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ABSTRACT

INTEGRABLE SYSTEMS ON REGULAR TIME
SCALES

Burcu Silindir Yantir
P.h.D. in Mathematics
Supervisor: Prof. Dr. Metin Giirses
January 8, 2009

We present two approaches to unify the integrable systems. Both approaches are
based on the classical R-matrix formalism. The first approach proceeds from the
construction of (1 + 1)-dimensional integrable A-differential systems on regular
time scales together with bi-Hamiltonian structures and conserved quantities.
The second approach is established upon the general framework of integrable
discrete systems on R and integrable dispersionless systems. We discuss the
deformation quantization scheme for the dispersionless systems. We also apply

the theories presented in this dissertation, to several well-known examples.

Keywords: Integrable systems, regular time scale, R-matrix formalism, bi-
Hamiltonian structures, conserved quantities, dispersionless systems, deformation

quantization scheme.
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OZET

DUZGUN ZAMAN SKALASINDA INTEGRE
EDILEBILIR SISTEMLER

Burcu Silindir Yantir
Matematik, Doktora
Tez Yoneticisi: Prof. Dr. Metin Glirses
8 Ocak 2009

Integre edilebilir sistemlerin birlestirilmesi icin iki farkl yaklagim sunuyoruz. Her
iki yaklagim da klasik R- matris formulasyonuna dayanmaktadir. Ik yaklagim,
(1+1) boyutlu integre edilebilir A- tiirevlenebilir sistemlerin, onlarmn ikili Hamil-
ton yapilarimin ve korunan niceliklerinin elde edilmesi iistiine kuruludur. Ikinci
yaklagim ise R tizerinde integre edilebilir ayrik sistemlerin ve integre edilebilir
dagilimsiz sistemlerin genellegtirilmesidir. Dagilimsiz sistemler i¢in deformasyon
kuvantumlama yontemi ele alinmaktadir. Ayrica bu tezde sunulan teoriler gesitli
iyi bilinen orneklere uygulanmaktadir.

Anahtar sozcikler: Integre edilebilir sistemler, diizgiin zaman skalasi, R-matris
formulasyonu, ikili Hamilton yapilari, korunan nicelikler, dagilimsiz sistemler,

deformasyon kuvantumlama yontemi.
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Chapter 1

Introduction

The theory of integrable systems attracted the attention of many mathemati-
cians and physicists ranging from group theory, topology, algebraic geometry to
quantum theory, plasma physics, string theory and applied hydrodynamics. An
integrable system of nonlinear partial differential or difference-differential equa-
tions arises as a member of an infinite hierarchy. Each member of the hierarchy
generates a commuting flow. Additionally, if we transform a solution of the sys-
tem along a commuting flow, we obtain another solution, which signifies that the
equations in the hierarchy are symmetries of the system. Consequently, what
we mean by an integrable system is a system of nonlinear partial differential or
difference-differential equations which has an infinite-hierarchy of mutually com-

muting symmetries.

The theory of soliton equations, namely integrable nonlinear evolution equations
was initiated in 1895, by Korteweg and de Vries [1] who derived the KdV equa-
tion describing the propagation of waves on the surface of a shallow channel. The
main core of the theory was created in 1967 in the pioneering article by Gardner,
Greene, Kruskal and Miura [2] where the method of inverse scattering transform
was introduced. In 1968 Lax [3] and in 1971 Zakharov and Shabat [4] contributed
the theory by introducing the Lax pair of KdV and nonlinear Schrodinger equa-
tions, respectively. To get rid of the difficulties appearing in the method of Lax,
in 1974 Ablowitz, Kaup, Newell and Segur [5] developed an alternative approach

2



CHAPTER 1. INTRODUCTION 3

called as AKNS scheme, including a wide range of solvable nonlinear evolution

equations such as Sine-Gordon and modified KdV equations.

Integrable systems are characterized in (1 + 1) dimensions, where one of the di-
mensions stands for the evolution (time) variable and the other one denotes the
space variable. The space variable is usually considered on continuous intervals,
or both on integer values and on real numbers or on g-numbers. Depending on
the space variable, integrable systems are classified as continuous (field) soliton
systems, lattice soliton systems and g-discrete soliton systems. The study of con-
tinuous soliton systems was initiated from the pioneering article [6] by Gelfand
and Dickey. In this article, the authors constructed the soliton systems of KdV
type by the use of the so-called R-matrix formalism. This formalism is one of
the most powerful and systematic method to construct integrable systems includ-
ing not only continuous, lattice, g-discrete soliton systems but also dispersionless
(or equivalently hydrodynamic) ones. The idea of creating R-matrices is based
on decomposition of a given Lie algebra into two Lie subalgebras. Thus, R-
matrix formalism allows to produce integrable systems from the Lax equations
on appropriate Lie algebras. Apart from the systematic construction of infinite
hierarchies of mutually commuting symmetries, the most important advantage
of this formalism is the construction of bi-Hamiltonian structures and conserved
quantities. The concept of bi-Hamiltonian structures for integrable systems was
first introduced by Magri [7], who presented an analysis to find a connection be-
tween symmetries and conserved quantities of the evolution equations. Based on
the results of Gelfand and Dickey, Adler [8] showed that the considered systems
of KAV type are indeed bi-Hamiltonian by using a Lie algebraic setting to de-
scribe integrable systems via their Lax representations. This celebrated scheme
is now called as Adler-Gelfand-Dickey (AGD) Scheme. The abstract formalism
of classical R-matrices on Lie algebras was formulated in [9, 10], which gave rise
to many contributions to the theory of continuous soliton systems [11, 12, 13],
lattice soliton systems [14, 15, 16, 17], g-discrete soliton systems [18, 19] and

dispersionless systems [20, 21].

In order to embed the integrable systems into a more general unifying and ex-

tending framework, we establish a new theory, based on two approaches. We
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illustrate these two approaches in the articles [22, 23, 24, 25]. The first approach
is to construct the integrable systems on regular time scales. This approach was
initiated in the landmark article [22], where we extended the Gelfand-Dickey ap-
proach to obtain integrable nonlinear evolution equations on any regular time
scales. The most important advantage of this approach is that it provides not
only a unified approach to study on discrete intervals with uniform step size (i.e.,
lattice hZ), continuous intervals and discrete intervals with non-uniform step size
(for instance g-numbers) but more interestingly an extended approach to study
on combination of continuous and discrete intervals. Therefore, the concept of
time scales can build bridges between the nonlinear evolution equations of type
continuous soliton systems, lattice soliton systems and g-discrete systems. The
second approach lies in constructing integrable discrete systems on R [25] which

also unifies lattice and g-discrete soliton systems.

In Chapter 2, we give a brief review of time scale calculus. For real valued func-
tions on any time scales, we introduce a derivative and integral notion. We col-
lect the fundamental results concerning differentiability and integrability, crucial

throughout this dissertation.

The main goal of Chapter 3, is to present a unified and generalized theory for the
systematic construction of (1 + 1)-dimensional integrable A-differential systems
on regular time scales in the frame of classical R-matrix formalism. For this pur-
pose, we define the d-differentiation operator and introduce the Lie algebra as an
algebra of d-pseudo-differential operators, equipped with the usual commutator.
We observe that, the algebra of J-pseudo-differential operators turns out to be
the algebra of usual pseudo-differential operators in the continuous time scale.
Next, we examine the general classes of admissible Lax operators generating con-
sistent Lax hierarchies. We explain the constraints naturally appear between
the dynamical fields of finite-field restrictions of Lax operators, which were first
observed in [22]. Since generating an infinite hierarchy of symmetries proceeds
by applying a recursion operator successively to an initial symmetry, we formu-
late the construction of recursion operators for A-differential systems based on
the scheme of [26, 27]. We end up this chapter with illustrations of infinite-field

and finite-field integrable hierarchies on regular time scales. The theory and the
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illustrations presented in this chapter are based on the article [23].

In Chapter 4, we benefit from the R-matrix formalism to present bi-Hamiltonian
structures for A-differential integrable systems on regular time scales for the first
time [24] in the literature. The main result of this chapter, is to establish an
appropriate trace form which is well-defined on an arbitrary time scale. More
impressively, this trace form unifies and generalizes the trace forms being studied
in the literature such as trace forms of algebra of pseudo-differential operators,
algebra of shift operators or g-discrete numbers. One of the significant features
of integrable systems is having infinitely many mutually commuting symmetries
and also infinitely many conserved quantities. For this reason, we construct the
Hamiltonians in terms of the trace form and derive the linear Poisson tensors.
The construction of the quadratic Poisson tensors is performed by the use of the
recursion operators presented in Chapter 3. We state the hereditariness of the
recursion operators which assures that both linear and quadratic Poisson tensors
are compatible. Finally, we illustrate the theory by bi-Hamiltonian formulation
of the two finite-field integrable hierarchies given in Chapter 3, in order to be

self-consistent.

Another unifying approach for integrable systems is to formulate different types of
discrete dynamics on continuous line. In Chapter 5, a general theory of integrable
discrete systems on R is presented such that it contains lattice soliton systems as
well as g-discrete systems as particular cases. The main structure of the theory
is hidden in introducing the regular grain structures by one-parameter group of
diffeomorphisms in terms of which shift operators are defined. Having introduced
one parameter group of diffeomorphisms determined by shift operators, we con-
stitute the algebra of shift operators. Accordingly, the construction of integrable
discrete systems on R follows from the scheme of classical R-matrix formalism
and it is parallel to the construction of lattice soliton systems. As illustration,
we construct two integrable hierarchies of discrete chains which are counterparts
of the original infinite-field Toda and modified Toda chains together with their
bi-Hamiltonian structures. We end up this section by presenting the concept of
continuous limit. We choose the class of discrete systems in such a way that as

the limit of diffeomorphism parameter tends to 0, we obtain the dispersionless
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systems.

In the last Chapter, a systematic construction of integrable dispersionless systems
is presented based on the classical R-matrix approach applied to a commutative
Lie algebra equipped with a modified Poisson bracket. We accomplish that the
dispersionless systems together with their bi-Hamiltonian structures are contin-
uous (dispersionless) limits of discrete systems derived in previous chapter. One
of the most important results, is stating the inverse problem to the dispersion-
less limit, which is based on the deformation quantization scheme. This scheme
enables us to deduce that the quantized algebra is isomorphic to the algebra of
shift operators. As a result, we proved that there is a gauge equivalence between
integrable discrete systems and their dispersive counterparts of dispersionless sys-
tems. We refer to the article [25], for the integrable discrete systems on R, the
integrable dispersionless systems and for their correspondence, presented in the

last two chapters.



Chapter 2

Time Scale Calculus

The time scales calculus was initiated by Aulbach and Hilger [28], [29] in order to
create a theory that can unify and extend differential, difference and ¢-calculus.
What is mentioned as a time scale T, is an arbitrary nonempty closed subset of
real numbers. Thus, the real numbers (R), the integers (Z), the natural numbers
(N), the non-negative integers (Ny), the h-numbers (hZ = {hk : k € Z}, where
fi > 0 is a fixed real number), and the g-numbers (K, = ¢ U {0} = {¢* : k €
Z}U{0}, where q # 11is a fixed real number), [0, 1]U[2, 3], [0, 1JUN, and the Cantor
set are examples of time scales. However Q, R — Q and open intervals are not
time scales. Besides unifying discrete intervals with uniform step size (i.e. lattice
hZ), continuous intervals and discrete intervals with non-uniform step size (for
instance g-numbers K, ), the crucial point of time scales is extending combination
of continuous and discrete intervals which are called as mized time scales in the

literature.

In [28], [29] Aulbach and Hilger introduced also dynamic equations on time scales
in order to unify and extend the theory of ordinary differential equations, dif-
ference equations, and quantum equations [30] (h-difference and ¢ -difference
equations are based on h-calculus and g¢-calculus, respectively). The existence,
uniqueness and properties of the solutions of dynamic equations have become of
increasing interest [31, 32]. One of the main contributions to the theory of differ-

ential equations is handled by Ahlbrand and Morian [33] who introduced partial

7



CHAPTER 2. TIME SCALE CALCULUS 8

differential equations on time scales. Next, Agarwall and O’Regan [34] carried
some well-known differential inequalities to time scales to improve the theory.
The concept of time scales is utilized not only in dynamic or partial differential
equations but it is spread also to other disciplines of mathematics ranging from

algebra, topology, geometry to applied mathematics [35, 36, 37, 38|.

Throughout this work, we assume that a time scale has the standard topology

inherited from real numbers.

2.1 Preliminaries

In this section, we give a brief introduction to the concept of time scales related
to our purpose. We refer to the textbooks by Bohner and Peterson [39, 40] for

the general theory of time scales.

In order to define the derivative on time scales, which is called as delta derivative,

we need the following forward and backward jump operators introduced as follows.

Definition 2.1.1 For x € T, the forward jump operator o : T — T is defined by
o(z)=inf{yeT:y >z}, (2.1)
while the backward jump operator p : T — T is defined by

plx) =sup{y e T:y < z}. (2.2)

Since T is a closed subset of R, for all x € T, clearly o(z), p(z) € T.

In this definition, we set in addition o(maxT) = max T if there exists a finite

max T, and p(minT) = min T if there exists a finite min T.

Definition 2.1.2 The jump operators o and p allow the classification of points
x € T in the following way: x is called right dense, right scattered, left dense, left

scattered, dense and isolated if o(v) =z, o(x) >z, p(x) =z, p(r) <z, o(z) =
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p(x) =z and p(z) < x < o(x), respectively. Moreover, we define the graininess

functions p, v : T — [0,00) as follows

wx)=o(x)—z, v(z)=x—p(x), foralzeT. (2.3)

In literature, T* denotes Hilger’s above truncated set consisting of T except for
a possible left-scattered maximal point while T, stands for the below truncated

set consisting of points of T except for a possible right-scattered minimal point.

Definition 2.1.3 Let f : T — R be a function on a time scale T. For x € T",
delta derivative of f, denoted by Af, is defined as
Afe) — i Flota) = £
s—z  o(x)—s
while for x € T,, V-derivative of f, denoted by V f, is defined as
@ ) — tim 1) = F0(2)
T o)
provided that the limits exist. A function f : T — R is called A-smooth (V-
smooth) if it is infinitely A-differentiable (V-differentiable).

: se T, (2.4)

, seT, (2.5)

Similar analogue to calculus is stated in the theorems below.

Theorem 2.1.4 Let f : T — R be a function and x € T". Then we have the
following:

(i) If f is A-differentiable at z, then f is continuous at x.

(i1) If f is continuous at x and x is right-scattered, then f is A-differentiable

at x with

_ @) — f@) 26

(11i) If x is right-dense, then f is A-differentiable at x if and only if the limit
oo 1) = 1)

§—T r— S

(2.7)

exists. In this case, Af(x) is equal to this limit.
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() If f is A-differentiable at z, then

flo(x)) = f(z) + p(z)Af(z). (2.8)

Note that, if € T is right-dense, then p(z) = 0 and the relation (2.8) is trivially
satisfied. Otherwise, (2.8) follows from (ii).

The following theorem is V analogue of the previous one.

Theorem 2.1.5 Let f : T — R be a function and x € T,. Then we have the
following:

(i) If f is V-differentiable at x, then f is continuous at x.

(i) If f is continuous at x and x is left-scattered, then f is V-differentiable at

x with
f(x) = flp(z))
v(z) '

(11i) If x is left-dense, then f is V-differentiable at x if and only if the limit
@)~ f(s)

Vf(x) = (2.9)

2.1
lim ———= (2.10)
exists. In this case, V f(x) is equal to this limit.
() If f is V-differentiable at x, then
fp(x)) = fz) —v(z)V[(2). (2.11)

In order to be more precise, we clarify the definitions given up to now, for some

special time scales.

Example 2.1.6 (i) If T = R, then o(x) = p(z) = = and p(r) = v(xz) = 0.

Therefore A- and V-derivatives become ordinary derivative, i.e.

Af(r) = V() = T
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(i) If T = hZ, then o(x) = x + h, p(x) = v — h and p(x) = v(x) = h. Thus, it

1s clear that

INTRIE (CARU T (. R (U R (L)

(iii) If T = K,, then o(z) = qz, p(z) = ¢ 'z and p(z) = z(q¢ — 1), v(z) =
(1 —q ). Thus

Af(x) = f(zz;v)_—lf;x) and V() f(ra:i]‘g)—xx),
for all x # 0, and
A f(0) = V() = tim T TO e,

provided that this limit exists.

