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1 Preliminaries

One of the branches of contemporary mathematical physics that has been widely
investigated in the last three decades is the theory of integrable nonlinear dy-
namical systems. The infinite-dimensional systems of that type are described by
nonlinear partial differential equations with the distinguished independent vari-
able — the evolution (time) parameter. The origin of the theory dates back to the
19th century when the famous Korteweg-de Vries (KdV) equation was derived for
the description of long solitary waves in the shallow water. However, significant
progress in the development of theory was made only at the turn of the sixties
and seventies of the last century when the pioneering articles by Lax [28], Gard-
ner, Greene, Kruskal, Miura [22] and Zakharov, Shabat [53] appeared. In these
articles the inverse scattering transform method was introduced. This method is
closely related to the so-called Lax representations of integrable field and lattice
soliton systems characterized by infinite hierarchies of symmetries and conserva-
tion laws. In 1978 Magri [31] introduced a remarkable concept of bi-Hamiltonian
structures for integrable systems. From the geometrical point of view, it means
that there exists a pair of compatible Poisson tensors and on the basis of a recur-
sion chain one can generate infinite (in the infinite-dimensional case) hierarchy of
constants of motion, being in involution with respect to the above Poisson tensors
and commuting symmetries.

Nonlinear evolution equations describe many physical phenomena. However,
most of the former manifest chaotic behaviour. The study of integrable nonlin-
ear systems is of particular importance for understanding at least some aspects
of nonlinear equations. Integrable systems are interesting not only on their own
right but also because they yield exact solutions for many problems of very ad-
vanced modern mathematics and theoretical physics like topological quantum
field theories, Gromov-Witten invariants and quantum cohomology, string theory,
etc. Of course, there is feedback from these fields to the theory of integrable sys-
tems. All these fields of research have been developed for a relatively short time
and there are still many intriguing open problems. It may be worth mentioning
that Witten and Kontsevich were awarded the Fields Medals in 1990 and 1998,
respectively, for the results closely related to these problems.

1.1 Infinite-dimensional evolution systems

In these lecture notes we are going to deal with the systems of partial differential
equations (PDE’s) of the form

w, = K(u,u,, ug,, . ..), (1.1)

where u := (uj,us,...,uy)’ is an N-tuple of unknown smooth functions of inde-

pendent variables x and ¢ taking values in a field K = R or C. Here and below the
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respective subscripts denote partial derivatives, i.e.,

_ Ou 9%u

= Usy = Upy 1= ——
Ox * T Ox?

We will understand the system as an equation for the flow (or integral curve)
on some formal infinite-dimensional smooth manifold. Then the right-hand side
of represents a vector field on this manifold and ¢ is a formal ’evolution’
parameter (time) that belongs to some subinterval of R. In this terminology z is a
spatial variable from the space that must be appropriately specified. Hence,
represents a (1+1)-dimensional evolution system.

We will be interested in the equations that are nonlinear and integrable.
Nonlinearity here means that right-hand side of depends on the variables
u, u,, Uy, ... in a nonlinear way, i.e.

Uy °

KAu+ pv, A, + pvy,...) # \K(w,ug, ... ) + pK(v, vy, .0) + ... A€ K

Notice that for the nonlinear systems the principle of linear superposition for
solutions is violated. The concept of integrability is more vague, so we will get
back to it lather.

The following Sections and are a formal introduction to the sub-
ject, so we assume existence of all the functions and that they are differentiable
appropriate many times.

1.2 Wave phenomena
We will now explain some notions used in the theory of integrable systems on the
basis of wave phenomena. We will restrict ourselves to the simplest case where
we have one wave amplitude u(z,t) in two-dimensional time-space.
1.2.1 Linear wave equation
The linear wave equation has the form

Ut — gy = 0, (1.2)
where c is the phase velocity. Eq.(I.2) has a general solution

u(z,t) = f(x —ct) + g(x + ct)

being sum of two waves propagating to the right and left with constant speed c,
respectively. The main property of is that the shape of wave is preserved and
that the linear superposition principle is valid. This means that the sum of two
arbitrary solutions is again a solution.

One can factorize as

(815 + cax)(ﬁt F cax)u =0.
Then the propagation to the right is given by first order PDE
up + uy =0, (1.3)
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where we rescaled the independent variables in a way to have unit phase velocity,
i.e., c = 1, and then the general solution is u(z,t) = f(x —t). Nevertheless, let us
assume the solution in the form

u(z,t) = exp(i(kr — wt)), (1.4)

where k is a so-called wave vector (in this case one-dimensional) and w is a fre-
quency. Then, we find the so-called dispersion relation for (1.3):

w(k) = k.

Hence, the phase velocity defined as

is obviously constant.

1.2.2 Dissipation process

Let us consider the heat equation
Up — Ugye = 0.

For the solution one finds the dispersion relation
w(k) = —ik>.

Hence,
u = exp(i(kx — wt)) = exp(ikz) exp(—k*t)

is a solution with the amplitude decaying exponentially with time. This is known
as a dissipation process, physically this means that the energy is not conserved
and dissipates from the (physical) system.

1.2.3 Dispersion phenomenon

Now, let us take the Airy equation which is a third-order PDE of the form
U + Ugzy = 0.
For we have
U+ Uppy = (iw — K u=0 <= w=4k

and thus
u = exp(i(kz — k°t)).

The phase velocity ¢ = ¥ = k* is nonlinear in k. This means that the waves

with different frequencies disperse with different velocities. This is known as a
dispersion.
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The general solution then can be given in the form of a wave packet

2

(1) = / " A(K) expli [ — w(k)E))dk,

where A(k) is a Fourier transform of u(z,0), i.e.

+oo
A(k) = / u(z,0) exp(—ikz)dz.

The group velocity, i.e., the velocity of energy propagation, is given by

_dw
I dk’

C
1.2.4 Wave breaking
Let us analyse the simplest possible nonlinear equation

Up = Uy
and postulate the solution in the implicit form

u(z,t) = v(x + u(z, t)t),
where v is arbitrary smooth function. Thus, we have
ug = (ugt + u)v' gy = (14 u, )0’

and so
(ut +u)v" = u(l +u v <= u = uu,.

Hence, existence of such an implicit wave solution means that the velocity of a
point of the wave is proportional to the amplitude of this point. The higher the
amplitude is, the faster the point moves. Hence, this leads to the phenomenon
known as the 'breaking’ of the wave. Moreover, nonlinear terms in most cases
cause chaotic behavior.

1.3 Completely integrable systems
1.3.1 The Korteweg-de Vries equation
The famous Korteweg-de Vries equation (KdV) has the form
Up = Uz, + OuUy. (1.5)

This is the best known and simplest example of a completely integrable (1+1)-
dimensional dispersive equation. Complete integrability means here (not quite
precisely) that it can be solve for almost all arbitrary boundary conditions. The
KdV equation was originally deduced for the description of long solitary waves,
moving in one direction, in the shallow water. Notice that the constant coeffi-
cients at u3, and 6uu, in can be made completely arbitrary using rescaling of
dependent and independent variables. However, this does not typically apply to
more general integrable equations.
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1.3.2 Solitons

We have already seen that the term us, is responsible for the dispersion and the
nonlinear therm wuu, for the wave breaking phenomenon. In general when such
two effects meet then the chaotic behaviour appears. The miracle in the case of
KdV equation and similar completely integrable systems is that both of these ef-
fects, i.e., the dispersion and the wave breaking, compensate each other allowing
for the solutions describing the combination of the solitary waves.

Let us look for a traveling-wave solution for (1.5) of the form
u(z,t) = v(x + ct) s:=x + ct.

Then, assuming rapidly decreasing boundary conditions u, v us,,... — 0 for |z| —
00, one finds

U — Uge + Ouu, =0 =— cvy—v3s — b6V, =0 —

Ve | v — vy — 30 =const =0 =  cvvy — VsU9s — V0, =0 =

1 1
50112 - 51)52 —vP=const=0 = 02 =cv’—20°=0v*c—2v),

where we integrated several times with respect to s. As result we reduced the
problem to an easy-to-integrate ordinary differential equation

d 2 / 2
—U:iv c—2v = s:IF—tanh1< 1——u> =
ds Ve c
ll — tanh? (\/768):| .

Now, using the relation sech’¢ = 1 — tanh?¢ one finds the so-called one-soliton
solution of the KdV equation

u =

N O

u(z,t) = g sech? [\/76(96 + ct)}

describing the solitary wave. The solitary wave is a single hump traveling in
time, with constant speed proportional to amplitude, without changing the shape.
The KdV and similar completely integrable systems also possess the so-called N-
soliton solutions, that for t — +oo decompose asymptotically into linear sum of N
solitary waves called solitons. In the finite time these solitons interact and, amaz-
ingly, they eventually recover their shape after collisions. The result of interaction
(collision) between two solitons is only the phase transition. This particle-like be-
havior is responsible for the name of the N-soliton solutions.
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1.3.3 Lax equations and isospectral problem

One of the most characteristic features of integrable systems is that one can
associate with them the so-called Lax equation

Ly =[A L] (1.6)

in some algebra with a Lie bracket [, -].
Assume that we have two linear equations

Lo = Ao (1.7)

where L, A are linear operators in some Hilbert space and ¢ is an eigenfunction,
A (\; = 0) is an eigenvalue (spectral parameter). The first equation represents the
spectral equation for L and the second one defines the evolution of the eigenfunc-
tion 1. Differentiating with respect to ¢

Ly + Lpy = Ay
and applying we have
L+ LAY = MY = ALy <= (L, — [A, L))y =0,

where [A, L] = AL — LA is the commutator. Thus, the compatibility of the linear
equations (1.7) and (1.8) yields the Lax equation (1.6).
For the KdV equation we can take

L=0>+u (1.9)

and 5 5

where v = u(x,t) is a smooth dynamical field. The symbol 0, means a differential
operator whose action on arbitrary smooth function v, due to the Leibniz rule, is

O,V = V0, + vy

Thus we have that ) 3
Li=u, and [A, L] = —us, + —uu,

4 2
and hence . 5
Li=[ALl] << w= L—lus,x + Euux

For a given system the main objective is to solve the Cauchy problem with
well-posed boundary and/or initial conditions, so that a unique exact solution
u(z,t) exists. Of key importance in solving the Cauchy problem for completely
integrable systems that possess appropriate Lax pairs is the so-called
inverse scattering transform method. This method is typical to particle physics
and has its origin in quantum field theory. In the case of the KdV equation the
linear problem for is nothing but the stationary Schrédinger equation in
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quantum mechanics, where the dynamical field u(x,t) plays a role of the potential
and ) of the energy. The method is illustrated on the following diagram.

u(x,t _ 0) direct scattering lb(x - OO,t _ 0)
l J{time evolution
u(z,t > 0) Y(z — oo, t > 0)

inverse scattering

First one has to employ to compute the scattering data, i.e., the asymptotic
Y(x — oo,t = 0), for the initial potential u(z,t = 0). Then one determines from
their time evolution ¢ (z — oo,t > 0). Finally, applying to the inverse
scattering method (this is the difficult part), one computes the potential u(x,¢ > 0)
from the scattering data ¢(z — oo,t > 0). In general the inverse scattering trans-
form method, when applicable, leads to wide classes of solutions for completely
integrable systems. Nevertheless, in practice the calculations are very complex,
even in the case of simplest equations like KdV, and one can only find restricted
classes of solutions in the explicit form. For example, the discrete spectrum of
in the case of KAV equation leads to multi-soliton solutions.

1.3.4 Symmetries and constants of motion

Another characteristic feature of completely integrable systems is the existence of
wide classes of symmetries and constants of motion.

Informally, a symmetry of dynamical system is a one-parameter group of
transformation ¢., such that if u is an arbitrary solution then ¢.u is also a solution
of the same equation. In other words, this means that ¢. maps arbitrary integral
curve u(x,t) onto another integral curve v'(x,t) = ¢.u(z,t) of (1.I).

Actually we are interested in the symmetries that can be completely deter-
mined by their infinitesimal generators which in turn can be identified with the
right-hand sides of the dynamical systems of the form

u, = o(u, u,, Uy, ... ). (1.11)

What does it mean that has a symmetry of the form (1.11)? Assume that a
solution u(z,t,7 = 0) of is an initial condition for (1.11). Solving one
gets u(z,t,7 = d7) at some time 7 = o7. Now, if is a symmetry of (1.1), then
u(z,t,7 = é7) must be another solution of (1.I).

