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Notations and symbols

Throughout the notes, we use caligraphic letters G, H, K, £ to denote groupoids. The unit space of a
T
groupoid G is denoted by G (), We sometimes use G=6 ©) to denote a groupoid, highlighting the unit

S
space. The range and source maps r and s are omitted when there is no ambiguity.
Let G be a (topological) groupoid and let X be a left G-set (G-space). The moment maps (a.k.a.
anchor maps) of X is denoted by ry or r. We use G %« X to denote the set

{(v,2) € G x X [ s(v) = r(2)}.

Right G-spaces are defined likewise.

A groupoid correspondence (Section 4) is given by two groupoids G, H and a left G-, right H-space Z
satisfying certain conditions. We denote it by G < Z = H.

Let E be a Hilbert A-module. The C*-algebra of compact operators is denoted by K4 (F) or K4 (E).
We also use K to denote the C*-algebra of compact operators on a(ny) separable Hilbert space.

Let X be a topological space. We use Cy,(X),C.(X) and Cy(X) to denote the algebra of bounded
functions, compactly supported functions, and functions vanishing at infinity.

In some lectures, some preliminaries on K-theory or graph C*-algebras are likely required. Relevant
materials could be found in, e.g. the notes [ ] generated in the Leiden NCG Seminar in 2022 Spring
Semester.
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September 20, 2022
Groupoids: motivations, definitions and examples
Speaker: Yuezhao Li (Leiden University)

1.1 Motivations

Figure 1.1: What is a groupoid?

1.1.1 What is a groupoid?

There are at least two answers. One way is to think of a groupoid as a generalised group, whose
multiplication is only partially defined. Another is to view a groupoid as a group with more than one
units. For the second viewpoint, recall that a group can be understood as a category with only one object,
and all of its arrows are invertible. Then the group elements correspond to the arrows, and the product
of group elements correspond to the composition of arrows. A groupoid, on the other hand, has a set of
objects and arrows, each object corresponding to a unit by identifying this object with the identity arrow
associated to it.
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Figure 1.2: A group is a category with one object and all arrows are invertible. A groupoid is a small
category whose all arrows are invertible.

Our main reference [Will19] adopts the first viewpoint, but I feel that the second is more concise, and even more useful
in many cases, too. The source and range maps s and r have explicit geometric meanings in the second picture. This is not
only for convenience, but also crucial while working with Lie groupoids: in the Lie groupoid the source and range maps are
required to be surjective submersions, and the unit space is required to be a smooth manifold. I also do not quite agree with
[Wil19, Remark 1.7] where the author calls the categorical viewpoint an abstract nonsence: this seems to be a misuse of
the word. An abstract nonsense is a formal proof based on techniques from category theory, usually not specific to a fixed
context. So I would say an abstract nonsense is a method, and a definition cannot be an abstract nonsense. — Commented
by Y. Li



1.1.2 Why do we study groupoids?

Before going into the details, it is worthwhile to explain why we care about groupoids. A short answer is
that groupoids interact strongly with other fields like dynamical systems and differential geometry, and
they themselves are also vital as geometric models of noncommutative spaces.

Dynamical systems and groupoids. Starting from a dynamical system, you can usually construct a
groupoid. Depending on the type of the dynamical system (measurable, topological, smooth, ...) you have
different structures of the groupoid (Borel, topological, Lie, ...). This groupoid tells you the information
of the original dynamical system. For example, let X be a set and G be a group. It is granted that there
is a one-to-one correspondence between

transitive G-actions on X and conjugate classes of subgroups of G.

Now if we work with a Borel group G and a Borel space X. Can we say something about the ergodic
actions of G on X7 This shall be more difficult than transitive actions, becase ergodic actions involve
the data of both the group and the space. Then one needs to construct a groupoid G x X, the action
groupoid. This is a Borel groupoid, whose Borel structure comes from those of G and X. The answer is
that, an ergodic action of G on X corresponds precisely to an ergodic groupoid.

Dynamics, topological groupoids and groupoid C*-algebras. If we start with a topological
dynamical system, say, a locally-compact topological group G acting on a locally-compact space X.
Then G x X is a topological groupoid, and we can construct C*-algebras C*(G x X) and C; (G x X),
the full and reduced groupoid C*-algebra of the groupoid G x X. These C*-algebras are isomorphic
to the full and reduced crossed product C*-algebras, and encode a lot of data of the dynamics: for
example, C; (G x X) is simple iff the action of G on X is topological free and minimal.

Groupoids and noncommutative spaces. Another important reason to study groupoids is that
they are viewed as geometric models for noncommutative spaces. Recall that a locally-compact Hausdorff
space X corresponds to a commutative C*-algebra Cy(X): this is the well-known Gelfand duality. Then
noncommutative C*-algebras play the role of “non-commutative spaces” in the algebraic setting. But
sometimes it is desirable to find geometric models of noncommutative spaces. Of course, they cannot be
the usual topological spaces because Cy(X) is always commutative. One attempt is to seek a topological
groupoid G, such that its groupoid C*-algebra is isomorphic to the noncommutative C*-algebra that we
start with. Then G is a good geometric model for our noncommutative space. If we view a topological
space X as a groupoid (see Example 1.15), then its groupoid C*-algebra is precisely Cy(X), complying
nicely with the classical Gelfand theory.

Foliation, groupoids and index theory. Index theory studies the connection between indices of
(pseudo)differential operators and the topology or geometry of the spaces they live in. One of the most
celabrated index theorem is the Atiyah—Singer index theorem. The family index theorem is a variant of
the Atiyah—Singer index theorem. The set-up is a fibration £ — X over a compact base, and a family of
elliptic operators {D, },cx parametrised by X, and such that each D, acts on the vertical fibre E,. The
family index theorem computes the index of the family Index(D,), which is an element in K°(X ), the
K-theory of X.

Fibrations are special cases of foliations, and one might wish to generalise the theory to arbitrary
foliations. However, foliations can be quite well-behaved in general. For example, consider the Kronecker
foliation of T? ~ R? /277 defined by the differential equation g—g = . If ¥ is rational. Then every orbit
(leaf) is closed and homeomorphic to a circle. However, if ¢ is irrational, then every leaf is dense in ’]I‘Q,
and the leaf space with the quotient topology is homeomorphic to a single point. This makes the family
index theorem useless.

The problem arises because the leaf space is badly-behaved. The solution is to replace this space by a
“noncommutative space” — the foliation groupoid. Thus the K-theory of the C*-algebra of the foliation



groupoid becomes a nice receptacle of the family index. This is the now well-known longitudinal index
theorem of Connes and Skandalis | ].

1.2 Groupoids
Definition 1.1 (First definition of groupoids). A groupoid is a set G together with:

e a set 9(2) C G x G of “composable arrows”;
e a “multiplication map” g? g, (a,b) — ab;

: -1
e an “inverse” map G — G, a+—a

such that:
1. (Associativity) If (a,b) € G® and (b,c) € G?. Then (ab,c), (a,bc) € G® and (ab)c = a(bc).
2. (Involutivity) (¢ *)™! = a.
3. (Unit) For any a € G, (a ',a) € @ i (a,b) € G@. then abb™' = a and a ab = b.

The unit axiom asserts that, unlike a group, a groupoid can have many (one-sided) units; the units of
a groupoid G forms a subset G ®cg , which comes together with a pair of maps s,7: G = G ),

Definition 1.2. Let G be a groupoid.

e The unit space g(o) of G is
¢V :={aeGla=a'=d*}.
e The source map of Gis s: G — Q(O), a— a ta.

The range map of Gisr: G — Q(O), a— aa L.

We have the following:
Lemma 1.3. Let G be a groupoid.

1. 69 = {aa ' aeg}.
2. 6P ={(a,b) € G x G| s(a) = r(b)}.
3. If a,b € G and (a,b) € G?. Then:

s(a)=r(a"),  s(ab)=s(b),  r(ab) =r(a),
bt at) e G?, b ot = (ab) 7.
Proof. e Clearly = Q(O) forany a € G. If a € Q(O), then a = a> = aa” .
e Ifs(a) =r(b),thena 'a = bb~". Since (a,a™ "), (a™ ", a), (b1, b), (b,b7") € G®. We have (a,a 'a) =
(a,bb™ 1) € G® and (bb~1,b) € G?. Then (a,bb"'b) = (a,b) € G*. Conversely, if (a,b) € G?.

Since (a~",a), (b,b™") € G, the product a 'abb~' makes sense, which equals both bb~' and a~'a.

o The three equations in the first line can be quickly checked. If (a,b) € G@. Then r(a™) = s(a) =
r(b) = s(b™") and hence (b ,a™ ') € G?. The product b~ 'a"'ab(ab)”" makes sense and equals
both b *a™ ! and (ab) . O

Remark 1.4. The previous lemma states that, a groupoid can equivalently be described by the data (G, G (0), s, r,fl ).
This leads to an alternative definitions of groupoids.

Definition 1.5 (Second definition of groupoids). A groupoid is a set G together with:



a distinguished subset ¢V cg ;
a pair of maps r,s: G = g(o);

a map G: - G, (a,b) — ab, where
G® = {(a,b) € G x G | s(a) = r(b)};

amapg—>g,al—>a71,

such that

1. r(z) =2 = s(z) for all z € G

2. r(a)a =a=as(a) for all a € G.

3. r(a™') = s(a) for all a € G.

4. s(a)=a 'aand r(a) =aa " foralla €G.

5. r(ab) = r(a) and s(ab) = s(b) for all (a,b) € G2,
6. (ab)c = a(bc) whenever s(a) = r(b) and s(b) = r(c).

In this definition, the roles of the range and source maps are highlighted: this is actually more
important if we want to study a topological groupoid or a Lie groupoid. I feel that it is sometimes more

,
convenient to denote a groupoid by a diagram G = g,
S

Ezxample 1.6. 1. A group G is a groupoid G = pt.

2.

3.

id
A set X is a groupoid X = X together with the trivial multiplication and inverse maps.
id

Group bundle. A group bundle consists of two sets F, X and a surjective map 7n: E — X such
s

that 7T_1(.%') is a group for every x € X. A group bundle can be viewed as a groupoid £ = X. In
s

particular: a vector bundle is a groupoid.

4. Action groupoid. Let X be a (left) G-set. That is, G acts on X on the left. The action groupoid G x

X = X is defined as follows. We set G x X := G x X as a set and (G x X)(O) := X. The source,

range, multiplication and inverse maps are

5(9733) =z, T(gax) =gz, (h,g:v)(g,ac) = (hng)a (ga-r)_l = (g_lagw)'

pr
. Pair groupoid. Let X be a set. The pair groupoid is given by X x X :% X. The multiplication

pra
map is given by (z,y)(y, z) := (z, z) and the inverse map is (z,y) " := (y,z).

pr
. Equivalence relations. Let X be a set and R C X x X be an equivalence relation on X. Then R :; X

P
is a groupoid, with multiplication (z,y)(y, z) := (x, z) and inverse (z, y)_l = (y,z).

o If we set R := X x X, then we recover the pair groupoid as a special case. If we set R := (),
id
then we recover the groupoid X = X.
id
e Let G be any groupoid. We can define an equivalence relation on Q(O) by claiming two
units are equivalent iff they are connected by a groupoid element. Equivalently, this is the
subset R(G) := {(r(a),s(a)) | a € G} C G x 6. Thus we obtain a groupoid R(G) = G,
We say a groupoid G is principal if G is isomorphic to R(G) as a groupoid. Equivalently, this
means there exists at least one arrow between two units in G.



7. Fundamental groupoid. Let X be a topological space and x € X. An important invariant in
algebraic topology is the fundamental group of X (with basepoint z), defined as the group of
(basepoint-fixed homotopy) equivalence classes of loops in X with basepoint x:

{Loop v in X | 7(0) =~(1) = «}
v ~~" iff 4 and 4" are homotopic with basepoint fixed

m (X, x) =

This definition is not completely satisfying due to the following issues. If X is not path-connected,
given z,y € X, m(X,z) and m(X,y) may not be isomorphic if z and y do not lie in the same
path component. If X is path-connected, then X has a unique path component and a different
basepoint gives rise to an isomorphic fundamental group. However, the isomorphism between these
two groups depend on the choice of the basepoints and on the specified path connecting them,
hence not canonical.

It is desirable to obtain a mathematical object similar to the fundamental group but does not
depend on the choice of a basepoint. A natural idea is to choose (equivalence classes of) paths
instead of loops. Unlike loops which are based at a certain point, paths are not concatenatable,
unless the starting point of one coincides with the endpoint of another. This is precisely the axiom
of a groupoid. So we may define the fundamental groupoid of X as:

I, (X) = {Path v in X}
! Ty~ 4" iff v and 4 are homotopic with basepoints fixed

The fundamental groupoid is an important object in algebraic topology.

8. Tangent groupoid. Tangent groupoids were introduced by Alain Connes as an approach to study
index theory. We briefly mention his construction. The interplay between tangent groupoids and
index theory will be discussed in a future talk.

Let M be a smooth manifold. The tangent groupoid of M is the groupoid
TM := TM x {0} [[ M x M x (0,1]%]\4 % [0,1],
where
r(xz,v,0) = (,0), s(z,v,0) = (z,0);
r(z,y,€) = (v,€),  s(z,y,€) = (y,6), €€ (0,1].

Definition 1.7 (Subgroupoids). A subgroupoid of a groupoid is a subset H C G such that, the
multiplication and inverse maps of G restricted to H turns it into a groupoid.

Definition 1.8 (Groupoid homomorphism). A (strict) groupoid homomorphism f: G — H is a map
such that f x f(g(2)) C #? and f(ab) = f(a)f(b) for all (a,b) € G@. It is an isomorphism if there
exists another groupoid homomorphism g: H — G such that f o g =idy and go f = idg.

Remark 1.9. In later talks we shall define another larger class of morphisms between groupoids called
groupoid correspondences. For clarity we will frequently refer to groupoid homomorphisms as strict
homomorphisms.

Definition 1.10. Let G be a groupoid.

o Let x,y € G, We define the source fibre at y to be G, = sil(y), the range fibre at x to
be G* = r_l(:r:), and g;j =GN Gy

e Let A,BC Q(O). We define G := s*l(g), QA = ril(A) and gg‘ = QA NGg.

Definition 1.11. Let G be a groupoid.



e Let AC Q(O). Then gj} C @G is a subgroupoid, called the restriction of G to A.
o Let x € g(°>. Then G; is a group, called the isotropy group at .
e The isotropy groupoid is the subgroupoid of G:

Iso(G) := U g, = G,

x€g<0>

1.3 Topological groupoids

Now we turn to groupoids with extra structures. Charles Ehresmann was the first person to endow
groupoids with extra structures while applying them to the study of foliation. Examples include topological
groupoids, Borel groupoids (groupoids with measurable structures) and Lie groupoids.

Topological groupoids are the central objects that we will care about in the seminar talks. Let G be a
groupoid that is also a topological space. Then G (2) C G x @G inherits the product topology of G x G.

Definition 1.12. A groupoid G is a topological groupoid if G is a topological space, and the multiplication
map and the inverse map are continuous.

Remark 1.13. Just as in the case of groups, we usually require that a topological groupoid G is such that:

1. G is locally-compact.

2. G is Hausdorff (in the subspace topology).

However, the groupoid G itself does not have to be Hausdorff. When G is Hausdorff, its unit space will
be closed, see the following lemma.

In fact, non-Hausdorff groupoids arise naturally from dynamical systems and differenrial geometry
(e.g. singular foliations). They give rise to interesting C*-algebras.

Lemma 1.14. Let G be a topological groupoid. Then G is Hausdorff iff G is closed.

Proof. 1f G is Hausdorff. Then every convergent net in G converges to a unique point. Let {a;};c; be
anetin g ©) which converges to a € G. We claim that the limit ¢ must lie in G ©) 45 well. Since gis
a topological groupoid, the source and range maps s,7: G = G are continuous. Hence s(a;) — s(a)
and r(a;) — r(a). But a; € G for all i, that is, s(a;) = a; = r(a;). Then we have a; — s(a), a; — r(a)
and a; — a. The Hausdorffness of G forces s(a) = a = r(a), that is, a € GO

Now assume that G ) is closed. Let {a;};c; be any convergent net in G which converges to both a
and b. We must prove that a = b. Since the multiplication and the inverse maps are continuous, we
have a[lai — o 'b. But a{lai € G for all i and G\ is closed. Therefore, a”'b € Q(O), which implies
that a = 0. 0

The following examples of topological groupoids are just modifications of Example 1.6.

Example 1.15. 1. A topological group G is a topological groupoid G = pt.

id
2. A topological space X is a topological groupoid X = X together with the trivial multiplication
id
and inverse maps.

3. A topological group bundle consists of two topological spaces E and X, and a quotient map 7: E —»
X, such that for any = € X, 77_1(3:) is a topological group. This is a topological groupoid.

4. Let GG be a topological group which acts continuously on a space X. Then the action groupoid G x X
is a topological groupoid.

5. Let X be a topological space, and R C X x X be an equivalence relation on X, equipped with the
subspace topology. Then R = X is a topological groupoid. In particular, the pair groupoid of a
topological space is a topological groupoid.



6. The fundamental groupoid IT; (X)) of a topological space X is a bit tricky. There are various ways
to topologise it, but the “correct” topology is defined only when X satisfy some nice conditions
(path-connected, locally path-connected and semi-locally simply connected). Readers who are
familiar with algebraic topology shall notice that these conditions are precisely what one needs to
obtain a nice classification theory of covering spaces. In such situation, the fundamental groupoid
is realised as a quotient of the pair groupoid and has the quotient topology.

7. The tangent groupoid is a topological groupoid. The topology is defined as follows: we require
that M x M x (0, 1] is open, and require that a sequence {(x,,, Yn, €,) }n in M x M x (0, 1] converges
to (z,v,0) iff

Ty =z, oy, I
En
Finally, we define a subclass of topological groupoids called étale groupoids. They are analogs of
discrete groupoids, and easier to study than general topological groupoids. It is a bit surprising that
étale groupoids are already interesting enough, in the sense that many interesting C*-algebras arise as
the C*-algebra of an étale groupoid.

