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Abstract

By means of a recently introduced bihamiltonian structure for the homo-
geneous Gaudin models, we find a new set of Separation Coordinates for
the si(r) case.

1 Introduction

In this paper we will discuss the Gaudin system with si(r)-valued spins defined
by the Hamiltonian

HG’ = Zn:TI"(AZ . Aj), Ak € Sl(’f’) (].].)

i<j

on the manifold M = si(r)" equipped with the standard product Lie—Poisson
structure. We will refer to it, with a slight abuse of notation, as the homogeneous
sl(r) XXX Gaudin system (as in [9]).

The “conventional” approach to the integrability of this quite well studied
problem is based on the Lax representation and the r-matrix theory (see, e.g.,

[18,28]). Fixing n distinct parameters a;, i = 1,...,n one introduces the matrix
L) = L 1.2
=357 (1.2)

to be considered as an element of the Loop algebra si(r)((\)). Along the Hamil-
tonian flow defined by (ICII), the Lax matrix £(\) evolves according to a Lax
equation
dL(N)
dt

= [£(A), M].
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Thanks to the existence of an r-matrix for the Lax matrix ([C2) the spectral
invariants

ﬁ”zR%»’HMQW%i:L”wma:2wwn (1.3)
A=a;
are in involution. These integrals, together with the integrals of the motion
associated with the invariance of the system under the global SL(r) action
given by

A; — GAG™Y, (1.4)

to be referred to as global gauge invariance, provide a complete set of constants
of the motion for Hg.

The separability of the Hamilton—Jacobi equations associated with the Gaudin
Hamiltonian (1) was first studied [28, 29], for the low 7 cases, as a kind of
byproduct of the solution of the Bethe Ansatz equations associated with the
quantum Gaudin system. Separability was then proved for the general case in
[T, 27]. and (implicitly) framed within the theory of Algebraically Complete
Integrable Systems in [Il 5. In this scheme, it turns out that one can find a set
of “algebro-geometrical” Darboux coordinates ((;, A;) as coordinates of a set of
d, = r(r—1)(n —1)/2 distinguished points on spectral curve

[(¢,A) = Det (¢ — L(V)), (1.5)

D (-2t (- 2).

In the recent paper [9] we have reconsidered the (homogeneous XXX) Gaudin
model, and generalized to the case of an arbitrary Lie algebra g an alternative
set of integrals of the motion for Hg (see, e.g. [2]), introduced in the Hopf-
algebraic approach to the integrability of the system. The distinguished feature
of such integrals, which in the case of g = sl(2) are given by the very simple

expressions
1
2
K, :Tr<ZAl> : (1.6)
i=1

is that they are independent of the (fake) parameters entering the definition of
the Lax matrix (L2).

These integrals were also introduced, in a different context [19], as Hamilto-
nians of a notable class of Hamiltonian flows on the moduli space of n + 3-sided
polygons in R3, and later generalized in [T2] to the R? case'. This moduli space
turns out to be a suitable Marsden—Weinstein Hamiltonian quotient of the Pois-
son manifold su(2)"*3 associated with the corresponding Gaudin model. The
Hamiltonian flows associated with ([LH) were termed “bending flows” due to the
following fact: if one draws, from a chosen vertex, the n possible diagonals of an
n + 3-sided polygon, the flow associated with the Hamiltonian K} geometrically
represents the bending of one side of the polygon along the k-th diagonal (the
other side being kept fixed).

whose genus is g =

'We thank J. Harnad for drawing our attention to these references.



The key point for the analysis performed in [9] was the introduction, along
with the standard Lie-Poisson structure P, of a particular second Poisson struc-
ture, hereinafter called R. In the n = 3 case, this structure is defined by its
Hamiltonian vector fields as follows:

(. oF oF

i o or or 97 1.7
holhon top e tegl o 00
| As= [Al’a—m _8—/13]+[A2’8—AQ_ 8—/13]+2[A3’6—Ag]’

oF
where 94 e elements of sl(r) to be properly defined in Section

The Poisson pencil R — AP and the integrals ([CH) fulfill standard Lenard—
Magri relations, namely one can check that

PdTr(A}) =0,i=1,...,n, RdTr(A3) =0,
- 1.8
RdTr(ZAg) — PdK,, a=2,...,n. (18)

i=1

For the general si(r) case one can show that it is possible to find a sufficient
number of polynomial functions in involution that provide a set of integrals of
the motion K lo‘) alternative to the set defined by the Lax matrix (C2). They
share with the integrals ([CH) the property of being defined independently of the
parameters entering the Lax matrix (2).

In the last Section of [9] we addressed the problem of separability of such
flows, in the framework of the so—called bihamiltonian approach to the SoV
problem (see, e.g., [24, B, 20, [[1], and the references quoted therein). In partic-
ular we solved it for the sl(2) case by means of explicit computations, showing
that the separation coordinates associated with the pencil R — AP are ratio-
nal functions of the natural coordinates (h;, e;, f;) in sl(2)", and the separation
relations are quadratic equations in these coordinates.

In this paper we will solve the corresponding problem for the si(r) case,
with r arbitrary. This task will be accomplished by means of a careful mixing
of techniques of the theory of Lax equations with r—matrix structure, and the
theory of bihamiltonian systems such as those exposed in a series of papers by
Gel'fand and Zakharevich [T5] and Magri and collaborators [8, 20]. In particular,
we will make extensive use of (refinements of) the results presented in [0, [T]
concerning the Separation of Variables of systems with an arbitrary number of
Lenard—Magri chains. The key points for the analysis we are going to develop
in this paper are:

1. It is possible to deform the Poisson tensor R into R in such a way that
a) R is still compatible with P and restricts to the (generic) symplectic
leaf S of P.

b) The integrals K l(a) defined by the pencil R — AP are in involution also
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w.r.t. R, although the recurrence relation they satisfy in relation with the
new pencil R — AP are more complicated than the usual Lenard—Magri
relations.

2. It is possible to define n — 1 Lax matrices L, linearly depending on a
“spectral parameter” A such that any formal vector field X () which is
“Hamiltonian w.r.t. the pencil R — AP induces a Lax equation on each of
the matrices L,.

Thanks to the first property it will be possible to endow the generic symplectic
leaf S of P with a special geometric structure, that is, a (1,1) tensor with
vanishing Nijenhuis torsion, whose “spectral” data will provide us with a set of
separation coordinates for the H-J equations associated with Hg.

Thanks to the second property, as well as other specific features of the de-
formation R of R, (to be fully discussed in the core of the paper) we will be
able to show that the separation relations are provided by the spectral curves
of the matrices L,. The distinguished feature of such a SoV scheme is that
the separation coordinates are defined iteratively in subsets of d, = r(r — 1)
coordinates, which are coordinates of a set of r(r — 1)/2 points on a genus

g=(r—1(r-2)/2

curve, irrespectively of the number n of “sites” of the Gaudin model.

