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Abstract. Let Pi(h),...,P,(h) be a set of commuting self-adjoint h-pseudo-
differential operators on an n-dimensional manifold. If the joint principal symbol
p is proper, it is known from the work of Colin de Verdiére [6] and Charbon-
nel [3] that in a neighbourhood of any regular value of p, the joint spectrum
locally has the structure of an affine integral lattice. This leads to the construc-
tion of a natural invariant of the spectrum, called the quantum monodromy. We
present this construction here, and show that this invariant is given by the clas-
sical monodromy of the underlying Liouville integrable system, as introduced by
Duistermaat [9]. The most striking application of this result is that all two de-
gree of freedom quantum integrable systems with a focus-focus singularity have
the same non-trivial quantum monodromy. For instance, this proves a conjecture
of Cushman and Duistermaat [7] concerning the quantum spherical pendulum.

1. Introduction

Obstructions to the existence of global action-angle coordinates for completely
integrable systems are well known since Duistermaat’s article [9]. It was then
natural to raise the question about the impact of these obstructions on quantum
integrable systems, at least for the (semi)-classical pseudo-differential quanti-
sation on cotangent bundles. The first attempts in this direction were [7] and
[11], both of them concerning the monodromy invariant for the example of the
spherical pendulum. This system is indeed one of the simplest (along with the
Champagne bottle [1]) that exhibit a non-trivial monodromy. The first of these
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articles [7] proposed a particularly interesting way of detecting the monodromy
by observing a shift in the lattice structure of the joint spectrum. It is the pur-
pose of this article to state, prove and explain this idea.

Surprisingly enough, this idea of quantum monodromy has been sleeping
for ten years, before new interest resulted in its experimental discovery in the
spectrum of excited water molecules [4, 5].

Back to mathematics, it turns out that, in the framework of semi-classical
microlocal analysis (developed for integrable systems in [3]), there is a natural
way of defining an invariant of the joint spectrum away from singularities of the
principal symbols, that precisely describes the obstruction to the existence of a
global lattice structure for the spectrum. The organisation of this article is as
follows : we first extract the relevant properties of joint spectra, and define the
quantum monodromy invariant for any set that shares these properties (section
2). Then we prove in section 3 that, for spectra, the quantum monodromy is pre-
cisely given by the classical monodromy of the underlying classical Hamiltonian
system. The result is applied in section 4 to the particularly interesting case of
systems admitting a focus-focus singularity. The last section 5 finally shows how
to read off the monodromy from a picture of the spectrum. As an example, we
use the spectrum of the Champagne bottle computed by Child [4].
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2. Construction of the quantum monodromy

Let U be an open subset of R™, let H be a set of positive real numbers accumu-
lating at 0, and for any h in H let X'(h) be a discrete subset of U.

If B is an open subset of U, a family (f(h))nen of smooth functions on B
with values in R™ is called a symbol (of order zero) if it admits an asymptotic
expansion of the form

f(h)=fo+hfi+hfot -

for smooth functions f; : B — R™. More precisely we require that for any ¢ > 0,
for any N > 0, and for any compact K C B, there is a constant Cy n,x such
that for all h € H,
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where ||.||¢ denotes the C* norm in K. The symbol f(h) is elliptic if its principal
part fo is a local diffeomorphism of B into R™. The value of f(h) at a point
¢ € B will be denoted by f(h;c).

A family (r(h))nen of elements of a finite dimensional vector space is said to
be O(h>) if for any N > 0 there is a constant C' > 0 such that ||r(h)|| < CRY,
uniformly for all h € H. If S(h) is any family of sets depending on h, then
the notation f(h) € S(h) + O(h®) means that the function dist(f(h),S(h)) is
O(h®).

We will say that X'(h) has the structure of an “asymptotic affine lattice”
whenever it can be described with a locally finite set of “asymptotic affine inte-
gral charts”, in the following sense :

Definition 1. (X'(h),U) is an “asymptotic affine lattice” if for any ¢ € U, there
exists a small open ball B C U around ¢, and an elliptic symbol f(h) : B — R"
of order zero such that, for any family \(h) € B :

— A(h) € Z(h) N B+ O(h*®) <= f(h; A(h)) € hZ" + O(h*)

— if M(h) and N'(h) are in X(h) N B, then X' (h) — A(h) = O(h™) if and only if
for small h, N'(h) = A(h).

