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Abstract

Several different hybrid Vlasov-fluid systems are formulated as Euler-Poincaré systems and
compared in the same framework. In particular, the discussion focuses on three major hybrid
MHD models. These are the current-coupling scheme and two different variants of the pressure-
coupling scheme. The Kelvin-Noether theorem is presented explicitly for each scheme, together
with the Poincaré invariants for its hot particle trajectories. Extensions of Ertel’s relation for
the potential vorticity and for its gradient are also found for each hybrid MHD scheme, as well
as new expressions of cross helicity invariants.

Contents

1 Introduction
1.1 Hybrid Vlasov-fluid models in plasma physics . . . . . . ... ... .. ... ... ..
1.2 Plan of the paper and its main results . . . . . . . . . . . .. ... ... ... ...,

1.3 Euler-Poincaré formulation of the Maxwell-Vlasov system . . . ... ... ... ...
2 Vlasov-multifluid system

3 Current-coupling hybrid MHD scheme
3.1 Formulation of the model . . . . . . . ... ...
3.2  Euler-Poincaré reduction by symmetry . . . . . .. ...

3.3 DIScuSSion . . . . . ...

4 First pressure-coupling hybrid MHD scheme
4.1 Formulation of the model . . . . . .. . ... .. . .. .. ... ... ...
4.2 Euler-Poincaré reduction by symmetry . . . . . . . ... Lo

4.3 DiIscussion . . . . . ... s

5 Second pressure-coupling hybrid MHD scheme
5.1 Formulation of the model . . . . . . . .. ...
5.2 Euler-Poincaré reduction by symmetry . . . . . .. ... 0oL

5.3 DIScusSion . . . . . . ..

6 Conclusions

10
10
11
13

14
14
15
19

21
21
21
24

25


http://arxiv.org/abs/1012.0999v1

Holm & Tronci Euler-Poincaré hybrid Vlasov-fluid plasma models

A Proof of Lemma 6 26

References 27

1 Introduction

1.1 Hybrid Vlasov-fluid models in plasma physics

Hybrid Vlasov-fluid plasma models contain elements of both continuum fluids and phase-space
probability density. The latter obeys a Vlasov kinetic equation, which in turn is coupled to the
momentum equation of the background magnetized fluid.

These hybrid kinetic-fluid models arise in several circumstances in modern plasma physics re-
search, ranging from fusion research [33] to astrophysical plasmas [43]. These circumstances involve
the coexistence of a cold fluid component with an ensemble of energetic particles that require a
kinetic description. In meeting the challenges presented in such situations, the plasma simulation
community has begun developing multiscale fluid plasma models that allow hybrid descriptions of
the two types of flows. This hybrid approach successfully couples ordinary fluid models for the cold
fluid component to appropriate kinetic equations that govern the phase-space distribution of the
energetic particle species.

One research direction of relevance in applications is the development of hybrid MHD schemes
[33]. This development has split into two promising approaches: the current-coupling scheme [33, 1]
and the pressure-coupling scheme [33, 11, 8, 40]. These schemes differ in how the fluid equation is
coupled to the kinetic equation for the hot particles.

Recently, the Hamiltonian formulations of a variety of hybrid Vlasov-fluid plasma models were
developed that led to new theories of either current-coupled or pressure-coupled hybrid Vlasov-
MHD models [41]. These Hamiltonian formulations cast considerable light on the energetics of
hybrid Vlasov-fluid plasmas and the relations between their MHD approximations. In particu-
lar, the current-coupling scheme has been shown to possess a well defined Hamiltonian structure.
However, the pressure-coupling schemes were found to require additional fluid transport terms in
their accompanying kinetic equations to preserve their corresponding Hamiltonian structures, which
otherwise would have been lost.

While the Hamiltonian picture of plasma models provides a powerful tool for energy-conserving
properties and may also open the way to relevant stability considerations, the question has remained
open whether these models allow a Lagrangian variational formulation by Hamilton’s principle.
Lagrangian formulations of plasma physics have been successful in several contexts, since they can
be easily approached by several approximation methods such as averaging or asymptotic expansions.
Well known results of this approach are contained in the Lagrangian wave theory by Dewar [10]
and the celebrated gyro-center motion by Littlejohn [23]. The key feature of Lagrangian variational
formulations is that, in contrast to their Hamiltonian counterparts, the application of essentially any
approximation scheme preserves the intrinsic geometrical properties of the resulting dynamics that
emerge from its variational structure in the presence of symmetry. In particular, the derivations
on the Lagrangian side provide a framework in which straight-forward application of asymptotic
expansions would still preserve the fundamental circulation and Lie-Poisson properties of these
theories. In contrast, asymptotic expansions of the Hamiltonian formulations, for example, require
exceptional care in preserving the Jacobi identity, while applications of asymptotic expansions
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directly to the equations of motion typically pays no heed to these geometric properties'. An
illustrative example of this phenomenon for fluids was given in Camassa, Holm and Levermore [0]
in our derivation of the “Lake equations” and Great Lake equations”.

The above arguments provide a natural motivation for this paper, whose aim is to present
the complementary derivations of the hybrid fluid models that were introduced in [41] from the
Hamiltonian side, by deriving them independently on the Lagrangian, or Hamilton’s-principle side.
As in the Hamiltonian Lie-Poisson formulation, the Euler-Poincaré approach presented in this
paper incorporates the geometric properties that follow from the relabeling symmetry shared by all
continuum systems. In addition, the Euler-Poincaré variational framework provides a systematic
framework for the derivation of other approximate models, which also inherit these geometric
properties from the variational structure.

The new information we gain in this paper in each case is the natural formulation of Ertel’s
theorem for the potential vorticity. While the comparisons of the Lie-Poisson Hamiltonian prop-
erties of these papers affords insight into the energetics of these theories, the comparisons of their
complementary derivations on the Lagrangian side provide distinctions in their Ertel’s relations
for the potential vorticity and its gradient, thereby affording insights into the diagnostics of basic
MHD processes in the presence of a hot particle component.

Maxwell-Vlasov plasmas have been treated earlier using the Euler-Poincaré variational approach
based on applying symmetry reduction to Hamilton’s principle [7]. The present work starts with
the Low Lagrangian [24] and systematically develops a series of approximate Lagrangians for use
in symmetry-reduced Hamilton’s principles for re-deriving the hybrid Vlasov-MHD fluids in [41].
These approximate Lagrangians are shown to admit a variety of symmetry reductions that produce
variants of Kelvin’s circulation law for each theory, together with new expressions for the dynamics
of their cross helicities, some of which are found to remain invariant.

The resulting Euler-Poincaré equations recover the equations in [41] and illuminate the differ-
ences in the interplay between the geometric structure and circulation mechanisms of both the
current-coupled and pressure-coupled hybrid Vlasov-MHD models. The dynamics of the potential
vorticity and its gradient are also explained through appropriate generalizations of Ertel’s theo-
rem to the hybrid MHD case. These generalizations arise as a direct consequence of the vorticity
dynamics produced by the Euler-Poincaré equations of motion.

1.2 Plan of the paper and its main results

The main content of the paper is, as follows.

1. The remainder of this Introduction reviews the Euler-Poincaré construction of the Maxwell-
Vlasov equations. Section 2 then extends this system to account for the presence of several
cold fluid components (kinetic-multifluid system). The reduction process and the resulting
circulation laws are presented explicitly, including the Poincaré invariant relations that are
now obtained from Noether’s theorem.

2. Section 3 considers the MHD limit of the kinetic-multifluid system, thereby formulating the
Euler-Poincaré equations for the hybrid current-coupling MHD scheme. After presenting
the Kelvin-Noether theorem, Ertel’s relation for the potential vorticity is presented, thereby

L It was a very good moment in our careers when Dave Livermore and DDH realized the efficacy of the applying
asymptotics to Hamilton’s principle, while working on the board together one afternoon in Los Alamos.
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extending Ertel’s theorem for MHD [14] to a hybrid model. Also, it is shown that the usual
expression of cross helicity is conserved by this hybrid model.

3. Section 4 presents the Euler-Poincaré formulation of the first pressure-coupling hybrid MHD
scheme. In this setting, the cold component drives the whole dynamics, so that the hot
particle velocity is shifted by that of the cold fluid. This property appears geometrically in
the semidirect-product Lie group structure that generates the Euler-Poincaré construction.
The Kelvin circulation and Ertel potential vorticity relation are derived explicitly, together
with a new expression of the cross helicity invariant.

4. Section 5 focuses on the second pressure-coupling hybrid MHD scheme. In this context, the
assumption of a rarefied hot component allows one to neglect the kinetic energy contribution
of the corresponding mean flow. Then a decomposition becomes necessary to separate the hot
particle velocity from its mean flow. This decomposition produces a nested semidirect-product
Lie group structure that fits into the Euler-Poincaré construction. FExplicit expressions for
Kelvin circulation, Ertel’s theorem and a new cross helicity invariant again result.