Consider an arbitrary common initial condition u(z,t = 0,7 = 0). If is a
symmetry of then the following diagram

u(z,t =0t,7 =0)

1.1ll “
u(z,t =0,7 = 9d7) u(z,t = o0t, 7 =0T)

must be commutative. Thus, from the initial condition one can get to u(z,t =
dt,7 = d7) in two ways. Passing to the case when 4t¢, 67 are infinitesimally small
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and considering the corresponding Taylor expansions one finds that the above
diagram is commutative whenever

0K  do

or ot
holds. This means that the vector fields K and ¢ commute. Notice that the
symmetry relation is reflexive, so if ¢ is symmetry for K, then so is K for o.

Let us show that the KdV equation uv; = K = us, + 6uu, has a symmetry u, =
o = u,. Thus

— (ut)r - (uT)t

0K
5 = (uge + 6uny) = (ur)se + 6uruy + 6u(uy), = ugy + 6u2 + 6uty,
and
0
8(2 = (), = (Ut)r = sy + Gu,” + Guug,.

This means that the KdV equation is invariant under the translations of the spa-
tial variable since

_ doeu
 de

o =u, where o¢u(z,t)=u(r+e€1t).

e=0

Actually, the KdV equation possesses a hierarchy of infinitely many pairwise
commuting symmetries:

U/tl = Uy
Upy = 1 (ugy + 6uuy)
1 2
U, = — (u5x + 10uus, + 20uzus, + 30u ul,)
116 (1.12)
Uy, = 5 (um + lduus, + 42u,u4, + T0us U3,

+ T0uus, + 280w, g, + 70uI3 + 140u3ux)

This hierarchy is called the KdV hierarchy because of the first nontrivial member
thereof. This is a common feature of completely integrable systems: we have not
a single integrable system but a whole family of pairwise commuting completely
integrable systems.

We say that a scalar field given by the functional

F:/f(u,ux,ugx,...) dx
2

(where we assumed boundary conditions such that the integral of total derivative
with respect to x vanish) is a conserved quantity for a vector field (1.1) if

dF df
Y . )
dt /Edt =
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where ¢ is the evolution parameter related to (1.I). This means that F is constant
along the integral curve of (1.1). For this reason the conserved quantity is often
referred to as an integral (or a constant) of motion.

In addition to the above hierarchy of symmetries the KdV equation also has an
infinite hierarchy of conserved quantities:

H_lz/ud:p
2

(1.13)
1
H; = / 36 (14u5 — T0u’u,? + 14uuy, — ugi) dz
s

Actually, all the functionals from the above hierarchy are constants of motion for
all members of the KdV hierarchy.

1.3.5 Complete integrability

The notion of complete integrability is best understood in the case of finite-
dimensional dynamical systems. Consider the so-called Hamiltonian equations,
having origin in the classical mechanics,

dg;  OH dp;  OH
dt  Op; dt  0g

living in 2N-dimensional phase space, where the function # = H(p,q) is called
Hamiltonian. This systems has N degrees of freedom. Due to the classical theo-
rem of Liouville and its modern version given by Arnold [3], we say that the above
system is completely integrable if it has N functionally independent integrals of
motion H, = H, H,, ..., Hy being in involution with respect to the canonical Pois-
son bracket. This means that the completely integrable system can be
integrated in quadratures. Moreover, by the Noether theorem then this system
has N mutually commuting symmetries.

One can extend this notion to the field systems (1.1), like the KdV equation,
that can be interpreted as having infinitely many degrees of freedom. Thus we
say that a dynamical system is integrable if it has a hierarchy of infinitely
many pairwise commuting symmetries and/or an infinite hierarchy of conserved
quantities. We say that a system is completely integrable if it further has infinitely
many exact solutions, for example the multi-soliton ones, or e.g. if the inverse
scattering transform method is applicable.

There are also several other different definitions of complete integrability, and
many systems simultaneously satisfy the conditions of several of these defini-
tions. The definitions in question include e.g. existence of an appropriate Lax

i=1,...,N, (1.14)
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pair and classical R-matrix formalism (see Chapter [3), the aforementioned in-
verse scattering transform method, existence of bi-Hamiltonian structures (see
Chapter [2), Backlund and Darboux transformations, or e.g. the so-called bilin-
ear Hirota equations. For the above notions of integrability, and more, see the
following already classical references [11, [4], [13], [21], [32] and [34].

1.4 Some useful algebraic concepts
1.4.1 Lie algebras

We will recall some basic definitions.

Definition 1.1 A linear (or vector) space V over the commutative field K endowed
with a bilinear product [-,:] : V x V — V which is antisymmetric

la,b] = —[b, a] a,b,ceV
and satisfies the so-called Jacobi identity
la, [b, c]] + [b, [, a]] + [c, [a,b]] =0 a,b,ceV
is called a Lie algebra and the product [, | is called the Lie bracket.

Notice that any algebra 4 endowed with associative multiplication -, is a Lie
algebra with Lie bracket defined by the commutator:

la,b] :=a-b—b-a a,be A (1.15)

Of course, if this multiplication is commutative, the Lie algebra structure is trivial.

1.4.2 Derivations

Definition 1.2 A derivation of an algebra 4 is a mapping (morphism) 0 : A — A
such that it is linear

0 (aa + pb) = ad(a) + SI(b) a,feK a,be A
and satisfied the Leibniz rule
J(ab) = 9(a)b+ ad(b) a,be A
By DerA we will denote the space of all derivations on .A. Then
Proposition 1.3 DerA is a Lie algebra with respect to the commutator
[01,05] = 0105 — 0204 01,0, € DerA. (1.16)

The proof is left as an exercise for the reader. Notice that the composition of
two derivations is not a derivation.
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1.4.3 The left module and the associated complex

Definition 1.4 Let V be a Lie algebra endowed with the Lie bracket [-,-]. A left
V-module is a linear space Q° such that elements of V act on Q° as left linear

operators
Vx Q' — Q% (v, f)—of

and the following requirement is satisfied
VoweV Vfe’ (vw —wv) f = [v,w] f.

Notice that the Lie bracket in V does not have to be necessarily in the form of a
commutator.
Now we can define ¢-forms as totally antisymmetric ¢-linear mappings

w:Vx--xVY—Q (1.17)

The space of all forms of degree ¢ is denoted by 2?. Then the exterior differential
(also known as the exterior derivative) d : Q¢ — Q9! is defined as

dw(vy, .. vge1) = > (=10 (w(vr, . Br, ., 0g41)

+ Z(—l)”jw([v,-,vj] gooe e 7@1', ce 7’{}3‘, .o 7Uq+1).

1<j

(1.18)

The hat " over v; means that v; is omitted. The inner product i, : Q97! — Q9 is
G (v1, ..., 0,) = w(v,v1,. .., 0),
where v,vq,...,v441 € V.

Proposition 1.5 The square power of the exterior differential vanish, i.e. d> = 0.

Proof. Exercise. 0

Let Q = P2, Q7. Then (Q,d) is called V-complex associated with left V-module
0°. This complex can be equipped with a bilinear map called the exterior product

A QP x QU — QPFT (w0, n) — wAn.
It is required that this product is anti-commutative:
wAn=(=1)PnAw weQ neQl

and associative
(WA AE=wA(nNE).
The action of one-forms n € Q! on vectors v € V can be given through the
bilinear duality map:

() Q' x V=" (nv) = (n,0) =n(v).
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Then, the generating rule for the exterior product of & one-forms v; € Q' acting on
k vectors can be given by the determinantal formula

(A Aye) (01, - o) = det((s, v5)) 1<4,j <k (1.19)
Moreover, for an arbitrary ¢-form w the following relations hold:

dlwAn) =dwAn+(—1)w Adn
in(wAD) =iwAn+ (—1)%w Ay,

The vector space €2 endowed with the wedge product is called an exterior algebra
over K.

Example 1.6 Consider the Lie algebra of derivations on an algebra A, so let V =
DerA. Then it is clear that Q° = A is a V-left module, and hence according to
the above procedure we can construct complex (€2, d) completely determined by a
given algebra A.

Later in these lecture notes we will be interested in the linear operators 6 : V —
Q! and 7 : Q' — V. The so-called adjoint representations of these operators with
respect to the duality map are given through 67 : V — Q! and =" : Q' — V such that
the following equalities hold

(0'v,w) = (0w, V) v,weV
<a,7rTﬁ> = (B, ma) a, B e Qb

Then the operators satisfying 1 = —@ (or respectively 7' = —r) are called skew-
adjoint operators.

Remark 1.7 In practice it is rather difficult to work with all linear functionals
acting on some infinite-dimensional linear vector space. Thus, applying the above
scheme we do not assume that )¢ contains all linear functionals but we
require that the spaces (2 are rich enough. Therefore, we require that

(i) the duality map is nondegenerate, i.e.,

Vne' n#0 JveV suchthat (n,0)#0
VoeV v#0 IneQ' suchthat (nv)#0;

(ii) and the images of the exterior differential and the inner product remain
within the appropriate spaces, i.e., d(Q9) c Q¢! and 7,(Q¢) C Q4 for all
v E V.

Example 1.8 The space of smooth vector fields on a smooth finite-dimensional
manifold M can be identified with the space of all derivations on the algebra of
smooth functions. Thus it is clear that this space is a left module over the Lie
algebra of vector fields. However, in the case of the well-known de Rham complex
on smooth manifold the space of differential one-forms Q' is not the space of
all linear functionals on the Lie algebra of vector fields. Actually, the space Q!
consists of smooth sections from the cotangent bundle 7*M, which is a union
of finite-dimensional cotangent vector spaces at all points of M. Accordingly, all
other differential forms are constructed as smooth sections of the appropriate
(antisymmetrized) tensor products of several copies of cotangent bundle.
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The operator
L, =i,d+ di,

on the exterior algebra given by complex (2 will be called the Lie derivative along
the vector (field) v € V. Thus, it is immediate from the definitions of the exterior
differential and the interior product that the Lie derivative is a linear operator
L, : Q7 — Q7 such that

L,n(vy,...,vq) =v(n(v,...,v5)) — Zn(vl, vl ), (1.20)

where v, vy,...,v, € V. The Lie derivative is a derivation on the exterior algebra
Ly(wAn)=LwAn+wA Ly,
that commutes with the exterior differential
L,d = dL,, (1.21)

forallv e V.
Furthermore, from the above relations one can obtain the following one:

LyLy — LyLy, = L[v,w]>

where v, w € V.

1.5 Exercises
1. Instead of (1.9H1.10) consider the following pair of operators
L=0+ud, +v A=0?+ad, +b,

where u,v are dynamical fields and a,b are some auxiliary functions. Find
such a and b that the Lax equation yield consistent two-component evo-
lution system. Find the system in question. This is the completely integrable
Boussinesq system which describes long waves of shallow water moving in
two directions.

2. Show that the first three dynamical systems from the KdV hierarchy (1.12]
pairwise commute.

3. Show that the first four functionals from (1.13) are integrals of motion of all
the three first symmetries from the KdV hierarchy (1.12).

4. Show that the commutator (1.15) on the algebra with associative multiplica-
tion is a well defined Lie bracket.

5. Prove Proposition [1.3|

6. Prove Proposition [1.5] It suffices to use the definition of the exterior differ-
ential (1.18).

7. Show that (1.20) holds.



16 Btlazej M. Szablikowski

2 Theory of infinite-dimensional Hamiltonian sys-
tems

The nonlinear integrable dynamical systems can be considered as evolution vec-
tor fields on some infinite dimensional functional manifolds. Therefore, in this
chapter we present an indispensable set of definitions needed for understanding
at least part of the issues connected with the geometro-algebraic theory of the in-
tegrable systems described by the PDE’s. In particular, we introduce the concepts
of Hamiltonian and bi-Hamiltonian structures.

We assume that the reader is at least familiar with the concept of finite-
dimensional differential geometry and Lie algebras. This chapter may be con-
sidered as a compiled version of the theories presented in [37],[16],[13] and [4].
For the general theory of infinite-dimensional manifolds see e.g. [12].

2.1 Infinite-dimensional differential calculus

The construction of infinite-dimensional differential calculus, needed for the the-
ory of soliton systems using the rigorous definition of infinite-dimensional mani-
folds is a rather cumbersome task. There are two best known approaches. The
first one is presented in [37] and relies on an appropriate generalization (or pro-
longation) of finite-dimensional ideas. The second one is a (very) abstract rigorous
algebraic approach, in which the specific properties of the phase space are irrele-
vant, see [16]. Here we will try to tread between them.

2.1.1 Infinite dimensional phase space and (1+1)-dimensional vector fields

Consider a linear space U of N-tuples

of smooth functions ' ‘
u Y —K x— u'(x)

with values in a commutative field of complex or real numbers, K = C or R. We
have ¥ = S! if the boundary conditions imposed on ' are periodic, or ¥ = R if the
functions v’ are Schwartz functions, i.e., u' and all their derivatives rapidly vanish
as |z| — oo.

