TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 353, Number 10, Pages 3835-3873

S 0002-9947(01)02713-1

Article electronically published on April 26, 2001

CUNTZ-KRIEGER ALGEBRAS AND ENDOMORPHISMS OF
FINITE DIRECT SUMS OF TYPE I, FACTORS

BERNDT BRENKEN

ABSTRACT. A correspondence between algebra endomorphisms of a finite sum
of copies of the algebra of all bounded operators on a Hilbert space and repre-
sentations of certain norm closed *-subalgebras of bounded operators generated
by a finite collection of partial isometries is introduced. Basic properties of this
correspondence are investigated after developing some operations on bipartite
graphs that usefully describe aspects of this relationship.

INTRODUCTION

Consider an infinite dimensional Hilbert space H which decomposes into an or-
thogonal sum of two isomorphic subspaces Hj, Ho so that there are unitary isomor-
phisms S; : H — H,; of H (i = 1,2) with these subspaces. Viewed as self-maps of H
the maps S; are isometries of H. The norm closed *-subalgebra of all bounded linear
operators B(H) on H generated by S; and Sy is the Cuntz algebra Os. It is simple,
and unique up to isomorphism of C*-algebras ([7]). The particular isometries above
may be viewed as defining a representation of Oy on H. If A is a bounded linear
operator on H the unitarily equivalent operators S; AS} on B(H;), ¢ = 1,2, may also
be viewed as operators on H, where they may be added. This defines a self-map
of the algebra B(H), namely A — Y S;ASF, which is a unital *-endomorphism.
Conversely, by viewing any given unital x-endomorphism ¢ of B(H) as a represen-
tation of the algebra B(H) on the Hilbert space H and using standard techniques
of unitary equivalence for representations, it follows that ¢ arises in this manner
from a representation of some Cuntz algebra O,,. By exploring the representation
theory of Cuntz algebras one can analyse endomorphisms of B(H). Of particular
interest are the shifts and ergodic endomorphisms of B(H) — see [1], [16], [4], [12]
and references therein for example.

Now consider isometries defined only on subspaces of H, so that in essence part
of H is sent to zero. Given a finite collection {Si,...,S4} of these so-called partial
isometries, subject to the conditions that the range spaces are orthogonal, and their
domain spaces decompose orthogonally in terms of the various range spaces, we can
form the norm closed *-subalgebra of B(H) generated by them to obtain a Cuntz-
Krieger algebra O4. Here A is a {0,1} valued d x d matrix describing how each
initial, or domain subspace of a partial isometry decomposes into the various range
spaces of the given partial isometries.
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In this note we extend the above correspondence to one between representations
of O4 on a Hilbert space H, and unital *-endomorphisms of a certain von Neumann
algebra, namely the subalgebra of all operators which are reduced by the initial
subspaces of the partial isometries. This subalgebra is isomorphic to a finite direct
sum of finitely many copies of B(H). Since unital *x-endomorphisms of algebras of
this form can be described using matrices ([5]) the following question arises: how
is the matrix for the endomorphism defined by a representation of 04 related to
the matrix A?

Here a third correspondence, a geometrical one, is invoked to describe this re-
lationship. The matrix A can be viewed as the vertex matrix for a certain bi-
partite graph, and it is by using certain operations on bipartite graphs that the
relationship between these two matrices becomes clear. The graph viewpoint for
endomorphisms was already part of the established context, going back to work
of Bratteli ([3]) on homomorphisms between finite dimensional algebras; while a
graphical viewpoint for Cuntz-Krieger algebras was more fully exploited only re-
cently ([15]). These graph operations are also needed to describe how an arbitrary
unital #-endomorphism of a finite sum of algebras isomorphic to B(H) arise from a
representation of an appropriate Cuntz-Krieger algebra.

An interesting extension of these graph operations with an application to arbi-
trary Cuntz-Krieger algebras is found in [6].

The Cuntz and Cuntz-Krieger algebras have played and continue to play a signifi-
cant role in several areas of investigation. Originally Cuntz and Krieger investigated
these algebras from the perspective of providing dynamical invariants for the topo-
logical Markov chains, or subshifts of finite type, that are also associated with such
matrices A. They showed that flow equivalent subshifts give rise to stably isomor-
phic algebras O 4. In fact the K-groups of the algebras O 4 are computed in [§], and
using Frank’s classification of topological Markov chains up to flow equivalence the
algebra O 4 can be shown to be classified by these groups. Details and references
can be found in [21].

The argument in [J] involving flow equivalent subshifts rests on an alternate de-
scription of the algebras O 4, namely that they arise stably as the crossed product
by an automorphism of an AF subalgebra of @4. This subalgebra is itself con-
structed as a crossed product involving the algebra of continuous, complex valued
functions vanishing at infinity on the unstable space of the subshift defined by A.

In [T9] Putnam built on this dynamical aspect of Cuntz-Krieger algebras by
describing and investigating several C*-algebras associated with hyperbolic dy-
namical systems in general, in other words, with expansive homeomorphisms of
compact metric spaces equipped with canonical coordinates. Outside of the usual
crossed product algebra, these dynamical systems in addition give rise to groupoid
C*-algebras formed from stable and unstable equivalence relations, and to their
associated Ruelle algebras, which are defined as crossed product algebras by an
induced automorphism of the groupoid algebra. Those hyperbolic dynamical sys-
tems where the underlying space is zero dimensional give rise to topological Markov
chains, and the Ruelle algebras in this case are the Cuntz-Krieger algebras up to
stable isomorphism. Insights into these general dynamical algebras and also their
underlying dynamical systems can be guided by knowledge of the Cuntz-Krieger
algebras associated to topological Markov chains. An overview of recent progress
and problems in this direction can be found in [I4].
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The possibilities of a groupoid approach to Cuntz-Krieger algebras were indicated
in [8] but it first seems to have been exploited in [I5]. Beginning with a locally
finite directed graph one can associate with it a groupoid whose C*-algebra is the
Cuntz-Krieger algebra defined by the possibly infinite, locally finite edge matrix
of the graph. This not only provided an approach to Cuntz-Krieger algebras for
infinite, locally finite matrices but also introduced a context in which to understand
the structure of the Morita equivalent C*-algebras arising in Doplicher and Robert’s
duality theory for compact groups ([15]).

Other current lines of investigation are linked to Cuntz-Krieger algebras. In [18]
Pimsner introduced a construction for C*-algebras associated with Hilbert bimod-
ules which simultaneously incorporated into a common context both the Cuntz-
Krieger algebras, which arise from a bimodule over an abelian finite dimensional
algebra, and crossed product algebras, which arise from a bimodule structure de-
fined by an automorphism of an algebra.

The threads connecting the Cuntz-Krieger algebras with these approaches are
also apparent in the continuous graph C*-algebras of Deaconu ([100]), and more
recently in the C*-algebras associated with branched coverings ([I1]). These C*-
algebras arise from groupoids described in [2], which reflect an underlying dynamics,
and which restrict in the graph situation to the groupoids considered in [I5]. These
algebras are shown to be isomorphic to certain Cuntz-Pimsner algebras for appro-
priate Hilbert bimodules ([T10], [T1]). If the underlying dynamics come from an
expansive homeomorphism, then these groupoid C*-algebras are Morita equivalent
to the Ruelle C*-algebras.

It is hoped that the results described below will provide a useful tool to help
explore the various connections mentioned above.

In summary, this paper introduces and investigates some aspects of a new corre-
spondence between certain unital *-endomorphisms of finite direct sums of count-
ably decomposable type I factors on the one hand and representations of finite
dimensional Hilbert spaces of partial isometries on the other. This correspondence
restricts to one between certain x-endomorphisms of finite direct sums of type I
factors and representations of Cuntz-Krieger algebras. The well known and much
investigated correspondence between unital *-endomorphisms of a type I, factor
with finite index n and representations of the Cuntz algebra O, is included in this
description. As one can imagine the step from O,, to O with A a square matrix
of nonnegative integer entries introduces combinatorial complexities which either
stand in the way of, or further enrich, development of a basic theory. It is hoped that
some necessary tools for further pursuing questions concerning *x-endomorphisms
of the kind considered here are provided below.

The process of going from a representation of a Cuntz-Krieger algebra to a unital
x-endomorphism of a certain von Neumann algebra directly mimics the procedure
which takes representations of Cuntz algebras to endomorphisms of B(H). The con-
cept of a Hilbert space parametrizing partial isometries generating a Cuntz algebra
is useful in order to show that the endomorphism is independent of a particular basis
of the parametrization space. In a similar fashion it is possible to use Hilbert spaces
to parametrize some sets of partial isometries generating Cuntz-Krieger algebras. In
section 1 we opt for a conventional approach which generalizes in a straightforward
manner the original Roberts’ Hilbert space of isometries for a Cuntz algebra. If A
is a square n by n matrix of zeroes and ones, the parametrizing Hilbert space for
O, is of dimension n. Pimsner’s bimodule approach to Cuntz-Krieger algebras is
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also conceivably available here, one that uses a Hilbert space of varying dimension,
up to n?, depending on the entries of A.

A quick overview of the paper follows. In section 1 we develop a Hilbert space
of partial isometries. The basic object, called a coordinate system on a Hilbert
space &, is a finite collection P of commuting projections that cover £. It is called
orthogonal if any two of these projections are either equal or orthogonal. Certain
linear maps ¢ : £ — B(H) are called displays of a coordinate system. Basically a
display fans out the projections in a given coordinate system to become orthogonal
projections. One can show that a display is faithful, norm decreasing and maps unit
vectors of £ to certain linear combinations of partial isometries. To any coordinate
system P along with an orthogonal system generating it one can associate a matrix
with entries in {0,1}. Using such a matrix A which is square we introduce the
concept of a dual pair P and @ of coordinate systems along with the basic idea
of a representation ¢ : (P, A,Q) — B(H) of a dual pair. Such a representation
is a properly aligned display of the coordinate system P. These representations
are equivalent to representations of the Cuntz-Krieger algebra O, if A satisfies
condition I of Cuntz-Krieger. Using representations of a dual pair also allows a
natural definition for the quasi-free automorphisms of a Cuntz-Krieger algebra O 4.

In section 2 the process of assigning a unital *-endomorphism ¢, of the commu-
tant of a certain coordinate system to a given representation ¢ of a dual system is
described. A natural line of investigation is to see how properties of the endomor-
phism are reflected in algebraic properties involving the representation. We show,
among other things, that the fixed point algebra of the endomorphism ¢y is the
commutant of the x-algebra generated by the image of ¢ (Theorem 2.6). Thus the
endomorphism is ergodic if and only if the representation is irreducible. A unital
endomorphism ¢ is called a shift if the set of elements in common with all the
ranges ©",n € N, is the set of scalars. We show (Theorem 2.7) that the endomor-
phism is a shift if the canonical AF subalgebra in the image of the representation is
irreducible. We also show that the domain of ¢, must be a sum of type I factors
if the matrix A describing the dual system satisfies condition I of Cuntz-Krieger.

Square matrices with nonnegative integer entries are naturally associated with
unital *-endomorphisms of finite direct sums of type I factors (cf. [B]). A natural
line of investigation is to determine relationships between the matrices used in the
description of the dual systems being represented and the matrices of the endomor-
phisms associated with the representation. Using bipartite graphs to picture the
matrices is a convenient way to describe the relationships that arise.

Section 3 quickly describes the in-split and in-amalgamation graphs of a bipartite
graph and introduces a partial order on finite bipartite graphs, or equivalently on
square matrices with nonnegative integer entries. This partial order has minimal
elements that determine intervals yielding a readily computable equivalence relation
on such matrices. It is clear that equivalent matrices are also strong shift equivalent.
The section closes with a small technical result showing that two equivalent matrices
either both satisfy condition I of Cuntz-Krieger or neither does.

Section 4 includes results about the correspondence described in section 2. The
two basic results are: that the endomorphism associated to a representation of a
dual system (P, A, Q) has the complete in-amalgamation of A as its matrix, and
that any finitely embedded endomorphism ¢ of a finite direct sum of type I factors
arises from a representation of a dual system (P, A, Q) where A is the complete
in-split of the matrix for ¢.
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Notation. Our Hilbert spaces have an inner product ( , ) which is conjugate linear
in the first variable and linear in the second variable. A basis of a Hilbert space
£ is understood to be an orthonormal basis and dim £ is the cardinality of such a
basis. The identity map on £ is I¢, or just I if the context is clear. For a subset
E of £, SpE or Span F denotes the linear subspace of £ generated by E. If S
is a collection of elements in B(H), the C*-algebra of all bounded operators on a
Hilbert space H, then S’ denotes the commutant of S and C*(S) is the C*-algebra
generated by S.

The graphs we consider are bipartite graphs G(V, W) with finite initial state set
V, finite final state set W and finite edge set £. If e is an edge of G(V, W) then i(e)
denotes its initial vertex, an element of V', while ¢(e) denotes the terminal vertex
of e, an element of W. In order to skirt complications that are not central to the
main aspects of this study we restrict attention to those bipartite graphs G(V, W)
which have no stranded vertices; i.e., each element of V is i(e) for some e € £ and
each element of W is t(e) for some e € €. This restriction is not necessary for
our results on in-splits for example, but does play a role in in-amalgamations as
described below (cf. [6]).

1. A spATIAL VIEW OF CUNTZ-KRIEGER ALGEBRAS

In this section a structure analogous to the Hilbert space underlying a Cuntz
algebra is developed for Cuntz-Krieger algebras. This gives a new perspective on
the structure of Cuntz-Krieger algebras that allows for a simplification of some
aspects of these algebras and also further unifies them with the family of Cuntz
algebras. In [I8] Pimsner has earlier shown how both these families of algebras
arise from a common context, namely from a Hilbert bimodule structure. This
section develops a common spatial context that is different from that developed
in [18], with what seems different applicabilities. However, it seems likely that
by altering Pimsner’s approach one could include this present framework. For the
time being though, we adopt a direct generalization of the spatial view of Cuntz
algebras.