5. Finally Section 6 summarizes our main conclusions.

1.3 Euler-Poincaré formulation of the Maxwell-Vlasov system

The variational structure of the Maxwell-Vlasov system has been investigated in many different
ways, starting from the pioneering work by Low [24]. Since then, several variational formulations of
this system were presented [34, 35, 36, 44], which are mainly based on Eulerian variables. The Low
Lagrangian, however, involves a mixture of Eulerian and Lagrangian variables. The first variational
formulation in terms of purely Lagrangian variables appeared in [7], in which the Low Lagrangian
was modified by the insertion of an extra term. This extra term ties the Lagrangian particle velocity
to its corresponding Eulerian coordinate, i.e. X(xg,vg) = v(xg, Vo). The variational principle was
then cast into Euler-Poincaré form [19], by using a reduction process that takes advantage of the
relevant symmetry properties of the Lagrangian under the Lie group of diffeomorphisms (smooth
invertible maps of both physical space and phase space).

Motivated by the recent results [41] on hybrid plasma models, one may ask whether the vari-
ational methods developed in [7] would also apply to hybrid Vlasov-fluid systems. This paper
shows that these methods do provide a successful tool for a fully Lagrangian formulation of hybrid
models. The resulting theory is again an Euler-Poincaré formulation, which naturally inherits all
the Lie-symmetry properties of both fluid motion and Vlasov kinetic dynamics. These symmetry
properties then provide the various theorems for circulation and cross-helicity that are derived later
in the paper.

The present section introduces the approach that we shall follow throughout the rest of this
paper. In particular, we shall review the Euler-Poincaré variational formulation [7] of the Maxwell-
Vlasov system

aof of of _

at—kv-ax—i—q(E—i—va)'av_O (1)
OE 0B

GOMQE:VXB—QMQ/Vfdsv E:VXE (2)

EOV-E:q/fd3v, V-B=0 (3)
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where ¢ is the particle charge, while ¢y and pg are respectively the dielectric and diamagnetic
constants.

Euler-Poincaré approach. The Euler-Poincaré approach to the Maxwell-Vlasov system is based
on an action principle of the type
tl . . .
5| Ly, @& A A)di =0

to

where the Lagrangian L is a functional
Ly, : TDff(TM) xTQ — R

depending on the parameter fo € Den(7T'M) belonging to the space of distributions on the tangent
bundle T'M with local coordinates (xo,vo). Here the notation is such that ¢ € Diff(TM) is an
element of the Lie group of diffeomorphisms of T'M and Q is the space of electromagnetic potentials
(®,A), ie. Q= C®(M) x QY (M) (where Q'(M) denotes the space of differential one forms on
M). At this stage, the variational principle produces Euler-Lagrange equations on Diff (T M) x Q.
The explicit form of the Lagrangian reads as [7]

1 . .
Ly =5 [ fol( o vo) + (. vo0) = vixa,vo) ) o dvo
~ 0 [ o(@xtx0,vo) — k0, v0) - A, v0))) o dvg
1
+ e—o/yw + O AR dPr — —/yv x AP dr, (4)
2 20
where the notation is such that (x(xq, Vo), v(Xo, Vo)) := (X0, vo) and the term
1 .
3m /fo ‘x(xo, vo) — v(xo, VQ)‘2 d3xo d®vg

allows v(xg,vp) to be varied independently and enforces x = v. Dropping the above term returns
precisely the Low Lagrangian [24].
At this point, the invariance property of the Lagrangian (4) is such that

Ly, 0,0, ®, A, A) =Ly 1 (Yo, @, A, A) = (X,D,,A,A, f)
where we have defined
X:=t¢oyp teX(TM), [:=foorp~!eDen(TM) (5)

and X(T'M) denotes the Lie algebra of vector fields on 7M. In this setting, the reduced Euler-
Poincaré Lagrangian [ : X(TM) x Den(TM) x TQ — R produces the equations [7]
0 4l o ol of B
gﬂ_ﬂzo, 9 ol ol : (7)
otéd, P OtdA; O0A
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Here, the symbol £x denotes the Lie derivative along the phase-space vector field X € X(T'M),
whose components are given by

X(x,v) = (u(x,v),a(x,v))

in which (x,v) € TM are the particle position-velocity coordinates and M = R3, so X € X(R").
The Euler-Poincaré symmetry-reduced Lagrangian (4) is

1 1
l:/f<§m\u!2+§m!u—v!2—q<I>+qu-A>d3xd3v
1
—I—E—O/|V<I>—|—8tA|2d3x——/|V><A|2d3x. (8)
2 2410

The Maxwell-Vlasov equations are obtained upon applying the variations in the above Lagrangian
and substituting them into the Euler-Poincaré equations (6)-(7), as shown in [7].

Outlook. The remainder of the paper applies the Euler-Poincaré approach to the case of hybrid
Vlasov-fluid models that commonly arise in plasma physics research. After studying a general
Vlasov-multifluid system for the interaction of several fluid plasma components with a hot particle
species, the paper focuses on comparing the Euler-Poincaré structures of current-coupling and
pressure-coupling hybrid MHD schemes. In the latter case, the geometry of the system provides an
interesting example of how the Vlasov distribution function may be transported by the background
fluid, through diffeomorphisms (smooth invertible maps) acting by tangent lifts. Our considerations
here are restricted to barotropic fluid flows.

From the strictly mathematical point of view, the case of ideal adiabatic flows that transport
the specific entropy may be obtained by a straightforward generalization. However, from the
physical viewpoint the role of heat exchange and the effects of an additional advected quantity
may lead to other interesting effects that we shall discuss elsewhere. In particular, adiabatic flow
effects may be especially interesting for hybrid fluid-gyrokinetic models, which may be treated in
a Lagrangian setting, perhaps by using an approach similar to that for oscillation-center theory, as
in [37]. For example, this problem might benefit from an exploration of adiabatic invariants that
arise from averaging the Hamilton’s principle. This is available for Lagrangian theories, but not
for Hamiltonian theories, which instead would use Lie series methods. A proof of the equivalence
of these theories would also be interesting. This approach follows ideas that go back to Dewar [10],
but now have been further illuminated by the advent of the Euler-Poincaré approach to reduction
by symmetry for continuum descriptions on the Lagrangian side [19].

An early step in this direction was made by Holm, Kupershmidt and Levermore in [18], who
studied Poisson maps in the Eulerian and Lagrangian descriptions of continuum mechanics. Many
of the concepts from that work, particularly momentum maps from canonical phase spaces to the
duals of Lie algebras, remain just as important in the present work as they were then, but here
they are applied on the Lagrangian, or Hamilton’s principle side for hybrid Vlasov-fluid systems.

2 Vlasov-multifluid system

This section presents the Euler-Poincaré formulation of a system composed of several fluid plasma
species with an energetic Vlasov component. The Hamiltonian formulation of this system has been
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presented in [41] and its equations of motion are expressed as

oU

psw + Ps (US ) V) Us = asps (E +U, x B) — Vps (9)

ops | .

a[; +div (psUs) =0 (10)

of of of

OE

Hoco o, = V x B — o ZaspsUs — [0 4 /Vfd?’V (12)

0B

— =-VxE 13

5 X (13)

eodiVE:Zasps—l—qh/fdgv, divB =0 (14)
where as; = ¢s/ms is the charge-to-mass ratio of the fluid species s, while p; and Uy are its

mass density and velocity, respectively. In the above system, the index h denotes the hot particle
component. For the case that the fluid component is absent, the Euler-Poincaré formulation of
the resulting Maxwell-Vlasov system was presented in [7]. On the other hand, an Euler-Poincaré
formulation of charged fluids was given in [19]. A combination of these two approaches yields
the Euler-Poincaré formulation of the kinetic-multifluid system. Indeed, we shall show that the
equations (6)-(7) can be suitably generalized to apply for the Vlasov-multifluid system. As we shall
prove below, this generalization results from the following choice of Lagrangian:

. .1
l(U57p57X7 f,(I),(I),A,A) 252//)8 ‘U8’2d3X— Z/ps(u(ps) +as® —asUs - A) d*x
1, o 1 9 5 3
+my | f §|u| +§|U—V| —ap® +apu- A | d°xd’v
1
—i—e—O/W(I)—IratA\Qd?’x——/]VXA\Qd?’x, (15)
2 2410

where U(ps) denotes the total internal fluid energy, while the remaining notation is the same as
before. In the special case of a single fluid species, s = 1 and the above Lagrangian is defined as a
functional

L (X(R?) @ X(R%)) x (C°(R*)* x C®(R%)*) x TQ(R?*) - R

where X(R") denotes the Lia algebra of vector fields in R™, the asterisk denotes the distributional
dual space and the tangent space TQ(R?) is constructed on the space Q(R?) of electromagnetic
4-potentials (®, A). In this setting, the advected fluid quantity is the mass density p(x) € Den(R3),
while the advected phase-space quantity is the Vlasov distribution f(x,v) € Den(R°).