We can introduce topology on U/ turning the latter into a topological linear
space, on which one can introduce differential calculus with full rigor, see for
example [52]. Nevertheless, in these lecture notes we avoid discussions related to
the issues of functional analysis, as they are irrelevant unless we consider general
classes of solutions, and we concentrate only on algebraic aspects of differential
calculus related to the theory of integrable systems.
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Introduce ’formal’ local coordinates {u,u,, us,,...} on U defining our infinite-
dimensional phase space, where

. 0
U, =

T Ol

i=0,1,2,... .

We will refer to U/ as to an infinite-dimensional manifold but only in a rather formal
sense. Let 4 be an algebra of smooth differential functions

flu] == f(u,u,,ug, .. .)

of a finite number of the above coordinates; we consider .4 as an algebra over the
field K only. Notice that we do not assume explicit dependence of these functions
on x.

This algebra can be extended into a differential algebra A[9,[['} where 0, is a
linear operator of total derivative with respect to z, i.e.,

of

—‘u(n+1)x'

Oh:A— A flu] =0, flu] =

Then, each element A € A4]0,] has the form

A:Zaﬁ; a; € A.

i>0

Later we will be interested in linear differential operators
O AV - AN e Bp

such that

N
(@) => @y’ i=1,...,N,
j=1

and
,; € AJo,].

Nevertheless, the above notion of linear differential operators is often, in particu-
lar in the case of applications, not sufficient. Thus, we allow the extension of the
above notion to

®,; € A[0,,0; ],

i.e., to the case of non-local operators. Here, 9, is a formal inverse of d,, which
for example could be defined as 9, f(z) := [*__ f(2')d2’. The non-local linear differ-
ential operator ¢ cannot be defined on the whole N-tuple of differential functions.
Thus, in the non-local case we assume that ¢ is defined on the appropriate sub-
space of A" such that it image lies within A", see e.g. [41] and references therein
for more details. The assertions presented in the forthcoming sections will be
formulated using local linear differential operators. Nevertheless, the results pre-
sented remain valid for nonlocal operators as well.

YA[A, i1, ... ] means the ring of all polynomials in ), y, ... with coefficients from A
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The scalar fields on i/ are functionals F : A — K:
F(u) = / flu] dz, 2.1)
>

where densities f[u] belong to the quotient space .4/0,.A, since due to the above
boundary conditions the integrals (2.1) vanish if f[u] are total derivatives. Thus,
one can integrate by parts staying in the same equivalence class

/Zfzg dx:—/zfgz dz.

Let us denote the space of all above functionals by F. It is important to
mention that F is a vector space, but, unlike the finite-dimensional case, does
not have the structure of algebra due to the lack of multiplication law.

A smooth vector field on U is given by a system of partial differential equations

u, = K(u), (2.2)

of first order in some evolution parameter ¢ € I, where [ is an subinterval of R and
u, = . Coefficients of

K(u) := (K'[u], K*[u],..., KN[u])"

are assumed to belong to A. Then, system represents a (1+1)-dimensional
dynamical system as we can treat ¢ as an temporal parameter (time) and z as a
spatial coordinate. The space of smooth vector fields K(u) on ¢, which we will
denote by V, is a linear space over the field K and can be identified with the space
of N-tuples of differential functions A" .

Definition 2.1 A scalar field on U, i.e., a functional F(u) € F, is said to be an
integral of motion (or a conserved quantity) of (2.2), if the total derivative of F' with
respect to evolution parameter of (2.2) vanishes, i.e.,

dF(u)
dt

=0.

Definition 2.2 We will refer to the vector field v € V, associated with the dynam-
ical system

u, = v(u),
as to the symmetry of (2.2), if the flows of the vector fields v and K commute, i.e.,
(ur)r = (ur). (2.3)
Lemma 2.3 All vector fields K € V of the form commute with so-called z-

translation symmetry
u, = u,. 2.4)
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Proof. Fori=1,..., N we have
co N co N ; ;
6[(2 K'  dK' ;
ZZ ”IT j Zzun—H au”m dr = Kz
n=0 j=1 n=0 j=1
and (ul); = ul, = K.. Hence, (u}), = (u.);. O

2.1.2 Evolution derivations

Consider the space Der.A of all derivations of the algebra of differential functions A.
This space has the Lie algebra structure given by the commutator (1.16). Then
one can show that, under certain technical assumptions, the general form of a
derivation on A is given by

where also k!, € A, then

=)y h a . (2.5)

We will skip the summation ranges whenever they are obvious. The coefficients
of (2.5) can be obtained from the action on local coordinates, i.e. hl, = du’,. There
is a special derivation in Der.4, namely, the total derivative with respect to x

O = Zu(nJrl)xaT'

We will be interested only in the derivations from Der.A that can be identified
with vector fields from V. Consider 0 that commutes with d,, i.e. such that

[0,0.] = 0. (2.6)
Then,

By = Oy, = 00,0, V89 0,0ul, = 0,0 = (1),

JUna:

So, all the coefficients can be calculated from A, i.e., hl = (h),., and thus the
general form of derivation commuting with 0, is

; 0
a — hZ ner o~ . -
Now, this derivation can be identified with vector field K € V upon setting 1} = K".

Definition 2.4 A derivation dkx from Der.A commuting with total derivative 0, is
called an evolution derivation, as it can be identified with a vector field K

DerA> ok = Y K, O = Kev

X
oul,,

The linear space of all evolution derivations will be denoted by Dery,. A = V.
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Proposition 2.5 The space of all evolution derivations Dery A is a Lie subalgebra
of Der A with respect to the commutator (1.16), i.e., the commutator of two evolution
derivations is a evolution derivation.

Proof. Let 0, = Zn,i vfm% and 0,, = ni wi % Then we have
[8V7 aw] = 8V8w — 8wav
= nzl lav<wnx) 8U¢Lm + wnmgv a_uzm - aw<Unx) au%x Unxawa_zmj

= [Bulwfn) = Ow(v},)] 3%

PEIY o) - o] :

O,
Thus, the commutator preserves the evolution form. OJ
Therefore, if 0,, d,, € Dery A then
Oyw) = [0y, Ow],
where [v,w] € V is a vector field with coefficients
(v, w]" := 0y (w') — O (V") i=1,...,N.

Hence, the evolution derivations induce the Lie algebra structure on the vector
space V.

Moreover, we can extend the action of evolution derivatives to the functionals
F according to the rule

K(F)::/Eadex FelF,

where vector field K € V is treated as a linear operator K : 7 — F. Important is
fact that the action of vector fields on functionals is compatible with the quotient
structure. This means that if two densities f and ¢ differ by an exact derivative
then so do Jx f and dkg. This is immediate from the fact that the evolution deriva-
tions commute with total derivative with respect to x. Then, the Lie bracket in V
is consequently defined as a commutator

v,wj=vw-—-wv v,w €V, (2.7)

as then
[v,w](F) = / Ov,w) [ dx FeF.
b

Notice that the composition of two vector fields v w by itself is not a well defined
vector field. Why?
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Notice that the total derivative itself is an evolution derivation and since
Oy = Oy,

it can be identified with the translational symmetry (2.4). Thus, showing that the
above Lie bracket in V is compatible with the commutation of flows one can see
that the definition of evolution derivations is consistent with Lemma [2.3l

Example 2.6 Consider two one-component vector fields v = wu, and w = wus,.
Then
(v, w| = 0y (ua,) — Ow(utty) = 2uzug,.

2.1.3 Variational calculus

From the previous section it is obvious that the space of functionals F on U is
a V-left module with respect to the Lie algebra of vector fields V = Dery.A. Thus,
let QY := F. Now taking into account the requirements from Remark we can
construct differential forms according to Section [1.4.3]

A (functional) differential ¢-form reads

/ da:{zw“g;;;jq dull , Ao Adule Y (2.8)

where the sum is in fact over a finite number of terms (diffferent for different
forms ), wnym. € A are differential functions and du!, are ‘formal’ dual objects to

Oiing T

such that
Then, the space )¢ consists of all elements of the form (2.8) for fixed ¢ =0,1,2,....

A one-form n € Q!
= [ an(S )
by ,n

acts on an evolution derivation v 9, = > 0! as follows:

n, ~NT auz

where we integrated by parts. Then, an arbitrary ¢-form acts on evolution
derivations according to the determinant formula (1.19). Of course, the functional
differential ¢-forms act on evolution derivations within equivalence classes
of A/0,A. This means that two such functional differential forms are equivalent
when their densities differ modulo total derivatives of x. Using and the fact
that evolution derivatives commute with 0, we have

J
8mz

Lon(vi,...,vy) = 0:(n(v1,...,vy)).

Hence, the above equivalence classes in ()¢ constitute the following quotient space
Q1) Ly, Q1.
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Upon inspection of (2.9) it is clear that one can make the following identifica-
tion A
oldu’ = dul,,

and hence we can use the following integration by parts formula

/Edar{w ANOyn} = — /2 dx{0.w A n}.

Moreover, (2.9) implies that an arbitrary one-form n € Q' can be represented in
the following canonical form

= [ dz nidu’ n; € A. (2.10)
(K>

Hence the space of differential one-forms Q!/L; Q! can be identified with the space
of N-tuples of differential functions A". Then the action of an arbitrary one-
form in the canonical representation (2.10) on an arbitrary vector field v = 0, =

Zm Ufw T is given by
N
:/vai dx:/nT-de,
=1 =
where 7 := (1,72, ...,nn5) 7.

To an arbitrary differential two-form w € Q? one can associate a skew-adjoint
linear operator

93V->Ql 9:(02]),
where 0;; € A[0,], such that
w(v,w) = (w,v) = — (Ov,w) = —w(w, V) v,we V.

Therefore, w can be represented in the following canonical form
1 i |
for which we have
i R [
= /(HW)T -vdr = (0w, V).
2

The skew-adjointness in this setting means that

Thus, the space of differential two-forms Q?/L, Q? can be identified with the space
of the skew-adjoint differential operators whose coefficients are N x N differential
square matrices.
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Example 2.7 Consider the one-component (N = 1) two-form
w= /Eda:{umdu Adug,} = — /2 de{(uzdu), A dug}
— /2 dr{us.du A duy, + uzdu, A dug}
= /de{du A (=90, )du} = /de{du A (u220,) du}
= %/de{du A ((u2:02)" = u2,,0,) du}.

The corresponding skew-adjoint operator reads

0 = (UQxaaz)T - u2xax = _axUZJJ - u?maaz-

Proposition 2.8 The local formula for the exterior differential d : Q¢ — Q4*! defined
by (1.18) is given by

Ay A
dw = /de{z > Wd S AU A A dule Y
,m

where w € Q7 has the form (2.8). Moreover, it is consistent with the quotient struc-
tures in 27/ Ly, Q) forallq =0,1,....

Then, the differential (or gradient) of a functional F = [ f dz € F, i.e., of a
zero-form, is given by

/ dx{z / do—"— ™ dum}
/dx{z < )d N = /dx{Z—du

where integrating by parts we brought dF € Q! into its canonical form. Hence, dF
can be represented as an N-tuple

AP (u) = (‘5—F 5F)T,

duy’ T duy

where
5F:Z(_a)n af  of 8af+82 af B

. - x R

ui . oulToul

T

is the usual variational derivative.
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2.1.4 Directional and Lie derivatives

In general, tensor fields on U of (r,s)-type (r times contravariant and s times
covariant) are multi-linear maps
Vx - xVPxQ x--xQ - Q0

N~ ~~
S T

Thus, the differential ¢g-forms are totally anti-symmetric s-covariant tensor fields.
The vector fields V are once-contravariant tensor fields. We are not going to con-
sider general theory of such tensor fields; we will focus only on the cases of inter-
est to us.

The first case of interest is that of twice-contravariant tensor fields 7 : Q! x
Q! — QY the ones to which we can, through the duality map, associate linear
differential operators 7 : Q' — V such that

w(€, ) = (n, 7€) = /Z it ne de, @.11)

where ¢, € Q'. Thus, 7™ = (m;;) are N x N matrices with coefficients from A[9,] or
A[0,,9;'] in the nonlocal case.

Definition 2.9 ([37]) A linear differential operator 7 : Q' — V is said to be degen-
erate if there exists a nonzero differential operator 7 : V — Q! such that 7 - 7 = 0.

