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Chapter 1

Introduction

It is known that a completely integrable Hamiltonian system on a symplectic manifold (M, w),
seen as a Lagrangian fibration, defines an integer affine structure A,, on its base space [20].
We want to answer the following question:

In which cases does the affine structure A, determine w uniquely modulo momentum-
preserving real-analytic automorphisms of M ¢

We are interested in integrable systems with singularities. In some cases, where some
non-degeneracy condition is assumed, this is known to hold (see [18, 16, 19, 55]). Notice that
the converse statement is obviously true: if a symplectic form is mapped to another one by a
momentum-preserving map then the action variables of the two forms coincide, and so do the
affine structures on the base space.

In Part I of the thesis we discuss the case of one degree of freedom, and we describe sufficient
conditions for a positive answer in presence of degenerate singularities. The applicability of
these criteria depends on the type of singularities. In Part II we study a typical degenerate
case occurring in two degrees of freedom: parabolic orbits and cuspidal tori.

1 Completely integrable systems with singularities

All real objects throughout the thesis will be assumed to be real-analytic. The space of
real-analytic k-forms will be denoted by A¥, while A¥(R™,0) will denote the space of germs
of real-analytic k-forms at 0 € R”. For holomorphic k-forms we use the notation Q* and
Qk(Cr,0).

Let (M,w) be a symplectic manifold. For any function f : M — R, denote by Xy = w™'df
the vector field satisfying ix,w = df, and let {f, g} = w(X}, X;) be the Poisson bracket defined
by w. If two functions Poisson-commute, then the corresponding vector fields commute.

Definition 1.1. A completely integrable Hamiltonian system! on a compact symplec-

tic manifold (M, w) of dimension 2n is given by n real-analytic Poisson-commuting functions
fi,---, fn: M — R which are independent almost everywhere, and by a Hamiltonian func-

NI

LFor short we will often write “integrable systems”, “integrable Hamiltonian systems”, etc.
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tion H such that {H, f;} =0foralli=1,...,n.

The map F = (f1,...,fn) : M — R" is called the momentum map. A point x € M is
critical for F' if rank dF(z) < n. We denote by K = Crit F' C M the set of critical points
of the momentum map. The set of critical values ¥ := F(K) C R" is called the bifurcation
diagram of F.

Since the vector fields Xy, ,..., X, commute, their joint flows define an action ® : R" x
M — M, called the Hamiltonian action of the group R" (defined by fi,..., f,). From the
fact that this action preserves the momentum map it follows that the orbit through a point x
of rank k < n, i.e., the singular orbit through z, is k-dimensional.

Let us recall the statement of Liouville-Arnol’d Theorem (see [20]). Assume M is compact.
Let M, := {x € M : rank dF(z) = n} be the set of regular points for F', then F|y, is a
submersion. For z € F~!(¢) denote by F®) the connected component of F~!(¢) containing z.

Theorem 1.1 (Liouville-Arnol’d). M, is an open subset of M. For each x € M such that
F®) < M, (i.e., is a regular fiber), there is an open neighborhood U of F®@) in M,, invariant
with respect to the flow of each Xy,, and a diffeomorphism (I,p) : U =V x T™ with V' open
in R™ such that I = x o F' for some diffeomorphism x : F(U) =V, and w = dI; Ndp; on U.

U

| N

I

The coordinates (I1,..., Iy, ¢1,...,¢y) are called action-angle variables. Action vari-
ables, seen as a local coordinate system on the base space, are not unique: any two set of
actions are related by an integer affine transformation, i.e., belonging to GL(n,Z) x R™. A
completely integrable system can be understood as a Lagrangian fibration with singularities,
i.e., a fibration m : M — B whose regular fibers are Lagrangian submanifolds of (M,w). Here
B denotes the quotient space obtained from M by identifying points on a same connected
fiber. Then the collection of action variables defines an atlas of the regular part of B, whose
transition functions are integer affine. In other words, the regular part of the base space is an
integer affine manifold.

Liouville-Arnol’d theorem gives a complete description (i.e., a symplectic canonical form)
of the fibration in a neighborhood of a regular fiber. It also shows that, if we are given two
regular Lagrangian fibrations, then any integer affine local diffeomorphism between the bases
can be lifted to a momentum-preserving symplectomorphism between the two systems (this
amounts to choosing a Lagrangian section for the two fibrations). From the point of view
of classification, this means that locally, regular Lagrangian fibrations have no topological,
smooth nor symplectic invariants.

1.1 Singularities

The picture becomes more complicated when we consider the fibration in the neighborhood of a
critical value. Consider a curve lying in the regular part of B, its pre-image consists of a family
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of Liouville-Arnol’d tori (not necessarily connected). If we let the curve cross the bifurcation
diagram, these tori will typically undergo a nontrivial bifurcation, and the fibration near the
singular fiber, i.e., at the point where this transition happens, can be quite complicated (see [7]
for examples). In this sense, singular fibers contain the nontrivial topological information of
the integrable system. For this reason, and because singularities are ubiquitous in integrable
systems, the problem of their description and classification is very important in the theory of
completely integrable Hamiltonian systems.

The typical classification problem can be formulated as follows: let (M,w, f1,..., f,) and
(]\7 , W, fl, ceey ﬁl) be two integrable systems. These two systems are Liouville equivalent
if there exists a fiber-preserving homeomorphism ¥ : M — M. We can consider more rigid
types of equivalence, requiring the map ¥ to be smooth or real-analytic. If there exists a
fiber-preserving map ¥ as above which moreover is a symplectomorphism (V*w = w), we say
that the two systems are symplectically equivalent.

In describing the singularities of the fibration we can distinguish three kinds of problems,
which are defined by restricting the system to some open domain U C M:

e the local problem, if U is a neighborhood of a singular point;
e the semi-local problem, if U is a neighborhood of a singular fiber;
e the global problem, if U is the whole manifold.

It is also common to consider U to be a neighborhood of a singular orbit (the local case
correspond to zero-dimensional orbits).

A common type of singularity is that of non-degenerate singularities which are, essentially,
the direct product of simpler singularities of the three kinds: elliptic, hyperbolic, or focus-focus
(see |7] for a definition). Non-degenerate singularities admit a smooth symplectic normal form,
as was shown by L. H. Eliasson [24] (see also [47]). This result was later generalized to the case
of compact non-degenerate orbits of any dimension by E. Miranda and N. T. Zung [48|. The
topological investigation of integrable systems with one and two degrees of freedom is due to
A. T. Fomenko and H. Zieschang, and later developed by A. V. Bolsinov, V. S. Matveev, A. A.
Oshemkov, N. T. Zung among others. For a detailed treatment and references see [7]. Other
approaches to the study of topological phenomena of integrable systems have been developed
by N. N. Nekhoroshev, D. A. Sadovskii and B. I. Zhilinskii [49], R. H. Cushman and L. M.
Bates [17], K. Efstathiou [22], M. Audin [5], M. Symington [54].

From the point of view of global classification, other non-trivial invariants arise from the
possibility that the fibration is globally non-trivial. The case of regular fibrations was com-
pletely clarified by J. J. Duistermaat [20], where he introduced the concept of monodromy
of a Lagrangian fibration, together with Chern and Lagrangian characteristic classes. Duis-
termaat’s results were later extended in different ways. N. T. Zung [62] has shown how to
generalize these invariants to the case of Lagrangian fibrations with singularities. Under appro-
priate non-degeneracy assumptions, strong results were obtained showing that the affine base
space classifies the system up to global symplectic equivalence. This was done by T. Delzant
[18] under the assumption that the system admits a global torus action. A generalization to
the case of semi-toric system is due to A. Pelayo and S. Vu Ngoc [52].

In the thesis we will consider the problem of symplectic equivalence in the local and semi-
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local setting. Since a symplectomorphism between the fibrations will preserve action variables,
the actions (or the affine structure on the base space) are a symplectic invariant. It was shown
by J.-P. Dufour, P. Molino and A. Toulet [19], that in the case of semi-local symplectic clas-
sification in one degree of freedom for fibrations with non-degenerate hyperbolic singularities,
action variables are (essentially) the only non-trivial invariants. In other words, if two Liou-
ville equivalent systems have the same actions, then they are symplectically equivalent. The
same is true for focus-focus singularities, as was shown by S. Vi Ngoc [55].

The aim of this thesis is to extend this class to the case of degenerate singularities in one
degree of freedom, and to that of parabolic trajectories, often occurring in systems with two
degrees of freedom.

1.2 One degree of freedom

In order for two integrable systems to be symplectically equivalent, they must first of all be
smoothly Liouville equivalent. For the case of one degree of freedom, we will assume that this
latter condition is satisfied, i.e., that a fiber-preserving real-analytic diffeomorphism is given.
In other words we reduce to the case of two different symplectic forms over the same foliated
manifold.

Let M be a real-analytic 2-dimensional manifold, H : M — R a real-analytic Hamiltonian
function. Assume that H~1(0) is a singular fiber for H. We will consider the semi-local setting,
i.e., we will assume that M is a neighborhood of the singular fiber of the form M = H~![—n, ],
where 7 > 0 is small enough so that H~!(0) is the only singular fiber in M.

Define the Reeb graph of (M, H,w) to be the quotient I' := M/~, where x ~ y if and
only if x and y belong to the same connected fiber of H : M — R. Denote by 7 the projection
M — T'. The Reeb graph I' is endowed with the quotient topology: a subset U C I' is open
if and only if 7=1(U) is open in M. We can decompose I' as I' = {0} U; I'; where each T
represents a regular S'-fibration in M. Consider now a symplectic form w € Q2(M). For each
i, the set of action variables defined over on 7~ 1(I';) defines an atlas over I'; having integer
affine transition functions (i.e., an integer affine structure). The Reeb graph endowed with
this integer affine structure on its regular part is called affine Reeb graph.

For each I'; we can define an action variable I; through the formula:

Il(t) = %1@) «

where a is the action 1-form, such that da = w, and 771(¢) is an oriented regular fiber. Notice
that in this one-dimensional case, in a neighborhood of each regular ¢t € I', the action variables
are defined up to a constant.

The problem of H-preserving symplectic equivalence in the case of non-degenerate singu-
larities was studied in [16] and [19]. One way to approach degenerate singularities (e.g., cusps,
etc.) is to translate the problem into a problem of relative cohomology, as we will explain
better in a later chapter. This strategy was adopted in the local classification of volume forms
by Y. Colin de Verdiere and J. Vey [16] for the non-degenerate case and by J.-P. Francoise
[26, 27] for the degenerate case (see also [36, V.26|), and it is the starting point of this the-
sis. For this approach it is useful to reformulate affine equivalence in terms of periods. The
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period of the Hamiltonian vector field Xy at t € I';, i.e., the time it takes to the flow of Xg
to complete a loop around a fiber 7=1(¢), is given by Il,(t) = dI;(t)/dt. Each period is a
smooth function I'; — R which may diverge at 0. We can collect all periods into a period map
I, : T~ {0} — R. An equivalent expression for the period map is:

W

I, (h) = 74 il (1.1)

where w/dH is the Gelfand-Leray form of w, defined as follows (see [3]). Let z € M be
a regular point for H, then we can find a neighborhood U of x and a real-analytic 1-form
¢ € QY(U) such that dH A ¢ = w on U. The form ¢ is not uniquely defined, but its restriction
to the level-sets U N w—!(¢) is unique. To define a Gelfand-Leray form on the whole fiber
771(t), we need to combine the local solutions ¢ via a partition of unity covering 771(¢). The
resulting form is not necessarily real-analytic, but its restriction on 7~ 1(¢) is real-analytic,
because of unicity.

The final form of the problem for the case of one degree of freedom is the following;:

Problem. Suppose 11, = Il,,, on I'. Is it true that there exists a H-preserving real-
analytic automorphism 1 of M such that ¥*w; = wg?

If such a map 9 exists locally (resp. semi-locally, globally), we say that the local (resp.
semi-local, global) problem has a solution. We do not restrict to non-degenerate saddle sin-
gularities, but consider more degenerate singularities. As it turns out, one way to address the
problem is to start form the local case, complexify the singularities and to frame the problem
into the theory of complex singularities. The equivalence of semi-local periods will impose
some condition on the local singularity, namely that the periods over some open curves of the
local fibration are real-analytic (see the end of Subsection 1.2 of Chapter 2). These conditions
can be sufficient for the existence of a local solution (i.e., to find a local ¥ in a neighborhood
of the singularity). In this case the local singularity will be called a good singularity. Under
some additional condition, local solutions can then be extended to a semi-local, or global one
(see Section 3 of Chapter 3).

1.3 Two degrees of freedom

Let (M, ) be a 4-dimensional symplectic manifold, and let H, F' be a pair of Poisson commut-
ing real-analytic functions defining a completely integrable Hamiltonian system on M. The bi-
furcation diagram ¥ C R? in this case will generally consist of piecewise-regular curves with sin-
gular points plus, possibly, isolated points (see for example [7]). Afiber £y f = {H = h,F = f}
is singular if it contains a point P such that dH(P) and dF(P) are linearly dependent. If
these differentials are not both zero, the R2-orbit of P is a 1-dimensional singular orbit ~.

The most frequent examples of singular orbits are given by elliptic and hyperbolic or-
bits. These non-degenerate orbits were shown to have a symplectic canonical form (in a
neighborhood of the singular orbit), in other words there is no symplectic invariant in the
non-degenerate case [48]. It typically happens that a one-parameter family of non-degenerate
singular orbits becomes degenerate at a given value of the parameter, or in other words, that a
degenerate singularity splits into several non-degenerate ones (like for Morsification of singu-
larities). In this thesis we consider a particular, but typical, type of degenerate singular orbit:
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parabolic orbits (or parabolic trajectories). These can be considered as the simplest example
of degenerate singular orbits. Because these singularities are stable under small integrable
perturbation, they occur in many examples of integrable Hamiltonian systems. Unlike non-
degenerate singularities, however, in the literature on topology and singularities of integrable
systems there are only few papers devoted to degenerate singularites including parabolic ones.
We refer, first of all, to the following six — L. Lerman, Ya. Umanskii [44], V. Kalashnikov
[37], N. T. Zung [61], H. Dullin, A. Ivanov |21] and K. Efstathiou, A. Giacobbe [23], Y. Colin
de Verdiere [15].

From the point of view of smooth classification, i.e., without taking into account the sym-
plectic structure, a parabolic orbit can be reduced to a canonical model (see [23] or Proposition
5.3 from Chapter 5): there exist coordinates (z,y, A, ¢) € R3 x S in a neighborhood of the
singular orbit + such that:

H=2*+y*+ )y, F=\

The parabolic orbit is given by the curve v = (0,0,0,¢). As we will show however, from
the point of view of symplectic equivalence, these singularities admit non-trivial symplectic
invariants.

If instead of a neighborhood of + we consider a saturated neighborhood of a compact
singular fiber containing =, i.e., a cuspidal torus, then these invariants can be expressed in
terms of the action variables (i.e., the affine structure on the base). The main result (Theorem
5.6) is that the only symplectic semi-local invariant of a cuspidal torus is the integer affine
structure on the base of the fibration.

2 Content of the thesis

Part I. One degree of freedom.

e In Chapter 2 we introduce the notions of complex singularity theory which are needed in
the local case. We define analytically good singularities (Definition 2.5), a class of local
singularities for which the local problem in one degree of freedom admits a solution? (as
explained in Theorem 2.4 and Corollary 2.2). Finally we describe toric resolutions (for
the case of I'-non-degenerate singularities, see Definition 2.6), which are an effective tool
to simplify the study of singularities, both real and complex. We use them in Subsection
2.4 to give a description of the real local fibration.

e In Chapter 3 we define topologically good singularities (Definition 3.3), and we show that
a topologically good singularity is also analytically good (Theorem 3.1). In Section 2, we
describe an algorithm allowing to determine if a singularity is topologically, and hence
analytically, good. We give a list of good singularities in Table 3.1. Finally, we move
to the semi-local and global problems (Sections 3 and 4). We show that under some
topological rigidity hypothesis, the solution of the local problem yields a solution to the
semi-local one (Theorems 3.3 and 3.4).

This gives sufficient conditions for a solution of the local, semi-local and (smooth) global
problem (Theorem 3.5). As a particular example, we find that: if an integrable systems

2This notion is similar to the “condition (*)” of [27]. See also [36].
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has only singularities which are non-degenerate or of the form y? — x4, with p, ¢ different
primes, and each singular fiber has only one critical point, then a symplectic form is
uniquely determined (modulo smooth fiber-preserving isotopy) by its action variables
(Corollary 3.3).

e In Chapter 4 we use toric resolutions to study the asymptotic expansion of period inte-
grals, using the approach of Varchenko [56] and we show that such asymptotic expan-
sions allow to recognize non-degenerate singularities: a singularity is non-degenerate if
and only if it has logarithmic periods (Propositions 4.5, 4.6 and 4.7). Moreover, asymp-
totic expansions can sometimes be used to show that a singularity is analytically good
(Proposition 4.2).

Part II. Two degress of freedom. Parabolic orbits and cuspidal tori.

e In Chapter 5 we discuss in detail the case of parabolic orbits in two degrees of freedom.

First we discuss a normal form for the fibration in the neighborhood of a parabolic
orbit (Proposition 5.3). We show that, given two systems with a parabolic orbit, a local
diffeomorphism between the bases which respects the bifurcation diagrams can be lifted
to a fiber-preserving diffeomorphism between neighborhoods of the parabolic trajectories
(Proposition 5.2).
Next we give necessary and sufficient conditions for the existence of a symplectic equiv-
alence between two systems in a neighborhood of a parabolic orbit (Theorems 5.2 and
5.4). Finally we treat this problem from the semi-local point of view. We show that two
cuspidal tori are semi-locally symplectically equivalent if and only if there exists a local
integer affine equivalence between the corresponding bases (Theorem 5.6).

This part is self-contained and consists of a joint work with A. V. Bolsinov and E. A.
Kudryavtseva.



CHAPTER 1. INTRODUCTION



Part 1

One degree of freedom






Chapter 2

Local study: singularity theory

1 Review of complex singularity theory

We briefly review the basic constructions of singularity theory (see [4, 2, 60| for a more detailed
explanation), giving a proof of those statements which are most important or require to be
adapted for our purposes. A germ f : (C",0) — (C,0), such that df(0) = 0 is called an
isolated singularity if in a neighborhood of 0 € C" the function f has no critical points
other than zero. This is equivalent to requiring that the local algebra of the singularity

C{Zl, e ,zn}
Q=
(821f7 T 782nf)
satisfies dimc Q¢ < oco. Here C{z1,...,2,} denotes the ring of convergent complex power
series of n-variables, and (0, f, -+ , 0., f) denotes the Jacobian ideal of f.

Theorem 2.1 (Milnor, see [2]). Let f : (C",0) — (C,0) be an isolated singularity. Denote
B = B(0,¢) C C™ the open ball and D = B(0,n) C C the open disc. We put

X:=Bnf (D)
X, :=Bnf )
D* := D~ {0}
X" =X \Xp

Then for € > 0 small enough (so that the fiber Xo intersects transversally 0B) and for 0 <
n = n(e) small with respect to €, we have

i) [ X* — D* is a smooth locally trivial fibration, called the Milnor fibration of f
(fibers have complex dimension n —1).

ii) For t € D*, X; is homotopically equivalent to a bouquet of u real (n — 1)-dimensional
spheres S"~1, where p = dimc Q < o0 is the Milnor number at 0.

iii) X ~ Xo ~ C(0X0) ts contractible (homotopic to the cone of Xo).
i) flox : 0X — D is also a locally trivial fibration, but since D is contractible it is trivial.

v) The Milnor fibration does not depend on (e,n) (two allowed pairs give diffeomorphic
fibrations).

11
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Notice that we drop € and 7 from the notation, but keeping in mind that the construction
is local, and the neighborhoods B and D can be shrinked if necessary.

Consider a closed curve v = 7(s) : [0,1] — D* in the base space with v(0) = tp. Let
[s : X, — X, (s be the continuous family of diffeomorphisms identifying the fibers along
the loop, defined (up to isotopy) by the local triviality of the Milnor bundle. The diffeomor-
phism h =T : X, = Xj, is called Picard-Lefschetz monodromy of the singularity. It
induces the monodromy automorphism in the integral homology My := hy : Hy,—1(Xy,,7Z) —
H,_1(X4,,Z). Using complex coefficients we get a map

M = hy: Hn—l(Xt07 C) — Hn—l(Xt07 (C)

called the monodromy operator. In this way we have defined an action of 71 (D*, tg) ~ Z
on H,_1(Xy,,C). Similarly, identifying H"~!(Xy,,C) = Hom(H,_1(X;,,C),C), we can define
a “pull-back” operator in cohomology:

M, = ()™ B (X, ©) = H™(X,,,C).

The collection of complex vector spaces H" '(X;,C) for t € D* defines a holomorphic
vector bundle, called the cohomology bundle, with total space

H = | ) H"N(X,,C).
teD*

We denote by H" ! the sheaf ot its holomorphic sections, which by Theorem 2.1 (i), is a
locally free Op«-module of rank pu.

Definition 2.1. Let w € Q"(C",0), and let t € D*. There exists a (n — 1)-form v, defined in
a neighborhood of X;, such that w = df A 1. The restriction of ¢ to X; is a uniquely defined
holomorphic (n — 1)-form, called the Gelfand-Leray form of w, and denoted by

w
WXt - @ Xt.

Definition 2.2. Let w € Q"(C",0). Its Gelfand-Leray form on each fiber X; induces a
cohomology class

w

df

and the collection of [w/df|x,] for t € D* defines a section [w/df] of the cohomology bundle,
called the geometric section of w.

:| € Hnil(Xt, (C)
Xt

In the following we will consider the case of curve singularities (n = 2). In this case a
regular Milnor fiber X; is a non-compact Riemann surface. The first cohomology group of

non-compact Riemann surfaces can be computed as the holomorphic de Rham cohomology
group HéR,hol(X) = QYX)/dO(X):

Theorem 2.2. For a non-compact Riemann surface X there is an isomorphism:

Higpo(X) ~ H' (X, C). (2.1)
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Proof. For non-compact Riemann surfaces we have H'(X,0) = 0 [25, Theorem 26.1]. Now
we argue like in |25, Theorem 15.13|: consider the exact sequence 0 — C — O 4t 5 0,

it induces a long exact sequence in cohomology, containing O(X) 4 QY(X) - HY(X,C) —
HY(X,0) =0, and so Q'(X)/dO(X) ~ H' (X, C). O

Remark 2.1. These results can be generalized to the case of a singularity of n variables. The
key fact is that the Milnor fiber for a nm-variables singularity is a Stein manifold (of which
non-compact Riemann surfaces are an example [25, Corollary 26.8]). For any Stein manifold
we have HP(X,0) =0 for p > 0, as a particular case of Cartan’s Theorem B. The statement
and proof of Theorem 2.2 can be generalized with little modification (see [53]).

The isomorphism of cohomology groups with holomorphic de Rham cohomology can be
made locally fiberwise by the use of relative de Rham cohomology (see [40, Chapter I] for
more details). As shown by Brieskorn [11] (see also [45, 40]), this description allows to define
extensions of the sheaf H"~! to the whole of D. More precisely, consider the following Op-
module:

" JQ"
= df A d(f.Qn2)

Theorem 2.3 (Brieskorn-Sebastiani). H" is a locally-free Op-module of rank p (the Milnor
number of the singularity). Moreover, the sheaf H" provides an extension of the cohomology

bundle H*~' from D* to D, indeed:
[w] = [w/df]
p+ ~ H" L. The stalk of H" at 0 € D,

"X, 0)
df A dQ—2(X,0)’

defines an isomorphism H"

" __
Hoy =

is then a free C{t}-module of rank .

Corollary 2.1. Let w € Q"(X,0). There exist unique germs ¢; € C{t}, i =1,...,p and a
germ o € Q"2(X,0) such that:

17
w=">_ i(f)+df Ado,
=1

where the germs Q,...,Q, € Q"(X,0) induce a basis of Hy.

Definition 2.3. A set of forms {21, ...,§,} as in the above corollary is called a trivialization
for f.

If f= f(x,y) is a quasi-homogeneous polynomial of weights (wy,ws) € Q?H i.e., it is such
that f(t*'x,t"?y) = tf, then a monomial basis of the local algebra of the singularity provides
a trivialization (see |40, 1.5.5]):

Proposition 2.1. Let f : (C",0) — (C,0) be a quasi-homogeneous singularity. Let {x! =
xh . ogin € Qr} be a monomial basis of the local algebra of f. Then the germs QU = zldzy A
- ANdxy, € QM(X,0) represent a basis of the C{t}-module HJ.
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Now consider the case n = 2 of curve singularities. Consider a 1-cycle ~(¢) in X; for
t € D*. Letting ¢t vary in D* produces a family of cycles v(t), on the neighboring Milnor
fibers, depending continuously on t. Let o € Q'(C?,0) and w € Q?(C2,0). It can be shown
(see [3] or Remark 3.1), that the functions

t— % o
v(t)
tis % “©
v df
are holomorphic functions of t € D*, and moreover, the following formula holds:

a4 7{ o j{ da
dt [ (1) df

An important consequence of Brieskorn-Sebastiani theorem is that complex periods deter-
mine a class in H{]. This will be important for the problem of local symplectic equivalence.
Indeed, as we will explain shortly (see Theorem 2.4), if two real-analytic symplectic forms
define the same class in H{j, then there exists a local symplectic equivalence between them. It
will be useful therefore to have a sufficient condition for a 2-form to induce the trivial class in
H-

Proposition 2.2. Let f: X — D be an isolated singularity.

i) Let a € QY(C2,0). If for every t € D* we have f,ya = 0 for all v € Hi(X;,C), then
a = odf + dg for some o,g € Q°(C?,0).

i) Let w € Q%(C2,0). If for every t € D* we have 557 w/df =0 for all v € Hi(Xy,C), then
w = df Ndo for some o € Q°(C2,0).

Point (i7) is a direct consequence of Brieskorn-Sebastiani theorem, indeed the hypothesis
[w/df] = 0 means, after the isomorphism of Theorem 2.3, that [w] = 0 as a section of H" over
D*. But since the sheaf 1" is locally free, this implies that [w] = 0 over the whole D. This
implies the existence of a holomorphic germ g : (C2,0) — (C,0) such that w = df A dp.

However the proposition above admits an analytic proof, based on Riemann’s First and
Second Extension Theorems |32, Chapter 7]. We need one more lemma:

Lemma 2.1. Let w € Q(C2,0), and w = da with o € QY(C?,0). If §7(t) w/df =0 fort e D*
then ﬁ,(t) a=0 forte D*.

Proof. By assumption, for t € D*,

4 a—f da_j{ Y _g
dt Jo) v df S df

therefore the function ¢ — fv(t) « is constant on t € D*. But by Malgrange Lemma [45]

lir% a=0. O
afg;?:o (1)
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Proof of Proposition 2.2. For point (i) we adapt the proof of |36, Theorem 26.13|. Fix a holo-
morphic section to the fibration N : D < X, N = N(t), intersecting every fiber transversally
and not crossing the critical point 0 € X.

By hypothesis all periods of « vanish, this means that over each regular fiber X;, ¢t # 0,
the restriction «a|x, is an exact form, and admits a primitive. We construct it explicitly by
integration. Let ¢ be a regular value and x € X;. Consider a curve ~y(x) joining N (¢) to x; it
exists because the fibers are connected. Define the following function g on X ~ Xjp:

o) = /vm -

Since the periods vanish, the function is well-defined. It is a holomorphic function on X ~\ Xg
and it is bounded. Therefore it extends to a holomorphic function g on the whole X (by the
First Riemann Extension Theorem).

Consider the form a — dg. It vanishes on all vectors tangent to the fibers. Since df does
the same, the two must be proportional, i.e. a —dg = pdf for some holomorphic function ¢ on
X N 0. Since g is defined everywhere except for a single point then it extends to a holomorphic
function on the whole X (now by the Second Riemann Extension Theorem). In conclusion,
we have a = odf + dg on X.

Finally we show that (i) = (47). Put w = da, then we know by Lemma 2.1 that fv(t) a=0

for all v(t) € Hy(X;,Z). But then, by (i), we have a = —pdf + dg for some g, g € Q°(C2,0).
Taking the exterior differential we find w = da = df A dp. O

1.1 Real-analytic singularities and their complexification

In the following, R{z1,...,x,} (resp., C{z1,..., z,}) will denote real-analytic (resp., holomor-
phic) germs at 0, i.e., convergent power series in the respective fields.

Consider a real-analytic germ f(x) = > ;arz! € R{x1,...,z,} (using multi-index notation
I = (i1,...,in) € N"). Define the complexification of f as the holomorphic germ fC(z) :=
D arz’ € C{z,..., 2, }, this complex power series is indeed convergent. For a germ of real-
analytic differential form w € A*(R™,0), described as w = Y ; gr(@)da! with I = (iy,... i) €
N and da! = dz’t A -+ A da'*, we put w© = Y, g%(2)dz!. This is a germ of holomorphic
k-form on C™.

Now let f € C{z1,...,2,} be a holomorphic function germ, let Ref = (f + f)/2 and
Im f = (f — f)/2i denote its real and complex part respectively. We will consider also the real
and complex “traces” on R™ defined by:

fRe(x) = Ref|2i=50i+i0) fIm (Jj) = Imf|2i=50i+i0‘
If f(2) = > ;ar2!, then

fRe(x) =) Re(ap)z’, " (x) =) Im(ar)a’.
1

1
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More generally, let o € QF(C™,0), given by a = 3", ar(2)dz!, we define

a =Y ;as(z)dz! (conjugation)
Re(a) = (a+@)/2 (real part)
Im (a) = (o —@)/2i (imaginary part)

ol :=Re(a)|gr = Y ;ale(z)dx!  (real trace)

M = Tm (a)|ge = > al™ (z)dz!  (imaginary trace)

A real-analytic germ f : (R™,0) — (R,0) is said to have an algebraically isolated sin-
gularity at 0 if g := dimg R{z1,...,2,}/(01f,...,0nf) < co. This implies that the singular
point is also topologically isolated in a neighborhood of 0 € R™, and even more: the complex-
ified germ fC : (C",0) — (C,0) is an isolated complex singularity with Milnor number . In
the following, when talking about real singularities, we will always mean algebraically isolated
plane germs f € R{x,y}. We will also assume that f~1(0) C R? is not an isolated point®.

