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Abstract

Given two C*-correspondences X and Y over C*-algebras A and B, we show that (under mild hypotheses)
the Cuntz—Pimsner algebra Oxgy embeds as a certain subalgebra of Oy ® Oy and that this subalgebra can
be described in a natural way in terms of the gauge actions on Ox and Oy. We explore implications for
graph algebras, crossed products by Z, crossed products by completely positive maps, and give a new
proof of a result of Kaliszewski, Quigg, and Robertson related to coactions on correspondences.
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1. Introduction

In what follows, 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 Oy ®1 Oy of Ox ® Oy. We call this subalgebra
the T-balanced tensor product because it has the property that 75( X)®y=x® y;/ 6]
for all ze€ T, x € Oy, and y € Oy, where y* and " are the gauge actions on Oy
and Oy. This idea is inspired by a result of Kumjian in [8] where it is shown that
for a cartesian product E x F = (E° x FO,E!' X F', rg X rp, sg X sp) of two graphs,
C*(E X F) = C*(E) @7 C*(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
generalization 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
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give a new proof of a theorem of Kaliszewski, Quigg, and Robertson which was used
in [5] to study Cuntz—Pimsner algebras of coaction crossed products. In what follows
we will assume that all tensor products are minimal (spatial) unless otherwise stated.

2. Preliminaries

Here we will review the material we will need on correspondences, Cuntz—Pimsner
algebras, actions and coactions. A good general reference on the subject of Hilbert
C*-modules and C*-correspondences is [10]. There is also an overview given in [1].
For Cuntz—Pimsner algebras, we refer the reader to Katsura [7] and to the overview
given in [13]. For actions and coactions, we refer to Appendix A of [2] as a general
reference, but since we will only be concerned with coactions of discrete groups
we will also use a lot of facts from [12]. We will begin by reviewing the basics of
C*-correspondences.

2.1. Correspondences. Suppose that 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

XX X3 (x,y) - (5,30 €A

which is linear in the second variable and such that:

(1) (x,x)4 =0 forall x € X, with equality only when x = 0;
(2) (x; =, x)a forall x,y € X;
(3) (x,y-aya ={x,yyaaforall x,y e Xand 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—Schwarz
inequality for such X, which implies that we can define the following norm on X:

[xlla 2= 116, x)all' /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 an A-valued inner product given
by (a, b)4 = a*b. We call this the trivial Hilbert A-module and denote it by Ay.

Let A be a C*-algebra and let X be a right Hilbert A-module. If 7: 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*x, 904 =X, 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 £(X).

https://doi.org/10.1017/51446788716000240 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788716000240

350 A. Morgan [3]

Given C*-algebras A and B, an A—B-correspondence is right Hilbert B-module X
together with a homomorphism ¢ : A — L(X) which is called a left action of A by
adjointable operators. For a € A and x € X, we will write a - x for ¢(a)(x). f A=B
we call this a correspondence over A (or B). We call the left-action injective if ¢ is
injective and nondegenerate 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 [13, Example 8.6]. Let A be a C* algebra and let @ be an endomorphism
of A. We can make the trivial module A4 into a correspondence over A by defining

P(a)(x) = ala)x.

ExampLE 2.2 [6, Definition 3.9]. Let E = {E®, E', r, s} be a directed graph (in the sense
of [13]). Consider the vector space c.(E') of finitely supported functions on E!. We
can define a right action of co(E?) and a co(E®)-valued inner product as follows:

(x - a)(e) = x(e)a(s(e),
E e = D, He(e),

{e€cE:s(e)=V}

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:

P(a)(x)(e) = a(r(e))x(e).

This makes X(E) into a correspondence which is referred to as the graph
correspondence of E.

This example has the following natural generalization.

ExampLE 2.3 [6, Definition 3.11]. A topological graph is a quadruple E = {E°, E', 1, 5}
where E° and E! are locally compact Hausdorff spaces, r: E' — E° is a continuous
function, and s : E! — E? is a local homeomorphism. Let A := Co(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 x,y € C.(E"), let

(@ x)(e) := a(r(e))x(e),
(x - a)(e) = x(e)a(s(e)),
G = > xeye).

{e€E!:5(e)=v}

We denote the completion of C.(E') under the norm defined by this inner product by
X(E). It can be shown [13, pages 80-81] that the left action is injective if and only if
r has dense range and the left action is implemented by compacts if and only if r is
proper.
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Let X be a Hilbert module over a C*-algebra A. Then for any x,y € X, the map
®,, 2~ x-{y,2)4 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 £L(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 $(A) C K(X).

There are two types of tensor products which are usually defined on
correspondences, an ‘internal’ tensor product and an ‘external’ tensor product. These
are defined as follows (see [10, Ch. 4] for more detail). Let 4Xp and ¢Yp be
correspondences and let @ : B — C be a completely positive map (see [1] for the
basics of completely positive maps). Let X ©g Y be the quotient of the algebraic tensor
product X © Y by the subspace spanned by

(x-b®y—-x®®b)-y:xeX,yeY,be B}.

This is a right D-module with right action given by (x® y) - d = (x® y - d). We define
a D-valued inner product as follows:

(x®y,x' ®Yy) =y, 2({x,x")p) - ¥ )p.

