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1. Introduction

The discovery towards the end of the 19th century by Poincaré [1] that complete integrability is an exceptional a phenomenon for Hamiltonian
dynamical systems marked the end of a long and fruitful interaction between Hamiltonian mechanics and algebraic geometry and the interest
in integrable systems disappeared almost completely; it has been a dormant subject for more than half a century. In fact many algebraic
geometrical results such that elliptic and hyperelliptic curves, Abelian integrals, Riemann surfaces, etc., have their origin in problems of
mechanics. Fortunately the discovery, 50 years ago that the Korteweg-de Vries (KdV) equation [2] could be integrated by spectral methods
have generated an enormous number of new ideas in the area of Hamiltonian completely integrable dynamical systems. The resolution of
this problem has led to unexpected connections between mechanics, spectral theory, Lie groups, algebraic geometry and even differential
geometry, which has provided new insights into the old mechanical problems of the last centuries and many new ones as well. With respect
to this, some questions arise: how do you decide about the complete integrability of a Hamiltonian system? Once you have found necessary
conditions of complete integrability on the parameters involved in a Hamiltonian system, how do you prove that the system is effectively
completely integrable and how to determine its solutions explicitly? It is well known that solving explicitly a nonlinear Hamiltonian system
by quadrature (i.e., by a finite number of algebraic operations including the inverting of functions), was a central theme in mechanics during
the 19-th century but the methods of resolution were something very unsystematic and required a great deal of luck and ingenuity. Jacobi [3]
himself was very much aware of this difficulty in his famous " Vorlesungen iiber Dynamik”, in the context of geodesic flow on the ellipsoid
(before introducing the elliptic coordinates). Difficulties come from the fact that in most problems the quadratures were obtained in terms
of elliptic or hyperelliptic integrals and where it was often necessary to find remarkable coordinates algebraically related to the originally
given ones, in which the Hamilton-Jacobi equation could be solved by separation of variables. In recent years, important results have been
obtained following studies on the Korteweg-de Vries (K-dV) and Kadomtsev-Petviashvili (KP) hierarchies. The use of tau functions related
to infinite dimensional Grassmannians, Fay identities, vertex operators and the Hirota’s bilinear formalism led to obtaining important results
concerning these algebras of infinite order differential operators. In addition, many problems related to algebraic geometry, combinatorics,
probabilities and quantum gauge theory...., have been solved explicitly by methods inspired by techniques from the study of dynamical
integrable systems. An account of these results will appear elsewhere. This circle of ideas are far from being completely understood, but it is
a gold mine of research problems.
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The purpose of this paper is to describe some connections between spectral theory, Jacobi matrices, continued fractions and difference
operators and it is organized as follows: Section 2 concerns nonlinear integrable dynamical systems which can be written as Lax equations
with a spectral parameter. Such equations have no a priori Hamiltonian content. However, through the Adler-Kostant-Symes construction, we
can produce Hamiltonian dynamical systems on coadjoint orbits in the dual space to a Lie algebra whose equations of motion take the Lax
form. We outline an algebraic-geometric interpretation of the flows of these systems, which are shown to describe linear motion on a complex
torus via the van Moerbeke-Mumford linearization method. We also present Griffith’s method of studying these problems without reference
to Kac-Moody’s algebras. These results are exemplified by several problems of dynamical integrable systems: Euler-Arnold equations for
the geodesic flow on the special orthogonal group (the rotation group), Jacobi geodesic flow on the ellipsoid, Neumann problem on the
sphere, Lagrange top, periodic infinite band matrix, n-dimensional rigid body and Toda lattice. Section 3 is devoted to the study of some
connections between continued fractions, isospectral deformation of Jacobi matrices, difference operators, Cauchy-Stieltjes transform and
Abelian integrals from an algebraic geometrical point of view. In Section 4 the notion of algebraically completely integrable Hamiltonian
systems are explained and techniques to solve such systems are presented. Some important problems will be studied such that: the periodic
S-particle Kac-van Moerbeke lattice, generalized periodic Toda systems, Ramani-Dorizzi-Grammaticos (RDG) series of integrable potentials
and a generalized Hénon-Heiles system.

2. Coadjoint orbits in Kac-Moody Lie algebras, isospectral deformations and linearization

Assume a Hamiltonian system having the Lax form (with a rational indeterminate /) :

dA

A=—
dt

n . n .
=[A,Blor[B,A], A=Y Ajn/, B=Y Bji, Q.1
j=l j=l

where A; and B; are matrices.

Theorem 2.1. For every h € C, the flow (2.1) preserves the spectrum of A. For almost all (z,h) € C2, the spectral curve defined by
C = {(z,h) € C*: P(z,h) = det (A —zI) = 0}, 2.2)
is time independent and its coefficients tr (A™) are first integrals.

The matrix A — z/I, has a one-dimensional null-space, defining a holomorphic line bundle on the curve C. Whenever the entries of the A
are moving in time, the curve C does not move, inducing a motion on the set of line bundles. The set of holomorphic line bundles on an
algebraic curve form a group for the operation of tensoring ® and the full set with a given topological type is parametrized by the points
of a g-dimensional complex algebraic torus, where g is the genus of the curve. This torus that we note, Jac(C), is the Jacobian or Picard
variety of the curve. When C is an elliptic curve, Jac(C) is isomorphic to C. Since the flow (2.1) induces deformations of line bundles, their
topological type remains unchanged and therefore it induces a motion on the Jacobian variety; under some checkable condition on A and B,
du to Griffiths [4] (see further for details).

We state the Adler-Kostant-Symes theorem [5]-[7] valid for any Lie algebra :

Theorem 2.2. Let 4 be a Lie algebra with a non-degenerate, ad-invariant metric {,). Assume that ¢ = & ® X as a vector space
decomposition, where £ is an ideal and ¢ is a Lie sub-algebra.

a) Then we have the split ¢ = 9* = L+ + L, L+ ~ 4 coupled with # via an induced form ({,)) inherits the Kostant-Kirillov
coadjoint symplectic structure. The Poisson bracket of the latter, between functions F and G on %, is given by

{F,G}(A) = {(A,[V_¢F,V »G])), Aecx".
b) Let M C 2 be an invariant manifold under the above coadjoint action of & on J*. Then the functions H defined on a neighborhood
of M invariants under the coadjoint action of 9, lead to commuting vector fields of the Lax isospectral flows

. dA
A= 7 = [Avprf(VH)}a
1
where pr o is the projection on £ .

The reader interested in the most general form of this theorem can consult with profit the recent paper [8]. This is a general theorem for
constructing fully dynamical Hamiltonian integrable systems on the coadjoint orbits of a Lie algebra. We will see explicitly how to apply,
with some precautions, this theorem to certain Lie algebras of infinite dimension.

Any finite dimensional semi-simple Lie algebra ¢ leads to an infinite dimensional Lie algebras, the so-called Kac-Moody extensions (that
we also note ¥) :

n .
G = {ZAjh/|n S Zfree} ,
with bracket

(Y An Y Bn ] =Y ¥ (4B H

k i+j=k
and ad-invariant, symmetric forms

<2Aihi,Zthj>k: Y (A.B;),

i+j=—k
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depending on k € Z. Obviously if the form (,) is non degenerate, then the form (, ), is also.
Let ¢° (r < s) be the vector subspace of ¢, corresponding to powers of & between r and s. A first interesting class of problems is obtained
by taking 4 = ¢1(n,R) and by putting the form (,); on the Kac-Moody extension. Then we have the decomposition into Lie sub-algebras

G=Gr+9 =L +.X,

with & = L+ =4+ and & = 7.
Another class is obtained by choosing any semi-simple Lie algebra ¢. Then the Kac-Moody extension ¢ equipped with the form (,) = (, ),
has the natural level decomposition

9= Gi,[GiGj] CGirj,  [Go,Gol=0, Gi=G_;.
iz

LetA; = Z GiandA_ = Z G;. Then the product Lie algebra &4 x ¢ has the following bracket and pairing
i>0 i<0
[(a1,a2),((b1,b2)] = ([a1,b1], —[a2,02]) . ((a1,a2),(b1,b2)) = (a1,b1) — (a2, b2).

It admits the decomposition into . + % with

L ={(a,—a):ac ¥}, Lt={(a,a):1€9},

H ={(c1,¢2):¢c1 EA_,c €A4,Pro(ct) = Pro(c2)}, H = {(c1,¢2) :c1 €EA_,cr €A4,Pro(ca+c1) =0},

where Pr( denotes projection onto G. Then from the last theorem, the orbits in .#* = £~ possesses a lot of commuting Hamiltonian
vector fields of Lax form.
We consider the invariant manifold M,,, n > 1, in £ = J#* defined by the set of

n—1 . .
A=Y Ajp +uh!, p=diag(p,..., i) fixed, diag (A,—1) =0,
j=1

as well as the % -invariant manifolds M* j defined by

k

M= Y Licy~2t
=

We state the following theorem [9]-[11] :
Theorem 2.3. a) Let H = < f (Ah*j ),hk > 1 be functions defined on the manifold My, where f are differentiable functions. Then, the equations

n—1
A= {A,Pr%(f’(Ah*/)hk*/)] . A=Y AN i,
i=0
determine integrable Hamiltonian systems whose linearization is carried out on the Jacobian of the curve C of genus (m—1) (mn—2) /2
defined by (2.2). Moreover, especially for j =n, k =n+1, the flow
A= [A , ady ady'A, 1 + vh] , 2.3)

depends on f by the relation v; = f' (;) only.
b) Let H(ay,a0) = f(ay), be functions defined on the manifold M* ; where f are differentiable functions. We have

i= {a, (Prt— %pro)VH(a)} ,

where Pr™ is the projection onto A and these Lax equations are linearized on the Jacobian of a curve whose affine equation is given by the
characteristic polynomial of elements in M* I considered as functions of h.

Using the van Moerbeke-Mumford approach [11], one can construct an algebraic map from the complex invariant manifolds of linearizable
dynamical systems to the Jacobi variety Jac(C) or one of its sub-manifolds such as Prym varieties, associated with an algebraic curve
determined by the spectral curve C (2.1). The equations that linearize the dynamic system are given by

8 rsi(r)

Z/ o =cyt, 1<k<g,
j=175;(0)

where (@1, ..., ®,) is a basis in the space of holomorphic differentials on the curve C of genus g.

1) As a first example for M in the above theorem, we consider A = X + ph, with X € so(n). It is deduced that the Hamiltonian flow (2.3),

where y; and v; can be taken arbitrarily, is the 0"-order in &

Vi—V;j

X=[XAX), AX)ij=24;Xij, Aij=Nji, Aij=—7,
i — 1
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and an identity to first order in 4. This flow expresses the Euler-Arnold equations [12] for the geodesic flow on the group SO(n), for a left
invariant diagonal metric A. The algebraic curve

C={(z,h) € C*: det(X +uh—zI) =0},
has an involution
G:C_)C7 (th) — (_Z7_h)7

exchanging sheets of C over Cy = C/o. In such a situation, this involution extends by linearity to a map (which will again be denoted by
0), 0 : Jac(C) — Jac(C) and up some points of order two, the Jacobi variety Jac(C) splits into an even part, i.e., Jac(C) and an odd part
(Prym variety) denoted Prym(C/Cy) and defined by

Prym(C/Co) = (HO (C,Ql) 7)* JH, (C,Z)"

where Q! is the sheaf of holomorphic 1-forms on the curve C and — means the — 1 eigenspace for a vector space on which the involution ¢
acts. We have

Jac(C) = Jac (Cy) ® Prym(C/Cp).

The phase space for this problem is an orbit defined in the group SO(n) by [5] orbit invariants. By Theorem 2.3, the problem linearizes on
n(n=1) tn
-5l

Prym(C/Cp) of dimension —2——2.

