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FOURIER INTEGRAL OPERATORS ON LIE GROUPOIDS
JEAN-MARIE LESCURE, STEPHANE VASSOUT

ABSTRACT. As announced in [36], we develop a calculus of Fourier integral G-operators on any Lie
groupoid G. For that purpose, we study Lagrangian conic submanifolds of the symplectic groupoid
T*G. This includes their product, transposition and inversion. We also study the relationship
between these Lagrangian submanifolds and the equivariant families of Lagrangian submanifolds
of T*G, x T*G® parametrized by the units z € G of G. This allows us to select a subclass
of Lagrangian distributions on any Lie groupoid G that deserve the name of Fourier integral G-
operators (G-FIOs). By construction, the class of G-FIOs contains the class of equivariant families
of ordinary Fourier integral operators on the manifolds G, z € G®. We then develop for G-FIOs
the first stages of the calculus in the spirit of Hormander’s work. Finally, we illustrate this calculus

in the case of manifolds with boundary.
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1. INTRODUCTION

Pseudodifferential operators play a central role in the modern theory of Partial Differential Equa-
tions and were initially developed for their efficacy in handling this type of problem, particularly
in constructing parametrices for differential operators. It quickly appeared that they would also
play an important role in various other mathematical fields, such as index theory, Riemannian and
differential geometry, spectral theory, quantization, and so on.

Many generalisations of this calculus have been developed, particularly to handle situations
where the space is no longer a smooth compact manifold. For pseudodifferential operators, the
theory has been successfully developed by a direct analytic approach for manifolds with boundary
[6, 41, 44, 10, 13] or fibred boundaries [40, 33], manifolds with corners [43, 42, 45], manifolds with
conical singularities [35, 38, 37, 60, 26, 61], stratified spaces [50], families of operators [5], invariant
UDOs on Lie groups [62], and the Heisenberg calculus [27, 9], among others.

In the case of longitudinal operators on the leaves of a regular foliation, Connes developped a
strategy of desingularization by considering operators acting on a bigger smooth manifold (the holo-
nomy groupoid of the foliation) which are equivariant under some action (the groupoid action). This
strategy opened a new systematic approach to the question of defining a pseudodifferential calculus
adapted to a geometric situation: following the seminal work of Connes [14, 15], Monthubert-Pierrot
[49] and Nistor-Weinstein-Xu [54] developed in full generality the G -invariant pseudodifferential
calculus on a Lie groupoid. This general abstract calculus allows to define a WDO calculus for a
given geometric situation (singular spaces, families, coverings, foliations, deformation groupoids,
etc) provided this geometric situation can be geometrically encoded by a Lie groupoid.

This approach has been successful to recover the DO calculus (at least up to smoothing opera-
tors) for many geometric situations where the calculus had been previously developed using analysis
adapted to each particular situation, for example for manifolds with boundary [47, 54], manifolds
with corners [48], invariant YDOs on Lie groups [54], and the Heisenberg calculus [63, 56, 57].

The main idea is to change viewpoint and to transfer, if possible, all analytic particularities of
a geometric situation to the geometric encoding by the Lie groupoid. This approach also allowed
extension of the pseudodifferential calculus to new geometric situations, for example, manifolds
with a Lie structure at infinity [2], singular foliations [4, 3]. For manifolds with iterated fibred
corners, the calculus was recently defined by a combination of the direct analytic approach, and
the groupoid approach [24].
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Turning back to the case of ordinary manifolds, in seeking solutions of non elliptic PDEs, a
broader calculus containing the pseudodifferential calculus was introduced by Hormander: the
Fourier Integral Operator calculus, based on the notion of Lagrangian distributions. This calculus
proved to be a powerful tool for solving, for examples hyperbolic equations, as well as to reduce
PDE problems to simpler ones via Egorov’s theorem. They appeared also to have an important
role to play in spectral theory, index theory, and quantization theory, [32, 68, 69, 71, 28, 29, 34].

Fourier Integral Operators have been extended beyond the case of ordinary manifolds, and using
refined analysis, for manifolds with boundary [41], invariant operators on Lie groups [53], manifolds
with cylindrical ends [18, 17], manifolds with conical singularities [51, 67, 52|, and recently for the
Boutet de Monvel calculus on singular manifolds [7, 8, 12, 11].

Having at hand all the previously cited examples of groupoids encoding singular spaces, foliations,
among other examples, a natural goal is to develop the calculus of Fourier Integral Operators on
arbitrary Lie groupoids, in order to have a conceptual and unified approach to the existing examples,
as well as calculi in new situations. This paper contains the realization of this program. The calculus
of Fourier Integral Operators that we are going to define is not only a generalization of known
constructions; it also explains and illuminates the geometrical aspects of the existing calculi. The
composition theorem that we give for FIOs on groupoids supports this point. Moreover, another
strong motivation for writing down a calculus for FIO on groupoids is to get the appropriate tools
to generalize the results about the spectral asymptotics [32, Chapter 29] to situations like stratified
spaces (using the groupoids defined in [24]) or measured foliations (using holonomy groupoids). We
wish to present our construction of the calculus of FIOs on groupoids in a paper as comprehensive
as possible, and this leads us to a long paper. Therefore, the applications to spectral asymptotics
are postponed to a forthcoming paper, in which we will begin by studying hyperbolic problems on
groupoids.

Our calculus of FIOs on groupoids recovers some of the existing ones. The original calculus on
a manifold M is immediately recovered by looking at the pair groupoid M x M. Moreover, the
present work recovers and significantly extends the results of [53] for invariant FIOs on a Lie group.
Finally, using the b-groupoid of a manifold with boundary, we recover and slightly extend the class
of FIOs defined by R. Melrose in [41]: the end of the paper is devoted to the comparison of both
constructions.

To define FIOs on general Lie groupoids, pseudodifferential operators [49, 54] (G-¥DOs) pro-
vide a stimulating example: they are exactly the G-operators given by equivariant C*° families
of pseudodifferential operators acting in the r or s-fibers of G. Importantly, G-¥DOs are not
pseudodifferential operators on the manifold G itself, but they actually coincide with Lagrangian
distributions on G subordinate to A*G = N*(G()) ¢ T*G, that is, to the dual of the normal
bundle of the embedding G(*) — G.

Another inspiration for the definition of FIOs comes from the paper [36] in which distributions
on Lie groupoids are studied (see also [25]). On one hand, distributions on a Lie groupoid G that
yield G-operators are characterized and natural sufficient conditions on their wave front sets are
given. On the other hand, still in [36], the convolution product of distributions on a Lie groupoid
G is analyzed and sufficient conditions for that product to be defined are again given in terms
of wave front sets. For the understanding of the present work, it is relevant to note that all the
conditions mentioned above, as well as the formula for the wave front set of a convolution product
of distributions, have an algebraic nature involving the symplectic groupoid T*G.
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The least we can require is that a Fourier Integral Operator should be an element of I(G, A)
[32, Section 25.1] for some conic Lagrangian submanifold A of T*G, and should be an adjointable
G-operator. The article [36] already gives a way to fulfill this constraint: if the conic Lagrangian
submanifold A C T*G does not intersect the kernel of the source and target maps of T*G = A*G,
then the elements of I(G, A) provide adjointable G-operators. Note that this is a purely algebraic
condition, very simple to check in practice, which boils down to the so-called “no zeros” condition
[32, 41] in the case of the pair groupoid G = X x X. We call the conic Lagrangian submanifolds
of T*( fulfilling this condition G-relations, in reference to the classical term “canonical relations”,
and we abbreviate the corresponding Lagrangian distributions as G-FIOs.

A first natural question arises: given a G-relation A and a G-FIO u € I(G, A), we have at hand
a (O, equivariant) family of distributions u, € D'(G* x G), z € G©), and so it is natural to ask
whether these distributions are Lagrangian, that is, are ordinary Fourier integral operators on the
manifold G,.

The answer is no in general. Actually, the distributions u, are still given by oscillatory integrals,
but we provide an example where some of them are not Lagrangian distributions. This unstable
behavior is fixed by imposing that the underlying G-relation A C T*G have a projection in G
transversal to the canonical (singular) foliation of G. Indeed, this transversality condition implies
that A gives a (C°°, equivariant) family of canonical relations A, € T*(G* x Gy), = € G(°), and each
ug, being expressed as an appropriate pull-back distribution, is then an element of I(G* x G, A;).
We call the G-relations enjoying this transversality condition family G-relations and we abbreviate
the corresponding Lagrangian distributions as G-FFIOs. Note that the transversality property
characterizing family G-relations among the general ones is geometric and still very simple to check
in practice.

Thus, by construction, G-FFIOs provide C'*° equivariant families of Lagrangian distributions .,
z € G and the next natural goal is to obtain a converse statement. This is achieved after proving
that a C°° equivariant family of canonical relations A, € T*(G* x G;), = € G enjoying some
minimal transversality condition, can be “glued” into a single family G-relation A C T*G. This
requires some preliminary work on families of Lagrangian submanifolds in the cotangent spaces of
the fibers of an arbitrary submersion.

To summarize the previous discussion, G-FIOs provide a class of distributions on G desserving
the name of Fourier integral operators on GG, and among them we know how to characterize in a
simple geometric way those which correspond to C*° equivariant families of ordinary FIOs in the
s or r fibers of G.

The next natural point is to develop a calculus for G-FIOs. We explore the following issues, as
in the classical case:

e existence of an adjoint,

e principal symbol,

e composition,

e module structure over the algebra of pseudodifferential operators,
e FKgorov’s Theorem,

e C* continuity (the replacement for ordinary L? continuity).

For some of these issues, we could have restricted ourselves to the sub-class of G-FFIOs in order
to export all the results available on manifolds to Lie groupoids via the point of view of families.
Instead, we have chosen to treat G-FFIOs as single distributions on G to develop the calculus: the
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statements are simpler, more conceptual, and the central role of the symplectic groupoid T*G is
illuminated. Moreover, most of the results hold for G-FIOs and not just for G-FFIOs.

More precisely, we prove that adjoints of G-FIOs are G-FIOs, and that adjunction replaces
the corresponding Lagrangian submanifold by its image under the inverse map of the groupoid
T*G = A*G. Next, we work out a natural composability assumption on G-relations in order that
their product in T#G is again a G-relation. Then, when A; and As are composable, we prove that
the convolution of any distributions u; € I(G, A;) (that is, the composition of the corresponding G-
operators), is a G-FIO subordinate to the product G-relation Aj.Ay. We observe that the product
of family G-relations is not always a family G-relation, and likewise the composition of G-FFIOs
need not always be a G-FFIO: we explain how to strengthen the composability assumption on
G-relations to fix this problem.

The previous adjunction and composition theorems have direct applications. Firstly, the compo-
sition of G-FIOs (resp. G-FFIOs) with pseudodifferential operators are G-FIOs (resp. G-FFIOs), the
corresponding Lagrangian submanifold being unchanged. Secondly, for any composable G-relations
A1, Ay whose product is contained in the unit space of T*G = A*G, that is, A1. Ay C A*G, we get
a statement generalizing Egorov’s Theorem.

The assumption made in our version of Egorov’s Theorem can be viewed as a weak invertibility
property for G-relations. Actually, for any G-relation A1, we prove that the existence of a compos-
able G-relation Ay such that Ay % Ay = rp(A1) and A2 % Ay = sp(Aq) (here sp,rr denote the source
and target maps of T*G = A*G) is equivalent to Ay being a Lagrangian bisection. We call these
invertible G-relations.

It then follows that for any invertible G-relation A, the G-relation A* = ir(A) (where ir is
the inversion of 7*G) is an inverse, and by the composition result it also follows that uu* is a
pseudodifferential operator as soon as u € I(G,A). Hence, using known C*-continuity results for
pseudodifferential operators, which rely on the classical Hérmander trick to prove L?-continuity,
we obtain C*-continuity results for G-FIOs subordinate to invertible G-relations. This also holds
for locally invertible G-relations, that is, for G-relations onto which the source and target maps of
T*G are only local diffeomophisms, also known as Lagrangian local bisections [3].

For the sake of clarity in this introduction, we have ignored a technical point about the regularity
of G-relations. More precisely, as sets, G-relations are submanifolds, but all the statements above
are true for local G-relations, that is, those based on immersed submanifolds (ranges of immersions).
As in the classical case, we can not avoid the introduction of immersed submanifolds since the
product of two G-relations is the image of some submanifold by a C* map of constant rank. Such
images are not in general true submanifolds but are always images of some not necessarily injective
immersion: we call them local submanifolds, following the (implicit) suggestion of [32, Prop. C.3.3].
Local submanifolds are countable unions of true submanifolds of the same dimension and it is very
convenient for our purposes to handle them in this way.

The paper is organized as follows.

In Section 2, we recall notations and properties for Lie groupoids, provide examples and recall
the construction of the cotangent groupoid of Coste-Dazord-Weinstein.

In Section 3, we introduce the notion of local Lagrangian submanifolds, which is needed, as
explained before, because the product of two Lagrangian submanifolds is not in general a sub-
manifold. We then recall the local parametrization of Lagrangian manifolds by phase functions.
Next we explain a “pushforward” procedure for Lagrangian submanifolds, which is one of the main
tools used for the composition of G-FIOs. We end this section by analysing families of Lagrangian
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submanifolds subordinate to a submersion. In particular we show how such families of Lagrangian
submanifolds can be “glued” in a single Lagrangian submanifold, and how a single Lagrangian sub-
manifold can be “sliced” into a family of Lagrangian submanifolds, provided some transversality
condition is fulfilled.

Section 4 is devoted to Lagrangian distributions. We begin by recalling the classical definitions
and properties, and then we analyse the effect of the aforementioned “pushforward” operation and
the family aspect at the level of Lagrangian distributions.

Apart from the family aspect, most of the content of these sections comes from classical results
in symplectic geometry and FIO theory, being presented perhaps in a not completely classical way
to fit our later use of these results.

The truly new part of this work comes in Sections 5 and 6. In Section 5, we study operations
on Lagrangian submanifolds of the symplectic groupoid T*(G. This includes the study of their
product, transposition and invertibility property. The notion of G-relation is also introduced and
the relationship with equivariant families of Lagrangians is clarified. The G-FIOs are introduced in
section 6. Similarly to G-relations, the parallel with equivariant families of FIOs is fully analysed.
Furthmermore, we extend the basic calculus of FIOs to G-FIOs, which includes a formula for the
product of principal symbols. Section 7 is devoted to the comparison between the calculus we get
in the case of the groupoid of the b-calculus and previous constructions by R. Melrose [41].

Acknowledgments and credits. We are grateful to Daniel Bennequin for the extremely stimu-
lating mathematical discussion he offered to us. We would like to thank Dominique Manchon for
his constant encouragement. Also, we would like to thank Claire Debord and Robert Yuncken for
their interest in this project and for improving several parts of the paper.

