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INTRODUCTION

For the proof of his measured index theorem for C°°-foliations [3], Connes in-
troduced pseudodifferential operators on the holonomy groupoid. Two closely
related constructions of algebras of pseudodifferential operators for general dif-
ferentiable groupoids were proposed in [28, 29]. Coming from microlocal analy-
sis of pseudodifferential operators on manifolds with corners, a similar construc-
tion was suggested and used by Melrose [21], without mentioning groupoids
explicitly. While the initial motivation for these constructions was completely
different, eventually it was realized that they all can be used to formalize vari-
ous constructions with pseudodifferential operators related to adiabatic limits,
scattering or spectral problems, and index theoretical computations.

Recall that a groupoid is a small category in which every morphism is invertible.
The domain map d : G(Y) — M associates to a morphism ¢ : d(g) — r(g) its
domain d(g), which is an object in M. This yields a decomposition of the set

of morphisms
gt = U d(z).
reM

The basic idea for a pseudodifferential calculus on groupoids is to consider fam-
ilies (P;)zem of pseudodifferential operators on the “fibers” G, := d~!(x) that
are equivariant with respect to the action of the groupoid induced by compos-
ing compatible morphisms. All that is needed for this construction is in fact a
smooth structure on the sets G, x € M. Of course, there is a maze of possible
ways to glue these fibers together. Let us only mention differentiable groupoids,
where the fibers, roughly speaking, depend smoothly on the parameter x € M,
and continuous family groupoids introduced by Paterson [32] generalizing the
holonomy groupoid of a C>:?-foliation as considered in [3]. In that case, the
dependence on x is merely continuous in an appropriate sense — see Section 1
for precise definitions.

In [28, 29] pseudodifferential operators were introduced on differentiable group-
oids; one of the main results is that (under appropriate restrictions on the dis-
tributional supports) pseudodifferential operators can be composed. Though
the definition is rather simple, these algebras of pseudodifferential operators re-
cover many previously known classes of operators, including families, adiabatic
limits, and longitudinal operators on foliations. Moreover, for manifolds with
corners, the pseudodifferential calculus identifies with a proper subalgebra of
the “b”—calculus [18, 19]. It is possible, however, to recover the “b”—calculus
in the framework of groupoids, as shown by the second autor in [27].

In this paper, we first extend the construction of [28, 29] to continuous family
groupoids. This more general setting enables us to freely restrict pseudodif-
ferential operators to invariant subsets of the groupoid; these restrictions are
necessary to fully understand the Fredholm properties of pseudodifferential op-
erators on groupoids. To see what are the technical problems when dealing
with the more restrictive setting of differentiable groupoids, simply note that
for instance, the boundary of a manifold with corners is not a manifold with

DOCUMENTA MATHEMATICA 5 (2000) 625-655



ANALYSIS ON GROUPOIDS 627

corners anymore, so that the class of differentiable groupoids is not stable under
restriction to invariant subsets.

In the main part of the paper, we set up some analytical foundations for a
general pseudodifferential analysis on groupoids. This covers among others
the existence of bounded representations on appropriate Hilbert spaces, and
criteria for Fredholmness or compactness. This is inspired in part by the central
role played by groupoids in the work of Connes on index theory and by some
questions in spectral theory [13]. In both cases it is natural to consider norm
closures of the algebras of pseudodifferential operators that are of interest, so
the study of these complete algebras plays a prominent role in our paper. We
show that (and how) the geometry of the space of objects of a given groupoid
is reflected by the structure of the C*-algebra generated by the operators of
order zero. The morphism of restricting to invariant subsets is an important
tool in this picture; these homomorphisms are in fact necessary ingredients to
understand Fredholm and representation theory of pseudodifferential operators.
Let us now briefly describe the contents of each section. The first section
introduces continuous family groupoids and explains how the results of [28§]
and [29] can be extended to this setting. However, we avoid repeating the
same proofs.

In the second section, we discuss restriction maps, which are a generalization
of the indicial maps of Melrose. The third section contains the basic results on
the boundedness and representations of algebras of pseudodifferential operators
on a continuous family groupoid. We prove that all boundedness results for
pseudodifferential operators of order zero reduce to the corresponding results
for regularizing operators. This is obtained using a variant of the approach
of Hormander [6]. In the fourth section, we study the structure of the norm
closure of the groupoid algebras and obtain a canonical composition series of
a groupoid algebra, if there is given an invariant stratification of the space of
units. This generalizes a result from [22]. As a consequence of this structure
theorem, we obtain characterizations of Fredholm and of compact operators in
these algebras in Theorem 4:

o An order zero operator between suitable L?-spaces is Fredholm if, and only
if, it is elliptic (i.e., its principal symbol is invertible) and its restrictions
to all strata of lower dimension are invertible as operators between certain
natural Hilbert spaces.

e An order zero operator is compact if, and only if, its principal symbol
and all its restrictions to strata of lower dimension vanish.

See Theorem 4 for the precise statements. These characterizations of com-
pactness and Fredholmness are classical results for compact manifolds with-
out boundary (which correspond in our framework to the product groupoid
G = M x M, M compact without boundary). For other classes of opera-
tors, characterizations of this kind were obtained previously for instance in
[17, 19, 20, 22, 23, 33, 41].
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628 LAUTER, MONTHUBERT, AND NISTOR

The last section contains two applications. The first one is a discussion of
the relation between the adiabatic groupoid G,q canonically associated to a
groupoid G and index theory of pseudodifferential operators. The second ap-
plication is to operators on a covering M of a manifold with boundary M, with
group of deck transformations denoted by I'. We prove that every invariant,
b-pseudodifferential, elliptic operator on M has a perturbation by regularizing
operators of the same kind that is C*(T")-Fredholm in the sense of Mishenko
and Fomenko. This was first proved in [14] using “spectral sections.”

A differentiable groupoid is a particular case of a continuous family groupoid.
In particular, all results of this section remain valid for differentiable groupoids,
when they make sense. This also allows us to recover most of the results of
[12].

The dimension of the fibers G, is constant in = on each component of M. For
simplicity, we agree throughout the paper to assume that M is connected and
denote by n the common dimension of the fibers G,.

Acknowledgments: The first named author is indebted to Richard Melrose for
explaining the conormal nature of pseudodifferential operators. He wants to
thank the Massachusetts Institute of Technology and the SFB 478 at the Uni-
versity of Miinster, and, in particular, Richard Melrose and Joachim Cuntz for
the invitation and excellent hospitality. Also, we would like to thank an anony-
mous referee for comments that helped to improve parts of the manuscript.

1 BASIC DEFINITIONS

We begin this section by recalling some definitions involving groupoids. Then
we review and extend some results from [28, 29] on pseudodifferential operators,
from the case of differentiable groupoids to that of continuous family groupoids.
In the following, we shall use the framework of [28, 29], and generalize it to the
context of continuous family groupoids.

A small category is a category whose class of morphisms is a set. The class of
objects of a small category is then a set as well. By definition, a groupoid is
a small category G in which every morphism is invertible. See [37] for general
references on groupoids.

We now fix some notation and make the definition of a groupoid more explicit.
The set of objects (or units) of G is denoted by M or G(®). The set of morphisms
(or arrows) of a groupoid G is denoted by G11). We shall sometimes write G
instead of G, by abuse of notation. For example, when we consider a space of
functions on G, we actually mean a space of functions on G(V). We will denote
by d(g) [respectively r(g)] the domain [respectively, the range] of the morphism
g :d(g) — r(g). We thus obtain functions

d,r: ¢V s v =g (1)

that will play an important role in what follows. The multiplication gh of
g,h € G° is defined if, and only if, d(g) = r(h). A groupoid G is completely
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determined by the spaces M and G and by the structural morphisms: d,r,
multiplication, inversion, and the inclusion M — G.

In [3], A. Connes defined the notion of a C°%-foliation. This leads to the
definition of a continuous family groupoid by Paterson [32]. Let us summarize
this notion.

