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Hamiltonian fluid reductions of electromagnetic
drift-kinetic equations for an arbitrary number of
moments

E. Tassit

L Aiz-Marseille Université, Université de Toulon, CNRS, Centre de Physique Théorique,
UMR 7332, 13288 Marseille, France

Abstract

We present an infinite family of Hamiltonian electromagnetic fluid models for
plasmas, derived from drift-kinetic equations. An infinite hierarchy of fluid
equations is obtained from a Hamiltonian drift-kinetic systems by taking mo-
ments of a generalized distribution function and using Hermite polynomials
as weight functions of the velocity coordinate along the magnetic guide field.
Each fluid model is then obtained by truncating the hierarchy to a finite
number N + 1 of equations by means of a closure relation. We show that, for
any positive IV, a linear closure relation between the moment of order N + 1
and the moment of order N guarantees that the resulting fluid model pos-
sesses a Hamiltonian structure, thus respecting the Hamiltonian character
of the parent drift-kinetic model. An orthogonal transformation is identi-
fied which maps the fluid moments to a new set of dynamical variables in
terms of which the Poisson brackets of the fluid models become a direct sum

and which unveils remarkable dynamical properties of the models in the two-
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dimensional (2D) limit. Indeed, when imposing translational symmetry with
respect to the direction of the magnetic guide field, all models belonging to
the infinite family can be reformulated as systems of advection equations for
Lagrangian invariants transported by incompressible generalized velocities.
These are reminiscent of the advection properties of the parent drift-kinetic
model in the 2D limit and are related to the Casimirs of the Poisson brackets
of the fluid models. The Hamiltonian structure of the generic fluid model
belonging to the infinite family is illustrated treating a specific example of
a fluid model retaining five moments in the electron dynamics and two in
the ion dynamics. We also clarify the connection existing between the fluid
models of this infinite family and some fluid models already present in the

literature.

Keywords: Drift-kinetic equations, Noncanonical Poisson brackets, Fluid
closures, Reduced fluid models for plasmas

1. Introduction

Fluid models represent a commonly adopted and effective tool for mod-
eling both astrophysical and laboratory plasmas. In particular, they are ap-
pealing because of the relatively limited amount of computational resources
they require, when compared to kinetic models, in order to perform numeri-
cal simulations. On the other hand, kinetic models are superior in the range
of phenomena they can describe, one example being physical events involving
wave-particle interactions, which go beyond the capabilities of purely fluid
models and which require a kinetic description instead. Starting from these
facts, in the plasma physics community an important effort has been made
in order to derive refined fluid models offering a good compromise between
the computational effectiveness of a fluid model, evolving a small number
of fluid moments, and the accuracy of a kinetic theory. Fluid models are
typically derived by taking moments of kinetic equations, and truncating the



resulting infinite hierarchy of fluid equations at some order N, by imposing
a closure relation through which the moment of order N + 1 is expressed in
terms of lower order moments. Therefore, in the effort of deriving a refined
fluid model, crucial roles are played by the number of moments involved and
by the adopted closure relation. In the plasma physics literature, different
important criteria for closing a fluid hierarchy have been presented. For in-
stance, an active line of research over the years has concerned the derivation
of closures that retain kinetic effects such as Landau damping, or in general
that lead to fluid models exhibiting agreement with the parent kinetic model
at the level of the linear theory. This has led to the formulation of sophisti-
cated fluid and gyrofluid models retaining kinetic effects for the description of
electrostatic instabilities [1], turbulence [2, 3, 4] and mirror-trapped particles
[5]. Electromagnetic Landau fluid models have been presented in Refs. [6, 7]
and magnetohydrodynamic models with Landau closures have been derived
in Refs. [8, 9, 10]. In other approaches, emphasis has been put on closures
guaranteeing an energy conservation theorem [11, 12]. A non-dissipative clo-
sure respecting time reversal symmetry of collisionless kinetic equations has
been derived in Ref. [13]. In all the above mentioned models, the number
of fluid moments retained for each particle species never goes beyond four,
which corresponds to accounting at most for heat fluxes dynamics. On the
other hand, fluid truncations are also used to solve kinetic equations numer-
ically, often in one dimension in velocity space, a recent example, pertinent
in particular to the present paper, being provided by Ref. [14] . In these
cases, it is necessary to retain a very large number of moments N > 1, in
order to have an accurate description of the kinetic dynamics.

An approach which is complementary to that typically followed in the
plasma physics community consists of examining the problem of closure of
fluid plasma models from the point of view of the structure of the resulting
equations when seen as an infinite-dimensional dynamical system. In partic-
ular, if the parent kinetic system possesses a Hamiltonian structure (which
is the case for the paradigmatic Vlasov-Maxwell system [15, 16], and should
be the case, in general, for collisionless non-dissipative drift and gyrokinetic
models ) it would be desirable that the adopted closure preserves such struc-
ture, or, in general, that it permits to identify dissipative terms in the fluid
model, with the constraint that, if such terms are removed, the resulting fluid
model be Hamiltonian. In fact, the introduction of uncontrolled dissipation
in the system could not only violate energy conservation but also other con-
servation laws related to Casimir invariants, which are characteristic of fluid



models formulated in terms of Eulerian variables [17]. Also, the knowledge
of the Hamiltonian structure of a fluid model in its non-dissipative limit, can
be used for stability analyses [17, 18] or also for structure preserving finite-
mode approximations [19, 20]. The relation between the Poisson bracket of
the Vlasov equation and that of the infinite hierarchy of fluid equations ob-
tained by taking moments had been investigated in Ref. [21]|, where it was
shown that the operation of taking moments is a Poisson map and that the
resulting bracket is the one presented in Ref. [22]. More recently, the relation
between the truncated moment hierarchy of the geodesic Vlasov equation and
integrable systems has been elucidated in Ref. [23]. A geometric interpreta-
tion of the Lie-Poisson structure associated with the dynamics of moments
has been provided in Ref. [24]. In the context of the studies of the Hamil-
tonian structure of models obtained by taking moments, we mention also
the derivation of the Lie-Poisson structure of the Bogoliubov-Born-Green-
Kirkwood-Yvon hierarchy in Ref. [25]. A considerable amount of activity,
on the other hand, has concerned finite reductions of hydrodynamic chains
(see, for instance Ref. [26] for a recent application, and references therein).

With regard to the specific problem of determining closures that respect
the Hamiltonian structure of the parent model, we mention that in the case of
the Vlasov system, subalgebras for the Vlasov-Poisson bracket expressed in
terms of the fluid moments, have been identified in Ref. [27]. Recent results,
on the other hand, concern the identification of closure relations that, when
inserted into the bracket of the fluid moments, truncate it in such a way that
the resulting bracket is still a Poisson bracket. In the case when the parent
model is a drift-kinetic one, it has been shown that the adiabatic closure
is the only one possessing this property [28, 29]. Linear closures, on the
other hand, are those selected for drift and gyrokinetic models in the "¢ f
approximation 7 [28, 30]. Following this approach also a new Hamiltonian
fluid model obtained from the Vlasov equation has been derived [31]. These
results, however, concern fluid models retaining only a very low number of
moments, more precisely two-moment models for Refs. [28, 29, 30] and three-
moment models for Ref. [31].

