ISSN 0012-9593

quatriéme série - tome 46 Jascicule 5 septembre-octobre 2013

ANNALES

SCIENTIFIQUES
de

I/ ECOLE
NORMALE
SUPERIEURE

Laurent CHARLES & Alvaro PELAYO & San VU NGOC

Lsospectrality for quantum toric integrable systems

SOCIETE MATHEMATIQUE DE FRANCE



Ann. Scient. Ec. Norm. Sup.
4 série, t. 46, 2013, p. 815 a 849

ISOSPECTRALITY FOR QUANTUM TORIC
INTEGRABLE SYSTEMS

BY LAURENT CHARLES, ALvaRo PELAYO anD Sax VU NGOC

To Peter Sarnak on his sixtieth birthday, with admiration

ABSTRACT. — We give a full description of the semiclassical spectral theory of quantum toric inte-
grable systems using microlocal analysis for Toeplitz operators. This allows us to settle affirmatively the
isospectral problem for quantum toric integrable systems: the semiclassical joint spectrum of the sys-
tem, given by a sequence of commuting Toeplitz operators on a sequence of Hilbert spaces, determines
the classical integrable system given by the symplectic manifold and commuting Hamiltonians. This
type of problem belongs to the realm of classical questions in spectral theory going back to pioneer
works of Colin de Verdiére, Guillemin, Sternberg and others in the 1970s and 1980s.

REsSUME. — Nous donnons une description compléte du spectre de tout systéme intégrable torique
quantique, au moyen de I’analyse microlocale des opérateurs de Toeplitz. Ceci résout la question de
I'isospectralité pour cette classe de systémes intégrables : le spectre semi-classique d’un systéme inté-
grable quantique torique détermine le systéme intégrable classique sous-jacent a symplectomorphisme
pres. Nous donnons aussi une description compléte de la théorie spectrale semi-classique des systémes
intégrables toriques quantiques. Ces questions sont classiques en théorie spectrale et remontent aux tra-
vaux fondateurs de Colin de Verdiére, Guillemin et Sternberg parmi d’autres dans les années 70 et 80.

1. Introduction

This paper gives a full description of the semiclassical spectral theory of quantum toric
integrable systems in any finite dimension. The classical limits corresponding to quantum
toric integrable systems are the so called symplectic toric manifolds or toric systems. Such a
system consists of a compact symplectic 2n-manifold equipped with n commuting Hamilto-
nians fy, ..., f, with periodic flows. The paper combines geometric techniques from the the-
ory of toric manifolds, in the complex-algebraic and symplectic settings, with recently devel-
oped microlocal analytic methods for Toeplitz operators.
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816 L. CHARLES, A. PELAYO AND S. VU NGOQC

As a consequence of the spectral theory we develop, we answer the isospectrality question
for quantum toric integrable systems, in any finite dimension: the semiclassical joint spec-
trum of a quantum toric integrable system, given by a sequence of commuting Toeplitz opera-
tors acting on quantum Hilbert spaces, determines the classical system given by the symplec-
tic manifold and Poisson commuting functions, up to symplectic isomorphisms. This type of
symplectic isospectral problem belongs to the realm of classical questions in inverse spectral
theory and microlocal analysis, going back to pioneer works of Colin de Verdiére [14, 13]and
Guillemin-Sternberg [37] in the 1970s and 1980s. Colin de Verdiére’s works are an important
inspiration for the present paper.

The question of isospectrality in Riemannian geometry may be traced back to Weyl [72,
73] and is most well known thanks to Kac’s article [41], who himself attributes the question
to Bochner. Kac popularized the sentence: “can one hear the shape of a drum?,” to refer to
this type of isospectral problem. The spectral theory developed in this paper exemplifies a
striking difference with Riemannian geometry, where this type of isospectrality rarely holds
true, and suggests that symplectic invariants are much better encoded in spectral theory
than Riemannian invariants. An approach to this problem for general integrable systems is
suggested in the last two authors’ article [60]. We refer to Section § for further remarks, and
references, in these directions.

Joint spectrum

In order to state our results, let us introduce the required terminology. If (M, w) is a
symplectic manifold, a smooth map p = (p1,...,4n) : M — R is called a momentum
map for a Hamiltonian n-torus action on M if the Hamiltonian flows ¢; — (pfjJ are periodic
of period 1, and pairwise commute :

Pily © Plis = Pii, © Pl
so that they define an action of R™/Z". If this action is effective and M is compact, 2n-dimen-
sional and connected, we call (M, w, u) a symplectic toric manifold.

By the Atiyah and Guillemin-Sternberg theorem, for any torus Hamiltonian action on a
connected compact manifold, the image of the momentum map is a rational convex poly-
tope [1, 36]. For a symplectic toric manifold, the momentum polytope A C R™ has the addi-
tional property that for each vertex v of A, the primitive normal vectors to the facets meeting
at v form a basis of the integral lattice Z". We call such a polytope a Delzant polytope.

A now standard procedure introduced by B. Kostant [43, 44, 45, 46] and J.-M. Souriau
[62, 63] to quantize a symplectic compact manifold (M, w) is to introduce a prequantum
bundle ¥ — M, that is a Hermitian line bundle with curvature %w and a complex structure j
compatible with w. One then defines the quantum space as the space

Iy = HO(M, £%)
of holomorphic sections of #* . The parameter k is a positive integer, the semiclassical limit
corresponds to the large k limit. A description of this procedure, which is called geometric

quantization, is given by Kostant and Pelayo in [47] from the angle of Lie theory and repre-
sentation theory.
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ISOSPECTRALITY FOR QUANTUM TORIC INTEGRABLE SYSTEMS 817

Not all symplectic manifolds have a complex structure or a prequantum bundle. However
a symplectic toric manifold always admits a compatible complex structure, which is not
unique. Furthermore a symplectic toric manifold M with momentum map 4 : M — R"
is prequantizable if and only if there exists ¢ € R™ such that the vertices of the polytope
w(M) + ¢ belong to 2wZ"™ (see Section 3). If it is the case, the prequantum bundle is unique
up to isomorphisms.

In many papers, a prequantum bundle is defined as a line bundle with curvature ﬁw.

With this normalization, the cohomology class of w is integral and the prequantization con-
dition for toric manifolds is that, up to translation, the momentum polytope has integral ver-
tices. This normalization may look simpler than ours, which includes a 2w-factor. Neverthe-
less, our choice is justified by the Weyl law. Indeed, with our normalization, the dimension
of the quantum space ¢ is

(%)n vol(M,w) + O(k™1).

Associated to such a quantization there is an algebra 7 (M, ¥, j) of operators
T = Ty : Hr — Hr)ren

called Toeplitz operators. This algebra plays the same role as the algebra of semiclassical
pseudodifferential operators for a cotangent phase space. Here the semiclassical parameter is
h = 1/k. A Toeplitz operator has a principal symbol, which is a smooth function on the phase
space M. If T and S are Toeplitz operators, then (T + k= 1Sy )ren- is a Toeplitz operator
with the same principal symbol as T'. If T} is Hermitian (i.e., self-adjoint) for & sufficiently
large, then the principal symbol of T is real-valued. Two Toeplitz operators (T )xen+ and
(Sk)rken+ commute if Ty, and Sy, commute for every k.
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FIGURE 1. “Model image” of the spectrum of a normalized quantum toric inte-
grable system.

We shall also need the following definitions. If Py, . .., P, are mutually commuting endo-
morphisms of a finite dimensional vector space, then the joint spectrum of Pi, ..., P, is the
set of (A1,...,An) € C™ such that there exists a non-zero vector v for which

Pjv = \jv,

forallj = 1,...,n.Itisdenoted by JointSpec(Px, ..., P,). The Hausdorff distance between
two subsets A and B of R” is

duy (A4, B) :=inf{e >0| AC B.and B C A.},
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818 L. CHARLES, A. PELAYO AND S. VU NGOQC

where for any subset X of R, the set X is X¢ := U, x{m € R" | |lz—m| < e}. If (Ax)ren-
and (By)ren+ are sequences of subsets of R™, we say that

A =B+ O(k™)
if dg (Ag, By) = O(k=) for all N € N*,
Our main result describes in full the joint spectrum of a quantum toric integrable system.

THEOREM 1.1 (Joint Spectral Theorem). — Let (M, w, p : M — R™) be a symplectic
toric manifold equipped with a prequantum bundle ¥ and a compatible complex structure j.
Let Ty,..., T, be commuting Toeplitz operators of T (M, ¥, j) whose principal symbols are
the components of p. Then the joint spectrum of Ty, ..., T, satisfies

. 2
JointSpec(Tt, ..., T,) = g(AN (v + ;Z”); k) + O(k™>)

where A = p(M), v is any vertex of A and g(-; k) : R™ — R"™ admits a C*-asymptotic
expansion of the form

g(sk)=Td+ k7 g +k2ge + -
where each g; : R™ — R" is smooth. Moreover, for all sufficiently large k, the multiplicity of
the eigenvalues of JointSpec(11, ..., T,) is 1, and there exists a small constant § > 0 such that
each ball of radius % centered at an eigenvalue contains precisely only that eigenvalue.