For a proof that this is indeed an inner product, we refer the reader to the proof of
Proposition 4.5 of [10]. 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)(x ® y) = (pa(a)x) ® y. This makes X ®¢ ¥ an
A-D-correspondence. In many situations we will have B = C and @ = idp. In this case
we will write the associated internal tensor product as X ®g Y.

Exampie 2.4. If ® : A — B is a completely positive map between two C*-algebras,
then we define the correspondence associated to ® to be the correspondence
Xo := JA, ®¢ zB, where ,A, and ,B are the standard correspondences.

Let 4Xp 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:

(x®y)-(@®b)=(x-a)®(y-b),
(x®y,x' ®y) =(x,x")p® ¥,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 ® ¢)(x ® y) = (Pa(a)x) Q (pc(c)y).
This makes X ® Y an A ® C—B ® D-correspondence.

If®:A— Cand @ : B— D are completely positive maps, then ®?® ' : A® B —
C ® D will be a completely positive map as well. In fact we have the following lemma.

Lemma 2.5. Let s Xar, gYp, cZc, and pWp be correspondences and let ® : A” — C
and @' : B" — D be completely positive maps. Then

X®Z2)® (Y Qpy W)= (X®Y) Qpga (ZW).
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Proor. Note that the left-hand side is the completion of X ©Z © Y © W under a 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

03:X0ZOYOZ->XOYOZOW

XQIRYRIHP XQYyQZQw
extends to a correspondence isomorphism
X®02)@(Y ®p W)= (X®Y) Qopger (Z@ W)

by showing that o3 preserves the pre-inner products. By linearity it suffices to show
this for elementary tensors. Let (-, -); denote the pre-inner product which gives rise
to (X ®¢p Z) ® (Y ®p W). Let (-, ), denote the pre-inner product which gives rise to
X®Y)®pge (Z® W). Then
(03(x®20Yy®W),0n(Xx®Z® YO W))
={(x®y®zeaw, X’ ®y ®7 ®w'),
=(Z@w,(P®D)(x®y, X' @Y N(Z ®w))
= (z®@w, (P ® O )((x, x') ® {3,y N ®W))
= (z®w, (P(x,x'))Z') ® (D' ({y, Y )W)
= (2, @(x, X' NZ) @ (w, D' ({y, y Iw’)
={(x®z0y®w, X' ®7 ®)y ®7).
Thus o3 extends to an isomorphism giving us
X®p2) (Y ®y W)=(X®Y) Qpger (WS Z). O

ExampLe 2.6. Let ® : A — C and @’ : B — D be completely positive maps. Since
WAL ®pBp = 1o5(A®B) o pand .C. ® D) = o (C® D)), We have
Xogr = (4o5(A ® B) 4ep) ®vst (cep(C ® D)cgp)
= (444 ®pBp) ®vger (¢Ce ®pDp).

Applying the preceding lemma gives

= (4A4 @0 cCe) ® (3Bg ®a pDp)

=Xo ® Xov.
Thus Xpga = Xo ® Xor.

The following facts (see [10, Ch. 4]) will be useful in proving our main result:

Lemma 2.7. Let X and Y be C*-correspondences over C*-algebras A and B,
respectively. Then K(X ® Y) = K(X) ® K(Y) via the map k which takes S T €
K(X) ® K(Y) to the linear map x @y — SxQ 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.
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Before we end this section, we will give another example of an external tensor
product.
Exampie 2.8. Let E={E°,E',r,s} and F := {F°, F',r, s’} be topological graphs.
Define

ExF:={E°xF E'xF',rxr,sxs'}

(i.e. the topological analog of the product graph in [8]). Since the product of two
continuous maps is continuous and the product of two local homeomorphisms is a
local homeomorphism, E x F is a topological graph. Let p : Co(E?) ® Co(F°) —
Co(E® x F®) and 0 : Co(E") ® Co(F') — Co(E' x F') be the standard isomorphisms.
Note that o(C.(E") ® C.(F')) C C.(E' x F') and that

o((@a®Db)- (x®y)(e, f)=0(a-x®b-y)e, f)

= a(r(e)x(e)b(r' (/Ny(f)
a(r(e)b(r' (f)x(e)y(f)
pla®b)(r(e),r' (fo(x@y)e, f).

Similarly,

a(x®y) - (a®b))e, f) = a(x@y)e, flola® b)(s(e), s'(f)).
Let A = Co(E®) and B = Cy(FP). If (-, -); is the A ® B-valued tensor product associated
to the external tensor product X(E) ® X(F) and (-, -); is the Co(E X F)-valued inner
product associated to X(E X F), then
PUx @y, X" ®y ) 1)(v, w) = p({x, x4 ® (¥, ¥ )B) (v, W)
<x’ x/>A (V)<ya y/>B(W)

= > XX @y ()
s(e)=v.s'(f)=w

Z x(e)y(f)x' (e)y' (f)

s(e)=v,s'(f)=w

> axeye Nol ®y)e, f)
s(e)xs’ (f)=vxw

=(o(x®y),a(x ®y ) (v,w).

