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Abstract: In this paper we introduce the concept of preHamiltonian pairs of difference
operators, demonstrate their connections with Nijenhuis operators and give a criteria for
the existence of weakly nonlocal inverse recursion operators for differential-difference
equations. We begin with a rigorous setup of the problem in terms of the skew field of
rational (pseudo—difference) operators over a difference field with a zero characteristic
subfield of constants and the principal ideal ring of matrix rational (pseudo—difference)
operators. In particular, we give a criteria for a rational operator to be weakly nonlocal.
A difference operator is called preHamiltonian, if its image is a Lie subalgebra with
respect to the Lie bracket on the difference field. Two preHamiltonian operators form
a preHamiltonian pair if any linear combination of them is preHamiltonian. Then we
show that a preHamiltonian pair naturally leads to a Nijenhuis operator, and a Nijen-
huis operator can be represented in terms of a preHamiltonian pair. This provides a
systematic method to check whether a rational operator is Nijenhuis. As an applica-
tion, we construct a preHamiltonian pair and thus a Nijenhuis recursion operator for
the differential-difference equation recently discovered by Adler and Postnikov. The
Nijenhuis operator obtained is not weakly nonlocal. We prove that it generates an in-
finite hierarchy of local commuting symmetries. We also illustrate our theory on the
well known examples including the Toda, the Ablowitz—Ladik, and the Kaup—Newell
differential-difference equations.

1. Introduction

The existence of an infinite hierarchy of commuting symmetries is one of a characteris-
tic property of integrable systems. Symmetries can be generated by recursion operators
[1,2], which are often pseudo—differential and map a symmetry to a new symmetry. An
important property of recursion operators, called the Nijenhuis property, is to generate
an abelian Lie algebra of symmetries. Such property has been independently studied
by Fuchssteiner [3] and Magri [4]. To prove that a pseudo—differential operator is a
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Nijenhuis operator and it generates an infinite hierarchy of local symmetries is a chal-
lenging problem. In the most common case of weakly nonlocal Nijenhuis operators this
problem has been addressed in [5—7]. The relations between bi-Hamiltonian structures
and Nijenhuis operators have been studied in papers of Gel’fand and Dorfman [8,9] and
Fuchssteiner and Fokas [10,11]. Recently a rigorous approach to pseudo—differential
Hamiltonian operators have been developed in the series of papers by Barakat, De Sole,
Kac and Valeri [12-14].

The theory of integrable differential-difference equations is much less developed.
The basic concepts for symmetries, conservation laws and Hamiltonian operators were
formulated in the frame of a variational complex in [15]. The aim of this paper is to build
up a rigorous setting for rational matrix (pseudo—difference) operators suitable for the
study of integrable differential-difference systems. We introduce and study preHamil-
tonian pairs of difference operators, their connections with Nijenhuis operators and
the existence of weakly nonlocal inverse recursion operators for differential-difference
equations.

Let us consider the well-known Volterra chain

up=u(uy —u_p), (1)
where u is a function of a lattice variable n € Z and time ¢. Here we use the notations
up =0 (m), uj= Slu(n,t) = un +j,1)

and S is the shift operator. It possesses a recursion operator
-1 -1 1
R=uS+u+u;+uS " +u(m —u_)S—-1""—,
u

where (S — 1)~! stands for the inverse of S — 1. Thus this operator is only defined
on u Im(S — 1). It is a Nijenhuis operator and generates a commutative hierarchy of
symmetries:

uy, = RIu) = R (u(uy —u_y)), j=01,2,....

The concept of Hamiltonian pairs was introduced by Magri [16]. He found that some
systems admitted two distinct but compatible Hamiltonian structures (a Hamiltonian
pair) and named them twofold Hamiltonian system, nowadays known as bi-Hamiltonian
systems. The Volterra chain is a bi-Hamiltonian system and it can be written

Inu
u; = Hy 8yu = Hy 5147,

where §, is variational derivative with respect to the dependent variable u# and two
difference operators

Hi =u(S — S YHu;
Hy = u(SuS+uS+Su—uS ' -8 u—8'uS Hu

form a Hamiltonian pair. The Nijenhuis recursion operator of the Volterra chain can be
obtained via the Hamiltonian pair, thatis, R = Hy H, ! This decomposition is known
as the Lenard scheme used to construct the hierarchies of infinitely many symmetries
and cosymmetries.
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Notice that the above difference operators have a right common factor:
H=u@S-D1+SHu;, H=ul+SuS-S'u)(1+S Hu.
This implies that
R=AB7!, where A=u(S+1)uS —S 'u)and B = u(S —1). )

Here operators A and B are not skew-symmetric, and thus not Hamiltonian. However,
like in the case of Hamiltonian pairs, the image of A and B, as well as the image of
linear combinations of these two operators, form a Lie subalgebra. Such operators we
call preHamiltonian operator. In this paper, we explore properties of such operators and
their relations with Nijenhuis operators. For the differential case some of these results
have been obtained in [17]. The main difference between differential operators and
difference operators lies in that the total derivative is a derivation and the shift operator
S is an automorphism. The set of invertible difference operators is much richer than in
the differential case. In the scalar case all difference operators of the form aS/, where a
is a difference function and j € Z, are invertible, while in the differential case, the only
invertible operators are operators of multiplication by a function. The definition of the
order of difference and differential operators are essentially different.

The arrangement of this paper is as follows: In Sect. 2, we define a difference field
F, the Lie algebra A of its evolutionary derivations (or evolutionary vector fields) which
is a subalgebra of Der F and discuss algebraic properties of the noncommutative ring of
difference operators. In particular, we show that it is a right and left Euclidean domain
and satisfies the right (left) Ore property. Then we define the skew field of rational
(pseudo—difference) operators, i.e. operators of the form AB~!, where A and B are
difference operators. Next we discuss the relation between rational operators and weakly
nonlocal operators, namely we formulate a criteria for a rational operator to be weakly
nonlocal. Finally we adapt all these results to rational matrix difference operators by
defining the order of the operator as the order of its Dieudonné determinant. In Sect. 3
we define preHamiltonian difference operators as operators on F whose images define
a Lie subalgebra in 4. We explore the interrelation between preHamiltonian pairs and
Nijenhuis operators. We show that if operators A and B form a preHamiltonian pair, then
R = AB~!is Nijenhuis. Conversely, if R is Nijenhuis and B is preHamiltonian, then A
and B form a preHamiltonian pair. These two sections are the theoretical foundation of
the paper. In Sect. 4, we give basic definitions such as symmetries, recursion operators
and Hamiltonian for differential-difference equations. We also show how operators A
and B are related to the equation if AB~! is its recursion operator. In the next two
sections we apply the theoretical results in Sects. 2 and 3 to integrable differential—
difference equations. In Sect. 5, we construct a recursion operator for a new integrable
equation derived by Adler and Postnikov in [18]:

2
ur =u"(uau) —u_u_) —u(u; —u_y),

using its Lax representation presented in the same paper. The obtained recursion operator
is no longer weakly nonlocal. We show that it is indeed Nijenhuis by rewriting it as
a rational difference operator and that it generates infinitely many commuting local
symmetries. To improve the readability, we put some technical lemmas used for the
proof of the main result on the locality of commuting symmetries in “Appendix B”. For
some integrable differential-difference equations, such as the Ablowitz—Ladik Lattice
[19], the recursion operator and its inverse are both weakly nonlocal. In Sect. 6, we apply
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the theoretical results from Sect. 2 to check whether the inverse recursion operators are
weakly nonlocal, and if so, we demonstrate how to cast them in the weakly nonlocal
form. To illustrate the method we choose four typical examples. However, the method is
general and it can be applied to any integrable differential-difference system, including
all systems listed in [20]. At the end of the paper we give a short conclusion and discussion
on our new results on relation between preHamiltonian and Hamiltonian operators. To
be self-contained, we also include “Appendix A”, containing some basic definitions for
a unital non-commutative ring.

2. Algebraic Properties of Difference Operators

In this section, we give a definition of rational difference operators and explore their
properties. The main objects of our study in this paper are systems of evolutionary
differential-difference equations and hidden structures associated with them. We first
consider the scalar case. A generalization to the multi-component case will be discussed
in the end of this section.

2.1. Difference field and its derivations. Let k be a zero characteristic base field, such
as C or R. We define the polynomial ring

K=Kk[...,u_1,ug,uy,...]
of the infinite set of variables {u} = {uy; k € Z} and the corresponding field of fractions
F=k(..,u_1,ug,uyg,...).

It is assumed that every element of K and F depends on a finite number of variables only.
We will denote F* the subset of nonzero elements F* = F\{0} of F.

There is a natural automorphism S of the field F, which we call the shift operator,
defined as

S:a(ug,...,ur) = a(ugs, ..., ure1), S:o— «, a(uy,...,ur) € F, aek.
Fora = a(uy, ..., u,) € F we will often use notation
a; =S8"(a) = a(Upsi, ..., Ur+i), 1 €L,

and omit index zero at ag or uo when there is no ambiguity. The field F equipped with
the automorphism S is a difference field and the base field k is its subfield of constants.
The reflection 7 of the lattice Z defined by

T:a(u,....,u))—>au_g,...,u_y), T:a~ «a, a(ug,...,u;) €F, a ek,

is another obvious automorphism of F and K. The composition S7S7 = Id is the
identity map. Thus the automorphisms S, 7 generate the infinite dihedral group Dy
and the subgroup generated by S is normal.

The automorphism 7 defines a Z; grading of the difference field F (and ring K C F):

F=Fy®F,, Fo-Fo=Fy, Fo-F =F;, Fi-F =F,

where Fy = {a € F| T (a) = (—D)¥a)}.
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Partial derivatives %, i € Z are commuting derivations of F satisfying the conditions

o _ 9 S, Ti— 0 7. 3)

8_ui - 8u,-+1 aul‘ - Bu_i

A derivation of F is said to be evolutionary if it commutes with the shift operator S.
Such derivation is completely determined by one element of f € F and is of the form

: d
Xp=) 8Ny, [eF )
i€eZ

An element f is called the characteristic of the evolutionary derivation X ;. The action
of X r(a) for a € F can also be represented in the form

Xyr(a) =alf],

where a,[ f] is the Fréchet derivative of @ = a(u,, ..., uy) in the direction f defined
as
_d 1. da
ax[f1:= aa(“p +efp, o ug +Efg)le=0 = ,2,; B_ulfl

The Fréchet derivative of @ = a(u,, ..., uy) is a difference operator represented by a
finite sum

> s ®

a, = —§.
* imp au,'

It is obvious that

Evolutionary derivations form a Lie subalgebra .4 in the the Lie algebra Der F. Indeed,

aXy+BXy = Xaripg- o, B ek,
(X7, Xel = X161,

where [ f, g] € F denotes the Lie bracket
LS. 8] = Xy(g) — Xo(f) = g«[f] = filgl. (6)

Lie bracket (6) is k—bilinear, anti-symmetric and satisfies the Jacobi identity. Thus F,
equipped with the bracket (6), has a structure of a Lie algebra over k.
The reflection 7 acts naturally on evolutionary vector derivations

T:Xp Xgpy=T X;-T.
Thus the A is a graded Lie algebra

A=Ay@® A, [Ao, Aol C Ao, [Ao, Ai] C Ay, [ArL Al C Ao,
where A; = {X € A|T(X) = (—DFX]}.
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2.2. Rational difference operators. In this section we give definitions of difference oper-
ators and rational pseudo—difference operators, which for simplicity we shall call rational
operators. We refer to the “Appendix A” for general results and definitions related to
principal ideal domains. Although Corollary 1 and the first part of Proposition 2 follow
directly from Proposition 1 in the abstract setting of Euclidean domains, we provide
complete proofs for the sake of completeness.

Definition 1. A difference operator B of order ord B := (M, N) with coefficients in F
is a finite sum of the form

B =bpMSN 4 pN=DGN=1 4y pMDSM — pMpM) £ p® e F,
M <N, N,MeZ. ()

The total order of B is defined as OrdB = N — M. The total order of the zero operator
is minus infinity Ord 0 := —oo0 by definition.

The Fréchet derivative (5) is an example of a difference operator of order (p, g) and
total order Ord a, = g — p. For an element f € F the order and total order are defined
as ord f, and Ord f, respectively.

Difference operators form a unital ring R = F[S, S~!] of Laurent polynomials in S
with coefficients in F, where multiplication is defined by

aS" - bS™ = aS"(b)S"™ = ab,S"™. (8)

This multiplication is associative, but non-commutative. The definitions of some basic
concepts for a unital associative ring are presented in the “Appendix A”.

