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The Rotation Number
for Quantum Integrable Systems

Monique DAUGE*  Michael HALL' VU NGOC San*

Abstract

For a two degree of freedom quantum integrable system, a new spectral quantity is de-
fined, the quantum rotation number. In the semiclassical limit, the quantum rotation number
can be detected on a joint spectrum and is shown to converge to the well-known classi-
cal rotation number. The proof requires not only semiclassical analysis (including Bohr-
Sommerfeld quantization rules) but also a detailed study on how quantum labels can be
assigned to the joint spectrum in a smooth way. This leads to the definition and analysis
of asymptotic lattices. The general results are applied to the semitoric case where formulas
become particularly natural.

Keywords : Liouville integrable systems, rotation number, semitoric systems, quantization, pseudo-differential
operators, semiclassical analysis, asymptotic lattice, good labelling, inverse problem, symplectic invariants, lattice
detection.

MS Classification : 81S510. 81Q20, 58J40, 58150, 65L.09.

1 Introduction

Let M be R* or, more generally, a 4-dimensional symplectic manifold. If a two-degree of free-
dom Hamiltonian system, given by a Hamiltonian H € C*°(M), is integrable in the classical
Liouville sense, then it is well known that most of the dynamics takes place on invariant tori of
dimension 2. On each such torus A, the motion is particularly simple: in suitable angle coordi-
nates (61, 62) on A, the Hamiltonian vector field X’ is constant:

0 0
X =] — —.
(Xn)y = gy + gy,
This is the content of the classical action-angle theorem (see for instance [17] and the references
therein). The direction in RP! given by the frequency vector w := (ay, ) is called the rotation
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number. If w is rational (by this we mean that a; and v are linearly dependent over QQ), then the
trajectory of the Hamiltonian system on A is periodic. On the contrary, when w is irrational, this
trajectory is dense on A. Thus, the knowledge of w gives important information on the nature of
the dynamics. Understanding the variation of w is also crucial for the study of perturbations of
H, via the various “KAM” theorems (see for instance the review article [41]).

The goal of this article is to investigate the effect of this dynamical quantity on a quantum
system. Assume for instance that we consider a Schrodinger operator P = —h?A + V, with
a smooth potential V' on a 2-dimensional Riemannian manifold; assume moreover that this op-
erator is quantum integrable (see Section 3). Then, what is the manifestation of the underlying
classical rotation number on the spectrum of P? A first answer was given by Hitrik and Sjostrand
in a series of papers [25, 26] where they study the case of weakly non-selfadjoint operators (i.e.,
V' has a small imaginary part), and they proved that the asymptotics of the spectrum, in the semi-
classical limit 2~ — 0, exhibit very different behaviors depending on the rationality of the rotation
number. In the purely selfadjoint case, the construction of quasi-modes in the various situations
where w is strongly irrational or not was known for a long time, see for instance [31, 8]; how-
ever, perhaps surprisingly, only the non-selfadjoint case, where the spectrum, instead of being
one-dimensional, is deployed in the complex plane, gives some hope to recognize useful geo-
metric structures from the eigenvalues themselves. For quasi-periodic dynamics, this idea was
exploited to recover the Birkhoff normal form from the complex spectrum in [21]. A strong mo-
tivation for our work is the recent paper [24], which naturally leads to this intriguing question:
can you detect the rationality of the rotation number from the spectrum?

It is precisely this type of inverse spectral problem that we study in this paper. Here we stick
to the simpler “normal” case, which means that instead of considering the spectrum of a truly
non-selfadjoint operator, we consider the joint spectrum of a pair of commuting selfadjoint oper-
ators. The fully non-selfadjoint case is still largely open. We prove that one can define a quantum
rotation number, in a very natural and concrete way, from the joint spectrum of two commuting
operators (Definition (3.27)); moreover, in a suitable sense, this quantum rotation number con-
verges to the classical rotation number in the semiclassical limit 4 — 0 (Theorem 3.28). This
result is however more delicate than one could think at first sight, because it requires to be able
to detect from the joint spectrum a good labelling: a pair of integers (or “quantum numbers”) for
each joint eigenvalue, with suitable regularity properties (Definition 3.13). After going through
this constructive and combinatorial issue, we finally show that one can detect the classical ro-
tation number from the quantum spectrum. We also believe that the quantum rotation number
will prove to be a useful object in the study of quantum integrable (or near-integrable) systems,
and we hope to apply this idea on concrete systems in a near future. The recent article [23] on
asymmetric-top molecules nicely supports this idea.

The second motivation of this paper comes from the theory of semitoric systems, see [47,
37, 38, 40]. The general conjecture for quantum semitoric systems is that one can always re-
cover the underlying classical system from the spectrum of a quantum semitoric system [39,
Conjecture 9.1]. This builds on a number of geometric and spectral invariants, like the quan-
tum monodromy [13, 43]. Recent advances show that a general conjecture like this is not out



of reach [33], although probably under suitable genericity assumptions. Thus, exhibiting a new
invariant that can be recovered from the system is an additional step in this direction; and it turns
out that this rotation number is particular well defined for semitoric systems, see Section 2.3.
The semitoric theory should find natural applications in the study of axisymmetric Schrodinger
operators, a question that we hope to investigate in a future work.

Our work contributes to the general inverse spectral theory in the semiclassical limit. Of
course, in such generality, this question has a long history, especially when restricted to the
particular case of Laplace-Beltrami or Schrédinger operators; see for instance the survey [14] and
the references therein. The semiclassical inverse problem for more general Hamiltonians, which
1s our concern here, was also considered, albeit by less numerous studies, see in particular [28]
for a very general treatment. In the case of Liouville integrable systems, a line of program,
closely following recent development in the classification of Lagrangian fibrations, was proposed
in [48, 40, 42], but prior works have been produced in the Riemannian case, see for instance [50].

The structure of the paper is as follows. In Section 2 we recall the classical definition of
the rotation number, explaining under which conditions it is well defined (which seems to be
an information that is difficult to locate in the literature), and its relationship with Hamiltonian
monodromy (Proposition 2.10). In Section 3, after recalling known results about the joint spec-
trum of commuting pseudo-differential operators, we propose our quantum rotation number and
prove that it determines the classical rotation number, which is the main result of the paper (The-
orems 3.28, 3.34 and Corollaries 3.50 and 3.47). An informal summary would be the following:

Theorem 1.1 Given a pair of commuting h-pseudo-differential operators ( J , H ) whose princi-
pal symbols F := (J, H) form a completely integrable system, let A be a Liouville torus and
¢ = F(A) its classical value. Then, under suitable assumptions, the following hold:

1. the quantum rotation number for joint eigenvalues near c can be algorithmically computed
from the joint spectrum of the quantum system near c;

2. the quantum rotation number for joint eigenvalues at O (h)-distance of ¢ converges, as
h — 0 to the classical rotation number of A;

3. therefore, the joint spectrum of the quantum system completely determines the rotation
numbers of the classical system.

In this process, we are lead to introducing the notions of asymptotic lattices and their good
labellings in Section 3.3, and develop their analysis, independently of any quantization theory.
Then, an important part of the paper (Section 3.6) is devoted to the proof that such good labellings
can be algorithmically detected from the asymptotic lattices (Theorems 3.42 and 3.46), which
finally leads to the proof of Theorem 1.1 in Corollary 3.47.

Acknowledgements M.H. gratefully acknowledges the support of the ANR NOSEVOL (ANR
2011 BSO01019 01) during the start of this project.



2 The Classical Rotation Number

We first recall the notion of rotation number for integrable Hamiltonian systems. A general
discussion can also be found in [4]. Let H be a two-degree of freedom completely integrable
Hamiltonian on a four-dimensional symplectic manifold M : there exists a smooth function f
on M such that {f, H} = 0 and the differentials df and dH are almost everywhere indepen-
dent. From the dynamical viewpoint, the Hamiltonian H defines a dynamical system through its
Hamiltonian vector field X, and the function f is a constant of motion. On the geometric side,
we have a foliation of the phase space M by (possibly singular) Lagrangian leaves given by the
common level sets of H and f.

2.1 Mbobius transformations

Let us assume that the map F' := (f, H) : M — R? is proper, and let ¢ be a regular value of
F. By the action-angle theorem [35] (see [17] for a more modern proof), the level set F'~*(c) is
a finite union of two-dimensional tori, called Liouville tori; and near each Liouville torus, there
exist action-angle coordinates (I, I, 61, 62) € neigh({0} x {0} x T? R? x T?) such that

H:g(-[hIQ)? (1)

for some smooth function g, and the symplectic form of M is dI; A df, + dIy A df;. More
precisely, the action-angle theorem states that there is a local diffeomorphism:

G : (R?%0) — (R?¢)

such that, in the new coordinates, I’ = G([, ;). We shall always assume (as we may) that
the actions (I, I5) are oriented with respect to (f, H), which means that det dG(0,0) > 0. In
particular, dg does not vanish, which enables the following definition:

Definition 2.1 The rotation number of H relative to the oriented action variables I := (I, I5)
on the Liouville torus A C M is the projective number

[wi)(A) = [019(I(A)) : Dag(1(A))] € RPY.

Probably the easiest dynamical interpretation of [wy, 1,|(A) is the following. One deduces from (1)
that the Hamiltonian vector field of H, which is tangent to A, has the form

0 0
Xy = 8198_01 + 3298—02-

Therefore, the flow of Xy is a “straight line” winding quasi-periodically on the affine torus A
in the coordinates (61, 0s), and the rotation number [0;g : Oyg] is simply the direction of the



trajectory. The map A — (01g(1(A)), 029(1(A))) is generally referred to as the frequency map
of the system. It is also convenient (and usual) to define the rotation number as the ratio:

CogUA)
= awgI(h) < @)

with values in the 1-point compactification of the real line R = R U {oo}. The diffeomorphism
R — RP' 2z + [z] is defined by [2] := [z : 1]if 2 € Rand [2] := [1 : 0] if z = oo, and
[wi](A) = [wr(A)].

Note that the rotation number is not well defined by H only: it depends on the choice of
actions, which in turn might depend on the choice of constant of motion f. In this paper, we
shall always assume that f is given, as part of the data of the integrable Hamiltonian H; the
question of the consequences of the choice of f is interesting and apparently not widely spread;
we hope to return to this problem in a future paper.

Thus, we assume that (f, H) is fixed. We formalize the result on the change of action vari-
ables I — I’ in the next lemma for further reference.

wr(A) -

Lemma 2.2 If I' = (I{,1}) is another set of action variables, then there is a matrix A =
(‘é Z) € SL(2,Z) such that
dl .= Adl', (3)

and the new rotation number related to I' is
[wp] =tA o [wy], 4)

where o denotes the natural action of SL(2,7Z) on RP! (elements of RP' are viewed here as
equivalence classes of vectors in R?). If instead we write w; as the quotient (2), then wy is
obtained by the Mobius transformation:

_awr+c
_bw1+d'

wr &)

An important fact is that the rationality of w; is well defined (i.e. preserved by Mobius trans-
formations). This is easy to understand from the dynamical viewpoint, since a rational rotation
number is equivalent to a periodic Hamiltonian flow for the vector field Xy on the Liouville
torus, which is of course independent of the choice of action-angle coordinates. Actually, the
orbit of a (projective) rational rotation number under (projective) Mobius transformations is the
whole set of (projective) rational numbers: if [w;] = [p : ¢] where (p, q) are either co-prime inte-

. u

gers, or (1,0), or (0, 1), then we can find integers u, v such that pu+qv = 1. Let A = (_qp v) .
The transformed rotation number is [w;/] = [0 : 1].

In fact, there exist more general notions of (ir)rationality that are also preserved by Mobius
transformations. An interesting class is given by non quadratic irrationals R \ Q2), where we
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denote by Q9) the set of algebraic numbers of degree 2, i.e. numbers z € R such that (z*, z, 1)
are linearly dependent over Q. Of course, Qo) contains Q, and it is clear that if z € Q) and
a € Q, then ax, x +a and 1/x (if  # 0) also belong to Q2. Hence M&bius transforms preserve
Q(2). We shall let @(2) = Q(2) U oo, and denote by [Q(z)] := [@(2)] the corresponding set in RP?,
which is again SL(2, Z)-invariant.

Let B, be the set of regular Liouville tori. If /" has connected level sets, B, can be identified
with the open subset in R? of regular values of F'. In general, it follows from the action-angle
theorem that B, is a smooth covering above the open set of regular values of F in R?.

Definition 2.3 A function [w] : W — RP" is called a rotation number for the system (f, H) on
the open set W C B, if for every A € W, there exist a neighborhood U of A in W and a set of
action variables I := (I, I5) on U such that [w] = [w;] on U.

(We will use the same terminology for a function w : W — R.) As a consequence, a rotation
number is always a smooth function. In KAM theory, it is customary to require a ‘“nondegen-
eracy” assumption, roughly that [w] is “far from constant”; here, we will use a similar, albeit
weaker, assumption.

Definition 2.4 An open set V' C B, will be called degenerate for (f, H) if a (and hence any)
rotation number [w)] on V' is locally constant with values in [Q(2)).

Proof. We need to prove that this definition does not depend on the choice of a rotation number
[w]. Assume that [w] is locally constant on V' with values in [Q)]. Let A € V, let U be a
connected open neighborhood of A where [w] = [w/]|. Let [w’] be another rotation number for
(f, H) on V. Then, up to taking a smaller open set U, one can assume that [w’] = [wy/| on U, for
some choice of actions I’ on U. It follows from the Mdbius transform (4) that [w;/], and hence
[w'], must be constant on U. Moreover, by the remark above, this constant must belong to [Q(2)].
U

Definition 2.5 The non-degenerate support of (f, H) is the complement set in B, of the union of
all degenerate open sets for (f, H).

A rotation number exists near any A € B,, but it may not exist on the whole of B,; however if
we restrict the non-degenerate support to an open set where a rotation number w does exist, the
following characterizations are elementary (due to the smoothness of w, and the fact that Q) is
countable):

Proposition 2.6 Let K be the non-degenerate support of (f, H); let [w] : W — RP! be a
rotation number. Then K N W is characterized by any of the following equivalent properties:

1. K NW is the closure in W of the set of \’s such that [w|(A) & [Q2)).

2. K NW is the union of the support of the differential d[w] with all the sets with non-empty
interior where [w) is constant, and the constant is not in [Qz)).
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Remark 2.7 Let £ € R be a regular value of the Hamiltonian /. The submanifold Xg :=
H~'(E) is foliated by the level sets of f. Regular level sets of f s, correspond to Liouville tori;
they form smooth one-dimensional families. The restriction of the rotation number to this family
is usually called the rotation function. It is important in many situations to know whether this
function is a local diffeomorphism. This property (the so-called “isoenergetic KAM condition”,
see for instance [1]) is invariant under Mobius transformations. By Proposition 2.6, the set of
tori satisfying the isoenergetic KAM condition is a subset of the non-degenerate support of the
system. A

The relevance of the non-degenerate support in the inverse question is indicated by the fol-
lowing proposition.

Proposition 2.8 Let W be a connected open subset of the non-degenerate support of (f, H). Let
[w] and [w'] be two rotation numbers defined on W. Assume that [w] and [w'] coincide on a
neighborhood of a point A € W. Then they coincide on all of W.

Proof. Without loss of generality, we can assume that W is relatively compact. We may then

find a finite covering of W by open sets U;, j = 1,..., N, such that on each U; there exist two

sets of action coordinates /; and I} with [w] = [wy,] and [w'] = [w],]; moreover, one can assume
J

that A € U and [w] = [w'] on U;. We use the following lemma (proved below):

Lemma 2.9 Let Uy be an open subset of the non-degenerate support of (f, H), and assume that
there are action coordinates I and I' on Uy such that [w;] = [wp]. Then dI' = +dI.