At this point, in order to use the above Lagrangian, equations (6)-(7) must be adapted to the
present case by extending them to account for the presence of the fluid components. In following
the treatment in [19, 7], one writes the Euler-Poincaré theorem in the following general form.

Theorem 1 (Euler-Poincaré kinetic-multifluid system) The kinetic-multifiuid system (9)-
(14) arises from the Euler-Poincaré variational principle

tl . .
5 | WU, ps, X, f,®, &, A, A)dt =0 (16)

to
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with the Lagrangian given in (15) and the variations
Us=0W; — £y Wy, 0X =0,Z — £x7Z, of =—£zf, 0ps = —£w, ps

where W4 € X(R?), Z € X(RS), 6® and 6A all vanish at the endpoints. This variational principle
18 equivalent to the Fuler-Poincaré equations

0 4l ol ol

9150, + £u. 3U. = p8v5_ps (17)
aais—i—ﬁusps:(), %—i—i’xf:o (19)

where the index (,t) in the bottom FEuler-Lagrange equations denotes partial time derivative.

Proof. The equivalence between the variational principle (16) and the Euler-Poincaré equations
(17)-(20) follows easily upon repeating the same steps as in [19, 7]. In order to derive the equations
(9)-(14), one simply computes the functional derivatives of the Lagrangian (15). In particular,
upon writing X = (u,a), for the Vlasov kinetic part one has

ol o, ol o

G =S uovimA), =0, = + = v+ gpu - A = .

Then, dividing equation (18) by f yields

0 (14l 1 6l ol
[ ) = —. 21
i (f 6X> x <f 6X> Ve gy )
Next, projecting onto the second component yields
161 ol
O—Vvu-?a— V37 =u(x,v) —v
so that
X(X7V) = (v,a(x,v)) ) (?_lll :mhf (V+ahA)7 :;_jc = %|V|2+QhV'A_Qh<I>'

Upon denoting the particle momentum as p(x,v) := myVv + g A(x) and projecting equation (21)
onto its first component, we obtain

0
a—It)—F(V'Vx-i-a'vv)p—i-va'p:Vx<%|v|2+QhV‘A—Qh<I>> )

where (x,v) are independent coordinates. Standard vector identities then produce the Lorentz
force,

a(x,v) = —ah<Vx<I>—|—8—A> +apv x (Vx x A).

ot
Therefore, the second equation of (19) gives the Vlasov kinetic equation in the form
of 0A

E+V-fo—ah|:<vxq)+ﬁ>_VX(VXXA):| "Vyf=0.
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The fluid equations follow easily by inserting the appropriate variational derivatives into the
Euler-Poincaré equation (17) and the first of (19). For example, one computes

ol ol d(psU)
= pPsUs s SA7 =
5U. psUs+asp

5ps  dps

—as®+a,U - A.

Next, upon dividing equation (17) by p, one obtains

oU 4
ot

A
+ £u,Us + as (%—t + Lo, A> = —Vyps — asVyx® + a,Vy (U, - A),

where ps = p?U’(ps) is the scalar partial pressure. Finally, equation (9) arises from the explicit
form of the Lie derivative operation, by using standard vector identities. Analogous arguments also
hold for the equations of the electromagnetic potentials. m

Remark 1 (Euler-Poincaré reduction) The above theorem follows by an Euler-Poincaré re-
duction process applied to the following unreduced Lagrangian

Ly (i 0,08, A, &) = 557 [t o) da
=3 [ ela0)Ulons) + aulon(an)) - (o) - Al(an) das
g [ oo, vo) (Jaeo. vo)l? + (o, vo) — vl vo) ) o vy
~an [ fotxa,vo) (P(alxa,v0)) + o, vo) - Algxo, vo))) d¥xo v
+%0/\VCI>+8,§A\2d3r—i/]VXA\Qd?’r, (22)

with the notation (q(xo,vo),v (X0, Vo)) = ¥(X0, Vo) for a group action ¢ : TR?> — TR3. Indeed,
the invariance property

Lo, pos (M5 715, 00,00, @, @, A, A) = L, (s onythoy™ @, b, A, A)

00y, posons

yields the Euler-Poincaré Lagrangian

W(Us, ps, X, f,®,&,A,A) := L 1(somy o B, B, A A)

Joo~1, posong

with the notation
U, :7'730775_1, X:qﬁoq/)_l, Ps :posons_l and f = fooﬂ)_l.

This argument follows easily from the treatment in [19, 7]. Notice that for the case of a single
species s = 1, the unreduced Lagrangian is of the form

Ly po. : TDiff(R?*) x T Diff(TR?*) x TQ — R,

which emphasizes the Lie group structure that underlies the Vlasov-multifluid system (9)-(14).
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Remark 2 (Kelvin-Noether theorem for the Vlasov multifluid system) It is easy to ver-
ify that equations (17)-(18) produce the following circulation conservation laws

d
dt J5,w,)

(Us(x,t) + asA(x,t)) -dx =0, 4 7{ (v+apA(x,t)) -dx =0.
dt Jex)

In the first relation the curve v moves with the fluid flow, while in the second relation the curve (;
moves with the phase-space vector field X(x,v) = (v,a(x, V)) This difference emphasizes the role
of the Poincaré invariant associated with the hot particle motion; see [7].

The next sections will consider the Euler-Poincaré formulation of hybrid Vlasov-MHD models.
In particular, the discussion will focus on two main types of hybrid systems: the current-coupling
and pressure-coupling schemes.

Remark 3 (The Legendre transform) Notice that the Euler-Poincaré Lagrangian (15) is de-
generate since 6l/da = 0. This degeneracy is related to a redundancy in the FEuler-Poincaré con-
struction, which carries all the information about particle paths that are already encoded in the
Viasov equation. As explained in [7], this degeneracy presents some problems when one wants to
perform a Legendre transform to obtain the corresponding Hamiltonian description. However, these
problems may be overcome by a standard use of Dirac constraints. Similar arguments to those in
[7] also hold for the hybrid models treated in this paper.

3 Current-coupling hybrid MHD scheme

3.1 Formulation of the model

In the usual physical situations, one is interested in single-fluid models. In the context of hybrid
schemes, it is customary to specialize the system (9)-(14) to the two-fluid case and to neglect the
inertia of one of the fluid species (electrons). This last approximation is equivalent to taking the
limit mo — 0 for the second species in the total fluid momentum equation. Under this assumption,
the sum of the equations (9) for s = 1,2 produces

oU,

P TP (U1-V)U1 = (a1p1 + azp2) E + (a1p1U1 + a2p2U2) x B — Vpy (23)

Also, upon assuming neutrality by letting ¢y — 0, the electromagnetic fields satisfy the equations

ZaSpSUS:iVXB—ah/pfd?’p, (24)
5 Ho

0B

E ——VXE, (25)
S ap.=-a [ f&p,  divB=o. (26)

Then, equation (23) becomes

ou

pE+P(U'V)U:—<Qh/]Pd3P>E+<$VXB— ah/pfd3p> xB—pVp,  (27)

10
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where we have dropped labels for convenience. Finally, inserting Ohm’s ideal law E 4+ U x B = 0,
the kinetic two-fluid system becomes

0

% +div (pU) =0 (29)
af  of of

E—FV-O—X—FG}L(V—U)XB-O—V—O (30)
0B

This is the same as the current-coupling hybrid scheme presented in [11, 33, 1], except that particle
dynamics is governed by the Vlasov equation rather than its gyrokinetic counterpart. Notice that
the above system does not make any assumption about the form of the Vlasov distribution for the
energetic particles. Therefore, this system should in principle apply to a variety of other possible
physical situations, as well.

3.2 Euler-Poincaré reduction by symmetry

We now turn our attention to the Euler-Poincaré formulation of these equations. That is, we ask
whether the above current-coupling system possesses an Euler-Poincaré variational principle. A
positive answer is provided by the reduced Lagrangian

1

1
(00X, 1. A) =5 [pUF = [pUp) x5 [ 1V AP d

+/f (% ]u\2+%\u—v\2+qh(u—U)-A) dxddv  (32)

of the type
L (X(R?) & X(R%)) x C®°(R?)* x Q'(R?) x C®(R%)* - R,
together with the following Euler-Poincaré theorem

Theorem 2 The hybrid current-coupling MHD scheme (28)-(31) arises from the Euler-Poincaré

variational principle
t1

5 l(U7p7X7f7A)dt:0
to
with the Lagrangian in (32) and variations given by

U = W — LuW, 0X =02 £xZ, Of =—Lxf, ©Ops=—Lup, OA=—LyA

where W and Z wvanish at the endpoints. This variational principle is equivalent to the Fuler-
Poincaré equations

0 9l ol ol ol ol

ap dA

_ — P A = 4
6t+£Up 0, En + Ly 0, (34)
d 6l ol ol

arox X ex = Ve (#9)
0

OF L pxf=o0. (36)

ot

11
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which hold for an arbitrary hybrid Lagrangian.

