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Hamiltonian reduced fluid model for plasmas with temperature and heat flux
anisotropies

E. Tassi!
L Aiz-Marseille Université, Université de Toulon, CNRS,
Centre de Physique Théoriqgue, UMR 7332, 13288 Marseille, France

We derive a Hamiltonian fluid model for strongly magnetized plasmas describing the evolution, for
an arbitrary number of species, of density, velocity and electromagnetic fluctuations as well as of the
temperature and heat flux fluctuations associated with motions parallel and perpendicular to the
direction of a background magnetic field. The model is derived as a reduction of the infinite hierarchy
of equations obtained by taking moments, with respect to Hermite-Laguerre polynomials in velocity-
magnetic moment coordinates, of a Hamiltonian drift-kinetic system. A closure relation directly
coupling the heat flux fluctuations in the directions parallel and perpendicular to the background
magnetic field is shown to provide a fluid reduction which preserves the Hamiltonian character of
the parent drift-kinetic model. An alternative set of dynamical variables is found, in terms of which
the Poisson bracket of the fluid model takes a simple direct sum structure and permits an easy
identification of the Casimir invariants. Such invariants, in the limit of translational symmetry with
respect to the direction of the background magnetic field, turn out to be associated with Lagrangian
invariants of the fluid model. It is pointed out that the coupling between parallel and perpendicular
heat flux evolutions introduced by the closure, is necessary in order to guarantee the existence of a
Hamiltonian structure with a Poisson bracket obtained as extension of a Lie-Poisson bracket.

I. INTRODUCTION

Kinetic theories provide an accurate description of continuous media such as gases and plasmas. Such models consist
of evolution equations for distribution functions defined on particle phase space, possibly coupled self-consistently to
equations governing the evolution of fields affecting the particle dynamics. Paradigmatic examples of kinetic theories
are the Vlasov-Maxwell system, for plasmas in the presence of electromagnetic fields and the Vlasov-Poisson system,
for plasmas in electrostatic fields, or for particle distributions subject to their own gravitational potential. A less
accurate, but computationally less demanding, level of description of continuous media is provided by fluid models,
which, in the Eulerian representation, consist of evolution equations for fluid dynamical variables depending only on
spatial coordinates, such as particle densities, momenta, temperatures, etc..coupled with governing equations for the
fields. The fluid dynamical variables usually correspond to moments of the kinetic distribution functions, obtained by
integrating over velocity space the distribution functions, multiplied times non-negative integer powers of the velocity
coordinates. Such powers determine the order of the moments.

Evolution equations for the fluid moments can then be derived directly from the evolution equations for the distri-
bution functions. Because the evolution equation for each moment typically depends also on moments of higher order,
this leads to an infinite hierarchy of coupled evolution equations for the fluid variables. In order to get a closed system

for a finite number of fluid variables a reduction procedure, usually referred to as to closure, is required. Imposing a



closure amounts to assume that a moment of a given order is determined by lower-order moments. Such lower-order
moments become the dynamical variables of the fluid model which is then no longer equivalent to the original kinetic
description but evolves only a finite number of dynamical variables depending only on the spatial coordinates.

Clearly, the choice of the closure relating a given moment to lower order moments, is crucial in determining the
characteristics of the fluid model.

In the plasma physics literature several examples of closure relations exist, which satisfy different criteria. For
instance in Refs. [1, 2] the closure is such to guarantee energy conservation for the resulting fluid model. Fluid
models retaining kinetic effects such as Landau damping have been presented in Refs. [3-7]. Non-dissipative closures
preserving time-reversal symmetry of the original kinetic equation have been proposed in Ref. [8]. A fluid closure
based on entropy production arguments has been proposed in Ref. [9].

In spite of a considerable effort devoted to identifying fluid closures, little is known about the consequences of such
closures on some structure of the model equations. In particular, in many cases it is not known whether, in the limit
where the parent kinetic model has a Hamiltonian structure (which is the case for instance for Vlasov-Maxwell and
Vlasov-Poisson systems [10, 11]), the closure is such to preserve the Hamiltonian structure in the fluid model as well.
This should be the case unless one voluntarily intends to introduce dissipation in the fluid model. In the mathematical
physics literature, results related to this problem date back at least to Refs. [12, 13], where the connection between
the Poisson bracket for the Vlasov equation and the Poisson brackets in terms of the moments had been elucidated.
The connection between the Hamiltonian dynamics of the Vlasov moments and integrability has been discussed in
Ref. [14]. The Hamiltonian structure of the Bogoliubov-Born-Green-Kirkwood-Yvon hierarchy of moment equations,
on the other hand, had been presented in Ref. [15]. In Ref. [16] Hamiltonian structures for finite fluid reductions
originating from the Vlasov-Poisson system are given. Some recent results in this context have also been obtained
with regard to the identification of Hamiltonian fluid closures for three [17] and four-field [18] models obtained from
the Vlasov-Poisson system, and two-field models obtained from drift-kinetic [19, 20] and gyrokinetic systems [21]. A
closure relation, preserving a Hamiltonian structure in a fluid model derived from a drift-kinetic system and retaining
an arbitrary number of moments, was presented in Ref. [22].

