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MATTEO CASATI AND DANIELE VALERI

ABSTRACT. In this paper we study local Hamiltonian operators for
multi-component evolutionary differential-difference equations. We ad-
dress two main problems: the first one is the classification of low order
operators for the two-component case. On the one hand, this extends
the previously known results in the scalar case; on the other hand, our
results include the degenerate cases, going beyond the foundational in-
vestigation conducted by Dubrovin. The second problem is the study
and the computation of the Poisson cohomology for a two-component
(—1,1)-order Hamiltonian operator with degenerate leading term ap-
pearing in many integrable differential-difference systems, notably the
Toda lattice. The study of its Poisson cohomology sheds light on its
deformation theory and the structure of the bi-Hamiltonian pairs where
it is included in, as we demonstrate in a series of examples.
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1. INTRODUCTION

Evolutionary differential-difference equations (DAEs) are a class of sys-
tems for functions depending on two sets of variables, of which one is a
continuous parameter (the time) and the other takes value on a lattice. The
prototypical example of such class is the (infinite) Volterra lattice, satisfied
by a function u(n,t) (n € Z, t € R) such that

du(n,t) = u(n,t) (u(n+1,t) —u(n —1,t)).

Introducing the shift operator S such that SPu(n,t) = u(n + p,t), p € Z, a
generic DAE system for ¢ functions (we say that the system has ¢ compo-
nents) of one spatial and one time variable is of the form (u = (ul,..., u%))

%ui(n,t) = [t ( S, Su, . )

for i =1,...,£. Among this class of systems, we are particularly interested
to those who can be cast in a local Hamiltonian form, namely written as

K sH
dyu = ZK”W (1.1)
7j=1

for a difference operator K and a local functional H. The operator K must
be such that it defines a Lie algebra structure (the local Poisson bracket) on
the space of local functionals and the usual Lie algebra morphism between
local functionals and the Lie algebra of evolutionary vector fields; if this is
the case, we say that K is a Hamiltonian operator.

The study of Hamiltonian operators is particularly important in the the-
ory of integrable systems and in deformation quantisation. The Hamiltonian
structures of many integrable differential-difference systems have been iden-
tified (see [20] and references therein); as it is well known, the existence
of two different, but “compatible”, Hamiltonian formulations for the same
system makes it bi-Hamiltonian — this is a criterion to assess its integrability
and a tool to obtain its symmetries [26, 28].

The study of Hamiltonian structures of DAEs is the main topic of this
paper. The theory of multiplicative Poisson vertex algebras [12, 13] has pro-
vided a convenient framework for their description. In [12], in particular,
the second author and collaborators obtained a classification of £ = 1 com-
ponents (or scalar) difference Hamiltonian operators up to the 5th order.

Little inspection, however, has been devoted to multi-component differ-
ence Hamiltonian structures. Despite the relative abundance of examples,
the only classification result we are aware of is an early result by Dubrovin
[15, 16], and later expanded on by Parodi [27]. These authors addressed
the case of difference Hamiltonian operators of order (—1,1) with nonde-
generate leading term, namely difference operators as in (3.1) where A is a
nondegenerate matrix.

In this paper, we provide necessary and sufficient conditions for the exis-
tence of multi-component Hamiltonian structures of order (—1,1) depend-
ing at most on nearest neighbours (see Theorem 7), which itself is a nec-
essary condition in the nondegenerate case (see Proposition 6). For the
two-component case (¢ = 2) we provide normal forms for the Hamiltonian
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operators, in both the nondegenerate and degenerate cases. The prototyp-
ical example in this class is given by the Toda lattice (see [20] and Section
5.1 hereinafter for more details)

{ w = u vy —v)

Vg = U—U_q

which can be written in Hamiltonian form (1.1) with respect to the two
Hamiltonian operators

I, — 0 uS —u I, — wS —u_1uS™t un S — uw
Y= \u—u_y 8! 0 ’ 27w —u_v8t uS—u_ S

The second Hamiltonian structure Hs belongs to the class first studied by
Dubrovin [15], while it is worthy noticing that the first Hamiltonian structure
has degenerate leading term and, in some coordinate system, assumes the

constant form
0 S—-1
m-(, % 550 02

In analogy with finite dimensional manifolds, where Poisson brackets
are identified with Poisson bivectors, we can do the same on the infinite-
dimensional manifolds modelling PDEs and DAEs. The Poisson bivectors
associated to the Hamiltonian operators can be used to define a differential
on the complex of multivectors, whose cohomology is called the Poisson (or
Poisson-Lichnerowicz) cohomology [23]. It provides information about the
center of the Poisson algebra (the Casimir functions), its symmetries, and
the compatible bivectors that can be defined on the same manifold.

The computation of the full Poisson cohomology for a given Poisson bivec-
tor is, in general, a formidable task. In his seminal work on Poisson man-
ifolds [23], Lichnerowicz established an isomorphism between the Poisson
cohomology of a symplectic manifold and the De Rham cohomology of the
same manifold. In the differential case, the main result on the cohomology
of Hamiltonian operators is due to Getzler, [19] who computed the Poisson
cohomology of operators of hydrodynamic type, i.e. homogeneous of first
order. The first author has contributed to investigate higher dimensional
versions of the same problem [2, 3]. The notion of Poisson cohomology for
difference Hamiltonian operators has been introduced in [8], where it was
computed in the case of scalar (¢ = 1) operators of order (—1,1), showing
that it is essentially trivial and hence reproducing in a different setting Get-
zler’s result. Indeed, operators of order (—1, 1) can be seen as discretizations
of differential operators of hydrodynamic type.

In this paper, we compute the Poisson cohomology for difference Hamil-
tonian structures of order (0,0) (with £ = 2n) and for the first Hamiltonian
structure of the Toda lattice (for which we have the constant normal form
Hp in (1.2)). In particular, we show that its second cohomology group is
essentially trivial, namely all the compatible structures of order (—N, N),
for N > 1 can be obtained from Hy by a Miura transformation.

The paper is organized as follows: in Section 2 we recall the formalism
we use to describe DAEs and their Hamiltonian structures, both according
to the theory of multiplicative Poisson vertex algebras [12, 13] and the so-
called #-formalism for (local) poly-vectors. In Section 3 we find necessary
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and sufficient conditions for a (matrix) difference operator of order (—1,1)
to be Hamiltonian, and in particular we classify two-component operators
depending only on nearest neighbours, including the class originally studied
by Dubrovin, Novikov, and Parodi. In Section 4, after recalling the notion
of Poisson cohomology for difference Hamiltonian operators, we compute it
for the so-called wultralocal case (namely a difference operator of order (0,0))
and for the first Hamiltonian structure of the Today lattice. We find (see
Theorem 19) that the Poisson cohomology HP(F,dp,) is trivial for p > 2,
while it is concentrated in the “ultralocal” sector for lower p. In particular,
as previously mentioned, this implies that higher order deformations of Hy
are trivial, i.e. related to Hy by a Miura transformation. Finally, in Section
5 we illustrate the occurrence of the aforementioned triviality for several
examples taken from the review paper [20].

2. MULTIPLICATIVE POISSON VERTEX ALGEBRAS AND POLY-VECTORS

In this section we recall the definition of a multiplicative Poisson vertex
algebra [12] and of the so-called #-formalism for difference poly-vectors [8].

The notion of a Hamiltonian structure described in these two frameworks
is the same [8] and it is equivalent with the original definition due to Kuper-
shmidt [22] (see [12] for a proof of this). However, each framework has its
own advantages and disadvantages. Broadly speaking, using Poisson vertex
algebras and the machinery of the so-called A-brackets makes the compu-
tations more straightforward and easy to be implemented in a Computer
Algebra System (CAS). For some of the computations required in this paper
we adapted the Mathematica package MasterPVA [7] to the multiplicative
case. On the other hand, the 6 formalism is more efficient in dealing with
the complex of poly-vectors and their symmetries.

2.1. Algebras of difference functions and vector fields. Let us sum-
marise the setting of the theory of Hamiltonian differential-difference equa-
tions (see [12]). We denote by (P, S) the algebra of difference polynomials
in ¢ variables v = (u!, ... u%). By definition, this is the algebra of polynomi-
als over the field C in the variables {u%},i = 1,...,¢, n € Z (we are denoting
ué = u'), endowed with an automorphism S, called the shift operator, which
acts on generators as Sul, = ul ;. A straightforward computation shows
that S satisfies
0 0

oul, - oul
An algebra of difference functions in ¢ variables is a commutative asso-
ciative unital algebra A, containing P,, endowed with derivations and

(2.1)

0
oul,

an automorphism S, extending those in Py, satisfying (2.1) and aau]; =0 for

all but finitely many pairs of the indices (i, n).
We denote by C = {c € A| Sc = c} C A the subalgebra of constants and

by
af:0f0ralli:1,...,€,n€Z}CA
ou?

n

C= { feA
the subalgebra of quasiconstants. It follows from (2.1) that C C C and that
S(C) =C.
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We define an ordering € : Z — N of the set of integers as follows:

(n) = 2n, n=0,
“an)y= -2n—-1, n<0.

Associated to this ordering, the algebra A carries a filtration by subspaces
nez,i=1,...,0)

0
Api = {f cA 8{ =0 for (e(m),7) > (e(n),q)in the lexicographical order} .
Um
For every n € Z we let A, o = Ay, where m € Z is such that e(m) =
€(n) — 1. We also let Ago = C. Hence, the first few terms of the filtration

look as follows:
C CECAOJ (@R CAO,EZA—LO CA_171 (@R C.A_Lg:.ALo

2.2
C.Al,lC--'C.ALg:AfQ,QC--'C.An,iC“-C.A. ( )

The algebra of difference functions A is called normal if %(Am‘) = A,
foralli=1,...,0,n € Z.

Remark 1. The filtration (2.2), hence the definition of a normal algebra
of difference functions, is slightly different from the filtration used in [12].
However, it can be checked that the statements of Theorem 5.1 and Theorem
5.2 in [12] still hold in our setting.

Remark 2. Let us denote Agy = A_19as Ag = {f € A| 88152 =0, for every s =

1,...,¢,n # 0}. Then Ay C A is a subalgebra with respect to the commu-
tative associative product of A.

In a normal algebra of difference functions A we can ”integrate” with
respect to the variables u;, in the following sense. For every f € A, ;, since,

by assumption, the partial derivative Bii : Ani = Ay, is surjective, there
exists g € A, ; such that 99 — f. Hence, we denote

2
oul,

/fdu; =g. (2.3)

Clearly, we have a%( [ fdul) = f and [ fdu! is uniquely defined up to

adding an element of Ker 63 |4 = Anji-1-

The elements of the quotient space
_A
(S—-1A
are called local functionals. This name is motivated from the fact that the
space A can be regarded as the space of densities of local functionals of fields
over a discrete lattice (see [8] for details). Hence, we denote the projection
map A — F with the integral sign: [ f = f+ (S —1)A, f € A. We then
clearly have [ f = [Sf.
The variational derivative of a local functional F = [ f with respect to

the variable u’ is defined by

oF af

- = S—?’L — .

out Z out

nez n

‘F:
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It follows form (2.1) é‘ii (§—1)f =0, foreveryi=1,...,¢. Hence, we
have a well defined map £ : F — A’ defined by

OF _ (9F\'
Su  \dut),_,
which we call the variational derivative operator.
A wector field is, by definition, a derivation X of A of the form

X = ZZXM@ —, Xin€A.

i=1 neZ

We denote by Vect(.A) the Lie algebra of vector fields. An evolutionary vec-
tor field is a vector field commuting with S and we denote by Vect®(A) C
Vect(A) the Lie subalgebra of evolutionary vector fields. By (2.1), evolu-
tionary vector fields are in one-to-one correspondence with elements () =

(Qz)le € Af via

Q— Xg = ZZS” QY auz : (2.4)

i=1 n€Z
Conversely, glven an evolutionary vector field X, we associate to it the
vector (X (u'))f_, € A%, which is called the chamctemstzcs of X. Given two
evolutionary vector fields Xp and X their Lie bracket is
[XP7 XQ] = X[P,Q} ) (25)
where (i =1,...,¢)
14

[P,Q)" = Xp(Q') — Xo(P) =D (Sn B 5 au (Qj)apl>

j=1neZ un

Moreover, given an evolutionary vector field X of characteristic Q € A¢, we
denote by X the induced map X : F — F defined by

ki =x([1)=[xn=[a-5 (2:6)

where the in last identity we are using the usual dot products of vectors.
We call X a local 1-vector. Local 1-vectors form a Lie algebra with bracket
induced by (2.5).