Definition 2.4. Define the real intervals I;F := (0,7] and I,” := [-1,0). Let f : (R*0) —
(R,0) be a real singularity, a family of real relative cycles is a connected family of level
lines f~1(t), for either t € IF or t € I

1.2 Analytically good singularities

Consider an algebraically isolated real singularity f : (R%0) — (R,0) and w € A%(R2,0).
Consider a set of real relative cycles § = 67 U §~ where 6% := {67 : i = 1,...,7%} are
positive (resp. negative) families of oriented real relative cycles. We allow relative cycles to be
disconnected?. Now we want to bound these relative cycles by real-analytic sections: for each
connected component of f71(0) ~. {0} consider a point, and take a real-analytic cross-section
N; transversal to the real fibration and passing through this point (see Figure 2.1b). We will
assume that the relative cycles § € 6% have their end-points lying on the cross-sections {N;}.
Let IF = (0,n] and I,” = [-7,0) as above. For each § € 0%, consider its (real relative) period

map Jg’:[ni—HR:
w
J5(t ::/ —.
o) s(t) df

Since §(t) is bounded by real-analytic sections, J§'(t) is a real-analytic function on ]f. Notice
that the above integrals are not proper “periods”, meaning integrals over closed loops, but
should be understood as partial periods.

Definition 2.5. We say that the singularity f is analytically good (with respect to §) if
for any w € A%(R?,0) the following implication is true:

JE(t) eR{t}, V6€d = w=df Adp forsome oc A°(R? 0).

!This simpler case requires a slightly different discussion, as we explain in Remark 3.2 of the next chapter.
2The reason for this, and for the following discussion, comes from the problem of semi-local symplectic
equivalence, as will be explained at the end of this section.
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The first condition means that J§ can be extended to a real-analytic function in a neighborhood
of zero. If it is satisfied we say that w has real-analytic periods over §. Similarly we say that
it is analytically bad (with respect to ) if it is not analytically good, i.e., if there exists a
form w € A%(R?,0) having real-analytic periods over § but which cannot be put in the form
w =df Adp.

When w = df A dp for some o € A°(R?,0), we say that w is relatively exact.

The choice of the term “good” is motivated by the following proposition, which gives its
connection with the problem of local symplectic equivalence (see also the corollary below):

Theorem 2.4. Let wy,w; € A%(R2,0) be two real-analytic symplectic forms. Suppose that
wo — w1 = df Adp for some real-analytic function germ o(xz,y) at 0 € R%. Then there is a local
diffeomorphism 1 at 0 € R? such that *f = f and ¥*w; = wp.

Proof. We adapt the proof of [26, Theorem 2.1]. The proof is based on the “Moser path
method™ put w; = wp + t(w1 —wp). In a neighborhood of zero, the forms wy, for t € [0, 1], are
also non-degenerate, indeed the equation wg — w1 = df A dp implies that the two forms have
the same sign/orientation at zero and near zero. Since w; is a convex combination of functions
with the same sign, it will also be non-zero in a neighborhood of zero. Define a real-analytic
time-dependent vector field X; by

itht = *Qdf'
Let ¢ be the flow generated by such X, we can integrate it for ¢ € [0, 1]. Notice that
Ltht = iXtdwt + ditht = df Adpo = wy — wy,

therefore

d N d
a%wt = ¢t (Ltht + dtwt> =0,

so that pjwi = wp. Moreover Ly, f = 0, because of the equality:
0 =ix,(df Nwt) = (ix,df )wr + df Nix,we = (Lx, flwe + df Nix,we = (Lx, fwt, (2.2)

and using wy # 0. This means that f o ¢, = f. Finally take 1 = 5. O

In other words, we have:

Corollary 2.2. Let f be an analytically good singularity with respect to a set of relative cycles
4. Let wo,wr be two real-analytic symplectic forms. If the periods of wy and wy coincide (up
to real-analytic functions) over the relative cycles § € &, then there is a local diffeomorphism
Y at 0 € R? such that ¥*f = f and ¥*w; = wp.

Remark 2.2. Notice that the converse is true as well. If ¢ is a local symplectomorphism
between wy and wq, isotopic to the identity, and sending each oriented relative cycle to itself,
then the periods of wy and w; coincide up to real-analytic functions.
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(a) From semi-local to local (b) Local sections

Figure 2.1

It is necessary, at this point, to explain how the above definitions and results are related
to the problem of symplectic equivalence. Consider a semi-local singularity f = 0 as in Figure
2.1a, and let wp,w; be two symplectic forms. In this case the Reeb graph I' has three edges,
and correspondingly the period maps II,,,1L,, are given by the integrals over three regular
families of circles (one red and two black in the figure).

Now assume that II,,, = I, identically on I'\.{0}, or equivalently that II,,, _.,, = 0. Using
cross-sections inside a small neighborhood U of the critical point (as in Figure 2.1b) we can
split I, _., into a regular part (given by the integral over strips away from the critical point)
plus a singular part (between the sections and inside U). Since the regular part of II,, _,, on
each edge of I' extends to a real-analytic function at ¢ = 0, the condition Il _., = 0 implies
that the singular part of the integrals, over the relative cycles bounded by the sections {N;},
extend to a real-analytic function at t = 0. Notice that in this example we have two connected
relative cycles (in black) plus one disconnected relative cycle (in red): this is why we allow
disconnected relative cycles in the definition of analytically good singularity. If the singularity
is analytically good with respect to these relative cycles (cut from the semi-local periods),
then by the above corollary we can find a fiber-preserving isotopy sending wgy to wy inside U.
We will show in the next chapter how, under some topological hypothesis on the semi-local
fibration, it is possible to extend local solutions to semi-local ones (Theorems 3.3 and 3.4).

1.3 Symplectic equivalence in the complex case

We know that if two integrable systems are fiberwise symplectomorphic then their actions (or
periods) coincide. Let’s give the complex version of this statement.

Proposition 2.3. Let wy,w; € Q%(C?,0) be two holomorphic symplectic forms. Suppose there
1s a local holomorphic diffeomorphism v such that v*f = f and ¢*w; = wg. Moreover assume
that the map . : H1(Xy) — H1(Xy) is the identity for t € D*. Then all complex periods of
wo and wi on X; coincide.

bifoa b @) 115 D

Proof.
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The last condition ¢, = id is satisfied if ¥ is isotopic to the identity map. In the complex
case, the converse statement is also true:

Proposition 2.4. Let wy,w; € Q2(C2,0) be two symplectic forms. Suppose that all complex

periods coincide:
%wa
T A

then there exists a local holomorphic diffeomorphism 1 such that ¥*f = f and ¥v*w; = wy.

Proof. By Proposition 2.2 we have wi — wg = df A dp, for some o € Q°(C2,0). Now apply |26,
Theorem 2.1]. O

We can give an alternative proof of the above statement based on the natural idea of
extending a local symplectomorphism through Hamiltonian flows. For ¢ = 0,1, let v; := w;” Lar
and let o; € Q(C?,0) be holomorphic 1-form such that w; = do;.

Proposition 2.5. There exists an holomorphic diffeomorphism 1 in a neighborhood of zero
such that v* f = f and ¥ w1 = wy if and only if for any homology cycle ~ the complex actions
Li(t) = fv a;, i = 0,1 of the two symplectic forms coincide, i.e., Iy(t) = I1(t), for t € D*.

Proof. Fix a section N : D < X as in the proof of Proposition 2.2. Let ®,, denote the flow

of the complex vector field v;. Define the “time” function 7;(x) by @Zi(z)(N(f(m))) =z It
measures the complex time it takes to the Hamiltonian flow of v; to go from the section N to
z. On X \ Xy, the function 7;(x) can be computed as:

Wi .
Ti(x) ::/ —, 1=0,1.
v(z) df

Were () is a path joining N(t) to x on the fiber X;. The path v(z) (and hence the functions
70 and 71) is not well-defined, more exactly it is defined modulo homology cycles. Nevertheless
the difference 7 := 7 — 719 is well defined because, for any cycle v, we have by hypothesis:

w1 — Wo d%
= - (al—ao):o.
f; df dt J,

Now define the map ¢ = ¢ (z) for x € X \ Xp as

(@) == 8" 0 &, P (z) = @R (). (2.3)

Being the composition of Hamiltonian flows, v is a fiber-preserving symplectomorphism
on X \ Xy. Notice that any such map must satisfy (2.3). Now we need to extend the map 1
to the singular fiber Xy. Put o = a1 — ap and w = w1 — wp, and define the function:

o) = /wr) -

Consider a point = € Xy \ {0}, and let (¢,u) be a local complex coordinate system at x, such
that f =t. Let o = ay(u, t)du + as(u, t)dt in these coordinates. In this neighborhood we can
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split 7(u,t) = 7(0,t) + [ w/df and g(u,t) = g(0,t) + [;' . It follows from Proposition 3.2
(taking N’ = {u = 0} and working in coordinates (u,t)), that 7(u,t) = dg(u,t)/dt + as(u,t).
As was shown in Proposition 2.2, g(z) can be extended to a holomorphic function on X. This
implies that 7 can be extended to a holomorphic function on X ~ {0}, and therefore (by
the Second Riemann Extension Theorem) to the whole X. Now (2.3) defines a holomorphic
fiber-preserving local symplectomorphism on (X, 0). O

The above results mean that two symplectic forms with the same compler periods are
holomorphically equivalent, i.e., that complex periods contain all required information for
symplectic equivalence. In the real case we do not see all complex vanishing cycles, but
only the real relative cycles. Nevertheless periods over real relative cycles can be enough to
determine all complex periods (in which case we speak of good singularities). In Chapter 3 we
give sufficient conditions for this to happen.

2 Toric resolutions

We briefly recall the definition of toric resolutions, following [50, 4]. Toric resolutions provide
a way to “unfold” (or blow-up) the singularity, and make it simpler. We need them to give a
description of the real fibration of the singularity and to understand its relationship with the
complex Milnor fiber of its complexification. This will be used in the next chapter, when we
will discuss sufficient conditions for a singularity to be analytically good.

Consider a matrix o € SL(2,Z),
_(a P
(2 9).

Associate to o the following birational morphism
7o : (C*)% — (C*)?
(z,y) = (29", 27y°)

called the monomial map (associated to o). If o,y > 0 (resp. (3,0 > 0) the map can be
extended to x = 0 (resp. y = 0). Notice that for o,7 € SL(n,Z) we have:

Tgr = Tg O Ty

-1

Mo

= T,-1

Now consider in R% a set of m + 2 integral vectors {Py, ..., Ppy1}, P = (ai, b;)' € Z2,
satisfying:

- k= (1?0)ta P = (0’ 1)t

— ged(ag, b)) =1foralli=0,...,m

— det(P;, Piy1) >0 foralli =0,...,m.

For each i = 0,...,m consider the cone Cone(FP;, Pi11) C R%r spanned by P; and P,i;.

The vectors {Pp, ..., Pp+1} define a cone subdivision of R%r. If det(P;, P,r1) = 1 for all
1 =0,...,m we say that the cone subdivision is regular.
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Suppose { Py, . . ., Py+1} define a regular cone subdivision. Identify each cone Cone(FP;, P;11)
with the matrix o; € SL(2,7Z)
ai @iyl
o; = .
’ (bi bi—i—l)

For each cone o; consider a copy (C?,i ~ C? with coordinates (z;,y;) and the monomial map
g, : C2. — C? associated to o;. Now consider the complex manifold given by

1

where two points (z;, y;) € (C?,i and (z;,y;) € (C?fj are identified if and only if the birational map

71, is defined at (z;,y;) and 7 -1 (2;,¥:) = (24,;). The projections 7,,, i =0,...,m+1,
J 1 ] 1

glue together to a well-defined projection 7 : X — C2, called the (complex) toric blow-up of

(C2,0) associated with {Py,..., Pyni1}. We will denote by (z,y) the coordinates of the base
C2. The toric blow-up satisfies the following properties:

° {(Cgi, (z4,9i)}, 1 =0,...,m, are coordinate charts for X.
e For each i =1,...,m, the subsets {y;_1 =0} C C2_ and {z; = 0} C CZ_ glue together

to a projective line F; ~ P!(C) called an exceptional divisor, and 7—1(0) = U; E;.

o m: X 71 10) = C%~ {0} is an isomorphism.

e E;NE; # () if and only if j = i+ 1 and in this case they intersect transversely at a point.
Moreover E; N C,; # 0 if and only if j =i £ 1.

By considering the monomial maps 7, as real birational maps defined on the real subspace
Rgi C (Cg,i — R? we obtain the real part X® C X of the toric blow-up, again endowed with
a projection mg : X® — R2. Equivalently, the real part is the subset defined in each chart C?n
by requiring the coordinates (z;,y;) to be real-valued. Now g 1(0) consists of real exceptional
divisors which are real projective lines E;R ~ P!(R), the real part of the E;’s.

2.1 Algorithm to complete a fan to a regular fan

Suppose we are given a cone subdivision {Qo, . .., Qk+1}, not necessarily regular. We will need
to complete this subdivision to a regular one, by adding primitive integer vectors. This can
be done step-by-step as follows.

Consider two integer covectors a,b € Z2 , a = (a1, az)’ and b = (b, by)*, with ged(aq, as) =
ged(by, b2) =1 and det(a,b) > 0. We look for a new integer covector x such that:

{det(a, x)=1

det(z, b) is positive and minimal.

To find z, apply the following procedure:

1. If det(a,b) = 1, then put = = b.
2. Using the Euclid algorithm find s = (s, s2) € Z? such that ajsy — ags; = 1, in other
words det(a, s) = 1.
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3. The integer vectors x such that det(a,z) = 1 are the ones which belong to the family
k — s+ ka. We have det(a, s + ka) = 1, for all k.

There are two possibilities.
— Case 1: there exists k € Z such that det(s + ka,b) = 0, then s + ka is parallel to

b. Put s+ ka = Ab. But then the condition 1 = det(a, s + ka) = Adet(a, b) implies
that A = 1 and det(a,b) = 1. Put = = b.

— Case 2: such a k does not exist. Therefore the number ¢ := —det(s, b) det(a, b)~!
is not an integer. Let k be the (unique) integer in the open interval (£, £+ 1). Put
T = s+ ka, then

det(z,b) = det(s,b) + kdet(a,b) > det(s,b) + £det(a,b) =0
det(x,b) < det(s,b) + (¢ 4+ 1) det(a, b) = det(a,b). (2.4)

After repeating this procedure several times to the fan, we will eventually obtain a regular
fan. Equation (2.4) shows that at each step the determinant is strictly decreasing. Since the
determinants are all integer-valued, this implies that the algorithm will eventually stop.

2.2 Topology of the real part

We want to understand what a small neighborhood of 0 € R? looks like in RZ . Consider a
rectangular neighborhood of 0 € R? of the form U = [, ]2, then 7, (z;,y;) € U if and only
if

] [y|"r <0
" [y|+t < 0

This means we have the three possible cases represented in Figure 2.2.

Yi Yi Yi
A A A
: » Li el e Sl o » T
(a) P, = (1,0), P11 positive (b) P;, P,41 positive (¢c) P; positive, P11 = (0,1)
Figure 2.2

It remains to explain how these local pictures are glued together. To reconstruct the
topology of the real part of the resolution, we need to understand how different charts {Rgl}
are glued together, i.e., transition functions:

o mdet(Pi,PjJrl)ydet(PZ‘Jrl,PjJrl)
—1 1) i i
Toj ©Moi ( ) - x—det(Pij)y—det(Piﬂ,Pj)

Yi
K3 K

Lemma 2.2.
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Proof.

e (aj aj+1>_1 <ai ai+1> _ (bj+1 —aj+1> <ai ai+1>
g bj  bj+1 bi bit1 =b;  ay bi  biy1
— det(Pl? F)jJrl) det(PiJrl’ Pj+1) n
—det(PZ‘7Pj) —det(B+1,Pj) '

If we consider just a neighborhood of the form Yy = m~!(U), then the topology of the gluing
is simpler. It follows from the properties of the toric blow-up that two charts corresponding
to non-consecutive cones are identified away from the axes. For the case j = 7 + 1, of two
consecutive cones, the monomial transition map is

. det(Pi,Pi+2)
-1 X I Yi 2.5
Toip1 © Moy <yz> ( 1/$z‘ ) ( . )

Consider the oriented segments (1,t) and (—1,t), for |¢| small, in RZ . They are mapped to
(t,1) and ((—1)dtPit2)¢ 1) respectively in R2 Notice that det(FP;, Piy2) > 0, and so

041"

the topological behavior of the gluing map (2.5) depends only on one thing: if det(P;, P;y2) is
even or odd. The resulting picture, in the case of det(P;, P;y2) odd, is shown in Figure 2.3.

Figure 2.3: Gluing of consecutive charts

The final manifold, obtained gluing together several crosses, is a 2-dimensional surface Yy
called a M6bius necklace (borrowing the expression from [30]). See Figure 2.5 below for an
example.

Proposition 2.6. The real surface Yy is not orientable.

Lemma 2.3. For any triple of plane vectors (a, b, c) the following formula holds:
det(a,b)c + det(b, ¢)a = det(a, c)b.

For each quadruple of plane vectors (a,b,c,d) we have the Pliicker relations:

det(a, b) det(c, d) + det(b, c) det(a, d) = det(a, c) det(b, d).
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Proof. Easy computation. The second equation follows by applying det(-,d) to the first one.
O

Proof of Proposition 2.6. Consider a sequence { Py, P1, ..., Pyy1} of covectors in a regular fan.
Recall that this means

e det(P;, Piy1)=1fori=0,...,m,

e if i < j then det(P;, Pj) > 0, since covectors are in counter-clockwise order.

The manifold will be orientable if and only if all transition maps for successive charts have

no Mébius twist. In other words, if and only if det(F;, Pit+2) is always even. Assume by absurd
that it is true. Then we show that the sequence i — det(Py, P;) is non-decreasing, i.e.,

det(Po,B) < det(P(),PZ'_H). (2.6)

First induction cases: for i = 0 we have det(Py, Fy) = 0 < 1 = det(Fp, P1), and for
i =1 we have det(Py, P1) = 1 < 2 < det(Py, P») because det(Py, P») is even and non-zero by
hypothesis.

Now suppose equation (2.6) holds up to some i > 1, then the Pliicker relation with
(a,b,c,d) = (Po, P;, Piy1, Pi+2), together with the induction step, gives
det(P(), Pi+2) = det(P(), Pi+1) det(Pi, Pi+2) — det(P(), H)
Z 2 det(Po, JDZ'_H) — det(Po, Pz'—i—l)
= det(Po, Pi+1).

Finally, equation (2.6) gives the following contradiction

2 < det(Pg,Pz) <... < det(Po,Pm) < det(Po,Pm+1) =1. O

2.3 Toric resolution of a singularity

Let K =R or C. Let f: (K?,0) — (K,0) be an analytic function germ with Taylor series
flz,y) = Zaﬂ aaﬁxo‘yﬁ. Its Newton polygon is the subset of R? given by

'+ (f) = the convex hull of the set U {(e, B) + RZ}.
aa37#0

The Newton diagram T'(f) is the union of the compact (0 and 1-dimensional) faces be-
longing to the boundary of I'y (f). For each compact face v C I'(f) denote by f, the quasi-

homogeneous polynomial f(z,y) = E(a,ﬁ)ev aagxayﬂ.

Definition 2.6. The germ f is I'-non-degenerate over K if for every face v C I'(f), the
restriction f, : (K*)? — K has no critical points.

The supporting function of the Newton polygon is defined, for Q € Z2 , by

(Q) = min (Q.x)
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and the tangent line to the Newton polygon associated to @) € Za_ is the line of points
achieving this minimum #(Q) := {x € R?: (Q,x) = £(Q)}. The trace of Q € Z?2 is defined as
tr(Q) = (@) NI(f).

Let {v1,...,7} be the compact 1-dimensional faces of I'(f). For each ~; let @Q; be the
unique primitive integral vector such that tr(Q;) = ;. We assume ~,. .., are ordered in
such a way that det(Q;, Qi+1) > 0, i.e., the vectors Q1, ..., Q are in counter-clockwise order.
Consider the cone subdivision defined by the vectors {Qo, ..., Qr+1} where Qo = (1,0)! and
Qry1 = (0,1)Y. This can be completed to a regular cone subdivision by adding in each
cone Cone(Q;, Q;+1) new primitive positive integer vectors Tj 1, ..., T; », between @Q; and Q;41
in counter-clockwise order (as explained in Subsection 2.1). Denote by {Fy,..., Pyny1} the
resulting regular cone subdivision, and consider its associated toric blow-up 7 : (X, Xg,0) —
(C2%,R2,0).

The next lemma shows that this blow-up provides a resolution of the singularity f, meaning
that the pulled back function only has normal crossing singularities. The properties of the
resolved functions, both in the real and complex blow-up, can be deduced from the following:

Lemma 2.4. Consider the cone g; = Cone(F;, Piy1)
i) fomy (xi,y) = a:f(Pi) Pit1) fl(xz,yl) with f; not divisible by z; nor y;.
ii) If tr(P) = tr(Pis1) = {(c, )} then fi(wi, 4i) = aap + (2iy:).

iii) If tp(P;) = 7 is a face and tp(Piy1) = {(«, ﬁ)} € v, then

fili,yi) Za ey TR ()

i) If tr(Pig1) = vit+1 is a face and tr(P;) = {(«, ﬂ)} € 7Yit1 then

Pl,k
fz xwyz Z ax F) + («szz)

Yi+1

v) If tr(P;) = v and tr(Piy1) = 7it1 are both faces then

Filai, ui) Za y<Pl+1’k> {P) Z ak$§Pi’k>_£(Pi) - Z ax + (ziyi)-

Yit1 Vil Yit1
Proof. If f(z,y) =3, 5 aapr®y”?, then

f ° ﬂ-o',b :Bz,yz Zaaﬁxa,a aerla b i3 bz+1/8 Zaa PZ,(CM,IB yf 1+17(a B)>

Let k = (o, 5) the summation index, then we can split the sum as follows

ZakxEP”’k>y§P"“’k>= S aalPy Pk PP ()
tr(P;) Utr(Piy1)

Z a y<Pz+1ak>_|_ £(Pit1) Z ax x Pik _xf(Pz‘)yf(PiJrl) Z a/k+xf(Pi)yf(Pi+l)(xiyi)

tr(P;) tr(Pit1) tr(P;) Ntr(Pig1)

:xi LP;) Z(Pq+1) ( Z ax yZ Piyq1,k)—£( 1+1)+ Z ax xPuk) (P, ) Z ak"’(xzyz))

tr(P;) tr(Piy1) tr(P;) Ntr(Piy1)
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All the assertions follow from this decomposition. O

Definition 2.7. Consider the divisor E; for i = 1,...,m defined by {y;—1 =0} on C2_ and
by {#; = 0} on CZ. Then we define the weight of the divisor E; as ¢; := {(F;).

Next we need to describe the proper preimage of f~1(0).

Lemma 2.5. If f is I'-non-degenerate over C, then the proper preimage of f~(0) in X
intersects the exceptional divisors transversely (idem for the real exceptional divisors in XK,
if [ is real and T'-non-degenerate over R).

Proof. Indeed consider the affine part {y; = 0} C Ej;1 of the exceptional divisor, and let
(74,0) € Ejy1 be such that fi(x;,0) = 0, then {f; = 0} intersects E;;; transversely at (z;,0)
if and only if 0f;/0x;(x;,0) # 0. It follows from point (v) above that for v = tp(Pi11),

i i bi b; _ L(P; 0 P; rs
fy (@ Yi +1’mi Y; )= xi( )yi( +l)fi(%'ao)~

Suppose fi(@,O) = 8};/8332-(@,0) = 0. Taking x;0/0x; and y;0/0y; in the equation above,
we find y; # 0 such that:

ai (T3 YT ) - Ofy /03 (o, (Ti yi)) + bi@D Y, ) - O, /0 (0, (Ti, yi)) = 0

Qi1 Ty ) - O f ) 0w (o, (Tis yi) + bid Ty ) - Oy /07, (T, yi)) = 0

Composition with 71 : (R*)? — (R*)? gives

a;x - 0f,/0x(x,y) + by - 0f,/0x(x,y) =0
ait12 - 0 fy/0x(x,y) + bip1y - 0fy/0x(x,y) =0

where (z,y) = 7,1 (%i, ;) € (R*)%. Since aibiy1 — air1b; # 0 this implies Vf, = 0 at (2,y),
contradicting the I'-non-degeneracy. O

This means we are reduced to studying the restriction of fz to F;+1. We have

fizi,0) = > aaBRTAR), (2.7)
ketr(Pit1)

For : =0,...,m let k; = tp(P;) Ntp(P;+1). Then we can rewrite

= Y malrk

ketr(Piy1)

For k = (a,B)! denote k = (B, —a)!, so that (y,k) = det(y,k). All the integer points
k € tr(Pyq) are of the form k = k; + jP;41, for j = 0,1,2,.... Notice that P;y; is the
smallest integer vector in its direction, otherwise its coordinates would not be coprime. Since

(P,k —k;) = (P;,jP;y1) = jdet(P;, Piy1) = j, we can write

N A(Piy1) ‘
filw,00= > @j(Pya)a?,  with @j(Pyq) = Oki+jPig1?
=0
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where A\(P;41) is the integer length of tp(P;11), i.e. the number of integer points in tp(P;41):

>\(Pi+1) = max{j eN:k; + jFH_l € tF(Pi—I—l)}
= max{j eN: aj(Pi+1) 7é 0}
= (P, kit1 — ki)
= (Piy2, ki — kiy1).
Lemma 2.6. We have

i) 0fi(:,0) = det(P;, Piy2)l(Pit1) — ({(Piv2) + £(Fi))
it) ged(£(P;) + 0fi(:,0),£(Pit1)) = ged(€(Piy1), £(Pita))-

Proof. Applying the Pliicker relations to the quadruple (P;, Piy1, Pi+2,k;) we get
(P;,K;) + (Piga, ki) = — (det(P;, k;) + det(Piy2,k;))

= —det(P;, Piy2) det(Piy1, k)
= det(P;, Pir2)(Pit1, ki)

= det(P;, Pi+2)l(Pi+1)
We have 9 fi(xi,0) = M(Piy1) = (P2, ki — kit1) = (Piyo, ki) — £(Piya), therefore

U(P,) + 0fi(:,0) = (P, ki) + (P2, ki) — £(Piy2)
= det(P}, Pit2)l(Piy1) — {(Pit2).

This implies (), for (i) take ged(-, ¢(Pi4+1)) on both sides. O

2.4 Sign layouts and real relative cycles

For the rest of the chapter we will only work with the real part of the toric resolution, which
we denote by 7 : X — R?, hence dropping the suffix. For the same reason, we will denote the
real part of the exceptional divisors by F;. We want to give a description of the real relative
cycles inside the toric resolution.

Consider the real toric resolution 7 : Y € X — R?, where Y denotes the Mdbius necklace
associated to f. On the surface Y we can distinguish the connected regions of the set Y ~
(f om)~1(0) and label them according to the sign of f o . In the cone chart RZ , consider a
neighborhood V; of {y; = 0} C E;;+1 in Y. The sign-layout of f o7 in this neighborhood, i.e.,

the decomposition of Y into positive and negative regions, is determined by:

e the sign of f;((), 0);
o the weights ¢(P;), ¢(P;+1) (for the sign-layout at (z;,y;) = (0,0));
e the number of positive and negative zeros of f;(z;,0).

This is sufficient because, due to the assumption of I'-non-degeneracy, the function ﬁ
changes sign whenever crossing a zero-level line C {f; = 0} N V; (Lemma 2.5).

Remark 2.3. If f is polynomial, the number of positive and negative zeros of f(x;,0) can be
computed by the Sturm theorem.
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Knowing the sign-layout of f o 7w and the structure of the Mobius necklace it is possible
to describe the “chord diagram” of the original singularity f : (R%?,0) — R (i.e., the order of
the intersections of S} = 9{(z,y) € R? : |z|*> + |y|*> < 62} with the branches of {f = 0})
and to identify the connected components of the positive/negative level-sets of f (i.e., the real
relative cycles). To do this we need to “follow” a connected level line along the different cone
charts. The preimage of S(% is clearly connected on Y, and the strict preimage of f~1(0) will
intersect it transversely as well. If f is divisible by x (resp. y) then we will find the preimage
of z =0 (resp. y = 0) only in the first (resp. last) cone chart.

For i = 0,...,m — 1, consider the real divisor F;;; defined by the equations {y; = 0} on

R2 and by {z;11 = 0} on R?,Hl. Let rfﬁ_l denote the number of positive (resp. negative)
roots of ﬁ(mz, 0), and 7; = r;" + 7, . Let ZijE = (ziil, ... ’Ziiri) denote the oriented sequences

of positive (resp. negative) zeros of fN‘l(:cZ, 0), i.e., the intersections of the proper preimage of
f*1(0) with the divisor F;,1, oriented from z; = —oo to x; = oc.

Consider the following graph D: for each real divisor E;y; consider the points x; = 0 and

x; = oo as vertices. Orient the divisor F;y; from x; = —oco to ; = 0o, and consider the
+ .
i+1 T

segments e; ; := (—00,0] and e [0,00) as oriented edges connecting the vertices z; = 0

and x; = oo of the graph D.

Figure 2.4: The graph D

The preimage W*I(Sg) is still a connected boundary circle. Consider the closed path going
along this circle, starting from the positive quadrant of the first chart ]Rgo. After contracting
the M&bius necklace to m=1(0) = U™, E;, this path becomes a loop on the graph D (not
necessarily following the orientation of the edges). It is clear that the chord diagram of f is
determined by this path, more precisely: by the order of the zeros zlij encountered along this
path.