In this paper we present a closure relation which yields electromagnetic
Hamiltonian fluid models, from a Hamiltonian drift-kinetic model, for an
arbitrary number of moments. The parent drift-kinetic model is based on
the 7§ f approximation” and is formulated adopting, as dynamical variable,
a generalized distribution function ¢., depending on the actual perturbation
of the electron distribution function and on the magnetic potential. Moments
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are taken with respect to g. using Hermite polynomials as weight functions.
The Hamiltonian structure of the resulting fluid model is derived in the case
in which the parent model is a hybrid model where the electron species is
described by a drift-kinetic equation, whereas the ions are treated with a
gyrofluid description. However, the procedure can easily be extended to a
purely drift-kinetic Hamiltonian parent model with an arbitrary number of
species. The derivation of the Hamiltonian structure unveils also a hidden
structure in the resulting fluid models, which becomes remarkable in the
2D limit, when translational symmetry along the direction of the magnetic
guide field is imposed. In this limit, indeed the dynamics of the models
can be reformulated entirely in terms of Lagrangian invariants advected by
generalized incompressible velocity fields. The presence of such invariants
is related to the existence of Casimirs for the system, which in turn are
associated with the Poisson bracket. It turns out that some of the above
mentioned fluid models presented in the literature, in some specific limit,
possess such structure.

Clearly, the drift-kinetic system included in the parent model, and the
descendant fluid equations, are highly simplified models and are not meant to
provide a precise quantitive description of a specific experimental situation.
In particular, the models suffer from limitations due to the simplified slab
geometry (implying the absence of curvature effects) and to the suppression
of finite Larmor radius effects. With regard to this, some results concerning
Hamiltonian closures for fluid models obtained from a gyrokinetic, instead
of a drift-kinetic system, have been described in Ref. [30]. The adopted 0 f
approximation, also imposes a further restriction, by limiting the analysis to
plasmas close to a Maxwellian equilibrium with uniform temperature. Exten-
sions to bi-Maxwellian equilibria or to equilibria with temperature gradients
are under development. Finally, because we are restricting to the Hamilto-
nian portion of a model, all damping effects due to collisions or to kinetic
effects possibily retained in the fluid models, are not taken into account.
The utility of the adopted models, on the other hand, lies also in their rela-
tive simplicity, which makes them amenable to an analytical treatment and
permits to extract leading order information about plasma phenomena. For
instance, fluid models such as those derived in this manuscript, have been
used to investigate main basic features of collisionless magnetic reconnection
(32, 33, 34].

The paper is organized as follows. In Sec. 2 the hybrid parent model
is introduced and its Hamiltonian structure is presented. In Sec. 3, after



reviewing a few basic properties of Hermite polynomials, we present the
infinite hierarchy of fluid equations and introduce the closure relation. In
Sec. 4, the Hamiltonian structure of the fluid models is formulated and
analyzed, with emphasis on conservation laws and connections with models
existing in the literature. The Hamiltonian structure derived in general is
also exemplified treating the case of a 542 field model. Sec. 5 is devoted to
a discussion of the results and to conclusions.

2. Hamiltonian parent model

In a Cartesian system (x,y, z) for the spatial coordinates we consider the
following drift-kinetic evolution equation for the electron species, in the so
called 70 f approximation”:

dg. ¢ Fe

v 0 v
5 T glo— zA gl v (ge_eﬁ <¢_EA)> =0 @

complemented by the quasi-neutrality relation
e’ 1/2
Tno(l —To)p=—el'y"n; + e/dvge (2)
and by Ampere’s law

e’ny

iAA _
47 MeC

A= —enoféﬂui +e / dvvg,. (3)

The evolution of the ions, on the other hand, is assumed to be governed by
the continuity equation
on; ¢

ot B

n .
(150, m:] = 05 A, ui] +no 52 =0, (4)
and by the momentum equation

g 1D

T;

B T, On; eng 8F(1)/2¢
MB

2, ., L _
[T/ “A,n;| + A o + T s 0, (5

In Eq. (1), the function g, is defined as

~ € v

ge(%y,%%t) = fe(x,y,Z,v,t) - Tzfe(v)A(:c,y,z,t), (6>



where f, is the perturbation of the electron distribution function averaged
over the magnetic moment with respect to the equilibrium Maxwellian

_ Me  _mev?/(2T.)
Fe(v) = noy | 2T : (7)

with v indicating the velocity coordinate along z, which is the direction of the
magnetic guide field, and with the constants e, ¢, m., ng and T, indicating the
proton charge, the speed of light, the electron mass and the equilibrium den-
sity and temperature for the electrons, respectively. We remark that fe and
F. correspond to averages of the actual perturbation and equilibrium distri-
bution functions, over the magnetic moment. More precisely f. (x,y,2,v,t) =
(2rB/me.) [ dufe(x,y, z,v, p,t) and F.(v) = (2rB/me) [ duF.(v, 1), with
indicating the electron magnetic moment, f. the actual perturbation of the
drift-kinetic distribution function and F,(v, i) = no(27T,/me)~%/? exp (—mev? /2T, — nB/T,).
For a straight and homogeneous background magnetic field and in the absence
of finite Larmor radius effects, it is indeed possible to obtain the equation (1)
for f., independent on 1, by averaging the actual 70 f” drift-kinetic equation
for f., which can be found, for instance in Ref. [12] and which, under the
above assumptions, reads

Jdg. ¢

v 8 Fe v
En +§[¢—EA,ge]—|—v% (g‘f—ei <¢—EA)> =0. (8)

In Eq. (8) weset g, = f.—(e/T.)(v/c)F.A. Because in Eq. (8) the coefficients
do not depend on u, the average over the magnetic moment leads immediately
to Eq. (1). Note also that we use g. as dynamical variable, instead of
he = fe — e¢/T,, which is commonly adopted in drift-kinetic descriptions.
The use of g, indeed turns out to be more natural from the point of view of
the Hamiltonian formulation of the model.

In our setting the magnetic field is given by B = VA x Z + Bz, with
constant B, whereas ¢ indicates the electrostatic potential. The ion mass
and equilibrium temperature are denoted with M and 7;, respectively. The
parallel ion canonical momentum per unit mass D is defined as D = ng(u; +
(e/(M c))F(l)/ ?A) whereas n; and u; represent the ion guiding center density
and parallel velocity perturbations. The operator I’(l)/ % is related to the
operator I'y [5], which corresponds, in Fourier space, to the multiplication
times the function Io(kip?)e*kip?, with Iy indicating the zero order mod-
ified Bessel function, k7 = k2 + k] the squared perpendicular wave vector
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and p; = /T;/M Mc/(eB) the thermal ion gyro radius. Finally, we indicated
with the symbol A the Laplacian operator, whereas the bracket [, | is defined
as [f,g] = 0,f0,9 — 0, f0,g, for two functions f and g. We assume that the
fields n;, u;, A and ¢ are defined on a bounded domain D C R3, over which
they are periodic and with zero mean values. The distribution function fe is
defined over D x R and is assumed to satisfy periodic boundary conditions
over D and to decay to zero sufficiently fast for v — oo.

In order to simplify the exposition of the results, we specialize here to
the case in which, in the parent model, only the electrons follow a drift-
kinetic description, whereas the ions follow a gyro-fluid description with an
isothermal closure (Egs. (4) and (5)) and quasi-neutrality is imposed in the
form (2). However, as anticipated in Sec. 1, we remark that the results
presented in this paper, can easily be extended to purely drift-kinetic models
with multiple species, provided that the drift-kinetic equations are of the
form (1) and that the corresponding Poisson’s equation and Ampere’s law
belong to the general form

N N
¢ =Ly Z 4 /dvgj, A=1L," qu /dvvgj, 9)
j=1 j=1

respectively. In Eq. (9) we considered A drift-kinetic species. The evolution
of the jth species is described in terms of a function g; = f; + (¢;v/(Tjc))F; A
defined analogously to (6), where ¢;, T, and F; are the charge, the equilib-
rium temperature and the equilibrium Maxwellian of the species under con-
sideration. The expressions Ly and L; in Eq. (9) indicate linear operators
that, for the sake of generality, we left unspecified, but that we require to
be linear, invertible independent on the coordinate v, and symmetric (i.e.
formally self-adjoint) with respect to the inner product in L?(D), so that
JpdxfLy g = [, d®xgLy™" f and [, d*xfLi g = [, d*zgL, " f for func-
tions f and ¢ defined on D. With similar assumptions, the presence of
multiple fluid (or gyrofluid) species can also be easily incorporated in the ini-
tial model. The choice of a hybrid parent model with drift-kinetic electrons
and fluid ions could, however, have an interest of its own, for instance in the
context of collisionless magnetic reconnection studies [35].

