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1. Introduction

It is well known (see [12] and references therein) that the periodic Toda lattice is
a bi-Hamiltonian system and that its integrability properties can be easily derived
by its bi-Hamiltonian structure. In [11], this structure is investigated by means
of a new approach: it stems from a reduction process of a special kind of Lie
algebroids [6]. This approach parallels the work of [2], where the ‘continuous
counterpart’ of the Toda lattice is studied, namely, the KdV equation.

Indeed, the KdV equation is a bi-Hamiltonian system obtained by reducing
the space Map(S', gl(2, R)) of > maps from S' to gl(2, R). If instead of the
space Map(S I gl(2, R)) one considers the space Map(S ! gl(3,R)), one obtains
the Boussineq hierarchy, which also displays a bi-Hamiltonian structure. The dis-
crete version of the KdV equation, the Toda lattice, is obtained in [11] by replacing
the circle S! with the cyclic group Z, and the algebra gl(2, R) with the group
GL(2, R): therefore, the space to reduce is Map(Z,, GL(2, R)).

In this paper we analyze the discrete version of the Boussineq equation. We
consider therefore the reduction of the space Map(Z,, GL(3, R)). The equations
we obtain also display a bi-Hamiltonian structure, which, to the best of our knowl-
edge, is not known in the literature. We call Todas the integrable dynamical system
that arises naturally from this structure. This dynamical system is studied under a
different perspective by Kupershmidt in [5].

The plan of the paper is the following. In Section 2 we introduce the geomet-
rical structure of the phase space to reduce: the set of maps Map(Z,, GL(3, R)).
Following the analysis in [11], this space can be endowed with the structure of
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a Poisson bi-anchored manifold. In Section 3 we present the reduction of the
Poisson bi-anchored manifold Map(Z,, GL(3, R)). This reduction is an adaptation
of the Marsden—Ratiu reduction scheme for Poisson manifolds [9] and gives rise
to a bi-Hamiltonian manifold. In Section 4 we apply the theory of Gelfand and
Zakharevich [4] to study the integrability properties of the bi-Hamiltonian flows
obtained previously. The last section contains an example.

2. Poisson Bi-anchored Manifolds

In this section we introduce the geometric objects we need for our approach to the
Toda lattice. The discussion closely follows [11]. We will endow the manifold M
of the maps from the cyclic group Z,; to GL(3, R) with several structures, namely
a Poisson tensor and two compatible Lie algebroids (see [6]) suitably soldered
together: this will make M into a Poisson bi-anchored manifold.

First we introduce the manifold M. A point g of M is simply a d-tuple of
invertible 3 x 3 matrices

q=1(q".....q9%. (1)
where
q = q;]t q?( q?( . ()
97 dg 49

We will always be dealing with d-tuples of matrices and the following condition
is supposed to hold throughout the discussion:

(= ()" ®)

For convenience, we will say that a matrix as in (2) represents a d-tuple as in (1).
Vector fields on M will be represented by d-tuples of 3 x 3 matrices ¢* whose
entries are functions of the point ¢ € M. The same way, one-forms on M are
represented as d-tuples of 3 x 3 matrices a* where each entry is a function of
the point. The value of the one-form « on the vector field ¢ is given by the scalar
function:

d

(o, ) =Y Tr(e*g"). e

k=1

Next, we endow M with a Poisson manifold structure. A quick computation
shows that the map P’: T*M — T M defined as

¢ = P'()" = q'a"b — ba'q", )
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where b is any fixed matrix, is indeed a Poisson tensor, i.e., it defines a Poisson
bracket { f, g} = (df, P’dg). In order to recover the Toda lattice we choose

100
b=1000]. ©6)
000

To obtain the Hamiltonian vector field X ; associated with a (Hamiltonian) function
H: M — R, we simply have to plug its differential « = dH into Equation (5).

At this point we endow M with an additional structure: a pencil of Lie alge-
broids. We recall (see [6]) that (M, &, A, {-, -}) is a Lie algebroid if

(i) & is a vector bundle on M
(i) {-, -} is a bilinear composition law on the sections of & that makes them into
a Lie algebra
(iii) the map A: & — T M, called an anchor, is a Lie algebra morphism:

A({s, t}) = [A(s), A(D)], (7)
where [-, -] is the usual commutator of vector fields.