The results presented in this paper belong to this line of research, devoted to identifying closures that preserve
the Hamiltonian structure of a parent Hamiltonian kinetic theory. In particular, in the present work, we consider, as

parent kinetic theory, a system of drift-kinetic equations coupled with electromagnetic fields through a quasi-neutrality



condition and Ampere’s law. Drift-kinetic equations (see, e.g. Ref. [23]) are of interest for low-frequency phenomena
in plasmas where an intense component of the magnetic field is present. Indeed, under these assumptions, the fast
gyration motion of particles around the intense component of the magnetic field can be averaged out because it takes
place on too short time scales, when compared to the frequencies of interest. As a result, when compared to the
six-dimensional phase space of the Vlasov distribution function, the drift-kinetic equation possesses the advantage
of being defined on a reduced five-dimensional phase space, where the gyration angle coordinate has been ignored
because irrelevant for low-frequency phenomena. The Hamiltonian drift-kinetic model adopted in this paper can be
derived from the gyrokinetic model treated in Ref. [2] upon applying a number of simplifying assumptions consisting
of neglecting finite Larmor radius effects, background inhomogeneities and dissipative terms.

The purpose of this paper is to show that a closure relation exists so that it is possible to derive, from such
Hamiltonian drift-kinetic system, a Hamiltonian fluid model evolving six field variables for each particle species.
More precisely, indicating with A/ the number of particle species present in the plasma, we can construct a 6,V -field
Hamiltonian fluid model evolving, for each species and self-consistently with the electromagnetic fields, the density, the
canonical fluid momentum, temperature and heat flux fluctuations originated from both the parallel and perpendicular
particle motions. Such field variables are proportional to moments of a generalized distribution function taken with
respect to Hermite and Laguerre polynomials of normalized velocity along the strong component of the magnetic field
and of magnetic moment, respectively.

With respect to recent related results, such as those of Refs. [19-21, 24], this model indeed accounts additionally
also for moments taken with respect to the particle magnetic moment, thus yielding a fluid model that can describe
also phenomena related to temperature and heat flux anisotropies.

The existence of the Hamiltonian structure in the resulting fluid model, besides assuring the absence of spurious
dissipative effects and an unambiguous identification of the conserved total energy, can provide also information about
further conservation laws of the system. Indeed, as is the case for the Hamiltonian structure of continuous media in
the Eulerian description, also such fluid model turns out to possess a Poisson bracket of noncanonical type (see, e.g.
Refs. [25, 26]). Poisson brackets of this type are characterized by the presence of Casimir invariants, which constrain
the dynamics of the system. Thanks to the Hamiltonian structure, we also provide Casimir invariants of the model,
which become particularly relevant in the two-dimensional limit, when the system is translationally invariant with

respect to the direction of the intense component of the magnetic field. In this limit, infinite families of Casimir



invariants emerge. The identification of the Casimir invariants is made possible thanks to a change of variables in
terms of which we are able to cast the Poisson bracket of the model in its simplest form, unveiling its direct sum
structure. This alternative set of variables, which are referred to as to normal fields, turns out to be related to the
existence of 6/ Lagrangian invariants for the model in its two-dimensional limit.

The paper is organized as follows. In Sec. II the parent drift-kinetic model is introduced and its Hamiltonian
structure is presented. In Sec. III we introduce the hierarchy of fluid equations, in terms of moments with respect
to Hermite-Laguerre polynomials, and present the closure relation. The Hamiltonian structure of the resulting fluid
model is presented in Sec. IV, whereas in Sec. V we introduce the normal field variables and present the Casimir
invariants. We conclude in Sec. VI and provide the A where the eigenvalues of the matrix W), are explicitly

determined.

II. HAMILTONIAN PARENT DRIFT-KINETIC MODEL

In a Cartesian coordinate system (z,y, z) we consider the following system of drift-kinetic evolution equations :

dgs ¢ v 0 Fs v
ey —--A s a s ST —-A =Y 1
3t+B{¢ c7g]+vaz<g+qu(¢ c)) 0 (1)
complemented by the quasi-neutrality relation
noMc?
032 Ajlgp=— Z qs / dWsgs (2)
and by Ampere’s law
2
C qsno
—A A- = —A=- . 7.
i € zS: o ZS:Qa/dstgs (3)

The index s = 1,--- , N labels the A particle species present in the plasma and, in order to simplify the notation,

the sum over s always means that the index s goes from 1 to M. The dynamical field variable g, is defined as

~ v
gs(x7yaz7v7usvt) = fs(x7yaz7v7.u87t) + %Efs(v,us)A(z,y,z,t), (4)
s

where fs is the perturbation of the distribution function for the s-th species with respect to the equilibrium Maxwellian

3/2 2
) B
fs<v,us>=n0( me ) exp (—“— te ) (5)

27T 20% mgv

with v indicating the velocity coordinate along z, which is the direction of the magnetic guide field, with u, =

ms(v2 + vi)/(?B) indicating the magnetic moment of s-th particle species and with the constants ¢;, ms, Ts, Vs,



¢ and ng indicating the particle charge and mass, the equilibrium temperature for the s-th species, the thermal
speed vy = \/m , the speed of light and the equilibrium density, respectively. The magnetic field is given by
B(z,y, z,t) = VA(z,y, 2,t) X 2+ Bz, with constant B, whereas ¢ = ¢(z,y, z,t) indicates the electrostatic potential.
In Eq. (2) the constant M is defined as M =) m,. We indicated with the symbol A | the perpendicular Laplacian
operator A | = Oy + 0y, whereas the bracket [, ] is defined as [f, g] = 0, f0yg — 0y fOrg, for two functions f and g.
Finally, the volume element dW; is defined as dWs = 27(B/ms)dusdv. The spatial coordinates z,y and z vary over
the 3-dimensional torus T2, whereas v € R, us > 0 for all s and ¢t > 0. The perturbations of the distribution functions
fs are assumed to decay to zero sufficiently rapidly as v — +oo so that boundary terms vanish when integrating by
parts with respect to v. The electrostatic potential ¢ is also assumed to have zero mean value, so that the Laplacian
operator can be inverted in Eq. (2).