As an important property of A- and V-differentiation on T, we state the product
rule. If f,g: T — R are A-differentiable functions at z € T", then their product
is also A-differentiable and the following Lebniz-like rule hold

A(fg)(x) = g(@)Af(z) + flo(z))Ag(z)
= [(2)Ag(x) + g(o(z))Af(x).

Also, if f,g : T — R are V-differentiable functions at x € T, then so is their

(2.12)

product fg and the following holds

V(fg)(x) = g(2)V f(x)+ fp(x))Vy(x)

(2.13)
f(@)Vg(x) + g(p(x))V [ (2).

Definition 2.1.7 A time scale T is regular if both of the following two conditions

are satisfied:

(1) o(p(x))==a foral €T and (2.14)
(17) plo(z)) ==z forall z €T, (2.15)

The first condition (2.14) implies that the operator o : T — T is surjective while

the condition (2.15) implies that o is injective. Thus o is a bijection so it is
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invertible and c=' = p. Similarly, the operator p : T — T is invertible and

p~ ! = o if T is regular.

Set x, = min T if there exists a finite min T, and set x, = —oo otherwise. Also

set x* = max T if there exists a finite max T, and set x* = oo otherwise.

Proposition 2.1.8 [22] A time scale T is reqular if and only if the following two

conditions hold simultaneously

(i) the point . = min'T is right dense and the point z* = max T is left-dense;

(i1) each point of T\ {x.,x*} is either two-sided dense or two-sided scattered.

In particular, R, hZ (h # 0) and K, [0, 1] and [—1,0]U{1/k : k € N}U{k/(k+1) :

k € N} U[1,2] are regular time scale examples.

Throughout this work, we deal with regular time scales since the invertibility of
the forward jump operator o allows us to formulate the Lie algebra, the forthcom-
ing algebra of §-pseudo-differential operators, in a proper way. For this purpose,
we need a delta-differentiation operator, which we denote by A, assigning each
A-differentiable function f: T — R to its delta-derivative A(f), defined by

[A()](x) = Af(x), for zeT" (2.16)

Furthermore, we define the shift operator E by means of the forward jump oper-
ator o as follows

(Ef)(x) := f(o(x)), xeT. (2.17)

Since o is invertible, it is possible to formulate the inverse E~! of the shift operator
E as

(B~ (@) = floe™ (2) = f(p(=)), (2.18)

for all z € T. Note that E~! exists only in the case of regular time scales and in

general £ and E~! do not commute with A and V operators.

The following proposition states the relationship between the A- and V-

derivatives.
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Proposition 2.1.9 [32] Let T be a regular time scale.
(i) If f : T — R is a A-smooth function on T*, then f is V-smooth and for all
x € T, the following relation holds

Vf(z)=E'Af(z). (2.19)

(i) If f: T — R is a V-smooth function on T, then f is A-smooth and for all
xe T
Af(x) = EVf(x). (2.20)

Thus the properties of A- and V-smoothness for functions on regular time scales
are equivalent.
We define the closed interval [a, b] on an arbitrary time scale T, by

a,b) ={z€eT:a<z<b}, abeT (2.21)
with @ < b. Open and half-open intervals are defined accordingly. In the defini-

tions below, we introduce the integral concept on time scales.

Definition 2.1.10 (i) A function F : T — R is called a A-antiderivative of
f: T — R provided that AF(z) = f(x) holds for all x in T". Then we define the
A-integral from a to b of f by

/b flx)Axz=F(b)— F(a) forall a,beT. (2.22)

(ii) A function F : T — R is called a V-antiderivative of f : T — R provided
that VF(x) = f(z) holds for all z in T.. Then we define the V-integral from a

tob of f by )
/ f(x)Vao=F0b)— F(a) forall abeT. (2.23)

Remark 2.1.11 Notice that, for every continuous function f we have

o(z)
/ f(z) Az = F(o(2)) — F(z) = p(e)AF(x) = p(o)f(z).  (2.24)
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Stmilarly

/ " @) Vo = v(@) (). (2.25)

(z)
Hence, it is clear that A- and V-integrals are determined by local properties of a

time scale.

In particular, on a closed interval [a,b] on T, the A-integral (2.22) is an ordinary
Riemann integral. If all the points between a and b are isolated, then b = ¢"(a) for

some n € Z, and as a straightforward consequence of (2.24), A-integral becomes

[ 50 80 = Y wlo @)s(e' @),

Similar analogue for V-integral can be also formulated. For mixed time scales,
the integrals can be constructed by appropriate gluing of Riemann integrals and

suIs.

Proposition 2.1.12 If the function f : T — R is continuous, then for all a,b €
T with a < b we have

/abf(x)Ax:/abE‘l(f(x))vx and /abf(:v)Vx:/abE(f(x))Ax. (2.26)

Indeed, if F': T — R is a A-antiderivative of f, then AF(z) = f(z) for all x € T".
By the use of Proposition 2.1.9, we have E~!f(z) = E7'AF(z) = VF(z) for all
x € T,, which implies that F' is a V-antiderivative of E~!f(z). Therefore

b b
F(b) — F(a) = / B (f(x)Va = / f()Ax. (2.27)
The second part of (2.26) can be derived similarly.

If the functions f,g : T — R are A-differentiable with continuous derivatives,
then by the Leibniz-like rule (2.12) we have the following integration by parts

formula,

b b
/ 9(@)Af(2) Az = f(z)g(x)l, —/ E(f(x))Ag(z) Az, (2.28)
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Furthermore, if the functions f,¢g: T — R are A- and V-differentiable with con-
tinuous derivatives, from (2.13), (2.19) and (2.20), we have additional integration

by parts formulas

/ g(OVI@Vr = f(z)gx)’ / BV (f(2))Vg(x)Ver,  (2.20)

b

/ gOAf@Ar = [)g@)— [ f(2)Va(r)Ve, (2.30)
b

/ (@ @)Ve = F@) @) — [ fz) Ag(x)A. (2.31)

For Riemann and Lebesgue A-integrals on time scales, we refer [41] and [40]. The
generalization of the proper integral (2.22) to the improper integral on time scale

T is straightforward.

Definition 2.1.13 We define A-integral over an whole time scale T by

/T f@) Az = / f(@) Az = lim F(z) — lim F(z)

r—x* T—Tx

provided that the integral converges.

Now, let us constitute the adjoint of A-derivative. The integration by parts

formula (2.28) on the whole time scale T, leads the following relation

/T 9A(f) Az = — / FAEY(g) Az = / Al Az, (232)

if f, g and their A-derivatives vanish as * — x, or x*. Thus, we introduce the

adjoint of A-derivative as
Al = —AE™! (2.33)

We figure out that by (2.33), it is clear
E7 =1+ pAl (2.34)

We end up this chapter with the examples of A- and V-integrals for some special

time scales.
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Example 2.1.14 (i) If f : T — R then A-integral and V-integral are nothing

but the ordinary integral, i.e.

r)Azr = x)Vr = h x)dx .
[ r@ar= [ 10 va= [ s (2.35)
(i) If [a,b] consists of only isolated points, then
b
/ f(x)Ax = Z p(z and / fx)Va = Z v(z) f(x). (2.36)
z€[a,b) @ z€(a,b]

In particular, if T = hZ, then

/ f@Az=h0>" flx and/ flx Z f(x), (2.37)

z€la,b) z€(a,b]
while A- and V-integrals over the whole hZ
f( Aa:—ﬁZf and [ f(x)Vz=nh Zf(:t:) (2.38)
zehZ L zehL
and if T =K, then
f@Az=(g-1) Y zf(2),

z€Ky

f@Ve=0-¢") Y of(@).

Kq z€Ky

Ky

(2.39)



Chapter 3

Algebra of )-pseudo-differential

operators

3.1 Leibniz Rule for /-pseudo-differential oper-

ators

In this section, we deal with the algebra of d-pseudo-differential operators defined
on a regular time scale T. We denote the delta differentiation operator by ¢
instead of A, for convenience in the operational relations. The operator § f which

is a composition of ¢ and f, where f: T — R, is introduced as follows
O0f :=Af+ E(f)o, Vf. (3.1)
Note that 6! f has the form of the formal series

07 f = i(—1)’“((E_1A)’“E_1)f5_k_1, (3-2)

which was previously given in [22], in terms of V. Equivalently, (3.2) can be

written in terms of the adjoint of the A-derivative given in (2.33), as
0T f =) ETNANEfTR (3.3)
k=0

17
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Remark 3.1.1 One can derive the following relations between the operators §

and 61 which is valid

5f6 g =gE(f)+A(f)é g, (3.4)
f67 gd = FE Y (g) — foH(AE (), (3.5)

forall f,g.
We introduce the generalized Leibniz rule for the §-pseudo-differential operators
f=>"Spfe"t nei, (3.6)
k=0

where
Sp=AFE"F L E"FAR for o nz k>0,

is a sum of all possible strings of length n, containing exactly £ times A and n—k

times F;
S — B! (AT’“E"H T E”“ATk> for  n<0 and k>0

consists of the factor E~! times the sum of all possible strings of length k —n —1,
containing exactly k times AT and —n—1 times £~!; in all remaining cases S = 0.

For the structure constants S}, we have the following recurrence relations

Sl —grp 4 st A for >0 (3.7)
and
k .
St =Y "Sp ETATY for n<O. (3.8)
=0

Lemma 3.1.2 For alln € Z, the relation

Y (~w)tSp=(E—pA) =1 (3.9)

k>0

holds.
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Proof. We verify the Lemma 3.1.2 by the use of induction. For this purpose,
we consider the positive and negative cases of n separately. By (2.6) and (2.34),

we have

E—pA=E"—pAt =1.

Case n > 0: Now, assume that (3.9) holds for positive n. If we start with

expanding (F — pA)", we have
(B — pA)"™ = (B — pA)*(E — pA)
=(E —puA)"E — u(E — pA)"A

WSEE + Z ) SR
k=0

Since S}, ; = S, = 0 and by the use of the recurrence relation (3.7), we have

n+1 n+1
(E—pA)™*t = "(—p SkEJrZ I
k=0
n+1 n+1
_Z " (SrE + S IA):Z(_mkSZLH:L
k=0
Case n < 0: First, we show (3.7) for n = —1. Thus, using the recursive substitu-
tion, we have
(B — pA)~ ( — ,uAT) E—puA) ' =E7" — (B — pA) AT

= —p(E7 = p(E = pd)” IAT) AT
- —,uE AT+ 12(B — pA) AT
= B uEAT 1 2ETIAY - BEIAT 4

= f: EIAT = i(—u)ksk_l-
k=0 k=0

Assume that (3.9) holds for negative n. Then, using the recurrence relation (3.8),

we have

(B —pA)"' = (B — pA)"(E — pA)™!

D ICHED PEnE

8

= > (-n)Sp Y (~u) EAT

k=0
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Playing with indices we obtain the desired result

(E — pA)"™ :ii pEHSEETIAN = ZZ wESE_ EIAT

k=0 i=0 =0 =0
B YET SLICRICHE y e
k=0 i=0 k=0
Hence (3.9) holds for n — 1, which finishes the proof. O

In order to investigate the generalized Leibniz rule for some special cases, it is

better to divide the discussion into two cases when p(x) = 0 and when p(z) # 0.

Remark 3.1.3 (i) When x € T is a dense point, i.e. p(x) = 0, then the

(i)

generalized Leibniz rule (3.6) becomes

of = Z( )Ak fo Tt nez, (3.10)

n(n—1)-....(n—k+1)

”) is a binomial coefficient (’;) = o , and particularly

k
when x is inside of some interval then A = 0,. Therefore, we recover the

where (

generalized Leibniz formula for pseudo-differential operators. One can find

the converse formula for (3.10),

o] . n .
:kzzod ’f(k>AT f, (3.11)

where the adjoint of A is given by (2.33).
Forz € T such that u(x) # 0, it is more convenient to deal with the operator
&= pd (3.12)
instead of 6. By the use of (3.1), we derive
§f=pof =(E-1)f+EfE,  Vf,

and the generating rule follows as

& f = Z() —V)FERfet p e (3.13)
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Here, we emphasize that the operator A = 3".a;0" has a unique &-
representation A =", al&’, and there is one-to-one transformation between

a; and a;. Since, it is well-known that
(Em)T =E,

the converse formula for (3.13) yields as
n - n—k [T k rm—k\t
F—1)FE
/€ ;:0& (k)(( ) )

_ ggnk (Z) (B —1) EFry (3.14)

We end up this section with the explicit form of the generalized Leibniz rule,

essential in our calculations, stated in the following theorem.

Theorem 3.1.4 The explicit form of the generalized Leibniz rule (3.6) on reqular

time scales is given as follows.

(i) Formn > 0:

f=> > (A EA"E. A2EAD) f5*, (3.15)
k=0 i1+i2+...+ik+1=n7k
where i, > 0 for all v =1,2,..,k+1. Here the formula includes all possible

strings containing n — k times A and k times E.

(i1) Forn <0:

Y > (F)M(ETR AR TR A LETRAET) f57F,
k=—n  i1+ic+...Figynt1=k

(3.16)
where i, > 0 for all v = 1,2,..,k +n+1 > 0. Here the formula includes
strings of length 2k +2n+1, containing k times E~1 with exactly k+n+1

placement and k + n times A.
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3.2 Classical R-matrix formalism

In order to construct integrable hierarchies of mutually commuting vector fields
on regular time scales, we deal with a systematic method, so-called the classical

R-matriz formalism [9, 42, 13], presented in the following scheme.

Definition 3.2.1 [/4] A Lie algebra G is a vector space together with a bilinear

operation |-,-] : G X G — G, which is skew-symmelric
@b = —ba, abeg. (3.17)
and satisfies the Jacobi identity

[[a,b], c] + [[c,a],b] + [[b,c],a] =0, a,b,c€g. (3.18)

Based on the above definition, let G be an algebra, with an associative multipli-
cation operation, over a commutative field K of complex or real numbers, based
on an additional bilinear product given by a Lie bracket [-,:] : G x G — G, which

is skew-symmetric and satisfies the Jacobi identity.

Definition 3.2.2 A linear map R : G — G such that the bracket
la,b]r := [Ra,b] + [a, RY], (3.19)

1s a second Lie bracket on G, is called the classical R-matrix.

The bracket (3.19) is clearly skew-symmetric. When it comes to discuss the
Jacobi identity for (3.19), one finds that

0 = [a, [b, ¢]g]r + cyclic = [Ra, [Rb, c]] + [Ra, [b, Rc]] + [a, R[b, c]g] + cyclic
= [Rb,[Re, a]] 4+ [Rc, [a, Rb]] + [a, R[b, c|g] + cyclic
= [a, R[b, c]r — [RD, Rc]] + cyclic
(3.20)

Hence, it can be clearly deduced that a sufficient condition for R to be a classical
R-matrix is

[Ra, Rb] — R[a,b|r + afa,b] = 0, (3.21)
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where a € K. The condition (3.21) is called the Yang-Bazter equation YB(«) and
there are two relevant cases for YB(«), a # 0 and o = 0. Yang-Baxter equations

for a # 0 are equivalent and can be reparametrized.

Additionally, we assume that the Lie bracket is a derivation of multiplication in

G, i.e. the relation
la,bc] = bla, c] + [a,blc  a,b,c€G (3.22)
holds. If the Lie bracket is given by the commutator, i.e.
[a,b] = ab — ba, a,be g,

the condition (3.22) is satisfied automatically, since G is associative.

Proposition 3.2.3 Let G be a Lie algebra fulfilling all the above assumptions and
R be the classical R-matriz satisfying the Yang-Baxter equation, YB(«). Let also
R commutes with derivatives with respect to these evolution parameters. Then the

power functions L™ on G, L € G andn € Z., generate the so-called Lax hierarchy

L

g = [R@).L], (3.23)

of pairwise commuting vector fields on G. Here, t,,’s are related evolution param-

eters.

Proof. It is clear that the power functions on G are well defined. Then

(Ltm)tn - (Ltn)tm = [RLmv L]tn - [RLna L]t'm
=[(RL™),, — (RL™),,, L] + [RL™ [RL", L] — [RL",[RL™, L]|
= [(RL™),, — (RL™),, + [RL™, RL", L.

Hence, the vector fields (3.23) mutually commute if the so-called zero-curvature

condition (or Zakharov-Shabat equation)

(RL™);, — (RL"),, + [RL™,RL"] =0,
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is satisfied. By the Lax hierarchy (3.23) and the Leibniz rule (3.22), we have
(L"), = [R(L"), L™].
Since R commutes with 0, ,i.e.
(RL);, = RL,,,
and the Yang-Baxter equation holds for R, we deduce
R(L™),, — R(L");,, + [RL™, RL"] = R[RL",L™| — RIRL™, L") + [RL™, RL"]

= [RL™ RL"] — R[L™,L"|gp = —a[L™, L"|
= 0.