Therefore, for a nondegenerate linear differential operator = : Q' — V we can
construct its inverse 7 : V — Q!, defining a twice-covariant tensor field such that

-1 _
arl=n"lr=1,

where [ is an N x N identity matrix. But in general 7! will be nonlocal.
The second case of interest are linear differential operators ¢ : V — V defining
tensor fields of type (1,1)

O(v,n) = (n,dv) :/nT-CDV dx veVy nel. (2.12)
>

Definition 2.10 For an arbitrary tensor field 7'(u) on U its directional (or Fréchet)
derivative in the direction of a vector field K € V is defined by the formula

dT'(u+ ¢K)

T (w)[K] = S

e=0

Important is fact that the directional derivative does not change the type of the
tensor field. The procedure of finding directional derivatives of 7" is quite simple as
it reduces to the differentiation of all coefficients of 7" with respect to the evolution
parameter associated with K.

Consider directional derivative of a functional F(u) = [, f[u] dz in the direction
of a vector field u; = K(u). Then

s,
F'(n)[K] = /ZJZ dr = /Ezau{ U e dw—/zéusz dx

:/dFT-Kd:c: (dF,K) = K(F).

(2.13)
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Thus we see that the directional derivative of a given functional is the same as the
action of a vector field on this functional. On the other hand, the above formula
yields another method for defining the differential dF'.

Moreover, if F' is an integral of motion of K, the time derivative of I’ vanishes:

dF

— = F'[K] = K(F) = (dF.K) =0,

as it naturally should.

Proposition 2.11 An equivalent formula for the Lie bracket (2.7) in V can be de-
fined by means of directional derivatives as follows:

[v,w] :=w'[v] — v/[w], (2.14)

where v, w are arbitrary vector fields.

Proof. Left as an exercise for the reader. OJ

Thus we have two alternative formulas for the Lie bracket of vector fields that
have their own advantages and disadvantages. We will use both of these formulas.
When the Lie bracket of two vector fields vanish we say that these vector fields
commute. Notice that commutativity with respect to the Lie bracket is equivalent
to commutativity of the respective flows (2.3).

Using we can rewrite the coordinate-free formula for the exterior differ-

ential (1.18) as

dw(vy, ..., Vg41) = Z(—l)”lw'[vi](vl, oy iy ey Ugtn),s (2.15)

where w € Q7 and vy, ..., v,41 € V.
Lemma 2.12 The following relation
(dF'[v],w) = (dF'[w], V) (2.16)

holds for arbitrary F' € F and v,w € V.

Proof. The above result is equivalent to the vanishing of square power of the
exterior differential, i.e. d>F = 0. Hence, by (2.15) we have

0=d*F(v,w) = dF'[v](w) — dF'[w](v) = (dF'[v],w) — (dF'[w], V)
and the result follows. O

Yet another important operator is the Lie derivative. It is defined by the formula
(1.20) within the exterior algebra of functional differentials. However, it can be
uniquely extended to arbitrary tensor fields assuming that it preserves the Leibniz
rule. Now, we will calculate the formulae for the Lie derivative along the vector



26 Btlazej M. Szablikowski

field K € V for the tensor fields of interest to us. From the definition (1.20) it
follows that for an arbitrary functional F € F, i.e., a zero-form, we have

LxF =K(F)=F'K|=(dF K).
Therefore, for any v € V we have
Ly (dF,v) = (dLx F,v) + (dF, Lx V),
where we used the formula (I.21). Hence,

(dF,Lxv) = Lg (dF,v) — (dLx F,v) <=
(LxV)(F) = Lg(v(F)) — v(LxF) = (Kv — vK)(K)

and
Lxv =[K,v].

In a similar fashion one can show that for a linear operator 7 : Q' — V such that

(2.11) holds we have

(n, Lm &) = (n, 7' [KJE) — (n, K'[x]) — (n, 7 K'[¢]) =
Lxm = 7'[K] — K'r — 7 KT, (2.17)

where the adjoint directional derivative is defined through the duality map
(K'e),v) == (&, K'[v]).
For a linear differential operator ¢ : V — V such that (2.12) holds we have

(n, Lx® v) = (n, ®'[K]v) + (n,® K'[v]) — (n. K'[oV]) <=
Lx® = ¥'[K]+® K — K. (2.18)

The Lie derivative gives us information on how the tensor fields change locally
along an integral curve of a given dynamical system. Thus the following definition
is very convenient.

Definition 2.13 A tensor field 7T is an invariant of a vector field K € V, if
LT = 0.

Hence, invariant scalar fields (functionals) are nothing but integrals of motion,
and invariant vector fields are symmetries. As we will see in the following sections,
invariant tensor fields play major role in the theory of integrable systems.
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2.2 Hamiltonian theory
2.2.1 Hamiltonian systems
Definition 2.14 A bilinear product {-, -} : 7 x 7 — F such that
{H,F}_=(dF,ndH) = / dF" -ndH dv F,H € F, (2.19)
x

where 7 : Q! — V is a linear differential operator, is called a Poisson bracket, when
it defines a Lie algebra structure on F. The operator = is called a Poisson (or
Hamiltonian) operator if the bracket is a Poisson bracket.

In contrast with the usual definition of the Poisson bracket in finite-dimensional
case, the Leibniz rule is missing from the above definition. There is no counter-
part for this rule, as F no longer has an algebra structure. Because of this, some
further properties must be proved in a more sophisticated way than it is usually
done for the case of finite-dimensional manifolds. The first question is when a
given differential operator = : Q' — V yields a Poisson bracket.

Theorem 2.15 The bracket (2.19) defines a Lie algebra on F if

(i) 7 is a bi-vector, i.e., it is skew-symmetric with respect to the duality map

ml=—r <= () =—(mm) ek

(ii) and for arbitrary one-forms o, 3,7 € Q! the following identity holds:

(a, 7" 7)) + (3,7 [77] a) + (v, 7" [ra] B) = 0. (2.20)

Proof. The first condition is clear, as it is due to the anti-symmetry property of
the Poisson bracket. The second one follows from the Jacobi identity, as we have

(FA{G, H}Y + c.p. = (d{G, H} ,7dF) + c.p.
= {G, H} [rdF] + c.p. = (dH,7dG)" [rdF] + c.p.
= (dH' [rdF|,7ndG) + (dH, 7' [rdF|dG) + (dH,7dG" [7dF]) + c.p.
Py er 20O Gt (ndH) , wdF) + (dH, ' [rdF) dG) — (dG' [xdF) , xdH) + c.p.
eI g o [xdF|dG) + cp. = 0,

and from the fact that the last equality does not depend on the form of one-forms.
This can be seen upon rewriting the condition explicitly. O

To check whether a skew-adjoint differential operator satisfies is in gen-
eral a cumbersome task. The right-hand side of is a tri-vector; the con-
dition of vanishing of the latter can be rewritten in an explicit ‘coordinate’ form,
thus simplifying the above task, see Theorem 7.8 in [37].
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Definition 2.16 A vector field K € V is said to be Hamiltonian (with respect to )
if there exists a Poisson operator 7 : Q' — V and scalar field H € F such that

K = ndH.

Then, the functional H is called a Hamiltonian functional or simply a Hamiltonian
(for K), and the evolution system (2.2) is said to be Hamiltonian with respect to =
with a Hamiltonian H.

Two functionals are said to be in involution with respect to a Poisson bracket
if this Poisson bracket of these two functionals vanishes. Hence, if K is a Hamil-
tonian vector field, i.e., K = ndH, then F is an integral of motion for K if it is in
involution with Hamiltonian H, since

F'[K] = (dF,K) = (dF,xdH) = {H,F}_=0.

Of course, any Hamiltonian itself is an integral of motion of the Hamiltonian
systems it generates. The following proposition is very important.

Proposition 2.17 Let
Xy =ndH  for HeF

stand for the Hamiltonian vector fields with respect to some Poisson operator 7.
Then, the linear map
wd:F —YV Fw— ndF,

being composition of the exterior differential with Poisson operator, is a Lie algebra
homomorphism, i.e.,

7Td{F, G(}7r = [7TdF, TdG] <~ X{Rg}w = [XF,Xg] .

Proof. We have
{H,F}_ = (dF,ndH) = (dF, Xy) = Xu(F),

and thus
{{F7 G}ﬂ' ? H}ﬂ' = X{F,G}W(H).
Then, by the Jacobi identity for the respective Poisson bracket one finds that

{{FvG}n’H}W = {F7 {G7H}7r}7r + {G’ {H7F}7r}7r = {FaXG<H)}7r - {G7XF(H)}7T
= (XpX¢ — XeXr) (H) = [Xr, Xc] (H),

what ends the proof. O

From this proposition it follows that if two functionals are in involution then
the related Hamiltonian vector fields (and dynamical systems) commute. Thus,
if we have fixed a Hamiltonian dynamical system with respect to some Poisson
tensor 7, the Lie algebra homomorphism =d : 7 — V maps integrals of motion into
symmetries and thus we have a Hamiltonian version of the well-known Noether
theorem. Moreover, conserved quantities and symmetries constitute Lie subalge-
bras of a suitable Poisson algebra of scalar fields and of the Lie algebra of vector
fields, respectively.
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Proposition 2.18 A given Poisson tensor 7 : Q' — V is invariant under its Hamilto-
nian vector fields K = ndH, i.e.,

LK7T = Lﬂ-dHW =0

JorallH € F.

Proof. Left as an exercise for the reader. O

It often happens that we need to restrict the dynamics under study to a ’sub-
manifold’ defined trough some constraints. In such a case, a question arises
whether and how one can reduce Poisson tensors. The simplest posible case is
considered in the following lemma.

Lemma 2.19 Assume that the linear phase spaced = U, ®U, is spanned by u; € U,
and uy € Uy, i.e. u = (u,uy)’, and let

)

7721(111, 112) 7722(111, 112)

be a Poisson operator on U. Also let 75, be nondegenerate and hence invertible.
Then, for an arbitrary constant c € U, and the constraint u, = c the operator

WT@d(lh) = 7T11(1117 C) - 7T12(111, C) : [7T22(111, C)rl : 7T21(1117 C)
is a Poisson operator on the affine space U, + c.
We skip the proof of the above lemma as it consists of a pages of a tedious and
cumbersome, yet rather straightforward calculations, see [15].
2.2.2 Recursion operators

Definition 2.20 A linear differential operator ® : V — V that upon acting on a
symmetry produces another symmetry of a given vector field K € V is called a
recursion operator for K.

The following simple proposition holds.
Proposition 2.21 A linear differential operator ® : V — V is a recursion operator
Jor K € V if and only if it is invariant under K, i.e., Lx® = 0.

Proof. Let o € V be a symmetry of K, i.e., Lxo = 0. Then

Hence, ®o is symmetry of K if and only if Lx® = 0. O

Notice that in most cases recursion operators are nonlocal integro-differential
operators, see e.g. [41] and references therein for the discussion of the struc-
ture of corresponding nonlocalities. The most important are recursion operators
possessing the so-called heredity property.
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Definition 2.22 Let  : V — V be a linear (integro-)differential operator such that
for an arbitrary vector field v € V

Loy® = L,D.

Then ¢ is called a hereditary operator (or a regular operator, or a Nijenhuis oper-
ator).

A straightforward corollary of the definition is the following theorem.

Theorem 2.23 Let ® : V — V be a hereditary operator and K be a vector field such
that Lx® =0. LetK,, = ®"K forn =0,1,2,.... Then

(i) @ is invariant under K,, for alln, i.e., Lk, ® = 0;
(ii) the vector fields K,, pairwise commute, i.e.

[Kpm, K] =0.

Proof. The first part follows from the definition of a hereditary operator and
assumptions in the theorem, thus

Lx,® = ®"Lg® = 0.
For the second part we have

K, K] = L, K, = Lonk (P"K) = Lonk (P")K + &" LengK
= O™ L (®") K + ™" LK =0,

where we made further use of the Leibniz chain rule. O

Almost all known today recursion operators are hereditary. Thus, if we have
a dynamical system with a hereditary recursion operator which generates an in-
finite hierarchy of independent vector fields, then we can refer to this system as
to an integrable one. Actually all the systems from this hierarchy will pairwise
commute, i.e., one system will be a symmetry to another, and all these systems
will be integrable in the above sense.

2.2.3 Bi-Hamiltonian systems

The dynamical systems that can be represented as Hamiltonian ones in two dis-
tinct ways possesses important properties inherent to the completely integrable
systems. The remarkable concept of bi-Hamiltonian evolution equations was first
introduced by F. Magri [31].