A word of warning: the set of coordinates defined in this way on & must
be completed by a set of r(r — 1) coordinates associated with the global SL(r)
invariance of the model, just like the set of integrals coming either from the Lax
matrix ([CZ) or from the construction discussed in ] must be supplemented
by the set of integrals associated with the global gauge invariance of the model.
However, since these integrals are associated with a sort of “cyclic” coordinates,
they will trivially enter the H-J equations and the problem of separability. So
in the core of the paper, we will often “forget” about them.

The scheme of the paper is as follows: In Section B we will fix some conven-
tions and notations to be used throughout the paper, review the results of [9]
to be used in the sequel, and introduce the Lax matrices L,. In Section Bl we
will briefly recall the main points of the bihamiltonian scheme for SoV, and,
in Section Bl we will discuss how to apply such a picture to the si(r) Gaudin
models. Finally, in Section Bl we will give examples our constructions in the
sl(2) and sl(3) case. In the last section we briefly summarize the content of
the paper and add a few comments. In order to simplify the presentation, we
collected the proofs of some important but somewhat technical points in three
Appendices.



2 The bihamiltonian structures and the Lax
matrices

Let g be the Lie algebra si(r). It is known that it (as well as any simple Lie
algebra) can be identified with its dual, e.g., via the dual pairing given by the
trace in the fundamental representation. In this paper we will constantly use
such an identification. The Lie Poisson structure on M = g" is the one defined,

in the natural coordinates {Ay,..., A,} by its Hamiltonian vector fields:
. oF
Ai = Ay, 7, 2.1
A ) (2.)
where, if X = (X;,...,X,) represents a tangent vector to M, the elements
oF
94 € sl(r), 1=1,...,n are those matrices defined by means of the expression
of the Lie derivative of F w.r.t. X as
- OF
Liex(F) = Tr(X; —). 2.2
os(F) = 313 ) 22

We will hereinafter denote the Poisson tensor associated with the Lie-Poisson
natural bracket by P. From, e.g., [211, 26]) we know that we can endow M with
a multi-parameter family of Poisson structures which are compatible with the
natural one (E1]). In [9] a further linear Poisson structure, to be denoted by R,
has been introduced. It can be described as follows.

We notice that relation (1]) can be written as:

. - OF ,
A= Z Dijrl Ak, 87]’ with pijr = 030y (2.3)
G k=1 J
The new Poisson tensor R is analogously defined by the expression:

. - OF
A= Z Tijk[Ak, a—Aj]a (2.4)
j,k=1
with “structure constants” given by

Tijk = (/{J — 1)5ij5jk — H(i_k)éij + H(j_i)éik + H(i_j)éjk (2.5)

where 4 is the usual Kronecker symbol and 6;) equals 1 if ¢ > 0, and vanishes for
1 < 0. Explicitly, the Hamiltonian vector field associated by R with a function
F' is given by:

. COF 8 OF ., OF OF

The following facts can be proven [9]:



Proposition 2.1 1. The pencil of bivectors R— AP is a bihamiltonian struc-
ture on M, that is, R is a Poisson structure compatible with P.

2. the functions HS% = a+r1 Tr(AY™), a=1,,...,r — 1 are common Casimirs

for R and P. The Lenard-Magri chains starting at

HY =

o a+1TT(Ag+1)’ a=2,...,n

provide us with further d = (n — 1)r(r — 1)/2 functionally independent
integrals

HY a=2 ... np=2...,a+1, a=1,...,r—1. (2.7)

3. Taking into account the integrals associated with the global SL(r) in-
variance of the model, that is the ring of functions generated by Fy =
Tr(& - > 0 | A;), those integrals insure complete Liouville integrability of
the model.

O

Remarks.

1. The Gaudin Hamiltonian ([I]) is expressed in terms of the integrals (1)

as
n n a—1
Ho=> Hj,=> Tr(A.,- () 4)).
a=2 a=2 b=1

2. A convenient choice of the integrals associated with the global SL(r) in-
variance can be done as follows. We pick the r — 1 independent elements
Ey., ..., Fy,_, associated with, say, the standard Cartan subalgebra of
sl(r), and the Gel'fand-Cetlyn invariants, that is, the Casimirs of the
nested subalgebras

sl(2) C sl(3) C -+ C sl(r), (2.8)

under the map sl(r)" — sl(r) sending the n-tuple {A;,..., A,} into the
total sum, A = ., A;

For the sequel of the paper the following construction is crucial. Let us introduce
n — 1 Lax matrices:

Li=\=(a=2)A+> Ay a=2...n (2.9)

It holds:



Proposition 2.2 Let F be a smooth function on M and let us consider the
pencil of vector fields

X} = P\dF := (R — AP)dF

(we say that X7 is Hamiltonian w.r.t. the pencil Py). Then, along X3, the
matrices L; of eq. (229) evolve according to a Lax equation,

Liexy (L) = [La(X), Ma(M)] (2.10)
with
OF “~ OF
M,N)=(a—1-=X —
(A) = (a )aAa+ZaAb
b=a+1
Proof: Let us denote o; = g—i, i=1,...,n. The vector field X7 is explicitly
given by:
Liexs (A7) = (PYAF); = > (rije — Apie) [Ar, ox] =

7.k
= (k= A= 1)8;05 — (i — k)3i; + 0(j — )0 + 0(i — )3x) [Ar, on] =
gk

i—1

N
= [Ak,Oék—Oéi]—‘— A,,(Z—)\—l)amt Z (%3
k=1 k=i+1
Substituting in L,(\) we get:
a—1 N
Liexa(La) = (A—a+2) ( [Ak, ap —ag] + | A, (a — 1 = Nag + Z ay,
k=1 k=a+1

a—1 a—2
+ (Z [Ak, ap — Oéj] +

Aj,(j—)\—l)ozj—i- Z Oék]> =

= [((A—a+2)Aa+iAj),<(a—1—)\)aa+ > ak)]

O

We can interpret this result by saying that we can associate with the homoge-
neous n-particle Gaudin system a set of n—1 matrices depending on a parameter
A, satisfying a Lax equation along the “formal” (i.e., depending on the param-
eter \) flows of vector fields that are Hamiltonian with respect to the pencil
Py.

Proposition 2.3 The coefficients K,ga)()\) of the expansion in powers of u of
the characteristic polynomial

r—1
det(p — La(N) = p" + Y K (A=
a=1

7
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of every Lax matriz L,(\) are polynomial Casimirs of the pencil P, = R —
AP. Moreover, along any vector field X associated with any of the non—trivial
coefficient of such polynomial Casimir, all matrices L,(\) evolve according to
Lax equations

Liex(La(A)) = [La(X), Ma(X)]
for suitable matrices M,(X).

Proof. These assertion follow from the general theory of bihamiltonian pencils
on loop algebras (see, e.g., [26] and [25]). We sketch the proof for completeness,

considering the equivalent set of spectral invariants HS = 1/(ca+ 1)tr(Ly,)* 1.
To prove the first statement, we must show that, for any one—form v, that we
can assume to be exact, v = dF' we have

(v, P\dHY) = 0.