On ]Rgi, i = 0,...,m, label the quadrants in counter-clockwise order, starting from the
positive one, with (0,0),(1,0),(1,1),(0,1) € Z2, as in Figure 2.3. Denote by Q; ~ Z3 the
set of quadrants of Rgi. An element g € @); will denote, depending on the context, both an

element of Z2 and the corresponding quadrant of Rgi.

The gluing rules of Section 2.2, can be described as follows: the quadrant y; € Z3 of Rgi is
identified with a quadrant ¢(y;) of Rgi ., according to the linear bijection ¢ : 73 — 73 defined
by:

Yi > <p(yi) = <Slz [1)> Yi, 8i = det(Pi, PZ‘+2) mod 2.
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In the opposite direction

_ 0 1
o Nyit1) = < ) Yit1-

1Si

To understand the path along the boundary, we must apply ¢ and its inverse repeatedly. We
assume for simplicity that the Newton polygon of f intersects both axes, so that ¢(Py) =
l(Pp4+1) = 0. The description of real relative cycles, and of the chord diagram of the singu-
larity, is contained in the following proposition.

Proposition 2.7. Suppose T'(f) intersects both the x-axis and the y-axis. The curve {f =
0} C R? is composed of r = > 1" ri branches, whose chord diagram is determined by the
following path along the graph D:

7" « B _ "
t... ;’7—1 am...ell 610"‘€mm le;ynm... gt

where
Qj :@j(b)’ 5]' :@J(b+(1’0))’ Vi :903(170)’

b=p™(0,1), and 2’ = (=1)*, 2" = (=1)*2 for z = (21, 22) € Z3.

Proof. Consider the path starting from the (0, 0)-quadrant of Rgo and going around the bound-
ary. This path goes through all the (0,0)-quadrants from the first to the last chart. When
the last chart Rgm is reached, the path continues to a,, = (0,1) of Rgm,

back through the quadrants ., am—1,... up to ag = b = ¢=™(0,1) in Rgo, which is either
b= (1,1) or b= (0,1), otherwise the loop will become closed.

In either case the path then continues to Sy = b+ (1,0) € Qp in Rg_o. Denote by 8o, ..., Bm
the second sequence of quadrants in the positive direction, and by vy, ..., 0 the final path
going back to RZ . This means that ag = b, By = b+ (1,0) and v = (1,0), and the subsequent
terms can be obtained applying ¢ multiple times. It is then easy to see that the sign of the
edge e;t is determined by the first coordinate of Z3 when going in the positive direction (i.e.,
for 3;), and by the second coordinate when going in the negative direction («; and ~;). O

and then moves

Example 2.1. We consider a simple example: f(z,y) = y?> — z*. A regular fan is given by:
{(1,0),(1,1),(1,2),(0,1)}, consequently we have:

f o Too (w07y0) = f(woy(by()) - y(2)(1 - $0y0
fomg (z1,m1) = flay, ziy?) =a
f O Tgqy (37273/2) = f($27xgy2) =X

There are two exceptional divisors E7, Fy with weight ¢ = ¢(1,1) = 2 and ¢, = ¢(1,2) = 4,
respectively. The real neighborhood of E; is orientable, and for Es is not. The topology of
the Mo6bius necklace associated to f is represented in Figure 2.5. The exceptional divisors are
represented by blue circles.

The proper preimage of f~1(0) intersects only the second divisor, in two real points (z1 =
+1). By applying ¢ and its inverse several times (as in the above proposition) we find the
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(1,0)1(0,0)
T.1),(0,1)

Eq

(1,0)}(0,0)
(1,1)[(0,1)

Figure 2.5: Mobius necklace for f = 32 — x%.

following sequence of quadrants:

(0,0) —(0,0) —(0,0)
v
(1L,1) =— (1, 1) =—(0,1)
v
(0,1) —(1,0) —(1,1)

\
(1,0)<— (0,1) =— (1,0)

This corresponds to the path ef e; €y €] ef €y e; e; on D. There are 4 real relative cycles
visible from the figure, two positive approaching only Fs (in red) and two negative approaching
both E; and E» (in black).



Chapter 3

Good singularities

1 Topologically good singularities

Now we want to characterize good singularities in a topological way. First we need to introduce
a few preliminary notions. Let f : (R?,0) — (R, 0) be an algebraically isolated real singularity.
We still denote by f its complexification f : (C?,0) — (C,0). Let f: X — D the associated
Milnor fibration, and M : Hi(X,,C) — H;(X,,C) the monodromy operator acting on the
fiber f =n>0.

For each t € D consider the collar Cy = X; N (Be \ Be) with 0 < € < e. This defines a
smooth trivial fibration C' := U;Cy — D, let ¢ : C 2 Cp x D be a trivialization. Consider
a loop v = v(s) : [0,1] — D*, with v(0) = (1) = n making a counter-clockwise loop around
0, and let I's : X0y = X,(5) be the continuous family of maps identifying the fibers along
the loop defined by the local triviality of the Milnor bundle. These maps can be chosen to be
compatible with the trivialization of C, meaning that

poTlso0p ! (z,t) = (z,7(s), =€ Co,

(see for example [59]). This implies that if we consider a cycle 6 € Hy(X,, X, N C,), then
the composition I'1d — 0 defines a class Var § € Hi(X,). In this way we define the classical
variation operator:

Var : Hy(X,, X, N Cy) — Hi(X,).

In the following, when working with real singularities, we will need to relate the Milnor
fibers corresponding to negative and positive values. Consider the path v~ in D* which
connects —n to n below zero (see Figure 3.1), and let T~ : Hi(X_,,C) — H1(X,,C) be the
map induced by identifying the fibers of the Milnor fibration along v~.

The last preliminary notion is that of cyclic subspaces of a linear map:

Definition 3.1. Let V be a complex vector space, L : V — V a linear operator and let v be
a vector of V. The L-cyclic subspace generated by v is defined as

Z(v,L) :={g(L)v : g € C[z]}
= Spanc{v, Lv, - - - [ LFoy, .o }

31
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Ret

Figure 3.1: Definition of T~

Definition 3.2. Given a set of real relative cycles § = " U §~, the subspace of visible
vanishing cycles (generated by &) of H;(X,,C) is by definition the subspace

Z(8(n)) == Y Z(Var 6(n), M)+ Y Z(T~(Var 6(-n)), M) C Hi(X,,C).
dedt 0€d—

Definition 3.3. An algebraically isolated real singularity is topologically good (with respect
to d) if Z(6(n)) = H1(X,,C), in which case J is said to be a good set of relative cycles for
f. The singularity is topologically bad if it is not topologically good, i.e., if Z(d(n)) <
H,(X,,C).

In other words, a singularity is topologically good with respect to a set of relative cycles
if applying repeatedly the monodromy map to their variation we obtain a set of cycles which
generates the whole homology group.

1.1 Topologically good implies analytically good

We use the same notation of the previous section. Consider two real points P, P’ € (f~1(0) <
0) N (Be \ Be) and two holomorphic sections N, N’ : D — X of the Milnor fibration with
N(0) = P and N’(0) = P’. By continuity, if D is small enough, the sections N and N’ are
entirely contained in B, \ By, and therefore in the collar C.

Definition 3.4. A (N, N')-cycle on X; is a path § lying in X; and connecting N (t) to N'(t).

Consider a curve v = 7(s) : [0,1] — D* with v(0) = 7. Starting from a (N, N')-cycle
v = 0(v) on X, (o) consider its lift 6N (v, s) over ~(s), with end-points prescribed by N(v(s))
and N'(v(s)), in other words a lift for the pair (I,9I).

If v makes a counter-clockwise loop around 0, we obtain a curve on X, 1) = X, which

differs from the starting one, because of monodromy, but the end-points for both curves will
be again N(v(0)) and N’(y(0)). Therefore we get a variation operator

Var N Hy(X,), X, N C,) — Hi(X,).
Without loss of generality we can assume that the sections N and N’ are constant in the

trivialization of C', which implies that this variation operator coincides with the classical one.
A more detailed proof is as follows.
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Proposition 3.1. Let 6 be a (N, N')-cycle, then Var ]NV'(S = Var J.

Proof. 1t is sufficient to show that the final curves on X, ;) are homotopic with the same
end-points. Consider a neighborhood of (P,0) in Cy x T of the form U x T, where U C Cj is
contractible. Because of continuity we can restrict 7" in order to have ¢ o N(T)) C U x T..

For each s € [0,1] on the surface Xv(s? we have two points: T's(N(t9)) and N(v(s)),
both belonging to the contractible “slice” ¢ ™" (U x {7(s)}). Therefore we can find a homotopy
N = N(u,s) : I xI — X over v(s) with N(0, s) = I's(N(7(0))) and N(1,s) = N(v(s)). In the
same way we find N’ = N/(u, s) for the second section. Let § = 6(v) be the starting (N, N')-
cycle, 6(v,s) = I's(d(v)) be its ordinary deformation, and (5%, (v, s) be family of (N, N')-cycles
defined above.

Now consider the pair (I%,0I?), and the homotopy G : I? x I — T* given by G(v,u,s) =
v(s). Let G : I? x I — X* be a lift of G, f o G(v,u,s) = G(v,u,s) = ~(s), with initial
condition G(v,u,0) = §(v), and prescribed on 91?2 as follows:

G(v,0,s) = 6(u, s)
Gv,1,s) = oN'(u, 5)
G(0,u, s) = N(u, s)
G(1,u,s) = N'(u, s)
The restriction G (v,u, 1) provides the required homotopy. O

Consider the function
J(t) ::/ Y teD (3.1)
sy’
It follows from its definition that
J=J5, on (0,7
Moreover, as we proceed to show, J is holomorphic on D*. First, we have:

Proposition 3.2. Let a € Q(C2,0), then the function

18 holomorphic on D* and

dI(t) = (/5%,0) Z;) dt+ (No f)*a— (N'o f)*a. (3.2)

For the proof we adapt the usual technique of Leray coboundaries, used to prove the
analyticity of periods over vanishing cycles, to the case of relative curves. Let ¢ € D* and
D, C D a small disc around ¢. Consider a smooth family of (N, N’)-curves d(s) on D, and
define a real “tube” surface around 6(¢):

Te:i= | é(s)

S€EOD.
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Define the following 2-form

Lemma 3.1.

Proof.

/ df / / ds
—— Na = a
r.f—t an. \Jss) | s—1
Joo L) sZ05 L UL L) 52
= (o + a— o .
dD. ( 5(t) s—=t  Jap, \ Js(s) 5(t) s—1

The first integral in the last line is 2mi | 5(t) the second one tends to 0 as € — 0. Therefore
taking the limit € — 0 in the first equation we obtain the formula. O

Let I :=T'¢, be a fixed tube around 4(¢).

271'1'/ a:/Qa(t)
5(t) r

Proof. The difference I' — T is given by two annuli, A on N and A, on N’. Consider the
boundary surface X, := 9 (Une[e,l]rn) =TI —T.+ Ac — AL. The integral of the closed form Q,
over X is zero by Stokes’ formula, and:

[ 00— [0+ [ 0= [ au
. r Ae !

Since we choose N and N’ to be holomorphic (complex submanifolds of X of complex dimen-
sion 1), then Q,|n = 6*Q, = 0 (holomorphic 2-form on a 1-dimensional complex manifold).
Similarly Q,|n = 0. This means that the last two integrals vanish, and we have:

[ 0a= [0
. r

Taking € — 0 and using Lemma 3.1, we get the formula. O

Lemma 3.2.

The above lemma is used to prove that t — |, st & is a holomorphic function, being the
integral over a fixed surface of a holomorphic 2-form.

Lemma 3.3. Let ¥ C X be any real surface such that ¥ C X ~ Xy, then

ard Y e [ o
dt/zf—t/\a /zf—tAdf Sy
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Proof.

df Nao df \ «
il L

= La(4) e
:_/zd<fa>+ fdft
S = et .

Proof of Proposition 3.2. By Lemma 3.2

211 / o= / Qo
5(t) r
Applying Lemma 3.3 to I' we get

2m— /Q
()
@
[ ua— f
/Fd/df ar f—1

. da N*a (N')*«
=2m Res +Res .
(/ﬂdf -t ftft>

For the first term in the last line we applied again Lemma 3.2. ]

This implies that
Corollary 3.1. Let w € Q*(X). Then t fd(t) w/df is holomorphic on D*.

Proof. Let a be such that da = w, and apply Proposition 3.2. ]

Remark 3.1. The same arguments prove that the integrals over families of vanishing cycles
are holomorphic. For this it is sufficient to take N = N’ in the above proof.

Start from a real value t = > 0, and consider the counter-clockwise loop around the
origin. This gives multi-valuedness:

J(e*™ . t) = J(t) +7{
Va

v
e NN (1) df

w
= J(t +7{ =
() Varé(t)df

Lemma 3.4. Let 0 be a positive (resp., negative) relative cycle. Suppose J§ admits a real-
analytic extension to a neighborhood of t = 0, then

w
— =0 forte I (resp., I ).
]{/ara(t) df 7 ( %
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Proof. Let J¢(t) = ©(t) for t > 0, where © € R{t} is a real convergent power series at
t = 0. The complexification OF is a holomorphic function around ¢t = 0 and therefore single-
valued. Moreover ©OF = .J on Iff, and hence everywhere. So J is single-valued, in other words

f\/aré(t) w/df = 0. O

Now we can prove:

Theorem 3.1. If a singularity is topologically good then it is analytically good (with respect
to the same set of relative cycles).

Proof. Assume f : (R%,0) — (R, 0) is a topologically good singularity, we want to prove that
it is analytically good. Starting with positive relative cycles, assume that all periods J§(t), for
t € (0,n] and § € 8T, are real-analytic at zero. Consider the holomorphic extension .J of J§
defined by (3.1). It follows from the lemma above that (w/df, Var 6(¢)) = 0 for all ¢ € (0, 7).

Now consider the real-analytic, complex-valued function I(t) := (w/df, Var 6(t)) on t €
(0,7]. By continuously deforming Var 6(¢) to complex values of ¢, this function extends to a
holomorphic function I on D*. But since I = 0 on (0,7], then I = 0 on D*. This implies,
after taking a loop around the origin, that (w/df, M (Var §(t))) = 0. By iterating the same
argument we deduce that (w/df, M*(Var §(t))) = 0 for all k& € N. This means that [w/df] =0
on Z(Var §(t), M).

For a negative relative cycle 6 € 6~ we get (w/df, Var §(t)) = 0 for t € [-n,0) and by
analytic continuation, (w/df, T~ (Var 6(t))) = 0 for ¢t € (0,n]. Doing this for every § € § we
deduce that [w/df] = 0 on Z(d(t)). Since by hypothesis, the singularity is topologically good
we have Z(6(t)) = H1(X:,C). Using Proposition 2.2 we find a holomorphic function germ g
such that w® = df® A dp, and taking the real trace of this equation

w = (W) = (dfC A do)® = (df )R A (do)R® — (dF*™ A (do)™ = df A d(o™°)

we find w = df A doR¢. We have shown that any germ of 2-form which has analytic periods on
0 is relatively exact. In other words, that the singularity f is analytically good with respect
to the set 4. O

Remark 3.2. The case of f~!(0) = {0} can be treated similarly. Depending on the sign of f
outside zero, § = f~1(£n) C X4, will be a closed curve representing an element of Hi(X1,).
The singularity f is then topologically good if Z(6, M) = H1(X4,). The simplest example is
f = 2% + y?, in which case the cycle f~!(n) already gives a homology basis for the complex
Milnor fiber X,, = {f¢ =n}.

1.2 Counterexamples

It is easy to find examples of singularities which are not analytically good. The following
counterexample is known in the literature [36]. Consider the singularity f(z,y) = y* —2* +25.
It is an algebraically isolated singularity with Milnor number 4 = 9. The manifold U =
f~Y-mn,n] C R? is already globally embedded in R?, and it is eight-shaped with symmetry
with respect to both axes. Consider on U the symplectic forms: wy = dx A dy and w; =
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(1 + A\y) dxz A dy (which is non-degenerate on the whole U if A > 0 is small enough), so that
w1 —wo = Aydz A dy.

From the symmetry, and being w; — wp odd in y, it follows that all its areas on the three
families of ovals vanish, for each value of f, therefore all global periods are zero. The difference
w1 — wp however, is not relatively exact, since df A dp = ydx A dy can’t be solved for g (as can
be seen by comparing the order of vanishing of the two hand sides).

1.3 Naive general criteria

Let M € GL(u,Z) denote the monodromy matrix in some basis of vanishing cycles. There are
naive criteria for a singularity to be good, which can be readily verified. For instance we may
use the following sufficient condition:

If for any integer vector v € Z", the cyclic subspace Z (v, M) is the whole CH ~ H,(X,,C),
i.e., if there is mo proper cyclic subspace generated by an integer vector, then the singularity is
topologically good (with respect to any relative cycle having non-zero variation,).

This is guaranteed if, e.g., the characteristic polynomial pps(¢) of M is irreducible over Z:

Proposition 3.3.

i) If there exists v € Z" . 0 such that Z(v, M) # CH = pp(t) is reducible over Z.
it) If par(t) = q(t)r(t) for some q,r € Z[t] with degq,degr > 0, and (M) and r(M) are
not both zero = Jv € Z" \ 0 such that Z(v, M) # CF.

Lemma 3.5. If M is an integer matriz, then Ker M admits a C-basis consisting of integer
vectors.

Proof. Let rank M = k. We can assume that M is of the form:
A B
= )
where A is a k X k invertible integer matrix. Since the lower rows are dependent from

the upper ones, Ker M = Ker (A|B) and therefore the equation Mv = 0 for v = (x,y) =
(T1,- s Thy Ykt1,- - - s Yn), is reduced to the equation:

1
=-A"'By=-——A*B
v Y= "qeta” 7Y

where A* denotes the adjugate matrix of A. Consider the solutions of the form

1 *
(x,y) = —m(A By,y)

for y = (1,0,...),(0,1,...), and so on. To get the integer solutions it suffices to multiply
these solutions by det A. If we write all solutions as a matrix, it is clear that the rows are
independent, because we have a (n — k) x (n — k) block of the form (det A)Id on the right. [
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Proof of Proposition 3.3. (i) Let v € Z* \. 0, and e; = M'~'v. Assume ey, ..., e are linearly
independent over C, and Z(v, M) = Spanc{ey,...,exr}. Complete the set {e1,...,ex} to a
basis {e1,...,e,} of integer vectors. With respect to this basis, the monodromy matrix is
block upper triangular with rational coefficients. So its characteristic polynomial pys(t) splits
in Q[t]. Since, in the original basis, M is an integer matrix, the polynomial pys(¢) has integer
coefficients. Therefore, by Gauss’s Lemma, it also splits in Z[t].

(7)) Assume (M) # 0. The integer matrix ¢(M) is not zero, but also not invertible,
indeed if g(t) = [[;(t — \)¥, where \; are eigenvalues of M and k; are not all zero, then
det (M) = [[;det(M — \;Id)* = 0. Let v be an integer vector in Ker g(M) (Lemma 3.5).
Then all Miv € Ker g(M), therefore Z (v, M) C Ker q(M) # CH. O

However the irreducibility of pps(t) is a rare event, since the characteristic polynomial is
generally a product of polynomials, according to the following theorem, holding for I'-non-
degenerate! singularities.

Theorem 3.2 (Varchenko [57|). Let f(z,y) be I'-non-degenerate isolated singularity, with
f(x,0) = 2% and f(0,y) = y*. Let~;, j=1,...,k be the faces of I'(f), and Q; the primitive
integer vector corresponding to vy;j. Then

17, (1 — t1(@))M@Qy)-1

pM(t) = (t - 1) J:(ll — ta>(1 — tb)

Proof. See [51]. O

Notice that if the Newton polygon has more than one face, the characteristic polynomial
will be always divisible by ¢ — 1. Assume now that I'(f) has just one face v = tp(Q) where Q
is a primitive integer vector. In this case A\(Q) = ged(a,b) + 1 and 4(Q) = lem(a, b), therefore

(-1 - ¢lem(ab) yged(a.b)
pM(t) - (1 _ ta)(l _ tb)

(3.3)

Suppose a, b are different prime numbers, then using the relation ¢ — 1 =[] din ®,(t), where
®,,(t) denotes the n-th cyclotomic polynomial, we find pps(t) = —P4p(t), which is irreducible.

Corollary 3.2. The singularities of type f(x,y) = y? — x? with p,q different primes are
topologically good. Any relative cycle constitutes a good set for the singularity.

Example 3.1 (Cusps). Let f(x,y) = y* — 2" with r > 2 prime. Then pps(t) = (¢t — 1)(1 —
t27) /(1 —t2)(1 —t") = —®y,(t), therefore it is irreducible. Notice that this type of singularities
can have arbitrarily large Milnor number, while they only have two real relative cycles. Still
they are (topologically and analytically) good with respect to each relative cycle.

Remark 3.3. One possible way to improve the above criterion is to consider an M-invariant
decomposition of the Milnor fiber, and compute the homology group starting from this de-
composition (see [51]). Moreover, one could improve the criterion by taking into account the
position of relative cycles.

'See Definition 2.6.
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2 Algorithm using toric resolutions

In this section we describe an algorithm allowing to determine if a given I'-non-degenerate
singularity is topologically good.

2.1 Local description at a point of normal crossing

Let f : (R%,0) — (R,0) be an algebraically isolated real singularity. In order to determine
if the singularity is topologically good with respect to a given set of relative cycles, we need
to compute the cyclic subspaces generated by the variation of such cycles. This essentially
amounts to computing the monodromy and variation operators (for real relative cycles). In
order to do so, it is convenient to consider a resolution of the singularity. After the toric
resolution (discussed in the previous chapter) we are left with a normal crossing fibration,
equivalent to the original one, and whose monodromy is easier to study. The monodromy
of normal crossing fibration was studied by Clemens in [14] (see also [12, Section 8.5], [46,
Chapter 7], [60, Chapter 9,10]).

The first step in order to understand the topology and the action of the monodromy is
to look at what happens locally, so let us consider the function f : U ¢ C? — C given by
f(z,y) = z™y™, for some positive natural numbers m,n € N, where U is a neighborhood of 0.
We can assume that U is the polydisc U = {|z|, |y| < 1}.

Let € > 0 be a small real positive number, and consider the level set X, = {z™y" = €} C
C2. Consider the projection p,(z,y) = x to the x-coordinate. Its restriction to X, defines a
covering map p, : X, — {|z| < 1} of degree n. The fiber above z = €¥ consists of the y’s
which are solution of e™?y" = ¢, that is y = €!/"e™ with mé + ny» = 0 mod 27. We denote
the solutions as

yk(O):el/”exp (—9—), k=0,...,n—1. (3.4)

We see that
Yk(0 + 27) = Yrym(0).

Consider the path z = v(#) = ¢’ with # > 0, and consider the lifted path 7(#) on the covering
space defined by 7(0) = y,(0). The equation above shows that the curve 7(6) passes through
the preimages 94 (0), Ya+m(0), Ya+2m(0), - - -, Yarem(0) as z = () loops £ times around 0. Here
the indices a + km should be considered as congruence classes modulo n. The lifted curve
becomes closed at ¢ = the smallest positive number satisfying a + ¢m = a mod n, i.e. for
¢ =n/ged(m,n).

More precisely, we have
Lemma 3.6.

i) Ya(0) and yp(0) belong to the same connected circle in the preimage of {|x| = 1} if and
only if a =b mod ged(m,n).
ii) The preimage of the unit circle |x| =1 consists of gcd(m,n) circles.

Before proving this we recall an elementary fact about congruence equations:
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Lemma 3.7. The equation x = ¢m mod n admits a solution ¢ € Z if and only if x = 0
mod ged(m,n).

Proof. By Bezout theorem we can find integers r, s such that ged(m, n) = rm+sn. Now assume
x = qged(m,n), then £ = gr is a solution of the first congruence, indeed x = gged(m,n) =
(gr)m + (gs)n = fm + n(qs). The other implication is obvious. O

Proof of Lemma 3.6. Let a,b € {0,...,n —1}. Now y,(0) belongs to the same component of
Ya(0) if and only if b = a + fm mod n for some ¢ € N. By the above Lemma the congruence
b—a =¢m mod n admits a solution ¢ if and only if ged(m,n)|b— a. This proves (i), and (i)
is an immediate consequence. O

2.2 Cell decomposition of the Milnor fiber

Let f: (R?,0) — (R,0) be a I'-non-degenerate singularity, and consider a toric resolution of
f, as defined in Section 2 of the previous chapter (we will use the same notations here). Recall
that the pullback of f on each chart Rgi takes the form:

o) ?(Pi+1)fi(

fomg(xiyyi) =z, "y, i, Yi),

where {Fp, ..., Pnt1} is the regular fan defining the toric resolution. Then we will have N
exceptional divisors E;, i = 1,..., N of weight ¢; = {(P;).

Let 7 be a small positive number?. In order to describe the Milnor fiber X, we will describe
it as a cell complex of dimension 2. Later we will describe relative cycles and the monodromy
operator in terms of this cell decomposition.

Consider one of the divisors E; ~ P!(C), which is homeomorphic to a 2-sphere. On this
sphere we consider the points 0; and oo; and also the roots z;1,..., 24 of ﬁ(mi,O) =0 as
marked points. These roots are simple because of the hypothesis of I'-non-degeneracy, so
that ¢; = deg fi(z;,0).

At each point p € E; we can find local coordinates (X, Y') such that fom, (X,Y) = Xmyt:,
for some m € N. The number m;(p) := m is called the multiplicity of p on E;. Clearly

mi(p) =0 for any other p

Let N; be a tubular neighborhood of F;. For each marked point p € E; choose a small
polydisc of the form A(p) = {(X,Y) : |X|,|Y]| < d}. Let A; denote the union of all such
polydiscs.

Let D(p) = A(p) N E;, which is a small ball around p and put E := E;\U,D(p). The part
of the Milnor fiber contained in Nj, i.e., X; := X, N N; is then decomposed into two pieces:

2For simplicity we restrict to positive 7. It is not difficult to include the case of negative n, and to describe
the action of T~ between the corresponding homology groups.
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Figure 3.2

X, NA, which is a collection of annuli, and X; N (N; \ A) which is a cyclic ¢;-fold covering of
E;. Let p; : X; N (IN; N~ A) = E denote the corresponding projection. We can assume that
p preserves the real part of the toric resolution. The previous section shows that if we denote
the preimages of a point g € E by an element of Zy,, then the monodromy of the covering
after a loop around p is given by x — x + m;(p) in Z,,.

Consider a tree o lying on F; and connecting all the marked points of the divisor. For
each marked point p, let A(p) denote the oriented small loop OD(p) around p. In the graph o,
replace each marked point p with the small loop A(p), let ; be the resulting graph on E; (see
Figure 3.2). The small loops A(0;), A(co;) will be called red loops, and the remaining ones,
A(zi,j), green loops.

The Milnor fiber X,, is obtained by gluing together the preimages X; := p~!(E}) of the
divisors along their common boundaries, which are given by the preimages of the red loops.
The graph ¥; provides a cell decompostion of the surface E;, which can be lifted to a cell
decomposition of the Milnor fiber, as we now explain. The preimage f]l = p~1(%;) in the
Milnor fiber is easy to describe according to the local description of the previous section. Let
di(p) := ged(mi(p), £;), then:

e Each point p € ¥; has ¢; preimages;

p~1(A(2:;)) is a connected circle;
p~1(\(0;)) consists of ged(f;_1, ;) = d;(0;) connected circles;
p~H(A\(o0;)) consists of ged(£;, £;11) = di(00;) connected circles.

In short, for each marked point p, the preimage of A(p) consists of d;(p) connected circles,
each containing ¢; /d;(p) vertices. The connected circles are parametrized as in Equation (3.4),
so that their orientation is induced from the corresponding loop on E;. The circles belonging
to the preimage of a red (resp. green) loop will still be called red (resp. green) loops (of iz)
The preimages of red loops coming from consecutive divisors must be identified respecting
the cyclic order, while green loops are the boundary components of the Milnor fiber X,. The
graph resulting from gluing the graphs f]z along red loops will be denoted by 5.
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In order to reconstruct the whole preimage X; of E we need to attach to the 1-skeleton
5 the boundary components given by pH(E; N %;). Since E; \ %; is a 2-disk its preimage
will consist of ¢; disconnected disks, so that we have £; boundary components. In this way we
obtain a cell decomposition of X;. Let X (1) denote the union of cells of dimension < i.

We need to describe these sets more explicitly, together with the attaching maps. The
preimage of each loop A(p) contains deg(p)¢; vertices, where deg(p) is the degree of p in the
graph o. We label these vertices according to the corresponding class modulo ¢;. The ¥¢;
preimages of each edge of ¥; will connect pairs of vertices with the same label. We label each
edge of iz with the same label of its end-points.

Figure 3.3: &; = p~1(%)

The attaching map of the boundary 2-cells are given by the following paths on iz for
each j € Zy,, start from a red loop in p~1(\(0;)) at the vertex labeled by j, and follow the
edges labeled by j until a red loop at infinity is reached. Each time the path reaches a loop,
it follows the orientation of that loop. In the same way we go back to the red loop at zero.
Each time the path completes a loop A(p) we have an identification of the preimages in the
covering map, which is given by x +— = + m;(p) mod ¢;. The list of edges belonging to the
loop now described, is:

Jy Gy oes Gy JHligr, JHLiga + 1, o Al g, JH i o+ g

We denote this loop by 7; ;. Notice that this path is indeed a closed curve, because £;_1 +
liv1+ ¢ =0 mod ¢; due to Lemma 2.6.

2.3 Homology and Milnor number

Lemma 3.8. Let S be an orientable surface with boundary consisting of r connected circles.
Let S the surface obtained by attaching a 2-cell on each connected component of the boundary.

