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Abstract

If the generic fibre f~!(c) of a Lagrangian fibration f : X — B on a complex Poisson—
variety X is smooth, compact, and connected, it is isomorphic to the compactification
of a complex abelian Lie-group. For affine Lagrangian fibres it is not clear what the
structure of the fibre is. Adler and van Moerbeke developed a strategy to prove that
the generic fibre of a Lagrangian fibration is isomorphic to the affine part of an abelian
variety.

We extend their strategy to verify that the generic fibre of a given Lagrangian fibration is
the affine part of a (C*)"—extension of an abelian variety. This strategy turned out to be
successful for all examples we studied. Additionally we studied examples of Lagrangian
fibrations that have the affine part of a ramified cyclic cover of an abelian variety as
generic fibre. We obtained an embedding in a Lagrangian fibration that has the affine
part of a C*—extension of an abelian variety as generic fibre. This embedding is not
an embedding in the category of Lagrangian fibrations. The C*—quotient of the new
Lagrangian fibration defines in a natural way a deformation of the cyclic quotient of the
original Lagrangian fibration.



Zusammenfassung

Die generische Faser einer Lagrangeschen Faserung f : X — B ist isomorph zu der Kom-
paktifizierung einer komplexen abelschen Lie—Gruppe, wenn sie kompakt und zusammen-
héngend ist. Sind die Fasern affien ist im Allgemeinen nicht klar, was die Struktur der
Faser ist. Adler und van Moerbeke haben eine Strategie entwickelt nach zu weisen, dass
die Faser isomorph zum affinen Teil einer Abelschen Varietét ist.

Wir konnten ihre Strategie fiir die Félle in denen die Faser der affine Teil einer (C*)"—
Erweiterung einer Abelschen Varietét ist erweitern und diese erfolgreich in mehreren
Beispielen anwenden. In den Beispielen die wir untersucht haben stellten wir fest, dass
Lagrangesche Faserungen, deren generische Faser der affine Teil einer verzweigten, zyk-
lischen Uberlagerung einer Abelschen Varietit ist in eine Lagrangesche Faserung einge-
bettet werden konnen, deren generische Faser der affine Teil einer C*—Erweiterung einer
Abelschen Varietdt ist. Der C* Quotient der neuen Lagrangeschen Faserung definiert
auf natiirliche Weise eine Deformation des zyklischen Quotienten der urspriinglichen La-
grangeschen Faserung.
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Introduction

An important source of examples of Lagrangian fibrations are integrable systems. A
family of simple examples of integrable systems is obtained from the Hamilton function

1
H= 5 (pi+p3) + V(e +a3) -
This mechanical system has two degrees of freedom and is always integrable. The second
integral is given by the angular momentum:

G :=Dpig2 — p2q1 -

The equations of motion can be solved in terms of quasiperiodic functions as one would
expect as G defines a rotational symmetry. Surprisingly many other integrable systems
have equations of motion that can be integrated in terms of quasiperiodic functions that
have no explicit symmetry. On example is the integrable spinning top Kovalevskaya dis-
covered [Kov89]. She showed that the equations of motion can be integrated in terms of
hyperelliptic functions. To find her integrable system Kovalevskaya computed Laurent
series solutions to the equations of motion.

Later in the early 1980s Adler and van Moerbeke developed a strategy, based on Ko-
valevskayas Laurent series method, to prove that the generic fibre of a given example of
a Lagrangian fibration is isomorphic to the affine part of an abelian variety A and that
the Hamiltonian vector fields extend to holomorphic vector fields on A. It turned out
that this strategy is very fruitful, as it could be applied to various examples.

In the late 1980s an interesting example of a Lagrangian fibration that has no complete
Hamiltonian vector fields, but is not isomorphic to the affine part of an abelian variety
was found [BvMS87|. This example yields an action of a cyclic group and the Lagrangian
fibration of the quotient has the affine part of an abelian variety as generic fibre. Pio-
van [Pio92| showed that in this case the generic fibre is isomorphic to the affine part of
a ramified cyclic covering of an abelian variety, but the vector fields do not extend to
holomorphic vector fields on the completion.

1999 Fedorov [Fed99| showed that the flow of a Hamiltonian vector field of a concrete in-
tegrable system can be integrated in terms of generalised theta functions, which indicates
that the generic fibre is isomorphic to the affine part of a complex abelian Lie—group,
that is a C*—extension of an abelian variety. At the same time Gavrilov constructed an
integrable system on a family of affine parts of generalised jacobian varieties of a given
family of singular curves [Gav99].

In this thesis we give an extension of the strategy of Adler and van Moerbeke to prove
that the generic fibre of a given Lagrangian fibration is isomorphic to an affine part of
a (C*)"—extension of an abelian variety. We apply this strategy successfully to several
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examples. For all examples we have studied we observe an interesting phenomenon:
Lagrangian fibrations that have the affine part of a cyclic ramified cover of an abelian va-
riety as generic fibre can be embedded in a Lagrangian fibration that have a C*—extension
of this abelian variety as generic fibre. This construction even works in the case of an
integrable system discovered by Duistermaat, where the generic fibre is isomorphic to a
cyclic ramified cover of a C*—extension of an abelian surface. For this example we obtain
an embedding in a Lagrangian fibration that has the affine part of a (C*)?-extension of
an abelian surface as generic fibre.
All these strategies can be used to study the geometry of the general fibre. To obtain
a complete description of the fibration, we have to study the special fibres as well. We
hope that our analysis of the examples can be extended to include the singular fibres.
The first chapter is devoted to Kovalevskayas method and the strategy of Adler and van
Moerbeke. We give a short introduction to the basic definitions and results of Lagrangian
fibrations and integrable systems. In the sections 1.6 and 1.7 we extend the strategy of
Adler and van Moerbeke to the case where the generic fibre of a Lagrangian fibration is
isomorphic to the affine part of a (C*)"—extension of an abelian variety.
In the chapters 2 and 3 we apply this strategy to the cases of integrable potentials of
degree 3 in two variables, that were not investigated before. Together with the already
known Hénon—Heiles example, we now have results for all these cases. We study the
Duistermaat—system in chapter 4 this yields the first example of an integrable system
whose generic fibre completes in to a cyclic ramified cover of a C*—extension of an abelian
surface, as far as we know. An integrable potential of degree 4 in two variables is studied
in chapter 5. It was already known that the generic fibre of this integrable system is
isomorphic to the affine part of a cyclic ramified cover of the product F x £ of two
elliptic curves. From the embedding in an integrable system that has the C*—extension
of an abelian surface we obtain a deformation of the cyclic quotient of the original system.

vi



1 Integrable systems

1.1 Poisson varieties and integrable systems

We review some basic definitions and results on Poisson—geometry. In the following we
work in the category of complex analytic spaces. In most examples we are dealing with
affine or projective varieties over C.

Definition 1 (Poisson—variety) A Poisson—variety is a complex analytic space X
together with a Ox—biderivation, the so called Poisson—bracket

{"'}:OXXOXHOX, (f’g)’_){fhg}

that puts the structure of a sheaf of Lie algebras on Ox. So {.,.} is skew—symmetric and
we have for all f, h, g € Ox the Jacobi identity:

{fi{h, g}y +{h {9, f}} +{9,{f,h}} =0.

The Poisson—bracket induces a map:

X:0x —0Ox, frxr=1{f.}.

We call the vector field x; the Hamiltonian vector field of f. From the Poisson—bracket
on X we obtain an element 6 € /\2 O xree On the regular part X8 of X by:

0(df,dg) :=={f,g} -

On a normal variety it is equivalent to define a Poisson-bracket via a biderivation {.,.}
or by an element 6 € /\2 O xrez that induces a Poisson—bracket on X™&. On the regular
part of X we obtain a morphism of O xree—modules:

QXreg — @Xreg 5 o — 9(0[, ) .

The rank of this O xres—morphism has to be even as 8 is skew symmetric and we call this
the rank of the Poisson—bracket.

Definition 2 (Poisson—morphism) A morphism ¢ : X — Y between Poisson—
varieties is called Poisson—morphism if for all f,g € Oy:

" fiv*gtx =" {f, 9}y

Here we denoted with {.,.}x the Poisson—bracket on X and with {.,.}y the Poisson—
bracket on Y.
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The product X x Y of two Poisson—varieties X and Y carries a natural structure of a
Poisson—variety in such a way that the projections to X and Y are Poisson—morphisms.
It is the product in the category of Poisson—varieties.

Definition 3 (Symplectic variety) A 2n—dimensional complex normal variety with

a non—degenerate, closed two form w € H O(Qg(reg) is called symplectic variety (X,w).

The symplectic form w induces an isomorphism between 2xree and O xres which is
usually denoted by:

QXreg - @Xreg , QO Oé# .

We can define a Poisson—bracket on X' by:

{f.g} = dg(df?)

and as X is normal, it extends to a Poisson—bracket on X. A simple but important
example of a symplectic variety and hence a Poisson—variety is C?", together with the
standard symplectic form:

n
W= dei Ndgi ,
=1

where we denote by q1,...,¢n,P1,--.,pn the coordinates of C**. The symplectic form w
induces the following Poisson—bracket:

Via the next theorem we obtain Poisson—varieties from quotients by reductive groups.
Theorem 1 The quotient of an affine Poisson—variety X by a reductive group G is again
a Poisson—variety if G carries a Poisson—structure that turns the action of G on X:

GxX—-X

i to a morphism of Poisson—varieties.

A proof is given in proposition 2.23 in [Van96]. We obtain two interesting examples of
reductive quotients.

Corollary 1 The quotient of an affine Poisson—variety X by a finite group X is again
a Poisson—variety if for oll f,g € Ox and o € 3

o {f, g} ={o"f,0%g} .

Proof. A finite group carries a trivial Poisson—structure and the condition of the corollary
just states that the multiplication with all elements of ¥ defines a Poisson—morphism from
X to X and so the multiplication map turns in to a Poisson—morphism. O



1.1 Poisson varieties and integrable systems

If G denotes a complex Lie—group that acts on X
gx X — X.

For each element v € T.G we obtain the adjoint vector field V, € H’(X,0x). If a
collection of vector fields Vi, ..., V, € HY(X,©Ox) obtained as the adjoint vector fields of
a basis of the Lie—algebra g of a Lie—group G acting on X, we say that the group action
of G on X is induced by the flow of Vi,..., V.

Corollary 2 Let X be an affine Poisson—variety and G a connected reductive Lie—group
acting on X. The quotient X//G is a Poisson—variety, if for all adjoint vector fields
Ve HO(X, @X) and f,g € Ox:

V{figy ={Vf g} +{fVg}.

Proof. We have to show that for all ¢ € G the multiplication by ¢ defines a Poisson—
morphism from X to X. We can write the multiplication by g as the flow of a adjoint
vector field V by some value ¢t € C and the Poisson—bracket is invariant under the action
of g if the Lie-derivation by the adjoint vector field V is zero. This yields

Lyb(df,dg) =V{f,g} —{Vf, 9} —{f. Va} ,
evaluated at some df,dg for f,g € Ox. O

Corollary 3 Let X be an affine Poisson—variety and xg o Hamiltonian vector field
defined by the global section G € Ox(X). If xg induces via its flow a C*—action on X
the quotient X//C* = spec(Ox (X)) is again a Poisson-variety.

Proof. To apply theorem 1 we have to show, that the C*—action is a Poisson—action which
is equivalent to show, that the Lie—derivation of the Poisson—bracket by xg vanishes,
which is a direct computation:

Ly 0(df, dg) = xc{f. 9} — {xaf 9} — {f, xcy}
= {G? {f,g}} - {{Ga f}ag} - {f7 {Gag}}

={G,{f,9}} +{9.{G, f}} + {f, {9, G}}
=0.

A Poisson—variety caries a special classes of subvarieties.

Definition 4 (Involutive subvariety) An ideal sheaf 7 C Ox is called involutive, if
{Z,7} C Z. We call a subvariety Y C X involutive if its ideal sheaf Zy is involutive.

The dimension of an involutive subvariety ¥ C X is at least half the rank of the
Poisson—structure at the generic point of Y.
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Definition 5 (Lagrangian subvariety) An involutive subvariety L C X of a Poisson—
variety is called Lagrangian if the dimension of L equals half the rank of the Poisson—
structure at the generic point of L.

If Y C X is involutive and Z its ideal sheaf, we obtain for each f € 7 an element
Xf € Ox. As the ideal sheaf is involutive we have:

x/Z={fI}CI

so X is tangent to L and yields an element in ©y. We denote the image of 7 under the
map x : Ox — Ox by Ham(Y) C Oy. In the case of a Lagrangian subvariety L C X
the rank of Ham(L) as an Op—module equals the dimension of L.

Definition 6 (Lagrangian fibration) A flat morphism f : X — B from a Poisson—
variety X to a variety B is called Lagrangian fibration if the generic fibre is Lagrangian.

Definition 7 (Morphism of Lagrangian fibrations) A morphism of Lagrangian
fibrations from f: X — Bx to g : Y — By is a pair of a Poisson—morphism ¢ : X — Y
and a morphism ¢ : Bx — By, such that the diagram

X% v

b

Bx —Y— By

commutes.
An important class of examples of Lagrangian fibrations is given by integrable systems:

Definition 8 (Affine integrable system) A subalgebra A C Ox(X), where X is an
affine Poisson—variety, is called integrable system if {A, A} = 0 and dim(X)—dim(A) =r
half the rank of the Poisson—bracket.

The inclusion A C Ox(X) induces a morphism f : X — spec(A) whose fibres are
involutive subvarieties and by the condition dim(X) — dim(A) = r the generic fibre is
Lagrangian. So we obtain a Lagrangian fibration.

Definition 9 (Integrable system) A Lagrangian fibration f : X — B is called inte-
grable system if for each point b € B we have an affine neighbourhood b € A C B, such

that {f*(Op(A4)), f*(Op(4))} = 0.

1.2 The geometry of Lagrangian fibres

In this section we collect a few results on Lagrangian fibres that can be found for example
in [AMVO04]. We will in the following always assume that the generic fibre of a Lagrangian
fibration is smooth, connected and that the Hamiltonian vector fields span the tangent
space at each point. This is a natural assumption as the following statement shows.



1.2 The geometry of Lagrangian fibres

Theorem 2 The Hamiltonian vector fields of a smooth fibre f~1(b) of a Lagrangian
fibration f : X — B span the tangent space at each point of the fibre if f~1(b)NX*"9 = ()
and f=1(b) N Ry = 0. Here we denote by Ry the algebraic subset of X where the rank of
the Poisson—structure 6 is lower than at the generic point.

If we replace X with X" in the theorem above we are in the situation of [Van96|. A
natural question is: ‘What is the geometry of a Lagrangian fibre?’. This question has of
course only partial answers. An important tool to study this question is the flow to the
Hamiltonian vector fields. To avoid fancy notation we will formulate all statements for
a space X, which in our application will be the generic fibre of a Lagrangian fibration
(rather than the total space of the fibration).

For a global vector field V € H°(X,©x) on some analytic variety X we obtain the flow
of V:
Py X —- X

where X C C x X denotes an analytic open subset that contains {0} x X. The existence
is guarantied by Picards theorem for ODE’s (see theorem 2.1 in [AMVO04]). We call a
vector field V € H(X,Ox) complete if the flow is defined on C x X. If all Hamiltonian
vector fields on a Lagrangian fibre are complete, we get an answer to our question from
the next theorem, which is a complex analogue of the Arnold-Liouville theorem [Arn89|:

Theorem 3 Let X be a d-dimensional connected complex manifold and Vi,...,Vy
pairwise commuting complete holomorphic vector fields such that V1 A - -+ A\ Vg vanishes
nowhere. Then X is isomorphic to an abelian complex Lie—group.

Proof. The vector fields define a C%-action on X by:
U:ClIx XX, ((t,...,t3),x) +—><I)§}1 0@2;/220---0@%(3:)

where <I>€ji : X — X denote the flow of V; by the time t;. This is well defined since
the flows commute as the vector fields commute. The action of C¢ is locally free as the
vector fields span the tangent space at each point of X. Furthermore, the action of C% is
transitive: the C%-orbit of a point € X is both open and closed and as X is connected
it must coincide with X. From the locally freeness of the action we obtain that the
stabiliser I' ¢ C?% of a point € X of the action is a finitely generated free subgroup.
The choice of a point in z € X gives an isomorphism X ~ C¢/T. O

Note that all connected complex abelian Lie-groups are isomorphic to C9/I" for some
finitely generated free Z-module T'.
If R ' = C9 we find that X is a complex torus. If R ® I' # CY9 the Lie—group is not
compact.
On a d-dimensional analytic space X the sections Vi,...,V; € H°(X,0x) define a
section Vi A --- AV € HY(X,AOx) in the rank 1 sheaf A% y.

Proposition 1 Let Vi,...,V; € HY(X,0x) be commuting vector fields on the d—
dimensional analytic space X. The vanishing locus ¥ of Vi A--- AV € HO(X,AOx) is
invariant under the flow of all V;.
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Proof. On the smooth part X" of X the vanishing locus ¥ N X" is invariant under
the flow of V; if the Lie—derivation of V; A - -+ AV vanishes. This can be done by a direct
computation:

d
Ly,ViA-AV) =D ViA-AViia AV VAV A AV =0,
j=1

On the singular locus V1 A - - - A Vy vanishes and the singular locus is invariant under the
flow of any vector field. O

If X is compact all global vector fields are automatically complete and we obtain a
variation of theorem 3.

Theorem 4 LetVy,...,Vy € H*(X,Ox) be commuting vector fields on a d—dimensional
compact analytic space X commute. Let ¥ denote the vanishing locus of V1 A -+ A Vy.
Then X \ X is isomorphic to a complex abelian Lie—group.

Proof. Since X is compact all V; are complete. From proposition 1 we obtain that the
restriction of V; to X \ ¥ is complete and as V; A - -+ A Vg vanishes nowhere on X \ ¥ we
obtain the smoothness of X \ X. Then theorem 3 yields that X \ ¥ is isomorphic to a
complex abelian Lie-group. O

If X C P™is quasi—projective X is an abelian algebraic group.

Definition 10 (Algebraic completely integrable) We call a Lagrangian fibration
f: X — B algebraic completely integrable (a.c.i.) if the generic fibre of f is the affine
part of a complex abelian variety and the Hamiltonian vector fields extend to global
vector fields on the abelian variety.

The definition of algebraic completely integrability used by Adler and van Moerbeke
is formulated for integrable systems on a Poisson—manifold X induced by a collection of
Poisson—commuting Hamilton functions Hi,..., H, that induce an integrable system in
our sense via the polynomial momentum map:

F: X—-C, z— (Hi(x),...,Hy(x)) .

For the examples studied in this work we need this slightly more general definition. Beside
the examples studied by Adler and van Moerbeke, Hitchin [Hit94] gave a large class
of examples of integrable systems that are almost by construction algebraic completely
integrable. He showed that the cotangent bundle of moduli spaces of stable vector bundles
on Riemann surfaces carry the structure of integrable systems and are indeed algebraic
completely integrable. Explicit equations for these examples have been given later by
Vanhaecke [Van96| and by Donagi and Markman [DM96|. The fibres of these examples
are affine parts of Jacobian varieties or Prym varieties [Don95|.

Adler, van Moerbeke and Vanhaecke [AMV04| gave a criterion when the generic fibre of
a Lagrangian fibration is isomorphic to the affine part of an abelian variety, which we
will review.



1.2 The geometry of Lagrangian fibres

Definition 11 A vector field V on an analytic space X has the flow—through property
along a closed subset Y C X if for every point z € Y there exists an open subset U € C
containing the zero such that

oU,z)NY =2 and ®U,z)NX\Y #0.

As before & : X — X is the flow of V for some X C C x X containing {0} x X.
We can use this property to prove the smoothness of a projective completion:

Proposition 2 The compactification X of a smooth analytic space X is smooth if it
admits a vector fieldV € HY(X, O+) that has the flow—through property along D := X\ X.

Proof. The flow of a global vector field on a compact variety is always complete. As V
has the flow—through property along D we can find for each x € D an analytic open
neighbourhood Uy, such that the flow of V defines an isomorphism between an analytic
subsets V,, C X and U,. Now all points in X are smooth points and as the flow of V is
holomorphic we obtain that the points of D have to be smooth points of X too. O

Theorem 5 Let Vi,..., Vg€ HY(X,0x) be commuting vector fields that span the tan-
gent space of X at each point. If Vi extends to V1 € H°(X, O) with the flow-through
property along D := X \ X, then

e allV; extend to V; € H°(X,0%)

e Vi A--- AV, vanishes nowhere on X

e X is isomorphic to a complex torus.
Proof. The flow of V1 defines for each point € D an isomorphism:

d:U, -V,

from an analytic open neighbourhood U, of x to an analytic open subset V,, C X. For
all 2 <1 < g we define:

Vi: Ox(Uy) — Ox(Uy) , s+ (Vi(so @) o d.