In order to clarify the spatial description of Cuntz algebras it is helpful to keep
the description of Cuntz-Krieger algebras as Hilbert spaces of isometries in mind.
This structure was brought to use by Roberts in [20], and later usefully exploited
in studying endomorphisms of B(H) by Arveson in [I]. Using the terminology of
[1], a map ¢ : € — B(H) of a Hilbert space £ of (finite) dimension m is a Cuntz
system over & if

a) o(v)*o(w) = (v, w)I, v,w € &,

b) ¢(E)YH =H.

These properties alone are enough to establish that ¢ is a linear isometry send-
ing unit vectors to partial isometries with initial space H such that orthonor-
mal vectors are sent to partial isometries with orthogonal ranges. It follows that
> d(ej)o(e;)* = I for any basis {e; | j = 1,...,m} of £. Cuntz’s uniqueness
result shows that to any Cuntz system (¢, &) there is a representation 74 of the
Cuntz algebra O,,, on B(H), where m is the dimension of the Hilbert space £ and
C*($(6)) = To(Or).

The corresponding coordinate free approach for Cuntz-Krieger algebras O 4 re-
quires a more intricate framework. There is still a linear contraction ¢ : &€ — B(H)
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from a Hilbert space & with C*(¢(£)) = m4(Oa) under the usual condition I of
Cuntz and Krieger on A, but ¢ will in general no longer send unit vectors to partial
isometries. Instead unit vectors correspond to certain linear combinations of partial
isometries. Also, a preferred dual set of subspaces of the Hilbert space £ needs to
be specified, and this structure must be reflected by the map ¢. Note that if A is
an m X m matrix of 0’s and 1’s, then the dimension of £ is m.

We first introduce a key concept.

Definition 1.1. A coordinate system P = {Pj | k € ¥} on a Hilbert space £ is a
finite collection of non-zero commuting projections P, with \/ P, = I¢. Denote by
|P| the cardinality of the index set ¥ (= Xp).

A coordinate system P on B(E) may be viewed as a linear map P : C(X¥p) —
B(£) mapping the minimal projections d; (k € £p), where 6,(j) = 0, (j € Zp),
to non-zero commuting projections Py in B(E). Thus the C*-algebra generated by
the image of P, denoted C*(P), is abelian. Two coordinate systems P, @ are said
to commute if Image @ is contained in the commutant P (C(Xp))’. In the case
that dim & is finite we say the coordinate system P is normalized if |Xp| = dim €.

If P is a coordinate system define an equivalence relation on Xp by setting
k ~ 1iff P, = P. Setting ¢(0x) = dr) for k € X¥p where 7p : ¥p — Xp is
the quotient map onto the space Xp of equivalence classes defines a conditional
expectation ¢ : C(Xp) — C(Xp). If the context is clear mp is written 7. We

also write [k]p for wp(k). For f = Y frdr we have ¢¥(f) = > < > fk> d;.
JEX \ker—1(j)

Setting Peqdrx) = P and extending linearly yields a coordinate system P eq :
C(Xp) — B(€) with P,.qp = P. We refer to P,.q as the reduced coordinate
system associated with P. A coordinate system is called reduced if P,.q = P, so
in other words, if the projections of P are distinct. We also refer to the cardinality
of 771([k]) as the multiplicity of the projection Py. It is the number of times each
projection Py occurs in P.

An important class of coordinate systems are the orthogonal systems. We say
a coordinate system P is orthogonal if P;P, = 0 whenever P; # P;. An intrinsic
description follows.

Proposition 1.2. A coordinate system P : C(Xp) — B(E) is orthogonal iff P =
[P] ot where i) : C(Ep) — C(X) is a conditional expectation onto a unital subal-
gebra C(X) of C(Xp) and [P] is an injective x-homomorphism of C(X) to B(E).

Proof. Suppose P = [P]i. Since [P] is a *-homomorphism we have [P](¢(dy)) =
P, = P? = [P)(¢(6))? and [P)(¢(0)) = Pr = Py = [P](¢(dx))*. Thus each
(k) is a projection by the injectivity of [P]. Denote by 7 : ¥p — X the quotient
map dual to the inclusion ¢ : C(X) — C(Xp). For j € X we have i(0;) =d; om =

2. Ok, S0 Y(0k)0; = p(0xi(0;)) = ¢ ( . 5k5l> = ¢(ok) if 7(k) = j and
ker—1(4) len—1(j)
zero otherwise. Since the only non-zero projection of C(X) supported on j is §;
we have (6x) = dru), (K € ¥p) and so Py = [P](6)). It follows that P is
orthogonal.

Conversely, let P = [P]y where [P] = P,.q4 is the coordinate system described
above and ¢ : C(Xp) — C(Xp) is the conditional expectation. To check that [P] is
a homomorphism it is sufficient to show that [P](0x)0x1)) = [P](0r))[P](0x))-
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However, since P is orthogonal the right side is PP, = Pdr(x)x«1), which is the
left side. It follows that [P] is also injective. O

It is clear that if P is orthogonal, then so is P,.q. It also follows that P is
orthogonal if and only if P,..q4 is a *-homomorphism.

By a normalized orthogonal system P we mean that P is not only normalized
and orthogonal but in addition that the multiplicity of each element Py of P is
equal to its dimension. Thus rank P, = |7r1_31(k)}. A normalized orthogonal system
with multiplicity one for each element will also be referred to as a basis system.

Two systems P and @ are called strongly equivalent if there is a bijection v
between the index sets of Xp and Yq with P, = Q,), k¥ € Xp, and equivalent
if there is a unitary U in B(£) so that the coordinate system UPU* is strongly
equivalent to Q.

We first investigate some elementary properties of coordinate systems.

The C*-algebra C*(P) is finite dimensional, abelian, and contains the identity
map on &, Ig. Since a maximal abelian self-adjoint subalgebra of B(€) has di-
mension m, the algebra C*(P) has dimension < m. If P is a reduced orthogonal
coordinate system, then the elements Py, of P are the minimal projections in C*(P).
In general, if E = {Ey | k € g} are the minimal projections in C*(P), then FE is
a reduced orthogonal coordinate system with C*(E) = C*(P). We call an orthog-
onal coordinate system FE satisfying C*(E) = C*(P) an orthogonal generator for
P.

Define a partial order on coordinate systems by setting P < @, read as Q
is a refinement of P, iff P(C(Ep)+) C Q(C(Xq)+). Note that if P < @, then
P(C(EZp)+) C Q(C(EqQ)) C Q(C(Xq)), so that P and @ commute. We also
have that if each projection Py is a sum of projections @Q);, then P < Q. Although
P < Q implies that C*(P) C C*(Q) the converse is not true in general: for
example if P consists of two orthogonal projections e and f and Q = {e + f, f},
then C*(P) = C*(Q) but Q is not a refinement of P. Since there is a conditional
expectation ¢ with P = P,.q01), it follows that P < Q if and only if P,cq < Q,..q4-

For commuting coordinate systems P and @ on £ we may form the tensor
product coordinate system P - Q on £ where ¥p - Q = ¥Xp X Xq and P - Q j) =
Py, - Qj for (k,j) € Lp x Xg. We may also form the disjoint union P U Q, a
coordinate system on £ with index set the disjoint union ¥p + Xq.

Proposition 1.3. If P, Q are two coordinate systems on € that commute, then
C*(P)-C*(Q) = C*(P- Q) = C*(PUQ).

Proof. Both P,Q < PUQ < P-Q, so C*(P)-C*(Q) CC*(PuUQ) CC*(P-Q).
Since P - Q C C*(P) - C*(Q) we also have C*(P - Q) C C*(P) - C*(Q). O

The partial order relation has stronger implications under orthogonality assump-
tions.

Proposition 1.4. If Q is an orthogonal coordinate system, then P < Q if and
only if each projection of P is a sum of projections from Q.

Proof. Tt is enough to show this if P and @ are both reduced. Since P < @, each
projection P, € Q(C(X)4), so is of the form QD" a;d;) with o; € Ry. Since Q is
reduced and orthogonal, it is a x-homomorphism and > a;Q; is a projection, where
@Q; are distinct orthogonal projections. Thus «; is either 0 or 1 for each i. The
converse direction was already noted without the orthogonality hypothesis. O
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Proposition 1.5. Let P, Q be two commuting coordinate systems. If Q is orthog-
onal, then P < Q if and only if C*(P) C C*(Q).

Proof. It is enough to show that C*(P) C C*(Q) implies that P < Q. Since each
projection P of P is a sum of minimal projections in C*(P), and each minimal
projection of C*(P) is a projection in C*(Q), we see that Py is a sum of projections
in C*(Q). However Q,., is a set of orthogonal minimal projections in C*(Q)
corresponding to the points of X¢. Thus any projection in C*(Q), and therefore
in P, is a sum of elements from Q. O

Thus, if P and Q are commuting systems that are both orthogonal, then C*(P)
=C*(Q) if and only if P < Q and Q < P.

Proposition 1.6. If P, Q are two commuting orthogonal and reduced coordinate
systems, then C*(P) = C*(Q) if and only if P is strongly equivalent to Q.

Proof. Tt is enough to show that if C*(P) = C*(Q), then P is strongly equivalent
to Q. For each k € ¥p, P, is a minimal projection in C*(Q), since it is minimal
in C*(P). Since P, Q commute, and since @ is orthogonal and reduced, the
projections PrQ; (j € Xq) must all be zero, except for exactly one j = (k) with
P,Q; = Py. Since Q); is minimal in C*(Q), we have Q; = P,Q; = Py for j = ¢(k).
This defines a bijection ¢ giving the strong equivalence. [l

If E and F' are two reduced orthogonal systems generating the same coordinate
system P on &, then C*(E) = C*(P) = C*(F) so the previous proposition shows
that E and F are strongly equivalent. If £ is finite dimensional and if we normalize
E by setting the multiplicity of each member to be its rank in B(€) we obtain a
normalized orthogonal generating system for P which is also unique up to strong
equivalence. Notice that the rank my of Ej is recoverable from C*(P)’ Ej, since
this is isomorphic to a type I,,, factor ([13]).

To each pair (P, B) of commuting coordinate systems with B orthogonal and
P < B assign a bipartite graph G(Xp,Xp) = G(P,B) with edges e given by
i(e) =k € Lp and t(e) = j in ¥p if and only if B; < P,. We may also associate
with such a pair (P, B) a matrix A = [P, B] which is the transpose of the usual
adjacency matrix of the graph G(P,B). Thus [P, B] has entries in {0,1}, has
Yp rows and Xp columns, and A(j,k) = 1 if and only if B; < P,. We have
Bij = A(], k)B] (] €e¥p, ke Ep)

Notice that P; = St A(i, §)B; and rank (Pj) = S A(i, §) rank B;, where
ZL is a sum over distinct orthogonal terms. If B is a normalized system, so that
rank B; is the multiplicity of B;, then rank (P;) =, A(i, j). Since we assume
that P, # 0 for all k, each column of [P, B] has at least one nonzero entry. Also
since \/ P, = I, each row of [P, B] has at least one nonzero term. Conversely,
given such a matrix A with entries in {0, 1} there is a coordinate system P and an
orthogonal system E with P < E and [P, E] = A. For example let E be any basis
system of £, a Hilbert space of dimension equal to the number of rows of A, and
set Pk = Z A(], k)E]

If E, B are two commuting orthogonal systems with E < B, or equivalently with
C*(E) C C*(B) then since any two elements of E are either equal or orthogonal,
the matrix D = [E, B] satisfies the following: if two columns of D share a 1 in the
same row, the columns must be equal. Thus if E is a reduced orthogonal system
there is exactly one 1 in each row.
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For the next proposition notice that one may obtain a groupoid structure on
bipartite graphs by composing. Thus G(V, W)G(W,Y) is a bipartite graph G(V,Y)
where the edges are paths ef, where e, f are edges in G(V, W), G(W,Y") respectively
such that t(e) = i(f). If Ayw denotes the matrix associated with G(V, W), then
Awy Avw is the matrix associated with G(V, W)G(W,Y)

Proposition 1.7. Let P be a coordinate system with E a reduced orthogonal sys-
tem such that P < E. If B is an orthogonal system with E < B, then G(P,B) =
G(P,E)G(E,B) and [P,B] = |E, B|[P, E].

Proof. Since E is reduced, there is exactly one 1 in each row of [E, B]. Thus
the (4,7) entry of the product [E, B][P, E| = Y [E, B](; ;)| P, E],j) = 1 iff there
is a k such that B; < Ej and Ej, < F;, which is equivalent to B; < Pj, i.e.,

Example 1.8. If E is not reduced this can easily fail. Take P, = I, P, = Sp{es} on
a three dimensional Hilbert space & with basis {e1, es,e3}, F1 = Ea = Sp{ei, ez},
Es = P, and B; = Sp{e;}. Then [P, E] = [P, B] # |E, B][P, EJ.

Remark 1.9. If E is the reduced orthogonal system for P, and B is an orthogonal
system with P < B, then C*(E) = C*(P) C C*(B) and therefore by Proposition
3, E < B. Thus the hypotheses of Proposition [[.7 are fulfilled under these

assumptions also.
For the following we assume & is finite dimensional.

Definition 1.10. For E and B normalized coordinate systems with E < B we
say E and B are aligned if E — B is a positive map from C(X) to B(E).

This just ensures that By < Ej for all k € X.

Lemma 1.11. If E, B are normalized orthogonal coordinate systems on & with
E < B, then there is a system B’ strongly equivalent to B so that E and B’ are
aligned. Equivalently, there is a system E' strongly equivalent to E with E' and B
aligned.

