCm) =0, Cm-V(o/p)=0, Vx(CyxB)=0, (8.125)
M;jVCy, + pCri - V(M/p) + pVC, +0VC, + Bx (V x Cp) =0.  (8.126)

Equations (8.125) and (8.126) are equivalent to the Casimir determining equations

of Padhye and Morrison (1996a,b) and Hameiri (2004) (the term pCy; - V(M/p)

in (8.126) in Padhye and Morrison (1996a) is missing the first p factor; they also

omit magnetic field terms in their equation (20), Phys. Lett. A. paper). Solutions

of (8.125) and (8.126) are given by Padhye and Morrison (1996a,b) in terms of

advected scalar invariants that are Lie dragged by the flow (see also below).
Writing

A

Cu = pV* = py, (8.127)

(8.121) can be recognized as a subset of the fluid relabeling symmetry determining
equations:

V-(op) =0, 5-VS=0, Vx(yxB)=0. (8.128)
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However, the Casimir determining equations do not appear to require
Su=n,+[u,y] =0, (8.129)

which is required for a fluid relabeling symmetry.

Solutions of the Casimir equations (8.122)—(8.127) or the equivalent Casimir
equations (8.125) and (8.126) are given by Padhye and Morrison (1996a,b). The
Casimirs turn out to be combinations of Lie dragged invariants. Thus, for example
the functionals:

B-VS
Cilp.S] = / oG(S) d*x, Cs[p,S.B] = / oG (s, )d3x,
P

VS
Cs[p, S, u] = / oG (s,“’ ) &x, (8.130)
0

are Casimirs. The main point to note is that the Casimirs (8.130) are composed of
advected invariants. Thus, for example Ci[p, S| depends on the advected invariants
pd’x and S; C,[p,S.B] depends on the invariants pd°x, S and B - VS/p; and
C3[p. S, u] depends on pd>x, S, and the potential vorticity @ - V.S/p. One can verify
that the Casimirs (8.130) satisfy (8.121)—(8.122) or (8.125)—(8.126).

Examples

As an example, consider the Casimir C, which can be written in the form:

B-VS
C, = / d*x pG(S,0) where 6 = . (8.131)
P
To check the determining equations requires the variational derivatives:
sC sC
> = G(S,0) — 0Gy(S, ), 2,

sp Su
8C,
5S = pGs—B-VGy = pGs — B - (Ggg VO + GysVS),
8C2 5C2
§S = p(GS — 9693) — (B . V@)G@@, SB = GQVS. (8.132)

Using (8.132) one can verify that (8.121) and (8.122) are satisfied. Since §C,/éu =
0, it is not possible (at least in the present analysis) to associate the conservation law

d
Cy[p, S,B] =0, 8.133
& 2[p ] ( )
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with a fluid relabelling symmetry. This does not necessarily mean that there is not
a fluid relabelling symmetry association, since the work of Volkov et al. (1995)
associates the Lie dragged invariants with hidden supersymmetries.

The Casimir Cs[p, S, u] can directly be related to a fluid relabelling symmetry, as
it depends explicitly on u. This can be verified directly by calculating the variational
derivatives of Cs. Writing

VS
Cs[p, S, u] = / 0G(S,¢) dx where ¢ =" 7, (8.134)
0

we find:

§C; §C;

= G — ¢G,, = V x (G4VS) = G4y V¢ x VS,

5 ¢G5 X (GypVS) = Gy Vep x

5C

353 = pGy — @ - VGy. (8.135)

The determining equations (8.121)—(8.122) are satisfied. The invariant Cs is associ-
ated with the fluid relabelling symmetry with generator

X

o 18Cy VX (GyVS)
~ p bu P

(8.136)

8.5.1 Casimir Equations for Advected A

The determining equations for the Casimirs C(M, A, p, 0) where B = V X A for the
advected A Poisson bracket (8.31) are derived below. The Casimirs are defined by
the equations {C, K} = 0. Following the approach in (8.116) et seq., we introduce
the variational derivative vector:

¢ = (Km, Ka. Ky, Ko) = (&, X, A, v). (8.137)

The Casimirs C satisfy equations of the form (8.118) where in the present case
¥ = (M. A, p,o).
Using the notation (8.137), the gas dynamic terms in the bracket (8.31) are given
by:
[Fv-V(Gm) —Gm - (VEW)]-M = [(Cv - V)E —§ - V(Cw)] - M,
,O(FM-VGp—GM-VFp) =,0(CMV/X—§VCP),
0 (Fm VG, —Gm-VF;) =0 (Cm-Vv—§-VCy). (8.138)
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Similarly, the magnetic vector potential terms in the Poisson bracket (8.31) are:

(A-FM)V-Ga—(A-Gm)V-Fa=(A-Cm)V - x — (A-§)V - Ca,
B-[GAXFM—FAXGM]=X'(CMXB)—§-(BXCA). (8.139)
In (8.139) B = V x A and we make the identifications ¥ = C and G = K.

Substituting (8.138)—(8.139) in the Poisson bracket (8.31) and integrating the
derivative terms by parts, and dropping the surface terms gives:

{C.K} = / { —&-[(V-Cm)M + (Cu - V)M + M- (VCy)' ]
—[AV - (oCm) + p& - VC, | — [V - (6Cwm) + 0& - Vo]
—[x-V(A-Cw) + (§ - A)V-Cal + xCn x B —§ - (Bx Ca) ¢ d’x
—0. (8.140)
Setting the coefficients of A and v equal to zero in (8.140) gives the equations:
V.(pCm) =0, V-(cCwm)=0. (8.141)

which are analogous to the steady state mass continuity equation and entropy
conservation equation with advection velocity

A~

V* = Cum. (8.142)

Setting the coefficient of y equal to zero in (8.140) gives the steady state advection
equation:

—Cux(VxA)+V(A-Cy) =0, (8.143)

associated with Lie dragging the magnetic vector potential 1-form o« = A - dx with
velocity VX = Oy Taking the curl of (8.143) we obtain V x (Cy x B) = 0, which
is the steady state Faraday equation for B with advection velocity Cy, obtained
previously in (8.125) in the analysis of the Casimirs for the Morrison and Greene
bracket (8.20). Noting that M = pu and setting the coefficient of & equal to zero in
(8.140) we obtain the equation:

M*V Cyp 4+ pCri-V(M/p) 4+ pCp +0VCy +A(V-Ca) +BxCa = 0. (8.144)
By noting that for B = V x A, that

CA =Vx CB, V. CA = O, (8145)
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(8.144) reduces to:
MV Cyp 4+ pCyi - V(M/p) + pCp + 0V Cy + B x (V x Cp) =0, (8.146)

which is (8.126) obtained for the Morrison and Greene bracket previously. Note that
this latter result depends on Gauss’s law V - B = 0 for which B = V x A.
Padhye and Morrison (1996a) give the Casimir solutions:

A-B B-VS B-V (B-VS§
Clp, S, A] =/,0G(S, , , ( )
v P P P P

B-V (A-B ;
+ vl ) dx, (8.147)
p \ p

It is clear that this family of Casimirs has Cyy = 0 and hence the gauge dependent
condition (8.143) does not affect the solution of the Casimir determining equations
(8.141) and (8.143). This illustrates that the Casimirs (8.147) are not in general
Lie dragged with the flow. Only for cases where « = A - dx is lie dragged with
the flow (i.e. « satisfies (8.26)) does d/dt(A - B/p) = 0 (see also (3.42)). Since
Cm = 0, it is not clear how one can identify the symmetry associated with the
Casimirs (8.147) (possibly the Casimirs (8.147) are related to the supersymmetries
discussed by Volkov et al. (1995)). More general forms of the MHD Casimirs are
clearly possible (see e. g. Tur and Yanovsky 1993 and (5.26) of the present paper).

To sum up, the Casimir equations (8.141)—(8.146) obtained by using the Holm
and Kupershmidt (1983a,b) bracket (8.31) are the same as for the Morrison and
Greene bracket (8.20), except Faraday’s equation (8.125) is replaced by the more
restrictive (8.143). However, use of the Holm and Kupershmidt (1983a,b) bracket
(8.31) leads more naturally to conservation laws involving the magnetic vector
potential A, which are Lie dragged with the flow.



Chapter 9
Multi-Symplectic Clebsch Approach

Multi-symplectic formulations of Hamiltonian systems with two or more inde-
pendent variables x* have been developed as a useful extension of Hamiltonian
systems with one evolution variable ¢. This development has connections with
dual variational formulations of traveling wave problems (e.g. Bridges 1992; Webb
et al. 2014d), and is useful in numerical schemes for multisymplectic systems.
Bridges and co-workers used the multi-symplectic approach to study linear and
nonlinear wave propagation, generalizations of wave action, wave modulation
theory, and wave stability problems (Bridges 1997a,b). Reich (2000) and Bridges
(2006) develop difference schemes. Multi-symplectic Hamiltonian systems have
been studied by Marsden and Shkoller (1999), Kanatchikov (1993, 1997, 1998),
Gotay (1991), Gotay et al. (2004a,b), Forger et al. (2003), Carenina et al. (1991)
and Bridges et al. (2005). Bridges et al. (2010) shows the connection between multi-
symplectic systems and the variational bi-complex. Marsden et al. (2001) discuss
multisymplectic geometry and continuum mechanics.

Cotter et al. (2007) developed a multi-symplectic, Euler-Poincaré formulation
of fluid mechanics. They showed that multi-symplectic ideal fluid mechanics type
systems are related to the Clebsch variable formulations of Hamiltonian fluid type
systems, in which the Lagrange multipliers play the role of canonically conjugate
momenta. Thus, Clebsch variables in ideal MHD and fluid type systems, involves a
momentum map. In the next section we give an introduction to multi-symplectic
systems, based on the work of Hydon (2005) (see also Brio et al. (2010) for a
similar discussion). We obtain multi-symplectic equations for ideal gas dynamics
and MHD, based on the Clebsch variables formulation. The energy and momentum
equations for the gas dynamics and MHD are obtained from the symplecticity
conservation law for these systems.

We consider the MHD equations for the case of no external gravitational
potential. The analysis is based on the work of Webb et al. (2014c, 2015). Webb
et al. (2015) is an addendum and erratum of Webb et al. (2014c) (Proposition 4.3 of
Webb et al. (2014c) contains errors, which are corrected in Webb et al. (2015)).
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168 9 Multi-Symplectic Clebsch Approach
9.1 Overview of Multi-Symplectic Systems

Hamiltonian systems, with one evolution variable ¢, can in general be written in the
form:

d7
Kij(z) = ViH(z), (CHY)
dt
where the invariant phase space volume element:
1 ; ;
K= 2K,-j(z)dz A dZ, 9.2)

is a closed two-form, i.e. dk = 0. Here d denotes the exterior derivative and
A denotes the anti-symmetric wedge product used in the exterior Calculus. The
condition that x be a closed 2-form, implies k = dg where g = Ldei is a one-
form (note that dk = ddg = 0 by antisymmetry of the wedge product). It turns
out, that the condition that x be a closed 2-form implies that Kj; = —Kj; is a skew
symmetric operator (see Zakharov and Kuznetsov 1997; Hydon 2005). Taking the
exterior derivative of the 2-form (9.2) and setting the result equal to zero, we obtain
the identity:

Kijx + Kixi + Kiij = 0, (9.3)
which in some cases is related to the Jacobi identity for the Poisson bracket. If the

system (9.1) has an even dimension, and if K;; has non-zero determinant , then (9.1)
can be written in the form:

dz
P R;V,H(2), 9.4)
where R;; is the inverse of the matrix K;;. Here R; = —Rj; is a skew-symmetric

matrix. The closure relation (9.3) then are equivalent to the relations:

oR; OR; AR
K Rim V4 Ry =0, 9.5)

Rim 8z’” 8z’” m az’”

(see e.g. Zakharov and Kuznetsov 1997). The Poisson bracket for the system in the
finite dimensional case is given by

0A 0B
{A.B} = ZR”azf . (9:6)
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Using the Poisson bracket description (9.6) the Jacobi identity reduces to (9.5).
Casimir functionals have zero Poisson bracket with respect to any other functional of
the variables describing the system. For finite dimensional systems Casimirs always
occur for odd dimensional systems.

Consider a finite dimensional Hamiltonian system of dimension 2n with canon-
ical variables z = (¢'.¢%....q".p1.pa....pn)" Which can be written in the form
(9.1), where

Kzrz(fjﬂ. ©.7)

Here the matrix K is the inverse of the symplectic matrix J and 7, is the unit n X n
matrix. The invariant phase space element form (9.2) is:

k = dpj A dg = d(p;dd). (9.8)

Hamiltonian, multi-symplectic systems with n independent variables x* can be
written in the form:

KSd, = V.H(), 9.9)
where 7, = 97 /0x*. The fundamental invariant 2-forms are:
1 X .
K% = ngdz’ ANdZ, a=1()n, (9.10)

Invariance of the phase space element D, (dp; A dq’) = 0 for the standard canonical
Hamiltonian formulation with evolution variable ¢ is replaced by the symplectic, or
structural conservation law:

k% =0, 9.11)
which is referred to as the symplecticity conservation law.
The closure of the 2-forms «“ implies that the exterior derivative of k* = 0. By
the Poincaré Lemma « is the exterior derivative of a 1-form, i.e.,

K" =d(L}d7) = do® where o* = L{d7. (9.12)

Note that dk“ = ddw® = 0. Taking the exterior derivative of ®* in (9.12) and using
the anti-symmetry of the wedge product we obtain:

o 1 aLz 8L7 j k
K _Z(E)zf — azk)dz’Adz. (9.13)
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From (9.10) and (9.13) we obtain:

oLy  oLY
o __ k
Kjk = o gok 9.14)
Thus, the matrices K; are skew-symmetric, i.e. K; = _K,Of

Proposition 9.1.1 The Legendre transformation for multi-symplectic systems is the
identity
(Lydd)  =d{L}(x)d, —H()} =dL, (9.15)

o

where
L=L@)Z, —H(). (9.16)

is the Lagrangian density and H(Z) is the multi-symplectic Hamiltonian.
Proof The proof of (9.15) proceeds by noting

o

Lo .
(Lrdd) =, 2 dd + L ()Dyd?
” o aZl B J

oLy . . :
= o Zydd + LY (2)d (,) . (9.17)
Here we used the fact that the operators d and D, commute. Equation (9.17) can be
further reduced to:
(Lydd) , = —Kjizodd +d (L (2)2,) - (9.18)
The identity (9.15) then follows by using the Hamiltonian evolution equations (9.9).
|

The symplecticity or structural conservation law (9.11) now follows by taking
the exterior derivative of (9.15) and using the results ddL = 0 and dD, = D,d, i.e.,

Dyk® = Dyld(Lfd?)] = dDy (LY d?) = ddL = 0, 9.19)

which is (9.11). Other conservation laws are obtained by sectioning the forms in
(9.15) (i.e. we impose the requirement that 7 = z/(x), which is also referred to as
the pull-back to the base manifold). The pullback, applied to (9.15) gives

(L), = (dpadt) = (17d,) ax =dL= it (9.20)

o . 8x5
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Thus, (9.20) gives the conservation law:

D, (17, - 185) = 0. 9.21)
This conservation law is in fact, the conservation law obtained due to the invariance
of the action A = f Ldx under translations in x# which follows from Noether’s first
theorem (i.e. x % = x* + €89).

A further set of n(n — 1)/2 conservation laws is obtained from pull-back of the
structural conservation law (9.11) to the base manifold, namely:

D, (Kgzyd,) =0, B<y. 9.22)

The conservation laws (9.22) can be obtained by cross-differentiation of the
conservation laws (9.19), i.e. they are a consequence of the equations:

D, {Da (Lj‘ (z){ﬂ) - Dﬁ(L)} — Dy {Da (Lj‘ (z)z{'y) - Dy(L)} —0. (9.23)

A multi-symplectic version of Noether’s theorem (discussed by Hydon (2005)) for
the multi-symplectic system (9.9) is described below:

Proposition 9.1.2 [f the action:
J= / L d>xdt (9.24)
is invariant to O(€) under the infinitesimal Lie transformation:
P = +eVe, XY =x"4eV", (0<a<3, 1<s<N), (9.25)
and under the divergence transformation:
L' =L+ eDy A% + O(€?), (9.26)
where L has the multi-symplectic form (9.16):

L=1L}@)Z,—HGk) where H= / H(z)d>xdt, (9.27)

is the Hamiltonian functional, then the Euler Lagrange equations for the action:

oL d oL oH .
E (L) = — =— K¢Z =0, 9.28
=0 0% Oxv (3Zfa) a7z 8% ©-28)
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admit the conservation law

De {VX"‘L + Wez, V] + A“} —0, (9.29)
where
. )
W%z, V¥ = V* 9s = VLY (2), (9.30)
2
and
V=V v, 9.31)

is the canonical or characteristic Lie symmetry generator (i.e., the infinitesimal Lie
. / oS / . . . .

symmetry transformation z° = 7' + €V%, x% = x* which is equivalent to Lie

transformation (9.25)). Thus, the conservation law (9.29) reduces to:

Dy {VX“ [Lg(z)sz - H(z)] + V7L @) + A"} — 0. (9.32)
or alternatively:
De {VX"‘L + VL) + A“} —0. (9.33)

This is the multi-symplectic form of Noether’s first theorem for the system (9.9).
The condition for the Lie symmetry (9.25)—(9.26) to be a divergence symmetry of
the action is:

XL + V¥ DyL + Dy A® = 0, (9.34)
where
- 9 ;0 .0
X=v" %4 Via o 9.35
e T g T s ©-35)

o

is the extended Lie symmetry operator. The extended Lie symmetry operator X can
be expressed in terms of the characteristic symmetry operator X by the formula

o LD N
X=X+V°D,, where =9"" +D, (v) 4 (9.36)
07 8zfa

The Lie invariance condition (9.34) written in terms of)A( is:

XL+ D, (VX"‘L n A“) - 0. (9.37)
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Example As an example of Noether’s theorem, consider the invariance of the action
J under the Lie symmetry:

V=65 Vi =0, A*=0, (9.38)

corresponding to translation invariance with respect to xf. The canonical Lie
symmetry generator V< is given by:

A S

V= =z, (9.39)

The Lie invariance condition (9.37) is satisfied for A% = 0, i.e. the action is invariant
under a variational symmetry (one can show XL = —DgL). The conservation law
(9.32) or (9.33) reduces to the symplectic conservation law (9.21). Thus we have
shown that the symplectic conservation law is due to invariance of the action under
translations in x”.

9.2 Multi-Symplectic MHD

In the Clebsch variables approach, the fluid velocity is given by the expression:
pu=pVp —BVS —AVu —(VxTI)xB-T(V-B), (9.40)

In the standard Clebsch variable formulation (Sect. 8.1), in which ¢ is the evolution
variable, the canonical coordinates are the physical variables (p, S, u, BT) and the
Lagrange multipliers (¢, 8, A, T'T) are the corresponding canonical momenta (the
role of the canonical momenta and coordinates can be interchanged, simply by
changing the sign of the Hamiltonian). In the multi-symplectic formulation both
space and time can be thought of as evolution variables. The Lagrangian L is equal
to the kinetic minus the potential energy of the system, subject to the constraints
of mass, entropy and magnetic flux conservation (Faraday’s law), plus the Lin
constraints. Thus, the multi-symplectic Lagrangian L is given by (8.2). It is worth
noting that there may be up to three Lin constraints that need to be imposed for three
dimensional flow in some cases (e.g. Yoshida 2009; Webb and Anco 2016).

In the multi-symplectic approach used in the present analysis, the Clebsch
variable expansion for the fluid velocity u in (9.40) is re-written in the form:

BYS+AVu+T(V-B)+B-VI —B-(VI')? — pV$ = —pu = —gﬁ (9.41)

where

1 2 B? 3
l= plal”—e(p.S) — d’x, (9.42)
v\2 210

is the MHD Lagrangian without constraints.
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Proposition 9.2.1 The evolution equations (8.5)—(8.9) and the Clebsch variable
equation (9.41) for —8£ /8u can be written in the multi-symplectic form:

Azz(KOatJrK‘a+K23+K3§)z=m (9.43)
Z

ad ox ady

where A is a 15 x 15 matrix differential operator. In (9.43)

2= (u".p. S BT 1, 8,9) (9.44)

is a 15-dimensional state vector for the system and the K* (« = 0, 1,2, 3) are skew-
symmetric 15 x 15 matrices, and

2
H=—L= —/ (1p|u|2—8(p,S)— B ) dPx = /H(z)d3x, (9.45)
v\2 20 v

is the multi-symplectic Hamiltonian functional for the system. The functional or
variational derivative §H/8z° = 0H /07" in the present case. The skew-symmetric
matrices K satisfy equations of the form:

1 : : i
do® = 2K;]"-dz’ ANd?  where o® = Lid?, (9.46)

are symplectic one-forms. For the MHD system, the one-forms w* are given by (up
the exterior derivative of a scalar function):

0’ =¢dp + BdS + Adu + T - dB, (9.47)
o' = [u(BdS + Adp + ¢pdp) + ppdu + (T -B) du — B(T - du) + uw(T - dB)]',
(9.48)
= [u(BdS + Adu — pd¢) + d(pgu) + (I -u)dB — (I x dE)]', (9.49)
where 1 < i <3 and
E = —uxB, (9.50)

is the electric field in ideal MHD. The adjoint AT of the matrix differential operator
A satisfies the equation:

vl Az = (v"-Kz) + 2" - ATy, (9.51)

d
ox*
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where
Ay = 0 k) 9.52)
ox ’ '

Note that (Y, Az) = (z, A™Y), where (,) is the usual inner product.

Proof Below we give a straightforward proof of the theorem. Later, in (9.65)—
(9.75) we give a simpler, more elegant derivation of the matrices Kj?; based on the
differential forms w® and ' given in (9.47)—(9.48).

To derive (9.43)—(9.48) first note that the Clebsch variable equation (9.41) for pu
and the evolution equations (8.5)—(8.9) can be written in the form:

BVS +AVu +T(V-B)+B-VI —B- (VI — pV¢ = H,,

—Dt¢:H, _ﬂV'u—DtﬂZHS, _A.V‘u_Dt/XZH,

—T-(Vuy' —=D,T =Hg, B(V-u)—B:-Vu+ DB = Hr,

Dy =H), D;S=Hg, pV-u+Dyp=Hg, (9.53)
where D; = 0; + u - V is the Lagrangian time derivative and the multi-symplectic

Hamiltonian is given by (9.45). In (9.53) we use the notation Hy, = 0H/0v.
To obtain the matrices K* in (9.43) write (9.53) in the matrix form:

Az = H, where A =K* 0 , (9.54)
ox

and (xX°,x',x%,x%) = (,x,y,7). Note that the equations involving H,, Hg and Hr
each consist of three equations, but the other equations involving H,, Hs, H,,, Hj,
Hpg and Hy are single equations. The matrix differential operator A in (9.54) has the
form:

O3><3 0 ,BV AV ITV. VB 0 0 —,OV
Oix3 00 00x30ix3 0 0 —-D
V- 0 0 0 O30 0 =Dy 0
—AV. 0 0 0 Ox30ix3—D; 0 0
A=|-T-(Vo)’ 0 0 0 Ops =D, 0 0 0 |, (9.55)
Vi 00 0 D O3z 0 0 0
Oix3 0 0 D,Ox30ix3 0 0 O
Oix3 0 D, 001x30ix3 0 0 0
pV Dr 0 0 le3 le3 0 0 0

where

Vs =B-Vo—B-(Vo)!, V) =B-(Vo)l =BV -o. (9.56)
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In (9.55) Osx3 is the zero 3 x 3 matrix, and O;x3 is the 1 x 3 zero matrix. The
operator:

D=, +u-V. (9.57)

is the Lagrangian time derivative following the flow. Note that VE is the adjoint of
the operator Vg with respect to the usual inner product (f,g) = [ fed’x for real
functions.
Using (9.55) the skew symmetric matrices K have the form:
K = Ky = ki — K. (9.58)
In particular:
K) = 8158) + 81,81 + 8158) + 8i08) + 81,85 + 81,6) 9.59)
Similarly:
ki = I*6:8] + [7658, + [°638)
+ B (838], + 8180,) + B8, 8] + B, + e (8108) + 81,8) + 81,8))
- fu (818L + 81584 + 8158%) + B818% + 1818 — poi8s) (9.60)
K2 = I'"8]6} + 7638}, + <618
+ B0 + B (818]0 + 818],) + B8 + w0 (8108) + 81,8 + 81,8))
- {u (8185 + 8185 + 8158} ) + B8, + A838, — o8l 9.61)
k= T*818) + 7638, + [°618),
+ B8}08] + B8}, 8, + B (818, + 6361, ) + u (8108 + 81,8 + 81,8))
+ {uz (5;5@ + 81,8 + 8158) ) + B81SL + A818% - pag(s{s} . 9.62)

The one-form solutions for w* = L}"dzj in (9.47)-(9.48) are related to the K}’j( by
(9.14),i.e.

oo
KT 0d ak

¢ 9.63)
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Note that the solution of (9.63) for the L}’ are not unique because w* = L;?‘dzj +
d®(z) will also give the same K. ‘

As an example we find ©° = L]dei is given by:
o = (z"dz* + 2%d + 2Pdf) + {07 + M d® + 22dZ%)
=¢dp + BdS + Adp + T - dB. (9.64)

Similarly, o' = L;dzi gives (9.48) for w'. This completes the proof. O

9.2.1 Exterior Differential Forms

Perhaps, the most elegant way to derive the above results of Proposition 9.2.1 is to
use differential forms to deduce the skew symmetric matrices K* and the one forms
o* (o = 0,1,2,3) describing the system. This approach is described below. From
(8.2) the MHD Lagrangian may be written in the form:

1 B? az’
L= _pu’— - IS :
N R (9.65)
where
az’ ap as ou
o = V. .V .V
LZBx“ ¢(8t+ (pu))+,3(3t+u S)—i—)&(at—i—u u)
0B
+I"(at—Vx(uxB)+u(V~B)). (9.66)
In particular:
o 0Z°
LZ‘Y axo = ¢pr + ﬁS[ + A/JL)‘ + r N Br, (967)

and hence

o =LYdp + L3dS + L)du + Ly - dB,
=¢dp + BdS + Adu + T - dB, (9.68)

(note (9.68) define the non-zero LSS). The result (9.68) for w° is the same as (9.47).
Taking the exterior derivative of (9.68) gives:

1
dw® =dp Andp +dB AdS+dA Adu + dTy AdB* = ZKg,Z,,sz AdF.  (9.69)
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Hence
Ky, =Kis =K, =KlLp=1 (s=1223) (9.70)

Thus we obtain the skew symmetric matrix Kg given by (9.58) and (9.59).
A similar calculation gives: ‘

a S
L’Z‘S aik =9 (kauk + ukap) + B (ukaS) + Mk Vi

+ Ty (W*ViB* + BVl — B Viar') (9.71)
from which we read off:
Ly =¢u*, LY = (pp +T -B)Sf — B,
Ly =pu*, L, =xd, Ly =T (9.72)
Using (9.72) we obtain:

o* = L5dz* = {ulp dp + BdS + Adp] + ppdu + (T - B)du — B(T - du) + u(T - dB)}*,
(9.73)

which is the result (9.48) for w*. Taking the exterior derivative of (9.73) gives:

do* =du* A (BdS + Adjn — pdd — BSdTy)
+ uf (dp Adp + dB A dS + dA Adu + dTs A dB)
— IydB* A du® — B¥dT, A dud’. (9.74)
From (9.74) we obtain:
Kikqs = ,85 Kf‘k’“ = A-v Kl;k!(ﬁ = _,09
K]I(},BS = K](;!p = K]E’S = Ki,ﬂ = I/tk, Kﬁf,Bk = FS’

Keip =—B. Kip =B (k#9). 9.75)

By using the state vector z = (u’, p, S, u,B”, I‘T,)k,ﬂ,¢>)T and (9.75) gives the
results (9.60)—(9.62) for the Kf; (k=1,2,3).