As Ly; Vi = 0, this is well defined and since ® is an isomorphism, ViA---A Vg vanishes
nowhere on U,. From theorem 3 we obtain the last point. ]

In our applications X C C" is affine and X C P" its projective closure, then X is an
abelian variety.
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1.3 Polynomial integrable systems

On C?" an integrable system can be defined by n algebraically independent elements
Hy,...,H, €Clq,...,qn,p1,...,pn) that are in involution:

{H;,H;} =0
for all 7 and j. The morphism:
F:C™" —C", zw~ (Hi(z),...,Hy(2))

defines a Lagrangian fibration. The following one—parameter family of Hamiltonians was
introduced by Hénon and Heiles [HH63] and used in a model of a galactic system:

3

361‘(154—611(1% . (1.1)

Hei= 3 (5 +8) +
It is famous for exhibiting chaotic motion for generic €. Ziglin developed a criterion for
non-integrability of Hamiltonian systems [Zig82|, [Zig83] and proved that the Hénon—
Heiles system is not integrable for e € C\ {1,2,6,16}. Morales—Ruiz and Ramis [MR99]
developed further criteria of non—integrability extending Ziglins method. Using the re-
sults of Morales—Ruiz and Ramis, Maciejewski and Przybylska [MP04] gave a proof that
the case € = 2 is not integrable.
For e = 1 it has a second integral, that is a polynomial G; € C|q1, 2, p1, p2] independent
of Hy that Poisson commutes {H1,G1} = 0:

1 1 1
H, := 3 (p? +p3) + gq% +qg5, Gii=2pip2+qig+ §q§ :

However, if we perform a linear change of coordinates by:

q+ '=q1+¢q2, P+ =p1+p2, q-:=q —q2, pP-:1=Dp1—Dp2,

and set

1 1 1 1
Hy :=-p> +=¢ H_:==p> +=¢
+ 2p+ 3Q+7 2]0_ 3q_

then a simple computation shows:
1 1
lei(H_i_"_H_), Glzi(HJ,_—H_)

So we get a separation of variables and the fibre H; = h and G; = ¢ is the product of
the two elliptic curves Hy = $(h+g) and H_ = (h — g).

For ¢ = 6 we obtain an integrable system that is not a product. Adler and van Moer-
beke [AvMS88| proved that the generic fibre is a (1, 2)—polarised abelian surface minus a
smooth, hyperelliptic curve of genus 3. It is isomorphic to the Prym of a 2 : 1-cover of
an elliptic curve by this genus 3 curve and the Hamiltonian vector fields extend to linear
vector fields on the Prym.



1.4 Proving algebraic complete integrability

Besides this example and the cases where the integrable system is isomorphic to a prod-
uct, Dorizzi, Grammaticos, and Ramani [DGR82| discovered two additional examples of
integrable systems on C* with a homogenous potential of degree 3. The first example is
given by (1.1) for € = 16, the second one is the polynomial:

1 1 J=3
H = 5(19? +p3) + ¢} + 5611613 + 13 @ - (1.2)

Maciejewski and Przybylska [MP04| gave a proof that for a Hamilton function of the
type:

1
H:= Q(pf +p3) + Vg1, ¢2)

with a homogenous potential V' (q1,q2) € Clq1, g2] of degree 3, there are beside the cases
that are isomorphic to products only three integrable examples, namely the Hénon—Heiles
system for e = 6, ¢ = 16 and the case of (1.2). We study the geometry of the generic
fibre of the second example in chapter 2 and the third example in chapter 3.

1.4 Proving algebraic complete integrability

We now review some results of Adler, van Moerbeke, and Vanhaecke that can be found
in [AMVO04]. These can be used to show that the generic fibre of a given Lagrangian
fibration fulfils the criteria of theorem 5. Later it will be our standard situation that we
are given an embedding of a smooth affine variety X in C" and we want to prove that
its completion in P" is an abelian variety

X —-cn

|

X 2, pr

We will denote the compactifying divisor by D := X \ X.
Proposition 3 A vector field V € H°(X,Ox) extends to a vector fieldV € HY(X, O),

if for all coordinate functions yo = 1,y1,...,yn on C" there are constants c(%) € C, such
that: .
Wy —uiVy) = > Doy
a,3=0

modulo the ideal T(X) C Cly1,...,yn] of X.
Proof. We choose homogenous coordinates (zg : --- : z,) on P" in such a way that
yi = j—é We set U; = X N{z; # 0} so Uy = X. Then O(Uj;) is generated as algebra by
20, ..., 2. On the open subset U; we define a vector field V; as derivation of Ox(U;):
J J

— 2 " i) o 2

W (5) - 2w

J 0, f=0 J %j



1 Integrable systems

On the intersection Uy N U; the vector fields V and Vj coincide since:

~i Yi V(vyi)y: — V(yi)y;

J j Y;
n
_ Z (i) Yo Y3 _ Z i) Za 28
‘ap Y5 Yy of Zj Zj
7/6 0 01,6:0

= Vjluenu; () :
<j

Vilv,nu,nve = Viluinu,nte

As a consequence we find that:

s0 all V; € O©x (U;) coincide on a Zariski open subset of X and thus defines an element
Ve HY(X,0%). O

Corollary 4 Let ¢ : X — P" denote an embedding of an affine variety X defined by
the functions ¢9 = 1,¢1,...,¢0n € Ox(X) via:

= (po(x) =1:p1(x): - pp(x))

and V € H°(X,0x) a vector field. The vector field .V on o(X) extends to a vector
field V € HY(X, O), if there are constants cgé) € C, such that:

n

Vei)pj — pi(Vpj) = Z &é) Pa¥p -
7/6 O

Proof. We denote @7 : O,(x) — Ox the map of sheafs of rings induced by . We obtain:

o (Vi yj — vi(0:Vyy)) = Vi) — @i(Vep;)

Z D aps = ot Z D yays
a,3=0 o,3=0

As ¢ defines an embedding, ¢# is injective and we obtain:

(e Vui)y; — vilesVy;) = Z caﬂ (R
«a,B3=0

and by proposition 3 we are done. O

For a vector field on a projective variety it is possible to verify the flow—through
property in a direct way:
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1.5 Kovalevskayas method of computing Laurent solutions

Proposition 4 A vector field V € H°(X,0x) on a compact surface X has the flow-
through property along a divisor D if V is transversal at the generic point of D and
vanishes nowhere on D.

Proof. As the vector field is transversal at the generic point of D, it has flow—through
property at the generic point. The set of points in D where V is tangent is finite as the
dimension of D is 1. If V has not the flow—through property at one of these points and
V is not zero at this point, the flow of V defines an isomorphism between an analytic
open subset Uy C C and an analytic open subset U; C D. Now V is tangent at all points
of Uy and if Uy is not empty, V is tangent at infinitely many points of D which yields a
contradiction. O

The condition of proposition 4 is easy to check. In our situation the embedding of X
in P" is obtained from the line bundle corresponding to the divisor D = X N H, where
H C P" is the hyperplane defined by {zp = 0}. For higher dimensional X we obtain a
recursive version of proposition 4.

Proposition 5 A wvector field V € H°(X,0x) on a compact variety X has the flow-
through property along a subvariety Y C X if V is transversal at the generic point of D
and has the flow-through property along the subvariety of Y where V is not transversal.

The proof is some howe obvious, but we can use this statement to give a recursive
algorithm to check the flow-through property for an given vector field V € H°(X, Ox)
along a subvariety Y C X. First we compute the subvariety Y; of Y where V is tangent
to Y. Now we compute in each step a subvariety Y;;1 of codimension at lest 1 in Y;
where the vector field V is tangent to Y; and continue with Y;1;. The condition of being
transversal at points is just the non—vanishing.

1.5 Kovalevskayas method of computing Laurent solutions

Sofia Kovalevskaya used families of Laurent series to find her famous integrable system
and proved that the equations of motion can be integrated in terms of theta functions
[Kov89]. For historical aspects see [Coo84).

Adler and van Moerbeke used this method to find candidates for the components of the
divisor that compactifies the generic fibre of an integrable system. If the general fibre is
indeed the affine part of an abelian variety, these Laurent series can be used to compute
a basis of the global sections of a line bundle defined by a divisor B supported on the
divisor D that compactifies the generic fibre in to an abelian variety.

We will illustrate this procedure, which is known as Kovalevskayas method or Painlevé
analysis, in a special situation. For more details we refer to [AMVO04].

We take X = C" equipped with a polynomial Poisson-structure {.,.} and Hy,..., H, €
Clx1, ...,y algebraically independent constants of motion defining an integrable sys-
tem. The momentum map is given by:

F:C"—-C", z~ (Hi(x),...,H.()) .

11



1 Integrable systems

The Hamiltonian H; defines the equations of motion:
i = {Hy,m} .

We assume that the constants of motion H; are weighted homogenous for some weights
w(x;) = v; and that the Hamiltonian vector field xp, has the property:

@ (xm ) = w(z;) + 1

for all 1 < 57 < n. Under these assumptions the ansatz:

yields:

d —U; 1
Zai(t) = tyi+1:c§0) = fi(@1(t), ... an(t) = tuﬁlfi(xg@, )

where we denote by f; := {H1,x;} the i-th component of the vector field xp,. From the
(0)

last equation we obtain n equations on the z; "’ namely

0 0
fz(xg ), a0+ Vz-xg ) =0
called the initial equations. The zero locus in C™ of this set of equations is called the
initial locus. The origin 0 € C™ is always contained in the initial locus, as the f; are
homogenous of nonzero weight. For each point p in the initial locus we can try to extended
this solution to a Laurent series:

1
zilt) = o (+ ) + )+ ... )
and we obtain equations for the higher coefficients $§k> (p) of the form:
(k1d = K@) (p),...,s0p))) «® () = RO

where z(*) (p) is the n—tuple of the k—th coefficients, R®) depends only on the coefficients
W (p),...,z* D (p), and K denotes the so called Kovalevskaya matriz defined by:

. Ofi
o 81']'

Ki + uiéij .

If K has a positive integral eigenvalue A with a corresponding eigenvector vy it is possible
to add a parameter to the Laurent series in the A-th step. We call the eigenvalues of
the Kovalevskaya matrix Kovalevskaya—exponents. As K depends on the point p of the
initial locus, the Kovalevskaya exponents in general also will depend on p.

If the Kovalevskaya exponents are constant on a component Y; of the initial locus and
we can add for all the positive integer Kovalevskaya exponents a parameter, we obtain
Laurent series parametrised by ') := Y; x C". The affine variety I'” is called the

12



1.5 Kovalevskayas method of computing Laurent solutions

Painlevé wall and denote 2T (t) the Laurent series parametrised by I'®. Laurent series
parametrised by n—1 dimensional Painlevé walls are called principal balances and Laurent
series that are parametrised by lower dimensional Painlevé walls are called lower balances.
If we substitute the principal balances 2 (t) in the constants of motion Hy,..., H, we
expect that all terms in ¢ will vanish except the constant one and we obtain r equations
by setting the values of Hy, ..., H, to some generic values hq, ..., h,. These r equations
define a subvariety in ' which is called the i-th Painlevé-divisor D;. The Painlevé
divisors are good candidates for the divisors that compactify the generic fibre since the
Laurent series solutions corresponding to principal balances define a morphism:

(©)
R VR 0L

that is locally an isomorphism, where ); C C* x I'¥. For a formal linear combination of
the components D; of the Painlevé-divisor B = ", m;D; we define:

Definition 12 Let B =Y ", m;D; for m; € Ny be a formal linear combination of the
components of the Painlevé—divisor we call the vector space:

P(B) = {f € Clay,... ] | u(f(xrm(t))) <miV1<i< m} ,

of polynomials of pole order less than B.

Remark 1 This construction can be applied to a more general situation for an affine
Lagrangian fibration f : X — B where the ideal Zx of X C C" is generated by weighted
homogenous polynomials. As X is affine the vector field x y, extends to a vector field on
C™ and from the generators of Zx we obtain extra relations for the Painlevé-divisors.

It turns out that several integrable systems do not have enough positive integral Ko-
valevskaya exponents, but they yield enough rational positive Kovalevskaya exponents.
The first example of an integrable system with this property is the Goryachev—Chaplygin
top |Gor00|, [Cha48|, which was studied by Bechlivandis and van Moerbeke |[BvM87|.
They discovered that the integrable system admits a Z/2Z action, such that the quotient
by this action is algebraic completely integrable and gave the following definition of this
new class of examples.

Definition 13 Almost algebraic integrable A Lagrangian fibration f : X — B is
called almost algebraic integrable (a.a.i.) if there is a Poisson—action of a cyclic group X
on X and f induces a Lagrangian fibration f : X/¥ — B that is algebraic completely
integrable.

Piovan [Pi092] showed that in these examples a formal Laurent series solution in a m—
th root of ¢ can be written down and he gave a criterion when the general fibre completes
in to a cyclic ramified cover of an abelian variety.

During the late 1990s an other class of integrable systems was studied. Gavrilov [Gav99]
constructed an integrable system on a family of affine parts of generalised jacobian va-
rieties of singular curves. This system has the affine part of a non compact abelian
algebraic group as generic fibre. Almost at the same time Fedorov [Fed99| integrated

13



1 Integrable systems

the differential equations of an specific integrable system in terms of generalised theta
functions of a non—compact abelian algebraic group, which indicates that the generic
fibre of this system is the affine part of a non—compact abelian algebraic group.
A simple example for an integrable system that has a generic fibre that completes not
in an abelian variety is the harmonic oscillator. In two degrees of freedom the harmonic
oscillator is defined by:

H:= H + H,

for:
1
Hy:=G=-pi+qi, HQ::H—G:§p§+q%.

As Hy and Hs Poisson—commute one of them defines a second integral and we find that
the generic fibre is the product of two affine smooth rational curves H; = hy and Hs = ho.
The vector fields x g, can be integrated explicitly in terms of exponential functions, which
are the generalised theta functions of C*.

Motivated by these examples it is natural to give the following definition.

Definition 14 Generalised algebraic completely integrable A Lagrangian fibra-
tion f : X — B is called generalised algebraic completely integrable (g.a.c.i.) if the generic
fibre is isomorphic to the affine part of a non compact complex abelian Lie—group G and
the Hamiltonian vector fields extend to complete vector fields on G.

If we assume that X is smooth and f : X — B is an integrable system defined by
Poisson commuting global sections Hy, ..., H; € Ox(X) we obtain an integrable system
that is generalised algebraic integrable in the sense of [AMVO04]. Their definition is
however more general. They require that the general fibre is stratified by components that
are birational to abelian algebraic groups. Generalised algebraic completely integrable
Lagrangian fibrations often yield algebraic completely integrable Lagrangian fibrations
in a natural way.

Theorem 6 Let f : X — C" be an affine, generalised algebraic completely integrable
system, such that the generic fibre is isomorphic to the affine part of a (C*)" extension
G of an abelian variety. Then we obtain a (C*)"—action on X in such a way that the
quotient system f: X//(C*)" — C™ is algebraic completely integrable.

Proof. The morphism f is defined by n elements f1,..., f, € Ox(X) via:

f:X-=C" z—(fi(z),...,fa(x)).

The generic fibre is isomorphic to the affine part of a (C*)" group—extension G of an
abelian variety A:

e—(C)Y—-G—-A—e.

The hamiltonian vector fields x,, ..., Xy, extend to complete vector fields Xy, ,..., X,
on G and induce via their flow the group action on G. After some linear coordinate
change in C" we can assume, that Xy ,...,Xy, induce the (C*)"—action on the generic

14



1.6 Proving generalised algebraic complete integrability

fibre. As the vector fields xy, are global vector fields on X they induce a (C*)"-action
on X. The quotient X//(C*)" = spec(Ox (X)€" is obtained from:

Ox(X) ) ={pec Ox(X) | xpp=xpp="=xp¢ =0}

and by Corollary 3 X//(C*)" is a Poisson—variety. The f; are (C*)"—invariant since all
x#.fi = {fi, f;} = 0 and we obtain f; € Ox(X)©)" and thus f induces a morphism:

f:X//(C) —C,

that has involutive fibres. To prove that f is an integrable system, we have to prove
that the dimension of the generic fibre equals half the rank of the induced Poisson—
structure on X//(C*)". In each step of taking a quotient by the C*—action of a Hamilton
vector field xy,, the dimension of the generic fibre lowers by one and the rank of the
induced Poisson-structure lowers by exactly two since the Hamiltonian vector field xy,
gets mapped to zero, the other vector fields stay independent, and the rank of the induced
Poisson—structure has to stay even. But now we are done, since the generic fibre of the
quotient system f : X//(C*)" — C" is the (C*)"—quotient of the generic fibre of the
original system f : X — C" and the quotient of G by the (C*)"—action induced by:

e—(C)Y-Gg—-A—e
is the abelian variety A. O

There remains the question: ‘If such an (C*)" quotient is algebraic completely inte-
grable, was the original system generalised algebraic completely integrable?’. We will
answer this question in the next section.

1.6 Proving generalised algebraic complete integrability

The previous sections provide results that allow us to complete an affine variety and
prove that its completion is an abelian variety. Theorem 6 shows that an integrable
system that has the affine part of a (C*)"—extension of an abelian variety as generic fibre
yields in a natural way an integrable system that has the affine part of an abelian variety
as generic fibre.

Now we want to give an answer to the question ‘when is a Lagrangian fibration f : X — B
generalised algebraic completely integrable if its quotient system f : X//(C*)" — B is
algebraic completely integrable?’. In general the original Lagrangian fibration need not
be g.a.ci. if its (C*)"—quotient is a.c.i.. The following simple example illustrates what
can go wrong.

Example 1 We consider an elliptic curve minus a point £\ {p}. On X := &\ {p} x C*
we have two vector fields V| = % and V, = d% + 5%, where % denotes the vector field
induced by the C*—action, % a vector field induced by the holomorphic vector field on
&, and s € Og(xp) non—constant. A direct computation shows that V; A Vo vanishes
nowhere on X which is the affine part of a trivial C*—extension of £, but V5 does not
extend to a holomorphic vector field on C* x &.

15
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We will assume in the following that X is a smooth affine variety of dimension g + r.
On X there will be r complete vector fields A1, ..., \, € H(X,Ox) that induce via their
flow a (C*)"action on X and g vector fields Vi,...,V, € H(X,0x) such that:

VIA- - AVg AN A AN

vanishes nowhere on X and all A; and V; commute. Furthermore we assume that the
quotient by the (C*)"-action:
m: X — X//(C*)"

is isomorphic to the affine part of an abelian variety X//(C*)" ~ A\ D and the vector
fields W; := m,V; are obtained as restrictions of global vector fields W; € H?(A, ©4).
The morphism 7 defines a (C*)"—fibre bundle over A\ D. The main question is when it
is possible to extend the (C*)"~bundle over A\ D to A. The embedding of X in P" x P™
defines a fibration over A by the induced projection on P™:

7:X = A,
where X denotes the completion in P* x P™.
Proposition 6 A vector field V € HY(X,©y) extends to a vector field V € H°(X, O%),
if for all0 <14,5 <n and 0 < k,l < m there are constants c( ] ) € C, such that:

k1)
zryi ((Vy;) + v (Vo)) — ziy; (Vi) + yi(Var)) Z Z Cfém; TaZBYyYs
7,0=0 a,5=0

modulo the ideal Z(X) C Clz1,...,Zm,Y1,...,yn] of X. Here we denote y1,...,y, the
coordinates of C™, x1, ...,y the coordinates of C™ and set xg = yo = 1.

Proof. We use the Segre embedding of P" x P — P(n+D)(m+1)-1 defined by:

((yo: - :yn)y(mo:--:xm)) — (Yoo : YoT1: " " YnTm—1 : YnTm) ,

and denote by z;; the homogenous coordinates of Pr+1(m+1)—1 " Ag in the proof of
proposition 3 we have to show that the vector fields Vi; defined on Os(X N {z; # 0})

by:
25 (ijkl) Ray 2858
v ()= 30 3

Zki Z
v,6=0 a,3=0 ki <ki
coincide on an zariski open subset of X. A direct computation shows:

25\ v, (s \ ey (i (Vyy) +y; (V) — 2y (e (Vys) + yi(Vag))
Y (%) =V (xky) a (zryi)?

ki)
. Z*y& OZ ,3=0 aﬁ'y&xaxﬁyWy(s _ Z Z (ijkl) Ray 288

T aﬂ'y‘sz Z
( ky) ~,6=0 a,3=0 ki ~ki

that V and Vj coincide on Uy N Uj. O
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1.6 Proving generalised algebraic complete integrability

It is quite complicated to check the conditions of the last proposition for a given
example, thus we will give a criterion that is easier to verify. First of all we need not
check that V is holomorphic in all affine parts {2;; # 0} of P (n+1)(m+1)=1 " The subset
where V is not holomorphic defines a divisor on X and thus has codimension 1 in X.

Theorem 7 If X N{yo = 0} N {y, = 0} has codimension 2 in X, the vector field
V € HYX,0Ox) extends to a vector field V € HY(X,0+), if for all 0 < i < n and

0 < j < m there are constants ag%, c,(yjozﬂ € C, such that:

n
_ (4)
= ) agyays

)B_O

(ij) VyT Z Z C’yaﬂx’Yyayﬂ

7=0 o,3=0

Here xj denote by the coordinate functions on C™ and y; the coordinate functions on C",
where we set xg = yo = 1.