Thus the joint spectrum of a quantum toric integrable system can be obtained by taking
the k~1Z" lattice points in a polytope A (as in Figure 1), and applying a small smooth
deformation g (as in Figure 2).

Isospectrality

We present next the isospectral theorem for toric systems. An easy consequence of the
previous theorem is that the momentum polytope A is the Hausdorff limit of the joint
spectrum of the quantum system, that is A, consists of the A &€ R"™ such that for any
neighborhood U of A, U N JointSpec(T1 k, . .., Ty k) # @ when k is sufficiently large.

Recall that two symplectic toric manifolds (M,w, u) and (M’, o', u') are isomorphic if
there exists a symplectomorphism ¢ : M — M’ such that

o'u = p.
By the Delzant classification theorem [21], a symplectic toric manifold is determined up to
isomorphism by its momentum polytope. Furthermore, for any Delzant polytope A, Delzant
constructed in [21] a symplectic toric manifold (Ma,wa, ua) With momentum polytope A.

Now we are ready to state our isospectral theorem (see Figure 2 for an illustration of the
semiclassical joint spectrum).

CoROLLARY 1.2 (Isospectral Theorem). — Let (M, w, p : M — R™) be a symplectic
toric manifold equipped with a prequantum bundle ¥ and a compatible complex structure j.
Let Ty, ..., T, be commuting Toeplitz operators of T (M, ¥, j) whose principal symbols are
the components of p. Then

A= klim JointSpec(T1, ..., T,)
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F1GURE 2. Sequence of images of the spectra of a quantum toric integrable systems
as the semiclassical parameter i goes to 0. The spectra lie on a plane, so they
correspond to a four-dimensional integrable system with two degrees of freedom.
In the Hausdorff limit corresponding to & = 0, the spectra converge to a polytope;
this is proved for a general quantum toric system in any dimension by Corollary 1.2.
Therefore, one can recover the classical system from the semiclassical spectrum (i.e.,
the spectrum of the family of Toeplitz operators as i approaches 0).

is a Delzant polytope and (M, w, u) is isomorphic with (Ma,wa, pa). In other words, one can
recover the classical system from the limit of the joint spectrum.

This type of inverse result is classical and belongs to the realm of questions in inverse
spectral theory, going back to similar questions raised (and in many cases answered) by
pioneer works of Colin Verdiere and Guillemin-Sternberg in the 1970s and 1980s. Many
other contributions followed their works, for instance Datchev-Hezari-Ventura [20] and
Iantchenko-Sjostrand-Zworski [40]. A few global spectral results have also been obtained
recently, for instance by Vii Ngoc[71] for one degree of freedom pseudodifferential operators,
or in the article by Dryden, Guillemin, and Sena-Dias [22] in which an equivariant spectrum
of the Laplace operator is considered, and the references therein. See Section § for further

references.

Metaplectic correction

Introducing a metaplectic correction refers to twisting the prequantum bundle (or its
powers) by a half-form bundle. The metaplectic correction allows to obtain an easier control
of the subprincipal terms in the semiclassical limit. In the following theorem we improve
the previous Joint spectral Theorem by giving the explicit description of the spectrum up
to O(k~2).

Recall that a half-form bundle of a complex manifold is a square root of its canonical bun-
dle. Given a symplectic manifold (M, w) with a compatible complex structure, a prequantum
bundle ¥ and a half-form bundle 4, the associated quantum space is #1, ,, = HO(M, £ *®6 ).
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820 L. CHARLES, A. PELAYO AND S. VU NGOQC

We can define Toeplitz operators in this setting together with their principal symbols. To
state our result, we also need the notion of subprincipal symbol of a Toeplitz operator whose
definition is recalled in Section 5. Two Toeplitz operators with the same principal symbol are
equal up to &(k~?) if and only if they have the same subprincipal symbols.

As we will see in Section 7, a symplectic toric manifold with moment polytope A C R™
has a half-form bundle if and only if there exists a vector v € Z"™ such that for any one-
codimensional face f of A, the scalar product of a primitive normal of f with u is odd. Such
a vector, if it exists, is uniquely determined modulo (2Z)™. We denote it by ua .

THEOREM 1.3 (Joint Spectral Theorem with metaplectic correction)

Let (M,w, p : M — R"™) be a symplectic toric manifold equipped with a prequantum
bundle ¥, a compatible complex structure j and a half-form bundle §. Let Ti,...,T, be
commuting Toeplitz operators of ¢ m , whose principal symbols are the components of . Then
the joint spectrum of Ty, . .., T, satisfies

JointSpec(Ty, ..., T,) = g(AN <v + 2%T(Z" + uA/2)>; k) + O(k~>)

where A = p(M), v is any vertex of A and g(-; k) : R™ — R"™ admits a C*®-asymptotic
expansion of the form
g(3k)=1d+k g1+ k %ga+ -

where each g; : R™ — R"™ is smooth. Furthermore g, is determined by

1
i (E) = / filgha@)dt, forall E€ A, zeu\(E)
0

wherei = 1,...,n, fi is the subprincipal symbol of T* and SOZi is the Hamiltonian flow of u*.
Moreover, for all sufficiently large k, the multiplicity of the eigenvalues of JointSpec(T1, . . ., Tp,)
is 1, and there exists a small constant 6 > 0 such that each ball of radius % centered at an
eigenvalue contains precisely only that eigenvalue.

Besides the average of the subprincipal symbols, it is interesting to note the shift by ua /2
so that no eigenvalue lies on the boundary of g(A) when k is sufficiently large, cf. Figure 5
for the spectrum of a model toric system with metaplectic correction.

Toeplitz quantization

A natural question is how to decide whether a given integrable system can be quantized.
A discussion of this problem may be found in Garay-Van Straten [31] and the references
therein (they work with pseudodifferential operators, instead of Toeplitz operators). Con-
cretely, given a prequantizable symplectic manifold endowed with an integrable system
(f1,---,fn), it may not be possible to find a set of commuting Toeplitz operators whose
principal symbols are f1, ..., f,, respectively. However, in the case of toric integrable sys-
tems, we will obtain, as a byproduct of the proof of Theorem 1.1, the following existence
result.

THEOREM 1.4 (Existence of Toeplitz quantization). — Let (M, w, u: M — R™) be a
symplectic toric manifold equipped with a prequantum bundle ¥ and a compatible complex
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structure j. Then there exist mutually commuting Toeplitz operators T, ..., T, in T (M, £, j)
whose principal symbols are the components of L.

The proofs in the paper combine geometric ideas from the theory of toric manifolds in
the complex and symplectic settings with microlocal analytic methods dealing with semi-
classical Toeplitz operators that were developed by the first author [8, 7, 9, 11].

2. Model for a symplectic toric manifold

We review the ingredients from the theory of symplectic toric manifolds which we need
for this paper, namely the Delzant construction.

This section gives a fast review of the necessary background to read this paper.

Terminology from group actions
Let (M, w) be a symplectic manifold, i.e., the pair consisting of a smooth manifold M and
a symplectic form w on M, that is, a non-degenerate differential closed 2-form on M.

Suppose that a Lie group G acts on a symplectic manifold (M, w) symplectically, i.e., by
diffeomorphisms which preserve the symplectic form. We denote by (¢, p) — ¢ - p the action
G x M — M of G on M. Let g be the Lie algebra of G. Any element X € g generates a
vector field X, on M, called the infinitesimal generator, given by

d
Xu(p) = T exp(tX) - p,
t=0

where exp: g — G is the exponential map of Lie theory. As usual, we write tx,,w :=
w(Xu,+) € QYM) for the contraction 1-form. The G-action on (M,w) is said to be
Hamiltonian if there exists a smooth invariant map p: M — g*, called the momentum map,
such that for all X € g we have that

Lxyw = —d{p, X),

where (-,-) : g* x g — R is the duality pairing. If the first de Rham cohomology group
Hlg (M) is trivial, then any symplectic T-action on M is Hamiltonian.

The G-action is effective if the intersection of all stabilizer subgroups
Gp={9€Glg-p=p}, pEM,
is the trivial group. The G-action is free if G,, is the trivial group for all points p € M.

ExaMPLE 2.1. — The simplest example of a Hamiltonian group action is given by the
standard symplectic sphere S? with the rotational S*-action. It is easy to check that the
momentum map for this action is the height function p(6, h) = h. See Figure 3.

We will need the following classical result. Recall that a torus T is a compact, connected,
commutative Lie group. As a Lie group, T is isomorphic to a finite product of circles S*.
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822 L. CHARLES, A. PELAYO AND S. VU NGOQC

THEOREM 2.2 (Atiyah [1], Guillemin and Sternberg [36]). — IfatorusT with Lie algebra t
acts on a compact, connected 2n-dimensional symplectic manifold (M, w) in a Hamiltonian
Sfashion, then the image u(M) under the momentum map p: M — t* of the action is a convex
polytope A C t*.

