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CHAPTER 1

Introduction

1.1. Motivation

Since their early days, the sciences of mathematics and physics have been tightly
interwoven. Two physical subjects which particularly challenged new mathematical de-
velopments are the theory of general relativity and quantum mechanics. The theory of
general relativity is founded upon concepts of differential geometry and uses objects with a
local structure, such as smooth manifolds, vector fields, flows and differential operators. In
contrast, quantum mechanics often requires an understanding of global properties. In this
realm, a researcher may look at vector fields as unbounded linear operators on a Hilbert
space, and at flows as exponentials of such operators defined by functional calculus. Both
general relativity and quantum mechanics have been very fruitful over the years, but are
still not unified in a common theory. Thus any new connection between their mathematical
foundations can be of scientific interest.

One mathematical area which connects local and global theories is the representation
theory of Lie groups and Lie algebras. Representations of Lie groups by bounded operators
have been soundly studied during the last century. They carry deep information about the
global group structure. As commonly known, a Lie group can be differentiated to a Lie
algebra, namely its tangent space at the identity. Differentiation of a Lie group representation
gives us a representation of the Lie algebra, which only carries local information. For
representations on finite-dimensional spaces, this process can be reversed, integrating Lie
algebra representations to Lie group representations. In principle, this is also possible for
infinite-dimensional representations, but in that case, a bounded Lie group representation
may differentiate to an unbounded Lie algebra representation. Integration then requires
deeper knowledge of functional analytic properties, in particular, elements of the Lie algebra
should be represented by essentially skew-adjoint operators. The necessary conditions were,
among others, studied by Edward Nelson in the fifties, using analytic vectors and properties
of the Laplace operator.

The representation theory of Lie groups and Lie algebras has given birth to many
new ideas in mathematical physics, but it also has its limits. More recent publications
have introduced the more general notions of Lie groupoids and Lie algebroids. Whereas a
Lie group can be interpreted as composable arrows from a single point to itself from the
perspective of category theory, a Lie groupoid consists of arrows between the infinitely
many different points of a smooth manifold. Whereas Lie algebras have a basis of finitely
many vector fields, Lie algebroids are infinite-dimensional and require an understanding of
multiplication with smooth functions instead of just scalars.

The original goal of this dissertation was to develop a representation theory for Lie
groupoids and Lie algebroids, resembling the classical theory of Lie groups and Lie algebras.
In particular, I aimed to show that Lie algebroid representations can be integrated to Lie
groupoid representations, because this direction is much more difficult than differentiation.
There is hope that such a new representation theory could, similar to the classical Lie
theory, inspire new developments in mathematics and theoretical physics.
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1.2. Methods

For a Lie groupoid G, the simplest form of representation is not a representation defined
on G itself, but a homomorphism 7 : C*(G) — B(H) from the groupoid C*-algebra C*(G)
into the bounded operators on a Hilbert space H. One reason for this is the fact that
smoothness is, in a sense, a requirement which is too strong for groupoid homomorphisms.
One can define a smooth theory of Lie groupoid representations on smooth vector bundles,
but this is different from the measurable theory that will be used in this thesis, and also
less rich.

Thus the common way to differentiate a Lie groupoid representation is to start with a
representation 7 : C*(G) — B(H) and define an unbounded representation R = diff () :
Diff®(@) — O(H) from the right-invariant differential operators on G into the unbounded
operators on H by the formula R(D)(w(f)v) = n(D(f))v on the domain {w(f)v | f €
C*(G), v € H}. This procedure was known before the start of my project and does not
require the investigation of groupoid homomorphisms.

That changes for the integration process which I developed. Like in the classical Lie
theory, I use exponential maps for the integration. Unfortunately, there is no obvious
way to define the exponential of an arbitrary differential operator in our given context.
Instead, I will consider exponentials of Lie algebroid sections, which are bisections in the
corresponding Lie groupoid. This will allow us to define a map on the groupoid itself from
a representation of its invariant differential operators.

To properly do this, more theory is required. As mentioned before, a natural way to
define groupoid representations is to use a vector bundle instead of a vector space as target.
The smooth theory is too limited here, but it turns out that the same idea can be used in
a surprisingly general context. This is thanks to the theory on measurable fields of Hilbert
spaces developed by Jacques Dixmier (see [5]). Using his theorems and adaptations to
our given context, we will see how each Hilbert space relevant to us is isomorphic to a
measurable field of Hilbert spaces. In this sense, we can decompose both the target space
and unitary operators on it into fibres.

Using this decomposition technique and exponential maps, I was able to prove integra-
tion theorems for Lie algebroid representations in a particular context. Beyond the explicit
definitions and computations, another important part in the process is Stone’s theorem on
one-parameter unitary groups (see [23]), which complements the used exponentials and
allows us to investigate the domain of certain unbounded operators in a concise way.

While the overall process was successful, major hindrances occurred at certain steps.
The most prominent example of this is the exponential map for Lie algebroids. Unlike
for Lie algebras, exponentials are not always globally defined, and most importantly, a
Baker-Campbell-Hausdorff formula does not apply for non-commuting sections of the
algebroid.

This is the main reason why we focus on the case of pair groupoids and the tangent
algebroid in the later chapters of this monograph. In this case, we can use commuting vector
fields to avoid the need for a Baker-Campbell-Hausdorff formula. Using ideas from classical
Lie theory as well as new methods from differential geometry and functional analysis, I
have proven that representations of the tangent algebroid can actually be integrated under
certain assumptions. In precise terms, I have proven the following theorem (in the main
text, this is Corollary 7.3.5):

THEOREM 1.2.1. Let M be a compact and simply connected smooth manifold. Let
w € Q™M) be a volume form. Let R : Diff (M) — O(K) be a representation on a separable
Hilbert space K such that R|ce () is injective.

Suppose that R is integrable. Then there is a representation m = int(R) : C*(M x M) —
B(K) such that diff (7)(D) = R(D) for all D € Diff;(M).
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The assumption that R is integrable is a necessary technical condition, which will be
formally defined in the last chapter.
A short summary of the complete content is given in the next section.

1.3. Short Summary

This dissertation investigates representations of Lie groupoids and Lie algebroids and
the connection between them. Lie groupoids and Lie algebroids are differential-geometric
generalisations of Lie groups and Lie algebras. A Lie groupoid representation is a bounded
*_homomorphism from the groupoid C*-algebra of the groupoid into the bounded operators
on a separable Hilbert space. A Lie algebroid representation is a unital *-homomorphism
from the universal enveloping algebra of the Lie algebroid into the unbounded operators
on a separable Hilbert space which has a common, invariant, dense domain. Similar to Lie
groups, any Lie groupoid G can be differentiated to a Lie algebroid A(G). In this case,
the right-invariant differential operators on G (those differential operators which commute
with the multiplication maps 74 : h +— hg) are a universal enveloping algebra for A(G) and
carry a natural involution defined using the divergence for vector fields. I use an algebraic
definition of differential operators, which does not involve charts. All of these notions are
formally introduced in the first three chapters of this thesis.

In Chapter 4 I give a proof of the known fact that every non-degenerate Lie groupoid
representation can be differentiated to a representation of its Lie algebroid on the same
Hilbert space. I also show that in this derived representation, symmetric differential
operators of order 1 act by essentially self-adjoint unbounded operators.

Chapter 5 covers measurable fields of Hilbert spaces, which are infinite-dimensional
generalisations of vector bundles. I show how every Hilbert space which is the target of
a Lie algebroid representation is isomorphic to the section space of a measurable field of
Hilbert spaces. Any measurable field of Hilbert spaces H on a space M defines a groupoid
of unitary maps U(H) over M. I use this to define a third type of representation, which
is a groupoid homomorphism from a Lie groupoid G to the unitary groupoid U(H) of a
measurable field of Hilbert spaces over the same base space. I show that each local groupoid
homomorphism which is defined on a neighbourhood of the identities can be extended to a
global homomorphism if the groupoid has simply connected fibres.

Chapters 6 and 7 serve the construction of an integration theorem for Lie algebroid
representations. In Chapter 6 I show that exponentials of vector fields act by decomposable
unitary operators and use this to integrate representations of the Euclidean tangent bundle
TR™ to representations of the pair groupoid R x R™. I also demonstrate how to integrate
groupoid homomorphisms to representations of the groupoid C*-algebra. Then I show that
the combination of both integration steps is actually inverse to differentiation using explicit
computations.

Chapter 7 uses techniques introduced in Chapter 6 to prove a generalised integration
theorem. This theorem states that every integrable representation of a tangent algebroid
T M, where M is a compact, simply connected smooth manifold, can be uniquely integrated
to a representation of the pair groupoid M x M. A necessary and sufficient condition
for integrability is that all symmetric differential operators of order 1 act by essentially
self-adjoint operators and that exponentials of locally commuting vector fields fulfil a local
group relation. I show that integration and differentiation are again inverse to each other
in this scenario. Finally I investigate a few other conditions for integrability.



CHAPTER 2

Lie Groupoids and Lie Algebroids

2.1. An Elementary Example

Before we investigate the more theory-heavy concepts which are involved in our later
main theorems, I would like to showcase a rather elementary example and define a few
basic terms in the process. Maybe the simplest way to represent differential operators is to
let them act on the function space they are defined on. So if we have a vector field X on the
real numbers R, we can view X as a linear operator C2°(R) — C2°(R). We can also regard
the compactly supported smooth functions C°(R) as a subspace of the square-integrable
functions L2(R). This then assigns operator theoretic properties to our vector field, for
example, it must have an adjoint.

Having a focus on differential geometry, we should apply the same idea to arbitrary
smooth manifolds instead of just the real line. In this case, we are lacking a canonical
measure on our space, which is why we have to choose one. The convenient thing to do is
to actually choose a volume form, which is slightly less general, because this allows us to
immediately use Stokes’ Theorem and related results.

In the following definition we give a shorter name to a manifold with a volume form on
it and define the respective divergence of vector fields.

DEFINITION 2.1.1. A wolumetric manifold is a pair (M,w), where M is an oriented
smooth manifold and w is a positive volume form on M, i.e. a smooth differential form
w € Q™(M), where m = dim M, such that w(ey,...,ey) > 0 for every positively oriented
smooth local frame (eq,...,e,) of TM. If w is clear from context or not relevant in the
notation, I may call M itself a volumetric manifold.

Given a volumetric manifold (M, w), for all smooth vector fields X € X(M) we define
the divergence div(X) := f to be the unique smooth function f € C°°(M) such that
Lxw = f-w. Here, Lx is the Lie derivative by X.

A vector field X € C*°(M) is called solenoidal if div(X) = 0.

A few things can be noted about this definition: By continuity, w being positive is
equivalent to wy(v1,...,vn,) > 0 for a single positively-oriented basis (v1,...,vy,) of T,M
and all p € M. Furthermore, the divergence is uniquely defined because w is non-vanishing
and rtk A"(T; M) = 1, so that (w) alone is a frame of A™(T,;M) = 1. There are many
different definitions of a vector field’s divergence in different contexts, but often they are
equivalent. For compactly supported vector fields X, the Lie derivative £xw and hence the
divergence have compact support, too. This will be important for the functional analysis
point of view.

Beyond the mathematical content, the somewhat unusual name solenoidal can be
translated as tube-shaped and stems from the mathematical analysis of magnetic fields.

The main application of volume forms is integration on manifolds, so it is no surprise
that they induce a canonical measure.

PROPOSITION 2.1.2. Let (M, w) be a volumetric manifold. Let T = {U C M|U open} be
the topology of M and B = o(7) the induced Borel o-algebra of M. Then there is a unique
Radon measure p = pu, : 0(1) = R>o U oo such that [y, fdp = [, fw for all f € Co(M).

7
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Proof: Consider the map I : C.(M) — R, f+ [, fw (using the integral of a continuous
differential form as defined in [11]). By Proposition 16.6, page 407 in [11], [ is a linear
map and positive in the sense that I(f) > 0 for all functions f with f(p) > 0 for all p € M
(because in that case, fw is another positively oriented volume form on f~!(Rso) C M).
So I is a positive linear functional.

Being a smooth manifold, M is locally compact, thus by the Riesz-Markov representation
theorem, there is a unique Radon measure p on B with [,, fdu = I(f) = [, fw for all
feC.(M). O

Using this canonical measure, we define LP-spaces.

DEFINITION 2.1.3. Let (M,w) be a volumetric manifold. For every p € R5( we define
LP(M,w) := LP(M,o0(7), ) = {f : M — K| f measurable, / |fIPdpe, < 0o} /N,
M

where N' = {f : M — K| f measurable, [,,|f[Pdu, = 0}. Here, measurable always means
Borel-Lebesgue-measurable. K is either R or C. By convention, I will consider real-valued
functions in this section and complex-valued ones later; the computations are all very
similar.

If w is clear from context, I may also just write LP(M) for the same object.

Of course I am going to use the main results about LP-spaces, namely that LP(M,w) is
1
a Banach space with || f||, = ([y; |f[Pdug)? for all p > 1 and that L?*(M,w) is a Hilbert
space with (f,g) = [y fgdpte.

REMARK 2.1.4. Clearly every continuous function on M is measurable, and if it has
compact support, then it is a representative of an LP-element for every p € R since
1, is o-finite. Because there are no open null sets in M by the strict positivity of w, the
projection map 7 : CO(M) — LP(M,w), f+ [f] is injective (the lower index c indicates
compact support). Because of this I will sometimes just identify functions f,g € CO(M)
with elements of LP(M,w).

Let us now include a formal definition of (not necessarily bounded) linear operators,
which is often confusingly omitted.

DEeFINITION 2.1.5. Let V be a topological K-vector space. The set of operators on V is
defined to be

OWV)={(W,r) | W CV vector subspace, 7: W — V K-linear},

with addition (W, 7)+(X,0) = (WNX, T|wnx +ownx) and composition (W, 7)o (X,0) =
(XNo Y(W), 70 o|xno—1(w))- The neutral elements are (V,0) for the addition and (V;idy)
for the composition.

An operator (W, 1) € O(V) is, intuitively, called densely defined if W is dense in V,
i.e. W =V. For any (W,7) € O(V) we define dom(W, 7) := W and occasionally just write
7 € O(V) for the same operator; the domain is determined by 7 anyway.

While the addition and composition defined as above make perfect sense, one has to be
aware that both may drastically decrease the domain. Even if two operators on a Hilbert
space are densely defined, their sum need not be. As an example consider the spaces of
polynomial functions and functions vanishing in a neighbourhood of the boundary, which
are both dense in L?([0,1]), with their intersection being plain {0}. So the densely defined
operators usually do not form a subspace. However, we will see that important sets of
operators will have a common dense domain, which is enough to ensure the validity of
important theorems.

Now, what actually is the adjoint of a vector field? We are not yet ready to investigate
the intricate domain issues, but we can at least deduce a formula which works on the
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smooth function space. This would traditionally be done using partial integration, but
Stokes’ theorem makes the proof much more compact.

THEOREM 2.1.6. Let (M,w) be a volumetric manifold and X € X(M). Then for all
f,g € CP(M), we have:

<f,£X(g)> = _<£X(f)7g> - <fdiVng>

Here the scalar products are taken in the real-valued L*(M,w).
In particular, Lx € O(L*(M)) is formally skew-adjoint if and only if X is solenoidal.

Proof: Let X € X(M) and f,g € C°(M) be arbitrary. Then by the Leibniz rule for the
Lie derivative we have:

Lx(fgw) = fglxw+ Lx(f)gw + fLx(g)w

Note that Lx (fgw) € Q™(M) (m = dim M) still has compact support. Because the exterior
derivative of forms of maximal rank is zero, we have Lx (fgw) = doix(fgw). So by Stokes’
theorem (as proven in [11], page 411, Theorem 16.11), it has integral

| £xfow) = [ doix(rge) = [ isyix(fow) =0,

using that OM = (). Hence using Lxw = div(X)w we get

0= /M f9lxw + Lx(flgw + fLx(g)w = (f, gdiv(X)) + (Lx(f),9) + (f, Lx(9))

or equivalently:
(f,Lx(9)) = —=(f,gdiv(X)) = (Lx(f). ) 0

It is crucial for this theorem that M has no boundary. Otherwise, the closed unit
interval with linear and quadratic functions and the usual derivative would already give a
counterexample.

Another important property of certain unbounded operators is that they have a large
enough domain. The following theorem shows that this is always true in cases relevant for
us. It uses important results from measure theory and functional analysis and combines
them to get a suitable version of the statement for the context of volumetric manifolds.

PROPOSITION 2.1.7. Let (M,w) be a volumetric manifold. Then C°(M) C L*(M,w)
is dense.

Proof: We know that (M, u,,) is a locally compact Hausdorff space with a regular Borel
measure by basic manifold theory and Proposition 2.1.2. So by [7], page 78, Proposition
5.7, the compactly supported continuous functions C.(M) are dense in L?(M). This still
holds for smooth functions. The proof goes as follows:

Concretely, we need to show that for every f € L?(M) and € > 0 there is h € C°(M)
with ||f — hllz2 < €. So let € > 0 and f € L?>(M) be arbitrary. As mentioned before,
Ce(M) C L*(M) is dense, so there is g € Co(M) with ||f — g||2, < §. Set K := suppy,
which is compact.

Note that the restrictions of smooth global functions C°°(M)|x form a point-separating,
non-vanishing subalgebra of C(K), so by the Stone-Weierstrafl Theorem, they are dense
in C(K), using the supremum norm. If p(K) = 0, then g = 0 is already smooth, so

assume that p(K) > 0, and choose h € C*°(M) with ||(g — h)|k||ec < (W)% Using
that u = p,, is (outer) regular, we find an open precompact set U C M with K C U and
p(U\ K) < M= < aagz - Here, V is some open subset containing K, which is used

to get a constant value at the right side; shrinking the set further to U can only decrease
the supremum norm. The supremum norm is finite since U is precompact.
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Now since U is open and K C U is compact, there is a smooth bump function
be CX(M) with 0 < b <1, bg =1 and supp(b) C U (e.g. use a partition of unity
subordinate to {M \ K,U}). Set k := bh € C°(M ). Within this construction we compute:

1 =KlIZ2 < (I1f = 9gllee + llg — Ell22)°
<If = glf2 + llg = kliz-

€
<t [ g=mPdus [ (g- kP
K M\K

= +/ (g — h)2dp +/ Bh2dy
2 K U\K

< S+ u(E)|(g = 1)k |12 + (U \ K)|[Rlu|%

2
€ € 32 €
<5+ () + g Il =
2 PO ) M
As € > 0 was arbitrary (in particular, we could also use €2), this finishes the proof. [l

Knowing that Lie operators are defined on a dense domain allows us to build their
adjoint. By Theorem 2.1.6, we can partly compute it.

COROLLARY 2.1.8. Let M be a volumetric manifold and X € X(M). Then the adjoint
L% € O(L?M) of Lx exists, its domain dom(L%) contains C>°(M) C LM, and

Lx ooy = —Lx — Mdiv X5
where my, 1 CX(M) — CX(M), f — h- f denotes the multiplication operator for h €
C*(M).

Proof: The existence of an adjoint is guaranteed by the mere fact that the domain
dom(Ly) = C®(M) C L?>M is dense (Proposition 2.1.7). By definition,

dom(Ly) = {f € L2M|3h € L2M ¥g € C=(M) : (f, Lxg) = (h,g)}.

For f € dom(L% ), the value of the adjoint L% (f) is just h.
Let f € C°°(M). Then we know by Theorem 2.1.6 that for all g € C°(M) C LM we
have (f,Lxg) = (—Lx(f) — fdivX,g), so f € dom(L%), and

Lx(f)=—Lx(f) = fdivX = (=Lx — maivx)(f)-

Since f € C°°(M) was arbitrary, this implies indeed that C°(M) C dom(L%) and
Loy = —Lx — Mdiv x- O

Now that we know about the adjoint, general theorems from functional analysis ensure
that Lie operators are also closable:

COROLLARY 2.1.9. Let M be a volumetric manifold and X € X(M). Then Lx is a
closable operator.

Proof: By Corollary 2.1.8, C°(M) C dom(L%) holds for the domain of the adjoint. So by
Proposition 2.1.7, the adjoint is densely defined. Hence by [25], Theorem 3, page 196, Lx
has a closed linear extension, i.e. it is closable. ]

We will see later how these humble formulas give rise to a *-algebra structure on the
algebra of differential operators, with deep implications for representation theory. The
divergence operator will be our trusted companion throughout the chapters of this thesis.
For now, let us settle with our first results and finish the elementary example. The next
sections will formally introduce our main character.
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2.2. Lie Groupoids and their Sections

Readers of this work are probably familiar with the notion of Lie groupoids as well
as with the fact that Lie groupoids can be differentiated to Lie algebroids, which can,
under special circumstances, be integrated to obtain a Lie groupoid again. Although these
structures are not new to the mathematical world, I will give a short introduction to
Lie groupoids here to be self-contained. With the use of category-theoretic language, the
definition looks as follows:

DEFINITION 2.2.1. A Lie groupoid is a category G in which all arrows are isomorphisms,
where the classes of objects M = G° and of morphisms G = G! are smooth manifolds such
that:

(1) The source and target maps s,t : G — M are smooth surjective submersions.
s and t are defined by s(g) = = and t(g) = y for any morphism g € G(z,y),
x,y € M.

(2) The inclusion map ¢ : M — G, v — id, is a smooth embedding.

(3) The composition mult : G := {(h,g) € G?*|t(g) = s(h)} — G is smooth.

Given such a structure, M is called the base of the groupoid, and G is often itself referred
to as a groupoid, using the rest of the structure implicitly.

Lie groupoids with base M, morphism space G and source and target maps s,t are
commonly denoted s,t: M = G or just M = G. As for Lie algebroids, there are two basic
examples of Lie groupoids, which can be thought of as corner cases, the first one being just
a Lie group.

EXAMPLE 2.2.2. Any Lie group G corresponds a Lie groupoid over the single-point
base {0}.

Proof: 1t is a category theoretic fact that groups can be seen as categories with one object
and only invertible morphisms. Call this corresponding category G and its object 0. The
source, target and inclusion maps are all trivially smooth because their range or domain are
singletons. The smoothness of the composition mult : G> = G? — @ is a defining property
of Lie groups. 0

The other standard example is the pair groupoid over a given manifold.

ExaAMPLE 2.2.3. Let M be any smooth manifold. The pair groupoid M x M = M of M
is defined by source s(m’,m) = m, target t(m’,m) = m’ and multiplication (z,y) * (y,z) =
(z,2). The inclusion is ¢ : M — M x M, z + (x,z). Clearly s,t¢,* and ¢ are all smooth,
and s and t are surjective submersions, so the pair groupoid is a groupoid not only by
name.

Unlike morphisms of Lie algebroids, Lie groupoid morphisms are quite obvious to

define:

DEFINITION 2.2.4. Let G = (G = M) and H = (H =% N) be Lie groupoids. A
morphism of Lie groupoids from G to H is a covariant functor F' : G — H which is smooth
on morphisms and on objects, i.e. a pair of smooth maps (F, f) of f : M — N with
fos=5s0oF, fot=1toF for the respective source and target maps and F : G — H with

F(g9291) = F(g2)F(q1) for all (g2,1) € G2

The main difference between Lie groups and Lie groupoids is that not any two elements
of a groupoid can be composed like in the group case. In particular, left and right translation
can be defined, but not on the whole of G. We have to use the fibres of source and target
instead.
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DEFINITION 2.2.5. Let G = M be a Lie groupoid. For any z € M, define G* :=
t=1({x}) = {g € G | t(g) = z} (the target fibre over z) and G, = s~ ({z}) (the source fibre
over x).

On these level sets, left and right multiplication by a fixed g € G are defined:

ly: G39) — GU9) | hs gh

and
Tg: Gt(g) — Gs(g)> h — hg.

Note that both G* and G, are submanifolds of G by [11], Theorem 5.12, page 105
for any x € M. Furthermore, the maps l; and r, are all diffeomorphisms with inverse
(lg) ' =1,-1 and (rg)~! = r,-1, respectively.

The nature of Lie groupoids cuts down the number of tools we can use for theories,
compared to Lie groups. To preserve a few of them in an altered form, we need to introduce
the notion of bisections. They can be thought of as generalised elements of the groupoid
and allow to define global translation maps and an exponential function again.

DEFINITION 2.2.6. (Compare [15], 3.2, page 15)

Let G = (G = M) be a Lie groupoid. A bisection of G is a submanifold S C G such
that both s|g: S — M and t|g : S — M are diffeomorphisms. The set of bisections on G
is denoted I'(G).

We define a product o : I'(G) x I'(G) — I'(G) by

SoT :=mult(SxT)NG*)={gh|ge S, heT, th)=s(g)}
for all S,T € I'(G), where mult denotes the composition in G.
There are a few basic properties that a well-schooled mathematician will assume at the

sight of such a definition. I list the following, and more later on, without going into the
proof.

PROPOSITION 2.2.7. T'(G) with the product defined above is a group.

For the pair groupoid, bisections are simply given by diffeomorphisms of the base, as
illustrated in the following short example.

ExampPLE 2.2.8. Let M be a smooth manifold. The bisections on its pair groupoid are
given by diffeomorphisms of M, namely

(M x M) ={S, | ¢ € Diffeo(M)},
where Sy := {(¢(x),x) | € M} is the graph of a diffeomorphism ¢, up to the order of the
pair.
Proof: Set G = M x M and consider the map x : T'(G) — Diffeo(M), S — t|s o s|g'. For
any R € I'(G) we have
Su() = Sypont = {08l (@).2) |2 € MY = {(y.2) | () € S} = 5

because s|5'(z) = (y,z) for the unique y € M such that (y,z) € R.
The other way around, we have

X(Sp)(x) = tls, o slg; () = t(p(x), ) = ()
for all ¢ € Diffeo(M) and x € M, i.e. x(Sy) = ¢. O
The name section suggests that bisections can also be viewed as maps from the base
M to the arrow space G, which I will indeed do frequently, by writing S(p) := (s|s)(p)

for S € I'(G) and p € M. By definition, we always have s(S(p)) = p, and it is easily seen
that (SoT)(p) = S{t(T(p)) - T(p) for two bisections S, T € I'(G).
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2.3. Differentiation of Lie Groupoids to Lie Algebroids

In this section I am going to do a quick recap of how to obtain a Lie algebroid from a
Lie groupoid, similar to the investigation of Lie groups and their Lie algebras. This process
is commonly called differentiation.

In our general definition, the base M of a Lie groupoid G = M does not have to be a
subset of GG. However, the canonical inclusion ¢ : M — G was assumed to be an embedding,
so that in any case its image «(M) C G is a smooth submanifold, which can be identified
with M via ¢. To make the notation more comfortable, we will hence rightfully assume
that M C G and «(z) = x for z € M.

REMARK 2.3.1. Let G = M be a Lie algebroid, where M C G. Then TM C TG|y is
a smooth vector subbundle, which allows us to take a quotient.

Furthermore, note that the source and target maps fulfil s|p; = idys = t|ps, hence
(T's = Tt)|ra = 0, so that T's — Tt induces a well-defined map on the quotient by 7M.

This allows for the following definition:

DEFINITION 2.3.2. ([15], page 58)

Let G = M be a Lie groupoid. The normal bundle A = Lie(G) = v(G, M) of G is
defined as A := T'G|p;/T M, which is a vector bundle over M. Furthermore, we define the
anchor

p=Ts—Tt): A—>TM, vy, + T, M — (Ts —Tt)(v,) € T, M,

which is a smooth vector bundle homomorphism.

So the vector bundle structure and the anchor of the Lie algebroid corresponding to
G = M are quite easy to define. The definition of the Lie bracket requires some more
effort. The idea is that we relate sections of the normal bundle to left-invariant vector fields
on G and use their commutator bracket.

Let us look at the definition first. A priori there is no important reason to prefer left-
or right-invariance.

DEFINITION 2.3.3. Let G = M be a Lie groupoid. A vector field X € X(G) is called
left-invariant if it is tangent to the target fibres, i.e. X(g) € T(G*9) for all g € G, and

Tly(Xp) = Xgn € Ty GH9
holds for all g, h € G with t(h) = s(g). The set of left-invariant smooth vectors fields on G
is denoted by X(G).
Likewise, X is called right-invariant if X(g) € T'(G()) for all g € G (X is tangent to
the source fibres) and
Thrg(Xh) = th S Tths(g)
holds for all g, h € G with s(h) = t(g). The set of right-invariant smooth vector fields on G
is denoted by X#(Q).
It is easily proven that invariant vector fields are closed under the commutator.

LEMMA 2.3.4. X5(G) and X®(G) are Lie subalgebras of X(G) with its Lie bracket.

Proof: Consider left-invariant vector fields first. For X,Y € X(G), the defining property
is that Ty X|gs) = X olg and T1,Y | sy = Y o, for all g € G, hence also
Tly[X,Y]|qs) = [X, Y] ol
by the naturality of the Lie bracket as stated in [11], Proposition 8.30, page 188. In
particular, [X,Y](g) = [X,Y]ol,(s(g)) = Tl,[X,Y](s(g)) € TG for all g € G. So indeed
(X,Y] € x1(@).
For right-invariant vector fields, the proof is similar. O
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The next proposition will flesh out the correspondence of normal sections to left-invariant
vector fields.

PROPOSITION 2.3.5. Let G = M be a Lie groupoid with M C G and normal bundle
A =v(G,M). Then the map

7 XM(G) = T(A), X = X|u
mapping left-invariant vector fields to the pointwise equivalence class of their restriction to

M is an isomorphism of C>(M)-modules. The module structure on X*(G) is defined by
f-X(g) = f(s(9)X(g) for f € C=(M), g € G.

Proof: 7 is clearly R-linear, and for f € C*°(M),p € M we have 7(fX)(p) = f(s(p))X(p) =
f(p)X(p) = fr(X)(p), so it is a C°°(M)-module homomorphism. We will now construct
the inverse.

First, let b € X(M) =T(TM). Let g € G and p = s(g) € M. Then for any f € C*(G)
we have folg|pngr = f(g), hence T,l,b(p)(f) = b(p)(f o ly) = 0. So

0. F(A) - %<G)7 0(@)(g) = Ts(g)lga(s(g)>
is a well-defined map, which is C°°(M)-linear because all the maps T, are R-linear. I also
write Xz := o(a) for this. Let a € T'(A). Let g, h € G with t(h) = s(g) and set p := s(h).
Then we have by definition
Xa(gh) = Tplgnha(p) = Tp(lg o ln)a(p) = Thlg o Tylpa(p) = ThlgXa(h),

so Xz is indeed left-invariant.
Checking the compositions, we have of course

Toa(a)(p) = o(a)(p) = Tplpa(p) = a(p) = a(p)
for all a € I'(A) and p € M, as well as
oo7(X)(9) = o(X|m)(9) = Ts()ls X (s(9)) = X(gs(g9)) = X(9)
for all X € X¥(G) and g € G, so 7 and o are indeed inverse to each other. 0

This isomorphism allows us to define the Lie bracket of a Lie groupoid’s algebroid as
follows:

DEFINITION 2.3.6. Let G = M be a Lie groupoid with M C G and normal bundle
A =v(G, M). Then the Lie bracket on I'(A) is defined by

[a,b] := T([oa,ob]) = [Xa, Xp]| M
for all a,b € I'(A).

It remains to check that the resulting structure is really a Lie algebroid. I prove a short
lemma in advance.

LEMMA 2.3.7. Let G = M be a Lie groupoid with normal bundle A = v(G, M). Let
a € I'(A). Then TtX,(g) = 0 € TyyyM holds for all g € G.

Proof: By abuse of notation, we use the same glyph a for an element of I'(4) and a
representative a € X(G)|as of it.
Let g € G and f € C°°(M) be arbitrary. Then we have

TtXo(9)(f) = Xa(9)(f ot) = Tyg)lga(s(g))(f o t) = a(s(g))(fotoly) =0

because t o l, = t(g) is constant. (|

Now we can proceed to the main theorem of this section, which is not very hard to
prove at this point.
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THEOREM 2.3.8. Let G =% M be a Lie groupoid with M C G. Then the triple (A, p, [-,]),
where A=v(G,M), p=Ts—Tt and [-,-] is as in Definition 2.3.6, is a Lie algebroid over
M.

Proof: The vector bundle structure is clear. We know that 7 and ¢ from the proposition
before are module isomorphisms and that the commutator bracket makes X*(G) a Lie
algebra. This implies that the bracket on I'(A) is also a Lie algebra bracket, i.e. bilinear and
satisfying the Jacobi identity. p was checked to be a smooth vector bundle homomorphism.
This leaves only the Leibniz identity to be proven.

To do so, let a,b € I'(A) and f € C°°(M) be arbitrary. Then by our previous lemma
we have

[a, fb] = [Xa, Xpollvr = [Xa, [0 sX][m
= (f o s[Xa, Xp] + Xa(f05)Xp) M
fla,b] + TsXa ()Xol 1
fla, bl + (T's = Tt) Xo(f) Xo
fla, o] + (T's = Tt)(a)(f)b = fla, b] + p(a)(f)b
as required. Here, T'sX,(f) is defined by T'sX.(f)(g9) = TgsXa(g)(f) for g € G. O

+
+

a, 0]

While the topic has been extensively studied by others, I will humbly stick to this
short recap on the differentiation of Lie groupoids. I will also not investigate the backwards
theory, the integration of Lie algebroids here. Only so much be said: In certain cases, it is
possible to find a Lie groupoid that differentiates back to a given Lie algebroid.

2.4. Haar Systems and the Groupoid C*-Algebra

The recurring main topic of this thesis are groupoid and algebroid representations and
how both are connected. However, we still have not defined them appropriately. While there
are many different possible definitions, one of them is especially fruitful due to its intrinsic
connections to functional analysis. In that definition, we investigate not representations of
the morphism space itself, but of the function space L!(G) and its enveloping C*-algebra,
the groupoid C*-algebra C*(G). Both of these algebras have their classical counterparts in
Lie group theory.

Hence I will use the pages of this section to introduce and investigate the groupoid
C*-algebra of a Lie groupoid, which does carry an interesting structure in the form of being
a C*-algebra as the name implies. To do this, we need a set of measures first. Concretely, 1
will next introduce Haar systems, which are a generalisation of Haar measures on groups.

For that definition, we need to recall the concept of the support of a measure.

DEFINITION 2.4.1. Let (X, 7) be a Hausdorff space and ;1 a Radon measure on the
Borel o-algebra o (7). The support of u is defined as

supp () := X \ ( U U) ,
)=0

Uer,u(U
the complement of the largest open null set.
Note that for any measurable f : X — R we have [y fdu = [, fdp. This is of

particular use for the definition of a Haar system, where the support of each individual
measure is assumed to be a target fibre.

DEFINITION 2.4.2. Let G = M be a Lie groupoid. A Haar system on G is a family of
Radon measures (A*)zecps on the Borel o-algebra of G such that

(1) suppA* = G* =t ({z}) C G forall z € M,
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(2) the map M — R, = — [, fdA\" is continuous for all f € C.(G) and
(3) Jaso FolygdNW = [y fAX9) for all f € C.(G) and g € G.

(A%)zem is called smooth if for all z € M, the measure A\* is smooth and the map
M — R, 2+ [, fdN* is smooth for all f € C°(G).

Although the multiplication function [, is generally not defined on the whole of G,
I may also write the integral as [ f o lgd)\s(g) = Jas) fO lgd)\s(g), which is justified by
supp A*@) = G59) 5o that we would expect fG\Gs<g) fo lgd/\s(g) = 0 anyway.

The first place where Haar systems come to use is the definition of the convolution on
a Lie groupoid, which works similarly to the usual LP-product, but yields an independent
value for every target (or source) fibre.

DEFINITION 2.4.3. Let G = M be a Lie groupoid with a smooth Haar system (A*),cas.
We define the convolution

+: Ce(G) x Co(G) = Cul(G), frglz) = /Gsm Flay)gly™ ") (y)

and the involution

* 1 CC(G) — CC(G)a f*(l‘) = f(xil)'
In this case, C.(G) is the algebra of compactly supported continuous functions G — C.

By [22], 1.1.Proposition, page 48, C.(G) equipped with these operations and the
inductive limit topology is a topological *-algebra (because the constant function 1 from G
to S' C C is a continuous 2-cocycle). To recall, the inductive limit topology is defined as
follows:

DEFINITION 2.4.4. Let X be a locally compact Hausdorff space. The inductive limit
topology or topology of uniform convergence on compact sets on C.(X) is the topology of
the inductive limit vector space

(CC(X)7 7-) = COthEComp(X) (CK (X)7 TpK)u

where Ck(X) = {f € C(X) | supp f C K} for a compact set K C X. Comp(X) is the
category of compact subsets of X with inclusions as morphisms and 7,, is the topology
generated by the norm given as pg (f) := sup,ex |f(z)], f € Cr(X).

This gives rise to a new definition of Lie groupoid representations, or more precisely, of

C.(G):

DEFINITION 2.4.5. Let G == M be a Lie groupoid. A representation of C.(G) is a
pair (H, L), where H is some Hilbert space and L is a x-homomorphism L : C.(G) —
B(#), such that L|c, is bounded for every compact subset K C G (again, Cx =

{f€C(G)|supp f C K}).

(H, L) is called non-degenerate if the closed linear span

span{L(f)v | f € C.(G), v € H}

is equal to the whole of H.

As usually, I may also refer to L alone as a representation of C.(G) and omit the
Hilbert space from the notation.

A logical next step in enriching the structure of C.(G) and defining the groupoid
C*-algebra is the definition of a norm on it. It turns out that there are a few (pre)norms
to choose from. Firstly we have the source, target and maximal integral norms, defined as
follows:
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DEFINITION 2.4.6. Let G = M be a Lie groupoid with smooth Haar system (A"),ens,
where M is compact. The I-norm or integral norm || - ||; on C.(G) is defined by

Flre = sup [ 171ax,
ueM JG¥

715 = sup [ |fldA,
UGM Gu
where A\, := A% oinv™! is the image measure of \* under the inversion in G, and

[f1lr := max{[[fl[re [ fll1.s}

Obviously it should be checked that || - ||; ¢s a norm.
PROPOSITION 2.4.7. || - || as defined above is a norm.

Proof: || - |1 is always finite because M is compact. Namely for any f € C.(G), || f]|; is the
maximum of the map u +— [ |f|dA", which is continuous by the second property in the
definition of Haar systems.

For every u € M, the values [5. |f|\" and [ |f|\, are the usual L'-norms of f under
the respective measure and hence fulfil the triangle inequality as well as || Af| = ||| f]| for
all scalars A € C. These two properties are inherited by || - ||1.

Furthermore, if [|f|; = 0 for some f € C.(G), then [5u |f[dA" = 0 for all u € M.
Because f is continuous and \* is Borel with supp A\* = G, this implies that f|g« = 0.
But every element of G has some target, so ,cps G* = G, hence f = f|g = 0. U

The maximal integral norm gives rise to a space of functions on the Lie groupoid. To
obtain a Banach algebra, we complete and get:

DEFINITION 2.4.8. Let G = M be a Lie groupoid with a Haar system \. The space
L1(G) is defined as

LI(G> = (CC(G)7 H ) HI)v

the topological completion with respect to the maximal integral norm.

It can be shown that L!(G) is indeed a Banach #-algebra, but I will not include the
detailed computations here. For the special case of G just being a unimodular Lie group,
this is indeed isomorphic to the usual function space L'(G, ). For the more general case,
it will serve as a useful generalisation.

Beyond the integral norms, there is another way to define a norm on functions over a
Lie groupoid. In fact, this is a standard construction which is meant to give us a C*-algebra.

DEFINITION 2.4.9. Let G = M be a Lie groupoid with smooth Haar system (A"),ecns.
The mazimal C*-norm of C.(G), || - ||, is defined by

£ :== sup{||L(f)|| | L is a bounded representation of C.(G)}.

The speciality in this context is the interaction between the maximal C*-norm and the
integral norm. By Theorem 2.42, page 28 in [17], the maximal C* norm fulfils || f|| < ||f|l1
for all f € C°°(M), in particular, it is finite. Knowing that, as the supremum of any set of
norms, || - || is indeed a norm. Since B(#) is a C*-algebra for every Hilbert space H, we
have

1771l = sup [L{)" L) = sup L2 =111

where L ranges over the bounded representations of C.G.
Hence the following construction indeed gives a C*-algebra, which can be used to define
groupoid representations.
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DEFINITION 2.4.10. Let G = M be a Lie groupoid with smooth Haar system A =

(A")uenr- The groupoid C*-algebra of G with respect to A is
C*(G, >‘) = (CC(G)7 H ’ ||)7
the topological completion of C.(G) with the maximal C*-norm.

A representation of C*(G) is a pair (H, ), where H is a Hilbert space and 7 : C*(G) —
B(H) is a *-homomorphism. Likewise, a representation of L!(G) is a pair (H, ), where H
is a Hilbert space and 7 : L!(G) — B(H) is a *-homomorphism. Usually, we also assume
that 7 is non-degenerate in both cases. It is called continuous if 7 is continuous with respect
to the norm topology of B(H ).

Continuity is sometimes assumed implicitly.



CHAPTER 3

Differential Operators

In the upcoming chapter, I am going to introduce and investigate differential operators
on smooth manifolds. This is of course not a new topic, and most readers of this thesis
probably have encountered differential operators in one form or another. I still wanted
to include this section because I had a different focus than the most common sources on
the same topic. Many authors prefer to give a hands-on definition of differential operators
using coordinate vector fields. This works most easily on open subsets of the Euclidean
space; the generalisation to manifolds is sometimes done and sometimes neglected.

The hands-on approach is useful when the text in question is about solving certain
differential equations, but this is not my focus here. Instead, I am going to consider the set
of all (linear, partial, smooth) differential operators on a given manifold as an algebraic
object. I will give proves for the fact that they form a filtered algebra in a natural way and
investigate (formal) adjoints.

Given this context and personal experience with algebraic geometry, I decided to use
a definition for differential operators which originates from commutative algebra and is
sometimes attributed to Grothendieck. Two modern references for this approach are [13]
and [10]. The algebraic definitions are applicable to an arbitrary commutative ring R with
a given sub-ring S C R, but I will specialise to the case of R = C°°(M) and S = R here.

3.1. Definitions and Basic Properties

We start with a purely algebraic definition for differential operators over a smooth
vector bundle.

DEFINITION 3.1.1. (compare [13], Definition 1.2.1.9, page 7 or [10], page 17)

Let M be a smooth manifold (over R), let K € {R,C} and let E — M, FF — M
be smooth K-vector bundles. A differential operator from E to F is a local, K-linear
map D : I'(E) — I'(F) for which there is a natural number k € Ny such that for all
fos-- -, fr € C°(M,K) the equation [my,,[...[my,, D]...]] =0 holds. Here m; : I'(E) —
I'(E), s+ fs (or likewise my : I'(F') — I'(F")) denotes the multiplication operator given
by any f € C°°(M,K). The space of differential operators from E to F' is denoted as
Diff(E, F).

The order ord D of a differential operator D € Diff(E, F') is the smallest natural number
k € Ny fulfilling the above property. The space of differential operators of order k or less
is denoted by Diffy(E, F) C Diff(E, F). If E = F we write Diff(E) := Diff(E, F) and
Diff,(E) := Diffy(E, E).

A (real) function-valued differential operator on M is defined as an operator from
AP T*M to itself, and the respective space is denoted as Diff (M) := Diff(A® T* M), and
likewise Diffy (M) = Diff,(A°T*M) for all k& € Ng. The space Diff®(M) of complex
differential operators on M is defined likewise, using C @ A\° T*M instead of A\° T*M.

The real and complex form-valued differential operators are Diff (QM) := Diff(A\ T* M)
and Diff®(QM) := Diff(C @ A T*M), respectively.

By convention and because it fits better into the propositions to come, the order of the
zero map is defined to be ord 0 := —oo instead of 0. The commutator [my, D] may also be
abbreviated as [f, D].

19
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REMARK 3.1.2. Because C*(M,C) = C*°(M) & iC*>*(M), it suffices to check the
multiple commutator equality [my,, [...[my, D]...]] = 0 only for real-valued f; € C°°(M)
even in the case of complex vector bundles as soon as C-linearity is given.

Since D € Diffo(E, F') is equivalent to 0 = [my,D](s) = fD(s) — D(fs) for all
feC>®(M) and s € E, the differential operators of order 0 are precisely the C*°(M, K)-
linear maps: Diffo(E, F) = Homgeo(zn)(I'(E), I'(F)) = I'(E* @ F). Here we use that
C*°(M)-linearity implies locality.

Of course A\ T*M is a trivial bundle of rank 1, so T(A\°T*M) = QO(M) = C>®(M),
which justifies the name function-valued. This identification will be used frequently without
further explanation.

In general, the locality of differential operators is just an additional assumption in the
definition. For the function-valued operators however, it already follows from the other
properties and could be left out. This is shown in the following proposition.

PROPOSITION 3.1.3. Let M be a smooth manifold and D : C*°(M) — C>®(M) an
R-linear map for which there is k € No such that [my,,[...[myg,, D]...]] =0 holds for all
fos-o s fx € C®(M). Then D is a local map i.e. if two functions f,g € C°(M) coincide
on an open subset U C M, then D(f)|y = D(g)|u for any differential operator D on E.

Proof: By linearity of D it suffices to check that D(f)|y = 0 for f € C°°(M) with f|y = 0.
To do so, let p € U be arbitrary. Choose an open neighbourhood V' C U of p with a smooth
bump function h € C°°(M) fulfilling hly = 1 and hlyny = 0. Then we have hFf =0,
hence

0=[h,[...[h [f. D]]...]| = h*[f, D] - [f, D]*
= h*fD — h¥*Dmy — fDmyx + Dmyy = —h¥"Dmy — fDmye,

where we use k copies of h in the first line. In particular, we have 0 = (h*Dm (1) +
fDmy.(1))(p) = D(f)(p), because f(p) = 0. So since p € U was arbitrary, D(f)|y =0. O

We have already identified elements of Diffo(E, F') with C°°(M)-linear maps I'(E) —
['(F), which was not hard to do. With slightly more effort, we can also give a characterisation
of differential operators of order 1.

PROPOSITION 3.1.4. Let M be a smooth manifold and D € Diff(M). Then D :
C®(M) — C>®(M) is a derivation if and only if D € Diff;(M) and D(1) = 0.
Proof: Suppose first that D is a derivation. Then we have
D(1)=D(1-1)=1-D(1)+ D(1) - 1 = 2D(1),
hence D(1) = 0. Also, for all f,g,h € C°°(M) we have
[f:1g9, D]](h) = fgD(h) — fD(gh) — gD(fh) + D(fgh)
= fgD(h) = fD(g)h — fgD(h) — gD(fh) + gD(fh) + fhD(g) =0,

so D e Diff{ (M).
Now let D € Diff;(M) with D(1) = 0 be arbitrary. Then for any f,g € C>*(M) we
have

0=1[f,[9, DIJ(1) = fgD(1) = fD(9) = gD(f) + D(f9) = =f D(9) = gD(f) + D(f9)
i.e. D(fg) = fD(g) — gD(f). This means that D is a derivation. O

LEMMA 3.1.5. Let E, F — M be smooth K-vector bundles, K € {R,C}. Then for every
k € No, Diffy(E, F') is a K-vector space. Diff(E, F') is also a K-vector space.
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Proof: Diff(E, F') is contained in the K-vector space of K-linear maps Homg (I'(E), I'(F)),
so it suffices to show that Diffx(E, F') is closed under addition and multiplication for every
k € Ng U {oo}, where Diff (E, F) := Diff (E, F).

Let ¢ € K and P,Q € Diffy(E,F), k < oco. Then ¢P + @ is again local because
(cP+Q)(e)|lu = cP(e)|lu + Q(e)|y for all open U C M and e € I'(E). In addition we have
for all fo,..., fr € C®(M):

o, [ [fweP+ Q.. =clfo,[-.- [fw, Pl.. . ]I+ [ [fe, Q... ]] =0
Hence cP + Q € Diff,(E, F). If P,Q € Diff(F, F') are arbitrary, then still

cP+Q¢€ Diﬁmax{ord P,ord Q}(E7 F) c lef(E7 F)

by what was just shown. So indeed all sets Diffy(E, F'), k € Ny U {c0}, are subspaces of
Homg (T'(E),T'(F)). O

At this point it may be worth noticing that Diffy(E, F') C Diff;(E, F') for k < [ and that
Diff(E, F) = Upen, Diffx(E, F), which follows directly from the definition of differential
operators.

