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ABSTRACT

This dissertation contains three main results. First, a generalization of Ionescu’s
theorem is proven. Ionescu’s theorem describes an unexpected connection between
graph C*-algebras and fractal geometry. In this work, this theorem is extended from
ordinary directed graphs to higher-rank graphs. Second, a characterization is given
of the Cuntz-Pimsner algebra associated to a tensor product of C*-correspondences.
This is a generalization of a result by Kumjian about graphs algebras. This sec-
ond result is applied to several important special cases of Cuntz-Pimsner algebras
including topological graph algebras, crossed products by the integers and crossed
products by completely positive maps. The result has meaningful interpretations in
each context. The third result is an extension of the second result from an ordinary
tensor product to a special case of Woronowicz’s twisted tensor product. This result
simultaneously characterizes Cuntz-Pimsner algebras of ordinary and graded tensor
products and Cuntz-Pimsner algebras of crossed products by actions and coactions
of discrete groups, the latter partially recovering earlier results of Hao and Ng and of

Kaliszewski, Quigg and Robertson.
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Chapter 1

OVERVIEW

The study of operator algebras grew largely from a desire to build a rigorous math-
ematical framework for quantum mechanics in the 1930’s and 1940’s. As such,
most concrete realizations of operator algebras occur as algebras of operators on
a Hilbert space. My research involves C*-algebras. Abstractly, a C*-algebra is a
Banach x-algebra such that ||a*al| = ||a||? for all a. In more concrete terms, the cele-
brated Gelfand-Naimark-Segal theorem shows that every C*-algebra is isomorphic to
a closed, self-adjoint algebra of bounded operators on some Hilbert space.

In the 1970’s, J. Cuntz described a family of C*-algebras O,, (now called Cuntz al-
gebras) which can be viewed as the C*-algebra generated by an n-dimensional Hilbert
space. These algebras (and their many generalizations) have proved to be a very
fruitful area of research. Most notably, in the 1980’s, Cuntz algebras were used by
Doplicher and Roberts in one of the most important results of local quantum field
theory: to reconstruct a compact group of gauge symmetries from an algebra of local
observables.

Much of my research involves an important generalization of the Cuntz algebras
known as Cuntz-Pimsner algebras. Where a Cuntz algebra is generated by a Hilbert
space, a Cuntz-Pimsner algebra Oy is generated by a C*-correspondence X. X can be
thought of generalized Hilbert spaces, where the scalar field C has been replaced by a
C*-algebra A. We refer to such an X as a correspondence over A. C*-correspondences
are central to many important ideas in operator theory such as K-theory, induced

representations, and the theory of completely positive maps.



The first main result of this work is a generalization of Ionescu’s theorem. Ionescu’s
theorem describes an unexpected connection between graph C*-algebras and fractal
geometry. More specifically, the theorem is about Mauldin-Williams graphs, which
are generalizations of iterated function systems in which one has a directed graph
with a compact metric space associated to each vertex and a contractive map at each
edge. One can associate a C*-correspondence to such a system in a fairly natural
way. lonescu’s theorem states that the Cuntz-Pimsner algebra of this correspondence
depends only upon the structure of the underlying graph, and is in fact isomorphic
to the graph C*-algebra. In Chapter 3, we show that there is an analog of Ionescus
theorem for higher-rank graphs.

The other main focus of this dissertation is studying how various constructions
involving C*-correspondences relate to the corresponding constructions on the associ-
ated Cuntz-Pimsner algebras. For example, if X is a correspondence over a C*-algebra
A and Y is a correspondence over a C*-algebra B, we can construct the external ten-
sor product X ® Y which will be a correspondence over the (spatial) tensor product
A ® B. In Chapter 4 we will show that the Cuntz-Pimsner algebra of the external
tensor product: Oxgy can be understood in terms of the Cuntz-Pimsner algebras of
the underlying correspondences: Ox and Oy. Specifically, Oxsy is isomorphic to a
subspace of Ox ® Oy. This generalizes a result of Kumjian [Kumjian(1998)] involving
graph algebras.

The later sections of this thesis will involve actions and coactions of groups. The
theory of actions and coactions is deep and complex. However, many have described
it roughly as follows. Just as group actions on ordinary spaces like manifolds help
us study the symmetry of those spaces, coactions of quantum groups on operator
algebras help us study symmetry of “non-commutative” spaces in the spirit of Alain

Connes’ non-commutative geometry programme.



Given an action or a coaction of a group G on a C*-algebra A, one can form a
crossed product C*-algebra A x G which, in a sense, has all of the information about
A, G and the action/coaction encoded into its algebraic structure. This is one of the
most fundamental tools used in the study of actions and coactions. Crossed product
constructions also exist for actions and coactions of groups on correspondences and
also for coactions of quantum groups on C*-algebras and correspondences.

Over the past several years, there have been many results published relating ac-
tions and coactions on correspondences to actions and coactions on their Cuntz-
Pimsner algebras. These results state that under suitable conditions, Ox.g = Ox X
G. This was done first for actions by Hao and Ng [Hao and Ng(2008)], then for coac-
tions by Kaliszewski, Quigg and Robertson [Kaliszewski et al.(2012)] and finally for
coactions of quantum groups by Kim [Kim(2014)].

Although the results just mentioned seem to be of a somewhat different nature
than my result about tensor products of correspondences, one of the main results of
this thesis provides a very strong connection between them. This was inspired by
recent work of Meyer, Roy and Woronowicz which shows that tensor products and
crossed products by quantum group coactions can be viewed as special cases of a
much more general construction which they refer to as a twisted tensor product. They
use the symbol X in place of ® to distinguish twisted tensor products from ordinary
tensor products.

In the framework of Woronowicz et. al., all of the results above, whether they
involve tensor products or crossed products, all take the form Oxgy = Ox Kr Oy.
This suggests that these seemingly disparate results might all be special cases of one
more powerful result involving twisted tensor products. While we will not prove this

in the full generality of quantum groups, we will show it to be true for discrete groups.



Chapter 2

PRELIMINARIES

2.1 Correspondences and Cuntz-Pimsner Algebras

In this section we will recall some basic facts about C*-correspondences and Cuntz-
Pimsner algebras. Every part of this thesis involves correspondences and Cuntz-
Pimsner algebras in some form or another, so the results of this section will be im-

portant throughout.
2.1.1 Correspondences

Suppose A is a C*-algebra and X is a right A-module. By an A-valued inner

product on X we shall mean a map
XxX3(x,y)—= (z,y)a €A
which is linear in the second variable and such that
1. (x,z)4 > 0 for all z € X with equality only when z = 0.
2. (z,y)% = (y,x)4 for all z,y € X.
3. (x,y-a)s = (z,y)aa for all z,y € X and a € A.

Note that this implies that (-,-) 4 is A-linear in the second variable and conjugate A-
linear in the first variable. One can prove a version of the Cauchy-Schwartz inequality

for such X, which implies that we can define the following norm on X:

1
2]l = [[{z, z) 4|2



If X is a right A-module with an A-valued inner product, X is called a right
Hilbert A-module if it is complete under the norm || - || 4 defined above. Note that if
A = C then X is just a Hilbert space and we can think of general Hilbert modules as
Hilbert spaces whose scalars are elements of some C*-algebra A.

Also note that we can make A itself into a right Hilbert A-module by letting the
right action of A be given by multiplication in A and A-valued inner product given
by (a,b) 4 = a*b. We call this the trivial Hilbert A-module and denote it by A4.

Let A be a C*-algebra and let X be a right Hilbert A-module. If T": X — X
is an A-module homomorphism, then we call T" adjointable if there is an A-module

homomorphism 7™ (called the adjoint of T') such that

<T*£L', y>A = <:I"7 Ty)A

for all x;y € X. The operator norm makes the set of all adjointable operators on X
into a C*-algebra which we denote by L£(X).

Given C*-algebras A and B, an A — B-correspondence is right Hilbert B-module
X together with a homomorphism ¢ : A — £(X) which is called a left action of A
by adjointable operators. For a € A and € X, we will write a -z for ¢(a)(x). If
A = B we call this a correspondence over A (or B). We call the left-action injective
if ¢ is injective and non-degenerate if $(A)X = X. We will sometimes write 4 Xp to
indicate that X is an A — B correspondence. Before we continue, we will give a few

examples of correspondences.

Example 2.1.1 (Example 8.6 in [Racburn(2005)]). Let A be a C* algebra and let «
be an endomorphism of A. We can make the trivial module A, into a correspondence

over A by defining ¢(a)(z) = a(a)z.

Example 2.1.2 (Example 1.2 of [Fowler and Raeburn(1998)]). Let E =
{E° E',r, s} be a directed graph (in the sense of [Raeburn(2005)]). Consider the
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vector space c.(E') of finitely supported functions on E!'. We can define a right

action of ¢o(E°) and a c(E°)-valued inner product as follows:

(T, Y) om0y (V) = Z z(e)y(e)

{e€E':s(e)=v}

(2 - a)(e) = x(e)als(e))

We can use the norm defined by this inner product to complete c.(E') into a right

Hilbert module X (E). We can define a left action ¢ : ¢o(E°) — L(X(E)) as follows

This makes X (F) into a correspondence which is referred to as the graph correspon-

dence of E.
This example has a natural generalization:

Example 2.1.3 (Definition 3.11 of [Katsura(2003)]). A topological graph is a quadru-
ple E = {E° E' r s} where E° and E' are locally compact Hausdorff spaces, r :
E' — E° is a continuous function, and s : E' — EY is a local homeomorphism.
Let A := Cy(E"). We can define left- and right-actions of A and an A-valued inner
product on C.(E") similarly to the way we did for ordinary graphs: For a € A and
z,y € C.(E"Y), let

(- a)(e) == z(e)a(s(e))
(@ y)alv) = > z(e)yle)

{e€E':s(e)=v}
We denote the completion of C.(E') under the norm defined by this inner product
by X (F). It can be shown ([Raeburn(2005)] p.80-81) that the left action is injective
if and only if 7 has dense range and the left action is implemented by compacts if and

only if r is proper.



Let X be a Hilbert module over a C*-algebra A. Then for any z,y € X the map
Ouy 12— x-(y,2)a is an adjointable operator called a rank-one operator. It can be
shown that the closed span of the rank-one operators forms an ideal K(X) in £(X)
which is referred to as the set of compact operators. If X is an A — B-correspondence,
we say that the left action ¢ of A is implemented by compacts if p(A) C K(X).

There are two types of tensor products which are usually defined on correspon-
dences, an “internal” tensor product and an “external” tensor product. These are
defined as follows (see chapter 4 of [Lance(1995)] for more detail): Let 4Xp and
cYp be correspondences and let ® : B — C be a completely positive map (see
[Blackadar(2006)] for the basics of completely positive maps). Let X ®¢ Y be the

quotient of the algebraic tensor product X ® Y by the subspace spanned by
{z-b@y—2@®(b)-y:z€ X,ycY,be B}

This is a right D-module with right action given by (r®y)-d = (z®y-d). We define

a D-valued inner product as follows:

(z@y, 2 @y) =y, ®(z,2)5) - V)b
For a proof that this is indeed an inner product, we refer the reader to the proof of
Proposition 4.5 of [Lance(1995)]. We refer to the completion of X ®¢ Y with respect
to the norm defined by this inner product as the internal tensor product of X and
Y and it is denoted by X ®¢ Y. If ¢4 : A — L(X) is the left action on X, then
we can define a left action of A on X ®¢ Y by ¢(a)(z @ y) = (¢ala)z) @ y. This
makes X ®¢ Y an A— D correspondence. In many situations we will have B = C' and

® = 1dp. In this case we will write the associated internal tensor product as X ®g Y.

Example 2.1.4. If ® : A — B is a completely positive map between two C*-algebras,
then we define the correspondence associated to ® to be the correspondence X¢ :=

4A 4 ®e gBy where 4A, and By are the standard correspondences.

7



Let 4 Xp and ¢Yp be correspondences. We can define a right action of B® D and

a B ® D-valued inner product on the algebraic tensor product X ® Y as follows

(z®y)-(a®b) = (r-a)®(y-b)
@y, 2" ®@y) = (z,2)s® (y,y)p
The completion of X ® Y with respect to the norm defined by this inner product is
called the external tensor product of X and Y which we will denote simply by X @Y.
We can define a left action of A® C as follows: ¢(a®c)(z®y) = (¢a(a)z) @ (dc(c)y).
This makes X ® Y an A® C' — B ® D correspondence.
If®: A — C and ® : B — D are completely positive maps, then & @ ¢’ :

A® B — C® D will be a completely positive map as well. In fact:

Lemma 2.1.5. Let 4 X ar, gYn, cZcr, and pWpe be correspondences and let  : A" —

C and ' : B' — D be completely positive maps. Then
(X ®e Z) @ (Y @ W)= (X QYY) Qager (Z QW)

Proof. Note that the left hand side is the completion of X ® Z ©® Y ® W under the
norm defined by a certain pre-inner product and the right hand side is the completion
of X ®©Y ® Z ® W under the norm defined by a certain pre-inner product. We can

show that the linear map
033: XOZOYOZ—=-XOYOZOW
TR 2ZRYRX 2 ITRYRzR W
extends to a correspondence isomorphism
(X ® 2) @ (Y Qe W) = (X ®Y) Qoger (Z @ W)

by showing that o35 preserves the pre-inner products. By linearity it suffices to show

this for elementary tensors. Let (-,-); denote the pre-inner product which gives rise
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0(X®epZ)® (Y ®e W). Let (-, )2 denote the pre-inner product which gives rise to
(X ®Y) ®snae (Z @ W). Then

<O'23($ RzRYX w>,0'23(x R®zRYR 'l,U)>2

=(rQYURzQuW,r Y @7 Quw),

@@(I))((x®y,x'®y'>)(z’®w’)>

(-2
<z (@ ® ) ((z, ’>®<y,y’>)(Z’®W')>
<
<

z@w, (P((z,2)7) ® (@’((y,y’))w’)>
z,®(( >®<w ' ((y, ))w'>

=r®z2yQuw,r 2y @)

Thus o093 extends to an isomorphism giving us
(X ®2) (Y Qe W)X (X QY) Qage (W Z)
[

Example 2.1.6. Let ®: A — C and ¢’ : B — D be completely positive maps. Since

4A, @ By = A®B(A ® B)A@B and Co ® pDp = C®D(C ® D)C@D We have:

Xowe = (aep(A @ B) agp) @ace (con(C @ D)cgp)

= (444 ® pBp) ®agar (¢Cc @ pDp)
Applying the preceding lemma gives:

=~ (1A, ®o oCc) ® (pBp ®¢ pDp)

= Xo @ Xo/

Thus X@@@/ = Xq> X Xq>/.



The following facts (see Chapter 4 of [Lance(1995)]) will be useful in proving our

main result:

Lemma 2.1.7. Let Xand Y be C*-correspondences over C*-algebras A and B re-
spectively. Then K(X @ V) = K(X) ® K(Y) via the map k which takes S @ T €
K(X)® K(Y) to the linear map x @ y — Sz ® Ty. Further, if the left actions of A
and B are injective and implemented by compacts then so is the left action of A® B

on X®Y.
Graph algebras provide an interesting example of external tensor products:

Example 2.1.8. Let £ = {E° E',r,s} and F := {F° F' v/ s} be topological
graphs. Define

ExF:={E"'xFO E' x F',r x1',s x 5'}

(i.e. the topological analog of the product graph in [Kumjian(1998)]). Since the
product of two continuous maps is continuous and the product of two local home-

omorphisms is a local homeomorphism, E x F' is a topological graph. Let p :
C()(EO) & Co(FO) — Co(EO X FO) and o : CQ(El) X Co(Fl) — C()(El X Fl) be
the standard isomorphisms. Note that o(C.(E') @ C.(F')) C C.(E* x F') and that

o((a®b) - (x@y)(e, f)=o(a-z®b-y)(e, f)

)z(e)b(r(f))y(f)
)o(r' () z(e)y(f)
= pla®b)(r(e),”'(f))o(z @ y)(e, f)

¢)
¢)

I
S

r (&

(
:a(r(
(r(

Similarly,

o((z@y) - (a®b))(e. f) = oz ®@y)(e, fpla®b)(s(e), s'(f))

10



Let A = Co(E°) and B = Cy(F°). If (-,-); is the A ® B-valued tensor product
associated to the external tensor product X (F) ® X (F') and (-, )2 is the Co(E x F)

valued inner product associated to X (E x F') then:

p((z @y, 2" @y'))(v,w) = p({z,2")a ® (y,y)5) (v, W)

= (z, 7)) a(v)(y, ¥ ) B(w)

Extending linearly and continuously, we see that (p, o) gives an isomorphism of cor-

respondences: X(F x F) = X(FE)® X(F).

For Chapter 3, we will wish to recall the following from [Echterhoff et al.(2000),
Proposition 2.3]. For two non-degenerate homomorphisms ¢,v : A — M(B), the
standard A — B correspondences B and B are isomorphic if and only if there is a
unitary multiplier u € M (B) such that ¥y = Aduoy (the special case of imprimitivity
bimodules is essentially [Brown et al.(1977), Proposition 3.1]). In particular, if B is
commutative then ,B = ;B if and only if ¢ = 1.

In Chapter 5, we will need the following definition:

Definition 2.1.9. Let X be an A — B correspondence. A generating system for X is
a triple (A% X° B%) where A° C A, X° C X and BY C B such that span(A4°) = A,
span(XY) = X, and span(BY) = B and such that for all 7,5 € X° we have that
(z,y)p € B® and az,xb € X° for all a € A” and b € B®. If A= B and A° = B° we

will denote the generating system by (X°, A%).

11



We will make frequent use of the following fact:

Lemma 2.1.10. Let X be an Ay — By correspondence and Y be a Ay — Bo correspon-
dence. Suppose that (A%, X°, BY) and (AS,Y°, BY) are generating sets for X and Y
respectively. Let o4 1 Ay — As and ¢ : By — By be isomorphisms. Suppose there is
a bijection ®g : X° — YO, which preserves the inner product, left and right actions,

and scalar multiplication. That s

(Do (), CI>0(x')>; = goB((x,x/ﬁé) for all v,2" € X"
Op(ax) = pa(a)Po(z) for allz € X° and a € A°
Og(xb) = Py(x)p(b) for allz € X° and b € B
Oy (cx) = cDo(x) for allz € X° and c € C

Then ®y extends linearly and continuously to a correspondence isomorphism ® : X —

Y.

Proof. Let z € span(X"), then x = >, ¢;x; for some z; € X° and ¢; € C. We
define ®(z) = ). ¢;Po(x;). First, we must verify that ¢ is well defined on span(Xj).
Suppose Y, c;x; and Y ', d;x; are both equal to x € X with z;,2; € X°. Let

y=> i ci®o(x;) and y = 3 ", d;®o(z7). Then

ly =y II>P={y—y.y—v)

= ciPo(z;) d; o (x ci®o(z;) d;Po(x
Z 5y Z »

i=1 i=1

3

n,n m,m

= @ (Po(a:), Polr;)) m + Y did(Po(}), Do)
i,5=1 i,j=1
=) Gd(Do(x;), Po(2))) 5 — Z dic; (Do(z}), Po(z;))
i,j=1 1,j=1
= acion((wi,a5)8) + Y didjos (2, ) )
i,j=1 t,y=1

12



- Z Gdjpr((ri,7))8) — Z dicjon ({2}, 75)B)

4,j=1 1,j=1

where we have used the fact that ¢ is an isomorphism and thus linear.
For x,2' € X" we have
v Y
<‘I)(95), ‘I)(xl)>3 = < Z ci®o(z:), Z C;-‘I)o(x;')>3
i J
o — M\Y
= Z Cicj<q)0<xz‘)7 CIDO(mj)>B
4,3
.3
!’ X
= ¥B << Z CiTy, ; ijj>B>
= ¢B <<ZE, $/>§>

Therefore, ® preserves the inner product on span(X°) and thus also preserves
the norm on span(X?) and so ® is bounded and can be extended continuously to
span(X°) = X. Hence, for any z € X we can approximate z ~ Y, ¢;z; with z; € X°.
Thus for any ag € A° we have

D(agz) ~ CID(aO ZQ’Z@') = Zciq)(aozi) = palap) Z c;i®(2;) = palag)®(2)
50 ®(agz) = wa(ag)®(z) and similarly ®(zby) = ®(2)¢pr(b) for by € B°. For arbitrary
a € A we may approximate a = ) . ¢;a; with a; € A and we see that

D(az) ~ Zciq)(aiz) = @A<Zciai>fb(z) ~ pa(a)P(z)

(2

13



So ®(az) = pa(a)®(z) for all a € A and similarly ®(zb) = ®(2)pp(b) for all b € B.
We already know that ¢ is injective since it preserves the norm, so we only have to

show that it is surjective. To see this note that
®(X) = span(Py(X")) =span(Y?) =Y

So we have established that ® is a linear isomorphism from X to Y which preserves
the left and right actions and the inner product, in other words ® is a correspondence

isomorphism. O

Given a Hilbert module (X, A), we define the linking algebra of (X, A) to be the
C*-algebra L(X) := K(X @& A). There are complimentary projections p and ¢ in
M(L(X)) such that pL(X)p = K(X), pL(X)q = X, and ¢L(X)q = A. This gives

L(X) the following block matrix decomposition:

KX) X
L=
X A
10 0 0
with p = and ¢ = . The benefit of using linking algebras is that the
0 0 01

algebraic properties of X are encoded into the multiplicative structure of L(X):

0 x 0 0 0 za

. = (2.1.1)
0 0 0 a 0 0
0 =z 0 vy 0 0

= (2.1.2)

0 0 00 0 (z,9)a
0 z 0 O,, 0

N R I (2.1.3)
0 0 0 0 0 0

14



Let X be an A — B correspondence. We define the multiplier correspondence
M(X) of X to be the set of all adjointable maps B — X. This can be viewed as a

M (X) — M(B) correspondence with operations given by:
(n-T)b=mn-(Tb)
(T -m)b="T(mb)
(T, S)m(p

where n € M(A), T,S € M(X) b € B, and m € M(B) (see Corollary 1.13 of
[Echterhoff et al.(2002)] for details).