If two different Lie algebroid structures (M, &, A, {-, -}) and (M, &, A (-, )) co-
exist on the same manifold M and vector bundle & we can consider the pencil of
brackets

{s, 1} = {5, t} + Als, 1} (8)
and the pencil of maps
As(s) = A(s) + LA (s), 9)

where A is a complex parameter. The two Lie algebroid structures are said to be
compatible if (M, &, A;, {-, -},) is a Lie algebroid for every value of A.

In our case, we consider the trivial vector bundle & = M x [Mat(3, R)]¢, where
(-)? denotes the d-times Cartesian product (-) x - - - x (). The sections of this bundle
are represented by d-tuples of 3 x 3 matrices s* whose entries are functions of the
point ¢ € M. Then we define the pencil of anchors A,: & — T M as

§* = A()" =51 (g" + ab) — (¢* + rb)s*, (10)
and a composition law {-, -}, as
{5, Y5 = dat" — daws® + [t*, "] + 2 (Bart* — darns”), (11)

where by d;¢ we mean the derivative of the section ¢ along the vector field g. It is
easy to prove that the manifold (M, &, A;, {-, -},) is a pencil of Lie algebroids.
The pencil of Lie algebroids structure defines a useful relation among one-
forms. We define a one-form « to be related with a one-form 8 (and we denote
this by o ~ B) if A*a« = A™B. In order to explicitly calculate this relation we
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need to derive the expression of the dual pencil of anchors A} = A* + LA™, An
element & of the dual vector bundle &* can be naturally identified with a point of
& by means of the pairing

d

(&, s) =) Tr(&s").

k=1

Therefore the dual pencil Af: T*.M — & can be viewed as a map that with a one-
form « associates a d-tuple £* of matrices whose entries are functions of the point
q € M. A quick calculation shows that A} reads:

£F = AL (@)F = (¢"" + ab)od ! — oF(¢F + D). (12)

Thus far we have defined a Poisson structure and a pencil of Lie algebroids on
the manifold M. We arrived at the last step: soldering these structures by means of
two maps J, J': T*M — & that verify the following conditions: if « ~ 3, then

Pa) = A(Ja+ J'B), (13)
P'B) = A(Ja +J)). (14)

It is easy to see that the intertwining maps defined as
Jisk = akgk, J': sk = —akb,

satisfy the above relation. This ends the definition of the geometrical structures of
the manifold M = Map(Z,, GL(3, R)): it is a Poisson manifold endowed with
two compatible Lie algebroid structures that define a relation on one-forms and
two intertwining maps that solder everything. We call such a structure a Poisson
bi-anchored manifold.

3. The Reduction

In this section we perform the reduction of the manifold M = Map(Z,;, GL(3, R))
introduced in the previous section. Combining a restriction and a projection we
obtain a new manifold & of lower dimension endowed with the same geometrical
structure as the original manifold M, but with the important additional property of
being bi-Hamiltonian.

As a first step, we consider the distribution Im P’ + Im A’. It is easy to verify
by formulas ( 5) and (10) that this distribution is integrable and therefore it foli-
ates Map(Z,, GL(3, R)) in maximal integral leaves, which are the 5d-dimensional
hyperplanes of the form

) af @& 4%
g =\ q5 vi vi |, (15)
g5 Vs vs
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where the v} are constants. The restriction process we mentioned above consists
in selecting one of these leaves. To obtain the Toda; system, we pick the leaf £
defined by points of the form

k qf g5 4
¢=|q; 0 0 ]. (16)
qé‘ 1 0

The pencil of anchors allows us to define another distribution, namely D =
A(ker A’), which is integrable.* As opposed to the GL(2, R) case, this distribution
is not tangent to L£. We are interested only in the restriction of this distribution to
the leaf £, which we denote by D|,. The distribution E = D| N T L of L is also
integrable and an explicit computation shows that E is spanned by the vector fields
of the form

it =0, ¢ =ntes —aiss, @ =uteh, gh = -,

. . i . . (17)
gs =0, ¢5=0, ¢j=r1'qf—plqj, ¢5=0, g5=0

for arbitrary u*, t*. From this expression we see that along the vector fields in
E the following equations are satisfied:

it =0, (7'ai+aTd) =0, (qid) =0.

