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Abstract

From the Hamiltonian structure of the Vlasov equation, we build a Hamil-
tonian model for the first three moments of the Vlasov distribution function,
namely, the density, the momentum density and the specific internal energy. We
derive the Poisson bracket of this model from the Poisson bracket of the Vlasov
equation, and we discuss the associated Casimir invariants.

1. Introduction

Ideal fluid and plasma dynamical systems have Hamiltonian structure in
terms of noncanonical Poisson brackets [1, 2, 3] that is inherited from the Hamil-
tonian structure of underlying microphysics. Indeed, a path can be traced, at
least formally, from n-body dynamics represented as a kinetic theory via Liou-
ville’s equation, to mean field kinetic theories, such as that of the Vlasov equa-
tion, to fluid models, with interacting electromagnetic fields (e.g., [4]). Along
this path one takes various kinds of moments in order to obtain closures, self-
contained reduced models, and it has been shown that the Hamiltonian structure
can be traced from the Liouville equation to the BBGKY hierarchy, to Vlasov
theory [5]. Similarly, the Hamiltonian structures of some fluid systems have
been obtained from that of Vlasov theory [6, 1, 7, 8] by a moment reduction
using only the density and fluid velocity (e.g., [9, 10]). The main purpose of the
present paper is to derive Hamiltonian fluid closures that allow for pressure or
entropy dynamics, and thus provide a Poisson bracket derivation of the more
complete Hamiltonian theory of Ref. [11].

The derivation proceeds by projecting the Vlasov Poisson bracket onto a
complete (infinite) set of velocity (or momentum) moments. In general, brackets
obtained by truncation of this bracket by dropping higher order moments do
not satisfy the Jacobi identity [12]. Here we develop a procedure for recovering
the Jacobi identity by introduction of a single scalar field that plays the role
of a thermodynamic variable, e.g., entropy, scalar pressure, or energy. In order
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to transmit the essential idea in an uncluttered fashion, we restrict here to the
case of a single spatial dimension.

Moment reductions are of practical concern because integrating a kinetic de-
scription describing collisionless plasmas is a most challenging task, one that is
desired, e.g., for designing realistic fusion devices and understanding naturally
occurring plasmas. Consequently, beginning from the noncanonical Hamilto-
nian description of Vlasov theory, a variety of models have been obtained for
reduced kinetic descriptions (e.g., [13, 14, 15, 16, 17]). In addition, reductions
to ordinary differential equations, as well as to fluid equations, have been ob-
tained and applied to specific physical problems. For example, such reductions
have been used for describing vortex dynamics in a variety of configurations
[18, 19, 20, 21], self-gravitating ellipsoids [22, 23], and laser plasma interac-
tion physics [24, 25, 26]. Not all of these reductions are Hamiltonian, e.g., the
quadratic moment reductions of [23, 19, 20, 21, 26] are Hamiltonian, while the
higher degree reductions of [18] and those of [24, 25], although energy conserv-
ing, are not Hamiltonian (as was explicitly shown in [12]). As noted above, the
goal here is to explore Hamiltonian fluid closures, which could then be further
reduced for numerical computation.

The paper is organized as follows. In Sec. 2 we briefly give some background
material. In Sec. 3 we first state our main result and then provide the derivation
of our Hamiltonian model which is analysed in Sec. 4. Finally, in Sec. 5 we
summarize and conclude. In addition the paper contains several appendices
with explicit calculations pertaining to the direct proof of the Jacobi identity.

2. Background

We begin with the Hamiltonian formulation of the Vlasov equation, which
describes the time evolution of a distribution function of non-colliding particles
in phase space f : D — R, (where D C R?" and n is the dimension of the
configuration space of the particles). Usually the Vlasov equation is coupled to
Maxwell’s equations or to a single elliptic equation, e.g., Poisson equation for
gravitational or electrostatic interaction. However, since the crux of the present
moment closure problem lies in the Vlasov part of the Poisson bracket, we will
find it sufficient for our purposes to consider the case of particles subjected to
an external (but possibly time-dependent) potential V. Thus, the equation we
consider is given by

8tf:—VVf+VV5vf=[5,f], (1)
where the second equality follows from the particle Poisson bracket,

and the particle energy € := |[v|?/2 + V(x, t).
The Vlasov equation possesses a Hamiltonian structure as a field theory
that reflects the Hamiltonian character of the equations of motion of individual



particles. On the field theory level, the particle Hamiltonian structure translates
into the existence of a noncanonical Poisson bracket {-, -}y such that the Vlasov
equation can be reformulated as f = {f,H}v, where the dot denotes the time
derivative and the Hamiltonian #, the total energy of the system, is given by

[v[?