2.1.2 Cuntz-Pimsner Algebras

In order to describe the Cuntz-Pimsner algebra of a correspondence, we will first
need to discuss representations of correspondences. Given a correspondence X over a
C*-algebra A, a Toeplitz Representation of X in a C* algebra B is a pair (¢, 7) where

1 : X — B is a linear map and 7 : A — B is a *-homomorphism such that

1. Y(a-z) =m(a)y(x) for all a € A and all z € X.

2. Y(z-a) =(x)r(a) for all a € A and all z € X.

3. m({(z,y)a) = ¥(x)*P(y) for all z,y € X.

(Note that 2 is actually implied by 3 but we include it for clarity.) We will write
C*(¢, ) for the C*-subalgebra of B generated by the images of ¢ and 7 in B. There
is a unique (up to isomorphism) C*-algebra Ty, called the Toeplitz algebra of X, which
is generated by a representation (ix,i4) which is “universal” in the sense that for any
representation (¢, 7) of X in any C*-algebra B, there is a unique *-homomorphism
X m:Tx — Bsuch that ¥ = () X 1) 04 and m = (¢ X 7) o ix. This construction

is discussed in detail in [Katsura(2004)].

15



Suppose X and Y are correspondences over A and that 7 : A — B is a homo-
morphism. Suppose further that there are linear maps ¢ : X — B and p:Y — B
such that (¢, m) and (u,7) are Toplitz representations of X and Y. It is shown in
Proposition 1.8 of [Fowler and Raeburn(1998)] that there is a Toeplitz representation
(Y @ p,m) of X ®4Y in B such that (¢ ® p)(z @ y) = ¥(z)n(y).

Let X®" denote the n-fold internal tensor product of X with itself. By convention
we let X® = A. Given a Toeplitz representation (¢, 7) of X in B, we define a map
P X® — B for each n € N as follows: We let ¢° = 7 and 9! = 1 and then for
each n > 1 we set Y™ = ¢ @ "L,

Proposition 2.7 of [Katsura(2004)] states the following: Let X be correspondence

over A and let (¢, ) be a Toeplitz representation of X. Then

C* (¥, m) = span{y"(x)Y™ (y)* : v € X®",y € X}

From Lemma 2.4 of [Katsura(2004)] we get the following: Let (¢, w) be a Toeplitz
representation of X in B. For each n € N there is a homomorphism ™ : (X®") —

B such that:
1. 7(a)™ (k) = ™ (p(a)k) for all a € A and all k € K(X®").
2. W (k)p(x) = (k) for all z € X and all k € K(X®).

Let X be a correspondence over a C*-algebra A. We define the Katsura ideal of A to
be the ideal:

Jx ={a€A:¢(a) € K(X) and ab =0 for all b € ker(¢)}.

Where ¢ is the left action. This is often written more compactly as Jx = ¢! (IC(X )) N
(/{;er(gb))L. In many cases of interest, one can consider only correspondences whose

left actions are injective and implemented by compacts. In this case we have Jx = A.

16



The Katsura ideal is also sometimes described as the largest ideal of A which maps
injectively into the compacts. This is made precise by the following proposition (see

[Katsura(2004)]):

Proposition 2.1.11. Suppose X is a correspondence over a C*-algebra A, ¢ is the
left action map, and I is an ideal of A which is mapped injectively into K(X) by ¢.
Then I C Jx.

We are now ready to define the Cuntz-Pimsner algebra Ox. A Toeplitz represen-
tation is said to be Cuntz-Pimsner covariant if ) (¢(a)) = 7(a) for all a € Jx. The

Cuntz-Pimsner algebra Ox is the quotient of Tx by the ideal generated by

(i (6(a)) —iala) : a € Jx} (2.1.4)

Letting g : Tx — Ox denote the quotient map, Oy is generated by the Cuntz-Pimsner
covariant representation (ky,ks) = (qoix,qois) and that this representation is
universal for Cuntz-Pimsner covariant representations: if (¢, 7) is a Cuntz-Pimsner
covariant representation of X in B, then there is a *-homomorphism ¢ x 7 : Ox — B
such that ¢ = (Y x m) o kx and m = (¢ X 7) 0 ka.

This construction in its present form is due to Katsura and is discussed in detail in
[Katsura(2004)]. It is worth noting, however that this is a modification of Pimsner’s
original Ox defined in [Pimsner(2001)]. This was the quotient of Tx by the ideal
generated by {zg? (¢(a)) —iala) : a € ¢7(K(X))}. In many papers (particularly
those which predate Katsura’s work) this is what is meant by the Cuntz-Pimsner
algebra (see for example [Fowler and Raeburn(1998)]). In this thesis however, we
shall always take the term “Cuntz-Pimsner algebra” and the notation Ox to refer to
the quotient of Tx by the ideal generated by (2.1.4). Note that the two definitions

coincide when ¢ is injective.
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Example 2.1.12. If E is a directed graph and X (F) is the graph correspondence of
Example 2.1.2, then Oxp) = C*(E) where C*(E) is the C*-algebra of the graph (see
[Raeburn(2005)] for details). For this reason, if F' is a topological graph, the graph
algebra of I is defined to be Ox ).

One of the most important results about Cuntz-Pimsner algebras is the so-called
“gauge-invariant uniqueness theorem”. In order to state this theorem we need the
following definition: Let (¢, 7) be a Toeplitz representation of a correspondence X.
Then we say that C*(¢,m) admits a gauge action if there is an action v of T on

C*(¢, ) such that:

1. 7. (m(a)) = m(a) for all z € T and all a € A.

2. 7. (¢(x)) = 2z¢(z) for all z € T and all z € X.
When such an action exists, it is unique.

Theorem 2.1.13 (“Gauge Invariant Uniqueness Theorem” (6.4 in [Katsura(2004)])).
Let X be a correspondence over A and let (¢, ) be a Cuntz-Pimsner covariant repre-
sentation of X. Then the x-homomorphism ¢ x 7 : Ox — C*(¢, ) is an isomorphism

if and only if (¢, ) is injective and admits a gauge action.
2.2 A-Systems

In this section we will recall some basic information about A-systems and topologi-
cal k-graphs. These will be necessary for the extension of lonescu’s theorem presented

in Chapter 3, but will not be used in the remainder of the text.
2.2.1 A-Systems

We will briefly recall a few basic facts about higher-rank graphs. These objects

were first introduced by Kumjian and Pask in [Kumjian and Pask(2000)]. A graph of
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rank k is a countable category A together with a functor d : A — N* which satisfies
the factorization property: for A € A, if d(\) = m +n, n,m € N then there are
unique p,v € A such that A = pv and d(p) = m and d(v) = n. We view N¥ as a
category with one object and morphisms generated by £ commuting morphisms. The
functor d is referred to as the degree map. For n € N* we define the set of paths of
length n to be the set d~*(n) which is denoted by A™. If k = 1, then {A% Al r s} is a
directed graph and A is the category of paths in the graph. We say that A row-finite
if 7~1(v)NA™ is finite for every v € A® and every n € N¥. We say the A has no sources
if for every v € A" and every n € N¥ there is a path A € A" such that r(\) = v.
Throughout, A will be a row-finite k-graph with no sources, so that the associated
Cuntz-Krieger relations take the most elementary form. In [Deaconu et al.(2010)],
Deaconu, Kumjian, Pask, and Sims introduced A-systems of correspondences: we

have a Banach bundle X — A with fibers { X} ca such that
1. for each v € A%, X, is a C*-algebra;
2. for each A € uAv, X, is an X, — X, correspondence;

3. there is a partially-defined associative multiplication on X = [ |,_, X, that is

compatible with the multiplication in A via the bundle projection X — A;

4. whenever A\, ¢ A” and s(\) = r(p), 2@y = xy : Xy ®a,,, X, — Xy, is an

isomorphism of A,y — Ay, correspondences;

®)

5. the left and right module multiplications of the correspondences coincide with

the multiplication from the A-system.

For a A-system X of correspondences, we will write
ox: Xy = L(X)) for A € uA
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for the left-module structure map. Note that the multiplication in X induces X, — X,
correspondence isomorphisms X, ® X, =& X, for all A € uAv, but only induces
isomorphisms X, ® X, = X, if every correspondence X, is non-degenerate.

Given A-systems X and Y of correspondences, a map 0 : X — Y is a A-system

isomorphism if

1. for all A € uAwv,
6))\ = 9|X>\ X — Y

is an isomorphism of correspondences with coefficient isomorphisms 6,, 0,;

2. for all A € uAv, p € vAw,

0x(£)0,(n) = 0x,(&n) forall £ € Xy, ne X,,.

Since the multiplication in the A-system induces the left and right module multipli-

cations for the correspondences, in the above we can relax (1) to

(1) for all A € Av, 0, : X\, — Y, is a linear bijection satisfying

(OA(£),0x(n))y, = 0,((§,m)x,) forall §,n € Xy,

because (2) takes care of the coefficient maps. We emphasize that we’re requiring that,
for each v € A%, 6, be the right-hand coefficient isomorphism for every correspondence
isomorphism 6, with s(\) = v, and also the left-hand coefficient isomorphism for every
correspondence isomorphism 6, with 7(\) = v. Thus, if X and Y are isomorphic A-
systems of correspondences, then without loss of generality we may assume (if we
wish) that X, = Y, and 6, = idy, for every vertex v, so that 0, : X, — Y, is an

X, — X, correspondence isomorphism whenever A € uAwv.
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2.2.2 'Topological k-Graphs

Recall [Yeend(2006)] that a topological k-graph is a k-graph I' equipped with a
locally compact Hausdorff topology making the multiplication continuous and open,
the range map continuous, the source map a local homeomorphism, and the degree
functor d : I' — NF continuous. Carlsen, Larsen, Sims, and Vittadello show in
[Carlsen et al.(2011), Proposition 5.9] that every topological k-graph I' gives rise to
an NF-system Z of correspondences over A := Cy(T"°) as follows: For each n € N* let
Z, be the A-correspondence associated to the topological graph (I'°, T, s|pn, 7|pn ), s0

that Z,, is the completion of the pre-correspondence C.(I'") with operations

(f - €-9)(a) = f(r(@)s(@)g(s(a))
(Emalw) = Y Ean(a),

acl'™y

for &,m € C.(T™), f,g € A. Then for £ € C.(I'),n € C.(I') define &n € C.(I™*T™)
by

(En)(aB) = E()n(B) for a € T", € T™, s(ar) = r(8).
In  [Yeend(2006)], Yeend defined C*(I') wusing a groupoid model, but
[Carlsen et al.(2011), Theorem 5.20] shows that C*(I') = NOgz, where NOy
is the Cuntz-Nica-Pimsner algebra of the product system Z. The topological
k-graphs we encounter in this paper will be nice enough that NOj; will coincide

with the Cuntz-Pimsner algebra O.
2.3 Actions and Coactions of Groups and Quantum Groups

In this section, we will recall some basic results about actions and coactions of
groups. These results will be important in Chapters 4 and 5. Next we will give a brief
overview of the theory of quantum groups and then we will summarize the twisted

tensor product construction of Woronowicz et. al.. These will be used in Chapter 5.
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2.3.1 Actions and Coactions of Discrete Groups

Working with actions and coactions of locally compact groups and their crossed
products can be somewhat complicated. For a general reference we suggest the ap-
pendix of [Echterhoff et al.(2002)]. Restricting attention to discrete groups affords
many simplifications. In this section, we will summarize some of these simplifica-
tions.

First we will briefly recall the basics of actions and coactions. We will assume
throughout that G is discrete. By an action of a group G on a C*-algebra A, we shall
mean a group homomorphism « : G — Aut(A). We will refer to the triple (A, G, a)
as a C*-dynamical system. For s € G we will write a; for the automorphism af(s).
The group C*-algebra C*(G) is generated by a unitary representation G 3 s +— ug €
UC*(G). We will abuse notation and write s for us. The function dg : C*(G) —
C*(G) ® C*(G) defined by s — s ® s for all s € G is called the comultiplication
map on C*(G). There is a comultiplication map defined for any locally compact
group, but in general it will map into M(C*(G) ® C*(G)). See the appendix of
[Echterhoff et al.(2002)] for more details.

A covariant representation of the system (A, G, a) in a C*-algebra B consists of
a nondegenerate homomorphism 7 : A — M(B) and a strictly continuous group
homomorphism U : G — UM (B) such that (as(a)) = Usr(a)U; for all s € G and
all a € A. The full crossed product of (A,G,«) is the completion of c.(G, A) with
respect to the norm

171 = sup{|| > w (1)U

seG

: (m,U) is a covariant representation of (A, G, a)}.

The full crossed product is denoted by A x, G. There is a canonical covariant repre-
sentation (i4,ig) of (A,G,a) in A x, G. It has the universal property that for any

covariant representation (7,U) in M (B) there is a unique nondegenerate homomor-
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phism 7 x U : A x, G — M(B) such that (m x U)ois =7 and (7 x U) oig = U.
The map 7w x U is called the integrated form of (w,U).

Let A : G — UM (I*(G)) be the left regular representation of G' on (*(G) and let
M : ¢o(G) — B(I*(G)) be the representation of ¢y(G) as multiplication operators.
Then (1", if;) := (ida ® M,1® X) is a covariant representation of (A4, G, «) in M(A®
K(I*(G)). The reduced crossed product of (A, G, ) is defined to be the image of
A %, G under the integrated form 'y x 7. It is denoted A %, , G.

If (A, G, ) and (B, G, ) are dynamical systems and X is an A— B correspondence,
then a compatible action of G on X is a group homomorphism v from G to the group

of invertible linear maps on X such that:

'YS(CL : I) = Ozs(a) : ’VS(I)

(v5(2), 75 () B = Bs ({2, 9)B)

forall se G, z,y € X,a€ Aand b€ B.
There is also a notion of a crossed product for correspondences. To see this, note
that we can give c.(G, X) the structure of a c¢.(G, A) — c.(G, B) pre-correspondence

with the following definitions:

frals) =Y fOn(et"s))

teG
zog(s) =Y a(t)n(gt™"s))
teG
(@, ey (5) = > B ((@(t), y(1)8).
teG

The above can be completed into an A X, G — B xg G correspondence X x, G. See
Proposition 3.2 of [Echterhoff et al.(2002)] for details. It will be useful to note that

applying the appropraite action of G to each corner of L(X) gives an action v of G
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on L(X). Again we refer to [Echterhoff et al.(2002)] for the details (specifically to
Lemma 3.3).

A coaction is a triple (A, G, 0) where G is a group (assumed here to be discrete) A
is a C*-algebra and 0 is a nondegenerate, injective homomorphism A — M (A®C*(G))

such that
1. §(A)(1® C*"G)) C A C*(G)

2. (0 ®idg) 0od = (ida ® d¢) o § where both sides are viewed as maps A —
M(A® C*G) ® C*(G)).

A coaction is called nondegenerate if the closed linear span of 6(A)(1 ® C*(G)) is
equal to A® C*(G). We will also refer to the triple (A, G,0) as a coaction. Note that
if G is discrete then C*(G) is unital (with unit u.) and thus §(A4) C 6(A)(1 ® C*(Q))
so by condition 1, § maps into A ®@ C*(G).

Let wg € UM (¢o(G)®C*(@G)) be given by the canonical map G — UM (C*(G)). A
covariant representation of a coaction (A, G,¢) into M (B) is a pair of nondegenerate

homomorphisms (7, i) : (A, ¢o(G)) — M (B) such that:

(7 @ idg) 0 8(a) = (1 ® ide)(we)(r(a) ® 1) (1 ® idg) (e

To define the crossed product algebra of a coaction, we will need some facts from
[Raeburn(1992)]. By Lemma 2.10 of [Racburn(1992)], for any covariant representation
(m, ) of (A,G,9) in M(B), C*(m, u) := W is a C*-algebra. Proposition
2.6 of [Raeburn(1992)] states that for any nondegenerate homomorphism 7 : A —
M(B), the pair ((r ® A) 06,1® M) is a covariant homomorphism of (A4, G, §) into
M (B ® K(I*(G))). If we let B = A and 7 = id4, we get a covairant representation
(ja,jc) == ((ida®N)0d, 1@ M) ofinto M (A®K(I*(G))). The crossed product AxsG
of (A,G,9) is defined as C*(ja, ja)-
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Suppose (A, G, ) and (B, G,w) are coactions and X is an A — B correspondence.
A § — w compatible coaction of G on X is a nondegenerate homomorphism o : X —
M(X ® C*(G)) (where ® is the external tensor product and we are viewing C*(G)

as a correspondence over itself) satisfying:
L. (Laa) ® C*(@))o(G) € X ® C*(G)
2. (c®idg) oo = (idy ® dg) o 0.

The coaction is called nondegenerate if

(1®C*(G))o(X) =X @ C*(G).
Given such a coaction o, there is a unique coaction ¢ of G on L(X) such that

a x d(a) o(x)

€ = |

gy b oly) b

Let (jg,j&) be the canonical covariant representation of (B,G,w) in M(B ®
K(I*(G))) described above. Define jx = (idx ® ) o 0. The crossed product corre-

spondence is defined as the subspace

X %, G = jx(X) - j8(co(@))

of M(X ®K(I*(G))). Propostition 3.9 of [Echterhoff et al.(2002)] shows that X x, G
is an A X5 G — B %, G correspondence. By Lemma 3.10 of [Echterhoff et al.(2002)]
L(X)x.G=L(X %, Q).

Proposition 2.3.1. Let G be a discrete group and let « be an action of G on a C*-
algebra A. Let (i"y,i7,) be the canonical representation of the system (A, G, «) in the

reduced crossed product A X, G. Then A X, G is the closed linear span of elements
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of the form i"y(a)ig,(s) where a € A and s € G. These have the following algebraic

properties:

(4(a)its () (I (B)it (1)) = iy (s (6)) (1) (23.1)

(i(@)ig(s)” = i (e (@) i(s™) (2.3.2)

Proof. The fact that the i’y (a)ig(s) densely span A x,, G follows from the definition
of the crossed product. The algebraic properties follow easily from the fact that

in(a)ig(s) = ig(s)i% (as(a)) which we obtain from ig(s)*i"(a)if,(s) = i (as(a)). O

Proposition 2.3.2. Let (7, «) be an action of a discrete group G on a correspondence
(X, A). Let (i%,i",i%,i5) be the canonical representation of the system in the crossed
product (X X, G, A Xo, G). Then X X, G is the closed linear span of i’ (x)iX(s)

where x € X and s € G. These satisfy the following algebraic properties:

(% (@)i (5)) (i (a)id (1) = i (w0(a) )i (s1) (23.3)
(5 @i (), i WIED) .. = Taloss ((@,9)4))i(s™0) (23.4)
(17 (@)ih(s)) (5 (2)i (1) = i (as )i (st) (2:3.5)

Proof. The fact that the i (z)ig (s) densely span X x., . G follows from the definition
of the crossed product. To understand the algebraic properties, recall that L(X X,
G) = L(X) %,, G where v is the action on L(X) induced by (v,«). Equations
(2.3.3) and (2.3.4) are then easily deduced by applying the previous proposition to
L(X) %, G. (2.3.5) follows from the fact that the left action must be covariant with

respect the action. O

Corollary 2.3.3. If X is a correspondence over A and (v, «) is an action of a discrete

group G on (X, A) the sets

(X X, G)o = {i%(2)ig(s) : v € X, s € G}
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(A X, Qo= {i%(a)ia(s) :a € A s € G}
form a generating system for X x., G in the sense of Definition 2.1.9.

The simplification of crossed products by coactions of discrete groups come from
the realization that coactions by discrete groups can be viewed as gradings. This
idea is presented in detail in [Quigg(1996)], but we briefly summarize the main points

here. We refer the reader to [Quigg(1996)] for the proofs.

Notation 2.3.4. If S and T are closed subspaces of a C*-algebra A, we will write
S - T for the closed linear span of products of elements of S with elements of T". In
other words:

ST :=span{ab:a € S,beT}.