Extending linearly and continuously, we see that (p, o) gives an isomorphism of
correspondences: X(E X F) = X(E) ® X(F).
2.2. 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 (¢, m) where ¢ : X — B is a linear map and 7: A —» B is a
*-homomorphism such that:

(1) yl(a-x)=n(a)(x)foralla € A and all x € X;
2) Y(x-a)=y(x)r(a) forall a € A and all x € X;
(3)  7(x,ya)) = (X Y(y) forall x,y € X.
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(Note that (2) is actually implied by (3), but we include it for clarity.) We will write
C*(y, m) for the C*-subalgebra of B generated by the images of ¢ and 7 in B. It can
be shown that there is a unique (up to isomorphism) C*-algebra 7, called the Toeplitz
algebra of X, which is generated by a representation (ix,i4) which is ‘universal’ in
the sense that for any representation (i, r) of X in any C*-algebra B, there is a unique
x-homomorphism ¢ X 7 : Ty — Bsuch thaty = (i X 1) o iy and 7 = (Y X ) o ix. This
construction if due to Katsura and is discussed in detail in [7], for instance.

Let X®" denote the n-fold internal tensor product of X with itself; by convention
we let X®0 = A. Given a Toeplitz representation (i, 7) of X in B, we define a map
Y" : X® — B for each n € N as follows: we let y° = 7 and ¢! = y and then, for each
n>1,wesety"(x®y) = y(x)y"'(y) where x € X and y € X®" !

Let X be a correspondence over A and let (i, ) be a Toeplitz representation of X.
Then, Proposition 2.7 of [7] states that

C*( 7) = SPaniy" (" ()" : x € X",y € X",

From [7, Lemma 2.4] we get the following result. Let (¥, ) be a Toeplitz
representation of X in B. For each n € N there is a homomorphism ¢/ : K(X®") — B
such that:

(1) n(a)y™ k) = ¢ (p(a)k) for all a € A and all k € K(X®");
@) Y k)(x) = y(kx) for all x € 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={acA: ¢(a) € K(X)and ab = 0 for all b € ker(¢)},

where ¢ is the left action. This is often written more compactly as Jx = ¢~ (K(X)) N
(ker(¢))*. In many cases of interest, one can consider only correspondences whose
left actions are injective and implemented by compacts. In this case we have Jy = A.

The Katsura ideal is also sometimes described as the largest ideal of A which maps
injectively onto the compacts. This is made precise by the following proposition
(see [7]).

ProposiTION 2.9. Suppose that 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
ICUx.

We are now ready to define the Cuntz—Pimsner algebra Ox. A Toeplitz represen-
tation is said to be Cuntz—Pimsner covariant if yV(¢(a)) = n(a) for all a € Jx. The
Cuntz—Pimsner algebra Oy is the quotient of 7x by the ideal generated by

{i(p(@)) — ia(a) : a € Jx).

Letting g : Tx — Ox denote the quotient map, it can be shown that Oy is generated
by the Cuntz—Pimsner covariant representation (kx, ks) = (q o ix, g © i4) and that this
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representation is universal for Cuntz—Pimsner covariant representations: if (¥, ) is a
Cuntz—Pimsner covariant representation of X in B, then there is a *-homomorphism
¥ X :Ox — Bsuch that = (y X ) o kxy and 7 = (i X ) o k4. This construction is
also due to Katsura and is discussed in detail in [7].

Exampre 2.10. If E is a directed graph and X(FE) is the graph correspondence of
Example 2.2, then one can show that Oy = C*(E) where C*(E) is the C*-algebra
of the graph (see [13] for details). For this reason, if F is a topological graph, the
graph algebra of F is defined to be Ox(r).

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 (i, 1) be a Toeplitz representation of a correspondence X.
Then we say that C* (¥, ) admits a gauge action if there is an action y of T on C* (i, )
such that:

(1)  vy,(m(a)) = n(a) forall z € T and all a € A;
2) v, (¥(x)) =z¥(x) forall ze T and all x € X.

When such an action exists, it is unique.

THeorREM 2.11 (Gauge invariant uniqueness theorem [7, Theorem 6.4]). Let X be a
correspondence over A and let (f, m) be a Cuntz—Pimsner covariant representation of
X. Then the x-homomorphism s X t : Ox — C*(¥, 7r) is an isomorphism if and only if
(¥, m) is injective and admits a gauge action.

2.3. Actions, coactions and gradings. We will make use of the relationship
between the gauge action of T and the natural Z-grading of Cuntz—Pimsner algebras.
This relationship comes from the duality between actions of an abelian group and
coactions of the dual group. We will briefly recall the basics of actions and coactions
here. By an action of a locally compact group G on a C*-algebra A, we shall mean a
strongly continuous group homomorphism « : G — Aut(A). We will refer to the triple
(A, G, @) as a C*-dynamical system. For s € G we will write a, for the automorphism
a(s). Let G be a discrete group. Then the group C*-algebra C*(G) is generated by a
unitary representation G 3 s — u; € UC*(G). We will abuse notation and write s for
us. The function ¢ : 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 [2, appendix] for more details.