T . h
. B ® [ ] . d ° f(h) [ ] [ ] [ ] [ ] [ ] [ ] [ ]
U . A

Fig. 1. An asymptotic affine lattice

Intuitively this means that zooming by a factor of } inside B makes X (h)NB
converge to the standard lattice as h tends to zero. The issue here is to see what
prevents X(h) from globally converging to a lattice. Of course, the reason for
this definition is that, under suitable hypothesis, the joint spectrum of a set of
n commuting h-pseudo-differential operators on an n-dimensional manifold is
indeed an “affine asymptotic lattice” (see the next section).

For short, a symbol f(h) satisfying definition 1 will be referred to as an
“affine chart” of X'(h).

The main point is that the transition functions associated to these charts
are elements of the affine group GA(n,Z) (following Berger [2], we denote by
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GA(n,R) the group of invertible affine transformations of R™, which is the semi-
direct product of the linear group GL(n,R) by the normal subgroup of transla-
tions. Some authors use the notation Aff,(R) instead. The subgroup GA(n,Z)
consists then of elements A € GA(n,R) such that A and A~! leave Z" globally
invariant).

Proposition 1. Let f(h) and g(h) be two affine charts of X(h), both defined
on a ball B. Then there is a unique A € GA(n,Z) C GA(n,R) such that

(@) ° <%>1 = Ajsnymy/n + O(h™).

Suppose now that U is covered by a locally finite union of balls B, on each
of which is defined an affine chart f,(h) of X'(h). Proposition 1 yields a family
of affine linear maps A,g such that on non-empty intersections B, N Bg

%fa(h) = Aap (ifﬂ(h)> '

This in turn defines a 1-cocycle M in the Cech cohomology of ¢ with values in
the non-Abelian group GA(n,Z).

Definition 2. The class [M] € H'(U,GA(n,Z)) of the cocycle defined by Anp
is called the quantum monodromy of (X'(h),U).

Let L be the canonical homomorhism, whose kernel is the group of transla-
tions :

L:GA(n,R) — GL(n,R).

Let ¢ be the inclusion of GL(n,R) into GA(n,R) such that for any M € GL(n,R),
t(M) leaves the origin 0 € R™ invariant. Then ¢ is an injective homomorphism
that depends on the choice of the origin 0, satisfying L o+ = Id. Any A €
GA(n,R) can be written in a unique way

A=7(k)o(M),

(which is usually written A = M + k), where M = L(A) € GL(n,Z) and 7(k) is
translation by the vector k € Z™.

The exact sequence of group homomorphisms
0—2Z" ——+ GA(n,Z) 2~ GL(n,Z) — 1

gives rise to the following sequence of maps (which are not homomorphisms,
since cohomology sets with values in a non-abelian group have no natural group
structure — see [12, p.38])

HYU,Z") —Z= H'(U,GA(n,Z)) —2=~ H'(U,GL(n,Z)) — 1.

This sequence is “exact” in the sense that L. is surjective, and if L.([M]) =1,
then there is an integer cocycle [w] € H'(U,Z™) such that [M] = 7, ([w]). The
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surjectivity of L, is due to the existence of the cross section ¢, which gives rise
to the map 3 3
H'(U,GA(n, 7)) <=— H'(U,GL(n, 7))

such that L.t = Id. For the second point, we remark that if the cocycle
L(A.p) is a coboundary, then it can be written MaMﬁ_l. Therefore the co-
cycle «(M;1)Anpt(Mg) (which is equivalent to A,g) has a linear part equal to
the identity, hence is a translation.

Remark 1. The lack of injectivity for 7. is measured by H(U,GL(n,7Z)) : one
can _check that two cocycles [k] and [K'] in H 1(L{,Z’f) yield the same element
of HY(U,GA(n,Z)) if and only if there is an M € H°(U,GL(n,Z)) such that
[K'] = [M - k].

Let us now give various interpretations of the quantum monodromy M.