By definition, a continuous family groupoid is a locally compact topological
groupoid such that G is covered by some open subsets {2 and:

e each chart  is homeomorphic to two open subsets of R¥ x GO, T x U
and T” x U’ such that the following diagram is commutative:

e each coordinate change is given by (¢,u) — (¢(¢,u),u) where ¢ is of class
C>=0 ie. ur ¢(.,u) is a continuous map from U to C=(T,T").

In addition, one requires that the composition and the inversion be > mor-
phisms.

Generally, we will transform several concepts from the smooth to the Y
setting. The definitions are in the same spirit as the definition of a continuous
family groupoid, and the reader can fill in the necessary details without any
difficulties. For instance, the restriction A(G) of the d-vertical tangent bundle
Tq.G = Ugeg TyGa(g) of G to the space of units is called the Lie algebroid of G;
it is a C>%-vector bundle.

We now review pseudodifferential operators, the main focus being on the def-
inition and properties of the algebra ¥>°(G) of pseudodifferential operators
on a continuous family groupoid G, and its variant, ¥>°(G; E), the algebra of
pseudodifferential operators on G acting on sections of a vector bundle.
Consider a complex vector bundle E on the space of units M of a continuous
family groupoid G, and let r*(FE) be its pull-back to G. Right translations on
G define linear isomorphisms

Uy : Cm(gd(g)ar*(E)) - Cm(gr(g)ar* (E)) : (Ugf)(gl) = f(g/g) € (T*E)g’ (2)

which are defined because (r*E)y = (r"E)yy = Ey (4.

Let B C R™ be an open subset. Define the space §™ (B xR™) of symbols on the
bundle B x R™ — B as in [8] to be the set of smooth functions a : BxR" — C
such that

0502 a(y. )| < Crap(1+ 617 (3)

for any compact set K C B, for any multi-indices o and g, for any z € K, and
for any £ € R™. An element of one of our spaces S should more properly be
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said to have “order less than or equal to m”; however, by abuse of language we
will say that it has “order m.”

A symbol a € S8™(B x R™) is called classical (or polyhomogeneous) if it
has an asymptotic expansion as an infinite sum of homogeneous symbols
an~ Z;O:O Gm—k, a; homogeneous of degree [:

ai(y, t€) = tay(y, €) if ||¢]| > 1

and t > 1. (“Asymptotic expansion” is used here in the sense that for each
N €N, the difference a — Ziv;(f am—k belongs to S™~ V(B x R™).) The space
of classical symbols will be denoted by S/} (B xR™); its topology is given by the
semi-norms induced by the inequalities (3). We shall be working exclusively
with classical symbols in this paper.
This definition immediately extends to give spaces SJ7'(E; F) of symbols on
F with values in F', where m : E — B and F — B are smooth Euclidean
vector bundles. These spaces, which are independent of the metrics used in
their definition, are sometimes denoted S'(E;7n*(F)). Taking E = B x R"
and F' = C one recovers S (B x R") = §J(B x R"; C).
Recall that an operator T': C°(U) — C>°(V) is called regularizing if, and only
if, it has a smooth distribution (or Schwartz) kernel. For any open subset W
of R™ and any complex valued symbol a on T*W =W x R", let

a(y, Dy) : C°

C

W) = €=(w)
be given by
oy, Dyuly) = (2n) " [ eray, (. (@)

n

Then, by definition, a pseudodifferential operator P on B is a continuous, linear
map P : C°(B) — C*(B) that is locally of the form P = a(y, D,) + R, where
R is a regularizing operator.

We shall sometimes refer to pseudodifferential operators acting on a smooth
manifold as ordinary pseudodifferential operators, in order to distinguish them
from pseudodifferential operators on groupoids, a class of operators we now
define (and which are really families of ordinary pseudodifferential operators).
Throughout this paper, we shall denote by (P,,z € M) a family of order m
pseudodifferential operators P, acting on the spaces C°(G,,r*(E)) for some
vector bundle E over M. Operators between sections of two different vector
bundles E; and E; are obtained by considering E = E; & E,. (See also below.)

DEFINITION 1 A family (Py,z € M) as above is called continuous if, and
only if, for any open chart V. C G, homeomorphic to W x d(V'), and for any
¢ € C2>O(V), we can find a continuous family of symbols (az,x € d(V)) with

a; € SG(T*W;End(E))

such that 9Py ¢ corresponds to az(y, Dy) under the diffeomorphism G,NV ~ W,
for each x € d(V').
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Thus, we require that the operators P, be given in local coordinates by symbols
a; that depend smoothly on longitudinal variables (with respect to d) and
continuously on transverse variables.

Let us denote by D the density bundle of the Lie algebroid A(G).

DEFINITION 2 An order m, invariant pseudodifferential operator P on a con-
tinuous family groupoid G, acting on sections of the vector bundle E, is a con-
tinuous family (Py,x € M) of order m, classical pseudodifferential operators
P, acting on CX(G,,r*(E ® DY/?)) that satisfies

PrgUg = UgPag), (5)
for any g € G, where Uy is as in (2).

This definition is a generalization of the one in [28, 29]; moreover, we have
replaced the bundle E by E ® D/2.

Let us denote by C™*°(Y; E) := C(Y, E' ® )’ the space of distributions on
a smooth manifold Y with coefficients in the bundle E; here E’ is the dual
bundle of E, and Q = Q(Y) is the bundle of 1-densities on Y.

We fix from now on a Hermitian metric on E, and we use it to identify E’, the
dual of E, with E, the complez conjugate of E. Of course, E ~ E.

For a family of pseudodifferential operators P = (P,,z € G(©) acting on G,,
let us denote by K, the distributional kernel of P,

Ky €C (G X GuirH(E@ DY) @1r35(E@DY? Q)  (6)
~ CT%(Gy X Go; I (E @ DY?) @ 1} (E @ DY?)).

Here Q9 is the pull-back of the bundle of vertical densities r*(D) on G, to
G. x G, via the second projection. These distributional kernels are obtained
using Schwartz’ kernel theorem. Let us denote

END(E) := r*(E ® DY?) @ d*(E* @ D'/?).

The space of kernels of pseudodifferential operators on G, is denoted, as usual,
by I"™(Gs X Gy, Go; END(E)) where G, — G, X G,; is embedded as the diagonal

[8].

Let p1(g’,9) = g'g~ . We define the support of the operator P to be

supp (P) = Ugpa( supp (Kz)) C G. (7)

The family P = (P,,z € G©) is called uniformly supported if, and only if,
supp (P) is a compact subset of G1). The composition PQ of two uniformly
supported families of operators P = (P,,z € M) and Q = (Q,x € M) on GV
is defined by pointwise multiplication:

PQ = (PyQq,x € M).

DOCUMENTA MATHEMATICA 5 (2000) 625-655



632 LAUTER, MONTHUBERT, AND NISTOR

Since
supp (PQ) C supp (P) supp (Q),

the product is also uniformly supported. The action of a family P = (P,) on
sections of r*(F) is also defined pointwise, as follows. For any smooth section
[ € C®9%G,r*(E)), let f. be the restriction f|g,. If each f, has compact
support and P = (P,,z € G©) is a family of ordinary pseudodifferential
operators, then we define Pf such that its restrictions to the fibers G, are
given by

(Pf)w = Pﬂc(fz)

Let G be a continuous family groupoid. The space of order m, invari-
ant, uniformly supported pseudodifferential operators on G, acting on sec-
tions of the vector bundle E will be denoted by ¥™%(G: E). For the triv-
ial bundle £ = M x C, we write ¥"%(G; E) = ¥™0(G). Furthermore, let
UG E) = Upez¥™°(G; E) and ¥~%G; E) = Npez¥™°(G; E).