Proof. Let ¢ : Xp — Xpg be the onto map defined by ¢([j]g) = [{]g if and only
if B; < E;. Since each E; is a sum of elements from B, |7TEl[Z]| = rank F; =
i 1ps Z1p.
ZBiSEi rank B; = > |7TBl[j]| and ¥ = |J 7 [z] = U U WBl[j]
‘ €111 lil€eXE lileXE [jlepy)
where these are disjoint unions. Thus there is a permutation o of ¥ with o (7TE1 [¢] )
= U 73'j] Since k € ;' [k] we have o (k) € 75" [j] for some [j] € ! [k] and
[Flep—11i]
somp(o(k)) € ¢~ ([k]g). Thus ¢lo(k)]p = [k]g, which is equivalent to B, ) < E.
Setting Bj, = By(y) yields a system B’ aligned with E, or letting E} = E,—1 )
yields a system E’ aligned with B. [l

Proposition 1.12. Let P be a coordinate system, E and B normalized orthogonal
systems with P < E < B. If E and B are aligned then [P,E] = [P, B] and
G(P,E)=G(P,B).

Proof. Since [P, E](k,j) = 1 if and only if Ey < P;, and [P, B](k,j) = 1 if and
only if By < P;, it is enough to note that £, < P; if and only if By < P; for the
aligned pair E, B. O
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Lemma 1.13. Let P be a coordinate system, E an orthogonal system with P < E
and E’ the orthogonal system strongly equivalent to E defined by E;, = Eyu for a
permutation o of Y g = {1,...,|E|}. Then [P, E'|(k,l) = [P, E](c(k),l).

Proof. Tt is enough to note that Ej < P if and only if E,;) < P. O

We see now what the possible set of matrices [P, E] is for a given fixed coordinate
system P and FE any normalized orthogonal system with P < E. The previous
results show that, up to a permutation of the rows, there is only one possible matrix.
For if B and B’ are two normalized orthogonal systems with P < B and P < B’,
by Proposition [C5 we have F < B and F < B’ where F is any (normalized)
orthogonal generator for P. There are, by Lemmal[L.TIl, two normalized orthogonal
systems E and E’ strongly equivalent to F such that E and B are aligned and E’,
B’ are aligned. We have by Proposition[[I2[P, B] = [P, E] and [P, B'| = [P, E'].
Now E and E’ are strongly equivalent so by Lemma [[.I3] the matrices [P, E] and
[P, E'] are equal up to a permutation of the rows.

Proposition 1.14. Let P be a normalized coordinate system. Given any normal-
ized orthogonal system E with P < E there is a normalized coordinate system Q
commuting with P such that

L. [P,B]" =(Q, B],

2. [P,B] =[P, E]
for some orthogonal coordinate system B with P UQ < B.

Proof. Set A = [P, E] and choose a basis {e;} of £ with ey, € Ey. If By, = Sp{ex}
then (E, B) is an aligned pair and [P,B] = [P,E] = A. Define Q by Qr =
S A(k,i)B;, so [Q, B] = AT, Q commutes with P and PUQ < B. O

Note that any orthogonal system B’ with P UQ < B’ and (B’, B) aligned will
satisfy the above properties for B also.

Definition 1.15. Let P be a normalized coordinate system on £ and E a given
normalized orthogonal system with P < E. With A = [P, E] and Q a normalized
coordinate system on £ commuting with P and satisfying [P, B] = [Q, B]T = A
for some orthogonal system B with PUQ < B we say (P, A, Q) is a dual system,
or that P, Q@ are dual via A. Such a coordinate system B is said to implement the
dual system (P, A, Q).

Note that E may be chosen to be the normalized orthogonal generator for P with
[P, E] = A. Proposition [LT4 shows that given P and [P, E] = A there is always
a dual system (P, A, Q). If (P, A, Q) is a dual system, then so is (Q, AT, P).

The following proposition shows that all dual systems on £ given by a matrix A
are related by an automorphism of B(E).

Proposition 1.16. Let P be a normalized coordinate system and A = [P, E] for
E a normalized orthogonal system with P < E. If (P, A, Q) is a dual system,
then (P’, A, Q') is also a dual system if and only if there is a unitary U on £ with
Q =UQU* and P =UPU*.

Proof. Since (P, A, Q) is a dual system there is a normalized orthogonal system B
with PUQ < B and [P,B] = A= |Q, B]".

Assume there is a unitary U on £ with Q' = UQU* and P’ = UPU*. Setting
B’ = UBU* we have B’ is a normalized orthogonal system with P’ U Q' < B'.
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Since [P, B'](i, k) = 1 iff B, < P} which is equivalent to B; < Py, i.e., A(i,k) = 1,
we have [P’, B'] = A. Similarly [Q’, B'] = [Q, B], so (P, A, Q') is a dual system.

Conversely suppose (P’, A,Q’) is a dual system implemented by an orthogonal
coordinate system B’. Choose two orthogonal coordinate systems of rank one
projections E, E’ aligned with B and B’ respectively and define a unitary U on &
with UE,U* = Ej. Then [P,E] = [P,B|=A= [P ,B']=[P',E'| and [Q,E] =
[Q,B] = AT = [Q',B’] = [Q',E']. One can check that P = Y A(i,k)E! =
SAGKUEU =U Al k)E)U* = UP,U*, and similarly Q) = UQpU*. O

Corollary 1.17. If (P, A, Q) is a dual system, then (P, A, Q') is a dual system if
and only if there is a unitary U € C*(P) with Q" = UQU*.

Example 1.18. Let & = C? with basis {ej,ea}. Set P, = I, P, = Cep and E; =
Ce;. Then [P, E] = 1 (1)
Q with [Q, E] = [P, E]T, since any unitary U commuting with the system P, or
equivalently with E, must be diagonal, and so Q@ = UQU*. If we had chosen E’ by

E; = Cey and E} = Ce; then [P, E'| = b and P is self-dual, i.e., P is the
1 0
unique system P with [P, E'| = [P, E'|".

} and @1 = Cey, Q2 = I defines the unique system

Definition 1.19. A symmetry of a dual system (P, A, Q) is a unitary in C*(P)"N
cH(Q).

Proposition 1.20. Let (P, A, Q) be a dual system of coordinates on £ and B an
orthogonal coordinate system implementing the dual system. Another orthogonal
coordinate system B', implements (P, A,Q) if and only if B' = UBU* for a
symmetry U of (P, A, Q).

Proof. If U is a symmetry of (P, A,Q), then B’ = UBU* is a normalized or-
thogonal system with P U Q < B’. Arguing as in Proposition [[I6 we see that
[P,B'] = [P, B] and [Q, B'] = [Q, B]. In the converse direction apply Proposition
for the case Q' = @, to obtain a symmetry U. O

Note that it is certainly possible for two coordinate systems (P, Q) to be dual
via different matrices A and A’. By preceding remarks the matrices must however
be equal up to a permutation of the rows. If B and B’ are normalized orthogonal
systems implementing (P, A, Q) and (P, A’, Q) respectively, then by Proposition
this is equivalent to B’ not being conjugate to B via a symmetry of (P, Q).
In the following examples we let B be a basis of £ and set B), = B, for o a
permutation of {1,...,m}.

Set A to be the matrix [P, B] and A’ = [P, B’]. We have Q; = >_[Q, B](i, k) B;
= > A(k,i)B; and also

Qr= Z[Q’ B,](ia k)B: = Z[Pv B/]T(i7 k)Ba(i) = Z[Pa B,](kvi)Ba(i)
= S IP.BI(0(k). i) Bagiy = 3 Alo(k). 0 (i) B..

Thus A(k,i) = A(o(k),o~1(i)) is needed in order to have P dual to Q via both B
and B’. For a trivial example, one canset P =B so A =Idand Q = P, i.e., P is
self-dual. Then if 02 = Id, A(k,i) = A(o(k),0~'(i)) = Id, and P is also self-dual
via B’. Note that any symmetry U must be a diagonal unitary, so B’ # UBU* for
any such U. For a second example, let £ = C? with basis {ey, €2, e3} and set B; =
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Ce;. Let P, = Sp{ei,es}, Py = Sp{ea, es}, P3 = Sp{e1,e2}, and o = (1 2 3). Again,
any unitary commuting with P, in particular any symmetry, must be a diagonal

1 01
unitary. Then [P,B] = A = | 0 1 1 | satisfies A(k,i) = A(o(k),0"1(i)),
1 1 0

[P,B'] # A and B’ is not conjugate to B via a symmetry. Here P is again
self-dual.

To obtain a non-self-dual example in & = C3, set P = Sp{ei,e3}, P» =
Sp{ez, e3}, P3 = Sp{es} and let o be the transposition (1,2). The matrix [P, B] =

1 00
A= |0 1 0| satisfies A(k,i) = A(o(k),o"1(i)) and Q1 = Sp{ei}, Q2 =
1 1 1

Sp{ea}, Q3 = I defines the dual system Q. The system B’ is not conjugate to B
via a symmetry, since a symmetry must again be a diagonal unitary in this example.

Definition 1.21. For P a coordinate system on £, a map ¢ : £ — B(H) is a
display of P if there is a reduced orthogonal coordinate system p : C(Xp) — B(H)
such that

L ¢(y) ¢(2)p(k) = (y, P(k)z)p(k), k € C(Xp); y,2 €€,
2. HEVH = M.

Of course condition 1 may be restated in terms of the projections py and Py as

o(y)* d(2)pr = (y, Pez)pr, k € Xp. We also say (¢, p,H) or just (¢, p) is a display
of P. We shall see that the usual facts true for Cuntz systems over £ also hold in
this setting.

Proposition 1.22. If (¢, p) is a display of P, then ¢ is a faithful norm decreasing
linear map.

Proof. To see that ¢ is linear, we compute for example that

[6(Ay + 2)" = Ad(y)" — d(2)"][d(Ny + 2) — Ad(y) — ¢(2)]px = O for all k.

Summing over k and using > pr, = Iy we have
(0(y + 2) = d(y) — d(2))"(d(y + 2) — d(y) — #(2)) = 0.

Also ¢(y)*¢(y)or = (¥, Pey)pr < |lyll* px. Summing over k we have ¢(y)*¢(y) <
lyl|* and thus ||| < 1.
To see that ¢ is faithful note that since \/ P, = I, for any y € £ there is a k with

Pyy # 0. Thus ¢(y)*o(y)pr = (Y, Pey)pr = || Peyl)” pr. # 0. O

Let (¢, p, H) be a display of a coordinate system P on £. If E is an orthogonal
system with P < E and v a unit vector in Fy, then ¢(v)*¢(v)pr = (v, Prv)pr =
A(s, k) |v]|* px = A(s, k)pr, where A = [P, E]. Thus ¢(v)*¢(v) = 32 A(s, k)px, a
projection independent of the given unit vector v in Es. Thus, if U is a unitary in
C*(P)', then A = [P, E'] where E!, = UE;U* and ¢(v)*¢(v) = ¢(w)*¢(w) for unit
vectors w € E, v € Ej.

Proposition 1.23. Let (¢, p,H) be a display of a coordinate system P and E an
orthogonal coordinate system with P < E. Then ¢(v) is a partial isometry for any
unit vector v contained in an element of E. Its initial projection is independent of
the particular v chosen in a fixed element of E. If v,w are orthogonal unit vectors,
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each contained in some element of E, then ¢(v) and ¢(w) have orthogonal final
projections ¢(v)d(v)* and p(w)p(w)*.

Proof. For v € F,, w € E, orthogonal unit vectors in &£, it remains to show that
d(v)*Pp(w) = 0. We have

P(v) p(w)pr = (v, Pyw)pr, = { (()v,w>pk i ?;Z :)U =0

for any k, so summing over k yields the result. [l

Remark 1.24. In particular if {v; | i =1,... ,m} is a basis of £ so that for each k,
vg € E for some s, then ¢(vg)o(vi)* = pg is an orthogonal family of projections
in B(H). We also have Y pj = I5. Indeed,

H = EH={D ard(vr)H | ax €C}
= D dw)H = dvr)d(ve) d(vr)H C > p(vr)d(vr)*H
= Z prH.

Thus p = {px | Kk = 1,...,m} is a reduced orthogonal coordinate system on H
associated to the display ¢ and such a basis of £.

Remark 1.25. Let (P, A, Q) be a dual system and (¢, p, H) a display of P. We
associate with the dual system and the display ¢ a family of projections q;, I €
{1,...,m} on H, namely

a =Y Al k)pr = ¢(v)"$(v)

where v € B is any unit vector and B = {B; | [ = 1,...,m} is any orthogonal
system implementing (P, A, Q.) Since A is a matrix with a nonzero entry in each
row and column, we see that \/qx = Iy, soq = {qr | k = 1,... ,m} is also a

coordinate system on H.

It is relatively straightforward to construct displays (¢, p, H) of a coordinate
system P. Choose any normalized orthogonal coordinate system E with P < FE
and {e; | i = 1,...,m} a basis of £ with e; € E;. Set A = [P, E]. Choose H a
Hilbert space and a family py of orthogonal projections with sum I3, and partial
isometries v; with initial space qi = Y A(k,7)p; and orthogonal range spaces v;v}
with > v;v} = Iy. The form of the matrix A may of course force the rank of some
of the p;, and therefore also of H, to be infinite.

Define ¢ : &€ — B(H) by ¢(e;) = v; and extend linearly. Then (¢,p,H) is a
display of P. To check this it is enough to see that ¢(e;)*¢(er)pr = (e;, Prer)pr
for all j, k, . However,the left side is d;,q1px = 0 A(l, k)pr, while the right side is
equal to (e;, A(l, k)e;)pr = 6;A(l, k)pr. Thus (¢, p,’H) is a display of P.