The action of GA(n,Z) on Z™ being effective, it is a standard fact that
the cohomology set H'(U,GA(n,Z)) classifies the isomorphism classes of fibre
bundles over U with structure group GA(n,Z) and fibre Z™ (see for instance [12,
p.40-41]). Let £ be such a lattice bundle associated to M. The elements A,g
just define the transition functions between two adjacent trivialisations of L.

Since these trivialisation functions are locally constant, there is a naturally
defined parallel transport .p of a point p € L. along a path ~ in the base U.
This defines the holonomy of £, as a map from 71 (U, ¢) into GA(L.). We will
always identify the latter with GA(n,Z) by choosing an affine basis of L.

The choice of such a basis is equivalent to that of a trivialisation f of £ above
c that sends this basis to the canonical basis of Z"; the holonomy g is then
defined by :

f(v-p) =p(0)f(p) (1)

Finally, this is also equivalent to the choice of an affine chart f(h) of X(h) around
c. If M is any cocycle associated to this trivialisation, then

py(y)=Aip0---0Az90 A, (2)

where A; ; denotes the transition element corresponding to a pair of intersecting
open balls (B;, B;), and By, ..., By enumerate elements of a cover of i encoun-
tered by v(t) when ¢ runs from 0 to 1.

We shall always assume that U/ is connected, so that p; does not depend on
the base point ¢. Note that since (v'v).p = 7.(7.p), we have

(YY) = pr(pp ().

It should be noticed that the bundles considered here have discrete fibres, so
that we could reduce the discussion to the theory of coverings. The fibre bundle
formulation seems however to be more natural when it comes to comparing them
with objects arising in Hamiltonian systems. Nevertheless, the covering approach
will be used in section 5.
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Other geometric interpretations of M will also be discussed in section 5. For
the moment just notice that the non-triviality of [M] is equivalent to the non-
triviality of the lattice bundle £ and to the fact that there is no globally defined
symbol f(h) on U sending X'(h) to the straight lattice hZ™.

Proof ((of proposition 1)). There are no surprises in this quite elementary proof.
Let ¢ € U, and f(h), g(h) be two affine charts of X' defined on a ball B around
c. Because of definition 1, any open ball around ¢ contains, for A small enough,
at least one element of X'(h). Therefore, there exists a family A(h) € X (h) N B
such that

lim A(h) = c.

h—0
Let k € Z™ and let A'(h) be a family of elements of X'(h) N B such that
(s A(R)) = F(hs X () + ik + O(h™).
Then, as h tends to zero, M tends towards a limit v € R”™ satisfying

k = dfo(c)v

(recall that fy denotes the principal part of f(h)).
Since A\(h) and X' (h) are in X'(h), there is a family k’'(h) € Z™ such that

<g(h; X0~ g0 Mh”) = K (1) + O(h).

The left-hand side of the above equation has limit dgo(c)v as h — 0. Therefore
k'(h) is equal to a constant integer k' for small h, and we have

k' = dgo(c)(dfo(c))  k,

which implies that dgo(c)(dfo(c)) ™! € GL(n,Z). Since GL(n,Z) is discrete, there
is a constant matrix M € GL(n,Z) such that for all ¢ € B, dgo(c) = M - (dfy(c));
this in turn implies the existence of a constant & € Z™ such that, on B,

gQ:Mf0+k

But k is necessarily zero : indeed, applying the above equality to A\(h) gives a
sequence k’'(h) € Z™ such that

def

WK (h) < g(hs A(h)) — M - f(h; A(h)) = k + O(h).

Therefore k’'(h) must tend to zero, and hence must equal zero for small h, im-
plying that k£ = 0.
We have proved the existence of a smooth symbol F'(h) such that
M - f(h) = g(h) = hF(h).

Because F'(h; A(h)) € Z™+O(h*>) and limy_.¢ F'(h; A(h)) = Fy(c), we must have
Fy(c) € Z™. So
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Fy = const € Z" in B.

This easily implies that all lower order terms in F'(h) must vanish on B, so we
are left with
F(h)=k+ O(h™), for a k € Z".