In the sequel, with a slight abuse of notation, we will drop the hat sign
and we will use the same symbol for an evolutionary vector field of A and
for its local 1-vector on F.

2.2. Difference operators and multiplicative Poisson vertex alge-
bras. We denote by M(A) = Maty¢(A[S,S™1]) the algebra of (local) ma-
triz difference operators. Elements of My(A) are Laurent polynomials

N
=Y KS', K =(KP) - €Matp(A), (2.7)

with the associative product o defined by the relation

SoA=38(A)S, A€ Maty(A).
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We say that K(S) as in (2.7) is a difference operator of order (M,N). A
difference operator of this class defines a bilinear map F x F — F by the
formula
OF 0G
B(F,.G)= | — - K(©S)|—) . 2.8
.o = [ w6 () (2.9
The adjoint of a difference operator K(S) = (K%(S)) as in (2.7) is the

difference operator K*(S) = ((K*)¥ (8))&:1, where

N
(K)9(S)=> 8ok (2.9)
=M

If K is skewadjoint, namely K*(S) = —K(S), then the bilinear map B is
skewsymmetric. Viceversa, if B as in (2.8) is skewsymmetric, then K(S)
is skewadjoint (such B will be called a local 2-vector in Section 2.3). Note
that, a local difference operator of the form (2.7) is skewadjoint if and only
if M =—N for N >0 and

K" = -S7'K}", (2.10)

for every i,5 =1,...,£ and [ = 0,..., N, [8, Proposition 9]. In particular,
this means that Ky is a skewsymmetric matrix.

A (local) multiplicative A-bracket on an algebra of difference functions
A is a bilinear operation A x A — A\ A7!] that satisfies the following
properties:

(1) sesquilinearity: {Sf\g} = A"{fig} and {/\Sg} = AS{f.g}, for
every f,g € A,

(2) left and right Leibniz rules: {fagh} = {fag}th + g{/ah}, {forh} =
{fxsh}yg +{grsh} [, for every f,g,h € A

The notation {f)\sg}h should be read as follows: write
N

{Ha} =D e\, (2.11)

p=M

then {fisg}h = Z;V:M cpAPSPh, namely we replace A with AS in the ex-
pansion of the A-bracket and we let the shift operator act on the right.
Given a A-bracket on A we define a matrix difference operator

K(S) = ({ubu'})f (2.12)

by replacing A with the shift operator §. On the other hand, given a matrix
difference operator K (S) we associate to it a multiplicative A-bracket on A
according to the following Master Formula [12]

: ag m /1 -n af
hatx =" D0 - OS"EIAS)(A8) "5 (2.13)

i,j=1mmnez YUm "

In particular, writing K (S) as in (2.7), the Master Formula (2.13) on gen-
erators becomes

N
{uyu} o = K7'(\) = > K{'A. (2.14)
=M
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When A = Py, equations (2.12) and (2.13) give a one-to-one correspondence
between multiplicative A-brackets on P, and the algebra of matrix difference
operators M(Py) (this is also true for some algebras of difference functions,
see Remark 2.3 in [12]).

Note also that the bilinear operation defined in (2.8) is given in terms of
the multiplicative A-bracket (2.13) as follows

B(F,G) = /{gxf}K\Al- (2.15)

For an element f € A we define its Fréchet derivative as the difference
operator Df(S) : A — A defined by (see (2.4))

Dy(8)Q = Xq(f Z Z S

i=lnez "

S"Q', Q=(Q)_, eA. (216)

More generally, for a collection of elements ¢ = (¢!,...¢™) € A™, the
corresponding Fréchet derivative is the matrix difference operator Dy(S) :
Al — A™ defined by (k=1,...,m)

(Ds(S)Q)y = D($)Q (= Xa(@h) . Q=@ e A (217)

Explicitly, Dy(S) = <bej(8)) € Mat,,»¢(A[S,S]) is the matrix difference
operator with entries

. ad)i ' '
DY(8) = -S™ | i=1,....m,j=1...,¢. 2.18
5 (S) %au% j (2.18)

By equation (2.9), the adjoint of the Fréchet derivative operator Dy(S) is
the matrix difference operator D}(S) = ((D;)”(S)) € Matysxm (A[S,S7Y),

where

(D)9(S)=> 8o aui’ i=1,....m,j=1...,¢. (2.19)
neL
In particular, from (2.19), we have that D3}(S)

(
f € A. Hence, using equations (2.16) and (2 19
Master Formula (2.13) as

{Nrg}x = Dy(AS)K(AS)D}(AS)(1) - (2.20)

Let A be an algebra of difference functions endowed with a multiplicative
A-bracket {-)-}. Asin [12], we say that A is a multiplicative Poisson ver-
tex algebra (multiplicative PVA) if the multiplicative A-bracket satisfies the
skewsymmetry property

1)—5,WhereF I,
)

we can then rewrite the

{onf = —{fos)-19} (2.21)
and the Jacobi identity
{{guhtt —{gufixht} = {{agtauh} =0, (2.22)

for every f,g,h € A. The notation used in (2.21) means the following:
let {fxg} be as in (2.11), then {fns)-19} = Zész (AS)"? ¢p, namely
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the formal parameter \ of the bracket is replaced by (AS)~! and the shift
operator acts on the coefficients c,.

Let K(S) be a matrix difference operator and {- » -} x be the correspond-
ing A-bracket on A defined by (2.13). It is shown in [12] that skewsymmetry
(2.21) holds if and only if K(S) is skewadjoint, and that, assuming K(S) is
skewadjoint the Jacobi identity (2.22) holds if and only if

k ki )
> Y (50 - 25D sy e )
s=hnes ! (2.23)

H
—ZZHkS AuS)(AuS)™ 66 (/\), for every 7,5,k =1... 4.

s=1n€ezZ

We say that a local difference operator of the form (2.7) is Hamiltonian if
and only if its associated A-bracket (2.14) defines a multiplicative Poisson
vertex algebra structure on A, namely it is skewadjoint and the condition

(2.23) holds.

2.3. Local poly-vectors and the 6 formalism. A local 1-vector is a
linear map F — F of the form (2.6). In this paragraph we extend the
definition of local 1-vectors to local poly-vectors and recall the 6 formalism
as a convenient framework to describe their complex and their operations.
First, recall from [8] that a local p-vector, in the context of difference
algebras, is an alternating p-linear map F? — F of the following form

SF, 11’12’ » n 0y " 0F3 5F
BE = X [ Pk (5002 (095 (5003
(2.24)

We identify local 0-vectors with local functionals in the obvious way. More-
over, a skewadjoint difference operator defines a local 2-vector (or bivector)
according to the formula (2.8), since the bilinear map B is skewsymmetric;
conversely, any bivector is defined by a skewadjoint difference operator, see
[8]. The Lie bracket of local 1-vector and the action of a local 1-vector on a
local functional, i.e. the Lie derivative of a local functional along the local
1-vector, have already been described in (2.5) and (2.6).

In order to characterise the full complex of local poly-vectors (from now on
we skip the term “local” and simply call them poly-vectors), we adopt the so-
called “f formalism”, which is now a standard machinery in the differential
case (see [19, 24, 25, 2, 3]) and has already been adapted to the difference case
(see [8] for more details), which extends to the infinite dimensional setting
the well-known fact that, for a finite dimensional manifold M, T*[1]M is
isomorphic to I'(A(T'M)).

To this aim, we introduce the space of densities of poly-vectors

A=Albin|i=1,....¢, ne) (2.25)

The space A is graded according to
degf=0, feA, degb;, =1,

and the product in A is graded commutative: fg = gf, fbin = 0;nf, for
fr9 € A, but 0;,0;,m, = —0;mb;rn. The shift operator naturally extends to
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A by §60;, = 6 nt1 (we will often simply denote 6; 9 = 6;). We also extend
the filtration (2.2) to a filtration of A by letting

AP = {w € AP| — O =0 for (e(m),7) > (e(n),q)in the lexicographical order} .
) Um
for every n € Z, i = ¢ and p > 0. For every n € Z we also let

AnO—A o Wheremele such that ¢(m) = e(n) — 1.
The main point of this construction is the identification of

s A
(S—1A
with the space of poly-vectors described above. Since S respects the grada-
tion of A, the space Fis graded as well and its homogeneous components

FP of degree p are in one-to-one correspondence with p-vectors. Indeed, a
generic element of FP is of the form

l
Z Z /‘9 K:”le’,m’,n;’) O3y na0isns -+ 'eip,npv (2.26)

11,...,in=1 n2,...npEZ

Kk € A, and it is in 1-to-1 correspondence with the p-vector in (2.24).

On the space of poly-vectors it is defined a degree —1 bilinear operation
called the Schouten bracket, which extends the notion of commutator of 1-
vectors and of Lie derivative. Such bracket enjoys of a graded version of the
skewsymmetry and of the Jacobi identity, typical of a Gerstenhaber algebra:

[B, A] = —(—1)(e= D014 B (2.27)
[A7 [Bv CH = HA7 B]? C] + (_1)(a71)(b71) [B7 [A7 CH (2'28)

with A € F* and B € F°. Note that this grading corresponds to the
one of standard Schouten brackets and it is different from the (simpler)
grading of the bracket defined in [8] (which is the one commonly used in
almost all the literature on the differential case, with the notable exception of
Getzler’s seminal paper [19]). Such bracket is nothing else that the canonical
symplectic structure on (our replacement of) T*[1]M [30], namely

0A 5B LA OB

Z/ <5ul 00, (=1) 00, 6ul> i (2.29)

The variational derivative with respect to 6 in (2.29) and in the following
is defined by the same formula as the variational derivative with respect
to u; note that the partial derivative with respect to # must be odd (i.e.
dp(ab) = (Opa)b+(—1)°82a (b)) to be consistent with 0; 0} = —0; mb;n.
Moreover, this choice of signs not only is consistent with properties (2.27)
and (2.28), but also coincides with the commutator induced by (2.5) and
the identification of [X, R] = Lx R for a 1-vector X and any poly-vector R.
A skewadjoint difference operator K = K (S) as in (2.7) defines a bivector

P by
Z/GK” Z Z/HKZ il (2.30)

i,j=1 zgllM
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Note that, thanks to the skewsymmetry, we can recover the difference oper-
ator K from P by computing

¢
. P
S OKI(0;) = . (2.31)
; 60;
7j=1

We say that a bivector is Poisson if its Schouten bracket with itself van-
ishes [P, P] = 0 (the identity is non trivial because of the graded skewsym-
metry of the bracket). Moreover, there is a 1-to-1 correspondence between
Poisson bivectors and multiplicative PVAs structures on algebras of differ-
ence functions given by (2.13), see [8] for further details.

Remark 3. Because of the interplay between skewsymmetry in the exchange
of the variables #; and the integral operation, it is not always obvious how
to impose the vanishing of an element of F. A convenient “normalization
operator” has been introduced by Barakat in the differential setting [1]. Note
that B € FV is vanishing if and only if its variational derivative with respect
to the variables u! is 0. Given an element B of F? for p > 1, we choose as
its representative in AP the element

0

1 0B

NB=Y" ;39“5@ (2.32)
a=1

and observe that B = 0 if and only if N'B = 0.

2.4. Homomorphisms of algebras of difference functions and point
transformations. Let A be an algebra of difference functions in ¢ vari-
ables u',...,uf, let B be an algebra of difference functions in m variables
v!,...v™. By a homomorphism of algebras of difference functions we mean
an associative algebra homomorphism ¢ : B — A such that ¢(Sf) = So(f),
for every f € B (by an abuse of notation we are denoting the shift automor-
phisms of A and B with the same symbol). Assuming that ¢ is injective,
we have m < ¢ (in the examples that will interest us we have m = ¢) and
we can identify B with the subalgebra ¢(B) C A. We can regard injective
homomorphisms of algebras of difference functions as “changes of variables”.
In this section we then review the usual change of variables formulas for vec-
tor fields, variational derivatives and difference operators, and we describe
a special class of homomorphisms, that are called point transformations,
which will be used throughout the paper.