Definition 1.16. A topologial groupoid G is called an étale groupoid, if the source and range maps s,7: G —
G are étale. That is, s and r are local homeomorphisms.

Remark 1.17. Be careful that the maps s and r are étale as maps G — G, but not as maps G — Q(O).
This is a stronger argument: it asserts that the inclusion map Q(O) — G is a topological embedding.

Lemma 1.18. If G is an étale groupoid. Then Q(U) C G s open.

Proof. G is étale implies that, for every a € G, there is an open neighbourhood U, C G of a such
that s[y : U, — s(U,) is a homeomorphism. Then g = Uaeg 5(U,) is open. O

The following lemma states that étale groupoids are “fibrewise discrete”.
Lemma 1.19. If G is étale. Then for any x € Q(O), G, and G* are discrete.

Proof. G is étale implies that, for every a € G, there is an open neighbourhood U, C G of a such
that s[y : U, — s(U,) is a homeomorphism. In particular, s is a bijection.

We claim that {a} = G, NU,. Clearly {a} C G, NU,. Suppose b € G, NU,, then s(b) = z = s(a).
Since s is bijective on U,, we must have b = a. Therefore, {a} C G, N U, is open in G, in the relative
topology. So G, is discrete. The proof for G* is essentially the same. O

September 27, 2022
Haar systems and groupoid C*-algebras

Speaker: Yufan Ge (Leiden University)

Groupoid C*-algebras were introduced by Renault | ], which consist of a large class of interesting
C*-algebras.
In this lecture, all topological groupoids are assumed to be locally-compact and Hausdorff.

2.1 Haar systems

A Haar system is the analog of a Haar measure of a topological group. Recall that
Definition 2.1. A Radon measure is a measure p on a locally-compact space X, which is

1. Borel: all open subsets are measurable.

10



2. regular: y is inner regular and outer regular. That is,

w(E) =sup{u(K) | K C E is compact} and w(E) =inf{u(U) | U D E is open}.

3. locally finite: for any x € X, there exists a neighbourhood N of z, such that u(N) < oco.

Measures on a locally-compact space X are related to linear functionals of C.(X) by the following
theorem:

Theorem 2.2 (Riesz—Markov—Kakutani representation theorem). Let X be a locally-compact Hausdorff
space, and 1p: C.(X) = C (orp: C.(X) = R) be a linear functional. There exists a complex (or real)
Radon measure pn on X, such that

w5 = [ sdu.
X
This theorem allows us a construct a Radon measure from a linear functional.

Definition 2.3 (Haar system). A Haar system of a locally-compact Hausdorff groupoid G is a family of
Radon measures {u“}ue g indexed by G such that

(HS1) supp(\*) =G".
(HS2) For any f € C.(G), the function

A6 =, uw/gf(v)dx‘(v)

is continuous (and hence compactly-supported).

(HS3) For all n € G, the following “left-invariance” holds:
[ 1ax ) = [ som)axs,

Ezample 2.4. Let X be a locally-compact space with Radon measure p, G be a locally-compact group
'

with a Haar measure u. Define the groupoid G := X x G x X = X with
S

r(z,9,y) =z, s(z,9,y) == v, (z,9,9)(y, h, 2) :== (x, gh, 2).

Then {\" := 0, x u X v},cx is a Haar system of G.
Ezample 2.5. Let G := G X X be the action groupoid. Define the linear functional

N1CX) ST N ()= [ .07 ) dula).
This precribes a Haar system {\"},cx for G by Riesz—Markov-Kakutani representation theorem. It
suffices to check conditions (HS1)-(HS3). For the first one, we need the following
Lemma 2.6. Let A: C.(X) — C be a positive linear functional. Then
x € supp A iff A(f) >0 for all f € C.(X) with f(z) > 0.

This implies that supp \* = G*.
Remark 2.7. Given a Haar system {A“}u6 g® and a Radon measure p on G (0), we can define a linear
functional on C.(G):

W)= [0 [ £0) AN () duw)

Hence defines a measure on G by Riesz—Markov-Kakutani representation theorem.

11



—1

Figure 2.1: An r-discrete but not étale groupoid: the fibre has one point at each x € (—1, 1), but has two
points at £1.

Remark 2.8. C.(G) may be viewed as a right CO(Q(O))—module via

Fo() = Fe(s(r),  feCelG), v e Ce(G).

Then the Haar system {\"} allows for a Cy(G'?)-valued inner product

eg!”
(o)) = [ FOgln N ().
g

The condition (HS2) guarantees that the inner product actually lands in Cy(G (O)). Endowed with these
operations, C.(G) becomes a pre Hilbert Cy(X)-module, giving an alternative definition of groupoid
C*-algebras (Remark 2.20)

Definition 2.9. A locally-compact Hausdorff groupoid G is called r-discrete if G ) g open.
Lemma 2.10. If G is r-discrete. Then G and G, are discrete for all u € Q(O).

Proof. G is open, so every singleton {u} is open in G*. Now for any v € G, let u = s(7) and v = 7(7).
Then the map
Gy =Gy, Ny

is continuous, with {7} = ¢~ ({u}). So {y} is open. O
Lemma 2.11. If G is r-discrete and r is open. Then r is a local homeomorphism.

Lemma 2.12. If G is r-discrete. Then the counting measure on each fibre form a Haar system iff G is
étale.

Ezample 2.13 (An r-discrete but not étale groupoid). Consider the equivalence relation
E={-11,1,-D)}u{(z,z)| -1 <z <1}
on EY := [—1,1]. The groupoid E = EO s r-discrete, but not étale.

2.2 Groupoid C*-algebras
Let f,g € C.(G). Define

f*a(y) :—/gf(n)g(n_lv) AN,
() =

Ffon=Ffeah.

Lemma 2.14. The operations above turn C.(G) into a *-algebra.
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Proof. We need to check that = is a convolution product. Notice that f * g is continuous, and has compact
support because

supp(f * g) C supp(f) supp(g).

Now we check associativity. We have

(Fa) = 1)) = [ (£ %) bl y)aX Oy

= [ [ £ mnin ) ax Peax @y
(Fr(axm)) = [ HO@*mE) ax e

= [ 1t¢ /g h(r ¢ ) ax € v

= [ [ F@atmntn 1) axOnax e
Replace 1 by £ np:
= [ [ @t mnn ) ax e ax
Now use (HS3), A\ () = d\* (7 1y):
= / / G () AN e dn) =

Ezample 2.15. A Haar system of an étale groupoid G is given by the fibrewise counting measure. Then

for f,g € C.(G):
fra =3 fgn 'y = > fl@)g(B)
r(m)=r(7) af=y

We wish to complete C.(G) into a C*-algebra. Let w: C.(G) — B(7%,) be a *-representation on a
Hilbert space. Then || f| := ||7(f)|lgx,) is a norm for C.(G), which might be unbounded. To obtain a
C*-norm of C,(G), one needs to restrict to representations which have a common upper bound. In the
case of group C*-algebras, one considers all possible norms bounded by the Ll—norm, and takes suitable
representations to obtain the full and reduced C*-norm. The analog of the L'norm in the groupoid case
is the I-norm.

Definition 2.16 (I-norm). Let f € C.(G). Define

7= sup [ 170]ax“()

weg® /9

1£lrs = sup [ 1£G7)1AN" (),
weg® /G

£l += max{ | Fll e, [1F 17,5

Definition 2.17. A *-homomorphism 7: C.(G) — B(7%) is called I-norm bounded, if || f||. < ||f|l; for
all f.

Given a Radon measure p on G (0). Recall that we may define a Radon measure on G as in Remark

2.7:
V= Lo [ 1)) o).

= Lo [ 0T dntu).

Ind,: C.(G) — B(L*(G,v" ")),  Ind,( /f (™) AN ().

We also define

Define
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Proposition 2.18. Let G be a locally-compact Hausdorff groupoid with Haar system, and pu be any Radon
measure on g(o). Then Indu is an I-norm bounded representation of C,(G).

Definition 2.19. Let G be a locally-compact Hausdorff groupoid with Haar system.
o The full norm of C.(G) is

| £l :== sup{||7(f)| | = is an I-norm bounded representation.}

The full groupoid C*-algebra C*(G) is the completion of C,(G) under the full norm.
o The reduced norm of C.(G) is

| f1l; == sup{||Inds (f)|| | u € G\, 6, is the Dirac measure supported on u.}

The reduced groupoid C*-algebra C;(G) is the completion of C,(G) under the reduced norm.

Remark 2.20. There is an (even nicer) construction of reduced groupoid C*-algebras C;(G) as follows.
As in Remark 2.8, C.(G) is a pre-Hilbert CO(Q(O)) module. That is, (f, g) is the restriction of f* x g
to G and f - () = f()Y(s(y)) for f,g € C.(G) and ¥ € Co(g(o)). We complete C.(G) to a
Hilbert Cy(G”)-module, denoted by L*(G, v).

The multiplication action of C.(G) on itself extends to a bounded representation m: C.(G) —
B(L*(G,v)). Define the reduced norm of f € C.(G) to be |||, := |7(f)|. One checks that this coincides
with the reduced norm defined above, hence refines reduced groupoid C*-algebras via completion.

The case of non-Hausdorff groupoids is more involved: one needs to replace CO(Q(O)) by a bigger
algebra, which contains some Borel non-continuous functions on G See [ ] for more details.

Ezxzample 2.21. Let X be a locally-compact Hausdorff space, viewed as a groupoid G = X = X.
Then C.(G) = C.(X). The I-norm is || f|; = sup,ex|f(z)| = || flloo- This is in fact a C*-norm,
achieved by the multiplication representation on L2(X , ) for any Radon measure p on X. The groupoid
C*-algebra C*(G) = Cy(X).

Ezxample 2.22. Let X be a finite set of n-elements, and R be the trivial equivalence relation on X. Then
the groupoid C*-algebra C*(R) ~ M,,(C).

Ezxample 2.23. Let G be a locally-compact topological group, viewed as a groupoid G := G = pt. If G is
unimodular, then the definition of group and groupoid C*-algebras of G coincide. If G is not unimodular,
we need tiny modification to build the isomorphism between them two. Let f € C.(G). The involution

on C.(G) is

The involution on C.(G) is

Define
¢: Co(@) = Co(G), [ AT

We claim that this is a *-isomorphism of *-algebras, and extends to an isometric isomorphism of
C*-algebras C*(G) = C*(G). Let 7 be an I-norm bounded representation of C.(G). Then 7 o ¢
is a representation of C.(G). Since [|¢(f)| is by definition the supremum over all I-norm bounded
representations, we have ||¢(f)|| < ||f|l. The other side holds using a disintegration theorem of group
representations and we omit here. Therefore, ||¢(f)| = ||f]l-
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October 4, 2022
Groupoid actions and equivalence actions

Speaker: Jack Ekenstam (Leiden University)

Throughout this lecture, G will denote a groupoid. If G is a topological groupoid, we will always assume
that it is locally-compact and Hausdorff.

3.1 Groupoid actions

Definition 3.1. Let G be a groupoid. Let X be a set together with a map ry: X — g(o) called the
moment map. A left action of G on X is a map

GxX — X, (v,x) — vz,

where
Gx X :={(y,2) €Gx X |s(y) =rx(z)},
such that
e rx(x)xr =z forall x € X.

o If (y,m) € G®? and (n,x) € G+ X. Then (yn,z) € G* X and (ry)z = y(nx).

A right action is defined similarly, while in that case a moment map is denoted by sy for consistency. If G
acts on X on the left (resp. right), we write G ~ X (resp. X v\ G) and call X a left (resp. right) G-set.
Unless specified, groupoid actions are always assumed to be left actions.

If G is a topological groupoid and X is a topological space, such that the moment map and the
groupoid action are continous. Then we say X is a G-space.

Definition 3.2. Let X be a G-set. We say:

e G acts transitively on X, if for all z,y € X, there exists v € G such that z = yy.

e G acts freely on X, if yx = x for some x implies that v = rx(x).

Ezxample 3.3. e Let G be a groupoid. Then G ~ G v\ G in an obvious way. Also G ~ Q(O) "G,
e Let G be a group and X be a G-set. Then G x X ~» X n G x X.

We may also define the groupoid version of the action groupoid of a group:
Definition 3.4. Let X be a G-set. The action groupoid G x X is defined as
gxX = X, s(y,x) =z, r(y,x) = yz.
Definition 3.5. Let X be a left G-set and x € X. The orbit of x is
{re|(v,z) € G+ X}

Denote by G\ X the set of orbits. If X is a right G-set, we write X/G for the set of orbits.
If X is a G-space. Then we may endow G\ X with the quotient topology and call it the orbit space.

Remark 3.6. Recall that in the quotient topology: U C G\ X is open iff ¢ ' (U) C X is open, where g is
the quotient map. A map f: G\X — Y is continuous in the quotient topology iff it lifts to a continuous
map f: X - Y.

Definition 3.7. A groupoid G is called
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o principal, if G ~ Q(O) is free.
o transitive, if G ~ Q(O) is transitive.

Proposition 3.8. If G is a topological groupoid with r, s open. Let X be a G-space. Then q: X — G\X
1S open.

Corollary 3.9. Let G be a locally-compact Hausdorff groupoid with r,s open. Let X be a locally-
compact G-space. Then G\X is locally-compact. If X is second countable, then G\X is too.

Definition 3.10. Let G be a locally-compact Hausdorff groupoid acting on a locally-compact Hausdorff
space X. We say the action is proper, if the map

0:GxX = X x X, (v,z) = (yz,x)
is proper, i.e. the pre-image of a compact set is compact.

Proposition 3.11. Let G be a locally-compact Hausdorff groupoid acting on a locally-compact space X.
The followings are equivalent:

1. G acts properly.
2. For all compact subsets K and L in X, the set
pri(© (K x L)) ={y € G| Kn~L# 0}

18 a compact subset in G.

3. Let {x;} be a net converging to x and {v;x;} be a net converging to y. Then {~;} has convergent
subnet.

Proposition 3.12. Let G be a locally-compact Hausdorff groupoid with r,s open. Let X be a proper G-
space. Then G\ X is locally-compact Hausdorff.

Proof. Let {Gx;} be a net in G\ X which converges to both Gz and Gy. We claim that Gz = Gy. Since
the quotient map ¢: X — G\ X is open, we may assume that z; — = and ~;2; — y by Remark 3.6. Then
there is a subnet of {+,;} converging to v by Proposition 3.11. But X is Hausdorff. So 7,z; converges
to yx. We therefore have y = yr and Gz = Gy. O

Definition 3.13. Let G be a locally-compact Hausdorff groupoid acting on a locally-compact Hausdorff
space X. We say the action is Cartan, if every x € X has a compact neighbourhood K such that @_1(K X
K) is compact.

3.1.1 Mackey—Glimm—Ramsey dichotomy

Let G be a second-countable locally-compact Hausdorff groupoid with r, s open, and X be a G-space.
The continuous map
(b:c: gr(a:) —GX, YT

is not open in general. When it is open, the diagram

xT

b, ox
| 4
G/ Hy,

imples that the map ¢,: G,/H, — GX is a homeomorphism, where

H, = {’Y S gr(z) ‘ 7T = IE}

We wish to know when we are in such “nice” situations. These are called the Mackey—Glimm—Ramsey
dichotomy and justified by the following theorem.
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Theorem 3.14. Let G be a second-countable, locally-compact Hausdorff groupoid with r,s open. Let X
be a locally-compact Hausdorff G-space. The followings are equivalent:

G\X is Ty-space.

G\X is almost Hausdorff.

Each orbit is locally closed in X.

Each orbit is a Gg-subset of X.

AR

For any x € X, the map ¢,: Gy = GX, v+ v is open.

3.2 Equivalence of groupoids

Equivalence of groupoids were introduced by Renault in | ]. One motivation is to define an equivalence
relation which is weaker than isomorphisms, but gives Morita—Rieffel equivalence of C*-algebras.

Definition 3.15. Let G and H be locally-compact Hausdorff groupoids with r» and s open. A locally-
compact Hausdorff space Z is called a (G, H)-(Morita) equivalence, if the followings hold:

1. Z is a free and proper left G-space and a free and proper right H-space.
2. The left G-action commutes with the right H-action.
3. The moment map r: Z — Q(O) is open and induces a homeomorphism Z/H — Q(O).

s: 7 —H s open and induces a homeomorphism G\Z — HO.

Ezample 3.16. Let I' ~ X ~ I' be commuting actions which are free and proper. Then I'\X and X/T’
are locally-compact Hausdorff. Then X is an equivalence between T' x (X/T") and (I'\X) x I". This
works for groupoid actions as well.

As a special case, if we take X I to be the trivial action. Then X is an equivalence between I' x X
and '\ X

Ezample 3.17 (Blow-ups). Let G be a locally-compact Hausdorff groupoid with open range. Let Z be a

locally-compact space, f: Z — Q(O) be an open continuous map. Regard f as a moment map, then Z
can be viewed as a left G-space and a right G-space. The blow-up groupoid is defined as

9121 :=A{(21,7,22) € Zx G X Z | f(z1) = 7(7), 5(7) = 7(22)}-

The groupoid operations are the nature ones. The unit space is {(z, f(z), z)} so we can view G[Z] as a
groupoid over Z.
Let

ZxG:={(2,7) € Zx G| f(z) =r(1)}.
We claim that Z % G actually defines a (G[Z], G)-equivalence. The moment maps are given by
s(z,7) = s(v), r(z,7) =2,

and the actions are
(21,7, 22)(22,7) == (z1,77), (2, 7)m = (2, m).

Remark 3.18. Let Z be a (G, H)-equivalence. Then the homeomorphism Z/H — G (resp. G\Z — H?)
is G- (resp. H-)equivariant. These induces homeomorphisms

G & G\z/H = 1O .
So G\G'” is homeomorphic to # ¥ /H.