This gives g(h) = M - f(h) — hk + O(h®), which reads

1 1
—g(h) = A(5 f(h)) + O(h*),
h h
with A € GA(n,Z) defined by A(p) =M -p—k, p € Z". O

Remark 2. Because of the discreteness of GA(n,Z), proposition 1 implies that
there is an hg > 0 such that the transition element A is uniquely defined by
(g(ho)/ho)(f(ho)/ho)~* acting on a finite subset of Z". Therefore, when re-
stricted to any open subset of U with compact closure in U, the cocycle [M] is
really a quantum object, in the sense that “you don’t need to let h tend to zero”
to define it.

3. Link with the classical monodromy

Let Pi(h),...,P,(h) be a set of commuting self-adjoint h-pseudo-differential
operators on an n-dimensional manifold X. They will be assumed to be classical
and of order zero, in the sense that in any coordinate chart their Weyl symbols
p;j(h) have an asymptotic expansion of the form

p;(h; 2, &) = p)(a, &) + hp)(z,€) + h*ph(z,€) + - -

Because the principal symbols pd, . . ., pif commute with respect to the symplectic
Poisson bracket on T* X, the map

"X > (2,6) = (pp(@,€),-.., 05 (2,€)) €R"

is a momentum map for the local Hamiltonian action of R™ on T X defined by
the Hamiltonian flows of the p. We will always assume that p is proper, so that
the level sets

A =p (e

are compact. Moreover, we ask that these level sets be connected. Conclusions for
non-connected /. can be obtained by separately studying the different connected
components.

Let U, be the open subset of regular values of the momentum map p, and
let U be an open subset of U, with compact closure.

It follows from the Arnold-Liouville theorem that pjy is a smooth fibration
whose fibres are Lagrangian tori. The structure of this fibration is semi-globally
(i.e. in a neighbourhood of a fibre) described with the help of action-angle co-
ordinates. However, the flat fibre bundle Hy(A.,Z) — ¢ € U (with fibre Z™)
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may have non-trivial monodromy, preventing the construction of global action
variables on p~!(U) (see Duistermaat [9]). We will denote by [M.] (classical
monodromy) the cocycle in H!(U,GL(n,Z)) associated to this lattice bundle.

On the other hand, let X(h) be the intersection with ¢ of the joint spectrum
of the operators Py (h), ..., P,(h). It is known from [3] that this spectrum is dis-
crete and for small h is composed of simple eigenvalues. Moreover, the following
result holds :

Proposition 2 ([3]). X(h) is an asymptotic affine lattice on U.

We denote by [M,,] € H'(U,GA(n,Z)) the quantum monodromy of the spec-
trum on U, given by definition 2.

Recall that ¢ denotes the inclusion of GL(n,R) into GA(n,R) such that for
any M € GL(n,R), t(M) leaves the origin 0 € R™ invariant.

The relation between [M,,] and the classical monodromy [M] is then given
by the following theorem :

Theorem 1. The quantum monodromy is “dual” to the classical monodromy in
the following sense :

(M) = . (t[Mcl]_1)~

In other words, for any ¢ € U there exists a choice of basis of H1(A.,Z) and of
an affine chart of X (h) such that the monodromy representations

pu (U, ¢) — GL(n,7Z)
and

p? mU,c) - GA(n,Z)
defined by [M] and [My,] satisfy :

t,,cl

pt = o (tpu)h
Proof. Let « be the Liouville 1-form on T*X. Let ¢y € U and for ¢ near ¢q let
(71(e),...,vn(c)) be a smooth family of loops on A, whose homology classes
form a basis of Hy(A¢, Z). It is known from [3, 6] (see also [14] for a viewpoint
closer to this article) that one can find an affine chart f(h) for X'(h) around
¢ such that the principal part fy is equal to the action integral associated to

Y15+ Un - 1 1
fo(c):(—/ a,...,—/ ).
27 Jyi(e) 27 Jyn(o)

Because of proposition 1, any other affine chart around ¢ having the same
principal part must equal f(h) (modulo O(h>°)). In this way, the choice of a local
smooth basis of Hy(A.,Z) determines an affine chart of X(h). If (v1(c), ..., v, (c))
is another basis of Hy(A.,Z) such that

(7'(¢) = M(c) - (7(¢)), (3)
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for a matrix M(c) € GL(n,Z) depending smoothly on ¢, then the corresponding
affine charts f(h) and f'(h) of X'(h) satisfy :

f'(hie) = M(c) - f(h;c) + O(h™).