2. THE COTANGENT GROUPOID

2.1. Main notations. We will first recall the basic definitions related to Lie groupoids in order to
fix our notation. For a complete course on the subject, the unfamiliar reader is invited to consult
for instance [39, 46] and references therein.

A Lie groupoid is a pair of manifolds (G, G(9)) provided with the following C°° maps:

— a source map s : G = G and a target map r : G = G, both required to be surjective
submersions;

— an inclusion of units u : G© — G;

— an inversion map ¢ : G — G,

— a multiplication map m : G® = {(y1,72) € G*; s(y1) =7(12)} — G.

All these structural maps are required to satisfy the following relations, whenever they make sense:

r(u(z)) =z and s(u(z)) == ; s(t(v)) = r(v) and r(c(v)) = s(v);
r(v)y =7 and ys(y) = v ; r(v172) = r(m) and s(y172) = s(72);
vyt =r(y) and vy = s(v) ; (1172)73 = 71(7273)-

Above, we have simplified the presentation by writing v172 = m(y1,72), v~! = () and by identi-

fying G with u(G®) c G.

It follows from this definition that ¢ is an involution, that m is a surjective submersion and that

1

for any v € G, the element v~ is the unique solution « of yao = r(7y), ay = s(7). These assertions
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need a proof, and the unfamiliar reader is invited to consult for instance [39, 46] and references
therein.

Elements of G are usually called arrows, elements of G(©) units and elements of G(2) composable
pairs. We will note G, = s (), G* = r~'(z) and G¥ = G, N GY for any z,y € G©. These
subsets of G are submanifolds and GZ is a Lie group for any z € GO, We will also write m, for
the restriction of the multiplication map m to the submanifold G, x G* ¢ G2,

We will also consider, right and left multiplication maps by an element v in G. Precisely we set
Ry : Gy = Gyys71 = 71y and Ly G5 = G g 5 .

The Lie algebroid AG of the Lie groupoid G is the normal bundle of G() in G, that is
(1) AG = Tg0G)TGO = NGO,

Since 100G = ker ds @ TGO = kerdr @ TG®, the bundle AG is canonically isomorphic to (and
if sometimes identified with) ker ds|; ) and kerdr|,w). The dual Lie algebroid A*G, that is, the
conormal space of G(©) in G, will play an important role in this paper.

Finally, the projection maps G2 — G, G@ — @G are denoted respectively by Prj, prejy, j =
1,2 and if E, F are vector bundles over GG, we will use the shorthand notation £ X F' to denote
pr(y)*(E) @ pr(gy*(F) — G2,

2.2. Examples. Many examples of Lie groupoids appear in the litterature [72, 58, 16, 54, 49, 20,
47, 23, 21, 64, 65, 24]. We just give below a few basic examples of these objects.
(1) The pair groupoid of a manifold X is given by G = X x X G = X, the maps r and
s being respectively the first and second projections, the multiplication being given by
(z,9)(y, z) = (z, z) and the inversion by (x,y)~! = (y,x). This is a simple but fundamental
example, for the G-WDOs, and the G-FIOs that will be defined in this paper, are respectively
in that case the usual YDOs and FIOs on the manifold X.
(2) A Lie group G is obviously a Lie groupoid: with G = {e}, where e denotes the neutral
element.
(3) Let X be a manifold with boundary 0X =Y and let « be a defining function for Y. The
b-groupoid is the following subgroupoid of X? x R} = X:

(2) Gy ={(p,a.t) € X*> xR% ; 2(q) = tz(p)}.

We will come back to this example in the last section of this paper.

(4) A fibre bundle, a fibration or a foliation also give rise to natural Lie groupoids. For a regular
foliated manifold (M, F), the holonomy groupoid is the quotient of the fundamental group
of F (the paths in the manifold F up to homotopy) by the relation “having the same
holonomy”, which means that the germs of diffeomorphisms on the transversal part defined
by parallel transport along the paths are the same (see [20] for the case of singular foliations).

(5) Deformation groupoids like adiabatic groupoids or non commutative tangent spaces are
groupoids naturally arising in index theory [22].

2.3. Associated foliations. It will be useful for our purpose to consider some natural (singular)
foliations associated to groupoids.
Let G be a Lie groupoid and consider the equivalence relation on GO

(3) T ~aoy if Gg # 0.
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The equivalence class of z € GO, also called the orbit of z is denoted by O,. We obviously have
(4) Oy =7r(s !(z)) = s(r ' (z)) c GO,

It is true that the O, are all immersed submanifolds [39, Theorem 1.5.11], see also [58, 46]. This
defines a singular Stefan foliation F) (see [39, Section 1.8, p.51]) that will simply be called the
canonical foliation of G(©).

The leaves of F0) can be lifted to G using r and this gives rise to another singular Stefan
foliation Fg that we call the canonical foliation of G. Using s instead of r gives the same foliation.
The leaves of Fg are immersed submanifolds and coincide with the equivalence classes of the
equivalence relation on G given by

(5) ~va e if Gi&; # 0.

2.4. The cotangent groupoid. Given a Lie groupoid G, the cotangent manifold I' = T*G has a
non trivial groupoid structure whose space of units is I'©) = 4*@ [19]. This cotangent groupoid is
of crucial importance in this paper and we recall its definition [19].

The product in I" is defined as follows. Given (y1,£1) € T*G and (72,&2) € T*G, then

(6) (71,61)-(72,§2) = (7172, 61 © &2)

where the linear form & & & € T7

1, G 1s defined by

(7) €1 ® Ex(dm(ty, 1)) = &1(t) + &alta), (b1, 12) € Ty, )G,

For this to make sense, one just needs to assume first that y; and 5 are composable in G and then

that the linear form (&1,&2) € T, 72)G2 vanishes on ker dm, that is

(8) (£1,&) € (ker dm(y, 4))",

where the orthogonal is taken in 7*G?. In other words, the subset of composable pairs in T is given
by:

r® = (ker dm)+r*c?

and the multiplication map mr, defined by (6) and (7), reads

mr(f}/h 517 72, 62) = (m(’}/l, '72)7 (tdm(’n,’yz))il(p(gl? 52))7

where p denotes the canonical restriction map
(9) p: TheG? — T*(G?).

One can show that there exists a unique Lie groupoid structure on I' whose multiplication is indeed
given as above (see [19, 39, 59, 36] for details). The remaining structural maps of I" are the following:

L4 SF(’%&) = (3(7)75(6)) with 5(6) = td(L’Y)s(fy) (5) S A:(W)G = (TS(’Y)G/TS(’Y)G(O))*;
o 10(1,6) = (r(1),7(€)) with T(€) = ‘d(Ry)y)(€) € A%y = (T G/ Ty GO)*
o ir(7,6) = (v —("dey) H(E))

Note that all structural maps of I' are vector bundles homomorphisms. If we denote by

p:T—G ; pPP:I?—ac? ; p@.1@ _ag@ . pO.pO GO
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the natural vector bundle projection maps, we get the following exact sequences:

(10) 0 ——= N*(G®) re oy 0
lp@) lp@) lp
G = g =, g,

(11) 0 —— (kerdr)* p—— () 0
N
G——G— a0,

and

(12) 0 — (kerds)t r— 1o 0
C
G—G—>5a0,

Using again the canonical map p : T, G? = T*G?), we get p(T?) = (ker dm)LT*(Gm). Setting

(13) T'® = (ker dm) @@ and mp = (m, ("dm)~"),

we get an additional exact sequence of vector bundles:

(14) 0 —— kermp r® 2. 1@ 0
l(mﬁ) lmr lfn‘F
0—>Gx{0} —>T ———>T 0.

The kernels of the structural maps mr, rr, sp will play an important role later on.
Recall that any distribution on G with wave front set WF (u) satisfying

(15) WF(u) Nker rp = WF (u) Nker sp = ()

gives rise to a convolution operator f — u * f mapping C2°(G) into C*°(G) and whose adjoint
enjoys the same mapping property [36]. Therefore, Condition (15) is an analog for groupoids of

the classical “no-zeros” condition:
(16) WF(u) C (T*X \0) x (T*Y \ 0)

on a distibution u € D'(X xY), which implies that u defines continuous linear operators C°(Y') —
C>®(X) and C(X) — C*°(Y) through the Schwartz kernel Theorem. Above, we have set, for any
manifold M,

T*MN\ 0= {(,€) € T"M ; € #0}.
This leads us to introduce the following open subset of T*G:

(17) T*G = T*G \ (kerrp Uker st),

which is obviously a subgroupoid for rr o mr = rp o pry, sSp ompr = sr o pry and rr o (r = Sr.
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The previous analogy can be made more concrete as follows. Let W be any subset in G and
consider the family of sets W, parametrized by z € G(© and defined by pulling-back W by the
maps my, that is:

(18)
Wy = m;W = {(71,61,72,&2) € T* Gy X T*GT 5 3(7,€) € W, miv2 =, (dmy)y, 4, (6) = (61,62}

Alternatively, these sets are also given by:
(19) Wa = po(mp'(W)NTE, (oG x G) C T*Gy x T*G",
where p; denotes the restriction map T¢; , .G X G = T*Gy X T*G*. Then,

Proposition 1. For any subset W C T*G, the following assertions are equivalent:

(1) W is included in T*G;
(2) For any z € GO, W, C (T*G,\ 0) x (T*G*\ 0).

A subset of T*G included in T*G will be said to be admissible.
Proof. Differentiating m,,, we get
A(Mz) (41 40) (B1,12) = (AR, )y, (t1) + (AL, )y (t2), for all ¢y € T, Gy, t2 € T, G
and then
(M) (132 (§) = (AR, (8), "dLA, () = ("dR 1 (F(€)), "dL 1(5(8))) € T3, Go x T3, G".
It follows that
We = { (1 "R, (F() 2. AL, 1 () 3 (7)€ G x G, (172,€) €W}
Since thfl and tdL,y; are bijective, the result follows. O

k3

Moreover, given any subset W C T*G, the family (m}(W)),cqw is equivariant, which means:

(20) Vz,y € GO, (71,72, 61,&) € Wa, ¥y € G, (17,7 192, H(dR-1)(&1), ' (dL, ) (&2)) € W,

Indeed, if v € Gy and ¢y : Gz X G — Gy x GY denotes the map defined by cy(71,72) =
(717,712), then the commutative diagram

(21) Gy x G* — G
Cwl /
My
Gy x GY

yields the equality (cy)*(Wy) = W, and then the property (20).

3. LAGRANGIAN SUBMANIFOLDS

In the rest of this paper, all manifolds are C*°, g-compact and with connected components of
the same dimension. All maps are C'™ and submanifold means C*° submanifold.
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3.1. Local submanifolds, families of submanifolds. As observed in [32, Chapter 21], immersed
Lagrangrian submanifolds are the natural objects parametrized by nondegenerate phase functions.
By definition, immersed submanifolds are ranges of (not necessarily injective) immersions, so they
can be quite far from being submanifolds. Moreover, immersed submanifolds sometimes arise not
as images of immersions, but as images of maps of constant rank.

As it is not always relevant to introduce the appropriate immersions to study immersed subman-
ifolds, we propose the following elementary reformulation of the notion of immersed submanifold,
which is, in our interpretation, suggested in [32, Proposition C.3.3].

Definition 1. A local submanifold of a manifold is a subset consisting of a countable union of
submanifolds all of the same dimension.

The following companion terminology will be used:

Definition 2. A patch in a p-dimensional local submanifold Z is a p-dimensional submanifold
included in Z.

A parametrization of a local submanifold is a diffeomorphism of a manifold onto a patch.

For instance, the union of the coordinates axes in R? is a 1-dimensional local submanifold and
each axis is a patch.

Local and immersed submanifolds refer to the same objects. Indeed, let Z be a local submanifold
of X and let (Z;); be a countable family of patches such that Z = U;Z;. The disjoint union
Y = U;Z; is a manifold and the obvious map f : Y — X is an immersion satisfying f(Y) = Z.

Conversely, if f : Y — X is an immersion then one can cover Y by a countable family (Uj;) of
open subsets such that f : U; — f(Uj) is a diffeomorphism. Thus the image Z = f(Y) = Uf(U;)
is a local submanifold of dimension dim Y.

Actually, ranges of maps f : Y — X of constant rank are also local submanifolds. Indeed, by
(32, Proposition C.3.3]) there exists countable families of local coordinate systems (Uj); covering
Y and (Vj); covering X such that f(U;) C V; and f is given in these coordinates by

(22) fyis e o ym) = Wi, ¥p, 0,...,0) Y(y1,...,ym) € Uj.
Set Y; ={y € Uj; ypy1 =+ = Ym = 0} and consider the manifold Y = U;Y;. The natural map
(23) Y3y f(y)

is an immersion with range Z.
We recall that two submanifolds Z7, Z5 of X have a clean intersection if Z1 N Zs is a submanifold
and at any point z € Z7 N Zs,

(24) Tz(Zl N ZQ) =T, Z21NT, 2.

The excess of the intersection is the number e = codim(7,Z; +7,Z5). The intersection is transversal
if e = 0 and the transversality of Z1, Zs is denoted by Z; th Zs. This adapts to local submanifolds
as follows.

Definition 3. The intersection Z1 N Zo of two local submanifolds Z1, Zo of a manifold X is clean
(resp. transversal) if there exists covers (Z1;) and (Zay) of Z1 and Zy by countably many patches
such that Zy; N Zyy, is clean with the same excess (resp. transversal) for all j, k .

In the following definitions, we consider a surjective submersion 7 : X — B between manifolds.
The fiber of 7 at the point b is noted Xj.
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Definition 4. A local submanifold Z of X is said to be transverse to mw if it can be covered by a
countable family (Z;)icr of patches such that |z, : Z; — B is a submersion for any i € I.

Definition 5. A C*° family of local submanifolds subordinate to 7 is a family (Zy)pey where U
is an open subset of B and Zy is a subset of Xy for any b, such that Upcp Zy is a local submanifold

of X transverse to 7.

Finally, patches and parametrizations of a family Z = (Zp)pep as above refer to the corresponding
object for the local submanifold Z = Upcr Zp; and a section of Z is a local section of 7 taking values
in a patch of Z.

3.2. Phases, clean and non-degenerate phases. Recall that a subset & of R™ x RY is conic
if (x,0) € U implies that (x,t0) € U for all ¢t > 0. A map x : U — V between conic subsets is
homogeneous if x(z,t0) = tx(z,0) for all t > 0.