The model consisting of Egs. (1), (2) and (3) can be derived from the gyrokinetic model described for instance in
Ref. [2], by taking the limit of vanishing Larmor radius, and in the absence of background magnetic inhomogeneities
and dissipation. The model assumes the common ¢ f approximation which is valid for plasmas close to equilibrium,
ie. f, < F, and with weak variations along the guide field, i.e. 9/8z < 9/0x and 8/8z < 9/dy. With regard to
Eq. (2) we observe that, with respect to the quasi-neutrality relation adopted in Ref. [2], the finite Larmor radius
contribution depending on the perpendicular temperature has been neglected, whereas the leading order contribution
polarization term has been retained. A concrete example where this assumption is justified corresponds to the case
where two species are present in the plasma, with electrons retaining temperature and heat flux anisotropies, and ions
following an isothermal description.

The parent drift-kinetic model (1), (2) and (3) possesses a Hamiltonian structure which is a straighforward extension
of the Hamiltonian structure of the model treated in Ref. [27]. Such Hamiltonian structure consists of the Hamiltonian

functional
1 2 v
Higy,--- ,gN)zzi/dsxdws {ng__qtqsgs (¢CA)], (6)

and of the noncanonical Poisson bracket

Fs 8Ggs> ’ )

_ _ 3 c I
(F.G} = ZS:{F,G}S _ ZS:/d zdW, (qugs[ng,Ggs} +optF,

where the subscripts on the functionals F' and G indicates functional derivatives. Indeed, the generic expression for



a Hamiltonian system describing the dynamics of N field variables x1,--- , xn is given by

OXi ,

atlz{xivH}v i=1,---,N (8)
where H = H(x1,-- ,xn~) is the Hamiltonian functional and {, } a Poisson bracket. One obtains that, with N = N,
by substituting x1, -+ , xa with g1, , gnr, H with the Hamiltonian functional (6) and using as Poisson bracket the

one indicated in Eq. (7), yields namely the drift-kinetic evolution equations (1).

We remark that, whereas the Poisson bracket (7) consists of the direct sum of Poisson brackets each of which is
associated with a given species, the coupling between the different species in the dynamics comes from the last two
terms in the Hamiltonian (6), containing ¢ and A, which involve all species according to (2) and (3), respectively. The
first term in the Hamiltonian (6), on the other hand, comes from expanding the free energy functional of the original

full (i.e. without the §f approximation) drift-kinetic model up to second order, about the equilibrium Maxwellian

(5).

III. FLUID EQUATIONS

From the drift-kinetic equations (1) a hierarchy of evolution equations for dynamical variables depending only on

the spatial coordinates x,y, z, as well as on time, can be obtained. As dynamical variables for a given species s, we

choose the moments g, defined as

1 v s B )
mns(T, Y, 2, 1) = ——— dWsH,, | — | Ly, (T, Y, 2,0, s, ), 9
s 208) = [ W () L (2255 ) 0oz Q

where H,, and L,, are the Hermite and Laguerre polynomials of order m and n, respectively, with m and n non-negative

integers. We recall that such polynomials can be defined in the following way

m 2 am —z? e’ d" n, —x
Hm(z) = (=1)"e /2dxime 2, Ln(x) = ! dan (:c ¢ ) : (10)

The first Hermite and Laguerre polynomials, which correspond in particular to those of interest for the present

analysis, are then given by

2
HO<”):1 Hl(v):v H2<v>:v_1
’ 9 2 ’

Vts Vts Uts Vts 'Uts

3 B B B

Hy( ) =232, Lo(L= ) =1, L(f=)=1- 1
3 2 2 2

Uts Vps Uts MsVi, MsVf, MsVf,




The choice of the Hermite and Laguerre polynomials as "weight” functions, in Eq. (9), for the parallel velocity and

magnetic moments, respectively, turns out to be practical due to the orthogonality relation

.B B
/dWsHm (U) Hl <U> Ln ( K ) ) L] ( P p) ) ]:s = nOm'éml(sn]7 (12)
Vts Vts MgV MgV

which involves the equilibrium Maxwellian 5. The dynamical variable g5 is decomposed over the basis of Hermite

and Laguerre polynomials in the following way

+oo
gs(a:,y,z,v,,us,t) = Z

m,n=0

1 v usB
7Hm — Ln s yMs)Ymns IR ,t, 13
=t () Lo (25 ) R0 (13)

from which the expression (9) follows by making use of the relation (12).

We consider here the evolution of the moments goos, 9105 » 9205 9305 G015 and g11,. Such moments are indeed
also proportional to the physically most relevant dynamical variables typically adopted in anisotropic reduced fluid
models for plasmas, in the presence of a strong guide field. The correspondence between the moments and the physical

variables is given by :

Ng Usg A 1 1y,
goos = —, g0y = — +¢s——, 9205 = —= )

no Uts M sVtsC V2 T (14)
. :Vflms o= —The 1
30s 3 no Ts'Uts ) Ols Ts ) 115 no Tsvtsv

where, for each species s, n, = [ dW; fs are the density fluctuations, us = (1/ng) [ dWsv fs the velocity fluctuations,
Ty, = (1/no) [ dWs(msv? — Ts)fs and T, = (1/no) [ dWs(psB — Ts)fs the parallel and perpendicular temperature
fluctuations, respectively, whereas g = (1/2) [ dWs(m v — 3Ty )vfs and g1, = [ dWs(usB — Ts)vfs are the parallel
and perpendicular heat flux fluctuations, respectively.