H(f) = / Fx,v) (T—i—V(x,t)) 4 d™, 3)

The noncanonical Poisson bracket that is our concern here is the same as that
for the Vlasov-Poisson system [6, 1]. However, this same bracket is ubiquitous
in fluid and plasma physics and is of the Lie-Poisson type (see, e.g., Refs. [3, 2]).
For example, this bracket occurs in the coupling to the electromagnetic field in
Vlasov-Maxwell theory [6, 1, 7, 8], in general relativity [27, 28], and for vortex
type dynamics (e.g., [1, 19, 29]). It is given by

{F.G}y = Z Fv) [‘;—?%] dradny, (1)

where §F/§ f is the functional derivative of F with respect to f and the bracket
[,] is given by Eq. (2). In what follows, we assume periodic boundary con-
ditions with respect to the spatial coordinates, i.e., they are defined on the
n-dimensional torus T", whereas velocities are defined on R™ with vanishing
boundary conditions at infinity. Thus, our integration domain is D = T™ x R™.
It is commonplace to consider fluid reductions of kinetic theories like Vlasov
equation by taking velocity moments. However very few works focus on the
Hamiltonian structure of the resulting models (or at least of its ideal part).
One exception is the well-known Hamiltonian fluid reduction obtained from the
Poisson bracket (4) using the Poisson subalgebra given by the functionals

F(f)=F </f d"v,/fv d"v), (5)

where the dynamical variables are reduced to the density p = f f d™v and the
momentum density M = f fv d™v. The reduced Poisson bracket is derived from
bracket (4) by restriction to such functionals of the form of (5) and is equal to
that given in Ref. [11], viz.

0G oF 0G oF | .,
where (F <> G) denotes the same quantity as that shown but with F' and G
interchanged in order to have an antisymmetric bracket. This bracket reduction
is exact, i.e., if two functionals that depend on f only through p and M are
inserted into Eq. (4), then the resulting functional {F, G} only depends on the
variables p and M. However, Hamiltonian (3) does not belong to this subalgebra
of functionals, since it depends on moments of order two of the distribution
function f. An approximation leading to a completed reduction consists in



replacing the kinetic energy by [ |MJ?/(2p) d"z, a quantity that belongs to
the subalgebra, together with kinetic fluctuations through a specific internal
energy function U that depends on p. With these assumptions, the reduced
Hamiltonian becomes

H(p,M) = / <% + pU(p) + pV) d"z.

Following Ref. [1], a specific entropy variable can be added to the system by
allowing the internal energy U to depend on this specific entropy or any alter-
native thermodynamic variable and finding an appropriate algebra. Of course,
with this procedure a specific connection to the second moment is lost and the
derivation has an ad hoc flavor.

Another strategy consists in keeping the second order moments [ fv®v d™v
as a dynamical variable, in which case there would be no approximation to be
performed on Hamiltonian (3), although some dynamical information on the
kinetic fluctuations could also be kept. However the set of functionals

F(f):F‘(/f d"v,/fvd”v,/fv@vd"v), (6)

does not constitute a Poisson subalgebra associated with bracket (4) since the
whole hierarchy of higher order moments enters into play. This is because brack-
ets of elements of the set of functionals (6) generate functions of order higher
than two. To our knowledge there is no Hamiltonian system which contains a
finite number of moments with among them, the first three moments as dynam-
ical field variables. Finding such a model is the main objective of the present
work and, as noted in Sec. 1, this is achieved by introducing a closure in terms
of a single scalar field.

3. A higher order closure

In this section we state our answer for the one-dimensional case, returning to
its derivation and further discussion in later sections. The one-dimensional case
is much simpler than the n-dimensional one, but contains the same essential
ingredients: a Poisson subalgebra for the functionals of the first two moments,
and the intricacy of higher order moments. The generalization to higher di-
mensions is more involved, since more dynamical field variables are needed to
characterize the second and third moments of the distribution function f.