2) For another example, consider the case of M, in the above theorem with
A= /.Lh2 —y®y—hxAy, (x,y€eR"),
where (x,y) € R?". In this case, equation (2.3) is reduced to the study of
A= [A, Vh +advad;1 (y/\x)} ,

where v; = f/(u;). Explicitly, we can rewrite this equation in the form of a nonlinear dynamic system :

. OH -

o= Oy (advady! A0
. OH -

y = axv = —(advadﬂ ! (y/\x)))’»

where
1 XiVi—XiVi 2
Hy =3} Vi y%+ZM :
i J#i i — nu'j
Note that in the particular case where

1
Wi’

then this problem is reduced to the study of the well known Jacobi geodesic flow on the ellipsoid :

f(z)=logz, v;=

X

2 2
X
712+...+7”_1.
Vi

v o
1
Another special case is where f(z) = —2 V= u;. Here the problem is reduced to the study of the Neumann movement (under the influence
of the force —x) of a point on the sphere [13] :
R RO Y

According to theorem 2.3, the linearization of the problem related to these two cases is carried out on the Jacobi variety Jac(.¢), where /¢
is a hyperelliptic curve of genus n — 1. For an interesting geometric interpretation of these motions and their relationship with confocal
quadrics, theorem of Chasles, geodesic, intersection of two quadrics, K-dV equation, etc., see for example [13]-[17].

3) Another example of M, n = 3, in the above theorem, concerns the Lagrange spinning top [18]. It expresses a particular case of the
rotational motion of a solid body around a fixed point. Here, we have

A =mh+y+1h,

where m € so(3) (angular momentum), ¥ € so(3) (unit vector in the direction of gravity), I = (@ + )€ with € € s0(3) (coordinates of the
center of mass) and where (o + 8,0+ 3,2¢) (inertia tensor in diagonalized form). Here, the linearization of the problem takes place on the
Jacobi variety of an elliptic curve, i.e., on the curve itself (see [19] and for higher-dimensional generalizations [20]).
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4) As an example of ij in theorem 2.3, b) (see [9]-[11]), we consider the periodic infinite band matrix M of period n having j+h+ 1
diagonals; the spectrum of M is defined by the points (z,/) € C2 such that

Mv(h) =zv(h), v(h)=(...,h "vhy,..), veC"

Let M}, be the square matrix obtained from M and let C be the curve whose affine equation is det(Mj, — zI) = 0. Then the set of infinite band
matrices with j+ k+ 1 diagonals, in higher dimensions many partial results seem to lead to rigidity. In fact, it was shown that a discrete
2-dimensional Laplacian cannot be deformed, given its periodic spectrum; the proof can be summarized by the observation that the Picard
variety of most algebraic surfaces are trivial; the proof that the specific spectral surface defined by the 2-dimensional Laplacian has trivial
Picard variety is based on the technique of toroidal embedding, which reduces cohomological computations to combinatorial questions.
Finally, inspired by the dynamical systems, Mumford [21] has given a beautiful description of hyperelliptic Jacobians of dimension g.
Griffiths [4] has given a necessary and sufficient condition on B (easily checkable), for an equation of the type (2.1) to be linearizable on
the Jacobi variety Jac(C) of its spectral curve defined by (2.2) (although, without reference to Kac-Moody Lie algebras). Indeed, suppose
that for every p(z,h) belonging to the curve C of affine equation (2.2), with dimker(A — zI) = 1 (i.e., the corresponding eigenspace of A
is one-dimensional) and generated by a vector v(z, p) € C". So, we can find a family of holomorphic mappings which send (z,4) € C to
ker(A—zl):

¢ :C—P"(C), p—Cv(t,p),

called the eigenvector map associated to the equation (2.1). Let

(1) = 97 (Grcy(1)) €PIC(C), 5 = deg 91(C),

where Pic®(C) = Jac(C) is the Picard variety of the curve C and Opx(c)(1) is the hyperplane line bundle in P (C). Obviously the degree of
Y(t) does not vary with t Let H be the hyperplane class in P"(C). The Poincaré dual of the class [C] of C coincides with the degree of C,

deg ¥(r) = /c¢t*H = /4’ (C)H =deg(C).

Since ¥(r) moves in Pic*(C) when ¢ varies, then by fixing a line bundle ¥(0) € Pic*(C), the line bundle ¥(0)~! ® ¥(¢) moves in the
Jacobian variety Jac(C). We will determine a necessary and sufficient condition of a cohomological nature on B so that the flow

t— (1), 2.4)

is linearizing on Jac(C). By applying cohomological techniques of the theory of deformation, we can find necessary and sufficient conditions
to linearize the flow (2.4). Indeed, this is because the tangent space for any deformation is in a proper cohomology group, and according to
the theory of duality on algebraic curves, the higher cohomology can always be eliminated. Let’s see that with a little more detail. Let X be a
complex manifold and

0:C—X, (2.5)

a non-constant holomorphic map. Let 8¢, Ox be the respective tangent sheaves and ¢, the differential of ¢. The normal sheaf of C in X is
defined by the following exact sequence
0—8c 25 970y — Ny —0 2.6)

and let HO(C,N¢) (that we also note HO(N¢)) be the Kodaira-Spencer tangent space [22] to the moduli space of (2.5). Let ¢, : C — X,
do = ¢, be a deformation of (2.5). In local product coordinates (z,¢) on |, C;, w = (w!,w?,....w") € X, we show that ¢, is given by
(t,&) — w(t,&), ie., the section ¢ € HO(Ny) and is locally given by

Lv(t,é) modulo LV(Z’&) .

at |, d
The corresponding cohomological sequence of (2.6) is
0 0( g% 0 9, gl
H"(6c) — H"(9"60x) — H"(Ny) — H (6¢).

Consider the tangent space H'(6¢) to the moduli space of the curve C as well as the tangent C = d(¢) € H'(6¢) to the family of curves
{C;}. Hence, H(¢*0x)/H(6c) C H® (Ny ) is the tangent space to deformations of (2.5) where, according to theorem 2.1, the curve C is
independent of .

Consider now the Euler exact sequence of vector bundles

00— ﬁpn((c) en ® ﬁpn((c) (1) LN ﬁpn(c) —0
Therefore, the following sequences (¥(0) = ¢* Opn(c)(1)) :

Oc
v
C"®¥(0)

0 — 6 25¢Opg — Ny — 0



68 Fundamental Journal of Mathematics and Applications

are exact and the cohomology diagram corresponding to these sequences contains the following part :

HO(C,C"2¥(0))

It
H(C,0c) — HO(C,0%0pc) 1+ HU(C.Ny) > H'(C.6c)
18
HY(C,0¢)

Let (t,€) — v(t,&) € C"\{0}, be a position vector mapping with & a local coordinate on C. In other words, a local lift v; (which is a
time-dependent map C — C"\{0}) of the family of holomorphic maps ¢, : C — P"(C), to C"\ {0}, such that

¢(§) =Cu(t,6) CC".
As this lift exists only locally, it will have to find an independent object of this lift but which exists globally. The solution is to use this lift to
determine such an object that we note v. Notice that the space Cv;(p) and the fibre of ¢* Opn(c)(—1) at a point p € C identify and define the
maps ¢ Opn(c)(—1)C" ® Oc and
vi:Oc—C'@¥P(t), ¢— vy,
(here, vg coincides with the application v mentioned in the previous diagram). In the case where 1 will be another lift such that :

n&) =x(,e)v(t,§), k#0,

then we will have 1] = kv + kv. The inclusion O¢ SC®L L=f* Opn(c)(1), is locally given by Oy > ¢ — ¢.v, and then (modulo
v(t,&)), the expression

€H(C,C"®L/O¢) = H"(C, f*0pn(c))
t=0

is well-defined independently of the choice of the lift, and we have o (v) = ¢. We are interested in the tangent vector

¥(0) = d‘z[(’)

eH'(C,0p).
t=0

Theorem 2.4. If v is an infinitesimal variation of ¢ : C — P"(C), then

d¥(t)
dt

W(0) = =38(v) e H'(C,0f).

t=0

In addition if T is the map mentioned in the diagram above, then there is an equivalence between the fact that ¥(0) = 0 and v = ©(w) for
some w € HY(C" @ ¥(0)).

Let hg, k1 be homogeneous coordinates and consider / as an affine coordinate on P! (C) which is the base of the covering 7 : C — P!(C).
Note that B(¢,/) can be written in the form

- b v N\ o
B8 = Y By = ¥ 30 (1) € H(C Hom( 7. 7))
k=0 k=0 0

where .7 is the sheaf of sections of the trivial bundle C x .%#. We have .% (D) = .% ® O¢(D) and B(t,h) can be seen as a holomorphic
section of the bundle Hom(.#,.%) ® O¢(N), Oc(N) = n* Op: (N). In other words, we visualize h = [hg : hj] as a homogeneous coordinate

B
on P!(C) pulled up to C. We have WK € H(C,Hom(.Z,.%(D))), v e H(V ® L) where D = (hY), is the divisor N.7t ! (c0) on the curve C

0
B
and .Z (D) = % (N) are the sections of .# ® O¢(D). It should be noted that here W is a matrix in Hom(.%,.% ) with meromorphic functions
0

h
in H(C, O¢(D)) as entries, i.e., h—] is seen as a function on H?(C, 0¢(D)). We deduce that (
0

equation can be interpreted in cohomological form as follows:

5) Ve HY(C,.7 ©W(0)(D)) and the Lax
0

Theorem 2.5. The following conditions are equivalent :

(i)
. B ;
v’c(hla,.v> ¥(0)=0,

B
(ii) There is a meromorphic function ¢ € HO(C, O¢(D)) such that h—N.v—l— ov e H'(C,.Z @ L(D)) is holomorphic.
0
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By differentiating the eigenvalue problem Av(z, p) = zv(z, p) (in the neighborhood of the point p = (h,z) € C) with respect to ¢, and taking
into account the Lax equation in the form A = [B,A], we immediately obtain the expression A(v — Bv) = z(v — Bv). Since eigenvalues have
(generically) a multiplicity of 1, then for a some A, we have

Bv=v+Av. 2.7

This equation can be written in the form Bv = v+ A;v, where 4; is the main part of Laurent series expansion of A in the neighborhood of p.
Then given the curve C defined by (2.2) and p € C, Griffiths defines

L, = [Laurent tail(B)], = {main part of Laurent series expansion of A in the neighborhood of p},

and shows that the linearization of the Lax flow takes place on the Jacobi variety Jac(C) if and only if p € (h). (divisor of the poles of &), we
have for any meromorphic function f on C such that : (f) > n(h)e,

dL,

o € linear combination {L,; Laurent tail at p of f}.