From the above definition it follows that if A is a difference operator of order ord A =
(p,q),thenord (§"-A-S8™) = (p+n+m,g+n+m)and Ord (§"-A-S8") =0rd A =
q — p.Forany A, B € R we have Ord (AB) = Ord A + Ord B. Thus the total order is
homomorphisms of the multiplicative monoid R to Zxo U {oo}.

The reflection 7 can be extended to an automorphism of R given by

T-aS" - T=T@@S™"
and defines a grading of R as follows:
R=Ro®Ri, Ri={AeR|T-A-T=(-DrA}.

It is obvious that Ord(7 - A -7) = Ord A.

A difference operator which has only one term aS", a € F*, n € Z is called a
monomial difference operator. The set of monomial difference operators are of the form
aS", a # 0. They have total order equal to zero and are invertible in /R. Monomial
difference operators equipped with multiplication (8) form a nonabelian group

R*={aS"|a € F*, n € Z}.

We will use the notation LT(B) for a monomial difference operator representing the
leading term of a difference operator which is the naturally ordered sum. For the operator
B in (7), we have LT(B) = bV SN

Proposition 1. The ring R is a right and left Euclidean domain.
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Proof. Let us show that R is a right Euclidean, that is, for any A, B € R there exist
unique Q, R € R suchthat A = B - Q + R and either R = 0 or Ord R < Ord B. First
we prove the existence of Q, R. If A = 0, then we cantake Q = R = 0.If A # 0
and Ord A < Ord B, we can take Q = 0, R = A. For Ord A > Ord B we proceed by
induction on Ord A = 0 (= Ord B), then A = aSY, B = bSM for some N, M € Z
and they are invertible. Thus A = BB~ 'A and we can take R = 0, 0 = B 'A =
S‘M(a/b)SN_M. Finally, consider the case OrdA = n > 1, OrdB = m, n > m
and assume that the statement is true for all operators A with total order less than n.
Let the leading terms LT(A) = aS" and LT(B) = bSM™. The difference operator
A=A—B-(bSM)~1.48N hasOrd A < Ord A = n. Hence we can use the induction
assumption and find Q, I%, such that A = B Q + R and either R = 0 or Ord R < OrdB.
Thus

A—B-BSM)1.a8N = BO +R,
that is,
A= B((bSM)"1. 48N + 0) +R.

Therefore Q = (bSM yasSN + Q and R = R. As for the uniqueness if one has
BO+R = BQ + R with Ord R < OrdB, Ord R < OrdB, then B(Q — Q) R — R.
If O 75 O we arrive to a contradiction since Ord(B(Q — Q)) > Ord(R — R). Thus
Q = Q and R = R. The proof of the left Euclidean property is similar. O

Corollary 1. Every right (left) ideal of the ring R is principal and generated by a unique
element A € R of minimal possible order with the leading term LT(A) = 1.

Proof. The zero ideal is obviously principal, it is generated by 0. Let / C R be a
right ideal and A € J be an element of least possible total order. The element A =
A- LT(AA)’l € J, is of the same total order and with the leading term LT (A) = 1. Then
for any other element B € J we have B = AQ + R with either R = 0 or Ord R <
Ord A. Since B € J, we conclude that R = 0, otherwise Ord R < Ord A, which is in
contradiction with the assumption that A has the least possible order. Such element A is
obviously unique. If we assume the existence of AelJ , Ord A = Ord A, LT(A) =1,
then A — A € J and Ord (A — A) < Ord A. The latter is in contradiction with the
assumption that A has the least possible order. In a similar way we show that R is a left
principal ideal ring. O

Proposition 2. The ring R satisfies the right (left) Ore property, that is, forany A, B € R
their exist A1, By, not both equal to zero, such that AB) = BAjy, (resp. BjA = A1 B).
In other words, the right (left) ideal AR N BR (resp. RA N 'RB) is nontrivial. Its
generator M has total order OrdA + Ord B — Ord D, where D is the greatest left (resp.
right) common divisor of A and B.

Proof. Let us assume that Ord A > Ord B (otherwise we swap and rename A, B). If
B =0, then B; = 0. If B # 0, we prove the claim by induction on Ord B. We assume
that the statement is true for any B with Ord B < k and we will show that it is also true for
any B, Ord B = k. Since R is right Euclidean, there exist O, R suchthat A = BQ + R
and either R = 0 or Ord R < OrdB. If R = 0 we take Ay = Q, B; = 1 and we
are dpne. Since Ord R < k, there exist l§, R such that BR = Ré, OrdR < OrdR and
OrdB < OrdB. Thus

=(BQ+R)B & AB=B(QB+R)
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and we can take A| = Qé + Ié, B = B. Finally, we can see that OrdA; < OrdA and
OrdB; < OrdB. The proof of the left Ore property is similar.

We proved that for any A, B € R not both zero, the ideal Z = AR N BR is not
trivial. Since R is both a right and left principal ideal ring, 7 is generated by a difference
operator M, Z = M'R. In particular, M = ABy = BA; for some difference operators
By and Aj. From the first part of the proof, we know that OrdM < OrdA + OrdB.
Let us assume that A and B are left coprime and that OrdM < OrdA + OrdB. The
ideal 7 = RAj N RB; is also nontrivial and generated by a difference operator N.
We know that OrdN is at most OrdA; + OrdB;. M is an element of 7 and OrdM =
OrdA + OrdB; > OrdA + OrdB; > OrdN, hence there exists a difference operator C
such that M = CN and OrdC > 0. Let A> and B; be such that A,B; = ByA; = N.
Then A = CA; and B = C B;, which contradicts the hypothesis that A and B are left
coprime. 0O

The fact that 'R is a principal ideal domain gives sense to the notions of greatest
common divisors and least common multiples (see “Appendix A”). The following lemma,
which will be used in Proposition 13, relates the images of two difference operators to
the image of their right least common multiple.

Lemma 1. Let A and B be two nonzero left coprime difference operators with coefficients
in F. Suppose that A(x) = B(y) for some x,y € F. Let M = AC = BD be their right
least common multiple. Then, there exists 7 € F such that x = C(z) and y = D(2). In
particular ImANImB = ImM.

Proof. By definition of M, C and D are right coprime. It follows from the Bezout’s
Lemma that there exist two difference operators U and V such that

Uuc+vpD=1. )
Multiplying (9) on D and on C from the left we obtain

DUC = (1 — DV)D, (10)
CVD = (1 - CU)C. (11)

By assumption A and B are left coprime therefore it follows from Lemma 5 (ii) that
there exist two difference operators P and Q such that

1-DV =PB, DU=PA

1—CU=QA, CV=0B. (12)
Using the assumption A(x) = B(y) and the first line of (12) we get
y=(PB+DV)(y)=PAX)+DV(y) = DU (x)+V(y), (13)
and similarly using the second line of (12) we get
x = (CU+ QA)(x) = CU®x) + QB(x) = C(U(x) + V(y)). (14)

Hence, the statement holds with z = U (x) + V(y). O

The domain R can be naturally embedded in the skew field of rational pseudo—
difference operators, which we will call simply rational operators.
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Definition 2. A rational (pseudo—difference) operator L is defined as L = AB~! for
some A, B € R and B # 0. The set of all rational operators is

Q={AB '|A,BeR, B +#0}.

Remark 1. The skew field Q is a minimal subfield of the skew field QF of the Laurent
formal series

o0
L _ {Za(”)S" la® eF, e Z}
n=k

containing R. As well as it is a minimal subfield of the skew field QT of the Taylor
formal series

00
T _ {Za('”s" 1a¥ eF, I e Z}
n=k

containing R. The skewfields Q” and Q7 are isomorphic. The isomorphism is given by
the reflection map 7.

Proposition 3. Any rational operator L = AB™) can also be written in the form L =
B~'A with A, B € R and B # 0.

Proof. 1t follows from the Ore property that for any A, B € R, B # 0 there exist
A, B € R and B # 0 such that BA = AB. Multiplying this expression on B from the
left and B~! from the right we obtain L = AB~! = B~'A. O

Thus any statement for the representation L = AB~! can be easily reformulated to
the representation L = B~ 'A.In particular,

Q={AB '|A,BeR, B#£0}={B 'A|A,BeR, B +#0}.

Proposition 4. Q is the skew field of rational operators over F.

Proof. We need to show that the set Q is closed under addition and multiplication. Let
A,B,C,D € R with B # 0, D # 0. It follows from the Ore property that there exist
nonzero B, D € R such that BD = DB. Hence

AB~'+CcD'=((AD+CB)-(BD)"' € Q.
Also there exist nonzero l}, C such that BC = CB. Hence
(AB™hH- (€D =(A0)-(DB) ' e Q
implying that Q is also closed under multiplication. O

Proposition 5. The decomposition L = AB™!, A,B € R of an element L € Q
is unique if we require that B has a minimal posszble total order with leading term
LT(B) = 1. For any other decomposition L = AB', A, B € R there exists C € R
such that A = AC, B = BC. Moreover, ifD 'Eisa (left) minimal decomposition of
L, then OrdD = OrdB.
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Proof. For a given L € Q the set
J={XeR|LX e R}

is arightideal in R. Indeed, if X, Y € J,then L(X+Y) = LX + LY € R meaning that
X +Y € J,and J is stable under right multiplication by any element of R. The ideal J
is principal, and according to Corollary 1 it is generated by a unique element B of the
least possible order, if we require that the leading term LT(B) = 1. Any other BelJ
can be represented as B = BC where C € R, since B is a generator of the principal
right ideal J. By Proposition 2, we know that a generator M of the left ideal generated
by A and B has total order OrdA + OrdB. By definition of M there exist left coprime
difference operators D and E such that DA = EB = M. Therefore D' E is a left
minimal decomposition of L and OrdD = OrdB. 0O

The definition of total order for difference operators (Definition 1) can be extended
to rational operators:

Ord (AB™ ") :=0Ord A—Ord B, Ord(B~'A):=0OrdA—OrdB, A,B,A,BecR.
(15)

Definition 3. A formal adjoint operator A™ for any A € Q can be defined recursively:

l.a" =aforanya €F,

2.8T=871,

3.(A+B)" = B"+ AT forany A, B € Q,

4. (A-B) =BT . AT forany A, B € Q,

5. (A7HT = (A"~ forany A € Q.

In particular, We say an operator H € Q is skew-symmetric if HT = —H.
For example, we have

((8+a8*‘) b — 5)*‘)T —b-8H"1. (8 1+8@)S), abeF.

Forany A € Q,iford A = (p, ¢)thenord A" = (—g, —p).ObviouslyOrd A" = Ord A.

2.3. Rational and weakly nonlocal difference operators. In the theory of integrable sys-
tems, the majority of 1 + I-dimensional integrable equations possesses weakly nonlo-
cal [21] Nijenhuis recursion operators. For integrable differential-difference equations,
weakly nonlocal operators are often rational operators with only a finite number of non-
local terms of the form a(S — 1)_1b, where a, b € F. In this section, we show how to
write a weakly nonlocal operator as a rational operator and provide a way to test whether
a rational operator is indeed weakly nonlocal. For the differential case, the answers are
given by Lemma 4.5 in [17].

First we give a definition of the full kernel difference operators. We then prove that
for such operators, their inverse are weakly nonlocal.

For a difference operator A € R it is obvious that

dimgKer A < Ord A. (16)

Indeed, if there is an element @ € F such that a € Ker A, then we can represent
A=A - 1)%, where Ord A = Ord A — 1. Zero total order difference operator is
invertible and thus it has a trivial kernel space. A difference operator of a nonzero order
may also have a trivial kernel in F as well. For example Kery (S —u) = 0 since equation
S(v) = uv does not have a solution v € F.
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Definition 4. We say that a difference operator has a full kernel in F (is a full kernel
operator) if the dimension of its kernel over the field k equals to the total order of the
operator.

In what follows, we show how to construct a full kernel operator given the generators
of its kernel and prove an important property of such operators.

Proposition 6. Assume that fV, ..., f™ are linearly independent over k in F. Then
there exists a full kernel difference operator P € R such that the fO i =1,...,n
span ker P.

Proof. We prove the statement by induction on n. If n = 1, we define

1
It is clear that Ord P = 1 and its kernel is spanned by f(1). Assume that Q is a full
kernel operator with Ord Q = n — 1 and its kernel is spanned by FD o £@=D Since
f@D i =1,...,n are linearly independent, we have Q(f) # 0 by construction of
Q. We define

P=GS—-1) 0.

_
Q(f™)

Clearly it is the required full kernel operator and its kernel is spanned by f(, ...,
f®. o

Remark 2. A difference operator Q € R with full kernel spanned by the k-linearly

independent elements f @) ¢ F,i = 1,...,n, can be obtained using the determinant
expression
f(l) .. f(n)
S(fM)y o S(FM) S(g)
0(g) = det . , , ) for any g € F.