Proposition 9.2.2 The multi-symplectic conservation law (9.21) for B = 0 gives
the conservation law:

aD
5 TV E=0. (9.76)
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where

2

1 B
D=\ _plu* +&(p.5) + —V-(ExT),
2 20

F=u(1p|u|2+e(p,s>+p) LEXB L ) VX (T - w.
2 Mo ot
9.77)

Because of null divergence terms in (9.77), the conservation law (9.76) reduces to
the MHD energy conservation equation:

Jd (1 B? 1 ExB
olul> + £(p. ) + +V-lul _pluf+ep.S+p|+ =0
ot \ 2 2140 2 Mo

(9.78)
Similarly, the multi-symplectic conservation law (9.21) for B = k gives a
conservation law of the form (9.76) but with
D =D"=—pu* + Vi(pp +T -B) — V- (I'*B),
S : B>\ ., BB
F’EF’k:—{pu’uk—}—(p—i- )Stk_ }
20 Mo
+ |- 9 (0¢ + T -B)s* + 9 (T*BY)
ot ot
+V x (T*E)’ + V[T - Bu/] — V - [T - Bu] §*. (9.79)
The conservation law (9.76) reduces to:
9 B? BoB1)"
—{ (pu)+V-|:pu®u+(p+ )I— :|} =0, (9.80)
ot 210 Mo

i.e., the conservation law reduces to the MHD momentum conservation equation in
the x*- direction.

Proof The multi-symplectic Hamiltonian density H, and the 1-forms o* = I'} d7
from (9.47) and (9.48) give: ‘
L)?, =¢pa + BSa + Ao + B,

L, =u'[BSa + Ao — ppa) + T -uB, — e VEY, (¢ =0,1,2,3).
(9.81)
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Using (9.81) we obtain:
2

. d
L=1 —H=p— ,
i Za P~ o + at(pcﬁ)

1, B?
H=- 2Pllll —e&(p,S) — ’ . (9.82)
Ho

Using the results (9.81)—(9.82) in the symplectic conservation law (9.21) for 8 = 0
and B = k gives the energy and momentum conservation laws (9.78) and (9.80).

0
The pullback conservation laws (9.21)
Gy = Du (L), — 185) = 0, 9.83)
follow from the pullback of the identities:
(Lydd) , = d{L} ()7, —H(2)} = dL.
rrad) = (12d,af) = (199,) a =d =" ar 9.84
(Lydd) = j,ﬂx)’a_ j,ﬁ)’ax_ = o (0.84)

The pullback equation «§, = 0 where k* = dw” gives rise to the symplecticity
or phase-space conservation laws (structural conservation laws):

D, (Ksdyd,) =0. B<v. (9.85)
These conservation laws can also be written in the form:
DsGy = D,Gy = Da (K322, ) =0, (9.86)

i.e., the symplecticity conservation laws (9.86) are compatibility conditions for the
pullback conservation laws (9.83).

The pullback conservation law for 8 = 0 in (9.83) reduces to the energy
conservation law:

d (1 B2 1 ExB
Gy = — 2 .S V. 24+ h =0,
0 %at (zpu + e(p )+2M0)+ (pu(zu + )+ o )}

(9.87)

where i = (¢ + p)/p is the enthalpy of the gas, E = —u x B is the electric field,
and E x B/ is the Poynting flux. Similarly, the pullback conservation laws (9.83)
for B =i (1 <i < 3) give rise to the MHD momentum conservation equation:

BZ)I_B®B

=0. 9.88
20 Mo }} ©88)

. ad
G’Z—%at(pu)—FV-[pu@u—i—(p—i-
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9.3 Symplecticity Conservation Laws Interpretation

The symplecticity conservation laws (9.85)—(9.86) have a generalized curl form.
Consider the symplecticity laws (9.86) for 1 < i, k < 3, namely:

Qi = DG — DyG; = 0. (9.89)

Introduce the dual of the tensor 2;; defined as:

1
VP = —28pik9ik =—(VxG), (9.90)

where V x G is the spatial curl of G. Taking into account the momentum
conservation law (9.88) for G, (9.90) reduces to:

VxG=— gthM+Vx|:V-(M®u—B®B):|}=0, (9.91)
Ko

where
M = pu, (9.92)

is the momentum density or mass flux M of the MHD fluid. Note there is no
contribution from the magnetic pressure (B>/(2/0)) and gas pressure (p) gradient
force terms in (9.91) because V x V(p + B?/(2/40)) = 0 when one takes the curl of
the momentum equation (9.88). The evolution of V xM in (9.91) is thus determined
by the inertia and magnetic tension components:

B®B
M®u-— , (9.93)
Ho

of the MHD stress-energy tensor. This suggests that (9.91) describes Alfvénic type
disturbances, in which both fluid spin and magnetic tension forces are part of the
dynamics. Equation (9.91) can also be expressed in the conservation law form:

anM—i—Vs[Vx(MuS—BB )i|:0. (9.94)
ot Ko

Pressure gradient forces play no role in the vorticity-like conservation laws (9.91)
and (9.94).

Example For simple and double Alfvén waves (e.g. Webb et al. 1996, 2010b, 2011,
2012a), p + B%/2u = const. so that the momentum conservation equation (9.88)
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reduces to the form:

M

B®B
at+V-(M®u— ® ):o, 9.95)

Mo

Simple and double phase Alfvén waves admit the integrals:

B
utV, =u+ = (V1,V,,V3) =V = const.,
VHop

BZ
p=c¢4s pP=Cs5, pp= = cg, (9.96)
20

where Vi, V,, V3, ca, c5,c6 are constants. In a simple MHD wave, the physical
variables depend on a single phase function ¢(x,f) where A(n(¢)) = w/k is
the phase speed of the wave, n(p) = V¢/|Vg| is the wave normal, which is
a given function of ¢ such that [n| = 1, k = Vg is the wave vector of the
wave and @ = —¢; is the local frequency of the wave (note A(n) = w/k) (see
e.g. Boillat 1970, Webb et al. 1996, 2011). A double MHD wave depends on two
independent phase functions ¢;(x, ) and ¢,(X, 7) (e.g. Grundland and Picard 2004;
Webb et al. 2012a). The main point to note is that for simple and double Alfvén
waves p + B%/2u = const. and V(p + B?/2/19) = 0, which explains the absence
of the V(p + B%/20) in (9.95).

In the frame moving with velocity V = (V, V,, V3) (the group velocity frame),
the velocity of the fluid is:

u=u—V=FV,=0V,, o=FI 9.97)
The momentum equation (9.95) in this frame reduces to:

. .. B-VB
pu-Vva = e (9.98)

which is a balance between the inertial force pu - Vi and the magnetic tension force
B - VB/ . In general the magnetic field and fluid velocity rotate as one progresses
through the wave. It is straightforward to verify (9.98) using the expression for u
from (9.97). The generalized vorticity equation (9.91) clearly applies for general
MHD flows. The above example illustrates (9.91) for the case of simple and double
Alfvén waves.

The symplecticity conservation law (9.91) is different than that obtained by
taking the curl of Euler momentum equation in the form du/dt = F where F is
the net force on the fluid element, to obtain an equation for the evolution of the fluid
vorticity @ = V x u. Webb et al. (2014a,b) and Webb and Anco (2016) obtained
a conservation law in ideal fluid mechanics (i.e. for B = 0) for the generalized



9.3 Symplecticity Conservation Laws Interpretation 183

vorticity
QR =w-+VrxVS where w =V xu, (9.99)

is the fluid vorticity and r satisfies the equation:

dr ad
i (at-l-ll-V)r——T. (9.100)

Here r = B/p where B is the Clebsch potential that ensures dS/df = 0 in the
Eulerian, Clebsch variational approach (e.g. Zakharov and Kuznetsov 1997) and
d/dt = 9/dt + u - V is the Lagrangian time derivative following the flow. Webb
et al. (2014a,b) and Webb and Anco (2016) show that for fluid dynamics (B = 0)
the modified vorticity flux €2 - dS is advected or Lie dragged with the flow, i.e.,

jt(Sl'dS):[a;: —Vx(uxSZ)—l—u(V'Sl)]dS:O. (9.101)
The conservation law (9.101) and the associated conservation law for the modified
fluid helicity u - £ are nonlocal conservation laws that depend on the nonlocal
variable r = — fot T(x, t)dt where the integration is with respect to the Lagrangian
time ¢ (e.g. Webb et al. 2014a,b). Conservation law (9.101) in fluid dynamics is
analogous to Faraday’s equation in MHD. Note that V - € = 0in (9.101).

The generalized fluid helicity conservation equation obtained by using (9.101)
has the form:

;; [sz S(u+ rVS):| +V. [u[sz U+ rVS) + (h - ;|u|2) } =0. (9.102)

where /4 is the enthalpy of the gas. This is a nonlocal conservation law as it depends
on the nonlocal variable r (r satisfies (9.100)). In the case where VS = 0, the
conservation law reduces to the usual local fluid helicity conservation law. There is
an analogous nonlocal conservation law for the generalized magnetic cross helicity
for flows in which VS # 0, namely:

a 1

5 [B c(u+ rVS):| +V. [u[B -(u+rVS]+B (h - 2|u|2) :| =0. (9.103)
Since the variable r is obtained by integrating the temperature back along the
fluid element trajectory with respect to the Lagrangian time #, then the conservation
laws (9.102) and (9.103) involve the memory of the past history of the fluid element.
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There is another symplecticity conservation law obtained from (9.86) for the case
B =0and y = 1,2, 3. In that case (9.86) reduces to:

a
8tG — VG =0, (9.104)

where G = 0 is the momentum equation (9.88) and Gy = O is the energy
conservation equation (9.87).

The general form of the symplecticity equations for MHD using Eulerian Clebsch
potentials were given in Webb et al. (2014c) [equations (5.44) et seq. of that paper].
There were some typographical errors in the flux F’ ’;b, indicated below. The general
symplecticity conservation laws obtained by Webb et al. (2014c) have the form:

9 9
g (Fan) + g0 (Fip) =0, (9.105)
where
o _ 0(,p) aB.s)  0A.w) Iy, B)
Fap = d(xa,xb) | A(xe,xb) T A(x,xb) | A(xa,xb)’ (©.106)
and
o ou*, ) A(But,S)  d(Auk, )
@Y, xP) oA, xb) T 9(xe, xb)
s .k k S k s
d(TsB*, u®) d(Tsu*, BY) B d(T'sB*, u*) (9.107)

I(xe, xb) A(xa, xb) d(xa,xb)

In (9.107) 1 < k < 3. The fourth term on the right-hand side of (9.107) was missed
in Eq. (5.48) in Webb et al. (2014c). Also in (9.107) we used the identity:

Apu*.p) | dpgp.u") _  d(pu*.¢)

A, xv) T aGe,xb) (e, xb)’ ©.108)

to simplify (5.48) of Webb et al. (2014c). The derivation of the symplecticity
conservation laws (9.91) and (9.104) using the general symplecticity laws (9.105)
and using (8.3)—(8.9) is a non-trivial algebraic exercise.

9.4 Differential Forms Approach

Proposition 4.3 in Webb et al. (2014c¢) contains flaws. These flaws are corrected in
Webb et al. (2015). The first statement in Proposition 4.3 of Webb et al. (2014c) is
correct, but it is not a variational statement. Equation (4.46) of Webb et al. (2014c)
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is incorrect, i.e. Q # dz* A B,. Propositions 4.1 and 4.2 given below replace
Proposition 4.3 of Webb et al. (2014c). A consistent approach to the multi-
symplectic equations using differential forms for 1D Lagrangian gas dynamics was
given by Webb (2015). Webb and Anco (2016) have given the corresponding theory
for multi-dimensional, ideal, compressible, Lagrangian gas dynamics. Below we
use differential forms to describe the Eulerian, Clebsch variable MHD variational
principle of Webb et al. (2014c, 2015).

Proposition 9.4.1 The multi-symplectic system (9.43) is a stationary point of the
action:

J= /w*((a) = /LdV, (9.109)

where Y*(®) is the pullback of the differential form ® given below, namely:

O =w* AdX® — HdV, %= Lj‘?‘dzj,

dV =dt Ndx Ndy Adz,  dX® = 0qudV = (—1)%dxg A ... d* T AdET A dX,

(9.110)
where we use the notation (x°,x',x2,x%) = (t,x,v,2), and L is the constrained
Lagrangian (8.2).

Proof The pullback of the form ® is given by:
Y (©) =y (Lydd A dxy — HdV)
o agi s ~o
=LY = dxX* ANdx* — HdV. (9.111)
J a_xs

However,
d¥ Adiy = A AN(=1)7dx .. AdETI AT LAY = (—=1)*85dV. (9.112)

Thus,
lﬂ (@) =(L ' —H | dV = LdV (9.113)
fax“ ’ ’

where L is the multi-symplectic Lagrangian (8.2).
The stationary point conditions, §J/8z = 0, give the Euler-Lagrange equations:

8] 9oL 9 (oL 07 0H
= . =K% =0, 9.114
87 a7t o0x ( ) ( )

8zii Vgxe 9z

which is the multi-symplectic system (9.43) (see also Hydon 2005). O



186 9 Multi-Symplectic Clebsch Approach

Proposition 9.4.2 Consider the variational functional.:

G[Q] = / Q, (9.115)
M
where
Q =d0O =dw* Ndxy —dH A dV. (9.116)
and M is a region of the jet space (fiber bundle space) with boundary M, in which

the 7* are taken as independent of the base variables x* (o = 0, 1,2, 3). Consider
the variational principle:

3G[R] =/ Ly () =0, 9.117)
M
where
d -0
= =V_ 11
Ly de v 07 ©.118)

is the Lie derivative with respect to the arbitrary, but smooth vector field V. The
variational equation §G[2] = 0 reduces to:

§G[Q] = /aM V7B, =0, (9.119)

where the forms B, are given by the formulae:

9 e . OH
g 2 = K AT — V. (9.120)

By =

(1 < p < N). Because the VP are arbitrary smooth functions of the 7’, the
variational principle §G[Q2] = 0 implies:

B,=0, 1<p<N. 9.121)

The pullback of the forms {Bp} to the base manifold gives the equations:

Br =K,

~ 07/ _0H
PIgxe 9z

) dv = 0. (9.122)

Thus, the sectioned forms ,de vanish on the solution manifold of the multi-symplectic
system (9.43), and the {B,} can be used as a basis of Cartan forms describing the
system (9.43).
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Proof The proof is essentially the same as that given by Webb (2015) for the case
of 1D gas dynamics (see also Webb et al. 2015). A critical component of the proof
is the use of Cartan’s magic formula:

Ly (Q) =V.idQ +d(ViQ) = d (V.Q), (9.123)

where we used the facts Q = d® and d2 = dd® = 0. Note that the Lie derivative
with respect to a vector field V means the derivative along a curve, with tangent
vector V in which e refers to the parameter along the curve. Usually one has in
mind a continuous group of transformations, in which € = 0 corresponds to the
identity transformation. We use the notation Ly = d/de to denote the directional
derivative along the curve with tangent vector V. Using (9.123) and Stokes theorem,
(9.117) reduces to:

3G[Q] = / d(V.Q) =/ vV.Q =/ V”( 9 JQ) =/ VB, =0,
M M am az° M
(9.124)

which verifies (9.119). The formula (9.120) for B, is obtained by using (9.46) for
dw® and (9.116) for €2, to obtain:

_ 0 _ 0
T T

1 . , oH
By a| JKEdZ AdD ANdXy —  dZ AdV ), (9.125)
2V 0z4
Using the skew symmetry of K7 and dz' A d7, (9.125) reduces to the expression
(9.120) for B,. This completes the proof. O

Remark The integrability conditions ddw® = 0 imply the identities:

Kix + K + K, =0, (9.126)
where K?j’,k = BK‘L?I‘./BZI‘, i#j#k 1<ijk<NandO < a < 3. These identities
are equivalent to the Jacobi identity in the case of finite dimensional, Hamiltonian
systems in which there is only one evolution variable in which K° is invertible

(Zakharov and Kuznetsov 1997). They are equivalent to the requirement that the
L% have continuous second order partial derivatives with respect to 7 and #, ie.

(L?).j,k = (L‘ix),k\j'

9.5 The Differential Forms 8,

The differential forms 8, = 9,12 in (9.120) may be used to represent the MHD
system described by the Clebsch variable variational principle. The dependent
variables z are listed in (9.44). In the time evolution variational principle (e.g.
Zakharov and Kuznetsov 1997), the fluid velocity u is expressed in terms of the
Clebsch potentials, and is eliminated from the Hamiltonian density H = (1/2)pu*+
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e(p,S) +B%/(2u0) and (p, @), (S, B), (i, A), (B, T') are canonically conjugate pairs
in the canonical Poisson bracket. We use the notation:

B = 0..Q, (9.127)

where the Cartan Poincaré form €2 in (9.116) has the form:
0 ~ k ~ OH
Q =dw’ ANdxy + dw /\dxk—apdzp/\dV, (9.128)
Z

and the differential forms w° and w* are listed in (9.47)—(9.48). From (9.127) and
(9.128)

i - - oH
B5 = 0.13do’ A diy + do* A diy — o @ NdVE (9.129)
Z
Using (9.47)—(9.48) and (9.129) we obtain:

B = (BdS + Adp — pd¢ — BSdT) A d%; + (TidB* + B*dT) A diy + pu‘d,

(9.130)
for the differential forms associated with u. Using the identity
dx" A dx; = 87dV, (9.131)
the sectioned form equation B =0 yields the expression:
ou=pVep —BVS—AVu+B- (VI —B-VI —TV B, (9.132)

which is equivalent to the Clebsch expansion for the mass flux pu given in (8.3).
The differential form B” is given by:

JH
B = 3,29 = (3,2do°) A diy + (3,2dw") A dF* — 5 av. (9.133)
p
Using (9.82) for H, we obtain:
oH 1 1
=—| w—e )=~ "—h|, (9.134)
ap 2 2
where h = (¢ + p)/p is the gas enthalpy. Substituting (9.134) in (9.133) gives

1
B = — (d A dio + utde A d5y) + (2u2 - h) av, (9.135)

pr = [‘;‘f - (;uz —h):| av, (9.136)
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for the differential form $” and for the sectioned form ,3" . Note that ,3" = 0is
equivalent to Bernoulli’s equation (8.6). Similarly, we obtain:

B5 =05.Q = —dB A dxy — d(Bu’) A diy — pTdV, (9.137)

= (aa/f V- (Bu) + pT) av. (9.138)

The equation ,58 = 0 corresponds to (8.7) for .
Following the above procedure we obtain the equations:

B =0,.Q = —[dA A d¥o + d(Au') A dxi],

i B
s =— [dl“,- A diy + ukdT; A diy + Todu® A d; + dV} ,
Mo

B" =dB' A dxy + (B'du* + u*dB' — B*du') A d,

B =0,.9Q = (dp A d¥o + ubdp A dy)

BP =05, = dS A diy + utdS A diy,

B? =049 = dp A dxo + (u*dp + pdu*) A d. (9.139)

The pullback of the above equations, i.e. sz = 0, gives the evolution equations for
(A, T,B, 1, S, p) listed in (8.5)—(8.9). The differential form equations ,BZp = 0 thus
represent the partial differential equation system (9.43).

It is not obvious that the system of forms {87’} above is a closed ideal. A check
on the closure of the forms for the case of non-barotropic, 1D gas dynamics (i.e.
B = 0) indicates that the ideal of forms Z = {“, B*, 5, B?, %} can be closed by
adjoining the form dB". The ideal Z is closed for the case of a barotropic gas. The
Cartan approach to Lie symmetries requires that 7 is a closed ideal (e.g. Harrison
and Estabrook 1971). The ideal is closed if dB; = c;; A 7, where the c;; are forms. It
should be noted that the ideal of forms obtained by Webb (2015) for 1D, Lagrangian,
multi-symplectic gas dynamics is closed. The ideal of forms for multi-dimensional,
Lagrangian, compressible gas dynamics obtained from the Cartan-Poincaré form is
a closed ideal (Webb and Anco 2016). The ideal of forms using the Clebsch variable
description has a more complicated structure than the set of forms that arise in the
Lagrangian variational approach. The exact relationship between the Clebsch and
Lagrangian approaches remains to be elucidated.



Chapter 10
The Lagrangian Map

In this chapter we give a synopsis of Lagrangian MHD, as initially developed by
Newcomb (1962). The analysis is also based on the work of Webb et al. (2005a,b),
Webb and Zank (2007) and Golovin (2011) where the MHD, Lie point symmetries
and the fluid relabelling symmetries were investigated using the Lagrangian map.
Golovin (2011) converted the MHD equations to Lagrangian form, to obtain a vector
wave equation form for the Lagrangian momentum equation, that takes into account
the symmetries of the equation associated with Faraday’s equation (see also e.g.
Schief 2003).

Golovin (2011) also obtains equivalence transformations for both the incom-
pressible and compressible MHD equations. Equivalence transformations preserve
the functional form of the equations, but may change the arguments and the scaling
of the different forms in the equations (e.g. the equation of state can change under
an equivalence transformation). A simple example of equivalence transformations
are:

i=t X=ax, i=au, &=d%, (10.1)
which maps the heat equation onto a modified heat equation:
w—Kiy =0 —  y—Kuz = 0. (10.2)

A more formal definition of an equivalence transformation is given in Bluman et al.
(2010, p. 21) (see also Appendix F). Webb and Zank (2007) investigated both the
ten parameter Galilei Lie group of Lie point symmetries, and also a class of scaling,
Lie point symmetries. The scaling symmetries, are interesting in the sense, that the
fluid relabeling symmetry determining equations become modified when the scaling
symmetries are transformed from Eulerian form, to their Lagrange label space form.
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192 10 The Lagrangian Map
10.1 Lagrangian MHD

The Lagrangian map: x = X(Xo,?) is obtained by integrating the fluid velocity
equation dx/dt = u(x,1), subject to the initial condition x = x; at time ¢ = 0.
In this approach, the mass continuity equation and entropy advection equation are
replaced by the equivalent algebraic equations:

_ po(x0)
p =

L8 =50), (10.3)

where

axi(Xo, 1)

104
3 (10.4)

J =det(x;) and x; =

Similarly, Faraday’s equation (2.4) has the formal solution for the magnetic field
induction B of the form:

, Vo-Byg=0. (10.5)

The solution (10.5) for B' is equivalent to the frozen in field theorem in MHD (e.g.
Stern 1966; Parker 1979), and the initial condition Vj - By = 0 is imposed in order
to ensure that Gauss’s law V - B = 0 is satisfied.