This means that the distribution £ admits the three invariants
ai = qf, (18)
as = ¢5t'qk + 45t qh, (19)
as = qigit (20)

At this point we can operate the projection we mentioned above: we define the
reduced manifold N to be the quotient of the leaf £ with respect to the folia-
tion induced by the distribution E. By (18), (19) and (20) we argue that N is a
3d-dimensional manifold that can be regarded as R3¢, endowed with the set of
the canonical projection 7: L — N.

After obtaining the reduced manifold .V we endow it with a Poisson structure.
This can be done observing that (M, P’, D, £) is Poisson reducible, in the termi-
nology of [9]. In this context, to find the expression of the reduction of P’ we have
to extend a generic one-form ¢ on N to a one-form o on M (possibly defined only
at the points of the leaf .£) which annihilates the distribution D. This means:

(Ol, D) :05 (%é) = <¢’T[*q>
Let us denote by o = ext(¢) any such extension. Then the expression

p'(p) = 7 0 P'(ext(p)) 2n

* This is true in general, provided that for any two sections s, ¢ such that A’(s) = 0 and A’(t) =0
we have {s, t}/ = 0. It is evident from (11) that this condition holds in our case.
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does not depend on the choice of ext(go) and determines a Poisson structure on A .
If we denote by ¢ = ZZ:1 pkdat + phdas + ¢idal the generic one-form on A, an
easy calculation shows that an extension o = ext(¢) has the form

k k k+2 k+1 k k k+1
k k ?1k 1 0383 T D (fzg 1 k—1
— k +
“ = kzl?zqk k—1 % v ’ @2)
1 k k
%) t47 ¢ og g
where
k k=1 k=1 k+1 kok=24 k 2
Oy =47 @3 43 — 4¢3 +0‘5

As we said, this matrix is not completely determined: the components 0115‘, alg are

free, since the extension gives an equivalence class of one-forms. Now we can
apply formula (21) to obtain the expression of the reduced Poisson tensor p’:

it = o5 'ab™! — phab + @i Pal TP — phdb,
az = (¢} —</)’f“) §0§+1a§+¢§ laf, (23)

s = (¢} — ¢1)ds.

Recalling the periodic Toda case [11], to find another Poisson structure we have
to determine the reduced relation on the one-forms of N. Therefore we need the
expression of the reduced dual pencil of anchors a. To have this, in turn, we have
to define a proper reduced vector bundle U based on N on which the reduced
anchors act: a;: U — TN. It is convenient to define first the dual vector bundle
U* and the dual pencil aj. The definition of the vector bundle U and the pencil a;
will then follow by duality. A lenghty computation [10] allows us to find all these
characters. We are only interested in the reduced relation on one-forms, which turns
out to be the following: ¢ ~ ¥ (i.e., a*(¢) = a™*(v)) if and only if they satisfy

k=1 _k—1 k+1 k+1

‘M - fH ¢’1‘11 - ¢’f+1 T+ ¥, a4 —¢ +
_J’_q)é( -2 k 2 @§+la§+l, (24)

k2k2 kkl
—¥ +vha
k2k2 klkl k2k2k1
- +

= ¢ — ¢ %)
+<p§a'3‘ 1a11<_¢)§2k2k1+¢)§ 1a§ Lk, (25)
écalzc k 1 k 1+Ip_3a3 k— 2a/§ -2 (26)
~ e ity
E=2g52 ke gk Kk ko k=1 _k—1 k( k 2442
+ ¢, —¢, a3 +‘11(¢’2‘12 ¥, a )+a1(<p3a3 ¥3 )-