(0,0,— 1)

FIGURE 3. The momentum map for the 2-sphere S? is the height function
u(8, h) = h. The image of S? under the momentum map g is the closed interval
A := [-1, 1]. Note that as predicted by the Atiyah-Guillemin-Sternberg Theorem,
the interval [—1, 1] is equal to the image under p of the set {(0, 0, —1), (0, 0, 1)}
of fixed points of the Hamiltonian S*-action on S by rotations about the vertical

axis.

Delzant construction of toric systems

Let T be an n-dimensional torus. Denote by t the Lie algebra of T" and by tz the kernel
of the exponential mapexp : t — T. We denote the isomorphism t/t; — T also by exp. A
symplectic toric manifold (M,w, T, : M — t*) is a symplectic compact connected manifold
(M, w) of dimension 2n with an effective Hamiltonian action of T' with momentum map p.

When T = R™/Z™ so that t ~ R™, we recover the definition given in the introduction. Two
symplectic toric manifolds (M, w, T, u) and (M’, o', T, u') are isomorphic if there exists a
symplectomorphism ¢: M — M’ such that u’ o ¢ = p. If it is the case, ¢ intertwines the
torus actions.

We present the construction of Delzant [21] of symplectic toric manifolds as reduced phase
spaces.

Step 1 (Starting from a Delzant polytope A C t*). — Let A be an n-dimensional convex
polytope in the dual Lie algebra t*. We denote by F' and V the set of all codimension one
faces and vertices of A, respectively. Every face of A is compact. For every v € V, we write
F, ={f € F | v € f}. The polytope A is called a Delzant polytope if it has the following
properties, see Guillemin [34, p. §].

i) For each f € F there exist X; € tz and Ay € R such that the hyperplane which
contains f isequal to the set of all £ € t* such that (X, £)+ Ay = 0, and A is contained
in the set of all £ € t* such that (X, £) + Ay > 0.
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Note: The vector Xy and constant Ay are made unique by requiring that they are
not an integral multiple of another such vector and constant, respectively.
ii) For every vertex v € V, the vectors Xy with f € F, form a Z-basis of the integral
lattice t7 in t.

It follows that
A={{et' | (Xs, &) +Af >0 forevery fe F}.
Also, #(F,) = nforeveryv € V.

Step 2 ( The epimorphism RY' /ZF — T and the subtorus N ). — Let m: RF' — t be defined by

m(t)=Y tyX;, teR'.
fer

Because, for any vertex v, the X; with f € F, form a Z-basis of tz, we have 7(ZF) = t; and
7(RF) = t. It follows that 7 induces an epimorphism

7' R /2F = (R/Z)F — t/tz,
and we have the corresponding epimorphism exp on’: RF /ZF — T.
Write n := ker , a linear subspace of RY', and
N :=ker(exp or’) C RF/ZF,

a compact commutative subgroup of the torus R¥ /Z. One can check that N is connected,
and therefore isomorphic to n/nz, where nz := n N Z% is the integral lattice in n of the
torus N.

Step 3 (Action of N on CF'). — On the complex vector space C', we have the action of the
torus R /Z¥, where t € RF /ZF maps z € CF to the element ¢ - z € CF defined by

(t-2);=e®™t zp, feF.
This action is Hamiltonian with momentum p : C¥ — (RF)* ~ R¥ given by
(1 w(2)y = |27 /2= Ap = (a5 +ys%) /2= XN, fEF

Here z¢y = x4 +iyy, with x¢, yr € R. Furthermore we work with the symplectic form

) wi= (i/4m) Y dzp Adzp = (1/27) Y day Ady;.
feF fer
The factor 1/27 is introduced in order to avoid an integral lattice (27 Z)¥ instead of our Z*".

Hence N acts on C¥ Hamiltonianly and the corresponding momentum mapping is
pun = iop: CF — n* where ¢, : n — R denotes the identity viewed as a linear mapping
fromn C RY to RY, and its transposed ¢} : (R¥)* — n* is the map which assigns to each
linear form on R¥ its restriction to n.
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824 L. CHARLES, A. PELAYO AND S. VU NGOQC

Step 4 ( The symplectic toric manifold (Ma, wa, T, ua)). — It follows from Guillemin [34,
Theorems 1.6 and 1.4] that 0 is a regular value of uy, hence the zero level set Z of uy
is a smooth submanifold of CF, and that the action of N on Z is proper and free. The
N-orbit space Ma := Z/N is a smooth 2n-dimensional manifold such that the projection
p : Z — Ma exhibits Z as a principal N-bundle over Ma. Moreover, there is a unique
symplectic form wa on Ma such that p*wa = tz*w, where ¢z is the identity viewed as a
smooth mapping from Z to CF'.

On (Ma,wa), the torus (RF/ZF)/N =~ T acts effectively and Hamiltonianly, with
momentum mapping pa : Ma — t* determined by 7* o ua op = pl|z, and) ua (Ma) = A.
In other words, (Ma,wa, T, a) 18 a symplectic toric manifold with momentum map image
equal to A.

THEOREM 2.3 (Delzant’s Theorem). — Any abstract symplectic toric manifold (M, w, T, 1)
with momentum polytope A C t* is isomorphic to (Ma, wa, T, ua). Moreover, two symplec-
tic toric manifolds (Ma, wa, T, pua) and (Mar, war, T, par) are isomorphic if and only if
A=A

Since the action of R¥/ZF preserves the complex structure of CF, Ma inherits by
reduction a complex structure compatible with wa and invariant by the action of T' (cf. [37,
Theorem 3.5]). So M is a Kdhler manifold.

3. Prequantization

Let us recall the basic facts we need on connections of Hermitian line bundles. A good
reference for this material are Duistermaat’s notes [25]. See also [47, Sections 8-14] and [49].

Let M be a manifold. Consider a Hermitian line bundle ¥ — M, that is a complex line
bundle endowed with a Hermitian metric. Let C*° (M, ) be the space of smooth sections
of £ and Q' (M, £) be the space of #-valued 1-forms. A connection of £ is a linear operator

V:Co(M, 2) — Q'(M, 2)
satisfying the Leibniz rule
V(fs)=df ® s+ fVs, VfeC®(M), s e C®°(M, 2£).

For any vector field X of M, the covariant derivative of a section s of ¥ with respect to X is
Vxs = Vs(X). The curvature of the connection is the unique 2-form R on M satisfying for
any vector fields X, Y of M

[Vx,Vy] - Vixy] = R(X,Y).
The connection is compatible with the Hermitian structure if for any sections s, ¢ of £,
d(svt) = (vsat) + (57 Vt)a

where (-, ) denotes the Hermitian scalar product. In that case, R = 1w where w is real valued.
In this paper, we always assume the connections are compatible with the metric.

(U See Guillemin [34, Theorem 1.7].
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Assume that %w is the curvature of a Hermitian line bundle connection. Then the coho-
mology class of w/2m is integral, in the sense that it belongs to the image of the natural homo-
morphism H?(M, Z) — H?(M, R). Conversely, given any w € Q%(M, R) such that [w]/27 is
integral, there exists a Hermitian line bundle # over M with a connection V of curvature w.
Furthermore, ¥ and V are unique up to isomorphism. For a proof of these results, we refer
the reader to [25, Theorem 10.1] or [26, Section 15.3].

Let (M, w) be a symplectic manifold endowed with a prequantum bundle, that is a Hermi-
tian line bundle £ — M with a connection of curvature %w; such a symplectic manifold is
called prequantizable. A prequantum bundle automorphism is a vector bundle automorphism
of ¥ preserving the metric and the connection. Let G be a Lie group acting on ¥ by prequan-
tum bundle automorphisms. This action lifts an action of G on M. One proves that the latter
action is Hamiltonian and has a natural momentum map p determined by the following con-
dition: the induced action of the Lie algebra g on C*°(M, £) is given by the Kostant-Souriau
operators

(3) f_>vXuf+l<M7X>fa X €9,

where we denote by X* the infinitesimal action of X on M and by V the covariant derivative
of the prequantum bundle, cf. [26, Proposition 15.2]. If G and M are connected, the action
on ¥ is conversely determined by the action on M and the momentum map p. However, not
all momentum maps generating a given action can be obtained in this way. Actually these
momentum maps correspond to the Lie algebra representations on the prequantum bundle,
through Equation (3).

Assume now that M is connected and 7' is a torus acting on M in a Hamiltonian way.
The momentum map of this action is unique up to a translation by a vector of t*. By [26,
Proposition 15.4], this action can be lifted to ¥ in such a way that each element acts as a
prequantum bundle automorphism. This lift is not unique, actually the momentum map
corresponding to a lift is unique up to a translation by a vector of 27t;. For a symplectic
toric manifold, we can explicit everything in terms of the momentum polytope as follows.

0,3) (0,0,2)

(0,2,0)

(0,0) (3,0) (2,0,0)

FIGURE 4. Delzant polytopes corresponding to the complex projective spaces CP?
and CP? equipped with scalar multiples of the Fubini-Study symplectic form.