Proof. The derivation of the Euler-Poincaré equations (33)-(36) from the Euler-Poincaré varia-
tional principle can be easily obtained by direct verification [19, 7]. In order to derive the current-
coupling MHD scheme (28)-(31), one simply computes the functional derivatives and inserts them
into the Euler-Poincaré equations (33)-(36). In particular, for the Vlasov kinetic part one has

ﬂ:mhf(2u—v+ahA), oL _ i

= —%yum%yu—wuqh(u—w.;\

a0 e

Then, on projecting equation (18) onto the second component (recall that X = (u,a)), we get

Ozvvu-%g—i—vvg—} =u(x,v) —v
so that
il g m
X(x,v) = (v,a(x,v)) , E:mhf(v—kahA), ﬁZTth—i-qh(v—U)-A.

Upon denoting p(x,v) = myv + ¢, A(x) and dividing equation (18) by f, one finds

0 (14l 1 9l ol
i (75%) « £ (73%) = Voo

which when projected onto the first component yields

0
a—lt)+(V-Vx+a-Vv)p—|—va-p:Vx<%|v|2—I—qh(v—U)-A>.

Upon recalling that (x,v) are independent coordinates and using standard vector identities, we can
write

a(x,v) :—ah<Vx(U-A)+%—?> +apv x (Vx x A)
=ap(v—-U) x (Vx x A)

where the bottom line is justified by the second equation in (34). Therefore, equation (36) returns
the Vlasov kinetic equation (30) in the form

aa—{—i—v-vxf—kah[(v—U)x(VxXA)] Vyf=0

with a modified Lorentz force.

We now focus on the fluid part. It suffices to compute

sl sl sl 1
s - PU-anA, o= —VxxVxxA+q (K-nU), 5—p=§IU|2+pU’(p)+U(p)

where we have introduced the additional notation

n:/fd3v, K:/vfd3v.

12
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At this point, it suffices to insert the above functional derivatives into equation (33), so that

(24 20) o0 —aun ) =% (S107 + pu') 4210

—qgp(K=nU)xVx xA+q,AVx-(K—nU)
+ (Vx X Vx X A) X (Vx X A) (37)

We observe that the zero-th moment of the Vlasov equation (30) satisfies 9yn + Vyx - K = 0. Then,
making use of the second equation in (34) yields

(0, + L) (nA) = —~AVy - (K —nU)

while expanding the Lie derivatives in (37) returns the velocity equation

U 1
pﬁ+p(U-V)U:<qhnU—th+%VxB>xB—pr (38)

in which we have substituted B = Vx x A and p = pU"(p). =

Remark 4 (Euler-Poincaré reduction) Upon following the treatment in [19, 7], one finds that
the unreduced Euler-Poincaré Lagrangian of the current-coupling scheme is a functional of the type

Lo Ao.fo : TDiff(R?) x T Diff(R%) — R

so that ‘
LPO,A07f0 = LP(),Ao,fo (777 777 1/}7 1/}) .

The reduced Euler-Poincaré Lagrangian (32) is obtained by the reduction process

l(u7 X, P Av f) = Lpoon*I,Aoonfl,foowfl (77 0 77_17 ¢ © w—l) .

Here the advected quantities p, A, f are acted on by the corresponding diffeomorphism groups,
taking into account their intrisinc tensorial nature, that is (p, A, f) € Den(R?) x Q1 (R?) x Den(R%),
where QY (R3) denotes the space of differential one-forms on R3.

3.3 Discussion

Kelvin circulation law. Relation (37) amounts to the following Kelvin circulation law

dy{ n 1
=3 U-qg—-A -dx:thq{ —((Vx- (K=nU))A - (K—nU) xB) -dx
dt %<U>< p ) %<U>P< )

+j<1{ l(VxxB)xB-dx,
w(U) P

which agrees with the corresponding result found in [41]. Notice that the creation of circulation
on the right hand side is generated by the terms involving §l/JA in the Euler-Poincaré equation
(33). As explained in [19], these terms comprise a momentum map generated by the action of the
diffeomorphisms on the cotangent bundle T*Q!(R). The presence of these terms is related to the
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fact that the non-zero magnetic potential A (together with the mass density p) breaks the relabeling
symmetry of the unreduced Lagrangian, so that

Lpo,Ao,fo (777 777 ¢7 ¢) 75 Lpo,A(),fo (77 o 77_17 TIZ), TIZ)) .
On the other hand, the Kelvin circulation theorem for the hot particles reads simply

d

— p-dx =0,

which recovers the well known preservation of the Poincaré invariant for the hot particle motion.

Ertel’s theorem. The above Kelvin circulation law identifies the expression of the force
U= (Vx (K-nU)A—-(K-nU)xB+ ;" (Vx x B) x B (39)

acting on the fluid with momentum pU — gpnA. The above quantity can be used to generalize
Ertel’s theorem for MHD (see [14] and references therein) to the hybrid current-coupling scheme.
For simplicity, consider the incompressible case, so that p = 1 enforces Vy - U = 0. Next, project
the quantity n A onto its divergence-free part by defining [n A] = n A + Vxp, for a scalar function
¢ such that V- [n A] = 0. Then, upon denoting D; = 9; + U - Vx and @ = Vx x (U — ¢zn A) it
is easy to see that the curl of equation (37) produces the generalized Ertel relation

Dy (@ Vya) — (@ Vi) Dy = V- Vy X ¥, (40)

where « is an arbitrary smooth function and W is the force expressed by (39). The quantity @-Vxa
is the potential vorticity and the above relation generalizes Ertel’s theorem to the current-coupling
scheme of hybrid MHD.

Cross helicities. Upon denoting ¥V =U — ¢, p~!
be defined:

nA, the following two cross-helicities may now

Ay :/U-Bd3x A2=/v-Bd3x
However, while the first is conserved in time, i.e. dA;/dt = 0, the second satisfies

d d
gl = oy p—lnA.Bd?’x:qh/p—l(A.B) Vyx- (K —nU)d%x,

where the last non-vanishing integral is generated by the term parallel to A in equation (37).

4 First pressure-coupling hybrid MHD scheme

4.1 Formulation of the model

In this section we show how the variational structure of the previous current-coupling scheme
provides a basis for the FKuler-Poincaré formulation of a pressure-coupling scheme. This scheme
establishes an equation for the total velocity

14
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under the assumption that the kinetic moment K = [v f d3v does not contribute to the total
energy of the system. With this hypothesis, the energy-conserving pressure-coupling scheme is
given by [41]

pa_ljer(U.v)U:_vp—mhdiv/vvfd?’eruicurlB><B (41)
0

of of of of _

ap . . B _

E—i—dlv(pU)—O, N =curl (U x B) , (43)

where we have dropped the bar symbol for convenience. Before proceeding further, we remark that
neglecting all U-terms in the kinetic equation (42) produces the hybrid MHD model in [33] (al-
though the general Vlasov equation is adopted here, rather than a gyrokinetic equation). However,
this crucial step breaks the energy-conserving nature of the system and, when an energy balance
equation is required, the U-terms must be included as explained in [11].

4.2 Euler-Poincaré reduction by symmetry

Although the physical approximations leading to the pressure-coupling scheme present some prob-
lems that were summarized in [11], we shall see below how the variational approach to this model
produces an Euler-Poincaré system on a semidirect-product Lie group. At the reduced level, we
shall prove that the Euler-Poincaré Lagrangian is a functional of the form

l: (X(R*)®X(R®)) x Den(R?) x Q'(R?) x Den(R%) — R

where the infinitesimal action that is involved in the semidirect-product Lie algebra X(R3) ® X(RS)
is given by

U-X=£x,X, where Xy :=(U,(v-V)U)  VUEeX(R?).

This action naturally arises from the tangent-lifted action of Diff(R3) on TR? = RS, which in turn
generates the natural Diff (R3)-action on Diff(R%) by ordinary composition from the right. On the
other hand, the space of the advected quantities [19]

(p, A, f) € Den(R?) x Q' (R?) x Den(R")
involves the Lie algebra representation

(U, X)-(p,A, f) = (Lup, LU A, £xixy f)

whose associated diamond operation, defined by

ol ol 9l ol 6l 9l
<<%7ﬁ7§>0(p7A7f)7(U7X)>::_<<$7ﬁ7§>7<£U107£UA7£X+XUf)>7

will be derived explicitly in what follows.