By multiplying both sides of Eq. (1) for H,,(v/vss) L (s B/(msvZ,)) and integrating over dW; one obtains, for the



six moments indicated in Eq. (14), the following set of evolution equations:

9900 c Vs 0910, 4; 94
a _§[¢’goos]+é[’4’g“’5]_U“ijzsciﬂa’ "
9910, c - e
00— 6+ VES A g + {4
a9205 89002 ds a¢
V20 = — =g v (16)
99204 c Yts i
s 4o g B A ) VS
89305 89105 2 Gs 9A
\/gvts az \/ivts az +\/§’UtSCTS 8,27 (17)
D30, c vts L
5 = gm0 + 25 (A g, + VB (A g,
o D940, V30, 99205 (18)
s oz
dgo1 ¢ Uts Ou,
e g g 2 6
dgu1, c Ut e
T = —5lnd V2 A g+ A gor]
921 9go1
— \/ivts B — VUts 9z ’ (20)

where use of the recursive relation H,41(z) = 2H,,(x) — mH,,—1(z) has been made.

From Egs. (18) and (20) it emerges that the system is not closed, because such two equations depend on g49, and
9214, which are undetermined. This leads to a closure problem, amounting to express gs0, and gs1, in terms of the
six lower order moments. Recalling that we require to preserve, in the fluid model, the Hamiltonian character of the

parent drift-kinetic model, we intend to show that closing the system (15)-(20) by imposing the relations

G105 = Q51154 9215 = V205930, (21)
with non-vanishing constant s, leads to a fluid model with a Hamiltonian structure.

IV. HAMILTONIAN ANISOTROPIC FLUID MODEL

In order to simplify the notation we rename the moment variables in the following way:

gos = 9oos; g1s = 9105, 925 = 9205,

93s = 930> 9as = Jois, 955 = 9115-



Applying the closure relation (21) we obtain that the anisotropic fluid model reads

990 Vts 991, | o qs OA

= = Bt FlA o] - T el (22)
Whe = L0 + VI A 2]+ A g0,

— V2uy, 8;25 — Vg 8;25 - Uts%%7 (23)
Ws L0600 + VB[4, 05.] 4+ VI A g1

— V3u, 8;28 — V20, 8(;): + V207 c%is %, (24)
Whs = L9, g5.] + 20, A, g5.] + VB4, g2

— 2005Vt 8;28 — V3us Bgzs, (25)
Whs = L gual + A g5.] O, (26)
Moo = 06, gm.] + 20, 2 A, g5, A,

— 20451},58% — Vg 8;?. (27)

In order to show that the system (22)-(27) possesses a Hamiltonian structure, we need to show that it can be cast in
the form (8). A natural choice for the 6V field variables is clearly given by x;, = g;,, with i =0,--- ,5 and s labelling
the N particle species.

A natural candidate as Hamiltonian functional is obtained directly from the expression of the Hamiltonian of the

parent model (6) upon replacing g5 with the following truncated version of the series (13):

v s B
gs(xayazavaﬂmt) = ]:S(’UHU’S) |:gos(x7y,2,t)H0 (1}) LO (msvfs)

ts

v /~L5B 924 v NSB
tYH, | — | L tYHy | — | L
+gls($7yazv ) 1 (Uts> 0 (msvtgs> + \/ﬁ(l'vyazv ) 2 (Uts> 0 <msvts>
93 v wsB v s B
t)Hs | — | L t)Hyo | — | L
+\/6(I7yaz7 ) 3 ('Uts> 0 <msvtgs> +g4s(x7yaz7 ) 0 ('Uts> 1 <m8vts>
v usB
. tyHy | — | L
+g55($,y,2, ) 1 (Uts> 1 (msvgs>:| 5

which retains only the contribution coming from the moments involved in the model. By inserting the truncated

[

(&)

series (28) into the drift-kinetic Hamiltonian (6) one obtains, with the help of the orthogonality relation (12),

1
H(goy," - 795N)=§Z/d3x

The functional (29) is a conserved quantity for the system (22)-(27) and can therefore be considered as a candidate

(29)

5
V.
noTy g Gi2 + 45109059 — gsNo 7; 91,4
i=0

Hamiltonian. This functional corresponds, in the appropriate limit, to the total conserved energy functional of the

gyrofluid model of Ref. [2].
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Concerning the Poisson bracket, the form of the model equations suggests that it be of the form {F, G} = > _{F, G},

with

5 5
_ ¢ ij 3 ] 1 Uis ij 3.1 8st
(F,G}, = S oW S/d oo, Fian Gy~ e S A S/d oF, o0, (30)

4sBno irj k=0 $i,j=0
In Eq. (30), W,ij s and A%, are constants and the subscripts on functionals indicate functional derivatives, so that,
for instance, F;, = §F/dg;,. Poisson brackets of the form (30) occur very often in Hamiltonian reduced fluid models
for plasmas, assuming the presence of a strong magnetic guide field. Examples of such models can be found in Refs.

[28-36]. In order to determine the coefficients W,ij . and A%, identifying the Poisson bracket, we proceed in the

following way. First, we consider the case A%, =0, for all i,5 = 0,--- ,5 and look for coefficients W,ij . such that the
operation
(PG}, == 30 WY, [ o lFiGy) ()
gsBno SE=0

is a Poisson bracket of its own and that, when combined with the candidate Hamiltonian (29), it yields the model
equations (22)-(27) in the “perpendicular” limit, i.e. when all the terms involving z-derivatives are neglected. Subse-
quently, inspired by the procedure described in Ref. [29], we identify the coefficients A%, such that the bracket (30),
again combined with the functional (29), yields the full model equations, and verify that the resulting bracket is a
Poisson bracket.

