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Abstract. The Hamiltonian description of hydrodynamic type
systems in application to plasmas, hydrodynamics, and magne-
tohydrodynamics is reviewed with emphasis on the problem of
introducing canonical variables. The relation to other Hamilto-
nian approaches, in particular natural-variable Poisson brack-
ets, is pointed out. It is shown that the degeneracy of non-
canonical Poisson brackets relates to a special type of symme-
try, the relabeling transformations of fluid-particle Lagrangian
markers, from which all known vorticity conservation theorems,
such as Ertel’s, Cauchy’s, Kelvin’s, as well as vorticity frozen-
ness and the topological Hopf invariant, are derived. The appli-
cation of canonical variables to collisionless plasma kinetics is
described. The Hamiltonian structure of Benney’s equations
and of the Rossby wave equation is discussed. Davey — Stewart-
son’s equation is given the Hamiltonian form. A general method
for treating weakly nonlinear waves is presented based on
classical perturbation theory and the Hamiltonian reduction
technique.

1. Introduction

The equations of hydrodynamics and their generalizations
are among the most basic tools for the description of
nonlinear waves in macroscopic physics. In studying them,
an important question is whether these equations, in the
absence of dissipation, have a Hamiltonian structure. This
problem is primarily important in connection with the
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problem of quantization. However, in the classical case too,
establishing that a given system is Hamiltonian allows one to
hope (although this is not always a simple matter) to
introduce explicitly canonical variables, after which all the
variants of perturbation theory are considerably simplified
and standardized (cf., for example, Refs [1 —4]). In particular,
this approach gives an opportunity to consider all nonlinear
processes from the general point of view without fixing their
proper peculiarities connected with a given medium. The
Hamiltonian approach also gives certain advantages when
approximations must be made. A classical example of this is a
description of well-separated space or time scales, in parti-
cular, of high-frequency and low-frequency waves (for
review, see the remarkable book of Whitham [5]). For
continuous Hamiltonian systems the stability problem for
stationary solutions as cnoidal waves, solitons, vortices, etc. is
formulated more or less in the same manner and can be solved
by studying the quadratic Hamiltonian for small perturba-
tions or by taking the Hamiltonian in combination with other
integrals (numbers of particles, momentum, etc.) as the
Lyapunov functional if considering nonlinear stability (cf.,
for instance, Refs [6—8]).

Besides hydrodynamics, equations of the hydrodynamic
type are widely used for the description of various processes in
plasma physics as well as in magnetohydrodynamics (MHD).
They combine the equation of medium motion and the
Maxwell equations for electromagnetic fields. These models
also play an essential role in solid state physics and nonlinear
optics.

The problem of the Hamiltonian structure of the hydro-
dynamic equations has a long history. There are two
traditional approaches to it. Firstly, one can try, for some
system or other, to directly guess a complete set of canonical
variables. Then the problem of calculating the Poisson
brackets between any physical quantities is automatically
solved, and one also succeeds in writing down a variational
principle. Usually the Hamiltonian variables are expressed in
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terms of the natural variables (velocity, pressure) in a highly
non-trivial fashion.

An alternative path is directly to find expressions for the
Poisson brackets in ‘natural’ variables. This does not enable
one to introduce a variational principle, but for many
physical problems, including the problem of quantization, it
appears to be sufficient. The hydrodynamic type equations
have the same degree of nonlinearity (quadratic in the
velocities) as the energy integral. It then follows that the
expression for the Poisson brackets must be linear with
respect to the variables (velocity, density, etc.) that enter
these equations. It is easy to show that all such brackets are
brackets of the Berezin—Kirillov—Kostant type on certain
Lie groups. This quite important fact was understood
relatively recently, apparently first by V I Arnold [9, 10] (see
also, Ref. [11]) although Poisson brackets between velocity
components had already been calculated in connection with
the problem of quantization in a paper by L D Landau [12].
Also devoted to these notions were some papers by
I E Dzyaloshinskii and G E Volovik [13], and S P Novikov.
For the equations of magnetohydrodynamics the non-
canonical Poisson brackets were first calculated by Greene
and Morrison [15] and for the Vlasov—Maxwell equations for
a plasma they were obtained by Morrison [16].

As for canonical variables, for the ideal hydrodynamics of
a homogeneous incompressible fluid they had already been
found in the previous century by Clebsch (cf., for example,
Ref. [17]). The topological meaning of these variables was
clarified in the paper by Kuznetsov and Mikhailov [18]. In
1932, H Bateman [19], and later independently B I Davydov
[20], extended the result of Clebsch to a compressible
barotropic liquid. In 1952 for nonbarotropic flows of an
ideal liquid, the variables were found by I M Khalatnikov
[21]. Later this result was rediscovered in another set of
articles (see, for example, Ref. [22]).

From these results one can obtain the canonical variables
for an incompressible fluid of variable density, including
fluids with a free boundary, as was done by Kontorovich,
Kravchik and Time [23]. However, the extremely important
problem, from the point of view of surface waves, of the
Hamiltonian description of a fluid with free surface was
solved earlier by one of the authors of the present work
(V E Zakharov). The canonical variables were introduced
without proof in 1966 [24], and the complete proof was
published in 1968 in Ref. [25]. In these papers only potential
fluid flows were considered. A partial transfer of the results to
the case of non-potential flow was accomplished by Vorono-
vich [26] and Goncharov [27], who also solved the problem of
the Hamiltonian description of internal waves in the ocean. A
presentation of these results can be found in the monograph
by Yu Z Miropolskii [28] as well as in a recent book by
Goncharov and Pavlov [29], both written entirely from the
point of view of Hamiltonian formalism.

Of especial interest is the Hamiltonian formalism for the
Benney equations, describing non-potential long waves on
shallow water. The system of Benney equations is completely
integrable [30, 31], and the Hamiltonian formalism for them
was formulated (in the language of Poisson brackets between
moments of the longitudinal velocity) in a paper by Manin
and Kupershmidt [32].

Canonical variables enabling one to calculate Poisson
brackets between any quantities were found for the Benney
equations in Ref. [30]. This question unexpectedly turned out
to be related to the question of the Hamiltonian description of

plasma, which had earlier attracted attention. A Hamiltonian
description of magnetohydrodynamics was achieved by the
authors of the present work in 1970 [33]. Canonical variables
in a two-fluid hydrodynamic model were introduced in Ref.
[34], and were used later in various papers describing non-
linear processes in plasma (cf., for example, Ref. [35]). This
did not solve the question of introducing canonical variables
in the collisionless kinetics of a plasma, although, after paper
[31], it became clear that such variables must exist. In the
present survey we introduce such variables, using the
equivalence of the Vlasov equations to an infinite system of
hydrodynamic equations. This equivalence, which was noted
by one of the authors (E A Kuznetsov), is established by a
Radon transform, and was essentially used in Ref. [30], where
it was shown that the Benney equations are equivalent to one
variant of the Vlasov equations.

In the present survey we also give a systematic description
of the result recalled above. In addition we discuss the
interesting question of the Hamiltonian structure for two-
dimensional incompressible hydrodynamics, and for the
Charny — Obukhov—Hasegawa — Mima equation describing
Rossby waves. In these systems, there has not yet been success
in introducing suitable canonical variables, although the
existence of a Hamiltonian structure is a proven fact.
Recently Piterbarg [39], generalizing the results of papers
[38], proved that the non-canonical Poisson brackets for such
systems for arbitrary flows with closed stream lines can be
reduced to the Gardner—Zakharov—Faddeev brackets
appearing at first for the integrable equations [40] and
suggested a constructive scheme for finding a canonical
basis. Finally we consider some general properties of
Hamiltonian systems with a continuous number of degrees
of freedom.

The basis of this survey was a paper by the authors [1],
published in 1986 in English in a sufficiently rare journal and
therefore unknown to a wide audience, both Russian and
abroad. The text of this survey has been revised and
broadened significantly from [1]. First of all, the problems
of the non-canonical Poisson brackets and their degeneracy
were revised and supplemented. For systems of the hydro-
dynamic type this degeneracy is connected with a hidden
symmetry of the equations, in fact, the gauge symmetry. This
symmetry has a Lagrangian origin; it relates to the group of
transformations relabeling the Lagrangian variables marking
each fluid particle. Evidently no changes in markers may
influence the system dynamics. This fact was first understood
completely by R Salmon [41] in 1982 although Eckart in 1938
and then in 1960 [44] and later Newcomb [46] understood the
role of this symmetry. In particular, all known theorems on
vorticity conservation, i.e., the Ertel theorem about the
existence of the Lagrangian (material) invariants [42] (see
also Ref. [54], p. 31), the Cauchy theorem of frozenness of
vorticity into a fluid [17] and the Kelvin theorem about the
conservation of the velocity circulation (see, for instance,
[54]), as well as the conservation of the topological Hopf
invariant [56, 57] characterizing the flow knottiness, are a
consequence of this symmetry. This symmetry is also
connected with introducing the canonical Clebsch variables
and their gauge symmetry.

One should note that introducing canonical variables of
the Clebsch kind into systems of the hydrodynamic type
allows one to find expressions for all the non-canonical
Poisson brackets known up to now, starting from the
canonical one. This fact was first demonstrated [47, 1] by the
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authors of the given survey for the equations of ideal
hydrodynamics and for the kinetic Vlasov—Maxwell equa-
tions for plasma. However, passing to the opposite direction,
i.e., finding canonical brackets from non-canonical brackets,
entails some difficulties in the general situation, connected
with the degeneracy of non-canonical brackets.

In this survey we consider all these questions for the
hydrodynamic equations in more detail. Here we don’t
discuss the role of this symmetry for other models, except
the MHD equations (about this subject see the recent paper
[48]). Now this question for systems of the hydrodynamic type
is far from well studied and requires additional investigations.
In our opinion, it has a principle meaning for understanding
many nonlinear phenomena which take place in fluids and
plasma. First of all these are the processes of reconnection of
vortex lines for fluids or magnetic field lines in plasma,
namely, the processes which change the system topology.

2. General remarks

We recall some elementary facts. The most naive definition of
a finite-dimensional Hamiltonian system reads as follows.
One considers a system of an even number of differential
equations for the time-dependent functions ¢ (?), px(?)
(k=1,...,N), having the form

0H oOH
. = ) = ——— . 2.1
U= P ag 21
Here H(p1,...,pn,q1,---,qN), which is a given function of

the variables, is the Hamiltonian.

The definition presented here is far from being always
satisfactory, since it assumes implicitly that the domain of
variation of the p; and ¢; (the phase space) is a domain in the
real vector space R*M. However, for the case of the
mathematical pendulum, where the generalized coordinate is
an angle, one must identify its values that differ by 2n. Thus
the phase space of the pendulum is a cylinder, which is
extremely significant, since functions defined uniquely on
the cylinder must be periodic functions of the angular
coordinate. The situation becomes even more complicated
when we consider a spherical pendulum or the motion of a
rigid body with one point fixed. All of these examples deal
with the next class of Hamiltonian systems in degree of non-
triviality, where one can, with a sufficient degree of definition,
distinguish two groups of variables: generalized coordinates
q1,---,qn and generalized momenta py,...,py. The separa-
tion is based on the fact that the generalized coordinates give a
point on an arbitrary N-dimensional manifold (configuration
space) M, while the momenta can have arbitrary values in the
vector space of momenta R, In this case the phase space of
the system, G = T"*(M), is the tangent bundle of the manifold
M. Hamiltonian systems of this type preserve the basic
properties of ‘naive’ Hamiltonian systems. In particular, the
variational principle in the Hamiltonian form is valid and one
can go over to a Lagrangian description.

Only systems of this type are usually described in the
standard textbooks of theoretical physics.

Itisimportant, however, to consider Hamiltonian systems
of a more general form, in which it is impossible to make a
unique separation of variables into coordinates and
momenta. Such systems are conveniently described in terms
of generalized coordinates, that are generally speaking not
canonical. Let G, the phase space of the system, be a manifold

covered by some system of maps. We assume that on the
manifold G there is a given symplectic structure — a
nondegenerate closed two-form Q. This means that at each
point a twice covariant anti-symmetric tensor Q; = —Q; is
defined. Suppose that x; are the local coordinates at some
point. The closure condition implies that £;; obeys the system
of equations

0Q; 0Qyu
ox,  Ox;

ani
= 2.2
=0 (2.2)

with det Qi/ ;é 0.

A system of differential equations defined on G is said to
be Hamiltonian if there exists a function H on G such, that in
the neighborhood of each point identified by x; one has

0H

Qjx; = — .
ytj axi

(2.3)

It is easy to see that under the changes of coordinates

xi = x;(X1,...,Xy), for which the Jacobian O(xy,...,xy)x
[6(&1,...,21\/)}71 # 0, equation (2.3) remains invariant. In
this case the matrix Q transforms as follows:
~ ox; Ox;
Q= — Q —L .
% 0%,

A manifold with an assigned symplectic structure is said to
be symplectic. It necessarily has even dimension (otherwise
det ‘Q’U = 0)

Within each simply connected region Eqn (2.2) can be
integrated to read

_04; 04,
axi ’

= 2.4
y 2 X ( )

where 4;(x) are the ‘potentials’ of the form Q. If the solutions
of the system (2.3) do not extend beyond the limits of this
region, the variational principle 8S = 0 is valid, where

S:ﬁmx+pr (2.5)

It has been noted that the variational principle (2.5) exists
globally only if the form Q;; is exact, i.e., if relation (2.4) can be
continued to the whole manifold G. Generally speaking, the
A; are multivalued functions on G, that acquire a non-zero
addition in going around any cycle not homologous to zero.
Locally, in each simply-connected region one can, by a
suitable change of variables, bring the system to canonical
coordinates, i.e., to form (2.1) (Darboux’s theorem). How-
ever, globally (over all G) this is generally not possible, even if
differential form (2.4) is exact. Due to the assumption of the
nondegeneracy of the form Q;;, Eqn (2.3) can be written in the
form

OH
Xi=Rj—. (2.6)

' 7 ox;
Here R; = —Rj; is the matrix reciprocal to €, such as

R~! = Q. It is then easily verified that the relations (2.2) are
equivalent to the relations

0
Rij+ Rjm =— R =0.

0
Rim ~_ Rik + ka x
m

ox, R (2.7)

9
0x
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Next, by means of the matrix R one defines the Poisson
brackets between any functions 4 and B given on G:

04 0B

{4,B} =) Ry o (2.8)

From the antisymmetry of R; it follows that

{AvB} = —{B,A},

while the relations (2.7) guarantee that the Jacobi identity

{{4,B},C} + {{B,C}, A} + {{C,4},B} =0 (2.9)
is satisfied. Because of the non-degeneracy of the matrix Q;,
in each coordinate system the matrix R is also non-
degenerate. The matrix R is called the symplectic operator,
and it plays the same role as the metric tensor g;; in Euclidean
geometry. The condition (2.7) is analogous to the vanishing of
the curvature tensor for Euclidean space, and, respectively,
the canonical form

)

has the same meaning as
g=1

in Euclidean space.