The Lemma implies that d; = +dI;. Now let j € {2,..., N} be such that U; N U; # @. The
lemma implies in the same way that dI; = 4-d [} on the open set U; N U;. Formula (3) shows that
the presheaf of action variables modulo constants is flat (transition functions A are constant); as
a consequence, one must have dl; = +dI; on the whole open set U;. This in turn implies that
[w] = [w'] on U; as well, by Formula (4). Thus, by connectedness, we obtain that dI; = +dI;
for every j, and [w] = [w'] on all U;’s, and hence on W'. O

Proof of Lemma 2.9. Letw : A — w(A) € R be the function defined as the common value of
aw + ¢

bw+d

wr(A) and wp (A), for A € U;. By the Mobius transformation formula (5), we have w =

with (‘Z Z) € SL(2, 7). Thus,

bw? + (d — a)w — ¢ = 0. (6)

By Proposition 2.6, we have only two possible cases: either dyw # 0, or there exists a neighbor-
hood of A on which w = wj is constant, with wy & Q(Q). In the latter case, it follows directly
from the definition of () that the coefficients of the quadratic equation (6) must vanish:

b=d—a=—-c=0.



This implies A = +Id. In the former case, there exists a local 1-dimensional submanifold
[’ through A on which dw # 0 (submersion theorem). The restriction wr can be taken as a
coordinate, say x, on I'. Thus, for = in a open interval, one has

bz® + (d — a)x — c = 0.

This, of course, implies that b = d — a = —c = 0, and we conclude again that A = +Id. ]

2.2 Rotation Number and Monodromy

We have seen that rotation numbers exist in a neighborhood of any regular Liouville torus. A
natural question arises, whether it is possible to define a rotation number on the whole set of
regular tori, B,. In fact, since the rotation number depends on the choice of local action coordi-
nates, it is naturally related to the so-called Hamiltonian monodromy of the system. We show in
this section the relation between these two objects, which explains how to define a global rota-
tion number. We were not able to locate this statement in the literature, however it is implicitly
underlying Cushman’s argument for the non-triviality of the monodromy of the Spherical Pen-
dulum reported in [17]; see also [12]. In the presence of global S* actions, this argument can be
generalized to the co-called “fractional monodromy” [5].

In the realm of classical integrable systems (of any number of degrees of freedom n), the
Hamiltonian monodromy was discovered by Duistermaat in [17]. It is the obstruction to the ex-
istence of global action coordinates (modulo constants). In topological terms, it is merely the
SL(n, Z)-holonomy of the flat bundle over the set of regular tori of the system whose fiber is
the homology of the corresponding Liouville torus. Since then, a number of references have
explained this monodromy and its relationships with the many interesting geometric data in-
volved. Nowadays, the prominent object which contains the Duistermaat monodromy is the
integral affine structure on the set of regular tori. It shows up for instance in Mirror Symmetry
questions, see [30]. The relationships with quantum integrable systems was pointed out in [13]
and proved in [43]. See also [45] for an overview of various aspects of monodromy and semi-
classical analysis.

In this paper, we restrict to two degree of freedom integrable systems. The Hamiltonian
monodromy is a homomorphism:

w:m(B,) — SL(2,7Z),

defined up to a global conjugacy. Here 71 (B, ) is the fundamental group of the set of regular tori
B,. Since B, may not be simply connected, we introduce a simply connected covering

m: B, — B,.

An element A € B, can be seen as a homotopy class of a path from a fixed torus Ag to 7(A).
Recall that a loop v in B, acts fiberwise on the covering B, by concatenation of paths: given
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A e 71(7(0)), we define - A to be (the homotopy class of) Ao, ie. the path corresponding
to A followed by .

The following proposition shows that, because of monodromy, the rotation number should be
seen as a function on BT, i.e. a multivalued function on B,.

Proposition 2.10 Given a regular torus A € B, for the integrable system (f,H), a choice of
action variables I = (I, I,) near A, and A € 7' (A), there exists a smooth function (@] : B, —
R P such that:

1. for any simply connected open set U C B,, the function [w] : U — RP"! defined by
[@] = [w]om

is a rotation number for the system ( f, H) (Definition 2.3).
2. near A, [0] = [wy] o .

Moreover, let K C B, be the non-degenerate support of the system, and assume that A € K.
Let W be a connected open subset of K containing A. Then the restriction of W] to =1 (W) is
unique, and we have, for any loop v € (W),

where ~y - [W] := ([\’ — [@](y - /~\’))

Proof. Since B, is simply connected, we can find ¢ ‘global action variables” on it, i.e. a map
I: B — R? such that for each small open ball U on Br, the restriction of I to U descends to
action variables [; for the initial integrable system (f, H) on U = 7T(U ). Moreover, we may
assume that I = (I, I3) if Uy is a neighborhood of the initial torus A. For each U, we define

[w] on U by
@] = [wr,]om, ()

where [w;_ ] given by Definition 2.1. The fact that [w0] is a smooth, single-valued function on B,
follows from the transition formula (4), where by definition here all transition maps A are the
identity matrix, because I;; = I, on 7(U) N 7w(U"). This proves the existence of [@)] satisfying
/. and 2.

The uniqueness statement is just a consequence of the unique continuation principle of Propo-
sition 2.6, and can be detailed as follows. Let A € K, let W be a connected open subset of K
containing A, and let [¢'] satisfy /. and 2. Let A’ € BT, we may connect A to A’ by a path in
B, and cover this path by open subsets 7 (U,), ..., 7~ (Uy), where each U; is simply con-
nected, and A € U;. If follows from 2. that [&] and [i@'] coincide near A. Let [wi] and [w]]
be the corresponding rotation numbers defined by /. on U;. They coincide near A (because 7
is a local diffeomorphism), and hence they coincide on U; by Proposition 2.6. We may now



choose Ay € 7~ (U; N U,) and repeat the argument; we obtain that [&5] and [i'] coincide on U.
Continuing this way, we finally get [@](A’) = [@'](A’), and hence [@] = [@'] on B,..

Let us now turn to the last statement of the Proposition. To the action variables (I, )
corresponds a unique basis (d1, d2) of Hi(A,Z): ¢; is the cycle obtained by a trajectory of the
Hamiltonian flow of /;. Since p is the holonomy of the H;(-,Z)-bundle over B,, the parallel
transport of (01, d2) above the closed loop 7 yields a new basis of H; (A, Z) equal to 1()(61, d2),
which corresponds to the action variables p(~y) (1, I3), up to some constant in R2. In other words,
dI(7-A) = u(v) o dI(A). The transition formula (4) says

(W) (1,1)] = T(Y) © [wiry, m))-

But, because of uniqueness, one can assume that [&0] is defined by (7); hence [@](y - A) =
(W) (1, 1)) (A), which yields the result. O

2.3 The semitoric case

A semitoric system, in a broad sense, is a two degree of freedom integrable Hamiltonian system
with a global S! symmetry; more precisely, the Hamiltonian H commutes with a smooth function
J whose Hamiltonian flow ¢ — ¢/, is 27-periodic, except at fixed points. Under some additional
hypothesis (which ensures, for instance, that the level sets of the energy-momentum map (.J, H)
are connected), such systems have been introduced in [47] and classified in [37, 38]. Recently,
the hypothesis have been generalized, allowing to include famous examples like the Spherical
Pendulum, see [36, 27].

In the present work, we don’t need this classification, and hence we will use the terminology
“semitoric” is a very general acceptance:

Definition 2.11 An integrable system F' = (J, H) on a 4-dimensional symplectic manifold M
will be called semitoric if the map F' : M — R? is proper, and the function J is a momentum
map for an effective Hamiltonian S*-action on M.

The existence of such a global symmetry has the interesting consequence that the rotation number
for the system F' = (J, H) is defined in a more natural way, and can be interpreted as an angle
inR/Z:

Definition 2.12 If A is a Liouville torus for the semitoric system (J, H), the (semitoric) rotation
number w(A) € R/Z is defined as follows. Take a point A € A and let S be the orbit of this
point under the flow of J. Consider the H-flow of A and denote by A’ the first return point of the
trajectory starting from A on the orbit S\. (See Figure 1.) Then 2mw(A) is the time necessary to
flow, under the action of J, from Ato A':

o (A) = A
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Figure 1: The semitoric rotation number.

This definition is of course not new. It was popularized in particular by Arnold in the treatment
of perturbations of integrable systems, see for instance [2, Section 3 G]. In order to state in which
sense this new rotation number coincides with the general rotation number from Definition 2.1
(more specifically Equation (2)), we recall the following basic fact from the theory of semitoric
systems (see for instance [36, Lemma 5.1]):

Lemma 2.13 Let (J, H) be a semitoric system, and let A be a Liouville torus. Then there exists
a set of oriented action integrals near A\ of the form (J, I5).

It will be convenient to call such sets of action integrals “semitoric action variables”.

Proposition 2.14 Let (J, H) be a semitoric system, and let A be a Liouville torus. Let I be
semitoric action variables near A. Let w(\) be the semitoric rotation number of Definition 2.12,
and let wy(\) be the rotation number from Equation (2). Then

w(A) = (w;(A) mod Z).

Proof. Since I = (J, J5), we have Xy = a1 X + ax Xy, for some smooth functions a; = a;(A),
such that w;(A) = a;(A)/az(A). Notice that, since Xy and X; must be linearly independent on
A, we must have ay(A) # 0. Hence wy is a standard real number.
From Definition 2.12, there exists a positive time 7 = 7(A) such that the flow of X’y at time
7 followed by the flow of X at time —27w(A) sends A to itself. In other words, the time-1 flow
of
Xper := T(AN) Xy — 2mw(A) X, (8)

is the identity on A. By the theory of action-angle variables, X, is the Hamiltonian vector field
of the Hamiltonian
Hper == / Q,
g
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where « is a primitive of the symplectic form in a neighborhood of A, and the cycle ~ is the
homology class of a periodic trajectory of H, on A. Moreover, the action of X} must be
effective, otherwise there would be a periodic trajectory of X}, of period 1/2, which would
imply by (8) that the image of A by the flow of X} at time 7(A)/2 would return to the S!-orbit
of A, contradicting the definition of 7(A). Hence the pair (J, Hy) is a set of action variables
near A, which implies Hye, = +2715 + 27k.J for some k € Z. From (8) we get

T(N) Xy = 227X, + 2m(w(A) — k)X;.

The assumption that I = (J, I5) is oriented means % > 0, which implies that only the sign
+27 1, can occur, and hence we get wy(A) = w(A) — k.

In concrete examples, computing the rotation number can be a hard task. But, even in the
purely classical theory, it is an important piece of information about the system, related to the
“tennis-racket effect” [ 12], and is intimately related to the symplectic invariants classifying semi-
toric systems, as demonstrated in the case of the spherical pendulum by [19].

U

3 The Quantum Rotation Number

It is very natural to try and define a “‘quantum rotation number” by replacing energies by “quan-
tized energies”. That this is indeed possible will follow from the mathematical version of the
semiclassical Bohr-Sommerfeld rules, that we recall below. But first of all, we need to introduce
the quantum version of the image of the map F' = (f, H), which is the joint spectrum [9].

3.1 Joint spectrum of commuting operators

Let P be a (possibly unbounded) selfadjoint operator acting on a Hilbert space . The spectral
theorem constructs from P its so-called spectral measure, which is a projector-valued measure
on R. The support of the spectral measure is the spectrum of P, denoted by o(P). The spectrum
of P in an interval [E}, Es] is called discrete if any A € o(P) is isolated in o(P) N [E}, Es], and
for any € > 0 small enough, the spectral projector associated with the interval [\ — €, A + €] has
finite rank.

The selfadjoint operators Py, ..., Py are said to pairwise commute if their spectral measures
commute, which we denote by [P;, P;] = 0. In this case, one can define the joint spectral
measure, and by definition the joint spectrum of (P, ..., P) is the support (in R¥) of this
measure. We shall denote it by X(Py,..., P;). The joint spectrum is called discrete if all
A € X(Py, ..., P) are isolated and, for any small enough compact neighborhood K of ), the
joint spectral projector on K has finite rank.
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3.2 Bohr-Sommerfeld quantization rules for quantum integrable systems

Let P be a semiclassical h-pseudo-differential operator on X = R", or on a compact manifold
X, where the semiclassical parameter / varies in an interval |0, fig] for some iy > 0. More
precisely, in the R" case, we will assume that P is the semiclassical Weyl quantization of a
symbol in S(m) where m is an order function in the sense of [15, Definition 7.4]: there exist
C > 0, N > 0 such that

1<m(X)<OX -Y)"m(Y) VXY € R™,

where (X) := (14 || X|*)"/2. For instance, one can take m(X) := (X)?, for some d € R. A
function a = a(z, &; h) € C*°(R?*") belongs to the class S(m) if, by definition,

VYa € N** VA € (0,ho], 0%z, & R)| < Com(x,€),

and, in this paper, we shall always assume that such a symbol a admits an asymptotic expansion
a ~ ijo h’a; in non-negative integral powers of /4 in this topology: for any N > 0,

N
a(x,&h) — Zhjaj(x,f) € WNTS(m). 9)

=0

We then say that a pseudo-differential operator P belongs to S(m) (using the same notation,
since there will be in general no ambiguity) if its Weyl symbol belongs to S(m). The first term
ap 1n (9) 1s called the principal symbol of P. Other classes of pseudo-differential operators can
be used, see [0], but we stick to S(m) for its ease of use and ample documentation (see for
instance [15, 34, 52]).

In the manifold case, we will assume that P belongs to the Kohn-Nirenberg class Sd(X )s
(d € R), which means that in local coordinates, after cut-off in the position variable z € X,
P can be written as a pseudo-differential operator with a symbol a(z,&; i) such that (see for
instance [52, Chapter 14])

V(o ) € N* x N* Vh € (0, ko, |0207a(x,& h)| < Cop(€)* 7.

In this case, to unify notations, we call m(z, &) := (£)? the corresponding order function, and
denote S(m) := S4(X).

The operator P is said to be elliptic at infinity in S(m) if P € S(m) and |a(z,&; h)| >
em(x, €) for some ¢ > 0 and for large (,€) in the R” case; and similarly |ag(x, £)| > ¢(€)4 in
the manifold case.

A quantum integrable system is the data of n commuting selfadjoint pseudo-differential op-
erators Py, ..., P, in S(m), such that the map of the principal symbols F' := (py, ..., p,) defines
a classical integrable system in 7™ X. We shall always assume that [’ is proper; in case the order
function m is unbounded, we make the stronger assumption that the operator Q) := P{+ - - - + P?
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is elliptic at infinity in S(m?). Note that, for pseudo-differential operators, the commutation
property [P;, P;] = 0 is equivalent to the weak commutation (see [6])

In this case, for any f € C§°(R"), the operator f(P,...,P,) (obtained via the joint spectral
measure) is a pseudo-differential operator in S(m ") for any N € N ([15, Chapter 8]).

Typical examples of quantum integrable systems (with unbounded symbols) are given by two
degree of freedom Schrodinger operators with an axi-symmetric potential; these can occur either
on R? [6], or on a Riemannian surface of revolution [9, 11], and can be used to obtain efficient
numerical methods, see [3].

Proposition 3.1 ([6]) If Py, ..., P, is a quantum integrable system, satisfying the above hypoth-
esis, then its joint spectrum (P, ..., P,) is discrete when h is small enough.

Proof. Let A\ := (\y,...,\,) € X(Py,..., P,),and let K C R be a compact neighborhood of \.
Since F' is proper, the map f o F" has compact support for any f € C§°(R"). Hence the pseudo-

differential operator f (P, ..., P,) is compact for small 4. Choosing f = 1 on a neighborhood
of K, we see that the spectral projector 15 (P, ..., P,) = f(P, ..., Py)1k (P, ..., P,) is com-
pact; hence its rank is finite. O

The following result, which is a mathematical justification of the old Bohr-Sommerfeld rule
from quantum mechanics, states that the joint spectrum of a quantum integrable system takes
the form of an approximate lattice in any neighborhood of a regular value of F. It was first
obtained by Colin de Verdiere in the homogeneous setting [11], and then by Charbonnel in the
semiclassical setting [6]. A purely microlocal approach was proposed in [44] (see also [46]).
When n = 1 and P is a Schrédinger operator, explicit methods for second order ODEs can be
employed, see [49].

Theorem 3.2 ([11, 6]) Let Py,..., P, is a quantum integrable system satisfying the above hy-
pothesis. Let ¢ € R" be a regular value of the principal symbol map F' = (p, ..., p,). Assume
that the fiber F~'(c) is connected. Then we can describe the joint spectrum around c as follows.