Thus, P € ¥™9(G; E) is actually a continuous family P = (P,,z € G(9) of
ordinary pseudodifferential operators. It is sometimes more convenient to con-
sider the convolution kernels of these operators. Let K, (g,g’) be the Schwartz
kernel of P,, a distribution on G, x G,., as above; thus (K, )eps is a continuous
family, equivariant with respect to the action of G:

v.gO € g7v9 € gr(gg)av.gl € gd(go)aKr(go)(gag/go_l) = Kd(go)(g.QOag/)'

We can therefore define

kp(g) = Kag)(9,d(g)) (8)

which is a distribution on G, i.e. a continuous linear form on C>%(G).
We denote by I"™%(G, M; END(E)) the space of distributions k on G such that
for any x € G the distribution defined by

Ku(9,9') = kl(gg'™")

is a pseudodifferential kernel on G, X G, i.e. K, € I"™(G, X G, G.; END(E)),
and the family (K;)gzenr is continuous. Let us denote by Sg“o (A*(G); End(F))
the space of continuous families (az)zem with ay € ST (1,G,; End(E)). For
P € Um(G; E), let

om(P) € Sy (A*(G); End(E)) /S5~ (A*(G); End(E)) (9)

cl

be defined by
om(P)(§) = om(Py)(§),

if £ € A(G),. Note that the principal symbol of P determines the principal
symbols of the individual operators P, by the invariance with respect to right
translations. More precisely, we have o, (P;) = r*(o(P))|r+g,. As in the
classical situation, it is convenient to identify the space on the right hand side
in (9)
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with sections of a certain bundle P,,. Let S*(G) be the cosphere bundle of G,
that is, S*(G) = (A*(G) \ 0)/R% is the quotient of the vector bundle A*(G)
with the zero section removed by the action of positive real numbers. Let P,
be the bundle on S*(G) whose sections are C°*-functions f on A*(G) \ 0 that
are homogeneous of degree m. Then the quotient space in Equation (9) can
certainly be identified with the space C*°(S*(G), End(E)® P, ), thus, we have
om(P) € C2*9(5*(G), End(E)®Py,). The following theorem is a generalization
of results from [26, 28, 29] and extends some well-known properties of the
calculus of pseudodifferential operators on smooth manifolds.

THEOREM 1 Let G be a continuous family groupoid. Then
(G E)U (G E) € UTTO(G B),

Omtm' (PQ) = om(P)om (Q), and the map P +— kp establishes an isomor-
phism ¥"9(G: E) 3 P+ kp € I™%(G, M; END(E)).
Moreover, the principal symbol ., gives rise to a short exact sequence

0 — U 0(G: B) — U™0(G; B) — €2°0(S%(G), End(E) ® P,) — 0. (10)

It follows that ¥=°°0(G: E) is a two-sided ideal of ¥°*:°(G; E). Another con-
sequence of the above theorem is that we obtain the asymptotic completeness
of the spaces ¥"9(G): If P, € ¥™0(G) is a sequence of operators such that
the order of P, — P11 converges to —oo and the kernels kp, have support
contained in a fixed compact set, then there exists P € W™9(G), such that the
order of P — P, converges to —oo.

Using an observation from [29], we can assume that E is the trivial one dimen-
sional bundle M xC. Indeed, we can realize E as a sub-bundle of a trivial bundle
M x C™, with the induced metric. Let e be the orthogonal projection onto F,
which is therefore an nx n matrix, and hence it is a multiplier of ¥°°:%(G). Then
U0(G: B) ~ eM,,(¥™°(G))e, for each m, and for m = oo, it is an isomorphism
of algebras. In the last section we shall consider operators between different
vector bundles. They can be treated similarly, as follows. Suppose Ey and F,
are two vector bundles on M and (P.), x € M, is a family of pseudodifferential
operators P, € U™0(G,;r*(Ep),r*(F1)) satisfying the usual conditions: (P;)
is a continuous family of invariant, uniformly supported operators. The set of
such operators will be denoted U™ °(G; Ey, E1). It can be defined using the
spaces ¥9(G) by the following procedure. Choose embeddings of Ey and E;
into the trivial bundle CV such that E; can be identified with the range of a
projection e; € My(C®®(M). Then W™9(G; Ey, E1) ~ e1Mn(9™9(G))eo, as
filtered vector spaces.

Sometimes it is convenient to get rid of the density bundles in the definition
of various algebras associated to a continuous family groupoid. This can easily
be achieved as follows. The bundle D is trivial, but not canonically. Choose
a positive, nowhere vanishing section w of D. Its pull-back, denoted r*(w),
restricts to a nowhere vanishing density on each fiber G,, and hence defines
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a smooth measure pu,, with support G,. From the definition, we see that the
measures p, are invariant with respect to right translations.
The choice of w as above gives rise to an isomorphism

@, UT0G) — C2(9),

such that the convolution product becomes
o fila) = [ foloh™ ) (k) (),

where g,h € G and x* = d(g). If we change w to ¢ 2w, then we get

C4-20,(f)(9) = 8(r(9))®u(f)(9)b(d(g)), and pi changes to (¢ o 7)™ pis. See
Ramazan’s thesis [36] for the question of the existence of Haar systems on

groupoids.

2 RESTRICTION MAPS

Let AC M and let G4 :=d~'(A)Nr~1(A). Then G4 is a groupoid with units
A, called the reduction of G to A. An invariant subset A C M is a subset such
that d(g) € A implies r(g) € A. Then G4 = d~}(A) =r~1(A).

In this section we establish some elementary properties of the restriction map

Ry : U0(G) — 0>=0(Gy),

associated to a closed, invariant subset Y C M. Then we study the properties
of these indicial maps. For algebras acting on sections of a smooth, hermitian
bundle E on M, this morphism becomes

Ry : U(G; E) — \IIOO’O(gy;E|y).

Then Y is the space of units of the reduction Gy and d=*(Y) = r=1(Y) is the
space of arrows of Gy, hence

Gy = (Y.d™ (V)

is a continuous family groupoid for the structural maps obtained by restricting
the structural maps of G to Gy. As before, we identify the groupoid Gy with
its set of arrows d=(Y).

Clearly, Gy = d~'(Y) is a disjoint union of d-fibers G, so if P = (P,,z € G(?)
is a pseudodifferential operator on G, we can restrict P to d~1(Y) and obtain

Ry (P) := (Py,z € Y),

which is a family of operators acting on the fibers of d : Gy = d=1(Y) — Y and
satisfies all the conditions necessary to define an element of W°°:°(Gy ). This
leads to a map

Ry = Ry : U0(G) — U>9(Gy), (11)
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which is easily seen to be an algebra morphism.
If Z C Y are two closed invariant subsets of M, we also obtain a map

Razy : U0 (Gy) — 00(Gy), (12)

defined analogously. The following proposition summarizes the properties of
the maps Ry .

PROPOSITION 1 LetY C M be a closed, invariant subset. Using the notation
above, we have:

(i) The convolution kernel kg, (py of Ry (P) is the restriction of kp to d=1(Y).
(i) The map Ry is an algebra morphism with Ry (¥™9(G)) = ¥™9(Gy) and

Co(M\ Y)I™%(G, M;END(E)) C ker(Ry).

(i) If Z CY is a closed invariant submanifold, then Rz = Rzy o Ry.
(iv) If P € ¥™9(G), then opm(Ry (P)) = 01 (P) on S*(Gy) = S*(G)]y -

PRrROOF: The definition of kp, equation (8), is compatible with restrictions,
and hence (i) follows from the definitions.
The surjectivity of Ry follows from the fact that the restriction

Ign,O(g,M) - I;mo(gYaY)

is surjective. Finally, (iii) and (iv) follow directly from the definitions. O

Consider now an open invariant subset O C M, instead of a closed invariant
subset Y C M. Then we still can consider the reduction Go = (0,d~1(0)),
which is also a continuous family groupoid, and hence we can define ¥>°-%(Gp).
If moreover O is the complement of a closed invariant subset Y C M, then
we can extend a family (P,) € ¥*%(Gp) to be zero outside O, which gives an
inclusion ¥>%(Gp) C U>9(G). Clearly, ¥>°(Gn) C ker(Ry), but they are
not equal in general, although we shall see later on that the norm closures of
these algebras are the same.

