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We will consider here the Poisson brackets obtained by the “averaging” of
local multi-dimensional Poisson brackets

[0, 9} = 3 Bl (@) S (x—y) (1)

Hyeesly

on the families of m-phase quasiperiodic solutions of local Hamiltonian
systems

Qpé = Fi(907¢X7SOXXa--~) = Fi(Soasoxlv"'vSOxdv"') , i=1....n
represented in the following general form
@i(xv t) = a@o (X t) =
— o <k1(a)x + ..+ kg(a)x? + w(a)t + 6o, a) (3)
with some smooth 27-periodic in each 8 functions ®'(8, a).
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Thus, we assume that x = (x,...,x9), y = (y},...,y9) represent

points of the Euclidean space R and the expression (1) defines a
skew-symmetric Hamiltonian operator on the space of smooth functions

e(x) = (¢'(x),...,9"(x)

satisfying the Jacobi identity.

We will call brackets (1) general local field-theoretic Poisson brackets in
R9 and assume that system (2) represents a Hamiltonian system
generated by a local Hamiltonian functional

H = /PH(Sov(PXaQDXX;---) dx (4)

according to bracket (1).
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We assume that the family (3) is defined with the aid of a smooth
finite-parametric set A of 2w-periodic in each 8 functions

O (0+60,2) = O (01 +03,....0m+ 07, 2., a")

with a smooth dependence of the wave numbers

kq(a) = (k;(a),...,kg’(a)) and frequencies

w(a) = (w(a),...,w™(a)) on the parameters a = (a',...,a
All the functions ®/(8, a) should satisfy the system

wad>’9a — Fi <(I), k51¢0317...,k5d(1)9ﬁd7...) =0 (5)

The parameters 6 represent the initial phase shifts of solutions (3) and
take by definition all possible real values on the family A. We assume also
that the values of the parameters a do not change under the initial phase
shifts. Let us denote by A the family (3) of the functions ' (x, t)
corresponding to the family A.
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The procedure of averaging of a Poisson bracket is closely connected with
the Whitham averaging method ([26, 27, 28]). For this reason we will put
here additional requirements of regularity and completeness on the family
A which we formulate below.

Let us say first that we will everywhere consider here the generic situation
where the values (ki,...,kq, w) represent independent parameters on the
full family of m-phase solutions of system (2). Thus, we assume that the
number of real parameters (al,...,a") is equal to md + m + s,

s > 0. In particular, the parameters (a',...,a") can be locally chosen in
the form a = (ki,...,kd, w, n) where (ki,...,kq, w) represent the
wave numbers and the frequencies of the m-phase solutions and

n = (n,...,n%) are some additional parameters (if any).
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; ; Ti _ 7i
Let us consider now linear operators Lj[a,Bo] = Lj[kl,...,kd,w,n,eo
the linearization of system (5) on the corresponding solutions
®(6 + 69, ki,...,kq, w, n). It's not difficult to see that the functions
Py (0 + 0, kq,..., kg, w,n), «a =1....m and
PD,(0+ 60, ki,...,kg, w,n), | =1,... s, represent kernel vectors of
the operators le'[kh.‘.,kd,w,n,@o] on the space of 27-periodic in each 6%
functions which depend smoothly on all the parameters
(ki,...,kq, w, n, 6p). Let us put now the following requirements on the

1 H A .
operators Lj[kl,...,kd,w,n,eo] on the family A:

] given by
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1) We require that the vectors ®¢a (0 + 0o, ki, ..., kq,w,n),

®,(60+ 6, ki,...,kg,w,n) are linearly independent and represent the
maximal linearly independent set among the kernel vectors of the operator
le'[kl,..-,kd,w,n,eo] on the space of 2m-periodic in each #¢ functions smoothly
depending on the parameters (ki, ..., kq, w, n).

Ti . .
2) The operators Lj[kh...,kd,w,n,eo] have exactly m + s linearly independent

regular left eigep—vect.ors Rilgl),---,kmw,"]_(e +6y), g= 1', ...,m+s, on the
space of 2m-periodic in each 0 functions, corresponding to the zero
eigenvalue and depending smoothly on the parameters (ki, ..., kq, w, n).