The next step for generalizing a Hamiltonian system is to
drop the requirement of nonsingularity of R. This variant of
Hamiltonian mechanics is called Poisson mechanics.

If det Ry = 0, then a return to form (2.3) is impossible.
Suppose that vectors ¢ (x = 1,. .., k) form a basis of the co-
kernel of the operator R; (i.e., {;R;; = 0). Then, from Eqn
(2.6), it follows that the relations

E%i=0, a=1,...,k (2.10)
hold. In a simply-connected domain in which the rank of the
matrix R is constant, due to the Frobenious theorem, Eqns
(2.10) can be integrated:

f’“(X],...,xn):COnst, 0(:1,...,/(.
In turn, these relations are connected with the vectors £¥ by

the evident formulae:

fim _ af“

_6)(7[.

The constants f* are called Casimirs. Moreover, the Frobe-
nious theorem and relations (2.7) guarantee that all these k
invariants are functionally independent. They are evidently
integrals of motion for our Hamiltonian system. These
integrals split G into manifolds invariant under system (2.6)
(symplectic leaves). On each of them one can introduce the
usual Hamiltonian mechanics. From our remarks it is clear
that the possibility of introducing Poisson brackets implies
the system under consideration to be Hamiltonian in the
weakest sense.

Of special interest is the case where the metric elements R;;
are linearly dependent on the coordinates as follows:

(2.11)

Rij = ejjmXm -

From condition (2.7) it now follows that the e ,, are
subject to the relations

Cile,m Cjm, + Cji.m Clm, + Cij,m €im,1 = 0 5

i.e., they are the structure constants of some Lie algebra L.
Calculating the brackets between quantities x;, x;, it can be
checked that

{xixj} = Ryj = eijm Xm - (2.12)

Thus, the space G itself is now a Lie algebra L.

The matrix R; is in general degenerate. However,
relations (2.10) are always integrable. Consider the algebra
L*, dual to L, and the corresponding Lie group /*. Here the
algebra L forms the co-adjoint representation of the group /*.
Relations (2.10) are invariant under the action of the group /*,
and so conditions (2.12) hold, and define the orbits of the
action of the group /* on L. On these orbits (cf. Kirillov [36],
Kostant [37]) a fully valid Hamiltonian mechanics exists.

If the Hamiltonian is polynomial in its variables, then the
equations are also polynomials in the canonical coordinates,
and they have a nonlinearity that is one degree lower. If the
degree of nonlinearity of the investigated system coincides
with the degree of nonlinearity of the Hamiltonian, then the
matrix is linear in the coordinates, and the symplectic
manifold G is the orbit of some Lie group in its co-adjoint
representation. This currently happens for equations of the
hydrodynamic type.

Another interesting case is the situation when the Poisson
structure R depends on the coordinates x; quadratically. In
this case it can be regarded as the classical R-matrix which
plays an important role in the theory of Hamiltonian systems
integrable by the inverse scattering transform. This theory,
however, is far from a scope of this survey and we shall not
further touch this question.

3. Hamiltonian formalism in continuous media

The introduction of a Hamiltonian structure for conservative
nonlinear media is essentially a generalization of the
Hamiltonian formalism for systems with a finite number of
degrees of freedom to systems with a continuous number of
degrees of freedom. We shall basically understand this to give
a description of the dynamics of waves evolving in a
continuous medium by means of canonical variables. There
are no general recipes for the introduction of canonical
variables in continuous media. To solve this problem it is
sometimes useful to make use of a Lagrangian with con-
straints, which one takes in the form of some equations of
motion. This method, which apparently arose in the work of
B I Davydov [20], is justified when the expression for the
Lagrangian without the constraints comes directly from
mechanics or field theory. Such a procedure, in particular,
applies to the hydrodynamic type systems that will be
considered in this survey, and is widely used for describing
nonlinear waves in plasma, in hydrodynamics and magneto-
hydrodynamics. For this purpose, we shall find the canonical
variables for all of these systems.

Suppose that the medium is described by a pair of
canonical variables — the generalized coordinate ¢(r, ) and
the generalized momentum p(r, ¢), whose evolution is given by
the Hamiltonian equations:

op  OH 0q oH

ot 8¢ ot dp (3.1)
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Here the Hamiltonian is some functional of p and ¢. Formally
it can be written as a series in powers of the canonical
variables:

n=0 k=0

n
k
JG,l(rl7'"arkark+la~~~7rn)

x p(r1)...p(r)g(resr) ... q(r,)dry ... dr,. (3.2)

This expansion, in the absence of external forces, begins
with quadratic terms in p and ¢. For spatially homogeneous
media the structure functions GF are functions of the
differences (r; —r;). In particular, for such media the quad-
ratic term H in the expansion has the form

Ho = 3 [[4te =) p0) ) 4 280 £ ple)ae)

+ C(r —r')q(r)g(r")] drdr’, (3.3)

whose diagonalization solves the problem of stability of a
homogeneous medium against small perturbations.

To solve it we first carry out a Fourier transformation in
the coordinates:

1 . .
o= [ presptir) k. =
1 . X
q(r) = a0 qu exp(ikr)dk, gqr =¢";.
T

As a result, equation (3.3) is rewritten in the form

| * * *
Hy = EJ[A/cPkPk + 2By prqi; + Crargy) dk.

The Fourier transforms of the structural functions that enter
here have the following properties:

Ar=Ap =4, Ci=C;=C,
By = By +1By = Bi_y — 1By

In the k-representation Eqns (3.1) then take the form
aqk _ 0H

o opp

Ope _ _dH
o oq;

The equations for small perturbations are obtained from this
by varying the Hamiltonian H,. Analysis of these equations
shows that waves with frequencies

w12 = —By £/ A C — B},

can propagate in the medium. The medium will be stable with
respect to small perturbations if

A Cy — B}, >0, (3.4)
and unstable in the opposite case. The latter case, for instance,
can be realized in a cold plasma with a monochromatic
electron beam when the plasma electrons and beam electrons
can be considered as two independent fluids.

In the following we shall assume that the stability
condition (3.4) is satisfied. For media that are invariant

under reflection [i.e., B(r) = B(—r)], one obtains

By =0, of =A4Cx— By

We further carry out a canonical transformation

(U =Ux),
(Vi =V_x)

pr = Uray + UlaZ,

gk = Viar + Via*, (3.5)

from the variables p; and g to normal variables a; and aj, in
which the quadratic Hamiltonian is

Hy = kaa;ak dk, (3.6)
and the equations of motion have the form

aak . OH

—=— . 3.7

a - o (37

Here w denotes one of the functions w ;.

Substituting the transforms (3.5) into Eqn (3.3), and from
a comparison with Eqn (3.6) we get a system of equations for
determining Uy and V. By requiring that this transformation
is canonical, we get

UpVi—UiVi = —i,

and find from this system

By — iwox exp(igy)
D1k — 1ok )
V2400

. Ay .
Vi=—1 Dok exp(iey) -

In the above expressions g 1is the quantity
sign(Ax)(AxrCr— Blzk)l/z, and ¢, is an arbitrary phase
factor, which we shall set equal to zero from now on [this
corresponds to a simple redefinition of ax: ax — ax exp(ipy)].
Let us now explicitly consider the complete frequency

Uy =1

Wi = 7B2k + Sigl’l(Ak)(Aka - D%k)l/z

that is the dispersion law for the waves. It is essential that the
sign of the frequency coincides with the sign of the wave
energy in the nonlinear mediumt. Accordingly all waves can
be divided into two big classes: waves with positive energy and
waves with negative energy. All well-known waves (gravity
and capillary waves on a fluid surface, acoustic and electro-
magnetic waves, and so on) belong to the first class. Waves
with a negative energy typically appear in media with some
current (it may be electron or ion beams in plasma, or flow of
one fluid with respect to another, etc.) and in this case the
origin of a negative frequency is connected with the Doppler
effect. One should say that there is no principle difference in
the nonlinear interaction between waves within their respec-
tive classes. This arises for the interaction between waves with
positive and negative energies.

T Here we assume that the nonlinear interaction is weak so that the energy
sign of the nonlinear medium coincides with the sign of its quadratic
Hamiltonian.
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In order to classify the nonlinear interaction between
waves, let us consider the next terms in the expansion in
powers of @ and a*, which can be obtained after substitution
of Eqn (3.5) into (3.2). In particular, the cubic term H; has the
form

H, = J(ka,kza,:aklakz + C.C.)Sk,kl,kz dk dk,dk,

1 % %k
+§J(Ukk]kzakakzak2 +C~C~)5k+k1+k3 dk dk;dk, , (3.8)

where the matrix elements U and V' have the following
symmetry properties:

Uik, = Ukieaky = Ukokei s Vo = Videokey -

Among the fourth-order terms, we shall be interested in
the term of the form

1 .
Hy = Tkl/»’zk}/ua/:l a;zak30k4 8k|+kz*k3*k3 H dk; .

2 i

Each term in the expansion of H in powers of @ and a* has
a simple physical meaning. The equation of motion in the
form (3.7) is the limit of the corresponding quantum
equations for the Bose operators in the case of a classical
wave field, where the variables ¢* and « appear as analogs of
the creation and annihilation operators. Thus the cubic term
in the expansion of the Hamiltonian describes three-wave
processes (the first term in H| is responsible for the processes
of decay of one wave into three waves, the second corresponds
to the simultaneous creation of three waves), the next term
describes four-wave processes, etc.

It is necessary to say that a calculation of matrix elements
in this scheme assumes a pure algebraic procedure that
consists in a substitution of the transformation (3.5) into the
corresponding Hamiltonian, a forthcoming simplification
and a symmetrization of the final result.

For a medium described by several pairs of canonical
variables and when H, is diagonalized, several wave branches
can appear, with dispersion laws w;(k) and amplitudes a;(k).
In this case a summation over all types of waves in each term
of the expansion is needed.

In the next sections we show how both canonical variables
are introduced and matrix elements are calculated on concrete
examples.

4. Canonical variables in hydrodynamics

As a first example we consider the equations of potential flow
of an ideal compressible barotropic fluid, in which the
pressure p is a single-valued function of the density p. These
equations can be written in the following form:

E;—'Oeriv (pVep) =0, (4.1)
% , (Vo)
T w(p) =0 (42)

Here ¢ is the velocity potential, w(p) = 0¢/0p is the enthalpy,
where ¢(p) denotes the internal energy density. These
equations conserve the energy

2
Vo) + s(p)} dr.

e

(4.3)

It can be checked that the equation set (4.1) and (4.2) can be
represented in the form of the Hamiltonian equations:
O0p OH 0p  OH

or 8 ot S

Thus the density p is a generalized coordinate, and ¢ is the
generalized momentum.

This result can also be obtained from a Lagrangian
approach. In this case one makes use of the well-known
expression for the Lagrangian of a mechanical system,
generalized to the continuous case, supplementing it by the
constraint

op . B
af[+dlv(pv) =0.

Then the action is

S—JLdt—J{pZVZ

Its variation with respect to the variable v leads to the
potential condition for the flow, v = V¢, and variations with
respect to the variables p and ¢ lead to Eqns (4.1) and (4.2).
Here the transition to the Hamiltonian form is accomplished
by the standard formula

e(p) +o {% +div (pv)] } drdz.

H:J(p%—f;dr—L

and leads us to Eqn (4.3).
We give the expression for the coefficients of the
Hamiltonian expansion. The diagonalization of

Hy = JB po(Vo)* + ¢ i—} dr

can be made by the transformation

. 12
=2 e —ay)
(7% k 2p0 k k)

1/2
Po *
o =(gi) (o+ary @)

Here oy = ke, refers to the eigenfrequency, dp = p — p, is the

dev1at10n of the density from the equilibrium p,,
= (0p/ 6p0) is the velocity of sound. Substitution of this

transformatlon into the next term H, of the expansion,

_ (|1 2., 2 5p’
Hy = ”2 5p(Vo)™ + g 297 dr,

gives the following expression for Uy, and Vi, ,:

kkyky

(oror o)

2
Uik, = Vi, = 3gc;

16(m3p,)'"? [
T W W, /2k (kk]) W Wiy, 1/2k (kkz)
6 ki, o, ' ke

Jr
W, O (k2ky)
2 1 k
+< Wk ) kaky }

(4.5)
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The equations describing nonlinear sound waves in media
with dispersion belong to the same type of system as (4.1) and
(4.2). These equations can be derived when considering the
internal energy of the system &, as a functional of the density.
This functional can be represented as a power series in Vp:

v
Classical hydrodynamics corresponds to keeping only the
first term in the above series. If we now include the second
term, we get the Boussinesq system:

o .
a—€+dlv (Vo) =0,

op 1 2
5 T Vo) =

- 6;;" =—w(p) —vAp.

The Hamiltonian in this case coincides with the total energy
of the system, i.e., with a sum of kinetic energy and internal
energy given by Eqn (4.6), while p and ¢ remain the canonical
conjugated variables.

Introduction of canonical variables is possible also when
we include vortex motion in an ideal fluid [17, 19, 20]. To this
aim we must start from the full Euler equations of hydro-
dynamics:

%y div () =0, (47)
ov __Vplp) ,
TR U (OR (4.8)

We know that, for the Euler equations in accordance with
the Kelvin theorem, the circulation of the fluid velocity
around any closed contour moving together with the fluid is
conserved. In other words, in such a system there is a certain
scalar function u(r,7) which is convected by the fluid and
described by the following equation:

d_,u: (g—&—vV),u:O.

dt ot (4.9)

Therefore, in formulating the variational principle we should
include this equation as a constraint which implies setting

L= ”%Vz—s(p) +¢<Z—€+div(pv)) —i(aa—'l;—i—vvu” dr.

(4.10)

The variation of L with respect to the variables v, p and u
leads to the following equations:

v:ﬁvujuvqu (4.11)
% . W)= ¥t w(p) =0 4.12)
ot P) =) =0 '
oL

Fr +div(dv) =0. (4.13)

Here the first equation is the well-known change to the
Clebsch variables 4 and p; the second represents the general-
ization of the Bernoulli equation to the non-potential flows
and the last governs the dynamics of a new variable 4. The
choice of 1 and yu for a given value of v is not unique.

Let us consider two sets of potentials 4, u, @ and A’, ', ¢’,
giving the same value for the velocity v with the help of Eqn

(4.11). Multiplying Eqn (4.11) by the differential dr (for a
fixed time ¢), we get a relation

!/

dqo—i-& du:dgo/—i-i du’
p p

between the new and old variables, or

a1

A A
df=d(p—¢')=——du——dp'.
p p

(4.14)
The last relation shows that ¢’ — ¢ is the generating function
fof a gauge transformation, depending on y and p’. The old
and new canonical coordinates are then expressed in terms of
the generating function by means of the formulae [21]

of ,_ o
P ou A =P o (4.15)

A=
determining the non-uniqueness in the choice of Clebsch
variables.