An advantage in the language of differential operators compared to vector fields is that
differential operators can not only be added and scaled, but also composed to get new
differential operators. The proof is a little more complex than the last lemma, but still
quite straightforward.

LEMMA 3.1.6. (compare [10], page 19)
Let E,F,G — M be a smooth K-vector bundles. Let P € Diffy(E,F) and Q €
Diffl(F, G) Then Qo P € Diffk+l(E, G)

Proof: First of all, notice that concatenations of local maps are local: For o, 7 € I'(E) with
o|ly = 7|y we have P(o)|y = P(7)|v since P is local, hence QP(o)|y = QP(7)|v since Q
is also local.

The main part of the lemma is proven by induction. Let f1,..., fr1i11 € C°°(M). Let
t €{0,...,k+1} and assume that

ng

[feo [ [f1, QP =D Mgt [ Mg, @1 DMMAR, [ [B,, P

i=1

is a sum where the summands are products of r;- and s;-fold brackets such that r; +s; =t
for all 7. Then for ¢t + 1 we have

n

et e oo QP =D feran [oh [ Lok, Q1. ) o [ha, [ - [RE,, P

—z_t:[ftﬂa[Qia[---[gii,Q]...]]]o[ N |

91, [ [97,, Q- T o [fears [PL [ [R5, PN

= Z:[é’i,[---[@%Q]---HH,[---[%NP]---]],

_l’_

where
(1) ner = 2ny | - o
(2) i =ri+1,8 = s, §1 = fe41, Gy = gp—q forp > Land by, = hy, while i € {1,...,n¢}
(3) 7 = Ti—nys §i = Si—n, + 1, g;', = g}i,*”t, ht = fiy11 and h;;, = h, 1" for p > 1 while
1€ {nt+1,...,2nt}.
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Of course we have 7; +35; =1 +s; + 1 =t + 1, so the induction step is complete.

The start of the induction is trivial for ¢ = 0: QP = QP suffices to fulfil the requirements,
so the induction is complete.

By this induction, we know that [fryi+1,[. .. [f1,QP]...]] = >i=; Ri, where for each
i, R; is a product R; = [g1,]..-[9r, Q] .. .|][P1,[---[hs, P]...]] with r +s = k+ 1+ 1.
In any case we have either r > [+ 1 or s > k + 1. So because @ € Diff;(F,G) and
P € Diffy(E, F), one of the factors must be zero, and hence R; = 0. So in summary,
[frtit1s[---[f1,QP]...]] = Xiuq Ri = 0. Since the functions f; were arbitrary, this means
that QP € Diff(E, G). O

As one may have expected, the last two lemmas can be combined to obtain an algebra
of differential operators.

PROPOSITION 3.1.7. Let E — M be a smooth K-vector bundle. Then the set Diff(E) is
an (associative) K-algebra. It is a filtered algebra with the filtration

Diff(E) = | Diff,(E)
n€Ng
by order.

Proof: We use the vector space structure from Lemma 3.1.5 and composition as multiplica-
tion, which is well-defined by Lemma 3.1.6 since every differential operator has an order. It
was proven there that Diff(E) o Diff;(F) C Diffy,;(F). Associativity is clear for all kinds
of compositions, so we only have to check the law of distributivity.

Let P,Q, R € Diff(E) and ¢,d € K. Then we have P(Q + R) = PQ + PR because P
is additive, (P + Q)R = PR + QR holds for any kind of maps into a vector space, and
(cP)(dQ) = (cd)(PQ) hold because P is K-multiplicative. O

DEFINITION 3.1.8. Let E — M be a smooth vector bundle. The graded algebra of the
filtered algebra Diff (E) is defined as follows: For every n € Ny, set

An = A, (E) := Dift,,(E)/Diff_1 (E),

with Diff_;(F) := {0}, with the inherited vector space structure. Define then A(FE) :=
@Dren, An- An(E) gets the algebra structure defined by

(P + Diffy_1(E)) - (Q + Diff;_1(E)) := P o Q + Diff g 411 € Ajy
for all (P + Diffy_1(F)) € Ag, (Q + Diff;_1(FE)) € A;, which is well-defined because
(P + Dlﬁk,l(E)) o Diﬁ‘lfl(E) - Diﬁ.kJrl,l(E)

and
Diffkfl(E) o (Q + Diﬂ‘lfl(E)) - Diﬁk+l,1(E).
Associativity and distributivity are inherited from Diff(E).

DEFINITION 3.1.9. Let E, M as before. The canonical involution * : A(E) — A(E) is
defined by [D]* := (—1)*[D] for homogeneous [D] € A(E), extended additively.

Obviously, * is R-linear on every component and we have ([D]*)* = (—1)2¥[D] = [D], so
the canonical involution is indeed a self-inverse linear map. In addition we have ([P][Q])* =

(=DFHP)[Q] = [P]*[Q]* for all [P] € Ag, [Q] € Ay, so it is even an algebra homomorphism.

3.2. Function-Valued Differential Operators and *-Structures

An important kind of mathematical object in the investigation of operators between
Hilbert spaces are *-algebras. Most basically, the usual association of an adjoint makes
B(#) a *-algebra (H is any Hilbert space here). Our goal to characterise representations
of algebras of differential operators on Hilbert spaces makes it necessary to investigate
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*_structures on Diff (M) first. The results from this section are closely related to the basic
divergence formula proven in Theorem 2.1.6.

DEFINITION 3.2.1. Let E — M be a smooth K-vector bundle, K € {R,C} and
D C Diff(F) a unital subalgebra. A *-structure on D is an involutive unital local algebra
antihomomorphism * : D — D, D — D*. More precisely, this means that * is a map which
fulfils

(1) (P+Q) =P +Q

(2) (PQ)*=Q"P”

(3) 1" =1 (1 = Meonst; € Diff(E) is the multiplication operator given by the constant
function 1).

4) (D** =D

5) (e¢D)* = ¢eD* and

6) P*ly = Q*|v if Plu =Qlu

for all P,Q,D € D and c € K.

A *-structure * on D is called filtered if it fulfils D — (—1)*D* € Diff,_; for all
D e Diffy(F), k € Ny and weakly filtered if this is true for k € {0, 1}, i.e. (D+D*) € Diffo(E)
for all D € DN Diff!(F) and D* = D for D € Diffo(E) N D.

(
(
(

The name filtered for this kind of *-structure was chosen because filtered *-structures
are exactly those which descend to a *-structure on the graded algebra A(M) given by
the filtration. The proof requires a lemma on the generation of Diff(M) and is given a few
statements later.

The main point of this section is to show a correspondence between *-structures
on Diff(M) and volume forms on M, given some technical requirements. Because this
correspondence is only obvious for Lie operators (we will define £ = —Lx — div(X) as in
Theorem 2.1.6), we have to show first that Diff (M) is actually generated by Lie operators
and smooth functions. Then we can derive the *-structure on general operators from its
value on the generators.

First we introduce some notation for multi-indices:

DEFINITION 3.2.2. A (natural) multi-index is an n-tuple I = (iy,...,4,) € Nj for some
n € N. For such multi-indices I, J € N} I write:

(1) ] 2= 2=y ik,
(2) J < Tif jp < i for all k € {1,...,n},
3) I—J:=(i1—J1,---,in — Jn) (for J <I), and
1 n 7
(4) (1) =TTy ().
Let now M be a smooth manifold and (U, ¢) a smooth chart of M. Then for any
multi-index I € N', where m = dim M, I write

(1) ¢" == IiLi(¢*)™ € C>*(M) and
(2) 8? = Egd) o---0 ﬁg; € Diff(U), with the special case of
. 1 m
(3) 8r := 9™ on R™.
In the next step, we quickly prove that applying a differential operator preserves roots

of functions, provided they have multiplicity greater than the order of the operator. More
precisely:

LEMMA 3.2.3. Let M be smooth manifold and D € Diffy(M). Let p € M and
for- -y fr € C®(M) with fi(p) =0 for alli. Then also D(IT*_q f;)(p) = 0.
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Proof: By the defining property of differential operators and the assumption f;(p) = 0 we
have

0= [fo.[---[fi- D] N = > )LD £)0)

1C{0,....k} icl jeIc
k
= (=D)*'D(IT £ (p)
i=0
which is the required result up to sign. Here we use the notation I¢ = {0,...,k}\ I for
the complement of the set 1. ]

This can be used to derive a coordinate representation of arbitrary differential operators.

LEMMA 3.2.4. Let M be smooth manifold of dimension dim M = m and D € Diff(M).
Let (U, ¢) be a smooth chart of M. Then locally over U we have:

D|U: Z ( 1)|I J\( )¢I JD(¢J)8¢

[
IJeN™ |1|<k, J<I |1]!

Proof: This lemma is a consequence of Taylor’s theorem. With the version stated in [11],
page 648, Theorem C.15, we first deduce a manifold version of Taylor’s theorem. Namely
let f € C°°(M), then fly = f¢~ lp, and f¢~! € C®(¢U) has domain ¢(U) C R™. So let
a €U and V C U := ¢(U) be a convex subset with b := ¢(a) € V. Set V := ¢~V C U.
By the version of Taylor’s theorem in [11], we have for all z € V (using y := ¢(x)):

fl@) = Z > a(fed))y—b)
IeNm T|=n
+i, > 0 [ =080+ ey - )t
k! |I|=k+1 0
—Z > 97 f(0) (¢ — da)!
|1|
b Y e da)! [ (1040} (G0t 1(6r — ga))a
KrSia 0

The two summands are called the (k-th order) Taylor polynomial

Plf: Z ’ " ]f( )(¢_¢a)1

[I1<k

and remainder term

B =L 5 @t [ 1= 10} foa-+ (6 - o)

T I=k+1

of f under ¢.

Note that each summand of the remainder term is a product of k + 1 smooth functions
on M vanishing at a, namely fo = (¢' — ¢'a) fol(l - t)kﬁ?f(qba + t(¢p — ¢a))dt for some
index i and multi-index I and f; = ¢/ — ¢/a for some index j if [ > 0. So by Lemma 3.2.3,
D(R})(p) =0.
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Hence using once more the locality of D as well as some combinatorics, we get:

é
D(f)(a) = D(EY)) = 3 I p((o - g0y

nz I

¢ a
-y D (Z(—U“—J' () ¢I—J<a><zﬂ) @

[I|<k J<I
[ |(1|)| o' D(6"3? | (F)(a)
\T|<k,J<I
Since f € C*°(M) and a € U were arbitrary, this implies the desired result. O

Using this coordinate representation, it is not hard to see how differential operators
are generated by low orders.

LEMMA 3.2.5. Let M be a smooth manifold. Then Diff1(M) = {my + Lx|f €
C>®(M),X € X(M)} and Diff (M) is locally generated by Diff1 (M), i.e. every point p € M
has an open neighbourhood U C M such that Diff(U) is generated as an R-algebra by
Diff;(U).

More precisely: Fach p € M has an open neighbourhood U such that for each operator
D e Diff(U), k > 1 there are n € N and Dy 1,...,Dyy € Dift;(U) such that D =
> ]_[?:1 D; ; (with at most k factors of order 1 in each summand).

Proof: We prove the second part first, which is a direct consequence of the previous lemma.
Namely let p € M. Choose a smooth chart (U, ¢) around p. Let D € Diff,(U), k € Ny be
arbitrary. (U, ¢) is also a smooth chart of the manifold U, so by Lemma 3.2.4 we have

D= Z (—1 )|1 J\()d)l JD(¢J)8¢

|
1<k, J<I i

()
= Z (-1 )ll d ’I"m(z)l JmD(¢,J)£ 1 Ela¢ )
<k J<I

which is a sum of products of multiplication operators and Lie operators, which are both
clearly contained in Diff;(U). This proves the local generation part. Note that we have

)\I Jl( )

at most k factors from Diff; (U) in each summand, namely (— Mg JmD(¢J)£a¢,

where j is chosen minimally such that i; # 0, and iy +---4+i;— 14+ +ip, = [[| -1 < k— |

partial derivatives; for |I| = 0, simply take the single factor |(I‘? MyI-IMp (7).

Note that for the case of £ = 1, the summands are only products of multiplication
operators and up to one Lie operator. So because mymg = myy and myLx = Lyx holds for
all f,g € C°(M) and X € X(M), using bump functions we deduce that any D € Diff; (M)
is a locally finite sum

D:mei—i-ﬁxi :mf—i-ﬁx
i€l
for f:=3 ey fiand X :=3", ./ X;. O]

The fact that differential operators are generated by vector fields and functions has
direct consequences for the graded algebra of function-valued differential operators.

PROPOSITION 3.2.6. For every smooth manifold M, the graded algebra A(M) :=
AN T*M) is commutative.
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Proof: For all X,Y € X(M) and f,g € C°°(M) we have [Lx,Ly] = Lxy) € Diff1(M),
hence LxLy + Diff;(M) = Ly Lx + Diff1 (M), Lxmy + Diffo(M) = myLx + mx(f) +
Diffg(M) = myLx + Diffo(M) and mgmg = mgmy by default.

Now we know by the previous lemma that the whole of Diff (M) is generated by
operators of the form Lx and my for X € X(M), f € C°°(M). This implies directly that
A(M) is generated by the equivalence classes of such in 4; and Ay, respectively. But if
the generators commute, all elements have to commute. ([l

This proposition tells us that the canonical involution on A(M) is an algebra antiho-
momorphism (which is the same as a homomorphism in the commutative case), which we
would expect from a *-structure.

It is now time to show the background of the name filtered for certain *-structures.

THEOREM 3.2.7. For any smooth manifold M with a *-structure * on Diff(M), the
following statements are equivalent:

(1) * is weakly filtered.

(2) * is filtered.

(8) * descends to the canonical involution on A(M), i.e. [D*] = [D]* holds for all
D € Diff(M).

Proof: 1 will show the implications (1) = (3), (3) = (2) and (2) = (1):

=

(1) = (3): For any operator D € Diff1(M) we know that D — D* € Diffo(M), so D* =

—D — my for some f € C°(M). Hence in the graded algebra we get [D*] =

[=D —my| = —[D] = [D]". Also, [m}] = [my]| = [my]" is clear for all f € C>(M).

Now let D € Diffy(M), k > 1. Then by Lemma 3.2.5, there is an open

cover U of M with operators Dy11,...,Dyni € Diff1(U) such that D|y =
Yie1Duii... Dy, for all U € Y. So for all U € U we have

n * n
D¥lly = l(Z Uil - - .DU7'£,/<:> ] = [Z Dl*],i,k ... Dl*],z‘,ll
=1 =1
n

n
= [Dginl---[Dirial = [Duirl”-- - [Duial*
=1 =1

n *
= [Z Dy, -~-DU,i,k] = [Dlv]" = [DI*v,
=1

hence [D*] = [D]* on the whole of M.

(3) = (2): Let D € lefk( ). Then by assumption we have [D — (—1)*D*] = [D] —
(-1)*[D]* = [D] — (-1)?)[D] = [0], i.e. D — (—1)*D* € Diffy_1(M). Since D
and k were arbitrary, * is filtered.

(2) = (1): Trivial; (2) implies (1) a fortiori. O

We will soon proceed with the main theorem of this section. The proof requires one
more rather technical assumption, which is described in the next definition. But first, let
us look at an example:

ExaMPLE 3.2.8. Consider the smooth manifold M = R™ and the real differential oper-
ators on it. The vector fields on the real plane have a global C*°(M)-basis {01, 02, ...,0m}.
So by the generation lemma 3.2.5, the linear independence of 04,03 for o # B € N
and the fact that [0;,0;] = 0, we know that Diff(R™) is a free C°°(R™)-module, namely
Diff(R™) = {p(d1,...,0m)|p € C®(R™)[T1,...,Ty]} (however, we do not always have
p(O1,. .., 0m)q(01,...,0m) = (pq)(01,-...,0m), so this association is not a homomorphism).
Hence for every m-tuple (P, ..., P,) € Diff(R™)™ of differential operators, we can define
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an R-linear map by

*: Diff(R™) — Diff(R™), Y aqdf'...00m = > Pom .. Pi'mg,.
la|<k <k

This formula is of course a necessity if we want to have an involution with 97 = F;
and m} = m, for a € C°°(M). This is also local: If D =" a,0% D' =Y, a,0“ and
D|y = D'|y, then as|y = al, |y for all o, and hence D*|y = (D’)*|y because the P; are
local themselves.

This map * is involutive exactly if (9})* = P* = 0; for all i € {1,...,m}. A further
characterisation of this property in the general case is hard because C*°(M) does contain
zero divisors.

In the case that we are specifically looking for weakly filtered *-structures, we have to
assume that 0 + 0; € Diffo(R™) and mj — my, € Diff _{(R™) = {0} for h € C*>°(M), i.e.
0f = P; = —0; — g; for all i and mj = my, for certain g; € C*°(R"™) and all h € C*°(R™).
In that case, P} = (—=0; — g;)* = —(—0; — gi) — gi = 0;.

Given such P;, a necessary condition to generate an actual *-structure is that P;P; =
(0;05)* = (0;0;)* = PjP;, i.e. [P;, Pj] = 0 for all 4. This condition computes as

0 =[P, Pj] = [0 + 9i,0j + g5] = [0i, O5] + 94, 0] + (04, g5] + 94, 9]
= 9i9; — 0;9i + 9ig; — 9;0;
= 9i0; — gi0; — 0j(gs) + 9;0i + 05(95) — 9;0; = 0i(g;) — 0j(9s).
It turns out that this is also sufficient for * to be anti-multiplicative. Proving this

requires a series of computations. First, let ¢ € {1,...,m}, k € Ng and f € C>°(M). I will
just write f for the multiplication operator my € Diffo(A). With this we have

Omy = Ftomy = 0F 1 (£0; + di(f))
= F20;(f0; + 0:(f)) = OF2(fO2 + Bi(f)0s + O(f) + 0i(f)

k
= OF2(O3(f) +20:()0 + fOR) ==Y ’f)

Applying this to a multi-index a € Ni* we get
Ouf =00"...00m f

[ Qi — al Om 7 Qi —1
S A i ) (Z )ag(f)amm m_

aq (6779 ) ) ) )
- Z Z (Ofl> (?m>8il O (e gomim

=0  im=0 \ "1 m

== (?‘)al(f)aa_f.

I<a

Now I introduce the notation (—0 — ¢)® := (=01 — g1)** ... (=Om — Gm)*™. This is
justified in the sense that (—0 — ¢)*(—0 — g)? = (=0 — ¢)**P for all a, B € NI because
[—0; — gi, —0; — gj] = 0 by assumption. We do another computation similar to what has
been done before: First, we have (—0; — ¢;)f = —0i(f) — f0i — fg: = f(—0; — i) — 0i(f),
ie. f(—=0; —gi) = (—0i — gi)f + 0i(f) for all i € {1,...,m} and f € C°°(M). It follows
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that

(=0 — gi) [)(=0; — gi)*!
2(=0; — g:)0i(f) + (=05 — 9:)* F)(—0; — g;)"

and hence

feo—gr =3 (?‘) (~0-9)0at(f) =Y (‘}) (=0 — 9"~ ai(f).

I<a I<a

Consider any P = 3, <k @a0a; @ = > 5<k bp0s. Using both sides we can finally
> aaaa) (Z bﬂ@@))

compute
(PQ) = ((
|| <k 1B1<l

(Zaaaabﬁaﬁ) :( 3 (‘;>aaaf(bﬁ)aa_laﬁ)
o, o, B, 1<a
-5 ()co oo

a7ﬁ71§a

=3 (~0-9)" > (-0 - g)* ' 0r(bg)aa
a,B

I<a

=> (-0 —9)’bg(—0 — 9)%an = Q*P*
o

The condition that 0 = —0; — ¢; for some g; € C*(M) is also sufficient for the
resulting *-structure to be weakly filtered because in the graded algebra we have

[(i fiai)*] = Z[_ai — gi]lfi]
= Z —[aillfil = Z[ai]*[fi]* = [Z fioi]" € A1 (R™)

for all f1,..., fm € C®(M), Le. (32, fi0)" € (32, fi0;) + Diffo(R™).

So indeed for every m-tuple (g1, ..., gm) of smooth functions with 0;(g;) = 9;(g;) for
all 4,5 € {1,...,m}, there is a weakly filtered *-structure * =%, on Diff(R™) given
by

*
Z a0 0q = Z (_a - g)aaaa
| <k || <k

and every possible weakly filtered *-structure on R™ is given in this way.

Now, what is the technical property mentioned before? The definition looks as follows.

DEFINITION 3.2.9. A *-structure * on Diff (M) is called commutative derivation pre-
serving if for all P, @Q € Diff;(M) with P(1) = Q(1) =0 and [P, Q] = 0, also

PQ* (1) = QP*(1)
is fulfilled.
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The name commutative derivation preserving for such a *-structure is to be understood
in the following sense: If * is also filtered, then for all commuting derivations P, @ € Diff (M),
PQ* — QP* = PQ* — (PQ*)* is a derivation again.

Before the main theorem of this section, let us consider the example again and check
when the extra property applies.

ExXAMPLE 3.2.10. Consider the previous example 3.2.8 with the *-structure given by

(Z aa(?a) = Z (=0 — g)%mq

|lal<k la|<k
again.
Then since clearly 0; and 0; are commuting derivations for all ¢,5 € {1,...,m}, it
is necessary for x4 to be commutative derivation preserving that 9;(g;) = —0;0;(1) =

—0;0;7 (1) = 9(gi)-
This is the same condition we already had found necessary for the map of the previous
example to be anti-multiplicative.

We will now prove an important theorem for characterising *-structures on Diff (M)
for the special case where M C R™ is a simply connected open subset. In short, they are
all given by volume forms. Given an abstract *-structure *, we will construct a volume
form such that the formal adjoint under * and the adjoint in the L2-space of the volume
form are formally equal. This comes with a caveat: I will not investigate the domain of
adjoints in the following theorem, all results only hold on the space of smooth functions.

ProrPoOSITION 3.2.11. Let M be a smooth manifold of dimension m which is diffeo-
morphic to a simply connected open subset of R™. Let * be a weakly filtered, commutative
derivation preserving *-structure on Diff(M).

Then there is a smooth volume form w on M such that

ins : Diff (M) — O(L*(M,w)), D+ (C*(M), D),
is a unital *-homomorphism, using the *-structure (C°(M), D)* = (C*°(M), (D*)|ceonm)
in O(L*(M,w), the restriction of the usual adjoint to the smooth functions.

Furthermore, any other n € Q™ (M) such that ins : Diff (M) — O(L?*(M,n)) is a unital
*-homomorphism is given as n = cw for a constant ¢ € R\ {0}.

Proof: For each X € X(M), define div(X) := —(Lx + L%)(1) = —L%(1). Then for all
f € C>(M) we have
div(FX) = —L5x (1) = —(my o Lx)*(1) = —L5 omp(1) = L (f)
= —fLx(1) + Lx(f) = fdiv(X) + X (),

using that (Lx + L%)(f) = f(Lx + L%)(1) = fL%(1) and that m is an order 0 operator
and hence self-adjoint under the given *-structure. Because Lx1y = Lx + Ly holds for all
X,Y € X(M) and * is additive, div is also additive.

By assumption, there is a smooth global chart ¢ : M — U C R™. Using this, define

04 := i div(0?)d¢’ € Q' (M).
=1

For all 7,5 € {1,...,m} we have
0=1L = [L.6, L 0],
(07,051 [ oy 6f]

as well as L£4(1) = 0= L,4(1). So because * was assumed to be commutative derivation
i i
preserving, we get

0y div 9f = 58?/32;5(1) = LoeLye(1) = 09 div 9.
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Hence we have

dfy = > ddiv(9))de’

=1

_ - ¢ Ji (AP EPX

= > 97div(9))d¢’d¢
ij=1

=07 diva? — 0¢ divof)dg'dg = 0
i<j

Now because M is simply connected, we have H} (M) = {0} for the degree 1 de Rham

cohomology, so df = 0 implies that § = dgg4 for some g4 € C*°(U). Set f4 := exp oge, then

dfy = exp oggdgy = fodgs = f40, ie. O (fs) = f5div(d?) holds for all i € {1,...,m}.
Set w = wy = fsdg'...d¢™. Then we have

Lyows = ﬁaf(ﬁz))dgbl c.de™ + f¢£aj>(d¢1 ...d¢™)
= 07(f4)de" ...d¢™
= [, div(00)d¢! ... de™ = div(87)w,
for all i € {1,...,m}. It follows that for all f € C°°(M),
Lo = FLopws + (=)' f,07(£)d¢/dg! ... dg7 ... g™
= [Lypwo + ) (N fsdo' ... dj,
= (fdiv(3)) + 07 (f))wy = div(f0] )y,

so because both £ and div are additive, £Lxwg = div(X)wg holds for all X € X(U). This
means that div = div,, is the usual divergence defined on the volumetric manifold (M, wg).
Note also that wg is non-vanishing because exp > 0.

Now we have to show that this form w really preserves the *-structure. So let X € X(M)
be arbitrary. Then by the previous results we know that —£% (1) = div,,(X) holds for the
usual divergence defined by the volume form w on M. Because the *-structure on Diff® (M)
is relatively skew-adjoint, Lx + L% is C°°(M)-linear, so for any f € C*°(M) we have

fdiv(X) = f(L£x + L)1) = (£x + L) (f),
hence
ins(ﬁ}) = ins(—LX — mdiv(X)) = ins(—[,X — mdivw(X)) = inS(Lx)*,

because the latter two terms coincide on the dense subspace C*°(M) C L?(M) by Co-
rollary 2.1.8, as well as ins(m}) = ins(my) = ins(my)*. So since Diff (M) is generated by
Diff1 (M) = {my + Lx|f € C*(M), X € X(M)} as stated in Lemma 3.2.5, this implies
ins(D)* = ins(D*) for all D € Diff(M). The map ins is clearly R-linear, so it is indeed a
x-homomorphism. It is unital because multiplication with the constant function 1 is just
the identity.

Now suppose that 7 is another volume form on M such that ins : Diff(M) — L?M is a
unital *-homomorphism. Then we have

divy X = —L% (1) =divy, X

for all X € C°°(M). Because w is non-vanishing, there must be a smooth non-vanishing
function f € C°°(M) with n = fw. It follows that

divy (X)n = Lx(fw) = X(flw + fLxw = (X(f) + [ divy(X)w) = X (f)w + divy (X)n,
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hence X (f) = 0 for all X € X(M) (w is non-vanishing). Because M is connected, this
means that f is just a constant f = ¢ € R, giving 7 = cw. ¢ # 0 must hold because f is
non-vanishing. O

We can also deduce an analogous result for the whole of M = R™.

COROLLARY 3.2.12. Every weakly filtered *-structure on Diff(R™) is given by a volume
form.

Proof: This statement is not a corollary of Theorem 3.2.11 in the strict sense that it follows
from its statement, but rather a slight variation of its proof.

By Example 3.2.8 we know that any weakly filtered *-structure * on Diff (R™) is given
by % = g, g, for certain g; € C*>°(R™) with 0;(g;) = 0;(g;) for all 4, j. Notice that, with
the notation of Theorem 3.2.11, we have div(9;) = g; for all . Furthermore, (R™,id) is a
smooth chart of R” with simply connected domain. So by the proof of Theorem 3.2.11,
the volume form w = fdz;...dz, € Q™ (R™), where f = expog, g € C>*°(R™) with
dg = Y1 gidx; fulfils div,,(0;) = g;. Here, the theorem does not use the commutative
derivation preservation for all derivations, but only for the coordinate vector field of the
given charts, which is fulfilled here by 9;07(1) = —09;(g;) = —9;(g:) = 0;0;(1).

So because Diff(R™) is generated by 01,. .., Op, it follows that £ = —Lx — div,(X)
for all X € X(R™). O

As it turns out, there is another generalisation that we can make. The proof idea was
recommended to me by my supervisor and uses results from cohomology theory.

THEOREM 3.2.13. Let M be a compact and simply connected smooth manifold of

dimension m and let * be a weakly filtered *-structure on Diff(M). Then there is a volume
form w € Q™(M) such that

ins : Diff (M) — O(L*(M,w)), D+ (C*(M), D),

s a unital *-homomorphism, and this is unique up to multiplication with a non-zero real
number.

Proof: Because M is compact, there exists a finite good cover U = (Uy,...,Uy,) for M;
that is, open sets Uy, ..., U, C M with M = |-, U; such that for all I C {1,...,n}, the
intersection (;c; U; is diffeomorphic to R™. The existence of such a cover is proven in [2],
Theorem 5.1, page 42.

In particular, the sets U; themselves are diffeomorphic to R". By definition, *-structures
are local maps. Being filtered is also a local property (because the map id4* : Diff*(M) —
Dift*(M) is local for all k € N), hence * restricts to a filtered *-structure on every open
subset of M. By Corollary 3.2.12 (and using a pullback by a diffeomorphism), there is for
every i € {1,...,n} a volume form w; € U; such that *|y, =}, is the *-structure given by
wj; that is, X* = —X — div,, X holds for all X € X(U;).

As shown in Proposition 3.2.11, for every non-empty intersection U;; = U; N Uj, there
must be a scalar c;; € R\ {0} such that w;|y,; = c;jw;|u,;. Because M is is simply connected,
it is orientable. Hence we can choose an orientation on M and assume every w; to be
positively oriented, which implies that ¢;; > 0 for all 4,5 € {1,...,n}. For all 4, j, set
dij :=log(cij) € R. I claim that the family d = (dij); je(1,....n},u;nv;#0 18 @ 1-coboundary in
the Cech complex associated to the cover .

To prove this, consider any three indices i, j,k € {1,...,n} for which the respective
intersection U = Uj; = U; N U; N Uy, is non-empty. Then we find that

wilo = (wilv)lv = (cijwilu;) o = (ciwslug) o

= (cijcjkwk\Ujk)’U = Cz’jCjkaiwz‘!U



32 3. DIFFERENTIAL OPERATORS

and hence cjjcjpcr; = 1. It follows that d;; — di, + dji = log(cij) + log(cki) + log(cjk) =
log(cijcjreri) = log(1) = 0 because ¢ = i Thus d is a 1-cocycle. The rest follows from
homotopy. Namely, M was assumed to be simply connected (so it has a trivial fundamental
group 71 (M) = {0}). Hence by Corollary 15.4.2, page 140 in [1], it also has a trivial
grade-1 de Rham cohomology: H},(M) = {0}. But by the de Rham theorem, there is an
isomorphism {0} & H},(M) = H}(M,U) (using that U is a good cover) between the de
Rham and Cech cohomology. Thus every 1-cocycle here is a coboundary, in particular, this
is true for d.

Hence there is a set of real numbers {b1, ..., b,} such that for all 7,5 € {1,...,n} where
Ui; is non-empty, d;; = b; — b;. We set a; := exp(b;) and find that aiaj_l = ¢; for all 4,
with intersection.

In the last step, we use that the cover is finite to guarantee existence of a product. For
each i € {1,...,n}, define:

n; = ( H CLj) w; € Qm(Uz)

je{Lm}\{i}
Consider any 4, j € {1,...,n} such that U;; # (. Then we have:

Nilv,; = ( 1T ak) wilv,; = ( 11 ak) aia; wslu,
ke{L,...n}\{i} ke{l,..nh\{i}
= ( H ak) wj‘Uij = nj’Uij

ke{l,...n}1\{j}

Thus we can define w € Q"™ (M) by w|y, = n; foralli € {1,...,n}. By construction, we have
X* v, = =Xy, — divy, (X |y,) = (=X —divy (X)) |v, foralli € {1,...,n} and X € X(M),
thus the given *-structure is indeed induced by the volume form w, as discussed before in
the proof of Proposition 3.2.11. The proof of uniqueness is also analogous to the one in
Proposition 3.2.11. ]

The previous Proposition 3.2.11 uses the technical assumption of a *-structure being
commutative derivation preserving. This assumption already looks a bit arbitrary, an
impression which is amplified by the observation that it is not required on R™ or in
Theorem 3.2.13.

As it turns out, we can actually prove that every *-structure given by a volume
form fulfils this extra property, so that it is a necessary assumption. The proof relies on
computations within the Euclidean space and on the relation of diffeomorphisms with the
divergence operator. We start with the following lemma:

LEMMA 3.2.14. Let (M,w) be a volumetric manifold, N another smooth manifold
and let ¢ : M — N be a diffeomorphism. Let X € X(M) be a vector field. Set ¢ X =
TgoXogpteX(N). Then

Lo x((¢71)w) = (¢71) Lxw.
Proof: Abbreviate 1 := (¢~ !)*w. First notice that for Ys,...,Y;, € X(N) we have
Z(b*Xn(YV% sy Ym) = (¢_1)*W(T¢X¢_1> Y27 cee 7Ym)
= w(X,Tdp Yo, ..., To Vo) = ixw(psYa,. .., 0:Ym)
¢_1)*(ixw)<Y2, B 7Ym)7
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hence ig, xn = (¢~ 1)*(ixw). So because w and 7 are forms of maximal degree, we get
Lo x (671 w) = dig,x((071)"w) = d((¢7)"ixw)
= (¢7 1) (dixw) = (¢7)" Lxw. 0

Using this, we can prove a formula about the divergence under the pushforward by a
diffeomorphism.

LEMMA 3.2.15. Let (M,w) and (N,n) be two volumetric manifolds with a diffeomorph-
ism¢: M — N. Let X, Y € X(M). Then

(XY(fcé) —Y(fe)X(fo
(f¢)?

6, X (divy (6.Y)) = )+ X dive Y) 06!

holds for a smooth function f € C*°(N).

Proof: Let m = dim M. Because tk A" T*M = 1, there must be a unique smooth, non-
vanishing function f € C*°(M) with n = f(¢~!)*w. Then by the previous lemma we
have

Lo xn =Ly x(fo)V'w+ fLo.x(¢7")w
by

=X(fo)o (¢ V'w+ flo~ Exw

= X(f¢)o (¢ ) w+ fdive(X w
. (f¢)¢_ 1

= ( 7 X)o~ )n,

which implies that

divy (6. X) = <X (J{%)

+ divw(X)> og L.
Using the quotient rule we compute finally that

¢ X (divy (¢.Y)) = X (Y}T) + divw(Y)) Pt

_ (XY(fcb) ~Y(/9)X(f9)
(79)?

In the Fuclidean space, we can directly compute divergences and deduce the following
fact about divergences of commuting vector fields:

+ X div,, Y> og L. O

PROPOSITION 3.2.16. Let U C R™ be an open subset, m € N. Consider the standard
volumetric manifold (U,dxy ...dxy,). Let X,Y € X(U) with [X,Y] = 0. Then we have

X(divY) = Y(div X).

Proof: X and Y can be represented as X =Y i f;0; and Y = Y7, ¢;0; for some smooth
fiygi € C*°(U). Then we have

m m

0=[X,Y]= > fi,0;05] = > _ (fi0i(g;) — 9:0i(f));

,j=1 1,j=1
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by assumption, i.e. Y ;" fi0i(g;) = > ity ¢i0i(f;) holds for all j € {1,...,m}. Hence we
compute:

X(divY) = X(fj 9i(9:)) = f: fi0i0;(g;)
=1 1,j=1
=Y 7 i)=Y 9;(fidilg;)) — 0;(f:)Di(g))
i,j=1 1,j=1
=>"9 Z Zfz = 0i(90)0i(f))
j=1 i=1 =1
=305 aj(Zgiai(f])) > 95(9)8i(f;)
j=1 =1 =1 i=1
= > 60;0:(f;) = Y 9:0:9;(f;) = Y (div X) -
i,j=1 i,j=1

For arbitrary manifolds, an equivalent result follows using pushforwards.

THEOREM 3.2.17. Let (M,w) be any volumetric manifold. Let X,Y € X(M) with
[X,Y] =0. Then we have
X(div, Y) = Y(div, X).

Proof: Set m := dim M. Let p € M be arbitrary. Let (U ¢) be a smooth chart of M around
p, with range U:=¢U). Let n :=dxy ...dz,, € Q™). Set X := DXy = TopX o~ and
Y := ¢,Y|y. We know by [11], Corollary 8.31, page 189 that [X,Y] = ¢.[X,Y]|y = 0.
Hence by Proposition 3.2.16 we have
X(div, Y) = Y (div, X).
By Lemma 3.2.15 we get

X (div, Y)|y = ¢; 1 X (div, ;1Y)
_ ( Y(fo) (f¢)(f¢) U9 | % (div, ?)> 0 g1
_ (YX<f¢> ?fz')gfcb)Y(f@ Y (div, X)> oo
=Y (divy, X)|v,
in particular X (div, Y)(p) = Y (div,, X)(p). So because p € M was arbitrary, we have
proven X (div,, Y) =Y (div, X). O

As promised, we can now prove that volume forms actually define *-structures with
the desired properties.

THEOREM 3.2.18. Let (M,w) be a volumetric manifold. Then there is a unique *-
structure * on Diff (M) such that

ins : Diff (M) — O(L*(M,w)), D+ (C*°M, D),

s a unital *-homomorphism.
This *-structure is also weakly filtered and commutative derivation preserving.

Proof: Any *-structure x on Diff (M) for which the insertion map ins is a *-homomorphism
has to fulfil

L (f) =ins(LX)(f) = ins(Lx)"(f) = —Lx (f) — div(X) f
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for all X € X(M) and f € C*(M), i.e. LY = —Lx — divy(X). Also, m} = my must
hold for smooth functions f € C°°(M) because this holds for multiplication operators
on L?(M,w). These two properties already determine uniquely any possible *-structure
because Diff (M) is generated by {ms+ Lx|f € C*(M),X € X(M)}, as proven in Lemma
3.2.5.

Now we still have to prove that this formula actually gives a well-defined *-structure
with the required properties. For this, let (U, ¢) be any smooth chart of M. By Lemma
3.2.4 and the fact that these coordinate differential operators are linearly independent
(over C*°(M)) we know that {8}b|] € Ng'} is a C°°(M)-basis of Diff(U). Hence

L DIff(U) — Diff(U), S £107 = (09 my,,
I I

where (8¢) = (=09 — div(0%))im . .(—(9515 - div((‘)f))il, is a well-defined map. Because
summation and differential operators are R-linear and local, so is this map *. Note also
that these definitions make sure that 1* = (82%7'”70))* =1 as well as m} = 1"my = my for
general f € C°(M).

Let 4,5 € {1,...,m}. Then by Theorem 3.2.17 we have

(divdy + 0f)(diva} + 87) = 8707 + div L7 + fm,, oo+ div 0y div 07
= 8707 + divaP a7 + div 879, + 07 (div 87) + div 9f div 7

— 9207 + div 9207 + div 9?0? + 99 (div8?) + div 8¢ div 97
= (div 9y + 87)(div dy + 87

Now let I,J € N be two multi-indices. Then using this commutation property we
compute by the definition above:

(0709)" =(87,.,)*

(=92 — div(92,

)yimtin ( — div(99))
)

=(=09, — div(95))m ... (—0 dw<a¢>>ﬂ
o (=92 — div(82))™ . .(—a1 — div(89))"
= (09)"(97)"

Let now g € C*°(M) and i € {1,...,m}. Then we have:

(8¢ mg)* = (907 + 07 (9))*
= (99)"my + 07 (g) = (—0 — divd)mg + 07 (g)
= —g07 — 3 (g) — g divd} + 07 (g)
= g(=0f — divdy) = my(d7)"

An induction argument hence implies that (8?7719)* = mg((‘)}ﬁ)* holds for all I € Ng".
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Consider now general I, J € Ni* and f,g € C°°(U). In the next step we compute:

(rotu05)’ - (f > amamﬁ) - 5 (005) R,

K<I K<I

= (99)* (Z <8?K>*a;‘;<g>) my

K<I

= (09)" (Z aﬁ(g)&?_K) my

K<I
— (09" (O my)"m
= (39)'my(0)my = (907" (f07)"
Finally we have the most general case of arbitrary P,@Q € Diff(U). P and @ can be

expressed as locally finite sums P = ) ; ffa? and Q = ) ;¢ Jaj;’ for suitable fr,g; €
C>®(M), I,J € Ni*. So it easily follows from linearity and the previous computations that

(PQ)" = _(f1079105)" = > _(9207)" (}107)" = Q" P"
1,7 1,7
just as required.
This anti-multiplicativity makes it easy to show that x is an involution: Because Diff (U)
is generated by multipliers my, f € C°°(M) and coordinate operators 835, 1e{l,...,m},
it suffices to note that (m})* = m} = my as well as

((82)")" = (=07 — divd?)* = 8¢ + divdy — divd? = a7

So indeed we have defined a *-structure on Diff(U).
This map * was constructed to fulfil £ = —Lx — div(X) for all X € X(M), which is
indeed the case, namely:

L = (i X<¢i>a?) = i(—a? — divd) X (¢')

i=1 i=1
=Y -0(X()) — X (6107 — X(¢') div 0
=1
=Y m—X(¢")9] — div(X(¢")9]) = ~Lx — div(X)
=1

It is now time to extend these local *-structures to the whole of M. If (V, 1)) is another
smooth chart of M with its corresponding *-structure * on Diff (V') defined as before, then
by locality, *|yay and x|gyny are both *-structures on Diff(UNV') with my =my = mj} and

Y =—Lx —div(X) = L% for X € X(M), f € C>*°(M). By the remark in the beginning
of the proof, *-structures with these properties are unique, hence x|yny = *|yny. Hence
we can define * : Diff (M) — Diff(M) by D*|y = (D|y)* for any smooth chart domain
UCM.

R-linearity, anti-multiplicativity, involutivity and locality itself are all local properties,
so * : Diff(M) — Diff(M) inherits them from the locally defined *-structures and is
hence itself a *-structure on Diff(M). It is also clear from the local definitions that
Ly = —Lx —div(X) for X € X(M) and m} = my for f € C°°(M). Because Diff (M) is
generated by Diff; (M), this suffices to assure that ins : Diff(M) — O(L?M) is indeed a
unital *-homomorphism under this *-structure. It was shown to be unique in the beginning.

It is only left to prove that * defined above is also weakly filtered and commutative
derivation preserving. The weakly filtered property is clear by sight since Diffo(M) =
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{my|f € C(M)} and my = mj for every f € C(M) as well as Diff1(M) = {Lx +
mf|X €eX(M),f € C®°(M)} and Lx + my + (Lx + mf)* =2my — Maiv(x) € Diffo(M)
for all operators X € X(M), f € C>*(M).

The operators P, Q € Diff;(M) with P(1) = Q(1) = 0 and [P, Q] = 0 are exactly the
Lie operators Lx, Ly for which [X,Y] = 0. Theorem 3.2.17 directly implies that

LxLy(1)=-X(divY)=-Y(divX)=LyLXx(1)
holds for any such operators. Hence * is also commutative derivation preserving. O

This implies that being commutative derivation preserving is automatic for *-structures
on R™.

COROLLARY 3.2.19. FEvery weakly filtered *-structure on Diff(R™) is commutative
derivation preserving.

Proof: By Corollary 3.2.12, any weakly filtered *-structure * on Diff(R™) is determined by
L% = —Lx — divy,(X) for some volume form w € Q™ (R™). This is exactly the *-structure
such that ins : Diff(R™) — O(L?(R™,w)) is a unital *-homomorphism from Theorem
3.2.18, which is commutative derivation preserving by the theorem. g

The results of this section can be extended to invariant differential operators on Lie
groupoids. This will be done in the last section of this chapter. Before investigating these
invariant operators, the next section will show how they are useful.

3.3. The Enveloping Algebra of a Lie Algebroid

An important example of Lie algebras are associative R-algebras with the commutator
[z,y] = xy — yx. It turns out after only a little bit of theory that, in fact, every Lie algebra
can be viewed as a subalgebra of one of that kind. An associative algebra in which a Lie
algebra can be embedded is then called an enveloping algebra of that Lie algebra, and the
smallest of all enveloping algebras is called universal. The universal enveloping algebra can
be proven to exist by a general construction or found in the form of more natural examples.

In the context of Lie groups, one finds a close connection between the group C*-algebra
and the universal enveloping algebra of its Lie algebra, in particular, regarding their
respective representations. This is the reason to be interested in enveloping algebras and
may make the reader wonder whether the concept can be generalised to Lie algebroids, as
we have generalised the group C*-algebra to a groupoid C*-algebra. Again, the answer is
yes. The formal definition of enveloping algebras of Lie algebroids is now to follow, using
the commutator product mentioned before.

DEFINITION 3.3.1. (compare [19], pages 14-15, or [8], pages 7-8)

Let A — M be a Lie algebroid with anchor p. An enveloping algebra of A is a triple
(E,i1,12), where E is an associative unital R-algebra, i1 : C°°(M) — E is a unital algebra
homomorphism and iy : I'(A) — FE is a Lie algebra homomorphism, such that

i1(f)iz(a) = iz(fa)
and
[i2(a), i1 (f)] = ir(p(a)(f))
hold for all f € C*°(M) and a € T'(A).
A homomorphism of enveloping algebras from (E,i1,12) to (F, ji,j2) is a unital algebra
homomorphism ¢ : E — F such that ¢i; = j; and ¢is = js.

Since the identity idg : E — FE is trivially a homomorphism of enveloping algebras and
Giy = Ji, Wi = k¢ implies iy = V¥jy = ky, t € {1,2}, enveloping algebras of a given Lie
algebroid form a category with the usual concatenation of maps as composition.

So what does it mean for an enveloping algebra to be small? The answer is given by a
basic concept of category theory.
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DEFINITION 3.3.2. Let A — M be a Lie algebroid. An enveloping algebra (FE,i1,12) of
A is called undversal if it is initial in the category of enveloping algebras of A, i.e. if for any

other enveloping algebra (F), ji,j2) of A there is a unique unital algebra homomorphism
¢ : E— F such that ¢i; = j; and @iz = ja.

When we make up a new definition it is always good to know that it is not a void one.
So next I am going to prove that every Lie algebroid has a universal enveloping algebra by
an abstract construction. First we need the following lemma:

LEMMA 3.3.3. Let A — M be a Lie algebroid. On the C°°(M)-module V- = C*°(M) &

['(A) define an operation [-,-] by
[f +a,9+b] := p(a)(g) — p(b)(f) + la, b]
for f,g € C°(M), a,b € T'(A). Then V with this operation is a Lie algebra.
Proof: R-bilinearity is clear by (bi-)linearity of vector fields, p and the bracket of T'(A).
The bracket is also skew-symmetric since [f + a, f + a] = p(a)f — p(a) f + [a, a] = 0 holds
for arbitrary f € C*°(M), a € T'(A). Checking the Jacobi identity is a mere computation.
Namely for f1, fo, f3 € C°(M) and aq,a9,a3 € I'(A) we have:
[fi+a1,[fe + a2, f3 4+ as]] = [f1 + a1, pla2) fs — plas) f2 + [a2, as]]
= —p([az, az]) fr + pla1)(p(az) f3) — plar)(p(as) f2) + [a1, [a2, as]]

Doing the same with cyclic permutations of the indices and using the Jacobi identity for
I'(A), we get

[f1+ a1, [f2 + a2, f3 + a3]] + [fa + a2, [f3s + a3, f1 + a1]] + [f3 + a3, [f1 + a1, fo + a2]]

[
= — p(lazg, a3]) f1 + plar)(p(az) f3) — pla1)(p(as) f2) + |a1, [az, as]]
— pllas, a1]) f2 + plaz)(p(as) f1) — plaz)(p(ar) f3) + [az, [as, a1]]
— plla1, a2]) f5 + plas)(p(ar) f2) — plas)(pa2) f1) + [as, [a1, a2]]
= — p(laz, as]) f1 + [p(a1), p(a2)] f3 — p([as, a1]) f2
+ [paz), p(as)] fr — p([a1, a2]) f3 + [p(as), p(a1)] f2 = 0

since p : I'(A) — X(M) is a Lie algebra homomorphism. O

After this, our theorem still requires a bit of effort, but the construction is rather
intuitive.

THEOREM 3.3.4. Let A — M be a Lie algebroid. Then A has a universal enveloping
algebra, and this is unique up to isomorphism.

Proof: Since universal enveloping algebras were defined as initial objects, the uniqueness
part follows from general category theory. The existence part is proven by an explicit
construction.

Consider first the C°°(M )-module V' = C*°(M)&T'(A). This is a Lie algebra by Lemma
3.3.3, using the bracket defined there. Let W := T'(V) = > 2y Tg(V) be the R-tensor
algebra of V. Define

={fg—f®glf,g € C(M)}U{const, &0 —r|r e R}

U{fa—foalf e C¥(M),acT(A)}U{z ey —yow—[r,yllz,y € CF(M)aT(A)})
to be the ideal generated by the four sets written above. Here, const, € C*°(M) is the
constantly r-valued function. Set U = U(A) := W/I. Intuitively, two maps are defined:
in:C°M)—=U, f=f®0+Tandiz:I'(A) > U, a—~ 0k a~+ 1.