Now we focus on the special feature of the reduced Poisson bi-anchored manifold
N. By Equations (24), (25) and (26) for a fixed one-form ¢ there is a whole class
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of one-forms [¢/] = ¥ + kera™ that is related with it. In the reduced structure,
though, ker a™* C ker p’. Therefore the following tensor,

ple) == p'(¥), (27)

is well defined. A lengthy calculation shows that the bracket induced by this tensor
verifies the Jacobi identity. Furthermore, p is compatible with p’, i.e., the pencil
P, = p + Ap’ is a Poisson tensor* for all values of the complex parameter A.
Explicitly, a = p(¢) reads

= ol ey ) ¢
B Y LR
d§ = q (‘Plaz+€0§ 1a'3‘ l) (28)
k+1((p11<+1 k+(pk+l k)+(pk+2 k (plf 1a’3‘ Ly
—|—a2(<p'2‘ 1(115 1 (p12<+1 k+1+(p§ -2 k- 2+<p13‘ laé‘ 1
—(p3a3 wéﬂ-l k+1)’
dl3< _ 03(901“1 —g01f+2 k+2+¢12< 1a'2‘ 1+go’2‘a2 g012<+1 k+1 _¢12<+2 k+2_|_
+(p§ -2 k- 2+(p§ 1a§ 1 (p13<+1 k+1 (p'3‘+2a’3‘+2).

Our goal has been achieved: we arrived at a bi-Hamiltonian manifold by means
of a systematic procedure of reduction of the original Poisson bi-anchored mani-
fold. Now we have to investigate the information provided by the bi-Hamiltonian
structure.

4. The Toda; System

In this section we show how the bi-Hamiltonian structure obtained in the previous
section defines specific vector fields and, moreover, accounts for their integrability.
To obtain an integrable system we will focus on the Casimirs of the Poisson pencil,
1.e., the functions C such that their differentials are in the kernel of P;. Indeed, if
we expand a Casimir in powers of A,

C = Z H:)\, (29)

it is immediate to check that the coefficients H; satisfy the Lenard relations
P'(dH;) = —P(dH;11). (30)

It is easily shown (see, e.g., [7]) that this in turn implies that the H;’s are in in-
volution with respect to both Poisson bracket. If these coefficients are enough, the

* We recall that a manifold endowed with two compatible Poisson tensors is said to be
bi-Hamiltonian.
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system is integrable in the classical sense of Liouville and Arnold [1]. Nevertheless,
in general finding the Casimirs of a Poisson pencil is not easy. In the present case
we can make use of the following

PROPOSITION 1. If hy solves
hihiihis = (@™ + Mhehi + a5 i + a3, (31)

then C(A) = hy--- hy is a Casimir of the Poisson pencil (23)—(28). The solutions
hi and thus the Casimirs C can be calculated explicitly as Laurent series in the
parameter A.

Proof. See the appendix. a

We call (31) the characteristic equation. Proposition 1 allows us in principle
to calculate the Casimirs of the Poisson pencil p;, but the computation is lengthy.
Fortunately there is a shortcut: if in (31) we set

Vit 1
he = 78 (32)
Vi
the characteristic equation becomes the linear system
0= Yrrai® — (a7 + A Yugop® — a5 g — ds v (33)
We can express (33) in matrix form as
Ly =0, (34)
where L is the matrix
w? (al1 + )») —u? 0 ag_l ,uag
pal w? (af + A) —u? af
—u’ 0 ai™? pad™! w2 (af + 1)

and ¢ is the vector of the ‘homogeneous coordinates’
Vi

v=|:

Va

For (34) to admit nontrivial solutions we must have det L = 0. It can be proved that

the cyclicity of the matrix L implies that its determinant is a polynomial of degree
3 in u?. Therefore we must have

0=detL =+ + K, u* + Kou + K3, (35)
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where K, K;, K3 are polynomials in A (in particular, C; does not depend on ).
By Proposition 1 and Equation (32), for all 1 that satisfy (35) we have that u¢ =
hi...hyis a Casimir, thus K, K, and K5 are Casimirs as well. Their coefficients
provide all information about the geometry of the system at hand.