Denote by ¢' = ¢(v') € A, foreveryi = 1,...,m, and consider the Fréchet

derivative operator Dy(S) = (D;] (S)) € Mat,,x¢(A[S,S™1]) associated to
the collection (¢',...,¢™) € A™ using (2.19). Let also K(S) € My(A)
be a matrix-difference operator and consider the corresponding A-bracket
on A given by the Master Formula (2.13) or equivalently by (2.20). From
equation (2.16), we have D,i(S) = (517)5:1, for every ¢ = 1,...,¢. Hence,
from the Master Formula (2.20) we get (f € B)

{u'rd(/)}x = (Do) AS)K(N)), ,  i=1....,L. (2.33)

On the other hand, using the Master Formula (2.13) twice, first with respect
to the variables ¢! = ¢(v!),..., ¢™ = ¢(v™), and then with respect to the
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variables u!, ... uf, we get (i =1,...,/)
{uhro() }K—Zzas( ) (AS)™ {uird* i
k=1neZ
L o 2.34
:ZZ Z ¢<§“’;> (AS)™ ¢ ()\S)n{ul)\uj}[( ( )
j=1 k=1n,neZ u,

= (0 (Df(AS)) Dp(AS) K (X)), -
In the last equality of (2.33) we used (2.16) and (2.18) and we note that
D¢(S) is the Fréchet derivative (2.16) of f € B which computed with respect
to the variables v!,...,v™. Combining equations (2.33) and (2.34) we get
the identity

(Dy()(AS) — ¢ (D(AS)) Dg(AS)) K(X) =0,

which holds for any matrix difference operator K(S) € My(A). We then
get, for every f € B,

Dy()(A) = ¢ (Df(AS)) Dy() - (2.35)

Let X¢ be an evolutionary vector field on A as in (2.4) such that Xg(B) C

B (as before we are identifying B ~ ¢(B) C A). Using equations (2.16)
and (2.17) we have that Xq(¢') = Dyi(S)Q = (Dy(S)Q)s € B, for every
i =1,...,m. Hence, applying both sides of (2.35) to @ and using (2.16) we
get the 1dent1ty

XQ(6(£)) = Do) (S)Q = 6 (D(S)) Do(S)Q = & (Xp,is10()))
which states the change of variables formula for the restriction of the vector
field X to B in terms of the vector field Xp, () on B.

Let F = [f € B/( — 1)B. Since ¢ commutes with S we denote by
=o([f)=[o(f) e A/(S— 1) Recall from Section 2.2 that % =

D% 4 (S)(1) € A’ and similarly 5o = D3(S)(1) € B™ (note that the latter
Fréchet derivative is computed with respect to the variables vl ... v™).

Computing the adjoint operators of both sides of (2.35) and applying them
to 1 we get the change of variables relation between the variational derivative

of I and ¢(F): 6<z;<f ) — py(s) <¢ (g» '

Furthermore, let us denote by K(S) € M,,(A) the matrix difference opera-
tor with entries K% (\) = {¢/\¢'}k, 4,5 = 1,...,m. It immediately follows
from (2.20) that we have the change of variables relation between K (S) and
K(S) given by

K(X\) = Dy(AS)K (AS)Dj(A) . (2.36)

If the entries of K(S) belong to B[S,S™!] and K (S) is a Poisson structure
on A, then K(S) is a Poisson structure on B.

In [15, 16], the authors think of (ul,...,u’) as local coordinates on an
{-dimensional manifold M and they classify a certain class of Hamiltonian
difference operators up to local change of coordinates on M. The importance
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of considering invariance with respect to local change of coordinates of the
underlying manifold M stems from the fact that the invariant Hamiltonian
difference operators provide interesting ”geometric objects” related to the
manifold M, see for example Remark 9. In terms of algebras of difference
functions, a local change of coordinates correspond to a point transforma-
tion.

Definition 4. Let A be an algebra of difference functions in the variables

u',...,u’ and let B be an algebra of difference functions in the variables

v!,...,v%. An injective homomorphism of algebras of difference functions

¢ : B — Ais called a point transformation if ¢p(By) C Ap.

Let ¢ : B — A be a point transformation and let, as before, ¢* = qﬁ_(vi) €
A,i=1,... ¢ In this case, since by assumption ¢* € Ay, we have gui; =0,

for every n # 0 (see Remark 2) and the Fréchet derivative (2.18) reduces to
the Jacobian matrix

iN?
J¢ = D¢(8) = <8(Z5 > S Matgxg(A) .

0l ) j=1

This matrix is non-degenerate (meaning that det J, # 0) since ¢ is injective.
Under a point transformation, the change of variables formula (2.36) for a
Hamiltonian operator K (S) becomes

K(S) = JK(S)J} . (2.37)

Since Jy4 has order 0 as a matrix difference operator and it is nondegenerate,
then the matrix difference operators K (S) and K (S) have the same order.

An example of a point transformation is the homomorphism of algebras
of difference functions ¢ : Clat!, 5! | n € Z] — Clut!, vl logu, | n € 7]
defined on generators by

¢(a) =logu, ¢(v) =v,

used in Remark 16 to pass from the first Hamiltonian operator of the Toda
lattice to the Hamiltonian operator (1.2).

Remark 5. If we drop the request that ¢(By) C Ap in Definition 4 we get
a big group of transformations acting on the space of matrix Hamiltonian
difference operators extensively studied in [5, 6]. It is clear from (2.36) that
these transformations do not preserve the order of Hamiltonian operators,
and invariant Hamiltonian operators under such transformations lose track
of the geometric properties of the underlying manifold M.

In fact, since we can always embed an algebra of difference functions in a
suitable completion of an algebra of differential functions (see for example
[4] or the appendix in [29]), an injective homomorphism between algebras
of difference functions corresponds (under a mild non-degeneracy assump-
tion) to a Miura-type transformation, in the sense of Dubrovin-Zhang [17],
between algebras of differential functions. For example, the homomorphism
¢ : Clup, | n € Z) = Cluy, | n € Z] given on generators by ¢(vy,) = tUntni1,
which sends the modified Volterra lattice in the Volterra lattice [20], gives
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rise to the Miura-type transformation

1 1
p(v) = Z Eualgflték = u? + udyue + §u8£ue2 +.
keZy ’

The requirement ¢(By) C Ap in Definition 4 of a point transformation cor-
responds to the strongest condition that the corresponding Miura transfor-
mation is independent of e.

3. HAMILTONIAN MATRIX DIFFERENCE OPERATORS

Recall from Section 2, that a matrix difference operator as in (2.7) is said
to be Hamiltonian if its associated bivector (2.30) is Poisson; alternatively,
if its associated A-bracket (2.14) defines a multiplicative Poisson vertex al-
gebra.

In this paper, we are particularly interested in Hamiltonian operators of
order (—1,1); indeed, several examples of Hamiltonian structures for inte-
grable difference equation belong to this class (see e.g. [20]), which can be
regarded as a discretisation of the Hamiltonian operators of hydrodynamic
type (namely, differential operators of order 1), see [14, 15].

A generic skewsymmetric difference operator K = K(S) of this class is of
the form

K=AS-8'oA" + B, (3.1)

where A, B € Matyy,(A) and B = —B”. The corresponding \-bracket and
bivector (in the § formalism) are, respectively, (1 < 7,5 < {)

(i) = AT\ — ST1AINT 4 Bt (3.2)

Py = / (A90;0;1 + $B70,0;) . (3.3)

Substituting (3.1) into (2.23) we have that the A-bracket defined by (3.2)
satisfies the Jacobi identity (2.22) if and only if the following identity holds
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for every i, 5,k =1,...,¢:

kj .
Z Z (8A A 6014 Sn+1Bsz o MSTZ—HAzs) )\n—&—lu
S—1nc? U us Un+2
n si 0B n+1 st 8B n—+1 gis n+1
+ZZ< ' sna 8u 3 B 8u+25 A ) A
5= lnEZ n
_ Z Z S SnAsz oA Sn-i—lBsz o oAk Sn+1Azs )\n'u—l
ouy, ouy o
s= lnEZ n
ki ki
_ Z Z <8A S" A 8] aA S”-HBS] 0A Sn-HA]s) /\'un-i-l
s—1 neZ 8“ n+1 U, 4
4 7
B (835 s a4 OB iy OB 5"+1AJ’5> ntl
s=1nezZ 9 du, n+1 n+2
ik
+ Z >.S87! < snai g QAT gy 04 S"“AJS) At
s=1nezZ Ou; n+1 8u"+2
_ Z Z AksSn BksSn 0A o (S—lAsk)Sn oA )\n—l-l,un
a : o, out .
s=1neZ
‘ OB OB
ks on ks on 1 psk n,n
+ZZ<A Sas BN S — (ST AN 5 )A
s= lnEZ -n
_ ZZ (AksSn Bkssn 0A (S 1Ask:)5 8;4 > n, n+l
. ouj_, ou® ud i,
s=1nezZ
(3.4)

Proposition 6. Let K be a Hamiltonian difference operator of the form
(3.1). If A is nondegenerate, then

for everyi,7=1,...

AZ] = AZ] (’LL, U1),

¢ and denoting uy = (u

BY = Bii(u),

é,...,ug).

(3.5)

Proof. Since K is Hamiltonian, equation (3.4) holds for every i, j,k = 1,..., /.

Let us denote

11 = max {z‘ dl,m,n s.t.

ZU = max

= max ]’Ellmnst

max{]’Ellmnst

854;; # o} (3.6)
a;:;w y o} (3.7)
gﬁg 75 o} (3.8)
‘;SZ £ o} . (3.9)
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First, let us suppose g > 1 and i; > 2 and consider the coefficient of A1+1
in equation (3.4). We obtain the identity

Z 8Ak3 S“ASZ aAkJ Sil"'lBSi B 8Akj Sil_t,_lAiS) — 07
—~ Ous, oug oug 4o

which, taken into account (3.6) reduces to

YL

au
s=1

for all 4,75,k = 1,...,¢. If A is nondegenerate, then (3.10) contradicts the
definition of i1 for i1 > 2, so we can conclude that 71 < 1. On the other
hand, let us assume that j; > 1. By computing the coefficient of A=/1=2,~1
in (3.4) we obtain the identity

S g% = (3.10)

OATF

s=1 8“7‘71

Sgl lAzs:

which, if A is nondegenerate, contradicts (3.8). Hence, we have that j; < 0.
Together with the constraint on i; this gives the first part of (3.5).
Similarly, using the assumption that A is nondegenerate, the same anal-
ysis for the coefficient of A*1,% in (3.4) leads us to conclude that ig < 0,
while the same argument applied to the coefficient of A=70~1 % forces us to
exclude jo > 1, giving the second part of (3.5). (]

Theorem 7. Let K be a difference operator of the form (3.1) such that the
conditions given by (3.5) hold. Then, K is Hamiltonian if and only if

l kj
Z <8A8 SAsz AkssaA ) —0, (311a)
—\ Ouj ous®
oAk 9AkI . 0AF o 9AM oBJ
ASt B _ AST SBS] AkSS 0
— ( ous® * ous s ous® ous ou? ) ’
(3.11b)
0AkI . QAR . OAY 0AY 0B+
s s Aks o Bks AST ) =
;(aqu "o BT o ow ) 0,
(3.11c)
OBk . 9B* . OB
st sj sk ) _ 11d
;((%SB + 5B +8usB> 0, (3.11d)

for everyi,j,k=1,... L.

Proof. Using the assumption (3.5), by a straightforward computation, we
have that the coefficients of (A2u)*, (Ap?)*! and (Ap~")*! vanish if and
only if condition (3.11a) holds, the coefficients of Ay, A~! and p~! vanish
if and only if condition (3.11b) holds, the coefficients of A™tu=1, A and u
vanish if and only if condition (3.11c) holds, and the constant term (in A
and p) vanishes if and only if condition (3.11d) holds. O
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Remark 8. Consider Ay of Remark 2. For every f,g € Ay, let

l
9g . . Of

— N 9 pii) 2L
{f.q} 2 0w Olw

€A (3.12)

By Theorem 7, Ay with the bracket (3.12) is a Poisson algebra.

Remark 9. As stated in [15] (see [27] for further details), in the case when the
matrix A is nondegenerate, the Hamiltonian operators of the form (3.1) are
in one-to-one correspondence with admissible Poisson-Lie groups (G,r,k)
(here, r € g® g and k € A*g, g = Lie(G), are required to satisfy certain
axioms). Under this correspondence the matrices A and B take the form

A(u'ub) = L) r R(uh) . B(u!) = L(u) (g + AdP, K)L(u!),

where the columns of L(u!) (respectively, the rows of R(u!)) define a basis
of left invariant (respectively, right invariant) vector fields on G in a local
chart (u',...,u"), mg is the Poisson structure of G, and Ad® denotes the
adjoint action of G on g ® g.