Definition 2.24 A vector field K € V is called bi-Hamiltonian with respect to Pois-
son operators m, and 7 if there exists functionals H,, H; € F such that

K= 7T0dH1 = 7T1dH0. (221)
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For the bi-Hamiltonian system (2.21) one can immediately construct two addi-
tional Hamiltonian vector fields, as

KO = 7T0dH0 = ’7T1d(')
K= 7T0dH1 = 7T1dH0
KQ == Wod(') = 7T1dH1,

which yield a ‘pre-beginning’ of the so-called bi-Hamiltonian chain. Of course the
Hamiltonians of are integrals of motion of K and hence are in involution
with respect to the Poisson brackets generated by 7, and m;,. Hence, by Proposi-
tion the vector fields K, and K, commute with K. Now, several questions
arise. When K; and K, commute? When there exist Hamiltonians making them
into bi-Hamiltonian systems? And, when the above chain can be continued? The
answers are given in the following two theorems.

Definition 2.25 A pair of Poisson tensors m; and 7; is said to be compatible if the
linear combination 7 + em; is also Poisson for any scalar e.

Actually, for compatibility between two Poisson tensors it is enough to check
whether 7y + m; is a Poisson tensor.

Theorem 2.26 Let (7y, ) be a pair of compatible Poisson tensors. Assume that
is nondegenerate. Let K € V be such that

LKT('O = LK7T1 = 0.
Then
(i) the operator ® = 7, 7, is hereditary;

(ii) all operators 7, = ®"ny, forn =0,1,..., are Poisson tensors.

Proof. For the proof of this theorem see [4]. O

Of course, 7y and 7 are invariants of bi-Hamiltonian systems associated
with them. Hence, if the vector field K is bi-Hamiltonian with respect to two
compatible Poisson tensors, one of which (say, my) is non-degenerate, then the
hierarchy of vectors fields

K, =?"K

yields a hierarchy of pairwise commuting dynamical systems. This is the case, as
by the above theorem ® = 77, is a hereditary operator invariant under K since

Lx® = Lyx(mny ') = Lgm 7yt — mmy "Lxmo w5 - = 0.

Moreover, if some additional technical assumptions hold, all these systems are
bi-Hamiltonian.

The main properties of bi-Hamiltonian systems are contained in the following
theorem, whose original version is due to Magri [31], and the version given below
is the one of Olver [37].



32 Btlazej M. Szablikowski

Theorem 2.27 Let
Uy, = Kl[ll] = 7T0dH1 = 7TldH0

be a bi-Hamiltonian system of evolution equations. Assume that the operator n is
nondegenerate. Let
Qi=momyt VeV,

be the so-called recursion operator. Assume that for eachn = 1,2,... we can recur-
sively define
U, = KO[U] = modH, — K,=?dK,_;

meaning that for each n, K,,_; lies in the image of my. Then there exists a sequence
of functionals Hy, Hy, H,, ... such that

(i) for each n > 1, the evolution equation
U, = Kn[U] = WodHn = 7T1dHn_1 (222)
is a bi-hamiltonian system;

(ii) the corresponding evolutionary vector fields K,, all pairwise commute:

K., K, =0 m,n = 0;

(iii) the Hamiltonian functionals H, are all in involution with respect to both of the
Poisson brackets:

{Hp, Hy} oy = {Hp, Hu b, =0 m,n =0,

and hence provide an infinite collection of conserved quantities for each of the
bi-Hamiltonian systems (2.22).

Notice that the assumption that K,,_; lies in the range of 7, is essential for
the recursion procedure. In a more general setting, we should require that K,,_,
lie in the domain of definition of the recursion operator ¢ for all n; see [41] and
references therein for the methods of proving this. There are known examples
of bi-Hamiltonian systems for which this assumption is violated. From the fact
that ¢ is hereditary it is clear that K,, pairwise commute. But this is not the place
where one needs the assumption about the compatibility of Poisson tensors, since
the commutativity of K, follows by Proposition from the involutivity of the
Hamiltonians H,,. One uses the compatibility assumption to show the existence of
Hamiltonians H,, and this is the non-trivial part of this theorem. For the complete
proof see [37].

It is well known that a finite-dimensional Hamiltonian system with N degrees
of freedom is completely integrable if it has N independent integrals of motion
in involution. Likewise, in infinitely many dimensions we can consider the sys-
tem to be integrable if it has an infinite hierarchy of symmetries or independent
functionally conserved quantities. Hence, a bi-Hamiltonian system from Theo-
rem is integrable or even completely integrable, but still one needs to show
that the Hamiltonians H,, are functionally independent. Notice also that there are
known examples of completely integrable systems that are bi-Hamiltonian with
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respect to a non-compatible pair of Poisson tensors. As a closing remark, in order
to stress the importance of the bi-Hamiltonian structures for evolution systems
let us quote Dickey ]

"The existence of two compatible Poisson (or Hamiltonian) structures is
a remarkable feature of the most, if not all, integrable systems, some-
times it is considered as the essence of the integrability.”

Example 2.28 The Korteweg-de Vries equation has bi-Hamiltonian structure [31]

1 3
Uty = Z—l’u:gx + iuum = 7T0dH3 = 7T1dH1,
where the Poisson tensors
U 2853

and Hamiltonians are

Hence, the form of the (hereditary) recursion operator is

O =mmy’ = i (92 + 4u + 2u,0; ) . (2.23)
We find the KdV hierarchy with bi-Hamiltonian structure

Uy, = <I>nT_lu9C = modH,, = midH,_» (2.24)
given for Hamiltonians (1.13).

Example 2.29 Consider the following 2-component system

u\ —Ugy + 20, _ _
<U)t N (—§U3x + Voy — %uug) = modH, = mdH,.

Eliminating the field v from the above system one finds the Boussinesq equation

1
Ugy + 3 (usg + 4uuy,), = 0.

The related bi-Hamiltonian structure is defined by the following Poisson tensors

(0 30,
=139, 0

2[13], page 43.
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and

o 203 + Opu + ud, —0% — 0% + 20,v + v0,
PO ud? + 0pv + 200, —2(00 + 02u+ ud + udyu) + 020 —vd? )

The related Hamiltonians are

Hoz/vdx
2

1
H, = / — (=5u® + 450 — 45u,v — 15uus, — 3us,) da.
- 135

Example 2.30 The next example is the Nonlinear Schrédinger equation
Uy = oy + 201 ]u|2 ,

where @ is the imaginary unit. Taking the complex conjugation the above equatu-
ion can be turn into bi-hamiltonian one

. . 2
(u) _ ( U9, + 2iu |ul ) e ———
¢

u —iligy — 201 |ul®
where
(0 i
o= \i 0
o 2ud;, ! —0, — 2ud; 'u
'\ -0, — 200, 'u 200, '
and

Hoz/i(uxu—uxu) dx
5 2

le/(\um|2—\u|4) dz.
by

Remark 2.31 There is a very important subclass of dynamical systems that we
have not mentioned yet, namely the so-called integrable dispersionless (or equiv-
alently hydrodynamic) systems. The (1 + 1)-dimensional dispersionless systems
are described by the first-order partial differential equations of the form

uizZAf(u)ugs ij=1,...,n.
J

The theory describing these equations belongs to the most recent ones and has
been systematically developed from the 1980’s. In the beginning the theory was
mainly developed by the Russian school, represented by such researchers as:
S. Novikov, B. Dubrovin, S. Tsarev, O. Mokhov, E. Ferapontov, M. Pavlov and
others, and presently it is developed at academic centers all over the world. In-
tensive research into integrable dispersionless systems started since S. Tsarev
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[49] proposed the technique of linearization for a certain class of dispersionless
systems, written in the so-called Riemann invariants, through the so-called gen-
eralized hodograph method, and then showed the way of finding solutions using
quadratures.

The study of the Poisson structures of dispersionless systems was initiated
by B. Dubrovin and S. Novikov [20]. They established a remarkable result that
Poisson tensors of hydrodynamic type can be generated by contravariant nonde-
generate flat Riemannian metrics. These Poisson tensors have the form
with ¢ = 0, where ¢¥ is a contravariant nondegenerate flat metric and I'”/ are the
components of the contravariant Levi-Civita connection. This result was later
widely investigated and the general theory of Poisson tensors of hydrodynamic
type generated by Riemannian metrics of constant curvature was presented by
O. Mokhov and E. Ferapontov [33]. These Poisson tensors of hydrodynamic type
are nonlocal and have the form

i =g (W), — Y T (wul + ¢ w0, ul, (2.25)
k

where ¢” is non-degenerate metric of constant curvature c. Nevertheless, the
condition of nondegeneracy of ¢g” for the above Poisson tensors is not necessary.
The degenerate hydrodynamic Poisson tensors were considered by Grinberg [24]
and Dorfman [16].

A natural geometric setting of related bi-Hamiltonian structures (Poisson pen-
cils) is the theory of Frobenius manifolds based on the geometry of pencils of con-
travariant Riemannian metrics [19]. The Frobenius manifolds were introduced by
B. Dubrovin [18] as a coordinate-free form of the associativity equations appear-
ing in the context of deformations of 2-dimensional topological field theories (TFT)
studied in the early 90s by E. Witten, R. Dijkgraaf, E. Verlinde and H. Verlinde
[50, 14]. These equations are called the WDVV equations and can be identified
with hydrodynamic-type systems. Thus, solutions of dispersionless systems can
be understood as particular solutions of the TFT. In the same period E. Witten
formulated his famous conjecture that the free energy of 2-dimensional gravity
coincides with the 7-function of the KdV hierarchy [51]. This conjecture was later
proved by M. Kontsevich in [26]. The theory of Frobenius manifolds as well as the
WDVV equations play a major role in the quantum cohomology and the theory of
Gromov-Witten invariants [27, [19].

2.3 Exercises
1. Prove Proposition [2.8 Hint: you can use instead of (1.18).
2. Prove Proposition [2.11] It suffices to show that
v, w]’ = w[v] — v[w] = 0y (w') — O (v®)  i=1,...,N.
3. Show that the commutativity of two vector fields with respect to the Lie

bracket (2.14) (or (2.7)) is equivalent to the commutativity of the respective
flows (2.3).
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Show the formulae (2.17) and (2.18).

. Prove Proposition [2.18] Hint: compute the Lie derivative along K = ndH of

the Poisson bracket (2.19) of two arbitrary functionals different from Hamil-
tonian H. Then to show the proposition first use the Leibniz rule for the Lie
derivative and then the Jacobi identity for the Poisson bracket.

Show by explicit computation that (2.23) is a hereditary operator.

. Check if the bi-Hamiltonian hierarchy (2.24) agrees with the hierarchies of

symmetries (1.12) and Hamiltonians (1.13).

. Find the recursion operators for the systems from Examples and

and using the translational symmetry as a starting point, construct first
three symmetries from the related hierarchies.

. Consider Theorem [2.27| Assuming existence of functionals H,, Hy, Ho, ...

show that they are pairwise in involution with respect to both Poisson brack-
ets associated with n, and ;.

It is well known that one can construct integrable dispersionless systems by
taking the so-called quasi-classical or dispersionless limit (if it exists) of the
soliton systems. To go to the dispersionless limit one first has to make the
following transformation of independent variables

t— —t 2 — ﬁg
h — ot ot

T lx 2 — ﬁ£7
h Ox ox

where # is a deformation parameter, and then take the limit 7 — 0. Find the
dispersionless limit of integrable soliton systems from Examples [2.28] and
2.29. What is the bi-Hamiltonian structure for these dispersionless systems?
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3 Classical R-matrix theory

In the theory of evolutionary systems one of the most important issues is a sys-
tematic method for construction of integrable systems. It is well known that a
very powerful tool, called the classical R-matrix formalism [39], proved to be very
fruitful in the systematic construction of the field and lattice soliton systems as
well as dispersionless systems. The crucial point of the formalism is the observa-
tion that integrable dynamical systems can be obtained from the Lax equations
on appropriate Lie algebras. The greatest advantage of this formalism, besides
the possibility of systematic construction of the integrable systems, is the con-
struction of bi-Hamiltonian structures and infinite hierarchies of symmetries and
conserved quantities.

In this chapter we will present a unified approach to the construction of in-
tegrable evolution equations together with their (multi-)Hamiltonian structures.
This approach is based on the classical R-matrix formalism that originated from
the pioneering article [23] by Gelfand and Dickey, where they presented the
construction of Hamiltonian soliton systems of KdV type by means of pseudo-
differential operators. Next, Adler [2] showed how to construct, within classical
R-matrix formalism, the bi-Hamiltonian structures for the above soliton systems.
This scheme, well-known today, is now called the Adler-Gelfand-Dickey (AGD)
scheme. Later the abstract formalism of classical R-matrices, applicable to ap-
propriate Lie algebras, was formulated in [38, [17, [39]. In [29, [36] it was shown
that there are in fact three natural Poisson brackets associated with classical R-
structures. Quite recently Li [30] considered the classical R-matrix theory on the
so-called (commutative) Poisson algebras. This approach leads to the construc-
tion of dispersionless multi-Hamiltonian systems.