Then the genus of S is
~  2—r—x(S
9(8) = fX()

where x(95) is the Euler number of S.
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Proof. We have 2 — 2¢(5) = x(5) = x(S) 4 r, since we are adding r faces. O

As known the Euler characteristic of a surface S can be described as the alternating sum
of Betti numbers b; = rank H;(S,Z). In the case of a connected surface with boundary,
we have by = 1 and by = 0, therefore we find x(S5) = rank H;(S,Z) + 1, or equivalently
rank H(S,Z) = x(S) — 1. Applying this to the Milnor fiber we get: © =1 — x(X,). The
Milnor number can be easily computed in terms of the toric resolution:

Proposition 3.4. p =" liqg; — (1 +{n) + 1.

Remark 3.4. This result follows from Theorem 3.2, here we present an elementary proof.

Proof. Let N be the number of divisors. The Euler characteristic is additive with respect to
the operation of gluing along boundary circles, therefore:

X(Xy) = x(p7 (D(01) Up™ (D(oow)) UL Xi) = a4 £y + D0 x(Xa).

Next, by removing from X; the ¢; boundary faces given by p~}(E; \ %;), we find
X(X5) = x(S3) + 4.

Now we can simplify f]z with operations which leave the Euler characteristic unchanged. On
each circle (corresponding to a marked point), we concentrate all vertices in a single point by
contracting small arcs on the circle. Each circle becomes a loop in the new graph. The last
operation is to identify all these loops to a single one. The resulting graph has the same Euler
characteristic as the original one, and is composed by one loop (counting as 1 vertex and 1
edge) plus 4 - |E(c)| = £i(|V ()] — 1) = £;(q; + 1) edges. In conclusion (&) = —€;(q; + 1),
therefore x(X;) = —¢;q;. Putting everything together,

w=1- X(Xn) =1- (51 +£N) — Z(—&ql) O

2.4 Monodromy

Given the cell decomposition above, we can describe the homology H; (X)) by giving generators
and relations (i.e., as a finitely presented Z-module). Consider again the cell decomposition
(XY of X, In the long exact homology sequence of the pair (X®, XM we find:

Hy(X®) — Hy(Xx@, xW) 2 fy(x My — m1(X@) — H(Xx®, x D)

where @ is the connecting boundary homomorphism. Since X® = X, is a manifold with
boundary, and Hy (X(2), X(l)) = 0, the sequence becomes

0 — Hy(X,, XV -2 Fy(XV) — Hy(X,) — 0 (3.5)

so that we have M
Hi(X
(X)) = Iina)
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The first homology group of the graph X() can be computed by finding a spanning tree
T c XD for XM, The group H (X (1)) is then a free abelian group with one generator for
every edge in X() \ T To find a basis of H; (Xy), we first express Im 0 in terms of the basis
of Hi(X™M). A basis for Hi(X,) is then given by a set of vectors completing Tm d to a basis
of Hy(XW).

The monodromy homeomorphism acts nicely on the cell decomposition, and induces a map
M:S - E given by a rotation on 5 according to the cyclic order. On the edges it acts as
the multiplication by exp(2mi/¢;), i.e., sending each edge = € Zy, to x + 1 € Zy,. Moreover
it preserves the boundary components Im 9, thus inducing a homomorphism on the quotient
Mz, : Hi(X,) — Hi(X,). We can complexify the above sequence (3.5) and get a morphism
M: Hl(Xn,(C) — Hl(Xn,C).

2.5 Real relative cycles and variation operator

Finally we need to compute the subspace Z(d, M), for a given real relative cycle 6. A relative
cycle of X, is given by path on ) connecting two green loops. Real relative cycles are those
relative cycles which project to Ei-R. In order to simplify the description of real relative cycles in
53 we choose the tree o on each divisor E; to be symmetric with respect to complex conjugation
in the corresponding cone chart Cgi. Since f;(x;,0) has real coefficients its complex roots are

conjugated, and we can label the roots accordingly. Let wuj,us,... be the real roots and
w1, W1, Wy, Wa, ... the conjugate pairs of complex roots. We order the real roots ui,us, ...
from x; = —oco to x; = +oo, while for the complex roots we assume Imw; > 0 and order

the w; first by their real part, and then by their imaginary part. The tree ¢ which connects
all marked points is described as follows: all real roots, 0; and co; are connected by a real
segment. Then connect the point 0; to the complex roots wi,ws,... (if present) with a new
curve, and finally connect 0; to the conjugated roots w1, wWs, ... using the curve obtained by
complex-conjugating the first one.

Next we need to understand the respective positions of the real relative cycles on 5. This
can be understood by locally studying each real marked point. By performing a half-loop
around the marked point (like in (3.4)) we can determine which preimages of the vertex at the
end of the half-loop will be real (if any). This depends on the weights m;(p) and ¢;. Finally
we consider the relative cycle represented by the real interval [—oo,z], where = € R is the
minimum real marked point. We can deform this path in E} to a path connecting A(x) to
A(00;) and following the orientations along the loops. The lift of this new path in ) (with the
same end-points) will represent the original relative cycle in Xj,.

Finally we describe the variation operator. Let § : [0, 1] — ¥ be a real relative cycle in 5.
Its image M§ is again a relative cycle starting and ending at the same green loops of §. The
end-points of the two relative cycles § and M$ will be consecutive vertices on the respective
green loops. Let By and (1 denote the directed paths, over the green loops, connecting the
end-points of § with the end-points of MS6. Then the variation of § is represented by the cycle

Var 6 = M6 — B — 6+ Bo

over the lifted graph 3.
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In this way we obtain, for each real relative cycle, an explicit expression for its variation
and for the cyclic subspace it generates. It is now possible to determine if a set of relative
cycles is good for a given I'-non-degenerate singularity.

2.6 Examples

Example 3.2. f(z,y) = y?>—2? (non-degenerate saddle), i.e., the simplest example. A regular
fan is: {(1,0),(1,1),(0,1)}. There is just one exceptional divisor Ej, of degree 2, with one
positive and one negative root. The graph X is represented in Figure 3.4.

Figure 3.4: &

In order to simplify the description of generators, we retract the dashed part of each loop
to a point (we use the same notation for the edges before and after the contraction). We shall
keep track of which edges were retracted for later, when we will express boundary components
and the action of monodromy in terms of the retracted graph. A spanning tree (in the retracted
graph) is T'=e;. A basis of Hl(X(l)) is given by the loops: {by = e1 — eq, Ao, A1} while Im 9
is generated by the two cycles:

7“0:—[)0 =€) — €1
ri=byp+X+A =e1+A —eg+ Ao

The Milnor number is then, of course 4 = 3 — 2 = 1. The element Ay completes {rg,r1}
to a basis of Hj(X()), so that its class is a basis of Hj(X,).

The edge d = ey represents a real relative cycle, with Var § = by + A\g, whose class modulo
Im O obviously generates Hi(X,). The same is true for every real relative cycle, so that
f(z,y) = y*> — 22 is topologically good with respect to any of its real relative cycles (in this
trivial case we don’t even need to compute the cyclic subspaces).

Example 3.3. f(z,y) = y?> — 2%, We continue from Example 2.1 of Chapter 2, using the

same toric resolution. Recall that there are two exceptional divisors F1, F» with weight {1 =
0(1,1) = 2 and f2 = £(1,2) = 4, respectively. Since ged(f1,¢2) = 2, the red loop A(02)
has 2 connected preimages. Since Ej contains no marked points other than 0; and ooy, the
corresponding surface X; is composed of two disjoint discs. Analogously, p~(D(oc0z)) is made
of 4 disjoint discs. After contracting the corresponding red loops of Y to a point, S becomes
as in Figure 3.5.

The thick line in the figure represents a spanning tree 1" of . Asin the previous example,
we retract the dashed part of each loop to a point and keep using the same notation for the
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€13

Figure 3.5: &

edges. After this, by looking at the edges which do not belong to 7', we find the following
basis {bOa b17 b25 b37 b47 )\07 >\1} for Hl (X(l))

bo = ep2 — €no
b1 = ep3 — eo1
by = e12 — e1p
b3 = e13 — e11
by = ep3 + €11 — €10 — €qo

The monodromy matrix in this basis is given by:

0 -1 0 0 0 00
1 0 00 1 00
00 0 -1 1 00

M={0 0 1 0 0 00
00 0 0 —1200
01 0 0 1 10
0 0 0 -1 0 1]

The subgroup of relations Im 0 is generated by the four cycles:

To = €go + €10 — €11 — €03 + Ao = —bg + Ao

r1 = eog1 +e11 — €12 — €go = —by — b2+ b4

To = ep2 + €12 — €13 — €1 =bo + b1 + by — b3 — by
rg =egp3+eig—en—ep2+ A = —bg+by+bs+ A\

The Milnor number is therefore 4 = 7 — 4 = 3. The elements {bo, b1, b2} complete Im 3 to
a basis of Hy(X(M), and therefore provide a basis {by,b1,ba} of the quotient H;(X,). The
monodromy matrix in the new basis {bo, b1, ba, 70, 71, 72,73} is given by:

-1

M’ =

OO OO o~ Oo
OO OO oo
O O OO oo
_ O O O O oo
O OO =, O OO

1
1
1
1 -1
0
0
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Finally, the matrix of the induced monodromy morphism on Hj (X)) in the basis {bg, b1, b2}
is:

0 -1 1
M=1|1 1 0
0 1 O

Its characteristic polynomial is pas(t) = (1+#2)(t—1) (in agreement with Theorem 3.2), which
is not irreducible. The two positive relative cycles identified in Example 2.1 of Chapter 2 are
given by:

0o = €epo — €p2
01 = —e13 +eq1.

They are represented by dotted curves in Figure 3.5. Their variation is:

Var g = eg1 — €p3 + €p2 — €qo =by— b
Var 6y = —ejp+ei2—ein+e3s+A1 =ba+b3+ 2\

We hfwe Var 61 = Var ¢ + Im0, so thi the two cycles in fact induce the same element
v = by — b € Hi(X,). Since dimZ(y,M) = 2, we conclude that no combination of the
relative cycles dp and ;1 gives a good set of relative cycles for f(x,y). However, with a little

reflection one can see that the paths

d2 = ep1 + e11

03 = —e13 — €o3
represent the two negative relative cycles (after the identification 7). In this case

Var 2 = eg2 + €12 — €1 — €11 =by+bi+br—bs =0b+Imo
Vards =ej3+egz—€eo—egpo+MAM—A =bs+bs+A1—X =by—by —by+Imo

and dim Z(b;, M) = dim Z(bg — by — by, M) = 3. In conclusion, f(x,y) is topologically
good. Despite the characteristic polynomial of the monodromy is not irreducible, each negative
real relative cycle alone is a good set for of relative cycles for the singularity.

Finally, we consider those sets of relative cycles which are given by the restriction of the
fibers of a semi-local singularity (see Figure 3.6). There are two possibilities arising from a
semi-local picture: either the positive cycles appear together (Case 1), or the negative cycles
appear together (Case 2). The corresponding subspaces of visible vanishing cycles are given,
respectively, by:

71 = Z(Var 6y + Var 61, M) + Z(Var 8o, M) + Z(Var d3, M)
Zy = Z(Var 6y, M) + Z(Var 61, M) + Z(Var §y + Var d3, M)

It is interesting to notice that dim Z; = 3 but dim Zy = 2. In other words, the two cases are
different, and only Case 1 yields a good set of relative cycles.

Remark 3.5. Pictures and computations become much more complicated for singularities
with high Milnor number. However, the above algorithm only requires to know the Newton
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G0 &

(a) Case 1 ) Case 2

Figure 3.6: Semi-local realizations of f(x,y) = y* — 2.

polygon and the number of positive, negative and complex roots of the functions ﬁ(xl,O)
This allows in principle to implement the algorithm on a computer and to produce a list of
I'-non-degenerate good singularities. Notice that similar algorithms can be obtained also for
singularities which are not I'-non-degenerate. A resolution in this case can be obtained by
ordinary blow-ups or towers of toric blowing-ups (see [50] for definitions).

Remark 3.6. We mention an alternative way to study particular examples based on the
methods of A’Campo [1] and Gusein-Zade [35]. In these methods, the intersection numbers
among vanishing cycles is computed starting from a “real Morsification” of the singularity, and
the monodromy matrix then follows from Picard-Lefschetz formulas. It is not difficult to see
that the formulas for intersection numbers can be used to compute the intersection index of
real relative cycles as well.

We collect in Table 3.1 a list of examples of good singularities, together with corresponding
good sets of relative cycles. For some of the examples, we also indicate a “bad” set of relative
cycles 4, i.e., such that Z(d) is not the whole homology.

3 Semi-local case

Let M = f~'[—n,7n] be a semi-local singularity, and wq,w; € Q?(M) be two symplectic forms
on M inducing the same orientation. The following proposition gives the connection between
our problem and relative cohomology:

Proposition 3.5. If w; —wy = df Ado for some real-analytic function 9 : M — R, then there
exists an isotopy @r on M, such that o = id, ¢} (f) = f and pjw1 = wy

Proof. As for Theorem 2.4, the proof is based on Moser path method. Let w; = wo+t(w1 —wp).
Let’s write w1 = pwo with p € C°°(M). By compactness v := miny; p > 0. Now consider
wr = (1 —t+1tp)wo. It is symplecticif 1 =t +tp>0on M, but 1 —t+tp> (1 —1t)+tv >
min{1,v} > 0.

The rest of the proof is identical to the proof of Theorem 2.4. Define a real-analytic time-
dependent vector field X; by ix,w; = —odf. Let ¢, be the flow generated by such X;, we can
integrate over all times since M is compact. Notice that Lx,w; = df Adp therefore %cpf wr = 0,
so that pjwi = wp. Moreover Lx, f = 0, which means that f o y; = f. L]
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Singularity Good & Bad §
y? — P /
p prime <‘5' {‘ﬁr}a {o1}
p>2 ; \
o

2 _ 2% - ) )
P (67 +65, 07,07} {0F,65, 67 + 65}
p,q prime {67}, {67}
P,q>2,pFq
{61’—75;75;_7 + + +
V12959 0F + 85 + 67,
yS _I.Qy 51 +52 +53 }7 {51 +5% _{_53}
same with + < — 1 2 3
% _ 52 - ) )
yk:2 3y {5i|—+5;7 61762} {6f75;7 51 +52}
&
{6f_76;_)5;_7 + + +
129259 5F + 03 + 67,
y5 —Jf2y 51 +52 +53 }7 {51 _’_5% —I—(;i}
same with + < — 1 2 3
x3_xy3 {5T75;’51_+52_}7

same with + <~ —

Table 3.1: Topologically good singularities



50 CHAPTER 3. GOOD SINGULARITIES

3.1 Extension of relative exactness from local to semi-local, one critical
point

Consider a semi-local singularity f : M — R, where M = f~![—n,n], and let wg and w; be
two symplectic forms on M defining the same orientation. Suppose the critical leaf {f = 0}
contains only one algebraically isolated critical point xo (see below for the general case). Let
K := f71(0), it consists of a finite number of edges {K1, Ko,...} starting and ending at zg
and oriented by the Hamiltonian flow of w, Ldf. Consider the Reeb graph I' of the singularity.
We can distinguish positive and negative edges of I' according to the value of f. Let ex be
the number of edges of K, and eif and e the number of positive and negative edges of I'
respectively; we have of course eljf < ex. We define an er x ex matrix R with values in {0, 1}
as follows

R {1 if for f — 0 the circles I';(f) get arbitrarily close to the edge K
i =

0 otherwise

We say that the semi-local singularity is rigid if Ker R = 0.

Example 3.4.

e The “annulus” shape is rigid. This corresponds, for example, to the semi-local neighbor-
hood of regular fibers or of singularities of given locally by f(x,y) = y? — ¥ with k > 2
odd (like the cusp).

e The classical “eight shape”, occurring e.g. for non-degenerate saddles, or for f(z,y) =
y? —2F k> 1 even, etc. (see e.g. Figure 2.1a) is rigid.

e Consider now the singularity f(z,y) = 2%y — y> (three intersecting lines). It has two
semi-local realizations (shown in Figure 3.7). In Case (a) the Reeb graph I" has 4 edges,
in Case (b) it has only 2 edges. Case (a) is rigid, while (b) is not.

(a) Rigid (b) Not rigid

Figure 3.7: Semi-local realizations of f(x,y) = 2%y — y>.

Theorem 3.3. Let f be a semi-local singularity with one critical point xo. Assume f is rigid.
Suppose there exists a real-analytic germ o : U — R defined in a small neighborhood U of xg
and such that wy —wg = df Ado on U. If the period maps of the two symplectic forms coincide,
i.e., Iy, =y, on '\ {0}, then o can be extended to a real-analytic function o on M such
that w1 — wg = df A dp on the whole M.

Proof. For each oriented edge of the singular fiber f~1(0) we fix a source section f + o;(f)
and a target section f +— 7;(f) which are both real-analytic and contained in U. We extend p
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by integration:

. Y wi —wo
o(fy) = oloi(f)) + / :

R CTI
We need to show that: (a) p is well-defined, (b) it is real-analytic, (c) it satisfies gy = o
and (d) w; —wp = df Adp on M. Point (b) is immediate, (c) follows from the fact that

wld;f“’o i) = dg‘ri(f) inside U, and (d) is easy to see in coordinates (f,t), where ¢ is the

time variable defined by the flow of wj Lar (these are analytic coordinates due to Cauchy-
Kovalevskaya theorem). The non-trivial part is to prove (a). To this end, let’s introduce the
obstruction functions:

6i(f) == o(mi(f)) — o(ri(f))

() w1 — wo
B /am - Inp 7o) = emlf): (3.5)

Let’s show that if 0; = 0 for all 7 then p is well-defined. Indeed let y € U be the end-point of
a path starting from o;(f) and ending inside U just once (let’s call it a simple path). Then y
and 7;(f) can be joined by a path lying entirely inside U, and we have:

Y w1 — W
_|_
Ts(f) /n(f) daf

i) Wy — wo

3(f.y) = oloi(f)) + /

a(r) A (/)
N Yoowr—wo
= , Ti +
ol mil)) /T.(f) af vy

= o(f,7i(f)) + olf,y) — ol f, (f))
= o(f,y) +d(f)-

Therefore if §; = 0, then the two functions agree at y. For points y which are end-points of
paths entering U multiple times it suffices now to split the paths into simple ones, and apply
the above argument to each piece.

It follows by the same argument that the obstruction functions are independent of the
choice of source and target sections. Moreover they are related to the periods in the following
way. Let’s consider the period maps of I';. For f > 0 (or f < 0, depending on the edge I';)
we have, by choosing a proper reordering of source and target sections, that
W1 — wWo

daf
5 ( /ij w1 — wo
jifmgo ot A

= ZRz’j‘Sj(f)

-1, = [ 2

N~ e(a;(f)) - Q(Tj(f)))

If 1T, (f) = IOZ, (f) for, let’s say, f > O then >_; Rij6;(f) =0 for f > 0. But the obstruc-
tion functions d; are analytic, therefore we get >, R;;6;(f) = 0 for all f. The assumption
that all periods are the same becomes: RS(f) = 0, where 6(f) = (01(f), ..., 0, (f))!. But
now our rigidity assumption implies § = 0. O
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In order to generalize to the case of several critical points we need to introduce the notion
of ribbon graph.

3.2 Ribbon graphs

A ribbon graph, in short, is a graph endowed with a cyclic orientation on the half-edges
incident to each vertex. To give a rigorous definition, it is convenient to consider a graph as
a directed graph with pairs of (opposite) directed edges. We follow the exposition of [41].

A directed graph is a triple G = (V, E, @) where V and E are sets whose elements are
called edges and vertices respectively and ¢ : E — V x V, e — (e_,ey) is a map. The
vertices e_ and ey are called, respectively, the tail and the head of e.

A graph is a pair (G,t) where G = (V, E, ¢) is a directed graph, and ¢ : E — E, e — € is
a fixed point free involution on E satisfying €, =e_, e_ = e,. A pair (e,e) in E? is called a
geometric edge of (G, ).

By cyclic ordering on a finite set S we mean a bijection s : S — 5 such that for any
x € S the orbit {z,s(x),s?(x),...} is the whole S. For a given x € S, the element s(z) is
called the successor of x and s~!(z) the predecessor of z.

Definition 3.5. Let (G,I) be a graph. For v € V the star of v is the set of edges starting
from v: E, :={e € E: e_ =v}. A ribbon graph is a graph equipped with a cyclic order
on the star of every vertex. A face of the ribbon graph is an equivalence class (up to cyclic
permutation) of n-tuples (e1, ..., e,) of edges such that e} = e, and Set (€p) = epq1 for all
1 < p < n, where we put en+1 = e1.

Ribbon graphs represent triangulations of oriented surfaces. Consider a graph G as mod-
eled by a 1-dimensional cell complex. The graph G embedded in a surface S is filling if each
connected component of S ~\. G is homeomorphic to the disc. Then we have:

Proposition 3.6 (See [41]|). Every compact oriented surface admits a filling ribbon graph.
Conversely, for any ribbon graph G there exists a unique compact oriented surface Sg (up to
homeomorphism) such that G can be embedded into Sg as a filling ribbon graph.

We are going to use the cohomology of a ribbon graph. Let V| E, F denote the sets of
vertices, edges and faces of a ribbon graph G. Define the following cochain groups:

COG)={f:V =R}
CHG)={f:E—=R: f(e)=—f(e)}
C*G)={f:F =R}

Define the two differentials:
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It is easily verified that §' o 6° = 0, therefore we can define the first cohomology group of the
ribbon graph as:

Ker 6!
1 e
H (G) := a0

Remark 3.7. As usual, one can define cohomology H'(G, A) with coefficients in a ring A.

3.3 Several critical points

In order to define rigid singularities in the case of several critical points we need to interpret
M as the surface associated to a ribbon graph Rj;. Each edge I'; C I' of the Reeb graph
represents one face of the ribbon graph Ry, the oriented edges are the ones of K, and the
vertices are the critical points of f lying inside K.

Definition 3.6. The semi-local singularity defined by f is rigid if H'(Ry;, R{t}) = 0.

Remark 3.8. One can check that, in the case of a single critical point, this definition agrees
with the previously given one.

Now we can generalize Proposition 3.3 to the case of general semi-local singularities:

Theorem 3.4. Let f: M — R be a rigid semi-local singularity (possibly with several critical
points). Suppose for each critical point x; € {f = 0} there exists a real-analytic germ o; :
U; — R defined in a small neighborhood U; of x; and such that w1 — wy = df N do; on U;. If
the period maps of the two symplectic forms coincide, i.e., I1,, = I, on T' \ {0}, then there
exists a real-analytic function o on M such that wy —wo = df A do on the whole M.

Proof. We show that if H'(Ry,R{t}) = 0 and II,, = II,, then the obstruction functions
can be made vanish by proper adjustments of the local solutions g;. Each critical point x;
corresponds to a vertex v € V(Rys). We denote U, and g, the corresponding neighborhood
and function germ (given by the hypothesis). As in Proposition 3.3, we fix, for each oriented
edge e € E(Ryy), a source section o, C U,- and a target section 7. C U+, and we define an
obstruction function d. as in Equation (3.5). The collection of obstruction functions defines
an element A € CY(Ry, R{t}).

The condition that one period Il : I'; — R is zero means that the sum of the obstruction
functions of the edges belonging to the face of Ry represented by I'; are zero. In other words,
we can write Il = §A and we are assuming 0 = II = JA as an element of C?(Ry, R{t}).
Since A = 0, and because f is rigid, then A = §g for some g € CO(Rps,R{t}). For each
v € V(Ryr), replace g, with g, = 0, + g (f), then the obstruction A transforms, by definition,
to A=A — 6g = 0. O

4 Smooth global case

Consider a compact surface M foliated by a real-analytic function H having algebraically
isolated singularities and let I' be the Reeb graph of (M, H). Let wp,w; be two symplectic
forms on M. We consider the original problem for one degree of freedom systems mentioned in
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the Introduction: assume the period maps of the two symplectic forms coincide, i.e., I, = Il
on I' < {0}. Is it true that there exists a H-preserving automorphism v of M such that
1/)*w1 = wo?

If we require ¥ to be only smooth, and not real-analytic, then a solution to the semi-local
problem extends to a global solution without obstructions. To each vertex v € V(I') there
corresponds a critical point x, € M of H, and an associated semi-local fibration. Consider
two symplectic forms wy and wi. Suppose that the semi-local equivalence problem is solved
around every singular fiber, i.e., for each v € V(I') the two forms are (semi-locally) relatively
exact: there exists a real-analytic function g, in a semi-local neighborhood of the critical point
Ty, solving w1 — wog = dH A dp,.

The functions g, can be smoothly extended to semi-local neighborhoods U, that cover the
whole M: take smooth cross-sections to the fibration, extend g, to a smooth function on the
section, and then integrate (w3 — wp)/dH along the fibers to extend g, (like in Proposition
3.3). Again the identity of the periods guarantees that the result is well-defined.

Now choose partition of unity {p, : v € V(I')} on the graph T, such that p, is identically
equal to 1 in a neighborhood of v, and Supp p, C U,. Then we see that wi —wg = dH A dg
where 0 = ZUEV(F) pv(H)oy, and the Moser path method can be applied as in the semi-local
case (Proposition 3.5).

Putting together the results of the above sections, we obtain sufficient conditions for the
affine Reeb graph to determine uniquely the symplectic form modulo H-preserving smooth
isotopy. We assume that every singular fiber contains just one critical point. Remember that
the equality of semi-local periods imply, after restricting to a local neighborhood of the critical
point, the real-analyticity of partial periods over some set of local relative cycles (see Figure
2.1b). We have:

Theorem 3.5. Let M be a real-analytic surface and H : M — R be a real-analytic Hamiltonian
function. Let T be the corresponding Reeb graph. Let wo,w; € A2(M) be two symplectic forms.
Assume that:

i) Each singular fiber of H contains one algebraically-isolated critical point,

it) Each singularity of H 1is good with respect to the relative cycles obtained by restricting
semi-local cycles to a neighborhood of the critical point,

iit) Each singular fiber is rigid.

If the period maps of the two symplectic forms coincide, i.e., I, = I, on T\ {0}, then there
exists an H-preserving smooth diffeomorphism ¢ : M — M such that ¢*wi; = wy.

Proof. Let H~(c) be a critical fiber with critical point xy9. Choose real-analytic source and
target sections in a neighborhood U of zq like in Proposition 3.3. Each period is then split
into an integral inside U (i.e., over some real relative cycle d;(t)), plus an integral which exits
U, which is a real-analytic function of ¢. There is one relative cycle for each edge of the Reeb
graph incident to the vertex ¢ € I" representing the critical fiber H~1(c), i.e., there are deg(c)
relative cycles. The condition I, (t) = Il, (¢) for ¢ in a neighborhood of ¢ € T', then implies
that w1 — wp has real-analytic periods over the relative cycles §;(t),7 = 1,...,deg(c), which
by assumption form a good set of relative cycles. This means that wy — wy is relatively exact
locally at each critical point. Since each semi-local singularity is rigid then, by the results
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of Section 3, we can extend local solutions to semi-local solutions, and finally, as explained
above, to a smooth global solution. O

As a particular example, we find:

Corollary 3.3. Consider an integrable system whose singularities are either non-degenerate
or of the form yP — x4, with p,q different primes. Assume each singular fiber only has one
critical point. Then a symplectic form is uniquely determined (modulo smooth fiber-preserving
isotopy) by its period map.

Proof. These singularities are good for any choice of relative cycles (see Table 3.1), and their
semi-local singularity is an annulus, and thus rigid. So in this case the conditions of the
theorem are satisfied. O
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Chapter 4

Asymptotics of period integrals

In this chapter we study the asymptotic behavior of actions and periods, and we show how
this asymptotic behavior can give information about the singularity.

1 Real quasi-homogeneous case

Consider a real quasi-homogeneous polynomial singularity f : (R%,0) — (R,0) of weights
(w1, w2) € Q2, i.e., such that f(t¥iz,t“2y) =tf. Let 6(¢) denote a family of connected fibers
of {f =t} with ¢ > 0, having its end-points in two real-analytic transversal sections v(t) and
V' (t). We are interested in the behavior for ¢ — 0T of the partial periods

w
JP(t) = —, t>0,
0 /mdf

(with w not necessarily symplectic).

Proposition 4.1. Let w = z'y’ dx A dy, then

o) = Ctrd) + R{t} if r(i,j) ¢ N
O ) oyring) logt +R{t} ifr(i,j) €N

where (i, 7) = (i) - (;fl) —1 and C € R.

Recall that R{¢} denotes real-analytic germs at zero. Before giving the proof we need two
lemmas. The first one is the real version of Lemma 3.2 of Chapter 2:

Lemma 4.1. Let o € QY(R2,0), then 4 fé(t) a= fé(t) %? + R{t}.

Proof. Let ty > 0 be fixed. Let A(to,t) be a connected strip {to < f <t} between v and v/'.
For |t — tp| small enough we can divide the strip into a number of small rectangles A;(to,t),
delimited by small transversal sections v;(t) and v/(t), and in which f; # 0 or f, # 0.

o7
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Consider one such rectangle A;(to,t) and suppose f, # 0 there, then we can use coordinates
(x, f). In these coordinates we have:

o= p($7 f)d$ + Q(x7 f)df

do = (pf(xvf) - qw(th))df Ndx

‘j;‘ = (py(. ) — gul, f))da

Denote 0;(t) :=

o(t
RS RS R K W
_ / ( / :X)(pf@,f) - qx(a:,f))dﬂ?> i
- (/OZ) df) v

Taking the sum over all rectangles we obtain:

Lo furemen= [ ([)5)

Where B(to,t) = f vio— ft *av is a real-analytic function of (¢, t). Taking 0/0t|;, we

tO / / daf + b O
§(t0

where b(t)dt = —9(to,t)/0t]t, = (V') *a — v*au. O

(t) N A;(to,t) and apply Stokes and Fubini theorems:

Lemma 4.2. Let w;j = ity dx A dy,

d Wij r(i,j) / wij 1
_ _J + b
dt 5(t) df t df (*)

where b is real-analytic.
Proof. Define the following 1-forms inside U:

aij = 2y (—way da 4+ wix dy)
They satisfy the following equation:

df N aj = a:iyj(fx dx + fydy) N (—way dx + wiz dy)
=2y fdx Ady

= fwij
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telling us that:
Wij _ %ij

i f°
Moreover, the following (differential) equation is satisfied:
day; = (5 + VDwaz'y! do A dy + (i + Vwiz'y’ do A dy
= (r(i,7) + Dwij.