Proposition 2.3.5. Let § : A — M(A® C*(G)) be a nondegenerate coaction of a
discrete group G on a C*-algebra A. Then A = Span{Ag}scqg where As = {a € A :

d(a) = a® us}. Furthermore,

A, - A, C Ay (2.3.6)

Af = Ay (2.3.7)

s

Proposition 2.3.6. Let § be a coaction of a discrete group G on a C*-algebra A and
let (ja,jc) be the canonical representations of A and co(G) in the crossed product
A xsG. Then A x5 G is densely spanned by elements of the form ja(as)ja(f) where

as € As, [ € co(G) and These satisfy the following relations:

(ja(@)ja(f)) (jalas)ia(g)) = jalaas)jc (A1 (f)g) (2.3.8)
(Jaas)ia(f))" = ja(a)ia(A(F) (2.3.9)
where \s denotes left translation by s on co(Q).
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Applying these propositions to linking algebras helps us to understand coactions

on correspondences:

Proposition 2.3.7. Let (0,0) be a coaction of a discrete group G on a Hilbert module

(X,A). Then X =span{X;}seq where Xs ={x € X : 0(x) = x @ us}. Further:

X, A, C X, (2.3.10)
<$s, It>A c Asflt (2.3.11)
A, X, C X, (2.3.12)

Proof. Let € be the induced coaction on L(X). Then we have a grading L(X) =
span{ L(X)s}seq. Since p and ¢ are in fixed points of the coaction, if z € L(X);

then gzq € L(X)s and pzq € L(X)s. Recall that the restriction of ¢ to ¢L(X)g =

0 0
=~ Ais 0. Thus if a is the element of A corresponding to gzq then €(qzq) =

0 A

0 0
(gzq) ® us if and only if 6(a) = a ® us. Thus ¢L(X)sq = = A,. Similar
0 A

0 X
reasoning shows that pL(X)sq = = X,. (2.3.10) and (2.3.11) then follow

0 0
from multiplication in L(X') together with the grading of L(X). (2.3.12) follows from

the fact that the left module action is covariant with respect to the coaction. O

Lemma 3.4 of [Echterhoff et al.(2002)] shows that L(X %, G) = L(X) x.G. This
fact, together with the preceding propositions, gives us the following characterization

of X x, GG in the case where G is discrete:

Proposition 2.3.8. Let (0,0) be a coaction of a discrete group G on a correspon-
dence (X, A). Let (jx,ja,j&,j&) be the canonical representation of the system in the

correspondence (X X, G, AXsG). Then X x,G is densely spanned by elements of the
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form jx(z)j& (f) where x, € X, and f € co(G). These elements satisfy the following

relations:
(ix (@)7& (1) (alas)i&(9)) = jx(xas)j& (A (f)g) (2.3.13)
Ux @B (D ix @IS @) 4o = a @z )FACe(Ng)  (23.14)
(a(a)i&(f) (x(zs)ic (9) = jx(axs)id (A1 (f)g) (2.3.15)

Corollary 2.3.9. The sets

(X X5 G)p = {]X(xé‘)]g(f) 175 € Xy, f € (G}

(A x5 G)o = {jalas)ig(f) : as € Ay g € c0(G)}
form a generating system for X x, G.

Remark 2.3.10 (Example A.23 of [Echterhoff et al.(2002)]). If G is abelian, then for
every coaction of G corresponds to an action of the dual group G and vice versa.
To see this, we first identify C*(G) and Cy(G) using the abstract Fourier transform:
F(z)(x) = x(z). We also recall that, in this situation, condition 1 from the defini-
tion of coactions is equivalent to & taking values in Cy(G, A) € M(A ® C*(G)) (see
[Echterhoff et al.(2002)] for details). With this in mind, if (A, G, d) is a coaction, then

we define an action o’ of G by setting af((a) = d(a)(x). Conversely, given an action
a of G on a C*-algebra A, we define a coaction 6 by letting 3*(a)(x) = ay(a).

Let (A,G,a) be a C*-dynamical system with G compact and abelian and let
(A, @,(50‘) be the associated coaction of the dual group G. Since G is compact, G
is discrete and therefore §¢ will give a a—grading of A. Identifying A ® C*(@) with
A ® C(G) and this with C(G, A), the elementary tensor a ® u, corresponds to the
map s — x(s)a. Therefore if a € A, then as(a) = d*(a)(s) = x(s)a and so the sets

A, can be thought of equivalently as
A, ={a e A:as(a) = x(s)a, for all s € G}.
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Thus each A, coincides with the so-called spectral subspace associated to x.

Just as every action of a compact abelian group determines a grading by the dual
group, every grading by a discrete abelian group determines an action of its dual
group. To see this, just note that a G-grading of A makes A into a Fell bundle over
G and as in [Quigg(1996)] we get a coaction of G associated to this Fell bundle which

corresponds to an action of G:

Proposition 2.3.11. Let A be a C*-algebra and suppose {As}seq is a G-grading of
A. Let x € G. For each s € G and each a € A, define ay(a) = x(s)a. The maps o,

extend to automorphisms of A such that o : x — oy, s an action ofé on A.
2.3.2 Quantum Groups

There are many different notions of a quantum group. Our quantum groups will
be quantum groups generated by modular multiplicative unitaries. We will briefly
recall some of the basic facts about these quantum groups and refer the reader to

[Timmermann(2008)] for a more in depth overview of the subject.

Definition 2.3.12. Given a separable Hilbert space H, a multiplicative unitary W

is a unitary operator on ‘H ® H such that
WosWis = Wi o Wi3Wos € U(H QH® H) (2316)

where W;; indicates that we are applying W to the i'" and j** factors of H and leaving
the other fixed. Equation 2.3.16 is sometimes referred to as the pentagon equation.
W is called modular if there exist (possibly unbounded) operators @ and Q) on H

and a unitary W € U (H ® H) (where H is the dual space of H) such that

1. @ and @) are positive and self-adjoint with trivial kernels

2. WQoQW=0Q®Q
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3. (@€, WneE)) = [, W(HeQ ¢)) for all ¢ € Dom(Q™), £ € Dom(Q),

and n,n € H

Example 2.3.13 (Example 7.1.4 of [Timmermann(2008)]). Let G be a locally com-
pact group. We can identify L?(G) ® L*(G) with L*(G x G) and define W €
B(L*(G) ® L*(G)) by

(Weal)(s,t) = ((s,s7'1)

Then W is a multiplicative unitary.

Theorem 2.3.14 (Theorem 2.7 of [Meyer et al.(2014)]). For a modular multiplicative
unitary W e U(H Q@ H), set

S = span{ (w ® idy )W : w € B(H).}

S .= span{(idy @ W)W : w € B(H).}

where B(H). denotes the predual of B(H), i.e. the set of normal linear functionals
on B(H). Then:

e S and S are separable, non-degenerate C*-subalgebras of B(H).

e Wel(S®S) CUHRH). When we wish to view W as a unitary multiplier
0f§® S we will denote it by W*° and refer to it as the reduced bicharacter of
S.

e There are unique homomorphisms Ag, 35 :S = S®.S such that

(idg @ Ag)WS = WEWS eU(S© S © S)

(Ag ®ids)WS = WEWS, c U(S® 5 ® 5)
e (S,Ag) and (§, As) are C*-bialgebras
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Definition 2.3.15. A quantum group is a C*-bialgebra G := (S, Ag) arising from a
modular multiplicative unitary as in Theorem 2.3.14. The dual G of G is the bialgebra
(§ , 35) G is generated by the modular multiplicative unitary W = SW*S (where ¥
is the flip isomorphism: x®y — y®x). W is called the dual of W. We will sometimes
write S(W) and S(W) for S and S if we wish to call attention to the multiplicative

unitary which generated S or S.

Example 2.3.16 (Example 7.2.13 of [Timmermann(2008)]). Let G be a locally com-
pact group and let W be the multiplicative unitary described in Example 2.3.13.
Then S(W¢) = CF(G) and §(W0) = (y(G) as C*-bialgebras. We denote the re-

duced bicharacter associated to Wg by We.

Definition 2.3.17. Given two quantum groups G = (S, Ag) and H = (T, Ar), we

define a bicharacter from G to H to be a unitary y € U(§® TA“) such that
(As ®idz)x = xasx13 €US @ T @ T) (2.3.17)

(idg ® Ap)x = xisx13 €US @ S @ T) (2.3.18)

Bicharacters are used in the construction of the twisted tensor product. The
reduced bicharacter from Theorem 2.3.14 is a special case of a bicharacter. In fact
the only bicharacter we will need for our simplified twisted tensor products is the

bicharacter W associated to the multiplicative unitary W¢ from Example 2.3.13.

Definition 2.3.18. A continuous coaction of a quantum group G = (S, Ag) on a

C*-algebra A is a homomorphism ¢ : A — M(A ® S) such that
1. §is 1-1
2. (ida ® Ag)d = (0 ® idg)d
3. 0(A)- 1a®S)=A® S
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We will sometimes refer to A as a G-C*-algebra.
We can also define coactions of quantum groups on C*-correspondences:

Definition 2.3.19. A G-equivariant C*-correspondence over a G -C*-algebra (A, 9)

is a C*-correspondence X over A with a linear map o : X — M (X ® S) such that
1. o(x)d(a) = o(za) and d(a)o(z) = o(ax) for z € X and a € A
2. 5(<$ay>A) = <U(x)70(y)>M(A®S)
3.0(z) - (1®9)=X®S
4. (1®S)-ox)=X®S
5. (e ®idy)o = (idx ® 0)o.

We call the map o a coaction of G on X.
2.3.3 'Twisted Tensor Products

Throughout this section, G = (S, Ag) and H = (T, Ar) will be quantum groups,
x will be a bicharacter from G — ]ﬁl, and A and B will be C*-algebras carrying

coactions 4 and dp of G and H respectively.

Definition 2.3.20 (Definition 3.1 of [Meyer et al.(2014)]). A x-Heisenberg pair (or
simply Heisenberg pair) is a pair of representations 7 : S — B(H) and p : T — B(H)
such that

WiEWs, = Wy Wiixe € U(S© T @ K(H))

where W = ((idg @ m)W¥),, and Wi, = ((idz @ p)W'T),..
Definition 2.3.21. Suppose (7, p) is a Heisenberg pair. Define maps
is: A= M(A® B®K(H))
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ip:B— M(A® B®K(H))
as follows:

iala) = (ida @ m)da(a)s

ip(b) = (idp @ p)dp(b)2s

It is shown in Lemma 3.20 of [Meyer et al.(2014)] that AX, B := i4(A) - ip(B) is
a C*-subalgebra of A ® B ® K(#) and that, up to isomorphism, A X, B does not
depend upon the choice of Heisenberg pair. We refer to AX, B as the twisted tensor

product of A and B and we write a X b for i4(a)ip(b).

This construction can also be extended to correspondences. Recall that, given a

C*-correspondence X over a C*-algebra A, the linking algebra L(X) is the algebra
K(X) X

K(X @& A). This is often thought of in terms of its block matrix form: o )
X A
We will make use of the following proposition:
Proposition 2.3.22 (Proposition 2.7 of [Baaj and Skandalis(1989)]). Let érx) :
L(X) - M(L(X) ®S) be a coaction of G on L(X) such that the inclusion ja :
A — L(X) is G-equivariant. Then there exists a unique coaction o on X such that
JM(x@s) © 0 = 0r(x) © jx where ju(xgs) is the inclusion MX®S)— M(L(X)®5)
and jx 1s the inclusion X — L(X).

Conversely, if o is a coaction of G on X, then there is a unique coaction 5L(X)
of G on L(X) such that jy(xes) © 0 = Orx) © jx and such that ja : A — L(X) is

G-equivariant.
We refer the reader to [Baaj and Skandalis(1989)] for the proof.

Definition 2.3.23. Let (X, A) and (Y, B) be C*-correspondences with coactions of

G and H respectively and let 0.(x) and é.(y) be the induced coactions of L(X) and
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L(Y'). We can form the twisted tensor product L(X) X, L(Y). Viewing X and Y as
subspaces of L(X) and L(Y'), we define

XRY = 100(X) e (V)

Proposition 5.10 of [Meyer et al.(2014)], and the discussion which follows it, shows
that this is a correspondence over A X, B with left action given by ¢x X ¢y. It also

shows that
KXK,Y)=KLX)X, LY) (2.3.19)

a fact which we shall make use of later.
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Chapter 3

IONESCU’S THEOREM FOR HIGHER RANK GRAPHS

3.1 Introduction

In [Ionescu(2004)], Ionescu defines a natural correspondence associated to any
Mauldin- Williams graph. A Mauldin-Williams graph is a directed graph with a com-
pact metric space associated to each vertex and a contractive map associated to each
edge (a more rigorous definition is presented below). These graphs generalize iterated
function systems and have self-similar invariant sets. Ionescu proved that the Cuntz-
Pimsner algebra of the correspondence associated to any Mauldin-Williams graph is
isomorphic to the graph C*-algebra of the underlying graph.

Here we prove an analogue for higher rank graphs. Our arguments make
extensive use of the graph systems of correspondences construction presented in
[Deaconu et al.(2010)] and provide an interesting application of their ideas. We also
define some other systems similar to those defined in [Deaconu et al.(2010)] and
briefly describe how all of these systems fit into what Fowler and Sims refer to in
[Fowler and Sims(2002)] as product systems taking values in tensor groupoids. The
results here are taken from [Kaliszewski et al.(2015)].

This chapter is organized as follows. In Section 3.2 we will define two systems that
closely resemble A-systems of correspondences which we will call A-systems of homo-
morphisms and A-systems of maps. The A-system of maps will be a generalization
of the notion of a Mauldin-Williams graph. After defining some more terminology,
we prove some basic facts about these systems and how they relate to one another.

In Section 3.3 we define a k-graph analog of Mauldin-Williams graphs and prove our
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main theorem which generalizes Ionescu’s main result from [Ion07]. In Section 3.4
we prove that the Cuntz-Pimsner algebra of the correspondence associated to any
A-system of maps can be realized as the graph algebra of a certain topological k-
graph. In Section 3.5 we briefly describe how all of the various A-systems fit in to the
framework described by Fowler and Sims in [Fowler and Sims(2002)]. In Section 3.6
we will examine the question of which A-systems of correspondences arise from the
other types of A-systems described here. Finally, in Section 3.7 we show that, perhaps
disappointingly, the higher-rank Mauldin-Williams graphs of Section 3.3 do not give

rise to any new “higher-rank fractals”.
3.2 Other A-Systems

Throughout this discussion we will take A to be a row-finite k-graph with no
sources. We introduce a few constructions that are similar to A-systems of correspon-

dences:

Definition 3.2.1. 1. A A-system of homomorphisms is a pair (A, @), where A —
A% is a C*-bundle and for each A\ € uAv we have a non-degenerate homomor-

phism ¢, : A, — M(A,), such that

Puowor=pr if s(N) =7r(u)
@, =idy, for v e A,

where @, is the canonical extension of ¢, to M(A,).

2. A A-system of maps is a pair (T,0), where T — A° is a bundle of locally
compact Hausdorff spaces and for each A\ € uAv we have a continuous map
oy: T, — T,, such that

oroo, =0y, if s(A) =7r(n)
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o, =idp, for v e A°.

Remark 3.2.2. 1. Note that we need to impose the non-degeneracy condition on

the homomorphisms ¢, so that composition is defined.

2. Thus, a A-system of homomorphisms is essentially a contravariant functor from
A to the category of C*-algebras and non-degenerate homomorphisms into mul-
tiplier algebras, and a A-system of maps is essentially a (covariant) functor from

A to the category of locally compact Hausdorff spaces and continuous maps.

3. Every A-system (T, 0) of maps gives rise to a A-system (A, oc*) of homomor-

phisms, with
A, = Cy(T,) forve A°

ox(f)=foon for Xe A, feA.

4. Every A-system (A, ) of homomorphisms gives rise to a A-system of correspon-

dences: for A € uAv let X, be the standard A, — A, correspondence ,, A,.
Definition 3.2.3. We call a A-system of maps (T, o)

1. proper if each map oy : Tyny — T5(n) is proper (in the usual sense that inverse

images of compact sets are compact), and
2. dense if each map o) : Ty\) — T;(») has dense range.

Definition 3.2.4. We call a C*-homomorphism ¢ : A — M (B) proper if it maps

into B (and we will also denote it by ¢ : A — B).

Remark 3.2.5. A non-degenerate homomorphism ¢ : A — M(B) is proper in the

above sense if and only if ¢ takes one (hence every) bounded approximate identity
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for A to an approximate identity for B. Also, if 0 : Y — X is a continuous map,
then o* : Cy(X) — M(Cy(Y)) is automatically non-degenerate, and is proper if and

only if ¢ is proper.

Definition 3.2.6. Let X be an A — B correspondence, with left module map ¢4 :
A— L(X)=MK(X)). We call X proper, non-degenerate, or faithful if 4 has the

corresponding property.

Definition 3.2.7. We call a A-system (A, ¢) of homomorphisms proper or faithful if

each homomorphism ¢, has the corresponding property.

Definition 3.2.8. We call a A-system X of correspondences proper, non-degenerate,

full, or faithful if each correspondence X, has the corresponding property.

[Deaconu et al.(2010)] call a A-system X of correspondences regular if it is proper,
non-degenerate, full, and faithful. However, we believe that the fidelity is too much
to ask, both for aesthetic and practical reasons.

Let X be a A-system of correspondences, and let A = @, _ 0 X, be the ¢o-direct
sum of C*-algebras. Then each X, may be regarded as an A-correspondence. For
each n € N*| [Deaconu et al.(2010)] defines an A-correspondence Y,, by

Y, =P X,
AEA™
and [Deaconu et al.(2010), Proposition 3.17] shows that Y = Yy = ||, . Yn is an
N*_system (i.e., a product system over N¥) of A-correspondences, and moreover if
X is regular then so is Y. We will identify X with its canonical image in Yy,
i.e., we will blur the distinction between the external and internal direct sums of the

A-correspondences {X, : A € A"}
Definition 3.2.9. We call a A-system (7, 0) of maps
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1. k-dense if for all v € A? and n € N¥,

and
2. k-regqular if it is proper and k-dense.
Here is a minor strengthening of k-density that we will find useful later:

Definition 3.2.10. A A-system of maps (T, 0) is k-surjective if

T,= |J oa(Tuw) forallve A’ neN:

AEVAT

Definition 3.2.11. We call a A-system (A, ¢) of homomorphisms

1. k-faithful if for all v € A® and n € N*,

ﬂ ker o, = {0},
AEVAT
and
2. k-regular if it is proper and k-faithful.
Definition 3.2.12. We call a A-system X of correspondences
1. k-faithful if the associated N¥-system Yy is faithful, and

2. k-regular if it is proper, non-degenerate, full, and k-faithful.

Remark 3.2.13. 1. If (T,0) is a A-system of maps, then the associated A-system

(A, o*) of homomorphisms is:

e proper if and only if (T, 0) is, and

e faithful if and only if (7', o) is dense.
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2. If (A, p) is a A-system of homomorphisms, then the associated A-system X of

correspondences is:

e automatically non-degenerate and full, and

e proper or faithful if and only if (A, ¢) has the corresponding property.

3. We have organized our definitions so that a A-system X of correspondences is

k-regular if and only if the associated N*-system Yy is regular.

We will need the following variation on the above:

Lemma 3.2.14. 1. If (T,0) is a A-system of maps, then the associated A-system
(A, 0%) of homomorphisms is k-faithful if and only if (T,0) is k-dense, and

consequently is k-reqular if and only if (T, o) is.

2. If (A, p) is a A-system of homomorphisms, then the associated A-system X
of correspondences is k-faithful if and only if (A, ) is, and consequently is

k-regular if and only if (X, ) is.

Proof. (1). This is routine, but we present the details for completeness. First assume
that (T, 0) is not k-dense. We will show that (A, c*) is not k-faithful. We can choose
v € A” and n € NF such that J,,an ox(Tsn)) is not dense in T,. We will show
that (),c,an keroy # {0}. We can choose a nonzero f € Cy(T,) that vanishes on

Useoan @2(Tsny). Then for all X € vA™ and all g € Co(Ty(n)),

ox(f)g = (feor)g=0.

Thus f € ()ycpan ker o3
Conversely, assume that (A, c*) is not k-faithful. We will show that (T, o) is not
k-dense. We can choose v € A” and n € N¥ such that (), . ker o} # {0}. We will

show that (Jyc,an 01 (Ts(n)) is not dense in 7). Choose a nonzero f € [, an ker o3.
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Then choose a nonempty open set U C T, such that f(t) # 0 for all t € U. We will

show that

UnN U U)\(TS()\)> = .

AEVAT
Let t € Uy cynn 02(Ts(n)), and choose A € vA™ and s € Ty such that ¢ = 05(s). Then

choose g € Cy(Ty(n)) such that g(s) = 1. Since f € ker o3,

0= (a5(f)g)(s) = flor(s))g(s) = f(1),

sot¢U.

(2). First assume that (A, ) is not k-faithful. We will show that X is not k-
faithful. We can choose v € A® and n € N* such that (), ker oy # {0}. We will
show that the A-correspondence Y,, is not faithful. Choose a nonzero a € A, such
that py(a) = 0 for all A € vA™. Let

y=(x\) €Y, = EBX,\.
AEA™
Then a -y is the A™-tuple (a - x,), where for A\ € A™ we have

oa(a)xy fr(\)=wv
a- Ty =

0 if r(\) # 0.
Since px(a)xzy = 0 for all A € vA™, x)\ € X\ = Ay, we have a -y = 0, and we have
shown that Y,, is not faithful.

Conversely, assume that X is not k-faithful. We will show that (A, ¢) is not k-
faithful. We can choose n € N¥ such that the A-correspondence Y, is not faithful,
so we can find a nonzero a € A such that a-y =0 for all y € Y,,. Then a = (a,) is
a A-tuple with a, € A, for each v, so we can choose v € A° such that a, # 0. We

will show that a, € [\,c,an Ker @a. Let A € vA? and b € Ayy). Define a vA™-tuple
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(xu) €y, by

b ifp=2A\
T, =
0 if uw# A
Then
oa(ay)b = (ay - (z2)), = 0. O

Remark 3.2.15. The argument in the last paragraph of the above proof is a routine

adaptation of that used in [Deaconu et al.(2010), Proposition 3.1.7].