S'(fDy o S S"(9)
Proposition 7. The inverse operators of full kernel operators are weakly nonlocal.

Proof. 'We prove the statement by induced on the total order of such operator B. If B is
a full kernel operator with OrdB = 1, it can be written as B = aS' (S — 1)b for some
i € Z. Thus

| 1
B l'l=-87"Ss-1n'-
b a
is weakly nonlocal.

Let B be a full kernel operator with the total order of n and a € ker B. It follows
from Proposition 6 that there is a full kernel operator C with total order of n — 1 such
that

1
B=C(S—-1)-.
a

By the induction assumption, C fl is Weakly nonlocal, that is, there exist two sets of
linearly independent functions pDand D, i =1,...,n — 1 such that
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n—1
Cl'=E+Y b S-1""'c? EeRr.

i=1

Multiplying C on its left, we get

n—1
docpSs-n'c® =0

i=1

implying ) € ker C. Note that for any »®) ekerC,i=1,...,n—1,there exists d®,
which is in ker B such that 5 = (S — 1) %. Therefore, we have

n—1 i
4d® .
B l=alS-D'c'=as-1""! (E + Z ((5 — 1)—) (S — 1)1c(’)> ,
i=1 a
whose nonlocal terms are
n—1 ' ' C(,’)d(i)
aS-DTETW+Y [dVS -7 —aSs - — ],
i=1 a
where we used the identity
S=D'"d-DS-D'=dS-1)'=S-1)"'d;, deF.

This leads to the conclusion that B~! is weakly nonlocal. O

We are now ready to prove the statement on the relation between the rational and weakly
nonlocal difference operators.

Theorem 1. Let R be a rational operator with minimal right fractional decomposition
AB~ and OrdB = n. Then the following three statements are equivalent:

(1) The operator B has a full kernel in F; ' '
(ii) The operator R is weqkly nonlocal, that is, R = L+Y", (S — 1) 1g®,
where L € R, and {p(’),i =1,...,n} and {q(’),i = 1,...,n} are two linearly
independent sets over k in F;
(iii) The operator BT has a full kernel in F.

Proof. The statement (i) = (ii) directly follows from Proposition 7 since the multipli-
cation of a difference operator and a weakly nonlocal operator is weakly nonlocal.
We now prove that (ii) = (iii). Knowing

n
R=AB"'"=L+) pPS-1""'q",
i=1

we multiply it on the right by B and obtain its nonlocal terms
n . .
> r?(s-17'B @) =0,
i=1

which implies that all ¢’s are in the kernel of BT and thus n < dim(ker BY).
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Let C be acommon multiple of the difference operators ql—l.) (S—1), thatis, adifference
operator such that for all i there exists a difference operator M@ satisfying C = ﬁ (S—-
MY Thus we have

n n
R=L+Y pPS—-n7"¢"=wc+> pPmOc.
i=1 i=1

Since AB~! is a minimal right fractional decomposition for R, there exists a difference
operator D such that

n
LC+Y pPM? =AD and C=BD.
i=1

This leads to OrdC = n > OrdB. Note that Ord B = OrdB" and OrdBT > dim (ker BT).
Therefore, we have

OrdB" = dim (ker BT) =n

implying that BT has a full kernel spanned by all ¢s.
Finally we prove that (iii) = (i). It follows from Proposition 7 that the inverse of BT
is weakly nonlocal. Using the proof of (ii) = (iii), we obtain that statement of (i). O

From the proof of Theorem 1, we are able to specify the nonlocal terms for weakly
nonlocal operator.

Corollary 2. Under the condition of Theorem 1, for R = L+ 7_, PGS -1~ 1g®,
the linearly independent functions p®’s span A(ker B) and the linearly independent
functions ¢’s spanker B, i =1, ..., n.

Following from this theorem, we are immediately able to get the statement for the
inverse of rational operator:

Corollary 3. Let R = AB~ ! with A, B € R. Then R~ is weakly nonlocal if and only
if A has a full kernel in F.

Corollary 2 combined with Proposition 6 provides us with a method to write a weakly
nonlocal operator in the form of a rational operator R = AB~!: We first construct a full
kernel operator BT using ¢®’s. Then we have A = RB. We use such construction for
the examples in Sect. 6, where we will also apply Corollary 3 to the recursion operators
of integrable differential-difference equations to see whether their inverse operators are
weakly nonlocal or not. If so, we are going to compute the seeds for symmetry and
co—symmetry hierarchies (its nonlocal terms), that is, the p’s and ¢’s for R~! in the
above theorem.

2.4. Matrix difference and rational pseudo—difference operators. We recall here some
facts from linear algebra over non-commutative rings and skew fields, which is a spe-
cialisation of the general theory [22,23] to the case of difference algebra (the ring R
and skew field Q). We denote by M,,(R) and M,,(Q) the rings of n x n matrices over
the ring R and skew field Q respectively. Since R is a principal ideal ring, then the ring
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M, (R) is also a principal ideal ring (see proof in [24], as well as the short and useful
review of non-commutative principal ideal rings [25]).

Let A; denote the i—th row of the matrix .4 and .A; ; denote the (i, j) entry of .A. For
1 <i # j <nandarbitrary B € R (or B € Q) the R—elementary (resp. Q—elementary)
row operation 7; ;(B) changes the row A; — A; + B - A; and leaves the other rows
unchanged. The transformation t; ;(B) is invertible (t; ;(B)t;, j(—B) = Id) and can
be represented by a multiplication from the left by the matrix 7; ;(B) = I + BE; j,
where [ is the unit matrix and E; ; is the matrix with the (i, j) entry equal to 1 and zero
elsewhere. Note that the transformation o; ; = 7; (1)t ; (=1)7; j (1) replaces A; by A;
and A; by —A;, leaving other rows unchanged.

R—elementary row operations generate a group &, (R), which is a subgroup of the
group GL,(R) of invertible matrix difference operators. Similarly, O—elementary row
operations generate a group &, (Q), a subgroup of the group G L, (Q) of invertible matrix
pseudo—difference operators.

Lemma 2. Let A € M,,(R). Then there exist two invertible matrices U and Y such that
UAV is diagonal.

Proof. Let N be an element of the set E = {UAV|U,V € &,(R)} such that for all
M € E, either M1 = 0 or Ord NVj; < Ord M. We claim that all entries in the
first column of AV are divisible on the right by Nj;. Otherwise, using elementary row
operations which amounts to multiply A on the left by an invertible matrix, one can find
M € E such that My; # 0 and Ord M1; < Ord N1, which contradicts the definition
of V. Similarly, N1; must divide all the entries of the first row of A" on the left. Therefore,
there exist invertible matrix difference operators &/ and V such that /N'V has only zero
entries in its first row and first column, apart from the first coefficient which is A/11. We
conclude by inductiononn. 0O

Proposition 8. Let A € M, (R). Then it can be brought to a upper triangular form A*
with Af T 0 fori > j by R—elementary row operations and

=G0A, Ge&(R).

Proof. We prove the claim by induction on n. If n = 1, the matrix is already in the form
required. Now we assume that any matrix from M, _;(R) can be brought to a upper
triangular form by R—elementary row transformation. Therefore the first n — 1 rows of
matrix A can be brought to the upper triangular form.

(i) If A, 1 = 0, then by deleting the first row and the first column of A we reduce the
problem to the case M,,_{(R) and we are done due to the induction hypothesis.
(ii) If A; 1 = 0, we use the transformation o7, to reduce the problem to the case (i).
(iii) The remaining case are A; 1 # 0, A,1 # 0. Suppose Ord A, 1 < Ord A ;
(otherwise, we can swap the rows by the transformation o7 ,). Then there exist
B, R € R such that Aj; = B - A, 1 + R and either R = 0 or Ord R < Ord A, ;
and we apply the transformation 7 , (—B) replacmg Aj by Al = A; — BA,. If
= 0, then the updated row A1 has zero entry Al 1 = 0 and we are done (ii), or
Ord .AM < Ord A, 1 and we use o1, to swap the rows. Iterating this procedure
we can make the entry (n, 1) vanish, reducing the problem to the first case (i). O

The ring M, (R), n > 2 has zero divisors. We will denote by M, (R) the multi-
plicative monoid of regular elements, i.e. the elements which are not zero divisors. A
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difference matrix operator A is regular if and only if its upper triangular form A is
regular, i.e. if and only if

SeT(A®) = Al - ALy Ap, #0. (17)

Definition 5. The total order of a matrix difference operator A € M, (R) is defined
as the sum of total orders of the diagonal entries of a corresponding upper triangular
operator A%, i.e.

Ord A=) " Ord A% = Ord set(A).

i=1

Proposition 9. A difference matrix operator A is invertible in M,(R) (i.e. A~' €
M, (R) and thus A € GL,(R)), if and only if Ord A = 0.

Proof. 1f Ord A = 0, then all entries on the diagonal part A2 := diag((Af)), ...,
(A,f’ .)) of A% have total order zero and thus invertible. Multiplying A% on the left by
matrix (.Aj)_1 we obtain an upper triangular matrix A% = (Aﬁ)—lgA with the unit
matrix on the diagonal. By induction on 7 it is easy to show that there is a composi-
tion of R—elementary row transformations G such that GA® = I.If n = 1 there is
nothing to do. We assume the existence of the inverse matrix in M,,_{(R). The entries
Alﬁn, k =1,...,n — 1 of the last column can be set to zero by the transformation

Z;} rkyn(—flkA,n) - A% which reduces the problem to the case in M,_{(R). The ne-
cessity is obvious from the consideration of a diagonal matrix A. O

Example 1. Let us consider the following matrix difference operator

1 S?
A= <a_181 alS) ’ (18)

where a € F, ay = S¥(a) and a; # ajif i # j. The transformation A — A% =
72.1(—a_1S~1)A brings A to an upper triangular form and 8et(A*) = (a; — a_1)S.
Thus Ord A = 0 and the inverse matrix difference operator of A exists. Indeed,

a 1 S
A—l ay —d a) —da
a- o_ 1 _
——5 S
a—da_yp a—da_p

If we use a different sequence of elementary row transformations
TA 1 aja—i -1
AHA =T1.2 ——S 2,1 ——S A,
ar ay —a—

which also brings the difference matrix operator A to an upper triangular form, then
Set(A%) = %22_”)8, but the total order of A does not depend on the choice of the

sequence Ord A = Ord 86t(ﬂA) = 0 (see below).
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The correctness of Definition 3, i.e. the independence of Ord A from the choice of row
transformations, can be justified by the theory of Dieudonné determinants (A;) (in the
case of skew polynomial rings it has been discussed in [26]). The above definition of total
order for matrix difference operators is a restriction of the map Ord A,, : M, (Q) —
ZVU{oco} toOrd A, : M,,(R) = Zxo U {oo}. This observation results in a simpler way
to compute the total order of matrix difference operators by treating them as elements
of M, (Q).

The Dieudonné determinant A, is defined for matrices with entries in an arbitrary
skew field K (see [22,23,27]). In our case the skew field is K = Q and we are dealing
with matrix rational operators M, (Q), but what is presented below is equally applicable
to rational operators or any skew field of fraction of a left principal ideal domain. The
Dieudonné determinant is a map from M, (Q) to Q= Q% / oW or zero, where Q%
is the multiplicative group of nonzero elements of Q, and Q! denotes the commutator
subgroup QM = [Q*, ©*] C Q*, which is normal. The group Q! is generated by
elements of the form ABA~!B~!, A, B € Q*. The quotient group Q is commutative
and its elements are cosets AQ(), A € Q*. There is a natural projection 7 : Q% > Q
given by 7(A) = A := AQW forany A € Q*.

Dieudonné has shown that £, (Q) is a normal subgroup of GL,(Q) and that there is
a group isomorphism A, : GL,(Q),&,(Q) — Q given by amap A, (Theorem 1. in
[271), which is now called the Dieudonné determinant. The function A,, : M,,(Q) — Q
is:

1. multiplicative: A, (AB) = A, (A)A,(B);

2. if A € &,(Q), then A, (A) = 1;
3. if A’ is obtained from A by multiplying one row of A on the left by B € Q, then

AyA =B - AA;
4. if amatrix A is degenerate (i.e. one row is a left Q—linear combination of other rows),
then A, (A) = 0.