PROPOSITION 3.1. — (a) A symplectic toric manifold (M,w, T, u) with momentum poly-
tope A C t* admits a prequantum bundle ¥ if and only if the edges of A belong to 2rt},.
(b) When it exists, the prequantum bundle is unique up to isomorphism.
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(¢) The momentum maps corresponding to the possible lifts (via (3)) are the ones such that the
vertices of the associated polytope belong to 2mt},.

Proof. — Let (M,w) be a symplectic toric manifold with momentum map p. Let e be a
closed edge of A = pu(M). Then =1 (e) is a symplectic 2-sphere embedded in M with volume
the length of e. Here the length of e is the largest positive real ¢ such that e/¢ € t};. A proof
of this fact may be found in [42, Lemma 2.10].

Now if (M, w) is prequantizable, then [w]/27 is integral. So necessarily the length of any
edge is an integral multiple of 27. Since Ho (M) is generated by the homology classes of
the spheres corresponding to the various edges ([19, Proposition 10.6]), the condition is
also sufficient. The uniqueness of the prequantum bundle follows from the fact that any
symplectic toric manifold is simply connected (see [19, Th. 9.1]).

Assume now that (M,w) has a prequantum bundle ¥. We know that we can lift the
action to #. Then for any fixed point p € M, the action preserves the fiber ¥,. Because
of Formula (3), for any £ € t, exp(£) acts in £, by multiplication by exp(i(u(p), £)). This
implies that p(p) € 2xt}. Since the fixed points of a toric manifold are the preimages of the
vertices of the polytope, this shows that the vertices belong to 2t;. O

In the sequel, we will use the following explicit construction of the prequantum bundle
for the Delzant model. We use the same notations as in Section 2. Assume that the vertices
of A belong to 2t} Consider the prequantum bundle of C*¥ given by £ := CF x C with
connection

1
4mri

1 L
> (wydyy —ysdzy) = d+ & D (z5dzy — zpdzy).
fEF fEF

V=d+

Since the vertices of A belong to 27t};, the A;’s defining the faces of A are integral multiple
of 2. So we can lift the action of R /Z¥ on CF to #r by

t-(z,u) = (t- z,ueiszth)‘f).

With a straightforward computation, one checks that this action preserves the prequantum
bundle structure and that its associated momentum map is u defined in (1).

Recall that the Delzant manifold (Ma,wa) is the quotient of Z = ux'(0) by the
action of subtorus N of R¥/ZF. Then quotienting by N the restriction of £ to Z, we
obtain a prequantum bundle £A over Ma (cf. [37, Theorem 3.2]). Furthermore the group
T = (RF/ZF)/N acts on £4. This action preserves the prequantum bundle structure, its
associated momentum is the application pa defined in Theorem 2.3.

REMARK 3.2. — The construction of the prequantum bundle in the Delzant model gives
an alternative proof of the fact that if the vertices of its momentum polytope A belong
to 27t;, a symplectic toric manifold is prequantizable. Moreover, the converse statement
can be deduced directly from the last paragraph of the proof of Proposition 3.1: indeed, the
polytope (27) ~1 A can be translated to a polytope with integral vertices if and only if its edges
have integral lengths.
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4. Quantum model

In this section we introduce a quantum model for quantum toric system and compute its
spectrum.

Consider a Delzant polytope A C t* with vertices in 27t};,. Then as explained in Section 3,
the Delzant manifold (Ma,wa, T, ua) admits a prequantum bundle £ unique up to iso-
morphisms. This line bundle has a unique holomorphic structure compatible with the com-
plex structure of Ma provided by reduction and with the connection. So for any positive
integer k, we can define the quantum space

Hi = H(Ma, %)
which consists of the holomorphic sections of % .
For any X € t, consider the rescaled Kostant-Souriau operator
1
4) Tx o= {pa, X) + 5 Vs Hy — K

This operator is well-defined because the complex structure is invariant by the action of T’
on Ma. The rescaling has the effect that the T'x ;’s are self-adjoint and that their joint
spectrum is the intersection of the polytope A and a rescaled lattice. The precise result is the
following.

THEOREM 4.1. — There is an orthogonal decomposition of the quantum space ¢ kA into a

direct sum of lines:
A
= D DI
Le(3Ee)NA
such that, for any X € t,
Tx ¥ =£4(X)¥, forall ¥ < Dj.
Proof. — The proof uses the Delzant construction recalled in Section 2 at the quantum

level. Consider the same prequantum bundle r — C¥ as in the proof of Proposition 3.1.
The associated quantum space By, is the space of holomorphic sections 1 of Z”fw such that

L @) < o
where v is the Liouville measure. Here holomorphic means that the covariant derivative with
respect to antiholomorphic vectors vanishes. Such a holomorphic section can be written
p=e Mg,

where f is a plain holomorphic function on C¥. Here |2|* = Xf |z¢>. So By, can be
identified with the usual Bargmann space, that is the space of holomorphic functions on a
CP whose square is integrable with respect to a given gaussian weight. An orthogonal basis
of By, is given by the family

2
wa:e_s%‘z‘ 2%, a e N,
Consider the Kostant-Souriau operator associated to momentum g given in (1)

1
Sx k= (1, X) + vaﬁ-
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If X = ey a straightforward computation shows that

_ k2 _ k|42 271’
Sx,k(e sr 121 g(Z)) — e sr (kaQng—Afg)
We deduce that for any X € RF and o € N,

) Sxe(wa) = (X, 2T =\ ).

Recall that the Delzant space was defined as the symplectic quotient of C¥ by the subtorus
N of R /ZF . The corresponding space at the quantum level is
2:: {wE@k | SX,kaO forallXEn}.
We call it the reduced quantum space. We deduce from Equation (5) that a basis of %}, consists
of the ¥, ’s such that o € N¥ satisfies
2
(X, %a —A) =0
for all X € n. Equivalently, X« runs over (22N¥) N (X + ker(:})). This set is in bijection
with (22¢5) N A.

LEMMA 4.2. — The map 7 + X from t* to (RF)* restricts to a bijection

2 2
(%tg) nNA — (%NF) A (O + ker(2)).
Furthermore, for any X € RY and ¢ € 25, N A we have that
2m
Sx k(o) = (6 1(X) ey if a=m"(0)+ A

Proof of Lemma 4.2. — We know that 7* is injective with image ker(:}). Using the
Delzant condition on a vertex (Step 1 in Section 2), one sees that 7* restricts to a bijection
from € to (Z¥)* Nker(:}). By the prequantization condition, A € 2x(Z¥)* c 2Z(ZF)*. So
T* 4 A restricts to a bijection from 27t} to (22 Z") N (A + ker(:})). Furthermore, the proof
to show that ua (Ma) = A implies that

(6) T (A) + X =RE N (A + ker(e)).

This implies the first part of the lemma. The second assertion follows from (5). O
The end of the proof of Theorem 4.1 is an application of the “quantization commutes with

reduction” theorem of Guillemin-Sternberg. Lifting the action of T = R /Z¥ to £ asin

the proof of Proposition 3.1, we get an action of TF on Bj,. The reduced quantum space is

the subspace of $, of N-invariant vectors, in other words B, = (%)~ . Now by Guillemin-
Sternberg theorem ([37]), we have an isomorphism

(I)k : @Z - ﬂkA
The proof in [37] given in the compact case extends to our setting by [10] and [34]. Further-

more, under the isomorphism @, the action of the torus T on # kA corresponds to the action
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of T¥ /N on $;. Then, passing to the level of Lie algebras, we get the following relation
between the Kostant-Souriau operators:

Dy <SX’]€\I/) = Tﬂ(x)wkq)k(\l’), forall ¥ e %Z

This concludes the proof of Theorem 4.1. O

From the previous theorem, we deduce the following quantum normal form. Consider a
Delzant polytope A in the Lie algebra R™ of R®/Z". Assume (Ma,wa) has a prequantum
bundle £ and define the associated quantum spaces

HE =HO(Ma, 2X).
Starting from the canonical basis (e;) of R™, we get n operators
TA =Tep: Hie = Hie,  ke€lso, 1<i<n,

defined by Kostant-Souriau Formula (4).

COROLLARY 4.3. — For any k, TIA,C7 e ,TnAk are mutually commuting operators with
simple joint eigenspaces. Their joint spectrum is (v + 27"Z”) N A where v is any vertex of A.

Proof. — Apply Theorem 4.1 to the polytope A — v, whose vertices are integral. O

5. Global quantum normal form

Toeplitz operators

We briefly review Toeplitz operators. Let (M,w) be a compact connected symplectic
manifold with a prequantum line bundle . Assume that M is endowed with a complex
structure j compatible with w, so that M is Kahler and # is holomorphic. Here the holomor-
phic structure of the prequantum bundle is the unique one compatible with the connection.
Recall that for a positive integer k, %, := HO(M, fk) is the space of holomorphic sections
of .

Since M is compact, J¢} is a closed finite dimensional subspace of the Hilbert space
L3(M, fk). Here the scalar product is defined by integrating the Hermitian pointwise scalar
product of sections against the Liouville measure of M. Denote by II; the orthogonal
projector of L2(M, £*) onto #},.