1. (joint eigenvalues have multiplicity one) There exists a non empty open ball B C R"
(independent of h) around c and hg > 0 such that for any A\ € (P, ..., P,) N B and for
all h < hy, the joint spectral projector of (Py, ..., P,) onto the ball B(\, h?) has rank 1.

2. (the joint spectrum is a deformed lattice) There exists a bounded open set U C R" and
a smooth map Gy, : U — R" admitting an asymptotic expansion in the C* topology:

Gp=Go+ hGy + WGy + - -
such that the joint eigenvalues in (P, . .., P,) N B are given by the quantities

A = Gu(hiky, ... Bky) + O(F), (10)
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where (ky, ..., k,) € Z" is such that Gy(hky, . .., hk,) € B, and the O(h>) remainder is
uniform as h — 0. Moreover, Gy is a diffeomorphism from U onto a neighborhood of B
given by the action-angle theorem:

F=Go(h,..., 1,), (11)

where (11, ..., 1,) is a set of action variables for the classical system, defined in a neigh-
borhood of F~(c), and U is a neighborhood of I. = I(F~'(c)).

It 1s important to notice that, contrary to the classical case, one can not always assume that
the actions (/,. .., I,) take values in a neighborhood of the origin (in other words, /. is not
necessarily zero). In fact /. is given by the integrals of the Liouville 1-form of the cotangent
bundle T* X over a basis of cycles of the torus F~!(c).

Remark 3.3 That this statement can be generalized to multiple connected components of F'~(c¢)
is “well known to specialists”; however to our knowledge that generalization cannot be found
in the literature. We haven’t included it here because it will be important for us to make the
connectedness hypothesis throughout the paper. However, we expect it to become necessary for
the future study of integrable systems with hyperbolic singularities, which are very common in
the spectroscopy of small molecules (eg. LiNC/NCL4i, see [29]), and related to the so-called
fractional monodromy, see for instance [20]. A

Remark 3.4 We have not attempted here to extend our analysis to commuting Berezin-Toeplitz
operators on prequantizable symplectic manifolds (see [32] for a nice introduction to Berezin-
Toeplitz quantization). Thanks to the work of Charles [7], we believe that most of our results
should be adaptable to that situation. A

3.3 Asymptotic lattices and good labelling

Sets of points in R” that are described by an equation of the type of (10) can be called *asymptotic
lattices’, see [43]. Indeed, when £ is small enough, the map G, : U — R" is a diffeomorphism
onto its image, and hence it sends the local lattice AZ"™ N U one-to-one into the joint spectrum
Y(Py,...,P,)N B mod (k). This also implies that for any strictly smaller ball B € B, the
map obtained by the restriction to lattice points

Gy:hZ*N G, (B) = %(Py,...,P,)NB mod (k)

is onto. The goal of this section is to make these observations precise by introducing the formal
definition of asymptotic lattices and deriving some of their properties; this analysis partly builds
on and extends [43].

Definition 3.5 Let B C R" be a simply connected bounded open set. Let L;, C B be a discrete
subset of B depending on the small parameter h € I, where T C R’ is a set of positive real
numbers admitting 0 as an accumulation point. We say that (L, Z, B) is an asymptotic lattice if
the following two statements hold:
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1. there exist hy > 0, €9 > 0, and Ny > 1 such that for all h € T N0, Ky,

KN min 1A — A2| > €o;
(A1,x2)€L?
A1# A2

2. there exist a bounded open set U C R" and a family of smooth maps G : U — R", for
h € Z, admitting an asymptotic expansion in the C*°(U) topology:

Gy = Go+ hGy + h*Gy + - - - (12)

with G; € C(U;R"), for all j > 0. Moreover, Gy is an orientation preserving diffeo-
morphism from U onto a neighborhood of B, and

Gu(RZ"NU) = Ly+ O(h™)  inside B,

by which we mean: there exists a sequence of positive numbers (Cx ) nen, such that for all
h € Z, the following holds.

(a) Forall A\ € L, there exists k € 7" such that hk € U and
VN €N, A — Gu(hk)|| < CyhY. (13)

(b) For every open set U, € G’jl(B), there exists ho > 0 such that for all h € ZN 10, ﬁo],
forall k € 7" with hk € U,, there exists A\ € Ly, such that (13) holds.

Such a map G, will be called an asymptotic chart for L. We will also denote it by (G, U).

Notice that the orientation preserving requirement is not a true restriction; indeed, one may pick
an element A € GL(n, Z) with det A = —1, and then (G0 A, A~'U) is a good asymptotic chart
if and only if (G, U) is an “orientation reversing asymptotic chart”.

For shortening notation, we shall often simply call £; an asymptotic lattice, instead of the
triple (L, Z, B). Of course the simplest asymptotic lattice is the square lattice AZ" N B, with
chart G, = Id. In general, if G}, is any map satisfying (12) with G a diffeomorphism onto a
neighborhood of B, then G;,(hZ" N U) N B is an asymptotic lattice.

With this definition, we may now rephrase Theorem 3.2 as follows.

Theorem 3.6 With the hypothesis of Theorem 3.2, near any regular value c € R™ with connected
fiber, the joint spectrum of the quantum integral system (Py, ..., P,), with h € T = |0, hy| is an
asymptotic lattice.

Let us state some elementary properties of asymptotic charts, for further reference. For sub-
sets A, B of R™, we use the notation A € B to mean that Alis compact and contained in B. For
amap G : U — R", where U C R?is an open set, we denote by G’ : U — L(R?; R") the full
derivative (or linear tangent map) of G.
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Lemma 3.7 Let (L, Z, B) be an asymptotic lattice, and let (G, U) be an asymptotic chart for
it. Let hy > 0. The following properties of Gy, hold.

1. All derivatives of G, are bounded on any compact subset of U, uniformly for h < hy:

VU € U,Ya € N",3Cy , > 0,Yh € IN]0, k], sup |0°Gil| < Cp -
U

2. For any U € U, there exist non-negative constants M, M’ such that

Vh € N0, Ay, sup ||Gr — Gol| < hM, sup |G}, — Gyl < RM'.  (14)
U U

3. For any Uel, forany N > 0, there exists a non-negative constant Ry such that, for all
hy,hy € T N0, Ay,

sup |G, — Gy || < Ry(|he = Tu| + 13" + 1),
U

4. For any U '€ U, there exist non-negative constants Lo, Ly such that, for all h € TN 10, ho,
V&1, & € U, if the segment [y, &s] is contained in U then

[Gr(&2) — Gu(&)I| < Lo [|§2 — &1l (15)
IGh(&) — Gr(&1) — Gp(&) - (& — &) < Ly & — &) (16)

5. The map_Gﬁ is formally invertible: there exists a smooth map Fj, defined on a neighbor-
hood of B, that admits an asymptotic expansion

F, = Fy+ hF) + h2Fy + - - - (17)

such that
FroGr=1d+ 0(k>*), and GjoF,=1Id+ O(h™). (18)

In particular, Fyy = Ggl.
6. For any UeU , there exists ho > 0 such that for all h € 7 N0, k|, the restriction of

G}, to U is invertible onto its image. Moreover, its inverse Ggl is smooth and admits an
asymptotic expansion in powers of h equal to that of F}, in (17).

7. Given § € U, the map h — Gp(§) is not necessarily continuous. However, there exists
a smooth map G € C®([—ho, ho|) x U) such that, for all ¢ € U, Yh € T N0, k),
Gr(§) = G(h,&) + Ry(€), and Ry, = O(h®) in the C=(U) topology. In particular,
G(0,£) = Go(&)-
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8. If Gy = G+ O(h®) in C>(U), then G, is also an asymptotic chart for (Ly, T, B).

Proof Items 1, 2 and 3 directly follow from the asymptotic expansion (12). Taylor’s formula and
Item 1 gives Item 4. Item 5 is a standard consequence of (12): the functions F; can be defined by
induction, using Taylor expansions, and £}, is obtained by the Borel lemma. Item 7 also follows
from a Borel summation of the formal series Y h*G}. To prove Item 6, observe that near any
¢ € U, if h is small enough, GG, (£) is invertible due to the invertibility of G{, and (14). Hence
on a compact subset of U, we may find Ay such the local inversion theorem applies if i < hy,
showing that G}, is a local diffeomorphism for all & € Z N |0, fp]. Thus, there exists § > 0 such
that for any &, € U, the restriction of G}, to the ball B(&, 0) is a diffeomorphism onto its image.
If follows from (18) that there exists %o > 0 depending only on G, and U such that

Vhe IN]0,kg), VEeU, |FpoGu&)—¢|<d/3.

Hence G(§1) = Gr(&2) implies [|§; — &l < 20/3, which in turn implies §; = &, proving the
injectivity of G on U, which gives the result. Notice that, by choosing U large enough, we can
always ensure that G;,(U) contains a neighborhood of B. O

Remark 3.8 As usual in semiclassical analysis, equality of sets “modulo &'(7°°)” has to be taken
with care. Given an asymptotic lattice (L, Z, B), because of boundary effects, it is not true that
the Hausdorff distance between L and B N G(RZ" N U) is O(h>). Consider the following
example: n = 1, B = ]0,1[, Z = ]0,1], £, = hZ N B. One can check that (L;,Z, B) is an
asymptotic lattice with chart G, = Id : U = |—1,2[ — U. By virtue of Item 8 of Lemma 3.7,
the map G,(€) = € + e~'/" is again an asymptotic chart for £,. However, if /i is small enough,
min G4 (RZ NU) N B = e~'/" while min £, = h. So, in this case, the Hausdorff distance is
h — e~ /", which is not &(h™). JAN

Remark 3.9 It follows from Item 7 of Lemma 3.7 that, up to changing U for a smaller U’ € U,
one can always choose an asymptotic chart G that is smooth with respect to A. This, in turns,
improves Item 3 by suppressing the term A + hY. A

We now turn to the description of the asymptotic lattices themselves. Using an asymptotic
chart, we can put an integer label on each point of the lattice:

Lemma 3.10 If G}, is an asymptotic chart for Ly, then there exists a family of maps ky, : Ly, —
7", h € I, which is unique for h small enough, and such that (13) holds with k = kp()), i.e.
hkn(N\) € U and

YA€ Ly, YN >0, [Gu(hkp(N) = A|| < OnRY. (19)

Moreover this map is injective.

Proof: From Item 6 of Lemma 3.7, let g > 0 and U € U be such thit, for all A < hy,
Gy : U — By is invertible onto By, a fixed bounded open neighborhood of B. Let A € L. If k
and k in Z" satisfy (13) (for some arbitrary family (Cy)n>0), then G} (hk) and G (hk) belong
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to B + B(0,Cyh"Y). We can assume that i is small enough so that the latter is contained in
By. Thus, ik and hk belong to U. Moreover, |Gy (hk) — Gp(hk)| < 2CxhYN, which entails
|hk — hk| < 2LpCnhN, where L is a uniform upper bound for the Lipschitz norm of G, * on
U. Choose any N; > 1 and take %y small enough so that

2LpCn A < 1 (h-20)

we obtain, for any h < Hg, ||k — k|| < 1 and hence k = k. This shows that, for any h < Ay, any

A € L, is associated with a unique k£ € Z™ such that (13) holds. We call this map k. Notice that

kn = +G;! |+ O(h>). In order to prove injectivity, assume k(A1) = kj(A2). From (13) again
h

we now get [|A\; — \o|| < 2CyAY for all N. Let (ey, Ny) be the constants defined by item 1 of

Definition 3.5; if

20NEN < i | (h-21)

which will happen if one chooses N > N, and 7y small enough, we conclude that \; = Ay, [

Remark 3.11 Note that a consequence of the above lemma (and its proof) is that, eventually,
Condition 1 in the definition of asymptotic lattices (Definition 3.5) holds with Ny = 1, provided
ho is small enough. Indeed, let \;,\s € L and let k; = ky()\;), i = 1,2: forall N > 0,
|Ai — Gr(RE;)|| < CnhYN. Thenif ||A\; — 3| < ek for some € > 0, we obtain

|Gr(hky) — Gr(hks)|| < 2CNRY + €h,

and hence ||hk; — hiks|| < Lp(2CxhN~! + €)h. Therefore, we may choose any N > 1, (and, as
above, any N; > 1, N > Nj), and conclude by the injectivity of k; that A\; = A, as soon as €
and hg verify

1 € 1
Ryt RN o D d 20Nt < — . h-22
T T (22
In other words, if € and hy satisfy (h-22), then
VheIN]0,hg) VA€ Ly, B(A\eh)NLy={\}. (23)

In order to simplify the statement of our results, we could fix from now on N; = N = 2 and

Ny = Ny + 1, and (h-22) would be satisfied if we took € = ﬁ and

S
0 = min ; :

4C No+1 6L FCQ
However, we believe that in some situations, having the possibility to optimize such estimates by
taking large /N’s can be useful. A

Remark 3.12 A completely similar argument shows that for all A € L, the integer vector k()
defined in Lemma 3.10 is the unique element k € Z" such that hk € U and

A = Gr(kh)|| < eh
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as soon as Lp(Cyh¥~1 + €) < 1 (which is implied by (%-22)). Of course, this, in turn, implies
the much better estimate (19). A

Definition 3.13 The map k;, from Lemma 3.10 will be called a good labelling of L.

Let B € B. Then a good labelling is surjective onto (+Go Y(B)) N Z", in a uniform way: by
Item 2b of Definition 3.5 with Uy = Gy 1(B) there exists fig > 0 such that, for all i < fiy there
exists A € L with A = G(hk) + €0(h*), and hence by Lemma 3.10, k;(\) = k, as soon as hy
satisfies (7-20).

It follows that the set £, is always “dense in B as h — 07, by which we mean the following:

Lemma 3.14 For any ¢ € B, there exists a family (\p)ner with A\, € Ly, such that
A =c+ O(h).

Proof. If k(h) := L%J (the vector obtained by taking the integer part of all the components of
%), where £ = Gal(c), then ||hk(h) — &|| < h. Thus, if B € Bisa neighborhood of ¢, then
hk(h) € Gg'(B) for h small enough, and we may define ), to be the point in £, associated with
the label k(h). Since |Gr(hk(h)) — c|| < Lo |hk(R) — &|| + [|Gr(§) — ¢|| < Loh + Mh, where
M is defined in (14), we get, for any N > 0, ||\, — || < (Lo + M)h + CyRY. O

Equipped with a good labelling (or, equivalently, with an asymptotic chart), an asymptotic
lattice possesses the interesting feature that its individual points inherit a well-defined “smooth”
evolution as & varies, in the following sense. Let \; € L. If Ay is small enough, then by the
injectivity of Lemma 3.10 and (23), for any i < Fg, A, is the unique closest point to G, (hkp,(Ap))
in £;. Thus, we may now fix the integer kg = kp,(\s,) and consider the evolution of the cor-
responding point k, ' (ko) € Ly as h varies close to hy. Although this evolution may not be
continuous, it is &'(5>)-close to the smooth map % — G/(h, hky), where G is the smooth rep-
resentative introduced in Lemma 3.7, Item 7. Notice that the typical behaviour of the point
Gr(hko), as b — 0, is to leave the neighborhood where the chart GG}, is meaningful. Indeed,
hko — 0 € R™, and there is no reason why 0 should belong to U. This is analogous to the well-
known phenomenon that occurs for eigenvalues of operators depending on a parameter, when
we restrict our attention to a fixed spectral window. As a way to disregard this “drift”, it will be
useful to define the notion of a good labelling “modulo a constant”, as follows.

Definition 3.15 A map ky, : L, — Z" is called a linear labelling for Ly, if there exists a family
(Kn)rejo,he) Of vectors in Z™ such that ky, + Ky, is a good labelling for Ly,

Of course any good labelling is a linear labelling; we shall see in Section 3.6 below that linear
labellings may be easier to construct.

Another important property of asymptotic lattices is that they can be equipped with an “asymp-
totic Z"-action” in the following sense. Fix a good labelling kj, for £;. Let B € Bbe open, and
let k € Z" be a fixed integral vector. Let B be an open set such that B € B € B. If his small
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enough (depending on B, B, and k), for any A € £, N B, we have h(k,(\) + &) € G5'(B);
therefore, there exists a unique point in £, denoted by A + «, such that
kp

This property characterizes linear labellings, as follows.

