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ABSTRACT. Let X be a Hilbert bimodule over a C*-algebra A.
We analyse the structure of the associated Cuntz-Pimsner alge-
bra Ox and related algebras using representation-theoretic meth-
ods. In particular, we study the ideals 7(I) in Ox induced by
appropriately invariant ideals I in A, and identify the quotients
Ox/1(I) as relative Cuntz-Pimsner algebras of Muhly and Solel.
We also prove a gauge-invariant uniqueness theorem for Oy, and
investigate the relationship between Ox and an alternative model
proposed by Doplicher, Pinzari and Zuccante.

Let A be a C*-algebra, and let X be a Hilbert bimodule over A, in the sense
that X is a right Hilbert A-module with a left action of A by adjointable operators.
In [27], Pimsner constructed C*-algebras Oy in such a way that, for particular
choices of A and X, one recovers the Cuntz-Krieger algebras or crossed products
by Z or N. Since then, other important classes of C*-algebras have been shown
to fit Pimsner’s model (see, for example, [12, 16, 30]). Thus the Cuntz-Pimsner
algebras Ox have recently attracted a good deal of attention.

The algebras Ox were originally constructed in a very concrete way: Pimsner
introduced first a Toeplitz algebra Tx acting on an analogue of Fock space, and
took for Ox a particular quotient of Tx. Nevertheless, one of his main results iden-
tifies a universal property of Ox; in our language, he shows that Cuntz-Pimsner
covariant representations (i, 1) of X give representations ¢ X 11 of Ox [27, Theo-
rem 3.12]. Here we study these covariant representations. We use representation-
theoretic methods to analyse ideals and quotients of Cuntz-Pimsner algebras, and
give criteria under which a given representation @ x 17 is faithful.

Our interest in Cuntz-Pimsner algebras derives partly from their connection
with the graph algebras of [19, 4, 28], and our analysis is motivated by what we
know to be true for graph algebras. Thus we seek not just a class of X-invariant
ideals I in A which give rise to ideals 7(I) in Oy, but also to identify Cuntz-
Pimsner algebras which are, respectively, Morita equivalent to 7(I) and isomorphic
to Ox/1(I). This we can do when A acts on the left by compact operators, but
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in general the quotient is one of the relative Cuntz-Pimsner algebras introduced
in [25] rather than a Cuntz-Pimsner algebra. The appropriate setting for our
analysis, therefore, is that of relative Cuntz-Pimsner algebras, and we work in this
generality from the start.

Much of the current literature on Cuntz-Pimsner algebras concerns bimodules
which satisfy additional hypotheses, and of course this is often appropriate for the
particular examples or applications authors have in mind. For the bimodules asso-
ciated to graph algebras, however, these additional hypotheses always seem to im-
pose substantial restrictions on the underlying graph. Thus, for example, A acts on
the left by compact operators precisely when the graph is row-finite, and A has an
identity only when the graph has finitely many vertices; the effect of other standard
hypotheses is analysed in [12, Section 5]. So we have tried to avoid making any
additional assumptions on the bimodules we consider. Thus our main theorem
about faithful representations, for example, is an analogue of the gauge-invariant
uniqueness theorem for graph algebras, which requires no structural hypotheses
on the graph (see [4, Theorem 2.1] and [28, Theorem 2.7]).

We begin in Section 1 with a review of the relative Cuntz-Pimsner algebras
and their representation theory. We take the universal approach of [12], so that
the Cuntz-Pimsner algebra is by definition the C*-algebra generated by a universal
Cuntz-Pimsner covariant representation of X, and one studies Oy by analysing its
representations. We describe the main sets of examples of interest to us, namely
the bimodules associated to graphs and endomorphisms. In Section 2, we dis-
cuss X-invariant ideals in A; this notion was introduced by Kajiwara, Pinzari and
Watatani in [16]. To each such ideal is associated a submodule XI which is a
Hilbert bimodule over I, and whose quotient X/XT is a bimodule over A/I.

Our main theorem (Theorem 3.1) says that the ideal 7(I) in Ox generated
by an X-invariant ideal is Morita equivalent to Oxy, and identifies the quotient
as a relative Cuntz-Pimsner algebra for the bimodule X/XI. This result extends
Theorem 4.3 of [16], by identifying the Morita equivalence class of 7(I), and by
lifting structural hypotheses from the algebra and bimodule (in [16], A is unital
and X is full, finitely generated projective, and satisfies an analogue of Cuntz’s
Condition (II)). The main ingredient in our proof is a construction, something
like dilation, which allows us to extend a covariant representation of XTI to one of
X.

Our analogue of the gauge-invariant uniqueness theorem is Theorem 4.1; it
extends part of [9, Theorem 3.3] as well as the various gauge-invariant uniqueness
theorems for graph algebras. In Section 5, we give some applications. In particular,
we use Theorem 4.1 to identify the C*-envelope of the tensor algebra of X, thus
settling a problem left open in [25, Section 6]. In the final section, we consider the
alternative approach to Oy taken in [9]. We show that the algebra DR in [9],
which is modelled on Doplicher-Roberts algebras rather than Cuntz algebras, is in
general larger than the Cuntz-Pimsner algebra, and identify the representations of
Ox which extend to DRy (Theorem 6.6).



Representations of Cuntz-Pimsner Algebras 571

Conventions. If X is a right Hilbert A-module, we denote by £(X) the C*-
algebra of adjointable operators on X. For x, ¥ € X, we define ®§§,y(z) =
x - (y,z)a; we drop the superscript X if ambiguity seems unlikely. Then Oy , €
L(X) with 8, = 0, x, and K(X) := 5pan{Ox,y: X, ¥ € X} is an ideal in
L(X). In general, if M is a subobject of N, we write qM for the quotient map of
N onto N/M.

1. REPRESENTATIONS OF HILBERT BIMODULES

Let A be a C*-algebra, let X be a right Hilbert A-module, and let @ : A — L(X)
be a homomorphism. Then a - x := @(a)x defines a left action of A on X,
and we call X a Hilbert bimodule over A. A Toeplitz representation (,1r) of X in a
C*-algebra B consists of a linear map ¢ : X — B and a homomorphism : A — B
such that

Yx-a) =ypx)ma), px)*P(y) =m(x,y)a), and y(a-x) = m(a)y(x)

for x, ¥ € X and a € A. (It is important in our applications that we do not
require 7T to be nondegenerate: see the comments in [12, page 178] and Example
3.13 below. In allowing 77 to be degenerate, we are departing from the conventions
in [25].) Given such a representation, there is a homomorphism T K(X) - B
which satisfies

(1.1) m(OF,) = w(x)p(»)* forallx,y € X,
and we then have
T (T)p(x) = y(Tx) forall T € K(X) and x € X.

(See [27, page 202], [16, Lemma 2.2], and [12, Remark 1.7] for details.) If
p: B — C is a homomorphism of C*-algebras, then (poy, porr) is a Toeplitz
representation of X, and since

(pom) V(@) =powx)pow(y)* =pomV(@y,) foralx, yeX,
by linearity and continuity we have
(1.2) (pom) M =pomh,
Definition 1.1. If X is a Hilbert bimodule over A, we define
J(X) := @ (K (X)),

which is a closed two-sided ideal in A. Let K be an ideal in J(X). We say that a
Toeplitz representation (Y, 17) of X is coisometric on K if

(1.3) m(pa)) =m(a) foralaeKk.

When (g, 17) is coisometric on all of J(X), we say it is Cuntz-Pimsner covariant.
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Remark 1.2. Our use of the term “coisometric” follows [25], and is motivated
in part by the simplest possible example, in which X = A = C: if (y, 1) is a
Toeplitz representation, then (1) is an isometry, and /(1) is a coisometry if and
only if (y, 1) is Cuntz-Pimsner covariant. See Example 1.6 for further discussion.

Proposition 1.3. Let X be a Hilbert bimodule over A, and let K be an ideal in
J(X). Then there isa C*-algebra O (K, X) and a Toeplitz representation (kx,ka): X —
O(K, X) which is coisometric on K and satisfies:

(@) for every Toeplitz representation (W, Tt) of X which is coisometric on K, there
is a homomorphism @ Xk 1T of O(K, X) such that (Y Xg ) o kx = @ and
(L[/ Xg Tr) o kg = TT; and

(b) O(K, X) is generated as a C*-algebra by kx (X) U ko (A).

The triple (O(K,X),kx,ka) is unique: if (B, k'y,k'y) has similar properties, there
is an isomorphism 0: O(X,K) — B such that 0 o kx = ki and 0 o ky = k/y.
There is a strongly continuwous gauge action y: T — AutO(K,X) which satisfies
Yz(ka(a)) = ka(a) and y.(kx(x)) = zkx(x) fora € A, x € X.

Remark 1.4. The algebra O({0},X) is the Toeplitz algebra Tx, and
O(J(X),X) is the Cuntz-Pimsner algebra Ox. The algebra O(K, X) is called the
relative Cuntz-Pimsner algebra determined by K, and was introduced by Muhly and
Solel in [25]. In [27] and [25], the Toeplitz algebra Tx was studied in its Fock
representation, and Ox and O (K, X) were quotients by ideals generated by certain
adjointable operators on the Fock module @;,_y X®™. Our approach here, as in
[12], is somewhat different: we define these algebras abstractly by their universal
properties, and one of our goals is to give conditions which determine whether or
not a given representation is faithful. This is accomplished for the Toeplitz algebra
in [12, Theorems 2.1 and 3.1], and for Ox in our Theorem 4.1.

Proof of Proposition 1.3. This is proved for the Toeplitz algebra in [12, Propo-
sition 1.3]; we write (ix, i4): X — Ty for the universal Toeplitz representation of
X. Let 7 be the ideal in Tx generated by {ia (k) — ig) (p(k)): k € K}, and define
O(K,X) := Tx/1. Let q be the quotient map of Tx onto O(K, X), and define
kx := qoix and ka := q o is. Using (1.2), we see that (kx, ka) is a Toeplitz
representation such that

ka(k) — kD (@k) = qliak) =iV (k) =0 forall k € K;

that is, (kx,ka) is coisometric on K. To see that it is universal, suppose (y, 17)
is another Toeplitz representation of X which is coisometric on K. Then (g, 1)
induces a representation X7 of Tx such that (Y x1)oix = @ and (YXTT)oiy =
. By (1.2) we have

wxT(iak) — iy (@k) = k) -tV (pk) =0 forallk €K,
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so  x 11 annihilates the ideal 7 and hence descends to a homomorphism  xg 1T
of O(K, X) with the required properties. The assertions regarding uniqueness and
the gauge action are established as in [12, Proposition 1.3]. O

Example 1.5 (Graph algebras). Let E = (E° E!,7,s) be a directed graph
with vertex set E°, edge set E', and range and source maps ¥, s: E! — E%. A
Toeplitz-Cuntz-Krieger E-family in a C*-algebra B consists of partial isometries
{Se: e € E'} with commuting range projections and mutually orthogonal projec-
tions {Py: v € E°} satisfying S¥Se = Pr(e) and SeSF < Pge). If {Se, Py} also
satisfies

(1.4) Py= > S.SF

{e:s(e)=v}

for every vertex v with 0 < #{e: s(e) = v} < oo, we call {S.,P,} a Cuntz-
Krieger E-family [18, 19, 11]. The graph algebra C* (E) is generated by a universal
Cuntz-Krieger E-family {S¢, pv }.