Remark 10. When the matrix A is nondegenerate, hence invertible, similarly
to the proof of Theorem 2.5 of [12], we can rewrite (3.11a) as

4 ; 4 ;
0A% 0AS
Z -1 _ Z -1
s=1 1 s=1
for every i,j,k = 1,...,¢. However, in contrast with the scalar case (¢ = 1),

we cannot infer from (3.13) that 0,1 log AY = 80, log A7* because A and its

derivatives do not necessarily commute (in particular, they do not commute
in the examples provided in [20]).

3.1. Normal forms for ¢ = 2 difference Hamiltonian operators. In
the following part of the paper, we focus on the £ = 2 component case. This
is motivated by the richness of examples available in the literature (see [20]
for a review) and in particular by the Toda lattice integrable system.

Consider a matrix difference operator K € Ms(A) as in (3.1). Through-
out this section we assume that A has no zero-divisors and that C = C is a
field.

If K is Hamiltonian, then Proposition 6 fixes the dependency of A and B
on the variables u,, ¢ € Z, when A is nondegenerate. The classification for
this class of operators has been studied in [15]. We present this result, for
¢ = 2, in Section 3.1.1 in the non-Abelian case, and in Section 3.1.2 in the
Abelian case. For a degenerate matrix A, the dependence on the variables u
(to ensure that K is Hamiltonian) provided by Proposition 6 is not necessary.
However, all the examples known to us (see [20]) satisfy it, therefore this is
the case that we study comprehensively in Section 3.1.3. Finally, we present
a few sparse examples of difference Hamiltonian operators with degenerate
leading terms with more general dependency on the variables than the one
required by Proposition 6.



18 MATTEO CASATI AND DANIELE VALERI

3.1.1. The Hamiltonian difference operator corresponding to Aff(R). As it
is showed in [15], this is the normal form — depending on several parameters
— of non-constant Hamiltonian operators K as in (3.1) with nondegenerate
leading term.

Let G = Aff(R) be the Lie group of affine transformations of R. It is a
two-dimensional non-Abelian Lie group that we can represent as the matrix

group
G= {(8 11’> (u,v E]R,uyéo} C GLy(R).

Its corresponding Lie algebra is the two-dimensional non-Abelian Lie algebra
_Jfu v
8=1\0 o

We denote by e; = (é 8) and ey = <8 é) a choice for a basis of g. A

u,v € R} C gla(R).

basis of the space of left-invariant (resp. right-invariant) vector fields on G
is given by
0

d d 0 0
Ll—u%, Lz—u%. (resp.Rl—u%—l—v%, Rg_%.)

d

the matrix A = A(u,v,u1,v1) from Remark 9 takes the form
~fu 0\ [a b\ [(ur v\ _ [auu; u(av;+Db)
A= <0 u> <c d> (O 1> - <cuu1 u(evy +d) ) - (3.14)
Consider also the Lie algebra g* = Re] @ Rej with Lie bracket
(¢4, ¢3] = e} + Be;, o, BER. (3.15)
The corresponding bivector mg takes the form

~ 0 —a(1-1)-pe
”G‘<a<l—5>+ﬂz 0 >

Let r = (CCL b) € gla2(R) (note that, as vector spaces, g® g = gla(R)), then

Let k = <_07 g) € s03(R) (note that, as vector spaces, A% g = soz(R)).

Then, the matrix B = B(u,v) in Remark 9 takes the form

(v 0 0 —a(l-L)y—pL 2\ /fu 0
0 u)\a(l-2)4+pL2+12 0 0 u

_ 0 —a(u? —u) — Buv — yu

- <a(u2 —u) + fuv + yu 0 ‘ (3.16)
By Theorem 7, the difference operator K = AS+B—S"10AT is Hamiltonian
if and only if the following conditions are met

aa+cf =0,
ala—v)+b3=0,

ba+ dp = ad — be,
cla—~)+dp=ad—bc.

The conditions in (3.17) are satisfied if and only if the matrix r defines a
Lie algebra homomorphism from g* (with Lie bracket (3.15)) to g, and r*

(3.17)
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defines a Lie algebra homomorphism from g* (with Lie bracket [e],e3]” =
(v —y)ei + Beb) to g in agreement with the results from [15] mentioned in
Remark 9.

For the simplest choice & = 0, 8 = 1in (3.15), and k = 0, conditions (3.17)
are satisfied for r = 15 (the identity matrix). In this case the Hamiltonian
operator K = AS + B = S~ ! o A becomes

K— wWS -8 Hou u(S—1)ow
T \v(1-8YHYou uS-8tou)’

which is the well-known second Hamiltonian structure of the Toda lattice
(see for example [20]).

3.1.2. The Hamiltonian difference operator corresponding to the 2-dimensional
Abelian lie group. Let

u 0
“={(5 1)
be the 2-dimensional Abelian Lie group and let g = Re; @ Res be its Lie
algebra (which is Abelian as well). In this case, a basis of the space of left-

invariant (as well as right-invariant) vector fields is the basis of coordinate
vector fields 8% and %. Then the matrix A from Remark 9 is simply

u,v € Ryuv # 0} C GLy(R)

A=r= <Z‘ Z) det A # 0. (3.18)

Following the procedure in [15], we obtain that the bivector g correspond-
ing to the Lie algebra g* with Lie bracket (3.15) is

- 0 au + fv
TG = (—au—ﬁv 0 > '

Let k = _07 g) € s02(R) Then, the matrix B = B(u,v) in Remark 9
takes the form
B 0 ou + Bu +
S \—au—fv—7 0 '

According to the results in [15], K = AS + B — S~ ! o AT is a difference
Hamiltonian operator if and only if the matrices r and r* define a Lie algebra
homomorphism from g* with Lie bracket (3.15) to the Abelian Lie algebra g.
Since both r and r* are invertible, this condition forces a = 8 = 0. Hence,

_ (0 v
B_<_7 0), veR.

On the other hand, let A be as in (3.18) and let

2=y 757)

From (3.11a)-(3.11d) we have that K = AS + B — S~ ! 0 AT is a difference
Hamiltonian operator if and only if

() ()
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Since, by assumption, A is nondegenerate, we then have f = v € R in
agreement with the results of [15].

3.1.3. The case when the matriz A is degenerate. We study the Hamiltonian
difference operators K of the form (3.1) with a matrix A which is degenerate
and satisfies (3.5), namely, A = A(u, v, u1,v1), where we are denoting u' = u
and u? = v. First, we prove the following technical result.

Lemma 11. If A is a degenerate matriz of the form

~ (ann(u,v,ur,v1)  p(ur,vr)ar(u, v, ug, vp)
A= , (3.19)
ag1(u,v,ur,v1)  plur,vi)agr (u, v, ur, v1)

then there exists a point transformation leading it to the form

A= <611(“’“’“1’”1) O) : (3.20)

as1 (u,v,u1,v1) 0

Proof. By (2.37), the transformed difference operator K is of the same order,
and in particular the matrix A of the form (3.19) is transformed into

A= (5“ al?) (3.21)

ag1 g
with
ou ou ov Jv
= — Zan ) S (= = 3.22
ai2 <8ua11 + 8va21> (8u + M(Uav)av) ; (3.22a)
v Jv v Jv
= _ (o ov v ay 22
az <8ua11 + 8va21> S <8u + u(u,v)av> (3.22b)
From (3.22a) and (3.22b) we can get a9 = age = 0 if
00 00
= — =0. 3.23
au + :LL(U7 'U) 8’[) ( )
Equation (3.23) is a homogeneous linear PDE for the function v = v(u,v)
that can be solved, for example, with the method of characteristics. O

Observe that a generic degenerate matrix A, depending on the aforemen-
tioned variables (u,v,u1,v1) can be of the form (3.20) — possibly after the
swapping of columns —, of its transposed, or of the form

B a1 (u,v,u1,v1) ai2(u,v,u,v1)
= (3.24)
<p(u,v,u1,vl)a11(u,v,ul,vl) u(u,v,ul,Ul)alg(u,v,ul,vl)>
with a11,a12 # 0. The first step in our classification of Hamiltonian op-
erators with degenerate leading term is showing that, in some coordinate
system, (3.20) is indeed the only possible form. First of all, note that we
can switch from the matrix A to AT by exchanging (S,u!,) < (S71,ul,),
as it can be deduced from the form of (3.1). Then, observe that det A = 0
means ai1ag — aioa = 0. If a9 = 0, then aq1 or ase must be equal to 0
too, therefore obtaining the “one-column” (i.e. (3.20)) or “one-row” case (by
transposition of (3.20)). Finally, if a12 # 0, we can solve for as; and obtain
a1 — a11a22/a12 = Mai11; We can also rewrite ag2 = Waig therefore obtaining
(3.24). Again, note that if a1; vanishes we are back to the “one-column”

case.
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Lemma 12. Let (A, B) define a Hamiltonian difference operator K of the
form (3.1) where A is of the form (3.24). Then

a12(u,v,u1,v1) = Muz, v1)ar1(u, v, u1,v1), (3.25)
for some function \(x,y). Namely, A can be expressed as
A= a1l )\(Ul, vl)an
pair  A(ui,vi)pan )’
where we omit to denote the dependency on (u,v,u1,v1) of the functions a1y
and p.

Proof. Fori=j=k=1andi=2,j =k =1, condition (3.11a) yields

80,11 8(111 8a11 8&11
_ — = 2
<8u1 Oy SM) San —and ou @128 v 0 (3.26)
80,11 8@11 8a12 80,12
_ - =0. 2
<8u1 ovy S,u) Saip —ans ou @125 ov 0 (3.27)

Since we can assume that both ai; and a1 are different from 0, we may
divide (3.26) by Sai; and (3.27) by Sajz and observe that the first two
terms in both the equations are the same. Equating the remaining ones we

obtain 5 5 5 5
a118< wdin “"’12) - a128< vz '”a“) . (3.28)
all ai9 a2 aii

Observe that, since we assume that a;; and a2 are not vanishing, if the
parenthesis in the LHS of (3.28) vanishes, the parenthesis in the RHS of
(3.28) vanishes as well. Hence, (3.25) holds. If one of the two brackets does
not vanish, then the other does not vanish as well and we can rewrite (3.28)

as
Ovaiz _ Ovaii
ail o S ai2 all
a12 - Ouail _ Ouai2

ail ai2
whose LHS can only depend on (u,v,u;,v1), while the RHS depends on
(u1,v1,u2,v2). This would imply that the ratio between ai; and aj2 must
be a function of (u1,v;) only as in (3.25). O

By Lemmas 11 and 12, we can then focus on solving the full set of con-
ditions (3.11a)-(3.11d) for A as in (3.20). One further simplification of the
problem can be derived from (3.11a) for i = k = 1,5 = 2, which yields
Oyas1 = 0. This means that we now need to specialise the set of equations
(3.11) to the simpler case

= <a11(u,v,u1,v1) o) B < 0 b(u,v)) (3.29)

az (v,u1,v1) 0 —b(u,v) 0

The direct solution of the sets of equation (3.11) for this choice is now
still quite a cumbersome endeavour, which splits in the two subcases for
b # 0 and b = 0. Our approach is the following: first we find all the possible
Hamiltonian difference operator K of the form (3.1), depending on a number
of arbitrary functions — this is the content of Propositions 13 and 14; then
we look for point transformations which simplify their expressions, fixing as
many as these functional parameters as possible — the final result is given
in Theorem 15.
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Proposition 13. Let A and B be as in equation (3.29) and let us assume
that b # 0. Then, the pair (A, B) defines a Hamiltonian difference operator
of the form (3.1) if and only if it is of one of the following two forms:

(1)

_ (f(u,0) f(ur,v1)g(v)F(u,v) 0 _ 0 wif (u, v)g(v)
4= ( fu1,v1)g(v) 0) P <—f€f(u,v)9(v) (23 30)

where F(u,v) is a solution of
F(u,0)?8,F (u, 0) = 9, f (u, ), (3.31)

for arbitrary nonvanishing constant k, a single-variable function g(x)
and a two-variable function f(z,y).

(2)

f(u,v)f(u1,v1)g(v,vl) 0 0 f(u,v)k(v)
A — B =
0 0/’ —f(u,v)k(v) 0
< ) < (32&2)

for an arbitrary single-variable function k(z) and two two-variable func-
tions f(x,y) and g(x,y).