Proposition 3.16 Ler L, be an asymptotic lattice in the open set B with good labelling ky. Let
B & B be open and connected. Let a map ky : L, — 7", defined for h € I, commute with
translations in the following sense: for any k € 7", there exists h,, > 0 such that

Vi <he, YAEL,NB, ki + k) = kn(\) + k. (25)
h

Then l;:h is a linear labelling for (L, N B L, B ) (associated with the good labelling ky, restricted
to B).

In order to prove this proposition, we first show that £, N B is ‘connected by lattice paths’.

Lemma 3.17 Let Ly, h € T, be an asymptotic lattice in an open set B. Let B € B € B, where
B and B are open and B is connected. Given a good labelling ky, for Ly, there exists hy > 0
such that, given any h € |0, ho| N Z, and given any pair of points zy,z3 € Ly N B, there exists

.....

=z, Vi=0,....N—1, Ni=)\ + Ut and Ay = 2. (26)
h

Proof. Let (G, U) be an asymptotic chart for £;, associated with k; (see Lemma 3.10). Let
¢ € B. Let V C U be an open cube centered at £ = Gy'(c). Let us first prove the ‘lattice-
connectedness’ property (26) for B = Go(f/). Let V C U be another open cube containing V.
It follows from the existence and the asymptotic expansion of G’ (Item 6 of Lemma 3.7) that
Gt (B) C V,if h is small enough. Therefore, if V' C U is another open cube contalmng v,
Lemma 3.10 implies that, for 2 small enough, ik;(\) C V forany A € £,NB, and k; *((A~*V)N
") C B.InV NhZ", any two points &1, &, can obviously be joined by acting by the canonical
basis of the lattice. Applying k, ! this shows the required property (26). The number N of steps
in (26) can be as large as O(1/h), but the set of involved x’s in {—1,0, 1}" being finite, we do
get an fiy > 0 for which the result is uniform for all & € Z N 0, Ag].

If B C B is a general connected open set, with compact closure contained in B, we can cover
it by a finite number of deformed cubes of the form Go(V) & B, as above. If I is small enough,
the intersection of two such deformed cubes is either empty or contains a point in L. Therefore
the connectedness property holds for the union of two deformed cubes with a common point, and
by induction for the union of all deformed cubes, hence for B. U
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Proof of Proposition 3.16. Let hy = min,e(_1,0,1}» Nx. We may also assume that A is small

enough so that Lemma 3.17 holds. Hence, applying (25) to (26) we obtain l%h()\jﬂ) = l%h()\j) +

¢UtD) and hence
N

];:h(ZQ) = l%h(zl) + ZGU) .
j=1

On the other hand, if we consider the good labelling k£, the translation invariance property (24)

gives similarly
N

kﬁ(ZQ) = kh(zl) -+ Z E(j) .

J=1

Therefore, l;:h(zQ) — kp(22) :ﬁ:h(zl) — kp(21), forall 2y, 25 € Band h < hg; so ky — ky is equal
to a constant K (h) € Z" on B. Hence k;, = k; — K (h) is a linear labelling for £, on B. O

Theorem 3.2 says that the joint spectrum of a quantum integrable system is an asymptotic
lattice near any regular point of the momentum map; in other words, the joint spectrum possesses
“good quantum numbers” (ki, ..., k,), which is formalized in Definition 3.13 as the existence
of a good labelling. This property was used in [43] to define the notion of quantum monodromy.

In this paper, we shall need to go one step further, namely we will ask the question: can one
construct a good labelling from the joint spectrum only? Indeed, a good labelling is not unique,
according to the following, straightforward, result:

Lemma 3.18 If G}, is an asymptotic chart for Ly, defined on an open set U, then for any
orientation preserving linear transformation with integer coefficients A € SL(n,Z), the map
Gy = Gy o A is another asymptotic chart for Ly, defined on A~'U, and corresponding to the
new good labelling ky, = A~ o ky,

Proposition 3.19 If l;;,(il) and l;:,(fi are two linear labellings for an asymptotic lattice (L, Z, B),
then for any connected open set B € B, there exists a unique matrix A € SL(n,Z), independent
of h, a family (k) ez in Z™, and hy > 0 such that

Vh € Z N0, k), l;:éz):Aolz:g)qL/{h on L,NB.

Proof. (a) Let G,(Lzl) and Gg) be asymptotic charts associated with the linear labellings l%,%l) and
%22) , respectively, and let k,gl) and k,gf) be the corresponding good labellings. Let \y € L; and
choose it as an “origin” of the linear labellings: up to changing their constant term, one can
assume that E;(il)(/\o) = 1522)()\0) =0 € Z" Let B = (ey,...,e,) be the canonical basis of
Z", and let ()\gj ), cee AY )), j = 1,2, be the corresponding points in £, for the two labellings,
namely:

EDO9 = e, 27)
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To make sure these points do exist, one can impose A to stay in a &'(h) neighborhood of a fixed
point ¢ € B; then by Item 6 of Lemma 3.7, (Gg ))*1()\0) will stay in an &'(h) neighborhood of
¢0) = (GY)72(c). Hence, by (19), the same holds for ik’ (X,). Denote kY := k) (\,). Let
U € (GY)~1(B) containing £9, and let / be small enough so that U, for j = 1,2, contains
hkéj ) + hB. By Item 2b of Definition 3.13, the points )\Ej ) are now well-defined by (27), because
EDO9Y = B9 — k9 (6g) = kP (AP) — k7 (Ag), and hence AY is defined by

D A = 1Y + he, € Ty, (28)

(b) Now, let vgj) = ()\y) — Xo)s @ = 1,...,n, be the corresponding “basis vectors” of the
asymptotic lattice. By the uniform Taylor formula (16), and (14),

o =BG (k) - e+ 0(1%) = RGYY (D) - e+ O(7). 29)

)

The point )\Z(-l) can also be labelled by k,gf); let
%= kD0 - kP e 2. (30)
Remember that z;, contrary to e;, depends on A. Similarly, we have

v = MG (ED) -z + 01,

7

and hence
e = [(GS) (ETHGEY (D) -z + O(h). 31)

Let dy = dy(h) = det(z1,...,z) € N Let ayp = det ([(GF))(€V)]H(GEY(E®)).
From (31), 1 = d;2ds + O(h). Now repeat the argument with exchanging the two labellings:
we obtain a new integer d; = dy(h) € N such that 1 = do1d; + O(h), with 051 = 51’5 Hence
didy = 1+ O(h), which implies didy = 1 if & is small enough, and hence dy = d; = 1. This
shows that (21, ..., z,) is an oriented Z-basis of Z"; let A € SL(n, Z) be the corresponding ma-
trix. Equation (31) gives [(G)/ (¢@)]71(G{"Y (€M) = A + &(h), and since the left-hand side
does not depend on &, A must converge towards it as 4 — 0, but since A has integer coefficients,
A must be constant for /# small enough, and we have

A= [(GPY(ENHGPY (€W € SL(n, Z) . (32)
From (30) and (28), we have
YO = A e+ k8 = A kDO — A kY + kD

which says that
EP(\) = Ao k() + ky, (33)
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with kj, := k(()2) —A- k(()l), when ) is restricted to the set {)\gl), . )\g)}. It remains to extend this
equality to the whole set L.

(c) We cannot directly adapt the argument, replacing )\Z(-l) by any A\ € L, because the corre-
sponding integral vector z; from (30) would be unbounded (typically, of size 1/k), which would
make the Taylor formula unusable. Instead, we need a connectedness argument, as in Proposi-
tion 3.16. First, remark that we may now replace in (28) the vector e; by a linear combination
e := > n,e;, where n; are bounded integers, defining a lattice point 1 by

hEM (1) = hEY + he € Uy

Letv := pu — \g. From
v="hGY(ED) e+ oK),

and comparing with (29), we see that v = ) nivﬁl) + O(h). Letting z := k:,(f)(u) - k((f), we see
from
v =hG) (D) 2+ O(),

that z = > n;z; + O(h). Since the integers n; are bounded, we must have z = Y n,z; for h
small enough. This gives
() =2+ k) = A-e+ kg
Therefore, the equality (33) still holds for p, i.e. for all points of the form A = Ay + n, where n
kLM

is uniformly bounded in Z". Let us restrict such n to belong to {—1, 0, 1}". This means that the
set of points satisfying (33) is invariant under the action of {—1,0,1}". From Lemma 3.17, this
set must be £, N B. [

We now want to extend this discussion to good labellings. In order to control the “constant
term”, we shall need a new assumption.

Definition 3.20 An asymptotic lattice is called h-continuous if the set L, which the small param-

eter h belongs to, is such that the set {% — %; hy, hy € T} accumulates at zero, namely:

For all € > 0, there exists hy > 0 such that for all hy € T\ {0} with hy < hy, there exists
ho € I, hy < Ry such that

— -~ <e (34)

Of course, this property is satisfied if Z = (0, iy, because the map h — }ll is continuous. It
also holds if the closure Z contains [0, fig] for some A, > 0. However, it is not satisfied if
T = {1/k; k € N*}, which is typical in geometric quantization. For Z = {1/k?; k € N*},
the property is satisfied if and only if 5 € ]0, 1].

The following proposition can be seen as the quantum analogue of Lemma 2.2.

Proposition 3.21 Let kj, and ky be two good labellings for the h-continuous asymptotic lattice
Ly Then there exists a unique orientation preserving transformation 7 € GA} (n,Z), indepen-
dent of h, and hy > 0, such that k;, = 7 o ky, for all h < hgy, h € L.
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Here GA; (n, Z) is the orientation preserving integral affine group GA (n, Z) := SL(n, Z) x Z".

Proof. We could start this proof by applying Proposition 3.19. However, it turns out that, in the
case of h-continuous asymptotic lattices, a more direct and elementary argument is available. Let
G, and Gj, be the corresponding asymptotic charts (Equation (13)). Let £}, be a formal inverse
of @h, as in the proof of Lemma 3.10, and define K}, := Fh oGp. Letc € B,and let §{ = Gal(c).
Let £ = k(h) be a family in Z" such that hk(h) = £ + O'(h) as i — 0. From (13), there exists
another family k = k(%) € Z such that

Ky(hk) = bk + O(h>). (35)

Since K, admits a C* asymptotic expansion K = Ko+ hK; +- - -, a uniform Taylor expansion
gives, for any fixed integer vector v € Z",

Ki(h(k +v)) — Kp(hk) = hK}, (&) - v + O(h?) = hK}(€) - v + O(h?) .
Hence from (35) we get, letting i — 0,
K\(&) - vel.

This shows that the matrix K((£) has integer entries. Swapping G, and Gp, and repeating the
argument, we obtain that the inverse of K(£) has integer entries as well, meaning that K{(§) €
GL(n,Z). In particular, £ — K/ (&) must be a constant matrix A € GL(n,Z) in the connected
open set G, *(B), which in turn implies that K,(£) = A¢ + a, for some a € R™. Thus, the maps
G and G, must differ by an affine transformation in GA(n, Z):

Gyl o Go(§) = AS + o

Let us assume, by contradiction, that o # 0. We have

k= %Ko(hk:) + K, (hk) + O(h)

= Ak + 3 + Ki(€) + R(h), (36)

with R(h) = O(h) (because hk = & + O(h)). Let £(h) := k(h) — Ak(h). Let iy € T be small
enough so that sup,,,,, | R(%)|| < 1 and so that the /i-continuity property (34) holds for e = m.
Let

Io:={hel | h<hy, L(h)="h)},

and let /i, := inf Z,,. Since £(h) ~ ¢, it must be unbounded as 2 — 0, which implies that ; > 0.

25



Case 1: hy € Z;. Then, by A-continuity, one can find Ay € Z, hy < hq, such that % - % < ﬁ
Since hy € Zy and ¢(h) € Z", we have

|£(hy) = £(R2)| = 1.
From (36) we get
1 1 1
l(hy) — L(R . -<1
)~ ()| < Lol (5= 5 ) +3 <1
a contradiction.

Case 2: hy ¢ Zy. Letn := L By definition of 7, there exists hy € Z, such that Ay < hy <

dlaf’
hy1 4+ 1. We have
hy hy

)S 1
4ol l—ﬁ

h2§h1+n:h1(l+

Hence hil — % < m. Since i, € Z, by h-continuity one can find h3 € Z, hy < hy, such that
11 1

1 1 1 :
R T S ] Hence T S 3l and we may conclude as in Case 1 that

1 1 1
(hy) — L(h — - — - <1
)~ ()| < Lol (5= 5 ) +3 <1

while |¢(hy) — €(h3)| > 1, a contradiction.
Consequently we must have o = 0. Thus we can write

((h) = K1(§) + O(h),

which implies that /(h) converges to K;(£) as & — 0 and hence that K (&) € Z™, forcing it to
be a constant ¢ € Z" on the connected open set G;* (B). We obtain

k= Ak + 0+ R(h),

thus R(h) € Z" . Since R(h) = €(h), we must have, for i < fiy small enough, R(%) = 0, which
finishes the proof of the proposition. U

Proposition 3.21 shows that, given a set £, C B, the set of good labellings on subsets B C B,
i.e. for which (LN B,I,B ) is an asymptotic lattice, form a flat sheaf over B. As a consequence,
if B is simply connected and B is covered by open subsets on which £;, admit a good labelling,
then £ admits a good labelling on B itself.

The h-continuity property has a natural interpretation in terms of the uniform continuity of
individual points in £, as & varies. Recall from the discussion before Definition 3.15 that the
choice of a good labelling defines an h-evolution of each individual point in Lj. If £; is A-
continuous, Proposition 3.21 implies that this evolution is in fact intrinsic to £ itself. However,
this is not the case in general. The heuristics are very simple: given h € Z, if the closest element
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to / in Z is of the form A + 4, then the lattice point corresponding to G (kh) gets displaced by
a distance of order O'(kd). If k¢ is of the same order as the mean spacing between points (i.e.
O (h)), then there will be a confusion between the evolution of this point with that of its closest
neighbors on L. To avoid this confusion, we need kJ < h; since k is in general of order 1/#,
this means § < h?, which precisely gives the Ai-continuity condition (34).

Let us now give a precise statement of this, which will be needed for the inverse problem in
the next section.

Proposition 3.22 Let (L;,Z, B) be an asymptotic lattice. There exists hy > 0,0 > 0, and € > 0
such that, if hy, hy € T N0, ko) satisfy:

1 1

hi  he
then the following holds. Fix \y € Ly, and let \y € L}, be defined by

Xy = Kyt (K, (M),

<€

for some good labelling ky. Then
Here B()\;, 6h;) denotes the Euclidean ball centered at \j, of radius 0h;.

In other words, we fix \; € L;,, and we consider the evolution of £; as A~ moves from £, to
ho; then the closest element to A\ in Ly, is unique and is precisely the natural evolution of \;
obtained by fixing its integer label &, (A;).

Proof. First of all, by Remark 3.11 we may choose dy > 0 such that £, N B(\, doh) = {\} for
all h < hg and all A € L;. In particular, (37) holds when ¢ = j for any § < §y. Without loss of
generality we may assume 5y < h;. Let (G}, U) be an asymptotic chart associated with the good
labelling k. Let k; = ky, (A1). We have

)\2 — GhQ (thl) + ﬁ(h;o) — Gh2(h2k1) + ﬁ(h(fo) 5

and hence Ay — Ay = Gy, (figky) — G, (hik1) + O(BS°). Let U € U be such that G *(U) contains
B. Taking Ky small enough, we may assume that G}, is invertible on U forall A € Z N 10, fig), see
Lemma 3.7, Item 6. Therefore i;k; € B and hence is bounded. Thus, there exists A/ > 0 such
that

||h2k51 — hlkln S €h1h2k51 S EMFLQ.

Hence we may apply Item 4 of Lemma 3.7 and get |G}, (hok1) — G, (hik1)|| < LoeM by, Using
now Item 3 of the same lemma, we obtain

< LoeMhy + C(e + 2)R3 + O(R). (38)
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Since hy < he(1 + €hy), we see that, if € and hy are small enough, the right-hand side of (38) is
less than dyfiz /3. Choosing finally 6 = dy/2, we see that (37) must hold. Indeed, if p; € L5, and
M1 7é )\1, then Hul — )\1“ > (50h1,hence H,ul — )\2” > Hul — )\1”—H)\2 — )\1” > 50h1—50h2/3 >
(Shl, and similarly if Mo € £h2 and 2 # Ao, then HILLQ — )\1” > (Sohz — 50h2/3 > 5h2 O

We conclude this section by making precise the relationship between the natural evolution of
h-continuous asymptotic lattices given by Proposition 3.22 above, the “drift” mentioned before
Definition 3.15, and the asymptotic expansion of the lattice points in 7.