Here, we derive a three-field Hamiltonian model for the first three moments
of the distribution function, or equivalently for the density p(x), the momentum
density M (z) and the specific internal energy U(x). In a nutshell, the result
that we obtain is that the Hamiltonian is naturally

M2
H(p,M,U)/<2—p+pU+pV) d:C,



and the Poisson bracket is the following:

0G . OF 0G . OF 0G . 0F 6G . OF
{6} —/[/’m"’% M5 Y (m"’% * wawm)

0G , OF
dz — (F + G 7
Q50 5| dr- (P 6) ()
where Q = Q(2U/ p?) is an arbitrary function. The resulting equations of motion
given by F' = {F, H} for the density p, the fluid velocity v.= M/p and the
specific internal energy U are given by

—0x(pv), (8)
V= —vO,v — 0,V — p10,(2pU), (9)
U=—vo,U —2U0,v—p~ 19, (p*Q). (10)

The first two equations are the usual equations for the density and the fluid
velocity where the pressure is defined by P = 2pU, which is consistent with
pU = P/(y — 1), v being the one-dimensional adiabatic index for an ideal gas.
The third equation is also standard except for the last term which provides
for the departure of the distribution function f from a Maxwellian distribution
(cf. Sec. 4). One of the main benefits of the model (8)—(10) is that this de-
parture from a Maxwellian distribution can now be investigated using a purely
fluid model. It should be noted that the models given by Eqs. (8)—(10) are
all conservative, but only the ones where Q is of the prescribed form, namely
Q = Q(2U/p?), are Hamiltonian, i.e., the Jacobi identity for bracket (7) is
satisfied. Below we provide a derivation of the Poisson bracket (7)
In the one-dimensional case n = 1, the Vlasov equation (1) reduces to

Orf = =00 f + 0, VO, f,
and the associated Poisson bracket (4) becomes

OF ) 0G
5f of

We perform the change of dynamical field variables

flx,v) = (Po(x), Pi(z),. .., Px(x)),

{FG}*/f:cv dzdv — (F < Q). (11)

defined by
Pia) = [ vif(w.0) do,

with the hypothesis on f that this change of variables is well defined and in-
vertible. The functionals are modified according to

F(f)=F(Py, Py,...,Py).



From this expression, using the chain rule for functional derivatives, we deduce
the expression of 6F/df as a function of the 0F /P,

SF = 6F
6f ~ &R

Consequently, bracket (11) becomes

S e [ 6G  OF -

i=0 j=1

From this expression, it is straightforward to see that the subset of functionals
of Py and P is invariant (closed) under the bracket (12), and hence constitutes
a Poisson subalgebra, since i + j — 1 < 1 for 4,57 < 1. This is used to obtain a
two-field Hamiltonian fluid model [2]. As noted in Sec. 2, this property does not
extend to higher order moments since the subsets of functionals that depend
on (P;)i<ny with N > 2, are not invariant under the bracket (12), given that
2N —1 > N for N > 2. Our purpose is to construct a Poisson bracket for
functionals of Py, P; and P, that is obtained by an appropriate closure on higher
order moments. We consider the associated bracket acting on functionals of Py,
P, and P; obtained from a truncation of bracket (12):

{F,G} ={F,G}; + {F,G}", (13)

where

0G . OF 0G . OF
{F’G}J/{Poé—Plaxé—PojLPlé_Plazﬁ

G\ oF

+P2—az

b 5P2}d:c—(FHG), (14)

and

5G . OF 5G _ OF
FGY = [ 2{ P20, + Py’ 0,
{R6) / { 155,758, T 5R, %5 h,

0G , OF
Ps—0,— pdz — (F + G),
R % 5n, } z=( )
which introduces the dependence on Ps;. Thus, in order to be able to truncate
the resulting system of equations, we consider imposing a closure constraint of
the kind
Pg = P(x,PO,Pl,PQ,amPO,amPl,[%PQ,...),

meaning that P may depend on z explicitly, on the variables P; (for i € {0, 1,2})
and their derivatives to all orders. In this section, we illustrate the method
by considering constraints of the reduced kind Ps = P(z, Py(z), P1(x), P2 (x)).



However, we show in AppendixD that in order to have a Hamiltonian system,
P cannot depend on the derivatives of the dynamical variables.

