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Abstract

We present a detailed study, in the semi-classical regime h — 0, of microlocal properties
of systems of two commuting h-pseudo-differential operators P (h), P2 (h) such that the joint
principal symbol p = (p1, p2) has a special kind of singularity called a focus-focus singularity.
Typical examples include the quantum spherical pendulum or the quantum Champagne
bottle.

In the spirit of Colin de Verdiére and Parisse [11, 12, 13], we show that such systems
have a universal behavior described by singular quantization conditions of Bohr-Sommerfeld
type.

These conditions are used to give a precise description of the joint spectrum of such
systems, including the phenomenon of quantum monodromy and different formulations of
the counting function for the joint eigenvalues close to the singularity, in which a logarithm of
the semi-classical constant h appears. Thanks to numerical computations done by M.S. Child
for the case of the Champagne bottle, we are able to accurately illustrate our statements.
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1 Introduction

In the venerable history of completely integrable systems, an important object was discovered
quite recently (Duistermaat [19]) : the monodromy of the system, whose non-triviality prevents
the construction of global action variables. The question about the impact of this invariant on
the spectrum of quantum integrable system was raised by Cushman and Duistermaat in [15];
an answer is proposed in [39]. The issue is to describe the joint spectrum of two commuting h-
pseudo-differential operators P, P, in a region close to a critical point of the C* joint principal
symbol

def
b = (Pbpz),

when the underlying Liouville integrable system pi, p2 has non trivial monodromy.

However, because of a well-known drawback of both the usual W KB construction and the
standard Bohr-Sommerfeld quantization conditions, the descriptions had to keep a reasonable
distance away from the singular value of p. Here reasonable may be small but means fixed, as
h tends to zero. In this way, an increasing number of eigenvalues (as h — 0) remained out of
control.

On the other hand, recent achievements in semi-classical analysis of Schrodinger operators
near a critical point of the potential, often via the use of microlocal normal forms, suggested that
this problem should be solvable. I am referring here for instance to the work of Helffer-Robert
[28], Helffer-Sjostrand [29], Sjéstrand [37], Méarz [33], Brummelhuis-Paul-Uribe [3], ... and in
particular to the articles by Colin de Verdiére and Parisse [11, 12, 13|, in which the case of a
local maximum of a smooth (C'*°) potential for a 1-dimensional Schrédinger operator is treated.
Their method rested upon a smooth normal form theorem and on the study of the hyperbolicity
of the classical Hamiltonian flow.

It turns out that any two degree of freedom quantum integrable system with a focus-focus
singularity exhibits at the same time a non-trivial monodromy and a hyperbolic behavior of the
Hamiltonian flow. Moreover, such a singularity admits a smooth normal form, due to Eliasson
[22], that has a semi-classical analogue [38]. This allows us to settle an analysis combining a
geometrical description of the underlying classical completely integrable system with a microlocal
analysis near the singularity.

The main result of this paper is the statement of the singular Bohr-Sommerfeld quantization
conditions (theorem 6.9), which are uniform in a neighborhood of the critical value. In other
words, these conditions are able to uniformly describe an increasing number of joint eigenvalues,
and as such they contain the description of the quantum monodromy far from the singularity
as well as the asymptotic distribution of the joint eigenvalues near the singularity.

The organization of this paper is as follows. In the first parts, the aim is to settle the
ingredients needed to have a global picture of the problem. The necessary background concerning
Liouville integrable systems is recalled (section 2), and the general notion of semi-classical
integrable systems is explained in section 3, where we point out the role of both the principal
and sub-principal symbols. The version of the microlocal tools that we will be using is given
in section 4; its application to completely integrable systems is developed in the next section
(5). Besides known results concerning the WKB construction, the most fundamental results
explaining our methods are probably propositions 5.1 and 5.5.



The rest of the paper is devoted to the case of a focus-focus singularity in a 4-dimensional
cotangent bundle. Section 6 contains the microlocal analysis and the geometrical description
of the monodromy that lead to our main result (theorem 6.9). Finally, we derive in section 7
the structure of the joint spectrum. Theorem 7.3 shows that one can count the number of joint
eigenvalues without knowing their precise distribution near the critical value, and theorem 7.6,
on the contrary, studies this distribution, by estimating the gaps between the joint eigenvalues.
These statements are illustrated by the example of the Champagne bottle.
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2 Classical completely integrable systems

2.1 Definition

Let (M,w) be a symplectic manifold of dimension 2n. A completely (or “Liouville”) integrable
system on M is the data of n functions fq,..., f, in involution with respect to the symplectic
Poisson bracket, with the requirement that their differentials df; are almost everywhere inde-
pendent. The function

F :M>mwe (fi(m),..., fa(m)) e R

is called the momentum map. It is indeed a momentum map for the Abelian infinitesimal action
of R" into the Lie algebra X(M) of Hamiltonian vector fields on M, given by the generators
(Xi1,...,4&,). Here we have denoted by A; the Hamiltonian vector field X, associated to f;.
The flows of these vector fields yield a local Abelian action of R” on M, simply referred to in
the sequel by “the action” or “the flow” of the system.

Note that each f;, and hence every function of the form g(fi,..., fn) is locally constant
under this action. The momentum map F thus defines a singular fibration by invariant leaves.
These leaves A, def F~Y(c), ¢ € R", are generically Lagrangean submanifolds of M. We shall
always assume that F' is proper, so that each A, is compact.

2.2 Known results

Local and semi-global descriptions of completely integrable systems are provided by the following
facts :

e when the vector fields (X1, ..., &, ) are independent at a point m, the Darbouz-Carathéo-
dory theorem states that the functions f; can be taken as *
symplectic chart {(z,€)} on a neighborhood U of m. In these coordinates, the foliation
A.NU for c close to F(m) is given by £ = c. The z; variables are therefore local coordinates
for A..

‘momentum” coordinates of a

e when c is a regular value of F' — this includes the previous case, of course — the Arnold-
Liouwille theorem endows an invariant neighborhood € of A, with action-angle coordi-
nates : () is symplectomorphic to a neighborhood of the zero section of the cotangent
bundle 7%*(T") of the n-torus T" = R"/Z", and the fibration F' gets transformed into a
smooth function of the momentum variables & only. As a consequence, A., as well as the
neighboring fibers, are Lagrangean tori equipped with an affine structure : the one given
by the R™ action which, in these coordinates, is linear.

In the first case, the R action is locally free at m, and gives rise to a local diffeomor-
phism between (R",0) and (A, m). By transporting the standard Lebesgue measure via this
diffeomorphism we obtain an invariant measure on a neighborhood of m in A, which in Darboux-
Carathéodory coordinates (z,€) is nothing else than |dz|.

In the second case, this can be done globally to give a natural invariant measure p, on the
whole torus A.. Letting m, be the total mass of A., we can identify m_'p. with the Lebesgue



(or Haar) measure on the torus T" via action-angle coordinates. p, smoothly depends on ¢ and
is called the Liouville measure.

Remark 2.1. This terminology sometimes also applies to the symplectic measure w"™/n!.
Note that the push-forward of this measure by F' gives a measure u. on R" that satisfies

w/\n
Tl = Pc & Lhe,

and that is long known to be of particular importance when it comes to counting eigenvalues (see
section 7). Because of the article [20] p. is sometimes called Duistermaat-Heckman’s measure.
A

Since we will be dealing only with pseudo-differential quantization, we will always assume
that M is an open subset of a cotangent bundle 7% X, which implies that the symplectic form
is exact : w = dag, where «q is the standard Liouville 1-form. If we let i, : A, — M be the
inclusion, the fact that A, is Lagrangean implies that the 1-form ¢}ap is closed and thus gives
rise to an element of the cohomology H'(A., R). With slight abuse of notation, we will still call
it [ao].

3 Semi-classical integrable systems

The aim of this section is to define what we consider to be the proper semi-classical quantiza-
tion of completely integrable systems (in accordance with [9, 5]), and to present a geometric
interpretation of their sub-principal terms.

3.1 Definition

Let X be a differentiable manifold of dimension n, equipped with a half-density \dx|1/ 2 and let
Q be an open subset of 7*X. The spaces of pseudo-differential operator that are used here are
defined in section 4; however, we shall here only use the fact that they are defined up to the
order O(h?) by two functions of 2 : their principal and sub-principal symbols.

Throughout this work, pseudo-differential operators are always classical and formally self-
adjoint, so that their principal and sub-principal symbols are real-valued.

A set {Pi(h),...,Py(h)} of n pseudo-differential operators in U°(92) of order zero is called a
semi-classical integrable system if :

e the principal symbols p1,...,p, form a completely integrable system.

e Vi, [Pi(h), Py(h)] = 0.

Note that the second condition already implies that the principal symbols are in involutions.

Because of this definition any semi-classical integrable system has an underlying classical
completely integrable system, which means that the main geometric ingredient of such a system
is the Lagrangean fibration A, given by the principal symbols. Of particular importance for us
will be the principal Lagrangean Agp.



Remark 3.1. All the results of sections 2-6 would still hold if the commutation property
is weakened to [P;(h), Pj(h)] = O(h*). Section 7 however requires the exact commutation of
the operators, in order to define their joint spectrum. Similarly, a number of results before that
section would still be valid if the self-adjointness requirement is dropped and replaced by the
assumption that both the principal and sub-principal symbols are real-valued. A

3.2 The sub-principal form
3.2.1 Definition

Apart from the principal symbols, the data of a semi-classical integrable system defines another
set of functions, namely the sub-principal symbols 71, ...,7,. We assume here that these func-
tions are real-valued. While the principal symbols gave rise to the momentum map and its
Lagrangean fibration, the sub-principal symbols will be viewed as characteristic of an infinitesi-
mal deformation of the Lagrangean leaves.

Definition 3.1 The sub-principal form k. of a semi-classical integrable system is the differen-
tiable 1-form on A. defined at non-singular points of F by :

Kc(Xi) = =Ty

Recall that AX; denote the Hamiltonian vector field of p;. At such a non-singular point,
(X1,...,An) is a basis of the tangent space of A..

This form also appears in [6].

The first property of k. is the fact that it is closed. Indeed, the r;’s are not just any
functions. The Weyl rule (section 4, formula (4)) applied to the commutation property of the
pseudo-differential operators P; is, at the order h?, equivalent to :

{rip;} = {rj,pi}.

In a symplectic chart given by the Darboux-Carathéodory theorem, this reads :

Or;  Or
8£Ej B B.Z‘Z"
and k. is the closed 1-form k., = — > r;dz;. O

3.2.2 Deformation of Lagrangean submanifolds

Let L(M) be the set of all Lagrangean submanifolds of a 2n dimensional symplectic manifold M.
By the Darboux-Weinstein theorem, we can identify a tubular neighborhood of a Lagrangean
submanifold Ay with a neighborhood of the zero section of T*Ay. Any other Lagrangean sub-
manifold within that neighborhood can then be identified with a closed 1-form on Ag (see [40]).
This gives a “chart” for £(M), making it formally a differentiable infinite dimensional manifold,
whose tangent space at Ag is naturally identified with the space of closed 1-forms on Ay.



One can be more specific. The exponential map for vector fields gives a diffeomorphism
between a tubular neighborhood of Ay and the normal bundle T}?\ﬁ/l. The latter is identified
with T*Ag by means of the symplectic form : let x € Ag; to any X € T, M is associated the

cotangent vector

Since Ag is Lagrangean, the kernel of @ is exactly T,Aq.

In this way, we can easily describe the tangent space of £(M) : an infinitesimal variation

of Ay is by definition a vector field transversal to Ag, that is, a section of Tﬁ?x;v[ By the above
isomorphism, it can be identified with a 1-form on Ag. That infinitesimal variation is performed
within the space of Lagrangean submanifolds if and only if this 1-form is closed, that is, the

deformation vector field is locally Hamiltonian (see also [41]).

Let us apply this description to the case where a path in £(M) is given as a 1-parameter
family of level sets of n independent functions p! in involution :

A ={pl =0}

Lemma 3.1 The infinitesimal variation 1-form k = %Atn:o s given by

op!
(Xpp) = Ot =0’

Proof. Let z € A’. Complete (p,...,p0) into a Darboux-Carathéodory chart, so that the
Bpf

tangent vectors % form a basis of the normal bundle. Taylor’s formula p} ~ p? +¢ Bt |10 shows
J
that at ¢t = 0, the deformation vector field for A’ is given by
opt(z) 0
X(z) = —— —.
() Z ot |t=0Op?
j J
To this transversal vector field corresponds the 1-form x = ixw. On the basis (Xp(l), ooy Xpo) of
oy e . Opt
TAY, it is given by K(Xp?) = w(X, Xp?) =dp. X = —%“:0. O
Remark 3.2. For each ¢, the functions p!,...,pl define a completely integrable system in a

neighborhood of Af. The variation 1-form can be computed not only for A?, but also for the

neighboring leaves A’ e Ni(p!)~'(c). Then k. = %Ai 1t=o 1S given on A; as in lemma 3.1 :

opt
HC(XP?) - _6_7;|t:0.

The fact that for all ¢, k. is closed can be checked by differentiating the equality {p, p;} =0 at
t=0. A

Remark 3.3. It is natural now to be willing to consider the level sets

oo,

0
0 4 ¢ =
Pi Ot 1t=0

8



as a “linearization” of the family A;. Unfortunately, these level sets are in general not La-
grangean. More precisely, the symplectic form restricted to them is of order ¢>. However, one

can prove that there exists a set of functions 71, ..., 7, such that the functions
~t def ~
Pt = p} + 17

are indeed in involution, and such that the corresponding deformation 1-forms &. satisfies

[fe] = [kc] € H'(A).

t
The value of 71 on A, is constant and obtained by averaging the sub-principal terms o,

at [t=0
over A..

A

3.2.3 Deformation of the Action integral

Let A¢ be a smooth family of Lagrangean submanifolds of M, and let v,(6),6 € S* be a smooth
family of loops such that each -y; is drawn on A;. Suppose that on a neighborhood of the image
of 7p, the symplectic form w is exact : w = da. Then this holds for £ small enough, and we can
define the action integral :

MM=A&

Lemma 3.2 The variation I-form k = %Atrtzo on Ay is characteristic of the infinitesimal
variation of the action, in the following sense :

d
EA(%)H:O = /70 K.

Proof. We want to prove that the 1-forms % (7 (@) 11—o and y§(x) are cohomologous on St
We have
d * %
= (@) = (Loya) =

= ’)/2‘ (’iaida + d(iﬁ&)) .
Bt Bt

At t = 0, the vector field % splits into two components X, and X, the first one being tangent

to Ag. The other one, in the normal bundle T—J’}(}%, is by definition the deformation vector field
of the family A;. Therefore,

% (e der) = 76 (i, w) + 7 (ixx,w) = 0+ 5 (),
which gives the result. O

Remark 3.4. Of course, the value ¢ = 0 plays a arbitrary role : if we define k; = %At, then
S A(m) = e it A



3.2.4 k as a semi-classical deformation

Returning to the hypothesis of paragraph (3.2.1), we are now able to give a geometrical inter-
pretation of the sub-principal form.

The total symbol p;(h) of P;(h) is considered as a semi-classical deformation of the principal
symbol p?. Then around any regular point of the principal symbol, the sub-principal form is
equal to the deformation 1-form — as h tends to zero — of any family of Lagrangean submanifolds
defined as level sets of functions of the form p) + hr; + O(h?).

Of course, the level sets of the total symbols themselves need no be Lagrangean. Recall
however that in the case where 0 is a regular value of the principal symbol we can average the
sub-principal symbols without changing the cohomology class of x. in such a way that the level
sets of pY + hr; are indeed Lagrangean.

As we shall see in section 5, the Bohr-Sommerfeld quantization conditions that apply to such
a situation depend on the sub-principal symbols only through the cohomology class of k.. This
shows that articles like [9, 5] that would rather assume that the sub-principal symbols are either
equal to zero or at least constant on each A, are not far from the general case.

Another nice property of the cohomology class of k. is its invariance under conjugation by
unitary pseudo-differential operators.

Proposition 3.3 Let P;(h) be a semi-classical integrable system with a non-singular principal
Lagrangean Ay. Let V (k) be a classical unitary pseudo-differential operator on a neighborhood of
Ao. Let P = VIR,V be the transformed integrable system and k' the new sub-principal form.

Then [k'] = [k].

Proof. Since P and P’ have same principal symbols, we can write P/ = P + hQ, with Q =
(Q1,...,Qn). The intertwining property VP’ = PV reads :

[P, V] = hVQ;.
At the principal level, this gives %{pj,v} = vq;, which, writing v = e', yields :
{pj: ¢} = g;-
The sub-principal symbols r§’) of PO) satisfy 7"9- = r; + g;, that is,
k' =k +dc,
where dc denotes the differential of ¢ as a function on Aj. O

Note that the unitarity of V is only used up to O(h?) in order to ensure that the sub-principal
symbols of the transformed system are real-valued.

4 Microlocal analysis
The aim of this section is to present a minimal version of the microlocal analysis needed in order

to give a precise and usable definition of what we call “microlocal solutions” of pseudo-differential
systems (section 4.5).

10



The results can be retrieved from [11, 10, 36, 30]; however, note that we focus here a little bit
more on the microlocal point of view, and assumptions about “behavior at infinity” are usually
irrelevant in this theory.

4.1 Symbols

We recall here the basic definitions of symbols and classical symbols. One reason for including
here this standard material, besides the sake of completeness, is that our work mainly deals with
local properties, in a neighborhood of a point or at least in a neighborhood of a compact region
of the phase space; and for this purpose, a very simple notion of ’symbols’ can be introduced,
which is the following :

Definition 4.1 A family of complez-valued functions (p(h))nem on a manifold Z, where H is a
subset of R having 0 as an accumulation point, is called a compactly supported symbol if there
exists a compact set K C Z and an integer m € Z such that every p(h) is a C*® function with
support in K such that :

Va,3C,, s.t. Vh € H,sup |0p(z; h)| < Coh™. (1)
2€Z

We denote by SJ*(Z) the vector space of all such symbols. If we drop the condition on the support
we obtain the space of all symbols of order m, denoted by S™(Z).

The notation S("g)(Z ) shall be used in any assertion that holds for S§*(Z) as well as for S™(Z).