In this chapter we illustrate the theory of classical R-matrices only on example
of the pseudo-differential operators algebra and the simplest Gelfand-Dickey Lax
operators with the related Lax hierarchies. For more general applications of the
theory see [4]-[11], [43]-[48] and references therein. Many important subjects
related to the theory of R-matrices like factorization problem or central extensions
are not presented here. For a nice review about these and even more see [40].

3.1 Classical R-matrix formalism

Let g be an algebra with respect to some multiplication, over a commutative field
of complex or real numbers, K = C or R. Further assume that g is equipped
with an additional bilinear product given by a Lie bracket [-,:] : g — g, which is
skew-symmetric and satisfies the Jacobi identity.

Definition 3.1 A linear map R : g — g such that the bracket
la, b, = [Ra,b] + [a, Rb| (3.1)
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is another Lie bracket on g is called the classical R-matrix.

The skew-symmetry of (3.1I) is obvious. As for the Jacobi identity for (3.1I) one
finds that

0 = [a, [b,c]glp + c.p. = [Ra, [RD, c]| + [Ra, b, Re]] + [a, R[b, c|g] + c.p.
= [Rb, [Re, a]] + [Rc, [a, Rb]] + [a, R [b, c] 5] + c.p.
= [a, R[b, c], — [RD, Rc]] + c.p., (3.2)

where c.p. stands for cyclic permutations in {a, b, c} and the last equality follows
from the Jacobi identity for [, -]. Hence, a sufficient condition for R to be a classical
R-matrix is to satisfy the following so-called Yang-Baxter equation, YB(«),

[Ra, Rb] — Ra,bl, + ala,b] =0, (8.3)

where a is some number from K. There are only two relevant cases of YB(«),
namely o« # 0 and a = 0, as Yang-Baxter equations for o« # 0 are equivalent
through reparameterization.

3.2 Lax hierarchy

Assume now that the Lie bracket [-, -] is a derivation with respect to the multipli-
cation, i.e., this bracket satisfies the Leibniz rule

la,bc] = bla,c] + [a,b] c. (3.4)

Notice that this condition is satisfied automatically in the case of a commutative
algebra g when the Lie bracket is given by a Poisson bracket as well as in the case
of a non-commutative algebra g and the Lie bracket given by the commutator.
Then, any well-defined smooth map

X:g—g Lw— X(L) (3.5)
is an invariant of the Lie bracket, i.e.
(X(L),L] =0 Leg. (3.6)
Moreover, the following relation holds
dX(L)o[L' L] =L, X(L)] L, L €g,
where dX is the differential of the smooth map (3.5), i.e.
dX(L):g—g Ly dX(L)o L, = (X(L)),.

The power functions X (L) = L" are always well defined on g and are invariant
functions of the Lie bracket. One can consider less trivial functions, for example
the logarithmic ones, like X (L) = In L, but only when they have proper interpreta-
tion in g.
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Example 3.2 For the power function X (L) = L™, where n = 1,2,..., which is a
smooth function, one finds that

dX(L):g—g L'w—dX(L)oL =Y L'L'L"F
k=1

In the case of a commutative algebra g simply dX (L) = nL" ! and o is substituted
by a multiplication from g.

Smooth functions X,,(L) generate a hierarchy of vector fields on g of the form

where t¢,, are evolution parameters. These vector fields yield self-consistent evolu-
tions on g when the left- and right-hand sides of (3.7) span the same subspace of
g. So, the element L of g has to be properly chosen. The directional derivative of
a smooth function F : g — g in the direction of (3.7) is given by

F(L),, = dF(L) o Ly, = dF(L) o [RX,(L), L] = [RX,(L), F(L)]. (3.8)

n

There is an important issue of whether the vector fields (3.7) commute. One finds
that

(Lt'r )tn - (Ltn)tm = [RXm(L)v L]tn - [RXn(L)a L]tm
, L] + [RXn(L), [RX,(L), L) = [RXn(L), [RXn(L), L]
+ [RXm(L), RXn(L)] , L] . (3.9)

Hence, the vector fields (3.7) mutually commute if the so-called zero-curvature
equations
(RXn(L)), — (RXn(L)), +[RXn(L), RX,(L)] =0 (3.10)

are satisfied. In this case the hierarchy is called the Lax hierarchy and L
is called the Lax operator or the Lax function depending on the nature of a given
Lie algebra g. Now we have to additionally assume that R-matrices commute with
directional derivatives and hence with the derivatives with respect to evolution
parameters, i.e.

(RL), = RL;. (3.11)

This property is equivalent to the assumption that R commute with differentials of
smooth maps g — g. This property is important although is not explicitly stressed
in most works on the R-matrices. Then

R(Xmn(L)),, = B(Xn(L)),, + [RXn(L), RXn(L)] =

bY@ and B prpx (L), Xon(L)] — R [RXo(L), Xn(L)] + [RX (L), RXn(L)]
= [RXm(L), RXo(L)] — R [Xp(L), Xo(L)] . (3.12)

Now, if an R-matrix satisfies the Yang-Baxter equation (3.3) the last expression is
equal to —a [X,,(L), X,,(L)] = 0. Hence, the following proposition is valid.
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Proposition 3.3 The Yang-Baxter equation is a sufficient condition for the pairwise
commutativity of the vector fields from the Lax hierarchy (3.7).

It is natural to ask when the abstract Lax hierarchy represents a “real” hi-
erarchy of integrable evolution systems on a suitable functional space, i.e., on the
related infinite-dimensional phase space Y. This occurs when one can construct
an embedding map ¢ from U to g, which induces the smooth manifold structure
on g such that

LU — g u—(u) =1L
dv:V — g w — de(uy) = Ly,

where d. is the differential of .. (Notices that for : being an embedding its differ-
ential d: is an injective map.) In such a case the Lax hierarchy can be pulled
back to the original functional space by (d:)~!. The symmetries from the Lax hier-
archy represent consistent evolution systems when the left- and right-hand
sides of span the same subspace of g. So, the Lax element L of g has to be
chosen in a suitable fashion.

3.3 Simplest R-matrices

Assume that the Lie algebra g from the previous section can be split into a direct
sum of Lie subalgebras g, and g_, i.e.,

g=g. Dg_ 91,04 Cgx  giNg-=0.

Upon denoting the projections onto these subalgebras by P., we define a linear
map R:g— g as
1
R= §(P+ — P). (3.13)
Using the equality P, + P_ =1, (3.13) can be represented in the following equiva-

lent forms:

1 1
R:P+—§:§—P_
Let ay := Py(a) for a € g. Then
1 1
la,blp = [ay,by] — [a—, b_] = Rla,bl, = 5 lay,by] + 5 la_,b_] (8.14)
and
1 1 1 1
[R(l, Rb] = Z [a+7 b+] - Z [(l+7 b_] — Z [CL_, b+] + Z [CL_, b_] . (315)

Hence, the map (3.13) solves the Yang-Baxter equation (3.3) for a = }l and is a
well-defined classical R-matrix. This is the simplest and most important example
of a well-defined R-matrix.
The Lax hierarchy (3.7) for the R-matrix (3.13) can be written in two equivalent
ways:
Ly, = [Py (Xu(L)) . L] = — [P~ (Xa(L)), L]. (3.16)
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Consider now more general situation when a given Lie algebra g contains a set
of N disjoint Lie subalgebras g; C g such that their complements g, to g are also
Lie subalgebras, i.e.,

=9, Dy 96, 8:] C @i g0 Ca  gnNg =0 i#j (3.17)

fori,j € {1,...,N}. Then g can be decomposed in the following way:
N

20 (s,
i=1

where g stands for the complement of (EBZN: 1 gi> to g. We make here an additional

g

assumption that

g.gl Cagdg, gi,9;] Cai®g;,  i#] (3.18)

The simplest situation occurs when g = (). Let P, P, be projections on g, g;, respec-
tively. Then we obviously have

1:F+Zpk — 3:1—?—2&. (3.19)
k=1 ki

In view of the considerations presented earlier in this section, the linear maps

1
R=P -5 i=12..N (3.20)

are well-defined classical R-matrices, and we have a family of NV Lax hierarchies

L.,

i,mn

= [P (Xa(L)), L] (3.21)

generated by smooth functions X,(L). We are asking whether these Lax hierar-
chies mutually commute. Proceeding in analogy with Section [3.2] one finds that

Y P (T P

J,n ti,m

= [[PXm (L), PiXn(L)] — P; [P Xm(L), Xn(L)] — P [Xn(L), P Xn(L)], L],
for i # j. Next, it follows from (3.18) and (3.19) that

[PiXm(L), PiXn(L)] = P [PiX(L), P X0 (L)] + P; [P Xm(L), P X

n(L)]
= P, [X,n(L), P;X,(L)] + P; [P X (L), Xn(L)]

i J.
Hence, the following proposition is proved.

Proposition 3.4 [f a given Lie algebra g contains disjoint Lie subalgebras g; that
satisfy the conditions (3.17) and (3.18), then all vector fields from all Lax hierarchies
(3.21) mutually commute.

For applications of the above proposition see [43].
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3.4 The algebra of pseudo-differential operators

We will illustrate the theory of classical R-matrices by considering the algebra of
pseudo-differential operators (PDO)

N
g= {L =y ui(x)&i}, (3.22)

1 =>—00

where the smooth functions u;(x) are dynamical fields, hence u; further depend on
evolution parameters. The 0, is operator related to the total derivative with respect
to . Thus, the multiplication in g is defined through the so-called generalized
Leibniz rule

ou(z) =Y (m) w(2) 0™, (3.23)

n
n>0

where (Z‘) stands for the standard binomial coefficient, and

(7:) — (—1)" (_m +n" - 1> (3.24)

for m < 0. From (3.23) it follows that

O, = U0y + Uy
O u=wud,t — 0, w0,

_ ., a-1 -2 -3
=u0, —uy0, " +u90,° — ...,

where u is some smooth function. The algebra (3.22) with the multiplication
defined through (3.23) is an associative and noncommutative algebra. Therefore,
we have a well-defined Lie algebra structure on g with the natural commutator

[A,B] = AB — BA A Beg.
Consider the following decomposition of g:
i>k i<k

Then, g-; and g, are Lie subalgebras of g only for £ = 0,1,2. In these cases the
classical R-matrices (3.13) are given by

1 1 1

where P and P, are projections onto g, and g, respectively.
Consider an element L from g of the form

L= uNang + uN,laiV*l + UN,28572 + ..., (3.27)
where N > 0. Then its N-th root

L%:alax—i-(lo—i-a,la;l+CL,28;2+~--7
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where coefficients a; are differential function of u;, can be constructed, solving
recursively for the functions «;, from the equality

N
——~

N
(ﬁ) — L% ... L¥ =1L
Hence, we can take the fractional powers of (3.27]

—_—
=L LW,

z[
2=
2z

L

where n = 1,2,..., for the invariants (3.6). The fractional powers of L generate the
following Lax hierarchies (3.7) related to classical R-matrices (3.26):

n

L — [(L%)%,L} — [(L%)<k,L] k=0,1,2. (3.28)

Nevertheless, we are interested in the construction of finite-component inte-
grable evolution systems. Hence, we need to consider some restrictions of
yielding consistent Lax equations such that right- and left-hand sides of
span the same subspace of g. We will consider only the simplest case k = 0.
For the operator one finds that

Ly = (un)0Y + (un_1)0Y ' + (uy_2),0Y % 4 lower terms,

Li=—[Aco, Ll = — [vO, " + L.t un0) + 1.t.] = (Nunve + (un)ay) 0F 2+ 1L, .

Here [.t. denotes the lower-order terms. Thus, we find that the fields uy and
uy_1 must be time-independent and hence they are not dynamical fields. Without
loosing generality we can choose them to be the following constants: uy = 1 and
uy—1 = 0. On the other hand, the zero-order terms in for N > 1 are always
present. Therefore we can restrict to the following form:

k=0: L=0Y4+un_0Y 2+ +u0, + uo. (3.29)

These are the well-known Gelfand-Dickey Lax operators [23] yielding consistent
Lax equations. The related Lax hierarchy for k = 0 with the Lax operators of
the form is called the Gelfand-Dickey hierarchy. Notice that the equations
from hierarchy (3.28) for (3.29) are trivial when n is a multiple of N since in this
case L~V € gso. More general theory of the application of the R-matrix formalism
to the algebra of pseudo-differential operators dealing with the remaining values
of k can be found in [25] or [4].

Example 3.5 Consider the N = 2 case of (3.27). Then
L=09%+u.

One finds that
1 1 1 1

1
+ ﬁ (u4z — lduusy, — 11%2 + 2u3) 8;5 +...