Recall from [12, Example 1.2] that the Cuntz-Krieger bimodule X (E) is the
set of functions x : E! — C such that

veEE — > Ix(e)?

{ecEl:r(e)=v}

takes finite values and belongs to A := ¢¢(E?), with Hilbert-bimodule structure
given by

(x -a)e) :=x(e)a(r(e)) foreecE!,

(x,y)av) := > x(e)y(e) forv € E° and

{eeE!: r(e)=v}

(a-x)(e):=a(s(e))x(e) foreeE".

If (ix,ia) is the universal Toeplitz representation of X(E) in the Toeplitz alge-
bra Tx(g), then {ix(J.), ia(5y)} is a universal Toeplitz-Cuntz-Krieger E-family
which generates Tx(g) [12, Theorem 4.1]. Then

J(X(E)) = span{dy: |s~'(v)] < oo}

[12, Proposition 4.4], and hence when E has no sinks, the Cuntz-Pimsner algebra
Ox(g) is canonically isomorphic to C*(E) [11, Proposition 12].

The relative Cuntz-Pimsner algebras of X (E) interpolate between Tx(g) and
Ox ). Let K < J(X(E)), let (O(K,X(E)), kx, ka) be universal for Toeplitz rep-
resentations of X(E) which are coisometric on K, let s. := kx(5.), and let
Pv := ka(dy). Then K = Kr = span{d,: v € F} for some set F of ver-
tices which emit finitely many edges, and (O(K, X(E)), S, pv) is universal for
Toeplitz-Cuntz-Krieger E-families which satisfy (1.4) for every v € F.



574 NEAL J. FOWLER, PAUL S. MUHLY ¢ IAIN RAEBURN

Example 1.6 (Crossed products by endomorphisms). Let & be an endomor-
phism of a C*-algebra A. We assume for simplicity that A has an identity 1,
though it suffices that & extends to an endomorphism & of M(A): just replace
(1) by &(1pm(a)) throughout. We consider the Hilbert bimodule over A with
underlying space X := «(1)A and

a-x:=a«aa)x, x-a:=xa, and {x,y)a=x*y.

Suppose (y, 1) is a Toeplitz representation of X on H. We notice first that
for each x, we have ¢ (x) = Y(x(1)x1) = (1 -x-1) = ()Y (x)m (1), so
both ¢ and 7 vanish on the complement of 7(1)H, and it suffices to consider
pairs (, 17) in which 77 is nondegenerate. Then V := y(x(1))* satisfies

(1.5) m(x(a)) = m{ax(1), x(a))a) = w(x(1))*yp(x(a))
=Vy(a-a(l)) =Vr(a)V*.

Taking a = 1 in (1.5) shows that V" (V*)" = 1t (™ (1)) is a projection, so V" is
a partial isometry for all #; in other words, V' is a power partial isometry. Another
computation shows that

Vi*mr(ax(a)) = y(ax(Da(a)) = y(x(a)x(l)) = m(@yp(x(l)) = m(@a)V*;

this implies, first, by taking adjoints, that T (x(a))V = Vr(a) foralla € A, and,
second, that V*V commutes with 1r(a). Conversely, it is not hard to verify that
if m: A — B(#) is nondegenerate and V is a power partial isometry such that
V*V commutes with each 1r(a), then setting @ (x) := V*1(x) gives a Toeplitz
representation (y, 1); see [23] for further discussion of such pairs (17, V).

We next observe that the operator @ (a): x — a - x is just Ox(a),«(1)- Thus
J(X) = A, and the Toeplitz representation (, 1) corresponding to (1r,V) is
Cuntz-Pimsner covariant if and only if

(1.6) m(a) =V (Onw,an) = Plx(@)y(a(1)* = Vi (x(a))V
forall a € A;

in view of (1.5), this is equivalent to w(a) = V¥*Vm(a)V*V = V*¥*Vm(a), and
hence to V¥V = 1. Thus (g, 1) is Cuntz-Pimsner covariant if and only if V =
Y(x(1))* is an isometry. (We wrote V for ¢/ (x(1))* rather than @(x(1)) to
make (1.5) look like the usual covariance relation for semigroup crossed products.
However, we could equally say that (g, ) is Cuntz-Pimsner covariant if and only
if (x(1)) is a coisometry.)

In conclusion: the Cuntz-Pimsner algebra Ox is the semigroup crossed prod-
uct AX«N, as in, for example, [2] or [21] (see also [26, Lemma 12]). The Toeplitz
algebra T is one of the crossed products A x N of [23], in which N acts by partial
isometries rather than isometries. As we shall see in the next example, there can
be lots of relative Cuntz-Pimsner algebras in between.
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Example 1.7. We consider the forward shift endomorphism T on the C*-
algebra ¢ of convergent sequences, and the bimodule X := T(1)c of the preced-
ing example. It is shown in the proof of [12, Proposition 5.3] that (y, 1) ~
@(T(1))* sets up a bijection between the Toeplitz representations of X and the
power partial isometries V' on Hilbert space: for this X, the operator V deter-
mines the representation 1T because ¢ is spanned by the functions T"(1) and
m(T™(1)) = V*(V*)™. As in the previous example, (, 1) is Cuntz-Pimsner co-
variant if and only if V¥V = 1. Thus the Cuntz-Pimsner algebra Oy is universal
for isometries, and hence is isomorphic to the usual Toeplitz algebra.

Now let K be the ideal ¢g in J(X) = c. The Toeplitz representation (v, 1)
determined by V is coisometric on K when 1y (a) = V¥*my(t(a))V forall a
K, or equivalently for all a of the form T"(1) — T"*!(1). Since 1ty (T"(1)) =
V" (V*)", and since the range and source projections of the V" form a commuting
family, it follows that (@v, Ttv) is coisometric on K if and only if

(17) V*v(vn(v*)‘n _ vn+1(v*)‘n+1) — vn(v*)‘n _ v‘n+l(v*)‘n+1

for all n = 0. The structure theorem for power partial isometries in [13] says
that V is a direct sum of a unitary, a multiple of the unilateral shift S, a multiple
of §*, and multiples of the truncated shifts J,, on C™. Unitaries, isometries
and coisometries all satisfy (1.7). However, for the truncated shift J,,, we have

m =0, JjJm is the projection on the first m — 1 variables, and J}};, (J;5,)™ is the
projection on the last m — n variables, so (1.7) is satisfied for n # m — 1 but not
for n = m — 1. Thus the relative Cuntz-Pimsner algebra O(co, X) is universal for
power partial isometries which are direct sums of an isometry and a coisometry
(we can absorb a unitary factor into either the isometry or the coisometry).

More generally, suppose R is a subset of N and

Kr:={x e€co:xn=0whenn ¢ R} =span{l, — ln+1: n €R}.

Then (@v, v) is coisometric on Ky if and only if (1.7) holds for all n € R. Since
Jm satisfies (1.7) for n # m — 1, the relative Cuntz-Pimsner algebra O (Kg, X) is
universal for power partial isometries which have no summands equivalent to Jy,
form—1¢€R.

Example 1.8. We now consider the truncated shift endomorphism Ty, of the
C*-algebra C™ of sequences of length m. As in the previous example, Toeplitz
representations (¢, 7r) of the bimodule T, (1) C™ are determined by a power par-
tial isometry V = (T, (1))*, which because T/ = 0 has to satisfy V" = 0. A
non-trivial example is provided by taking for 17 the representation of C" by mul-
tiplication operators on C™, and for V the truncated shift J;,,. The representation
(g, 1) is Cuntz-Pimsner covariant precisely when 1(a) = V*m(a)V for all a;
however, this is only possible if 7T(a) = (V*)™m (T (a))V™ =0 forall a € A.
Thus for this bimodule, Ox = 0.
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We will need the following spatial characterization of coisometric representa-
tions.

Lemma 1.9. Let (@, Tt) be a Toeplitz representation of X on a Hilbert space H.,
and let K be an ideal in J(X). Then (@, 1) is coisometric on K if and only if

m(K)H < p(X)H :=span{y(x)h: x € X, h € H}.

Proof- Since T (By,y) = Y)W (y)* forall x, ¥ € X, the essential sub-
space of 1) is contained in @ (X)JH . Hence if (g, 1) is coisometric on K, then

TK)H = 1O (@K)H < T (K(X)H < p(X)H.
On the other hand, for all @ € K and x € X we have

T (pa)yp(x) = p(@a)x) =@ y(x),

soif M(K)H < p(X)H, then (y, 17) is coisometric on K. O

2. INVARIANT IDEALS
Let I be an ideal in A. The closed submodule

Xri={xeX:{(x,y)aelforal y e X}

is a right Hilbert I-module. We claim that X; = XI := {x -i: x € X, i € I}.
Indeed, since (x - i,)a = i*(x,¥)a € I, we have XI < Xj, and by the Hewitt-
Cohen Factorization Theorem each X € X; can be written as x = y - i for some
v € Xyand i € I, so we also have X; < XI.

Letq': A — A/I and g*7: X — X/XI be the quotient maps.

Lemma 2.1. X|XI is a right Hilbert A|I-module with

a(x)-q'(a) :=q*(x-a) forx e Xand a € A, and
(@ (x), a™ () ayr = a'(x,y)a) forx,y € X.

Proof: When X is full, this is standard [29, Proposition 3.25]. When X is
not full, it is still routine to check that the action and inner product are well-
defined, so we only need to show that X/XT is complete in the A/I-norm. Let
A :=span{(x,¥)a: x,¥ € X}, and let Iy be the ideal I N Ag. Since

2.1 XIp={xeX:{(x,y)a €lyforall y € X}
={xeX:{(x,yyaclforal yeX}=XI,
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we can view X /XTI as either an A/I-module or an Ag/Ip-module. But X is full as
a Hilbert Ap-module, so X/XIj is complete as an inner-product Ag/Ip-module;
it therefore suffices to show that the A/I-norm on X/XI agrees with the Ag/Io-
norm. The map a € Ay — g/(a) € A/I has kernel Iy, and hence induces an
isometric homomorphism Ag /Iy — A/I; thus

la'(a)ll = llg™(a)ll fora € A,.
For each x € X we thus have

1aX 0|31 = 6@ (x), @ () asrll = la (x, ) )
= [la"™ ((x, x) a) Il = @™ (x), @ (%)) ag /1|

= ||51XI(X)||ixo/lo’

so the two norms on X /XI coincide. O

For any ideal I in A, @1 (i) := @(i)|xs defines a homomorphism @;: I — L(XI)
which gives XI the structure of a Hilbert bimodule over I. To define a left action
on X /XI, more structure is required.