Remark 4.1. In the notation S(’g)(Z), we forgot the dependence in H. Somewhat later we
will have to be more careful, but this omission is harmless at this point. A

Note that Szg)(Z) C Szg)/(Z) for m > m' and, due to the Leibniz formula, the space 8(*0)(Z) =
Umez 8(’8) (Z) of symbols of any order is a graded algebra for the usual multiplication. It is also
clear that S(’(’)L)(Z ) = th?o)(Z ). If Z sits in a symplectic manifold, we can also endow S(*O)(Z )
with the Poisson bracket {pi(h),p2(h)} turning it into a graded Poisson algebra.

Definition 4.2 A symbol (p(h))hen € S(T(')L)(Z) is said to be classical if it admits an asymptotic
expansion of the form :

p(zh) ~ Y pr(z)h¥,

k>m

in the sense that VN > m, p(h) — Z,?;mpkhk € S(Jg)"'l(Z).

Remark 4.2. If we apply the above definitions to symbols independent of z, we get the notion
of a “constant symbol”. We will let C, — S*(Z) denote the algebra of such constants. With
that respect, the spaces S*(Z) and Sj(Z) can be considered as modules over C;,. A

A functional calculus can be performed on symbols of non-negative order; we will only need
the following : if p(h) € S(Tg)(Z) with m > 0, then expp(h) € S°(Z). Conversely, let g(h) be
an element of S(OO)(Z ); if  is any proper simply-connected open subset of Z on which g(h) is

11



elliptic (i.e. |g(h)| > ¢ > 0 on Q, for all k), then one can define a symbol p(h) € S§(Z) such
that g(h) = expp(h) on Q.

Everything can be restated in the “classical” category.

Definition 4.3 We say that a symbol is O(h™) if it is in S™(Z) for all m > 0. We denote by
§%(Z) the subspace of all such symbols. Similarly, S§°(Z) is the intersection of all S§*(Z).
Now, the spaces that will be really of interest for us are the quotient spaces S(*O)(Z) /SE’OO)(Z).
Elements in the same class will be called microlocally equal on Z. This word is easily justified
when Z is a subset of a T*X; its extension to any Z should raise no problem. The space
of classical symbols modulo microlocal equality can then be isomorphically identified with the
space of formal expansions of the form ) ,. pr(z)h*. Note also that the classical constant
symbols modulo microlocal equality form the field of numerical formal series in h. In general,
as it is easily verified, the quotient of C; by microlocal equality is a field that we will denote by
Ch.

In order to get meaningful information from the “quantization conditions” that we are going
to derive later, we need to consider symbols depending uniformly on a parameter £ € R*. By
uniformly, we mean that for every compact subset B of R”, the estimate (1) is valid uniformly
for £ € B. In the classical case, this is true for instance if each p; depends continuously on FE.

4.2 Pseudo-differential operators

For the general theory, we refer to [36, 10]. Proofs can usually be derived from the homogeneous
theory of Hérmander [31]. We wish here to present a microlocal version of the standard classes of
pseudo-differential operators. Let X be a differentiable manifold of dimension n, and M = T*X.
In every local coordinates, a compactly supported pseudo-differential operator P(h) on an open
subset U of X is an operator with smooth kernel of the form :

1
(2wh)™

Kn(a,1) = G [ eF P aley.gin)ds ©)

where a(h) is a symbol in S§(U x U x R"). Note that K, has compact support in U x U, hence
these operators are continuous linear operators (for fixed h) from C*°(U) to C§°(U), or even

from distributions D'(U) to C§°(U). We shall assume that a C* half density \d:z;|% is given on
X so that each function u on X is associated with the half density u|d:c|%
Pseudo-differential operators have a Weyl symbol, which is a h-dependent function p(h) =

ow (P(h)) on M, such that P(h) can be retrieved from p(h) by the so-called “Weyl quantization”
scheme :

(09" (p)0(a) = s [ R (L hulp)dyde. 3

Now let p(h) € SF*(2), and x € C§° equal to 1 in some neighborhood of 0 € R*. We
have a(z,y,&h) = p(wTJ“y, sh)x(z —y) € S§"(U x U x R™), which allows us to form a pseudo-
differential operator Op}’ (p(h)) via (2). Then one can show that the Weyl symbol of the

latter pseudo-differential operator, although perhaps not of compact support, is nevertheless
microlocally equal to p(h) on . That motivates the following definitions :

12



Definition 4.4 Let Q2 be an open subset of M, in which we have symplectic coordinates (z,£).
We suppose here that x varies in U, an open subset of X containing w(Q2) where w is the natural
projection T*X — X. A compactly supported pseudo-differential operator P(h) on U will be
called h-smoothing or “O(h™)” on Q or element of U3°(Q) if its Weyl symbol belongs to the
space ().

The quantization procedure Op}’ (p(h)) is therefore independent of x modulo ¥§°(€).

Definition 4.5 We denote by U['(Q2) the space of compactly supported pseudo-differential op-
erators of the form Opzv(p(h)) + ¥P(Q), for any p(h) and x defined as above.

Remark 4.3. Dealing with pseudo-differential operators, we shall always assume that the
symbols involved are classical. A

This definition leads to an isomorphism between the spaces Y7 (Q2)/¥TP () and
S (Q2)/85°(2) (for the latter is isomorphic to Sén;;fw ). This isomorphism, still denoted by oW,
depends on the local coordinates, but we recall that the first two terms in the asymptotic expan-
sions of the Weyl symbols are intrinsically defined on T* X, provided we let pseudo-differential
operators act on half-densities (the proof of this was given in [21, prop 5.2.1] for homogeneous
pseudo-differential operators, i.e. without a small parameter h, and applies to our situation
with no essential change); these two terms are respectively called the principal and sub-principal

symbols, and are compactly supported.

It also ensures that theses classes of pseudo-differential operators are stable with respect to
the operations of composition and taking adjoints.

We are now able to define the notion of the restriction of a pseudo-differential operator;
namely, if N is any subset of €2, two elements P(h) and Q(h) of ¥§*(€2) will be called microlocally
equal on N, and written “P ~ Q on N” if oy (P) = ow(Q) on N. Then we can perform inversion
of elliptic operators in the following sense: P(h) € Ui*(Q2) is elliptic at a point m if its principal
symbol does not vanish at m. Then there is a neighborhood N of m and a Q(h) € ¥,;™ () such
that PQ ~ QP ~ I on N, where I is a pseudo-differential operator satisfying I ~ Op" (1) on
N.

Remark 4.4. The space of Weyl symbols is naturally equipped with the Lie algebra structure
given by the symplectic Poisson bracket. On the other hand, the space of pseudo-differential
operators has a natural Lie operator algebra structure. Though it is known that there is no hope
for finding a “quantization” isomorphism that fully respects this Lie algebra structure, the Weyl
quantization has the not-so-bad following behavior (see [24]) : Let p;i(h) and pa(h) be symbols
of order 0, and P;(h) and P(h) their Weyl-quantization. Then [Py, P,] is a pseudo-differential
operator of order 1 and of Weyl symbol

E (prp) + 00) (@)

In particular the sub-principal symbol of [Py, P»] is easily computed in terms of those of P; and
P2 :

Ouun (L [P1, P2)) = {p1.0,0wub(P2)} + {0 (P1), P20},
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where p; o is the principal symbol of P;. A

Remark 4.5. The above classes of operators would be purely abstract if we could not relate
them to usual h-admissible pseudo-differential operators in the sense of [36] and others, for which
additional assumptions concerning the behavior of the symbols at infinity are needed. Such a
link is here easy: if P(h) € ¥7*(£2), where € is some open subset of R”, we can form a strongly
admissible pseudo-differential operator on R” by extending the Weyl symbol to zero outside its
support, and using a Opfcv quantization. Conversely, if Q(h) is an admissible pseudo-differential
operator in the sense of [36], it has a Weyl symbol, that we can cut to make it compactly
supported in €2, and get a P(h) again. If Q(h) was already obtained by a P(h) in ¥{*(£2), then
by definition the new P(h) will microlocally coincide with P(h) on the set where the cut-offs
are both equal to 1. The interest of this microlocalization procedure will be made clear in the
next section (prop 4.3). A

Finally, compactly supported pseudo-differential operators on manifolds can then be defined
to be locally finite sums of operators admitting the above description in a local coordinate chart.
The principal and sub-principal symbols remain well-defined functions on T*X.

4.3 Fourier integral operators

Similarly to the space ¥{(£2), microlocal classes of Fourier integral operators can be constructed.
We will here skip most of the details. Let X, Y be differentiable manifolds, and Qx and Qy
open subsets of T*X and T*Y respectively. Suppose we have a symplectic diffeomorphism x
from Qy to Qx. Let A be the graph of x in Qx x Qy. It is an immersed Lagrangean submanifold
of T*X x T*Y, where T*Y denotes the cotangent T*Y equipped with —w, the opposite of the
standard symplectic form. Thus, A admit parameterization by non-degenerate phase functions
¢ : A = UA,. For details about this construction, refer to [18] or [1]. Following [10], we define
U (Q2x,Qy, x) to be the space of operators whose kernel is microlocally equal to a compactly
supported classical h-oscillatory integral on A (see paragraph 4.6). On each A, it has a principal
symbol defined as a function on A,. A Fourier integral operator U(h) is said to be elliptic at
a point (z,¢) or, equivalently, at the point x~!(z, ), if its principal symbol does not vanish at
(X_l(‘ra é)’ (:Ea 5)) € A<P'

These operators behave as expected with respect to composition and microlocal inversion of
elliptic operators. Most important for us, they allow to find normal forms for pseudo-differential
operators thanks to the celebrated theorem of Egorov : if P(h) is a pseudo-differential operator
on Qx of principal symbol p and U(h) an Fourier integral operator elliptic at a point (z, &), then
U~ 'PU is, near x !(z,¢), a pseudo-differential operator of principal symbol p o x.

4.4 h-admissible functionals

In the above, we have let pseudo-differential operators act on h-independent distribution half-

densities, which is of course not enough for our purposes. Let U be a regular domain in R".

If u € D'(U,Q1), then for any pseudo-differential operator P(h), Pu is a compactly supported
2

distribution, hence in the Sobolev space H° for some integer s; this holds for any fixed h. In
order to get asymptotic information for all h € H, we are lead to the following definition (see
[36, prop IV-8]) :
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Definition 4.6 A family (up)pen of distribution half densities is called admissible on Q if for
any pseudo-differential operator P(h) € ¥3(Q), there is an N € Z and some s € Z such that
RN (Puy,) is uniformly bounded in H=*(U) for all h € H. We denote by Dy(Q) this space of

admissible functionals.
Dp(€) is then a Cy-module that is by definition stable under the action of ¥{*(€2).

Proposition 4.1 If uy, is admissible on Q then for any P(h) € U3(Q) there is an N’ € Z such
that hN' Puy, is bounded in L*(U).

Proof (see [36, p.195-196]).  One can find an elliptic operator D(h), that is a zero-order
usual pseudo-differential operator on U, that uniformly maps L?(U) into some power of h times
H5(U) (extend to R*, and take D = h°(—A + |z|? + 1)*/?). Let D' be a right inverse
of D, and P(h) € T}(f2) be as in definition 4.6. So there is a N’ and a C' < oo such that
[|[ D=1 Puy| 2w) < Ch=N'. As a zero-order pseudo-differential operator, D is uniformly L%
continuous ([36, th.II-36]), so we get the result. O

A natural notion of “microlocal equality” for admissible functionals can now be defined :

Definition 4.7 Dp°(Q) denotes the space of up € Dy(S2) such that for any pseudo-differential
operator P(h) € ¥§(Q2) we have :

||Puh||L2(U) = O(h*).

Two admissible functionals up, and vy, are called microlocally equal on 2 if they belong to the
same class modulo Dp°(Q2). Following [11], we will write “up ~ vy on Q7 in that case. If
m € T* X, we say that up ~ vy, at the point m if there exists an open neighborhood € of m such
that up, ~ vy, on €.

Note that, because the above definition only involves estimates on compact subsets of Q, up ~ vp,
on {2 if and only if uj, ~ v, at each point of 2. Moreover, to test microlocal equality at a point,
it is sufficient to pick up an elliptic operator that satisfies the required estimate. There again
we have obvious although useful properties :

Proposition 4.2 o if P(h) € UP(Q), then for all up € Dy(R), Pup ~ 0 on Q;
o if up, ~ 0 on Q, then for all P(h) € ¥§(?), Pup ~ 0 on .

This is essentially due to the L2-continuity of pseudo-differential operator of order 0. In other
words, the quotient space W§(€2)/¥3°(€2) acts naturally on Dy (2)/Dp°(2). This says that the
action of a pseudo-differential operator on an admissible functional is microlocally given by
the (formal) Weyl symbol oy . Note also that the space Dy(£2)/Dy°(€2) has the structure of a
Cp,-vector space.

In particular, if V is any subset of €2, the definition 4.7 gives a natural microlocal equality on
N, which is compatible with the notion of restriction of a pseudo-differential operator previously
introduced: two pseudo-differential operators microlocally equal on N have the same action on
two admissible functionals microlocally equal on N.

The same remark applies for the following interesting result :
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Proposition 4.3 If Q(h) is a global admissible pseudo-differential operator in R in the sense
of [36], Q an open subset of R®™, wp an admissible functional in Q, and P(h) € ¥§() a
microlocalization of Q in a compact K of Q, then Qup, is admissible in Q and :

Quyp ~ Pup, on K.

Alternatively, one can relate this notion of microlocal equality for admissible functionals to
the so-called semi-classical wave front set, as introduced in [36, 10], and denoted by W Fj,(uy,).
This notion is not stabilized yet, in the sense that, depending on authors, it includes or not
uniform estimates at infinity (see remark in [11, p.1541]). Anyhow, the simpler part of W Fy,
that is to say its intersection with 7* X, is defined as follows :

suppose uy, is admissible on 7*X. Then W F,(uy) NT*X is the complement subset in 7% X
of the biggest open subset €2 such that up ~ 0 on 2.

The definition is of course based upon the homogeneous wave front set introduced by
Hoérmander (see [30, sec.2.5]). It has a useful local characterization in terms of the semi-classical
Fourier transform :

Lemma 4.4 ([36, 10]) An admissible functional up, microlocally vanishes at the point (x,,€,) €
T*X (equivalently, (xo,&0) & W Fy(up)) if and only if there ezists a function ¢ € C§°(X) with
©(z,) # 0 such that, in some local coordinates :

Fhlpun)(§) = O(h™)

uniformly for € in a neighborhood of &,.

Here F}, denotes the “semi-classical Fourier transform” :

1 i
Fn = = / e 1 %8dx
(2mh)2 Jre

(we will sometimes use the usual Fourier transform F = Fi). Note that F}, is a priori defined
for tempered distributions, but the Fourier transform of a compactly supported distribution in
R™ can be thought as a continuous function (it is analytic). For the proof of this lemma, one
constructs a compactly supported pseudo-differential operator with “rectangular support”, that
is with symbol of the form x(&)¢(z).

Unfortunately, because of the lack of uniform estimates in the fibers one should not expect
an analogue of theorem 2.5.3 of the previously cited article [30]. Indeed, if U is an open set of
X, then W Fy,(up) N T*U = () does not imply that uy is locally O(h®°) on U. For instance, one
easily sees from lemma 4.4 that up,(z) = a(z)e/"’ is microlocally zero on T*R", while obviously
not locally O(h®).

The solution found in [10] for functionals on R" is to extend the wave front set to a subset
of the compactified cotangent bundle obtained by adding a point at infinity to each direction &.
An admissible functional uy, is then said to be microlocally zero in the direction (xq, R*&p) if,
for large ¢ in a conic neighborhood of &y, and for any cut-off function ¢, the Fourier transform :

Fr(un)(§)
is of order O(RY /|¢|V) for all N > 0. Then the following statement is valid :
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Lemma 4.5 An admissible functional up, is O(h®) uniformly for x near z, if and only if there
ezists a function ¢ € C§(X) with ¢(z,) # 0 such that :

Fnloun)(€) = O(RY /(1 + [ED™),

for all £ € R"*, for all N € N.

The condition expressed by this lemma is that there exists a neighborhood U of z, such that up
is microlocally zero in T*U as well as in all directions of T*U.

Similarly to lemma 4.4, we have for instance the following fact : let u; be an admissible
functional defined on R", so that Fpu, makes sense. If Frup is a O(h*°) function in a neigh-
borhood of any ¢ in an open set Y, then wuj is microlocally zero in the whole R” x Y. This
allows the following construction : let 1 = x1 + -+ - + xx be a partition of unity subordinated to
the open cover |J f T; in the {-space. Let U be an open subset of R with compact closure. If
Vjh, 3 =1,...,k are admissible functionals on U x T; that microlocally coincide on non-empty
intersections U x Yj, M-+ N T}, one can define an admissible functional up on U x J; T; by

cutting off the v;;’s outside U in R* and requiring :

k

Frup = Z XjFnvj-
j=1

Then uj, microlocally coincides with each v;, on U x T ;. Indeed, from the microlocal equality
of the v;;’s on non-empty intersections, and the compactness of their support, it follows from
lemma 4.4 that the Fourier transforms Fjv; 5 are C* functions that coincide with each other up
to O(h*) around each point of such non-empty intersections. Thus Fjuy, also has that common
value around these points, which yields the result. O

Finally, if U(h) € U7 (Q2x,Qy, x), then for any admissible up in Qy, Uuy, is admissible in
Qx, and because of Egorov’s theorem, U transports the wave front set by x.

4.5 Microlocal solutions

Definition 4.8 Let ) be an open set in T*X. An admissible functional up, € Dp(Q) is called a
microlocal solution on Q of a system (Pi(h),...,Py(h)) of pseudo-differential operators if :

Vi=1,...,k, Pjup ~ 0 on L.

We allow here to choose a suitable set H where h is to vary. The space of all microlocal solutions
of (Py,...,P;) modulo microlocal equality will be viewed as a Cp-vector space. Because of
microlocal inversion of elliptic operators, any such solution is “microlocalized” in ﬂj pj_l(O),
which means that W Fj,(u;) must lie in this set (p; denotes the principal symbol of P;). If two
solutions have different non-empty wave front sets, then they are independent. In case the p;’s
are real-valued, the “propagation of singularities” theorem states that W Fj(uy) is locally stable
under the action of the Hamiltonian flow of p;.