N

L
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and

Njw
N

Lz2=L-L :83+gu8x+§ux+(...)8xl+... :

4
Hence

: 3 3
Lé) =0 U0y — Uy
(220 0" + Sud, + u

and we recover the Lax equation for the KdV system

3 1 3
Ly, = {(LQL()’L} = Uy = U+ Ul (3.30)

The whole KdV hierarchy can be constructed in a similar fashion.
Example 3.6 The Lax operator (3.27) for N = 3 has the form

L =209 +ud, +v.

We have
i Looa 1 o 1 2\ -3
L3 =0, 4+ zud, ' — = (up —v) 0,7 + = (2ug, — 30, — u*) O,
3 3 9
1
-9 (U3y — 200, — 4un, + 2uv) 9"
1
+ 31 (3u41, — v, — 4duus, + 36uv, — 45%2 + 45u,v — 9v? + 5u3) ('9;5 +... .
Then, for
2 2
(L§> =02+ -u
>0 3

one finds the Lax equation for the Boussinesq system
= 3 u _ — U2y + 2'0:13
L, = {(L:j)?() 7 L} = <U>t2 B (—§u9,x + Voy — %uum> ’ (3.31)

3.5 Lie-Poisson structures

Let g* be a dual of a given Lie algebra g and (-,-) : g* x g — K be the usual duality
pairing. The Lie bracket [-, -] defines the adjoint action ad of g on g:

ad:gxg—g (a,b) — adb = [a,b].
Then the co-adjoint action ad” of g on g* is defined by the relation
(adin,b) + (n,ad,b) =0 <= (aon,b) = (n,|a,b]) a,beg neg, (3.32)

where
aon:=—adn.

We will often use the above simplified notation for the co-adjoint action.
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Let this time « : 4/ — g* be the embedding of the original phase space into the
dual Lie algebra, i.e.

LU —g" u—(u) =7
do:V — g w — du(uag) = ;.
Then every functional F' : &/ — K can be extended to the smooth function on
g". Therefore let F(g*) be the space of all smooth functions on g* of the form

Fo. "' :g"— K, where F' € F. Then differentials dF(n) of F(n) € F(g*) at the point
n € g* belong to g, because they can be computed through the relation

dF(n+ €f)

Plny( = =0

=(&dF(n)  feg (3.33)

e=0

being the counterpart of (2.13). We also have an analogue of the relation (2.16):
(&aF'nl) = (n,dF'[E])  FeF(g") nleg" (3.34)

We make an additional assumption that the Lie bracket in g is such that the
directional derivative along an arbitrary ¢ € g* is a derivation with respect to the
Lie bracket. This means that the following relation holds

[a, 0] [€] = [a/[€], 0] + [0, V'[€]  a,beg (3.35)

Theorem 3.7 On F(g*) there exists a Poisson bracket defined as follows
{H,F}(n) =, [dF,dH]) ~ neg" HFeF(g) (3.36)

This bracket is called a (natural) Lie-Poisson bracket.

Lemma 3.8 The differential of (3.36) is given by

d{H,F} = [dF,dH] — dF'[dH o n] + dH'[dF 7). (3.37)

Proof. By (3.33) one finds that

(H,FY[¢] = (f [51 (dF, dH)) + (n, [dF'[], dH] + [dF, dH'[€])
W& (¢ (aF,dH]) — (dH o n, dF'[€]) + (dF o n, dH'[g])
by

(€,[dF,dH] — dF'[dH o n] + dH'[dF o 7)),

and the result of the lemma follows. OJ
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Proof of Theorem The bilinearity and skew-symmetry of (3.36) is obvious.
So, we only have to prove the Jacobi identity:

{F.{G,H}} 4+ cp.=(n,[d{G,H} ,dH] + c.p.)
R (n,[[dH,dG],dF] — [dH'[dG o n),dF] + [dG'[dH o n],dF]| + c.p.)
&I ) 1dH, dG], dF)) + (dF oy, dH'[dG o n)) — (dF o n,dG'[dH o1]) + c.p.
= (n,[[dH,dG],dF]) + (dF o n,dH'[dG o n]) — (dG o n,dH'[dF ©n]) + c.p.
eI ) 1ldH, G, dF] + cp.) =0,
where the last equality follows from the Jacobi identity for [, -]. O

Now assume that we have an additional Lie bracket (3.1) on g defined through
the classical R-matrix such that (3.11) is valid. Then (3.1) satisfies the condition
(3.35). As a result, on the space of scalar fields F(g*) there is another well-defined
(by Theorem |3.7) Lie-Poisson bracket:

{H F}p(n):=(n[dF,dH]z) ne€g’ HFeF(g) (3.38)

Using (3.32) one finds that the related Poisson operators at n € g* for the above
Lie-Poisson brackets have the form

{H,F} = (ndH,dF) = 7 dH — adgyn
{H,F}, = (mpdH,dF) = g dH — adp,pn + Rrad)ym,
where the adjoint of R is defined by the relation

(R'n,a) = (n,Ra) ~ neg” ace.
The Casimir functions C,(n) € F(g*) of the natural Lie-Poisson bracket (3.36)
satisfy the following condition
VFeF(g) {F.C,}=0 = ady. n =0,
that is, their differentials are ad*-invariant. Hence, they are in involution with
respect to the Lie-Poisson bracket (3.38), i.e.
{Ch,C}p=0.
Now, as 7xd is a Lie algebra homomorphism, the related Hamiltonian vector fields
with the Casimir functions as Hamiltonians,
M, = TrRACH(n) = adgac, 1 (3.39)
pairwise commute, i.e.,
M), = (), -

Proposition 3.9 All evolution systems in the hierarchy on g* generated by
the Casimir functions C,, of the natural Lie-Poisson bracket pairwise commute
and are Hamiltonian with respect to (3.38). Moreover, any equation from
admits all Casimir functions C,, as conserved quantities.

The construction of Casimir functions C,, and related dynamical systems
on the dual Lie algebra g*, contrary to (3.7), is rather difficult and quite imprac-
tical. Thus, a formulation of a similar theory on g instead on g* is justified. This
can be done when one can identify g* with g by means of a suitable scalar product.
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3.6 Ad-invariant scalar products

We restrict our further considerations to the Lie algebras g for which its dual g*
can be identified with g through the duality map. So, we assume the existence of
a scalar product

(,):gxg—K (3.40)

on g, and we assume this product to be symmetric,
(a,b) = (b, a) a,b € g,
and non-degenerate, that is, a = 0 is the only element of g that satisfies
(a,b) =0 Vbeg.
Then, we can identify g* with g (g* = g) by setting
(nb)=(cb) Vbeg,

where 7 € g* is identified with ¢ € g. We also make an additional assumption that
the symmetric product (3.40) is ad-invariant, i.e.,

([a,c],b) + (¢, ]a,b]) =0 a,b,c €g. (8.41)

This is a counterpart of the relation (3.32). Thus, if € g* is identified with ¢ € g
we have

(adin, b) = ([a,c],b) a,beg
and one identifies ad’n € g* with ad,c € g.

Now consider the case when R is a well defined classical R-matrix which does
not necessarily satisfy the Yang-Baxter equation (3.3). Let X,,(L) will be smooth
invariant maps generating hierarchy (3.7). Then for an arbitrary L' € g we
have

(L/7 [[RXm, RXn] - R [va Xn]R ’ L]) ([L/7 [Rva RXTL] - R [XWU Xn]R] ) L)
Y EI (X, [RL, RX,) = RIL, X,Jg] L) + (X [RXon, RE') = R [Xon, L)), L)

W8I (R RX,| — RIL, Xulp Ly X)) + ([RXm, RL']) — R[Xom, L'] . [L, X)) €2 0.

Since the symmetric product (3.40) is non-degenerate, we obtain
[RXp, RX,)] — R[Xpn, X,]p . L] = 0.

Hence, combining and shows that vector fields pairwise commute.
So, if there exists a symmetric, non-degenerate and ad-invariant product on g then
the Yang-Baxter equation (3.3) is not a necessary condition for the commutativity
of vector fields from the Lax hierarchy (3.7). However, if is not satisfied then
the zero-curvature equations will not be satisfied as well.

In fact, by virtue of the scheme presented in the previous section all equations
from the hierarchy are Hamiltonian. Since g* = g, the Lie-Poisson brackets
and on the space of scalar fields F(g) = F(g*) at L € g take the form

{H,F} = (L,[dF,dH]) = (dF,7dH) &  71:dHw— [dH, L]
{H,F}, = (L,[dF,dH),) = (dF,7rdH) <= wg:dH — [RdH, L]+ R*[dH, L],
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where now R* is defined by the relation
(R*a,b) = (a, Rb) a,b € g.

Differentials of the Casimir functions C,(L) € F(g) of the natural Lie-Poisson
bracket are invariants of the Lie bracket, i.e. [dC,(L), L] = 0. The Casimir functions
of course are still in involution with respect to the second Lie-Poisson bracket de-
fined by R and generate pairwise commuting Hamiltonian vector fields of the form

L;, = mrdC, (L) = [RdC,, L] .
The simplest way to define an appropriate scalar product on some Lie algebra
g is to use of a trace form Tr : g — K such that the scalar product
(a,b) := Tr (ab) a,beg (3.42)
is nondegenerate. In this case the symmetry of (3.42) entails that

Tr (ab) = Tr (ba) . (3.43)

Proposition 3.10 Let Tr : ¢ — K be a trace form defining a symmetric and nonde-
generate scalar product (3.42) such that the trace of Lie bracket vanishes, i.e.,

Trla,b] =0 Va,beg.

Then the condition (3.4) for a Lie bracket to be a derivation with respect to the
multiplication is a sufficient condition for (3.42) to be ad-invariant.

Proof. It is immediate, as

([a,c],b) + (¢, [a,b]) = Tr ([a, c] b+ c[a, b]) = Tr ([a, c] b + [a, cb] — [a, ] b)
= Tra, cb] =0,

where we used the assumptions from the proposition. O
Upon assuming that we have a nondegenerate trace form Tr on g, and having

defined a scalar product in the fashion described above, the most natural Casimir
functions C,(L) € F(g) are given by the traces of powers of L, i.e.,

Cy(L) = p i T Tr (L) = dC,=L" q#-1 (3.44)

The related differentials are calculated from the expression (3.33), which can be
now reduced to

%F(L) = (L, dF) =Tr (L, dF) L€y, (3.45)

where ¢ is an evolution parameter related to the vector field L, on g.
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3.7 The trace form on the PDO algebra

Let us study some properties of the Lie algebra of pseudo-differential operators
(3.22). The first observation is the existence of a symmetric, non-degenerate and
ad-invariant product on g allowing us to identify g with its dual g*.

Lemma 3.11 Consider the scalar product on g is given by a trace form
(A, B) :=Tr(AB) A, B € g, (3.46)

where
TrL = / resL dx, resl == u_q,
Q

Jor L =3, u;0.. Then (3.46) is symmetric, non-degenerate and ad-invariant.

Proof. The non-degeneracy of product (3.46) is obvious. Let A = " u,,07" and
B =3 v,07, then we find

(A,B)=Tr(A-B)=Tr (Z umﬁgvnﬁg> by Tr <Z Z (T)um(vn)sxa;wrn—s(l—r))

m,n m,n s=0
= / DD (T tson(n)es /EZ D1 (T (Wit da
n s=0 n s=0
by / Z i (Z) (Us—1—n)seVn dz = Tr <Z i (Z) (um)sxvnagz—m—s)
DI —t m,n s=0

= Tr (Z una;uma$> =Tr(B-A) = (B,A),

where ¢.b.p. means integration by parts. Hence
Tr (AB) = Tr (BA) = Tr[A,B] =0
and the ad-invariance for (3.46) follows by Proposition 3.10] O

The adjoints of (3.26) with respect to the scalar product (3.46) such that
VA,B € g (R*A,B) = (A, RB)

are 1 1 1
R*:§(P;k—Pz):§— 27k2P<7k_§ k=0,1,2.
Let L =", u;0%, then the vector fields L; and the related differentials dH (L) are
conveniently parameterized by

ar(r) = 2~ Za—l—“s—H (3.47)
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where 22 5. is the variational derivative of a functional H = [; h(u) dz. In this case
the trace duahty assumes the usual Euclidean form

(dH, L;) = Tr (dHL;) = Z / = (u,

3.8 Hamiltonian structures on Poisson algebras

Definition 3.12 Let A be a commutative, associative algebra with unit. If there is
a Lie bracket on A such that for each element a € A, the operator ad, : b +— {a,b} is a
derivation of the multiplication, i.e. {a,bc} = {a,b}c + b{a,c}, then (A, {-,-}) is called
a Poisson algebra and the bracket {-, -} is a Poisson braclket.