Substituting the velocity v expressed in terms of the
variables A, u and ¢ directly into the Euler equation (4.8),
we verify that
A _[ou 01 A

0 v2
+V{a—f+ (vW)o -5t w(p)} =0.

Thus this equation is satisfied if Eqns (4.12), (4.13) are
also imposed. If it is so the system of equations of hydro-
dynamics can be said to be equivalent to the system (4.7),
(4.9), (4.12), and (4.13). This is based on the uniqueness of the
solution of the Cauchy problem for the original system and
that obtained (that is, rigorously speaking, an assumption). In
doing this we must in addition, by means of the velocity v
given at the initial time, construct some set of functions g,
and ¢, appearing as initial conditions for the system (4.9),
(4.12), and (4.13).

Now changing to a Hamiltonian description, we get

Op _OH 09 __OH

ot 8¢’ Ot op’

o, SH  du  OH

—=—", St=_— 4.1
or oéu’ ot LY (4.16)

where the Hamiltonian
2
H= J{%—&- 8(p)] dr

coincides with the total energy of the system. For potential
flows (A =p =0) we again arrive at a pair of canonical
variables (p, ¢).

The canonical variables for the equations of relativistic
hydrodynamics,

o

3 + div (pv) =0,

[g + (vV)} p+mVw(p) =0,

1}2 -1/2
p:mv(l _c_z) ,



1094

V E Zakharov, E A Kuznetsov

Physics— Uspekhi 40 (11)

are introduced in analogy to Eqn (4.11). In this case

p
P vt ve.
m-p

Just as in the preceding example, the variables (4, ) and
(p, ) form pairs of canonically conjugate quantities, sub-
jected to Eqns (4.16), with the Hamiltonian

H= ‘HE(mzc +p262)1/2 +é&(p)| dr.
m

A natural generalization of the Clebsch formulation (4.8)
is the introduction of canonical variables for nonbarotropic
flows [22], when ¢ depends on the density p as well as on the
entropy S. For this the equations of motion (4.9) and (4.11)
are supplemented by the equation for the entropy advected by
the fluid,

0
[a-k(vV)}S—O,
and the thermodynamic relation

de =pTdS+wdp

with T as the temperature. In this case the transition to the
new variables is accomplished by the formula
A
V:V(er—VquEVS.
P p
For such flows (¢, p), (4, 1) and (S, ) are pairs of canonically
conjugate quantities:

(4.17)

op OH .
gt*%*—dlv(m),
op SH V2
E——E—E—VVQ) w,
04 OH .
a—t:a:—dlv(lv)7

ou O0H

A VA

op OH .
%8s —div (fv) + pT,
os__om

or 8B’

where H = [[p(v*/2) + ¢(p, S)] dr. The equivalence of these
equations to the equations of hydrodynamics is verified by
direct substitution of the velocity into the Euler equation
(4.8). Thus, in comparison with the barotropic case the
number of canonical variables increases by two.

Now let us ask the natural question: what is the minimal
number of canonical conjugated pairs for describing any
flow? As we saw above, introducing new canonical variables
in the framework of the Lagrangian approach was connected
with the addition of new constraints into the Lagrangian. For
example, for the Lagrangian (4.11) they were the continuity
equation for the density and the equation for the Lagrangian
(material) invariant g advected by the fluid. In the nonbaro-
tropic case a new Lagrangian invariant, i.e, the entropy S, was
added.

To describe the fluid in terms of the Lagrangian (material)
variables it is enough to give three values (aj,a2,a3) =a
which, in the simplest case, coincide with the initial positions

of each fluid particle, so that the coordinate of the particle at
time 7 will be

r=r(a,r). (4.18)
More simply, and most frequently, the vector a is related to
the origin of the particle coordinates:

a=r(a,o0).

Hence it becomes clear that originally there are three
independent Lagrangian invariants,

a=a(r.1),

that are the inverse map to (4.18). All other Lagrangian
invariants are functions of a. If we now assign the equations

for a as constraintst in the Lagrangian for the fluid we
immediately come to three new pairs of the canonical
variables (4;,a;), [ = 1,2, 3 with the velocity in the form

V= u,Va, . (419)

Here u; = 2;/p and the density p is expressed through a by
means of

where py(a) is the original density, J = det Jj; is the Jacobian
of the mapping (4.18), and j,-j = Ox;/0q; is the Jacobi matrix
(for more details, see Sections 5, 6). The vector u in this
formula is expressed in terms of the velocity components v; by

u:JTv,

where the superscript T means transpose.

Representation (4.19) is the most general. In particular, all
the changes of variables presented above follow from this
formula. It can be simplified although remaining general.

Let us consider reversible smooth changes of variables:

a=a(a).
Under these changes representation (4.19) remains invariant,
v=uVa,
but the vector u transforms as
~ Oay.
U = Uy —— .
1= e 5
If we now require that one of the components, say u3, is equal
to 1, representation (4.19) becomes (compare with Ref. [49])

V=V + Vi + 2 vy, (4.20)
p P

If now in this equation we put the entropy S for u,, then we

come back to the transformation (4.17). Note that such a

reduction is possible if the family of surfaces of constant

entropy, S(r, ) = const, are homotopic, say, to the family of

surfaces a; (r, t) = const. Hence, in particular, it follows that

T These constraints are often called Lin’s constraints [51].
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in the barotropic case it is enough to take two pairs of the
Clebsch variables in order to describe any fluid flow. One pair
of Clebsch variables, as we will see later, describes a partial
type of flows. Nevertheless, locally any flow can be para-
meterized by one pair of Clebsch variables [17].

5. Non-canonical Poisson brackets

Now let us consider how one introduces a Hamiltonian
structure into hydrodynamics in terms of the natural
physical variables. To do so, it is sufficient to construct
Poisson brackets that satisfy all the necessary requirements.
The simplest way of constructing such brackets is to convert
the Poisson brackets expressed in terms of canonical variables
to an expression in terms of the natural variables. Note that in
this case the arising symplectic operator appears to be local in
those variables. As an example we carry out a conversion of
the formula for barotropic flows of an ideal fluid. The
calculations for other models can be done in exactly the
same way.

According to (4.16), the Poisson brackets are given by the
expression:

O0F 8G OF oG O0F 8G OF 0G
{F’G}:JK%%’%%) * (ﬁ@*@aﬂd’
(5.1)

Here the velocity is expressed in terms of A4, u and p, ¢ by the
formula

v:£Vu+V(p7
P

by means of which one can calculate the variational
derivatives of F with respect to p, ¢, A and u:

SF| _SF| _iVuBF  OF __ . 8F

- e _—_— _— = — Vv —

dpl, dp|, p O B¢ dv’

SF VudF 8F . (JOF

o _Irr — = —div|[=—]. 5.2
- p v s (p av) 52

In these formulae the variational derivatives on the left-hand
sides are taken with fixed /4, u, p, ¢, and those on the right-
hand sides for constant p and v. Substitution of these relations
into Eqn (5.1) leads us to the brackets [15]

v (e ) (s )

+Jw S—FXS—G dr
p | 8v dv '

the Jacobi identity (2.9) being satisfied automatically.
In terms of these brackets, the continuity and Euler
equations have the form

(5.3)

0 .
== —div(pv) = {p. H},

0
= = (. V)v = Vu(p) = {v.H},
where H = [[pv?/2 + ¢(p)] dr.

The brackets (5.3) have a more obvious meaning if we go
over to the new variable p = pv, the momentum density. In
these variables these brackets are changed to the BKK

brackets [14]:

o= )-

SEESEDE

Using Eqn (5.4) to calculate brackets between components of
p and p, we find that

{pi0), (¥} = [pi(x")V] = pi(r) V] 8(x — 1),
{pi(r),p(x)} = pVid(r —r').

In accordance with Eqn (2.12), these relations give a Lie
algebra, which coincides with the algebra of vector fields [58,
14] in this case.

The brackets (5.4) and (5.5) can also be obtained in other
ways. The simplest method is to regard the Poisson brackets
as the classical limit of the corresponding quantum commu-
tators, which were first calculated for hydrodynamics by
L D Landau [12]. Another method for calculating the
Poisson brackets for hydrodynamic models, proposed by
G E Volovik and I E Dzyaloshinskii [13], is based on the
fact that p and p are the densities of the generators of
translations and gauge transformations.

For the sake of completeness we give the expressions for
the Poisson brackets for the hydrodynamic equations of ideal
fluids for an arbitrary dependence of the pressure on both the

density and the entropy [15]:
0G OF
)} dr

o (v ) (%
p OV dp’ Ov
rotv [dF dG
|5 s s])
p dv v
VS [8F 3G 6G dF
S [
p dv 6S  Ov &S

We want to repeat once more that the introduction of the
Poisson brackets to a system means that such systems possess
a Hamiltonian structure in the weakest sense. For example,
for the above equations of ideal hydrodynamics it is reflected
in the fact that the brackets expressed in terms of natural
variables are degenerate, i.e, there exist annulators (Casimirs)
of these Poisson brackets which, as we will see in the next
sections, are connected with a specific gauge symmetry of the
hydrodynamic equations, providing, in particular, the con-
servation of fluid velocity circulation. Besides, it means that a
direct conversion, i.c., passing from Eqn (5.3) or (5.6) to the
canonical basis is impossible in general. For this case at first
we need to resolve all our constraints (Casimirs). A typical
example just consists in introducing Clebsch variables. This is
all the more interesting as, so far, we have not explicitly
known what these Casimirs look like.

Of particular interest is the introduction of a Hamiltonian
structure for an incompressible fluid. In this case p is no
longer an independent variable, and can be eliminated by
using the relation divv=0. Thus in the limit of the
incompressible fluid there is only one pair of canonical

variables 4 and y, and the Poisson brackets in this case take
the form

OF 3G OF 3G

S—GS—F dr
dp ’ Sp

(5.5)

(5.6)
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By means of relations analogous to (5.2), one can derive

SF (Vi 8F _ 1 .. oF
a—( V—le—),

p v A By
OF . A [OF 1 .. OF
a—-le;(g-nglVg)

As a result, we arrive at the equation

OF 1 . OF
{F,G}—J(rotv,[<g—VXd1Vg)

oG 1 . oG
X <67V7VKd1V 6v):|)dl" (57)

(Here we put p = 1.) This expression shows that the manifold
G coincides with the algebra of vector fields A(r) for which
divA = 0. These brackets are expressed in a more compact
form using = rotv [18], to read

OF oG
{F,G} _J<Q, {rotﬁx rot E}) . (5.8)
As a result, the Euler equation for €,
% =rot[v x Q], (5.9)

becomes the Hamiltonian equation [9, 18]
oQ

—={Q H
ot {4},
where
2
H:J%dr.

The brackets (5.8) also give a Hamiltonian structure for
two-dimensional hydrodynamics. In this case € has a single
component, which is conveniently expressed in terms of the
stream function :

oy oy

Q=-Ay, (vx:@,v),:—a).

In the two-dimensional case the equation of motion (5.9) and
the Poisson brackets (5.8) have the following form:

QR B B 0oy 0Qoy  d(Q)

a - O =y Ty w s ) O
[, 0(8F/8Q,5G/5Q)

{F’G}ijg—a(x,y) dxdy, (5.11)

H= %J(VW dxdy.

A Hamiltonian structure is introduced analogously into
the Rossby equation, which differs from (5.11) in having the
additional term (O /0x) entering [1]:

oy _ oAy, Y)

R (5.12)

0
5 M+ B

It is then easy to see that the change Q — Q — fy reduces this
equation to (5.11). Thus, the Poisson brackets for Eqn (5.12)

are given analogously by [1]
0(3F/8Q,0G /3Q)

dxdy,
o(x,») Y

{F.G} = J(9+ﬁy) (5.13)

while the Hamiltonian H is still defined by the earlier
expression

H— %J(Vzp)zdxdy.

One should add that the Poisson brackets (5.11) and (5.13)
for flows with closed stream lines can be reduced to the
Gardner — Zakharov — Faddeev brackets used in the theory of
integrable equations [40]. Details of such a consideration can
be found in the original papers [38, 39].

Thus, introducing non-canonical Poisson brackets on the
basis of canonical ones represents the most simple way to find
them. Moreover the Hamiltonian structure given by means of
these brackets is the weakest Hamiltonian formulation of the
equations. In this formulation, in particular, it is impossible
to write the variational principle explicitly. On the other
hand, as will be shown later, the representation of the
hydrodynamic type equations by means of the non-canonical
Poisson brackets can be written for arbitrary flows. However,
the arbitrariness is paid for by the brackets degeneracy, i.e.,
by existence of Casimirs annulling non-canonical brackets.

6. Ertel’s theorem

In this section and those after we show, mainly by following
results expounded in Refs [41, 43], that for perfect fluids with
arbitrary dependence of pressure on the fluid density and
entropy, Ertel’s theorem as well as Kelvin’s theorem on the
conservation of velocity circulation are a consequence of the
specific gauge symmetry connected with the relabeling of fluid
particles. We also discuss the role played in the Hamiltonian
structures by this symmetry.

Ertel’s theorem [42] for a perfect fluid says that the
quantity

(QVS)
o

is a Lagrangian invariant. Here Q = rotv is the vorticity, v is
the fluid velocity which satisfies the Euler equation,

I =

(6.1)

ov Vp

& — (VV)V = —7 ) (62)
and S the specific entropy advected by the fluid:

oS

—+ (WW)§=0. (6.3)

ot
The density p is defined from the continuity equation

0 .

a—'? +div (pv) =0. (6.4)

We omit a proof of this theorem, the validity of which can
be checked by direct calculations (see, for instance, Ref. [54]).

The invariance of /; means that it depends only on the
Lagrangian coordinates a, and does not change in time
moving together with a fluid particle.

As was mentioned before, the choice of the Lagrangian
variables is arbitrary: they label each fluid particle. Therefore
these coordinates are often called the Lagrangian markers.
Usually the Lagrangian coordinates are chosen to coincide
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with the initial positions of the fluid particles, r|,_, = a. Thus,
a transition from one (Euler) description to another
(Lagrangian) one is accomplished by means of a change of
variables,

r=r(a,r), (6.5)
with a being the label of each fluid particle. The velocity of a
particle at point r is given by the usual formula

v(r, 1) =¥| ,
a

(6.6)

where the dot means a derivative with respect to time ¢. In
terms of the Lagrangian variables, the solution to the
equations (6.4) and (6.3) can be written as

a
o) =" st = o) (6.7)
where J = det J;; is a Jacobian and
5 6xi
o — aaa

is a Jacobi matrix of the mapping (6.5), which is assumed to be
one-to-one. Further we will suppose J # 0 everywhere, that
guarantees the existence of the mapping inverse to (6.5).

The Jacobi matrix plays the basic role. Knowing this
allows the determination of not only the main flow para-
meters but also its geometrical characteristics, in particular
the metric tensor. The equation of motion for the Jacobi
matrix follows directly from the definition of the velocity
(6.6). Consider the vector or connecting two adjacent fluid
particles:

dr=r(a+da,t) —r(a,r).