To carry out the first part of the procedure, we recall, from Ref. [37], that the bilinear operation (31) is a Poisson

bracket if and only if the matrices WU, defined as
. ki -
(W(J)G) :W]zjsa Zv.]?k:()v 757 (32)

with rows labelled by k& and and columns by 4, are symmetric in the upper indices, i.e. (W(j)s)ki = (W(j)s)ik, and
they all pairwise commute. Such two properties indeed are equivalent to the antisymmetry and the Jacobi identity,
respectively, for the bracket (31). We remark that the Leibniz identity is automatically satisfied by a bracket of the
form (31). In addition to the constraints related to the properties of a Poisson bracket, we require the coefficients
W,i] s (or, equivalently, the matrices W(j)s) to be such that the Hamiltonian evolution equations

g1 c

ot = {glsvH}ls = -

5
Bn Z Wlijs[Hjsvgk‘s]v 1=0,---,5 (33)
ds 0 k=0

correspond, when using H given by Eq. (29), to the model Eqs. (22)-(27) in the limit when terms involving z-

derivatives are set to zero. To this scope, it is useful to note that the functional derivatives of the Hamiltonian (29)
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are given by
UVts .
HOs = nOng()s + qsn0¢a Hls = nOngls - qsnO%Ay His = nOngisa 1= 27 tte 75' (34)

With this information, one finds that, in order for Egs. (33) to match Egs. (22)-(27), and for the bracket (31) to be

antisymmetric, the matrices W), must be of the form

100000 01 0 0 0 O
010000 1 0v2 00 0
W<0>s:001000 W(I)ZOﬂO\/ﬁOO

000100 ooﬁooms’
000010 00 0 0 01
00000O01 0 0 0 2051 O
00 1 0 0 O 00 0 1 0 O
0v2 0 V3 0 0 00 V3 0 0 2a

e 1 0 aiy biy bay b, e 0 V3 b1y bus c1g Ca ’
0 V3 big biy C1s Cag 1 0 by azg bss bes
0 0 bas c15 brs c3s 0 0 c1s bss bss cas
0 0 b3, cas €35 bros 0 205 cas bes cas D11

(35)

00 0 0 1 O 0 0 0 0 0 1
00 0 0 0 1 0 0 0 2as 1 0

W _ 0 0 bys c15 brg c34 7 W) _ 0 0 bss c25 c35 bios ’
0 0 c1s bsg bgs Cag 0 205 cay by cag i
10 by, bss ass by 0 1 ¢35 cas boy Do
0 1 ¢35 cas bgs biog 1 0 bios br1s bias aus

where ay4, -+ ,a44,b15, "+ ,b125,C14, "+ ,Cq5 are constants to be determined by the constraint of the Jacobi identity.

Indeed we can observe that there exist three types of contributions that can be added to the bracket (31) in such

a way that antisymmetry is respected and that, adopting (29) as Hamiltonian, the equations of motion do not get
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modified. These three types of terms correspond to

/d?’xgis[FiS,Gis], i€{2,3,4,5}, (36)
[ 219085, G1) + 93, ((Fs G + B, G (37)
i,] € {2,3,4,5}, 1# ]
[ Ealgss 185G + [P Gs)) + 95, (1P, God] + [P, G

+oks([Fis, Gl + [F Gis))l, 64,k €4{2,3,4,5}, i#j#k (38)

Because H;, = noTsg;,, for i = 2,--- 5, it is not difficult to see that any linear combination of terms of the type (36),
(37) and (38), when included in the bracket, is irrelevant for the equations of motion (33) given that [g;,, gi5] = 0.
Such terms, however, although transparent for the model dynamics, can be crucial for the Jacobi identity.

The matrices (35) account for the most general linear combinations of terms of the type (36)-(38). In particular,
aigs,- - ,a4, are coefficients of the terms of the type (36), whereas by,,--- ,b12, and cig, -+, cq4s are coefficients of
terms of the type (37) and (38), respectively.

As above mentioned, the Jacobi identity for the bracket (31), is satisfied if and only if all the matrices in Eq. (35)

pairwise commute. Imposing this condition determines the arbitrary coefficients as follows:

1+ 2a% —8al
alg = 2\/5, GQSZO, a35207 a4S:—f6—%7
bls = 07 b25 =Y b35 = \/60583 b4s = \/5(]- + 204?9)7
2 2
b = 0, boy=y/zas(l+dad),  bry=0,  bs =0, (39)
1—2a?2
b9$ = = blOs = 2\/50[3, blls = Oa b125 = 07

 Vea,
2
Cls = \/50[57 Cog = 07 C3s = O’ Cas = _\/;(1 B 2az)

We remark that the solution is unique.
We have thus shown that the system (22)-(27), in the limit when terms involving the derivatives with respect to z
are neglected, possesses a Hamiltonian structure. This structure consists of the Hamiltonian functional (29) and of

a Poisson bracket of the form (31), with A%, = 0, for i,j = 0,---,5, and where all the coefficients W,ijs are zero,
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except for the following ones:

leog:WI(c)zg:(slzm i:07"'557
Wolls = 17 lels = Wllzs = \/55 W2115 = \/55 W2313 = W2155 = \/?;7

W??ls:W?)lzs:\/g7 VV3515:VV315‘S:2CY$7 leszwéll5s:17

W =Wy, =20, Wl =Wt =1, WP, =1 WP =W =3,

S S S S S

W2225 = 2\/5’ W225 = Wéﬂs = \/60(5, W3233 = W§2 = \/5(1 + 20{?),

S S

W =Wi?, = V2a,, W2 =W, = 2a,, W22 = 6oy,

40
W2 =W, =2v2a2, W, =1, W =W, = 2a,, W33 = V2(1 +2a2), (40)

2
s V2as, Wgss - W:?Ss - \/;as(l + 4a§),

2 2 2
=wit =20, W= ey, we —w, =y 2o,

2
Wt =1, WP =W =1, Wi =W = _\/;(1 —2a?),

S

34 _ 1y/43
W=, =W,

S

35
Wy

WA st — 1203 Wi — s w3 —1q
4 s 4 s \/60[5 ’ 5 0
W555 :_1—|—2a§—8a3.