Proof. We choose an embedding of X in P+ m+D)-1 yig an embedding of P x P,
We denote by z;j; the homogenous coordinates of P(n+1)*(m+1) =1 where 0 < § < m and
0 < j,k <n. The embedding of P" x P™ is defined by:

Zijk = TiYjYk -

Since X N {29 = 0} N {z. = 0} has codimension 2 in X it is sufficient to show that V
extends to a vector field V € O(X \ ({20 = 0} N {2, = 0})). On X N {200, # 0} we
define the vector field V, € (X N {z. = 0}) by:

3 (Zzak> Z Z () ~0jk ZyaB
“rap 200 Z00r

z
00r = Oa,,B 0

+ Z (4) Rork Ziaf + Z (k) 20rj Ziaf
“aB Z00r 2007 2007 fap 200r Z00r
,B 0 T o ﬁ 0 / T
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1 Integrable systems

A direct computation shows that V‘Yn{zozo}m{szo} = V’"‘Yﬂ{zozo}ﬁ{zr:(]}:

y (Zz]k> v (a:zygyk> _ g V(@iyiye) — ziyykY ()

2007 Yr y%
_ yrVe)yive + yrxiVys )k + yriy; Vyr) — ziyye) (yr)
y2
_ Yy (e Vi) = 2V (yr)) + yrzi(Vyi)ye + yrziy; Vyr)
Y2
YiYk (Z;nzo Ez,ﬁzo C(yjozg%yayﬁ)
y?
. TiYr Yk (ZZ,gZO afj%yayﬁ) + ZiYry; (Zz,gzo aé]“g)yayﬁ)
Y2

—Z Z L
“ra 6 200r Z00r

’yOaﬁO

j) R0rk Fia (k) 20rj Zia
Y gl ies g 0 Fed
50 Z00r 2007 a,B=0 Z00r 2007

So V is holomorphic in the Zariski open subset X N {zy = 0} N {2, = 0}. O

Theorem 7 induces a statement on the holomorphic functions on X defining the em-
bedding in C™* x C"™ C P"™* x P™:
Corollary 5 Let o9 = 1,01,...,¢0n, %0 = 1,01,..., %, € Ox(X) defining an embed-
ding W : X — P" x P™ by:

= (po(@) 1 p1(x) s -+ on(@)), (Yo(@), Yr1(2), - () -

A wector field V € H(X,0x) estends to a vector field V € H°(X,0%) via ¥,V =
V|q,(X), where X denotes the closure of W(X) in P* x P™, if for all 0 < i < n and
0<j<m:

n
Vo= > alleaps
aB—O

(ij) Q/)J VSOT E Z C,yang()pa@ﬂ .

7=0a,3=0
Proof. The proof of this corollary is completely analogues to the proof of corollary 4. [

If the embedding ¢ : X//(C*)" — P™ is projectively normal, the first equation of
corollary 5 is automatically fulfilled if 7.} is obtained from a global vector field on A.
This can be seen very easily. Let ¢; € H°(A, O4(D)) denote a global section in a line

18



1.7 The strategy of studying Lagrangian fibres

bundle that defines a projectively normal embedding, then Vp; € H°(A, O4(2D)) but
from the projective normality we obtain that the multiplication map:

o HO(A, O4(D)) x H°(A,O4(D)) — H(A,04(2D))

is surjective and so we can write Vy; as a linear combination of ygp;. The second
equation can be checked using a SINGULAR script.

In all examples we have studied it was possible to choose as the functions that define the
embedding o = 1,%1,...,%m € H°(X,Ox) the original coordinate functions of X.

1.7 The strategy of studying Lagrangian fibres

The results from Adler, van Moerbeke, and Vanhaecke [AMV04] together with the results
from Piovan [Pio92] and the last section can be used to study the geometry of Lagrangian
fibres and give a proof of their algebraic integrability. The following steps do not give an
algorithm, because there is no guaranty that they will give a result, but in all examples
we have studied it worked well.

We start with an affine Lagrangian fibration:

f: X—=B.

We assume that the generic fibre is smooth and the Hamiltonian vector fields x g, .- -, XH,
span the tangent space at each point of the generic fibre.

Step 1 the (C*)"—quotient

In the first step we have to find the maximal linear (C*)"-action. Therefore we start
with a basis of the Hamiltonian vector fields xm,,...,xH,. We try to find a linear
combination xg, of the xg, that defines a linear action via its flow. We obtain a
new basis xg,, XH,,-- -, XH,_, Where we assumed, that the first s — 1 original Hamil-
tonian vector fields extend xg, to a basis. We continue recursively until we have a basis
XGis--+>XGr> XHys- -+ > XH,_, Where the xq, induce the action of a linear abelian group
(C*)" and there is no linear combination of the remaining xf,, ..., x#,_, that induces a
linear action.

The quotient X//(C*)" is obtained as the spectrum of the (C*)" invariant ring:

Ox(X) ) = {s e Ox(X) | xa,s =0V 1<i<r}.

As the pullback f; = f*xz; of the generators x; of Op(B) are (C*)"—invariant the quotient
yields a Lagrangian fibration:

f:X//C) - B

and proceed with the second step.
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Step 2 the Laurent series solutions

We compute the initial locus to one of the vector fields x g, of the Lagrangian fibration
f:X//(C*)" — B. To each component of the initial locus we compute the Kovalevskaya
matrix and its eigenvalues. Then we try to find for each component a principal balance.
Therefore we set m € N the minimal integer, such that all positive rational eigenvalues
to all components of the initial locus are fractions of the type ;- with a € N. From each

component of the initial locus we obtain a formal Laurent series solution in tom Again
we are interested in series that are parametrised by a dim(X//(C*)") — 1 dimensional
Painlevé—wall. ) )

The galois action of exchanging t= + &,,t= where £, denotes the m—th unit root defines
a Z/mZ action on the Laurent series solutions. If this Z/mZ action is induced by a Z/mZ
Poisson—action on X that leaves f : X — B invariant, we obtain a Lagrangian fibration

f(X//(C)N)/(Z/mZ) — B.

Step 3 the cyclic quotient

If we substitute the formal Laurent series solutions of step 2 in the generators of the
cyclic quotient (X//(C*)")/(Z/mZ) we obtain Laurent series solutions in ¢. One has to
be careful with the Painlevé—walls parameterising the Laurent series in the new variables
since the finite morphism X//(C*)" — (X//(C*)")/(Z/mZ) induces a finite morphism on
the Painlevé—walls. As a consequence the new Painlevé—wall is usually a Z/mZ-quotient
of the old one, which can be checked by computing the Laurent series in the new variables
and compare the coefficients. As a consequence the formal Painlevé—divisor computed
with the Painlevé—walls from the formal Laurent series is usually a cyclic Z/mZ cover of
the Painlevé—divisor.

Step 4 morphisms to PV

The Lagrangian fibration f : (X//(C*)")/(Z/mZ) — B is a good candidate for an
algebraic complete integrable Lagrangian fibration. We can use the Laurent series 2 (t)
to compute the global sections of the divisor B = >, m;D;, where '™ denote the
Painlevé—walls of the principal balances and the D; denote the corresponding components
of the Painlevé—divisor:

P (imZDz) = {f € Clxy, ...,z | V(f(wr(i)(t))> <m; V1 Sigm} .
i=1

We start with one component of the Painlevé—divisor B = D; and compute a basis of
P(B). This basis defines a morphism to PY where N + 1 is the dimension of the vector
space P(B)

z— (po(x) =1:01(X) - on(2)) .
If the induced morphism defines an embedding of the general fibre we are done. Otherwise
we add a component of the Painlevé—divisor to B. We should check that the intersection
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of the closure of the image intersected with the hyperplane zg = 0 defines a divisor that
is given by the compactifications of the components of the Painlevé—divisor D;. If the
divisor has more components, we have missed a principal balance.

Step 5 extending the vector fields

The vector fields xm,,...,xH,_, extend to holomorphic vector fields on the completion
Pp(B) (Fe) if all Wronskians:

Wijk := {Hi, ¢ }or — {Hi, or } @)

can be written as polynomials of maximum degree 2 in the ¢; with coefficients in the field
C(ci, ... ,cq) where ¢q,...,cq are the coordinates of the generic point in B. If this step
fails, the reason can be that P(B) is not projectively normal and we can add another
component D; to B until P(B) is projectively normal. To prove that oppy(F.) is an
abelian variety we can use the statements from section 1.2.

The geometry of the generic fibre

If the Lagrangian fibration f : X — B does neither admit a non trivial linear action as in
step 1, nor a finite action as in step 2 and the steps 3 to 5 are successful, the f: X — B
is algebraic completely integrable.

We can use theorem 4 to prove that the Lagrangian fibration is generalised algebraic
integrable if we find a linear action in step 1 but no cyclic action in step 2.

An almost algebraic integrable Lagrangian fibration is obtained if f admits a non trivial
cyclic action in step 2, but no linear action in step 1 and step 3 to 5 are successful.

If f: X — B admits a linear action (C*)" and a cyclic action Z/mZ we have to check
if the Z/mZ action on on the (C*)" quotient f : X//(C*)" — B lifts to an Z/mZ action
on f: X — B. In this case the action of (C*)" and Z/mZ on X commute as (C*)" is
induced by the flow of xa, ..., Xq, which are Z/mZ invariant. Now we can use theorem
4 to show that the quotient g : X/(Z/mZ) — B is generalised algebraic integrable. The
general fibre in this case completes in a ramified Z/mZ cover of the compactification of
an abelian algebraic group.

It is possible that we are successful with the steps 1 to 3, but fail in step 4 or 5. All
examples with this behaviour that are known to us have either a general fibre that
completes in a subvariety of an abelian variety or the vector fields do not extend to a
completion. In section 6.1 we give examples for these cases.
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2 The Hénon—Heiles System

In this chapter we will study the geometry of the e = 16 Hénon—Heiles integrable system.
The Hamiltonian function is given by:

1 16
H= o (pi+p3) + Eqij’ +q143

and has a second constant of motion, discovered by Dorizzi, Grammaticos, and Ramani
[DGRS82]:
4 2 6

4
G = ps+4qips — gqu1p2 - gtﬁqg ~ 5%

Ravoson, Gavrillov and Caboz showed that the flow of yz is given in terms of theta
functions of elliptic curves [RGC93|. This suggests that the system is almost algebraically
integrable.

Proposition 7 The fibres of the momentum map Fy = (H,G) are smooth away from
the discriminant:

A ={(4n* — g)g =0} .
Proof. This can be done by a direct computation using SINGULAR. O
Proposition 8 The general fibre Fg 1= Fz_l(h,g) contains four elliptic curves.

Proof. The intersection of the generic fibre Fj,, with g2 = 0 yields the equations:

16 1 1
0= g +5pi—h+ps, Pr=g, =0,
This defines four elliptic curves. O

So if Fpy is the affine part of an abelian variety A, it has to be isogenous to the
product of two elliptic curves by the splitting property of abelian varieties theorem 23.

Proposition 9 Kowvalevskayas method yields for the Hamilton vector field x g one prin-
cipal balance with the positive Kovalevskaya exponents {%, %,6}. The formal Laurent
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2 The Hénon—Heiles System

series in \/t are given by:

31 1 4 3 1 4
ql(t) = _§t72 + gozlt — §a1a2t + 4a3t +.
1
q@(t) = —2&1\/5-1- 062\[ + a 3V
31 1 5 4 9 3
pl(t) = thg §Oé — 504104215 +azt” + ...

pQ(t)_al\/li—FOéQ\[—l—al\[ +.

Proof. The initial locus consists of the origin and three additional points. Two points
are given by:

3
n=-3, ¢ =2, @) =-126, pi’=-24".

These two points have Kovalevskaya—exponents {6,12, —1, =7}, so the Laurent—series to

these points are parametrised by two parameters and thus yield a lower balance. The
remaining point is given by:

0 3 0 3 0 0

It yields the Kovalevskaya—exponents {g’, ;,6 —1} and so it could define a principal
balance as formal Laurent—series in v/¢. A direct computation yields the Laurent series

in Vt. O

2.1 The quotient system
The Z/27 action of exchanging v/t with —+/ is induced by a Z/27Z action on C* via

o (q1,92,p1,p2) — (q1, —q2,p1, —P2) -

We obtain an integrable system on C*/(c) from the & = 16 HénonHeiles system via the
next proposition:

Proposition 10 The symplectic structure on C* induces a symplectic structure on the
quotient X := C*/{c). We obtain X as the spectrum of:

C[Ql? q2>p17p2]a = C[q,p, u,w, U]/(UU - w2) :
The polynomials H and G are o invariant and induce an integrable system on X.

Proof. 1t is sufficient to show that the Poisson—bracket is invariant under the action of
o for the generators of ¢1, g2, p1, p2. The only non vanishing Poisson—brackets are:

{op1,oq1} ={p1,q1} =1=01
{op2,002} = {—p2,—p} =1=01.
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2.1 The quotient system

The quotient X is normal and away from the A; singular plane {u = v = w = 0} the
symplectic structure is not degenerate and hence X defines a symplectic variety. The
isomorphism of the rings is induced by

(q7p7u7/w7/v) = ((I1ap17(I§,QZP2apg) .

A simple computation shows that H and G are ¢ invariant and so they define an inte-
grable system on X. The Poisson—brackets in the new variables are:

{p,q} =1 {v,w}=2v {v,u} =4w {w,u} =2u

and all other vanish. We can write the constants of motion in these variables:
1 16
H = 5 (p2+v) +§q3+qu
4 4 2
G:=v>+4 — = T
v° + 4quvu 3puw 3q U 9u
O

The action of o on the general fibre defines a cyclic covering Fpy — Fpg/(0) that is
unramified. If we intersect the general fibre F,,/(0) with the hyperplane {u = 0} we
obtain two elliptic curves:

1, 16 4 1 )

Gt g —h—gv=0, u=0, v'=g, w=0. (2.1)

Hence if the general fibre of (X,Fx) is the affine part of an abelian surface, it has to be
also isogenous to the product of two elliptic curves.

Proposition 11 Kowalevskayas method for xg on X yields only one principal balance
with the positive Kovalevskaya exponents {3,5,6,7}. The Laurent series are given by:

W=t 2 L Loy
qit) = 312 371 972 473 1874
31 1. 2, s 5
pt) = =55 — g+ gt H st ot 4
1 4 4
t) i=Ay7 — vyt + -t + ..
u(t) giin 3’72 +9’>’4 +
(1) = 2715 + 292 — 2t +
w = 7o o - 5 “e
fyth 3’72 374

o(t) == %71+%72+7475+... .
An equation for a plane model of the Painlevé—divisor Cy is:
x5+clx3+02x—y3:0 ,
which defines a smooth affine curve of genus 4. This curve admits a Z/27 action via
7 (2, y) = (—x,—y)
and the quotient is smooth of genus 2. The action of T lifts to an action of X :

T(Q7p7u7wuv) — (Q7 —-p,u, —’U),’U) .
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2 The Hénon—Heiles System

Proof. The Laurent series can be computed using SINGULAR. If we substitute the Laurent
series in H, G and set H and G to the generic values h and g we obtain, together with
the equation uv — w? = 0, the equations of the Painlevé-divisor:

5 21
h=-~ - =
2’Y1 1673
1856 128
= =5~ — 168777 + —=72m
0="3 —dnm .
We obtain the equation in = and y if we set z 1= 4v;, y := 2v/1272, ¢1 := —18h, and

cy = % g. The projection on the coordinate x defines a 3 : 1 cover of P* which is double
ramified at 0, oo and the zeros of:

t+ ez’ +ea=0.
From the Riemann—-Hurwitz formula we obtain the genus via:
x(C) =2 —2g =3x(P") —deg(R) =6 —12= —6 .

The quotient of the Painlevé-divisor C4/(7) admits a 3 : 1 cover over P! double ramified
at 4 points, which shows that the genus is 2. We used SINGULAR to check that the curves
are smooth away from its discriminant:

A = {(4h* - g)g* = 0} .
The action of 7 is induced by the action on the Laurent series:
7 (671,72,73,74) = (= =71, 72,73, =)
and lifts to an action on X. O

There is an interesting aspect of the action 7. It acts on the Laurent series by the time
inversion T(t) = —t, what we expect since T, xg = —xg and TuxXg = —Xx¢g. The next
step is to find a candidate for a basis of the line bundle defined by the Painlevé—divisor.

Proposition 12 The four polynomials:

o =1

P1ri=u

9 := 32¢> 4+ 3p* + 4qu

(p3 = 8q2u +u? + 6pw — 12qu

define a basis of the elements of P(Cy) of weighted degree less or equal than 36.

Proof. The proof is a direct computation using SINGULAR. O
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2.2 Embedding in a 6—dimensional integrable system

The dimension of P(C4) is 4. The image of the generic fibre under the morphism
2 (go(@) = 11 p1(o) 5 () : pala)) (2:2)
is given by the quadratic equation:
0= —922 + 22123 + (36h) 2o + (—36h* + g) .

It could be expected for an abelian surface that is isogenous to the product of two elliptic
curves.

2.2 Embedding in a 6—dimensional integrable system

The integrable ¢ = 16 Hénon-Heiles system (C* Fy) can be embedded in an integrable
system on C® with the momentum map F3 = (H, G, F) where:

1 16
H:=<(pl+p5+p3) +—ai +a1(s3 +a3)

2 3
4
G := (p5+p3)® +4q1 (g3 + ¢3)(p3 + p3) — gpl(qg + ¢3)(gap2 + q3p3)
4 2 4
- gqf(qg + Q§)2 - §(€I§ + Q§)3 + gch((hps - CI3P2)2

F = qops — q3p2 .
We obtain this embedding of Fo : C* — C? in F3 : C% — C? from the embedding
i:C* < C5 defined by:
(91:92,p1,p2) — (q1,G2,0,p1,p2,0) .

The polynomial F vanishes on g3 = p3 = 0 and we obtain the morphism Fy : C* — C?
from the restriction of F3 to g3 = p3 = 0 in C® and compose it with the projection on
the first two coordinates on C3. This embedding is not a Poisson-morphism since:

{i"ps,i*qs} = {0,0} =0 # i"{ps3, g3} =i"1=1.
Proposition 13 The fibres of F3 : C® — C3 are smooth away from the discriminant:
12500 £ 1243359232 f6 h° —1749600 fOh3 g+243000 fS hg? +944784h* g3 —472392h% ¢ +59049¢° = 0 .

Proof. This can be done by a direct computation using SINGULAR O

As the equation of the discriminant depends only on powers of f¢ we obtain a Z/6Z
cyclic cover of the surface defined by the equation:

12500 £243359232 f h° —1749600 f h> g+243000 f hg>+944784h* g3 —472392h2 g* +59049¢° = 0.
This cover is ramified along the two rational curves:
{f=0g9—-4n">=0}, {f=0,9=0},

which coincides with the discriminant of the undeformed Hénon—Heiles system. The
singular locus of the quotient of the discriminant is:

{459 — 144h* = 0,250 f 4+ 243hg> = 0} , {459 — 324h? = 0,125f + 324hg* = 0} .
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2 The Hénon—Heiles System

2.3 The C*—quotient

The C*—quotient yields an integrable system on a singular variety.

Proposition 14 The quotient by the C*~action induced by the flow of xp X := C®//C*
is given by the spectrum of:

Ox(X) = Cla1, 42, a3, p1,p2, 03] ={f € Clar, a2, 43, p1,p2.p5] | xrf = {F, [} = 0}
=C[Q,P,U,V,W,L]/(UV —W? - L?) .

The C*-quotient C5 — X is induced by the inclusion Ox(X) — Clq1, q2,q3, D1, P2, P3)
defined by:

Qraq

P—p

U g5 +q3

V i p3 + pj

W — q2p2 + q3p3
L — q2p3 — q3p2 -

For the capital Q, P, U, V,W we obtain the same Poisson bracket as for the small q, p, u, v, w
of the finite quotient:

[PQ}=1 {(V,W}=2V {V,U}=4W {W,U}=2U
and L commutes with all the other variables.

Proof. From a SINGULAR computation we obtain the elements of C[q1, g2, g3, p1, p2, pg]q’XF .
O

We can write H, G and F' in the new variables:
1 16
Hi= (PP+V)+5Q°+QU
2 4 4 or0 2.3 4 o
G:=V +4QUV—§PUW—§QU —§U +§QL
F:=1L.

Since L commutes with all the other variables L : X — C defines a family of integrable
systems (X; = X N{L = {},Fx, = (H|p=1,G|r=1)), where the quotient of the Hénon-
Heiles system (X,Fyx) = (Xp,Fo). By this construction we obtain a 3 parameter family
of surfaces which contains the 2 parameter family from (X,Fy) as a subfamily:

XXX

NN

C?—— (C3 —— (2
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2.3 The C*—quotient

This defines a deformation of the integrable system on the singular symplectic variety
X. The general member A} is smooth.
Note that we also have the following picture:

(C*, IFy) —— (C°, Fs)

Lk

(X7]FX) — (Xv]FX) .

On the left hand side we get a Z/27Z quotient and on the right side a C*—quotient.

Proposition 15 The intersection of the general fibre Frgy of (X,Fx) with {U = 0}
yields a curve of genus 4 that has the plane model:

1024Q5 + P* +192Q3P? — 384hQ® — 36hP? + 24f2Q + (36h% —g) =0 . (2.3)
For f =0 it degenerates in to two elliptic curves:

0 = 1024Q° + P* + 192Q3P? — 384hQ> — 36hP? + (36h% — g)
= (32Q° + 3P% — 6h — V) (32Q* + 3P? — 6h + V)
V2= g .
Proof. We obtain this equations if we set U =0 in H, G, and F. O

Proposition 16 On the quotient system we find the positive Kovalevskaya exponents
{3,5,5,6, 7}, which yields the Laurent series:

31 1 2 . 01 , 1 .
1) = — S ot — oot — ctt — sttt
Q(t) g@ Tamt—gm 14 gt
31 1 2 D
P(t) == —i1p@ 3nt §’Yﬂ2 + 7at® + E’Yst6 +...
1 4 4
U(t) :=4y1— — —yat + ~st> + ...
(t) My T3 +9’Y5 +
1 2 2
W(t) :=2vi—= + =72 — =y5t2 + ...
(8) =25 + 372 = 3t +
L(t)::’y;),

1 1
V()= gm+ ettt

Proof. We obtain only one component of the initial locus that yields enough positive
integer Kovalevskaya exponents and obtain the Laurent series parametrised by C3. [

Next we can use the Laurent series to compute the equations of the Painlevé—divisor.

Proposition 17 A plane model of the Painlevé—divisor is given by the affine equation:

2’ 4P+ er+yt+cdy=0. (2.4)
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2 The Hénon—Heiles System

Proof. Substituting the Laurent series in the constants of motion yields:

13 , 21

= —~' — —v1—h
0 1871 16’74

64y 168, 18
2771 9 Y174 Y275 — g

27
O=vy—f
0= 1675 + 973 — 647175.

0=

The last equation is obtained from the relation on the variables UV —W?2 —L? = 0. After
eliminating ~s, 74, 73 we obtain the plane equations for the Painlevé divisor. Where we
set x :=4vy, y := 21273 and

_ 81 V27

c1 := —18h CQZ—ZQ, 03::\6/Ef.