Proposition 3.19. The groupoid equivalence is an equivalence relation.
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Sketch of proof. e Gisa (G,G)-equivalence.

o If Z is a (G, H)-equivalence, with moment maps r;: Z — G and Sy 2 — H® Define an (H,G)-
equivalence Z°P as follows:

— As a space, Z°" is homeomorphic to Z. We write z € Z°P for the image of z € Z in order to
distinguish.
— The left H-action on Z°P defined by the followings:
rop(Z) i= s4(2), VZ = 2y
— The right G-action on Z°? defined by the followings:

syop(Z) 1= 14(2), Zni=n =z

o Let Z be a (G, H)-equivalence and Y be an (H, K)-equivalence. Then a (G, K)-equivalence is given
by the quotient

{(z,9) € ZxY [ s(2) = r(y)}/H,
where the right H-action is given by
(2:9) 8= (+8,6"'v). 0
Let Z be a (G, H)-equivalence. Then
Zxs Zi={(z,y) € Zx Z|s(x) =s(y)}

is closed and locally-compact. It is a free and proper right H-space with diagonal action. In particular,
we have:

Lemma 3.20. Given (x,y) € Z =, Z. There exists a unique element Tey € G such that 7,y = .
The map
Zxs 7 — G, (T,y) = Tyy

is continuous and open. It factors through the homeomorphism Z x, Z/H — G.

With the help of this lemma we are able to prove that

Theorem 3.21. Let G and H be locally-compact Hausdorff groupoids. Then G is equivalent to H iff there
exists a space Z such that the blow-up groupoids G[Z] and H[Z] are isomorphic.

October 11, 2022
Groupoid correspondences

Speaker: Bram Mesland (Leiden University)

In this talk, all groupoids are locally-compact and Hausdorff and equipped with a Haar system. As a
consequence, their source and range maps are open. We will refer to them simply as groupoids.
Some main references of this talk are [ ; : : ; ]
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4.1 Groupoid correspondences

We wish to construct a nice category of groupoids, such that taking the groupoid C*-algebra is a functor
mapping to a suitable category of C*-algebras: the category of C*-correspondence €otr. We also request
that Morita equivalent groupoids are mapped to Morita—Rieffel equivalent C*-algebras. This requires
a suitable notion of “generalised homomorphisms” between groupoids. These, as we will define in the
following, are groupoid correspondences.

Definition 4.1. Let G and H be groupoids. A (G, H)-(groupoid) correspondence, or a generalised
homomorphism from G to H, is a space Z with commuting left G-action and right H-action

Gog"W{z 7 22,9/ c
or briefly,
G+ Z—H,
such that:
e G Z is free and proper.
o Z M is proper.

e The moment map Z 22 1O factors through the homeomorphism G\Z = H© . That is, the
following diagram commutes:

A * HO

G\Z

Remark 4.2. Our definition of groupoid correspondences is slightly different from that from | ,
wherein the action Z \ H is not assumed to be proper. However, the properness condition is essential to
give a C*-correspondence.

Ezxample 4.3. Let ¢p: H — G be a strict homomorphism. po we need ¢ to be proper? Define
Graph(p) := {(7,u) € G x H | ¢(u) = s(7)}.
It admits a left G-action obviously, and a right H-actions via
(v, w)h = (ve(h), s(h)).

This gives a (G, H)-correspondence.
As a special case, if H C G is a subgroupoid. Then the inclusion H < G gives a (G, H)-correspondence.

4.1.1 Composition of correspondences
Now we define the composition of correspondences. Given two correspondences
G<ZZ 5 H, HEW LK,

Let
ZxW i ={(z,w) | ZxW | sz(z) =ry(w)}.

H acts on Z * W on the right via the diagonal action. Consider the quotient
Zxy W ={(z,w) € ZxXW | sz7(z) = ry(w)}/H.

Since H ~ W freely and properly, the space Z x4 W is locally-compact Hausdorff ([ , Proposition
2.18]). We equip it with a free and proper left G-action, and a proper right K-action

glz,w] = [gz,w], [z,wlk:=[z,wk], forgeq, kek, [z,w] € Zx W
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Definition and Lemma 4.4. If H has open range and source maps. Then G < Z x4y W — K is a
correspondence. We define it to be the composition of

G2 722 H and HEZW K.
Thanks to the composition, we are now able to define a category of groupoid correspondences.

Definition 4.5. The category &t of groupoid correspondences consist of the following data:

¢ Objects are groupoid.
e An arrow from G to H is a correspondence G <+ Z — H.

e Composition of arrows is given by Definition and Lemma 4.4.

Ezample 4.6. The correspondence G LG 3G is the identity arrow of G in &t. In fact, we have
Gxg Z ~ 7, Wk G~W

for a left G-space Z and a right G-space W.
A correspondence G < Z — H is invertible, if there exists another correspondence H + W — G,
such that
Zxy W ~G, Wixg Z ~H.

4.1.2 Morita equivalences revisited

Proposition 4.7. A correspondence G < Z — H is invertible iff Z is an (G, H)-equivalence.
Remark 4.8. e Let G and H be groups. Then they are Morita equivalent as groupoids iff they are
isomorphic as groups.

e Let G and H be spaces. Then they are Morita equivalent as groupoids iff they are homeomorphic
as spaces.

Now we revisit the blow-up construction in the previous talk, and show that a Morita equivalence can
be lifted to an isomorphism of groupoids.
Let G < Z — H be a correspondence. Recall that (Example 3.17) the blow-up groupoid is defined as

H[Z] :={(z1,h,29) € Z X H X Z | s(z1) =r(h), r(29) = s(h)},

and the space
W:={(z,h) € ZxH|s(z)=r(h)}

implements a (H[Z], H)-equivalence.
Define
wH[Z]_)g7 (2179722)H(2179Z2)€Z*’H Z.

Since G acts on Z freely, the object (z1,gz) uniquely determines an element in G. The composition
yields a map ¢: H[Z] — G.

Proposition 4.9. Let G <+ Z — H be a correspondence. Then Z ~ W°P 242 Graph(v). So Z is a
composition of a blow-up groupoid with a strict homomorphism.
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4.2 From groupoid correspondences to C*-correspondences

Now we pass to C*-correspondences. As mentioned before, we wish to furnish a functor, which on the
object level maps groupoids to their groupoid C*-algebras. The suitable target category is the category
of C*-correspondences.

Definition 4.10. The category €orr of C*-correspondences consist of the following data:

e Objects are C*-algebras.

o An arrow from A to B is a (A, B)-correspondence 4 X g. That is, a right Hilbert B-module X and
a *-homomorphism A — Bg(X) to the bounded adjointable operators on the Hilbert B-module X.

o Composition of arrows is given by the tensor product of Hilbert C*-modules
AXpopYoi=4(X®pY)c.

Recall that two C*-algebras A and B are Morita—Rieffel equivalent iff there is an imprimitiv-
ity (or Morita equivalence) A, B-bimodule 4FEpg. That is, a Hilbert B-module E together with a
*-isomorphism A — Kg(FE). We write A ~\1o1ita B if A and B are Morita—Rieffel equivalent.

The following propositions (sometimes used as definitions) are well-known to C*-algebraists:

Proposition 4.11. Let A, B be C*-algebras.

o A ~\iorita B iff A ~ B in Cortr.
e If A and B are separable. Then A ~yjorita B iff K@ A ~K® B as C*-algebras.

We wish to construct a functor &t — Corr. On the arrow level this means we need to construct a
C*-correspondence out of a groupoid correspondence.

Let G <~ Z — H be a groupoid correspondence. Pick any z € Z with s(z) = r(n). Then C.(Z) carries
a C.(H)-valued inner product given by

(v, 6)(n) = /g V(g 2ol ) APy, g€ Co(2).

This is independent of the choice of z because G\ Z ~ H. The integral converges because G\Z ~ G ),
Now C.(Z) is a (C.(G), C.(H))-bimodule: the left C.(G)-module structure is

fro(z) = /g F@)lg™ 2) APy,

and the right C.(#)-module structure is given by

0-9(2) = [ olehg(h™)axOn
g
One checks that the followings are satisfied:

The last equality guarantees that
2
181" == 1{¢, D)l o 30

defines a norm on C,(Z), making it into a pre-Hilbert C*(H)-module.
Denote by X (Z) the right C*(#)-module completion of C,(Z). Upon replacing all norms on convolution
algebras by the reduced norms we obtain a reduced version X,(Z) as a right C;(#)-module.

Theorem 4.12 (] ; De o)X (Z) e 3y and x gy Xe(Z) r () are C*-correspondences.
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Theorem 4.13 (| ). Let G < Z — W be a (G, H)-equivalence. Then X(Z) and X, (Z) are

imprimativity bimodules.
Theorem 4.14. There is a functor &t — Cott, which:

 on the object level, sends a groupoid G to its groupoid C*-algebra C*(G).

e on the arrow level, sends a groupoid correspondence G < Z — H to a C*-correspondence
)X (D)e iy

As a corollary, Morita equivalent groupoids have Morita—Rieffel equivalent C*-algebras.

Remark 4.15. The most difficult part of the proof is to show that C,(Z x4, W) is dense in X(Z)®C*(H)X(W),
so that the composition of groupoid correspondences is sent to the composition of C*-correspondences.
For this to be true, we have different choices of axioms for a groupoid correspondence. One option is in
[ J-
Remark 4.16. An alternative proof of the equivalence theorem of reduced groupoid C*-algebras (Theorem
4.14) is given in | |. This is explained in more details in Lecture 5 of Dimitris.

The main ingredient is the linking groupoid. Let G < Z — H be a (G, H)-equivalence. The linking

groupoid is defined as
L=g[[z][z[[# =3¢ T #".

The source and range maps are inherited from the source and range maps of G, Z, Z°® and H. The
multiplication of £ restricts to the multiplication of G and H, and the groupoid actions of G and H on Z
and Z°P. The inverse of £ restricts to the inverse of G and H, and the identity homemorphism Z — Z°P.

The data above define a groupoid; in particular, it accommodates a Haar system if so do G and H.
This is because the actions of G and H on Z induce homeomorphisms Z/H — Q(O) and G\Z — 7—[(0).

Thus, given any u € G (O), pick any z € Z with r(z) = u. There is a Radon measure " on Z determined
by the linear functional

C(Z) 5 C, ¢ / $(zn) ANy,
H

which is supported on the orbit of z under the H-action. It is independent of the choice of z in the source
fibre due to the left-invariance of A.
Therefore,

/¢(z)d)\s(’z)z ::/ ¢(zn) dv'n
Z H

determines a set of Haar measure {V"}ue G each " supported on r_l(u). A similar construction applies

to Z°? and yield a set of Haar measure indexed by HO), These, together with the Haar system of G
and H, furnish a Haar system of L (see | , Lemma 4]).

Eventually, Sims and Williams showed that the full (reduced) groupoid C*-algebra C*(L£) (C; (L)) are
isomorphic to the linking algebra of the imprimitive bimodule X (Z) (X,(Z)). This provides a uniform
and structral setup for equivalence theorems of groupoids and their C*-algebras.

October 18, 2022
Morita equivalence of groupoids and their C*-algebras

Speaker: Dimitris Gerontogiannis (Leiden University)

Recall from Bram’s talk that we are able to construct a functor

&t — Corr
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from the category of groupoid correspondences to the category of C*-correspondences. In particular,
we have a notion of correspondences as morphisms in &t which are strictly weaker than groupoid
homomorphisms, and such that the isomorphisms in both categories are implemented by Morita(—Rieffel)
equivalences. In this talk, we provide more details of the proof and the underlying constructions of linking
groupoids.

5.1 Morita equivalences

Recall the Morita—Rieffel equivalence of C*-algebras. They are implemented by imprimitivity bimodules.

Definition 5.1. Let A and B be C*-algebras. An imprimitivity A, B-bimodule is given by a right
Hilbert B-module E which is simultaneously a left Hilbert A-module , and such that the B-valued inner
product (-,-)p is compatible with the A-valued inner product ,(-,-). That is,

<1"7ay>B = <a*$)y>B7 A<l‘b*7y> = A<xayb>7 A<1"7y>z = $<y, Z>B

for all x,y,z € E, a € Aand b € B.
We say A and B are Morita—Rieffel equivalent, if there exists an imprimitivity bimodule between
them.

5.1.1 Kronecker flow of irrational angle ¥

Consider the action R ~ T? by

2mitd 2mit
e e zy).

t- (21’22) = (

We form the action groupoid G := T? x R. Its elements are of the form (21, 29,t) € T? x R, with
multiplication given by

1

(eQﬂ-itﬁZl,QQﬂ-itZQ, S)(Zl, ZQ,t) — (Zl, 22, S + t)

The groupoid C*-algebra C*(G) is very large. We may, however, construct a Morita—Rieffel equivalent
C*-algebra to it, using transversal.
A transversal is a subspace in the object space which intersects every orbit. In this example, we
restrict to a single copy of T:
T:=Tx {1} x {0} € g

Restricting G to T' (Definition 1.11) yields a subgroupoid g% , which is naturally isomorphic to T x Z,

with multiplication given by '
(7 m)(,m) = (2,m +n).

Notice that we have replaced R by Z: this is because by restricting to 7', the action given by R are
required to be an integer multiple of 2.
We leave the following as an

Ezercise 5.2. gﬁﬁ is an étale groupoid.

Now notice that we have a groupoid correspondence
G & Gr 561
with two commuting free and proper actions. These actions factor through homeomorphisms
G/Gr~G®  and  G\GF ~T,

hence give a Morita equivalence. Therefore C;(G) is Morita—Rieffel equivalent to Cf(g%: ) = Ay, the
irrational rotation algebra (or noncommutative torus). Moreover, C;(G) is stable and separable. Hence

Ci(G) ~C{(G) @K ~ Ay ® K.
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5.1.2 Brown—Green—Rieffel theorem

The notion of Morita—Rieffel equivalence is an analog of Morita equivalence of rings. Two rings A and B
are Morita equivalent iff they have the same category of modules. One might wish to translate this notion
to C*-algebras as well, replacing modules over rings by Hilbert spaces. This will yield a weaker notion
than Morita—Rieffel equivalence.

For now let us write Rep(A) for the category of Hilbert spaces admitting non-degenerate left actions
of A, with arrows unitary intertwiners. We say two A and B are weakly Morita equivalent, if Rep(A) ~
Rep(B). Then we have:

Proposition 5.3. If A and B are Morita—Rieffel equivalent through imprimitivity bimodule E. Then the
functor
E®p—: Rep(B) — Rep(A)

is an equivalence of category. Hence Morita—Rieffel equivalent C*-algebras are weakly Morita equivalent.

Remark 5.4. The fullness of E as a Hilbert B-module assures that ¥ ® 5 — sends a non-degenerate
representation to another non-degenerate representation.

The following colourful theorem illustrates equivalent characterisations of Morita—Rieffel equivalence:
Theorem 5.5 (Brown—Green—Rieffel). Let A and B be C*-algebras. The followings are equivalent:

1. A is Morita—Rieffel equivalent to B.
2. There exists a full Hilbert B-module E such that A ~ Kg(FE).

If moreover A and B are o-unital. Then both 1 and 2 are also equivalent to:

3. AK~B®K.

5.2 Equivalence theorem of groupoid C*-algebras

In the following, we will prove the equivalence theorem (Theorem 4.14) following [ ]. Let us rephrase
it here:

Theorem 5.6. Morita equivalent groupoids have Morita—Rieffel equivalent C*-algebras.

5.2.1 Linking algebra

A key tool in the proof is the linking algebra. Let us recall:
Definition 5.7. Let A be a C*-algebra.

e A corner of A is a subalgebra of the form pAp, where p is a projection in the multiplier of A. It is
a full corner if ApA = A.

o Two corners pAp and gAq are complementary, if p+q = 1.

Theorem 5.8 (Brown—Green—Rieffel). A ~yjouita B iff there exists a C*-algebra C' such that A and B
are full, complementary corners in a C*-algebra C.
The C*-algebra C' is called a linking algebra of A and B.

Proof. If A = pCp. Then Cp is a imprimitivity C, A-bimodule. So C ~yjosita A. Similarly B ~yiorita C-
Therefore A ~forita B-
Conversely. Let 4FEp be an imprimitivity A, B-bimodule. Let

O a x ac€ A, beB
O \g b rE€EE, yEE? [’
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where E°? denotes the dual module of £, which is an imprimitivity B, A-bimodule. The image of y € E
under the anti-isomorphism E = E°® is denoted by 7.
We turn Cj into a *-algebra by setting

ap @y (ag w2\ _ (arap 4 4(T1,02)  arry a1y
v b )\ by Yiag + 0172 (Y1, %2)p +biby )

b =08

View B as a Hilbert B-module. Consider the direct sum Hilbert B-module E & B. Then C, acts
on F @ B as bounded adjointable operators:

a x\ (z) . az + xb’
7 b)\b' )] \(y,2)g+bb )"

Let C be the completion of Cy in Bg(E @ B). Then A (or B) embeds as the top-left (or bottom-right)
corner of C. Notice that here we uses E is full, because aFE = 0 implies 0 = a(E, F) = aA and hence a = 0.

Now we let
_ (idg o
() ()

They satisfy p,q € M(C) and p+ g = 1. Hence A = pCp and B = qCq are complementary corners
in C. O

5.2.2 Linking groupoid

Now we construct linking groupoids. Let G be a groupoid with Haar system A\, H be a groupoid with
Haar system 3. Let G <~ Z 2 H be an equivalence. The linking groupoid is

L= gHZHZOPHH :;g(o)H’H(O)

We need to construct a Haar system for £, which comes from the Haar systems of G and H. Since ry: Z —
g ©) factor through the homeomorphism Z/H = G ©) For any u € G (O), pick z € r}l(u). Associate to it
a Radon measure o on Z:

() = /H é(z,m) dB", peC (2)

which is supported on the orbit z - H and is independent of z. Likewise we define a Radon measure agop
on Z°? supported on z- G for v € 7—[(0), Z € ryop(v). We also have
Proposition 5.9. The map
unr [ () ot ()
z
is continuous on CC(Q(O)).
Then we have
Proposition 5.10. For every w € £9=gO ]_[’H(O). For each F € C.(L), define

N(Flg) +o%(Fly) ifweg?;

)= { oo (F| gov) + B (Fly) if we HO.