Hence, zero-curvature condition is satisfied which implies that the vector fields

pairwise commute. [

In practice, the Lax operators in (3.23) have fractional powers. Notice that, the
Yang-Baxter equation is a sufficient condition for mutual commutation of vector
fields (3.23), but not necessary. Therefore, choosing the algebra G properly, the
Lax hierarchy produces abstract integrable systems. In practice, the element L
of G must be properly chosen, in such a way that the evolution systems (3.23)

are consistent on the subspace of G.

3.3 Classical R-matrix on regular time-scales

The theory and illustrations presented in this section and the forthcoming sections

of this chapter are based on the article [23].

We introduce the Lie algebra G as an associative algebra of formal Laurent se-
ries of d-pseudo-differential operators equipped with a Lie bracket given by the

commutator. We define the decomposition of G in the following form:

G = Gor ® G = {>_ wil@)d} & D> ui(2)6'}, (3.24)

i>k i<k
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where u; : T — K are A-smooth functions additionally depending on the evolution
parameters t,. The subspaces G>i, G are closed Lie subalgebras of G only if
k =0,1, i.e., the above decomposition is valid only if £ = 0,1. We introduce the

classical R-matrix as
1
R = §(P2k — P<k) k= O, 1, (325)

where Pj and P.j are the projections onto the Lie subalgebras G>; and G,

respectively such that

Pop(A) =D a;i8',  Pop(A)=) s’ for A=) ad €. (3.26)

i>k i<k

Let L € G be the Lax operator of the form
L=uno™+uy 10V 1+ +ud4+ug+u0t+..., (3.27)

The Lax hierarchy (3.23), based on the classical R-matrix (3.25), is generated
by the fractional powers of the Lax operator L from the algebra of d-pseudo-

differential operators

dL n n

= (L¥) L] == |9 0] k=01 nezZi  (328)
In fact, the Lax hierarchy (3.28) is an infinite hierarchy of mutually commut-
ing vector fields since R satisfies the sufficiency condition Yang-Baxter equation
(3.21) for @ = 1. Moreover, (3.28) represents (1 + 1)-dimensional integrable
A-differential systems on an arbitrary regular time scale T, involving the time

variable t,, and the space variable x € T for an infinite number of fields u;.

The appropriate Lax operators which produce consistent Lax hierarchies (3.28),

are given in the following form:

k=0: L=cnoN +un_ 10V T+ Fudt +ugtuqot+. .. (3.29)
k’: 1: L:UN(SN+UN_15N_1+...—|—U151—|—U0—|—U_15_1—|—..., (330)
where cy is a time-independent field since in the case of k = 0, the derivative of the

coefficient of the highest order term with respect to time vanishes. Additionally

for k = 0, one finds that (uy_1); = p(...) and for k = 1, (un): = p(...)(explicitly
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presented in the Remarks 3.5.2 and 3.5.3). Thus the fields uy_; ( for & = 0),

uy ( for k = 1) are time-independent for dense points = € T, as at these points

w=0.

In order deal with extracted closed finite-field integrable A-differential systems
on regular time scales, some finite-field restrictions should be imposed on the
appropriate infinite-field Lax operators (3.29) and (3.30). The restriction is valid
if the commutator on the right-hand side of the Lax equation (3.28) does not
produce terms not contained in L;,. To be more precise, the left- and right-hand
of (3.28) have to span the same subspace of G. Simple computation allows to

conclude with the most general form of the admissible finite-field Lax operators

L=uno™ +uy 10 1+ . +ud4ug+0tuq+ Z V0 s, (3.31)

where for £k =0, u_; = 0 and uy is a non-zero time-independent field, which can
be denoted as cy. Here also the sum is finite and 5, ¢, are arbitrary dynamical
fields for all s. When T = R, i.e in the case of the algebra of pseudo-differential
operators the fields 15 and ¢ in (3.31) are special dynamical fields and they are
so-called source terms, as ¥5 and ¢, are eigenfunctions and adjoint-eigenfunctions,
respectively, of the Lax hierarchy (3.28) [12].

Note that, further admissible reductions of the Lax form (3.31) are given by for
k=0

L= cNéN —+ UN,15N71 + .. Fud+ Ug. (332)
and for k=1
L= uN5N + UN_15N_1 + ...+ U15 + ug + (5_1’&_1 (333)
L=uno™ +un_ 10+ 4 ugd + ug (3.34)
L= uN(SN -+ UN_l(SN_l + ...+ U15. (335)

respectively, where uy_; (for & = 0), uy (for £ = 1) are time-independent at

dense points of a time scale.

In general, for an arbitrary regular time scale T, the Lax hierarchies (3.28) rep-

resent hierarchies of soliton-like integrable A-differential systems. In particular,
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the Lax hierarchies (3.28) are lattice and g-discrete soliton systems when T = hZ
or K,, respectively. When T = R, i.e. the continuous time scale on the whole R,

they are of continuous soliton systems.

Moreover, in some special cases, continuous soliton systems can be obtained from
the continuous limit of integrable systems on time scales. Indeed, if the defor-
mation parameter is properly introduced, it is possible to deal with a continuous
limit of a time scale. For instance, the continuous limit of AZ is the whole real
line R, i.e.

T=hZ—T=R, as h—0, (3.36)

and the continuous limit of K, is the closed half line Ry U {0}, i.e
T=K, —T=R,U{0}, as q— L. (3.37)

In the case of continuous time scale, the algebra of J-pseudo-differential operators
(3.24) turns out to be the algebra of pseudo-differential operators

G=0ot G ={)_wi(2)0'} & {>_wl)d'}, (3.38)

ik i<k

where 0 acts as du = 0,u+ud = u, +ud. In this case, the decomposition is valid
for k = 0,1 and 2. However, the algebra G (3.24) of §-pseudo-differential operators
does not decompose into closed Lie subalgebras for £ = 2 on an arbitrary time
scale. To be more precise, the decomposition of the Lie algebra is valid when
T = R, in the case of k& = 2, while this case disappears for the rest of the time
scales. Therefore, in the general theory of integrable systems on time scales, we
loose one case contrary to the ordinary soliton systems constructed by the frame

of pseudo-differential operators.

For appropriate Lax operators, finite field restrictions and more information about

the algebra of pseudo-differential operators, we refer to [11, 12, 13, 42].

3.4 Recursion operators

One of the characteristic features of integrable systems is the existence of a re-

cursion operator. A recursion operator [43] of a given system, is an operator such
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that when it acts on one symmetry of the system, it produces another symmetry,
ie.
®(Ltn) = Lt n e Z+.

n+N?

Hence it allows to reconstruct the whole hierarchy (3.28) when applied to the first
(N — 1) symmetries. Giirses et al. [26] presented a very efficient general method
to construct recursion operators for Lax hierarchies and the authors illustrated
the method on finite-field reductions of the KP hierarchy. In [27] the method
was applied to the reductions of modified KP hierarchy as well as to the lattice

systems. Our further considerations are based on the scheme from [26] and [27].

Lemma 3.4.1 The recursion operator of the related Lax operator (3.31) is con-

structed by solving the recursion relation

Le,.. = Lo, L+ [R, L), (3.39)

n+N

where R is the remainder operator of the form

R = (IN(SN + CZN_15N_1 +---+ap+ Z (1_1785_1908, (340)

which has the same degree as the Lax operator L (3.31). Here ay = 0 for the case
k=0.

Proof. We prove the Lemma, by the continuous analogue presented in [26].
Consider the case k = 0. In this case, u_; = 0 and uy is time-independent in the

Lax operator (3.31). Since ((L~)soL)so has only positive powers, we have
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where R is of order N — 1 and we substituted R = ((L~)L)so, which is exactly
of the form (3.40) with ay = 0. Similarly for £ = 1, we have

(L% )51 = (L¥)51 L)1 + (L¥) 1 L)
= (L%)%L - [(L%>>1L]0 - [(L%)%ﬂﬂs]o(g_l% + ((L%)<1L)>1
= (L¥)1 L+ R,

where R has the form (3.40). Thus, in both cases (3.39) follows from (3.28).

Hence we can extract the recursion operator from (3.39). O]

Note that in general, recursion operators on time scales are non-local., i.e., they
contain non-local terms with A=! being formal inverse of A operator. However,
such recursion operators acting on an appropriate domain produce only local

hierarchies.

3.5 Infinite-field integrable systems on time

scales

In this section, we illustrate the theory of integrable A-differential sys-
tems on regular time scales by two-infinite field integrable hierarchies which
are A-differential counterparts of Kadomtsev-Petviashvili (KP) and modified
Kadomtsev-Petviashvili (mKP).

3.5.1 A-differential KP, k£ = 0:

Consider the following infinite field Lax operator

L=06+ug+ Y wé (3.41)

i>1
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which generates the Lax hierarchy (3.28) as the A-differential counterpart of the
KP hierarchy. For (L)>o = 0 + uo, the first flow is given by

du. oL | | | |
Wi _ Z(_l)k+1ui—k Z (B AETRAN . E72AE )y, (3.42)

k=0 Ji+je+. Fier1=t

+ [LAUH_l + AUZ + u;ug Vi > 0,

where j, > 0 for all v > 1.

Similarly, by the use of (L?)so = 6% + £§ + 1, where

& := Fug + ug n = Aug +ud +u; + Buy, (3.43)

the second flow yields as

duo .
dty
dui .
dty,
+
+

MA(E + 1)u2 + uA(Aul + Uiy + UlE_lUO)
i—1
(—1)F* 2y, > (B2 AE™ A ETRAETI)E

1 Jit+je+.. . Fjra=i+1

(=)l > (ETAETRA L ETRAET)y (3.44)
Jitjettiet1=1

k=

[en]

where j, > 0 for all v > 1.

Example 3.5.1 The simplest case in (2 + 1) dimensions: We rewrite the first

two members of the first flow by setting ug = w and t; =y and the first member

of the second flow by setting to = t. Since E and A do not commute, note that

in the calculations up to the last step, we use E — 1 instead of uA, in order to

avoid confusion.

w, = (E—1)u, (3.45)
Uy, = (E—1Duy+ Auy +u(1— E ) (w), (3.46)
w, = (E*—=1)uy + (E — 1) (Auy +wyw +u B (w)) (3.47)
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Applying (E + 1) to (3.46) from left we have
(E® = Dug = (E + Duyy — (B +1)Au; — (E — Duy(1 — B Hw. (3.48)

Applying (E — 1) to (3.47) from left and substituting (3.45) and (3.48) into the
new derived equation we finally obtain the (2 4+ 1)-dimensional one-field system
of the form

pAw, = (E + 1wy, — 28w, + 2uA(wwy). (3.49)

which does not have a continuous counterpart. For the case of T = hZ, one can

show that (3.49) is equivalent to the (2 + 1)-dimensional Toda lattice system.

The A-differential analogue of one-field continuous KP equation is too compli-

cated to write it down explicitly.

Remark 3.5.2 Here we want to illustrate the behavior of ug in all symmetries
of the difference KP hierarchy. Let (L").o = ZUZ(”)(S_i, then by the right-hand

i>1

of the Lax equation (3.28), we obtain the first members of all flows
dUO

dt,

Thus ug 1s a time-independent field for dense points x € T since u = 0. Hence,

= pAol™. (3.50)

in the case of T =R, ug appears to be a constant.

In T = R case, or in the continuous limit of some special time scales, with the
choice uy = 0, the Lax operator (3.41) turns out to be a Laurent series of pseudo-

differential operators

L=0+) wo™ (3.51)

i>1

Moreover, the first flow (3.42) turns out to be exactly the first flow of the KP
system

du;

dt,

while the second flow (3.44) becomes exactly the second flow of the KP system

=,  Viz1 (3.52)

dui
dts

i—1 .

—1

= ()2 + 2(uit1)e +2 Y (=1} <Z B )ui_k(ul)m Vi1, (3.53)
k=1
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3.5.2 A-differential mKP, k£ = 1:

Consider the Lax operator of the form
L=u_16+» ud™ (3.54)
i>0
which generates the A-differential counterpart of the mKP hierarchy. Then,
(L)>1 = u_19 implies the first flow

du_1
= 1A
dt, HU—18Ug
du; i ‘ ‘ ‘ ,
d;‘ = (1), S (ERAETRAALLETEAE Y,
1 k=-—1 Jitg2+-Fike=i+1
+ u—lEui—l—l + U,_lAUi Vi 2 0, (355)

where 5, >0,v=1,2,...,k+2.
Next, for (L?)>; = €62 + nd, where
§:=u_1Fu_q, n:=u_1Au_1 +u_1Euy + uou_q, (3.56)

we have the second flow as follows

du_
T — (B + B )+ pua A — B~ A
du, . . '
=D (DT Y (BTWAETALLAETS
2 k=—2 Jitie+. Aiers=it+2 (3.57)
+ Z k+2 Z (E_jk+2 AE eI A AE—ﬁ)n
k=—1 j1+j2+--.+jk+2=i+1

+ 52(A2Ui + (EA + AE)UZ'_H + E2Ui+2> + U(Auz + Eui“),

where ¢ > 0 and j, > 0 for all v >

Remark 3.5.3 Similarly we illustrate the behavior of u_y in all symmetries of
the A-differential mKP hierarchy by considering (L") <1 = sz(n)é_i. Then we
i>0
obtain the first members of all flows
du_1
dt,

= ,uu_lAvén), (3.58)
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Thus, u_1 is time-independent for dense x € T. Hence when T =R, u_y appears

to be a constant.

In T = R case, or in the continuous limit of some special time scales, with the
choice of u_; = 1, the Lax operator (3.54) turns out to be the pseudo-differential

operator
L=0+) wo™ (3.59)
i20

Furthermore, the system of equations (3.55) is exactly the first flow of the mKP

system
du;
- = Ui, Vi20, 3.60
dt, " ' (3:60)
while the second flow (3.57) turns out to be the second flow of the mKP system
dui
a, = ()2t 2(tiin)o + 2o () + 2ugtting

i ; (3.61)
+ 2 Z(—l)k+1 (k‘) ui+1_k(u0);w Vi 2 0.
k=0

3.6 Constraints

There appear natural constraints between the dynamical fields of the admissible
finite-field Lax restrictions (3.31) fulfilling the Lax hierarchy (3.28). We determine
these constraints in the following theorem, which is a consequence of the property
of the algebra of d-pseudo-differential operators. The property is illustrated in

the following proposition.

Proposition 3.6.1 Let L, L, € G be

L1 = XT: aiérﬂl, LQ = i: biésii + '1/1571@,
=0 =0

with
r+s

(L1, Lo =) 6™ 4 Crpas1 0 0 + 900 Crp s, (3.62)

1=0
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then
r+s . . A
Z(_lyﬂzci + (_1)T+S+IUT+S+1(9@CT+S+1 + wCrJrerl) = 0. (3'63)
=0

We verify the Proposition 3.6.1, by the use of the Lemma’s stated and proved

below.

r—1
Lemma 3.6.2 Let 0" ‘o = Z Cio" b+ 0.6, >0, then
=0

r—1

Y (FDWC ()W Cr= . (3.64)

=0

Proof. In order to prove the Lemma we make use of induction. Consider

Fps T o =Y "Di0" + Dyad e, (3.65)
i=0

where

Dy = E(Cy),

-1
D; = AC+E(C)=——Ci1+E(C), i=12,...,r—1,
-1
D'r = ACT—I + 90E<CT) =—Cr1+ @E(Cr)a
E—-1
DT+1 == ACT = —C’r’-
i
Next, we consider
r r—1

Z(_l)iuiDi+<_1)r+lur+l(p Dr+1 _ Do‘f‘Z(—l)iMiDi

1=0 i=1
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T r—1

S (=1 Di+ (1)t Doy = Y (1) E(C))

1=0 7

Thus
T r—1
S (=1)WDi+ (1) e Dy o= Y (DG 4 (1) e Cp = .
i=0 1=0
O
Lemma 3.6.3 Assume
r—1
67 6 ] = Cie T + Cd T e+ 6 TICL, 20, (3.66)
i=0
Then )
i=0

Proof. Similarly, we use induction. The assumption hypothesis of Lemma 3.6.3

implies

[5T+17 ¢5_I<P] = Z E(ST_i + Fr+15_1§0 + 1/15_1Fr+1, (368)

=0

By (3.65) and the relation (3.5), we have

[0 wd ) = O e — a0+ (07,48 o

—_

= Y D"+ Db = (O Kb+ KB (9) — K07 (AET )

=0 =0
r—1

+ > G+ CGE N (p) — Co T AE ) +pETIC,
=0

— YiTY(AET'C,).
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Now consider

T T

S (CV)F 4+ (1) @ + 0F) = > (1) Di+ (1) oD,

i=0 =0

- S~ ()W B () — (1) K, A ()

r—1

+ D (FVWCH ()W (CET () +ETHC) + (-1 T (=G AET (p)

=0

— YAETH(C)).