The family of dynamical systems associated with the Casimirs K, K, and K3
is what we call Todas. It can be proved that they coincide with Kupershmidt’s
reduction of the discrete KP hierarchy [5]. We will show in an example how the
integrability of these systems stems from their bi-Hamiltonian structure.

5. An Example of the Toda; System

To illustrate how the scheme described above works we consider the specific case
where d = 4. This example is easy to handle, but at the same time general enough.
In order to make the equations easier to read we will change notation: we set a’l‘ =
by, a’z‘ = a, a’3‘ = ¢, (p'f = B, (pIZ‘ = a, g0§ = Y. Thus our bi-Hamiltonian
manifold & becomes R!? with coordinates (aj, ..., cs). The Poisson pencil p;,
associates with a one-form 22:1 (o day + Brdby + yidcey) the vector field

by = (by + M) (151 — 0 + VisaCraa — Vicr) +

+ g Bry1 — Ak—1Br—1 + CrQy1 — Cry20k42,

ay = (cr—10k—1 + arPi) (b + 1) — (36)
— (kg1 + axBrsr1) (bisr1 + A) + ckBrsz — Br—1Ck—1 +
+ag(Qp_1ak—1 — Qpp1Gi1 + Vi—1Ck—1 — ViCk —

= Yk+1Ck+1 F Vit2Ck+2),
¢ = c(Be(bk + 1) = Brs2(brya + 1)) +
+ e (—Qt2ar42 + Crar — Q11 + k—1ag—1 +
+ Yi—1Ck=1 = Vier1Ck41)5
where k = 1, 2,3, 4. Equation (35) provides the Casimirs of the Poisson pencil
(36). Indeed, from that equation one expects to find only three Casimirs of the
whole pencil. The interesting feature of this approach is that in fact we obtain four

Casimirs which prove to be enough to guarantee integrability. The three coefficients
are

Ki(W) = A+ A3C + AP Hy + AHy + Hs,
Ky(L) = A*C, + ACs + Ha,
K3(1) = Cq,

where

Cy = bi+by+ b3+ b,
Hy = ay+ay+as+as + b1by + bybs + bsby + baby + b1b3 4 byby,
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Hy, = ci+cy+c3+cy + bbby + bybsby + b3bsby + byb1by +
+bi(az + az) + ba(az + ag) + b3(as + ar) + ba(ar + az),
H; = bibybsby + bicy + bycs + bscq + bycy + ayas + aaq +
+ bi1byasz + bybzay + bsbsa, + bsbias,
Cy = —ceq —cpe3,
C3 = —bicycq — brczey — bycycr — bycics +
+ crazas + crasa) + czajaz + caaras,
Hy, = —ajayazas + biazascy + brazascy + bsagacy + byajares +
+ajcacs + arczes + azesey + ascicr — babseics — bibscycy,
Cy = cicac304.

Nonetheless, the second coefficient K,(A) is composed itself of two independent
Casimirs of the pencil: A?C, and AC; + H,. Therefore we obtain the four Casimirs:

Ki(v) = M +2C+MH +0H, + Hy,  K5(0) = Ca,
KJ(A) = AC3+ H,, K3(A) = Cy.

In the theory of Gelfand—Zakharevich the important objects are these eight func-
tions Cy, ..., Cs, Hy, ..., Hy. Since the K’s are Casimir functions of the Poisson
pencil, we must have:

p'(dHy) = —p(dCy), p'(dHy) = —p(dH)),

/ / 37
¥(dHy) = —p(dHy),  p'(dHy) = —p(dCy) GD
and
0=p'(dCy) = p'(dCy) = p'(dC3) = p'(dCy) (38)
= p(dC;) = p(dH3) = p(dCy) = p(dHa).
The 4-particle periodic Todas system are the vector fields X1, ..., X4 defined as
follows:

X, =p'(dH)), X, = p'(dHy), X3 = p'(dH;3), X4 =p'(dH,y).
The explicit expression of these four vector fields is