The Lagrangian map x = X(Xo, ) and its inverse xg = X¢(X, 7) are characterized
by the relations:

P L (10.6)
'xleX[) - E) at 'xlX al’ - £ .
where
ox' 0xy
Xis = o and y, = P (10.7)
From (10.6) and (10.7) we obtain:
8x6 8x6
d =0, 10.8
ot tu ox* ( )

showing that the Lagrange label x( is advected with the background flow with
velocity u = 0x(xo, #)/0t.
From Cramer’s rule:

Aji
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where A; = cofac(x;;) and B; = cofac(y;;) are the co-factor matrices associated
with x;; and y;; (note A;; and B;; are inverse matrices). One can show:

1 1
Aii = Zéipqgjmnxpquns Bii = Zéipqéjmnypmyqns (1010)

where €;; is the anti-symmetric permutation tensor density [see e.g. Newcomb

(1962)]. From (10.10) it follows that dA;;/dx}, = 0 and dB;;/dx’ = 0.
The action for the MHD system is:

Az//ﬁcﬁxdtz//ﬁo d*xodt, (10.11)

where

1 B?
L= plu?—cpS—_ —pd L°=LJ, (10.12)
2 21

are the Eulerian (£) and Lagrangian (£°) Lagrange densities respectively. Using
(10.3)—(10.5), and (10.12) we obtain:

Po S) _ xeiSB{)Bf)

1
L0 = e
2P0|Xt| € J 2]

= po®, (10.13)

for £°. Note that in the Lagrange density £° = L£%(xo, %X, X, X;), Xo and 7 are
the independent variables, and x and its derivatives with respect to Xo and ¢ are
dependent variables.

Extremization of the action in (10.11) gives the Euler-Lagrange equations:

A L% 9 [aLe d (aL°
L= .= )= =0, (10.14)
oxt 0x' 0t \ ox} oxy \ Ox;j
where x; = 0x'/ 8x{). Evaluation of the variational derivative (10.14) gives the
Lagrangian momentum equation for the system in the form (Newcomb 1962):
P 00N L (o B e o BB o (10.15)
0o ) i 3 x’é K{|P 2 1o =0, .

where Ay; = cofac(xy;). Dividing (10.15) by J, and using the fact that BAkj/Bx{) =0,
gives the Eulerian form of the momentum equation (2.2).

The above analysis uses Lagrangian variations of the action in which xy is fixed.
The Lagrangian variation of X(Xo, #; €) is defined as Ax = 0x/0de evaluated ate = 0
and keeping X, fixed. The Eulerian variation §v and Lagrangian variation Ay of a
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physical variable v are related by the equations:
Ay =8¢ + Ax- VY, Y = Ay + 8x0 - Vo, (10.16)

where §X is the Eulerian variation of X¢. In (10.16) the Lagrangian variation Ay =
(Ve)x, 1s evaluated with x¢ held constant and 9/ de is evaluated at € = 0, whereas
the Eulerian variation §y = () is evaluated at ¢ = 0 with x held constant. In
(10.14) the action is extremized using Lagrangian variations in which xq is held
constant. It is also possible to extremize the first form of the action in (10.11) using
Eulerian variations in which x is held constant, leading to the Eulerian form of the
momentum equation (2.2).

10.2 Hamiltonian Formulation

For the above Lagrangian description of MHD, the equations for the system can be
written in terms of the canonical Poisson bracket:

3
§F G §G §F\
{F,G} = /; (8qk N 8Hk) d*xo. (10.17)

where

0

oL
¢ = *(x0,1) and Ty = = poi* = pou*. (10.18)

axk
The Lagrangian density £° is given by (10.13). The Hamiltonian functional A is
given by

H = /Hd3x0, (10.19)

and the Hamiltonian density H is given by the Legendre transformation, i.e.,

3

H=Y Mg -L'= M e (”0 s) + po®(x) +
k=1 2p0 I

s BB
R0 (10.20)
2ud
is the total energy density. Here #* = dx*/dt and I, = dTl; /dt are Lagrangian
time derivatives, keeping X, constant. The equations of motion can be expressed in
the canonical Hamiltonian form:

H I . M

§
i+ = = My=—_ . 10.21
ST po k 51, ( )
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Hamilton’s equations (10.21) can also be written in terms of the Poisson bracket
(10.17) in the form:

= {5H) and T = (T M) (10.22)

The canonical form of the MHD equations in (10.17)—(10.22) is useful in the dis-
cussion of the MHD Casimirs and their relation to the fluid relabelling symmetries
(e.g. Padhye and Morrison 1996a,b). The nonlinear stability of fluids and plasmas
(e.g. Holm et al. 1985; Arnold and Khesin 1998) uses the Casimir constraints and
the Lagrangian displacement & to describe MHD instabilities.

10.3 Lagrangian Wave Equations

In this section we reduce the Lagrangian momentum equation (10.15) to a system
of three coupled nonlinear MHD wave equations for X (x0,1) (1 < i < 3). We also
discuss the characteristic manifold of the system of coupled pdes for the x'(xo, 7).

Using the Lagrangian map equations (10.3)—(10.5) for p and B and noting that
p = p(p,S), (10.15) reduces the coupled wave system:

AL+ R =0, (10.23)
where xfw = 82xf/8x8‘8xg (¢, =0,1,2,3,1 <j < 3, i.e. Greek indices assume
the values 0, 1,2, 3 and Latin indices assume the values 1,2,3) and (¢,x,y,2) =

(xO,xl,xz,x3). In (10.23),

A;aﬂ — 81/ [5a05ﬂ0 _ Sap(gﬂqubkypkyqs]

+8°7 8P4 [—(a® + bY)ygivp + Db Vgivps + BB ypves |, (10.24)

B OBy )
= iXrs — XisYpr
po dxg o o
Aij a’ 8p0 Bp as ad
+ s . g (10.25)
0o (J ax6 as Bxfo oxt

Here b = B/,/up is the local Alfvén velocity and a = (dp/ dp)'/? is the adiabatic
sound speed of the gas. The characteristic manifolds of the partial differential
equation system (10.23) are defined as manifolds ¢ (x,#) = const. on which the
Cauchy, initial value problem does not have a unique solution. The characteristic
manifolds of (10.23) are given by the solutions of the determinantal equation:

det(A) =0 where Al=A""¢,p, (10.26)
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and ¢, = 0¢/0dx§. The matrix A can be written in the form:

Al = [w’Z —(b- k)z] 87— (@ + PHK'K + (b- k) (V'K + VK) . (10.27)
where
o = _3¢’(;‘t°’f) — (p+u-V). k=Vg. (10.28)

(¢ denotes the time derivative of ¢ keeping x constant) define the wave frequency
' in the fluid frame and wave number k. The determinant of A is:

det(A) = [0 = (b 17| [0 = (@ + )0 + (b K] =0,
(10.29)

(cf. Webb et al. 2005a). The first factor in (10.29) corresponds to the Alfvén wave
modes, and the second factor in square brackets corresponds to the fast and slow
magnetosonic modes respectively.

10.3.1 One Dimensional Gas Dynamics

As a simple example of the Lagrangian wave equation (10.23) consider the case
of one dimensional gas dynamics in one Cartesian space dimension x, in which the
fluid velocity u is along the x-axis. In the Eulerian description the physical quantities
p, u, p and S depend only on (x, #). The Lagrangian map x = x(xo, t) is the solution
of the ordinary differential equation dx/dt = u(x, t) where u(x, r) is assumed to be
known and x = x( at time ¢ = 0. Using (10.23)—(10.25) (or alternatively using
(10.15)), we obtain the correspondences:

2x  a* 9*x

i _j
A xap = 2 J2 o2
1 (dp dS 29
R' - ( P a4 po), (10.30)
po \dSdxg J 0xp
where
ox
pJ=py and J = , (10.31)

axO
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is the Jacobian of the Lagrangian map, and a = (yp/p)'/? is the adiabatic gas sound
speed. Here we use the adiabatic gas law:

- - S
p =ApYexp(S) where S = c. (10.32)
v

is a normalized form of the gas entropy S and C, is the specific heat of the gas at
constant volume. Note that py, pg and S = S(x) are related by the equation:

po = p(x0) = Apj exp(S). (10.33)

Using (10.32)—(10.33)in (10.30), the Lagrangian wave equation (10.23) reduces to:

x5 ox AR 1 dpo ox
- - =0. 10.34
o M ( dxo ) [ X3 ypo dxo dxo } ( )

Here po, po and S are functions of x only, and ag = (ypo/po)"/? is the adiabatic gas
sound speed at time t = 0.

If one chooses the Lagrangian mass coordinate m = [ * p(, )dx’ to replace xo
then for compact support with py = 1 one obtains m = xp + L where L is a constant.
For this choice, the Lagrangian wave equation (10.34) reduces to the form:

1-
Xy — aéx;y_l |:xmm - J/Smxmi| =0, (10.35)

which is the Lagrangian wave equation for 1D gas dynamics given by Webb and
Zank (2009) and Webb (2015).

The nonlinear wave equation (10.34) can be written as a first order partial
differential equation system by setting

ox ox
3[ ’ v = axo ’ (10.36)

u =

in (10.34) to obtain the matrix equation system:

0 0 u R!
(2 en2 ) ()= (%), w05
I, = ((1)(1)) A

where

2
(_01 _OC ) . (10.38)
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Here

2 —y—1 2
, a 5 Ox | ¢® (dpo\ Ox
CTpT® (3)60) YPo ( dxo ) dxo ( )

On a characteristic manifold, ¢ (Xo, #) = const., the Cauchy initial value problem
does not have a unique solution. Searching for solutions of (10.37) of the form
u = u(¢) and v = v(¢), requires:

/ 1
(Adyy + bh) (ﬁ,ﬁ‘g) - (’f) ) (10.40)

This system does not have a unique solution for (u/(¢), v'(¢))” if the determinant
of the matrix A¢y, + l2¢; is zero. This condition can also be written as:

¢

det(A—AlL) =A2—¢> =0 where A:—d) .
X0

(10.41)

The first order partial differential equation for ¢ (xo,#) = ®(x, ) in (10.41) can
be written in the forms:

9  dp do 9D
4 =9% 4 - 10.42
or T = ar T =% (10-42)

The bicharacteristics are defined as the characteristics of the first order partial
differential equations (10.42), i.e.:

d)C()

d
—4c or T =uzta (10.43)
dt dt

The first version of the bicharacteristics in (10.43) is the Lagrangian version,
whereas the second form of the bi-characteristics in (10.43) are the Eulerian version
of the equations (note d®/dt = 0®/dt + u- V& in (10.42)).

An alternative, and instructive approach is given by Courant and Hilbert (1989),
who use inner derivatives of the characteristic surfaces, which are directional
derivatives confined within the characteristic surface. Once the initial data is
specified on a characteristic surface, then it is not possible to get off the surface by
using inner derivatives (non-uniqueness of the solution then occurs). One searches
for left eigenvectors of the matrix equation (10.37) which we write in the form:

oy

x =0, 10.44
o =2 (10.44)
where

My =38;, My=4; ¥=®uv)', Q=®. 0, (10.45)

y
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where we use the notation (xg, xp) = (t,x0) for 1D gas dynamics. Next consider the
scalar equation:

U
o

i gy = (0", (10.46)

obtained by taking a linear combination of Eq.(10.44) with left multipliers ¢;.
Equation (10.46) may be written in the form:

o 0V _

D = M- =4£-Q, 10.47
where
o o o a
Mj = eiszi and D; = Mj ox . (10.48)

The condition for the directional derivative D; to be an inner derivative for the
characteristic surface ¢ (xo,7) = const. is for the vector M}’ to be perpendicular
to the normal N, = d¢/0x{, i.e.

_ e 00 I\ _
MiNo =M} o = (Mf; axg) =0. (10.49)

Equation (10.49) will have non-trivial solutions for the ¢; if
det (ngbxg) = det (b¢; + Agy,) = 0. (10.50)

which is equivalent to the determinantal equation (10.41) obtained previously.
To determine the inner derivative operators D; (j = 1,2) it is necessary to
determine the left eigenvectors in (10.49), i.e. £ satisfies the eigenvalue equation:

£- (A=Al =0. (10.51)
The left eigenvectors of (10.51) have the form:
£ =14,(1,—-1) where A= *tc. (10.52)

On the backward characteristic:

d
A= —c, ;;0 = —c(xo.1), £ =10(1,0). (10.53)
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Similarly, on the forward characteristic

d
A=c, ;;O = c(xo, 1), £ =Li(1,—0). (10.54)

Taking the scalar product of £ with (10.37) we obtain the compatibility condition:

)
Uy — Cy, + C(Ur — CUX()) + ¢ ( PO) v=0, (1055)
yPo \ 9xo

for the backward characteristic. Similarly for the forward characteristic, the com-

patibility condition is:

6‘2 3[70
U + cuyy, — (v + cvy) + v=0. (10.56)
yPo \ 9xo

By using characteristic coordinates £ and 1, where
Et + CEX() = O, N — cr’xg = Os (1057)

(10.55) and (10.56) become:

2
26, (us + cve) + 0y =0, (10.58)
YPo 0xo
2
200y — cvy) + 0y =0, (10.59)
YPo 0xo

The compatibility condition (10.58) shows that & (the forward characteristic func-
tion) varies on the backward characteristic. Similarly 1 changes on the forward
characteristic in (10.59). The compatibility conditions (10.58)—(10.59) are impor-
tant in the numerical solution of the 1D Lagrangian wave equation by characteristics
methods. This completes our discussion of 1D gas dynamics.

10.4 Vector Lagrangian Wave Equations

In the previous section we showed that the Lagrangian momentum equation could be
written as a coupled wave equation system for x = x(#, Xo) and used it to discuss the
MHD characteristic manifolds. It turns out that there is a more elegant formulation
of the Lagrangian coupled wave equation system (10.23) derived by Golovin (2011),
which we study below. This approach shows the connection between the Lagrangian
momentum equation (10.15), Faraday’s equation for the frozen in magnetic field,
Gauss’s law, and the mass continuity equation. Exact MHD solution methods
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developed by Schief (2003), Rogers and Schief (2002), Bogoyavlenskij (2002) and
Golovin (2010, 2011) are related to this approach. Here we describe the approach of
Golovin (2011) in deriving a vector Lagrangian wave equation equivalent to (10.23)
by using a judicious choice of Lagrange labels (£',£2, £%) in the Lagrangian map
x = p(t,&) where the {§' : 1 < i < 3} are Lagrange labels advected with the fluid.

The Lagrangian MHD momentum equation (10.15) can be expressed in a more
elegant vector wave equation form (Golovin 2011). The analysis starts from the
Eulerian MHD momentum equation in the form:

d B-VB
0 ( g V@) +VP— —o0, (10.60)
dt M“o

where
P=p+ , (10.61)

is the total pressure (gas plus magnetic pressure). The mass continuity equation:

z‘; +V-(pu) =0, (10.62)

Gauss’s equation, and Faraday’s equation:

V.B =0, (10.63)

é)a]j —V x (u x B) =0, (10.64)

are two other basic MHD equations used in the analysis. It is convenient to set:

b= . (10.65)
Ie

Using the mass continuity equation (10.62), Faraday’s equation (10.64) can be
written in the form:

db

o + [u,b] =0 where [u,b]=u-Vb—b-Vu, (10.66)

is the Lie bracket of the vector fields u and b. In terms of b and p Gauss’s
equation (10.63) becomes:

V- (pb) = 0, (10.67)

which resembles the steady-state mass continuity equation.
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The Lagrangian time derivative d/dr and the directional derivative b - V are
denoted by the Lie derivative operators X; and X, where

9
Xy =D =, +u-V. X;=b-V=D, (10.68)

Using Faraday’s equation in the form (10.66) we find:

[Xl,Xz] =X X, — XX = (aal: + [ll, b]) -V=0, (10.69)

for [X1, X]. Because X; and X, form an Abelian two-dimensional Lie algebra, then
there exists, by Frobenius theorem, coordinates & 'and ¢ such that

ad ad
Xi=_., X= . 10.70
1= a0 %27 e ( )
From (10.70) the Lie bracket condition [X, X,] = 0 is equivalent to the equality of
mixed partial derivatives, i.e.

0 d 0 d

(X1, Xo] = drogt " oglor 0,

(10.71)

where £! is a Lagrange label that corresponds to the affine parameter or distance
along the field line. Thus, we can introduce the Lagrangian map:

X =yt ELE) = (v, y,2), (10.72)

where £2 and £3 are Lagrange labels independent of £'. There is no strong constraint
on £2 and £3, except that they are independent of each other and also independent
of £'. A natural choice for £2 and £3 are Euler potentials for the magnetic field,
with B = VE£2 x V&3 (in general the magnetic vector potential A = £2VE3 + Vyr
will not be globally defined for some magnetic field configurations with non-trivial
topology, in which case ¥ may contain jumps).

For the Lagrangian map (10.72) one can introduce a holonomic coordinate base:

_(, o, .
eo—(l, at)’ e‘_(o’agi)’ (1<i<3). (10.73)

Because X; = D, = d/dt +u-V and X, = b -V, it follows that:
e = (l,u) e =(0,b), (10.74)

where we use the Cartesian (z, x, y, z) coordinate representation. The contravariant
components of the vectors u = u®e, and b = b%e, in the curvilinear coordinate
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system have the form:

203

i=1,2,3,

> =b=0. (10.75)

10.4.1 Equations in Coordinates (t, &', £%, &%)

The vector wave equation derived by Golovin (2011) is equivalent to the Lagrangian
MHD momentum equation (10.15) derived by Newcomb (1962) except that special
Lagrange label coordinates £', £2 and £* are chosen which exploit the symmetries
X; and X; in (10.68)—(10.69) of the MHD equations (see also Schief 2003).

The metric tensor g for the base vectors (10.75) are:

0
8uf = €y -€g  where e, = 8;" (10.76)
The dual base vectors:
3 o
e’ = ; , (10.77)
dy
satisfies the orthogonality conditions:
(e, ") = e, - =8P, (10.78)
The vector fields ey and e; in curvilinear (¢, £, £2, £%)-space are given by:
e = (1,0,0,0), e =b=1(0,1,0,0). (10.79)
The space-like base vectors {€'} and {e;} are related by the equations:
i €ijk i k .o
e = e xe, €=.gepexe, ijk=12.73. (10.80)
V8
Noting that
dy \" [ oy
S =€, e, = (85“) (85”)’ (10.81)
we obtain:
ar\’ Iy )
g = det(g,,) = det (35“) det (35”) =J°. (10.82)
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Thus J = /g if we take the positive square root in (10.82).
The Lagrangian mass continuity equation may be written in the form:

d d
J) = =0. 10.83
gy PN = 4PV (10.83)
Similarly, the condition V - B = 0 may be written as:

p 1ag 1 9

]
V- = b') + ¥ pb' = =
(pb) (pb") + Ty +2ga$1p g 0!

(p/8) = 0.

(10.84)

9&! ~ g

From (10.83)—(10.84) we obtain the integral:

P8 = po =f(EXE). (10.85)

where f is an arbitrary function of £2 and £3. The integral (10.85) encapsulates both
the mass continuity law and Gauss’s law V - B = 0. In the derivation of (10.83)—
(10.85) we have used the representationb = (0, 1, 0, 0) in the curvilinear coordinate
system, and the affine connection results:

degy s
ggp = Lap®s

. 1
Fglﬂ :Zgéﬂ (guﬁ,a + 8uap — gaﬂ,p) s

o 1 dg

- , 10.86

in which we use the notation v, = 9v/3£% and £° = ¢. The condition (10.85) can
also be written as:

ay'
pdet ( ogi

For incompressible flows (p = const.), (10.87) is a determinantal partial differential
equation for y (¢, £), which in general is difficult to solve, but special solutions of
this equation were obtained by Golovin (2011) which are of physical interest.

By noting:

) = pe; - € X e3 = p,/g = po. (10.87)

da Py [h e
pdt _patz =p ([0

_(0E\ 0, 9
vo=(5) 2 =<5

0 ad
PD:(Pb) =p 5., (p 3;) , (10.38)
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the momentum equation (10.60), can be written in the form:

Py 9 [ p Oy (0D 10P
— ! ) ] =0, 10.89
o (i) +¢ (o6 * paer) (108
or as:
ay\ %y 8 [ p dy 1
. — Ve ® VeP = 0. 10.90
(o) [ o () weos (1oo0
which is the same as Eq. (9) of Golovin (2011) for the case ® = 0.
For the case of incompressible flow, (p = const.), P is regarded as an
unknown function. The condition of incompressibility p = const. implies that

J = det(dy’/d¢)) = 1, i.e.
e e x e = f(E% ). (10.91)

For a compressible fluid with equation of state p = F(p, S), the total pressure
P = p + B?/(21) has the form:

B? 0? ( ay )2
P=p+ =p+ . 10.92
g 20 P 2p0 \ 08! ( )

Note that (10.89) or (10.90) is a vector wave equation for y(z, &). Equation (10.90)
is the same as equation (9) of Golovin (2011).

By using (10.80) for the transformations between the bases e, and e*, (10.89)
may be written in the form:

Py 9 (pdy +1 exeaP+exe 3P+exe oP
0 9gt \poag' ) o pp \ 0T Tagt T T a2 T T P e

1 od R 0P
+\/g e2><e38‘§1+e3><elaé§_2—|-e1><e2a$3 =0, (10.93)

which is equivalent to equation (14) of Golovin (2011) for the case ® = 0 and
po = 1 for the case of incompressible flow.

If P = const.,, ® = const. and p = const. the vector wave equation (10.93)
reduces to the wave equation:

2 ~
YW Ghere F =gt [ (10.94)
o gy p
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It is instructive to note that the wave operator in (10.94) can be written as:

02 02 d d
o 3(51)2 = (dl —Vyu- V) (dt + Vg4 V)
ad ad
Z(at—i-(u—VA)'V) (at—l—(u—i—VA)'V), (10.95)

which implies that the solutions of (10.94) correspond to backward and forward
moving structures travelling at the Alfvén speed V4 relative to the fluid.
The general solution of (10.94) for y has the form:

y=0@—E 8+t + &, 8. (10.96)
The incompressibility constraint (10.85) with p = 1 reduces to:
(=01 +71) - [(02 + 72) X (03 + 73)] = f(E2. 7). (10.97)

where the subscript i denotes differentiation with respect to the ith argument. A
simple choice in (10.97) is to set f = 1. The choice of f can be changed using
equivalence transformations (Golovin 2011).

Stationary field aligned flows (Golovin 2011) are obtained by setting ¢ = 0 in
(10.96). In that case, one obtains

y =t +E.£.8), det(dy'/9€) =7, (10.98)

Inthiscasew = 7, = 7y and b = 74 = \/uo/ptl, ie. u = V, (see also
Chandrasekhar 1956, 1957)

The solutions of the determinantal equation (10.97) depend on the dimension of
the vector ¢ and its functional form. For dim(e) = 2 in which o has the simple
form:

o =u(t—EYp' + (t—EYn?, (10.99)

where 5!, 52, and 5? are orthonormal Cartesian base vectors. The determinantal
equation (10.97) implies:

n'-(tax13)=0 and (tv1—17%) (r2x713) =Ff. (10.100)

The first condition (10.100) reduces to d(z2, 73)/9(£2, &%) = 0 which implies

3 = 3(2, é !, 1), which is equivalent to the solution ansatz:

=72+ E 1), =70 +E L) where A=A+ ELELED.
(10.101)
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The solution for y = ¢ + 7 reduces to:

y = [u(t— él) + '+ 51,/\)] n' + 2+ gl,k)nz + 3+ él,x)f + 2.
(10.102)

The 2ty? term in (10.101) can be eliminated by using a Galilean transformation
(Golovin 2011), i.e. p = y — 2tp? is also a valid solution of the Lagrangian fluid
equations for y. The Jacobian condition (10.97) or (10.100) reduces to:

a2, 3 ar, h
I(E, 1) 0(E2.EY)

The simplest solution in (10.102) is obtained by setting = 0. Golovin (2011)
chooses 7!, v2, t3, A and p as:

' =a(p) + C(€%,§) sinfp(n) + A%, )],
A ={b(p) + C(*, € coslp(p) + A& EON}'2,
12 =Acos(kp), t° = Asin(kp), p=t1+ él. (10.104)

=f(&.€). (10.103)

Using the solution ansatz (10.104), the Jacobian condition (10.103) becomes:

kC 3(A, C)

2 &3\
e =" 0

(10.105)
which defines the function £(£2, £3).

Golovin (2011) obtained solutions of (10.93) and (10.104) for incompressible
MHD (p = const.) and for constant total pressure P for the case of no gravity

® = 0, which are illustrated in Fig. 10.1. In the left panel, the arbitrary functions in
(10.104) are:

A=g, C=§€, ¢=3pu,
a=0, b=2. k=2. (10.106)

In the right panel, the arbitrary parameters are chosen as:

A:ég‘z’ C=é§3’ ¢ =3u, a=sin3pu,
b=3+cos3u, k=2 (10.107)

The magnetic surfaces in both the left and the right panel correspond to setting
£3 = 1. In the left panel of Fig. 10.1, the magnetic surface £* = 1 is a torus and
a magnetic field line in the form of a trefoil knot lying on the magnetic surface is
shown. In the right panel, the magnetic field surface £3 = 1 consists of a trefoil knot,
and a magnetic field line in the form of a trefoil knot lying on the surface is shown.
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Fig. 10.1 Incompressible MHD solutions with u = V, described by (10.102)—(10.107). Left
Panel: The magnetic surface £2 = 1 in the form of a torus, with magnetic field line in the shape of
a trefoil knot. Right Panel: Magnetic surface £ = 1 in the shape of a trefoil knot. A magnetic field
line (in red) lies on the magnetic surface also has the form of a trefoil knot (from Golovin 2011)

These examples are steady-state field aligned flows with constant total pressure P.
These solutions can be modified to cases of non-field aligned, time dependent flows
(for more details, see Golovin 2011). The solutions illustrated in Fig. 10.1 have
a non-trivial topology for the magnetic field. They are similar to the topological
soliton solutions of Kamchatnov (1982) and Semenov et al. (2002) discussed in
Chap. 6. Both the Golovin solutions and the topological soliton solutions of Chap. 6
correspond to a steady incompressible MHD flow, moving with velocity u = V.
The exact connection between these two different solution formulations is a question
that could be interesting for further research.