3 CONTINUOUS REPRESENTATIONS

As in the classical case of pseudodifferential operators on a compact mani-
fold (without corners) M, the algebra W%°(G) of operators of order 0 acts by
bounded operators on various Hilbert spaces. It is convenient, in what follows,
to regard these actions from the point of view of representation theory. Un-
like the classical case, however, there are many (non-equivalent, irreducible,
bounded, and infinite dimensional) representations of the algebra ¥%%(G), in
general. The purpose of this section is to introduce the class of representations
in which we are interested and to study some of their properties. A consequence
of our results is that in order to construct and classify bounded representations
of U99(G), it is essentially enough to do this for ¥=°9(g).
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Let DY/2 be the square root of the density bundle
D =|A" A(9)],

as before. If P € U™9(G) consists of the family (P,,z € M), then each P,
acts on

Ve = Oso(gz”’* (D1/2>)-

Since r*(D'/?) = QZFQ is the bundle of half densities on G, we can define a
hermitian inner product on Vj, and hence also the formal adjoint Py of P,.
The following lemma establishes that U°*9(G) is stable with respect to taking
(formal) adjoints. (The formal adjoint P* of a pseudodifferential operator
P is the pseudodifferential operator that satisfies (P*¢, ) = (¢, Pv), for all
compactly supported, smooth 1/2-densities ¢ and 1.) Let

END(D'/?) := +*(D'/?) @ d*(D'/?).

LEMMA 1 If P = (Py,x € M) € U™9(G), then (P;,z € M) € ¥™0(G).
Moreover, L
kp-(9) =kp(g~") € I2°°(G, M;END(D'/?)), (13)

and hence oy (P*) = 0 (P).

Proor: It follows directly from the invariance of the family P, that the
family P¥ is invariant. The support supp (P*) = supp (kp+) C G of the
reduced kernel kp- is ¢( supp (P)) = {97!, g9 € supp (P)}, also a compact set.
Since the adjoint of a continuous family is a continuous family, we obtain that
(P})zenr defines an element of ¥9(G).

We now obtain the explicit formula (13) for the kernel of kp« stated above.
Suppose first that P € ¥—"~19(G). Then the convolution kernel kp of P is a
compactly supported continuous section of END (Dl/ 2), and the desired formula
follows by direct computation. In general, we can choose P, € ¥~"~19(G) such
that kp,, — kp as distributions. Then k‘p;l — kp« as distributions also, which
gives (13) in general. O

Having defined the involution * on ¥>:%(G), we can now introduce the repre-
sentations we are interested in. Fix m € {0} U {+oo} and let Hy be a dense
subspace of a Hilbert space.

DEFINITION 3 A bounded *-representation of W™°(G) on the inner product
space Ho is a morphism p : $™0(G) — End(Ho) satisfying

(p(P*)&m) = (&, p(P)n) (14)

and, if P € ¥99(G),
[o(P)Ell < CrlE]l, (15)

for all &,n € Hy, where Cp > 0 is independent of £. One defines similarly
bounded x-representations of the algebras ¥9(G; E).
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Note that for m > 0 and P € ¥"™9(G), p(P) does not have to be bounded,
even if p is bounded. However, p(P) will be a densely defined operator with

p(P*) C p(P)".

THEOREM 2 Let H be a Hilbert space and let p : W=°°9(G; E) — End(H)
be a bounded x-representation. Then p extends to a bounded x-representation
of WO0(G; E) on H and to a bounded x-representation of W°*°(G; E) on the
subspace Ho := p(¥=°°0(G; E))H of H. Moreover, any extension of p to a
x-representation of WO0(G; E) is bounded and is uniquely determined provided
that Hg is dense in H.

PrOOF: We assume that £ = C is a trivial line bundle, for simplicity. The
general case can be treated in exactly the same way. We first address the
question of the existence of the extension p with the desired properties. Let
P € ¥™0(G). If Hy is not dense in H, we let p(P) = 0 on the orthogonal
complement of Hy. Thus, in order to define p(P), we may assume that Hy is
dense in H.

On Hy we let

p(P)¢ = p(PQ)n,

if £ = p(Q)n, for some Q € ¥=>0(G) and 1 € H; however, we need to show
that this is well-defined and that it gives rise to a bounded operator for each
P € U%0(G). Thus, we need to prove that Yn_, p(PQx)& = 0, if P € U00(G)
and Yor_, p(Qr)€x = 0, for some Q € U~0(G) and &, € H.

We will show that, for each P € W%0(G), there exists a constant Cp > 0 such

that
N

N
1" p(PQoEN < CPIY_ p(Qi)éxl- (16)
k=1

k=1 =

This will prove that p(P) is well defined and bounded at the same time. To
this end, we use an argument of [8]. Let M > |og(P)| + 1, M € R, and let

b= (M? —|oo(P)*)'/2. (17)

Then b — M is in C>*°(S*(G)), and it follows from Theorem 1 that we can
find Qo € ¥0(G) such that o¢(Qo) =b— M. Let Q = Qo + M. Using again
Theorem 1, we obtain, for

R=M>—-P*P-Q*Qc ¥%°(g),
that
00(R) = 0o(M?* — P*P — Q*Q) = 0,

and hence R € ¥~10(G). We can also assume that Q is self-adjoint. We claim
that we can choose @) so that R is of order —oo. Indeed, by the asymptotic
completeness of the space of pseudodifferential operators, it is enough to find
Q@ such that R is of arbitrary low order and has principal symbol in a fixed
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compact set. So, assume that we have found @ such that R has order —m.
Then, if we let Q1 = Q+ (RS + SR)/4, where S is a self-adjoint parametrix of
Q (i.e., SQ —1 and QS — 1 have negative order), then Ry = M? — P*P — Q3
has lower order.

So, assume that R has order —oo, and let

N N N
€= pQr)ék, 1= p(PQi)&, and (= p(QQr)&.  (18)
k=1 k=1 k=1
Then we have
(n,m) (19)

(p(Qx P PQ;)&5, k)

N
k=1

J

= > (M*(p(QQ)&, &) — (P(QrQ"QQ))& &) — (P(QIRQ;)E; &k))

g k=1
= M[EI? — [IKIP = (p(R)E,€) < (M? + [[p(R)])1€]1%.

The desired representation of ¥°(G) on H is obtained by extending p(P) by
continuity to H.
To extend p further to ¥>°:%(G), we proceed similarly: we want

p(P)p(Q)¢ = p(PQ)E,

for P € ¥>0(G) and Q € ¥=°°0(G). Let £ and 7 be as in Equation (18). We
need to prove that n = 0 if £ = 0. Now, because H is dense in H, we can find
T} in A, the norm closure of p(¥~°°9(G)) and n; € H such that n = Zjvzl Tin;.
Choose an approximate unit u, of the C*-algebra A,, then u,T; — T} (in the
sense of generalized sequences). We can replace then the generalized sequence
(net) uq by a subsequence, call it u,, such that u,,T; — T}, as m — oo. By
density, we may assume u,, = p(R,,), for some R,, € ¥=>°°(G). Consequently,
p(Rm)n — m, as m — oco. Then

N N
n=1m>»  p(Rm)p(PQi)&k =lim > p(RmP)p(Qi)&x = 0,

k=1 k=1
because R, P € U~°9(g).
We now consider the uniqueness of the extension of p to ¥%°(G). First, the
uniqueness of this extension acting on the closure of Ho = p(¥~>(G))H is
immediate. This implies the boundedness of any extension of p to ¥%.0(G) if
Ho is dense.
In general, a completely similar argument applies to give that on the orthogonal

complement of Hy any extension of p to W%:°(G) factors through a representa-
tion of 0(G)/¥~19(G), and hence it is again bounded. O
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Let x € M, then the regular representation m, associated to z is the natural
representation of ¥*9(G) on C°(G,;r*(D/?)), that is 7, (P) = P,. (Because
C>®(Gy; 7" (DY/?)) consists of half-densities, it has a natural inner product and
a natural Hilbert space completion.) As for locally compact groups, the regular
representation(s) will play an important role in our study and are one of the
main sources of examples of bounded *-representations.