As we will see later, global problems often have no solution in the previous sense. Suppose
that the P; depend continuously on an additional parameter E in a compact topological space
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V (cf. end of section 4.1). Depending on the degeneracy of the p;’s, it might be impossible to
find a solution (in the previous sense) for some E, and depending on E, the appropriate sets Hg
where h varies might be disjoint. Still, the whole theory being asymptotic, we need to control
things when h tends to zero ! Therefore, we introduce the following :

Definition 4.9 Let ' be a subset of |0,1] x V. Let H be the projection of T' onto ]0,1]. We
assume that 0 is an accumulation point of H. We say that a family (uh,g))(h,E)er s admissible
if definition 4.6 holds uniformly for (h,E) € T.

Recall that E varies in a compact. Accordingly, u,, gy microlocally vanishes at point m if there is
an elliptic pseudo-differential operator P(h) at m such that ||Pug, gy||r2(y = O(h*) uniformly
for (h, E) € T. Thus we are still able to define a semi-classical wave-front set W Fj, (us,g))-

Now if u(,, g is admissible and PJE depend continuously on E, then P]Eu(h, E) is admissible,
and we say that u, ) is a microlocal solution of the system (PE,...,PEF)on Qif PJEu(h’E) ~0
on 2 according to that definition. Then we have :

Proposition 4.6 Let u, gy be a microlocal solution of the equation PEu(h,E) ~ 0 on Q. The
following inclusion holds :

WFh(u(h,E)) - {(waé.) € T*Xa dE, € V,, pEo($7§) = 0}3

where V, is the set of E, € V such that (0, E,) is an accumulation point of T. pg is the principal
symbol of PE(h).

Proof. Let (z,£) € T*X such that for any E, € V,, the principal symbol pg, is non zero at
(z,&). Since V, is compact and pg is continuous in E, then there is an open neighborhood V of
V, and a constant ¢ > 0 such that for E € V, |pg| > c. Then there is an open neighborhood 2 of
(z, &) on which that remains valid. The complement V¢ being a compact set of non-accumulation
points, we can pick up a h, such that ([0, h,] x V°)NT is empty. From now on, we will therefore
restrict T to [0, ko] X V. Because of the uniform ellipticity of P¥ on Q, for (h, E) in that new T,
we can construct a pseudo-differential operator Q¥ (h) depending continuously on E € V such
that QFPF ~ I on Q. It is not difficult to see that if an admissible v(h,E) 18 microlocally zero
at a point m, then for any pseudo-differential operator Q¥ (h) depending continuously on E in
some compact, then Q¥ v(h,E) is still microlocally zero. Back in our problem, we see that :

U(h,E) ~ 0 at ($a£)a

which is what we needed to prove. O

4.6 Oscillatory integrals

The WKB ansatz for solving Schrodinger-type equations consists of restricting the scope of
solutions to a subspace of admissible functionals : the space of oscillatory integrals, that we
wish to describe now. These functions have a long history, particularly in Quantum mechanics,
and it is well known since the treatise of Maslov [34], made more rigorous and expounded by
Hoérmander and Duistermaat (see in particular [18]), that they are particularly fit to locally solve
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generic microlocal pseudo-differential equations. In fact, as we shall see later, in some cases all
solutions are microlocally equal to oscillatory integrals.

We recall here the definitions of [18], with some precisions.

We are given an compact immersed Lagrangean manifold A € T* X, endowed with a smooth
half-density p. Suppose that is fixed a covering of A with simply connected embedded open
subsets Ay, described by reduced phase functions ¢ (z,8) (“reduced” means that the number
of additional oscillatory variables 6 is exactly the maximum dimension of the kernel of dm,
where 7 is the projection A, — X. This dimension is known to be the minimum dimension of ¢
variables needed for a phase function defining A — [30, theo 3.1.4] or [18, 1.3.6]). ¢ gives rise to
a function on A, — that we still denote by ¢ — whose exterior differential is the Liouville 1-form
ag-

An oscillatory symbol on A, is a half-density o(h) on A, of the form :
o (X h) = e(h)er*Na(X; h)p(N),

with ¢(h) € Cp, and a(h) a classical symbol in $*(A,). Will will say that o is classical if ¢ is.

If a(h) is of order 0 and elliptic on A, (as we will generally assume), we will prefer the
notation :

o(A; h) = e M TR 5()) (5)

where c(h) € Cp, and ®(h) is a S'-valued classical symbol on A, of order —1, whose principal
symbol % satisfies :

d(I)_l = Q-

As usual, we denote by j, the local diffeomorphism from C, to A, given by (z,0) —
(z, 22(,0)), where C, = {(z,0) € X x RV, %2(z,0) = 0}.

An oscillatory integral on A, is a half-density on X of the form :
c(h)

S / e ?@Ob(z, 0; h)do|dz|?, (6)
2 JRN

un{e) = (2imh)

where c(h) € Cp,, and b(h) is a classical symbol in S;(X x RY). Then

o = (jo) " (ce??bic,)

is an oscillating symbol. wuj is an admissible functional, and because of the stationary phase
formula, is uniquely defined modulo microlocal equality by the asymptotic expansion of b(h) on
any neighborhood of C,. o is thus well defined by u; modulo microlocal equality.

Definition 4.10 An admissible functional up is a Lagrangean distribution on A if there is a
cover A = UA,, such that up, is microlocally equal to an oscillatory integral on each A,.

On each Ay, such Lagrangean distributions have a symbol o(h) defined modulo O(h*), but in

general (N # 0) the morphism up — o(h) is not injective; however, one can prove that it is
an isomorphism at the principal level (if uj can be written with b(h) of order m such that the
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h™ part of o(h) vanishes on a neighborhood of (z,,&,) € Ay, then near j;l(:co,fo), uy, can be
rewritten with a b(h)" of order m + 1).

On the other way round, the symbol map is surjective, and one can construct right inverses
(“Maslov canonical operators”) in the following way : let o(h) be a oscillatory symbol near
(0,€) € Ayp. Then it defines the function b(h) on a neighborhood of b, = j,'(2,,&,) in C,,.
If N > 0, C, is a proper submanifold of X x RY. Let B, be a sub-bundle of T(X x RY)
supplementary to T'C, near b,. One defines the germs of b on Cy, to be zero along B,, and
smoothly extends b to X x RY accordingly. Then b has the same h-order as o(h) and the
oscillatory integral u, = Op(o) so constructed has symbol o(h) (mod O(h*)).

Of course, since we have not made any mention to the Keller-Maslov bundle yet, the symbol of
a Lagrangean distribution depends on the phase function ¢ considered. The result of Hérmander-
Maslov is the following : if uj, and vj, are zeroth order oscillatory integrals on A, and Ay
respectively that are equal modulo O(h) at a point (z,£) € A, N Ay, then there is an integer u
such that, at the principal level, oy, ~ e#>a,, + O(h) at (z,&). Because of the normalization
in (6), u = p1y — py, where, for a phase function g, 214 is the signature of the f-Hessian of g at
(x,&) minus N,.

With these transition functions, one can globally define the principal symbol of a Lagrangean
distribution as a section of the Keller-Maslov bundle. In the sequel, Maslov indices will always
be prompted very clearly, so we don’t insist any further on that point.

Note that if uj, serves to construct a Fourier integral operator U(h) as mentioned in section
4.3, then the principal symbol of wy, is invariantly defined by U.

If the symbol is elliptic and we write it as (5), we will refer to ®(h) as the total phase of up,
and the principal phase is % + @, both defined modulo a constant c(h) € Cp,.

Finally, we admit the dependence of a Lagrangean distribution on an additional parameter
E, provided the involved estimates are uniform in the sense of definition 4.9. It is the case for
instance if the symbol b depends continuously on FE.

5 Non-singular quantization conditions

Let Pi(h),...,Py(h) be a semi-classical integrable system, and denote by A( the principal La-
grangean manifold associated to it. Ay may be critical, but in this section we shall work on a sub-
manifold A C Ay consisting only of non-singular points of the momentum mapping (p1,...,pn).
Moreover, we shall always assume that A is compact.

With these data, we express a necessary and sufficient condition for the existence of mi-
crolocal solutions of the system on A (proposition 5.6). Thanks to the WKB construction, we
prove that this condition involves, at least at the principal level, geometrical characteristics of
the system, namely the Liouville 1-form g and the sub-principal form  (theorem 5.8).

As an application, we recover the well-known Maslov-Bohr-Sommerfeld quantization condi-
tions for O(h?) solutions in the case where A = Ay is a whole non-singular Liouville torus.

When the system depends smoothly on an n-dimensional parameter F in a suitable sense,
the above results are seen to be uniform on F, which will allow us to apply the quantization
condition to the study of semi-classical spectra. In the case of a non-singular Liouville torus,
the study of the spectrum was also completely carried out, with a different approach, in [5].
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5.1 Dimension of microlocal solutions

The following result is a generalization of lemma 18 of [11].

Proposition 5.1 Let x € A be a non-singular point of Ag. The space of microlocal solutions of
the system Pyu ~ 0 on a neighborhood of x, modulo microlocal equality, has dimension 1.

If ¢ & Ay, the space of solutions of this system has dimension 0.

Proof. The second point comes from the fact that near z, the system is elliptic, hence microlo-
cally invertible (see proposition 4.6).

Concerning the first one, we use the following microlocal normal form, which is standard :

Lemma 5.2 There exists an elliptic Fourier integral operator U(h) associated to a Darbouz-
Carathéodory coordinate chart (x,£) such that

U~'PU ~ h o
i Oz

on a neighborhood of x. If every P; is formally self-adjoint, then U can be chosen to be unitary

(mod O(h®)).

Accordingly transformed, the system always admits the constant solutions. It remains now to
prove that these are the only ones, that is, that any solution uj, of a%ju ~ 0 is microlocally
constant. Let uy be such a solution. We can always assume that it is compactly supported. We
want now to “cut-off in the frequencies”, which we do in the following way :

Let vy an admissible functional defined by Fpv, = xFrup, where the cut-off function x
is C§° and has value 1 on a neighborhood of 0. Then wj; and v are microlocally equal on a
neighborhood of 0. Moreover, vy, is a local solution (modulo O(h™)) of the system near 0. This

comes from the fact that fh(%giw’;) = & Fpvy, satisfies the hypothesis of lemma 4.5.

We have thus reduced the problem to a system of the form :

dh’l)h = Wh = O(hoo)
on a neighborhood of 0 (here dj, denotes the exterior differential operator dj, = (% 6%1’ . %)).
The solutions of this system are necessarily of the form

|

el
csteh—l—i/ wp (tz).zdt.
h Jo

The second term in the sum is O(h*), as wy, was. Hence it is microlocally zero, which gives the
result. O

Let @ = 1(t1) o --- o @, (t,) be the classical flow associated to the momentum map of the
system. By transport of singularities, we obtain the following corollary :

Corollary 5.3 If the action of ¢ on A is transitive, then the space of microlocal solutions of
the system Pyu ~ 0 on A has dimension at most 1.
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If we restrict to a simply connected open subset €2 of Ay, and if all trajectories of the flow
remain open (which is automatic if {2 contains no singular point), then local microlocal solutions
can be glued together to obtain a non-trivial solution of the system on 2. This occurs for instance
if Q is obtained by propagating a non-singular point of Ay by the flow during a short time (cf.
theorem 1.4.1 of [18]).

As soon as we have closed trajectories, we get obstructions, which we describe in the following
paragraph. Later on (paragraph (5.4)), we will show how to interpret these obstructions thanks
to the WKB method, and get the so-called “Bohr-Sommerfeld quantization conditions”.

5.2 The bundle of microlocal solutions

For x € A, let L,(x) be the 1-dimensional vector space over C;, of microlocal solutions of the
system at the point z (modulo microlocal equality). For any open subset 2 of A, the disjoint
union L (Q) of the L£;(z), € Q has a natural structure of a C,-line bundle over 2, defined
by the following local trivializations : if Q = UQ,, where every €2, is chosen small enough so
that the system admits a non-trivial microlocal solution u$ on it, then we define ¢q, to be the
isomorphism :

©Q, - Q x (C_h — Eh(Q)

(@, c(h)) = c(h)uy- (7)

If we restrict to non-trivial solutions, this also defines a principal bundle £j,(A) over Q with
structure group C,* = C, \ {0}. This bundle has a natural flat connection, whose parallel
sections are those that are locally constant in the above trivializations (from the infinitesimal
viewpoint, its horizontal distribution is defined to be the image of the standard horizontal spaces
of Q x Cp, by the trivialization maps ¢q_ ). It is well defined because on intersections €2, N Qg,
such trivializations differ by a constant, due to proposition 5.1. By the same argument, it is
also independent of the set of microlocal solutions uj chosen to define the trivializations. The
interest of this connection is stressed by the following lemma, :

Lemma 5.4 There is a natural identification of the space of non-trivial microlocal solutions of
the system on an open subset Q C A with parallel sections of L().

Proof. Let us first consider the case 2 = Q,. The general case will follow by a microlocal
partition of unity. Now, using the trivialization g, , a section of L (€2, ) takes the form :

on(z) = c(z; h)uy .

This section is parallel if and only if ¢(z;h) = ¢(h) is a constant (modulo microlocal equality,
of course), so, by proposition 5.1, if and only if o, () = o}, is a microlocal solution on Q. It is
non-trivial if and only if ¢; # 0.

Now assume (2 is any open subset of A. One sense is obvious : if uy is a non-trivial solution
on £, then it can be used to trivialize the line bundle £;(f2) as in (7). Now, since the definition
of the connection is independent of the chosen solutions, the constant section o (z) = uy is a
parallel section.
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On the other way round, suppose op,(z) is a parallel section of £;(£2). Then we proved
that its restrictions to each €, are non-trivial microlocal solutions vj} on €,. Let P*(h) be a
pseudo-differential partition of unity on  subordinated to the cover Q, (it means that the Weyl
symbols form a Cg° partition of unity of Q). Then each P®vj is an admissible functional on a
neighborhood of 2, and the sum

vp = Z Py
07

is microlocally equal to vj¥ (and hence to o;,) on each €,. Therefore, v}, is a microlocal solution
on {2, whose associated parallel section is gj. This terminates the proof of the lemma. O

Thus, the obstruction to the existence of a microlocal solution on A only lies in the holonomy
of the connection, which, in this case, describes the monodromy of the solution. This holonomy
can be represented by the cohomology class of a Cech 1-cocycle on A with values in C,”".
Summarizing, we get :

Proposition 5.5 There ezists a non-trivial microlocal solution of the system on A if and only
if the holonomy cocycle of the Cp,"-principal bundle Ly(A) with its natural flat connection has
microlocally trivial cohomology.

From now on, our principal task will be to explicit that holonomy. Besides the above definition,
we can give a direct and more concrete description of it in terms of Cech cohomology, that shall
be more efficient for our further analysis.

We still let ©, be a (finite) cover of A by simply connected open subsets such that each
), admits a neighborhood in M on which proposition 5.1 applies. We thus get a family uj
of non-trivial microlocal solutions of the system on 2,. Moreover, on non-empty intersections
2o N Qg, the same proposition affirms the existence of unique non-zero constants Pah) e G,
such that :

uﬁ ~ Py on Q, N Q.
The s satisfy the cocycle condition :
B~ Prere

on every non-empty intersection Q, N Qg N Q,. Furthermore, another choice of solutions u'y
would give rise to constants ¢’ pa differing by a coboundary d®(h) :

8
P d—cﬁa.

dOL
This Cech cocycle ¢ is exactly the holonomy form of the connection introduced above. The

matching conditions are then the following :

“there exists a non-trivial microlocal solution on A if and only if ¢**(h) is a coboundary
(modulo O(h)).”

It is, of course, a simple re-formulation of proposition 5.5. In the sequel, instead of the
complex-valued Cech cocycle [c(h)], we will rather deal with the two real-valued cocycles obtained
via the exponential representation :

Ba :\Ba
P = e e
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in which p?®(h) € R and M\®(h) € T. We denote by p(h) and A(h) the corresponding Cech
cocycles.

Proposition 5.6 Suppose that every P; is formally self-adjoint. Then [p(h)] is microlocally
trivial, and [A(h)] admits an asymptotic expansion of the form :

BT~ D DlRb.

k>—1

Proof. We cover A by open subsets €2, on which the normal form of lemma 5.2 applies.
This gives rise to a family of microlocally unitary Fourier integral operators U%(h) on Q,. An
associated set of solutions is given by uj = U%1,, where 1, denotes an admissible functional
microlocally equal to the constant 1 on €2,. Suppose {2, N {1z is a non-empty intersection and
let z be an element of it. Finally, let 1, denote an admissible functional microlocally equal to
1 on a neighborhood of z. On z, we have uj ~ U%1, and uﬁ ~ UP1,. Therefore, the constant
P (h) is given by :

1, ~ (U 7LUP,.

The unitarity of the Fourier integral operators implies that |¢?®| ~ 1, which gives the first
statement of the proposition.

Now, (U*)~'U# is an elliptic Fourier integral operator which implies that (U®)~'U?1, is
at z a classical Lagrangean distribution with a symbol of the form (5). This gives the last
statement of the proposition. O

Remark 5.1. The description of the cocycle ¢?®(h) involves no regularity on A. And indeed,
the notion of a flat line bundle with holonomy is well-defined on any topological manifold. This
will enable us, in section 6.7, to apply that description on a singular Lagrangean. For the
moment however, the C*° structure of A makes it possible to apply the De Rham isomorphism
and get a smooth connection 1-form A(h) on A. In the next sections, precisely, we show how the
1-forms ap and k enter the picture. A

5.3 WKB method

Although this might not seem obvious, propositions 5.5 and 5.6 are essentially related to the
celebrated WKB construction.

The WKB method for solving pseudo-differential equations consists in looking for a special
kind of approximate solutions, called oscillatory integrals (see section 4.6). The use of semi-
classical oscillatory integral in mathematics was initiated by Maslov, and pursued by different
authors including Arnold, Hérmander and Duistermaat. The result is that, provided we are
given an invariant half-density on A (this will come from the Liouville measure), we can always
construct such solutions in a neighborhood of a non-singular point of Ay. According to propo-
sition 5.1, such a solution has to be the only one — up to multiplicative constant. This means
that we can freely use the WKB construction to look for general properties of our microlocal
integrable systems. This is the goal of the following paragraph.
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Note that we previously constructed microlocal solutions via another method, namely the
use of a normal form. The link with oscillatory integrals lies in the use of a Fourier integral
operator; more precisely, with the notations of lemma 5.2, the admissible functional U1 is a
Lagrangean distribution that is a microlocal solution of the system on a neighborhood of z (1
denotes a functional microlocally equal to the constant 1 on a neighborhood of z).