O

Proposition 18 The Painlevé curve has genus 4 and yields a 3 : 1 cover of P* with a
double ramification at oo and simple ramification in 8 points as indicated below:

N\

] ] ] ] ] ] ] ] ] ] ] ]
T T T T T T T T T T T T

o0 —a4 —a3 —a2 —ai1 —ao 0 ap al az as a4

By a rescaling we can set ag = 1 and obtain 4 points controlled by f,h,g.

Proof. A direct computation shows that the projection to the z coordinate is double
ramified at co and simple ramified along the zeros of:

0 = 2720 + 54ha® + (27h* + 54¢)2® + 54hga* + 27¢%2 + 4£° .

As the equation depends only on 22, the points of ramification are the square roots of
the zeros of

0 = 272" + 54hz" + (27h* + 54g) 2° + 5dhg2® + 277z + 4f° . (2.5)
We obtain the genus from the Riemann-Hurwitz formula:

x(€)=2-29=3x(P") —#R=6—12 = —6.
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2.4 Algebraic integrability

We obtain a Z/2Z symmetry of the Painlevé curve C defined by the action:

T (%,y) = (—.T, _y) .
Quoting out this action yields the curve ¢’ :=T'/(7) defined by the equations:

0=1y%—xz
O:x3+clx2+62x+yz+03y
0 =22y + craey + coy + 22 + 32 .
It is a curve of geometric genus 2. Hence the Prym variety Prym(C/C’) is a principally

polarised abelian surface by proposition 38. The curves C and C’ turn singular if the
parameters lie on the discriminant of the momentum map.

2.4 Algebraic integrability

With the use of the Laurent series solutions to x g of (X,Fy) we are able to compute a
basis of P(C):

po =1

p1:=U

©g = 32Q°% + 3P* + 4QU

@3 = 8Q%U + U? + 6PW — 12QV .
The basis of P(2C) and P(3C) can be found in the appendix 6.3. We observe that

dim(P(2C)) = 4dim(P(C)) = 16 and dim(P(3C)) = 9dim(P(C)) = 36 like we expect for
an abelian surface if P(nC) = HY(A, O4(nC)).

Proposition 19 The image of the general fibre Fpqp under the map define by the basis
of P(C) is the following Kummer surface in P3:
0 =(—324f%) 2523 4 (72f?) 212023 + (819) 25 + (—369) 212523
+ (49) 2323 + (648hf%) 2323 + (—144hf?) 2323 + (1944h f%) 2025 23

+ (—144hf?) 202125 + (—648hg) 2025 + (144hg) 20212223 + (36 f1) 2]
+ (648 M) 202125 4+ (T2f Y 2023 23 + (36 f1) 2322 + (—2592h2 %) 2023 29
+ (—3888h% f2 + 369 f%) 222023 + (1944h%g — 18¢%) 2223

+ (—144h%g + 4g*) 232123 + (259203 f2 — T2hg f2) 2323

+ (259203 f2 — 72hg f?) 2323 + (—2592h3g + T2hg? + 1296 £) 23 2o

+ (=2592h2 f + 729 f4) 23 21 + (1296h1g — T2h% g% + ¢%) 0.

For f = 0 it degenerates into the square of the conic we already computed in equation
(2.2)!
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2 The Hénon—Heiles System

Proof. This is a direct computation using SINGULAR. The quartic surface has 16 double
points and hence defines a Kummer surface. O

The intersection of the Kummer with zg = 0 is given by the curve D:
=(36")21 + (648hf?)27 25 + (81g)z5 + (—144hf?)z{ 25
+ (=369) 212523 + (=324 )23 23 + (49) 2323 + (72f) 212023 .

It has a double point at (0 : 0 : 1) and the projection on zj, z9 induces a 2 : 1 cover of
P! ramified along the zeros of:

(144h2 4 — 4g 128 — 722720 f0 — 6482523 hf* + 72928 f* .

If we set the parameters (f,h,g) = (1,1,1), we are able to compute the image of F,.
under ¢(g¢) in P'®. The image has degree 32 and its ideal is generated by 72 quadratic

equations. The intersection ¢ ey (Fe) N {20 = 0} is twice a genus 4 curve of degree 16
having a double point, which coincides with the computations from section 6.2.3.

The Z /27 action on the Painlevé curve (2.4) is induced by a Z/2Z action on the variable
t of the Laurent series and the parameters y; of the Painlevé wall:

T (t7715727737’y47’y5) — (_tv —Y1, —72, 73, V4, _75) .

The induced action on the variables reads as:
7:(Q,P,UW,L,V)— (Q,—P,U,-W,L,V) .

If the completion of the generic fibre is an abelian surface and 7 extends to the completion
it has to be the action of —1 since 7 maps the Hamiltonian vector fields xg and xg to
—xu and —xg. The sections of H(L(C)) are 7—invariant. On H°(L£(2C)) the action of
T is given by:

Ti(po=1:¢1: 1 ¢15) — (2.6)
(Po: @2 —P3:@a:—P5 Y6 PTI—PR Py —PI0 1 P11 —P12 1 P13 1 —P14 : P15) -
(2.7)

Hence we find h%(L£(2C)~) = 6 and h°(L£(2C)T) = 10. Furthermore, this shows that the
Z/2Z action lifts to the embedding of Fyp, in P15,

Theorem 8 The integrable system (X,Fx) and its subsystem (X,Fx) are algebraic
complete integrable. The divisor C. := F. \ F. is a curve of geometric genus 4 with one
double point. It induces a (2,2) polarisation on F.. The general fibre is isogenous to the
Prym(C/C"), where C denotes the normalisation of Ce and C' its Z./27—quotient induced
by the —1%_ action on Ce.

Proof. We use P(2C.) to compute an embedding of F. in P!®. In the first step we
computed the Wronskians:

Wijk = {Hy, 0i}o; — {Hi, 05 }oi -
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2.4 Algebraic integrability

Using the computer algebra program SINGULAR we could check that all Wjj;, can be
written as polynomials of degree less or equal 2 in the ¢; with coefficients in C(f, h, g).
Hence the vector fields xz and xg extend to holomorphic vector fields on the completion
of F.. In the next step we have to show that the vector field x g vanishes nowhere on
F. = A.. This can be done by a computation for the fibre F~1(0,1,1) and is tangent at
the generic point of the divisor Ce.

As the property of the non vanishing of a vector field on a fibre is open, this holds as well
for the general fibre of (X, Fy) as for the general fibre of (X, Fx). Theorem 5 implies that
the general fibres of both integrable systems are the affine parts of an abelian surface.
Since h°(P(C.)) = 4 the induced polarisation has to be of type (1,4) or (2,2). The image
of Yp(c,) is a Kummer surface and hence the induced polarisation is of type (2,2). The
7./27, action on C lifts to an Z/27 action 7 on P defined in (2.6) inducing the —1 4,
action as it maps the vector fields x g and xg to —xm and —x¢g. Thus by remark 27 the
abelian surface A, is isogenous to Prym(C/C"). O

If we set | = 0 the generic fibre of (Fy,) contains an elliptic curve and so is isomorphic
to the product of two elliptic curves. As a consequence of the last theorem we find:

Corollary 6 The integrable system (C* Fy) is almost algebraic integrable. The general
fibre completes in to a surface B, and the Z/2Z action defines a cyclic 2 : 1 cover of A,
ramified along the nodal genus 4 curve C. The surface A. is isogenous to the product of
two elliptic curves.

Proof. We already proved that the Z/27Z quotient (X,Fx) is algebraic completely inte-
grable and hence (C*,Fy) is almost algebraic integrable. The second statement is a direct
consequence of the attachment Lemma of [Pio92] and the last one is a consequence of
the splitting property since A. contains elliptic curves. O

Theorem 9 The integrable system (C°,F3) is generalised algebraic integrable. The gen-
eral fibre is isomorphic to the affine part of a C*—extension of the abelian surface A, the
completion of general fibre of (X, Fy).

Proof. The flow of yr induces a C* action on the fibre of (C% F3) the C* quotient is
the algebraic completely integrable system (X, Fy), hence the C* quotient of the general
fibre is the affine part of an abelian surface. The projectively normal embedding of the
general fibre of Fy obtains an extension to an embedding of the general fibre of F3 in
P15 x PS:

F;'(c) —— P15 x P

F;_t‘l (C) ¢ ¥ P15

where we just added the holomorphic sections

Vri=q, Yoi=q, Yzi=q3, Yai=p1, Usi=p2, e:=ps3€ H (F,OF) .
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2 The Hénon—Heiles System

Again using SINGULAR we could verify that:

15 6
{Hi,vitej — {Hi,pi}thi = Y Za%é)%%%

a,B=0~=0

for some a,(ylfjé) € C(f,h,g). Here Hy = H and Hs = G. The statement follows then by

Theorem 4. O

The example of this Hénon—Heiles system shows something interesting. For an al-
gebraic completely integrable or generalised algebraic completely integrable system the
general fibre is the affine part of an abelian algebraic group and the hamiltonian vec-
tor fields induce the group action. In the case of almost algebraic integrable or almost
generalised algebraic integrable system this is not true. But in the previous example
we have seen that we can imbed the almost algebraic integrable system (C* Fy) in an
generalised algebraic completely integrable system (C°® F3). Thus the general fibre of
Fy is a subvariety of an abelian algebraic group and the hamiltonian vector fields are
induced by the group action on this algebraic group.
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3 Grammaticos integrable potential of
degree 3

Dorizzi, Grammaticos, and Ramani [DGR82| discovered, that besides the Hénon—Heiles
integrable systems, there is a further example of a homogenous potential in two variables
of degree 3, defined by the Hamilton function:

1 1 v=3
H:= 5(19? +p3) + ¢} + §q1q§ + qug : (3.1)

Its second integral reads as:

J=3 , 1 3 J=3 1
G :=pip3 — Tp‘z‘ + 5615’19? -~ 561161% - qu’ pip2 + | 36iq2 — V=303 + §q§’ 3
1 V=3 1 J=3
+ §qi’qg’+ < aiqs + quqg +50 a5 .

The square root of —3 can be eliminated by the symplectic transformation:

1
) I ) = ) _3 9 Py — .
(g1, 42, p1,p2) <Q1 VvV —3q2, 1 \/_—31?2)

After this transformation we obtain:

1 1 3 1
H=g (p% - 319%) +qf - §q1q§ + §q§’

333 994 9 5 1545 3349 3 4 3 3 2 9
G= —5?% + §Q1QQ + 10% §QQ — o©P1 T 5 04P1P2 — 5 RP1P2 — 192D
1 1 1
~ aps + 54y + GPipy — gD -

We will now analyse this system and it will turn out that the generic fibre is the affine
part of a (1, 6) polarised abelian surface. The compactification divisor is a curve of genus
4 with a singularity of type Djy.

Proposition 20 The fibres of the moment map F = (H,G) are smooth away from the
discriminant:

A={h?g—2¢>=0} .

Proof. The proof is a direct computation. O
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3 Grammaticos integrable potential of degree 3

3.1 Laurent series solutions to yy
The first step to analyse the complex geometry of the generic momentum map fibre is to
compute all principal balances to the flow of x .

Proposition 21 Kowvalevskaya’s method yields only one principal balance with the pos-
itive Kovalevskaya—exponents {1,4,6}.

2 1, 1 3 1 1,
a(t) = —Epognt 16’71t - m’h TZ%’Yﬁ gt

11 1 1, 1 1 1 A
@2(t) =77 ; 471 Tt gt <12871 247172> - %717% +.

4

37475—#177752—#7 3+
6 64 /1" T 412 LT

S S
U REERE

pi(t) = +3 +1

pa(t) = 371t Y12 — 12871) =+ 8717 ot” + .

Proof. Only one component of the initial locus yields enough positive Kovalevskaya ex-
ponents. This component is zero dimensional and we obtain the Kovalevskaya exponents

{1,4,6,—1}. O

Using this Laurent series we are able to compute the affine equations of the Painlevé—
divisor:

Proposition 22 A plane model for the Painlevé—divisor is given by the affine equation:

1
0= gy?’ + 3zty? + (22h — 272%)y + 45212 — 3ySh + ¢ .

The Painlevé—curve is smooth of genus 4.

Proof. If we substitute the Laurent series in H and G we find:

20
h=n§— 13’sz+73
n 68 ¢ 13 14 ,, 13 20
g=m —ﬁ7172+ 1071’)’3"‘ 371’)’2 3’7172’73—3’)’2 .

After eliminating 3 and rescaling h, g, v1 and 5 we get the plain equation if we replace
v1 by x and 2 by y. O

The projection on the x coordinate defines a 3 : 1 cover of P!. It is simply ramified
along the 12 points:

0 = (27h* — 18g)2'? + (6hg — 8h*)x® — ¢* .

As the equation depends only on z°, the 12 points are the sixth roots of the two zeros of
the equation:

0 = (27h* — 18¢9)2% + (6hg — 8h3)z — ¢* .
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3.2 Algebraic integrability

For generic choices of h and g this equation has two different zeros that are parametrised
by h and g. From the degree of the ramification divisor R we obtain the geometric genus
of Cp via:

2—-2g=x(Cp)=3x(P") —#R=6—-12= -6

and hence g = 4.

3.2 Algebraic integrability

With the use of the Laurent series solutions of the flow of xz, we are able to compute a
basis for P(C):

o =1

$1:=q2

P2 1= q2p1 + %thpz + %Q2p2
3= —3q105 + 565 — §p5

P1:=qia2 — 34ids — 30193 + 302 + 5a2pT + qapip2 + §q1p3
5= 5q143p1 + 2qTq2p2 + 501G3D2 — d3p2 — §PIDS + gD -

From a basis of P(2Cp) we obtain an embedding of the generic fibre in P?3. If the general
fibre completes in to an abelian surface the Painlevé divisor Cp should induce a (1,6)
polarisation as h?(L(Cp)) = 6 = 5192 and 6;|d2. We also computed a basis for H°(2Cp)
and found h°(L(2Cp)) = 24, as expected, since 2Cp should induce a (2, 12) polarisation.
The explicit basis is written down in the appendix 6.4.

Ramanan [Ram84| proved that a (1,6) polarisation on a general abelian surface is very
ample.

Proposition 23 The ideal of the general fibre under the embedding defined by the basis
of P(C) in P° is given by the following 5 cubics and 6 quadrics:

0= 92%239 — 152%23h — 282123240 — 22322 — 36z12925h + 6292425 — QOz%zoh?’
— 36z%zohg + 92%209 + 4021 z420h® — 122124209 — 2Oz£z0h
0= 22%23h + 32’%23 + 4z12324 + 6212025 + 4z%zoh2 + 62%209 — 8z1z420h + 42220
0 = 2727 g% + 3621250 — 3512125hg — 5625h* + 6259 — 12027 240> — 23423 24hg
— 3622 24h% + 2722249 + 16821 22h% — 1821279 — 4823h — 72z3z§h
+ 4823 20h® — 18023 20hg — 2422 20h* + 1822209 + 482325 h%g — 3623209 — 28823 hg?
0= 927hg — 92125 + 8121259 + 1425h + 3027 24h® + 54zf 249 + 925240 — 422127 h
+ 1223 + 182322 — 122220 4 3623209 + 622 20h — 122322 hg + 722347

0 =1223h% + 9239 — 921 25h + 225 — 623 24h + 92524 — 62127 — 122220h + 62220 — 1223229
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3 Grammaticos integrable potential of degree 3

0 = 18z12524h — 32524 — 182323 — 102125 20h% — 92122209 + 2225 2420h + 6222325 20h
+ 1221 2328hg + 302324209 + 182025289 + 1221 23h%g + 18212309% — 122423 hg
0= 162235] + 30212§’h2 + 4Szlz§’g — 2402?2’4h3 — 144z§z4hg + 7022123249 + 26z§,24h
+ 336272307 4 28827279 — 962123 h — 78222§Z5h — 2421z3z§h + 24,23242?) — 72222?
+ 4021z§z0h3 — 10821z§zohg + 8z§z4zoh2 + 302%242’09 — 24z9252520h% — 234202325209
— 482122 20h* — T22128 209 — 372212328 h%g — 37821232597 + 444232422 hg — 4821 25h3g
+ 482423 h% g + 7562423 9°
0= 2721239 + 5z2z§’h + 6zfzgz4h2 + 9z%2224g — 12zlzgzzh + 62222 + 221,2%25h + z§z4z5
+ 62223,2% + 15z22§2‘09 + 4212532520h2 + 6212325209 — 4232425200 — 62223Zghg
— 62425239 + 18222892
0= 2727259 + 521235h + 2324 — 3202325 + 1521259 — 6212320 hg + 62324239 + 1821207
0= ISz%z%h — 32125’ — 1821Z%Z4 + 14zlz§zoh — 2z§Z4zo + 629232520 + 6zlzgzgg
+ 1221 25hg — 122423 g
0= 92%229 + 9z1z§'h — 422z§ — 182’%222;4]1 — 92324 + 18212'222 — 6zlz§Z5 + 12,22232,2'0]1

+ 8212325200 — 823242520 — 622z§z0 — 122’125239 .
Proof. This can be done by a direct computation using SINGULAR. O

Theorem 10 The integrable system defined by the Hamilton function (3.1) is algebraic
completely integrable. The general fibre F. is isomorphic to A. \ C. where A, is an
abelian surface and C. is a curve of geometric genus 4 with a D4 singularity that induces
a polarisation of type (1,6) on A..

Proof. The first step of the prove is to show, that the vector fields xyg and xyg extends
to all of p(F.). This can not be done using the embedding in P°. From P(2C.) we
obtain an embedding in P?3. The intersection of ¢(F.) C P23 with the hyperplanes
{z1 = 0}, {22 = 0}, and {z3 = 0} is empty. In order to show that ygz and x¢ extend to
a holomorphic vector fields we used a SINGULAR script to compute the wronskians:

Wi = {H, pi}o; — {H,¢;}ei

and
W = {G,pi}o; — {G, ¢j} i

as polynomials in the ¢; with coefficients in C(h, g) of degree 2.

If we set h and g to 1 we can use the embedding in P° to show, that yz A xg does not
vanish on the generic point of the divisor I'. As xg A x¢ defines the canonical bundle
and T is irreducible x g A x¢ vanishes nowhere on the completion of the generic fibre. A
smooth surface with two commuting global vector fields, that span the tangent space at
each point is an abelian surface.

The dimension h°(L£(C)) = 6 = 6162 and as 6|02 we obtain (01,82) = (1,6). The
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3.2 Algebraic integrability

intersection of the image of F, in P> with {z9 = 0} is a singular curve of geometric genus
4. The only singular point is the point (0:0:0:0:0: 1) a generic projection shows
that it is a D4—singularity and thus the arithmetic genus is 7. O
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4 The Duistermaat System

Duistermaat studied perturbations of the 1: 1 : 2 resonance:
H=qi+pl+q +p3+2¢3+2p3 -

In Birkhoff normal form a perturbation of H of degree 3 is of the form Fj := 31 f1 + (2 fo.
That is a general linear combination of the two polynomials of degree 3 that are in
involution with H:

fi=a3(df = p}) + 2p3(qapr) s f2 1= as(d3 — p3) + 2p3(ap2) -

We may think of Fjg as a family of polynomials parametrised by a point 5 = (51 : B2) €
P'. Duistermaat proved that there is no third integral if

Be¢{(1:1),(0:1),(1:0),(2:1),(1:2)}.

The cases where § = (1 : 0) and § = (0 : 1) are reducible and we obtain that the
integrable system is isomorphic to a product system on C* x C2. By the symmetry of
the situation we obtain the (1 : 2) case from the (2 : 1) case if we exchange ¢1,p1 with
q2,pP2.

The geometrically most interesting case is # = (2 : 1), because the other cases yield
a third integral of weight 2 and the corresponding Hamiltonian vector field induces a
C*—action. For 8 = (2: 1) we obtain the integrable system:

H =qi +pi+a +ps+2¢3 + 2p3
F = q3(2(¢7 — p}) + (65 — p3)) + 2p3(2q1p1 + q2p2)

1
G = (p1g2 — qp2)*(p3 + @3) + 2(5(13@3 —p3) + p3qep2)?

In the following we will call this choice of 8 the Duistermaat—system. Obviously the
generic fibre of this system can not be the affine part of an abelian variety, since the
intersection of F. with {g3 = 1,p3 = 0} is a rational curve. Another reason is that the
vectorfield x g induces an C*—action on the general fibre F..

Proposition 24 Kovalevskayas method yields for the Hamiltonian vector field x g only
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4 The Duistermaat System

one principal balance with the positive Kovalevskaya—erponents {%, %, 2,3}:

a 1, 1 1
n=75- Ao+ (3—201a + 261025 + cza)t
1 1 3 1
— (%C?a — §0102ﬁ + gc%c;:,oz + gcga — )t +
clo 1 1 1 1 3
@ = % — (gc‘i’a + BVt + (12801(1 0%025 + iclcgoz)\/i + ...
4o 1 3 3 5 1
q3 = 75 + Zaf — 8czaft + (64010‘5 + clcgaﬁ + CQaﬁ 4eq3% — 104)752 +...
p1= g - ~ciB+ (32 - *010204 + c3B)t
1 1 3, )
(256 S8+ Clcza+ 8clcgﬁ+ 02ﬂ+64a)t +.
p2 = W + (—*Clﬁ + CQQ) t+ (@Clﬁ + clcgoz + 20163B)
432 4 1
p3 = # (cip® + 601) (8e38” + 5¢3)t
3 3 3 5 3
2y 20,32 1 2 2y
- 4
(64 AP+ gt + 5eiesl + gocics + 0% + g+ deaaf)i” +

Proof. Only one component of the initial locus yields enough positive rational eigenval-
ues. These Kovalevskaya exponents are {2, 2,2 3,0,—1}. We renamed the variables of

the initial locus q( ) .= o and p = 3 which fulfil the relation:

802 4+832+1=0.