Definition 2.2. An ideal I in A is X-invariant if ()X < XI.

Lemma 2.3 ([16, Proposition 4.2]). If I is an X-invariant ideal in A, then
there is a homomorphism @ a;1: A/l — L(X [ XI) satisfying

@@ (@)@(x)) = g (p(a)x) forac Aand x € X,

so that X | XI is a Hilbert bimodule over A/I.

Proof For fixed a € A we have @(a)XI < XI, and hence g¥(x) ~
a* (@ (a)x) is well-defined on X/XI. When I is X-invariant, this map depends
only on the equivalence class of a in A/I, so @4/ is well-defined. It is routine to
check that each @4,1(g'(a)) is adjointable with adjoint @a,1(q'(a*)), and that
@ayr1 is a homomorphism. O

Example 2.4. Let X = X(E) be the Cuntz-Krieger bimodule of a directed
graph E, as in Example 1.5. Fach ideal I in A = ¢¢(E°) has the form Iy =
span{d,: v € V} for some subset V of E°, and then

XIy =3pan{S, - 6y: e € El, v € V} =5pan{b,: r(e) € V},

and similarly
@ Iy)X = span{d.: s(e) € V}.

Thus Iy is X-invariant if and only if V is hereditary in the sense that s(e) € V =
r(e) € V. WhenV < E¥ is hereditary, E\V := (E°\V,»~1(E?\V)) is a subgraph



578 NEAL J. FOWLER, PAUL S. MUHLY ¢ IAIN RAEBURN

of E, and it is easy to see that X/XIy is canonically isomorphic to X (E \ V). As it
stands, the submodule X1y differs slightly from the bimodule of a subgraph of E:
XIy contains the functions d, supported on edges e with 7 (e) € V buts(e) ¢ V.

Remark 2.5. We have been careful not to assume that @ is injective, or that
X is essential as a left A-module (i.e., X = span{p(a)x:a € A, x € X}), and
the previous example shows why. If ¥(e) € V and s(e) ¢ V, then 8, € XI is
orthogonal to @;(i)x for every i € I and x € XI, and hence XI is not essential
as a left I-module.

The following lemma is the key to understanding the relations among coiso-
metric Toeplitz representations of the bimodules X, XTI and X /XI.

Lemma 2.6. Suppose X is a right Hilbert A-module and I < A.
(1) There is an isometric embedding K K(XT) — K(X) such that

xox) =0y, forx,yeXl.

Moreover, for T € K (XI), K(T) is the unique extension of T to an operator in

L(X) whose range is contained in XI.
(2) There is a surjective homomorphism qx : K(X) — K(X|XI) such that

ax (R)(@*(x)) = ¢ (Rx) forR e K(X) and x € X,
and then

(2.2) ax (0% ,) = ®§)£I)§i),q}([(y) forall x,y € X.

3) 0= K(XI) LS K (X)X K (X/XT) — 0 is exact.

Proof:
(1) We have

> 0%, =supf|| > 0%, 0)||: x € x, Ixll <1},

and since > @,{.,yi (x)=>xi(Vi,x)a € X -1 < XI, it follows that

| Z e

:SupﬂKz@xlyl(x) y> H'xeX Ixll <1, y e XI, |y
:sup‘HKX’ ylxl(y)> H xeX, Ixll <1, yeXI, |yl
= sup{||> 0% . )|: ¥y ext, Iyl <1}
=sup{|| > 03 )||: v e X1, Iyl <1}

o N

IA A
— —
—_ —
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We deduce that 3 05, — > 0%, ,, is well-defined and extends to an isomet-

ric linear map * on K (XI), and it is obvious that (* is a homomorphism.
When T = Z@fg y; as above, observe that (X(T) extends T and maps X
into XI; by continuity these properties hold for every T € K (XI). Suppose
S € L(X) also extends T and maps X into XI. Let (ex) be an approximate
identity for I. For any x € X we have Sx € XI, so Sx = lim(Sx) - ex =
limS(x - epx) = limT(x - ep); similarly, *(T)x = limT(x - ex). Thus
S = (1.

(2) Let Ap := span{(x,¥)a: x, ¥ € A} and Iy := I N Ay, and consider the
imprimitivity bimodule x(x)Xa,. Since XIp = XI (see Equation 2.1), the
image (X (XK (XI)) is the ideal in K (X) which corresponds to Iy under the
Rieffel correspondence, and we deduce that X/XIj is a K (X) /K (K (XI))-
Ap/Iy imprimitivity bimodule. Since K ((X/XIo)ay1,) = KX/ XI)asr),
the desired map gx is simply the composition of the quotient map

K(X) = KX)/F(KXI))

with the left action of K (X)/t* (K (XI)) as compact operators on X/XI.
Verifying (2.2) is routine: for every z € X,

ax (0% ,)(@(2)) = a5 ,,(2)) =q* (x - (¥,2)4)
=a"(x)-a"(y,2)a)
= a* (%) - (a¥ (¥),aM (2) anr

X/XI
= ®q)£l(x),qXI(y) (qXI(Z))-

(3) Since X/XI is full as a left Hilbert K (X) /¢* (K (XI))-module, the left action
of K (X) /X (K (XI)) is injective, and hence ker gx = (* (K (XI)). O

Lemma 2.7. Let I be an X-invariant ideal in A. Then
(2.3) p(a) = X (pi(a) fora e J(XI),
and J(XI) = J(X) n 1. Also,

(2.4) @areq'(a) =qxo@a) fora e J(X),

and @' (J(X)) < J(X/XI). If @(A) < K(X), then q'(J(X)) = J(X/XI).

Proof. Suppose a € J(XI). Since a belongs to the X-invariant ideal I, g (a)
maps X into XI; since @ (a) extends the compact operator @;(a), (2.3) follows
from the uniqueness assertion of Lemma 2.6(1). By (2.3), we have J(XI) <
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J(X) N 1. For the reverse inclusion, suppose a € J(X) N I. Then @(a) belongs
to K (X), the domain of gx; moreover, since a belongs to the X-invariant ideal
I, we have @ (a) € kerqx. By Lemma 2.6(3), this means that @ (a) = (*(T)
for some T € K (XI), and since @ (a) extends @;(a), we have T = @;(a). Thus
ac J(XI).

Equation (2.4) follows immediately from the definition of gx, and shows that
q'(J(X)) € J(X/XI); the reverse inclusion is trivial if @ (A) € K (X). O

Example 2.8. As in Example 2.4, let X = X (E) be the Cuntz-Krieger bimod-
ule of a directed graph E, let V be a hereditary subset of E°, and identify X/XIy
with X(E\ V). Ifu € E°\ V, then 6, € J(X/XIy) if and only if u emits at
most finitely many edges in (E® \ V,771(E® \ V)) [12, Proposition 4.4]. Since
U may emit infinitely many edges in the original graph E, 6, may not belong to
the ideal J(X); hence the inclusion g’ (J(X)) < J(X/XI) of Lemma 2.7 can be
proper when @ (A) ¢ K (X).

For a specific example, consider the graph

O=0

with infinitely many edges from u to v. Then I := Cd, is X-invariant, and
since J(X) = I, the ideal g’ (J(X)) vanishes. But the subgraph (E9\ V,r1(E%\
V)) consists of just the one vertex u with a loop, and hence J(X/XI) = Cdy
is nontrivial. Observe that this example exhibits no pathology other than that
@P(A) ¢ K(X): X is full and essential as a left A-module and the left action is
injective.
Lemma 2.9. LetI be an X-invariant ideal in A, let K be an ideal in J(X), and
let B be a C*-algebra.
(1) If (@, ) is a Toeplitz representation of X in B, then (Wlx1, 1) is a Toeplitz
representation of X1 such that

2.5) (] )V =7 o X,

If (@, 1) is coisometric on K, then (W|x1, T|1) is coisometric on K N 1.

(2) Suppose wo: X|XI — B is linear and 1o : A/I — B is a homomorphism. Then
(Yo, T00) is a Toeplitz representation of X | XI if and only if (Yo o gX!, 110 0 q')
is a Toeplitz representation of X, in which case

(2.6) (oo gV = 1§V o qx.

Moreover, (Wq o X!

coisometric on qI (K).

, Tt © q1) is coisometric on K if and only if (Yo, o) is
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Proof.

(1) Itis obvious that (y|xz, 7l;) is a Toeplitz representation of XI. If x, v € XI,
then

(7T|I)(1)(®§,Iy) =Y (Y| 5 () =px)p(y)*
=n@F,) =X e,

and (2.5) follows by linearity and continuity. If (g, 17) is coisometric on K,
then for any a € K N I we have from (2.5) and (2.3) that

(t] ) (@r(a) =D o K(@i(a) =tV (@) = m(a) = 1|, (a),

so (W|xr, (1) is coisometric on K N I.

(2) Itis routine to check that (o, 1) is a Toeplitz representation of X/ XT if and
only if (g0 g, 119 © g') is a Toeplitz representation of X. For any x, y € X
we have

(2.7) (110 0 q") 1V (OF ) = (wo o g™ (x)) (o 0 a* ()"

=115 (@) i) = 0" 0 ax (OF ),
and (2.6) follows by linearity and continuity. This and (2.4) give

2.8) (moog") V(@ (k) = " oqx (@ (k) = " (@asi(a’ (k) fork € K.

If (@9, T9) is coisometric on g (K), then the right-hand side equals rpo g’ (k),
and hence (g o g*, 119 0 q@') is coisometric on K. If (@ o gX!, 1m0 0 q) is
coisometric on K, then the left-hand side equals mo(q' (k)), and therefore
(Yo, o) is coisometric on g (K). O

3. A STRUCTURE THEOREM

We can now state our main theorem.

Theorem 3.1. Suppose X is a Hilbert bimodule over A, K is an ideal in J(X),
and I is an X-invariant ideal in A. Then the ideal 1(I) in O(K,X) generated by
ka(I) is Morita equivalent to O(K NI, XI), and the quotient O(K, X) /1(I) is canon-
ically isomorphic to O(q" (K), X/ XI).

In particular, taking K = {0} and K = J(X) gives us results about the Toeplitz
algebra and the Cuntz-Pimsner algebra.

Corollary 3.2. If1 is an X-invariant ideal in A, then the ideal 1(I) of Tx gen-
erated by kx (I) is Morita equivalent to Tx;, and the quotient Tx |1(I) is canonically
isomorphic to Tx x.
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Corollary 3.3. If I is an X-invariant ideal in A, then the ideal 1(I) of Ox gen-
erated by kx (1) is Morita equivalent to Oxy, and the quotient Ox |1(I) is canonically
isomorphic to the relative Cuntz-Pimsner algebra ©(q! (J(X)), X/XI). If p(A) <
K(X), then (9}(/7(1) = OX/XL

Proof. The last statement follows from Lemma 2.7. O

In the proof of Theorem 3.1, the main problem is to show that O(K n I, XI)
embeds in O(K, X). To prove this, we show how to extend a representation of
O(K N1, XI) to a representation of O(K, X).