The derivation of the transport equations in the WKB method for completely integrable
systems is fairly standard now (see for instance [8]), and our aim here is only to briefly recall
the idea. Of particular importance is the entrance of the sub-principal form k into the picture.

Let up be a Lagrangean distribution on Ag of order 0. To ensure that it is not trivial, we
assume that it is elliptic at a point (zg,&p) € Ay, so that we use the notation (5) for the symbol
o(h) (we assume that we work on a fixed A,). The viewpoint here is to find conditions on o in
order that uj be a microlocal solution of the completely integrable system at (z, &o).

First of all, if one looks for a solution up to O(h) terms, one finds the condition that ®_; is
indeed a phase function for A, i.e. : on A,

d(I)_l . (7))
R h’
Note that this first condition only involves the principal symbols of the P;’s.

Keeping ®_; fixed, one can look now for a solution up to O(h?). Since we suppose that the
sub-principal symbols are real (which occurs for instance if the P;’s are formally self-adjoint),
then this raises two necessary and sufficient conditions : a) the half-density p must be invariant
with respect to the Hamiltonian action of the system; b) on A, one must have

d(I)() =K,

where £ is the sub-principal form of the system. Because of condition a), we can assume that p is
the canonical Liouville half-density on Ay. Condition b) implies that x must be closed, which is
already given by the fact that the P;’s commute with each other up to the order O(h?). Finally,
note that if the sub-principal symbols are complex-valued, the conditions are still sufficient, but
not necessary.

The previous step generalizes by induction to provide solutions up to any order. However,
notice that the two conditions obtained above depend only on the principal symbol of u; and
on some closed 1-forms uniquely defined by the system. The next conditions involving higher
order terms of the symbol won’t of course be invariantly defined anymore. Still, there is a way
to keep track of the total symbol of up, and this is to fix a “Canonical operator” (see section
4.6) up, = Op(o(h)), as stated in the following proposition :

Proposition 5.7 Let A, be a neighborhood of (zy,&) in Ay described by a phase function
@. Let Op be a Canonical operator on A,. There exists closed real-valued 1-forms Ky, k =
—1,0,1,...,00 on Ay such that :

The oscillatory integral up = Op(e!®XM p(X\)) is a microlocal solution of the system up to
the order O(h™V) on A, if and only if the ®y’s, k = —1,...,N — 2 satisfy :

d@k = K-

Kk_1 18 the Liouville form aq restricted to Ay, and kg is the sub-principal form k. For k > 0,
ki depends on the Op-quantization.
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A similar result holds if the P;’s depend continuously on a parameter E. Note that in [8,
p-38] Y.Colin de Verdiére included the dependence on a parameter directly in the definition of
the oscillatory symbols.

5.4 The regular quantization conditions

Theorem 5.8 We still assume that the P;’s are formally self-adjoint, and that A is a regular
open subset of Ag.

~ Let [A(h)] € HY(A,T) be, as in proposition 5.6, the holonomy phase of the microlocal bundle
Lr(A). There exists a non-trivial microlocal solution of the system on A if and only if

[A(h)] € H' (A, 277Z) + O(h™),

and any other solution is then a multiple of it. Moreover, [\] admits the following expansion :

W)~ [l + D7 D,

k=-—1

where p is the Maslov cocycle, A_1 is the restriction of Liouville 1-form ag on A, and Ay = KA
is the sub-principal form of the system.

Proof. The first points are direct consequences of propositions 5.5, 5.6 and 5.1. It remains
to prove the statement about the principal terms of the asymptotic expansion of [A\]. We cover
A by simply connected open subsets €, such that each €2, admits a representation by a non
degenerate phase function ¢,. The most immediate consequence of proposition 5.7 is that
microlocal solutions as Lagrangean distributions always exist on €,; Let us denote by uj such a
set of solutions, and by ®*(h) their principal phases. Finally, we let 4®® be the (integral) value
of Maslov’s cocycle associated with that cover.

The equation
ug ~ PY(R)ug on O, N Qg

implies that arg ¢®® is, mod O(h), the difference of the principal phases of Uy and uy, plus the
value of the corresponding Maslov cocycle. That is,

arg P (h) = 3%(h) — ®P(h) + ;ﬂﬂg +O(h).

Because of proposition 5.7, ®* — ®? is the value of a Cech cocycle whose cohomology is repre-

sented, via the de Rham isomorphism, by the cohomology of the smooth 1-form %% + & restricted
[o]

to A. Therefore, arg ¢®® is represented, modulo O(h), by 52 + [k] + [u]5. Since arg P is itself
a representative of [A], the theorem is proved. O

If A = Ay is a whole Liouville torus, the principal terms in the quantization condition
yield the well-known Maslov-Bohr-Sommerfeld quantization condition : “For all closed paths ~y
in Ay (or equivalently for the n standard generators of Hi(Ag) obtained through action-angle
coordinates),

%AQO+LK+M(7)g € 217+ O(h)". (8)
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5.5 Spectral parameter dependence

The motivation of this paragraph is to make the above results suitable for studying spectral
problems, namely for investigating the solutions of the microlocal system :

(Pl(h) - El)uh ~0,..., (Pn(h) - En)uh ~ 0,

according to the appropriate definition of microlocal equality (section 4.5).

In order to do this, the operators P; in the quantization conditions have to be replaced by
P; — Ej;. In the following analysis, we will need to state the problem in a slightly more general
setting, where we replace P; by an operator depending on E in essentially the same way as
P,—FE;:
J j

Definition 5.1 Let P;j(h) be a semi-classical integrable system on an n-dimensional manifold
X, with principal symbols p;. A system PZE (h) depending smoothly on the parameter E € R"
will be called regular deformation of P;(h) if for each E, (PE(h),... ,P]-E(h)) is a semi-classical
integrable system, with principal symbols p?, and there exists a C* function f¥(z) = f(E,z),
f:R* xR* — R™ such that f° =id and f(-,0) is a local diffeomorphism of (R*,0), such that:

(P{Ea--- apf) = fE(Pla--- s Pn)-

For such a regular deformation, the new Lagrangean foliation AZ is globally the same as the
original one A., with different labels : A, = AJ‘?E (o)

Now we assume that there is a tubular neighborhood €2 of A such that for E in a sufficiently
small compact neighborhood of 0, the intersections A¥ = AOE N are non-singular submanifolds
of Af. Then it is easy to verify that every result of this section extends to uniform solutions
of the perturbed system PF(h) on (2. In particular we obtain a perturbed cocycle [c” (k)] that
smoothly depends on E. It implies that the terms in the asymptotic expansion in powers of
h of the cocycle [AF(h)], equal to the argument of [c”(h)], are locally smooth but possibly
multivalued functions of E. At the principal levels, this gives a parameter dependent version of
the Bohr-Sommerfeld conditions (8) : “for any family of loops v drawn on AY,

1
—/ a0+/ nE+u(7E)E € 2rZ+ O(h)”. 9)
h NE ~E 2

Remark 5.2. Let PP(h) be such a smooth deformation. Then one can look at the family
obtained by letting E = ht, where ¢ is a bounded parameter (let’s assume for clarity in this
remark that n = 1; everything applies to the many-dimensional case as well). Using that in
every local coordinates, the Weyl symbols of PIE is a smooth function of E, one can see that the
operator

Pt(h) & P (h)
is still a classical pseudo-differential operator, with uniform estimates for bounded ¢, but its
principal and sub-principal symbols are of course not the same as those of P¥(h). More precisely,
if we denote by ¥ the sub-principal symbol of P¥, then, because of Taylor’s formula, :
of " f

f(E,z) = f(0,z) + Ea—E(O,w) +oe 4 ENaE—N(O, z) + O(ENTY), (10)
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which holds uniformly for bounded E, the principal and sub-principal symbols §' and 7 of I:"t(h)
satisty :

= =P, wd # =+t ) (1)

’ OF |B=0"

Now, let us see what Bohr-Sommerfeld conditions (9) become. First of all, (11) shows that
the principal Lagrangean Ag of the new system is independent of ¢ and equal to AJ. Let us
call #* the sub-principal form on AJ. On the other hand, the family of Lagrangean manifolds
AY = {fE(p) = 0}, with E = ht, depends smoothly on h; let us call §x' its deformation 1-form
at h =0 (see 3.2.2), defined by :

ofF
9 .

OF [E:O(p)
Then paragraph 3.2.4 together with (11) shows that, on A,

(5lﬁ)t.Xf0(p) =

kb= k% + oK',

Now, if v is a smooth family of loops drawn on Ag , lemma 3.2 implies that, when E = ht,

/Ea0:/0a0+h on! +O(h).
Y Y Y

Since it is clear that [ kP = Lo kY + O(h), we get :

1 1
—/ ao—l-/ HE:—/ a0+/ &'+ O(h).
h ’YE ’YE h 70 ,YO

In other words, we exactly recover the Bohr-Sommerfeld quantization conditions we would have
expected to find for the t-dependent system P!(h).

Note that this remark will mostly be used with f(E,z) = z — E, so that #* =% — ¢, A

6 Bohr-Sommerfeld for a focus-focus singularity

6.1 Integrable systems with a non-degenerate singularity

Let M be any symplectic manifold of dimension 2n, and fi,..., f, a completely integrable
system on M. The system is said to be singular at a point m € M if m is a critical point for
the momentum map F. We shall always suppose in this work that m is of maximal corank as a
critical point, which means that each function f; is critical at m. Without loss of generality, we
shall also assume that for alli =1,...,n, fi(m) =0.

The map H that assigns to a smooth function its Hessian at m is a Lie algebra homomorphism
with respect to the Poisson bracket from the Lie algebra of smooth functions that are critical
at m to the Lie algebra of quadratic forms on the tangent space T, M. Fixing any local set
of Darboux coordinates, the latter is identified with the space Q(2n) of quadratic forms on

R = {(2,8)}-
Every singular completely integrable system thus gives rise to a linear sub-algebra Cr of

Q(2n), namely the sub-algebra generated by {H(f1),...,H(fn)}. Note that Cr is always
Abelian.
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Definition 6.1 (Eliasson [23]) A singular completely integrable system with momentum map
F' admits m as a non-degenerate singularity if Cp is a Cartan sub-algebra of Q(2n).

Recall that a Cartan subalgebra of a semi-simple Lie algebra a is a commutative subalgebra
¢ that is equal to its commutant and such that, for any element H € ¢, ady is a semi-simple
endomorphism of a.

From the work of Williamson [42], real Cartan sub-algebras of Q(2n) are classified according
to the following scheme :

Theorem 6.1 (Williamson) Let ¢ be a real Cartan sub-algebra of Q(2n). Then there exists
a symplectic linear change of coordinates in R?™ and a basis qi,...,q, of ¢ such that each ¢; is
one of the following :

o g, =17 + & (elliptic type)

e q; = z;&; (hyperbolic type)

¢ = zi& + Tit1&it1
. Gia1 = okist — Torks } (focus-focus type)

If M has dimension 4, as we shall assume from now on, only four combinations are possible.
We will restrict ourselves to the case of a focus-focus singularity. Note that this is the only
case where m is isolated amongst the set of critical points of F. In particular, the singular
foliation A, = F~!(c) has, for small ¢, only one singular leaf Ag, and if Q is a sufficiently small
neighborhood of m in M, then Q\ {m} is foliated by smooth Lagrangean submanifolds of M. If
Ay is connected, this also implies that the critical value 0 lies in the interior of the image of the
momentum map F. The aim of the following paragraphs is to give a precise description of the
singular fibration on a full neighborhood of Ay, generalizing the usual Arnold-Liouville theory
for regular fibers. The results are not new, since they are quoted in [35] and proposition 6.2 can
in principle be recovered from [32], but I believe that the following presentation gives a clearer
account of what is needed for our purposes.

6.2 Linear focus-focus

We fix here the notations used when referring to a linear focus-focus system on R* = {(z,y,&,7)}.
We shall always use Williamson coordinates, in which the system is generated by the quadratic
forms ¢1 = € 4+ yn and g2 = zn — y&. The Hamiltonian flows are denoted by A7 and Xs. It will
be convenient to use polar coordinates (r,0) for (z,y) and (p,a) for (¢,7), in which A} and X
take a simpler form (see figure 1). Of interest are also the complex representations z; = = + iy
and zo = £ + 1. The flows of &} and As are then respectively

(t, (21,22)) = (e'21,¢ '29), and

(s, (21,22)) — (eiszl,eiszg). (12)

Similarly, we can identify the momentum map F' with the complex-valued function F' = g1 +igs,
which gives

F(Zl, ZQ) = Z129.

The singular leaf Ay = F~1(0) is the union of the coordinate planes P, = {z; = 0} and
P, = {z = 0}, which are respectively the stable and unstable manifolds for the X;-flow.
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R (&,m) ~ (p, )

Figure 1: the linearized flow

6.3 Geometry of the singular Lagrangean

Singular points of focus-focus type are isolated, but it may occur that the singular Lagrangean
Ay contains several of them. Since Aj is assumed to be compact, there will only be a finite
number of them. However, we will always assume that A carries only one critical point, which
is certainly a “generic” assumption (in [35], it is claimed that one can always reduce the number
of focus-focus points by a small perturbation of the momentum map). This point will always be
denoted by m.

Recall that the usual theory of Arnold-Liouville gives action-angle coordinates in a neighbor-
hood of any connected compact regular leaf. Here, we have compactness, but without smooth-
ness. Another viewpoint would be to consider the non-compact punctured leaf Ay \ {m}; it is
smooth, and invariant under the action of the joint Hamiltonian flow of the system (this holds
because the critical point {m} is a fixed point). But there is no hope for the neighboring leaves
to be diffeomorphic to Ag \ {m}, since they are compact...

Nevertheless, the local structure of Ay near the singularity turns out to be sufficient data for
its global description.

Proposition 6.2 Let Ay be a singular leaf of the momentum map, carrying a unique critical
point m of focus-focus type. Then the connected component of m in Ay is the image of a
Lagrangean immersion of a 2-sphere with a double point. Deprived of m, it is an orbit of the
Hamiltonian action of the system, with the structure of an affine infinite cylinder.

Proof. First of all, note that we can suppose that Ay is connected. Indeed, this won’t lead to
any loss of information, since any other connected components are necessarily regular tori, for
which the usual theory applies.
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On Ag \ {m}, the action is locally free, hence by standard arguments each connected com-
ponent of Ag \ {m} (there are at most two of them) is an orbit, on which all isotropy subgroups
I are conjugated. Therefore, this orbit is diffeomorphic to R? /I, which can be either R?, or the
infinite cylinder R?/Z ~ S x R (it cannot be a torus because it is not compact).

The local structure of the flow makes up for this ambiguity. Indeed, according to Eliasson’s
theorem [22], the action is symplectically linearizable near m : there exists a symplectic chart in
which the Hamiltonian vector fields of fi and fo are linear combinations of the standard focus-
focus vector fields; moreover, the involved coefficients form an invertible 2 x 2 matrix M, which
is locally constant along each fiber A.. Now, the focus-focus vector fields are by assumption
associated to the Hamiltonians ¢; and ¢o. Since g2 has periodic orbits in any neighborhood of m,
the isotropy subgroup I is necessarily isomorphic to Z. The connected components of Ag \ {m}
are therefore infinite cylinders.

On such a cylinder are globally defined two infinitesimal generators of the action, X; and X,
by the requirement that they are obtained from the initial generators Xy, and X, by applying
the matrix M. In Eliasson’s coordinates, these vector fields are of course the standard focus-
focus generators. The first one A} is always transversal to X5, and hence describes an “axis” of
the cylinder. X; and A&, define the affine structure of the cylinder.

Let us show now that A\ {m} is necessarily connected. From the connectedness of Ay and
the local structure at the critical point m, we a priori know that Ay \ {m} has at most two
connected components, which correspond respectively to the stable and unstable manifolds of
X;. Let = be a point on the unstable manifold, contained in a small S'-invariant neighborhood
U of m. We let the flow of X7 act on z so that when time increases, the image z(t) of z goes
out of U. Now, we know from the dynamic on the infinite cylinder that z(¢) must go out of any
compact subset in finite time. Since the manifold with boundary A \ U is compact, the image
of z must necessarily enter U again. But it is clear from the local structure of the flow that z(¢)
can approach m only via the stable manifold. Therefore, the stable and the unstable manifold
are connected to each other, and hence they are equal.

Thus, Ag is homeomorphic to a cylinder whose extremities are compactified in a unique point
m, or a “pinched torus”, or a sphere with two points identified.

Figure 2: topology of Ap

Remark 6.1. We can readily deduce that m1(Ag) is isomorphic to Z, the integer coefficient
counting the winding number along the “big axis of the pinched torus”. A
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From the differentiable viewpoint, we see in the local form that Ag N U is the union of
two smooth submanifolds diffeomorphic to open discs D? and transversally intersecting at .
Therefore Ay is the immersion of a smooth 2-manifold with a unique double point. Since this
manifold can be obtained by gluing a D? at each extremity of the cylinder Ag\ U, it is a sphere.
O

6.4 Monodromy of the Lagrangean fibration around A,

The first description of the monodromy invariant for singular fibrations was carried out in
[19], where the example of the spherical pendulum was studied. Later, Maorong Zou in [43]
and Nguyén Tién Zung in [35] observed that the monodromy at stake was typical of a focus-
focus singularity. In [35], the computation of the monodromy is based on a claimed normal
form for the foliation. We present here another proof of the result, relying on the local but
Hamiltonian normal form of Eliasson. The constructions explained in the proof will be used for
the quantization conditions (sections 6.6 and 6.7).

At the same time as I was writing this article, Duistermaat and Cushman were able to
generalize the monodromy for non-Hamiltonian systems [16].

Let us first briefly recall the definition, from a topological viewpoint. For any completely
integrable system in dimension 2n, a regular value ¢ of the momentum map F gives rise to
a Liouville torus A., and thus to a lattice L. = H1(A.,Z). Because F is a smooth fibration
near F~!(c), the union of all L, is a locally trivial smooth bundle L over the open set D, of
regular values of F. Fixing a point ¢y and a smooth basis of Hi(A.) ~ Z", a local section of
L near ¢y takes values in Z", and thus is locally constant. We therefore have the notion of
parallel transport above a path in D,. The holonomy associated with it is a homomorphism
from 71 (D, cp) to Aut(L,,) ~ GL(n,Z), called the monodromy of L.