Under all the requirements formulated above we will call the corresponding
family A a complete regular family of m-phase solutions of system (2).
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It is well known that the Whitham approach gives a description of the

slowly modulated m-phase solutions of nonlinear PDE's. The Whitham
solutions represent asymptotic solutions of nonlinear systems with the

main part having the form

P(0) (x, t,0) =
X, T
- & <S(’) + 0(0)(X, T)+ 6, Sx1,...,Sxa, ST, n(X, T)) (6)

€
where X = ex, T = et, ¢ — 0, are the slow spatial and time variables
and the function

SX,T) = (SHX, T),...,S™(X, T))
represents the “modulated phase” of the solution. Thus, the main part of
the Whitham solution represents an m-phase solution of the nonlinear
system with the slow modulated parameters a(X, T) and a rapidly
changing phase.
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We have also the natural connection
% = w“(X, T) ) Sj.éq - kgl(xﬂ T) (7)

between the derivatives of the modulated phase and the parameters
w(X, T) and kq(X, T).
Relations (7) give the natural constraints

@ _ @ @ _ @
qu = Wxaq gXp = Kpxa

on the functions w(X, T) and kq(X, T), which can be considered as the
first part of the Whitham system on the parameters a(X, T).
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The second part of the Whitham system is defined usually by the
requirement of existence of a bounded next correction to the initial
approximation (6) and can be defined in different ways which are usually
equivalent to each other (see e.g. [26, 27, 28, 17, 13, 1, 14, 15, 7, 8, 16]).
In our scheme we will define the second part of the Whitham system for a
complete regular family A of m-phase solutions of (2) as the orthogonality
at every X and T of all the regular eigen-vectors

(a) S(X, T) _
"’[gxl,...7sxd,sr,n(x,r)1 ( + 00X, T)+0) , g=1,....m+s

€

to the first e-discrepancy f1(0,X, T), obtained after the substitution of
the main approximation (6) into the system

et = F'(p, cox, € oxx, --)
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It is well known that the full Whitham system, defined in one of the
standard ways, does not put any restrictions on the variables 6y(X, T)
and represents a system of PDE’s just on the parameters a(X, T) (see
e.g. [26, 27, 28, 17]). In particular, it is also not difficult to show that the

orthogonality conditions

27 2w
(a) S(X, T)
\/0‘ .. ./0 /i[gxl,...,sxd,ST,n(X,T)]i (6 + 0(0)(X7 T) + 0 X

x f(0,X,T) (Z:fm = 0 (8)

defined for any complete regular family A, possesses the same property.
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In general, relations (8) can be written as a system of m + s quasilinear
equations

P(qu) (SXaSTan) S%T + Q&q)p (Sx,ST,n) 5;,,7— +
+ R&Q)Pk (SX,ST,I'I) S;Cpxk + \//(q) (SX,ST,H) an +
+ W/(q)p(sXaST,n) ”&P = 0 , g=1,....m+s

with some smooth functions P&q), Q((;’)”, R&"”’k, V,(q), W,(q)p.

L.D. Landau Institute for Theoretical P?ysics
34

A.Ya. Maltsev () On the averaged multi-dimensional Poisson bi



Let us say here that for the single-phase case (m = 1) the set of the
“regular” left eigen-vectors m(Z) o, n](9 +6), g=1,...,s+1,
represents usuaIIy the full set of Imearly independent left eigen-vectors of
the operators L' Tk ko, 0o corresponding to the zero eigen-value, for
all the values of (ki, ..., kq,w,n,0) on a complete regular family A.
However, for the multi-phase case (m > 1) the situation is usually more
complicated and “irregular” left eigen-vectors of L Kok, 00
corresponding to the zero eigen-value, also arise for special values of
parameters (ki,...,ky, w, n). As a result, the corrections to the main
approximation (6) of the Whitham solution for the multi-phase case have
usually rather different form in comparison with the case m =1 (see e.g.
[2, 3, 4]). Let us say, however, that the regular Whitham system still plays
the central role in the description of the slow-modulated m-phase solutions
both in the cases m=1 and m > 1.
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One of the most elegant ways of constructing the Whitham system was
suggested by Whitham and is connected with the averaging of the
Lagrangian function of the initial system. This method is applicable to any
system having a local Lagrangian structure and gives a local Lagrangian
structure for the corresponding Whitham system (see e.g. [28]). Let us
say, that the Lagrangian approach gives usually essential advantages both
in constructing and investigation of the Whitham equations.
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The class of local Lagrangian systems can be significantly expanded being
included into a larger class of systems having local field-theoretic
Hamiltonian structure. In general, the systems of this kind can be
considered as the evolution systems (2) which can be represented in the
form