Now, switching the action of the Poisson pencil on v = dF the LHS of this
equation reads

Ly (HY) = Ly (1/(a + 1) Tr(La(A))*H)

1 T (L0 L (1) ) 1)

= Tr (L5 - Ly (La) ) = tr (220N - [Za(), MEN)]) = 0

This proves the first assertion of the proposition, and, in particular, shows that
all the vector fields Xg,l,), associated (say, via P) with the coefficients of the
expansion

KW =Y KO\ (2.12)

are indeed bihamiltonian vector fields.
To prove the second statement we notice, using a very simple trick well
known to experts in the bihamiltonian theory of integrable system, that ng,), =

PK, é‘;’,_l can be written as a Hamiltonian vector field w.r.t. the pencil, con-

sidering the “truncated” polynomial <>\_pK&a)(>\)> , where (-); denotes the
+

nonnegative part of the expansion in A\. So we see that the bihamiltonian vector
fields of the hierarchy are as well Hamiltonian vector fields w.r.t. the bihamil-
tonian pencil Py. The assertion then follows from Proposition 22

O

Let us now focus our attention on a single Lax matrix, say Lg; calling, for
simplicity, B; = Z;ll Ay, we have that the matrix

La:()\—d—FQ)Aa—FBa



is a Lax matrix with spectral parameter that evolve according to Lax equations
along the vector fields of the hierarchy. Clearly, the Poisson brackets induced on
M@ = sl(r) x sl(r) by the map M — M® defined by {A;, B} are nothing but
the Lie Poisson brackets on M®). So, applying the formalism of [28, [T, Bl i.e.,
according to the Sklyanin “magic recipe” [30], we can get, for every fized a a
set of canonical coordinates {£3, A5} Actually, we shall do this in Section Bl

The point is that, to get a set of canonical coordinates for the whole systems,
we have to compare the different sets of coordinates coming from the different
Lax matrices L,, a = 2,...,n (and those coming from the global gauge invari-
ance of the model).

To solve this problem, we shall make use of the bihamiltonian structure of the
problem, and, namely, frame the Gaudin systems within the so—called bihamil-
tonian scheme for SoV. For the case of sl(2), we were able to solve the problem
by means of straightforward computations. For the general case, we have to
use some slightly more sophisticated ideas and techniques of the bihamiltonian
theory, to be discussed in the next Section.

3 Bihamiltonian geometry and Separation of
Variables

As we already remarked in the Introduction, a theory of Separation of variables
based on the notions of bihamiltonian geometry has been quite recently intro-
duced in the literature. The basic property of such a theoretical scheme which
will enable us to solve the SoV problem of this paper can very simply stated as
follows:

Proposition 3.1 Let (M, P, — APy) be a bihamiltonian manifold and suppose
that there exist functions f, g, A\r, Ny, with Xy # N,, (eventually, Ay and/or A,
might be constant) satisfying

Pldf = )\fpodf, Pldg = )\gP()dg. (31)

Then {fag}O = {fag}l = 0.

Proof. The assertion easily follows from the equations

{f. g} = (df, Prdg) = A{ [, g}o
{97 f}l = <dga Pldf> = _)\f{fag}()a

O

In words, calling (with a slight abuse of language) a function f satisfying (B)
an “eigenvector” of the pair P, P relative to the “eigenvalue’ Ay as in [I7],
this proposition simply says that eigenvectors belonging to different eigenspaces
mutually commute.

If the Poisson tensors P; and P, do not share the same image and kernel,
then a complete set of eigenvectors cannot be found. This is a typical instance

9



in the Gel'fand-Zakharevich theory of bihamiltonian integrable systems, (and
happens for the Poisson tensors R and P that we have considered so far).

In general, the bihamiltonian theory of SoV suggests to consider a suitable
deformation P; of Py, such that it restricts to the (generic) symplectic leaves
of P and it is still compatible with P. Upon restriction, the generic symplectic
leaf S of P will be endowed with a regular bihamiltonian structure (that is, a
bihamiltonian structure in which one element of the pencil is invertible). So,
in the terminology of [I1] the generic symplectic leaves of P are wN manifolds,
that is are symplectic manifolds (with symplectic form naturally induced by P),
endowed with a compatible Nijenhuis (or hereditary) tensor V. In terms of the
Poisson structures, the Nijenhuis tensor on the symplectic leaf S is defined by

N = P|s- Py Ys.

To concoct out of P; the suitable deformation P, one can adopt the following
strategy:
First one fixes a complete set C1,...,Cy of Casimirs of Fy, considers the first
vector fields of the Lenard chains associated with Cy, i.e.,

X, = PdCypa=1,....k,

and a a distribution Z, transversal to the symplectic leaves of F,. For any basis
Wi, ..., Wy in Z, the matrix

[Golap = Liew, (Cy) (3.2)

is nonsingular (say on an open set U C M). So, the tensor defined by

Pr=P =Y Xi NGy asWs (3.3)
a,b
is well defined and restricts to the generic symplectic leaf S of P, since, by
construction, P, dC; =0, j =1,..., k. Notice that, if we define a new basis in
Z by
Z, =Y _[Gy']sWs, so that Lie, (Cy) = day, (3.4)

b

the expression of the deformed tensor P simplifies to

Pi=P =Y XiAZ,. (3.5)

We will call a basis of Z satisfying (B4 a normalized basis for the transversal
distribution.
The proof of the following Proposition can be found in [I0), ]

Proposition 3.2 Let (M, P, — AP,) be a 2n + k dimensional bihamiltonian
manifold with corank(Py) = k, and suppose that there exists an integrable dis-
tribution Z C TM of dimension k, s.t.:

10



1. Z intersect transversally the symplectic foliation of F,.

2. the space of functions invariant under Z is a Poisson subalgebra for the
whole pencil (M, Py — AP,).

Then, if P, is the deformation of P, defined by (73), Py — \P, is still a Poisson
pencil on M, and its restriction endows the generic symplectic leaves of P,
with the structure of a wN manifold. Furthermore, if Zy,..., 7 are a set of
generators of Z, normalized w.r.t. a given complete set Cy,...,Cy of Casimir
functions of Py,condition[d above translates into the equations:

k

Liez,Po =0, Liez,P\ =Y [Zo,Xs]AZy, where X, = PidCo, a=1,....k.
b=1

(3.6)

O

Definition 3.3 We say that a bihamiltonian manifold (M, P, — A\F), endowed
with a transversal distribution Z satisfying the assumptions of Proposition [2
admits an affine structure if it is possible to choose a complete set of Casimir of
Py, and a corresponding basis of normalized flat generators Z,, b=1,.... kin Z
such that, for every Casimir of the Poisson pencil H*(\) and everyb,c =1,...k
one has, in addition to Equation (Z4)

Lie, Liez, (H*(\)) = 0. (3.7)

The notion of affine structure for a bihamiltonian manifold was studied in [I1]
in connection with the problem of the Stéckel separability of a bihamiltonian
system. For the purposes of the present paper, we remark that an affine Poisson
pencil satisfies special properties, to be illustrated in the following.