° V6as

Now we intend to determine the Hamiltonian structure for the full model (22)-(27), including the terms involving

Wzsss = 2\/50[5,

z-derivatives. To this scope we follow the procedure of Ref. [29]. According to such procedure, the Hamiltonian
functional for the full model corresponds to the one for its perpendicular reduction, that is to the functional (29),
in this case. The Poisson bracket for the full model, on the other hand, has the form (30), with the coefficients
W,ij s equal to those found for the perpendicular reduction, and with coefficients A% such that the the full model
equations are retrieved, as equations of motion, and that the properties of a Poisson bracket are respected. Bilinearity
and Leibinz identity are clearly satisfied for any choice of 4% ,. On the other hand, antisymmetry amounts to the

condition A¥Y, = A7%,, whereas the Jacobi identity implies that the coefficients W,ij , and A%, must satisfy [29]
erksAriS — erz'sAer = ijsArks, i,j,k=0,---,5, (41)

where the sum over the repeated index r is understood.
With the help of Eq. (34), one obtains that the full model equations (22)-(27) are obtained from the Hamiltonian

(29) and from a bracket of the form (30), if

Aijs - (W(l)s)j (42)
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where the expression for Wél) is given in Eq. (35). The matrix W), is symmetric, which guarantees antisymmetry
of the Poisson bracket.

Concerning the Jacobi identity, we note that, for any fixed i, one has
i gri i) \F r i)\ r ij g
W'l{g 5“4 ]5 = (W( )S)T(W(1)5>] = (W( )S)T(W(l)s)k = WTJSA k57 (43)

which gives the second equality in Eq. (41). In the second step of Eq. (43) we made use of the fact that the matrix
(W(i)s)T(W(l)s); is symmetric, given that all the matrices W), are symmetric and pairwise commute. Similarly,
one has

r

W AT, = (WO)) (W)= W0 )Tw D)} = Wik AT, )

which proves the remaining equality in Eq. (41). The Jacobi identity is thus satisfied.

To summarize, we have shown that the model (22)-(27) admits a Hamiltonian structure. The Hamiltonian functional
is given by the functional (29). The Poisson bracket is given by Eq. (30), with coefficients W,ij . equal to zero except
for those indicated in Eq. (40), and coefficients A%, given by Eq. (42).

We find it useful, at this point, in order also to help the contact with the existing literature, to reformulate the
model equations (22)-(27), in terms of the dimensional physical variables introduced in Eq. (14). In terms of such

variables the model can be written as

ong c
5 = & sl tnoVjus, (45)
a qds qs
% (us + 77’LCA> |:¢a us mscA}
Hs ns _ &@
< ) ms 0z’ (46)
AN ¢
5% — B [¢ 7y + Vu(qu +noTsus), (47)
Oq), _ ¢ 3
5 = " Bo U] vV <\/5as<us - 2novtsT|s) , (48)
8TJ_S _ C 1
ot = _E[d)a TLS] + niovﬂ(]ls’ (49)
0 2
qajt's — —%[qﬁ’ qJ—s] — UtsVH <2\/;Ozsq”s - nOUtsTJ_s> ) (50)

where V| f = (1/B)[A, f] — 0. f, for a generic function f. Such operator represents a normalized gradient along the
magnetic field B =VA x 2+ BZ.
Eqgs. (45) and (46) express particles number and canonical momentum conservation. Eqs. (47)-(48) govern the

evolution of the temperature and heat flux fluctuations in the direction parallel to the constant component of the
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magnetic field, and similarly (49) and (50) determine the evolution of temperature and heat flux fluctuations due to
the motion perpendicular to the magnetic guide field.

Each dynamical field undergoes the advection by the E x B velocity, represented by the first term on the right-
hand side of each equations, where the electrostatic potential ¢ appears. In addition to this effect, each field evolves
according to the gradients of neighbouring moments, that form along the magnetic field. For instance, temperature
evolutions are affected by the presence of velocity and heat flux gradients. On the other hand, parallel/perpendicular
heat fluxes are affected by parallel /perpendicular temperature gradients but also by perpendicular/parallel heat fluxes,
through the coupling related to the coefficients .

Wt Wit W25 in Eq. (40) it emerges that,

From the inspection of the expression for the coefficients Wi

s? s s? s

in the Hamiltonian model, the constants a, cannot be zero. Therefore, the existence of a Hamiltonian structure
for the model, with a Poisson bracket of the form (30), requires the existence of the terms in Egs. (25) and (27),
which introduce a direct coupling between the parallel and perpendicular heat fluxes. Although, to the best of our

knowledge, its Hamiltonian structure is not known, the model in the case a; = 0, is nevertheless energy conserving.

V. NORMAL FIELDS AND CASIMIR INVARIANTS

In this section we show that there exists an alternative set of dynamical variables, in terms of which the model
(22)-(27) takes a more compact form, unveiling the existence of some conservation laws. In particular, the Poisson
bracket in terms of such new variables takes a remarkably simpler form, which greatly simplifies the identification of
Casimir invariants.