The Z/27 action of replacing v/t with —+/# in the Laurent series is induced by:

g <q17q27q37p17p27p3) — (Qh _Q27QS7PI7_2727P3) .

The constants of motion H, F', and G are invariant under the action of o as well as
the Poisson-bracket so we get an integrable system on the quotient Y; := C®/(c). The
quotient by the C*—action induced by the flow of xp yields an other integrable system
on Yo = C8//C*. Since g is ¢ invariant, we get the following commutative diagram of
integrable systems:

(CS,Fs) — 222, (v, := C%/(Z/2Z),Fy,)

C*l LC*

(Y :=C®//C*,Fy,) A (X :=Cb/(C* x Z/2Z),Fx)

Where the maps from left to the right are taking the Z/27Z quotient, the maps from up
to down are defined by quoting out the C* action of the flow of x .
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4.1 Integrable systems related to the Duistermaat system

Proposition 25 The morphism
(C6—>(C9 ) L= (Zl(x),...,ZQ(l’))
induces an embedding of (X,Fx) in C°, where:

=@ +p3, 2=¢G+ps. 23=d+p
_ 1 2 1.2 _ 1 2 1.2
Z4 = q2q3p2 — 592P3 + 5D2P3 , 25 = q1G3P1 — 591DP3 + 5P1P3
26 = G303 — G3D3 + 2q2p2ps , 27 = qiq3 — q3pt + 2q1p1D3
zg = Q%p% — 2q1G2p1p2 + Q%p% ;B9 = Q1Q§P1 — Q%Q2p2 + Q2p%p2 - CﬂPlP% .

The constants of motion read in these variables:

H =2z 4+ 29+ 23
F =2+ 227

1
G = 52’%—1—2228 .

Proof. A direct computation using SINGULAR shows that xrz; = 0 and so
2 € Clqu, 2,3, p1, P2, p3]C . The Poisson-brackets {z;, z;j} are polynomials in C[zq, . . ., 2g].
O

4.1 Integrable systems related to the Duistermaat system

Like in the Hénon—Heiles e = 16 example, we obtain a deformation of (X,Fx) from the
embedding 1 (C6 - CB defined by (Q1aQ2,Q37P1,p2aP3) = (Q17QQ,(]3707P1,?2,P3=0)~ On
C8 we define an integrable system by the constants of motion:

L := qup2 — q2p4

H =g} +pi + ¢ +p3 + 263 + 203 + q} + b}

F=q3(2(qf — p}) + (6 + i — p5 — 1)) + 2ps(2q1p1 + q2p2 + @upa)

G = (p}(d3 + a3) — 211 (P22 + @apa) + a1 (03 +P3)) (03 + V3 + @3 + 43)
+2(1/203(3 + a3 — 13 — P?) + p3(@ep2 + apa))” — (@ + D) L2

If we restrict these polynomials to g4 = p4 = 0 we obtain the polynomials H, F', and
G from the Duistermaat—system and L turns to zero. As before the embedding is no
Poisson—-morphism. Besides the C* action induced by the flow of xp, the flow of xp
induces a C*-action, so we get a (C*)%-action on the fibres of F4. The Z/2Z action on
the fibres of F3 is induced via the embedding (C® F3) < (C® F4) by the C* action of
XL-

Proposition 26 The quotient X := C8//(C*)? can be embedded in C'° via the mor-
phism:
(CS_)(CIO ’ €T (Z1($)>22($)7"'7z10($)) ’
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4 The Duistermaat System

where the z; are defined by:

21 = qap2 — 2pa
% =q3+p3
23=q5 +qj +p3 + pi
24 = qi +p}

1 2 1 2 1 2 1 2
Z5 = q2q3p2 — §q2p3 - 5(14193 + 51921?3 + q3q4ps + 51?3194

Lo L5
%6 = 19301 — 5 41P3 + S P1P3
27 = 4543 + 4343 — Q3D + 2q2p2p3 + 2qup3ps — q3p;
28 = q1q3 — 3P} + 2q1p1P3
29 = g3D1 + 4ip; — 2q192p1p2 + G5 — 2q10ap1pa + 4iD)
z10 = QIQSPI + Q1QZP1 - Q%CI2P2 + qu%pz - Chplpg - Q%(J4p4 + Q4p%p4 - (J1p1pi .

The constants of motion read in the new coordinates:

L:zl
H =22+ 23+ 24
F =274 225
1
G:—z%24+§z$+z3Z9,

Proof. This can be done by a direct computation. A SINGULAR computation shows that
the z; lie in:

OCH TV = {f e O | xp.f = xuf =0} .

The Poisson-brackets of the {;, 2;} are polynomials in Clz1,. .., z10]. O

On C® we obtain two C*-actions induced by the flow of xz and xr. If we take
the quotient by the ypy action my and the yp action 7y and vice versa, we get the
commutative diagram of integrable systems:

(Cgv IF4) = (yl = CS//(C*7 Fyl)

TH PH

(V2 == C?%//C*,Fy,) — (X := C*/(C*)*, Fx)

pL

Proposition 27 The polynomial L € O(CB)(C*)Q = Ox(X) defines a family of integrable
systems:

L:X—-C,
where the integrable system on X; := L~Y(1) is defined by:

Fy, = (H|X13F|XL’G|XI) )

44



4.2 Algebraic integrability

The fibre (Xp,Fa,) = (X,Fx) and so we obtain a deformation of the integrable system
(X,Fx) from L: X — C.

Proof. The element L € Oy (X) Poisson—commutes with all all elements of Oy (X') and
so the restriction to L = [ defines an integrable system. O

Together with the embedding (C% F3) < (C® F4) we get the following commutative

diagram:
(C%,Fy)
L J TH
/%; (CG, IF3) c*
(Y1, Fy) —— (V1,Fy,) (Y2, Fy,) —— (92, Fyy)
& (X,Fx) %Z
|
pH (X.Fx) pL

Except the embedding (C% F3) < (C8 F,) all arrows are morphisms of integrable sys-
tems.

4.2 Algebraic integrability

Applying Kovalevkayas method we computed the Laurent series solutions to xp for
(C8,F4). Again we find one principal balance having half integral Kovalevskaya ex-
ponents. Hence we get a Laurent series in /. Substituting this series into the new
variables z; we end up with a Laurent series solution to xr for (X,Fx) in v/t which has
only even exponents an hence gives a Laurent series in . These series can be used to
compute the global sections of P(D):

wo =1
Y1 =23
Y2 = 27
Y3 = —Z9.

Proposition 28 The image of F. under the map @pp) is the following Kummer sur-
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4 The Duistermaat System

face:
= (41*)2723 + (—161% f)z125 + (32hI* + 329)z5 + (812 )27 2023
+ (—16h1% — 329) 212323 + (8g) 2322 + (—161%)2325 + (81%)21 23
+ (=4l f) 2022 29 + (161%9) 202125 + (—81%g) 2023 23 + (321%) 2023 23
+ (=81 202122 + (11 f2) 2222 + (812 fg) 222120 + (—32hI%g — 161° — 32¢%) 2222
+ (8hi?g + 16g?) 222123 + (— 1611 f) 28 2023 + (8hI* + 812¢) 2223 + (—81%g?) 232
+ (161°f) 2329 + (8hI%g* — 415 £ + 8¢%)zg.

The parameters l, h, f, g denote the values of L, H, F',G. Forl = 0 the quartic degenerates
into the square of a quadric which has the equation:

0= fz§+22123+29 .

Proof. This can be done by a direct computation. Since the surface is of degree 4 in P3
and has 16 double points, it has to be a Kummer surface. ]

The intersection of the Kummer surface with the hyperplane {zy = 0 is given by the
equation:

0 =(1M2222 + (=212 f) 2125 + (21%h + 29) 25 + (412 f) 23 2025 4+ (—41%h — 8g) 2125 23
+ (89) 2323 + (—41%) 2322 + (81%) 2125 .

This curve has geometric genus 2 and an Aj-singularity at the point (1 : 0 : 0). The
projection on the last two coordinates defines a 2 : 1 cover of P! ramified along the 6
zeros of the projective equation:

0 =(21h — 12 + 21%g)2S + (41 f) 2525 + (—41° — 41*h?)2323
+ (=811 f) 2323 + (161*h) 2325 + (—1611)25 .
From the Riemann-Hurwiz formula we obtained the genus:
X(C2) =2~ 29 = 2x(P') — deg(R) =4~ 6 = 2

In the next step we want to apply Kovalevkayas method to get an embedding of the
generic fibre of (X,Fy) from a sufficient high multiple of the Painlevé—divisor D.

Proposition 29 Up to a weighted degree of 36 a basis of P(2D) is given by:
wo=1, wr1=22, @Ya=23, @Y3=25, Pa=27

1
5 = 2923 + 52324 y Y6 =29, @Yr=210, P8 = 2328

1
w9 = 22925 + 2325 + 2326 , P10 = —Z329 , P11 = 2528 — 123210
1, 1
P12 = 222425 + 52425 — 222326 — 5232426 — 2529 , P13 = —Z829
2
©14 = —25 , P15 = —2242528 + 2232628 — 29210 -
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4.2 Algebraic integrability

Proof. This can be done by a direct computation. O
Using this basis we obtain a morphism:
pap : Fe = PP x e (po(x) s pr(@) 1 -2 pis()),

which imbeds F. into P'. If we set the parameters to [ = h = f = g = 1 we are
able to compute F; C P'. The embedding is projectively normal. The ideal of the
surface is generated by 72 quadratic equations. The degree of Fj is 32. The intersection
F1n{zp = 0} is twice a degree 16 curve of genus 4 with a double point at z5 = 1 and all the
other z; = 0. The curve is contained in the hyperplane section {zg = 22 = 24 = z6 = 0}.
Hence @op imbeds D in P!, which coincides with the result of Theorem 27.

If we intersect {z9 = 0} with F, we get twice a singular curve C of geometric genus 4
and arithmetic genus p, = 5, it has one ordinary double point. If we project it on the
coordinates z1, 23, 25, 27 wWe get after renaming the variables zg, 21, 22, 23 the equations for
C in P3:

0= 2z% + 2072
0 = (161%) g + (16hI? + 329) 2323 + (Shi?) 2320 + (81%) 2022 20 + (41%) 2323
+ (4h) 2222 + (2h) 2025 + (8f) 20212223 + (812) 2325 4 (—4h) 23 22

+ (2h) 202023 + 2222 + 23

The coordinates of the double point are (0 : 0 : 1 : 0). This curve has two extra
singularities, which are a product of the projection. This curve caries a Z/27 symmetry
induced by o : (20 : 21 : 22 : 23) — (20 : —21 : 22 : —23). The quotient C' := C/(o) is
a genus 2 curve with an double point and the 2 : 1 map C — C’ is ramified along this
double point. The Z/2Z action lifts to an action on P® by:

T:(po=1:p1::p15) —
(P02 —P3 Q4 Q5 Q6 —PT P8I —P9 1 P10 — P11 —P12 1 P13 1 P14 1 —P15) -

We find that h°(£(2C)*) = 10 and h°(L(2C)~) = 6.

Theorem 11 The integrable system (X,Fy) and its subsystem (X,Fx) are algebraic
completely integrable. The general fibre of Fx is the affine part of an abelian surface
A. minus a curve D of geometric genus 4 having a Ai—singular point. The line bundle
L(D) puts a polarisation of type (2,2) on A. The abelian surface A. is isogenous to
Prym(C/C"), where C is the normalisation of C and C' its quotient by the 7./2Z action
induced by —14,,.

Proof. In the first step we check that the vector fields xyr and xg extend to holomorphic
vector fields on wap(F.). When we try to write the down the vector fields one realises,

that XFP1 = {Fv 301} ¢ C[lv ha f7 g](C[QO(), s 7@15}- But GXFSOI € C[lv h? fa g](C[SOOa BRI @15]
which tells us, that xpe1 lies in C(I, h, f, g)[¢0, - - -, p15]. Knowing this we could check
that xr and yg are holomorphic in the affine pieces yo # 0, y3 # 0 and y4 # 0. Since
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4 The Duistermaat System

{y2 = 0,y3 = 0,y4 = 0} N F, = () the vector fields extend to holomorphic vector fields
on F.. It remains to show, that xz A g vanishes nowhere on F,. This can be done by
proving the flow—through property using theorem 5. Using this embedding we are able to
compute the equations of D = F,\ F. and find that D has a A; singularity and the geo-
metric genus 4, hence it has arithmetic genus p, = 5. Since h°(L(D)) = po—1 = 4 = 6152
the polarisation is of typ (1,4) or (2,2). As the image in P? is a Kummer surface the
polarisation has to be of type (2,2). The action of 7 is induced by the —1-action on A,
since T x g = —x g and Ty xg = —Xxg- From remark 27 we obtain the last statement. [J

Since (C®,F4) admits a (C*)?-action, it is an interesting candidate for an generalised
algebraic integrable system. We have already proved in the last theorem, that the (C*)?
quotient of (C® Fy4) is algebraic completely integrable, hence we can use theorem 4 to
verify that (C8 F,) is g.a.c.i..

Theorem 12 The integrable system (C®,Fy) is generalised algebraic completely inte-
grable. The general fibre of Fy is the affine part of an abelian algebraic group G which
15 a group extension of the principal polarised abelian surface, whose affine piece is the

general fibre of Fxy by (C*)2:
0—(C)?—=G—A—0.

The affine piece is the preimage of A\ D in G.
Proof. Let us denote by 7 the map 7 : F;'(c) — Fy'(c). We get from the embedding
@ap : Fl(c) — P a map rr((2D)) - F,'(c) — P! which we can extend to an
embedding of F;!(¢) in P'® x P8 by adding the holomorphic sections

Vri=qu, Y2i=¢q, Y3:=¢, Yai=q4,

¥si=p1, Yei=pa, Yr:=p3, Yg:=ps€H (F,OF),
and we obtain the commutative diagram:

Fy —— P x P8

|

Fy —— PP

With the use of theorem 4 we can complete the proof. O

The Duistermaat-system yields as generic fibre a Z/27Z cyclic cover of a C*—extension
of an abelian surface. This is an example of a type of algebraic integrable systems that
has not been discussed or observed before. In analogy to the almost algebraic integrable
system we define:

Definition 15 Almost generalised algebraic integrable A Lagrangian fibration
f: X — Bis called almost generalised algebraic integrable (a.g.a.i.) if it yields the action
of a finite cyclic group ¥ such that the induced quotient f : X/¥ — B is generalised
algebraic completely integrable.
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4.2 Algebraic integrability

As a consequence we get:
Theorem 13 (i) The integrable systems (X,Fx) and (X,Fx) are a.c.i..
(i) The integrable system (Ya2,Fy,) is a.a.i..
(iii) The integrable systems (C¥,Fy), (V1,Fy,), (Vo,Fy,) and (Y1,Fy,) are g.a.c.i..
(iv) The Duistermaat-—ystem (C F3) is a.g.a.i..
Proof. We proved (i) in Theorem 11. (ii) follows direct from the definition since the
general fibre of Fy, is a cyclic cover of the general fibre of the general fibre Fxy. The
first system of the (7i7) is the result of Theorem 12. The systems ()1, Fy, ) and (), Fy,)
are C*—quotients of (C® F,) and hence generalised algebraic integrable. The system
(Y1, Fy,) is a subfamily of ()1, Fy, ) and is thus also generalised algebraic integrable. The

last point is almost generalised integrable since its Z/2Z quotient is generalised algebraic
integrable. O

One interesting point about the last theorem is, that we got an example of an almost
generalised integrable system and that in analogy to the almost algebraic integrable
system we find an embedding in an generalised algebraic integrable system. The singular
genus 2 curve defining the family of Prym varieties, which are isogenous to the family of
abelian surfaces from theorem 11, gets extra singularities if the parameters (I, h, f, g) lie
on the threefold:

0 = 1281'8h — 641*6h3 4 81M4A° — 6416 f2 — 12001**h2 f2 + 528112 p* f2
— 641" R5 £2 4+ 21061 2K f* + 43201083 £4 + 1281 ¢ + 10881 h%g
—5361"2h%g + 641088 g — 729110 6 — 57601 2R f2g + 50411°K3 f2¢
+ 340210 f4g + 2880112 hg? 4 161611°h3¢% — 108818h° g2 + 12815h7 ¢?
— 4752110 f2 % — 41041802 292 — 8641°h* f2¢% + 145815h f* ¢?

+ 17281"0¢% + 99361812 g% — 288015h% g% + 1281*h0¢> — 972015h f2 >
— 8641*h3 f2¢3 + 14581* f4¢3 + 136081%hg* — 17281*h3g* — 58321 f2¢*
+ 583214 ¢5 .

We were not able to compute the discriminant of the momentum map F4 but we think
that they should coincide.
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5 Grammaticos integrable potential of
degree 4

Dorizzi, Grammaticos, and Ramani [DGR&2] discovered, that besides their four fami-
lies of integrable systems, there is a further example of a homogenous potential in two
variables of degree 4, defined by the Hamilton function:

1 3 1
H = 5(19? +p3) +qi + 161?(13 + §Q§ : (5.1)

Its second integral reads as:

1 1 1 1 1
G :=py+ 5(131?? — 2q143p1p2 + <3qfqg + 2613) P+ Z(ﬁq;‘ + ZCﬁqS + qu :

Proposition 30 The fibre of the momentum map is smooth away from the discriminant:
A = {(4n* — g)g = 0} .

Proof. This can be done by a direct computation. ]

This system has been studied by Jacob Baltuch in his PhD thesis [Bal92|. He proved
that the generic fibre of the momentum map completes in to a ramified cover of two
elliptic curves F x £ and that the Hamilton vector field xz can be integrated in terms
of elliptic functions. In section 5.3 we show, that this integrable system is closely related
to an integrable system on C® defining a deformation of this one.

5.1 Laurent series solutions to gy

The first step to analyse the complex geometry of the generic momentum map fibre is to
compute all principal balances to the flow of x .

Proposition 31 Kovalevkayas method yields two principal balances with a zero dimen-
stonal initial locus and the positive Kovalevskaya exponents {%, g, 4}. We obtain the two
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5 Grammaticos integrable potential of degree 4

following Laurent series solution for e = :t\/%:

1
el + 57172) 24 st +

1 1
a(t) =e; + ev; +evit — < 3

8
a(t) : =—271\[ VIVt + vg\f 717\/i5+...

1 1
pi(t) := <5 + evi — (qu/f + 257172)t + 'ygt2 +...
1 1
t) := - —

Proof. Only two points of the initial locus yield enough positive rational Kovalevskaya—
exponents namely {%, g, 4 —1}. From this points we obtain the Laurent—series above for
the two square roots of —2. O

5.2 The quotient system

The Z/2Z-action on the Laurent series of exchanging v/t with —+/# is induced by the
Z/2Z-action o : (q1,q2, p1,p2) > (q1, —q2,P1, —P2)-
Proposition 32 The quotient C*/{c) is obtained from:

C[QLQ%PLPZ]U = C[Qap7u7w,v]/(uv — w2) .

Proof. We obtain the isomorphism of the rings from:

q=4qi, pP=Dp1, U:ZQSa w = q2p2 , v::p%'

Substituting the Laurent series in the new variables yields:

1 1 1
q(t) :== ey +ev? +enit — <8E’Yf + 6'yl'yg> 2 + gfygtg’ +...
oL 1 6 2
p(t) = 5 5 T 571 45’71 + 2ev1y2 |t 3t + ...
8 D 4
u(t) = 47%; + 491 + ('Y? — 37”2> t+ (Qﬁ -~ 375’72) 2+
1 1 4 ) 4
2y 4+ =90 — < N . N R
w(t) = Mgt (2’71 3’7172) + <2’Yl 372 | T E
1 1 1 1 25
v(t) = 7% ﬁ + (47? +27172> i <87§ +vf’72> + ...

We observe that the Laurent series for the new variables depend only on 72, v17y2, 73,
and 3.
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5.3 Embedding in an integrable system on C%

5.3 Embedding in an integrable system on C°

The embedding of C* in C® defined by (q1,4q2, p1,p2) — (q1,q2,0,p1,p2,0) induces an
embedding of the integrable system on C* in an integrable system on C8. This embedding
is again no embedding of integrable systems, it is even no Poisson—morphism. The
integrable system on C° is defined by:

1 3 1
H:= (i + 03 +03) +ai + 56 (63 + @) + (65 + 63)°

2 4 8
1 1
G := Zqi‘(qg +q3)%+ Zq%(qg +3)° — 243 (g3p2 — q2p3)°

+3¢3 (g3 + ¢3) (V3 + p3) — 2q1p1(d3 + 43) (g2p2 + 43p3)
1 1
+ 56 + @)+ (a3 + ad)’

1
+5(6 + a3)* (5 + p3) + (03 + p3)°
L := q3p2 — q2p3 .

The vector field x, induces a C*—action on the fibre of the momentum map. Hence this
system is a candidate for an generalised algebraic completely integrable system.

Proposition 33 The integrable system (C® F3) induces an integrable system on the
quotient X := C®//C* defined by:

OX(X) = (C[QQ7q27q37p17p27p3]C* = {f S C[qq,qg,Q3,p1,p27p3] | XLf = 0}
=C[Q,P,UW,L,V]/(W?*+ L*-UV) .