Let (M,P, — AP,) be a corank k affine bihamiltonian manifold, and let
Zq, a=1,...,k be aset of normalized flat generators for the transversal distri-
bution Z. Let us consider the polynomial Casimirs

HO(\) = \"H§ +---+ H |
and their deformations along the flat generators, that is, the k% polynomials
D{(X) = Lieg, H(X) = X"8p — Dg (A"~ — ... — Dg . (3.8)

The polynomials D (\) are invariant along Z, so that they can be considered as
functions on the generic symplectic leaves of Fy. They are the building blocks
of the bihamiltonian set-up for SoV for GZ systems. Indeed it holds:

Proposition 3.4 Let A()) be the determinant of the matriz Dy of (Z8). then
1. The roots \; of A(X) satisfy

Pid\; = \; Pyd\,,

11



2. Let D(X) denote the classical adjoint matriz of D(X), and let [D(N)]a.c be
non identically vanishing. Then any ratio p(\) := [lﬁi()\)]mb/[ﬁ()\)]a,c of
elements belonging to the a-th row of 15()\), evaluated at the roots N\; of
A(N) satisfy the equation

ﬁldp()‘i) = )\z’POdp()\i)' (3-9)

The proof of this Proposition is contained in Appendix A.
O

3.1 Separation of Variables for the sl(r) Gaudin Systems

In this subsection we will specialize the results of Section Bl and show how the
bihamiltonian structure Py = R — AP associated in Section ] with the param-
eter independent integrals of the Gaudin model provides a set of separation
coordinates and relations for the H-J equations associated with Hg.

The first step is to show that P\ induces a w/N manifold structure on the
generic symplectic leaf S of P, that is, that the tensor R can be suitably de-
formed. We consider in M = si(r)" the n(r — 1) vector fields

o._ 0
VVi o a[A’i]T,Oc’

i=1,....,n, a=1...,r—1, (3.10)

that is, the vector fields defined by their action on the n-tuple of matrices
(Al,...,An) by
LieWia(Al, o An) =1(0,0,--1 5 eqr 5oc-,0), (3.11)
—~~

i-th place
where e, , is the elementary matrix (€ )ij = 0ia0;.r-

Proposition 3.5 The distribution Z spanned by the vector fields W satisfies
the hypotheses of Proposition [T

The proof of this Proposition is contained in Appendix B.
O

To construct a set of flat generators Z¢* for Z, we can argue as follows. In the
case of a single copy of si(r), we normalize the W with respect to the coefficients
C1,...,C,_1 of the characteristic polynomial of A. The normalization for the
n site case is done site by site. Since the determinant of a matrix is a linear
function of each of its entry, it is not difficult to realize that such normalized
generators Z% provide the GZ manifold M, R — AP with the structure of an
affine GZ manifold, according to Definition B3

12



Let us now consider the Lax matrices

a—1
La:()\—a+2)Aa+ZAb, a=2,...,n, as well as L; = A;.
b=1

Define M;(), &) = €I — L;()\), and denote their classical adjoint with M;(X, €).
The determlnants of the matrices M; define, thanks to Proposition 223, polyno-
mial Casimirs K ()\) for R — AP, via:

Det (M, §T’+ZK’ yer—at, (3.12)

In particular, K are the common Casimirs of P and R, while K@ ()\) are, for
a=2,...,n, the non trivial polynomial Casimirs of the pencil R — \P.
Let us consider the n? matrices D;; defined by

(Dij); = Lieza (K5 (V). (3.13)

The proof of the following Proposition, which is based on a few elementary
properties of the matrices (Dij) is contained in Appendix C.

Proposition 3.6 The determinant D, () of the matrices (Daa), a=2,...,n,
factors as

Dy(N) = (A —a+2)"TA(N), (3.14)
where Ay () is a monic polynomial of degree r(r—1)/2. Let \3;a =2,...,n,s =
L...,r(r—1)/2, be the roots of Ay(A), and let us consider a row (say, the first)

50()\) = (Daa( )) Lo Of the adjoint matriz Daa( ) of Daa(N). Finally, let £ be
the functions obtained by evaluating in X = X3 the ratios 6,_2(\)/0,_1(\). Then,
these (n — 1)r(r — 1)/2 pairs of functions {£, A3} satisfy
1) the Jacobi separation relations

Det(M,(E3,)3)) =

a’’'a

2) the differential relations
RAXS = N2PdX:, Rde = \Pdes.

In particular, their brackets, (say, with respect to the Lie Poisson structure P),
are of the separate form:

{Ab; €atp = 0% 0a03 (€2, A2), (3.15)

where @3 (&3, A5) are functions of the two variables (£3, A%).

a’’'a
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The meaning of this Proposition can be rephrased as follows. For every integer
a=2,...,n we can construct a Lax matrix, whose characteristic polynomial
gives us a family of Casimirs of the bihamiltonian pencil R — AP defined on
the manifold M = si(r)". Separated coordinates are constructed, according
to the bihamiltonian scheme, by deforming such Casimirs along normalized
generators of a suitable distribution Z defined in M. In particular, for each
a=2,...,n, we can algebraically construct a “cluster” of (r(r — 1)) variables
{X, €5 s=1,..r(r—1)/2 that are, in the terminology of [I7], algebro-geometrical Ni-
jenhuis coordinates, that is, satisfy properties 1) and 2) of Proposition B.6.

To finish our job we have to:
i) Discuss about the coordinates associated with the global gauge invariance of
the Gaudin Systems
ii) Explicitly construct, out of the coordinates found so far, a set of canonical
separated coordinates (that is, a set of Darboux-Nijenhuis coordinates).
Point i) can be solved as follows. One notices that any function ¢ depending
only on the “global” matrix variable A7 = > | A;, which is invariant along
the distribution Z satisfies the differential relation

Rdp = (n—1)Pdep. (3.16)

In particular, this family includes the mutually commuting Hamiltonians of
Gel’fand-Cetlyn type discussed in the Remark after Proposition 21l The prop-
erty (BI0) follows from the fact that they trivially satisfy the relation Rdy =
(n — 1)Pdp w.r.t. the undeformed pencil, and from the property that ¢ com-
mutes with all the Hamiltonians of the hierarchy. Inside this ring of functions
one can find a set of r(r — 1)/2 canonical coordinates that complement the
Gel'fand-Cetlyn Hamiltonians. Thanks to (BI0) they will have vanishing Pois-
son brackets with the Nijenhuis coordinates of Proposition Bl

The solution to point ii) above can be simply done by means of a direct
computation of the Poisson brackets between &7 and A]. In particular, this
computation will implicitly prove that these quantities are functionally inde-
pendent.