Let P(h,g) € C[h,g] and note that if we replace B by B+ P(h,A) in equation (2.1), we see that this equals invariant which shows that B is
not unique and that its natural place is somewhere in a cohomology group.
Consider a positive divisor

1
J

n
on C, where h is seen as a meromorphic function. The polynomial B(z,h) = Z Bk of degree n should be interpreted as an element of
k=0
HO(C,Hom(V, V(D)) where V is the sheaf of sections of the trivial bundle C x V and V(D) = V ® O¢(D). A section of Op(D) is written

<P=Z<P17 Qj= Z akzlj-,

where z; is a local coordinate around p;. This is a principal part (Laurent tail) centered on p;. A question arises : Given a main part @;,
determine conditions for a function ¢ € H%(C, O¢(D)) such that ¢ — ¢ ; is holomorphic in the neighborhood of p;. The answer to this
question (known as the Mittag-Leffler problem) is provided by

Theorem 2.6. Let {@;} be a Laurent tail and let D = Y.ja;jpj. The following conditions are equivalent :
(i) There exist ¢ € HO(C,Oc(D)) such that ¢ — @; is holomorphic near p;.
(ii) For every holomorphic differential ® on C, we have

ZRespj((pj.w) =0.
J

The residue of B, denoted by ¢(B) € H(C,0p(2), is the collection of Laurent tails {4,} given above, where A, is the main part of the
Laurent series expansion of A around p.
We will say that the flow ¥(r) (2.4) is linearized if there is a complex number ¢ such that

a>¥(r)  d¥(r)

aw Ta
The Griffiths theorem is as follows :
Theorem 2.7. 1) We have
d¥(t)
P0)= = =aic®)
=0

2) The following conditions are equivalent :
(i) The flow P(t) (2.4) is linearized in Pic*(C).
(ii) We have
¢(B) = 0 mod.(¢(B),Im res),

where Im res C H(C, Op(D) is the Laurent tails of meromorphic functions in H°(C, Op(D)).
(iii) We have

Y Resy, (§(B)@) =1} Resp, (¢;(B))w), o€ H’(C,Qc)
J J
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It follows from the above theorem that the linearized flow on Jac(C) is provided by the bilinear map
(t,0) — 1Y Res, (Gj(B))w) =1) Res), (Ajw). (2.8)
J J
As an example, consider Euler’s problem of a free rigid body in R”. This one is described by the following equations :
M=[M,Q], M=QJ+JQ € so(n), Q(r) € so(n),
where J = diag(A1,...,4,), A; > 0. These equations form a Hamiltonian system on each adjoint orbit of so(n) and whose Hamiltonian
1 1
is explicitly described by H(M) = E(M Q) = —ZTr(MQ). Manakov [23] observed that these equations admit a Lax equation with an
indeterminate parameter /,
/—/.H
(M +J?h) = [M+J*h, Q@+ Jh).
1
Hence D = (E) (o)=Y j Pj» 1s the divisor with n distinct points p; located on i = c. We deduce from equation (2.7) with B = Q+Jh,
. 1 .
the following relation : ¢(B) = Z =L, where z; = 7 is a local coordinate on C around p;. We have ¢(B) = 0 since A; are constant,
- 7
j
and consequently, the flow is linearized on Jac(C). Taking into account that A = M +th, M+M" =0, J2 - J2T = 0, we obtain
P(h,z) = (—1)"P(—h,—z). The curve C has an involution 6 : C — C, (h,z) — (—h,—z). Here the linearization of the problem

necessitates the knowledge of 5 dim € independent first integrals and in involution (this is because  moves on an adjoint orbit &' C so(n)).

In general, we have

. nn—1) rn
dim6& = - H , 2.9
im 2 > 2.9)
(n—1)(n—2) . . . .
Let g(C) = ——————= be the genus of the algebraic curve C and g(Cy) the genus of the quotient Cy = C/& of C by the involution o.
Using the Riemann-Hurwitz formula, we get
1 /nn=1) [n
— = —1=1]. 2.1
8(C) ~5(C0) 2( : [2]) 2.10)

Note that 6(g(B)) = —¢(B) and the linearization of the problem in question is carried out on the Prym variety Prym(C/Cy) of the curve C
for the involution o, interchaging the sheets of the double covering C — Cy. From (2.10) it follows that

=2y =0 mod.2
n—1)>2 _ (2.11)
7 n=1mod.2

=

dim Prym(C/Cy) = {

1
and taking into account (2.9), we finally get dim Prym(C/Cyp) = 3 dim &. The linearization of the Euler equations is carried out on the Prym
variety Prym(C/Cp) of exactly the correct dimension.

3. Infinite continued fraction and spectral theory for periodic Jacobi operators

A Jacobi matrix is a doubly infinite matrix (g;;) with entries i, j such that : a;; = 0 for |i — j| large enough. The set of these matrices is an
associative algebra and consequently a Lie algebra by anti-symmetrization. Consider the Jacobi matrix

b] a) 0 - 0

a by a :
I'= 0 ap 0 )

0 - 0

where all the b; are real and all the a; are positive, and let

¢(z) = 3 3.1
Z— bl —

a
2

—by——2—

Z—b3—

be the associated continued I'-fraction, where ay is a positive real number. By cutting off the I'-fraction ¢(z) at the k-th term, we obtain the
Ax(z)
By(z)

k-th Padé approximant of 9(z), i.e.,

3.2)
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We show that ¢(z) admits formal series expansion arount the point z = 0 (pole),

¢@—%+%+%+~f£j%
Note that the characteristic polynomial
bij—z a 0 0
aj by—z a
By(z) = det 0 a 0 ,
@
0 0 a1 br—z

of T, is the last term of the second order recursion
By(z) = (b — 2)Bi_1(2) — aj_ B2 (2).

The polynomials Ag(z), By (z) form a pair of solutions of a finite difference equation of the second order (the eigenvectors of the Jacobi
matrix from which we remove the first row and the first column) :

A1 Yk2 + b1 Yir 1 F @y = k11, k€N

with the boundary conditions : yy # 0, y; =0, yy+1 = 0. In addition, these solutions are linearly independent and we have also the following
relation :

ar—1 (A-1(2)Bi(z) —Ax(29)Br-1(2)) = 1, ke N*

The polynomials By, form an orthogonal system with respect to the Stieltjes measure do(x) on R,
| BioBiwdotx) = &.

Conversely, if a family of polynomials P, (x) is orthogonal for do (x), then P, (x) satisfies the following recurrence relation :

Pe(x) = (Aex — 1) Pe—1 (%) + Vo1 P2 (x) = 0,

where A; > 0,  and y, > 0 are constants. Moreover, if we consider the continued fraction

(i
v(z) = "
Az — g — %
M- — 57— ——
Asz—M3—
and realize an equivalent transformation
(1
v(z) = T
o Mk
T %
& o AQA,}
Ay M3
A3
we reconstruct the I'-fraction corresponding to do(x) (where we can put 1 Zk = a,% and % = by). As aresult, there is a one-to-one
kAk+1 k
correspondence between the set of orthogonal polynomial systems on R and that of Jacobi matrices. In fact, if the orthogonal polynomials
Pi= =0 B, 1(x), 1<n<e
[Ti=y

form a basis of the vector space consisting of all the polynomials, then the Jacobi matrix represents the multiplication by x.

As an example of V_; ; (theorem 2.3, b)), consider the infinite matrix :

by a O 0
apg by a
A= 0 a 0 . (ai,bi €C) (3.3)
aN-—1
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The matrix A is N-periodic when
aiyN = daj, biyn = bi,

for all i € Z. We denote by f = (..., f—1, fo, f1,-..) the (infinite) column vector and by D (shift operator) the operator passage of degree +1,
Df; = fi1. Since the matrix A is N-periodic, we have ADY = DVA. Reciprocally, this relation of commutation means that N is the period of
A. Consider the finite Jacobi matrix (symmetric tridiagonal and N-periodic) :

by a 0 - ayh!

a by a

Am=| o 4 0 ,
. aN-—1
aNh 0 anN—1 bN

where h € C*. The determinant of the matrix

b1 —z a 0 e aNh’I
ag bz —Z an
A(h)—z = 0 . 0 , (3.4)
. an—1
anh e 0 ayv_1 bv—z
is
det(A(h) —zI) = (—1)N*! -h— = -1
ad) = (=" (a(h+h™") = Py(z)) = F(hh™" 2), 3.5)
where (z,h) € C x C*, &« = ajay - --ay, and P(z) is given by the following polynomial of degree N (with real coefficients) :
bl—Z al 0 0 hz—Z ar 0 0
aj b2 —Z ay aj b3 —Z as :
P(z) = det - - — a}det - - =N+
0 an . . 0 0 0 as . . 0
. . . aN—l N N - . aN—z
0 0 ay-1 bn—z 0 0 ay—2 by-1—z
Let C be the Riemann surface defined by the set of (z,/) € C x C* such that : Af = zf and DV f = hf. In other words, we have
c:{(z,h)e(Cx(C*:F(h,h*l,z):o}. (3.6)

Assuming that o # 0, we derive from (3.5) and (3.6) the following relation :

P(2) £/P%(z) — 4a?

h=
200

Note that C is a hyperelliptic curve with 2N branch points over the roots of the equation : P(z) = +2a and two points at infinity &2 and 2;
the point & covering the case z = oo, h = oo while the point 2 is relative to the case z = oo, h = 0. The hyperelliptic involution on the curve
C maps (z,h) into (z,h~") and C can be singular. Using Riemann-Hurwitz formula, we find g = N — 1 (= genus of C). The meromorphic
function 4 has neither zero nor poles except in the neighborhood of z = co. When z * oo, we have

P(z) 2

hgizf_i_...’

o o
on the sheet +, which shows that 4 has a pole of order N. Similarly, when z * o, we have

h:P(z)—\/Pz(z)—4a2 B 2a

= ~ oz
20 P(2) +/P2(z) — 402

on the sheet -, and therefore % has a zero of order N. Let & be the point covering o on the sheets + and 2 the two point covering o on the
sheets -. Therefore the divisor (/) of the function % on the curve C is

(h)=—-NZ+N2.
The curve C has an antiholomorphic involution
~:C—C, (z,h)— (z,1/h),

i.e., the map ~: p — p is such that : & = 2. Since the finite matrix A(h) for |h| =1 is self-adjoint, then it admits a real spectrum.
Therefore, the fixed points of this involution form a set that we write C™. The latter is determined by the set of p € C such that: p = p, or it
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is the set of (z,4) such that : &= 1/h and 7 = z, or what amounts to the same, is the set of (z,4) such that : |h| = 1. Let C. (repectively
C_) the set of p € C such that : |h| > 1 (repectively |h| < 1). Note that C+ contains the point &7 and C_ contains the point 2. We have
C\C™~ = C4+ UC_, which shows that the set C~ divides C into two distinct regions C+ and C_, and so

C=C,.UC~UC-_.

In fact, C™ is homologous to zero because ¢~ can be thought of as the boundary between C+ and C_. Moreover, the involution ~ extends to

an involution # on the field of meromorphic functions as follows: ¢*(p) = @(p), and on the differential space as follows : (Qdy)* = @*dy*,

which shows that : #* = — and z* = z. The matrices A and DV have an eigenvector f = (..., /1, fo, f1,..-) in common. Such a condition is

parameterized by the Riemann surface C (3.6). In the following, appropriate standardization is used by selecting fy = 1, from where Fy = h.
Let us therefore f = (f1, f2,..., fv—1) . Since f satisfies (A (%) —zI)f = 0, then we have

Cix

fk=—="h=

_ Co Cn ok
Cyy

2k o Nk k<N,
Cz_’lfl CN‘lfl N

where Cy ; is the (k,[)-cofactor of (A(h) —zI), that is to say,
Cry= (1) m . (3.7

where My, is the (k,1) minor of the matrix (A (/) —zI) , i.., the determinant of the N — 1 submatrix obtained by removing the k"-line and
the I""-column of the matrix (A(h) — zI)). In particular, we have

C C
fi= Nk Sk
Cn N CrN
According to matrix (3.4), we note that
aN
Cyyg = “1“2"'“N71+(71)N7PN—1:
Gy = aiar-ay—1+(—1)NayhPy_y,

where Py_1 = (—z)"~% +---, and similarly, Cyn=( —z)N=1 4 ... To determine the divisor structure of f;, one proceeds as follows : for
f1, we have

(fi)o = (CN,1)oo+ (h) = (CNN)wos
— _ON-2)2-NP+N2+(N-1)P+(N-1)2,
- 9.2

and for the other f;, we consider first the matrix (3.4) shifted by one, i.e.,
by —z ap 0 e a1h71

an b3 —Z as

0 a 0
. bN*Z an
alh 0 an bl —Z
Hence,
bzfz ap 0 a1h7] L
. il
a bs—z a3 : %
0 a3 0 =0
I
. bN—Z ayn Fjl
arh 0 ay b1 —z h

and as above, we have (%) = 2 — &, which implies that

f2

(-~ (£

) +(f1)o =22-22,
and in general, we get
(fi)o = k2 — k2.
Note that the degree of a minimal positive divisor D on the curve C such that : for all k € Z, (f;) + D > —kP? 4+ k2, is given by

degD=g=N—-1.
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We have
dmZ(D+kZ — (k+1)2) =0,

for all k € Z, i.e., the divisor D is regular. To be convinced of this, it suffices to show that the divisor D is general. It means that
(01 (p1), ..., 0g(pg)) # (0,...,0) where (@, ..., ®) is a normalized base of differential forms on C and py,, ..., pg € C, or what is equivalent
if dim . # (D) = 1 where .Z (D) denotes the set of meromorphic functions f such that : (f) + 2 > 0, or what amounts to the same if
dimQ(—D) = 0 where Q(D) denotes the set of meromorphic differential forms @ such that the divisor (@) + D > 0. From the regularity of
the divisor D and the Riemann-Roch theorem, we deduce

dim £ (D +k2) dimQ(—D—kP)+g+k—g+1,

= dimQ(-D—kP)+k+1,

for an integer k > g — 2. Therefore, we have dim £ (D +kZ?) = k+ 1, because dimQ(—D —kZ?) = 0. Moreover, .Z (D + j&7) is strictly
larger than £ (D + (j — 1)2?), and therefore by lowering the index j down to 0, it follows that dim.Z’(D) = 1, which shows that the
divisor D is general. Let’s show now that Z is regular. It suffices to proceed by induction. We have just shown that dim.#(D) = 1. Since
fo=1¢ Z(D—2),it means that £ (D — 2) G .Z(D) and that the function fy = 1 does not belong to the first space but belongs to the
second and then, dim. (D — 2) = 0. Assuming that dim.Z (D + k2 (k+1)2) = 0, we obtain (taking into account the Riemann-Roch
theorem) immediately

dimZ(D+ (k+1)2 - (k+2)2) <dm.Z(D+kZ — (k+1)2)+1=1,
which implies equality because f;; belongs to the first space. In addition, we have
dimZ[D+ (k+1)2 — (k+2)2) =0,
because fi1 does not belong to the space .2 (D + (k+ 1) — (k+2)2), but belongs to the space £ (D+ (k+1)2 — (k+1)2).