A Toeplitz operator is any sequence (Ty: H — Hr)ren~ of operators of the form

() (e =TsC R+ B)

where f(-, k), viewed as a multiplication operator, is a sequence in C*° (M) with an asymp-
totic expansion fo + k=1 f; + - -- for the C* topology, and the norm of Ry, is O(k~°).

We denote by .7 (M, £, j) the set of Toeplitz operators. The following result corresponds
to [10, Theorem 1.2].
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THEOREM 5.1. — Theset T = T (M, £, j) is a semiclassical algebra associated to (M, w)
in the following sense. The set 7 is closed under the formation of product. So it is a star algebra,
the identity is (i) ken=. The symbolmap ocont : S — C>°(M)[[R]], sending Ty, into the formal
series fo + hf1 + - - - where the functions f; are the coefficients of the asymptotic expansion of
the multiplier f(-, k), is well defined. It is onto and its kernel is the ideal consisting of O(k~°°)
Toeplitz operators. More precisely for any integer ¢,

IT:] = @(k‘e) if and only if ocont (Tk) = @(hé).

Furthermore, the induced product *cony on C°(M)[[h]] is a star-product.

We call the formal series

gcont(Tk) = fO +hf1 + -

the contravariant symbol of (Ty)ken+. The first coefficient fy is the principal symbol
of (Ty)ken+. The subprincipal symbol of (T} )en~ is the function

1
g1 =fi+ iAfov

where A is the holomorphic Laplacian of M.

Consider two Toeplitz operators with principal and subprincipal symbols gg,g; and
906, 91 respectively. Then the principal and subprincipal symbol of their composition is

h
90 + gy = (90 + hg1)(g + hgt) + 5 {90, 90} + o(h?),

where {-, -} is the Poisson bracket of (M, w) (cf. Theorem 1.4 of [9]).

The Kostant-Souriau operators considered in Section 4 are Toeplitz operators. More
generally, let f be a function of M with Hamiltonian vector field X. Applying the Tuynman’s
trick ([68]), one proves that the sequence

1
Ty ::Hk<f+ikVX>, k € N¥,
is a Toeplitz operator with principal symbol f and subprincipal symbol —%A f.

Normal Form

Recall that for each Delzant polytope A C R"™, we introduced in Section 2 a symplectic
toric manifold (Ma, wa, R™/Z™, ua), a complex structure ja on Ma compatible with wa .
Assume that A+ c has integral vertices for some ¢ € R™, so that (Ma,wa ) has a prequantum
bundle ¥ A (unique up to isomorphism). We defined in Section 4 for any positive k, commut-
ing operators Tfk, e TnAJC acting on the Hilbert spaces 5‘{,? =H(Ma, Z’kA), k € Z~g, and
described explicitly their spectrum in Corollary 4.3.

THEOREM 5.2 (Global normal form for a quantum toric system)

Let (M, w, R*/Z", u) be a symplectic toric manifold equipped with a prequantum bundle
£ and a compatible complex structure j. Denote by A the momentum polytope u(M) C R™.
LetTy,. .., T, be commuting Toeplitz operators of T (M, ¥, j) whose principal symbols are
the components of .
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Then there exists ko > 0, there exists a sequence (§(-; k)) x>k, of smooth maps R™ — R",
and there exists an operator U = (Uy, : H, — H kA) k>ko With Uy, invertible for any k, such that

Ue(Tiky - Tog)Up = g(Thy, -, Tos k) + O(k™).

n7

Moreover, g admits an asymptotic expansion in the C* topology of the form
g(sk) =1d+k g1 +k %ga 4 -+ .

If the operators T; are self-adjoint (i.e., for any k, T; i, is a self-adjoint operator ), then Uy, may
be chosen such that Uy, U}, = Idﬂﬁ.

REMARK 5.3. — For small k, the dimensions of %, and % kA might be different.
Theorem 5.2 does not give information about small values of k.

The proof of Theorem 5.2 will require the following technical lemma, which is a global
version of a result of Eliasson [30, Corollary page 14]. Recall that in the case where E is
a closed half-space, h € C*®°(R? x E) if and only if all the partial derivatives 0*0°h(z, e)
for (z,e) € R™ x F have a limit at every point in R™ x E. (This is equivalent to saying that
g has a smooth extension in a neighborhood of any point.)

LEMMA 5.4. — Let E be a vector space or a closed half-space. Let f € C‘X’(R%w’g) x E),
and let

q(z,€,¢) = a” + €

Assume that {q, f} = 0 (here the Poisson bracket refers to the symplectic variables (x,€§)).
Then there exists g € C®(Rxo x E) such that

f(@,& e) = gla(x,€,€),€).

Proof. — Set-theoretically, there is a unique such function g. We need to prove that g is
smooth. The Taylor expansion of f in the (x, £) variables has to commute with ¢. This implies
that it has the form

Z qkak (6),

k>0

where a, € C*°(E). Hence by the Taylor formula, for any integer r > 0, there is a polynomial
P, in ¢ with coefficients in C*°(E), and a smooth function ¢ € C*(R? x E) such that

f=P(ge)+q"¢(x,¢e).
Thus we get
g(t,e) = P.(t,e) + trgo(\/%,O, e).

When ¢ > 0, we simply compute the partial derivatives 9¥9%g(t,e). They have a limit as
(t,e) — (0,e) aslongas k < 7. Thus g € C"(Rx( x E), which proves the lemma. O

Proof of Theorem 5.2. — We divide the proof into several steps.
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Step 1. — By Theorem 2.3, there exists a symplectomorphism ¢ : M — Ma such that
= @*ua. Since Ma is simply connected, the prequantum bundle #A is unique up to
isomorphism. Hence ¢ can be lifted to a prequantum bundle isomorphism ¥ — £a. So
 can be quantized as an operator Uy, : ) — H kA such that UyU; = I} for large k and

such that for any Toeplitz operator S = Sj, with principal symbol s, U, SU}; is a Toeplitz

operator whose principal symbol is s 0 1.

The operators Uy, that we use here have been introduced in [8, Chapter 4] and similar ones
have been considered by [74]. They are analogues of Fourier integral operators [39, 27].

Replacing T; by UT;U* we see that the problem is reduced to the case where T, ..., T,
are commuting Toeplitz operators on (Ma, £ ), with joint principal symbol equal to .

Step 2. — We now prove the theorem by induction. Assume that, for some N € N, we have
®) (T1,...,Tn) = gM(T, ..., T2 k) + k=N DRy,
where Ry 1 is a vector of n Toeplitz operators and g™¥) is polynomial in k:
g =1d+k7"gi + -+ k Vg,
and each g; : R®™ — R" is a smooth map. For simplicity we write
Gy = gM(TA, ..., T k).

Notice that, for N = 0, this is precisely the result of Step 1. We wish to prove that there
exists an invertible Toeplitz operator U = (Uy)xen such that
) U(Ty,...,T)U™ = g™(T2 k) + k=N D8y (T2) + NI Ry .

The procedure is standard and we only indicate the key points. It turns out that the case
N = 0 is slightly different from the other cases N > 0. When N = 0, we plug (8) in the
left-hand side of (9) and multiply on the right by U, and obtain

[U, T2+ k 'UR, = k"'G1U mod k2.7.

Since both sides of the equation are Toeplitz operators of order 1, the equation is equivalent
to the equality of the principal symbols :

1
g{U,MA} +ur1 = g1(pa)u.
Writing u of the form u = e’ we get the equation
{pa,a} =r1 —gi(pa).

For N > 1 we look for U in the form Uy = Id + ik~ VY Ay mod k~WV+D 7 where Ay is
a Toeplitz operator. The same calculation as before gives the equation

ik~ NV[AN,GN]+ kYT (Ryy1 — Kng1) =0 mod k~(V+2) 7,
(We use here 2N + 1 > N + 2 in order to eliminate higher order terms.) Since
Gy = (TA,... T2 + 0(1),
the equation is equivalent to the following equation on the principal symbols :

{ua,an} =rne1 — hvyi(pa)-
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Step 3. — In order to complete the induction, we need to solve the following cohomological
equation, where the unknown functions are ¢ and g;, 1 < j < n:

(10) {uitay=r;—gjops, 1<j<n

The proof follows Eliasson’s local argument in [30, Lemma 8], where he uses a formula due
to Moser. Here we show that this local argument also works globally.

For any smooth function r on Ma, we define

1 1
Mjr :/ T‘OQDE- dt, P;r ::/ tT‘OgJ; dt.
0 0

M; and P; are clearly linear operators sending C*° (M) into itself. Notice that, since the
flows ¢; pairwise commute, the Fubini formula ensures that M; and P, commute for any j, k.
The following Poisson bracket is easy to compute :

1 1 1
{u?,Pjr}=/0 t{uf,rowﬁ}dt=/0 t{ufow}rwﬂdt:/o t{uf,r}ophdt

1 g 1
=/ t&(rogo;)dtzr—/ rogi=r— Mr.
0 0
We shall need the following lemmas .
LEMMA 5.5. — Letry,...,1, be smooth functions on Ma such that for all i, j,
{iu‘iA»rj} = {AU'jAa'ri}a
then for all 1 < i, j < n, we have that {M;r;, u>} = 0.