Proposition 3.7 The Poisson brackets, w.r.t. the Lie Poisson pencil P of the
coordinates \;, &5 defined above are given by

N =0, —a+2) (A —a+1) (3.17)

Proof. The proof of this proposition follows verbatim that of Theorem 1.3 in
[T, to which we refer for full details. Indeed, the coordinates A2, &% can be seen

as common zeroes of the first row of the matrix M,(\,&). So we can apply all
the considerations of [I], the only difference being that the Poisson brackets of

14



the entries of the matrix M,(\, ) are given by:
{MZ (X, €), My (0,n)} =

=tr [((A —a+2)(c—a+2)A, + az_: Ar> (erjon — €li5kj)] =

r=1

= = [ et D)o — a+ OO, E)d — MO, 50+
+ (A —a+2)(oc—a+1)(MHo,n)u — MF(o,n)64)] - (3.18)

The presence of the factors (A—a+2)(c —a+1) and (A —a+2)(c —a+1) is
responsible for the factor (A —a +2)(A\; —a+1) in Eq. (BI1).

O

4 Examples

In this Section we will specialize the constructions presented in the paper for
the cases of sl(2) and sl(3).

4.1 The sl(2) case

Here we briefly reframe the explicit computations of the last Section of [9]
within the formalism exposed in this paper. We consider the manifold M =
sl(2)", endowed with the Poisson pencil R — AP of Section Bl It is explicitly
parametrized in terms of the n matrices

A = e (4.1)
fi —hi

The generic symplectic leaf S of P is a 2n dimensional symplectic manifold,
defined by the equations

1
CZ:§TI‘AZ2:hZ2—|—€Zf“ izl,...,n,

and can be (generically) endowed with the 2n coordinates (h;, f;), i =1,...,n.
A set of normalized transverse vector fields are given in this case by
10
Zi = — y 42
7 0c, 2

The matrices L, are explicitly given by

A—a+2h, + 3 A—a+2e, +5 e
La()\): ( ) Zb_l b ( ) Zb_l b . (4.?))

A=a+2)fa+ 3500 fo —((A=a+2)he + 357 )
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As canonical coordinates associated with the global SL(2) invariance one can
choose the two functions

N=Doh o=
i=1 i=1J%

The non trivial separation coordinates are gotten simply considering the zeroes
2z, of the elements [L,]5;, and the values p, on these zeroes of the elements
[Ly]22, normalized as in the previous Section. One sees that

a—1
za:—MjL(a—Q), a=2,...,n
Ja
Shifting these values by the unessential term a — 2, we find that the separation
coordinates are given, for a = 2,...,n, by
a—1 a—1
Aaha 1 h
)\a = _Zk:1 fk> Mg = — i Zk_l i (44)
fa )\a()\a - 1)

They fulfill the separation relations

2 1 219 a-1 a—1 )
1o = S, — D G+ TAC AN+ TS A)Y). (45)

In other words, the separation coordinates are coordinates of suitable points on
the rational curves (LH). The corresponding Hamilton-Jacobi equations can be
explicitly solved by means of algebraic functions.

4.2 The sl(3) case

We consider the Poisson manifold M = sl(3)", endowed with the Poisson pencil
R — AP and parametrized by the n matrices

hl,i €1,i €3,i
Ai=| fii hoy—hii  eoy i=1,...,n. (4.6)
f3,i fz,z' —hz,z'

On this manifold the Poisson tensor P has 2n Casimirs:

C? = %Tr((Af)), C? = %Tr((A,-)?’) i=1,...,n. (4.7)

The characteristic polynomials of the Lax matrices L, = (A—a-+2)A,+> 0] A,
are expressed as

D%, ) = 1i® — pHY (\) — H{Y (). (4.8)
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The transversal distribution Z is generated by the 2n flat generators:

0 0

1
Z, {(f?, i(hii— hoi) + faifi z)a ens + (faih1i — f3,i61,i)ae—3‘

|if2 7 8 es. f3 z 2
d = faif3i(2h1; — hay) + fz,ifl,i — f5ev

The symplectic leaves of P are generically parametrized by matrices A; of the
form:

hl,z' €1, ®3,i
fl,z' h2,i_hl,i ®2,i

f3,i fa.i —ha,;

where @, ; and ®3; are suitable functions of the coordinates hy ;, ho s, f1.4, f2.i, f3.4, €14,
parametrically depending on the Casimirs (E.1).

The coordinates {\:, £} can quite explicitly be found by means of the fol-
lowing steps:

We consider the matrix M,(\, &) = & — L,()\) and its adjoint M, a(A ). We
have to look for the common zeroes of the elements M, (A, €)31 and My (A, €)s2,
that is, for the common zeroes of

Det —Lo(N)21 € — La(N)22 | Det §—Lo(MNig —La(M)12

_La()\>3,1 _La()\>3,2 _La()\)&l _La(>\)3,2
(4.9)
Taking into account the form of the vector fields Z¢ and of the characteristic
polynomial ({H), we can identify the system (E3) with

Liey HY + Lie. HY = 0
SLiezg Zatts , (4.10)

ELiegs Hy” + Lieys HY” = 0
where
Det(M,(¢,\) = € — Hy¢ — H{”. (4.11)

As we have noticed in Section Bl, we can factor out (A —a + 2) from each line
of this system, and consider, in matrix form the equivalent system:

SN e
G GEe C . WithGl g = Liege H” [(A—a+2).  (4.12)

a a
G3,2 G3,2
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We notice that Gf ;5 are polynomials in A of degree a — 1, so that the three
zeroes AL, A2, \3 of the equation

a’’”'a)’a

G5, GS
AN =Det [ 2 7% | =0 (4.13)
G35y Giy

are the compatibility condition for the system (EIM); the corresponding coor-
dinates €1, €2, €3 are thus given by, e.g.,

§o = —G35,3/Gy (4.14)

,3‘A=>\g
We remark that our procedure for finding separation coordinates exactly matches
the one introduced, in the framework of r-matrix theory, in [B].

Finally, defining (¥ = A\ —a+ 2, a =n,...,n and considering the pairs

(G ey =&/ —1),s=1,23,a=2,....n

we see that the solution W of the (stationary) Hamilton-Jacobi equations of the
sl(3) Gaudin model can be expressed as:

CEES )

where P denotes the point (€2, (Y) on the genus g = 1 algebraic curve defined
by equation (EETT]), and H5 and ¢3 denote, respectively, a suitable complete fam-
ily of Gel’fand-Cetlyn Hamiltonians associated with the global SL(3) invariance
of the model, and their canonically conjugated variables.

Standard arguments show that the linearization of the flows associated with
the mutually commuting Hamiltonians we have considered in this paper, and
hence also the flow associated with the “physical” Hamiltonian of the sl(3)
Gaudin system can be achieved by means of the Abel maps associated with the
differentials (the last four being of the third kind)

d¢ ¢d¢ dg¢ d¢ £dc
e’ (=T (=T ¢(C—1Tg ¢(¢— 1T’

ODet(M, (€, \))
¢

(4.16)

where Fg =

. The case of sl(r), > 3 can be treated analogously.