Then {kw}wec(o) defines a Haar system.
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Proposition 5.11. We have Morita equivalences C*(G,\) ~morita C (H,8) and C;(G,N\) ~Morita
Cr(H, B).

Proof. Define the *-homomorphism v: Cb(ﬁ(o)) — M(C*(L)) by

(v(®) f)(7) = d(r(7) f(7), (fo(@)(7) = fF(v)o(s(7))-

The characteristic functions y g0 X0 € Cy (E(O)). Their images in M(C*(£)) are projections; let us
call them Pg and Py. If Pg and Py are full, then PgC* (L) Py ~norita P C™ (L) Py via PgC* (L) Py. We
also have C.(G) C PgC*(L)Pg and C.(H) C Py C*(L)Py as dense subalgebras. This will finish the proof
that C*(G) ~morita C*(H). A similar result holds for the reduced counterpart C;(G) ~porita Cr (H)-
Henceforth we need to prove that Pg (and by symmetry, Py,) is full. We use the following

Lemma 5.12 ([ , Proposition 2.10]). There is a net {e,} in C.(G) of the form

o

€ =

<¢z‘a, Cbz‘a>c*(g)

gk

-
Il

for a finite number n, and ¢; € Co(Z). This is an approximate identity with respect to the inductive
limit topology for the action C.(G) ~ C.(G) and C.(G) ~ C.(Z). That is,

Ca* @ = &, Yrey =,

for ¢ € C.(G) and ¢ € C.(G) oryp € C.(Z).
Now for F, K € C.(L). Write them as block matrices

Fip Fig K1 Ky
and
<F21 Fy Ky Ka
where Fy| 1= F|q, Fis := F|z, Fy; := F| o0, Fyy := F|y and similar for K.
We compute the operator F'  pg * K, which is of the form

Fiyx Ky *FH'K22
For - Ky (Fo1, Kig)orgy )

Lemma 5.12 imples that the elements of the form F; x K, are dense in C,(G) and that F)5- Ky, are dense
in C.(Z). A similar statement for the right H-action on Z implies that the elements of the form Fy; - Kq;
are also dense in C,(Z°P). Tt is left to show that elements of the form (Fj;, KlZ)c*(g) are also dense
in C.(H). This is due to a standard technique from | , Page 115].

Hence operators of the form F * pg * K are dense in C*(L£). We conclude that pg is full. O]

Remark 5.13. As a corollary. Up to Morita equivalence, the groupoid C*-algebra is independent of the
underlying Haar system.

Ezxample 5.14. As an example. Consider G ~ X v~ H where G and H are groups acting freely and
properly on X. The freeness and properness assures that both G\ X and X/H are locally-compact and
Hausdorff. Then we have a Morita equivalence given by

Gx X/H + X - G\X x H.

As a special case, if H is trivial. Then we obtain the Morita equivalence G X X ~yjorita G\X implemented
by the space X.

26



October 25, 2022
Morita equivalence of Fell bundles

Speaker: Bram Mesland (Leiden University)

The contents of this lecture comes from an ongoing work of Bram and Mehmet Haluk Sengiin | ].

6.1 Motivation

Let H be a locally-compact group. Let Z be a free and proper right H-space. Then H acts freely and
properly on Z x Z via the diagonal action

(21,22) - h:= (z1h, 22h).

Write Z xp Z := Z x Z/H for the quotient space. It is a groupoid over the Hausdorff space Z/H with
structure maps given by

[21, 2] - [22, 23] = [21, 23], r([21, 22]) = 21, s([z1, 22]) = 22,

u(2) = [z, 2], [Z1722]_1 = [29, 21]-

Namely, it is the reduction of the pair groupoid Z x Z — Z. It is called the Atiyah groupoid of the
principal H-bundle Z — Z/H. In particular, Z X i Z is Morita equivalent to H. The Morita equivalence
is implemented by Z with left Z x ; Z-action

[21,20] - 2 1= 21 - h, where h € H is uniquely decided by z9h = 2.

Then the completion X (Z) of C.(Z) is a imprimitivity bimodule between C*(Z x ; Z) and C*(H). We
wish to understand the C*-algebra C*(Z x j; Z). First notice that it contains a dense subalgebra Cf(Z X Z)
consisting of H-equivariant maps on Z x Z with compact support. On this subalgebra, the C.(H )-valued
inner product is given by

<f17f2>(h) = /me(Zh) d/'L(Z) = <f1aa(h)f2>L2(Z)'

We call the function h — (fi, fo)(h) the matriz coefficient of a(h). We need to assume that it lies
in L'(H).
Now let (p,V,) be a unitary representation. Consider the pre-Hilbert C.(H)-module C.(Z) ®g V,,

whose inner product is given by

(fi®v, fo®uv)(h) = (fi®v, (@®p)(h)fa ®vy) = <f170<(h)f2>L2(Z) : <U17P(h)v2>vp-

Denote the completion of this pre-Hilbert module by X (Z,V,).

Notice that already in the case where p is the trivial representation, X (Z) implements a Morita—Rieffel
equivalence between C*(H) and C*(H x z H). Does X (Z,V,) also implement a Morita-Rieffel equivalence
between suitable C*-algebras? For this we need to understand the C*-algebra of compact operators
on X(Z,V,).

Denote by C7(Z x Z,K(V,)) the space of H-equivariant continuous functions ¢: Z x Z — K(V))
such that the map

Zx7Z—=C, & lo@)l

has compact support on Z X Z. It carries a *-algebra structure
breoam) = [ a@a Ve 6(e) = o)
X
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With this *-algebra structure, C(Z x Z, K(V,)) is a *-subalgebra of K(X(Z,V,)).
Consider the following associated algebra bundle

(ZxZ)xgK(V,) = Z xyg Z. (1)

This is an upper-semi-continous bundle of Banach spaces because & — ||£]| is upper-semi-continuous. The
sections of this upper-semi-continous Banach bundle, as is well-known in the theory of principal bundles,
are in natural bijection with such H-equivariant functions. That is, we have

T (Z %y Z,(Z x Z) xg K(V,)) ~ CH(Z x Z,K(V,)), (2)

where I'o(Z x g Z,(Z x Z) x g K(V,)) is the *-algebra of compactly-supported sections of the algebra
bundle (1). This is a pre C*-algebra. It turns out that (Z x Z) x z K(V,) is indeed a Fell bundle over the
Atiyah groupoid Z xy Z — Z/H, and the completion of I'o.(Z x g Z,(Z x Z) x iz K(V,)) is the section
C*-algebra of this Fell bundle.

6.2 Fell bundles
Let G be a groupoid. Let m: A — G be an upper-semi-continuous bundle of Banach spaces. Set
AP = {(ay,a) € Ax A (m(ar), m(ag)) € 6P},
Definition 6.1. A Fell bundle is an upper-semi-continuous bundle of Banach spaces A — G together
with:
e A continous, bilinear, associative “multiplication map” A®) A, (a,b) — ab;
o An anti-linear “involution map” *: A — A, a — a”,
such that:
1. w(ab) = w(a)w(b).
2. w(a*) = n(a)"".
3. (ab)" =b"a".
4. For all z € G, 7 (x) is a C*-algebra.
5. Forallé € G, m Y& isa (7 '(r()),m '(s()))-Morita equivalence.

Remark 6.2. A may be viewed as a groupoid in €ott, and 7 is a *-functor from €orr to G considered as a
category.

Let m: A — G be a Fell bundle. The space of compactly-supported sections I';(G, A) is a *-algebra:
the convolution product and the involution are given by

s s() = [ s1(©sale M) AN e,
g
s() =€)

It may be equipped with a C*-norm and completed into a C*-algebra, called the section C*-algebra
of this Fell bundle.

Ezample 6.3. Let T' be a discrete group. A strongly I'-graded C*-algebra is a C*-algebra A together with
subspaces {4, },cr indexed by I', and such that

A= @Aw AA; C A, A= A'yfl, AfflA7 =A, = AWA,fl.
yel’
A strongly I'-graded C*-algebra as above gives a Fell bundle
114,
yel’

over I'. The section C*-algebra recovers A.
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Proposition 6.4. (1) is a Fell bundle, with structure maps
(21, 22, kl)(zéaz& ky) = (zl,z3h,k1p(h_1)k2p(h)) for zy = Zéh;
(zlv 29, k>* = (227 21, k*)

Under the structure maps, the *-algebra of compactly-supported sections of this Fell bundle is isomorphism
to the *-algebra of compact-supported kernels. That is, the bijective correspondence of sets (2) is an
isomorphism of *-algebras.

6.3 Equivalence of Fell bundles
Now we describe actions of Fell bundles.

Definition 6.5. Let q: E — Z be a upper-semi-continuous Banach bundle. Let Z be a left G-space.
Let m: A — G be a Fell bundle. Set

AxE:={(a,e) | s((b)) = r(q(e))}.
A left action of A on E is a map
AxE — E, (a,e) — ae,

such that:

L. q(ae) = m(a)q(e).

2. a(be) = (ab)e.

3. [lbell = 1b]ell.
Right actions are defined similarly.

Definition 6.6. Let G <~ Z — H be a Morita equivalence of groupoids. Let m4: A — G and mg: B — H
be Fell bundles.

An equivalence of Fell bundles A and B is an upper-semi-continuous Banach bundle ¢q: £ — Z such
that there are sesquilinear maps

EXSE_>A7 (elae2)'_>.A<€17€2>v
EXTE_>87 (61762)’_)<617e2>87
where
Exg E:={(e1,e2) | s(qe1)) = s(a(e2))},
Ex, E:={(e1,e2) | r(ale1)) = r(q(e2))}-
satisfying:
L. mg(aler,e2)) = la(er), qler)lg € Z % Z/H.

T ((e1, e2)p) = [a(e1), alea)]y € G\Z %, Z.
(e1,€2)" = (e, €1).

. alaeq,eg) = a geq,e9 and (eq, e9b)p = (€1, €2)Bb.
er{ez, e3)5 = a{e1, e2)€3.

. Each ¢ '(2) is a Morita-Rieffel equivalence between (W(EI(T(Z)), my (s(2))).

> Uk W

Let us write

|
|

Q+—x
N<— I

|

B—

for such an equivalence of Fell bundles.



Theorem 6.7. Let q: E — Z be an equivalence of Fell bundles A — G and B — H. Then the space of
compactly-supoorted sections I'y(Z, E) admits a pre-Hilbert (T'y(G, A),T.(H, B))-bimodule structure. Its
completion implements a Morita—Rieffel equivalence of the corresponding C*-algebras.

Now we are at the place to state the equivalence between the C*-algebras
C(H) and C'((ZxZ)xyK(V,))
implemented by X (Z,V,). Notice that both sides are section C*-algebras of a Fell bundle
(Z xZ) xg K(V,) and H x C.
The goal is to show the following equivalence of Fell bundles:

(ZxZ)xgK(\V,) +— ZxV, —— HxC

! | |

ZxyZ z .

The structure maps are given as follows:
o (z,0)(h,A) = (zh, Ap(h™ M), for (z,v) € Z x V, and (h,\) € H x C.

o (21,2,k) - (2,0) i= (21h, p(h” kip(h)v), for (21,20,k) € (Z x Z) xy K(V,
with 29h = 2.

. <sz)xHK(vp><(Zlavl)7 (29, v9)) = (21, 22, [v1)(va]), for (21,v1), (22,v2) € Z X V.

) and (2,v) € Z xV,

o ((z1,v1) (22,02)) e = (h_17 (v1, p(R)v)), for (z1,v1), (29, v2) € Z XV, with z9h = 2.

Theorem 6.8 (Mesland-Sengiin). If (p,V,) has L' -matriz coefficients. Then for any free and proper H -
space Z, there is a Morita equivalence between the section C*-algebra of the Fell bundle (Z x Z) x g K(V,,)
and C*(H).

November 1, 2022
Purely-infinite C*-algebras from dynamical systems

Speaker: Francesca Arici (Leiden University)

The main reference of this talk is | |; relavent results (which are unfortunately not covered due to
time issues) are in | ; .
Let A be a C*-algebra.

Definition 7.1. A projection p € A is infinite if it is equivalent to a proper subprojection of itself. That
is, there exists an isometry v such that

v'v = p, w* <p but vv* # p.

We say p is properly infinite, if it is infinite and has two mutually orthogonal subprojections, which are
both equivalent to p.

Definition 7.2. An AF-algebra is a C*-algebra A such that there is an increasing sequence A; C A, C - -
of finite-dimensional C*-subalgebras of A, such that |J; 4; = A.

Theorem 7.3. Any projection in an AF-algebra is finite.
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Pure infiniteness was first introduced for von Neumann algebras, then defined by Cuntz for simple
C*-algebras and by Kirchberg and Rgrdam for non-simple C*-algebras. In this talk, we will only look at
simple purely-infinite C*-algebras.

Definition 7.4. A C*-subalgebra B C A is called hereditary if a € A and b € B satisfy 0 < a < b,
then a € B.

Ezample 7.5. Every ideal in A is hereditary.

Definition 7.6. A simple C*-algebra is purely-infinite if every non-zero hereditary C*-subalgebra contains
an infinite projection.

Why do we care about these C*-algebras? Kirchberg proved that simple, nuclear, purely-infinite
separable stable C*-algebras that satisfy the UCT are classified by their K-theory.

We want to study sufficient conditions for the C*-algebra Cj(G) of an r-discrete groupoid to be
purely-infinite. For these, we first define another concept of freeness or principalness for topological
groupoids.

Definition 7.7. A topological groupoid G is topologically principal or essentially free, if the set
{zed?|gi={=}}
is dense in G.

Recall that (c.f. Definition 2.19 and Remark 2.20) the reduced groupoid C*-algebra C;(G) for second-

countable, r-discrete groupoids is the Hilbert Cqy(G (0))—module completion of C.(G) under the norm given
by the left regular representation. In particular, we have that (c.f. | ]) Ci(G) has a tracial state iff
there exists a finite G-invariant probability measure p on GO,

Proposition 7.8 (] , Chapter II, Proposition 4.6]). If G is essentially free and r-discrete. Then
Ci(G) is simple iff G is minimal.
We need one more definition to give a sufficient condition for pure infiniteness of C;(G).

Definition 7.9. A topological groupoid G is locally-contracting if for every non-empty open subset U C
g(o), there exists an open subset V' C U and an open bisection S such that V C s(S) and aS_l(V) SV.
Here the map ag-1 is defined as

aq-1:8(S5) — r(S), z— s(zSh).

S

Proposition 7.10. Let G be a second-countable, locally-compact, r-discrete, essentially free, minimal
and locally-contracting groupoid. Then C;(G) is purely-infinite.

November 8, 2022
Induced representations of groupoids
Speaker: Torstein Ulsnzes (SISSA & Leiden University)

The following notes come almost entirely from Torstein’s blog post. I wish to thank Torstein for kindly sharing me with the
source codes. I also apologise for making some modifications to fit his hard work into this document, and for changing some
symbols for consistency. — Y.Li

In this post, we collect some of the basic properties of induced representations of groupoid C*-algebras.
The main focus will be the full groupoid C*-algebra, and we barely mention the definition of unitary
representations of groupoids. In the sequel, unless stated otherwise, G will denote a second countable
locally compact Hausdorff groupoid with a Haar system A.
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8.1 Induced representations finite groups

Given a subgroup of a finite group H C G, the group algebra CG has a natural right CH-action and a
left CG action, both by convolution. Any unitary representation w: H — B(V,,) can “induce” a unitary
representation of G by the following steps:

1. Extend u to a representation m, of CH given by the “integrated form”

Tl f) = /G f(g)u(g) AA(G)

for all f € C.(G).

2. Extend 7, to a representation of G on CG ®cg V,,, endowed with the inner product

(f@v, f @v) = (m,(f * f)o,v))

given by left multiplication of CG on CG.

3. Restrict this representation to G.

This is not the only way to induce representations from a subgroup to G. Parabolic inductions from
parabolic subgroups of reductive algebraic groups are one example, but also one could very well have
chosen any finite vector space with a (CG,CH )-bimodule structure in place of CG in the above process
and got a finite representation of G.

The choice of CG has many advantages though. To list a few — we know what the induced rep
resentations look like, we have a characterization of which of them are irreducible (by Machey’s machinery)
and we know that this particular choice of bimodule yields a functor adjoint to the very natural “restriction”
functor which sends a representation 7 of G to its restriction to H (Frobenius reciprocity theorem).

8.2 Unitary representations of groupoids

For groupoids howerver, the notion of unitary representations is somewhat convoluted at first glance. A
unitary representation of a groupoid G is defined to be a triple (u, G ©) 4 7 , L) where

e 1 is a quasi-invariant measure on Q(O), meaning \, X g and \" x p are equivalent measures on G,
where {)\u}ueg«)) is the Haar system of G (recall that supp(\") = G" ={y € G | r(y) =wu}) and A,

is the pushforward of \* under inversion (so we have supp A\, = G,,).

e G4 7 is a Borel bundle, which is a type of measurable bundle of Hilbert spaces over G ©), See
[ , Definition 3.32] for a precise definition.

o L is a Borel morphism of groupoids
L:G=Tso(G « ), L(y) = (r(3), Ly, 5(7));
where Iso(G O« ) is the isomorphism groupoid of the Borel bundle, given by

Iso(g(o) x* ) = {(z,V,y) | V: H, — I, is unitary}.

Just like for ordinary groups, any representation of a groupoid C*-algebra can be written as the
integrated form of a unitary representation (see the Integration and Disintegration theorems of Renault).
Similar statements also hold for crossed products by groupoid actions.
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8.3 Induced representations of locally compact groups

Let H C G be a closed subgroup of a locally compact group G assumed (for ease of notation) to be
unimodular. The general case can be found in, for instance, | ]. The space Xy = C.(G) can be
equipped with a right pre-Hilbert C.(H )-module structure with respect to the inner product

= [ F gt ) ds
G

The completion X§ with respect to this inner product is a Hilbert C*(H)-module on which C*(G) acts
on the left by convolution.
Any representation 7: C*(H) — B(V,.) now induces a representation of C*(G) via

CHG) > XS ®, V,

in the same way as above. Note that we have used the internal tensor products of Hilbert C*-modules,
which means Xg ®, V. is a Hilbert space completion of C.(G) ® V. with respect to the (possibly
degenerate) inner product

(fou, f @)= @{f fYu)v, o)

where (—, —) . the inner product on V.