For a derivation of the parent model from first principles one can refer, for
instance to Ref. [12]. Concerning the electron drift-kinetic equations we have
here considered the particular case of a straight magnetic field and neglected
finite Larmor effects. The ion equations (4)-(5), on the other hand, corre-
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spond to the equations that can be obtained from the gyrokinetic extension
of the drift-kinetic model, by imposing an isothermal closure.

In order to derive a Hamiltonian fluid model from a parent model, we
require also the latter to possess a Hamiltonian structure in its non-dissipative
limit. The parent model under consideration is composed by the evolution
equations (1), (4), (5) and by the relations (2)-(3). This model can indeed
be cast in the Hamiltonian form

aX% = {xi,H}, i=123, (10)

where 1 = ge, X2 = 1y and x3 = D. Because in a field theory the Poisson
bracket acts on functionals, in Eq. (10) x; has to be intended as functional,

e xi(z) = [dP2/d(x —x)xz( ’). The Hamiltonian functional H is given by
H=H.+H; +H,, (11)

where
He = ;/dgxdvfge, (12)
H; = %/dS (Z; + nMODQ) (13)

H. = —g /d%gb (/ dvg, — F(l)/Qni)

+o; d*rA (/ dvvge — F(l)/ZD) . (14)
c

The symbol {, } in Eq. (10) indicates a Poisson bracket, that is an anti-
symmetric bilinear operation satisfying the Leibniz and Jacobi identity. For
our parent hybrid model the Poisson bracket is of noncanonical type and its
expression corresponds to

{F.G} = {F,G}e + {F. G}, (15)
where
{F,G}, = /dedv (GB e[y, Gg] — v Fngeagzge), (16)
(FGL = 5 [ <ni[Fm,Gni]+D([Fm,GD]+[FD,Gm])Jr%ni[FD,GD])
. E & (FDagszaniaa%), (17)



with subscripts on functionals indicating functional derivatives. In order to
derive Egs. (1), (4) and (5) from the Hamiltonian (11) and the bracket (15)
use must be made of the relations

T, v 1/2 T;
Hy = g~ (6-24).  Hy=eri’o+ omi, Hp=Mu;. (19)
These relations can be obtained from Eq. (11) and considering that, from
Egs. (2)-(3), the electrostatic and magnetic potentials can be expressed as

¢=Ly'e (Fé/Qni - /dvge> , A=1L;'e (Fé/zD - /dvvge) . (19)

where Lo are operators with properties analogous to those of Eq. (9). In
this specific case, explicit expressions for Lo; can be obtained in Fourier
space, assuming zero mean value for ¢, by inverting the relations (2)-(3) and
recalling that noFémui = FémD - (noe/Mc)(Fé/Q)QA. In particular, for the
symmetric operators I'y and Fé/ % in Fourier space, the commonly adopted
Padé approximations Ty ~ (1 + k2p2)~' and I't/? &~ (1 + k2 p2/2)~! can be
used.

We remark that the Poisson bracket (15) is given by the direct sum of
two independent Poisson brackets: the first one, corresponding to {F, G},
concerns the electron drift-kinetic species, whereas {F, G}; involves the ion
quantities. These two brackets have appeared independently in different
contexts as Poisson brackets for drift-and gyrokinetic [36, 28] models and for
reduced fluid models [37], respectively. The coupling between the electron
and ion dynamics, on the other hand, is provided through the Hamiltonian,
and in particular via the term H,., which involves the electrostatic energy
and part of the magnetic energy.

3. Hierarchy of fluid equations and closure

In this section we introduce the infinite hierarchy of fluid equations and
the closure that we adopt to truncate the hierarchy. Before proceeding with
the derivation of the fluid model, we find it appropriate to recall a few basic
properties about Hermite polynomials, which are the weight functions that
will be used in the operation of taking moments of the generalized distribu-
tion function g.. First, we recall that the use of the Hermite decomposition
for kinetic distribution functions, and in particular for the Vlasov distribu-
tion function, begins some decades ago [38, 39, 40]. More recent applications
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to kinetic plasma theories have concerned, for instance, the derivation of gy-
rofluid models for plasma turbulence [3, 12], fluid models for ion temperature
gradient instabilities [13], as well as hybrid models for collisionless reconnec-
tion [41, 14].

After denoting with v, = /T./m. the equilibrium electron thermal
speed, we indicate with H,,(v/v;) the mth Hermite polynomial, defined as

v 2 gdm — v
e ()
for any non-negative integer m. From the definition (20) it follows that the
first Hermite polynomials are given by Hy = 1, Hy = v/vs, Hy = (v/v4e)*—1,

Hy = (v/v4e)® — 3(v/vge), -+ - .
Hermite polynomials satisfy the following orthogonality relation:

/ dvH,, (%) H, (%) Fu(v) = nonldm. (21)

Hermite polynomials also form a complete set over —oo < v < oo. Therefore
they can be used to decompose the function g. in the following way:

+oo

ge(z,y, 2,0,t) = Z M\/%z,t)]{n (Uite) Fe(v). (22)

The coefficients g, by virtue of Eq. (21), can be obtained from g, making

use of the relation )

gn_no\/m

Because each Hermite polynomial is a linear combination of powers of v /vy,
from Eq. (23) it follows that the coefficients g, are linear combinations of
the fluid moments [ dv(v/vee)"ge of ge, with n a non-negative integer. It is
then straightforward to perform the change of coordinates from the moments
in terms of Hermite polynomials to the ordinary moments and viceversa, if
needed.

The coefficients g, will be the dynamical variables of the fluid models
that we will derive. We remark that the lowest order coefficients have a
direct physical interpretation in terms of commonly adopted fluid variables,
in dimensionless form. Indeed one has

dvH,ge. (23)
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Jgo = —, 9= — =
N Ute MeUteC

Te) \/5 Q|
= 4 == 25
92 \/§m€vt2€ g3 3 noTevte ( )

where n, = [dvf., u, = fdvvfe/no, o = (mev/ng) [ do(v?/v}, — D f.,
e = (mevy,/2) [ do(v? /vl — 3v/v) f.. Therefore, go, 1, go and g3 represent
electron quantities correspondmg to the normalized density, parallel canon-
ical momentum, parallel temperature and parallel heat flux, respectively.
Clearly, because they refer to moments of the perturbation of the distribu-
tion function f., all of these fields have to be intended as fluctuations of the
corresponding quantities.