Now we have to show that (U, i1, 1i2) is indeed a universal enveloping algebra for A. I will

first prove that it is an enveloping algebra at all. The fact that ¢; and i5 are homomorphisms
follows right from the definition of I, namely we have i1(f)i1(g) = f®g+ 1 = fg+ 1,
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i1(consty) = const;+1 = 1+1 and [iz(a), i2(b)] = ab—ba+1 = [0®a,0®b]+1 = [a, b]+1 for
all f,g € C®(M), a,b € T'(A). In addition we get i1(f)iz2(a) = fRa+1 = fa+ 1 =1is(fa)
and [iz(a), i1(f)] = a® [ — f@a+ 1=, f]+1 = pla)(f) + I = ix(pla)(f). So (U, i1, 2)
is an enveloping algebra of A.

Let (Z, k1, k2) be another enveloping algebra of A. Suppose 7 : (U, i1,12) = (Z, k1, k2)
is a homomorphism of enveloping algebras. Then for all f € C*°(M), a € I'(A) we have
T(f@a+1)=7(01(f)+32(f)) = ki1 (f) + k2(f). Since W = T(V) is generated by elements
of the form f @ a as a unital algebra, U is generated by elements of the form f & a+ 1,
hence 7 is completely determined be the formula above. So there can be at most one
homomorphism of enveloping algebras 7 : (U, i1,i2) — (Z, k1, k2).

In fact the above formula can as well be used to define a homomorphism. We just have
to check that it is well-defined and has the required properties. So define 7: W — Z by
7(f ®a) = ki(f) + ka(a), extended to a unital algebra homomorphism, which is possible
since k1 and ko are R-linear. Let r € R, f,g € C*°(M) and a,b € T'(A), with z := f @ q,
y := g @ b. Then we have:

(1) 7(const,) = kj(const,) = rki(const;) =r-1=r7(1) = 7(r),
(2) 7(f®g) =7()T(9) = k1(fk1(9) = k1(fg) = 7(f9),
(3) 7(f ®a) = k1(f)ka(a) = ka(fa) = 7(fa),

and finally,

Tz @y —y®z)=(ki(f) + k2(a))(k1(g) + k2(b)) — (k1(g) + k2(D)) (k1 (f) + k2(a))
=k1(f)k1(g9) — k1(g)k1(f) + k2(a)k1(g) — k1(g9)k2(a) — k2(b)k1(f)
+ k1(f)k2(b) + k2(a)ka(b) — k2 (b)k2(a)
=k1(fg — gf) + [k2(a), k1(g)] — [k2(b), k1 (f)] + [k2(a), k2(b)]
=ki1(p(a)(g)) — k1(p(b)(f)) + kala, 0]
=7([f ®a,g ®b]) = 7([z,y]).

So 7|y =0, hence 7: U — Z, u+ I — 7(u) is a well-defined unital algebra homomorphism.
By construction we also have 7oi1(f) = 7(f+1) = ki(f) and Toiz(a) = 7(a+1) = ka(a),
hence 7 is even a homomorphism of enveloping algebras.
We have hereby shown that there is a unique enveloping algebra homomorphism
7 : (Uyiy,ie) — (Z, ki1, ka), where the latter one was arbitrary. Hence (U, i1,1i2) is indeed
initial, i.e. a universal enveloping algebra. (Il

While the abstractly constructed universal enveloping algebra is well-suited to satisfy
our curiosity, it stays of limited use in further proofs. What will really inspire further
theories is the fact that the left-invariant (or right-invariant) differential operators on a Lie
groupoid are an explicit realisation of the universal enveloping algebra. The actual proof is
a bit tricky and was completed by other authors already, whom I will refer to instead of
repeating the whole process.

What I will present are concrete definitions and examples regarding the construction of
an enveloping algebra structure on Diff?(@). Firstly, what even is a left-invariant operator
in the formal sense?

DEFINITION 3.3.5. Let G = M be a Lie groupoid. A differential operator D € Diff(G)
is called tangent to the target fibres if for all p € M and all fi, fo € C°°(G) with fi|gr =
folgre, also D(f1)|gr = D(f2)|gr (so D restricts to a well-defined differential operator
D, = D|gr : C*(GP) — C*°(GP) for all p € M).

A differential operator D € Diff(G) is called left-invariant if it is tangent to the target
fibres and for all g € G and f € C°°(G), Dy(y)(foly) = Dy(g)(f)oly. The set of left-invariant

differential operators on G is denoted Diff’(G) C Diff(G).
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Analogously, a differential operator D € Diff (G) is called tangent to the source fibres
if for all p € M and all f1, fo € C°(G) with fi|g, = f2|q,, also D(f1)|ac, = D(f2)la,- D
is called right-invariant if it is tangent to the source fibres and D, (f ory) = Dy(g)(f) o 7g
for all f € C°°(G) and g € G, where p = t(g) and D, = D|g,. The set of right-invariant
differential operators on G is denoted Diff*(G).

From now on, I may use the same symbol for the differential operator D e Diff" (@)
and its restrictions D), to GP, and likewise for D € Diff®(G) and Dlg,.

The following three propositions can be proven in complete analogy for right-invariant
differential operators. Choosing one or the other is a matter of readability in a given context
or simply of taste.

As for general differential operators, the most basic example are multiplication operators.
In this case the functions we multiply with have to be left-invariant themselves. One way
to obtain such functions is to concatenate functions on the base manifold with the source
map.

EXAMPLE 3.3.6. Let G = M be a Lie groupoid and o € C*°(M). Then the multi-
plication operator my, := Myos : C°(G) — C°(G), h— fhis a left-invariant differential
operator.

Proof: For fi, fo € C°(M) with fi(g9) = f2(g) for some g € G we have mqy(f1)(g) =
a(sg) fi(g9) = a(g) f2(g) = ma(h2)(g), hence my is clearly tangent to the target fibres.
For arbitrary f € C*°(G) and g,h € G with s(g) = t(h) we have

ma(f olg)(h) = als(h))f(gh) = a(s(gh)) f(gh) = ma(f) o ly(h)

because s(gh) = s(h), hence m,, is indeed left-invariant. O

Of course the left-invariant differential operators should be closed under addition and
multiplication. This is quickly proven in the following lemma.

LemMA 3.3.7. Diffl(@) C Diff(G) is a unital subalgebra.

Proof: Let D, E € Diff®(G). Let p € M and g € G. Then for any f, f1, f» € C®(G) with
filar = f2lge we have E(f1)|ar = E(f2)|cr because E is tangent to the target fibres, hence
D(E(f1))lar = D(E(f2))|gr because D is tangent to the target fibres, so DE is tangent to
the target fibres, too.

Also, we have DE(f ol,) = D(E(f) ol,) = DE(f) ol,, so DE € Diff*(G). The fact
that idgee () € Diff%(G) is tautological. O

To every vector field X € X(G) we can associate a differential operator Lx € Diff(G),
which we have called Lie operator. It seems very natural to suggest that left-invariance of
both X and Lx are equivalent properties. The proof is more of a routine task, but still
worthy of some attention because it has applications in the later constructions.

LEMMA 3.3.8. For any left-invariant vector field X € X%(G), Lx € Diff¥(G) is a
left-invariant differential operator.

Proof: Let X € XL(Q) be left-invariant. Let p € M. Let fi, fo € C®(G) with fi|gr = f2|ce.
Then by assumption we have X, € TGP for all g € GP, so Lx(f1)(9) = Xy(f1) =
Xy(filar) = Xg(f2) = Lx(f2)(g). Hence Lx is tangent to the target fibres.

Now let f € C*°(G) and g € G. Then for h € G*\9) we have Lx(f oly) = Thl, Xn(f) =
Xn(f) = Lx(f)(gh) = Lx(f) o ly(h). So indeed Lx € Diff*(G). O

Both of the previous lemmas are true in a completely similar form for right-invariance.
Let us detail how the invariant differential operators are an enveloping algebra. This
step is not very hard to prove.
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PROPOSITION 3.3.9. Let G = M be a Lie groupoid (with M C G). Let A = Lie(G) be
the corresponding Lie algebroid. Define the maps iy : C*°(M) — Diff!(G) a — my and
iy : T'(A) — Diffl (@), a ~— Lx,. Then (DiffL(Q),i1,is) is an enveloping algebra of A.

Proof: First of all, the maps i1 and i are well-defined by Example 3.3.6 and Lemma 3.3.8.
The set Diff’(G) was shown to be a unital (sub-) algebra in Lemma 3.3.7 and inherits
associativity from Diff(G).

i1 is a unital algebra homomorphism by i1 (a)ia(@) = MaoMg = M (qos)(Bos) = M(aB)os =
mag = i1(af) for a, B € C®(M) and i1(const1) = Mmeonst; = id € Diff“(G). i is a Lie
algebra homomorphism because is([a,b]) = Lx, ,; = Lorjpaot) = LXa, x5 = [Lx0r £x,] =
[ia(a),i2(D)] for a,b € T'(A). Here, 7 and o map sections of A to left-invariant vector fields
and back as in Proposition 2.3.5.

Furthermore we have ij(a)ia(a) = MmaosLlx, = Laosx, = Lx,, = i2(aa) for all
a€ C®(M),aecT(A). Here we use that o is a homomorphism of C°°(M )-modules.

Finally, let o € C*°(M), a € I'(A) and g € G be arbitrary and p = s(g). Then we have
Tpt(a(p)) = Tpt(Xq(p)) = 0 by Lemma 2.3.7, hence

Xa(aos)(g) = Tyglgals(g))(aos)
=a(p)(acsoly) = a(p)(aos) =Tps(a(p))(a)
= (Tps — Tpt)(a(p))(@) = p(a)(a)(p) = p(a)(a) o s(g).
This implies that for a € T'(A),

[iQ(a’)a ’Ll(a)] = ﬁXamaos - maosﬁXa
= maos»CXa + mx,(aocs) — maos»CXa
= Mp(a)(a)os = Zl(p(a)(a))

just as required.
So (Diff“ (@), i1,43) is indeed an enveloping algebra for A. O

For universality, I refer to the following theorem:

THEOREM 3.3.10 ([19], page 133). Let G be a Lie groupoid with Lie algebroid A. Then
the enveloping algebra (Diff*(G),i1,i2) of A as in the previous theorem is universal.

3.4. The *-Algebra of Invariant Differential Operators

Without going into too much detail as to why this is the case at this point, it turns
out that a very important tool for our investigations of groupoid representations in the
next chapter is a suitable *-algebra structure on the algebra of right-invariant differential
operators (which was already mentioned to be isomorphic to the universal enveloping
algebra and can hence be used as a perfect substitute).

Constructing this *-structure is what we will do now, starting with the definition of an
orientation on a Lie groupoid.

DEFINITION 3.4.1. Let G =% M be a Lie groupoid. A (target fibre) orientation on the Lie
groupoid G is a family of orientations (O, )zeq on the vector spaces T, G*® that is continuous
in the following sense: For every = € G, there is a smooth local frame (Xi,...,X,) of
(Tt)"Y(T M) over a neighbourhood U C G of z such that [(X1(y),..., Xn(y))] € Oy, i.e.
the ordered basis (X1(y),...,Xn(y)) is positively oriented for all y € U.

An oriented Lie groupoid is a pair (G = M, (O,)zec) of a Lie groupoid and a fixed
orientation.

As usual, preferring target over source fibres is an arbitrary choice. There is a similar
definition for source fibres. I will state it now, only to shortly prove that both are equivalent.
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DEFINITION 3.4.2. Let G = M be a Lie groupoid. A source fibre orientation on G is a
family of orientations (O,).eq on the vector spaces TG, such that for all z € G, there is
a smooth local frame (X1, ..., X,) of (T's)"}(T'M) over a neighbourhood U C G of z such
that (X1(y),...,Xn(y)) € O, is positively oriented for all y € U.

Proving the equivalence is an easy task using the inverse map inv : G — G. The
following proof and others to follow rely on the fact that this map is a diffeomorphism.

ProPOSITION 3.4.3. Let G = M be a Lie groupoid. Then the following statements
hold:

o If O = (Oy)zeq is a target fibre orientation on G, then
Tinv(0) := (T,—1inv(Oy-1))zec

is a source fibre orientation on G.
o If P = (P,)sec is a source fibre orientation on G, then

Tinv(P) = (quinV(mel ))xec

is a target fibre orientation on G.
e These associations are inverse to each other, i.e. TinvTinv(O) = O and

TinvTinv(P) = P.

Proof: 1 only prove one direction here because the other one works completely analogously.
So let (O;).ec be a target fibre orientation on G.

Choose x € GG. First notice that the inversion map inv : Gt = G 5 G sz 18 a diffeo-
morphism (with the inversion map itself as inverse). So in particular, T,,—1inv : Tx_1Gt”f1 —
T,Gs; is a linear isomorphism. Hence T,,-1invO,-1 is a well-defined orientation on the
vector space 1, G ;.

To show continuity, use the defining property of (O,).cq to find a smooth local
frame (Xi,...,X,) of (Tt)"'(TM) over a neighbourhood U C G of 27! such that
(X1(y),...,Xn(y)) is positively oriented for all y € U. Then because inv is a diffeo-
morphism,

(TinvXy,...,TinvX,)
is a smooth local frame of Tinv(Tt)"*(TM) = T(t o inv) " (TM) = Ts~'TM over U™},
which is a neighbourhood of z. By the choice before we have [(Xi(y),...,Xn(y))] € Oy
for all y € U, hence [(T,invX1(y),...,TyinvX,(y))] € T,invO, (and inv : U — U~ is
surjective), which makes (TinvXy,...,TinvX,,) positively oriented in every fibre.

The inverse part of the proposition is computed in one line:

(TinvTinv(0)), = Ty—1inv(Tinv0O) -1 = Tp—1invT,invO, = T,inv20, = T,idO, = O,
holds for all € G, so TinvTinv(O) = O. For P, the proof is likewise. O

The reason to define an orientation on a manifold is usually that it allows us to
integrate top-degree differential forms. However, the main object we are interested in for
the investigation of groupoid algebras are rather smooth functions. As in the raw manifold
case, we can integrate them, too, once we have chosen a fixed volume form to work with.
We will do this fibrewise, as explained in the following definition.

DEFINITION 3.4.4. Let (M = G, (Og)zec) be an oriented Lie groupoid. Let n =
rk Tt~1TM be the dimension of the target fibres (which is constant because the target
map is a submersion). A (target) volume form on G is a non-vanishing differential form
w € Q"(G) with the following properties:

(1) w(z) € T;G™ for all x € G.
(2) For all x € G, the restricted form w|g. € Q"(G*) is positive with respect to
(Oy)yeGm'
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(3) w is left-invariant, i.e. for all z € G we have [ (w|gts) = w|gs=.

A pair of an oriented Lie groupoid and a volume form on it I will call a volumetric groupoid,
resembling Definition 2.1.1.

The orientation is usually omitted from the notation; this is justified by more than
readability because it could be reconstructed from the volume form by declaring an ordered
basis (v1,...,v,) of TG to be positively oriented if and only if wy(v1,...,v,) > 0.

Again, we could have gone for source target forms instead, which are defined likewise.

DEFINITION 3.4.5. Let (M = G, (Oz)zec) be an oriented Lie groupoid with target fibre
dimension n. A source volume form on G is a non-vanishing differential form w € Q"(G)
with the following properties:

(1) w(z) € T;Gsy for all z € G.
(2) For all x € G, w|g,, is positive with respect to (7,-1inv(O,-1))zec
(3) w is right-invariant, i.e. rjw|q,, = w|g,, for all z € G.

Just like orientations, source and target volume forms are equivalent in the following
sense:

PROPOSITION 3.4.6. Let (M = G, (Oz)zec) be an oriented Lie groupoid. Then the
following statements hold:

o [fw is a target volume form on G, then inv*w is a source volume form on G.
e Ifn is a source volume form on G, then inv*n is a target volume form on G.
e These associations are inverse to each other, i.e. inv*inv*w = w and inv*inv*n = n.

For the rest of this chapter I will mostly stick to using source volume forms because
they work together with right-invariant differential operators. Choosing them instead of
left-invariant ones is more compatible with conventions of operator algebra theory.

In previous chapters we have worked with Haar systems on Lie groupoids; in fact most
of our groupoid algebra theory is reliant on their usage. So it would clearly be beneficial to
connect volume forms into that theory, just like in the manifold case, where every volume
form gives a smooth measure. For groupoids we need to assure that the resulting measure is
right-invariant in addition. But this is almost trivial because right-invariance (respectively
left-invariance) has already been included in the definition of volume forms.

What takes a bit more effort is the verification that the resulting system of measures
is really smooth. To connect the different styles of definitions in groupoid and manifold
theory we have to prove a handy lemma on rather elementary analysis first. The process
investigated there could be called partial integration, but with a different meaning than
usual.

LEMMA 3.4.7. Let k,m € No, n =m + k. Let W C R" be open and precompact and
f € C®(W) a smooth function (i.e. the restriction of a smooth function on a larger domain).
Denote by pry : R® — R™, (21,...,2,) — (T1,...,2m) and pry : R = RF| (2q,...,2,) —

(Tm+1y - - Ty the two projections and set U := pry(W) and V := pro(W). Then the map

F:U—-R, (z1,...,2m) — flxy, ..o xn)damgr - . day,
pra(pry  ({(z1,2m)})

is smooth and bounded.

Proof: F is bounded by the mere fact that \*(pry(pri ({(x1,...,2m)})) < cxd®, where \*
is the k-dimensional Lebesgue measure, d = sup, ,cyw [|# — y|| is the diameter of W and
7I_n/2
I'(5+1) o

|F'| < cxd¥sup |f| < oo; f is bounded on W because continuous on W.
The more intricate part of this lemma is showing smoothness. To do this, we first

assume that W = (a1,b1) x -+ X (ap,by) is just a hyperrectangle. Then we have the

cp = is the proportion constant in the hyperball volume formula. By this we have
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simple relations U = (a1,b1) X -+ X (am,bp) and V = (am+1,bmt1) X -+ X (apn,by) =
pro(prit({(z1, ..., zm)}) for all (z1,...,2,,) € U. Hence we can write

F(xy,...,xm) = flxy, .., xp)damyr ... day,

/(am+17 m+1 X X(anybn)

m+1
/ / flxy, ... xpn)day, ... depmy
Am+1

So by an elementary analysis theorem on commutability of integration and differentiation
along intervals (applied multiple times), every partial derivative of F' exists and is given by

OF bm-+1 b Qf
e X)) = yee s Tp)daey . day,
8331' (xl? - ) /am+1 an 8 (xl v ) . Tm+1
= Ugé(xl,...,mn)dxl...dxn.

From here, smoothness of F' follows by an inductive argument because all partial derivatives
are smooth functions on W again.

For the general case, note the following two things: Firstly, the topology on R" is
separable and generated by open hyperrectangles, and secondly, every union of hyperrect-
angles can be written as a disjoint union of possibly smaller ones. Hence we can write
W = Ujen Ri for hyperrectangles R; C W with R; N R;j = () for i # j.

Now we can use the Dominated Convergence Theorem and the rectangular case to
deduce that the partial derivatives of F' exist and are given by

oF 0

oz, (X1, ) = oz,

N 8901 ~/pr2pr1|R]1_{($17---71’m)}

flz1,...,xn)demyr ... day,

jEN /Pr2pr1|1_gjl.{($la---7$m)}

flzi, ..., xn)damtr - .. dey,

0
:Z/ |,1{( ) f(xlaa$n)dxm+1d$n
PI2PTy|p W\ Z1see

e em)} OTi

= g flx1, .. xn)demgq - . . doy,. O

propry [ {(@1,ewm)} OTi

All the technicalities aside, the intuitive interpretation of the process in the previous
lemma is as follows: We consider a body of finite volume inside the Euclidean space, then
we take parallel slices of it and measure the area of each of these slices. We would intuitively
expect the function that assigns the area of each slice to its number or distance to the first
slice to be continuous, even smooth. Of course the visual imagination falls short in higher
dimensions, but this expectation was formally proven to be true in the lemma.

The one point to remember from this intuitive way of thinking is that this slicing
process is essentially the same as assigning the target fibre to each base point of a groupoid,
just that the space is not necessarily Euclidean any more. But with a few simple pullbacks
by charts, the smoothness of a measure system obtained from a volume form becomes a
breeze.

LEMMA 3.4.8. Let (G = M, w) be a volumetric groupoid. Then the family (p.) ., )pem
of integral measures induced by w is a smooth Haar system.

Proof: In the first part of the proof I will show that the family of measures defined here
is really left-invariant. To do so, first introduce the notation u? := p, ., for all p € M.
Then notice that the volume form w was assumed to be non-vanishing, hence each induced
measure has full support supp P = GP.
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Now let f € C.(G) and = € G be arbitrary. Then we have

folzdu”:/ F o lyw|ge: :/ I | e
Gsw Gsw

— [ twlon) = [ fulon

by [11], Proposition 16.6 (d). Here we know that the diffeomorphism [, must be orientation-
preserving because both [ w|gte and [ge wlgse = [ ljw|gie are greater than 0 by
positivity of the restrictions of w. So the induced family of measures is really left-invariant.

Now I am going to show smoothness. To do so, let f € C°(G) be arbitrary. Choose
x € G and set p = tx. Denote the dimensions as n = dim G, m = dim M and k = dim G? =
dim G — dim M. By the definition of Lie groupoids, t : G — M is a smooth surjective
submersion, so the triple (G, M,t) is a fibred manifold. Hence there must be a fibred
chart (V,4) around z, i.e. a smooth chart (V, 1) around z together with a smooth chart
(U, ¢) of M around p such that U = ¢(V') and ¢ ot = pr; o). Here we use pr; : R" —
R™, (21,...,2n) — (T1,...,%m) and pry : R” = R™ (1, ..., 24) = (Tmt1,-- -5 Tn)-

For every p € U we have pry o t|gr = ¢ o t|ge = p, hence 1, := pry 0 ¢|gr is a smooth
map with range VP = pry o 1(GP) = prQ(prlm(lv)(qﬁ(p)) (which is open by elementary
analysis) and inverse ¢, ! : VP 5 VP =V AGP, 2z b Y d(p), 2).

Note that for every y € V with t(y) = p and all i € {1,...,k} we have afp(y) =
drn (Wp(y) + rei) = GO 6(p), proth(y) + rer) = GO (W (Y) +reiem) = Oy (v), L.
O¥|gr = 0¥ for all p € M (in particular, these vector fields are tangent to the target
fibres). By the very definition of ¢,, we also have dyi ™| gp = dz,b; for all ¢ and p.

Now for our volume form w we know that

Wve = wlye(B)7, ..., 8P)APL A - AdYE = (%1, OD)AP™HE A A dY™) |y
using the formula for arbitrary top-degree forms and charts. Hence
Wy =w(@ 1, )™ A A Ay

holds for the whole of V' = U,cpy V).
We use this formula to compute the integrals of f € C2°(M). Namely for each p € U
we have:

| g = [ folor= [ felyn(@f, . 00)aus A duf
vp vp vp

:/Vwa((?:le,...,@;f’)oqjjp_l(ml,...,xm)da:l...d:vk

Gsz

= /VP fw(8i+1,...,87qf) oqp_l(qb(p),szrl,...,xn)dme...dxn

—/ . fw(a:ﬁﬂ,...,a;f)ow_1(¢(p),$m+1,...,xn)dme...dazn
propry - V(é(p))
This depends smoothly on p by Lemma 3.4.7 and because f, w(@fjlﬂ, e ,(9,’{’), 1 and ¢ are
smooth. We may assume without loss of generality that V and V := (V) are precompact
and that fw((?;’f’l s 08) 0p™l € C°(3(V)) by shrinking the chart domain if necessary.
To finish the proof, choose a finite open cover (V;);cs of supp f by domains of fibred
charts as before and a partition of unity (h;)ier subordinate to it. Then p — [, fdu? =
diel fvf h; fdp? must be smooth as the sum of smooth functions.

Now that I have proven that volumetric groupoids are a special case of Lie groupoids
with smooth Haar system, I may use all the definitions and theorems made for them. For
example, the convolution algebra C*(G) of a volumetric groupoid (G = M,w) is defined
by the induced Haar system (pi,),, )pen-
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As said before, the current goal is to define a suitable *-structure on Diff*(G). We can
do this using the tools forged in the very first chapter of the thesis, applying them to each
fibre individually. Firstly we do so with the divergence function.

DEeFINITION 3.4.9. Let G = M be a volumetric groupoid with volume form w. Denote
by w™! := inv*n the equivalent source volume form. Denote by AP := ey the induced
integral measure on each target fibre, and by A, = AP o inv™! the equivalent measure on
the source fibre. Let X € X%(G) be a right-invariant vector field. The right-divergence of
X with respect to w is defined as

divi(X): G = R, g = div,1y, (X]e,,)
This function is uniquely determined by the property that
/ fdLxA, = / Fdiv(X)dA,
Gp Gp

holds for all f € C°(G) and all p € G.

Both indices of the divergence may be omitted if the Haar system and laterality of
choice are clear from context.

When we define an adjoint of a right-invariant differential operator using the divergence
function, we want this adjoint to be right-invariant, too. The following lemma will be used
to show that it really is.

LEMMA 3.4.10. Let G, w as before and X € X%(G). Then div(X) o ry = div(X)|q,,
holds for all g € G.

Proof: We do a short computation involving the Lie derivative of the volume form. Namely
we get
div(X) o ryw|a,, = div(X) o rgr;w
= r;(div(X)w) = T;(LX\GSgW|GSg)
= ETT’gX|ng r;w|G5g = £X|Gtgw|Gtg
= (diVXoJ)|Gtg = diV(X)’Gtgw|Gtg
using the right-invariance of both X and w. So because w is non-vanishing, it follows that
div(X) ory = div(X)|a,,- O

DEFINITION 3.4.11. Let G = M be a Lie groupoid with Lie algebroid A. The divergence
of a section a € I'(A) is defined as div(a) := divi(X,)|y € C°(M), where X, € X%(Q) is
the right-invariant vector field corresponding to a.

Since div(X,)(g) = divi(X,) o ry(tg) = div¥(X,)(tg) = div(a) o t(g), we have
divl(X,) = div(a) o t.

PROPOSITION 3.4.12. For any a € I'(A) and f € C*°(M), we have div(fa) = f div(a)+
pla)(f).

Proof: Use the convention where p = T't and compute using div(fX) = fdiv(X) + X(f)
for normal divergence. O

So how is the formal adjoint actually defined? The formula is very simple.

DEFINITION 3.4.13. Let X € Xf(G). The formal adjoint of its Lie operator Lx is
defined by L% 1= —Lx — maiy(x)-

As mentioned before, this formal adjoint has to be right-invariant. Using the lemma
proven before, the proof is a two-liner.

PROPOSITION 3.4.14. For all X € X%(Q) we have L% € Diff}(G).
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Proof: Clearly we have Lx € Diff®(G). mgi(x) € Diff(G) follows by Lemma 3.4.10,
hence L% = —Lx — mgiy(x) € Diff?(@). O

Just as its name says, the groupoid C*-algebra C*(G) was designed to be a C*-algebra.
However, in some cases it is more intuitive to think of it as a Hilbert module over itself,
using the following definition:

DEFINITION 3.4.15. Let G = M be a volumetric groupoid. For f,g € C*(G), define
(f.9) = f"+g€C™(G).

This is a general construction for arbitrary C*-algebras and makes C*(G) a Hilbert
C*(G)-module. The advantage is that computations in this notation look more similar to
the basic case of L2(M) discussed in the first chapter.

It should be checked that our formal adjoint is actually an adjoint (in the purely
algebraic sense for the beginning). This is achieved in the next theorem.

THEOREM 3.4.16. Let (G = M,w) be a volumetric groupoid and X € XF(G). Then
for all f,g € CX(G) we have:

Proof: Choose z € G. Set p = s(x), wp := (inv*w)|g, and A, := p,. Note that we have

(fig)(z) = f"*g(x) :/ Fay)gly™H)daw
Gp
:/ f*(wyfl)g(y)dApZ/ flyz~Ng(y)dr,
Gp Gp

- /G f o @)gm)dry = (Fla, e, gl ),

with the L?-product under the measure Ap in the last line.
Hence for the case we want to prove, we get

(Lxf,9)(x) = (LX|a,(flg,) o o1, 9lG,)
(=X (fle,) — div(X)la, fla,) o r2-1,9lc,)
(=X(flg, o r3-1) — divy, (X) fla, © 751, 9lG,)
= (fla, o r2-1,X(9lc,))
by Theorem 2.1.6. O

The natural way to define the adjoint of higher order right-invariant differential operators
is to use the expected formula (Lx, ...Lx,)* = LY ... L%, . To do so, however, we need

to prove that Diff®(@G) is generated by order 1 and 0 elements, i.e. by C®(G) U X%(Q).
We show this relying on the fact that Diff*(@) is a universal enveloping algebra of the Lie
algebroid corresponding to G. Looking at the following lemma, readers will notice that not
much more is needed to finish the proof of this fact.

LEMMA 3.4.17. Let A be a Lie algebroid and (E,i1,i2) be a universal enveloping algebra
of A. Then E is generated as an algebra by i1(C(M)) Uis(T'(A)).

Proof: Let
By = {Z b oak | nomy € Nyab e 0% () Uiz(F(A)} CE
k=1

be the algebra generated by i1 (C°°(M))Uia(I'(A)). By definition, 4; and i2 have their images
inside of Ey. Fy is unital because ij(const;) = 1g. i1 and ig still fulfil their enveloping
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algebra axioms as in Definition 3.3.1, so (Ejy,1,%2) is an enveloping algebra for A. We will
quickly show that it is even universal.

Namely let (F,j1,j2) be another enveloping algebra of A. Since (FE,i1,i2) is universal,
there is a unique unital algebra homomorphism ¢ : E — F with ¢ o i, = ji, k € {1,2}.
Denote by ¢ : Ey — E the inclusion (which is a unital algebra homomorphism), then
¢ :=¢o.: Ey— F is a unital algebra homomorphism with ¢ o iy, = ¢ o iy = ji, i.e. an
enveloping algebra homomorphism.

If ¢ : By — F is any enveloping algebra homomorphism, then by © o iy = jp =
¢ o1 we have 1/)|i1(coo(M))Ui2(p(A)) = ¢’z’1(C°°(M))Ui2 (T(A))- But two algebra homomorphisms
coinciding on a set are equal on the algebra generated by it, so ¥ = ¢. Hence there is
exactly one unital algebra homomorphism Fy — F', and because F' was arbitrary, this
means that E is universal.

In particular, there is an enveloping algebra isomorphism f : Fy — E by Theorem
3.3.4. But there is only one enveloping algebra homomorphism Eg — E, and the inclusion ¢
is one such homomorphism, hence ¢ = f is an isomorphism, which means that £y = E. [

The theorem mentioned in the last chapter actually uses left-invariant operators instead
of right-invariant ones. So we need to assure that both are isomorphic. This is more of a
routine task.

LEMMA 3.4.18. Let G be a Lie groupoid with Lie algebroid A. Then the pullback by
nversion

inv* : Diff (@) — DiffY(GQ), (inv*D)(f) = D(f oinv) o inv™?

s an isomorphism of enveloping algebras.

Proof: 1t is clear that inv* is a unital algebra isomorphism since this holds for any pullback
of differential operators by a diffeomorphism. So we just have to show that it is compatible
with the enveloping algebra inclusions.

Namely our enveloping algebras are given as (DiffX(G), il %) and (Diff(G), ift,il"),
where Zf(f) = Mfos, Z{%(f) = Mfot, Z%(a) = ‘CUL(a)7 Zg(a) = ﬁoR(a)v UL(Q)(Q) = nglga(sg)v
o'(a)(g) = Tigrgal(tg).

inv* o if = i holds by

inv*(m¢os)(h) = (fos-hoinv)oinv = (fotoinv-hoinv)oinv
= fot-h=mysu(h) =it (f)(h)
for all f € C°(M), h € C>*(G).
For the second inclusion map, we compute that
iZ(a)(f oinv)(g) = Tsglyasg(f o inv)
= TyinvTsglgasy(f) = Tsg(inv o lg)ase(f)
= ng(rg*1 o inV>asg(f) = Ttgflrgflatgfl(f) = ’Lg(a)(f)(g_l)
for all a € T(A), f € C®°(G), g € G. Hence inv*i{(a)(f) = ik (f o inv) o inv = i&(a)(f) for

all f, so indeed inv* o i% = i£. t

The theorem on generation sets we wanted to prove is now just the composition of the
previous propositions.

THEOREM 3.4.19. Let G = M be a Lie groupoid. Then Diff®(Q) is generated by
{m¢|f € C®(M)}U{Xsla € T'(A)} as an algebra, where X, denotes the right-invariant
vector field corresponding to a.

Proof: We know by Theorem 3.3.10 that Diff’(QG) is a universal enveloping algebra for A,
hence by Lemma 3.4.17 it is generated by i{(C°°(M)) Ui (I'(A)). Using the enveloping
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algebra isomorphism inv* : Diff’(G) — Diff®(G) from Lemma 3.4.18, we deduce that
Diff?(@) is generated by

inv* (if (O%(M)) U i (T(A))) = if (C*(M)) Uiz (T(A))
= {mylf € C*(M)} U {Xala € T(A)}. m

With this generation lemma, we can define star structures on right-invariant differential
operators. We can rely on several propositions from the first chapter in the process.

THEOREM 3.4.20. Let (G = M,w) be a volumetric groupoid. Then there is a unique
star structure (an involutive local algebra anti-endomorphism) % on Diff®(G) such that
Ly, = —Lx, — Maiv(x,) and my =my for all a € T'(A) and f € C*(M).

Proof: We know by Theorem 3.4.19 that Diff?(Q) is generated as an algebra by {m flf €
C®(M)}U{X,la € T(A)}. So clearly there can be at most one star structure with the
required properties because it is completely determined by its values on the generating set.

It is now to show that such a star structure exists. This can be done with relative
ease using previous work. Namely let D € Diff?(G). For every p € M, define Dy =
(Dlc,)" € Diff(Gp), using the unique star structure on Diff(Gp) with m} = my and

X = —Lx — Mgiv(x) for all f € C*(G,) and X € X(G)p) constructed in Theorem 3.2.18.
Then define D* : C*°(G) — C*°(G) by D*(f)(x) := D%, (f)(z).

Notice first that D* is a map which is tangent to the source fibres by its very definition.
: DiffB(GQ) — {F : C°(M) — C>®(M)} is easily seen to be additive by (P + Q)*la, =
(P+Q)lg,)" = (Plg, +Qlg,)* = P*|lg, + Q*|g, for all p € M. The proofs for anti-
multiplicativity (also with constants) and locality are completely analogous, so * is a local
algebra anti-homomorphism.

We still have to show that D* € Diff®(@G). To do this, use Theorem 3.4.19 one more time
to write D in the form D = Y7* D} ... DF for certain D! € {my|f € C>(M)}U{Xq4la €
I'(A)}. Consequently we have D*|q, = (Dl|g,)" = ZZ”ZI(DQJGP)*...(D’HGP)* for all
peEM.

Let k € {1,...,m} and i € {1,...,ng} be arbitrary. Then there are two possibilities
for DF: If Df = my = myo, for some f € C®(M), then (DF|g,)* = Mip) = Mip) =
my|c,. Otherwise we have DF = Lx for some X € X%(G). Then (DF|g,)* = —Lx|g, —
diveq, (X|g,) = L%|a,, where L% is defined as in Definition 3.4.13 (this coincides with the

definition made in this proof). So in either case we have (Df|¢,)* = (DF)*|¢, for an operator
(DF)* € Diff®(@). Because p € M was arbitrary, we get that D* = S (DE ). (DY) e
Diff®(@) as the concatenation of right-invariant differential operators. g

The last theorem in this section shows that the star structure defined before is more
than an independent algebraic thing: It is the involution which gives us adjoints of operators
on a Hilbert module, up to closure.

THEOREM 3.4.21. Let (G = M,w) be a volumetric groupoid. Let * : Diff(G) —
Diff®(Q) be the induced star structure as in Theorem 3.4.20. Then ¢ : Diff?(G) —
O(C*(G)), D~ (CX(G), D) is an injective *-homomorphism.

Proof: Evaluation of a linear map and closing an operator are always linear and multiplic-
ative, and hence so is ¢. ¢ is injective because given P,Q € Diff(GQ), P(f) = Q(f) for all
f € C(Q) implies P(f) = Q(f) even for all f € C*°(G) because of locality, i.e. P = Q.
The more interesting part of this theorem is to show that (D*(f),g) = (f, D(g)) for
all f € dom(D*),g € dom(D). As always when working with closures of densely defined
operators, it suffices to show that (D*(f),g) = (f, D(g)) for all f,g € C2°(M). This was
already proven for the case that D is a Lie operator in Theorem 3.4.16. For the order 0
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case, assume that D = my for some f € C°°(M), then for all g,h € C°(G) and x € G we
have

(g, 1)(@) = (ms9)" * h(z)
- /csx(f o tg)*(zy~ " )h(y)dA* (y)

= | oty Dglya™Ha(y)dx(y)

= [ 9w )7 o ()N o) = (g.msh) ),

so (D*g,h) = (Dg,h) = (g, Dh). So since Diff®(G) is generated by those order 0 and 1
elements, it follows that indeed (D*g, h) = (g, Dh) for all g,h € C2°(G) as required. [

Strictly speaking, we have only shown that «(D*) C «(D)* holds for the adjoints in the
previous theorem; the domain may still be different. A more elaborate investigation of this
distinction will follow in the next chapter.

For now, we have proven propositions for volumetric groupoids with compact base that
are conceptually identical to those proven in the first chapter only for the manifold case,
i.e. for pair groupoids. I could go and formulate everything in the exact same grammar or
repeat the process for left-invariance, but our work so far is enough to understand the new
concepts which lately arose. We can hence progress to the next section, where we start
investigating actual groupoid representations on Hilbert modules.



CHAPTER 4

A Differentiation Theorem

The goal of this chapter will be to differentiate representations of a Lie groupoid to
representations of its Lie algebroid. This was shown before to be possible in a slightly
different context by Ralf Meyer in [16]. More precisely, we start with a representation of
the groupoid C*-algebra C*(G) and want to construct a representation of the universal
enveloping algebra U(A) of the corresponding Lie algebroid in a reasonable, natural way.
After that, we may also go the other direction and integrate representations of U(A).

The terms differentiation and integration should not be over-interpreted in this context.
The origin of these is mainly the classical Lie theory, where the tangent map at the origin,
also called differential, of a smooth Lie group representation turns out to be a representation
of the corresponding Lie algebra. When we use this kind of theory in the upcoming section,
it will mostly be implicitly by the use of important theorems. The actual mathematics
there will rather consist of investigations on volume forms and algebraic properties.

4.1. From the Groupoid Algebra to Differential Operators

Given a representation 7 : C*(G) — B(E) of a groupoid G on a Hilbert module
E, we are going to define a representation K, : Diff*(G) — O(E) using the formula
K(D)(w(f)e) = m(D(f))e. One necessary condition for this to work out is that
m(D(f * g))e = Kx(D)(w(f * g)e) = Kx(D)(w(f)m(g)e) = m(D(f))m(g)e = w(D(f) * g)e
holds for all D € Diff®(@), f,g € C=°(G) and e € E; if 7 is non-degenerate, this means
that we should expect D(f) * g = D(f * g) to hold. It will turn out that we do not really
need to prove this in advance of the next big theorem because it is covered by a more
general computation. However, proving this equation on a more elementary level provides
us a bit of additional understanding in the area of groupoid representations. In particular,
this part does not need a volume form or an orientation to work with. This is enough
reason to go for it anyway.

First of all, let us state the definition of a representation:

DEFINITION 4.1.1. Let A be a unital *-algebra. An (unbounded) representation of A is
a pair (H, R), where H is a Hilbert C*-module over any C*-algebra and R: A — O(H) is
a map from A to the operators on H with the following properties:

(1) Common dense domain: There is a dense right-ideal dom R C H (called the
domain of R) such that for all D € A, the corresponding operator has domain
dom R(D) = dom R.

(2) Invariance of domain: For each D € A, we have R(D)(dom R) C dom R.

(3) Homomorphy: For all P,Q € A and X\ € C, we have R(AP + Q) = AR(P) + Q
and R(PQ) = R(P)R(Q) (these are defined on dom R by properties 1 and 2).
Furthermore, R(1) = idg|dom -

(4) Formal preservation of adjoints: For each D € A and all v,w € dom R C H, we
have (R(D)v,w) = (v, R(D*)w) (i.e., R(D*) C R(D)").

Of course, the *-algebra which we will usually use is the algebra of invariant differential
operators DiﬁR(G). The Hilbert C*-module will often just be a separable Hilbert space; in
that case the domain is simply a dense subspace.

51
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The upcoming proof is not really hard, but requires one more lemma to be certain
about which computational steps involving vector fields and measures are valid.

LEMMA 4.1.2. Let M and N be smooth manifolds with smooth measures p on M
and v on N. Let X € X(M) and let F' € C®(M x N) be a smooth function. Define
X(F) e C®(M x N) by X(F)(z,y) == X(F(-,y))(z) = Try X (F)(x,y). Suppose that for
allz e M, F* = F(z,-) € C°(M) and X(F)* = X(F)(x,-) are v-integrable.

Then we have
X (/M F(-,y)du(y)> = /MX(F)(',y)du(y)
forallz e M.

Proof: Let (U, ¢) be a smooth chart of M and (V1) be a smooth chart of N. By assumption,
v is a smooth measure, so there is a smooth v € C°(¢)(V)) such that v|y = vy~ 1.
[t nendyms 1€ Jy fdv = [ fo Y~ Hz)v(x)dr ... dz, for all integrable f € C*(V)
(here, n = dim N).

So for any ¢ € {1,...,m}, we can use Leibniz’ integral rule for real-variable functions
(several times when we are working in higher dimensions) to compute:

o7 (/V F(-,y)dV(y)) = (;j}i (/V F(,y)dv(y) O¢‘1(i')>) o

- ( 0 F(6 2,071 9)0(5)d7) o 6

@xi PV

E,p7g) o ¢ v(§)dy

Sy 0F;

= [ OFC e @)= [ OFFC vy
YV v

So because integration is R-linear:

X(Lmew@ﬂUzéxw%#Amew

m

=Zﬂw/$ﬂww@
/ZX ¢ F (-, /X du(y)

Since this holds for any smooth chart (U, ¢) of M, it follows that

X ([ Fedv) = [ XEC)v)

Now choose a locally finite cover (Vj,;);cr of N by smooth charts and a smooth
partition of unity (h;);cr subordinate to it. Then because Ly is an R-linear, local map, we

have
*(f ) - (Z,/ o)
=3 X EC) = [ XEC
as required. O

Note that compactly supported smooth functions are always integrable with respect
to smooth measures, so if F'(z,-) € C°(N) for all x € M, then the lemma can always be
applied. This is of particular use in the next proof.
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PROPOSITION 4.1.3. Let G = M be a Lie groupoid with a smooth Haar system (AP)pcps.
Let X € X%(Q) be a right-invariant vector field and f,g € C°(G). Then X (f*g) = X (f)*g.

Proof: Let p € M. Then since X is tangent to the source fibres, we can write X (f * g)(p) =
X|a,(f * gla,). Because all considered functions have compact support, we can apply
Lemma 4.1.2. Using that and the right-invariance of X, we get:

X(*9)la, = Xla(f dl6,) = Xlo, ([ foratave)
= /GPX!cp(g(y’l)f o ry)dAP (y)
= |, TryXa,(f)gly™)aN"(y)

G
= /Gp Xa, (f) oryg(y~ AN (y)

= Xla,(fla,) *9la, = (X(f) * 9)la,
So because p € M was arbitrary, this implies that indeed X (f * g) = X (f) * g. O

For simplicity we have stuck to vector fields instead of general differential operators,
but the proof could easily be expanded using the fact that differential operators can always
be written as a locally finite polynomial of vector fields. This could either be done at the
stage of Lemma 4.1.2 or after Proposition 4.1.3 with right-invariant generators, but shall
not be further regarded in this thesis.

At this point it is certainly no wonder that the equivalent statement for left-invariant
vector fields is also true. Whether justified by formal category theory or steadily built-up
intuition, another proof seems unnecessary to write down here.

LEMMA 4.1.4. Let G = M be a Lie groupoid with a smooth Haar system (AP)penr. Let
X € XL(G) be a left-invariant vector field and f,g € C°(G). Then X (f xg) = f * X(g).

So let us focus on our main theorem for this section now. This is a known result (compare
[16]). Because an understanding of the proof in our given context will be important later,
I decided to include another proof here. As most preliminary work has been done, we can
step right into the theorem.

THEOREM 4.1.5. Let (G = M,w) be a volumetric groupoid with Lie algebroid A. Let
7 L'(G) — B(E) be a non-degenerate x-representation on a right Hilbert module E
over any C*-algebra B. Set E* := {3 n(fi)ziln € Ny, fi € CX(G),x; € E}. Define
K, : Diff}(G) — O(E) by dom K, (D) = E*® and

Ko (D)Q_w(fi)ai) ==Y w(D(fi))zi
i=1 i=1

for all D € Diff(G), f € C(G), z € E.

Then K is a well-defined representation of Diff(G).

Proof: First of all, notice that E*° C FE is a right-ideal because 7(f)(x)8 = w(f)(z) and
sums are included by definition. It is dense by the assumption that 7 is non-degenerate.
For the next step, let n,m € Ny, fij,g; € C(G) and z;,y; € E, i € {1,...,n},
j€AL,...,m}, with 370 7(fi)z; = 227, m(g;)y;. We have to show that the definition
yields the same value for both terms, i.e.
n

Y m(D(fi))xi =Y 7(D(g;))y;

i=1 j=1

for any D € Diff?(G).
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To do so, we make a computation on inner products, using the shorthand hz := 7(h)(z)
for all h € C°(G) and z € E. So for all such h and 2z we get with Theorem 3.4.21:

<ZD(fi)$i,hZ>:Z<$i7 (fi)**h2>zz<$i7< (fi), h)z)
—Z 3317 fzaD* Zfzxu

Doing the same for }_; g;y;, we deduce that

<ZD(gj)ijhz> = <Zgjyj7 Zfl$laD* ZD f’L xzahz>
J j
7 was assumed to be non-degenerate and continuous, and C°(G) C L!(G) is dense, so we
know that {hz|h € C°(G),z € E} C E is dense. Hence it follows by the previous equation
that 37, D(g;)y; = >; D(fi)w; as required.

It is easy to show that K (D) is actually a B-linear map for any D € Diff®(G). Namely
for such D and f € C°(G), f € B we have:

Kr(D)(7(f)(2))B) = Kx(D)(n(f)(2B)) = n(D(f))(zp)
= m(D(f))(2)B = Kx(D)(fx)5

Alternatively, this also follows from the fact that an adjoint for K,(D) exists by the
previous computation.

We have already proven that

(Kx(D)fz,hz) = (D(f)x, hz) = (fz, D*(h)z) = (fx, Kz(D")hz)
for all f,h € C2(QR), D € Diff?(@) and z € E. By the non-degeneracy, this implies that
indeed (K (D*)v,w) = (K(D)w) for all v,w € E*>.

It is clear from the definition that K(D)(E>) C E*. Thus it is only left to prove
that K is a unital algebra homomorphism, which is achieved quickly. Because K (D) is
always linear, it suffices to check this on elements of the single-summand form fz € E*,
f € CX(G),z € E. So let P,Q € Diff}(G). Then we have K,(P + Q)(fz) = (P +
Q)(f)x = (P(f)+Q(f))z = P(f)a+Q(f)x = Kx(P)(fr)+Kx(Q)(f) and K7 (PQ)(fz) =
PQ(f)xr = K;P(Q(f)x) = K;PK;Q(fx). The latter equation shows that in particular
MK (Q) = Kz (AQ) for all A € C by the usual inclusion of C as multiplication operators
by constant functions. Of course K is unital by Kr(idge(q))(fz) = idge(q)(f)r = fz,
which finishes the proof. O

The representation obtained in the previous theorem will also be called diff(7) := K.

4.2. Properties of the Derivative

In this section I wish to investigate additional properties of the representation diff(m)
derived from a representation w : C*G — B(H). In particular we will see that vector
fields act by essentially self-adjoint operators in such a derived representation, with a few
technical caveats.