To preserve the Hamiltonian structure of the bracket, P must be such that
the Jacobi identity is satisfied. From AppendixA, we find the following condi-
tions on P :

oP oP
Py—— + 2P| — — 3P, = 1
08P1+ '35, 3P =0, (15)
oP oP oP
oP
— =0. 1
5 =0 (17)

The third equation implies that P does not have any explicit dependence on the
spatial coordinate (but it might have an implicit dependence on z through its
dependence on Py, P, and P»). The first two equations are first-order linear par-
tial differential equations which are solved using the method of characteristics.
The calculation, detailed in AppendixC, gives

PP, _P} Pt (P P?
Py=3—=-20+5Q( 55~ 51 18
3 P, %+2Q}€z%’ (18)

where Q is an arbitrary function. Equation (18) provides then a family of
Hamiltonian closures for a three-moment model, that is expressions for the
fourth-order moment Pj in terms of Py, P; and P, such that, when inserted
into the antisymmetric bilinear form (13), they yield a Poisson bracket. The
calculation also suggests more adapted field variables, for instance, the use of
the specific internal energy instead of P,. Thus, we can perform the change of
variables from (Py, Py, P2) to (p, M,U) defined by p = Py, M = P; and

1 p?
U=—(P—-—=]),
2P Py
and it is straightforward to see that the bracket (13) together with the condi-
tion (18) becomes Eq. (7). Given that Q must be of the form Q = Q(2U/p?),

another convenient variable is given by S = 2U/p?, in terms of which the Poisson
bracket (7) becomes

0G . OF 0G . oF 0G OF
(e} = / {f’m"’w—p M %55~ 5ar 65 %0

Q(s) 06, oF
pr 68 748

} dz — (F < G). (19)

4. Analysis of the reduced fluid model

The reduced fluid model we analyse below is given by the Poisson bracket (19)
and the Hamiltonian
3

M2
H(p, M, S) = / <2—p + %S+pv> da. (20)



which is obtained from Eq. (3). First we analyse the case @ = 0 which corre-
sponds to a symmetric Vlasov distribution function.

4.1. Case @ =0
When Q = 0, condition (18) on P3 becomes
M3
Py — 6MU — =5 =0, (21)
p

or equivalently,
[0 =315 1.0 av =0,

Thus, its skewness is zero. For instance, a Maxwellian distribution,

P (v=M/p)?
f(x,v)\/mexp< i ), (22)

from which we get Py = p, PL = M and P, = 2pU + M?/p, has a third moment
P; which satisfies Eq. (21).

The Poisson bracket (19) with Q = 0 is equivalent to that of [11], which is
easily seen by introducing the variable o = pS and effecting the chain rule on

Flp, S, M] = F|p, o, M], which gives the functional derivative relations

§F 5F+05F ol OF §F

—=—+—-—— n — =p—.

5p  op | poo s~ P50
Also note that the Poisson bracket (19) with @ = 0 is invariant under the
change of variable S — S given by S = ¢(S) with arbitrary but invertible ¢.
This follows from the chain rule expression,

¢ (35,

oF

5SS
where 1) = ¢~!. This symmetry of the Poisson bracket is also expressed in the
form of a family of Casimir invariants:

C(p. 5) = / pr(S) da,

where x is any scalar function of one variable. When « is a constant, this
translates the conservation of the total mass whereas in all the other cases, it
expresses the conservation of the total entropy. After changing to the variable
S, Hamiltonian (20) becomes

N M? 3 _
i .8) = [ (2—p + 208 + pv) aa,



with the following corresponding equations of motion:

p = _az(PV)a
V= —vO,v — 0,V — pla.(p*(9)),
5‘ = —vd,S.

Upon identifying S with the specific entropy, the above equations are easily
recognized to be the equations of an ideal fluid with the polytropic (adiabatic)
equation of state with pressure P = z/J(SN’)pV. As noted in Sec. 3, v = (N +
2)/N = 3, as is the case for one dimension, and pU = P/2. Thus, using the
expression for the specific internal energy U(p, S) = ¥(5)p?/2, which exhibits
a peculiar dependence upon p and a separability feature with S, we obtain the
thermodynamic relations P = p?dU/dp = (S)p® and T = dU/DS = +/p>.
If initially S is constant, it will remain so. Consequently, Pp=3 = const > 0,
where the inequality is chosen to ensure thermodynamic stability. This will be
the case if the distribution function f is a local Maxwellian of the form (22).
Finally, for this Q = 0 case, using the above we can remove the variable S of

the Poisson bracket (19) in lieu of the pressure P via the functional chain rule
relations,

§F 0F OPGF §F  OP6SF

5p ~ op  9poP 55~ DS 0P
which results in a bracket that gives the equations of motion in the form usually
encountered in plasma physics,

and

P = —v3,P —3Pd,v. (23)
Since the derivation of the bracket is straightforward, we do not include it here.