Definition 6. [31, p.86][32, 21.1.8] A cone bundle consists of a surjective submersion p: C — X
and an action of R on C' which respects the fibers of p and such that:

For all v € C, there exists a conic neighborhood U of v in C and a homogeneous diffeomorphism
x:U =V CR®x (RN \ {0}) onto a conic open subset such that the following diagram commutes:

Uu—— 5y

N A

The triple (U,V, x) is then called a conic local trivialization of the cone bundle around v. When X
is a point, C' is called a conic manifold.

Example 1. (1) If X is a manifold, T*X \ 0 is a conic manifold.
(2) Let m: Z — X be a submersion onto X, and set C = Z x R¥\ 0 and p = wopry. Then C,
with the obvious Ry -action, is a cone bundle over X. Conic local trivializations are built
from local trivializations r : p~ (U) = U x Y x R¥\ 0 composed with

(2,9,0) — (z,]0].y,0) € U x (R"27"xFk\ 0),

Definition 7. [32, Def. 21.2.15],[30, p. 154]. Let X be a manifold and U C X an open subset.

(1) A phase function over U consists of a cone bundle (p, C,U) and a C*° homogeneous function
¢ : C' = R without critical points.

(2) Let ¢ : C — R be a phase function over U. Let us denote by ¢y : C — (kerdp)* the
restriction of the differential of ¢ to the fibers of p: C' — U. We say that ¢ is clean if the

set

(26) Cp = {v € C; Glep(v) = 0} = (¢) ' (ker dp™)

is a submanifold of C' with tangent space given by the equation d¢,., = 0. The excess of
the clean phase ¢ is the number e = dim Cy — dim X = dimker dp — rk(d@q,()-

(3) The phase function ¢ is non degenerate if ¢l is a submersion (that is, clean with e = 0).

Using ‘dp~! : (kerdp)t — T*X, the “horizontal” part of d¢ is then well defined on C, by
¢ilor(v) = t(dp’u)il(d)/(v)) p(’U)X that 1S

(27) Ghor(0)(t) = # (W)(u), ¢ € p*(TX)y, dp(u) =t.
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We introduce the map
(28) T¢ : C¢ — T*X
v (p(v), o (V)

and we set

(29) Ay =Tp(Cy) = {(p(v), Phior(v)) 5 Prert(v) = 0}

If ¢ is clean, then for any v € Cy, there exists an open conic neighborhood V' of v in C' such
that T4(V) is a C* conic Lagrangian submanifold of 7*X \ 0 and Ty, : Cy NV — Ty(V) is a
fibration with fibers of dimension e and therefore Ay is a conic Lagrangian local submanifold of
T*X \ 0 ([32, 30], see also Remark 3.3 below). Moreover, if the fibers of Ty are connected and
compact then Ay is a true submanifold and 7§ : Cy — Ay is a fibration. On the other hand, if ¢
is non-degenerate, then Ty is an immersion, but nothing is gained in terms of the regularity of Ay,
which is still only a local submanifold.

Conversely, any conic Lagrangian local submanifold A of 7% X \ 0 can be parametrized by non-
denegerate phase functions [32, 30]. This means that for any (z,£) € A there exist an open conic
neighborhood W of (z,&) into T* X, an open conic subset V' C X x RY \ 0 and a non-degenerate
phase function ¢ : V. — R with Ay = ANW.

3.3. “Pushforward” of Lagrangian submanifolds. The following statements are mainly re-
formulations of existing results [70, 32, 30]. Precisely, we discuss a procedure consisting firstly
of taking the intersection of a given Lagrangian submanifold with a coisotropic submanifold and
secondly of pushing forward this intersection to another symplectic manifold using a suitable map.
This procedure, which is not a simple pushforward (the first part is rather a pull back), is the main

step in the composition of Lagrangian submanifolds of cotangent groupoids.

Proposition 2. Let (S,wg), (T,wr) be symplectic manifolds, H be a submanifold of S and p :
H — T be a surjective submersion such that

(30) p(wr) = wsla-
(1) The following assertions are equivalent:
(a) H is coisotropic;
(b) (kerdu)tws = TH;
(c) the graph Gr, = {(z,u(x)) ; * € H} is a Lagrangian submanifold of S x (=T).
(2) Assume that the previous assertions are true. If Aisa Lagrangian local submanifold of S

with clean intersection with H then
(31) A= p(ANH)

1s a local Lagrangian submanifold of T. If moreover A is a submanifold and the map
uw:ANH — A has compact and connected fibers, then A is a submanifold.

Proof. (1) The condition (30) implies that for any z, ker du, C (T, H) s. Let us assume that
H is coisotropic, that is, that (T, H)*s C T,H for all z. Let u € (T,H)*s. Then by
assumption

wr(dp(u), du(v)) = ws(u,v) =0 for all v € T, H,
which by surjectivity of du proves that u € ker du,. This gives (a)=-(b), and the converse

implication is trivial.
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Let (s,t) € (T Gry)t and choose u € T, H with du(u) = t. Then wr(du(u), du(s')) =
ws(s, s') for all (s',du(s")) € T Gry,. Using (30), this gives u — s € (TH)*, and assuming
(b) this gives ¢t = du(s), which proves that Gr, is coisotropic and thus (c) since (30) is
obviously equivalent to the isotropy of Gry,.

For (c)=-(a) we apply the following elementary lemma.

Lemma 3. Let \ be a coisotropic linear subspace in a product of symplectic vector spaces
S1 x Sa. Then pr;()) is a coisotropic subspace of Sj, j = 1,2.

Using a decomposition of A into patches, it is sufficient to assume that A is a submanifold.
The result now follows from a symplectic reduction procedure: see [32, Proposition 21.2.13,
Theorem 21.2.14] or [70, page 12]. We outline the proof.

By assumption AN H is a C*® submanifold and at any point x € ANH ,

T.(ANH)=T,ANT,H.

Since ker du, C (kerdu,)*» = T,H, the symplectic reduction ([32, proposition 21.2.13])
applied to A = T, A asserts that

N = (Txfx N H) / (TI(K) A ker dux)

is a Lagrangian subspace of the symplectic vector space S" = T, H/ker du, ~ T),)(T).
Therefore, rank dp, = dimT/2 is independent of z and the image A = (A N H) is a local
submanifold of T of dimension dim7'/2. Assumption (30) implies that dp(T,A N H) is
Lagrangian, so A is a Lagrangian local submanifold. If the fibers of ju[5., are moreover
compact and connected, it follows by standard arguments of differential geometry that A
is actually a submanifold of T'.

([l

We now give a generic example in which Proposition 2 applies. This example also shows how,

and when, clean phase functions arise in the task of parametrizing Lagrangian submanifolds.

Proposition 4. Let X,Y be manifolds, Z C X a submanifold and f: Z — Y a submersion. Set
H = (kerdf)t Cc T*X and

i H S (2,6) — (f(2),'df; 1 (€)) € T°Y.

The following assertions hold.

(1) Gr, is a Lagrangian submanifold of T*X x (=T*Y').
(2) Let A be a conic Lagrangian local submanifold of T* X \ 0 intersecting H cleanly with excess

(33)

e and such that NN N*Z = 0. Let (z,&) € AN H and let
qu: UxRY SR (U open subset of X)

be a non-degenerate phase function parametrizing A around (z,€). Setting V. =UNZ, the

restriction ¢ of(g to VxRN is a phase function on the cone bundle
fopr;:C=VxRY\0)— f(V)CY.

This phase function is clean with excess e and parametrizes A = u(/N\ﬂH) around p(z, &) =

(f (), "(df~1(€)))-



Proof.

(38)

(39)

(40)
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(1) This is immediately checked using local coordinates (2/, 2", 2™) for X such that Z
is given by 2 = 0, 2/ gives local coordinates for Y and f(2/,2”) = 2/. Then one has
H = {(«/,2",0,£,0,£")} so that H is coisotropic and one can apply the first part of
Proposition 2.

All the assertions being local, we may assume that A is C°. Tt is obvious that ¢ is C'*° and
homogeneous in the fibers of the given conic manifold. Assume that d¢ vanishes at a point
(z,0) € V x RY. This means that ¢ satisfies

O (z,0)(t) =0Vt € TuZ, ¢y(x,0) =0.

This implies that (z, ¢,(z,0)) € AN N*Z, which contradicts the assumptions. Thus ¢ is a
phase function.
To precise Cy, we denote by y € Y the space coordinate of ¢ and

w=(z0), whereze f(y)CZ,
the parameters. Then
Co=1(2,0) : 6,(x,0) =0},
Observe that ¢/, = (¢, %’9) = (¢, ¢y). Thus
Co={(2,0) € C5 ; F(x,0) = 0}.
Observe that ¢/, (z,0) = 0 means exactly that ¢/, (x,6) € (kerdf ). Therefore
(z,0) € Cp < (z,,(x,0)) € AN H.

It follows that the local diffeomorphism T$ : 05 — A maps Cy onto AN H:

Cy > (2,0) %, (2, (,0)) € AN H.
This proves that Cy is a C°° submanifold of C$ since by assumption ANHisaC®
submanifold. Recall that Cy is given by the equations
(2,0) e VxRN, ¢.(2,0) =0, ¢px,0)=0.
The first one means that (z, ¢/, (z, 6)) = T(g(x, §) € H and the second one that (z, ¢, (z, 0)) =
Tq;(x, 0) € A. Recall that H is given by the equation
p(x,€) = (2,0),

where p : T3 X — (kerdf)*, (z,&) — (x,&;) is the submersion given by the restriction of
linear forms to ker df. Since by assumption we have

T(ANH)=TANTH

and since TA and TH are given respectively by the equations d¢j, = 0 and dp = 0, it
follows that (¢,¢) € TZ x RY belongs to TCy if and only if dTg(t,C) € T(AN H). The
latter condition is equivalent to

dep(t,¢) = 0 and dpdT5(t,¢) = 0.
Taking into account the definition of p and its linearity in the fibers, (41) is equivalent to
dey(t,¢) = 0 and d@.(t,¢) = 0,

that is, to d¢/,(t,{) = 0 and this proves that ¢ is a clean phase function.
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Remember that ¢ is a phase function on the cone bundle V x RN f(grl Y, that is, the
space variable is ¥y € Y and the parameter variable is w = (z,6) with z € f~!(y). The
differential ¢}, (y,w) € T, v Y of ¢ in the “horizontal direction y” is well defined if and only if
the vertical differential ¢/, vanishes, and then

(43) & (y,w)(v) = d,d(2,0)(u) Vu € T,Z such that df (u) = v.
Since dgy g)(u) = da(z,g)(u), it follows that, around u(z,§),

Ay ={(y, ¢h(y,w)) 5 (y,w) = (2,0) € Cy}
(44) ={(/(2),"df1(9.(2,0)) ; (2,0) € Cy}
= A.
We have dim H = nx +ny and dim Cy = dim A N H. Then
e = (2nx —dimA) 4 (2ny —dim H) — (2nx — dim AN H)
(45) = nx+4nx —ny —2nx +dimANH =dimANH — dim A
= dimCy — dim A,

and the latter is by definition the excess e of ¢.
O

Remark: Let ¢ be a phase function over Y, defined on the total space of a given cone bundle
p:C =Y. Then A = Gr(¢') is a Lagrangian submanifold of 7*C and in the notations of the
previous proposition with Z = X = C, f = p, we get

AN H is clean if and only if ¢ is a clean phase function,
and since (v, &) = (p(v), &nor) for all (v, &) € H = (ker dp)*, we also have
(A = A,
where A, is defined in (29).

3.4. Families of Lagrangian submanifolds and submersions. Let 7 : M — B be a surjective
submersion, with fibers of dimension n and base of dimension g. The inclusion M, < M is denoted
by ip. We consider the vector bundle V*M = (ker dm)* = UpepT™* My, over M and we denote by p
both the projection maps T*M — M and V*M — M. Similarly, the natural submersions maps
T*M — B and V*M — B are both denoted by o, while the natural restriction map T*M — V*M
is denoted by p. The fibers of V*M — B are exactly the cotangent spaces T* My, b € B. We have

a short exact sequence of vector bundles over M,
(46) 0 — (kerdm)t — T*M 25 V*M — 0.

We are interested in C*° families (Ap)pep of (local, Lagrangian, conic) submanifolds subordinate
to o in the sense of Definition 5. By a slight abuse of vocabulary, we will say that they are
subordinate to w. Similarly, we will say that A C T*M is transverse to m if it is transverse to
c=mop:T*M — B in the sense of Definition 5, which here is obviously equivalent to the

condition

(47) T, My + dp(TméA) =T,M Vbe B, Vx € My;
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that is, equivalent to the transversality of the maps i, : My — M and p|p : A — M for any b. The
next theorem is a straight adaptation of Theorem 21.2.16 in [32].

Theorem 5. Let L = (Ay)pep be a family of conic Lagrangian submanifolds subordinate to m and
L = UpepAy C VM \ O the associated transversal submanifold.

(1) For any (mo, &) € Ap,, there exist local trivializations of m around mg such that in the
associated local coordinates (x,b,§) of V*M, the map

(48) L>(z,b,€) — (b,§)

is a local diffeomorphism. Such a local trivialization is called adapted to L (or L).

(2) In local trivializations adapted to L, there exist conic neighborhoods W of (by, &) € R? x
(R™\ 0) and V of (mg,&) € VM \ 0 and a unique C* function H : VW — R homogeneous
of degree 1 such that

(49) LNV ={(H¢b,€).b.8) ; (b€ € W}
In other words, the C* function ¢(x,b,&) = (x,&) — H(b,&) provides a family labelled by b

of non-degenerate phase functions ¢(-,b, ) parametrizing Ay.

Using the notions of sections, transversality and parametrizations introduced in Paragraph 3.1,
we see that the conclusions of the theorem hold for families of conic Lagrangian local submanifolds
as well. We just need to replace L in (48) by a patch L.

Thus, families of Lagrangian local submanifolds are parametrized by families of non-degenerate
phase functions defined in open cones of M x (R™\ 0).

Proof. Let (y, z) be a local trivialisation around mg. Here, z = (21, ..., 24) gives local coordinates
of B at by and for fixed b, y = (y1,...,yn) gives local coordinates of M. Following the proof of
[32, Theorem 21.2.16], we can perform a change of variables x = z(y) so that, as submanifolds of
T* My, the space Ay, is transversal to the horizontal subspace £ = &y at the point (myg,&p), and
then so that the map Ay, 3 (z,bo,&) — & has a bijective differential at (zo,bo,&p). Moreover, by
assumption, the map L > (z,b,£) — b has a surjective differential at (zo,bg,&o). Therefore, the
differential of L > (x,b,&) — (b, &) is surjective at (xzg, by, &), hence bijective for dim L = n + q.