Proposition 3.4. Let X be a Hilbert bimodule over A, let I be an X-invariant
ideal in A, and let K be an ideal in J(X). If (@, Tr) is a Toeplitz representation of X1
on H which is coisometric on (K N I), then there are a Hilbert space M, an isometry
U: H — M, and a Toeplitz representation (P, 1) of X on M which is coisometric
on K and satisfies

]y =AdU oy,

Of particular interest are the Cuntz-Pimsner covariant representations.

Corollary 3.5. If I is an X-invariant ideal in A, then every Cuntz-Pimsner
covariant representation of XI can be extended to a Cuntz-Pimsner covariant repre-
sentation of X.

Proof. Immediate from Lemma 2.7 since J(XI) = J(X) N I. O

Before proving Proposition 3.4, we establish some useful notation and identify a
collection of monomials which span O(K, X). Recall that for each n = 1, the
n-fold tensor product X®" := X ®4 - - - ®4 X is also a Hilbert bimodule over A;
see [25, Section 2.2] for details.

Lemma 3.6.

(1) Suppose (@, 1) is a Toeplitz representation of X in a C*-algebra B. For each
n = 1, there is a linear map Y®" : X" — B which satisfies

Yo (X1 ®4 -+ ®aXn) = Wxy)---Wilxy) foralxy,...,xn €X,

and (Y®", 1v) is a Toeplitz representation of X®™. By convention, we take X®° :=
A and p®° = 1.

(2) Let K be an ideal in J(X). If (kx,ka) is universal for Toeplitz representations of
X which are coisometric on K, then

O(K,X) =span{k§ (x)ka(@kF (¥)*:7,s>20,x € X®", y € X*, a € A}.

Proof- (1) is a special case of [12, Proposition 1.8(1)], and (2) is proved ex-
actly as in [12, Lemma 2.4]. O



Representations of Cuntz-Pimsner Algebras 583

Remark 3.7. When m = 1, we have natural isomorphisms X®™ @4 X®" =
X®m+1) which carry g™ ® 4 Y™ into Y®"+™ When m = 0 we have to be a

lictle careful because A ® 4 X is isomorphic to the essential subspace A - X rather
than X.

Proof of Proposition 3.4. We will show that Tx; embeds naturally as a hered-
itary subalgebra of T, and obtain ¢ x 7T by inducing ¢ X 11 from Tx; to Tx.
Let (Tx,ix,ia) be universal for Toeplitz representations of X. We claim that

li:iX|X[XiA|[:TXI_’TX

is injective. For this, let (w, p) be a Toeplitz representation of X on a Hilbert
space H such that p acts faithfully on (w(X)H)*; for the existence of such a
representation, see [12, Corollary 2.2]. Then p|; acts faithfully on the larger space
(w(XI)H)*, so by [12, Theorem 2.1], w|x; X plr: Txr — B(H) is faithful. But
w|xr X pli = (W X p) o (, so L is injective.

Let B := «(Tx;), and let

L:=span{i} (x)ia(DiFO)*:7r,s>0, x € X®", y € (X)®, i € I}.

We claim that L is a closed left ideal in Tx such that L*L = B and BL < B.
Since T is generated by ix(X) U is(A), to see that L is a left ideal it suffices to
check that the generating monomials of L are invariant under left multiplication
by ix(X), ia(A), and ix(X)*. Most cases are routine since (ix,i4) is a Toeplitz
representation and I is an ideal; the only subtle case is when a monomial of the
form i4(1)i%’ (¥)* is multiplied by ix(z)* for some z € X:

ix(2)*iA(DIF )" = ix(@(*)2)*iF ()" =5 (v ® @(i%)2)*

which belongs to 1% ((XI)®¢+*D)* because I is X-invariant, and hence to L
because ix (XI)* = ia(I)ix(XI)*. Thus L is a left ideal.

Next we prove that L*L = B. By Lemma 3.6(2), B is spanned by monomials
of the form i{" (x)ia ()i’ () * with v, s > 0, x € (XI)®", y € (XI)® and
i € I, from which it is obvious that B € L; hence B = B*B < L*L. For the reverse
inclusion, it suffices to check that £{ ¥, € B whenever ¢; and ¥, are generating
monomials of L, which reduces to checking that

ia(j)i%(w)*ig (x)ia(i) € B
whenever 7, t = 0, x € X®", w € X® ,and i, j € I. This is trivial if r = t = 0,

and the relation ix(x)*ix(y) = ia({x,y)a) allows us to assume that either
¥ = 0ort = 0. Without loss of generality t = 0, and then

i ()i (W) ¥ i (x)ia(i) = ia(j)iY (x - 0).
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An elementary argument using the X-invariance of I and the equality I = I? allows
us to deduce that i4(j)i§" (x - i) < i ((XI)®") < B, completing the proof that
L*L = B.

Since a typical generating monomial i§" (x)i ()i’ (»)* € L belongs to B
if ¥ = 0, to prove that BL < B it suffices to show that Bix(X) < B. Since I is
X-invariant we have

ia(Dix(X) =ix(@U)X) c ix(XI) € B;
ix(XDix(X) = ix(XDia(Dix(X)
cix(XDix(p(X) < ix(XI)? c B;

ix(XI)*ix(X) = iA(<XI,X)A) c iA(I) C B.

Since B is generated as an algebra by i4 (I) U ix(XI) U ix(XI)*, we deduce that
BL < B.

Since L is a closed left ideal in Tx such that L*L = B, L is a right-Hilbert
Tx—B bimodule. Inducing the representation 0 := (¢ X W) o t"': B — B(H)

gives a representation Ind o of Tx on M := L ®p H, and we let (), 77) be the
Toeplitz representation of X defined by

Y:=(Indo)oiy and 7 := (Indo)oigs.

There is no harm in assuming that (¢, ) (and hence o) is nondegenerate, in
which case there is a unique isometry U: H — M which satisfies

Uo(b)h=begh forbeBandh e H.

Since ¢|x; x 1l = ((Ind o) |g) © , the essential subspace of P|x; X 7|y is

(Indo)B)(LegH)=BLegH cBeogH =UH.
Hence to verify (3.1) it suffices to prove that
(3.2) Px)U=Uy(x) forx € XI, and 7H)U =Um(@i) foriel.
Suppose x € XI. Then for b € B and h € H we have

Y(x)Uo(b)h =Indo(ix(x))(b g h) =ix(x)boph
= (ixr(x)) @ o(b)h
=Uy xm(ixi(x))o(b)h = Uyp(x)o(b)h,

and since o is nondegenerate this gives the first equation in (3.2); a similar calcu-
lation gives the second.
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It remains to show that (, 71) is coisometric on K, for which we use Lemma
1.9; that is, we will show that

T(K)M < P(X)M :=span{P(x)m: x € X, m € M}.
For this, it suffices to show that
(3.3) k) e®gh) e y(X)M forallkeK, L L, andh e H.

We consider two cases.
CASE 1: £ =ix(x)¥ withx € X and £’ € L. Then
(k) (£ ®p h) = ia(k)ix(x)¥ ®@ph =ix(@(k)x)¥ @z h
= P(@K)x) (¢ ®ph) < PX)M.
CASE 2: € = is(i)b withi € I and b € B. Since ki € KI = K N I, we can
express ki = cd with ¢, d € K NI, and then
(k)£ ®@gh) =is(k)iga(i)b®gh
=1ia(c)ia(d) ®p o (b)h
ia(c)(ig(d)) ®p o(b)h
ia(c) gy xm(if(d))a(b)h
ia(c) ®pm(d)o(b)h
ia(l) @ WX FH (by Lemma 1.9)
ial) ®@p @ X 1 (ix (XI))H
ia(Dix(XI) ®p H
ix(XDia(I) @ H
ix(X)Leg H
= g(X)M.

m

N

N

n

Since the vectors € considered in these two cases span a dense subspace of L, this
gives (3.3), and hence (, 77) is coisometric on K. O

Corollary 3.8. If1 is an X-invariant ideal in A and K is an ideal in J(X), then
O(K N1, XI) embeds canonically in O (K, X).

Proof. Let (O(K,X),kx,ka) be universal for Toeplitz representations of X
which are coisometric on K. By Lemma 2.9, (kx|xr, kalr) is a Toeplitz represen-
tation of XI which is coisometric on K N I, and hence induces a homomorphism

kX|XI XKnI kA|[: O(KﬂI,XI) - O(K,X)
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Let (¢, 1) be a (K N I)-coisometric Toeplitz representation of XI on H such that
WY Xgar TT: O(K NI, XI) — B(H) is faithful, and let (, 77) be its extension to
a Toeplitz representation of X which is coisometric on K, as in Proposition 3.4.
Since

(@ xg 1) o (kx| x; Xknr ka|) = (AdU) o (@ Xgnr 1)
is faithful, kx|xr Xxnr kalr is injective. O

Corollary 3.9. If I is an X-invariant ideal in A, then Ox; embeds canonically
in Ox.

Proof. By Lemma 2.7, O(J(X) n I, XI) = O(J(XI), XI) = Ox. O

Proof of Theorem 3.1. Let (O(K,X),kx,ka) be the relative Cuntz-Pimsner
algebra determined by K, and let

L:=span{k§ (x)ka(DkF () : 7,520, x € X®", y € XI®*, i € I}.

From the proof of Proposition 3.4, we deduce that L is a closed left ideal in
O(K, X) such that L*L is the canonical embedded image of O(K N I, XI) in
O(K, X) (see Corollary 3.8). Moreover, LL* is a two-sided ideal which contains
ka(I), and since L < 7(I), this implies that LL* = 7(I). Thus L implements a
Morita equivalence between 7(I) and O(K N1, XI).

Let ¢ :=kx/x1°© gXland 1T := kajro q'. By Lemma 2.9, (y, 17) is a Toeplitz
representation of X which is coisometric on K. The induced homomorphism
Y xxg1m: OK,X) - O(q'(K), X/XI) annihilates the ideal 7(I) since

Y xg (ka(I)) = 10(I) = kays o q'(I) = {0},

and hence induces a map (¢ Xg 1)« : O(K, X)/2(I) — O(q"(K), X/XI). To see
that ( Xg 1)« is an isomorphism, we construct its inverse.

Since kx(XI) = kx(X)ka(I) = 7(I), there is a linear map yo: X/XI —
O(K,X)/1(I) such that @g o g1 = g o kx. Similarly, since I < ker(q o ka),
there is a homomorphism 1: A/I — O(K, X)/7(I) such that 1y 0 ¢! = q o ka.
Certainly (q o kx,q o ka) is a Toeplitz representation of X, and it is coisometric
on K because (1.2) gives

(@oka)V(@k) =qok(@k)) =qoka(k) forallkeK.