Our motivation for introducing the properties of k-density and k-fidelity is that
the Mauldin-Williams graphs considered by Ionescu — where we have a 1-graph A
whose 1-skeleton F is finite, a A-system (7', 0) of maps in which each space T, is
a compact metric space and each map o) is a (strict) contraction — are typically
1-dense in the above sense rather than dense. More precisely, a Mauldin-Williams
graph (T, 0) is dense (in our terminology) if and only if every map o, (for e € E') is
surjective, which is usually not the case, and 1-dense if and only if for all v € E° we

have

U oe(Tie) = T(w),

ecvE!

which is always the case (after replacing the original spaces by an “invariant list”).
Thus, since we want to consider a version of Ionescu’s theorem for k-graphs, we must
allow the weakened property of k-fidelity (of Definition 3.2.12) rather than insisting
upon fidelity.

[Deaconu et al.(2010), Definition 3.2.1] define a representation of a A-system X

in a C*-algebra B as a map p: X — B such that

1. for each v € A%, p, : X, — B is a C*-homomorphism;
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2. whenever £ € X),n € X,

A 5 if s(A\) =r
o ©apln) =
0 if otherwise.

3. whenever £ € X, n € X, if d(\) = d(n) then

pson (&M x,ny) HA=p
PA(&) " pu(n) = . o

0 if otherwise,

and when X is regular [Deaconu et al.(2010)] defines a representation p to be Cuntz-

Pimsner covariant if for all v € A°, n € N¥, and a € X,,,

4.
po(a) = D pV(pa(a)),

AEVAT

where p®M = pg\l)

K(X,) — B is the associated homomorphism. Then
[Deaconu et al.(2010)] defines a representation p to be wuniversal if for every
representation 7 : X — C there is a unique C*-homomorphism & = &, : B — C
such that ® o py = 7, for all A € A, and a Cuntz-Pimsner covariant representation
to be universal if it satisfies the above universality property for all Cuntz-Pimsner
covariant representations. Then they point out that, by the non-degeneracy that is
included in the regularity assumption, (1)—(3) above can be replaced by the following
set of conditions: each p, is a correspondence representation in B, p is multiplicative
whenever this makes sense, and p, and p, have orthogonal images for all u # v € A°.

For the NFf-system Y = Yy associated to a regular A-system X,
[Deaconu et al.(2010), Proposition 3.2.3] shows that there is a bijection be-
tween the representations p : X — B and the representations ¢ : ¥ — B such

that

WYouy=py forall A€ A.
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However, it is crucial for our results to note that the proof of [Deaconu et al.(2010),
Proposition 3.2.3] only requires non-degeneracy of Y, not of X.

[Deaconu et al.(2010), Proposition 3.2.5] shows that if X is regular then a rep-
resentation p : X — B is Cuntz-Pimsner covariant if and only if the associated

representation v : Y — B is. We turn this result into a definition:

Definition 3.2.16. Let X be a k-regular A-system of correspondences, with asso-
ciated Nf-system Y, and let p : X — B be a representation of X, with associated
representation ¢ : Y — B. We define p to be Cuntz-Pimsner covariant if ¢ is, in

other words

Z oMoy =p, forallve AP
AEVA™

Remark 3.2.17. To reiterate, the only difference between Definition 3.2.16 and the def-
inition of Cuntz-Pimsner covariance given in [Deaconu et al.(2010), Definition 3.2.1]
is that in the latter the A-system X is required to be regular, while we only re-
quire k-regularity. In any event, [Deaconu et al.(2010), Definition 3.2.7] defines the
C*-algebra of a regular A-system X to be the Cuntz-Pimsner algebra Oy, and in
[Deaconu et al.(2010), Corollary 3.2.6] they notice that the representation pv : X —
Oy is a universal Cuntz-Pimsner covariant representation, where jy : Y — Oy is the
universal Cuntz-Pimsner covariant representation.

We emphasize that, even though we only require the A-system X to be k-regular,
the theory of [Deaconu et al.(2010)] carries over with no problems, as we’ve indi-
cated. They use the notation C*(A, X, x) for the C*-algebra of X, but we’ll write
it as Ox. If p: X — B is any Cuntz-Pimsner covariant representation, we’ll write
®,: Ox — B for the homomorphism whose existence is guaranteed by universality;

[Deaconu et al.(2010)] would write it as ®, », because they write 7 for the restriction

45



of p to the C*-bundle X|yo (and they write A for this C*-bundle, as well as for the

section algebra @, 0 Xy — we reserve the name A for this latter C*-algebra).

Note that since we assume that A is row-finite with no sources, the infinite-path
space A* is locally compact Hausdorff, and is the disjoint union of the compact open
subsets {vA®},cp0. We get a A-system of maps (A*,7), where for A € uAv the
continuous map

7 VAT — uA™
is defined by 7\(x) = Az. Moreover, this A-system is k-regular. This system has
the following properties: if A € uAv then 7, is a homeomorphism of vA*> onto the
compact open set
AT C uA™=,
and consequently 73 is a surjection of C'(uA*>) onto C'(vA>).

Lemma 3.2.18. For each u € A° and X € ul\ let py = s)s%, the set
D, =span{py : A € uA}

is a unital commutative C*-subalgebra of C*(A), with unit p,, and the subalgebras
{Dy}ueno are pairwise orthogonal. Moreover, if D denotes the commutative C*-
subalgebra €, cno D of C*(A), then there is an isomorphism 0 : Co(A>*) — D that
takes the characteristic function of AA®° = {Ax : s(A\) = r(x)} to px and C(ulA*>) to

D,. Finally, the diagram

commautes.

Proof. This is probably folklore, at least for directed graphs, and in any case is stan-

dard: truncation gives an inverse system {A", 7, ,} of surjections among nonempty
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finite sets!, whose inverse limit is A®°, and for each n the commutative C*-subalgebra
D" := span{p, : A € A"} of C*(A) has spectrum A", so the inductive limit D =

span{D" : n € N¥} has spectrum A, O

Definition 3.2.19. Let (T, o) be a A-system of maps. A continuous map ¢ : A — T’
is intertwining if

bory=0y0d forall A € A.

We say (T, 0) is self-similar if there is a surjective intertwining map ¢ : A* — 7.

Proposition 3.2.20. Every self-similar A-system of maps (T, o) is k-surjective, and

each space T}, is compact.

Proof. First, T, is compact because the intertwining property and surjectivity of ®
imply that T, = ®(vA>), which is a continuous image of the compact set vA>. For

the k-surjectivity, if v € A° and n € N* then

T, = ®(vA™)

:@( U )\AOO)
= |J 20>

AEVA™

= J an(@(()A™)

AEVA™

= U ax@i). O

AEVA"
Definition 3.2.21. Let (T,0) be a A-system of maps, and let S C T be locally

compact. For each v € A° let S, = SN T,. Suppose that

ox(S,) C S, whenever A € uAwv.

Ywith 7,0 (A) = A(0,n) for A € A™ and n < m
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Then (S, 0|s) is a A-subsystem of (T, o), where
(ols)r = oals, forall A € A,.

Note that our terminology makes sense: every A-subsystem is in fact a A-system.

Proposition 3.2.22. Let (T,0) be a A-system of maps, and let & : A — T be an

intertwining map. Put

T! = ®(vA™®)  for each v € A°

=T

vEAO

Then (T',0|71+) is a self-similar k-surjective A-subsystem of (T,0), and each T is
compact.
Proof. First of all, each 7, is compact since vA*> is compact and 7, is Hausdorff.

Thus 7" is locally compact, since the sets T, are pairwise disjoint and open. For each

A € ulAv we have

oA(T}) = oA(®(vA™))
= O(AA™)
C P(uA™)
=T,
so (T, 0|r) is a A-subsystem of (T,0). It is self-similar because ® is intertwining
and maps A* onto 7" by construction. Then by Proposition 3.2.20 (1", c|r) is k-

surjective. O

Theorem 3.2.23. Let (T, 0) be a self-similar k-reqular A-system of maps, and let X

be the associated A-system of correspondences. Then
Ox =2 C*(N).
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Proof. Our strategy will be to find a Cuntz-Pimsner covariant representation p : X —
C*(A) whose image contains the generators, and then apply the Gauge-Invariant
Uniqueness Theorem. Recall that for A € uAv, X, is the standard Cy(T,) — Co(T,)

correspondence ,:Cy(T,). Define py : X — C*(A) by

pA(f) = 5:0 0 @°(f) for f € Co(To).

Then p, is linear, and for f, g € Cy(T,) we have

pA(f) palg) = 0(2*(]))s35,0(2"(g))
= 0(2"(f))p.0(®"(9))
= 0(2*(fg))

=po((f. 9)em))-

For A € Av, u € vAw, f € Cyo(T,), and h € Cy(T,,) we have

PA(F)pu(h) = sx0(D*(f))s,0("(h))
= 530(®"(f))ps.0(27 (1))
= 530u0(®" (£))5,0(27 ()
= sxsu Ad s}, 0 (D (£))0(P"(h))
= sl 0 71(@(£))0(P" (h))
= s:,,0(7;, 0 @°(£))0(P"(h))
= 53,0(0" 0 77())0(2* ()
= 53,0 (D" (a7, (f)1))
= pauls(f)D)

= pAu(fh)'

It follows that p : X — C*(A) is a representation.
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Next we show that p is Cuntz-Pimsner covariant. Let u € A° n € NF, and

f e X, =CyT,). We need to show that

pu(f) =D PV opa(f),

AEUA™

where

25\ I(jo(]h) — k:()(A)

is the left-module structure map. We need a little more information regarding the

homomorphism

pN = pg\l) (X)) = C*(A).
For A € uAv we have X, = 5:Cy(T5,), so
K(Xx) = Go(T),

and for g, h € Cy(T,) the rank-one operator 6, ), is given by (left) multiplication by
gh. Thus

PN (gh) = pa(g)pa(h)”
= 5)0 0 ®*(g)0 o ®*(h)s}
= 55000 ®*(gh)s}
= Ad sy 0 py(gh).

Since every function in Cy(T,,) can be factored as gh, we conclude that the homomor-

phism p™ coincides with
Adsy 0 p, : Co(T,) — C*(A).
Also, ¢y : Co(T,) — K(X4) coincides with o5 : Co(Ty,) — Co(T,) (note that o} maps

into Cy(7},) because oy is proper). Thus

ST Wopaf)= Y Adsyofod oo(f)

AEUA™ AEUA™

20



= Z AdsyofoTyod*(f)

AEUA"

= > AdsyoAds} o6 o®*(f)

AEUAT

= ) Adsys}0000"(f)

AEUAT

= Y o ®(f)

AEUAT

= puﬂu(f) (Since Z Px = pu)

AEUAT

= pu(f),

since p,(Co(Ty,)) € D, and p, = 1p,.

Therefore p gives rise to a homomorphism ¥, : Ox — C*(A) such that

U, 0p" =p,

where pX — Ox is the universal Cuntz-Pimsner covariant representation. For each
v € A% the continuous map ® : A — T takes vA* into T),, so ®* restricts to a non-
degenerate homomorphism from Cy(7;,) to C(vA>), and hence the homomorphism
pv : Co(T,,) — D, is non-degenerate. It follows that for each A € Av the generator s,
is in the range of py : X\ — C*(A). Thus ¥, : Ox — C*(A) is surjective.

Finally, we appeal to the Gauge-Invariant Uniqueness Theorem [Deaconu et al.(2010),
Theorem 3.3.1] to show that ¥, is injective. Note that [Deaconu et al.(2010)] assume
that the A-system X is regular, while we only assume that it is k-regular; as we
have mentioned before, k-regularity is all that’s required to make the results of
[Deaconu et al.(2010)] true. First of all, for each v € A, ® maps vA° onto T}, and it
follows that p, : Co(T,,) — D, is faithful. Thus the direct sum

Vla=EPr: P Co(T,) » @ D, C C*(A)

veAD veEAO veEAO
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is also faithful. Let y : T — Aut C*(A) be the gauge action. For A € A", f € Cy(T,,),

and z € T*,
7z 0 pA(f) = 7z (520 0 ©*(f))
= 7:(sx)pu(f)  (since po(f) € Dy C C*(A)7)
= 2"sxpu([)
= 2"pa(f),
so by [Deaconu et al.(2010), Theorem 3.3.1] U, is faithful. O

3.3 Mauldin-Williams k-Graphs

We continue to let A be a row-finite k-graph with no sources.

Proposition 3.3.1. Let (T, 0) be a A-system of maps such that each T, is a complete

metric space and, for some ¢ < 1 and every A € A,

dp(or(t),on(s)) < c'd(’\”év(t, s) forall A\ € Ajt,s € Ty,

where 9§, is the metric on T,, d is the degree functor, and |n| = Zle n; for n =
(n1,...,n,) € N*. Then there exists a unique k-surjective A-subsystem (K, 1) such

that each K, is a bounded closed subset of T,, and in fact each K, is compact.

Note that to check the hypothesis it suffices to show that each of the generating
maps oy for A € A% has Lipschitz constant at most ¢, where ey, ..., ey is the standard

basis for N¥,

Proof. Let
c= ] cw),

veAO

where for v € A° we let C(T,) denote the set of bounded closed subsets of T;,, which

is complete under the Hausdorff metric. Since A° is countable, C is a complete metric
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space. For each n € N¥ define a map 0" : C — C by
5"(C) = | ar(Cu).
A€vA™
As in [Mauldin and Williams(1988)], 0" is a contraction, and so has a unique fixed
point in C. We need to know that the maps {"},,cn+ all have the same fixed point, and
it suffices to show that they commute. Let n,m € N¥. Then for all C = (C,),ep0 € C

and v € A we have

5" 057 (C), = 3" (37(C),

= U n@"0)w)

AEVAT
= U Ox U J#(Cs(ﬂ))
A€vA" pes(A)A™

= U U U/\OUH<CS(M)>

ACVA™ pes(A)A™

= U e (CS(/\;L))

ApEvAn+m

= U 0alCw)

acvAntm
which, by the factorization property of A, coincides with
U U aoa(Cw) =3"3"(C).
HEVA™ AEs(p) A

Letting (K, ),ep0 be the unique common fixed point of o on C, we see that, setting
K = J,ep0 Ky and ¥ = 0|k, the restriction (K, ) of (T, ) is the unique k-surjective
A-subsystem with bounded closed subsets K.

Fix a compact subset of T}, such as the singleton set {x} and notice that the limit
lim, 0 6™ ({}) is the unique fixed point. Since each 6™ ({z}) is compact and since

the set of compact sets is closed in C(T,), it follows that every K, is compact. again
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getting a unique fixed point. But since the compact subsets are among the bounded
closed subsets, the resulting A-subsystem must coincide with the one we found above,

by uniqueness. O]

Definition 3.3.2. A Mauldin- Williams A-system is a k-surjective A-system of maps
(T, o) such that each T, is a compact metric space and, for some ¢ < 1, every

oy : Ty — Thn) is a contraction with Lipschitz constant at most I,

Proposition 3.3.3. Every Mauldin- Williams A-system (T, o) is self-similar, and if

X is the associated A-system of correspondences then Ox = C*(A).

Proof. We adapt the technique of Tonescu [lonescu(2004)]. Let x € vA®, so that
v : Qp — Ais a k-graph morphism. For each n € NF let x(0,n) be the unique
path A € A" such that x = Ay for some (unique) y € s(A)A>°. By definition of
Mauldin-Williams A-system, the range of each 0, ) has diameter at most ¢l Thus
by compactness there is a unique element ®(x) € T, such that

() oz (Tawomy) = {B(2)}.

nenk
We get a map & : A*° — T', which is continuous because for each z € A*> the images
under ® of the neighborhoods x(0,n)A* of x have diameters shrinking to 0. By
construction,

O(\x) = o)\ (P(z)) forall A € Az € s(A)A™,

so @ is intertwining.

We show that ® is surjective. Put 7" = ®(A>°). By Proposition 3.2.22, (7", o|7)
is k-surjective with each T, compact, which implies that 77 = T' by the uniqueness in
Proposition 3.3.1.

Finally, it now follows from Theorem 3.2.23 that Ox = C*(A). O
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Remark 3.3.4. It would be completely routine at this point to adapt lonescu’s tech-
niques to prove a higher-rank version his other “no-go theorem” [lonescu(2004), The-
orem 3.4], namely that there are no “noncommutative Mauldin-Williams A-systems”

of maps.
3.4 The Associated Topological k-Graph

Let A be a row-finite k-graph with no sources, and let (7,0) be a k-regular A-
system of maps. We do not assume that (7, 0) is self-similar unless otherwise noted.

Let (T,0) be a A-system of maps. We want to define a topological k-graph A x T

as follows:
LA*T ={(\t) EAXT :t€Tynk
2. s(\ 1) = (s(),t) and r(\, £) = (r()), o(1)):
3. if s(A) = r(u) and t = 0,(s), then (A, )(, s) = (M, 5);
4. d(M\ 1) = d(N).

A % T has the relative topology from A x T', and is the disjoint union of the open

subsets {A} x Ty, each of which is a homeomorphic copy of Tyy).
Proposition 3.4.1. The above operations make A x T into a topological k-graph.

Proof. This is routine. For instance, it’s completely routine to check that A x T is
a small category and the map defined in (4) is a functor. Let’s check the unique
factorization property: Let (\,t) € A * T and m,n € N*¥ with d(\) = m + n. Then

we can uniquely write A = pv with d(u) = m and d(v) = n. We have

()‘7 t) = (#7 UV(t))(Vv t)? d(“a UV(t)) =m, and d(V7 t) =n,
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and (p,0,(t)) and (v,t) are unique since p and v are. It’s immediate that the degrees
match up and this factorization is unique.

The multiplication on the category A % T is continuous and open because it is in
fact a local homeomorphism from the fibered product (A*T) * (A*T) to A*T, which

for each (A, ) € A x A with s(\) = r(u) maps the open subset

(00 % Tuw) x ({1} % Tugo) ) 0 (A xT) (A5 T))

bijectively onto the open subset {Au} x Ty().
To see that the source map on A % T is a local homeomorphism, just note that it

restricts to homeomorphisms
{A} X Ty = {s(N)} x Ty —~

Remark 3.4.2. One could reasonably regard a A-system of maps as an action of A
on the space T' = | | 0 To, and the topological k-graph A x T as the associated

transformation k-graph.

Remark 3.4.3. If each T, is discrete and every map o : T(n) — T}y is bijective, then
the above k-graph A x T coincides with that of [Pask et al.(2005), Proposition 3.3],
where the main point was that the coordinate projection (A,t) — A is a model for

coverings of the k-graph A.

Proposition 3.4.4. Let (T,0) be a k-reqular A-system of maps, and let (A, ) be the
associated N-system of homomorphisms, which in turn has an associated A-system X

of correspondences. Then

Ox =C*"(AxT),
where A T is the topological k-graph of Proposition 3.4.1.

Proof. Our strategy is to show that Ox and C*(A % T') are isomorphic to the Cuntz-

Pimsner algebras of isomorphic N¥-systems of correspondences. Recall that Ox =2
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Oy, where Y = Yy is the N* system associated to X. Thus for each n € N* we have
Y, =P X,
AEA™
where X is the correspondence over A = @, _ 0 A, naturally associated (via identify-
ing the A,’s with direct summands in A) to the standard A,y — A correspondence
o: As(n) determined by the homomorphism o} : A, — M(Ayn)) given by composi-
tion with o, : Ty — T(w)-

On the other hand, by [Carlsen et al.(2011), Theorem 5.20] C*(A=T") is isomorphic
to the Cuntz-Nica-Pimsner algebra N'Oy, where Z is the N*-system of Cy((A * T)°)-
correspondences associated to the topological k-graph A xT. As we’ll show in this
proof, the N*-systems Z and Y are isomorphic. Since the A-system (T,0) is k-
regular, so is Y, and hence so is Z. In particular, since each pair in N¥ has an upper
bound, and Cy((A *T)°) maps injectively into the compacts on Z,, for every n € N¥,
it follows from [Sims and Yeend(2007), Corollary 5.2] that NOy = Oy, because by
[Fowler(2002), Proposition 5.8] Z is compactly aligned.

Let’s see what the A-system Z looks like in this situation: for each n € N¥, the
correspondence Z,, over Co((A x T)%) is a completion of C.((A *T)"). We can safely
identify (A% T)° with T' = | |, yo To, and hence Co((A*T)°) with A = @, 0 Co(T),
and in this way Z,, becomes an A-correspondence. For &, n € C.((AxT)") = C.(A"xT),

the inner product is given by

Emat) = > X tnn1b), teT,veA
AeEA™Y

and the right and left module operations are given for f € A by

(5 ) f)()‘at) = 5()‘>t)f(t)
(f - O t) = floalt)E(N 1)
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Note that

(A=T)" = | | ({A} x Tun)-

AEAR

Thus for each A € A™v we have a natural inclusion map
C.({A\} x T,,) = Z,,

and Z,, is the closed span of these subspaces. Moreover, their closures form a pairwise

orthogonal family of subcorrespondences of Z,,:
Zn(AN) = C.({\} x T,,) for A € A",

and we see that

Zn =B Z.(N)

AEA™

as A-correspondences.
We will obtain an isomorphism v : Y — Z of N¥-systems by defining isomorphisms

Un 2 Y, — Z, of A-correspondences and then verifying that

Un(€)m(n) = Pnim (&) for all (§,n) € Yo X V.

By the above, to get an isomorphism 4, : Y,, — Z, it suffices to get isomorphisms

Una: Xx = Zp(A) for each A € A™. If A € A"v and
f € CC<T»U) - X)\

define
Y(&) € Cc({A} x To,) C Zn(A)

(&) (A t) = &(1).