Therefore, using Lemma 1

— _l T(lv.]) +/1/ g }b(t)
5() t sy f ot
r(i,7) / w 1
= = 4+ b(t 0

Proof of Proposition 4.1. Put J(t) := J§(t) and r := r(i,j). By Lemma 2 we have the
following differential equation
tJ' (t) = rJ(t) + b(t). (4.1)

After multiplying by ¢~"~! this becomes (t~"J(¢))" = t~""1b(t), so that for any r we have
J(t)=Ct" +t" / s " 1b(s)ds
for some constant C. Let k be any natural number > r. Put b(s) = E?:o bis' + s*T1b(s) with

b(s) = ) bis'~(*+1) still convergent in the same interval of b. We can suppose that ¢ lies

in the interval of convergence of b and b. We have

k
J(t) = Ct" + ¢ (Z b, / sl ds + / s“%’(s)ds>
=0

k pi-r () A

=Ct +1 sz — —I—brlogt—l—/'z bis' " ds
i=0 i=k+1
1#£r

Here we mean b, = 0 for r ¢ N. Notice that the power series defining b converges uni-
formly on the compact sets inside its interval of convergence, and since k — r > 0 then also
sh=r h ey 41 b;s'=(k+1) is uniformly convergent. This means that we can interchange sum and
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integral signs:

17—

k ; 00
tZ—T‘ .
J(t)=Ct +t | Y b, —+bylogt + > bi/sl—r—lds
i=0

g;r i=k+1
=Ct" + ib‘ﬂ—l-blo t|t
= > i b g

i;r

=Ct" + bt logt + Y Z%t (b, =0 if r ¢ N).
=0
i#£r

Summarizing: if » € N, then the term Ct" is analytic, and we find J(t) = b,t"logt + R{t}.
Otherwise b, = 0 and J(t) = Ct" + R{t}. O

1.1 Criterion for analytically good singularities

The above formulas suggest a possible criterion to check if a singularity is analytically good,
involving the independence over R[t] (formal power series) of the asymptotic expansions of
basic period integrals. To illustrate this, we consider the example of the cusp f = y> — 22
(which will be treated in more detail in Chapter 5). The cusp is quasi-homogeneous with weight
(1/2,1/3). It follows from Corollary 2.1 that any holomorphic 2-form w can be decomposed,
in a sufficiently small neighborhood U of 0 € C2, as follows

w=a(f)dx ANdy + B(f)ydx A dy + df Ndo (4.2)

for some holomorphic germ o(z,y), and unique «, 8 € C{t}. It follows from Proposition 4.1
that a partial period J§'(t) of a real symplectic form w can be written for ¢t > 0 as

I(t) = a(t)t~ Y0 + b()tY/S + c(t), t >0, (4.3)

where a,b, ¢ € R{t} and a(t) = Coa(t) and b(t) = C15(t) for some constants Cp, C1 € R. We
will show in Chapter 5, Section 4 that the coefficients Cy, C are non-zero. Assume now that w
has real-analytic periods over the family 6(¢): TI(¢) € R{t}. It is easy to check, by expanding
a(t),b(t), c(t) in Equation (4.3) into a power series and working modulo 6, that this implies
a(t) = b(t) = 0 (i.e., the periods of the trivialization are independent over R[t]), which in turn
implies a(t) = S(t) = 0, so that w = df A dp. Therefore f is analytically good.

In general, the partial periods J§ of a 2-form w have an asymptotic expansion of the form

00 2

JE(t) ~ Z Z apmt™* log )™, apm €R,
k=1m=1

where the A} s belong to a finite number of rational arithmetic sequences [4] (see also the next
section). The above example suggests the following criterion:
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Proposition 4.2. Let f : (R%,0) — (R,0) be a singularity and let § = {61,...,5,} be a set
of relative cycles. Let {Q,...,Q,} be a trivialization for f€ (Definition 2.8). Consider the
vectors J' = (Jgi,...Jgi)t for i = 1,...,u, where each element is considered as a formal
asymptotic expansion. If the vectors J* (modulo terms in R[t]") are independent over R[t],
then f is analytically good with respect to 8.

Notice that in the example above the non-vanishing of the coefficients Cp, C is essential.
Let’s consider another example.

Example 4.1. Let f(z,y) = y? — 2*, which is quasi-homogeneous of weights (w1, ws) =
(1/4,1/2). A trivialization for f is given by the forms Q; = dx A dy, Q2 = xdx A dy and
Q3 = 22dx A dy. It follows from Proposition 4.1 that the corresponding periods have singular
part, respectively: Cit~1/4, Cylogt and Cst'/4. Consider the four relative cycles 5? from
Figure 2.5. Remember that two possible sets of relative cycles arise as restriction of semi-local
periods: § = {6 +65,07,0, }or & = {07 ,65,8] +J5 }. We have already observed at the end
of Example 3.3 that f is (topologically) good with respect to § and not for §’. This difference
is visible also from the analytic point of view: if we consider the period over a positive cycle
we find Co = 0 because of the x-simmetry of {29, while for negative cycles all constants C; are
non-zero. This implies that f is analytically good with respect to 8. However, the sum of the
periods of Q3 over §; and 0, is zero. Therefore the constant Cy is zero for all the cycles in §'.

The explicit computation of period integrals is often difficult. Although for this reason the
above criterion is not always applicable, it is important to study the asymptotic expansions of
period integrals. In particular, we are interested in the periods of monomial forms (especially
for quasi-homogeneous singularities, in view of Proposition 2.1). One way to derive such
properties (for the cusp, and in general) when explicit computation is not available, is by
looking at the resolution of the singularity, as indicated in the next section.

2 General results using resolution of singularities

Let f : (R%,0) — (R,0) be a real singularity. Let A denote a connected component of
U~ f~10) c R?, for a small neighborhood U of 0. We consider the following function:

xPryP2? dx A d
JA(t):/d o @(x,y)%
A

where ¢ € C$°(R2,0) is such that ¢ = 1 near the origin and d4(¢) = {f =t} N A. We are
interested in the asymptotic expansion of J4(¢) as t — 0F. For this it is convenient to consider
the Mellin transform of J4: the so-called zeta function:

oo

ZaN) = MU = [P Ta0) = [ (e xaan) olay) dedy
0

It is clear that Z4(\) is holomorphic for ReA > 0. As we will show later, this function

admits a meromorphic continuation to the whole complex plane, with poles belonging to a

finite number of arithmetic sequences. The asymptotic expansion of J(¢) is determined by

the Laurent expansion of (the analytic continuation of) Z4(\) around its poles, indeed:
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Proposition 4.3. [29, Chapter III, Section 4.5] Let Z4(\) have poles —Ai,—Aa, ... with
0< A <Ay < -+ and let my = multiplicity of the k-th pole, then

0o Mg
10~ 3 S gy
k=1m=1
where
(—1)m-t . s .
oy = ( ol x (coefficient of (A + Ag)™"™ in the Laurent expansion of Z4(\) around A = —\g).
m—1)!

For this reason we are going to study the poles of the zeta function. A good way to do
this is to consider a resolution of the singularity. As we will explain in the next subsection,
the resolution allows to reduce the problem to the following basic case:

Z(\) = / / XFAtpry kA2 (XY, 1) dX dY.
0 JO

where ¢(X,Y, ) is a C§° function of (X,Y) and an holomorphic function of p € C, and
k1, k2, p1,p2 € N. Define the two arithmetic sequences:

14
_pitlty i=1,2 jeN

P’L(]) = kz ) 5 4y

and let P; := U;P;(j) C C. We have:

Lemma 4.3. The integral Z(\) admits a meromorphic continuation to C with poles belonging
to P1UPy. A pole Ao has multiplicity < 2 if it belongs to P1NPy and < 1 otherwise. Moreover:

o If Ao € P1 ~ Pa, with Ao = P1(£1), then

Resy=x,Z(A) = Ky, (Mo)
o If Ny € Pa\ P1, with \g = Pa(l2), then

Resy=x,Z(\) = Kx ,(Mo)
o If o € Pi NPy, with Ao = P1(£1) = Pa(l), then

ReS,\:,\OZ()\) = ReSA:)\O (K}/’gl ()\) + Kx,gz ()\))

11 99%25(0,0,\)
lim (A — \)2Z()\) = i
Jim (A= A0)"Z() Feiks 0105 OX0QY L

where

. L1 % ki 0%0(X,0,2)
KX,ZQ()\) = an.cont (A XM plwd}(

. L1 %y 00000,V 0)
Ky, (\) := an.cont (/0 Y2 pQWdY
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Here an.cont (fooo e Mo () dz) denotes, for given k,m € N and ¢ € C§°(R,0), the
analytic continuation of the function A — [ 2+ ™y () dz, explicitly given in the half-plane
Re(A+m + N) > —1 (for any positive integer N) by the formula:

oo 1 oo (4)
Ak-+m _ Ak-+m EA+m ¢'(0) 1
an.cont (/0 x o(x) da:) = /o x Ry(z) d:z:+/1 x o(x) de+ E T A ma Tl

where Ry(x) = p(z) — Z;-V:_Ol ©9)(0)27 /4! denotes the Taylor remainder. Notice that this
formula coincides with [;° oMM p(z) da for Re(Ak+m) > —1, and therefore gives its analytic
continuation. In a similar way, on can define the analytic continuation of integrals over an
interval for functions having algebraic singularities at the end points [29, Chapter I, Section

3.8).

Proof. The first two points follow from [4, Lemma 7.2 and Lemma 7.3]. The residue formula
in the third case can be proved similarly. O

2.1 Asymptotics and Newton diagram

Let f be a I'-non-degenerate singularity. Let A denote a connected component of U~ f~1(0) C
R?, for a small neighborhood U of 0. We assume that f > 0 on A.

Remark 4.1. The case A = U N{xf > 0} is typically considered in the study of oscillating
integrals. See |56, Proposition 1.4, Part 3|, for the non-vanishing of the leading coefficient in
the case of w symplectic, and [13, Section 5.1] for w = zPy?dx A dy where p,q are even. In
this section we adapt the same arguments to the case of general A.

Let {Py,...,Pynyt1} be the regular cone subdivision defined from the Newton polygon
of f, and 7 : Y — (R2,0) be (the real part of) the corresponding toric resolution. We
assume for simplicity that the Newton polygon of f intersects both axes. This implies that
U(Py) = 4(Ppt1) =0. For i =1,...,m define the arithmetic sequences:

(P) ’
where p = (p1,p2), 1 = (1,1), and put P; := U;P;(j).

Together with the pullback of f on the charts Rgi, we need to understand the pullback of
w = p(z,y)xP yP? dx A dy. However, because Y is not orientable (see Chapter 2, Proposition
2.6) we shall consider w as a density, w = p(x, y)zP yP? dxdy.

Lemma 4.4. Let 75, (zi,y;) = (x?iy?i+l,x?iyfi+l),

. aitag—1, b1+ba—1
7,) det Jﬂ—ai ([E’L;yz) = (L'Z,l a2 yil 2

i) 77;1- (2PryP2 dady) = x<Pi,P>y§Pi+1»P>

i X

ai1+as—1_ bi1+ba—1 .
5 Yy ‘ dx;

dy;, where p = (p1, p2).

Summarizing, on R?Ti we have

b, Piyq, - -
{ﬂ—;iw ::IZ§ P>yi< i+1,P) | .a1+az—1, bi+ba—1

Ty Y; “P(%i(ﬂ?i,yi))dﬂ?idyi (4.4)
e K(R‘H)ﬁ .

7T;f<33iayi> =T Y (w4, 1)
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and sgn f3(0,0) = sgn (tr(P) Ntp(Piy1)).
Consider a partition of unity {(U;, p;) :i =0,...,m + 1} on Y covering 7=1(0) and such
that Supp p; C RZ.. We can assume that for |2;| small (resp. |y;| small) p; depends only on y;

(resp. x;). Moreover we can assume that Supp p; contains all zeros of f;(z;,0) but no zeros of

£i(0,9;). Then we can rewrite Z4(\) as:
Za0) = [ (o) xale.n) olo.g) oy dody
=57 [ i) 9)) i ) 5,
= Z/Rz (xf(Pi)yf(Pi“)fi(xi,yi)): ngpi’p)yfpm’m gartalybitba =)o ) o(g, (4, ) daidy;
i

- Z Z (_1)Q1(Piap)+<Z2(Pi+1,p>X

i q=(q1,92)€Q;

X / (a) g FPONE PP =1y PO P D= B 0| g (5, 13) @ (o, (6, 1)) dazdys
T—1 Ng

where (F'(7i,:))a = F(i,4i) - Xx—1(a) and Q; C 73 is the set of quadrants of R2 according
to the notation of Proposition 2.7 of Chapter 2. Denote by Q,‘L»4 C @; the quadrants of IR{%,Z,
having non-empty intersection with m=!(A).

Notice that the function xr-1(4) = x4 o7 is the characteristic function of the set 71 (A) C
Y of points which are projected to A. This region depends on the configuration of the Mdobius
strips in the resolution, as described by Proposition 2.7 of Chapter 2.

Before applying Lemma 4.3 to the integral

/1(A) | | APOAE AL =1 P )M (Pirs A1) £ 0N (24, 53) 0 (o, (00, yi) ) dasidys
™ Ng

(4.5)
we must take into account the presence of the term | f;(zs, y;)|* and the zeros of fi. If f;(x;,0)
has no zeros for z; € R, then (after shrinking U if necessary) Lemma 4.3 applies and shows
that the integral (4.5), as a function of A € C, admits a meromorphic continuation to C with
poles in P; UP;11. The poles have order < 2 if they belong to P; NP;+1 and < 1 otherwise.

Consider in particular the contribution to the residue of Z4 at \g = P;+1(0) coming from
this integral. According to Lemma 4.3 and Subsection 2.2, this residue is given by:

1 ~
Cou = [ PP B ), 0 (4.6)
U(Piv1) Jr=
where £ = (—1)% and the integral is intended as a regularized integral. Notice that the
integral (4.6) is convergent if and only if \g = P;+1(0) > P;(0).

If instead the closure of 7~ !(A) contains a zero z; of f(x;,0), then by a local change of
variables we can assume that f(x;,y;) = x; in a neighborhood of z;. By the use of a second
partition of unity we are reduced to an integral of the form

/ i M (PO PP ) 5 (0 (4.7)
q
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where ¢ is a new quadrant, relative to the new local coordinates. By Lemma 4.3 this integral
admits a meromorphic continuation with poles in P; 41 U (—N). In general, we see that chart
]Rgi contributes to the poles in P; U P11 U (—N).

The above formula for the residue can be used in this second case as well. Similarly
to the previous case, the integral formula for the residue will be convergent if and only if
Ao = Piy1(0) > —1. Let («, ) denote the interval obtained as the intersection of the closure
of m~1(A) N ¢ with the half-line Ry, without the end-points. The end-points a, 3 can be zeros
of fi(x4,0), but also 0, +00. The residue of Ay = Pi;1(0) is given by:

1

Cqi = / | | (PP PP =1 s 0) 2 i (4, 0) . (4.8)
U(Pi+1) J(a,p)

The above results, used in conjunction with Proposition 2.7 of Chapter 2, allow to study
the properties of the coefficients in the asymptotic expansion of period integrals over real
relative cycles. We limit ourselves to point out some results which follow from the previous
discussion, summarizing them in a proposition.

For each divisor Ej, i =1,...,m, defined by {y;_1 =0} C R2_ and {z; =0} C RZ, put
B(E;) := P;(0).

Proposition 4.4. Let A C UN{f > 0}, let its pre-image 7~ *(A) be described by the path
Y4 C eiieirl . e% on the graph D with end-points o € eii and B € e%, and let T4 be the set

of indices appearing in the path v4.

o The poles of Z4 belong to the set: Uicr,Pi U (—N) and are of order < 2.

o Let fa(p) = max{B(E;) :i € Ia}. Assume that the divisors which achieve this mazimum
are non-consecutive and that Ba(p) > —1, so that the integral formulas for the residue
at Ba(p) are convergent. If for all j satisfying B(E;) = Ba(p) or B(Ejt+1) = Ba(p) we
have

a1(Pj,p) + ¢2(Pj+1,p) =0 mod 2, Vg€ Q%
then Resy—g,(p)Za()) # 0. (In particular, this happens if p1,p2 are even)
o Let Ao ¢ (—N), then:

2. (—D) AR ;g 94 fi(s, i) 0

. 2
lim (A —X\g)*Za 1 8:c‘fi8y4 0,0)’

1
A =
A—Xo ( ) zEZJ E(PZ)E(PZ_H) scOA

2

where J = {i : Ao € PiNPit1}, iq = (—1)a{Pip)ta(Pisip) gnd (; = 73;1()\0), U =
7)1111()‘0)-

2.2 Connection with Gelfand-Leray derivatives

It is interesting to note that the formulas for residues of Lemma 4.3 and therefore also equations
(4.6), (4.8), admit a more intrinsic interpretation in terms of Gelfand-Leray residues. Consider
again the situation

w =XPYP2p(X Y)dX ANdY

[ =Xhyk
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and denote a;(X) = d7¢p/0Y7(X,0). In the region X > 0, introduce the function h = f1/*2 =
k
X®Y and the form
w=h"Pw

ok 1
- XM p2k; <a0(X)—|—a1(X)Y+2a2(X)Y2+...>dX/\dY
Pl*k*l(Perl) - 1 —2kL 2
= X" k2 ap(X) + a1(X)X k2h—|—§a2(X)X kh*+...1dX Ndh
= Pl—:*l(pz-i-l-i-j) 1 j
:ZX 2 ﬁaj(X)h dX Ndh
Jj=0 ’

From this expression we derive the formula

_kyp 4 & (@
pi—2 (p2+j+1) N ‘
X a;(X)dX = 75 (dh) y=0

_p2
More precisely the form w = f *2w extends to a real-analytic form on Y = 0, as well as

1
its higher order Gelfand-Leray derivatives with respect to dh. Using dh = 1?12 fr 1df , We can
reformulate in terms of the original Gelfand-Leray forms:

Xpl—%(p2+k+1)ak(X)dX — Dk (g(f) . f_zg:f) ’ (4'9)
where J 1
D : {1-forms} — {1-forms}, D(B) = g(f)d?, g(f) = feof T2

Remark 4.2. The above definition in the case j > 0 requires some further justification.
Indeed, higher order Gelfand-Leray residues are not uniquely defined, even on the {h = 0}
level set [29]. The formulas above correspond therefore to a particular choice of the Gelfand-
Leray residue.

Remark 4.3. A less elementary but probably more straightforward way to prove the above re-
sults, at the expense of working with orbifolds, is to first apply Mumford semi-stable reduction
(see e.g. |58, Section 4.2]).

3 Recognizing non-degenerate singularities

3.1 Quasi-homogeneous case
Let f be a real quasi-homogeneous singularity of weights (w1, wz). The expansion of the period
of the basic form w = z*y? dx A dy is given by Proposition 4.1.

Proposition 4.5. Let f : (R%,0) — R be a quasi-homogeneous singularity, and let w €
Q2(R?,0) be symplectic. Let § be a positive relative cycle. If J¢(t) = Clogt + R{t} with
C # 0, then the singularity is a non-degenerate saddle.
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Remark 4.4. Since f is quasi-homogeneous its Newton polygon consists of a straight line in
the plane (i,7) of equation wyi + wyj = 1. The distance d(f) of the Newton polygon to the
origin, i.e., the value s at which the diagonal line s +— (s, s) intersects the Newton polygon, is
then given by s = 1/(w; + we). Therefore we have r(0,0) = 1/d(f) — 1.

Proof of Proposition 4.5. The proof consists of the following simple observations.

o If wis a symplectic form, it must contain dx A dy in its decomposition into basic forms
w =Y. i(f)Q + df Adp, otherwise it will vanish at 0.

e The value r = (0, 0) is achieved only for ¢ = j = 0, that is for the form dz A dy, because
it is the strict minimum value taken by 7(i,j). Therefore in the asymptotic expansion
of J¥, the term, Ct"(%9) or C'logt, coming from dx A dy cannot be deleted by the other
ones (which can however delete each other).

e But if w has only logt appearing in its expansion, then this term must be the one
corresponding to r(0,0). Since it is a log, we know that r(0,0) = 0, that is to say
w1 +wo = 1.

e Finally, (0,0) = 0 implies that f is non-degenerate. Indeed in this case, by the above
remark, d(f) = 1 which implies that f is non-degenerate. O

3.2 General local case

We have already shown for quasi-homogeneous singularities that if the periods of a symplectic
form are logarithmic then the singularity must be non-degenerate. This is true for general
singularities:

Proposition 4.6. Letw be symplectic and whose partial period J(t) = f{f:t} C‘Z‘J—f has asymptotic

expansion J(t) ~ Cylog(+t) + smooth terms, with Cx # 0, for both t — 0% and t — 0~.
Then the singularity is non-degenerate.

Proof. 1t follows from [56, Proposition 1.4, Part 3 and Proposition 3.1|, together with Propo-
sition 4.3, that in a appropriate system of coordinates (z,y) of (R2,0)

/ Y tﬁfl(a + blogt) + higher order terms,
{r=y df

with a, b not both zero. Here d(f) is the distance of the Newton polygon with respect to the
coordinates (z,y). The hypothesis implies that 1/d(f) — 1 = 0, therefore d(f) = 1 and the
singularity is non-degenerate. O

3.3 Semi-local case

We can consider the semi-local situation as well:

Proposition 4.7. Let (M,w) be a 2-dimensional symplectic manifold and f an Hamiltonian
function. Let t — 6(t) C {f =t} be a connected family of trajectories, and let Py, ..., P, be
the singular points of f approached by 6(t) as t — 0. Suppose Py,..., Py, are all of quasi-
homogeneous type. If the asymptotic expansion of the period over § is purely logarithmic, that
is II,(t) = Clogt + R{t}, then Pi1,..., Py, are non-degenerate saddles.
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Proof. For each singular point Py let r(7, j) denote its quasi-homogeneous weights (in a suit-
able system of coordinates). Let C,, (; j) denote the coefficient of the term ¢ (@:3) or ¢7%(0:9) Jog ¢
in the partial period of z'y7dx A dy computed on the restriction of § around P,. We have

e —1 < ri(0,0) <0 for each 7

e 71(0,0) = 0 if and only if Py is non-degenerate

e ), 0,0) > 0 since w is symplectic.

Suppose by absurd that 7 := ming{r(0,0)} < 0. Then in the asymptotic expansion of
I1,(t) we will have the term Ct" appearing with a positive constant C', and the asymptotic

expansion is not purely logarithmic, in contrast with the hypothesis. This implies that all
r,(0,0) = 0, and we can conclude as in Proposition 4.5. O

B9
\l/

) @% 1

Figure 4.1

Remark 4.5. The above proposition can sometimes be used to obtain information about the
topology of the semi-local fibration, given the Reeb graph. Consider for example the Reeb
graph I" of type D; (in the classification of |7]). It can correspond to two singular fibrations
(see Figure 4.1). If we assume however that the periods on I' are purely logarithmic, then all
the critical points must be non-degenerate saddles, and possibility (b) is excluded.
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Chapter 5

Parabolic orbits and cuspidal tori

In this chapter we discuss normal forms and symplectic invariants of parabolic orbits and cus-
pidal tori in integrable Hamiltonian systems with two degrees of freedom. Such singularities
appear in many integrable systems in geometry and mathematical physics and can be consid-
ered as the simplest example of degenerate singularities. We also suggest some new techniques
which apparently can be used for studying symplectic invariants of degenerate singularities of
more general type. These results have been obtained in a joint work with A. V. Bolsinov and
E. A. Kudryavtseva.

1 Introduction

An integrable Hamiltonian system on a symplectic manifold (M?", Q) is defined by n pairwise
commuting functions Fy, ..., F, which are independent on M?" almost everywhere. We will
consider the case n = 2 and denote such a pair of commuting functions by H and F' (H is
usually considered as the Hamiltonian and F' as an additional first integral). Under the above
assumptions, on M* we can introduce the structure of a singular Lagrangian fibration whose
fibers are, by definition, common level surfaces L, = {H = h, F = f}, (h, f) € R? (or their
connected components). We will assume that all the fibers are compact (unless we study local
properties of a system). The functions H and F also define a Hamiltonian R?-action on M4

According to Liouville theorem, regular compact connected fibers are 2-dimensional La-
grangian tori of dimension 2 which coincide with orbits of the R?-action. We say that a fiber
Ly, ¢ is singular if it contains a singular point, i.e., a point P such that dH (P) and dF(P) are
linearly dependent. Equivalently, we may say that Ly, ; is singular if it contains an orbit of a
non-maximal dimension, i.e., 1 or 0. A general problem of the theory of singularities of inte-
grable systems is to describe the topology of singular fibers and their saturated neighborhoods
(similarly for singular orbits). Notice that the fact that F' and H commute makes this theory
rather different as compared to the classical singularity theory for smooth maps.

Saying “describe” we may mean at least three different settings: topological, smooth and
symplectic. For instance, saying that two given singularities (points, orbits or fibers) are
symplectically equivalent we mean the existence of a fiberwise symplectomorphism between
their neighborhoods. In the following, in addition, we will assume that all the objects we are

71
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working with are real (or complex) analytic.

In this chapter we discuss just one particular type of singularitites, namely parabolic orbits
and cuspidal tori (speaking informally, a cuspidal torus is a compact singular fiber that contains
one parabolic orbit and no other singular points).

Recall that typical (non-degenerate) singular orbits in integrable Hamiltonian systems can
be of two different types: elliptic and hyperbolic. In integrable systems of two degrees of
freedom, we may very often observe a transition from elliptic to hyperbolic in a smooth one-
parameter family of singular orbits. At the very moment of transition, the orbit becomes
degenerate and of parabolic type. This scenario is rather natural and parabolic can be viewed
as the simplest possible type of degenerate singularities.

Another important property of parabolic orbits is their stability under small integrable
perturbations [31]. This is one of the reasons why such orbits can be observed in many
examples of integrable Hamiltonian systems: Kovalevskaya top [10], other integrable cases in
rigid body dynamics including Steklov case, Clebsch case, Goryachev—Chaplygin—Sretenskii
case, Zhukovskii case, Rubanovskii case and Manakov top on so(4) [7], as well as systems
invariant w.r.t. rotations [38], [39], see also examples discussed in [23], [21]. Unlike non-
degenerate singularities, however, in the literature on topology and singularities of integrable
systems there are only few papers devoted to degenerate singularites including parabolic ones.
We refer, first of all, to the following six — L. Lerman, Ya. Umanskii [44], V. Kalashnikov [37],
N. T. Zung [61], H. Dullin, A. Ivanov [21]|, K. Efstathiou, A. Giacobbe [23| and Y. Colin de
Verdiére [15] — which we consider to be very important in the context of general classification
programme for bifurcations occurring in integrable systems.

It is well known that from the smooth point of view, all parabolic orbits are equivalent,
i.e. any two parabolic orbits admit fiberwise diffeomorphic neighborhoods (Lerman-Umanskii
[43, 44], Kalashnikov [37]). The same is true for cuspidal tori [23]. The simplest model for a
parabolic singularity is as follows.

Consider the direct product of R? with coordinates z,y, A and a circle S! parametrized by
¢ mod 27 and two functions on this product R? x S*:

H=2>+y*+ )y and F =)\ (5.1)
They commute with respect to the symplectic form

Q =dx Ndy + dX\ A de. (5.2)

The curve v(t) = (0,0,0,t) is a parabolic orbit of an integrable Hamiltonian system
defined by commuting functions H and F'. However, in general, we cannot assume that these
coordinates x,y, \, ¢ are canonical (in other words, the formula for Q could be different).

Our starting point is the following question. We know that elliptic and hyperbolic orbits
have no (non-trivial) symplectic invariants [48]. In other words, for any elliptic or hyperbolic
(with orientable or non-orientable separatrix diagram) orbit there exists a symplectic canonical
form, one and the same for all orbits of a given type (see, e.g., [6]). Is the same true for parabolic
orbits or they admit non-trivial symplectic invariants?

It appears that non-trivial symplectic invariants do exist (a very simple invariant is given
by Proposition 5.10). Moreover, we show that all symplectic invariants of parabolic orbits



2. DEFINITION OF PARABOLIC SINGULARITIES. CANONICAL FORM 73

can be expressed in terms of action variables (Theorem 5.4). The next natural step would
be to extend a fiberwise symplectomorphism between tubular neighborhoods of two parabolic
orbits to saturated neighborhoods of the cuspidal tori that contain these orbits. This is
done in Section 6: Theorems 5.5 and 5.6 (see also Remark 5.7) give necessary and sufficient
conditions for symplectic equivalence of cuspidal tori. The latter theorems basically say the
only symplectic semi-local invariant of a cuspidal torus is the canonical integer affine structure
on the base of the corresponding singular Lagrangian fibration. In other words, cuspidal tori
satisfy the following principle formulated in [8]:

Let o : M — B and ¢’ : M' — B’ be two singular Lagrangian fibrations. If B and B’ are
affinely equivalent (as stratified manifolds with singular integer affine structures), then these
Lagrangian fibrations are fiberwise symplectomorphic.

Also we would like to notice that although parabolic singularities are rather simple and
specific, some techniques developed and used in this chapter are quite general and can be used
for analysis of more complicated singularities. They also can be generalised to the case of
many degrees of freedom.