Recall that the notation “M-” here means matrix multiplication by M, which is
of course the same as affine composition by ¢(M).

But formula (3) says that if k and k" are trivialisation functions of the bundle
Hi(A,Z) — c associated to the basis v and 4/, then &’ = tM ~'k. Therefore, if
tM(;@l are transition elements for the lattice bundle Hy(A¢, Z) — ¢, then ¢«(Mag)
define a monodromy cocycle for X'(h). O

Remark 3. The fact that the affine nature of quantum monodromy is here nat-
urally reduced to an action of the linear group GL(n,Z) is due the the global
existence of a primitive of the symplectic form on T*X, namely the Liouville
1-form a.

4. Monodromy of a focus-focus singularity

It is probably not worth discussing monodromy in arbitrary degrees of freedom,
for it is a typical phenomenon of 4-dimensional symplectic manifolds (see [13]).

More precisely, let X be a 2-dimensional manifold, and let P;(h), Pa(h)
be two commuting self-adjoint h-pseudo-differential operators on X. As before,
suppose that the momentum map p = (p}, p3) defined by the principal symbols
is proper with connected level sets.

We shall make the following hypothesis. There exists a critical point m €
T*X of p of maximal corank (i.e. both p} and p? are critical at m) such
that, in some local symplectic coordinates (z,y, &, n), the Hessians (p})”(m) and
(p2)”(m) (thereafter denoted by H(p}) and H(p?)) generate a 2-dimensional
subalgebra of the algebra Q(4) of quadratic forms in (z,y,£,n) under Poisson
bracket that admits the following basis (q1, ¢2) :

q = x€ +yn,

g2 = o1 — Y&,
Such a singularity m is called a focus-focus singularity. The point m is then
isolated amongst critical points of p. Therefore, we can choose U C U, to be a
small punctured disc around o = p(m). Finally, we shall always assume that m
is the only critical point of the critical level set Ag = p~1(0).

It is known (probably since [15]; see for instance [14] or [8] for discussions and
more references on this topic) that the fibration p;, has non-trivial monodromy,
and can be described in the following way :

Near m, we know from [10] that the integrable Hamiltonian system (p}, p3)
can be brought into a normal form given by (g1, ¢g2). In other words there exists
a local diffeomorphism F : (R%,0) — (R?,0) such that
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(pé,pg) = F(q1,q2).

This allows one to define transversal vector fields X7 and X5 tangent to the fibres
A, that are equal to the Hamiltonian vector fields X,, and X,, near m. Note
that X5 is periodic of period 27.

Around each ¢ € U, we can now define the following smooth basis (1 (c),y2(¢))
Of Hl(/lm Z) ~ 7T1(Ac) :
— v2(c) is a simple integral loop of Xs.

— Take a point on y2(c); let it evolve under the flow of X;. After a finite time,
it goes back on 73(c). Close it up on v2(c). This defines 1 (c).

Fig. 2. the basis (y1(c),v2(c))

Proposition 3 ([15]). Let ¢ € U. With respect to the basis (y1(c),v2(c)), the
action of the classical monodromy map u on a simple loop § € 71 (U, c) enclos-

ing o is given by the matriz
ey (10
pe(d) = ( c 1)

Here € is the sign of det M, where M € GL(2,R) is the unique matriz such that :
(H(pg), H(pg)) = M - (H(q1), H(g2))-

Note also that M = dF(0).

This, together with theorem 1, proves the following result :
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Theorem 2. Let Py (h), Py(h) be a quantum integrable system with a focus-focus
singularity. Then there exists a small punctured neighbourhood U of the critical
value o such that for any c € U, if f(h) is an affine chart of the joint spectrum
X (h) around ¢ having principal part

Lo
— a, — al,
27 Jyie) 27 Jaa(o)

then the value of the quantum monodromy map pf}u € GA(2,7Z) at a simple loop
d € m (U, c) enclosing o is given by the matrix

wro =5 1)

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

(H(po), H(pg)) = M - (H(aq1), H(gz))-

5. How to detect quantum monodromy
5.1. Introduction

Theorem 1 wouldn’t be of much interest if one could not “read off” the quantum
monodromy from a picture of the joint spectrum.