Assume that M is connected, so that all the manifolds G, have the same di-
mension n. We now proceed to define a Banach norm on ¥~"~19(G). This
norm depends on the choice of a trivialization of the bundle of densities D,
which then gives rise to a right invariant system of measures u, on G,. Indeed,
for P € ="~19(G), we use the chosen trivialization of D to identify kp, which
is a priori a continuous family of distributions, with a compactly supported,
C>9-function on G, still denoted kp. We then define

121 = sup { [ eeta™ldns @), [ rldna@ . 20)

© Ga

If we change the trivialization of D, then we obtain a new norm || P||}, which is
however related to the original norm by || P||} = ||[¢P¢~!||1, for some continuous
function ¢ > 0 on M. This shows that the completions of ¥~"~19(G) with
respect to || |1 and || ||} are isomorphic.

COROLLARY 1 Let x € M. Then the regular representation m, is a bounded
x-representation of WO°(G) such that |7, (P)| < ||P|1, if P € $~"=19(G).

PROOF: Suppose first that P € U="~1.0(G). Then the convolution kernel kp
of P, which is a priori a distribution, turns out in this case to be a compactly
supported continuous section of

END(DY?) = y*(D'/?) @ d*(D?).

Choose a trivialization of D, which then gives trivializations of d* (D) and r*(D).
Also denote by pu, the smooth measure on G, obtained from the trivialization
of Qg, = r*(D), so that L?(G,,r*(D'?)) identifies with L?(G,,u,). Using
the same trivialization, we identify kp with a continuous, compactly supported
function.

The action of P, on C°(G,) is given then by

Prulg) = [ kelgh™Ju(hdus ().

@

Let y =r(g), v = d(g) = d(h), and z = r(h). Then the integrals

/ lep (gh™ ") dpsa (R) = / e (™) dpay (1),

T Kl
and

/ ke (gh™Y)|dta (g) = /g ke (9) dia= ()

x
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are uniformly bounded by a constant M that depends only on kp and the
trivialization of D, but not on g € G, or h € G,. A well-known estimate
implies then that P, is bounded on L?(G,, i) with

72 (P = [Pl < M.

Then Theorem 2 gives the result. g

Note that the boundedness of order zero operators depends essentially on the
fact that we use uniformly supported operators. For properly supported oper-
ators this is not true, as seen by considering the multiplication operator with
an unbounded function f € C(M).

Define now the reduced norm of P by

[Pl = sup ||z (P)[| = sup [| ||, = € M.

Then ||P||, is the norm of the operator w(P) := [[ 7, (P) acting on the Hilbert

space direct sum
*— P L*(G.).

rxeM

The Hilbert space [2-direct sum space 12 — @,ep L?(G,) is called the space of
the total regular representation. Also, let

1P|l = sup [[o(P)],
p

where p ranges through all bounded *-representations p of ¥%°(G) such that

(P < [Pllx,

for all P € ¥=°>0(G) and for some fixed choice of the measures pi, correspond-
ing to a trivialization of D.

The following result shows, in particular, that we have || P|, < ||P| < oo, for
all P € U%9(G), which is not clear a priori from the definition.

COROLLARY 2 Let P € W20(G), then || P|| and || P||, are finite and we have the
inequalities | Ry (P)||» < ||P|l» and |Ry (P)|| < ||P], for any closed invariant
submanifold Y of M.

ProoF:  Consider the product representation @ = [], ., me of W=°0(G)
acting on

H = HLQ(QJC;'DUQ).

It follows from Corollary 1 that 7 is bounded. By Theorem 2, 7 is bounded on
U09(G). This shows that ||P||, := ||x(P)|| is finite for all P € ¥00(G).
Moreover, we have

IRy (P)|l» = sup [y (P)|| < sup |7 (P)[| = || Pl
yeyY xeM
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The rest is proved similarly. O

Denote by 21(G) [respectively, by ,.(G)] the closure of ¥*%(G) in the norm || ||
[respectively, in the norm || ||,]. Also, denote by C*(G) [respectively, by C(G)]
the closure of ¥=°°9(G) in the norm || || [respectively, in the norm || ||,.].

We also obtain an extension of the classical results on the boundedness of the
principal symbol and of results on the distance of an operator to the regularizing
ideal. In what follows, S*(G) denotes the space of rays in A*(G), as in Section
1. By choosing a metric on A(G), we may identify S*(G) with the subset of
vectors of length one in A*(G).

COROLLARY 3 Let P € W%9(G). Then the distance from P to C}(G) in A(G)
is |o0(P)||oo- Similarly, dist(P,C*(G)) = ||oo(P)| s, for all P € ¥%0(G).
Consequently, the principal symbol extends to continuous algebra morphisms
A-(G) — Co(S*(G)) and A(G) — Co(S*(G)) with kernels C}(G) and C*(G),
respectively.

PrROOF: Let P = (P,). Then, by classical results,

lloo(P)llec = sup [loo(Pe)l[oc < sup [Pzl = [|P[l- < [P
xeM xeM

This proves the first part of this corollary.

Consider now the morphism p : ¥%9(G) — 2,.(G)/C*(G). Then we proceed as
in the proof of Theorem 2, but we take M = ||o¢(P)||co + € in the definition of
b of Equation (17), where € > 0 is small but fixed. Since we may assume that
A (G)/Cr(G) is embedded in the algebra of bounded operators on a Hilbert
space, we may apply the same argument as in the proof of Theorem 2, and
construct Q € ¥20(G)+C1 and R € ¥=°0(G) such that P*P = M?-Q*Q—R.
Then Equation (19) gives ||p(P)|| < M, because p vanishes on ¥ =°:9(G). [

We shall continue to denote by oy the extensions by continuity of the principal
symbol map oy : ¥%0(G) — C>9(S*(G)). The above corollary extends to
operators acting on sections of a vector bundle F, in an obvious way.

See [28] for a result related to Corollary 3. Another useful consequence is the
following.

COROLLARY 4 Using the above notation, we have that ¥=°°9(G) is dense in
U=L9(G) in the || - ||-norm, and hence ¥~10(G) C C*(G) and ¥V~19(G) C
Cr(9).

4  INVARIANT FILTRATIONS

Let G be a continuous family groupoid with space of units denoted by M. In
order to obtain more insight into the structure of the algebras 2(G) and .,.(G),
we shall make certain assumptions on G.

DEFINITION 4 An invariant filtration Yo C Y1 C ... C Y,, = M is an increas-
ing sequence of closed invariant subsets of M.
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Fix now an invariant filtration Yo C Y7 C ... C Y,, = M. For each k, we have
restriction maps Ry, and we define ideals Jj, as follows:

Jir =kerRy,_, NC*(G). (21)

(by convention, we define Jo = C*(G)).

We shall also consider the “Ll-algebra” L(G) associated to a groupoid G; it is
obtained as the completion of ¥ =°:0(G) ~ C2*%(G) (using a trivialization of the
density bundle D) in the || ||;-norm, defined in Equation (20). More precisely,
LY(G) is the completion of C2*Y(G) in the algebra of bounded operators on

>~ (L'(G:) ® L¥(Gy)),

so it is indeed an algebra. If Y C M is invariant, then we obtain sequences

0= L'(Gany) — L1(G) — L} (Gy) — 0, (22)

and
0~ C*(Gany) — C*(G) — C*(Gy) — 0. (23)

LEMMA 2 The sequences (22) and (23) are ezact.

PRrROOF: The exactness of (22) follows from the fact that the two functions,

o [ f@lduale) and o [ |ftg™dualo),
Ga Go

are continuous in z for f € L*(G).

Indeed, to prove exactness in (22), let f € L!(G) be a function that vanishes
in L'(Gy). Then we can find ¢, € C*(M \Y) such that ||f — ¢, f|1 < 1/n,
by the continuity of the above two function. Choose f, € C2*9(G) such that
an - f”l — 0, as n — co. Then (bnfn € CZO’O(gI\/[\Y) and ||¢nfn - f||1 — 0,
as n — 0o.

Let m be an irreducible representation of C*(G) that vanishes on C*(Gap\y ).
To prove the exactness of (23), it is enough to prove that = comes from a
representation of C*(Gy ). Now 7 vanishes on L' (Gyp\y ), and hence it induces
a bounded x-representation of L!(Gy), by the exactness of (22). This proves
the exactness of (23). O

The exactness of the second exact sequence was proved in [37], and is true
in general for locally compact groupoids. It is worthwhile mentioning that the
corresponding results for reduced C*-algebras is not true (at least in the general
setting of locally compact groupoids).