The following investigations require the use of elliptic differential operators. I will
not give a formal introduction here. Just recall this much: A differential operator D =
> IeNm, |1|<k fﬂ?}b € Diffy(M) given by coordinate vector fields of a chart ¢ and their
products has a principal symbol o(D) € I'(T*M), defined as o(D)(&) = ox(D) =
Srenm, 1=k f16(@)7, for £(9)! == &(p1)™ ... &(¢s)"™ if I = (i1,...,%im). One can show
that this is independent of chart choice, using that the commutator [P, Q] of operators
P € Diffy,(M), Q € Diff;(M) has at most order k + 1 — 1, not k + L.

A differential operator D € Diff (M) is elliptic if its principal symbol is non-zero at every
point of the manifold. By extension, a right-invariant differential operator D € DiffR(G)
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on a Lie groupoid G is called elliptic if for every p € M = G the restriction D|gr to the
target fibre is elliptic.

The following lemma also mentions pseudodifferential operators, but only uses them as
a technical term from Vassout’s work. The important part here is that every differential
operator is also a pseudodifferential operator.

LEMMA 4.2.1. Let G be a compact volumetric groupoid. Let D € DiffR(G) be a right-
invariant differential operator with D = D* (formally in Diff®(G)) which is elliptic. Then
the densely defined unbounded operator (C*(G), D) € O(C*QG) is regular and essentially
self-adjoint.

Proof: If D has order 0, then it is bounded and we are done. So assume without loss of
generality that £ :=ord D > 0.

D is assumed to be right-invariant, i.e. the restriction D|g, : C*(G,) — C*(G)) is
well-defined for all p € M and fulfils D|g, org=ry oD|g, for all g € G with tg = ¢, sg = p.
This means that D is a G-operator in the sense of [24], page 169. As D is smooth like all
differential operators considered in this thesis, D is of class C*° in terms of that paper.
As a differential operator of order k, D is in particular a pseudodifferential operator of
constant order k, and of course Re(k) = k > 0. Because G is compact, D is compactly
supported. Note that C*°(G) = C°>*°((G) in Vassout’s notation, because G is compact.

So all the assumptions of Proposition 21, page 175 in [24] apply, hence by that
Proposition, the adjoint of (C*°(G), D) is:

(C=(G), D) = (C>(G), D*) = (C*(G), D)

Note that in the cited proposition, the musical natural sign simply denotes the formal
adjoint D* € Diff?(@) of D, without regards for the domain.

(C*°(@G), D) is regular by Proposition 21, page 175, [24] (if E is a Hilbert space, this is
automatic). O

This is an interesting result from Vassout, but more important is the corresponding
result induced in a representation.

PROPOSITION 4.2.2 (compare Proposition 4, page 166 in [24]). Let 7 : LI (G) — B(E)
be a non-degenerate representation on a Hilbert module E and R = diff(7) = K, the
induced representation as in Theorem 4.1.5. Let D € DiffR(G) be any right-invariant
differential operator such that (C*°(G), D) € O(C*G) is reqular and essentially self-adjoint.
Then R(D) € O(E) is reqular and essentially self-adjoint.

Proof: The first thing to notice is that the complete tensor product C*G ®, E is isomorphic
to E. Namely consider the linear map U : C*G ®, E — E, defined by f ® e — 7(f)e. This
fulfils
(U(f®v),U(gow)) = (r(flv,n(g)w) = (v,7(f")m(g)w)
= (v, m(f" x g)w) = (v, 7 ((f,9))w) = (f ® v, 9 @ W)z

for all f,g € C*G, v,w € F, so U is isometric, in particular bounded and injective. Sur-
jectivity follows from 7 being non-degenerate. U is C*G-linear by gU(f ®@v) = 7(g)n(f)v =

m(g* flv=U(g(f @v)).
Having this noted down, we immediately see that the differentiated representation of
D is given by
UT'R(D)U(f ®v) = U 'R(D)(x(f)v) = U 'n(D(f))v
=7(D(f))®@v=D1(f ®v)

for f € C*G, v € E, so that R(D) = U(D ® 1)U~
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Thus R(D) is regular, respectively essentially self-adjoint if and only if D ® 1 is. But
indeed by Proposition 4, page 166 in [24], we know that D ® 1 is regular and:

De1)*=D"21)=De1)=Del)=Dx1

where (D ® 1) = D ® 1 because dom D ®gj, E is a core for both (D ® 1) and D ® 1 by (3)
of the Proposition, and D|qom p = Dldomp = D-
So D ® 1 is essentially self-adjoint, as well as R(D). O

This proposition shows in particular, in combination with Lemma 4.2.1, that R(D) is
essentially self-adjoint for every elliptic D € Diff®(G) and R = diff(r).

Next I will show that not only elliptic operators, but also any symmetric differential
operator of order 1 acts by something self-adjoint. Proving this is not a trivial task and
requires deep results from functional analysis, in this case a theorem from [21]. That
theorem works on the premise that certain unbounded operators are bounded in modified
Sobolev type norms. In the following lemma, we will see that this is satisfied.

LEMMA 4.2.3. Let G be a compact volumetric groupoid, © : C*(G) — B(H) a rep-
resentation on a Hilbert space and R = diff(7). Let N € Diff®(Q) be a strictly positive
symmetric elliptic differential operator of order k € N\ {0} such that R(N) is also positive.
Let A € DiffkR(G) be any differential operator of order at most k. Then for every s € Ry,
the operator R(A) : H*(R(N)) — H**(R(N)) viewed as an operator between Sobolev
spaces is bounded (the Sobolev space H*(R(N)) is the closure of H equipped with the norm
vl s (r(vy) = [IR(N Y& (v)||g). That is, there exists a constant ¢ = ¢, € R such that for
all v € dom R:

s—k

[R(N)

Proof: By Lemma 4.2.1, N € O(C*G) is essentially self-adjoint and regular. It is also
positive, allowing us to define a positive operator N* := N* € O(C*@G) for all = € Ryg
by functional calculus. By Theorem 41, page 184 in [24] and the following discussion this
operator is actually another pseudodifferential operator of order xk with principal symbol
o(N®) = 02(N)*, thus it is elliptic. So we can use N¥ + i to define the norm on H** as
defined in definition 32, page 180, ibid., because this is still elliptic of order xk. For all
v,w € C®°G we have

R(A)olln < | RIN)Fol|g

(v, 0) s oy = (N* 4+ 1o, (N* +Dw) + (v, w)
= (N%v, N®w) — (v, w) + (v, w) + i{v, N*w) + i(Nv, w)
= (N®v, N*w) + i{v, N*w) — i(v, N*w) = (N"v, N*w)

because N* is still symmetric. In particular, ||v||g«x = [[N*v||c+¢ (the norm may be
different for another choice of N, but compatible).

Let s € Ry be arbitrary and consider the pseudodifferential operator D = NF AN~
This has order at most k* kg — ki=s—k+k—s5=0,soitis bounded on C*(G) by
Theorem 18, page 173, [24]. Thus D ® 1 is bounded on C*(G) ®, H as mentioned on page
166 ibid.. Put ¢ = |[|[D ® 1].

As proven in Proposition 4.2.2, R(N) is essentially self-adjoint like N, allowing us
to define R(N)?. Furthermore, for the canonical unitary map U : C*G ®, H — H, we
have R(B) = U(B ® 1)U~ for all B € Diff?(@), as shown there. Hence we find for all
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feC®@G),veH:

IR(N) % R(A)r(f)o]

(Ve )T (A 1)(f o))

I(NF-A)(f) @ o] = [(NF AN"ENT)(f) @ o]
= (N AN"F @ )(NE(f) @ 0)|
< ¢|NE(f) @ of| = e| RON) % (x(f)v)]]

Within the preceding computation, we implicitly used Proposition 4, page 166, [24] to get
(N®1)* = N* @ 1.

The Sobolev space H*® here is defined as the completion of dom(R(N)%) with respect
to the norm ||v||s = |[R(N)%v|), so it is clear that we get a bounded operator between the
respective spaces. ]

Our tool for the upcoming proof is a symmetric, elliptic, positive differential operator,
which can be viewed as a generalisation of the Laplace operator on R™. But up to now, we
cannot be sure that such an operator even exists in more general cases. Luckily, the proof
of existence is not very hard.

LEMMA 4.2.4. Let G = M be a volumetric groupoid and R : Diff¥(G) — O(H) a
representation. Then there exists a non-negative, symmetric, elliptic differential operator
L € Diff}(Q) of order 2 such that R(L) is non-negative.

Proof: Let A be the Lie algebroid of G. Let (U;);er be a countable cover of M by domains
of local frames for A and (h;);e;r a smooth partition of unity subordinate to this cover.
Set k = rk A. For each i € I, choose a frame (al,...,a}) of A over U;. For each i € I,
jed{l,...,m}, let X;; = Xhia;i € X(G) be the right-invariant vector field corresponding
to hia € T(A). For each i € I, j € {1,...,m}, define As; := X;; + 5 divf(X;;) € Diff*(@G),
which is skew-symmetric.

Define L := =37, 370, A% which is well-defined because (h;); is locally finite. Now

K
let x € G and £ € T;Gs, \ {0} be arbitrary. Then the principal symbol o (L) fulfils

~o(L)@)(E) = LE(X) @) = o (Tursa(ea)

k
> Z {(Tigraal(tz))? > 0,

because (a}(tz),...,ak(tz)) is an ordered basis for Az, = T}, Gy, and thus
(Tyareal (tz), . .., Tiprpak (tx))

is one for T,Gs; = (T Gsy)*. Here | € I is any index such that tz € U; and hy(tz) > 0,
which must exist by the properties of a partition of unity. Thus L is elliptic.

Furthermore, L is symmetric because the A;; are skew-symmetric: Within Diff?(G)
we have L* = — Z”( ”) = =2 A?j. Clearly L has order 2.

Next we will show that L is non-negative. To do so, recall that an element b of a C*-
algebra B is non-negative if and only if ¢(b) € R and ¢(b) > 0 for every state ¢ : B — C,
and that b*b is always non-negative.

So let f € GX(G) be arbitrary and let ¢ : C*G — C be a state. Then we have:

o (LS, 1)) qu( BE0)) =20 ((Ayf, Aif))
—Z<Z> A )"+ (Aiif)) = 0
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Since ¢ was arbitrary, this shows (Lf, f) > 0. As f was arbitrary, L > 0. Here, convergence
of the series >, ¢((Ai; f, Aijf)) is guaranteed by the fact that the partial sums are non-
negative and dominated by ¢((Lf, f)).

Likewise we see that R(L) € O(H) is non-negative. Namely if v € dom R, then:

(R(L)v,v) =Y (R(Aij)v, R(Aij)v) > 0 O
(4]
Using this generalized Laplacian, we can prove:

THEOREM 4.2.5. Let G be a compact volumetric groupoid. Let m : C*G — B(H) be

a representation on a Hilbert space and R = diff(r). Let A € Difff(G) be a symmetric
differential operator of order 1 (i.e., A = i(X + 3divX) for some X € X(@G)). Then
R(A) € O(H) is essentially self-adjoint.

Proof: Let L € Difff(G) be a non-negative, symmetric and elliptic operator of order 2
such that R(L) is non-negative, which exists by the previous lemma. Set N = L + 1, which
is still elliptic and symmetric and fulfils N > 1 and R(N) > 1.
By Lemma 4.2.3, we find a constant ¢ = ||R(A)|g(g2, m0) € R (where H® = H*(R(N))
with norm ||v||s = |[R(N)2v||g) such that ||R(A)v| < ¢||R(N)v]| for all v € dom R.
Furthermore, notice that the commutator [N, A] has at most order 2. Thus by the same
lemma, there is a constant d = || R([N, A])|lg g1, z-1) such that

1 1
[R(N) ™2 R([N, A]v|| < d|R(N)>v
for all v € dom R.
H~' =~ (H'Y is also the dual space of H', so we have for all v € C®(G) \ {0}:
1
d|[R(N)zv|| = d|v[lg2 = [|RIN, AJo[lgm )
1 1

= sup R[N, Alv,w)| > ———
weHl\{O}Hw||H1|<[ Jor wl IR(N)zv||

(RN, AJv, v)]

Hence
(R(A), RIN)0) — (R(N), R(A)0)] = [(R(N, A, v)] < dI|R(N)o|

for all v € dom R([A, N]) = dom R.

By Proposition 4.2.2, R(N) € O(H) is essentially self-adjoint. So R(N) is self-adjoint
and dom R = dom R(A) C dom N is a core for N. Thus by the inequalities we have shown
before, we can apply Theorem X.37, page 197 in [21], which states that R(A) is essentially
self-adjoint on its domain. O

Designing and proving our integration theorems is what we are about to do next, as
promised from the beginning of this thesis. However, it turns out that besides the technical
proofs, there is still one fundamental idea lacking to do this. The following chapter will fill
in this gap.



CHAPTER 5

Measurable Fields of Hilbert Spaces

In the classical theory of Lie group representations, one defines an integrated form P of
a Lie algebra representation R by the association P(exp(v)) = e®(¥) (for sufficiently small
vectors v in the Lie algebra), where we have the Lie group exponential on the left hand
and functional calculus on the right one. Our main approach is to apply this idea to a
representation R of differential operators to get a representation P of the morphism space
of a Lie groupoid (which will be formally defined later).

However, there is one key difference to the Lie group case: The exponential exp(X) of a
vector field is not an element of the groupoid itself, but a bisection. We obtain a groupoid
element exp(X)(p) € G by inserting a point p of the base space as second argument. Hence
it would be natural for our desired generalisation to do the same on the right hand side,
where functional calculus is used, to obtain fibrewise operators (e/X))(p). In general, this
formula does not make sense for a unitary operator on a Hilbert space. But there is a certain
context in which it does, namely when the operator is a so called decomposable operator
over a whole field of Hilbert spaces. These concepts and how to work with them shall
be introduced in this chapter. The main source for this will be Dixmier’s Von Neumann
Algebras, but secondary sources were also used.

5.1. Definitions and Basic Properties

Let us first define our next object of interest. We will usually assume that our base
space is equipped with a suitable measure, but formally, only a notion of measurable sets
is required, which means having a measurable space.

DEFINITION 5.1.1. [12], page 1, Definition 1, compare also [5], page 164

Let (X, S) be a measurable space. A measurable field of separable Hilbert spaces (or
shortly, a Hilbert field) on (X, .S) is a pair (H, M) of a family H = (Hy)zex of Hilbert
spaces H, and a subset M C P =[], .y H, such that there is a countable subset My C M
which satisfies the following properties:

(1) For all g € P, we have g € M if and only if for all f € My, the function X — R,
x +— (g9(x), f(z)) is S-Lebesgue-measurable.
(2) For all x € X, the linear span of {f(z)|f € My} is dense in H,.

Such a countable subset is called a fundamental sequence.
I may also just write H — X for a Hilbert field on X, implicitly referring to the same
structure.

Notice that in this definition, a measurable section is only formally defined; there is
no canonical measure on the union (J,¢ x H, which would allow us to define a measurable
map. However, these measurable sections usually behave like we would expect measurable
functions to do.

For example, using that limits of measurable functions are again measurable, one can
quickly obtain the following lemma, which is a slight generalisation of the first defining

property.

LEMMA 5.1.2. Let H — X be a Hilbert field on X. Then for all f,g € M, the map
X =R, z— (f(x),9(x)) is measurable.

59
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It is equally easy to prove that multiplying with a measurable function keeps measur-
ability:

ProprosiTION 5.1.3. Let X, H as before. Let o be a measurable section in H and let
f: X — C be a measurable function. Then f-o (defined as usual by (fo)(p) = f(p)o(p))
s again measurable.

One of the most important structures associated to a given Hilbert field is its section
space. This is also the point where an actual measure comes into play over merely measurable
spaces. As I am most interested in Hilbert spaces for this thesis, I only define the space of
square-integrable sections, which looks as follows:

DEFINITION 5.1.4. (Compare [5], page 168)

Let (M,v) be a measure space and H — M a Hilbert field with respect to the v-
measurable sets in M. A measurable section o of H is called square-integrable if the integral
Jur lo ()], dv (=) is finite. The set of all square-integrable functions is denoted by £L2(H, v).
Two section o, 7 € L2(H,v) are called equivalent (written o ~ 7) if o(p) — 7(p) =0 € H,
for v-almost all p € M. This defines an equivalence relation ~, and the space

L*(H,v) = L*(H,v)/~,

consisting of equivalence classes of square-integrable sections.
Furthermore, for [0], [7] € L?(H,v), we define ([o], [7]) := [3,(c(p), 7(p))m,dv(p) € C.

This definition is very similar to the standard definition of the function space L?(M,v).
Indeed, square-integrable sections behave largely like square-integrable functions and the
intuition working with both can remain the same. The only difference is often that an
extra norm or inner product is written under the integral formulas.

As for L?-functions, I will not further differentiate between sections o € £L2(H,v) and
their equivalence classes in L?(H,v). Furthermore, I may just write L?(H) for the same
object if the measure is clear from context.

The space L?(H) has exactly the structure we expect it to have:

PROPOSITION 5.1.5. ([5] page 162 and Corollary, page 172) Keep the previous notation.
Then L?(H,v) with the bracket (-,-) described before is a Hilbert space. If M is locally
compact, second countable and o-compact and v is a Radon measure, then L*(H,v) is
separable.

The precise properties of the space and measure required for this to work are not of
great interest for this thesis. From now on it will suffice to remember that the section space
is well-behaved in all cases which are considered here (i.e. where M is a smooth manifold
and v is chosen in an abstract way by Dixmier’s own theory).

Let us now investigate what it means for an operator A : L?(Hy,v) — L?(Hs,v) to be
decomposable. To do so, we need to look at measurable fields of operators, in the following
sense:

DEFINITION 5.1.6. ([5], Definition 1, page 179) Let (M,v) be a measure space. Let
Hy — M, Hy — M be two v-Hilbert fields (i.e. Hilbert fields with respect to the v-
measurable sets). Let A = (Ap)pen be a family of bounded operators A, : Hi(p) — Ha(p).
This family is called a measurable field of operators if for all measurable sections o in Hi,
the family (A,(o(p)))pem is a measurable section in Hy.

A is said to be essentially bounded if it is measurable and the essential supremum

eSS SUP,e s, || Apll < 00
is finite.

Dixmier goes on in his book to show:
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PROPOSITION 5.1.7. Let Hy, Hy as before. Let (Ap)penr be an essentially bounded field
of operators between Hy and Hy. Then the operator [y A,dv(p) : L*(Hy) — L?*(Hz) defined
by

[ Aup)(o)() = Aglola)) € Hala)

is a well-defined bounded operator with || [y, A,dv(p)|| = ess suppens || Apll-

As usual for measurable function spaces, this definition is not sensitive to variations
on null sets; if (B),) is another essentially bounded field of operators with A, = B,, almost
everywhere, then [}7 A,dv(p) = [} B,dv(p).

Using this structure, we get the following definition of decomposable operators:

DEFINITION 5.1.8. ([5], Definition 2, page 182) Keep the previous notation. Let A :
L?(Hy) — L*(H3) be a bounded operator. Then A is said to be decomposable if and only
if there is an essentially bounded field of operators (Ay),cn between Hy and H such that

A= [y; Apdv(p).

A simple but important example of decomposable operators are the multiplication
operators, which map each section to its pointwise product with an essentially bounded
function:

DEFINITION 5.1.9. Let H — M be a Hilbert bundle on a measure space M. Let
f € L®(M) be essentially bounded. This defines a bounded operator Ty : L?(M) —

L*(M), T¢(o)(p) == f(p)o(p).

Again, these definitions fulfil many expectable properties, which can be read about in
more detail in Dixmier’s book. I will come back to decomposable operators later, for now
it suffices to keep the definitions in mind.

One more preliminary thing about Hilbert fields that we have to consider are pullbacks,
which will allow us to consider fields of operators which do not necessarily always keep
the base point constant, i.e. we can have mappings A, : H, — H, for ¢ # p € M. The
definition is part of the following simple proposition:

ProrosiTiON 5.1.10. Let M and N be measurable spaces with a measurable map
f:M — N. Let H be a Hilbert field on N. Let Sy be a fundamental sequence for H. Then
there is a unique Hilbert field structure on f*H := (Hy(y))pem such that oo f is measurable
for all o € Sp.

Proof: By construction, we have two important properties: Firstly, consider arbitrary
elements o, 7 € Sy. Then the inner product (oo f, 70 f) = (o,7) o f is measurable because
(o,7) and f are.

Secondly, consider any p € M. Then we have

n
spang ((f*So)(p)) = {Z Nioi(fp)lhi € C o4 € 50} C Hyp,
i=1
which is dense in Hy(,y = (f*H), because Sy is a fundamental sequence. Thus f*Sp is a
total (pointwise dense) sequence in f*H.
So by Proposition 4, page 167 in [5], there is a unique Hilbert field structure on f*H
such that all elements of f*Sy are measurable. O

It is routine to deduce elementary properties of the pullback. For example, the pulback
f*o of an arbitrary measurable section ¢ in H is a measurable section in f*H. This defines
a canonical map from the sections of a Hilbert field to the sections of its pullback. However,
this is not bounded in every case, and in particular not unitary. But under mild conditions,
we can multiply it with an error correction term to obtain such a unitary transformation.
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PROPOSITION 5.1.11. Let H — M be a Hilbert field over a measure space (M, p) and
f: M — M be a bi-measurable map such that fopu < p and p < fopu. Then there is a
1

wnitary map U L2(H, i) = L*(f*H, p) defined by (Uso)(p) = (25 (F(p))* o (f()) €
y = (f"H)p.
pThis map ﬁdﬁls UroTy =TyopoUs forall g € L>®(M, ).

NI

Proof: Put h = (%)

0,7 € L?H, we have:
Uy, Usr) = [ ((Ip)o(£®) D)7 (f (2)dup)
= [ hw)r®), k) Lonlr)

= [ ot).7) djf ) ()

= | @) 7)) = (o.7)

as required. In particular, this shows that Uyo € L3(f*H,p) for 0 € L?(H,u) since
ol = 1Ugal.
Linearity is clear by
Up(Ao + 7)(p) = h(fp)(Ao + 7)(f(p))
= A(fp)o(f(p)) + h(fp)7(f(p)) = (AUgo + UyT)(p).
Uy is bijective with the inverse Uf_1 : L2(f*H) — L*H, Uf_l(T)(p) = h(p)~tr(f~(p)).
Another easy computation proves:

UpoTy(o)(p) = h(fp)Ty(o)(f(p)) = g(f(p)h(fp)o(f(p)) = TyoyUso(p) O

This will be an important ingredient for our integration theorem in the next chapter.
For now, let us advance to a slightly more elaborate part of the Hilbert field theory.

. Let us prove that U; preserves scalar products. Namely for

5.2. Disintegration of Hilbert Spaces

As described at the beginning of this chapter, Hilbert fields and sections on them
behave quite nicely in the context of Lie groupoid representation theory. However, assuming
such a section space as domain of a representation seems rather arbitrary. A more natural
assumption seems to be that the domain is (a dense subset of) an arbitrary separable
Hilbert space. Luckily it turns out that a representation of differential operators already
contains enough information in it to ensure that its domain is indeed isomorphic to a
Hilbert field’s section space, if only the measure is chosen correctly. In this section I will
show how this isomorphy can be constructed, using a powerful theorem from Dixmier’s
work:

THEOREM 5.2.1 ([5] Theorem 1, page 233). Let H be a separable Hilbert space, let
y C B(H) be a commutative C*-algebra within the bounded operators. Let Z = ¢ be the
Gelfand spectrum (i.e. the space of non-zero x-homomorphisms from y to C) of y, and let
v be a basic measure on Z. Suppose that the identity idy is contained in the weak closure
of y within B(H).

Then there exists a v-Hilbert field H — Z which has a unitary transformation ¢ :
L*(H) — H such that ¢oTz0 ¢! = A for all A € y, where A € Cy(9) is the Gelfand
transform (x — x(A)), and Ty : L*(H) — L*(H) is the multiplication operator by f for
any f € CoM.
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This theorem uses the notion of a basic measure. In this section I will not define this
term, but merely use that it is guaranteed by one more proposition by Dixmier. Curious
readers are welcome to look up the precise meaning in his book.

So our work in this section is to build a bridge between the Lie groupoid representation
theory and the functional analysis notation of Dixmier to make the application of the
theorem possible. In precise terms, this means constructing the y and v of the above theorem.
We start with the following lemma, which shows that representations of differential operators
are automatically bounded on smooth functions vanishing at infinity.

LEMMA 5.2.2. Let G be a Lie groupoid, H any Hilbert space, R : Diff*(G) — O(H)
a representation. Then for any f € Cp°(M,R), the operator R(my) is bounded with

[R(mp)]| < 11 flloo-

Proof: This proof uses an idea from Lemma 5.2, page 17, [4] in a different context.
Using that f is bounded, choose ¢ € R with ¢ > [|f]lcc = suppep [f(p)|- Then the

function g := (¢? — fQ)% is well-defined and smooth, and f2 + g = ¢?. We have

(R(my)v, w) = (v, R(m})w) = (v, R(m)w)
for all v, w € dom R(my), hence :
IR(mp)vll* = (R(f)v, R(f)v) = (R(f?),v)
= (R(f* + g*)v,v) — (R(g%)v, )
= (v,v) = [[R(9)v|* = ||v]]* = [ R(g)v]|* < *lv]|?

From this it follows that ||[R(my)v|| < c||v|, and because ¢ > || f|loc was arbitrary,
|R(my)v|| < ||f]loc||v]|. This holds for all v € dom R(m¢), so indeed ||R(my)|| < || flloo- O

Using that these multiplication operators are bounded, we can extend a representation
of differential operators to continuous functions. We use the space

Co(M,K) = {f € C(M,K) | Ve > 03K C M compact : || f[yn ko < €} € Cp(M,K)

of functions vanishing at infinity, where C(M, K) denotes the continuous functions from
M to K and K € {C,R}. When the second argument is not specified, I mean Co(M) =
Co(M, C). The details of this extension process are explained in the following statement.

PROPOSITION 5.2.3. R induces a bounded representation v : Co(M) — B(H), i.e. there
is a unique bounded homomorphism of C-algebras r : Co(M) — B(H) with T(f)|dom(R(mf))

R(my) for all f € C5°(M,R). v has norm 1 and r(f)* = r(f) for every f € Co(M).

Proof: Let f € Cp°(M,R). Denote by E the common dense invariant domain of R. Then
by Lemma 5.2.2, the operator R(my) : E — H is bounded with ||R(my)|| < || f||. Because
dom R(my) is dense by assumption, there is a unique bounded extension Ay : H — H of
R(my). If g € Cp° (M) is another function, then Ay |p = R(fg) = R(f)R(g) = Af|pAy|lE =
AAylE, hence (as E C H is dense) Ay, = ArA,. Likewise, we get that Ay + Ay = Ay .
This implies that the map

To - CgO(M,R) —)B(H), f—>Af

is a bounded homomorphism of R-algebras with ||rg|| < 1. By putting ro(f + ig) =
ro(f) +iro(g) for each h = f +ig € C;°(M,C), this extends to a homomorphism of
C-algebras which still fulfils ||rg|] < 1. C§°(M) C Co(M) is dense in the supremum norm,
so as before, there is a unique continuous extension r : Co(M) — B(H) of ro|cge(ar)- This
is again multiplicative by r(lim; f;)r(lim; g;) = lim; lim; »(f;)r(f;) = lim; im; r(fi f;) =
r(lim; lim; fif;) = r((lim; f;)(lim; f;)) for fi,g; € C5°. We have r(f)|g = ro(f)|g =
A¢|lg = R(my) for f € C;°(M) by the very definition.
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For self-adjointness, let f = lim; f; € Co(M,R), where f; € C§°(M,R). Let v,w € E C
H. Then

mfi)v7 w>

(r(fHv,wy = lign(r(fi)v, w

)
= hgn(v, R(m})w) = lilirn v, R(myw)
)

= lim{v, r(fi)w) = (v, r(f)w)

by continuity of 7 and the scalar product maps (-v,w) and (v, -w). As r(f) is bounded and
E is dense in H, this suffices to show that it is self-adjoint. It follows that for h = f +ig €

Co(M,C) we have r(h) = r(f —ig) = r(f) —ir(g) = r(f)* +ir(g)" = r(f +ig)* = r(h)" as
required. ]

The image of this homomorphism is going to be our C*-algebra. To make sure that
this has our original space M as spectrum, we need that r is injective, which is implied
by R being faithful. If r is not injective, the spectrum is a closed subset of M and we can
proceed with that. A short proof of our desired fact is given below.

LEMMA 5.2.4. Let R : Dift}(G) — O(H) be a representation and r : Co(M) — B(H)
the induced one. Suppose that R|ceeps is injective. Then r is injective. In particular, this is

true if R is faithful, i.e. if R(P)v = R(Q)v for all v € dom R implies P = Q.

Proof: Tt suffices to show that r has trivial kernel. We show this by contradiction: Suppose
that there is a function f € Co(M) \ {0} such that r(f) = 0. By continuity, the pre-image
f~H(C\ {0}) is open, and it is non-empty since f # 0. So because M is locally compact,
it contains a non-empty compact subset, which implies we can choose a non-zero bump

function h € C°(M) \ {0} with supph C f~1(C\ {0}). By this choice, the pointwise
fraction % € CyoM is a well-defined continuous function. Since r(f) = 0 by assumption, we

have
0= r<f>r<’}> — r(h) = R(ma),

which implies mj;, = 0 € Diff?(G) since R|ceys is injective, which is a contradiction to
h # 0.

Hence the assumption must be wrong and we actually have ker r = {0}, which means
that r is injective. O

So r: CoM — B(H) is an injective homomorphism of C*-algebras. Such homomorph-
isms are automatically isometries, which implies that r : CoM — r(CoM) C B(H) is an
isomorphism of *-algebras. In particular, y := r(CoM) C B(H) is a C*-algebra isomorphic
to COM

The next thing that we still need to show is that the weak closure of y contains the
identity (in modern terms, this just means that r is non-degenerate).

LEMMA 5.2.5. Let y = r(CoM) C B(H) as above. Then the weak closure of y contains
the identity.

Proof: Choose a function f € C5°(M,R) such that f(xz) > 0 for all x € M (this is always
possible, but for non-compact M, any such f will converge to 0 near infinity). Then the
fraction % € C™(M) is a well-defined (though not necessarily bounded) function, and for
all v € EF = dom R, we have:

Since R(%)v € E and r(f)v = R(my)v € E for all v € E by invariance of R, this implies
that r(f)FE = E, which is dense in H by assumption.
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Now choose a sequence of compactly supported functions f; € C°(M) with 0 < f; <1
such that (f;); converges uniformly on compact subsets to 1 (e.g. by fj|k, =1 for j >
and an exceeding sequence K; C M of compact subsets). Then the product f; - f converges
uniformly to f by the following argument: Let € > 0 be arbitrary. Then since f vanishes
at infinity, there is a compact set K C M such that f|yn g < €. Since f; — 1 on compact
sets, there is i € N such that for j > 4, [|fjlx — 1llec < yzfz- Hence [|f;f — fllo =

max(||f5 flx = flgll 15 s = flangl) < max(rpllFll 1 lan k) = max(e, €) = e
Now let w € FE be arbitrary. By the previous argument, there is another vector
v € E such that w = r(f)v. So since r : CoM — B(H) is continuous, we find that
lim; 00 7(fi)w = lim; oo 7(fif)v = r(f)v = w. Since E C H is dense, this implies that
lim; 7(fi)w = w even for all w € H, which means that r(f;) converges weakly to idy as i
goes to infinity. This means that idy is in the weak closure of y = r(CoM). O

We can now apply the following lemma to obtain a basic measure:

LEMMA 5.2.6 ([5], Proposition 4, page 130). Let H be a separable Hilbert space. Let
Z CB(H) be an abelian von Neumann algebra, and y C Z a C*-algebra. Then there is a
bounded basic Radon measure v on g.

Namely, if y = r(CoM) C B(H) as before, then the weak closure Z of y is an abelian
von Neumann algebra with y C Z. Hence indeed, a basic measure exists on .

In the upcoming theorem, we will have to use a few more technical notions from
Dixmier’s work. I summarize them in the following definition:

DEFINITION 5.2.7. Let H be a Hilbert space and A C B(H).
e The commutant of Ais A" :={T € B(H)|VS € A: TS = ST} ([5], page 1).
e An element x € H is called cyclic with respect to A if Az = {Tz|T € A} C H is
dense ([5] Definition 3, page 5). Dixmier only uses this when A is a *-subalgebra.
e Suppose that A is a separable commutative C*-algebra and let x € H be arbitrary.
Then the spectral measure v, is the unique measure on A (the space of characters
on A — C) such that [; fdv, = (fx,z), where f € A is the Gelfand transform of

f, defined by f(x) = x(f) for x € A ([5], page 360).

Combining the different parts explained in this section, we get the following statement
in the context of our representation theory:

THEOREM 5.2.8. Let (G = M,w) be a volumetric groupoid, H a Hilbert space and
let R : Diff'(G) — O(H) be a representation. Suppose that R|cens is injective or M is
compact. Then there are a bounded Radon measure v on M and a v-Hilbert field H — M
together with a unitary map ¢ : L*(H) — H such that ¢~ o R(mg) o ¢ = Ty for all
feCge(M).

Furthermore, if R|ce s is injective, then there is an element o € L*H which is cyclic
for the commutant of {Ty | f € CoM} C B(L*H) such that v = vy, in the sense that
fy fdv = (Tyo,0) for f € CoM (I implicitly use that ({Ty | f € CoM})" = M here).

Proof: Let r : Co(M) — B(H) be the induced representation as in Lemma 5.2.3. As before,
set y := r(Co(M)) C B(H), which is a commutative C*-algebra. By [5], Proposition 4,
page 130 and the previous arguments, there is a bounded basic Radon measure v/ on 4.
More precisely, we have v/ = v, for an element x € y which is cyclic for the commutant 3/,
as detailed in said proposition and its prerequisites.

As shown before, the weak closure of y contains the identity, hence by [5] Theorem 1,
page 233, there are a v/-Hilbert field H' — ¢, together with a unitary +' : L?(H') — H
compatible with the Gelfand transform as described before.

If R|ceops is injective, then r : CoM — y is an isometric *-isomorphism by Lemma
5.2.4. In this case, set A = M.
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Even if R|cs )y is not injective, the kernel kerr = r=1({0}) € CoM is a (closed) ideal.
If M is compact, then CoM = C(M), and all ideals I < C(M) for a compact space M are
of the form I = Ip = {f € C(M)|f|p = 0} for a closed subset B C M. This is an example
from elementary algebra. So let A C M be closed such that kerr = I4. Then the induced
homomorphism 7 : CoM /14 —y, f+ 14— 7(f) is a well-defined isomorphism. Note that
CoM /Iy =CM/14 = C(A). We write r4 : Cp(A) — y for the induced isomorphism. Note
that 74(f|a) = r(f) for all f € Cy = M. Since A is closed in the compact set M, it is
again compact and fulfils C(A) = Cyp(A).

In either case, the pullback 7% : § — C’/O\A, X — X ©r4 is a homeomorphism, as is the
canonical map ev : A — CoA, p— evp, evp(f) = f(p). So let v := (ev=Lor%).(v) be the
image measure under these maps. Because both are homeomorphisms, this v is a Radon
measure on A, and we have v(A) = v/(§) < oo, so v is still bounded.

We pull back the Hilbert field H' by the same homeomorphisms, defining H —, A

by H, := H Er;)*loev(p)’ and the set of measurable sections as pullbacks of those on H’,

which is indeed a Hilbert field over v with L?(H,v) = ((r%) ! o ev)*L?(H',v') almost by
definition.

For the isomorphism, define ¢ := 1 o ((r%) ' oev)*)™1 : L?*% — H, which is unitary as
a composition of unitaries, where ((r%)~! o ev)* is unitary because [,((r%) ! oev)* fdv =
fg fdv' for f € L'(9)) by definition of the image measure.

_ Now let us check the desired property: Let f € C§°(M) be arbitrary. Then because
R(my) =r(f) =1ra(f|a), we have

¢t oR(myp)od=((ra) " oev) oy~ o R(mg) oo (((ry) ' oev)) ™!
=evo((ra)")to T e ra)e (ev¥) ™,

hence for o € L?H and p € A:
(67" o Rmyg) 0 $)(0)(p) = (T, 7, (o0 ev " 01h)) 0 (r7")" 0 ev(p)

— ra(fTa)((r3")evy) - o(p) = (evp o r3)(ra(fla)) - o(p)
— evy(ra'ra(fla)o(p) = evy(fla)o(p)
= f(p)a(p) =Ty, (o)(p)

To get a Hilbert field on the whole of M even in the case where A # M, we simply
extend by 0. Formally, we set vt := (14).v for the inclusion map 14 : A — M and
define H* — M by Hf = H, for p € H and H, =0 for p € M \ A. If M is compact,
vt is a Radon measure because 14 is proper. We see immediately that the restriction
map v : L2(H*,vT) — L?*(H,v), 0 — o|a is an isomorphism in this case. It fulfils
Pplo Ty, 0 =Ty for all f € CoM because sections in L?(H7T) are already 0 outside of
A by definition of HT. Hence we get that

(po) " oR(myg)ogoy =9 ' oTy, ot =Ty

for all f € CoM.

Thus the first statement of this theorem is fulfilled with the measure v*, the Hilbert
field H* and the unitary map 1 o ¢.

Now consider again the case where R|ce)s (and thus r) is injective. As mentioned
before, we have v/ = v, for some x € H, which is cyclic with respect to y’. Using our
previous construction, we find that

/ fdv = /f oev lortdy, = (foevtor)Na), z) = (r(f)z, )y
M 9
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because
X((foev lor)) = foev lor*(x) = foev ' (xor) = xor(f) = x(r(f))
for all x € §. We have proven before that ¢—1r(f)¢ = Tt and that ¢ is unitary, thus

_ -1 _ -1 -1 _
[ pdv = (@130 0, 0) = Ty~ a0 70) = [ pd,

for f € C5°M, which extends to f € CoM by continuity. So because Radon measures are
determined by their values on continuous functions, we find that v = v, for ¢ = ¢ z is
cyclic with respect to v/, i.e. y'& C H is dense. So because ¢ is unitary, ¢~ 'y/¢o = ¢~ 1y/z C
L?H is also dense. For any T' € ¢/ and f € CoM, we know by the definition of the commutant
that Tr(f) = r(f)T, thus ¢~ 1T6Ty = -\ Todr(f)é = ¢ Tr(f)o = ¢~ r(f)td =
T~ T¢. As this holds for all f, we find that ¢~'1T¢ € {T¢|f € CoM}. This in turn is
true for all 7', thus ¢~ 'y/¢ C {T¢|f € CoM} . In particular, {Ty|f € CoM}Yo 2 ¢~y do
must be dense in L?*H, thus o is cyclic with respect to {T|f € CoM}'. O

This shows that in the context of Lie algebroid representation theory, any Hilbert space
which is the domain of a representation can be assumed without loss of generality to be
the space of square-integrable sections on a measurable field of Hilbert spaces over the
base manifold.

The rest of this section will build on the more technical second statement from the above
theorem to show that the constructed measure v is actually equivalent to any non-zero
smooth measure on M, in the case of the pair groupoid. To do so, we need one result which
will only be proven in the next chapter of this thesis. I still decided to include these proofs
here because it is thematically fitting.

LEMMA 5.2.9. Let G = M x M be a pair groupoid with a volume form w € Q(M) and a
Hilbert field H — M over a spectral Radon measure v = v, on M, for an element v € L*H
which is cyclic with respect to {T¢|f € CoM} . Suppose that there is a representation
R : Diff (M) — L*(H) with R(my) = Ty for all f € C§(M).

Consider the group of diffeomorphisms generated by compactly supported vector fields,
Diffo (M) := {6 | X € X.(M)}, denoting by 05 the time-1 flow of X.

Then v is Diff.(M)-quasi-invariant, that is, vo ¢~ < v for all ¢ € Diff.(M).

Proof: Let ¢ € Diff.(M). Then by Lemma 6.1.3, there is a unitary operator U : L?H —
L2H such that Tjo, = UTfU* for all f € C>°(M). In particular, we have

/M fdvog¢ ! = /M foodv = (Tropx, )
= (UTyU x,x) = (TyU"x, U x) :/ fdvgeg
M

for all such f. Here, v+, is the spectral measure with respect to U*x.

x was assumed to be cyclic with respect to y' = {Ty | f € Co(M)} C B(L*H), i.e.
yxr = {Tz | T € y'} € L?H is dense. Since U is unitary, this implies that U*y'z =
{U*TUU*z) | T € L?H is also dense. Note that U*TUTf = U*TTjopU = U*TjopTU =
TyU*TU for all f € C°(M). Because Co(M) — B(L?H), f — T} is continuous and
C° (M) C Co(M) is dense, this implies that even U*TUTy = TyU*TU for all f € CoM,
hence U*TU € y. Thus y/U*x C L?H is dense, too, so U*z is cyclic for 3. Hence vy, is
basic by Proposition 2, page 129 [5] and thus equivalent to the basic measure v = v, as
detailed on page 127, [5], in particular, v+, < v.

As discussed in the beginning, we have [, fdvo ¢~ = [}, fdvy«, for all f € C.(M).
So because both v o ¢~! and v+, are Radon measures and M is locally compact, this
implies that v o ¢~ = v+, < v (this uniqueness property is a part of the Riesz-Markov
representation theorem and follows from outer regularity of the measures). O
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This lemma can, in particular, be applied to the measure constructed in Theorem 5.2.8,
using the induced representation R : Diff(M) — O(L?*H,v), D — ¢ 'R(D)¢ — this is
actually the only case where it will be used. Let us proceed.

LEMMA 5.2.10. Keep the notation from the previous lemma. Let ¢ : U — R™ be a chart
of M. Then the image measure vo ¢~ ' on R™ is R™-quasi-invariant, that is, translations
preserve null sets.

Proof: Put = vo¢~!. Let A C R™ be any Borel set. Notice that R™ = Urezm I +10,1]™,
so u(A) < > repm n(Ar), where Ay = ANT+1[0,1]™.

Now assume that A is a p-null set. Let ¢ € R™ be arbitrary. Choose any I € Z™.
Then we know that pu(Ar) < p(A) = 0. We construct a vector field X, as follows: Set
r = |I|l + 2 + ||c||, so that tc + x € B,.(0) for all ¢t € [-1,1] and =z € I + [0,1]™,
where B;(0) = {z € R™ | ||z|]| < d}. Choose a smooth bump function h € C°(R™)
with h|p, o) = 1. Define X, = h-cd = h 73", ¢;0;, which is compactly supported with
Xe| By, (0) = €0 By, (0)- So for each (t,p) € [0, 1] x Ba,(0) we have 6°9(t,p) = p + tc € Bs,.(0)
and hence 6X¢(t,p) = 09(t,p) = p + tc. Let p = Gf(c be the flow at time 1. Then in
particular, ¢)(p) = p+ c for all p € A;.

Consider the pullback vector field ¢*X € X.(U). Its flow at time 1 is ¢! o1) 0. Having
compact support, this vector field extends to a global vector field Y € X (M), with the
same flow inside of U. Extending by the identity, we find that ) = ¢~ 0 1) 0 ¢ € Diff,(M).
Thus by Lemma 5.2.9, v is quasi-invariant with respect to 1[1

We know that 0 = u(A;) = v(¢~1(As)), hence this implies that also u(A; + ¢) =
w((Ar)) = v(¢~1pdp=1(Ar)) = 0. Consequently, (A +¢) < 3 ;czm p(Ar + ¢) = 0. Since
A was an arbitrary null set, p is quasi-invariant with respect to translation by c. Because
c € R was arbitrary, this implies that p is R-quasi-invariant. ]

We can now use a powerful theorem on quasi-invariance of measures to conclude with
the desired result as follows:

PROPOSITION 5.2.11. Let (M,w) be a volumetric manifold, H a Hilbert space and let
R : Difff(M x M) — O(H) be a representation. Suppose that R|ce s is injective. Then
the measure v stipulated by Theorem 5.2.8 is equivalent to p,.

Proof: Let ¢ : U — R™ be a chart of M. By Lemma 5.2.10, the image measure ys = vo¢~*
is R™-quasi-invariant. By [3], page 20, Proposition 11, this implies that p, is equivalent
to the left Haar measure on R™, i.e. the Lebesgue measure (on the Borel o-algebra).
So there is a Borel measurable function hgy = ”T‘ﬁ : R™ — Ry (the Radon-Nikodym
derivative with respect to the Lebesgue measure A) such that iy = hgA. Thus we find that
Vg = g 0 ¢ = hg o Ao ¢.

The measure A o ¢ is given by the volume form ¢*dx € Q" (U) and thus equivalent to
pho |- Furthermore, hg o ¢ is still Borel measurable (and non-zero) because this property is
preserved by concatenations with diffeomorphisms. Thus there is a new Borel measurable
function hyy = hgo ¢ - :‘w% with v|y = hypw|u.

To conclude, we cover M by a countable family (U;);cn of subsets diffeomorphic to
R™ and define h : M — R~q, h(p) = h;(p) for p € U;. This is well-defined for almost all
p € M because Radon-Nikodym derivatives are unique up to deviations on null sets; the
set {p € M | 3(i,j) € N* : p € U; NUj and h;(p) # hj(p)} must still be a null set. h is
locally Borel measurable and thus Borel measurable, non-zero almost everywhere and fulfils
v = hu, by construction. O

In (pair) groupoid representation theory, we actually need equivalence not of the
measures on the base space, but of their respective product measures. However, this can
quickly be shown to follow:
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LEMMA 5.2.12. Let (X, A) and (Y,B) be measurable spaces. Let p1 and ps be two
o-finite measures on A. Likewise, let v1 and vy be two o-finite measure on B.
If p1 < po and v1 K va, then the respective product measures fulfil 1 X v < po X va.

Proof: By assumption, we are only using o-finite measures. So by the Radon-Nikodym
Theorem, we find densities m = % and n = Z—; which are measurable with respect to
A respectively B and the Borel o-algebra on R. Hence their product mn : X x Y —
R>o, (z,y) — m(z)n(y) = mopry -noprg is A ® B-Borel measurable, because the
projections pry : X x Y — X and pry : X XY — Y are always measurable with respect
to the product o-algebra.

Now for any measurable function f: X XY — R>(, we know by Fubini’s theorem that

[ gmmdnexve = [ [ p@pymi@n() da) i)
- /X /Y f (e, y)dva (y)m()dps(a)
:/X/Y]f(:z,y)dul(y)dul(a:) :/XfodMl X vy,

and thus p1 X 1 = mn - ug X 12 is a usable density function, which means that p; x v; <
M2 X V2. O

We conclude with one more proposition:

PROPOSITION 5.2.13. Let (M,w) be a volumetric manifold, H a Hilbert space and let
R : Difff(M x M) — O(H) be a representation. Suppose that R|ce s is injective. Let v be
the measure stipulated by Theorem 5.2.8. Then ., X v is equivalent to v X p,, on M x M.

Proof: By Proposition 5.2.11, v is equivalent to p,. Set py = vo = p and ug = v = v to
find that p x v < v x p, by Lemma 5.2.12. This also works the other way around, so both
product measures are indeed equivalent. O

In the next section, I will discuss quasi-invariance of measures on groupoids more
formally. We will see how it applies to our given setting.

5.3. Measurable Homomorphisms of Groupoids

At this point, we have worked with representations of the groupoid C*-algebra and
of (invariant) differential operators, and even proven a differentiation theorem. What we
have not yet investigated are representations of a Lie groupoid itself. As explained at the
beginning of this chapter, those are an important step in the integration theory. To allow
their usage in the next chapter, this section will serve as an introduction to representations
of groupoids.

The concept is actually quite simple: A representation of a Lie groupoid will be a
homomorphism between it and the unitary groupoid of a Hilbert field. A homomorphism
of groupoids is, at first glance, just a map P fulfilling P(gh) = P(g)P(h) for all g, h in the
groupoid which are composable; in category theory, this is called a functor. However, in
the context of Hilbert fields, we need a measurable theory, where such homomorphisms are
possibly undefined on a null set within the groupoid.

To accurately and consistently account for such null sets, we first need to define a
measure on the morphism space. Before, we have already worked with measures on both
the fibres and the base space of a groupoid. One can quite easily combine the two to get
the following definition.