A coaction of a group G on a C*-algebra A is a nondegenerate, injective
homomorphism é : A — M(A ® C*(G)) such that:

(1) A1 eC*(G) CARCYG);
(2) (0®idg) o6 = (idg ® d¢) o 6 where both sides are viewed as maps A - M(A ®
C*(G) ® C*(G)).
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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, §) as a coaction. Note that
if G is discrete then C*(G) is unital (with unit u,) and thus 6(A) C 6(A)(1 ® C*(G))
so by condition (1), 4 maps into A ® C*(G). In fact, the results of [12] tell us that
(nondegenerate) coactions of discrete groups correspond to group gradings. We will
discuss this more formally in a moment, but first we will state precisely what we mean
by a grading of a C*-algebra. Let G be a discrete group and A a C*-algebra. By
a G-grading of A we shall mean a collection {A,},cc of linearly independent closed
subspaces of A such that the following hold:

(1) A;A, CAgforall s,z eG;
2) A=A
(3) A =span;(Ay).

We will say that a grading is full if we have A;A, = Ay for all s,re€ G. We
summarize [12, Lemmas 1.3 and 1.5] as follows.

LemMaA 2.12. A nondegenerate coaction of a discrete group G on a C*-algebra A gives
a G-grading of A. Specifically, we let A; = {a € A : 6(a) = a® s} for each s € G.

Remark 2.13 [2, Example A.23]. If G is abelian, then 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: 7 (x)(y) = y(x). We also recall that,
in this situation, condition (1) from the definition of coactions is equivalent to &
taking values in Cb(G A) e M(A ® C*(G)) (see [2] for details). With this in mind,
if (A, G, 9) is a coaction, then we define an action @ of G by setting o’ v(@) = 6(a)(y).

Conversely, given an action a of G on a C* -algebra A, we define a coaction ¢“ by
letting 6% (a)(x) = a,(a).

Let (A,G, @) be a C*-dynamical system with G compact and abelian and let
(A, G, 6%) be the associated coaction of the dual group G. Since G is compact, G
will be discrete and therefore 6% will give a G- grading of A as in Lemma 2.12.
Identifying A ® C*(G) with A ® C(G) and this with C(G, A), the elementary tensor
a ® u,, corresponds to the map s — y(s)a. Therefore if a € A, then a,(a) = §(a)(s) =
Xx(s)a and so the sets A, can be thought of equivalently as

A, ={a€A:aa) = x(s)a}.
Thus each A, coincides with the so-called spectral subspace associated to y.

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 [12], we get a coaction of G associated to this Fell bundle which corresponds to an
action of G as follows.

ProposiTioN 2.14. Let A be a C*-algebra and suppose that {A} e is a G-grading of A.
Let y € G. For each s € G and each a € A, define a,(a) = x(s)a. The maps «, extend

to automorphisms of A such that a : y — a, is an action of G on A.
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3. 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 Oy ®r Oy of the tensor
product Ox ® Oy. This subalgebra is called the T-balanced tensor product of Ox and
Oy. Following [8], we define the general construction as follows.

DeriniTioN 3.1. Let G be a compact abelian group, and let (A, G, @) and (B, G,f)
be C*-dynamical systems. We define the G-balanced tensor product A ®¢ B to be
the fixed point algebra (A ® B)* where 1: G — A ® B is the action characterized by
A(a®b) = as(a) ® B;-1(D).

ProrosiTion 3.2. Ifa® b € A ®g B then ay(a) ® b,a @ B4(b) € A Q¢ B forall s € G and
as(a)®b =a® By(b).

Proor. To show that @y(a) ® b € A ®; B note that for any ¢t € G we have

a(ag(a)) ® Br-1(b) = as(a(a)) ® Bi-1(b)
= (a; ®idg)(a(a) ® B-1 (D))
= (a;®idp)(a® b)
=as(a)®b,

showing that a ® 8,(b) € A ®; B is similar. Now that this has been established, the
equality follows easily:

ay(a)® b = a;1(as(a) ® By(b)
=a® Bs(b). O

Thus the actions @ ® tp and 14 ® B coincide on A ®; B where t4 and (g are the
trivial actions. We will refer to the restriction of @ ® 15 to A ®g B (or equivalently the
restriction of ¢4 ® 5 to A ®¢ B) as the balanced action of G, and we will denote it by
a ®g .

The main result of this paper can be stated roughly as

Oxsy = 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 [8].

Exampie 3.3. Let E and F be source-free, row-finite discrete graphs and let E X F
denote the product graph as in Example 2.8. Then C*(E X F) = C*(E) ®r 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 [4, Theorem VII.1.35].
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Lemma 3.4. 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 = .
G 0 otherwise.