We now turn to the second assertion which consists of routine computations (see for instance the
end of the proof of [32, Theorem 21.2.16]). By 1., there exists a neighborhood U = (U x W) x C
of (zg,bg, &) € R" x (R™\ 0) and a C* function z(b, ) defined on W x C such that

LU ={(x(b,€),b,€) ; be W, € C}.

Since x is necessarily homogeneous of degree 0 in &, we can assume that C is a cone. Since the
canonical 1-form of T* M}, vanishes on Ay, we get

> &deni(b,€) = 0.
J

In other words, the linear form wu (x'g(b, €).u, &) vanishes. It follows that

(50) 2(b,§) = He(b, ), with H (b, &) = (x(b,£),€),

and that, by the Euler formula, this function H is unique among C'*° functions K (b, ) homogeneous
of degree 1 in ¢ and satisfying K/ = x. Finally, it is clear that for fixed b, the function ¢(z,b, ) :=
(x, &) — H(b,&) is a non-degenerate phase function parametrizing Ay. O
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Theorem 6. Let (Ap)pep be a family of conic Lagrangian local submanifolds subordinate to .
There exists a unique conic Lagrangian local submanifold A C T*M transverse to w such that

(51) ZZA =Ny, b€B.
One says that A is the gluing of the family (Ap)pep-

Proof. We first assume that (Ap)pep is a family of submanifolds. Assume that A is a conic La-
grangian submanifold of T*M satisfying (51). Let k : U — U x W, k(m) = (z,b), be an adapted
local trivialisation and H the corresponding function constructed in Theorem 5. By assumption,
we have in these coordinates

(52) k(AN TU) C {(HLD,€),0,6,7); €€C, (b7) € T*W}.

The projection (x,b,&,7) — (b,€) restricted to (A NT*U) is still a local diffecomorphism since
dim A = n+gq. Thus 7 is a C* function of (b,&). Since A is conic and Lagrangian, the fundamental

one form of T M vanishes identically on A, which yields
0 = ijd<ng><b, £) + anbl
= Z@ (b€ d§z+Z§7Hblg b,&)db; + > mdby
Lj l
= Z §iH, bzé (b,&)db; + Z Tidb;,  since Héz is homogeneous of degree 0 in &,
= Z Hbl (b,&)db; + Z Tidb;,  since Hl/n is homogeneous of degree 1 in &.

This proves that 7(b,§) = —H;(b,&) and thus
(53) (AN T U) = {(H(b,€),b,& —H(b,€)); §€C, be W} C (T*U x T*W)\ 0.

This proves uniqueness and the transversality of A with respect to m as well. It also proves existence
in open subsets of the form T*U, U being the domain of an adapted local trivialisation. We note
for future reference that given (m, &) € Ay, there is a unique (m, ) € A such that p(m, () = (m,§).

The existence follows from the local existence and uniqueness . Indeed, let (x;,U;), j = 1,2,
be two adapted local trivialisations such that U; N Uy # () and Ay, Ay the submanifolds of 7%,
and T*Us defined by (53). The previous argument of uniqueness proves that over T*U; N Uy we
have A; = As. This allows us to define a solution A globally on T*M using a cover by adapted
trivialisations.

Now, let us consider the general case. Choose a countable cover of £ = (Ap), by families
L; = (Abj)ber, j € J, of conic Lagrangian submanifolds. By the first part of the proof, there
exists for any j a unique A; C T*M gluing £;. Then A = UjA; is a gluing of £ and this
proves the existence. If A} is a patch contained in another solution A’, then p(A}) is contained in
p(A') = L = UgAy. For any j € J, the set Lj = UpAp; is a patch of L and by the remark made
just after the proof of uniqueness in the submanifold case, we get that p_l(Lj) N A} is contained in
the unique conic Lagrangian submanifold A; gluing £;. Therefore, A} C UyA; = A and uniqueness
follows directly. O

Conversely, we have the following statement, which can be generalized to the local case.

Theorem 7. Let A C T*M \ 0 be a conic Lagrangian submanifold transverse to w. Then



(1)
(2)

(54)

Proof.

(55)

(56)
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A N (ker dm)* = ().
(iy (A))ven is a family of conic Lagrangian local submanifolds of T*My\ 0. In other words,
p(A) is a local submanifold of V*M transverse to m and for any b, the fiber

Ao = i3(A) = p(A) N T* M,
is a conic Lagrangian local submanifold of T* My \ 0.
(1) On one hand, by dualizing the transversality condition (47), we get
(ker dm)* N (dp(TA))*t = M x {0} c T*M.
On the other hand, the inclusion
A C (dp(TA)*

holds. Indeed, by conicity of A, any (z,£) in A corresponds canonically to a vertical vector
in T, ¢)A, denoted by v(§). Since A is Lagrangian, we have with these notations

£(dp(Z)) = w(v(§),Z2) =0, VZ T ,eA,

where w denotes the symplectic form of T*M. Therefore A N (ker dr)* C {0} and since by
assumption A C T*M \ 0, the first assertion is proved.

As observed in [30, Chap. 4, Par. 4], the transversality assumption (47) is actually equiva-
lent to the transversality of the intersection of the canonical relation

A(ip) = {(m, =&,m, Q) € T" My x T*M ; m € My, (|1,,m, = &}

with A, viewed as a canonical relation from 7T*M to a point. Therefore, Hormander’s
product of canonical relations applies [32, Theorem 21.2.14], that is, the map

po: ANTy M — T*My \ 0, (m,¢) — (m,¢|T,,M,)

is an immersion with range py(A) = Ay = i;(A) a conic Lagrangian local submanifold of
T*My \ 0, for any b. From now on, let (mqg,{y) € A, by = 7(myg), (Mo, &) = p(mo, (o) and
choose a local trivialization k(m) = (z,b) of m around mg. After applying, if necessary,
a diffeomorphism in the z variables independent of b, we can assume that x is such that
in a neighborhood of (mg,&p) in T*Mp,, the projection Ay, 3 (x,€) — & has a bijective
differential. Moreover, by assumption, the map (x,b,{) — b has a surjective differential

everywhere. It follows that the map
A>3 (x,0,&,7)— (b,) e RTx R"

has a surjective differential, and therefore is bijective for dimensional reasons. In particular,
this proves that the map p : A — V*M is an immersion, and thus p(A) is a local submanifold.
It is also obvious from the same argument that p(A) is transverse to 7, which proves that
(1*(Ap))pep is a C*° family of conic Lagrangian local submanifolds.

O
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4. LAGRANGIAN DISTRIBUTIONS

4.1. Lagrangian distributions on a manifold. Unless otherwise stated, we use the definitions
and notations of [32] for all the notions involved in the theory of Lagrangian distributions.

Let X be a C* manifold of dimension n, E' a complex vector bundle over X, A a conic Lagrangian
submanifold of 7*X \ 0 and m € R. The set I"™(X, A; E) consists of distributions belonging to
D'(X, E) which, modulo C*(X, E), are locally finite sums of oscillatory integrals ([32, Section
25.1]):

(58) w="Y (2m) "t/ / e91@0) g (x,0;)dd; mod C®(X, E),
Jje€J
where for all j,
o (z,0;) e V; CUjx RN with Uj alocal coordinate patch of X and V; an open conic subset;
e ¢;:V; — R is a non degenerate phase function providing a local parametrization of A;
e aj(x,0;) € Sm+(nx—2Nﬂ')/4(Uj x RNi| E) has support in the interior of a cone with compact
base and included in V;.
Such distributions are called Lagrangian distributions associated with A, with values in £. When
A is the conormal bundle of a submanifold, they are called conormal distributions.

In the definition above, one can allow conic Lagrangian local submanifolds of 7% X \ 0, and thus
the set I"™ (X, E) of all Lagrangian distributions with values in E is a vector space.

The principal symbol of an element in I"™(X,A; E ® Qi(m) can be defined as an element of
Smtn/4(A [y @ E), well defined modulo S™+/4=1(A, Iy @ E). Here I is the tensor product of the
Maslov bundle with half densities over A and F is the pull back of E onto A. The principal symbol
map gives an isomorphism [32, Theorem 25.1.9]

(59) o IM(X, A\ E ©QY?) — St/ Iy @ ),

with the conventions I = 1*/1*=1 Skl = g*/g*~1,

Let X,Y,Z be C* manifolds and A; C T*X \ 0 x T*Y \ 0 and Ay C (T*Y \ 0) x (T*Z \ 0)
be conic Lagrangian submanifolds closed in 7*X x (T*Y \ 0) and T*Y x (T*Z \ 0) respectively.
It is understood that the symplectic structures of T*X x T*Y and T*Y x T*Z are the product

ones. Assume that the intersection of A; x Ay with T7*X x N*(Ay) x T*Z is clean with excess e,
1/2

where N*(Ay) is the conormal space of the diagonal Ay in Y2. If 41 € I™ (X x Y,A;;Q4y)
and Ag € I"2(Y x Z, Ay; Q;/iz) are properly supported, then [32, Theorem 25.2.3]
(60) A= Ayo Ay e TMHmetel2(X 5 7 A, QY2 ).

Here A; o Ay is defined through the Schwartz kernel theorem and A is the conic Lagrangian local
submanifold defined by the composition of A; and As:

(6]‘) A= Al © A2 = {($,£,Z,C) ; El(ya 77) € T*Yv (':Eaé?y, =, y?ﬁazaC) € Al X AZ}

Under the same assumptions on A;, ¢ = 1,2, there is thus a well defined product of principal
symbols:

(62) S[m1+(nx+ny)/4}(A1,IA1) w Glme+(ny+nz)/4] (Ao, Ip,) AN S[m1+m2+e/2+(nx+nz)/4](A’IA)
which is defined abstractly by

(63) a=ajoay=o(c ar) oo (az))
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and computed concretely through the integral

(64) a(y) = /C a1 X as

~

where ay,as,a are representatives in S* of the given classes in S, 4 € A; o Ay, the manifold (O
is the fiber of the projection map

(65) pi A=A x AaNT*X x N*(Ay) x T*Z — Ay 0 Ay
and aq X ag is the density on C, with values in I, resulting from the natural bundle homomorphism

In, @ Iy, ——2—— p*(In) @ Q(ker dp) @ QV/2(T*Y)

(66) \ /

and from the trivialization of Q~1/2(T*Y’) using the canonical density of T*Y (see [32, Theorems
21.6.6, 25.2.3]).

4.2. “Pushforward” of Lagrangian distributions. In this paragraph, we describe a procedure
of “restriction and pushforward” for Lagrangian distributions parallel to the one described for
Lagrangian submanifolds in Paragraph 3.3. This is the main step in the composition of Fourier
Integral Operators on groupoids.

Proposition 8. We use the notations and assumptions of Proposition 4: let X,Y be manifolds,
Z C X a submanifold and f : Z —'Y a submersion. Set H = (kerdf)* c T*X and

piH 3 (2,6) — (f(x),'df; ' (€) € T*Y.

Suppose that A is a conic Lagrangian local submanifold of T* X \ 0 intersecting cleanly H with excess
e and such that AN N*Z = (), and set A = p(AN H).
Let then Q be any line bundle over X extending the density bundle 2y over Z. We denote by

e 5/'~\(X, Q) — EZ,’*K(Z, Qyz)
the restriction to Z of distributions on X and by
fi i €.5(2,97) — EA(Y,Qy),
the push-forward along f. The map
fat IM(X, A Q) — [e/2Hnx=2nztny) /Ay, p)
ur— fu(i™u)
is well defined.

For non compactly supported distributions, we get the same result by taking care of supports
for the push-forward operation. For instance, given any ¢ € C°°(Z) such that f : supp(¢) — Y is
proper, the conclusion of the lemma holds true with

ur— fo(pi*u).

Proposition 8 could be deduced from [32, Theorem 25.2.3], but the direct proof below is instruc-

tive.



22 JEAN-MARIE LESCURE, STEPHANE VASSOUT (1)

Proof. Let
A(z) = /e’g(‘”’e)a(x,@)de e I™(X,A).
Here 5 : UxRY — R is a non-degenerate phase function parametrizing A and @ € §mH(nx—2N)/ YU

RM). Since WF(A) C A and, by assumption, AN N*Z = (), the distribution i*(A) is well-defined
([30, Chp. 6, Section 1]) and given by the oscillatory integral

(67) i*(A)(2) = / ¢i9=0) 45, 0)d0 € [ HOx—n2)/4( 7 i* )

where we recall that i*A = p(A N T*X|z) with p : T*X|z — T*Z being the canonical projection,
since applying the previous proposition to the case when Y = Z gives exactly that ¢ = ¢~5\(Uﬁ Z)xRN
is a non-degenerate phase function parametrizing i*A = p(A N T*X|z).

The next step consists in pushing i*(A) forward by f. This amounts to integrating the Lagrangian
distribution i* A along the fibers of f, which gives:

(68) f#A(y) = / e q(z,0)dzdb,
fH(y) xRN

where the integral is understood in the distributional sense. We already know by the previous
proposition that ¢ is a clean phase function over W = f(U N Z) subordinate to the cone bundle
UNZ)xRY =W, (2,0) — f(2). To conclude, it just remains to pay attention to the fact that
the fiber part of the variable z is not homogeneous and thus, strictly speaking, a is not a symbol
on W. Working in local coordinates, we can write

(69) a(z,0) = a(y, 2, 0) € STHx=2N)/A(Rry o Rrz=y o RY),
Setting w(z', 0) = (|0].2', 0); ¥ (y,w) = ¢(y, 2',0) and by, w) = a(y, 2, )| det(w™")|, we get | det(w ") =
0] =2 and thus b € S™F(x—2N)/Atny —nz Ry  Rrz—mv+N) Tt follows that

(70) faAly) = / T (y, w)dw
FHy) xRN

belongs to I"™ (Y, A) where

m' —e/2+ (ny —2(nz —ny + N))/A=m+ (nx —2N)/4+ny —nyz
that ism' =m+e/2+ (nx —ny)/4d—(ngzg —ny)/2=m+e/2+ (nx —2nz +ny)/4 . O
4.3. Families of Lagrangian distributions and submersions.

Definition 8. Let 71 : M — B be a C*° submersion of a manifold M of dimension ny; onto a
manifold B of dimension ng. A C°° family of Lagrangian distributions of order m relative to
is a family uy € Im(w_l(b),Ab,Q,lr/2), b € B, such that (Ap)pep is a C*° family and in any local
trivialization k : U — U x W of 7, we have

o) = [ 4 0a(ab,0)as,

with a € SMTm—ns=2N)/4([7 5 W x RN) and where (x,b,0) — ¢(x,b,6) is C® and a non-

degenerate phase function in (x,0) which parametrizes Ay locally, for all b.