The constants of motion read in the capital letter coordinates:
3 1 1 1
H = 4 e 2U *PQ *UQ v
Q"+ 4Q + 5 + 3 + 5

1 1 1 1 1
G = ZQ“U2 + ZQ2U3 + 5P2U2 + 1—6U4 —2QPUW —2Q°L?* + 3Q*UV + §U2V + V2
F=1L.

Proof. We obtain the isomorphism of rings from:

Q=q,P=p,U=¢+¢, W:=qp+aps, L:=qsp2— qps .

From the C* and the Z/2Z—quotients we obtain the commutative diagram:

(C*,F2) —— (C°,Fs)

Lk

(X,Fx) — (X,F;\{) )
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5 Grammaticos integrable potential of degree 4

The embedding of (C*, Fy) in (C%, F3) is obtained from the embedding of C* in C® defined
by:

1 (q17 q27p17p2) = (qb q2, Oap17p27 0)
and we obtain Fy from F3 by a projection on the first two coordinates in C3. The

embedding is as before no Poisson—morphism. Again we obtain a deformation of the
singular X from L : C that defines a deformation of the integrable system (X,Fx):

XXX

o w

C2——C3—— 2

Proposition 34 Kovalevkayas method yields two Laurent series solutions to the flow of
xg fore= j:\/%:

Q(t) = % +ev + E’y%t — %6")/2152 + é’mt?’ + é (7174 — &5 — ;67%’)@) .

P(t) := —stl? + ev? — eygt + yat? + é (4y172 — deys — 10e7iy2) 2 + ...

U(t) == 471% + 497 + % (78 —72) t+ % (+491 —nye) £ + g (v5 — deyiya — 29 ) 2 + ...
W(t) := —2’71%2 + % (v — ) + % (491 — mye) t+ ; (75 — demiva — 29iy2) 2 + . ..

L(t) ==

V(t) = 71%3 - 7%%2 +72% — (371* + ;7172> st

Proof. We find two zero dimensional components of the initial locus that yield 5 positive
integer Kovalevskaya exponents {2,4,5,5,6}. O

Proposition 35 The Laurent series yields two Painlevé—divisors C4 and C_ for e =
j:\/% having both the plane affine equation:

0=22"+ c1z° — c§x3 + cox + (3:U6 +cx? — cg) y—ys . (5.2)
The genus of the Painlevé—curves is 3.

Proof. Substituting this series in to the constants of motion yields after rescaling the
variables:

19 1 5
H=-—"~t_= - =
6 i1 47172 3574
G B 2048 164, 32, 328, 64
= 153’7172 459 Y174 51 Y172 177173 51 Y175 9 V17274 T Y275
F =73 .
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5.3 Embedding in an integrable system on C%

The equation 0 = W2 + L? — UV reads as:

136 112
0= 77? + 49Pye + 767?74 +9 +75 — 215 -

If we set H, GG, and F' to the generic values h, g, and f we obtain the equation of the

two isomorphic Pailevé curves Cy and C_ for ¢ = :I:\/%. After eliminating ~ys, 4, and

~v5 we set x := 27y and y := 3I'y and obtain the new parameters:
(&1 2:36h, 02:279, 63:3f.
The projection on z induces a 3 : 1 cover of P! ramified along the zeros of the equation:

0= (9¢2 —108¢c2)2' — 18¢1c32® + (9¢3 + 4¢3 — 5deycg)a®

+ (5deacs — 1263 c3)at + (12¢1¢5 — 27¢3)2? — 465 .

As the equation depends only on X? the zeros are the square roots of the zeros of the

equation for z := 2

0= (9¢2 — 108¢2)2° — 18c1c32" + (9¢h + 4¢3 — Bdeyen) 2 (5.3)
+ (5deacs — 12¢2¢2) 2% 4 (12¢1¢5 — 27c3)z — 4c§ . (5.4)

The geometric genus of C respectively C_ is 3 as:

2 —29(C1) = x(C4) = 3x(P") —#R=6—-10= —4 .

The ramification of the 3 : 1 cover of the Painlevé—curves of P! is indicated below:

] ] ] ] ] ] ] ] ] ] ]
T T T T T T T T T T T

—aq4 —az —az —air —ap 0 ag ai az as aq

where a; are the square roots of the zeros of equation (5.3). From the Laurent series
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5 Grammaticos integrable potential of degree 4
solution of the flow of x g we obtain a basis of P(C4 + C_):

p1:=Q
po:=U
w3 = PU —-2QW
o4 :=2Q" + P>+ QU
1
05 :=2Q° + QP? +2Q%U + 5QU2 + PW
1 2 2

06 1= ZP U—-QPW +Q*V

1 1
o7 1= —§Q2PU +2Q3W + 5QUW + PV .

Proposition 36 The image of the general fibre under the morphism oz, 1c_) in P7 is
the smooth degree 16 surface generated by the 7 quadric and 2 quartic equations:

= (4h® — g)z0z2 — AP 2024 + 8hz125 — 4252, —4dzyz6 + 22327
16h% — 4hg)z§ — 16h%2024 + 122924 + 4hzi — A%z 25 — AP 2026 + (8h)z226
= (8h% — 29)23 + 22 — 8hzgzy + 227
= (4h* — g)25 — 892024 + 16hzazg + 1628 + 827
= 4gz% + (—4h2 + g)z022 + 2hzoz4 — 8hzoze + 42426 + 22327
= (32h1 — 16h2%g + 2¢%) 28 + (4h*1? — 129) 2022 + (—32h> + 8hg) 2024
+ (8h% — 29)22 — 8hi%z125 + (16h? — 4g) 2026 — 4122426 — 2122327
0 = (—8h3 + 2hg)z3z123 + (4h? — g)z0212324 + (4h* — g) 25 2325
— 2hzgz3z425 + 2lzzozlz3z6 + 29232526 + 4z1z3z(25
+ 20220212427 + 421242627 — 420252627
0 = (32h* — 16h%g + 2g2)zgz1Z3 + (4R%1% — 12g) 2021 2023
+ (—16h3 + 4hg) 2021 2324 + (—16R% 4 4hg) 232325 + (8h? + 29) 20232425
+ (8h? — 29) 21292326 — Shzazzzszg — 82325728
+ (16h2l2 — 4l2g)z§zlz7 + (—32h3 + 8hg)zoz12227
+ (8h% — 29) 21292427 + (8h% — 29) 20202527 — 4232522 .
Proof. This can be done by a direct computation using SINGULAR. O

We also computed a basis for P(2C+ +2C_). As this vector space should be isomorphic
to the global sections of a line bundle inducing a (4, 8) polarisation dim(P(2C4++2C_)) =
4.8 = 32. The basis is written down in section 6.6.
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5.4 Algebraic integrability

5.4 Algebraic integrability

With the use of the global sections of the (4,8)—polarisation we are able to prove the
algebraic complete integrability of the system (X,Fx). The global sections of the (4, 8)—
polarisation defines an embedding of the generic fibre in P3!. Its image has the degree:

(4C).(4C) = 4.4.C.C = 16.(2p, — 2) = 64 .

This point can be verified using SINGULAR for the special choice H = 1, G = 1, and
F = 1. Furthermore we obtain that the ideal is generated by 400 quadratic equations
and the intersection with zg = 0 defines twice the two curves Cy and C_ which yields
that the degree of C, and C_ in P3!' equals 16. Using this we obtain:

RO(L(2Cs +2C-)|cy) = deg(L(2C+ +2C_)|c.) +pa—1=16+3 -1 =18 .

We expect that C, respectively C_ are contained in a 17 dimensional linear subspace. At
least both curves are contained in the linear subspace defined by zg =0 21 =0, 24 =0,
z7 =0, and z9 = 0.

If we intersect the image of the general fibre in P7 with the hyperplane zy = 0 we obtain
two smooth curves of genus 3 intersecting each other in 4 different points, as to be
expected since:

%(c+ FC(CL+C) = % (C24C? +20,C.) = % (A444920,.C)=24=8

and hence:
CilC_=14.

We expect that the general fibre is the affine part of a (1,2)-polarised abelian surface
so it could be the Prym variety of a two to one cover of a genus 3 curve with an elliptic
curve. Therefore we try to find the —1 action on the surface. Searching for a —1 action
on the parameters induced by the action of mapping ¢ to —t is always a good point
to start. We obtain the following Z/27Z action on the parameter of the Laurent series
solution:

T: (t771a72773a74>’75) = (_ta =1, —=72,73, V4, _75) .

The quotients of the affine Painlevé curves C4 are elliptic curves. The action of 7 extends
to the action on the variables:

7:(Q,P,UW,L,V)— (-Q,P,U,—-W,L,V) .

As 7 maps xg and xg to —xm and —x¢ it has to be the action of —1 if the general fibre
completes in to an abelian surface. The action of 7 lifts to the embedding in P7:

T:(z0:21:22:23:24:25:26:27)— (20: —21: —22:23:24:—25:26: 27)

and we observe, that the quotient of the curves C; and C_ by the 7 action in P7 are
smooth elliptic curves.
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5 Grammaticos integrable potential of degree 4

Theorem 14 The integrable system (X,Fx) is algebraic completely integrable. The
general fibre is isomorphic to Prym(C4 /C.)\ (C++C-). Where C4 and C_ are translates
of each other and C', denotes the elliptic curve that is obtained from the quotient by the
—1-action on the abelian surface.

Proof. The (4,8)—polarisation defined by the divisor 2C; + 2C_ defines a projectively
normal embedding in P3!. A SINGULAR computation shows that xyy and g extend to
the completion of the fibre in P3! and that yp is transversal at the general point of the
divisor that compactifies the generic fibre. Furthermore x g vanishes nowhere on the
completion and thus by Proposition 4 and Theorem 5 the completion of the generic fibre
is an abelian surface. 7 defines a Z/2Z-action on the abelian surface and since 7 maps
the vector fields (xm, x¢) — (—xm, —x¢) it defines the —1 action of the abelian surface
for a proper choice of the neutral element 0. From theorem 2 we obtain that the abelian
surface is isomorphic to the Prym of the double cover C — C’. O

As a consequence we obtain the following theorem.

Theorem 15 The integrable system (C® F3) is generalised algebraic integrable. Its
generic fibre is the affine part of an abelian algebraic group that is a C* extension of the
abelian surface of theorem 14.

Proof. The embedding of the C* quotient of the general fibre in P3' via the (4,8)-
polarisation can be extended to an embedding of the general fibre in P3! x P® by adding
the linear coordinates q1, g2, g3, p1, P2, p3 to the global sections 1, ..., @31

Foe—— PP x PO

|

Fo/Cr s P31

Using SINGULAR the proof can be completed by verifying the conditions of Theorem
4. O

Again like in the Henon-Heilés ¢ = 16 example we started with an almost algebraic
integrable system where the generic fibre completes in a Z /27 cyclic cover of an abelian
surface. We obtain a generalised algebraic integrable system from an embedding in a
higher dimensional integrable system which is not an embedding of integrable systems.
After quoting out the C*—action we ended up with an integrable system having an extra
parameter. This system can be thought of as a deformation of the original integrable
system. The casimir F' : X — C defines a family of integrable systems and (X,Fx) is
obtained as F~1(0).
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6 Appendix

6.1 Non algebraic integrable systems

In this section we want to illustrate which cases of integrable systems may occur beside
the four nice cases we studied before. A class of very simple integrable systems is obtained
from polynomials on C? together with the standard Poisson-structure. Here we deal with
systems having only one degree of freedom and as the rank of the Poisson—bracket is 2
every non—constant polynomial defines an integrable system. We consider a Hamiltonian
function of the type:

1

where F' is a square free polynomial of degree d. If d < 3 the general fibre of H defines
a rational curve and the flow of the Hamiltonian vector field x g induces a linear action
on the fibre. This is the simplest case of a generalised algebraic completely integrable
system. For d = 3 and d = 4 the generic fibre of H is the affine part of an elliptic
curve and y g extends to a global vector field on the completion. If F(¢) has only even
exponents of ¢ and is of degree d = 6 or d = 8 the generic fibre completes in to a Z /27—
cyclic cover of an elliptic curve and we obtain an almost algebraic integrable system. An
almost generalised algebraic integrable system is obtained if F' is of degree 4 and obtains
only even exponents of q.

In general if the degree of F is greater than 4 the general fibre is a curve of genus 2 or
higher. If this curve yields no cyclic cover of an elliptic curve or P! we have an example
that fits in none of the four classes of algebraic integrable systems.

In this case the vector field do not extend to a vector field of the completion. The next
example is a analogue to this behaviour for an integrable system on C*.

Example 2 We take the degree 5 case of the Hénon-Heiles hierarchy which is given by
the two polynomials:

1
H:= i(p% + p3) + 3qiqe + 16475 + 1643

1
G := iqf +6¢1q5 + 842 q5 + qipip2 — q2p}-

Pol Vanhaecke [Van96| showed, that the generic fibre completes in to the Theta divisor
of the Jacobian of a hyperelliptic genus 3 curve.

An other possibility of not being algebraic integrable is, that the vector fields behave
in the wrong way. To illustrate this we write down a family of abelian surfaces which
looks like an aci system but with meromorphic vector fields:
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6 Appendix

Example 3 Let f : X — B be a family of abelian surfaces. We denote by A. the
general member. Let D, be an ample divisor on A., that is a family of divisors over B
which is generically ample and denote by V; and Vs a basis of the holomorphic vector
fields. Let s € H°(O4,(D.)) be a meromorphic section. We set s; = Vis and s3 = Vs,
and ])1 =51V and f)g = $9)V5. Now:

[V1,V2] = V182 — V281 = V1V28 — V2V18 = [Vl, VQ]S =0

and 3 .
Vi AVy =515V A Vs

hence f/l and 1}2 commute and their exterior product vanishes nowhere outside of (s1) +
(s2). Furthermore (s) is contained in (s1) + (s2) =: D. hence D/, is ample and there
exists an very ample divisor D, supported on D!, containing all components of D.. The
image of X under the map:

Yp, X — PN

has the property, that on its affine piece f : X — B induces a fibration, such that the
push out of the vector fields V; is holomorphic, commutes, and their wedge product is
nowhere zero.

6.2 Complex Abelian Varieties

Complex abelian varieties play a central role in the analyse of the geometry of integrable
systems. The results of this section can be found in [BLO04|.

6.2.1 Complex Tori and Line Bundles

Definition 16 Complex Torus
A g dimensional complex torus is the quotient X = V/A of a g dimensional vector space
V by a rank 2¢g Z sub—module A C V' with the property R@ A = V.

Since A ~ Z29, we obtain from any isomorphism V ~ C9 a matrix II € M (g x 2g,C)

defining the isomorphism from Z29 to A C V ~ CY. This matrix is called the period ma-
triz of X. We can always find a basis {\1,..., Agg} of A such that in the dual coordinates
{z1,..., 224} the period matrix is of the form (As, Z), where A; is a diagonal matrix
having only integers on the diagonal. A g—dimensional complex torus is homeomorphic
to (S1)?9 and we must pay attention not to mix up with the g-dimensional algebraic
torus (C*)¢9 which is homotopy equivalent to (S!)9.
Not all complex tori are complex varieties. Indeed, they are if and only if they carry a
positive line bundle L, which means that ¢; (L) is non—degenerate with positive eigenval-
ues. Let L denote a positive line bundle on X. By a Theorem of Kronecker we can find
a basis (dx1,...,dzg, dyi, ..., dy,) of QéR(X) dual to a basis of A, that yields:

g
Cc1 (L) = Z o;dx; N dyl
=1
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6.2 Complex Abelian Varieties

and all §; € N, with 6;]0; for ¢ < j. We call a positive line bundle with the first chern
class ¢;(L) above on X a polarisation of type (d1,...,04). A complex torus with a fixed
polarisation is called an abelian variety, since by the Riemann relations the polarised
complex tori are exactly the complex tori that are projective. We denote NS(X) the
Néron-Severi group of X which is the group of hermitian forms H : V x V — C, such
that Im(H(A,A)) C Z. A semi character for an hermitian form H € NS(X) is a map
x : A — S' C C that yields for all A,z € A we obtain:

X (M) = x(N)x(p)e™ mHEAm)

We define the group P(A) to be the set of pairs (H, x), where H € NS(X) and x is a
semi character for H. The group action is defined by (Hy, x1)o(H2, x2) := (H1H2, x1X2)-

Theorem 16 (Appell-Humbert) Let X = V/A. There is a canonical isomorphism of
exact sequences:

1 —— Hom(X) P(X) NS(X)——0

T

1 —— Pic®(X) —— Pic(X) — NS(X) — 0

A direct consequence of the Appell-Humbert Theorem is P(X) ~ Pic(X). For a pair

(H,x) € P(X) we denote by L(H, x) the corresponding line bundle. As a part of the
proof of the previous theorem one shows that ¢ (L(H, x)) = H. Now as a consequence of
the Appell-Humbert Theorem we find that for each positive line bundle L on X of type
(01,...,04) there exists a positive line bundle M of type (1,%2/51,...,%/s) such that L =
M?® . We can see this directly if we assume that L = L(H, x), we set M := L(1/s; H, x"/*1)
and check that (1/s,H, x"/°1) € P(X), which is true since all §; are divisible by §;.
Let f: X — X be a homomorphism of a complex torus X = V/A. Then f is induced
by a linear map F' : V — V, which has the property F(A) C A, and a translation
tr: V=V, v— v+ f(0), namely f(v) = (F(v)+ f(0)). Together with the Appell-
Humbert-Theorem, we find:

fTL(H, x) = L(f*H, F*x).
For a translation ¢, by x on X we obtain the following result:
tL(H, ) = L(H, Xe(%“m(H(m))). (6.1)
The elements x € X for which L is translation invariant form a group:
K{IL)y={zeX|t;L=L}.

Which is
K(L) ~Z[0WZ X - X L]dgZ (6.2)

for a line bundle L(H,x) of type (01,...,0,), since H = ¢i1(L) = Y9, didx; A dy;.
Another consequence of the equation (6.1) is the following theorem:
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Theorem 17 Theorem of the square
Let X =V/A be a complex torus, L a line bundle on X and x,y € X. Then we have:

i L=tLoti Lo L "

Let X =V/A and X' = V//A’ be two complex tori. Since X x X' is again a complex
torus, we can consider a holomorphic morphism f : X — X’ as a holomorphic morphism
f:XxX — X xX'by f(z,y) = (0, f(z)). Such a morphism is again given by a
composition of a translation and a morphism induced by a linear map F : V. — V. If
the map F' is an isomorphism we call f : X — X’ an isogeny. In general, an isogeny is
not invertible. But we find for each isogeny f : X — X' there is an isogeny g : X' — X
and an integer n € N such that f o g = e,, where e, is the morphism induced by the
multiplication with n on V. If we apply the Theorem of the square recursively and
tensorise with L™~ ! on both sides, for z1,...,z, € X with Yoo =0 we obtain:

ét;L — " (6.3)
=1

For a positive line bundle L on a complex torus V/A it is possible to write down a global
section # € H°(L) by giving a quasi-periodic meromorphic function on V. Via the action
of K(L) we are able to produce all sections in H°(L) an hence we find that h°(L) =
ord(K(L)) = II7_,6;. A study of the L-valued harmonic forms on a complex torus proves
that for positive line bundles L one has H*(L) = 0 for i > 0. For a positive line bundle
the Euler characteristic is x(L) = h%(L) = I1?_,4;. Since c¢1(L) = > 7_, §;dx; A dy; one
computes L9 = [y ¢1(L)g = g'II{_,;, which leads to the following Theorem:

Theorem 18 Riemann-Roch Theorem Let L be a positive line bundle on a complex
torus of dimension g, then:

(L) = (L) = ;Lg — 1,6

The Riemann-Roch Theorem x(L) = éLg even holds for any line bundle on a complex
torus, but for our purpose we need only a statement for positive line bundles and this
one allows us to compute the dimension of H(L). Let L be a positive line bundle on
X =V/A. Then L induces a morphism ¢ : X — Ph°(L)-1 by:

Xz (op(x):-:op(x)) € P?

where n = h°(L) — 1 and oy,...,0, is a basis of H°(L). Property (6.3) is the main
ingredient to prove the following Theorem:

Theorem 19 Let L be a positive line bundle of type (41,...,04) on X. Then:

(i) o : X — Ph*(L)=1 s g holomorphic map for §1 > 2.
(it) or : X — PO~ is an embedding for 6, > 3.
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The idea of the proof is to write:

61—1
_ ®01 __ 4% *
L=M® _t(zgl_m>M® ((Xl) txiM> :

If D is a divisor such that M = £(D), we find:

01—1 61—1
0D ~ z (D—I—:EZ) - (D— 2131)
i=1

=1

and by arranging the divisors appropriately on X and by using some extra properties of
divisors corresponding to positive line bundles one can proof the previous theorem.

Let L, L' denote two line bundles on an abelian variety X. Then the multiplication of
meromorphic functions on X induces a multiplication map:

p:HY(L) x HY(L)) - HY(L ® L).

Theorem 20 Let L denote a positive line bundle on the abelian variety X. The multi-
plication map
e HO(Ln) % HO(Lm) N HO(Lern)

is surjective if n > 2 and m > 3.

As a direct consequence for a positive line bundle L the embedding

prm : X — pho(L™)—1

is projectively normal for m > 3. Another consequence is that we get some extra infor-
mation about the image of prm.
Theorem 21 Let L be an ample line bundle on X, then the ideal of the image prm(X) €
Pho(L™)—1

1. is generated by quadratic equations if m > 4

2. is generated by quadratic and cubic equations if m = 3

3. is generated by equations of degree 2, 3 and 4 if m = 2.

For the further analysis of Abelian varieties we need some properties of maps from
smooth varieties into abelian varieties and sub varieties of Abelian varieties.