Consider now, the differential of F (3.5) while taking into account that z appears only on the diagonal of the matrix A(h) — zI. Therefore, we
have

N OF dh
— ) Cidz+h——=0
; il oh h )
i=1
and either
_ —iCyndz
aF
h3k
We have
-dh
©w = _h
ZN Ci ’
i=1 Cyy
-dh
- TYm
- N Ci Cn’
Zi:l Civ " Cyv
-dh
- T"n
- N Cvi Cn -~
Li=1 G G
Taking into account that Cjy = Cy;, 1 <i < N, we obtain
—i%
(D = —*,
ZN Cni (Cin
i=1 Cyy " \ Cwn
-dh
_ “h
= 5 ,
Yl fiff
_ Cyndz
P2(z) —4a?

From this we deduce that ®* = @ and in addition, we have @ > 0 on C~. We also have a relation which shows that the scalar product
between f; and f; is

: i} 0 sik#l
(fkvfl>:%ngk'flw:{ >0 ;kil

That is, the functions f, k € Z, are orthogonal to ¢ with respect to @. We deduce from these properties that the divisor of @ is
(w) =D+ D—Z — 2, for the involution ~ introduced previously. Given a matrix of the form A (3.3), we have obtained a series of data
{C,z,h,D,®w}. What is remarkable is that the reverse is also true (for further information, see [11]) :
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Theorem 3.1. Consider the following two sets of data :

1) Let aj,b; € C, a; # 0, where aj N = a;, biyn = bj, —o0 < i < 4o0. An infinite N-periodic matrix

by ay O 0
ay b1 a
0 a 0 ’
an-1
0 0 av-1 bn

modulo conjugation by N-periodic diagonal matrices with real entries.
2) Let & and 2 two points on a curve of genus N — 1 and D be a divisor of degree N — 1 on C such that:

(h)=-NP+N2, ()=-P—2+5,

where h, 7 are two meromorphic functions on C and S is a positive divisor not containing the points & and 2. The curve C is equipped with
an antiholomorphic involution ~: (z,h) — (Z, %) for which C =€ UC~UC_, where € is the set of p € C such that : p = p, i.e., the set
of (z,h) such that : |h| = 1, and C+ (repectively C_) is the set of p € C such that : |h| > 1 (repectively |h| < 1) containing & (repectively 2).

By introducing an involution x acting on the space of all meromorphic functions on C and on the differential space in a way ¢*(p) = @(p)
and (@dy)* = @*dy*, then h* = h™! and 7 = 7 and the divisor of a differential form @ on C is

(0)=D+D—- 2P — 2.
Then, there is a one-to-one correspondence and equivalence of these sets of data.

For any difference operator X, we define

X, sii<j,
(Xi)ij=8 32Xy sii=j, , X =x - x.
0 sii>J,

Let ./ be the vector space of infinite N-periodic matrices A such that for some k, ¢;; = 0if |i — j| > K. On .#, we introduce the following
scalar product :

(A,B) = Tr(ABT) = Z ajjbi;.
(i.j)ez?

oF
We call a functional F differentiable if there exists a matrix — in .# such that :

JdA

im F(A+&eB)—F(A) _ <8—F,B>
£—0 € 0A

for every B. The following bracket

ror-([(35),(5%) ]-[()_(5) ] ) oo

satisfies the Jacobi identity. Let P(A,S,S~!) be a polynomial in S+ S~! and A with real coefficients. Consider the following Lax equation:

A= [P(A,S,S")+fP(A,S,S"),,A]. (3.8)
When the matrix A(t) deforms with ¢, then only the divisor D varies while {C,z,h, %7, 2} remain fixed. As we have already shown, the
coefficients of z'h/ in equation (3.5) are invariants of this motion. The divisor D(¢) evolves linearly on the Jacobi variety Jac(C). Any linear

flow over Jac(C) is equivalent to equation (3.8) and can be written in the form of a Hamitonian vector field with respect to the above bracket.
For example,, the flow

A = [A7 (SikAZh‘] )
is written as follows :

I
Gij={F.aj},  F=Tr(salt).
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The (Poisson) bracket of two functional of the form T'r (S*kA’“) is zero, which means that we have a set of integrals in involution. Let
(@1,..., ®g) be a holomorphic differential basis on the hyperelliptic curve C. We have

Zk—l
W = —F————, k:1727"'>g
P2(z) —4Q?

and let ¢, = Resp(a)kzj ), 1 < j < g. Since the order of the zeros of @y at the points at infinity &2, 2 is equal to g — k, then ¢; = 0 for
k=1,2,....g— j+ 1 and ¢ # 0 for k = g — j+ 1. Therefore, the flow which leaves invariant the spectrum of A and X is given by a polynomial
P(z) of degree at most equal to g :

A= SIAP(A), ~P(A) ],

where P(A) is the upper triangular part of P(A) and —P(A)_ is the lower triangular part of P(A), including the diagonal of P(A).
The (Poisson) bracket between two functional F' and G can still be written in the form

3 3 G
F F
F,G} = -— = |,/ 4
{ ’ } < < aa a b ) ’ gG > )
db
JF JdF JoF JdF
where =— = | =— ) and —— = [ = | are the column vectors, while J is the following 2n-order antisymmetric matrix :
da da; b b

ag 0 0 —an

—daj ay 0

o of
J:(—MT 0)’ T=21 0 a4 a

0 .. —ay—1 an
The symplectic structure [24] is given by
N
d .
=Y dpn Y (3.9)
j=2 jisn i
Flaschka variables [25] :
) R 1
aj:iexj X/+l7 bjzfiyj’

applied to the form (3.9) with xy; = 0, leads to the symplectic structure
1 N
o= 5 Z dxjNdyj,
j=2

used by Moser [26, 27] in the study of a dynamic system describing the motion of N — 1 particles on a line, interacting under an exponential
potential. See also the example below concerning the study of Toda lattice. We have

det(Ap —2l)jei = (— DN + BN+ BoV T E 4+ By,

where B, ..., By are the g invariant, functionally independent and in involution. These are given by the branch points on the hyperelliptic
curve € or by the quantities TrAX for k =2,3,...,N, i.e., by the g = N — 1 points chosen from the spectrum of A; and A_;. With Jacobi’s
matrix, we can associate an operator 7' on a separable Hilbert space E as follows,

Teog = boeg + apeq , Te,-:b;ej+a,-,1ei,1+aie,-+1, i=1,2,..
where (e}, e,...) is an orthonormal basis in E. The operator T is symmetric. Indeed, we have (Tuy,u) = (uy,Tu,) for any two finite
vectors, according to the symmetry of the Jacobi matrix. Moreover, if the Carleman’s condition :
1 1 1
— Yt — 4 — 4o =Foo

ap ap an

is satisfied, then the spectrum of the self-adjoint operator 7' (with eg a generating element) is simple. In this case, the information about the
spectrum of T is contained in the following function,

¢(z) = <(szl)7leo,eo> = /m do(x) (3.10)

)
—o00 Z—X

defined at z ¢ o(T) where o (x) = (Iyeq,eq) and I is the resolution of the identity operator 7. Recall that the infinite continued fraction
converges if the limit (3.2) exists. If the operator T is self-adjoint, then the continued fraction ¢@(z) converges uniformly in any closed
bounded domain of z without common points with real axis, to the analytic function defined by (3.10). If the support of do(x) is bounded,
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A
then the sequence (Bk—gzi) converges uniformly to a holomorphic function near z = . Moreover, if a Jacobi matrix is bounded, i.e., if
(2

there exists p > 0 such that, for all j, |a;| < %, |bj] < g then the associated I'-fraction converges uniformly on the domain {z: |z] > p}

and the support of do(x) is included in [—p, p]. The fraction I associated with a periodic Jacobi matrix (this case is obviously bounded )
converges near z = . In addition, the function ¢(z) is written in the form (3.10) (Cauchy-Stieltjes transform of d& (x)), which shows that
¢(2) has a first-order zero at z = e and for any point z belonging the upper-half plane, the imaginary part of ¢(z) is non positive.

We will now extend the Jacobi matrix I" to the infinite symmetric, tridiagonal and N-periodic Jacobi matrix A (3.3) and use the results
obtained previously. We consider ¢(z) (3.1) as being the associated N-periodic I'-fraction. The latter converges near the infinite point
z =roo. An analytic extension of the function ¢(z) allows us to see that this coincides with the meromorphic function ag f] on the genus
(N — 1)-hyperelliptic curve C (3.6). This curve is branched at the 2N real zeroes &, &,.,...,Ey of the polynomial P?(z) —4c>. We define the
stable band as being the interval [§>;_1,&;], 1 < j <N, and the unstable band the interval [&5;,&j41]. 1 < j<N—1.

Theorem 3.2. Each zero 61 < 0y < --- < Oy—1 of Cx; (3.7), belongs to the j-th finite unstable band [Ayj,241), 1 < j<N—1.