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

ProrosiTion 3.5. Let (A, G, @) and (B, G, 8) be C*-dynamical systems wi’t\h G abelian.
Then, as discussed in the previous section, the coactions 6% and & give G-gradings of

A and B:

A, ={a€A:aya) = x(s)a),

B, ={b € B: B(b) = x(s)b}.
Let

Sy:={a®b:acA,beB,}
and let

s:=[Js,.

xeG
Then A ®¢ B = span(S).
Proor. First, note thatifa® b € §, then a® b € S, for some y and so, for all s € G,
As(a® b) = ay(a) ® Bs-1(b)
= x(s)a®x(s™)b
= x(si (s )a®b)
=a®b

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

Now, since A is densely spanned by the A, and B is densely spanned by the B,,
the tensor product A ® B will be densely spanned by elementary tensors a ® b where
a €A, and b € B, for some y, ' € G. More precisely, let

T,,={a®b:acA,, beB,}

T= | Ty

x.x'€G

and let

Then we have A ® B =5span(T). Lete : A® B — A ®; B be the conditional expectation
cH fG Ag(c)ds. Then, since € is continuous, linear and surjective, £(T') densely spans
A®cB. Leta®beT,saya®beT,,. Then using Lemma 3.4 and the fact that a
product of two characters is a character, we have
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gla®b) = f A(a® b)ds
G
= f (x()a® x'(sHb)ds
G

= (L/y(s)mdz)a ®b

=( f (X?)(s)ds)at@b
G

_Jrif Yy’ is trivial
|0 otherwise.

But yy’ will be trivial if and only if y = . This means that if y # v’ (i.e. a® b €
T\S)theng(a®b) =0andif y =y’ (i.e. a® b € §) then e(a ® b) = a ® b. This implies
that &(T) = 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 ®; B = span(S). ]

Proposition 2.14 tells us that the E—grading of A ®; B just described should give us
an action of G on A ®; B. We will now show that this action coincides exactly with
the balanced action.

ProposiTion 3.6. Let {S\}, & be the E—grading of A ®g B described in the previous
proposition and let 'y be the action associated to this grading by Proposition 2.14.
Theny = a ®g S

Proor. It suffices to check that these maps coincide on each S,. Leta®b € S,. Then
for each s € G we have y;(a ® b) = y(s)(a ® b) by definition. On the other hand, since

a€A,,
(@®cf)s(@a®b)=a(a)®b
=(x()a)®b
=x(s)@®Db)
50 ys(a®b) = (o ®¢ f)s(a® b) for every s € G and every a® b in S,. O

The following lemma will be useful later.

Lemma 3.7. Let {A,}nez and {B,} ez 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 @ B
is generated by S|.

Proor. First, we will show that S,,S,, = S;,1.,. We already have that S,,S,, C S;+m SO it
suffices to show the reverse inclusion. Leta® b € S,,.,,. Thena € A,,,, and b € B,
so a= )Y aa; and b = } b;b; with a; € A,, a; € Ay, b; € B,, and b} € B,,. Therefore
a®b=3,;i(a®b))a;® b;) where a; ® b; € S, and a; ® b;. €S,,80 S,4m €8S,S,, and
hence S,,S,, = Syem.

Since 1 generates Z as a group, S; generates span | J S, = A ®r B as a C*-algebra. O
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4. Ideal compatibility

In this section we introduce technical conditions which we will need for our main
result to hold.

DeriniTioN 4.1. Let X and Y be correspondences over C*-algebras A and B and let Jy,
Jy, Jxgy be the Katsura ideals (i.e.

Jx={a€A:¢a) e K(X)and aa’ = 0 if ¢px(a’) = 0}
and so on). We say that X and Y are ideal-compatible if Jxgy = Jx ® Jy.

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 Jx = A, Jy = B, and Jxgy = A ® B so ideal compatibility is automatic.
Thus we have established the following proposition.

ProrosiTion 4.2. Let X4 and Yg 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 [5, Lemma 2.6].
Lemwma 4.3. Let X and Y be correspondences over A and B. Then Jx ® Jy C Jxgy-

Proor. Since ¢y maps Jx injectively into K'(X) and ¢y maps Jy injectively into K(Y),
dxey = Ox ® ¢y will map Jx ® Jy injectively into K(X) ® K(Y), but K(X) ® K(Y) =
K(X ®Y) so ¢pxgy maps Jxy ® Jy injectively into K (X ® Y). Thus by Proposition 2.9,
Jx ®Jy C Jxey. 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

C®B={xe A®B: (idy ® w)(x) € C for all w € B*}.

Levmma 4.4. Let X and Y be correspondences over C*-algebras A and B and suppose
that Y is an imprimitivity bimodule. If (Jx, A, B) satisfies the slice map property, then
X and Y are ideal-compatible.

Proor. It suffices to show that Jxgy € 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 Jxgy C Jx ® B.

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 Jx, this means we must show that ¢x((id ® w)(c)) € K(X) and that
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(id ® w)(c)a = 0 for all a € ker(¢y). With this in mind, let w € B*. Since ¢y is linear,
we have that
$x((ida ® w)(c)) = (Px ® W)(c)
= (¢x ® (W o ¢;' 0 gy))(c)
= (idxon) ® (W 0 ¢y1)) o (dx ® Py)(c)
= (idxon ® (W 0 ¢y1)) 0 Pxay(c).
To see that this is in K(X), note that since ¢ € Jxgy by assumption, we know that ¢(c) €
KX ®Y)=K(X)®K(Y). Note that since Y is an imprimitivity bimodule, ¢;1 is well
defined as a map K(Y) — B. Since (idgx) ® (w o ¢;l)) maps K(X) @ K(¥Y) - K(X)
we have that
(idgx) ® (w 0 ¢71) © Pxay(c) € K(X)
so (id ® w)(c) € K(X).
Next, let a € ker(¢yx) and factor w as b - w’ for some b € B and w’ € B* (where
(b-W)D) =w (b'Db)). Then
(1d ® w)(c)a = (id @ w)(c(a ® 1))
=({d®b-)cla®l))
= (id® w)(c(a® 1)(1 ® b))
= (id ® w')(c(a ® b))
but

a®beker(px) ® B
C ker(¢x ® ¢y)
= ker(¢xeor)-

Therefore, since ¢ € Jxgy We must have c(a ® b) = 0 and hence
(1d ® 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. (]