Proof. The form of the admissible Hamiltonian difference operators is ob-
tained by directly solving the set of equations (3.11) with the aid of a com-
puter algebra software as Mathematica. We consider independently the
three cases ail, asl 75 0, a1l = O, and a1 = 0.

(i) a11,a21 # 0. We start from (3.29) and write (3.11b), yielding

all(’?ule = (Sb) aulall, agl(‘?ule = (Sb) 8ula21.

The two equations are identically solved if b = 0, which is the case studied
in Proposition 14. If b does not vanish, then the ratio between a1; and Sb,
as well as the ratio between ag; and Sb, does not depend on u;. Keeping
into account the different functional dependency of b, a;; and ao; we can
replace a1 = Ry (u,v,v1)Sb and a1 = Ra(v,v1)Sb.

After this substitution and assuming that none of the factors identically
vanishes, we obtain the following two equations from (3.11a):

S (bR2) Oy, R1 + R1S (R20yb + R10,b — b0, R1) = 0, (3.33)
S (bR2) Oy, R2 + RS (R20yb + R10y,b — b0, R1) = 0. (3.34)
Dividing (3.33) by Ry and (3.34) by R, we immediately see that they imply
Ov, R1/R1 = Oy, R2/ Ro, namely that the ratio between Ry and Ry does not

depend on v;. We can then replace R;(u,v,v1) with K (u,v)Ra(v,v1). The
remaining condition is

(Sb) Dy, Ry + RaS (0yb + KOub — b3, K) = 0,

or equivalently

IRy _ <6vb+K8ub—b8uK> (3.35)

Ry b
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Similarly, from (3.11c) we obtain
OpRy  Oyb+ KOyb — b0, K
Ry b ’
Note that the LHS of (3.35) (resp. (3.36)) can depend at most on (v,v1),
while the RHS may depend on (uj,v1) (resp. (u,v)). This means that
Oy, R2/ Ry does not depend on v (resp. 0,Ra/Rs does not depend on vy),
which tells us that Ra(v,v1) = g(v)h(v1). With this factorization, the LHS
of (3.35) reads h'(v1)/h(v1) and the one of (3.35) is ¢’(v)/g(v). Taking into
account the shift on the RHS of (3.35) and comparing the RHS of the two
conditions, we have ¢'(v)/g(v) = —h/(v)/h(v), namely h(v) = p/g(v) for a
nonzero constant p. Summarizing, we have now

(3.36)

~pg(v)

a1 (u,v,uy,vy) = o(o) K (u,v)b(uy,v1) (3.37)
_ pg(v)

CL21(U, Ui, ’Ul) = g(vl) b(ul, Ul) . (3.38)

To simplify the expression, and noting that we have b here an arbitrary
function of the two variables (u1, v1), we can redefine pb(z,y)/g(y) =: f(z,y)
from which, after calling 1/p = k, we have

air = f(u1,v1)K(u,v)g(v), a2 = f(ur,v1)g(v), b=rf(u,v)g(v).
Rewriting (3.36) in this form we are left with the equation

which we can regard as an ODE for K. Equation (3.39) takes the simpler
form (3.31) if we factorize K = f(u,v)F(u,v); being a solution of an ODE
in the variable u, the solution F'(u,v) additionally depends on an arbitrary
function k(v). The replacement of K (u,v) in the expression for aj; gives us
(3.30).

(ii) @11 = 0. We start once again from (3.29) with a;; = 0. From (3.11a)
we obtain 9,, a1 = 0. Moreover, (3.11b) and (3.11c) yield the conditions

S@ _ Ouya; Opb _ Dyaz

b as b as
The different dependency of variables of the LHS and RHS of these con-
ditions, as well as their form, give the solutions as; = f(u1)g(v), b =

kf(u)g(v). Note that this solution is of the same form as (3.30) for f(z,y) =
f(x) and k(v) = 0, from which F' = 0.
(iii) ag; = 0. In this case, (3.11a) yields
Sauall _ 3u1a11‘
ai ai
Comparing the dependency of the terms on the LHS and on the RHS, we
obtain the three conditions 0y, logai1 = 0, Oy, logai; = 0, Opy, logai; =
0, that are solved by a11 = f(u,v)g(v,v1)h(ui,v1). Finally, (3.40) with such
an ansatz gives h(ui,v1) = f(u1,v1)h(vy) — the arbitrary single-function
variable h(v;) can be absorbed into the arbitrary function g(v,v;) to give
the form of A in (3.32). Finally, for b # 0 both (3.11b) and (3.11c) yield the
condition 9,b/b = 0, f/f, whose solution is b(u,v) = f(u,v)k(v). O

(3.40)
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Proposition 14. Let A and B be as in equation (3.29) and let us assume
that b = 0. Then A defines a Hamiltonian difference operator of the form
(3.1) if and only if is of one of the following three forms:

(1)

_ (f(w)g(v) f(u1)g(vr) F(u,v) 0
A= ( f(Ull)g(Ull) 0) (3.41)
where F(u,v) is a solution of
f(w)g(v)*8,F (u,v) — ¢ (v) = 0, (3.42)
for arbitrary single-variable functions f(x),g(x).
(2)
0 0
A= (0 ) o

for an arbitrary two-variable function f(x,y);
(3)
A= <f(uvv)f(uld vl)g(v, Ul) 8> (3‘44)

for arbitrary two-variable functions f(z,y),g(x,y).

Proof. As in the previous case, we start from (3.29) and consider separately
the cases a11,a21 # 0, a11 =0, and as; = 0.
(i) a11,a21 # 0. From (3.11c) for b= 0 and i = j = k = 2 we obtain

aagl aall
ai -
ou

= a21
1 8ul

which, where aj; and ag; are not zero, implies that ay; = a1 R(u,v,vy).
After this substitution, the system (3.11a) is reduced to

&,1 as1 + (SR) 8u1a21 — a21au18R =0 (3.45)
amale + R&Ulagl + R (SR) 8u1a21 — Ra218u18R =0. (3.46)

Observe that (3.46) is a210,, R + R(3.45), so we conclude that R does not
depend on v;. Finally, we are left with (3.45) to solve. The equation can
be regarded as a linear nonhomogeneous ODE for SR, that can then be
expressed in terms of ao1, its derivatives, and an arbitrary function h of
single-variable. If we also require that SR should not depend on v because
it is naturally a function of only (u1,v;), this forces asi(v,ui,v1) to be of
the form f(u1)g(v1). Rewriting SR(ui,v1) as f(uy)g(v1)SF(ui,v1) we then
reduce (3.45) to the form (3.42).

(ii) a1 = 0. The only condition we obtain from (3.11a) is 9,,a21 = 0;
(3.11b) and (3.11c) are all identically satisfied by a1 = f(u1,v).

(iii) agr = 0. As for the similar case in the proof of Proposition 13, (3.11a)
admits as solution a1; = f(u,v)f(u1,v1)g(v,v1). For b = 0 there are not
further conditions. O

Theorem 15. Let K be a Hamiltonian difference operator of the form (3.1)
with a matriz A which is degenerate and satisfies (3.5). Then, up to point
transformations, K is of one of the following forms:
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(1) Constant form, with

A= <? 8) , B= (_0/{ ’8) , (3.47)

for an arbitrary constant k.
(2) Type I form, with

A= (““1 > (_00 g) (3.48)

for an arbitrary function g(z, ) of two variables and o =0, 1.
(3) Type II form, with A as in (3.43) and B = 0.

Proof. Let J = (%), with det J # 0, a = a(u,v), b = b(u,v), ¢ = c(u,v),
and d = d(u,v) such that dya = 9,b, d,c = 9,d, be the Jacobian matrix
of the point transformation. From equation (2.37), the matrices A and B
defining the Hamiltonian operator transform as

A=JA(SJT), B=JBJ" (3.49)

Case 1. Let us consider A and B as in Proposition 13(1). Under point
transformations we have

i (g(Sa)(Sf) (afF+b) g(Sc)(Sf) (afF+b)>
9(Sa)(Sf) (cfF +d) g(Sc)(Sf)(cfF+d))’

B= (—/i(degc I fg H(detoj)fg> '

For ¢ = 0 and b = —afF, the matrix A assumes the form A11 = A;p =
Aoy =0, Ay = 9(Sa)(Sf)d. Observmg that all the functions in Ajs depend
only on the variables (u,v), Ajs can assume a constant value for af = a
constant and, independently, gd = 3. Choosing the two constants in such
a way that their product is 1 gives A of the form (3.47). Summarizing, our
ansatz for the Jacobian matrix is

(f(g,v) —aF(u, v)>
J — 0 1 .
ag(v)

It is immediate to see that det.J = 1/f(u,v)g(v) # 0, so B takes the form
(3.47) for any arbitrary nonzero « (as in (3.30)); to be sure that J is indeed a
Jacobian matrix we need to verify d,a = 0 = 9,b and 9,,¢c = 0,,d. This latter
identity is indeed equivalent to the definition of F(u,v) in (3.31), so it is
verified. We can repeat the same computation for A as in Proposition 14(1).
An ansatz for the Jacobian matrix taking A to the constant form is

J= (f(u?g(m —aF 1(“’”))

0 ES

«

for an arbitrary constant «; the final result is the same as (3.47) with k = 0.
Case 2. Take A as in Proposition 13(2). Under point transformations we
have

- (afg(Sa)(SF) afg(Se)(SP) (0 (detd)fk
A_<cfg(5a)(8f) cfg(Sc)(Sf)>’ B_<(detJ)fk 0 )
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For ¢ = 0, a = 1/f(u,v) the matrix A assumes the form Ajp = Ay =
Ags = 0 and Ay = g(v,v1); B assumes the form Bjy = —By = dk(v).
Therefore, it is possible to obtain the form (3.48) with ¢ = 1 with a point
transformation whose Jacobian matrix is

A b(u,v)
J — (f("("),v) 1 ,
k(v)

where b(u,v) is a solution of f29,b+ d,f = 0. Note that also in the new
coordinates we have g = ¢(9,01). On the other hand, an operator of the
form of Proposition 14(3)is defined by a matrix A of the same form. We can
then use a point transformation with Jacobian matrix

g <f(5,v> b(v, ”)>

0 1

to obtain the same form for A and B = B = 0.
Case 3. A matrix A as in Proposition 14(2), under point transformations,

becomes
i <(8a)bf (SC)bf> |
(Sa)df (Sc)df
For a generic function f(up,v) it is not possible to find a Jacobian matrix
producing a constant matrix, because that would require a factorized form
for the function f = g(uq)h(v). If that were the case, a Jacobian of the form

1
J = ( g ah(v))
s O

would take the operator to the form (3.47) with x = 0. On the other hand,
if f is not factorized we cannot simplify further. (|

Remark 16. Observe that the matrices (A, B) for the first Hamiltonian struc-
ture of the Toda lattice (see for example the review paper [20])

H= <(1 B 80,1) u “(80_ 1)> (3.50)

N A )]

A is degenerate, so H must be equivalent, under point transformations, to
one of the three normal forms of Theorem 15. It is indeed of the constant
form (3.47) for kK = 1 under the point transformation @ = v, ¥ = logu.
In Section 4.3 we study the Poisson cohomology of the (equivalent for the
exchange of w and v variables) Hamiltonian structure of the form

0 S—1
Hy = <1 s g ) . (3.51)

Remark 17. As previously remarked, the form A = A(u,v,u1,v1) and B =
B(u,v) is a necessary condition for a difference operator K of the form (3.1)
to be Hamiltonian if A is nondegenerate. When A is degenerate, Proposi-
tions 13 and 14 produce only a subfamily — to which all the examples known

are, respectively
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in the literature belong — of all the possible solutions of (3.4). For example,
operators of the form

_ (9(var,...,on) O {0 0
a= (g ) B0 )

M < N, are solutions too.

4. THE POISSON COHOMOLOGY

4.1. The Poisson cohomology of a difference Hamiltonian struc-
ture. Let P be a Poisson bivector. It is well known that from the property
[P, P] = 0 and the graded Jacobi identity for the Schouten bracket (2.28)
it follows that the adjoint action of P, which we denote by dp = [P, —]|,
is a coboundary operator (i.e. a differential) on the graded space of local
poly-vectors which we have identified with F in Section 2.3. Explicitly (cf.