5 Conclusion and discussion

In this paper we have reconsidered the SoV problem for the (homogeneous
XXX) Gaudin systems based on the Lie algebras sl(r), from a particular stand-
point. Namely, we considered the n-site system as a Gel’fand-Zakharevich sys-
tem defined on the manifold M = si(r)", with respect to the Poisson pencil
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Py, = R — AP, where P is the usual Lie Poisson bracket on M, while R, given
by equations (24 and () is a further linear Poisson structure on M that was
introduced in [9].

We showed that the system admits a set of n — 1 “Lax” matrices, linear
in the spectral parameter \ that evolve according to Lax equations along any
vector field that is Hamiltonian with respect to the Poisson pencil Pjy.

Thanks to this property, by using the bihamiltonian set-up for SoV, we
managed to define a set of separating coordinates, quite explicitly given in
equations (4] for the si(2) case and by equations ([EI3)) and I4) for the
sl(3) case.

We notice that this set of coordinates provide an alternative set of separa-
tion coordinates for the Hamilton—Jacobi equations associated with the Gaudin
Hamiltonian w.r.t. the coordinates that can be found by means of the conven-
tional approach based on the rational Lax matrix (L2), i,e,

LN = Z )\/—liai' (5.1)

In this respect, a few remarks are in order:

First we notice that the existence of different sets of separation coordinates is
to be ascribed to the super-integrability of the system. This is particularly clear
in the bihamiltonian setting, where the separation coordinates are obtained, by
means of the procedure outlined in Section B, from the polynomial Casimirs
of a Gel’fand-Zakharevich Poisson pencil. The general problem of the connec-
tions between super-integrability and “multi-separability” is, to the best of our
knowledge, still an open problem (see, [23] and the references quoted therein).
In particular, the classification problem for these systems have been solved only
for systems with a small number of degrees of freedom. The homogeneous XXX
Gaudin models are systems with an arbitrarily high number of degrees of free-
dom where the connection between super integrability and multi-separability
happens, and their study might shed light on the structural properties of this
phenomena.

The second remark is the following. The SoV scheme based on the Lax
matrix Bl leads to the definition of a divisor of degree

drp=r(r—1)(n—1)/2

on the spectral curve R(\, i) = Det(pn— L(N)) (see, e.g., [16]). It is not difficult
to ascertain that the genus of this spectral curve is, for g = sl(r)

((n —2r+(r— 2)),

that is, it grows linearly with the number n of sites of the model.
As we have shown in Section Bl and exemplified in Section Hl for r = 2, 3,
the SoV scheme herewith outlined leads to consider the set of n—1 Lax matrices
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L,(X\) given by

Q
|
i

LiN)=(\—a+2)A,+B., Ba=Y A, (5.2)
1

o
Il

The separation coordinates parametrize sets of degree r(r —1)/2 divisors on the
spectral curves I'*(\, p1) = Det(u— L,(A)). We see that the genus of such curves
1s

gre = (r—1)(r—2)/2,

that is depends only on the rank r of the algebra, and not on the number n of
sites, showing that the equations of motions can be explicitly solved by means
of 6 functions of genus gr. for all n’s.

This also implies the existence of canonical transformations between (suit-
able open sets of ) the degree d, Jacobian of the spectral curve R(u, A) associated
with £(A) and the (corresponding open subsets) of the Cartesian product of the
degree r(r — 1)/2 Jacobians associated with the curves I'*(\, z)?. This simply
follows from the fact that both the algebro-geometrical coordinates found from
L(\) and those we discovered in this paper are canonical coordinates for the
standard Lie-Poisson bracket Py on si(r)", and, in particular, (together with
those coordinates associated with the global SL(r) invariance) are Darboux
coordinates for the restriction of Py to its generic symplectic leaves.

It is outside the size of this paper to fully discuss this issue here. However
we think it is appropriate to display this transformation in the simple case of
sl(2). This goes as follows.

We recall that the n matrices A; can be explicitly parametrized by means

of 3n coordinates h;,e;, f;, i =1,... n:
hi €;
Ai = 9
.fi _hz

with Lie-Poisson brackets given by
{hisestp = dijej, {hi, fite = —0if5,  {es fitp = 20i5h;

Let us denote with \;, u; the set of separation variables associated with the
Lax matrix £(A) (see eq. (B&J])) of the n-particles si(2)-Gaudin model and with
(i, pi those associated with the bihamiltonian picture discussed in this paper.

We can assume that the coordinates associated with the global SL(2) in-
variance of the problem are the same; in particular, on the symplectic leaves of
the Lie Poisson tensor Py we have to consider the pair

- Zn—1 hj
M =C = fiv m=p ==
; ’ Zj:lfj

2This observation is due to B. Dubrovin.
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According to the “Sklyanin” recipe, the \,, a = 2,...,n are the zeroes of the
(1,2) entry of the rational Lax matrix ([CZ), i.e. the roots of the polynomial:

n—1 n—1 n

1 he ~
AL(A) = Z )\ka = ﬁ Z )\k Z(—l)n k 1sn_k_1(a1, ey gy ey an)fj.
k=0 =170 =0 j=1
(5.3)

Here the polynomials s, ,_1(ai,...,d;,...,a,) are the elementary symmetric
polynomials in n — 1 letters by, ..., b,_1, defined by

n—1 n—1

[T =0 => (=" sujoa(br, ... bur) ¥, wheresp=1,  (5.4)

j=1 J=0
evaluated for bl =ar,..., bj—l = aj-1, bj = QAj41y -+, bn—l = Q.

We can express the “physical” coordinates f; in terms of the \; as follows:

n—1 n
Ji 1 j
= = a;Cy, fi= M. (5.5)
i fi iglai —ax) ; ’ ; ’
Since the coordinates (; are rational functions of the f; alone, and namely,
a—1
Zk‘:l fk o
— == a S
Ja
we can explicitly find the transformation yielding the (; in terms of the \; as:

L My (ay — A G L ST O VISR W
<b=—Z<H“ >§]1.< ) ( >>7 50

k
— e (ar — @) al(=1)m=1s, i 1(Xay ooy An)

Ca:

for b= 2,...,n, with, obviously
G =A1 (5.7)

The variables ji,,a = 2,...,n are the values of the (1,1) entry of the rational
Lax matrix (C2) for A\ = \,, while the p, are be given by the values of the
(1,1) entry of the Lax matrix L, in A = (,, divided by the normalizing factor
Ca(Co — 1). Explicitly:

- hj Zﬂ=1hj
0= =2,...,m, =
Jj=1
, Gkt , Y hy
a T Ay e ey il 1 —
Ca(ca_l) Cl

The transformation of coordinates connecting the p; and the p; can be easily
found noticing that they are connected to the coordinates h; by a linear trans-
formation with coefficients depending on (; and \; respectively. Consequently,
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the transformation between the coordinates p; and p; is a linear transformation
with \; depending coefficients:

pi = Ay Aa)uy (5.8)
j=1

and it follows that it must be the lifting of the transformation defined by ((B.6)
and (7)) among the (; and the \;;

n

pi=>_((J) " ijny (5.9)

J=1

where J is the Jacobian of the transformation (B.6).