2 Definition of parabolic singularities. Canonical form with no
symplectic structure

We begin with the definition of parabolic orbits following [23]. Let H and F be a pair of
Poisson commuting real-analytic functions on a real-analytic symplectic manifold (M4?,€2).
They define a Hamiltonian R?-action (perhaps local) on M*. The dimension of the R2-orbit
through a point P € M?* coincides with the rank of the differential of the momentum map
F = (H,F): M* — R? at this point and we are interested in one-dimensional orbits. In the
following we will assume, without loss of generality, that dF'(P) # 0. Consider the restriction
of H onto the three-dimensional level set of F' through P, that is, Hy := H|{p—pp);.- We
assume that the rank of dF at the point P equals one. This is equivalent to any of the
following;:

e P is a critical point of Hy;
e there exists a unique £ € R such that dH(P) = kdF(P), in particular, P is a critical
point of F' — kH.

These properties hold true for each singular point P of rank one of the momentum mapping
F = (H, F) under the condition that dF'(P) # 0.

Definition 5.1. A point P (and the corresponding R2-orbit through this point) is called
parabolic if the following conditions hold:

i) the quadratic differential d? Ho(P) has rank 1;

ii) there exists a vector v € Ker d2Hy(P) such that v3Hy # 0 (by v3Hp we mean the third
derivative of Hy along the tangent vector v at P);

iii) the quadratic differential d>(H — kF)(P) has rank 3, where k is the real number deter-
mined by the condition dH(P) = kdF(P).

Remark 5.1. In this definition, we use the third derivative of a function along a tangent
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vector which, in general, is not well defined. In our special case, however, this derivative
makes sense as dHy(P) = 0 and v € Ker d?Hy(P). These two properties allows us to define it

as follows:
3

v (Ho) = = limoHo(1 (1),

where 7(t) is an arbitrary curve on the hypersurface {F = F(P)} such that y(0) = P,

%(O) = v. The result does not depend on the choice of (). Indeed,

d3

ﬁHO(/Y(t)) = d3H0(7/7 7/3 7/) + 3d2H0(7/7 7”) + dHU(/VW) = d3H0(7/7 7/3 7/) = d3H0(Ua U, U)7

as dHy = 0 and v’ € Ker d?Hy. This computation also shows that the third differential d®H
is a well-defined cubic form on Ker d?Hj so that condition (ii) is equivalent to the fact that
the third differential d*Hy does not vanish on Ker d?>Hj (at the point P).

Remark 5.2. It can be checked that in Definition 5.1, we may replace H and F' by any other
independent functions H = H(H, F), F = F(H, F) such that dF(P) # 0. In other words, the
property of being parabolic refers to a singularity of the momentum mapping F : M* — R?
and does not depend on the choice of local coordinates in a neighborhood of F(P) € R2.
Necessary details can be found in Appendix, see Proposition 5.14.

The following statement describes the structure of the singular Lagrangian fibration in a
neighborhood of a parabolic point P. As we are mostly interested in this fibration (ratller than
specific commuting functions H and F'), we allow ourselves to replace H with H = H(H, F)
where g—g # 0 and to shift and change the sign of F', so that H and F = £F + const still
commute and define the same Lagrangian fibration as H and F. Notice that according to
Remark 5.2, P is parabolic for H and F.

Proposition 5.1. Locally in a neighborhood of P there exist a transformation

H=H(H,F), with gg 40,

(5.3)
F = £F + const,
and a local coordinate system x,y, \, ¢ such that (xz,y,\, ¢)|p = (0,0,0,0) and
H=HH,F)=2>+y>+ Xy and F = (5.4)

Remark 5.3. We do not require that this coordinate system is canonical and, in this view,
Proposition 5.1 describes a normal form of a parabolic singularity in the sense of Singularity
Theory with no symplectic structure involved. This statement is local and we do not need to
assume that the orbit through P is closed. Later on, the variable ¢ will be one of the angle
variables defined modulo 27, but here ¢ just belongs to a certain interval.

Proof. The proof of this statement if well known but we still want to briefly explain some of
its steps to reveal important underlying phenomena. The first step is to find x, y, A, ¢ without
touching H and F'.
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Lemma 5.1. Under the above assumptions, there exist local coordinates x,y, A, such that

(x5, A, 9)[p = (0,0, F(P),0) and
H=+(z" 44> +b(\y +a(n), F=A (5.5)
where a(\) and b(X\) are real-analytic functions with b(F(P)) =0, V/(F(P)) # 0.

Proof. Without loss of generality, we assume that H(P) = F(P) = 0. First of all we need to
kill one dimension using the fact that H and F' Poisson commute. Since dF(P) # 0 we can
choose a canonical coordinate system p1, q1, p2, g2 such that F' = ¢o. Since H and F' commute,
we conclude that H does not depend on py, i.e., H = H(p1,q1,q2). Thus, pa does not play
any role, so we may forget about it and continue working with p1, ¢1, g2.

Let us now think of H as a function of two variables ¢; and p; depending on g0 = A as a
parameter. We have OH /0p1|p = OH/dq1|p = 0 and, without loss of generality, 0> H/dp?|p #
0. We are now in a quite standard situation in singularity theory.

By a parametric version of the Morse lemma, the function H can be written as H =
+(22+f(q1, \)), for some new local variable & = x(p1, q1, A) such that x| p = 0 and 9z/9p; # 0.
Now, condition (ii) of the definition of a parabolic point is satisfied if and only if the function
f(q1,0) in one variable g; has order 3 at the point ¢;|p. Hence, this function can be written
as % for some variable § = §(q1) with §(q1(P)) = 0.

Now the function f(qi, ) is a 1-parameter “deformation” of the function f(q,0) = ¢3
with the parameter A. It follows from [3, Sec. 8.2, Theorem or Example| that the deformation
7% + Aa@ + A1 is right-infinitesimally versal. By the versality theorem [3, Sec. 8.3], it is right-
versal (for a definition of a versal deformation, see [3, Sec. 8.1]). Since any deformation is
right-equivalent to a deformation induced from the right-versal one, we have f(q1,A) = y> +
b(A)y + a(\) for some real-analytic functions y = y(y, ), a(A\) and b(\) such that y(g,0) = 7,
a(0) = b(0) = 0. Since, by assumption, the quadratic differential d?(H — kF)(P) has rank 3,
we have 0'(0) # 0. So, we obtain the representation (5.5). O

Later on we will need to rearrange leaves of our singular Lagrangian fibration by using
some transformations of the form (the fibration itself remains unchanged)

Hw— H=H(H,F), F—F=F(H,F). (5.6)

So we need to understand if such a transformation (acting on the base of the Lagrangian
fibration) can be realised by a fiberwise analytic diffeomorphism upstairs. In other words, we
want to know which of transformations (5.6) are liftable.

Let us look at the (local) bifurcation diagram (i.e. the set of critical values) of the map
defined by H and F' from (5.5). This bifurcation diagram is as follows, for a + sign in (5.5):

5= {(H —a(F))’ = —247b(F)3} C R%(H, F),

and it has a cusp at the point (H(P), F(P)) that splits ¥ into two smooth branches, ¢y
and Yyyp, corresponding to one-parameter families of elliptic and hyperbolic orbits. The
bifurcation diagram for a(\) = 0 and b(\) = A is shown on Figure 5.3. Notice that our choice
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of the + sign in (5.5) simply means that the monotone function H — kF'|s; increases w.r.t. the
orientation of 3 from Xey to Xpyp.

It can be easily seen (see the proof of Proposition 5.2 below) that this bifurcation diagram
allows us to reconstruct both functions a(\) and b(A). We will use this observation to prove
the following

Proposition 5.2. Assume we have two parabolic singularities defined by functions H, F' al a
point P and H F ata point P respectively. A map (local analytic diffeomorphism)

¢ :R*(H,F) - R*(H, F)

is liftable if and only if o transforms the bifurcation diagram of (H,F) to that of (ﬁ,ﬁ),
i.e. o(¥) = X, together with its partition into elliptic and hyperbolic branches. In other
words, the condition p(X) = X is necessary and sufficient for the existence of a local analytic
diffeomorphism ® such that the diagram

MY 2 M
l(H,F) l(f],ﬁ)
R? —— R?

18 commutative.

Proof. The “only if” part is obvious.

Let us prove the “if” part. Denote ¢ o (H,F) by (Hj,Fi). Clearly, ¢ transforms the
bifurcation diagram of (H, F') to that of (Hy, F1), together with their partitions into ellip-
tic and hyperbolic branches. Hence, the bifurcation diagram X; of (Hi, F1) coincides with
the bifurcation diagram S of (H F ), together with its partition into elliptic and hyperbolic
branches.

As shown above, under the condition that dF(P) # 0, the bifurcation diagram % of the
mapping F= (H, F) : M4 - R2(h, f) is defined by

= {(h ) € B | (h = alf)* = ~ b))

for some functions a(-) and b(-) determined by the canonical form (5.5). Hence 3 lies entirely
in a half-plane {(h, f) | b(f) < 0} C R?*(h, f) bounded by a line {f = const} through the cusp
point (H(P), F(P)). Since ¥; = X, we conclude that dFi(P) # 0 as well.

By Lemma 5.1, there exist local (real-analytic) coordinates 1, Y1, A1, ¢1 in a neighborhood
U; of P and coordinates T, ¥y, A, ¢ in a neighborhood U of P such that

mHy =23 +y} + (M) Far(N1),  Fr= A,

~ o N S 5.7
nH = 7%+ 3% +b(\)y +a(N), F =), (5.7)

for some signs 11,7 € {1, —1}. The elliptic and hyperbolic branches of 3 have the form
S = { (1) = (7 (a(5) = 2=5()/3*2) . 1) | B(1) < 0},
Sigp = { (0, 1) = (i1 (@) + 2(-0()/3*?) . £ ) | B5) < 0},
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in particular, nh — a(f) > 0 on the hyperbolic branch of > and < 0 on its elliptic branch.
Since similar properties and formulae hold for the elliptic and hyperbolic branches ¥; ¢ and

X1 nyp of X1, moreover Xq o = Yen and X4 pyp = Xpyp, We obtain the equalities

m=1, a(A)=a), bi(\)=b(\) (5.8)

where the equalities of functions hold in a half-neighbourhood {A | b(\) < 0} of the point
F(P) € R. Since all functions are real-analytic at this point, the equalities of functions in
(5.8) hold in an entire neighbourhood.

Define a (real-analytic) diffeomorphism germ @ : (Uy, P) — (U, P) given by the identity
map in the local coordinates (71,1, A1, 1) and (7,9, A, @). By (5.7) and (5.8), ® transforms

(f[,ﬁ) to (Hy, F1), so it has the desired property o (H, F) = (Hy, F1) = (H,F) o ®. O

Proposition 5.2 implies the following

Corollary 5.1. Let P be a parabolic point for an integrable Hamiltonian system with the
momentum mapping F = (H,F) : M* — R%. Assume that the local bifurcation diagram
Y C R%(H, F) of F takes the standard form

4
Y= {H2 = —27F3} with Ty =X N{H <0}, Zpyp =S N{H > 0}. (5.9)

Then in a neighborhood of a parabolic point there exists a local coordinate system (x,y, \, )
in which H = 2% + 1% + \y and F = \.

Proof. It is sufficient to notice that the pair of functions H =2+ Y3+ Ny, F = X define a
parabolic singular point with the standard bifurcation diagram (5.9). According to Proposition
5.2 any other parabolic singularity with the same bifurcation diagram is fiberwise diffeomorphic
to this simplest model, moreover, the map ¢ : R*(H, F) — R2(I§ F ) between the bases is
defined by H = H, F = F. O

We are now able to complete the proof of Proposition 5.1. In view of Corollary 5.1, it is
sufficient to show that by a suitable transformation (5.3) the bifurcation diagram, together
with its partition into elliptic and hyperbolic branches, can be reduced to the standard form
(5.9).

As shown above, for the original functions H and F' the bifurcation diagram is defined by
the equation

Y= {(H —a(F))’ = —247b(F)3}

(here we assume that H in (5.5) comes with +).

Let F(P) = fo so that b(fo) = 0 and V/(fo) # 0, then we can represent b(\) as b(\) =
(A= fo)c(N) with ¢(fo) # 0 and rewrite the equation for ¥ in the form

H —a(F)\? 4
<|C(F>|g/2)> :—np2—7(F—f0)3
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with np = ¢(fo)/|c(fo)| or, equivalently,

Y= {H2 = —F3} with  Sey = XN {H < 0}, Syyp = SN {H > 0},
~ —a(F) . . . )
for H = | EGES and F = np(F — fy), which coincides with (5.9) as required. O

3 Description of a neighborhood of a parabolic orbit with sym-
plectic structure

Our next goal is to describe the symplectic structure 2 near a parabolic orbit.

An important property of a parabolic orbit is the existence (in real-analytic case) of a
free Hamiltonian S!-action in its tubular neighborhood (N.T. Zung [61], compare Kalashnikov
[37]). In other words, without loss of generality we may assume that one of the commuting
functions, say F, generates this S'-action, i.e., the Hamiltonian flow of F' is 27-periodic. From
the viewpoint of singularity theory, this means that in our case the parameter of the versal
deformation is essentially unique and is given by the Hamiltonian of the S'-action (or in slightly
different terms, by the action variable related to the cycle in the first homology group of fibers
that corresponds to this S'-action). The latter interpretation, in particular, means that one
of two action variables is a real-analytic function defined on the whole neighborhood U(Lg) of
Lo including singular fibers, where £y denotes the singular fiber (cuspidal torus) containing
the parabolic orbit «g. The action variable F' is defined up to changing F' — +F 4 const, and
we can (and will) choose F' in such a way that F'(P) = 0 and the bifurcation diagram ¥ is
located in the domain {F < 0}.

Basically, what we want to do next is to reduce our Hamiltonian system w.r.t. this action.
We shall think of F' as a parameter and denote it by A as above. In particular, now we can
choose a coordinate system z, y, A, ¢ in a tubular neighborhood U(~g) of 79 in such a way that
the Hamiltonian vector field of A is %. Since H commutes with F' = X\, we conclude that
H = H(z,y,\) and we are in the situation discussed in the previous section. If we are only
interested in the symplectic topology of the fibration, we are free in the choice of H (in contrast
to F' which is essentially unique), so according to Proposition 5.1 we may assume without loss
of generality that H = 22 +y3 4+ \y. However, these coordinates are not canonical, so that (in
the tubular neighborhood U()) the symplectic structure takes the following form (here we
take into account the condition that €2 is closed and the Hamiltonian vector field of A is %

or, equivalently, ig/9,$2 = d\):

Q= f(z,y,\dz Ady + dAXAdp + dA A (P(z,y,\)dz + Q(z,y, \)dy) = (5.10)
=wy +dA\ AN dp + (additional terms). '
The form wy = f(z,y, A)dx Ady can be considered as the restriction of 2 onto the common
level of A and ¢ (we assume that ¢ = 0 but \ varies and is considered as a parameter). The
other interpretation of wy is that it is the one-parameter family of symplectic forms obtained
from Q by the reduction w.r.t. the Hamiltonian S'-action (or, using old-style terminology,
w.r.t. the cyclic variable ¢). Here is a more formal statement.
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Proposition 5.3. In a tubular neighborhood of a parabolic orbit vo we can choose a coordinate
system x,y, X, ¢ (with ¢ mod 2w € R/27Z) such that (x,y, )|, = (0,0,0) and our singular
Lagrangian fibration is given by two functions

F=X and H=2z>+y>+)\y
and the symplectic form
Q= f(x,y, \)dx ANdy + dX Ndp + (additional terms)
as in (5.10). O

Remark 5.4. Without loss of generality we may assume that f(x,y,A) > 0in (5.10). Indeed,
in order for the latter property to be fulfilled, we only need to replace x with —x if necessary.
We also notice that since € is closed, formula (5.10) can be rewritten as

Q=dX(z,y,\) ANdy + d\Ndp

for a certain real-analytic function X (z,y, \) with %—f > 0and ¢ = ¢ + R(z,y,\) for some
real-analytic function R(z,y, \).

It follows from Proposition 5.3 that the function F' is uniquely defined (being a generator of
the S'-action), but H is not. However H cannot be chosen arbitrarily because the bifurcation
diagram for F' and H must be of a very special form, namely (5.9). If this condition is fulfilled
then H is allowed and, using Corollary 5.1, we can modify Proposition 5.3 in the following
way.

Proposition 5.4. Consider a tubular neighborhood of a parabolic trajectory. Let H and F' be
two functions defining our fibration and satisfying the following conditions:

i) the bifurcation diagram of (H,F) is canonical, i.e., as in (5.9);

ii) F is 2n-periodic, i.e., is a generator of a free Hamiltonian S*-action.
Then there ezists a coordinate system (x,y,\, ) as in Proposition 5.3. U

Remark 5.5. It follows from Proposition 5.3 that if we are given two integrable systems with
parabolic trajectories, we can always find a fiberwise real-analytic diffeomorphism between
their tubular neighborhoods that respects the S'-actions and corresponding periodic Hamil-
tonians. This means that without loss of generality we may assume that we are given just one
single fibration defined by H and F' having canonical form (5.4) with two different symplectic
forms given by (5.10) (i.e. such that H and F' commute and the Hamiltonian vector field of A
is %):

Q=wy+d\Ndp+ (additional terms) (5.11)
and N

Q2 =w\+d\Ndp+ (additional terms). (5.12)

We still have two different integrable systems but after the above “pre-identification” they
have many common properties. Namely,

i) They have a common local coordinate system (z,y, A, ¢) from Proposition 5.3;
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ii) F'= \is a 2w-periodic integral for both systems;

iii) The S'-actions defined by F' for  and Q coincide (ie., Xp = )?F = % where X and

Xp denote the Hamiltonian vector fields generated by F w.r.t. Q and O respectively);
iv) The bifurcation diagrams of these two systems coincide;

v) The orientations and coorientations of the parabolic trajectory vo(t)=(0,0,0, p=t) in-
duced by Q and € coincide (see Section 5, Theorem 5.2).

We need to find out whether € can be transformed to by a suitable fiberwise diffeo-
morphism ®. First, we impose a stronger condition on ® by requiring that ® preserves not
only the fibration but also each particular fiber, i.e. the functions H and F' (in other words,
rearrangements of fibers are temporarily forbidden, i.e. ® induces the identity map on the
base of the fibration).

The following statement reduces this 4-dim problem for 2 and Q to a similar problem for
the reduced forms wy and wy (in other words, we now reduce our “two-degrees-of-freedom”
problem to a parametric “one-degree-of-freedom” problem).

Consider the singular fibration defined by the functions H = 224 y3 4 Ay and F = \. This
fibration is obviously Lagrangian w.r.t. any of the symplectic structures (5.11) and (5.12) in
a neighborhood of the parabolic orbit v = {z =y = A = 0}.

Proposition 5.5. The following two statements are equivalent.

i) In a tubular neighborhood of the parabolic orbit vy there is a (real-analytic) diffeomor-
phism ® such that

o O preserves H and F';
o O*(Q) = Q.
ii) There exists a one-parameter family of local diffeomorphisms ¥x(x,y) (real-analytic in
x, y and \) leaving fived the origin in R?(x,y) at A = 0 and such that, for each A € R

close enough to 0,
o iy preserves H(x,y,\);

° w;(‘:})\) = wy.

Roughly speaking, this statement says that the additional terms in (5.11) and (5.12) are
not important and can be ignored. We also remark that we can replace the conditions that H
and F' are preserved by saying that the fibration is preserved.

Proof. The fact that (i) implies (4) is almost obvious. Indeed, since {2 and Q are of quite
special form, ®*(2) = Q and F = )\ is preserved, then in local coordinates x,y, A, p, the
diffeomorphism & takes the following form:

T =1I(z,y,\),

g =19(z,y, M),
A=,

¢ =9+ R(z,y,\),
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then if we consider the first two functions as a family of diffeomorphisms ¥y (z,y), then we
will immediately see that (i) holds. Since ® preserves H and F, it leaves invariant the set of
such points (z,y, A, ¢) that dH(x,y, A\, p) and dF(x,y, A\, p) are proportional. But for A = 0
this set coincides with 7, so ® maps 7o to itself. Therefore ¢y(0,0) = (0,0).

The proof of the converse statement consists of two steps. Assuming that ) (x, y) satisfies
the conditions from (i), we define ®; as follows:

(jvg) = d})\(xay)’
A=A,
¢ =

It is easily checked that, for this @1, the symplectic forms @7 (€2) and € coincide up to additional
terms, that is

1(Q) — Q= d\A (P(z,y, \dz + Q(z, y, \)dy). (5.13)
Hence, our goal is to show that these additional terms do not play any essential role and can
be killed by an appropriate shift ¢ — ¢ — R(x,y, ) (without changing the other coordinates).
In other words, we need to find R(x,y,\) such that dA A dR(z,y,\) = dA A (P(x, Yy, A)dx +
Q(x,y, )\)dy). The existence of such a function follows immediately from the closedness of
the form d\ A (P(z,y, A)dz + Q(z,y, \)dy) (this form is the difference of two closed forms

®1(Q) and Q). Finally, we define ® as the composition of ®; and the above shift, and we get

*(Q) = Q) — dAN A dR(z,y,\) = Q due to (5.13).
It remains to notice that, since ¢y(0,0) = (0,0) and v = {z = y = A = 0}, we have
®(v9) = 70, thus ® is defined in a neighborhood of g as required. O

Our next observation is that symplectic invariants do exist, in other words, the desired
map ¢ (or, equivalently, the family 1)) may not exist. Moreover, the existence of just one
map g implies rather strong condition. To show this, we treat the case A = 0 in detail.

4 The case A\ = 0, one-degree of freedom problem

In this Section, for notational convenience, we use a different sign in the definition of H.
Consider the function H = y3 — 22 (in a neighborhood of the origin) and two symplectic forms
wo and Wy (all of our objects are real-analytic). We want to know necessary and sufficient
conditions for the existence of a local diffeomorphism )y satisfying ¢jwg = wp and (two
versions):

e cither preserving H (strong condition);

e or preserving the (singular) fibration defined by H (weaker condition) (more formally,
Y3 (H) = h(H) where h(H) is real-analytic and h'(0) # 0).

The complex version of the first problem was studied in [26], in this Section we adapt some
of these results to the real case we are considering. In the following, R{H} and C{H} will
denote, respectively, real-analytic germs and complex-analytic germs in the variable H at 0,
i.e., convergent power series in the respective fields. Consider H = y? — x? as a holomorphic
function, we have:
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N, N

Figure 5.1: Two cross-sections N1, Ny to the fibration defined by H = 3% — 22

Proposition 5.6 (|26, Theorems 2.3 and 3.0]). Any holomorphic 2-form wqy can be decomposed,
in a sufficiently small neighborhood U of 0 € C?, as follows

wo = o(H)dx Ndy + S(H)ydx A dy + dH A dn (5.14)
for some holomorphic germ n(z,y), and unique o, € C{H}.
Remark 5.6. If wy is symplectic, then a(0) # 0.

In our case we are dealing with real objects wy and H, in this case «(H), 5(H) are real-
analytic, and n(z,y) can be chosen to be real-analytic, as can be shown by taking the real
part of Equation (5.14).

Choose two one-dimensional cross-sections N1, Ny to the fibration defined by H as shown
in Figure 5.1. Each non-singular leaf 77 of this fibration (with a given value of H) now will
be interpreted as a trajectory of the Hamiltonian vector field Xp = w; YaH ) with respect to
the symplectic form wy. For each trajectory 7y we can measure the passage time II(H) from
N7y to No. This function can be expressed as

Ne o,
II(H) = / =0 (5.15)
N, dH
(integral taken along the trajectory 7p7) where wo/dH is the Gelfand-Leray form associated
to the pair (wg, H), i.e., any 1-form 7 defined in the region dH # 0 and such that dH Ay = wy
(the form -y is not uniquely defined, but its restriction to the level-sets H = const is unique).

We can similarly consider the area function area(H) defined as the integral of wy over the
subset of {0 < H(z,y) < H} bounded by the sections N1, Na. As a consequence of Fubini’s

theorem, one has
darea(H)

dH

Clearly, II(H) is a real-analytic function defined for all (small) H. As H tends to 0, the
passage time II(H) tends to infinity and it is natural to look at the asymptotic behaviour of
II(H) at zero.

= TI(H). (5.16)
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Lemma 5.2. The function II(H) for H > 0 can be written as
I(H) = a(H)H Y% + b(H)H"/® + ¢(H), H >0, (5.17)

where a,b,c € R{H}. Moreover, a(H) = Coa(H) and b(H) = C15(H) for some non-zero
constants Cy,C1 € R, with Cy > 0 and Cy < 0.

Before proving the lemma, we give some remarks:

e The functions in this representations are uniquely defined, i.e., if
a(HYH VS + b(HYH'YS 4 ¢c(H) = a(H)H™"/% + b(H)H"/® + &(H),

then a(H) = a(H), b(H) = b(H) and c(H) = &(H).

e If we change the sections N1 and Ny by a deformation in the class of such sections, then
the function II(H) changes by adding a certain analytic function, given by the passage
time between the old and the new sections. However, if we replace N1 and Ny by each
other, then the function II(H) will be replaced by —II(H). This shows that the functions
a(H) and b(H) (up to multiplying with —1 simultaneously) do not depend on the choice
of the cross-sections N1 and N». Since we are working with a symplectic form, we have
a(0) # 0 and a(0) # 0, and we can be more specific: the functions a(H) and b(H) with
a(0) > 0 do not depend on the choice of the cross-sections N and N.

e In a similar way, we can define the functions a, b and ¢ for the second symplectic structure
wo. If ¥ preserves H and transforms wgy to &y, then the Hamiltonian vector field Xy
will be transformed to the Hamiltonian vector field Xy = @yt (dH) (with the same
Hamiltonian H). Since 1 does not preserve the cross-sections Ny and Na, the passage
time II(H) will, in general, differ from II(H) by adding some analytic functions (and,
possibly, by multiplying with —1), which shows that the functions a(H) and b(H) with
a(0) > 0 remain invariant under v, i.e. a(H) = a(H), b(H) = b(H), provided that
a(0) > 0 too. In other words, a(H) and b(H) with a(0) > 0 are symplectic invariants
(under the condition that ¢ preserves H).

e [t is easy to give an example of two symplectic structures producing two different pairs
of functions a and b in the asymptotic decomposition (5.17).

Proof of Lemma 5.2. Consider the decomposition (5.14). Taking the integral of the Gelfand-
Leray form we get:

N2 da A dy N yda A dy N N
() = a(m) [ L s [P Ng() - Nin()
N1 Nl

(the coefficients can be taken outside of the integral, since we integrate along a trajectory 7z
where H is constant). The last two terms give a real-analytic contribution. To finish the proof
it is sufficient to show that, for H > 0

N2 da A dy N yda A dy
—CoH Y% e R{H / T 0HYS e R{H 1
[ e rmy, [ TYEES et erpn), 51y
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for some non-zero real constants Cp, C1, so that a(H) = Coa(H) and b(H) = C18(H). We
can assume that Ny = {z = 1} and Ny = {x = —1}. We have

yjdx/\dy_ dx o1
dH i I
Hence, we are reduced to compute, for j = 0, 1, the integral:
1 [t .y 2
Ji(H)=—- (H,z)) 2de=- | (H+2°)3 dx
3 /1 3 Jo

where F(p,q,r;z) is the hypergeometric function. In this case we can use the connection
formula ([42, Eq. (9.5.9)])

F(p,q,r;52) = c(=2) PF(p,1+p—r,1+p—ql/z)+
+co(—2)"1F(q,14+q—r,1+q—p;1/2)

where
W T0a—p)  TOCp—a)
L(r—p)l(q)’ I'(r—q)l'(p)
This gives:
Ji(H) = 3H5 ( VO F(%} =, % H) +ooHY2F(3,0, 222, H))
— CHS +d;(H), dj € R{H},
where Cy = %EE ? ; and Cy = fFlg(l/ 3y - This proves (5.18) as required. ]

For r € Q, consider the operator ¢, : R{H} — R{H} defined by ¢, : A(H) — A'(H)H +
rA(H). If r ¢ Z then ¢, is bijective.

Corollary 5.2. The function area(H) for H > 0 can be written as
area(H) = A(H)H®/® + B(H)H"/® + C(H), H >0, (5.19)
where A, B,C € R{H} are the unique real-analytic germs such that
a(H)=A'(H)H + 2A(H), b(H)=DB'(H)H+ {B(H), c(H)=C'(H), C(0)=0,
in other words A = <,0;/16(a), B = cp;/lﬁ(b). O

Theorem 5.1. Let wy, wg be two real-analytic symplectic forms. Suppose that wg—wy = dHAdn
for some real-analytic function germ n(x,y) at 0 € R2. Then there is a local diffeomorphism
Y at 0 € R? such that *H = H and 1¥*@y = wp.
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Proof. The proof follows |26, Theorem 2.1]. See Theorem 2.4 in Chapter 2. O

In the following we will specify as a subscript the symplectic structure wg in the notation
for o, 8, a,b and A, B, that is, writing oy, Bugs Guwys bwe and Ay, By,. In the rest of the
Section, for the reasons explained in the second and third remarks below Lemma 5.2, we will
consider symplectic forms inducing a fixed orientation. In this regard we can consider, without
loss of generality, only symplectic forms w satisfying a,(0) > 0. Such a symplectic form is
said to be positively-oriented.

In the above setting and notation we come to the following statement:

Proposition 5.7. Let wg,wq be positively-oriented symplectic forms. An H-preserving map 1
such that 1*wy = wq exists, if and only if the following conditions hold:

o (H) = agy(H) and By (H) = Bz, (H)

or, equivalently, a,,(H) = ag,(H) and by, (H) = bg,(H) or Ay, (H) = Ag,(H) and B,,(H) =
B, (H).

Proof. Sufficiency: suppose a,, = ag, and fu, = Bz,, then wy — wyp = dH A dn for some
real-analytic germ 7, and Theorem 5.1 proves the assertion. From Lemma 5.2 and Corollary
5.2 we know that equalities of any of these invariants are equivalent.