In [13, Example 8.13], it is shown that if E is a discrete graph, then
Jxce) = span{d, : 0 < [r~'(v)| < oo},

where X(E) is the associated correspondence and 6, € co(E®) denotes the characteristic
function of the vertex v € E°. With this in mind, we give the following proposition.

ProrosiTiON 4.5. 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.
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Proor. Recall that X ® ¥ = X(E X F). Thus

Jxey = Span{S : 0 < g (v, w)| < 00},
By definition, rgxp = rg X rp so rELF(v, w) = rgl(v) X r;l(w) and thus IrELF(v, w)| =
Ir2' )] - izt w)l, but 0 < [r' ()] - [rz!(w)l < oo if and only if 0 < |r' (V)| < eo and
0 < [r;'(w)| < eo. Thus we have that

Txay = SPa{S () 1 0 < Irg' W], Irz' ()] < eo}.

Since ¢y = 6,0, if we identify co(E® x F®) with ¢o(E?) ® co(F°) in the standard
way, we see that 6, y) = 9, ® 6,,. Thus

Jxey = SPAAIS, ®,, : 0 < |5 W, Iry ()] < oo}
=span{f®g: f €Jx,g € Jy}
=Jx ®Jy.
Therefore, X and Y are ideal-compatible. O

DeriniTioN 4.6. Let X be a correspondence over a C* algebra A. We will call this
correspondence Katsura nondegenerate it X - Jx = X.

ExampLE 4.7. 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 Jy = A. Thus,

X-Jx=X-A
=X.

DermniTioN 4.8. 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.

ProrosiTiON 4.9. Let E be a directed graph. Then X(E) is Katsura nondegenerate if
and only if E has no proper sources and no infinite receiver emits an edge.

Proor. Suppose there is v € E° such that |[r~!(v)| = oo and |s~!(v)| > 0. Then for every
f € Jx we have f(v) = 0. Thus for any g € C.(E"), f € Jx, and e € s~'(v), we have
(g- Ne) = gle)f(s(e) = gle)f(v) = 0. Thus h(e) = 0 for all h € C.(E") - Jx and, taking
the limit, x(e¢) = 0 for all x € X - Jx. Thus 6, ¢ X - Jx since 6.(¢) = 1 # 0 but 6, € X.
Therefore X # X - Jy, that is, X is not Katsura nondegenerate.

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 € s~!(v), we have that
(g- He)=gle)f(v) =0 for f € Jx. Thus by similar reasoning to that above we have
that x(e) =0 forall x € X - Jy and so 6, ¢ X - Jx but §, € X, and we can again conclude
that X # X - Jx so X is not Katsura nondegenerate.

On the other hand, suppose that E has no proper sources and no infinite receiver
in E emits an edge. Let e € E! and let v = s(e). Then |r~!(v)| < o0 and |r~'(v)| > 0
by assumption, so a function in Jy can be supported on v. In particular, 6, € Jx.
Since ¢, - §, = 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 - Jy
so X is Katsura nondegenerate. O
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5. Main result
We will begin with a few lemmas.

LemmA 5.1. Let X and Y be correspondences over C*-algebras A and B, respectively.
Suppose that (nx,¥x) and (ny,yy) are Toeplitz representations of X and Y in
C*-algebras C and D. Let m:=nx @ my and  := Yx ® Yy. Then (m,{) is a Toeplitz
representation of X ® Y in C ® D.

Proor. This follows from the following computations:

Y((x®y)-(@a®b)) =¢x(x-a)@Yy(y- D)
= Yx(x)mx(a) ® Yy(y)my(b)
=y(x®@y)n(a®Db),
Y((@®b)- (x®y) =¢x(a-x)@Yy(b-y)
= nx(@yx(x) ® Ty (D)ry(y)
=na®@b(x®y),
Y(x@y)Y(x' ®y') = Yx(0) Yx(x') ® Yy (1) Yy ()
= mx({x, X' )a) @ 1y ({y, Y )B)
= ({x, X )2 ® (3, Y )B)
=n(x®y,x' ®y )aen)- o

Lemma 5.2. If (m, ) is the Toeplitz representation of X ® Y in the previous lemma, then

y DS ® T)) = v (S) @yl (T)
where k is as in Lemma 2.7.
Proor. Let x,x’ € X and y,y" € Y. Then
w(l)(K(®x,x’ ® ®y,y’)) = w(l)(®x®y,x’®y’)

=y(x @YW ®y')
= (Wx(x) @ Yy Wx(x) ® Yy (y))"
= Yx(OWx(xX) @Yy(WIYy(y')
=y (@.0) @YY (Oy,).