From Eq. (23) it follows that one can obtain a hierarchy of evolution
equations for the coefficients g, multiplying both sides of Eq. (1) times
H,/(ngv/n!) and integrating over v. Making use of the recursive relation
H,1(x) = xH,(x) — nH,_1(x), the evolution equation for the generic coef-
ficient g, reads [41]

A, (24)

8gn B C Vte Ute
e —E[(b, gn] +Vn+ 1—[A Gnt1] + \/ﬁg [A, gn1]

0
—\/n—i—lvtea—gnﬂ \/_Ute gn 1 (26>

0 eA

\/_Ute( no T+ 5712)8 T

+ On1Vte 82
It follows then that the evolution of g, is coupled to that of g, and to that
of g,11, leading to an infinite hierarchy of fluid equations, as in the Vlasov
case. Deriving a closed fluid model implies truncating this hierarchy and
imposing a closure relation. In particular, a fluid model evolving the first
N + 1 coefficients, for a fixed positive integer N > 3, will consist of N + 1

12



equations :

% = —%[d),go] + %6[14791] - Ute%m - Ui%%> (27)

W L) + VI A 0]+ A g (28)
_ \/Evte%gz — Ute%.gO + Ute%%a

% = —%[(b,gﬂ + \/g%[/lag?»] + \/ﬁ% [A, g1] (29)
— \/gvte%% - ﬂvte%!]l - U?«;%%v

W1 = Lo 0]+ 2254, 0] + VB (A, g (30)
— 2vte%g4 — \/gvte%g%

WY Ll + VN T T4, Lo, )]+ VI (A, g (L)

0 0
— N + ]_’Utegﬁ(go, tc ,gN) - \/Nvte&g]\f—la

where in Eq. (31), the system has been closed imposing gy+1 = £L(g0, "+ , gn)
where L is some operator acting on the first N + 1 coefficients. We remark
that above we have considered N > 3 because the first three equations of
the hierarchy have a particular form which differs from that of Eq. (31) and
because we wanted to emphasize the applications retaining a large number
of moments. However, the procedure described in the following applies also
for N = 1 and N = 2, therefore, we can consider in general N being any
positive integer.
In the following we show that if one imposes the closure relation

IN+1 = Qgn, (32)

where « is a constant, then the resulting fluid system possesses a Hamiltonian
structure, as its parent model.

4. Hamiltonian structure of the fluid model

For an arbitrary positive integer N we consider the fluid model describing
the evolution of the N + 3 fields (x1, x2, -, X~+3) = (90,91, , 9N, i, D)
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obtained from the hybrid parent model. The fluid model consists of the N +3
evolution equations (4), (5), (27)-(31), where in Eq. (31), L(g0, - ,9n)
is replaced by agy. For the convenience of the reader we summarize the
resulting fluid model:

890 o Ute a 8 614
E - [¢7 gO] + E[A gl] a tea T (33)
0 Ve
S0 = ~plemltVaglA e+ Elda) (34)
0 8 0 ed
— ﬁw&” - Uteago + Ute&i)
dgn . .
% - —%[gb, gn] + avV/N + 1U—t[A gn] + W% [A, gn-1] (35)
— av N+ Mte@ \/_vtea gN-1,
on; c Ou;
5% - —E[Féﬂ@i ng) + E[F(l)/QAa u;] —no 92 (36)
oD /2 Ty 1)2 T, On;  eng OFémgb
R B[ ¢D] YL Rl ity v e C L0

The model must be completed by the quasi-neutrality relation and Ampere’s
law which permit to determine ¢ and A. In the fluid model, of course these
two relations have to be expressed in terms of fluid quantities. Making use
of (23), it follows then that the quasi-neutrality relation and the Ampere’s
law for the fluid model read

2

e
fno(l —To)p = —eFé/Qni + enggo, (38)
2
Caa-Cl0y - —enOF(l)/zui + engueg . (39)
47 meC

respectively.
We remark that, moving to Fourier space, it is possible to show that Eqgs.
(38)-(39) can be cast in the form

O = Lale(Fé/Qm — n0g0)7 (4())
A= LTy D — ngvegy), (41)
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where Ly and L; are linear invertible operators, which are symmetric with
respect to the L?(D) inner product.

Showing that the system (33)-(37) possesses a Hamiltonian structure
amounts to show, as above stated, that it can be cast in the form

oxi
ot

where H = H(x1, "+ ,xX~n+3) = H(go,91, - ,gn,ni, D) is the Hamiltonian
functional and {, } is a Poisson bracket.

As first step to construct the Hamiltonian structure of the model, we
consider the evolution equations (36)-(37) for the ion variables. Because
{n;, H.}; = {D,H.}; = 0 and given that {n;, H. + H. + H;}. = {D, H. +
He+ H;}e = 0, we obtain that, in the parent model, Egs. (4)-(5), which are
preserved as Eqs. (36)-(37) in the fluid model, can be written as

={x:;, H}, 1=1,---,N+3, (42)

on,
82 = {ns, He + Hii, (43)
oD

which is still a Hamiltonian form, given that {, }; is a Poisson bracket of its
own. With regard to the Hamiltonian for the corresponding equations for
the fluid model, we note that

He(ges nis D) = He(go, 91,14, D)

— _g /d?’xgb <nogg - F[l)/2ni> + 23 /d3l'A (novtegl — F(l)/QD> ,
c

(45)

with ¢ and A given by Eqgs. (40)-(41). Therefore, the coupling term #, in
the Hamiltonian of the parent model can be exactly expressed, under the
name H,, purely in terms of fluid quantities.

Because the bracket {, }; only depends on n; and D and involves func-
tional derivatives only with respect to n; and D, it follows that

on; .
aﬁ = {ns, He + Hiti, (46)
oD N

Eqgs. (46)-(47) are then already written in Hamiltonian form with Hamilto-
nian functional and bracket only depending on fluid variables. The problem
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of determining the Hamiltonian structure of the model (33)-(37) reduces then
to finding a functional H,(go,--- ,¢n) and a Poisson bracket {, }, only de-
pending on gg, - - - , gy and not involving functionals derivatives with respect
to n; and D, such that

o .
SE = 90 My + Ty, (48)
dgn -
X~ {gw Hy+ ey (19)

Once the functional H, and the Poisson bracket {, }, are found, then the
Hamiltonian structure for the total fluid model, as appearing in Eq. (42),
will be given by a Hamiltonian functional

H(QOv"'>gN7ni7D):Hg+7:[c+Hi7 (50)
and by a Poisson bracket {, } with the following direct sum structure:

The direct sum structure of the bracket of the parent model and the form of
the coupling term in the Hamiltonian allow to treat separately the ion and
the electron fluid equations. A similar procedure would of course be valid also
if the parent model were fully drift-kinetic, provided that its Poisson bracket
still had a direct sum structure separating the ion and electron dynamics.

We proceed first with determining a candidate functional for H,. It is
natural, by analogy with what done previously for the ion equations, to try
to derive the expression for H, from the contribution to the Hamiltonian of
the parent model only depending on the electrons, that is from H.. However,
unlike H. and H;, the functional H,. cannot be directly expressed in terms
of the fluid variables. Therefore we consider, as in Ref. [12], the Hermite
expansion (22) of g., but truncated at the first N + 1 coefficients, which are
those evolving in the fluid model. The expression for the truncated expansion
reads

v

ge(z,y, 2,0,t) = Z M\/:ZL_’!ZJ)HH (U—te) Fe(v). (52)

Replacing (52) in the expression for H. and using the orthogonality relation
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(21) we obtain a functional

N
nol.
ﬁg(go, e 7gN> = 02 Z/dg'rgrzn (53>
n=0

which only depends on fluid electron variables. In order for £, to be a can-
didate for H,, it has to satisfy the property that H, +$, be the Hamiltonian
for Eqgs. (48)-(49). In particular, a necessary condition is that H..+ ), has to
be a conserved quantity for the system. In Ref. [12] it was shown that this
is the case for a = 0. For a # 0 it is easy to see that the only two additional
contributions to d(H,. + $,)/dt are given by

av N + 1%”0Te/d3$9N[A,9N] =0, (54>
0
—avV' N + 1n0Tevt6/d3ng% =0, (55)

where use has been made of integration by parts with vanishing boundary
terms.

Consequently, H,. + £, is a conserved quantity for Eqs. (48)-(49) and we
can consider §), as a legitimate candidate for the functional H,.