We then have the following generalization of some results from [9, 22, 26]:

THEOREM 3 Let G be a continuous family groupoid with space of units M and
YoCYi C...CY, =M be an invariant filtration. Then Equation (21) defines
a composition series

(0)CTp CTpo1 C ... C Ty CAUAG),
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with not mnecessarily distinct ideals, such that Jo is the morm closure of
U=0(G) and Ty, is the norm closure of W=°%(Gypy, ). The subquotients

are determined by oq : Anr/To — Co(S*(G)), and by

Tk/Tks1 =2 C*(Gy\vi 1), 0<Ek<n.

The above theorem extends right away to operators acting on sections of a
vector bundle E, the proof being exactly the same.

PROOF: We have that Jy is the closure of ¥=°°0(G), by definition. By the
Corollaries 3 and 4, Jg is also the kernel of og.

The rest of the theorem follows by applying Lemma 2 to the groupoids Gan\y,
and the closed subsets Yy \ Y;—1 of M \ Yj,_1, for all k. O

The above theorem leads to a characterization of compactness and Fredholm-
ness for operators in W%°(G), a question that was discussed also in [12, 26].
This generalizes the characterization of Fredholm operators in the “b-calculus”
or one of its variants on manifolds with corners, see [19, 23]. Characterizations
of compact and of Fredholm operators on manifolds with more complicated
boundaries were obtained in [11, 17], see also [41].

Recall that the product groupoid with units X is the groupoid with set of arrows
X x X, so there exists exactly one arrow between any two points of X, and we
have (z,y)(y, z) = (x, 2).

THEOREM 4 Suppose that, using the notation of the above theorem, the restric-
tion of G to M\Y,,_1 is the product groupoid, and that the regular representation
75 18 injective on A(G) (for one, and hence for all x € M\ Y,—1).

(i) The algebra A(G) contains (an ideal isomorphic to) the algebra of compact
operators acting on L?(M\Y,,_1), where on M\Y,,_1 we consider the (complete)
metric induced by a metric on A(G).

(ii) An operator P € W°(G) is compact on L*(M \ Y,,—1) if, and only if, the
principal symbol oo(P) vanishes, and Ry, _,(P) =0¢& $0(Gy. ).

(iii) An operator P € 0(G) is Fredholm on L*(M \ Y, _1) if, and only if,
o0(P)(&) is invertible for all & € S*(G) (which can happen only when M is
compact) and Ry, ,(P) is invertible in A(Gy,_,).

In (i1) and (iii), we may assume, more generally, that we have P € A(G) or

P € My(2(G)).

The above theorem extends right away to operators acting on sections of a
vector bundle E, the proof being exactly the same. If the representation(s) 7,
x € M \Y,_1, are not injective, then the above theorem gives only sufficient
conditions for an operator P as above to be compact or Fredholm.

ProoF: First we need to prove the following lemma:

LEMMA 3 Let Y C M be an invariant subset and let S*Gy be the restriction
of the cosphere bundle of A(G), S*G — M, to Y. Then the following sequence
1S exact:

0 — C*(Gany) — AG) “XZ A(Gy) Xcy(5+gy) Co(S*G) — 0.
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Above we have denoted by 2A(Gy ) X ¢y (s+gy) Co(S*G) the fibered product alge-
bra obtained as the pair of elements (P, f), P € A(Gy) and f € Cy(S*G) that
map to the same element in Co(S*Gy ).

PRrOOF: This exact sequence comes out directly from the following commuta-
tive diagram:

0

!
C*(Gm\y)

!

0 — CY(G) — A9 B Co(sG) — 0
! 1 Ry !

0 — C*Gy) — AGy) — GCo(S*Gy) — 0
! !
0 0

O

We can now prove the theorem itself.

(i) As Gy, , = (M \Y,_1) x (M\Y,_1), its C*-algebra is isomorphic to
that of compact operators on L?(M \ Y, _1).

(ii) A bounded operator P € L(H), acting on the Hilbert space H, is com-
pact if, and only if, its image in the Calkin algebra Q(H) := L(H)/K(H) is
zero. The assumption that 7, is injective guarantees that the induced map
2A(G)/C*(Gm\y,_,) — Q(H) is also injective. Then the lemma above, applied
to Y,—1, implies that P is compact if and only if

P € ker(Ry,_, ®0o) =kerRy, , Nkeroy.

(iii) By Atkinson’s theorem, a bounded operator P € L(H) is Fredholm if,
and only if, its image in the Calkin algebra Q(H) := L(H)/K(H) is invertible.
Also, recall that an injective morphism p of C*-algebras has the property that
p(T) is invertible if, and only if, T is invertible. Thus we can use again the fact
that the morphism 4(G)/C*(Gar\y,_,) — Q(H) induced by 7, is injective to
conclude that P is Fredholm if, and only if, (Ry, , @ 0¢)(P) is invertible, i.e.
if, and only if, Ry, _, (P) and o((P) are invertible. O

The significance of Theorem 3 is that often in practice we can find nice invariant
filtrations of M, possibly given by a stratification of M, such that the subquo-
tients C*(Gy,\v,_,) have a relatively simpler structure than that of C*(G). In
that case, the ideal structure reflects the geometric structure of M [12]. In
this context, let us mention only the edge-calculus on manifolds with boundary
[13, 16], and the b- resp. cusp-calculus, or, slightly more general, the ¢,-calculus
on manifolds with corners [10, 13, 22, 23, 26, 27].

Let us now assume, until the end of this section, that G is a differentiable
groupoid. In many cases, the subquotients C*(Gy,\y, ,) are then related to
foliation algebras, to which the results of [38] can be applied. Actually, we
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can always find an ideal in 2A(G), whose structure resembles that of foliation
algebras. The construction of this ideal goes as follows. Recall that for a
differentiable groupoid G there is a canonical map ¢ : A(G) — TM of vector
bndles, called the anchor map.

Consider, for each k < n = dim G,, the set

Xe CM
of points z such that the dimension of q(A(G),) C T M is k. Then
Yk Z:XOUX1U"'UXk

is a closed subset of M. It is known [15], that dim(q(A(G),)) is constant for
y € 1(G), and hence each Xy is an invariant subset of M. If p is the largest
integer for which X, # 0, then O = X, is an open invariant subset of M,
foliated by the sets r(G.), © € O. Denote by F this foliation of @ and by
TF = q(A(G)|o) its tangent space. The set O will be called the mazimal
reqular open subset of M.

Finally, still in the setting of differentiable groupoids, let us define a represen-
tation 7 of ¥>0(G) on C°(M )by

(m(P)u)or = P(uor);
this representation is called the vector representation.

LEMMA 4 Let O be an invariant open subset of M. Then the operator 7w(P)
map C°(O) to itself.

ProOOF: The support of 7(P)u is contained in the product

supp (P) supp (u),

a compact subset of M, which, we claim, does not intersect ¥ := M ~ O.
Indeed, if we assume by contradiction that

y €Y N supp (P) supp (u),

then the intersection of supp (P)~'Y and supp (u) is not empty. However,
this is not possible since we have supp (P)~'Y C Y, by the invariance of Y,
and supp (u) C O. O

The representation of ¥>-0(G) on C2°(O) obtained in the above lemma will be
denoted by mo. In particular, mp; = .

Let F be the foliation of the maximal regular open subset O of M. Also, let
Q7 be the bundle of densities along the fibers of F. The bundle Q£ is trivial
and the notion of positive section of Qr is defined invariantly. Recall that
a transverse measure p on F is a linear map p : C.(O,Qz) — C such that
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w(f) > 01if f is positive. A transverse measure p on O gives rise to an inner
product (, ), on

C>0(0;QY?)

by the formula (f,9), = u(fg)). Let L*(O,du) be the completion of
1/2

C2%(0,Qx) with respect to the Hilbert space norm || f||, = (f, f)u

THEOREM 5 For any transverse measure i on O the representation mo ex-
tends to a bounded x—representation of A(G) on L*(O,dp).