LEMMA 5.6. — Let f € C®(M) such that for all 1 < i < n we have that {2, f} = 0.
Then there exists g € C*°(R™) such that f = go ua.

Proof of Lemma 5.5. — We have that

1 1 1
Wby = [ biryogitar= [ ubiryogtar= [ el
0 0 0

1 d .
=/0 &(riocpj)dt=0,

as desired. O

Proof of Lemma 5.6. — Since f is invariant by the action, set-theoretically, there exists a
unique function g such that f = g o ua. We want to prove that g is smooth.

At a regular value of ua, this follows directly from the action-angle theorem. Let ¢ be a
critical value of ua, and let C be a small ball around ¢. Let (21, ...,25,[1,01,...,15,60;) €
CF x (T*SY)¢, with k + £ = n be Delzant coordinates on (ua)~*(C). Up to an affine
transformation, we can assume

pa = (21 /2,2l /2, I, I).
By assumption, f does not depend on the §; coordinates, so there is a smooth function go

such that f = gg(zl, ces 2y D1, .,Ie).
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We apply Lemma 5.4 to the function go with (z,€) = z; and E = C*~! x R, Thus there
is a smooth function g; such that

f= gl(|21|2 22y ey Zky L1y ooy Ip).
We may now apply the same lemma to
fi(z,e) =g(e1,z,€2,. .. €k, €pt1,---5€n)
with E = R x Ck~1 x R and get a smooth function g, such that
f=g0a, 2% 2, ... 20 0, 1)
We may repeat the argument and finally obtain a smooth function g, such that

f=a(=al?, .zl I, L)

This proves that g is smooth in C. Thus g is smooth on ua (Ma) (which means that there
is a smooth extension of g in R™). O

We return now to the cohomological Equation (10). By Lemmas 5.5 and 5.6, there exist
smooth functions g; on R™ such that M;r; = g; o ua. Let
a = P1T1 + P2M1T2 + P3M2M17’3 —+ -4 PnMn—l cee MlT'n.

Notice that for any function h, {ujA, M;h} = 0. Hence, since the operators M; and P
commute, we get

{ut,a} = {ui, Pir} =r1 — Miry =1 — g1 o i,
s0 a solves the first equation of (10). Let
a=a— Pyrq.
We have {uf, @} = 0, and our system becomes
(11) {uf,ay =7 —gjopn, J=1,...,n.

with
1 1
Fy = rj—{uf,Pm}=rj—/0 t{uf,nosoi}dt=rj—/0 Hud i) o gt di

1
d
= 7"]' —/ ta(Tj Ogﬁi)dt = Ml’l"j.
0

We notice that
G = Pyfy + P3sMyfg + -+ -+ P,My,_q - - - Moy,
so by induction & solves the complete system (11). Thus a solves (10).

The construction we have used to solve (10) does not require the functions r; to be real-
valued. In case they are real-valued, then a and g; will be real-valued as well, and in Step 2
we may choose Uy, = exp(ik~~ Ay ), which is unitary.
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Step 4. — From steps 2 and 3 we obtain, for any positive integer N, an invertible operator
Un = (Un,k)>0 (Which is unitary in the case of self-adjoint operators T);) and a smooth map

g =1d+k7lg +- +k Ny
such that
(12) Un(Ty, ..., T) U = g™(TR, . TR k) + k= NV Ry,
where Ry 1 is a Toeplitz operator, and Uy is of the form
Uy = UMpWN=1) . 0
From step 3, we have
UY =1d+ik7A; mod k™77,

for j > 1. Therefore, one can construct by induction a sequence of symbols ay such
that for all N > 1, the operator UM U= ...y is modulo k~V+1 .7 the Toeplitz
quantization of the symbol

L+ik™tay + -+ ik Nan.
By the Borel summation procedure, one can find a Toeplitz operator A whose total symbol
has the asymptotic expansion

a1+ ktag o+ E N lay e
Moreover, one can find a smooth map § that admits the asymptotic expansion
M =1d+k g1+ +k gy +---.

Now we let U = (I 4+ ik~ A)U©®, so that for any N,

U=Uyxy modk Nt 7,
Thus from (14) we get, as required :

U(Ty, ..., T,) U =g(TA, ...,T>) + O(k~).

In the case where the operators T} are self-adjoint, one can change the construction of the
sequence @; in such a way that UM UM -1 ... yM is modulo k~N+1 .7, the exponential
of the Toeplitz quantization of the symbol ik~'a@; + - - - + ik~ Nay. Then we define

U = exp(ik T A)UO,

which is unitary. O

6. Isospectrality

In this section we prove Theorem 1.1 and Corollary 1.2.
Recall that the joint spectrum of n commuting matrices Ay, ..., A, is the set of
(A1,...,\p) €C?
such that there exists a non-zero vector v for which

Aj’U = )\j’l}
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forall j = 1,...,n. Such an n-uple (A1, ..., A,) will be called a joint eigenvalue. We begin
with the following elementary observations.

LEmMA 6.1 ([14], Lemme 5.3). — Let By, ..., B, be commuting self-adjoint k x k matri-
ces. Let € > 0, and let w € C* \ {0} be such that | B; u|| < €||u|| for all 1 < i < n. Then there
exists A € R™ such that

A € JointSpec(By, ..., B,) N [—v/ne, Vnel™.

Proof. — Consider the matrix

C:=4/B?+---+ B2.

Since C' > 0, the minimum of the spectrum of C'is equal to inf|,—; [|Cv||. Since
(13) voeCk, ||Cv|? = (C%,v) = ||Biol® + - + || Buvl)?,

we have ||Cul| < +/ne||ul, thus C admits an eigenvalue in [0, /ne€]. The corresponding
eigenspace being stable under the action of all B;’s, it contains a common eigenvector, and
by (13), the corresponding joint eigenvalue (A1, ..., A,) satisfies |\;| < /ne. O

REMARK 6.2. — The constant factor 4/n in Lemma 6.1 is optimal. Indeed, let n and k be
integers with 1 > n > k. For each ¢ with 1 < ¢ < n consider the & x k diagonal matrix B;
whose jth column is equal to the zero vector for all j € {1,...,n} \ {i}, and equal to the

canonical basis vector e; otherwise. Let u = Z%%e". Then ||ul|? = 1 and Biju = ﬁ e;, and
hence || B;u|| = ﬁ foralli =1,...,n. From Lemma 6.1, the joint spectrum of By, ..., B,
must contain a vector in [—1,1]™. This bound is sharp: indeed, the joint spectrum is equal
to the set {f1,... £, > iy, . ooy 2oiy f3}, where (f1,. .., f,) is the canonical basis of R™ :

thus its intersection with [—¢, ¢]™ is empty for any 0 < ¢ < 1.

LeEmMMA 6.3. — The following statements hold.

(i) If B, ..., B, are commuting self-adjoint matrices, and o = (a1, . .., a,) € C™ is such
that
1(Bi — ) ull < elul
Jor all 1 < i < n, then there exists a joint eigenvalue \ € JointSpec(By, ..., By,) such
that |\ — a;| < v/neforalll <i < n.
(i1) Suppose that A1, ..., A, is another collection of commuting self-adjoint matrices, and
assume

|B; — Ai]| <€ forall 1 <i<n.

Then the Hausdorff distance between JointSpec(Ay, ..., Ay) and JointSpec(By, ..., By)
is at most \/ne, ie.,

dH<JointSpec(A1, ...y, Ap), JointSpec(By, .. ., Bn)) < v/ne.

Proof. — The first statement is obtained from Lemma 6.1 applied to B; — ;1. It implies

that if @« = (a1, ..., ay) is a joint eigenvalue of (A, ..., A,) and ||B; — A;|| < e for
all 1 < ¢ < n, then there exists a joint eigenvalue A € JointSpec(By, ..., B,) with
[\ — ;| < y/neforall 1 <4 < n(and vice-versa), which gives the last statement. O
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IfTy, ..., T, are pairwise commuting Toeplitz operators, we call joint spectrum of Ty, . .., Ty,
the sequence of joint spectra of the set of commuting matrices (71 k, . . . , T %) acting on the
Hilbert space J¢,.

Proof of Theorem 1.1. — By Theorem 5.2 applied to (11, ...,T;,), we get an integer ko > 0,
a sequence (g(+; k)) x>k, of smooth maps R — R”, and an operator U = (U, : H}, — f{kA)k>k0
with Uy, unitary, such that

(14) Ue(Ties - T Uit = g(Tis -, Tis k) + O(k™).
Let Sy := JointSpec(T1, ..., T,). If we introduce the components of g,

g = (gla"'ag’n)a

then by Corollary 4.3, the joint spectrum of the commuting Toeplitz operators

(1 (T, - T k), oy gn (T - T K))
is By :=g((v+ ZEZ™) N A k).

Equation (14) means that there exists a sequence (Cn ) nen of real numbers such that
(15) forall N, forallk  |Up(Ti, .., Tux)Us " — g(Thy, ..., Tos k)|l < Onk™N
Then, by virtue of Lemma 6.3, we have
(16) for all N, for all k, 1(Sk, k) < VnCnk™N

which means by definition S, = X + O(k~>°) as we wanted to show.