As next step we remark that the generic equation for the system (33)-(35)
can be written as

OGm c Vte 0 0 ep

Y=Y m =y A7 Wmn n| — e_Wmn n 6m e T
0 eA

_\/m!(émo—l—(st)U?e&C—T;, OSTHSN,

where the sum over the repeated index n, with 0 < n < N, is understood
and where the elements of the matrix W are given by

Wmn = \/mdm,nJrl‘{'V m + 1(5m,n71+0¢\/ N + 16mN5nN7 0 S m S N? 0<n S N.
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The matrix W reads

o O O O

1 0
0 0
V2 V3
0 0

o O = O
PREERCE

(58)

00 0 .. 0 VN
000 0 .. VN a/N+1
This real matrix is symmetric and consequently the eigenvalues A\g, A1, - -+, An
of W are real. Moreover there exists an orthogonal matrix U such that
UTWU = A, where A = diag(X\g, A\, -+, An).

In order to unveil the Hamiltonian structure of the model, it turns out that

it is most convenient to perform the change of variables (go, g1, ,9n) —
(Go,G1,- -+ ,GN), where

By applying the orthogonal transformation U7 to Eq. (56), one obtains that
the electron fluid equations in terms of the variables Gy, G1,--- , Gy read
86’@ e an
== o -n24,6] —wer 52
ot B c 0z
v VmIUT (600268 (G + D) 2 A =0 N<6O>
VgeVIMLIUj 0, ml 62 Te Ve \Omo m2 82 CTe ) 1=V, ) )

where use has been made of the property UTU = UUT = I. Note that in
Eq. (60) the index i is free and is not summed over.

From Eq. (60) it emerges that, in terms of the new variables, in the evolu-
tion equation for each field GG;, the coupling with the other fields occurs only
through the presence of the potentials ¢ and A. Therefore, the orthogonal
transformation U7 removes the coupling that existed in the system formu-
lated in terms of the old variables, where the evolution equation for each
gm was explicitly dependent on g,,_1 and g,,11 (apart for the equations (33)
and (35)). In particular, in the 2D limit with translational invariance with
respect to z, the model equations take the remarkable form

0G;
ot

+v; VG =0, 0<i<N. (61)
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Each field G; is therefore a Lagrangian invariant advected by an incompress-
ible velocity field

v, = éz« XV (¢ - )\i%A> . (62)
The stream functions (¢/B)(¢p—\; (v /¢) A) associated with the velocity fields,
are reminiscent of the stream function (¢/B)(¢ — (v/c)A) which, in the 2D
limit, advects g, in the parent drift-kinetic equation (1), and which in turn
originates from the E x B drift and from the stream of the guiding centers
along the perpendicular component of the magnetic field. At the fluid level,
these stream functions generate the velocity fields v;, which are indeed linear
combinations of the E x B velocity and of the poloidal magnetic field. The
coefficients of the linear combination depend on the eigenvalues \; and con-
sequently on the number of moments retained and on the value of . From
examining the electron fluid equations (33)-(35) in the 2D limit for o = 0, it
also follows that, if IV is even (so that the number of electron fluid equations
is odd), then there always exists a Lagrangian invariant

e T
GL =a | 9o + Z<_1) m 9on | (6?))
n=1

where a is an arbitrary constant and 0 < L < N . The Lagrangian invariant
G, obeys the advection equation

oG,
ot

= —§[¢, Gp). (64)

Consequently, if & = 0 and if the hierarchy is truncated to an odd number
of fluid moments, there is always a quantity which in 2D is advected purely
by the E x B velocity. This corresponds to the matrix W possessing a zero
eigenvalue when odd-dimensional. The particular form taken by the system
in the 2D limit in terms of the new variables, is suggestive of the structure
of the Poisson bracket. Indeed, 2D models consisting of incompressible ad-
vection equations for Lagrangian invariants typically possess a Hamiltonian
structure given by the direct sum of Lie-Poisson brackets analogous to the
bracket for the 2D incompressible Euler equation [17, 42]. On the other hand,
the extension of such Hamiltonian 2D models to 3D, according to the strong
guide field ordering adopted in the 7§ f approximation” at the drift-kinetic
level, can be carried out by adopting the procedure described in Ref. [43].

19



On the basis of this procedure, from a 2D Poisson bracket of the form
N

(6= 3w [eou|s 58] (65)

i,7 k=0 0Xi 0X;

with constant coefficients W,ij , one can generate a 3D Poisson bracket

N
0F 0 dG
> b Pr— ——

N

{F.G}= > W,jj/d%Xk [5F 5G]+

i\j k=0 0Xi OX;

m,n=0
provided that the constant coefficients b,,, are such that b,,,, = b,,, and that
b Wi = b, W7* = b, W2 These two conditions ensure that the bracket
(66) is antisymmetric and that it satisfies the Jacobi identity, respectively.

On the basis of these considerations, an ansatz for the form of the Poisson
bracket of our system is provided by

N N

0F G 0F 0 0G

F = i d3 s o T bz . d3 0 oG
{F,G} ;a/ G |:5Gi’5Gi:|+i;) ]/ x(;Gi@zéGj’ (67)
where ag, - - - , ay are constants and b;; are elements of a constant symmetric

matrix. The first term in the right-hand side of Eq. (67) refers to the
direct sum of Poisson brackets originated from 2D Euler-type brackets. The
second contribution accounts for the 3D extension. Note that, because in
this case W,ij = a;0,;0;1, one sees that the condition for the Jacobi identity
is automatically satisfied. Consequently, it is sufficient that the coefficients
b;; be symmetric in their indices, in order for (67) to be a Poisson bracket.

In order to see whether the system (60) has a Hamiltonian structure with
a Poisson bracket of the form (67), and a Hamiltonian corresponding to the
candidate functional H, + $g4, one should verify that there exist coefficients
a;, with ¢ = 0,--- , N and b;;, with 4,7 = 0,--- , N such that the candidate
Poisson bracket and Hamiltonian yield the model equations.

In order to verify this, it is necessary to transform also the candidate
Hamiltonian 7-[c + 4 in terms of the new variables. Using g, = UGy, from
Eq. (45) and (53) we obtain

Hc(g(b g1, i, D) = HC(GO7 G-, Gy, D)
e

=3 /dgx(b (noUOZGl — Fémni) + 2%/d?’JEA (novteUllGl - Fé/2D> , (68)

nol, l
94(90, s 9n) = Ha(Go, -+ ,GN) = 02 Z/dngfm (69)
n=0
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where

o= Lgle(F(l)/Qni —noUnG), (70)
A= Ll_le(r(l)/QD — nov UnGy), (71)

From the inspection of the system determining the eigenvectors of W we
obtain that the first three rows of the matrix U have the form

U(O) ’U(l) PR DY U(N)
A2—1 A2—1 Ayl
U= 3/5 V(0) \1/5 vy e N—\/@U(N) , (72)
where v, v(1), -+ ,vv) are constants determined by the condition of nor-

malization on the eigenvectors.
By virtue of Eq. (72) we can rewrite Egs. (68), (70) and (71) as

_ e
He(Go, Gy, -+ ,Gn,ny, D) = 5 /d3$¢ (nOU(l)Gl - Fé/2n¢>

20 drA (ngvte)\lv nGi — Fl 2D> (73)
¢ = Lgle(F(l)/Qni — vy Gy), (74)
A= Ll_le(I’(l)/QD — Ve V() G1). (75)

From the expressions (69) and (73) one obtains that the functional derivatives
of the candidate Hamiltonian are given by

(96 + He) = noTLGs — engu <¢ A»%) i=0,---,N. (76)

(5G
The model equations (60), on the other hand, can be written as
0G; c v 8G~ 0 ep v 0 eA
t = _)\ eA :| e/\i : e)\i __ﬁ)? DI
o~ Bl G| —wehigm Fuedive o =~ A0 BT
1=0,---,N.