By Lemma 2.9(2), we deduce that (g, 10) is a Toeplitz representation of X/XT
which is coisometric on g’ (K). The induced homomorphism

Wo Xq1(x) To: O(q" (K), X/XI) — O(K,X)/1(I)

is surjective since it maps the generating set kx,xj(X/XI) U ka1 (A/I) onto the
generating set q(kx (X)) U q(ka(A)). By checking on generators, it is routine to
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check that (@ xg 1) 4 o (Yo X 41 (k) o) is the identity on O(q'(K), X /XI), so that
(@ Xk 1)« and Yo X g1 (k) Mo are isomorphisms. For example,

(@ XK T0) 5 0 (Yo Xq1 (k) To) © kx/xt © g™ = (Y Xk T0) s 0 Yo o g™
= (P XgMM)x0qokx
= (¢ Xg 1) o kx
=y

= kx/x1 © CIXI,

s0 (Y Xg T0) 4 o (Yo Xq1(k) To) is the identity on the range of kx/x;. We can see
in similar fashion that it is the identity on the range of k4,1, and hence on all of
0(q'(K), X/ XI). O

Example 3.10. Suppose that X = X(E) is the bimodule of a graph E, V is
a hereditary subset of E°, and Iy is the X-invariant ideal discussed in Example
2.4. Let X(V) be the bimodule of the graph V := (V,s71(V)). We claim that
there is a natural isomorphism of Tx(v) onto a full corner in Txp, . To justify this
claim, consider the universal Toeplitz representation (ixy,, ir,) in Txy,. Then the
elements {ixp, (8¢): s(e) € V} and {if, (6y): v € V} form a Cuntz-Krieger V-
family in Txy,, and hence there is a homomorphism p of Tx(v) into Tx,. To see
that p is injective, we show that every representation of Tx(v) factors through p.
So let {Se, Py} be a Toeplitz-Cuntz-Krieger V-family on H with corresponding
representation Tts,p: Tx(v) — B(H ). For each e € E! with v(e) € V but s(e) ¢
V, we choose a unitary isomorphism Se of Py)H onto a new Hilbert space
H,. As in [12, Example 1.2], there is a Toeplitz representation (¢, 1) of XIy
on H & (Decr-1(vy\s-1(v) He) such that ¢(5.) = S, forall e € "1 (V) and
1(8y) = Py forall v € V, and then 15 p is the restriction of (@ X 77) o U to the
invariant subspace H . Thus p is injective. The image of p is the corner associated
to the projection p := >, cy i, (0v) in M(Txy,), which is full because all the
generators b for Txy, satisfy b = bp and hence lie in the ideal generated by p.
We have now proved the claim.

As we saw in Example 1.5, the ideals K in J(X) have the form KF for some set
F of vertices which emit finitely many edges, and K NIy = Ky Since passing to
the relative Cuntz-Pimsner algebra O(Krny, X (V) involves imposing relations at
the vertices in F NV, the embedding of Tx(v) in Txy, induces an isomorphism of
O(Krnv, X(V)) onto a full corner in O(Kpqy, XIy). Thus Theorem 3.1 implies
that O(Kf, X(E)) contains an ideal Morita equivalent to O(Kpnv, X(V)) with
quotient isomorphic to O(Kr\v, X(E \ V)). This generalises results for the graph
algebras of row-finite graphs in [4, Theorem 4.1, parts (2) and (3)].

Remark 3.11. When E is a row-finite graph there is a bijection between the
saturated hereditary subsets of E® and the gauge invariant ideals in C*(E) [4,
Theorem 4.1, part (1)]. Since the ideals 7(I) in Ox associated to X-invariant
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ideals are certainly gauge-invariant, it is natural to ask for a concept of X-saturation
under which one can prove an analogue of [4, Theorem 4.1, part (1)]. One such
concept is used in [16] in the context of finitely generated Hilbert modules: they

ask that
(3.4) acAandp@a)XcXI=>acl.

If Iy is the ideal in X(E) corresponding to a hereditary subset V' in a row-finite
graph, then Iy has this property precisely when V is saturated in the sense of [4].
For non-row-finite graphs this concept is inappropriate: for example, consider the

graph
C—=0

with infinitely many edges from v to w. Here I, is X (E)-invariant and does not
satisfy (3.4), but generates a gauge-invariant ideal which is strictly smaller than
the ideal I, ., which does satisfy (3.4). This example and the analyses of ideals in
graph algebras in [10] and [5] suggest that this question could be quite subtle.

Example 3.12. Let X = x(1)A be the bimodule associated to an endomor-
phism « of A, as in Example 1.6. If I is an ideal in A, then &x(I)X = «(I)A,
XI = «(1)I, and hence I is X-invariant precisely when «(I) c I. To get from
an invariant ideal to an ideal in the crossed product, we need to know that the
ideal is extendibly invariant: the endomorphism «|; extends to an endomorphism
& of M(I) in such a way that &(1y(;)) coincides with the canonical image of
o(l) € Ain M(I) (see [1, 22]). If so, XI is the bimodule &(1p))I associ-
ated to «lr, and Ox; = I x4 N. The quotient map q! carries X/XI onto the
module o¢*/T (1) (A/I) associated to the induced endomorphism oA/ of A/I, and
Ox/Oxr = (A/I) Xqar N, as predicted by the results in [1] and [22]. When the
invariant ideal is not extendibly invariant, quite different things can happen, as
the next example shows.

Example 3.13. For an extreme example of a non-extendibly invariant ideal,
we consider A := ¢o(Z U {}), the forward shift T on A, and the ideal I = ¢
of sequences whose negative terms are all zero. The bimodule associated to « is
X = Ay, with a - x = a(a)x as usual, and XI is the Hilbert bimodule I; in which
the left action is given by T;. This is not quite the usual bimodule for the one-
sided shift—indeed, if (, 17) is a Toeplitz representation and 7 is nondegenerate,
then 7t has to vanish on ¢y. (The element ey := 1;—T (1) satisfies a-eq = 0 for all
aeclsom(lp)y(ey) = Y(t(1p)eg) = 0. If 7 is nondegenerate, then g (eg) = 0,
1(eg) = T({en,e0)r) = 0, and TT(T"(ep)) = V1 (eg) (V*)" =0 forall m > 0.
In general, @ (ey) is a partial isometry with initial projection 1 (1; — T(1;)) and
range projection orthogonal to 71 (17).) However, the Cuntz-Pimsner algebra Ox;
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contains ¢ X N as the full corner determined by kx;(17). Since ¢ X+ N is a full
corner in A X1 Z, it follows that the ideal 7(I) generated by Ox; is all of Ox.

Theorem 3.1 therefore implies that the Cuntz-Pimsner algebra Oxxr is triv-
ial. To confirm this, note that X/XTI is (A/I)a;; with left multiplication given
by the induced endomorphism T4/ of A/I. Suppose (y, 1) is a Cuntz-Pimsner
covariant representation of X/XI, and V is the isometry @ (T4/1(14,1))*. For
b € (), ()" (q' (b)) = 0, and the covariance relation (1.5) implies that
(g (b)) = (V)" (A" (g (b)))V™ = 0; since U, T7"() is dense in A,
it follows that 7r = 0. Thus X/XT has no nonzero covariant representations, and
Oxx1 = 0.

This example is not an anomalous one: the same analysis applies whenever
(A, &) is the minimal dilation of (I, &|), as in [20]. The moral is that extendible
invariance is important.

We next identify the kernel of the quotient map @ (g!(K), X/XI) onto Ox/x1,
which is isomorphic to the subquotient ker{ (O (K, X) — Ox,x1)}/2(I) of Theo-
rem 3.1.

Proposition 3.14. Suppose X is full and L < K < J(X). The kernel of the
quotient map ©: O(L, X) — O(K, X) is Morita equim/mt toK/L.

Remark 3.15. If X is not full, then ker(O(L, X) — O(K, X)) is Morita equiv-
alent to (K N Ag)/(L N Ap), where Ag = span{(x,y)a: x, ¥ € X}.

Proof of Proposition 3.14. Let (T, @) be the Fock representation of X. Thus,
(T, @) is the Toeplitz representation of X as adjointable operators on the Fock
module F(X) := @,,_o X®" in which T(x) tensors on the left by x, and @ (a)
is the diagonal left action induced by @ (a); see [27, Section 1], [25, Section 2.2],
and [12, Example 1.4 and Remark 1.5] for more details. Let Tx: Tx — O(K, X)
be the quotient map. We claim that

3.5 T X Qo (kerTg) = (K (F(X)K)),

where ¢ is the canonical embedding of K (F(X)K) in K (F(X)); see Lemma 2.6.
Pimsner proves this in a bit less generality in [27, Theorem 3.13], and we essen-
tially follow his proof. Let Qg be the projection of F(X) onto A = X®°. Since

ker Tk is the ideal generated by {i4 (k) — ii\”((p(k)) : k € K}, and since

T X @olin(k) =iy (@) = Pu(k) — L (@ (k) = Pu(k)Qq

for every k € K, T X @« (ker Tx) is generated as an ideal by {Q«(k)Qo: k € K}.
But T X @ (Tx) is spanned by monomials of the form T®" (x)@w (@) T® (¥)*,
and since QoT(x’) = 0 for x’ € X, we deduce that T X @ (ker Tg) is

span{T®" (X) @ (k1) Qo@oo (k3) T () *:
r,s>0, xe€X®, vyeX®, a, beK}
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Since T®" (X) e (k1) Qo@o (k)T (¥)* = O, this gives (3.5). We
have ® o T, = Tk, and since these maps are all surjections we have ker® =
ker T/ kertr. Since T X @ is injective by [27, Theorem 3.4] or [12, Corol-
lary 2.2], we deduce from (3.5) that

(3.6) ker@ = Ker Tk UK(FXOK)  K(FX)K)
' s kert; ~ ((K(F(X)L)) ~ to(K(F(X)L))’

where (g is the canonical embedding of K (F(X)L) in K(F(X)K). Since X is
full, so is F(X), and hence F(X)K is full as a Hilbert K-module. The ideal in
K(F(X)K) which corresponds to L under the Rieffel correspondence is
to(K(F(X)L)), and hence F(X)K/F(X)L is a K(F(X)K) /to(XK(F(X)L))-K/L
imprimitivity bimodule. The result now follows immediately from (3.6). O

4. A GAUGE-INVARIANT UNIQUENESS THEOREM
Recall that we denote by y the gauge action of T on Oy.

Theorem 4.1. Suppose that X is a Hilbert bimodule over A. Suppose that (y, Tr)
is a Cuntz-Pimsner covariant representation of X in a C*-algebra B such that Tt is
Jaithful, and that there is a strongly continuous action B: T — Aut(@ X T(Ox)) such
that Bz o (Y X 1) = (Y X TT) oy, for z € T. Then the homomorphism @ X Tt of
Ox into B is injective.