In order to identify the new appropriate set of dynamical variables, it is important to note that the generic equation

of the model can be written as

697”3 _ c Uts (1) mn (1) mn 8
o B [¢7gms] + B W) [A,gns] — v (W) azgns (51)
gs ¢ , vis s 0A
- 220 4 Vml Jis 4s T4 <m<5.
(5m1vtsTs o + V! (6mo + dm2) cT. 95 0<m<5

The matrices W), are real and symmetric, therefore each of such matrices possesses six real eigenvalues
Mos, Ais - > Ass. Moreover, for each species s, there exists an orthogonal matrix Uy, such that U, WM U, = A,,
where A; = diag(Aog, A1g, -+ , Ass). If we perform the change of variables (gog, 14, »955) = (Goss G1ss -+ s Gss)s

where

Gis = UsTimG’mm (52)
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the model equations (51) transform into

8Gi8 . C Vts 8Gls
ot _E |:¢ — Ais c A, Gis| — VisAis Oz (53)
— v mlUT s 99 _ a5 77 —0.---
Vts m-US (67711 Tq 82 Vts (6m0 + 6m2) Tq 82 ) ) 1 07 ) 3.

The form (53) for the model equations presents some advantages with respect to the original formulation (51). Indeed,
the evolution equation for each G;, depends only on G;, (apart from the implicit dependence on the other dynamical
variables coming from the potentials ¢ and A), whereas the evolution equations for g;, in general involved explicitly
also the dynamical variables g;_1, and g;41,. Also, the form of Eq. (53), in the two-dimensional limit assuming z as
ignorable coordinate, reveals that the fields G;, are Lagrangian invariants. Indeed, in the two-dimensional limit, the

generic equations (53) can be written as

0G4
- is ° is — Yy 4
BN +v;, - VG 0 (54)
where
_ ‘. oy, Uts
Vig= 5%V (¢ Aot A) (55)

is an incompressible velocity field advecting the dynamical field G;;. The two contributions in such velocity field
are related to the E x B velocity field and to the free streaming along the “poloidal” magnetic field, respectively, in
the original drift-kinetic description. The existence of such advecting field becomes transparent when the model is
formulated in terms of the G;, variables.

The explicit expressions for the eigenvalues Ao, - - - , A5 can be found in A. The columns v of the matrices U, on
the other hand, can be found from WM v, = A v,.

For the sake of our analysis, we point out that the first three rows of the matrices Ug have the following structure:

U(O)s 1)(1)8 U(s)s
AosV(0),  AsV(n), o AssUs),
U, = | 2.1 A, -1 . (56)

vz U0y 5 V), V2 V)

where v q) *, U(5), are constants determined by the normalization condition. By virtue of the expression (56), the

S’
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model equations (53) can also be written as

0G,, s 0G,,
== [0 N A G| — N S
ot B 0z (57)
S I %2@_)\,%14) i=0.- .5
1sYts (z)qu Dz 1S ¢ ) ) s Je
The Hamiltonian functional (29), in terms of the new variables, reads
H(Goy,-,Gsp) = Z/d?’x noTy ZG
(58)
+QSnOU0lsGls¢ - QSnO7U1l5GlsA:| )
and consequently
gis = nOTSGis + anOU(i)S (¢ - )‘is LZSA) . (59)

The advection form of Eq. (57), and the expression for the functional derivatives (59) suggests that, in terms of the

new variables, the Poisson bracket for the model is given by

{F.G} = ZZ

s =0

§F  6G v 5F 8 6G
3 W ts 3 I
qunov(l) / dxGis [5Gis’5GiJ Ais o / Y5G,. 020G,

It is straightforward to verify, for instance by using the procedure adopted in Sec. IV, that the bracket (60) is a

(60)

Poisson bracket and that in particular it satisfies the Jacobi identity. The bracket (60) has a direct sum structure,
consisting of a linear combination of Poisson brackets labelled by the indices i and s. Poisson brackets with such a
structure are common in reduced fluid models for plasmas and further examples can be found for instance in Refs.
[28, 31, 38]. By direct substitution into the expression 9;G;, = {Gi,, H}, using the bracket (60) and the Hamiltonian
(58), it is easy to see that the model equations (57) are retrieved.

As above noticed, the alternative set of variables Gy, -+ , G5, provides a considerable simplification the structure
of the Poisson bracket, with respect to the Poisson bracket introduced in Sec. IV in terms of the variables gog, - - , gs55-
We refer to such variables, reducing a Poisson bracket to its simplest form, as to normal fields. The main advantage
of such simplification is that, from Eq. (60), it is staightforward to identify Casimir invariants for the model. We

recall that, Casimir invariants of a Poisson bracket {, } (see, e.g., Refs. [25, 26]) are functionals C, such that

{C, F} =0, (61)

for any functional F'. Because Casimirs commute in particular with the Hamiltonian functional, they are also conserved

by the dynamics.
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From the definition (61), it is easy to see that, for the bracket (60), Casimirs are given by
Cis = /dgl’ Gis,  1=0,---,5. (62)

The conservation of such integrals therefore constraints the dynamics of the model. In particular, in the two-

dimensional limit, with z as ignorable coordinate, Casimirs correspond to
Cis = /deCiS(Gis)a t=0,---,5, (63)

where C;, are arbitrary functions. Therefore, in the presence of such spatial invariance of the system (which is
a sensible approximation for laboratory and solar plasmas where a strong component of the magnetic field makes
the dynamics independent, at the leading order on one coordinate) one obtains that the evolution of the model is
constrained by an infinite number of conservation laws. These are associated with the role, discussed in Sec. IV, of
the fields G;, as Lagrangian invariants in the two-dimensional limit.

We remark that if, for a given species s, one has oy = 0, then the W), becomes a block diagonal matrix with

eigenvalues given by

A3s =V3+V6,  Ay=-V3-V6, A5, =1/3-V6.