DEFINITION 5.3.1. Let G = M be a locally compact groupoid with a Haar system a.
Let v be a Radon measure on M. In this situation, define the following measures:
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e 1! (also denoted v o ) on G by

Ltavt= [ [ p@aar(gpaviy)
for all f E C.G
e 12 on G® ={(g,h) € G x G|sg = th} by
Lo far=[ [ [ sgmdasmdar@ave) = [ [ fig.mdamdv(g)

for all f € C.G®

Notably, there are more ways to canonically define measures on G and its higher
products when given a Haar system and a measure on the base space. For example, we can
define (V') =voa by [, fdvoa= [, pr f(g)day(g)dv(p), where o), = inv,aP for the
inversion map inv: G — G, g+~ gL

A further discussion of this can be found in [4], page 7. For now it suffices to consider
the measures above because all the methods yield equivalent measures (i.e. the same null
sets) in relevant situations. A measure v for which v o a and v o & have the same null sets
is called quasi-invariant.

As we are using pair groupoids so often, it seems natural to look at them for an example

of these freshly defined measures.

ExaMPLE 5.3.2. Let M be a smooth manifold with a volume form w and a bounded
Radon measure v. Consider the corresponding volumetric pair groupoid (M x M =
M, priw). Let f: G® — R be v2-measurable. Denote the corresponding Haar system by
a=(aP)pey = (MprQ\*Gpw)peM- Then we have

:// (g, h)da®d (h)daP(g)dv (p)
M Jar JGss

:/ /Gp/ f(9: (s9,9))dpe(g)da”(g)dv(p)
///f p,w), (w, q))dpy,(q)duy(w)dv(p)

because [,; ¢*w = [y w for any diffeomorphism ¢ : M — N between smooth manifolds M
and N with a top-degree form w on N.
Furthermore, we find for f : G — R that

/fduoa—// F(g)da? (g)dv(p //fp, Yo, (q)d(p /fdux,uw
/fdyoa—// F(g)day(g)dv(p // (p, @)t (p)dur(q) = /Gfd,uwxu,

hence v is quasi-invariant if and only if v x p,, is equivalent to p, x v.

G?2)

So as it turns out, the canonical measure on the pair groupoid is quite easy to use for
integration.

Having seen this, we can now formally define essential homomorphisms of groupoids,
where the word essential is meant to point to the fact that null sets are neglected, like with
the essential supremum, for example.

DEeFINITION 5.3.3. Let G = M be a locally compact groupoid with Haar system « and
a measure v on M. Let H be any groupoid over M.

An essential homomorphism of first type from G to H is a pair (D, R), where D C G
is a co-null set (i.e. v*(G\ D) =0) and R: D — H is a map which fulfils:

e soR=s|pandtoR=t|p.



5.3. MEASURABLE HOMOMORPHISMS OF GROUPOIDS 71

e There is a set N C G with v?(N) = 0 such that for all g, h € D with sg = th,
gh € D and (g,h) ¢ N, we have R(gh) = R(g)R(h).
An essential homomorphism of second type from G to H is a pair (D, R), where again
D C G is co-null and R : D — H fulfils:

e soR=s|pandtoR=t|p.
e R(gh) = R(g)R(h) for all g,h € D such that sg =th and gh € D.

Now that we have seen this concept, let us immediately also look at the local variant.
There our homomorphisms are only defined in a neighbourhood of the diagonal in the
groupoid. Besides that, the idea stays the same, resulting in the following definition. Note
that the special case W = G is precisely the definition of a global essential homomorphism.

DEFINITION 5.3.4. Let G, H, M, v as before.

A local essential homomorphism of first type is a pair (D, R), where D = W \ N for
an open subset W C G with M C W such that W N GP is path-connected for all p € M
and a null set N C GG, and R: D — H is such that there exists a null set Ny C G2 with
R(gh) = R(g)R(h) for all g,h € D with sg = th, gh € D and (g,h) ¢ Na.

A local essential homomorphism of second type is a pair (D, R), where D = W \ N for
an open subset W C G with M C W such that W N GP is path-connected for all p € M
and a null set N C G, and R : D — H is such that R(gh) = R(g)R(h) for all g,h € D
with gh € D and sg = th.

But why do we need two different definitions each time? As it turns out, the measurable
theory of groupoid morphisms spawns a variety of rather inconvenient detail questions.
The first type definition is, in my opinion, the most intuitive one: Not only in the domain
of definition but also in the homomorphy check, a variation on null sets is possible. This
is also what we will get at the end of some of the upcoming theorems. In contrast, the
second definition is slightly shorter and easier to work with, and as such best suited as a
proposition’s premise.

A priori, the second definition is a stronger requirement: There may be essential
homomorphisms of first type which are not essential homomorphisms of second type.
However, after a short time of getting used to these objects, it turns out that both
definitions are mostly equivalent: Every first type homomorphism is also a second type
homomorphism, but on a neglectably smaller domain. A comparable result in a different
context was proven in Theorem 3.2, page 328 of [20].

This equivalence is what I want to show next. As usual, we need another lemma first.

LEMMA 5.3.5. Let N C G be a null set, i.e. v}(N) = 0. Then for v*-almost all g € G,
the set Ny := (G N N)U (¢ (GY N N)) is a null set, i.e. «*9(N,) = 0.

Proof: We know by assumption that
0=\ (N) = / o?(N N GP)dv(p),
M

hence there is a v-null set P C M such that for all p € M\ P, o?(NNGP) = 0. Furthermore,
by the invariance of a Haar system, we have a®9(g~1(G% N N)) = (G N N). So for all
g € G with sg ¢ P and tg ¢ P, we have a*(Ny) < a*9(N NG*9) + (N NGY) = 0. Tt is
left to show that @Q := {g € G|sg € P or tg € P} is a v'-null set.

Obviously we have Q = Q; U Q2 for Q1 = t~'P and Q2 = s~ 'P. We have v'(Q;) =
Sy e?(GPNQ1)dv(p) = [, &P (GP)xp(p)dv(p) = 0 since v(P) = 0. Furthermore, denote by

7' = v o & the measure on G induced by the right-invariant Haar system @& corresponding
to a. Then 71(Q2) = [3; ap(Gp N Q2)dv(p) = [3; ap(Gyp)xp(p)dv(p) = 0 since v(P) = 0.
Since v is quasi-invariant by assumption, v! is absolutely continuous with respect to '
(and vice versa), hence also v*(Q2) = 0. This implies v1(Q) < v1(Q1) + v*(Q2) = 0, which
finishes the proof. O
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Using this lemma, the proof of the actual fact is not hard, albeit a bit technical. The
main idea is to show that a certain set has positive measure and hence cannot be empty,
involving a few set-theoretic computations.

PROPOSITION 5.3.6. Let G = M, «, v, H, r as before. Let (D, R) be an essential local
homomorphism of first type from G to H. Then there is a subset D C D with v*(D\ D) = 0
such that (D, R|p) is a homomorphism of second type.

In particular, if (D, R) is global, then (D,R\D) is a global homomorphism of second
type.

Proof: Let D =W\ Z for W C G open with M C W and Z C G anull set. Let N C G be
a set with v2(N) = 0 and R(gh) = R(g)R(h) for all composable g, h € W with gh € W\ Z
and (g,h) ¢ N. Then by the definition of v, we have

0=1v%N)= /G<2) yndv? = /G/ng xn (g, h)da® (h)dv(g),

where x n is the characteristic function of N, so by elementary measure theory and xyny > 0,
there is a set N1 C G with v*(N7) = 0 such that [5., xn (g, h)da®9(h) =0 for all g € G\ Ny.
Hence for all g € G\ N1 and a*9-almost all h € G*9, (g,h) ¢ N.

Put C := G\ Z. Since I, : G%9 — G is a bijection for all g € G, we have the following
set theoretic computation:

G\ g NG NC) = g 9GP\ g (G N 0))
=g (9G¥ \ g9~ (GYNC)) =g H(GY\(GYNO)) =g~ (GY\O),
hence
GY\(G¥NCNg H(GYNC)) = (GH\C)U(G¥\ (g H(GYNC))
= (G*\ C)Ug (G C) = (G 1 (G\ C)) U (g (G N (G\ O))
=(G¥NnZ)u(g(GYNn2))

By Lemma 5.3.5, there is a null set Ny C G such that (G* N Z)U (¢~ (GY N 2Z)) is
an a®¥-null set for all g € G\ No, ie. Cy := G9NCNg L (GYNC)is conull by the
computation before.

Now for all g € D, put Dy :=G*¥ N DNg 1 (GYN D). Wehave D=W \ Z=WnC,
0 Dy =GINWNCNg HGYNWNC) = (WNG9Ng HGYNW)NC,. For all
g € W, we obviously have sg = g 'g € g {(GY NW) and sg € W NG*I since M C W. So
(WNG¥Ng=HGYNW) C G is non-empty as well as open, hence it has strictly positive
measure. Hence also a*9(Dg) > 0. )

Set D := D\ (N1UDN3),let g e DNW =W\ (N UNyU Z) and define Ry(g) :=
R(gh)R(h)~! for all h € D, = G*9 N DN g 1 (G"¥ N D). Then as shown in the first part,
for almost all h € G*9 we have (g,h) ¢ N, so for almost all h € D, C G*9, we have

Ru(g) = R(gh)R(h)™" = R(g)R(h)R(h)™" = R(g)

by the defining property of a first-type homomorphism. 3

Now let g,h € D N'W be arbitrary with sg = th and gh € D N W. Consider the set
P:={h7lz|z € G, (g9,7) € N}U{y € G*"|(gh,y) € N}U{y € G*"|(h,y) € N}. Because
g, h,gh € G\ Ny and because « is left-invariant, P is still an a®"-null set. Then for almost
ally € Dy, \ P C G*", we have

R(g)R(h) = R(g)Ry(h) = R(g)R(hy)R(y)~"
= R(ghy)R(y)~' = R(gh)R(y)R(y)"" = R(gh)

because (h,y) ¢ N, (g,hy) ¢ N and (gh,y) ¢ N. D, \ P still has strictly positive measure,
so it is non-empty in particular, which implies that indeed R(g)R(h) = R(gh). This
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shows that (D, R| p) is an essential homomorphism of second type, with the same open
neighbourhood of the diagonal W as for the original (D, R). O

So it is now clear that the difference between the two definitions is really just a technical
one (which does not mean it will not be of use). Having that settled, we can now proceed
to the more advanced part of this section. We will soon prove that, like ordinary Lie group
homomorphisms, a local essential homomorphism from a Lie groupoid to another groupoid
can be extended to a global one if the source fibres are simply connected.

The key idea for this theorem will be, as for Lie groups, to take a path from the identity
to any point in the groupoid, cut it in small pieces and define the global homomorphism by
products of these small pieces. Of course more detail will follow soon, but this extension
theorem requires a few more preliminaries to handle the technical details.

Let us start proving the necessary lemmas now. The assumptions of the first one may
seem a bit arbitrary, but the important part here is that they are fulfilled almost everywhere
if NV is a null set.

LEMMA 5.3.7. Let p € M. Let N C G be a set. For alli € N, let h; € GP such that
M (G N (NUNTY)) =0. Let g € GP and let U C GP be an open neighbourhood of g.
Then there is an element h € U such that h; *h ¢ N and h=*h; ¢ N for all i € N.

Furthermore, if o(s7{q € M|a4(G9N (N UN1)) # 0} NGP) = 0, then h can be
chosen with the former property such that o**(G*" N (N UN1)) = 0.

Proof: We have o?(h;(G*" 0 (N UN~1)) = o*hi(G*" N (N U N~1)) = 0 for each i, so
the countable union ;e hi(G*" N (N U N71)) is still a null set. Because o” has full
support as part of a Haar system and U is non-empty and open, we have o (U) > 0. Hence
U\ Usen hi(G*h 1 (N U N71)) has strictly positive measure, which means it is non-empty.
So choose an element h € U \ U;en hi(G* N (N U N1)).

Then for each i € N, we have h ¢ h;(G*" N N), so h;'h ¢ G*" N N). Clearly
t(h;'h) = shi, so hy'h € G*" \ N. Furthermore, we have h ¢ h;(G** 0 N~1), hence
hith ¢ GshinN~! (but still by 'h € G*™), hence h™'h; = (h;'h)™' ¢ N = (N—')~L. This
proves the first required property.

Now assume that a?(s™1{q € M|a?(GIN (N UN~1)) # 0} N GP) = 0. Then the set
U\ (s7Hq e M[a?(GIN(NUN™Y)) #£ 0} UU;en hi(G* N (N U N71))) still has the same
positive measure as U, hence is non-empty. So choose h from this set. Then in addition to
hi'h ¢ N and h™'h; ¢ N as before, we have h ¢ s~'{q € M|a?(G?N (N UN~Y)) # 0},
i.e. sh € {qg€ M|a?(GIN(NUN™)) =0}, ie oG N (NUN~L)) =0. O

This lemma is designed to carefully avoid certain null sets in our extension theorem,
which is necessary because essential homomorphisms are not defined everywhere. The
second part of the lemma allows us to use it for an induction process.

The second lemma will now build on the first one to give us sequences of points in
groupoid fibres, which not only avoid a null set themselves, but also are arranged such that
their products avoid it.

LEMMA 5.3.8. Let W C G be an open set with M C W. Let N C G be any set such
that NN M = (). Let p € M be such that GP is path-connected, oP(s™{q € M|aq(G1 N
(NUNYH)#0}NGP) =0, a?(GPN(NUN1)) =0. Let g € GP such that g¢ NUN!
and o*9(G*¥9 N (NUN~1)) =0.

Then there are finitely many elements hg = p, hi, ..., hn—1, hn = g such that hi_lhi_l'_l €
W for alli € {0,...,n— 1} and h;'h; ¢ N for alli,j € {0,...,n}.

Proof: Let v : [0,1] — GP be a path from p to g. Then since v and the multiplication in G
are continuous and [0, 1] is compact, there is a positive § > 0 such that for all a,b € [0, 1]
with |a — b] < 6, y(a)"'y(b) € W. Choose n € N with n > } and set g; := (%) for all

i
n
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i € {0,...,n}. Then we have g; *g;+1 € W forall i € {0,...,n—1}. Since the multiplication
is continuous and W is open, we can choose an open neighbourhood U; of g; for each
i € {0,...,n} such that U; 'U; 41 C W for all i € {0,...,n — 1}.

Now we use Lemma 5.3.7 for an induction argument: Set hg = go = p ¢ N and
hy, = gn = g. By assumption we have o?(s~1{q € M|a9(GIN (N UN~1)) # 0} NGP) =0,
a®9(G*9N (NUN™Y)) =0and a*ho(G*"0 N (N UN1)) =0, which gives the beginning of
the induction.

For each i € {1,...,n — 1}, choose, using the lemma, an element h; € U; such that
a*hi(Ghi N (NUNY)) =0, hy'hi ¢ N and hy 'hj ¢ N for all j € {0,...,i— 1} U {n},
which is possible since the requirements of the lemma are fulfilled in each step.

By this process we have made sure that for each i € {1,...,n — 1} and each j €
{0,...,i—1,i+1,...,n} we have h;lhj ¢ N and hj_lhi ¢ N. Furthermore, we have
h;'hi = s(h;) ¢ N for all i, hy'h, = g ¢ N and h;,;'hg = g~' ¢ N. So indeed h; 'h; ¢ N
for all 4,5 € {0,...,n}.

By the choice of the U;, we have made sure that hi_thl e Wforallie{0,...,n—1}
since h; € U;. ]

Whenever it gets hard to remember all the technicalities, we just need to keep in mind
that our helpful lemmas give us certain paths through the groupoid which are good in the
sense that they avoid the undefined zones.

We need just one more lemma of this kind. This time, it is less about measures and
more about topology and metrics.

LEMMA 5.3.9. Let G = M be a Lie groupoid with a metric d such that the topology
of G is induced by d. Let p € M, K be a compact metric space and let v: K — GP be a
continuous map. Let W C G be open with soy(K) C M NW.

Then there exists an € > 0 such that for all x,y € K and g,h € GP with di(x,y) < €,
d(y(x),g) < € and d(y(y),h) < €, we have g~ th € W.

Proof: To begin with, on G x G (and a fortiori on G®? C Gx (), we use the product metric
d? with d*((z,9), (y,h)) = d(z,y) + d(g, h), which induces the usual product topology.
On K? we use d3- defined by d% ((a,b), (x,y)) = dx(a,x) + dg (b,y). Other metrics would
work, too.

~ is continuous with a compact domain, hence it is uniformly continuous. The same
holds for 75 : K2 — G®, (a,b) — (y(a)~",~(b)). Let A = {(a,a)|a € K} C K? be the
diagonal. We have mult o y2(a,a) = y(a)"'y(a) = so~v(a) € W for all @ € K, hence
Y2(A) € mult 'W, where mult : G®) — G is the multiplication map. Because W is open
and mult is continuous, mult ™' is also open.

Because mult T is open and v2(A) C mult™'W, for every a € K, there is an
€ > 0 such that the d?-ball Uy, (72(a,a)) € mult ' W. Because A and hence yo(A) is
compact, we can choose finitely many ay,...,a, € K such that we have a finite sub-
cover 72(A) C Uiy Ue,, (72(ai, ai)). Set €g := minj’; €5, > 0. Then if a € K is arbitrary,
and = € U, (y2(a,a)), we have d?(ya(a,a),v2(a;, a;) < € for some i € {1,...,n}, hence
d?(x,vy2(ai, a;)) < 2€9 < 2¢,,, hence x € mult ™'V,

Choose a compact neighbourhood L of v(K) within GP. Because y(K) is compact,
there exists an e; > 0 such that U, (¢g) C L for all g € y(K). Because L is compact, the
restricted inversion map inv|z, is uniformly continuous, hence there is a § > 0 such that for
all g,h € L with d(g,h) <8, d(g,h71) < L.

And because +y is uniformly continuous, there is a d3 > 0 such that for all z,y € K
with dx (x,y) < d2, d(v(2),7(y)) < F-

Using all of the above, set € := min{%,d,d1,€1}. Let z,y € K with dx(z,y) < € and
g,h € GP with d(y(z),9),d(y(y),h) < e. Then because d(g,v(z)) < €1, we have g € L.
So because d(g,7(x)) < §, we have d(g~*,v(x)™!) < L. Because dg(z,y) < 61, we have
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d(v(z),7(y)) < §. By definition we also have d(h,~(y)) < %. Hence we get:

P Rl 2) = (g™, (@)1 @)
g ) ) + ()
<5 +dhy W) +d0(@). 1) <35 =@

This shows that (g7, h) € U, (72(z,2)) € mult W € G®), so mult((¢~, h)) = g 'h €
wW. O

So without further ado, let us look at the main theorem of this section.

THEOREM 5.3.10. Let G = M be a Lie groupoid with simply connected target fibres.
Let v be a quasi-invariant measure on M and o = (a®)zen a Haar system on G. Let H
be a groupoid. Let (D, R) be a local essential homomorphism of second type from G to H.
Then R extends to a global essential homomorphism of second type, i.e. there is a global
essential homomorphism (D, R) from G to H such that R|DOD = R|pp- Any two such
extensions are equal up to changes on a null set.

Proof: All smooth (and second-countable, which is contained in my standard definition)
manifolds are metrizable. So choose, once for the whole theorem, a metric d on G which
induces the topology of GG. This will be used later.

Let W C G be open with M C W and N C G a v'-null set such that D = W \ N.
Because v is quasi-invariant, the set N~! is still a null set, as is N U N~!. Hence for
v-almost all p € M we have m, := o?(GP N (N U N~1)) = 0. Hence we have 7 (s™1{p €
M|my, # 0}) = [y ap(Gp N s {g € M|mg # 0})dv(p) = [y ap(s ' {g € Mlmg # 0,q =
pHdv(p) = [ ap(Gp) - (1 — 6m,,0)dr(p) = 0 as (1 — dpp,0) = 0 v-almost everywhere.
It may occur that a,(G),) = oo, but the computation is still valid in this case. Since v
is quasi-invariant, null sets under v and 7! are the same, so 0 = v1(s™{p € M|m, #
0}) = [y aP(s7Hq € M|m, # 0} N GP)dv(p). Hence for v-almost all p € M, we have
0=aP(s{q € M|my, #0} NGP) =aP(s g e Ma?(GIN(NUN1)) #£0}NGP).

Since N U N~! is a null set, we also have o?(N U N~1) = 0 for almost all p € M. Let
p € M be a point such that this is fulfilled as well as 0 = a?(s~'{q € M|a?(GIN (N U

1)) # 0} N GP). In a more worded but equivalent sense this means that for almost all
g € GP, we have a®9(G*9 N (N UN1)) = 0. So choose g € GP such that this is true and
such that g ¢ NUNL.

GP? is (even simply) connected, so choose a path v : [0,1] — GP from p to g. By
Lemma 5.3.9, there is an n € N such that g~ 'h € W for all z,y € [0,1], g,h € GP with
|z —yl,d(g,7(x)),d(h,(y)) < 2. Set go = p =(0) and g, = g = y(1). By inductive use of
Lemma 5.3.7 as in Lemma 5.3.8, choose g; € U1 (v(%)) for all i € {1,...,n — 1} such that
a9 (G*9 N (NUN™Y)) =0and g;'g; ¢ N for all 4,5 € {0,...,n}. Then by the choice
of n and the construction, we have gi_lgH_l € W\ N, and clearly s(gi_lgiH) = 5(giy1) =
t(gijrll) = t(gijrl1 gi+2) for all i, hence we can define:

Ryngrgn(9) == R(gy " g1)R(g1 " 92) - .. R(9,,219n)

I will now show, step by step, that this definition is in fact independent of the choice of
the g;, of n and of . This is the most tedious part of the proof.

Step 1: Let h; € U1(y(:;)) be another choice of elements for each i € {1,...,n — 1}
such that h; 'h; ¢ N and o (G*" N(NUN™')) = 0. Using the same induction by Lemma
5.3.7 again, this time with the starting elements go, ..., gn, ho, ..., hn,a0. .., ai- L we can
find a; € Ur(y(;)) for i € {1,...,n — 1} such that a;taj,a;tgj, g7 ag, a5t hj, ltaj ¢ N
for all 4,5 € {0,...,n}. Then for all i we have g; 'a;11 € W\ N, aijrllgiﬂ € W\ N and



76 5. MEASURABLE FIELDS OF HILBERT SPACES
gflamla;flgiﬂ =g; 'gi+1 € W\ N, hence
R(g; 'ais)R(a;hgiv1) = R(g; giv1).
Likewise, we have a;lgi,gi_laiﬂ, a;laiﬂ € W\ N, hence
R(a; " g:)R(g; 'ais1) = R(a; "aiy1).

So we compute:

Il
)

9'91) .- R(g, 21 9n)

Rongrgn1(9) = R(go "g1) -
(90 'a1)R(ay 91) (97 'a2)R(a3 " g2) - .. R(g, 1 an) R(ay, " gn)
(90 1)
(a9 a1) ..

90 'a1)R(a; 'ag) ... R(a, ' an)R(ay, ' gn)
R( 1an) = R’Y7n7017---,an—1(9)7
using the former two lines and the fact that ag = go = p and a, = g, = g, so that
R(a, ' gn) = R(sg) = 1sg € Hag.

The n — 1-tuples (g1, ...,9n—1) and (hy, ..., h,—1) are completely interchangeable here,
so we get the analogous result for the h;:

I
N NI

aa1

Ry nhiehn (9) = Ry nar,an—s (9)
Consequently, we have equality between the two choices and denote:
Ry n(9) = Rymgi,n1(9) = Bynohy,h 1 (9)

Step 2: Let m € N be another natural number such that g='h € W for all z,y € [0, 1],
g, h € GP with |z — y|,d(g,7(2)),d(h,(y)) < 2. Using our beloved Lemma 5.3.7, choose

a; €U (y(:5)) foralli € {1,...,nm—1} such that a; ta; ¢ N for all i,7 € {0,...,nm},
where ag = p and ap, = g. Then because U1 (7(55)) € U1( (-L)) foralli € {0 ,mm}

m|:L<%forallje{1,...,m},WehaweaZ aZﬂEW\NforzSnm—j

by the choice of n. Likewise, we have a; 'a;y; € W\ N for all j € {1,...,n} and all
i € {0,...,nm — j} by the choice of m. This implies that R(a;laiH)R(a;&laHj) =

R(a;'a;1;) for all j € {1,...,max(n,m)}, so inductively R(a; ‘a;11)... R(a;},_1Giym) =
R(ai_lai+m) for i € {0,...,(n—1)m} and R(a; 'ai1).. .R(ai__i_ln_lai_,_n) = R(a; 'a;n) for
i€40,...,n(m = 1)}.

Set gz =y, for all i € {0 ,n} and h; := a;y, for all i € {0,...,m}. Then as noted
before, g; € U1 (y(%)) and g; 'g; §é N a fortiori since this is true for the a;, and likewise for

the h;. By Step 1 of the proof we can use these g; and h; to define R, ,(g) and Ry, (9g),
respectively. By this fact and the previous explanation, we deduce:

Ryn(9) = R(gy '91) - R(9,219n) = R(ag 'am) ... R(ag,” 1, anm)
= R(ag'a1)...R(a,;! jam). .. R(a&l_l)ma(n,l)mﬂ) . R(a;} anm)
= R(aalan) .. .R(a;(lmil)anm) = R(halhl) .R(h,, 1 “1hm) = Rym(9),

which shows independence of the choice of n. Hence we denote, for any large enough n € N:

Rv(g) = R’y,n(g)

Step 3: Let 79,71 : [0,1] — GP be two paths from p to g. Since GP is simply connected,
there is a continuous homotopy 7 : [0,1]?> — GP from g to v1. So we have ; = 1(i, ) for
both i and 7(-,0) = p, n(-,1) = g. By Lemma 5.3.9, choose an n € N such that for all
z,y € [0,1]? and all g, h € GP with ||z — y||,d(n(z), 9),d(n(y),h) < 22 we have g~ h € W.
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Using this n, define n; := n(%,-) for all i € {0,...,n}. Furthermore for all i €
{0,...,n—1} and all j €{0,...,n+ 1}, define

77z+1(7‘)a r < %
nij 2 [0,1] = Gay mij(r) i= (L ), D <r <2
ni(r), L <r

Note that n;; is still a continuous path from p to g, 771](%) = Th'(%), Mo = 0 and 1; p41 = Nit1
for all ¢, j. Furthermore we have 799 = 10 = Y0 and 7,—1,n+1 = n = 1.

Foralli € {0,...,n} and all j € {—1,0} set g;; :==p, and g; j := g for j € {n,n+1,n+
2}. Using Lemma 5.3.7 once more, choose g; j € U1 (n(%, %)) for all i € {0,...,n} and all
j€{1,...,n—1}, such that g[’jlgm ¢ N foralli,k € {0,...,n}andall j,l € {—1,...,n+2}.
Then by the choice of n and the fact that ||(ZL, %) — (4, %)H =1(1,-2)]| < 3, we
have g; 'y ;_1gij41 € W\N foralli € {0,...,n—1} and all j € {0,...,n+1}. By likewise
arguing, we also have g;}y i 19ij, 9 9ij+1> 9i1j-19i+1.> 9ip1,;9i5+1 € W\ N. So using
that R is a local essential homomorphism on W \ N, we find that

R(g;h ;1915 R(g; ) 9ij+1) = R(g:75 j 19i511) = R(gih ;19041 R(9,75 ;9i511)-
For all 4,j and all z,y € [0,1] we have n; j(z) = n(Z) and n; ;(y) = n(y) for some
z,,9 € [0,1]* with [|Z — g|| < 2|= — y|, namely

(i+1,2), x < %1
2= (o), e o <
(i,x), L <z
and likewise for y. Verification of the equation above is just case distinction with the three
possible steps for x and y. This assures that Ry, .(g) = Ry, ;»(g) and that the latter is
defined; that n is large enough with respect to d and 7; ;.

Choose i € {0,...,n — 1} and j € {0,...,n}. We have g; 11, € Ux(n(ttL k) =

n’n
Ui(mij(E) for all k € {1,....,5 — 1} and g;x € Ur(n(%, %)) = UL(mi;(%)) for k €
{j,...,n — 1}, hence by the previous two steps,
Rm‘,j (9) = R'rli,j7n»gi+1,1a~~-7gi+1,j71:gi,jw-’gi,nfl(g)
= R(9;4.09i41.0) - - R(9754 5 _09i15-1)R(9554 ;_1915) R (93} 9ij+1)
- R(g; ' 1915+2) - - R(gip_19in)
= AR(g; 14 j19i.)R(9; 9ij+1)B
for A = R(g; ), 09i+1.1) - R(gi}1 j_a9i15-1) and B = R(g; )\ 19i542) - - R(gip_19im)-
Likewise, we find that:
Rm,j+1(9) = AR(gi__yle—1gz‘+1,j)R(gi_+11,j9i,j+l)B
As shown before, we have
R(gi3h j1905) R gig+1) = R(g534 19015 R(93Y j965+1),s
so indeed Ry, .(g9) = Ry, ;,,(g). By finite induction, this implies that R,,(g) = Ry, ,(9) =
Ry, ..1(9) = Ry, (g9). This is true for all i € {0,...,n — 1}, hence by one more induction,
R, (9) = Ry (9) = Ry, (9) = Ry, (g), which is the required result. Hence, we may define
R(g) := Ry(9)
for any path v from p to g within GP.

Step 4: Domain of definition: Define Z := {q € M|a4(G?N (N UN~1)) # 0}. All of the
above construction was done for an arbitrary p € M such that o?(GPN(NUN"1)) =0
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(ie.p€ M\ Z) and a?(GPNs~1Z) = 0, and an arbitrary g € G withtg=p, g ¢ NUN~!
and a*9(G*9 N (NUN)) =0. So set N*:= NUN~! and define:

Di={g € G\ (N5)|0 = a'9(G" 1 (N*)) = *9(G* 1 (N*)) = a(G¥ 571 7)),

which is co-null within G because N and s~'Z are null sets. This was already discussed
in more detail before. Hence the construction from before gives us a well-defined map
R:D — H.

Step 5: We will show homomorphy now. Let g,h € D be arbitrary with sg = th
and gh € D. Set p = tg, ¢ = th = sg. Let v : [0,1] — GP be a path from p to g and
Yn : [0,1] — G? a path from q to h. Define yj9 1) — GP by

Yy(2r), r< 1
o= {0 s
g2r —1), r> 3

for all » € [0, 1], which is a continuous path from p to gh by ~4(2- %) =g=9q9=g7(2 % -1).
Let n € N be large enough to define R, (g), Ry, n(h) and R, ,(gh). Then a fortiori, also
R, 2,(gh) is defined.

Let K be a compact neighbourhood of v,([0, 1]) C GY, which exists because G is locally
compact and ~,([0, 1]) is compact. The map [, : G¢ — GP, a — ga is continuous, hence
lg| i is uniformly continuous. So choose an € > 0 such that d(ga, gb) < % for all a,b € K
with d(a, b) < e. Without loss of generality, choose this € such that also U(y,(£)) C K for
all i € {0,...,n} and such that € < 5-.

Set go = p and g, = g. We have g, gh € D by assumption, so p,g,g~ ", gh,h g~} ¢ N,
a*9(G9N(NUN)) =0 =G n(NUNT)), a?(GPN(NUN-Y)) =0 and
af(GPNs~1Z) = 0. Hence using Lemma 5.3.7, we can choose, inductively, g; € Ue(74(L)) C
GP foralli € {1,...,n—1} such that g; 'g; ¢ N, g; "'gh ¢ N and (gh)"'g; =h~'g7'g; ¢ N
for all 4,5 € {0,...,n}, as well as a®% (G*% N (N UN~1)) = 0.

Furthermore, by h € D we have ¢,h,h~' ¢ N, o*"(G* N (N UN"1)) =0, (G4 N
(NUN"1))=0and a?(GINs~1Z) = 0. We also have a*(¢" 9 (G50 '9) 0 (N UN1)) =
a®9i (G99 N(NUN1)) =0 for all j € {0,...,n}. So set hg = ¢, h, = h and by using
Lemma 5.3.7 again, choose, inductively, h; € Uc(y, (L) for all i € {1,...,n — 1} such
that o (G N (NUN-Y) =0, hy'h; ¢ N, h;'g7g; ¢ N and g;'gh; ¢ N for all
i, €{0,...,n}.

Now for each i € {0,...,n}, set ¢; := g;, and for each i € {n+1,...,2n}, set ¢; := ghj_p.
Then for each i € {0,...,n} we have

)=V S UL,

» ),

¢ =¢i € Ue(fyg(ﬁ
and for each i € {n+1,...,2n} we have

¢ i
) =Us(9m(25- ~ 1) =Ur(r(z,).

2n 2n

T—mn 1—n
) S U (g

ci = ghi—n € 9U6(7h<

We also have ¢y = p, ¢, = g and c2,, = gh. We need to check that cz-_lcj ¢ N for all
i,j € {0,...,2n}. The specific choices of the g; and h; were to make this sure. Namely
there are the following cases:

If 7,5 <n, then ci_lcj = gi_lgj ¢ N by the choice of the g;. If i,j > n, then cz-_lcj =
(ghi—n) tghj—n = h;_lnh]-,n ¢ N by the choice of the h;. If i <n and n < j < 2n, then
ci_lcj = gi_lghj,n ¢ N and cj_lci = (ghj_n)"tg; = hj__lngflgj_1 ¢ N by the choice of the
hj. If i <n and j = 2n, then ¢; '¢; = g; 'gh ¢ N and cj_lci =h~t'g7'g; ¢ N by the choice
of the g;. These are all possible cases, so indeed ci_lcj ¢ N for all 7,5 € {0,...,2n}.

Lastly, we can be sure that a*(G*% N (NUN~!)) = 0 because sc; = sg; or s¢; = sh;_p
and the g;, h; we chosen in this way.



5.3. MEASURABLE HOMOMORPHISMS OF GROUPOIDS 79

Hence R, 2n.c,,....con_, is defined and by the steps 1 to 3 we know that

R(gh) = Ry2n.ecy,...con_1(gh).
Because € < 1, g 'g; ¢ N, a®%(G*9 N (NUN™Y)) =0 = oG N (NUN~)) and
h;lhj ¢ N for all i.j € {0,...,n} by the choices made before, we also have R(g) =
Ry ngr,ngn-1(9) and R(h) = Ry, o hy byt (D).
Hence we finally compute:
R(gh) = Ryoner,.comr = R(cyter) ... R(c; yen)R(cy b ent1) - - R(cgr (can)

= R(gy'91) - R(9,"19n) R(g™ " gh1) R(hi g™ gha) ... R(h; 19" ghy)

= R(g5'91) - R(9,19n) R(hg " hn) .. R(hy,t B

= Ry ngrreosgn—1(9) By iirin s (B) = R(g)R(R)

Because ¢, h € D were arbitrary, this shows that (ZND, R) is indeed an essential homo-
morphism of second type.

Step 6: Let us now show that R|D0D = R|pnp- To do this, let g € DND=DNW be
arbitrary. Set p = tg. By assumption, GP N W is connected and p € GP N W, so choose a
path 7 : [0, 1] — GPNW from p to g. Choose n € N large enough and g; € WNU1 (7(%)) for
i€ {1,...,n—1} suitable to define Ry, ¢, . g, ,(g), which is possible since W is open and
’y(%) € W. Then for all i € {0,...,n—1} we have g5 'i9; 'gi+1 = 95 "gi+1 = gi+1 € W\N,
so because R is a local essential homomorphism on W\ N, we have R(g, 191'9[ 192’+1) =
R(go 1gi+1), and hence by induction:

R(9) = Ryngingu-i(9) = Rlgg ' g1) - Rgp1190) = Rlgg ' gn) = R(g)

Step 7: Now, assume that (E, P) : G --+ H is any global essential homomorphism of
second type such that P|gnp = ]:2] EnD- I claim that there is another set ]i’ C END which
is co-null in G such that P|r = R|F, so that in this sense, the extension R is unique up to
null sets. ~

Namely consider the set L := (G'\ F) U (G \ D), which is still a null set as union of
null sets. Define Zy, := {q € M|a4(GIN (LU L™')) # 0} and
F:={ge G\(LUL™ |0 = (GYN(LUL™)) = o*9(G*¥N(LUL™Y)) = o (G¥Ns1Z,)}
like in step 4 with L instead of N, which is co-null as discussed before. By construction,
FCEND.

Let g € F be arbitrary. Put p = tg. Since GP is connected, choose a path 7 : [0, 1] — GP
from p to g. Use Lemma 5.3.9 to choose an n € N such that for all z,y € [0, 1], g, h € GP with
|z —y|,d(v(x),9),d(y(y), h) < %, g th € W. We have o?(GPNs™1Z}) = 0 by construction

of F, so we can once more apply Lemma 5.3.7 inductively to obtain g; € U (v(:)),

i€{l,...,n— 1}, such that g;lgj ¢ L for all i,j € {0,...,n}, where go = p, g, = g. By
the choice of n, we have g, Lgir1 € W. Using this precise setting, the following intuitive
computation is actually valid:

R(g) = R(gy " 9191 "92 - 9 190) = R(g " 91) - - - R(g, " 19m)
= R(gg'91) .- R(9,119n) = P(gg ‘1) .- P(9,219n)
= P(95'91- - 9n219n) = P(9)
In the first line we use that g;” 1gj € D and that R is an essential homomorphism. In
the second line we use that g, 1gj € DN DN E and that all three maps are equal on
this intersection. In the third line we use that g; 1gj € F and the fact that P is an

homomorphism. 3
Since g € F was arbitrary, this shows that P|p = R|p as required. O
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In a moment of humour, I called the theorem that we have just proven the “Sausage
Theorem”. The reason for this name is the following idea: In the classical Lie group case,
we just choose a path from the identity to an element, follow it step by step and are done.
In contrast, with essential homomorphisms we need to keep a whole neighbourhood around
the path to be able to avoid the unwanted null sets. In my imagination, this neighbourhood
looks like a tube, or perhaps, a sausage. The name may not be the most fitting one, but it
brought me a spark of joy, which I hope to share with my readers through this anecdote.
Time will show whether it sticks. For now, let us finish this chapter and prepare for the
first part of the actual integration theory in the next one.



CHAPTER 6

An Integration Theorem for the Euclidean Space

The last of the more independent foundations have been laid out in the last chapter and
it is now time to begin proving the first of our integration theorems for representations of
a Lie algebroid. This first one will be suited for the pair groupoid over the Euclidean space
R™, which has a particularly convenient structure: Namely, we always have the coordinate
vector fields as a global, complete, commuting frame for the tangent algebroid, and the
exponential map is easy to write down and understand, as well as its inverse.

6.1. From Differential Operators to the Groupoid

The integration process will take two distinct steps: First we go from representations
of the differential operator algebra to representations of the groupoid itself, in the sense
of essential global homomorphisms to a unitary groupoid. This step is the hardest one
and the reason for most of our technical foundations. In the next section, I will then show
how to integrate further to a representation of the groupoid algebra, which is a bit more
routine.

Proving the first integration theorem requires, beyond the basis laid before, a variety of
specialised lemmas. The main ingredient will be a certain set of unitary operators obtained
by taking the exponential of coordinate vector fields under functional calculus. The precise
properties of these exponentials need to be understood first. The goal for now shall be
to show that these exponential operators are decomposable, which is true under a few
technical caveats.

Let us start with a simple lemma from the realm of manifold analysis:

LEMMA 6.1.1. Let M be a smooth manifold and X € X(M) a complete vector field with
flow 6. Then for allt € R and all f € C°(M):

X(f)ob;=X(fob)
Proof: Let p € M be arbitrary. By definition of flows, we have X (q) = %h:o@t(q) for all
q € M, so

d d

X(f)o0:(p) = X(0:(p))(f) = (& o 05(0:(p)))(f) = (@ szof 0 05 0 0:(p))
d d
=1 5:0f093+t(17) =% 5:0f09t °0s(p)
~ | 0w o0 = XG)( 00) = X(700)0) 0

The second lemma details a few properties carried by the exponential of a Lie algebroid
section. Any reader not familiar with those exponentials is welcome to think only of the
pair groupoid case, where the exponential of a vector field is given by its flow, as this
will be our main environment anyway. Only for now I will keep the slightly more general
context for possible future applications.

LEMMA 6.1.2. Let G = M a Lie groupoid with induced Lie algebroid

A= T,(Gp) - M
peEM

81
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and its anchor p = Tt|4. Let a € T'(A) have compact support. Then a is complete, i.e.
exp(ra) € 'y (G) is defined globally for all r € R.

Furthermore, for all r € R denote ¢, :=toexp(ra): M — M and let 0 be the maximal
flow of p(a) € X(M). Then ¢, = 0,.

Proof: By Proposition 3.6.1., page 133 in [14], there are ¢, > 0 and U, € M open
for all p € M, such that exp(ra) € I'y,(G) is defined for all |r| < ¢,. Since suppa is
compact, choose finitely many p,...,p, € suppa such that suppa C U := |JiL; Up,. Set
€ :=min}; €,, > 0. Then for |r| < ¢, exp(ra)(p) is defined for all p € U. For p € M \suppa,
set exp(ra)(p) := p € G)p. Using this definition, exp(ra) : M — G, p — exp(ra)(p) is a
well-defined smooth map since exp(ra)|\suppa(P) = exp(0)(p) = p for all p, so that both
definitions are compatible.

We have ¢, o ¢, = texp(za)texp(ya) = texp(za) * exp(ya) = texp(z + y)(a), so ¢
is a flow, and % o or(p) = Tt %‘r—o exp(ra)(p) = Tt(a) =: p(a), which proves that

¢ generates p(a). Using this, we know that ¢(U) = #/@Iv(U) = U and ¢|y : U — U
is a (compactly supported) diffeomorphism. ¢ is an extension of this by the identity,
hence a diffeomorphism, hence exp(ra) € I'jy/(G) as required. We can now also define
exp(ra) := exp(~a)" for every r € R and any sufficiently large n € N, which is well-defined
and smooth because exp is a local homomorphism. O]

Combining these two lemmas, we can prove the following more interesting proposition.
The proof uses a simple idea from elementary analysis: If a function has 0 as its derivative,
then it is constant. This old idea applies nicely to our unitary operators, though in the
more advanced environment of Banach algebras.

PROPOSITION 6.1.3. Let (G == M,w) be a volumetric groupoid with source s and
target t and let A — M be the corresponding Lie algebroid with anchor p. Let H be a
Hilbert space, R : Diff(G) — O(H) a representation and r : Co(M) — B(H) a continuous
representation such that v(f) = R(my) for all f € C°(M) (where my(h) = fot-h). Let
a € T'(A) be a complete section and let g € C°(M) be such that R(mg + L,) € O(H) is

essentially skew-adjoint. For x € R, define the unitary operator U, := e*1(mg+La) ¢ B(H).
Let f € C°(M).
Then for all x € R, we have

Ugr(f o ¢2)Us = r(f) € B(H),

where ¢ :=t oexp(za) for the exponential map exp : I'(A) --» ['(G).

Proof: Let 6 be the maximal flow of p(a). Then we have

d d d
Glote= g Fotot=(3 | 8)(f) o0 = pla)(f) oo

d
—fogs =
dx dx y=0 Yly=0

by Lemma 6.1.2, so because r is continuous and linear, %r(f o ¢g) =r(pla)(f) o ¢z).

Furthermore, R(my + L,) € O(H) is self-adjoint by assumption, hence

U, = ezR(ngrL,l)



6.1. FROM DIFFERENTIAL OPERATORS TO THE GROUPOID 83

is unitary (bounded, in particular). The product rule for differentiation applies and yields
for every v € dom R:

Ao el _ A e Rg LD (£ o b\t ROme T La)
G Uer(foda)Usv = (e TEOr(f o gg)et M T y)

= — e OB RGmy L) (f o g et E)y
e M EDr (p(a) () 0 g e T0MHEDy
e TOUTETL(f 0 6,)e T T R, £, )0
= U (=R(mg + La)r(f 0 6) + 1(p(a)(f) © 62) +7(f 0 ¢2)R(my + La)) Uso,

using that R(mg + L,) commutes with exponentials of itself. Proceeding with the inner
term, we get

— (Rlmg + Lar(f 0 60) + r(p(a)(f) © 60) +7(f © 60)Rlmy + La) ) w
= R(=(mg + La)Mfos, + Mp(a)(f)os, + Mfogs (Mg + La))w

= R(—myg.fop, — Mfop,La = Mp(a)(foss) T Mp(a)(f)ods T Mfopeg + Mfop, La)W
= r(p(a)(f) o ezt - p(a)(f o ew))w =0

for all w € dom R, using Lemma 6.1.1. Hence dd r(fo¢y)Uy =0, s0

Upr(f o ¢z)Us = Ugr(f o ¢o)Uo = 7(f)
for all x € R. O

As mentioned before, we aim to prove that the operator given as the functional calculus
exponential of a coordinate vector field is decomposable. For technical reasons, we have to
make the following adaptations: Half of the divergence of the vector field has to be added
to ensure the vector field is actually formally skew-adjoint. The resulting operator has to
be closed to make it actually skew-adjoint, and then we need to pull back by a flow map
to keep the fibre constant. This results in the following decomposability theorem, which is
now relatively easy to prove using the previous lemmas.

THEOREM 6.1.4. Let (G = M,w) be a volumetric groupoid with Lie algebroid A and
H — M a Hilbert bundle. Let v be a Borel measure on M. Let H — M be a Hilbert field
(with respect to the Borel o-algebra of M ). Set K := L*(H,v). Let R : Diff?(GQ) — O(K)
be a x-representation such that r : Co(M) — B(K), f+— Ty is a continuous representation
with v(f) = R(my) for all f € CX(M).

Let a € T'(A) and g € C°(M) be such that R(L, + my) is essentially skew-adjoint.
Set U, = e*illatmy) ¢ = toexp(za) and K, := L*((¢7 ") H,v) for all z € R. Then
(pz1)* oU, : K — K, is a decomposable operator.

Proof: 1t is a known fact that C2°(M) is not norm-dense in L*°(M, v), but weakly *-dense.
For example, the case where M is an open subset of R? is proven in [9], Theorem 7. So for
each f € L®(M,v), we find a sequence (f;)ien C C°(M) such that for all g € L*(M,v),
lim; o0 [y figdv = [y, fgdv.

So let f € L*°(M,v) be arbitrary and choose a uniformly bounded sequence (f;)ien C
C°(M) which converges to f in the weak *-topology. Let £ € K be arbitrary. Then the
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function M — R, (£,€) : p+— (£(p),&(p))m, is in L'(M, v). Hence we find that
156 = FlEa = [ (= S, fig — fO) v
— [ (Rt FF=0f - Fi)EO D
= [ (= DTE=De.&) v

< i~ flle [ 1= SN € dv =0

and thus f;¢6 — f€in L?(H,v). We know that |f; — f| — 0 *-weakly because f; — f — 0
*-weakly and |- | : L°(M) — L°°(M) is continuous.
Hence by Proposition 6.1.3, we have

(Ty(62 ") Ua)(§) = £(6; ) Ua(€) = lim fi(6; ") Va(€)
= U (T,og09-1 (67 1) Un)(€) = im (67 1) T,opUs (€)
= lim (¢, ") " UaTy,(§) = (67 1) U T(8),
in the weak *-topology. So since ¢ was arbitrary, T (¢, 1)U, = (¢, 1)*U,Ty. Hence by [5],
Theorem 1, page 187, the continuous linear operator (¢, 1)*U, is decomposable. ]

Before we can prove our first integration theorem, we need one more lemma, which is
only a short computation on Radon-Nikodym derivatives. It plays a technical role in the
upcoming main proof.

LEMMA 6.1.5. Let M be a smooth manifold and v a measure on M. Let ¢ : R™x M — M
be a flow (i.e. ¢y 0Py = Pgiy for all z,y € R™) such that (¢pg)«v <K (¢y)«v for all z,y € R.
Then we have:

dv dv o by = dv
d(d-z)v d(p—y)sv " d(P—gmy)sv
Proof: Let f: M — R be v-integrable and z,y € R™. Then we have:

dv dv
e =0 Gd(9-ay)v

-/ <fd(¢d”)>¢ . ;y) A(f2)s (D)o
(

dv dv
~7 . N |° x ———d(¢— *
d<¢_x>*u> TR G

:/M<fd(¢d_$)*>od> oy = /f *y—/fdl/

Since f was arbitrary, this implies that (almost everywhere).
dv dv dv

(@) ¢ = D
d(f—o)v d(d—y)s " d(P—g—y)sv
Having this settled, let us formulate and prove the first integration theorem.
THEOREM 6.1.6. Let M = R™ and let w € Q™(M) be a volume form. Let (G =
M x M = M, priw) be the corresponding volumetric pair groupoid. Let H — M be a

v-Hilbert field for a quasi-invariant measure v and K = L*(H,v). Let R : (Diff (M), *.,)

(Diff (M x M), *prsw) — O(K) be a representation such that R(myg) = r(f) = Ty for

all f € CX(M), where r : Co(M) — B(K) is a bounded representation. Let Lap =
(95 + 5 divy,(0;))? € Diff (M) be the Laplacian with respect to w.
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If R(Lap) € O(K) is essentially self-adjoint, then there is a local essential homomorph-
ism of first type P : G --» U(H) with

P(p,q) = (W) 2 (p) (qb;_qeé((qu)(m% diva))) (q)

for almost all (p,q) € G close enough to the diagonal, where ¢, (p) =p+ x.