Definition 1.26. If (P, A, Q) is a dual system and (¢, p, H) is a display of P, we
say ¢ is a representation of the dual system (P, A, Q) if

where q; = > A(k,1)p; is the family of projections on H associated with the dual
system (P, A, Q) described in Remark [[25 The display ¢ of P is Cuntz-Krieger
realizable if there is a system @ dual to P so that ¢ is a representation of the dual
pair (P, Q), i.e., of a dual system (P, A, Q). We say ¢ is infinite if the projections
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gr are infinite in B(H) for all k. In this case the projections in any coordinate
system p on H associated to ¢ as in Remark [[L24] are also all infinite.

Lemma 1.27. Let (¢, p, H) be a display of a normalized coordinate system P on
E that is also a representation of a dual system (P,A, Q). Then ¢(ex)*d(er) =
SIIP, Bl(k,i)p(e;)p(ei)* for any basis {ex | k = 1,...,m} of & with ey, € By,
where B is any orthogonal system implementing the duality (P, A, Q).

Proof. Since ¢ is a representation of the dual system (P,A,Q) we have that
d(QrE)H = qr’H where qi = ¢(ex)*Pler) = > [P, B|(k,i)p;. Thus

arH = ¢(Qr)H = {)_ oi[P, B](k,i)p(ei)H | a; € C}
=> [P, B|(ki)¢(e;)H = > [P, B](k,i)p(e;)p(e:)" dlei) H
C > [P, B](k,i)d(e)pe:) H
C Y [PB|(k,i)d(e)H = p(Qu€)H = aiH.

By Remark we know > [P, B](k,i)¢(e;)p(e;)* is a projection, so it must then
be the projection qy. O

Theorem 1.28. Let (¢, p,H) be a display of a normalized coordinate system P on
E. Let (P,A,Q) be a dual system, {ex | k =1,...,m} a basis of €& with e}, € By
where B implements (P, A, Q), and pr = ¢(ex)d(ex)* the orthogonal coordinate
system p of H associated with ¢ and this basis, as in Remark[1.24} The following
are equivalent:

a) ¢ is a representation of the dual system (P, A, Q).
b) Y A(k,i)p; =Y A(k,i)p; for each k.
c) (¢,p,H) is a display of P.

Proof. a) = b): By the comments after Proposition

dler) dler) = > [P, B](k,i)p;

Lemma [I.27 finishes the claim.

b) = ¢): Remark [ 24shows Y py = I3, so it remains to show that ¢(y)*¢(z)pk
= (y,P.z)px for y,z € £. Since ¢ is linear we may set y = ¢; and z = e;.
Then ¢(y)*¢(2)pr = Orid(er)*d(e;)pr by Proposition I231  This is equal to

dup(er)*dler)pr = 6a (> [P, B](l,§)pj)pr by the comments after Proposition 22

By assumption, this equals 511(Z[P B](l,j)pj)pk which is §;[P, B](l, k)ps. How-
ever (y, Pyz)pr = (er, Pre)ypr = (e, [P, B](i,k)ei;)pr = u[P, B](l, k)pr proving
the claim.

c¢) = a): To show (¢, p, H) is a representation we need to establish that ¢(QrE)H
= ¢(er)*p(er)H. Since (¢, p, H) is a display we see by the same arguments preced-
ing Proposition [[23] that

dlex) dler) = Y [P, B](k,i)pi = >_[P, B)(k,i)d(e:)d(e;)".
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We have
H(QrE)H

> {ei[P, B](k,i)¢(ei)H | a; € C}
> [P, B](k,i)¢(ei)H
= > [P, B](k,i)p(e:)p(e:)* dlei) H

> [P, B](k,i)é(ei)p(e:) M
oer)" dler)H.

O

Notice that if A is the matrix with a 1 in each entry, A(i, k) = 1 for all 7 and k,
then condition b) of the previous theorem is satisfied. In this case P must be the
coordinate system Py = I¢ for all k, and so any display of P is a representation of
the dual system (P, A, P).

Proposition 1.29. Let (P, A, Q) be a dual system on &, U a unitary in B(E) and
(¢, p,H) a display of P. If v = ¢po U, then v is a display of U* PU. If ¢ is also
a representation of (P, A, Q), then 1 is a representation of (U*PU, A,U*QU).

Proof. We have

V() Y(2)pr = o(Uy)" o(Uz)pr = Uy, PeUz)pr
= Uy, UU*PUz)pr = (y,U*P.Uz)py,

which shows the first claim.

If B implements (P, A,Q) and {ex, &k = 1,...,m} is a basis of £ with e; €
By, then f, = U*ey, is a basis of & with f, € U*BiU, where U* BU implements
(U*PU, A,U*QU). Since ¢(fx) = ¢(ex) condition b) of Theorem [[:228 holds and so
1 is a representation of (U*PU, A,U*QU). ([l

The real case of interest here is if U is a symmetry of (P, A, Q). Then ¢ = ¢o U
remains a representation of (P, A, Q) if ¢ is a representation of (P, A, Q). More
importantly, the coordinate system B still implements the duality and we may
choose the elements e for a basis of £ in this case, not the f;. Then as in the
proof of Proposition [L29, ¢(y)*¥(z) = ¢(y)*¢(z) for y,z € &, so Y(er) = ¢(Uey)
is a partial isometry with the same initial space as ¢(ey), namely qr. We have
Y(QrEYH = d(UQLEYH = d(QrUE)H = ¢p(QrE)H = qi’H, so 1 is a representation
of (P, A,Q).

Proposition 1.30. Let (¢, p, H) be a display of a normalized coordinate system P
on & and U € B(H) a unitary. Set vy, = UprU*.
a) If Y(xz) = Up(x)U*, then (¢,r,H) is also a display of P. If ¢ is a represen-
tation of a dual system (P, A, Q), then so is 1.
b) If ¥(x) = ¢(x)U* then (Y,r,H) is a display of P.

Proof. In both cases, to check that 1 is a display of P it is enough to check that
V() Y (2)ry = (y, Pr2)ry. However, the left side is

Up(y)* o(2)pxU* = Uy, Pez)ppU™ = (y, Prz)1s.

The map ¢ is a representation of a dual system (P, A, Q) iff (¢, p) is a display, where
pr = ¢ler)p(er)* with e, € By, a basis of £ and B implementing (P, A, Q). Thus
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(v, UpU™) is a display and since 9(eg )9 (er)* = UppU*, we have by c) of Theorem
28 that the display (¢, r, H) of P must also be a representation of (P, A,Q). O

Remark 1.31. With ¢,U as above, B a coordinate system implementing a dual
system (P, A, Q) and t(x) = ¢(x)U* it is certainly possible for ¢ to be a rep-
resentation of the dual system (P, A, Q) even if ¢ is not. For if e, € By is a
basis then py = ¢(er)p(er)* = P(ex)(ex)*. Thus if U is a unitary satisfying
ST A(k,i)Up;U* =" A(k,)p;, then Theorem [[.28]c) implies that v is a represen-
tation of (P, A, @), even though ¢ may not be.

We give a simple example of a display ¢ of a system P on £ so that 1, where
Y(x) = ¢(x)U* cannot be a representation of any dual pair (P, Q), for any unitary
U.

Let € be a two dimensional Hilbert space with basis {e1,e2}. If P, = I, P; the

10
11
onto Span {e;}. Let H be an infinite dimensional Hilbert space and §;, i = 1,2,
two orthogonal projections, each of infinite rank, with sum Iy. Let p;, i = 1,2, be
two orthogonal projections with sum I and rank py finite. Choose v;, i = 1,2,
two partial isometries on H with v;v} = B; and vivi = p1, v3v2 = Iy. Defining
¢ : &€ — B(H) by ¢(e;) = v; and extending linearly we have that (¢, p, H) is a
display of P.

We claim that v cannot be a representation for any dual system (P, A’,Q").
Any possible matrix A’ for P is related to A by a permutation 6, namely A’ (k,l) =
A(0(k),1) for all k,l, where A’ = [P, E'] with E! the projection onto Span {e}} and
e, = eg(;). Then by Theorem [[28b), 1) is a representation of (P, A’, Q") if and only
i 5 A (K, ))UpiU* = 3 A'(k,0)3 where 8] = p(e})b(e])* = dle)dlel)* = fo.
This amounts to requiring ) A(k,i)Up;U* = > A(k,i)Bg(;) for each k. For our A,
this means that Up,U* = fg(1) and U(p1 + p2)U* = By(1) + PBo(2). The last equality
imposes no new condition since both sides are the identity operator on H. However
the first equality implies Up2U™ = fg(2), which contradicts the choice of rank for
B2 and py. For (¢, p, H) a display of a coordinate system P on & there are some
very mild conditions on the orthogonal family of projections p; that ensure that
one can perturb ¢ to be a representation of some dual system (P, A, Q). The last
example shows how the rank of the projections p; may prevent this from being the
case, but basically this is the main obstacle.

Proposition 1.32. Let (¢, p, H) be a display of P, and (P, A, Q) a dual system
implemented by B. Set pr, = ¢(ex)p(er)* where {ex | k=1,... ,m} is a basis of £
with ey € By. There is a permutation 6 and a unitary U such that

U(Z(A(kv i)pi)U") = Z A(k, 1)po (i)
iff ¥ defined by V(x) = ¢(x)U* is a representation of the dual system (P, A’, Q")
where A'(k,i) = A(6(k),1).
Remark 1.33. In particular, if there is permutation 6 so that rank p; = rank pg(;)
for all ¢, then there is a unitary U with Up;U* = py(; for all i, and the conditions
of the proposition are fulfilled. Thus the display ¢ of P may be perturbed to yield
a representation of a dual system involving P.
Proof. Since [P, B] = A we have [P, B'] = A’ where B}, = By (). The projections
Y(ep)p(e;)” = olej)p(e;)* = pogy, where €] = eg(;). Since (¢, p, H) is a display of

projection onto Span {ez} then [P, E] = A = where E; is the projection
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P, sois (¢, UpU*,’H) by Proposition [[30. By Theorem [[28 v is a representation
of (P, A, Q") iff > A'(k,i)Up;U* = > A'(k,4)p}, which is equivalent to the stated
condition. |

Let A be a square m x m matrix with entries in {0,1}. If ¢ : &€ — B(H) is
a representation of a dual system (P, A, Q) on &, a Hilbert space of dimension
m, then there is a basis e of £ with ¢(ex)*d(ex) = > A(k,i)p(e;)p(e;)* and the
¢(ex) are partial isometries. If A satisfies condition I of Cuntz-Krieger [9], then
by their uniqueness result, the C*-algebra generated by the image of the Hilbert
space & under ¢ is Q4. One may think of this as a particular representation
7y : Oa — B(H) of the Cuntz-Krieger algebra naturally associated with the dual
system representation ¢ of £ in B(H).

By the comments after Proposition[I:29, for A satisfying condition I of [9], there
is therefore an automorphism ay; of O4 for every unitary U on the m-dimensional
Hilbert space £ that is a symmetry of (P, A, Q). The automorphism oy is deter-
mined by ayd(e;) = ¢(Ue;). One may view these automorphisms as the quasi-free
automorphisms of O 4, as they naturally extend the notion of such automorphisms
for the Cuntz algebras.

Given a Cuntz-Krieger algebra O 4 acting on a Hilbert space H, with a specified
set of generating partial isometries v;, i = 1,... ,m, satisfying the Cuntz-Krieger
relations then this determines a representation ¢ : € — B(H) of a dual system
(P, A,Q) on an m-dimensional Hilbert space £ so that O4 = C*(¢(&)), the C*-
algebra generated by the subspace ¢(€). The map ¢ is defined by setting ¢(e;) = v;
with {e; | ¢ = 1,...,m} a basis for £ and extending linearly. The coordinate
systems P and Q are given by P, = Y A(i,k)E;, Qr = > A(k,i)E; with E; the
orthogonal rank one projections onto Span {e;}. One can think of &, or rather
¢(&) as an underlying finite dimensional Hilbert space of partial isometries in the
algebra O 4, and one can refer to a generating Hilbert space £ of partial isometries
as meaning a representation ¢ : £ — Q4 C B(H) of a dual system (P, A, Q) on £
with C*(¢(€)) = Oa.

2. ENDOMORPHISMS OF FINITE DIRECT SUMS OF TYPE I, VON NEUMANN
ALGEBRAS ARISING FROM REPRESENTATIONS OF Oy4

There is a well known correspondence between x-representations 7 of the Cuntz
algebra O,,, 7 : O, — B(H), and unital *-endomorphisms « of B(H) [1]; namely
a(a) = Y" w(v;)ar(v;)*, (a € B(H)) where {v; | i = 1,... ,n} are partial isometries
in O, with vjvy, = I = Y wvv;. In this section we explore an extension of this
correspondence to one between representations of Cuntz-Krieger algebras and unital
s-endomorphisms of finite direct sums of type I, factors. In the following (¢ : &€ —
B(H),p,H) is a display of a coordinate system P on an m-dimensional Hilbert
space £. If E is a normalized orthogonal coordinate system with P < E and
[P,E]= A, and {e; | n=1,...,m} is a basis of £ with e, € E}, then by Remarks
and [C25] sy, = ¢(ey) is a partial isometry with initial space q = ¢(ex)*d(ex) =
> A(k,i)p;; the final spaces ¢(er)d(ex)* = pr are m orthogonal projections with
sum I. For each such display ¢ form the *-linear unital map ¢ : & — > spasj, of
B(H) to itself. Since \/qr = Iy and the projections p; are orthogonal it is clear
that ¢ is injective. There is a maximal domain R of definition for ¢ so that ¢
becomes a *-homomorphism defined on R. Let q denote the coordinate system
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{gr | k=1,... ,n} and p the orthogonal coordinate system {py | k =1,... ,m} on
H.