Necessity: suppose 1 exists, let us prove that the invariants coincide. Since 1) preserves
H and sends wy to wg, we conclude (due to Lemma 5.2 and the third remark below it) that
ayy(H) = ag,(H) and b,,(H) = bg,(H), which implies aw,(H) = og,(H) and B.,(H) =
5070(H )- O

It follows from the above proposition, together with the first remark below Lemma 5.2,
that:

Corollary 5.3. Let wqg,wg be positively-oriented symplectic forms. An H-preserving map
such that *wy = wq exists if and only if Iy, (H) — Iz, (H), which is defined on {H > 0},

extends to a real-analytic function in a neighborhood of H = 0. O

We can also reformulate this result in terms of normal forms.

Proposition 5.8. For H = 3 — 22 and wy = f(x,y)dx A dy there is a real-analytic local
coordinate system w,v and germs «, B € R{H} such that

H=1v}—u? and wo=a(H) duhdv+ B(H) vduA dv.

For positively-oriented symplectic forms, the functions a(H) and B(H) are uniquely defined
(the coordinates u,v are not). O

Let us now see what happens if 1) does not preserve H, but transforms it to a function of the
form h(H), h'(0) # 0 (in fact h’'(0) > 0). Let wp,wy be positively-oriented symplectic forms.
We consider necessary and sufficient conditions for the existence of a local diffeomorphism
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such that ¢*@wy = wp and Y*H = h(H) with A'(0) > 0, i.e. a local symplectomorphism
making the following diagram commutative:

(R2,0) —2— (R?,0)

Lemma 5.3. Suppose there exists ¢ such that Vv*wy = wy and Y*H = h(H) with h(H) =
H-g(H), g(0) > 0. Then we have the following relations:

i)
Awo(H) = g(H)>5 Ag, (h(H)),
Buy(H) = g(H)"%Bg, (h(H)),
i)
{awo(H) = g(H)™Y5 (¢'(H)H + g(H)) ag,(h(H))
Buo (H) = g(H)"% (¢'(H)H + g(H)) Bz, (h(H))
iii)

{awo(H) = g(H)™" (¢ (H)H + g(H)) ag, (h(H)),
H) = g(H)"/% (¢'(H)H + g(H)) by (h(H)).

For proving Lemma 5.3, we need the following;:

Lemma 5.4. For any real-analytic map h(H) with h(0) = 0 and h'(0) > 0 there exists 1
(local real-analytic diffeomorphism) such that

H((z,y)) = h(H(z,y)).
In other words, any local diffeomorphism germ H +— h(H) at 0 with h'(0) > 0 is liftable.
Proof. Let h(H) = H - g(H). Define rj,(z,y) := (9(H(z,y))" %z, g(H(z,y))*/?y), then

Proof of Lemma 5.3. (i) The integrals below are taken over subsets bounded by the sections
Ni, No. For any H > 0, we have

area,,, (H) —/ wo —/ P Wy
0<H(z,y)<H 0<H(zy)<H

/ S0 + D(H) —/ To + D(H)
YOH(@y)<H) 0<H (/) <h(H)

= areag, (h(H)) + D(H), D e R{H}.

Substituting in (5.19) and comparing coefficients gives ().



4. THE CASE X =0, ONE-DEGREE OF FREEDOM PROBLEM 87

(i1) Put ¥ := v or, !, then U*@y = (r},")*wp and H o ¥ = H. Therefore by Proposition
5.7 we have
@o — (ry H)*wo = dH A dn

or again
. dh(H) ,
rhwo—wo:dH/\d< ¥ii rhn).

We want to understand the relationship between o), 8., and ag,,Bz,- The Jacobian
matrix of the transformation 7, is given by:

I <§g(H)‘1/29’(H)%ffﬂ+g(H)1/2
Th —

Lo(H) ™2 () YL
1g(H)™2B3¢ (H) %2y 1g(H)™2

I3/ (H) Gy + g(H)'/?

and

[Ty | = det Ty, = g(H) ™M (¢/(H)H + g(H)) .

This means that:

ri@o = agy (A(H))| Iy, |dx A dy + Bay (h(H))|Jy, |g(H)' Pyda A dy + dh(H) A d(r};7).

The last term can be written as dH A dn’ with ' = di;(}l;[) r;1. By uniqueness of the charac-
teristic series we get the relations.
(#i) Follows from (7i) and Lemma 5.2. O

Let’s discuss the opposite statement:

Proposition 5.9. Consider two positively-oriented symplectic forms wq,wy. Suppose there
exists a real-analytic function h(H) = H - g(H) such that g(0) > 0 and one of the three
relations (i), (ii), (iii) of Lemma 5.3 is satisfied. Then there exists an H-fibration preserving
map ¥ such that ¥*w0y = wp.

Proof. We assume (i1) is satisfied, the other two cases are equivalent. Consider the map 7,
from the proof of Lemma 5.4. It satisfies 7 H = h(H) and (trivially) transforms wy to r}wo,
therefore by Lemma 5.3

s (H) = g~ 1O(H) (9 (H)H + g(H)) oz, (h(H)) = v (H),
Breao (H) = g"/*(H) (¢ (H)H + g(H)) B, (h(H)) = By (H).
This shows that wp and r};wy have the same charateristic series, therefore
wo — rpwo = dH A dn,

for some real-analytic germ 7. As we know from the case of H-preserving maps, this equa-
tion implies the existence of a H-preserving diffeomorphism ¢ such that ¢*rjwy = wp. In
conclusion, ¥ = rp, o ¢ is the map we are looking for. O
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Finally we show how one symplectic invariant survives in the case of H-fibration-preserving
maps. Consider a positively-oriented symplectic form wy. Suppose we can solve the equation

awo(H) = Kg(H)™"/% (¢'(H)H + g(H)), K E€R, (5.20)

for g(H). Then the rescaling map rp,, with h(H) = H - g(H), transforms H to h(H) and the
symplectic form @y = (7}, 1) wo to wo, where ag,(H) = K. After this, the other characteristic
series [z, (H) survives as an invariant in the usual sense (of H-preserving local diffeomor-
phisms).

Lemma 5.5. The invariant a,,(H) can be reduced to a constant.
Proof. By assumption we have ay,(0) > 0. It follows from Corollary 5.2 that A,,(0) > 0
as well. Setting g(H) = Ay, (H)5® and &y = (r,:l)*wo, we obtain from Lemma 5.3 that

Ag,(H) = 1. With this choice of h(H) = H - g(H), we have A, (H) = g(H)>°, therefore by
Corollary 5.2

auy (H) = Al (H)H + § Au, (H)
= 39(H) ™ (¢'(H)H +g(H)) ,
so that ag,(H) is constant (and ag,(H) as well). O

Proposition 5.10. A real-analytic singular Lagrangian fibration with one degree of freedom
is symplectomorphic, in a neighborhood of an As singularity, to (one of) the following model:

H=y3—22 wo=dzNdy+ f(y®—2%) -ydx Ady.

Or, equivalently, in a neighborhood of an As singularity (with one degree of freedom) we can
always find local coordinates x and y such that the fibration is defined by the function H =
y® — 22 and the symplectic structure takes the form wo = dx A dy + f(y> — 22) - ydx A dy.

In this representation, the real-analytic function f(H) is uniquely defined. O

This proposition says that as a complete symplectic invariant of an As singular fibration
with one degree of freedom we may consider one (real-analytic) function in one variable. Since
such a fibration appears as a symplectic reduction of the Lagrangian fibration near a parabolic
orbit (for A = 0), we conclude that parabolic orbits possess non-trivial symplectic invariants
and the next section is aimed at describing “all of them”.

5 Parametric version

Our next step is a parametric version of the above construction. We now assume that H
depends on A as a parameter:

H(z,y,\) = Hy(z,y) = 2° + 4> + Ay

and for each value of A we consider a symplectic structure wy = f(x,y, \)dz A dy, f > 0.
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We first give necessary and sufficient conditions for the existence of a family of maps 1
from Proposition 5.5.

Following the same idea as before, we choose two 2-dimensional sections A7 and N5 anal-
ogous to the above sections N7 and N3 (but now for all values of A) and define the passage

time No(HA)
2 ’

TI(H,\) = / ali

Ni(HN) AHA

for each trajectory with parameters H and A, (H,\) € Zpyp, see Figure 5.2. Also we see that
for each A < 0 we have a family of closed trajectories also parametrized by H and A. Let us
denote by II,(H, \) the period of these trajectoziesl. We can compute these functions for both
forms wy and wy. For wy, we denote them by II(H, \) and II,(H, \).

Figure 5.2: Two cross-sections N1, N3 to the fibration near a parabolic orbit

Proposition 5.11. A family of local diffeomorphisms 1y from Proposition 5.5 exists if and
only if

i) II(H,\) — II(H, \) extends to a real-analytic function in a neighborhood of the point
H=0A=0,

ii) To(H,\) = IL,(H, \).

Proof. We need to justify the “if” part only. First of all we notice that, for each A (if we
consider each slice {\ = const} separately), a map 1, exists. Indeed, for A > 0, there are no
obstructions for the existence of ¥ at all, since our fibration is regular. For A = 0, the existence
of ¥ was proved in Corollary 5.3. As for A < 0, this property follows from non-degeneracy of
singular points (see [19]).

! Alternatively we may compute the area area.(H,)\) = 2wI,(H,\) enclosed by such a trajectory. This
function can be understood as the action variable corresponding to this family of closed cycles. Notice that
I, and I, are related by differentiation: Ilo(H, \) = 2m5% Io(H, ), comp. (5.16).
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We only need to “combine” all these maps into one single ¥(z,y, \) = ¥(z,y) in such a
way that U is real-analytic with respect to all variables (including \).

To that end, we notice first of all that the maps ) can be chosen in such a way that each
section Ny ) = {(z,y,\) € Nq with X fixed} (i.e. the intersection of Nj with the corresponding
A-slice) is mapped to itself, i.e., [y, , = id. This choice (of the initial data) makes our
construction unique. In other words, we may assume without loss of generality that ¥ leaves

N fixed.

Let o! and &' denote the Hamiltonian flows of Hy w.r.t. wy and @, respectively. Since H
is preserved and 1 (wy) = wy, we conclude that 1)y sends the Hamiltonian flow of H w.r.t wy
to that w.r.t. @y, i.e., the following relation holds

Proo’ =5 oty

This relation implies a simple “explicit” formula for ¢, (for those points @ which can be
obtained from N by shifting along the flow ¢t). Namely, let Q = o*(@)(Qg) with Qg € M.
Then applying the above relation to the point @ with t = —¢(Q) we get

P oo Q) =571V oy (Q)

or, equivalently,

UA(Q) =7 0 ¢hy 001 (Q)
and, using that ¢ 0 6~ 4@(Q) = ¥ (Qo) = Qo = 1) (Q), we finally get:

Q) =5 007 19(Q), (5.21)

where the time #(Q) is chosen in such a way that o—*?)(Q) € Nj. Notice that the family
¥ so defined automatically satisfies the required conditions (ii) from Proposition 5.5 and is
locally analytic w.r.t. all the variables (including the parameter \) everywhere where it makes
sense. The problem, however, is that (5.21) works neither at the singular points nor at the
points lying on “small” closed trajectories that appear for A < 0 (the reason is obvious: the
Hamiltonian flow o' starting from A does not reach them).

Below, we will use a slightly different version of formula (5.21). Notice that () can also be
obtained from Qg € N by shifting along the other Hamiltonian flow ¢, that is, Q = @) (Qy)
for some #(Q) € R. Hence,
0A(Q) = 7 @og~HQ)(Q) = AR 65HRQ) 5~ HR) (@) = FHA-HRFHR) () = 71D~ (Q)

)

or, finally,

A(Q) =" (Q),  where r(Q) =tQ) — #{(Q). (5.22)

This formula has a very natural meaning. If () can be obtained by shifting a certain point
Qo € N along the flows o and &%, then 1 simply shifts Q along & by time 7(Q) = #(Q)—£(Q),
where t(Q) (resp. #(Q)) is the time necessary for the flow o (resp. &%) to reach @ starting
from the section MNj.

Our goal is to show that this formula extends to a neighborhood of the parabolic point up
to a well defined real-analytic map (in the sense of all the variables z,y and \).
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To that end, we will use a “complexification trick”. Since all the objects under consideration
are real-analytic we can naturally complexify them, that is, we may think of z, y, A\ as complex
variables, H and F' as complex functions, w and w as complex symplectic forms, etc. We will
also assume that the section N7 is given by an analytic equation like f(z,y) = 0, so that the
same equation defines a (local) complex hypersurface that is transversal to all complexified
leaves Lo, o, = {H = €1, F = e}, (e1,62) C C?, for small enough |e1] + |e2]. We are now
looking for a local holomorphic map ¥(x,y,A\) = ¥,(x,y) which preserves H and F and
transforms wy to wy.

We want this map to be the “complexification” of the family vy defined above (in particular,
the complex section N7 does not move under the action of y). We keep the same notations
for all the objects, but now we think of them from the complex viewpoint. In particular, the
parameter t for the flows o and & is complex and plays the role of “complex time”. Similarly,
t(Q), t(Q) and r(Q) are complex functions which, by construction, are locally holomorphic.

One of the advantages of the complexified picture is that all the leaves L., ., (both regular
and singular) are now connected, each of them intersects the section N at exactly one point
and, moreover, every regular point @) (even if it belongs to a singular leaf) can be joint with
N by a continuous path lying on the leaf. Notice that the regular part of each leaf L., ., can

be understood as a complex trajectory of the complex flow o or &'.

The problem coming with “complexification” is that ¢(Q) and #(Q) are not uniquely defined
anymore. Indeed, the complex leaf L., ., = {H = ¢1,F = &3} is now a two-dimensional
surface with a non-trivial topology. In particular, the first homology group of L., ., is non-
trivial and this leads to the fact that @ can be reached from N; in many different ways, e.g.,
o'1(Qp) = 0'2(Qo) = Q. So we need to make sure that the choice of ¢; does not affect the final
result of (the complex version of) (5.21) and (5.22).

Let us discuss this issue in more detail. Consider one particular leaf L., ., (not necessarily
regular). It intersects the section N at exactly one point Qp. For Q € L., ,, consider a
path ~(s) connecting this point with Qg so that v(0) = Qo and (1) = Q. Each point of
this path can be written as v(s) = o®)(Qy) = 7(*)(Qo) with t(s) € C, #(s) continuous and
t(0) = 0. In this way, we set t(Q) = t(1) and #(Q) = #(1). It is easy to see that deforming
v(s) continuously does not change #(Q) and #(Q). Thus, this construction shows that ¢(Q)
and £(Q) (and consequently r(Q) = t(Q) — £(Q)) are uniquely defined if we fix the homotopy
type of a curve connecting Qg and Q. If we choose two homotopically different curves ~; and

72, then, in general, #1(Q) # t2(Q) and #1(Q) # #2(Q).

The condition we need is 71 (Q) = t1(Q) — t1(Q) = t2(Q) — t2(Q) = r2(Q) or, equivalently,
t1(Q) — t2(Q) = t1(Q) — #2(Q). The latter has a very simple geometric meaning. Namely,
Q = o @)(Qp) = 6@ (Qg) means that " (@~(Q)(Q) = Q. In other words, t1(Q) — t2(Q)
is the period of L., ., as a “complex trajectory” of the flow of, which corresponds to the
(homotopy class of the) loop formed by the curves 1 and —vs. In other words, the condition
that we need can be formulated as follows: for each loop v on L., .,, the corresponding periods
of the Hamiltonian flows generated by Hy w.r.t. the symplectic forms wy and w) coincide.
These periods can be computed explicitly as (compare with (5.15)):

wH ~ CT)A
IL,(H, \ :7{ and IL (H,\ :?{,
'Y( ) ’de)\ 'Y( ) ,YdH,\
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so that the required condition takes the following form:
IL,(H,\) =11,(H, \) (5.23)
for any closed loop v on L., ., = L (equivalently, for any cycle of the first homology group).

Let us assume that this condition holds true (we will below explain why, under our as-
sumptions, this is indeed the case) and make the next step of our construction. As just shown,
(5.23) guarantees that the function r(Q) is well defined for any point ) that can be reached by
the flows o! and &* starting from the section Aj. Since (after complexification) every regular
point satisfies this property, r(Q) is defined everywhere except for singular points and is locally
holomorphic by construction. But the set of singular points,

OH ~ 0H | 5 B
{ax_o, 8y_o}_{gc_o, 3y + A =0},

is an algebraic variety of (complex) codimension 2, and therefore by the second Riemann
extension theorem (|34, Theorem 4.4] or [32, Theorem 7.2|), r(Q) can be extended up to a
holomorphic function defined everywhere in the considered domain. In particular, this function
is bounded and therefore, by taking a smaller neighborhood of the parabolic point, we may
assume that the flow o' is well defined for all ¢ satisfying |¢| < max |r(Q)|.

After this, our formula (5.22) can be applied to every point from this neighborhood giving
a well defined holomorphic map ¥ with required properties. It remains to return to the real
world (i.e., restrict v\ to the real part of our complex neighborhood) and we are done?.

To complete the proof we need to explain why condition (5.23) is fulfilled in our case.
First we notice that the first homology group of complex leaves L., ., is generated by 2
cycles (topologically, Le, ¢, is a torus with one hole if (e1,e2) & £ = {e} = —Le3}, a 2-
disk with one hole if (g1,e2) = (0,0), and a pinched torus with one hole otherwise, where
one of the basic cycles is pinched to a point). Consider the (real) “swallow-tail domain”
{(e1,62) € R? | €2 < —e3} C {)\ < 0}. Then one of these two cycles can be chosen real.
Such a cycle is shown in Flgure 5.2 as a small loop, whose perlods w.r.t. wy and W), were
denoted by II,(H, A) and II,(H, \). By our assumption II,(H, ) = II,(H, A), i.e., one of the
required conditions coincides with the second condition (ii) of Proposition 5.11.

Now consider condition (i) for {(¢1,e2) € R? | e} < —5-e3} € {A < 0}. When approaching
a hyperbolic singular leaf, the functions II( H, \) and H(H , A) both have logarithmic singularity.
This is a well known property of non-degenerate hyperbolic points (|19, 9]), in other words,
they have the following asymptotics®:

TI(H, \) = a(H, \) 1n‘3\fH_2 3/2‘+ﬁH>\)

TI(H, \) = &(H, \) 1n‘3fH—2 3/2’+ﬁH)\)

2 A more technical proof of this part can be deduced from [33] (see also [28]). It follows from [33, Propositions
2.3 and 3.1], that if a 3-form § satisfies [3/dH A d)\] = 0 € H' (L., ,,C) on every regular fiber L., .,, then
B = dH N dX\ A dn(z,y,A), n defined in a neighborhood of zero. Applying this to 8 = dA A (Q — (~2), with
Q, Q from (5.11), (5.12), we deduce wx — wx = dH A dn(z,y,A). Now we can apply Moser path method, as in
Theorem 5.1, to each slice A = const.

In the domain {(51,82) € R? | ] > —5-¢3}, similar asymptotics for II(H, \) and TI(H, ) hold, where
the coefficients «, 3, & ,6’ are replaced by 2a, 5 2a, 5 for some real- analytic functions §, Sina neighbourhood of
Lhyp-
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for some real-analytic functions «;, 3, &, B in a neighborhood of ¥y, = ¥N{H > 0}. Condition
(i) of Proposition 5.11, therefore, implies that a(H,\) = a(H,\). For hyperbolic points,
this coefficient in front of logarithm is known to be proportional to the period of the second
(invisible in the real setting) cycle on the complex leaf L 5 (see Proposition 5.15 and discussion
in Appendix).

Thus, for real A < 0 and real H € (—2(—A)3/2/(3\/§),2(—A)3/2/(3\/§)) the required
conditions (5.23) are fulfilled. Since the periods II, and ﬁ«, are locally holomorphic (we cannot
consider them as single-valued functions because of the monodromy phenomenon) and coincide
on an open real domain, we conclude that (5.23) is fulfilled identically, which completes the

proof of Proposition 5.11. O

We now return to our discussion on symplectic invariants of parabolic trajectories that
we started in Section 3. According to Proposition 5.3, this problem can be reduced to the
situation explained in Remark 5.5.

Namely, we consider two functions H = 22 + y3 + Ay and F = X that commute simul-
taneously with respect to two symplectic forms Q and Q defined by (5.11) and (5.12) with
wy = f(z,y,\)dz A dy and @) = f(a;,y)\)da: Ady and f, f > 0. Combining Proposition 5.5
and Proposition 5.11, we obtain the following

Proposition 5.12. The following two statements are equivalent.

i) In a tubular neighborhood of the parabolic orbit vo(t) = (0,0,0,p=t) there is a (real-
analytic) diffeomorphism ® such that

o O preserves H and F';

° CI’*(Q) = Q.
ii) The functions H,Ho,ﬁ,ﬁo (real-analytic in the complement of the bifurcation diagram)
satisfy the relations

o II(H,\) —II(H, \) is real-analytic (in a neighborhood of the point H =0, =0),
o II,(H,\) =TI, (H,\). O

In fact, the functions II(H,\) and II,(H,)\) are not independent. Indeed, as H —
2(=X)?2/(3v/3) (i.e., when the real disconnected regular fiber approaches the hyperbolic
singular one) these two functions have a logarithmic singularity with the same logarithmic
coefficient, that is, we have the following asymptotics:

TI(H, ) = a(H,\) In ‘3\/§H - 2(—)\)3/2‘ Y B(H,N),
I1.(H,\) = a(H,\) In ‘3\/§H - 2(—)\)3/2‘ ¥ Bo(H, N).

In other words, the functions S(H, \) and ,(H, ) are different and not related to each other
in any sense, but the coefficients «(H,\) are the same for both functions. According to
Proposition 5.12, however, the regular part 5(H, ) of II(H,\) does not play any role, so
that the only important information for us is the coefficient «(H, \) which, as we have just
explained, can be “obtained” from II,(H,\). Hence we conclude that II,(H, \) contains all
the information we need for symplectic characterisation of a parabolic trajectory.
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We also note that the period II,(H, A) of closed trajectories can naturally be interpreted
in terms of the action variables of our integrable system. Indeed, the family of small closed
trajectories shown on Figure 5.2 corresponds to a family of “narrow” two-dimensional Liouville
tori (recall that a four-dimensional neighborhood U () of the parabolic orbit 7g is the product
(Figure 5.2)x S1). For this family, we can naturally define two action variables I and I5. The
first of them corresponds to the free Hamiltonian S'-action on U(vg) generated by F' = ), that
is, I1 = A. The other Io(H, \) corresponds to the family of vanishing cycles shown in Figure
5.2 as small closed trajectories. We re-denote this function as Ir(H,\) = I,(H,)\). Without
loss of generality we will assume that

Io,>0 and I, —0 as (H,\) — (H(v),F(y)), (5.24)

i.e., as we approach the singular fiber. Notice that, in a coordinate system (x,y, A\, ¢), Io(H, \)
can be defined by an explicit formula. Fixing H and A, we define a unique closed cycle (see
Figure 5.2). This cycle bounds a certain domain Vi \ C R?(z,y) on the corresponding layer
{\ = const}. Then

1

1
I,(H,\) = gareao(VHA) = 277/\/ wy.
H A

It is well-known that I,(H,\) and IIo(H, A) > 0 are related in the following very simple
way:

3}
I (H,\) = 27— I, (H, \),
(H, ) = 20 - L (H, )
which shows that IIo(H, A) can be reconstructed from I,(H, A), so that we finally come to the

following equivalent version of Proposition 5.12.

Proposition 5.13. In the same assumptions as in Proposition 5.12, the following two state-
ments are equivalent.

i) In a tubular neighborhood of the parabolic orbit vy there is a (real-analytic) diffeomor-
phism ® such that

o O preserves H and F';

o O*(Q) = Q.
it) The actions (real-analytic on the “swallow-tail domain” corresponding to a family of “nar-
row” Liouville tori) corresponding to the family of vanishing cycles (cf. (5.24)) coincide,
I,(H,F)=1,(H,F). O

We now want to give one more version of the criterion for the existence of ® by omitting
the condition F' = X\ which, in particular, means that F' is a 2r-periodic integral (equivalently,
the action variable I) simultaneously for both integrable systems.

Consider H and F' commuting with respect to €2 and Q in a tubular neighborhood of a
parabolic orbit 9. Notice that now we are not allowed to assume that these two integrable
systems share the same canonical coordinate system (x,y, A, ¢) as we did in Propositions 5.12
and 5.13.

Let dF|,, # 0. We will say that 2 and Q induce
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e the same orientation of g if the Hamiltonian flows of F' w.r.t. {2 and Q induce the same
orientation of ~yg;

e the same coorientation of ~yg if (the restrictions of) Q and Q induce the same orientation
of a (local) 2-dimensional surface in {F' = F'(vy)} transversal to vy (i.e., on a 2-dim
Poincaré section).

Without loss of generality, we may (and will) assume that Q and Q induce the same
orientation and the same coorientation of vy. Indeed, we can easily achieve this condition by
using additional maps (z,y, A, ¢) — (z,y,\, —¢) and (z,y,\,¢) — (—z,y, A, @) (written in
a canonical coordinate system from Proposition 5.3) that change respectively the orientation
and coorientation without changing the functions F' and H.

As above we can define two natural action variables for each of these two integrable sys-
tems I(H, F), I,(H, F) and I(H,F), I,(H,F). Here I(H, F) and I(H,F) are smooth on a
certain neighborhood U(7g) and are generators of the Hamiltonian S'-actions w.r.t. Q and

respectively.

Alternatively, we may define I(H, F') by

I(H,F) = 1}4%, where dsx = ()
27 J,

and v = vg r is a closed cycle on the fiber Ly p that is homotopic to vy (recall that locally

our fibration can be understood as the direct product of S' and a three-dimensional foliated

domain V shown in Figure 5.2, then vy r can be taken of the form St x {P} where P €V is

a point lying on the corresponding fiber).

The other action variable I,(H, F) is only defined on the family of “narrow” Liouville tori
corresponding to small oriented loops jio = po(H, F') shown in Figure 5.2:

1
I,(H,F) = 27{ 2, where d» = Q.
™
Mo

In other words, I,(H,F) is a function defined on the “swallow-tail” domain on R?(H, F)
bounded by the bifurcation diagram ¥ (this definition coincides with (5.24) up to, perhaps,
changing the sign).

The actions I(H , I7) and I(H, F) for the second system are defined in a similar way by
integrating ¢, d> = ), over the same cycles v and p, with the same orientations.

Theorem 5.2. Suppose that the singular fibration defined by the functions H and F' is La-
grangian w.r.t. both the symplectic forms € and Q. Suppose that  and §2 induce the same
orientation and the same coorientation of a parabolic orbit 9. Then the following two state-
ments are equivalent.

i) In a tubular neighborhood of the parabolic orbit o there is a (real-analytic) diffeomor-
phism ® such that

o O preserves H and F';
o O*(Q)=Q.
ii) These two integrable systems have common action variables described above, i.e.,

I(H,F)=I(H,F)+const and I.(H,F)=1I,(H,F).
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Proof. Suppose (ii) holds true. First of all we replace the functions F' and H by new functions
F and H satisfying the following conditions (cf. Proposition 5.1 and Remark 5.2):

o ['= +I(H,F) + const where + and const are chosen in such a way that F' = 0 on the
parabolic trajectory vp and F' < 0 on the swallow-tail domain of the bifurcation diagram;

e H is chosen in such a way that the bifurcation diagram of F = (F JH ) takes the standard
form (5.9).

After this we apply Proposition 5.4 which says that formulas from Proposition 5.3 holds
true exactly for the functions F and H. In other words, we can introduce two dzﬁerent ‘good”
coordinate systems (x,y, A, ¢) and (Z, 7, A, @) as in Proposition 5.3 for (H,F ,§2) and (H,F,Q)
respectively (notice that A = A automatically as both A and X coincide with F ).

The next step is to consider the map ¥ : (z,y,\, ) — (&, 7, A, @) and after this continue
working with the forms © and U*(Q). Now (z,y, A, ¢) is a common “good” coordinate sys-
tem for both systems and the conditions of Theorem 5.2 are still fulfilled for {2 and \Il*(ﬁ)
After this, it remains to apply Proposition 5.13 for the integrable systems (fl a Q) and
(H,F,0*(9)).

The fact that (7) implies (iz) follows from the assumption that the symplectic forms Q and
Q) induce the same orientation and coorientation on 7o. Indeed this implies that ® preserves
the homology class of v and po, on each “narrow” torus. Therefore if we set 3 = ®*3¢ in
the definition of the actions I(H, F') and Io(H, F), then I(H, F) = I(H,F) and I,(H,F) =
I,(H,F). O

In fact, we do not even need to mention H and F' in the statement of Theorem 5.2 at all.
We may simply say:

Theorem 5.3. Consider a singular fibration with a parabolic orbit vo which is Lagrangian
with respect to two symplectic structures  and Q. Suppose that Q and Q induce the same
orientation and the same coorientation of vy. The necessary and sufficient condition for the
existence of a (real-analytic) diffeomorphism ® in a tubular neighborhood of vy sending each
fiber to itself and such that <I>*((~2) =  is that these two systems have common action variables
in the sense that for every closed cycle 7 on any “narrow” torus we have

7{%:7{%, for dx = €, d%zﬁ,

where 3 and 3 are chosen in such a way that § = § 3¢ =0. O
Yo Y0
Notice that due to analyticity it is sufficient to compare the actions only on the family of
“narrow” tori, although I and I are defined on the whole neighborhood U (7).

Finally, we want to relax the condition that each fiber goes to itself (indeed, this assumption
makes no sense at all if we want to compare parabolic orbits for two different integrable
systems).

Assume that we are given two integrable systems with parabolic orbits vy and 7g, respec-
tively. For both systems we consider the bifurcation diagrams (or bifurcation complexes), ¥
and ¥ respectively, and the “swallow-tail domains” corresponding to the families of “narrow”
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Liouville tori. On each 0£ theseNdomains we have two actigns I and I, (as functions of H and
F) and correspondingly I and I, (as functions of H and F') defined as above. Without loss of
generality we will assume that these action variables are ‘normalised” in such a way that

e all of them vanish at the corresponding cusp point,
e [, and I, are positive on the corresponding “swallow-tail” domains,

e I and I are negative on the corresponding “swallow-tail” domains.