Thus, the Poisson algebras are Lie algebras, |-, -] := {-,-}, with an additional struc-
ture. Of course we should not confuse the above bracket with the Poisson brack-
ets in the algebra of scalar fields. It will follow easily from the context which
bracket is used. In the case of the Poisson algebra A a classical R-matrix defines
the second Lie product on A but not the Poisson bracket; in general this would
not be possible.

Theorem 3.13 [30] Let A be a Poisson algebra with the Poisson bracket {-,-} and
non-degenerate ad-invariant scalar product (-, -) such that the operation of multipli-
cation is symmetric with respect to the latter, i.e., (ab, c) = (a,bc), Va,b,c € A. Assume
that R is a classical R-matrix such that holds, then for any integer n > 0, the
Jormula

{H,F}, = (L,{R(L"dF),dH} + {dF,R(L"dH)}) (3.48)

where H, F are smooth functions on A, defines a Poisson structure on A. Moreover,
all brackets {-, -},, are compatible.

An important property that classical R-matrices commute with differentials of
smooth maps from A4 to A or equivalently satisfy is used in the proof of
Theorem 4.2 of [30], although it is not explicitly stressed there. In fact, the
existence of scalar product being symmetric with respect to the multiplication,
(ab,c) = (a,bc), entails existence of a trace form on A. Setting ¢ = 1 we have
(ab,1) = (a,b). Thus, the trace can be defined as Tr(a) := (a,1) = (1, a).

The Poisson operators 7, related to Poisson brackets such that {H, F'} =
(dF,m,dH), are given by the following Poisson maps

T dH — {R(L"dH), L} + L"R* ({dH,L})  n>0. (3.49)

Notice that the bracket with n = 0 is just a Lie-Poisson bracket with respect
to the second Lie bracket on .4 defined by a classical R-matrix. Referring to the
dependence on L, Poisson maps are called linear for n = 0, quadratic for
n = 1 and cubic for n = 2, respectively. The Casimir functions C(L) of the natural
Lie-Poisson bracket are in involution with respect to all Poisson brackets
and generate pairwise commuting Hamiltonian vector fields of the form

Li = m,dC = {R(L"dC),L} L€ A



Geometric aspects of integrable systems 51

Taking the most natural Casimir functions (3.44), defined by traces of powers
of L, for the Hamiltonians, one finds a hierarchy of evolution equations which are
multi-Hamiltonian dynamical systems:

Ly, = {RdC,, L} = mydCy = mdCy y = -+~ = mdCyy = ... (3.50)

For any R-matrix any two evolution equations in the hierarchy commute
because of the involutivity of the Casimir functions C,. Each equation admits all
the Casimir functions as conserved quantities in involution. In this sense we will
consider as a hierarchy of integrable evolution equations.

The theory from this section can be effectively used in the systematic construc-
tion of integrable dispersionless systems (Remark with multi-Hamiltonian
structures, see [7), 43| [47].

3.9 Hamiltonian structures on noncommutative algebras

In this section in contrast to the previous one we will consider noncommutative
associative algebra g for which a Lie structure is defined as the commutator, i.e.

la,b] := ab — ba a,beg.

Such Lie bracket automatically satisfies the Leibniz rule required by us.
We further assume the existence of nondegenerate, symmetric and ad-invariant
scalar product on g. Let R be a classical R-matrix such that is satisfied.

In this case the situation is more complex and only three explicit forms of
Poisson brackets on the space of smooth functions F(g) defined by related Poisson
tensors are known from the literature:

{H,F} =(dF m,dH) n=012.

These Poisson brackets (or related tensors) are called linear, quadratic and cubic
bracket (resp. tensors) for n = 0, 1, 2, respectively.

The linear one is simply the Lie-Poisson bracket, with respect to the second Lie
structure on g defined by R, with Poisson tensor [36]

7o : dH — [RdH, L] + R* [dH, L], (3.51)

for which we need no additional assumptions.

In further considerations we have to assume that the scalar product is sym-
metric with respect to the operation of multiplication, (ab,c) = (a,bc). Note that
this property implies that the scalar product is automatically ad-invariant with
respect to the Lie bracket defined by the commutator.

The quadratic case is more delicate. A quadratic tensor [42]

m :dH — Ay(LdH)L — LAy(dHL) + S(dHL)L — LS*(LdH) (3.52)
defines a Poisson tensor if the linear maps

Aip:g—9
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are skew-symmetric,
k
A1,2 = —Aip,

solutions of the YB(«a) for a # 0 and the linear map S : g — g with adjoint S*
satisfy

S ([Asa, b] + [a, Asb]) = [Sa, S|

S* ([Ara,b] + [a, A1D]) = [S™a, S™D]. (3.53)
In the special case when
R:= % (R — RY) (3.54)
satisfies the YB(«), for the same « as R, under the substitution
A=A =R-FR S=S"=R+ R
the quadratic Poisson operator reduces to [36]
m :dH w— [R[dH, L], L] + LR*[dH, L]+ R* ([dH,L]) L, (3.55)

where
la,b], :=ab+ba

and the conditions (3.53) are equivalent to YB(«) for R and R.
Another special case occurs when the maps A,, and S originate from the de-
composition of a given classical R-matrix satisfying YB(a) for o # 0

1 1

where A, , are skew-symmetric. Then, the conditions (3.53) imply that both A,
and A, satisfy YB(a) for the same value of o as R, [35]. Hence, in this case we
only have to check the conditions (3.53) for (3.52) to be a Poisson operator; these
reduce to

m :dH — 2R (LdH) L — 2LR(dHL) + S ([dH, L)) L + LS* [dH, L] . (3.56)
Finally, the cubic tensor 7, takes the simple form [306]
my:dH — [R(LdHL),L|+ LR* ([dH, L)) L

and is Poisson one without further additional assumptions.

Once again, taking the Casimir functions (3.44), defined by trace of powers
of L, for the Hamiltonians yields a hierarchy of evolution equations which are
tri-Hamiltonian dynamical systems

Ltq == {RdC'q, L} == Wodoq = 7T1dC'q_1 = 7T2d0q_2, (357)

where we assumed that m, is given by (3.55) or (3.56). In the first case all three
Poisson tensors in (3.57) are automatically compatible. In the second case this
has to be checked separately.
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3.10 The bi-Hamiltonian structure of Gelfand-Dickey hierar-
chies
We are going to consider Hamiltonian structures of the Gelfand-Dickey hierarchy,

that is, the Lax hierarchy (3.28) for k£ = 0 generated by fractional powers of (3.29).
By (3.47) the differential of a given functional H = [, h dz has the form

a = o 0 g0y g O
v 5U0 v 5U1 o v 5UN_2 )

Therefore, we have the following tri-Hamiltonian Lax hierarchy

n

Lt = [(L%)QO’L} :WodHn :WldHn_N :WQdHn—ZN n = 1,2,..., (358)

where Hamiltonians are defined by

1 n
H,(L) =+ 1 / res (L¥*') dz n# —N.
N P

The linear Poisson tensor (3.51), defined by classical R-matrix (3.26) for £ = 0,
has two equivalent representations

modH = [(dH)zo, L] — ([dH, L])5,
= —[(dH) <o, L] + ([dH, L]) , -
All Lax operators of the form (3.29) form a proper subspace of g with respect to

the above linear Poisson tensor, i.e., 7od H span the same subspace of g as (3.29).
Since (dH)>, = 0, the linear Poisson tensor reduces to a simpler form

modH = ([L,dH])s, . (3.59)

One finds that for & = 0 (3.54) we have R = R, i.e., R solves the same YB
equation as R. Hence, the quadratic bracket is given by

mdH = % [([dH, LYy, ,L] + % (L. ([dH, L)) "

=3 [(am o)y 2] 5 (2. G 1))

’ (3.60)

where [4, B]" := AB+BA. The quadratic Poisson bracket can be properly restricted
to the space spanned by the operators of the form

L = Qﬁv +u8iv_1 +uN_28iV_2 + o u 0y + uyp.

Thus, the Dirac reduction, see Lemma [2.19, with the constraint uy_; = 0, is
required to reduce (3.60) to the subspace of g spanned by (3.29). Let

oH'
Su’

L:= 1L — L=L+uwl?' = dH =dH+0"

u=0
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where H' = H'(L') and H = H(L) = H'(L')|,—0. Rewriting (3.60) we have
mdH' = L' (L'dH")5 — (dH'L) 5, L.

Then, the Hamiltonian flow for « is given by the coefficient at 9" ~! of mdH’. So,
under the constraint v = 0, one finds that

0= wl,_o=res[dH’, L")| _,
SH'
ou

=res |dH + 9,

! 3.61
L :res[dH,L]—N(éf) . ( )
u x

Solving (3.61) with respect to ‘55% one gets

SH' 1.,
= —0 H. L
S0 Na”” res[dH, L],

where 0. is a formal inverse of the derivative with respect to z. The hat is used to
distinguish it from the pseudo-differential operator 9, !. Thus %—’f can be expressed
in terms of 2. This implies

mdH = mdH'|,_y = L (LdH') 5 — (dH'L)5, L

H' H'
=L (LdH + La;N5 ) - (dHL + a;N5 L) L
ou >0 ou >0

SH'  0H'
= L(LdH)5y — (dHL)5y L+ L~ —

L.
ou ou

Hence, the Dirac reduction yields the reduced quadratic Poisson tensor of the
form

1 1.
mdH = (LdH) 5 L= L(dHL) o+~ |0;" (ves[dH, L)) ,L] . (3.62)

The Poisson tensor (3.62) is local as always res[-,] = (...),. It is also compatible
with the linear Poisson tensor (3.59) since

T L +€) = 77°YL) + € mo(L), (3.63)

where ¢ is an arbitrary scalar.
The Lax operators in the form (3.29) do not span proper subspaces of g with
respect to the cubic Poisson tensor (3.9):

mdH = ((LdHL)s,,L) — L([dH, L])5y L
=—[(LdHL)_,,L] + L ([dH,L])_, L.

<0
Nevertheless, the Dirac reduction can be applied. Here, unlike the previous case,
the number of constraints depends on N, so the reduction has to be considered
separately for each Lax operator (3.29).
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Example 3.14 The N = 2 case of the Gelfand-Dickey hierarchy. One finds the
following bi-Hamiltonian structure for the KdV equation (3.30)

Ly, = [(L) ,L] = modHy = 7}°dH,,
>0

where the Poisson tensors (3.59) and (3.62) are
o = 2633

1.
Tt = 58; + 2u0, + Uy

The respective Hamiltonians read

2 : 1
le—/rengdx:/—uzdx
3 Js 5 4

2 1
Hszg/zres L d:c:/EE(QU?’—uxQ) dz.

Example 3.15 The case of N = 3. The bi-Hamiltonian structure of the Boussinesq
system (3.30) is

Ltg — |:<L§> 7_L:| = 7T0dH2 = 7T1dH_1,
>0

where the linear Poisson tensor (3.59) has the form

[0 30,
=139, 0

and the quadratic Poisson tensor (3.62) is

red _ 203 + Opu + ud, -0 — 0*u + 20,v + v0,
LT\ ud? + 0pv + 200, —2(00 + OPu+ ud? + udyu) + 920 —vd? )

The respective Hamiltonians are

3 2
Hl——/resLde—/vd:c
2 s 2

3 5 1
Hy = - / res L3 dx = / — (—5u3 + 45v% — 45u,v — 15U, — 3u4z) dzx.
5 )y 5 135

A lot of further examples of soliton systems with their bi-Hamiltonian struc-
tures, associated with the algebra of pseudo-differential operators, including the
cases of k£ # 0, can be found in [25] or [4].
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3.11 Exercises

1. Establish the relations (3.14), (3.15), and prove that (3.13) solves the Yang-
Baxter equation (3.3) for o = 1.

2. Show that the subspaces g, and g.; of g (3.25) are Lie subalgebras only for
k=0,1,2.

3. Perform all the computations from Examples|[3.5/and [3.14]related to the KdV
hierarchy. Find the remaining symmetries and functionals from (1.12) and
(1.13), respectively.

4. Do the same for Examples (3.6) and (3.15) connected with the Boussinesq
hierarchy. Moreover, observe that the Boussinesq hierarchy splits into two
bi-Hamiltonian hierarchies. Why?

5. Consider the Gelfand-Dickey Lax operator (3.29) for N = 3. Find the first
nontrivial system from the hierarchy (3.28). Construct related bi-Hamiltonian
structure (3.58) of this system.

6. Establish the relation (3.63). How it proves that 7, (3.59) and =}*¢ (3.62) are
compatible Poisson tensors?
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