Routine computations show that 1, 5 is an isomorphism.
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Now we check multiplicativity, and again it suffices to consider the fibers of the
A-system X: if
Ee X, forxe A"
ne X, foruecuvA™

then for ¢ € T,y we have

(VA (€)W (1) (Mpts 1) = U n (€)X, 0,0 (8) ) (11, T)
= &(ou(t))n(t)
= (&n)(t)
= (Pnrmarn(€n)) O, 1). O

3.5 The Tensor Groupoids

Recall that in [Fowler and Sims(2002)] Fowler and Sims study what they call
product systems taking values in a tensor groupoid. Their product systems are over
semigroups, and here we want to consider the special cases related to our A-systems of
homomorphisms or maps, where the k-graph A has a single vertex, and so in particular
is a monoid whose identity element is the unique vertex. Since we won’t need to do se-
rious work with the concept, here we informally regard a tensor groupoid as a groupoid
G with a “tensor” operation X ® Y and an “identity” object 1g such that the “ex-
pected” redistributions of parentheses and canceling of tensoring with the identity are
implemented via given natural equivalences. As defined in [Fowler and Sims(2002)],
a product system over a semigroup S taking values in a tensor groupoid G is a family

{X;}ses of objects in G together with an associative family {a; }s1es of isomorphisms
as,t : Xs X Xt — Xst7

and moreover if S has an identity e then X, = 15 and a. s, o5 are the given isomor-

phisms 1g ® X = X and X, ® 1g = X;.
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Systems of Homomorphisms

Let A be a C*-algebra, and G be the tensor groupoid whose objects are the non-
degenerate homomorphisms m : A — M(A), whose only morphisms are the identity
morphisms on objects, and with identity 1g = id4. Define a tensor operation on G
by composition:

T & T = T9 O Ty,

where 75 has been canonically extended to a strictly continuous unital endomorphism
of M(A). Standard properties of composition show that G is indeed a tensor groupoid,
in a trivial way: the tensor operation is actually associative, and 15 acts as an actual
identity for tensoring, so the axioms of [Fowler and Sims(2002)] for a tensor groupoid
are obviously satisfied.

Due to the special nature of this tensor groupoid G, a product system over NF
taking values in G, as in [Fowler and Sims(2002), Definition 1.1], is a homomorphism
n — ¢, from the additive monoid N* into the monoid of non-degenerate homomor-
phisms A — M(A) under composition, in other words such a product system is

precisely what we call in the current paper an N*-system of homomorphisms.
Systems of Maps

Quite similarly to the above, let T" be a locally compact Hausdorff space, and G
be the tensor groupoid whose objects are the continuous maps o : X — X, whose
only morphisms are the identity morphisms on objects, and with identity 1g = idx.

Define a tensor operation on G by composition:
oRY=001.

Again, G is indeed a tensor groupoid, in a trivial way, because the tensor operation

is actually associative, and 1g acts as an actual identity for tensoring.
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A product system over N* taking values in G, as in [Fowler and Sims(2002), Defi-
nition 1.1], is a homomorphism n — ¢, from the additive monoid N* into the monoid
of continuous self maps of X maps under composition, in other words such a product

system is precisely what we call in the current paper an N*-system of maps.
3.6 Reversing the Processes

In Remark 3.2.2 we noted that every A-system of maps gives rise to a A-system
of homomorphisms, and every A-system of homomorphisms gives rise to a A-system
of correspondences. In this section we will investigate the extent to which these two

processes are reversible.

Question 3.6.1. When is a given A-system of correspondences isomorphic to the one

associated to a A-system of homomorphisms?

Investigating this question requires us to examine balanced tensor products of
standard correspondences. First we observe without proof the following elementary

fact.

Lemma 3.6.2. Let ¢ : A — M(B) and ) : B — M(C) be non-degenerate homomor-
phisms. Then there is a unique A — C' correspondence isomorphism

[~=3

0: (pB ®B¢C —>¢o¢,0

such that

0(b®c)=1(b)ec forbe B,ce C.

We can analyze the question of whether a given A-system X of correspondences
is isomorphic to one coming from a A-system of homomorphisms in several steps:
First of all, without loss of generality we can look for a A-system of homomor-

phisms of the form (A, ¢).
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Next, for each A € uAv the A, — A, correspondence X, must be isomorphic to a

standard one, more precisely there must exist a linear bijection
0y : X\ — A,
and a non-degenerate homomorphism
ox Ay — M(A,)
such that

Ox(§)"0x(n) = (&, ma, forall {ne Xy (3.6.1)

Orx(a-€-b) =pr(a)dr(§)b foralla € A,,& € X,)\,be A,. (3.6.2)
Moreover, whenever \ € uAv, i € vAw we must have

quw = X/\u

= X\ ®a, Xy

= @AA” X4, @#Aw

10

A

= puoprtiw,

so there exists a unitary multiplier U(\, ) € M(A,,) such that

00 px=AdU\, 1) ooy,

The U(\, p)’s satisfy a kind of “two-cocycle” identity coming from associativity of
composition of the ¢,’s.

Now, if this A-system of correspondences is isomorphic to one associated to a
A-system (A, 1)) of homomorphisms, then for each A\ € uAv we must have an iso-
morphism o, A, =, A, of A, — A, correspondences, and so there must be a unitary

multiplier W, € M(A,) such that
oy = Ad W), o9y,
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Since (A, 1) is a A-system of homomorphisms, whenever A € uAv, u € vAw we have

o = Ad Wy, 09y,
— Ad Wy, 01, 0 ¥y
= Ad W), 0 AdW; 0 g, 0 Ad W5 0 )
= AdWWiou(WX) © ¢y 0 @)

= Ad Wy Wi (WU, 1) © @,

so since the homomorphisms ¢, are non-degenerate we see that, in the quotient
group of the unitary multipliers of A, modulo the central unitary multipliers, the
cosets satisfy

[U()\,u)} = [(pH(W)\)WHW)TM}?
giving a sort of cohomological obstruction (which we won’t make precise) to the A-
system of correspondences being isomorphic to a one associated to a A-system (A, 1))
of homomorphisms.

Note that if all the C*-algebras A, are commutative, then none of the above
unitary multipliers appear, so once we have 6,’s and ©,’s satisfying (3.6.1) then the
pair (A, ¢) will automatically be a A-system of homomorphisms whose associated
A-system of correspondences is isomorphic to X. This is due to the way in which the

correspondences X, fit together. We record this in the follwing two propositions:

Proposition 3.6.3. Let X be a A-system of correspondences such that every A, is
commutative. Then X is isomorphic to the A-system associated to a A-system of
homomorphisms if and only if, whenever X € ulv, X is isomorphic to a standard

A, — A, correspondence ,, A,.

Proposition 3.6.4. Let (A, ) be a A-system of homomorphisms such that every A,

is commutative, and for each v € A° let T, be the mazimal ideal space of A,. Then
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there is a unique A-system of maps (T, o) such that (A, ) is the associated A-system

of homomorphisms.

On the other hand, every A-system of homomorphisms is uniquely isomorphic to
the one associated to a A-system of maps, at least in the only circumstances where
it makes sense. This follows immediately from the duality between the category of
commutative C*-algebras and non-degenerate homomorphisms into multiplier alge-

bras and the category of locally compact Hausdorff spaces and continuous maps.
3.7 No Higher-Rank Fractals

In Proposition 3.2.22 we showed that every A system of maps (7T, 0) has a self-
similar k-surjective A-subsystem (7”,c|r/). The self-similar set 7" is the part of
the system that would generally be referred to as the “fractal”. It is natural to
wonder whether the generalization to k-graphs presented here gives rise to any new
fractals that could not have arisen from the corresponding constructions for 1-graphs.
The answer to this question turns out to be “no” for reasons we will now explain.

Throughout the following discussion, let p = (1,1,...,1) € N*

Definition 3.7.1. For a k-graph A we define the diagonal 1-graph E as follows:

E°=A°
FEl — {ex: A e A, d(N) =p}
r(ex) =1r(\)

s(ex) = s(A).

If (T,0) is a A-system of maps, then we define the diagonal E-system (T, p) of (T,0)
to be the E-system of maps such that p., = oy for all ey € E'. Finally, let o : E* — A

be the map defined by a(ey e, - €x,) = AA2 -+ Ap.
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Proposition 3.7.2. The map i : A>*° — E* defined by a(i(z)(j,1)) = z(jp,lp) is a

bijection and i~ is continuous.

Proof. First we must show that this is well-defined. This just amounts to showing
that a is injective. To see this recall that if a(ey,ex, - €y, ) = Athen A = A Aa--- A\,
where each \; has degree p and hence d(AAy---\,) = np. Since there is only one
way to write np as a sum of p’s, there is only one such decomposition of A (by unique
factorization), so if a(ey, ey, - -ex,) = a(ey, €4, - - - €,,) we must have \; = v, for all 7.

Next, to show that 7 is injective, suppose i(z) = i(y) for x,y € A*°. Then by
definition we must have that z(jp,lp) = y(jp,Ip) for all j,I € N, and in particular
we have that x(0, jp) = y(0, jp) for all 7 € N. But since {jp}; is a cofinal increasing
sequence in N¥ 2 and y are uniquely determined by their values on the pairs (0, jp)
(see [Kumjian and Pask(2000), Remarks 2.2]) so we must have z = y.

Now, to show that i is surjective, let z € E*°. We wish to find an infinite path
x € A* such that i(x) = z. We will again make use of the fact that such an z is
uniquely determined by its values on (0, jp). Specifically, if 2(0,j) = exex, - ey,
then we let (0, jp) = AMAz---Aj. Then a(i(x)(0,7)) = z(0,jp) = MA2---A; and
a(z(0,7)) = AA2---A; so by the injectivity of a we have that i(x)(0,7) = 2(0, )
and since i(z) and z are uniquely determined by their values at (0, ) we have that
i(z) = 2.

Finally, we need to show that ! is continuous. We have

a(i(z)(4,1)) = z(jip,Ip) = Nj.-- A,

where A;...\; is the unique decomposition of z(jp,lp) into paths of degree p. Since
a is injective, we get i(x)(j,l) = ey,...ex,. Since this holds for all (j,1) we must have

that i~ *(ex,exy---) = A1 Ag... for all ey, ey,... € E*. Recall that the topologies on E>

and A* are generated by the collections {Z(P) : P € E*} and {Z(\) : A € A}
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respectively where Z(P) = {Pz : z € s(P)E*} and Z(\) = {A\x : z € s(\)A>}.
Thus a net {AfAS...}aea in A converges to AjAg... in A% if for all n € N there is
o € A such that Ay = A; for all j < n and a > ay, and similarly for nets in £*.
Now, suppose {exe€xrg...}aca converges to ey, ey,... in £°°. Then for all n € N there
is ap € A such that exe = ey, for all j < mn and a > «p. Thus )\3’ =)\ forall j <n
and o > ap, and we have shown that the net {i™'(exaexg...)}aca = {AFAS.. }aca

1

converges to z'_l(eA1 €ry-+-) = A Ag... in A, Therefore i~' is continuous. O

Proposition 3.7.3. Let (T,0) be a A-system of maps and let (T, p) be the diagonal
E-system of (T, o). If ® : A — T is intertwining with respect to (T, o) then ®oi~! :

E> — T is intertwining with respect to (T, p).

Proof. We have:
Poitor, (z) =G Hexw)) = PN (z)) = Pom(i ' (2))
but since @ is intertwining, this gives:

=050 (i H(x)) = pe, 0 Poi ().

1

Since z was arbitrary, we have (Poi™1)ory = pyo(Poi™!)so ®oi~!is intertwining

with respect to (7}, p). O

Definition 3.7.4. If (T,0) is a A system of maps, ® is an intertwining map, and
(T",0|7+) is the self-similar k-surjective A-subsystem of Proposition 3.2.22, then we

call T the attractor of (T, o, ®).

Theorem 3.7.5. Let A be a k-graph. Suppose (T, 0) is a A-system of maps, ® is an
intertwining map with respect to (T, o), and T" is the attractor of (T, o, ®). Then there
exist a 1-graph E with E° = A°, an E-system of maps (T,p), and an intertwining

map U with respect to (T, p) such that if T" is the attractor of (T, p, V) then T" =T'.
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Proof. Let E be the diagonal 1-graph of A, (T, p) be the diagonal E-system of (T, 0),

and ¥ = ® o4~ !. Proposition 3.7.3 shows that this is an intertwining map. For all

v € A% we have
TV = U(wE™) = &(i " (vE)) = B(uA™) = T,

and hence T = T". O
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Chapter 4

CUNTZ-PIMSNER ALGEBRAS OF ORDINARY TENSOR PRODUCTS

In this chapter we will examine the structure of Cuntz-Pimsner algebras associated
with ordinary external tensor products of correspondences. The results of this chapter
are subsumed by the results of Chapter 5 on twisted tensor products. Nonetheless, it
is illuminating to consider this special case first. The results presented in this chapter
are from [Morgan(2015)].

We will attempt to describe the Cuntz-Pimsner algebra of an external tensor
product X ® Y of correspondences in terms of the Cuntz-Pimsner algebras Ox and
Oy . In particular we will show that, under suitable conditions, Oxgy is isomorphic
to a certain subalgebra Ox @1 Oy of Ox ® Oy. We call this subalgebra the T-balanced
tensor product because it has the property that vX(z) @ y = 2 ®~Y (y) for all z € T,
x € Ox and y € Oy, where 4% and ¥ are the gauge actions on Ox and Oy. This
idea is inspired by a result of Kumjian in [Kumjian(1998)] where it is shown that for
a cartesian product £ X F = (E° x FO,E' x F',rg X rp,sg X sg) of two graphs,
C*(Ex F) = C*(F)®rC*(F) where the balancing is over the gauge action of the two
graphs. Kumjian’s proof uses the groupoid model of graph algebras and is therefore
independent of our main result. However, we will be able to recover Kumjian’s result
for row finite graphs with no sources by considering the C*-correspondence model of
a graph algebra.

After proving our main result we will explore some examples including a gen-
eralization of Kumjian’s result to the setting of topological graphs, implications for
crossed products by Z, crossed product by a completely positive map, and we will give

a new proof of a theorem of Kaliszewski, Quigg, and Robertson which was used in
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[Kaliszewski et al.(2012)] to study Cuntz-Pimsner algebras of coaction crossed prod-

ucts. We will assume all tensor products are minimal (spatial) unless otherwise stated.
4.1 Tensor Products Balanced Over Group Actions or Group Gradings

We wish to show that the Cuntz-Pimsner algebra of an external tensor product
X ®Y of correspondences is isomorphic to a certain subalgebra Ox ®1 Oy of the
tensor product Oy ® Oy. This subalgebra is called the T-balanced tensor product of

Ox and Oy. Following [Kumjian(1998)] we define the general construction as follows:

Definition 4.1.1. Let G be a compact abelian group, and let (A, G, «) and (B, G, )
be C*-dynamical systems. We define the G-balanced tensor product A ®g B to be
the fixed point algebra (A ® B)* where A : G — A® B is the action characterized by
As(a®b) = as(a) @ Bs-1(b).

Proposition 4.1.2. Ifa® b € A®¢g B then as(a) ® b,a ® B5(b) € A®g B for all
s € G and as(a) @b =a® [s(b).
Proof. To show that as(a) ® b € A ®¢ B note that for any ¢t € G we have
o (ag(a)) @ Bi-1(b) = a(ou(a)) @ Bi-1(b)

= (as @ idp)(ae(a) ® B+ (b))

= (a; ®idp)(a ®b)

=as(a)®0b
showing that a ® f5(b) € A ®¢ B is similar. Now that this has been established, the
equality follows easily:

as(a) ® b= a1 (as(a)) ® Bs(b)

=a® 6s<b>
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Thus the actions a ® tg and 14 ® [ coincide on A ®g B where 14 and tp are the
trivial actions. We will refer to the restriction of & ® tp to A ®¢ B (or equivalently
the restriction of 14 ® 8 to A ®¢ B) as the balanced action of G and we will denote
it by a ®q .

The main result of this paper can be stated roughly as
O XQY = OX ®’]1‘ OY

for suitable X and Y where we are balancing over the gauge actions on Ox and Oy-.

This generalizes the following example from [Kumjian(1998)]:

Example 4.1.3. Let F and F' be source-free, row-finite discrete graphs and let £ x F'
denote the product graph as in Example 2.1.8. Then C*(E x F) = C*(E) @1 C*(F).

As we noted above, actions of compact abelian groups correspond to gradings of
the dual group. It will be useful to be able to describe T-balanced tensor products
in terms of the corresponding Z-gradings. But first we will need a fact which follows

from the Peter-Weyl theorem (Theorem VII.1.35 of [Gaal(1973)])

Lemma 4.1.4. Let G be a compact abelian group with a normalized Haar measure

and let x be a character (i.e. a continuous homomorphism G — T). Then

1 x is the trivial homomorphism
/ x(s)ds
a

0 otherwise

Now we are ready to describe G-balanced tensor products in terms of gradings of

~

G.

Proposition 4.1.5. Let (A, G,«a) and (B,G, ) be C*-dynamical systems with G
abelian. Then, as discussed in the previous section, the coactions 6% and 6° give

@-gmdings of A and B:
A, ={aeA:asa)=x(s)a}
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By ={be B: p(b) = x(s)b}

Let
Sy ={a®b:aecA,be B}

and let

S:=[J S,

xe@

Then A ®@¢ B = span(S).

Proof. First, note that if a @b € S, then a ® b € S, for some x and so for all s € G:

)\S(CL X b) == as(a) ® ﬁs—1<b)
= x(s)a® x(s™)b
= x(s)x(s")(a®b)

=a®b

soa®be ARqg B and hence S C A®q B. Since A ®g B is a C*-algebra, we have
that span(S) C A ®¢ B.

Now, since A is densely spanned by the A,’s and B is densely spanned by the
B, ’s, the tensor product A ® B will be densely spanned by elementary tensors a ® b

where a € A, and b € B,/ for some x, x’ € G. More precisely, let
Ty ={a®b:ac A, be By}

and let

T = U TXaX/

xx'€G

Then we have A ® B = span(T). Let ¢ : A® B - A ®¢ B be the conditional

expectation ¢ — [, A;(c)ds. Then, since ¢ is continuous, linear and surjective, &(7')
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densely spans A ®c B. Let a®@ b € T, say a® b € T, ,+. Then using Lemma 4.1.4

and the fact that a product of two characters is a character, we have

€(a®b):/gz\s(a®b)ds

|

7~ N 7"
S

—

=<

=

S—"

—~

w

S~—

QL

)
~~

s

®

<>

1 if xx/ is trivial
0 otherwise
But yx’ will be trivial if and only if ¥ = x’. This means that if x # \’ (i.e.
a®beT\S)thene(a®b) =0andif x =x' (i.e. a®@be S). Then e(a®b) =a®b.
This implies that €(7') = S and thus, since T densely spans A ® B, the linearity

and continuity of £ imply that S densely spans ¢(A ® B) = A ®¢ B. Therefore
A®q B = span(S). O

Proposition 2.3.11 tells us that the a-grading of A®q B just described should give
us an action of G on A ®g B. We will now show that this action coincides exactly

with the balanced action:

Proposition 4.1.6. Let { S}, & be the G-grading of A®¢ B described in the previous
proposition and let v be the action associated to this grading by Proposition 2.3.11.

Then v = a ®¢g B.

Proof. Tt suffices to check that these maps coincide on each S,. Let a®b € S,. Then
for each s € G we have vs(a ® b) = x(s)(a ® b) by definition. On the other hand,

since a € A,:
(@ ®c B)s(a®b) = as(a) @b
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= (X(s)a) ®b

= x(s)(a®0)
50 15(a ®b) = (a ®¢ B)s(a @ b) for every s € G and every a ® b in S,. O
The following lemma will be useful later:

Lemma 4.1.7. Let {A,}nez and { B, }nez be saturated Z-gradings of C*-algebras A
and B and let {S,}nez be the Z-grading of A @t B as in the previous propositions.

Then A @t B is generated by S .

Proof. First, we will show that S,,S,, = S,+m. We already have that 5,5, C Spim
so it suffices to show the reverse inclusion. Let a ® b € S,,1,,. Then a € A,,.,, and
b € Buim soa= > a;a; and b= > bb; with a; € A,,a}, € A, b; € B, and b, € By,.
Therefore a ® b = >, ;(a; ® b;)(a; @ ;) where a; ® b; € S, and a; ® b; € Sy, s0
Snem C SpSy, and hence S5, = Spim.-

Since 1 generates Z as a group, S; generates span|)S, = A ®r B as a C*-

algebra. O]
4.2 Ideal Compatibility

In this section we introduce technical conditions which we will need for our main

result to hold.

Definition 4.2.1. Let X and Y be correspondences over C*-algebras A and B and

let Jx, Jy, Jxgy be the Katsura ideals (i.e.
Jx={ae€ A:¢(a) € K(X) and ad’ =0 if ¢x(a') = 0}

and so on). We say that X and Y are “ideal-compatible” if Jxgy = Jx @ Jy.
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The simplest way for this condition to hold is if the left actions of A and B on X
and Y are injective and implemented by compacts. In this case it will also be true
that the left action of A® B on X ®Y will be injective and implemented by compacts.
Thus we will have that Jy = A, Jy = B, and Jxgy = A ® B so ideal compatibility

is automatic. Thus we have established:

Proposition 4.2.2. Let X4 and Y be correspondences such that the left actions
of A and B are injective and implemented by compacts. Then X and Y are ideal-

compatible.