We will see below (theorem 3.3) how to express the function ¢(z) in terms of Abelian integrals on the hyperelliptic curve C (3.6). Note that
for N = 1, By(x) is the well-known Chebyshev polynomial of the second kind. In addition, Kato [28, 29] discovered, for N > 1, new results
related to discrete measurements. We have seen that

Cn
Cy N

0(z) = apf1 = ag h,

belonging to £ (D + & — 2). Then, we have
Theorem 3.3. We have

(2) = Resa 00 s Resay 90 ) i /52 Plo-da, +/§ZN VAEOTLE N 3.11)
= o Z—ON—] 2mi 1 (z=x)CyN(x) ot (2= X)Cn N (x) 7 .
where,
ah(o; )+ (=1)Vad.A
Ress 9(z) = ! . j=12,.,N—1
i [1i2;(0j—01)
and
b2 —0j aj 0 s 0
aj by — oj aj
A = det 0 a 0
. aN-2
0 0 ay—2 by_1—0j
The differentials obtained in the previous section,
Cn () P2(x) — 402

P2(x)—4a? Cn.n(x)

(a and b are constants) are positive mesures on each stable band [&;_1,&;;]. Therefore, the expression (3.11) means that ¢(z) can be
obtained by the Cauchy-Stieltjes transform of

do = Nil Res,-9(z),0; ).C(x—0j)dx+ (DY VP — 4o dx = discrete mesure + continuous mesure
= o; $1)0))- J 2w Cyn(x) B '
as follows,
< do
o0 - [ =

The function (z) belongs to £ (D' + & — 2) where D' = 6" +---+ o5 _, is contained in C;. = {p € C: |h| > 1} (see previous section).
From expression (3.11), we have

D=0; +---+0; +0} +---+0;

Ji+1 JN-17
where jj < j» < ... < jj denote the numbers for which Res - ¢(z) > 0 and ji+; < ji42 < ... < jn—1 the numbers for which Res - ¢(z) = 0.
J J
Hence,
2(67) — 402
P (o)) —4a

Res.-¢p(z) =0or — ————.
o; P2 [11+(c;—o1)
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The Toda lattice equations [30] describe the motion of n masses with exponential restoring forces :

1 N N
H= Yy y? + ) %79+, (Hamiltonian).
=t =l

1 1
We noted above that Flaschka variables [25] : a; = 5 S A ) = ny j» can be used to express the symplectic structure @ (3.9) in terms
of xj and yj,

daj=aj(dxj—dxj;), 2dbj = —dyj,

then
1 N
wZEde;/\dy;, (xj=xj—x1, Y;i=yj)-
=

We will study the integrability of this problem with the Griffiths approach. There are two cases :
({) The non-periodic case, i.e., xy) = —oo, X1 = +oo, Where the masses are arranged on a line. In term of the Flaschka variables above,
Toda’s equations take the following form

aj = aj(bjy1—bj),
i 2 2
bj = 2(aj—aj),

with ay1 | = ay and by = b;. To show that this system is completely integrable, one should find N independent first integrals in involution.
From the second equation, we have

(b1+by+--+by) =bi+by+---+by =0,

and we normalize b;’s by requiring that by + b, + - - -+ by = 0. Applying this fact to (3.9), leads to the following symplectic form :
1 N

We have obtained a first integral of the system and it will be necessary to determine N — 1 other integrals that are functionally independent
and in involution. We further define N x N matrices A and B with

by a 0 - ay 0 a - —ay
a; by —a; O
a=| o -~ o | B=
by_1 an— : ay—1
ay - 0 ay.i by ay - - —ay.; O

. 1
The system in question is written in the form A = [B,A]. Since I; = —trAk k= 1,2,...,N, are first integrals (see theorem 2.1), then

I = tr(A.A*") = 1r([B,A].AK™1) = 1r(BAK — ABAK1) = 0.

Notice that /; is the first integral already know. These N first integrals are functionally independent and in involution, the system in question
is thus completely integrable.

(if) The periodic case, i.e., yj1n =¥, Xj+N = X;, the connected masses will be arranged on a circle. We show that in this case, the spectrum
of the periodic matrix

by a 0 - ayh!
a b
A(h) = o . e 0 :

: by-1  an-1
ayh -+ 0 ay_ by

remains invariant in time. The matrix B(h) depending on the spectral parameter A, has the form

0 ap —ayh!

ayh - - —ay_y 0
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and the rest follows from the general theory. Note that if a;(0) # 0, then a;() # 0 for all ¢. Since AT (h) = A(h™"), the spectral curve C is
given by

0=det(A(h)—zI) =P <%,z) = P(h,z7).

By the antisymmetry of A, the curve C has an involution

1
t:C—C, (hz)— (%,z). (3.12)
We choose
by a
0 ay ap b2 0 0
A=+ . ¢ |n'+ o T
0 0 bel an—1 an 0
by ay

Note that here the matrix A is meromorphic (whereas previously we considered it to be a polynomial in /) but we will see that we can adopt
the theory explained in this section, to this situation too . We have

1
P(h,z) = —a.ap...aN—1. (h+ z) +ZN+61ZN71 + - dcn.

Let us assume that a;.ay...ay_1 # 0 and pose

P(h, 1 Nt 4 4e 1 -
%:hjﬁj& o CN:h+E+dozN+dlz’V Ly tay.
Iﬁlj:l aj Hj:1 a;

O(h,z) =

In IF’Z((C), the affine algebraic curve of equation Q(h,z) = 0, is singular at infinity and to determine the genus g of its normalization, we
proceed as follows : note that the curve C appears as a double sheeted covering of P! (C) branched into 2N points coinciding with the fixed
points of involution o (3.12), that is, points where 7 = £1. Using the Riemann-Hurwitz formula, we obtain

g:2(g(]P’l((C))fl)+l+27N:N71.

1
Consider the covering C — P!(C) below and &2, 2 located on two separate sheets. By putting — (o) = & + 2, we see from the
b4

equation Q(h,z) = 0, that the divisor of / is (k) = N2 — N2 and in that case, the divisor D is written D = N2 + N2, which implies
that B € HO(D,Hom(V,V (D)). The residue ¢(B) € H(D, 0p(D) satisfies the conditions of theorem 2.7, and consequently the linear flow
is given by the application (2.8). To compute the residue g(B) of B, we will determine a set of holomorphic eigenvectors, using the van
Moerbeke-Mumford method described above. Let us calculate the residue in 2 and the result will be similarly deduced in 2. Consider a

g
general divisor E of degree g, of the form E = Z rjsuch that : dim £ (E + (k—1) % —k2) = 0, for all k. We deduce from Riemann-Roch’s
j=1
theorem that dim.Z (E + k& — k2) > 1, and therefore dim L (E + k& — k2) = 1, for all k. Let

(fo) € LE+kP —k2)=H(C,00(E+kP —k2)), 1<k<N

be a basis with fy = h. We can choose a vector v of the following form v = (f7, ..‘,fN)T, such that v is an eigenvector of A, i.e., Av = zv,
(h,z) € C. Hence, V = h™!v is a holomorphic eigenvector. Without restricting generality, we take N = 3. The system Av = zv, is written
explicitly

bhifitafr+tas = zfi,
afitbafotah = zfs,
azhfi+axfo+bsh = zh.

1
By multiplying each equation of this system by W everything becomes holomorphic except the last equation, i.e., a3 f| = z+ Taylor. Recall
that the section of Op(D) induced by A in the equation (2.7) : Bv = v+ Av, is the residue g(B) of B. In other words,

Bv = ¢(B)v+ Taylor,

and therefore

afy a3

W h 0
7% +ay | =1 0 | +Taylor.
613]”1*’1271(2 z

We deduce that ¢(B) = %, and ¢(B) = 0. The same conclusion holds for the residue in 2. Consequently, the flow in question linearizes on

the Jacobian variety of C.
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4. Algebraically integrable systems

Consider the nonlinear system of differential equations :

dz
7; = fl (tvzl7"'7zl‘l)7
“4.1)
dz
7: = fn(t7Z1:-~~7Zn)7

where fi, ..., f, are functions of n 4 1 complex variables 7,71 ..., z, and which apply a domain of C"*! into C. The Cauchy problem is the
search for a solution (z; (t),...,zx(¢)) in a neighborhood of a point f, satisfying the initial conditions : z1 (fg) =z, ...,z(fg) = z3. The system
(4.1) can be written in vector form in C",

d
zj:f(t,Z(f)): Z:(Zl7..-7Zn)7 fZ(fl""’fn).

In this case, the Cauchy problem will be to determine the solution z(¢) such that z(fg) = zo = (2}, ...,23). When the functions fi, ..., f, are
holomorphic in the neighborhood of (to,z(]), ...,zg), then the Cauchy problem admits a holomorphic solution and only one. A question arises
: can the Cauchy problem admits some non-holomorphic solution around (to,z(f, ...,zg)? When fi,..., f, are holomorphic, the answer is
negative. Other circumstances may arise for the Cauchy problem concerning the system of differential equations (4.1), when the holomorphic
hypothesis relative to the functions fi, ..., f, is no longer satisfied in the neighborhood of a point. In such a case, it can be seen that the
behavior of the solutions can take on the most diverse aspects. In general, the singularities of the solutions are of two types : mobile or fixed,
depending on whether or not they depend on the initial conditions. Important results have been obtained by Painlevé [31]. Suppose that the
system (4.1) is written in the form

@ — P](t,Z],...7Zn)
dt Ql(t7zly~~~7zn)7
& _ Pl‘l(lazlw"yzn)
d[ Ql’l(t7zla"'7zn)’
where
& . .
P (£,215eeey20) = Z Az(‘l.,).“.i,, (O .ap, 1<k<n,
0<iy,sin<p
k j i
Qk (I,Z17~..,Zn) = Z Bgl?___,j” (t)Z{] Z{l ’ 1<k< n,
0<j15-jn<q

polynomials with several indeterminate zj,...,z, and algebraic coefficients in . There are two cases: (i) the fixed singularities are

constituted by four sets of points. The first set contains the singular points of the coefficients Aglk) (1), B;’I{) j (¢) intervening in
seeesln seeerdn

the polynomials Py (,z1,...,z,) and O (f,21,...,2,). In general this set contains r = eo. The second set consists of the points o; such

that : Qg (¢,21,-..,2n) = 0, which occurs if all the coefficients Bg‘)wjn (¢) vanish for = o;. The third is the set of points §; such that

for some values (zy/,...,2,y) of (z1,..,2n), Wwe have P, (By,z17,...,zw) = Ok (B1,2175---,2) = 0. Then the second members of the above

system are presented in the indeterminate form 0 at the points (f;,zy/,...,2,). Finally, the set of points 7, such that there exist uy, ..., uy,

for which Ry (Y, 11, un) = Sk (Yu, U1, ..., un) = 0, where Ry and Sy are polynomials in uj,...,u, obtained from P, and Qy by setting
1 . . . . .

71 = —,...,2n = —. Each of these sets contains only a finite number of elements. The system in question has a finite number of fixed
uy u

singularities. (ii) thg mobile singularities of solutions of this system are algebraic : poles and (or) algebraic critical points. There are no
essential singular points for the solution (zy,...,2).

We will use the method of indeterminate coefficients to find sufficient conditions for the existence and uniqueness of the meromorphic
solution of the Cauchy problem concerning the system (4.1). The solution will be expressed in the form of Laurent expansions in ¢ and such
a solution is formal because we obtain it by performing on various series, which we assume a priori convergent, various operations whose
validity remains to be justified. The problem of convergence will therefore arise. The result will therefore be established as soon as we
have verified that these series are convergent. This will be done using the majorant method [32]-[34]. Without restricting the generality, we
consider the Cauchy problem relative to the normal system (4.1) where f7, ..., f, do not depend explicitly on ¢, i.e.,

dz; .
W = fl(Z17~-~7Zn)7
“4.2)
dz
7;1 = fn(Z1>~~7Zn)-

We suppose that f1, ..., f, are rational functions in z1, ..., z, and that the system (4.2) is weight-homogeneous, i.e., there exist positive integers
l1,...,l, such that :

.]ti(allzl7"'7alnzl’l) = ali+]ﬁ(zl7"'azl’1)a 1 S l S na
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. . af; .
for each non-zero constant ¢¢. Note that if the determinant det (z ja—f’ —&jfi # 0, then the numbers sy, ..., s, are unique. In order
Zj 1<i,j<n
to facilitate the notations, we will assume (without loss of generalities) that #p = zg = 0.

Theorem 4.1. Suppose that
=
a=g YAt 1<i<n {020 “3)
k=0

(ki € Z, some k; > 0) is the formal solution (Laurent series), obtained by the method of undetermined coefficients of the weight-homogeneous
system (4.2). Then the coefficients z(o)

;. satisfy the nonlinear equation
k2 + /29y =0, 1<i<n,

m @

while z; *,z;”/, ... are solution of the following system of linear equations :
(L— kf)z(k) = some polynomial in the ), 0< j <k,
where z¥) = (ng)7 ...,zﬁf”)T and L = (gf’ (Z(O)) + 5ijk,~> L<iicn’ is the Jacobian matrix. Moreover, the formal series (4.3) are convergent.
J Sijsn

(k)

The coefficients z; are determined unequivocally with the adopted method of calculation which explains why the series (4.3) is the only
meromorphic solution. Moreover, the result of the previous theorem applies to the following quasi-homogeneous differential equation of

order n :
die_ (oddle
am T \Oaamt )

dn71Z 0 dz 0 d’171Z
and z(0) =z}, —(0) = z3,..., g

d
f being a rational function in z, 2 g T (0)= 22. Indeed, the differential equation above reduces

to the following system :

dz a1z
2(t) =z (1), Z(t):Zz(l),...,W(t):Zn(t)A
We thus obtain
da_ o B A )
dl _227 dl _237"'7 dl _Zl’la dt - Z15227"'7le .