Back to our focus-focus system, we take D, to be a small ball around the origin in R? ~ C,
minus the origin. Because its 71 is Z, the problem is reduced to determining the monodromy of
a simple loop around 0.

Recall from last paragraph that for any focus-focus system (p1,ps2), there is a local normal
form (q1,q2) = f(p1, p2) near m, where f is a local diffeomorphism of (R?,0), and ¢;’s are defined
in symplectic coordinates around m by paragraph 6.2. This yields two particular vector fields
X1 and &5 defined on a full neighborhood of Ay by :

(Xla XQ) = df-(Xpla Xm)-

The flow of X5 on A, is, as we already saw, periodic of period 27, so the orbit of any point z
is a simple loop I'; on A, depending smoothly on z. Its homology class y2(cg) is therefore an
invariant of the monodromy operator. Let us denote by 7y1(cy) the homology class of a path
starting on I';, in the direction of X, going back to I';, and closing up on I';, in the direction of
Xo.

(71(c0),72(co)) is a basis of L., depending locally smoothly on cp; the monodromy of the
system is expressed on this basis by the following proposition :

Proposition 6.3 ([35]) Let (p1,p2) be a completely integrable system with a singular leaf car-
rying a unique singular point of focus-focus type. Then for any cy close enough the the critical
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value 0 € R?, the monodromy matriz, expressed in the basis (y1(co),v2(co)) of Le,, is equal to
0

10
e 1 )°
Here € is the sign of det M, where M € GL(2,R) is the unique matriz such that :

(H(q1), H(g2)) = M.(H(p1), H(p2))-

Proof. The idea of the proof, already apparent in the construction of the basis (1 (co),y2(co)),
is to show that all contributions to the monodromy can be concentrated in a small neighborhood
of the critical point m.

Let U be such a small ball around m, taken to be S'-invariant. The intersection of OU with
Ag is composed of two circles I'y, and I'y; respectively drawn on the local unstable and stable
manifolds at m. Let us take a point z on I',, and let ¥ be a small section transversal to Ay at x.
The tangent space to Ay at z is exactly the kernel of dF'. Thus, the momentum map F' realizes
a local diffeomorphism from (X, ) onto (R?,0). We can then assume that ¥ is a preimage of a
small open disc D C D, around 0.

Let Q be the invariant open subset of M obtained as the union of orbits of points in 3.
It is a neighborhood of Ay, composed of the union of Ay and invariant tori. Because of the
compactness of Q\—U, any orbit of some point y € X close to z intersect OU in two circles close
to 'y, and T's. The restriction of F' to Q \ U is therefore a trivial fibration over D whose fibers
are finite length S'-invariant affine cylinders, where the affine structure that defines the “axis”
of each cylinder is given by the vector field A} :

Q\U ~D x ([0,1] x S1)
F (13)
D

For instance, the circles T', and I'y are represented in this trivialization by (0, (0,S')) and
(0,(1,8)) respectively (see figure 3). For any y € Q\ U corresponding to the point (c, (¢,7)) in
the above trivialization, we denote by [y, ys] the X1-path corresponding to the axis (c, ([0, 1],7)).
As we can assume that U lies inside an open neighborhood of m where Eliasson’s normal form
applies, Y, and y;s have complex coordinates (yy,/s,1,Yu/s,2) satisfying

Yu/s,1Yu/s,2 = f(c)
Note that the matrix M in the statement of the proposition is equal to df (m).

Remark 6.2. We don’t actually need the full statement of Eliasson’s normal form, because
higher order terms in the normal form wouldn’t be of any trouble for the local computation of
the monodromy (see [16]). A

If ¢ # 0, using formula (12) for the flow, ys can be joined to y, by letting the flow of ¢; act
during a time ¢(y) = In(|yu,1|/|ys,1|) and that of go during a time

S(y) = a‘rg(yu,l/ys,l) .
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= 2y "

Figure 3: The fibration F on Q\ U

By this construction, we get a locally smooth family of loops on A., whose homology class at
o, 71(co), together with «s(cp), form the basis referred to in the statement of the proposition.

Let [zy,zs] be the axis through z (by definition, z, = z is on the local unstable manifold
P, and zs on the local stable manifold P;). If y tends to z, then y, and ys tend to z, and
z, respectively. Therefore, since 2,2 = z51 = 0, s(y) ~ arg(z,,1%;52) + arg(f(c)) as y tends
towards zx.

Now let C be a small loop around z in 3 such that its image by F is a circle in D through ¢y,
oriented in the trigonometric sense : letting y run around C, and with it, the loop 72(c), amounts
to increasing arg(c). Therefore, after such a revolution, s(y) get increased or decreased by 2,
depending on the diffeomorphism f being respectively orientation preserving or reversing. This
means that the loop obtained is equal to the initial one composed by respectively plus or minus
an S! orbit, which proves the proposition. d

6.5 Microlocal focus-focus

We are now given a self-adjoint semi-classical completely integrable system P (h), P»(h) whose
associated classical system presents a focus-focus singularity at a point m, as defined in the
preceding section.

The aim of this section is the complete analysis of microlocal solutions around the critical
point m of the system :

{ PE(h)uf ~0 (14)

PE(hyuf ~0
in which PJE is a regular deformation of P; with a parameter E varying in a compact neighbor-
hood of 0 € R? (see definition 5.1).

The problem of globalizing these solution to a neighborhood of the whole critical leaf Ay will
be dealt with in the next section.

For now, the crucial point is the following :
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Proposition 6.4 The space of microlocal solution of (14) at m has dimension < 1. In other
words, if uf, (h, E) € T' is a non-trivial solution of (14) at m, then for any other such solution
vf, there exists a constant C¥(h) € Cy, depending smoothly on E, such that :

vE ~ C(h)Pul at m.

To prove this, we use a parameter dependent version of the normal form of [38] : let Q;(h) be
the standard focus-focus operators on R?, that is, written in polar coordinates (r,0) :

h, 0 h 0
Ql—?(TE‘Fl) and Q2—?%-

For notation convenience, we will write P(h) for the vector (Pi(h),P(h)), and similarly for
other quantities. Let p be the momentum map for the system (p1,ps). The target space R? of
mboldp will be identified with C by p = p; + ip2. As we already saw, in suitable symplectic
coordinates near m, there is a local diffeomorphism F of R? such that p = F(q). Thus,

p” = f¥ o F(q).

The semi-classical normal form that we get is the following :

Lemma 6.5 ([38]) There exists a unitary Fourier integral operator UF(h), a microlocally in-
vertible 2 x 2 matriz ME(h) of pseudo-differential operators, and €®(h) € Cy, everything de-
pending smoothly on E, such that, microlocally on a neighborhood of m :

(UP)'PPUP = MP.(Q — €7 (h)) + O(h™).
e admits a semi-classical asymptotic expansion of the form :
e’ (h) ~ thekE.
E20

The first two terms satisfy :

€ = —M 1. (r(m)).

e 7(m) is the value at m of the sub-principal symbol of P.
e M is the value at 0 of principal symbol of MO. It is also defined by M = dF(0), or, equiva-
lently :

d?p°(m) = M.d?q(0).

Remark 6.3. We will show later (paragraph 6.7.4) that the expansion €& (h) = J(e”(h)) is, up
to O(h*), independent on the choice of a Fourier integral operator U(h). For the other “semi-
classical invariant” e¥(h) = 9(e”(h)), this might not hold; however, will will prove thanks to
corollary 6.10 that its formal infinite germ at E = 0 is indeed invariant by a change of Fourier
integral operator U(h). A
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Remark 6.4. If we apply this lemma to E = ht for a bounded n-dimensional parameter ¢, we
can apply remark 5.2 and express everything in terms of t. We obtain an asymptotic expansion

é(h) & eht(h) satistying :

~t ~t -1 (.0 of
€ =0, &=—M".(r"(m)+ 8—ErE:0(O)'t .

A

Thanks to this lemma, the solutions of (14) get transformed into those of simple differential
operators on R? for which we have explicit solutions. We can now turn to the proof of proposition
6.4. Assume that we know an exact solution of the system u”__ € S'(R?) (this will always occur

exact

as soon as the system admits a microlocal solution — see proposition 6.6). Let uf be any other
microlocal solution near 0.

Let Tg be the “vertical strip” {r < R} in the cotangent bundle T*R? = ((r,0), (p,)). The
Lagrangean leaves of the system in Tg, deprived of a small ball B around 0, are non-singular,
hence from proposition 5.1 there exists a constant C¥(h) such that microlocally on Yg \ B,

ul ~ CE(h)ul

exact

(remember that such a formula involves uniformity with respect to E).

As in [11], we shall use this exact solution to construct a local (mod O(h*°)) solution,
microlocally equal to uf near the origin. Let us define vf by :

Fuvp = xFnup, + (1= x)FnCPul

exact?

where x is a compactly supported C* function with value 1 in a neighborhood of 0. Then ’UE
and uf are microlocally equal near the origin. Furthermore, v,}f is a microlocal solution of the
system at each point of Y.

Now there exists differential operators PJE (h) such that for any w € S'(R?), ]:h(P]Ew) =
If’Jthw. Differential operators preserve the support of distributions; therefore, since fhvf =
Fpul  far from the origin, we have there P]thvf = fh(PjEuE ) = 0. So we have

exact exact
PP ~0
near each point of T, and
Fu(PFof) =0

far from 0. We deduce from this that P]-E’UE satisfies the hypothesis of lemma 4.5 on Tg, that
is,

P]-E’Uf = O(h*) on TrN{p =0}.

We have thus at our disposal a solution vf of the system f)jEUE = wf on R? with ij;L =

O(h™®) for r < R. On R?\ {0} this is a regular linear differential system of the first order, whose
solutions are of the form

vE = Cste”(h).u?,, +u” ; (15)

*Yexact particular?
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u¥ . is a solution of the homogeneous system, and ug;rticular is a particular solution of the system
that can be computed from uZ_, by the method of “variation of the constant”. Explicitly, if we

write

E _ FE _FE
'Uh =9 'uexact’

we find that the function ¢ must satisfy the following system, expressed in polar coordinates :

99" _ i wiy = aP
or hruiact 1h
9¢" _ i W _. .F

00 — hyuE " 2h-

If (rg,6p) is any point with 0 < ro < R, g¥ is integrated by the formula :

1
= (r,0) :/0 a(ro + H(r — 1), 00 -+ £(0 — 00))-(r, 0)dt + g (o, 60).

It is easy to check from the explicit formula of uZ_, (see proposition 6.6) that a¥ is uniformly

O(h*) in the disc r < R; so with Cste”(h) = g¥(ro,6) we get in (15) that uZ . .. is uniformly
O(h®°) near the origin.

The distribution zf = v,}f —CsteP ull.  —ul is a solution of PjE zf = wﬁl with support

exact particular
concentrated at the origin. Therefore, it is a finite sum of derivatives of the Dirac distribution.
Now, the identity PfzF = O(h*) readily shows that the the coefficients involved in 2z} are
uniformly O(h™), and so 27 is.

Finally we are left with v}’ = Cste” v

exact

near (. This, provided we prove proposition 6.6, achieves the proof of proposition 6.4. O

+ O(h™) near 0, which implies v’ ~ Cste? .uZ

exact

Remark 6.5. The proof shows that the constants C¥(h) and Cste” (h) are microlocally equal.
Besides from the preceding arguments, this essentially comes from the local connectedness of
the Lagrangean leaves A} for E # 0. A

It remains now to check :

Proposition 6.6 We consider the system (14) on R? with P¥(h) = Q;— e (h), as previously
defined. The following conditions are equivalent :
1. there ezists a non-trivial microlocal solution u?, (h,E) € T of (14) on a neighborhood of
the origin;
2. up to O(h*) modifications of the PJE, there exists an ezact solution uP__, of (14) in R?\{0}
for (h,E) €T;
3. 6,29# € Z + O(h™) uniformly for (h,E) € T

Proof. Equivalence between 2. and 3. comes from the fact that at each point of R? \ {0} the
solutions of the system are spanned by the function :

E E
E _ lei—slih) lnrei—ezéh)ﬂ.

(16)

exact
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E
Therefore, there exists a solution around the origin if and only if % €Z.

Since uZ_, as defined above is an admissible functional in R? depending smoothly on E, and

a solution of the system on R?, it is also a microlocal solution. Hence 2. implies 1.

Now let uf be a non-trivial microlocal solution on a neighborhood 2 of 0. From the unique-
ness of microlocal solutions at points different from the origin (proposition 5.1), we deduce that
on every simply connected open subset Q, of Q \ {0}, there is a constant (C¥)®(h) such that

uhE ~ (CE)auE

exact ®

E
Then, going around 0, the (C¥)®’s must microlocally coincide. Hence the ¢ %% must all mi-
crolocally coincide, uniformly for (h, E) € ', which implies 3. O

Put together, the two propositions give the following result (“first quantization condition”) :

Theorem 6.7 The system (14) has a non-trivial microlocal solution u¥ (with (h,E) €T) on a
neighborhood of m if and only if

65# €Z+O0(h®), (hE)el.

Any other solution is a multiple of it.

Remark 6.6. As we already mentioned, microlocal solutions should belz viewed as half-densities
on the base space. Here, we can rewrite the half-density uZ__ |dz A dy|2 as

1

E E 5
L€ € 2
61_’11 1n|r|ez—2 g |dz Ady
r2 ’

1
dxAdy | 2
72

is exactly the pull down of the canonical invariant Liouville

half-density p(\) on AJ. In this sense, u”_, is a normalized classical oscillatory half-density on

every open subset A of Ay’ that projects diffeomorphically onto X (thus excluding, for E = 0,
the vertical (£, n)-space in T*X). Concerning the phase function g = efo In|r|+ 65’:00, a handy
tool for its expression is the use of complex coordinates z; = = + iy and z3 = £ + in; we also
write eOE = EEO + ieQE’O, which leads to

and for r # 0, its modulus

(,DE = %(GOE In Z_l)-

(Note that €}’ Inz is not well-defined, but thanks to the assumption on €& (h), its real part is
indeed well-defined modulo 2whZ.) We readily deduce that the graph of ©f in T*X is the set

of (z1,22) such that zo = 2%“; = €¥'/z1. Thus AF = {(21,22) € T*X, 2122 = €F’}. Note that
this also holds if E = 0, for then €} = 0 and AJ consists of the union of both coordinate planes
z1 = 0 and z9 = 0. A
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6.6 Regularization of [x]

Before stating our principal result in the next section (theorem 6.9), we need to describe one
more geometrical ingredient, related to the divergence of the integral of the sub-principal form
x along paths through m.

We still let (Py(h), P2(h)) be a semi-classical completely integrable system with a singular
principal Lagrangean carrying a unique singular point m of focus-focus type. Here again, we
identify the target space of the momentum map p with the complex plane C. Thus p = p1 + ips.
For small ¢ € C, we denote by A. the Lagrangean leaf A, = {p !(c)}, and k. is as usual the
sub-principal form on A..

Let v, be a smooth family of loops on A, such that - is a simple loop through m starting
on the local unstable manifold of (Ag, m), and coming back to m via the local stable manifold.
We know that the non-triviality of the monodromy implies that the map ¢ — -, cannot be
univalued, but proposition 6.3 gives a precise control over its multivaluedness. The purpose of
this paragraph is to control the integral of the sub-principal form along such a family of paths,
and in particular to determine its divergence principal part as ¢ — 0.

Let M be the 2 x 2 real matrix such that H(p) = M.H(q), where ¢ = ¢; + igs (for the
linearized flow, we always use the notations of 6.2). In accordance with lemma 6.5 we let

€1 = —M"'r(m),

where r = r{ + iry is the joint sub-principal symbol of the system.

Proposition 6.8 For any multivalued smooth family . of loops on A, such that vy is a simple
loop through m starting on the local unstable manifold of (Ag,m), and coming back to m via the
local stable manifold, then

e the limit :

c—0
along a ray

Io(k) = lim (/ ke + R(er ln(M‘lc))>

exists,

e and its class modulo 27 3(€1)Z actually does not depend on ~y., provided vy satisfies the
hypothesis;

o finally, this class is also given by the formula :

Bo=n0(1-t)
ILo(k) = lim / o+ Rlen)In(ranpny) +3(€)Oa0 —ame) |, (A7)
(5,t)—(0,0) Ao=20(s)

where (1,0, p,a) are the polar symplectic coordinates near the origin defined in paragraph
6.2.

L, (k) will be called the principal value of f'YO K.
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Proof. Let ([y1(c)],[y2(c)]) be the smooth basis of 7;(A.) defined in proposition 6.3. The
homotopy class of . decomposes into

[Ye] = na(e) [y (e)] + na(e)rya(e)];

for integers n1(c) and na(c). On Ay, v2(0) degenerates into a trivial loop, and by hypothesis we
have

[vo] = [ (0)]-

But we know from proposition 6.3 that the group bundle 71 (A;)/{7y2(c)) — c is trivial near
¢ = 0, with fibers isomorphic to Z. Therefore, n;(c) must be identically equal to 1 for small c.

If ¢ is constrained into a sector A of the plane, then the family -y, must be continuous at
zero, which implies that ns(c) is constant for small ¢. Since the integral of . along the X5-circle
v2(c) is equal to —27mry(m) + O(c), we have

lim Ke =21 J(€1).
con Jna(c)(c)]

This, provided we prove the first point of the proposition, shows the second point. It remains
to show the convergence of f% (c) Ke> and the formula 17. We shall still assume that c stays in a
sector A and by . we denote a smooth representative of the first basis element [y;(c)].

Let f be the function on (R?,0) such that, in some neighborhood Q of m and some local
symplectic coordinates around m, p = f(q), so that M = df(0). If we let ¢ = f(c), the problem
amounts to investigating the limit of

/ ke + R(e1 1n(c)),
s

because In(M ! f(c)) = In(c) + O(c). Now, r; is defined by
Kg-Xp; = —Tj,
which also reads, in 2 :
(ke-Xgy, Kie-Xgp) = —(df (q)) " -(r1,72).