Chapter 11
Symmetries and Noether’s Theorem in MHD

In this chapter we discuss Noether’s first theorem in MHD. The analysis is similar
to that in Padhye (1998) and Webb et al. (2005b) We consider the Lagrangian form

of the action (10.11), namely
A= //,co d*xodt, (11.1)

where the Lagrangian density £° is given by (10.13). The general theory for
Noether’s theorems are discussed in Chap. 4. The Lagrangian action principle and
the Lagrangian map are discussed in Chap. 10.

11.1 Noether’s Theorem

Proposition 11.1.1 Noether’s theorem If the action (11.1) is invariant to O(€)
under the infinitesimal Lie transformations:

M=xd eV, W=x eV, {=r+eV, (11.2)
and the divergence transformation:
LY = L0+ eDy A% + 0(e), (11.3)

(here Dy = 0/0t and D; = 3/ 0x), are the total derivative operators in the jet-space
consisting of the derivatives of X*(xo, t) and physical quantities that depend on X
and t) then the MHD system admits the Lagrangian conservation law:

o + or =0 (11.4)
o o '
0
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where
1° = pou* V¥ + V'L + AL, (11.5)
) . BZ BkBS . .
F=v |:(p+2 )8’“— :|Asj+V"6£0+A/, (11.6)
I 0

In(11.5~(11.6)

0

PN =y _ (v’ 5 TV )%(xo, 1), (11.7)

d
\)
ox})
is the canonical Lie symmetry transformation generator corresponding to the Lie
: . ma . :
transformation (11.2) (i.e. ¥* = x* + eV, ¢ =1, xg =x)).

Proof Using Noether’s theorem (e.g. Bluman and Kumei 1989) we obtain:

Lo .

P=w+ v+ A0 ="" 7 +vL0 4+ Al
At

i i 0y j L - 0y J

F= WL+ A= 0+ LV 4 A, (11.8)
Xkj

for the conserved density I° and flux components #. Using (10.13) for £° in (11.8)
to evaluate the derivatives of £° with respect to xf and x; gives the expressions
(11.5)—(11.6) for I° and F. Proofs of Noether’s first theorem are given in Bluman
and Kumei (1989) and Olver (1993) (see Webb et al. (2005b) for Noether’s theorem
for the MHD system, including the effects of fully nonlinear waves). O

Remark 1 The condition for the action (11.1) to be invariant to O(¢) under the
divergence transformation of the form (11.2)—(11.3)s:

X0+ 20 (D,V’+D%Vx6) + DAY+ D, Ny =0, (11.9)
where
) 9 .9 . 9 .9 9
x=v’ yvi Ve & v e 11.10
o T o T e T e T Ty T (1110

is the extended Lie transformation operator acting on the jet space of the Lie
transformation (11.2). Note that X gives the rules for transforming derivatives of
x*(xo. £) under Lie transformation (11.2). From Ibragimov (1985):

X=X+ VeD,, (11.11)
=% ip (v"*) O DD (v"*) O a1
8x" o Bxf; ol Bxlo‘[ﬁ 5 .
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where Dy = 9/0t D; = /0!, denote total partial derivatives with respect to ¢ and
x (1 <i<3), V"= V'and V = V% respectively. X is the extended Lie symmetry

. . . . Ik ook
operator corresponding to the canonical Lie transformation x™ = * eVl =1t
and x) = x).

Remark 2 The basic conservation law (11.4) and the condition (11.9) for the action
to be invariant under a divergence symmetry are a consequence of the identity:

XLO 4+ L°DV* + DoAY = VVE,i (£°) + Dy (WY + £L0V¥)
+D, S, (11.13)

where E,i(£") = 8A/8x' is the variational derivative of A with respect to x' in
(10.14) and W* = Voo /0xk is a surface vector term that arises in the proof of
Noether’s theorem.

To convert the Lagrangian conservation law (11.4) to its equivalent Eulerian form
we use a result of Padhye (1998) given below.

Proposition 11.1.2 The Lagrangian conservation law (11.4) can be written as an
Eulerian conservation law of the form:

OF°  OF/
o T oy =0 (11.14)
where
) (I
=" F= J;x’k . (j=1.2.3), (11.15)

are the conserved density F° and flux components FV.

Proposition 11.1.3 The Lagrangian conservation law (11.4) with conserved den-
sity I° of (11.5), and flux F of (11.6), is equivalent to the Eulerian conservation
law:

OF°  OF/
5+ 9y =0 (11.16)
where
FO = pub 000 L yip 4 A, (11.17)
Fi o= {000 (7 £ 4 v L 4 A, (11.18)
. . B2\ . BBt
" = pu/u* + (p+ 2M)8J"— y (11.19)
AQ WY A
A0 = Do i R0 T s (11.20)

J J
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In (11.16)—(11.20) T is the Eulerian momentum flux tensor (i.e. the spatial
components of the stress energy tensor) and V00 s the canonical symmetry
generator (11.6).

Remark Padhye and Morrison (1996a,b) and Padhye (1998) used Proposition 11.1.2
to convert Lagrangian conservation laws to Eulerian conservation laws. Linear
waves in a non-uniform background flow were studied in Webb et al. (2005a), thus
extending similar work by Dewar (1970) for WKB waves.

11.2 Lie Point Symmetries

The Lie point symmetry algebra of the ideal, compressible gas dynamic and MHD
equations have been obtained by Fuchs (1991). The classification of the Lie algebra
and sub-algebras of these equations have been carried out by Grundland and Lalague
(1995). The Lie point symmetries of the equations obtained by Fuchs (1991) pertain
to the Eulerian form of the equations. Golovin (2011) investigated the Lie point
symmetries of the Lagrangian MHD equations and the equivalence transformations
of the Lagrangian equations, which can be related to the Eulerian form of the
symmetries (e.g. Webb and Zank 2007).

The MHD equations and gas dynamic systems admit the 10 parameter Galilei Lie
group. This includes the space and time translation symmetries, the space rotations
and the Galilean boosts. This group has the Lie algebra basis of vector fields:

0 0 0 0

Xi=') Xo=", X3=", Xe=_, 11.21
T oo : ay T oz T ( )
P L L L L (11.22)
Tl w0 Tay Taw T oz awe '
9 9 9 9 9
Xg =7 — < 0y B —p 1.2
5=y o T o T o T ap T o (11.23)
9 9 9 9 9 9
Xo=x_ — 0 B’ —F 11.24
S e T e T e T g T B e (129
Xyl —xd g ? e ? pd g d (11.25)

ax oy ou~ o 0B~ By’

In the above equations (z, x, y, z) refer to the time and rectangular, Cartesian space
coordinates, u is the fluid velocity; B is the magnetic field induction; p is the
gas density; and p is the gas pressure. The Lie symmetry operators {X|, X>, X3}
represent the space translation symmetries, and correspond via Noether’s theorem
to the momentum conservation equations along the x, y and z axes respectively; Xy is
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the time translation symmetry and corresponds to the energy conservation equation;
{Xs, X, X7} correspond to the Galilean boosts and give rise to the uniform center
of mass conservation laws; {Xs, Xo, X10} correspond to rotational invariance about
the x, y and z axes respectively and give rise to the angular momentum laws. These
conservation laws are derived by Morrison (1982) using a non-canonical Poisson
bracket formalism. They are also derived by Padhye (1998) and Webb et al. (2005b)
using a Lagrangian form of the MHD action principle and Noether’s first theorem.
The Galilei symmetries do not depend on the equation of state of the gas.
However, there is a class of Lie point symmetries of the Eulerian gas dynamic and
MHD equations that apply if the gas has a polytropic equation of state of the form:

y y B
e= P | S:Cvln[p (p‘) } pzpl(p) exp(S), (11.26)
y—1 PL\p p1

where p; and p; are constant, characteristic values of the density and gas pressure,
¢ is the internal energy density of the gas, S is the entropy (S = §/C,), C, is
the specific heat of the gas at constant volume, and y is the adiabatic index of
the gas. Using (¢, x, v, z, u*, ', u*, B, B, B%, p, p)" as variables in the Eulerian MHD
equations, Fuchs (1991) obtained the symmetries:

X“:ta e e +2p3, (11.27)
ot ou* ouy ou? ap

X12:xa+ya+za+uxa —}—uya +uza —2pa, (11.28)
ox ady dz du* o ou? ap

d
+2p

ad a a ad
Xy=B", +B_  +B_ +2 ;
Z ap

11.29

oB* By 0B ap ( )
We also note that for y = 5/3, the ideal fluid dynamics equations admit the
symmetry:

il
—5tp

. (11.30)

ad ad
; —3p

X _taa+(i_ti)
=N T g 9

ox*

In (11.30) x* = (¢, x,y,2)", and we use the Einstein summation convention for
repeated indices. The Greek indices « = 0, 1,2, 3 correspond to the space time
coordinates (,x,y,z), and the Latin indices i = 1,2,3 pertain to the space
coordinates (x, y, z).

The Lie algebra of the symmetries {X; : 1 < j < 14} and the classification of
the subgroups and conjugacy classes of the Lie algebra are given in Grundland and
Lalague (1995). Grundland and Lalague use the notation:

.0 .0 . d
I j
Ji = e (X . +u]8ui + B 25 )
(11.31)
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to describe the Galilei group (11.21)—(11.25). The symmetries P, (u = 0,1,2,3)
correspond to the time and space translation symmetries (11.21) where x* =
(t,x,y,2). The K; (i = 1,2,3) are the Galilean boosts (11.22) and the J; are the
rotational symmetries (11.23)—(11.25). ¢;; is the Levi-Civita symbol or antisym-
metric tensor density. Grundland and Lalague use the symmetries: F' = X;; + X2,
G = X3 —X;; and H = X3 as alternative basis vector fields instead of X1, X, and
X3, and use the symbol C = X4 for the projective symmetry X ;4. An inspection of
the Lie point symmetries using the Lagrangian action principle shows that Golovin
(2011) also obtains the stretch symmetry F' = X;; + X|».

Webb and Zank (2007) and Webb et al. (2009) obtained conservation laws related
to the scaling symmetries (11.27)—(11.29). These conservation laws were obtained
by a judicious linear combination of the Lie symmetries (11.27)—(11.29) that leave
the Lagrangian form of the action invariant. They converted the Eulerian symmetries
to Lagrange label space, in which the Eulerian position coordinate x is a function of
the Lagrange fluid labels x¢ and time ¢ (i.e. X = X(Xo, #)). Each Eulerian Lie point
symmetry of the Galilean group was mapped onto an infinite class of symmetries
in Lagrange label space, associated with the fluid relabelling symmetries The
infinitesimal symmetry generators V’, V¥, V?, V* are the same in both the Eulerian
and Lagrangian symmetry operators, where the symmetry generator V*° for the fluid
relabeling symmetry satisfies an auxiliary set of equations in Lagrange label space.
Conditions for the scaling symmetries to be a divergence or variational symmetry
of the action were used to obtain conservation laws using Noether’s theorem. The
latter conservation laws only apply for special initial data for the gas entropy and
magnetic field distribution, and have a complicated form.

The above synopsis does not include higher order Lie symmetries, e.g. the
potential symmetries of the equations. Sjoberg and Mahomed (2004) obtained
nonlocal symmetries and conservation laws for the planar, one dimensional gas
dynamic equations from the cover system, consisting of the original equations,
supplemented by known conservation laws and their associated pseudo-potentials
(see also Akhatov et al. (1991), Ibragimov et al. (1998), Anco and Bluman
(2002a,b), Bluman (2008) and Cheviakov and Anco (2008) for related approaches).
Noether’s theorem can be used to derive conservation laws, if the differential
equation system admits a variational formulation or action principle. Anco and
Bluman (2002a,b) used a direct method of finding conservation laws of a system
of partial differential equations (see Chap.4) that applies for equations with no
variational principle. Olver and Nutku (1988) obtained higher order conservation
laws and multi-Hamiltonian structures for the planar, one dimensional gas dynamic
equations for the case of an isentropic polytropic equation of state. Webb and
Zank (2009) used the work of Sjoberg and Mahomed (2004) to derive nonlocal
conservation laws associated with the scaling symmetries.
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11.2.1 Galilei Group Conservation Laws

Below, we illustrate the use of Noether’s first theorem in deriving the conservation
laws associated with the Galilei Lie point symmetries (11.21)-(11.25). We use
a result relating the Eulerian Lie point symmetries (11.31) to their Lagrangian
counterparts given in the proposition:

Proposition 11.2.1 The Galilei group Eulerian symmetries P,,, K; and Jy in (11.31)
correspond to the Lagrangian symmetry operators:

] 9 :
Ph= o FVOVo KE =i, 4V Jf= e

ad
V.V, 11.32
ko Ox ! d X! + o )

d

where the VX satisfy the fluid relabelling symmetry equations

Vo (poV¥) =0, V¥.VoS=0, D (pV*) =0,
Vox (V¥ xBy) =0, Vo-By=0, A =0, (11.33)
where « = 0, 1,2, 3. Equations (11.60) are Lie determining equations for the fluid

relabelling symmetries obtained by Padhye (1998) and Webb et al. (2005b). These
equations are discussed in more detail in (11.60) et seq.

Remark The above proposition is proved in Webb and Zank (2007). For our present
purposes, we set V¥ = (. This is also the approach to the Galilean group
conservation laws adopted by Padhye (1998).

Proposition 11.2.2 The time translation symmetry of the Lagrangian action (11.1)
with:

Vi=1, V¥=0, V9=0, A=0, (11.34)

where i,s = 1,2,3, and « = 0,1,2,3 is a variational symmetry of the
action (11.1). The corresponding conservation law using Noether’s first theorem
(Proposition 11.1.3) is the energy conservation law:

a1 B? 1 E xB
[ pluf’ + e(p.5) + +p<1>(x)]+v[pu( |u|2+h+d>(x))+ ' ]zo,

ot |2 2140 2 Mo
(11.35)

where h = (¢ + p)/p) is the gas enthalpy, E = —ua x B is the electric field strength
and E x B/ 1o is the Poynting flux.

Proof The canonical or evolutionary Lie symmetry generator V* from (11.7) is:

i

VY = v Vg — Vi, = . (11.36)
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Noting that
% ;0 N du' 9 n ou' 0 n
=—\u _ . . ; ..,
axt - dr du’ g Oy
D 8+i3+dui3+3ui3+ (11.37)
= u . . . . e, .
"o ot T dr du T gyl Ay
we obtain:
- . aLo
0 _ ' 0 _ _
xc —<X+VD,)£ =" =0 (11.38)

since £° does not depend explicitly on . Thus, the condition (11.9) for the Lie
invariance of the action (11.1) is satisfied. Using (11.34)—(11.36)in (11.17)—(11.20)
we obtain:

0 1 ) B?
F'=—|_plu"+e+ + po(x) |,
2 240

B> . BB
- k}, (11.39)

: (1
F/:—[u’( p|u|2+s+p+pd>)+ 7 u
2 Mo Ho

for the conserved density F 0 and flux F/. The conservation law (11.16) reduces to
the energy conservation law (11.32). This completes the proof. O

Proposition 11.2.3 In the absence of a gravitational field (i.e. ® = 0), the action
(11.1) is invariant under the space translation symmetry with

Vi=0, V=5, vi=0 A§=0, (11.40)

(j,s = 1,2,3, « = 0,1,2,3). The conservation law associated with this symmetry
(11.16) reduces to the momentum conservation equation:

9 B? B®BY)’
{ (pu)+V-|:pu®u+(p+ )|— ® i|} =0. (11.41)
ot 2o Ko

Proof Using (11.7) we obtain:

O W i Xk (Y
PY= v =, ka—DX{)(V)—O,

7 = p, (f/’f") —0. (11.42)

The Lie invariance condition (11.9) reduces to:

. - oD
XL =Xx2" = —py o = 0, (11.43)
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since we assume that V® = 0. Thus, (11.40) is a variational symmetry of the
action in this case. Computing the conserved density F° and flux /¥ from (11.17) and
(11.18) gives the momentum conservation law (11.41). This completes the proof.

|

Remark The case of an external gravitational field, is different than the problem of
self-consistent Newtonian gravity. In the latter case, the gravitational potential ®
satisfies Poisson’s equation:

V2P = —47Gp(x), (11.44)

where G is the universal gravitational constant. The solution of the Poisson
equation (11.44) is given by:

/
o= G/ lp(x )/|d3x’. (11.45)
v IX—X

In this book, we do not address the problem of self consistent gravity.
Proposition 11.2.4 The rotational symmetry with generators:
VY= e = (@ xx), V=0, AY=0, (11.46)

(i,s = 1,2,3, « = 0,1,2,3) corresponds via Noether’s theorem (Proposi-
tion 11.1.3), to the angular momentum conservation law:

;t [ -xxM)]+V- [ -xxT)]=0, (11.47)
where
M=pu, (xxT) =euxITh. (11.48)

The condition on the gravitational potential needed for the conservation law (11.47)
to apply is that

XL' = —pp(R xx)- VO = 0. (11.49)

The condition (11.49) is tantamount to the existence of an axis of symmetry for the
gravitational potential ®(X). For example if @ = Qe; is directed along the z-axis,
then (11.49) is satisfied if 0®/0¢ = 0 where ¢ is the spherical polar azimuthal
angle about the z-axis. Thus, in this case the gravitational potential is independent
of the azimuthal angle ¢. The condition is also satisfied for a spherically symmetric
potential ®. The condition is also satisfied if ® = 0 (i.e. gravity is negligible).
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Proof For the Lie symmetry generators (11.46),

‘A/xi = in = éiijij, ‘A/Mi = eiiijuk, ‘A/x‘:f = GistSij. (1150)
We find
~ L0 B\ .. . 0L
Vi = (p+ )8;(6,'51(—]]3-(9 xB) =0, V" = (2 xu)-popu = 0.
Bxij Zﬂ() Ju

(11.51)

The condition (11.9) for a variational symmetry of the action reduces to (11.49).
Using (11.17) and (11.18) to compute the conserved density F° and flux F/ gives
the angular momentum conservation equation (11.47). O

Proposition 11.2.5 The Galilean boost symmetry, with generators:

VY =Qi, V=0, V=0, A)=—p(x0)R-x, Al =0, (11.52)

(i,s = 1,2, 3) admits the center of mass conservation law:

aat [R-pat—x)]|+V - (-[T—px®u]) =0, (11.53)

provided the gravitational potential ® satisfies the condition (11.9), which reduces
to:

~ d
XLo— i (po(X0) - X) = —po(%)1R - V& = 0. (11.54)
where d/dt is the Lagrangian time derivative with Xo held constant. Thus, the

conservation law (11.53) applies if - V& = 0.
Proof Using (11.7) we obtain:

i

Pevi=gh =p (W)=a. W=D, (@)=0 (1155

Using (11.55), the condition (11.9) for a divergence symmetry of the action reduces
to (11.54). Using the results (11.55) in (11.17) and (11.18) to determine the
conserved density F° and flux F/ gives the center of mass conservation law (11.53),
where T = T'*e¢; ® e are the spatial components of the MHD stress energy tensor
(11.19). O

Remark 1 The conservation law (11.53) can also be written as:

2
at[Sl-p(ut—x)]+V-|:Sl-{p(ut—x)®u+t|:(p+ 2B )I—B®B:|} =0.

0 Ho Mo
(11.56)
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Remark 2 From (11.54) the Galilean boost V* = ¢ must be perpendicular to V&
in order to obtain a conservation law. If ¢ - V® = 0 there is no conservation law,
because of symmetry breaking.

11.3 Fluid Relabelling Symmetries

Consider infinitesimal Lie transformations of the form (11.2)—(11.3), with
Vi=0, V¥=0, V¥ £0, (11.57)

which leave the action (11.1) invariant. The extended Lie transformation operator X
for the case (11.57) has generators:

V¥=_V¥.Vpx, V¥=_D, (V¥) - Vox,
VVox = -V, (VXO) - Vox. (11.58)

The condition (11.9) for a divergence symmetry of the action reduces to:

,02(p.S)

V. V,S
3s 0

1 e+
o (v (Slu - e - ) -

1
=Dy (poV*) - Vox - u — W, (Vox) - (Vox)":[ (V¥ - VoBo)By
+BoBoVo - V¥ — (By - VoV™) Bg| = —AY /. (11.59)

where xj = (f,X0,Y0,20) is the spatial four-vector in Lagrange label space, and
a=0,1,2,3andx) = 1.

A simple class of solutions of (11.59) with A§ = 0 (¢ = 0, 1, 2, 3) are obtained
by setting:

Vo (poV¥®) =0, V¥.VyS=0, D, (poV*) =0,
Vox (V¥ xBy) =0, Vo-By=0, A% =0, (11.60)

where o = 0, 1,2, 3. Equations (11.60) are Lie determining equations for the fluid
relabelling symmetries obtained by Padhye (1998) and Webb et al. (2005b). These
equations apply for a general equation of state for the gas with ¢ = ¢(p, S) and also
apply in an external gravitational field described by the gravitational potential .
The fluid relabelling symmetries do not change the Eulerian physical variables p, u,
S, p, B under the Lie transformation (11.57).

However, the solutions of (11.60) do not give the most general solutions
describing the fluid relabelling symmetries. To investigate other possible solutions
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of (11.59) it is useful to convert the fluid relabelling divergence symmetry condition
to its corresponding Eulerian form given below.

Proposition 11.3.1 The condition (11.59) for a divergence symmetry of the action
converted to Eulerian form is:

. 1 . avs .

. X _ 2 X, . _Ux.

v (pv)(h+q>(x) 2|u|)+pTV VS + pu (dt 1% Vu)

B . .

+ o [—v x (vx x B) +7*v -B] — _V, A, (11.61)
Ko

where
V,AY = + (11.62)

is the four divergence of the four dimensional vector A = (AO, Al A2, A3). The
Sfourvector A is related the Lagrange label space vector A{j by the transformations:

A* = APBy, = Angﬂ, (11.63)

where x,p = 0x*/ axg , J = det(x;) and Bop = cofac(0x§/ oxP) (the transformations
(11.63) are the same as those in (11.20); note that , B have values 0, 1,2, 3).

Proof Using (11.1)—(11.8) and using the transformations (11.58) relating VX, P
and V*i to V*0, we obtain the transformations:

Vo (poV¥) = —JV - (pf/x), V%L Y,S = VXL VS,

d

vy .
- (povxﬁ)x,,kuf’ = oJu- ( e Vu) , (11.64)

for the gas dynamical terms in (11.59). Similarly, the magnetic field terms in (11.59)
transform as:

1
T J(VOX) < (Vox)" : [(V - Vo)BoBo + BoBo (Vo - V¥) — (By - VoV*)By|
0

_JB

: [—v x (VX x B) + VX(V - B)] . (11.65)
Mo

Substitution of (11.64)—(11.65) in (11.59) results in the Eulerian divergence sym-
metry condition (11.61). This completes the proof of (11.61). O
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Proposition 11.3.2 The divergence symmetry condition (11.61) has solutions:

V¥ =nu,
0 1 2 B?
A== plul”—&(p,5) = p@(x) — — pf(%0).
2 2/Lo
AT = —puf (%), (11.66)
where f(Xo) is an arbitrary function of Xo. The gauge potential A° = —L —

pof (x0) where L is the Eulerian MHD Lagrangian density, including an external
gravitational potential ®(x). The corresponding conservation laws associated with
the solutions (11.66) are the MHD energy conservation equation:

3 (1 B 1 E xB
plul® + &(p, ) + p®(x) + +V-pu( juP+h+o ) + —o.
ot \ 2 240 2 Mo
11.67)

and the conservation law:
d d
o [of (x0)]+V - [puf(x0)] =0 or (at +u- V)f(Xo) =0. (11.68)

Remark 1 The MHD energy conservation equation (11.67) is usually associated
with the time translation symmetry of the action (a Lie point symmetry), for which
Vi =1,V* =0, V¥ = 0 (¥ is any of the MHD physical variables p, u, B and S),
and A* =0 (¢ = 0, 1,2, 3). The result (11.67) shows that the energy conservation
law (11.67) also arises as a gauge or divergence symmetry of the action associated
with the fluid relabelling symmetry.

Remark 2 The conservation law (11.68) states that an arbitrary function f(x) of the
Lagrange labels X, is advected with the flow. This is a fairly obvious conservation
law, since dxo/dt = 0 for the Lagrange labels x¢. Non-trivial examples of this
conservation law are obtained for:

B-VS _ B()(X()) . V()S(Xo)

po(Xo)

Fxgy = A B Ao(x0) - Bo(xo)
p po(Xo)

filxo) =
(11.69)

where A is chosen so that A - dx = Ay(Xo) - dX is advected with the flow.