Since the rank-ones have dense span in the compacts, this result extends to any
SeKX)and T € K(Y). O

Lemma 5.3. Let X and Y be ideal-compatible correspondences over A and B. Then if
(nx, Wx) and (wy,yy) are Cuntz—Pimsner covariant, then so is (m, ).

Proor. Let ¢ € Jygy. Since X and Y are ideal-compatible we have that Jxgy = Jx ® Jy
so we can approximate ¢ by elements of Jx ® Jy, that is, by finite sums }}; @; ® b; with
a; € Jx and b; € Jy for each i.
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Notice that

(S aen) -1 (3 swon)

= (] koxtay © or(b)|

= > 0 (@x(@)) & ) by (b))

= > mx(a) @ wy(b)

= Z n(a; ® b)),

where we have used the Cuntz—Pimsner covariance of (7yx, ¥x) and («y, y). Thus if
(cj) is a sequence in Jy © Jy converging to ¢, we have yV(¢(c;)) = n(c;) for all j.
Since ¢V, ¢, and  are all continuous, we have that /" (¢(c)) = n(c). This establishes
that (7, ) is Cuntz—Pimsner covariant. O

We are now ready to prove the main result of this paper.
THEOREM 5.4. Let X and Y be ideal-compatible correspondences over C*-algebras A

and B. Then Oxgy can be faithfully embedded in Ox & Oy. If X and Y are Katsura
nondegenerate, then Oxgy = Ox ®T Oy.

Proor. 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,ks) and (ky, kp) be the Cuntz—Pimsner covariant representations of X
and Y in Ox and Oy, respectively. Let ¥ = kxy ® ky and m = k4 ® kg. Then by
Lemma 5.3, (, ) is Cuntz—Pimsner covariant and so we have a homomorphism
F : Oxey — Ox ® Oy such that

(Y, m) = (F o kxey, F o kagp)
In particular,
F(kagp(A® B)) =m(A® B) = (kg ® kg)(A ® B), (5.1)
Flhxey(X®Y) =¢y(XQ®Y)=(kx ®ky)(X®Y). (5.2)
Let {O}}nez and {0} },,cz denote the Z-gradings of Oy and Oy associated to the standard
gauge actions yy and yy. Then by Proposition 3.5, the subspaces
Sy ={x®y:xe0y,ycOy}

give a Z-grading of Oy ®7 Oy. Since (5.1) shows that 7(A ® B) C Sy and (5.2) shows
that (X ® Y) C Sy, we can see that C*(y, 1) € Ox ®r Oy and that the action of T on
Ox ®1 Oy guaranteed by Lemma 2.14 is a gauge action:

Y.(m(c))=n(c), c€A®B,
Y- (W) =zh(w), weX®Y.
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Also, since ku, kp, kx and ky are injective, m = 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 that X and Y are Katsura nondegenerate. We will show that (¢, )
generates Oy @7 Oy by showing that (i, 7) generates S| and applying Lemma 3.7.
Since Oy is densely spanned by elements of the form k™! (x)k}(x')*, and Oj, is densely
spanned by elements of the form k%" (y)k%(y')*, we have that S is densely spanned by
elements of the form

KE ok () @ Ky (ki ()" (5.3)

By symmetry, we may assume m = n + [ for some nonnegative /. Then we may assume
that y =y; ® y» and y’ =y, ® y, with y;,y} € Y®" and y,,y), € Y®. Further, since X
is Katsura nondegenerate, we can factor x = xoa and x" = xja’ with xo, x{; € X and

a,a’ € Jx. Now we can factor (5.3) as follows:

K (ki (x')* @ Ky (k)"
= (k5" () ® Ky ) (R (¥)* ® Ky ()")
= (ky" (x0)ka(@) ® K5 (y1)ky (2))(ka (@) Ky ()" ® ky (95) Ky (7))
= (kg™ (x0) @ Ky (y))(ka(@) ® Ky (v2))(ka(a')* @ Ky (55) YKy (x)* @ Ky (51)°)
= (K™ (x0) ® Ky (1)) (ka(aa’™) @ Ky (y2)k} () )Ry (x)" @ Ky (v)")
= (k" (x0) @ Ky ) (K (@x(aa™) @ by (@, )Ry (x')” © K5 (5))")
=" (xo ® y)W P (px(aa’) ® 0y, ) W' (xg ® )"

Since ¢"*'(xo ® y1), ¥V (¢x(aa”™) ® Oy, y), and Y"'(x; ®y;) are in the algebra
generated by (i, 1), we now know that (i, 1) generates S; and so by Lemma 3.7
(Y, ) generates all of Oy ®r Oy. Therefore F is surjective hence an isomorphism
0X®Y = Oy ®1 Oy. O

6. Examples

We will now give some examples.