This is actually easy to do, at least in a heuristic way. The rigorous mathe-
matical formulation may however look slightly awkward.

The first idea is the following. Given a straight lattice Z", and any two points
A and B in Z", there is a natural parallel translation from A to B acting on Z",

namely the translation by the integral vector AB.

Now, the joint spectrum X'(h) locally around any point ¢ € U looks like a
lattice. If the points A and B in X(h) are close enough to ¢ and h is small enough,
one can still define a parallel translation from A to B, taking points of X'(h) near
A to points in X'(h) near B. This allows us to pass from one chart to another,
and hence to define the notion of parallel transport along any loop through c.
This yields a map from 71 (U, ¢) to GL(n,Z) which is precisely the linear part
of the quantum monodromy p?*. This idea is made precise in section 5.2.

The problem can also be viewed the other way round. Roughly speaking,
(X(h),U) is an affine manifold, and hence can be defined by the data of a local
diffeomorphism f(h) from the universal cover U of U to hR™ sending X(h) to
hZ™, and of the holonomy v associated to it :

F(hiy.@) = va(y) f(h;6), Yy €mU),VE€U.

Of course, v should be related to the quantum monodromy g . The diffeomor-
phism f(h) can be seen as an “unwinding” of X'(h) onto R™. This viewpoint is
developed in section 5.3.
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| s

Fig. 3. parallel transport on X'(h)

5.2. Parallel transport on X(h)

Let (X'(h),U) be an asymptotic affine lattice.

1. First suppose that there exists an affine chart f(h) of X'(h) defined globally
on U. Since f(h) is elliptic and sends elements of X'(h) into hZ" 4- O(h>°), there
is an hg > 0 such that for any h < hg, there is an injective map f(h) sending
elements of X(h) exactly into hZ" and such that f(h) — f(h) = O(h*).

Because f(h) is of order zero, there is a fixed open ball B’ c f(h;U) such
that B’ N (hZ") is contained in f(h; X(h)).

Then, one can find a smaller ball B C B’ such that for any two points ]5,
Q in B N (hZ™), the translation by the vector PQ takes any point of B N (hZ")
into B’ N (hZ") (figure 4). Let us denote by B an open ball in R" such that
f(h; B) C B. Pulling back by f(h), one thus defines the “parallel transport”
T%(A) of a point A € ¥'(h) N B along the direction given by two points P and
Q@ in X(h) N B. When the composition is defined, we have

T— OT— = T—s. (4)
QR PQ PR

Moreover, because translation in Z" is an isometry, there exists a constant C' > 0,
independent of h, such that for any A € X(h) N B

1Q7 5 (A)]| < C||PAJ. (5)

Because of proposition 1, any other choice of affine chart f(h) gives the same
parallel transport.

2. Now, let (X(h),U) be a general asymptotic affine lattice. If 7 is any path in
U, one can cover its image by open balls B; on which parallel transport is well
defined for h less than some h; > 0. If U is compact, as we shall always assume,
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hzZ™ P B
Fig. 4. parallel translation
this can be done with a finite number of such balls By, ..., By, ordered in a way

that for each 1 <i < ¥, B; N B;y1 # 0.

In the following, take h to be less than min; h;. Let P € X(h) N By and
Q € X¥(h)NBy. Foreachi =1,...,£—1, pick up a point P; € X(h)N(B;NB;it1)-
For h small enough, this set is not empty. Because of the estimate (5), the
mapping

T, = 7—— 0+ 0T— O T—
v, PQ Pp_10 P Py PPy

is well-defined when restricted to a sufficiently small ball By around P (here
again, X'(h) N By won’t be empty if h is small enough). Equation (4) shows that
this map does not depend on the choice of the intermediate points P;. Therefore
it depends only on P, @, and on the homotopy class of v (as a path from a point
in B; to a point in By).

If @ =P, and 7 is a loop (B¢ N By # 0 and By C By) then 7, p p is a map
from X(h) N By to X(h) N By leaving P invariant. If f(h) is an affine chart for
2(h) on By, then f(h) o, ppo f(h)~!is a locally defined map Ty,f(n),p from
hZ™ to itself leaving f(h; P) invariant.