This result was motivated by the gauge-invariant uniqueness theorems for
graph algebras in [15] and [4]. The important point here is that the theorem
requires no structural hypothesis on the bimodule, as opposed to the uniqueness
theorems of Cuntz-Krieger type which have hypotheses on the graph or matrix
but no hypothesis on the gauge action. (Though notice that the existence of such
a covariant representation forces @ : A — L(X) to be injective.) This theorem also
generalises Theorem 3.3 of [9] (where we think the authors may have intended to
impose a left-annihilator condition—see Remark 6.12). We can also deduce from
this result that Pimsner’s concretely defined algebra is isomorphic to ours.

Our basic strategy is a familiar one: we show that the representation ¢ x 1
is faithful on the fixed-point algebra (9%; for the gauge action, and then extend
this to Ox by averaging over the action B. Carrying out the first step requires a
careful analysis of the fixed-point algebra (9%. Throughout we write (ix,ia) for
the universal Cuntz-Pimsner covariant representation of X in Ox.

In the following Lemma we reorganize some results from [27, Section 3].

Lemma 4.2. Suppose X and Y are right Hilbert A-modules and @ : A — L(X)
is injective. Then:
(1) 0:S — S ®alisan isometric homomorphism of L(Y) into L(Y ®4 X);
(2) ifS®al e K(Y ®aX), then S is compact, and ran S < Y J (X).
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Proof.

(1) Let 1 be a faithful representation of A on Hilbert space. Then X -Ind 1T is
faithful because @ is, and the representation (Y ®4 X) -Ind 17 of L(Y'), which
is unitarily equivalent to (Y -Ind(X-Ind 1)) o 0, is also faithful. Thus 6 is
injective, hence isometric.

(2) Let (ua) be an approximate identity for K (Y). Since K (Y) acts nondegen-
erately on Y, up converges to 1 in the strong operator topology on L(Y).
Calculations like

(u)\ ®A 1>®3’1®AX1,J’2®AX2 = ®MA3’1®AX1J’2®AX2 - ®y1®AX1,y2®AX2

show that (up ®4 1) converges strictly to 1 € L(Y ®4 X) = M(K(Y ®4 X)).
Thus if S ® 4 1 is compact, then by part (1) we have

0=Ilm|[S®s1—(ur®a 1)(S®4 1)l =lim||S —uxS|l,

so S is compact. For each & € Y, define Tg: X — Y ®4 X by T (x) := E® x.
Calculations like

T§*®y1®AX1,y2®AXzT’7 = Og () 0)x,@ (1% € K(X)

show that TE*KT,, € K(X) forevery K € K(Y ®4 X) and §, n € Y. Thus
if S ®4 1 is compact, then Tg*(S ®a DT, = @((&,5n)a) is compact, and
(&€,Sn)a € J(X). We deduce that ran S < Y J(X). O

We will need the following notation in some of our spatial arguments.

Notation 4.3. Suppose (y,17) is a Toeplitz representation of X on a Hilbert
space H. By Lemma 3.6(1), (¢®", 1) is a Toeplitz representation of X®", so
there is a representation ™. K(X®") - B(H) such that

T (@y,y) = PO ()P (¥)*  for x,y € X®N.

Let ™ be the extension of ™ to £(X®") = M (K (X®")) with the same essen-
tial subspace as (™; T is precisely the representation p%*°"™ of [12, Proposi-
tion 1.6]. Denote by P, the projection onto the essential subspace of (™. Since
K (X®") acts nondegenerately on X®", we have

PyH =span{y®(x)h: x € X®", h e H}.

Write 1¥ for the identity operator on X®, and for S € L(X®") write S ® 4 1¥ for
the adjointable operator on X®™"*K) which satisfies

S@s1%(x®sy)=Sx®sy forx e X®"and y € X®.
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The following Lemma collects some results from [12].

Lemma 4.4. Let (W, Tt) be a Toeplitz representation of X on a Hilbert space H,
and supposen = 1, S € L(X®"), x € X®", and k = 0. Then
(1) T (S)pen(x) = P (Sx);
(2) W(")(S)Prwk =+ (§ ®A lk) = PpmM (S);
(3) Y (X)Px = P ®"(x).

Proof. See [12, Proposition 1.6(1), Proposition 1.8(2), Lemma 2.5(2)]. O

Lemma 4.5 ([27, Lemma 3.10]). Suppose (@, 1) is a Cuntz-Pimsner covariant
representation of X in a C*-algebra B. Letn = 1. IfS € L(X®") and S ®4 1 €
KXY then § € K(X®M) and T+ D (S @4 1) = M (S).

Proof. By Lemma 4.2, S is compact and S(X®") € X®"J(X). Represent B
faithfully on a Hilbert space #, and adopt Notation 4.3. Since (, 1) is Cuntz-

Pimsner covariant, Lemma 1.9 gives 11 (J (X)) (1 = P;) = 0, and hence

T (S)(I = Ppry) P (X®M)
=MW (S)PO(X®M) (I — Py) = p®"(S(X®™))(I - Py)
< YO(XOJ (X)) - Py) = ¢ (X®™) 1 (J (X)) (I - P;) = {0}.

Thus 0 = ™™ (S)(I = Ppy1)Pn = ™ (S) = ™ (S)Pys1, and Lemma 4.4(2)
gives T (§) = w"*D (S ®4 1), as required. O

We now aim to identify the core (93/(. Whenn = 1, write A® 41" for (A)®4
1" 1 < £(X®"), and define

Crni=A®s 1"+ K(X) s 1"+ + K(X®") foralln = 0;

then Cy, is a C*-subalgebra of £(X®").

Proposition 4.6 (cf. [27, Proposition 3.11]). Suppose (@, 1) is a Cuniz-
Pimsner covariant representation of X in a C*-algebra B. Then there is a homo-
morphism Kyn = k™. C — B such that

Kn(ko®a 1"+ ky @4 1" 14 -+« + ky) = (ko) + TV (ky) + - - - + 1™ (kyp).

If T is faithful, so is Ky.

Proof. First suppose n = 1 and ¢ := kg ®4 1" + k; @4 1" 1+ -+ + ky is
compact; we claim that

(4.1) T (c) = (ko) + TV (ky) + - - - + ™™ (kyp).
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When n = 1, ¢ = @(ko) + ki € K(X) implies that kg € J(X), and hence
W (c) = (k) + D (ky) as required. Assume inductively that (4.1) holds for
n—1 for somen > 2. Since (kg®4 1" 1+ - +kp_1)®41 = ¢ — ky is compact,
by Lemma 4.5 kg ®4 1" 1 + - - - + kj—; is compact and

T ((ko®a 1" 1+ -+ k1) @4 1) =T D(kg@a 1" + - - - + ky1).
By induction we thus have
™ (¢ —kp) = (ko) + TV (k) + - - + "V (ki ),
and the claim follows. Applying the claim to ¢ = 0 gives
(ko) + T (ky) + - - - + 0™ (k) = ™ (c) =0,

from which it is clear that k;, is a well-defined *-linear map.
It remains to show that Ky, is multiplicative. For this we represent B faithfully
on H and resume Notation 4.3. Using Lemma 4.4 we can see that

(4.2)  Kn-1(C)Pp =M™ (c®s1) = Pyky_1(c) forn=1andc e Cyp ;.

Thus if ¢ € C,,—1 and k € K (X®"), then

4.3)  Kn(k)Kn-1(c) = 1™ (K)Pukn-1(c) = T (k)T (c ©4 1)
=™ (k(c ®a 1)) = kn(k(c ®4 1)),

and taking adjoints gives

(4.4) Kn((c®a 1)k) = kn-1(c)kn (k).

Also, observe that

(4.5) Kn(c®a1) = Kn_1(c) forc e Cy_1.

To prove that Ky, is multiplicative we induct on n. For n = 0, recall that Cy = A
and ko = 1. Assume inductively that kj,—; is multiplicative for some n = 1. Let
c,c’ € Cprand k, k' € K(X®"),sothatc®s1+kandc’ ®4 1+ Kk’ are typical
elements of Cy,. Using (4.3)-(4.5), we have
Kn((c®al+k)(c'®al+k'))
=kKplcc' @41+ k(c"®41)+(c®s 1)k +kk')
= Kn-1(C)Kn-1(c") + Kn(K)Kn-1(c") + Kn-1(c)Kn (k") + Kn (k) Kn (K")
= (Kn-1(¢) + Kn(K)) (Kn-1(c") + kn (k"))

Kn(c®al+Kk)kp(c'®a1+Kk").
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Hence Ky, is multiplicative.

Finally, suppose 7 is faithful. Then (M) is also faithful; see [12, Proposition
1.6(2)]. If kn(c) = 0, then by (4.2) we have M (¢) = Pyky,(c) = 0, and hence
¢ = 0. Thus Ky, is also faithful. O

Definition 4.7. Let C denote the inductive limit lim C,, under the isometric

homomorphisms c € Cy, = c ®4 1 € Cpy1.

Corollary 4.8. Suppose (@, 1) is a Cuntz-Pimsner covariant representation of

X in a C*-algebra B. The homomorphisms k¥ ™. C, — B induce a homomorphism
KV C — B, and k"™ is faithful if Tt is.

Proof. Immediate since kP (cosl) = anLrlr(C) for every ¢ € Cy—;1. O

For the following corollary we need to know that the universal map is: A —
Oy is injective when @ is injective. This is proved in [25, Proposition 2.21], and
we give another proof in Corollary 6.2.

Corollary 4.9. There is a homomorphism k : C — Ox which satisfies

Kko® 1"+ k1 @ 1" 1 v v + k) = ialko) + iy (k1) + -+ - + 15 (kn).

Moreover, K is injective and maps onto the fixed-point algebra OY.

Proof. Apply Corollary 4.8 to the universal representation (ix,i4) of X in
Ox and take k := k™. Since i4 is injective so is k. Define e: Ox — 0%
by e(d) := [y y-(d)dz. Since Ox is spanned by monomials of the form d :=
¥ (x)ia(@)iF (¥)*, and since e(d) = d if r = sand e(d) = 0 if v # s, we
deduce from the continuity of e that @Y is spanned by the monomials in which
7 = 5. But i¥ (x)ia(a)i¥" (»)* = k(@x.q,), s0 K maps onto OY. O

Proof of Theorem 4.1. The homomorphism k%™ : C — B is faithful by
Corollary 4.8, and since k'™ = (@ X 1) o K™X:i4, this shows that @ X 77 is faithful
on (9%. Define E: B — B# by E(b) := [;Bz(b)dz. Since ¢ X T intertwines
y and B, and since e: Ox — (932 is faithful on positive elements, we deduce that
W X TT is injective from the following chain:

(4.6) yxtm(d)=0=E(px1m(d*d)) =0=yp xm(e(d*d)) =0
>e(d*d)=0=>d*d=0=d=0. O

Corollary 4.10. If @ : A — L(X) is injective, then every nonzero gauge-invariant
ideal in Ox has nonzero intersection with ia(A).
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5. APPLICATIONS OF GAUGE-INVARIANT UNIQUENESS

We first apply Theorem 4.1 to the graph algebra C* (E) discussed in Example 1.5.
The resulting gauge-invariant uniqueness theorem is stronger than the one in [4];

it can also be deduced from the version in [4] using the approximation techniques
of [28] (see [28, Theorem 2.7]).