. e 8
[ J/_/ _
vt 51 (x)

where Ji is the Hamiltonian operator
~o . 4 \h S\
L/ ij
JJ - Z B(Il,...,ld)((p7 (IDX7 e ) <d)(1> ... <d)<d> ,
Iyelg

defined by the Poisson bracket (1), and H is the Hamiltonian functional
having the form (4).
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The Hamiltonian theory of the Whitham equations was started by B.A.
Dubrovin and S.P. Novikov, who introduced the concept of the
Hamiltonian structure of Hydrodynamic Type. In general, the
Dubrovin-Novikov bracket in R? can be written in the following local form

{U/(X), UA(YV)}) = g (U(X)) 6 (X—Y) + B! (U(X)) U 6(X-Y)
(9)
(summation over repeated indices).
The general theory of the brackets (9) is rather nontrivial. Rather deep
results on the classification of brackets (9) were obtained in [6, 22, 23]
where the full description of brackets (9), satisfying special non-degeneracy
conditions, was presented. However, there are many interesting examples
where a nontrivial structure of a system is defined by a non-generic bracket
(9) (see e.g. [11, 12]). In general, we can say that the full theory of the
brackets (9) represents rather interesting branch of the theory of the
Poisson brackets and is still waiting for its final completion.
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A special class of the Dubrovin-Novikov brackets (9) is given by the
one-dimensional brackets of Hydrodynamic Type. The brackets (9) have in
this case the following general form

{U"(X), UM(Y)} = g™(U(X)) §'(X=Y) + bJ"(U(X)) Ug 8(X=Y)
(10)
and are closely connected with Differential Geometry. Thus, it can be
proved ([5, 6, 7, 8]) that the expression (10) with non-degenerate tensor
g"#(U) defines a Poisson bracket on the space of fields U(X) if and only
if the tensor g"#(U) defines a flat pseudo-Riemannian metric with upper
indices on the space of U while the values T}, = — g\ b;\” represent the
corresponding Christoffel symbols (g, (U) g™(U) = &).

The theory of the Poisson brackets of Hydrodynamic Type provides the
basement for the theory of integrability of multi-component
one-dimensional Hydrodynamic Type systems

Uy = VIO UL . v=1,..,N (11)
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Thus, according to conjecture of S.P. Novikov, every diagonalizable system
(11) which is Hamiltonian with respect to some bracket (10) with the
Hamiltonian of Hydrodynamic Type

H = /_:O h(U) dX

can be integrated.
The conjecture of S.P. Novikov was proved by S.P. Tsarev ([24, 25]) who
suggested a method for solving of diagonal Hamiltonian systems

Uy = VVU) U, v=1,....N (12)
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The method of Tsarev can be applied in fact to a wider class of systems
(12) which were called by S.P. Tsarev semi-Hamiltonian. In particular, the
class of the semi-Hamiltonian systems contains the diagonal systems
Hamiltonian with respect to the weakly nonlocal Poisson brackets of
Hydrodynamic Type - the Mokhov-Ferapontov bracket ([21]) and more
general Ferapontov brackets ([9, 10]), which appeared as generalizations of
the brackets of B.A. Dubrovin and S.P. Novikov. The diagonal
semi-Hamiltonian systems represent the widest class of integrable
one-dimensional systems of Hydrodynamic Type.
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|
B.A. Dubrovin and S.P. Novikov suggested also a method of averaging of
local field-theoretic Hamiltonian structures for the case of one spatial
dimension.
The Dubrovin-Novikov procedure is based on the existence of N local
integrals of system (2)