At this point, the problem has been cast into the standard Euler-Poincaré theory for parameter-
dependent Lagrangians L : TG x V* — R, with the peculiarity that the Lie group G is a semidirect-
product. Indeed, upon replacing G by G H, the pressure-coupling scheme will be written as an
Euler-Poincaré variational principle on T'(G ® H) x V*. Upon specializing to the case G = Diff (R3),
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H = Diff(TR3) and V* = Den(R3) x Q!(R3) x Den(R®), the Euler-Poincaré equations associated
to such a Lagrangian can be written as follows on the reduced space X(R?)® X(R3) x V*:

a 4l il il 5l ol 4l

O X x (X2 A 44
o0 TUST T X <5p’5A’5f><>1(p’ /) (44)
dp 0A

0 ol il il

aé—x + £X+XU 5_X =f (x,v)ﬁ (46)
d

8—{+£x+fo:0 (47)

where (¢1) in equation (44) denotes the U-component of the diamond operation defined in the
previous formula, and the star (x) operation is defined as

51 5l
<ﬁ*x, U> "‘<R’ £XUX>. (48)

Integration by parts yields the more explicit expression,
ol ol
(2x vl (L, x)
—{ex U, v v
- X6X7 b v X

B ol 3 ol 3
_</<£X6X>ld v — Vx /V<£X5X>2d v, U>,

al B al 3 al 3
R*X— /<£X(5X>ld v — Vx '/V<£X5X>2d v, (49)

where the indices 1 and 2 denote the u- and the a-components, respectively.

so that

In order to complete the set of equations (44)-(47), we shall need a suitable Euler-Poincaré
Lagrangian, which is given by

1 1
(U0 X, 1. 8) =5 [plUFEx [pUp) x5 [ 1V x AP d
+ /f (% lu)? + % lu—v|* + gpu- A) d*xd3v  (50)

The simplest starting point involves the kinetic part of the system (44)-(47), which is composed
of the last two equations, i.e. (46)-(47). Let us start by calculating the functional derivatives.
Upon using similar arguments as those in the previous section (and especially using the second
component of equation (46)), in slightly different notation X(x,v) = (u(x,v), a(x,v)) one finds

ol ol

X+Xy=(v+U,a+(v-VxU), — =mpf(Vv+a,A),

mp 2
= M ‘A
u 5 v + qnv

57
Upon denoting p(x,v) = mpv + g, A(x), we divide equation (18) by f so that

O (Lo, Lol o o
ot \ foX XHXv \Fsx )~ V&V
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and project it onto the first component to obtain

op
ot

Then, upon using the second equation in (45) as well as standard vector identities, one writes

+((v+U) Vi)p+(a-Vy)p+ ((v-V)U - Vy)p+Vx (v+U) -p = Vx<%]v\2 +qhv-A).

a=avXx (VxxA)=VU - -v—(v-Vx)U
and the vector field X + Xy becomes
X+ Xy = (v—i—U7 apv X (Vx X A)—VXU'V).

In turn, upon noticing that Vy - (X 4+ Xy) = 0, this vector field produces the Vlasov kinetic
equation (46) in the form

(V4 U) - Vaf — (VU v — v % (Vi x A)) - T f =0

which is identical to (42).

At this point, one needs to verify that equation (44) effectively returns the velocity equation
(41) of the pressure-coupling scheme (41)-(43). To this purpose, we shall use the following

Lemma 3 In the special case when
X(x,v) = (v,a(x,v)) and

then 5
X % —— =
*5X 0,
for arbitrary vector quantities a(x,v) and w(x,v).

Proof. The proof follows by direct verification, upon writing the definition of the star operation
n (48) as follows

<X*;—;(,U>: <g{ [XU, ]> < (XU Vi) X (X-V(X,V))XU)>
< <(XU-VXV v—(X- V(xv))U)>
{u( 520 e o)
(90 e-500)) -0

in which the last step uses by integration by parts of the first term. m

§<“\°“

=

Another result that we shall need is the following formula for the diamond operation in (48)

<>1f /f oL g3y — Vx /fvv (51)

which may be directly verified from its definition

ol ol
(i o1 0= (05 T 7).
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Now, upon recalling the particular form of the variational derivative

ol 1 9
I A
5F 5l vl Fanv - A
we calculate s
ﬁolf:q}zK X B_Qh(vx'K)A_mhvx'Pa
where we have introduced the absolute pressure tensor
P= /vadgv.
Then, upon writing
ol ol ol ol ol
i = X< A A=—— x A X oA A
5p P = PVxG, s SR A < VX +<V 5A>
and evaluating
ol ol o 1 9
= = <X — —Vx x X A K, < = 5 '

we see that equation (44) returns the velocity equation (41) of the pressure-coupling scheme (41)-
(43). In conclusion, we have proven the following theorem.

Theorem 4 The hybrid pressure-coupling MHD scheme (41)-(43) arises from the Euler-Poincaré

variational principle
t1

5| WU, p, X, f,A)dt =0

to
with the reduced Lagrangian

L (X(R)®X(RY)) x C*(R?)* x Q1(R?) x C°(R%)* - R
given in (50) and variations
§(U,X) = (W, Z) — (£uW, £x X — £x,Z + £x7Z)
Of = —Lzixwf, 3(p,A) = —Lw (p, A)

where the vector fieldls W € X(R3) and Z € X(R®) vanish at the endpoints. This variational
principle is equivalent to the Euler-Poincaré equations (44)-(47), which hold for an arbitrary hybrid
Lagrangian.

Remark 5 (Conjugation action in semidirect-product Lie groups) The Lie algebra action
that is involved in the semidirect product X(R3)® X(R®) is naturally inherited from the Jacobi-Lie
bracket on X(R%). According to the theory of semidirect-product Lie groups, this action must arise
from a group action of Diff(R3) on Diff(R%) that is also a group homomorphism. In other words,
n (1 ¥2) = n (Y1) n (), with n € Diff(R3) and 1,102 € Diff(R®). In particular, since we can
regard Diff (R®) as a subgroup of Diff (R®), one is led to consider the action ¢ — notpon~' which is
naturally inherited from the conjugation action in Diff(R®). This action generates the semidirect-
product Lie group Diff(R3)® Diff(R®) whose tangent space at the identity is X(R3) ® X(R®) with
the Lie bracket
(U,X),(W,Z)] = —(LuW, £xw X — £x,Z+ £X2Z).

More details on semidirect-products of two Lie groups may be found in [25, /].

18
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4.3 Discussion

The Euler-Poincaré construction of the first pressure coupling scheme is based on the following
proposition:

Proposition 5 The Euler-Poincaré equations (41)-(43) yield

0 Bl o s, 5l g
(4 20) (= [t fov-wa o)

i
*6p  SA

ol

=pV xVXxA+<VX~E>A. (52)

Proof. The proof is a direct verification, based on relations (49) and (51). After computing

) l 3l N ol
<8t £U><W_ 5udv—|—/( V)5 d >—5p<>1p—|—5A<>1A

ol
+/<£XU5X> d3v_£U/5_u d3v

A ol
—/(V-Vx)<£xuﬁ>2dv+£U/(V-V)6 d’v

the proof follows immediately from Lemma 6 below. m

Kelvin-Noether theorem and its momentum map. The above relation represents the La-
grangian analogue of an important construction in Lie-Poisson Hamiltonian systems, known as
entangling. Entangling is accomplished by shifting the momentum by a momentum map that takes
the Lie-Poisson bracket on the dual of a semidirect-product Lie algebra into the Lie-Poisson bracket
dual to a direct-sum Lie algebra. For more details, see Corollary 2.4 in [21].

It is perhaps not surprising that the very first application of this construction occurred in plasma
physics [16, 15]. This construction was also used in [41]. The momentum map in the present case
is the dual i* : X*(R%) — X*(R3) of the Lie algebra inclusion i : U + Xg. The result (52) hinges
on the following property, which is proven in Appendix A:

Lemma 6 The following map i* : X*(R®) — X*(R3):

< ) / d3v—/ -vx);—;d%,

is a momentum map satisfying the relation

ol . ol
(g ) =20 (%)
for an arbitrary vector field U € X(R3).

Notice that the momentum map * : X*(R%) — X*(R?) is different in nature from the star operator
* 1 X(R%) x X*(R%) — X*(R3) introduced in (48). Indeed, while the latter arises from the cotangent
lift of the Diff(R?)—action on X(R%), the momentum map i* arises from the Diff(R?)-action on
Diff (R%), which is given by conjugation, as explained in Remark 5. The momentum map property
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of i* can be easily verified since the inclusion i : X(R3) — X(R®) is the dual of a Lie algebra
homomorphism, i.e.

Xv, Xw] = [i(U),i(W)] = i([U, W]) = Xjy,w] ,

where [-,-] denotes minus the Jacobi-Lie bracket on X(R3) or X(R%), depending on the context.
The proof in Appendix A shows explicitly that i* satisfies the definition of momentum map.