Corollary 5.1. Let E be a directed graph with no sinks. Suppose {Se, Py} is a
Cuntz-Krieger E-family in a C*-algebra B such that each Py # 0, and suppose there
is a strongly continuous action B: T — AutB such that B-(S.) = zS, for all e € E!
and Bz(Py) = Py for allv € E°. Then the homomorphism mtsp: C*(E) — B is
injective.

For an application of Theorem 4.1 to the C*-algebras of continuous graphs,
see [7].

We can also apply Theorem 4.1 to the bimodule «(1)A associated to an en-
domorphism of A, where it yields the following variant of [6, Proposition 2.1].

Corollary 5.2. Suppose & is an injective endomorphism of a C* -algebra A, and
(11,V) is a covariant homomorphism of the semigroup dynamical system (A, N, x)
into a C*-algebra B. If Tt is injective and there is an action B: T — AutB such that
Bz(mt(a)) = t(a) and B (V) = zV, then Tt X V is an injective homomorphism of
A Xy N into B.

As our most important new application of Theorem 4.1, we settle a problem
left open in [25]. We recall some terminology and background. Let A be a
non-self-adjoint subalgebra of a C*-algebra B. We shall assume that A is either
unital or contains a contractive approximate identity. We shall also assume that A
generates B as a C*-algebra and that A acts essentially on B, meaning that AB :=
span{ab:a € A, b € B} and BA :=span{ba: a € A, b € B} are dense in
B. We shall simply say that A is an essential subalgebra of B to describe this
situation. Of course, if A is an essential subalgebra of B and if A is unital, then
so is B and the unit of A is the unit of B. If A is only approximately unital, then
an approximate unit for A serves as a (not-necessarily-self-adjoint) contractive
approximate unit for B. A (2-sided) ideal 7 of B is called a boundary ideal for A
in case the quotient map q: B — B/ ] is completely isometric when restricted to
A. There is a boundary ideal 7y that contains all other boundary ideals; it is called
the Shilov boundary ideal, and the quotient B/ Jy is called the C*-envelope of A.
This terminology is due to Arveson [3], who proved the existence of the Shilov
boundary ideal and the C*-envelope in special cases. The complete result was
proved by Hamana in [14]. (Actually, both Arveson and Hamana worked only in
the unital setting. The details for non-unital algebras do not differ substantially
from the those for unital algebras, but they are scattered throughout the literature.
See [24] for references.) The C*-envelope of A is unique in the following sense:
Suppose j: A — B; is a completely isometric homomorphism of A onto an
essential subalgebra of a C*-algebra B; and suppose that the Shilov boundary
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ideal in By for j(A) vanishes. Then there is a C*-isomorphism 1: B/J) —
B such that Mo gla = j. In particular, we see that all completely isometric
automorphisms of A are restrictions to A of *-automorphisms of B/ J.

In the setting of this paper, suppose we are given a C*-bimodule X over a
C*-algebra A, let (jx, ja) be the universal Toeplitz representation of X in Tx
and let T4 x denote the closed subalgebra of Tx generated by ja(A) and jx(X).
Then T, x is called the tensor algebra of X. It is clear that T, x is an essential
subalgebra of Tx: it generates Tx as a C*-algebra. Also, if A is unital, then the
image under js of 14 is the common unit of T, x and Ty; similarly, ja carries
an approximate unit for A to an approximate unit for both 7,x and Tx. In
Theorem 6.4 of [25], the authors consider a module X which is both faithful, in
the sense that @ is injective, and strict, in the sense that the esssential submodule
@ (A)X is a summand of X; they prove that 7(J (X)) is a boundary ideal in T for
T+ x. Consequently, the quotient map q: Tx — Tx/7(J(X)) = Ox restricts to a
completely isometric homomorphism on T, x and so the C*-envelope of T, x is
a quotient of Oy.

Theorem 5.3. If X is a faithful, strict Hilbert bimodule over A, then 1(J (X)) is
the Shilov boundary ideal for Ty x in Tx and Ox is the C* -envelope of Ty x.

Proof. We may identify T, x with its image under the quotient map q: Ty —
Tx/1(J) = Ox, and then we may think of T, x as the closed algebra Ox gen-
erated by ix(X) and ia(A), where (ix,i4) = (q © jx,q © ja) is the universal
Cuntz-Pimsner covariant Toeplitz representation of X. Observe that the gauge
automorphism group of Ox fixes 7T x. Suppose Iy is the Shilov boundary ideal
in Ox for T, x. We want to show that Iy = 0. Since each gauge automorphism
yz maps T, x onto T+x, ¥z(Ip) is a boundary ideal in Ox for T x. However, Iy
contains all boundary ideals. Therefore y.(Iy) < I, z € T, and so Iy is gauge
invariant. By Corollary 4.10 and the fact that i4 is injective (Corollary 6.2), we
conclude that Iy N i4(A) is non-zero, unless Iy = 0. Since the quotient map from
Ox onto Ox/Ij is completely isometric when restricted to T x, it is faithful when
restricted to i4 (A). Thus I N i4(A) vanishes and so, then, does I. O

Remark 5.4. One can weaken the hypothesis in Theorem 5.3 that X is faith-
ful to conclude that the C*-envelope of T, x is a relative Cuntz-Pimsner algebra
O(K,X). (Indeed, that is why the authors of [25] introduced the concept of
relative Cuntz-Pimsner algebras.) However, when this is done, it appears that a
stronger hypothesis than “strict” is necessary. Whether this is simply an artifact
of the proofs in [25], we do not know. The analysis of ideals in relative Cuntz-
Pimsner algebras that we have given may help to clarify the situation.

6. THE DOPLICHER-ROBERTS ALGEBRA OF A HILBERT BIMODULE

When the homomorphism @: A — L(X) given by the left action on X is
injective, so are the maps T — T ®4 1 of L(X®", X®"+K)) into
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L(xen+D) xen+tk+l)) For k € Z, let fDiRg(k) be the Banach-space direct limit
DRY :=lim L(X®", XeM+K))

under the embeddings T — T®4 1. For m, n > 1, we write (""" for the canonical

embedding of £L(X®™, X®™) in DR&"*’”). The algebraic direct sum Pz iD’Rg(k)
has a natural structure as Z-graded x-algebra (see [8, page 180]); the Doplicher-

Roberts algebra DR x of X is the C*-algebra obtained by completing @7 DR
in the unique C*-norm for which the automorphic action of T defined by the

grading is isometric (see [8, Theorem 4.2]). We identify fDiRg(k) with its canonical
image in DRy.

Our study of DR x was motivated by [9] (where DR is denoted Ox,), and
our aim is to generalize [9, Theorem 4.1]. We begin as in [9] by demonstrating
that Ox embeds in DR x. Define L: X — L£(X,X®%) by Ly(¥) := x ®4 ¥, and
set

jx:i=t"?oL: X - DRy and jao:i=("'o@:A—- DRy.

Lemma 6.1. (jx, ja) is a Cuntz-Pimsner covariant representation 0fX nDRy.

Proof- For x,y € X and a € A, we have

Jx(x - a) = M (Ly.q) = M (Lx@(a))
=" (Ly) M (@(a)) = jx(x)jala),
Ix () *jx(v) = ML) * (L) = AL TAL)
= ("NLEL)) = M@ x, v)a)) = jal{x, ¥)a),

and
ix(@@x) = " (Lpayx) = M ((@(a) ®a 1)Ly)
=22 (@(a) ®4 P2 (Ly) = @ (a) 2 (Ly) = jala)jx(x).

Thus (jx, ja) is a Toeplitz representation of X in DRy. To see that (jx, ja) is
Cuntz-Pimsner covariant, we first establish

(6.1) i = Mg

For any x, y € X,

7 (Oxy) = jix () jx () = L)ALy *
= BHLLY) = 22 (Oxy ®a4 1) = (1 (O4,),

and (6.1) follows by linearity and continuity. Thus for a € J(X), we have
iP(@a) = "N (@(a) = jala), and (jx,ja) is Cuntz-Pimsner covariant. I
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Corollary 6.2 ([25, Proposition 2.21]). If @ is injective, then the universal
map is: A — Ox is injective.

Proof Since ja = (jx X ja) o i4 is injective, so is i4. |
Proposition 6.3 ([9, Proposition 3.2]). jx X ja: Ox — DR is injective.

Proof- ja is injective, and jx X ja intertwines the gauge actions on Ox and
DRy, so the result follows from Theorem 4.1. O

Definition 6.4. A Toeplitz representation (Y, ) of X on H is called fully
coisometric if W(X)IH is total in FH .

Remark 6.5. By Lemma 1.9, fully coisometric Toeplitz representations are
Cuntz-Pimsner covariant. For n > 1, let P, be the orthogonal projection of H
onto span Y®" (X®")H . Then (y, ) is fully coisometric if and only if P; = 1,
in which case it is easy to see that P, = 1 for every n = 1.

Since the left action of K (X®") on X®" is nondegenerate, the essential sub-
space of the representation 1™ : K (X®") — B(H) is precisely Py . Thus
(@, 1) is fully coisometric if and only if (V) is nondegenerate, in which case
™ is nondegenerate for every n > 1.

We denote by y the gauge actions of T on both Ox and DRy; this should
cause no problems since the embedding jx X ja is equivariant.

Theorem 6.6. Suppose (@, 1) is a fully coisometric Toeplitz representation of X
on a Hilbert space H .

(1) There is a unique representation P X 10 of DR x on H such that
(6.2) (Y XT) o (jx X ja) =@ XTI,

(2) A representation p of DR x has the form @ X Tt for some fully coisometric Toeplitz

representation (Y, 1) of X if and only if p o (V| x(x) is nondegenerate.
(3) IfTr is faithful and

6.3) warr(JT)’z(b)dz)Hs Iy x ) for b € O,

then P X Tt is faithful.
To prove this theorem, we need some preliminary results.