X1 bi=a;—a,

ay = ay(by — by) — ¢y + ¢y,

¢ = c1(bs — by),
X2t b= 3 — ¢ — (b3 +by)a; + (by + b3)aa,

dl = Cll(—b4b1 — b1b3 + b2b3 + b4b2 —ay + az)—

—c1(bs + by) + c4(by + b3),

C"l = Cl(—b4b1 — b1b2 + b2b3 + b3b4 —ag —a; +a+ a3),
X3: by = —bsci + bycs — (a3 + bsbg)ay + (az + bybs)ay,

éll = Cll(—b3b4b1 + b2b3b4 — b3a4 - b1a3 + b2613 + b4612—
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—c3 4+ ¢2) — ci1(as + bsby) + ca(as + bybs),
¢1 = c1(=bab by + bybsby — bsay — byas + braz + baay — ¢4 + ¢2),
X42 bl = —cC104a3 + C3C407,
ay = —cabicraz — cycic3 + cibacsaz + crescs,
6.'1 = C1(—Cl4611C2 + b1C4C2 + araszcy — b3C2C4).

Of course, in the above formulas the cyclic condition holds and yields the other
components. Due to (37) these vector fields are bi-Hamiltonian. In order to show
that they are integrable we choose a symplectic leaf of the Poisson tensor p’. It can
be shown that this leaf is given by

C, = constant, C, = constant,
C; = constant, C, = constant.

Therefore, the leaf is an eight-dimensional symplectic submanifold of the twelve-
dimensional original phase space. As we said in Section 4, the functions Hy, ..., Hy
commute with respect to both Poisson brackets. Therefore their restrictions to the
symplectic leaf also commute, and, since they can be checked to be functionally
independent, constitute an integrable system.

6. Conclusions

In this paper we showed that reducing a special Poisson bi-anchored manifold,
namely the set of maps from Z; to GL(3, R), we obtain a new bi-Hamiltonian
structure. This bi-Hamiltonian structure gives rise to an integrable system, which
we called Toda; and already appeared in the work of Kupershmidt [5]. This sys-
tem represents a generalization of the periodic Toda lattice (which corresponds to
GL(2, R)).

There are several further developments of this approach. First of all, it is easy to
endow the set of maps from Z, to GL(n, R) for a generic n € N with the structure
of bi-anchored Poisson manifold. It is possible to show that the reduction of these
manifolds gives rise to other Toda systems, which are the discrete analog of the
Gelfand-Dickey hierarchies [3].

Secondly (see [8, 10]) the study of the conservation laws of the periodic Toda
lattice allows to define the discrete analog [5] of the KP equations on the Sato
Grassmannian [13]. These represent flows on an infinite-dimensional phase space
that admit invariant submanifolds. These submanifolds are the different phase
spaces of the Toda system, and the restriction of the KP equation to these phase
spaces are the Toda equations. This way it is possible to extend to the discrete case
the description given for the continuous case in [2], where the KdV hierarchy and
the (usual) KP equations are considered.
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Appendix. Proof of Proposition 1

We will split the proof in three parts.
(1) We are looking for Casimir functions, i.e. exact one-forms in the kernel of
the Poisson pencil p;, which we rewrite like this

. k k=1 k=1 k k| k=2 k=2 kK
a; = (ay + 1) (957 'ay ™" — phas + ¢y ay T — ghas) —

— (p'f_lalz‘_l + (pf“a'j — go’z‘_2a’3‘_2 + go’ﬁ“aé‘, (39)
as = (plz‘_lalg_l(alf + k) — (p12‘+1a13‘ (a"f+1 + k) —
—¢i AT o a3 as e — gidba; +
+as(pi(ar +2) —o @™ +2) + oyl -
o eyt e — g,
@ = as(pi(ai +2) =@ +A) +oy e -
_ (p12<+1a12<+1 i (plg—zalg—z _ (p’;“a’;“) i
—|—a13‘ ((pllc+1(allc+1 + A) _ g0/f+2(alf+2 + A) + (0]2(6112( _
—o Pay? e — o).
From this expression, it is straightforward to see that in order for the one-form ¢
to be in the kernel of the Poisson pencil it is enough that it satisfies the following

equations:

0 = (a +1)(¢ "0y — phas + 93 "ay " — gia3) —

— A g = bl gkl
0 = g5 'ad " (af + 1) —gsTak(al! + ) — (40)
—olay T Pl + oy ay T ) — gadas,
0 = gh(at+2) — g (@ +2) + bl
_ (p12c+1a12<+1 + (pl3c—2al3<—2 _ (p]g“aé“. (41)

A change of variables reduces this system to a single equation of Riccati type.
Indeed, let ; be any solution of what we call the characteristic equation, which is
of Riccati type:

hehirihier = (@8 + )i + @by + db. (42)
Let us set
o =hhiip, ST =, 05 = o

Let us choose the multiplier p is such a way that the following equation holds:

oi(ai +2) + oyl Fohay + oy a T eyl ey = L

where L is any constant different from zero.
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(2) Such a one-form ¢ solves (40) and therefore it is an element of the kernel of
the Poisson pencil p, . Indeed, let us consider a one-form ¢ that satisfies the system:
hihigihis = (a7 4 V) hihis + ab ™ hy + b,
o = hiahii9y 2 oy =gy (43)
L= (plf(a’f +A) + (,0]2‘_161]2‘_1 + ¢§a§ +
+ ¢§_2a§_2 + ¢§_1a§_1 + ¢§a§.

We will show that ¢ satisfies the following equations:

0 = (a'f + )\) (go’z‘_lalz‘_1 — go’z‘alz‘ + ¢§_2a13‘_2 — ¢§a’3<) —
— ol el — g f )
0 = o5 'ai N af + 1) — s lak (@l + 1) — (44)
k—1 _k—1 k+2 k k—1 _k—1 k k _k _k

—@; ay  +@ a3t @3 ay a; — 3a3a,,
0 = gf(af +4) = (@™ + 1) + o5l — et +

k=2 k-2 k41 _k+1
‘@3 Tay T — @3 ay .

We immediately see that ¢ fulfills the third equation of (44): just compare with the
last equation of (43). Before we verify that the two other equations are satisfied as
well, we need a formula. Namely, we have *

hk—3hk—2hk—1(p§_3 - hk—zhk—l(alf + k)¢§_2 = hk—1¢§_la§ + qoé‘a’;- (45)

We will show now that ¢ satisfies the first equation of (44):

0 = (af +1)(¢ "0y ' — phas + 93 °a5 7 — ga3) — (46)
k=1 k=1 | ktl k _ k=2 k=2 | k+l k

—¢ a4 Tt a—¢;, Tay Tty as.
* From the last equation of (43) we obtain
k—2 k—2 k—1 k—1 k—2 k-2
L = g3 hk_zhk_l(a]f-i-)»)-i-hk_zg% ay "+ hp_195 a]2(+(p3 az ~+

k=1 k=1, k k
to3 a3 303

k—2 k=1, k-2 k-1 k=1 k-1
= ¢3 (hk—zhk—l(a’f+/\)+hk—2a2 +a3 )+ hg—145 a§+<ﬂ3 as +¢’§a’§
) k-1 k—1
= @3 “(hg—2hg—1hp) + o5 (hk—la]§+a3 )+§0§a§-
This implies
k—2
@3 “(hg—2hg—1hy)
k-1 k—1 k+1 k1 k+1
=¢3  (hp—1hihipsr _hk—lalzc —ay )+¢§(hkaz+ )+<P3+ a3+

and the result follows using the characteristic equation

hig_1hihgyr — alzchk_l —a§_l = (alf+l + Mhy_1hg.
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We replace in this expression the values of ¢¥, 5 obtained from (43), and we
multiply both sides by A;_»h;_;. We obtain that (46) holds if and only if

0 = hiohi 1(611 +)u)(hk 2§0k 2 k by 1¢k la§+§0§ 2y~ 2—g0§a§)—
ak” 1+hk 2hi—1hy— 1hk¢3 lalﬁ—

+hk shi_1hvpsds.