An immediate consequence of Proposition 5 is the following circulation law for the hybrid scheme
(41)-(43), which recovers the previous results in [41]:

Corollary 7 (Kelvin circulation law) The pressure-coupling MHD scheme (41)-(43) possesses
the following equivalent circulation theorems

d U-dx:—}lg 1<iB><Vx><B+7nth'/vad?’v>-dx (53)
dt J5.w) 7(U) P \ 1o

57{ <U— 1/fpd3v> .dx = —]4 l(B x (15" Vs x B — g,K) —qh(Vx~K)A> . dx.
dt J5.w) p 7 (U) P

(54)

Proof. Upon considering the Euler-Poincaré Lagrangian (50), relation (53) is implied by the Euler-
Poincaré theorem. See [19]) and the equation of motion (44). On the other hand, relation (54) is
an immediate consequence of equation (52) in Proposition 5. ®

Notice that the previous fluid circulation laws are accompanied by preservation of the Poincaré-
invariant:

d

— p-dx=0,
dt Je,(x4+x0)

where the curve (; now moves along the total phase-space vector field X + Xg.

Ertel’s theorem. By proceeding as in the corresponding treatment for the current-coupling
scheme, one recognizes that the force

T = (g 'Vx x B — ¢ K) x B+ ¢4(Vx - K)A (55)

provides the opportunity to generalize Ertel’s relation for MHD [14] to apply to the first pressure-
coupling scheme. Indeed, upon following similar steps as those in Section 3.3, one finds that the
incompressible form of equation (52) yields the relation (40), with @ = Vyx x (U —[f pdgv) and
W as given in (55).

Cross helicities. Notice that, upon denoting W =U — p~* [ pd3v, both of the cross helicities
Alz/U-Bd3x Agz/W-Bd3x

possess nontrivial dynamics. Indeed, their equations of motion read as

dA dA
i —mh/p‘l (Vx F)-Bd’x,  —* th/ﬂ‘1<A-B)Vx-Kd3x-

On the other hand, the following cross helicity is conserved:

AQZ/V'Bdsx,

20
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where we have denoted ¥V = U — p~'K. Upon noticing that D;(p~1n) = p~1(9yn + Vi - (nU)),
the conservation of As is readily seen by computing

dAy  dAs

—1 3
dfz _ dA3 a A-B _
& @ g rom d*x =0,

where one considers the equation dyn + Vx - (nU) = —Vy - K arising from the zeroth moment of
the Vlasov equation (42).

5 Second pressure-coupling hybrid MHD scheme

5.1 Formulation of the model

As mentioned in the previous section, the pressure-coupling MHD scheme is conventionally obtained
under the assumption that the hot plasma component is rarefied. Upon denoting by n the particle
density of the hot component and by m, the cold particle mass, this assumption reads as n < p/mc.
Then, in order to avoid divergences in the mean velocity n~! v f d3v of the hot component, a
small hot particle density n enforces the hot momentum K = [v f d3v to also be small. Thus, it is
customary to replace the total momentum pU +mpK by simply pU, i.e. the cold fluid momentum.
While this operation is often performed on the equations of motion [3, 33], our approach makes this
replacement directly in the variational principle, resulting in agreement with [41]. The advantage
of modelling in the Lagrangian of the Euler-Poincaré variational principle is that it always produces
circulation theorems. This is the content of the Kelvin-Noether theorem of [19].

The assumption of a rarefied hot component also requires that the mean kinetic energy my, /2 [n ]V]2 d3x
of the hot component is subtracted from the corresponding total kinetic energy my, /2 [ f |v|2 d3x d3v.
This operation yields the second pressure-coupling scheme [41]

pa—U+p(U~V)U:—Vp—mhvx~/<v—5> (v—5>fd3v—iB><Vx><B (56)
ot n n 140

of K\ of K K 1 |K[P\ af
@—Fdiv(pU):O, a—B:curl(UxB)7 (58)

ot ot

whose momentum equation coincides with the one appearing in [20, 40].

5.2 Euler-Poincaré reduction by symmetry

In order to obtain the Euler-Poincaré formulation of the hybrid model (56)-(58) for the second
pressure-coupling scheme [11], the Lagrangian (50) is transformed into

1 1
1OV Xop A f) =5 [olUP = [pUp) x5 [ 1V x AP a
+/f (Gl + S = = BV + g (ut V) - A) dxd'v, (59)

where we notice that the mean velocity V' of the hot component appears as a new dynamical
variable. The term g, [fV - A d3x d3v has been inserted in order to match the correct Lorentz
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force on the hot component [11]. Upon following the same reasoning as in the previous section, we
realize that the fluid U-transport exerted by the cold fluid component on the Vlasov distribution
f of the hot particles must imply a U-transport of the mean hot velocity V. More particularly, we
interpret the above Lagrangian as a functional of the type

L X1(R?)® (X2(R*) @ X(R®)) x Den(R?) x Q'(R?) x Den(R%) — R,

where X1 (R?) and X5(R?) are two copies of the same Lie algebra X(R3) of vector fields, although
they are denoted differently because the second is assumed to act trivially on the space Den(R?) x
Q'(R3), containing the cold fluid density p as well as the magnetic potential A. The first (inner)
semidirect-product symbol corresponds to fluid U-transport of both the mean velocity V' € X3(R?)
and the phase-space vector field X € X(R%). On the other hand, the second (outer) semidirect-
product symbol corresponds to the V-transport excerted by the mean flow of the hot component
on its corresponding phase-space velocity. At the group level, the unreduced Lagrangian is of the
type
Lo Ao.fo - T(Diff1 (R*) ® (Diff2(R?) ® Diff(R%))) — R,

where (pg, Ao, fo) are the advected parameters. Notice that similar arguments to those in Remark 5
also apply here about the group actions involved in nested semidirect-product Lie group structures
of this kind. Further details can be found in [12], where similar Lie group structures are shown to
arise in polymer dynamics. At this point, general geometric mechanics arguments ensure that the
Euler-Poincaré variational principle & ftl;l (U, V,X,p, A, f)dt = 0 produces the following equations
of motion:

%%+£U%:—£ ;—‘Z/Jr;—}l( X <§—;,;—i,§—}> o1 (p, A, f) (60)
8t+£Up_O a—?—i-oEUA:O (61)
;5($‘lf+£v+u 55‘1/ ;}l( +% orf (62)
N AT (63)
U 4 xaxyy F=0 oy

64) recover the second pressure coupling scheme (56)-(58),

In order to see, how equations (60)-(
(59). After computing

it suffices to replace the Lagrangian

;—lll:mhf(2u—v+ahA), ﬁ:0, %:%\ulz

o
the second component of equation (47) yields u = v so that X = (v, a(x,Vv)), similarly to the
results in the previous section. Moreover, the first component of (47) reads as

mp |

5 u—vﬁ—%\w%qh(HV)A,

T+ ((vHV+U) - Vo)p+(a- Vo)p+ Va (V4 V +U) - p =V (anl(v + V) - A= ZLV])

where we have denoted by a = a + (Xy4u)y = o+ (v - Vx)(V + U) the total acceleration of
the hot particles. After using standard vector identities, this equation yields the expression for the
total force on the hot component:

mpa=qp(v+V)xB—m VLV - V——V V2.

22
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Then, the total vector field X+ Xy gy = (v + V + U, a) is divergence-less and the Vlasov equation
(47) becomes
0 0 0
—f+(v+V+U) —f+ ap (Vv+V)xB—-VLV. v——V V2 - of
ot 0x ov
At this point, we observe that the constraint V- = —K/n is preserved by the dynamics. This is a
direct consequence of the following

=0. (65)

Proposition 8 With the notation of Lemma 6, the Euler-Poincaré equations (60)-(64) yield

(% " £V+U> ((f—‘l, — i <;_}l(>> 0 (66)

The proof proceeds analogously to that of Proposition 5 (see also Lemma 6). Then, upon considering
the Lagrangian (59), the Euler-Poincaré equations (60)-(64) preserve the constraint

—V/fd3v:/vfd3v

which allows one to recover the Vlasov equation (57) of the second pressure coupling scheme in
[41]. Analogously, one can show that equation (60) recovers the hybrid equation of motion of the
same pressure coupling scheme, that is

8—U+(U V)U_——vp——v /<v——> <v—5>fd3v——B><v xB.
ot Hop
In order to show this, it suffices to verify that
K K _
£V51+ﬂ<>1f— thx-/ vV— — v—— ) fdv="P.
of n n

This formula requires a lengthy but straightforward calculation that uses V' = —n 'K and the well
known relation

Vx -/VVfd3V = V- <n_1KK + /(v — n_lK) (v — n_lK) fd3v>

between the absolute and relative pressure tensors. Thus, in conclusion, we have proven the fol-
lowing

Theorem 9 The hybrid pressure-coupling MHD scheme (56)-(58) arises from the Euler-Poincaré

variational principle

t1
5/ WU, V,X,p,A, f)dt =

to
with the reduced Lagrangian

L X1 (R ® (X2(R*) @ X(RY)) x CP(R?)* x Q1(R?) x C®(R%)* - R
as in (59) and variations
S(U,V,X) = 0,(W,P,Z) — (£uW, £wV — £uP + £y P, £xp X — £xy,uZ + £x7)
0f = —£z4xp,wlf- 8(p,A) = —£w (p,A),

in which the vector fields P,W € X(R?) and Z € X(R®) vanish at the endpoints. This variational
principle is equivalent to the Fuler-Poincaré equations (60)-(64) which hold for an arbitrary hybrid
Lagrangian.