Proposition 9. Let B> b+ uy € Im(wfl(b),Ab,Q}r/Q) be a C* family. The formula

(71) @.f) = /B (un f), | € C(M, QY2 0 ()
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defines a Lagrangian distribution
(72) ue I /(M A,
where A is the gluing of the family (Ay)p. The map (up)pep — U is bijective.

Proof. Let u, € I™(7~1(b), Ay, oY 2) be a C*° family. In sufficently small local trivializations, we
have

(73) up(z) = /eid)(b’x’g)a(b,x, 0)do

for some C'* family of non-degenerate phases functions (¢(b, -, -)), parametrizing the family (Ap)p
and some symbol a € S™+Hu—ns=2N)/4([ x W x RV).

Since (z,0) — ¢(b,z,0) is a non-degenerate phase function for any b, the function (b, x,0) —
¢(b, x, 0) is actually a non-degenerate phase function. We have Ay = A locally, because on one hand
iy (Ay) = Ay for any b and on the other hand A is the unique Lagrangian satisfying this condition.
It follows that u is given locally by the oscillatory integral:

u(b,z) = / 20 (b, ,0)do,
which proves that & € I™~"8/4(M, A). Conversely, if v € "™ "8/4(M, A) then locally
(74) v(x) = /ei‘z’(b’x’e)a(b,m,e)dﬁ

for some non-degenerate phase function ¢ parametrizing A and some symbol §7~"58/4+(nu—2N)/ LU
W x RM). Since A is transverse to m, the restriction vy, of v to M is allowed and given by the C*
family b — vy(z) = [ e @20 (b, x,0)df where ¢ is regarded as a non degenerate phase function
in (z,0) for fixed b. This proves that u — w is bijective. O

5. LAGRANGIAN SUBMANIFOLDS OF SYMPLECTIC GROUPOIDS

Let G be a Lie groupoid. The cotangent groupoid T*G = A*G plays a fundamental role in the
convolution of distributions on G [36]. The point is that 7*G is a symplectic groupoid. We recall
that a Lie groupoid I' is symplectic if it is provided with a symplectic structure for which the graph
of the multiplication

(75) Gr(mr) = {(71,72,7) €% ; v =72}

is a Lagrangian submanifold of T' x T x (—=T") [19, 39, 59].

Since, in the sequel, we want to develop a calculus for G-operators associated with Lagrangian
distributions on G, it is necessary to investigate the behavior of Lagrangian submanifolds of the
symplectic groupoid T*G. Actually, we can state most of the results in the case of an arbitrary
symplectic groupoid.

5.1. Product and adjunction. Let I" be a symplectic groupoid. We may apply Proposition 2
with S =T2, T =T, H=T® and p = mp. This gives:

Corollary 10. Let I' be a symplectic groupoid with multiplication map myp. Let A be a Lagrangian
local submanifold of T'2. If/~\ NT® s clean then

(76) A :=mp(ANT®)

1s a Lagrangian local submanifold of T'.
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We have in mind, of course, the following example. If Ay, Ay are two Lagrangian local subman-
ifolds of I' such that A = A; x Ay satisifies the assumption of the previous corollary, then their
product in T,

Al.AQ = mF(<A1 X A2) N F<2))7

is a Lagrangian local submanifold.

Definition 9. Two Lagrangian local submanifolds A1, Ao of the symplectic groupoid I are cleanly
(resp. transversally) composable if the intersection (A1 x Ay) NT®) is clean (resp. transversal).

When T is the cotangent groupoid of a given Lie groupoid G and A1, Ay are moreover conic, then
the product A = AjAsz is also conic. Using Proposition 4 (applied with X = G2 Y =G, Z = G®
and f = mg), we see how non-degenerate phase functions of A; and Ay combine to produce clean
phase functions parametrizing the product A.

Corollary 11. Let Ay, Ay be local conic Lagrangian submanifolds of T*G \ 0. We assume that Ay
and Ao are cleanly composable with excess e and satisfy

(77) (Ay x Ag) N N*(GP)) = 0.

Let (79,€9,749,€9) € (A1 x Ao) N r® and ¢; : Uj x RNi — R be non-degenerate phase functions
parametrizing A; around (’y]o,fg) for j =1,2. Then the function defined by

(78) A(715 72,01, 02) = d1(71,61) + d2(72,62)

is a phase function over the product open set U = Uy.Us C G. Its associated cone bundle (see
Definition 7) is given by the map:

(79) (U1 x U2 N GP) x (RM\ 0) x (RM2\ 0) — U, (71,72, 01,02) — 7172
This phase function is clean with excess e and parametrizes A1.Ao around (V{19,£9 @ £9).

Another useful, although obvious, operation is adjunction. Precisely, if A is a local Lagrangian
submanifold of a symplectic groupoid I', then its adjoint, that is, the subset of I' defined by

A= Ly (A)

is again a local Lagrangian submanifold.

5.2. Invertibility. Let I be a symplectic groupoid.

Definition 10. (1) A Lagrangian submanifold A C T is invertible if there exists a Lagrangian
submanifold A C T cleanly composable with A and such that

(80) AN =rp(A)  and AN .A=sp(A).

AN is in this case called an inverse of A.

(2) A Lagrangian local submanifold A is locally invertible if it can be covered by invertible
patches.
In that case, any local Lagrangian submanifold consisting of inverses of the corresponding

invertible patches is a local inverse of A.
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Theorem 12. Let A be a Lagrangian submanifold of I'. Then A is locally invertible (resp. invert-
ible) if and only if the maps

(81) rp: A —TO and sp: A — 1O

are local diffeomorphisms (resp. diffeomorphisms onto their ranges). In that case, A and A* are

transversally composable and A* is a local inverse (resp. an inverse) of A.

Proof. Assume that A is locally inversible. By restricting our attention to a sufficiently small
patch, we can assume that A is invertible. Let A’ be an inverse. Firstly, note that A.A’ is a local
submanifold of T*G contained in T°. Since A.A’ and T'© are Lagrangian we have dim A*G =
dim A.A’ and thus each patch of A.A’ is an open subset of ['©. Tt follows that A.A’ itself is an open
subset of I'©) and therefore a true submanifold. Now, by assumption,

(82) mr: (A x A)® — AN =rp(A)

is a surjective submersion. Since the map 71 is equal to the identity map in restriction to ', we
have the equality of maps

(83) rpopr; =rpomp =mp: (A x A — AN cTO,

It follows that

(84) rpopry s (A x AY® — AN =rp(A)

is a submersion. Observe also that

(85) pry: (A x A)®) = A

is surjective. Indeed, for any v € A, there exists, by surjectivity of the map (82), an element
(71,72) € (A x A)® such that y172 = rr(7). In particular 7(v1) = r(y) and v, * = 72 € A’. Thus
(v 1,7) € (A x A)@) and the assumption A’.A € T(® implies v = v = pry (1, 72)-

Since the map (85) is surjective, we deduce from the surjectivity of the differential of (84) at any
point the surjectivity of the differential of rp : A — I'©) everywhere too. By equality of dimension,
rr is then a local diffeomorphism. The same holds for sp.

Conversely, let us assume that rp, sy : A — T'©) are local diffeomorphisms. Then the map

ST X TF|A><A* TAX A — F(O) X F(O)
is also a local diffeomorphism. It follows that

(86) (A x AP = (sr x rr)ii 4 (Are) = (st re) T (Ape) N A x A

is a submanifold of dimension n of I'> with tangent space given by
T(A x A*)® =Tr® AT (A x A*).

Therefore the intersection A x A* NT'®) is clean with excess satisfying

e = codim(A x A*) + codim(T'®) — codim((A x A*)®)) = 2n +n — 3n = 0.

In other words, we get (A x A*) M I'®. Moreover, for any § € A, there exists an open conic
neighborhood U of § in I" such that

TT,SF:AU:AQU—>F(O)

are diffeomorphisms onto their respective images. By the previous arguments, (Ay X ip(Ay) M re,
and if 7 € ir(Ay) is such that (6,7) € (Ay x ir(Ay))® then by the injectivity of sp we get
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n = 6~ Tt follows that Ay.ir(Ay) = rr(Ay). This proves that A is locally invertible and since
ir(Ay) = (A*)y-1, we conclude that A* is a local inverse.

Now assume that rp, sy are diffeomorphisms onto their ranges, that is, are injective local diffeo-
morphisms. If there exists 6 € A and n € A* such that 6n & T'©) then §,77' € A, § # n~! but
sp(0) = sp(n~') which contradicts the injectivity of sp. This gives the inclusion A.A* ¢ T(©) and
then the equality A.A* = rp(A) follows from the definition of A*. We get the equality A*.A = sp(A)
using the injectivity of rr.

Conversely, assume that A’ is an inverse of A. Let u € rp(A). Since A.A" = rp(A), there exists
(61,87) € (Ax A)@ such that §;.0] = u. Let § € A be such that 7(§) = u. Then (6},6) € (A’ xA)?)
and thus §7.6 € T(®). This gives

61=01"1=0.

In other words, rp|p : A — ' is injective. The same holds for sr. O

Remark 13.

(1) We have proved that the (local) invertible Lagrangian submanifolds of I' are precisely the
Lagrangian (local) bisections of T'. Here we follow the terminology of [3] for bisections, while
in [19, see Paragraphs 1.3 and II.1] bisections are required to project onto TO: this is a
minor and technical distinction implying that the set Gr(I") is no longer a group here but a
groupoid with unit space given by the collection of open subspaces of T'©).

(2) In particular we recover results from [32] in the case where G = M x M is the pair groupoid
on a manifold M. In that example, a conic Lagrangian submanifold of T = T*G is (lo-
cally) invertible if and only if it coincides (locally) with the graph of a partially defined
homogeneous canonical transformation [32, Sections 25.3 and 21.2|, that is, the graph of a
homogeneous symplectomorphism from an open conic subset of T*M to another one.

5.3. G-relations and family G-relations. From now on, we consider a Lie groupoid G and its
symplectic cotangent groupoid I' = T*G. As explained in the introduction (see also Paragraph
2.4), we need to strengthen the notion of conic Lagrangian submanifolds to allow a calculus for
Lagrangian distributions on G. Also, if we consider a G-operator P ([36]) such that P, is a classical
Fourier operator for any z € G0, we get an equivariant family of Lagrangian conic submanifolds
of T*G, x T*G*, © € G, We are going to clarify the relationship between these equivariant
families and the conic Lagrangian submanifolds of T*G. In view of Paragraph 2.4, see also [36], it
is natural to begin with:

Definition 11. A (local) G-relation is a conic Lagrangian (local) submanifold of T*G contained
in T*G = T*G \ (kerrr Uker sp).

If A is a G-relation, then it is false in general that A, is a Lagrangian submanifold for any
z € GO (see Example 4 below). In the following theorem, we characterize in various ways the
G-relations enjoying this extra property. We will note p : T*G — G the vector bundle projection
map and ¢ : G — GO the submersion defined by q(v1,72) = s(71) = 7(72). By construction we
have mr ' (A) = m*(A) (the map mr is defined in (13)). Therefore, since the multiplication map
m is a submersion, we get that the set ffz}_l(A) is always a Lagrangian submanifold of 7%(G(?)
contained in T*(G®)\ 0 [30, Chp. 4, Proposition 4.1]. Then:

Theorem 14. Let A be a G-relation. Then the following assertions are equivalent:
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(1) The family (Az),cqo is a family of Lagrangian submanifolds and is subordinate to the
submersion q.

2) The submanifold mpr~*(A) C T*(G®) is Lagrangian and transverse to the submersion q.

3) The transversality condition m,  p|s holds for all z € GO,

4) The map p|a : A — G is transversal to the foliation Fe.

5) For any leaf L € Fq, the transversality condition Ty G th A holds.

(
(
(
(

A @ relation satisfying the above assumption is called a family G-relation.

Proof. The equivalence between (1) and (2) is provided by Theorems 6 and 7.

Next, Condition (3) means that for all z € G0, we have
(87) dm(Ty, Ge x T, G*) + dp(T(4 6)A) = T,G,
for all (7,&) € A and (y1,72) € Gy x G® such that v = y172. Using the equalities p o mp = m o p(
and TA = dmp(Tmr ' (A)), we get

dp(T(’va)A) = dm(dp(2) (TP(’717€1,’727§2)%_1(A)))

for all (v,£) € A and (71,&1,72,&2) € mpt(7,€). Moreover, we have ker dmp C Tmr '(A) and
dp® (ker dmr) = ker dm. Therefore ker dm C dp® (Tmr " (A)) and Condition (87) is equivalent to
(88) Ty, Ga x T5,G* + dp(Q) (TP(%,&,W,&)%_I(A)) = T(Wlﬂz)G(Q)’

where 7, &,7;,§; are as above. With the same notation, we have ker(dq)(,, ,,) = Ty, Gz x T,,G%,

and thus Condition (88) is equivalent to

for every ~;,&; as above, which is precisely Condition (2).

For the equivalence between (3) and (4), just observe that we have

(90) (dmz)( )(T«ﬂ Gy X T’yQGx) = T’YGS('y) + T,YGT(’Y) = T,yfg;

V1,72

for any (v1,72) € Gy x G* such that vy, = 7. Here T),Fg denotes the tangent space at v of the
leaf of F¢ containing . With this observation, one gets that Condition (3) reads

(91) T, Fa+dp(TyeA) =T,G, forall (v,§) € A,

which is exactly Condition (4). Furthermore, (91) is clearly equivalent to

(92) Ty o) (TrG) + Ty o)A =T, TG, for all (v,§) € A,

where L is the leaf of F containing . This gives the equivalence between (4) and (5). O

Remark 15. It follows immediately that a G-relation A is a family G-relation if and only if
V(7,€) € A, dr(TyGy(y) + dr(dnTyeA) = Ty G\ or ds(T,G"™ M) + ds(drT, ¢A) = Ty GO

In particular, if A is a G-relation such that rom : A — G© or som : A — GO is a submersion
then A is a family G-relation. The converse is false: consider G = X x X XY with its natural
structure of groupoid (fibered pair groupoid) and A = N*({(xo,z0)} x Y) \ 0.

Example 2.

1) Ag = A*G \ 0 is a family G-relation. It is of course self-composable and Ag.Ag = Ag = A§.

2) If A is an invertible conic Lagrangian submanifold of T*G \ 0 then it is a G-relation. Indeed,
if there would exist (v,§) € A Nkersp, we would get from the homogeneity of A that the vertical
vector associated with (v,§) belongs to ker dsp, which would imply that A is not invertible.
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Remark 16. Theorem 14 can be stated and proved exactly in the same way for local G-relations.