Then the result of Lemma 3.6.2 and (3.67) implies that

T

S (U)W F A+ () (eF ) = e — 1y
1=0
+ (=)W (K, — K, E(p)

- NKTAE_I (@))

+ ()" (—¢Cr — ¢Cy)
+ (-1)u(CE (@) + v ETH(C,)
+ WCAE (@) +PAETN(C))
= 0.
O
Lemma 3.6.4 :Assume
[Ad", B6®] = ZC&”S i (3.69)
forallr > s >0, then
> (=1)'pic;=o. (3.70)
1=0
Proof. If 6"F =Y C;6"", for all v > 0, then the following holds
=0
> (-1)'piC; =F, (3.71)

1=0



CHAPTER 3. ALGEBRA OF 6-PSEUDO-DIFFERENTIAL OPERATORS 37

which can be proved easily similar to the proof of the Lemma 3.6.2. The proof

of the lemma proceeds by making use of the following expansion
[A6™T, B§®) = AS"(AB)&* + AS" (nAB)*t! + [AS", B6%)0,

and induction. O

Hence, the virtue of Lemma 3.6.2, Lemma 3.6.3 and Lemma 3.6.4 straightfor-
wardly imply the proof of the Proposition 3.6.1.

In order to explain the source of the Proposition 3.6.1, it is much simpler to

consider the Lemma 3.6.4. Let A be a purely d-differential operator such that

A=Y "a;, (3.72)

>0
where the sum is finite. In order to expand A with respect to the shift operator

E: Eu = E(u)€, we need an explicit relation between the shift operator £ and

0-pseudo-differential operator §, which is presented below.

Proposition 3.6.5 [22] The operator formula
E=1+ud, (3.73)

holds, where I denotes the identity operator.

The equality (3.70) from Lemma 3.6.4 is trivially satisfied for dense x € T, since
in this case p = 0. Therefore, it is enough to consider remaining points in a
time scale so assume that p # 0. Thus, the operator formula (3.73) implies the
relation for p # 0,

§=pute—pt. (3.74)

The relation (3.72) can be rewritten, by the use of (3.74), as

AE) =) ae'. (3.75)

7

Thus, the constant term of the polynomial A in £ can be obtained by substitut-
ing £ = 0, which implies the replacement § with —u~! by (3.74). Replacing §
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1

with —p ™! in the assumption hypothesis (3.69) of Lemma 3.6.4, the commutator

vanishes and this allows us to find

r

D (=) G =0, (3.76)

1=0

which is equivalent to (3.70).

The above procedure can be also extended to the operators A which are not purely
0-differential and contain finitely many negative ordered terms . For this purpose
consider the Proposition 3.6.1. Replacing § with —u~! in (3.62) the commutator

vanishes, and we obtain (3.63).

Such behavior of the algebra of §-pseudo-differential operators leads us to deter-
mine the general form of the constraints between the dynamical fields of the Lax

operators (3.31), stated in the following theorem.

Theorem 3.6.6 The constraint between the dynamical fields of Lax operators

(3.31), generating the Lax hierarchy (3.28), has the following form

N+k—1
S (=N ()Y oo =a, k=0,1,  (3.77)

i=—k

where a is a time-independent function. (for k =1, a is nonzero when =10 )

Proof. Clearly, the right-hand side of (3.28) can be represented in the form of
Ly, . If we replace § with —u~! in both sides of (3.28), we deduce that

Liylse 1 = [(L")zh, L5y =0, k=0,1. (3.78)
since the commutator vanishes. Analysing furthermore, we obtain
(=™ Ly |y, =0, k=0,1. (3.79)

For k =1, applying (3.79) on the Lax operator (3.31), the constraint

Z (_M)N_iui + (_M)N—H Z?ﬂs% =a (380)
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follows. Similarly for £ = 0, we have the following constraint

N—

(=) s+ (=) Y e = a (3.81)

[y

1=

since uy is time-independent and u_; = 0 in this case. The constraints (3.80)
and (3.81) imply the general form of the constraint between the dynamical fields
of (3.31) as (3.77). O

As a consequence, the constraint (3.77) with a fixed value of a, is valid for the
whole Lax hierarchy (3.28) which allows to generalize the above theorem for

further finite-field restrictions.

3.7 Finite-field integrable systems on time

scales

3.7.1 A-differential AKINS, k£ = 0:

Let the Lax operator (3.31) for N =1 and u; = ¢; = 1 be of the form
L=65+u+1s . (3.82)
The constraint (3.77) between fields, with a = 0, becomes
u = . (3.83)

For (L)so = 0 + u, one finds the first flow

du 4

T HAWE ),

i = Ay + ur, (3.84)
dt,

d_gp = AE o —up.

dt,
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Eliminating field u by (3.83), we have
dyp

o = A+ e,
dgol (3.85)
L = AE o — up*p.
dt: © — TP
Next we calculate (L?)so = 6% + £6 + n where
E=(E+1Du, n:=A7Au+u*+9ER)+vE ' (p). (3.86)

Thus, the second flow takes the form

d
d_ti = pA[AWE () + VE (up) + wE o] — pA(E + D)ETAE (),
Zﬂ = A%+ g+ EAY, (3.87)
to
le_go = —(AE™) 0 —on+ AE(99).
to

By the use of the constraint (3.83), the second flow can be written as

dy

o = AN o0+ EAY,
15}
i ) (3.88)
T —(AE™")2 0 — i+ AE7H (),
2
where
Ei=(E+ Dby, 1= Aupp + (upp)® + 0E(W) + YE~ (o). (3.89)

In order to obtain higher elements of the hierarchy of A-differential AKNS; it is
much simpler to derive the recursion operator. For this purpose, one finds that

the appropriate reminder (3.40) has the form
R=A"(p uy,) — 0 . (3.90)

Then, (3.39) implies the following recursion formula

U w— p oF YE! U
v = AT Atut ATy AT Y
s — A7yl —pEA u—AE™N — pEATY) v/,
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which is valid for isolated points x € T, i.e. when pu # 0. For dense points, its

reduction by the constraint (3.83) follows as,

(),

In the case of T = R, or in the continuous limit of some special time scales, the

_ (A2 +20AT e + 2pATNY (G (3.92)
—pp? =207 —AET =200 ) \p)

n+1

recursion formula (3.92) turns out to be:

0, + 200t 2000,
(w) _ ( HO WO ) (w) | (393)
. =200, =0. =200, ) \¢)
Using the recursion operator (3.92), the third flow is calculated in the form
dip 3 _ 7 -1 2 —1\2
™ =AY + A1) + EAY) + 20 AT (pA%Y — Y(AET)7p)

+ 20 AT (QEAY + YAE T (9€)) + 2upp(A%) + EAY)
+ b (on + AE o€ — (AE™)?p)
ZT@ =(AE™ o+ 20ATH (W(AET 9 — pA%)) + AE i)
2
— 20AT (YAET o€ 4+ p€AY) — (AET')2pE
— (A + hiy + EAW).

(3.94)

where £, 7 are given in (3.89). In T = R case, or in the continuous limit of some
special time scales, with the apparent choice u = 0 (the constraint (3.83) implies
that « = 0 since p = 0), the Lax operator (3.82) takes the form L = 9 + 99~ .
Then, the continuous limits of (3.84) and (3.87) respectively, imply that the first

flow is the translational symmetry

dvp
T
dy _

and the first non-trivial equation from the hierarchy is the AKNS equation

dyp

g, = Wt 2%,

d; (3.95)
- = —Pxz — 29021/J~

dt,
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Furthermore, the continuous limit of the third flow (3.94) of A-differential AKNS

becomes

d

& — e+ 600

d(;’ (3.96)
T T 6 T

a, P + 6Ypp

which can be also derived by directly applying the recursion operator (3.93) to
the continuous second flow (3.95). Note that, the choice of ¢ = 1 in (3.96) implies
the usual KdV-equation while setting ) = ¢ in (3.96) yields the usual modified
KdV-equation.

In T = R case, the first nontrivial flow is the second one (3.88), i.e. the AKNS
system. When T = Z and T = K, we get the lattice and g-discrete counterparts
of the AKNS hierarchy where the first nontrivial flow is (3.85).

3.7.2 A-differential KdV, k£ = 0:

A further admissible reduction of the Lax operator (3.31) for k = 0 is given by
(3.32). Consider the following finite-field Lax operator, with N =2 and ¢, = 1

L= 6%+ v +u, (3.97)

which generates the A-differential counterpart of KdV hierarchy. The constraint
(3.77) between the dynamical fields, with a = A, where A is an arbitrary time

independent function, becomes
v = pu+ A (3.98)

Straightforward calculation for
LV =6+ap+a 6t +ad 24 (3.99)

allows to obtain the coefficients «;, ¢ > 0 in terms of the dynamical fields u and
v, as

E(ap) + ap = v, (3.100)

E(an) + a1 + Aag + (ag)? = u, (3.101)

E(as) + as + g E7Hag) + Aag = 0. (3.102)
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We obtain the members of the KAV hierarchy by the choice of n = {2k +1:k €
No}.

(1). Let n = 1. Then Lax hierarchy (3.28)

L = [(LY?)s0, L] (3.103)
implies the first flow as
% = Au—vAay — A%ay, (3.104)
% = Av+(E—-1Du—v(E—1)ay— EAay — AEay,

= p(Au —vAay — A’ay). (3.105)

By the constraint (3.98) the first flow can be rewritten as

d
d_i‘ = Au— (pu+ \) Aag — Aay, (3.106)

where ay is,
E(ag) + g = pu+ A\ (3.107)

We investigate the reduced first flow (3.106) for particular cases of T with the

ansatz A = 0.

(i) In T = R case, or in the continuous limit of some special time scales, with
the choice v = 0 (in this case, 4 = 0 and by the assumption A = 0, the constraint
(3.98) implies that v = 0), the Lax operator (3.97) takes the form L = 9* + .
Then, the relations (3.100), (3.101), (3.102) imply the first three coefficients of
the operator L'/?

1 1

ap=0, o= gt Q2= g, (3.108)

and the continuous limit of (3.106) becomes
Up = Ug, (3.109)

which is a linear equation explicitly solvable:
u(z,t) = p(z+1), (3.110)

where ¢ is an arbitrary differentiable function.
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(ii) In T = Z case, we have p = 1 and (3.107) is satisfied by

n—1

ao(n) =— Y (=1)"Fu(k), nez (3.111)

k=—o00

and therefore the equation (3.106) becomes

dq;(t") = —u?(n) + 2u(n) +2(—1)" 2 + u(n)] Z_: (=D*u(k),  (3.112)
for n € Z.

(iii) In T = K, case, we have p(z) = (¢—1)z and (3.107) is satisfied by ap(0) =0
and

ap(x) =—(g—1) Y (=D yu(y) (3.113)

ye(0,q~ ]
for € K, and = # 0. Substituting (3.113) into (3.106) we obtain an evolution

equation for w.

(iv) Let T = (—00,0) UK, = (—o0,0] U ¢*. Here, by the choice of this special
time scale we have two different types of graininess functions. If x € (—o0,0],
we have p(r) = 0 which implies clearly oy = 0. On the other hand, if z € ¢Z,
the graininess function is p(x) = (¢ — 1)z and thus ag(x) is exactly equivalent
to the form given as (3.113). As a result, (3.106) produces an evolution equation
that coincides on (—o0,0] and ¢Z with the evolution equations described in the
examples (i) and (iii), respectively. Note that the solution u has to satisfy the

smoothness conditions
u(07) = u(0), «(07) = Au(0"), (3.114)

at £ = 0.

(2). Let n = 3, we obtain

(L5 =6 +p82+qd+7 (3.115)
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where
p=ap+ E(v), (3.116)
q=Av+ E(u) + ayv + oy, (3.117)
r=Au+aou+a; E7Hv) + ag, (3.118)

and the Lax equation (3.28) implies the second flow as

(jl—l; = Au+pA*u+qgAu— A’r —vAr, (3.119)
% = A%+ EA’u+ AEAu+ A’Bu + p[A* + EAu

+AEu] + q(Av+ E(u) —u) + v — A%q — EAr
—AEr —vAq—vE(r). (3.120)

By the use of the constraint (3.98) with the choice A = constant, the reduced

second flow yields as

d

d_;t = Au+pA%u+ qAu — A*r — v Ar, (3.121)
Similar to the discussions given in part (i), when T = R, or in the continuous
limit of some special time scales, the relations (3.116), (3.117), (3.118) imply the
first three coefficients of the operator L?/2

3 3

p=0, g=gu, 7="U (3.122)
and the continuous limit of (3.121) becomes the KdV equation
1 3
Up = Zuz),x + éuux (3.123)

Remark 3.7.1 The recursion operator of KdV hierarchy can be calculated by
taking the square of the recursion operator (3.92) of AKNS hierarchy. Note that,
such a behavior leads us to deduce that the Lax hierarchies and bi-Hamiltonian

structures of A-differential KdV are hidden inside of A-differential AKNS.

3.7.3 A-differential Kaup-Broer, k£ = 1:

The admissible finite field restrictions (3.31) with N = 1 and without the finite

sum on the right hand side of (3.31) leads to consider the simplest Lax operator



CHAPTER 3. ALGEBRA OF 6-PSEUDO-DIFFERENTIAL OPERATORS 46

of the form
L=ud+v+0 " w. (3.124)

The constraint (3.77), with a = 1, implies

u=1+pv— pw. (3.125)

Calculating (L)s; = ud, the Lax equation (3.28) implies the first flow as
du

2 U

dty pUs,

C(;TU = ulAv + pAE (uw), (3.126)
1

dw _ AE (uw)

dt, '

By the use of the constraint (3.125), one can rewrite the first flow in the form

dv
dt,
dw
dt,

= (14 pv — p*w)Av + pAE~ (w(1 + pv — pw)),
(3.127)
= AE! (w + pow — /fwz) .

Next, we calculate (L?)s; = £6% + 16, where
& :=uFu, n:=ulAu+uFEv+ vu, (3.128)

that yields the second flow

du
dts
dv
dts
dw
dts

= puA(E™ + Duw + pudov® + pul (uAv),
= (A% + Aw) + pAE Hwn) + ETTAETH(wé) + nAv, (3.129)
= —AE'AE Y (wé) + AEH(wn).

Since it is cumbersome to write the second flow in terms of the constraint, we

skip this complicated coupled equation.

In the case of T = R, or in the continuous limit of some special time scales, with

the apparent choice u = 1 (the constraint (3.125) implies that u = 1 since p = 0),
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the Lax operator (3.124) takes the form L = 9 + v + 0 'w. Then the similar

continuous analogue allows us to obtain the first flow

dv

— = Ug,

dt,

o (3.130)
- = Wy,

dt4

and the first non-trivial equation from the hierarchy is the Kaup-Broer equation

d
% = Vg, + 2w, + 2vv,,
dqf; (3.131)
d_t2 = —Woq,; + 2(1}71))3r
The appropriate remainder (3.40) of A-differential KB is given by
R=uA" (pu)  uy, 6 — v, — ANy, (3.132)
Hence, from (3.39) we have the following recursion formula
U R, ul Ji; U
v = | Ryu v+ul 1+ E Yu vl (3.133)
w R w ~AEYu+ v — pw w
t'n+1 tn

which is valid when p # 0 and
Ryy = E(v) — i u + pul (v) A (pu) ™
Ry = A() +w +uA@)A  puw) ™ + (1 — B uwA ™ (pu) ™ (3.134)
Ryuw = AE_luwA_l(uu)_l.

Its reduction by the constraint (3.125) is

v _[vFuA+ Ryp (1+ E~Yu — Ryyp? v (3.135)
w w + Ryupt ~AEYu+v— pw — Ryupi® ) \w . T

tn+1

with u given by (3.125). In the case of T = R, or in the continuous limit of some

special time scales, the recursion formula (3.135) turns out to be

—1
LA B 2 ) (3.136)
w/, w+ dwd; ! =0, +v/) \w .