Proof To obtain the solutions (11.66) of the Lie determjning equations (11.61) for
a divergence symmetry of the action, we note that with V* = u, (11.61) reduces to:

1 ad
V- (pu) (h+ d(x) — 2|u|2) + pTu- VS + pu- al:

+:3 [~V x (uxB) + u(V-B)] = —V,A“. (11.70)
0
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Next we use the identities:

Ju 1 d (1 1 ap
T, = pu- - 2y. = 2) _ 2 V.
== Y = o (i) = [ 4w
9
T2=V-(,ou)h+,0Tu-VS=V-(puh)—u-VpE—aj,
_ O 0
T; =V (pu)d(x) = - 3tq> = _at[qu(X)]’
2
Ti= B [ Vx@xB)+uv B)=-" (B ) 11.71)
Ho 0t \ 210

In (11.71) use of the mass continuity equation (2.1) gives 71 = 9((1/2)p|u|?)/dt.
The term 7, in (11.71) reduces to —de/dt, where we have used the internal energy
evolution equation for the gas:

0

aj 4+ V- (ouh) = u-Vp, (11.72)

where ¢ = ¢(p, S). The expression Ty in (11.71), using Faraday’s equation reduces
to —(B%/2u0)/0t. The latter result may also be obtained by using Poynting’s
theorem.

Using the results (11.71), (11.70) reduces to:

0

ot

2 IA®  OA!
(5o —c0.5) - poe0 - ) =~ ).
Ho

, 11.73
ot + oxi ( )
Equation (11.73) has solutions of the form (11.66).

The total energy conservation law (11.67) and the Lagrangian advection conser-
vation law (11.68) now follow by using the symmetry results (11.66) in Noether’s
theorem (Propositions 9.1.1-9.2.1). From (11.17)—(11.18) we find:

2

(! [ul* + &+ p® +
~2f PET,
Ho

) + pf (%0). (11.74)
1, ExB
F = [pu (2p|u| +h+ <I>) + o :| + puf(xo), (11.75)

where F = (F', F?, F?) is the spatial flux and E = —(u x B) is the electric field.
The MHD energy conservation law (11.67) is obtained by setting f(xo) = 0 in
(11.74)—(11.75) and using (11.74)—(11.75) for F* and F in (11.16). Similarly, the
conservation law (11.68) for f(xo) is obtained by using (11.16). This completes the
proof. O
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Proposition 11.3.3 The fluid relabelling symmetry and divergence symmetry of the
action defined by:

V=b, A'=@B-VSr, N =A%, (11.76)

satisfies the condition (11.61) for a divergence symmetry. It gives rise to the nonlocal
cross helicity conservation law (3.67) discussed in Sect. 3.3 in Chap. 3.

11.4 Casimirs and Fluid Relabelling Symmetries

In this section, we discuss the analysis of Padhye and Morrison (1996a,b) that the
fluid relabelling symmetry determining equations (11.60) are related to the Casimir
equations (8.125)—(8.126). Henyey (1982) used a Clebsch variable formulation of
MHD, and investigated the connection between gauge symmetries and Casimirs in
MHD.

The Poisson bracket for MHD using the canonical Poisson bracket from (10.17)—
(10.18) is given by:

3
°\(8F 8§G 8G 8F
F,G) = § - 3Xo. 11.77
e /kzl(quspk 8qk8pk)d"° (a7n

where g* = x*(xo, 1) and p; = I1; = 3L£°/3i* are canonically conjugate variables.
Using the Poisson bracket (11.77) we obtain

SF SF
F.d}=- d {F.p}=,. 11.78
{ q } Spk an { pk} qu ( )
If the Hamiltonian dynamics of interest takes place on a Casimir surface Clg, p] =
const. then
sC sC
§C = / 8q" + . Spi | d®x0 = 0. (11.79)
8q* 8Pk
Writing
8¢ = V" and Spp = eV, (11.80)
(11.79) becomes:
A~k 6C A §C
§C = / C AR 7/ xo = 0. (11.81)
8q* 8pk

Equation (11.81) is satisfied by the choice:

sC

and VP = C, = .
{ pk} qu

o = (o) = - 5C

11.82
5y ( )
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Thus, the vectors {\7qk, \7”k} and {8C/84*,8C/8py} are orthogonal. We can write:

. sC §C
§C = /X(C) d*xy = / {C.q"} ot +1{C.pi} o1 d*xo = 0. (11.83)

Using formula (11.12) for the canonical (or evolutionary) Lie symmetry X (which
describes Lagrangian variations with x fixed), we obtain:

s§C . .
{C I} = s = Xk = poV* - Vit = AT,

sC

e ==,

= X = 77 = Axk (11.84)

In (11.84) and below, we use the notation Ay = 0¥ [x(Xg,?);€]/de at € = 0 to
denote the Lagrangian variation of the physical quantity ¥ with X held fixed. In the
derivation of the formula for XTI in (11.84) we used the result:

)A(Hk = po‘A/X{C’ = p()D, (—anxks) = —poVXO . V()Mk = po‘A/X . Vuk, (1185)

(note that D,(V*) = 0 from the fluid relabelling symmetry equations (11.60)).
Equations (11.84) relate the variational derivatives §C/8x* and —§C/8I1; to the
fluid relabelling symmetry infinitesimal transformations XTI; and Xx*.

Similarly, using the evolutionary symmetry operator X we obtain the results:

AB:XB:B-WX—B(V-V"), Ap = Xp=—pV - V¥,
AM = X(pu) = A(pu) = —-M (v : \7") + pVX. Vu,
Ao = —oV-V*  XJ=J(V-V. (11.86)
To derive the Casimir equations (8.125)—(8.126) from the fluid relabelling
symmetry equations (11.60) we consider Lagrangian variations of C using both the

canonical variables x* and 1 and also the physical variables p, M, o and B, using
the variational equation:

§C §C ;
/(8xkA.Xk+ 8HkAHk) d)C()

§C sC sC sC
=[Jd A - AM A -AB}, 11.87
/ xo(sp Y e ) (11.87)

where J = det(dx’/ BX{)) is the Jacobian of the Lagrangian map.
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Using (11.84)—(11.86) in the variational equation (11.87) we obtain:

§C.. 8C -
/ ( v T el 'Vuk) o
k

§xk §T1
— /d3x01{ (;E (—pv . f/") + {;SI\C/I . (—M (V . f/") + pV*. Vu)
+ gg(—ov-f/")Jr ig-[B-vV"—B(v.\?")]}. (11.88)

Equating the components of V. Vukin (11.88) gives the balance equation:

sC  &C
SM s’
The balance equation (11.89) is consistent with (11.88) and leads to the Casimir
invariant determining equation (8.126). However, it is not the only possible balance
(see, the Eulerian variational approach to the relation between Casimirs and fluid
relabelling symmetries in the next section).
Noting that d*x = Jd>x,, balance of the remaining terms in (11.88) gives:

(11.89)

sC

8x "A/X d3x0
sC sC sC sC . . 8C
=— | & M- B- V. VX dxB-VV*. .
f x(p8p+ sM T % T SB) +/ x 5B
(11.90)

Integrating the right hand-side of (11.90) by parts, dropping surface terms and
noting that V¥ - VC[M, B, p, d] = 0, (11.90) implies:

sC sC . sC §C sC sC
= \YJ 4 \Y -V. .
5x J{p (8,0)+MV(SM/)+U (80)+BX|:VX(8B)i| B8B}
(11

From (11.84) and (11.89) we obtain a further equation for §C/§x:

r sC _ 8C

Y] | )Y |
§C . §C

= poV¥-Vu=—pJ_ _ -Vu. 11.92
sx 00 u pSM u ( )

Substituting §C/5x from (11.92) in (11.91) gives the Casimir determining equa-
tion (8.126):

MV Cyi + pCym - VM/p) + pVC, + 0V Cy + B x (V x Cg) — (V- B)Cp = 0.
(11.93)
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(in (8.126), V - B = 0). The remaining Casimir equations (8.125) are equivalent to
the fluid relabelling equations (11.60). This completes our exposition of the work of
Padhye and Morrison (1996a,b) on the link between the fluid relabelling symmetry
equations (11.60) and the Casimir equations (8.125)—(8.126). As mentioned in
(11.89) et seq., there is a more general formulation of the problem, which we address
below.

11.4.1 Eulerian Variations

The above derivation of the Casimir determining equations (11.93) can also be
carried out more directly by using Eulerian variations of C:

§C §C §C sC
5C = 5 8 - 5M 8B &*x =0, 11.94
/(8pp+800+8M * 5B ) x (11.54)

The Eulerian variation of a physical quantity ¥, §v, is related to its Lagrangian
variation Ay by the equation:

S¢ = Ay — Ax-Vy = Ay — V*- Vy, (11.95)

where V¥ = Ax = (9x/ 0¢€)lx, (in the Euler-Poincaré development in Sect. 7.2, we
took € = t and Ax = u). Using the Lagrangian variations (11.86) we obtain:

8o ==V (pV), S0 ==V (V")

SB =V x (\7" x B) _{*V.B, §M=—uV. (pf/") . (11.96)
Using the variational formulae (11.96) in (11.94) we obtain:
o= [ 130 Lo ]+ X[ (o) g [ (7)]

sC

+ n [v x (f/x x B) — V. B] } &x. (11.97)

Integration of (11.97) by parts gives:
0C = / %f/x- [pVCp-i-O'VCg + pV(u-Cym) + B x (VXCB)—CBV-B]

+ V[V (o€, + 0Co + M- Cur) + (7 xB) x G } dPx. (11.98)
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Dropping the surface terms in (11.98) gives:
5C = / VX [pVCy+0VCo+pV(u-Cn)+Bx(V x Cp)—CpV-B] dx.  (11.99)

Equation (11.99) can be written in the form:
8C =68Cy + 6Cs, (11.100)

where
§C :/ dx VX [vacM,- + pCym - V(M/p) 4 pVC, + oV,
+Bx(VxCB)—CBV'B}, (11.101)
§Cy = —/ &x pV* - @ x Cy1. (11.102)

Thus, §C = 0 if both §C; = 0 and §C, = 0. The condition §C; = 0 is equivalent to
the Casimir determining equation (11.93). The condition §C, = 0 implies an extra
constraint on the fluid relabelling symmetry equations, in order to obtain a Casimir
invariant (i.e. the fluid relabelling symmetries are more general than the Casimir
invariants).

One possible solution for pf/" that satisfies §C, = 0 is:

A

pV* =V x ¢ = aw + fCu. (11.103)

where V - (p\7x) = V.V x9¢ = 0. The choice 8 = —pand « = 01in (11.103)
recovers the solution (11.92) obtained by Padhye and Morrison (1996a,b). The
choice B = 0 and o = 1 gives p\7x = V x u = w. The latter choice is clearly
related to the potential vorticity conservation law. However, more generally the
equation p\7x = V x 9 involves the arbitrary function ¢ . This is analogous to the
situation obtained for Noether’s second theorem, where an arbitrary function and its
derivatives are involved in a variational equation. In this latter case, we obtain:

8C2=—/(Vx1/f)-waMd3x
Vv
=—/{V-wrx(wxcM)]w-vX(wxcM)} x
Vv

E_/w.w(w x Cap) &P, (11.104)
|4
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where in the last line we assume that the surface term obtained by using Gauss’s
theorem vanishes on the boundary dV. Because ¥ is arbitrary, the du-Bois Reymond
lemma implies:

V x (@ x Cy) = 0, (11.105)

as an extra condition imposed on the fluid relabelling symmetries, in order that C is
a Casimir invariant with §C = 0. Equation (11.105) is satisfied if

wxCy=VVY, (11.106)
where W (x) is a potential. If VW # 0 then @ and Cy are non-parallel. Note that the

fluid helicity is a Casimir for the non-canonical fluid bracket only for the barotropic
gas case for which p = p(p).



Chapter 12
MHD Stability

In this chapter our main concern is the analysis of stability for MHD flows
and magnetostatic equilibria. The linear stability of magnetostatic equilibria was
investigated in the seminal paper by Bernstein et al. (1958) who derived sufficient
conditions for magneto-static equilibria, based on the so-called energy principle.
A sufficient, but not necessary condition for magnetostatic equilibria is that the
potential energy functional W(£,&) satisfies §°W(£,€) > 0, where & is the
Lagrangian displacement of the fluid element. A generalization of the energy
principle for steady MHD flows was obtained by Frieman and Rotenberg (1960).
They noted that for steady flows, the perturbed MHD equations could be written in
the form:

Pk, + 2pu- VE, = F(§), (12.1)

where F(&) is the generalized perturbation force acting on the plasma. The operator
F(&) is self-adjoint (i.e. an Hermitean operator). However, the operator on the left
hand side of (12.1) is in general non-self-adjoint due to the u - V&, term. The non-
self-adjointness of this latter term makes the analysis of the stability of steady flows
much more complicated than the case of magneto-static equilibria with u = 0, since
the eigen-functions (eigenmodes) are more complicated for the case u # 0. Work on
the stability of incompressible shear flows in ideal fluid mechanics (Balmforth and
Morrison 1999, 2002 and Balmforth et al. 2013 shows the importance of singular
eigen-functions with a continuous spectrum in the Hamiltonian description of the
perturbed flow). The singular eigen-functions involved are analogous to the Van-
Kampen modes in plasmas or the Case eigenfunctions in radiative transfer theory
and in solutions of the BGK Boltzmann equation (Webb et al. 2000). Hirota and
Fukumoto (2008a,b) write the Frieman and Rotenberg (1960) equations in Hamilto-
nian form, using ‘accessible’ variations associated with the non-canonical Poisson
bracket of Morrison and Greene (1980, 1982) (see also Hameiri 2003, 2004). The
Hirota and Fukumoto (2008a,b) analyses describe the effects of the singular eigen-
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functions due to the continuous spectrum (e.g. there are singular eigen-functions
associated with the Alfvén wave continuum). Ilgisnos and Pastukhov (2000) develop
variational approaches to plasma stability which uses the concept of negative energy
waves and perturbations.

Arnold (1966) developed a version of the Euler-Poincaré equations for an
ideal incompressible fluid, and showed that resultant Euler Lagrange equations
could be thought of as geodesic spray equations for the group Sdiff (R*). Ono
(1995a,b) obtained the corresponding geodesic spray equation formulation of the
incompressible and compressible MHD equations. Araki (2015, 2017) obtained
similar equations for the incompressible Hall MHD (i.e. XMHD) equations. Araki
(2016) develops a normal mode expansion based on the geodesic spray formulation.
The curvature of the geodesic metric is negative for unstable flows. Thus, the
geodesic spray equations formulation can be used in stability analyses (e.g. Araki
2015, 2017). We do not describe in detail this approach to MHD stability in this
book.

In the next section (Sect. 12.1) we give an elementary derivation of the Frieman
and Rotenberg equations. This is followed (in Sect. 12.2) by a variational principle
derivation of the Frieman and Rotenberg (1960) equations using the Lagrangian
map, and expanding the MHD Lagrangian as a power series in & and AS where AS
is the Lagrangian entropy perturbation. This method is related to that used by Dewar
(1970) for WKB waves in a non-uniform flow, and its generalization by Webb et al.
(2005a) for non WKB, MHD waves. An alternative equivalent derivation of the
equations (Sect. 12.3) is to take the first and second variations of the MHD action
using Eulerian variations of the physical variables. This latter approach is essentially
the same as the Euler-Poincaré variational approach adopted in Chap. 7, where the
Lagrangian displacement of the fluid element is defined as:

_ 0x(x0,€)

Ax = ¢ 9%

(12.2)
In the Euler-Poincaré approach of Chap.7, the variable € is replaced by the time
variable ¢. In that case Ax — u where u is the fluid velocity. From the variational
principle for the second variations of the action, one can identify the Hamiltonian for
the system, and write down the Hamiltonian evolution equations that are equivalent
to the Frieman and Rotenberg equations. In Sect. 12.4 we derive the Frieman and
Rotenberg equations, using accessible variations which are based on the non-
canonical Poisson bracket formulation of linearized MHD. This latter approach
was developed by Hameiri (2003, 2004), and is related to the Casimir equations.
The resultant Hamiltonian form of the Frieman and Rotenberg equations is that
given by Hirota and Fukumoto (2008a,b) who discuss the role of the singular
MHD eigenmodes, which are omitted in most discussions of linearized MHD, but
which are essential for a proper description of the MHD eigenmodes. Holm et al.
(1985) describes the nonlinear stability and Lyapunov stability calculations of MHD
stability that uses the Casimirs as part of the stability analysis (see also Arnold and
Khesin 1998).
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12.1 The Frieman and Rotenberg Equations

Frieman and Rotenberg (1960) generalized the energy principle of Bernstein et al.
(1958) to study the stability of steady MHD flows including the effects of gravity.
The energy principle of Bernstein et al. (1958) applies only to magnetostatic equilib-
ria. Similar equations were also used by Ferraro and Plumpton (1958) in a study of
MHD wave propagation in the gravitationally stratified, solar atmosphere. Frieman
and Rotenberg’s perturbation equations for &, can be obtained by perturbing the
MHD momentum equation:

du B? B-VB
p ==-V|p+ + + pg, (12.3)
dt 21 7!
where g = —V @ is the acceleration due to gravity.

The Eulerian perturbations §y and the Lagrangian perturbation Ay of a physical
quantity i are related by the equation:

S = Ay — & -V, (12.4)

where & is the Lagrangian displacement of the fluid element (e.g. Newcomb 1962;
Lundgren 1963). The Lagrangian perturbations Ap, Ap, Au, and AB in linear
perturbation theory are given by:

Ap = psAS—a*pV &, Ap=—pV -,

Au=E=§+u-VE, AB=B.V{—BV.-§. (12.5)
The corresponding Eulerian perturbations using (12.4) are given by:

8p = psAS—a’pV - —&-Vp, §p=—V-(pk).

du=§& +u-VE—-£-Vu, B=Vx(&§xB). (12.6)

Linearizing the momentum equation (12.3) using Eulerian perturbations, gives
the perturbed momentum equation:

PUR = pg, 4+ 2pu-V(E,) - F(§) =0, (12.7)
where the force-like term F (&) does not depend on &,, and has the form:

B-ViB +6B-VB
F(§) = -V + : — gV (pf)

d 9
4v. (pg d‘t‘ - puu-vg) — (oW - VE. (12.8)

BB

M =psAS—a*pV-E—E-Vp+ (12.9)
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For the case of a steady background flow, du/dr = 0 and (pu), = 0, and for the
case of zero entropy perturbations, AS = 0. In this case the perturbed momentum
equation (12.7) reduces to that obtained by Frieman and Rotenberg (1960).

12.2 Variational Method Using the Lagrangian Map

In this section, we derive the Frieman and Rotenberg (1960) equations using the
approach of Webb et al. (2005a), which uses the Lagrangian map: x* = x + & (X, 1)
where & is the Lagrangian displacement of the fluid element representing waves.
The analysis also uses the perturbation quantity AS, representing entropy waves, in
which AS is advected with the background flow (the standard MHD case of Frieman
and Rotenberg sets AS = 0). A similar expansion of the action was used by Dewar
(1970) to describe WKB, MHD waves in a non-uniform background flow.

The first step in the analysis is to write down the action for the combined system
of waves and background plasma in the form:

A= /d%*/d; C*, (12.10)
where
* 1 * %2 * * *2 * *
L= _pu”—e(p".5)— —p p(xY), (12.11)
2 21

is the Lagrangian density for the system. In (12.11), the terms in the Lagrangian
density £* correspond respectively to the kinetic energy of the plasma flow (u =
|u| is the magnitude on the fluid velocity u); the internal energy density &, the
magnetic energy density (B is the magnetic field induction, and p is the magnetic
permeability); and the gravitational potential energy p¢. The position coordinate
x* = x + £(x, t) where x is the position of the background plasma element, and &
is the Lagrangian displacement of the fluid element due to the waves. The entropy
S§* = § 4+ AS in (12.10), where AS is the Lagrangian entropy perturbation. The
volume element

dx* = J*d’x, (12.12)

where
J* = det (aa);i) = det (& + 9E/9x)
=14+V-£+ ; [(V-§)* - VE:VE]

+é [(V-£)°+2(VE-VE):VE—3(V-§)VEVE],  (12.13)
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is the Jacobian of the transformation between x* and x (see e.g. Kumar et al. 1994).
The Lagrangian transformations:

. XM B
= BT= (12.14)

correspond to mass continuity, and Faraday’s law (e.g. Newcomb 1962). Using
(12.14) in (12.10) we obtain the action in the form:

A= /d3x/dt£ where £ = J*L*. (12.15)
The exact Lagrangian density £ can be written more explicitly in the form:

(5B B) — ppx+ 8).

(12.16)

_1 2 L E 212) _ g P _
E—zp(|u| +2u-+ |EP) Je(]*,S+AS) yur

The transformation for B in (12.14) is the frozen in field theorem in magnetohy-
drodynamics (see e.g. Parker 1979, Ch. 4, for a detailed exposition). Using the
transformations (12.13) and (12.14), we obtain the expansion

A= /d3x/dt [Lo+ L1+ Lo+ O], (12.17)

for the action of the system, where

1, B?
Lo= _pu”—e(p,S)— _ —pd, (12.18)
2 21

. B? B-Vé- B

Ly =PU'§—(PTAS—PV'§)+2MV'§ —p§- Vo,  (12.19)

1., 1
Ly = 2pIEI2 —, [(0a® = p)(V - £)* + pVE:VE = 2psAS(V - ) + £55(AS)’]
B-VE-B B-VE)?  B?
$ BBy g BV T (g 4 vive)
W 4p
—;pggszs. (12.20)
In (12.20)
- o& B p 1/2
&= o +u-VE and a= (ap) , (12.21)

denote the Lagrangian velocity perturbation, moving with the fluid (note u* = u +

&) and the adiabatic sound speed respectively. Dewar considered the case of an
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adiabatic gas, with adiabatic index y, in which case ¢ = p/(y — 1). In the derivation
of (12.17), it is assumed that the entropy § and the Lagrangian entropy perturbation
AS are advected with the flow, i.e.,
ds dAS
=0, =0, (12.22)
dt dt

where d/dt = 0, + u - V is the Lagrangian time derivative moving with the flow.

In the absence of waves, the total Lagrangian £ = Ly in (12.17) and (12.18),
and the variational principle (12.17) obtained by varying the background plasma,
taking into account the Lagrangian constraints (i.e., the mass continuity equation,
Faraday’s equation, and the entropy advection equation in Lagrangian form) yields
the MHD momentum equation for the background plasma (Newcomb 1962).
Newcomb obtained: (1) both the Lagrangian and Eulerian form of the MHD
momentum equation by using both Lagrangian and Eulerian forms of the variational
principle; (2) the energy principle for static, MHD equilibria of Bernstein et al.
(1958); and (3) an energy principle for some steady, azimuthal MHD flows. Dewar
(1970) applied the variational principle (12.17) to derive equations for WKB,
MHD waves in a non-uniform background flow. He used an averaged Lagrangian
method, similar to that used by Whitham (1965), in which the Lagrangian density
L = Lo+ L1 + Ly + O(8Y) is averaged over the periodic, fast variations of the
wave phase ¢. Variations of the wave amplitude, in the averaged action principle
using the averaged Lagrangian density (L), results in the MHD wave eigenvector
equations and dispersion relation, whereas slow variations of the wave phase (i.e. of
k = V¢ and v = —¢,) results in the wave action equation.

12.2.1 Linear Waves in Non-uniform Flows

We now consider equations for linear waves in non-uniform flows, in which the
wave amplitudes are supposed to be sufficiently small, that the waves do not affect
the background flow. The action principle (12.17) can be written as

A= /d3x/ dt[Ly + L, + O], (12.23)
where
Ly, =Ly, Ly,=L+ L+ O0E, (12.24)

represent the background Lagrangian density £, and the wave Lagrangian density
L,,. We also use the notation:

A= /d%/d; L, (j=0,1,2) (12.25)
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to denote the action components due to Ly, £1 and £, respectively. Using (12.19)
we find:

sAr [ B BB _
st _—|:at(pu)+V~(puu+(P+2M)I— " )+PV¢:| =0
(12.26)

The equation §A;/8& = 0 is recognizable as the momentum equation for the
undisturbed background flow. Equation (12.26) can also be obtained by varying the
background variables in the action Ag = f d*x f dtLy (see e.g. Newcomb 1962).
Variations of the action A, with respect to &, and setting P”) = —§A,/8& = 0,
gives the linearized momentum equation:

PO = E?t (p&) +V

("
B
u

pué + ((p — pa®)V - & — psAS) I — p(VE)'

2 B2
B-V&-B BV’é) M(V’é)t

((V-&)B—B-VE&)§ + p&-VVg = 0. (12.27)

In (12.27) we use the notation P?) to denote the linearized momentum flux, where
the superscript D, refers to Dewar’s variational principle. Equation (12.27), coupled
with the advection equation:

(;t +u- v) AS =0, (12.28)

for the Lagrangian entropy perturbation, are the fundamental equations governing
the interaction of linear MHD waves and the entropy wave in non-uniform
background flows, in the presence of an external gravitational potential ¢ (x). For
the case of an ideal gas, with adiabatic index y, the thermodynamics of the gas are
governed by the equations:

v S8,
e= U P=P0(p) eXp( 0), S=Cvln(p), (12.29)
)/—1 L0 C, pY

where C, is the specific heat of the gas at constant volume, in which case ps = p/C,
in (12.27). It is interesting to compare the perturbed momentum equation PU® = (
in (12.7) (the superscript FR refers to Frieman and Rotenberg), with the perturbed
momentum equation P® = 0, obtained in (12.27) from Dewar’s variational
principle. From (12.27) and (12.7) we find:

d B? B-VB
E[pu+V(p+ )— +,0V¢:|
dt 2 u

PO _pUFR) _y . (12.30)
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If the background momentum equation is unaffected by the waves, then the right-
hand side of (12.30) vanishes by virtue of the background MHD momentum
equation (12.24). Hence in this case, PU® = 0 is equivalent to P®?) = 0. In
cases where AS # 0, the perturbed momentum equation (12.7) is coupled with
the advection equation (12.28), dAS/dt = 0.