Using definition (6.6) it is easy to get the equation for this
quantity:

dor

E = (61‘, V)V (68)
Expanding then dr relative to the small vector da,

6)(,‘ = A,‘kSCl/‘», (69)

we arrive at the equation of motion for the Jacobi matrix,
d . .
—J=UJ,

o (6.10)

containing the matrix elements

611,-
Uj=7—".
y axl

The symmetric part of U,
1
B=2(U+ um,

is a stress tensor, and its antisymmetric part corresponds to
the vorticity,

1
Q=—(U-UY).
2(U U’)

Hence the equation for the matrix inverse to J is

d . N
—J'=-J"U,

o (6.11)

that in the component notation has the form

d da,  Oa, %

The metric tensor is defined by means of the distances
between two adjacent Lagrangian particles,

(5Xi)2 = gida;day

and equal to
8ik = jlij//c-

The invariant I is local in Lagrangian variables. There-
fore if one takes its convolution with an arbitrary function

f(a), then one can get the infinite family of conservation laws

in the integral form:

I= JIL(a)f(a) da. (6.13)
To begin with, we show that for barotropic fluids (when
pressure p depends only on the density p) Kelvin’s theorem
follows from this relation. Notice that in this case there is one
additional freedom: the entropy S has no link with the
pressure and therefore instead of S in Eqns (6.1) and (6.7)
we can take an arbitrary function of Lagrangian markers a.
Also one should note that in the first equation of (6.7),
without any loss of generality, one can set py(a) = 1 ¥, so that
1) =-. 6.14
p(r 1) =5 (6.14)
Substitute Eqn (6.1) into (6.13) and integrate once by parts.
Accounting for Eqn (6.7) and Jda = dr, we get

s J(v, Vf % VS]) dr. (6.15)

Here the gradient is taken with respect to r, but the functions f
and S are functions of a = a(x, ¢). Therefore we come back
again to the integration with respect to a. As a result of simple
algebra we arrive at the expression

aa,,_ 6a/; af(a) aS()(a) da

L= | % Jeoy —2 228 %)
! Jx, ik 0x; Oxx Oa, Oag

Taking then into account the identity

Oa, Oag ox;
o Sy 6.16

e 0x; Oxy Cafy Oa, ( )
the integral is transformed into

I = [A-(a)%~ Ox; da (6.17)

i = | A, da. .
Here the vector function A(a) reads:

Ala) = [V x VS). (6.18)
It has zero divergence:

div,A(a) =0. (6.19)

+ Corresponding to a change of variables b = b(a) which eliminates p,:
Jab = po-
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Note that till now we have never used the fact that the
fluid is barotropic, i.e., equation (6.17) is applicable for any
equation of state including the general dependence of the
pressure on both the density and the entropy. For the
barotropic case the entropy Sy can be considered as an
arbitrary function of a. Therefore A(a) can also be consid-
ered as arbitrary with Eqn (6.19) the only constraint.

Let this vector function A(a) be concentrated on some
closed curve: it is equal to zero everywhere outside this curve.
We will parameterize the curve by the arc length s,

a=a(s), a(s+/)=a(), (6.20)
where /is the curve length.

It is then easy to check that the function

" da(s)
A=| —=dla—a(s)|ds
|, 5 ola—ao)]
satisfies all the necessary conditions: it concentrates on the
curve a = a(s) and has zero divergence. Substituting this

formula into integral (6.17), after simple integration, we
come to Kelvin’s theorem for a barotropic fluid:

I = [C(v(r, ), d1). (6.21)

Here the contour C, moving together with the fluid, is the
image of the closed curve (6.20). Thus, we have shown that
Kelvin’s theorem is a direct consequence of Ertel’s theorem
applied to the case of barotropic fluids.

Kelvin’s theorem is also valid for an arbitrary dependence
p(p,S). This property is not widely known in the literature,
for instance, it is absent in the Landau-— Lifshits course.
Curiously, the answer in this case will have the same form as
(6.21). The only difference will be connected with the choice
of contour. For the barotropic case, as we saw before, the only
restriction was connected with condition (6.19) which
provides the closure of the contour. For the general
dependence p = p(p, S), in addition to Eqn (6.19), one needs
to satisfy the condition (6.18). According to the latter the lines
of the vector field A(a) must lie on the surfaces of constant
entropy Sp(a). Therefore if we choose the closed contour lying
on this (fluid!) surface we immediately arrive at Kelvin’s
theorem (6.21). Thus, Kelvin’s theorem in the general case
says that the velocity circulation is conserved in time if the
fluid contour lies on the surface S(a(r, 7)) = const advected
by the fluid.

At the end of this section we examine an interesting
interpretation of Kelvin’s theorem. According to Ref. [11]
conservation of the velocity circulation can be considered as a
consequence of the conservation of the relative Poincare
invariant

%pdq-

For the barotropic flows one can relate to each fluid particle
the Hamiltonian

(6.22)

2
h=2w(p),

where p = r, and the enthalpy w plays the role of its potential
energy.

If, instead of the contour in Eqn (6.22), one now takes the
fluid contour, then it can be seen that the Poincare invariant
will coincide with the velocity circulation

%vdr,

and, thus, Kelvin’s theorem becomes a direct consequence of
the conservation of the relative Poincare invariant.

This concept has been very useful for other hydrodynamic
systems, in particular, for some problems in plasma physics
[52, 51], when the motion of a fluid particle can be reduced to
the Hamiltonian equation for a charged particle in a magnetic
field in the presence of a self-consistent potential. In such
cases the analog of Kelvin’s theorem is simply a consequence
of the conservation of the relative Poincare invariant.

7. Gauge symmetry — relabeling group

In this section we consider how the conservation of the Ertel
invariants follows from the variational principle.

To begin, we make two remarks.

Firstly, let I = (I1,...,1,) be a set of Lagrangian invar-
iants, each moving with the fluid:

dl, ol B
E—E“FVVI](—O.

Then any function of I} will also be a Lagrangian invariant.
To construct an Eulerian conservative density from the given
Lagrangian one it is enough to be convinced that the quantity
I, = pl; obeys the continuity equation

0ley
ot

+div (Lewv) =0.

The equations of ideal hydrodynamics, as we saw above, have
two Lagrangian invariants, i.e., the Ertel invariant Iy given by
Eqn (6.1) and st. Both these integrals generate the conserva-
tion law
= [ ar, (1)
with f(IL, s) being an arbitrary function of its arguments.
Secondly, the Euler equation (6.2) in terms of the

Lagrangian variables is nothing other than the Newton
equation for a fluid particle,

g = ViP (7.2)
0
Multiplying this equation by the Jacobi matrix J we get
axi . 1 ap(ﬂv S)
A Ut A 7.3
Oay vi p  Oai (7.3)

This equation in the form (7.2) or (7.3) is closed by means of
Eqns (6.7) and (6.14).

The action in terms of the Lagrangian (material) variables
is written in the same form as in classical mechanics [17],

S:JdlL:Jdtdr [p);’g—s(p,s)], (7.4)

TTo avoid confusion in this section only we denote the entropy as s,
elsewhere the entropy retains the previous notation S.
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where ¢ is the internal energy density connected with the
enthalpy w by means of the thermodynamic relation

de = pTds+wdp, (7.5)

with T denoting temperature.

Let us now check that varying the action, S =0, is
equivalent to the equation of motion (7.3).

At first let us pass from integration overr to ain Eqn (7.4).
As a result, the action can then be transformed as follows:

X2

S= J drda [7' - é(p,s):| . (7.6)

Here the time derivative of x is taken for fixed a, & = ¢/p is the
function of p and s which are defined with the help of relations
(6.7) and (6.14). Because only p in the internal energy &
contains the dependence on x through the Jacobian (6.14),
the main difficulty with a variation will be connected with the
second term in Eqn (7.6).

Using both the identity (6.16) and the formula

1 Ox; Ox; Oxy
S =G Cikeapy %4, P

dap da, ’
one can get
. , 08
0S = | dtda | —%;0x; + p- — &J
op
. 10 0¢ Ox; Oxy
= | deda |—% -5 = P o= e 2 k|5
, a{ Y177 3a, <p ap)ewe-" dag aaj ~
10 08\ Oa
= | drda |5 —— —(p* =) 5= 8% = 7.7
ta{ i p@ax<p @p)@xtlx 0, 7
or

10 ()
p Oa, P Op) Ox;

Hence it is seen that the resulting equation coincides with the
equation of motion (7.3) if one puts

08
_ 2
p(p,s) =p 7

X =

[The last equality is a direct consequence of the thermo-
dynamic relation (7.5).]

Thus, we have proved that the equations of motion of an
ideal fluid in the Lagrangian form follow directly from the
variational principle.

The simplest conservation laws, i.e., the conservation of
momentum

P= Ji{da: Jpv(r, t)dr,

and the conservation of energy,
2 2
E= H%Jré(w)] da = H’%Jrs(m)} dr,

follow as a result of the invariance of the action relative to two
independent symmetries, translations in space and time.

The equations of hydrodynamics, as was first shown in
Ref. [41], have an additional non-trivial symmetry connected
with the arbitrariness in the possible choice of the Lagrangian
markers. Nothing should depend on this choice: the fluid
dynamics as well as the equations of motion remain the same.
From all possible relabeling transformations, the action
invariance requirement restrains some certain class. In the
case of barotropic fluids the action appears to be invariant if
the transformations b =b(a) are incompressible, i.e., for
which the Jacobian is equal to 1:

0b;

J=det —=1.
) Oa;

(7.8)
All these transformations form the group of diffeomorphisms
preserving the volume. (It is interesting to note that the same
group governs the motion of an incompressible fluid.) This
symmetry, in accordance with the Noether theorem, gener-
ates new conservation laws. To find them it is enough to
consider infinitesimal transformations. In the given case those
are defined by

b=a+ 0a,
where the function da = a satisfies the condition

Oo;(a)
a(l,'

-0, (7.9)

which is a direct consequence of Eqn (7.8).

For the general equation of state p = p(p,s) the invar-
iance of the action implies that the transformations should
preserve the surfaces sp(a) = const, being simultaneously
incompressible. As a result, we have one additional con-
straint on the function a(a):

[Vsxa]=0. (7.10)

If in the first case Eqn (7.9) can be resolved by introducing
the vector potential

o=rot{,

for example, with the Coulomb gauge div{ = 0, then in the
general case both equations (7.9) and (7.10) are satisfied if one
puts

a=[Vsx Vy].

Here  is a scalar function and the gradient is taken with
respect to a.

Omitting all the intermediate derivation of the conserva-
tion law (it is a standard procedure, for reference see, for
instance, Ref. [80]) we present only the final answers:

(1) For a barotropic fluid the conservation law has the form

d
a [V,,X,‘ X ani] = 07

or it gives the whole conserved vector

I. = [VaXf X Vax,‘] . (711)

This integral has been known since the last century: it was
found by Cauchy [17] (see also Refs [44, 45]).
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The matrix notation of equation (7.11) has the form

JTT—J%), =00, (7.12)
where the index T means transposition, and the matrix Q) is
expressed through the vector invariant Iy with the help of the
formula

Q!('IQ) = E[jk ILk .

Recently this matrix representation of equation (7.12) was
used by the authors of paper [62] to construct a set of exact
three-dimensional solutions to the Euler equation for
incompressible fluids.

Returning to the Euler description and using identity
(6.16) this vector integral can be transformed into the form

I = J(Q,V)a= p(f‘) (Q,V)a. (7.13)
Here a is considered as a function of r and ¢. If a are the initial
coordinates of fluid particles, then the vector (7.13) can be
expressed through the initial distributions Qy(a) and p,(a) as
follows:

IL = Qo(a) .

From (7.13) it follows immediately for the vector B = Q/p
that

B(r,7) = JBy(a).

Thus, the Jacobi matrix becomes the evolution operator for
the vector Q/p.

The invariants (7.13), indeed, are well-known in hydro-
dynamics but in a slightly different form. Let us write down
the equation of motion for the fraction £/p which directly
follows from Eqns (6.2) and (6.4):

d
aB:(B,V)V

(7.14)
Here d/dt =0/0r +vV. Comparing this equation with
equation (6.8) for dr one can see that both the quantities B
and dr obey the same equation. This means that the vorticity
is frozen into a fluid, a well-known statement in hydrody-
namics. Sometimes this property is called as the frozenness of
the vorticity into a fluid. Then, multiplying Eqn (7.14) from
the right by J~! and Eqn (6.11) from the left by Q/p, after
summation of the obtained results we arrive at the conserva-
tion of the vector invariant (7.13). These integrals are the
mathematical formulation of the frozenness of the vorticity
into a fluid. The corresponding equation for the vector field B
is called the frozenness equation.

(ii) In the general case (for an arbitrary dependence of
pressure on both density and entropy) the only scalar that
survives from this vector invariant is a projection of Iy onto
the vector Vs:

]L = (V(IS(), [Vlle X Vaxi]) .

Here all derivatives are taken with respect to a. Passing to the
Eulerian variables and using the identity

one can get
(QVs)
b

This integral is the Ertel invariant (6.1). Thus, the conserva-
tion of the Ertel invariant as well as Kelvin’s theorem about
the conservation of the velocity circulation are a consequence
of a specific gauge symmetry — the relabeling group.

It is interesting to follow how all the above formulae
transform in two dimensions. In this case the Ertel invariant is
identically equal to zero, due to the orthogonality of the
vectors Q and Vs. Therefore non-trivial answers appear only
for a barotropic fluid.

Applying the identity

6x,- ax,»
€Cp — —= =
= aaa aa/;

I =

€,'jJ

to Eqn (7.11), it is easy to get that the Cauchy invariant
transforms into the well-known Lagrangian invariant:

Q
— = const(a) .
0

Itisimportant to note that, unlike the three-dimensional case,
this relation does not contain the Jacobi matrix.

Let us turn to incompressible fluids. In this case the
obtained formulae are simplified. For example, relation
(7.13) in three dimensions is written in the form

I = (Q,V)a. (7.15)

In formula (7.15) I coincides with

Qy(a) =rot,u,

where the vector u is defined by means of Eqn (4.19). This, in
particular, means that the transverse part of the vector u is
conserved (being the Lagrangian invariant), and its temporal
variation is due to its longitudinal part. Moreover, as pointed
out in the fourth section, the choice of this vector is arbitrary
due to the arbitrariness in the choice of Lagrangian markers.
The same applies to the vector Qy(a). If one performs the
contact transformations b =b(a) under the condition
0(b1byb3)/0(ayazas) = 1, then the vector Qp(a) will be
transformed as

20b) = 2 0 (a)

% (7.16)

This is a transformation of the gauge type, being the
generalization [45] of the gauge transformations for the
Clebsch variables (4.15)F.