The following two lemmas are inspired by Lemma 2.6 of [Kaliszewski et al.(2012)].
Lemma 4.2.3. Let X and Y be correspondences over A and B. Then Jx ® Jy C
Ixey.-

Proof. Since ¢x maps Jx injectively into IC(X) and ¢y maps Jy injectively into K(Y'),
dxey = Ox Qoy will map Jy ® Jy injectively into (X))@ K(Y), but K(X)RL(Y) =
K(X ®Y) s0 ¢xey maps Jx ® Jy injectively into (X ® Y). Thus by Proposition
2111 Jx ® Jy C Jxgy. O

Recall that if A and B are C*-algebras and C' is an subalgebra of A, the triple

(C, A, B) is said to satisfy the slice map property if
CB={rc A® B : (idy ®w)(z) € C for all w € B*}

Lemma 4.2.4. Let X and Y be correspondences over C*-algebras A and B and
suppose Y is an imprimitivity bimodule. If (Jx, A, B) satisfies the slice map property,

then X andY are ideal-compatible.

Proof. It suffices to show that Jxgy C Jx®Jy. Since Y is an imprimitivity bimodule
we have that the left action ¢y is an isomorphism B = K(Y') and thus ¢y maps all

of B maps injectively into K(Y'), so Jy = B. We must show that Jygy C Jx ® B.
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Let ¢ € Jxgy. Since (Jx, A, B) satisfies the slice map property, showing that
c € Jx ® B is equivalent to showing that (id ® w)(c) € Jx for all w € B*. Recalling
the definition of J, this means we must show that ¢x ((id®w)(c)) € K(X) and that
(id ® w)(c)a = 0 for all a € ker(¢x). With this in mind, let w € B*. Since ¢x is

linear, we have that

¢x ((ida ® w)(c)) = (éx @w)(c)

(¢ Wod)y O¢Y))()
(Zd}c(x CU o be )) ° (¢X ® ¢Y)(C)
(

idi(x) ® (wo ¢y')) o dxey(c)

To see that this is in K(X) note that since ¢ € Jxgy by assumption, we know
that ¢(c) € K(X ®Y) = K(X) ® L(Y). Note that since Y is an imprimitivity
bimodule, ¢y is well-defined as a map K(Y') — B. Since (idi(x) ® (w o ¢y')) maps
K(X)® K(Y)— K(X) we have that

(idicx) @ (wo ¢3)) 0 dxay(c) € K(X)
o (1d ® w)(c) € K(X).
Next, let a € ker(¢x) and factor w as b - w' for some b € B and ' € B* (where
(b- ) (V) =w'(b'b)). Then
(id @ w)(c)a = (id @ w)(c(a ® 1))
= (id®b-w)(c(a® 1))
= (id®w')(c(a® 1)(1@D))
= (id®@w')(c(a®b))

but

a®be ker(px)® B
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C ker(¢x @ ¢y)

= ker(¢xey)

Therefore, since ¢ € Jxgy we must have ¢(a ® b) = 0 and hence (id ® w)(c)a = (id ®
w')(c(a®b)) = 0. Thus, we have established that (id ® w)(c) € Jx for any ¢ € Jxgy
and w € B* so by the slice map property we have that Jxgy C Jx ® B = Jx ® Jy

and thus (by the previous lemma) Jxgy = Jx ® Jy. O
In Example 8.13 of [Raeburn(2005)], it is shown that if F is a discrete graph, then
Jx(m) = span{d, : 0 < |r~'(v)| < oo}

where X (E) is the associated correspondence and ¢, € ¢o(E°) denotes the charac-
teristic function of the vertex v € E°. With this in mind, we give the following

proposition:

Proposition 4.2.5. Let E and F be discrete graphs and let X = X(E) and Y =

X (F) be the associated correspondences. Then X and'Y are ideal compatible.
Proof. Recall that X ® Y = X(F x F'). Thus
Jxey = SPan{dw) : 0 < |rpyp(v,w)] < oo}

By definition, rgxp = 7pX7p 80 75 (v, W) = 15" (V) xrz! (w) and thus |rg! (v, w)| =
Ir2t ()| - [t (w)] but 0 < |rzt(v)| - |rpt (w)] < oo if and only if 0 < |r5'(v)| < oo and

0 < |rp'(w)] < co. Thus we have that
Jxgy = Span{dw) : 0 < |7"El(v)|, |7“;1(w)| < oo}

Since 0(y,) = vy, if we identify ¢o(E® x FY) with ¢o(E°) ® ¢o(F°) in the standard

way, we see that d(, ) = 0, ® d,,. Thus
Jxey = Span{d, ® §,, : 0 < |r}51(v)|, |r;1(w)\ < oo}
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=span{f®g:fe€Jx,g€ Jy}

=Jx®Jy
Therefore, X and Y are ideal-compatible. O

Definition 4.2.6. Let X be a correspondence over a C* algebra A. We will call this

correspondence Katsura non-degenerate it X - Jx = X.

Example 4.2.7. Let X be a correspondence over a C*-algebra A such that the left
action is injective and implemented by compacts. In this case we have that Jyx = A.

Thus:

X-Jx=X-A

=X

Definition 4.2.8. Recall that a vertex in a directed graph is called a source if it
receives no edges. We will call such a vertex a proper source if it emits at least one

edge.

Proposition 4.2.9. Let E be a directed graph. Then X (F) is Katsura non-degenerate

if and only if E has no proper sources and no infinite receiver emits an edge.

Proof. Suppose there is v € E° such that [r~1(v)| = co and |s~!(v)| > 0. Then for
every f € Jx we have f(v) = 0. Thus for any g € C.(E"), f € Jx, and e € s7'(v), we
have (g- f)(e) = g(e)f(s(e)) = g(e)f(v) = 0. Thus h(e) =0 for all h € C.(E") - Jx
and, taking the limit, z(e) = 0 forall x € X -Jx. Thus d. ¢ X - Jx since d.(e) =1#0
but 6. € X. Therefore X # X - Jx, i.e. X is not Katsura non-degenerate.

Similarly, suppose that E has a proper source v. Then, since |r~!(v)| = 0 we must
have f(v) =0 for all f € Jx. Then for any g € C.(E') and e € s7!(v) we have that

(g-f)e) =gle)f(v) =0 for f € Jx. Thus by similar reasoning as above we have
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that z(e) = 0 for all z € X - Jx and so §. ¢ X - Jx but 6. € X and we can again
conclude that X # X - Jxy so X is not Katsura non-degenerate.

On the other hand, suppose F has no proper sources and no infinite receiver in
E emits an edge. Let e € E' and let v = s(e). Then |r~'(v)| < oo and |r~t(v)| > 0
by assumption, so function in Jx can be supported on v. In particular, §, € Jx.
Since d, - 0, = 6. we know that 6. € X - Jx. Since e was arbitrary, we have that
all such characteristic functions are contained in X - Jx. But these functions densely
span C.(E') and thus densely span X, so we have that X C X - Jx and therefore

X = X - Jx so X is Katsura non-degenerate.

4.3 Main Result

We will begin with a few lemmas:

Lemma 4.3.1. Let X and Y be correspondences over C*-algebras A and B respec-
tively. Suppose (mx,vx) and (wy,1y) are Toeplitz representations of X and Y in
C*-algebras C and D. Let m .= mx @y and 1 := x @y Then (mw,v) is a Toeplitz

representation of X Y in C ® D.
Proof. This follows from the following computations:
V((z®@y) (a®b)) =vx(z-a) @Yy (y-b)

= ¢x(z)mx(a) ® Py (y)my (D)

= (r@y)r(a®b)

P((a®b) - (z@y)) = ¢x(a-z) @by (b-y)
= mx(a)x(z) @ Ty (b)Yy (v)

=7(a®@b)y(r©y)
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Uz @y) Y ®y) = vx(@) vx(@) @by (y) Yy (y)
X(< 2Va) @y ((y,9')B)
=((z, (y.9)5)

m((x

rRy, 2’ @Y)asn)

]

Lemma 4.3.2. If (7,1)) is the Toeplitz representation of X®Y in the previous lemma,

then
YO (R(S @ T)) = i) (S) @ vy (T)

where k 1s as in Lemma 2.1.7.

Proof. Let x,2’ € X and y,y' € Y. Then:

V(KO0 @ Oy ) = 1 (Ousyrsy)
=y @y)"
= (Ux(@) ® Yy (1) (¥x () @ Py (v))"
= x (2)Ux (2') ® vy (y)iy (y)*
= 0 (0,0) @ U3 (O,)

Since the rank-ones have dense span in the compacts, this result extends to any

SeK(X)and T € £(Y). O

Lemma 4.3.3. Let X and Y be ideal-compatible correspondences over A and B.

Then if (mx,vx) and (wy,y) are Cuntz-Pimsner covariant, then so is (m,1).

Proof. Let ¢ € Jxgy Since X an Y are ideal-compatible we have that Jxgy = Jx®Jy
so we can approximate ¢ by elements of Jy ® Jy, i.e. by finite sums ) . a; ® b; with

a; € Jx and b; € Jy for each i.
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Notice:

¢(1) <¢ (Z a; ® @)) ¢(1) ( dla; @ b, )

_ ( K (px(ai) @ by (b )))
- ;wx (6x(a) @ vy (ov (b))
_ ;m(ai) ® my (b;)

— ;W(ai ® b;)

where we have used the Cuntz-Pimsner covariance of (rx,1x) and (7y,1y). Thus
if (c;) is a sequence in Jx ® Jy converging to ¢, we have ¥V (¢(c;)) = m(c;) for
all j. Since V), ¢, and 7 are all continuous, we have that ¢! (¢(c)) = m(c). This

establishes that (m,) is Cuntz-Pimsner covariant. O
We are now ready to prove the main result of this paper:

Theorem 4.3.4. Let X and Y be ideal-compatible correspondences over C*-algebras
A and B. Then Oxgy can be faithfully embedded in Ox @1 Oy. If X and Y are

Katsura non-degenerate, then Oxgy = Ox Q1 Oy

Proof. We will begin by showing the existence of a homomorphism Oxgy — Ox®Oy-.
To show this, we will construct a Cuntz-Pimsner covariant representation of X ® Y’
in Ox ® Oy and then apply the universal property of Cuntz-Pimsner algebras.

Let (kx,ka) and (ky,kg) be the Cuntz-Pimsner covariant representations of X
and Y in Ox and Oy respectively. Let ¢ = kx ® ky and # = k4 ® kg. Then by
Lemma 4.3.3, (¢, ) is Cuntz-Pimsner covariant and so we have a homomorphism

F: 0X®y — OX X Oy such that

(wyﬂ') = (F okxgy,F o kA@B)
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In particular,

F(kagp(A® B)) =71(A® B) = (ks ® kp)(A® B) (4.3.1)

Flxey(X @Y)) =¢(X ®Y) = (kx @ by ) (X ®Y) (4.3.2)

Let {O% }nez and {OF },ez denote the Z-gradings of Oy and Oy associated to the

standard gauge actions yx and yy. Then by Proposition 4.1.5, the subspaces
Spi={x®y:xec0%,yec 0y}

give a Z-grading of Ox &1 Oy. Since (1) shows that 7(A ® B) C Sy and (2) shows
that (X @ Y) C 51, we can see that C* (¢, 7) C Ox ®1 Oy and that the action of

T on Ox ®1 Oy guaranteed by Lemma 2.3.11 is a gauge action:

:(7(c)) = m(e) ce A®B

1= (¢(w)) = 2 (w) weEX®Y

Also, since ka, kg, kx and ky are injective, 7 = k4 ® kg and ¢ = kx ® ky are injective
too. Hence by the gauge invariant uniqueness theorem, F' is injective. Thus we have
established the first part of the theorem.

Now suppose X and Y are Katsura non-degenerate. We will show that (¢, )
generates Oy @ Oy by showing that (¢, 7) generates S; and applying Lemma 4.1.7.
Since O% is densely spanned by elements of the form: k%™ (2)k%(2')* and O% is
densely spanned by elements of the form k! (y)k}(y')* we have that S; is densely

spanned by elements of the form
E ()R ()" @ kP () Ry (v)* (4.3.3)

By symmetry, we may assume m = n+[ for some nonnegative [. Then we may assume

that y = 51 ® yo and ¥ =y} ® yh with y1, 9, € Y®" and 1, v, € Y. Further, since
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X is Katsura non-degenerate, we can factor x = zga and 2’ = xja’ with zg, 2y € X

and a,a’ € Jx. Now we can factor (3) as follows:

knJrl

(@)K ()" @ Ky () kv ()
= (Kx" (@) @ kT () (K ()" @ k7 (y)7)

= (k’}(“(wo)kA(a) @ K5 (y) R (52)) (Ra(a') By (20)" ® Ky (1)) "Ry (1))

= (k5™ (@o) @ Ky () (Rala) @ K (12)) (ka(a)” @ K (45)") (K ()" © K (41))
= (K" (o) @ K () (Ra(aa™) @ K (2 K ()) (R ()" @ K (41)")

= (Kx (w0) @ K5 (30)) (K ( ) @ ky (Oy)) (K (2)* © K (1))

P (2o ® yl)( '(¢x(ad') @ O, yQ))W(l"B @y)"

Since " (zo @ y1), PV (dx (aa™) @ O, ), and Y™ (xf @ y}) are in the algebra gen-
erated by (¢, ), we now know that (¢, ) generates S; and so by Lemma 4.1.7
(¢, ) generates all of Ox ®1 Oy. Therefore F' is surjective hence an isomorphism

4.4 Examples

We will now give some examples:

Example 4.4.1. Let (A,Z,«) and (B,Z, ) be C*-dynamical systems. Let X be
the C*-correspondence A4 with left action given by a - x = «;(a)z and let Y be the
correspondence Bp with left action given by b -y = f1(b)y. This action is injective
and implemented by compacts and we have that Ox = A x, Z and Oy = B x3 Z
by isomorphisms which carry the gauge action of T to the dual action of T (see
[Pimsner(2001)]).

Consider the external tensor product X ® Y. As a right Hilbert module this is

AA® Bp, it carries a right action of A® B characterized by (z®y)-(a®b) = x-a®y-b
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but since the right actions on X and Y are given by multiplication in A and B, this
action of A® B on X ®Y is just multiplication in A ® B. Further, the A ® B valued

inner product on X ® Y is given by

(r@y, 2 @Y)aen = (r,2) 4@ (y,V)5
— QJ*I'/ ® y*yl
= (z®y)" (=’ ®Y)
but this is precisely the inner product on (A ® B)agp. Thus idy ® idp gives a right
Hilbert module isomorphism X ® Y = (A ® B)agp. The left action of A ® B on

X ®Y will be the tensor product of the action of A on X and the action of B on Y.

Thus

(a®b)- (z®@y) =ai(a)r @ Bi(b)y

= (a1(a) @ A1 (D)) (z @ y)

Thus, as an A ® B correspondence, X ® Y can be identified with the correspondence
associated to the automorphism a; ® 51 on A® B. Since (a; ® 51)°" = (a, ® 5,,) and
(a1 ®B1)~! = (-1 ® B_1), the action of Z generated by a; ® 31 will be the diagonal
action @ ® f of Z on A® B. Thus we have that Oxgy = (A ® B) Xagp Z.

Therefore, in this context our main theorem says that
(A® B) Xagp Z = (A Xy Z) @1 (B Xz Z)

In later work, we hope to investigate whether this result generalizes to groups other

than Z.

Example 4.4.2 (Products of Topological Graphs). Let E = (E° E' r,s) and F =
(F°, F1 r' s') be source-free topological graphs with r and r’ proper. Then the left

actions of X (FE) and X (F') will be injective and implemented by compacts. Recall
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from Example 2.1.8 that X (F) ® X(F) = X(E x F) where E x F' is the product

graph. Our main result says that Oxexr) = Ox ) @r Ox(r) which translates to
C*(E x F) = C*(FE) @1 C*(F)

Note that if F and F are discrete graphs, this coincides with Kumyjian’s result in

[Kumjian(1998)].

Example 4.4.3. (Products of Discrete Graphs) Let E and F' be discrete graphs
with no proper sources and such that no infinite receiver emits an edge. From the
discussion in Section 4 we know that the graph correspondences X (F) and X (F)
are ideal compatible and Katsura non-degenerate. By the same reasoning as in the

previous example we have that
C*(Ex F)=2C"(FE)®r C*(F)

Note that this stronger than the result in [Kumjian(1998)] where the graphs are

required to be source-free and row-finite.

Example 4.4.4. Let A and B be C*-algebras, and let X be a correspondence over
A. Viewing B as the correspondence zBy we can form the A ® B correspondence
X ® B. Suppose that X and B are ideal compatible and Katsura non-degenerate (in
fact B will automatically be Katsura non-degenerate). Recall that Op = B ® C(T)
with gauge action ¢t ® A where ¢ is the trivial action and A is left translation. Thus our
main result says that Oxgp = Ox @1 (B ® C(T)). Identifying C(T) with C*(Z) we
have Oxgp = Ox @1 (B ® C*(Z)) and characterizing the T balanced tensor product

in terms of the Z-gradings as we have been, we see that

Oxgp =span{r @b@w e Oy @ B C*(Z)" :n € L}
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But since C*(Z)" = span(u,) (where u,, denotes the unitary in C*(Z) associated to

n) we can rephrase this as
span{r @b®u, € Ox ® B C*(Z) : x € O%} (4.4.1)

Now, let v denote the gauge action of T on Ox and let 97 be the dual coaction of Z.
Recall that this coaction can be characterized by the property that §7(z) = 2 ® u,
whenever x € O%. Since the subspaces O% densely span Ox, their images under 07

will densely span 67(Ox). Therefore:

0(Ox) = span{x @ u, : v € O%}
(0" ®idp)(Ox ® B) = span{zr @ u, ®b: x € O%,b € B}

0930 (07 ®1idp)(Ox ® B) =3Span{z @b u, : x € O%,b € B}

Noting that idg, and 093 are isomorphisms (where o953 is the map which exchanges
the second and third tensor factors) and §” is an injective *-homomorphism, we see
that o930 (67 ®idp) is an injective *-homomorphism and is thus an isomorphism onto
its image. But its image is span{z @ b@ u, : © € O%,b € B} and by (4.4.1) this is

isomorphic to Oxgp. Therefore we have shown that:
Oxep=0x ®B

This result is already known, and was used in [Kaliszewski et al.(2012)] to prove facts

about coactions on Cuntz-Pimsner algebras.

Example 4.4.5. Given a C*-algebra A and a completely positive map &, Kwas-
niewski defines ([Kwasniewski(2014)] Definition 3.5) a crossed product of A by &
denoted by C*(A,®). In Theorem 3.13 of [Kwasniewski(2014)], it is shown that
C*(A,®) = Ox, where X is the correspondence associated with ¢ as in Definition

2.1.4. If ® is an endomorphism this reduces to the Exel crossed product [Exel(2008)].
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Suppose A and B are C*-algebras and ® : A — A and ¥ : B — B are completely
positive maps. Furthermore, suppose that the associated correspondences X¢ and
Xy are ideal compatible and Katsura non-degenerate. Then our main result states
that Ox,ex, = Ox, ®1Ox, . Recalling that X¢ ® Xy = Xsgy and using the crossed

product notation, we get

C*"(A® B, 2@ V) = C"(A, Q) @1 C*(B, V)
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Chapter 5

CUNTZ-PIMSNER ALGEBRAS ASSOCIATED TO TWISTED TENSOR
PRODUCTS OF CORRESPONDENCES

In this chapter we will generalize the results of the previous chapter from ordinary
tensor products to twisted tensor products. The results of this chapter are taken
from [Morgan(2016)]. Many constructions in operator algebras may be thought of as
“twisted” tensor products, for example: crossed products by actions or coactions of
groups, Zs-graded tensor products and so on. In [Meyer et al.(2014)], a very general
construction of a “twisted tensor product” is presented. Their construction involves
two quantum groups G = (S, Ag) and H = (T, Ar), two coactions (A, G,d4) and
(B,H, 65), and a bicharacter y € U(S ® T). Given this information, they define a
twisted tensor product AKX, B. They also show that if X and Y are correspondences
over A and B with compatible coactions of G and H, there is a natural way of defining
a correspondence X X, Y over AX, B. In this paper, we will work with a special case
of this general construction which is general enough to be useful but simple enough
to be very tractable.

Specifically, we are interested in the case where, for some discrete group G, S =

—

o(G), T = C}(G) and x = WY € U(C;(G) ® C;(G)) is the reduced bicharacter of
C¥(G) viewed as a quantum group. In this case, we may view the coaction of ¢o(G)
as an action of G on A (or X)), and we will be able to describe most of the algebraic
properties of AX, B and X X, Y entirely in terms of elementary tensors.

In this simplified setting, we will prove our main result: if Jxg,y = Jx X, Jy then

Oxm,y = Ox K, Oy (where Jy = ¢~ (K(X)) N (ker(qﬁ))L is the Katsura ideal). We

will then apply this result to some specific examples.
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5.1 Discrete Group Twisted Tensor Products
5.1.1 Basics

In what follows we will restrict our attention to the following special case of the

twisted tensor product construction:

Definition 5.1.1. Suppose that G is a discrete group, (A, G, «) is a C*-dynamical
system, and (B,G,d) is a coaction. Let 6 : A — M(A® co(G)) be the coac-
tion of ¢o(G) (as a quantum group) on A associated to « as in Theorem 9.2.4 of
[Timmermann(2008)]. We can view d as a coaction of the quantum group C(G) and
we can form the twisted tensor product A Ky, B where W is the multiplicative
unitary of Example 2.3.13 viewed as a bicharacter from ¢y(G) to C}(G) (in other
words the reduced bicharacter of the quantum group C(G)). We refer to this special
case as a discrete group twisted tensor product. Since this construction depends only
upon the action and coaction, we will sometimes write A X; B for A Ky, B. We
can also define a C*-algebra by B X, A =B X, A. Tt is easy to see that the map

aXb— bl a extends to an isomorphism A X, B = B X A.