PROOF: The results from [3] and, more specifically, [38] show that mo extends
to a bounded *-representation of C*(Gpr o). Since C*(Gar o) is an ideal in
A(G), we can extend further o to a bounded *-representation of 2(G) acting
on the same Hilbert space. O

The above construction generalizes to give a large class of representations of
the algebras 2((G) for groupoids G whose spaces of units are endowed with some
specific filtrations. Let us assume that Yo C Y7 C ... C Y,, = M is an invariant
filtration, such that for each stratum Sy = Y} \ Yx—1, the map r : G, — Sj, has
the same rank for all x € S;. When this is the case, we shall call M = USy a
reqular invariant stratification. Then each Sj is invariant and foliated by the
orbits of G (whose leaves are the sets 7(G;), € S). In particular, each Sy, is
an invariant open subset of Y, and hence plays the role of O above for the
groupoid Gy, .

COROLLARY 5 Let G be a differentiable groupoid with space of units M. As-
sume that M = US is a regular, invariant stratification. Then any non-zero
transverse measure on a stratum S gives rise to a x-representation of A(G).

PrOOF: Any transverse measure on Sy gives rise to a representation of the
C*-algebra A(Gy, ), by the above theorem. Then use the restriction morphism
Ry, : A(G) — A(Gy, ) to obtain the desired representations. O

In the following, we shall denote by ®,;, the minimal tensor product of C*—
algebras, defined using the tensor product of Hilbert spaces, see [40]. We shall
use the following well-known result several times in the last section.

PropPOSITION 2 If G;, i = 0,1, are two differential groupoids, then
Cr(Go x G1) ~ C(Go) @min Cy(G1)-

PROOF: Let My and M; be the space of units of Gy and Gy, and define

H; = @ L*((Gi)a)

xEM;

[respectively, H = @uenrox s, L2((Go X G1)z)] to be the space of the total reg-
ular representation of W~°°(G;) [respectively, of ¥~>°(Gy x G1)]. Then the
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reduced C*-algebras C}(G;) [respectively, C;(Gy x Gi)] are the completions of
U—2°(G;) [respectively, of U~°(Gy x G1)] acting on H; [respectively, on H]. Let
® be the completed tensor product of Hilbert spaces. Since H ~ Ho®H1, the
isomorphism

Cr(Go x G1) = C7(Go) @min CF(G1)

follows directly from the definition of the minimal C*-algebra tensor product
of C¥(Go) and C(Gy) as the completion of C*(Gy) ® C(G1) acting on Ho @ H.
O

5 APPLICATIONS TO INDEX THEORY ON SINGULAR SPACES

We now discuss in greater detail two examples, the adiabatic limit groupoid
and the “b-I'-groupoid.” The first example is relevant for the index theory on
singular manifolds, or open manifolds with a uniform structure at infinity; it
generalizes the construction of the tangent groupoid, that plays a key role in
index theory as showed in [4]. The second example is related to the theory of
elliptic (or Fredholm) boundary value problems.

Let X be a locally compact space and B be a Banach algebra. We shall
denote, as usual, by Co(X; B) the space of continuous functions X — B that
vanish in norm at infinity. Also, recall that K;(Co(R,B)) ~ K;_1(B) and
Ko(Co(X)) = KO(X).

If G is a continuous family groupoid with space of units M, then we construct
its adiabatic groupoid, denoted G4, as follows. First, the space of units of Guq
is M x [0, 00).

The underlying set of the groupoid G,q4 is the disjoint union:

Gad = A(G) x {0} UG x (0, 00).

We endow A(G) x {0} with the structure of a commutative bundle of Lie groups
and G x (0,00) with the product (or pointwise) groupoid structure. Then
the groupoid operations of G,q are such that A(G) x {0} and G x (0,00) are
subgroupoids with the induced structure.

Now let us endow this groupoid with a continuous family groupoid structure.
Let us consider an atlas (£2).

Let Q be a chart of G, such that 2N g # (); one can assume without loss of
generality that Q ~ T x U with respect to d, and Q ~ T’ x U with respect to
r; let us denote by ¢ and v these homeomorphisms. Thus, if z € U, G, ~ T,
and A(G)y ~ RF x U. Let (0,).cv (resp. (0)).cv) be a continuous family of
diffeomorphisms from R¥ to T (resp. T") such that t(z) = ¢(©,(0), ) (resp.
1(x) = (©"(0), ), where ¢ denotes the inclusion of G into G).

Then Q = A(G)y x {0} U x (0,00) is an open subset of G,4, homeomorphic
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to R* x U x R, with respect to d and to r as follows:

p; (¢(Ou(at), u), ) it a0
A&wa) =\ (g ) if =0
O I T S

This defines an atlas of G,4, endowing it with a continuous family groupoid
structure.
The tangent groupoid of G is defined to be the restriction of G4 to M x[0,1]. We
are interested in the adiabatic groupoid (or in the tangent groupoid) because
it may be used to formalize certain constructions in index theory, as we shall
show below.
First, note that

M x [0,00) = M x {0} UM x (0, 00)

is an invariant stratification of the space of units. Consequently, Theorem 3
gives rise to the short exact sequence

0 = SC™(G) := Co((0,00), C7(G)) = C*(Gaa) — Co(A™(G)) — 0.

The boundary map 0 of the K-theory six term exact sequence associated to
the above exact sequence of C*-algebras then provides us with a map

1%}

ind, : K'(A*(G)) = Ki(Co(A*(G))) = Ki+1(SC*(G)) ~ K;(C*(G)),  (24)

the analytic index morphism, which we shall discuss below in relation with
the Fredholm index. Remark that this morphism does not necessarily take its
values in Z; however, in the case of the groupoid M x M of a smooth manifold
M one has K;(C*(M x M) =Z.

We assume from now on, for simplicity, that M, the space of units of G, is
compact. Let P = (P,) € ¥™Y(G; Ey, E1) be a family of elliptic operators
acting on sections of r*(Ey), with values sections of r*(E4), for some bundles
Ey and E; on M. (Here “elliptic” means, as before, that the principal symbol
is invertible.) We shall denote the pull-backs of Fy and E; to A*(G) by the
same letters. Then the triple (Ey, E1, 0., (P)) defines an element [o,,(P)] in
K9(A*(G)), the K-theory groups with compact supports of A*(G). Further-
more, the morphism ind, provides us with an element ind, ([0, (P)]), which we
shall also write as ind, (P), and call the analytic index of the family P. As we
shall see below, this construction generalizes the usual analytic (or Fredholm)
index of elliptic operators.

Suppose now that M = US is an invariant stratification of the space of units
of the continuous family groupoid G. Then we obtain a natural, invariant
stratification of the space of units of G,q as

M x [0,00) = | J (S x (0,00)) UM x {0}.
s
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To recover the Fredholm index, we shall assume that there exists a unique
stratum of maximal dimension in the above stratification, let us call it Siax,
and let us assume that the restriction of G to Syax is the product groupoid:

gSmax = ril(Smax) = dil(SmaX) ~ Smax X Smax- (25)

Let K denote the algebra of compact operators on L?(Syax) =~ L?(M). Then
Smax X (0,00) is the unique stratum of maximal dimension of M x [0, c0),
and the ideal associated to it is SK := Cy((0,00), ). This leads to an exact
sequence of C*-algebras

0 — SK — C*(Gaa) — Q(Gaa) — 0, (26)
where Q(Gaa) := C*(Gaa)/Co((0,0), K).

As above, this exact sequence of C*-algebras leads to a six term exact sequence
in K-theory, and hence to a map

ind; : Ko(Q(Gaa)) > K1 (SK) ~ Z. (27)

(The second isomorphism is obtained from the boundary map associated to the
exact sequence
0— SK — Co((0,00],K) = K —0.)