Proof: Consider the operators 4; := R(Ly, + 3maiv, ;) € O(K), i € {1,...,m}, and
for v € R™, A := Y72, x;A;. We know that [0;,0;] = 0 within Diff (M) (by Schwarz’s
Theorem), so by Theorem 3.2.17 also [Ls, + %mdivw ais Lo, + %mdivw o;] = 0 and hence
[A;, Aj] =0 for all 4,5 € {1,...,m}. The differential operators 9; = Ly, + %mdivw 9, are
formally skew-adjoint by construction, so A; is skew-symmetric in O(K), as is A for all
x. Skew-symmetric operators are closable, so let B = (3_1"; x;A;) be the closure and
U, = e*B ¢ O(K) (this definition is possible because B is skew-adjoint, as detailed
in the next paragraph). The first step now is to show that this is well-defined and that
UzUy = Uy for all sufficiently small 2,y € R™.

Let L = R(Lap) = 1", A7 € O(K), € == |A1| + -+ + |An] € |O(K)| and a =
|L| + |idx|O(K)| in the set of absolute values of operators (see the second chapter in [18]
for details on this). By [18], Lemma 6.2, page 588, « analytically dominates £ (this lemma
can be applied because the Lie algebra generated by Ai,..., A, is finite-dimensional since
the operators commute on their domain). Let E := (),,cy dom(L") be the common domain
of all powers of the Laplacian’s closure (note that dom R C E because R is invariant).
Then by [18], Lemma 5.2, page 14, we know two things: Firstly, the operators zA are
all essentially self-adjoint, hence U, is well-defined and unitary. Secondly, there are an
s > 0 and a dense subset E“ C E such that for all v € E¥, Heszzzl IBilely|| < 0. More
explicitly:

% (n
n=0 " 1<it .. in<m

The above formula contains compositions of the B; in different orderings. But the
expectation is that the order does not matter here, because we have started with commuting
vector fields. Indeed, we know that the operators A; are skew-symmetric. Hence their closures
B; are also skew-symmetric, which then implies that the Lie bracket [B;, Bj] = B;Bj — B;B;
is again skew-symmetric. In particular, it is closable. Hence we have 0|qom r = [4i, 4;] C
[Bi, Bj] C [B;, Bj|. Because the right side is closed and dom R C K is dense, this implies
that [B;, Bj] = 0. Namely let v € dom[B;, Bj] C dom [B;, B;]. As dom R is dense, choose a
sequence (v;) C dom R which converges to v. We have [B;, B;|(vi) = [Ai, A;](v;) = 0 for all
i, so in particular, [B;, Bj](v;) = [Bj, B;j](v;) converges to 0. Since [B;, Bj]| is closed, this
implies [B;, Bj](v) = 0.

In particular, we have BB’ (v) = B/ (v) for all I,J € N™ and v € E“. Using
this commutation and the absolute convergence from Nelson’s Lemma, we can write our
exponentials as power series and see that for z,y € R™ with ||z||e + [|y]|cc < s and v € E¥,
we have:
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Z
n=0 k=0
- ii ) (") (Z ) <”>yJBJ<v>)
n=0 ™ renmti=n \L K enmgizn \7
Z TJ'xIBI JBJ Z Z 7}' 21 BT JBJ( )
IeN™ JeNm |1\+|J|
-3 S BB = 3 (e 0B 0) = U0
+l=n n=0

For this computation, we used that the operators B; are closed and the partial sums
are absolutely convergent by Nelson’s Lemma and |z!| = []7; |2}*| < s/l to obtain the
third line. Because U,U, and U, are bounded and E“ is dense in K, we conclude that
UrpUy = Upy for [|2|oo + [|Y]loo < 5. In the proof of this fact I used details from Nelson’s
theory to generalize his results.

For x € R™, let ¢, := toexp(xd) = 92} 0---0 92:2 with the respective maximal domain
inside M, where 6% is the flow of §;. In this case, we have explicitly: ¢,(p) = p + z. Note
that ¢piy = P2y = Py, for all x,y € R™ since [0;, ;] = 0.

Let @, := ((¢p2)™")* : L2H — L?*(((¢2)~')*H). The operator ®,U, is decomposable by
Lemma 6.1.4, so there is a section £ € L®(B(H, (¢—_)*H)) such that ®,U, = [, &dv. For
all pe M and ||z« < s, set Uz(p) := &(p).

The next step is to show that for all z,y € R™ with ||z||+||y|| we have U (qb y0)Uy(p) =
Uziy(p) for almost all p € M. To do so, define ¥, = (¢,)"1)* : L*((¢—)*H) —
L2((¢—y)* (6—o)* H) = L2((¢—p$—y)* H). Then for all o € L2H, p € M,

Uy Py (0)(p) = 0(d—y—2(p)) = 0(9—2—y(P)) = Payyo(p),
hence ¥V, ®, = ®,,.
It follows that

Oy yUpiy = Py UnUy = U, 0,U,U, = U,3,U,(9,) ' ®,U,

Let ¢ be a section with [};édv = ®,U, and x a section with [}, ydv = ®,U,. Let
o € L?H be arbitrary. Then we know by the previous results that for v-almost all p € M:

Upty(p)(0(p)) = Pt yUsiy(o)(p) = q’yq)wa(q)y)_l‘I)yUy(U)(p)

= ([ can@,) ([ xan)(o)(6-)

= &0~y ) (@) ([ xd)()(6-0))

=0, ([ xd)(o)p)
= &(9—y(P))x(P)(0(p)) = Us(¢—y(p))Uy(p) (o (p))

Since {o(p)|o € L?H} is dense in H, v-almost everywhere, this implies that

Uz+y(p) = Uz(¢—y(p))Uy(p)

for almost all p € M, just as required.
There is yet another small problem to solve here: The operator ®,U, is decomposable,
but no longer unitary. To get this property back, we have to multiply with a Radon-Nikodym

term. Namely by Lemma 5.1.11, the operator ( —0¢_ ) @, : L°H — L*(¢* ,H) is
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indeed unitary. So ( a ¢ op_ ) &, U, is unitary as the product of the unitary operators
U, and ( a0 ¢ op_ ) z, and decomposable as the product of the decomposable
operators T 3 and ®,U,. Hence the operator ((d z)*y op_ ) ) (q) :

dv 0Py
d(¢—z>*V
H, — H,_, is well-defined and unitary for almost all ¢ € M by Proposition 3, page 182 in
[5].
For each = € R™ with |z|| < 5, let N, € M be a null set such that

((d(gbdZ)w o m)é ¢>xe> ()

is unitary for all p € M \ N,. Define N’ := UxeRm,llle%{(q —,q)|q € Ny}, which is a null
set in G.
For any (p,q) € M x M with ||p — ¢|lec < 3, define
1

dv 2
P =|—— N
(p> Q) (d((bp—q)*V) (p)(¢p—q q p)(q)

Define W := {(p, q) € M?|||p — ql|oo < 5}, which is an open neighbourhood of the diagonal,
and N =W N N’, so that P(p,q) is unitary for all (p,q) € W\ N.

I claim that P is a first-type local essential homomorphism. To show this, let first
x,y € R™ be arbitrary with [|z[], [|y|| < 5. Then by the previous argument and Lemma
6.1.5, there is a null set N, , C M such that d(¢‘i’;)*u(p) . o ¢x(p) = ﬁ(p)
and ©,U,(p — y)®,Uy(p) = PoyyUsty(p) for all p € M\ N%y Deﬁne

S
Ny := {(r—l—x—i-y,r—l—x) | T,y € Rm: ”:UH7 HyH < §7T = Nx,y}7

which is a null set in G.

Now let g = (p,q),h = (q,r) € W\ N such that gh = (p,r) € W\ N. Set z =p—gq
and y = ¢ — r, so that g = exp(20)(q) and h = exp(y9)(r). Then if also (g,h) ¢ Na, we
have r ¢ N, , and hence:

PP = () v () e

1

dv dv 2 . .
- (d(gf)x)*y(p)d(%)*y(p_x)) (3U—2)(@)(85U—y)(7)

= ( e (p) dv °© ¢—z(p)> 2 S U o(r+y)®_,U_y(r)

d(¢z)«v " d(dy)wv
1
dv 2
—(—Y )] e U
(d(¢x+y)*y( )) Yy y( )
1
dv 2
= e T — * r— = P s
(d(¢p—r)*y(p)> ¢p*TU p(r) (p T)
As g, h were arbitrary, P: W \ N — U(H) is indeed a local essential homomorphism

of first type. O

After this laborious proof, let us enjoy the freshly proven theorem’s fruits by combining
it with one of our previous results to quickly get an even more pleasant result. We get the
following corollary:



88 6. AN INTEGRATION THEOREM FOR THE EUCLIDEAN SPACE

COROLLARY 6.1.7. Under the assumptions of Theorem 6.1.6, there is even a global
essential homomorphism of second type P : G --+ U(H) with

P(pu Q) = (d(qﬁji%y) 2 ( ) <¢p7 (q P)(a-i— d1V8))> (q)

for almost all (p,q) € G close enough to the diagonal.

Proof: Let Py be the local essential homomorphism of first type obtained from Theorem
6.1.6 with domain W \ N for a null set N C G and a neighbourhood of the base space
W C G. By Lemma 5.3.6, there is another null set No C G such that P()\W\N2 is a local
essential homomorphism of second type. This extends to a global one by the Sausage
Theorem 5.3.10. 0

Summarizing this section, we started with a representation R : Diff®(M x M) —
O(L?H) of the differential operator algebra over M = R™. We assumed that it maps a
Laplacian element to a self-adjoint operator. A representation with this property we can
now rightfully call integrable, for we have proven it to integrate to a representation (an
essential global homomorphism of second type) P : M x M --» U(H) of the pair groupoid.
This first integration map shall be denoted int;, setting int;(R) := P in the notation of
Theorems 6.1.6 and 6.1.7.

6.2. From the Groupoid to its Groupoid Algebra

Now that we have completed the first step of the integration for the Euclidean space, this
section will consider the second step, being the integration from groupoid representations to
groupoid algebra representations. The theorems from this section are thankfully a bit easier
to prove and also a bit more general than those before. Most of the relevant computations
have been done by other authors before in different contexts, yet it is useful to lay them
down here in a condensed and adapted manner.

To begin with, recall the I-norm on a groupoid with Haar system A: For f : G — C,

I£1l7 = max{supyenr fgr | f(P)IANP, suppenr [, |£(p)|dAp}, where A = AP o inv™". Recall
also that we have measures vo X and vo X on G defined by [, fdvo\ = [y, [ fANPdV(p)
and [ fdvo A= I pr fd\,dv(p). We will mainly consider the groupoid algebra L!(G),
which is the completion of C.(G) with respect to this /-norm.

The first thing to prove is an inequality between different norms:

LEMMA 6.2.1. Let G = M be a groupoid with Haar system \ and v a quasi-invariant
measure on M. Let H — M be a v-Hilbert field. Denote by u = v o A the measure on G
induced by v and X. Then for all f € L'(G) and all ¢ € L?>(H), we have

/G |f (@)l o s(x)|*du"" (z) < | fllz]lo]?
and

/G [f(@)[llo o t(@)|Pdu(z) < [ f]1]lol.
Proof: We have

L@lloos@iPan@) = [ [ 17@llo@)Pdy @)

< sup / F@lar(@)- [ lo)]dv(p)
peEM JGp

= I£llzsllol* < £ lllel®



6.2. FROM THE GROUPOID TO ITS GROUPOID ALGEBRA 89

and likewise:

Lu@lleet@iPan@) = [ [ 15@)le @I @) e)

<sup [ f@)dV(@)- [ o)|Pdv(p
peEM GP
— I llrellol® < 1101 O

Using this inequality, we can already face our main theorem for this section.

THEOREM 6.2.2. Let G = M be a Lie groupoid with a Haar system X\ and a quasi-
invariant measure v on M. Let H — M be a v-Hilbert field and let P: G D D — U(H)
be an essential homomorphism of second type. Suppose that for all measurable sections
o,7 € M(H), the map G — C, x> (P(x)o(sz),7(tx)) is measurable.

For f € C.(G) and 0 € L>(H) N L*™(H), define:

w(f)(0) € L(H). w(1)0)p) = [ AH@)f(@)P(@)(o(s)dN(x),

where A := j”oi This is well-defined with ||7(f)(o)|| < |[fllzllo]l, and 7 extends to a

x-homomorphism 7 : L' (G) — B(L*H).

Proof: First, let us check that the written integral is well-defined. Namely for all p € M
such that GP N D is co-null (which is true for almost all p € M) and all 7 € L>*(H), we

know that G — C, x — (Aféf(a:)P(x)a(sx), 7(tx)) is measurable by assumption, and
absolutely integrable because

L 18" @P@o(sa). w()jav@) < [ a7 @)IP@o(so)ir(t) 43 (@)
GP -
— /Gp |A_%f(:v)|||a(sx)||Hr(m)Hd)\p(x)

_1
< NJA™2 supp fllooll flloo 1o lloo I T[loc AP (supp f N GP)
For a dense subset of vectors 7, € H,, we can choose 7 € L°°(H ) such that 7(p) = 7, and
[ 7lloo < [|7]]. This implies that Hy, — C, v [ (f(x)P(z)o(sx),v)d\(x) is a bounded
linear functional, hence by the Riesz representation theorem there is indeed a vector w € H),
with (w,v) = fG,,(A*%(x)f(m)P(a:)a(sx), v)dAP(z) for all v, which is denoted, as usually,
by Jew A2 f(2)P(z)0(sz)dNP (z) = w.

So far we have proven that m(f)(o) is indeed a well-defined section of H. It is measurable
by the following argument: If again 7 € M(H) is a measurable section, then G — C, x —
(P(xz)o(sz),7(tr)) is measurable by assumption, so x — A_%(x)f(l‘xp(l‘)O'(Sl‘),T(tl‘)>
is of course also measurable, and by the properties of a Haar system, M — C, p —

Jo» 872 (@) f (2)(P(a)o (s2), 7(t2)) AN (2) = {Jg» A2 (2)f () P(a)o (s2)dN (), 7(p)) must
be measurable, too. Since this is true for sufficiently many sections 7, following the defining
properties of Hilbert fields yields that 7(f)(o) is indeed measurable.

Next, for the norm: Let f, o as before, 7 € L2H. Using the Cauchy-Schwartz inequality
to obtain the fifth line, we compute:

(=@ = [ 1w (D)) E)dv(p)
< [ [ ATH@IF@) [P@)o(sa). @)X (@)dv(p)
< [ A @I @Ilo(sa)lr(t2)ldv o Aw)
G

1,1 1
= (A2 fz|loos|, f2]IT o t]l) L2 won)
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_1 .1 1
< [|A72f2llo o sllllz - [[f2 (17 o t]]l2

- (2wl e o))

| (/G F@lir o t()|*dv o A(:c))2
= (L |f<x>|||aos<ax>||2dyox<x>>é

1
2

([ 1@l to)av 0 Aw))
< (LAl 71r117) = 1l

where the last line is by Lemma 6.2.1. In particular,

lx(Holl* = [(m(fo,x(Ho)l < Iflzllolllm(f)al,

ie. [|[7(f)oll < ||fllzlle]l, just as required.

Because the integral map and the operators P(z), z € G, are linear, the mapping
o+ 7(f)(o) is also linear. Consequently, as L?H N L°H C L?H is dense, 7(f) extends to
a bounded operator L?(H) — L?(H) with ||=(f)|| < ||f|l1.

The map LY(G) — B(L?H), f + =(f) is also linear because the integral map has
this property, and we have just shown that it is bounded by 1. Let us now show the next
important property: Compatibility with the s-structure. To do this, let f,g € C°(G) be
arbitrary. Then for all ¢ € L2H N L>*H and almost all p € M, we have

(Hr(g)(0)p) = | A3 (@) f(@)Ple)n(g)(0)(s2)dN ()
= [ AT @ @P@) [ AT )g()Py)o(sy)dX (1)dN ()
= [ [ AT H@aT o) f@g) Play)o(sy)dh” ()ax(a)
A2 (@)A72 (@ ) f(@)g (@ Y Ply)o(s(ey)dN" (y)dN"(2)
L, AT @A @ ) @ Y PO (sy)d¥ (1)dv (@)
A3 (2)A73 (27 ) f(@)g(a y) Py)o(sy)dN (2)dN" (y)
A

: (y)A_% (y~ra) f(y)g(y~ ) P(z)o(sz)dNP (y)d NP (z)

S}

S
g
i)

i)
g
hS]

-3 (y)A_% (y_lx)f(y)g(y_lm)P(:l:)a(sx)d)\m (y)dNP(x)

1

2 (y ) f(zy)g(y Y P(z)o(sz)dNT (y)dNP (z)

53\
> l>I B>
@H
>
>

A73(2) f % g(2) P(2)o(s2)dNP (x) = 7(f * 9)(0) (p),

1
53\

]

using that A(zy) = A(z)A(y) for almost all composable x,y € G by Theorem 3.15, page
37 in [17].
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This implies 7(f * g) = 7(f)m(g) since L°H N L?H C L?H is dense. Since 7 is
continuous and C*G C LG is dense, this implies that w(f * g) = 7(f) * n(g) for all
f,g € L'G, hence 7 is multiplicative.

It is left to check that 7(f*) = w(f)* for all f. Again by Theorem 3.15, page 37 in [17],
we know that A(z~!) = A(z)~! for almost all z € G, so we easily compute:

(m(f*)o,7)(p) = /Gp A2 (z) f(@™)(P(2)o(sz), 7(t)) AN ()

= [ AT (@) o(sz), Pa~h)r(te)) AN (2)

Gr
= [ a7 @) @) o), Pa)r(sa) (),
and hence

(1o 7) = [ (5o ) E)dv(p)
= [ [ a7H@) T f@)o(te), P(a)r(se))dr (e)dv(p)
MJaG,

:/ AA_%ﬂaot,POTos)d(l/o)\)
G

:/ A_%f<00t,POTOS>d(VOA)
G

= [ [ AT@) @) o(ta), Pla)r(se) AN ()dv(p)
M JGP

_ / (o, 7(£)7)(p)dv(p) = (o, 7 (f)7);
M

as before, continuity finishes the proof. O

The representation 7 obtained from P in the previous theorem will be denoted by
inty(P) from now on, adding to the maps diff from Theorem 4.1.5 and int; from Corollary
6.1.7.

Of these three maps, ints is in a sense the most well-behaved because we can directly
prove that it is actually a bijection. To do this, I rely on a powerful theorem from [4],
which in turn was based on ideas by Renault. Unfortunately that theorem is not directly
applicable at this point because it was stated in a slightly different context. But as we will
see, the gaps can be bridged with just a few more lemmas.

Firstly, let us have another look at an important property of groupoid C*-algebras:
Almost by construction, their representations correspond to those of the groupoid algebra

L(G).

LEMMA 6.2.3. Let G = M be a Lie groupoid with Haar system A and let K be a Hilbert
space. Then the representations of the groupoid algebra L'(G) and those of the groupoid
C*-algebra C*(G) on K are in bijection.

More precisely: Let 7w : L (G) — B(K) be a non-degenerate bounded representation.
Then there is a representation © : C*(G) — B(K) with 7|c,c = 7|c,q. Likewise, if
7 : C*(G) — B(K) is a non-degenerate bounded representation, then there is one T :
LI(G) — B(K) with 7|c.q = |c.q, and these constructions are inverse to each other.

Proof: Start with a representation 7 : L' (G) — B(K). Let f € C.G C L!(G) be arbitrary.
By the definition of the groupoid C*-algebra, the norm of f as an element of C*G is
| fllc= = sup, ||7(f)||, where T ranges over all non-degenerate representations of C.G with
involution. But 7|, is such a representation. So in particular:

1l = sup (Al = [I= (£l
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Hence 7|c.¢ : C*G D C.G — B(K) is bounded (by 1) and defined on a dense subspace,
and thus extends to a bounded linear map 7 : C*G — B(K). Compatibility with convolution
and involution is given on C.G by definition of 7 and extends to C*G by continuity.

Likewise, let 7: C*G — B(K) be a representation. Then for all f € C.G we have

IO < lITlAlle= < IlILf 1Lz

by Theorem 2.42., page 28 in [17]. Actually, ||7|| = 1 for C*-algebra representations 7, but
this is not important here.

So 7|c.q : L' (G) D C.G — B(K) is bounded on a dense subset and hence extends to a
bounded representation of L!(G); compatibility with the *-structure is inherited from 7 as
before.

The mappings are inverse to each other because 7|c.¢ = 7|c.q, both sides are continu-
ous, and C.G is dense in both L/(G) and C*(G). O

In the next step, we consider another way to encode a groupoid representation. We will
see that an essential homomorphism from a groupoid to a unitary groupoid is equivalent
to a unitary map between certain L?-spaces. Namely:

LEMMA 6.2.4. Let G be as before and let v be a quasi-invariant measure on M = G
Let H be a v-Hilbert field and P : G --» U(H) an essential homomorphism of second type.
Then the map

Up:L*(s*H,voX) = L2(t*H,v o \), Up(o)(z) := A*%(az)P(x)(a(m))

; ; — voA
is unitary (here, A = e2)-

Proof: First of all, the map Up is well-defined in terms of sections because P is defined
almost everywhere, and for all ¢ € L?(s*H,v o \) and almost all z € G, we have o(z) €
(s*H)y = Hgy, so that P(z)o(x) is defined and an element of Hy, = (t*H ). For the norms
and scalar products, we compute:

(Upo, Upr) = /G (A3 (2) P(2)o(2), A3 (2) P(2)7(2))dv o A(z)

_ /G (P(z)o(x), P(z)r(x))dv o A(z)
— / <g(a}),'r(:(;)>dy o 5\(:(}) = <U, T>7
G

so Up is isometric. It has an inverse defined by Up'(0)(z) = A%(x)P(az)_l(a(:z)), which
can be easily computed. So Up is in particular surjective, and hence unitary.

As discussed in [4], page 11, the mapping P — Up is even a bijection between
(equivalence classes given by changes on null sets of) essential homomorphisms P : G —
U(H) and unitary maps U : L*(s*H,v o \) — L?(t*H,v o \) which intertwine with
multiplication operators.

To grant compatibility with the foreign theorem, we need yet another equivalence: I
will quickly demonstrate a way to identify the L?-spaces from before with certain tensor
products.

LEMMA 6.2.5. Let G = M be a Lie groupoid with Haar system A and quasi-invariant
measure v and a v-Hilbert field H. Consider the non-degenerate x-homomorphism ¢ :
L®(M,v) — B(L*H), f = (Ty : 0 = f-0). For A € {L*(G,s,)\),L*(G,t,\)} (which
are Hilbert-L>M modules), denote by A®4 L?(H,v) the complete tensor product, i.e. the
topological completion of the algebraic tensor product A® L*(H,v) with respect to the inner
product given by (a1 ® 01,a2 @ o2) = (01, ¢({a1,a2))o2).

Then there are two unique continuous linear maps

a: L*(G,s,\) @y L*(H,v) — L*(s*H,v 0 \)
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with a(f ® 0) = f- (o 0s) and
B: L*(G,t,\) ®y L*(H,v) — L*(t*H,v 0 \)
with g @ o) = g- (o ot) for all f € L*(G,s,)\), g € L*(G,t,\) and o € L*(H,v), and

those maps are unitary.

Proof: 1t is clear that the given formulas uniquely determine continuous linear maps because
pure tensors densely span the complete tensor product. One property which is a bit more
complicated to prove in all details is the fact that o and [ are surjective. This fact is
discussed in [4], Proposition 2.6, page 5 and on page 11 there. The idea is that the span of
pure tensors is dense in the inductive limit topology.

What I want to prove in detail here is isometry, because the necessary computation is
enlightening for the following proposition. Namely, let f, g € L*(G, s, 5\) and 0,7 € L*(H,v)
be arbitrary. Then we have

(a(f®0),algeT)) = /G(faos,gTos>dpo
= [ [ F@g@dr(@) o), 7o) dv(r)
= | (.9 ®) o)) ()

= | ). (1.9 @) dv(p)

0¢(<f >) > (f@o,g®T).
Likewise, if f,g € L?>(G,t,)), then

(B ©0)8e0m) = [ [ T@lg@an@)om).m@)d)
- /M<a<p>,<f,g><p>f<p>>dv<p>=<f®a,g®r>. 0

Let us now take these ingredients and combine them to show that the integration map
J5 is bijective (up to equivalence classes).

PROPOSITION 6.2.6. Let G = M be a Lie groupoid with Haar system A, a quasi-
invariant measure v on M and a v-Hilbert field H.

The integration map inte is essentially bijective, in the following sense: Given two
essential homomorphisms P,Q : G --» U(H) such that inta(P) = inta(Q), we have
P(z) = Q(z) for almost all z € G, and every representation m : L'(G) — B(L?H) fulfils
7 = inta(P) for some representation P : G --» U(H).

Proof: This theorem can be viewed as a version of [4], Theorem 3.23., page 10. Indeed, the
more advanced details of the proof can be found there and shall not be repeated in this
thesis. Our work here lies in bridging the gaps between the slightly different definitions to
make that theorem applicable in our scenario.

Namely by Theorem 3.23, there is a bijection between representations m : C*(G) —
B(L?H,v) and representations (¢, U) of (G, \) on the Hilbert C-module L?(H,v). Given a
representation (¢, U) of (G, A), denote its integrated form as of that theorem by ints (¢, U). If
we start with an essential homomorphism P : G --» U(H), then by Lemma 6.2.4, it induces
a unique unitary Up : L?(s*H, vo\) — L%(t*H,vo\). Using the isomorphisms from Lemma
6.2.5, we get a unitary U = 8~ oUpoa : L*(G, s, \)®4 L*(H,v) — L*(G,t,\)®4 L*(H,v).
This operator intertwines the CoG-actions, namely if h € C.G, f € L*(G, 35\), o€ L?(H,v),
then U(h-(f®0)) = 87 Up(hfoos) = B~ (hUp(foos)) = h-B~1(Up(foos)) = h-U(f®0)
since Up(hfoos)(x) = h(x)Afé(a;)P(a;)(f(a;)a(sa:)) = (hUp(foos))(z) and B((hf)®0)) =
hfo=hp(f ® o).
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So (¢,U) is the data of a representation as in Definition 3.12, [4]. The property from
Definition 3.18 is equivalent to P(xy) = P(z)P(y) for almost all z,y € G? as discussed
on page 11 of the same paper, so (¢,U) is indeed a representation as in Definition 3.18,
implying that it integrates to intz(¢,U) : C*G — B(L?H,v). By our Lemma 6.2.3, this
is equivalent to a representation inty(P) := (int3(¢, 5~ 1Upa))” : LI(G) — B(L*H, v). As
discussed in this section and in the aforementioned paper, this whole mapping int4 is a
bijection as a composition of bijections.

What is left to show now is that int4 = ints from our previous definition. To do that,
fix f € C.G C L!(G). Denote L = int3(¢), U). As defined in [4], Definition 4.1, we have
L(f) = T; U(My ® idk )Th, for any hi, hy € CcG with hilsupp f = 1, using the notation
from there and K = L?(H,v). To compute this expression explicitly, first note that for all
g € L*(G,t,\) and 7 € L?(H,v) and almost all p € M we have

Ty B (g -Tot)(p) = Tpy, (9 @ 7)(p) = (h1,9)(p) - T(p)
= [ @a@)ax (@) ()

= [ m@g(a)r o ta)N' (@) = (b, g7 o 0.

This implies T;flﬂ_l(x) = (hy,x) for all x € L?(t*H,v o \). Hence we get for all o €
L*(s*H,v o))
L(f)(o) = T;,U(My ® idk ) Th,(0) = Tp,, U(My @ id)(he @ 0)
=Tp;, 87 Upa((fhe) ® 0) = Tj;, B~ Up(fh2o 0 5)
— T, 87 (fhaA "2 P(c 0 8)) = (h1, fhaA 2 P(0 0 5)).

Using that hj|supp f = 1 by assumption, this yields for almost all p € M
— _1
L(f)(o)(p) = /Gp hi(x) f (x)ho(2)A72 (2) P(z)o (sz)dA (z)

= [ F@)ATE (@) P(z)o(sz)dN(z) = inta(P)(f)() (p).

Gp
So because p and o were arbitrary, int4(P)(f) = int3(¢, U)(f) = L(f) = int2(P)(f) just as
required. This proves that inty = inty is a bijection (up to changes on null sets). ]

The notation int3 and int4 is now obsolete and shall not be further used. What remains
important are the mappings diff, int; and ints. Further properties of these are to be
discussed in the next section.

6.3. Differentiation versus Integration

At this point, we have successfully defined a representation of the groupoid algebra in
dependence of a differential operator representation. As discussed more than once, this is
meant to be an inverse to the differentiation map defined in Theorem 4.1.5. This chapter
exists to prove that this is actually the case (for the pair groupoid G = R™ x R™).

The proof idea is relatively straightforward: We compose the differentiation and integ-
ration maps using explicit formulas and reduce the expression using partial integration (in
the manifold sense, involving divergence). As usual, things are a bit more complicated in
the details. Firstly, the partial integration I want to show is only possible with [eft-invariant
vector fields, not right-invariant. This is why we will make use of the following short lemma
to connect the two.

LEMMA 6.3.1. Let G = M be a volumetric groupoid with algebroid A. Let a € T'(A) be
a section and let a* € X*(G), af € XB(Q) be the corresponding left- and right-invariant
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vector fields. Let f € C*(G). Then:
(a®(f))* = a™(f)

Proof: First notice that the transition from right- to left-invariant vector fields is given by
XRG — ¥'G, X — inv,X =TX o X oinv, where inv: G — G, x — 2z~ ! is the inversion
map. So we have for all z € G:

(@®(f) (x) = a(f*)(=™") = aj 1 (f o inv) = Tpvinv(ag1)(f)
= Tinv o a®*(z71)(f) = Tinva®inv(z)(f) = inv.al(f)(z) = a¥(f)(2),

hence a®(f*)* = a”(f) as required. O

Let us save this information for later. Before we can go to the main computation of this
section, we need a series of lemmas related to measures and Radon-Nikodym derivatives.
The first one may be known from elementary measure theory, but it is at least worth
reminding of:

LEMMA 6.3.2. Let M be a measurable space with two measures p and v and ¢ : M — M
be bimeasurable such that p < v. Then ¢.pu K ¢V and d“ = gi*ff o ¢, where ¢, is the
pushforward measure, defined by [y, oddup = [}, 00 qudM.

Proof: Let f € LY(M, ¢xj1). Then we have:
_ _ dp . dp 4
[ gaou= [ rosdu= [ rosfav= [ rFos s

hence ¢.u < ¢.v with ii*’; fj oL O

With this small computation tool, we get another result which is more specific to our
representation theory and more interesting.

LEMMA 6.3.3. Let M = R™ with volume form w, let G = M x M, let v be a quasi-

invariant measure on M, let A = A, be the Haar system induced by w on G. Let A = 352?

be the modular function of (G,\). Let ¢ : M — M,y — x +y for all x € M. Then for
almost all (p,q) € G, we have:

dv d(¢p—q)sw
iy ? T

Proof To ease the notation, I will sometimes just erte for the Radon-Nikodym derivative

A(p,q) =

(p)

Y of two measures. Firstly, we have:

du
dw d(dp-g)v W\ (Dp-g)s¥
d(¢p—q)*w(p) v )= ;(p) (Pp—q)sw )
_ %(p)g © ¢g—p(p) = %(p)g(q)

It follows that for every v o A-integrable f : G — R, we have
dw d(¢ta¢—s;r)*”
L@ g ) T e x@) = [ [ .00 0)] (@dsa)av()
[ [ te0Swdawe = [ / (. ) (@) (p)

_//fp, X (p)du(q /fdyo)\
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and hence for almost all z = (p,q) € G:
_dvo A

B0 = 2220
= T T ) = R

We conclude:

-1
A(p,Q)=< d(¢j:)*w<p>d<¢g;q)*”<p>> - G S o

This lemma will make sure that the possibly non-smooth modular function cancels out
of the upcoming computations to allow for differentiation.

A main ingredient of the theory is the divergence of a vector field, which defines our
formal adjoints. The next three lemmas give us more tools to compute it and relate it to
other parts of the theory.

Firstly, I have not yet formally stated the following elementary property of the diver-
gence:

LEMMA 6.3.4. Let (M,w) be a volumetric manifold and X € X(M). Let f € C*(M)
with f=1(0) = 0. Then:

div o (X) = X;f) + dive(X)

Proof: We compute:

<X<f> + divw(X)> fo = X (f)w+ f diva(X)w

f
=Lx(flw + fLxw = Lx(fw) = divs,(X) fw,
which gives the result by fw # 0. 0

Using this first lemma on the divergence, we can compute the divergence of coordinate
vector fields.

LEMMA 6.3.5. Let M =R™ and let w € Q™(M) be a volume form. Then the divergence
of the coordinate vector fields is

w ) dzy...dx,,

dzy...dx, w

divy,(9;) = 0i(
forallie{l,...,m}.

Proof: Let n = dzy...dz,, be the standard volume form of R™. Then we have Ly,n =
dig,n = d((=1)"*day ... dw;_1dxiqy ... dy,) = 9;(1)d2y ... dwy, = 0, hence div,(9;) = 0.
By definition of the quotient, we have w = mn. Using Lemma 6.3.4, we deduce that

0

w

dxq...dxm,

ai # )
div,(0) = NELE) | iy (0) = 5, ( w ) dz, : y

dxq...dzy,

And with this expression for the coordinate divergence, we can get another, somewhat
unintuitive result: The partial derivatives of a much-used Radon-Nikodym derivative can
be expressed in terms of this divergence. Namely:

LEMMA 6.3.6. Let M = R™ with a volume form w, let ¢, be the time-1 flow of
xd =Y x;0; for x € R™. Then for all p,q € M, we have

d dw 2 1 dw 3 '
dg; (d(qﬁp_q)w) w) =3 <d(¢p_q)w> (p) dive,(9:)(q)
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Proof: To ease the notation, I just write % = S—Z for Radon-Nikodym derivatives where

appropriate. Denote the Lebesgue measure on R™ by A. A is translation invariant, so we
have (¢5)«A = A for all z € R™. Hence by Lemma 6.3.5, we get the following equation:

d dw W (Pp—q)x L w, o d oA
@7d(¢p,q)*w(p) dql ( X (fp q)*w> (p) = X(P)@;(Q)

Consequently, we get

d dw 2 1 dw : d dw
d%<d<¢p-q>*w) #)=3 ( ¢p q> ) ()@d<¢p-q>*w(p)

as required. O

With this set of lemmas we are prepared to prove the following proposition. As
mentioned before, it involves left-invariance, partial integration and the computational
tools constructed before. Beyond that, it mainly depends on a page-long series of equations,
which does not need many comments.

PROPOSITION 6.3.7. Let M = R™, w € Q™(M) be a volume form, G = M x M,
H — M a v-Hilbert field and R : Diff?(GQ) = Diff (M) — O(L*H) a representation with
respect to the star structure induced by w such that R(3;(9; + 5 div 9;)?) is essentially
self-adjoint. Denote by A the Haar system induced by w.

Let P : G --» U(H) be the representation obtained from R by Corollary 6.1.7. Let
7 : LY(G) — B(L?H) be the representation obtained from P by Theorem 6.2.2.

Let W C G be such that

d : * R((qg— 1 div
P(p,q) = (W) () (¢p_qeR((q p)(0+3d 8))) (q)

for all (p,q) € W. For X € X(M), denote by X* the left-invariant vector field corresponding
to X. Forp € M, denote by ¢, : M — M, q — p+q the flow of p0. Then for all f € C*(G)
with supp f CW, all 0 € dom R and alli € {1,...,m}, we have

m(0F f)(0) = n(f)R(—0; — div §;)o.

Proof: As defined in the aforementioned theorems, there is a neighbourhood W of the diag-
onal in G such that for almost all x = (p,q) € W we have P(p,q) = P(exp((p —q)9)(q)) =
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Ugy—p(q) : Hy — Hp, where U,_p, : L*H — Lg(qb;‘)_qH) is the unitary decomposable operator
defined as

1
dv 2 «  R((g—p)(0+1L divo
Uies = oy s Opoge PO,
fulfilling
1
dV E 1v
P(p7Q)( (Q)):d(¢ )I/ O(bp q( ) ¢p q q p)(aJr a a))( )(q)
p—q)*
1
dv 2\ R((q-p)@+1divo)
= p) - e TP AV () ().
d(p—q)sv ( (

Using this and Lemma 6.3.3, for almost all p € M we compute as follows:
- / A™3 ()0 f () P(2)o(s2)dN(2)
Gqp
- [ A4 0.00 (.0 P(p. ola)dp(a)
— [ A7 .00 )@ P a)o(a)dn(a)

= J Ao < i DA @) PO ) (g o)

W )0 (0. ))(@)e PO 8% D) () () ()

~ Jur d(Gpg)e
- / f(p,q)(9; + div,, 8;) <W2(p)e('_p)3(a+5 diva)(a)(f?)) (¢)dpws(q)

1

/ f(p,q) ( 06, q) 2(29)6(‘1_’9)&(8*58)(0)(29)) dpi(q)

dw : eld
(% e ()

-~ 1.0 ( T, — 2@)) PR o) (p)dpe(0)

- [ 1005 g (R0 m) i)

) ,q)*(,u in

/ f(p,q) div,, z() _p)R(8+%8)(U)(p)de(Q)

- /M f(p, q) dive, ai(q)(wim2 (p)elt=PRO+30) () (p)dpues(q)
- _/ _lf(p, )5 W ) divy (8:) (0) P PO () (p)djua(q)
<¢p—q>*w
/ f(p.g §( elilla=P)O+3 O (R(d; + %di"ai)a)(p)duw@
/ F(p, ) div,, 8i(q) i ¢j:)*w2(p)e(qp)R(m%a)(U)(p)duw(Q)
/ f(p,q P (bj_”q)*y2(p)eR<(q—p><3+édivf)))(R(ai + %div 91)o) (p)dpw(q)

- [ 5@ @ r.0A b0 T ¢j”q)*j<p>e3<<qp“(“’*%diva»wxp)dﬂw(q)
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—— [ 1.0A 5 0.0 P, ) ((R: + 5 div)o) (@) d )

-/ 5 *dlvw(az)(Q)f(p,Q)A*%(p,Q)P(p,Q)(U(q))dﬂw(q)
== [ I0.0A 0.0 P, ) (RO + 5 div o) @) + 5 diva(@) (@) (@) )

/ £ 0) A5 (p.0) P(p. ) (R(s + div () (0)) o)
(R(=0; — div 9)(0) 7) =

If we denote the differential operator representation returned from this = by R/, the
previous proposition is almost enough to show that R'(9;) = R(0;). Heuristically, we
could deduce from here that 7(f) R (9;)* = n(0F f) = n(f)R(9}) = 7(f)R(9;)*, and thus
R'(9;) = R(9;) by non-degeneracy of w. However, this computation is not valid in the realm
of unbounded operators. The one remaining problem is the question of domain, which
needs to be looked at independently.

Before we do this, let us investigate smooth functions instead of coordinate vector
fields; we will need results for both. Luckily, the computation is much easier in this case,
and the domain is also not an issue as both sides are bounded, so that their closures have
the whole Hilbert space as domain.

LEMMA 6.3.8. Keep the notation from the previous proposition. In addition to that, let
R’ be the representation derived from m using Theorem 4.1.5. Then for all g € C*°(M), we
have R(g) = R'(g).

Proof: Let f € C.(G) be arbitrary. On the one hand, we have

()R (9) = (R'(9)"7(f))" = (R (g)m(f"))"
=n(got-f) =mlgot-f))=nlgos-f),

because
(got- ) (x)=(got-[*)(a™") =gos(z)- f(x)
and 7(f), R'(g) are bounded.
On the other hand, we compute for all ¢ € L?H, p € M, that
m(f)R(g)a(p) = n(f)(90)(p)

= [ A h@r@ Py (sa)x (@)
— [ A 3(z)(gos- f)(@)P(z)o(sz)dN(z) = w(gos- [)(0)(p),

Gp
and consequently,

m(f)R(g) =m(gos- f)=n(f)R(g)-
Because 7 is non-degenerate, this implies that R(g) = R/(g). O

We still want to show that our integration map is a right-inverse to the differentiation
map, and there still is an open question of domain. Besides that, the other thing to show
is that it is also a left-inverse. That direction is actually a bit easier in different aspects, as
we do not need to worry about domains of unbounded operators too much. So instead of
pondering restlessly about the domain question, let us look at this direction first.

The main point in the upcoming proofs is the fact that our integrated representation
yields unitary operators, which fulfil a certain differential equation; the original operators
fulfil the same one, hence they must be equal.

So under a more detailed look, what unitaries am I talking about?
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LEMMA 6.3.9. Let G = M be a Lie groupoid with Haar system X\, v a quasi-invariant
measure on M and P : G --+ U(H) a representation of G on a v-Hilbert field H. Then for
every bisection o € I'(G), the map

P(a) s I*H - I*H, P@)(@)0) = (22) )Plato™p)(e(6 9.

v
where ¢ =t o (s|o) "1, is unitary. By convention, I write a(p) := (s|a) 1 (p) here.

Proof: P(a) is linear because P(a(¢~1p)) is linear for all p € M, as is the evaluation at a
point. Regarding isometry, let o, 7 € L?H be arbitrary. Then we compute:

(P(a)a, P()7) =/ ((P(a)o)(p), (P()T)(p))dv(p)

M

=[5 wra e o, (SF) 0Pt neo i)
= /M ( d)_Z/lV) (6~ 'p) (P p) (0 p), Plag™p) (7~ p))dv(p)
- /M FQWP(amwm, P(ap)(7p))de. v (p)

_ /M<p<ap><ap>,P<ap><fp>>du<p>
- / (o(p), 7(p))dv(p) = (o,7),
M

using that P(ap) is unitary for almost all p € M. O

So in short, instead of inserting elements of the groupoid to get fibrewise unitaries, we
can insert bisections to get global ones. The advantage of those is that, in a controlled
context, we can compute values more explicitly, as in the following lemma.

LEMMA 6.3.10. Let M = R™ with a volume form w and v a quasi-invariant measure
on M (with respect to the volumetric groupoid M?). Let H — M be a v-Hilbert field. Let
P:M? --> U(H) be a representation and 7 = inty(P). Then we have:

(¢z)sw

Plexp(ad))(n(£)a) = (122 " (£ 0 Loy —10)(0)
for all f € C°(M?) and o € L*H, where ¢.(y) =y + x =t o exp(x0)(y).

Proof: By definition, we have:
(¢a)xv

v

P(expz0)(x(f)o)(p) = ( ) " (0)- Plo.p — 2)((f)o(p — 1))

Computing the right part first gives us (for almost all p):

P(p,p —)(x(f)o(p — x)) = P(p,p — x) /M A" (p—2,9)f(p — 2,9) P(p — 7, 9)o(q)dw(q)
_ /M A"2(p—2,9)f(p — 2,q)P(p,p — 2)P(p — z, q)o(q)dw(q)
= /M A7z (p—2,9)f(p — .9) P(p. q)o(q)dw(q)
=A"3(p—z,p) /M A73(p,9) © lexp—a0(p, ) P(p. @) (g)dw(q)

= A‘%(p — 2, p)7(f 0 lexp—z0)(0) (D)
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Now by virtue of Lemma 6.3.3, we have almost everywhere:

<(¢x)*y> T )AHp - a,p) = <(¢p—<p—w>)*”> ’ (p)A

1%

- (”’2“’) »)

Putting these computations together yields:

D=

(p,p— )

Plep0)(w(1)o)p) = (222) () Plp.p =)oty — o)
= (21 ()ai 0= 2. pI(S 0 e 00) )9

. <<¢2*W)é D)r(F 0 Loy —20)() )

_ (((gbx)*w)éﬂ( fozexp_m(o)) ) 0

w

With such an explicit formula, it is no wonder that we can also explicitly explain how
to derive the derivations of our unitary. Using both formulas together characterizes the
unitaries in terms of a differential equation.

LEMMA 6.3.11. Keep the previous notation. Then the partial derivatives of this expres-
ston are

(¢2)sw

W

5 Plesp0)(x(f)o) = (22) " 1((=01 — 5 dive 8)7(1) © ey ) (0)

for alli € {1,...,m}, where D € DiffB(M?) denotes the right-invariant differential
operator corresponding to any D € Diff (M).
In particular:

5o Plexpa0)((£)o) = Plexp(a0)(x(~0; — 3 dive ) (1))

Proof: We differentiate both factors and use the product rule for Banach algebras. On the
one hand, we can compute that

0 ((Z)z)*w % 0 w %
dx; <w> ®) o ((W) (p))

w 32 1
o e BRCRG

| <@5p—(p—:c))*‘*’> (p) - divy,(9;)(p — =) - (—1)

(e

-1

=

) ) diva@)o - )

_ (_; <(¢:)* )é dive,(8;) o qb_x) (p)

using Lemma 6.3.6 and the chain rule.
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On the other hand, we easily see for all (p,q) € M? that

0 0
67%](‘ © lexp—ra(p’ Q) = lef(p - Z, Q) = _87,(f(7 Q))<p - J")

= —alR(f)(p -, q) = —8ﬁ(f) o lexp—za(pv Q)

and hence

0
a’L'Zﬂ—(f ° lexp 7:138)(0> = ﬂ(aixlf © lexp 716)(0) = W(_azR(f) © lexp 71(9)(0-)
by continuity of 7.
Combining these and using the fact that

tolep—aa(p,q) =tlp—x,9) =p—a=¢_r0t(p,q)

for p,q € M, we compute as follows:

8?CiP(exp 20)(m(f)o) :8?1:1- (((gbx)*w) ’ T(f 0 lexp _xa)(0)>

1 <(¢x)*w>§ divy, () © d—am(f © lexp —20) ()

2
N (<¢x>*“’) 7(—0F(f) 0 lexp —00)(0)
(¢

n (< x)*“)%w(—aﬁ(f) 0 lexp—20)(0)

= (o) r( 01— 5 a9 () o by 20)(0)
= P(exp(d)) (r((~0; — 5 divis )" (/)o) 0

Furthermore, we can also compute explicitly the value of the unitaries induced by the
integrated form of a representation. Recall that, in this chapter, a representation R of
Diff(R™) is called integrable if the Laplacian L = Y7, (9; + 3 div 9;)? gets mapped to
an essentially self-adjoint operator R(L). In the next chapter, we will use a slightly more
complicated definition in a more general setting.

LEMMA 6.3.12. Let M, w, v, H be as before and let R : Diff(M) — O(L*H) be an
integrable representation. Let Q := inty(R). Then for all o € L>H we have

Q(exp2d)(0) = e (o),
where xd = Yoy i (0; + %divw(@-)).

Proof: Using our definitions from Lemma 6.3.9 and Theorem 6.1.6, we see that for almost
allpe M,

Q)0 = (C22) 1)Qw.p - 2ol - )
- <(¢)> ") <<¢>) " e (o) () = R o) (). O

Now let us compare both sides:
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LEMMA 6.3.13. Let M,w,v, H as before. Let P : M? -—» U(H) be a representation. Set

Q = inty odiff ointa(P) : M? --» U(H). Then for all x € R™, we have:

Q(expxz0d) = P(exp z0)
Proof: Set m = inta(P), R = diff(n). Let 7 = 7(f)o € dom R = w(C*°(M?))L*H be
an arbitrary element in the domain of the differentiated representation. Firstly, we
have Q(exp00)T = 7 = P(exp00)7. Furthermore, by Lemma 6.3.12 we have for all
ie{l,...,m}:
88 Q(expzd)T = 88 eR(=20) (1) = eR(*I’é)(R(—éi)T) = Q(exp z0)(R(—0;)T)

X €Ty

Additionally, by Lemma 6.3.11 we know that
0 0 1
0 Plexpad)r = - Plexpad)(n(f)o) = Plexp(d)(x((~d: ~ 3 div, 3)"(f)o)
= P(expzd)(R(—0;m(f)o) = P(exp 2d)(R(—0;)T).