(77)

Making use of the expression (76), one easily obtains that, by inserting a; =
c/(eBnovgy) and b; = 6;5\vee/(Teno) in the expression for the ansatz of the
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Poisson bracket (67), the candidate Hamiltonian and Poisson bracket yield
the following equations of motion:

dG, . c Ute IG; d eg
=Gy, et = =5 |0 = ANi—A G| — VeNi—— AV R T
ot {G ij +H } B ¢ - G Ut 02 + vy U( )az Te
2
v, ., 0 eA ,
_ Jteny2,, 7 07 —0.---_N.
c A 0z T, 1=0y

(78)

which correspond namely to the model equations (77). Consequently, we have
shown that the Hamiltonian functional $H5 + H,. and the Poisson bracket

Al , SF 0G] = e , 0F 0 6G
{F’ G} N ; GBTLQU(i) /d xGZ |f5G/ 5GZ:| ; Te’no )\Z/d x(SGZ 0z 5G,7
(79)
provide the Hamiltonian structure for the system (77).
Making use of the relations
G, =U! oF _ ur oF (80)

im9ms (SGl zm(sg_m7

valid for any functional F(go,--- ,gn) = F(Go,---,Gy), one can then also
express the Poisson bracket (79) in terms of the original variables. The result
is

N

_ ¢ s o1 |pr0F rp0G

{F7 G}g - . Z SBNOUi /d inng |:U2k5 kJUil 5 .
,5,k,0=0 (@) 9 9 (81)

N

-y Ai/d?’xUT(S—FUTQﬁ

ot T.ng Tog; *0z g

To summarize, we have shown that, for any positive integer N, the fluid
model (33)-(37) possesses a Hamiltonian structure consisting of the Hamil-
tonian functional

H=%H,+H.+H,
N
_ noTe 3.2 € 3 12
T2 nzzo/dxg"_i/dm@ogo_ro ”) (82)

1 T; M
+ < A (novtegl - Fé/QD) + —/d3x <—nf + —D2> ,

2¢ 2 no Ng
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and of the Poisson bracket

{F’G}:{FvG}g+{F’G}i

N N
c oF oG v oF 0 dG
R N [Uf_, g_} - Y e fawup g 2
i,J%O eBnov / A L PR i,j,;O T.ng 1 8g; *9z g,
T;
— é d3(L’ (nz[Fm,Gm] —f—D([Fnz,GD] + [FD;GmD + noni[FD,GD]>
no 3 oG, 0Gp
—— [ d F F, ,
M ’ ( P02 T 0z
(83)
where U is the orthogonal matrix that diagonalizes W, whereas Ao, -+, Ay
are the eigenvalues of W and vg), - -+ ,v(w) are constants determined by the

normalization condition on the orthonormal eigenvectors of W.

This shows that, by means of the closure relation (32), one can build re-
duced fluid models for an arbitrary number of fluid moments, such that the
Hamiltonian character of the parent drift-kinetic model is respected. Dis-
sipative terms can then of course be added, and the resulting model will
then have a clear identification of a Hamiltonian core, with a total conserved
energy (the Hamiltonian functional H) and the dissipative contributions.

The above result can also provide information about some models already
presented in the literature. The hierarchy of the fluid equations (26) is indeed
analogous to the one analyzed in Refs. [41, 14], although in the latter refer-
ences, moments are taken with respect to a different generalized distribution
function and a different coupling with the ion dynamics is adopted.

Truncating the hierarchy at N = 3, which amounts to retain up to the
heat flux dynamics, and considering the closure with av = 0, one unveils the
Hamiltonian structure of simplified versions of the non-dissipative versions
of the models present in Refs. [12, 7], in the limit where background inho-
mogeneities, gyroaverage effects and perpendicular moments are ignored.

Still setting a = 0 but considering only the dynamics of the first two
moments, which amounts to an isothermal closure, one recovers the Hamil-
tonian model for magnetic reconnection of Ref. [44], in the absence of drifts.
Restricting to the two equations for the electron dynamics, the Hamiltonian
two-field model of Ref. [32] is recovered.
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4.1. Casimir invariants

One of the advantages of knowing the Hamiltonian structure of these
models is that it allows to systematically identify further, often non trivial,
invariants of motion, corresponding to the Casimirs of the Poisson bracket.
In an infinite-dimensional case with noncanonical Poisson brackets, such as
here, these are defined as the functionals C' such that

{C,F} =0, (84)

for all functional F' of the field variables. Because dC/dt = 0, Casimir
functionals impose further constraints on the dynamics, in addition to energy
conservation.

Given the direct sum structure of the bracket (83), Casimirs of the system
will be union of the sets of Casimirs of {, }, and {, };. Because Casimirs
are solely a property of a Poisson bracket, they are best identified when the
bracket is expressed in a simple form. In particular with regard to {, },, it
is therefore convenient to transform it back to the form (79). It is then easy
to see that the functionals

Ci:/d?’xGi, i=0,---,N, (85)

are Casimirs of the system.
The Casimirs for {, }; had already been presented in Ref. [44] and we
report them here:

Cy = /d?’x]i, where I = D + \/%ni. (86)

The model possesses then N + 3 constants of motion, in addition to the total
energy.

More interesting is the situation in the 2D limit. Indeed, assuming that
z be an ignorable coordinate, to each Casimir of the 3D case corresponds an
infinite family of Casimirs. More precisely, the Casimirs for the 2D limit of
the model are

C:t = /dszi(Ii), (88)
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where Cy, - -+ ,Cn,Cy are arbitrary functions. Therefore, in the 2D limit, the
evolution of the model is constrained by an infinite number of invariants. The
presence of the N + 3 infinite families of invariants reflects the fact that, as
above noticed, in 2D the model can be cast in the form of evolution equations
for Lagrangian invariants (as shown in Ref. [44], the ion equations (36) and
(37) too can indeed be cast in such form, with I. being the Lagrangian in-
variants). The presence of these Lagrangian invariants, implies the existence
of topological conservation laws. Indeed, contour lines of the Lagrangian in-
variants will be preserved during the dynamics and their reconnection will be
forbidden. For two and four-field models, the role of such invariants for col-
lisionless magnetic reconnection has been analyzed in Refs. [33, 34]. Given
the incompressibility of the corresponding advecting velocity fields, the area
enclosed by contour lines of the Lagrangian invariants will also be preserved.

Finally, we remark an analogy between the Casimirs of the Poisson bracket
of the fluid model and those of the bracket of the parent model. Indeed, the
Casimirs of the bracket (15) correspond to

C = /dgxdvge, Cy = /d?’xli. (89)

Assuming that z be an ignorable coordinate, the Casimirs of the correspond-
ing bracket become

C= / d*rdvC(g.), Ci= / d*xCy (1), (90)

where C is an arbitrary function. Consequently, we see that all the Hamilto-
nian fluid models above constructed with the closure gy = agy inherit from
the parent hybrid model, the property of possessing a number of Casimirs
equal to the number of dynamical variables. When the dependence on the
z coordinate is suppressed, each such Casimir generates an infinite family.
In particular, the family of Casimirs C' of the parent model, reflects into the
presence of the N + 1 families of Casimirs Cy,--- ,Cx of Eq. (87). An anal-
ogy between the dynamics of Lagrangian invariants in a drift-kinetic model
and in a two-field fluid model had been discussed in Refs. [45, 46, 47].