(2.29)) it is given by
oP 5Q OP 6Q -
Z/ (59, sul T i 59,) Qer.
This turns (F,dp) into the Poisson-Lichnerowicz complex

0 FO=Fle, pr i, 72,

Note that, in contrast with the finite dimensional case, there exist nontrivial
p-vectors for any value of p > 0, so the complex does not terminate. The co-
homology of this complex is the so-called Poisson cohomology (originally in-
troduced by Lichnerowicz [23] in finite dimensional Poisson geometry, see [§]
for the difference case); it controls the deformation theory of the Hamilton-
ian operator and carries information about the existence of bi-Hamiltonian
hierarchies [19, 21, 11].

The Poisson cohomology for the normal form of a scalar Hamiltonian dif-
ference operator of (—1, 1)-order has been previously computed in [8]. In this
section, we extend the results to some class of multi-component operators.
We study in particular the operator Hy in (3.51), which is the normal form of
the (—1, 1)-order Hamiltonian structure of the Toda lattice. Its importance
in the study and classification of two-component difference systems will be
discussed in Section 5, since it appears in several bi-Hamiltonian pairs.

Throughout this section we assume that A4 is a normal algebra of difference
functions (see Section 2.1) and that C = C is a field.

4.2. The Poisson cohomology of an ultralocal structure. Hamilton-
ian structures of order (0,0) are called wltralocal. Because of the skewsym-
metry requirement, there are not nontrivial ultralocal structures in the
scalar case. The picture is richer in the multi-component case. Specializ-
ing the computation of the Jacobi identity (3.4) for a A\-bracket of the form
{uluw’} = BI* € A gives that B needs to satisfy (3.11d) and the conditions

B
g 88 S"B* =0 fori,j,k=1,...Landn#0. (4.1)
us
s=1 n
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Assuming that B is nondegenerate, then condition (4.1) implies BY €
Ag C A. Hence, nondegenerate ultralocal difference Hamiltonian structures
are in one-to-one correspondence with nondegenerate Poisson bivectors on
a (-dimensional manifold whose space of functions is Ay (see Remark 8).
Indeed, the density of the associate bivector

/ 0; B0, (4.2)
1,j=1

defines a Poisson bivector on Ajg.

The Poisson cohomology in the finite dimensional case, for B nondegen-
erate, has been computed by Lichnerowicz himself [23], who proved that it
is isomorphic to the De Rham cohomology of the manifold. The same result
holds true even if we consider ultralocal operators on the full space F. We
have then

Theorem 18. Let B be a nondegenerate ultralocal Hamiltonian operator
with associated bivector Pg given by (4.2). Then HP(F,dp,) = 6,0C, p > 0.

Proof. As previously observed, a nondegenerate ultralocal Hamiltonian op-
erator is a nondegenerate Poisson structure on the underlying space of func-
tions Ag. As it is well known, such a structure is the inverse of a symplectic
form, and thus there exists a reference frame on 4y (the Darboux coor-
dinates) in which it is constant, namely we may assume BY ¢ C. Let
Dp, : A — A be the linear operator

ZZS’” (MDB) Fu Z > B 8 - (4.3)

=1 meZ t,j=1meZ

Note that [ Dp,(Q) = —dp,Q and that, as seen in the proof of Theorem
2 of [8], D3, = 0. Hence we have a complex (A, Dp,). We can regard this

complex as the basic de Rham complex (Q(A), 8) defined in [12, Section 5],
by identifying 6 : Z B0, € A with the differential dul, € Q(A).
Under this identification, (]—" ,dp,) is identified with the reduced de Rham
complex (©2(A), ). From Theorem 5.1 and Theorem 5.2 in [12] (see Remark
1) we have that H?(A, Dp,) = H?(F,dp,) = 6,0C, p > 0. O

4.3. The Poisson cohomology of Hj. Let us consider the first Hamilton-
ian structure of Toda lattice given in (3.51). Its associated Poisson bivector
(2.30) is

jo. / 0(c—0), (4.4)

where for simplicity we denote 01 ,,, = 0, and 60> ,, = (,n, m € Z, conjugate
variables to ul = u,;, and u2, = v,,. In this section we compute its Pois-
son cohomology, showing that it is nontrivial but it is concentrated in the
ultralocal part of F. In the sequel, given a closed w € FP.p >0, we denote
W] =w+ dpo(]-"p e Hp(}", dp,).
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Theorem 19. The Poisson cohomology Hp(]:", dp,) is trivial for p > 2. For
p < 2 we have

~

HY(F,dp) =C[[1]®C[fu] &C[[v], (4.5)
HY(F,dp,) =C[[f0]&C[f ¢ & C[f (uf — ()], (4.6)
H*(F,dp,) =C[[0(]. (4.7)

The proof of Theorem 19 is obtained in two main steps. Recall from [§]
that we have the differential on A

0 0

Dp, = Z <(Cm+1 — Cm)% + (Om — Hm_l)av,n) ; (4.8)
meEZ

such that [ Dp,(Q) = —dp,Q, for every Q € F. As a first step we compute,

in Proposition 22, the cohomology of the auxiliary complex (/1, Dp,). In the

second step, since S — 1 and Dp, commute we have that ((S —1).A, Dp,) C

(/l, Dp,) is a subcomplex. Hence, we use the short exact sequence of com-
plexes

0— ((S—1)A Dp) % (A, Dp) 2 (F,dp,) — 0,  (4.9)

where « is the inclusion map and 8 = f is the projection map, together with
the standard long exact sequence machinery to compute the cohomology of
the complex (F,dp,).

Let us start by recalling the filtration fl ; of A introduced in Section 2.3.

We define local homotopy operators Ay, ; .Ap — .Ai 11, neZ,i=1,2, as
follows

hn71 = (/ dun> Xn,l and hn,2 = (/ dvn> Xn,?a (410)

where the integral map (2.3) is extended to an endomorphism of flf” by
letting it act trivially on the variables 6, and ¢, and X, and X,, o are
the following vector fields

1 o 0 0
(zczg) d Kua = (269 Z)

mzn

For example, for w = fP € ./Zlfb’l, where f € Ay, 1 and P € Cl0p,, (| m € Z]
of degree p, we have

hna(w) = % </fdun> (Z . Z gi) (4.11)

By a direct computation we have (m,n € Z)

Xn,l(Cerl - Cm) = 5m,n s Xn,Q(Qm - Gmfl) = 5m,n . (4-12)
Lemma 20. Letw € .flﬁl The operators hy, ; satisfy the following homotopy
condition

hni(Dpy () + Dpy (hni(w)) —w € Ap . (4.13)
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Proof. Tt is clear from (4.8) that Dp, (flf”) C /lfﬁ;l Hence, hy,;(Dp,(w)) +
Dpy(hn,i(w)) —w € A} ;. To prove the claim we need to show that

oo (D () + Dy (@) — ) = 0 (1.19)

n
(where we recall that we have set ul = u, and u2 = v,).

Let us prove (4.14) for ¢ = 1. By linearity, it suffices to check it for
w = fP, where f € A, ; and P € Cl0p,(n | m € Z] of degree p. From
the definition of the differential Dp, in (4.8), the definition of the homotopy
operator hy 1 and the first identity in (4.12) we have

) = ([ 55 au,) P
_ sz:Z < ;zi; dun> (Gm+1 = Gm) Xn1(P) (4.15)
_ ng:Z < ;U{n dun> (6 — Om—1) Xn1(P).

On the other hand, using (4.11) and the definition of Dp, in (4.8) we get

Doy (@) = = 3 5o ([ £un) (Guer = 6o X (P)

-y &i </fdun> (O — O—1) X1 (P) .

Equation (4.14) for w = f P follows from (4.15) and (4.16) using the fact that
partial derivatives commute and that %( [ gduy,) = g, for every g € Ap 1.
The proof of (4.14) for i = 2 is done similarly using the second identity in
(4.12) to compute hy 2(Dp,(w)). O

(4.16)

Let us assume that w € /lf” is such that Dp,(w) = 0. Then, by (4.13) we

have that w = Dp,(hn,i(w)) + w, for some w € flfl?i_l such that Dp,(w0) =
0. Repeating the same argument finitely many times we have that w =
Dp, (@) 4+ @ for some @ € A? 'and & € AR o- Hence,

n,i
Ker (Dpo AP APH) = Dpy (A7) + b, (4.17)

for every p > 0.
Note that Af ; is spanned (over C) by monomials (recall that we denoted
Hl,n =0, and 02,71 = Cn)

w = (9“7,1192‘27712 . Hip,np , (4.18)
where (e(n1),11) > (e(n2),i2) > ... (€e(ip), np) in the lexicographic order. We
define the degree of w as in (4.18) by letting

p

degw =) e(ny). (4.19)

k=1
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We then have the direct sum decomposition
Ao = D AR olnl
n=0
where flg’o[n} is the subspace consisting of homogeneous elements of degree
(4.19) equal to n.
Lemma 21. Let w € /\3,0- There exist w € ,41870[0] such that
w—o € Dp, (AP, (4.20)

Proof. By linearity it suffices to check (4.20) for w as in (4.18) with degw > 0
(and thus €(n1) > 0, namely n; # 0.). We have four possible cases.

(a) If 47 = 1 and ny > 0, then, using the definition of Dp, we have
W= 0ny10iy 0y - - 0i) 0, + Dpy(Vny Oig sy - - - 0iymy)
and deg (0, —10iyny - - - Uiy m,) < deg(w) since €(n; — 1) < e(ny).
(b) If i1 =1 and n; < 0, we have
W= Opy110iy s - - - 0iyn, — Dp, (Vny+18igms - - - Gipmp) ,
and deg(0n,+10iym, - - - 0i,n,) < deg(w) since e(ny + 1) < e(n1).
(c) If iy = 2 and ny > 0, we have
W= Cny—10ir,n5 - - Uipny, + Dy (Ung 1055 5 - - - iy, s
and deg(Cny—10iy,ny - - - ipn,) < deg(w) since e(ny — 1) < €(n1).
(d) If i1 = 2 and n; < 0, we have
W = Cuy4+10ir.n5 - - - bipny, — Dy (Uny Oiying - - - Oiyiny) s
and deg(Cny+16in,ns - - - 0i,n,) < deg(w) since e(ny + 1) < €(ny).
We have thus found w; € .,Zlgyo with deg(w;) < deg(w) such that w —w; €

Dp,(AP~1). Tterating this process finitely many times we arrive at (4.20).
(]

We are then able to describe the cohomology of the differential (A, Dp,).
For an element w € AP such that Dp,(w) = 0, we denote by [w] = w +
Dp,(AP~1) € HP(A, Dp,) its cohomology class.

Proposition 22. The cohomology H(./Zl, Dp,) is finite-dimensional and we
have
H(A,Dp,) = C®CHSCCDCHC . (4.21)
In particular, H°(A, Dp,) = C[1], H'(A, Dp,) = C[f] ® C[¢], H*(A, Dp,) =
Cl0¢] and HP(A, Dp,) =0, forp > 3.
Proof. From (4.17) and (4.20) we then have
Ker (Dp0 AP — .,leH) = Dp, (AP + A&O[O] :

for every p > 0. To conclude the proof we note that

¢, p=0,
i comce, p=1,
p —
Aoll=1 Teoc p=2,

0, p=3.
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and that Dp,(AP~1) N A{)},O[O] =0 for p < 2. 0

Next, we use Proposition 22 to conclude the proof of Theorem 19. The
short exact sequence (4.9) induces the long exact sequence

0 — HO((S — 1)A, Dp,) 2% HO(A, Dp,) 2% HO(F,dp,) 22
25 HY(S — 1)A, Dp) % HY(A, Dp,) 25 HY(F,dp,) 25
Ty H2((S —1)A, Dpy) 2% H2(A, Dp)) 22 H(F,dp) 2% (4.22)
225 {13((S — 1)A, D) 2% H3(A, Dp,) 2% H3(F,dp,) 25
2 H3(S —1)A,Dp,) ...

We start by computing the cohomology of the complex ((S — 1).,4, Dp,) and
the maps «a in (4.22).

Lemma 23. (a) We have that H*((S — 1).A, Dp,) = 0 and, for p > 1
HP((S —1)A, Dp,) = HP(A, Dp,) . (4.23)

(b) All the linear maps oy, p = 0, in the long exact sequence (4.22) are
trivial.