Finally, we just mention some other problems which remain open. The first
one is to compare our results with the picture of the generalized bending flows of
[T2]. The setting presented in that paper was aimed at providing a generalization
of the previous paper [I9], and, in our setting, should be obtained by reduction
to the submanifold of matrices A; having rank equal to one.

The second one is the application of the scheme herewith presented to the
quantum sl(r) case. Preliminary results for » = 3 indicate that this should be a
viable procedure for giving explicit expressions to the quantum integrals whose
existence has been proven in [6]. Work in both these directions is in progress.
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Appendix A : Proof of Proposition B.4

The proof of Proposition B4l is divided into a couple of steps. We recall that we
are considering a corank k affine bihamiltonian manifold (M, P, —AP,), endowed
with a transversal distribution Z, satisfying the requirements of Proposition B2
Za, a=1,... k is a set of normalized flat generators for Z, and

HO\) = \"H¢ + -+ HS
are polynomial Casimirs of P, — A\P,. Finally, the k? polynomials
D{(X) = Lieg, H(X) = A"6p — Dg (A"~ — ... = Dg . (A1)
are their deformations along the flat generators. Finally, we recall the definition

k
Pi=P =Y X,\Z, X,=PdH.

a=1
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Lemma 1 The actions of P; and P, on the deformation of the Casimirs of the
pencil are related by the following formula:

k
PidDg(\) = APydDg(\) + > D2(N) PodD ;. (A.2)
c=1

Proof. We limit ourselves to sketch the proof of this Proposition, which is
essentially contained in Section 7 of [I1]], although in a disguised form. We
consider the characteristic property of a Casimir of the Poisson pencil,

P\ dH@(\) =0
and derive it w.r.t. Z,. We get:
Liey, (Py) dHW(\) + PxdDE(\) = 0. (A.3)
Since Lieg, (P\) = > .[Zy, X} A Z. with X! = PidH§ = PydH{, we see that
[Z,, X,] = Lieg, (X.) = Lieg, (PydHY) = —PydDj ;.
Thus eq.[A3) takes the form

PydDy(N) = Y DN PodDy = > ([Z, X)), dHW(N)) - Zo=0.  (AA4)

C

Let us consider the coefficient ([Z;, X'],dH@ (X)) in the last sum. This is, by
definition,

Liegz, x1(H'” (X)) = Lieg, Liex1(H'™ (X)) — LiexiLiey, (H“())).

Since {HS, H()\)}o = 0 only the second term is non identically vanishing, and
equals —Liex1(Dg())).

Furthermore, thanks to the affinity of the GZ manifold, we see that all terms
of the form Lieg, (Dy())) identically vanish.

So, we see that [A-4] can be written as

PydDy(N) = ) " DENPodDy =Y (XEAZ) - (dDg(N) =0, (A5)

C

which, in view of (BH), yields the statement.

Proposition 5.1 Let D be a k x k polynomial matrix of the form
Dg(A) = A"y =X~ 'Dyy — - = Df L cab=1,... k, (A.6)

where the Dy , are smooth independent functions on a bihamiltonian manifold
M, satisfying equation (AA). Then:
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1. Its determinant A(X) has the form
AN =N = AN A, (A7)
with v =", n, and satisfies
PLdA(N) = APydA(N) + AN Pyd A (A.8)
2. The roots A\; of A(N) satisfy

Pid); = Nd),. (A.9)

3. Let D()) denote the classical adjoint matriz of D(\ ), and let [D ()\)]M be
non identically vanishing. Then any ratio p(\) = [D(N\)]as/[D D(\ Vae of

elements belonging to the a-th row of D(X), evaluated at the roots \; of
A(N) satisfy the equation

ﬁldp()‘i) = )\z’POdp()\i)' (A.lO)

Proof. The power expansion ([A.f) simply states that the (a, a) entry of Df
is a monic degree n, polynomial, while all other entries in the a-th row are of
degree not exceeding n, — 1. We preliminarily notice that

HD“ + O(N\"7?), whence A, = ZD (A.11)

We multiply the matrix equation ([A2)) say, on the left, by the classical adjoint
D, to get

>~ Pi(Dd(A D5(X)) — Z AR D) D5 () =

(A.12)
Z DX(N\)D§(\) Pyd Dy ;.

Recalling that > D (A)D5(A) = 6.4A(N) and

Z D(N)dDS(A) = TrD(A)dD = dA(N),

taking the trace of the matrix equation and taking into account (ATl we
get the proof of the first item.

To prove item # 2, we first notice that, for any function f on M, the
evaluation of a polynomial (or rational) function F'(\) in the parameter A, whose
coefficients are themselves functions on M gives rise to a new function F(f) on
M. Tts differential can be written as follows:

AF() = dFN)|  + 2



To clarify the notations, the first term in the RHS of the above equations means
the differential of F'(\), with A taken as a parameter, then evaluated for A\ = f,
and the second the partial derivative of F'(\) w.r.t. A, subsequently evaluated
for A = f. Keeping this proviso in mind, we consider now F'(\) = A()\), and
f=X,i=1,...,n. We have:

OA(N)

ABO) =da|_ + 5|

where dA(X) = — >, \W?7/dA;. Taking into account the relation ([(AT3), we get

d\i, (A.13)

0= (Pr = AiRo)dA(N) = A() Pod2 + %&A)\A (Pr= AP, (A14)
which implies the assertion, since
- . OA(N)
A()\;) =0, while o ‘/\:/\i # 0,

thanks to the fact that being the coefficients A, ; functionally independent, the
roots are generically simple.

The proof of the third assertion is basically contained in the proof of Propo-
sition 8.4 of [I1]. We limit ourselves to sketch it.

By using the relations (A2)) and (A.])), together with the defining relation
D(A)D5(A) = 6,4A(N), one arrives at the matrix equation

> " (PidD2 — APydDE) Dy = A(N) Py (dAs67 — dDyy). (A.15)

C

If o denotes one row of the adjoint matrix 15()\), we can rewrite the above

equation as ~
where X is the corresponding row of the RHS of ([ATH). If we consider the
normalized row p = o /0;, we see that, since
pD(\) = AN /o,

it holds _
for some suitable Y whose form is irrelevant here. Evaluating this equation for
A = )\;, we see that

(Pip— APOp)D(A)‘A =0 (A.17)

_ Taking into account that A has simple eigenvalues, we see that each row
(Prdp — APydp), evaluated at A = \; must be proportional to the corresponding

row of D(), that is, there must exist vector fields X’ such that
(Prdp — APydp)|s=n, = X' - p‘A:M'

Since one element of p is normalized to 1, we thus see that X’ must vanish,
whence the thesis.
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Appendix B : Proof of Proposition

The key point is the following observation on the (ordinary) Lie-Poisson brackets

on a single copy of M = si(r). The Poisson bracket of two functions F,G on

M, is given by {F,G} = Tr(g—i -[4, g—j]) =—Tr(A- [g—i, g—j]) Let A;; denote

the ij-th entry of A, and consider the family of » — 1 vector fields on M defined
by We = a=1,...,r—1, as well as the distribution Z C T'M defined

We notice that differentials of functions vanishing along Z admit a very
simple matrix representation. Indeed W is represented via its action on the
matrix A as the elementary matrix e, ,, having 1 in the a-th place of the last

. o [ OF . L. OF .
column. So Lieya(F) = 0 iff (8—A>m =0,a=1,...,7r—1, ie., iff A lies in

the lower maximal parabolic subalgebra p_ of sl(r).