For the steady flows considered by Frieman and Rotenberg (1960) (9/dt = 0 and
AS = 0), (12.7) has solutions of the form: § = &(r) exp(iwt) where £ (r) satisfies
the equation:

— w?pE + 2iwpu- VE —F(E) = 0. (12.31)

In (12.31), ipu - V is a Hermitean operator (i.e., it is a self-adjoint operator, with
respect to the complex inner product (f,g) = [ fg*d’x). The operator F is a self-
adjoint operator (i.e. [ §F(&)d’x = [°2 EF(i)d*x).

The proof that F is self-adjoint is facilitated by noting P®?) = PR using
integration by parts, and dropping surface terms. Because P?) — PUR) = 0 for
solutions of the MHD equations (see (12.30)) it follows that

F(£) = p&, + 2pu- Vg, — PO (). (12.32)

For AS =0
/n-[p&,,—i— 2pu-VE)] dxdt = /g -lon, + 2pu-Vy,] d’xdt,
[ p0@ axa= [P0 drar
/n-F(g)d3xdz= /g -F(n) &*x dr. (12.33)

In the derivation of (12.33) it is useful to note in particular that:

[l [ ey o= [ [ e )

(12.34)

and similar results for the other integrals involved.

Frieman and Rotenberg discuss sufficient conditions for stability and variational
principles to determine the eigenvalues w. Van der Holst et al. (1999) consider the
problem of the stability of shear flows in gravitating plane plasmas, and investigate
both the continuous spectra and the discrete spectra for w as well as cluster spectra.
A non-standard approach, for studying waves in shear flows, may be traced back to
the work of Lord Kelvin (1887). The Kelvin modes are either periodic in, or inde-
pendent of each space coordinate, but the wavenumber and amplitude associated
with each mode are functions of time which depend on the shearing rate of the fluid.
Examples of exact solutions for wave interactions in shear flows governed by the
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incompressible Navier Stokes equations have been obtained, for example, by Craik
and Criminale (1986). Related work on the interaction and transformation of MHD
waves in shear flows, using this approach have been investigated by Chagelishvili
et al. (1997), Poedts et al. (1998), Kaghashvili (1999), Kaghashvili (2002), Bodo
et al. (2001), Gogberidze et el. (2004) and Webb et al. (2007).

12.2.2 Characteristics for Linear Waves

Equations (12.27) and (12.28) describing linear MHD waves in a non-uniform flow,
may be written in the form:

L(§) +R(§,AS) =0, (12.35)

(;t +u- v) AS =0, (12.36)

where

L) =&,+2u-V() +uu:VVE — (@ + b)V(V - §)
+b-V(VE)-b—bb :VVE + [b- V(V-&)b, (12.37)

corresponds to the second derivatives of & in (12.27), and

. 2
V-E |:V(p—a2p) + ® :)B -V (B )}

1
R(§, AS) = ) 20

2
—[VE+(VE)]-V (p + fﬂ) + V(psAS)

+V (BMB) VE + pk - VYV, (12.38)

corresponds to lower order derivatives of &, terms linear in & (the gravitational term)
and terms independent of & (the entropy wave contribution). In (12.38),

b= , (12.39)

is the Alfvén velocity and a is the adiabatic sound speed (12.21).

The concept of a characteristic manifold for a partial differential equation system
can be defined as a manifold ¢(x) = const. (here x denote the independent
variables), on which the Cauchy problem does not have a unique solution. In less
technical jargon, this means that if the initial data is specified on a characteristic
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manifold ¢(x) = const., then the problem does not have a unique solution. The
characteristic manifolds of the wave equations (12.35) and (12.36) describing linear
wave propagation and interaction in a non-uniform background flow, turn out to be
equivalent to the characteristic manifolds for the fully nonlinear MHD equations.
The characteristic manifolds for (12.35) and (12.36), thus correspond to the Alfvén
waves, the fast and slow magnetoacoustic waves, and the entropy wave. Alterna-
tively, one can think of the characteristic manifolds as corresponding to the wave
fronts of short wavelength (WKB) disturbances in the medium (e.g. Whitham 1974).

Consider the Cauchy problem for (12.35) and (12.36) we introduce new inde-
pendent variables (¢°, ¢!, ¢%, ¢3) where ¢/ = ¢/(x), and x = (t,x,y.27) =
(xO,xl,xZ,x3) are the independent variables. We have in mind, the problem of
specifying initial data on the manifold ¢°(x) = const., and determining when it
is possible (or not possible) to obtain a unique solution for £ and AS. At least
locally, what is required to obtain a unique solution is that the Taylor series for
the solution can be determined, using the initial data, and by calculating the higher
order derivatives required from the differential equation system and its differential
consequences. In the analysis below, we use the notation ¢°(x) = ¢(x), in order to
emphasize that the initial data is specified on the manifold ¢ (x) = const.

In the new variables {¢/}, the entropy advection equation (12.36) for AS
becomes:

aAS—}—u-VAS: 0AS |:8a<f

3 96 v V¢]

> IAS [d¢/ :
+,; 9 [a; +u-V¢>’:| =0. (12.40)

If we choose ¢ such that

%‘f +u-Ve$ =0, (12.41)

and specify initial data for AS and & on the surface ¢(x) = const. then it will not
be possible to solve (12.40) for dAS/d¢, and higher order derivatives of AS with
respect to ¢, since the coefficient of dAS/d¢ is zero by virtue of the choice (12.41)
for the evolution of ¢. Thus, solutions of (12.41), correspond to the characteristic
manifold for the entropy wave, and it is not possible to obtain a solution for AS off
the characteristic surface ¢ = const., if the initial data was specified on ¢ = const.
If in fact, we had specified initial data on a surface ¢ = const. To determine the
characteristic manifolds of (12.35) we first re-write (12.35) in the form:

APE L+ RI(EAS) =0, (12.42)
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where
PP = g 856) + 285 + uuP — b |
— (@ +8) 8280 + bPOIS + bob's) (12.43)

In (12.43) we have defined »° = 0 and u° = 0 (i.e. b and u are vectors in 3D
position space). In (12.42) and (12.43) the roman indices i,j take the values 1,2,3, but
the greek indices «, B refer to the independent variables (x°, x', x?, x*) = (#,x,y,2)
and take the values 0,1,2,3. The term R(&, AS) in (12.42) is the ith component of
the vector R in (12.38), which can be written in the form:

R = BYE + G + D' (12.44)

and consists of first order derivatives of £, linear terms in & and terms independent
of &. The detailed form of R’ does not play a role in the nature of the characteristic
manifolds. Using new independent variables {¢*(x)}, the wave equation (12.42) for
& takes the form:

iap 0" dpY 07 wp O2PH _dpr\ 0F N

B ; B ot i g i

A e axt agragr T\ axeaws T g ) ggn TGE TL=0
(12.45)

For the purposes of characteristic analysis, we write (12.45) as:

iwp 0 0p 0°F

" o 048 92 +8 =0, (12.46)

where we have isolated off the second derivatives of £ with respectto ¢ = ¢° and S’
represents the remaining terms in (12.45). As in our discussion of the characteristic
manifold of the entropy advection equation in (12.40) et seq., we consider the initial
value problem in which the data is specified on the manifold ¢ = const. The initial
data on the manifold ¢ = const. can be written in the form

=899 &,=i0.¢°¢). AS=3'.¢%¢°). (1247
where gf , 7 and § specify the initial data in terms of ¢!,¢?, and ¢3. The initial data
(12.47) is sufficient to determine the source term S’ in (12.46). To obtain a unique
solution for 82/ /3¢ on the manifold ¢ = const., requires that the matrix:

Al = A" gy g, (12.48)

to be non-singular, i.e. det(A) # 0. If det(A) = 0, then (12.46) does not possess a
unique solution for Efp 4 Thus,

det (A)

det (A;I“%a(pﬂ) —0, (12.49)
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defines the characteristic manifolds ¢ = const. for the wave equation (12.35). The
matrix A in (12.48) can be expressed in the form

Al =[0? = (b-k)*] 8 — (" + b°) KK + (b-k) (b'K + VK, (12.50)
where
k=Vep, owo=—¢, o =w-k-u, (12.51)

are identified with the wave number k and frequency w associated with the wave
surface ¢ = const., and ' = » —k - u is the Doppler shifted frequency in the fluid
frame. Taking the determinant of (12.50) we obtain

det(A) = [0 — (b-k)*] {0 — (@ + b}k + a®k*(b-Kk)*} . (12.52)
Thus, det(A) = 0, if
Fr=0?—(b-k)?= (¢, +u-Vp)’ —(b- V)’ =0, (12.53)

corresponding to the Alfvén wave characteristic manifolds, or alternatively,
det(A) = 0 if

FMS = (l)/4 _ (aZ + b2) w/2k2 4 Clzkz(b . k)Z
= (¢ +u-Ve) — (a® + 1) (¢ +u-Vp) |Vo|* + d* (b- V) |Vo|?
=0, (12.54)

which defines the characteristic surfaces for the magnetosonic modes.
Equation (12.54) gives:

/

o = £bkcosd or V)= ‘Z — +bcos?, (12.55)

for the dispersion equations for the backward and forward Alfvén waves in the fluid
frame, in which ¢ is the wave normal angle, i.e.

cos® = b,/b where b, =b-n=bcos?. (12.56)

The dispersion equation for magneto-acoustic waves Fis = 0 in (12.54) may be
written in the form:

Vit — (& + PV + b} =0, (12.57)
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where VI/, = o' /k is the wave phase speed in the fluid frame. Equation (12.57) has
solutions:

V[’, = +¢;, and V[’, = ¢y, (12.58)
where

1
GFe= ((a2 +b%) £ \/ (@ + b2 — 4a2b,%) , (12.59)

define the fast and slow magnetosonic speeds. One can also express ¢ and ¢, in the
form:

¢ = ; (cy +co), o= ;(c+ —c-), (12.60)
where
¢+ =|an+b| and c_ = |an—b|. (12.61)
Note that:
c+ =¢f+c¢ and c_ = ¢ —cy, (12.62)

gives c+ in terms of ¢ and .

The phase and group velocities for the Alfvén and magnetoacoustic waves are
described in Appendix D.

To sum up, the characteristic manifolds for linear MHD waves consist of
the entropy wave manifold (12.41), the Alfvén wave manifold (12.53) and the
magnetosonic waves manifolds (12.54). Initial value problems for the linear wave
interaction equations (12.35) and (12.36) with initial data specified on a charac-
teristic manifold does not have a unique solution. These manifolds correspond to
the well known short wavelength WKB entropy, Alfvén and magnetoacoustic MHD
waves.

12.3 Euler-Poincaré or Eulerian Variational Approach

The analysis of the stability of MHD flows used in this section gives results
equivalent to the previous section. However, we do not expand the action explicitly
as a power series in &, but simply determine the first and second variations of the
action:

2
J= //d3xdt [lp|u|2—£(p,S)— B —pq)(x)] = //d3xdt€. (12.63)
2 21
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by using Eulerian variations of the physical variables:

A A
Su = aatx +u-VAx— Ax-Vu = aatx + [u, Ax],

8p ==V -(pAx), AS=—-Ax-VS,
§p = —a’pV - AX — Ax - Vp,
SB =V x (Ax x B).

MHD Stability

(12.64)

These formulas are analogous to the formulas (12.6) for the Eulerian variations,
where Ax — &. Here we omit the effect of Lagrangian variations of the entropy
S = S(x¢). Note that the Eulerian variations (12.64) are the same as those used in
the Euler-Poincaré analysis of Chap.7 where Ax — u. Note that Ax = (0x/9€)y,

with € = 1 gives Ax = 9x(Xo, 1)/t = u.
Using the same notation as in Chap. 7, we obtain:

8¢ 8¢
Sa&l = 8,08p +

=-V. (prgf;) + V. ((Ax x B) x 88:;)

b4 b4 8¢
. —VS.- )
+ Ax {pgp s 8S+BX[VX(SB)}}

ol 8¢l
8585 + SB - 6B

The term in curly brackets, in the notation of Chap. 7, is identified as:

Y4 Y4 Y4 Y4
ca=p, —VS: +BX[VX( )i|

da dp 88 5B
Evaluation of §¢/8p, 6¢/3S and 6£ /6B gives:
s8¢ 1, Y4 Y4 B
= —h— d(x), = —pT, =—.
5o~ 2" LA " S
Thus,

8¢l 1
5 <>aEp(TVS—Vh)—pVCI>+JXB+pV(2|“|2)-
a

A similar calculation for (§£/u) - du gives:

ot -du=m- 9Ax +u-VAx— Ax-Vu
Su ot

:aat(m- AX) + V- [u(m - Ax)]

(12.65)

(12.66)

(12.67)

(12.68)

(12.69)
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where m = §¢/5u = pu is the MHD momentum density or mass flux.
Using (12.65) and (12.69) in the evaluation of the first variation §J of the action
J is (12.63) gives:

om
sz_// d*x dt Ax - |: y +V.-(u@m)—(—Vp—-—pVO+JxB)|.
(12.70)
In (12.70) the surface terms have been dropped (i.e. the divergence terms from
(12.65) and (12.69)) as they give rise to boundary surface integrals, which are

assumed to vanish on the boundary dR of the integration region R. Equation (12.70)
can also be written in the form:

§J = —// d*x dt Ax - [pf;; —(=Vp—pVd +J x B)} . (12.71)

Thus, the vanishing of the first variation 8J of J gives the MHD momentum
equation. This result was also established in Chap.7 using the Euler-Poincaré
equation formalism.

Proposition 12.3.1 The second variation of the action §*J obtained by taking the
variational derivative of §J in (12.71) can be written in the form:

s = [ [ e 1o, +20-v8) - F@). (12.72)
where

F(&)=—-Vip+6JxB+]Jx5B
—8pVO 4+ V- (p€u-Vu— puu- V§)

B- /B B-V4iB +6B- VB
EV(aZV-(p§)+§-Vp— )+( M )
Ko Ho

+ V- (p&) (VO +u-Vu) + p& - V(u-Vu) — pu-V(u-VE), (12.73)

is the generalized force in the Frieman and Rotenberg equations (12.7) and § = Ax
is the Lagrangian displacement of the fluid element. The Eulerian variations éu,
8p, 8p, 6B are given by (12.64) and §J = V x 6B/ is the perturbed current.
Suppose the plasma domain R is surrounded by a perfect conducting wall on which
n-u = n-B = 0 (nis the outward normal to the boundary oR). Then for vector
& satisfying the boundary conditions n - & = 0, the force operator F is self adjoint.
The variational derivative:

‘“;;;’ ) = 20p(e, +2u-VE) —F @) =0, (12.74)
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gives the Frieman and Rotenberg (1960) equations.
Since two Lagrangians that differ by a pure divergence have the same Euler-
Lagrange equations, it follows we may use:

§2J = / / dPx diL, (12.75)
where
L=& -F&)+pl§, +20(u-VE) &, (12.76)

We identify the canonical momentum py. conjugate to £ as:

aL dg* 9
= =2 =2 -V | £ 12.77
Pk 8’;}" ’Odt P(at+u )g ( )
Using the Legendre transformation:
3
H= p —L=plgl ~§-FE). (12.78)
k=1

The corresponding Hamiltonian functional is

H= /d3xH = /d3x [pl&|> — & -F(&)]. (12.79)

In terms of the canonical variables & and p, the Frieman and Rotenberg (1960)
equations (12.74) can be expressed in the Hamiltonian form:

SH SH
and p=—"" (12.80)

Proof Taking the variation of §J in (12.71) we obtain the second variation 8J, which
can be split into the sum of two terms:

§2J =1 + D, (12.81)

where

I =—/ d3x§-{8pil;;—(—Vé’p—i—SJxB—i—JxSB—é’pVCD)}, (12.82)

12:_/d3x§-{p(ié’u—i—Su-Vu—l—u-Vé’u)}, (12.83)
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where § = Ax. In (12.82), du/dt = u - Vu, since the background flow is assume to
be steady.
Following Hameiri (2003) it is advantageous to add the term:

p(u-Véu + éu- Vu), (12.84)
where
fu=u-VE—§&-Vu, (12.85)

to the integrand inside the curly brackets to (12.82) and to subtract the same quantity
from (12.83). Thus,

S I=1I+1, (12.86)

where

d
I :—/ di”xg.{apd‘;—(—v5p+8JxB+JxaB—5pvq>)
+p(u-v3ﬁ+5ﬁ.Vu)}, (12.87)

Iéz—/ d3x§"{p(§t8u+8u~Vu+u'V8u)—p(u'V(Sﬁ—i-Sﬁ-Vu)},

(12.88)
Using (12.73) for F(£) and the variational formulae (12.64) we obtain:
I= [ axg-rFe).
I, =— / &x p€ - (€, +2u-VE,). (12.89)

Thus, the result (12.86) for §2J reduces to the expression (12.72) for §2J in the
proposition. Taking the variational derivative of §2J with respect to & gives the
Frieman and Rotenberg equations (12.74).

The derivation of the Hamiltonian functional H in (12.79) is straightforward.
Hamilton’s equations (12.75) follow by noting:

2
H:/d3x |:,0'21;)—11'V§ —E'F(é’)]’
SH _p o, _
5o =2y U VE=E
SH
=—2F(&) +2pu-V§, p=2p(,+u-VE). (12.90)

8&
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Use of the Frieman and Rotenberg equations (12.74) then gives p; = —Hg. This
completes the proof. O

Remark The Hamiltonian functional H is a constant of the motion, i.e.,

SH SH SH éH JSHGSH

g =%H p, = OO - 12,91
T T e P T e ap  sp sk (1290
Note F, = { F, H} where the canonical Poisson bracket { F, G} has the form:
SF 8G OF 4G
F.Gi= | & = . 12.92
troi= [ @ (s = s ot ) (1292

Hirota and Fukumoto (2008a,b) have analyzed the Hamiltonian structure and
eigen-modes of the Frieman and Rotenberg (1960) equations. They show that in the
presence of a flow that is either non-parallel to the magnetic field, or supersonic
at some places gives rise to singular eigenmodes with negative energy. The Alfvén
and slow singular eigenmodes are neutrally stable, even in the presence of external
potential fields (e.g. gravity), but may cause instability when coupled to another
singular or non-singular eigenmode with opposite sign of the energy. A recent
discussion of the MHD spectrum of stationary plasma flows for the Rayleigh Taylor
and Kelvin Helmholtz instabilities is given by Goedbloed (2009). Singular eigen-
modes for Vlasov, electrostatic oscillations were studied by Morrison and Pfirsch
(1992), using a Hamiltonian formulation. Balmforth and Morrison (1999, 2002)
study singular, continuum eigenmodes in shear flows which are analogous to the
Van Kampen eigenmodes.

Below we present a form of Hamilton’s equations (12.80) used by Hirota and
Fukumoto (2008a,b) which they use to describe the singular and non-singular MHD
eigenmodes of the Frieman and Rotenberg (1960) equations (12.74) and their role
in MHD stability for steady flows.

Proposition 12.3.2 The Hamiltonian equations (12.80) can be written in the form:

(&Y _ H
" (m) =70 (m) (12.93)

m= p=p >, (12.94)

where

and the matrix operators I and © are defined by the equations:

(05 1y
I_(—b 03)’
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_(—pu-V(@-o)—F pu-V(o/p)
e = ( u.V 1/p ) , (12.95)

where |5 is the unit 3 x 3 matrix and O3 is the zero 3 x 3 matrix. The Hamiltonian
functional in this formulation is:

§*H 1 » 3
5 ZZ/Rd*x(gT,mT)@ (m)

1

— 3x 1 —_— . 2— .
_2/Rd [p Im— pu-VE] — & F(g)}, (12.96)

where m = p(d/9t + u - V)& is the canonical momentum, and © is a self-adjoint
operator (® = ©*) with respect to the standard L? inner product.

Proof Because p = 2m Hamilton’s equations (12.80) can be written as:

1 8(82H)
I (EY_(0shs 2 8 (12.97)
ot \m —|3 O'; 18(6°H) | ° :
) 2 ém
From (12.97) we obtain:

£ = ‘;‘ ~u-VE  m, =F() - pu-VE, (12.98)

Equations (12.98) can be combined to give (12.93). Using (12.95) we obtain:

€m0 () = ple,— £ @)+ V- ouce ). (12.99)

Integration of (12.99) over the volume R and dropping the surface term and using
the result in (12.96) establishes the result (12.96). This completes the proof. O

12.4 Accessible Variations

In this section, we derive the Frieman and Rotenberg equations again using so-
called accessible variations. The analysis is based on Hameiri (2003). Similar
ideas were presented by Thiffeault and Morrison (2000). The main idea for
accessible variations is that the variations should be compatible with the non-
canonical Poisson bracket for the system (e.g. Morrison and Greene 1980, 1982;
Holm and Kupershmidt 1983a,b). The non-canonical Poisson bracket for MHD
is intrinsically related to the MHD Casimirs discussed in Chap. 8 (Sect.8.5) and
Chap. 11 (Sect. 11.4).
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Using the physical variables ¢ = (M?,B7, p, S)T, where M = pu is the MHD
momentum density, the non-canonical Poisson bracket for MHD may be written in
the form:

{F.G} = / d*x [Mi (Gm - VFyi — Fy - VGyyi)
Vv
+ B (Gm - VFp — Fy - VGgi) 4 Fgi B - VGyyi) — Ggi (B - VFypi)

+ p(Gm - VF, — Fm - VG,) + SV - (GuFs — FuGs) } (12.100)

where we use the summation convention for repeated indices, and the integral is
over a fixed volume V with perfectly conducting boundaries on which the normal
components of u and B vanish. The Hamiltonian functional is given by:

1 B2
H= / dx ( plul® + e(p. S) + +p<I>) , (12.101)
v 2 210

where &(p, S) is the internal thermodynamic energy density per unit volume, and
®(x) is a gravitational potential due to an external gravitational field. In (12.100)
Fy = 6F/8y where §F /8 is the variational derivative of F' with respect to the
physical variable 1. The time evolution of v is given by the Hamiltonian Poisson
bracket equation:

Vi(x. 1) = {y. H}, (12.102)

where we use the representation:

V(X 1) = / v(x,)8(x' —x) d°x, (12.103)
\%4

for ¥ (x, 1) as a functional of . Note that §v (x,1)/$y (X', 1) = §(x' — x).

The energy Casimir method (Holm et al. 1985) makes substantial use of the
Casimirs of the Hamiltonian system of interest to determine the linear and nonlinear
stability of an equilibrium or equilibrium flow. The Casimirs are functionals C[y/]
which are conserved under the action of any Hamiltonian K, i.e. {C,K} = 0 for
all Hamiltonians K. The Casimirs correspond to null eigenvectors with dC/dt =
{C,K} = 0. It expresses the idea that the phase space variables ¥ are not all
independent and that the system evolves on symplectic leaves of the manifold where
C = const. The existence of Casimirs implies the existence of redundant variables.
Because { F, C} = 0 for a Casimir C for a general functional F, then the evolution
equation for F: dF/dt = {F,H + C} = {F,H} can be viewed as the evolution
equation for F according to the Hamiltonian Hc = H + C. Both linear and nonlinear
stability analyses, investigate the convexity of the Hamiltonian near an equilibrium
point . By using all possible Casimirs it is more likely to find conditions that
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guarantee the convexity of H¢, rather than that of the original Hamiltonian H.
Hameiri (2003) shows that the use of dynamically accessible variations enables a
convexity investigation for linear stability, without the knowledge of the Casimirs
themselves. The gist of his arguments are given below.