In order to find A, A for A € M,,(Q) one can use the algorithm given by Dieudonné
[27] (see also §1, Ch. IV [22]), or use the Bruhat normal form approach (§20, Part III,
[23]). A simple way to find the Dieudonné determinant of a matrix A € M, (Q) is to
use a composition of Q—elementary row transformations in order to bring the matrix A
to a upper triangular form A% = GA, G € &,(Q), then multiply the diagonal entries of
A® (in an arbitrary order) and apply the projection 7 to the result

Ap(A) =1 (]‘[ A,ﬁk> .

k=1

It follows from [27] that A,(A) does not depend on the choice of elementary row
transformations, neither on the order in the product of diagonal elements of A%.

It follows from Definition 1 and (15) that OrdP = O forany P € QWM thus function
Ord has a constant value on a coset and the map

Od: Q+— Z
is defined correctly.
Definition 6. The total order of a matrix rational operator A € M,,(Q) is

Ord A:=0rd A, (A).
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In the case of difference operators A € M,, (R) we have defined a function et (A%*) €
R (17). Although the value of this function depends on the choice of R—elementary
row transformations, its natural projection to Q does not, since it coincides with the
Dieudonné determinant

JT((SGT(-AA)) = An (-A)

This restriction of the total order definition to the ring of matrix difference operators
together with Proposition 9 results in the exact sequence of monoid homomorphisms
(similar to Theorem 1.1 in [26]):

l — GL,(R) —> Mu(R) — ZsoU{oo} — 0.

Definition 5 is a way to define the total order of a matrix difference operator, bypassing
the skew field of rational operators, its quotient group Q and the theory of Dieudonné
determinants.

Note that the Dieudonné determinant and the total order of a matrix (rational) dif-
ference operator and the transposed matrix operator may not coincide. In the above
Example (18):

Ar(A) =n((a1 —a-1)S),  Axy(A”) =0.

A formally conjugated matrix (rational) difference operator has a usual definition, i.e.
the corresponding matrix is transposed and each entry is formally conjugated: (A) ij=
(A, ). For formally conjugated operators we have A,(A") = (A,.A)" and therefore
OrdA" = Ord A.

There are many ways to represent a matrix rational operator as a ratio of matrix
difference operators. For example any £ € M, (Q) can be represented as

L=A-D'=A-M"", D=diagM,,...,M,), My, M € R\{0}.

Indeed, the entries £; ; € Qand thus £; ; = Ai’jB;jl, A; j, Bi j € R.Since thering R
satisfies the Ore property (Proposition 2) there exists a least right common multiple M;
of the elements By ;, ... B, ; and therefore there exist Py ;, ... P,; € R suchthat M; =
BiiP1i =--- = ByiPy,;. Taking fl,;j = L; j P; ; we obtain the first representation.
Let M be the least right common multiple of My, ..., M,,. There exist Q1,... 0, € R
suchthat M = M1 Q| = --- = M, Q,,, therefore A = A- diag(Q1, ..., On)-

Since the ring of difference operators R is a principal ideal domain, the ring of
matrices M, (R) satisfies the left and right Ore property (see proof in [24]) and thus

M (Q) ={AB™(A, B) € My (R) x M, (R))
=B~ AI(A, B) € My(R) x M, (R)}.
A representation of matrix rational operators as right (left) fractions is not unique. How-

ever, once we clear the common right (resp. left) divisors, we get a minimal fraction, in
the following sense:

Theorem 2. For any L € /\/l (Q) there is a minimal rlght ( resp. left) decomposition
L = AB7! (resp. L = ].A) with A, B right (resp. A, B left) coprtme Any other
right decomposition L = AlB (resp. left decomposmon L= A 1By is of the from
A =A-C, B =B-C (resp. A =C-A B =cC- B), where C € M;(R). Moreover
Ord B = Ord B and is minimal possible among all decompositions.
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Proof. We will first prove by induction on n that if A and B are matrix difference
operators of size n x n with B regular, if M is a generator of the right ideal AM,,(R) N
BM,(R) and N a greatest left common divisor of A and B, then OrdA + OrdB =
OrdM + OrdN.

It is true for n = 1 by Proposition 2. Let us now consider A and B of size n + 1.
Using invertible matrices we can assume that A and B are both upper triangular. Indeed,
one can factorize them as A = TqpUy and B = TpUp with T4, T upper triangular
and Uy, Up invertible. Hence if there exist C and D such that 74D = TgC with
OrdD < OrdTp = OrdB, then we can write A(U;] D) = B(U§1C). Let us consider
A and B in block matrix form:

E X FY
= (53). ()

where E and F are of size n x n, P and Q are difference operators and X and Y have
size n x 1. First, let EG = F H be a generator of the right ideal EM,,(R) N FM,,(R)
in M,(R), PQ = QI3 be a generator of the right ideal PR N QR in R and K be
a generator of the right ideal EM,(R) + FM,,(R) in M,,(R) (which is also called
the greatest left common divisor of E and F). We have by the induction hypothesis
OrdK = OrdF — OrdG. One can find a difference operator R with OrdR < OrdK and
a vector difference operator Z such that K Z = (Y P-X Q)R. Indeed, by Lemma 2 one
can assume that K is a diagonal matrix diag(Ky, ..., K,).Letuscallby Ly, ..., L, the
entries of the vector Y P — X Q Then we can find for alli = 0, .. . n difference operators
M; and N; such that OrdN; < OrdK; and K;M; = L;N;. Let R be a generator of the
right ideal NoR N --- N N, R. Then OrdR <} (OrdN; < Y7 ,OrdK; = OrdK
and there exists a vector Z such that K Z = LR. Finally, by definition of K there exist
two matrix difference operator V and W such that EV — FW = K. Let

HWZ GVZ
CZ(O 13R)’ D:(o QR)'
Then OrdD < OrdB and AD = BC.

The proof of the remaining parts of the statement are identical to the scalar case, see
the proofs of Propositions 2 and 5. O

The inequality (16) is also true for a regular matrix difference operator A € M, (R)
and we say that A is a full kernel operator if DimgKer .4 = Ord .A. Theorem 1, Corol-
lary 2 and Corollary 3 from the previous section are also true for matrix rational operators.

3. PreHamiltonian Pairs and Nijenhuis Operators

Zhiber and Sokolov, in their study of Liouville integrable hyperbolic equations [28], have
discovered a family of special differential operators with the property that they define a
new Lie bracket and are homomorphisms from the Lie algebra with the newly induced
bracket to the original Lie algebra. These operators can be viewed as a generalization
of Hamiltonian operators, although they are not necessarily skew—symmetric. Inspired
by the work of Zhiber and Sokolov, infinite sequences of such scalar differential oper-
ators of arbitrary order were constructed in [29] using symbolic representation [30,31].
Kiselev and van de Leur gave some examples of such matrix differential operators [32]
and investigated the geometric meaning of such operators. They named them preHamil-
tonian operators in [33] and defined the compatibility of two such operators. Recently,
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Carpentier renamed them as integrable pairs and investigated the interrelations between
such pairs and Nijenhuis operators [17]. In principle, many results for differential op-
erators also work for difference operators since R is a principal ideal domain. In this
section, we develop further the theory of preHamiltonian operators and extend it to the
difference case. Similarly to the previous section, we illustrate our results for the scalar
case.

Definition 7. A difference operator A is called preHamiltonian if Im A is a Lie subal-
gebra of (F, [e, e]), i.e. if
[ImA, Im A] € Im A. (19)

By a direct computation, it is easy to see ([29]) that an operator A is preHamiltonian if
and only if there exists a 2-form on F denoted by w4 such that

Ax[Aal(b) — A«[AD](a) = Awa(a,b) forall a,beF. (20)

For a given a € F, both w4 (a, ) and w4 (e, a) are in R, i.e. difference operators on F.
For a Hamiltonian operator H, the Jacobi identity is equivalent to (cf. [9])

[Ha, Hb] = H (b*[Ha] +(Ha) (b) — a,[Hb] + ai(Hb)) , Q1)

for all a, b € F, where 7 is the adjoint of the operator. Clearly, Hamiltonian operators
are preHamiltonian with wy (a, b) = (Ha)l(b) +a,(Hb). We are going to explore the
relation between preHamiltonian pairs and Hamiltonian pairs in the forthcoming paper
[34]. Here we look at their relations with Nijenhuis operators.

Similarly to Hamiltonian operators, in general, the linear combination of two pre-
Hamiltonian operators is no longer preHamiltonian. This naturally leads to the following
definition:

Definition 8. We say that two difference operators A and B form a preHamiltonian pair
if A + AB is preHamiltonian for all constant A € k.

A preHamiltonian pair A and B implies the existence of 2-forms w4, wp and w4y p =
w4 + Awp. They satisty

Ax[Bal(D) + Bi[Aal(b) — A«[BD](a) — B.[Ab](a)
= Awp(a,b) + Bwy(a, b) forall a,b €F. (22)

Gel’fand and Dorfman [8] and Fuchssteiner and Fokas [10,11] discovered the relations
between Hamiltonian pairs and Nijenhuis operators. These pairs naturally generate Ni-
jenhuis operators. In what follows, we show that preHamiltonian pairs also give rise
to Nijenhuis operators. This also explains why we chose the terminology ‘preHamilto-
nian’ instead of ‘integrable’ for such operators. These operators naturally appear in the
description of the invariant evolutions of curvature flows [35].

Definition 9. A difference operator R is Nijenhuis if
[Ra, Rb] — R[Ra,b]— Rla, Rb]+ R*[a,b] =0 forall a,beF. (23)
Clearly, a Nijenhuis operator is also preHamiltonian with

wg(a, b) = (Rb)+[a] — (Ra)«[b] — Rla, b].
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For arational operator R = AB~! which is defined on Im B, we define the N ijenhuis
identity as
A.[Ad] — [(Aa),, A1+ AB~'AB™!(B,[Ba] — [(Ba), B])

24
= AB~!(B,[Aa] + Ay[Ba] — [(Aa)y, B] — [(Ba)y, A]) forall a €F, &4

where the bracket denotes the commutator of two difference operators.

Theorem 3. If two difference operators A and B form a preHamiltonian pair, then
R = AB~! is Nijenhuis.

Proof. Since A and B are preHamiltonian we can write for all a € F

As[Aa] — [(Aa)«, Al = A(wa(a, o) + (Aa)sx — axA);

(25)
B.[Ba] — [(Ba)«, B] = B(wg(a, ®) + (Ba)x — axB).

Hence, we see that, provided that A and B are preHamiltonians, (24) is equivalent to

AB ' (Bwu(a, ) + Awg(a, ®) — B.[Aa] — A.[Ba)

(26)
+(Aa)«B + (Ba)sA — AayB — Ba,A) =0,

where the expression inside the parentheses is nothing else than (22). Therefore, given
two preHamiltonians difference operators A and B, the ratio AB~! is Nijenhuis if and
only if A and B form a preHamiltonian pair. O

Conversely, we have the following statement:

Theorem 4. Let R be a Nijenhuis rational difference operator with minimal decom-
position AB™" such that B is preHamiltonian. Then A and B form a preHamiltonian
pair.

Proof. Since B is preHamiltonian, we have for alla € F
B.[Ba] — [(Ba)«, B] = B(wg(a, e) + (Ba)x — axB) (27
Therefore, we can transform (24) into the equivalent form

AylAa)l — (Aa)LA + Aa, A
= AB '(B.[Aa] + A.[Ba] + Ba, A (28)
+ AayB — (Ba)+A — (Aa)+B — Awp(a, e)).
Let CA = DB be the left least common multiple of the pair A and B. It is also the right
least common multiple of the pair C and D since AB~! is minimal. By Lemma 5 (i)
there exists a difference operator w4 (a, ) and thus 2—form w4 on F such that
AilAal — (Aa)« A+ Aa, A = Awal(a, e);
B.[Aa]l+ Ai[Bal+ Ba,A+ Aa,B — (Ba)+A — (Aa)+B — Awp(a, e) (29)
= Bwa(a, ),

which implies that A and B form a preHamiltonian pair. 0O
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There is a simple algorithm to determine whether a given difference operator is
preHamiltonian and to find the corresponding 2—form w. Theorem 3 provides an efficient
method to check the Nijenhuis property for rational operators, which is important in the
theory of integrability.

Example 2. The operators A and B defined in (2) form a preHamiltonian pair. Thus the
recursion operator for the Volterra chain (1) is Nijenhuis.

Proof. Let C = A+ AB. According to Definition 8, we check the existence of a 2-form
wc in (20). By direct computation, we have

C«[Cal(b) — C«[Cb](a)
= u{uiupazby + (uy + wurarby + (U +u_1)u_1a_1b+u_su_ra_rb_

+Auiarby +)\u_1a_1b)7>a‘b,

where P, 5 stands for anti-symmetrisation with respect to a;’s and b;’s. We can now
compute its preimage wc (a, b) by comparing its highest order either of a or b and we
get

a)c(a, b) = u(alb — abl) + u_l(ab_l — a_lb).