Proof. Since Dp, and (S —1) commute, we clearly have Ker(DpO](S_l)AP) =

(S — 1) Ker(Dp,|ar) C AP for every p > 0, and Dp, ((S — 1)./21” H=(S-
1)Dp, (AP~1) C AP, for every p > 1. Note that S — 1 : AP — AP is injective

for p > 1 while for p = 0 we have A° = A and Ker(S —1)|4 = C. Hence, we

have

H((S-1)A4, Dp,) = Ker(Dpy|(s-14) = (S—1) Ker(Dp,|4) = (S—1)C =0,

and, for p > 1,

H((S ~ 1), Dpy) = o Pls-ndr) (S~ 1) Ker(Dr )
DPO((S - 1)Ap—1) (8 - I)DPO(-AP_1>
Ker(DPO ’Ap)
DPO(Ap 1)
where in the third identity we used the fact that S — 1 is injective. This
proves part (a). The claim of part (b) is clear for p # 1,2 using part (a)
and Proposition 22. From part (a) and Proposition 22 we also have that
H'((S — 1).A, Dp,) is the linear (over C) span of the cohomology classes of
(§—1)0 and (S — 1)C. Since
(§—1)0 = Dp,(v1) and (S—1)¢ = Dp,(u),

they are mapped by a; to the trivial cohomology class in H (/l, Dp,). Simi-
larly, H2((S — 1).A, Dp,) is the linear (over C) span of the cohomology class
of (§ — 1)0¢ which is mapped by as to the trivial cohomology class in in
H(A, Dp,) since

- Hp(A DPO)

(S — 1)9C = Dpo(vlcl — uG) .
This concludes the proof of part (b). O

Finally, we are able to prove Theorem 19.
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Proof of Theorem 19. By Proposition 22 and Lemma 23(a), using the long
exact sequence (4.22) we immediately have that HP(F,dp,) is trivial for
p> 2.

By Lemma 23 we have that H((S — 1).A, Dp,) is trivial. Moreover, by
Lemma 23(b), a is trivial, hence 7y is surjective. Then we have the following
short exact sequence from (4.22):

0 — H(A, Dp) 2% HOF,dp) 2% H'((S — 1)A,Dp,) — 0, (4.24)

where the map By sends [1] € HO(A, Dp,) to [[1] € H(F,dp,). Using
Proposition 22 and the isomorphism (4.23), from (4.24) we get that

HO(F,dp,) = C[[1] & Clw1] & Clws] ,

where [w;] € HY(F,dp,), i = 1,2, are such that yo(Jw1])) = [(S — 1)] and
Y0([w2])) = [(S—1)¢]. Note that dp, ([ u) = dp,([ v) =0, and, by an explicit
computation using (4.8) and the definition of the connecting homomorphism
Yo we have

([ u]) = [Dpy (w)] = (S = 1){],
and
(/) = [Dpy (0)] = [(§ = 1)f-1] = [(§ - 1)6],
where in the last identity we used the fact that § — 6_; = Dp,(v). This

proves (4.5). Similarly, since g is trivial, then 7 is surjective and, from
(4.22), we get the short exact sequence

0 — H'(A, Dp) 25 HY(F,dp,) 2% H2((S — 1)A,Dp,) — 0, (4.25)
where and $1[0] = [[ 6], 51[¢] = [[ ¢]. From (4.25) it follows that
Hl(ﬁ,dpo) = C[f@] @CUC] @C[w} )

where [w] € H'(F,dp,) is such that vi([w]) = [6¢]. A choice for w is
w = [v¢—uf. Indeed, using the properties of the integral map and the def-
inition of dp, given after (4.8) it is straightforward to check that dp,(w) = 0,
and that, by an explicit computation using the definition of the connecting
homomorphism ~;, we have

Ylw] = [Dp,(v¢ —ub)] = [0¢1 — 0-1¢] = [(S — 1)0_1¢] = [(S — 1)6(] ,

where in the last identity we used the fact that (6 —6_1)¢ = Dp,(v¢). This
proves (4.6). Finally, since ay is trivial and H3((S — 1).A, Dp,) = 0 we have
the isomorphism

0 — H*(A, Dp,) 2 H2(F,dp,) — 0,
where $2[0¢] = [[ 6¢], thus proving (4.7) and concluding the proof. O

Remark 24. The representative %fﬁ( of the cohomology class [% [6¢ €
H?(F,dp,) corresponds via (2.30) to the ultralocal Hamiltonian operator

0 1
= (4 1).



34 MATTEO CASATI AND DANIELE VALERI

Remark 25. Observe that the normal forms of Hamiltonian difference oper-
ators provided by Theorem 15 are different from the Dubrovin-Novikov nor-
mal forms of hydrodynamic differential Hamiltonian operators [14]. Despite
this fact, by Theorem 19, we have an isomorphism of graded vector spaces
between the Poisson cohomology H (]:" ,dp,) and the Poisson cohomology of
a 2-component non-degenerate Dubrovin-Novikov differential Hamiltonian
operator [19].

5. LocAL BI-HAMILTONIAN PAIRS IN TWO COMPONENTS

In this section we present a few examples of compatible pairs of local
Hamiltonian difference structures in two components, taken by [20].

As it is well known, the Poisson bivectors (P;, P,) associated to a pair of
compatible Hamiltonian structures satisfy the identity [P+ APy, P +AP;] =
0, for every A € C. In particular, the compatibility condition [Py, P2] = 0
means that the bivector P, is a cocycle of dp, .

In the previous section, we computed the Poisson cohomology of Py given

n (4.4); Theorem 19 guarantees that all the bivectors P compatible with
PO are a linear combination of the only nontrivial cocycle P = [ 6¢ with

trivial deformations, namely that there exist « € C, X € .7-"1 such that
P = aPy + [Py, X]. Observe, in particular, that the vector X must be
nonzero if P is not ultralocal.

Point transformations do not affect the Poisson cohomology; this means
that, where there exists a point transformation taking a bivector P; to the
form Py, for any P such that [Py, P] = 0 there must exist X € F' such that
P = aP(’ul) +dp, X, where we denoted as P(’ul) the inverse transformed form
of the bivector P

When looking for the explicit expression of the local 1-vector X = [ f(u,v, ...

g(u,v,...)C in the following sections we need to make an ansatz on the
variable dependency of its components f,g € A. To this end, we pre-
liminary observe the expression for the adjoint action of a local bivector
P = %le{j:l Ysez iK' 0; s on a local 1-vector X = fozl X9, A
direct computation using (2.29) shows that

r= 35 (0 (5K 0 5m) 2)

i,5,l=1 m,s€Z m
(5.1)

Recall now the filtered spaces A,,; defined in Section 2.1 and the filtration
given by equation (2.2) and let (—N, N) be the order of the matrix difference
operator corresponding to P. Assume that X* € Apt1,0; from the first term
of (5.1) we can conclude that the order of the difference operator associated
o [P,X] is (—n,n), with n < N + |p|. This imposes a lower bound on p;
in general there is no upper bound on the number of shifted variables on
which the characteristics X? of X should depend — we start looking from
the minimal possible dependency, namely X° € AN_n+1,0, and increase the
filtration in case we cannot find a solution there.



MULTI-COMPONENT HAMILTONIAN DIFFERENCE OPERATORS 35

We conclude the section showing how our cohomological approach to the
Hamiltonian structures can be used to derive new examples of local bi-
Hamiltonian pairs.

5.1. Toda lattice. The first Hamiltonian structure of the Toda lattice is
(3.50), whereas the second one is

u - S! ou u _ ov
Hy = (U((f_:ggl))ou u‘és— 517)1 ou) . (5‘2)

As already claimed, the change of coordinate ' = logu and v/ = v takes
the first Hamiltonian structure H given in (3.50) to the constant form Hy
of (3.51). The same change of coordinates applied to Hs gives

I_}Q = (Ug__ill> eugs__;)looveu> : (5'3)

Clearly, the change of coordinates does not affect the compatibility of the
two structures. Let us denote by P» the Poisson bivector associated to Hs in
(5.2), by P, the one associated to Ha, by P the one associated to H of (3.50)
and, finally, Py is given by (4.4) as above mentioned. From [Py, P»] = 0 we
have that P, is a cocycle in H 2(dp,). Because the only nontrivial cocycle
in H?(dp,) is the constant ultralocal operator Hupy, there must exist an
element X € F! such that at least the coefficients of 00y, 6¢1, ¢¢i of Ha
are given by the corresponding coefficients of deX ; on the other hand the
coefficients of ¢ may differ only up to an additive constant. In the original
coordinates of (3.50), we have P» = [Py, X] + aPy; for some X € F1, and
Py = % J ub¢. We can then compute X directly in this coordinate system.
Explicitly, the two Poisson bivectors P, and P» are of the form

P = / (ub¢1 — ubQ) (5.4)
P, = / (uu1061 + w16 — wvb¢ 4+ ullr) . (5.5)

We look for a vector X of the form X = f(u,v)0 + g(u,v)( satisfying the
equation [P, X] = P» — aP. Note in particular that in our ansatz f and
g depend only on the coordinates (u,v) (i.e., not on their shifts). An explicit
computation with formula (2.29) gives

(P1X) = [ (uafbad + (F = uf)Go = (F = ufu — uga)oC
—u1gu0-1¢ — ugu(C1)
= [ (@S )001+ (7 — uf— uS)061 — ( — ufu — ug.)0C
—ugu(C1) s

where we denoted by f, the partial derivative of f with respect to the
variable u (similar meaning for f,, g, and g,). By direct inspection we have

(5.6)
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the system of equations

—uSf, =uw
f—ufy —uSgy =uv (5.7)
—f+ufy+ug, =-—-uv—oau '
—UGy =TUu
which can be solved only if « = 0, obtaining f = —uv and g = —u— %1)2 and

then confirming that P, is a coboundary. Recall that [Py, X| = L_x(Py).

Remark 26. It is very easy to notice that, as P is dp,-exact, also P is dp,
exact: it is sufficient to note that the change of coordinates u — u, v — v+ A
produces Py — Py + AP (this corresponds to a local 1- vector X = —\ f Q).
However, we cannot obtain from it any information on the cohomology of
Ps.

5.2. Bruschi-Ragnisco lattice. The Bruschi-Ragnisco lattice equation is
[20]
w = u(u—u_q) (5.8)
V¢ = UV] — U_1V ’

and it is bi-Hamiltonian with respect to the first structure of the Toda lattice

and to
(BR) _ 0 w(l—-8 Hou
Hy " = (u(S —1ou uSv—vStou (59)

which corresponds to the bivector
pBR) / (u?0¢ + uur €1 + uviCCr) - (5.10)

The compatibility between P; and Py implies that Py = [Py, Y] + P.
Note that now it is impossible to find a solution using the ansatz of Section
5.1, because for the coefficient of the term ((; we would have g, = —v1,
but we have postulated that g depends only on (u,v). We then make the
slightly more general ansatz that f and g depends on (uy,, v,) with n = 0, +1.
Computing the Schouten bracket of P; and Y and comparing it with P, we
obtain the following system of equations:

uSQfL1 =0

usfv71 _usfv_ulfvl =0

ulful + USQQv,l =0

[ —ufu+ulfu, +uSgy_, —uSg, =0
—fH+ufu —u_1fu , +ugy —ugy, =u’—au

—uSfu , —u1gy, =uuy
—UGy — USGy_, + UGy, = UV1
{ gy, =0
for which we find an easy solution for a = 0, namely f =0, g = —uwv;.

5.3. Two-component Volterra lattice. The two-component Volterra lat-
tice [20]

L Zien) (5.12)
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is bi-Hamiltonian with respect to the two Hamiltonian operators

@2v) 0 u(S§—1)ow
o= <v(1—$‘1)ou 0 (5.13)
and
@) _ w(Sv—vS Houw w(uS —u+Sov—v)ow
2 T \wu-Stoutv—vSHou v(uS — S tou)ow ’

(5.14)

The two associated bivectors are, respectively,
PI(QV) = / (uv10¢; — uvbq) (5.15)

P = / (uu1v1001 + wvr (v + v1)0¢ — wv(u + v)0¢ + wvv1(Cr) . (5.16)

We observe that the change of coordinates v’ = logu, v = logv brings
H1(2V) to the constant form Hy in (3.50). Since the second cohomology
of Py is concentrated in the ultralocal part, there exists a local 1-vector

X such that P{*") = [P*") X] + a P, where P/, is obtained by the

inverse change of coordinate for H, (ul) 88 P(/ul) = % f uvf(. We look for the
solution adopting the ansatz X = f(u,v)0 + g(u,v)¢ and computing, as
usual P2(2V) = [Pl(QV), X]. We obtain the following set of equations
—uv1Sf, = uuiv;
U1f+USg—UU1fu—lesgv :uvl(u+vl) (5 17)
—vf —ug +uvf, +uvg, = —uv(u-+v)—auv '
—UV1IGy = uvvy
From the first and fourth equation it is immediate to deduce f = —uv+ f(u)
and g = —uv+g(v). For degree reasons, a possible solution for f and § must
be quadratic; it is then straightforward to find the solution f = —uv — u?
and g = —uv — v?, with the necessary and sufficient condition a = 0.