_ Let, as a result of these transformations, the vector
Q(b) have one nonzero component, say, a z-component,
equal to 1:

Qo1 = (V)b =0, (7.17)
Qoy = (QV.)by =0, (7.18)
Qo3 = (QV,)bs = 1. (7.19)

T Another approach to gauge transformations in hydrodynamics was
developed in Ref. [81].
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These relations within the given ‘vorticity’ (a) represent the
equations to determine the dependence b(a). These are the
linear differential equations of the first order, which allow the
application of the method of characteristics. The equations
for characteristics are the same here for all three equations of
the system (7.17)—(7.19),

da
“_0

o = (),

that define the ‘vortex’ line for Qy(a). (Here s may be
understood as the arc length of the ‘vortex’ line.) Equations

on the characteristics (for the components of b) are then given
by

db,

- 2
o -0 (7.20)
db,
= =0 (7.21)
db;
o= (7.22)

The first two components b; and b, are constant along the
characteristics. Therefore b; and b, can be chosen as two
independent integrals ¢; and ¢, of the system for the
characteristics, and the third component is a linear function
of the arc length s. It is important to notice that a solution to
the system (7.20) —(7.22) can always be found, at least locally,
in the vicinity of some nonsingular surface supplied with a
coordinate system given, say, by the invariants ¢; and c;.
Rigorously speaking this is not a global solution as it is usual
when one uses the method of characteristics.

Hence, by using the equation rot,u = €y(b), one can
reconstruct the velocity u:

)
o
Uy = a—bz + b] s (724)
3

After substitution of these expressions into equation (4.19) we
come back to the Clebsch representation with one pair of
canonical variables (for more details, see Ref. [44]) which
yields

v=>0Vb, + V(]S .
So, the vorticity Q(r, ¢) takes the form

Q(r,1) = [Vby x Vby] = a%‘3(1», 0. (7.26)

The last equality is a direct consequence of the fact that
transformation b = b(r,?) is a diffeomorphism preserving the
volume. It is easy to check that expression (7.26) with r
replaced by b also satisfies the system (7.17)—(7.19). In this
case the first equation of the system becomes the equation
a(b|b2b3)/a(a|a203) =1.

Thus, locally any flow of incompressible fluid can be
parameterized by one pair of the Clebsch variables. In the
general situation one needs two pairs of such variables.

8. The Hopf invariant and the degeneracy
of the Poisson brackets

So far we have not discussed the question of which classes of
flows are described by the canonical variables introduced in
the preceding sections.

To begin with, we consider this question for the example
of an ideal incompressible fluid.

Let a flow be parameterized in terms of Clebsch variables
in a simply-connected domain:

v=AVu+Vop.

Take some point inside this domain and draw through this
point some closed curve. Starting from this point and
constructing continuously Clebsch variables on each piece
of this curve we come back to the original point. Generally
speaking, the Clebsch variables will take different values.
Thus, the Clebsch variables will be multi-valued functions of
space coordinates. One partial case of fluid flows with multi-
valued Clebsch variables allows the following geometrical
interpretation.

Consider a compact oriented two-dimensional manifold
M? and suppose that 1 and p are local coordinates on this
manifold.

The gauge transformations associated with the non-
uniqueness of the choice of Clebsch variables lead to the
appearance of a whole family of gauge-equivalent manifolds
obtainable from one another by continuous deformations
preserving the surface element:

didu=di'dy’.

It is therefore sufficient to select one representative from each
such family. For example, among the surfaces of genus zero
having the same area, it is natural to select the sphere S2.

Itis easy to understand that the inverse image of any point
of M? in R? is a closed curve coinciding with a vortex line.
This follows directly from the expression for the curl of the
velocity:

Q =rotv=[VixVy|. (8.1)

The vortex line is the intersection of the two surfaces
A(r) = const, u(r) =const. If the variables 2 and pu are
single-valued functions, then the manifold M? cannot be a
closed surface of genus g. Then the flows given by such
variables have no knots. This fact can also be proved
differently.

It is known [56, 57] that the degree of knottiness of a flow
is characterized in ideal hydrodynamics by the conserved
quantity

1= J(v, rotv)dr. (8.2)
The conservation of this integral follows immediately from
Kelvin’s theorem. In order to illustrate this statement,
following [57] we consider two closed vortex lines

Q= JK]H]S[I‘ — 11(51)] dS[ + JKQIQS[I' — lz(.s‘z)} dSz7

where n; ; are the tangents and ds; » the arc elements of these
curves.
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Calculating the velocity circulation around the contours
r=1;(s;) and r = Iy(s,), we find

{;(v, dly) = mx,, ff)(v,dlz) = mKy ,

where m is the linking number of these two curves. Multi-
plying the first equation by k; and the second by x;, and
adding the results, we get the integral I

J(v, k1 dly + 12 dl) = J(v, rotv)dr = 2mic K, .

This formula is generalized without difficulty to a vortex,
and then to a continuous distribution. The conservation law
(8.2) is valid not only for an infinite region but for a finite one
when the vorticity lines are tangent to the boundary.

This integral is thus identically equal to zero for a flow
with trivial topology, in particular, for flows parameterized in
terms of single-valued Clebsch variables.

We shall show that the Clebsch variables in the formula-
tion (8.1) describe knotted flows, and illustrate their topolo-
gical meaning.

Suppose that the variables A and u are local coordinates
on S2. In this case 1 and p are expressed in terms of the polar
and azimuthal angles, 0 and ¢, so that

Q=24[Vcosd x Vol ,

where A is a dimensional constant. Now the Clebsch variables
are no longer single-valued functions, and on a contour
enclosing the z axis the angle ¢ acquires an addition 2m. It is
also convenient to go over, in the expression for the vector
field Q, from the angles 0 and ¢ to the n-field (n*> = 1) [58]:

Q, = eypy (n7 [Opn X 67,n]) . (8.3)

We shall limit our considerations to the flows for which n
tends sufficiently rapidly at infinity to a constant vector ny.
For this class of flows R’ is isomorphic to the three-
dimensional sphere S3. Thus the classification of the flows is
a problem of classification of smooth mappings S3 — S2.
Such mappings are characterized by the homotopy group
m3(S?) = Z, i.e., any class of flows is characterized by the
linking number that coincides with the winding number of
any two lines n(r) =n; and n(r) =n, (m; = const). The
index N for smooth mappings is called the Hopf invariant
[59]. One can show that the Hopf invariant coincides with the
integral 7 up to a constant factor [60]:

I= J(V,Q) dr = 64> NA>.

The derivation of this relation is based on the well-known
formula of Gauss for the linking number of two curves.

It should be mentioned that in the quantum case,
according to Ref. [60], 4 = /i/2m. The remaining manifolds
are of secondary interest from the point of view of topology.
Say, a manifold M2, which is a surface with boundary, is
homotopic to a bouquet of circles. Therefore its homotopic
group m3 is trivial. The groups m3 are also trivial for closed
surfaces of genus g > 1. Topologically non-trivial situations
occur only for surfaces with zero genus.

We now give an example of a non-trivial mapping with
N =1 (the Hopf mapping):

(n,0) = q+0—35[> (8.4)

g=(—ire)(1 +ire) ",

where ¢ are the Pauli matrices.
In toroidal coordinates, one has

v sinh U explic) sin o

X ) = ————— X o I =
Y cosh U + cos f8 pU%), cosh U + cos f8
0<U<o0, O0<a, f<2n),

and Eqn (8.4) reads

ny
arctan Y=o —f, n.=1—2tanh’U.

nx

These formulae show that the flow looks as follows: the
whole space is sliced up by the tori U = const, while any
vortex line coils up on a torus, making one loop. Thus any
vortex line links once. The expressions for £ and v, calculated
from Eqn (8.4) are not a solution of the stationary Euler
equations, and can therefore be used as initial conditions for
(5.9). It is obvious that the evolution of such a distribution
does not take the solution out of the given class with Hopf
invariant N = 1. The evolution of the vector field n is
determined from the equation

n,+ (vwW)n=0, (8.5)

which is equivalent to the evolution equation for the variables
A and p. Equations (8.5) are also Hamiltonian,
OH
n, =24 [n X —} ,
on

and differ from the familiar Landau— Lifshits equations only
by the choice of the Hamiltonian H.

The Poisson brackets in this case coincide with the BKK
brackets (2.8), (2.11):

(F.G) :2AJ<n, {%x%—f])dr.

When we go over in these brackets from the n-field to Q
according to formula (8.3) we get the Poisson brackets (5.8). It
is important to note that brackets (5.8) are degenerate with
respect to the invariant I: {/,...} = 0, which again shows its
origin. On one side, it is connected with its topology, on the
other, with Kelvin’s theorem. One should recall that the latter
is a sequence of the gauge symmetry of the Lagrangian
markers.

As we shall see below, the question about the degeneracy
of the Poisson brackets for an arbitrary equation of state is
directly connected with the gauge symmetry.

Let us discuss in more details this question for the
hydrodynamic Poisson brackets. For this aim, we consider
the most general form of the brackets for ideal hydrody-
namics, namely, for non-barotropic fluids. The brackets in
this case have the form of Eqn (5.6):

3G 6F>] dr

OF 8G
ra=][(ve &) - (Ve &
+J rotv S—FXS—G dr
p & &y

VS [3F 3G 6G OF (8.6)
*K?Waﬁ*gﬁb“
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By substituting integral (7.1), [; = [ pf(I,S)dr, into this
expression one can verify that this integral commutes with
any functional:

(I,}=0.

In accordance with the definition of Section 2, this integral
represents a Casimir of the brackets (8.6).

One should recall that the conservation of the integral
(7.1) is a consequence of the special gauge symmetry of the
ideal hydrodynamics equations, which, as we see, is respon-
sible also for the degeneracy of the Poisson brackets.

In order to transform from these brackets to the canonical
brackets it is necessary to resolve integral (7.1) by introducing
new coordinates. We have already found one answer to the
question of how to do it. If we take expression (4.17) for the
velocity and put the Ertel invariant /; instead of p then
integral (7.1) transforms into the dynamical conservation law
with respect to the canonical brackets

{FG}_J 0F 3G _8F 8GN | (8F 3G OF 8G
I \Sp 5 dg op 57 8I. oIy 7.

| (3F3G _8F3G\]
op ds  Os Of
so that

(I, H} =0.

We can also remark that, as was shown by van Saarlos
[53], the transition from the Lagrangian description in terms
of the action (7.6) to the canonical variables is determined
through the change (9.11) or (4.20).

9. Inhomogeneous fluid and surface waves

In this section we introduce canonical coordinates for the
description of nonlinear waves in an ideal fluid of variable
density. Here one distinguishes two types of waves. The first
type refers to the so-called internal waves, propagating in a
continuous medium with a smooth inhomogeneity. The
second type refers to the situation where the density gradient
changes sharply over the size of the wave length, and in the
limit represents simply a jump. In this limit we talk about
surface waves. Canonical variables can be introduced in both
cases within the framework of the scheme developed in the
preceding sections.

Consider an ideal fluid of varying density in the presence
of a constant gravitational field g anti-parallel to the z axis.
The fluid is assumed to be locally incompressible. This means
that the density is convected along the fluid and is therefore a
Lagrange variable:

op

—+ (W)p=0 for

o divv=0.

These two equations therefore appear in the Lagrangian as
constraints:

L= J[p ;, Ulp,¥) — a<%+ (vV)p) + (pdivv} dr. (9.1)

Here U(p,r) is the density of potential energy in the presence
of the field g, given by the expression

Z

Ulp.r) = g ptr. e = =) = [ o) 0]

(9.2)

The first term in this expression corresponds to the work in
lifting a fluid element to the point z from the equilibrium point
z!, determined from the condition for equality of the
equilibrium density p,(z’) and the density of fluid at the
given point:

po(z") = p(ry,z).

This relation gives z’ as a function z’ = z'(p) of density. The
second term in Eqn (9.2) corresponds to the potential of the
Archimedean force.

Variations of the Lagrangian with respect to v and ¢ lead
us to the equations [26]

pv=Vop+aVp (9.3)

and

div [pfl(Vq) + och)] =0,

giving the connection between the new and old variables.
Varying with respect to variable p, we get an equation

Qo v2 oU
E+(VV)OC+E—$—O

for the potential o with 0U/0p = g(z — z7).

Next, substituting Eqn (9.3) into the Euler equation (4.8)
and using the equations of motion for o and p, we obtain an
expression for the pressure p up to a constant, analogous to
the Bernoulli integral:

v2

Gl
p=—p5- pg(z—2z") + (54- (vV))qo + const .

The Hamiltonian is formed in the standard way and
coincides with the total energy

H—”ngr U(p,r)} dr,

while the variables « and p happen to be canonically
conjugate:
O OH op OH

a dp’ a s

The parameterization, presented here, for the velocity in
terms of the density p and « imposes strong restrictions on
the form of the initial distribution. As we see from Eqn (9.3),
the curl of the mass current at all times, including the initial
time, is orthogonal to the density gradient. Such motions are
the analog of potential motions in a homogeneous fluid. This
scheme can be considerably improved if one includes ‘non-
potential’ motions. As far as the non-canonical Poisson
brackets are concerned, they were introduced in paper [63].

If one needs to consider weakly nonlinear oscillations in a
stratified fluid one should expand the Hamiltonian in powers
of « and dp. In particular, the well-known Boussinesq
approximation is obtained if the density in the kinetic energy
is replaced by some averaged constant quantity:

Hy = ”'OOTVQ+ U(p,z)} dr.
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Now let us consider one important limiting case of a
stratified fluid, when the stratification is only due to a free
boundary.

First we look at potential motions. Here the Lagrangian
has the same form as before, in which the density p should be
regarded as constant throughout the volume of the fluid, i.e.,

p=p0(z—n(ry,1).

Here 0(z) is the Heaviside function, and n(r.,?) is the
deviation of the free surface from the horizontal plane z = 0.
The element ds, = dr [1 + (Vy)’] "2 of free surface and the
vector normal to it, n = (—Vn)[1 + (Vn)Q] 7]/2, are expressed
in terms of the function #n(r.) explicitly, as is the potential
energy

U= Hp‘)i”zﬂ—[\/l (V) — 1]}du,

in which we have taken into account the surface tension with
coefficient .

It is easy to see that the continuity equation in the present
case becomes the kinematic condition

dn 0

i (E—i—vV)n =0,.

In accordance with this, the Lagrangian expresses
1 2

L= J erJ dz (%Jr(pdivv)
—h

+J¢{%’Z—vn 1+(V11)2>du -U. (95)

(9.4)

Here
[’UZ - an]::ﬂ
Vg = ———
1+ (Vp)?
is the normal component of the velocity and y = —op, the

Lagrange multiplier given on the free surface.