Theorem 22 LetY be a smooth variety, X an abelian variety and f : Y — X a rational
map. Then f extends to all of Y.

Using the next theorem one can give a first answer to the question, which varieties
cannot be subvarieties of an abelian variety.

Proposition 37 Any rational map f: P — X to an abelian variety is constant.
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A direct consequence of the last proposition is, that there is no non trivial rational
action on an abelian variety X, since the orbit of one point would induce a non constant
rational map P! — X. If an abelian variety has an abelian variety as subvariety, there is
the following result:

Theorem 23 Poincaré’s Reducibility Theorem Let (X,L) be a polarised abelian
variety, Y C X an abelian subvariety. Then X has an abelian subvariety Z such that X
18 1s0genous to 'Y X Z.

The subvariety Z is unique up to the chosen polarisation L.

6.2.2 Jacobi and Prym Varieties

Let C be a smooth projective curve over C of genus g. There is a natural map H,(C,Z) —
H°(Qc)* given by:

v:H(Qc) = C, WH/

Now we can embed H1(C,Z) to Hi(C,C) = Hyp(C)* = H(Q¢) & HO(Qc). Since the
integral along the path ~ is invariant under complex conjugation, the map Hy(C,Z) —
H°(Qc) is injective. Thus Hy(C,Z) is a rank 2g free Z submodule of H%(Q¢)*, which is

a g—dimensional vector space. We define the Jacobian of C as:

J(C) == H"(Qc¢)/H1(C,Z) ,
which is a complex torus. To show that J(C) is an abelian variety we fix a basis A1, ..., Agq

of H,(C,Z) with intersection matrix <1O _019> . Now Ap,..., Ay is a basis of H(Q¢)*
g

as an R—vector space. We denote by E the alternating form induced by < 10g _01 g >
Then H(u,v) := E(iu,v)+iE(u,v) is an element of NS(J(C)), which is positive. Hence
the Jacobian is a polarised abelian variety of typ (1,...,1). It is not obvious that H €
NS(J(C)). One option to prove this is using the Riemann—Relations [GH94| or [BLO04].
A divisor © that induces this polarisation, i.e. ¢;(£(©)) = H is called theta divisor. If
we choose a divisor D = YN (p; — ¢;) € Div®(C) we obtain a map Div®(C) — J(C),
called the Abel-Jacobi map:

N N rpi
D:Z(pi—%) — {wHZ/ w} mod Hy(C,Z).
=1 i=1 Y4

The kernel of the Abel-Jacobi map consists exactly of the principal divisors in Div°(C),
hence the Abel Jacobi map induces an isomorphism between Pic®(C) and J(C). If we fix
a line bundle L,, € Pic™(C), we get a map:

ar, : Pic"(C) — J(C), L+~ L®L,"

which is a bijection. Let C™) denote the n-fold symmetric product of C. An element
in C(™ can be identified with a divisor of degree n on C which defines an element in

64



6.2 Complex Abelian Varieties

Pic*(C). If we map this line bundle with ap» to J(C), we get a map from COV) to
J(C). Let D,, € Div"(C) be a divisor corresponding to the line bundle L, we write
ap, : C™ — J(C) for this map. If n equals g the genus of C, this map is an isomorphism
of abelian varieties. For n = 1 we get an embedding of C' in J(C). Let ¢ € C, we denote
by L(c) the corresponding line bundle on C and write:

ac:C—J(C) C3xw agel(r).
In the following theorem we see that all maps from C to an abelian variety factor via the
last map over J(C):

Theorem 24 Universal Property of the Jacobian Suppose that ¢ : C — X is a
morphism from a smooth curve C to an abelian variety X. Then there ezists a homomor-
phism of abelian varieties ¢ : J(C) — X such that for all ¢ € C the diagram

commutes.

If a smooth curve C has an Z/2Z involution o : C — C we get a 2 : 1 cover
m:C—C :=C/{o).

If the genus of C’ is greater than 0 the Jacobian J(C) is isogenous to the product of J(C')
and an other abelian variety which is called the Prym variety of the double cover C — C’,
Prym(C/C"). The involution o on C induces an involution on H°(Q¢)¥, H1(C) and hence
on the jacobian J(C) = H®(Q¢)Y/H1(C) which we denote by & : J(C) — J(C).

Using the involution & we define two morphisms:

Ny :J(C)—J(C) z—x+d(x)
Nz:J(C) = J(C) z—z—0d(x).

The image Y := Ny (J(C)) is isomorphic to J(C'), Z := Nz(J(C)) is Prym(C/C’) and
J(C) is isogenous to Y x Z. The Abel-Jacobi map induces a morphism C to Prym(C/C’):

Te : C % J(C) Nz Prym(C/C’)

The Universal Property of the Jacobian induces the following Theorem:

Theorem 25 Universal Property of the Prym variety Suppose ¢ : C — X is a
morphism from a smooth curve C into an abelian variety X as above. If poo = —1o¢p
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there exist a unique homomorphism v : Prym(C/C') — X such that for all ¢ € C the
following diagram commutes:

C - X
”cJ Jt—«a(c)
Prym(C/C’) X

In the next step we want to fix the induced polarisation of Prym(C/C’). Therefore we
consider the case where a principally polarised abelian variety is isogenous to the product
of two abelian subvarieties which are complementary i.e. their intersection is finite.

Proposition 38 Let (X, L) be a principally polarised abelian variety and Y , Z comple-
mentary abelian subvarieties. Denote with vy and vz the embedding of Y and Z in X we
get:

K(yL)~YNZ.

By the symmetry of the situation we find K(¢5, L) ~ K (% L). Since the embedding
of J(C') is given by the o invariant of J(C) that is (H%(Qc)*)” /H1(Q¢)? the induced
polarisation ¢;)© =~ 20O is equivalent to twice the principal polarisation of J (C"). We
denote by g the genus of C and with ¢’ the genus of C' then Hurewitz§ Theorem implies
that g > 2¢’. By equation (6.2) and Proposition 38 we get that the induced polarisation
on Prym(C C') is of type (1,...,1,2,...,2), where the last ¢’ entries are equal to 2.

Remark 2 The universal property of the Prym yields the interesting question when is
a given abelian variety X with a —1y invariant possibly singular curve C isomorphic to
the Prym of the normalisation C of this curve and its —1 quotient. If C is not contained
in an abelian subvariety of X, from the dimension of the Prym we have the following
condition on the curves:

dim(X) = g(C) — g(C') = g(C') + deg(R) — 1.

Here C' := C/{—1x) and ¢ denotes the geometric genus X is isogenous to the Prym
variety of the normalisations C and C’ of C and C’.

If C is smooth we obtain an even stronger result:

Theorem 26 Let X be an abelian variety and C C X a smooth curve not contained in
an abelian subvariety that is invariant under the —1x —action. We denote C' the quotient
of C by —1x. If dim(X) = g(C) — g(C") the Abel-Jacobi map induces an isomorphism
between X and Prym(C/C').

Proof. The morphism ¢ — X factors through ¢ : Prym(C/C') — X. As C is not
contained in an abelian subvariety of X, 1 has to be surjective and as the dimension of the
Prym equals the dimension of X this has to be an isogeny. We will assume that ¢(0) = 0
for simplicity, if this is not the case we can write v as a composition of such a morphism
and a translation. Then 1t is an isomorphism if v, : Hy(Prym(C/C'),Z) — Hy(X,Z) is
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an isomorphism. Since v is an isogeny, 1, is injective and it remains to show that it is
surjective.

From the construction of the Prym we know that H;(C,Z) — Hy(Prym(C/C'),Z) is
surjective. If we can show that Hy(C,Z) — H1(X,Z) is surjective we are done, since we
obtain the triangle from the universal property of the Prym:

H,(C,7)

|

Hy(Prym(C/C"),Z) —— H1(X,Z) ‘

Bertinis theorem [GH94| implies, that we can find a filtration of hyperplane sections:
C=X1CXyC  CXgimx)-1 C Xdim(x) =X

where all X; are smooth. Lefschetz hyperplane section theorem implies that Hy (X;-1,7Z) —
Hy(X;,7) is surjective and so is H1(C,Z) — H1(X,Z). O

For singular curves this is definitely false.

6.2.3 A (2,2) polarised Prym variety

Let (A, ©) denote a principally polarised abelian surface. We want to put a (2, 2) polar-
isation on A by a smooth genus 4 curve C:

Lc:é—>A

and denote by C := ¢¢(C) the image on A. We consider the non degenerate case where
A is not isogenous to the product of two elliptic curves. The geometric Riemann-Roch
Theorem 18 implies:

1 1
X(£(C)) = (£L(C)) = 5C.C = 5(2pa = 2) = 0.0, =4
and hence p, = 5. The line bundle £(C) defines a holomorphic map:
SDE(C) A — Pg.

Up to a translation ¢ e gives an embedding of the Kummer surface K = A/(—1) in
P3. The equation definig the image of K in P3 is a quartic. K has exactly 16 A; singular
points and 16 planes that intersect with K in a conic. The 16 planes and singular points
form a 16 configuration. On each of the 16 planes are 6 singular points and each of the
16 singular points lies on 6 planes. By Theorem 19

QDE(QC) A — P15

is an embedding and by Theorem 20 it is even projectively normal. The ideal of the
image is generated by quadratic equations via Theorem 21. If C is invariant under the
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action of —14 the line bundle £(C) is symmetric. Let C' := C/(—14) denote the quotient.
Since C has only one singular point and —14 induces a Z/27Z action on C the singular
point has to be a fixed point of the symmetry action. Since H°(L(C)) is a sub vector
space of H°(L£(2C)) we find a projection p : P15 ——s P3 such that the following diagram

commutes:
A—— PP ——C=ppoe(A) N{z =0}

2:1 ;p 2:1
K P C = ppe)(A) N{z =0}

The interesting case for us is the one where the geometric genus of C’' is 2. By the
embedding of K in P3 we get an embedding of C in P? of degree 4. By the Pliicker
formula C’ has to have one singular point that lowers the genus by 1. By Hurwitz’s
theorem the 2 : 1 cover C — C’ has to be ramified along a divisor of degree 2. Since C has
only one singular point it has to be a ramification point. The Z/27Z action on C defines
an 7/27 action on its normalisation C and the quotient defines a normalisation C'—C.
The universal property of the Prym variety induces the next statement:

Theorem 27 Let A be an abelian surface C C A a Ay-singular curve on A of genus 4
defining a (2,2) polarisation. If —14 induces a Z/27 action on C and C' := C/{—14) is
of geometric genus 2, A is isogenous to the prym variety Prym(é/é’), where C and C'
denote the normalisations of C and C' and we get:

1. L(C) is an symmetric line bundle and induces an embedding of K := A/{—14) in
P3.

2. L(2C) is very ample and Yree) A — P is an projectively normal embedding.

3. @rocy(A) is a degree 32 surface in PY and its ideal is generated by quadratic
equations.

4. The line bundle £L(2C)|c defines an embedding of C in P! the degree of the image
15 16.

Proof. Since C is an ample divisor on A it is not contained in an abelian subvariety of A.
Therefore the image of the prym map is all of A since the dimension of the prym equals
the dimension of A the prym map is an isogeny. Since C is invariant under the action
of (—14) the line bundle £(C) is symmetric. By Theorem 19 and 20 we get the second
point. Now

(L£(2C))* = (2C).(2C) = 4.(2p, — 2) = 32

hence we get with Theorem 21 the third point. From the Riemann-Roch Theorem for
curves it follows:

1((2C)|c) = deg((2C)|c) +1 —pa =16 +1—-5=12.

This implies the last point. O

68



6.2 Complex Abelian Varieties

A principally polarised abelian surface A, that is not isogenous to the product of two
elliptic curves, yields always a curve of geometric genus 4 in [£(20)]. As 2y embeds
the Kummer surface K = A/(—14) in P3 as hypersurface of degree 4 the intersection of
a hyperplane of P3 with the Kummer surface yields a curve of degree 4. The image of the
zero in A is one of the 16 nodes on the Kummer surface, as it is invariant under the —1 4
action. If we choose a hyperplane in P? containing the image of the zero and no other
singular point of the Kummer the intersection of the Kummer with this hyperplane is a
degree 4 curve in P? with a node, so of genus 2. Its preimage then is of geometric genus
4 with a node.
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Appendix

3 £ =16 Hénon-Heiles

Basis of H°(L(2D)):

70

N
o
I

N
R
Il

& 8
(I
wly = SO~

W= 2Py gQU
25 = PU — 4QW
= 20t 120 + QU + W
z7 = U?
28 = —2QPU + 16Q*W + UW + 3PV
= 33—2623U + P?U + %QUQ

1 32
210 = fPUQ + —Q3W + P*wW
1024 64 256 8 16
211 = 7626 Q3P2 + P4 + 7Q4U+ gQP2U+ §Q2U2
3 5 3
z19 = —4Q3PU — gP?’U — 6QPU2 +16Q*W + 5QP?W +4Q*UW

1 1
+ —U2W — fPL2 +QWV

204 2
23 = _ﬂ@ 128Q4P? — 6QP* — Q5 —16Q*P%U — 3gQg‘U2

+ P2U2 + 64Q3PW + 6P3W — 16Q2L2 — 256Q*V — 24QP?*V — 16Q*UV
14 = 64Q*PU + 6QP3U + 16Q*PU? 4+ PU® — 512Q°W — 48Q*P*W — 128Q3UW

+ 3P2UW — 8QU?W + 24QPL? — 96Q3PV — 9P3V — 48QPUV + 48Q*WV

1792 21 544
215 = ——Q() —112Q*P%*U T —PpPiU -

512

Q4U2 18QP2U?
— §Q2U3 +16Q*PUW + PU*W + 64@3L2 +6QUL? —96Q3UV
— 10QU?V — 24QPWV + 24Q*V?
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Basis of H? = (L(3D)):

w
o
|

N
S
I

N
w
I

S
I
STTvO -

N
W~
|

z5 = QU

26 = %Q?’ + p?

z7 = PU —4QW

5 =8Q" 4 SQP? + QU

4
—%Q‘i —2QP? + PW

210:U2
3 3 3 1 2
212:UW

2 4
213 = S—Q?’U + P*U + —QU?
3 3
2 3 1 2 1 2
= - = —-QpP
Z14 3@ U 12QU 2@ W+Q V
1
215 = —ZPUZ + QUW
1 32
216 = fPUQ + —Q3W + P?W

1024

64 256
P —Q6 + Q3P2 + P+

4
U
o @

6
—QP?U + —Q*U*
+ 3Q +50Q
Z18 = U3
3
219 = 8Q3PU + 7P3U + QPU2 — 32Q*W — 3QP%*W — 4Q*UW
290 = 7Q3PU + P3 Q4W QP*W

+ gQ2UW + EU2W +QWV
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291 = %cf +32QP% + ;QP“ +64Q°U + 6Q*P*U
+ EQ?’U2 + 8Q3PW + §P3W +QPUW
29y = —Q7 +128Q*P% + 6QP* + 256Q°U + 24Q*P*U
+ §Q3U2 + P2U? + 64Q°PW + 6P*W — 16Q%L? — 128Q*V — 12QP%*V
293 = —128Q5P — 24Q3P3 — §P5 — 64Q*PU — 6QP3U — 8Q*PU?
+128Q°W + 12Q*P?W + 32Q3UW + QU?W — 3QPL? + 3QPUV
Zoa = 53£Q6P +32Q°P% + gzﬁ + 64Q*PU + 6QP3U

2
+8Q*PU? — 3—Q3UW + P2UW +4QPL? + 32Q%PV + 3P3V

1024 256

64
295 = 7@6 Q3P2U+P4U+ Q4U2

+ gQPZUQ + HQQU?’
512 64
296 = 7Q6U +16Q3P%U + ?Q4U2 —2QP?U?
+128Q*PW + 12QP3W + 40Q*PUW + PU?W + 64Q3L? — 256Q°V
— 24Q%*P?V — 128Q3UV — 8QU*V — 12QPWV
2 1 4
297 = 3—Q3PU2 + §P3U2 + §QPU3

1024 128

64
—5 QW+ S QP PIW 4 PIW 4 —=QIUW
+ gQJﬂUW
8 1 2 16
208 = =Q3PU? + —P3U? + ZQPU? — —Q'UW
3 8 3 3
+ gQPQUW —2Q%UW +8Q*PL* + QWL? — 12Q*PUV

1
+ ZPU2v +32Q3WV + 3QPV?

32768 1024
29 = = Q° + Q5P? +32Q3P* + P°
4096 256 512
—5 QU+ —5-Q'PU+4QP'U + ==Q°U?

4+ Q2P2 U2 + Q3 U3
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_ 9
32

— %Q2PU3 +128Q"W + 24Q*P*W + gQP‘*W +48Q°UW

2
230 = —32Q°PU — 6Q3P3U — —- P°U — %Q“PU > - QPU?

14
+ §Q2P2UW + 5 QUIW+ 16P2U2W

+ %QU?’W —2Q°PL? - %P%2 — iQPUL2
+8QWV + §QP2WV + Q*UWYV
Z31 = —@Q 0 — 2048Q" P? — 192Q* P* — 6QP5 — %?QQBU
- 512Q° P’U — 24Q*P*U 1024Q6U2 4Q3P2U2
+piyz - 22 - QU+ QP2U3 2048 ——Q°PW
+ 128Q3P3W + 6P°W + —Q‘*PUW +8QP3UW — 512Q5L2
—16Q*P%L? — %QSULZ 8192Q7V 512Q*P%V
— 24QP*V — 512Q°UV — 48Q*P?UV — §Q3U2V
239 = 16384 —— QP —1536Q°P? — 144Q3P° — gzﬂ —2048Q"PU

2
— 384Q4P3U — 18QP°U — 256Q°PU? — 24Q*P3U? — %Q?’PU?’
+ P3U3 — 8192Q%W — 1536Q° P*W — 72Q*P*W — 3072Q°UW — 288Q3P?UW
— 384Q*U*W — 24QP2UW — 16Q%*UW + 384Q*PL? + 36QP>L?
+64Q*WL? — 3072Q° PV — 576Q3P3V — 27P°V — 1536Q*PUV
— 144QP3UV — 96Q*PU?V + 1536Q°WV + 144Q*P2WV + 128Q3UWV
233 = 14336 QU — 1344Q5P?U — 126Q3 PAU — ?6136(]
— 2048Q7U2 —392Q*P?U? — %QP‘*Uz — 288Q°U3
4
— 28Q*P?U3 — §OQ3U4 +128Q°PUW + 12Q*P3UW
+24Q3PUW + ZP3U2W + QPUW +512Q°L? + 48Q3 P2 >
9
+112Q*UL? + 5QP?UL2 +6Q*U%L? — 763Q°UV — 12Q°P2UV
1
—176Q*U*V — ;QPQUZV —10Q*U3V —192Q*PWV
—18QP3WV — 24Q*PUWV + 192Q°V? + 18Q*P?V? + 24Q3UV?
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45
234 = —384Q5 PU? — 66Q° P3U? — EP5U2 - 120Q* PU?

- @QP?’U?’ —9Q*PU* — 10240Q°W — 2880Q° P*W — 270Q*P*W

1 63
1365 PSW — 2560Q"UW — 576Q*P2UW — ?QP‘*UW

— 2TQ*P?UW + 28Q3UW + QU*W — 384Q°PL? — 36Q*P3L?
4
—84Q3PUL* + §5P3UL2 —192Q*W L? — 36QP*W L?
—30Q*UW L? + 576Q°PUV + 54Q*P3UV + 180Q* PU*V
9

éP3U2v +9QPU3V — 1536QWV — 144Q3 P2WV

— 384QUWV + 2TQP?’UWYV — 18Q*UWV + T2Q*PL*V
2
— 144Q*PV? — —7QP3V2 — 108Q*PUV? + 12Q3WV?

5373952 671744
235 = ————— Q¥ — ————QP? — 10496Q° P*

27
123 753664
—656Q°P% — —=pP% — " Q'0U - 23552Q" P*U

8
57344 3584
— 2208Q*P*U — 69QP°U —

43264

QS U2 Q5 P2 U2

1 12
— 56Q%PYU? + 7

263 P + 288Q4U4 + QP2U4

Q6 Ud Qd P2 Ud

116QQU5

2560

+ 2560Q° PUW + 480Q3P3UW + ?PE’UW “——Q*PUW

232
+ 78QP3UW + TQ2PU3W +2048Q7L? + 384Q4P2L2

256
+18QP*L? + 768Q°UL? + 56Q*P2UL? + —Q3U2L2

160 2048

Q3PWL2 + P3WL? —8Q*L* — ——Q"UV

640

- 128Q4P2UV —6QP'UV — Q5U2 —Q3U3V

160
Q3PUWV +5P3UWV

10
+ P2U%V + gQU“
+16QPU*WV — 384Q4L2 —12QP?L?V + 320Q*UV?