Proposition 3.23 Let (L, Z, B) be an asymptotic lattice. Let ¢ € B, and let \, € L}, be such
that \, = ¢ + O(h). Let ky, be a good labelling for this lattice. There there exists . € R",
A. € M,,(R), and 5. € R" such that

)\h = Q¢+ h(Ac : kﬁ()\h) + Bc) + ﬁ(hQ) (39)

Moreover,
Q. = C— Gg(fo) : 507 Ac = Glo(&ﬂ)a Bc = Gl(&))?
where G, = Gy + hGy + - - - is the asymptotic chart associated with ky, and &y = G| 1(6)-

Proof. Let k = k;()\;) for simplifying notation. Using a uniform Taylor formula (16), we have
Gu(hk) = Go(&0) + Go(&) - (hk — &) + hG1 (&) + O (||hk — &|°) + hO(|[hk — &) + O(R?).
Using the boundedness of Ggl (Item 5 or 6 of Lemma 3.7), we have
17k — &l = O (|G (k) — c]]).
Since A\, = G(hk) + O(h>), this gives
M= e+ (A ka(n) + Be + 0|12 — el)) + 0| A — cl*) + 6(1?), (40)

which establishes the result. O

Assume now that the asymptotic lattice Ly, is h-continuous; we see from (39) that the natural
evolution of a point A € Ly, as h varies slightly, which corresponds to freezing the integer k, is
to move “as if it wanted to tend to «.”’; and, in general «. # c.

Definition 3.24 Let (L;,Z, B) be an h-continuous asymptotic lattice. Let ¢ € B and &, =
Gyt (c). We call the quantity
0c = Gy(éo) - & € R?

the drift of the asymptotic lattice at c. It does not depend on the choice of a good labelling.
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Proof. Let show that the drift is indeed well defined. Let G, be another asymptotic chart of L.
Since L}, is h-continuous, we may apply Proposition 3.21, and obtain 7 € S}A% (n,Z) such that
Gh(&) = Gr(T(&)) + O(h*), for all ¢ € G '(B). In particular Go(&) = Go(7(€)). Taking the
derivatives we get .
Vo e R, Go(&o) - v = Go((&)) - 7(v).
Evaluating at v = &, we get o
Go(&o) - §o = Go(&o) - o,

where &, = G (c). O

Since the drift is well-defined, we can expect to find a way to recover it directly from the

asymptotic lattice, without choosing a particular good labelling. This is the content of the fol-
lowing lemma.

Proposition 3.25 Let (L, Z, B) be an h-continuous asymptotic lattice. Let ¢ € B, and let
An € Ly, be such that N\, = ¢+ O'(h). For hy, hy € I, let \(hy, hy) be a closest element to My, in
L,. We define the divided difference

)\hl - A(hi? h2)

0(hi,hy) :==h
(17 2) 1 hl—hz

41)
For any N > 2, there exists positive numbers hy, o, and C > 0 such that for all ¢ < ey, hy € T,
h < hg and hy € T such that

1 1

hg < hy, hy—hy>hY, and — - <¢, (42)
2 1

then \(hy, hy) is unique, and
|5(h17 h?) - 6C| S Chl )

where 0. is the drift of Ly, at c.

As we shall see below (Lemma 3.26), for an ~A-continuous asymptotic lattice, it is always possible
to find couples (h1, hiy) satisfying the requirements (42) while being arbitrarily small. Hence,
the conclusion of this lemma is that we can recover the drift §,. from the limit of the divided
difference (41), as h; — O.

Proof of Proposition 3.25. Let kj; be a good labelling for £, and G an associated asymp-
totic chart. From Proposition 3.22 there exist 6 > 0, &g > 0 and hy > 0 such that for all
hi,hy € I N10,Ro) with |hi" — hy'| < eo, the element A(hy, ho) is uniquely defined, and
IN(Ay, o) — Ay || < 0he. Moreover, kp, (An,) = kn,(A(R1,ho)). For ease of notation, let us
denote by k this integer. We have

)\h1 - Ghl (hlk‘) + ﬁ(hcfo), )\(hl, hg) - GhQ(th') + ﬁ(h;o) (43)
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If follows from Item 2 of Lemma 3.7 that ¢ = Gy(hik) + O(hy), and hence, because hy €

(1 f% , hy), there exists a constant C' > 0 such that
11 €

|k —&ll < Chy,  and ||hok — &| < Chy,

where §) = G !(c). On the other hand, from Item 3 of Lemma 3.7, there exists Cy > 0 such
that
|Gy (hak) = Gy (Mak) || < Cn(|hn — Fio| + BY + hy).

(Note that we could have got rid of the terms iy + 1Y by choosing an asymptotic chart that is
smooth in £, see Remark 3.9). Hence, since h; — hy > h{v ,

5 |G, (hak) — Gy (Ra k)|
! hy — hy

< 3Cnhy (44)
From Item 4 of Lemma 3.7, we can write
Gy (hak) — G, (k) = (hy — 2)Gh, (hak) - (k) + O(|hy — hof” [[K]1%) ,

which, in view of (44), and using that h;k = &, + O'(hy) for j = 1,2, we obtain

Gp, (hik) — G, (hok
p SR = G0 _ (k) (k) + 60 s — ol 1)
1~ he
= G}, (&) - (&) + O () + O (haehihs | K[[”)
= 0.+ O(la) + O(In) + O (el | &)
=0+ O(h).
Finally, using (43) and the fact that i, — hy > hY, this yields the desired estimate. U

The following lemma shows that the requirement (42) can always be met.

Lemma 3.26 Assume 1 is h-continuous. For any € > 0, for any N > 2, there exists hg > 0 such
that for all hy € T N0, k|, there exists hy € T such that

1 1
h1<h2, h__h_<€ andﬁl—hgth.
2 1

Proof. By contradiction, assume that the statement of the lemma does not hold. Let A3 :=

inf{h € T;h < hy,; — 7= < €}. By Definition 3.20 the set in question is not empty, hence

h
hs > 0, and hy € [%;le,lhl] By the negation of the lemma, one must have h; — hs < hY,
and hence ;- — - < Ay "*(1 + hoe). Applying Definition 3.20 (with € replaced by £) to this
hs € T\ {0}, we obtain iy € T with hy < h3 and %—% < £. Hence é—% <S4R (1+hge).
If hg was small enough, the right-hand side is less than ¢, thus 4 contradicts the definition of 7.

g
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3.4 Quantum rotation number

In this section, we define a spectral quantity from the joint spectrum of a quantum integrable
system, which will be the natural analogue of the rotation number w;(A). As we shall see,
making this quantity a purely spectral invariant is not obvious, because, in the same way as the
classical rotation number w; (A) depended on the choice of the action variables I (Definition 2.1),
the quantum rotation number will depend on the choice of a good labelling.

Let us consider a two degree of freedom quantum integrable system (j , H ) (see Section 3.2,
with n = 2, P, = J, P, = H), with proper classical momentum map F' = (J,H) : M — R?
(here (J, H) is the principal symbol of (J, H)). Let ¢ € F(M) be a regular value of F, and
assume that F'~!(c) is connected. From Theorem 3.6, we know that the joint spectrum Y is an
asymptotic lattice near c.

Definition 3.27 Let \ — (j, k) be a good labelling for the joint spectrum ¥ in a ball B C R2.
Let B @ B be an open set. Let \ C ¥ N B, and let (j, k) be the corresponding labels. Denote

A =: (Jiw(h), Ejr(h)) .
We define the quantum rotation number, for the quantum numbers (j, k), to be
[3) (4, k) == [Ej10(h) — Bjx(h) : Ejpia(h) — Ejp(h)] € RP (45)

The restriction to the smaller open subset B ensures that the labels (j + 1, k) and (4, k + 1) do
correspond to joint eigenvalues in B, when & < hg and hy is small enough. As in the classical
case (Equation (2)), it is often more convenient to think of the rotation number as an element of
the 1-point compactification R,

Eji1,x(h) — Ej(h)
Ejri1(h) — Ejr(h)

The following result shows that, once a good labelling is known, the classical rotation number
can be recovered from the quantum rotation number, in the semiclassical limit.

w4, k) = €R. (46)

Theorem 3.28 Let ¢ € R? be a regular value of F, and assume that the Liouville torus A =
F! (¢) is connected. Let \j, be a joint eigenvalue in Xy, such that

/\ﬁ:C—i‘ ﬁ(h)

Let Gy, be an asymptotic chart for ¥y, in a neighborhood of ¢, let (j, k) be the corresponding
labels for \ and let I := G, Lo F be the associated action variables (see Equation (11)). Then

[ ) (5, k) = [wi(A)] + O(R).
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The term () is relative to the topology of RP! as homeomorphic to the circle, and is uniform
if c varies in a compact subset. The existence of )y in the statement of the theorem is guaranteed
by Lemma 3.14.

Proof. Let g be the second component of Gy, so that E; (k) = gx(hj, hk) + O(h>). We have
the C'*° asymptotic expansion

gn(§) = go(§) + hg1(§) +

where g is the second component of Gy; thus, H = go(I). By definition

[wi)(A) = [O190(1(A)) = Dago(1(A))].
A Taylor formula (Item 4 of Lemma 3.7) gives

Ej+1,k(h) — Ej,k(h) :gh(h(j + 1), hk;) — gﬁ(hj, hk:) + ﬁ’(hoo)
= hd1gn(hj, k) + O(h?)
— halgﬂ(h]7 hk) + ﬁ(hg)v

because (hj, hk) is bounded. In fact, when A — 0, (hj,hk) — Gg'(c) = I(A); hence

Ej15(h) — Ejr(h) = horgo(I1(A)) + O'(h?). Similarly, Ej i1 (h) — Ejr(h) = hoago(1(A)) +
O'(h?), which yields

Wn(J, k) = [0190(1(A)) + O(R) : Dago(I(A)) + €(R)],
which gives the result, because (91 go(1(A)), d2g0(1(A))) # (0,0). O

3.5 Quantum rotation number for semitoric systems

If ' = (J,H) is a classical semitoric system, we have shown in Section 2.3 that the rotation
number is well defined as an angle in R/Z. We will show the quantum analogue here, namely
that for a quantum semitoric system, the rotation number can be defined with no ambiguity on
the choice of a good labelling.

Definition 3.29 ([39]) A quantum integrable system (j JH ) is called semitoric if the correspond-
ing classical system (J, H) given by the principal symbols is semitoric.

Remark 3.30 It would be very interesting to have a purely spectral characterization of a quantum
semitoric system. The quantum analogue of the Hamiltonian S* action should be reflected in the
fact that the spectrum of J coming from a bounded region of the joint spectrum is close to an
arithmetic sequence of the type o + f(j + p), j € Z (see Proposition 3.31 below).

However the fact that a point ¢ € R? is a regular value of F' seems more delicate to obtain in
a purely spectral way. Moreover, the semitoric hypothesis also impacts the singularity types at
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Figure 2: Joint spectrum of the Spherical Pendulum. Joint eigenvalues are organized along
vertical lines indexed by j.

the boundary of the image of ' = (.J, H) (see Proposition 3.35). We don’t address these issues
here. Instead, we assume the semitoric nature of the system, and from this we try and recover
the rotation number. A

In the semitoric case, Proposition 3.23 can be improved.

Proposition 3.31 Let (j JH ) be a semitoric quantum integrable system defined for h € |0, hy).
Let ¢ € R? be a regular value of F and assume that F~(c) is connected, where F' = (J, H) is
the classical momentum map. Then there exist a ball B around ¢, o € R, 1 € R, and a good la-
belling A — (j, k) of the joint spectrum ¥y, in B such that, uniformly for X\ = (J; x(h), E; x(h)) €
YN B,

Jik(h) =a+h(j+pu+ ON\—c)+ OR). (47)

Loosely speaking, this proposition says that, in a small ball around c, the joint spectrum of a
semitoric system is organized along regularly spaced vertical lines J = « + h(j + ), and
the quantum number ; € Z labels these lines. See Figure 2. If .J is proper (and J has no
subprincipal symbol), the result follows from the cluster structure of the spectrum of pseudo-
differential operators with periodic characteristics, see for instance [18, 16, 10, 22]. In our case,
we do not impose the properness of J and there is no restriction on subprincipal symbols; the
result is still valid because we restrict the joint spectrum to a small B (it would not hold for the
usual spectrum of J alone).

Lemma 3.32 Under the assumptions of Proposition 3.31, let B be a bounded, simply connected
open subset of regular values around c, such that (¥, |0, ho|, B) is an asymptotic lattice. Then
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this asymptotic lattice admits a semitoric asymptotic chart, i.e. an asymptotic chart Gy, ~ Gy +
hGy + - - such that the first component G(()l) of Gy = (G(()l)(fl,ﬁg), G[()l)(fl,fg)) : U — R?
satisfies, for all (§1,&2) € U,

AGY (&1, &) = dé. 48)

Proof. Let GG be an asymptotic chart for >; near ¢, see (10) and Definition 3.5, and let I =
(I, I) be the corresponding action coordinates: F' = G o I. Since (J, H) is semitoric, there
exist oriented action coordinates near A := F~!(c) of the form (J, J;). Hence by Lemma 2.2
there is an affine transformation 7 € GA(n,Z) such that (11, l5) = 7(J, Jo) = A(J, J2) + z,
where A € SL(2,Z) and z € R2. Then the map G, (£) := G4(AE) is an asymptotic chart by
Lemma 3.18 and we have:

dGy = dGyo A =dGyodr =d(GyoT).
Since Go(7(J, J3)) = (J, H), this implies d(G o 7)) = d&,, and gives the result. O

Equation (48) means that, up to a constant, the chart GG; is associated with semitoric action
variables (Lemma 2.13).

Proof of Proposition 3.31. Letus consider the proof of Proposition 3.23. In view of Lemma 3.32,
if we project (40) on the first component, the term (||, — ¢||*) disappears, because the first
component of gy is an affine map. This gives the required estimate. U

Remark 3.33 Comparing with Proposition 3.23, we see that the number « in (49) is equal to
b — é’él), i.e. the first component of ¢ — &,. Thus f(()l) is the first component of the drift of the

joint spectrum (Definition 3.24). Recall that fél) is also the value of the action integral along the
St-cycle on the torus A... A

Theorem 3.34 Let (j JH ) be a semitoric quantum integrable system, with momentum map F =
(J,H). Let ¢ € R? be a regular value of F, and assume that the Liouville torus A := F~'(c)
is connected. Let G, = Gy + hG1 + - -+ be an asymptotic chart for 5, near c, such that the
associated good labelling \ — (j, k) satisfies Equation (47). Then (48) holds, i.e. the first
component of Gy satisfies, for all (&1, ;) near Gy (c):

AG (&1, &) = dé.
Moreover, let \;, be a joint eigenvalue in ¥, such that
Ap=c+ O(h).
Then the corresponding quantum rotation number (Equation (46)) satisfies:
wp(j, k) = w(A) + O(h) mod Z,

where w(\) is the semitoric rotation number in the sense of Definition 2.12.
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Proof. By assumption, the first component of )\ has the asymptotic expansion:
Jie(h) = a+h(j+p+ O\ =)+ OR), (49)
where a, 1 € R do not depend on /. From Theorem 3.28, we have
[ ] (5, k) = [wi(A)] + O(h), (50)

where [ = G, *oF. From Lemma 3.32, we introduce a semitoric asymptotic chart G = GpoA,
where A € SL(2,7Z) is such that G}, satisfies

dGM (&, &) = dé;. (51)

From the proof of Proposition 3.31, Gy satisfies Equation (47): there exists o, i/ in R such
that, VA < hg, Jjr(h) = o« + h(j' + 1/ + O\ — ¢)) + O(h?); here j' = aj + bk, where a,
b are the integers forming the fist line of A~!. Comparing with Equation (49), we obtain, since
>\h —C= ﬁ(h),

o +h(aj +bk+ ') =a+h(j+p) + OR),

hence there exists a constant C' > 0 such that, for all & € Z,
o' —a+h((a—1)j+ bk +p —p)| < CR. (52)

This holds for all A-dependent couples (7, k) = (j(h), k(h)) that label a joint eigenvalue A\, €
Y, near c. If u,v are given integers, independent of A, then the joint eigenvalue labelled by
(7(h) + u, k(h) + v) differs from \; by &(h). Hence (52) must hold for this new label as well,
and writing the triangle inequality we obtain, for all fixed (u,v) € Z2,

hl(a—1)u+ bv| <20,k

Choosing (u,v) = (0,1) or (1,0), as soon as 2C, ,h < 1, this implies a = 1 and b = 0 (and
10

1)
Hence Equation (48) follows from (51). This proves that, up to a constant, the action variables /
are in fact semitoric. Thus, from Proposition 2.14 we obtain

hence o = ' and i/ = p from (52)). This entails that the matrix A takes the form A =

w(A) =w;(A) mod Z,
which, together with (50) finishes the proof of the Theorem (recall that in the semitoric case, the
direction [w;(A)] can never be vertical). O

In order to illustrate this result, we have produced a numerical comparison between classical and
quantum rotation numbers, in the case of the spherical pendulum (an axisymmetric Schrodinger
operator on the sphere S?), see Figure 3.
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Figure 3: Classical (left) and quantum (right) rotation numbers for an axisymmetric Schrodinger
operator on the sphere S? with potential V = z (quantum spherical pendulum).