We have seen that family G relations produce equivariant families of Lagrangian submanifolds
subordinate to ¢. The converse statement is the following:

Theorem 17. Let (Ly), be a C* equivariant family of local conic Lagrangian submanifolds con-
tained in (T*G, \ 0) x (T*G* \ 0) and subordinate to q. Then there exists a unique local family
G-relation A such that

Ay =L,, forallxe GO,

Proof. To prove existence, we can decompose the family into patches and then we can assume that
(Lg)s is a family of submanifolds. Let L € T*(G®)\ 0 denote its gluing (Theorem 6). Recall
that it is the unique Lagrangian submanifold such that z;z = L, for all . In an appropriate local
trivialization of ¢ : G® — G, we have

(93) z = {(717727§1a€277—) € T*(G(Q)) ; (717727517&2) € L$}7

where 7 is a C*° function of &;,& and z = s(y1) = r(y2). It is understood that (&1,&2,7) €
T*
(71772

of ¢: G® — GO,

Let A = (6,€) € L with § = (y1,72) and € = (€1, &, 7). Let u = (uy, ug) € ker dm., ~, and choose
a C* path t — y(t) in G such that v(0) = @, £717(t)li=0 = u1, Sv(t) " y2li=0 = ua. It gives rise
to a C* path in (kerdq)* defined by

(94) Ar = (my(8), (1) 2, (A Ry 1y-1) (€1), (AL 1)) (€2))-

Thanks to equivariance, we have

)G(Q) ~ T35 Gy X T5,G* X T, ;G(O), where the decomposition comes from the local trivialisation

(95) A € Ls(’y(t)) for all ¢.

Thus, we get a C°° path in L as well:

(96) () = (1), 7() M2, (AR 1) (€0), (AL ) (62), 7(£)) = (5(2), £(1)).

Since L is conic and Lagrangian, the canonical 1-form a = £dd vanishes identically on it, and in
particular we get, for all ¢,

(97) (V*a(t) = (€(1),d'(t)) =0.
For t = 0, this gives (¢, u) = 0, and therefore
(98) L C (kerdm)* = p(T*G)® c p(T*G?).

Note that, for every Lagrangian submanifold L of T*(G®), the set L = p~!(L) is a Lagrangian
submanifold of T*G? (it is the push-forward of L by the natural immersion G — G2, see [30,
Prop 4.2]). We can then apply Corollary 10 to L. Indeed, by construction, L € (T*G)® and thus
the clean intersection assumption of Corollary 10 is trivially satisfied. It follows that the range
A = mp(L) is a local G-relation such that m*(A) = L. Hence it is a local family G-relation such
that A, = L, for any « by Theorem 6.

Let A, A’ be two local family G-relations such that A, = A/, = L,, Vo € G(©) and set A = m*(A)
and A’ = m*(A’). By Theorem 6 and the equalities

(99) iEA = itA, Va,
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we get A = A’. Since mr is surjective, we conclude
(100) A =mr(A) = mp(N) = A
O

5.4. Operations on (family) G-relations. It is obvious that for any G-relations A1, Ao that are
cleanly composable, their product is still a G-relation, for

TF(AlAg) C Tr(Al) and SF(AlAQ) C SI‘(AQ).

Unfortunately, it is not always true that the product of family G-relations is a family G-relation.

Here is a conterexample.

Example 3. Set X = Z =R x R and consider the fibred pair groupoid G = X x X x Z = X x Z.
Let us define the maps x1,x2 : R = R? by:

11(2) = z and z2(2', 2") = (¢, =2").
Introduce the submanifolds of G
Vi=A(zj(2),2,2) ; € 2}, j=12
and the conic Lagrangian submanifolds of T*G \ 0
Aj={(2(2),& 2,n,2,~dz;j(§) —n) ; 2 € Z, &,n €R?*\ 0} C N*V;.

Clearly, A1 and As are G-relations, which moreover satisfy Condition (4) of Theorem 14, and thus
they are family G-relations. With the choices made, the intersection

M x AN (TGP = {(,&,2 m, 2, =& —m, 7, —m, 2 m2, 2, Hdwa () — ma)
7 € R x {0}, &,m1,m2 € R?\ 0}
s clean. We obtain
Mhs = {(,6,2 0,2, =€ =n—n") ; 2 € Rx {0}, &neR*\0,7" € {0} x R}.
Here, A = A1 Ay is a G-relation but not a family G-relation. Indeed, TFg =TX x TX x (Z x{0})
and dp(TA) CTX xTX x (Z xR x {0}), which contradicts Condition (4) of Theorem 14.

Actually, starting with any composable G-relations A1, Ao, whether the product A;.As is a family
G-relation or not depends upon the position of the Cartesian product A x Ay with respect to T'(?)
and not on extra transversality conditions added to each factor separately. Precisely, we obtain:

Theorem 18. Let A1, Ao be composable G-relations. Then their product A1.As is a local family
G-relation if and only if

(101) (T, Fe % ToyF) VTGP + dp* (T, 6 mn.60) (A1 x A2) NTE)) =T
for all (71,51,72,52) € (A1 X AQ) N r@,

2
71772)61( )
Remark 19. The conclusions of the theorem are identical if we start with local submanifolds.

The clean composability assumption together with Condition (101) will be called complete com-
posability. The proof of the theorem uses an elementary fact about Lie groupoids.

Lemma 20. For any (v1,72) € G, we have
(102) (T, Fa x Ty, Fa) N TG® = (dm(’YL’YQ))_l(T'Yl’YZ]:G)‘
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Proof of the lemma. Let T be a Lie groupoid and Fr its canonical foliation. If (81, d5) € T then
01,02 and 0 = 0162 are in the same leaf L. From the very definition of the leaves of Fr, we get

(103) (L x L)NT® =mz(L).

We apply this to T = T'G, together with the observation Frg = {TL ; L € Fg}. The lemma
follows. ]

Proof of the theorem. Using the equalities

(104) dm.dp*(T((A1 x Ag) NT@))) = dp.dmp(T((Ay x Ay) NTP))) = dp(TA)

as well as Lemma 20 and the fact that ker(dm) C (TFg x TFg) NTGP) | we get the equivalence
TFq+dp(TA) = TG & (TFg x TFa) NTGP + dp*(T(A; x Ag) NTP)) =T7G?),

where the suitable base points are understood. ]

Remark 21. Condition (101) means that the composable part of A1 x As has a projection into
GO transversal to the canonical foliation of Few . Indeed, we easily get that Condition (101) is

equivalent to
(105) d(q 0 P*) (T 1 i) (M1 X A2) NTP) 4+ TO, = T,GO,
for all (71,€1,72,&) € (A1 x A2) NT@ and z = s(71) = 7(72).

We finish by explaining the behavior of (family) G-relations with respect to restriction to suitable
subgroupoids of I'.

Proposition 22. Let A be a G-relation and Y C GO be a saturated submanifold. We denote by
H = G¥ the associated Lie subgroupoid and by ify : H — G the inclusion map. Then,

(1) if TG and A are transversal, then i3 A is a local H-relation.
(2) if A is a family G-relation, then TG th A and i3 A is a local family H-relation.

Proof. (1) The assumption already implies that the set i};A is a local Lagrangian submanifold.
Let us consider the canonical map py : Tj;G — T*H. Obviously, the equality ij;A =
pr(ANTHG) holds. Since Y is saturated, we have G, = H, and G* = H” for all z € Y,
which implies A5G = A*H and the commutativity of the diagram

TG — 2 T*H
o] o TT*HHST*H
A G ———— A*H .
In particular ker op=g = pp(keror NT/;G), 0 = s,r and
pu(ANTHG) Nker oy = py(ANkeror) = 0,

where the first equality follows from ker pg C ker or and the second from the assumption
ANkeror = 0.
(2) By assumption on A, we have

(106) T, Fc + dp(Ti, o A) = T,G, ¥(v,€) € ANTHG.

Since Y is saturated, we also have Fy = {L € Fg ; LN H # 0}, in particular T, Fg =
T, Fg C TyH for any v € H. Therefore we can replace T, Fg by T, H in (106), which proves
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the transversality ig h p|a, or equivalently the transversality of submanifolds: T7G M A.
We also get from (106)

(107)  T,H = (T, Fg + dp(Ty ) A) N Ty H = Ty Fyg + dp(Tis.0)A) N Ty H, ¥(7,€) € ANTHG.
Furthermore,
dp(T(%g)A) NT\H = dp(T(%g)A N T(%g)T;}G) = dp(T(%g) (ANTHG))  since TG M A
= deOde(T(%g)(AﬁT;}G)) since p|H = PH O PH
(108) =dpu(TiyA) since pg(ANTHG) = ifA.

Using the result of this computation in (107) proves that i}, A is a family H-relation.
O

6. FOURIER INTEGRAL OPERATORS ON GROUPOIDS

6.1. Definitions. Following [32], we are led to

Definition 12. Let G be a Lie groupoid. Distributions belonging to I(G,A;Ql/z), where A is any
(family) local G-relation, are called (family) Fourier integral G-operators.

We abbreviate Fourier integral G-operators as G-FIOs and family Fourier integral G-operators
as G-FFIOs. If A is a G-relation then we get from [36] the inclusion:

(109) I(G,A;QY?) € D (G, QY?).

In particular, any G-FIO u produces an equivariant C'°° family of operators u, : CX(G,) —
C®(Gy), = € GO but each uy is not necessarily a Fourier integral operator on G,. It is worth

giving an example.

Example 4. Consider the fibred pair groupoid G = X x X x Z = X x Z with X = Z = R.

Consider the open cone

(110) C={(7,0) e GxR*\0; 0 €Cy},

where v = (x1,x2,x3) and 0 € Cy, means

(111) 221602+ 601 #0, 61 # 0.

The function

(112) ¢ (7,0) — (x1 — 22).01 + (2] — 2).02

s a non-degenerate phase function with associated Lagrangian given by

(113) A= {(z,z,2%, 60, + 226, —0;,—03) ; € R, 0 C,} C T*G\ 0.

Note that A is a G-relation, but fails to be a family G-relation at the points where x = 0. Consider

the closed cone
(114) F={(1,0)€GxR; h| <1, 206s] < |01]} CUG x {0}

and choose even functions x € C°(R) and b € C°(R3) such that x(0) = x"(0) = 1, x(t) = 0 if
[t| > L, supp(b) C {, |7] <1} and b(0) = 1. Choose a symbol a € S*(G x R?), with support in F,
such that a(y,0) = b(v)x(02/61)601 when |0 > 1. Then

(115) u(y) = /ew(%e)a(’y,ﬁ)de e I"(G,A),
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and we consider the distribution ug = mz‘o o) On G0 x Go,0) ~ R2. It is given by

(116) uo(x1, ) = /ei((xl_”)'Qﬁx%'@)ao(xl,x2,91,02)d91d02 € D'(R?),

understood as a distribution where ap(x1,x2,01,02) = a(x1,2,0,61,02). Indeed, observe that
(117) b0 : (x,0) — (z1 — 2).01 + 27.02

is a phase function on Co = {(z,0) € R2xR? ; 0 € C,,} and that ag € S*(R? x R?) is supported in
(118) Fo={(z,0); |z| <1, 26| <|61]} C Co x R? x {0}.

It follows that (116) is an oscillatory integral [32, Paragraph 7.8] and thus, by [32, Theorem 8.1.9],
(119) WF (ugp) € Ag = {(0,0,61,—61) ; 61 #0}.

As expected, Ao fails to be a Lagrangian submanifold of T*R?\ 0 (actually, it is a one dimensional
isotropic conic submanifold) and furthermore, there is no Lagrangian submanifold A’ of T*R? \ 0
such that ug € I*(R2,A"). Before proving this assertion, observe that (119) implies ug € C*(R?\0)
and that for any x with z1 # 0,

up(x) = bo(x)/ei((“_”)'eﬁx%%)x(@g/ﬁl)01d91d02 modulo C*°(R?)

_ bo(x)/ei((mxz).91+x§.9192)Q%X(QZ)deldez :bo(x)/ei(xlx2).915<\(_x%01)0%d91

T2 — I

7271 9
= bo(a)ar® / e " R00)02d0y = 70 ()x" (2L,

Ly

Thus, ug is not C* at (0,0) and WF(ug) contains at least a half line in T(*E)’O)R2. Since ug 18
even, WF(ug) also contains the opposite half line. This proves the equality in (119). Now assume
that ug € I™(R% A") for some Lagrangian A'. If the principal symbol o(ug) does not vanish at
some point (xg,&) € N, then (xo,&) € WF(ug). Thus o(ug) must vanish on A"\ Ag. Since Ay is
one dimensional, it has empty interior in A’ and it follows that o(ug) vanishes identically. Thus
ug € I Y(R2,A") and repeating the argument proves that ug is C™, which is a contradiction.

The phenomenon highlighted in this example disappears precisely for Fourier integral G-operators

associated with family G-relations. Indeed,

Theorem 23. Let A be a family G-relation and u € D'(G,QY?). Then u € 1(G,A;QY2) if and
only if w is a G-operator and uy = mi(u) € I(Gy x G¥,mkA; ngxm) for all z € GO,

Proof. Let us assume u € I(G, A; Q1/2). Then, as seen in (109), u is a G-operator and the pull-back

distribution by the submersion m gives
m*(u) € I(GP, m*A;m*Q/?).

Since m*A is transversal to 7 : G — GO, Proposition 9 gives the result for all the m(u),
ze GO,

Conversely, Proposition 9 gives rise to distribution w € T (G(Q), m*A;m*QY/ 2) such that U] g, xge =
ug and the result follows from Proposition 8 applied to X = Z = G®, Y = G and f = m, which
yields u = m.u € I(G, A; QV/?). O



FIO ON LIE GROUPOIDS 33

6.2. Adjoint and composition. Now, we can consider G-FFIOs equivalently either as families
of ordinary Fourier integral operators acting on G, x G* or as single Lagrangian distributions on
G whose underlying Lagrangian submanifold A has suitable properties. The second choice leads to
simpler and more conceptual statements and also reveals the role played by the cotangent groupoid
T*G. Moreover, most of the statements hold true for the more general class of G-FIOs. The next
two theorems support this point of view.

Theorem 24. Let A be a G-relation and set A* =irA. If A € I"™(G,A) then A* € I"™(G, ).

Proof. Tt is enough to consider the case A(y) = [ e q(~,0)df with ¢ a non-degenerate phase
function parametrizing A locally. Then

(120) A*(7) = / e~ 00 00 (4T 0)do.

The function b(,&) = a(y~1,6) is a symbol of the same order as a. The function ¥(v,0) =
—p(y71,0) is also a non-degenerate phase function and

(121) Ay ={(1. € T*G 5 (v, ~"(diy)(€)) € Ag}.
Since ir(v,€) = (71, —(di,)(€)), we get the result. O

Note that if A is moreover a family, then so is A*, and the adjoint of a G-FFIO u € I(G, A) is
given by the family of adjoints of each Fourier integral operator u, on G.