4.2. Example: a 5+2 field Hamiltonian model

In order to illustrate the above procedure, we derive a Hamiltonian fluid
model evolving five moments for the electron fluid and two for the ion fluid,
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and we analyze its Hamiltonian structure. We consider the case a = 0, so
that the closure amounts to setting g5 = 0 in the hierarchy of equations.
Consequently, from Egs. (33)-(37), we obtain the model

dgo Vte 0 , 0 eA
at - [¢7 gO] + B [A gl] 8 ! _Uteaz CT67 (91)
0 Ute
S0 = ~plemltVaglA e+ Eldal 92)
0 0 8 e

— \/ﬁvtea_QQ - Utea_go + Utea—%ba
992 N \/— \/_vte
5 ——[057 92] + [A g3 + [A, g1] (93)

8 A

- \/—Ute 93 - \/_vte \/§ t2€a eT

8 C Vte Vte
0 0

— 2’0756&94 - \/gvte&g%
dgs c Ve 0
E - _E[¢7 94] + 2§[A7 93] - Qvte&gg’ (95)
on; . C n1/2 10 11/2 Ou;
ot - B [FO qba nl] + B [FO Aa ul] o Oz ) (96)
oD /2 Ty 1)2 T, On;  eng 8F5/2¢>
o B[ ¢D] sl A =3 T3 a. 0 O7)

From Eq. (82) one obtains immediately that the Hamiltonian of the model
is given by

4
nol, e
— 02 Z:/d?’xgi —3 /d?’xqb (nogo — F(l)/znz->

1 T, o M
d*zA (novtegl - 1"(1)/2D> + —/d% Zip2y D7,
26 2 no no

With regard to the Poisson bracket, we know from Eq. (83) that it is of the
form {F,G} = {F,G}, + {F,G},, with {F, G}, given by Eq. (17). We then
just need to determine {F,G},. With this purpose, we first notice that the

(98)
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matrix W in this case reads

0 1 0 0 O
1 0 v2 0 0
W=1]0+v2 0 V3 0], (99)
00 V3 0 2
0 0 0 2 0
and that its eigenvalues are given by
Ao=—V5+V10, A =1\5+V10, A =-5-VI0, (100)

A = 1/5— V10, A\ = 0.

According to the above introduced prescription, there exists for this model a
change of variables (go, - - - , g1) = (Go, - -+, G4) in terms of which the Poisson
bracket {F, G}, takes a simple direct sum structure. The new variables are
given by

Gi:Uggla 1207 747 (101>
where
U =
_ V25 _ V25 _ V245 _ V245 22
2V15 2v/15 2V15 2v/15 15
V5+V10(vV2—VE)  /5+V10(v2—V5) 5—V10(v2+v5)  /5—v10(v2+V/5) 0
2v/15 2v/15 2V/15 V15
1410 1+v10 1-/10 1-v10 __2
2v/15 2V/15 215 2v15 1
_ V5410 5+v10 _V5-V10 5—V10 0
3v5 2y5 3v5 2y5 1
NG NG NG NG NG
(102)

is the orthogonal matrix which diagonalizes WW.
We can then express the Hamiltonian structure of the model in terms of
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the new variables. The Hamiltonian (98) transforms into

noT

1
H = 282/d3xGi

L e (f—f o VBB A4VE, VA4S

5 T 2\/EG1+ QmGQ—F—Q\/ﬁG;},
—f/i__(h 1/2Z;>
_%/dsxA\/ +VI0(V2—V5) o VE+VIOW2Z—VF)
¢ /15 Go Wil G
VEEVIIWE+VE) . | VEVIIWE+VE) | TiD
2\/_ 2 2\/_ 3 N Ute

1 T; M
+ = /d3x (—nf + —D2) :
2 Un Nno
The Poisson bracket, on the other hand, can be written as

{F G}— eBno/d3 < \/—\/1_5\/— [FGO7GGO]_ \/—\/_\/— [FG17GG1]

V15 V15
2 V2 Gu[Fe,, ol — 22— _Gy[Fe,, Ge,
\/§+\/5 Q[Gz G] \/§_|_\/5 3[G G]

Vte 3 0
_ZTTLQ/\ /d xFGla_GG

(103)

\/; [FG47 GGA)

T;
cB dgl' (nl[Fm,Gm] + D([Fnz, GD] + [FD, an]) + ﬂ7%[1?1), GD])

M

and making use of the transformation rules (80), it can also be expressed in
terms of the original variables of the model.

From the considerations of Sec. 4.1 we can deduce that the model pos-
sesses seven Casimir invariants corresponding to [ d*zly, [ d*xG;, with i =
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0,---,4. In the 2D limit, the model can be formulated as a system of seven
advection equations for Lagrangian invariants. In particular, if we consider
the five Lagrangian invariants Gy, - - - , G4 associated with the electron fluid
moments, we see that these are advected by incompressible flows with stream

functions:
¢o:%(¢+ 5+\/EU—§A), ¢1:%(¢— 5+\/EU—26A),
¢2:%<¢+M%A>, ¢3:é(¢— 5—@”—2‘24),

b1 = 0.

The advecting flows are then organized in such a way that in each pair
(o, ®1) and (¢a, ¢3), the contribution to the velocity due to the poloidal
magnetic field, in one case adds to the E x B flow and in the other case it
subtracts to it. In the two-moment models of Ref. [33], a similar feature was
present and led to clockwise and anticlockwise rotation of the Lagrangian
invariants. As anticipated in Sec. 4, given that in this case a = 0 and N
is even, we also have a Lagrangian invariant, corresponding to G = G4 =
(2v/2/v/15)go—(2/v/15)go+(1/+/15) g4, which is advected purely by the ExB
flow, associated with the zero eigenvalue \4.

We remark that a mechanical analog of fluid models obtained by taking
moments of Hermite polynomials, was proposed in Ref. [3]. According to
such analogy, the hierarchy of fluid equations can be put in correspondence
with the equations for an infinite system of masses connected by springs,
each mass being subject to an elastic potential exerted by the neighboring
masses. Imposing the closure g1 = 0, as in the model under consideration,
corresponds to replacing one of the masses by a fixed wall. Consistently with
our result, in Ref. [3] it is pointed out that such closure leads to an energy-
conserving system. Here we have shown that, in addition to be energy-
conserving, the system, in terms of fluid Eulerian variables, possesses a non-
trivial noncanonical Hamiltonian structure.

5. Discussion and conclusions

We have shown that it is possible to construct Hamiltonian electromag-
netic reduced fluid models of an arbitrary number N + 1 of moments by
imposing the closure gyy1 = agy to the hierarchy of equations obtained
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from a Hamiltonian drift-kinetic system in the "¢ f approximation”. This
closure therefore, respects the Hamiltonian nature of the parent model. We
have treated the case in which the parent model is actually a hybrid model
coupling a drift-kinetic description for the electrons and a gyrofluid descrip-
tion for the ions, but the result can easily be extended to the case of a purely
drift-kinetic Hamiltonian parent model, given that the direct sum structure
of the corresponding Poisson bracket allows to treat separately the moment
equations of the different species.

A first immediate consequence of this result is that, for the fluid models
derived with this procedure, a conserved total energy is automatically avail-
able. This energy is derived self-consistently from the Hamiltonian of the
parent model and corresponds to the conserved total energy derived in Ref.
[12] for the ao = 0 case.

The knowledge of the Hamiltonian structure, in addition to providing the
correct definition of the total energy, corresponding to the Hamiltonian of
the system, offers further information. In particular, Hamiltonian systems
with noncanonical Poisson brackets, such as the fluid models derived here,
typically possess further conserved quantities denoted as Casimir invariants.