The main reason that this special case is of interest is that we can write down a
precise formula for the multiplication and involution of certain elementary tensors.
To understand this, we must recall that the coaction § of a discrete group G on B

gives rise to a G-grading of B. That is, there exist subspaces { Bs}scq such that
1. span(B;) = B
2. Bs ' Bt g Bst

3. B = B,1.
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Specifically, B = {b € B : 6(b) = b ® ug}. With this in mind, we present the

following;:

Proposition 5.1.2. Given a C*-dynamical system (A, G, «) and a coaction (B, G, 0),
let a,a’ € A, by € B; and b € B. Then, in the twisted tensor product A X; B we
have:
(aXby)(a' Xb) = ac,(a") X bsb
(aXbs)" = az-1(a)* K b;
Before we prove this, we will need the following:

Lemma 5.1.3. Let G be a locally compact group and let m : Co(G) — B(L*(G))
be the left action of Co(G) on L*(G) by multiplication of functions in L*(G). Let
A C*(G) — B(L*G)) be the left regular representation. Then (m,\) is a We-

Heisenberg pair where Wg s the reduced bicharacter of G as in Example 2.3.16
Proof. This is a special case of Example 3.9 of [Meyer et al.(2014)]. O]

Notation 5.1.4. If A, ... A, are C*-algebras and b € A;, we write (b); for the element
of the multiplier algebra M(A; ®---® A,) thats action on elementary tensors is given
by

QR QR - Qa, = a,® - Qba; @D ay,.
Lemma 5.1.5. In the situation of the above proposition, let
ig:A— M(A® B ®K(L2(G)))
ip:B— M(A® B K(L*G)))

be the maps associated to the Heisenberg pair (m, \) as described in Definition 2.3.21.

Then for any a € A, s € G and by € B, we have
ip(bs)ia(a) =ia(as-1(a))ip(bs)
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Proof. Recall that (m,)) is a covariant homomorphism (co(G), G, 0) — B(L*(G))

(67

where sigma is left translation in ¢y(G). Also, (0%, 02) is a covariant homomorphism

(A,G,a) = M(A® c(G)). Thus ((ida ® m) 0 6%, \s) is a covariant homomorphism
(A,G,a) > M(A®B(L*(G))). Thus

Aa(5)* ((idA ®m) o (5"‘(@)) Ao(s) = (ids ® m) 0 5 (s(a))
or equivalently

((idA ®m) o 0” (ozs_l(a))>>\2(s) = Aa(s) ((idA ®m) o 5o‘(a))>
With this in mind, we notice the following:

in(by)ia(a) = (idg ® A)3(bs)as(ida © m)6*(a)ys
= (14 ® by ® A(s))(ida @ m)d*(a)13
= (bs)2(A(s)) 5(ida ® m)3%(a)1s
= (bs)a(ida © m)6* (a1 (a)) 15 (A()),
= (ida ® m)3” (as-1(a)) ,(bs)2(A(5))

= iA (045—1 (a))zB(bs)

We can now prove Proposition 5.1.2.

Proof. (of Proposition 5.1.2)
We have:

(aXbs)(a' ®b) =i4(a)ig(bs)ia(a’)ip(b)
=ia(a)ia(as(a))ip(bs)ip(b)

= aa(a’) X bb
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and

(a®by)* = (ia(a)ip(bs))”
= ip(by)ia(a’)
= iA (Oés—l (a)*)zB(b:)

= ag1(a) Kb;
[

We also have simple formulas for the algebraic properties of twisted tensor prod-

ucts of correspondences:

Proposition 5.1.6. Let (X, A) be a correspondence with an action (v, «) of G and
(Y, B) be a correspondence with a coaction (0,d) of G. Let arx) be the action of
G on L(X) induced by the action of G on X and let ryy be the coaction of G on
L(Y) induced by (0,0). We can form the correspondence X X, Y = X Ky, Y C

L(X) Ry, L(Y) = L(X) L(Y) as in Definition 2.3.23. Then

apx) OL(y)

1. (aRbs)(z M y) = ays(r) Wby
2. (x®ys)(a®b) = zas(a) Xysb
3. (x Ry, 2’ Ky)agp = a1 (<$7$/>A) X (ys,y) B

Proof. All of these facts follow from translating to multiplication in L(X )X L(Y") and

applying Lemma 5.1.5. [

Corollary 5.1.7. Let (X, A) be a correspondence with an action (v,a) of G and
(Y, B) be a correspondence with a coaction (0,0) of G. Suppose (X°, A°) is a gen-
erating system for (X, A) which is stable with respect to the group action. That is,
Y5(X?) C X0 and a,(A%) C A° for all s € G. Suppose further that (Y°, B%) is a
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generating system for (Y, B) such that the elements of Y° and B® are homogeneous
with respect to the grading. That is, for all y € Y° there is s € G such that y € Y,
and for all b € B° there ist € G such that b € B;. Then

(XHY):={zRy:2€ X’ ycY?

(AR B)y:={aXb:a € A’ be B°}
form a generating system for X XY

Proof. 1t is clear from the bilinearity of the twisted tensor product that m((X X
Y)o) = X XY and span((AX B)y) = AK B. To see that (X ¥Y), is stable under
the left and right actions of elements of (AKX B)g, let t Ky € (X KY)y and let
a®be (AKX B)y. By definition, we must have that b € Bs and y € Y; for some

s,t € G. Thus we have:

(aXb)(zHy) = avys(z) Kby

(xR y)(aX®b) = zay(a) Kyb

Since X° and A are stable under the action of G, v,(z) € X° and a;(a) € A°. Thus
avys(z),1:(a)r € X% so (X ®Y) is indeed stable under the left and right actions of
(AX B)o. O

5.1.2 Examples

In [Meyer et al.(2014)], the authors show that if A and B are Zy-graded algebras,
then the graded tensor product ARB is isomorphic A Xz, B (where the coactions
on A and B are the ones canonically associated with the grading) with the map
a®b — a ¥ b extending to an isomorphism. Since Z, is self-dual, the coaction of Z,
on A gives rise to an action « of Zy on A. If we let § denote the coaction of Zs on Z,

we see that A Ryz, B = A X, B so A®B fits into our discrete group twisted tensor
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framework. The following example shows that the graded external tensor product of

graded correspondences also fits into our framework.

Example 5.1.8. Let A and B be Zs-graded C* algebras and let X and Y be Z,-
graded correspondences over A and B (i.e. X and Y are graded as Hilbert A- and
B-modules respectively and the left action maps ¢x and ¢y are graded with respect
to the induced gradings on £(X) and L(Y)). Let X" = Xy U X;, A° = Ay U Ay,
Y? =Y, UY; and BY = By U By. Then by Corollary 2.3.9 (X° A% and (Y, BY)
are generating sets for X and Y respectively. Consider the graded external tensor
product X®Y. This is the closure of the algebraic tensor product X ®Y with respect

to the norm associated to the inner product whose value on generators is given by:
(21®y1, 22@yo) = (—1)21 @072 (g 2V @ (Y1, yo)
where x1, 29 € Xy and yq,y2 € Yy. The left and right actions are given by:
(a®b)(2®y) = (~1)"(ax@by)
(2®y)(a®b) = (=1)"*(zaBybd)
for a € Ay, b € By, v € Xg, and y € Yy. Thus
(A@B)O = {a@b a e Ao, be B()}
(XRY )y := {z®y : = € Xo,y € Yo},
is a generating system for X®Y. Now, let (v,a) be the action of Z; on (X, A)
associated to the grading of X and let (¢, d) be the coaction of Zs on (Y, B) associated
to the grading of Y. Consider the associated twisted tensor product X X'Y. Note
that the sets Xy and Ay are stable under the actions v and « and that Yy and By

consist of elements which are homogeneous with respect to the gradings associated

to o and §. Thus, by Corollary 5.1.7 the sets
(XXY):={zRy:z€ Xo,y € Yo}
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(A&B)o Z:{a&bZCLGAo,bEBQ}

form a generating system for X KY. Let &y : (X®Y )y — (X K Y), be the map
®y — xXy. This is clearly a bijection. Let ¢ : ARB — A X B be the isomorphism

described above. For a € Ay, b € By, x € X, and y € Yy, we have:

Dy ((a®b)(r®y)) = (=1)P" 0y (azby)
= (=1)?(az K by)
= ayop(z) B by
= (aXb)(zXy)
= 0(a®b)®y(vBy)

and similarly
Dy ((28y) (a®b)) = o(2y)p(aBb)

therefore (®g, p) preserves the left and right actions. Additionally, for =1,z € X,

and yp,y2 € Yy, we have that:

(Po(1Ry1), Po(w2By2)) = (w1 W y1, 22 K yy)
= gy, ((z1,22)) B (y1,2))
= (=12 @mF02) () 30) B (1, )
= (=) OO o (4, 29)® (1, y2))
= <P(<171®37273/1®y2>)

therefore, by Lemma 2.1.10, ®, extends to an isomorphism ® : X®Y — X KY. Thus
XRY ¥ XKY.

The following example can be viewed as a generalization of the skew graph con-

struction presented in Chapter 6 of [Raeburn(2005)].

94



Example 5.1.9. Let £ = {E", E' rg,sg} and F = {F° F! rp,sp} be directed
graphs and let G be a discrete group. Let A := co(E) and let B := ¢o(F?). Let of
be an action of G on F by graph automorphisms and let § be a G-labeling of F, i.e.

amap ¢ : F' — G. It is easy to see that the maps f + foaf on A together with

G

S

the maps = +— x 0 a% on c.(E") give rise to group homomorphisms G — Aut(A) and

G — Aut(c.(E")) which in turn give rise to a group action (7, ) on (X (E), A). We
also get a coaction o of G on X (F) from §. To see this, recall that c.(F") is generated
by the characteristic functions x. and define o(x) := xf®us(s). So (0, ¢) is a coaction
on (X (F), B) where ¢ is the trivial coaction on B. We define a new directed graph
E X F = {E° x FO,E" x F',r s} where s(e x f) = ag;(su(e)) x sp(f) and
r(e x f) =rg(e) x rp(f). We define C' := ¢o(E° x F°) 2 A ® B. We will show that
X(E wx;F) = X(E) K, X(F).

Let X(E)? be the set of characteristic functions on E' and let A° be the set
of characteristic functions on EY. The characteristic functions densely span c.(E*')

which is dense in X (F). For x, € A% and x. € X(F)? we have that

(
Xe ifr(e)=w
Xv* Xe = < X(E)O

0  otherwise
\
p

Xe ifs(e)=wv
Xe " Xv = € X(E)O

0  otherwise
\
(

Xse) ife=¢
<Xe> Xe’>A = <
0 otherwise

therefore (X (E)°, A°) is a generating system for X (E). We define (X (F)°, B°) and
(X (E aeXsF )0, C’O) is an analogous way, and we see that they are generating systems

for X(F') and X(E x4 F) respectively. Further, from the definition of the coaction
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o we have that all characteristic functions on F!' are homogeneous with respect to
the grading induced by ¢ and since ¢ is trivial, the grading it induces is also trivial
so A° is trivially homogeneous. Also, the actions o and 7 take generating functions
to generating functions: ay : x, — Xa® | (0)» Vs Xe = XaF_, (¢) SO the sets X (F)° and
AY are fixed by the actions. This allows us to apply Corollary 5.1.7 and deduce that

the sets

(X(E)RX(F)" = {x.Ry;:ec B fe F'}

(A®B)’ = {xo @ xw :v € B, w € F’}

form a generating system for the twisted tensor product X (£) X, X(F).
Let ¢ : ¢ — A ® B be the canonical map and let &, : X(E WE X F)O —
(X(P)X X(F))O be the map xexs — Xe X xy. Clearly @, is bijective, we wish to

show that it preserves the inner product and left and right actions. Note that

©(Xs(exp)) ifex f=¢€xf
‘;0(<Xe><fa Xe’xf’>c) =
#(0) otherwise

(

XoE , (sn(e) @ Xsp(f) ife=¢ and f=f

é
= )

0 otherwise
\

as(p)-1(Xsp(e) @ Xsp(r) ife=¢€ and f=f

0 otherwise
\

= as(py-1 ((Xes Xer) 4) B (X5, Xp1) B
= (e B X5 Xer BXF) 4o

= <(I)0(Xe><f>7 (I)O(Xe'xf'>>A®B
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and

4

DQp(xexs) ifr(ex f)=vxw
(I)O(vaw : Xexf) =
Py (0) otherwise

\
,

Xe X xs ifrp(e) =vand rp(f) =w

0 otherwise

\

= (Xv : Xe) X (Xw : Xf)
= (Xv X Xw) (Xe X Xf)

= ‘P(vaw)q)0<xexf)

and finally

(
Dp(xexs) ifslex f)=vxw
(I)O(Xexf : vaw) ==
D(0) otherwise

\
(

Xe &y if af; (s(e)) = vand sp(f) = w

0 otherwise

Xe X xy if sple) = af(f),l(v) and sp(f) =w

0 otherwise

= Xe* X * Xw

X Xa(;E(f)—l(U) Xf X
= Xe - () (Xo) KX+ Xu
= (Xe D Xf)(Xv D Xw>

= ®g(Xexs)P(Xoxw)

Therefore, by Lemma 2.1.10 we have that &, extends to a correspondence isomor-

phism & : X(E %, F) = X(B) &, X(F).
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Example 5.1.10. In this example we will show that the crossed product of a corre-
spondence by an action of a discrete group can be viewed as a discrete group twisted
tensor product of correspondences. Suppose (7, «) is and action of a discrete group G
on a C*-correspondence (X, A). We wish to show that the reduced crossed product
X x,, G is isomorphic to the twisted tensor product X K C(G) where we view

C*(G) as a correspondence over itself.

Recall from Corollary 2.3.3 that the sets

(X X, G)o = {ix(2)ig(s) : v € X,s € G}

(A X, Qo= {ia(a)ia(s):a € A s € G}

form a generating system for X x,, G. Let C}(G)y = {us : s € G}, ie. the
image of G in C}(G). Since this set is closed under multiplication, we may regard
(C*(G)o, C*(G)o) as a generating system for the correspondence C*(G). Furthermore,
every element of C¥(G)o is homogeneous with respect to the grading arising from
dg : us — us @ us. Also, we may view (X, A) as a generating system for itself and

then by Corollary 5.1.7 we see that the sets

(X K, Cr(G))o: ={rRu,:z € X, 5 € G}

(A X5, CH(G))o:={aWus,:a€ A s G}

r

form a generating system for X X, C}(G). We let ¢ be the isomorphism A X, , G —
A K. CH(G) and define @ : (X x,, G)o — (X K. C:(G))o to be the map

T s

ix(x)ig(s) — x X us This is clearly a bijection, but we need to establish that it

preserves the inner product and left and right actions. First, note that
(@o(ix(2)ig (5)), Polix (y)ic (1)) = (z Rus,y Muy)
= Q-1 <<$a y>) D <usa ut>
= Q-1 (<I, y>) X Us—1¢
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e (ia(e (o, 9))id(s™D)
= o ((ix (@) (), ix )i& (1))

also,
cpo((z'X(x)z'g (5)) (z’A(a)ié(t))> = Do (ix (zas(a))il(st))
— v, (a) K,
= 20, (a) B u,uy
= (o M u,)(a M u)
= @ (ix(2)ig (s)) ¢ (ia(a)ig(t))
and finally,

@0 (i4(@)i(5)) (ix ()i (1)) ) = @o(ix (a9s()) i (1))
= av,(7) W ug
= avs(2) B ugu
= (a®uy)(z K u)

= ¢ (iala)ig(s)) o (ix(x)ig (1))

Therefore, by Lemma 2.1.10, we have that ®; extends to a correspondence isomor-

phism & : X x,, G — X K C(G).

T

Example 5.1.11. In this example we will see that crossed products by coactions
on correspondences can also be viewed as twisted tensor products. Specifically, if
(0,0) is a coaction of a discrete group G on a correspondence (X, A), then we wish
to show that X X, G is isomorphic to X X, ¢o(G) where we are viewing c¢(G) as a

correspondence over itself. To see this, recall from Corollary 2.3.9 that the sets

(X %0 G)o = {jx(2:)1 () : s € Xii, f € co(G)}
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(A x5 Go == {jalas)ja(f) : as € As, g € «o(G)}

form a generating system for X x, G. Let X? := [J,.o X, and let A° := J,_ As.
The properties of the grading tell us that X° and A° densely span X and A and that
ar,ra € X° whenever a € A° and z € X°. Thus (X° A% is a generating system
for X which by definition consists of elements which are homogeneous with respect
to the gradings of X and A. Viewing (cy(G),co(G)) as a generating system for the

correspondence ¢y(G), we may apply Corollary 5.1.7 and deduce that the sets

(X X, co(@))o = {2, R f:a,€ X f€co(G)}

(A X, (@) :={a; R f:a,€ A f €co(G)}

form a generating system for the twisted tensor product X X, ¢o(G). Let ¢ be the
isomorphism A x5 G — A X, ¢o(G). We define @ : (X %, G)y = (X X, ¢o(G))o
to be the map jx(x,)ja (f) — x, X f. This is clearly bijective, but we must show
that it preserves the inner product and left and right actions. To see this, suppose

s € X, C X% and 74 € X; C XY and note that

(@0 ((7x(2:)5& (f)), ®o((ix (20)ic (9))) = (s B f, 2, K g)
= (2o ) B0 ((,9))
= (25, 71) K A1(fg)
= ¢(Jal{ze 20)i§ (A (F9))

= o ((ix(@)3E (s ix(@)id (9)))

furthermore, if a; € A, C A° we have that

@o( (ix (235 (1) (ix(@)5E(9)) ) = o (wsa)iE (M(£)9))

= za; XN (f)g
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= (zs W f)(z: K g)

= O (jix(z5)i () e(dalar)ic(g))

and

@ ((ja(a) i) (x(@)3E (9)) ) = ®ojix(az)i& (A(£)g) )
= ax, XA (f)g
= (@ f)(z, R g)
= ¢(jaa)jg (1) o (ix(2:)ic (9))

Therefore, by Lemma 2.1.10, we have that &, extends to a correspondence isomor-

phism ® : X x, G = X K, ¢(G).
5.2 Balanced Twisted Tensor Products

Throughout this section, G will be a discrete group, Z will be a compact abelian
group, (A, G,a), (A, Z, u) and (B, Z,v) will be dynamical systems and (B, G, d) will

be a coaction such that p commutes with a and v is covariant with respect to 9.

Proposition 5.2.1. (A X B, Z,\) is a dynamical system where
A= M Xy,

Proof. Since p commutes with o and v is covariant with respect to ¢, we know that
each map A, is an automorphism. To show that z — A\, is a group homomorphism,
note that
Az 0 Ap(aBb) = A, (po(a) K v,-1(b))
= 12 © pp(@) W v,-1 0 1,1 (D)
= ftzw(@) K vz-14,-1()
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= :uzw(a) X walzfl(b)
= Uzw (CL) & l/(zw)—l (b)

= Aw(a®b)
O

Definition 5.2.2. We call the fixed point algebra (A X B)* of the above action the

Z-balanced twisted tensor product of A and B and we denote it by A X, B.

Proposition 5.2.3. Let a®b e AXy B. Then p,(a) Xb,aXv,(b) € AKy, B for all
z € Z and, in fact, p,(a) Xb=aXuv,(b) forall z € Z.

Proof. Let w € Z. Note that

M (11(a) BIb) = 1y © pr (@) B v-1(b)
= s © fry(a) B vy,-1 (D)
= (p- Widp) (Aw(a K D))
— (. Kidp)(a R b)

Thus 1, (a) X b is fixed under the action of A and is therefore an element of A X, B.
Showing that aXv,(b) € AXy B is similar. To show that these are actually equivalent,

notice that

Mz(a) Xb= >\Z*1 (;Uz(a) X b)
= ptz-1 0 piz(a) K v (D)
=aXuv,(b)

102



Proposition 5.2.4. Keeping the above conventions, let O* and d¥ be the dual coac-
tions. Since Z is compact, Z is discrete and thus 6" and 6" give gradings {AX}X€2

and {B,} .5 of A and B. For each x € 7 let

xeZ

Sy:={ab:aec A, be B}

and let S :=J, .5 Sy. Then AR, B = span(9).

XEZ

Proof. First we will show that span(S) C AXy B. Let a®b e S. Then aXb € S,

for some x € Z. Thus for all 2 € Z we have that

M(aBb) = pa(a) B v 1 (b
— X(2)a R x(z")b
— X(z)x(z")(a®D)

=aXb

thus S C AXy B and therefore span(S) C A Xy B.

To show the reverse inclusion, let ¢ € AKXy B. Then ¢ =~ > a; K b;. Since
the subspaces {Ax}xe 5 span A and the subspaces {BX}Xe 5 span B, we may assume
without loss of generality that there are x;, x; € Z such that a; € Ay, and b; € By,
for each i. Let T : AR B — ANy B be the conditional expectation d — [, X.(d)dz.

Since ¢ is assumed to be in AN B, we have that ¢ = Y(¢). Thus, using the continuity

and linearity of T we have the following



- Z /Z ”z(aXi) X szl(bxli)dz
-5 [ (o) 8 (G
=3 (e Bbe) [ s

But the integral [, x;(2)x}(z")dz is equal to 1 if x; = x; and zero otherwise (this is
a consequence of the Peter-Weyl theorem). Thus ¢ can be approximated by a sum of

elements from S:

= E ay, X by,
i

therefore A X B C span(S) so A Xy B = span(S). O

Proposition 5.2.5. Let {Sy}, .7 be as above. This defines a coaction of Z on AK, B

and thus also an action v of Z on ARy B. We have that v = pXidg = idy X v.