This means that x; is, in €2, the sub-principal form on the c-level set of a system with principal
symbol ¢ and sub-principal symbol (df (q)) '.r (which we call r again). So let us work with
these data and forget the tilde.

As we shall see, we can even reduce the problem to a constant sub-principal symbol 7(0)(=
—e1). This is due to the following “critical Poincaré lemma” (see [38]) : there exists a function
g on a neighborhood of 0 € T*R? and smooth functions h; on (R?,0) such that

r; = dg.Xy; + hj(g)
This implies that on €2, for non-zero ¢, the function

K.=—-g—hi(c)In(r) — ha(c)§ ( mod 2mhs(c))
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is a primitive of k. on A, = {rpe!®=?) = ¢}. Suppose now that Ay and By are points on 7 lying
respectively on the local unstable and stable manifolds of Ayg. Then there exist smooth families
of points A, and B, on QN ~.([0,1]) such that lim. ,¢(A., B;) = (Ao, By). We can write :

[ re= [ wer a0 - K5

c AC

B
- /A ke +9(Be) — g(Ac) — ha(Q)in(ra, Jr,) — ha(c)(Ba, — 05.),
which can also be written

B,
/ e + 9(Be) — 9(Ae) — hi (e)in(ra,pp,) — ha(€)(0a, — ous,)

+ (ha(e)in(|e]) — ho(c) arg(c)) -

Everything but the last parenthesis has a smooth behavior as ¢ — 0 in A, and that last paren-
thesis is nothing else than SR((hi(c) +iha(c)) Inc). So there is a smooth function I(A., B.) such
that :

I(A,, B,) = / ke — (b1 (€) + iha(c)) n ).

c

Remark 6.7. Because of the monodromy matrix ( 1 (1) ) (proposition 6.3), as ¢ loops in

the positive sense around the origin, f% K¢ gets increased by

/ Ke = —2mhse(c)
Y2(c)

whereas R((hi1(c) +iha(c)) Inc) = hi(c)in(|c|) —ha(c) arg(c) gets increased by the same quantity.
This shows that I(A., B.) is actually a univalued smooth function around ¢ = 0. A

Because (hi(c) + tha(c)) = —€1 + O(c), we deduce that if we fix a determination of Inc¢ and
make ¢ tend to 0 in A, then

R ((h1(c) +ih2(c))Inc+ €11ne) = 0

Therefore, I, () exists and is equal to I(Ag, By). Note that it is independent of Ay and By, and
hence equal to the limit of I(Ag, By) as Ag and By tend to the critical point m. That means that
the function g, being smooth at m, plays no role, justifying our assertion that the sub-principal
symbols can be taken to be constant near m. This remark also yields the useful expression of
L, () involving only objects living on Ag given by formula (17). O
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Figure 4: regularization of x

6.7 Global solutions

Here is finally the main result of our work, namely the condition under which there exists a
microlocal solution of the system (14) on a neighborhood of the whole critical Lagrangean Aj.
The hypothesis are the same as in paragraph 6.5. From now on, n is a generic integer, and not
the dimension of the ambient symplectic manifold, which is 4.

Theorem 6.9 Let 6;73 = e]E(h) be the constants defined by lemma 6.5.

e There exists a T-valued constant (\F)o* = (AE)o*(h) admitting an asymptotic expansion in
> —1 powers of h whose terms are smooth functions of E, such that the system (14) admits a
microlocal solution uf, (h,E) €T, on a full neighborhood of Ay if and only if the following two
conditions are satisfied :

1. “first quantization condition” :

E
h
# € Z+ O(h™);

2. “second quantization condition” :

iel/h+1+n

(AB)out 4 T (2h) — 2arg T
TL2 h n I'g 2

) € 2nZ + O(h™),

E
where # ~n €.
e Moreover, the first two terms in the asymptotic expansion of (A\F)>*/(h) are the following :

e for non-zero E,

1
2| [ o —elp+elginle] - egparge | +
h ’ylE B ) 5

7
+ (/E &Y+ 6J1E,1ln|¢| - 65,1 argc + M(’Yf)g) )
v

1
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where ’yF 18 a smooth family of loops on AOE such that ) satisfies the hypothesis of propo-
sition 6.8, ¢ = EEO + ‘i62E,0, and p is the Maslov cocycle on AOE. For small E, u(vF) is a
constant integer.

o for E =0,
- a0+ Tp() + D)
h 10 (&%) 79 K 124N 51 2’
where k = K° is the sub-principal form of the system (P, PY).

The last point of this theorem follows from the expression for non-zero E (recall that A¥ is then
smooth) via proposition 6.8 : indeed, if we let & = (f£)~1(0), we have Az = A¥, and the family
of loops ¢ satisfies the hypothesis of proposition 6.8. The 1-form x” is defined by :

(mE.XP?,/ﬁE.ng) = (dfE)=L.(rE, rD).

Writing E as a function of &, this shows that x” is the sub-principal form of a system with
principal symbol (p?,p9) and sub-principal symbol (df¥)~L.(rf,r¥). The value at m of this
sub-principal symbol is 7°(m), hence proposition 6.8 implies that

/ kP + () In M 1¢)
"W

has a limit I as E — 0. Because €2 tends to €} and ¢ = €} is tangent to M~1€ at & = 0, this
limit is equal to that of

/ P + R(ef Inc).
"

Moreover, we saw in (17) that it only depends on the value of the sub-principal form on Ajy.
But, on Ag, (df%)L.(r?,73) = 0. Therefore, I is equal to the principal value I,, (k) of a system
with principal symbol p° and sub-principal symbol 0. O

The rest of the proof of this theorem will be split into two propositions 6.11 and 6.14.

We know from the geometry of the Lagrangean fibration (section 6.4) that a neighborhood of
the principal Lagrangean A also contains regular tori Ay, E # 0 (E small) for which we already
derived the quantization conditions (theorem 5.8). Therefore, one of our further tasks will be
to show how these regular quantization conditions are contained in the “singular” quantization
conditions announced above. This link is provided in paragraph 6.7.4

_ Finally, this theorem can be applied to “zoom” to a O(h) scale : let, as in remark 5.2,
(P(R), Pi(h)) be the semi-classical completely integrable system defined by

~ def
P}(h) =

P} (h),

where t is a 2-dimensional bounded parameter. From the constant € (h) = (e¥(h), €}’ (h)) given
by lemma, 6.5 we define &' (h) def %eht(h). This € admits an asymptotic expansion in positive
powers of h whose coefficients are smooth functions of ¢. The principal term is given by :

o€l

t+€
OF |E=0 €1

& =
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ofF
=M1 (2 0).t m
(5 @ r(m).
that is to say, in view of (11),
& = —M i (m).

Here 7 denotes the joint sub-principal symbol of the system (P!, P). Recall that its principal
symbol is p = p¥ and does not depend on ¢.

Similarly, the holonomy coefficient (A\¥)°ut(h) ~ Y2 _;(AF)2u has a t-dependent version
(AP)eut(h) whose first terms are :

1 0\out B(Ah’t)—u{ 0\out
ﬁ()‘ )2+ (T[h:0+ (A7) | +O(h).

We know from the theorem that %(/\0)‘2‘{ = % fw ayp. For the other term, using the identification

e’ = f +iel | we have, for non-zero E :
O(AE)out 0 0
N = o5 [, o - gt - ned)
T
0 E E 8€0E
= = ] °=0
o5 | o + om0
Therefore,
8(Aht)ﬂlt
)\0 out _
Oh  [h=0 ()

., 0 E E 5 O E BT
:hm(%/an)—l—/EH +9‘i((€1 +6—E-t)lnﬁo>+ﬂ(71)§,
’71 71

with E = ht. Using lemma, 3.2, one easily shows that, for fixed h = hy # 0, %leho fwf ab is

equal to f,y{g 0¥, where the 1-form §xF is given by

ofF
E
5/‘6 .XpE = _B—E .

Therefore, the sum §x% + & is the sub-principal form of a system with principal symbol p¥
E
and sub-principal symbol %LE.t + 7, whose value at m is equal to #*(m). It follows that

o€l
: E E E 0 E 0
}111% 7{3((5& + K )+£R((el + E.t)lneo> —179(6,% + K).

But 0k + £ is the 1-form on A that takes the value ?—;rE:O.t +7% on (X9, Xyg) : it is exactly

the sub-principal form of the system (P}, P}). We have proved the following result :
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Corollary 6.10 The system (Pf,ISQt) defined above admits a microlocal solution uz on a neigh-
borhood of the critical Lagrangean Ag if and only if the following two conditions are satisfied :

1. “first quantization condition” :

&(h) € Z+ O(h*);
2. “second quantization condition” :
- et +1
(NE)e 4 ng — & In(2h) — 2argT (W) € 217 + O(h™),

where é(h) ~n € Z.

e Moreover, the first two terms in the asymptotic expansion of (\)**(h) are the following :

1

~ ™
3 [ a0+ L)+ o)
71

h 2’
where ) is a loop on Ay that satisfies the hypothesis of proposition 6.8 and & is the sub-principal
form of the system.

Remark 6.8. This corollary makes it easy to show that, provided the first quantization condi-
tion is satisfied, then the “semi-classical invariant” & (h) is intrinsically defined by the microlocal
behavior of the system around the critical point. This gives an a posteriori justification of the

claim following lemma, 6.5.

Indeed, let n be the integer such that & (h) ~ n (we shall prove in paragraph 6.7.4 that & (h)
E

— and even € (h) — are intrinsically defined by the system around m, hence so is n).

For bounded ¢, & (h) is uniformly bounded as h — 0. As will be shown in the proof of
I(3 (iz+1+n))
(L (—iz+1+n))
which implies that the function 2 arg I‘(%(zx + 1+ n)) is locally analytic. Therefore, plugging

in z = &\ (h) we obtain a semi-classical expansion in non-negative powers of h, whose terms are

smooth T-valued functions of ¢.

proposition 6.11, for any integer n € Z, the function is analytic for z € R,

This in turn implies that the value of the cocycle [X(h)] on 7?, which gives the “second
quantization condition” of corollary 6.10, can be written under the following form :

N (m)](1) = CY(h) — & (h) Inh + O(h™),

where C?(h) is a semi-classical expansion in > —1 powers of h whose terms are smooth functions
of t. Therefore, —é! (h) is uniquely defined as the coefficient of In k in the expansion of [X(h)](7?).

out

Now, if the system is changed outside a neighborhood of the critical point, then only (S\t)
is perturbed, which means only a semi-classical perturbation that has an asymptotic expansion
in powers of h, which does not affect the Inh coefficient. A

Remark 6.9. In dimension 1, the singular Bohr-Sommerfeld conditions of Colin de Verdiere
and Parisse has been recently extended [13] to handle the case of multiple critical points of saddle
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type on the critical Lagrangean. In our case as well, if we restrict to focus-focus singularities, I
believe that the results presented here can be extended to treat k& > 1 focus-focus points on Ag.
This basically holds because the topology of such a Ay is just a k-times pinched torus, and the
monodromy if equal to the k-th power of the simple monodromy. However, including other kinds
of singularities should require a more difficult analysis, starting from the topological description
of Ag. Understanding the work of Fomenko (e.g. [25]), should probably help coping with this
difficulty. A

6.7.1 The microlocal bundle

As a starting point, we shall assume that the system fulfills the first quantization condition
(theorem 6.7). This is of course a necessary condition for the existence of a global solution.

From this assumption, there exists a microlocal solution (uf )® on a neighborhood of the
critical point m. As in paragraph 5.2, one can thus form a microlocal line bundle £;(A¥) over
the topological manifold A¥, with well-defined holonomy, by means of the trivializations (7).
Of course this yields a family of line bundles depending on the 2-dimensional parameter E, but
gathering the results of paragraph 5.5 and proposition 6.4 we see that the trivialization functions
in (7) can be chosen to depend smoothly on E.

As a consequence, the holonomy of £;(A}) depends smoothly on E, in the sense that the
elements (c”)®? of the Cech cocycle ¢ (h) representing it are C* functions of E with values in
(O

From this picture, we already know the abstract form of the quantization condition we are
looking for : it is exactly the parameter dependent version of proposition 5.5. In other words,
there exists a microlocal solution uf on a neighborhood of Ag if and only if for any family v
of loops in AY that lie in that neighborhood, the value of ¢”(h) on v is uniformly 1 + O(h*)
(here, we are viewing cF as a homomorphism from 7 (Af) to C,”). Let us now explicit this
condition.

Let Q be a neighborhood of m in T* X in which the normal form of lemma 6.5 applies. Then,
as the system admits a microlocal solution on (2, any loop contained in N A{ has microlocally
trivial holonomy. But for every small E # 0, Q2 contains a generator 74’ of m1(A}), namely the
one associated with the S! rotational symmetry of the fibration (it is an integral curve of the
vector field Xy of paragraph 6.3). Such a £’ also exists for E = 0 but it is then homotopic to
{m}. Anyhow, this yields :

c”(7y) = 1+ O(h*),

uniformly for small E (this is of course due to the fulfillment of the first quantization condition).

Thus ¢ restricts to the quotient group m1(AY)/(v¥). For fixed E, every m1(AY)/(vEF) is
isomorphic to Z. What’s more, proposition 6.3 implies that the group bundle 7 (AY)/(v) —
U 3 E over a neighborhood U of 0 in R? is trivial :

m(AG)/ (1) = U X Z.

Let 7F be the generator of 71 (A¥)/(v¥) equal to (E,1) in the above trivialization. The “second
quantization condition” is now the requirement that c”(yf) = 1 + O(h™).
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Let us now examine that statement more closely. Recall that the line bundle £, (A¥) was
defined through a set of local trivializations subordinated to a cover US), of a neighborhood of
Ap in T* X, such that on every €2, existed a non-trivial microlocal solution (uf )@ of the system.
We can assume that the critical point m is contained in a unique element of that cover, which
we will denote by . Let us pick up a simple loop 7{(¢), ¢ € [0,1], in Ay representing the
quotient class 47, and enumerate g, Q1,...,8, Qo the Q,’s encountered by 7)(¢) on its way
from m back to m again. We will here choose 7{ so that it goes away from m via the local stable
manifold of Ay and returns back to m via the local unstable manifold. Also, we will suppose
that Qo U Q UQ, C Q.

Now for every fixed E, we choose a representative y¥ of 4. Because of the triviality of the
fibration outside m (13), the paths yf can be homotopically deformed so as to be close to 7Y,
in the sense that their images enter Uf:o Q;.

Then by definition, the value of ¢ on 7¥ is the product :
E( E EN\0,1(,.E\1,2 E\e—1,6 E\£,0
(") = () ()T (e7) T ()

We are going to calculate this expression by splitting it in two parts : a local one — the product
()01 (cF)40 — and an outer one — the rest. For this purpose, we are free to fix the solutions
(uf)? on Q; used for the local trivialization of £;(A¥); let us make the following choice :

e choice 1: for 7 # 0,1, 2, (uf )? is any classical oscillatory integral constructed as in proposition
5.7, with invariant half density given by the canonical Liouville density on A¥.

For ¢ = 0,1,4, we make use of the local analysis of the preceding paragraph 6.5. To begin
with, we transform the system on 2 to the normal form of lemma 6.5 by a unitary Fourier
integral operator U(h). The microlocal solutions of the transformed system on € are spanned
by :

1
U,E :_ezhlnrezhe.
T

exact

E
Because of the first quantization condition, we know % to be microlocally equal to an integer
n € Z. For any real €, let u, , be the tempered distribution on R? :

1 .0
— inf jielnr
Uy = —€ € ,
T
so that v, = u.p p. The distribution ucn is a solution of the system

)

)
>}

10
390 Ue,n = NUgn 18
{ %(T% + 1)us,n = EUg,n ( )
on R?, and it is easy to see that its Fourier transform is a solution of the same system with
e changed to —e. Therefore u .z .» and Fp° Yu P E;E) are two solutions of our transformed

h > h h 7 h
system on 2. This allows us to complete our choice of local solutions by the following :

(up)’ ~Ulu.p p) on Qo
hh
o choice 2 : { (uy)! ~ Ulur r) on {4
o h
(“f)e ~ U(}-h_lU_elE Eg) on )y
R h
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6.7.2 The local holonomy at m

We give here an explicit expression for the product (¢F)10(c#)%¢, which is defined to be the
constant CF(h) such that, on Qo N Qy, (uZ)? ~ CE(uL)L.

Proposition 6.11 The unique microlocal constant CE(h) such that (uZ)? ~ CE(uf)* on QoY

is given by :
r (z‘e{E/h +1+ n)
i€? /h 2

F(—ief/h—l—l—l—n)’
2

CE(h) ~ i ™(2h)

E
with%NnEZ.

Proof. Applying the Fourier integral operator Uy, we see that CF is also defined to be the
constant such that, microlocally on Q¢ N €y,

It turns out that the constant C,f; thus defined is a microlocal version of an exact problem
concerning the homogeneous distributions u, , on R?.

We know that the tempered distributions u. , are solutions of the system (18) in R?. They
are in fact the only ones — up to multiplicative constants, naturally. To see this, one first restricts
to R? \ {0}, where the result is standard, and then prove that the system (18) cannot admit
linear combinations of derivatives of the Dirac distribution as solutions. Now, F _1u_57n is also
a tempered distribution and a solution of the same system, which leads to the first point of the
following proposition :

Proposition 6.12 ([4, 26]) 1. For any (¢,n) € RXZ, there ezists a unique constant C(g,n)
such that :

Fuen = Cle,n)u_gp.

2. C(g,n) has the following expression :

(is+12+\n|)

—gj—Inlgie =%V 2/
Olesm) = iMoo

(19)

ZZ

The computation of C(e,n) is done by testing u. , on derivatives of Gaussian functions (%)”eT
and (%)"e% (z = re'f).

Remark 6.10. Apparently, this formula appeared for the first time in Tate’s thesis, during
the year 1950. However, it has not been published until 1967, when it appeared in the book [4,
chapter XV]. But at the same time as Tate wrote his thesis, the idea was in the air. Gelfand was
studying homogeneous distributions in the real and published a closely related formula in [27].