When X§ can be chose to be an imprimitivity bimodule (i.e. C*(G) ~ K(Xg)), all unitary rep-
resentations of G can be induced from those of H. The imprimitivity theorem tells us which unitary
representations of G are induced from G. The short version of this theorem goes as follows. A unitary
representation u: G — U(B(V,)) is induced from a unitary representation of H if and only if there is a
non-degenerate representation 7: C(G/H) — B(V,,) such that (7, ) is a covariant representation of the
dynamical system (C(G/H),G,U), meaning that

with Uy(f)(x) == f(g™ ).

8.4 Induced representations of Groupoids

Let H C G be a closed subgroupoid of G with Haar systems {au}ueﬂ(o) and {)\v}ve g respectively.
For our groupoid G, however, we will replace C.(G) by CC(QH(O)), where

Go=s5"HY)={veg|s(y) e H}.

#©

Note that if G is a group, then Q(O) is a single point, hence G, 0y = G. This is a closed subspace of G
containing H. The function algebra CC(QH(O)) carries a right C @t-[ -action, a C.(H)-valued inner product

and a left C.(G)-action as follows. For f € C.(G), ¢, € C.( H(m) fle C(H), h € H:

/f Jo(r1€) AN (),
/¢§h 1y da© (h),
/qs () AN ().

Given a representation 7: C*(#) — B(V;), we can form the Hilbert space Vi q » as the completion of
the pre-Hilbert space CC(QH(O)) ® V. with respect to the (possibly degenerate) inner product

(@@ h,d@k) = (n({¢,))h, k).



Now the induced representation
Indf; 7: C*(G) = B(Vind,r)
is determined by sending an f € C.(G) to the operator acting on { ® v € CC(QH(O)) ® Vz € Vipar by

(Ind§, ) (f) (€ ®pv) = f-E @y 0.

In summary, other than the explicit realization of the imprimitivity correspondence X;%, the process
of inducing representations from closed subgroupoids runs perfectly parallel to that of ordinary group
theory.

Recall that a full Hilbert C*(H)-module X together with a non-degenerate *-homomorphism

6: C*(G) = B(X)

is called a (C*(G),C*(H))-(C*)-correspondence. It is customary to think of C*-correspondences are
“generalized morphisms” C*(G) — C"(H), and construct a category €orr whose objects are C*-algebras
and whose morphisms are (isomorphism classes of) correspondences. This is due to the fact that many
“rigidity results” and equivalences about groupoids translate only to assertions of Morita equivalence
of their corresponding C*-algebras (Morita equivalences are nothing but the isomorphisms in both
categories). See for instance Renault’s equivalence theorem [ ]-

With this setup, one can see that if Rep(A) denotes the collection of unitary equivalence classes of
non-degenerate representations of a C*-algebra A, then

Rep(A4) = Homgo (4, C).
A C*-correspondence [X, ¢] € Homg,..(A, B) gives a map
X-Ind: Rep(B) — Rep(A).

The composition is the internal tensor product of Hilbert C*-modules.

For more on induction of groups/ideals/C*-algebras and the correspondence category I highly
recommend | , Chapter 2]. For more on internal tensor products and Hilbert modules the standard
reference is | .

We shall usually omit the C*-correspondence X when it is clear from the context and replace X—Ind%
by Ind$, , or even by Ind when the groups are also clear.

Since the process of groupoid induction is so similar to that of groups, it should come as no surprise that
many properties translate word for word from group theory. Here we list some of the most fundamental,
all of which can be found in | ] and proofs in the cited reference therein.

8.4.1 Direct sums

Let m;: C*(H) — B(V;) be a collection of representations. Denote by @;m; the direct sum representation.
Then for any C*-correspondence [X,]: C*(G) — C*(H), we have

X—Ind% (EB 7ri> = @ X—Ind% ;.

8.4.2 Kernels

Let [X, ¢]: C*(G) — C*(H) be a C*-correspondence. We can also induce ideals from C*(G) to C*(H) as
follows. If J C C*(H) is an ideal then define

X—Indg[ J:={a e C*(G) | (ax,y)y € J, for all x,y € X},

which is closed by Cohens factorization theorem. This turns out to be an ideal of C*(G). With this
asignment we get the formula for any representation m: C*(H) — B(V,)

ker Ind(7) = Ind(ker(m)).

34



8.4.3 Induction in stages

Let % C K C G be closed groupoids. Let [Y7Y, ¢K] and [V, o] be (C*(K), C*(H))- and (C*(G), C*(H))-
correspondences. Then with

V3, 0] = [V, o) o I 6] = [V @ e Yir ok @ 1],

together with a representation
m: CY(H) — B(V,).

The following holds:
V-Ind(Y-Ind 7) = Y;)-Ind 7.

In particular,
Ind}; (Indf: 7) = Ind% .

8.5 Some examples

8.5.1 Locally closed orbits

Let G be a transitive groupoid, i.e. acts transitively on its unit space Q(O). This is quite similar to the
case of a group. Namely, let

Gu={v€g|r(y)=s(y)=u}

be the isotropy group of u € Q(O). Since the action is transitive, the imprimitivity theorem gives us a
Morita equivalence between C*(G5) and C*(G). In particular, all representations of C*(G) are induced
from an(y fixed) isotropy group. For instance, if the action of G on G ©0)
then Prim(C*(G)) is a point.

The representation theory of transitive groupoid C*-algebras hence often reduces to that of group
C*-algebras.

The above theorem holds if all orbits of G in G are locally closed (meaning they are open in their
closure). Though, as we will see, one would have to pick at least one isotropy group from each orbit to

ensure all representations are reached.

has a trivial isotropy group,

8.5.2 Regular representations and the reduced C*-norm

The second examples are the “induced” regular representations (c.f. Definition 2.19)
Ind,: C*(G) — B(L*(G", v ™).
They are just the induced representations given by the regular representation
7n: C*(H) — B(V,)

for H = Q(O) and V. = L2(Q(0),u). In particular, if ¢ = ¢, is the Dirac measure supported on a
fixed u € Q(O). Then the inner product on V_ is just

1) ::/gfxv>f<vu>dxr“”<w>::]Qrf<vn2dA“<v»

So Ving,r is the completion of
Ce(G) ® L*(G",6,) ~ C.(9)

with respect to the inner product

(foo,f @) =@({f, ) ¢).
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Then Vi,q » can be identified with L2(gu, Au)-

Now any representation of C*-algebra can be written as a (possibly infinite) direct sum of irreducible
representations. Using the fact that induction preserves direct sums, one can conclude that if p: Cy(G (0)) —
B(V) is a faithful representation, then

1 1dg p()]] < |1 £]]-

If p is the regular representation described above, given by a Radon measure with full support on G ),
Then

(0)
11l = [IIndg p||-

8.5.3 Induction from groupoids with closed orbits

Assume now that ' C G ©) is a closed G (0)—invariant subset of the unit space. One easily checks that
Gr ={r€G|r(v)s(y) € F}

is a subgroupoid of G. We will show that not all representations of G are of the form Indg 7 for some
F

representation of C*(G%), which (by induction in stages) implies not all are of the form Inng 7 foru € F).

U
To do this however, we will need some propositions. Let 7 be as above, then we define the associated M-
representation of m to be the representation M, satisfying, for every ¢ € CO(H(O)) and f € C.(H)

M(p)r(f) =n((¢or)-f),
where 7 is the range map of H and - is just pointwise multiplication. Explicitly we have
M, =7oV

where
V:Co(@?) = M(C(@). ¢ (I8l — o)
(See [ , Lemma 1.48]) and 7 is the extension of m to M(C*(G)) (which is still non-degenerate!)

Having this at our disposal, one can define the support of 7, to the closed subset of G (©) corresponding
to the ideal ker(M,), that is, support of 7 is the largest set C' for which

{f € Co(6) | € =0} = ker(M,).

If M. is the usual multiplication representation on some measure space LQ(Q(O),M), then the support
of M, is simply the support of i, hence the name.

One should really think of the support map as something that determines the essential domain of w
as the following proposition of [ | shows:

Theorem 8.1. Let w: C*(G) — B(V;) be any non-degenerate representation with supp(n) = F G G,
Then the subset F' is closed and G-invariant, and the representation m factors through the (surjective) map

ip: CN(G) = C*(GF)
induced by the inclusion g}? — g.

Proof. The proof is rather obvious if one believes that if U = G (O)\F is the complement of F' then CC(Qg )
is dense in ker(j%). But this is always the case, as the inclusion C.(G|y;) = C.(G) sits in a short exact

sequence
0— C*(GY) = C*(G) = C*(Gk) = 0.
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So it suffices to check that C.(G5) C ker(j%). To show this, pick a ¢ € C.(U) such that (¢por)f = f (i.e.
a bump function which is one on all z € G where f () # 0 for some v with 7(y) = 1). Then using the
formula for the associated M-representation above we have

M(¢)n(f) =m((¢por)f)=mn(f).
but M(¢) = 0 since the support is F'. O
The converse of the above proposition is also true, meaning, if 7 factors through jg, then the

support of T must be contained in F'. Similarly one can say something about the support of an induced
representation, as the following proposition from [ | and its corollaries show.

Proposition 8.2. Let G be a groupoid. Let H C G be a closed subgroupoid. Let F C HO be a closed H-
invariant subset. Let w: C*(H) — B(V,) be a non-degenerate representation with supp(r) C F. Let E is

a closed G-invariant set such that FF C E C Q(O). Then as in the previous proposition 7 factors as T o jy
and we have

E
Ind% = Ind%(f o iy = Indi% (7) 0 j2.

Note that the above proposition simplys says, if a representation is induced from a representation
with support F' C H© then the support of the induced representation must be contained in the G-orbit
of GF ¢ g1,

The proof is not very glamorous so we opt to leave it out, but just mention that the map implementing
the isomorphism is the restriction map

r: Co(G, ) = Cel(9E).

Interested readers can consult | , Chapter 5.6] for the proof.

8.5.4 Amenable groups

There is a beautiful theorem which states that given a surjective morphism f: G — G’ of locally compact
groups such that N = ker(f) is amenable, then f induces a morphism of the C*-algebras

f: CHG) — Ci(E).

In general one cannot assume the range of f(C;(G)) is contained in C;(G) (or in C*(G)).

The reason this holds for amenable kernels is the following. Since N is amenable, C;(N) = C*(N).
So every unitary representation lifts to C;(G), hence also the trivial representation 1,: N — C. Note
that we have a unitary equivalence between the representations

Indf Ly ~ Agy

where A/ denotes the regular representation of G/N.
Since induced representations preserve weak containment, we have ker(\y/c) C ker(AG) hence fr
induces a map

f7: CHG) — CH(G,
since G' = G/N.

November 15, 2022
Existence and uniqueness of Haar systems

Speaker: Malte Leimbach (Radboud University Nijmegen)

The main reference for this talk is | , Chapter 6].
Throughout this talk, a groupoid always refers to a locally-compact Hausdorff topological groupoid.
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9.1 Existence of Haar systems on second-countable groupoids

We start with a slight generalisation of Haar systems called 7-systems.
Definition 9.1. Let 7: Y — X be a continuous surjective maps between locally-compact spaces.
o A m-system is a family {3"},cx of positive Radon measures on Y, such that

(wS0) supp(5”) C 7 ().
(wS2) For any f € C.(Y), the map

v B(N@) = [ 1) a8 @)
is continuous.
e We say a m-system is full, if
(wS1) supp(8”) =7 (x).
e If in addition X and Y are G-spaces for a groupoid G. We say a m-system is G-equivariant, if

(S3) For all f € C,(Y) and v € G, the following holds:
[ 1w a5 w) = [ 1w asy.
Y Y

Ezxample 9.2. A Haar system of a groupoid G is a full, G-equivariant m-system for 7 :=7: G — G ©) and
the obvious actions G ~ G and § ~ G (0). Compare Definition 2.3.

If a groupoid has a Haar system. Then the range and source maps are open. There are groupoids
whose source and range maps are not open (e.g. Example 2.13), this means that not all groupoids admit
a Haar system. In particular, an r-discrete groupoid admits a Haar system iff it is étale. Then we may
ask if the converse statement holds. That is:

Question 9.3. If G is a groupoid with open range and source maps. Does G always admit a Haar system?
Anton Deitmar proposed the following counterexample.

Lemma 9.4. Let X be a locally-compact Hausdorff space. Then the pair groupoid X x X = X admits a
Haar system iff there is a full Radon measure on X.

Ezample 9.5 (] ]). Let X be the one-point compactification of an uncountable discrete set D.
Suppose X possessed a full Radon measure p. Then p({d}) > 0 for any d € D. This implies pu(X) = 400,
which is a contradiction. Therefore, X does not have a full Radon measure and X x X = X does not
admit a Haar system.

The space X in the counterexample above is quite pathological: it is not second-countable. If X
is second-countable, then there are always full Radon measures on X. Anton Deitmar proposed the
following more realistic conjecture.

Conjecture 9.6 (| ). If G is a second-countable groupoid with open range and source maps. Then G
has a Haar system.

We do not have an affirmative answer to the existence of a Haar system on a second-countable
groupoid in general. However, in the special case of groupoid group bundles, Renault proved that when
they are second-countable with open range and source maps, then they admit Haar systems.

Definition 9.7. A groupoid group bundle is a groupoid G whose range map r and source map s coincides.
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Theorem 9.8 (] , Lemma 1.3]). A second-countable groupoid group bundle with open range and
source maps admits a Haar system.

For the proof, we need the following technical definitions and lemma.

Definition 9.9. e Let G be a groupoid. A subset D C G is diagonally compact, if for any compact
subset K C G (0), the orbit of K in g(o) under the left and right actions G ~ G ©) and g ©) A g are
compact.

e Let 7: Y — X be a continuous surjection. A subset A C Y is w-compact, if AN7 ' (K) is compact
for all compact subsets K C X.

 Denote by ¢(N) the subspace of Cauchy sequences in £°°(N). A generalised limit is a state on £°°(N)
which extends the limit functional

lim: ¢(N) — C, (Tp)nen — limz,,.

Lemma 9.10. Let G be a second-countable groupoid. There exists a diagonally compact neighbourhood

of G in G.

Lemma 9.11. Let (z,)peny € €7 (N). If there exists © € C such that A((x),)pen) = x for all generalised
limit A. Then (z,),en s Cauchy and z, — x.

Idea of the proof. Let G be a groupoid group bundle. Let N be a diagonally compact neighbourhood
of g(o). Let f, be a non-negative continuous function on G such that

fo\g(t)) =1 and supp(fo) € N.

Notice that supp(fy) is r-compact.
For any u € g(°>, let \* be the Haar measure on G,, = G, = G" such that

/ fo(t)d\"t = 1.
Gu

We claim that {)\u}ueg(o) is a Haar system on G. (HS1) and (HS3) of Definition 2.3 are easy. The difficult
part is (HS2). That is, the map

i / F(E) AN (1)
Gu
is continuous, for all f € C.(G). We prove in steps.

1. Show that the map u +— A\“(K) is bounded for any compact subset K C G,,.

2. Since G is second-countable. Choose a sequence {u, } ey approaching u. For any f € C.(G), define
the map

fN=C,  f(n):= . F(t) dX ().
Since u — A\*(K) is bounded, we have f € £>°(N).
3. Let A be a generalised limit. Define

u(f) == A(f).
Then p is a positive linear functional on C,(G) which is supported on G,;. So we may view u as a
positive linear functional on C.(G,,).
4. Show that p is left-invariant, hence a Haar measure on G.

5. Show that u = \". O
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9.2 Haar systems on equivalent groupoids

Until the end of this lecture, all spaces are assumed to be second-countable.
We will prove the following theorem:

Theorem 9.12 (| ). Every second-countable groupoid, which is Morita equivalent to a second-
countable groupoid with a Haar system, admits a Haar system.

Lemma 9.13 (Blanchard). Let m: Y — X be a continuous surjection. Then m is open iff Y admits a
full w-system.

Definition and Lemma 9.14. Let 7: Y — X be a continuous open surjection. Then there is a
non-negative function ¢ € C(Y') such that supp(¢) is m-compact and 7({y € Y | ¢(y) > 0}) = X. Such a
function ¢ is called a Bruhat section of m: Y — X.

Recall that

Definition 9.15. Let G be a groupoid. Let Z be a free and proper left G-space. The imprimitivity
groupoid of Z is defined as
Z.=G\Z %, Z = G\Z.

Lemma 9.16 ([ , Lemma 2.44)). If Z is a (G, H)-equivalence. Then H ~ GZ.

Lemma 9.17 (Kumjian—-Muhly—Renault-Williams). Let Z be a (G, H)-equivalence. Then H admits a
Haar system iff Z admits a full, G-equivariant r-system, where r5: Z — Q(O) is the moment map.

Proof. Use H ~ GZ and | , Lemma 3.16]. O

Proposition 9.18. Let G be a second-countable, locally-compact Hausdorff groupoid with a Haar sys-
tem {)\“}uegw). Let Z be a proper G-space, not necessarily free. Assume that the moment map ry: Z —

Q(O) is open. Then there is a full G-equivariant ry-system for Z.

Proof. Let w: Z — G\ Z be the orbit projection. It is a continuous, surjective open map. Let f € C(Z) be a
Bruhat section for 7. Let { ﬁu}ue g be a full r ;-system. Define a collection of Radon measures {Z/u}ue g®
via

VL C(2) T, A //fvz B85 () dX"(+).