We have identified a change of variables (go,- - ,gn) — (Go, -+ ,Gn)
which transforms the original set of fluid variables to a new set of variables
which has first suggested the form of the Poisson bracket and in terms of
which the Poisson bracket takes a simple direct sum structure. This helped
to identify the existence of N + 3 Casimir invariants (N+1 associated with
the electron fluid and two related to the ion fluid) in the general case, and
in particular, the existence of N + 3 infinite families of Casimir invariants
which constrain the dynamics of the system in the 2D limit. Interestingly, in
the 2D limit, the model can be reformulated as a system of N + 3 advection
equations for Lagrangian invariants. The Lagrangian invariants correspond
to the new variables Gy, -- , Gy for the electron fluid and to the already
known invariants /. for the ion fluid. These invariants are advected by in-
compressible flows which are linear combinations of the E x B velocity and of
a velocity proportional to the poloidal magnetic field. These are reminiscent
of the velocities appearing in the equations of motion for the guiding centers.
The coefficients of the linear combinations depend on the eigenvalues of the
symmetric matrix W, and thus they depend on the number of fluid moments
retained and on the value of « in the closure relation. We have remarked
that an example of such structure in terms of Lagrangian invariants had been
found for two-field and four-field Hamiltonian models for magnetic reconnec-
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tion in Refs. [32] and [44], respectively. These two models indeed turn out
to be particular cases of the family of Hamiltonian fluid models studied in
this paper, and they correspond to retaining only the first two moments of
the electron and ion fluid hierarchies and to setting o = 0. Our result shows
then that the possibility of reexpressing the model as a system of advection
equations for Lagrangian invariants is not a peculiar property of the models
of Refs. [32, 44] but is a generic feature of 2D fluid models derived from
drift-kinetic equations of the form (1), with the closure gn.1 = agy, and can
therefore be extended to an arbitrary number of moments. One could then
speculate that the phase mixing process of the Lagrangian invariants of the
models of Refs. [32, 44], which has been shown to lead to the generation of
small scales in fields such as vorticity and current density [33, 34|, could be
generalized to more refined fluid models with higher order closures involving
for instance pressure and heat fluxes.

The knowledge of the Casimirs also leads to two natural applications,
which will be the subject of forthcoming publications. On one hand, one
could take advantage of them in order to derive energy stability conditions
by means of the Energy-Casimir method [18, 17]. This method could be
particularly fruitful in the 2D case, where infinite families of Casimirs are
present. On the other hand, it would be natural to investigate numerically
the robustness of some of the Casimir invariants (for instance the quadratic
ones) and of the Hamiltonian in the presence of dissipation. This might
suggest an hypothesis of selective decay for these reduced models.

As the number of moments N + 1 increases, however, determining ana-
lytically eigenvalues and eigenvectors of W, which are used to construct the
Poisson bracket, can become challenging. On the other hand, because we
have proved the existence of the Hamiltonian structure for any N and be-
cause the Hamiltonian functional (82) is already available, one can proceed
to determine the perpendicular Poisson bracket {, }, of Eq. (65), for any
fixed N, using the procedure adopted for instance in Refs. [48, 49]. This
procedure relies on the knowledge of the Hamiltonian functional and on a
commutation condition on the tensors W,ij of Eq. (65), which ensures the
Jacobi identity. The extension of the bracket to 3D can then be carried out
according to the procedure described in Ref. [43] and recalled in Sec. 4.

In view of the presented results, a natural question to investigate is about
whether there exist other closures that could lead to a Hamiltonian structure.
With regard to this issue, at the moment, we can state the following. The
structure of the model equations suggests that, in the presence of a Hamilto-
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nian with only quadratic terms, Poisson brackets of the form (65), obtained
by extension of a Lie-Poisson bracket [42], could provide the form of the
bracket in the 2D limit, in the case of general linear closure relations of the
form gni1 = «;9;, with ¢ = 0,--- | N. However, the Hamiltonian functional
(82), which is the one obtained self-consistently from the Hamiltonian of the
parent model, would not be conserved for closures other than the one treated
in this paper. Therefore, one should at least figure out a different candidate
for the Hamiltonian. Moreover, we notice that, also the identification of a
set of normal fields Gy, -- ,Gx with our procedure cannot be extended in
the presence of a general linear closure. Indeed, the identification of such
normal fields essentially relies on the symmetry of the matrix W. A linear
closure involving moments of order lower than N would spoil the symmetry
of such matrix.

Another natural question to explore concerns the physical meaning of the
parameter «. As above noticed, models corresponding to o = 0 are already
present in the literature [12, 7, 44, 32] but, to the best of our knowledge,
the closure with o # 0 still has not been adopted. In order to get a first
insight about the physical consequences of such a closure, we can consider a
very simple example. By neglecting ion density and velocities in Eqgs. (38)
and (39), which is consistent for instance with the ordering applied in Ref.
[41], and considering the limit k% p? < 1, the quasi-neutrality relation and
Ampere’s law become

Mc?
I Ao = ego, (104)
2
CAaAa_C0 ENoUieg] - (105)
4 MeC

The Hamiltonian character is not altered because the form of Eqgs. (104)-
(105) still permits to express ¢ and A in the form (9). The set of electron
fluid equations (33)-(35), complemented by Egs. (104)-(105) becomes then a
closed Hamiltonian system. We consider then N = 1 and the 2D limit. The
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resulting system can be written as

0Ap ¢ B
— + —[p, Ad] — ———[A AA] = 1
ot + B[¢’ 9l 47rMcn0[ ’ J =0, (106)
0 mec? c mec? m.Mcv3
—A—- ——AA — A——"AA i A A
ot ( dme’ng ) B {(ﬁ’ 4me?ng MY 4, A¢)

MeC?Vye
+a\/§4m2noB[A, AA] = 0. (107)
This corresponds to the two-field model investigated in Refs. [32, 33|, mod-
ified by the additional term depending on a. We linearize then the system
(106)-(107) about the equilibrium A., = Bz, ¢., = 0, with constant B, and
which corresponds to a homogeneous magnetic field in the “poloidal” plane,
with no E x B flow. Upon considering perturbations of the form ¢(z,y,t) =

> kez\ (o0 Pk expi(k - x —wt)), A(x,y,t) = >y cpe Axexpli(k - x — wi))
(the k, = k, = 0 mode has been removed from the potential fluctuations in
order for the inverse operator L' to be defined) we obtain that the resulting
dispersion relation reads

—a+/a?+4(1+ k2 p2)(1 + d2k?)

S 108
v 2(1 + d2k?) ’ (108)
where
APV APV
oo WYMo e VAT,
k, B B

[T J me
s — T Pis e —=C .
P Ti'O 4meny

From (108), in the limit o = 0, one recovers the usual dispersion relation for
kinetic Alfvén waves accounting for electron inertia. We see, on the other
hand, that if a # 0 the two branches of kinetic Alfvén waves get modified. No
instability is introduced by the term depending on a. However, the frequency
of the modes gets altered. For instance, for a > 0, one can deduce from Eq.
(108) that, for each k the frequencies of the two branches are lower with
respect to the corresponding branches of kinetic Alfvén waves.

From a more practical point of view, one could also try to investigate
whether, for a given fluid model, some optimal choice of the parameter «
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exists, such that some features (e.g. linear growth rates) of the parent drift-
kinetic model can be approximated at best.

Finally, we would like to point out the obvious limitations which our
analysis still suffers from. A main one concerns the relative simplicity of
the parent drift-kinetic equation. Indeed, it would of course be important to
extend the analysis to include the dependence of the distribution function on
the magnetic moment. This could lead to the investigation of fluid models
accounting for moment anisotropies between the directions parallel and per-
pendicular to the guide field. Also, further drifts, such as those associated
with background magnetic gradients or curvature, which can be important
for instance in magnetic fusion applications, should be incorporated. The
extension to gyrokinetic systems as parent models is also desirable and, to-
gether with the above mentioned generalizations, it is part of on-going work
on the subject.
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