It follows from Theorem 3 that the recursion operator R = AB~! for the Volterra chain
(1) is Nijenhuis. O

The previous two theorems provide the interrelations between preHamiltonian pairs
and Nijenhuis operators. The following theorem (analogous to its differential counterpart
in [17]) gives another motivation to the definition of a preHamiltonian pair: it is a nec-
essary condition for a rational operator R = AB~! to ‘generate’ an infinite commuting
hierarchy.

Theorem 5. Let R be a rational operator with minimal decomposition R = AB™!.
Suppose that there exist (f (”)),,Zo € F spanning an infinite dimensional space over k
such that for alln > 0, A(f™) = B(f"*V) and such that [B(f™), B(f"™)] = 0 for
alln,m > 0. Then A and B form a preHamiltonian pair.

Proof. Since [B(f™), B(f™)] = 0 for all m, n > 0 by assumption, we have
(BAB( ") = (BB ™) = B (=(F")uBGF)]) Vim,n = 0.
Similarly, replacing B with A we get for all n, m > 0 0

(ALLAF ] = (A DNA ™) = A= (F™)lA D). 31

Let CA = DB be the left least common multiple of the pair A and B. A non-zero
difference operator has a finite dimensional kernel over k, therefore one must have for
all n > O that

D(B.B(f™D)] — (B(f™1))B) = C(AJLA(f™)] = (A(F™)),A).  (32)

By minimality of the fraction AB~!, we deduce that for all n > 0 there exists a difference
operator P such that

B.[B(f")] — (B(f"*)),B =BP™,

33
ALAG™)] = (A(FM)),A = AP, (33)
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For all f € F we can write B(f)« = Bfi + (Dp)y, where (Dp)y is defined by
(D) r(g) = By[gl(f) for all g € F. Dp is a bidifference operator, i.e., (Dp)y is a
difference operator and its coefficients are difference operators applied to f. In other
words (Dg) s = Pu(f)SM +--- Py(f)SN for all f, where Py, ... Py are differ-
ence operators. We can find a unique pair of bidifference operators Q and L such that
OrdL y < OrdB for all f and

By[B(f)] = (Dp)sfB=BQf+Ly. (34)

From (33) we see that L ;) = 0 for all n > 1. This implies that L = 0 since the Fo
span an infinite dimensional space over k. Therefore, for all f, g, we have

By[B(f)1(g) — B«[B()I(f) = BQr(g)

implying that B is preHamiltonian. Finally, since for all constant A, operator
R+i=(A+AB)B~!

satisfies the same hypothesis as R, we conclude that A + AB is preHamiltonian. O

4. Towards Applications to Differential-Difference Equations

In this section we introduce some basic concepts for differential-difference equations
relevant to the contents of this paper. More details on the variational difference complex
and Lie derivatives can be found in [15,36].

Letu = (u'(n,1),...,uN(n, 1)) be a vector function of a discrete variable n € 7Z
and time variable ¢, where n and ¢ are “independent variables” and u will play the role
of a “dependent” variable in an evolutionary differential-difference system

u =f(u,, ..., u), p=<q, p,q€l. 35)

The Eq. (35) is an abbreviated form to encode the infinite sequence of ordinary differ-
ential systems of equations

ou(n,t)y =f(u(n+p,t),...,u(n+gq,1)), n € Z.

A vector function f is assumed to be a locally holomorphic function in its arguments.
In the majority of cases it will be a rational or polynomial function which does not depend
explicitly on the variables n, ¢. The corresponding vector field coincides with (4). Thus
there is a bijection between evolutionary derivations of F and differential-difference
systems with f € FV.

Definition 10. There are three equivalent definitions of symmetry of an evolutionary
equation. We say that g € FV is a symmetry of (35) if

1. [g,f] = 0.
2. 0, = uy + egy satisfy equation (35) mod €2 whenever u is a solution.
3. Equation u; = g is compatible with (35).
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Symmetries of an equation form a Lie subalgebra in Der F. The existence of an infinite
dimensional commutative Lie algebra of symmetries is a characteristic property of an
integrable equation and it can be taken as a definition of integrability.

Often the symmetries of integrable equations can be generated by recursion operators
[2]. Roughly speaking, a recursion operator is a linear operator R : FN — FY mapping
a symmetry to a new symmetry. For an evolutionary Eq. (35), it satisfies

R; = R.[f] = [f;, R]. (36)

Recursion operators for nonlinear integrable equations are often Nijenhuis operators.
Therefore, if the Nijenhuis operator R is a recursion operator of (35), the operator
R is also a recursion operator for each of the evolutionary equations in the hierarchy
w, = RF(f), where k =0, 1,2, ... .

Nijenhuis operators are closely related to Hamiltonian and symplectic operators. The
general framework in the context of difference variational complex and Lie derivatives
can be found in [15,36]. Here we recall the basic definitions related to Hamiltonian
systems.

For any element a € F, we define an equivalent class (or a functional) [ by saying
that two elements @, b € F are equivalentif @ —b € Im(S — 1). The space of functionals
is denoted by F'.

For any functional [f € F’ (simply written f € F" without confusion), we define its
difference variational derivative (Euler operator) denoted by 8, f € FV (here we identify
the dual space with itself) as

r —i af 9 —i
(Suf:((sulfv""au"’f)t ’ ‘Sulf:ZS 3_Mf=m<zs f)

ieZ i€Z

Definition 11. An evolutionary Eq. (35) is said to be a Hamiltonian equation if there
exists a Hamiltonian operator H and a Hamiltonian [ g € F' such thatu, = Héy [ g.

This is the same to say that the evolutionary vector field f is a Hamiltonian vector
field and thus the Hamiltonian operator is invariant along it, that is,

H, = H,[f] = f.H + Hf]. (37)

Nijenhuis recursion operators for some integrable difference equations, e.g., the
Narita-Itoh-Bogoyavlensky lattice [37], are no longer weakly nonlocal, but rational dif-
ference operators of the form R = AB~!. The following statement tells us how operators
A and B are related to a given equation.

Theorem 6. If a rational difference operator R with minimal decomposition AB~" is a
recursion operator for Eq. (35), then there exists a difference operator P such that

Alfl=f.A+AP, B.f]=f.B+BP. (38)

Proof. To say that AB™! is a minimal decomposition of R means that A and B are right
coprime. Let C and D be two left coprime matrix operators with C regular such that
CA = DB. Such a pair exists by Lemma 5. Since R = AB~! is a recursion operator of
(35), substituting it into (36) we have

R, = R.[f] = A [f1B~' — AB™'B,[f]IB~' =f.AB~' — AB7't,,
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that is,
(A4lf] — £,A) = AB™! (B,[f] — £.B). (39)

We rewrite (39) as
C (A«[f] —£.A) = D (B,[f] - £.B).
By Lemma 5 there exists an operator P such that
Alf] -, A= AP, B.[f] —f.B = BP.
Thus the operators A and B satisfy the same relation (38). O

Comparing to (37), for Hamiltonian operators, we have P = f: . Conversely, it can be
easy to show that

Proposition 10. For an Eq. (35) if there exist two operators A and B satisfying (38),
then R = AB~ is a recursion operator for the equation.

Proof. By direct computation, we have
R, = AJf1B~' — AB'B,[f1B™!
=, A+AP)B™' — AB~'(t,B+ BP)B~' =f.R — Rf,
satisfying (36). Thus R = AB~! is a recursion operator. O

This proposition has been used in [38] in constructing recursion operators for integrable
noncommutative ODEs.

Example 3. For the operators A and B defined in (2) of the Volterra chain (1), the
difference operator P in Theorem 6is P = (1 + S~ Hu(l — S).

In what follows, we give the conditions for a rational recursion operator R = AB™!
to generate infinitely many local commuting symmetries. We first prove the following
lemma:

Lemma 3. Assume that B is a preHamiltonian operator R = AB~" with minimal de-
composition is a recursion operator foru; = B(g), where g € FN. Then [B (g), A(g)] =
0.

In particular, if there exists h € FN such that R is a recursion operator for u, = B(h)
and [B(g), A(h)] = 0, then [A(g), B(h)] = 0.

Proof. We know that B is preHamiltonian. So for any a € FV, we have
B.[Ba] — (Ba).B = B(wp(a, e) —a,B). (40)
From Theorem 6, it follows, when a = g or a = h, that
A.[Ba] — (Ba).A = A(wp(a, e) —a,B). (41)
Using (41) for a = g, we get
[B(g), A(®)] = A«[B(g)](8) + Ag«[B(g)] — (Bg)+[Ag] = A(wp(g. 8)) = 0.

If there exists h € FV such that R is a recursion operator for u; = B(h) then from the
former we deduce that

[B(g+h), A(g+h)] = [B(g). A(g)] = [B(h), A(h)] = 0. (42)
Hence [B(h), A(g)] = —[B(g), A(h)]. O
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Proposition 11. Assume that A and B form a preHamiltonian pair and R = AB™! is
a recursion operator for u; = B(g), where g0 € FVN. If there exists g™ € FN such
that A(g™) = B(g"*V) for all n > 0, then [B(g™), B(g")] = 0 for all n,m > 0.

Proof. We can assume that AB~! is a minimal decomposition of R. Indeed, if not we
write A = AoC and B = BoC where R = AgB, ! is minimal and replace g(”) by
C(g™). By Theorem 3, we know that R is Nijenhuis and thus it is a recursion operator
for all B(g™), n > 0. We proceed the proof by induction on [n — m|. If n = m
there is nothing to prove. If [n — m| = 1, we deduce [B(g™), B(g"*1)] = 0 as
a direct application of Lemma 3 since B(g""*") = A(g™) for all n > 0. Suppose
that [B(g"™), B(g"™)] = 0 for all n,m > 0 such that [n — m| < N, which implies
[B(g™*N)| B(g*D)] = 0. Hence by Lemma 3, we have [B(g"*¥*D, B(g)] = 0.

O
5. Rational Recursion Operator for Adler—Postnikov Equation
In this section, we construct a recursion operator of system
wp = u(uauy —u—yu—) —uuy —u_1) = f (43)

from its Lax representation and show that it is Nijenhuis and generates local commut-
ing symmetries. In general, it is not easy to construct a recursion operator for a given
integrable equation although the explicit formula is given. The difficulty lies in how to
determine the starting terms of R, i.e., the order of the operator, and how to construct its
nonlocal terms. Many papers are devoted to this subject, see [5,39,40]. If the Lax repre-
sentation of the equation is known, there is an amazingly simple approach to construct
a recursion operator proposed in [41]. The idea in [41] can be developed for the Lax
pairs that are invariant under the reduction groups, which applies for both differential
and differential-difference equations [7,37].

The Eq. (43) first appeared in [18], where the authors presented its scalar Lax repre-
sentation. We rewrite it in the matrix form as follows:

010
L=8S-U0W=8-2UPY-u9=s5-1[0 0 1 (44)
=¥
s tu g (L —u_qug) u_ju_y— 5
M=D;—VQA) =D+ | huu_y — ¢ u—u_1 AL — ""{1 , (45)
2u — uuy Muup — 1) A —u

where X is a spectral parameter. The commutativity of the above operators leads to the
zero curvature condition

U, = SVIDSIUM) — UV (46)

and subsequently it leads to the system (43). The system (43) defines a derivation X €
Aj of R with f = u2(u2u1 —u_qju—_n) —u(uy; —u—y). The representation (44), (45) is
invariant with respect to the transformations:

SVoS'=—yrvohTy, Ul =JTU00HTI 47)
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and
V(A) = HV(—M)H, UA) = —-HU(—-MH, (48)
where
001 1 00
J=101 0]}, H=]10 -1 0
100 0 01

The transformation (47) reflects the symmetry 7 (f) = — f of the Eq. (43).