Proposition 2.1. The mazimal domain R for ¢ so that ¢ is a x-homomorphism
is the von Neumann algebra {qy |k =1,...,m}".

Proof. We first show {q; | k = 1,... ,m} C R, i.e., that p(a b) = p(a)p(b) for
a,b € {qp | £ = 1,...,m}'. The right side is ) spasisibs; = > spaduqrb =
> skadrbsy = > spqrabsy, = p(a b), since spqr = SkS) Sk = Sk-

Conversely suppose ¢(a b) = ¢(a)p(b). Then )" spaqibs; =Y spabs;, so multi-
plying by s} on the left and s; on the right we obtain the equation qaq;bq; = qiabq;
for each [, and for each a,b € R. If aq; # q;a for some [ and some a € R, then since
aq; = qaq; + (1 — q)aq; and qa = qaq; + qa(l — q;) we must have (1 — q;)aq;
# qua(1—q;). Thus one of these, say (1—q;)aq; # 0. Since {qr |k=1,...,m} CR
we also have that both © = (1 — q;)aq; € R and z* € R. Thus by setting a = z*
and b = x in the equation above, qz*qxzq; = quzr*zq;. Since qz = 0, this implies
0 = z*z. However z # 0 by assumption, so a must commute with each q;. A
similar contradiction follows if q;a(1 — q;) is nonzero. O

Since

* * * * *
pry(a) = sgsy E sjas] = E dikSkSEsias] = spasy,

and

o(a)pr = Z siasy spsy = Z 510401557 S ST, = SKASE,
we have that ¢ is a unital *-homomorphism from R = {sisx | £ = 1,...,m}/
to {sgsp | k = 1,...,m}. Note that ¢ is ultra weakly continuous. The domain

algebra R has as its commutant the discrete abelian, and so type I algebra generated
by the commuting projections qi, & = 1,...,m. It follows that R is unitarily
equivalent to a finite direct sum of type I factors. Since the range of ¢ is contained
in @ pr(B(H)pk, a finite direct sum of type I factors, ¢ is a unital s-homomorphism
of a finite sum of type I factors on H to another finite direct sum of type I factors
on H.

If one now strengthens the assumption on the display ¢ and insist that ¢ : &€ —
B(H) is a representation of a dual system (P, A, Q) rather than just a display,
we may then assume by Theorem that (¢,p,H) is a display. Thus q; =
ST A(k,i)p; in this case and the algebra generated by the projections py therefore
contains the algebra generated by the projections qx, so R 2 {px |k =1,... ,m}.
Thus the range of ¢ C R and ¢ becomes a unital *-endomorphism of R = @ Ry,
a finite direct sum of type I von Neumann algebras Ry. If ¢ is an infinite represen-
tation then R is a finite direct factor sum of type I, factors.

Theorem 2.2. Let ¢ : £ — B(H) be a representation of a dual system (P, A, Q)
of coordinate systems on € and si = ¢(er) where {ex | k=1,...,m} is a basis of
E with ey, € By, and B implementing the duality. The map

m
go:xHZskxsZ, re€{sisk | k=1,....,m} =R,
k=1

is a unital injective x-endomorphism of R, a finite direct sum of type 1 factors.
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Although a basis {ex | k = 1,... ,m} of £ was chosen with e, € Bj where B
implements the duality in order to define the endomorphism ¢ we will show that ¢
does not depend on the particular choice of such a basis.

For ¢ a unital *-endomorphism of a von Neumann subalgebra R of B(H), let L,
be the norm closed linear subspace defined by {T" € B(H) | p(a)T = Ta,(a € R)}.
We will show that L, is a Hilbert A-module where A = R’. First note that L,
is a right A-module, in fact a two-sided A-module. For if x € A, T' € L, then
p(@)Tx = Tax = Txa, (a € R) so Tx € L,. Also, given, T,S € L, we have
T*Sa = T*p(a)S = (¢(a)*T)*S = (p(a*)T)*S = (Ta*)*S = aT*S, (a € R),
so T*S € A. Since ||T| = HT*T||1/2 for T € B(H) we see that L, is a Hilbert
A-module with the A-valued inner product given by (T,S) =T*S for T, S € L.

Proposition 2.3. If ¢ is an endomorphism of R = C*(q)" arising from a repre-
sentation ¢ : € — B(H) of a dual system (P, A,Q) then L, = Spany ¢(€), the
right A-submodule of B(H) generated by ¢(E).

Proof. Let {e | k = 1,...,m} be a basis of £ with e; € By, B a coordi-
nate system implementing the dual system. Since ¢(a)p(er) = @(a)p(er)ar =
Yo dlej)ag(e;) d(er)ar = dler)aqr = ¢(er)ara = P(ex)a for a € R we have that
¢(E) C Ly. For T € L, we have T = 14T = d(e;)p(ei) T = > plei)(d(eq), T)
which is in the right .A-module generated by ¢(&). O

Proposition 2.4. Let ¢ : £ — B(H) be a representation of a dual system (P, A, Q)
on & and ¢ be the unital x-endomorphism of R = C*(q)" described in Theorem [2.3.
If 0T =Ta (T € ¢(E)) for some a € R, b€ B(H) then b= ¢ (a)

Proof. Since ¢(£) C L, and a € R we have ¢(a)T = Ta, (T € ¢(&)). Thus
(b—p(a)T=T(a—a)=0forall T € ¢(&). Thus (b— ¢(a))(#(E)H) = 0 and since
#(E)H = 'H we must have b = ¢(a). O

To define the endomorphism ¢ given by a representation ¢ : £ — B(H) of a
given dual system (P, A, Q) on & we first choose a basis {ex | k =1,... ,m} of £
implementing the duality (P, A, Q). We will show that ¢ is independent of such a
chosen basis. If {e}, | k =1,... ,m} is another basis of £ implementing the duality
then by Proposition there is a symmetry U of (P, A, Q) with e}, = Uey. If
s), are the partial isometries ¢(e)) = ¢(Uey), then the s} have the same initial
projections qy as the sy = ¢(er). Thus the domains of the unital x-endomorphisms
¢ and ¢ coincide, where ¢’ : © — )" sjxs)". For x € R we have ¢'(z)T = Tz for all
T € p(UE) = ¢(£), so by Proposition24 ¢’ (x) = ¢(x). Thus the endomorphism ¢
depends only on the representation ¢ : € — B(H) of a given dual system (P, A, Q).
We denote this endomorphism by ¢4 if the context is not clear.

Given two representations of the same dual system then their associated endo-
morphisms are basically the same.

Proposition 2.5. Given two infinite representations ¢, : (P,A,Q) — B(H)
of a dual system on & there is an inner automorphism [ of B(H) and an inner
automorphism « of range (pg) so that py, = a0 oy 0 B71.

Proof. Denote by q;, p; the infinite initial and final projections respectively of the
partial isometry ¢(e;), where {e; | ¢ = 1,...,n} is a basis of £ implementing the
duality, and g}, p} the analogous projections for the partial isometry (e;). Since the
projections p;, p; are infinite with > p; = > p; = Iy, there is a unitary U € B(H)
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with 8(p;) = ps, where 8 = adU. Thus B(¢(e;)) is a partial isometry with final
projection p; and initial projection 3(q}) = B(>° A(4,1)p;) = > A(:,1)B(p]) = ds-
Thus the domain of the endomorphism associated to the representation 3 o v is
that of the endomorphism g. It is clear that pgoy = 30 @y 0 f71.

Since ¢(e;) and Bi)(e;) are partial isometries with the same initial and final
spaces, and the final projections have sum I, > | ¢(e;) B¢ (e;)* defines a unitary
V in B(H) with V(¢ (e;)) equal to the partial isometry ¢(e;). Since V' com-
mutes with the projections p; for all 4, V' is in range (ypg). For € M we have
SN VB@(e:)xBe(e;)* V=3 dlei)zd(e;)* = pg(x), 50 pp = aoBopy 0B~ with
a=adV. O

Notice that if ¢ is an infinite representation of a dual system (P’, 4,Q’) on &
defined by the same matrix A as a representation ¢ of a dual system (P, A, Q) on
&, then Propositions[T.16] and [[.29] imply that there is a unitary W in B(€) so that
1o W is a representation of the dual system (P, A, Q) on &, and the hypothesis of
the proposition above are satisfied.

The following theorem describes the fixed point algebra of the endomorphism
¢ as the commutant of the x-algebra generated by the image of ¢. If the matrix
A satisfies condition I of Cuntz-Krieger [9], then of course this is the commutant
of m4(O4), where g is the representation of O4 on H defined by ¢. This again
extends the known situation for the Cuntz algebras O,, ([1], [16]).

Theorem 2.6. Let ¢ : £ — B(H) be a representation of a dual system (P, A, Q)
on E. If ¢ is the unital x-endomorphism of the von Neumann algebra R = C*(q)’
defined by ¢, then

{aeR|pla) =a} = (4(€) UE)) NR.
Proof. If a € ¢(€)" then a commutes with ¢(&), so p(a) = > ¢P(ei)ap(e;)* =
ad ¢lei)p(e;)* =a-I=a. Here {ex | k € X} is a basis of £ with e, € By where
B implements (P, A, Q).
Conversely, if p(a) = a, then p(a*) = (a)* = a*. Now {T € B(H) | ¢(a)T =
Ta (a € R)} = Span 4¢(E) by Proposition B3, so both a and a* commute with
Span 4¢(€). Thus a commutes with both ¢(€) and ¢(€)*. O

For the next result we make use of some notation in [9]. Let ¢ : &€ — B(H)
be a representation of a dual system (P, A, Q). Choose a basis {e; | k € £} of £
with e, € By where B implements (P, A, Q). For p = (i1,...,i;) a multi-index
with i, € X, set |u| = k, the length of u. Write s, = ¢(ei,)p(ei,) - - - d(es),) and
Py, 4y the range and support projections of s, respectively. Let M4 denote the
set of multi-indices p with s, # 0. Set Fj, to be the finite dimensional C*-algebra

generated by {s,pis; | i € X, |u| = |v| = k}, an increasing sequence of algebras,
[ee]

and F4 to be the norm closure of |J Fi ([9]).
k=0

Theorem 2.7. Let ¢ : £ — B(H) be a representation of a dual system (P, A, Q)
on . If ¢ is the unital x-endomorphism of R = C*(q) defined by ¢, then

¢ (R) =Fy.
k>0
Proof. Since F'y = (| F, it is enough to establish that p**1(R) C F} C o*(R)

k>0
for all k > 0. Recall from [9] that E,, = s,pis} (i € X, pu,v € My such that
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|| = |v| = k) are a system of matrix units for F;. By Proposition o) C
{T € B(H) | ¢(a)T = Ta, (a € R)}, so for p with |u| = k it follows that
©**(a)s, = s p(a), (a € R). Thus gok*‘l(a)Efw = spp(a)pisy = supip(a)s; =
Efwgokﬂ(a), the second equality following from the fact that range ¢ C {p; | i €
Y}. Thus ¢*+1(R) C F).
Since Fy is the direct sum of matrix algebras @ C*{E},, | |u| = |[v| = k}, the
iex

commutant F }, is the direct sum @ C*{E,, | |u| = |v| = k}'. Since the commutant
iex

of a matrix algebra consists of diagonal matrices we see that any y € F ), must have
the form gzz{l ‘Z_:k E},(E}, yE!, )E!, where p is chosen so that E},, # 0. Set x =
> (supi)*El,,yE},,(s.pi) and note that z € C*({p; | i € })' € C*({q; | i € B})’
=y

= R. We compute p*(z) = Y s,ast = > s, (Z pis;EZuyEZuSHpi> s, =

lv|=k lv|=k )

> spilsupi) E)yE,, (supi)(svpi)” = 3 ELE) yE, E,, =y. Thus
lv|=k,iex lv|=k,i€s

Fi CoF(R). O

It is clear that ¢ restricts to an automorphism of Fj.

We recall ([9]) that a square 0-1 matrix A satisfies condition I of Cuntz-Krieger
if the compact space Xa = {(zx)reny € XN | A(zk,7541) = 1,(k € N)} has no
isolated points. This space may be viewed as a one sided vertex shift space. We
will return to this space later in section 3.

Theorem 2.8. With the assumptions of Theorem if the matriz A satisfies
condition 1 of Cuntz-Krieger then the domain R of the x-endomorphism ¢ is a
finite direct sum of I, factors. In particular, the representation ¢ must be infinite.

Proof. Suppose that R = €@ riRry, has a finite type I factor summand Ry = ryRry
where r = {r; | | € X} is a reduced orthogonal generator for q = {qx | k£ =
1,...,m}. Since p={p; |l =1,...,m} is an orthogonal system with q < p we
have by Proposition that r < p. Thus by Proposition [[L6, p;Rp; is a type I
factor for each j, and so there are projections p; with p;Rp; a finite type I factor.
Choose one, say pj, with p;,Rp;, a type I,, factor with n finite and minimal.

Since s;, = ¢(ej,) is a partial isometry mapping qj, to pj,, the endomorphism
¢ maps the algebra q;,Rqj, into p;,Rpj,. Since q;, = > A(jo, k)pk, each algebra
pxRpr with A(jo, k) # 0 is mapped injectively into pj,Rpj,. Since n is minimal,
there is a unique j; with A(jo, j1) = 1 and A(jo, k) = 0 for k # ji, and p;, Rp;, a
type I,, factor.