We know from section 2 (formula (1)) that the choice of such an affine chart
allows the quantum monodromy map g to take its values in GA(n,Z). Remem-
ber that L denotes the natural homomorphism from GA(n,R) to GL(n,R).

Proposition 4. The map 7, yn),p 15 equal to the linearisation at P = j‘:(h7 P)
of the quantum monodromy along y :

VR S tha p%'y,f(h),P(R) = L(I“l‘f(’}/))PRa

whenever the left-hand side of the above is defined.
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Proof. If we choose affine charts f;(h) for X'(h) on each of the B;’s with f; = f,
and let A4; ;41 be the transition elements of the monodromy cocycle

fi(h)/h = A; ix1(fix1(h)/h) + O(h>°) (convention £+ 1 =1),

then it is easy to check that

P7, ), p(R) = L(A1,¢) -+~ L(A32)L(A21) - PR,
whenever the composition is defined. Using (2) finishes the proof. O

As an application, one can easily “read off” from the spectrum of the quan-
tum Champagne bottle (figure 5) that the linear part of the quantum mon-

. . . 1 -1
odromy is conjugate to the matrix ( 0 1 )

Fig. 5. Spectrum of the Champagne bottle. The gray disc encloses the focus-
focus critical value. R' = 7, p p(R).

5.3. Unwinding the spectrum

We keep here the notation of the previous paragraph. In particular, ¥'(h) is any
asymptotic affine lattice on U, v is a path in U whose image is covered by balls B;
on which local parallel translation is defined. We choose points P € By N X'(h),
Q € BpnX(h) and P, P,,...,Pp_1,P; = Q such that for ¢ = 1,...,0 — 1,
P,eB,NBi41N E(h)

Given an affine chart f(h) on By, for h small there is a unique k; € Z™ such

that the map f(h) o Tom © f(h)~! is just translation by hky. If By,..., B, are
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endowed with affine charts f1(h) = f(h), fa(h),..., fe(h), in the same way we
define k; € Z™ such that

f,-(h) 0oT—— 0 fi(h)fl

Pi_1P;

is translation by the vector hk;. We unwind the points P, Py,..., P, onto hZ"
using the following procedure (see figure 6) :

IO I—

-0
Py

Fig. 6. Unwinding of the points P;. We deduce that y5 = 4, which allows us to
locate the horizontal line through the origin 0 € hZ? (the dotted one).

P = f(h; P);
P, = P+ hky = f(h, P,);
- P=P+ hL(Az1) - ko;

-~ Q=P =P+ hL(Age—1)---L(Az1) - ke
Then one easily checks that
Py =hAjg0Az30---0Ai_1,(fi(h; P)/h).
In particular, applying this procedure to a loop v (P = @) proves the following :

Proposition 5. For h small enough, the quantum monodromy py gives the end

point Q of the unwinding of any loop v on U through a point P € X (h) around
which we are given an affine chart f(h) by the following formula :
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Q = h(py () (f(h; P) /D).

Remark 4. There is a unique symbol g(h) defined on the universal cover U of U
that is an affine chart for X'(h) and that coincides with f(h) above By. Then Q
can be seen as the lift v.P € U. The point is now that

9(h: Q) = Q + O(h™).

For any P € U, and for any v € m; (U), there is a unique vp(y) € GA(n,Z) such
that
g(h;y.P)/h = vp(v)(g(h; P)/h) + O(h™).

By definition, we have vp(yy') = vy p(7)vp(7y). But one can show that for any
loop 7 such that v.P = @, then

vo(Y) =ve(y)ve(y )vp(y) ™.

Therefore, vp is actually a homomorphism. Proposition 5 just says that
Vp = [,LJTI

Applying this proposition together with theorem 2 to a focus-focus singularity,

we see that if the principal part of f(h) is given by the action integrals i e

and % [ a then, for a small loop d enclosing the critical value o,
72

V(a)zb((l) i)

In particular, the whole horizontal line through the origin consists of fixed points.
Of course, locating the origin on a diagram like figure 6 may require the compu-
tation of the action at one point. However, given P and its image Q, it is easy
to find the horizontal line through the origin, for

€Yp = IQ —Tp-
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