4.2. Case Q#0

First, we recall that the quantity Q provides a term in the equations of
motion which would vanish if the distribution function were symmetric in v.
Thus, the equations of motion that allow for this skewness are

p = 781(/)‘/)7
V= —v0,v— 0,V — p 10.(p%9),

§ = —v0,S — %p*?’az(p‘*Q(S)).

We remark that a constant and uniform S is now only a solution of the third
equation if it corresponds to a zero of Q. Therefore, adiabatic processes are
restricted to cases with a function Q possessing a zero. Cold processes are
obtained when Q(0) = 0.

If we assume that the external potential V' is even in z and if we per-
form the change of variables given by p(z) = p(—z), M(z) = —M(—2) and
S(x) = S(—x), the equations of motion (or equivalently Hamiltonian (20) and



bracket (19)) are unchanged provided that Q changes sign. Therefore if we as-
sume that Q does not vanish on its domain R, there are only three Casimir
invariants, namely [p dz, [[M/p — pr3(S)/4] dz and [p Ko(S) dz where
Ky = 1/4/]Q]. Given this set of invariants, one can see that the case Q = 0 is
structurally unstable. Indeed, any small perturbation Q = € leads to the gener-
ation of a third Casimir invariant, which is by definition a conserved quantity.
Furthermore, we can restrict ourselves to a positive Q. In this case it is possible
to further simplify the model by considering the change of variable S = ¢(S).
With this change of variable the bracket (19) becomes

0G . OF 0G . OF 0G OF
{FvG}/{Pma%*Mmafw 50 5505

Q(¢~1(9)) 260G . OF

7 (¢'(07(9))” —z0: }dx—(F<—>G).

* 58 88

Furthermore, upon choosing ¢ such that

the bracket and Hamiltonian become, respectively,

0G . OF 0G . OF 0G OF _ -
{F.6} = / {pmf’w—p T MSar% 50~ 3a 5500

1 6G _ OF
%9, e (Fe @), (24
P 55}5”(“) (24)

and A2 5
H(p,M,S)z/(2—p+%w(§)+pv) dz.

As a consequence, the arbitrariness in the definition of the model, namely Q in
the bracket, can be put into the Hamiltonian, and more precisely in a modifi-
cation of the specific internal energy U (p, S) = p21/1( )/2. Thus, the equations
of motion become

P = az(pv)a
V=—v0,v—0; V—p_laz(/)3¢(§)),
= —v0,5 — p19, (p*'(9)) .

Using this set of variables, the three Casimir invariants are the total mass
J p dz, the total “generalised” velocity [[M/p— pS 2/4] dx and the total entropy
fpS dz. Introducing the new variables ¢ = pS and m = =M/p— pS2/4 sug-
gested by the form of the Casimir invariants, bracket (24) takes the remarkably

simpler form
0G , 0F 060G . OF

10



Finally we observe that in the case Q # 0, the evolution of the pressure is
modified such that the term —20,(p*Q) has to be added in the right hand side
of Eq. (23).

5. Summary

In summary, we have derived a family of Hamiltonian models for the first
three moments of the distribution function, starting from the Vlasov equation
in one-dimension. The procedure with the verification of the Jacobi identity
clearly identifies restrictions on the possible fluid models to be considered and
highlights natural variables. Using the Poisson structure of these models, we
have discussed the Casimir invariants.