If jo = j1 then A cannot satisfy condition I of Cuntz-Krieger so jo # j1 and
pPj; Rpj, is another type I, factor. Using the above argument again, there is a
unique ja,7j1 # j2 with A(j1,k) = 0 for k # jo and A(j1,72) = 1. The point jo
can also not be jg, since otherwise A will not satisfy condition I of Cuntz-Krieger.
Thus jo, j1,jo are distinct. Continuing in this manner forces A to be a permutation
matrix, which again contradicts the assumption on A. Thus R cannot have finite
type I factor summands. O

We note some known facts concerning normal unital *-homomorphisms ¢ : M —
n

N where both M = @ My, and N = @ N, are finite direct sums of type I factors
k=1 k=1
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[5]. With such a map ¢ associate a matrix ¢,, with (4, j) entry equal to . (%, j), the
multiplicity of (M) in N;. Although in [5] this is defined for M and N both finite
direct sums of type I, factors, it is possible to modify the presentation slightly to
accommodate finite direct sums of any type I factors. With this convention one has
that p.the = (o))« for o : M — N and ¢ : L — M two such *-homomorphisms.
Other results of [5] will still hold, so for example, if Y1, = a2, with @; : M — N
(i = 1,2), then there is an inner automorphism of N with agp; = ¢3. Also, given
an n X m matrix D of nonnegative integers with at least one nonzero entry in each
row and column, there is an injective unital *-homomorphism ¢ : M — N with
¢« (i,7) = D;j, as long as we assume in addition that n; = Y D;;m;, where My, is
a type I, factor and Ny, is a type I,,, factor. This additional caveat is unnecessary
if all the factors involved are type I,. With ¢ : R — R the unital injective *-
endomorphism arising from our context, namely from a representation of a dual
system with A a square 0-1 valued matrix, we will later see that (. is a square
matrix with values in N. Also since ¢ is unital and injective, ¢, has a non-zero
entry in each row and column. In the situation of a single type I, factor with a
unital #-endomorphism ¢ the matrix ¢, is of course just a single number referred
to as the index of the endomorphism. In a similar vein we may refer to the matrix
, as the index of the endomorphism .

The question naturally arises about a relationship between the matrix A and the
matrix ¢.. There are also questions about the nature of the correspondence between
representations of the Cuntz-Krieger algebras and unital x-endomorphisms of finite
direct sums of I, factors. In order to answer these questions we first describe some
concepts from a graph theoretical perspective.

3. OPERATIONS ON BIPARTITE GRAPHS

For bipartite graphs we describe various in-split and in-amalgamation procedures
and determine their elementary properties. These are slight variations of the usual
concepts for graphs ([I7]). This allows one to define a partial order on (finite)
bipartite graphs which one can translate to a partial order on square matrices
with nonnegative integer entries. This context also allows one to understand the
connection between endomorphisms of finite sums of type I factors and their graphs.

Recall that V', W are respectively the initial and final states of a bipartite graph
G(V,W). A bipartite graph G(V, W) is a final state in-split of G(V, W) if it can be
formed by the following procedure from G(V, W) : for J € W, partition £;, the set
of edges with terminal state .J, into disjoint sets £}, ... ,E?(J). Replace the vertex
J € W with m(J) vertices Ji,...,Jy(s), and the edges of G(V, W) with terminal
point Jj, are the edges in £5. If this is done for all J € W and if the partition of £;
in each case is the maximal one consisting of one element sets then the resulting
graph G(V, W) is referred to as the complete final state in-split of G(V, W).

We also deal with graphs G(V, V). In this case, we can form what is known as an
in-split G(V,V) of G(V, V). For J € V partition £, the set of edges with terminal
state J into disjoint sets as before, and form the final state in-split G(V, ‘7) as
before. Replace the point J € V with m(J) points Ji, k =1,... ,m(J). Then for
each edge e in G(V, V) with initial vertex J and final vertex I, there is for each k =
1,...,m(J), an edge (e, k) in G(V,V) with initial vertex Ji, k = 1,... ,m(J), and
final vertex I. The graph G(V, ‘7) is referred to as the corresponding intermediate
final state split for the in-split Q(V, V)
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Example 3.1. The graphs

NS NN - NN

The first graph is the complete final state in-split.
The graphs

are all final state in-splits of the graph
°

NP N
N

The first one is the complete in-split.

« NN

are all in-splits of the graph

Given a graph G(V, W) we say that a vertex I in V is connected to J in W with
multiplicity m if there are exactly m edges with initial vertex I and final vertex
J. If the associated matrix for a graph G has entries consisting of 0’s and 1’s only,
we say G is a multiplicity free graph. If G(V, W) is a graph it is clear that there is
always a final state in-split G(V, W) which is multiplicity free. If G = G(V, V), then
it follows that there is always an in-split of G which is multiplicity free.

We describe other operations on a graph G(V, W), namely an initial state amal-
gamation, and if V. = W an in-amalgamation of G(V,V). For each m € N,
J e Wlet ST = {I € V| Iis connected to J with multiplicity m} and let
{T1,..., T} = T be the partition of V defined by the finite number of nonempty
subsets S7', (m € N, J € W). We refer to this partition as the ‘base’ partition of V.
Note that if a vertex I in T} is connected to some vertex J in W with multiplicity m,
then every point in 7} is connected to J with multiplicity m. For each set T}, con-

sider a partition of T}, into m(k) sets, T}, ... ,T,:”’(k). Form a new graph G(V, W)

where each set of initial states T,g, j=1,...,m(k), k=1,...,1, is collapsed to a
single vertex [ ,i in V and the edges of multiplicity m with initial vertex in T,g and
final vertex J in W are replaced with one edge of multiplicity m with initial vertex
I ,i and final vertex J. The graph G(V, W) is called an initial state amalgamation

of G(V,W). If V.= W then by further collapsing the vertices in W in the same way
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that V' was formed and leaving the edges in G(V, W) otherwise intact, one obtains
the partial in-amalgamation G(V, V) of G(V, V). The amalgamation is complete if
the entire set T is collapsed to a vertex for each j = 1,... ,k. The graph G(V,V)

is referred to as the corresponding intermediate initial state amalgamation of the
in-amalgamation G(V, V).

Note that, except for the trivial in-amalgamation of a graph G(V, V'), the vertex
set V of an in-amalgamated graph has cardinality strictly less than the cardinality

of V', assuming that V is a finite set.

NN

is an initial state amalgamation of

- IN[X

is a complete in-amalgamation of G(V, V).

Example 3.2. The graph

It is complete. Also

The following observations are straightforward. If G(V, V') has an in-split graph
G(V, V) with G(V, V) the corresponding intermediate final state split then G(V, V') is
an in-amalgamation of G (‘7,‘7) with corresponding intermediate initial state amal-
gamation G(V, V). Conversely, if G(V,V) is an in-amalgamation of G(V, V) with

corresponding intermediate initial state amalgamation G(V, V'), then G(V, V) is an
in-split of G(V/, V') with corresponding final state split G(V, V). Thus G(V, f/) is

an in-split of G(V, V) if and only if G(V, V) is an in-amalgamation of G(V, V)

Also, if G = G(V1, V1) is the complete in-split of G = G(V, V), then G is the
complete in-amalgamation of G;. To see this, note that the intermediate final state
split G(V, V1) has exactly one edge ey with terminal state ¢(e;) = J for each vertex
J of V1. Thus the complete initial state amalgamation of G; = G(V1, V1) is G(V, 1)
and the complete in-amalgamation of G; is G. The converse of this is false; namely
if G, is the complete in-amalgamation of G, then the complete in-split of G, is not
in general G. For example, the complete in-amalgamation G. of the graph G given
in Example [32] has complete in-split different from G. We shall see however that
the complete in-split of G, is always an in-split of G.

We fix some notation regarding partitions 7 of an arbitrary set V. We say
Ty < 7 if and only if each element of 75 is contained in some element of 7;.
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The collection P of partitions of V' not only forms a partially ordered set but a
complete lattice. To see this note that any collection S of subsets covering V'
determines a partition, namely that given by the equivalence relation x ~ y if and
only if z € S for some S € § implies y € S. For 7, € P, a € A define \/ 7, to be
the partition determined by the collection of subsets S = |J {T | T € 7.} and set

acA
ATo=VIT | T < Tala € A)}.

For G = G(V,V) let 75 be the ‘base’ partition {T} | k = 1,...,l} of V defined
by the nonempty subsets S7', (m € N, J € V) described above for forming in-
amalgamations, and 7, the partition of V' consisting of the singleton subsets of V.
Then 7g < 7T,, and any in-amalgamation Gy = G(V1,V4) of G is defined using a
partition 77 of V with 7g < 71 < 7, and V; = V/7;. The trivial in-amalgamation
G itself corresponds to the partition 7, while the complete in-amalgamation of G
corresponds to the partition 7g.

Lemma 3.3. If the graphs G, = G(Vi, Vi) are in-amalgamations of G correspond-
ing to two partitions Ty, of V, (k = 1,2), then Ty < Ty implies that Gy is an
in-amalgamation of Gs.

Proof. It Tg = {Ty, | k = 1,... 1} as above then recall that if a vertex I in T} is
connected to a vertex J with multiplicity m, then every vertex in T} is connected
to J with multiplicity m. Since 7g < 7y = {T}} | k = 1,...,l;} the same is true
for the vertices in T}}. To form an in-amalgamation of Go(Va, Vo) where Vo = V/T5
one needs the ‘base’ partition 7g, of Vo. When viewed as a partition of V' we have
that 7g, < 73. Thus 7; also defines a partition of V5 with 7g, < 77 and G; is an
in-amalgamation of Gs. O

Corollary 3.4. The complete amalgamation G. of G is itself an in-amalgamation
of any other in-amalgamation G of G.

Corollary 3.5. If Gi, Ga are two in-amalgamations of G = G(V,V), then there
is a graph Gi A Go which is an in-amalgamation of Gi,Gs and G, and any in-
amalgamation of G, which is also an in-amalgamation of Gi and Go is an in-
amalgamation of G1 A Gs.

Proof. Let Tg be the ‘base’ partition of V' used to form in-amalgamations of G.
Let 7x be the partitions of V' corresponding to the in-amalgamations Gy, k = 1,2,
sothat 7 < T < Ty, k=1,2. Then T < TZ1 ATy < T, < Ty, k = 1,2, so the
in-amalgamation corresponding to 77 A 72, named G; A Go, is an in-amalgamation
of G1, G2 and G with the required properties. O

Definition 3.6. Define a partial order < on the set of all finite graphs G(V, V)
(with V finite) by setting Gop < G if there is a finite collection of graphs Gy, k =
0,...,l, with G an in-amalgamation of Gy41 (k=0,1,...,l—1) and G, =G.

Theorem 3.7. For a given graph G = G(V, V) there is a unique graph G with
1. g <g,

2. G is a minimal element.

Proof. To show existence start with Gy = G and inductively form a sequence Gy,
with Gi+1 the complete in-amalgamation of Gi. Since the set V is finite there is a
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ko with G, = Gy, for k > k. Set g = Gk, . It is clear that g is minimal by Corollary

B4 and the note preceding Example B.2.

It remains to show uniqueness. Suppose J is a graph with J < G and J minimal.
Since J < G there is a finite sequence Jo, ... ,Jp, with Jo =G, J, = J and Jr+1
an in-amalgamation of Jx, k = 0,... ,p — 1. We claim that Gy < Jj for all k.
For k = 1, this is clear by Corollary B4l since [J; is an in-amalgamation of G while
G1 is a complete in-amalgamation of G. Now proceed by induction and show that
Grt1 < Jp+1 if Gy < Ji. Let Hi, ..., H, be graphs with H; = Ji, and H, = G,
and H,;41 an in-amalgamation of H; for all j. Set H} = Jx41. Then by Corollary
H, = Ha A HY is defined, since Hy and Jx41 are both in-amalgamations of
Ji. Again, since Hgz and H, are both in-amalgamations of Ha, set H = Hz A Hb,
and recursively, H’; = H; A H;-_l for j=1,...,r. Thus H;- is an in-amalgamation
of H)_, and H; = Gp AH',—1. By Corollary B4l it follows that Gy, is an in-
amalgamation of H].. If we set H; ; = Gr+1 we obtain a chain M} of length r + 1
of in-amalgamations, showing that Gr11 < Jk+1-

Choosing k large enough we obtain g < J. Since J is minimal, we conclude

thatg:j. O

This last result allows one to use the partial order on the set of all finite bipartite
graphs G(V, V) to partition this set and thus obtain an equivalence relation on
finite bipartite graphs G(V, V). Indeed if J; and J> are minimal elements, then the
intervals of the partial order, I7, ={G=G(V,V) | Jx < G(V,V)} for k = 1,2 are
either disjoint or equal. The intervals Iy with J a minimal element are also the
directed subsets of the set of all finite bipartite graphs with respect to this partial
order.

A similar approach is also available for studying in-splits of graphs. For G =
G(V,V), let Sg be the partition of the edge set £ given by {£; | J € V} and S, the
partition of £ given by the singleton subsets of £. Then Sg < S, and any in-split
G1 of G is defined by using a partition S7 of £ with Sg¢ < S1 < Sy. The trivial
in-split G itself corresponds to the partition Sg, while the complete in-split of G,
denoted G,,, corresponds to the partition S,,.

Lemma 3.8. If the graphs G, = G(Vi, Vi) are in-splits of G = G(V, V') correspond-
ing to the partitions Sy of the edge set £ of G (k = 1,2), then S1 < Sy implies that
Go is an in-split of Gy.

Proof. Recall that for e an edge of a graph G(V, W), i(e) denotes the initial vertex of

e and t(e) denotes the terminal vertex of e. Also, for J € V, &5 ={e € & |t(e) = J}.