Lemma 6.7. Let {AX) : k € 7} be a T-graded C*-algebra. Endow Pz AX
with the unique C* -norm for which the automorphic action of T defined by the grad-
ing is isometric, as in (8, Theorem 4.2]. Then every *-homomorphism of ®ycz AKX
into a C*-algebra is contractive.
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Proof. Suppose 0 is a *-homomorphism of @ A% into a C*-algebra. If
a=®axe PAX then

lo(yz(a)ll = H @zko(ak)H <> llo(ayll
foreach z € T, so
lally, :=sup ({lally} U {llo(yz(@)|: z € T})

defines a C*-norm || ||}, on @ A™). Since [ly-(a)ll} = llall, fora € @A™ and
z €T, it follows from [8, Theorem 4.2] that || - 5 =1 ly. Thus

lo@l = llo(yo(a)ll < llall}, = llally

foreverya € AW, O

Lemma 6.8. Let X, Y and Z be Hilbert A-modules, and suppose Tt is a represen-
tation of A on a Hilbert space H . Then there is a contractive linear map T — T @4 1
of L(X,Y) into B(X @ H,Y @4 H ) such that

Tosl(x®4sh):=Tx ®4 h.
We then have (T 4 1)* = T* ®4 1, and if S € L(Y, Z), then
(64) (S®A1)(T®41)=ST®41.

Remark 6.9. Since X ® 4 H is canonically isomorphic to X ® 4 T(A)H , we
do not need to assume that 77 is nondegenerate.

Proof of Lemma 6.8. The proof of [29, Proposition 2.66] carries over pro-
vided we use Remark 2.23 instead of Corollary 2.22 to see that T*T < ||T||? in
L(X). IfxeX,yeYandh, k € H, then

(To®sl(x®sh) |y ®4sk)
= (TX Qsh|y®as k) = (h | 7T(<Tx,y>A)k)
=(x®sh | T*yosk)=(x®,h|T*®41(y ®4k)),

s0 (T ®41)* =T* ®4 1, and (6.4) follows from

(Sos1)(T®s1)(x®sh) = (S®41)(Tx®4h)
=STx®sh=ST®s1(x®h). -
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Definition 6.10. Let C be the C*-category with object set N and morphisms
Hom(m,n) := L£L(X®™M X®"), (See [8, Section 1] for the definition of a C*-
category.) A *-representation of C on a Hilbert space H  is a collection of linear
maps p™": Hom(m,n) — B(H) such that

(6.5) pmP(S)p™™(T) = p™P(ST) and p™™(T)* = p™"™(T*).

Proposition 6.11. Ler (Y, 1) be a Toeplitz representation of X on a Hilbert
space H. With the convention that W®° := Tt, there is a unique *-representation
[, 0] of C on H such that, for T € L(X®™, X®N),

[y, ] (T)Ye™ (x)h = w®" (Tx)h forx € X®™ he H,
[y, T]™™"(T)k =0 fork L {y®M(x)h:x € X®™, h € H}.
Proof Forn € N, let U™ : X®" ® 4 H — H be the isometry given by
UM (x®4h) :=y®"(x)h forx € X°", heH.
We obtain a linear map [, 71]"™" with the stated properties by defining
[, T]"™™(T) := U"(T ©4 1)(U™)* for T € LIX®™,X®"),

and (6.5) follows immediately from Lemma 6.8. o
Proof of Theorem 6.6.

(1) First we claim that the *-representation of Proposition 6.11 satisfies
6.6) [y, "N (T e, 1) = [w,m]™™(T) for T € LX®™,X®M).

Since (y, 1) is fully coisometric, it suffices to check this equation on vectors
of the form @®™m+D (x ® 4 y)h, where x € X®™, vy € X,and h € H:

[, T "™ (T @4 D™ D (x @4 ¥)h
_ w@(nJrl)(Tx ®A y)h
= Y™ (Tx)Y(y)h
= g, TN (TP (X)W (y)h
= [@, "™ (T) "+ (x @4 ¥)h,
justifying the claim.
Since [, 1] is a *x-representation of a C*-category, the linear maps [y, Tr]""

are contractive. Thus by (6.6) there is a contractive linear map [y, ] .
DR — B(H) such that

[‘IJ,TT](k) o (MMtk — [w’.ﬂ.]n,n+k_
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We claim that 0 := Pyez[@, 1% is a *-representation of Pycz ZD’RE(k) on
H . For T € L(X®™M, X&mM+K)) ve have

[LP,TT](k)(Lm’m+k(T))* _ [([J,TT]m’m+k(T)* _ [([J,TT]m+k’m(T*)
= [, ] (mrkm (T4)),

soiftj — t € DRY and t; € tmm+k(L(x®m, xe(m+h))) then by norm
continuity of [y, 1% [, w1k and the involution, we have

o®)* = [y, m]®®)* = lim[y, 1™ (£;)*
= lim[y, TV (t]) = o (t%).
Similarly, for T € L(X®™, X®") and § € L(X®", X®P), we have

[y, 7] P~ (WP (S) ™ M(T))
= [w, TP (P (ST))
= [y, T]™P(ST) = [y, TP (S)[w, T]™"(T)
= [y, TP~ (P () [y, Tr] (M) (¢ (T)),

and by norm continuity we conclude that o(st) = o (s)o (t) whenever s €

.’D.’R&p ™ and t € DRP™, By Lemma 6.7, o is contractive, and hence
extends to a representation ¢ X 1T of DRy on H..

We now verify (6.2). Let (ix,ia) be the universal representation in Ox.
Since (y, 1) is fully coisometric, the calculation

[w, T2 (L )w (M h = p® (x @4 Y)h = w(X)P(¥)h
shows that [, ]2 o L = . But
YXTo (jx X ja)oix =P Xmojx=00t"?ol=[y,m]"?ol,
$O Y X T o (jx X ja) o ix = (. Similarly, the calculation
[, 1" (@(@)p(v)h = w(@@y)h =T(@y(y)h
shows that [y, ]! o @ = 17, and since
YXTo (jxXja)oia=@xXmoja=0otllop=[y,m]" o,

we also have ¢ X 7T o (jix X ja) o ia = 71 and (6.2) follows.
For the uniqueness assertion, we require the following generalization of
(6.1), which can be easily checked on elementary tensors:

JXT )" () = "™ (Bx,,) forall x € X®" and y € X®™.
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It follows that

(67) JI(Am) = Lm'm |.'K(X®m) fOI‘ all m = 1,
and that
(6.8) UK (XM, X)) € jx X ja(Ox).

(6.9

)

(3)

(6.1

Suppose p is a representation of DRy such that p o (jx X ja) = @ X ;3
that is, such that p o jx = ¢ and p o ja = . We will show that for T €
L(X®™, X®"), the operator p(t"™"(T)) is determined by the restriction of p
to jx X ja(Ox). Since the operators """ (T) span a dense subspace of DRy,
it will then follow that p = Y X TT.

Since (@, 1) is fully coisometric, the representation 1™ of K (X®™) is
nondegenerate; hence p(1""(T)) is determined by its action on vectors of
the form ™) (K)h for K € K(X®™M), Applying p to (6.7) gives M (K) =
p (1" (K)), and hence

) p(™(THT ™ (K) = p((™™(T)™™(K)) = p(("™"™(TK)).

Since TK € K (X®™, X®"), (6.9) and (6.8) show that p(¢{""(T)) is indeed
determined by the restriction of p to jx X ja(Ox), as claimed.

Suppose p is a representation of DRx on H . Then ¢ := p o jx and 7 :=
p o ja form a Cuntz-Pimsner covariant representation of X such that ¢ x 1w =
p o (jx x ja). Since T p o (M 5(xy, (@, 77) is fully coisometric if and only
if p o (M x(x) is nondegenerate, in which case p = Y X 1 by uniqueness of
Y X .

If 77 is faithful, then each [y, w]™": L(X®") — B(H ) is faithful [12, Propo-
sition 1.6], and hence so is [y, m]©@. To complete the proof it thus suffices
to show that

0) WX (ED)| < lgxT(b)|l for b € DRy,

where E is the expectation on DR x obtained by averaging over y; given this,
a chain like (4.6) shows that Y X 1T is faithful.

It suffices to prove (6.10) for b € span{!"™"(L(X®™, X®")) : m, n = 0}.
Given such a b, there exists ¥ = 1 such that b is the finite sum > b, of
elements b,, = ("""*"(B,,) for some B, € L(X®",X®r+n)), Suppose K €
K(X®), and let k := (""" (K). Then if e is the expectation onto Oy,

bnk — Lr’r+”(BnK) = lr,r+n(j<(X®r’X®(r+n)))’

so by (6.8) and the injectivity of jx X ja (Proposition 6.3), there is a unique
cn € Ox such that bk = jx X ja(cy). Let ¢ := > ¢y. Then

bok = E(bk) = E(jx X ja(c)) = jx X ja(e(c)),
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SO

Il xT(bok) |l = l[Y xT(jx X jale(c)))l = [ly x 1 ielc))
< lly xm(c)ll = [y xm(jx x jalc))ll
= llg x T (bk)|.

Now suppose & € H and € > 0. Since (¢, 1) is fully coisometric, T =
P X T o 1" | x(xer) is nondegenerate, so by the Hewitt-Cohen Factorization
Theorem & = ¢ X 1 (k)n for some k = """ (K) and n € H satisfying

ly <T@ nll < (1+e)lE&ll.
Then

[y X (ED)EN = [y X1 (b)Y XT(K)Nl
< lg X7 (bok) [l [nll [y 7T (DK) || lInll
<l xmT®Iy x| nl
< ly XTI+ o)lEl,

so [ XT(EMD))] < (1 + &)y X (b)|. Since € was arbitrary, this gives
(6.10), completing the proof. O

Remark 6.12. Our theorem is a generalisation of [9, Theorem 4.1]: we do
not assume that 77 is faithful, nor do we require any sort of basis for X, and
their left-annihilator condition says that (g, 1) is fully coisometric. To see this
last point, let (¢, 1) be a Toeplitz representation of X on H which is nonde-
generate in the sense that the C*-algebra C* (y, 1) generated by @ (X) U 1(A)
is nondegenerate. (If @: A — £(X) is nondegenerate, then this is equivalent
to requiring that 7 be nondegenerate.) Let D be the C*-algebra generated by
{ly, ™ (L(X®™, X®)): m, n = 0}. We claim that the left annihilator of
W (X) in D is zero if and only if (@, 17) is fully coisometric.

First suppose that T € D is in the left annihilator of ¢/ (X). Then Ty (x)h=0
for every x € X and h € H, and when (y, 1) is fully coisometric this forces
T =0.

Conversely, suppose the left annihilator of ¢/(X) in D is zero and T € D.
Then

Ty, Tl (DHy(x) =Ty(x), xeX,

so that T[@, ] (1) = T. Hence [y, ]! (1) is an identity for D. Since
C*(y, ) is nondegenerate so is D, and thus [, w]11 (1) is the identity on H..
But [y, m]V(1) = UU*, where U: X ®4 H — H is the isometry given by
U(x®ah):=@(x)h,so Py =UU* = [y, w111 (1) is the identity. Thus (y, 1)
is fully coisometric.
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