Theorem 25. Let Ay, Ay be closed G-relations which are cleanly composable with excess e. If
Ay € ITM (G, A1) and Ay € 172 (G, Ag) then

(122) Ay Ay € Trtmate/24n®/2-n/4 G A A,

Here n is the dimension of G and n'% is the dimension of G().
If moreover, A1, Ao are family G-relations and are completely composable (i.e. condition (101) is
fulfilled), then Ay.As is a family Fourier integral G-operator.

Proof. We wish to apply Proposition 8 to the following data: X = G2, Y =G, Z =G, f = mg
A = Aq x Ay and qz = ¢1 + ¢ where ¢; : Uj X (RNi \ 0) — R are non-degenerate phase functions
parametrizing A; in a conic neighborhood of points (7;,§;) € A;, with the latter points satisfying
(1, &1, 72, &2) € Ay X Ay N (T*G)?). We may assume that

(123) Aj(vg) = /ei‘z’j(”’gj)aj(’rj, 0;)do;,

where a; € ST T=2ND/A(T; < (RN).

The only technical (and common) obstruction is that

(124) a(y1,72,61,02) = a1(71, 01)az(y2, 02)

is not a symbol in general. The condition of admissibility on A; allows us to remove the regions in
(61, 02) where the symbolic estimates for a fail.

Indeed, thanks to the admissibility assumptions on A; and As, we can reduce the problem to
the case where a1, as have support in compactly generated cones Cq,Ce on which s( /17) and 77(¢'27)

never vanish. Using the degree one homogeneity of §(¢,17)’ 7( ’27) with respect to 61,65, we can
find constants C7, Cy such that

(125) if (’Yj,ej) € Cj and §(q5/1,y(’yl,91)) = 7’:((;5/27(’)/2,92)) then Cl|92’ < |91‘ < C2|02’.
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We choose a homogeneous function x(61,62) of degree 0 which is equal to 1 when C1|f2|/2 < [61] <
2C5|03| and supported in C1|02|/3 < |01] < 3C2|02|. We set

(126) b(71772791792) = X(01792)a(717"}/2701702)
and
(127) 0(71a72791792) = (1 - X(01792))a(’71772’91792)'

We have, by construction of y,
(128) 01’92‘/3 < ‘(91’ < 302‘92’ in supp(b).

which allows us to check that b € §™1+m2t(n=N1=N2)/2  Therefore we can apply the Proposition 8
to

B= /ei$(71’72’91’92)b(71,72,01,«92)d91d92,

and we get
(129)

B(y) = im0 p(y 1 0, 0y)dndfydly € T tmate/20n D[ 2mn/A (G N g A,

m () xRN1HN2

Moreover, again using the degree one homogeneity of 5 with respect to (61,602) and using the
expression of ¢/ given in the proof of Proposition 4, we also get

(130) 101] + |62] < Cl¢y,(v,m,01,62)| in supp(e),

where we have set v = y1792, 7 = (y1,72) € m~'(y) and $(7,7,61,62) = G(71,7,61,65). The
previous estimates show that

(131) C() :/ (RN e!P0m0L02) ey 1, 01, 02)dndb: b,
m=(y)X 1 2

belongs to C*°(G), and we conclude that
(132) A1 % As(y) = B(y) mod C*(G),

which proves the theorem.
O

6.3. Principal symbol. By [32, Section 25.1], the principal symbol of A € I (G, A; 91/2) belongs
to Slm+n/4] (A Ipn ® 02w Qal/ 2) and the principal symbol map gives rise to an isomorphism

(133) o 117G, A Q%) — S Iy @ 012 0 07,

Here we have set E = (p|s)*(E|) for any bundle E — G. To understand the product formula of
symbols of G-FIOs, we analyse the auxiliary bundle

(134) N = 07" @ Q°

involved in the right hand side of (133) with a = % As we shall see, 3 is strongly related to the
groupoid structure of T*G.
We need a simple statement about vector bundle epimorphisms.
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Lemma 26. Let f : X — Y be a submersion, p: E — X,q: F —Y be C° vector bundles and
g: E— F aC* epimorphism:

g

(135) 0 ——=kerg E F 0
ol
= f
X—X—Y
Then the sequence
(136) 0 — p*(kerg) — kerdg % p* ker df — 0.

is exact. The map v is defined by

x d
pr(kerg)(z.e) 2 A—v(\) = &(az, e+ tA)|i=0 € kerdgy ¢y Nker dp(y ¢).-

Proof. Thanks to the diagram (135), we have dp(ker g) C kerdf and the map
(137) kerdg > (e, u) LN (e,dpe(u)) € p* ker df

is well defined. To prove its surjectivity, we work in local coordinates on T'E associated with local
coordinates on X and local trivializations of E, so that the map (137) corresponds to

(138) (x,e,t,u) — (x,e,t).

Writing g(x,e) = (f(z), g(z,e)), we compute

(139) (dg)(x,e) (t,u) = (dfz(t), (dxg)(m,e) (t) + (deg)(x,e) (u))
(140) = (dfx(t)’ (dxg)(r,e) (t) + g(x7 u))

Since g is fiberwise linear and surjective, the linear equation (d.g)(s.¢)(t) + g(z,u) = 0 for fixed
z,e and t has solutions in u. Let u;.; be such a solution. Then, for any ¢ € ker df,, the element
(t, uz.et) belongs to ker dgy ).

Next, it follows from (137) and (139) that (x,e,t,u) € kerdp Nkerdyg if and only if ¢ = 0 and
u € kerg. Since, in these coordinates

(141) v:p*(kerg) > (z,e,u) — (z,e,0,u) € kerdp Nkerdg,
we get that v(p*(ker g)) is the kernel of the vector bundle epimorphism ker dg P, p* ker df. O

As claimed, we can interpret X in terms of density bundles associated with the groupoid structure
of T*G.

Proposition 27. We have canonical identifications

(142) 3212 ~ QY2 (ker dsp) ~ QY% (ker drp),
(143) Q(ker dmr) ~ pr(;)” 212 g Pr(g)” PERSRILS )
(144) Q(ker dmr) ~ (p*)* (Q(ker mr) @ Q(ker dm)).

Proof. Applying the lemma to (11), (12) and (10), one gets the exact sequence

(145) 0 — p*((ker dr)t) — ker dsr b, p*kerds — 0,

(146) 0 — p*((ker ds)*) — ker drp b, p*kerdr — 0.
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and
(147) 0 — (p?)* kermp — ker dmp dii (p?)* ker dm — 0.
To prove (142), observe that (145) gives
QY2 (ker dsp) ~ p* Q% (ker ds) @ p*QY?((ker dr)*)

and that QY2 ((kerdr)t) = Q~Y2(T'G/kerdr) = Qal/z ® QY2 (ker dr). Next, observe that for any
Lie groupoid G, the maps

ker dm > (71,72, X1, X2) — (71,72, X2) € pr(y)”(ker ds)
and

pr(l)*(kerds) 3 (71,72, X1) — (71,72, (dR+,)4, (X1)) € m™ (ker ds)

are isomorphisms of vector bundles over G(). Similarly, ker dm ~ pr(1)”(ker dr) and pr(y)*(ker dr) ~
m*(ker dr). These facts applied to the groupoid T#G give

(148) Q(ker dmr) ~ QY2 (ker dmr) @ QY2 (ker dmr)
(149) ~ pr(p” QY2 (ker drp) ® Pr(g)” QY2 (ker dsr)
(150) ~ mp(Q(ker dsr)) ~ mp(Q(ker drr)),

where we have used (142) to pass from the second to the third line. This proves (143), and then
(144) follows directly from (147). O

Proposition 28. Let Ay, As be closed G-relations which are cleanly composable. Let A = Ay.As.
We have a natural homomorphism of vector bundles over A1 x Ay NT3):

(151) EV2 01y )R (V2@ 1),) — mi(I) @ 2Y2) @ Q(ker dmp NT(A1 X A)).
Proof. Applying [32, Theorem 21.6.6], we get
(152) In, R Iy, — midy @ QY2 (ker dmr) @ Q(ker dmp NT(A; x Ag)).

Contrary to what happens in the proof of [32, Theorem 21.6.7], the bundle A = kerdmr is not
necessarily symplectic (actually, it may even be odd dimensional since the fibers are of dimension
n = dim G) and we cannot expect any natural trivialization of the corresponding density bundle.
This is where the bundle ¥ is useful.

Using (143) in Corollary 27 we get

(153) (V291K (SV2 @ 1y,) ~ Qkerdmr) @ (I, K Ip,) ~ mi(S) @ (In, K 1y,).

Using (143) again to get Q(kerdmr)'/? ~ m&(3'/?) and combining (153) and (152), we obtain
(151).
U

These identifications of Maslov and density bundles allow us to apply the formula for the product
of principal symbols given in [32, Theorem 25.2.3]. In the present situation, it gives:

Corollary 29. Let Ay, Ao be closed G-relations which are cleanly composable with excess e and set
A= ANy Let Aj € I™i (G, Ay; QY2) be compactly supported G-FIOs and aj € Smj+"/4(Aj, $2g
Iy;) be representatives of the principal symbol of A;. Let (a1 Xaz), ¢ be the density on the compact
manifold mfl(’y,f) N Ay x Ay with values in S22 @ In, as given by (151). Then a; * ay defined by

(154) (77 g) € A7 aj * CLQ(’)/, g) = ay X a

~/anl('y,£)ﬁA1 XAg
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belongs Sm1+m2+8/2+n(0>/2(/\, B2 g Ip) and represents the principal symbol of A = Ay * As.

We end with some direct consequences of the previous statements.

6.4. Composition with pseudodifferential operators.
We recall that the usual conventions for the order of conormal and Lagrangian distributions and
for the order of pseudodifferential operators on groupoids yield

(155) I(G) = 2G4 G L2,

Theorem 30. Any closed G-relation A is transversally composable with the unit G-relation A*G
and the convolution product of distributions turns I(G,A; QY2) into a (G, QY?)-bimodule:

(G2« I(G, A QY2) € I(G, A QY2)  I(G, A QY2) % U.(G; QY2) € I(G, A; QY?).
When A = A*G, we recover the fact that U.(G) is an algebra.

Proof. The G-relations Ag = A*G and A are transversally composable if T(Ag x A) + TT'?) = TT?
at any point (81,02) € Ag x ANT'®). Passing to the symplectic orthocomplement, this is equivalent
to

(156) T(51,8,) (Ao x A) Nker(dmr) s, ,5,) = 0,

and the latter follow from general properties of Lie groupoids. Indeed, let I' be any Lie groupoid
and consider v € T, r(y) = z,5(y) =y € 'O, (t1,t2) € T, ,TO x T'N ker(dmr) (z,4)-

Since rr|po) = srlpe = Id, we get dsp(t1) = drr(t1) = t; and since rr o mp = rr o pry,
sy omp = sy o pry we get from the assumption on (1, t2) that

tl = d’r’r(tl) = d?“r o) dmr(tl,tg) =0 and dSF(tQ) = dSF e} dmr(tl,tQ) =0.
Also, we get 0 = dsr(t1) = drr(t2), therefore
(0, tg) < ker(dmp)

Then
(0,d(R,-1)4(t2)) € ker(dmp)(z@), d(Ry-1)4(t2) € T, T3,

Since (dmr)(y,z)(u1,u2) = u1 + ug if u; € T,I'y we also conclude that t2 = 0 and this proves that
Ap and A are transversally composable. This is obviously the same with Ay on the right. In both
cases, the fibers of the product Ag.A = A.Ag = A are just points, hence the product is proper and
connected. Now Theorem 25 gives the conclusion. O

Combining Theorems 30 and 25, we obtain:

Theorem 31. (Egorov’s Theorem for groupoids). Let A,A’ C T*G \ 0 be composable closed G-
relations such that

(157) AN C A*G\ O and N'.A C A*G\ 0.
Then

(158) I(G, A; QY2) « U(G; QY?) « I(G, N; QV/?) € U(G; QY?).
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In [66], the second author introduced a class of generalized smoothing operators and a family
of Sobolev spaces for general Lie groupoids. Recall that C*(G) denotes the C*-algebra associated
with the groupoid G. The set of generalized smoothing operators W~°°(G) (Definition 24, p77 in
[66]) is defined as the subset of C*(G) of those elements R such that the closure of Py RP; is again
in C*(@) for any two compactly supported pseudodifferential G operators P, and P». For s > 0 the
Sobolev module H? of rank s is defined as the C*(G)-module dom(P) endowed with scalar product
(x,y)s = (Px, Py)+(x, y), where P is any elliptic operator of order s. The corresponding Sobolev
module H ™% is defined by duality.

Next we can give, using techniques coming from [49] and [66], a result on the continuity in the

spirit of Theorem 25.3.1 in [32].
Theorem 32. Let A be a locally invertible local G-relation and A € I (G, A; QY/?).
(1) If m = (n — 2n(9) /4, then the associated Fourier integral G-operator, still denoted by A,
extends to an operator which is a bounded multiplier of C*(G):
(159) A e M(C*(G)).
(2) If m < (n —2n©))/4 then A extends to an element of C*(G).
(3) In the general case, A can be extended to a morphism from H® to H™ with

m =m— (n—2n)/4.

Proof. By the definition of a G-FIO and the assumptions of the theorem, A can be decomposed
into a finite sum A = 3" A; where for each i, 4; € I"™(G, A;; 2'/2) and A; is an invertible patch of
A. Therefore, we may immediately assume that A is an invertible G-relation.

From [36], we know that A is an adjointable G-operator, and Theorem 24 gives A* € I7(G, A*; Q1/2).
Recall that, with (, ) denoting the Hilbertian product of C*(G) seen as a C*(G)-Hilbert module,
the adjoint A* is characterized by

(160) (Au, v) = (u, A*) VYu,v e CX(G,QV?).
Observe that, by the Cauchy-Schwarz inequality for Hilbert modules, we have
(161) [Aul* = [[(Au, Au)|| = [[(A* Au, w)|| < || A" Aul|[lul| Vu € CZ(G, Q)

and similarly for A*. Since A is invertible, Theorems 25 and 12 give

n—2n<0)

AAcTTTT (@)

Now a fundamental result [49, Theorem 18], [66, Proposition 39] says that
(162) U9(G) € M(C*(@)) and ¥ (G) € C*(G) for any m’ < 0,
and thus we can proceed as in [49],[66]:

(1) Assume m = (n —2n(0)/4. Then A*A € ¥(G) and there exists C > 0 such that, using

(161),
| 4ull® < Cllul® Yu € C2(G,QY?),

and similarly for A*. This allows us to extend the relation (160) by continuity to all
u,v € C*(@), which then proves that A € L(C*(G)) ~ M(C*(G)).