Since S < S> we have that Sy is the partition E"}, 1<k<m(J),J eV of & with
J

E;= |J &%, while Sy is the partition of £ defined by €§’l, JeV, 1<k<m(J)

m(J)

k=1
m(J)
and 1 <1 < mg(J), with ¥ = | 5§’l. For G, the vertex set Vi = | {(J,k) |
=1 JEV
1 <k <m(J)} and for Go the vertex set Vo = | {(J k1) |1 <1 <my(J)}.
(T k)EV:
For the edge set €' of G; we have &' = |J 5(1J7k) with 8(1J7k) = U {(e,)) |
(J,k)eVL ecek

1< j <mf(i(e))}, where (e, j) has initial vertex (i(e), ) in V4 and terminal vertex
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(J,k). For Gy the edge set £2 = | E(QJM) with E(QJM) = U {(es,h)]|
(LEDEVE T ccekD

1 <j<mfi(e)),1 <h<mj(i(e))} where (e, j, h) has initial vertex (i(e),j,h) and

terminal vertex (J, k,1).

To form an in-split of G; use the partition 8(1}]_@, 1 <I<my(J) of 5(1J_k), where
Eligy = e, 5) [ 1< j <mfife)), e € E]'}. This is the partition of £ ) determined
by the partition of EX by the sets ¥, 1 <1 < mg(J). It is clear that the vertex
set formed by this in-split of G; is the same as V2 with m(J, k) = m(J).

The edges € for this in-split of G; are & = U &k with é:(‘],k,l) =
(Jk,1)EVs
U {En [1<h<m@e) = U A{leih) |1 << mlie),l <
eeglt (e:d)EEL 1)
h <mj(i(e))} which is clearly E(ijk’l). Thus Go is an in-split of G;. O

Corollary 3.9. The complete in-split G, of G = G(V, V) is itself an in-split of any
other in-split G1 of G.

Corollary 3.10. If G1,G2 are two in-splits of G = G(V, V'), then there is a graph
G1V Gy which is an in-split of G1,Gs and G such that any in-split of G which is also
an in-split of G1 and Gy is then an in-split of G1 V Gs.

Proof. Let Sg be the partition £5, J € V, of the edge set £ of G = G(V, V) and
let Sy be the partitions of £ corresponding to the graphs Gi, & = 1,2, so that
Sg < Sk < Sy, k=1,2. Define G; V Gs to be the in-split of G given by the partition
Sl V SQ of £. O

Corollary 3.11. Let G be a graph with an in-amalgamation Gy. There is a multi-
plicity free graph ‘H so that both G and Gy are in-amalgamations of H.

Proof. We will show something slightly stronger. Let H; be any multiplicity free
in-split of G;. These certainly exist since the complete in-split of G; is multiplicity
free. Then one can form H = GV Hy, since G is also an in-split of G;. Note that if
'H1 is the complete in-split of Gy, then H = H;. Now apply Corollary [3.10. O

Before the relationship between representations of @4 and the associated endo-
morphisms is investigated further we translate our partial order on graphs to one
on nonnegative integer valued square matrices, and show how the compact space
X 4 associated to a matrix A behaves under this partial order.

Recall that with a graph G(V, W) we associate a |W| x |V| matrix Ag with
nonnegative integer entries: Ag(J,I) = number of edges from I € V to J € W.
This is, as mentioned in section 1, the transpose of the usual adjacency matrix of
the graph. Conversely, if A is an m X n matrix with nonnegative integer entries
then G4 is the graph G(V, W) with V = {1,... ,n}, W = {1,... ,m} with A(j,1)
edges from i in V to j in W.

Definition 3.12. We say a matrix A; = Ag, associated with a graph G; is an
in-split (or in-amalgamation) of A = Ag iff Gy is an in-split (or in-amalgamation)
of G. We also translate the partial order < defined previously on graphs G(V, V) to
a partial order on square matrices with nonnegative integer entries.

The equivalence relation on the set of finite bipartite graphs defined by the
minimal elements of the partial order then gives rise to an equivalence relation
on the set of square nonnegative integer valued matrices with non-zero rows and
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columns. T'wo such matrices are equivalent if they both determine the same minimal
element. It follows that two such matrices A and B are equivalent if there is a finite
chain of matrices Ag, ... , A, so that A; is either an in-split or an in-amalgamation
of A;j4q for each i € {0,...,n — 1}. It is clear that this is a stronger equivalence
relation than the strong shift equivalence relation on square matrices, so that A is
equivalent to B implies that A is strong shift equivalent to B. Computationally
it is a straightforward task to calculate the minimal element of our partial order
determined by any given matrix, so one can quickly and easily determine whether
two given matrices are equivalent or not, in contrast to the strong shift equivalence
relation.

Recall ([9]) that for an n x n matrix A with nonnegative integer entries and
satisfying the analogue of condition I of [9], the Cuntz-Krieger algebra O 4 is defined
to be Oy4,,, where A,, is the square matrix with entries in 0-1 with the larger index
set {(i,k,7) |4,5€{1,...,n},1 <k <A@}

o
Aw(z‘,k,ﬁ(z",k’,j’)—{ Lifg =1,

0 otherwise.

It is straightforward to see that this matrix A,, defined in [9] is actually the matrix
of the complete in-split G,, of the graph G = G4. For example, the vertex i in G4
is split into Zj A(i, j) vertices, corresponding to the new vertices {(i,k,j) | j €
{1,...,n},1 <k < A(i,j)}. The vertices {(i,k,75) |1 <k < A(i,5)} correspond to
the A(i,j) edges from j to i in G. By a generating Hilbert space of partial isometries
for O 4 we will then mean a representation ¢ : F — O4, where A, is the complete
in-split of A.

For A a square matrix with nonnegative integer entries we may define A to have
condition I if the complete in-split matrix A,,, a 0-1 matrix, satisfies condition I.
To be consistent it should be checked that if A is a 0-1 square matrix and B an
in-split of A, then A satisfies condition I if and only if B does. Restated, we must
have that the one-sided vertex shift space X 4 has isolated points if and only if Xpg
has isolated points. It is known that the two-sided edge shift spaces for matrices A
and B, one matrix the in-split of the other, must be topologically conjugate ([I7]).
We show this also to be the case for the spaces X 4.

Note that since A is a 0-1 matrix then the one-sided vertex shift space X4 =
{(zk)ken | A(zk,zk41) = 1} may be identified with the one-sided edge shift space
{(er)ren € [Iy€a | t(erxt1) = i(ex),k > 0}. Note that the paths are in this
direction because of our convention that e € £4 if and only if A(t(e),i(e)) = 1.

Proposition 3.13. If A, B are square 0-1 matrices with B an in-split of A, then
X4 s homeomorphic with Xp.

Proof. We provide a sketch of the proof only. An edge in Gg is the form (e, j) for
some j, 1 < j < m(i(e)), and for e an edge in G4. This yields a continuous surjection
of the edge set £ of Gp to £4 which defines a continuous map 9 : Xp — X4,
namely the product of this surjection over N, restricted to X5. Amap ¢ : X4 — Xp
is defined by taking the product over N of a map that takes pairs of edges ef with
e, f € €4 and t(f) = i(e) to the edge (e, k) in Ep, where f is in the k-th partition

Ef(f) C &p. A straightforward check shows ¢ o) = Idx, and Y o ¢ = Idx,. O

Corollary 3.14. If A is a square 0-1 matriz and if B is an in-split of A, then A
satisfies condition 1 of Cuntz-Krieger if and only if B does.
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Proof. Proposition B I3limplies that X 4 has isolated points if and only if X5 does.
O

There are other results concerning this partial order. For example if A, B are
matrices with A., B. denoting their respective complete in-amalgamations, then
A < B implies that A. < B.. To see this it is enough to show that if A is an in-
amalgamation of B then A, is an in-amalgamation of B., which follows from two
applications of Corollary B-4. The first shows that B, must be an in-amalgamation
of A while the second concludes that A. must be an in-amalgamation of B.. Simi-
larly, by using Corollary 3.9, if A,, and B,, denote the complete in-splits of A and
B respectively, then A < B implies A, < B,. It follows that if A and B are
two equivalent square matrices with nonnegative integer entries, then A satisfies
condition I if and only if B does.

4. ENDOMORPHISMS AND THEIR EXTENSIONS

In this section we investigate relationships between endomorphisms induced by
representations of dual systems (P, A, Q) in terms of the partial order on square
matrices A. For example, if A < B then roughly speaking the endomorphism
associated with a representation of a dual system involving B is the restriction of
the endomorphism coming from a representation of a dual system involving A. A
more restricted version of the converse, which may however be applied inductively,
also holds and is proved at the end of the section.

Proposition 4.1. Let A, B be two square 0-1 matrices with A < B or B < A.
If ¢ : K — B(H) is a representation of a dual system (P, A,Q), then there is a
representation 1 : K — B(H) of a dual system (P,B,Q) so that the x-algebras
generated by ¢(K) and ¢(K) are equal and the AF C*-algebras Fa and Fp are
equal. The associated unital x-endomorphism @y is the restriction of ¢4 if A < B
and vice versa if B < A.

Proof. We assume A < B as the proof for B < A is similar. In this case there is
a finite sequence of in-splits from A to B, so we may assume that B is itself an
in-split of A.

Let Ga = G(V,V) be the graph associated with A where V' = {1,... ,n}, n =
dim K. Also, as usual, denote by £; the elements of the edge set £ of G4 with
terminal vertex J. Choose a basis {ex | K € V} of K so that Sk = ¢(ex) is
a partial isometry with initial projection qx = > A(K,I)p; and final projection
pr as in the comments preceding Proposition 2] and Theorem Let {E’j |
J e V,1<k<m(J)} be the partition of £ defining the in-split graph Gg(W, W)
of G4, where Gp has associated matrix B and edge set E. Write W = {Jk |
JeV,1<k<m(J)}and set K to be a Hilbert space of dimension Yoseym(J) =
|[W|. Tt will be enough to show that there are partial isometries Ty, I € W, in the
x-algebra generated by the Sk, K € V, that also generate this x-algebra and satisfy
TiTk =Y B(K,I)TiTy}.

Since A is a 0-1 matrix, the graph G4 is multiplicity free and there is a bijection
between the edges e in £; and the vertices I in V' with I connected to J, i.e., with
I =i(e) and J = t(e) for some e € €. Since B is an in-split of A, B is also a matrix
with entries in {0,1}. Using this bijection we then write that a vertex I € &;
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even though, strictly speaking, £; consists of edges. Thus S%S; = > 5157 since
Ie&y
AL, )=1if I € &;.

For J, € W define T5, = S ( > SIS}“>. Since T, is of the form vp with v
Icek

a partial isometry and p a projection with p < v*v, we have that T);, is a partial

isometry. It is clear that the x-algebra generated by the partial isometries Ty, ,

(Jx € W), is contained in the x-algebra generated by the Sy, I € V. However

m(l) m(I) N
Sr = S]S?S[ =57 E SKS;} =57 E E SKS}‘( = E T[j, SO ¢(’C) - w(’C)
Ke&r j=1 KEE} j=1

and the two x-algebras are equal.

We next need to show that TjkT]k = > Tp T;f,l. The left side
Plngk

< > S]S}‘) S3Sy < > S]S}‘)
Jeek Iegk
= < > 515?> (Z SIS?> (Z 5157>

Icek Iegy Iegk

> S1Sy.
Iegk

Moreover the right side = 5. Sp < > SIS}> S%. Now if P, € ng for some [
P&y, Iegl

then it is true for all I with 1 <1 < m(P). Since Ep = U?:L(lp) EL we have that this

last expression = > Sp| > SiS7|Sp = > Sp(SpSp)Sp = >, SpSh,

pegk IeEp pegk pegk
m(I) m(I)

which is equal to the left side. Now note that S7Sr = > 1711, = > T7 Tr,
k=1 k=1

so it follows that dom(py) Cdom(pg). For a € dom(ypy), Proposition [Z4] shows
wy(a)T =Ta for all T € 1 (K). Since ¢(K) C ¢ (K) this also holds for all T' € ¢(K),
so Proposition[2.4 implies that ¢, (a) must be ¢4 (a).

[ee]
It remains to show that F4 = Fp where Fy = |J Fra and Fi 4 is the finite

k=1
dimensional C*-algebra generated by {S,P1S, | I € V, |v| = |u| = k} described
m(I)
before Theorem[Z6] and similarly for Fp. Since S; = > Ty, it is clear that Fpa C
j=1
Fre and so Fy C Fpg. To see the other inclusion we first notice that Fop C Fia

since the final projection T,Tj = Syl > SiS7| S € Fia. We then have that

Icek
Ty, (TILT;,,)TL*,,. c Sy < > S[S}‘) Fia ( > S]S}) S C S;F145; € Faa, so
Iegk Teer

Fi1g € F24. In general Fyp C F(p41)a, and so Fa = Fp.

Theorem 4.2. Let A be a square matriz with nonnegative integer entries satisfying
condition 1 of Cuntz and Krieger. Let ¢ : € — 7n(Oa) C B(H) be an underlying
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Hilbert space of partial isometries for a representation m of O on a Hilbert space
H. If A is equivalent to B there is a representation © : Op — B(H) with 9 :
(K) — 7(Op) an underlying Hilbert space of partial isometries so that the x-algebras
generated by ¢(E) and Y(K) are equal. In particular m7(Oa) = 7(Op).

Proof. Since there is a finite sequence of in-amalgamations and in-splits from B
to A it is enough to show this if A is an in-amalgamation of B. Let A, and B,
be the complete in-splits of A and B respectively. By definition O4 = O4, and
Op = Op,,. By Corollary B9, A,, is an in-split of B , since B is an in-split of A.
Applying Corollary B9 once again, we see that B,, is an in-split of A,,. The result
follows from Proposition BT O

Using a notion of when a finite direct sum of type I factors is included in another
such sum we define a fairly weak notion of when an endomorphism v extends an
endomorphism . Note that this is not the same as requiring ¢ to be a restriction

of .