Exampie 6.1. Let (A,Z, @) and (B,Z,) be C*-dynamical systems. Let X be the
C*-correspondence A4 with left action given by a - x = @j(a)x and let Y be the
correspondence Bp with left action given by b -y = 81(b)y. This action is injective
and implemented by compacts, and we have that Ox = A =, Z and Oy = B >3 Z by
isomorphisms which carry the gauge action of T to the dual action of T (see [11]).
Consider the external tensor product X ® Y. As a right Hilbert module this is A4 ®
Bg, it carries a right action of A ® B characterized by (x®y) - (a®b)=x-a®y- b, but
since the right actions on X and Y are given by multiplication in A and B, this action of
A ® Bon X ®Y is just multiplication in A ® B. Further, the A ® B-valued inner product
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on X ® Y is given by

(x®y, X ®Y )asp =X, X )a @,y )8
— x*xl ®y*yl
=(x®y) ' ®y),

but this is precisely the inner product on (A ® B)agp. Thus id4 ® idp gives a right
Hilbert module isomorphism X ® ¥ = (A ® B)agp. The left actionof AQ Bon X® Y
will be the tensor product of the action of A on X and the action of B on Y. Thus

(a®b)-(x®y) = ai(a)x®pBi(b)y
=(a1(@)@B1(D))(x®Y).

Thus, as an A ® B correspondence, X ® Y can be identified with the correspondence
associated to the automorphism «; ® 5; on A ® B. Since (a; ® £1)°" = (@, ® 5,) and
(a1 ®B1)~" = (@_; ® B_1), the action of Z generated by a; ® 8; will be the diagonal
action @ ® 8 of Z on A ® B. Thus we have that Oxgy = (A ® B) g3 Z.

Therefore, in this context our main theorem says that

(A® B) agp Z = (A Z) 1 (B Z).

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

ExampLE 6.2 (Products of topological graphs). Let E = (E°, E',r,s) and F =
(F°, F', ¥, s") be source-free topological graphs with r and 7 proper. Then the left
actions of X(E) and X(F) will be injective and implemented by compacts. Recall from
Example 2.8 that X(E) ® X(F) = X(E X F) where E X F is the product graph. Our
main result says that Oxgxr) = OxE) @1 Ox(r), Which translates to

C'(E X F)=C*(E)®r C*(F).
Note that if £ and F are discrete graphs, this coincides with Kumjian’s result in [8].

ExampLE 6.3 (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(E) and X(F) are ideal-compatible
and Katsura nondegenerate. By the same reasoning as in the previous example we have
that

C'(E X F)=C*(E)®y C*(F).
Note that this stronger than the result in [8] where the graphs are required to be source-

free and row-finite.

ExampLE 6.4. Let A and B be C*-algebras, and let X be a correspondence over A.
Viewing B as the correspondence B, we can form the A ® B correspondence X ® B.
Suppose that X and B are ideal-compatible and Katsura nondegenerate (in fact B
will automatically be Katsura nondegenerate). Recall that Op = B ® C(T) with gauge
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action ¢ ® A where ¢ is the trivial action and A is left translation. Thus our main
result says that Oxgp = Ox ®7 (B ® C(T)). Identifying C(T) with C*(Z), we have
Oxep = 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

Oxegp =span{x@b@w e Oy ® B C*(Z)" : n € Z)}.

But since C*(Z)" = span(u,) (where u, denotes the unitary in C*(Z) associated to n)
we can rephrase this as

span{x®b®u, € Ox @ B C*(Z) : x € Oy}. (6.1)

Now let y denote the gauge action of T on Oy and let 6” be the dual coaction of
Z. Recall that this coaction can be characterized by the property that 6”(x) = x ® u,
whenever x € O%. Since the subspaces O} densely span Oy, their images under 6" will
densely span 6”(Ox). Therefore,

07(Ox) =span{x ®u, : x € O%},
(6" ®1idp)(Ox ® B) = span{x®u, ®b : x € O%, b € B},
0230 (6" ®1idp)(Ox ® B) =span{x® b ®u, : x € O%, b € B}.

Noting that idg, and 03 are isomorphisms (where o3 is the map which exchanges the
second and third tensor factors) and ¢” is an injective *-homomorphism, we see that
023 © (0¥ ® idp) is an injective *-homomorphism and is thus an isomorphism onto its
image. But its image is span{x ® b ® u,, : x € O%, b € B} and by (6.1) this is isomorphic
to Oxep. Therefore we have shown that

OX®B = OX ® B.

This result is already known, and was used in [5] to prove facts about coactions on
Cuntz—Pimsner algebras.

ExampLE 6.5. Given a C*-algebra A and a completely positive map @, Kwasniewski
defines [9, Definition 3.5] a crossed product of A by ® denoted by C*(A, ®). In [9,
Theorem 3.13], it is shown that C*(A, ®) = Oy, where Xy is the correspondence
associated with @ as in Definition 2.4. If ®@ is an endomorphism this reduces to the
Exel crossed product [3].

Suppose that A and B are C*-algebrasand ® : A —» A and ¥ : B — B are completely
positive maps. Furthermore, suppose that the associated correspondences X¢ and Xy
are ideal-compatible and Katsura nondegenerate. Then our main result states that
Ox,exy = Ox, ®1 Oy, . Recalling that X¢ ® Xy = X¢ey and using the crossed product
notation, we get

C'A®B,®®VY) = C*(A, @) ®r C*(B, V).
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