For a given matrix U, we can build up a hierarchy of nonlinear systems by choosing
different matrices V with the degree of A from —2/ to 2/. The way to construct a recursion
operator directly from a Lax representation is to relate the different operators V using
ansatz

V=0O"2+ ) V+W

and then to find the relation between the two flows corresponding to V and V. The multi-
plier =2 + A2 is the automorphic function of the group generated by the transformations
A+ A~ land A — —A. Here W is the remainder and we assume that it has the same
symmetry as V:

2
W= Z AW, (49)
j=—2

where W) are 3 x 3 matrices of the following form [invariant under (48)]

alOb ag 0 by a_ 0 b_
WO =[0co]; WO=|0co0]|; W2=[0c 0];
dOe do 0 ep d_ 0 e_
0r0 0r_ 0
Wh=1sop|; Wl =1[s_ 0 p_
0g0 0g- O

and since W is invariant under (47), they satisty

SW®) = —JTWED) 1, SWD) = —gT (WD),
SWOy = —_jT WOy,

The zero curvature condition leads to

U, = (%z + /\2) U, + S(W)U — UW. (50)
Substituting the ansatz (49) into (50) and collecting the coefficient of powers of A,
we obtain six matrix equations for w, j = —2,...,2. For example, the equation

corresponding to linear terms of A is

Ugl) — S(W(]))U(O) +S(W(O))U(]) —_UDOWO _gOw (51)
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Through them we are able to determine the entries of matrices W) and we finally get

.= (st
u
bo = S~ u(Su — us~1)~! (u(s CS (S +S+ 1)+ 8% — 5) c_;
1 1 1 1
e=(S*+S+1)7! <— <s—s +-S+ s—) Sho + (S +1)=(S* — S)c_) :
u u u u
ur = u>(S> = Dby — u@wS — S 'u)(S*+ S + De— +u(S — 1ey. (52)
Note that
1 1 1 . .
S-Su+-Su+S=S+1)—-(Su—uS )+S  +1+8.
u u u
We simplify the above expression of eg. It becomes

e0=CS?2=DuS>+S+ e —S " (Su—-us™H™!
<u(S — S (S + S+ 1) +8? — 5) .

Substituting c_, bg and ¢ into (52), we obtain the relation between two symmetry
flows u; and u. Thus we obtain the following statement:

Proposition 12. A recursion operator for Eq. (43) is
R=u (u(52—5—1)u +$—1—1) (Su—uS™H!

(u(S—S—Z)u(S2 +S+1) +$2—3) (32—1)—%

+uRS'u —S2u —Su+u—uS)(S* + S+ 1)(S* — 1)—15 (53)
We represent R as

R=R®+RM + RV,
where
R® =4S = DS uSu —uS ™ H u( S =S HuS?>+S+ (S =17} 5;

ROV = u(S™ — 1)Su—us™ s 41 L
u

Note that R® is a recursion operator for u, = u2(u1u2 —u_1u—y) [37] and that R-D
is the inverse recursion operator for the Volterra chain u; = u(u; — u_1) [20].

The recursion operator (53) is not weakly nonlocal. We now rewrite it as a rational
difference operator. It is convenient to first write R as

R = (QA—1C+P) (S? — 1)—15, (54)
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where
Q:u(uu1—1+(1—uu_1)S71); A=S8u—uS"; (55)
C=uwS—w_1S, w=1—u_qu; (56)
P = (MZSM(S Y
+Qu 1 +u(S U — 82U — Su+u— uS)) (S2+S+1)
+ulS(S* = S)+ Qu_1S " +urS) = P(S+1) + p; (57)
where P is a difference operator and p = u(uy +2u; — 2u_1 — u_»).

Lemma 4. The recursion operator R given by (54) can be factorized as R = AB™!

with
B=u(S—-S H(Sa+p+S'y), (58)
where
— . _ 2.2 .
O =U_UW_ W —U_jUuiwiw2; B =u"w" —u_1ujw_orwy;
Y = UUWIW — U_ U W_1W—2; W=1—u_quj.
and

I I
A=0Q (—w1a15+—wy) + PS! (Sa+,3+s—‘y). (59)
u uj

Proof. To find A and B for (54) we need to rewrite A~!C as a right fraction. It turns
out that

1 1
cs™! (S(X + 8 +S_1y> =A <;w1a18+ u—lwy> ,

from which we can find that «, 8 and y as stated is a solution. Then A = RB by
definition as given in the statement. O

The authors in [42] showed that the recursion operators derived from certain Lax repre-
sentations under certain boundary conditions are Nijenhuis once every step is uniquely
determined. Here we prove the Nijenhuis property using the results in Sect. 3.

Theorem 7. The operators A and B defined by (59) and (58) are compatible preHamil-
tonian operators. In particular, the recursion operator R for Eq. (43) given by (53) is
Nijenhuis.

Proof. We know from Lemma 4 that R = AB~!. To prove that it is Nijenhuis, we only
need to show operators A and B form a preHamiltonian pair following from Theorem 3.

Let I/ = A+ AB.Foranya, b € F and constant A, we use computer algebra package
Maple to compute e©® =111 al(b) — I.[Ib](a), which is linear in a and its shifts. We
take the coefficient of the highest order term ay (here k = 11)in ¢® and denote it by v(©@.

. . R ©
Notice that the highest order term in [ is wruiurS*a. We set 0 = éé“%ﬁ) We

then compute eV = ¢ — [ (©) and repeat the procedure. Finally we get (') = 0
after n = 11 steps implying [ is preHamiltonian. O
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Since the operator R is not weakly nonlocal, the results on the locality of symmetries
generated by R in [7] are no longer valid. In the rest of this section, we are going to
show that R generates infinitely many commuting symmetries of (43) starting from the
equation itself.

Proposition 13. Let h be a difference polynomial such that R is a recursion operator
foru; = h. Then h lies in the image of B. More precisely h = B(x) for some x € F and
A(x) is a difference polynomial. Moreover, R is a recursion operator for u; = A(x).

We will break the proof of this proposition in two parts using (54). First we will
prove that &7 = u(g, — g) for some difference polynomial g. Second we will show that
C(g) = A(k) for some difference polynomial k. We begin with proving a few lemmas.
To improve the readability, we put them in “Appendix B”. We now write the proof for
Proposition 13 using these lemmas.

Proof. By Lemma 8, we know that 7 = u(g> — g) for some difference polynomial A.
By Lemmas 9 and 10, for some constant A € k we get that

C(g)su(S* — 1) — C(g)($* — §) = AC.

Since g is a difference polynomial, the constant term in C(g)*u(S2 —-1) - C(g)(S2 —
S) — AC is A(S — S?%). This constant term must be divisible on the left by A, which
implies A = 0. Moreover, we can divide the congruence relation by (S? — §) on the right
since A has a trivial kernel:

C(g)u(1+5™") =C(g).

After applying Lemma 11 we deduce that C(g) = A(k) for some difference polynomial
k.

Let M be a generator of the right ideal CR N AR in R. This means that M = CE =
A D for some pair of right coprime difference operators D and E. By Lemma 1, there
exists x € F such that g = E(x) and k = D(x). Since B = u(S? — 1)E, we conclude
that h = B(x). Finally, A = QD + PE, hence A(x) = P(g) + Q(k) is a difference
polynomial. R is a recursion operator for u; = A(x) since R is Nijenhuis following
from Theorem 7. O

Theorem 8. There exists a sequence g2, g™, g© .. inF such that

(D) u?(yuz —u—yu_2) —u(y —u_y) = B(g?);
(2) A(g®) = B(g®*) foralln > 1;

(3) B(g®) is a difference polynomial for all n > 1;
@) [B(g®), B(g¥™)] =0 foralln,m > 1;

(5) The order of B(g™*") is (—=2n, 2n);

(6) R is a recursion operator for all the u; = B(g(z")).

Finally, let V = Spank{B(g(zn))m > 1}. If f € F commutes with some element h € V,
then f € V.

Proof. We already know that R is a recursion operator for (43), hence by Proposition 13
there exists g(z) € F such that statement (1) is satisfied and A(g(z)) is a difference
polynomial. Since R is Nijenhuis (following from Theorem 7) it must be a recursion
operator for u; = A(g®) as well. Using Proposition 13 a second time we find g e
F such that B(g®) = A(g®) and A(g™) is a difference polynomial. Iterating this
argument we prove the statements (2), (3) and (6). Statement (5) is obvious and statement
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(4) follows from Proposition 11 and Theorem 7. Finally, if f € F commutes withh € V,
let us sketch the proof of how to show that f € V.If (M, N) isthe orderof f and N > 0
it is not hard to prove from the equation

Xn(fe) = [hs, [l + X g (hy). (60)

Note that the leading term of f is up to multiplication by a constant the leading term
of B(g(2k))* for some k > 2. Similarly, if M < 0, one sees that the negative leading
term of f; is up to multiplication by a constant the negative leading term of B(g®)),
for some [ > 2. We conclude by induction on the total order of f, after checking that
the only f commuting with an element of V and which depend either on u, ..., uy or
onu_y,...,0for N >0is f =0. O
U_1UUIW_1WW]
ay

Remark 4. Let 7 be the automorphism of K defined in Sect. 2. Then we have 7 A7 =
—Aand7 BT = —B. Thisimplies that 7 (B(g*")) = —B(g®") and 7 (g*V) = g
foralln > 1.

Remark 3. Note that g® = is in F but is not a difference polynomial.

6. On Inverse Nijenhuis Recursion Operators

In [20], the authors listed integrable differential-difference equations with their algebraic
properties. For some systems, they presented both recursion operators and their inverse
in weakly nonlocal form. In this section, we’ll explain the (non)existence of weakly
nonlocal inverse recursion operators and how to work out the nonlocal terms based on
Theorem 1 and its corollaries in Sect. 2.3 using examples in [20].

We select four examples: in Sect. 6.1, we show the nonexistence of weakly nonlocal
inverse recursion operator for the Toda lattice; in Sect. 6.2, we show the existence of
weakly nonlocal inverse recursion operator with only one nonlocal term for a relativistic
Toda system; in Sect. 6.3, we deal with a recursion operator with two nonlocal terms;
for our last example, we demonstrate that the inverse operator R itself is not weakly
nonlocal, but that of R — id is!

6.1. The Toda lattice. The Toda equation [43] is given by

g = exp(q1 — q) —exp(q — q—1).

In the Manakov-Flaschka coordinates [44,45] defined by u = exp(q1 — ¢), v = ¢, it
can be rewritten as two-component evolution system:

{u, =u(vy —v) 61)

Vr=U—U_|

which admits two compatible Hamiltonian local structures

oo 0 w@S -1\ (S =8 Du uS -
Pla=-she o0 ) T v =S hu uS -8 )

1
It is clear to see that Ord H; = 2 and that the kernel of H; is spanned by <g) and <(1))

1
One can check that the kernel of H, is spanned by ( 6) . In other words, H; and H, have
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a common right divisor C of the total order being 1 and can be written as H; = BC and
H, = AC, where OrdB = 1 and OrdA = 3, that is,

H) = BC = (‘1) “(10_ S)> ((1 - gil)” ?) ;

o {uS+D u(S =D\ (1 =8Huo
HZ_AC_( v uS—Slu>< 0 1)'

Thus B has full kernel and A has trivial kernel. Thus the recursion operator
R=HH; ' = AB™!

is weakly nonlocal but BA~!is not. Indeed,
_ vi uS+u u(vy — v) 141
R_(1+S_1 v >+(u—u_1>(8_1) (4 0)-

6.2. A relativistic Toda system . The relativistic Toda system [46] is given by

exp(g—1 —q) exp(q — q1)

qir = q914—-11 1 +exp(g_1 —q) —qtq1t 1+exp(q — 611)'

Introducing the dependent variables as follows [47]:

_ exp(g — q1) v qr
1+exp(g —q1)’ 1 +exp(g —q1)’

then the equation can be written as

Uy =u(u—_; —uy+v—oy)
vy =v(u_1 —u).

It admits two compatible Hamiltonian local structures

o 0 u(l—38) o (ST = Suud =S
=S 'T=huus—=8) 7 \viS ! = Du 0 ’

1

It is clear to see that Ord H; = 2 and that the kernel of Hj is spanned by (6) and (i)

L 0
Similarly Ord H, = 2 and the kernel of H, is spanned by 6) and ( 1 > In other words,
Hp and Hj have a common right divisor OrdC = 1 and can be writtgn as

_ (0 u(1-9) 1—-5"Huo).
Hl_BC_(luS—S‘u)( 0 1)’

o f(uS+DHu(1 =S\ [(A=8Huo
H2—AC—< v 0 )( 0 1)’
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where A and B are of the total order 1 and their kernels are of dimension 1 Therefore
both recursion operator R = AB~! and its inverse R~' = BA~! are weakly nonlocal,
and

R— (u8+u+v1+u_1+u5_1 u8+u) . (Z;) (S—l)_l(% O);

v+vS! v

1 % S+H_U2'?1 W 11 2

— v v —

R = _Sfll__us_i_slu 2u+l +(Z;ll_i>(8_1) (E_;)~
v v

—1 V1

1
?) the kernel of AT is spanned by ( ) and
v

v

Note that the kernel of A is spanned by (

u__u
v

0 . . . . .
B ( 1 > = (l il > This explains the nonlocal term in the inverse of the recursion

v V1 V-1

operator.