Now we prove that for all sufficiently large k, the multiplicity of the eigenvalues
of JointSpec(T1,...,T,) is 1, and there exists a small constant 6 > 0 such that each
ball of radius % centered at an eigenvalue contains precisely only that eigenvalue. First we
observe that this statement holds when instead of JointSpec(Ty,...,T;,) we consider Xy.
The multiplicity one statement is a direct consequence of Theorem 4.1, and the separation
property follows from the fact that the principal term of g is the identity map.

Consider A = A(k) € S, C R™ and the self-adjoint operators

Cr =/ (Trk = MIdR)2 + -+ (Tok — An 1dg)?

and

O = (T = M 1d)? 4 o+ (T2 — A 1dp)2.
Let
0= X1 (Ck) < X2(Ck) < -+ < Ag,, (C)
be the eigenvalues of Cy, repeated with multiplicity, where dy, is the dimension of . Let
M(CF) < X2(CF) < < Aa (CF)

be the eigenvalues of C{ repeated with multiplicity. By the min-max formula we have that
forany j =1,...,d,

- _ M
A5 (Ci) = MG = P (URCRU) = X (CR) < NIURCRU = Rl < 3
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for some constant M > 0. Therefore for any j > 1 the inequality |)\j(CkA) — )\1(C;€A)| > %
implies
6 2M _ ¢
1A (Cr)| = A (Ck) — A(Cr)| = P e > %

for some §’ > 0. Thus 0 as an eigenvalue of Cj, has multiplicity one, and is the only eigenvalue
s 8

of Cy in the interval [~ %, -]. Going back to the commuting operators 71, . . ., T),, we see that
the joint eigenvalue A € Sy has multiplicity one, and all other joint eigenvalues lie outside of
the Euclidean ball centered at A of radius 4. O

k

Proof of Corollary 1.2. — Recall that we defined the limit of a sequence (@g)gen of
subsets of R™ by

lim &y, := {c € R™ | VU neighborhood of ¢, 3kq such thatVk > ko, U N Gy, # @}.

We denote by B(c,r) the open ball in R™ centered at ¢ and of radius r. Notice that if
@ C B +B(0,Ck™1), for some constant C, then

lim &, C lim %k.

We use the same notation as in the proof of Theorem 1.1: S, = JointSpec(T1,...,Ty)
and

2
Se = g((v + %Z") NA, k).
Step 1. — The estimate (15) for N = 1 gives
S, C T, +B(0,Ck™") and X, C Sy +B(0,Ck™Y).
Therefore, lim Sy, = lim Y.

Step 2. — Now let us show that lim ¥; = A. From Theorem 5.2, we know that g admits an
asymptotic expansion in the C* topology of the form

g5k =ld+k g1 +k2ga+ - .

Therefore, for any compact K C R", there exists a constant C such that
max [[g(c; k) — cflen < CE7T.

We may choose K large enough so that it contains A, and we get the following inclusions :
(17) S, C AN (v + %Z”) +B(0,Ck™Y) and AN (v + Q%Z”) C = +B(0,CkY).
Hence

IimY, =limAN (v+ ?Z") =A.

From steps 1 and 2 we conclude that
limS, = A

which finishes the proof. O

COROLLARY 6.4 (Isospectrality). — Two symplectic toric systems are isomorphic if and
only if the limit of their joint spectra coincide. In particular, if two symplectic toric systems
have the same joint spectra, then they are isomorphic.
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7. Metaplectic correction

Theorem 1.1 and Theorem 1.2 can be proven analogously to our proofs in the presence of
a half form bundle. Below we explain the corresponding modifications needed.

Toeplitz quantization is often considered more natural in the presence of a half-form
bundle. Let (M, w, j) be a compact Kéhler manifold. A half-form bundle of (M, j) is a square
root of the canonical bundle of M. More precisely we consider a pair (4, ¢) consisting of a
complex line bundle 6 — M and an isomorphism

@ 6%2 5 AMOT* M.

Here n is the complex dimension of M. Such a square root does not necessarily exist, and if
it exists, the space of half-form bundles up to isomorphism is a principal homogeneous space
for the group H(M, Z/27).

Let £ — M be a prequantum bundle and (4, ) be a half-form bundle. Observe that § has
a metric and a holomorphic structure determined by the condition that ¢ is an isomorphism
of Hermitian holomorphic bundles. Define the quantum space ¢, 5, as the vector space of
holomorphic sections of #* @ 6. The space # m x has a natural scalar product obtained by
integrating the pointwise scalar product of sections of * ® § against the Liouville measure.
This scalar product is actually defined on the space of L2 sections, and we have an orthogonal
projector ITj, from the space of L? sections onto #, . The definition of Toeplitz operator is
the same as before except that we use this new projector. So a Toeplitz operator is any family
(Tk: Hmx — Hm k)ken of endomorphisms of the form

Ty = ka(, k) + Ry, k € N*

where f(-, k), viewed as a multiplication operator, is a sequence in C*° (M) with an asymp-
totic expansion

fo+ kit

for the C*> topology, and the norm of Ry, is &(k~°°). Theorem 5.1 still holds and we define
the principal and subprincipal symbols of a Toeplitz operator with the same formula as
before. The rule of composition of these symbols is still given by (18). We can also define
Toeplitz operators by using the Kostant-Souriau formula. Consider a smooth function f
on M whose Hamiltonian vector field X preserves the complex structure. Then the following
operators are well defined

1
ik
HereL? is the Lie derivative of the half-form, that is the first order differential operator such
that for any local section s of the half-form bundle one has

Lx (¢(5%?)) = 2p(s ® L s).

One also shows that the family (T}) is a Toeplitz operator with principal symbol f and
vanishing subprincipal symbol.

(18) To=f+ (VL @I +1dQLY) : Hmp — Hmp,  keN.

Consider now the Delzant space Ma defined as in Section 2. Since Ma is simply
connected, there exists at most one half-form bundle.
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Recall that we denote by F' the set of faces of A of codimension 1 and for each f € F,
Xy € tis the primitive normal vector to the face.

ProPOSITION 7.1. — The Delzant space M admits an equivariant half-form bundle if and
only if there exists v € £ such that v(Xy) is odd for any f € F.

Proof. — This criterion may be established using the divisor of the toric variety, cf. [17]. To
each face f € F corresponds an irreducible divisor D¢ of M. It is known that a divisor of
the canonical bundle is — 3 ;- Dy. Recall also that the divisors Dy’s generate the Picard
group, and that ) nyXy is principal if and only if ny = ~(Xy) for some v € t}. So
Ma admits a half-form bundle if and only if there exists a divisor

b
D=> niD;
such that 2D + > ser Dy 1s principal, that is
2n‘5f +1=(X¢,7)
for some y € ¢ O
Assume now that the vertices of A belongs to 27t} so that (Ma,was, ) admits a prequan-

tum bundle £ unique up to isomorphism. Assume also that Mx is equipped with a half-
form bundle da. For any positive integer k, define the quantum space

Hine = HO(Ma, 23 ® 8a).
For any X € t, consider the rescaled Kostant-Souriau operators
1
(19) T = {pa, X) + o (VXn ®Id+1d ®L§) LI o HE

We can now state the analogue of Theorem 4.1. Introduce vy € ¢, such that v(X) is odd for
any f € F.

THEOREM 7.2. — There is an orthogonal decomposition of the quantum space j{ﬁ,k into a

direct sum of lines:
H ﬁ,k = @ Df
Le(ZE(t+1v)NA
such that, for any X € t,
Tx ¥ =4(X)¥,  forall ¥ < Dj.
Observe that the points of (22 (t; + 17)) N A are all in the interior of A. Furthermore on
a neighborhood of each vertex we recover the usual joint spectrum of n harmonic oscillators

as follows. For any vertex v denote by F;, the set of one-codimensional faces adjacent to v so
that (f,, v € F,) is a basis of t};. Then there exists a neighborhood U of v such that

ANU={v+z/{f,x) >20,Vf e F,}NU

and
2+ I NANU ={v+z/(f,z) € Z(N+1),Vfe F,}nU.
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Proof. — Let us adapt the proof of Theorem 4.1. First we introduce the quantization
of CF with metaplectic correction. Choose an ordering of F and define v € Q(CF) as the
wedge product of thedz; ’s. v is a non vanishing section of the canonical bundle of CF. The
action of t € RF /ZF on the canonical bundle sends v into exp(—2ir Y t)v.