+48Q*PWV? — 32Q3V3
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6.4 The degree 3 Grammaticos potential

We computed a basis for HY(L£(2Cp)) as:

$1:=4q1
P2 = q2
P3 = P2
v11= 0

©5 1= q2p1 + 2q1p2 + Sq2p2
Q6 = G102 — 50105 — 5G3 — SP1p2
o7 1= —3q145 + 343 — 315
P8 = @Gp1 + 2q1qp2 + Sa5p2
0o = G2 — 2q105 — 1q5 + Lgop?
010 = 2q1 — 515 + 1B + 55 + Q1pT + @p1p2
P11 1= 3q1g3p1 — 3G5p1 + 247 q2p2 — 195P2 — 43p2 — SP1D3
p12 .= 3431 + Sq1d3ps + 3p3
p13 = —9q7¢3 + Jq1ds + 595 + 645p1p2 + 201205 + G35
p1a = 34005 — 3Gig5 — 3105 + 195 — quqepip2 + 3a3P1p2 — 341P3 + §0142P3
e15 = — 3B + 39301 — 345 a3p2 + Sa5p2 — Sq1p3 — Sqaph
P16 = %Q§p1 + %q%qgm + %q1q§’p2 - iquz - %qwlpg - %Chpg
P17 = 20002 — 41 % — 340 + 1B + 0165 + 195 + GRPT — 50165P; + 6pi
— 2g3p1p2 + 3q1d3pipe + Ta3pipe — Lpipe + 2qiaepd + 2q1a3pd + Ladn3
18 = 3050501 + Saiaspr — Baraspy + 25p1 + 36307 + 24t qepe + 3G a3pe — 33 dipe
— L01G3p2 + 232 + QL @PIP2 — 5Q1GPIP; — S6PIPs — §9IDY — §D142Ps — 3595Dh
P19 1= 2] — 4qYq2 — 64703 + 84145 + ity — 36165 — b — 145 + 24ipi — Aqiqopi
— 341 43Pt + 4a1a3pt — Saapt + 1/201p] — qept — 3qra3pipe — Sdapip2 — 24ip3

—1aiasps — Saiasps — Lasps — Ltapin
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w20 = 3q1a3p1 — 3a3a3p1 + Saiasp — Saadpr — SdSp1 + Saadpi — 343t + 4qdqops
— 2¢ta3p2 — 243 @3p2 + Saiaspe — a1d3p2 — 1a5pe + 24} qepipe — 01 a3PIp:
— 4g3pip2 — 2413 — S1a3p1ps — $G3p1P5 — 10ip3 — 2di@ers — 2ava3ph — Laips
po1 7= 36705 — 24iah — 8435 + Badal + Bargs — 8BS + 334307 — Squaap? — Ladp?
—2¢3a3p1ps — 3G B2 + Baradpipe — Ladpips — @3pipe — 2atans — Laidip}
— LB — HNGD; + 3P — 5010PiPs + $016PIDy + 1asdP1ps
+ 314iP5 + 59142P5
w22 1= —3qiasp1 — 2 adaipr + 9833 + BaaSpr — Laipr — 3qiadpt — Lasp}
— 3q75p2 — 6q143p2 + R @i dap2 + R i dsp2 — Baigspa — Laspe — 3 pive
— 6q1g5pip2 — & 0apip2 — 3G GBPIPs — S A145PIPs — S¢ap1P3 — S41DH
— Yt — Laiadns + kaddps + s — apivh — Saopind
+ %qmlpé - %qmg
po3 = A qvgs — A diad — Faias + Faias + Hads — F b + et — fadspi
— Be8pt — 3ata3pip2 + Saidapip2 — EdSpipa — 343pip2 — A1 ps + Al 3P
— 3q145p5 — YL 0165p5 + §a5p5 — 2q145p1p5 — S45Pips — 54t qepip

— 2q1a3p1ps + 2a3p1pl — Eaips — Saiqeps — = dips -

6.5 The Duistermaat System

The following SINGULAR script commutes the Laurent Series solutions to xr of the de-
formed Duistermaat System (C®,F,). We may pay attention, that the variable ¢ denotes
the square root v/t. The integer MaxOrd defines the maximal order of the series and
the integer MaxDeg the maximal degree of a generators of the ideal of the indicial locus,
which are used to solve the linear equations, which are given over O7 where Z denotes
the inditial locus. If MaxDeg is chosen to small the equations can not be solved and the
dimension of I is —1 which is written in the document ":a_Fehlermeldungen".

Listing 6.1: Laurent Series

LIB"primdec.lib";
2 LIB"normal.lib";

3 LIB"qhmoduli.lib";
4 int MaxDeg = 24;

5 int MaxOrd = 16;

o

6 // RING /

7ring v = 0, (q(l..4),p(1..4),z(1..3),1).(dp(8),1p);
s poly H=q(1)°2 + p(1)°2 + q(2)°2 + q(4)°2

9+ p(2)°2 + p(4)°2 + 2%xq(3)°2 + 2xp(3)"2;

0 poly F = q(3)x(2x(q(1)"2 — p(1)"2)

u+ (a(2)°2 +q(4)72 = p(2)°2 — p(4)°2))
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1z 4 24p(3)x(2xq(1)*p (1) + a(2)*p(2) + q(4)*p(4))
13 poly G1 = (p(1)72%(q(2)"2 + q(4)"2)
1 — 2+p(1)xq(1)*(p(2)*q(2) + q(4)*p(4))
5+ q(1)72%(p(2)72 + p(4)72))*(p(2)72 + p(4)"2 + q(2)°2 + q(4)"2)
6+ 2%(1/2xq(3)%(q(2)"°2 + q(4)"2 — p(2)"2 — p(4)°2)
o p(3)(a(2)+p(2) + q(4)sp(1))) "2

18 poly L = —q(4)*p(2)+q(2)xp(4);

19 poly G =Gl — (q(1)°2 + p(1)~2)«xL"2
20 matrix X|[8][1];

o1 for (int i = 1; i <= 8; i++)

22{

23 X[i,1] = PBk(F,var(i),4);

24}

25 matrix E = diag(1,8);

26 matrix Nu = E;

27 matrix k|[8][8];

s for (int 1 = 1; i <= 8; i++)

29 {

30 for (int j = 1; j <= 8; j++)
31 {

32 \ k[i,j|] = diff(X[i,1],var(]));
34 }

33 matrix K = k + Nu;

6 ideal il;

a7 for (int i = 1; i <= 8; i++)

38{

39 il = i1, var(i) + X[i,1];

40}

a1 poly ¢ = det (K — 1xE);

2 list Lil = primdecGTZ(il);

a3 //for (int 1 = 1; i <= 3; i++)

a //{

s // ideal I(i) = Lil[i][2];

6 // ideal J(i) = std(I(i));

ar [/ poly C(i) = reduce(c,J(i));
s //}

1 ideal J(2);

o J(2)[1]=p(4);

a 3(2)[2] - (2);

2 J(2)[3]=aq(4);

5 J(2)[4]=q(2);

s J(2)[5]=16%p(1)~2+4%p(3) + 1

5 J(2)[6]=4xq(3)*p(1) —4xq(1)*p(3)—q(1);
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J(2)[7T]=4%q(1)*p(1)+q(3);
J(2)[8]=16%q(3)"2+16x*p(3)~2—1;
J(2)[9]=4%q(1)*q(3)+4xp(1)*p(3)—p(1);
J(2)[10]=16x%q(1)"2—4xp(3)+1;

ideal IL = std(J(2));

K = RedComp (K, IL);

poly C = reduce(c,IL);

matrix V(0)[8][1];

for (int 1 = 1; i <= 8; i++)

{
} V(0)[i,1] = reduce(var(i),IL);
// RING /

ring rl = 0, (q(2..4),p(2..4),q(1),p(1)).(dp(6),dp);

ideal il = imap(r,IL);
ideal IL = std(il);
ideal B = 1;
for (int 1 = 1; i <= MaxDeg; i++)
{
B = B, kbase(IL,i);

}

int N = size(B);

// RING /

ring R = (0 ( 6)), (a(2..4),p(2..4),q(1
(dp(6) .dp(2),1

ideal il = 1map(r IL);

ideal IL = std(1il);

ideal B = imap(rl ,B);

matrix K = imap(r ,K);

matrix E = diag(1,8);

matrix Nu = E;

matrix V[8][1];

for (int 1 = 1; i <= size(B); i++)
{

for (int j = 1; j <= 8; j++)

{

V0i,1] = V[j,1] + Bli]|*xz(8*x(i—-1) + j);
}

}

matrix V(0) = RedComp (imap (r,V(0)),IL);

//===EV = 1/2
matrix V(1)[8][1];
V(1)[2,1]==p(3)+1/4;
V(1)[6,1]=q(3);
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100 matrix V(Q)[81[1]§
1 V(2)[4,1]=q(3);

102 V(2)[8,1]=p(3)+1/4;
103 //:::EV - 3/2

104 matrix V(3)[8][1];

105 V(3)[2,1|=—p(3)—1/4;

106 V(3)[6 ,1]:(1(3);
107 matrix V(4) [8] [113

1os V(4)[4,1]= —p(3) —1/4;

o0 V(4)[8,1] = (3);
110 //===EV = 2

1 matrix V(5)[8][1];
w2 V(5)[1,1]=q(1);

s V(5)[3,1]=—2%q(3);
0 V(5)[5,1]=p (1);

s V(5)[7,1]=—2x%p(3);
116 //===EV = 3

117 matrix V(6)[8][1];
wa V(6)[1,1]=—p (1)

no V(6)[3,1]=p(3);

120 V(6)[5,1]=q(1);

121 V(6)[7,1]=—q(3);

122 V(1) = RedComp (V(1),
123 V(2) = RedComp(V(2)
124 V(3) = RedComp(V(3),
125 V(4) = RedComp(V(4),
126 V(5) = RedComp (V(5),
127 V(G) = RedComp(V(6)
128 matrix W= V(0) + t

120 + ¢(4)%V(4)) + t 4dxc
1o for (int i = 1; i <= MaxOrd; i

)*V( ) + c(2)x
V(5) + t"6xc(6)=*

\//\\_/\_/\_/\_/\_/\_/

)
6);

6.5 The Duistermaat System

+ t7°3x(c(3)xV(3)

131{
132 matrix wwW =W 4+ t7ixV;
133 map iW = r, wW[1,1], , wWW[3,1], wW[4,1],
134 wW[5,1], wW[6 ,1],
135 matrix D = iW(X) + NuxwW — t/2xdiff (wW, t);
136 matrix rD = D/(t"
137 matrix Di = RedComp((D/(t"i) — t*rD),IL);
138 ideal 1il;
139 for (int j = 1; j
140 {
141 matrix M = coef(Di[j,1],q(1)*q(3)*p(1)*xp(3));
142 for (int n = 1; n <= ncols(M); n++)
143
{
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il, M[2,n];

144 1 I

145 }
146 }

147 ideal iJ = std(il);
148 ideal I(i) = il;
149 int N(i) = dim(iJ);
150 print ("step_" + string(i));
151 print ("dim(I)_=_"+string (N(i)));
152 write (":a_Fehlermeldungen", "step_" + string (i)
153 + """ "dim (D) =_" + string (N(i)));
154 matrix We = RedComp(V,iJ);
155 for (int j = 1; j <= 8xN; j++)
156 {
157 We = subst (We,z(j),0);
158 }
159 W =W + t"ixWe;
160}
161 write (":w_Polyl" W[1 ,1]);
162 write (":w_Poly2" W[2 ,1]);
163 write (":w_Poly3" W[3 ,1]);
164 write (":w_Poly4" W[4  1]);
165 write (":w_Polyb" W[5, 1]);
166 write (":w_Poly6" W[6 ,1]);
167 write (":w_Poly7" W[7 ,1]);
( )

":w_Poly8" W[8,1]);
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6.6 The degree 4 Grammaticos Potential

A basis of HY(L(Cy +C_)?):

82

v1=0Q
P2 =Q°
p3 =P
oy =U
05 = QU
v =W
7 = PU —2QW
pg = U?

po =2Q" + P* + QU
¢10 = 2Q° + QP* + QU
1
P11 = —5QPU +Q*W
3 1 2
p12 =Q U+§QU + PW
@13 = 2Q*P 4+ P? +2Q*PU — 2Q*W
14 = 2Q*U + P?U + Q*U*?

Q15 = —%PUQ + QUW

p16 = 2Q° + Q°P? +2Q'U + %Q2U2 + QPW

17 = QP?U — 4Q*PW +4Q3V

P18 = 2Q°U +2Q°U? + %QU3 +4Q*PW + PUW — 4Q*V
Y19 = %QPU2 +2Q*W + P?W

1 1
oo = —§Q3PU +2Q'W + 5Q?UW +QPV
o1 = 2Q*PU + P3U + Q*PU? — 4Q°W — 2QP*W — 2Q3UW
@9 = P2U? — 4QPUW + 4Q*UV

P23 = —%QQPUQ +2Q°UW + %QUQW + PW?
2 = 6Q° +6Q°P? + ;QP4 +8Q7U +4Q°P*U

- 2Q5U2 n ZQP2U2 N %Q3U3 L0 PW 4 P 1 QP
25 = —Q°PU — %QP?’U — Q*PU* - iQPU?’ +2QW

1 1
+ Q*P*W +2Q*UW — 5JﬂUVV + §Q?U2W + QPW?



6.6 The degree 4 Grammaticos Potential

o6 = 4Q8P +4Q* P3 + P® + 8Q°PU + 4Q*P3U + 4Q* PU?

+ éQ2PU3 —8Q"W —4Q*P*W — 6Q°UW + QP*UW — Q*U*W — 2Q°PW?
o7 = 2Q0 4+ 2Q°P% + %Q2P4 +3Q%U + Q*P?U — EP‘*U

+ %Q6U2 — icf]ﬂU2 + iQ4U3 +2Q°PW + QP3*W + 2Q3PUW — Q*W?
o5 — gQgU P20 P gQP4U + ZQ7U2

—|—2Q3P2U2 + §Q5U3 + 13—6QP2U3 + %Q3U4 . 4Q6PW

—2Q°P*W — gQ“PUW + %P:”UW +2Q°W? + ngUWQ +4Q"V

+2Q3P?V +3Q°UV + %Q3U2V + Q3?2
@29 = —Q"PU — %Q3P3U - %QP?’UQ + %Q3PU3 + %QPU4

+4Q%W 4 2Q*P*W + 2Q°UW — gQ2P2UW — %Q4U2W + %PQUQW

— %Q2U3W +2Q3PW? — %QPUWZ +2Q°PV + QP3V +2Q3PUV — 2Q*WV
30 = PAU? —8QP3UW + 16Q*P*W? + 8Q*P2UV — 32Q3PWV + 16Q*V?
p31 = —QPU — Q'P°U — iPE‘U — gQﬁpzﬂ - gQ2P3U2

— ZQ4PU3 — éQ2PU4 +2Q°W + 2Q°P?W + %QP‘*W +3Q"UW

+ 2Q3P2UW + gQ5U2W - %QP2U2W + iQ?’UB'W

— gQ4PW2 — ipi”w2 + %QZPUWQ — %Q?’W?’ —Q*PUV

+4Q°WV + Q3UWV + Q*PV?* .

83



6 Appendix

84



Bibliography

|ABH02]

[AMV04]

[Arn89]

[AvM8&2]

[AvMSS]

[AVMS9]

[Bal92]

[BLO4]

[BLvS89|

[BvMS7]

[Cha48|

[Coo84]

[DG84]

V. Alexeev, C. Birkenhake, and K. Hulek, Degeneration of prym wvarieties,
Journal fiir die reine und angewandte Mathematik (2002), no. 553, 73-116.

M. Adler, P. Van Morebeke, and P. Vanhaecke, Algebraic integrability, Painlevé
geometry and Lie algebras, Ergebnisse der Mathematik und ihrer Grenzgebiete,
Springer, 2004.

V.I. Arnold, Mathematical methods of classical mechanics, Graduate Texts in
Mathematics ; 60, Springer Verlag, 1989.

M. Adler and P. van Moerbeke, The algebraic integrability of geodesic flow on
so(4), Invent. Math. (1982), no. 67(2), 297-331.

, The Kowalewski and Hénon—Heiles motions as Manakov geodesic flows
on so(4)—a two —dimensional family of Laz pairs, Comm. Math. Phys. (1988),
no. 113(4), 659-700.

, The complex geometry of the Kovalewski-Painlevé analysis, Invent.
Math. (1989), no. 97, 3-51.

J. Baltuch, On reducible (1,2)—polarised abelian surfaces, Brandeis University
(1992), no. PhD Thesis.

C. Birkenhake and H. Lange, Complez abelian varieties, Grundlehren der math-
ematischen Wissenschaften, Springer Verlag, 2004.

C. Birkenhake, H. Lange, and D. van Straten, Abelian surfaces of type (1,4),
Mathematische Annalen (1989), no. 285, 625-646.

C. Bechlivandis and P. van Moerbeke, The Goryachev Chaplygin top, the Toda
lattice and the intersection of 5 quadrics in P7, Comun. Math. Phys. (1987),
no. 10, 317-324.

S. A. Chaplygin, A new case of rotation of a rigid body, supported at one point,
Collected works Vol. 1, Gostekhizidat, 1948.

R. Cooke, The mathematics of Sonya Kovalevskaya, Springer, 1984.

B. Dorizzi and B. Grammaticos, Ezplicit integrability for Hamiltonian systems
and the Painlevé conjecture, Journal Math. Phys. (1984), no. 25, 481-485.

85



Bibliography

[DGR&2] B. Dorizzi, B. Grammaticos, and A. Ramani, Painlevé conjecture revisited,

[DM96]

[Don95|

[Duis4]

[FC90]

[Fed99]

[Gav99]

[GH94

[Gor00]

[GvS10]

[HH63]

|Hit94]

[IVY10]

[Jac36]

[Koi76]

[Kov89|

86

Physical Review Letters (1982), no. 49, 1539-1541.

R. Donagi and E. Markman, Spectral covers, algebraic completely integrable,
Hamiltonian systems, and moduli of bundles, Lecture Notes in Mathematics,
Springer, 1996.

R. Donagi, Spectral covers, MSRI series vol. 28, MSRI, 1995.

J. J. Duistermaat, Non-integrability of the 1:1:2-resonance, Ergod. Th. Dy-
nam. Sys (1984), no. 4, 553-568.

G. Faltings and C.-L. Chai, Degenerations of abelian varieties, Springer Verlag,
1990.

YU. Fedorov, Classical integrable systems and billards related to generalized
jacobians, Acta Applicandae Mathematicae (1999), no. 55, 251-301.

L. Gavrilov, Generalized jacobians of spectral curves and completely integrable
systems, Mathematische Zeitschrift (1999), no. 230, 487-508.

P. Griffiths and J. Harris, Principle of algebraic geometry, Wiley Classics Li-
brary, Wiley, 1994.

D. Goryachev, On the motion of a rigid material body about a fized point in
the case a = b = 4c, Mat.Sb.(1900), no. 21, 3.

M. Garay and D. van Straten, Classical and quantum integrability, Moscow
Mathematical Journal (2010), no. Vol. 10 No. 3, 519-545.

M. Hénon and C. Heiles, The applicability of the third integral of motion: Some
numerical experiments, Astronomical Journal (1963), no. Vol. 96, No. 1, 73-79.

N. Hitchin, Stable bundles and integrable systems, Duke Mathematical Journal
(1994), no. Vol. 54 No. 1, 91-114.

R. Inoue, P. Vanhaecke, and T. Yamazaki, Singular fiber of the Mumford system
and rational solutions to the KDV hierarchy, Communication on Pure and
Applied Mathematics (2010), no. 63, 508-532.

C. Jacobi, Sur le mouvement d’un point et sur un cas particulier du probléme
des toris corps, Compt. Rend. (1836), no. 3, 59-61.

S. Koizumi, Theta relations and projective normality of abelian varieties, Amer-
ican Journal of Mathematics (1976), no. 98-4, 865-889.

S. Kovalevskaya, Sur le probléme de la rotation d’un corps solide autour d’un
point fize, Acta Math. (1889), no. 12, 177-232.



[Mar94]

[MP04|

[MPO5)

[MR99]

[MRRO]

[Mumg84]

INYO1]

[Pi092)

[Ram84]

IRGCO3]

1SYZ96]

[Van96]

[Zig82]

[Zig83]

Bibliography

Eyal Markman, Spectral curves and integrable systems, Composito Mathemat-
ica (1994), no. tome 93 No 3, 255-290.

A. Maciejewski and M. Przybylska, All meromorphically integrable 2D Hamil-
tonian systems with homogenous potential of degree 3, Physics Letters A (2004),
no. Vol. 327, 461-473.

, Darboux points and integrability of Hamiltonian systems with homoge-
nous polynomial potential, Journal of Mathematical Physics (2005), no. Vol.
327, 461-473.

J. J. Morales-Ruiz, Differential galois theory and non-integrability of Hamilto-
nian systems, Progress in Mathematics Vol. 179, Birkh&user, 1999.

J. J. Morales-Ruiz and J. Ramis, Galoisian obstructions to integrability of
Hamiltonian systems, Methods and Applications of Analysis (2001), no. Vol.
8, No. 1, 33-96.

D. Mumford, Tata lectures on theta ii, Birkhduser, 1984.

K. Nakagawa and H. Yoshida, A list of all integrable two-dimensional homoge-
nous polynomial potentials with a polynomial integral of order at most four in
the momenta, Journal of Physics A (2001), no. 34, 8611-8630.

L. A. Piovan, Clyclic coverings of abelian varieties and the Goryachev—
Chaplygin top, Math. Ann. (1992), no. 294(4), 755-764.

S. Ramanan, Ample divisors on abelian surfaces, Proc. Lond. Math. Soc.
(1984), no. 51, 231-245.

V. Ravoson, L. Gavrilov, and R. Caboz, Separability and Lax pairs for Hénon-
Heiles system, J. Math. Phys. (1993), no. 34, 2385-2393.

A. Strominger, S.-T. Yau, and E. Zaslow, Mirror symmetry is T—dualety, Nucl.
Phys. (1996), no. B479, 243-2509.

P. Vanhaecke, Integrable systems in the realm of algebraic geometry, Lecture
Notes in Mathematics, Springer, 1996.

S. L. Ziglin, Branching of solutions and nonezistence of first integrals in Hamil-
ton mechanics i, Functional Analysis and its application (1982), no. Vol. 16
Num. 3, 181-189.

, Branching of solutions and nonezxistence of first integrals in Hamilton
mechanics 4, Functional Analysis and its application (1983), no. Vol. 17, 6-17.

87