6.3. The Ablowitz—Ladik lattice. Consider the Ablowitz—Ladik lattice [19]

{uz = (I —uv)(au; — pu_1)

vy = (1 —uv)(Bv; —av_y).

Its recursion operator [48]

(A =uv) S —ujv —uv_y —uu| —u 1
R_( VU] (1—uv)81>+< v >(S_1) (v-1 u1)

B (_(1 — uv)uy ) S =17 (15 ) ©2

(1 —uv)v_q

can be written as R = AB™!, where by letting w = 1 — uv, w; = S‘w and p =
U1V — uv_1 we have

uv ujvw UV wi u u?v_ uTv_y Llu1v —1
_ wS( ul) e T wSp(l - — + == S
1 vy w?vo —lv,] _ -1 v ugv? o—1
wS™ (v_ Ul) ULV + = wS p(l )+ — S

and

T v
)

v_1w—w —%(1—5‘l

The operator A can be factorized as follows:

1 0
(v—ov — vzl)wrS_l r

quivw—uv_jwy) w S — UIVW—UV_] W]
(uv—uyvy) (v_1viwi—v2w) (uvfuw])(v_szfv%lw_]) D,

0 1
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where

1 3 1

r =

NS ;
UV_[W_| — U_{V_pW (v_jvjwi —vzw)(v,ng—vzlwfl)

v_jw(v_jviwy — 11211))572
0 —vw_sviwi —v_jvw_1)S~!
D= +vjw(v_vw — v%lw,])

| 5 v_1w372+(uv_2w—ulv_lw_l)%571
ﬁ(“lvl —uv)(v_2vw — v w—_1) B u
+(vZjw_y — v,sz)ﬁ

Note that OrdA = OrdD = 2 and ker D = ker A, which is spanned by

1 __uvi
h(l) — UTV—Uv_] and h(2) — <u1vuv_1) )
% ujvy — 1

Thus the operator A is a full kernel operator and hence the inverse of AB~! is weakly
nonlocal. Note that ker D" is spanned by

v
g(l) — (v(;]) — <(v2vw—v31w16(v1v1w1—v2w)) and
v_1g
@ _(~w
= (75

Thus ker AT is spanned by

(uv—uijvy)
1 Sw(v%l —V_20) q(ulvwfulv_lluu) 0 1
0 1 S w(uv—u1v) (V_2vw—v? w_1) g

.2
r TR +v_jvyw; — v w 1

v

and similarly (H}“’). Moreover, we have
1—uv

My _ [ ¥ ). o~ _ (A —uv)u_yg
B(h )-(_v), B(h )_(—(l—uv)v1>'

These give us the nonlocal term appearing in the inverse operator as stated in Theorem 1,

and indeed
R — (1—uv)S! U1
o —vug (1—uv) S —uvy —u_jv

+ (_uv> (S — l)_l (Ul u_l)

(1 —uvyu_ _ v u
+ <_(1 — uv)vl) (S - 1) ! (1—MU 1—MU) °
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6.4. The Kaup—Newell lattice. Consider the Kaup—Newell lattice [49]:

— uj |
Uy _a<17u|v1 1 uv)+b<l+uv1 T+u_jv

) =aK|+bK_;.

_ v _ V—1 V1 _ v
U =a\ 1w l—u,1v71> +b 1+uv; T4+u_jv
Its recursion operator
_ 1 S+ 1 _ 2ujv _ “% S+ u? _ 2uug
R = (I—uyv)? (I—uv)?  A=wpoD)—uv)  (I—uv)?~ " (luw)?  (=uv)d—ugvn)
_ VI -1 _ _? _ 1 -14 1—2uv
(—u_jv_1)? (1—uv)? (I—u_jv_1)? (1—uv)?
-1 v u
—2Ki(S—-1 (lfuv 1,,“))7

can be written as R = AB~!, where

(1=-8H (S '+ 1-81h

_(S-1 0 ~n 0 [2-L1y(s'-10
Lo 1-s" 0 2 11 2 1

1—uv —1
ST =D —u
B= ( 0 v ) '

The operator A does not have a full kernel since OrdA = 3 and its kernel is spanned by

1—uv

A:((S—l)v(lluv)(l STH+2(8 - 1)L-8! (S—l)ﬁ)

and

(_12) Surprisingly, operator C = A — B can be factorised as follows:

1 1 0 1+uv;
1 U%S 1 vlz(l—uv) 0 D,
0 1 ) \wv—=8")= uzz 0 1

(v —2v + uvvl) +o(l —uv)S~ o — uzv%)
D= _ A+uvy .
v(l —1y vy 0

1—uv;

where

Note that OrdC = OrdD = 1 and ker D = ker C, which is spanned by h =

1—uv;
< 2 Tuvy 2 ) Thus operator C is a full kernel operator and hence the inverse

v(l+uvy) ~ (I+u_qv)
of (A — B)B~! is weakly nonlocal as presented in [20] and it equals to

u?

1 —1 _ _142uv; _ u2 S+ u—, _ 2uu_q

—idy~l = | (v’ (I+uvy)? (T+uvy)? (+u_v)2 _ (Hu_jv)(1+uv)
_ v2 -1 _ Yy 1 S — 1 _ 2u_1vp

(1+u_qv)? (I+uv))?  (I+uvy)? (+u_1v)2  T+u—jv)(T+uvy)

“2K_1(S — 1)*1( vl L) (63)

T+uvy T+u_jv
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0
Note that ker D7 is spanned by ( 1 ) and thus ker C' is spanned by

v

1 0 _ v _ v2(1—uv)
_S—ll 1 1 l—ulzvl2 (MU S) 1l+l,tv1 0 (?)
21 \o | o 1)\;

Moreover, we have

V1
( 1+uv1 >
Uu_q .
T+u_qv

1+uv; T+u_jv

u __u
B(h) =2 <1+vull)1 B 1+uv1v> — 2K_1.
These give us the nonlocal term appearing in the inverse operator as shown in (63).

7. Conclusions

In this paper we have built a rigorous algebraic setting for difference and rational
(pseudo—difference) operators with coefficients in a difference field F and study their
properties. In particular, we formulate a criteria for a rational operator to be weakly
nonlocal. We have defined and studied preHamiltonian pairs, which is a generalization
of the well known bi-Hamiltonian structures in the theory of integrable systems. By
definition a preHamiltonian operator is an operator whose images form a Lie subalgebra
in the Lie algebra of evolutionary derivations of F. The latter can be directly verified and
it is a relatively simple problem comparing to the verification of the Jacobi identity for
Hamiltonian operators. We have shown that a recursion Nijenhuis operator is a ratio of
difference operators from a preHamiltonian pair. Thus for a given rational operator, to
test whether it is Nijenhuis or not can be done systematically. We applied our theoretical
results to integrable differential difference equations in two aspects:

e We have constructed a rational recursion operator R (53) for Adler—Postnikov in-
tegrable Eq. (43) and shown that it can be written as the ratio of a preHamiltonian
pair and thus it is Nijenhuis. Moreover, we proved that R produces infinitely many
commuting local symmetries;

e For a given recursion operator we can answer the question whether the inverse
operator is weakly nonlocal and, if so, how to bring it to the standard weakly nonlocal
from (examples in Section 6).

In Sect. 6.4 we show that for a weakly nonlocal recursion operator R which does not
have a weakly nonlocal inverse, may exist a constant y € k such that (R — y id) ™! is
weakly nonlocal. In other words, the total order of the difference operator A — y B in
the factorisation R = AB~! may be lower for a certain choice of y. This observation
requires further investigation.

The concept of preHamiltonian operators deserves further attention. These operators
naturally appear in the description of the invariant evolutions of curvature flows in
homogeneous spaces in both continuous [50] and discrete [35] setting. In the future,
we’ll look into the geometric implication of such operators.

In this paper, we mainly explored the relation between PreHamiltonian operators
and Nijenhuis operators. We are going to investigate how preHamiltonian pairs relate
to biHamiltonian pairs. In our forthcoming paper [34], we’ll present the following main
result: if H is a Hamiltonian (a priori nonlocal, i.e. rational) operator; then to find a



842 S. Carpentier, A. V. Mikhailov, J. P. Wang

second Hamiltonian K compatible with H is the same as to find a preHamiltonian pair
A and B such that AB~'H is skew-symmetric.

We have discovered that Adler—Postnikov integrable equation (43) is indeed a Hamil-
tonian system. This equation can be written as u, = H§, (In u), where H is the following
skew-symmetric rational operator

H = uzulu%Sz - szuzulu% +Siluu1(u +uy) —uui(u+u))S
+u(l =8 H = uu)(Su —uS™H ™1 — uup)(S — Du.

In [34], we are going to show that H is a Hamiltonian operator for Eq. (43) and explain
how it is related to the recursion operator (53).
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Appendix A. Basic Concepts for a Unital Associative Principal Ideal Ring

Recall the definitions of some basic concepts for a unital associative ring ‘R (see for
example [25]).

A left (respectively right) ideal of R is an additive subgroup J C R suchthat RT = TJ
(resp. IR = 7).

A left (resp. right) principal ideals generated by a € R is, by definition, $Ra (resp.
a’R).

A ring is called a principal ideal ring, if every left and right ideal of the ring is
principal. In what follows we assume that the ring fR is both a left and a right principal
ideal ring, meaning that every left ideal of R and every right ideal of ‘R is principal.

Given an element a € R, an element d is called a right (resp. left) divisor of a if
a = bd (resp. a = db) for some b € R. An element m € ‘R is called left (resp. right)
multiple of a if m = ba (resp. m = ab) for some b € ‘R.

Given elements a, b € R, their right (resp. left) greatest common divisor (gcd) is the
generator d of the left (resp. right) ideal generated by a and b: Ra + Rb = Rd (resp.
aR + bR = dR). It is uniquely defined up to multiplication by an invertible element.
It follows that d is a right (resp. left) divisor of both a and b, and we have the Bezout
identity d = ua + vb (resp. d = au + bv) for some u, v € R.

Similarly, the left (resp. right) least common multiple (Icm) of a and b is an element
m € R defined uniquely, up to multiplication by an invertible element, as the generator
of the intersection of the left (resp. right) principal ideals generated by a and by b:
Rm = Ra N RD (resp. mR = a®R N bR).

We say that a and b are right (resp. left) coprime if their right (resp. left) greatest
common divisoris 1 (or invertible), namely if the left (resp. right ) ideal that they generate
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is the whole ring Ra + Rb = R (resp. a’R + bR = *R). In particular there exist u, v € R
such that ua + vb = 1 (resp. au + bv = 1).

An element a € R\{0} is called a right zero divisor if there exists b € 2R\ {0} (called
a left zero divisor) such that ba = 0.

Anon-zeroelementa € fRis called regularifitis neither aleft nor aright zero divisor.
A set of regular elements R* = {a € R |a is regular} is a multiplicative monoid of fR.

A ring *R is called a domain, if it does not have zero divisors.

A domain *R is called right (left) Euclidean, if there exists a function

Ord : R\{0} — Zxo,

such that

1. Ord (a) < Ord (ab) > Ord (b), Va,b € R\{0},
2. forany a, b € R, b # 0 there exist unique c,, g, € R (resp. 1, g; € *R), such that

a=bc+q, =cb+q

and ¢, = 0or Ordg, < Ord b (resp. g = 0 or Ord ¢; < Ord b).

A principal ideal ring R satisfies the right (and left) Ore property (Theorem 2.2
(c) in [25]). Namely, for any ¢ € R, b € R there exist ¢ € R*,d € R (resp.
c1 € R*, d; € R) such that ac = bd (resp. cia = dib).

Lemma 5. Let R be a principal ideal ring. Let a and b be two right coprime elements
in R with b regular. Then there exists two left coprime elements c, d € R with ¢ regular
such that ca = db. Moreover,

(1) if cp = dq for some p, q € ‘R then there exists z € R such that p = az and q = bz;
(ii) if pa = qb for some p, q € R then there exists z € R suchthat p = zcand q = zd.

Proof. It follows from the left Ore property that for a, b € R, b regular, there exist
c,d € *R, c regular, such that ca = db. We can assume that ¢ and d are left coprime.
Otherwise, one can simplify on the left by their left greatest common divisor, which is
regular since c is.

(i) LetT = {x € R|Ty € R, dx = cy}. Jis arightideal in R, hence it can be written as
hR for some i € R. Obviously b € J, thus there exists g € A such that b = hg and
both g, h are regular. Element / itself lies in J, therefore there exists f € R such that
dh = cf. Multiplying the latter on the right by g we have cfg = dhg = db = ca,
which implies that fg = a since c is regular. Recall that a and b are right coprime.
Therefore the equalities a = fg and b = hg imply that g is invertible in fR.