Using the ‘artificial’ evolution associated with the Hamiltonian K with evolution
variable 7 (i.e. dy/dt is the variation of ¥ associated with the Hamiltonian K),
where t = 0 corresponds to the equilibrium state, we may write:

W _ Ky, (12.104)
dt

Usually X is involved in (12.104) through its first variational derivative, i.e. through
{(r) = 6K/8y¥. Hence we can replace K by G(y¥, 1) = ¥{(r) since G/§¢ =
{(tr) = §K/8y¥. Thus G and K have the same first variational derivative near t =
0. However, the second variations of G and K will be different, but this piece of
information will not be needed in the linear analysis. For example, use of the Poisson
bracket (12.100) gives:

dp 8K
=6p=-V- =-V. , 12.105
( dt)o /4 (p 8M) (pEm) ( )
and similar expressions involving { = §K /8 in other cases. Also note
dH dK
8H = ( ) ={H,K}=—{K,H}=— =0, (12.106)
dt J, dt

because T is the evolution variable for K and dK/dt = 0. Thus, H does not evolve
away from v = 0 due to the variations associated with evolution in 7. Also using
the Jacobi identity:

2

i =1 = {(H.K) K} = (H.K) . G)
dt

=—[{{K.G}.H} + {{G. H} . K}] (12.107)

The first term in (12.107) is zero as {K, G} = 0 since K can be replaced by G.
Similarly, replacing K by G in (12.107) gives §°H = —{{G, H}, G} which evaluated
at 7 = 0 depends only on £(0). One can also show that all t derivatives of C
vanish at T = 0 because dC/dt = {C,K} = 0. Thus, one of the main virtues of
dynamically accessible variations are that they preserve the Casimir invariants, and
hence can be used to study linear and nonlinear stability using the energy-Casimir
method (e.g. Holm et al. 1985; Morrison and Eliezer 1986).
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12.4.1 Dynamically Accessible Variations

Consider dynamically accessible variations of the MHD Eulerian physical variables
in MHD, based on the non-canonical Poisson bracket (12.100). For a given
functional K we define the vector:

(£.9.1,0) = (Km. Ks. K, Ks) , (12.108)
where we use the notation Ky = 6K/5v.

To determine the dynamically accessible variations (DAV) we use the Poisson
bracket (12.100). Thus, for example:

_ _ 3./ 4 R v/ 8:0(X/) _ 8:0/ v SK
pt_{p’K}_/d“’(x)[KM v (Mx)) sV (5;;)}
E/ d*x p(x)[Knm - V'8(x' —x)] :/ & p(x)& - VE(x' —x).  (12.109)
R R

Integrating (12.109) by parts and dropping the pure divergence surface term (note
& - n = 0 on the boundary dR) we obtain:

pr ==V - (p§). (12.110)
Similarly, we obtain:
S, =—§&-V§, (12.111)
B, =V x (¢ xB), (12.112)
\Y B
u, =¢ x (Vxu)+ (Vo) x +vVS—Vu, (12.113)
0
where
o
v= , u=A+4+E&-u (12.114)
0

Thiffeault and Morrison (2000) obtained equations for accessible variations
which are equivalent to (12.110)—(12.114). The Thiffeault and Morrison (2000)
equations for the accessible variations are written in the form:

pe=V-xp So=%x0.vs, BrzvX(Bx“),
P P

pu; =(Vxu)x xo+Bx(Vxyx;)+ pVyi—x2VS. (12.115)
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Here x,, x1, x2 and x5 are related to &,u, v and 5 by the equations:

Xo=—PE x1=—K, x2=-vp, X3=-0. (12.116)

It is straightforward to verify that:

Xo=—-Ku. x1=-K,, y2=-Ks, x3=—Ks. (12.117)

where I~((u,B, p,S) = KM, B, p,S) is the same functional as K, but written in
terms of the variables u, B, p and S rather than M, B, p and S. Thiffeault and
Morrison point out that & = —y,/p is not necessarily the Lagrangian displacement
of the fluid element. The results (12.117) follow by noting:

Ky = pku, K, =K, +u-Ku, Ks=Ks, Kp=Ks. (12.118)

It is instructive to investigate under what conditions the Eulerian velocity
variation §u = u, can be written in terms of the Lagrangian displacement § (xo, 1) =
&(x,1), i.e. we require:

bu=u, =&, +u-VE—-E-Vu, yx,=—pk. (12.119)
Using (12.119) for u,, in (12.115) we obtain the equation:

pl, tu-VE—&-Vu+ (Vxu)x§]=Bx(Vxyx3)+pVy — x2VS.
(12.120)

The latter equation can be reduced to the equation:
pl& +u-VE—E-(Vu)| =B x (Vx x3) +pVyi — 12VS. (12.121)

To show in a simple way, that equation (12.121) has consistent solutions for &,
X1, x2 and x5, consider the Euler-Poincaré variations used by Holm et al. (1998) in
which:

_ ko0 _

§=ax ot

(12.122)

In this case (12.121) reduces to:

ad 1
) [ Bltl +u-Vu—-V (2|u|2)i| =B x(Vxyx;)+pVyr— x2VS. (12.123)

Thus,

du 1
P P [V X (—x3)] xB+ pV ()(1 + 2|u|2) — x2VS. (12.124)
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However, the MHD momentum equation (including an external gravitational poten-
tial @), can also be written in the form:

d
Y JxB 4 p(TVS—Vh) — oV, (12.125)

pdt

where & is the enthalpy [note p(TVS — Vh) = —Vp]. Comparing (12.124) and
(12.125) we obtain:

B 1
X3=— ., xn=-pI, n=- (h + &+ |u|2) . (12.126)
Mo 2

This example shows that the accessible variations contain the Euler-Poincaré
Eulerian variations as a special case. Note that x, = —M.

To proceed with the dynamical variations approach to stability (e.g. Hameiri
2003) we consider the first and second variations of the Hamiltonian A (12.101).
The first variation H = H, from (12.101) is:

dH 3 1 ., B- B,
= [ &x|pu-u, + _|u’p, + +&ppr + 858 + o @[, (12.127)
dt 2 Mo
Using the DAV equations (12.111)—(12.114), (12.127) reduces to:

dH v B
=/d3x[pu-(gx(vXu)+( ) x +vVS—V,u)
dt R p

—(h+<I>+ 1|u|2)V-(,0§)—pT§-VS+ B -[Vx(&xB)]:|.
2 Mo

(12.128)
Using integration by parts and dropping surface terms in (12.128) gives:
dH
= / d3x|:§ -(pu-Vu+ Vp—J, xB + pVO)
dt R
+7]-Vx(Bxu)+uV-(,ou)+vpu-VSi|. (12.129)

At an equilibrium point T = 0, each of the terms associated with the variations is
zero, and hence H = H, = 0 at the equilibrium point ¢ = 0. In the derivation
of (12.128) the vanishing of the surface terms requires B-n = 0, u-n = 0 and
& -n = 0. It turns out to calculate §°H = d’H/dt* = 0 requires u, - n = 0 on the
boundary.
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Taking the variation of (12.129) gives the second variation d>H /dt? as:
d’H 3
g2 = &xE-{pu-Vu—J. xB—JxB, + Vp, + p.VO}

+ [ @xlgplu Vot us Vuo 49V x (B xu]
+ 1V - [(pw).] + v(pu-VS) } =1 + I, (12.130)
where I; and I, are the first and second integrals in (12.130). Adding the term
pdu-Vu+ pu-Véu where Su=u-VE—§-Vu, (12.131)

to the integrand of /; and subtracting off the same quantity from the integrand of I,
gives d*H/dt? = I} + I}, where

I :f d*x {& - [pru-Vu—J, xB—JxB, + Vp, + p, V@] + pdit - Vu + pu - Va}

4 =f d3x{§-p(uT‘Vu+u‘Vu,)+n‘Vx[(Bxu),]
+ 1V - [(pw).] + v(pu - VS), — [pda - Vu + pu - Véi]}. (12.132)

The integrals (12.132) reduce to:

I :—/ d’x & -F(§) = SW(E), I§=/ d*x plu; + & -Vu—u- Vg%
\%4
(12.133)

where u, is given by (12.113). If u, is also given by the Eulerian variational formula
(12.119), then (12.133) gives:

d°H
g2 = ), 4 [PlE =& F®)]. (12.134)

which is the Hamiltonian variational functional (12.79) obtained from the Euler-
Poincaré (EPV) or Eulerian variational method. Since the accessible class of
variations are a wider class of variations, the conditions for stability obtained from
the accessible variations (DAV) (taking into account all possible variations) will be
more stringent (i.e. closer to the actual stability threshold) than the EPV variations
(e.g. Hameiri 2003).



Chapter 13
Concluding Remarks

The main aim of this book was to provide an overview of the different techniques
used to determine conservation laws in ideal MHD and fluid dynamics. These
methods consist of (a) the use of Noether’s two theorems to derive conservation
laws; (b) the Lie dragging techniques developed by Tur and Yanovsky (1993) and
used by Webb et al. (2014a) and others (e.g. Besse and Frisch 2017) and (c) the
direct method of Anco and Bluman (1997, 2002a,b), Cheviakov (2007, 2014) and
Bluman et al. (2010), which consists in determining integrating factors for the
equations. This process is in general a computer algebra intensive process. We
did not, in fact use the direct method to derive fluid and MHD conservation laws.
We illustrated this powerful method of deriving conservation laws, by deriving
conservation laws for the KdV equation in Chap. 4. Pshenitsin (2016) derives infinite
classes of conservation laws for the incompressible viscous MHD equations using
this method.

Examples of the use of the magnetic helicity conservation (Woltjer 1958; Berger
and Field 1984; Finn and Antonsen 1985; Moffatt and Ricca 1992) were discussed
throughout the book. In Proposition 9.2.1, we pointed out the analysis of the
evolution of the kink instability for solar magnetic flux ropes by using the result
Link = Twist 4+ Writhe which is equivalent to the conservation of magnetic helicity
(Torok et al. 2014). Torok et al. (2010, 2014) investigated the evolution of a
kinked magnetic flux rope emanating from the solar corona, using both numerical
simulations and magnetic helicity theory to describe the evolution of the flux rope.
The writhe component of magnetic helicity is the so-called self helicity of a twisted
magnetic flux tube (it is sometimes described as the out of plane buckling of a
knotted telephone cord), plus the twist helicity (which is responsible for the linking
of separate flux tubes). The twist for a single flux rope measures how much the field
lines wind around the magnetic axis of the flux rope, whereas the writhe measures
the helical deformation of the magnetic axis of the flux rope. This process is thought
to be important in the launching of coronal mass ejections (CME’s) from the Sun, in
which the uncoiling of the field provides extra energy needed to drive the CME (e.g.
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Gibson and Low 1998). In Sect. 6.6, we provide other examples of the importance of
magnetic helicity in topological fluid dynamics. We describe the relative magnetic
helicity of the Parker (1958) Archimedean spiral magnetic field, as developed by
Bieber et al. (1987) and Webb et al. (2010a). The magnetic helicity of the field, can
be described in terms of the linkage of the toroidal and poloidal magnetic field fluxes
(e.g. Kruskal and Kulsrud 1958). The magnetic helicity north of the heliospheric
current sheet is negative (HY < 0) and the relative magnetic helicity south of the
current sheet is positive (Hrs > 0). Berger and Ruzmaikin (2000) computed the
helicity injection rate from the photosphere into the corona over the solar cycle.
These results for the helicity injection rate were consistent with the relative helicity
analysis of the Parker field by Bieber et al. (1987) and Webb et al. (2010a).

Large amplitude Alfvén waves have been observed in the solar wind, in which
the magnitude of the field B = const. throughout the wave. Observations of Alfvén
wave hodographs in the solar wind (i.e. plots of (By, By, B;)) show that the B vector
at lowest order moves on the surface of the B = const. sphere (e.g. Bruno et al.
2001; Roberts and Goldstein 2006; Matteini et al. 2015; Gosling et al. 2009). Webb
et al. (2010b) derived the magnetic helicity of both shear and toroidal Alfvén waves
in the solar wind, by using simple Alfvén wave solutions of the equations. Webb
et al. (2012a) describe double Alfvén waves, which have two independent phases
(double or multiple phase waves are possible in MHD). Webb et al. (2012b) obtain
Hamiltonians and variational principles for Alfvén simple waves.

The magnetic helicity of MHD topological solitons, which are total pressure
balance structures in which the fluid velocity u = +V,4 where V4 is the Alfvén
velocity were derived by Kamchatnov (1982), and later investigated by Sagdeev
et al. (1986), Semenov et al. (2002), and Thompson et al. (2014). These MHD
solutions are sometimes referred to as Hopfions, since the magnetic helicity of
the topological soliton is calculated by using the Hopf fibration, involving a map
from the 3-sphere to the 2-sphere. An account of topological solitons based on
the work of Kamchatnov (1982) and Semenov et al. (2002) is given in Sect. 6.6.
Chanteur (1999) investigated the possibility of compressible Alfvénic topological
solitons and found that the energy equation constrains the magnetic field of Alfvénic
solutions to have a constant strength along the field lines. Some topological solitons
in incompressible MHD do not have this property. Schief (2003) and Golovin (2010,
2011) obtain examples of pressure balance solutions with non-trivial topology. The
above examples show the importance of magnetic helicity in solar wind and solar
physics. However, only a minor part of the book concerns spacecraft plasma and
magnetic field observations.

Webb et al. (2014a,b) derived cross helicity conservation laws for both barotropic
and non-barotropic MHD. Yahalom (2013) interpreted the cross helicity conserva-
tion law for barotropic MHD and the magnetic helicity conservation law in MHD
in terms of generalized Aharonov-Bohm effects. The Aharonov Bohm effect in
quantum mechanics, describes the change in the phase of the wave function in
the vicinity of an isolated magnetic flux island, depending on the path integral
f A - dx around the isolated magnetic flux (Aharonov and Bohm 1959). Yahalom
expresses his results for the magnetic helicity in terms of the magnetic helicity
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per unit magnetic flux and in terms of the magnetic metage (here metage is a
measure of distance along a magnetic field line which is the intersection of two
Euler surfaces). It turns out that for a non-zero magnetic helicity integral requires
that there is a non-zero jump in the metage potential y around a closed path, where
A = AVu+ V¢ and B = VA x Vu are the magnetic vector potential and magnetic
field induction. Similar results were also obtained for the cross helicity integral and
the non-barotropic cross helicity integral per unit magnetic flux in Yahalom (2016a,
2017a,b) (see also Appendix E). Webb and Anco (2017) derived the generalized
cross helicity conservation law and the magnetic helicity conservation law by using
Noether’s theorem and a version of gauge field theory for MHD.

The Euler-Poincaré variational approach; Hamiltonian Poisson bracket formula-
tions of MHD (e.g. Morrison and Greene 1980, 1982; Morrison 1982; Holm and
Kupershmidt 1983a,b); the multi-symplectic formulation of MHD using Clebsch
variables (e.g. Webb et al. 2014c, 2015); the use of the Lagrangian map in
MHD (Newcomb 1962; Webb et al. 2005a,b; Golovin 2010, 2011); Casimirs (e.g.
Padhye and Morrison 1996a,b; Hameiri 2004; Holm et al. 1985); fluid relabelling
symmetries (Padhye and Morrison 1996a,b; Webb and Zank 2007); and MHD
stability analyses via Hamiltonian methods (e.g. Holm et al. 1985; Morrison 1998;
Hameiri 2004); the Frieman and Rotenberg (1960) equations for stability of steady
MHD flows; linear wave propagation equations in non-uniform background flows
(Webb et al. 2005a) were treated as part of the analysis.

Conservation laws for turbulent fluids and MHD and the use of conservation
laws in numerical MHD were not dealt with. The study of space craft observations
of solar wind plasmas, although referred to, was not a major part of the book.
So-called mathematically trivial conservation laws in fluids and MHD have been
associated with sub-symmetries of the equations by Rosenhaus and Shankar (2016).
These conservation laws with specific physical quantities for the conserved density
give rise to physically significant conservation laws (e.g. potential vorticity in MHD
Webb and Mace 2015).

There are in fact, certain advantages to the different approaches to conservation
laws. For example, Tur and Yanovsky (1993) obtained a large number of conserved
geometrical quantities that are Lie dragged with the fluid. This approach, in general
requires less effort than the other approaches. Volkov et al. (1995), show that some
of these conservation laws are due to a hidden super-symmetry of the hydrodynamic
systems investigated. Some of the invariants in Tur and Yanovsky (1993) implicitly
use the Clebsch variable formulation of MHD originally developed by Zakharov
and Kuznetsov (1971). The Ertel invariant and the related Holmann invariant can
easily be derived by the Lie dragging approach, in which vector fields, one-forms,
2-forms and 3-forms may be Lie dragged by the flow. Combinations of known forms
and vector fields can then give rise to new invariants, by contracting forms with
vector fields or taking the wedge product of invariant forms. Kats (2001) describes
how to include jumps in Clebsch potentials in ideal fluid variational principles.
These results are useful in dealing with multi-valued Clebsch potentials, that arise
in solutions of the fluid and/or MHD equations, with non-trivial topology (see
also Yahalom 2013, 2017a,b; Webb and Anco 2017). Kats (2003, 2004) derived
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the analogue of the Ertel invariant for MHD by taking into account the magnetic
part of the velocity uy, in the Clebsch variable expansion for u. One aspect of
the derivation of conservation laws using Noether’s second theorem, that deserves
further analysis is the assumption of vanishing fluxes on the spatial boundaries.
Rosenhaus (2002) has investigated the role of non-vanishing fluxes and other spatial
boundary conditions in Noether’s second theorem.

Tur and Yanovsky (1993) discuss the Godbillon Vey topological invariant (see
also Sect. 6.5). This invariant only arises for example, in MHD if the Lie dragged
I-form o = A - dx is an integrable Pfaffian differential form. The condition for
integrability of « is that & A do = 0 or in terms of vector Calculus A-VxA=0
(e.g. Sneddon 1957). In this case p A - dx = d® where p is an integratng factor and
®(x,y,z) = const. defines a foliation of integral surfaces with normal n = A/|Al.
In this case the 3-form w; = 5 -V x y d’x where n = A x B/|A]? is a
topological charge for the volume element d3x that is advected with the flow. This
example shows, that the magnetic helicity does not always reveal the existence
of topological structure that may be present (see also discussions by Bott and Tu
(1982), Berger (1990), and Tur and Yanovsky (1993)). Explicit solutions of the
MHD equations or knot configurations of flux tubes and vortex tubes exhibiting
higher order topological invariants are clearly of interest in illustrating the possible
complications (e.g. Akhmetiev and Ruzmaikin 1995; Berger 1990, 1991). Tur and
Yanovsky (2017) describe coherent vortex structures in fluids and plasmas. They
give three dimensional configurations of the velocity field and magnetic field in
MHD that have nontrivial topology (e.g. topological solitons).

Noether’s theorems and conservation laws using the method of moving frames
has been developed by Goncalves and Mansfield (2012, 2016), in which the
independent variables in the Lagrangian are themselves invariant under a symmetry
group. This approach investigates the mathematical structure behind the Euler
Lagrange equations. They give examples of variational problems that are invariant
under semi-simple Lie algebras. The method of moving frames and its relation to
Lie pseudo algebras was developed by Fels and Olver (1998).

The above synopsis of conservation laws for MHD and fluid dynamics concludes
our analysis.



Appendix A
Lie Derivatives

In this appendix we obtain the Lie derivatives of: (a) a O-form f (function), (b) a one
form o = A - dx and (c) a vector field w with respect to a vector field u from first
principles.

The Lie derivative is directional derivative along a curve x = x(¢). The Lie
derivative of a function f (0-form f) is:

df dx dx
Lof = Je = de -Vf=u-Vf where u= R (A.1)
The Lie derivative of a 1-form @ = A;dx’ = A - dx is given by:
do
Lyo = =1lim (A -dx' —A-d
= 6gr(l)( X X) /€
dA; | d ;
= dx' + A; dx'
de r de ( x)
I 0A; i :
= dx 0. cdx' + Aid dx =u-VA - -dx+ Adu'
de 0¥ de
T
:u~VA~dx+A,-ajde: [u- VA 4+ Vu-A]-dx
X
=[-ux(VxA)+V(u-A)-dx. (A.2)

To obtain the Lie derivative of a vector field w with respect to a vector field u,
we use the infinitesimal transformations:

/ . dx /
X =X+ e€u, ie. d =u, X=X —€u (A.3)
€
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260 A Lie Derivatives

Thus, to O(e):

3 0¥ 9 W —eu) d _ s éauj d
oxi XN ox't o Y T oxi ) ow’
wi=w + eu/aw, =w' 4+ eu- V',
ox
w-V =(w+eu-Vw)- (I —€Vu)-V
=w-V4+eu-Vw—w-Vu]-V=w-V + ¢u, w, (A.4)
Thus we obtain:
Lo(W) = lim (W -V —w-V) /e =[uw]'V, = [uw], (A.5)
where
[u,w]=[u-Vw—w-Vu]-V (A.6)

is the Lie bracket.



Appendix B
Weber Transformations

The classical Weber transformation uses the Lagrangian map: x =

x(Xp,1) to

integrate the Eulerian momentum equation to get the Clebsch representation for

u. The Eulerian momentum conservation equation can be written as:

] B> B®B
at(,ou)—i—V'[pu@)u—i—pl—i—( I — ® )}ZO,

20 Ho
or as:
B V-B
M _rvs—vny TPV B
dt P Hop
Use:
d 0 1
dl;zal;+wxu+V(2|u|2) where w =V xu,
d d
dt(u.dx):I:al;+wxu+V(|u|2)i|-dx,
to get:

d 1 B V-B
(u-dx):[TVS+V( |u|2—h)—|-Jx +B :|.dx.
dr 2 p Hop

On the right-hand side (RHS) of (B.4) for the magnetic terms we use:
d
I:((VXF)XB).dX:| :—(JXB)'dX
dr P P
d V-B V-B\ B
[( )r.dx]:_( ) dx.
dr P P/ o
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On the right hand side of (B.4) for the gas bits we use:
Vo - = —hl-
dt( ¢-dx) =V (2 [u| h) dx,

d d /-
L VS-dx) = ~TVS-dx, (AV,u-dx) —0,
A B

i: s r =

P o

to obtain the Clebsch representation u = uy, + uy, in (8.3)—(8.4).
Using (B.5)-(B.7) in (B.4) gives:

d
& (w-dx) =0,

where

V xT V.B
w:u—(V¢—rVS— * xB—( )r)
P p

Integration of (B.8) gives
w-dx = fo(xo)dxt  or W = fo(xo)*0xf /0.
Using the initial data: w/ = fy(xo) = foo(X0)dgoo/dX) at t = 0 gives
w=—uVy,

where ;t = —fy0 and v = ggo. Equations (B.9)—(B.10) then give:

VxT V.B
U=V —uVu—rvs— ' - xB—( )r,
p P

which is the Clebsch representation (8.3)—(8.4) for u.

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

The proof of (B.5) is sketched below. Note that b = B/p is an advected vector
field, satisfying (5.23) with J — b. The one form on the LHS of (B.5) can be written

as

a=b4<l:'-dS) — (F xb)-dx=[(V xT) xB/p| - dx.

(B.13)
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where I' = V x . The RHS of (B.5) is:

do
dt

db - d -~
-dS+b I -dS
dt" + "dt( )

JxB

= 0—buJ-dS) = — dx.

This establishes (B.5). There are similar proofs for (B.6) and (B.7).

263

(B.14)



Appendix C
Cauchy Invariantb = B/p

In this appendix, we discuss the results (10.3)—(10.5) for the density p and magnetic
field induction B in Lagrangian MHD derived in Newcomb (1962) (see also Parker
1979). The solutions for p and B are expressed in terms of the Lagrangian map
X = X(Xp, ?). One method, to derive (10.5) is to write Faraday’s equation (2.4) in
terms of the quantity:

b= B, (C.1)

giving the equation:

0 db db
(at+£u)b—(at+u-Vb—b-Vu)=(at+[u,b])—0, (C.2)

where [u, b] is the Lie bracket of u and b. The condition (C.2) states that the vector
field b is Lie dragged by the vector field u. Thus, b is a Lie dragged invariant, which
implies:

b-V =by- Vo, (C.3)

where by = by (x¢) depends only on the Lagrange labels xo.
From (C.3), we obtain:

9 9 , X
b‘ai:b{) . so that zfozbla?. (C4)
x ax6 X
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266 C Cauchy Invariant b = B/p

The quantity b{) is a Cauchy invariant, i.e. db{) /dt = 0 where b{) = b{)(xo) depends
only on the Lagrangian labels x. To verify this result, we note:

v, d . db’ dyji
= b' i) = i b ]l, C5
dt dt( i) a4 ©3)
where yj; = 0x} /dx. By noting that:
d  owoy o 6
afT T T oxi g T o :
we obtain:
dvly  3x) [ db i
— .Vb—b- = Vi
S= |:8t +u-Vb—b u:| 0, (C.7)

because b satisfies (C.2). This proves that b{) is a Lie dragged invariant (i.e. a Cauchy
invariant). From (C.2) we obtain:

By B B B
=" y; andhence =x; °. (C.8)
pPo P P Po

Using the Lagrangian mass continuity equation: pd>x = pod°xo We obtain:

x;By
J b

Lo

p= 7 and B = (C9)

where J = det(x;) is the Jacobian of the Lagrangian map. This establishes (10.3)-
(10.5).