Remark 27. Note that the second Hamiltonian operator HQ(QV) is of the form

AS + B — 81 o A? with
= <U’I)1U1 u(u + v1)v1>

0 UVV]

a nondegenerate matrix. According to Remark 9, then HéQV) must be de-

fined by a triple (Aff(R),r,k) associated to the Poisson-Lie group Aff(R)
and a choice of matrices r and k. Under the change of coordinate v’ = u/v,

v = —1/v + u/v, indeed, H2(2V) takes the form
~@2v) 0 u 0 —u' — (u')?
Hy ' = <—u’u’1 —u'v] + u/> S+ (u’ + (u/)? 0

1,1
_s51, 0 —u'uy
!/ 1,/ / ’
u —u'v] +u
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namely A and B are respectively of the form (3.14) and (3.16) for r =

(_01 1) and k = <_01 (1)> Furthermore, the Lie bracket (3.15) on g* is

[e1, 5] = ef.

5.4. Relativistic Volterra lattice. The relativistic Volterra lattice [20]

{ ug = u(vy — v+ uv; — uv) (5.18)

vy =v(u—u_1+uv—u_jv_1)

is bi-Hamiltonian with respect to the same first Hamiltonian structure of the

two-component Volterra equation H 1(2V) and to the (—2,2) order structure

Hé V) - <—b*(8) C(S)) )

where

a(S) =uS ouv(l +u) —uwv(l +u)S tou,
b(S) =u(SouwS+uS+Sov)ov—uv(u+v+uv),
¢(S) =uwv(l +v)Sov —vS ouv(l+v),

which corresponds to the Poisson bivector

PQ(TV) = / (uulm(l + U1)991 + uu1v1v20C + uvy (u + Ul)egl
—uv(u+ v+ uw)f¢ + uv(l +v)vi¢) . (5.19)

The compatibility of PQ(W) with P1(2V) means that there exists a local 1-

vector Y such that PQ(TV) — [Pl(w), Y] is ultralocal, in particular either zero

or proportional to P('ul) of the Section 5.3. Moreover, we note that PQ(TV) =

PQ(QV) + Py, which — by the linearity of the Schouten bracket — implies that
Y = X + X, with X as computed in Section 5.3. Since the order of P is
higher than the one of P1(2V), we expect the local 1-vector X to depend at
least on the variables (u,v,u1,v1); indeed, we can find a solution of such a
form of the equation Py = [Pl(QV),X]. From the ansatz X = f(u, v, u1,v1)0+
g(u,v,u1,v1)¢ we obtain the system of equations

¢

—uyv1 fo, —uv1Sfy = uuivr
—u1vV2fu, = uurv1v2
v f +uSg — uvy fu + urv1 fu, —uv1Sg, =0
2,2 2 (5.20)
—vf —ug +uvfy, +uvg, —uv1gy, = —uV°—ou
—UVIgy + UIVIGy, = uv?vy
—Uu1V1gy,; =0
which has solution f = —wujv; and ¢ = —wv? only if @« = 0. Then we

reconstruct the local 1-vector Y as
Y = — (u2 + uv + uugvr) 0 — (112 +uv + uv2) ¢ (5.21)

and conclude PQ(TV) = [Pl(z\/), Y].
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5.5. Relativistic Toda lattice. The relativistic Toda lattice [20]
w =u(u_g —u +v—up) (5.22)
vy =v(u_1 —u) '
is bi-Hamiltonian with respect to the Hamiltonian operators
(rT) _ 0 u(S —1)
iy = ((1—8‘1)ou S tou—uS (5.23)

and

o) (WS-8 Hou u(S—1)ow
(rT)

Remark 28. Note that the pair (Hl( H, "’) can be obtained by the pair

, H9) of the Toda lattice ((3.51) and (5.3 notin — H—H an
(H, H,) of the Toda lattice ((3.51) and (5.3)) by noting H\"") = H — H and

a1 = Hy — H with

rT)
)

= 0 0
H= (0 uS —S7! ou> ' (5.25)

In fact, (H, Ha, H) is a triple of compatible Hamiltonian operators.

The first Hamiltonian operator in (5.23), whose associated bivector is

pr = / (ubC1 — ubC — ulGy) (5.26)

can be brought to the constant form (3.50) by the change of coordinates
v = logu, v = w + v; this means that there must exist a local 1-vector

X such that, when written in the same coordinate system as PI(TT)
solution of [PI(TT), X] = PQ(TT) — aPy), where PQ(TT) is the Poisson bivector
associated to (5.24), namely

, is a

P2(TT) = /(uu1091 + u16¢ — wvb() (5.27)

and P,y is the same ultralocal bivector of Section 5.1 and Section 5.2,
as one can easily verify by applying the inverse change of coordinates to
% J0¢C e H 2(.7:" ,dp,). To find a solution we look for a more generic ansatz
than the previous examples (there are not solutions choosing simpler ones)
of the form X = f0+ g with both f and g depending on (uy,,v,), n = 0, 1.
The system of conditions we obtain is

uS%f, , =0
Ulfvl +usfv = uuy

_Ulfm + Ulfm + USQQU_l =0
_f_ufv_ulfm +ufu+Ung_Ung_1 = uvy

5.28
frufo —ufut+usfu, +uge —ugy =—uv—oau (5.28)
Uflfv - u*lfU—l - U‘S_lgvl =0
—u1gy, — uS*gu_, +urgu, =0
f—ugy —uSgy — u1gu, +ugu +ugu_, =0
whose solution is f = —uv — uuy, g = wvy — u_1v_1 +wv + 5(u? + v?) with

a=0.
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5.6. Derivation of bi-Hamiltonian pairs. Our result about the structure
of H 2(.7:" ,dp,) guarantees that any bivector P compatible with Py is of the
form P = aP + [P0, X]. Therefore, given an arbitrary local 1-vector X
and a constant «, we can obtain a new compatible bivector; however, there
is no guarantee that the bivector P is Poisson and therefore that the pair
(P, P) is bi-Hamiltonian. There exist choices of X for which this is indeed
the case: the pairs of the previous section are some examples.

In this section, we characterize the local 1-vectors X that produce com-
patible Poisson bivectors and present a simple class of new examples. For
simplicity, we work with Py; however, any point transformation (such as
those connecting Py with P; of the previous examples) applied to both the
bivectors preserve the bi-Hamiltonian property.

Proposition 29. Let Py be given by (4.4), let X € FLand let P = Py +
[Py, X]. The pair (Py, P) is a bi-Hamiltonian pair if and only if

(X, [X, Py] — 2aPy)| = 8Py + [Po, Y], (5.29)
for some value of the constant B and a local 1-vector Y.
Proof. We have already proved that P, is a Poisson bivector and that Py

and P are compatible, so we only need to impose the Poisson property for
P, which reads

[Pty + [Po, X1, aPy + [Po, X1 = 2a[ Py, [Po, X1+ [[Po, X1, [Po, X]] = 0.
Using the graded Jacobi identity of the Schouten bracket, we rewrite
[Putys [P0, XT] = [[Prarys Pols XT = [Po, [Py, X1 = —[Po, [Py, X1,
[P0, XT, [Po, X]] = [[[Po, X], Po], X] = [P, [[Po, X], X]] = =[P, [P, X], X1,
and, by graded skewsymmetry,
[P, P] = [Py, 2[X, Puy)] — [X, [X, Ryf]] = 0. (5.30)

Condition (5.30) is satisfied if and only if the second entry of the Schouten
bracket is a cocycle of dp, which, by our Theorem 19, imposes the form
BPuy + [Po, Y] 4

Local 1-vectors X satisfying this property are, for example, those whose
characteristics are linear in the (u,v) variables and their shifts, namely of
the form X' = A;mu%. It is quite cumbersome to observe condition (5.29)
directly; however, the bivector [Py, X] does not depend on u,v and their
shifts, and therefore it is always Poisson and compatible with P, so that
Py + [Po, X] is Poisson, too. Explicitly we have

P =aPy)+[P,X]= (_b?g )_ i b(f()SJg a)
where

a(S) = A" (S™T -84 ST -8,

b(S) = A" (ST — ST + A (ST -8,

C(S) — A%m (Sm _ Sm+1 + S—m—l _ S—m) .
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A very simple example to illustrate this family can be obtained for any «
and X such that A%O is the only non-vanishing parameter; in this case X
satisfies the stronger properties [X, [X, b]] = 0 and [X, P,;)] = 0, from
which (5.29) is solved by § =Y = 0. The bi-Hamiltonian pairs are of the

form
_ 0 S—-1 _ —A%O (S - S_l) o
P0—<1—$1 0 > P‘( o 0

which, in the same local coordinates as the first Hamiltonian structure of
Toda, are

B 0 u(S —1) AV u(S-S Hou au
P1_<(1—Sl)ou 0 )’ P2_< —au 0 )"

(5.31)

Other classes of examples can be obtained imposing different ansatz for

the local 1-vector X, and selecting among all the possible compatible bivec-

tors [Py, X] those which satisfy the Jacobi identity. If we choose X = X (u,v)

at most cubic in its variables, we obtain two non-constant families of Hamil-
tonian operators compatible with Py, namely

B 0 p2(u)(S —1)
7= (16 om0l Tomw)
and

S o pa(v) — pa(v)S~! (v)(1 =871
P(2) = < (5]?,21 _ 1)1902(]2(1)) © 0 >

with pa(z), g2(z) arbitrary quadratic polynomials of one variable. Observe
that, despite the similar structure, F(;) and Pz are not interchangeable
keeping Py constant. Indeed, the transformations preserving Py are only
those of the form @ = au + b, © = a~'v + ¢, and those can only change the
coefficients of the polynomials ps, g2, not their position or variable depen-
dency.

6. FINAL REMARKS

In this work we addressed the study of multi-component difference Hamil-
tonian operators, extending to the ¢ = 2 case the investigation on their
structure carried out in [12, 13] and on their Poisson cohomology presented
in [8]. About the former problem, we have insofar limited ourselves to the
“first neighbours” operators of order (—1,1). While Dubrovin’s result [15]
holds true for any number of components, it is worthy noticing that most of
the differential-difference integrable systems studied in the literature have a
leading order defined by degenerate matrices and therefore fall outside the
scope of Dubrovin’s work. In Proposition 13 and Proposition 14 we listed
the £ = 2 degenerate cases depending on once-shifted variables.

Our computation of the Poisson cohomology for £ = 2 Hamiltonian oper-
ators essentially carries the same message as the previously studied scalar
case [8]: the only nontrivial part of the Poisson cohomology is concentrated
in the so-called ultralocal part, and hence do not exist “dispersive” (such
a term is borrowed from the analogue differential case: strictly speaking,
of order (—N,N) for N > 1) deformations of (—1,1)-order Hamiltonian
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operators. This hints to a prominent role, within the theory of differential-
difference integrable systems, for operators of (—1,1)-order, as it is indeed
demonstrated by the abundance of examples in such a class [20].

As it was already observed in [12], the n-stretched versions, namely the
ones obtained from the substitution (S* — 8™ u} s u!, ), of all the Hamil-
tonian operators in our classification are Hamiltonian operators, too. How-
ever, we expect that their corresponding Poisson cohomology becomes richer,
in particular allowing nontrivial “dispersive” deformations. Moreover, as the
order of the Hamiltonian operators grows, also the classification will grow
richer, as it is already the case for the £ = 1 case — indeed, there exist ex-
amples [20] of integrable differential-difference systems in two components
with bi-Hamiltonian structure of order (—2,2) that, for the moment, fall
outside the scope of our classification.

Finally, the class of Hamiltonian operators we considered in this paper
is limited to the local ones. Nonlocal Hamiltonian operators in the £ = 1
case have been considered in [13, 6]. An extension of their results to the
£ > 1 case is of interest, not only to better investigate multi-component
differential-difference integrable systems as the ones considered in this work,
but also in the direction of non-commutative systems, whose Hamiltonian
structure, even in the simplest cases, is often nonlocal [9, 10, 18].
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