Now let us assume that cp = dq for some elements p, g € 3. By definition of J there
exists w € R such that ¢ = hw. We can rewrite ¢ as ¢ = hgg 'w = bz where
z = g~ 'w € M. Finally we note that cp = dg = dbz = caz which implies p = az
since c is regular.
Taking the left ideal J = {x € R|Ty € R, xb = ya} we prove part (ii) of the Lemma in
a similar way. O
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Appendix B. Lemmas Used for the Proof of Proposition 13

We denote by 7 the projection from the space of Laurent difference polynomials A to
the space of difference polynomials K defined by letting 7 (b) being the nonsingular part
of b for all difference Laurent monomial b € A. For example,

IfL = an ~ 1nS" is a Laurent series with coefficients being Laurent difference poly-
nomials, we denote by 77 (L) the series anN w(l,)S".

Lemma 6. Let a,b,c,d € K and n € Z. Then w[(a + bSil)A’l(c + dS’l)] is a
difference operator.

Proof. We have

(@+bSHA T e+dS™) =) (acan1p" +bd 2 (B"H-pSTH!
n>1
+Y (adgn-1B" +bean2(B")-1)ST 2 (64)
n>0

+ac_1,BOS_1.

Itis clear that for n large enough 7 (ac_2,_18") = 0 and similarly 7 (bd_», (8"~ 1) _1) =
0.
™ (ac,h,lﬁ" +bd,2n(,3"—1),1) — 0 forn > 0.
Similarly,
7 (ad—_pp—1B" + bc_2a—2(B")—1) = 0 for n >> 0.
O

Lemma 7. Leta,b,c,d, € Kande € A. Then w[(a+bS™ HA eSS ' A= (c+dS™)]
is a difference operator.

Proof. Let us expand L = (a + bS HA eSS TA= (¢ +dS™) as a Laurent series in
sl

L= (a + bs*‘) S Ble s Y (,3") 5 (c_ls*‘ +d_1S’2>

n=>0 k>0
~(ers) (2 (Z (5)_%_1) 52| (57 + i)

T ()

m=>0
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* Z be-am—4 (’Bm+1)—1 (i (2)_2;1—2> s
n=0

m=>0
+ Zad s m+1 - € —2m—4
om3f Z( ) s . (65)
=0 ! u’ -2n—1

After applying 7 to the coefficients of this Laurent series expansion of L, we get a
difference operator. Let us show it for the first summand in the last line of (65), namely

that
Z - (aC—Zm—3ﬁm+l (ng(:) (5)2n1>) S—2m—3

m>0

is a difference operator (the same argument applies to the remaining three summands).
This follows from the claim that for large enough m, and for all 0 < n < m,

7 <ac_2m_3ﬁm+‘ (5)_2n_1> —o. (66)

Indeed, if e can be written as a sum of Laurent monomials for which the degree of the
numerators, as polynomials in the u;’s are bounded by m,, and if m, and m. denote the
degrees of a and ¢ as polynomials in the u;’s, then (66) holds form > mg+m¢+m,. O

Lemma 8. Let f be a difference polynomial such that R is recursion for the equation
uy = f. Then there exists a difference polynomial k such that f = u(k, — k).

Proof. Operator R given by (53) is recursion for u; = f which implies that In(u) is a
conserved density of f, or in other words that there is a difference polynomial g such
that f = u(g1 — g).

To conclude we need to prove that g1 — g = ko — k for some difference polynomial
k, which is equivalent to say that g = k| + k + p for some constant p. We claim that this

is the same as saying that
d
S (1ys (%) =0. (67)
n

n

Indeed, itisclearthat ), (—1)"S™" % (S + 1) = 0by (3) and that any constant satisfies
(67). Conversely, if a difference polynomial g of order (M, N) satisfies (67), then there
exists a difference polynomial k and a constant p such that g = ky +k& + p. To check this,
we proceed by induction on the total order of g. If it is zero, meaning that g is a function
of uy for a single N, then g must be a constant. If not, say if g has order (M, N) with
M < N, then % does not depend on u ;. Consequently, we can write g as a sum h + k

where k has order (M’, N) with M < M’ and h has order (M, N’) with N < N. Since
g and k + k_1 both satisfy (67), it follows that 4 — k_1 must satisfy (67) as well, i.e. we
reduced the problem to a difference polynomial of lesser total order.

The difference polynomial (67) is the remainder of the division of g, by (S + 1) on
the left. Let us call it 7:

_ I R
g =(S+DX +r, r_;( n"s <8u> (68)
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where X is some difference operator. We want to prove that » = 0. It is equivalent to
prove that the remainder r’ of the division of g,u(S> — 1) by S+ 1 on the left is 0. Indeed
r’ = ur — (ur)_; and r is a difference polynomial, therefore r =0 <= r’ = 0.

We are going to deduce that 7’ = 0 from the fact that R is recursion for f = u(g; —g).
Note that f, = u(S — 1)g« + g1 — g. Recall Eq. (54) where R was expressed as
(QA_l C+P)S*—1! % By Definition (36) of a recursion operator we have

(Q:f1- fr@Aa™'C—0a™'ALf147IC
+ QATICUST+ P(S+ D)7 gau(S? = 1) (69)
— feP+ P f1+ 0ATIC(S+ D)7 gau($? — 1) = 0.
The idea is to expand (69) as a Laurent series in S~ and to project the coefficients

in front of S~V for large N on the space of difference polynomials. Let us start by
rearranging (69) using two Euclidean divisions

C=wry+w_1+Z(S+1), g*u(Sz—l) =r' +(S+1)Y, (70)
where Y and Z are two difference operators. Combining (69) with (70), we get:
OA Yy +w_)S?(S+ 1)~ + p(s+ D71

= QATALLFIATIC — (0Ll f1 - frO)ATIC (71)
— QA’I(C*[f] +CY + Zr’) —Pr'+ foP — P f]

By Lemmas 6 and 7, if M is the RHS of (71), = (M) is a difference operator. Therefore,
QA Y wr +w_)SZS+ D7 + p(S+ )7 (72)

must be a difference operator as well. Let us write Q = a+bS™! where a = u(uu; — 1)
and b = u(1 —uu_1) and let ¢ = wy + w_1. Looking only at even powers of S~! in the
Laurent series expansion of (72) we obtain

wl@B_1+---+pNc_an_1) — b(B%_1 +- -

+8N ' e_ans1)—1 — p)r’—an] = Oforall N > 0, (73)
where the Laurent difference polynomials g = %, n>1,p"= % satisfy
A_l — Zﬂns—2n—l. (74)
n>0

It is clear that for all k > 1 and for all N > Ord r’ + 2, we have
w(acak—1 857 —an) = mw(b(cap—185) 17 —an) = 0.
In other words, there exists K > 0 such that

wla(B_y+--+pXeak_1) — by +- -
+B5 e _oki1)—1 — p)r'_an]1 =0 forall N >> 0. (75)

If ¥’ # 0, r' is either a constant or the order of ¥’ _p,y must go to (—00, —o0) as N grows.
In both cases we must have:

mla(Be_y+--+ B8 k1) = by + -+ B e ki) — p1=0. (76)
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This quantity can be computed directly, and we obtain

p=-2+u(ur+3ur +2u+u_1+u_n)+2u_ju_3 77
— M(2u1M_1M_3 + 2u1uu_1 +uuiur +u_oru_1u +2u_4u_2u)’

which is a contradiction to p given in (57). Thus we have r’ = 0 and hence g = ki +k+p.
By now we have proved the statement. 0O

Lemma 9. Letr g € K be such that R is recursion for [ = u(ga — g). Then
087" (C@u(s* = 1) = C@S? = ) +(Qulf1 - £:0 — 0(e1 — g20) A7'C

is a difference operator.
Proof. Wehave A7'[f]= (g1—g)A ' +A (g1 —g2) and fi = u(S>—1)gs+g2—g.
From (69) we deduce that

0A™" (Couu(s? = 1) = (82— 8)C + Cul f1)+(Qul f1 — £oQ = Qg2 — ) A7'C

(78)
is a difference operator. It remains to rewrite the first nonlocal term. We have modulo
left multiplication by A and we have

Cgau(S? — 1) = C(g)4u(S* — 1) — (g2(w2)s — g1 (w_1))u(S* — 1)
= C()wu(S? — 1) +uju3g2(S° — ) — uu_ng1($* — $72)
= C(g)su(S* — 1) + (uu_2g_> — u1u382)S — ujuz(gs — g1)S°

and
Culf1=uu_s(g> — g—2)S — uruz(gs — g1)S*.
Therefore

Cgau(S? —1) — (g2 — g1)C + Cul f1= C(g)su(S* — 1) — C(e)(S* = 5). (79

We conclude combining (78) to (79). O

Lemma 10. Leta, b, ¢, d, e, f, g, h be difference Laurent polynomials such thata, b, g,
h # 0 and

(a+bS HA T c+dS T H+(e+ FSTHA T (g+hS™

is a difference operator. Then there exists a constant ). € K such that

e+ fS =Aa+bS™
c+dS™ = —A(g+hS7h.

Proof. Recall the definition of the Laurent monomials 8" forn > 0

A_l — ZﬁnS—Zn—l. (80)

n>0
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We have

(@+bS™HAa e +dS™) =) (acau—1p" +bd2u(B""H-1)s™>!

n>1

+Y (ad 2y 1B" +bean 2B -S> (8D

n>0

+ac_ ,BOS -1
Therefore, we must have for large enough n

B ad_ons1 + eh_ope1) + (B _1(be_an + fg—20) =0
B (ac_an—1 +eg—on—1) + (B")_1(bd—2n + fh_2,) = 0.

Here 8" has poles at u,u_p, ..., u_s, (8" = %’:Z’“) and (8"~')_; has poles at
u_1,...,U_sy+1. Moreover, the Laurent polynomials inside the parenthesis can only

have a bounded number of poles, independently of n. Combining these two facts we
deduce that for large n the arguments inside the four parenthesis must vanish:

0 =ad 2p41 +eh 2,41

0=bc_on+ fg-2u
O=ac_o,—1+eg 2n-1

0= bd_op+ fhon, n> 0.

(82)

Since a, b, g, h # 0, either e = f = ¢ = d = 0, in which case we can take A = 0, or
e, f, c,d, # 0.Inthe latter case we conclude using the fact that, if two Laurent difference
polynomials x and y are such that x,, = y for infinitely many n € Z, then x and y are
both equal to the same constant. O

Lemma 11. Let d be a difference polynomial. Then d is in the image of A if and only if
da(1+5™") —d = AP, (83)

where P is a difference operator. In this case, we have

d=A (_s (Z o (i‘j)z» . (84)

Here for all n € 7, asy, (resp. aany1) is the unique difference Laurent polynomial such
that S*'u — oy, (resp. S§2+ly o187V is divisible on the left by A. Moreover,

u \0uz, ) _,,

n

is a difference polynomial.

Proof. Suppose that d = u1d| —ud’ | for a difference Laurent polynomial d’. Then the
Fréchet derivative of d expands as:

dy = Ad,+d}S —d'|.
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Hence (we use to = to denote modulo left multiplication by A) we get

1
&

dau(1+ 5™ = (Sd' —d Du(l+S™Y = uyd] —ud’,

Conversely assume that
dau(1+5™H =d. (85)

Recall that the «,,’s are defined so that S?'u = ay, and Sty = wy, 1S~} for all

n € Z. The following identity can be easily checked by induction
u l/l2

A2pn+2 = ——QA2p+l =
u—1 u_ju—yn

(a2p)—2, Vn e Z. (86)

Let us rewrite the LHS of (85):
ad
ZS" ( ) u(l+871
8”" —n
od
= Z S"u + u
aun u 8l’tl’l+1 —n
uj ad
= Za2n +—
Qo) 5, u \Ouzpt1/) o,

T )
" Quzn+1 ) _pp_y U \Ouzp+2 /) _9,_y

Combining (85), (86) and (87) we obtain

ad od
d = 2(12,1 + u—l ooy s
Quzp ) 5, u " Quon+1 ) oy

" (88)

ad
= Z L(O‘Zn) 2 < ) + Zotzmz ( )
u-_3 —2n—2 n —2n—-2

~ OU2nt1 Ou2n+2

87)

from which it follows that

_ - (a2n)—l ad
d_A< Xn: 7 <au2n+1>—2n—l>

(22 6)L)

We proved that there exists a Laurent difference polynomial d such that d = u;d] —
ud’ . It implies that d’ cannot have poles (since its highest pole should be lesser or
equal than 0 and its lowest pole should be greater than 0), therefore that it is a difference
polynomial. O
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