Appendix D
Magnetosonic N-Waves

In this appendix, we discuss the phase and group velocity for the magneto-acoustic
and Alfvén waves described by (12.54) and (12.53), namely:

Fys =0* — (a® + b*) *k* + a*k* (b - k)* = 0, (D.1)
Fiy=w?—(b-k)> =0. (D.2)

We use cylindrical coordinates r = (x;,x,cosf,x;sinf)” where x; is distance
along the field B and x; is cylindrical radius about B. The corresponding coordinates

in k-space are k = (ki,kycos©®, k;sin®)”. The wave frequency w and wave
number k are defined by the equations:

k=VS and w=-5, (D.3)

where S is the wave phase or wave eikonal function (In this appendix S is the
wave eikonal function, and not the entropy of the gas). From (D.1)—(D.3) the fast
magneto-acoustic wave dispersion equation and the Alfvén dispersion equations
may be written as:

Fys =0* — (@ + b)o? (I} + k) + a0 (kK + K3) = 0,
Fr =0® — b’k = 0. (D.4)

In terms of S and its derivatives, the dispersion equations are:

Fus =S} — (@ +b%) (S7, + 53) S7 + a’b’S; (S, + S2) =0,
Fp =S; —b°Sy = (S, — bSy,) (S; + bS,,) = 0. (D.5)
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268 D Magnetosonic N-Waves

Equations Fys = 0 and F4 = 01in (D.5) are first order, nonlinear partial differential
equations for S, which may be integrated by using the method of characteristics
(Sneddon 1957). In general, there are both multi-parameter, complete integral
solutions, and envelope type solutions. In the MHD case, the envelope solutions
corresponds to the group velocity surface for the waves. Equations (D.5) are the
magnetosonic and Alfvén wave eikonal equations. One can also write the magneto-
acoustic and Alfvén dispersion equations in the form:

Om — m(k, X) = 0, (D.6)

where the subscript m identifies the wave mode of interest.
Writing k* = S, and (1, x, v,2) = x* (¢ = 0,1,2,3), the characteristics of the
wave eikonal equation F' = 0 (here F' = Fy5 or F' = F,) are given by:

dax* oF das oF dak* oF oF
= = ka N d = — —+ ka
T

—0,1,2
dr ok dr " oxe B as)’ @=012,

(D.7)

(Sneddon 1957), where t is the affine parameter along the characteristics. Because
dF/dS = 0, the characteristics (D.6) for the magnetoacoustic modes satisfy
Hamilton’s equations:

dx® oF dk* oF das
— i =—_ =4F =0, D.8
dt ok« dt oax“ dt (D-8)

where F = Fys. The equation dS/dt = 4F follows by noting that F(Ak,x) =
AMF(k,x) for F = Fys where k% = 95/0x* for « = 0,1,2. Thus, Fyy is a
homogeneous function of degree 4 in k*. Thus the wave eikonal function S does
not change moving along the characteristics.

Alternatively, if we separate off the individual wave modes in the form F =
o — Q(k,x) = 0 where k is the spatial k-vector then, the characteristics or ray
equations take the form:

dd  0Q  dk 02

dr 0k’ dt axi’

de_ds_ OF 9@ do _ 0@ 09)
a0 dr Pow ok dr ot '

The evolution equations for x, k' and @ are Hamilton’s equations of classical
mechanics, with Hamiltonian 2. To prove dS/dt = 0 in (D.8) we note:

k
w =2 =kV,(n,x,f), n= 0

ow

Ve = ok

=V,n+ (I—mnn) V,V,, (D.10)
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which implies:

ds

drzw—k-ngw—kszw—QzO. (D.11)

For the magneto-acoustic modes the wave dispersion equation (D.1) can be
expressed in the form:

- (az + bz) E+ad*b- n)> =0 where b-n=bcos?d. (D.12)
The group velocity

do _az(b'n)[b—b'nn]

Ve= ok~ T e [2¢2 — (a® + b?)]

(D.13)

Alternatively using @ = kc(i}) where cos ¥ = n-e; and e; = B/B is the unit vector
along B we obtain:

0
V, = a: = c(9)n + ¢ (9)ey, (D.14)
where ¢/ () = dc/9¢ and
n = cose; + sinde,, ey = —sinvre; + cosde,. (D.15)

From (D.13)—(D.15) the group velocity surface r = V,f can be written in the form:

x1 =Vt = [e(@) cos® — ' (9) sin ¥ ]z,
X, =Vt = [/ () cos ¥ + (D) sin ¥ ] 1, (D.16)

where

a?b?cos ¥ sin ¥

<) = c[2c? — (a® + b?)]’

(D.17)

the derivation of (D.17) follows by implicit differentiation of the dispersion
equation (D.12).

The group velocity surface (D.16) also follows by determining the envelope of
the family of plane waves described by the eikonal solution:

S =k(x;cos¥ + x5 sin %) — ke(9)t, (D.18)

obtained by requiring S = 0 and Sy = 0 simultaneously. These two conditions give
the solutions (D.16) for x; (9, ) and x, (¥, t) for the group velocity surface.



270 D Magnetosonic N-Waves

1.5 L l LI} I [ l T | LI | UL

KIII‘III

o

0 30 60 90 120 150 180
2 (Degrees)

Fig. D.1 The phase velocities ¢; and ¢, from (D.19) for the fast and slow magnetosonic waves
versus the angle ¥ between k and B (k- B = kB cos ) for the case a = 1 and b = 0.9

Figure D.1 shows plots of the fast and slow magnetosonic speeds, c/(¥) and
¢s(0) versus ¥ for the case a = 1 and b = 0.9. The fast and slow magnetosonic
modes are given by:

c},s = ; |:(a2 + %) £ [(a2 + b2)2 — 4a’b? cos? 19]1/2:| . (D.19)

The main points to note are that ¢, > ¢, for all # (0 < & < m). The slow speed
cs = 0at ¥ = 7/2 and the fast mode speed is maximal at # = m/2 where ¢; =
(a® + Y12

Figure D.2 shows the group velocity surface (D.16) for the fast and slow
magnetosonic waves for the case @ = 1 and b = 0.9. The group velocity r = V,¢
(t = 1) is the vector OP from the origin to a point P(x;,x;) on the surface. The
wave vector K = VS is normal to the surface. The outer ellipsoidal-like surface is
the fast magnetosonic group velocity surface, and the two cusped triangular-shaped
surfaces are the slow mode surfaces (see e.g. Webb et al. 1993, 1994, 2001 for more
detail). The formulation (D.16) of the MHD group velocity surfaces is similar to
that of Whitham (1974) (equations (7.92)—(7.96)).

The dispersion equation and phase speed for the forward Alfvén wave from (D.4)
are:

w =bkcos? and V, = CZ = bcos V. (D.20)

The group velocity for the forward Alfvén wave from (D.14) is:

ad B
- bk cosIn — bksin ey = be; = . (D.21)

V =
7 ok VP
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Fig. D.2 The group velocity surfaces for (a) the fast magnetosonic wave (outer ellipsoidal shaped
curve) and (b) the slow magnetosonic group velocity surfaces (triangular shaped curves) for the
case a = | and b = 0.9. x; is distance along the magnetic field and x; is distance perpendicular to
B. The group velocity surfaces are calculated using the formulae (D.16) witht = 1

Thus, the Alfvén wave group velocity is directed along the magnetic field B, but the
phase velocity V,4 = V4 cos is parallel to the wave normal n.

An alternative approach to obtaining the group velocity surface developed by
Lighthill (1960) is to plot the dispersion equation Fj;s = 0 in the form:

kL) o [Rfw) = 1/a] [k /@) = 1/67]
( @ ) - [(kll/w)2 —(1/a®+ 1/b2)] : (D.22)

Thus the wave number surface, or the slowness surface is the plot of k) /w versus
kj/w for a fixed w (the slowness is defined as k/w). From Whitham (1974),
Section 11.4, one can identify the condition for stationary phase:

88 = 8(k-r—wit) = 8k (r —wyt) = 0 (D.23)
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with the group velocity surface:

d
r—Vyg=0 where V,= . (D.24)
ok
Differentiation of the dispersion equation D(w, k) = 0 gives:
ad Dy (K,
v, = 0o - Do) (D.25)

0k D,k o)

In Lighthill’s method of stationary phase (Lighthill 1960) the wave number surface
D(k, w) = 0 with w fixed, has normal: n = —Dx(k, w)/|Dk(k, w)|. Because V, =
V,n, the group velocity surface can be written in the form:

(k-r)n én
r = =

, D.26
k-n k-n ( )

where
¢p=r-k=S5S+ ot (D.27)

Because S is stationary and o is fixed, the phase ¢ = S 4 wt is a constant at a fixed
t. This allows one to geometrically construct the group velocity surface from the
wave-number surface (in our case the wave number surface is the slowness surface
(D.22)). At a given point P on the wavenumber surface (k = OP where O is the
origin in k-space), determine the wave normal n = —Dy/|D|. Draw the tangent to
the wave number surface through P, and find the perpendicular distance OT = k-n
from the tangent plane to the origin. The group velocity surface from (D.26) is then
given by

po 0 (D.28)

or

The shape of the group velocity surface is given by r = n/OT which is the
reciprocal polar, or pedal curve of the wave number surface (because ¢ is constant
we can set ¢ = 1 in (D.28)).

To obtain the group velocity surface (D.28) from the wave number surface (D.22)
note that the slowness:

k 1

k=" = , D.29
w () ( )
where c(¥) is the wave phase speed. The wave phase is:

¢ =k-x=krcos(® — y), (D.30)
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where

X =(x1,x2) = r(cos y, sin ),

k =(ky.k») = k (cos ¥, sin®) , (D.31)

For stationary phase variations:

¢ - ok
8¢ = 819519 =60 |:—krsm(l9 —x) + 819rcos(l? — )():| =0. (D.32)
From (D.32)
7/
];_c((g)) = tan( — y) = tan({), (D.33)
which implies { = ¢ — y and
tant — k' /k

tan y =tan( — ) = 1 + tan 9 (k' /k)

. tan® + ¢'/c _ csint + ¢’ cos ¥ Ve

1—tand(/c) ccos® —c/sin® Vi (D.34)
From (D.34):
_ : . ,
I g R
and (D.26) gives:
r=¢[ccos? — ' (9)sin?, csin® + ¢'(¥) cos ¥] = V,¢, (D.36)

which is the group velocity surface (D.16) for the case ¢ = t.

Figures D.3 and D.4 show the magnetic field lines for the linear magnetosonic
N wave arising from an initial delta function pressure distribution §p = A§(x) at
time ¢+ = 0, which is the analog of the acoustic N-wave described by Whitham
(1974). In the acoustic N-wave, the solution consists of an N-wave in which there
is a compression followed by a rarefaction located in the vicinity the sonic group
velocity surface at the leading edge of the wave. The detailed form of the wave
depends on whether the geometry is planar, cylindrical or spherical. The MHD
analog of the acoustic N— wave was obtained by Webb et al. (1993) in which the
initial uniform magnetic field B = Bye,; lies along the x;-axis. The main point
of interest in Figs. D.3 and D.4 is that there are singular N-wave type disturbances
located on both the slow mode and fast mode group velocity surfaces. The magnetic
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Fig. D.3 Magnetic field lines (contours of wave potential .A) for the magnetosonic N-wave for
a = 1and b = 0.9 at time r = 0.25. The perturbation parameter ¢ = A/py = 0.2. The fast and
slow mode magnetosonic eikonals are given by the dashed curves (from Webb et al. 1993, Fig. 11)

field structure evolves with time. The fields (according to linear theory) reconnect
at time t = 0.31376 after which times the slow mode cusps pull apart (right panel
of Fig. D.4). The deltoid shaped slow magnetoacoustic surfaces act as sources and
sinks for the magnetic field. The forward slow magnetoacoustic cusp point acts as
a source and the backward slow magnetoacoustic cusp point acts as a sink. These
points together, at early times, behave like a dipole, in which the forward point is a
north pole and the backward slow cusp is the south pole. The polarity of the dipole is
opposite to the uniform background magnetic field. In the left panel of Fig. D.4, the
dipole collapses to a single field line connecting the north and south poles, and the
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Fig. D.4 Magnetic field lines for the magnetosonic N-wave for the same parameters as in Fig. D.3
but at later times # = 0.31376 (left) and t = 1 (right) (from Webb et al. 1993, Figures 12 and 13)

external uniform magnetic field begins to dominate the solution. In the right panel
of Fig. D .4, a straight line uniform magnetic field segment connecting the backward
and forward slow mode disturbances develops, involving two neutral points at the
ends of the segment.

We are not aware of numerical MHD simulations of the magnetoacoustic N-
wave, but we expect that for small initial disturbances of §p confined near the origin
should give rise to a magnetic field structure similar to that in Figs. D.3 and D 4.
there is no disturbance outside the fast mode group velocity surface.

In Fig. D.2 the group velocity for the slow mode at the cusp F:

ab

V. = Va4 2" (D.37)

is along the field. The cusp speed V. describes surface waves on magnetic flux tubes
(e.g. Roberts and Mangeney 1982; Roberts 1985). For slab magnetic field geometry
the weakly nonlinear tube wave or surface wave is described by the Benjamin-Ono
equation (Roberts and Mangeney 1982). For cylindrical flux tubes, weakly nonlinear
long wavelength tube waves are governed by the Leibovich-Roberts equation (e.g.
Roberts 1985; Weishaar 1989; Bogdan and Lerche 1988; Ruderman 2006).



Appendix E
Aharonov Bohm Effects in MHD

This appendix discusses the formulation of Yahalom (2013, 2016a, 2017a,b) of
magnetic helicity Hy, and non-barotropic cross helicity Hcyg. Yahalom developed a
Clebsch variable variational principle for MHD that uses the action:

_ 1, B
A= [ (e )

ap dy dn ds
+¢[az +V'(pu)}—padt —pﬁdt —Po
B 3
— -Vy x Vnrdxdt. (E.1)
Mo

The stationary point requirements 6.4/6B = 0 and 6.4/8u = 0 gives the Clebsch
expansions:

B =Vy x Vp,
u=V¢ +aVy+BVn+aVs, (E.2)
for B and u (r = —o in our formulation). One can write down the other variational

equations by varying p, S and the Clebsch variables in the variational principle (see
e.g. Yahalom 2017a,b).

The B field Clebsch variable expansion (E.2) is also used by Sakurai (1979). A
and B have the forms:

A=yVn+V{, B=VyxVn (E.3)

For a non-trivial B field topology there does not exist a global A (i.e. x, 1, { are
not global single valued functions of x). From (E.2) the magnetic helicity density
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h, = A - B is given by:

¢, x.m

hy=A-B=V{-VyxVnp= Y

(E4)

Thus h, # 0 only if y,n and ¢ are independent functions of x. Semenov et al.
(2002) show that the field topology changes due to jumps in ¢ in magnetic fields with
non-trivial topology for generalized versions of the MHD topological soliton (c.f.
Kamchatnov 1982). A jump in ¢ also occurs in the non-global A for the magnetic
monopole (Urbantke 2003).

Yahalom (2013, 2017a,b) introduces an independent magnetic field potential,
C(m), (u is called the metage). The metage u represents distance or affine parameter

along the magnetic field line formed by the intersection of the n = const. and
x = const. Euler potential surfaces. We obtain:
d 0 d
V¢ = é‘V)(+ gVn—i— é‘V,u. (E.5)
ax an o
Using (E.5) in (E.4) gives:
ad ac |a(y,n,
hy=A-B= 20y, vyxvy= 0 |dnm] (E.6)
au o | 9(x,y,2)

The magnetic helicity is given by:

0
HM:/A-Bd3x:/ Cd)(/\dn/\du. (E.7)
1% v ou

However, the differential of the magnetic flux:
dPg =B -dS = (Vy xVn)-dS = dydn. (E.8)
Equation (E.6) follows by noting that:

dS =ry, Xr,dydn and B = VyxVp,
B-dS=(VyxVn) (r;xr,)dydn=dydn. (E.9)
Equation (E.9) follows by setting (¢', ¢, ¢°) = (x. ., t) and noting:

dg° dx*

ok dab = d; whichimplies e”-e, =6}, (E.10)
X" 0q

where e = V¢“ and e, = dr/ox’.
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Using (E.6) in (E.5) and integrating over p, we obtain:

Hy = / 1¢] dydn = / 2] ds. E1D)

where [{] is the jump in { between the two ends of the field line (in the Aharonov
Bohm problem, the path is a closed path). Equation (E.11) lead to the invariant:

dH,
g =""" (E.12)

which is the magnetic helicity per unit magnetic flux. Thus, for a closed field line,
the jump in [¢] is non-zero for a non-trivial magnetic helicity. Yahalom (2013,
2016a, 2017a,b) refers to (E.12) as the MHD ‘magnetic Aharonov-Bohm effect’,
in analogy with the Aharonov-Bohm effect in quantum mechanics.

Yahalom (2013, 2016a, 2017a,b) and Webb et al. (2014a,b) developed conser-
vation laws for generalized cross helicity for both barotropic and non-barotropic
MHD. The cross helicity H¢ defined as:

Hc = /u-Bd3x, (E.13)
\%4

is conserved for non-barotropic flows. The differential form of the cross helicity
evolution equation from (3.62) is:

gt(u-B) +V. [(u.B)u +B (h + O — ;uz)i| =TB-VS). (E.14)

Integration of (E.14) over the volume V), co-moving with the fluid, and assuming
B -n = 0 on dV, where n is the outward normal to dV, gives the helicity evolution
equation:

dHc

_ . 3
. = /V T(B - VS) d’x. (E.15)

Thus, dH¢/dt = 0 for barotropic flows where VS = 0.
For non-barotropic flows, we define the generalized cross helicity as:

Heng = / (u—0oVS)-B d’x, (E.16)
v
(note ¢ = —r in Webb et al. (2014a,b) and Webb and Anco (2017); and in the
definition of Hcyp in 3.68). Equation (E.14) gives:

dHcnp

d
oM =0, where di — T(x, 1). (E.17)
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Using the Clebsch expansions (E.2) for u and B, we obtain:

HC=/B-V¢d3x+/oB-VSd3x,

as
= /[¢]dd>3 +/03 dud®g. (E.18)
I
Also
3 as
Hengp = He— | oB-VSd°x = He — oaududCDB. (E.19)

Here [¢] is the jump in ¢ across the discontinuity surface X. For simplicity we
assume that there is one such surface, 3, but there could be many such surfaces.
From (E.18) and (E.19)
dH¢ as
= d = dS,
Yo, =1+ [0 =g+ po

dHeng
Ay [9]. (E.20)

Thus, dHcyp/d®p is an advected topological invariant (note d[¢p]/dt = 0 follows
from the variational equation §.A/8p = 0). A more detailed analysis is given by
Yahalom (2017a,b).



Appendix F
Equivalence Transformations

In this appendix we give a definition of equivalence transformations for a system of
partial differential equations:

R (x,u, 0u,du, ..., 0%u) =0, o=1,...,N. (E1)

(see also Bluman et al. 2010, p. 21). The differential equation system (F.1)
is assumed to involve L constitutive parameters for functions (Ki, K>, ...Ky),
which may depend on both the dependent and independent variables and on the
derivatives of the dependent variables. A one parameter Lie group of equivalence
transformations of a family S; of differential equations of the type (F.1) of the form:

¥ =flxue), W’ =gxue), K =Gxuk.e), (F2)

maps members of the differential equation system (F.1) onto another member of the
system S in the same family.
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Appendix G
Covariant, Non-relativistic MHD

In this appendix we discuss the use of generalized Eulerian coordinates ¢* and
Lagrangian labels a* in the Lagrangian action principle described in Chap. 10. This
approach has some similarities with the general relativistic MHD action principle
developed by Achterberg (1983).

From Chap. 10, (Sect. 10.1), the Lagrangian map x = X(Xo, ?) is obtained by
formally integrating the differential equation system:

ox (;to’ 0 =u'(x,f) where x'(xo,0) = x}, (G.1)

and the Eulerian fluid velocity u'(x, ) is assumed known. We also use generalized
coordinates ¢'(a, t) to describe the Lagrangian map, where

g’

o =wi(q,1), where ¢'(a,0)=d. (G.2)

For example, we could use spherical polar coordinates q = (7, 6, ¢) rather than
Cartesian coordinates to describe the Eulerian position of the fluid element. w' gives
the generalized velocity corresponding to dg'/ dz.

We use holonomic coordinate bases vectors {e;} and its dual basis {ek}, where

ox g~
e = e et = o (G.3)
satisfy the orthogonality relations:
ox’ dg™
€)= g g =0 (G.4)
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284 G Covariant, Non-relativistic MHD

The metric tensors g, and g"* are defined by the equations:

" . ek,

8mk = €m * € and gmk =e€
Using (G.3)—(G.5) we obtain:

s sp p
€ :glepv es:gspe[s

(G.5)

(G.6)

relating the bases {e,} and {e'}. From the definition of the determinant J =

det(dx'/d4') it follows that

a i
e, e, xe.=Jegy, where J= det( x‘) .
o/

Note that

ox' . 0w
g = det(gyp) = det (8; 8ij 3;) =J? and J= /8-

The formulae:

Ebca
e’ x e = e, or e;,= \/geabce” x e,
V8
Eabc
e, X e. = /gepcqa€” or e = Y e, X €.
8

connect the two bases.
The mass continuity equation may be written in the form:

pd3x = p0d3xo or pJ(X,Xg) = po,

where the determinant J is given by:
b i
J(x,Xxg) = det o .
o,

dx = J(x, xo)d3x0, BPxy = Jg0d3a, &x = J(x, xo)d3x0,

By noting that

and the rule:

J(Xs XO) = J(Xv q)J((L a)‘,(av XO)s

(G.7)

(G.8)

(G.9)

(G.10)

(G.11)

(G.12)

(G.13)
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for the composition of determinants, we obtain:
J(x,%0) = /8J(q,2)/ /g0 (G.14)
Thus the mass continuity equation may be written in the form:

Po _ P0A/80

— = . G.15
Jxxo) — Jel(q.9) @15

P
Following Newcomb (1962) we introduce the derivative transformation matrices:
(G.16)

associated with the transformations ¢ — a and the inverse transformations a — q.
Note that

|k Pk A
g =28 y;= . (G.17)
kY j J J J(q,a)
where
90/
Ajk = cofac (33;) , (G.18)

is the cofactor of the matrix ¢/;.

The conservation of magnetic flux moving with the flow, is equivalent to
Faraday’s equation (e.g. Parker 1979; Webb et al. 2014a), which can be written
in the form:

BldSo, = BPdSg. (G.19)
The area elements dSoy, and dSg are defined by the equations:
d’x = /gd’q = \/gdoudq” = dS,dq",
d*xo =/g0d’a = Jgodoopdq” = dSopda’. (G.20)
Using dx = J(x, x0)d>xo, (G.20) gives:

R

- » G21
(x. x0) Vg J(g.2) (@21

dSop =
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Using (G.19) and (G.21) we obtain:

o Vo @ g A8 (G.22)
Jg J(g.a) T J(x,x0)’ '

as the relationship between the magnetic field components B* and Bf. Equa-
tion (G.22) is equivalent to Faraday’s equation.

A simpler derivation of (G.22) follows by noting that b = B/p is a lie dragged
vector field, i.e.

« g0 o« _ p0q"
b dqe _boaaﬂ or b" =b, b (G.23)

Then using b = B/p and by = By/py the Cauchy invariant relation (G.23) implies
the transformation (G.22).

Using (G.22) we obtain:
V-B=V,B* = J(x,lxo) Voo BY , (G.24)
where
Vo B* =g§: + T B = jg aca]a (V&B%). (G.25)
g;‘; —Iie, Vi = ?;:,: + TGV, (G.26)

In (G.25) V - B = 0 requires that V - By = 0 for Gauss’s law to hold.
From Chap. 10, the MHD action, taking into account the Lagrangian map, has

the form:
A= / d*x / drL, (G.27)

where

1 B2
L= _pui’ —e(p,S) — p@(x) — _ (G.28)
2 210

is the Lagrangian. Using generalized coordinates ¢* = ¢“(a, t), the action (G.27)
can be written in the form:

A= / Jgd3q/ dtL = /d3a/dtL0, (G.29)
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where

Lo =J(q,2) /gL = \/goJ (X, Xo) L. (G.30)

Using the mass continuity equation (G.15) and the frozen in field theorem (G.22)
we find:

1 dg*dqg? Po
Ly = . -U S|-o@
0 Jgo{po [2g B g dr (J(X’XO) (x)

v papb
_ gﬂ\’qﬂaq ﬂBOBO (G 31)
2u(x,%0) |’

as the form of the Lagrangian in generalized coordinates, where U(p,S) =

e(p, S)/p is the internal energy density per unit mass.
The Euler-Lagrange equations for the action (G.29) with Lagrangian (G.31) are:

SA 0Ly 9 (0L d [ dLy
L 0 i 1 =o0. G.32
8qt  dq' Ot ( aq; ) o/ ( dg; ) ( )

Evaluating the partial derivatives of Ly in (G.32) we obtain:

SA dwh Lo B
sop = /et o, (U4 e

ad B? Vo (BYB; od
+ 4(p )— ( )—i-p 4}20, (G.33)
g 210 Ho g’
where
dgh(a,t dg*
w 0" @D _ dg (G.34)

o dt’

is the generalized velocity corresponding to ¢g*. The affine connection coefficients
Fgﬂ in (G.33) are given by the standard formulae:

I
Top = 58" [8avp + 8pva = 8ap] (G.35)

where g, = €, - €5 is the metric of (G.5). In (G.33),

dwh
Alt=" + Lo W, (G.36)
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is the acceleration vector of the fluid (i.e. d/dt(w"e,) = A*e,). From (G.33) the
covariant form of the momentum equation is:

B2 V, (BYB;
)+ (B*B) — pV;®, (G.37)

PA; = —V; (P +
210 Mo

where A; = g;, A" is the covariant form of the acceleration vector. It is straightfor-
ward to write down the contravariant form of the momentum equation (G.37). The
frame independent form of (G.37) is given by:

B? B®B
pA = -V (p+ )+V-( ® )—deD, (G.38)
20 Mo

where A = A;e' = Ale; is the acceleration vector of the fluid.
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