As noted in Sec. 1, the purpose of the present paper was to build in as direct
way as possible Hamiltonian closures for higher order fluid models. It would be
interesting to discuss dynamical consequences of the closures, and extend this
approach to higher dimensions and higher order models with richer physical
content by reinstating the coupling to self-consistent fields.
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AppendixA. Conditions on P; for bracket (13) to satisfy the Jacobi
identity
The aim of this appendix is to find the conditions on
Ps = 7)(1', PO(Z'>5 P1(1'>, P2($)) ;

such that the bracket (13) satisfies the Jacobi identity. First we notice that the
bracket (14) satisfies the Jacobi identity (see AppendixB). As a consequence,
the Jacobi identity for the bracket (13) reduces to

{FAG HY}+ O={FAG H}"}; +{FAG H},} +{F{G H}"'}"+ O.

where O designates the summation of the expression over circular permutations
of the functionals F'; G and H. Below, we detail the computation of the first
contribution, {F,{G, H}*};, and provide the results for the other two contri-
butions, {F,{G,H},;}* and {F,{G, H}*}*. Furthermore, in what follows, we

11



shall denote Fp, the functional derivative of F' with respect to the dynamical
field variable P; such that F'p, = §F/6P;. In order to compute {F,{G, H}*};,
we calculate the functional derivatives of {G, H}* by differentiating only with
respect to the explicit dependence on the dynamical variables (see Ref. [1]).
It has been shown that the other contributions with second order functional
derivatives cancel in a very general way. This leads to

H *
RCHY oy P (Hp,0,Gpy — Gy OuHp,),
3Py
) HY*
% =2 [HPanGPO - GPQamHPO + aPIP (HPZ(?IGP2 — GP2(9IHP2)] ,
1
H *
% = 2[Hp,0.Gp, — Gp,0,Hp, + Op, P (Hp,0.Gp, — Gp,0,Hp,)|,
2

where the notation Jp, P indicates the partial derivative of P with respect to
P;. We thus obtain

(F.AG, H)"} s = / 2Py ([Hp,0sCry — Gy Oy Hpy + 0, P (Hp, 095G,

7GP281HP2 )] 8961?130 - FP1 O [apop (HP28IGP2 - GP28IHP2)])
+ P ([HP28mGP0 — GP28mHP0 + (91317) (szépr2 — Gp2(9me2)] (91Fp1
—Fplam [HPQGQGPO — GPQaIHPO + 8p173 (I‘IPQGIGVP2 — GPQGZHPQ)])
+ Py ([HPQGEGPO — GPQaIHPO + 8p173 (IJPZGIGVP2 — GPQGZHPQ)] 6351'7‘132
7Fp1(9x [szaszl — szaszl + (91327) (Hp2(9sz2 — szaszz)])} dzx.

By circular permutation on (F, G, H), the terms of the type PoyHp,0.Gp,0-Fp,
and Py0, Fp, 0,Gp, Hp, cancel. Using an integration by parts, we have
{F, {G, H}*}J+ O= /2 {P08p17> (szépr2 — Gp2(9IHp2) 8xFP0

40, (PyFp,) 0p, P (Hp,0,Gp, — Gp,0,Hp,)+2P) [Hp,0,Gp, — Gp,0.Hp,
+0p, P (Hp,0,Gp, — Gp,0,Hp,)]| 0. Fp, +Fp, 0, P, [Hp,0,Gp, — Gp, 0, Hp,
+0p, P (Hp,0,Gp, — Gp,0,Hp,)| + Po (Hp,0,Gp, — Gp,0.Hp,) 0, Fp,
+ 0, (PyFp,) 0p,P (Hp,0,Gp, — Gp,0,Hp,) + Fp 0, P> (Hp,0,Gp,
—Gp,0,Hp, )} da+ O .

Similarly, we obtain the following expressions for { F, {G, H} ;}* and {F, {G, H}*}*:

{F, {G,H}_]}*+ O= /Q{Plaszo (leaszz — Gplasz2)

+ Op (Ple2) (leaszo — Gplapro) + PQ&IFPI (leépr2 — Gplapr2)
+ 0y (P2Fp,) (Hp,0:Gp, — Gp, 0y Hp,) + Fp,0.P (Hp, 0:Gp,
—Gplaszz)} dz+ O,

12



and

{F, {G,H}*}*—l— O= /4{P161Fp0 (I{pZagEG'p1 — szaszl)

+ P10, Fp,0p,P (Hp,0.Gp, — Gp,0,Hp,) + P20, Fp,0p, P (Hp,0,Gp,
przﬁprQ + Py (szapro — GPQ(()IHP()) 8IFP2
+ 27)6sz2 (szaszl - GPZ&EHPI)} dx+ O.