Let now W denote any element in Z, and let F,G be functions such that
Liez F' = LiezG = 0, and let us compute Liez({F,G}). Thanks to the Leibniz
property of the Lie derivative and the fact that Z is a constant vector field we
have that OF o0
which vanishes as well since p_ is indeed a Lie subalgebra of si(r).

In the case of the n-particle sl(r) Gaudin model, whose phase space is

parametrized by n matrices A;, we consider the family of n - (r — 1) vector
fields defined by

Liews(Ar, ..., Ay) = (0,0, ) €ap 1o+, 0). (B.2)
i-th place

The distribution Z generated by these vector fields is generically transversal to
the symplectic leaves of the Lie—Poisson product structure on si(r)". We now
prove that the space of functions vanishing along Z is a Poisson subalgebra for
any affine Poisson tensor (). The brackets {F, G} = (dF, QdG) are given by
the multiple sum

N N
oF 0G 0G
{F,G}qo = g Tr . g cf-lA,—} —l—df-la,—]
? 0A; \ &= |1 04, I |"F 04,

1,5,k=1

where o, denote constant matrices. Noticing that the differentials of functions F
oF OF oF

0A,’ 8A2"”’8An)
€p_,i=1,..., N, we see that the Lie derivatives Lieyo{F,G}q are

vanishing along Z are represented by n-tuples of matrices dF' = (

or
ith
wit oA

given by multiple sums of terms like those of Eq. (BI), and so vanish whenever
LieWiaF = LieWiaG =0.
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Appendix C : Proof of Proposition

The proof of Proposition follows from a few elementary but important facts
following from the definitions of the Casimirs of the Poisson pencil K®()\) and
of the normalized transversal vector fields Z*, o = 1,...,r — 1, ¢ = 1,...,n.
Recall that we defined n? matrices D;; by

(Diy)y = Lie s (K9(V)), 1)

where the polynomial Casimirs K& are defined by

Det(M;(\,€)) = & + i KO (\)er—ot, (C.2)
a=1

One has:

1. The matrix (Dll) is the identity. This trivially follows form our choice of
Ll = Al-

2. The n(r — 1) x n(r — 1) matrix of the deformations of the Casimirs w.r.t.
the transversal vector fields has the following block form:

D11 0 0
D D o -- 0
D= 21 22 (CB)
0
| Dnl Dk3 e Drm |

This follows form the fact that, for j > i and every a, LiezeL;(\) =
0. Thanks to point 1 above, we now consider the non trivial matrices
M,(\, ), a=2,...,n, and the corresponding fields Z;".

Taking into account that:

i) Liega(Det(M,(A,€))) = —Tr(Ma(A,f)LieZl?(La));

ii) Liego(Lq) = (A — a4+ 2)Liega(A,);

iii) The determinants of the diagonal blocks DetD,, = D%(\) are monic
polynomials of degree r(r +1)/2 — 1 in A;

We can factorize D*(\) as
D\ = (A —a+2)TAYN) (C.4)

where A%()) is a monic polynomial of degree r(r — 1)/2.
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3. Thanks to the lower diagonal block form of the matrix D of equation ((C3),
every diagonal block D,, satisfies Proposition ([Il). So its determinant
satisfy, according to Proposition [l (R — AP)dD%(\) = D*(\)PdD?, and
thanks to the factorization property (CAl), we have

(R — AP)dA%(\) = A%(\)PdA%. (C.5)

We now recall that the Casimir functions of P are given by the highest
order terms K (Sf)o of the expansion of the Casimirs of the Poisson pencil Kof)()\)

in powers of \. If we call .
G = Liews Ky (C.6)

the matrix of the deformations of the Casimirs of P with respect to the cor-
responding vector fields W introduced in eq. (BI0), noticing that Liey« K éj())
vanishes for j # i, we see that the normalized generators Z& and the “constant”

ones W are related by

WZ-O‘:ZG?’BZ? i=1,...,n.
B

Thus, considering only the nontrivial indexes a = 2,...,n,
LiewgDet(Ma (€, 1) = Y~ GoPLiezgDet(M, (€, A)), (C.7)
B

we can argue as follows. Since G’ are independent of \, we see that the
common solutions (&,, \,) of the two sets of r — 1-tuple of equations

(

Liey2Det(M, (&, \))

| Liew; Det(M,(€, V)

and
.

Lie 2 Det(M, (€, \))
(C.9)

L Lienget(Ma(ga )‘))

coincide for every (fixed) a =2,...,n.
Expanding the RHS of the equations of the system (C3) as

r—1 r—1
LiezeDet (M, (€,0) = Y & PLiege Ki) =Y €~(D,)3, (C.10)
B=1 B=1

we see that:
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a) The roots of D%(\), introduced in eq. ([C4l) are those values of A for which

the r — 1 equations, defined for a = 2,...,n,
r—1
> e (D)5 =0 (C.11)
p=1

admit solutions. In particular, the roots of A%(\) define non trivial ele-
ments A5, s =1,...,r(r—1)/2.

a’

b) The values £ corresponding to the roots A of A%(\) are given by suitably
normalized elements of the adjoint matrix D,, evaluated at A = \J.

Thus, from the bihamiltonian theory, we can conclude that the only non van-
ishing Poisson brackets between such functions admit the separate form:

(A &ap = 0"0mpa(€0, X0), AN Gadg = 00w Aopa(&0, A0)  (C12)

We now consider eq. ([C8), taking into account the observation that the
pairs (A;,&L) are solutions of this system as well. We notice that from the
definition of W', LiewaDet(M,(&,A)) is nothing but the determinant of the
minor of M, (£, \) relative to the «,r entry. Since the r(r — 1)/2 pairs (£, \?),
for every fixed a, annihilate the r—1 minors of the matrix M, (£, \) relative to the
entries (1,7),...(r — 1,r), they annihilate the minor relative to the (r,r) entry
as well. Hence they annihilate the last row of the adjoint matrix of M,(&, ),

and so satisfy the characteristic equation

Det(M,(&,X3)) =0, a=2,...,n, s=1,...,r(r—1)/2.
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