By elementary calculus, this implies that Q(exp x0)T — P(exp x0)T = Q(exp 00)T —
P(exp00)T = 0 for all z € R™, i.e. Q(expzd)T = P(expzd)7. Since dom R C L*H is
dense and Q(exp z0) and P(exp x0) are bounded, this implies that )(exp z0) = P(exp x0)
as required. ]

PRrROPOSITION 6.3.14. Let M = R™ with a volume form w and a quasi-invariant measure
v. Let H — M be a v-Hilbert field and P : M? --» U(H) a representation, i.e. an essential
homomorphism of second type. Then inty o diff o inty(P) = P (almost everywhere).

Proof: Put @ := int; o diff o inte(P). Let (0;);en be a generating sequence for H. By Lemma
6.3.13, for all z € R™ and ¢ € N there is v-null set N; C M such that Q(exp z0)(0;)(p) =
P(expx0)(0;)(p) for all p € M\ N;. Put N = J;cy Vi, which is still a null set as a countable
union of such. Then for all z € R™ and all p € M\ N, Q(exp z0)(0;)(p) = P(expx0)(0;)(p)
holds for all ¢ € N. In particular, these equations hold for almost all (z,p) € M x M.
The map M? — M?, (q,p) — (p — q,p) is bimeasurable, hence we get that for almost all
(p,q) € M? the equation

(Pp—q)sv

14

P(p,q)oi(q) = ( )2 (p)P(exp(p — q)9) (o) (p)

_ <<¢>) " (0)Q(exp(p — 0)9)(05)(0) = Q(p, )oi(a)

v

holds for all ¢ € N. Since spanc{c;(¢q)|i € N} is dense in H, for all ¢, this implies that
P(p,q) = Q(p, q) for almost all p,q € M?, just as required. O

This was not quite the identity we wanted! Luckily, we have already proven that the
second integration map inte is a bijection. So it is clear that our last lemma readily implies:

PrOPOSITION 6.3.15. Let M = R™ with a volume form w and a quasi-invariant measure
v. Let H — M be a v-Hilbert field and let w: L' (M x M) — B(L?>H) be a representation.
Then:
intg o int1 o dlﬁ(ﬂ') =T

Proof: By Proposition 6.3.14, we know that int; o diff o ints = id (on equivalence classes of
homomorphisms, where P ~ @ if P(z) = Q(x) for almost all z). By Proposition 6.2.6, inty
is a bijection, hence inty o inty o diff = intg o(int; o diff o inty) ointy ' = intg ointy ' =id. O

As it turns out, the unitaries investigated for proving that the integration map is
a left inverse to differentiation are also useful for the other direction. The question of
domain which was left unanswered before can now be approached using Stone’s theorem
on one-parameter unitary groups. Formally, we can formulate the following lemma:
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LEMMA 6.3.16. Let M = R™ and let w be a volume form on M. Let R : Diff(M) —
O(L?H) be an integrable representation. Let P = inty(R) : M? --» U(H), 7 = inta(P) :
LI(M?) — B(L*H) and R = diff(7) : Diff(M) — O(L?>H). Then for alli € {1,...,m}
we have:

R(@ + %div 9,) C R(0s + %div@i)

Proof: By definition, R is integrable if and only if R(L) is essentially self-adjoint, where
L=%",00+ %div 0;)?. As discussed in the proof of Theorem 6.1.6, this implies that
R(9; + 3 div 9;) is essentially skew-adjoint, i.e., R(0; + & divd;) = —R(9; + & div 0;)*. By
Lemma 6.3.12, we have

P(expzd) = oF(=20)
for all x € R™, in particular,
P(eXp ,Ial) = e_:Cm

holds for all i € {1,...,m} and z € R.
Thus by one part of Stone’s theorem on one-parameter unitary groups (Theorem D,
page 647 in [23]), we know that

1
v € dom R(0; + 3 div 0;)

if and only if the map x — P(exp z0;)v is differentiable at 0, and in that case,

4
dx =0

R(0; + % div 9;)v = P(exp z0;)v.

If v=n(f)o € dom R/, then, as Lemma 6.3.11 states, we have

0 1 .
8:U~P(6Xp x0)(w(f)o) = P(exp(xd))(m((—0; — B div,, 9)2(f))o)
for all x € R™. In particular, the map R — L?H, z + P(expz0;)v is differentiable with
4
dx =0
thus v € dom R(; + 1 div §;) and R(9; + % div 8;)(v) = R'(9;+ 5 div 9;)(v). As v € dom R/
was arbitrary, this shows that R'(9; + %div 9;) C R(0; + %div ;). O

Plexpadh)o = n((~0; — 3 diva) () = ~R(0 + 5 diva)(v),

A side effect of the last lemma is that the computation in Proposition 6.3.7 is not
actually necessary for our final theory. As the reader may guess, this only occurred to me
in hindsight. The proof technique with Stone’s theorem appears to be much more elegant
than partial integration and will be central in the next chapter. I still wanted to showcase
the more explicit computation to illustrate the original thought process.

From the inclusion of the images of coordinates, we can deduce further inclusions for
more general vector fields. As we are dealing with inclusions of unbounded operators, we
need to remember a few computational rules which apply here. These formulas are not
new, but also not hard to prove. First about sums and products of adjoints:

LEMMA 6.3.17. Let H be a Hilbert space and A, B € O(H) be densely defined. Then
we have

A*+ B C (A+ B)*
if dom A Ndom B is dense and
B*A* C (AB)*
if dom(AB) is dense in H.



6.3. DIFFERENTIATION VERSUS INTEGRATION 105

Proof: Let v € dom(A*) N dom(B*) = dom(A* + B*). Then by definition, the maps
domA — C, w+ (v, Aw) and dom B — C, w + (v, Bw) are continuous. In particular,
their restrictions onto dom A N dom B = dom(A + B) are continuous. Hence the map
dom(A+B) = C, w (v, (A+ B)w) = (v, Aw) + (v, Bw) must also be continuous. Hence
v € dom(A+ B)*. Furthermore, we have (v, (A+ B)w) = (A*v+ B*v,w) = ((A*+ B*)v, w)
for all w € dom(A + B), so that (A + B)*v = (A* + B*)v as required.

Let v € dom(B*A*), i.e., v € dom(A*) and A*v € dom B*. Then for w € dom(AB), we
have (v, ABw) = (A*v, Bw) = (B*A*v,w), so v € dom(AB)* and (AB)*v = B*A*v. 0O

Furthermore, I need the following technicalities about inclusions and closures of oper-
ators:

LEMMA 6.3.18. Let Hq, Hy, H3 be vector spaces. Let A: Hy — Hs and B : Hy — Hj
be linear operators (defined on the whole spaces) and T, S € O(Hsy). Then B(T + S)A =
BTA+ BSA: Hy Ddom(B(T+ S)A) — Hs.

If T C S, then BTAC BSA.

If A is bounded and T is closable, then T A is closable, and TA C TA.

Proof: We have the following equivalence for v € Hy:

vedomB(T + S)A & Av € dom(T + 5) =domT Ndom S
& AvedomT A Av € dom S
< v edomTANdom SA
= dom BTANdom BSA = dom(BTA+ BSA)

So dom(BTA + BSA) = dom(B(T + S)A) = dom BT'A N dom BSA. Obviously, for every
v € dom BT'ANdom BSA, we have B(T' + S)Av = B(T Av + SAv) = BT Av+ BSAv =
(BT A+ BSA)v so that actually B(T + S)A = BT A+ BSA.

Now suppose that T'C S and let v € dom BT A. Then Av € domT C dom S, so v €
dom SA = dom BSA, and BSA(v) = BS(Av) = BT (Av) = BT A(v). Thus BT A C BSA.

Now suppose that A is bounded and T is closable. Let v € H; and (v;) C dom(T'A) C H;
be an arbitrary sequence with v; — v such that T Av; is convergent. Then since A is bounded,
(Av;) C dom T is convergent (to Av), hence because T is closable, the limit 7'Av; must be
the same for all such sequences v;:

lim(T A)v; = lim T(Av;) = T(Av)

Thus TA is closable. We have shown that Av € domT and TA(v) = T Av, thus TA C
TA. O

We can now use these lemmas to prove:

PROPOSITION 6.3.19. Let M =R™ and w be a volume form on M. Let R : Diff (M) —
O(L?H) be an integrable representation. Let P = inty(R) : M? --» U(H), 7 = inta(P) :
LI(M?) — B(L?H) and R’ = diff(n) : Diff(M) — O(L?H). Then for all X € X(M), we
have:

R(X) C R(X*)*

Proof: For each Y € X(M), set Y =Y + 2 divY, as usual. Let X € X(M) be arbitrary.
Then since (01, ...,0n) is a global frame, there are fi,..., fim,g € C®(M) such that
X=g+>" fi0;. As discussed before, R(9;) is essentially skew-adjoint for integrable R,
thus by Lemma 6.3.16, we know that

N ok

Rl(éi) - R(él) = —R(éi)* = R(0; )"
holds for all i € {1,...,m}.



106 6. AN INTEGRATION THEOREM FOR THE EUCLIDEAN SPACE

Consequently, we can compute using Lemma 6.3.17 and Lemma 6.3.18:

R(X) = R(9)+ SRR ) C Rig™) + 3 RV RE)
i=1 =1

- (R(g*) + fj R(@*)R(ff)) =R ((g - fj ﬁ-@-) ) = R(X™)* O
i=1 =1

Notice how we used the double adjoint (once formally within Diff (M), once within
O(L?H)) to ensure a large enough domain. The main point here is that sums of adjoints
are more well-behaved than sums of closures of operators.

A natural follow-up hypothesis is that we actually have R'(X) = R(X) forall X € X(M).
This property can indeed be proven under certain circumstances (we will do it for the
context where M is a compact manifold in the next chapter), but the proof will use that
derivatives of groupoid representations are integrable. This is something which we actually
have not proven; keep in mind that Proposition 4.2.1 does not apply to R™ x R™ because
this is not compact. Thus we will stick with the double adjoint formula for now. Further
characterisations of domain and integrability will follow in the next chapter in a more
general context.

At this point we have decent knowledge about the differentiation and integration of
Lie groupoid representations for the basic case where the groupoid is R™ x R™. We have
constructed three mappings and shown that they are inverse to each other (up to an open
question of domain). This information is condensed in the diagram below:

B(L2H)

w(f)(e)(p)=

Jar A” 2 (2) f(2) P(2)o (sz)dAP R(D)(n(f)o)==(D(f))o

into diff
U(H) « P— G Diff*(G) —— R —— O(L*H)
int1
1 7 5
P(pvq)=(W) 2 (p) ((;“J;,(IGR((q_p)(d-'—% )))(q)

The most important parts in the definition of int; are color-coded: We have in purple the
m-tuple of partial derivatives @ = (91, ...,0p), in its divergence with respect to a
volume form w, in teal the pullback by the flow of @ which makes our unitary decomposable
and in blue the Radon-Nikodym derivative necessary for norm-correction.

In the above diagram, the maps diff and inty are well-defined for general volumetric
groupoids, while the important integration map int; is only defined for the Euclidean pair
groupoid R™ x R™ at the moment. Isn’t that result a bit meagre? While the Euclidean
environment is a very important first step, we started out wondering about arbitrary Lie
groupoids, not just real numbers. To engage this limitation, there is still one more chapter
to this thesis, which will generalize our integration theorem to give a more convincing
result.



CHAPTER 7

An Integration Theorem for Smooth Manifolds

In this final mathematical chapter we will use ideas from the previous chapter to prove
a more general integration theorem, which works for tangent bundles of compact manifolds
instead of just for R™. With a differential-geometric background, the natural idea here is
to cover the manifold by charts and apply the Euclidean integration theory locally. The
special challenge of this context is that certain properties of unbounded operators, like
being self-adjoint, do not work well together with restrictions to open subsets. In particular,
for a given representation R : Diff(M) — O(L?H) and a differential operator D € Diff (M)
such that R(D) is essentially self-adjoint, a restriction R(D|y) € O(L?>H|y) can be defined,
but is usually not essentially self-adjoint; an example for this is the Laplacian on R, which
is not essentially self-adjoint on C2°((0,1)).

This is why we will always consider global vector fields X € ¥(M) and assume that
R(X + 3divX) € O(L?H) is essentially skew-adjoint. Because global commuting frames
do not exist for general manifolds, I will only assume that certain vector fields commute
on an open subset. Suitable vector fields can be constructed using local charts. With
these caveats, the process is relatively straightforward: Starting with a representation
R : Diff(M) — O(L?H), we first construct local representations Py : U x U --» U(L?*H |y/)
on open subsets U. We cover M by such local representations and show that the overlaps
are identical. Then we stitch the pieces together to get a global integration theorem. Finally
we show compatibility with differentiation and investigate integrability conditions.

7.1. Construction of Local Representations

To get started, it is very helpful to define an integration frame for an algebroid
representation. In short, this is simply a local frame of commuting vector fields which
act by essentially skew-adjoint operators and whose exponentials commute locally. This
object type is exactly what I will use throughout this chapter to define local integrals of
representations, hence the name. The precise formulation is as follows:

DEFINITION 7.1.1. Let (M, w) be a volumetric manifold with a quasi-invariant measure
v. Let R : Diff(M) — O(K) be a representation on a Hilbert space K (e.g., K = L?H for
a v-Hilbert field H).

An integration frame for R on an open subset U C M is a tuple (X1, ..., X,,) of vector
fields X; € X(M) such that:

(1) B := 31" ; R(X; + 3 div,(X;)) is essentially skew-adjoint for all z € R™,

(2) [X;, X;]|lv = 0 for all 4, j e{l,...,m},

(3) (Xi(p),...,Xm(p)) is an (ordered) basis for T, M for all p € U and

(4) there ex1sts an € >0 0 such that for all z,y € U.(0 ( ) CR™ and all h € Cp°(M) with

hlanw = 0: R(h)e"BevB = R(R)elrtv)B,

The fourth property in particular may seem a bit technical, but it is required to show
that our local construction defines a homomorphism. I will show later that it is fulfilled in
relevant cases. Note that for a Hilbert field representation, R(h) = T}, is the multiplication
operator by h. This is the only case we will deal with in the following constructions, but
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it is useful for the final theorem and its corollary to formulate the definition in a slightly
more general context.

In the previous chapter (Theorem 6.1.4), we have seen that the exponential of a vector
field in a representation is a decomposable operator. The first thing that we need to prove
now is that the pointwise decomposition of this operator inherits the group relation from
the global unitaries. More precisely:

LEMMA 7.1.2. Let R : Diff(M) — O(L*H) be a representation. Let (X1,...,X,,) be
an integration frame on an open subset U C M.
Forp e M and x € R™ sufficiently small, let ¢, be the flow of x X = 1" x; X; at
time 1 and define
Ue(p) := (0377 (0) : Hy = Ho,yy
Then there is an open subset W C R™ x R™ x M with {0} x {0} x U C W such that
for almost all (z,y,p) € W we have:

° Ux(¢yp)Uy(p) = Uery(p) and
b ¢x¢y(p) = ¢z+y(p)

Proof: Let K C U be an arbitrary compact subset. Choose a bump function h € C2°(U)
with h|x = 1 (which is possible since K is compact and U is open). Define K; := supph C U.
By continuity of the flow maps, there is an €; > 0 such that for all x,y,z € R™ with
|z, lyl, |z] < €1, ¢z 0 @yo ¢ (K1) C U. Also by continuity, the set Ko := {¢,d,0.(p)|p €
Ky, |z|,|yl,|2] < e1} C U is again compact. So we can choose another ea > 0 such that
G2y (K2) C U forall |z, |y, |2| < 3ea. Then for all |z|, |y|, |2| < eand all p € Ko, we know

that ¢x6,6:(p) = 02 "0 V621 () = 0,15 (D) = Guty+=(p) Decanse [Xilu, X;lu] = 0.
Here, Hg)c(lU denotes the time-1-flow of 21 X1 |y + -+ + £ Xim|v, and these flows commute
wherever defined since the vector fields commute.

Set € = ex := min{ey, €2, s} > 0. Let z,y € R™ with |z|, |y| < e and p € K be arbitrary.
Consider any section o € L?2H. Notice that we have supp h o G—y 0 Pz = Pppy(supp h) C
Ky C U, so we know by the definition of integration frames that Tho¢7yo¢7ze_$3e_y3 =

Tho¢7yo¢7ze(_‘”—y)3. Thus we compute:

Uz (¢yp)Uy(p)o(p)

hp)Uz(dyp)Uy(p)o(p) = Us(dyp)Uy(p)(Tho) (p)

Us(6yp) (e (Tho)(8yp) ) = (7" BB (T0) ) (¢utyp)
(Thos_ 00— "Pe ™50 ) (du0yp)

= (Thoo_ o0 V50) (626,p)

= h(f—yd2620,(P)) (750 (626,p) = h(p) (€770 ) (du0yp)

= h(p) (e(’x*y)BU) (¢z+yP) = Usty(o(p))

Since o was arbitrary, this implies Uy (¢yp)Uy(p) = Uz4y(p) almost everywhere.

Define Wk := U, x U x K° C R™ x R™ x U, where K° denotes the interior of K. Wi
is open with {0} x {0} x K° C Wk, and a fortiori we know by the previous arguments
that Uy (¢yp)Uy(p) = Usyy(p) and ¢pyp = ¢ppiyp for almost all (z,y,p) € Wk.

This procedure can be done for any compact K C U, so take the union W :=
Ukct compact Wk € R™ x R™ x U, which is still open and fulfils Uz (¢,p)Uy(p) = Usz+y(p)
as well as ¢p¢yp = Pgiyp for almost all (z,y,p) € W. Furthermore, because U is locally
compact and open, it can be covered by precompact open subsets, thus we have

{0} x {0} x U = U {0} x{o}xK°CW,

KCU compact
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which finishes the proof. O

The formulation with an open set W C R™ x R™ x M is just a formally correct and
relatively short way to describe that the bound for x and y in the lemma depends on p,
unlike for complete globally commuting vector fields.

Before we really use this result, we need to introduce a minor technical trick to guarantee
that fibres are connected in our local integration.

LEMMA 7.1.3. Let M be a smooth manifold. Let W C M x M be an open neighbourhood
of diag(M) = {(p,p)|p € M}. Then there is another open set Z C W with diag(M) C Z,
such that ZP = ({p} x M) N Z is connected for allp € M.

Proof: Consider any p € M. Choose a chart ¢ : U — U C R™ with p € U and ¢(p) =0 € U.
Since W is open, there exists an € > 0 such that Z, := (¢~1U.(0))? C W. Z, 2 U.(0)? is
connected and open. Let ¢ € M be another arbitrary point. Put U, = ¢~ 'U(0). Then we
find for the intersection:
{Q} X Upa q € Up
({a} x M) N Z, = ({g} x M) N U3 =
P P (2)7 q ¢ Up

So in either case, it is connected. If it is non-empty, it contains (g, q).

Define 7 := Upe M Zp- Let ¢ € M be arbitrary. Then by the previous discussion, we
have:

z'=({gy xM)nzZ=J ({a} x M)NZ,
peEM

= U {a}t x Uy

pEM, q€Up

Since {q} x Up is connected and (q,q) € {q} x U, for all p with ¢ € Up, this union is again
connected. Because (p,p) € Z, for all p € M, we also have diag(M) C Z. O

Using these two lemmas, we can already construct a local representation and prove the
main result of this section:

PROPOSITION 7.1.4. Let R : Diff(M) — O(L*(H,v)) be a representation. Let
(X1,...,Xm)
be an integration frame on U C M. ~
Then on every precompact simply connected open set V. C V. C U there is a local
essential homomorphism P = Px : V x V --» U(H|y) with
1
v 2
P X — * —J.?B
eX)®) = (5 ) (@) (7))
for almost all p € V' and almost all sufficiently small x € R™, where ¢, is the time-1 flow
of tX.

[V

Proof: By Proposition 5.1.11 and Theorem 6.1.4, the operator (m)
unitary and decomposable (for z small enough).

For p € M and 2 € R™ such that e 8 is defined, put U,(p) = (qﬁ;e*xB) (p).
By Lemma 7.1.2, there are an open subset W C R?™ x U with {0} x U C W and a
null set N C W (with respect to A x A x v, A being the Lebesgue measure), such that
Uz (¢yp)Uy(p) = Uzyy(p) for all (z,y,p) € W\ N (in particular, the terms are defined),

and also ¢4y (p) = duy(p).
Because V' C U is compact, there exists an €1 > 0 such that Uc(0)2 x V C W. Because
(Xilu, ..., Xmlv) is a smooth commuting frame and V' is compact, there is another ez > 0

o ¢y - pre B is
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such that the map = — (¢,(p)) = exp(zX)(p) is a diffeomorphism for all p € V and
|z| < €. Put € = min{e;, €2} and define:

W' = {(¢(p),p)|z € U(0), pe VINV?

By the choice of €2, exp(zX)|y (0)xv : Ue(0) x V' = {(¢2(p), p)lx € Uc(0), p € V}is a
diffeomorphism, so that W’ C V2 is open. Clearly for all p € V, (p,p) = (¢op,p) € W', s0
that W' contains the diagonal.

By Lemma 6.1.5, there is another null set N/ C W C R™ x R™ x U such that
m ° Poiy(p) = W 0 Puty(P) - m(%p) for all (z,y,p) € W\ N'. So put Ny :=
{((padyp, dyp), (Pyp, p))|(z,y,p) € NUN'} C (M x M)®) | which is a null set since N and
N’ are null sets and (z,p) — ¢.p is smooth.

Define

P:W = U(®V), exp(zX)(p) — (@)2 (¢2p)Uz(p)

Now let g,h € W’ be arbitrary such that th = sg and (g,h) ¢ N3. Then because
exp(X) : (x,p) = (¢zp,p) = exp(xX)(p) is locally bijective, there are unique z,y €
Uc(0) CR™, p e V, such that g = (¢20yp, dyp) and h = (¢pyp, p). In particular, the above
definition of P is well-posed. Since (g,h) ¢ N3, we know that (z,y,p) ¢ N U N'. By
construction, we have (z,y,p) € U2 x V. C W, so that indeed

1%

P(gh) = P(exp((z + y)X)(p)) = m(%wﬁ)%w(p)
= CR © Guiy(p) - W(g{)yp)Ux(d)xp)Uy(p)

= P(exp(zX)¢yp) P(exp(yX)p) = P(g9)P(h)

By Lemma 7.1.3, choose another open set Z C W’ with diag(V) C W’ such that
Z N ({p} x V) is connected for all p € V. Then we a fortiori have P(gh) = P(g)P(h) for
all g,h € Z with gh € Z and (g,h) ¢ Na. So P|zV xV --» U(H|y) is an essential local
homomorphism of first type. By Proposition 5.3.6, P|p is a homomorphism of second type
for some co-null set D C Z, which finishes the proof. O

A priori, this construction depends on the chosen integration frame and can yield a
different result for another choice. We will show in the next section that this is actually
not the case.

7.2. Showing Independence of Chart Choice

Proving that the local integrals of our representation are independent of chart choice is
not at all a trivial task. Generally speaking, two charts on the same domain are connected
by a transformation matrix of smooth functions. In many areas of differential geometry,
independence of chart choice is shown using explicit computations with this transformation
matrix. Now the challenge in our scenario is that there is no obvious relation between
the exponential of a vector field and the exponential of its product with a given smooth
function. For non-commuting vector fields, we cannot even say much about the exponential
of their sum; the Baker-Campbell-Hausdorff formula still applies in functional calculus,
but not for groupoid exponentials.

We will solve this problem by essentially outsourcing the computations from the unitary
operators back to the differential operator algebra. Namely we will immediately differentiate
our local integral again and investigate the relation of this derived representation with
the original. We will find that this derivative does not significantly depend on the chosen
integration frame, thus the local integral cannot either.
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Our first goal is to consider different definitions of the exponential of a vector field
and show that they are equivalent. To do so, let us start with a computation involving
Radon-Nikodym derivatives and divergence.

Recall that for a diffeomorphism ¢ : M — M, ¢*w € Q™(M) is the pullback of a
differential form, while ¢.w = ¢, is the pushforward measure of the measure induced by
w. We find that ¢*w = ¢, 'w and formulate the following lemma:

LEMMA 7.2.1. Let (M,w) be a volumetric manifold. Let X € X(M) be a vector field.
Denote by 6 : D — M, D C R x M open, the flow of X. Then for all (z,p) € D, we have:

% (0:))*(,0 © 01:(]3) = eiw (p) . din(X) o ex(p)

Proof: Usually I use the definition Lx = doix 4+ ix od for the Lie derivative, but it is also

possible to define Lxn = (ft‘ 0fn, for any tensor field n. For differential forms n € Q(M),
these expressions are equlvalent by Theorem 14.35, page 372 in [11]. Hence we find:

d w d (0_z)sw d
il 0, w=— cw=—(0_y)s
dz (0;).w YT w © dx( e
d d d
—Ow=— 050w =20, — 9
T Az T Aty T T A Y

=0 Lxw = 0, (div,(X) - w)

Candlh div,(X) o0, - w,

=div,(X)ob, - Orw =

and thus, since w(p) # 0 for all p € M, 4 ErAC “j*w 0f, = 937“ - div,(X) o 6, as required.
More precisely, for every precompact open U C M, by continuity of 6 we find an € > 0
such that U.(0) x U C D, and the above equations are true for (z,p) € U(0) x U C D.
Since M can be covered by precompact open subsets, the result follows. O

Notice that the pullbacks in the preceding lemma are only defined in a neighbourhood
of each point, which suffices. In a representation of the groupoid algebra, any vector field
acts by left-multiplication — we have used this construction before. With our lemma, we
can compute the derivative of this map.

LEMMA 7.2.2. Let (M,w) be volumetric, with a quasi-invariant measure v on M and a
Hilbert field H — M. Let w: C*(M?) — B(L?H) be a representation. Let X € X(M) be a
vector field (not necessarily complete), and let 6 : D C R x M be its flow. Consider any
f € C*(M?). Choose € > 0 such that Use x t(supp f) C D. Then for all z € (—e¢,¢€), we
have:

4 (”92*“’)5 T(f 0 lexp(a3)) = ( )é R(~X — 5 v (X)) © Lo o))

Proof: Using Lemma 7.2.1 and the chain rule, we compute first:

% ((Qxcz*w>é _ % ((9_(:)*w . 9_$>2

(02)w

w

- _% <(92)*°" o .91,); : (0::)%" ~divy(X) 0 0_,
! ((%)w)i
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On the other hand, we find for all x € (—¢, €) that:

d
af ° lexp( )(p, ) 7f( —zD>q ) _X(f(v q))(g,xp)

= —XR(f)(H_mp, Q) = _XR(f) o lexp(—a:X) (pa Q)
for all p € O(Ue(0),t(supp h)) C t(Supp f o lexp(—ax))> ¢ € M, so that

d
@f © lexp(fa:X) = _XR(f) o lexp(sz)

and

@W(f o lexp(—xX)) = ﬂ—(_XR(f) o lexp(—xX))
because 7 is continuous.
Hence by the product rule we get:

4 <(9£“> Cafo lexp(~a))
s ) Aiv(X) 0 0_y7(f  loup(a)) + 9“*“’) T(=XT() © o)
_ ;(fhww) AV(X) 00— 01 o) + (2) S X7(1) 0 o)
<<9z>*w) R((~X — 3 div(X))(F) © loxp(ax) -

Given a groupoid representation P : M? --» U(H), any vector field X € X(M), even if
it is not complete, defines an exponential P(exp(zX)) acting on certain sections in L2H.
The next lemma is mostly about the precise definition of this, but also shows that this
mapping behaves like a unitary with group properties.

LEMMA 7.2.3. Let (M,w) be volumetric, v quasi-invariant on M, H — M a Hilbert
field, P : M? --» U(H) a representation. Let X € X(M) be a vector field (not necessarily
complete). Let § : D C R x M — M be the flow of X. Let K C M be compact and
o € L?>(H) such that the essential support esssupp(c) C K is contained in K. Choose
€ > 0 such that Uye x K C D. For all x € (—¢,€), define P(exp(zX)o) by

(0z)sv

v

(Plesp(eX)0) (p) = (Z22) " (6)P(p.6-0p)o(0-.0)
forp € 0([—€, €] x K) (where 0_;p is defined) and P(exp(xX)o)(p) =0 for
p € M\O(—e € x K)
(where o(0_zp) = 0 if it is defined).
Then P(exp(zX)o) € L*H, and ||P(exp(zX)o)|| = |lo|. Furthermore, we have
P(expxzX)P(expyX)o = P(exp(z +y)X)o for x,y € R with |z| + |y| < € and
(P(exp(x X))o, ) = (o, P(exp(—2X))T)

for 7 € L?H with esssuppo C K.
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Proof: Let 0,7 € L>H with esssupp o, esssupp7 C K. Then we have

(PlespaX)o, PlespaX)r) = [ (PlexpeX)o)(p), (PlexpaX)r) () (p)
= [ )P, p)o(0-p), P00 )

:/ (G‘T)*U(pxd(efxp)aT(Q*Ip»]/(p)
M

1%

_ /M<a(9,xp),T(efxp»(%)w(p)
:/ (o(p), 7(p))v(p) = (o,7)
M

because P(p,0_,p) is unitary. In particular:
|P(expaX)o)|| = (P(expzX)o, PlexpzX)o)? = (0,0)2 = |o]

The next property also follows from a straightforward computation. Namely, we have
for all z,y € R with |z| + |y| < € and almost all p € M:

W) " ()P, 0-.p) (P(expyX)o) (0-op)

P(exp 2 X) P(expyX)(0)(p) = (

_ ((exy)*'/f (p)P(p, 6_.p) ((eyy)*yf (0—2p) P(0—sp, 0—y0_rp)o(0—y0_.p)

_ <(9"”V*V>é () <W> (p)P(p,0—yb0_2p)o(0_y0_zp)

- (W) (D) PB.0_ a1y P)o O (o) = Plexpl +3)X)(0) ()

Thus P(expzX)P(expyX)o = P(exp(z +y)X)o.
Combining these two results, we see that
(P(expzX)o,7) = (P(exp(—xX))P(expxX)o, P(exp(—xX))T)
— {0, Plexp(~2X))r)

holds for all z € (=3, §). O

1%

So in a sense, we have once more defined a unitary operator. It is important to keep in
mind though that P(expzX) is not globally defined on all sections of L?H for any fixed
z € R, but the possible values for z depend on the support of the section.

We will show soon that the definition by left-action and the exponential definition
coincide. To do this, we need a short lemma which characterises the modular function of a
pair groupoid.

LEMMA 7.2.4. Let (M,w) be a volumetric manifold and v a quasi-invariant measure
on M with respect to M x M. Let A = ”Zi be the corresponding modular function.
Then for almost all (p,q) € M? we have:
v, w
Alp,g) = —(p) ()

v

Proof: In the following, I will omit the d from the integral notation. Put G = M x M.
Notice that we have:

/—os—otVO)\ / (p)w(q)v(p)
_// Do) = [ [ wta) = [ vol
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Thus we know that 2os%ot = A~! almost everywhere, i.e. A(p,q) = A7 (¢, p) = £(p)%(q)
for almost all (p,q) € G. O

The desired intermediate result is now achievable by a straightforward computation.

LEMMA 7.2.5. Let (M,w) be volumetric, v quasi-invariant on M, H — M a Hilbert
field, P : M? --» U(H) a representation, ™ = inta(P) : C*(M?) — B(L?*H). Let X € X(M)
be a vector field (not necessarily complete). Let 6 : D C R x M — M be the maximal
flow of X. Let f € C(M?). Choose € > 0 such that U x t(supp f) C D. Then for all
x € (—€,€), we have:

(0)w

w

Plexp(zX))(n(f)o) =

1
2
) W(folexp(—a:X))J

Proof: Let p € M be arbitrary. If p ¢ 0(Uc(0) x t(supp f)), then we know that

Pexp(zX))(n(f)o)(p) =0
by definition since esssupp(7(f)o) C t(supp f). Likewise we know that

ess Supp(m(f © lexp(—ax))0) S (tsupp f o exp(—2.X)) € O(Uc(0) x t(supp f)),

1
so that also ((9“2}*‘”) “n(fo lexp(—a;X))U> (p) = 0 on the other side.

Thus look at the case where p € 8(U(0) x t(supp f)). By our definition, we have for
almost all such p:

1

(91)*1/) 2 (P)P(p, 0—p) (7(£)o)(0—_2p))

14

P(expaX) (x(£))() = (

((9;(;)
-1y

<
_/M((QI))*“(p): )+ p) folexp(—ex) (P ) P(p, )0 (q)w(q)
( )

1

) (p)P(p,0—sp) / A72(0_4p,q) f(0—2p, Q) P(0—2p, @)o(q)w(q)

00 ) £ loxp() (22 ) P(p, 0-2p) P8, 0) (q)(a)

<p>) £ 0 loxp(ax) (02 ) P(: @) ()0 (0)

- (wa;u))*w p) /M A_%(n q)fo leXP(—ﬂ?X)(p’ 9P (p q)o(q)w(q)
B ((92*&)> " D) ((F © loxp(ex))0) D)

Combining both parts, we see that indeed
(0z)w

w

PlexplaX)(r(H)o) = (P2 (£ 0 lexp(-ax))0
just as required. O

Again,  can only be chosen in dependence of the support of our section. This is
undesirable, because we want to think of the mapping we defined as a unitary operator
and link it to the functional calculus exponential, which is defined globally. The first step
in filling the gap is to consider the natural projection and inclusion maps between local
and global section of our Hilbert field.



7.2. SHOWING INDEPENDENCE OF CHART CHOICE 115

DEFINITION 7.2.6. Let H — M be a v-Hilbert field and let U C M be measurable.
Define pry; : L2H — L*(H|y), o + o|y and wy : L?(H|y) — L?H, o ~ &, where
o(p)=o0(p) forpe U and g(p) =0 forpe M\ U.

These maps are bounded with ||pry;|| = 1 = ||y||. With their assistance, we can relate
the first couple of exponentials, first only for the elements of our integration frame.

LEMMA 7.2.7. Let R : Diff(M) — O(L?*(H,v)) be a representation. Let (X1,..., Xm)
be an integration frame for R on an open set U C M and let V.CV C U be precompact.

Let P:V xV DO W --» U(H|v) be the local integrated representation defined in that
proposition. Let X € {X1,...,X}. Then for all o € L*(H|y) and all sufficiently small
x € R, we have:

v Plexp(xX|y))o = e eR(X+5 divX) (tyo)

Proof: Denote & := wyo € L?H for o € L*(H|y). Choose a bump function h € C2°(M)
with hlsuppe = 1 and supp h C V. Choose € > 0 such that Use x supp h C D, where D is the
common flow domain of X1y, ..., X;,|v, and also exp(X) = (0,idar)((—2¢, 2¢) x supp h) C
W, where 0 is the flow of X. Then for all x € (—¢, €) and almost all p € 6([—¢, €] X supp h),
we have

Plosplexlo o)) = (P22) () Plesp(eX ) 0-i))o(6-.0
= (120 ) () 00 (05T (0t

= e_xm(5)(919_$p) = e_xm(5) (p)

b

assuming without loss of generality that € is small enough that the formula for P(exp(zX)q)
applies like in Proposition 7.1.4.
Now consider p € M \ 0([—¢, €] x supp h). Then we have on the right hand side

e RO A (5 () = o RT3 X) (157) ()

= hob_y(p)e M2 N (G)(p) = 0

since 0_,(p) ¢ supph by the choice of p. On the left hand side, if p ¢ V, we have
vy Plexp(zX|y))(0)(p) = 0 by definition of the extension to L?H. If p € V' \ 0([—¢, €] x
supp h), then
wP(exp(zX|v))(o)(p) = P(exp(zX]y))(o)(p) =0

as defined in Lemma 7.2.3.

So in all of the cases, we have indeed:

w P(exp(aX|y))o(p) = e HH2 0 (1y0) (p) 0

This result is very interesting because we also expect that P(expzX) = e~ TR (X435 divX ),
where R’ = diff into(P), so we have a clear connection between R and R’. Going beyond
intuition, we have to carefully investigate the domain of each of the unbounded operators
involved. For example, R'(X +% div X') need not be essentially skew-adjoint, and the domain
of R’ need not be contained in the domain of R. We will deal with these intricacies using
Stone’s theorem on one-parameter unitary groups and arrive at the following formulation:

LEMMA 7.2.8. Let R : Diff(M) — O(L?*(H,v)) be a representation. Let X1, ..., X, €
X(M) be an integration frame on an open set U C M and let V. CV C U be precompact
and simply connected.

Let Py : V. xV O W --» U(H|y) be the integrated representation defined in Proposition
7.1.4 and P:V xV --» U(H|y) the extension of Py as in Theorem 5.3.10. Let m = into(P)
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and R = diff(7). Let X € {X1,..., Xm}. Then for all f € C®(V?) and o € L*(H|y), we
have vy (f)o € dom R(X + 1 div X) and:

WRI((X + %divX)|V)7r(f)a ~ R(X + %div X)wr(flo € L2H

Proof: Remember that by the requirements for integration frames, B = R(X + %div X) is
skew-adjoint.

Denote the flow of X by 6. By Lemma 7.2.5 and Lemma 7.2.7, we know that there is
an € > 0 such that for all x € (—e¢, €):

o (((93“’) r(fo zexp<_$x>>o> — 1wy P(exp(eX|y))(r(f)o)

— efiBR(Xﬁ’% div X) (LV(T('(f)O'))
Thus by Lemma 7.2.2 (and %0 = 0), we find that the map

T e—wR(X-i—%divX)(LVﬂ_(f)o_)

is differentiable around 0 with:

L R iy m(f)o) = Loy ((("I)*“) “a(fo zexw))o)

dz =0

w

w

w ((”0)*‘”) TR((X 4 diva(X) () o zexp<ox>>0)

w (7((=X = S diva (X)) (D)o )
—w (R(-X = S aiv X))o

Hence by one part of Stone’s Theorem on One-Parameter Unitary Groups (Theorem
D, page 647, [23]), we find that cym(f)o € dom —R(X + 3 div X) and

W (R((—=X — %div X)ly)r(f)o) = —R(X + %div X) (v n(f)o)

The result follows by multiplying with —1. O

So in short, we have proven that ty o R'((X + 4 div X)|y) € R(X + 5 div X) o ¢y for
vector fields X in our integration frame. To go on with our computations, we first need an
analogous result for smooth functions. Luckily, this is easy to prove.

LEMMA 7.2.9. Let R : Diff(M) — O(L*(H,v)) be a representation. Let (X1,...,Xm)
be an integration frame on an open set U C M and let V C V CU be precompact and
stmply connected.

Let P:V xV --» U(H|y) be the (extension of the) integrated representation defined
in Proposition 7.1.4. Let m = inta(P) and R’ = diff ().

Then for all f € C°(M), we have

RI(flv) =pry o R(f) 0w
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Proof: By Theorem 5.2.8 R can be assumed to fulfil R(f) =7 : 7+ f7. On the other
hand, we know that

R (flv)n(g)o = n(m{(g))o(p) = n(flv ot - g)o(p)

= f(p)m(g)o(p) = Tym(g)o(p)
= pry o R(f) oty (m(g)0)(p)

for all o € L?(H|y), g € C>®(V?), p € V, so that R'(f]y) = Ty = pry o R(f) o vy since
{n(g)v|g € C*(V?),v € L?(H|y)} is dense in L?(H|y) and both sides are bounded. [

The next lemma will deal with frame vector fields again, combining the previous results.
The point in taking an extra adjoint in the formula is that sums of adjoints are more
well-behaved than sums of closures of operators. In the end, the difference will not matter
much because we are dealing with essentially skew-adjoint operators.

LEMMA 7.2.10. Let R : Diff(M) — O(L*(H,v)) be a representation. Let (X1,..., Xm)
be an integration frame (in particular, R(X; + %div X;) are essentially self-adjoint) on an
open set U C M and let VC V C U be precompact and simply connected.

Let P:V xV --s» U(H|y) be the integrated representation defined in that proposition
(with extension). Let m = inta(P) and R' = diff(r). Then for all X € {X1,..., X}, we
have:

o R(X|y) C R(X*)* oy

Proof: By Lemma 7.2.8, we know that vy o R'((X + 2 div X)|y) € R(X + divX)owy.
We also assumed that R(X + 5 divX) = —R(X +  div X)*.

By Lemma 7.2.9, we have ty R'(f|v) C R(f)ey = R(f)*vy for all f € C®°(M).
Thus by Lemma 6.3.17 and Lemma 6.3.18, we have

1 1
Ly © R/<X‘V> = Lv(R/<X -+ 5 diVX) - R/(§ diVX|V))

1 1
=wR (X + 5 divX) — LvR/(§ div X|v)
1 * 1
C —-R(X + 5 divX) wy — R(§ divy)ey
1 * 1 *
= —R(X + 5 diVX) Ly — R(§ diVX) Ly

*

1 1 *
_ (—R(X + 3 divX) — R( divy) ) oy
1 1
C(—-R(X + 5 divX) — R(§ div X))y
= R(—X —divX)* 1y = R(X*)* 0wy =

With the previous results, the analogous formula for arbitrary vector fields follows
quickly.

LEMMA 7.2.11. Let R : Diff(M) — O(L*(H,v)) be a representation. Let (X1,..., Xm)
be an integration frame (in particular, R(X; + %div X,) are essentially self-adjoint) on an
open set U C M and let V. C V C U be precompact and simply connected.

Let P:V xV --s> U(H|y) be the integrated representation defined in Proposition 7.1.4.
Let 7 = inta(P) and R’ = diff(«). Then for all X € X(M) we have:

Lo R(X|y) C R(X*)*ouy
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Proof: Put v = vy : L2(H|y) — L2H for this proof.

Since (X1|v, ..., Xm|v) is a frame, there must be fi,..., f;, € C;°(M) and Y € X(M)
with suppY € M \ V such that X = 37, f; X; + Y.

Obviously we have Y|y = 0, so R'(Y]y) = 0. On the other hand, since suppY € M\ V
(which is open), we can find a bump function f € C®(M) with supp f € M \ V and
flsuppy = 1, so that fY* = f(-Y —divY) = =Y —divY = Y* (since supp(divY) C
supp Y'). Hence

R(Y™)" = R(fY")" = (R(f)R(Y"))" 2 R(Y")"R(f)" 2 R(Y)T}
by Lemma 6.3.17, and since Ty = o1}, = 0,
RY" )t D R(Y)Ttt=0

by Lemma 6.3.18, thus R(Y*)*. =0: L*(H|y) — L*H.
Thus we have:

m

RI(X|v) =Y WR(filv)R(Xilv) + W R(Yv) =Y Ty, R (Xilv)
i=1 =1

= D (RXF)R(fi))"e + R(Y™)™
1=1

- (i R(X;mj, + R(Y*))> L= R((i [iXi + YY) = R(X™)" O
=1 =1

This result is indeed independent of our chosen integration frame. Now we need to
transfer it back to the local integral P|y : U? --» U(H|y). One more time, the tool we use
are the one-parameter unitary groups P(exp xX) of vector fields X € X(M).

To get a proper differential equation in our upcoming computations, we need that a
vector field commutes with exponentials of itself in a derived representation. More precisely:

LEMMA 7.2.12. Let (M,w) be a volumetric manifold and let P : M x M --» U(H) be a
representation of the pair groupoid on a Hilbert field H. Let m = into(P) : C*(M x M) —
B(L?H) and R = diff(7) : Diff(M) — O(L?H). Let X € X(M) be a (not necessarily
complete) vector field and let f € C>°(M) and o € L?H. Then for all sufficiently small
x € R, we have:

P(expzX)R(X + %div X)m(f)o=R(X + %diVX)P(eXp.%‘X)ﬂ'(f)O'

Proof: Set v = n(f)o € dom R and X = X + 3 divX. As described in Lemma 7.2.3, we
can choose an € > 0 such that P(exp xX)v is defined for all z € (—¢,¢€). By Lemma 7.2.2
and Lemma 7.2.5, we know that %P(exp zX)v = P(expxX)R(—X)v; in particular, the
derivative exists (shrink e if necessary).
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Consider any other w € dom R. Since P(exp(z + y)X)v = P(expzX)P(expyX)v for
|z| + |y| < € by Lemma 7.2.3, we get for all x € (—¢,¢€):

(P(expzX)R(X)v,w) = <—%P(exsz)v,w> = —%(P(exp xX)v, w)
d

o (P(exptX)P(expxX)v,w)

o (P(expzX)v, P(exp —tX)w)

- (P(expxX)v, P(exptX)w)

d
dt

(P(expxX)v, % . P(exptX)w) = (P(expzX)v, —R(X)w)

(—=R(X)*P(exp X )v,w) = (R(—X*)P(exp 2 X )v, w)
(R(X)P(exp X )v,w)

In this computation, ¢ has to lie in a neighbourhood of 0 which depends on w, but the final
equation does not depend on w. In the second last line we use that P(expzX)v € dom R
by the formula in Lemma 7.2.5. So because dom R C L?H is dense and w € dom R was

arbitrary, we find that P(expzX)R(X)v = R(X)P(expzX)v. O

With this lemma, we finally get an integration-frame-independent equality for operators.

LEMMA 7.2.13. Let R : Diff(M) — O(L*(H,v)) be a representation. Let (X1,..., X.)
be an integration frame on an open set U C M and let V C V C U be precompact and simply
connected. Let P : V xV --» U(H|y) be the integrated representation. Let m = inty(P)
and R' = diff(n).

Let X € X(M) be any vector field such that R(X + % div X)) is essentially skew-adjoint.
Then for every h € C°(V), we have:

—zR(X+12 divX)

P(expxX)T}, = prye Ty,

for all sufficiently small x € R.

Proof: First of all, choose € > 0 such that (—2¢,2¢) x supph C dom €, where 6 is the flow

of X|y, and such that e R(X+3divX) g defined for all |z| < e. Consider any f € C>(V)
and o € L?>(H|y) and put v = 7(f)o. Then by Lemma 7.2.2 and Lemma 7.2.5, we have for
all |z] < e

b} (=X = G A0 1) 0l a3}

%P(exp X)) T = (
— PlexpaX)R(—X|y — %divX]V)Thv
By Lemmas 7.2.12, 7.2.9 and 7.2.11, this is:
PlexpzX)R' (- Xy — %dith/)Thv = R'(—X|y — %diVXh/)P(expa:X)Thv
= pry (R(—X")* — R(% div X))oy P(exp 2 X)Thv

1
=pry R(X + 5 div X)* oy P(exp 2 X )Thv
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On the other hand, we have

d RX+LdivX) RX+LdivX) 1
d—prve_xR(XJF% v X)) Tho = prVe_xR(XJr% WOR(-X — 5 div X))y Tho
x

1 RX+LldivX)
=pryR(—X — 3 div X)e_mR(X+% div X)), Tho
1 RX2L div X)
=pry R(X + 5 div X)*e_xR(XJF% v X) T
since R(X + %div X) is essentially skew-adjoint.