Theorem 3.34 will be used in Section 3.6.2 to obtain, algorithmically, a good labelling for
the joint spectrum of a quantum semitoric system, based on the fact that the “global label j”
corresponding to the integer in (47) is easy to detect. However, even for a semitoric system,
assigning another quantum number k to each joint eigenvalue can be more delicate. While it
is in principle always possible near any regular value ¢ of the moment map (J, H), thanks to
Theorem 3.6, there is no global recipe: due to a possibly non-trivial monodromy, a good la-
belling for the joint spectrum may simply not globally exist [43]. There is, however, a common
situation where a natural second quantum number shows up: consider, for a fixed j, the corre-
sponding vertical spectral band V}. If the spectrum inside V is either bounded from above or
from below, and if this bound corresponds to an elliptic singularity — which is generically the
case —, then labelling k in increasing order from the bounded side will provide a good labelling.
To understand this, let ¢ = (x,y) be a rank-one elliptic singularity of F', where z is a regular
value of J. This means that the restriction of H to the submanifold J~!(z) admits a Morse-Bott
non-degenerate critical point m with H(m) = y. Let us assume that F'~!(c) is connected; by
the theory of non-degenerate singularities of integrable systems [51], this fiber must then be a
circle of critical points (the corresponding point in the reduced space J~!(z)/S! is a standard
Morse non-degenerate critical point). Letting = vary in a small neighborhood, we thus obtain
a smooth cylinder of critical points in M, whose critical values form a smooth curve through c
in R?, which belongs to the boundary of F'(M). This situation is called a simple J-transversal
elliptic singularity. From the viewpoint of the energy H, there are two situations, where c is
either a local maximum or minimum of H restricted to ./~ (). For simplicity we shall only deal
with the minimum case (which we call ‘positive’ in the statement below). This is the case of the
Spherical Pendulum, Figure 2; of course the maximum case is completely similar.

Proposition 3.35 Let (j JH ) be a semitoric quantum integrable system with principal symbols
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(J,H). Let ¢ € R? be a simple positive J-transversal elliptic critical value of F. Then, for h
small enough, the joint eigenvalues \ € Y, in a neighborhood of ¢ belong to the union of disjoint
vertical bands V; given by the equation

r=a+h(j+p+ON—0c)+0H), ez (53)

where o, i € R are fixed. In each vertical band V};, the y coordinates of the joint eigenvalues are
distinct and bounded from below. We label them in increasing y-order by a non-negative integer
k € N. Then, for any regular value ¢’ of F, close to c, the labels (j, k) form a good labelling of
Yy, near .

Contrary to the rest of the article, for this result the standard action-angle theorem (and its semi-
classical version) is not enough. We need to resort to the microlocal study of the spectrum near
a simple transversally elliptic singularity, which was done in [46, Theorem 5.2.4].

Theorem 3.36 ([46]) Let (j , H ) be a quantum integrable system, with momentum map F =
(J, H), and let ¢ be a simple transversally elliptic critical value of F. Then the joint spectrum
Y in a neighborhood of c (independent of h) can be described as follows:

1. joint eigenvalues have multiplicity one, in the sense of item 1. of Theorem 3.2;

2. Xy is an “asymptotic half lattice” in the sense that item 2. of Theorem 3.2 holds:
A = Gp(hky, hks) + O(R™), (54)
when replacing (ki, ko) € Z* by (ky, ko) € Z x N, and replacing Equation (11) by

F=Go(&,q) (55)

where qx(x, &) = (23 +&2) /2. Here the local coordinates (11, &1, T2, &) € T*S' x R? near
S' x {B} x (0,0) for some € R, describing a neighborhood of the circle F~*(c), are
symplectic, and Gy is a local diffeomorphism from (R?, (3, 0)) to a neighborhood of B.

Proof of Proposition 3.35. It follows from (55) that J = ¢(&;, ¢2) for a smooth g. Since J,
&1 and ¢ all have 27-periodic flows, there must exist integers a, b such that dJ = ad&; + bdgs.
Since the J-action is effective, a and b must be co-prime. The hypothesis of J-transversality
implies that @ # 0. Thus & = a~'J — ba~'qy + const, and the same argument implies that
a~! € Z and hence a = +1. Up to composing by the symplectomorphism (1, &1) — (=&, 71)
(and replacing k; by —k; in (54)), one may assume that @ = 1. Thus (&1, ¢2) = 7(J, ¢2), where

7 € GA(n,Z) with linear part A = (1

0 1
let Gp(z,y) :== Gr(A(z,y)), and the joint spectrum is described as

) . Arguing as in the proof of Proposition 3.31, we

A = Gp(hky, hks) + O(h°) = Gr(h(j, k2)) + O(h™),
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with k; = j — bks. Then G, = Go + hGy + - - -, with

~

Go(z,y) = Goo A(x,y) = Go(r — by + a, y),

for some constant « € R. But since the first component of Gy is g and J = ¢(&1,q2) =
g(J — bqa, g2), we deduce that for all (x,y) near A~(3,0) = (5,0),

Go(xay) = (‘T + Oz,f(x,y))

for some smooth function f with J, f # 0. We conclude as in the proof of Proposition 3.31 that
the first component of A takes the form

Jiky(h) = o+ hj + hp+ hO(X — ) + O ().

Hence we obtain the description of the vertical bands B; in (53), which are disjoint if |\ — ¢| is
small enough (independently of &) and A itself is small enough. Finally, if j is fixed, the second
component of the joint eigenvalues is given by

Eji,(h) = f(Rj, hks) + hO(X = ¢) + O(R?).

Thus, Ej 11 — Ejr, = 0, f(c) + RO(X — ¢) + O(h?). For a fixed value of .J, H is assumed
to be minimal at the elliptic critical point. Since go > 0, we must have d,,H > 0 when ¢, = 0,
which implies 9,2 > 0. Hence Ej, 1 — Ejx, > h/C for some constant C' > 0.

It remains to prove that (j, ko) is a good labelling away from the critical value. Since
(k1, ko) = A(j, ko), this is equivalent to showing that (k;, ko) is a good labelling. Since item
1. in Definition 3.5 is already given by Theorem 3.36, we must only prove item 2. Let ¢ be a
regular value of F'. Let B be a ball around ¢ in which the description of the joint spectrum by
Theorem 3.36 is valid:

X = Gy(hky, hko) + O(R™),

where (ki1, k2) € Z x N, and G}, is defined in a neighborhood of (3, 0). Let B’ C B be a ball of

regular values around ¢’. We claim that G, o1 (m) is an asymptotic chart for > in B’. Indeed, let
0

(8,7 = Gé_l)(c’ ); necessarily 7/ > 0 because ¢’ is regular. Now assume that (ky, ky) € Z? is
such that /i(ky, ko) € G (B'); then Ak, is close to 7/, and in particular, k, > 0. Hence, by (54),
there exists a joint eigenvalue in A € B’ such that A\ = Gj(hky, hky) + O(h™). Therefore,
according to Definition 3.5 (item 2.), G}, is an asymptotic chart for X, in B’. O

3.6 Labelling algorithms

In order to obtain a fully satisfactory inverse spectral result, we need to recover a good labelling
from the joint spectrum. Once a good labelling is known, the quantum rotation number can
be computed via (45), and its asymptotics reveal the classical rotation number thanks to Theo-
rem 3.28.
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Figure 4: The labelling algorithm

As was shown in Section 3.5, a good labelling is easy to find for quantum semitoric systems
with elliptic critical values. In the general case however, the question is more delicate. In this
final section, we consider an arbitrary asymptotic lattice (L, Z, B) and investigate the problem
of constructing a good labelling for it.

3.6.1 An algorithm for fixed 7

The core part of our labelling algorithm can be executed for any fixed value of i € Z. Actually,
it can be applied to any finite set £, C B. If ¢ € B, we will use the expression “choose a closest
point to ¢” to indicate that we have to choose a point in £; that minimizes the distance to c.
After such a point has been picked up and labelled, we remove it from L;; thus, subsequent calls
to “choose a closest point to...” implicitly indicates that this point should be chosen within £y,
minus all the already labelled points. This is of course always possible as long as this new set is
not empty.

We write the algorithm in the two-dimensional case, which is enough for our purposes. We
believe that the general case can be dealt with in a similar way. If (n,m) is a label for a point
A € Ly, we shall denote this point A = A, ,,,. See Figure 4. The complete algorithm consists in
the twelve following steps.

1. Choose an open subset By € B, and fix c € B,.
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2. Choose a closest point to c. Label it as (0, 0).
3. Choose a closest point to Ao (in the set £ \ {Aoo}). Label it as (1,0).

4. Choose a closest point to 2X; g — Moo = A1,0 + (A1,0 — Ao) and label it as (2, 0).

Continuing in this fashion (if A,_; o is chosen, take A, o to be a closest point to A\, ¢ +
(An—10 — An—2,0)), label points A, o, n > 0, until the next point lies outside of B,.

Label )\, o for negative n in the same way, starting from the closest point to 2Xg o — Ay o.
5. Choose a closest point to Ao not already labeled and label it as (0, 1).
6. Label a closest point to Ag1 + (A0 — Aoo) as (1,1).

7. Use the points A1, A; ;1 to repeat the process in step 4, labelling as many points A, ; as
possible (if A,_1 1 is chosen, take \,, ; to be a closest point to A, 11 + (An—11 — An—2.1)).

8. Label a closest point to 2\o ;1 — Ao o as Ag 2. Repeat steps 6-7 to label all points A, o.

9. Continuing as above, label all points \,, ,,,, m > 0 which lie in the given neighborhood.
10. Label a closest point to 2X oy — Ao 1 as (0, —1).
11. Repeat steps 6,7,8,9 with negative m indices.

12. Finally, if the determinant of the vectors (A; o — Ao, Ao,1 — Ao,o) i negative, switch the
labelling A, ,,, = A, ,, (in order to make it oriented).

Let us prove now some properties of this algorithm when (L;,Z, B) is a given asymptotic
lattice. We use the notation of Definition 3.5; in particular, G : U — R" is an asymptotic chart,
and £k, is the corresponding good labelling. Of course, both of them are a priori unknown. Let
By € B be an open subset containing ¢, and let Bg be an open subset such that By Bo € B.
Let /iy be given by Item 2b of Definition 3.5 with U, := Gyt (By). Because the results of this
section are made to be directly implementable on a computer, we shall try to write all estimates
as explicitly as possible. Let U € U and hy € |0, K] be such that (Gh)[ is invertible onto a

neighborhood of B for all & € ZN]0, hg), see Item 6 of Lemma 3.7. From now on in this section,
every h is tacitly assumed to belong to Z N |0, Ay.

Let Uy = Gy '(By) and Uy = G} (By). Then Uy € Gy (B) and for all i < ho, Uy € U. It
follows from the asymptotic expansion of Ggl that there exists C' > 0 such that

Vh < hy, U,CUy+ B(0,Ch),
and hence for any R > 0, there exists h([)o] € 10, hp| such that

va<hl, U,+ B(0,Rh)Cc Uy and U+ B(0,Rh)CU. (h-56)
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Asin Lemma 3.10, let L be an upper bound on the Lipschitz constant of G ,{1 on a neighborhood

of B. Choose ¢ € (0, 7-), and let r € 10, ho] be small enough to verify (7-22), so that (23)
holds.

Note that, with the exception of the three points A\ o, A1 9, and A 1, all points are constructed
by the following process:

(i) Choose a point py € By N Ly,.

(i1) Choose a “vector” v = o — 1 (the difference between two previously constructed points
poand p_y € By N Ly).

(iii) Identify a closest point s € Ly to p1q + v.

The following lemma shows that this process is uniformly well-defined if these points lie in ball
of size 0'(h) and hy is small enough. Then, Step (iii) amounts to picking up the natural parallel
transport defined in (24):

M2 = 1 k+ (kn(po) — Kn(p-1))-

h

Lemma 3.37 Given ¢ € (0, ﬁ) there exists L > 0 such that the following holds. Choose h <

hg] and four points j; € Ly, satisfying (i)-(iii) above, and let k; = ky(y;) be the corresponding
multi-integers in 72, fori € {—1,0,1,2}. Let p > 0 be such that j1, and ji_, belong to the ball
B(po, ph). If b < hg)] defined by (h-56) with some R > 2Lpp, and if for some N > 2, h satisfies
the inequalities

3ONRN Tt < Lﬂ —2p and h(L(p+ CnyhV 71?2 +4CyAN7?) <, (h-57)
F

where C'y is defined in (19), then s is unique and ky = k1 + ko — k_1.

Proof. We wish to considgr the point Ay € L5 whose label is k; + kg — k_;. First of all we show
that i(ky + ko — k_1) € Up. For all A € L, we get from (19)

|hk — G Y (V|| < LrCwh™ .

Therefore, hik;, for j € {—1,0, 1}, belongs to U+ B(0, LrCyhEY) C U provided LpCyh"N ! <
R, which is a consequence of the first inequality in (2-57). Thus, we may apply Ggl and use (19)
to obtain, for j € {—1,1},

|Ako — k|| < Lp||po — iy + 2LpCnBY < 2Lp(hp + CyRY). (58)
Using the inequality for j = —1 we get h(ky + ko — k_1) € Uy + B(0, Lr(3CxhY + 2hp)).

From (5-56) and the first inequality in (7-57), we get A(ky +ko—k_1) € Up. Since Uy € G5'(B),
by Item 2b of Definition 3.5 we may define A\, := kéﬁl)(k;l +ko—k_1) € Ly, e, forall N >0,

INs — Gr(h(ky + ko — k_1))|| < OnEY .
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We have, using a Taylor expansion at hk;, see (16),

X2 = (s + D)|| < | Gr(A(ky + ko — k-1)) — (1 + D)|| + CxhY
< || Gr(hks) — p1 + G (Bky) - (hko — Bk_1) — §|| + Ly ||hko — Bk_1||* + Cx BN
< ||G! (Fiky) - (Bko — hk_1) — T + Ly || ko — fik_y||* + 2CnhY .

We can also write |0 — Gj(hiky) + Gi(hk_1)|| < 2CNyk"N. By Taylor expanding at fik,

|Galiko) — Ga(Bik_1) — Gi(Tiko) - (kg — Bk_1)|| < Lu|liko — fik_y]|*.
Hence

12 = (1 + B)| < (Gh(Rko) — Gi(Rka)) - (Tiko — Tik_1) || + 2Ly ||k — Rk ||* + 4Ox R .