The corresponding matrix Uy, on the other hand, reads

0 0 —3V3+V6+/6(3+v6)  3V3+V/6-/6(3+V6) 3V3—V6+/6(3—v6) —3v3-V6—-/6(3—6)

3v2 3v2 3v2 3v2
1 1 1 1
0 0 7 7 ~ 7 ~a
0 0 _/3+v6 346 _ . /3=v6 3-6
4 6 6 6
U, = (64)
0 O L L 1 1
V2 V2 V2 V2
1 1
5~ 0 0 0 0
1 1
%5 7 0 0 0 0

From the expression (64) one sees that, in this case, v(g), = v(1), = 0. Consequently, the Poisson bracket (60), in this
case does not exist, because v(p), and v(;), would vanish at the denominator. Thus, in spite of the fact that, also
for as = 0, the system can be cast in the form (57), a Hamiltonian formulation with Hamiltonian functional given
by (59) and Poisson bracket of the form (60) is not possible, thus confirming the conclusions drawn in Sec. IV with

regard to the case as = 0.
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VI. CONCLUSIONS

We have presented a Hamiltonian anisotropic electromagnetic fluid model evolving six field variables for each particle
species, accounting for the evolution of density, canonical fluid momentum, as well as parallel and perpendicular
temperature and heat flux fluctuations. The model is derived by taking moments with respect to Hermite-Laguerre
polynomials of a generalized distribution function and imposing as closure a proportionality relation between the
moments g40, and ga1, and the perpendicular and parallel heat flux fluctuations, respectively. Such closure amounts
to introduce terms coupling directly the evolutions of the parallel and perpendicular heat fluxes, for each species.

As Hamiltonian for the fluid model a conserved functional obtained self-consistently form the Hamiltonian of the
parent drift-kinetic model is assumed. The Poisson bracket is then constructed by assuming it to possess the form of
a Lie-Poisson bracket, which is very common for reduced fluid plasma models. A general form of bilinear functional
satisfying the Leibniz condition and yielding, from the assumed Hamiltonian, the model equations in 2D, is considered.
By imposing the additional constraints of antisymmetry and the Jacobi identity the expression for the Lie-Poisson
bracket of the model in the 2D limit is thus obtained. The extension to 3D is then carried out following a procedure
adopted in Ref. [29]. From the expression of the Poisson bracket it emerges that the proportionality coefficients as in
the closure relation cannot be zero, thus implying the presence of the terms coupling parallel and perpendicular heat
fluxes in the model equations, in order to assure a Hamiltonian structure with a Lie-Poisson bracket.

An alternative set of dynamical variables (normal fields) is then introduced, in terms of which the Poisson bracket
of the model simplifies considerably. This made the identification of Casimir invariants particularly simple. In the
2D limit, 6/ infinite families of Casimir invariants are found. These express the property of the normal fields of
being Lagrangian invariants of the model. This unveils a remarkable feature of the model in the 2D limit: the model
can indeed be reformulated as a system of 6/ advection equations for 6/ Lagrangian invariants transported by
incompressible generalized velocity fields. Such velocity fields, corresponding to those indicated in Eqgs. (55), are
associated with stream functions corresponding to linear combinations of electrostatic and magnetic potential. These
account for the E x B velocity and free stream along the fluctuating part of the magnetic field. A similar feature
occurs in other Hamiltonian reduced plasma models, e.g. in Refs. [24, 28, 31, 38] but none of such models accounted
also for perpendicular temperature and heat fluxes.

Finally, it is worth emphasizing a remark about the adopted closure in the case as = 0. This corresponds to
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eliminating the terms directly coupling parallel and perpendicular heat fluxes for a given species and is the closure
that appears to be adopted in the models of Refs. [2, 7], when taken in the limit of negligible finite Larmor radus
effects, background inhomogeneities and dissipation. The Hamiltonian formulation found for the present model fails
in the case a; = 0. This special case turns out to be energy conserving but no Poisson bracket of the form (30) is able
to yield the model equations when combined with the assumed Hamiltonian functional. This suggests that, for the
particular closure ag = 0, the Hamiltonian structure requires a different form of Poisson bracket or that ingredients
neglected in the present analysis (e.g. finite Larmor radius effects) are needed to restore a Hamiltonian structure

with the adopted form of Poisson bracket.

The author acknowledges useful discussions with the Nonlinear Dynamics Team of the Centre de Physique

Théorique. Financial support was received from the CNRS through the PEPS project GEOPLASMA2.

Appendix A: Determining the eigenvalues of the matrices w,

For a fixed species, the eigenvalues of the matrix W), correspond to the roots of the characteristic polynomial
A — (7T +4a2)A* + (9 + 12a2))\* — 3, (A1)
which we can rewrite as
u® — (7 +4a?)u? + (9 + 12a)u — 3, (A2)

where u = \2.
Following a standard procedure to determine the roots of an algebraic equation of third degree, we operate the

transformation v = y + (7 + 4a2)/3, which casts the polynomial (A2) in the form

5 1602 +20a2+22 3202 +80af 12848 + 200
Yy~ — - — .

A
3 Y 9 27 (A3)
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The roots of (A3) are then given by

B! 4
8at +10a2 + 11 cos FArg (27(16a§ + 300t + 1202 + 25)

2
+§i\/§\/24a§ + 4006 + 360 + 3002 + 1” ,

1 4
8ad + 10a2 + 11 cos gArg (27(16ag + 300t + 1202 4 25)

2
+§i\/§\/24a§ + 4008 + 360t + 302 + 1 + QW)} ,

2 1 4
Y3 = g\/E\/Sag‘ +10a2 4 11 cos {SArg (27(16042 + 300t + 1202 + 25)

2
+§i\/§\/24a§ +40a8 + 360 + 3002 + 1) + 47r>} ,

and the eigenvalues of the matrix W), correspond then to

/ 7+ 4a2

Aoy =\ /1 + —3 (A4)
/ 7+ 4a?

Aoz, = d4\/y2 + —3 (A5)
/ 7+ 4a?

A5, = T\ ys + —3 (A6)
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