The variation of L with respect to v within the bulk leads
to the potential equation p,v = V¢, where ¢ is determined
from the solution of the Laplace equation Ap =0. The
variation of L with respect to v on the boundary (for fixed #)
gives the boundary conditions for the Laplace equation:
?_~= V. (9.6)

The variation of the Lagrangian with respect to # is non-
trivial. For this it is convenient to rewrite all the terms in (9.5)
containing v in the form of a volume integral which we
designate as L,. Then, taking Eqn (9.6) into account, we have

n 2
L, = J dr, J dz (% - vV(p> :
—h

The variation 8L, for a change in 7 is composed of two terms.
The first is caused by the volume change:

2
Jdu (%va(p>8n.

The second arises when we consider variations of v and ¢ not
caused by the change in shape of these functions, for example,

9
6(/):(/7(27517)*(/)(2):*6%611-

Therefore the contribution to 6L, of this variation has the
form

0
Jdrivn 1+(V17)2 a—f&y

Collecting all the terms together we finally get

d . \%
ETI/II = —pogh +odiv d
1+ (Vn)?
+ PO Wo + 92 1+ vl . (97)
2 0z -

The Hamiltonian H, as before, coincides with the total energy
of the system,

n 2
H:Jduj dZMJFU,

while the Hamiltonian equations have the form [25]

o SH oy OH

o 8y ot

oy

Let us now consider the expansion of the Hamiltonian H
in powers of the canonical variables. In the coordinate
representation each term in this series is a non-local func-
tional of 17 and /; the reason for this is that at each step of the
iteration we must solve the Laplace equation. After applying
Fourier transformation with respect to the coordinates in the
horizontal plane and successive approximations, one can get

1 1
H =5 |-+ k) g k45 [ o P ranben) ak

1
+ mJL/»'kl/le//kl//k]’7k28k+k1+k2 dkdk,dk; +..., (9.8)

where

Lik,k, = % (k> 4 k3 — k3) — kk; tanh(kh) tanh (k)
(po=1).

The expansion in Eqn (9.8) is performed with respect to
the parameter k7, having the meaning of a characteristic angle
of inclination of the fluid surface.

In the limit k4 — 0 of shallow water the above expression
reduces to

L, — —(kky),

i.e., the cubic term of the expansion H; becomes local in the
variables { and #:

Hy - %jnww)zdrl . (9.9)
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In particular, the transition to the known Boussinesq model
(cf., for example, Ref. [66]) is accomplished if we take
Eqn (9.9) for the interaction Hamiltonian, and include the
terms proportional to /% in Hy:

on . I/ _O0H
P —hAY — div (nVy) +? Ay _w,
oy (Vy)*  S8H
T gn + oAy > T o

Here

1
= 5| len? + oW 4 V0P = (80 40V i
In the limit of deep water, Lk, behaves like
kalkl b —(kkl) — kkl .

The transition to normal variables is given by the formulae

1/2
_ Dk *
’7k - |:2(g+ O'kz):| (ak + a*k)a

g+ k2 1/2 .
l//k = _1( ) (a/\’ - afk) )

2(1)k

where o = [k(g + ok?) tanh(kh)] '/2 s the dispersion law for
surface waves.

In the same spirit as this was done in Section 4, one can
include the contribution from non-potential flows [1]. For
this it is necessary to involve an additional constraint in the
Lagrangian,

ou
—_— = 0
Y +vVu ,

so that the Lagrangian takes the form

1 ) v2
L:Jdrlj dz {OT—i—(pdivv—/l(,ut—i—vV,u)}
—h

+J(ﬁ{%7vn 1+(V11)2}drlfU. (9.10)

With such a choice for the Lagrangian v is given, as in Section
4, in terms of the Clebsch variables A and u:

pov=Vu+Vop. (9.11)
Evolution of 4 and u is given by Eqns (4.9) and (4.13). The
function , as for a potential flow, has the same meaning:

o=V (9.12)

Z

The equation for this value takes the form of (9.7) where the
velocity v is replaced by the expression (9.11).

Another way to introduce ‘surface’ canonical variables is
given in Ref. [15]. In a similar way we can introduce canonical
variables into a stratified fluid, taking into account the ‘non-
potential’ variables A and u.

Non-canonical Poisson brackets for the case of arbitrary
flows bounded by a free surface were introduced in paper [64].

The bracket represents a combination of the Zakharov’s
bracket [24, 25] for potential flow and the bracket (5.7):

(F.G} = J(rotv,{i—fx Z—fD dr

0F 8G G OF

Here F and G are functionals of the velocity v (divv = 0) and
the free surface X; ds is a surface element. The variational
derivatives 6F/dov and 0G/dv are divergence free. The
potential part of the velocity is introduced by the unique
velocity decomposition (for more details, see Ref. [65])

v=w+Vo,

where w is divergence free and tangential to 2. The potential ¢
is determined by the equations

00

AP =0 — =
T On

Up -

In Eqn (9.13)  is the limit of @ on the free surface X.
The equations of motion

ov G
T (v,V)v=—-Vp, =

Un

with two additional conditions

divv=0, p| =ox,

b
where « is the mean curvature of the free surface, by means of
the brackets (9.13) can be written in the form

v 0X

S ={nH, T={zh).

Note that it is also possible to arrive at the brackets (9.13) by
recounting the brackets, expressed through the canonical
variables 4 and p, Y and 5, using transformation (9.11).

Several other means of introducing ‘surface’ canonical
variables were shown in Ref. [23].

Exactly as in Eqn (9.11), the canonical variables are
introduced in a stratified liquid, considering the ‘non-
potential’ variables A and u. There is also no difficulty in
introducing canonical variables for the description of inter-
acting internal and surface waves. For this case the Lagran-
gian is a combination of the Lagrangians (9.1) and (9.5).

We would like to mention the interesting paper [69] where
the canonical Hamiltonian approach was developed for the
description of the interaction of surface waves and vortex
filaments. The canonical variables introduced in this paper
can be extracted from the general non-canonical Poisson
brackets (9.13) by the corresponding limit to the vortex
filament.

The introduction of canonical variables for internal and
surface waves is also possible for more complicated systems,
for example, for a dielectric fluid in an external electric field or
a ferro-fluid in a magneto-static field [68]. For these systems
the Hamiltonian coincides with the free energy in the external
electric (magnetic) field, and the canonical variables remain
the same as in the absence of the field.
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10. Hamiltonian formalism for plasma
and magnetohydrodynamics

The simplest hydrodynamic models of a plasma are of the
type of (4.1) and (4.2). Let us consider the hydrodynamics of
electrons interacting with a potential electric field in a plasma
without magnetic field:

%+div(pv) =0,

ov e 3T

A¢=—4nea—p, dp=p—pp-
m

Here e and m are the electron charge and mass, and T is the
temperature.

The internal energy of such a system is composed of the
electrostatic energy

& (8p(r)dp(r)) ,
= ﬁj ‘1‘ — ]’/| dl' dr

_ 1 2
Ees = QJ(V@) dr

and the gas-kinetic energy

T
gTIE—[6p2dl'.
2 mpy

It is obvious that

e e [ Sp(r") SEes

m? m2J|r—r/| ' dp

3T SEr

2L g =261 10.2
mpg dp ( )

Formula (10.2) shows that system (10.1) belongs to the
type of (4.1) and (4.2) with &, in the general form (4.6). The
diagonalizing transformation for Hj in this case has the form
(44), in which one should set ;=) +3k>T/m
(0} = 4mpe* /m?) while the coefficients U and V' are deter-
mined from formulae (4.5), in which we should take g = 0.

Now let us consider the hydrodynamics of slow motion of
a non-isothermal plasma, whose electron temperature 7,
significantly exceeds the ion temperature. By slow motion
we shall understand wave motion with phase velocities w/k
much smaller than the electron thermal velocity vz, but large
compared to the ion thermal velocity. In this case we can
assume that the electrons are distributed according to
Boltzmann’s law, p, = pexp(e¢/Te), while the thermal ion
motion can be neglected. Then

op ov

. e
5, TAv(ev) =0, =+ (Wv=--Vo,

4me ep
Ap =7 (p—poeXP Te) ;

where M is the ion mass.
This system also conserves the energy

(10.3)

2
H:J% dr+ & . (10.4)

Here &, is the internal energy, equal to the sum of the
electrostatic energy Ees = (1/8n) f(Vgo)z dr and the thermal
energy of the electron gas

T ep ep
ET—MJpOKTe 1) exp Te+l} dr.

Calculating the variational derivative of &, with respect to
the ion density p, we get

0 , 1
g—J@(r){ 4nA

On the other hand, by varying the Poisson equation we have

1 A do(r)

4n

o) €2
o( )+ Po

ep 80) .,
So(r) T M }dr |

xp T. dp(r)

2
e
+P0

ep So(r') e /
50 M —d3(r—r').

P o) M

Comparing the two expressions, we arrive at

8gin _ e

dp m?

From this it follows that the system (10.3) also belongs to the
type of (4.1) and (4.2).

We note that for long-wave (such, that krg < 1, where
rqg = (Te/47'cn0€2)1/2 is the Debye radius) oscillations of small
amplitude, the system of Boussinesq equations follows from
Eqn (10.3). It is easy to see that in this limit the potential is
determined from the Poisson equation:

Substitution of this expression into Eqn (10.4) leads to the
following form for the internal energy [cf. Eqn (4.6)]:

-2 2 3 2
R[]
2 Po 3\po Po

We now go over to a consideration of the relativistic gas
dynamics of electrons, interacting with an arbitrary nonpo-
tential electromagnetic field:

%+div(pv):0,
0 )
(—+vV>p:eE+€[va}—3TV—p7
at C :00
rotE:—la—H,

¢ Ot
rotH:4—nQv 16—E,

cm ¢ Ot
divE:4ne6—p.

m

For the electromagnetic field we introduce the scalar and
vector potentials ¢ and A, where we choose for A the
Coulomb gauge, divA = 0.

We know that in the Coulomb gauge the vector potential
is a canonical variable, if we change from ordinary momen-
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tum to generalized momentum

e
p=p —-A
c

determined from the equation

%—&- V(e 4+ pP)'? — v x rotp,] + eV = 3TV i—p .
0

The canonical conjugate of A is the vector
1 1 0A E
bl (v 1)
4nc

cor) 4mc’
The other variables are introduced by analogy with the
Clebsch variables:
A
P Zvutve.
m.p

Here (4,u), (p,¢), and (B,A) are canonically conjugate
quantities,

o _sH  ou_ sH o _sH o H
or ou’ ot 8L ot S’ ot 8p’
oA_si B _ o
or B’ ot  SA’

with the Hamiltonian

3p? 1
H:‘[{ﬁ(pzcz—l—mzc“)l/z—!—%TLPO—F%(rOtA)Z] dr
1
+ J |:21T,6'232 —c¢(BVo) + in quqo} dr, (10.5)

coinciding with the total energy of the system if the Poisson
equation is satisfied identically.

We note that canonical variables are introduced analo-
gously for the two-fluid model of the plasma. A more detailed
presentation of these results can be found in papers [34, 35].

Another widely used model in plasma physics is the set of
magnetohydrodynamic (MHD) equations, describing low-
frequency (hydrodynamic) motions of the plasma as a whole.
These equations, in particular, can be obtained from the
equations of the two-fluid model.

For barotropic flows, the equations of MHD have the
form

2—'[;+div(pv) =0,

ov de 1

a+(vV)v- 7V5+m[rotH x HJ, (10.6)
2, = Tot [vx H].

For this system, just as for the equations of hydrody-
namics, the transition to canonical variables is accomplished
using the Lagrange approach. For this we shall start from the
well-known expression for the Lagrangian of a fluid interact-
ing with the electromagnetic field in the MHD approxima-
tion. This means that in the Lagrangian we drop small terms

of order v/c. Thus, for example, in the MHD approximation
we should neglect the contribution from the electric field
[E ~ (v/c)H] compared to the corresponding contribution
from the magnetic field.

We also pay attention to one important consequence of
Eqns (10.6) following which the magnetic field is frozen in a
plasma [70]. It is that the vector H/p moves together with the
fluid particles. In other words, each magnetic field line is
displaced together with the particles that are on it. This fact
allows one to regard the magnetic field H and the density p as
generalized coordinates.

Thus the Lagrangian in the MHD approximation includ-
ing the constraint has the following form:

L—szvzs(p)?;JrS(aal;lrot[va})

+(p<%+divpv> +zpdivH] dr.

Varying L with respect to the variables v, p and H, we get

pv=[H xrotS]+ pVo, (10.7)
op &

E+quof§+w(p)70, (10.8)
as—i-E—[vxrotS}—&-ng:O. (10.9)

ot 4n

From this we see that the undetermined Lagrange multipliers
enter as generalized momenta. The appropriate transition to
these variables is accomplished using formula (10.7), and
their evolution is determined from Eqns (10.8) and (10.9). The
gauge function  that enters these equations is chosen for
convenience. For the natural condition divS = 0 we have

Y =A"'div[v x rotS] + v,

where Y, is an arbitrary solution of the Laplace equation
Ay, = 0. In particular, for finite motions of the plasma in a
magnetic field Hy, it is convenient to choose the quantity S so
that S — 0 for r — oo. It is then obvious that

(Hor)

Vo="gr -

The equivalence of the system of equations obtained here and
the MHD equations is verified by a direct substitution of the
velocity in the equation of motion (10.6).

Now changing to the Hamiltonian description, we get [33]

% SH % SH OH_GSH 3S_ H
ot d¢’ ot dp ' ot 8S’ o  SH’
where the Hamiltonian

2 2
_ [ LT
H—H > —&—a(p)—&-gn Y divH| dr

has a value that also coincides in value with the total energy of
the system.

Another way to introduce canonical variables in MHD
was suggested in Ref. [71]. In this paper both the velocity and
the magnetic field are parameterized in terms of the Clebsch-
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type potentials:

v=Vo¢+p ' (uVi+ MVA),
H=[VixVA].

So doing the quantities 4 and u, A and M, p and ¢ form pairs
of canonically conjugated variables. It is possible to show that
the given parameterization for H and v can be reduced by
appropriate gauge choice to the change (10.7).

For an incompressible fluid the canonical variables are H
and S: the potential ¢ can be eliminated using the continuity
equation,

.1
Ap = —div —[H x rotS],
Po

while the Hamiltonian takes the form

2 2
H:J PV B diva dr
2 8

For barotropic flows the variables (p,¢) and (H,S)
determine the canonical Poisson brackets:

O0F 3G OF oG O0F 0G OF o6G
””“WK@@*@&O*%ﬁﬁ‘ﬁaﬁF“
(10.10)

These brackets, as in the hydrodynamic case, allow recalcula-
tion to the natural variables, i.e., to the velocity v, the density
p and the magnetic field H. As a result, the non-canonical
brackets become a combination of (5.6) and the additional
term containing the variational derivatives with respect to the

magnetic field [15]:
3G OF
g, g)] dr

OF oG
o= [|(v555) - (%
+J w 87F‘><87G dl-
p o dv
+J H rtS—FXB—G — rtS—GXS—F dr
o |7V EH " By OtsH v )"
(10.11)

Without the barotropic constraint these brackets acquire the
additional term (compare with Ref. [15])

(25 [arsG aaar
J\p | Ov S v S '

The brackets (10.11), (10.12) are, as in the pure hydrodynamic
limit (H = 0), degenerate.