+1
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3.7.4 A-differential Burgers equation, k = 1:

A further admissible reduction of the Lax operator (3.31) for £ = 1 is given by
(3.34). Thus we can consider the reduction of the Lax operator (3.124) as

L =ud +v. (3.137)

By eliminating the field w from (3.129), we derive the second flow,
du

— = puA(uAv +v?),
dty
o (3.138)
pri uE(u)A% 4+ (uAu + uE(v) + uv)Av = uA(ulv + v?).
2
which is equivalent to Burgers equation on time scales
d
% = (1 + u)A((1 + p)Av + v?), (3.139)
2
together with the constraint
u=1+ po. (3.140)

(i) In the case of T = R, or in the continuous limit of some special time scales,

(3.139) becomes the standard Burgers equation on R

dv

d_t2 = Vg + 207, (3.141)

(ii) When T = AZ then pu(x) = h. Then considering the constraint v = pv = hv
(i.e @ = 0 in the constraint (3.77)), we find

d
% =v(x)v(z + h) [v(x + 2h) — v(x)], (3.142)
where x € hZ. The evolution equation (3.142) represents the difference version

of the Burgers equation.

(iii) When T = K,, we have u(z) = (¢ — 1)z. If we consider the constraint
u=pv = (q—1)zv, we get from (3.139)
dv(x)
dt

The evolution equation (3.143) represents the g-difference version of the Burgers

— v(2)o(ga)[o(’x) — v(a)). (3.143)

equation.
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Remark 3.7.2 Note that, we obtained the Burgers hierarchy directly in [22]
rather than eliminating the field w from KB hierarchy. By the frame of the
reduced Lax operator (3.137), the Lax equation (3.28) turns out to be

dL

= s L == [ L] = [= (0 L, nz1 (3144)

Since (L™)g is a scalar function, letting (L™)g = p, implies the general form of

all flows as

d
% = pulpy, (3.145)
dv
where the first three p, are given by
po= v, (3.147)
pr = ulv+v? (3.148)
ps = (v+uld)(uAv +0?). (3.149)

The above hierarchy reduces to a single evolution equation

d
L+ p)Ap,, n> 1, 3.150
dt

with the constraint (3.140).



Chapter 4

Bi-Hamiltonian Theory

4.1 Classical bi-Hamiltonian structures

In this section we collect the fundamental notions and definitions in the theory
of bi-Hamiltonian structures for the algebra of pseudo-differential operators, i.e.

in R [42, 44, 13).

Let U be a linear space of N tuples
u = (Ul(l‘),Ug(.I),...,UN<,I'))T, (41)

of smooth functions u; : 2 — K, where K is a field of complex or real numbers
and the space 2 C R is chosen such that u; and all derivatives are rapidly decaying
functions, i.e. u; and all derivatives tend to 0 as |z| — oco. Then, U arises as an
infinite dimensional phase space with local coordinates {u, u,, ug,, ...}. A smooth

vector field on U is given by a system of differential equations
u; = Kul, (4.2)
where u; 1= % and
K[u] := (Ki[u], K3[u], ..., Kx[u])T.
The scalar fields on U are functionals F': U/ — K of the form

F(u)—/ﬂf[u]dx. (4.3)
50
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Let F = {F :U — K} be a space of functions on U, defined through functionals
(4.3). Let V be a linear space over K of smooth vector fields on &. and V* be
the dual space to V with respect to the duality map

() V' x VK

Then, the dual space V* is a space of all linear maps 7 : V — K and the action of
n=(ny,ne,....,nn)T € V*on K €V can be defined through a duality map given
by

N
K) = / > niKide = / 0’ K.dz, (4.4)
Q55 Q

Definition 4.1.1 The directional derivative of an arbitrary tensor field F at u €
U in the direction of the vector field K € V is defined by

L P+ eK) |o (4.5)

F/(u]K] = =

Remark 4.1.2 By the above definition, the directional derivative of the func-

tional F' (4.3) is written as
F'[K] = (dF,K) = / dF".K.dx, (4.6)
Q

and one can deriwe the related differential (or gradient) dF € V* of F, in the
following scheme: If we differentiate F with respect to t in the direction of K
(4.2), we find out that

N

/ aaf ((i)jo)r-dv = /Q Zﬁ_i(ui)t-diﬂ- (4.7)

Here by the use of integration by parts, variational derivative is as follows

‘5F —Z J’ (4.8)

3=0 )jl‘

F (u)[u] =

and the differential of F yields as

F OF F\7
OF 9 5_) (4.9)

(5’&1’ 5U27 Y (5’&]\[

dF (u) = (
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Note that, the above scheme is valid only for the algebra of pseudo-differential
operators. Now, we can pass through the remarkable concept of bi-Hamiltonian

structures.

Definition 4.1.3 A bilinear product {-,-} : F x F — F which defines the Lie
algebra structure on F is called a Poisson bracket. A linear operator w : V* — V

1s called Poisson operator if the bracket

{H,F}, = (dF,ndH) = / dF' . wdH.dv  F,H€EF (4.10)
Q

1s a Poisson bracket.

Definition 4.1.4 A vector field K € V is called a bi-Hamiltonian with respect to

Poisson operators my and 1, if there exists functionals Hy, Hy € F such that

K = 7T0dH1 = 7T1dH0. (411)

Definition 4.1.5 The pair of Poisson tensors mg and m is called compatible if

o + Ay 1S also a Poisson tensor for any constant \.

Definition 4.1.6 [/4] A linear operator m : V* — V is degenerate if there is a

nonzero operator ™ :V — V* such that 7.m = 0.

The following theorem summarizes the main properties of bi-Hamiltonian sys-

tems.

Theorem 4.1.7 [44] Assume
Uy, = Kl[u] = 7T0dH1 = 7TldH0

be a bi-Hamiltonian system of evolution equations. Let the operator my be nonde-

generate and ® :' V — YV be of the form

d=m.my! (4.12)
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(which is so-called recursion operator). Let us also define recursively
Uty = Ko[U] =modHy = K; = . K, (413)
for each i = 1,2, ..., i.e. for each i, K;_y lies in the image of my. Then for all

1 >0, there exists a sequence of functionals H; satisfying

(i) For each i > 1, the evolution equation
Uy, = KZ[U] = WodHi = WldHifl, (414)

1s a bi-Hamiltonian system.

(ii) The evolutionary vector fields K; mutually commute
[K;, K;] =0, Vi,j>0. (4.15)

(iii) The Hamiltonian functionals H; are all in involution with respect to each

Poisson bracket, i.e.
{Hi7Hj}7TO — {Hi7Hj}7r1 — O, Z,j 2 O (416)

Hence, the Hamiltonian functionals H; is an infinite collection of conserved

quantities for each of the bi-Hamiltonian systems (4.14).

Remark 4.1.8 Since we have defined integrable systems as systems which has
infinite hierarchy of mutually commuting symmetries (all symmetries in the hi-
erarchy are Hamiltonian), the theorem 4.1.7 ensures that bi-Hamiltonian system

of evolution equations are completely integrable.

4.2 A-differential systems

We present now the theory of bi-Hamiltonian structures on an arbitrary regular

time scale, based on the article [24].
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Let U be the linear space of N-tuples
w = (ug,...,uy)"

of A-smooth functions u; : T — R, on a regular time scale T and assuming
values on the field R. Additionally assume that, u;’s depend on an appropriate
set of evolution parameters, i.e. u;’s are dynamical fields. Consider the set of

A-differential smooth functions
C={Aug(x):k=1,... N;Ae S},

where

S = {AilATﬁ-...-AinM“ :neNO,il,jl...,in,jneN}.

and AT is given in (2.33). Note that, S is the set of all possible strings of A and

AT operators which do not commute.

Definition 4.2.1 A system of evolution equations of the form
u = Klul, (4.17)

1s called a A-differential system, where u; := % and K = (K1, Ky, ..., Kn)T with
K; being finite order polynomials of elements from C, with coefficients that might

be time independent A-smooth functions.

The system (4.17) represents a (1 + 1) dimensional dynamical system since t € R
can be treated as an evolution (time) parameter and z as a spatial (space) one
on an arbitrary regular time scale. Furthermore, the linear space U defines an
infinite-dimensional phase space which assures that the system of evolution equa-
tions (4.17) creates a vector space on this phase space of A-differential smooth

functions of elements from C.

We have an additional assumption on the fields such that all fields u, : T — R
together with their A derivatives are rapidly decaying functions, i.e. all fields and
their A-derivatives tend to zero sufficiently rapidly as x goes to z, or z*, where

r, = min T if there exists a finite min T and z, = —oo otherwise, x* = max T
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if there exists a finite maxT and z* = oo otherwise. Thus, we define a space
F ={F :U — R} of functions on U through linear functionals

_ /T flul A, (4.18)

where f[u] are polynomial functions of C. Let V be a linear space of all vector
fields on U. Then, the dual space V* is a space of all linear maps n : ¥V — R
and the action of n € V* on K € V can be defined through a duality map by
means of the functionals (4.18). Moreover, since (4.17) are evolution equations,

the concept of variational derivative which is defined by

Z Taf k=1,...,N. (4.19)

5uk

is well-posed. Therefore, the notions of directional derivative and the differential
of a functional (4.18) is also well-posed. Hence, we follow the procedure presented
in the previous section, for A-differential systems on regular time scales. Note
that, since (%A = 0, the definition of variational derivative (4.19) is consistent

with the definition of functionals (4.18).

4.3 The Trace Functional

In this section, we will introduce a trace form which is well-defined on an arbitrary
time scale and at the same time which recovers in T = R case the trace form of
pseudo-differential operators, in T = Z case the trace form of shift operators and

in T = K, case the one of g-numbers after constraints are taken into consideration.

Definition 4.3.1 The trace form Tr : G — K is introduced by

TrA = —/ (Aco)]s—_1 A:U—/Z p)"la; A, (4.20)
T /»"

<0

where Aco =Y, _o ;0" for the d-pseudo-differential operator A =", a;0".

In order to show that the substitution § = —l% given in the trace form (4.20) is

well-posed, we state the following proposition.
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Proposition 4.3.2 Let A and B be d-differential operators such that the follow-

ing relation holds

Then the multiplication operation in the algebra G of d-pseudo-differential opera-
tors commutes with the substitution 6 = —‘%, i.e,
1 1
— (AB)[so_2 Az = | = (A)|s__1 (B)[s—_1 Az (4.21)
T H » T M K K

Proof. It is sufficient to prove (4.21) for the monomials A = aé™ and B = b"
such that m +n < 0. Substituting the monomials into the left-hand-side of the

expression (4.21) and using the Leibniz rule (3.6) we obtain

TI(AB) = - / l aémb5n|6:_l ALC = — / 1 az S;:nb(sm'i‘n—k Al‘
" T M

T M k>0

0=—

= aZ(—M)k’m’r"lS,Tb Ax = /Tab(—u)m"1 A,

T k>0

1
m

where the last equality follows from the relation (3.9). Consequently, (4.21) fol-

lows. ]

Remark 4.3.3 Here, we want to investigate the trace form (4.20) for two par-

ticular cases by reconsidering the Remark 3.1.8. The trace functional (4.20)

TrA = /TFZ(—u)_i_lai Axr = /T[a_l + (—p)a_g + (—p)a_s + ..]Az, (4.22)

1<0

turns out to be the following form when pu(x) =0;
TrA = /@1 Ax. (4.23)
T

Thus, when T = R, we recover the trace formula for the algebra of pseudo-

differential operators [8].

For the case u(x) # 0, by the definition of &-operator (3.12), the substitution
0= —i implies & = —1 and the trace form (4.20) within the algebra of &-operators
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s given by

1 1 ,
TrA = —/— Aol Az = —/— —1)'a; Ax, 4.24
.y <0|§, 1 - Z( ) ( )

1<0

with &-representation A =", ai&'.

The simplest way to define an appropriate inner product is to identify it by a
trace form. Thus, we introduce the inner product on G by the bilinear map

(,7)g : G x G — K and in terms of the trace form (4.20) as follows

(A, B)g := Tr(AB). (4.25)

Theorem 4.3.4 The inner product (4.25) is

(i) nondegenerate, i.e. A =0 is the only element of G fulfilling

(A,B); =0, VBeg.

(ii) symmetric, i.e.
(A,B)g = (B,A);, VA Beg.

(iii) ad-invariant, i.e.

(A,[B,C)g + (B, A],C)g =0, VA B,C €.

Proof. The nondegeneracy of (4.25) follows immediately from the definition of

the trace.

In order to show that (4.20) is symmetric, it is enough to make use of the
monomials A = ad™ and B = bd" once again. Then, depending on m + n,
we have three cases. If m,n > 0, obviously by the definition of the trace we
have Tr(AB) = Tr(BA) = 0. If m,n < 0, the Proposition 4.3.2 implies the
symmetricity. Therefore, it remains to prove the case when m.n < 0. Without

loss of generality, let m > 0 and n < 0. Now, we consider the cases p(z) = 0 and

wu(x) # 0, separately.
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(i) For u(x) = 0, applying the generalized Leibniz rule (3.10) to the term 6™b

below, we have

Tr(AB) = Tr (ad™b6") = (Z )aAFpsmn- ’f)

k=0
Since, in this case the trace functional is of form (4.23), k = m +n+ 1 and trace

form becomes
Tr(AB) — / (., JaAm™m+ip Ag. (4.26)
T

Applying the converse formula (3.11) to the below term ad™ and using (4.23), we
obtain

Tr(BA) = Tr (bd"ad™) = Tr (Z 8 b6m+"_kATka>

k=0
:/(m+n+1)bATm+n+1 AZE
T

Using the integration by parts formula (2.32), finally we have
Tr(BA) = / (i, @A™ Az = Tr(AB) (4.27)
T

which immediately follows the symmetricity.

(ii) For u(x) # 0, we pass to the &-pseudo-differential operators. Let A = a&™
and B = b¢" with m > 0 and n < 0. Applying the generalized Leibniz rule (3.13)
to the below term £™b and using the trace form (4.24), we have

m

TT(AB) Tr (agmbgn _ (Z _1 Em k:bgm-i-n k)

k=0

/ Z m+n k (E— 1)kEm—kb Az,

k m+n+1
Applying the converse formula (3.14) to the below term a&™ and using (4.24), we

have

Tr(BA) = Tr (be"a&™) (Zm: )b ( 1)kEkma>
0

/ Z Yy (B = 1) EF e Ax

At this point notice the following remark.
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Remark 4.3.5 By (2.6), we have E = 1+ pA and by the use of (2.33) we derive

the following relation

(Ep)" = pB = p(1+ pA)" = p(1+ Alp) = p— pAE~"p1
=pu—(E-1V)E'uy=E"1pu (4.28)

Let f(E) be a polynomial function of E. Then by (4.28), it follows that

1 L R
~f(E)) =—f(E)
L
and finally trace form yields as

/ Z )™k (E — 1)PE™ b Az = Tr(AB).

k m+n-+1

The symmetricity of the trace functional on the algebra of &-pseudo-differential
operators implies the symmetricity of the trace functional on the algebra of o-

pseudo-differential operators for u(x) # 0.

Hence, the inner product (4.25) is symmetric. Finally, since the inner product
(4.25) is from now on symmetric and the multiplication operation defined on the
algebra G of d-pseudo-differential operators is associative, then the inner product
(4.25) is ad-invariant. O

The following proposition provides us to interrelate the trace form (4.20) with

the ones that will be defined in this section.

Proposition 4.3.6 The expansion of (1 + ud)~! into non-negative order terms

of 6-pseudo-differential operators is given by

o0 o e
(14 p6) ™= (=0)(uF + AP = (=0 ———, (4.29)
k=0 k=0

while its expansion into negative order terms is

— 1
14 pé)~ . 4.30
( == (430)
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Note that, the first expansion (4.29) is valid for all points of T including the dense
points, however the second expansion (4.30) is valid only for o # 0. It is sufficient

to prove the first expansion (4.29).