We check that {v" }u o) is a Haar system. (7S1) and (7S2) are clear. For the equivariance (wS3), we
have

], f02) @@ @) = [ ] fm2) a5 ) ax )
—//fw ()47 () AN ()

:/fz)dy (2
z

For the second equality we use the fact that {)\u}ue g is a Haar system, so (HS3) follows. This finishes
the proof that {Vu}uegm) is a G-equivariant rz-system. O

9.2.1 Examples

Ezample 9.19. Every second-countable, proper (i.e. G ~ G ©) properly) and principal groupoid admits a
Haar system. In fact, Q(O) implements an equivalence between G x (g(o)/g@) ~ G and (g\g“”) X Q(O)
Q\Q(O). Since the orbit space Q\Q(O) admits a Haar system trivially (i.e. the pointwise Dirac measure), G
admits a Haar system as well.
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Ezample 9.20. Every transitive (i.e. G ~ G ©) transitively) groupoid admits a Haar system because G ~yjorita
G, for any u € g(o).

Ezample 9.21. Recall that G[Z] ~\orita G- S0 G[Z] allows for a Haar system if G does.

Ezxample 9.22. Let G be a groupoid. A subgroupoid H C G is wide if HO = Q(O). If G has a Haar system

and 7, is open, then H has a Haar system: notice that H ~ G x G/H (| , Corollary 2.50]) and that
if G has a Haar system, then G x G/H also has ([ , Exercise 2.1.7]).

Example 9.23. Let G be a groupoid and Z be a free and proper G-space. Assume that r is open. Then Z
implements a (G, QZ)—equivalence. If G has a Haar system. Then QZ has a Haar system, too.

November 22, 2022
Inverse semigroups and groupoids
Speaker: Jack Ekenstam (Leiden University)

The main references of this talk are [ ; ].
Our main goal is to show that an étale groupoid can be viewed as an action groupoid coming from an
inverse semigroup action on a space.

Definition 10.1. A semigroup is a set S together with an associative binary operation. A semigroup S
is called an inverse semigroup if for all s € S, there exists a unique element s* € S with

* % * *
§ 8§ =S8, S§§ § = S.

Example 10.2. Let X be a locally-compact Hausdorff space. The set of partial homeomorphisms — that
is, homeomorphisms U = V between open sets U,V C X — is an inverse semigroup.

Definition 10.3. A localisation is a pair (X, S) where X is a locally-compact Hausdorff space, and S is
a countable inverse semigroup acting on X by partial homeomorphisms {a,},cg, such that the domains
of a;’ form a topological basis for X.

Example 10.4. A localisation is given as follows. Let Y == X be a covering space, but with two covering
maps 7y abnd m,. Take the trivialising covers {U;} and {V;} for m; and 7y, and then set W;; := U;NV; C Y.
Define a;: m(W;;) — mo(W;;) by first lifting to Y using 71", then projects back to X using .

Ezample 10.5. Let G be an étale groupoid. Denote by Bis(G) the set of local bisections of G. This
is an inverse semigroup. Let S be a countable inverse subsemigroup of Bis(G). Then S acts on Q(O)

)

viaz-s:=s"zs.! In particular, the idempotents of S form a basis for the topology of g(o .

Let (X,S) be a localisation. Let U C X be an open subset. Then Cy(U) C Cy(X) is an ideal. In
particular, for each s € S with domain Dom s, Cy(Dom s) is an ideal of Cy(X). Define the map

st Co(Doms™) — Co(Doms),  ,(f)(x) := f(a-s).

Now we may proceed with the noncommutative setting. Assume for simplicity that A is a unital C*-
algebra. An inverse semigroup S acts on A by local *-isomorphisms. That is, *-isomorphisms a: By — E »
where I, F » are closed ideals of A. We call (A, S) a covariant system.

We wish to describe a crossed product “A x S”. Consider the space

C(A,S):={0: S — A | 0(s) € E, for all s and 6 has finite support}.

'This is actually an partial anti-homeomorphism. Since the duality between spaces and C*-algebras is contravariant, this
allows us to work with local *-isomorphisms of C*-algebras instead of anti-isomorphisms.
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It is spanned by the space
{(a,s) € C(A,5) | (a,s)(t) = ads;}.

We may a *-algebra structure via
(a, s)(b,t) := (s[(s"a)b], st), (a,2)" := (s"a”,s"),

and extends to the whole of C(A4,S).
It suffices to define a C*-norm for C(A4, S) and complete it into a C*-algebra. How to do that?

10.1 Representation of covariant systems

Definition 10.6. A covariant representation of a covariant system (A, S) is a pair (¢, 7), where:

o ¢ is a *-representation A — B(.#°) on a Hilbert space J¢;

e 7 is a representation of S on S by partial isometries,
such that:

o Forall s €S, Dom7(s) = ¢(E ).
o Forallac Ex, m(s") = ¢(v,(a)).

Definition 10.7. A representation of C(A,S) is a non-degenerate *-representation ® of C(A4,S) such
that ®(a,e;) = ®(a, ey) for all idempotents ey, es.

Proposition 10.8. There is a 1-1 correspondence between
Covariant representations of (A, S) and representations of C(A,S).

Proof. If (¢, ) is a covariant representation of (A, S) on . Define
®: C(A,S) —» B(#), D(b, s) := ¢p(b)m(s)

for (b, s)(t) := bd,,. This is a representation of C(A4, S).

Conversely. Let ® be a representation of C(A4,.S). We claim that there exists a covariant representa-
tion (¢, ) of (A,.S) such that ®(b,s) = ¢(b)w(s). This is given by ¢(a) := ®(a,e) and w(s) := P(1, s) for
any idempotent e. We omit the proof. O

Let § € C(A, S). Define
|0 :== sup{®(0) | ® is a representation of C(A,S)}.
This might only be a semi-norm. So we need to divide by N := {6 € C(A4,S) | ||| = 0} and set

AxS:=C@A8/N"
There is still something to be careful with. Namely, we need to have enough representations for C(A4, S),
which is not assured in general. But in the case of étale groupoids, such a representation is obtained by
the induced representations of groupoids, and we do have enough representations to obtain a C*-norm
and a C*-algebra.

42



10.2 Etale groupoid C*-algebras as inverse semigroup crossed products

Theorem 10.9. Let G be an étale groupoid. Let S be a countable “additive” inverse subsemigroup
of Bis(G). Additivity means

If A,B € S satisfy AUB € Bis(G). Then AUB € S.
Then (CO(Q(O)), S) is a covariant system, and C*(G) ~ Co(g(o)) x S.

Conversely. Let X be a space and S be an inverse semigroup acting on X by partial (anti)-
homeomorphisms. We want to construct a groupoid such that its C*-algebra is isomorphic to Cy(X) % S.
Obvious attempt is

E={(z,s) e X xS |s€eS, xEDoms}:iE(O) =X

with
s(z,s) ==, r(z,s) :=x-s, (z, s)_1 = (z-s,5").

But this forces (z,s) = (z, stt™) which is not true in general.

This happens precisely because composing partial homeomorphisms will contract the domains. To
solve this, we need to replace = by a quotient of it.

Define the equivalence relation ~ on =:

(x,s) ~ (y,t) iff x =1y and there exists an idempotent e € S such that x € Dome and es = et.

Set
G(X,S):=E/~.

Easily one shows that this is a groupoid.
Let (X, S) be a localisation. Define an equivalence relation on S:

s~t iff ss" =tt", and for all z € Dom ss”, there exists an idempotent e € S such that x € Dome
and es = et.

Definition 10.10. A localisation (X, .S) is additive if the followings hold:

1. s ~ t implies s = t.

2. If s and t are compatible (that is, Doms N Domt # () and s = t on Dom s N Dom¢t), and f =
ss*Utt" C X. Then there exists w € S such that f = ww" and z € Dom ss*, such that there exists
an idempotent e € S with x € Dom e and es = ew.

Theorem 10.11. If (X, S) is an additive localisation. Then C*(G(X,S)) ~ Co(X) x S.

November 29, 2022
Tangent groupoids and index theory
Speaker: Yuezhao Li (Leiden University)

The main references are | ; |. Some useful computation is carried over in | ).

43



11.1 Overview

11.1.1 What is index theory?

An index theorem, roughly speaking, is an equation of the form:
Analytic index = Topological index.

Index theory is diverse in scope now, but at the very beginning people were concerned with the index of
an elliptic operator on a manifold. An elliptic operator is, roughly speaking, a Fredholm operator. The
analytic index of an elliptic operator P is just its Fredholm index

Index(P) := dim ker P — dim coker P.

It is known for long that the Fredholm index of a bounded Fredholm operator is in some sense “topological”:
it is invariant under homotopies inside the space of Fredholm operators (equipped with the subspace
topology from bounded operators). Then Gelfand questioned whether there is a certain “topological”
formula for the index of an elliptic operator. The answer is the well-known Atiyah—Singer index theorem.

Theorem 11.1 (Atiyah—Singer). Let P be an elliptic operator on a closed manifold M. Then
a-ind(P) = t-ind(P),
where

a-ind(P) := Index(P);
t-ind(P) := {Ch(¢(P)) UTd(7"TX @ C)}T*M].

Here o(P) is the principal symbol of P, Ch(o(P)) € H¥"(T* X) is the class in even cohomology associated
to the Chern character of o(P), Td(r*TM & C) is the Todd class of the complex vector bundle 7" TM ® C,
and [T*M] is the fundamental class in the top cohomology of T M.

Erample 11.2. 1. If P = d+d": C®°(M, A T* M) — C>(M, A°*T*M). Then Atiyah-Singer index
theorem recovers Gauf3-Bonnet theorem.
2. IUP=0+09: C°MAYTM) — C°(M, AT °M). Then Atiyah-Singer index theorem
recovers Riemann—Roch theorem.
A complete statement of this whole story will consume several hours. So I only sketch the essential

ingredients for understanding this result. Atiyah and Singer already realised that both the analytic and
topological indices ought to be understood as a group homomorphism

K(T*M) = 7

from the K-theory of the topological space T"M to the integers.
Let P be an elliptic operator on a closed manifold M. This means, P is a linear map

P: C®(M,E) — C®(M, E)

acting on the smooth sections of a vector bundle F — M, satisfying some extra conditions. With these
extra conditions, P is a pseudo-differential operator. Denote the set of pseudo-differential operators
by (M, E). The symbol of P is an element o(P) € C(T*M,M,,(C)). Being elliptic means that o(P) is
invertible outside the zero section of T"M. Then o(P) represents a class in K(7"M). Atiyah and Singer
showed that the Fredholm index Index(P) depends only on the class of o(P) inside K(T*M). So the
analytic index is a map

a-ind: K(T*"M) = Z, [o(P)]+~ Index(P). (3)
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The topological index needs a another machineary called Thom isomorphism. If V' — X is a complex
vector bundle, then there is an isomorphism

K(X) ~K(V).

Consider a proper embedding M <+ R". The tubular neighbourhood theorem claims that there is a
tubular neighbourhood N of M in R", such that N is homeomorphic to the normal bundle of M in R".
Identify N with the normal bundle of M in R". Then TN is a vector bundle over 7" M which allows a

complex structure. So the Thom isomorphism follows and we have
K(T*M) ~ K(T*N).

Since T" N is an open subset in R". There is an “extension by 0” (or excision) map TN — T"R" which
induces a map K(T"N) — K(T*R") in K-theory. Composing with the Thom isomorphism and Bott
periodicity K(T*R") ~ K(pt) ~ Z yields the topological index map

) Thom isomorphism K(T*N) excision K(T*Rn) Bott periodicity K(pt) ~7. (4)

~

t-ind: K(T"M
Atiyah—Singer index theorem can be rephrased as follows:

Theorem 11.3. The following diagram commutes:

K(T*R")

ThomT =
K(T*M) —— Z

UT Ax

U(M,E)

The proof due to Atiyah and Singer is based on the strategy that there is a unique such map satisfying
the properties of both indices. This is an elegant proof, but have some tiny drawbacks.

o It is not conceptually clear why the analytic index should also be viewed as a map K(T"M) — Z. To
show this one has to prove that the analytic index depends only on the symbol, and that determines
a class in K(T"M).

o The topological index depends on an embedding of M into R" and on the Thom isomorphism.
Both are inevitable even in the modern proofs of Atiyah—Singer index theorem, but this original
construction is not natural.

Question 11.4. Is there a natural way to realise both the analytic and the topological indices?

I believe that Alain Connes introduced his tangent groupoids with these doubts in mind. He sketched
a very elegant proof in | , Section I1.5] of the Atiyah—Singer index theorem based on this beautiful
construction.

11.1.2 Quantisation

Another interesting motivation for the tangent groupoid comes from physics: the quantisation. The
subject of C*-algebraic deformation quantisation (also called strict deformation quantisation) started
after Rieffel’s work [ |. The relation between quantisation and the tangent groupoids is surveyed in
[Lan03].

Let M be a manifold describing the physical space. Classical physics and quantum physics describe
the physics on M using different mathematical frameworks, described in the table below.

A quantisation is a certain way to bridge the two mathematical frameworks. A C*-algebraic deforma-
tion quantisation is a choice of quantisation. In this approach, we try to find a “deformation” from the
C*-algebras Co(T* M) to a suitable C*-subalgebra of B(L*(M)). The following well-structured definitions
comes from | ].
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’ \ State space \ Observables \ Physical quantities ‘

Classical physics POISSOI}f?\;meId feCy(T"M,R) f(z)
. Hilbert space Self-adjoint operator
Quantum physics LQ(]WP) T i)n LQ(I:])W) (1, T)

Table 1: Comparision between classical physics and quantum physics

Definition 11.5. Let X be a locally-compact Hausdorff space. A continuous field of C*-algebras over X
consists of:

o a C*-algebra A;

o a family of C*-algebras {A,},cx indexed by X;

o a family of *-homomorphisms {7, : A — A, },cx indexed by X,
such that for all a € A:

1. the map x — ||m,(a)] is in Co(X);

2. |lal| = sup,e x[|me(a);
3. for all f € Cy(X), there exists an element a’ € A such that 7,(a') = f(z)m,(a) for all 2 € X.

Definition 11.6 ([ ; ]). A C*-algebraic quantisation of a Poisson manifold P consists of the
following data:

1. A continuous field of C*-algebras A = (A;)yc[o,1) over [0, 1] with Ay = Cy(P).
2. A Poisson algebra A, dense in Aj.
3. A section @Q: Ay — A satisfying

Q) =f QU =@ lim| @), Qo) -~ Q{11 =0

for all f,g € Ay. Here Q, :=m 0 Q.

Recall that an elliptic operator P on a closed manifold M generates a symbol o(P) € Co(T* M, M,,(C)).
It is attempting to regard o(P) as a classical observable. Then we are motivated to study a suitable defor-
mation quantisation for the manifold 7M. The Weyl-Moyal quantisation aims at quantising Cy(T* M)
with a continuous field of C*-algebra (A,),cp,1] such that Ay = Co(T"M) and A, = K(L*(M)) for t > 0.

Since Ko(K(L*(M))) ~ Z. We would wish to have a map Ko(4y) — Ko(4;) which recovers the
Atiyah—Singer index map.

Question 11.7. What is C*-algebraic quantisation involved here? Namely, what is the C*-algebra A?
How could we recover the map Ky(Ag) — Ko(Aq)?

It turns out that:

e The C*-algebra A in this quantisation is the groupoid C*-algebra of the tangent groupoid TM.

e The tangent groupoid TM is a special case of a deformation groupoid. A deformation groupoid has
a deformation index, which in the case of tangent groupoids recovers the Atiyah—Singer analytic
index.
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11.1.3 Tangent groupoids

,

Definition 11.8. A Lie groupoid is a groupoid G = Q(O) such that G and Q(O) are smooth manifolds, the
S

multiplication and inverse maps are smooth, and the range map r and the source map s are submersions.

Definition 11.9. A deformation groupoid is a Lie groupoid of the form
Gy x {0} [T G2 x (0,11 = 6 x [0,1],

where G| = Q(O) and G, =2 G ©) are Lie groupoids over the same unit space G (O).

Roughly speaking, a deformation groupoid should be thought of as glueing two Lie groupoids together
along the interval [0,1], in a smooth way.

Definition 11.10. Let M be a closed manifold. The tangent groupoid TM is the deformation groupoid
of the tangent bundle TM = M and the pair groupoid M x M = M. That is,
TM :=TM x {0} [[ M x M x (0,1] = M x [0,1].

Clearly TM and M x M are Lie groupoids. We need to make sure that TM is a Lie groupoid. The
smooth structure of TM is obtained as follows. Choose any Riemannian metric on M. Require that the
map

TM x [0,¢] — TM
(x7 /U? 0) H x? U7 0)

x,exp,(—tv),t), fort >0

o~ o~

(z,0,8) =

to be a diffeomorphism for small enough €. This is possible because we may find an open neighbourhood
of each x € M and ¢, > 0 such that the exponential map is a diffeomorphism onto the image. The
compactness of M then allows us to find finite many such neighbourhoods and € > 0 as a infimum of all
such ¢,. This also gives a topology to TM.

11.2 The index theorem in tangent groupoids
11.2.1 The analytic index

Now we reformulate the indices using the language of the tangent groupoids, and prove the index theorem
in this framework.

Definition and Lemma 11.11. Let G := G; x {(0)} 1G> x {(0,1]} = 6% x [0,1] be a deformation
groupoid. Then there is a short exact sequence of C*-algebras

evg

C*(Ga x (0,1]) — C*(G) — C*(G1).

In particular, the C*-algebra C*(Gy x (0,1]) ~ C*(Gy) ® Cy(0,1] is contractible. So there is a KK-
equivalence [evy] € KK(C*(G),C*(G;)) and an isomorphism [ev,]: K, (C*(G)) = K,.(C*(G;)).
The deformation index associated to the deformation groupoid G is the element

levo] " @ [evq] € KK(C™(Gy),C*(Ga)),
or the map
K.(C7(G) 2 K.(€(6) 22 KL (C7(62):
In the case of tangent groupoids. We have a map
acind: Ko(CH(TM)) 29 Koo (Ta)) 295 k(v x M), (5)

Notice that C*(TM) ~ Co(T*M) (this is Poincaré duality in KK-theory), and C*(M x M) ~ K(L*(M)).
The map (5) can thus be identified with a map K(T*M) = Ko(Co(T*M)) — Ko(K(L*(M))) ~ Z.