48



The complex version, that is, exactly the result mentioned in the above proposition, appeared
in the addendum of the French edition of the book by Gelfand & al. on distributions [26],
where it is claimed to be published for the first time; the author was certainly unaware of Tate’s
work. Also interestingly enough, few years before (1951), a slightly different version of the same
formula can be found in Bochner’s work [2]. It is actually a generalization to homogeneous
distributions on RF. A

Now, let us (momentarily) denote by D(e,n) the quantity :

) (i6+1+n)
D(E n) == ’i_n2zg%.
’ F( zs—; —|—n)

The Gamma, functions involved are analytic functions of € that, for negative odd n, have simple
poles at € = 0. The quotient D(e,n) is therefore analytic — with no pole — on the real line (we
won’t consider here analytic continuation to complex €). More precisely, for n = —2m—1, m > 0,
as the residues of the numerator and the denominator are the same, we have : D(0,—2m —1) =
—i~ ™. For non-zero ¢, we can use the complement relation to prove that D(e,n) = D(e, —n).
Then of course this also holds for e = 0. Since D(e,n) and C(e, n) coincide for n > 0, we deduce
that they are equal for all n € Z.

Finally, using the relation Fpu(&,n) = %Fu(%, #), we terminate the proof of proposition

6.11. g

Remark 6.11. One of the important features of the constants C(e,n) (and hence of CF) is
that they have modulus one. It might be interesting to see that, without any explicit calculation,
this comes as a consequence of the unitarity of the Fourier transform with respect to the L2
norm. As this does not appear — to my knowledge — in the literature, here is the argument :

Acting on functions of the Schwartz space S(R?), F commutes with the operator %%, and
hence leaves stable its eigenspaces &,, associated to the eigenvalues 27n. These are of course
the subspaces of the Fourier series decomposition in @ variable : &, = {e"f(r)}. Here, f is a
rapidly decreasing function. Therefore, there exists a transformation 7" on &, such that

Fe™™ f(r)(p, ) = e F"(f)(p).

F being an isometry for the norms L?(R?,rdrdf) and L?(R?, pdpda), we deduce that F™ is an
isometry from L2([0, oo, rdr) into L2([0, oo, pdp).

On the other hand, let G be the transformation assigning to a function f(r) € L?([0, oo, rdr)
the function

G(f)(e) = /0 % L (.

Lemma 6.13 G is an isometry from L?([0, co[,rdr) into L?(R, de).

Proof. The change of variable £ = Inr allows us to reduce the problem to the unitarity
of the Fourier transform : let g(¢) = G(f)(e). We find g(e) = F(f(e®)e*)(—e), which gives
llgllz = [If(€®)e?ll2 = [~ 1f (r)Prdr =[]z O
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We know from the definition of C(e, k) that for any function of the form
p=F(e " f(r)),
we have : (F(u ), ) = C(e, k){u(_c k), p), that is :
<€ik07“i5_1,.7:(,0> — 0(6, k,)(eikap—ie—l’ (10>7
or :

(rie =, B0 (1)) = Cle, k) o=, 6 () (),

Both sides of the equality vanish if n — k # 0. So let us assume k = n. We obtain :
G(f)(e) = (=1)"C(e,n)GF" f(—¢),
which is best depicted by the following commutative diagram :
L2([0,00[,rdr) —%—~ L2(R.e)
Frn (—1)"C(e,n)
L2([0,c0f, pdp) ——+ L2(R,—e)

All transformation involved (G, F™ and ¢ — —¢) being unitary ones, one can indeed deduce
that e — C(e,n) is a function whose modulus is 1. O

A

Remark 6.12. The above introduced transformations G and F" are related to Mellin’s and
Hankel’s transforms M and #,, respectively (see [14] for their definitions). More precisely, we
have :

(GF)(e) = M[)(s =ie +1) and F* =i "H,.

(see for instance [17]). The previous remark thus yields the following remarkable relation between
these transformations :

Vi, Mf(ie+1) =i"C(e,n).(MHy f)(—ie + 1). (20)
A

Remark 6.13. Formula (20) allows us to give another proof of the expression of C(e,n).
First of all, since H_,, = (—1)"H,,, it readily gives C(e,n) = C(e,—n). Now for n > 0 choose
2

r-

fn=1"e"2. f, is fixed by Hankel’s transform of order n. On the other hand, it is easy to see
s+n

that M f,(s) =2 2 ~'['(£52). This yields :

22T ((s+n)/2) . . _ .
C(e,n) =1 n2§/2I‘((§+n)/2)’ with s =ie + 1,5 = —ie + 1,
which is easily identified with formula (19). O
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6.7.3 The outer holonomy

Let us turn now to the study of the “outer holonomy”, that is, the product
(CE)out — (CE‘)I,Q . (CE‘)Kfl,Z.

Recall that its quotient by the local holonomy C'¥ defined in the previous paragraph gives the
value of the Cech cocycle ¢ on v¥.

Proposition 6.14 e |(CF)>| =1+ O(h*);

o arg((CF)o) € T admits an asymptotic expansion in > —1 powers of h, whose terms are
smooth functions of E;

e for non zero E, the first two terms in that expansion are the following :

1 B
B\ [~ eto + etolnlc| — efparge | +
"

T
+ E” + ety lnle| — ey arge + p(yf )2
"

— B 4 ;E
where ¢ = €1y + i€y .

Proof. For non zero E, AOE is a regular Lagrangean torus, and we know from proposition 5.6
that |c¥ ()| ~ 1. This, together with the fact that |C¥| ~ 1 too, implies that [(C¥)°"| ~ 1 as
well. Then of course, since we already knew that (C¥)°" is a smooth function of E, the results
also holds if £ = 0.

The second point in the proposition is essentially due to our choice of the microlocal solution
uE)¢ on Q. The distribution
h

1 / o (@) (em) —cF In prcFa) |dE A di|
2mih p

(by (p, @) we always denote polar coordinates for (¢,7) in the fiber of T*R?) is microlocally on
Q) equal to a classical oscillatory integral on A N €, associated with the canonical Liouville
half density on AY, and smoothly depending on E.

Remark 6.14. This is of course the pendant of remark 6.6. Here as well, the phase function
of = ((z,y), (& n)) — F ‘o1np + ¥ ‘oc is best expressed in terms of complex coordinates z; and
29 . we have

‘PE(Zla 29) = R(F120 — GOE In z3).

A

Now, since (uf)Z was defined to be the image of that distribution by an classical Fourier

integral operator, it is also a classical Lagrangean distribution, as are all the other solutions
(uf)’, 1 # 0. We deduce from proposition 5.6 and paragraph 5.5 that for each i = 1,...,£—1,
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the argument of (¢®)%*+! admits a semi-classical expansion in > —1 powers of h whose terms
smoothly depend on E, as functions with values in T. Hence so does their product (C¥)ev.

We turn now to the last point of the proposition, which requires a closer look at the principal
phases of the solutions near the critical point m. Indeed, we know from the non-singular analysis
of section 5 that the principal phases together with a section of the Keller-Maslov line bundle
form an invariantly defined object that gives the first two terms of the Cech cocycle A\E ().

First, let us extend the open sets ©; and €, to be both equal to 2\ {m}. This is possible as
the microlocal solutions (uF)! and (uf)? are actually well-defined on all 2. This ensures that
for every non zero E, Ule €; is a full cover of the image of . Still assuming that E is non
zero, we get from theorem 5.8 that arg(cP(y¥)) is, up to O(h) (and modulo 27), equal to

7T
/0‘0 /Fu + ) 5 (21)
’Y

On the other hand, ¢ (y¥) is by definition the value of the product
(CE)out (CE)Z,I_

The problem is thus reduced to the computation of arg(c?)é!. It is unchanged by conjugation
by a Fourier integral operator on ).

Let us denote by oF (21) and ¢} (21, z2) the phase functions of the oscillatory functions UE B
T

and F, lu_sig & - They have the following expressions (modulo 27hZ) :
B Th

©F(21) = R(ef Inz1) and ©F (21, 20) = M(z122 — €l In 2).

As we already saw, for non zero F, they represent — of course — the same Lagrangean manifold
AY = {#1zp = €'} (the terms 9R(ef In21) and R(el Inz) are actually Legendre transforms of
each other). Their difference is a function of ¢ = 12 :

¢ (21, 22) — o1 (21) = R(c) — R(eg Inc),

Whose real Hessian is the 2 x 2 matrix whose lines are respectively identified with 60 F/e? and

—zeo L /e?. Tts determinant is —|c—%\2. If E # 0 then €} # 0 so the signature of that matrix is

zero. This means that the value of Maslov’s cocycle between ucr . and F,’ 1u_5119h E is zero.
ThTh R h

The principal phases of those oscillatory functions are expressed by a formula similar to the
one expressing the phase functions, but with a contribution of the sub-principal terms of 651

included. The two principal terms in the argument of (¢¥)%! is their difference :

arg(c®)"" = - (%(ep) — R(ep Inef)) — R(ef lney) + OF(h).

Here, we have fixed E # 0, so the OF(h) depends on E.

Finally, together with equation (21), we get that the first two terms in the expansion of
(CEY)out are, for non zero E :
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1
1 / of — R(el) + R(P el | + / K 4 17 P)T v nel) | |
h B NE 2

and the proof of proposition 6.14 is completed. O

Of course, this also terminates the proof of theorem 6.9. O

6.7.4 Recover the regular conditions

The aim of this paragraph is to show how the quantization conditions of theorem 6.9, when
restricted to a non-singular Lagrangean, are equivalent to the regular quantization conditions
of theorem 5.8.

Let us fix E # 0. We get a smooth holonomy 1-form [A\¥] whose action on a basis of the H;
of the torus A} gives the two quantization conditions. Let v and & be, as previously, loops
on A¥ representing such a basis.

The loop &’ can be assumed to lie in the neighborhood Q where the normal form applies.
In the linearized coordinates, one can choose 74’ to be a simple orbit of the X, vector field. On
each point of that orbit we saw that the solutions were spanned by

2mel ()
h

Therefore, the value of [\Z] on & is exactly the monodromy coefficient . The quantization

condition given by theorem 5.8 is thus

B
2me,,

€ 217 + O(h™),

which is indeed the same as the first singular quantization condition of theorem 6.9.

Remark 6.15. This simple observation gives rise, for non zero E, to an intrinsic definition

of the semi-classical expansion €¥ (h) introduced in lemma 6.5, namely :

B (h) = %/ﬁ NE(h).

Since €5 is smooth at E = 0, this implies that it is intrinsically defined by the microlocal system
on a neighborhood of m, that is, independently of the Fourier integral operator U. This will be
restated in the next paragraph. A

Let us turn now to the second quantization condition. We know that the action of [A\®] on v{
is given by the argument of the quotient (C¥)°*/C¥. Using Stirling’s formula for arg(T'(z)) =
3(InT(z)), with z = Zg(,f) + 1 (e(h) = €(h) + i€l (h); recall that if E # 0, the principal term &g
of €(h) is non-zero), one can perform a very nice cancellation of undesirable terms in the local

holonomy CF.
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Indeed, one finds that
1
2arg(T(2) = - (%(ene) —R(e) +3(e) 5 —R(eIn(2h)) ) +O(h).
Here of course, O(h) depends on E. This gives

arg(CE) = — (R(elne) — R(e)) + O(h),

S| =

that is,

arg(CF) = ~9(egIney — €p) + R(er Inegg) + O(h).

1
h
We thus find that, if £ # 0,

1
/ NE(R) = + / ol + / W+ u(yP)E 4 O(h),
e h Jye v 2

which gives the regular quantization condition of theorem 5.8.

7 Structure of the joint spectrum

This section is devoted to the application of our microlocal study to the precise study of the
joint spectrum of 2-degree of freedom quantum integrable systems around the critical value of
a focus-focus singularity.

More precisely, we shall assume in all this section that we are given two commuting essen-
tially self-adjoint h-pseudo-differential operators of order zero Pj(h), Py(h) on a 2-dimensional
manifold X, with the following properties :

e the joint principal symbol p = (p1,p2) is proper with connected leaves;

e p admits a critical point m of focus-focus type, with critical value 0 € R?, such that the
critical set Ag = p~!(0) has m as its only critical point;

e at least one of the P;j(h)’s is a classical elliptic pseudo-differential operator in the sense of
Hormander (for instance, P;(h) is a Schrodinger operator :

h2
PU(R) = 3-8 +V(3),

for some Riemannian metric g on X).

The last point implies that the solutions uj of Pj(h)up, = 0 (j = 1,2) cannot have a wave
front set at infinity (see [10]), which allows us to microlocalize u; on the Lagrangean level set
Ao =p~1(0).

Note also that P;(h) and P, (h) really commute (and not only modulo O(h*°)). This assump-
tion is perhaps unnecessary, but we take it in order to use the definition of the joint spectrum
from [5].

A typical example of this situation would be a Schrodinger operator on a surface of revolution
with a radial potential, like the quantum spherical pendulum [15] or the quantum Champagne

bottle [7]. As a matter of fact, we will illustrate our results with the latter example, thanks to
numerics kindly provided by M.Child.
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7.1 The joint spectrum

Let ¥(h) be the joint spectrum of the operators Pj(h) and P,(h). We know from [5] that the
assumption of properness for the momentum map p implies that the intersection of X(h) with
any compact K C R” is a discrete spectrum : each E(h) = (E1(h), E2(h)) € 3(h) N K is isolated
and the joint eigenspace

Fgy = {p(h) € L*(X), (P1(h) — Ev(h))p(h) = (Pa(h) — E2(h))¢(h) = 0}

has finite dimension.

Theorem 7.1 There is a compact neighborhood K of 0 € R" and an hg > 0 such that all the
joint eigenvalues E(h) € ¥(h) N K for h < hgy are simple. Furthermore, the distance between
two distinct joint eigenvalues is bounded below by some finite power of h.

Proof. This is a consequence of proposition 6.4, applied to the operators PJE (h) def P;(h) — E;.

Indeed, let K CC R" be a neighborhood of zero such that this proposition holds uniformly for
E = (Ey,Ey) € K. Let ¢1(h) and 15(h) be two normalized joint eigenfunctions for the joint
eigenvalue E(h), such that (11,12) = 0. If we can find such eigenfunctions for a set of values of
h accumulating at zero, then v, (h) and 2(h) are both microlocal solutions (see section 4.5) to
the equation

(P](h) - Ej(h’))wk(h) ~ 0, J=1L2 k=12

Therefore, their wave front sets are included in a compact W C T*X. Let w : T*X — X be the
standard projection and let U be an open neighborhood of 7(W) such that U is compact. Then,

WE(e) N(T(X\U)) =0 (k=1,2),

and because 1 cannot have any wave front set at infinity, ¥ is actually O(h*) on X \ U.
Consequently if we let x be a smooth function with support in U and equal to 1 on w(W) then

XYkl z2x) = 1Ykl 2x) + O(h%°) = 14+ O(h™),

and (xt1, x12) = O(h™).

That allows us to replace, in the following, ¥ by x¥.

Because of proposition 6.4, there exists a constant C(h) € Cj such that
h1(h) ~ C(h)1pa(h) on T*U. (22)

Combined as before with the fact that nothing happens at infinity, equation (22) implies, by
taking scalar products, that C(h) simultaneously satisfies |C(h)] = 1+ O(h*®) and C(h) =
0+ O(h*°), which is impossible. This proves that for small A all joint eigenvalues F(h) must be
simple.

Now, if E(h) and E'(h) are distinct joint eigenvalues but differing only by O(h*°), the same
argument applies to the eigenfunctions 11 (h) and 15 (h) associated to E(h) and E'(h), and thus
proves the last statement of the theorem. O
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This theorem extends the results of [5], where it is shown that the eigenvalues are simple
as long as K does not meet any critical value of the momentum map p. Note that this latter
statement comes as a consequence of our proposition 5.1 as well.

Finally, remark that the proof of theorem 7.1 actually shows that joint eigenfunctions v (h)
corresponding to joint eigenvalues E(h) € K are in one-to-one correspondence with microlocal
solutions of the system

(P;(h) — B;(W)up ~ 0

in a neighborhood of (Jgcx Ar. In other words, these eigenfunctions are determined by the
quantization conditions of theorem 6.9.

7.2 Quantum monodromy

Away from the critical value of the momentum map p, the joint spectrum locally looks like a
lattice hZ?2. However, simply patching these lattices together around 0 is not possible. This
phenomenon is called quantum monodromy and is described in details in [39]. Let us take
advantage of section 5 to give a short description of it.

If ¢y is regular value of p, then on a neighborhood B of ¢y there exists a map f(h) : B —
R? that “asymptotically identifies ¥(h) N B with the straight lattice hZ?”, in the following
sense : f(h) is an elliptic semi-classical symbol of order zero such that for any family E(h) =
(El(h’)aE2(h’)) € Ba h e Ha

E(h) € £(h) N B + O(h™) if and only if f(E(h);h) € hZ? + O(h™). (23)

Indeed, for ¢ € B let A\.(h) be the semi-classical holonomy 1-form on A, defined in proposition
5.5; then because of theorem 5.8, one can choose

pydef (1 1
Jeh = (2” [n(c) Ael) 2 [rz(c) /\C(h)> ’ 29

where (y1(c),72(c)) is any smooth basis of Hi(A,).

It turns out that up to conjugation of f(h)/h by an element of the affine group with integer
coefficients GA(2,Z) such a map f(h) is unique modulo O(h*). If § is a simple loop through
co enclosing the critical value 0 and small enough not to enclose any other critical value of the
momentum map, we can cover its image by a finite number of open ball By, ..., By. Assuming
that By = B, we can construct a corresponding map fi(h) on B; that coincide with f(h) on
ByNBj;. Continuing this way, we end up with a map fy(h) on By, and an element p(0) € GA(2,7Z)
such that

1

o) = (8) o (27 (1) + O(h)

1(0) depends only on the homotopy class of § and is called the quantum monodromy of the joint
spectrum. Because the f;(h)’s can be chosen as in equation (24), this p(d) is actually dual to
the classical monodromy of the bundle m1(A;) — ¢ :
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Proposition 7.2 ([39]) If (11(c),72(c)) and € are chosen as in proposition 6.3 then

where 1 is the inclusion GL(2,R) — GA(2,R) such that for any M € GL(2,R), the origin
0 € R? is fized by o(M).