If follows from Item 1 of Lemma 3.7 that there exists a constant Lo > 0 such that

V&) C UM eR", [[Gh(&) v — Gi(&) vl < Lo [|& — &l lv]].
This gives

(Gh(hko) — Ghy(Rky)) - (ko — hk_y)l| < Lo [|hko — ks || |hko — k[
and hence

A — (1 + 0)|| < ||hko — hk_1|| (2L1 ||hko — hk_1|| + Lo ||hko — Rk ||) + 4Cn B .
Using (58) again,
[Ae — (p1 +0)|| < B*(4(2L1 + Lo)Ly(p + CyAY1)? + 4CyAV72) .
Hence, for i small enough: precisely, as soon as
R(4(2L1 + Lo) Ly (p+ CyRN™1)? + 4CNRN7?) <ee,

we may apply (23) to see that the closest point to (x; + ¥) in £; must be Ay, which proves the

lemma with L = 4(2L; + Lo) L. O
Of course, as in the end of Remark 3.11, one can simplify estimates by choosing specific
values, for instance ¢ = 57—, R = 3Lpp, and then we may replace (7-57) by the stronger

assumption that there exist /N > 1 such that

N1 P € ¢
Cyh < mm(g : g) and h < ek
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Corollary 3.38 With \,, ,, the collection of points constructed in the algorithm without Step 12,
let kpm = kn(Am.n). Set

7 = k1,0 - k‘o,o and 7y = ko,l - k070- (59)
There exists hg] > 0 (see Remark 3.39 below) such that for all h < hg], we have
knm — koo =nz1+m2z;. (60)
Moreover, for all N > 1,
A0 = Xooll < Bpo,  [|Ao1 — Aooll < Apo,  with  pg:= Lo+ 2CxAV 1, (61)
where Ly is an upper bound on the Lipschitz constant of Gy, on U, see (15), and
1Al <p, N2l <p. with p=Lp(Lo+4Cyh"). (62)
After Step 12, 71 and Z5 are possibly swapped.

Proof. Let \; = k‘?(i_l)(k‘op + €1), where €7 = (1,0). Necessarily, \; # Ao ; hence, by Step 3,
H)\l — )\070” > H)\LO — )\070H. Since (llSiIlg (13)),

1M1 — Nooll < |Gr(A(koo + €1)) — Gr(hkoo)|l + 2CxAY < Loh 4 20xRY ; (63)

this shows the first inequality in (61). We now proceed with Step 4 of the algorithm by applying

Lemma 3.37 to the triple (Ao, A1,0, A1,0), With p = pg, and thus obtain a unique Ao g = Ago + 2.
kn

From (63) we immediately obtain
hl|Z1|| < Lp||Gr(Bki0) — Gr(Rkoo)|| < Lrl|Aio — Aol + 2LrCNAY
< LpLoh+ 4LpCnhYN = hp .

This proves the first inequality of (62). In order to repeat the application of Lemma 3.37 to the
triple (10, A2,0, A2,0) We need to estimate || A2 — A1 of|. Since koo = k1o + 21, we get

[A2.0 — Avoll < Lok ||Z1]| + 20NnAY < Ripy (64)

with p; := Lop + 2CxAN~1. Thus we may apply Lemma 3.37 with p = p;, and obtain that
A3 is labelled by ko3 = ko + 22). Therefore, we can estimate || A3 — A2 o|| < hp; exactly as
in (64). Repeating this process with the same p = p;, we complete Step 4 to obtain all \, o as
long as they belong to By, and obtain, for all n, || A, 0 — A\—10]| < fips and

kn,O — k?o’g = nZl, ie. /\n,O = /\070 + 7151 . (65)
h
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Next, we consider Ao ) from Step 5. If A; was not labelled in Step 4, we have |A1 — Aol >
IAo1 — Ao,oll, which leads to the same estimates of as above, namely (61) and (62) hold. If, on
the contrary, \; was labelled in Step 4, then by (65) there exists a non-zero integer n such that
¢; = nz). Thus the point Ay = ky(koo + €2) was not labelled in Step 4. Therefore || Ao — Ao of| >
IAo.1 — Ao,o|| and we the above estimates still hold, with the same p, which proves (61) and (62).
Therefore, we may continue to follow the algorithm and use Lemma 3.37 at each step, proving
the corollary. U

Remark 3.39 Let us investigate how small h([f] should be for Corollary 3.38 to hold. We do
not try to have an optimal bound, but rather to check what the geometric constraints are. First,
we have the upper bound hg] defined by (/-22), which ensures that kj, is well defined and one-
to-one. This one is quite weak in principle, because we are free to increase the exponent of
h to make it smaller. Then we apply Lemma 3.37 with p = py, which gives another upper
bound given by (/-57), where we are free to choose another N > 2. Essentially, this means
h < LLpO ~ m Another application of Lemma 3.37 with p = p; ~ LpL3 gives a new
bound (h-57), which, roughly speaking, imposes i < m,
than the previous one, at least if Ly, Ly > 1 and we neglect the term CyhY. However, at each
application of the lemma we are free to optimize by choosing a different N. In both cases one
needs to select R > 2L p, which gives yet another bound by adjusting h[[)o} ~ o(1/R), see (h-56).
Given R, this last bound only depends on the size of the domain B, within B; we can improve it

if necessary by choosing a smaller B,. A

which is a priori stronger

We now consider in more details the construction of the first three points (Mg, A1,0, Ao,1)
near c. Naturally, we assume that / is small enough so that £, contains at least three points. Our
aim is to prove that z; and Z» form a Z-basis of Z?. After \gp is chosen, U; = A\; g — Ago and
U = Ao,1— Ao are chosen by a minimization process. We have to be careful with the fact that the
vectors Z; do not satisfy the same minimization properties because G}, (hko ) is not orthogonal,
in general.

Lemma 3.40 There exists ﬁg’] > 0 (given by (h-66) and (h-69) below) such that if h < h([)3], then
the entries of Z| are co-prime integers.

Proof. Assume that there exists Z, € Z* \ {0} and n € N* such that Z; = nZ, where n may
depend on . Let us first show that hi(ko o+ Zp) € Uy (notice that Uy is not assumed to be convex).
From Lemma 3.14, for any N we have

lc = Nooll < (M + Lo)h + Cyh™.
Likewise, if we let ko := k(o) and € := Gy (c), then & € By and we have

1€ — kool < Le (|Gr(€) — Xooll + [[ Moo — Gr(Pkoo)]|)
< L (Mh+ |jc — Mool + CnRY)
< Lp(2M + Lo + 2CxRN YA
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Therefore, using (62),
1(koo + 20) — €Il < koo — &l + B l|Zo]| < Lp(2M + Lo + 205EY "R+ hp/n

Since BO is open and independent of A, there is o > 0 such that B(&, 1) C UO. Assume
R(Lp(2M + Lo + 2CNBYN7Y) + p) < 1o, i.e.

RLp(2M + 2Lg + 6CNAN 1) < 1g. (h-66)

Then Fi(koo+20) € B(€,70) C Uy. We may now let yu := k;, ' (h(ko o+ Z)) be the corresponding
element in £;. By (16), for any Z € R? such that || Z]] < ||Z1]],

HGh(hkzo,o + hZ) — Gh(ﬁkop) — G}l(hk:o,o) (2| < Ly ||77JZ||2 (67)
and hence

A0 = Aooll = |G (hkoo) - (RZ1)]| + 01
12 = Aol = |G (Rkoyp) - (hZ0) | + 00, (68)

with || < Ly ||hZ1]|> +2Cx N, for j = 0, 1. From the algorithm we know that || Ao — Aol <
|l — Ao,o|| and therefore

(n = 1) [|Gy(Rko) - (hZ)]] < 00 — 01
From Lemma 3.7, there exists I' > 0 independent of % such that ||G’§;1 || > T on U, and hence

(n _ 1) < Og — 01 < 2L1h2ﬁ2 + 4CNhN .
I Th

Thus, if
h(2L,p* + 4CyRN %) < T, (h-69)

then we must have n = 1. ]

Lemma 3.41 Forall h < hg’], the vectors Z1 and Z> (59) defined in Corollary 3.38 are linearly
independent.

Proof. If 7| and 25 are colinear, there exists ¢ € QQ such that 25 = 0Zz;. Since the coefficients of
7 are co-prime, we must have 0 = n € Z. Writing, ko1 = koo + Z2 = koo + nZz;, we obtain
from Corollary 3.38 that Ao ; = A, o, which contradicts Step 5 of the algorithm. U

We arrive at the main result of this section.

Theorem 3.42 There exists h[04] > 0 (defined in (3.6.1)) such that Z, and 2> defined in Corol-
lary 3.38 form a Z-basis of Z? for any h < 77%4].
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Proof. Let D = D(h) := det(Zz1, z5). We know that D # 0 by the previous lemma. We want
now to prove that D = +1. By Pick’s formula, the number of integral points in the closed convex
hull of the three points kg o, k1 o and kg ; (other than these vertices), where points in the boundary
count half, is |D|2_1. Hence if | D| > 2, there is at least one such integral point, call it £ € 72, set

23 =L — koo, and let yu =k, !(h¢) be the corresponding element of Lj,.

(1) Since the components of 2 are co-prime by Lemma 3.40, Z3 cannot be colinear to z, because
it then would be equal to it, and ¢ would be a vertex of the triangle. Therefore, by Corollary 3.38,
 cannot be one of the A, o. This implies

[Ao,1 = Xooll < [l — Aol - (70)

(ii) Set w; = G (hkoy) - Z;, @ = 1,2,3. As 25 is a convex linear combination of 2} and 25, the
same holds between 3, and u7, . Using (67), we see that there exists a constant C' > 0 that
can be made explicit (namely C' > 2L, 5+ 2Cxh™¥ ~2) such that the ball B(u, h2C ) intersects the
interior of the triangle (Ao, A1,0, Ao,1). Let /i be a point of this intersection. Since ||2; — Z5|| > 1
for j = 1, 2, because these are non zero integer vectors, the point /i must stay away from a ball
of size 0h of the vertices, for some § € ]0,1/Lp[ independent of / and which can also be made
explicit.

(ii1)) We now need some elementary triangle estimates in order to bound from below the distance
IA1.0 — Xooll— /& — Xool|- By construction of the algorithm, || A1 o—Aoo]| < ||[Ao,1—Ao,0l|- Hence
the angle at the vertex Ao ; is strictly less than 7, which implies that the orthogonal projection H
of Mg onto the line (A; g\o 1) is located on the strict half line starting at Ao ; and containing A o.
Thus there exists > 0 be such that the ball B(\ 1, r) does not contain H (see Figure 3.6.1). In

Figure 5: The point /i is pushed onto the thickened path.

fact any r < || A1 9 — Ao1|| /2 fulfills this requirement. We choose r = min(||[A1 o — Ao.1]| /2, dR)
so that, in addition, i & B(Xo1,7) U B(A1,7). Let us push fi along the ray (Ao op) until it
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reaches either the boundary of one of the balls B(\g1,7) or B(A1,7), or the opposite edge of
the triangle, £ := (A1 o)\o1). We may call i again this new point. Doing this, the distance
d = ||ft — Xo,0|| can not decrease. When /i is on the boundary of a ball, it is clear that d increases
as we move /i on the circle towards the edge F. So, for any configuration of /i, there is a position
of i1 on E that produces a larger or equal distance d. Now it is easy to study the variation
of d = d(z) as a function of the abscissa = of i along E. Taking x = 0 for the point H
and x =: b > 0 at )\, and using d(x) = Va2 + h2, with b = ||H — A\gy||, we obtain for
x € (0,b — r) that d is increasing and

rb r?
>

2d(b) = 2d(b)’

d(b) — d(z) =

If the point \; ¢ has a negative abscissa ¢ < 0, the distance d will have a local maximum also at
¢, and we can repeat the argument above to get, when |c| > 7,

Vo € (c+1,0) d(c) —d(x) > el > -
T ~ 2d(c) ~ 2d(c)’
Recall that d(C) = ||)\1,0 — /\070” S H/\OJ — )\O,OH = d(b) ThUS,
2
This finally gives
2
r
Aol — A — g —=A > 71
[ Aot = Aooll = (|2 = Aol = 2 hor = Nool (71)
(iv) From (70) we can write
Ao1 — Aaoll < Nl = Aooll < [l — Xooll + CR?
2
r
< A1 — Mool = =~———+CR* by (71).
< | Ao — Aoyl 2 hox = dool y (71)
Therefore )
— < Ch.
2| Xo,1 — Aooll —

Since ||ko1 — k10| > 1, wehave ||[Mo1 — A1 ol > h/Lrp—2CxhY, while (61) says || Ao1 — Aol
Loh + 2CNRYN. We obtain

IN

min((ﬁ —20NRN1)?, 62)
2(Lo +2CyhN—1)

<Ch
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which is of course impossible if 7 is small enough, namely if one takes / < hgq with

1 1
20x(A )N < and § < —— =20y (Ry)"!

F F
62
and  hy' < o . (h-72)
2C(Lo 4+ 2Cn(hy )N-1)
Forall h < hgﬂ, we conclude that | D| = 1. This concludes the proof of the theorem. U

Remark 3.43 In order to have a rough idea of the size of the various bounds on £, following
up Remark 3.39, we may neglect the terms C'yA"" and get from (/-66) and (/-69) and the ap-

proximation I' ~ 1/L that hﬁ”] < min (hg] ; QLF(:],‘\;+LO) ; 2L3L11L%)' Then, from (3.6.1) and

O ~ 2020, L2, we get i) < min (hW : +> A

0 v 4L3L1 L4

Definition 3.44 When the vectors (Z1, Z») form a Z-basis of 72, the triple (Ao, A1.0, No1) Will
be called an affine basis of Ly, at )\ o.

The algorithm does not necessarily label all points of L; N By. Indeed, by construction, the
set of produced labels (n, m) is of the form

5 = {(n, m) S ZQ; M min S m S Mmax; nmin(m) S n S nmax(m)}a

where Mumin, Mmax, and Npin (M) and nye(m), for m € {Mmuin, - . ., Mmax }» may depend on .
For a given m, nmax(m) is the smallest positive integer produced by Step 4 such that \,, ,, € By
and A\,11,m, € Bo. The integer nmi,(m) is defined in a similar way, 1,y is the smallest positive
integer produced by Step 8 such that A, € By but Ao ,,+1 € By, and my;, is defined in a similar
way. Thus, there is no reason why a set of the form £ would fill up £, N By entirely. However,
since € will fill up all integral points of any convex set V' C Uy, the algorithm is guaranteed to
label all points of L in some h-independent open subset containing c. It would be interesting to
improve the algorithm in order to make sure that it explores the whole connected component of
Bo.

Note that, after the last step (orientation test) of the algorithm, the basis v}, v is made direct,
so is the case for the basis 2}, Z» because by convention det G{,(§) > 0. It follows from Theo-
rem 3.42 and Corollary 3.38 that for each % small enough, we can define a matrix Z;, € SL(2,7)
such that Z;(€y, €») = (21, Z»), and the “labelling” \,, ., — (n, m) of the algorithm is such that

M = Gr(h(koo +nzy + m22)) + O(h°) = Gj, 0 Zy(h(k + néy + mey)) + O(h™)

where k = Z, 'ko € Z>. However, this does not produce a linear labelling for £; because in
general the map h — Zj will not be constant (and hence, not continuous), even for arbitrary
small values of h. In order to produce a linear labelling, we should find a way to “detect” the
matrix Z;, which will allow to correct the initial algorithm and make it smooth in /. This is the
aim of the following section.
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3.6.2 A semitoric algorithm

If a quantum system is known to be semitoric, the joint spectrum is an asymptotic lattice with
a special property given by Proposition 3.31. In this case, we expect a good algorithm not to
provide any labelling, but rather a semitoric labelling, i.e. associated with a semitoric chart, see
Lemma 3.32.

Let (j, k) be the semitoric labelling of Theorem 3.34. From (47), we know that for any
e € (0, %) there exists a ball B’ around ¢ such that, if Ag is small enough, >, N B’ is contained
in a union of disjoint vertical strips of width 2eh:

SN B c | JVih), (73)
JEZL
where
Vi(R) = [+ A(j + p) — he,a + h(j + p) + he] x R C R?. (74)

The precise size of B’ depends on the variations of the subprincipal term G; of a semitoric
asymptotic chart G, ~ Gy + hG1 + - - -.