Extending it by 0, consider h an element of C2°(M) where appropriate. We know that

e~ TR(X+5 divX)p, = Thogﬂe*xR(X*%di"X) by Proposition 6.1.3, where 6 is the flow of X.
Because this flow is continuous, h o 6_, still has compact support inside of V' for sufficiently
small z. This implies that typryThes , = Thop_,. Thus we get:

pry R(X + %div X)re tREX+3dvX)

=pry R(X + %div X)*Thog_ﬁefzmbvv
=pryR(X + %div X)*1ypry Thoo_, TR AV X), o
= pry R(X + %div X)*LVvae_mmwThu

So the functions Fy : x — P(expzX)Thv and Fy : x — prVewa(XJr% divX), ., Th,v both
solve the same differential equation < F(z) = pry, R(X + 1 div X)*1y F(z). We also have

P(exp0X)Thv = Tho = prvefoR(XJr% divX), T,
Hence there must be an ez € (0, €] such that

—zR(X+1 div X)

P(expzX)Tpv = prye ' Tho

for all © € (—eg,€9). This statement can be found in the Picard-Lindel6f theorem, for
example. To be able to apply that theorem, we use that the operator B := pri, R(X +
%div X)*uy is actually bounded when considering the right domain. Namely put, for any

given v, E := span({Fi(x), F2(z) | * € R}) C L?(H]|y). For each z € R we know that

1 . L.
IBF @) = | PlespaX)R(=Xly = 5 div X[y )Thol = [F(Xly + & div X[p)Thol =
and
XL dv X 1 1
|BFy(x)| = Hprve—xR(X“‘%d“’X)R(X + §diVX)LvTh’U|| < |R(X + idiVX)LvThUH =:cy

by the previous computations, using that P(exp xX) preserves the norm by Lemma 7.2.3,
"R +3 AV X) ig ypitary, and |lpry/ || < 1. It follows that ||B|g|| < max{ci,ca}.
Because v can be an arbitrary element of dom R’ = w(C°(V?)L?(H|y), dom R’ C

L?(H|y) is dense and P(exp X )T}, prVefo()“% divX), Ty, are both bounded, this implies
that indeed:
P(expxX)Ty, = prvefo(XJr% dvX), T, O
One important point of the preceding equality is that both sides are bounded operators
now, so we do not need to worry about different domains any more. That makes the final
result of this section relatively easy to show. The involved computation only gets a little bit
longer because P(exp zX) was only explored for a single vector field X in certain lemmas,
not for a frame X = (Xi,...,X,,). The same intuition applies nonetheless.
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LEMMA 7.2.14. Let (X1,...,Xm) and (Y1,...,Ynm) be integration frames for a repres-
entation R : Diff(M) — O(L*H) on open sets U C M and V C M. Let Uy C Uy C U and
Vo € Vo CV be precompact simply connected open subsets. Let P = Py : V@ --» U(H|y,)
and Q = Py : Ug --» U(H]|y,) be the respective groupoid representations obtained by
Proposition 7.1.4.

Then on W = Uy NV, we have Ply2 = Q|y2 almost everywhere.

Proof: Let K C W be compact. Let ¢, be the time-1 flow of z.X. Because the map
¢ : (x,p) — ¢x(p) is continuous in a neighbourhood of {0} x K C R™ x W, we can
choose an € > 0 such that ¢,(p) € W for x € Us(0) and p € K. Choose h € C(M)
with supph C W and h(¢,p) = 1 for all z € U.(0) and p € K (which is possible since
{pzplr € Uc(0),p € K} is still compact).

Then by Lemma 7.2.13 and because [X;, X;]|w = 0 = [V3,Y}], we know that

—z; R(X;+% div X;)

pryy P(exp ;. X;)Thtw = prypry,e Lo Thiw
= pryyprype” KT IXD Ty,
= pryy Q(exp = X;) Thiw

for |z;| < € (shrink e if necessary), where we simply write P(expxX) for P(exp(zX|y,)).
Hence for all 0 € L?H and almost all z € U.(0) and p € K:

(wi)w) * ()0 6-a () P(p. 6-e2)0(6—p) = (PlexpaX)Thorluy) (p)

=P(expz1X1) ... P(exp xmXm)Thol|u, (p)
=pry P(exp 21.X1)Thogy ., oy tW - - - Prw P(exp @ X )two|w (p)
=pry Q(expx1X1) W -+ PIy P(exp &m Xon ) ew o lw (p)
=pry Q(expx1.X1)

...pry Plexp zp X ) two|lw (p)
= =pryQlexpz1 X1)tw ... pryyQ(exp zmXm) Thiwo|w(p)

=@espaX)Tiohe)0) = (222) (o 62 (). 6-ap)o(6-01)

v

Tho¢(0,z2

----- Im

,,,,,

Within the preceding computation, I used that by [X;, X;]| = 0 we have exp(zX)(p) =
exp(z1X1) .. .exp(x, X )(p) for all p € supp h and all sufficiently small x. The point here
is that R(zX + %div xX) was not assumed to be essentially skew-adjoint; our integrability

assumption only states that the sum of closures 1", 2; R(X; + 3 div X;) is essentially
skew-adjoint. This nuance has to do with the theory of analytic vectors. However, x; R(X; +
% div X;) is already essentially skew-adjoint for each i € {1,...,m}.

Since h o ¢_,p = 1 and o was arbitrary, it follows that P(p,¢_,p) = Q(p, d—zDp)
for almost all x € Uc(0) and p € K. Because (Xi|y,...,Xm|v) is a frame, the set
Ex = {(p,¢—p)|p € K°, z € U(0)} C W? is open. Furthermore, diag(K°) C Ex
since ¢y = id and we have just shown that P(g) = Q(g) for almost all g € Ex (since the
exponential map is a local diffeomorphism and thus bimeasurable).

Do this process for all compact K C W and put E'= Ugcw compact Wk As a union of
open sets, £ C W? is still open. Since W is locally compact, diag W C E. And as proven,
P(g) = Q(g) for almost all g € E. It follows by the uniqueness part of Theorem 5.3.10 that
Plw = Q|w almost everywhere. O
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7.3. Combining the Pieces

Let us now combine the newly constructed local representations to a global one. To
make this possible, we need to cover our manifold of choice by integration frames first. We
need to be a bit careful with the size of each frame domain, because our local integration
theorem only works on a subset of the original domain. In the following definition I give a
special name to such covers to make keeping track of these technicalities easier.

DEFINITION 7.3.1. Let (M, w) be a volumetric manifold with a quasi-invariant measure
v. Let R : Diff(M) — O(K) be a representation on a Hilbert space K (e.g., K = L?>H for
a Hilbert field H).

An integration gallery for R is a finite or countable family (Vi,X{, ey X2 Yier of
in» € X(M) and precompact, simply connected, open V; C M such that M = J;c; Vi
and such that for every i € I, there is an open subset U; C M with V; C U; on which
(Xi,..., X! ) is an integration frame for R.

The representation R is called integrable if there exists an integration frame for R and
for all X € X(M), R(X + 3 div X) is essentially skew-adjoint.

The name integration gallery was inspired by the image of an art gallery where a
collection of framed paintings is stored. In our case, we have a collection of integration
frames.

Up to now, the usual assumption about adjoints in our representation was that R(X +
% div X)) is essentially skew-adjoint for certain vector fields X. A more general condition is

when R(D)* = R(D*) holds for all differential operators D. For higher orders, this may
not always be true, but at least for order-1 operators, this follows from skew-adjointness of
vector fields, as the following lemma shows.

LEMMA 7.3.2. Let R : DiffY(G) — O(L*H) be a representation. If R(X + 3 div X)

is essentially skew-adjoint for all X € X®(Q), then even R(D*) = R(D)* for all right-
invariant differential operators D € Diff}(G) of order 1.

Proof: Let D € Diff?(@) be an arbitrary (real-valued) differential operator. Then there
are a smooth function f € C°°(M) and a right-invariant vector field X € X(G) such
that D = L + mjor, where X = X + %divR(X). By abuse of notation, we simply write
D = X + f. By assumption, we have R(X)* = —R(X) = R(X*). Recall that R(f) is

bounded, in particular, R(f)* =Ty = R(f) has domain L?H. Thus we compute:
R(D)* = R(X + f)* = R(f)* + R(f)" € (R(X + f) = R(f))" + R(f)*

= R(=X) + R(f) = R(-X) + R(f) = R(X + f)*) = R(D")

Here R(—X) + R(f) = R(—X) + R(f) follows from R(f) being bounded. We also have
R(D*) C R(D)* by the defining properties of a representation, and R(D)* is closed. Thus

R(D)* = R(D"). 0

This property is already very useful because higher-order differential operators can be
represented by products of order-1 operators, and because all of our integration theory
only concerns order-1 operators anyway.

There is one last technicality to alleviate before the proof of our main theorem. To
prove that the global construction is again a homomorphism, we have to consider products
of groupoid elements from different frame domains. Luckily there is a trick to deal with
this: The following lemma shows that we can refine our original cover in such a way that
the intersections of the refinement are always contained in a single set of the original cover,
so that homomorphy is guaranteed by local homomorphy. Let us have a look at the precise
mathematics.
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LEMMA 7.3.3. Let M be a compact smooth manifold. Let U = (U;)ics be an open
cover of M. Then there exists a barely intersecting refinement of (U;)icr, that is, an
open refinement (Vj)jes of U with an open set W C U;e; Vj x Vj © M X M such that
A(M) ={(p,p)lp € M} C W with the following properties for all (p,q) € W:

(1) If g € V; for some j € J, then there is ani € I with V; CU; and p € U;.
(2) If p € Vj for some j € J, then there is an i € I with V; CU; and q € U;.
(3) W N GP is path-connected.

Proof: Every smooth manifold is metrizable, so choose a metric d on M which induces
the topology of M. Define the metric d?> on M x M by d*((p,q), (z,y)) = d(p,z) + d(q,y).
For every point p € M, there is an ¢ = i, € I with p € U;, and because U; is open, an
€p > 0 such that Ue(p) = {g € M|d(p,q) < e} C U;. Put V, := U<(p) C Uj,. Using this, we
get an open cover (Vp)pen of M (indexed by M) which is indeed a refinement of U by
construction.

Now because M is compact, there is a finite subset J C M such that (V});e is still an
open cover of M (and a refinement of U). Put € := minjc; % > 0 and define:

W = U(AM)) ={(p,q) € M x M|3z € M : d*((p,q), (z,2)) = d(p, z) + d(q, x) < €}

It is left to show that W has the required properties. So let (p,q) € W be arbitrary.
Assume that ¢ € Vj; and put ¢ = i; € I. Choose x € M such that d(p,z) +d(q,x) < €. Then
d(p,q) <d(p,z)+d(z,q) <e< %. Also by definition of V; and ¢ € V; we have d(j,q) < §.
Hence d(j,p) < d(j,q) +d(p,q) < 5. So because U, (j) C U;, we have p € U;.

Likewise, if p € Vj, then again d(p, ¢) < % and d(j,p) < %, sod(j,q) < d(p,q)+d(j,p) <
%, hence q € Uj;. O

As it turned out, the proof of this lemma was simpler than the formulation of the idea.
This is certainly not the case for our upcoming integration theorem. But thanks to all of
our previous results, we can confidently state and prove:

THEOREM 7.3.4. Let M be a compact and simply connected smooth manifold. Let
w € Q™(M) be a volume form. Let v be a quasi-invariant measure on M and H — M a
v-Hilbert field. Let R : Diff(M) — O(L*H) be a representation in which smooth functions
act by multiplication operators (R(my) = Ty) for f € C®M)).

Suppose that there exists an integration gallery for R. Then there is a representation
P=int;(R) : G=M x M --» U(H) such that R’ = diff into(P) fulfils R'(X) C R(X*)*
for all X € X(M).

If R is integrable, then R'(D) = R(D) for all D € Diff1(M).

Proof: Let (Vi, Xi,..., X! )ics be an integration gallery for R. Consider any i € I. By
assumption, there is another open set U; C M with V; C U; such that (X{,..., X} ) is an
integration frame on U;. V; C V; C U; is precompact, so by Proposition 7.1.4, there is a
local essential homomorphism of second type P : V.2 --» U(H|y,). By Theorem 5.3.10,
this extends to a global essential homomorphism of second type P; : V2 --» U(H]|y,).

For every i,j € I, Lemma 7.2.14 implies that Pi|y,nv; = Pj|v;nv;. By virtue of Lemma
7.3.3, we may choose a barely intersecting refinement ((W;) ey, W) of (Vi)ier. Let v 2 J — I
be the refinement map (the map satisfying V; C Uy ;) for all j € J). For each pair (i, j) € I,
let A;; € (U; NU;)? be the null set of x € (U; N U;)? such that Q;(z) # Q;(z) (or one of
the two is undefined). Set A := U, jo5 Aij € M?, which is still a null set because I (and
hence I?) is countable. We use this to define a map

P:W\A—U(H)

by setting P(z) := P;(z) for any i € I such that x € V2, which is well-defined since
Pi(z) = Pj(z) for all z € (V; N'V;)?\ A by the construction of A. I claim that P is a local
essential homomorphism of second type.
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First, let us check that the source and target of P(x) are actually the right ones. Namely
if (p,q) =z € VVJ-2 - Vo?(j), then for i = a(j) we have P(z) = P;(z) : Hsy = (H|v,)sz —
(H|v; )tz = Hiz, and this is a unitary operator just as required.

Now let z,y € W\ A be two composable elements with zy € W. Since W C |J; W]-Q,
there are ¢, j € J such that = € Wf, Y € Wj2. Let p =tx, ¢ = sx = ty and r = sy. Then we
have p,q € W; C V,(;). By the property of our chosen subcover as described in the lemma,
this also implies that r € V,,(;), so that y = (¢,7) € V2 and 2y = (p,7) € V2 as well as
z = (p,q) € V2 for k = a(i) € I. So because Py is an essential homomorphism of second
type on V,f, this shows that

P(zy) = Py(ay) = Pi(z)Ps(y) = P(z)P(y)
just as required. Hence P is a local essential homomorphism of second type.

By the Sausage Theorem 5.3.10, P extends to a global essential homomorphism of second
type P: M x M — U(H). Via Theorem 6.2.2, let 7 = into(P) : L (M x M) — B(L*H)
be the integrated form of P.

It is left to show that actually diff(w) = R. We can obtain this result relatively quickly
using that we already know it is fulfilled locally.

Choose a smooth partition of unity (h;);c; subordinate to (V;);er. Let @ € I and
X € X(M) be arbitrary such that R(X + 5 divX) is essentially skew-adjoint. Denote
the flow of X by 6 : R™ x M — M (X is complete since M is compact). We know that
supp h; C V; is compact, so we can choose ¢; > 0 such that 0([—2¢;, 2¢;] x supp h;) C V;.
For now, put h = h;. Then for all x € (—¢,¢€), Pi(expzX|y,)Ty : L*(H|y,) — L*(Hl|y,) is
defined (and bounded), and for all ¢ € L?H and almost all p € V;:

(e Pi(exp 2 X|v;)Thpry,0) (p) = Pi(expaX|y,)(holy;)
_ <(9:r)*”

1%

) ’ (p)Pi(p, 0—zp)h(0—zp)o(0—zp)

- <(0$u)y) " (D) P, 0-20)h(0-e)o(0-op)

= (P(expzX)Th(0)) (p)
For p € M \ V;, both sides are 0 because supp h o 0, C V;. Hence ty; Pi(exp 2 X |v;)Typry, =
P(exp 2 X)T},.
Since M is compact, we can assume I to be finite without loss of generality. So define
€ = minjer¢; > 0. It follows that for all x € (—¢,¢€):

P(expzX) = Z P(expzX)Ty, = Z vy, Pi(exp 2 X|v; ) Th, pry;
i€l 7

_ Z WiDTy: o~ TR(X+3 div X) wipry: Th,
i
_ Z o TR(X+3 divX)Th_ — o eR(X+35 divX)
el
by Lemma 7.2.13 and the fact that supp h; 0 0, C V;.
Denote R’ := diff(7) = diff into(P). Then we know by Lemma 7.2.2 and Lemma 7.2.5
that

d —zR(X+1divX), _ d _ / L.
¢ 2 v—de(eprX)v—P(expxX)R( X 2dle)v

for all v € dom R" and x € (—¢, €); in particular, the derivative exists. Hence by Stone’s
theorem (Theorem D, page 647, [23]), we find that v € dom —2R(X + 3 divX) and
—zR(X + 3divX)v = R'(—X — 1 divX)v. Thus R/(X + 3divX) C R(X + 3divX) =
—R(X + 1 divX)*.
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We have already discussed multiple times that R'(f) = Ty = R(f). It follows that
R(X)=R(X+idivX)—R(:divX) C —R(X + $divX)* — R(3divX)* C (R(—X —
$divX) — R(3 divX))* = R(X*)*.

Now let X € X(M) be an arbitrary vector field. Then there are f;; € C>°(M) = C°(M)
such that X = 7,., >, fin; since (X1i,...,X!)) is a frame on V; and the V; cover M.
Thus we find:

R(X) =Y > R(fy)R(X}) C Y R(f5)RI(X))*
iel j=1 1]

< (ZR((Xﬁ)*)R(fi“})> = (R((Zfin})*)) = R(X™)"

*

Lastly, suppose that R is integrable, so that R(X + % div X)) is essentially skew-adjoint
for all X € X(M). By Theorem 4.2.5, the same holds for R’ = diff inty(P). Thus we have

R(D*) = R(D)* and R/(D*) = R'(D)* for all D € Diff;(M) by Lemma 7.3.2. So let D =
X + f € Diff1 (M), for X € X(M) and f € C°°(M). We have proven that R'(X) C R(X*)*,
so R'(D) = RI(X)+R'(f) C R(X*)*+Ty = R(X*)*+R(f*)* C R(D*)* = R(D), and thus
R'(D) C R(D). On the other hand, because A C B implies B* C A* for any unbounded

densely defined operators A, B, we see that also R(D) = (R(D)*)* C R'(D*)* = R/(D),
using D* instead of D in the previous equation. Hence R'(D) = R(D).

O

Because two representations R’ and R as well as their integrals are completely determ-
ined by their values on Diff; (M), it is justified to call them equivalent if R(D) = R'(D)
for all D € Diff;(M). In this sense, we have constructed a right-sided inverse to the
differentiation map, mapping equivalence classes of integrable algebroid representations to
representations of the groupoid C*-algebra. As before in the Euclidean case, we should also
consider the other direction. But before we do this, let us remember that a measurable field
of Hilbert spaces is a technical tool. Thanks to our previous endeavours, we can formulate
the same theorem for a representation on a more general Hilbert space. The proof mainly
relies on the fact that unitary intertwiners commute with closure and adjoint operations.

COROLLARY 7.3.5. Let M be a compact and simply connected smooth manifold. Let
w € Q™M) be a volume form. Let R : Diff (M) — O(K) be a representation on a separable
Hilbert space K such that R|ce s is injective.

Suppose that R is integrable. Then there is a representation m = int(R) : C*(M x M) —
B(K) such that diff (7)(D) = R(D) for all D € Diff;(M).

Proof: By Theorem 5.2.8, there are a bounded Radon measure v and a v-Hilbert field
H on M, together with a unitary map « : L*H — K such that a ' R(f)a = T} for all
[ e Cg°(M) = C>*°(M). By Proposition 5.2.13 and Example 5.3.2, this measure v is
quasi-invariant. Define

Ry : Diff(M) — O(L*H), D~ o 'R(D)a,

which is another representation with domain dom Ry = a~!(dom R). R was assumed to be
integrable, and we quickly see that this implies integrability of Ry. Namely for X € X(M)
and X = X + %divX, we have

Ru(X) = (a"'R(X)a) = a ' R(X)"a

= a ' (—R(X))a = —a"'R(X)a = —Ry(X)
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because « is unitary. Consider any integration frame (Xi,..., X,,) for R on U C M. Then
for any h € C°°M supported in U or its closure and x,y € R™ sufficiently small, we have

R (el @ FfnwX) — o 1 R(R)eREXRX),
= o 1R(R)eR X)) g = Ry (h)efn (@) X)),

so that (X1,...,X,,) is an integration frame for Ry on the same subset U. Thus Ry is
again integrable.

Hence by Theorem 7.3.4, there is a representation P : M x M --» U(H) such that
diff into(P)(D) = Ry(D) for all D € Diff{(M). Set 7y = inta(P) : C*(M x M) — B(L*H)
and define 7 : C*(M x M) — B(K), f + ary(f)a~!, which is a representation because 7y
is one. Set Ry = diff () and consider also Ry : Diff(M) — O(K), D + adiff(ry)(D)a"!.
Then we find that

dom Ry = 7(C*M*K = anyg(C®M?*)a 'K
= any(C*®M?*) L?H = adom diff (7y) = dom Ry
holds for the domains of these representations. Furthermore, for all D € Diff(M), f € C*M,
v € K we have:

Ri(D)(n(f)v) = w(Df)v = aryg(Df)a" v
Zadiﬁ(WH)( ) (7w (f)a )

= adiff () (D)™ (n(f)v) = Ra(D)(n(f)v)

Hence Ri(D) = Ry(D) (including the domain). Consequently, for all D € Diff; (M) we find
that

diff(m)(D) = R1(D) = Re(D) = adiff (7 ) (D)ot
= adiff(mg)(D)a™! = aRg(D)a™! = aRy(D)a~! = R(D)

just as required. O

The Hilbert space K in the previous corollary is isomorphic to the sections of a v-Hilbert
field H even if R|ce )/ is not injective, but then the measure v will not be quasi-invariant
due to the extension by 0. It is also not possible to apply the integration theory directly to
the closed subspace of M that we find in Theorem 5.2.8 because it may not be a smooth
submanifold. Thus we will settle for this result.

Let us now show that our integration map is also a left-sided inverse to differentiation.
This is relatively easy using the one-parameter groups generated by exponentials of vector
fields, as detailed in the next theorem.

THEOREM 7.3.6. Let (M,w) be a compact simply connected volumetric manifold with
quasi-invariant measure v and let P : M x M --» U(H) be a representation on a v-
Hilbert field H. Suppose that there exists an integration gallery for R = diff into(P). Then
int1(R) = P almost everywhere.

Proof: Denote P’ := int;(R). Consider any vector field X € X(M) such that R(X + 3 div X)
is essentially skew-adjoint. Let v € dom R. Then we know by Lemma 7.2.2 and Lemma
7.2.5 that

d 1
gP(exp:L'X)v = P(expzX)R(—X — B div X)v
for all z € R. So because R(X + 1divX) is essentially skew-adjoint, P(expzX) =

e~ TR(X+5 divX) Furthermore, we have found within the proof of Theorem 7.3.4 an € > 0

such that for x € (—e¢,€):

PlexpzX) = e TR g divX) P(expzX)
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Now let (Vi, Xi,..., X! )icr be an integration gallery for R. Let i € I. For z € R™,
denote by ¢’ the time-1 flow of 2 X’ = 21 X} + - - - + 2, X?,. By definition, (Xi,..., X! ) is
an integration frame on an open subset U; which contains the closure of V;; in particular,
(X%, X}]|lu, = 0. So because flows of commuting vector fields commute, we find an € > 0
such that

P(exp :L‘Xi)O'(p) = P(exp xle) ... P(exp :Umen)a(p)

for all 0 € L2H and almost all x € U.(0) C R™, p € V;, and likewise for P’. For these x,p
we get:

P(p,¢" ,p)o(¢p—zp) = (p)(P(expaX’)o)(p)

(p) P’ (exp xlXi) ... P'(exp mefn)a(p)

2y
_ ((‘bfj)*”>2 (p)P(exp a1 Xi) ... P(expzm X! )o(p)
()

)_2 (0) (P (exp 2X)0)(p) = P (p, & op)0(6ap)

Since o was arbitrary, P(p, ¢* ,p) = P'(p,¢' .p). Because (Xi,..., X})) is a frame on U;,
the set W; := {(p, ¢" ,p)|p € Vi, € U(0)} is a neighbourhood of diag(V;) in M?2. Doing
this for all ¢, we get a neighbourhood W = UJ;c; W; of diag(M) = U, diag(V;) with
P(g) = P'(g) for almost all g € W. The uniqueness part of Theorem 5.3.10 now shows that
P = P’ almost everywhere. O

We already know that the integration map inty from groupoid homomorphisms to
groupoid algebra representations is a bijection, up to equivalence classes, where two groupoid
homomorphisms are equivalent if they only differ on a null set. So we have once more
established a commuting triangle of maps between representation types, this time for the
pair groupoid G = M x M of a simply connected compact manifold M:

B(L2H)

m(f)(o)(p)=

Jap A7 2 (2) f(2) P(2)o (s2)d\P R(D)(x(f)o)=(D(f))o

UH) +——P —G Diff*(G) ——= R —— O(L*H)

il’ltl
1 —x 1 iv
P(exp(@X)p)=(372%— ) 2 (42p) (¢;eR< w(Xtad X”) (p)

However, this only works if the derivative of a groupoid representation is actually
integrable. The main challenge is to show that vector fields act by essentially skew-adjoint
operators, which we have shown to be true at least for compact manifolds. Using this result,
integrability is relatively quick to show, and we will do so in the next section.
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7.4. Integrability of the Derivative

To show integrability of the derivative, we need to construct integration frames. For
the tangent bundle, we can always find commuting local frames using charts, and self-
adjointness was investigated before. The remaining thing to show now is that exponentials
of suitable vector fields commute locally. This is formally described and proven in the
following lemma.

LEMMA 7.4.1. Let (M,w) be a compact volumetric manifold, = : C*(M x M) — B(L*H)
a representation of the pair groupoid on a Hilbert field and R = diff (7). Let Xq,..., X, €
X(M) be vector fields and U C M open such that [X;, X;]|y =0 for alli,j € {1,...,m}.

Then for every compact set K C U there exists an € > 0 such that for all h € C*>°(M)
with supph C K and all z,y € U,(0) C R™:

T, oR(@X 45 div(zX)) JR(yX+3 div(yX)) _ T, oR((z+y) X+3 div((a+y)X))

Proof: First of all, we know by Theorem 4.2.5 that R(zX + % div(zX)) is essentially
oR(—2X 3 div(zX)

skew-adjoint for all x € R, so that U, := ) is well-defined. Furthermore, by
Proposition 6.2.6 we know that m = inte(P) for some representation P : M x M --» U(H).
Using this, we see by Lemma 7.2.2 and Lemma 7.2.5 that P(exp(zX)) = U,; this was
discussed before in the proof of Theorem 7.3.6. Thus for any f € C°(M?), v € L>H we
find that

Upre(f)v = (W)é T(f 0 lexp(—2x))V

for all x € R™ (using that M is compact). Here ¢, is the time-1 flow of x.X.

For each i € {1,...,m}, let 6° be the flow of X;|y. Then because [X;, X;]|r = 0, there
is an open set D C R™ x U with {0} x U C D such that ¢,(p) = 01, 0067 (p) € U for all
(x,p) € D; D is the common domain of the commuting flows 6',..., ™. Because 6',...,0™
are continuous and commute, we even find an open subset Dy C R™ x R™ x U with

{0} x {0} x U C Dy such that ¢pyy(p) =0}, 1y - 00 1, = dutpy(p) for all (z,y,p) € Ds.

Because K is compact and D» is open, we can choose € > 0 such that UE(O)2 X K C Ds.
Let f € C.(M x M) be arbitrary. Consider any z,y € U.(0) C R™ and (p,q) € G =
M x M. If p ¢ K, then we have h(p) = 0 and thus:

((h 0 t) ) (f © lexp((a:-i—y)X)))(pa Q) =0= ((h o t) ’ (f © lexp(yX) © lexp(a;X)))(p7 Q)

Remember that by the construction of €, we have {y} x {x} x K C Dy. Thus if p € K, we
have ¢y¢zp = ¢z4yp and hence:

f % lexpyX o lexer(pv Q) = f © lexpyX(¢xpa Q) = f(¢y¢wp7 Q)
= f(¢a:+ypa Q) =fo lexp(:p+y)X(pa Q)

Combining both cases, we see that hotf olexpyx 0lexpzx = hotf oleyp(piy)x, and likewise

hotfo lexp —-yX © lexp —zx =hotfo lexp—(:c+y)X
Besides this, consider the pull-back ¢y ¢yw. For every p € K and all vy, ..., v, € T)M,
we have

CZ);;CZ)ZW(}?) (Ula . 7Um) = ¢ZW(¢:EP) (Tp¢xvla ce. 7Tp¢xvm)
= W(¢y¢wp)(Tp(¢y¢x)Ula cee an(¢y¢z)Um)
= W(¢r+yp) (Tp¢w+y7}17 cee Tp¢m+yvm) = ¢:‘+yw(p) (V1,5 Vm)

because ¢y, = ¢4y in a neighbourhood of p. Since (¢z).w = ¢ w, we also see that

(¢w+y)*w = (¢x)*(¢y)*w
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Combining the previous results, we compute for any ¢ € L?H and p € K:

TyeReX 45 X0 RS WX ()0 () = TWULU, (x(f)) (p)

1,0, ((@j‘”) e zexp<yX)><a>) (»)
((%) W) " (W> 0 10 lexp(—2x)) - (f © Loxp(-yx) © exp(—a3))) (@) (D)

(%*) (
)y

(¢ i ( %ﬁ*w)l T(hot)  (f o lexp(—(a+5)x))) (@) (P)

- (<(¢x+y)*w> he(f o lexp(—(x+y)x))(0>) (p) = Tye™ (VX3 DX (7 1)) ()

wim &

) 0 6 (10 ) - (f © Lexp(—yx) © loxp(ax))) (@) ()

w

Because p, f and o were arbitrary, it follows that T U,Uyv = T)Up4yv for all v € dom R =
m(C®(M?))L?H. Because both T,U,U, and T),U,, are bounded and dom R C L*H is
dense, it follows that T,U,U, = T,U,1y. * and y were also chosen arbitrarily within
Uc(0) C R™, so this is the desired result. O

To summarize the previous proof, we mostly rely on the fact that functional calculus
exponentials on the operator side are given by left-actions of groupoid exponentials, for
which domain is not an issue.

Using this result and Theorem 4.2.5, the construction of an integration gallery is
straightforward.

PROPOSITION 7.4.2. Let (M,w) be a compact volumetric manifold, m : C*(M?) —
B(L?H) a representation and R = diff(w). Then R is integrable.

Proof: We know by Theorem 4.2.5 that R(X + %div X) is essentially skew-adjoint for all
X € X(M). So we only need to construct an integration gallery for R, which is easy using
our previous knowledge.

Namely let p € M be arbitrary. Choose a chart (U, ¢) around p. Choose a compact
neighbourhood K C U of p and a bump function h € C°(M) with h|x = 1 and supph C U.

Put X7 = h({)j’ € X(M) for each j € {1,...,m}. Let Uy C K be another, smaller

neighbourhood of p. Then since h|y, = 1 and [8?, 8]‘75] =0, we know that [X}, X7][r, = 0

for all 4, € {1,...,m}. Choose another open neighbourhood UY = Us of p with Us C Us.
Us is compact as a closed subset of K, so by Lemma 7.4.1, we find an € > 0 such that

TfeR(zX—i-% div(2X)) oR(yX+3 div(yX)) _ TfeR((a:—i-y)X—i-% div((z+y)X))

for all z,y € U(0) and all f € C°°(M) with f|ypy, = 0.
Since h|y, =1 and (8?, ...,0%) is a frame for TU, (X7 (p),..., X2 (p)) is a basis for

m

T, M for each p € Us, and we know that [X}, X7]|, = 0 a fortiori for all 4,5 € {1,...,m}

since this is even true on Us. As mentioned, the vector fields act by essentially skew-adjoint
operators. So in summary, (X7,..., X?) is an integration frame on Us.

Let V), C Us be a simply connected open neighbourhood of p such that Vp C Us, e.g.

Vp = ¢_1(U5(p)) for sufficiently small 6 > 0. V), is precompact since K (or even M) is

compact. Since p € V), the family (V},),en is an open cover of M. As M is compact, we

can choose a finite set 1 C M such that (V})per is still a cover of M. By construction, for

each p € I, (X{,...,XP) is an integration frame for R on the larger neighbourhood Uj.

Hence (V,, X7, ..., XP)per is an integration gallery for R, in particular R is integrable. [
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Now that we have a complete result for the case we specialized on, we could close
this chapter and with it, the thesis. However, our integrability assumption is still a bit
technical. We know that it is fulfilled for derivatives, but when we start with an algebroid
representation from a different context, the necessary assumption might be hard to prove.
Thus it is worthwhile to try and find other conditions which imply integrability and are
more handy. This is what I will engage in during the remaining section of this chapter.

7.5. Integrability and Analytic Vectors

In the construction of an integration theorem for the Euclidean space, we have used
analytic vectors to deduce skew-adjointness of vector fields and exponential relations
from the mere fact that a Laplace operator acts by an essentially self-adjoint operator. 1
originally planned to do the same for the more general integration theorem. This failed
because Nelson’s theory only applies for finite-dimensional Lie algebras and the Lie algebra
generated by non-commuting vector fields is usually infinite-dimensional. However, the
case of globally commuting vector fields is still an interesting example. In this section, 1
take the opportunity to investigate analytic vectors once more and show how we can get
an integration frame from an essentially self-adjoint Laplacian.

As many times before, we will start showing a few results which seem rather obvious,
but should be handled with care in the context of unbounded operators. The first one is a
Lemma on sums of skew-symmetric operators.

LeEMMA 7.5.1. Let H be a Hilbert space. Let A, B € O(H) be densely defined operators.
If A is (skew-)symmetric, then its closure A is (skew-)symmetric, too. If A and B are both
(skew-)symmetric, then so is A+ B :dom ANdom B — H.

Proof: Let us first look at the symmetric case.
Let v,w € dom A. Then there are sequences (v;), (w;) C dom A such that v; — v,
w; — w and such that Av; — Av, Aw; — Aw. For these we have

(Av, w) = Hm({Av;, w;) = lim(v;, Aw;) = (v, Aw)
because the inner product is continuous and A is symmetric.
Let now v, w € dom A Ndom B = dom(A + B). Then we have
(A+ Byv,w) = (Av,w) + (Bv,w) = (v, Aw) + (v, Bu) = (v, (A + B)w)
because the inner product is bilinear and A and B are symmetric.

For skew-symmetric operators, the result follows by insertion of a minus sign in the
above equations or using that multiplying with i makes them symmetric. O

The second lemma is about unbounded commutators.

LEMMA 7.5.2. Let H be a Hilbert space and let A, B € O(H) be any symmetric linear
operators. Then their commutator [A,B] = AB — BA : dom(AB) Ndom(BA) — H is
skew-symmetric.

Proof: Let v,w € dom(BA) Ndom(AB) be arbitrary. Then we have:
([A, BJv,w) = (ABv — BAv,w) = (ABv,w) — (BAv,w)
= (Bv, Aw) — (Av, BW) = (v, BAw) — (v, ABw)
= (v, BAw — ABw) = —(v, [A, Blw) O

The third lemma shows that a closed operator is 0 on its domain if it contains the zero
operator.

LEMMA 7.5.3. Let X be a Banach space and let A,B € O(X) be densely defined
operators with A C B. If B is closable and Av =0 for all v € dom A, then Bw = 0 for all
w € dom B.
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Proof: Let v € dom B be arbitrary. As A is densely defined, choose a net (v;) C dom A
with v; — v. Since A is 0 on its domain and A C B, we have Bv; = Av; = 0, and hence
lim; Bv; = 0; in particular, the sequence converges. Because B is closable and v; — v, this
implies that Bv = lim; Bv = lim; Bv; = 0. ]

Next we give a condition for closability of products.

LEMMA 7.5.4. Let H be a Hilbert space, A, B € O(H) densely defined linear operators
such that dom(B*A*) C H is dense. Then AB is a closable operator.

Proof: Let v € H be arbitrary. Let (v;) C dom AB be any sequence with v; — v such that
(ABwv;) converges. Then we have

(lim ABv;, w) = lim(ABv;, w) = lim(Bv;, A*w)
= lim(v;, B*A*w) = (v, B*A*w)

for all w € dom(B*A*). Since dom(B*A*) is dense, this uniquely determines lim; ABv;. So
AB is closable. U

We use the previous facts to show that if vector fields commute locally, then their
closures in a representation also commute locally, in the following formal sense:

LEMMA 7.5.5. Let M be a smooth manifold with o volume form w and U C M open.
Let H — M be a v-Hilbert field, where v is quasi-invariant. Let R : Diff(M) — O(L?H)
be a representation. Choose m € N and let X1,..., X, € X(M) be vector fields such that
[Xi, Xjllu =0 for alli,j e {1,...,m}.

Let h € C®(M) with h|ypp = 0 and denote by Ty, € B(L*H) its multiplication operator.

Let B; :== R(X; + %div X;) be the closures of the operators given by coordinate vector fields.
Choose k € N and iy,...,ix € {1,...,m}. Then for every permutation o € Sy and all
v e dom(B;y, ...B;, ) Ndom(B;,, ... B, ), we have:

ThBil e Bikv = ThB fok

Proof: For each ¢ € {1,...,m}, put A; := R(X; + %diVXZ') € O(H), which is densely
defined on dom R and symmetric. For all 4,5 € {1,...,m}, we have [X;, X;]|y = 0 by
assumption. By Lemma 3.2.17, we thus also have X;(div X;)|y = X;(div X;)|y, and hence
[X; + 5 div X, X; + 3 div X;)|o = ([X5, X5] + $ Xi(div X;) — $X,(div X;)) | = 0. By an
induction argument, this implies that even for all iy,...,i; € {1,...,m} and o € S, we
have Xil e sz‘U = Xiﬂ .. 'Xiok’U7 where X = Lx + %mdiVX € lef(M)

Solet h € C°°(M) be any smooth function with h(p) = 0 for all p € M \U. Then because
differential operators are local, we have h(X;, ... X;, — Xi,, ... X;,, ) = 0 € Diff(M).
Consequently, we get that

T(Ai, ... Ay — A

on its domain dom R, which is dense.

Recall the notation B; = A;. Because R has an invariant domain, we know that

dom R C dOIIl(Bi1 . sz) N dOl’Il(Bi(71 ce Biak)7

.B; ,v

gl * *

ol *°

i i A ) =RW(X, ... Xy, — Xy o X)) =0

so that
Th(Ale PR Azk - Aigl “ e Alo‘k) g Th(Bll o e Blk — Bial “ e Blo'k)
Also by the domain invariance of R, we know that
Th dom R g dom R g dOIIl(BZ'1 e Blk — Bial . Blak)*

Hence, as Tj, = 1}
dom R - dom((Bil NP Bik - Bio1 . Biak)*TfT)
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In particular, this domain is dense. Lemma 7.5.4 thus implies that
Ty(Bi, ...Bi, — Bi,, ... Bi_,)
is a closable operator. Now Lemma 7.5.3 applies and shows that

Tw(Bi, ... By, — Bi,, ... B, ) =0

on its domain because

Oldom r = Th(Asy ... A, — Aipy . Aiy,) CTh(By, ... By, — Bi,, ... Bi_,).
So indeed, for all
v € dom(Ty(B;, ... Bi, — Bi,, ... Bi,)) =dom(B;, ... B;,) Ndom(B;_, ... B;_,),
we see that 0 = Ty (B, ... Bj, — Bi,, ... B; v, i.e, TpB;, ... Bjv=T,B;,, ... B; ,v. O

We get to a more elaborate proposition now. Using the existence of common analytic
vectors, we will show that certain exponentials commute locally. Namely:

PROPOSITION 7.5.6. Let M be a smooth manifold with a volume form w and U C M
open. Let H — M be a v-Hilbert field, where v is quasi-invariant. Let R : Diff(M) —
O(L?H) be a representation. Choose m € N and let X1,..., X, € X(M) be vector fields
such that [ X;, X;llu =0 for alli,j € {1,...,m}.

Set B; := R(X; + 1 div(X;)) € O(L?H). For x € R™, put 2B := Y7*| 2;B;. Set

E = ﬂ dom(B;, ... B;, ) 2 dom R

kEN, 1<i1,...,ig<m

Suppose that there are s € Ry and a set E¥ C E which is dense in L>H such that for all
veRY:
[e.e] Sn

]
=0 "V 1<it . in<m

Then for all h € Cy°(M) with hypy =0 and all z,y € R™ with |[z[|oc, [[Y]lcc < 5, we
have:

T)e*BevB = The(ﬂH—y)B

Proof: For all 2,y € R with [|z[|c, [|y/lcc < 5 and v € E¥, we know by our assumption that

> 1 > 1
ZEH((QH'?/)B)%H = Zﬁ Z (Tiy +Yir) + - (Tiy, + Yin) Biy -+ Bi, v
n—o ' n=0 """ |[1<i1 . in<m

1
— > l@a +yi) - @i+ Y 1Biy - Bl

T 1<y, in<m

n' Z (’x'll’ + |yll|)(‘x7ﬂm‘ + ’yinLD HBZI "'BimvH

T 1<, in<m

00
1
< X:OE Z s" HBZ1 .. -Bz'mUH < 00,
n=

T 1<y, in<m

n

[e'¢)
<2
n=0
<yt
n=0

because |z;|,|y;| < 5 for all i. In particular, (x + y)B is essentially self-adjoint by Nelson’s
theorem, which ensures that the exponentials in this lemma exist to begin with.
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Similarly, we get the following estimate:

o0

Z k'l'H(xB yB U” - Z Z k'l'H xB xB)lvH

k,1=0 k—l—lf

21 n
SZ* (k) Z Z |xi1"'xikyj1"'yle‘Bil"'Bikle"'levH
n

1<i1 i <m 1<j1 oy <m

1 n

1<it,ig <m 1<ty <m

=1 <s) (n)
s ™ AN2 T \E) i e
=1 /s\" ., = s
> 2(5) 7 X BBl =X Y BBl <
n=0 """ 1<, yin<m n=0 """ 1<i1,...,in<m

So the two series 3°0° 1((z 4+ y)B)"v and > k=0 a7 (2B)*(yB)'v are absolutely con-
vergent. Hence we can use them to express the corresponding exponentials. That is, we

have
1

(z+y)B _ - B)"
e v nz:‘; n((:z: +y)B)"
and
“B B, _ N~ |
e®BeyBy = MZO k'l'(xB) *(yB)lw

for all v € E¥.

Now let h € Cp°(M) with h[ynpg = 0 be arbitrary. Recall that the multiplication
operator T}, : L?H — L*H, o + ho is bounded with ||T}|| = ||h|lso, and in particular,
continuous. Furthermore, we know by Lemma 7.5.5 that

ThyB(xB)"v = Z Yixi, ..., T BBy, ... Bj,v

in

1<g,i1,00in <m

= Z yja:il . xinTthj v BinBj’U = Th(a:B)"va,

1<G i1 yornyin<m

so that a version of the binomial theorem applies and yields

Th(xB +yB)"v = Z k:'l' Ty(zB)*(yB)lw

k+l=n
Thus we have:
X K 1
The*PevBy = Z WTh(mB) (yB)'
k,l=0
_Z Z WTh(l‘B) (yB)
k+l n

= Z Th (2B + yB)"v = Tp,e@ By,

Because this is true for all v € E“, E¥ C H is dense, and both The“*’B B and Tyeletv)B
are bounded, this implies that indeed The = Tpelztv)B, ]
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An experienced reader may notice at this point that the bump function A in the previous
proposition may be supported on the whole subset U where the X; commute, unlike in
previous cases where we needed a compact subset of U as support. This correlates with
the intuition that common analytic vectors are something we cannot expect in general.

But for our special case, we can now show that our regarded frame is an integration
frame.

LEMMA 7.5.7. Let M be a smooth manifold with a volume form w and U C M open.
Let H — M be a v-Hilbert field, where v is quasi-invariant. Let R : Diff(M) — O(L*H)
be a representation. Choose m € N and let X1,..., Xy, € X(M) be vector fields such that
(X, X;llo =0 foralli,j € {1,...,m} and such that (Xi|y,..., Xm|v) is a local frame of
TM.

Set B; := R(X; + 3 div(X;)) € O(L?H). For x € R™, put B := 7", x;B;. Set

E = N dom(B;, ... B;,) 2 dom R

keN, 1<iy,...,ix<m

Suppose that there are s € Ry and a set E¥ C E which is dense in L>H such that for all

veE RY:
o Sn
= > By By <
n=0

|
™ 1<in,in<m

Then (X1,...,Xm) is an integration frame for R on U.

Proof: The facts that [X;, X;]|y = 0 for all ¢,j € {1,...,m} and (X1(p),..., Xm(p)) is
an (ordered) basis for T,M for all p € U were included in our assumptions. Let z € R™
be arbitrary. Choose ¢ € R > 0 such that ||£| < 1. Then from our assumption it follows
instantly that every v € E“ is a fortiori an analytic vector for ¥ B, thus TB must be
essentially skew-adjoint by Nelson’s theorem. Hence xB = c7 B is essentially skew-adjoint.

Te*BevB = Tp,e@ 9B was shown in Lemma 7.5.6 to be true for 12|00 [[Y]loo < 5. Since

all norms on R" are equivalent, the result follows. O
Using a self-adjoint Laplacian, we can also formulate the following concise proposition,
which is in line with our Euclidean integration theory.

PROPOSITION 7.5.8. Let (M,w) be a volumetric manifold and R : Diff (M) — O(L*H)
be a representation. Suppose that there exists a global commuting frame (X1,...,Xm) of
TM, and that R(3" X; + & div(X;)) is essentially self-adjoint. Then (X1, ..., Xp) is an
integration frame on M.

Proof: Like in the previous lemma, let B; = R(X; + %div X) and
E = N dom(B, ... B;,) 2 dom R.

keN, 1<iy,....ip<m
The operators A; = R(X; + % div X;) commute, thus the Lie algebra generated by them
is finite-dimensional. Put A = 27, R(X; + 1 div X;)?. By Lemma 6.2 in [18], |A| + |I|
analytically dominates Y %, |A;|, where I is the identity on dom R. Thus by Lemma 5.2,
page [18], there are an s > 0 and a subset E“ C F such that for all v € E“,
m e n
o2 Pl = 30 30 1By Bi,(0)]] < oo,

nl

n=0 """ 1<iy,....in<m

and E¥ C L?H is dense. Thus Lemma 7.5.7 applies, showing that (X1,...,X,,) is an
integration frame. 0



CHAPTER 8

Conclusion

8.1. Discussion of Results

Behind us lies a large amount of dense mathematical statements, including new terms
and theories developed on our way. Before the end of this book, let us take a moment and
reflect on our achievements. In the beginning of the thesis, I have already given a short
summary of all the contents and I will not repeat it here. Instead I will use the opportunity
to highlight a few of our most important findings and discuss their extent as well as their
limits.

A personal favourite of mine is the Sausage Theorem 5.3.10, which allows us to complete
local groupoid homomorphisms to global ones. One reason for this status is the fact that
it can be applied in quite a general context: The result is independent of representation
theory and may be applied in other areas. The target of the homomorphism which we want
to extend does not even need any additional structure like topology or measures. Another
advantage is that the statement resembles a result from classical Lie theory and is easy to
understand despite its technical depth. On the flip side, our theorem is only applicable for
a domain of definition which has simply connected fibres as well as suitable measures and
a useful topology. The formal definition of a local groupoid homomorphism is, involving
null sets, also quite technical. Still the Sausage Theorem has proven useful many times
and is an important cornerstone of the Lie groupoid representation theory.

Regarding the actual representation theory, we have three types of representations and
three theorems mapping between them. First there is the differentiation theorem 4.1.5, which
differentiates representations of the groupoid algebra to representations of the algebroid.
Secondly, we have Theorem 6.2.2, which associates a groupoid algebra representation to
a groupoid representation. Likely the most important theorem in this monograph is the
integration theorem 7.3.4, which maps algebroid to groupoid representations.

Between integration and differentiation, there is a notable gap in the amount of formal
requirements: Every non-degenerate representation of the groupoid C*-algebra can be
differentiated to a representation of the algebroid. This works for an arbitrary Lie groupoid
and even if the domain of the representation is a Hilbert C*-module instead of an ordinary
Hilbert space. In contrast, our integration theorem requires that the domain is a Hilbert
space, because the disintegration into measurable fields of Hilbert spaces is only possible
for those. And while many intermediate results are true for general Lie groupoids (such as
Theorem 6.1.4, in the end we restricted to the case of pair groupoids. In addition to that,
we need simply connected fibres to extend local homomorphisms.

These limitations may be viewed as inspirations for further research. The most promising
direction may be the generalisation to more general Lie groupoids. With the current
knowledge, this will not go very far because the exponential map for Lie algebroids does
not have the desired properties. However, with a better understanding of this map, also in
the context of functional analysis, it might still be possible to prove analogous results using
methods similar to those presented in this dissertation. Most of the constructions work in
principle, and the challenge is to show that the map constructed is a homomorphism.

Alleviation of the other restrictions seems less likely. I do not know how to disintegrate
Hilbert modules. Maybe methods of their representation theory such as the local-global
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principle from [16] can be used to obtain some results. Having simply connected fibres is
also not a requirement that we can dismiss, because it is necessary in the extension process
of local homomorphisms just like in classical Lie theory.

Let us summarize. Due to technical obstructions, we have not completed our most
ambitious original goal of building an integration theory for all Lie algebroid representations.
However, we were able to obtain a satisfying result for the more confined case of the tangent
algebroid. We have constructed an integration theorem for tangent algebroid representations
on Hilbert spaces, shown that it is inverse to differentiation and defined understandable
integrability conditions. With these results I close this thesis. Any motivated researcher
who wishes to do so is hereby invited to continue investigations on the topic.
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