Combining Theorem 5.2 with Proposition 5.2 we obtain

Theorem 5.4. The necessary and sufficient condition for the existence of a real-analytic fiber-
wise symplectomorphism ® : U(~y) — (7(%) between some tubular neighborhoods U (~y), [7(%)
of the parabolic orbits vo,7o 1s that these two systems have common action variables in the
sense that there is a real-analytic diffeomorphism

¢:(H,F)— (H,F) (5.25)

between some neighborhoods of the cusp points (H (o), F(v0)) and (H (o), F(J0)) in R? that

e respects the bifurcation diagrams together with their partitions into hyperbolic and elliptic
branch?:

e(X) =%, moreover ¢(Xen) = iell and  @(Enyp) = ihyp,

e and preserves the action variables described above: I = To p and I, = I, o ©, i.e., for
the action variables defined on the “swallow-tail domains” we have

I(H,F)=I1(H(H,F),F(H,F)) and I,(H,F)=I,(H(H,F),F(H,F)). 0O

The latter conclusion basically means that the only symplectic invariants of hyperbolic
orbits are action variables. This conclusion does not provide any tools to decide whether a
suitable map (5.25) (making the actions equal) exists or not, but some necessary conditions
can be easily found. Some of them have been already described in Section 4, e.g., the function
f() from Proposition 5.10. This function is a symplectic invariant of a parabolic singularity
which “corresponds” to the level A = 0, where A, as above, denotes the first action variable
I(H,F). We now want to describe another non-trivial symplectic invariant which will be a

function h(MA), A < 0.

Since A = A\(H, F) is a real-analytic function, we can consider it as a parameter on the
hyperbolic branch Yy, of the bifurcation diagram Y. Consider I,(H,\) as a function of H
(with A as a parameter). This function is defined on the interval

(—2(=0)*2/(3V3),2(-)*?/(3v3) ) ,

is strictly increasing from 0 to its maximum attained on the hyberbolic branch. We denote
it by h(A\) = maxy I,(H, ). Obviously, h(\) does not depend on the choice of commuting

4Equivalently, we may say that ¢ defines a (local) homeomorphism between the corresponding bifurcation
complexes.
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functions H and F defining the Lagrangian fibration, so that h(\) can be considered as a
symplectic invariant of a parabolic singularity.

The problem of an explicit description of a complete set of symplectic invariants is equiv-
alent, as shown above, to the analysis of the asymptotics of the function I,(H, \). More pre-
cisely, we should describe invariants of such functions under (real-analytic) transformations of
the form (H,\) — (H(H, ), A = \).

6 Semi-local invariants of cusp singularities

Finally, we want to describe semi-local invariants of cusp singularities. In other words, we now
consider a saturated neighborhood of a compact singular fiber £g containing a parabolic orbit,
i.e., cuspidal torus. We assume that this fiber contains no other critical points, so that the
topology of the fibration in a neighborhood of Lg is standard and illustrated in Figure 5.3. This
figure also shows the bifurcation complex, i.e., the base of this fibration, which consists of two
2-dimensional strata (attached to each other along ¥y, one of the branches of the bifurcation
diagram ¥ that corresponds to the family of hyperbolic orbits). Each stratum represents a
family of Liouville tori and therefore we can naturally assign a pair of action variables to each
of them. Our goal is to show that fibrations with the same actions are symplectomorphic.

In a neighborhood U (L) of the singular fiber Ly, on all neighboring Liouville tori we can
choose a natural basis of cycles in the first homology group of H; (TI% 1> Z) where TIQL p is the
Liouville torus defined by fixing the values of the integrals F' and H respectively. These cycles
are shown in Figure 5.3. One of them corresponds to the S'-action defined on U(Ly) (in Figure
5.3, this cycle v is denoted by S'). The other cycle can be obtained by considering a global
3-dimensional cross-section to this S!-action. Since this S!-action (and the corresponding S*-
fibration) is topologically trivial, such a cross section exists. It is illustrated on the left in Figure
5.3 and denoted by V' so that we may think of U(Lg) as the direct product V x St = U(Ly).
Each Liouville torus T’ 1?“  intersects V along a closed curve (these curves are shown in Figure
5.3) and this curve is taken as the second basis cycle p in Hj (TI% 1> Z). More precisely, we
need to take into account that for a point (F, H) from the swallow-tail zone, we will have two
disjoint Liouville tori. The corresponding cycles will be denoted by p and o, where o is
used for the vanishing cycle on the family of “narrow” tori, the other, i.e., u, corresponds to a
“wide” torus.

Notice that the first cycle v is uniquely defined by the S'-action. The cycle j, is also
well defined by the topology of the fibration (as a vanishing cycle). The other cycle u is not.
It is easy to see that p is defined up to the transformation of the form p — u+ kv, k € Z.
This is caused by ambiguity in the choice of the cross-section V' which can be chosen in many
homotopically different ways (this phenomenon is discussed and explained in details in [7]).

Summarizing, on each stratum of the bifurcation complex, we have a pair of action variables
I,,1, and I,,1,, (the latter for the swallow-tail stratum). Each of these functions can be
treated as a real-analytic function of H and F'. In fact, we have already considered the actions
I, and I, in the previous Section 5, where they were denoted by I(H, F') and I,(H, F). We
will keep this notation here, i.e., we set I, = I, I,,, = I,. The remaining action will be denoted
by I,, so that we have 3 action variables I, I, and I,. The first two of them are well-defined,
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but I, is defined modulo transformation I, = I, + k1.

Also notice that I(H, F) is real-analytic everywhere (strictly speaking we need to dis-
tinguish this action for the families of “narrow” and “wide” tori, but due to real-analyticity
I(H,F), as function of H and F, is the same for both families). The function I,(H, F) is
defined and is real-analytic everywhere except for the hyperbolic branch ¥y, of the bifurca-
tion diagram. When approaching ¥, the function tends to certain finite limits, but these
limits from above and from below are different. The function I, is defined on the swallow-tail
domain and is continuous on its closure.

(H,F)
A H
F A
i bifurcation
bifurcation complex
diagram

Figure 5.3: Singular fibration near a cuspidal torus

Our final result basically states that the systems with equal actions are symplectomor-
phic. We will give two versions of this result. Consider two integrable Hamiltonian systems

(H, F,Q, U(L’O)) and (H, F,Q, U(Eo)) defined on some neighborhoods® of cuspidal tori £
and Eo.

SWe do not specify the sizes of these neighborhoods, but assume that they are sufficiently small. In other
words, we are talking about germs of fibrations and germs of maps.



100 CHAPTER 5. PARABOLIC ORBITS AND CUSPIDAL TORI

Theorem 5.5. Assume that there is a fiberwise diffeomorphism U : U(Ly) — U(Ly) that
preserves the actions in the sense that for every cycle T C Ly r we have

[
() T

for some 1-forms s and > satisfying ds = ), dsc = Q. Then there ezists a fiberwise symplec-
tomorphism ® : U(Ly) — U(Lo).

Remark 5.7. The converse statement is obviously true, since a fiberwise symplectomorphism

® preserves the actions:
74 n = 74 »
d(7) T

where s and 7 are related by ®*3c = s.

A stronger version is as follows. For each system we compute the actions I(H, F'), I,(H, F)
and I,(H, F) and respectively I(H,F), I,(H,F) and I~(H F) for the second system as ex-
plained above.

Theorem 5.6. Assume that there is a local real-analytic diffeomorphism ¢ : (H, F') (H,F),
H=H(H,F) and F = F(H,F) that

e respects the bifurcation diagrams together with their partitions into hyperbolic and elliptic
branches:

(X)) =%, moreover o(Ze) = iell and  @(Enyp) = ihyp,
e and makes the actions equal (for some choice of p and [):
I(H,F)=I1(H(H,F),F(H,F))

I.(H,F) = I,(H(H,F), F(H,F)) and
I(H,F) = I;(H(H,F), F(H,F)).

Then there exists a fiberwise symplectomorphism ® : U(Ly) — U(Lo).

Remark 5.8. Notice that the converse statement is also true: a fiberwise symplectomorphism
O : U(Ly) — U(Ly) induces a diffeomorphism ¢ between the bases of the fibrations which
automatically satisfies the properties above (where the choice of i is induced by ® and pu).

Remark 5.9. We can rewrite this statement in a slightly different and shorter way. For each of
the above integrable systems we may consider the momentum map 7 : U(Lgy) — B C R%(H, F)
and 7 : U(Ly) — B C R2(H, F), where B and B are some neighborhoods of the corresponding
cusp points of the bifurcation diagrams. Then we can think of the actions as functions on B
(more precisely on the corresponding domains defined by the bifurcation diagrams). Then
Theorem 5.6 can be rephrased as follows:

Assume that there exists a local real-analytic diffeomorphism ¢ : B — B respecting the
bifurcation diagrams Y and S and such that I = I o >, I, =1I,0p and I, = I~o . Then there

exist a fiberwise symplectomorphism ® : U(Lo) — U(Lo).
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The proof of this theorem is based on the following lemma. Consider two (non-singular)
integrable systems (H, F,Q) and (H, F Q) defined in some neighborhoods T2 x B and T2 x B
of regular Liouville tori. Here B and B are 2-dimensional discs viewed as the bases of the
corresponding (regular) Lagrangian fibrations endowed with induced integer affine structures
(action variables). The functions (H, F') and (H, F) are treated as smooth functions on B and
B respectively. We also consider the Hamiltonian R2-actions o(t1%2) and 5(t1:t2) (t1,t2) € R?
generated by the commuting functions (H,F) and (H,F). Here o(t12) denotes the com-
position of the Hamiltonian shifts along vector fields Xy and Xp by time t; and time to
respectively. Similarly for &(t1:t2).

Lemma 5.6. Assume that we have a real-analytic diffeomorphism
p:B— B,

which provides an (integer) affine equivalence between B and B. Let H = ﬁogp and F = ﬁogp
and consider two Liouville tori T, = T? x {p} and fp(p) = 72 x {p(p)} where p € B is an
arbitrary point (in other words, these tori correspond to each other under the map ¢ : B — E)
Let x € T}, and T € fw(p) be arbitrary two points from these fibers.

Then o1t2)(z) =  (or more generally c®142) (z) = o1:22) (1)) if and only if 7112) (&) = &
(respectively 5(112) () = (1012 (7).

Proof. We will give a proof of this statement in the case of n degrees of freedom. Recall
that B and B are endowed with integer affine structures induced by the action variables. By
definition, ¢ : B — E is an (integer) affine equivalence if ¢ sends “actions to actions”. More
precisely, let 171, R § I,, be action variables for B, which means that these functions define the
Hamiltonian action of the standard torus R" /Ty where I'g = Z" is the standard integer lattice
in R®. We say that ¢ : B — B is an affine equivalence, if I} = Lo ©,..., I, = I, 0@ are
action variables on B.

If in Lemma 5.6 instead of (H, F) and (H, F) we consider (I1,I5) and (I3, I), then the
statement is obvious: both relations o(*f2)(z) = 2 and 7*12)(F) = F simply mean that
(t1,t2) belongs to the standard integer lattice, i.e., t1,ts € Z.

Let us see what happens if take arbitrary functions (H, F’) or, more generally, (F1, Fa, ... F))
in the case of n degrees of freedom. The relation o(*1+n)z = z means that (t1,...,tn) be-
longs to the period lattice I' C R™ which is the stationary subgroup of = in the sense of the
Hamiltonian R™-action generated by F1, Fs, ... F,. Since this lattice is the same for any point
x from a fixed torus Tp,, p € B, we may denote it by I'(7,,). This lattice is not standard
anymore and it depends on two things, the torus T}, (or just a point p € B) and the generators
Py, Fy, ... F, of the Hamiltonian R™-action.

If we know the expressions of I, ..., F, in terms of the actions Iy, ..., I,, then the lattice
['(T},) is easy to describe. Namely:

F(Tp) =Ty- J_l(p)a

where I is the standard integer lattice and J(p) denotes the Jacobi matrix J(p) = (J]l = g—i? ]p> .
In more details,

(t1,...,tn) €T(T,) ifand only if (t1,...,t,) = (k1,...,kn) - J 1(p)
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for (ki,...,kn) € To, i.e., for some vector with integer components k; € Z.

The same, of course, holds for = € ip(p), that is

(t, .. tn) € D(T,) ifand only if  (t1,...,tn) = (k1,...,kn) - T ((p))

where J(p(p)) = (jl = alji|¢, ) It remains to notice that under our assumptions these
matrices coincide. The reason is obvious: since [ = I, ko @ and also F; = F;o , we see that
F; = fi(I1,...,I,) implies that F = fZ(Il,...,In), , F; depends on Iy,...,I, exactly in
the same way as F; depends on I 1,...,1, so that the corresponding partial derivatives (being

computed at p and ¢(p), i.e., at those points for which (I1,...,I,) = (I1,...,I,)) obviously
coincide. In other words, we have proved that I'(T,,) = I'(T,,(,), which is equivalent to our
statement. Ul

This lemma implies the following two extension results.

Under the assumptions and notation from Lemma 5.6, assume that N and N are La-
grangian (real-analytic) sections of the Lagrangian fibrations 7 : T?2xB — Band 7 : T2x B —
B respectively. Since the sections N and N can be naturally identified with the bases B and

B, the map ¢ : B — B induces a natural map between N and N which we denote by the same
letter ¢ : N = N. For any point y € T2 x B we can find (not uniquely!) (t1(y),t2(y)) € R?
such that z = o(1®-2() () € N. Consider the map ® : T2 x B — T2 x B defined by

B(y) = ghW W) (y(z)), where z = cM1WEW) (1) e N,

Corollary 5.4. The map ®(y) is well defined and is a fiber-wise real-analytic diffeomorphism
satisfying ®*(2) = Q.

Proof. The fact that ® is well defined (i.e., does not depend on the choice of (¢1,t2) € R? with
the property a(tl’tQ)(y) € N) follows from Lemma 5.6. To show that ® is symplectomorphism,
ie., @*(ﬁ) = ), we notice that the position of each point y € T? x B is defined by the values
of H, F' (which can be understood as coordinates on B) and t1,te (which can be understood
as coordinates on the torus 72 with the “origin” (0,0) located on N). These four functions
define a canonical coordinate system, i.e.,

Q=dH Ndt, + dF A dts.

A similar canonical coordinate system H, F,#;, 15 can be defined on T2x B by using the action
o and the Lagrangian section N. It remains to notice that our map ¢ in these coordinate
systems, by construction, takes the form H= H, F = F, t1 =1y, tg = t9. O

Let U C T? x B be an open subset such that the intersection of U with each fiber is
connected and non-empty. Let ®joc : U — U be a real-analytic fiber-wise diffeomorphism

with a certain open subset U C T2 x B such that O () = Q. Since Py is fiberwise and U
intersects each fiber, @, induces a real-analytic map ¢ between the bases B and B.

Corollary 5.5. @i, can be extended up to a real analytic fiber-wise diffeomorphism @ : T? x
B — T2 x B with the property @*(Q) = Q if and only ¢ : B — B is an integer affine
equivalence.
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Proof. First of all we notice that such an extension (if it exists) is always unique. Indeed,
since ® is a symplectomorphism, we have

do U(tl,tz) _ 5(151,752) o®,

where ¢ and & are Hamiltonian R2-actions generated by H, F and H=Ho ot F=Fod!
respectively. Therefore for any y € T? x B, its image ®(y) is uniquely defined by:

B(y) = 5111 0 B 0 o1 712) (), (5.26)

where (t1,t;) are chosen in such a way that o(=*0=%2)(y) € U (such (t1,t2) € R? exists as
each orbit of the action ¢ has a non-trivial intersection with U). Moreover, this formula can
be understood as an explicit formula for the required extension. In a neighborhood of every
point y, the expression a(#1:2) o @1y, o ¢(~1:=%2) (with fixed (£1,%2)) is a composition of three
real-analytic fiberwise symplectomorphisms. So the only condition we need to check is that
formula (5.26) is well defined, i.e., does not depend on the choice of (t1,t5) € R2.

Assume that
y = octt2)(z) = o) (2/)  with 2,2’ € U.

We need to check that
Ftt2) o Py 0 o) (1)) = GER) 6 Py 0 (TR (y) (5.27)

or, equivalently, .
a—’(tlytZ) o (Dloc(x) — =(t,t5) o (bloc(-r,)' (528)

By our assumption, the intersection of U with each torus (interpreted now as an orbit of o)
is connected, therefore there exists a continuous curve (g1(s),e2(s)), s € [0,1] and £;(0) =
£2(0) = 0 such that

o122 () e U forall s € [0,1] and oE1Me2W)(g) = o/,
Since Py, is a fiberwise symplectomorphism, we have
P 0 0(81(8)782(8))(95) — Fler(s)e2(9) o Proc ()
for any s and, in particular,

‘I)loc(ﬂﬁl) — Fler(M)e2(1)) o Bloe ().

Hence (5.28) can be rewritten as

g(thtz) ((I)loc(-r)) _ 5(t'1+81(1),t’2+82(1)) (‘I’loc(x)) . (5.29)

On the other hand, since o("1:2) () = ¢(1:12) (2/), we also have
o(t2) () = gtiter )t tea (1) (), (5.30)
According to Lemma 5.6, if ¢ is an affine equivalence then (5.30) implies (5.29) and there-
fore (5.27), as needed.

The necessity of the condition that ¢ : B — B is an integer affine equivalence is obvious:
every fiberwise symplectomorphism induces an affine equivalence between B and B. O
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We now use Corollary 5.5 to prove Theorem 5.6.

Proof. First we apply Theorem 5.4 which guarantees the existence of a real-analytic fiberwise
diffeomorphism ®.. ¢ between some neighborhoods of parabolic trajectories v C Ly and
Yo C Eo. N\Ng now need to extend ®j,. up to the desired fiberwise symplectomorphism ¢ :
U(Ly) = U(Ly).

According to Corollary 5.5 such an extension exists for all Liouville tori (more precisely,
we only need to consider “wide” Liouville tori because all “narrow” Liouville tori are already
contained in the domain of ®,.). Thus, it remains to explain why this map can be extended
by continuity to each singular fiber.

On Figure 5.3 we can see the domain U on which &y, is already defined and the com-
plementary domain W to which ®,. should be extended. Without loss of generality we may
assume that both domains are bounded by the sections A7 and N5. Namely, U is located
to the right of A7 and N5 and contains all singular orbits including the parabolic one. The
complimentary domain W is located to the left of A; and N5 and contains no singularities at
all.

Let y € W be an arbitrary point located on one of singular fibers and V (y) be a sufficiently
small neighborhood of y. Then there exists (¢1,t3) € R? such that o(=*=%2)(V(y)) C U and
we may apply our extension formula (5.27) to define ® on V(y). Obviously, this formula
defines a real-analytic fiberwise (local) symplectomorphism from V() to its image in U (Lo)
and moreover, due to the uniqueness of such an extension, this map coincides with ® that has
been already defined on non-singular fibers (Liouville tori). This is equivalent to saying that
® can be naturally extended (by continuity) from Liouville tori to all singular fibers. This
completes the proof. O

Remark 5.10. Our final remark is that the statement of Theorem 5.6 given in Remark 5.9
can be also understood in terms of natural afline structures defined on B and B.

A necessary and sufficient condition for the existence of a semi-local fiberwise symplec-
tomorphism ® : U(Ly) — U(Lo) between neighborhoods of two cuspidal tori £o and Lo is
that the corresponding bases B and B are locally equivalent as manifolds with singular integer
affine structures. Moreover, every affine equivalence ¢ : B — B can be lifted up to a fiberwise
symplectomorphism P.

This gives a partial answer to Problem 27 from the collection [8] of open problems in the
theory of finite-dimensional integrable systems.

7 Appendix

In this appendix we give a formal proof of the statement made in Remark 5.2, namely we
prove the following

Proposition 5.14. Let P be a parabolic point of a momentum mapping F = (F,H) : M* —

5In Theorem 5.4, this map was denoted by ®.
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R? in the sense of Definition 5.1 we (in particular, dF(P) # 0) and
H=H(H F), F=F(H,F) (5.31)

be a non-degenerate transformation such that dFV(P) # 0. Then P is still parabolic w.r.t. H
and F.

Proof. First of all, we notice that in Definition 5.1 we can replace H by H — constF and,
in particular, by H — kF where k € R is chosen in such a way that d(H — kF) = 0. In
other words, without loss of generality we may assume that dH(P) = 0 and similarly for H.
Under this additional assumption, the quadratic differential d? H (P) makes sense on the whole
tangent space TpM*. Taking into account that the tangent space to the hypersurface {F =
F(P)} coincides with the kernel of the differential dF (here we use the fact that Ker dF(P) =
KerdF(P) =Tp{F = F(P)}), we can reformulate the first condition (i) as follows:

i) the rank of the restriction d?H (P)|kerar equals 1.

The advantage of such a reformulation is that now this condition does not depend on the
choice of F' at all. Therefore to verify the invariance of Condition (i) w.r.t. transformation
(5.31), it is sufficient to prove

Lemma 5.7. Let H = H(H, F) and dH(P) = 0, then the forms d>H (P)|kerar and d*H (P)|ker ar
are proportional with a non-zero factor.

Proof. It is sufficient to compare the Taylor expansions of H and H at the point P up to
second order terms. Let

AH ~ a1 AH + asAF + a11AH? + 2015 AHAF + appAF? ..
Since dH (P) = dH(P) = 0, we conclude that ag = 0 and a1 # 0 and obtain:
AH ~ %d2H(Am, Az) + ags (dF(Az))? + ... (5.32)
(all the other terms are of order > 3 and we omit them) or equivalently:
d*H = ayd®H + 2adF @ dF (5.33)

(the differentials and second differentials are taken at the point P). Restricting to KerdF" =
Ker dF, we get d?H(P)|kerar = a1d>H (P)|keraFr With a1 # 0, as required. O

Suppose that Condition (i) holds. Then the invariance of Condition (iii) w.r.t. transfor-
mation (5.31) amounts to the following

Lemma 5.8. Let H = H(H, F), dH(P) = 0 and rank (d*H)|ker g7 = 1. Then the conditions
rank d2H(P) = 3 and rank d*H(P) = 3 are equivalent.

Proof. 1t is sufficient to use formula (5.33), namely:

d?H = a1d*H + 2a29dF @ dF.
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In general, these two forms d?H and d?H do not necessarily have the same rank, but under the
condition that rank (d2H)|kerar = 1 (using Ker dF = Ker dF), the statements rank d2H = 3
and rank d>H = 3 become equivalent (simple exercise in Matrix Algebra). Indeed, if we choose
a basis eq, eg, 3, e4 in such a way that ej, es, e3 span KerdF and eg, e3 span Ker d>H |ker ar
and, in addition, dF'(e4) = 1 we will see that in matrix terms, the above formula (5.33) can

be rewritten as

a 00 8 a 00 B 000 0

00 0 - 00 0 0000
2717 v 277 v
TH=10 00 6| TH=ma|g 006|720 00 0

B v 0 A B v & A 0 00 1

Now it is easy to see that both statements rank d?H = 3 and rank d?H = 3 are equivalent to
the condition (vy,d) # (0,0), which completes the proof. O

Finally, we need to verify the invariance of Condition (ii) w.r.t. transformation (5.31).
We first show that this condition does not change if we change F. Consider a new function
F = F(F,H). Since scaling F' +— const - F' does not affect the surface {F' = F(P)}, we may

assume that g—g\ 7y = 1.

According to the definition of v3Hy we need to differentiate the same function H but
along two different curves v(t) € {F = F(P)} and (t) C {F = F(P)}. Let us choose local
coordinates x1,...,z, on M in such a way that x; = F and P = (0,...,0). It is easy to
see that if we set 71 = ﬁ, then still Z1,x9,...,x, is a good coordinate system. Moreover,
the Jacobi matrix of the corresponding transformation at P is the identity. In coordinates
Z1,...,Tn, the curve y(t) can be defined as v(t) = (0, z2(%), ..., zn(t)). The curve F(¢) in the
same coordinate system will be defined as

V() = (@1(t), 22(1), . .., 2 (1)) = () + (21(2),0,..., 0)

(all functions are the same except for x(¢) which should be chosen in such a way that F=0
along the curve. In other words, z; can be found as a function of the other variables xo, ..., z,
from the implicit relation

0= ﬁ(F,H) = ﬁ(ml,H(:cl,:UQ,...,xn)) &z =g(z2,...,2n)
and correspondingly z1(t) = g(z2(t), ..., zn(t)).
Our goal is to show that

d3 a3

— =0 H(F(t)) = == |lt=0H (7(1)). 5.34

ahimoH(3() = Sl ((1) (534
It is easy to see that the Taylor expansion of z; = g(x2,...,x,) starts with quadratic

terms. Indeed, if (w.l.o.g. we assume that F(P) = 0 and H(P) = 0 so that AF = F and
AH = H) ~
F(F,H)=F +byH 4 by  F? 4 2bjo FH + by H* + . ..

then we need to resolve the equation (with respect to xp)

1 < 0°H
2 2
0=ux1+bH + blll‘l 4+ =x1 + b22”§_1 76%8.1‘]' xix; + b11$1 + ... (5.35)
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These quadratic terms are sufficient to reconstruct the quadratic terms of the Taylor ex-
pansion of the function z1 = g(z2,...,2,). This can be done by using the implicit function
theorem, but we can also use the substitution

n
x1 = g(z2,...,x5) = E CijTixy +
i.j=2

into (5.35). If we collect (after substitution) all quadratic terms we obtain:

n

O*H
0= chxzx]—i-bz Z EISE T .
i,j=2 ig=2 0

which means that up to a constant factor the quadratic expansions of g and Hy coincide:

9’
g(x27 s ) ]Z: axlaxj xlm.j
or
29(€,6) = —bod?H(£,€)  for any ¢ € KerdF = Ker dF. (5.36)
Now we are ready to verify (5.34). We have:

d3 ~ 3 ~1 ~| ~/ 2 mn

=0 () = d°H(T, 5,7 + 3°H(7'.7") + dH(§"),
and

d3
ﬁh:OH(’V(t)) = d3H('Y/7 ’)/’, »)/) + 3d2H(’yl, 'Y”) + dH(’yI”).

Since v/ = 4/ = v and dH(P) = 0, we only need to compare the middle terms. In
the second relation this term vanishes because 7 € KerdF' (as the first component of ~(t)
identically vanishes) and 4’ belongs to the kernel of (d?H)|ker dr-

Consider the difference between d2H (5',5") and d>H (y',~"). Since 7' = 7/, we have
PHE T~ PHE A" = HA, G- )").
But 4 — v = (g(z2(t),...,zn(t)),0,...,0) so that for the potentially non-zero component of
v — v we get
d2
—li=og(@a(t), . an() = d*g(v/,7') = (see (5.36)) = ~ba d*H(¥,7).

It remains to notice that d?H(y/,7') = 0 as v = ' € Ker (d?H)|kerar- Thus, (¥ —~)" = 0.

Thus, we have shown that condition (iii) does not depend on the choice of F' (keeping H
fixed). The last step is to show that (iii) does not depend on the choice of H (keeping F
fixed). Again we use the Taylor expansion (5.32), but now up to third order terms

AH = a1 AH + 2a15AHAF + a39(AF)? + agoo(AF) + ..., a1 #0.
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We do not need other terms (like (AH)? for example) as in local coordinates AH starts with
quadratic terms. This formula shows that under the condition AF = 0, the Taylor expansions
of H and H (up to cubic terms) are proportional with a non-zero factor. In particular for any
curve y(t) lying on the surface {F' = F(P)} = {AF = 0} we have

d3 3

d , _
ﬁ]t:gH(’y(t)) = alﬁltzol—[(’y(t)) or equivalently v®Hy = ayv3Hy,

as needed. This shows that (ii) is invariant under transformations (5.31) completing the proof
of Proposition 5.14. O

We also want to explain one important phenomenon mentioned in the proof of Proposition
5.11: for hyperbolic points, this coefficient in front of logarithm is known to be proportional
to the period of the second (invisible in the real setting) cycle on the complex leaf L x. More
rigorously, this statement can be formulated as follows.

Consider an analytic integrable system with one degree of freedom with the Hamiltonian
of the form H = zy and symplectic structure w = f(x,y)dx A dy.

Thinking of x and y as real variables, consider one-parameter family of curves
yo={zy=H, 0<2z<1, 0<y<1}

and the function (cf. Section 4)
w
II(H) = / —.
Vg AH

It can be easily checked by an explicit computation that this function has the following
asymptotics at zero:
II(H)=a(H)InH + b(H),

where a(H) and b(H) are both real-analytic in a neighborhood of zero. Similar to Section 4,
here we integrate along a trajectory of the Hamiltonian flow between two sections N1 = {y = 1}
and Ny = {x = 1}. If we change these sections, then b(H) changes too whereas a(H) remains
the same so that a(H) has an invariant meaning, i.e., does not depend on the choice of local
coordinates (z,vy).

On the other hand if we think of x and y as complex variables, then the level {zy = H},
from the real viewpoint, is a surface locally homeomorphic to a cylinder which contains a
non-trivial cycle of the form

A = {a(t) = He", y(t) = e},

so that we can introduce another function

This function is analytic in H. The relation between II(H) and II(H) is given by the following
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with b(H) being analytic’.
Proof. One can proof this fact by using monodromy arguments (which is nice and conceptual),

but we will use a well known “isochore Morse lemma” [16] which allows to get this result by
an explicit computation: there exists a local coordinate system such that

H=uxy and w= f(H)dz A dy.

The form d% can be replaced by the form f(H )y 'dy and we obtain:

w 2m ) )
i) = [ o= [ sy = s [t = —amipn

On the other hand, vz can be parametrised as y = t, x = Ht~!, t € [H,1] and we get:

w 1
() - [ Feryyty = £y [ L= gy m.

vH dH VH H

Comparing these formulas for II(H) and II(H) gives the required result. O

"The sign + reflects the fact that both II(H) and II(H) depend on the choice of orientations on the curves

vu and .
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