Proof. Let ¢ € ARy B. By the previous proposition we can approximate ¢ = ), a,, X

b,,. Then, by continuity and linearity

Thus v = XK idp. Showing that v = id4 X v is similar. O]

Lemma 5.2.6. Suppose {A\}, 7 and {By\}, .5 are saturated gradings of A and B,

that is AyA, = Aye. Then {Sy} oz (as described above) is saturated.
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Proof. We already have that S, S, C S,., for all xy,w € Z so it will suffice to show the
reverse inclusion. Let a X b € S,,,. Then a € A,,, and b € B,,,. Since the gradings
of A and B are saturated, we have that a ~ >, aya,; and b ~ . by ;b, ; with
Ay; € AX’ Ay € Aw, bX»j € BX and bw’j € B,. Thus
a®b =" ayi; Rby b,
i,J

= Z (a/X7i X bx,’i) (awai X bw,j)

1,J

C S, K8,

5.3 Ideal Compatibility

Before we state our main result, we need to define two technical conditions in-
volving the Katsura ideals. We call these conditions Katsura non-degeneracy and
ideal compatibility. These conditions are basically the same as those presented in the
author’s first paper [Morgan(2015)], only the definition of ideal compatibility must

be modified to allow twisted tensor products instead of ordinary ones.

Definition 5.3.1. Let (X, A) be a correspondence and let Jy be the Katsura ideal
of A (recall that the Katsura ideal is the ideal Jx = ¢~!(K(X)) N (ker(@)L). We

say that X is Katsura non-degenerate if X - Jx = X.

Example 5.3.2. Let X be a correspondence over a C*-algebra A such that the left
action is injective and implemented by compacts. In this case we have that Jx = A.

Thus:



Definition 5.3.3. Recall that a vertex in a directed graph is called a source if it
receives no edges. We will call such a vertex a proper source if it emits at least one

edge.
We now turn our attention to ideal compatibility:

Definition 5.3.4. Given two correspondences (X, A) and (Y, B), an action (v, «) of
a discrete group G on X and a coaction (o,9) of G on Y, we say that X and Y are
1deal compatible with respect to v and o if Jx X, Jy = JX’Yggy where Jx, Jy and

Jx m,v are the Katsura ideals of X,Y, and X X Y respectively.

Once again, this condition will be met in the case of injective left actions imple-

mented by compacts:

Proposition 5.3.5. Suppose we have correspondences (X, A) and (Y, B), an action
(v, ) of a discrete group G on X and a coaction (0,0) of G on Y. If the left actions
of A on X and B on'Y are injective and implemented by compacts, then X and Y

are ideal compatible.

Proof. In this case the Katsura ideals are the whole algebras: Jx = A, Jy = B and

JXW&Y = A X B. Thus the equation Jx X, Jy = JX@UY becomes trivial. O
In Example 8.13 of [Raeburn(2005)], it is shown that if F is a discrete graph, then
Jx(p) = span{x, : 0 < |r*(v)| < oo}

where X (F) is the associated correspondence and y, € co(EY) denotes the charac-
teristic function of the vertex v € E°. With this in mind, we give the following

proposition:
Proposition 5.3.6. Let E and F be discrete graphs and let (X = X (E), A = ¢o(E))
and (Y = X(F), B = co(F°)) be the associated correspondences. Suppose oF is an
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action of a discrete group G on E and let (v, «) be the associated action on (X, A).
Let § : F' — G be a labeling of the edges of F' and let (o,1) be the associated coaction

on (Y,B). Then X andY are ideal compatible with respect to v and o.

Proof. Recall that X X Y = X(E px;F) where E' X, F'is the graph defined in

Example 5.1.9. Thus
Jx ®,y = SPan{ Xvxw : 0 < |7"§1EX6F(U X w)| < oo}

By definition, rg _ « p = rg X rp 50 TEiEX(;F(U x w) = r5'(v) x ' (w) and thus
|7’EiEX6F(U x w)| = [rg' ()| [rat(w)]. But 0 < |[rpt(v)] - [rp' (w)] < oo if and only if

0 < |rz'(v)] < oo and 0 < |rp' (w)]| < co. Thus we have that
Jx. @,y = SPan{ xXuxw : 0 < |rg' ()], [rg" (w)] < oo}

If we identify co(E® x F°) with co(E°) ® ¢o(F°) in the standard way, we see that
Xoxz = Xo ® Xw (recall from Example 5.1.9 that ¢ is the trivial coaction so we have

that A X, B~ A® B). Thus

Jx m,v = Span{xy @ xw : 0 < |rg' (v)], [rp" (w)] < oo}
=span{f ®g: [ € Jx,g € Jv}

=Jx ®Jy
Therefore, X and Y are ideal-compatible. O

5.4 Main Result

We will now state our main theorem, although we delay the proof until later in this
section. Throughout this section X and Y will be correspondences over C*-algebras
A and B, (o,9) will be a coaction of a discrete group G on Y and (7, «) will be an

action of G on X. We will denote the induced action on Ox by +" and the induced
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coaction on Oy by ¢’. To simplify the notation, we will make the following definitions:

XXY =X 7&0 Y, AXB:=A algé B, and OX |E’]I‘ Oy = OX WI&U/’T Oy.

Theorem 5.4.1. Suppose X and Y are full, ideal compatible, and Katsura non-

degenerate (see the previous section). Then Oxﬂ{gay = Oy V,XIJ,JT Oy.
Before we can prove this result, we will need the following lemmas:

Lemma 5.4.2. Suppose (7x,1vx) and (my, ¥y ) are Toeplitz representations of X and
Y in C*-algebras C and D and let v and o' be the induced action and coaction on
C and D. Let v = ¢y @ by and let m := wx @ my. Then (m,v) is a Toeplitz

representation of X M Y in C M, D.
Proof. Let y € Y for some s € G and let v € X, a € A, and b € B. Then
Y((zXMy)(a b)) =y (zras(a) Kyb)
= Yx (zas(a)) Ky (yb)
= (2)mx (s () By (y) 7y (b)
= x (2)7,(mx(a)) By (y)my ()

= (Ux(2) Ry (y)) (mx(a) Ry (b))
=Yz Ry)r(a X b).

A similar argument with b € B, shows that

P((aRD)(xWy)) =m(a W b)(xKy).

Further,

V(e By v DY) = (x(@) B ev(y)) (ex@) By ()

(Vs (0 (@)) Ry ()" ) (x (o) R v ()
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These equalities extend linearly and continuously (by the linearity and continuity of
the maps ¥y, 7x, ¥y, 7y, ¥, and 7) to all of X XY and AX B. Thus (m,%) is a

Toeplitz representation. 0
Lemma 5.4.3. If (7,4) is the Toeplitz representation in Lemma 5.4.2, then:

PO (K(SRT)) = vy (S) Koy (T)
forall S € K(X) and T € K(Y').

Proof. Without loss of generality we may assume that S = 0, and T' = O,,, with

y €Y, and ¢y € Y;. We have:

YW (k(Os0 M Oyy)) = 1™ Oy, 1 (wm)
= Y(z B y)y (%s (@) By
= (ox@) Ry (1) (0x (1 (1) By ()
= (x@ v ) (2 (0x (1 () ) B ()"
:(W )B4y (5)) (Vi (0x(@)) B ()"
= (Ux(2)yx(a')") K (wy( Yy (2')7)

w< m)m '(©y)
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Lemma 5.4.4. Suppose that X andY are ideal compatible. If (7x,1x) and (7y, )y )

are Cuntz-Pimsner covariant then so is (mw,1).

Proof. Let ¢x, ¢y, and ¢ be the left action maps on X, ¥ and X X Y respectively.
Note that from the definition of X .X_ Y we have that ¢ = jo (ng X ¢y) and thus,in

particular ¢|, ..

=ko (¢X|JX X’gbyby). Let ¢ € Jxxy- Since Jxmy = Jx W Jy we

may approximate ¢ ~ Y a; X b; for some a; € Jy and b; € Jy. We have

~ > b (¢a; B b))
—Zw (k(ox (a;) R gy (by))
= > vl (ox(a) Bl (ov (b))
= Zm(ai) X 7y (b;)
=> w(a; ¥ ;)

~ m(c)
thus (7, 1) is Cuntz-Pimsner covariant. O

We are now ready to prove our main theorem.

Proof. (of Theorem 5.4.1) First, we will construct a s-homomorphism F' : Oxgy —
Ox R Oy. Let (kx,ka) and (ky, kg) be the standard Cuntz-Pimsner covariant rep-
resentations of X and Y in Ox and Oy and let ¢ := kx K ky and 7 := ks X kp.
Then by Lemma 5.4.4, (¢, w) is a Cuntz-Pimsner covariant representation of X XY
in Ox X Oy. Thus, by the universal property there is a unique homomorphism

I Oxgy — Ox X Oy such that

(Y, m) = (F okxgy, F okaxp)
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The gauge actions I'y and I'y on Ox and Oy give rise to Z gradings {O% },.ez and

{O% },.cz- By Proposition 5.2.4 the sets
Spi={eNy:2e 0% ye Oy}
give a Z-grading of Ox K Oy. Notice that we have the following:

F(kaxp(a®b)) =7(a®b) = (ka Kkp)(a®b) € S (5.4.1)

Fkxmy(zXy)) =¢(@Xy) = (kx Kky)(zRy) C 5 (5.4.2)

Fora e A,be B,x € X,y € Y. Since the image of F' is generated by F(kAgB(A&B)
and F(k’)ﬂgy(X &Y)) we see that the image of F' lies inside Ox X Oy. Furthermore,
note that the grading {S, }nez gives rise to an action I' of T such that I',(s) = z"s
for s € S,. In particular, by (5.4.1) we have that I, (7(c)) = 7(c) for all c € AK B
and by (5.4.2) we have that I', (¢(w)) = z¢)(w) for all w € XKY. Thus I' is a gauge
action for (¢, 7). Since ka, kg, kx, and ky are all injective, ¢ and 7 is injective. By
the Gauge Invariant Uniqueness Theorem, F' is injective.

It remains to show that F'is surjective onto Ox Kt Oy. Recall that, since X and
Y are full, so are the gradings {O% },cz and {O} },,cz and thus by Lemma 5.2.6 so is
the grading {S, }nez. Thus Ox Kr Oy is generated by the elements of S;. Therefore,
to show that F' is surjective, it suffices to show that S; is in the image of F.

Recall that O% is densely spanned by elements of the form: k%™ (z)k%(2')*. Sim-
ilarly, O} is densely spanned by elements of the form k%™ (y)k%(y')*. Thus the

elements
K (@) k% (2 AP (y) kP (y) (5.4.3)

are dense in S;. Fix such an element. By linearity and continuity, it suffices to

consider the case where y is a tensor product of homogeneous elements (for if not, it
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can be approximated by a sum of such products). In other words, we may assume
that y = y; ® -+ ® Y1 Where each y; homogeneous with respect to the G-grading

of Y. Let us say that y; € Y, for each 7. Let s :=s1---5,,,41. Then

kP (y) = ky (1) - -+ by (Y1) € Oy

Similarly, we can assume that ¢ =y} ® --- ® ¢/, with y. € Y;, and then k*(y/) € O
where t :==t1 -+ - t,,.
Let us assume n < m. Then m = n + [ for some [ > 0. Then we can factor
Yy = y( ) ®y and i/ =/ @ ®y . Since X is Katsura non-degenerate, we can factor
x = zoa and ' = x{a’ with xg, 2, € X and a,a’ € Jx. With this in mind, we can
factor (5.4.3) as follows:
kA () Ry () R (y) R ()
= (k5 (@) R () (s (R ()RR ()
= (K™ (zo)ka(a) REL (y™)k (y12))
(s (hala) o (5 (070)) " 8 k§/<y'<2>>*k¢<y'<”>*)
= (K (o) R (5 D)) (71 (kal@) BB ()
(s (a(a)) B (™)) (Vs (K5 () R A (5 )7)
— (k5 (o) B (™) ) (7 (ka(@) sy (Ra (@) B R () (7))

(Vi (R (@) R k(') )

= (k) R R ) (2 (v (@) BB (52 (4 ))
(')/tltgs*l (k?( (xlo)) b Ry (y/ )>
_ (k;l(-l-l( o) Bk (y ><k(1 o éx(a,; 01 (@) gyt (a)*) B kY (@y(z)’y/@)))

X
(k‘ (ats 1(930 @k‘” 1 )
=t (SBO X y(1)>¢(1) <¢X (a1(a)ag,s(a')") W @y<2>,y/<2>>
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v (s (o) By )

Since all three factors in the final line are in the algebra generated by (¢, ), we
know that k%™ (2)k% (o) K kP (y) k% (y')* must be in the image of F. If n > m we
can factor z = 2V @ 2@ 2/ = 2’V @ 2/®) y = yoa, and 3 = y)a’ and apply a similar
argument. So the image of I’ generates S; and thus F' is surjective onto Ox /X, Oy.

Hence we have established that O X &,y = Ox w&mr Oy O
5.5  Examples

In this section, we will apply our main theorem to some of the examples of twisted

tensor products of correspondences we discussed earlier.

Example 5.5.1. Let X and Y be Zs-graded correspondences over Zs-graded C*-
algebras A and B. As in Example 5.1.8, let (7,«) be the action of Zs on (X, A)
associated to the grading on X and let (o, §) be the coaction of Zy on (Y, B) associated
to the grading of Y. Let 4/ be the action of Zy on Ox induced by (v, «) and let o’
be the coaction of Zy on Oy induced by (¢,0). Suppose X and Y are Katsura non-
degenerate and ideal compatible with respect to o and . Then by our main result
together with Example 5.1.8, we see that Oygy = Oxxy = Oy Ny Oy .

Note that 4" and ¢’ give rise to Zs-gradings on Ox and Oy so it makes sense to
speak of the Zy-graded tensor product Ox®0Oy. Let ¢ : OxR0y — Ox KOy be the

map w®z — w X z. Note that

@((w1®zl)(w2®22)) = (—1)8216w2¢(w1w2®z122)
= (_1>az18w2 (U)l’U)Q X 2122)

= wl%’azl (w2) X 2129

= (w W z1)(we X 2)
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= p(w1®21)p(WaB2)

and also

P((wBa)) = (1ol Bz)
= (17w B )
= (—1)? (' ® 27)
= e (") B 2°
= (w2

= p(wRz)"

therefore ¢ is a *-homomorphism. Further, ¢ takes a densely spanning set (the
elementary tensors w®z) in Ox®Oy bijectively onto a densely spanning set (the

elementary tensors wiX z) in Ox X, Oy so ¢ is an isomorphism. Thus we have that
@ XY = OX @TOY

Example 5.5.2. In this example we will show that the graph algebra of the product
graph constructed in Example 5.1.9 is a twisted tensor product of the graph algebras
of the underlying graphs. Suppose E and F are directed graphs, o an action of a
discrete group G on E and let ¢ be a labeling of the edges of F' by elements of G. Let
(7,a) and (o,¢) be the associated action and coaction on the graph correspondences
(X,4) = (X(E),co(E)) and (Y, B) = (X(F), co(F?)). Suppose further, that £ and
F have no sinks, no proper sources (see Definition 5.3.3), and that no infinite receiver
in F or F emits an edge. Then we have that the graph correspondences (X, A) and
(Y, B) are full, and by Propositions 4.2.9 and 5.3.5 they are Katsura non-degenerate
and ideal compatible with respect to v and o. Thus we may apply our main result.

Let 4" be the induced action on Ox = C*(E) and ¢’ be the induced coaction on
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Oy = C*(F). We have
C*<E aEX5 F) = OXW&;Y = OX ’}//IEO'/,T OY = C*<E> ,y/&o./"ﬂ* C*(F>

Before we see how our main result applies to crossed products, we will need a few

lemmas.

Lemma 5.5.3. Let (A, G, ) be a dynamical system, (B,G,§) a coaction and C a

C*-algebra. There exists an isomorphism
0931 A My, 50ide) (BeC)—= (A () ,uX;s B
Proof. By definition,
A My s0ide) (B@C) =i4(A) ipgc(BRC) CARBRC® B(L*(G))

where 74 = 0, and
ipgc = o(D23(6 ®idc)),,,

. Similarly,
(A® C) 4els B = iagc(A® C) -ip(B) C A® C® B®B(LY(G))

where isgc = mq 0 875 and ip = Ay 0 d3y. Since Xo3 : A® B® C ® B(L*(G)) —
ARC®B® B(LQ(G)) is an isomorphism, we can let o93 be the restriction of s3 to
the subalgebra Aa@zzg(é@dc) (B®C'). From there it suffices to show that the image of
023 is equal to (A®C) .o K5 B. A KMy 504,y (B®C) is densely spanned by elements

of the form i4(a)ipgc(b ® ¢) and (A ® C) ., Ks B is densely spanned by elements

a®e
of the form iagc(a ® ¢)ip(b). Since ga3 is a restriction of the linear norm preserving
map X3, it too is linear and norm preserving. To show that the image of ga3 is

(A® C) X5 B, it suffices to show that oa3(i4(a)ipgc(b @ ¢)) = iagc(a @ c)ip(b).

To see this, note that

0923 (iA(Cl)iB@C(b ® C)) = Z23 (5a(a)1m <223(5 ® ldC)(b ® C))QSA)
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= S (0" (@1 (S (50) @ ) )
= 6%(a)1m 23 (c30(b)2r)

= 6%(a) 1mc20(b)3x

- (223 (6%(a) ® c)>12m5(b)3A

= 5@@(@ ® €)12m0(D)3x

= iagc(a ® c)ip(b)
thus 023 1 A Ky - 50i40) (BRC) = (A® C) M5 B is an isomorphism. O

Lemma 5.5.4. Let (7, ) be an action of a discrete group G on a correspondence
(X, A) and let (B, G,9) be a coaction. If JX’YxBB = Jx X B and Jx is Katsura-non-
degenerate, then

OX’\/|X5B = OX 7/&5 B

where B is viewed as a correspondence over itself in the left-hand-side and ~' is the

induced action on Ox.
Proof. In this context, our main result gives us
Ox w,8 = Ox ,M;sr Op

Recall that Op = B ® C(T) and the gauge action corresponds to ¢ ® A\ where ¢ is

the trivial action and A is left translation. Using the isomorphism between C(T) and

C*(Z), we see that

Ox X Op = Ox Ky (B® C*(Z))
— spm{ 0% ® (B @ C*(2)")}

=span{zX (b®u,) € Ox K (B® C*(Z)) : v € O%}
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where u,, is the unitary in C*(Z) associated to n € Z. Applying the isomorphism o3

from the previous lemma, we see that the above is isomorphic to

span{(z @ u,) Kb € (Ox @ C*(Z)) K B : z € O% }

=span{z ®u, € Ox ® C*(Z) :z € O% } K B

The grading {O% }nez corresponds to a coaction € such that e(x) = z ® u, for all

x € O%. Continuing from above, we have:

span{z ® u, € Ox @ C*(Z) : x € O% } X B
=span{e(z):z € O%} X B
=c(Ox) X B

=0Ox X B
[l

Lemma 5.5.5. Let (0,0) be a coaction of a discrete group G on a full correspondence
(X,A). Let a be an action of G on a C*-algebra B. Suppose Jx . p = Jx X, B

and Jx s Katsura-non-degenerate. Then
OX(T&QB = OX a’ga B
where o' is the induced coaction on Ox

Proof. The proof is similar to the proof of Lemma 5.5.4. m

Example 5.5.6. Let (X, A) be a correspondence and let (vy,a) be an action of a
discrete group G' on A. Suppose further, that Jx. ¢ = Jx Xa, G. Recall that
Example 5.1.10 showed that X x,,. G = X K Cr(G). Thus we have

T

Y
Oxu,,.c = OX7®5G Cx (@)
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Since Ax,,,G = A X; Cr(G), the condition that Jx., ¢ = Jx Xa,G can be restated
as Jx w, cxe) = Jx oM. Cr(G). Thus the correspondences X and C;(G) are ideal
compatible. Applying Lemma 5.5.4, we have that OXW&SGC?‘(G) = Ox M. CHG)

T

and this, in turn, is isomorphic to Ox ., G. Thus we have:
OXN,Y,TG = OX Nyt e G

Example 5.5.7. Suppose (0,9) is a coaction of a discrete group G on a correspon-
dence (X, A). Then X x, G = X X, ¢(G) by Proposition 5.1.11. If Jx 8, c0(G) =

Jx X, ¢o(G) (or in other terms Jx.,¢ = Jx X5 G) then Lemma 5.5.5 tells us that
OXJ@AC()(G) = OX a’®/\ CO<G)

which we can restate as

Oxx,c = O0x X G

where ¢’ is the induced coaction on Ox.

These last two examples are not new. In [Hao and Ng(2008)] it was
shown that Ox..¢ = Ox X, G for any locally compact amenable group, and
in [Bédos, E. and Kaliszewski, S. and Quigg, J. and Robertson, D.(ions)] it is
shown that Ox., ,a = Ox %y, G for any locally compact group provided
that Jx..,¢c = Jx Xa, G. In [Kaliszewski et al.(2012)] it was shown that
Oxwu,c = Ox X G for full (not reduced) coactions o provided certain technical
conditions involving the Katsura ideal are satisfied. Even though our main result
does not recover these results in their full generality, it seems reasonable to hope
that the main result of this paper might be extended to arbitrary locally compact
groups and perhaps even quantum groups. In this case we would have a single

framework in which to describe all results of this type.
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