(2) Assume m < (n —2n(9)/4. Then A € M(C*(G)) as before and by (162), A*A € C*(G),
which implies that A € C*(G) as well, since C*(G) is an ideal of M(C*(G)) (see [55,
Chapter 1], for instance).
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(3) In the general case, we know from [66] that for all s there exists an invertible elliptic pseu-
dodifferential G-operator P(s) of order exactly s, of inverse P(—s), and that this operator
P(s) is an isomorphism of Hilbert modules between H® and C*(G).

Then P(s—m)AP(—s) is an element of I(En_Qn(O))/4(G, A;Q'/2) and hence by the first result,
a bounded morphism of Hilbert modules between C*(G) and itself, so the result follows by

multiplying on the left by P(m — s) an on the right by P(s).
]

7. EXAMPLE: MANIFOLDS WITH BOUNDARY

Manifolds with corners, stratified spaces (through their desingularisations into manifolds with
iterated fibred corners [1, 24]) and foliations are examples of singular spaces for which there exist
Lie groupoids delivering suitable pseudodifferential calculi [14, 47, 49, 54, 24, 66]. Therefore, in
all these situations, our previous constructions provide a calculus of Fourier Integral Operators
extending the one for pseudodifferential operators. We illustrate this with the basic example of
manifolds with boundary. More sophisticated examples can be treated exactly in the same way but
are postponed to a future work into which we will also apply our calculus of FIOs to investigate
the properties of the unitary group (ef’) (where P is a suitable first order elliptic operator) on
singular spaces. The case of manifolds with boundary also allows us to compare our constructions
with the existing ones [41].

7.1. The b-stretched product. Let X be a manifold with boundary 0X = Y and let x be
a defining function for Y. The b-stretched product Xg of X is by definition the C*° manifold
obtained by blowing up the submanifold B =Y x Y in X2. As a set, XI? is given by the disjoint
union X? = X?\ B U S;N(B) where S; N(B) denotes the inward pointing part of the spherical
normal bundle of B [44, Sections 4.1 and 4.2]. There is a natural blow-down map 8 : X7 — X?
and several natural submanifolds are associated with X 5 :

e the front face ff = S, N(B),
e the left and right boundary faces, that islb = ~HY x (X \Y))andrb = =1((X \Y) x Y),
e the lifted diagonal B*l(A)o{) = Ay.

The space of vector fields tangent to the boundary is a finitely generated projective module over
C*(X). The underlying vector bundle is called the b-tangent space and denoted by *T'X. There
is a natural vector bundle homomorphism

(163) a:"TX — TX.
7.2. The b-groupoid.

7.2.1. Definition. The appropriate groupoid is then the following subgroupoid of X? x RY = X:

(164) Gy ={(p,a.t) € X*> xR% ; 2(q) = tz(p)}.

It is a Lie groupoid (G and X are manifolds with boundary) and we have canonical diffeomorphisms

Gy ~Y? xR and G ~ X x X,
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the second one being given by the inverse of the map (p, q) — (p,q, z(p)/z(q)). If X? denotes the
b-stretched product described above then the map

D . Gb — Xb2
(p,q)ifpe X
[(Svtsvpv Q)SE[O,e]] 1fp €Y.

(165) (p,q,t) —

gives a diffeomophism Gj, ~ X7\ (IbUrb) where the left and right boundary faces 1b,rb of X7 are
given as above. For the map ® defined above, it is understood that a collar neighborhood U of
Y is chosen, allowing us to write points in ¢ in the form (z,p) with = € [0,4+00) and p € Y. For
completeness, let us mention that ® maps the unit space GZEO) onto the lifted diagonal A,.

7.2.2. The Lie algebroid of the b-groupoid and the canonical foliation. The map ® also provides a
vector bundle isomorphism between the Lie algebroid AG} and the stretched tangent bundle °TX.
Through the latter isomorphism, the anchor map dr : AG, — T X coincides with (163).

The canonical foliation F¢, has exactly two leaves: Y? x R*% and X x X.

7.2.3. Local coordinates near the boundary. Using a collar neighborhood identification U ~ [0, co) X
Y, we get a Lie groupoid isomorphism
(166) Ry xR% x Y2~ (G4
given by
U: RyxRLxY?2 — (Gp)Y
(z,p,tx,q) if x>0
(t,p,q) if z =0.

The diffeomorphism W is used to choose suitable local coordinates around 0Gy.

(167) (wtpg)

7.3. The cotangent groupoid of the b-groupoid. The cotangent groupoid TG} splits into two
satured subgroupoids:

T°Gy=T" o Gy| )T5q, G-
’ (XxX) bU 9GyTb

The first one is the cotangent groupoid of the pair groupoid )% X )o( and its structural maps are
recalled in [36, Example 3]. The second one is the cotangent groupoid of Y2 x R% , so it is the
cartesian product of the cotangent groupoid of Y x Y and of the cotangent groupoid of the Lie
group R* | whose structural maps are recalled in [36, Example 2]. Concretely, in the coordinates
induced by W, the points in the unit space A*Gy of T*Gy, are the following ones:

(168) (xvlvyvyaovyv *575) € Tg(O)Gb-
b
The source and target maps are given by:
(169) sr(z,t,p,q,7,v,§,m) = (xt,1,p,p,0,tv, —n,n)
(170) T’F(.’I], tapa q,T,V, ‘5) 77) = (xa 17p7p7 07 tv — €T, 57 _‘5)

To see that the multiplication is C*° around TngGb, we express it in the coordinates above. It is
easy to see that §1,d2 € T*G}p are composable if and only if they are of the following form:

61 — (xvtlap17QaTlva1a€15n) ) 52 — ($t1,t2,q,p2,t2tflyg - V17$V277n’§2))
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and then

mr (81, 09) = 0169 = (x, t1ta, p1,p2, 71 + tave — tivn, ] a1, £1,&).
Note that when = > 0, the expression of the product is much simpler in the natural coordinates of
X x X and when z = 0, setting 7 = tgtl_ll/g — 11 in d9, we recover the more familiar law:

0162 = (0, t1ta, p1,p2, 71 + t172,0,&1, &2).

7.4. Gy family relations. Now, let A C T*G}p be a conic Lagrangian submanifold. Writing down
the source and target maps sr and rp of I' = T*G, we get that A is a Gyp-relation if and only if

(171) ANTH(X x X) C (T*X\ 0) x (T*X \ 0)
and
(172) AN T Gy C [V (TR O JITY \ 0) x (T7Y \ 0) x (B}, x {0})].

Next, a Gp-relation A is a family Gp-relation if and only if
This is obvious using condition (5) of Theorem 14 and the fact that F¢, has exactly two leaves:

o [¢]
Y2 x R*% and X x X, the second one bringing in an empty transversality condition.

7.5. Phase functions. Let us interpret Condition (173) locally in terms of phase functions. In-
troduce the submersion
b: Gy > (p,g,t) — x(p) € Ry.

Then Condition (173) is equivalent to the condition that bjp : A — R, is a submersion near
x = 0. Thus, given a family Gjp-relation A, the results of Paragraph 3.4 show that A is locally
parametrizable near the boundary by C families (¢, ).>0 of phase functions on Y2 x R% . More
precisely, this means that for any (7°,£%) € A with v € 9G, using the local coordinates provided
by (167) and Y, we can find a phase function ¢(z,t, p, q,0) such that ¢,(t,p,q,0) = ¢(x,t,p,q,0) is
a non-degenerate phase function parametrizing A, = i%(A) for any non-negative real number z close
to 0 (see Paragraph 3.4 for the notation; in particular ¢ is also non-degenerate and parametrizes
A).

7.6. Indicial symbol and small b-calculus. Next, given a family Gj-relation A, Proposition 22
can be applied with the groupoid G} and the saturated subgroupoid 0Gy = (Gb)? Together with
Proposition 8, this yields an indicial symbol (or boundary symbol) map:

(174) I"™(Gy, A) 3 u— I(u) = ijq, (u) = ij(u) € I™TVHY? X RY, Ag).

Concretely, in local coordinates and with phases as above, if the Gp-FFIO u is given by the oscil-

latory integral

u = /ei%(t’p’p/’e)a(:p,t,p,p’,e)dG

for some symbol a and some family (¢,) of phase functions as above, then the indicial symbol of u
is the 0Gp-FFIO given by the oscillatory integral

I(u) = /eid’o(t’p’p,’(’)a(o,t,p,p’,0)d0.

Let us give some mapping properties of Gp-FFIOs. Let u € I™(Gy, A) be a Gp-FFIO and consider
the equivariant family (P,),cx of linear operator in the fibers. Using the equivariance condition



42 JEAN-MARIE LESCURE, STEPHANE VASSOUT (1)

and the obvious identifications (Gyp), ~ (Gp) P = X for any interior point p, we get that the

[¢]
distributions P,, p € X, do not depend on the base point and the common value P, satisfies
P, e I(X x X, ),

where A = ANT*(X x X) C (T*X\0) x (T*X \0), as a set, is defined using A and (18). Therefore
the distribution P, gives rise to a continuous linear operator denoted in the same way:

o [e)

P, : C(X) — C™(X),

and whose formal adjoint enjoys the same mapping property (here and in what follows, the ap-
propriate density bundles are suppressed in the notation; see [36] for details). Actually, if u is
compactly supported, then P, can be extended into a continuous linear operator

uy 1 C°(X) — C™(X)
by the formula

(175) ug()(p) =ux(por)(p), ¢eC*X), peX.

This assertion is an easy consequence of the fact that r : (G), — )o( is a diffeomorphism for any
interior point p. Let C’ﬁ)OUrb(Xg) be the space of C'°° functions on sz vanishing to any order at
the boundary faces 1b,rb. It is well known [44] that the pushforward of distributions gives, for any
fe C’ﬁ;’utb(Xg), a continuous linear operator fy : C*(X) — C°°(X), which is again given by
(175).

Definition 13. Any linear operator C*°(X) — C*(X) equal to uy for some u belonging to
I:(Gba A) + CIC?Urb(XI?)
for some family Gy-relation A is called a b-FIO on X.

Remark 33. (1) Theorems 24, 25 and 32 extend immediately to the larger class of distributions
above. Following the classical terminology of R. Melrose, we can then call this package of
results a small calculus for b-FIOs.

(2) Small calculi for FIOs with other behaviors near the boundary (for instance, the cusp-
calculus, the ¢-calculus, the fibred cusp calculus) are constructed in the same way using the
appropriate blow-up spaces and groupoids.

Obviously, the sub-family (Pp)pcy is the equivariant family associated with the 0G,-FFIO iju.
Concretely, the operators P, do not depend on p € Y and their common value is the Fourier integral

operator
Py:CP(Y xRY) — C™(Y xRY)

given by the natural action by convolution of I(u). In particular, Py commutes with dilations in
R* .
+
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7.7. Comparison with the FIOs defined in [41]. In [41], R. Melrose defined FIOs between
manifolds with boundary N, M as Lagrangian distributions on the appropriate b-stretched N x M
and subordinate to boundary canonical relations [41, chap III, Definition 2.19]. In the case N =
M = X, we are clearly dealing with the same space of distributions, and thus it just remains to
compare boundary canonical relations with (family) Gj-relations.

Let A be a boundary canonical relation on X 5. This is a conic Lagrangian submanifold of 7% X b2
satisfying several additional conditions.

The first one, Condition (2.10) of [41, chap III, Definition 2.19], says that A does not intersect
1bUr]o)X 5, and thus,
A is a conic Lagrangian submanifold of T*G} through the identification given by ®, which we fix

the left and right boundary of the cotangent space. This means that A C T)*(z\ (
b

in what follows.

The second one, Condition (2.15) of [41, chap III, Definition 2.19], coincides with our admissibility
condition (“no zeros condition”) and this proves that A is a G,-relation.

The third one, Condition (2.9) of [41, chap III, Definition 2.19], reads

(176) TA + TT}, Gy = TT*Gy.

This is again the transversality Condition (173). Therefore, A is a family G,-relation.
We now analyse Condition (2.13) of [41, chap III]. We know that Ay := ij(A) C T*0G, is a
family 0Gyp-relation. The fiber bundle considered in [41, chap III, (2.13)] is here

(177) F={(p,q,t.&n,v) ET*OGy, ; v =0} — T*Y?,
Thus the first part of Condition (2.13) consists in requiring that
(178) TF + TAo = TT*9Ch,

This is not a condition satisfied by arbitrary family Gj-relations. Let us give an example. We again
identify Ry x R x Y2 and (G,)¥) via U. Let us fix a point (p1,p2) € Y2, and consider the set

(179) V={(z,t,p1,p2) ; v €Ry, t e R} C Gy.

Let C be the cone in T*Gy, \ 0 defined by

(180) C={(z,t,y1,y2, 7,1, &1, 62) € T*(Ry x RY x Y2) 5 €|l&q| < |&] < e & ]}

for some € > 0. Then consider the intersection

(181) A=N*VNC={(z,t,p1,p2,0,0,61,6) ; x € Ry, t eRY, €|l&y] < [&a] < e &}

Let us check that A is a family Gp-relation that does not satisfy (178). Firstly, A is obviously a
conic Lagrangian submanifold. Then, using the expression of sp and rr in (169), one gets that A
is a Gp-relation.

Next, for any boundary point v € 9Gy, one has

(182) T, Fa, = TyGhapy) + T,GL 7 = {0} x T(RY x Y?) C Tog, Gy
Using the expression (181) we obtain immediately that
(183) dp(TyeN) + Ty Fa, = TGy,  Y(7,€) € A such that v € 0Gy,.

Therefore, by Theorem 14 and the discussion following (173), we obtain that A is a family G-
relation. Now consider

(184) Ao = ipg, A = {(t,p1,p2,0,61,&) 5 t ERY, €ea] < |&| < e '|&1]} € T*bEN 0.
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We get
(185)
TAO = {(t7plap2707517525“7())0)07 Cva?) ) te R*-H €’£1| < |§2‘ < 6_1|§1‘7 (C17C2) S T(;,l,pz)YQ}-
Since
(186) TF = {(t,p,0,&u,v,0,() ; (t,u) € TR}, (p,v) € TY?, £,¢ € TyY?},

we now see that TAg + TF # T(T*0G}). Therefore A is not a boundary canonical relation in the
sense of [41, chap III, Definition 2.19].

In conclusion, the class of Lagrangian submanifolds accepted here in the calculus of FIOs is

slightly larger than the one obtained by boundary canonical relations. Moreover, the result on

composition of FIOs given in [41] applies only to boundary canonical relations that are invertible

in the terminology of the present paper. As we see in Theorem 25, this assumption can be ignored.
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