23



Holm & Tronci Euler-Poincaré hybrid Vlasov-fluid plasma models

5.3 Discussion

It is relevant to notice that equations (60) and (63) yield the following relation:

0 o [ dl B oL [ 4l ol
(v 4o) (o () = (v () +o%=5
ol ol
where one has used Lemma 6. Upon inserting the Lagrangian (59), the Lie derivatives in the right
hand side cancel due to the constraint V- = —K/n.

Kelvin circulation laws. The Kelvin-Noether conservation laws also hold for the equations
(56)-(58). Indeed, upon repeating the same steps as in the proof of Corollary 7, one finds the
circulation laws

37{ U.dx:—jq{ l<iB><vx><B+7vax-ﬁ>-olx (68)
dt Jyw) % (U) P \ o

d 1 5 . 1

— U—-- | fpd’v) -dx=—yp, - B xVyx xB-dx, (69)
dt Jyw) p 3 (U) P

where the second is a direct consequence of equation (67). These results coincide with those
found in [41] within the Lie-Poisson Hamiltonian setting. Moreover, the above circulation laws are
accompanied by the following Poincaré invariant relation:

il
dt Je,(x+Xp _x/m)

where the curve (; moves along the total phase-space vector field X + Xy_x /p-

p-dx=0

Ertel’s relation. By proceeding as in Section 3.3, one can take the curl of the incompressible
version of equation (67) (with the Lagrangian (50)) to produce Ertel’s relation

Dy (@ Vxa) — (@ Vx) Dia = —pg ' Via - Vx x (B x Vy x B)

where « is arbitrary and @ = Vi X (U —[f pd3v). Notice that, the above relation is formally
equivalent to the corresponding relation in [14], with the only exception being that the vorticity w
now involves a momentum shift.

Cross helicities. Upon denoting W = U —p~* [fp d3v, it easy to see that the two cross helicities
Alz/U-Bd3x Agz/W-Bd3x

possess the following dynamics

dA;

dh dAs _
dt

:—mh/p—l(vx.ﬁ)-Bdi”x, n =0,

so that As is now conserved by the hybrid dynamics of equations (56)-(58). Notice that this
conservation law provides an interesting opportunity to study the stability properties of this hybrid
scheme. Indeed, As does not vanish for static equilibria, so that the energy-Casimir method may
now be applied.
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6 Conclusions

This paper has provided a unified Euler-Poincaré approach to the derivations of several different
Vlasov-fluid plasma models. After presenting the Euler-Poincaré approach for the Vlasov-multifluid
plasma system, the discussion focused on three different Vlasov-fluid MHD schemes. These are the
current-coupling scheme, and the two pressure-coupling schemes. While the first is simply written
on a direct sum of two different diffeomorphism groups, the second involves the more sophisticated
construction of a semidirect-product diffeomorphism group, whose structure becomes even richer
for the third hybrid model. Explicit expressions of the Kelvin circulation theorems were presented
for both the fluid motion and the hot particle dynamics on phase space. Explicit expressions of the
cross helicity invariant were also determined in each case. A Legendre transform in each case will
recover the Lie-Poisson results found [41]. The gyrokinetic approximation would require another
Lagrangian, that may be derived systematically from the Lagrangian for Vlasov-MHD.

The Euler-Poincaré approach provides the means of comparing the geometrical properties of
these three schemes in the same framework. This framework allows the comparison of the geometric
relationships within each scheme that are common to the others. We expect that this framework
will be useful in other modelling contexts for the comparison and selection of Vlasov-Fluid hybrid
models, validation of previous derivations, choices among the schemes in various physical regimes,
as well as a framework for more derivations, particularly by modelling in the Lagrangian. In
addition, from the physical viewpoint the role of heat exchange and the effects of an additional
advected quantity may lead to other interesting effects that we shall discuss elsewhere. The first
of these from a geometrical viewpoint is the Ertel theorem for the evolution of potential vorticity,
which was discussed here in the simple case of incompressible hybrid fluid flows. This is one of the
immediate results from the Euler-Poincaré theory.

In particular, the dynamics of gradients of the potential vorticity have been recently encoded
[13] in the vector B = VxQ(q) X Vxa, where ) is an arbitrary function and ¢ = @ - Vxa is the
potential vorticity in each case depending on the context. Upon considering a special function «
such that 0y + U - Vxa = 0, Ertel’s theorem was shown in [13] to produce the dynamics of the
vector B in the form

oB

E—VXX(UXB):VXX‘I)

whereld =U —q ! (an X \Il) and Vi X ® = Vya x Vi (¢ Q' Vyx - U) . Evidently, the divergenceless
vector D = Vy X @ breaks the frozen-in condition of the vector B and it thus affects the stretching
properties that are governed by the left-hand side of the equation for B, see [13]. The identification
of the vorticity @ and the force ¥ in each of the previous hybrid models provides an interesting
opportunity to study the dynamics of the gradient of the potential vorticity.
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A Proof of Lemma 6

The map i* is easily seen to be a momentum map arising from the dual of the Lie algebra inclusion
i: U+~ Xy. Upon denoting E = §1/6X, the momentum map property

{F, (i*(B) . U) } o ipey = Ur(as voy) [F]
(ES)

can be verified explicitly. Here, Uy« ey [F] denotes evaluation on the functional F'(E) of the
infinitesimal generator U]—"(%*(RG)) of the Diff(R3)—action on the space of functionals F(X*(R®))
on the one-form densities in X*(R%). Upon using the right Lie-Poisson bracket on X*(R), one
computes

ot _ /= 0F 0 . =
{F,(*(2),U)} g oy = <_, [E 5= &) Uﬁ >x*<Re>
_[6F & _
= <.:., |:5—,=|, 5_:. <'='7 Z(U)>:| >
_ oF
= <:,, Liwn 5—,=.>

where [-, -] denotes minus the Jacobi-Lie bracket on X(R%).

The rest of the proof proceeds in two steps. First,

S\ 5l

/<£XU5X> dv_/(U-Vx+(v~Vx)U-V)5 &y
ol ol
+/<VXU'E+VX((V'VX)U)'E

+<vx-U+vv-((v-vx)U))§i> &

:/(U-v )fl d3v+/((v-Vx)U-V )fl d3v+/((v-Vx)VxU)

/<VU§—Z (v U)§l>d3 /(((V-VX)U-V);l>d3

—£U/—d3v+/ (v Vx)VU) - o

S

o
Bo
One also has
/(v-vx) <£XU55}Z(> dv:/(v-Vx) <(U.vx+(v.v U -V );{i)dv
+/(v-vx) <Vv((v-Vx)U) ;(i>d3
+ /(v V) <(vx U4V, (v VX)U)>;—;> By
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Then, for each term, one computes

/(v V) <(U : vx)f—i) Bv=U -V, /(v - V")% div + /Tr((VxU)(vi)> ;—i v,
/(v - Vy) <(Vv((v - V.)U)) ;—(D ddy = va-/(v : vx);—; ddy + /((v V) VyU) - ;_(i &y
/(v - V) <(Vx : U)f—i) dPv = /((v Vi) (Vs - U));—i d*v + (Vx - U) /(v : V");—i d*v
and
/(v V) <(Vv (v vx)U));—D dBv = Vy - /(vv (v VX)U)>V;—; dBv
= — V- /((v - vx)U);—iY d3v — /(v V) <((v -V)U - vv);—i> d3v
_ /((v Vx)VU) - ;—i dBv — /Tr((VXU)(VVX)> ;—; dBv — /(v V) (((v VU - Vy) %) dv .

Thus, in conclusion

/<£XU5X>1dV /(V-Vx) <£XU5X>2d v £U/5ud V+£U/(V'Vx)5adV—O

which completes the proof. B

References

[1] Belova E.V.; Denton R.E.; Chan A.A. Hybrid simulations of the effects of energetic particles
on low-frequency MHD waves. J. Comput. Phys. 136 (1997), no. 2, 324-336

[2] Brizard, A.J.; Hahm, T.S. Foundations of nonlinear gyrokinetic theory. Rev. Mod. Phys. 79
(2007), no. 2, 421-468

[3] Brizard, A.J.; Tracy, E.R. Mini-conference on Hamiltonian and Lagrangian methods in fluid
and plasma physics. Phys. Plasmas 10 (2003), no. 5, 2163-2168

[4] Bruveris, M.; Gay-Balmaz, F.; Holm, D. D.; Ratiu, T. S. The momentum map representation
of images. To appear, J. Nonlin. Sci. Preprint at arXiv:0912.2990.