Now, from the data of L, perform the generic algorithm of the previous section, in order
to obtain a good labelling &k := (ky, k2) of the asymptotic lattice. Let (Ao, A1,0, Ao.1) be the
corresponding affine basis of L. Let V be the vertical strip of width h3/2, vertically centered at
0,0, and define 1 € L as the nearest point to Ao located in V' and above \, (. The existence
of a semitoric chart (Lemma 3.32) and the decomposition (73)-(74) imply that p exists in an
O'(h) neighborhood of )¢ o, belongs to the strip V;, that contains ¢, and is unique. Therefore,
we know from the analysis of the general algorithm (Corollary 3.38) that there exists bounded
co-prime integers (n, m) € Z? such that

]{Ir,(,u) — ]{30’0 = nZl + TTLZQ .

In practice, the integers (n, m) can be found by expressing (1t — Ao o)/ on the basis (v, v2) and
then rounding its coefficients to their nearest integers. Finally, we choose (u/,v') € Z? such that
u'v —v'u = 1, and define y/ € L, by

kn(py=n"Zy +m' 2.
We obtain in this way a new affine basis of £ given by

(1 = Xo0, 1 — Xoy) - (75)

Proposition 3.45 The good labelling obtained by using the affine basis (75) in performing Steps 6
to 12 of the general algorithm of Section 3.6.1 is associated with a semitoric asymptotic chart.
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Proof. The uniqueness of x ensures that its label, in a semitoric chart Gr associated with a
labelling &y, is equal to kj,( Ao 0)+(0, 1). Hence the label of 1 must be of the form ky(Ao0)+(1, £),
for some ¢ € Z. Hence the good labelling produced by the algorithm will be associated with the

chart G 0 A, with A = (1 0

0 1) . This matrix A preserves the semitoric property of the chart. []

3.6.3 An algorithm for a sequence of values of /

In our way to reconstructing a good labelling from the data of the sets £ and of a window
B with a distinguished point ¢ € B, we introduce a “algorithm with uniform labelling” on a
decreasing sequence i; € Z, j > 1, tending to 0. The algorithm is inductive: once the labelling
kn, © Ay, 2 A9 = (), m@D) € Z? is known, together with a matrix S; € My(Z), it will
produce the labelling ky,,, © Ap,,, — Z? (and the matrix S;11). Thus, it theoretically defines
k:hj for all 5. Of course, in practice, if one wants to obtain the labelling khj for a specific j, it is
enough to stop at the step j.

The algorithm works by running the previous algorithm of Section 3.6.1 with all values £,
forall 7 = 1,..., and self-adjusting the resulting labelling for each j. In order to have a more
efficient implementation, if we know in advance that we want to stop at a specific step j = Jsop»
it is in fact not necessary to compute the full labellings for the values of j less than jgp; for these
values, it is enough to find the correct “affine basis”, which corresponds to Steps 1 to 5 of the
algorithm of Section 3.6.1. Thus, the new algorithm, with exit test at j = jp, Wworks as follows.

a) Choose an open subset By € B, and fix ¢ € By. Let Sy = Id € My(R). Let j = 1.

b) Apply steps 1 to 5 of the algorithm of Section 3.6.1 with i = h;. This defines points )\T(f; ).
In particular, we have an origin )\[()37()), and the first generating vectors v/ = )\% — )\(()]7()) and
o) —\0) @)

2 = Aol T 20,0
c¢) Define T; € My(R) to be the matrix formed by the column vectors:

Ty = (7 o, Bt o).

If T} is not invertible or j = 1, increase j by one, let S; := S;_;, and go back to Step b).
If T} is invertible, make it oriented as in Step 12 of the previous algorithm.

d) Define A; := T, 'T;_;, and let Ag- € M;(Z) be the matrix obtained by rounding the
entries of A; to their “nearest integer” (in the usual, unique way). If det Ag # 1, define
S; = S;_1. If det Ag- =1, define

Sj =051 (Ag)_l .
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e) In case of a concrete implementation, if j < jyop, increase j by one and go back to Step D).
Otherwise, finish the previous algorithm, i.e. perform Steps 6 to 12. Let A — (n,m) be
the resulting labelling.

f) The new labelling of L, is the map AU) s (7, 7m) given by a linear transformation acting
on the labelling \ of the previous step according to

(£)-5(2)

In other words, A, ,, = )\g)( —\W

i(mm) — “‘m,nc

Theorem 3.46 Let (L, Z, B) be an asymptotic lattice, where B C R% Let hj € Z, j > 1, be
a decreasing sequence tending to 0. Then the previously described algorithm produces a linear
labelling of the asymptotic lattice (Ly,,T', B), where ' = {h;,j € N*}.

Proof. We interpret the newly introduced objects with respect to an asymptotic chart GG; (which
is known to exist, but is unknown). Let us denote by Z; the matrix formed by the column vectors

29 = 7 and 2§ = % defined in Corollary 3.38(59) for h = ; (initial algorithm):
Formula (16), in view of (62), gives
Ty = Go(§) Zj + O(hy) -

By Theorem 3.42, Z; is unimodular and hence T is invertible (with positive determinant) if /;
is small enough, which happens for all 7 > jo, for some jy. Thus,

Aj = 7}.71]"']-71 = Zj.*le,l + ﬁ(hj,ﬁ .
Therefore, if j, is large enough, we obtain for all j > jo,
AL=771Z;1 and  det A% =1.

Set Z; = Z; Sj’l. The matrix Z; has integer coefficients and satisfies by definition of the new
labelling for i = I

We check that the sequence Zj 1s stationary as j — oo:
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By (60), in terms of the good labelling kj, associated with G,
kn(WYL) = 72 + 1 2 + k),
Le.
Z k'()\ )_n€1+m€2+Z kOO

Thus we have constructed a llnear labelhng A= (n m) for (EH,I’ B), where (n,m) is such
that A = )\n] )., associated with the asymptotic chart G, := G 0 Z U

3.7 The inverse problem for the rotation number

We can finally apply our algorithms to the initial question, because having a linear labelling
is actually enough for recovering the rotation number. In Theorem 3.28 we have obtained the
classical rotation number as an &'(h) limit of the quantum rotation number; this suggests that one
can actually expect that the recovery process is robust with respect to smaller (namely, &'(h?))
perturbation of the asymptotic lattice. Previous results for special cases of pseudo-differential
operators show that this expectation is very natural [48, 33].

Corollary 3.47 ((Theorem 1.1)) Let (j O ) be a quantum integrable system with principal sym-
bols F := (J, H). Let ¢ € R? be a regular value of F, such that the fiber F~*(c) is compact and
connected. Then from the knowledge of the family of joint spectra (Zh(j JH )nezr modulo O(R?),
where h varies in a sequence ' = (h;)jen~ accumulating at zero, one can recover the classical
rotation number [w| in a neighborhood of ¢ modulo the natural action of Mobius transformations
(Lemma 2.2).

Proof. Recall from Definition 2.1 that we need to recover the rotation number wy(b) for all points
b in a neighborhood of ¢, where [ is a fixed set of action variables, which should not depend on
b.

We first assume that (3, := %,(J, H))per is given exactly, without any ¢&(h?) error term.
By Theorem 3.6, there exists a ball B around ¢, contained in the set of regular values of F', and
ho > 0, such that (X, N B, 0, ke[, B) is an asymptotic lattice.

Let k;, be a linear labelling of a neighborhood B € B of ¢ constructed by the algorithm of
Theorem 3.46. Let b € B and let A\ € £, be such that \ = b 4+ ¢(h) (for instance, choose a
closest point to b). Let (71,7m) = k() be the corresponding label obtained from the algorithm,
ie. A= Aim.

Let kj, be the good labelling associated with &y, (it is not known from the algorithm). There
exist h-dependent integers ng, mg such that for any A € 3, if we let (n,m) = ki(\) and
(n,m) = kp()\), then

(n,m) = (n,m) + (ng, mp). (76)

Recall from (46) that the quantum rotation number wy,(n, m) is by definition

En—i—l,m(h) - En,m(h)
En,m-i—l(h) - En,m(h) 7

wp(n,m) =
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where for all n, m, we denote by E,, ,,,(h) the first component of A = k; '(n, m) € %;. Hence

o . 771)\ﬁ+1,m — 7_‘,1)\73,771
wp(n,m) = 3 P
T1AR,m+1 — T1ARm

where 7; : R? — R is the projection onto the first factor; note that this quantity can be computed
directly from the algorithm. It just remains to apply Theorem 3.28: for the action variables [ =
Gy (F), defined in a fixed neighborhood of the torus A, = F~'(c), containing A, = F~(b),
the classical rotation number is

[wi(Ap)] = [wn(n, m)] + O(R)

and hence can be recovered in the limitas h — 0, h € Z'.

It remains to investigate the effect of the error term &(h?) in the knowledge of the joint
spectrum. By (23), this will not affect, if A is small enough, the choice of all points of the form
e in Lemma 3.37, that is, once the affine basis (Ao, A1,0, Ao.1) is chosen (Definition 3.44). In
contrast, the choice of this affine basis can depend on the error term, because we are minimizing
distances of order A. Fortunately, this error won’t affect estimates like (67), provided we accept
to make the constant L, larger, which is harmless. Thus, the perturbed triple (\j o, A o, Ag 1) is
still an affine basis for i small enough, and the rest of the algorithm (Lemma 3.37) goes through,
leading to a labelling )}, ;. of the perturbed joint spectrum near c. Let Az be the unique point
in Xy, that is €'(h*)-close to A, .., using (23) again. We have \s 5 = b+ €(h), and because of
that uniqueness, A, ;; — (7, M) is a linear labelling of ;. As a above, we can now introduce the
good labelling for which (76) holds. The resulting “perturbed quantum rotation number” will be
computed as

/ /
" o 7T1)\n+1,m - 7Tl/\n,m . 7T1)\ﬁ+1,m - Wl)\ﬁ,m O(h2
wy(n,m) = I\ Sy ) + O(h%).
T1 AR m+1 — T1Anm T Aa,m+1 — T1ARm

Hence, as above, we introduce the corresponding asymptotic chart GG, and conclude that
[wi(Ay)] = [@h(n,m)] + O(R),

with I = G5l o F. 0

We may now turn to the global problem which, for simplicity, we state without the &'(h?)
perturbation.

Theorem 3.48 Let (J, H) be a quantum integrable system with principal symbols F := (J, H).
Let B, be the set of regular values of F; we assume that all fibers F~'(c) are compact and
connected. Then, from the joint spectrum X, of (j , H ), one can construct a map w : B, — RP!
such that the following holds.
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1. If [w] is the globalized rotation number defined in Proposition 2.10, then
w=Ao[w]+ O(h),

for some fixed A € SL(2,7). In particular, the globalized rotation number [W] can be
recovered from the joint spectrum, modulo a global Mobius transformation.

2. Let W be a connected open subset of the non-degenerate support of (J, H) (Definition 2.5).
Given any rotation number [w] on W (Definition 2.3), there exists a constant A € SL(2,7)
such that

w=Aow|+ O(h).

Proof. We construct the map & by a Cech cohomology argument. Fix ¢, € B,, and let v :
[0,1] — B, be a path starting at v(0) = ¢y. Let ¢ = y(1). Let A € ¥}, be a nearest point to ¢, so
that, by Lemma 3.14,

A=c+O(h).

Applying Theorem 3.46 we get a neighborhood By of ¢, equipped with a linear labelling k 5, of
(X1 N By, Z', By). Cover the image ([0, 1]) by a finite union of small balls By, ..., By, such
that c € By, B;N B;;1 # @, forallt = 0,..., N, and such that on each B;, the algorithm of
Theorem 3.46 produces a linear labelling /?;i,h of (X,NB;, 7', B;). From Proposition 3.19 applied
to the restrictions of %i,h and l_€i+1ﬁ on the asymptotic lattice >, N B; N B, 1, there exists a unique
matrix A; € SL(2,Z) and a family (5 5)sez in Z? such that, for i small enough,

kivipn=Aiokip+s, on XN B;NBi. (77)

We define B
@(y) = [wn](Ag o AT o - AL o k(M) (78)

where [wy] is the quantum rotation number associated with k ~ .- 1t is constructed from the joint
spectrum as in Corollary 3.47. Note that the transition matrices A; can be detected from the
algorithm by comparing the affine basis described in Theorem 3.42.

By Lemma 3.19, the sheaf that assigns to a point ¢ € B, a linear labelling (given by the algo-
rithm) on a small neighborhood of ¢ has constant transition functions, when A is small enough,
modulo the addition of h-families in Z?. This ensures that the cocyle condition for the linear
part of the transition functions is satisfied, and hence that the definition in (78) is invariant by
homotopy transformation of the path - with fixed endpoints, provided the initial labelling /?;07 5 18
fixed. Thus, it defines a map

&: B, — RP'.
This map will be modified by a global SL(2, Z) transformation if one changes kg ;. A priori, the
smallness of A for which (78) is defined depends on +; however, if v stays in a compact region,
one can use a fixed, finite covering by small balls on which the algorithm applies, and hence
obtain a uniform Ay > 0 for which (78) holds for all & < hy.
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From (77) we get, using (32),
Ai = [(Gly10(&)] H(Gip) (&) - (79)
with & := G; ().

Let I : B, — R? be the global action variable used in Proposition 2.10 to define [@w]. Along
the path v, the balls B; can be lifted to open sets B; C B, on Wthh m;, the restriction of
7 : B, — B, is a diffeomorphism. Since both I o 7 tand I; = G, ;0 © I are action variables
above B;, we must have

[~o7rl-_1:ZioIZ-,
for some Z; € SL(2,7Z), which is of course independent of /. Using (79), we obtain A; =
Zijrll oZ; foralli = 0,...,N — 1. Thus, Ay_1---A14y = ZK,IZO. For A small enough,
Zy AN ~.i(A) stays in the image of the linear labelling k ~,1; hence we can write

[@](v) = [wn](Z5 ' Znkna(N)
= [wzo_lzNIN(A)] + O(h) by Theorem 3.28
=tZyo[wzyry(A)] + O(h) byLemma?2.2
=1Zy o [w](v) + O(h)

because by definition, [w]}, = [w foﬂ;] = [wzy1y ] This finishes the proof of Item 1. Item 2
N
now directly follows from Item 1 and the uniqueness part of Proposition 2.10. U

Finally, let us consider the semitoric case. In the presence of an elliptic singularity we may
combine Theorem 3.34 with Proposition 3.35 to obtain the following.

Corollary 3.49 Let (j O ) be a semitoric quantum integrable system with principal symbols

= (J,H). Let ¢ € R? be a simple J-transversal elliptic critical value of F. Then the joint
spectrum (Xp) ez in a neighborhood B of ¢, where T is a set accumulating at zero, completely
determines the rotation numbers w(\) for all Liouville tori A C F~'(B).

If, however, we don’t have access to an elliptic singularity, we cannot make use of Proposi-
tion 3.35. But we can always resort to the semitoric algorithm of Section 3.6.2 (Proposition 3.45),
which gives:

Corollary 3.50 Let (j , H ) be a semitoric quantum integrable system with principal symbols
F = (J,H). Let c € R? be regular value of F. Then the joint spectrum (X5)ner in a neighbor-

hood B of ¢, where L is a set accumulating at zero, completely determines the rotation numbers
w(A) for all Liouville tori A C F~(B).

Here again, the detection of the rotation number is robust with respect to an &'(h?) perturbation
of the joint spectrum.

Remark 3.51 Quantum integrable systems, as defined in Section 3, come from pseudo-differen-
tial operators, and hence are defined for an interval of values of & € |0, /). For this reason, they
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are obviously h-continuous, and one can apply Proposition 3.25 to detect their drift. However,
the detection of the rotation number in Corollary 3.47 does not use the h-continuity. As a conse-
quence, it can in principle be applied to quantum integrable systems defined by Berezin-Toeplitz
operators on compact, prequantizable symplectic manifolds, using the Bohr-Sommerfeld theory
developed in [7]. A

We hope that the formalism of asymptotic lattices, that we have tried to develop here in a
precise way, independently of any particular quantization scheme, should help attacking other
inverse problems for quantum integrable systems (and in particular semitoric systems). It may
also prove useful for the geometric quantization of Lagrangian fibrations, extending the first
order Bohr-Sommerfeld quantization that is often used instead. However, in order to get a more
complete picture of asymptotic lattices vs. joint spectra, one should include singularities of the
moment map into the picture.
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