Such a system constitutes a particular case of the normal system (4.2).

Let Xy be a Hamiltonian vector field defined by
d

=

B

gy

2 fz), zeR" @4

QO

Z

JdH JF

27 Ja—Z > satisfies the
Jacobi identity. The system (4.4) is algebraic complete integrable (in abbreviated form : a.c.i.) when J has polynomial entries and when the
following conditions hold :

i) The system is completely integrable with polynomial invariants Hy,...,H, . It means that besides the k invariants Hy, ..., H; (Casimir

where J = J(z) is a skew-symmetric matrix polynomial in z of rank 2n, such that the Poisson bracket {H,F} = <

H; "

d
functions), i.e., such that J =—(z) = 0, 1 < i <k, the system admits n = =

invariants Hy| = H,...,H, in involution, i.e., such that

dz
{Hi,H j} = 0. These give rise to n commuting vector fields. For generic c¢;, the invariant manifolds (level surfaces)
n+k
ﬂ {ZERm:Hi:C,‘},

i=1
are compact, connected and therefore real tori according to the Arnold-Liouville theorem [12].
ii) The invariant manifolds (level surfaces) thought of as lying in C™,

n+k
ﬂ {zeC":H;=c¢;},
i=1

are related, for generic c;, to Abelian varieties 7" = C" /Lattice (complex algebraic tori) as follows :

n+k

({zeC":H;=¢;} =T"\D,

i=1
where D is a divisor (codimension one subvarieties) in 7". The coordinates z; are meromorphic on 7" and D is the minimal divisor on 7"
where the variables z; blow up. The flows (4.4) run with complex time are straight-line motions on 7.
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As the reader has surely noted, we have insisted in the above definition that invariants must be polynomials. But it must be understood that
the existence of a sufficient number of polynomial invariants does not necessarily imply the algebraic complete integrability of the system in
question. To convince ourselves of this, it is enough to consider the following Hamiltonian system whose Hamiltonian is

2
H((x.y) = 5+ R0,
where P, (y) is a polynomial in y of degree n. We show that such a system is algebraically completely integrable if and only if n = 3 or 4, and
the explicit resolution of the system is done using elliptic functions. So a natural question arises : given a completely integrable system with
polynomial invariants, what makes it algebraically completely integrable? Mumford gives in his book [21] a definition of the algebraic

complete integrability including also non compact and explains (although it has nothing to do with the system above) this extra feature as
n+k

follows : the vector fields Xy, , ..., X, define on the real torus M, = ﬂ {Hi=c¢i} C R?" an addition law

i=1
DM XMy — M, (x,y) —>x®y=gr+s(p), pEM,,

withx=g/(p), y=gs(p), &(p) = g,’f‘ ...gfi” (p), where gff" (p) denote the flow of X;,. From the polynomial nature of the vector fields X, this
addition law will always be real analytic. The algebraic complete integrability of the system in question means that this law of addition is
rational. In other words, we have (x®y); = R;(x;,i,c), where R(x;,y;,c) is a rational function of the coordinates x;, y; forall i =1,2,...,n.
Puttingx=p,y = g?(" (p), in the above formula, we notice that on the real torus M., the flows g,X’ (p) depend rationally on the initial condition
p. Moreover, a Weierstrass theorem on the functions admitting a law of addition, affirms that the coordinates x; restricted to the real torus :

R"/lattice —> Mc,  (t1y..ytn) — Zi (t15 -5 In)

are Abelian functions. Geometrically, this means that the real torus M, ~ R" /lattice is the affine part of an algebraic complex torus
(Abelian variety) 7" ~ C" /lattice and the real functions z; (1, ...,#,), (t; € R), are the restrictions to this real torus of meromorphic functions
zi (t1,..,tn), (t; € C) of n complex variables, with 2n real periods (of which n real periods and n imaginary periods). It must be said that
Mumford’s explanation of the algebraic complete integrability of a completely integrable Hamiltonian system with polynomial invariants, is
of purely theoretical interest. Indeed, how do you recognise from the differential equations that, on a given level manifold, the commuting
vector fields define a rational addition law ? Painlevé [31] provides the following provocative example, among many others not necessarily in
the context of Hamiltonian mechanics. Consider on C? the two polynomial commuting vector fields :

X| o d=x,  y=xy
X, : x=0, y=y.

The flow

X —1
81 ! (x07y0) = (xoezyyg)(e )> ’

doest not depend rationally on the initial condition (xg,yq). Therefore, simply looking at the face of the equations does not answer the
question of whether the problem is algebraically completely integrable. The only method was to solve the problem explicitly in terms of
Abelian integrals.

Now if the system (4.4) is algebraically completely integrable, it means that the variables z; restricted to a generic complex invariant manifold
of the flows, are meromorphic functions on a complex torus C"/lattice; in fact these are Abelian functions. By compactness, these functions
must blow up along a divisor (a codimension one subvariety) D C C"/lattice. Expanding the solutions of the system (4.4) near this divisor
and allowing the constants of the motion to vary, one gets meromorphic solutions depending on dim D + {H; = m — 1 parameters, because
dimD = n—1 and #§H; = n+ k is the number of constants of the motion. The fact that algebraic complete integrable systems possess
(m — 1)-dimensional families of Laurent solutions, was implicitly used by Kowalewski [35] in her classification of integrable rigid body
motions. The following necessary condition was developed and used by Adler-van Moerbeke [36] :

Theorem 4.2. Suppose that the Hamiltonian system (4.4) is algebraically completely integrable with Abelian functions z; and for generic c,
the invariant tori related to this system do not contain elliptic curves. Then this system must admit enough meromorphic Laurent expansion
solutions int € C such that : each z; blows up at least once and Laurent expansion of z;, depend on m — 1, free parameters. In addition, the
system in question has families of Laurent solutions depending on m —?2, m — 3, ..., m — n, parameters and the coefficients of each of these
solutions are rational functions on affine algebraic varieties of dimensionsm—1, m—2, m—3,...m—n.

The question is whether this criterion is sufficient and how it can be used to detect algebraically completely integrable systems. The idea of
the direct proof given by Adler-van Moerbeke[37, 38] is closely related to the geometric spirit of the real Arnold-Liouville theorem [12].
Namely, a compact complex n-dimensional variety on which there exist n holomorphic commuting vector fields which are independent
at every point is analytically isomorphic to a n-dimensional complex torus C"/Lattice and the complex flows generated by the vector
fields are straight lines on this complex torus. Now a complex affine algebraic variety is never compact, unless it is O-dimensional. So the

n+k
main problem will be to complete the affine variety M. = () {z € C" H; = ¢;}, into a non-singular compact complex algebraic variety
i=1
M. = M_UD in such a way that the vector fields extend holomorphically along D and remain independent there. If this is possible, M, is
an Abelian variety (an algebraic complex torus) and the coordinates z; restricted to M, are Abelian functions. To compactifize M, into an

algebraic complex torus, a naive guess would be to take the natural compactification

n+k deg H,
W= {zeP"(©) m(z)=czd" ).

i=1
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of M. by projectivizing the equations. Indeed, this can never work for a general reason: an Abelian variety M, of dimension bigger or equal
than two is never a complete intersection, that is it can never be described in some projective space P"(C) by n-dim M, global polynomial
homogeneous equations. In other words, if M, is to be the affine part of an Abelian variety, M. must have a singularity somewhere along the
locus at infinity, i.e., along all or part of the hyperplane section {Zy = 0} at infinity. The trajectories of the vector fields (4.4) hit every point
of the singular locus at infinity and ignore the smooth locus at infinity. In fact, the existence of meromorphic solutions to the differential
equations (4.4) depending on some free parameters can be used to manufacture the tori, without ever going through the delicate procedure of
blowing up and down. Information about the tori can then be gathered from the divisor. A partial converse to theorem 4.2, can be formulated
as follows [36] :

Theorem 4.3. We assume that condition i) in the above definition of the algebraic complete integrability is satisfied. In addition, suppose
that the system (4.4) with k + n polynomial invariants have a coherent tree of Laurent solutions, i.e., it possesses families of Laurent solutions
int, depending onn—1, n—2,..., m —n, free parameters. Then, this system is algebraic complete integrable and moreover, there are no
other Laurent solutions of m — 1 dimension than those provided by the coherent set.

The study of the algebraic complete integrability of Hamiltonian systems, includes several passages to prove rigorously. Here we mention
the main passages. We saw that if the flow is algebraically completely integrable, the differential equations (4.4) must admits Laurent series
solutions

1
at) = ({0+4+), kez, i=12.

) (1)

where z; 7, z; /,... are rational functions depending on m — 1, free parameters. We must have k; = [; and coefficients in the series must satisfy
at the 0"”'step nonlinear equations,

i

(&) +aid” =0, 1<i<m, @.5)

and at the k"step, linear systems of equations :

_ ") _ 0 fork=1
(A —H)z { polynomials in  z(1),....z*=D fork > 1, 4.6
af . . . . . .
where .# = 5 +gl | .0 18 the Jacobian matrix of the equations (4.5). If m — 1, free parameters are to appear in the Laurent series,
Z 4

they must either come from the nonlinear equations (4.5) or from the eigenvalue problem (4.6), i.e., .# must have at least m — 1, integer
eigenvalues. These are much less conditions than expected, because of the fact that the homogeneity k of the constant H must be an
eigenvalue of L. The formal series solutions are convergent as a consequence of the majorant method. By substituting these series solutions
into the constants of motion H;(z), 1 <i < n+k, one eliminates some parameters linearly, leading to an algebraic relation between the
remaining parameters, which is nothing but the equation of the divisor D along which the z; blow up; if the differential equations admit /
families of Laurent meromorphic solutions of the form above, it means that D is formed by [ algebraic curves. More precisely, you have to
prove that the set

D = {z(t),1 < i <m, Laurent solutions such that : H; (z;(t)) = c; + Taylor part}

n+k
defines one or several n — 1 dimensional algebraic varieties ("Painlevé” divisor) having the property that (| {z€ C": H; =¢;}UD, is a
i=1

smooth compact, connected variety with n commuting vector fields independent at every point, i.e., a complex algebraic torus C" /lattice.
Note that the system of coordinates zy,...,z, can be enlarged to a new set zo = 1,z1, ...,z having the property that for fixed but arbitrary

0 < j <N, wehave
i’ . .
Zj ZiZj —Zi%j Zk 2]
(f) =5 =Yau( ) ()
Zj 75 ] Zj Zj

i.e., the ratios == form a closed system of coordinates under differentiation. Indeed, consider a point p € D, a chart U j around p on the torus
Zj ’
. . . . 1z z . .
and a function z; in L(D) having a pole of maximal order at p. Then the vector (—, —1, e S provides a good system of coordinates
Zj Zj Zj

——
in U;. Then taking the derivative with regard to one of the flows (ﬁ) are finite on U; as well. Therefore, since z? has a double pole
Zj
along D, the numerator must also have a double pole (at worst), i.e., z;z; — z;z; € L(2D). Hence, when the divisor D is projectively normal,
i.e., whenever L(kD) = L(D)®* which means that the space L(kD) is generated by homogeneous polynomials of degree k in some basis

elements of L(D). At the bad points, the concept of projective normality play an important role: this enables one to show that ﬁ isa

Zj

OHyy; 7 IHyn

Fra i v
are straight line motions on this torus (for concrete applications, see for example [32, 36, 39, 40, 41, 42, 43]). Let’s point out that having
computed the space of functions .£’(D) with simple poles at worst along with the expansions, it is often important to compute the space of
functions £ (kD) of functions having k-fold poles at worst along with the expansions. These functions play a crucial role in the study of
the procedure for embedding the invariant tori into projective space. As mentioned previously, the idea of the Adler-van Moerbeke’s proof
[37, 38] consists of using arguments similar to those used in the proof of the real Arnold-Liouville theorem [12], and we can call this result
the Liouville-Arnold-Adler-van Moerbeke theorem:

bona fide Taylor series starting from every point in a neighborhood of the point in question. Therefore, the flows J
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Theorem 4.4. Let M be an n-dimensional complex compact manifold with n independent meromorphic functions. Assume that :

(i) For some divisor D, there exist n non-vanishing holomorphic vector fields X1, ...,X, on the affine variety M \D = M which commute and
are independent at every point.