The simplest annulators of these brackets were probably
found in the paper [73]:

2
C= pr(& ? S, <¥) S7...> dr.

It can be verified by the direct calculations that the
Lagrangian invariants which generate integral (10.13) are
written in the form

H n
L= ().
0

(10.12)

(10.13)

(10.14)

The integrals (10.13), however, are only one of the possible
sets of the Eulerian integrals of motion. There exist recurrent
formulae for the construction of such integrals which can be
obtained from the Lagrangian invariants 7, the frozen field B,
the density p and the field of the Lamb momentum p [74, 29].
These quantities are defined by the corresponding equations
of motion:

or, (W) =0, (10.15)
ot
aa—]?+ (VV)B = (BV)yv, (10.16)
ap
a—i—(vV)p—l—(pV)v—&-[pxrotv]:0. (10.17)

The recurrent procedure for the construction of Lagrange
invariants consists of several steps.

At first, it is easy to verify that the definition of the fields B
and p by means of Eqns (10.16) and (10.17) remains without
changes if one first multiplies them by I

B' =B, p' =1Ip. (10.18)
In other words the new fields B’ and p’ obey the same
equations as those for B and p.

At the next step for the given I, p, B we construct a new set

of quantities 7', p’, B’, which possess the same properties:

p' =VI, B':%rotp'7 I':%div(pB). (10.19)

At the third step, by substituting Eqn (10.18) into (10.19),
we obtain

B’:l[pxp’], B,:%[V]XV],].

I'=(vB
(vB). ;

(10.20)
Further recursion gives the following relations:

p=pBxB, I=>(pVI'xVI"),
P

I:%(VI’[VI” x VI"]). (10.21)

Because an arbitrary function of Lagrangian variables is
again a Lagrangian invariant, this in combination with Eqns
(10.18)—(10.21) sets the prescription of the Lagrangian
invariant reproduction. For example, the Lagrangian invar-
iants of the first generation, consisting of the quantities p, p, B
and the three Lagrangian invariants given initially plus a lack
constructed by means of Eqns (10.18)—(10.21), can be
represented in the following form [29]:

1
Iy=pxB, I;= ) (pIVI; x VL),

1
Ii= BV, I'=_ (VL[VL x VI]) . (10.22)

Using this procedure sequentially one can get the
subsequent generations of Lagrangian invariants.



November, 1997

Hamiltonian formalism for nonlinear waves

1109

Of particular interest is a question about Lagrangian
invariant construction in the two-dimensional case. Here to
construct an infinite hierarchy of invariants it is enough to
have two input invariants. As was shown in Ref. [82] in the 2D
case the whole set of conserved quantities forms a highly
complicated Lie algebra, which contains very interesting
subalgebras, e.g., a loop algebra with a layer in the algebra
of area preserving diffeomorphisms of a plane.

Let us apply this approach to the MHD equations.

In the MHD case with an arbitrary equation of state
p = p(p,S) one should take entropy S for I, H/p instead of
the vector field B, and the field p should be changed by the
vector potential A of the magnetic field (H = rot A), impos-
ing the gauge [72]

0A

—=[vxrotA] — V(vA) = —(vV)A — (AV)v — [rotv x A].

ot

It is easy to see that for MHD the transformation (10.19)
reads as follows:

H
B =—, I'=0.
p

A =VS,

The first equation reflects the gauge freedom of the vector
potential, the second formula in this case is the definition of
the frozen field.

If now in the third formula of Eqn (10.19), instead of B,
one takes its transforming value from Eqn (10.18), then as a
result one can get the second (after S) Lagrangian invariant:

(HV)S

L=—"2
p

Its structure is similar to the Ertel invariant for hydrodynamic
flows. Multiple use of this transformation leads to the
invariants (10.14):

HV n
I = (_> s.
0
Transformation (10.20) generates another Lagrangian invar-
iant

Integration of I3 with the help of formula (6.1) results in the
integral

I = J(AH) dr

of motion, which characterizes the degree of knottiness of
lines of the magnetic field H [57].

The representation of the three invariants I} = S, I, and
I3, and also of the magnetic field H and its vector potential A
permits, by use of the formula (10.22), all the sets of
Lagrangian invariants to be found together with the Eulerian
integrals

C= pr(ll,lz,...)dr (10.23)

of motion.

In the case of barotropic flows the given recursion
changes. At first, one should exclude the entropy S as a
quantity not entering into the equations of motion. Therefore
from the set /; (i = 1,2, 3) of Lagrangian invariants of the first
generation, explicitly expressed in terms of H and p, only the
invariant I, = (AH)/p remains. With its help all the series of
the integrals of motion is written as follows [48]:

CIpr(127¥12,...>dl‘.

Furthermore, in the barotropic case a new integral should be
added. This is the topological invariant

(10.24)

C = J(v7 H)dr,

characterizing the degree of cross knottiness of the magnetic
field and velocity lines.

It is possible to show that all the integrals presented above
are the Casimirs relative to the brackets (10.11) and (10.12).

Thus, we demonstrated how canonical variables are
introduced for hydrodynamical models of plasma. These
variables to some extent generalize the Clebsch variables for
ideal hydrodynamics. They differ in that, firstly, the number
of canonical variables increases, so that the electromagnetic
field itself is an additional canonical variable, and, secondly,
due to this fact the Hamiltonian structure of the equations
changes (becomes more complicated), especially for MHD.

11. Hamiltonian formalism in Kkinetics

In this section we introduce a Hamiltonian structure into the
self-consistent type collisionless kinetic equation. We con-
sider the simplest example that has sufficient contents from
the point of view of generalization: the Vlasov kinetic
equation for the distribution function f describing potential
(electric field E = —V ) oscillations of electrons relative to a
homogeneous background of ions with density #g:

Y wyr-ve Lo

ot 0,

A(p:—41thdv—n0} (e=m=1). (11.1)

Kinetic equations of this type should also be regarded as
hydrodynamic type systems. In the phase space (r,v)
Eqn (11.1) describes the motion of an incompressible ‘fluid’,
whose density is convected together with the ‘fluid’. The
behavior of the system here is in many ways similar to the
situation which holds in a stratified fluid. In order to
transform to canonical coordinates, we introduce the
Lagrange coordinate &, which we determine from the
condition that the distribution function f be equal to the
equilibrium distribution function f4(¢), not necessarily
Maxwellian:

fley,v,t) =£(E) or v=V(r ).
Such a representation can be expressed in integral form:

fe,v,t) = JF(L ENS[v—V(r, & 1)]de. (11.2)
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Substitution of Eqn (11.2) in (11.1) leads to the following
system of equations:

%—I;eriV(FV):O, (11.3)
aa—‘; +(VV)V = Vo, (11.4)
Ap = —4r UF(é,r, 1) dé — no} . (11.5)
The internal energy
£ = g |(Vorar
:%J [J F(&r)de —nor][_ffl(é',r’)dé' LI

of this system is a functional of the ‘density’ F, and therefore,
according to the classification of Section 4 belongs to the type
of Eqns (4.1) and (4.2).

Canonical variables for Eqns (11.3)—(11.5) are intro-
duced in the standard way. For potential ‘flows’ V=V
and the equations of motion are of the Hamiltonian form [1]

00 __sH or_sn
ot S8F’ ot 89’
with

F2
H:JTV dédr+ &y .

Thus, the Poisson brackets have the canonical form

38 8T dT &S

They can be expressed in terms of the distribution function f
[1]. By using Eqn (11.2), together with simple transforma-
tions, one can get brackets which were first obtained in Ref.
[16]:

R ([T RELICT P

Canonical variables are introduced analogously in the
Vlasov—Maxwell equations, where the canonical Poisson
brackets may be transformed into the brackets of Ref. [16],
which locally depend on the distribution function and the
electromagnetic field.

In concluding this section we mention another similar
important example, in which there is an analogous construc-
tion. This is the Benney equations, describing surface waves in
the approximation of ‘shallow’ water, where the flow of the
fluid is not assumed to be potential:

h

h,+diVJ Udz=0, (11.6)
0

ou
U,+(UV)U+W§+V/1:O, (11.7)
ow .
EerlVU—O. (11.8)

Here h = h(r,t) [r = (x,y), 0 < z < h] is the boundary of the
free surface of the fluid, U = U(r, z) is the horizontal velocity,

W = W(r,z) is the vertical component of the velocity, and
g = 1. We first show that the system (11.6)—(11.8) can be
reduced to an infinite system of two-dimensional hydrody-
namic equations.

We introduce a coordinate ¢ (0 < & < /) which enumer-
ates each layer of the fluid in equilibrium along the direction z.
Then the coordinate of each layer at time ¢ will be given by the
functions

z=z(r,& 1), h(r,t)=z(r,L1).
It is clear that the equations expressed in terms of this
function are similar to Eqn (9.4):

%*%-&-(UV)Z: w.

dt ot (11.9)

Setting ¢ = we see that Eqn (11.6) follows from Eqn
(11.9). Derivatives taken for constant ¢ and z are linked by the
following formulae:

@):: (%)g_%a% W)f(%—%%. (11.10)
In addition we have

%:%a%’ (11.11)
where

n(r,é,t):g—g

Differentiating relation (11.9) with respect to & and using
formulae (11.10) and (11.11), we easily obtain the equation

on

o +div(nU) =0.

(11.12)
(Here and everywhere below the derivatives are taken at
constant &.)

Applying the same formulae to Eqn (11.7), we find, after
transformations,

ou

E—F(UV)U—&-Vh:O, (11.13)
where & and # are connected by the relation
I
h:J n(r, &, 1) dé. (11.14)
0

The system (11.12)—(11.14) is similar to that considered
above and differs from it only in the consistency condition
(11.14). Therefore, the canonical variables for potential
(U = Vo) flows (in the x, y plane) remain the same [30]:

Op OH on OH

i — = 11.1

ot o ot B¢ (11.13)
Here

H:%J dfdrr](V(p)z-i-%J drii? .

If the flow depends only on x, the Hamiltonian structure
can be given in terms of the variables # and U:

0 0H ou 0 0H

On_ _00H 0U_ 0 H
ot OxdU’ At  Ox dp
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It should be added that for one-dimensional flows another
method for introducing a Hamiltonian structure was devel-
oped in paper [32]. One can show that the Hamiltonian
structure introduced in Ref. [32] is equivalent to the structure
(11.15).

At the end of this section we would like to pay attention to
one more paper [76] where, in fact, the same idea as for the
Vlasov and Benney equations was used. In Ref. [76] Virasoro
supposes to describe flows of stratified fluid by the use of a
mixed, Lagrangian—Eulerian representation. For two-
dimensional flows the horizontal coordinate x and the
Lagrangian coordinate f3, labeling the levels of density p,
serve as independent variables. In the case of two-dimen-
sional hydrodynamics, when the suggested scheme can also be
applied, one of the coordinates (of the Lagrange type) labels
the vorticity levels  and the other coordinate may, for
example, be the Cartesian x. Virasoro, from the very
beginning, comes from the variational principle in the
Lagrange form (7.6), and then performs a transformation to
new variables, by introducing the generating function of this
transformation. This function in the Lagrangian plays the
role of the generalized coordinate.

Approximately the same ideas occur in papers [38, 39]
where for equation (5.12), describing the Rossby waves, the
Gardner — Zakharov—Faddeev brackets are derived from
non-canonical Poisson brackets.

12. Classical perturbation theory
and the reduction of Hamiltonians

If in the previous sections we dealt with introducing the
Hamiltonian structure, then further we will suppose that we
were able in some way to introduce canonical variables
together with the normal variables diagonalizing a quad-
ratic part of Hamiltonian. In this section we turn to the
classical perturbation theory for the wave Hamiltonian
systems which is based on an assumption about the
smallness of wave amplitudes. The difference of the wave
systems from the finite-dimensional systems is that the
application of the perturbation theory to the wave systems
leads to the appearance of resonant denominators not at
separate points, as for finite-dimensional equations, but on
whole manifolds. By their classification, we arrive at the
whole set of standard Hamiltonians and corresponding
equations. In particular, many well-known equations such
as the nonlinear Schrodinger equation, the KdV equation,
the KP equation, etc. are among them.

Suppose that in a medium there is one type of waves with
dispersion law w(k) and amplitudes a(k), whose evolution is
determined by Eqn (3.7):

aak . 0H

-_—=— . 12.1

o~ o (12.1)

Here
H=H0+H1+...7
H() :ka|ak\2dk7 (]2.2)
H, = J(kalkza,faklakz + c.c.)0k—k, -k, dk dk; dk;
1
+ §J(Ukklkza,ja;2a,ffz + C-C-)8k+k1+k2 dk dk; dk, . (12.3)

Consider a transformation from the variables a(k) to new
variables ¢(k) in the form of an integral power series:

ap = cx + Jka,kz Ck, Chy Ok—k, —k, Ak dk»
+ JMkklkz CkCh,Oky—k—ky dky dka

+ JNkkaZC;:cZ[ 6k+k,+k2 dk; dk, + ... (12.4)

We require such a transformation to eliminate the third
order terms from the Hamiltonian and to be canonical. The
last item means that

{ci,cp} =0krr,  H{er,en} ={c,cp}=0.

From these two requirements, after simple algebra, we can
find that

Vi1 k> Ch, Ci

1K2 1 VK2

ag = ¢ — Ji St—ki—k, dki dks
Wy — Cl)k] — Cl)k2

Vi cker
) J ek T 5 dkg dks
Wfy — W — W,

Ukt ¢ €,
- 135 - dk;dk, +... (12.5
,[(Uk T o, T o6, fe+-ky 4k 1 2 ( )

Here the first two integral terms guarantee the cancella-
tion in H; of the second two terms, while the last term gives
the cancellation of the other two, proportional to a*a*a* and
aaa. These two transformations (eliminating both pairs from
H)) are independent and can be carried out separately. This
procedure for successive elimination of perturbation terms in
the Hamiltonian expansion by means of canonical transfor-
mations is called classical perturbation theory. In construct-
ing such a theory we quickly come up against the problem of
‘small denominators’, related in the present case to the
appearance of non-integrable singularities near the manifolds

wk—i—...—i—wk,.—wk,Al—...—wk”:O,

k+~--+ki_ki+l_---_kn:07

which give the condition for an nth order resonance. The
simplest manifolds already appear in the elimination of the
three-wave Hamiltonian (3.8), when [cf. Eqn (12.5)]

Wk + Ok, + O, = 0,

k+k +k,=0 (12.6)
and

Wj — Wiy — W, = 07

k—k —k =0. (12.7)

Satisfying the first condition is possible if waves with
negative energy exist in the medium, and then one of the
frequencies w; must be negative. Such a situation, as a rule,
occurs in unstable media, for example, in a plasma with a
current. If there are no waves with negative energy in the
medium, then the terms proportional to a*a*a* and aaa can
be eliminated from H; by a canonical transformation, and in
this sense they are unimportant (non-resonant).
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The possible existence of solutions of the system (12.7)
depends on the form of the functions w(k). For isotropic
media, in which w(k) depends only on [k|, there is no solution
if (0) =0 and @”(k) < 0. Such a situation is realized, for
example, for surface gravitational waves. For capillary waves
the resonance conditions (12.7) are satisfied.