— hi—ahi—thi—shi—2¢}
—hy_ohg—1hy— 3(Pk : k :

Rearranging the terms in the last expression, we end up having to prove that

_ (hk—3hk—2hk—1§03 — hg—zhi—1(a} + 1)@} - 2) (e 105 lak + phal)
0 = det k=1 k-2
(hk—zhk—lhk hk—zhk—l(al + k)) (hk—Zaz az )

but this is true, since the characteristic equation and (45) hold. We will show now
that ¢ satisfies the second equation of (44):
0 = ik (af +2) — giTah (el 4 2) -
—(p'f 1(113‘ 1+(p’f+2a13‘ —i—goé‘ la’; lalz‘ goé‘a’galz‘ 47)
We replace in this expression the values of ¢}, 4 obtained from (43), and we
multiply both sides by A;_;. We obtain that (47) holds if and only if:
0 = hi—1hi— 2§0k - k l(alf +)») hy— 1hk§03a3( g k)
— hy_1hg—3hy— 2<,03_361k_l + hy—rhyhii il +
+ gy al T al — i phabal.

Rearranging the terms in the last expression, we end up having to prove that

0 = det < ay”! (hi—thihier — hithi(ay™ + 1) — ab) )
ohal (hiorhi—shia0y ™ — hi_ihi @y > (af + 1) — ¢} ~'db)

but this is true, since the characteristic equation and (45) hold.
(3) Furthermore, ¢ is exact. The system

hihiiihi = (Cllf+2 + )»)hkhkﬂ + a4 db,

(P]f = hxohj— 1¢§_2, (02 = hy_ 1¢k h

k—1_k—1 k2k2

L—(pl(al+)‘)+¢)2 a, +¢’2‘12+¢’3 sl

k Kk
‘@3 a;  +@3a;
is equivalent to

hihigihis = (af™ + )»)hkhkﬂ + a5t hy + at,

@F = hy_1hy— 2<P]§_2, A TERT

0=L — gial + o5 (a{™ + )i — ot hi — Qhihysr.
Combining the first and the fourth equations we obtain

¥3 (all‘+2 + )\)hk-H + §0§a12(+1

L + h h k+1 A k kh
hk P3N 1Mk+2 — (,02(0 +A) + o + o k.
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We will use this in the next calculation. We move on to evaluating

d

Z k+2 - k+2+§0k+1 k+1+¢3a3)
k=1

(hkhk+1(p3al +hk(p§a’2‘+1 +§0§a§)

M&

~
Il

1

|
M&

(hkhk+1al+2 + hkak+l + (113‘)

k=1
d . . .
_ Z o ( hichirihigr + hihiga i + hichpihieo— )
po 3 ( k+2 +)")hkhk+l _ ( /1<+2 +)")hkhk+l _ a/2<+lhk
d
_ Z ( (p3hkhk+lhk+2 + @ hyhyshisa + (03hkhk+lhk+2_ )
o k+2 + )\')hkhk—i-l _ (p3( k+2 +)")hkhk+l _ ¢)3a2+lhk
d . . )
_ (p3hkhk+lhk+2 + @5 i hira + @) Ao —
e(oh K@ 4 W hiys + <p§a’2‘+1) ¢§+1( k2 A)th

~
n

¢3hkhk+1hk+2 + (02 Vg higs + (pl 2hpa—
2 L
—hi(@f + G5 hisr + @5 hisrhigr — T ok (@t 4 2))—
—¢5 " (ay"? +)‘)hk+1<ﬂ1 Sy

Il
WE

»
I
_

. L
—hi(@f + G5 hisr + G5 higrhigr — = Ea +2)—
k .
— @k hisihiia) + (05 hisa — 95 (@2 4 1)) e
L
h

M~

~
I
<

i

Il
WE

= (Llog(hy -+~ hy))".

»
I

1

The last equation follows from L being a constant (independent of both site k£ and
variables af ). Therefore

d
Z “dak + phdak + pkdat) = d(Llog(h; - - hy)).
k=1

Thus, ¢ is exact, and C = h; ... hy is a Casimir of the Poisson pencil. This ends
the proof.
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