" = /P”((p,c,ox,...)dx
which commute with the Hamiltonian H and with each other
{I" Hy =0 , {I",I*} =0 (13)

according to the bracket (1) (d =1). It is supposed also that the set of

parameters a on the family A can be chosen in the form
(a,...,av) = (UL, ..., UN), where

27 27 dme
U = (PY) = // PV (®, k%®pa,...) ——
) 0 0 ( ’ ) (2m)m

represent the values of the densities P”(¢, ¢x,...) on A, averaged over
the angle (phase) variables.
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We can write for the time evolution of the densities P”(¢, ¢x,...)
according to system (2):

P/ (pypxs--) = @@, 0x,---)

where Q¥(w, ¢x,...) are some smooth functions of ¢ and its spatial
derivatives. It is convenient to write also the Whitham system as a system
of conservation laws

(Pt = (Q)x , v=1...,N, (14)

using the functions P”(p, px,...) and Q"(p, @x,...).
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The procedure of construction of the Dubrovin-Novikov bracket for system
(14) can be described in the following way:

Let us calculate the pairwise Poisson brackets of the densities P”(x),
P#(y), which can be represented in the form:

{P/(x), PE)} = D A(eremr-nn) 8 (x —y)

k>0

which some smooth functions A" (¢, ¢x, ... ).
According to conditions (13) we can write the relations

ASM(SOvszv' . ) = aXQWL(‘PvSoXP . )

for some functions Q"*(¢, @x, ... ).
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Let us put now U” = (P”) and define the Poisson bracket

Q™)
ouv

Uy 8(X —Y)
(15)

{Un(X), Ur(Y)r = (A I(X-Y) +

on the space of functions U(X).
System (14) can be defined now as a Hamiltonian system with respect to
the bracket (15) with the Hamiltonian functional

—+00

Hay — / (Pu) (U(X)) dX

—0o0
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Let us say that the complete justification of the Dubrovin-Novikov
procedure represents in fact a nontrivial question. Let us give here the
reference on paper [18] where some review of this question and the most
detailed consideration of the justification problem were presented. In
particular, we can state that the Dubrovin-Novikov procedure is well
justified for a complete regular family A having certain regular
Hamiltonian properties ([18]).

In the case of several spatial dimensions (d > 1) the procedure of bracket
averaging should be actually modified, which is connected mostly with a
special role of the variables S(X) revealed in this situation. Let us
formulate here the corresponding procedure and the conditions of its
applicability according to the scheme proposed in [19, 20].
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Let us consider a complete regular family A of m-phase solutions of
system (2) parametrized by the m(d + 1) + s parameters

(ki,...,kq, w, n) and m initial phase shifts 6y. We will call the complete
regular family A a complete Hamiltonian family of m-phase solutions of
(2) if it satisfies the following requirements:
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1) The bracket (1) has at every point (ki,...,kq, w, n, 8g) of A the
same number s’ of “annihilators” defined by linearly independent

solutions VE:)OO](X) of the equation
ST Bl (P # ) vl (x) = 0, (16)
, I (/1,...,/d) [3190]7 [3700] Xy [3790]1' Jhxt.. lgxd ?
1y--5ld
such that all the functions v¥) . can be represented in the form
[a, o]l

(k) W 1 d
V[a700]i(x) - V[a790]i (k]_X + R + kdX )

for some smooth 27-periodic in each 8% functions v[(:)eO]i(O).
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2) For the derivatives ¢y, ¢, of the functions
Pla,60] (X) = Plky,....kg,w,n, 60] (X) We have the relations

. v(k)
Puwe =V ) o
rank H (Spn/ ) V(k)) ’ = S
(a=1,....m, I=1,...;s, k=1,...,5"), where the expressions
1 K K .
(gow v ) = Jim 2K)? /K.../K e (x) v (x) dx
1 K K .
vY =g o i (k) d
((p,,/ v ) = Klinoo 2K)? /K.../K (X)) v (x) dx

represent the convolutions of the variation derivatives of annihilators with
the tangent vectors @ o, @,
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It is convenient to introduce here also the families Ay, ., representing
the functions @, .k, w,n 6,] With the fixed parameters (ki,. .., ky). Let
us give here the following definition:

We say that a complete Hamiltonian family A is equipped with a minimal
set of commuting integrals if there exist m + s functionals /7,
v=1,...,m+s, having the form

" = /P7 (@, ©x> Pxxs- -~ ) d9x (17)

such that:

1) The functionals /7 commute with the Hamiltonian functional (4) and
with each other according to the bracket (1):

(", Hy =0, {1} =0, (18)
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2) The values U7:

U= am (2K / / 7 (Plage]s Plago]x:---) d9x

of the functionals /7 on A represent independent parameters on every
family Ay, . k,. such that the total set of parameters on A can be

represented in the form (ki, ..., kg, U, ..., U™FS 6);

3) The Hamiltonian flows, generated by the functionals /7, leave invariant

the family A and the values of all the parameters (ki,...,kq, U) of the

functions @[k, ... k., U, 6] (x) and generate the linear time evolution of the

phase shifts @y with constant frequencies w? = (w!7,...,w™), such that
rk ||w® (ki,..., kg, U)|| = m

everywhere on A;
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4) At every point (ki,...,kq, U, 8g) of A the linear space, generated by
the variation derivatives §/7/dp'(x), contains the variation derivatives
Vflfl),...,kd,U,Go](x) of all the annihilators of bracket (1) introduced above. In
other words, at every point (ki,...,kq, U, 8p) we can write for a
complete set {vflfl,...,kd,U,Bo](x)} of linearly independent quasiperiodic
solutions of (16) the relations:

V(k) (X) _ ,nZ—H; k(k k U) 5/’7/
(ki kg, U.80] = 2 Yy ki, kg, &pi(x) A

with some functions 7§(k1,...,kd, U) on A.
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Like in the one-dimensional case, we can write the following relations for
the time evolution of the densities PY(¢, ¢y, ... ):

1 d
P?(‘Pu‘pX)"') = Zl(‘Pv‘PXa---)‘i"-“i‘ Zd(‘toa‘/’mu-)

Let us consider now the modulation equations for a complete Hamiltonian
family A equipped with a minimal set of commuting integrals

{I1%,..., 1™} It is convenient to choose now the parameters of the
slowly modulated solutions of (2) in the form

(S(X7 T)a U(Xv T)) =

= (SYX,T),....S™(X, T), UNX, T),...,U™>(X, T)) ,

such that the parameters kq(X, T) are defined by the relations
kg = Sxs (X =€x, T = e€t).
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The regular Whitham system can be written here in the following form

5(7)‘— = wa(SXI,...,Sxd,U) s azl,...,m,
(19)
U"[y' = <Q’yl>xl +...+<07d>xd , Yy=m+s,

which is equivalent to the system defined by (7)-(8).
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The procedure of averaging of the Poisson bracket (1) represents a
modification of the Dubrovin - Novikov procedure and can be formulated
in the following way ([19, 20]):

Like in the one-dimensional case, let us calculate the pairwise Poisson
brackets of the densities PY(x), P”(y), which can be represented now in
the form

{P7(x), P Z A,1 Iy (Y, ¢x,---) 5(’1)(x1_y1) 5(’d)(xd—yd)

(/17"'7/d 20)
In the same way, we can write here the relations

AP (@ Pxr--) = D QP s ) F v+ Oa QP (P, px, - )

for some functions (Q" (¢, @x,...), .., Q7 (¢, x,...)).
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We define the averaged Poisson bracket {...,...}av on the space of
fields (S(X), U(X)) by the following equalities:

{5%(X), S*(Y)},y = O
{59X), U'(Y)}ay = @™ (Sx1,-..,Sxa, U(X)) 6(X =)
{U/(X), UP(Y)}ay = (AJG o) (Sxt,- -, Sxe, U(X)) dx:1(X =) +
44 (AP 01) (Sxts . Sxa, U(X) dxa(X—Y) +
+ [Q7P)(Sx1,...,Sxa, UX)]x, 6(X—Y) 0)

System (19) can be written now as a Hamiltonian system with the bracket
(20) and the Hamiltonian functional

Ha = /<PH> (Sx1,...,Sxa, UX)) d¥X
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