[5] Byers, J.A.; Cohen, B.I.; Condit, W.C.; Hanson, J.D. Hybrid simulations of quasineutral
phenomena in magnetized plasma. J. Comp. Phys. 27 (1978), no. 3, 363-396

[6] Camassa, R.; Holm, D.D.; Levermore, C.D. Long-time shallow-water equations with a varying
bottom. J. Fluid Mech. 349 (1997) 173-189.

[7] Cendra, H.; Holm, D.D.; Hoyle, M.J.W.; Marsden, J.E. The Mazwell-Viasov equations in
Euler-Poincaré form. J. Math. Phys. 39 (1998), no. 6, 3138-3157

[8] Cheng, C.Z. A kinetic-magnetohydrodynamic model for low-frequency phenomena. J. Geophys.
Res. 96 (1991), no. A12, 21,159-21,171



[9]

[10]

[11]

[12]

Holm & Tronci Euler-Poincaré hybrid Vlasov-fluid plasma models

Cheng, C.Z.; Johnson, J.R. A kinetic-fluid model. J. Geophys. Res. 104 (1999), no. A1, 413
427.

Dewar, R. A Lagrangian theory for nonlinear wave packets in a collisionless plasma J. Plasma
Phys. 7 (1972), no. 2, 267284

Fu, G.Y.; Park, W. Nonlinear hybrid simulation of the toroidicity-induced Alfvén eigenmode.
Phys. Rev. Lett. 74 (1995), no. 9, 1594-1596

Gay-Balmaz, F., D.D. Holm, V. Putkaradze and T.S. Ratiu Ezact geometric theory of den-
dronized polymer dynamics. Preprint at arXiv:1005.2701.

Gibbon, J.D.; D.D. Holm The dynamics of the gradient of potential vorticity. J. Phys. A: Math.
Theor. 43 (2010), 172001

Hide, R. Potential magnetic field and potential vorticity in magnetohydrodynamics. Geophys.
J. Int. 125 (1996), F1-F3

Holm, D.D. Hamiltonian dynamics and stability analysis of neutral electromagnetic fluids with
induction. Phys. D 25 (1987), no. 1-3, 261-287.

Holm, D.D. Hamiltonian dynamics of a charged fluid, including electro- and magnetohydrody-
namics. Phys. Lett. A 114 (1986), no. 3, 137-141.

Holm, D.D.; Kupershmidt, B.A. Noncanonical Hamiltonian formulation of ideal magnetohy-
drodynamics. Phys. D 7 (1983), no. 1-3, 330-333.

Holm, D.D.; Kupershmidt, B.A.; Levermore, C.D. Canonical maps between Poisson brackets
in BEulerian and Lagrangian descriptions of continuum mechanics. Phys. Lett. A 98 (1983)
389-395.

Holm, D.D.; Marsden, J.E.; Ratiu, T.S. The Euler-Poincaré equations and semidirect products
with applications to continuum theories. Adv. Math. 137 (1998), 1-81

Kim, C.C.; Sovinec, C.R.; Parker, S.E.; the NIMROD team Hybrid kinetic-MHD simulations
in general geometry. Comp. Phys. Comm. 164 (2004), 448-455

Krishnaprasad, P. S. and J. E. Marsden Hamiltonian structure and stability for rigid bodies
with flexible attachments, Arch. Rational Mech. Anal. 98 (1987), 71-93.

Liboff, R.L.; Kinetic Theory, Springer-Verlag 1998.

Littlejohn, R.G. Variational principles of guiding centre motion. J. Plasma Phys. 29 (1983),
no. 1, 111-125

Low, F.E. A Lagrangian formulation of the Boltzmann-Viasov equation for plasmas. Proc. R.
Soc. London, Ser. A 248 (1958), 282-287

Marsden, J. E., G. Misiolek, J.-P. Ortega, M. Perlmutter, and T. S. Ratiu. Hamiltonian Re-
duction by Stages, Lecture Notes in Math. 1913, Springer 2007.

Marsden, J.E.; Weinstein, A.; Ratiu, T.; Schimd, R.; Spencer, R.G. Hamiltonian systems
with symmetry, coadjoint orbits and plasma physics, Atti Accad. Sci. Torino Cl. Sci. Fis. Mat.
Natur. 117 (1983), no. 1, 289-340



[27]

28]

[29]

[30]
[31]

[32]

33]

[34]

[35]

[36]

Holm & Tronci Euler-Poincaré hybrid Vlasov-fluid plasma models

Morrison, P.J. Hamiltonian and action principle formulations of plasma physics. Phys. Plasmas
12 (2005), 058102

Morrison, P.J. Hamiltonian field description of two-dimensional vortex fluids and guiding cen-
ter plasmas. Princeton Plasma Physics Laboratory Report, PPPL-1783 (1981).

Morrison, P.J. On Hamiltonian and action principle formulations of plasma dynamics. AIP
Conf. Proc., 1188 (2009), 329-344.

Morrison, P.J. Poisson brackets for fluids and plasmas. AIP Conf. Proc. 88 (1982), 13-46

Morrison, P.J.; Greene, J.M. Noncanonical Hamiltonian density formulation of hydrodynamics
and ideal magnetohydrodynamics. Phys. Rev. Lett. 45 (1980), 790-794.

Park, W.; Belova, E.V.; Fu, G.Y.; Tang, X.Z.; Strauss, H.R.; Sugiyama, L.E. Plasma simula-
tion studies using multilevel physics models. Phys. Plasmas 6 (1999), no. 6, 1796-1803.

Park, W.; Parker, S.; Biglari, H.; Chance, M.; Chen, L.; Cheng, C.Z.; Hahm, T.S.; Lee, W.W;
Kulsrud, R.; Monticello, D.; Sugiyama, L.; White, R. Three-dimensional hybrid gyrokinetic-
magnetohydrodynamics simulation. Phys. Fluids B 4 (1992), no. 7, 2033-2037

Pfirsch, D. New wvariational formulation of Mazwell-Viasov and guiding center theories local
charge and energy conservation laws. Z. Naturforsch. A 39a (1984), 1-8

Pfirsch, D.; Morrison, P.J. Local conservation laws for the Mazwell-Viasov and collisionless
kinetic guiding-center theories. Phys. Rev. A 3 (1985), no. 2, 1714-1721

Pfirsch, D.; Morrison, P.J. The energy-momentum tensor for the linearized Maxwell-Viasov
and kinetic guiding center theories. Phys. Fluids B 3 (1991), no. 2, 271-283

Similon, P.L., Kaufman, A.N. and Holm, D.D. Oscillation center theory and pondermotive
stabilization of the low-frequency plasma modes. Phys. Fluids 29 (1986) 1908-1922.

Spencer, R.G. The Hamiltonian structure of multi-species fluid electrodynamics. AIP Conf.
Proc., 88 (1982), 121-126.

Spencer, R.G.; Kaufman, A.N. Hamiltonian structure of two-fluid plasma dynamics. Phys.
Rev. A (3) 25 (1982), no. 4, 2437-2439

Takahashi, R.; Brennan, D. P.; Kim, C.C. Kinetic effects of energetic particles on resistive
MHD stability. Phys. Rev. Lett. 102 (2009), 135001

Tronci, C. Hamiltonian approach to hybrid plasma models, J. Phys. A: Math. Theor. 43 (2010),
375501

Weinstein, A. Gauge groups and Poisson brackets for interacting particles and fields. AIP Conf.
Proc., 88 (1982), 1-11.

Winske, D.; Yin, L.; Omidi, N.; Karimbadi, H.; Quest, K. Hybrid simulation codes: past,
present and future — a tutorial. Lect. Notes Phys. 615 (2003), 136-165

Ye, H.; Morrison, P.J. Action principles for the Viasov equation. Phys. Fluids B 4 (1992), no.
4, 771777



	1 Introduction
	1.1 Hybrid Vlasov-fluid models in plasma physics
	1.2 Plan of the paper and its main results
	1.3 Euler-Poincaré formulation of the Maxwell-Vlasov system

	2 Vlasov-multifluid system
	3 Current-coupling hybrid MHD scheme
	3.1 Formulation of the model
	3.2 Euler-Poincaré reduction by symmetry
	3.3 Discussion

	4 First pressure-coupling hybrid MHD scheme
	4.1 Formulation of the model
	4.2 Euler-Poincaré reduction by symmetry
	4.3 Discussion

	5 Second pressure-coupling hybrid MHD scheme
	5.1 Formulation of the model
	5.2 Euler-Poincaré reduction by symmetry
	5.3 Discussion

	6 Conclusions
	A Proof of Lemma 6
	References