The article [39] shows how this quantum monodromy can be told from a picture of the
spectrum by detecting the change in the lattice structure of the joint spectrum around the
critical value. One of the ways of doing this is to unwind the spectrum onto R?, in the following
way. Suppose ¢ is actually drawn on the universal cover of the punctured plane : W— R\ {0}

and let B; be the open cover of its image such that 7(B;) = B;. Then the maps f;(h) on B;
define a global map f(h) on By U By --- U By. By definition we have

F(6(1);R)/h = u(8) o F(5(0); k) /A
Since the restriction of f(h) to the points belonging to the spectrum 7~ (2(h)) takes values in
hZ? + O(h®), there is for small h a unique map

F(h) : 7Y (S(h) N B; — hZ?
J

that coincides with f(h) modulo O(h*). This map is of course as well defined on the intersection
with 77 1(3(h)) of any domain D of W that projects into a small (but fixed) annulus D around
the critical value 0, and is called the unwinding (or developing) map of the spectrum.

For instance, if one uses this map to unwind a sequence of points Aj(h) € = 1(2(h))NB; with
w(Ag(h)) = m(Ao(h)) (see figure 5), then one obtains an integral open polygonal line (Ao, ..., Ay)
in hZ?, whose extremities satisfy

Ag/h = p(8)(Ao/h).

For short, we shall allow us to refer to such a sequence of points Aj as a closed polygonal line in
%(h) whenever these points are close enough to each other so that the line segments [A;, A;1]
lie in f(D;h). The “segment” between two consecutive points A;(h) and A;;(h) is by definition
the preimage in D of [A;, A;41].

7.3 The exact counting function

The purpose of this paragraph is to count the number of joint eigenvalues inside a simple
closed polygonal line around the critical value 0. Let Ly(h) be the subset of 3(h) N D of joint
eigenvalues E(h) that are unwound on the horizontal line {y = 0} C R? (in other words,
fa(m=(E(h)); h) = 0). Because of proposition 7.2, Ly(h) is pointwise fixed by the quantum
monodromy z(6). That means that any closed polygonal line A(h) = (Ag(h),...,As(h)) on
%(h) starting on Lg(h) is unwound as a closed polygonal line A(h) = (Ag(h),..., As(h)) in R?
(see figure 5).

It is easy to see that if we have another such polygonal line on ¥(h) ND that lies inside the
previous one, then the number of joint eigenvalue between these two is exactly the number of
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Figure 5: unwinding of a sequence of points in X(h) N D, in the case of the spectrum of the
Champagne bottle (numerics by M.Child). In the case b), the starting point belongs to Lo (h), which
implies that the unwound line is closed.
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h-integral lattice points between the two unwound polygons (see lemma 7.4). As a consequence,

there should be a universal index v € Z such that the number Nj,(A(h)) of joint eigenvalues
inside A(h) be

Ni(A(h)) = Nu(A(R)) + v,
where Nj,(A(h)) denotes the number of h-integral points inside the polygon A(h). Note that

the latter is given by Pick’s formula :

ZLength(A(h))

Nu(A(h)) = Area(A(h)) + :

+1, (25)

where ZLength(A(h)) is the number of h-integral points on the boundary.
The result is actually that v =0 :

Theorem 7.3 Let A(h) = (Ag(h), ..., Ay(h)) be a simple closed polygonal line on %(h) starting
on Lo(h) and enclosing one the origin, and let A(h) = (Ao(h),...,Ae(h) = Ag(h)) be the
unwound polygonal line in R2. Denote by Ny(A(R)) the number of joint eigenvalues inside A(h)
(counting the points in the boundary), and similarly denote by N(A(h)) the number of h-integral

points inside the polygon A(h), counting the boundary.
Then

Na(A(R)) = Na(A(R)).

In other words, the recipe to calculate Ny, (A(h)) is simply to unwind A(h) and then apply Pick’s
formula (25).

Proof. The idea is to cut the “polytope” delimited by fl(h) into two halves separated by Ly;
then on each part the control over the joint eigenvalues given by theorem 6.9 is used to shift the
problem into a region where the result will be obvious, due to the following fact :

Lemma 7.4 if B is a simply connected open subset of D, then for any closed polygonal line
C(h) in X(h) N B, the unwound line C(h) is also closed and we have

Na(C(h)) = Np(C(R)).

This lemma, also proves the existence of the index v claimed before the statement of the theorem,
and this implies that we can choose any particular fl(h) to prove the theorem. So let us assume
that the intersection of the polytope delimited by ./i(h) with the horizontal lines e = hn are
segments whose extremities are vertices of A.

Now, let us apply theorem 6.9 to the operators PJE (h) def Pj(h) — Ej, and keep the notations

from the statement of this theorem. We know from lemma 6.5 that the map
E = (B1, B) = €”(h) = (¢ (h), 5 (h))

is an elliptic semi-classical symbol of order zero. It is therefore for small A a diffeomorphism
of a compact neighborhood K of zero into its image; this implies that the determination of the
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joint spectrum in K amounts to that of the corresponding values of €”(h), which we shall hence
simply denote by € = (€1, €2). From now on, we shall assume that the annulus D defined in the
previous paragraph is a subset of K.

Let us look for solutions satisfying €2 > 0. Let g1(h) and go(h) be the following functions :

2 ™ €

791(6; h) — (AE)out + 625 . ln(2h) — 2argF (M) ,

2

and go(€; h) = €9.

Because of the analyticity properties of I', these functions are holomorphic in €2 > 0. The map

f(E;h) dof g(e¥(h); h) satisfies equation (23) thanks to theorem 6.9. Because of the Inh term in

it, it is not a standard semi-classical symbol globally; but we know from paragraph 6.7.4 that it
is so for E in a small compact at finite distance from the origin. Moreover, because of remark

6.15, it must satisfy equation (24) as well, where (y1(c),v2(c)) is the basis given in proposition
6.3.

Therefore, the joint spectrum is spread on the horizontal lines e = hn, n € Z, and the set
Ly(h) lies in the line e = 0. Our problem is now to count the number of joint eigenvalues inside
the intersection A* (h) of the half plane e; > 0 with the polytope delimited by A(h) (figure 6).
Let us denote by I,(h) the set of joint eigenvalues contained in A* (k) and satisfying e; = hn.

Figure 6: the upper half of the polytope.

From now on, we forget the negative half of our polytope, and label

Ao, ..., Ay
the consecutive vertices of At (h), starting and ending on Lo(h). We denote by Nu(A(R))
the number of joint eigenvalues inside A™(h), and by Nj(A(h)) the number of h-integral points
inside the polytope delimited by the unwound points Ay, ..., Ay, Ag. The theorem will be proved
provided we show that Nj(A(h)) = Ni(A(h)).

The next step of the proof is now to translate A (h) far from the origin, as follows (figure 7).
The domain D where the unwinding map is defined can always be chosen such that there exists
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an integer k(h) € Z such that the origin is outside of the polytope C(k) = (Cy(h),...,Ce(h))
defined by

Figure 7: translation of the polytope

Of course, the set of joint eigenvalues inside C(h) satisfying ez = hn is in bijection with I, (h),
which implies that

Na(C(h)) = Np(A(h)).

On the other hand, because f(:;h) is a valid unwinding function in a region containing
both A(h) and C(h), the unwinding C(h) of C(h) is by definition the translation of A(h) by the
horizontal vector h(k(h),0). It has therefore the same number of interior points :

Nu(C(h)) = Np(A(h)).

But lemma 7.4 yields

which finally proves the theorem. O

7.4 Shape of the spectrum near the critical value

We investigate here the shape of the joint spectrum in a region of size O(h) near the origin, in
terms of the (e1,€y) variables. We already know that the joint eigenvalues are distributed on
the horizontal lines €2 = hn, n € Z. It remains to study their repartition on each of these lines.
For this purpose, we fix n € Z and denote by z = €;/h the generic variable on {es = hn}. Of
course, the results will be based upon corollary 6.10, whose notations we use here, and which
we express in the following way :
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Proposition 7.5 (corollary 6.10) Let K a compact neighborhood of the origin in R?. For any
family BE(h) = (Ey(h), By(h)) € (hK) such that e£ ™ (h) = hn + O(h®) (n € Z), the following

characterization holds :

E(h) € (k) + O(h™) if and only if

z(h) + 1+ |n|

|n|g —z(h)In(2h) — 2argT (z (h) 5 ) + fu(z(h); h) € 27Z + O(h™),

with x(h) = e{;(h)(h)/h. Here fn(h) is a symbol of the form :

A
fal@ih) = 5 + @B +nC+ D+ pg + hfna(@) + W faa(@) + -,
for some real constants A, B,C,D.

Proof. Of course, in view of corollary 6.10 — applied to the system pjt =Pj—ht;,j5=1,2- A
is just the action integral on the critical Lagrangean : A = f%) g, and it only remains to prove
that there exists constants B, C, D such that

Lo(R") = 2(h)B +nC + D + O(h),

where ¢t and z(h) are linked by
. 1
#(h) = &' (k) = 1t (h).

Because the sub-principal symbols of 15]’5 are affine functions of ¢ : 7 = r —t, it is easy to deduce
from formula (17) of proposition 6.8 that I,yg)(git) is affine in ¢. The result then follows from the

fact that the principal part of € (h) = (z(h),n + O(h™)) is also an — invertible — affine function
of t. O

We study the distribution of joint eigenvalues on the line €5 = hn by investigating the gaps
between two consecutive eigenvalues.

Theorem 7.6 For anyn € Z, let Ex(h) be the sequence of joint eigenvalues in {ea = hn}N(hK),
such that the corresponding variables xy(h) form (for each h) a strictly increasing finite sequence.

The gap between Ex(h) and Egi1(h) is given by :

HEk+1(h) — Ey(h) H _ 2ma (1+0(h)) (26)

h |Inh| + B —1In2 — V! ()

:“Qi%*wﬁ%Z@“”_B+m”>+o(miﬁy

for an x €lxg, xp+1[, and a = | M - (1,0)||; we have denoted

) 1
U,(z) =2argT (M) .

2
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Note that U, is related to the logarithmic derivative 1 of the Gamma-function :

W (@) = % (w (#)) .

A consequence of this theorem is that the number of Ey(h)’s inside hK increases as h tends
to zero at a rate equivalent to const.|Inh|, which easily yields a Weyl type asymptotic formula
for the counting function (see theorem 7.7 in next paragraph). A more precise result is that
the function P! controls the shape of the graph “gaps versus z”. It turns out that U/ has a
non-degenerate minimum at x = 0, which is particularly sharp for n = 0 (figure 8). This might

¥ (z)

-40 -20 20 40 60 80
-1 zpom

Figure 8: the function ¥{(z) (here v denotes Euler’s constant y ~ 0,5772156649.. .. ).

= —(y+2In2)

have some interesting applications in numerical analysis. First, it should refrain people from
thinking that the gap curve has a cusp; secondly, however, this “near-cusp” might be useful to
precisely locate the critical value £ = 0. Numerics for the example of the Champagne bottle
suggest that both remarks apply for reasonable value of the small constant 4 (figures 9 and 10).

Finally, of course, this theorem can be used to find a rigorous approximation for the spectral

Egy1—Ey
h

Figure 9: spectral gaps for the quantum Champagne bottle, n = 0, h = 10~* (numerics).

gaps. In the example of the Champagne bottle, formula (26) can be made completely explicit.
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Egi1—Ey

h
| |
| |
i 0.68! =
|
" 0. 66
: I n
| |
0.64| .
| |
0.62!
| |
L L . L \Ek
-0.00004 -0.00002 0.00002  0.00004

| |

Figure 10: spectral gaps for the quantum Champagne bottle, n = 0, h = 10~5 (numerics).

The Hamiltonian H is the following :
1
H(‘/anafan) = 5(52 + 772) - 72 + 7‘4,

with r? = z? + ¢2. It commutes with the angular momentum I = zn — y&, hence we can let
p = (p1,p2) = (H,I). The corresponding h-operators are

R h? h 0
H=-—— -2
2 1 00

One can compute the quantities involved by formula (26), and one finds

A—r24rt I=

M:(‘éi ?) soa=+2, andB=(5/2)In2.

Thus, using formula (26) to approximate the smallest gap (obtained at z = 0 for n = 0) we get :

. (Ex41— Eg 212
min ~
k h |Inh|+(9/2)In2 + v
The comparison between the principal part of this formula as a function of In A and the “exper-

imental” result from the numerical computation of the spectrum is depicted in figure 11, and
tends to show that the approximation is quite accurate.

Proof of theorem 7.6. Because (Ej+1 — Ex)/h = (M + O(h)) - (k41 — Tk,0) + O(h*™), it
suffices to estimate |zg41 — |-

+ O(h).

Forn € Z, let

1

def T iz+1+|n
gn(z;h) = o (|n|§ — z1n(2h) — 2argT (#H) +fn($;h)> .

The function z — g, (z;h) is smooth and we have

g (z;h) = B —1In(2h) — U! (z) + O(h).
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By —E
nlkin( k+1 k)

212 10 ~4 Inh

2mv/2
|Inh|+(9/2)In2 + v

m —numerics

Figure 11: The smallest gap; comparison between numerics and the top order term in formula (26).

For small h, g, (h) is therefore strictly increasing, with slope of order |Inh|. The solutions zy(h)
to g(zg(h);h) = k € Z + O(h™) are therefore, for small h, in one-to-one correspondence with
the exact solutions to g(zx(h);h) = k (except maybe for the first and the last ones, sitting
near the boundary of the compact interval in which we are looking for solutions). Moreover
the differences between the exact and the O(h*) solutions are of order ﬁO(h"o), which is a

fortiori O(h®°). In the following zj denotes the exact solution.

By Rolle’s theorem, there is an z €|z, zx11[ such that

]‘ !
—_— = sh).
P—— (@5 h)
This means
27
ok — okl = inh|+ B—In2 — ¥’ (z) + O(h)’
which proves the theorem. O

7.5 Weyl’s formula

Let K be a compact convex subset of R2, and let K (h) be its image by the change of variables:
(t1,t2) = (€1(h), &(R)).

Recall that the principal part of this map is
€ =M""-(t—r(m)),

where r(m) = (r1(m), r2(m)) is the value at m of the joint sub-principal symbol of the system
Py (h), Py(h), and M = dF(0), where (p1,p2) = F(q1,¢q2) for some symplectic coordinates near
m (see section 6.5).
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Denote by Ky the principal part of K(h); it is a convex compact of R%. Theorem 7.6 easily
yields the following estimate for the counting function :

Theorem 7.7 Denote by Np(K) the number of eigenvalues belonging to hK :

Ny (K) % 4{(Ey, B) € hK N S(h)).

The following estimate holds, as h tends to zero :

1
_ [nh]  |dz A dn| + O(1).

Ny (K) or s
0

The measure |dn| is the counting measure on Z, and |dz| is the standard one-dimensional
Lebesgue measure.

We present in figure 12 a numerical illustration of this result.

) (K)
Nup(K
90+
80+
[ ]
70 "
| |
60+
| |
50+
| ‘ | | | a Inh
-11 -10 -8 -7 -6 -5

Figure 12: The counting function Np(K) for the Champagne bottle, where K is a compact selecting
only joint eigenvalues on the line e = 0 (numerics).

The question that this theorem arouses is whether the formula for Nj can be related to a
Weyl-type heuristic involving volume in phase space. The answer is positive (proposition 7.8),
up to the difference between the measures of K, with respect to |dz A dn| and with respect to
the standard Lebesgue measure on R?, which of course strongly depends on the geometry of Ko.

Let 4 be the push-forward on R? of the symplectic (or Liouville) measure by the momentum
map p = (p1,p2) : for any Borel B of R?,

u®) = [ wnolp

Let |dc| = |dey A dcs| be the standard Lebesgue measure on R?. The Lebesgue volume of B will
be denoted by |B].
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Proposition 7.8 As h tends to zero,

Proof. Let Q be a neighborhood of the critical point m in which the system (P;, P;) can be
brought to the normal form of lemma 6.5, so that there is a local diffeomorphism F' defined on
U = p(Q) such that, with the same notations as in section 6.2, (p1,p2) = F(q1, ¢2)-

Replacing K by hoK with hy small enough, if necessary, we can always assume that K C U.
Let € > 0 be such that the ball

B. ¥ {(r,0,p,0) €M, 7 <e,p<e}

is included in Q. Then u(hK) can be split into two parts :

u(hK) = / |dzdydédn| +/ |w A w|/2. (27)
BeN{(q1,q2)€F~(hK)} BEn{(p1,p2)€hK}

If h is small enough, each fiber p~!(c), ¢ € hK intersects B., and we know from section
6.4 that the fibration p;pc over hK is trivial with fibers diffeomorphic to compact cylinders.
Moreover, p naturally defines on each cylinder a locally invariant measure p such that the
symplectic measure splits according to :

lw Aw|/2 = p® |dp A dps|.

Therefore, the second term of (27) can be written as :

/ w Aw|/2 :/ p(BEN p(¢))|der A des).
Ben{(p1,p2)€hK} (c1,c2)ERK

Because p(BSNp~'(c)) is bounded for bounded (ci,c2), the following estimate holds, for some
C>0:

/ lwAwl|/2 < C. |dcy A dey| = C.h%| K.
Ben{(p1,p2)€hK} (c1,c2)ERK

Let us turn now to the first term in the sum (27) :

L.(h) | dedydédn).
)}

def /
Bgﬂ{(ql,qz)EF_l(hK

Using the new coordinates (r,0,4,\) with £ = rp and A\ = a — 0, the symplectic measure is
transformed into

14 1
;|d)\ ANdENdOAdr| = ;|dq1 Adga| @ |dO A dr|.

This gives :

‘1
I.(h) = 27‘(‘/ 1\c|<52 / —‘d’l‘| |d01 A d62|
(c1,e2)€EF~1(hK) lel 7
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- / 1o n(S)lde A desl.
F-1(hK) ¢

Note that for A small enough, the condition |c| < €2 is always satisfied for ¢ € F~1(hK).

Now, the change of variables ¢ = F'(c)/h yields

2

I.(h) = 27k / EKln(ij)J(héﬂdéL

where J is the Jacobian of F~!. Taylor’s formula for J and F~! easily shows that the integrand
can be reduced to its principal part :

62

L(h) = 27h? / In( 7 M O]+ O,

Since J(0) = det M~!, the right hand-side is equal to :

2
27rh2/ In(-5_)|de| + O(h?),
éeM—1(K) hel

with é = M~1.é. Because the measure In|c||dc| is locally integrable at the origin, this finally

gives :
I.(h) = —2xh®Inh|M~(K)| + O(h?),
thus proving proposition 7.8. O
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