Proposition 11.12 (] ). The map (5) coincides with the Atiyah—Singer analytic index (3).
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11.2.2 The topological index

How about the topological index? We need to utilise Thom isomorphism K(7"M) ~ K(T*N) in an
essential fashion, so as to send K(T*M) to K(T"R"). For this purpose let us have a closer look at T"N.
The following discussion is ad hoc but points out a correct direction.

Since N is an open subset of R". We have T*N ~ N x R". Identify N with the normal bundle of M.
Then

N=][ N~ [[ =.R"/T.M = [] R"/T, M.
xeM zeM xeM

(Here ] only denotes the set-theoretic union).

Then

T*N~NxR"~ [[ R*/T,M xR" ~ [[ R*/T, M.
zeM xeM

This indicates us that, we should view TN as the quotient of R?" under a suitable action of the
groupoid T'M, or rather TM. We make this precise.

Let j: M < R" be a proper embedding. Extend to j: M < T*R™ ~ R*" via 2 — (j(z),0). This
induces a groupoid homomorphism

h: TM — R*™

h(z,v,0) = j.(v)
My t) = ) i) fort >0

We want to define an action of TM on R*" using h. Groupoid actions are fibred. So we need
to replace R%" by the fibred space TM?) x R?™ = M x [0,1] x R*™. The tangent groupoid TM acts
on TM© x R?" by

v (s(7),0) := (r(v), v + h(7)).

This is a free and proper action. Hence the action groupoid TM x (TM ©0) % RQ") is Morita equivalent to

the orbit space
TM\TM® x R*".

What is the orbit space?
e At t = 0. The action is given by

TM ~AMxR™,  (z,0) 2= (2 f.(2) + a).

The fibre orbit space at x is just N, x R". So the total space is N x R" ~ TN.
e At t > 0. The action is given by

eMxM

M x M ~ M x R*™, (z,q) () MM, (y,a).

The action is transitive on the M entry, and leaves the R?" entry unchanged. So the orbit space
. 2n
is R*".

Hence the orbit space is TN x {0} [TR* x (0,1]. This is a special case of the deformation of normal
cone.

The groupoids TM x (TM 0 R*") and TM\TM () 5 R?™ are Morita equivalent. So they have
Morita—Rieffel equivalent C*-algebras and isomorphic K-theory

Ko(TM x (TM© x R?)) ~ Ko(TM\TM® x R?™).

Connes observed that:
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Lemma 11.13 (Connes). Let o be the action R" ~ C*(TM) given by

i(X'h(’Y))f(,y)_

axf(y):=e
Then the crossed product C*(TM) x, R*™ is isomorphic to C*(TM x (TM® x R?)).

The lemma, together with Connes—Thom isomorphism
Ko(C*(TM)) x, R*" 2 Ko(C*(TM)),
provides an isomorphism
Ko(C*(TM)) =~ Ko(TN x {0} [TR™ x (0,1]). (6)

This isomorphism will be used in the proof of the index theorem.
Now we are able to describe the topological index as follows.

e Since the space R?" x (0, 1] is properly contractible. We have an isomorphism in K-theory Kq(T'N) ~
Ko(TN x {0} [IR*™ x (0, 1]).

e The excision Ko(Co(TN)) — Ko(Co(R?™)) then defines a map Ko(T'N x {0} [TR* x (0,1]) —
Ko (Co(R*™)). Let us denote this map by [ev,].

« The isomorphism (6) composed with [ev;] yields a map Ko (C*(TM)) — Ko(Co(R*™)).

o Composed with the isomorphism [ev]: Ko(Co(T"M)) =~ Ko(C*(TM)) = Ky(C*(TM)), we obtain
the following map

fevol

t-ind := Ko(Co(T"M)) = Ko(C*(TM)) 22— K(C*(TM))

O, Ko(TN x {0} [TR? x (0,1)) 25 Ko (Co(R™) = 2. (7)
Proposition 11.14. The Atiyah—Singer topological index (4) coincides with the map (7).

11.2.3 Proof of the index theorem

The proof of the index theorem is therefore quite tautological, once we have identified the analytic and
topological indices with the correct maps in the tangent groupoid.

Proposition 11.15. The following diagram commutes:

levo)

Ko (C(TM)) Ko(C*(TM)) —= Ko(C"(M x M)

g g i g

Ko(Co(TN)) 005 Ko(Co(TV x {0} TTR x (0,1]) — =11, Ko (Co(B))

The vertical isomorphisms are: Thom isomorphism, the isomorphism in (6) and the isomorphism Ky(C* (M x

M) = Ko(K(L*(M))) = Ko(C) = Ko(Co(R™)).

Finally, the Atiyah—Singer index theorem is proved by noticing that the analytic index is just the
composition of maps on the first row, while the topological index is the map Ko(C*(T'M)) = Ky(Co(T'N))
followed by the maps on the second row.

Theorem 11.16. a-ind = t-ind, where a-ind is defined as in (5) and t-ind is defined as in (7).
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December 6, 2022
Groupoids of iterated function systems
Speaker: Adam Rennie (Wollongong University)

“Groupoids Suck Slightly More Than Everything Else”.

When we start to look closely at what dynamical systems we can model with any given technique,
groupoids fare slightly worse than Cuntz—Pimsner techniques. Even the best techniques we have given
totally deficient answers in many examples. The cheery news is based on examples and work by Alex
Mundey | .

In this lecture, all groupoids are locally-compact and Hausdorff.

12.1 TIterated function systems

Definition 12.1. A topological quiver is a tuple F = (EO, E'r s, A), where:

e E” and E' are second-countable, locally-compact Hausdorff spaces.
e r: E' - EY is a continuous map.
e s: B! — EYis a continuous and open map.

e \is an s-system. (c.f. Definition 9.1).
If s is in addition a locally homeomorphism. Then FE is also called a topological graph.

Definition and Lemma 12.2 (Hutchinson). Let (X, d) be a complete metric space. Let I' = {71,...,7,}
be a finite collection of contractions X — X. There exists a unique compact subset A C X such that

A= J(4).

vyel
We call (A,T") an iterated function system.
Definition 12.3. Let (A,T") be an iterated function system.

e The set of critical points is
C:= U Y(A) N4 (A).

!
VEY

e The set of branch points is

B:={y e C|y=~(n)=+'(n)for some 7,7 € T'}.

Ezample 12.4. Let A be the Sierpiriski triangle. That is, the iterated function system given by X = R?
and T' = {71, 72,73}, where

Ty z+1 2y++3 z+1 y
71(x7y) = 575 ) 72(55,3/) = 4 aT y V3= 9 75 .

The set of critical points C' consists of three points
1, 1 V3 3 V3
277 )7 4’4 )’ 4’ 4 )

Ezample 12.5. Let A = [0, 1].
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Figure 12.1: The Sierpinski triangle

(a) Let vy () := £, v5(x) := 5. The only critical point is 1.
(b) Instead, if v;(z) := %, yo(z) := 15%. Then 1 is no longer a critical point. Instead, it is a branch

point.

The (co)graphs
Graph(T') := {(y(z),x) |z € A,y € T'}

of the corresponding iterated function systems are shown in Figure 12.2.

1 Graph(,)
Graph(7s)
% Glaph(’\/l ) %
Graph(v;)
1 1
(8) m(@) = 5, (@) = 5% (b) (@) = £, 7o) = 152,

Figure 12.2: Iterated function systems on [0,1]

Lemma 12.6. Let wy,my: Graph(I') — A be the projection onto the first or second entry. Then:

o 7y is continuous but usually not open.

o Ty 15 open but usually not locally injective.

Definition 12.7. The branch number of an iterated function system (A,T") is

b: Graph(I) = N, b(z,y) :==#{yeT [z =1(y)}.
Proposition 12.8. Let (A,I') be an iterated function system. Set X := {\},ca where

G P b(x,y>f<x,y>=|§|

|F| (z,y)€Graph(T")

> (), y)

vyel’

for f € C(Graph(I)).
Then E := (EO =AE' = Graph(I'),r = my, s = mg, A) is a topological quiver.
If in addition wy is locally injective. Then E is a topological graph.
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12.2 C*-algebras of iterated function systems
12.2.1 Topological graph method

There is a close relation between topological graphs and groupoids. I would expect to know more about
this from Yufan’s talk next week.
Let E be a topological graph. Define the infinite path space

= e
k=0

where
k
E" :={(xy,...,ap) e EXx...x E|s(z;) =r(x;1)}
k copies

Define the boundary path space
o
OE =E* ][ [[{z € E* | r(z) € Egmg}
k=0

where Eging denotes the set of singular vertices. A precise definition can be found in, e.g. | ,
Definition 3.1.9]. All these spaces are equipped with a topology.

Theorem 12.9 (| ). The left shift o: E= — E=* js a partial local homeomorphism, and restricts
to a partial local homeomorphism o: OF \ Eging — 0F.

We build two groupoids from o; this is a standard construction. For o: X — X a partial local
homeomorphism, define the Deaconu—Renault groupoid G(X,0) = X:

Gg(X,0) ={(z,m—n,y) | mneN, z € Domo™, y € Domo", o (z) =0c"(y)}.
together with the (obvious) operations
s(x,m—n,y) =y, r(z,m-—ny):=uz,
(z,m—ny) - (y,n—k,2):=(@m—k,z), (z,m—ny) " :=(y,n—m,az).

Definition 12.10. Let E be a topological graph.

e The path groupoid is the Deaconu—Renault groupoid 7Gg =G (ESOO7 o).

o The boundary path groupoid is the Deaconu—Renault groupoid G := G(OF, o).

We will see later that these groupoids give rise to a Toeplitz—Pimsner algebra and a Cuntz—Pimsner
algebra.
12.2.2 Topological quiver method

Let (A,T') be a iterated function system. We have seen in Proposition 12.8 that iterated function systems
give rise to topological quivers. The following aims at defining C*-algebras for such objects, and finding

an underlying groupoid model.
Define
A= {(331,332, .. ) € AN ’ Z; € Fﬂ?i+1}.

Here by I'z; ;1 we mean {vyx;,; | ¥ € I'}. The shift map
5: A= A, g(xq,x9,...) = (z9,z3,...)
is continuous, open and surjective. A map v € I' lifts to a map
5: A — A, (X1, X9,y ...) = (Y(21), 21, Tay - - ).
Let ' := {5 |y € I'}. Then (A,T) is called the “inverse lifted system” of (A,T') by Mundey.
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Proposition 12.11 (Mundey). o If (A, T') is branch-separated. That is,

Graph(y) N Graph(y) =0 ify #7.

Then A is totally-disconnected.
o If A has no isolated points. Then A is Cantor.

o There is a 1-1 correspondence
{x € A| & is not locally injective} <> { Branch points of A}.
Theorem 12.12 (Mundey). (A,T') is branch-separated iff the Deaconu-Renault groupoid G(A, &) is étale.

As an r-discrete groupoid admits a Haar system iff it is étale. The Theorem aboves states that we
are unable to find an étale groupoid model for the C*-algebra of an iterated function system, unless it is
branch-separated. The Example as in Figure 12.2a is branch-separated, while Figure 12.2b displays a
negative case.

12.2.3 Cuntz—Pimsner algebras

Now we revisit the C*-algebra of a topological quiver, which shall be defined as a Cuntz—Pimsner algebra
as follows.

Let E = (E°,E',r,s,\) be a topological quiver. Let A := Cy(E"). Complete C.(E"') into a
C*-correspondence over A by setting

(agb)(x) := a(r(z))&(x)b(s(x)),

@)= [ &)
for a,b € A and &, € CC(EI). The completion of CC(El) is denoted by Xgz. The topological quiver
algebra of E is defined as the Cuntz—Pimsner algebra Ox , of the C*-correspondence Xp.

Now let X := C(Graph(I')). It becomes a C*-correspondence over C(A) with the following structure
maps

<f7 g>C(A) = Z ng(’Y(fU), $),

vel’

(afb)(z,y) = a(z)f(z,y)b(y),

for f,g € X and a,b € C(A).

From the C*-correspondence X above one constructs a Cuntz-Pimsner algebra, call it Oy ; and a
Toeplitz—Pimsner algebra, call it 7y p. Mundey showed that they are isomorphic to the topological quiver
algebras given by the topological quiver in Proposition 12.8. Moreover:

Theorem 12.13 (] ). If E is a topological graph. Then
CY(TGg) = Tx,, C*(Gp) ~ Ox,,

where the left-hand sides are the Deaconu—Renault groupoids of topological graphs (Definition 12.10) and
the right-hand sides are the topological quiver algebras.

Theorem 12.14. If (A,T') is branch-separated and satisfies the “open set condition”. Then the topological
quiver algebra Oy p is isomorphic to the Cuntz algebra O\p|. The proof is by classification.

Ezxample 12.15. The non-branch-separated cases are very problematic. For the case in Figure 12.2b, the
topological quiver algebra is isomorphic to O.
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December 13, 2022
Graph groupoids and Doplicher—Roberts algebras
Speaker: Yufan Ge (Leiden University)

The main references are | ; ; ].

13.1 Graph groupoids

Definition 13.1. A (directed) graph is a quadruple G = (V, E,r,s), where V and E are two sets
and r,s: £ = V are maps between them. An element in V is called a vertice and an element in F is
called an edge. The maps r and s are called the range and source maps. We assume that s: E —V 1is
surjective.

We say that G is row-finite (vesp. column-finite), if s *(v) (resp. v *(v)) is finite for every v € V.
We say that G is locally-finite, if G is both row-finite and column-finite.

A pointed graph is a graph G together with a distinguished vertex v € V.

Definition 13.2. Let G = (V, E,r,s) be a pointed graph with distinguished vertex v € V. We use the
following notations:

e P(G) is the set of infinite paths in G. That is, an infinite sequence o = (..., 11,04, ..., 9, 1) €
E" such that s(ayy1) = r(oy) for all i. The source of « is defined to be s(a) := s(ay).

e P(G,v) is the set of infinite paths in G with source v. That is,

P(G,v) :=={a € P(GQ) | s(a) = v}.
o F(QG) is the set of finite paths in G. Let a = (auy, ..., aq) € F(G). We define |af := n.
o F(G,v) is the set of finite paths in G with source v.

Let G = (V,E,r,s) be a graph. We equip F with the discrete topology, and equip P(G) with the
induced product topology.

Definition and Lemma 13.3. Let a € F(G). Define the cylinder set
Z(a) :={B € P(G) | B; = «; for all i < |al}.
Then {Z(a)}acr(c) is a topological basis of P(G).

Proof. Tt suffices to check that

Z(a) a=p;
Z(@)NZ(B)={2(B) B>«
0 otherwise,
where a > f if a; = §; for all i < |j|. O

Assume that G is row-finite. Then with the topology described above, Z(a) =~ []ien Ex(r(v)) where
EL(v) :={a € F(G) | s(a) = v}.
Each Ej(r(a)) is finite. So Z(«) is compact. Therefore:

Corollary 13.4. Let G be a row-finite graph. The cylinder sets Z(a) form a topological basis of compact
open sets of P(G). With this topology, P(G) is locally-compact, o-compact and Hausdorff.
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Now we associate a groupoid G(G) to a row-finite graph G. Define the shift equivalence on E with
lag k € Z:

T~y iff there exists N € N such that z; =y, for all : > N.
The graph groupoid is G(G) == P(G) where
9(G) == A{(z,k,y) € P(G) x Zx P(G) | x ~ y},
with
s(e,ky) =y, rleky) =z, (@ky)@5L2):=@k+lz2), (@ky) "=y k).

You should be able to check that this is another instance of a Deaconu—Renault groupoid, and in fact the
same construction as in Adam’s talk (Definition 12.10).

We also define the pointed version G(G,v) for a pointed graph (G,v): this is the restriction of G(G)
to the set P(G,v).

Now we describe the topology of G(G).

Definition and Lemma 13.5. Let
Z(a,B) ={(z,k,y) e F(G) x Zx F(G) |z € Z(cv), y € Z(B), k = |B] — |a|, ; = y; 4 for i > ||}

Then {Z(a, 8)}4 3 form a basis of a locally-compact Hausdorff topology on G(G). With respect to this
topology: G(G) is second-countable, r-discrete; every Z(«, ) is a local bisection; the counting measure
on each fibre forms a Haar system.

Definition 13.6 (Cofinal). Let G be a graph. Then v € V is cofinal if for every = € P(G), there
exists a € F(G) with s(a) = v and r(a) = x,, for some n € N.

Theorem 13.7. Let G be a row-finite graph with o distinguished vertex v € V which is cofinal. Let N :=
P(G,v). Then N is a transversal in G(G), and G(G,v) ~ G(G)N.

The characteristic function 1y € C.(G(G)) is a full projection in C*(G(Q)), and the inclusion C.(G(G)N) <
C.(G(@)) induces an isomorphism C*(G(G,v)) ~ 15C*(G(G))1y-.

Sketch of the proof. Notice that 1y satisfies 1y * 1y = 1y and 1y = 1y. And C.(G(G)N) = C*(G(G))
is a *-homomorphism onto 1y * C*(G(G)) * 1.

The cofinality of v implies that for every = € P(G), there exists a € F(G) such that s(a) = v
and 7(a) = x,,. Define 2’ := (..., 7,19, 7y41). Then (z'a,n — |a|,r) € G(G) with range 2’'a € N. Here

!
Toi= ( -3 Tp42, Tty Op, Op—q,5 - - '7a1)-

This implies that N meets every orbit of P(G). Therefore C.(G(G)y) can be completed into an

imprimitivity bimodule between C*(G(G)) and C*(G(G)N). The inner products are given by:

<f> g>@*(g(g)%) = f* *9,
c*(g(c))<f, 9 =1f*g"

The proof is finished by showing that for every f € C.(G (G)]]:][), the norms of f are equal as an element
in C*(G(G)N) and as an element in C*(G(G)). O
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13.1.1 Graph groupoid C*-algebras

Let G(G) be the groupoid of a graph G = (V, E). Its groupoid C*-algebra C*(G(G)) has the following
properties.

o Universal property. C*(G(G)) is generated by the Cuntz—Krieger E-family given by the graph G' =
(E,V).

o If G is locally-finite and irreducible — that is, there is a finite path joining every two given vertices.
Then C*(G(G)) is simple.

e K-theory. If G is row-finite. Then

Ko(C'(G(G))) = coker(1 - A%),  Ko(C*(G(G)) = ker(1 - AY),

for the edge matrix Al given by the graph G.