As a consequence, we have

{F, {G,H}}-{- QZ/Q{P@@PIP(HPQGZGPQ —GPZ&CHPZ)@QEFPO

+ 0y (PoFp,) O, P (Hp,0sCp, — Gy 0y Hp,) + 2P0, P (Hp, 0y Cip,
G0 Hp,) uFpy+Fp,0p, POy Py (Hp,0uGrpy — Gp,0uHp,)+3Ps (Hp,05Cr,
—Gp,0,Hp,) 0. Fp, + 05 (P2Fp,) Op, P (Hp,0.Gp, — Gp,0:Hp,) + (Hp, 0:Gp,
—Gp,0yHp,) Fp,0yP +2P,0y Frydp, P (Hp,0uGp, — G0 Hp, )+ (Hp,05 G,
G0y Hp,) 2Psdy Fi, 0, P + 4P, Fpy (Hpy0uGpr — G, Hpr )} dat 5 .

Furthermore, by definition, we have

0
0P = 8—7: + Op, PO Py + 0p, PO, Py + Op, PO, Py,

where 9, and 9/0x are two distinct operators, the later acting solely on the
explicit dependence on the spatial coordinate x. Consequently, one obtains

{F, {G, H}}+ O= /2 (HPZamsz — GPQGZHPQ) {&EFPU [Poaplp + 2P18P27)
P
— 3P3] + 0, Fp, [Podp, P + 2Pi0p, P — 4P + 3P20p, P] — Fp, 5 { dart O

Therefore, in order for the bracket (13) to satisfy the Jacobi identity, the function
P has to satisfy Eqs. (15)—(17).

AppendixB. Jacobi identity for bracket (14)
In this Appendix, the Jacobi identity is proved for brackets of the type:
{Fa G}M = /Pi (GPMaIFPi 7FPA18IGP-L> d:C, (Bl)

with implicit summation of the repeated index i =1,..., N, and for N,M € N
and M < N. For the computation of {F,{G, H}as}n, we again use Morrison’s
lemma which states that only the functional derivatives with respect to the
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explicit dependence on the variables matter for the Jacobi identity [1], that is
to say we consider that

0{G,H}

5p, = HPMaIGPi - GPMaIHPw (B2)

assuming that the other contributions compensate through summation over cir-
cular permutation. Using an integration by parts, {F,{G, H} s} s is rewritten
as

G, H MG, H
{F, {G, H}M}M = / Pi QGZFM - azFPM g
dpm opi
H
+ (%pinMé{G;’ip_}M} dz.

Inserting Eq. (B.2) into the previous equation leads to the following expression

{Fv {Gv H}M}IVI = /{pZ [HPMaIGPM aIFPi - aGCFWPM GPMaszi]
+ Pi [azFPMHPMazGPi - GPM aOCILIPM aIFPI]
+ 0upi [Fppy Hppy 02 Gy — Fpy Gy 0xHp, 1} dov.

Using circular permutation of (F, G, H), each line of the previous equation can-
cels out, and, as a consequence, bracket (B.1) satisfies the Jacobi identity.

AppendixC. Method of characteristics and closure

We use the method of characteristics in order to solve Eq. (15) by introducing
three spectral parameters A, B and C. We obtain

Py 0P oP, P
a—A—(), a—A—Po, a—A—2P1 and aA—-?)PQ,

whose solution is

Py = Py(B,C),

P, = APy(B,C) + (B, ),

Py = A’Py(B,C) +24Aa(B,C) + (B, C),

P = A*Py(B,C) + 34%a(B,C) + 34A8(B,C) +~(B,C),

where «, § and v are sufficiently regular functions in both their arguments. We
choose the spectral parameters B and C' such that

a=0, Pp=B and pB=C,

14



which leads to

Py
A="1L

Py’

P2

cC=p,—--1L

2 PO’

PP P} P?
P=3 9L Py, Py — =L ).

j2) pz T j2)

We insert the solution for P in Eq. (16) and we obtain the following condi-
tion :

0y 0y
BZYL 9T _ 4.
o8 T30 =Y

As previously, this equation is solved by using the method of characteristics,
which results in

C
(B.0) = 50 (57 ).
where Q is some sufficiently regular function. Thus, we finally obtain

PP P} 4 (P2 Pf)
Py=3 2=+ P9 =—-=].
N R 5

AppendixD. Independence of Q in the derivatives of the field vari-
ables

As stated above, the closure procedure exhibits a natural set of variables
(p, M, S) defined such that p = Py, M = Py and S = (P, — P2/ P,)/P3. Denot-
ing respectively F),, Fas and Fs the functional derivatives of F' with respect to
p, M and S, one has