(ii) One vector field, say Xy (where 1 < k < n), extends holomorphically on M and having the property that, for all p € D,

{gff%(p) 0<|r|<ete C} cM,

where gik denote the flow of X.. This condition means that the orbits of Xy through D go immediately into the affine part M and in particular,
the vector field X;. does not vanish on any point of D. B
Then, M is an Abelian variety and the vector fields X1, ..., X, extend holomorphically and remain independent on M.

1) As an example, consider the Kac-van Moerbeke periodic lattice [44] given by the following system :
xj=xj(xj_1 —xjy1), j=1,...,5
where (x1,...,x5) € C and x j = Xj1s5. This vector field forms a Hamiltonian system for the Poisson structure
x50} = 22 (8j k1 — Sjgr ), 1< J,k<5

and admits three independent first integrals

Hy = xyx3+x0x4 +Xx3%5 +X4X1 +X5x2,
Hy = xi+x+x3+x4+xs,
H3 = X]X2X3X4X5.

Note that H| and H; are involution while H3 is a Casimir, and the system in question is therefore integrable. The affine manifold

3
ﬂ{X:(x17x27x3,X47XS)GCSZH/‘(X):CJ'}7 (c1,e2,¢3) €C?, c3#0
=1

is isomorphic to Jac(C)\D where C is a curve of genus 2 given by the equation.
2 3 2 2
wo = (z —c1z +02z) —4z,

and D consists of five copies of C in the Jacobian variety Jac(C). The flows generated by H; et H, are linearized on Jac(C) and the system is
algebraically completely integrable. The reader interested in the study of this system via various methods can find further information with
more detail in [39] as well as in [45].

2) The problem we are going to study now is the generalized periodic Toda systems. We consider / + 1 vectors ey, ..., ¢; in the Euclidean
vector space (R'*1,(.|.)), 7 > 1, linearly dependent and such that they are [ to [ linearly independent (i.e, for all j, the vectors e, ...,é}, ..., ¢

I 1
are linearly independent). Suppose that the non-zero reals &, ..., &; satisfying Z &jej =0 are non-zero sum; that is, Z £i#0. Let
j=0 j=0
Q = (aij)o<i,j<; be the matrix where

We consider the vector field Xg on C2+D) | defined by
i=xy y=Ax,  (xyeC'th,

where x.y = (x0y0, ..-,x;y;). It has been shown [32] that if X, is an integrable vector field of an irreducibly algebraically completely integrable
system, then Q is the Cartan matrix of a twisted affine Lie algebra. Specific detailed results concerning this problem can be found on the
technical paper [39] and also in [32, 46] and references therein, about link between Abelian varieties, Dynkin diagrams, singularities and
Toda lattice. The periodic / + 1 particle Toda lattices are associated to extended Dynkin diagrams. They are completely integrable and have
as many polynomial invariants as points in the Dynkin diagram. The affine variety defined by the intersections of the constants of the motion
is completed into an Abelian variety by the addition of a specific divisor D. The latter consists of [ + 1 irreducible components D; each
associated with a root «; of the extended Dynkin diagram A. The intersection of k components D}, ..., D}, satisfies the following relation :
order(W)
det(Q)
Cartan matrix going with the sub-Dynkin diagram «;,, ..., &, associated with the kK components. The intersection of all the divisors except
one is a discrete set of points whose number is explicitly determined, but on the other hand the intersection of all the divisors are empty. The
set-theoretical number of points is given (in terms of the Dynkin diagram) by

the intersection multiplicity of the intersection of k components of the divisor equals where W and A are the Weyl group and the

Number of ﬂ Dg | = Pa

(Order(Weyl group of the Dynkin diagram A\ o) )
bla Po

order(Weyl group of the Dynkin diagram A\ &)

where the integers pq, are given by the null vector of the Cartan matrix (going with the extended Dynkin diagram A). The singularities of the
divisor are canonically associated to semi-simple Dynkin diagrams and those of each component occur only at the intersections with other
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components and their multiplicities at the intersection with other divisors are expressed in terms of how a corresponding root is located in the
sub-Dynkin diagram determined by this root and those of the members of the above divisor intersection. We have

sing(Dy) CDN Y, Dj, k=0,...,1
0<j<l
Jk
and this inclusion is valid for the singular locus sing(Dy) of D;. The multiplicity of the singularity of a particular component Dy, at
its intersection with m other divisors is entirely specified by the way the corresponding root o, are located in the sub-Dynkin diagram
O, Oy 5 ..., &, . (See [39], for proof of these results as well as other information).

There are many examples of Hamiltonian systems, called algebraic completely integrable in the generalized sense, for which all movable
singularities of the general solution have only a finite number of branches and the complex invariant manifolds are coverings of Abelian
varieties. These systems of differential equations possess solutions which are Laurent expansions containing n-th root terms of type v/f (¢
being complex time) and whose coefficients depend rationally on certain algebraic parameters. In other words, for these systems just replace
in the above definition of the complete algebraic integrability of Hamiltoian systems, the condition ii) by by this one,
n+k
iii) the invariant manifolds ﬂ {z € C™: H; = ¢;} are related to an [-fold cover T" of the torus 7" ramified along a divisor D in T" as follows
i=1

n+k .
({zeC":H;=¢;} =T"\D.
i=1

Let H,, be a family of Hamiltonians [47, 48] :

1
Hpu(x,y) = 5(p,%+p§) + o Vin(x,y), m=1.2,...
where
[m/2] —k |2m72k
Vn(x,y) =Y, (m— )27 ok -k m=1,2,..

= K(2k—m)!
It is easy to verify that the associated Hamiltonian systems have a second first integral :

Fu(x,) = px(xpy —ypx) + 0ux® Vi1 (x,y), m=1,2,...

and they are Liouville integrable. The study of the systems corresponding to the cases m > 3 is not obvious contrary to the cases m = 1 and
m = 2 whose study is immediate. For m = 3, the study is reduced to that of the Hénon-Heiles system [49]:

yio= X,

Y2 = x .7
X1 = —&y1 -2y,

Xy = —y% — l6ey, — 16y%7

corresponding to a generalized Hénon-Heiles Hamiltonian

€ 16
— (07 +16y3) +)1y2 + 3

1
H=2(d+23)+3 3

2
where y1,y2,x1,X, are canonical coordinates and momenta respectively and € a constant parameter. The associated Hamiltonian system has
the following second constant of motion :

2
F = 3x} +6exy7 + 12x]y7y2 — 4x1x0y] —4eyiy, —4yiys +3e7y] — gy?‘

2 (0H OF JH JF
The functions H and F commute : {H,F} = Z (— —— —) = 0. The system (4.7) admits Laurent solutions in /7, depending
=\ Ox; Iy Iy I

on three free parameters : o, 3, ¥ and they are;xplicitly given as follows

2 2
o o, oE” 4 o By
= BV Vi SV S
Y N AT Vie gtV
3 e o 28, a/i'3
- _ T =y 4.8
72 82 2+12 R S 4.8)
X = —lﬂ B\/ —atf—}——ocstf 2/31?3\/—0—
21‘\[ 2
3 1 4
x) = —+—o?——elr+apr>—4y’+-..

43 12 5
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As previously mentioned, the convergence of these series results from the majorant method. By replacing these series in the equations H = a,
F = b, one eliminates one parameter linearly, leading to an algebraic relation between the two remaining parameters, which is nothing but
the equation of an algebraic curve D along which the (y1(¢),y2(¢),x1 (¢),x2(¢)) blow up. To be more precise, we have

go_ L 2 13 g 4
T 9% Y 288 3679
8
F = —144af’+ 5 3ﬁ8 +9a —33ya* =b
which implies that
294e 143 4 44
144083 o3 PR 7(43_ ) 4 -0
af’ — o’ B+ 504a 1 +21 e —-3ala"+b=0
Let
2
A= ({O1,y2.x1,%2) € C* 1 H(y1,y2,x1,%2) = a,F (y1,y2,%1,%2) = b}, 4.9

k

1

be the smooth affine surface defined by putting the two invariants H and F equal to generic constants a and b. The Laurent expansions above
where (y1(¢),y2(t),x1(t),x2(¢)) blow up contain square root terms of the type /7 and admit three free parameters and in addition these
solutions restricted to the surface A are parameterized by the curve D. We will see that (4.7) is in fact a generalized algebraic completely
integrable system but is part of a new system that is algebraically completely integrable. This latter is a system of five nonlinear differential
equations with five unknowns having three first integrals, two of which are cubic and one is quartic. By inspection of the expansions (4.8),
we look for polynomials in (yy,y2,x1,%2) without fractional exponents, which suggests considering the following change of variables :

21 =y1, 2 =Yy, 3 =x2, 4 =Yy1x1, 25 = 3x} +2y7 . (4.10)

Note that this change of variables determines a morphism on the affine variety A (4.9). Using the two first integrals H, F' and differential
equations (4.7), we obtain the following system :

o = 2.,
2 = 3,
3 = —z1— 1687 — 1623, .11
] 8 1
4 = —€n— 34122 + 3%
s = 27123 — 82074 — 6€x4,
having two cubic and one quartic invariants (constants of motion),

G = %811 + ézs +8e23 + %z% + %zlzz + %612

Gy, = 9’7+ zg +6€2125 — 223 — 24€23 20 — 12212324 + 242025 — 162323,

Gy = z1z5— 3@% — 22%22.

This new system is a completely integrable Hamiltonian system where G| is the Hamiltonian whose structure is determined by the bracket

()= (2,2
) - 827 aZ )

the anti-symmetric matrix J defines a Poisson structure for which the corresponding Poisson bracket satisfies the Jacobi identity. The two
first integrals G| and G, are in involution while the latter G is trivial (i.e., a Casimir function). For generic values of constants ¢y, ¢; and c3,
the invariant variety

B=({(z1,22,23,24,25) € C° : Gy (21,22, 23,24, 25) = Ci }, (4.12)

B

k=1

is a smooth affine surface. The differential equations (4.11) admit Laurent series expansions restricted to the surface B (4.12); these solutions
can be read off from (4.8) and the change of variable (4.10) and depend on four free parameters. We have shown that the change of variables
(4.10) transforms the system (4.7) into an algebraic completely integrable system (4.11) of five differential equations in five unknowns and
parallel to that, the affine variety A (4.9) is transformed into the affine part B (4.12) of an Abelian variety B. The Hamiltonian system (4.7) is
a generalized algebraic complete integrable system, the invariant surface A (4.9) can be completed as a cyclic double cover A of an Abelian
surface B and in addition, A is smooth except at the point lying over the singularity of type Az whose resolution A of A is a surface of general
type. This explains (among other) why the asymptotic solutions to the differential equations (4.7) contain fractional powers. All this is
summarized as follows [50] :

Theorem 4.5. The system (4.7) admits Laurent solutions with fractional powers depending on three free parameters and is algebraic
complete integrable in the generalized sense. In addition, this system is part of a new system of differential equations (4.11) in five unknowns
having two cubic and one quartic invariants (constants of motion). This last system possesses Laurent expansions (but without fractional
powers) depending on four free parameters and it is algebraically completely integrable.
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The case m = 4 corresponds to Ramani-Dorizzi-Grammaticos (RDG) potential [47, 48], whose corresponding system is given by

i—ai (6 +363) =0, G- (341 +843) =o0. (“.13)