Proof. We verify the Proposition 4.3.6 by multiplying both sides of the expres-
sion (4.29) with (1 + p6) from right-hand side. Then, using (3.1) we have

o0 k+1 o0
(14 pu8) (14 pu8) = > (=6) =——+ > (=6)*Eu**'s
k=0 k=0

_5)k(5luk+1 . Aluk-‘rl)

I
[
n
(@2
=
S
t??‘
s
+

k=0 Ry
Re _5kE,Uk+1_ - L)L T - CSVEA
=D ()T = Y (O = (=8) A

k=0 H k=0 k=0

M o0 Euk+1
s S (P ) =
k=
Similarly one can verify the second expansion (4.30). 0

Proposition 4.3.7 The trace form (4.20) is equivalent to the following trace

form

E~ ' -1
TrA = . res (A(1+ pd)~') Ax, (4.31)
T

where

resA:=a_, for A= Z ;o'

Proof. First we calculate the residue term res (A(1 + pd)™'), by assuming the

expansion (4.29) of (1 + pd)~! into nonnegative terms.

k H—k Eu)kJrl
res (A(1 + pé)™") = res (Z Z a;0 T )
= res (Z(—l)_i_laié_l(E%)_i +.. )

1<0
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Using the rule (3.2), residue follows as

res (A(1 4 pd)~") = res (Z(—l)_i_lai;—_;ué_l +.. )

1<0

(=)~
- _Z E-1y Gi-

1<0

Substituting the residue into the trace form (4.31), we obtain

TrA = /T E_l’ures (A1 4 pé) ') Az = AZ(—M)_i_lai Az

H i<0
[ Ay
=— | = 0)lsg=—1 AT
rp T
which ensures that the trace forms (4.20) and (4.31) are equivalent. O

Remark 4.3.8 The trace form (4.31) is the most general form for the trace
functional. We proved in the previous Proposition that the trace form (4.31) is
equivalent to the form (4.20) if the expansion (4.29) of (14ud)~" into nonnegative
order terms are considered. If on the contrary, we make use of the expansion
(4.30) of (1+ud)~! into negative order terms, the trace formula (4.31) yields the

following trace form

A = / 1 Asols 1 Az = —/Z(—u)_i_lai Azx. (4.32)
T M " T

i>0
Observe that, this alternative trace form (4.32) is valid on regular-discrete time

scales, i.e. when p # 0.

In order to show the correspondence between the trace form (4.32) and the trace
form of the algebra of shift operators explicitly, we make use of the relation
(3.74), which is valid p # 0. Now, if we assume that ! expands into negative
order terms of shift operator £ and we expand the operator A by means of shift
operators &, as A = >, a,€", then from the alternative trace form (4.32) we regain
the standard trace form of the algebra of shift operators

Tr'A ;—/l% Ar.
T M
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The traces (4.20) and (4.32) are not equivalent in general, although they are
produced from the most general trace form (4.31). This lies in using different
expansions of (1 + ud)~t. Nevertheless, they are closely related to each other on
regular-discrete time scales. To be more precise, consider the constraints (3.77)
for the Lax operators of the form (3.31). For an arbitrary constrained operator

Al|s__1 = const, it is clear that,
m

Als——z = (Az0 + Aco)lsm 1 = Aol 1 + Acols—s (4.33)

which implies that

A>0’5:—% = — A<0‘5:7i + const.

Thus, on regular-discrete time scales if we apply the traces (4.20) and (4.32) to

the constrained operator A|;__1 = const, then both traces yield the same results
m

up to a constant. Hence, the traces (4.20) and (4.32) are equivalent up to a

constant if the constraints are taken into consideration.

Note that, by similar observations for T = K, one recovers from (4.32) the trace

form of ¢-discrete numbers (we refer the appendix of [45]).

As a summary, we state the following Remark involving the relationships between

the trace forms introduced in this section.

Remark 4.3.9 The trace form (4.20) is valid on arbitrary reqular time scales and
wn particular for T = R, it produces the standard trace form of pseudo-differential
operators. Furthermore, if the appropriate constraints are taken into considera-
tion, (4.20) also recovers the trace forms for T = 7Z of lattice shift operators and

for T =K, of q-discrete numbers.

Hence, we establish an appropriate trace form which is well-defined on an arbi-
trary regular time scale. More impressively, in this work, we fulfill the gap of
a trace form which unifies and generalizes the trace forms being studied in the

literature.
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4.4 Bi-Hamiltonian structures on regular time

scales

In order to define the Hamiltonian structures for the Lax hierarchy (3.28), we

need to derive the Poisson tensors. For this purpose, by the use of the relation
(A7 RB)Q = (RTA7 B)gu

the adjoint of R-matrices (3.25), Rf, is found as

1
RT:P;k—i k=01, (4.34)
where trace form (4.31) implies
PLA = (AL +po)™")__, (14 pd). (4.35)

Here the projections are of the form
Bey=)Y &b for B=) &b,
i<—k 7

which are hardly different than the projections performed in (3.26).

The existence of the well-defined inner product (4.25) allows us to identify the
Lie algebra G of §-pseudo-differential operators with its dual G*.

Remark 4.4.1 The general theory of bi-Hamiltonian structures are presented
in section 4.1 due to the linear space U of smooth functions which corresponds,
in our case, to the space U of A-smooth functions on reqular time scales. In
order to utilize a very essential tool, classical R-matriz formalism, which allows
to produce infinite hierarchy of mutually commuting symmetries together with
bi-Hamiltonian structures at once, we have to pass from the linear space U of
A-smooth functions on reqular time scales to a Lie algebraic setting. For this
purpose, let v : U — G*, be the embedding of the linear space U into the algebra
G = G* of 6-pseudo-differential operators

L;L[—>g*§g u—>L(u):77
di:V—G">gG up — du(ug) = ny,
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where du is the differential of the embedding. Then every functional F: U — R
can be extended to a A-smooth function on G* = G. Therefore, let F(G = G*¥)
be the space of smooth function on G* = G of the form Foi.' : G =~ G* — R,
consisting of functionals (4.18). Then, the differentials dF(n) of F(n) € F(G =
G*), at the point n € G* = G belong to G.

Hence, we formulate the bi-Hamiltonian system of integrable A-differential equa-
tions (3.28) as follows
Ltn = WodHn = WldHn,N, (436)

where H € F(G = G*) are constructed in terms of (4.20)

H,(L)= anTr (L~ (4.37)

and the differentials dH belong to G = G*.

Note that, the functionals (4.37) are the related Hamiltonians (conserved quan-
tites) (integrals of motion) since the derivative of H,, with respect to time param-

eter t vanishes. They are such that dH,, = L~.
The linear Poisson tensor [13, 46] has the general form;
7o : dH — [RdH, L)+ R' [dH, L].

Then, the R-matrix and its adjoint allows us to derive the linear Poisson tensor

as follows:

modH = [RdH, L] + R' [dH, L]

(4.38)
= [L,dHo) + ([dH, L} (1 +po) ") ., (1 +pd)  k=0,1

Since there appears additional conditions on R and R' (4.34) with the chaotic
projection (4.35), we do not construct the quadratic Poisson tensor by proceeding
the R-matrix scheme [13, 46, 14, 15]. Thus, rather than the standard procedure,
we utilize the recursion operators ®, derived for the Lax hierarchies (3.28) such
that

n+N*
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Since, the linear Poisson tensor 7y is formulated as in (4.38), the quadratic Poisson
tensor m; can be reconstructed by the frame of 7y and the recursion operator @,
ie.

T = (I)’Tfo. (440)

The recursion operator ® is hereditary [47], [48] at least on the vector space
spanned by the symmetries from the related Lax hierarchy (3.28). In some par-
ticular degenerated cases, the recursion operator ® may not be hereditary and
therefore equivalently 71 may not be compatible with 7y or in a worse case, 7
may not even a Poisson tensor. In general, showing the fact that an opera-
tor is hereditary, i.e it is an operator with vanishing Nijenhuis torsion [49] is so
troublesome that we omit this calculation. The following remark guarantees the
hereditariness property of ®, which is closely related with the compatibility of

Poisson tensors.

Remark 4.4.2 We consider the quadratic Poisson tensor m for dense points
(. = 0) and for regular-discrete points p # 0, separately. When p = 0, the
construction of w1 within the algebra of d-pseudo-differential operators, using the
generalized Leibniz rule (3.10), proceeds parallel to the construction by the frame
of the algebra of pseudo-differential operators [11, 12]. On the other hand, when
w # 0, the construction of m on reqular-discrete time scales, using (3.13), is
completely parallel to the construction by means of the algebra of shift operators
[15]. In this case, note that dependence on p, different than a scalar, should be
taken into consideration. Therefore, the construction of 7w in both cases assures
that it is a Poisson tensor and furthermore it is compatible with my. Hence, the

recursion operator ® = mmy ', fulfilling (4.39) is hereditary.

When it comes to derive the differentials d H with respect to Lax operators (3.31),
we present them in an implicit form given in the following scheme. Let

n

dH = 5Nk, (4.41)

=1

where N is the order of the Lax operator (3.31), n is the number of the rest of
the dynamical fields of (3.31) after taking the constraint (3.77) into consideration
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and clearly k is either 0 or 1. Our aim is to express ~;’s in terms of dynamical

fields of (3.31) and their variational derivatives. For this purpose, we assume that

N+k—2

(@, L); = | ( > Sur Y (E—Zwsm%(ws)t)) Ar.  (442)

i=k

where the dynamical fields u, 1, ¢ belong to the Lax operator (3.31). Therefore,
substituting the form (4.41) into the ansatz (4.42), the terms ; ' s can be written

in terms of the related dynamical fields.

We end up this section with some formulae used in the calculations of the linear

Poisson tensor.

Ply(ad™'b) = ad~b+ pab
PL(a07'b) = ad~'b— 6 tab
PL(07'as7b) = 0'ad b+ 6~ pab.

4.5 Examples: A-differential AKNS and Kaup-

Broer

In this section, we fill the gap of the bi-Hamiltonian structures of the finite-field
examples A-differential AKNS and A-differential Kaup-Broer, presented in Chap-
ter 3. These A-differential illustrations are chosen in such a way that they are
the simplest A-differential examples and at the same time they are counterparts

of famous field and lattice soliton systems.

Example 4.5.1 A-differential AKNS, k = 0: For the Laz operator (3.82) with
the constraint (3.83), we have N = 1, n = 2. Thus, in this case, (4.41) implies
that the differential for A-differential AKNS is of the form

dH =1+ 072, (4.43)
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where
10H AT(p)
I i AN (A),
" oo0 T opEips W
1
N )
” TRICR
and SH  6H
A=t
You P,

Here A1 is a formal inverse of A and adjoint A" is applied to only o. Then,

the general form (4.38) implies the linear Poisson tensor

0 1
mo = (_1 0). (4.44)

The quadratic Poisson tensor based on the recursion operator (3.92) is

a2 -1 -1
m:%:< p? — 20AN A+ 2 + 20 A 90>' (.45

— AT+ 20A 1y —pp? — 2pA 1
The first three Hamiltonians are
Hy = / Yy Az
T
1
H, = / <§,u¢2g02 + @A¢) Az
T
1
Hy = / (§u2¢3903 + %% + A% + A + w?son) Az
T
In order to check the bi-Hamiltonian property (4.36) for this example, let us

rewrite the first two flows (3.84), (3.87) in terms of A and A" only. Thus, we

have
2
- + A,
Py, /MM; (0 (4.46)
pn = —pp*Y — Al

and

Vi, = PPPPO7 + 2070 + A% + A (up?p) + 2upp A + pp? Al

(4.47)
2
P, = =" — 20 — A — AT (upp®) — pp? A — 2uppATe.
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In particular, when T = R the above bi- Hamiltonian hierarchy becomes exactly the
bi-Hamiltonian field soliton AKNS hierarchy [12]. For T = Z, the system (4.46),
together with its bi-Hamuiltonian structure, is equivalent to the system considered
in [15].

Example 4.5.2 A-differential Kaup-Broer, k = 1: For the Lax operator (3.124)
with the constraint (3.125), it is clear that N = 1 and n = 2. Then, from the
implicit form (4.41), the differentials yields as

dH = 5_1,}/1 + Y2,

where oH oH oH
-7 = — 4.4
M=o =5 + 50 (4.48)
Thus, the general form (4.38) implies the linear Poisson tensor
ulAp — pAtu uA
To — .
—Afy 0
The recursion operator has the form
B — w+uld+ R pv — pw + (2 + pANu — Ry
w— AfuwA=u™t Aty + v — pwAtvwAput )

where
R = uAvA'u ™t — pATuwA
Hence
Tow uAV + uAuA + puwA — pAfuw
m = (I>7T0 = )
—vATu — ATulATu + uwAp — At puw vwA — Afuw
where

Tow = A — puATu 4+ uAu — uAu + uAuA p — pATuAw+ puwAp — pAT puw.

The first three Hamiltonians are calculated as

Hoz/wA:v
T

H, = / (vw — l,uw2> Ax
T 2

2
H, = / (w2 +v*w + (w + pow — pPw?)Av — §u2w3) Az
T
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Similarly, let us rewrite the first two flows (3.127), (3.129) in terms of A and AT,

as follows

vy, = (14 pv — pPw)Av — pAT(w + pow — pw?), (4.49)
wy, = —A (w + pow — pPw?), '

and

v, = uA (V¥ + 20w 4+ ulv + pAf(uw)) — pAT 2uow + puwAv + uAl (uw))
wy, = —AT 2uow + puwAv + uA' (uw)) .
(4.50)

When T = R the above construction recovers the field Kaup-Broer hierarchy with
its bi-Hamiltonian structure [11]. In T = Z case, the above bi-Hamiltonian hier-
archy is equivalent to the relativistic Toda hierarchy considered in [15] and, (4.49)

15 equivalent to the relativistic Toda system.



Chapter 5

Integrable discrete systems on R

5.1 One-parameter regular grain structures on

R

The main goal of this chapter is the formulation of a general unifying framework
of integrable discrete systems on R, that contains lattice soliton systems as well as
g-discrete systems as particular cases, in such a way that the domain of dynamical
fields u is always R. The theory presented in this chapter is based on the article
[25]. We first introduce the concept of a regular grain structure on R which
is described by discrete one-parameter groups of diffeomorphisms o,,5(x). We

construct the shift operators by means of forward jump operator, i.e. o(x) =

Uﬁ(.CE).

Reconsider the forward (2.1) and backward jump operators (2.2) such that they
are the maps of the foorm ¢ : R — R and p : R — R, (i.e. here T = R). We
introduce the range of all possible points to which we map x by forward and

backward operators (including ), as
G, ={p"(x):neZ, }U{z}U{o"(z):neZs}. (5.1)
Thus, for each point z of R, we associate a set G,.

70
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Definition 5.1.1 The union of all G,, given by
G:= U G,.
z€R

1s called the grain structure on R.
Similar to the definition 2.1.7 of regularity, we define the regular grain structures.

Definition 5.1.2 If there exist inverse maps o~ and p~', such that o(z) =
pY(z) and p(z) = o~ Xx) for all z € R, then G is called as the regular grain

structure.

If we assume that ¢° = idg, then the set (5.1) turns out to be G, =
{o™(z) : n € Z}. Note that, bijective o defines a discrete one-parameter group of

bijections on R:
Z>mw— {0, :R—R},

such that o,, := ¢™, and on the other direction one-parameter group of bijections
on R defines the regular grain structure on R with the forward jump operator de-
fined by o := o1. Therefore, it is clear that the regular grain structure introduces

equivalence classes between points of R, such that
z~y; it Gy, =Gy x,y € R,
in other words, there exists k € Z such that y = ().

As we are interested in infinite-dimensional systems of smooth dynamical fields,
it is better to introduce a regular grain structure G on R by one-parameter group
of diffeomorphisms instead of bijections. Let Z > m +— o,,5 be a discrete one-

parameter group of diffeomorphisms on R: o, : R — R, i.e
oo(x) =2 and  Opp (Ons(2)) = Oman)n(®) m,n € Z,

where #i > 0 is some deformation parameter. It follows that (0,5) " (z) = 0_.x(2).

Consider the continuous one-parameter group of diffeomorphisms

t+— o
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with the deformation parameter ¢ € R. By Taylor expansion of o; around t = 0,

doy(z) doy(x)

o y7 + O(t?), (5.2)

t=0

+O(t*) = x + t.
t=0

o(z) = oo(z) + t.

it is clear that one-parameter group of diffeomorphism is generated by a vector

field which is called as the infinitesimal generator, denoted by X (x)0,;
o(z) =z +t.X(x) + O(t?). (5.3)

We assume that the component X (x) is smooth on R except at most finite number
of points. Thus, there is a one-to-one correspondence between one-parameter

group of diffeomorphisms and their infinitesimal generators,

X(z) = da;—ia:) . & do;_)(ﬁx) =X (oy(x)) . (5.4)

Arbitrary X0, generates a continuous one-parameter group of diffeomorphisms
only when it is a complete vector field, for which maximal integrals are defined
on the whole R, i.e. R is a domain of the mapping t — o;. In such a case, the
above discrete one-parameter group is well-defined since it is enough to consider
subgroup Z of R. Incomplete X0, might still well define a discrete group of

diffeomorphisms, if A is properly chosen.