If the conditions (12.6) and (12.7) have no solutions then
the three-wave terms can be eliminated. Among the fourth
order terms the important contribution to the Hamiltonian is
of the form

H3 = JT/c|k3k3k4a/; ag, ey Ay Ok ey ks ks H dk;, (12.8)

for which the resonance condition
Ofy + Dpy — Wp; — Wy, = 07
ki+ky,—k;—ks=0

may be satisfied for any form of w(k). Here the three-wave
interaction leads to a renormalization of the vertex Ty, ik, in
Eqn (12.8) (see Ref. [83]):

*
T, . T(O) . U*kz*/CJA,kzlc,z U—/cfkl,kk]
kkvkaks = 4 ey ey Ok, + OF + ok
1 1

"
Videok—k ngk.kg—lﬂ
Wfey—k; T Wk, — Wi,

.
Vitiskoks Vice gk,

+2 -2

WDfetley — Wi — Wiy

.
5 Viiksti 6 Vi,
Wy~ + W — W,

5 Viekaki—ka Vies — ks —k
W~k + O — Wi,
.
Videsk—s Vieykey ko — i

-2 .
Wfy—k + W, — W,

(12.9)

Thus, we arrive at a sequence of standard interaction
Hamiltonians: the Hamiltonian

Hy = J(ka]kza/faklakz + C~C-)8k—k1—k2 dk dk; dk; , (12.10)

is responsible for the process of decay 1 — 2 and the inverse
process of fusion 2 — 1; the Hamiltonian

1 [ * * * *
Ho = gJ(Ukklkzakakl a, + C-C')8]c+k1+k2 dk dk; dk; , (12.1 1)

describes the so-called explosive instability, in which three
quanta of the wave field are created simultaneously from
vacuum (0 — 3), the Hamiltonian

He = | T aiag oS T dki (1212

is responsible for the process 2 — 2, etc.

If several types of waves exist in the medium, the list of
standard Hamiltonians is greatly increased. We give one of
them, responsible for the interaction of high-frequency and
low-frequency waves:

Hiyy = J( kalkzbka,flakz + C~C~)6k—k1—k2 dkdk, dk,. (12.13)

A Hamiltonian of type (12.13) describes the interaction of
light and sound in dielectrics, Langmuir and ion-acoustic
waves in plasma, etc.

In describing a system of nonlinear waves by means of
some standard interaction Hamiltonian, we are naturally
assuming that the level of nonlinearity, characterized by the
wave amplitude, is small. Despite these limitations, the
resulting phenomena are quite rich. Many of them can
already be understood starting from the simplest models
that arise from the reduction of the standard Hamiltonians.

As a first example let us consider the interaction of three
spectrally narrow wave packets with wave vectors lying near
ki, k, and k;. Such an interaction is resonant if, for
instance,

(k) = o(ky) + o(k;),

ki =k, + k3.

For this case a(k) may be represented in the form

a(k) = ai(k) + ax(k) + a3 (k),

where a;, ay, az are the amplitudes of the waves in the packets.
The characteristic width k; of the each packet is assumed to be
small compared with |k;|. For such an interaction, a canonical
transformation reduces the Hamiltonian Hy given by Eqn
(12.10) to

Hipy =2 J[Val*(kl)ag(kz)m (ks) + c.cJ8 ks [T dki-

Now using the narrowness of these packets, we set

ow

w(k1 + K) = (j)(k,) + (KV,‘) s vV, = aT(,

in Hy and make the change of variables:

¢i(x) = ai(x) explio(k;)] .
As a result,

H— H-— ZJC{)[|C,‘|2 dk.

Taking the inverse Fourier transform of this Hamiltonian,
using the formula

;3/2 J ¢i(k) exp(ikr) dx,

Yi(x) = (2m)

we obtain the well-known equations for resonant interaction
[77]:

d "
OV = _W Vol (12.14)
d -

%* (VaV)Y, = _W Vs, (12.15)
%* (vsV)¥; = —W 22 (12.16)

In a similar fashion one gets the system of equations for
describing the explosive instability of three wave packets. In
this case the interaction Hamiltonian for the packets arises as
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the result of reduction of the Hamiltonian (12.11):

%* V)Y, = —W Vays, (12.17)
d -

%* (v2V)r = —(;JW ivs, (12.18)
all, U* k%

5t Vs = —W Vi (12.19)

The following example refers to the reduction of the
Hamiltonian (12.12) for a single spectrally narrow wave
packet. Suppose that the center of the packet is at ky. Then
setting

a(k) = c(k) exp(—iwg, 1), k=ko+«,

H— H— (k) J]c(;c)|2d;<,
62

(U(k) = w(k() + K) = (}J(ko) —+ KVg + 5 m

KoKp ,

we get the nonlinear Schrédinger equation (NLSE)

w5 Y LT
2 axaax/; (21-[)3

i, + v V) + WPy =0 (12.20)

for the envelope (r), where
o — R
P Dk ok
Equation (12.20) describes the self-interaction of a

spectrally narrow wave packet in a nonlinear medium. In an
isotropic medium, when the tensor w,; is of the form

k
Wyp = 21}—]?0 (8up — nyng) + @''ny ng (n = E) ,

this equation simplifies to

Vg " T

w 2,
2k0 AL‘//+7 l»[/xx—i_ (27_[)3 |[//| l// - 07

(12.21)

iy, + Ug‘//x) +

where the x axis coincides with the direction of the group
velocity. In this equation the second term is responsible for
the propagation of the wave packet as a whole with the group
velocity v, (this term can evidently be excluded by passing to
the system of reference moving with v,); the next term
describes the diffraction of the packet in the plane transverse
to vg, the fourth term corresponds to the dispersion of the
broadening along the x-direction, finally, the last term in Eqn
(12.21) accounts for the nonlinearity.

After performing rescaling transformations in this equa-
tion, the NLSE can be written in the canonical form:

W, + Ay + oy, + Yy =0. (12.22)
Here o = sign(w”v,) and = sign(7v,). This equation can be
considered as the Schrédinger equation for quantum particle
motion in self-consistent potential U = —11|1//\2 with a positive
transverse mass and a longitudinal mass, the sign of which

coincides with ¢. This means that the character of the
interaction in the transverse and longitudinal directions are
different and depend on the signs of # and . If # > 0, then in
the transverse direction the attraction takes place and the
packet has to be compressed due the nonlinear interaction. In
the opposite case, (1 < 0), the nonlinearity helps the diffrac-
tion broadening. The same situation arises for longitudinal
motion. If 6y = 1, then the compression takes place along the
group velocity direction and respectively the repulsion in the
opposite case (o = —1). There exists the only variant
o =n =1, when simultaneously the nonlinearity leads to
packet compression in all directions. In this case wave
collapse is possible (for a review see Ref. [84]).

Thus, depending on ¢ and #, there exist four canonical
forms for the NLSE:

i, + A + [Py =0, (12.23)
W, 4+ A=y + WY =0, (12.24)
i, + Ay — [y Y =0, (12.25)
W+ ALY — Y — WPy =0. (12.26)

All these equations belong to the Hamiltonian type; they
can be written as

. )
=g H= [{E ol =St ar.

(12.27)

In deriving Eqn (12.20) we have assumed that the kernel
T k>ksk, 15 @ continuous function of its arguments [the vertex
appearing in Eqn (12.9) is the value of this kernel at k; = k].
However, this situation is not typical, in particular if
®(0) =0. At the same time, according to Goldstone’s
theorem (cf. Ref. [78]) the matrix element Vi, vanishes if
one of the wave vectors k, k; or k; is zero. Thus, in expression
(12.9) for the matrix element 7, there are indeterminacies
when k; = kg. To remove them we must calculate a limit of the

type

Vo kot —k|2
1 0, K0 5
K20 (k) — (kvg)

For example, for surface waves of infinite depth

I//Ckokg ~ k3/4 5 (J)(k) ~ k1/2 )

and all the indeterminacies vanish. For finite depth one has
Vikoko ~ k', w(k) ~ k, so that this limit is finite in each
direction, while the quantity T} k,k,k, remains undetermined.
Indeterminacy of this type is related to the excitation of forced
motion of the medium as a whole. Such a situation occurs for
all waves whose dispersion laws w; become linear ask — 0. In
addition to the surface waves considered above, such waves
include ion-acoustic waves in a plasma, sound waves in a
solid, etc.

In this situation one needs separate equations for
describing induced low-frequency motions. This problem is
a special case of a more general question: the interaction of a
spectrally narrow high-frequency wave packet with a low-
frequency acoustic type oscillation. The Hamiltonian for such
an interaction can be constructed from general principles,
based on the classical notion of an adiabatic invariant. [Of
course, there is also a direct method of calculation, based on
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the reduction of the Hamiltonian (12.13).] We recall that for
an oscillator with frequency ® there is the following
remarkable relation between the energy E and the adiabatic
invariant I:

E
Z=1.
(0]

In th% present case the adiabatic invariant is the quantity
|e(k)|", so that

~ (ko) J]c(k)|2 dk — Jw(ko)w dr.

A nonlinear interaction with low-frequency motions does not
destroy the adiabaticity, so

Hy = JSw\x//| dr,

where dw is the change in frequency due to variations of the
local characteristics of the medium, namely, the density dp
and velocity v:

ow
dw =—29 k
@ = 3o p + (kov).

(The second term corresponds to the Doppler effect.)

Setting v= V¢ and remembering that dp and ¢ are
canonically conjugate functions for a compressible fluid, we
get the equations [66, 79]

i), +veVip) + 20 ijg;ﬁ

+ (2%’ Sp + kOV(p>zp (2:)3 =0, (12.28)
aat 8p+ podg + (kW)W = 0, (12.29)
Po aaz +625p—|— |n//| =0, (12.30)

where T is the regular part of the matrix element Tikok,
without singularities.

The Hamiltonian of this system is a combination of the
Hamiltonians for Eqns (12.20) and (4.3):

oy dy”
@of 6xa a)C/;

H, = ”—n//*vng +%

dw
(a dp + koV¢>> 75
Po

(Vo)
2

‘ 4 26.02 d 2.3
Wl +Csz—p0+Po r.  (12.31)

Depending on the ratio between the group velocity v, and
the sound velocity ¢s, Eqns (12.29) and (12.30) permit various
simplifications. If vy < ¢ and v,Ak > T||*, where Ak is the
width around k of the high-frequency packet, we can replace
0/0t by v;V in Eqns (12.29) and (12.30):

—VgV3p + poAg + (kV) Y =0,

0
= polvaV)o + B0+ = W = 0. (12.32)
0

For isotropic media the resulting system of equations
described in a coordinate system moving with the group
velocity goes over into the Davey — Stewartson equations

o dw  koc?
Wt 5 A+ wu+{a +°S]w
Po  Polg
T ko }
=0, 12.33
|:(2TE)3 Pove Opg |1//|z// ( )

0\’ ko,  » P 0w o
Ve 3¢ 5P*U*g\lﬁ| =A CSSP+6TOOW| , (12.34)

which were first obtained for gravitational waves on the
surface of a fluid of finite depth [80].

In this system Eqn (12.32) or (12.34) represents a
constraint for 8p, ¢ and |y|>, and the Hamiltonian for
(12.33) is constructed taking these constraints into account.
An explicit expression for it is easily obtained if we represent
the constraint equations in the form

OH 0H
8(/) - (ng)(p =

—(vV)8p = — 5

with H = H,. given by Eqn (12.31). Then the Hamiltonian
Hps for the Davey — Stewartson equation is obtained from H,
by the rule

Hps = —Jép(ng)godr—I—ijlp*(ng)lpdr,
and the equations have the form

dHps
Sy

iy, =

If v, > ¢, then in Eqns (12.29) and (12.30) we cannot
replace 0/0¢ by the operator (—v,V) no matter what the level
of nonlinearity is. This is easily understood if we rewrite Eqns
(12.29) and (12.30) in a Fourier representation. If we carry
this out, we are confronted by a resonance denominator of the
form

kes = (kvg) ,

which corresponds to condition (12.7) for the decay of a high-
frequency wave into high-frequency and sound waves. Under
the condition v, > ¢, corresponding, for example, to the
interaction of light and sound in dielectrics, the contribution
to dw because of the Doppler effect is weak compared to the
scattering by long-wave fluctuations dp of the density (the
relative parameter is ¢s/v,). In this case Eqns (12.28)—(12.30)
simplify to the following form:
pt— 2) Y=
(2m)

0\’ dw
v 5 ) —cfAL]szaA\le.
0

1!
. dw
i, + 2 o Aw+( s

(G-

Among the simplest reductions one should also include
the reduction of the Boussinesq equation to the KdV
equation. For the Boussinesq model the dispersion law is
close to linear. This means that in the Hamiltonian H; with
coefficients of the form (4.5) one should keep the terms
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proportional to a*aa and aa*a*, and eliminate the other
terms by canonical transformations, while in the quadratic
Hamiltonian we can keep in w(k) the term linear in the
dispersion v: (k) = keg[1 4 (vpok?/2¢2)]; then changing
from the variables ¢ to u(x) according to the formulae

Uje o . .
a = —, = exp(ikx) + u; exp(—ikx)| dk
k JE u JO [uk p(ikx) + u; exp( )}

we then arrive at the KdV equation

U + csty + Putty + cstyry = 0, (12.35)
where
1/2
vPo 1 (¢
y =P = (&) a+g.
= p=3(2) G+

The natural generalization of the KdV equation to many
dimensions is the Kadomtsev—Petviashvili (KP) equation
[85] which follows if one considers the reduction of the
Hamiltonian (4.5) to the case of a narrow angular distribu-
tion of acoustic waves with a weak dispersion. Given that the
packet mainly propagates along the x-axis the equation
(12.35) will transform into the form

0
— (us + ¢ty + Puity + CYUyyy) = % Viu, (12.36)

Ox

where the term on the left-hand side of the equation describes
the diffraction of acoustic waves in the transverse direction to
x. It is necessary to emphasize that all terms in this equation
are small compared to the second one, csu,, responsible for
the propagation along the x-axis of the packet with the
velocity of sound. And in this sense the procedure for
deriving the KP equation as well as the KdV equation
represents one of the variants of the averaging methods
when it is possible to distinguish two different temporal
types of motion, rapid and slow.

The examples do not obviously exhaust all the possible
reductions of Hamiltonians. We have only concentrated on
the clearest ones, demonstrating their universality. A sig-
nificant feature of this universality is that many of the models
considered in this survey permit the application of the inverse
scattering transform.
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