Let 67 be the trivial complex line bundle with base C¥' and ¢r be the isomorphism
from 62 to the canonical bundle of C¥' given by ¢(z,1) = v(z). By Proposition 7.1, there
exist d € Z¥ and «y €  such that

my=1+4+2d
where I is the vector in (RF")* with all components equal to 1. Consider the action of R /ZF
on dp given by
t-(z,u) = (t- 2, 2™ L tidry)

Then the isomorphism ¢ intertwines the action of the subtorus N of R¥ /Z on 65 with the
action of NV on the canonical bundle. This condition has the consequence that the quotient
of 62 by N defines a half-form bundle §a on the Delzant space Ma, cf. Section 8.3 of [12].
Furthermore one has an isomorphism

Dy - (@m,k)N — ﬂﬁ’k

from the N-invariant part of the space By, of holomorphic sections of Z’]} ® OF to the
quantum space rﬁ’ k-

Introduce the rescaled Kostant-Souriau operators
- 1
Sx.x = (i, X) + E(vf’{'z ®1d +1d ® L)

Then (%m,k)N consists of the sections ¥ € By, x, such that Sx ;¥ = 0 for any X € n.
Furthermore

o), (vak\p) — Tﬂ—(X),kq)k(\Il)v forall ¥e (ng,k)N'

To conclude the proof let us compute the action of the rescaled Kostant-Souriau operators.
We have for X = ey

— k152 _ k|42 2m
Sx(e 1 g(2) = e (S (202,94 39) — As9).
For any a € N set ¢, = e~ 512" 2@ 50 that

(0) Sxx(a) = (X, 2@+ 31) = e

Hence the space (B, ;)" admits as a basis the family (¥, ) where o runs over (ZF + 1) Nker ;.
To conclude we prove as in Lemma 4.2 that 7* + A restricts to a bijection

2 1 2T
Tl 5m — o

1 *
- 5 - (zF + D) Nker.;. O

Let us consider now the generalization of Theorem 5.2. Let (M, w, R"/Z", 1) be a
symplectic toric manifold equipped with a prequantum bundle ¥, a compatible complex
structure j and a half-form bundle §. Denote by A the momentum polytope u(M) C R™.
Let T3, . .., T, be commuting self-adjoint Toeplitz operators of #p, ,, whose principal sym-
bols are the components of u. Denote by f; the subprincipal symbol of T;.
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FIGURE 5. Spectrum in Figure 2 with metaplectic correction.

THEOREM 7.3. — There exists kg > 0, there exists a sequence (§(-; k)) k>, 0f smooth maps
R™ — R", and there exists an operator U = (Uy : Hy, — ﬂkA)k>kO with Uy, unitary for any k,
such that

Ue(Ti, - Tog)Up "= g(Thy, - T k) + O(k).
Moreover, g admits an asymptotic expansion in the C*® topology of the form 1d + k= 1g; +
k=2gy + - - - where the subprincipal term gy is given by

0
4 (E) :/ fi(gl (@) dt,  forall EeA, zepu\(E).
1
Here <pr is the Hamiltonian flow of ;.

Proof. — The proof is the same as the one of Theorem 5.2. Because of the metaplectic
correction, we can choose in the first step the operator Uy quantizing ¢ in such a way that
for any Toeplitz operator (Si), (Sk) and (Ui SxU;) have the same principal and subprincipal
symbols. This follows from Theorem 5.1 in [11]. From this we can extract g; from the
cohomological equation

{pi,a} = fi — gi(ua). O

Given the statement of Theorem 7.3 above, the proof of Theorem 1.3 is identical to the
proof of Theorem 1.1 given in Section 6.

8. Final Remarks

Isospectrality in geometry

In the present paper we have dealt with isospectrality in the context of integrable systems
and symplectic geometry. The paper settles the Spectral Goal for Quantum Systems for the
case of toric systems outlined in the last two authors’ article [60]: to prove that large classes
of integrable systems are determined by their semiclassical joint spectrum.

Corollary 1.2 says that the joint spectrum does indeed determine the system. This type of
conclusion often has a negative answer, at least if one considers it in Riemannian geometry.
In Riemannian geometry the operator whose spectrum is considered is the Laplace operator.
Two compact Riemannian manifolds are said to be isospectral if the associated Laplace
operators have the same spectrum.

Bochner and Kac’s question has a negative answer in this case, even for planar domains
with Dirichlet boundary conditions (which is the original version posed in [41]). As P. Sarnak
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mentioned to us, a much better question to ask is whether the set of isospectral domains
is finite. There are many related works, see for instance Milnor [52], Sunada [64], Osgood-
Phillips-Sarnak [54, 55, 56], Bérard [2], Buser [4] and Gordon-Webb-Wolpert [32].

As we have mentioned, in symplectic geometry a few positive results are known. These
results, and the present paper, give evidence that symplectic invariants seem to be more
encodable in the spectrum of a quantum integrable system than Riemannian invariants in

the spectrum of the Lapace operator.

Inverse type results in the realm of spectral geometry have been obtained by many
other authors, see for instance Briining-Heintze [3], Colin de Verdiere [14, 13, 15], Colin
de Verdi¢re-Guillemin [16], Croke-Sharafutdinov [18], Guillemin-Kazhdan [35], McKean-
Singer [50], Osgood-Phillips-Sarnak [54, 55, 56], and Zelditch [75], and the references
therein. An interesting general problem (for instance in the context of toric geometry)
is to what extent information about measures may be recovered from the spectrum, see
Guillemin-Sternberg [38, p. 268-271] for a result in this direction.

Isospectral conjecture for semitoric systems

In [61, 59] the last two authors formulated an inverse spectral conjecture for semitoric
completely integrable systems (see [57, 58] for a classification of semitoric systems in terms of
five symplectic invariants): the semiclassical joint spectrum of a quantum semitoric system
determines the corresponding classical system.

FIGURE 6. The quantum coupled spin-oscillator is a fundamental example of
quantum semitoric integrable system. Its joint spectrum is depicted in the figure for
a fixed value of the spectral parameter.

Semitoric systems are four-dimensional integrable systems with two degrees of freedom
for which one component of the system generates a 2w-periodic flow. Semitoric systems lie
somewhere in between toric systems and general integrable systems. If both components of
the semitoric system are 2m-periodic, i.e., the system is generated by a Hamiltonian 2-torus
action, then the system is a toric system (strictly speaking after a harmless rescaling of the
periods).

Theorem 1.2 above solves the conjecture for the class of toric systems. In this class the
result is even stronger, since there is no restriction on the dimension, and moreover only the
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spectrum modulo @(h) is needed, whereas in general one expects that an accuracy of order
O(h?) is necessary.

Microlocal analysis of integrable systems

The notion of a quantum integrable system, as a maximal set of commuting quantum
observables, dates back to the early quantum mechanics, to the works of Bohr, Sommerfeld
and Einstein [29]. However, the most basic results in the symplectic theory of classical
integrable systems like Darboux’s theorem or action-angle variables could not be used
in Schrodinger’s quantum setting at that time because they make use of the analysis of
differential (or pseudodifferential) operators in phase space, known now as microlocal
analysis, which was developed only in the 1960s. The microlocal analysis of action-angle
variables starts with the works of Duistermaat [23] and Colin de Verdi¢re [14, 13], followed
by the semiclassical theory by Charbonnel [5], and more recently by Vit Ngoc [69], Zelditch
and Toth [65, 66, 67], Charbonnel and Popov [6], Melin-Sjostrand [51], and many others.

Effective models in quantum mechanics often require a compact phase space, and thus
cannot be treated using pseudodifferential calculus. For instance the natural classical limit
of a quantum spin is a symplectic sphere. The study of quantum action-angle variables in the
case of compact symplectic manifolds treated in this paper was started by Charles [8], using
the theory of Toeplitz operators. In the present paper, we present global spectral results for
toric integrable systems; we use in a fundamental way Delzant’s theorem on symplectic toric
manifolds [21].

Toric integrable systems *) have played an influential role in symplectic and complex alge-
braic geometry, representation theory, and spectral theory since T. Delzant classified them
in terms of combinatorial information (actually, in terms of a convex polytope, see Theo-
rem 2.3). A comparative study of symplectic toric manifolds from the symplectic and com-
plex algebraic viewpoints was given by Duistermaat and Pelayo [28]. A beautiful treatment
of the classical theory of toric systems is given in Guillemin’s book [34].

Toeplitz operators are a natural generalization of Toeplitz matrices (which correspond
to Toeplitz operators on the unit disk). On R", Toeplitz operators correspond to pseudo-
differential operators via the Bargmann transform. Of course, such a correspondence cannot
hold in the case of a compact phase space, but it turns out that Toeplitz operators always give
rise to a semiclassical algebra of operators with a symbolic calculus and microlocalization
properties, which is microlocally isomorphic to the algebra of pseudodifferential operators.
See the book by Boutet de Monvel and Guillemin for an introduction to the spectral theory
of Toeplitz operators [53].

@ Toric integrable systems always have singularities of elliptic and transversally elliptic type, but do not have
singularities of hyperbolic or focus-focus type. The local and semiglobal theory for regular points, elliptic and
transversally elliptic singularities is now well understood both at the symplectic level (action-angle theorem of
Liouville-Arnold-Mineur, Eliasson’s linearization theorems), as well as the quantum level, see Charles [8] and Vi
Ngoc [70]. This gives the foundation of the modern theory of integrable systems, in the spirit of Duistermaat’s article
[24], but also of KAM-type perturbation theorems (see de la Llave’s survey article [48]).
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