These equations can be written in the form of an integrable Hamiltonian system whose Hamiltonian is given by

Lo a0 3,55 1y gy
Hl:E(P1+P2)—561142—1CI1—26]2~

The second first integral being
1
Hy = pi = 6aiq5p1 + 414> — aipt + 4043 +4aiqapi 2 — iP5 + 741
The first integrals H| and H, are obviously in involution. For generic (by,b,) € C2, the affine variety B defined by
2
B=({z€C*: H(z) = by}, (4.14)
k=1

is a smooth surface. The solutions of the differential equations (4.13) in the form of Laurent’s series depend on three free parameters u, v, w.
and are written

= —(u——dr4v® — AP 4 —u(Gidv— —ub 4+ 3xw)rt -

a ﬁ(“ UV T g A UGy T gsg it F 3w A )
1/1 1 1 1 1

@ = ;<§K—ZKuzt—i—gK'u4[2+ZKM(§u5_3")[3“""’14“’"')a (4.15)
1 15 2 255397, 7 (35 T 3 4

= —(—u— i3 - Su( Swdv— —ub 4 3kw |

P 2z\ﬁ(“ GV T g R\ G T gt TR ) )
L1 b 4o 1 L s 3 4

o= 3 _§K+§Kut +§Ku ke =3v |t +3wtm 4 |,

where k¥ = £1. The convergence of these series derives from the the majorant method. Note that these solutions contain square root terms of
type /¢, and we will see that these terms can be removed by introducing the variables z1,22,23,24,25 (4.17) which restores the Painlevé
property (that is, the only singularities are poles) of the system in question. Substituting (4.15) in the invariants H; = b; and H, = by, after
eliminating the parameter w, we obtain the following equation (of a curve of genus 16 denoted I') connecting the parameters u and v :

aluv3 +a2u6v2 —a3u11v+a4b1u3v—a5u16 —a6b1u8 +by+a;=0. 4.16)
where a; = %, ay = 2731’ az = 289f9827, as = 788139326, as = égggg, ag = %, a7 = 1536%#. Consider on the variety B (4.14), the following
morphism

v:B—C, (q1,92,P1,p2) — (21,22, 23,24, 25),
where

u=q, n=@, B=p, W=qp, =P —0Pp @.17)

These variables are easily obtained by simple inspection of the series (4.15). By using the variables (4.17) and differential equations (4.13),
one obtains

21 = 2z,

= 3,

i = 2(3z1+82), (4.18)
4 = z%+421z%+zs,

s = 27124 +4Z%Z4 —2212223.

This new system on C> admits the following three first integrals

1 I T U S
Fi = —zms—uB+-4—-74-23,
1 225 2122+223 4z1 25
1
R = z% — z%zs +4z1207324 — z%z% + Zz‘f — 4z§z§, (4.19)
B = Z1Z5+Z%Z%*ZAZ;-

The first integrals F; and F; are in involution , while F3 is trivial (Casimir function). The invariant variety A defined by

{(z1,22,23,24,25) € C° : Fx(21,22,23,24,25) = Cx }, (4.20)

e

A=

k=1
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is a smooth affine surface for generic values of (c1,c2,¢3) € C3. The system (4.18) is completely integrable and possesses Laurent series
solutions which depend on four free parameters o, 3,y et 0 :

1 1
a = Je-zo +ﬁz—1—6a(a +4ﬁ>z +yd 4
1 1 1 1 3 2 3
n = 2tK 41<a+8xat 321<< a +12ﬁ>z +6r +---,
1 1 1
5 = f?KngKaszK( (x3+12[3)z+3912+~-~, 421)
1 1 3 3,
4 = —?(X-F*ﬁ—*a(a +4/3)z+7yt +eey
1 1
s = oa« fz(a +4ﬁ)+4a(a +2ﬁ> (azﬁ—27+4xea>z+m7

where Kk = £1. The convergence of these series is guaranteed by the majorant method. By replacing these series in the equations F; = ¢y,
F, = ¢y, F3 = c3 one eliminates two parameters Y and 0 linearly, leading to an algebraic relation between the two remaining parameters,
which is the equation of an algebraic curve C of genus 7,

64B3 — 160°B2 — 4 (a6 ~3202¢; — 16C3> B+a <32c2 —32atc; +ab — 16062C3> —0. (4.22)

The Laurent solutions restricted to the surface A (4.20) are thus parameterized by two copies C_; and C] of the same Riemann surface C
(4.22) and we embed these curves in a hyperplane of P'%(C) using the sixteen functions :

I, 21, 2, 2z5-25, 23+2kB, atkuzn, Wh.hH), AlA+2kf), HA+2Kkf), z(f+2Kf),
5(fs+2xfs),  fs(fi+2kfe), ff(f+2xfs), fafs+W(fi,fa)s W, 1) +2kW(fi.fe), f5—2z5+4f7,

where W (s, sr) = § ;s — s is the Wronskian. The curves Cy and C_; have double points in common where they are tangent to each other
and which are a singularity of type A3 of C; +C_;. The Hamiltonian system (4.13) is algebraic complete integrable in the generalized sense
and the invariant surface B (4.14) is completed as a cyclic double cover B of the Abelian surface A, ramified along the divisor C; +C_;.
In addition, B is smooth except at the singularity above and the resolution B of B is a surface of general type. Let G be a cyclic group of
two elements {—1,1} on V{ = U{ x {t € C:0 < |t < 8}, where T = /7 and U{ is an affine chart of I'¢ for which the Laurent expansions
(4.21) are well defined. Since the action of G is defined by (—1) o (u,v, T) = (—u, —v,—7) and is without fixed points in ng, then the quotient
ng /G identifies itself with the image of the smooth map hé : ng — B defined by the Laurent series (4.21). We have

(-1, 1).(u,v,7) = (—u,—v, 1), (1,=1).(u,v, 7) = (u,v,—7),

which means that G x G acts separately on each coordinate and so,, identifying V{ / G? with the image of Yo h] in A. Note that, except for a
finite number of points, Bl = V’ /G is smooth and the coherence of the Bj follows from the coherence of V] and the action of G. After
gluing various varieties BE\{some points} on B, we obtain a smooth complex manifold ﬁ which is a double cover of the Abelian variety A
ramified along C + C_1, and therefore can be completed to an algebraic cyclic cover of A. We would like to know information on the points
that are missing. For this, we must examine the image of I" x {0} in UBL. The quotient T" x {0} /G is birationally equivalent to the curve Y
defined by the equation :

a1y3 +a2x3y2 — a3x6y+a4b1x2y - <(Jt5x8 +a6b1x4 —by — a7> x=0,

and its genus is 7, where ay,...,a7, have been defined above and y = uv,x = u?. The curve Y is birationally equivalent to C and the
only points of Y fixed under (u,v) — (—u,—v) are the points at eo. These correspond to the (double) ramification points of the map
I'x {0} — Y (u,v) — (x,y), and coincide with the points at oo of the curve C. The variety B constructed above is birationally equivalent
to the compactification B of B and B is a cyclic double cover of the Abelian surface A. The system (4.13) is algebraic complete integrable in
the generalized sense and B is smooth except at the point lying over the singularity (of type A3) of C; +C_1. The resolution B of singularities
of B, is a surface of general type with invariants : Euler characteristic of B=1and geometric genus of B=2. In conclusion, we have [51],

Theorem 4.6. The Hamiltonian system (4.13) is algebraic complete integrable in the generalized sense and possess Laurent expansions
depending on three free parameters : u,v,w, and containing square root terms of type \/t. These Laurent solutions restricted to the affine
manifold B (4.14) are parameterized by two copies I'y and I'_| of an algebraic curve I" (4.16) of genus 16. This system is part of a new
algebraically completely integrable system (4.18) in five unknowns and having three quartics invariants (4.19). The complex invariant
manifold A (4.20) defined by putting these polynomial invariants equal to generic constants is the affine part of an Abelian surface A with
A\A = C; +C_y, where the divisor C; +C_y is very ample and consists of two components C1 and C_y of a genus 7 curve C (4.22). In
addition, the invariant manifold B is completed into a cyclic double cover B of the Abelian surface A, ramified along the divisor C1 +C_1 in
such a way that the vector fields extend holomophically alond this divisor and remain independent there. Moreover, B is smooth except at
the point lying over the singularity (of type A3) of C1 +C_ and the resolution B of B is a surface of general type with invariants : Euler
characteristic of B=1and geometric genus of B=2.

5. Conclusion

At the end of this paper, it is worth to mention some similar problems as well as recent results. Abelian varieties, very heavily studied by
algebraic geometers, enjoy certain algebraic properties which can then be translated into differential equations and their Laurent solutions.
Among the results presented in this paper, there is an explicit calculation of invariants for Hamiltonian systems which cut out an open set in
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an Abelian variety and various algebraic curves related to these systems are given explicitly. The integrable systems presented here are
interesting problems, particular to experts of Abelian varieties who may want to see explicit examples of correspondence for varieties defined
by different algebraic curves. The methods used are primarily analytical but heavily inspired by algebraic geometrical methods. The concept
of algebraic complete integrability is quite effective in small dimensions and has the advantage to lead to global results, unlike the existing
criteria for real analytic integrability, which, at this stage are perturbation results. In fact, the overwhelming majority of dynamical systems,
Hamiltonian or not, are non-integrable and possess regimes of chaotic behavior in phase space. The methods used are primarily analytical
but heavily inspired by algebraic geometrical methods. Abelian varieties and cyclic coverings of Abelian varieties, very heavily studied by
algebraic geometers, enjoy certain algebraic properties which can be translated into differential equations and their Laurent solutions.

In recent years, other important results have been obtained following studies on the KP and KdV hierarchies. The use of tau functions related
to infinite dimensional Grassmannians, Fay identities, vertex operators and the Hirota’s bilinear formalism led to obtaining remarkable
properties concerning these algebras of infinite order differential operators as for example the existence of an infinite family of first integrals
functionally independent and in involution. The elaboration of powerful methods and the discovery of their common algebraic structures
led to important developments concerning the study of nonlinear problems. The functions 7(¢) are specific functions of time, constructed
from sections of a determinant bundle on an infinite-dimensional Grassmannian manifold. These functions generalize the Riemann theta
functions and they are solutions of the KP hierarchy, i.e, solutions of an infinite series of nonlinear partial differential equations connecting
infinity of functions of infinity variables. The functions 7(z) can be Schur polynomials, falling within Fredholm’s group representation
theory or determinants. Recently, a new type of tau function has appeared, within the framework of quantum gauge theory with gauge group
SU(N) when N is large. This led to the so-called matrix models (quantum gravity) for counting triangulations on certain surfaces (topology).
The underlying models have remained relatively intractable except in two space-time dimensions; although being physically toy models,
their structure is still very rich. The first tau function was introduced by Sato, Miwa, and Jimbo in relation to the theory of isomonodromic
deformations. It has been defined as a correlation function of certain quantum fields associated with the poles of a Fuchsian system on the
Riemann sphere. These functions give information on the topology of moduli spaces of Riemann surfaces and are closely related to the
theory of representations of Virasoro algebras and W-algebras. The 7(r) functions play an important role in a large number of branches of
mathematics and theoretical physics, such as integrable systems, string theories, quantum-gauge theories, isomonodromic deformations,
matrix models (quantum gravity), the associated matrix integrals which have power series expansions (perturbative series) and whose terms
count the triangulations on surfaces (Feynman graphs), the module problems and in many other domains. Many problems related to algebraic
geometry, combinatorics, probabilities and quantum gauge theory,..., have been solved explicitly by methods inspired by techniques from the
study of integrable systems. In particular, the study of random matrices, a domain that establishes links with several problems, for example
with combinatorics, probabilities, number theory, models of growth and random tailings and questions of communication technology. The
functions 7(¢) are the source of inspiration for many mathematicians and physicists in search of new algebraic structures appearing in
mathematics and physics. The vertex operators give a good device to the investigation of the matrix models and the spectrum of the stochastic
matrices. An account of these results will appear elsewhere.
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