Below we shall use the “graph projection” of a densely defined, unbounded
operator P, which we now define. Let 7 be a smooth, even function on R

satisfying 7(z?)%2? = e_lz(l — e_lz). Then the graph projection of P is

1—e P 7(P*P)P* ] _ (28)

B(P) = [ 7(PPY)P e PP

This projection is also called the Bott or the Wasserman projection by some
authors. Also, let
co — { 10 ]
0 0|

Denote by p : Q(Gad) — Co(A*(G)) the canonical projection, and let
px  Ki(Q(Gad)) — Ki(Co(A(9)))

be the morphism induced on K-theory. For operators of positive order, we
shall consider Sobolev spaces on Spax, defined using the bounded geometry
metric on Spax obtained from a metric on A(G) (recall that we assume M to
be compact, and that Spax is smooth as it is a fiber of G). We then have the
following result.

PROPOSITION 3 Let Smax and G be as above, Gs,,.. =~ Smax X Smax. Assume
that the regular representation . : (G) — L(L?*(G.)) =~ L(L*(Smax)), asso-
ciated to some x € Suax, is injective. If P € W™0(G: Ey, Ey) is a Fredholm
differential operator H™(Smax) — L?(Smax), then it defines a canonical class
[P] € Ko(Q(Gaa)) such that p.([P]) = [om(P)] and indf([P]) coincides with
the Fredholm index of P.
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PrROOF: We may assume that the family P consists of operators of order
m > 0. The Fredholmness of P implies that o,,(P) is invertible outside the
zero section, by Theorem 4.

Because P is a family of differential operator of order m, we can define a new
family Q € U"™%(G,q) by

Q(m,t) = thI) if (I,t) €M x (0700)7

and
Q(z,0) = om(P),

a polynomial function on A(G)* x {0} (the complete symbol of a homogeneous
differential operator on A(G).).

Moreover, let Co((0, 00, K) be the space of all continuous functions (0, c0) — K
vanishing for ¢ — 0 and having limits for ¢ — oco. Also, let us denote by B the
algebra B := C*(Gaa) + Co((0, o0], K).

Consider now the graph projection B(Q). The algebra B can be identified with
a subalgebra of Co((0, 0], L(L?(Smax)), naturally. Then B(Q) identifies with
the function whose value at ¢ > 0 is B(¢™P). Because of

lim B(t"P) = ( 1*76““ i 0 )
—00 N(P*)

where 7y (py [respectively 7y (p-)] stands for the orthogonal projection onto the
kernel N (P) [respectively the cokernel N (P*)], we have B(t™P)—eq € Mn(B),
thus, we obtain a class [B(t"P)] — [eg] € Ko(B). (The scalar matrix eq was
defined shortly before the statement of this theorem.) Let us observe now that
the C*-algebra B fits into the following commutative diagram with exact rows.

0 — Co((0,00),K) — C*(Gaa) — Q(Gaa) — 0

LR

0 — Co((0,00),K) — B 2L QG K — 0
L’d T TOEBid
0 — (p((0,00),K) — Co((0,00],K) —> K — 0

We shall use this information in the following way. The two right vertical
morphisms identify K.(q(B)) = K.(Q(Gud)) ® K.(K). We shall decompose
accordingly the elements in K, (¢(B)). Thus, there exists a uniquely defined
class [P] € Ko(Q(Gaaq)) satisfying

(75 i )] 1)

([P], =[mn )] + [T (pe)))-

q([B(t"™ P)] — [eo])
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The property p«([P]) = [0m(P)] is now an immediate consequence of the defi-
nitions.

Let now 0 : Ko(-) — K1(Co((0,00),K)) = K(K) = Z be the boundary maps
of the corresponding three cyclic 6-term exact sequences. Note that all the
previous isomorphisms are canonical, as explained above. Then we get

0 = q.([B(t"™ P)] = [eo]) = O[P]+0(=[mn(p) |+ [mn(p+)]) = indf([P]) —ind(P),

where ind(P) is the Fredholm index. This completes the proof. O

We now briefly discuss a different example, that of elliptic operators on cover-
ings of manifolds with boundary and interpret in our framework the existence
of spectral sections considered in [14] and [24]. We need to remind first two
constructions, the first one is that of the “b-groupoid” associated to a mani-
fold with boundary and the second one is that of the groupoid associated to a
covering of a manifold without boundary. .
Let M be a manifold with boundary with fundamental group I' acting on M.
We need to first recall the definition of the b-groupoid of M. For the simplicity
of the presentation, we shall assume that the boundary of M is connected. Not
all results extend to the case when OM is not connected. (We are indebted
to Severino Melo for this remark.) The b-groupoid G is a submanifold of
the b-stretched product defined by Melrose [18, 19]. It consists of the disjoint
union of M X IM x R and (M ~ OM) x (M ~ M), with groupoid operations
induced from the product groupoid structures on each component. Choose a
defining function f of the boundary of M. Then the topology on Gas is such
that
(Yns 2n) = (y,2,t) € OM x OM x R

if, and only if,
(Yn, 2n) = (Y, 2)
in M x M and
log f(yn) —log f(zn) — t.

Second, recall that if 7 is a discrete group that acts freely on the space X, then
(X x X)/m is naturally a groupoid with units X /7, such that the domain and
the range maps are the projections onto the first and, respectively, onto the
second variable. The composition is such that (z,y)w o (y, 2)m = (x, 2)7.

We are now ready to define the b-I"-groupoid associated to a covering

FHM%M

(with T the group of deck transformations) of a manifold with boundary M.
This groupoid will be denoted gﬂyb. To form the groupoid gﬂﬁb, we proceed
in a similar way, by combining the above two constructions. Consider first the
actions of I" on M \ OM and on M to form the induced groupoids

Gi = ((M\ dM) x (M \ dM))/T
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and . .
G2 = (OM x OM)T.

Then we form the disjoint union
g;g’b = (G2 x R) U Gy,

to which we give the structure of a continuous family groupoid by requiring that
the projection QMJ) — Gump is a local diffeomorphism. (Here Gpp, is Melrose’s
b-groupoid, as above.)

Let 7 denote C*(Grp), if I is the manifold with boundary [0,00). Then 7
is the closure of the algebra of Wiener-Hopf operators acting on [0, 00), and
hence its closure is isomorphic to the (non-unital) Toeplitz algebra, defined as
the kernel of the evaluation at 1 of the symbol map of a Toeplitz operator.
In other words, if 7 denotes the C*-algebra of Toeplitz operators on the unit
circle, then we have an exact sequence

0—70—7 —C—0.
The structure of the C*-algebra C*(Gy; ,) is given by the isomorphism
C Gy =T (D) ek

and similarly for the reduced algebras. Since the reduced Toeplitz algebra 7

is contractible, the K-groups of C*(G3; ,) vanish, and hence the map

P Ka(A(Gy; ) — Ku(A(Gyy )/ C* (G ) = K. (C(SM)),

induced by the canonical projection p : A(Gy; ) — A(Gy; ,)/C*(Gg; ), is an
isomorphism. On the other hand, let p; : A(Gz;,) — MGz ,)/C*(G1) and
q : AGy;,)/C"(G1) — A(Gy;,)/C(Gyz,) De the obvious pfojection maps.
Then we have p = q o p1, which gives the surjectivity of the induced map

40 KTy ,)/C* (1) — Ka(@(Gy,)/C*(Gy7,)) = K(C(STM))

(Here it is essential to assume that OM is connected.)

Consequently, any elliptic operator P € M N(\I/m*o(gﬂﬁ »)) (which identifies with
a I-invariant b-pseudodifferential operator acting on a trivial vector bundle on
M) has a perturbation by an element in My (\II’OO’O(Q;V[,I))) to an operator in
M N(\I/m’o(gﬂﬁ »)) that has an invertible boundary indicial map. (This is proved
as the corresponding statement in [31].) Consequently, this perturbation is
C*(I')-Fredholm, in the sense of Mishenko and Fomenko, [25]. The existence
of this kind of perturbations was obtained before in [14] using the concept
of spectral section. A completely similar argument can be used in the study
of elliptic boundary value problems for families of elliptic operators to prove
that every family of elliptic b-pseudodifferential operators on a manifold with
boundary has a perturbation by a family of regularizing operators that makes
this family a family of Fredholm operators. This result was obtained in [24]
also using spectral sections.
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