1 M2 M 1
FPUFP+;<F3S>FS7 FP1:FI\/[*2FFS and FPzzﬁFS'

According to this change of variable, bracket (13) becomes
{F,G} ={F,G}1 + {F,G}a, (D.1)

where
{F, G}l = /{pGMapr + MG O Frr — GMFsazS} dx — (F > G)
{F,G}2 = /R(Gsast — Fs0,Gg) du,

and
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The constraint on R we impose is that it depends on the dynamical field vari-
ables and their derivatives, i.e., R = R(x, {02 p}nen, {02 M }nen, {02S}nen).
We assume that R depends only on the first IV derivatives of the field variables.
We are looking for conditions such that the resulting bracket (D.1) satisfies the
Jacobi identity. First we notice that the bracket {F, G}, satisfies the Jacobi
identity [6]. Following the procedure used in AppendixA, one has to compute
functional derivatives such as §{ F, G}2/dp. Due to the explicit dependence of R
on the derivatives of the variables, this computation generates a series of terms,
for example,

N

JOR
= 310 | g (Hs0.Gs - G, Hs)|.

5{G7 H}2
op

n=0

Using similar techniques as in AppendixA (integration by parts and cancella-
tions of terms by circular permutations), we eventually end up with

N
B . R 1 R
{F{G,H}}+ 0/{20 {8 (p0:Fy) g + 05 (0Fun) 5
. R . OR . R
+ 20" (MO, Fry) =——— Son il + 0" (Fp 0, M) 5oL " (Fs0,S) Sl
. R . R, R
+0" (Frr0:8) ——— 5355 + 20" (RO, Fs) ——— 5355 + 0" (Fs0,R) ——— 5355

+ 2RO, Fpr — FMZ?IR} (Hsast — Gsasz) dz+ O.

We remark that the terms which depend on F|, can not cancel through circular
permutation. Thus, in order to satisfy the Jacobi identity, we must have

N n

aR (n) B
Z n Z o pdr Tt T F,(Hs0,Gs — Gg0, Hg)+ O=0,
= o0r M o \m

where we used the generalised Leibniz rule. As this condition has to be verified
for any F, one can prove by induction that Vn € N, OR/007M = 0. As a
consequence, we obtain

N
OR OR
F H — n+1 F hdd
{F{G, H}}+ O /{;} {am (p M)aagpjua (Far038) ——— 5905
. OR OR
—|—26 (Ra Fs) (9(9 S 6 ( Fs0, R) 88" :|

+ 2RO, Fpr — FMZ?IR} (Hsast — Gsasz) dz+ O .

Next we consider the terms which include Fg, Gg and Hg. We notice that
the terms n = 0 (which are proportional to 9, FsHg0,Gg) vanish by circular
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permutation. In order to make the terms n > 1 vanish, we need to impose

N
Z an " (RO, Fs) + 0" (Fs0,R)] (Hs0,Gs — G50, Hs)+ = 0.

As previously, we show by induction that Vn € N*, 9R/992S = 0. This leads
to

OR

N
OR
F o = E ntl () L F g
{F{G H}}+ 0O /{n_oam (o M)aagp+ 055

+ 2RO, Fpr — FMazR} (Hs0,Gs — Gg0,Hg) da+ O .

Besides, by definition, we have

OR | OR .y
R = - 8S+Zaan ax

where 9,, and 9/0z are distinct operators, the later acting solely on the explicit
dependence on the spatial coordinate x. Consequently, one obtains

N n

{F.{G,H}}+ 0= /{Z oR Z (”H)am grti-mp,,
OR
+2ROFyg — FM% (Hs0,Gs — Gg0,Hg) da+ O .

This expression has to vanish for any set of functionals (F, G, H), so it requires
that

N

29

— xp

= 1
aR Z (7’L+ )6’" 6"“ mF]M‘f’QRa F]M FJM?)R 0.

Choosing F = [ M dz leads to the condition 9R/0z = 0, so there is no explicit
dependence on the spatial variable. Also by induction, we have Vn € N*,
OR OR

= 4 Z=p42R=0.
san, =0 o 5, HIR=0

Thus, the solution is given by

where Q is an arbitrary function.
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