Lemma 5.1.3 Let o,(z) be a one-parameter group of diffeomorphisms generated
by X(x)0,. Then, the following relation is valid

doy(x)
dx

X () = X (04(2)). (5.5)

Proof. From (5.4) one observes that

B dosi¢(x)

X (,4(w)) = X (o (on(e))) = 22 (56)

Acting o, on the left-hand-side of (5.5), we have the following relation

dosii(x) _ dos(v) dog(x)  dog(x)

¥ (05(2)) dog(x) ds '~ dogx)  ds

= X (O—S'i‘t(x)) )

which implies the desired relation (5.5). O]
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The computation of one-parameter group generated by a vector field is often
referred to as an exponentiation of the infinitesimal generator. Therefore, an

element of one-parameter group of diffeomorphisms, o5(z) is computed as

op(z) = M@y (5.7)
equivalently we have
MY @0y (1) = wg (th(z)azx) : (5.8)
Similar to (2.17), we use the following notation for the shift operator £
E™u(z) = (E™u)(x) = u (omu(x)), m € Z, (5.9)

where u(x) is a dynamical field. Note that, the shift operator E is compatible
with the grain structure defined by op(x). The formulae (5.7) and (5.8) are valid
on the whole real line if X(x)0, is complete or where a discrete one-parameter
group of diffeomorphisms is well defined. Thus, the shift operator E can be
identified with (@)% je.

E™ = mX(@)0: (5.10)

Example 5.1.4 Consider vector fields of the form

X(2)0, = x' "0, n € 7.

(1) Forn =0, let y = Inx, then 0, = ©0,, which implies that
op(x) = el = ey = el = ¥t = ol g

and

h h

Omn(x) = e™e = ¢"x qg=e",

which is defined for all t € R and so X0, = x0, is a complete vector field.

Therefore, when n = 0, we deal with systems of 'q-discrete’ type.

(it) Forn # 0, let y = 1z". Then, 0, = £'"0, and oy(x) has the general implicit

form

Pz = ¢ (ny)w = (n(y + t))v = (2" +nt)7,

tel="0,

3=

o(z) =e r=c
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which implies that
(oy(x))" = 2™ + nt.

As a subcase when n =1, we have

o(x) =x+1 = Omn(x) = x + mh,

)

and X0, = 0, is obviously complete. In this case we deal with systems of ‘lattice

type. However, when n = —1, the related vector field X0, = 20, is incomplete

ast;«é%:
x N () x

= Omn(
1 —tx i

On the other hand, if x # %, the related discrete one-parameter group of diffeo-

oi(x) T 1—mhz

morphisms is well-defined. When n is odd, it is always possible to define discrete

one-parameter group of diffeomorphisms generated by X0, = x'~"d,.

Remark 5.1.5 All integrable discrete systems defined by different vector fields
X ()0, are not equivalent. However, it is possible to find a local transformation
relating respective vector fields. If we reconsider X(x) = z'=™ for odd n # 0 and
another component X'(z') = 1 (the lattice case), we deduce that x' = L™ is a
bijection on R\ {0}. Hence, all discrete systems generated by X0, = z'~"0,,
with odd n, can be reduced to the original lattice Toda type systems, excluding
the point x = 0. However, for n = 0, X(x) = x (the g-discrete case) and let
X'(2') = 1. Then, we have x = e which is not a bijection. However, if the
domain of dynamical fields of q-discrete systems is restricted to x € R, , then the
above map s a bijection and q-discrete systems on R, are equivalent to the lattice

systems on R.

5.2 Difference-differential-Systems

In order to introduce a phase space related to discrete systems, consider an

infinite-tuple of dynamical fields

u = (uo(r), ur (), ug(z),...)"
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where each u; : R — K assumes values on the field K = R or C. Let U be a linear
topological space, with local independent coordinates u (¢,,5(x)) for all m € Z,
which defines infinite-dimensional phase space. Let C be the algebra over K of
functions on U of the form

Fl=> > > aliEmi (Bu)(Buy) - (Bwg,)  (5.11)

m2011,...,4m 20 s1,..., Sm€EZL

where f[u] are polynomials in u(o,,s(z)) of finite order, with coefficients
alt’z-im ¢ K and the shift operator E is defined in (5.9). The algebra C can be
extended into operator algebra C [E, E~'] (C[z,y, ...] stands for the linear space
of polynomials in x, y, ... with coefficients from C). A space F = {F : U — K} of

functions on U is defined through linear functionals

/(-)dﬁx CoK  flu] e F(u) = /f[u] dyt. (5.12)

such that the following property is fulfilled

/Ef[u] dﬁx:/f[u] A (5.13)

Here [ dpz is a formal integration symbol.

Definition 5.2.1 The explicit form of appropriate functionals can be introduced

m two ways.

(i) A discrete representation is defined as

F(w) = [ flaldue ==Y 7 i (0un(e)] (5.14)

neZ

(i1) A continuous representation is given as

e d
P = [ flaldve = [ flulell . (5.15)
where we assume that u;(x) vanishes as |x| — oo (if X(x) — 0 for |z| — oo,
then w;(x) must vanish faster then X(x) does). The above integral is in
general improper, so additionally we assume that u;(z) behave properly as
x tends to critical points x. of X(z) (X(x.) = 0). Then, evaluating the

integral we take its principal value.



CHAPTER 5. INTEGRABLE DISCRETE SYSTEMS ON R 76

We have explicitly defined the functionals in two ways reflecting two different
approaches developed for the lattice soliton systems. The first one is with the
domain of dynamical fields Z [16, 15], the second one with R [50, 51]. So, the func-

tionals (5.14) and (5.15) are appropriate generalizations of these two approaches.

Proposition 5.2.2 Both functionals (5.14) and (5.15) are well defined and sat-
isfy the property (5.13).

Proof. Clearly both functionals are linear. The discrete case trivially satisfy
the property (5.13) by changing freely the boundaries of the sum over the whole
Z. For the continuous case, we have
o dO’ h( )
Bl = [ (o / o
/ X (0_n(x))
_ / f dO’ h( )
X (U—h(l‘))
dx
B / i < )
~n(z))

:/_Oof[u( /f | dye,

where the third equality is obtained by the change of variables = — oy(z), while

the fifth one follows from Lemma 5.1.3, as

do_p(x)

X (z) T

=X (0_p(x)). (5.16)

Definition 5.2.3 A system of equations of the form
u; = K(u), (5.17)

is called a difference-differential system if the difference calculus is performed

with respect to the grain structure defined by oy while the first order differential

ou

calculus is with respect to the evolution parameter t, where u; == Gt and

LK), Kolu], )T

K () =

with K;[u] € C.
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Remark 5.2.4 The particular choice of the algebra C, and consequently the alge-
bra C|[E, E~Y], determines the class of discrete systems. The class of the discrete
systems is chosen in such a way that in the continuous limit h — 0, we obtain dif-
ferential systems of first order (dispersionless systems)(systems of hydrodynamic

type). This assumption explains the appearance of the factor h in K.

The following definition introduces the form of the duality maps.

Definition 5.2.5 Let V be a linear space over K, of all such vector fields on U.
The dual space V* is a space of all linear maps n : V — K. The action of n € V*
on K €V is defined through a duality map (bilinear functional) {(-,-) : V*xV — K
given by functional (5.12) as

= /ZmKi dpr = /nT - K dyr, (5.18)
i=0

where the components of 1 := (n1,m2,...)T belong to C.
The duality map (5.18) implies the adjoint of E™ as (E™) = E—™.

Proposition 5.2.6 The differential

T
dF(u) = (5—F 6—F,) %

Sug’ duy

of a functional F(u) = [ flu]dsz, such that its pairing with K € V assumes the

usual Fuclidean form
F'[K] = (dF, K) / Z )i dpe, (5.19)

where F'[K] is the directional derivative, is defined by variational derivatives of

the form

m_ Offa]
(5uZ ZE ou; ( Umﬁ( )
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Proof. Let u; = K(u), then

) dF(u) = Oflu]  du; (omn(x)) / L OF
F = = = — (.
wia) = T = [ S5 S BT s [ S e
1=0 meZ 1=0
where the last equality follows from (5.13). O]

Having introduced the form of the differentials, it is time to present the related
Poisson tensors in order to deal with bi-Hamiltonian structures. Consider bi-
vector fields on U defined through linear operators 7 : V* — V), which are matrices

with coefficients from C[E, E~!] multiplied by ,l,L in a local representation.

Remark 5.2.7 Alternative approach for the construction of discrete systems on
R with the grain structure G, is based on the A-derivative (2.6), instead of the

shift operator. In this case, the restriction (5.13) on the functional is replaced by

// Aflu]drx = 0. (5.20)

We denote f’ in (5.20) to differ the functional satisfying property (5.20) from the

functional satisfying property (5.13). Nevertheless, both functionals are interre-

[Odir= [t

which is a consequence of the restrictions imposed on them.

lated by the relation

5.3 R-matrix approach to integrable discrete

systems on R

The construction of integrable discrete systems following from the scheme of
classical R-matrix formalism presented in chapter 3, is parallel to the procedure

used in the case of lattice soliton systems [16, 13, 50].

Let G be the grain structure defined by some diffeomorphism o5. We denote the

shift operator by &, rather than E for convenience in operational relations. Thus,



CHAPTER 5. INTEGRABLE DISCRETE SYSTEMS ON R 79

by the use of (5.9), we have the following notation
EMu(x) = (E™u)(x)E™ = u(omnu(z))E™ Omii =0, meZ, (521)

We introduce the algebra of shift operators of finite highest order as follows

G=0, 19001 = { Z ul(x)é"} @ { Z uz(x)gl} (5.22)

izk—1 i<k—1

equipped with the Lie bracket
1
[A, B] = - (AB — BA), A Beqg. (5.23)

Here u;(z) are smooth dynamical fields additionally depending on the evolution

parameters t,,.

Proposition 5.3.1 The multiplication operation on G defined by (5.21) is non-

commutative and associative.

Proof. Non-commutativity is obvious. Associativity follows from straightfor-
ward calculation and from the fact that 0,5 is a one-parameter group of diffeo-

morphisms. O

The subspaces G>;—1 and G of G are closed Lie subalgebras of G only if &k = 1
and k = 2. As a result, we define the classical R-matrices as
1 1
R = - _1 — P _ = P -1 — =
2( >k—1 <k—1) >k=17 5

where Psj_; and P.j,_; are the projections onto the Lie subalgebras G>;_; and

(5.24)

G.r_1, respectively such that

Poa(A) = Y af',  Py(A)= > af for A=) af€q.
izk—1 i<k—1 i

(5.25)
The Lax hierarchy (3.23), based on the classical R-matrix (5.24) is generated by
the integer powers (in general rational powers) of the Lax operator L from the

algebra of shift operators

Ly, = [(LY)s_,, L] = mdH, = mdH,—, n€Z. k=12 (5.26)
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And indeed it is an infinite hierarchy of mutually commuting symmetries. The

appropriate Lax operators producing consistent Lax hierarchies are given in the

form:
k=1: L=E+) wt™ (5.27)
i>0
k=2: L=>) wE'™ (5.28)
i>0

Note that, we do not consider finite-field reductions of (5.27), (5.28) since the

procedure immediately follows from [16, 50]. We calculate the first chains

(ui)t, = 7 [(B? = Dttigo + Eui1 (B + Dug — w1 (E™ + E7 g

| = S| =

+u(1— B+ w(E + 1) (1 — E7")uy|

for k=1, and
1 -
(wi)y = 7 [UOEUi—H — Ui B Uo] (5.30)
(ui)e, = %[UOEUOEQUHQ — U2 BT ug E g

-+ UQ(E -+ 1)u1Eui+1 — ui+1E7in(Elii -+ E*i)ul (531)

for £ = 2. Throughout this chapter, the shift operators E™ in the evolution
equations and conserved quantities act only on the nearest field on the right and

in Poisson operators act on everything on the right of the symbol E™.
Example 5.3.2 The lattice case: X = 1. Let h = 1. The first flows (5.29) and
(5.30) yields the Toda and modified Toda chains, respectively,

k=1: wi(2)e, = Ui (x + 1) — w1 (2) + wi(2) (uo(z) — up(z — 1)),

k=2: wi (), = uo(@)uip1(z 4+ 1) — up(x — 0)uitq ().
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Example 5.3.3 The q-discrete case: X = x (q = e"). In this case, we obtain
q-deformed analogues of the same flows (5.29) and (5.30)

k=1: i ()1, = i1 (qx) — i (2) 4 ui(2) (uo(x) — uo(g™'x))

k=2: wi (), = uo(2)uig1(qr) — uo(q 2wy (2),

where the constant factor h is absorbed into the evolution parameter t, through

simple rescaling.

To construct bi-Hamiltonian structures for the Lax hierarchy (5.26), we have
to define an appropriate inner product on G. Since the simplest way to define
an inner product is identifying it by a trace functional, we state the following

definition.

Definition 5.3.4 Let Tr : G — K be a trace form, being a linear map, such that
Tr(A) := /res(ASl)dﬁx,

where res(AE™Y) :=ag for A=, a;E". Then, the bilinear map (-,-) : GxG — K
defined as
(A, B) = Tr (AB), (5.32)

s an inner product on G.

Proposition 5.3.5 The inner product (5.32) is nondegenerate, symmetric and

ad-invariant.

Proof. The nondegeneracy of (5.32) is obvious by the definition. The sym-
metricity follows from (5.13). Finally, the ad-invariance is a consequence of the
symmetricity of the inner product and the associativity of the multiplication op-
eration defined in G. O
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We present the explicit form of the differentials dH of functionals H(L) € F(G)
with respect to the Lax operators (5.27), (5.28) by assuming that the inner prod-
uct on G is compatible with (5.19), i.e.

— 0H
(dH, Lt) —/Zﬁ@hﬁdﬁl’
i=0

Thus, the differentials have the following forms

0H

5“1’ ’

k=1: dH =Y &'
120

k=2 dH:ZSHéH

- (SUZ ’
120

We present the linear Poisson tensor for both cases k = 1,2
mo: dH — (L, (dH)<p—1] + ([dH, L]) ,_,
and the quadratic Poisson tensors as follows

k=1: 7 dH — % ([L,(LdH +dHL)_,| + L ([dH, L])_, + ([dH, L])_, L)
+h[(E+1)(E—1)""res ([dH,L]E7"), L]

k=2:  midHe— % ([ (LdH +dHL)_,] + L(dH, L)), + ([4H, L)), L) .

Here the operation (E — 1)~! is the formal inverse of (E — 1) and note that

o0

(E+1)(E-1)"=) (E"-E.

i=1

The appropriate Hamiltonians are

H,(L) = ni ST (L)

such that
dH,(L)=L"

and the explicit bi-Hamiltonian structure of the Lax hierarchies (5.26) is given
by

. OH, . OH,_ _
<ui)tn = 7T0] ou; - Zﬂ_lj - v 2 0.
J i>0

ou;
J=0 J
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The Poisson tensors for k = 1 are

I »
g = 7 [Ejui-l—j — Uit B }
= % [Z (UkEj_kui—l-j—k — Uiy BV 4 (Ej_k - E_k) uj)
k=0

+ u; (1 — Ej*i) u; + EjHUHjH - Ui+j+1E7i71}

together with the first three Hamiltonians

HO :/uodﬁx
1 2
H1 = up + §U0 dﬁl‘

1
H, = / (uQ + uo(E + uy + §u8> dpx

For k = 2, the linear Poisson tensor is the form

1 _ 1
7'('[%0 = ﬁ(l —F I)U,O, 7'('81 = guO(E — 1),

S » o
T = % (B iy —wigy o BV, 4,5 > 2

with all remaining 7 equal to zero. The quadratic Poisson tensor is
i1

. . 1 . .
[ (B i — iy B ) + S (B = 1B+ 1)
0

i
7T1] -

x| =

B
I

and the first Hamiltonians are

Hy = /u1 dpx
1,
H, = §u1 + ugFus | dyx

1
H2 = / (gu? -+ uOEUOE2U3 + uoulEug + UOEulEu2> dﬁx
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5.4 The continuous limit

The aim of this section is to consider the limit of discrete systems (5.17) as h — 0.
We explain the continuous limit first emphasized in Remark 5.2.4 and determine
the class of discrete systems by the choice of the algebra C. Now, assume that
the dynamical fields from C depend on £ in such a way that the expansion, with

respect to A near zero, is of the form

wi(z) = u”(z) + u{” (2)h+ O (1),

(0)

ie. u; tends to v, as A — 0. In further considerations we use u; instead of

ul(-o). In the continuous limit, the algebra C of functions (5.11) turns out to be

the algebra of polynomial functions in u;(x), denoted by Cy,

Coo flu)i=3 Y @iy (@)us (), (2).
M0 i1,y 20
In general, the limit of discrete systems (5.17) does not have to exist. For the
limit procedure, we should first expand the coefficients of K(u) into a Taylor

series with respect to A near 0, i.e.
m2
E™u = ™%y = u + mhXu, + 7}12 (X Xpu, + Xus,) + O (B%)

Thus, the continuous limit of (5.17) exists only if zero order terms in A will
mutually cancel in the above expansion . In this case, as A — 0, the discrete
systems (5.17) tend to the systems of hydrodynamic type given in the following
form

u, = X A(u)u,, (5.33)

where A(u) is the matrix with coefficients from Cy, and the continuous limit is

indeed the dispersionless limit.