13.2 Doplicher—Roberts algebras

Let K be a compact group. We fix a unitary representation (p, 7). We write ¢ for the trivial
representation.

Let p" denote the representation of n-fold tensor product of p on " := <%”p®n. Let (p™, p™) denote the
space of intertwiners, that is, bounded operators T': J¢," — " intertwining p"* and p". If T € (p™, p"),
then T® 1 € (pmﬂ, pn+1); this allows us to define the inductive limit

U "0

m,neN

-®1
generated by (o, p") <3 (9", p" ).
In particular, any pair of operators in the inductive limit are composable, turning it into an algebra.

It is a *-algebra with the involution 7"+ 1.

Definition 13.8. The Doplicher-Roberts algebra O, is the C*-envelope of the inductive limit *-algebra
described above:
Op = U (pm,pn)‘

m,neN
We would like to construct a groupoid model for O,; the construction is based on [ | and
[ ]. In [ |, the authors constructed a Cuntz—Krieger algebra, such that the Doplicher—
Roberts algebra O, embeds into it as a corner. In | ], the authors associate to every locally-finite

graph a locally-compact groupoid such that its groupoid C*-algebra is isomorphic to the universal
C*-algebra generated by the Cuntz—Krieger E-family of the graph (sometimes also called the graph
C*-algebra). In this section, we construct explicitly this graph G,, and show that c*(g (Gpit) = O,
This allows for K-theory computations in simple cases.

Definition 13.9. Define a pointed graph G, = (V,,, E,) as follows.

o The set of vertices V, is the set of unitary equivalence classes of irreps of K:

A

Vp::K.

e Given v,w € V,. The number of edges from v to w is given by the number of copies of w in p ® v.

e The distinguished vertex is the trivial representation .
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Let (mq, #4) be a unitary representation of K, and assume that it is a direct summand of (m; ®
p, 74 @ H,) for another representation (7, 7]) and the fixed representation (p,7,). Then there
exists an edge x from 7 to 7, in the graph G, (c.f. Definition 13.9). In particular, z gives a partial
isometry T,.: 75 — J4 ® J, intertwining 7y and 7 ® p.

In general, for every unitary representation (7, 7,) we have

Ao Ht,= P T, 6= P T.0,74 %,
z€s (m) zes” (m)

Let z1,79,...,7, € E with s(z;11) = r(x;) for all i. Then x = (z,,,...,29,7) is a path in GG,. We
define
T, =T ol )(Th®1, ) (Th1®1)T,,

where 1;, is the identity operator on jf;k. Then T, is a partial isometry 7., ) — %”p”. Every path z
with s(x) = ¢ generates a decomposition of ", and we have

s(z)=¢
z€F(G,)

Proposition 13.10. The family

{T.T, | |zl =m, |yl = n,s(z) = s(y) = t, () = 7(ya)}
form a basis for (p™,p"), and each element TIT;6 is a partial isometry.
Theorem 13.11. O, ~ C*(G(G,,1)).

Lemma 13.12. Let (p,.5¢,) be a faithful unitary representation of a compact group K. Assume

that p(K) C SU(S2,). Then the graph G, is locally-finite and irreducible. Hence O, is simple.

Proof. See | , Theorem 7.1] for more details.
We need to show that the graph G, is irreducible. This happens if:

(a) Every m € K can be reached from ¢ in G o
(b) ¢ can be reached from every 7 € K.

(a) is equivalent to saying that the set
R:={m € K | wis a summand of p" for some n € N}

is closed under conjugation and tensor product. Since p is faithful, R is automatically closed under tensor
product. It remains to show that the conjugate representation p € R.
Choose a basis {ey,...,e,} for 7. Since p(K) C SU(J,), we have

p(K) |61/\82/\"~/\€n = 1.

So p" contains a copy of . The orthogonal relations of characters imply that ( o X,) > 1. This, however,
implies that
-1
(XX = (0 X0) = (1) = (X, x0) = 1.
So p is contained in p"*. So p € R.

Hence any m € K is a summand in p" for some n. Then ¢ is a summand of 7 ® 7, and hence a
summand of ™ ® p". Then (b) is justified. Every m ® p has only finitely many irreducible summands.
So G, is row-finite. Reversing all the arrows in G, gives the conjugate graph G, which is also row-finite
by a similar proof. Therefore, G, is column-finite. O
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13.2.1 K-theory of Doplicher—Roberts algebras

We are able to describe the K-theory of O,. Recall that:

Lemma 13.13. If p is a full projection in a C*-algebra A. Then Ky(A) ~ Ky(pAp).
By Lemma 13.12, every 7 € K is a summand of p" for some n.

Proposition 13.14. Denote by e, the projection of ji’;)n onto the summand 5¢,.. Then e, is a projection
. n n .
in (p",p"), hence defines a class [e;] in Ky(O,).

e The map
K — Ky(0,), T [eg]

is well-defined.

« Ko(O,) is generated as an abelian group by the elements {[e] | T € K} subject to the relation

d d
[ex] :Z[eﬂ'i]? for W@pZ@m.
=1 i=1
Remark 13.15. The proof is similar to that of | , Theorem 12.13], given by Yufan in a talk on the

K-theory of graph C*-algebras.

o8



References

[ADY7]
[ADS19]

[BL20]

[CS84)
[Con94]
[Cun+17]
[Deil8]
[Ech17]
[Ger16]
[Hig10]

[HS87]

[Hol17]

[KS02]

[KL17]

[Kum+-97]
[Kum84]

[Lan95]

[Lan01]

[Lan03]

Claire Anantharaman-Delaroche. Purely infinite C*-algebras arising from dynamical systems.
Bull. Soc. Math. France, 125:2 (1997), 199-225 (p. 30).

Francesca Arici, Baukje Debets, and Karen R. Strung. Pure infiniteness and paradoxicality
for graph C*-algebras. 2019. DOIL: 10.48550/arxiv.1907.05215 (p. 30).

Christian Bénicke and Kang Li. Ideal structure and pure infiniteness of ample groupoid C*-
algebras. Ergodic Theory Dynam. Systems, 40:1 (2020), 34-63. DOI: 10.1017/etds.2018.39

(p. 30).

A. Connes and G. Skandalis. The longitudinal index theorem for foliations. Publ. Res. Inst.
Math. Sci., 20:6 (1984), 1139-1183. pOI: 10.2977/prims/1195180375 (p. 6).

Alain Connes. Noncommutative geometry. Academic Press, Inc., San Diego, CA, 1994,
xiv+661 (pp. 43, 45).

Joachim Cuntz et al. K-theory for group C*-algebras and semigroup C*-algebras. Vol. 47.
Oberwolfach Seminars. Birkhduser/Springer, Cham, 2017, ix+319 (p. 34).

Anton Deitmar. On Haar systems for groupoids. Z. Anal. Anwend., 37:3 (2018), 269-275.
DOL: 10.4171/ZAA/1613 (p. 38).

Siegfried Echterhoff. Bivariant KK-Theory and the Baum-Connes conjecure (2017). DOI:
10.48550/arXiv.1703.10912 (p. 33).

Dimitrios-Michail D. Gerontogiannis. Deformation to the normal cone and the tangent
groupoid. Master thesis. 2016 (p. 45).

Nigel Higson. “The tangent groupoid and the index theorem”. In: Quanta of maths. Vol. 11.
Clay Math. Proc. Amer. Math. Soc., Providence, RI, 2010, 241-256 (p. 43).

Michel Hilsum and Georges Skandalis. Morphismes K-orientés d’espaces de feuilles et foncto-
rialité en théorie de Kasparov (d’apres une conjecture d’A. Connes). Ann. Sci. Ecole Norm.
Sup. (4), 20:3 (1987), 325-390 (p. 18).

Rohit Dilip Holkar. Topological construction of C*-correspondences for groupoid C*-algebras.
J. Operator Theory, 77:1 (2017), 217-241. DOI: 10.7900/jot.2016mar21.2116 (p. 22).

Mahmood Khoshkam and Georges Skandalis. Regular representation of groupoid C*-algebras
and applications to inverse semigroups. J. Reine Angew. Math., 546: (2002), 47-72. DOIL:
10.1515/cr11.2002.045 (p. 14).

Alex Kumjian and Hui Li. Twisted topological graph algebras are twisted groupoid C*-
algebras. J. Operator Theory, 78:1 (2017), 201-225. DOI: 10.7900/jot.2016jun23.2136
(p. 52).

Alex Kumjian et al. Graphs, groupoids, and Cuntz—Krieger algebras. J. Funct. Anal., 144:2
(1997), 505-541. pOI: 10.1006/jfan.1996.3001 (pp. 54, 56, 57).

Alexander Kumjian. On localizations and simple C*-algebras. Pacific J. Math., 112:1 (1984),
141-192 (p. 41).

E. C. Lance. Hilbert C*-modules. Vol. 210. London Mathematical Society Lecture Note Series.
A toolkit for operator algebraists. Cambridge University Press, Cambridge, 1995, x+130.
DOI: 10.1017/CB09780511526206 (p. 34).

N. P. Landsman. Operator algebras and Poisson manifolds associated to groupoids. Comm.
Math. Phys., 222:1 (2001), 97-116. DOI: 10.1007/5002200100496 (p. 18).

N. P. Landsman. “Quantization and the tangent groupoid”. In: Operator algebras and
mathematical physics (Constanta, 2001). Theta, Bucharest, 2003, 251-265 (pp. 43, 45, 46).

99


https://doi.org/10.48550/arxiv.1907.05215
https://doi.org/10.1017/etds.2018.39
https://doi.org/10.2977/prims/1195180375
https://doi.org/10.4171/ZAA/1613
https://doi.org/10.48550/arXiv.1703.10912
https://doi.org/10.7900/jot.2016mar21.2116
https://doi.org/10.1515/crll.2002.045
https://doi.org/10.7900/jot.2016jun23.2136
https://doi.org/10.1006/jfan.1996.3001
https://doi.org/10.1017/CBO9780511526206
https://doi.org/10.1007/s002200100496

[MSO99)

[MRS92]

[MS22]

[MP97]

[Mr&99]
[MRWS7]
[Mun20]
[NL22]

[Pat99]

[Ren80]
[Ren91]

[Ren82]

[Rie89]
[SW12]
[Tu04]

[Wil07]

[Wil16]

[Wil19]

[YeeO6)

Marta Macho Stadler and Moto O’uchi. Correspondence of groupoid C*-algebras. J. Operator
Theory, 42:1 (1999), 103-119 (pp. 18, 21).

M. H. Mann, lain Raeburn, and C. E. Sutherland. Representations of finite groups and
Cuntz-Krieger algebras. Bull. Austral. Math. Soc., 46:2 (1992), 225-243. poI: 10.1017/
S0004972700011862 (pp. 54, 56).

Bram Mesland and Mehmet Haluk Sengiin. “Stable range local theta correspondence as a
strong Morita equivalence”. Ongoing work. 2022 (p. 27).

Bertrand Monthubert and Frangois Pierrot. Indice analytique et groupoides de Lie. C. R. Acad.
Sci. Paris Sér. I Math., 325:2 (1997), 193-198. DOI: 10.1016/50764-4442(97)84598-3

(p. 47).

Janez Mrcun. Functoriality of the bimodule associated to a Hilsum-Skandalis map. K-Theory,
18:3 (1999), 235-253. DOI: 10.1023/A:1007773511327 (p. 18).

Paul S. Muhly, Jean N. Renault, and Dana P. Williams. Equivalence and isomorphism for
groupoid C*-algebras. J. Operator Theory, 17:1 (1987), 3-22 (pp. 22, 26, 54).

Alexander Don Mundey. The Noncommutative Dynamics and Topology of Iterated Function
Systems. PhD thesis. 2020 (pp. 50, 52).

NCG-Leiden. Seminar on K(K)-theory (2022). https://ncg-leiden.github.io/kk2022/
kk_notes.pdf (pp. 1, 58).

Alan L. T. Paterson. Groupoids, inverse semigroups, and their operator algebras. Vol. 170.
Progress in Mathematics. Birkhduser Boston, Inc., Boston, MA, 1999, xvi4+274. DOI: 10.
1007/978-1-4612-1774-9 (p. 41).

Jean Renault. A groupoid approach to C*-algebras. Vol. 793. Lecture Notes in Mathematics.
Springer, Berlin, 1980, ii+-160 (pp. 10, 31, 34).

Jean Renault. The ideal structure of groupoid crossed product C*-algebras. J. Operator
Theory, 25:1 (1991). With an appendix by Georges Skandalis, 3-36 (p. 39).

Jean N. Renault. “C*-algebras of groupoids and foliations”. In: Operator algebras and
applications, Part 1 (Kingston, Ont., 1980). Vol. 38. Proc. Sympos. Pure Math. Amer. Math.
Soc., Providence, R.I., 1982, 339-350 (p. 17).

Marc A. Rieffel. Deformation quantization of Heisenberg manifolds. Comm. Math. Phys.,
122:4 (1989), 531-562 (pp. 45, 46).

Aidan Sims and Dana P. Williams. Renault’s equivalence theorem for reduced groupoid
C*-algebras. J. Operator Theory, 68:1 (2012), 223-239 (pp. 22, 24).

Jean-Louis Tu. Non-Hausdorff groupoids, proper actions and K-theory. Doc. Math., 9: (2004),
565-597 (pp. 18, 21).

Dana P. Williams. Crossed products of C*-algebras. Vol. 134. Mathematical Surveys and
Monographs. American Mathematical Society, Providence, RI, 2007, xvi+528. DOI: 10.1090/
surv/134 (p. 26).

Dana P. Williams. Haar systems on equivalent groupoids. Proc. Amer. Math. Soc. Ser. B, 3:

(2016), 1-8. DOI: 10.1090/bproc/22 (p. 40).

Dana P. Williams. A tool kit for groupoid C*-algebras. Vol. 241. Mathematical Surveys
and Monographs. American Mathematical Society, Providence, RI, 2019, xv+398. DOI:
10.1016/j.physletb.2019.06.021 (pp. 1, 4, 19, 32, 34, 36, 37, 40, 41).

Trent Yeend. “Topological higher-rank graphs and the C*-algebras of topological 1-graphs”.
In: Operator theory, operator algebras, and applications. Vol. 414. Contemp. Math. Amer.
Math. Soc., Providence, RI, 2006, 231-244. DOI: 10.1090/conm/414/07812 (p. 53).

60


https://doi.org/10.1017/S0004972700011862
https://doi.org/10.1017/S0004972700011862
https://doi.org/10.1016/S0764-4442(97)84598-3
https://doi.org/10.1023/A:1007773511327
https://ncg-leiden.github.io/kk2022/kk_notes.pdf
https://ncg-leiden.github.io/kk2022/kk_notes.pdf
https://doi.org/10.1007/978-1-4612-1774-9
https://doi.org/10.1007/978-1-4612-1774-9
https://doi.org/10.1090/surv/134
https://doi.org/10.1090/surv/134
https://doi.org/10.1090/bproc/22
https://doi.org/10.1016/j.physletb.2019.06.021
https://doi.org/10.1090/conm/414/07812

	1 Groupoids: motivations, definitions and examples
	1.1 Motivations
	1.1.1 What is a groupoid?
	1.1.2 Why do we study groupoids?

	1.2 Groupoids
	1.3 Topological groupoids

	2 Haar systems and groupoid C*-algebras
	2.1 Haar systems
	2.2 Groupoid C*-algebras

	3 Groupoid actions and equivalence actions
	3.1 Groupoid actions
	3.1.1 Mackey–Glimm–Ramsey dichotomy

	3.2 Equivalence of groupoids

	4 Groupoid correspondences
	4.1 Groupoid correspondences
	4.1.1 Composition of correspondences
	4.1.2 Morita equivalences revisited

	4.2 From groupoid correspondences to C*-correspondences

	5 Morita equivalence of groupoids and their C*-algebras
	5.1 Morita equivalences
	5.1.1 Kronecker flow of irrational angle 
	5.1.2 Brown–Green–Rieffel theorem

	5.2 Equivalence theorem of groupoid C*-algebras
	5.2.1 Linking algebra
	5.2.2 Linking groupoid


	6 Morita equivalence of Fell bundles
	6.1 Motivation
	6.2 Fell bundles
	6.3 Equivalence of Fell bundles

	7 Purely-infinite C*-algebras from dynamical systems
	8 Induced representations of groupoids
	8.1 Induced representations finite groups
	8.2 Unitary representations of groupoids
	8.3 Induced representations of locally compact groups
	8.4 Induced representations of Groupoids
	8.4.1 Direct sums
	8.4.2 Kernels
	8.4.3 Induction in stages

	8.5 Some examples
	8.5.1 Locally closed orbits
	8.5.2 Regular representations and the reduced C*-norm
	8.5.3 Induction from groupoids with closed orbits
	8.5.4 Amenable groups


	9 Existence and uniqueness of Haar systems
	9.1 Existence of Haar systems on second-countable groupoids
	9.2 Haar systems on equivalent groupoids
	9.2.1 Examples


	10 Inverse semigroups and groupoids
	10.1 Representation of covariant systems
	10.2 Étale groupoid C*-algebras as inverse semigroup crossed products

	11 Tangent groupoids and index theory
	11.1 Overview
	11.1.1 What is index theory?
	11.1.2 Quantisation
	11.1.3 Tangent groupoids

	11.2 The index theorem in tangent groupoids
	11.2.1 The analytic index
	11.2.2 The topological index
	11.2.3 Proof of the index theorem


	12 Groupoids of iterated function systems
	12.1 Iterated function systems
	12.2 C*-algebras of iterated function systems
	12.2.1 Topological graph method
	12.2.2 Topological quiver method
	12.2.3 Cuntz–Pimsner algebras


	13 Graph groupoids and Doplicher–Roberts algebras
	13.1 Graph groupoids
	13.1.1 Graph groupoid C*-algebras

	13.2 Doplicher–Roberts algebras
	13.2.1 K-theory of Doplicher–Roberts algebras


	References