Proposition 5.4.1 Assume that the fields w;(z) vanish as |x| — oo, in the con-

tinuous limit. Then the functionals from Definition 5.2.1 turn out to be

/(-)dox:CO—>K f[u] — F(u) :/f(u) dox:/oo f(u@))xd(z). (5.34)
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Proof. For the continuous case (5.15) the proof is straightforward. In the case

of discrete functionals (5.14), by the concept of Riemann integral construction,

we have
/ flu] doz = lim / flu] dpz = %%Zﬁ f (o)
. i
= }g&% [ u(onn(z))] e fir ()
— i Y Flulon)] (“570) o) = [ )

Thus, 7 are matrices with coefficients of the operator form aX0,b, where a,b € C.
With respect to the duality map defined by the dispersionless’ functional (5.34),

the adjoint of the operator d, is given as

(0.)" = % — Oy (5.35)

Consequently, the variational derivatives of functionals F = [ fdox = ffooo f dyx
are given by the derivatives of densities f with respect to the fields u,, i.e.

5F  of

Example 5.4.2 The dispersionless limit of the system (5.29) together with its
Hamiltonian structure with respect to the first Poisson tensor is given by
i 0Hy
=TI —’
0 (5u]-

(wi)ey = X [(wir1)z + 1ui(uo)s] (5.36)

where

iy 1
Ty = jXOpiyj + ity j X0, and  Hy = / (Ul + 5“(2)) do.

The Hamiltonian representation of the systems (5.33) with the functional (5.34)
follows directly from the continuous limit and leads to the nonstandard form with

the adjoint operator of the differential operator given by (5.35). A more natural
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representation is the one with the components X (z) included in the densities of

functionals given in the standard form

Fw = [ x@ )= [ pu)d,
for which the variational derivatives preserve the form % = %. As a con-

sequence, w from the previous representation must be multiplied on the right-
hand side by X. Now, the adjoint of the operator 0, takes the standard form
(0,)7 = —0,. Therefore, we use only the natural Hamiltonian representation of

dispersionless systems (5.33).

Example 5.4.3 The natural Hamiltonian structure of (5.36) is given by

1
x! <u1 + §u3> dzx.

o = JXO XUy + iui ;XX and  Hy = /

oo



Chapter 6

Integrable dispersionless systems

on R

6.1 R-matrix approach to integrable dispersion-

less systems on R

The theory of classical R-matrices on commutative algebras, with the multi-
Hamiltonian formalism, was given in [20]. In this section we consider the R-
matrix formalism of the dispersionless systems (5.33), which were developed in
21, 52, 25].

Before passing through the details, let us introduce what we mean by a disper-

sionless system. First order partial differential equations of the form

(u;) = ZA{(U)(uj)w, i,j=1,2..n (6.1)

where AZ is a square matrix with coefficients in u, are called hydrodynamic type or
dispersionless systems in (1+ 1) dimension. Now, let G be the algebra of Laurent

series in the auxiliary variable p

G - { 3 ui(x)pi}, (6.2)
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where u;’s are smooth functions, equipped with a Poisson bracket
of g  0f Og
{f?g}k ::pk <_____ ) fag€g7 ke Z. (63)
Recall that, for £ = 0 the Lie bracket is called the standard Poisson bracket. The

Lax equation on the algebra G is given by,
L,={A L}, (6.4)

with appropriate functions L, A € G. Such non-standard Lax representations
are called dispersionless Lax equations. Throughout this section, we deal with
the algebra A of polynomials in p of finite highest order, equipped with the Lie
bracket induced by the Poisson bracket of the form

af dg  Of dg

with such a decomposition:

A=Az 1@ Aci1 = { Z uz(x)p’} P { Z uz(x)pz} ) (6.6)

i>k—1 i<k—1
The subspaces Asi_1 and A.;_; are closed Lie subalgebras of A only if £ =1
and £ = 2. We define the classical R-matrices as R = P51 — % . Thus, the
Lax hierarchy (3.23), based on this classical R-matrix, is generated by the integer

powers of the Lax operator L from the algebra of polynomials
Ltn = {(Ln)>k71 y L} = 7T0dHn = Wldanl, n e Z+, k= 1, 2. (67)

The appropriate Lax operators producing consistent Lax hierarchies (6.7) are

given below

k=1: L:p+2uip_i (6.8)
i>0
kE=2: L= up ™ (6.9)
i>0

The first dispersionless chains for £ = 1, take the following form

(ui)ty = X [(Uir1)e + tui(uo).] (6.10)
(ui)e, = 2X [(Ui2)e + wo(wir1)e + (1 + Vi (uo)e + tuuo (o) + iu;(ug).)

°
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while for k = 2, we derive

(ui)m =X [UO(ui—‘rl)x + iui+1(uo)x] (6.11)

(wi)e, = 2X [ug(ui+2)$ + (i + Duouipa(uo)s + vour (Uit1)s + iUi+1(u0u1)x]

Example 6.1.1 For X =1 the chains (6.10) and (6.11) are dispersionless Toda
and modified Toda chains, respectively, while for X = x the chains (6.10) and
(6.11) are dispersionless limits of the q-analogues of Toda and modified Toda.

In order to discuss bi-Hamiltonian structures for the algebra of polynomials, we

should define the appropriate trace form on this algebra.

Definition 6.1.2 Let Tr: A — K be a trace form, being a linear map, such that
Tr(A) ::/ X 'res(Apt) du,

where res(A) :=a_y for A=Y, a;p'. Then, the bilinear map (-,-) : A x A — K
defined as
(A,B) :=Tr(AB), (6.12)

s an inner product on A.

Proposition 6.1.3 The inner product (6.12) is nondegenerate, symmetric and

ad-invariant with respect to the Poisson bracket (6.5), i.e.

({A,B},C) = (A, {B,C})  AB,CcA.

Proof. The nondegeneracy and symmetricity is obvious. The ad-invariance is a
consequence of the following equality: Tr {A, B} = 0, which is valid for arbitrary
A/ Be A O
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We give the explicit form of the differentials dH (L) of functionals H(L) € F(A)
related to the Lax operators (6.8-6.9) as follows:

0H .
k=1: dH:XZ(Sup’
i>0

H .
k=2 deXZ?ulp’_l.

i>0

The bi-Hamiltonian structure of the Lax hierarchies (6.7) is defined through the

compatible (for fixed k) Poisson tensors:

k=1,2:  mo:dH —{L,(dH) <1} + ({dH, L}) 5,
and
k=1: m :dH w— {L,(dHL) o} + L ({dH,L})_, + {0, 'res(X"'p~" {dH, L}), L}
k=2: m :dH — {L,(dHL)_,} + L({dH,L})_,.

Then, for Hamiltonians

H,(L) = ! Tr (L") dH, (L) = L",

n—+1

the explicit bi-Hamiltonian structure of (6.7) is given by

GH, COH,
(Ui)tn:ZWSJ Su. :Zle—l i>0.

U ou;
7=0 J §=0 J

The Poisson tensors for k = 1 are given by

Wéj =X [jﬁxuzﬂ + Zulﬂ@z] X
=X [Z (5 — k) urOpttisj—i + (i — k) iy j_x0puz) + i(j + 1)u;0pu;
k=0

+ (J + 1)Opttigjpr + (i + 1)ui+j+184 X

where the related Hamiltonians are

HO:/ X g dx

o 1
le/ X1 (u1+§ug)dx

> 1
HQ = / X_l (Ug + 2UOU1 + gug) dx

o0
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For k = 2, the linear Poisson tensor yields as

Wéo = X0, Xug 7T81 = ug X0, X
T = X[(j — 1)0pttirj1 + (i — Dy 10:] X 0,5 > 2,

where all remaining 7 are equal to zero, while the quadratic Poisson tensor is
as follows

1
Wi] = X[ ((] — k:)ukaxuiﬂ_k + (Z - k)uiﬂ-_k@xuk) + (1 — z)uzﬁxu] X.
0

~.
|

b
I

Finally the related Hamiltonians are

H() = / X_lul dx

1
H, = / x-! (éuf + Uo’LLg) dx

o 1
Hy = / X! (gui’ + ugug + 2u0u1u2> dx

[e.9]

Remark 6.1.4 Here we emphasize that the R-matriz formalism of the disper-
sitonless systems together with their bi-Hamiltonian structures are the continuous

limit of the formalisms of the integrable discrete systems presented in Section 5.3.

6.2 Deformation quantization procedure

The aim of this section is to formulate the inverse procedure of the continuous
limit (dispersionless limit) presented in Section 5.2. This inverse procedure is
based on the quantization deformation formalism which is a unified approach to

the lattice and field soliton systems. We follow the procedure presented in [50].

The most important point of the deformation quantization theory is that a clas-
sical system can be obtained from a quantum system by the quasi-classical limit

as h — 0, where h is the related deformation parameter. In other words, the
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quantization of classical systems is performed by appropriate deformations de-
pending on A. The idea of deformation quantization is based on the deformation
of the usual multiplication to a new non-commutative, associative product, which
is called as x-product. Here the crucial point is that as i — 0, the x-product re-
duces to the standard multiplication and the deformed Poisson bracket reduces to
the Poisson bracket. To have a well-defined x-product, let us state the following

definition.

Definition 6.2.1 A deformed multiplication x is a formal quantization of the

algebra and is called the x-product if all the following relations are satisfied
(1) limpo fx g = fg,

(ii)) cx f=fxc=cf, ceR orC,

(”Z) liInfi—>0 {f7 g}* - {f7 g};

where the deformed Poisson bracket is given by

{f,g}*:%(f*g—g*f)- (6.13)

Since an arbitrary Poisson bracket can be written by a wedge product of appro-
priate commuting vector fields, the Poisson bracket (6.5) can be written in the

form
{f,9y =fPo, NX(2)0:)g  f.g €A,

where the derivations pd, and X (z)0, obviously commute. Hence, the Poisson
bracket on A can be quantized in infinitely many ways via the *-products satis-
fying the conditions presented in the Definition 6.2.1. We consider the following

non-commutative x“-product

f*%g= fexp g ((a+1)po, ® X (x)0; + (a — 1) X (2)0, @ pd,) | g.  (6.14)
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whose associativity follows from purely algebraic consequence of the construction
(for the proof we refer [50]). The algebra A (6.6) with the multiplication defined
by (6.14), with a fixed «, is an associative, non-commutative algebra with the

deformed Poisson bracket,

1
1f,9}e = ;L(f*“g—g*”‘ f). (6.15)
Then, as A — 0, we have
}gg)f* g=fg,
lim {f,9be =119},

which implies that the x*-product (6.14) is well-defined. From now on, we will
denote the algebra A equipped with the deformed bracket (6.15), based on *“-
product (6.14) as A,. Note that, the x*-product (6.14) for « = 0 and o = 1 is
the generalization of the Moyal and Kuperschmidt-Manin products, respectively.
In order to make the x*-products (6.14) consistent with the introduced grain
structures, we assume that X'd, is complete or it generates well defined discrete
one-parameter group of diffeomorphisms. By simple observation, one can derive

the following properties.

Proposition 6.2.2 For the x*-product (6.14) the following properties hold

(0)(pdy)*p™ = m"p™,

g~

N M« = hk m m(a 3 m matl m
7 ) = 3 Tt 1 (20, ) 7 = e () = B )
k=0 ’
> ﬁk h o a—1
(iiu(w) ** p™ =) soo = 1) m (X0,) u(w) p" = e 0 u(z) p™ = B2 () p”,

£
I

0

Expanding (6.14) one finds that

0o k k

fxg=Y" ;,f—k, D (a+ 1) (=1 [(p0,)* 7 (X0,) f] [(X0:)* (pD,) g]

k=0 j=0

(6.16)

Here we do not require a convergence of the sum in (6.16).
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Remark 6.2.3 The decomposition of (6.6) into Lie subalgebras with respect to
the Lie bracket (6.15) is preserved after deformation quantization. Hence, the
Laz hierarchies, generated by powers of the Lax operators of the form (6.8) and

(6.9), with respect to **-products, i.e. L = Lx*...x* L are as follows

Ltn = {(Ln)Zk—l ) L}*a ) ne Z+J k= 172' (617)

We calculate the first chains from the Lax hierarchies (6.17)

1 a-  iia
E=1: (u)y =7 [(E )BT w1 — E*Z)EllTuo]

1 cl—a a+1 a—1 a1
k=2: (ui)tl = ﬁ [EZTUOE%Ui_’_l - ETUi_HE_Z(%)UQ} .

which coincide with the discrete systems (5.29) and (5.30) for a = 1.

Let D¥~*: A, — A, be an isomorphism of the form

DY~ = exp [(a — o/)g X (2)0, pap} : (6.18)

The isomorphism (6.18) allows to produce a new *_product
Fx g = Do [Da—a’ £y Da—a’g] , (6.19)

which is well-defined and associative ensured by the associativity of the x“-
product. These two products ** and ** are gauge equivalent under the iso-

morphism (6.18) which implies the gauge equivalence of all algebras A,

Note that, under the above isomorphism the Lax hierarchy structure is preserved.
Let L, = >, uip' € Ay and Ly = Y, ulp’ € Ay. Then, the transformation

between fields is as follows

ca—o

Ly = D¥~°L, = =B,

On the other hand, (6.14) implies the following commutation rules:

U*xV=uv
m n __ . m+n
p xp =p

mﬁX@zu) *pm — Emu*pm

P xu= (e

uxp" =p"x (e_mhxa”fu) =p" x E" ",



CHAPTER 6. INTEGRABLE DISPERSIONLESS SYSTEMS ON R 95

which are independent of the choice of x“-product. Therefore we skip the related

index.

Now we consider the following algebra

freo)

which is clearly associative by the commutation rules presented above. Here
instead of standard multiplication we make use of the x-product and we quantize

the algebra A of polynomials in p to the algebra a separately [53].

Remark 6.2.4 Note that

m

u' p™ = up™, p"xtu = EMup™, (6.20)
which implies that the algebra a is trivially equivalent to the algebra A .

Moreover, a is isomorphic to the algebra of shift operators G (5.22) defined on
the grain structure by some discrete one-parameter group of diffeomorphisms on
R. As a conclusion, the algebra (6.6) with Poisson bracket (6.5) is the limit of
the algebra of shift operators (5.22) with the Lie bracket (5.23) as h — 0, which

assures the existence of the inverse problem to the dispersionless limit.



Chapter 7

Conclusion

In order to embed the integrable systems into a more general unifying framework,
we established two approaches depending on construction of integrable systems
either on regular time scales or discrete ones on R. We made use of R-matrix
formalism not only to construct systematically integrable systems but also to
present the related bi-Hamiltonian structures and conserved quantities. The main
result of this dissertation is to present a unified and generalized theory for (1 +
1)-dimensional integrable A-differential systems which builds bridges between

continuous, lattice and g-discrete soliton systems.

We would like to emphasize that for both unifying approaches, by the use of
the continuous limit, discrete systems give rise to either continuous systems (dis-
persive counterpart of continuous systems) or dispersionless systems (systems of
hydrodynamic type). In the first approach algebra of §-pseudo-differential op-
erators on regular discrete time scales are utilized while in the second approach
algebra of shift operators being introduced on one parameter group of diffeo-
morphisms, which unifies lattice and g-discrete soliton systems, are considered.
Therefore, these two results are hidden in the particular choice of the Lie algebras

for discrete systems.

There are many open problems such as generalization and unification of soliton

96
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solutions of the nonlinear equations or construction of integrable systems on com-

mutative algebras to find soliton solutions to construct Backlund transformations

on arbitrary time scales.
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