Definition 4.3. Given M = @ M,;, N = @ N, finite direct sums of countably
i€V iew

decomposable type I factors, we say a unital *-homomorphism d : M — N is a

unital inclusion if the matrix d, is a 0-1 matrix such that

a) each row has at least one nonzero entry,
b) each column has exactly one nonzero entry.

Such a 0-1 matrix is known as a division matrix [I7]. Recall that d.(s,j) is
by definition the multiplicity of d(M;) in N;. Thus, if £ is the edge set of the
graph G(V, W) of the matrix d., then |€| = |V| by b) and |W| < |€| by a). Thus
|[W| < |V]|. We remark that if d : M — N is a unital inclusion, then d(M) NN is
abelian. If A is represented in B(H) via a unital inclusion, then d(M)’ in B(H) is
also abelian.

Let ¢, 1 be unital x-endomorphisms of M, A respectively with || < |V| and
D a division matrix with |W| rows and |V| columns. If the entries of D satisfy
a dimension condition, n, = Y D;jm;, (¢ € W), and if D = Dey,, then by
Propositions 1.1 and 1.2 of [5] there is a unital inclusion d : M — N with aodop =
1 od. Here M; is a type I, factor and N is a type I,,, factor. If M, N are both
direct sums of I factors only, the dimension condition on the entries D;; of D is
superfluous.

Definition 4.4. With M, N as above and ¢, 1 unital *-endomorphisms of M and
N respectively, we say 1 extends ¢ if there is a unital inclusion d : M — A and «
an inner x-automorphism of A such that ¢pod = aodo .

It is straightforward to show that the product of two division matrices, when
defined, is again a division matrix. This can be used to show that if ¢ : M — M,
¥: N — N and p: R — R are unital *-endomorphisms of M, N, R respectively,
each a finite direct sum of type I factors, and if ¥ extends ¢ and p extends 1, then
p also extends . To see this let d; : M — N and dz : N'— R be unital inclusions
with ¢pod; = aodjop and pods = Fodso1), where «, § are inner automorphisms of
N and R respectively. Then podyod; = Sodsotpod; = Bodsoaod;op. However,
it is evident that there is an inner automorphism & of R with & o dy = ds 0
yielding podyody = fododzody o). Since (dzody). = dax odys is again a division
matrix, dg o dj is a unital inclusion and p extends .
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The following fact ([I7]) is used in the next theorem. For A, B square matrices
with nonnegative integer entries, B is an in-split of A, or A is an in-amalgamation
of B, if and only if there is a division matrix D and a matrix F with nonnegative
integer entries so that A = DFE and B = ED.

Theorem 4.5. Let o : M — M, ¢ : N — N be unital x-endomorphisms, where
M, N are finite direct sums of countably decomposable type 1o, factors. If 1. < o,
then i extends .

Proof. Since there are a finite number of in-amalgamation procedures required to
arrive at 1, from ¢, the comments following Definition [£4] show that it is enough
to show this if the matrix 1, is an in-amalgamation of the matrix ¢,. By the
above-mentioned fact there is a division matrix D and a nonnegative integer valued
matrix E so that ¢, = DE and ¢, = ED. By Proposition 1.2 of [5] there is a
unital *-homomorphism d : M — N with d, = D. Thus d is a unital inclusion.
The matrix (¢ o d)x = D = DED = Dy, = (d o ¢)., so Proposition 1.1 of [5]
implies that there is an inner automorphism « of N' with ccodo p =1 od. [l

One may extend the result of Theorem 5] to the more general context of finite

direct sums of type I factors by carefully keeping track of the dimensions of the fi-
m

nite type I factors that may occur. If ¢ is a unital x-endomorphism of M = @ M;
i=1

with M; a type L, factor, then m; = > ¢.(i,j)m;. Denoting the finite part

of M, namely the sum of the finite type I factors occurring in M, by My it is

clear that ¢~ 1(Mjs) C My. In fact if m; < oo, then ™ }(M;) € @ M, or

my<m

o ' (M;) = M, with m; = m;. If My is actually invariant under ¢, so that
©(Mys) C My, and if ¢ is injective, as is the case for endomorphisms arising
from representations of Cuntz-Krieger algebras, or also more generally of dual sys-
tems, then o[, is an isomorphism of M. In this situation the associated matrix
(¢|am; )« is a permutation matrix, or rather the identity matrix modified with some
possible permutation matrix subblocks. Thus the graph of ¢|u, is a minimal ele-
ment in our partial order; it has no further possible in-amalgamations so remains
fixed in any in-amalgamation process applied to ¢. In general however, M; may
not be invariant under ¢ as finite type I summands of M ¢ may be mapped to type
I factor summands of M. If T = {T}, | k = 1,...,l} is the base partition of
{1,...,m} used for forming any in-amalgamation of the graph of ¢., then a set
T}, must consist solely of finite vertices, namely vertices j with m; < oo, if there is
a finite vertex ¢ and a j € Ty with ¢.(4,7) # 0. By keeping track of the sums of
the m; that occur in the subsets of the partition of T} used in forming a particular
in-amalgamation of the graph of ¢, it is possible to extend Theorem to this
n
more general context. One needs to further require that each n;, where N' = @ N,
N; a type I,,, factor, is the sum of the my, associated with n; in the coursezot} the
finite number of in-amalgamation steps needed.

The converse of Theorem [F.]is false, namely there are unital x-endomorphisms ¢
and v of finite direct sums of type I, factors so that 1 extends ¢ in our weak sense
yvet ¥, £ @s. In fact 1, and ¢, can determine two different minimal elements of the
partial order, so they may not even be equivalent under the relation determined by
in-amalgamations and in-splits.
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For example, define 1 to be the unital *-endomorphism of N, a sum of two type

I factors, with ¥, = [ 11 ] . The graph of 1, is

U

Let ¢ be the unital *-endomorphism of M ;| a sum of three type I, factors with

0 1 1
pe=1]1 0 0 [, sothegraph of p, is
0 0 2
@ [ J @
® [ [ )

Both of these are minimal elements in our partial order, so v, cannot be an in-

amalgamation of ¢,. However if d : M — N is the unital inclusion with d, =
[ (1) (1) ? }, then .d, = dips = [ (1) é ; } and so 9 extends ¢ via d. It
should be noted that ¢ is not the restriction of #, i.e., that 1 o d is not d o ¢, so
that the inner automorphism in our definition of extension is a weakening of the
concept of restriction.

In fact the notion of extension used here is quite weak. We see below that one
way this is reflected is in the isomorphism classes of the direct limit C*-algebras
liln(/\/l,apn) where ¢, = @, n € N, for ¢ a unital injective *-endomorphism of a

finite direct sum of type I, factors, with ¢, a matrix with nonnegative integer
entries. We first quickly show that the isomorphism class of these C*-algebras is
unaffected when ¢ is replaced by an equivalent endomorphism .

Proposition 4.6. Let ¢ : M — M and ¢ : N — N be injective unital *-
endomorphisms of finite direct sums of type 1o factors where ., ¥, are matrices
with nonnegative integer entries. If . < . then lim(M,p) ~ lim(N, ).

Proof. 1t is enough to show this if 9, is an in-amalgamation of .. There is a
division matrix D and a matrix E with nonnegative integer entries with ¢, = ED
and ¥, = DE. Since the matrices ., ¥., and D all have a nonzero element in
each row and column, the same is true for E. By Proposition 1.2 of [5] there is a
unital inclusion d : M — A and an injective unital *-homomorphism e : N' — M
with d. = D and e, = E. Since ¢, = e, o d, there is an inner automorphism
a1 of M with ¢ = a3 o e od. Continuing in this manner one arrives at two
sequences of compatible injective unital x-homomorphisms defining injective unital
+-homomorphisms ¢ : lm(N, ) — lm(M, ) and ¢ : im(M, ) — Lm(N, )

which are inverse to each other. O

If +) were an extension of ¢, so dyp, = ¥.d, with d : M — N a unital inclusion,
then there is always a unital C*-homomorphism ¢ : lim(M, ¢) — lim(N, ). Since

dy 1 Z™ — 7™ is surjective, in fact d, : N™ — N” is surjective, where m, n are
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the number of type I, factor summands of M and N respectively, we obtain a
surjective monoid homomorphism from lim(N™, ¢,) to im(N"™, 1),). In some cases

0 is an isomorphism, even if 1, is not an in-amalgamation of p,. For example

0 1 1
with ¥, = L1 and o, = [ 1 0 0 | as above, these limit algebras are
0 2 0 0 2
isomorphic since I'A = B where A is the matrix for the complete in-split of ., B
1 1 0
is the matrix for the complete in-split of | 0 0 1 |, itself an in-split of 1., and
0 0 2
I" is the permutation matrix for the graph
o L ] ® (] ®
® [ [ ] e ®

For an example where ¢ extends ¢ but the limit algebras are non-isomorphic
1 0
1 2
satisfies Dy, = .D, however lim(Z?,¢,) # lim(Z,1,), which by [5] implies
that the limit C*-algebras are non-isomorphic. Here lim(Z,,.) = Z[1/2], while
lim(Z?, @) = {(s,s+1) | s € Z,t € Z[1/2]} ~ Z D Z[1/2].

The next results show that the relationship between a representation ¢ of a
dual system described by a square 0-1 matrix A and the corresponding unital -
endomorphism ¢4 = ¢ can be understood geometrically in terms of the bipartite
graphs associated with the matrix A and the matrix ¢.. We first illustrate this
relationship by considering a simple, though explicit, example.

Let £ be a three dimensional Hilbert space and P = { P, P2, P3} a normalized

consider the matrix ¢, = [2] and ¢, = ] . The division matrix D = [1,1]

1 11
coordinate system such that the matrix A=[P,E]=| 1 1 0 | for a normal-
110

ized orthogonal system E, P < E. Thus P, = P, = Ig and P; = E;. If Q is the
normalized coordinate system with Q1 = I¢, Q2 = Q3 = E1 + E», then (P, A, Q)
is a dual system. If (¢, p, H) is a representation of this dual system and ey is unit
vector in E) then the partial isometries s = ¢(ex) have orthogonal final spaces
pr with sum Iy, and initial spaces qi with q1 = Iy, g2 = q3 = p1 + p2. Since
the matrix A satisfies condition I of Cuntz and Krieger these three partial isome-
tries determine a representation of the Cuntz-Krieger algebra O4 on H, and the
von Neumann algebra R = {q1,q2,q3}’ is R1 @ Rz, a sum of two type I, factors,
namely Ry = q2B(H)qe and Re = psB(H)ps.

The unital *-endomorphism ¢ of R maps an element a @ b of R to the sum
> sk(a @ b)sy = (s1(a+ b)st + sgass) @ ssasj. Since the (i,7) entry of the matrix

2 1 } . Note that

¢ is the multiplicity of ¢(R;) in R; it is evident that ¢, = [ 10
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the graph associated with A, namely
] ® (]

has as its complete in-amalgamation the graph associated with ¢, , namely
o L]

This relationship between a representation of a dual system described by the matrix
A and the matrix of the induced *-endomorphism holds in general.

Theorem 4.7. Let ¢ be the unital injective x-endomorphism of R = {qi | k =
1,...,m} associated with ¢ : € — B(H), a representation of a dual system
(P, A, Q) as in Theorem [2.2] where A is a 0-1 matriz. Then ¢, is the complete
in-amalgamation of A.

Proof. Let G = G(V,V) be the graph, multiplicity free, associated with the 0-1
matrix A. If 7g = {T1,... ,T;} is the partition of V needed to form the complete
in-amalgamation of G then r, = > s;js7, 1 < k <[, are orthogonal projections
JETY
generating the same x-algebra as the not necessarily orthogonal projections qi =
shsE = Zg 5555, 1 < k < m. Here, as in the proof of Proposition B.T], & the edges
JEEK
of G with terminal vertex k, are identified with the vertices connected to k, since A
is a 0-1 matrix. Setting Ry to be the type I factor r(B(H))rk, we have R = @ Rx.
Now ¢(z) = >_ s;jws} for x € R, and since . (k, 1) is the multiplicity of p(R;) in Ry,
and the image of ¢ is actually contained in the *-subalgebra {sys} |k =1,... ,m}’
of R, it follows that ¢, is the complete in-amalgamation of A. O

Note that the endomorphism ¢ arising from a representation of a dual system
(P, A, Q) is thus a finite embedding, namely ¢, is a matrix with entries in N. Also,
the number of type I factors in the domain of ¢ is n, where ¢, is an n x n matrix.

The following result is the analogue for Cuntz-Krieger algebras of the result
which states that unital x-endomorphisms of B(H) arise from representations of
the appropriate Cuntz algebra.

Theorem 4.8. Let R be a finite direct sum of countably decomposable type 1 factors
and ¢ : R — R an injective unital x-endomorphism of R with ¢. = A a matriz
with values in N. For every unital inclusion T : R — B(H) there is a representation
¢:E — B(H) of a dual system (P, Ay, Q) where A, is the complete in-split of A,
so that the unital x-endomorphism ¢4 associated with ¢ is .

Proof. Let R = @ R; with Ry, I = 1,...,m, the type I factors. Since T is a
1=1
unital inclusion the map T'; : R; — B(H;) defined by I'j(z) = T'(e;)T'(x)T'(e;) is an

irreducible representation of R; on I'(e;)H = H;, where e; is the unit of R;.
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The map of Ry to I'/(R;) defined by x — T'j(e;p(x)) is a representation of the
I factor Ry on B(H;), so is unitarily equivalent to 7, @ 0, where . is a uniform
multiplicity A(l, k) representation of Ry on a subspace H; of H; and 0 is the zero
representation of Ry on ’ka with H; = Hj, © H, f,; Now 7y, is unitarily equivalent
to the direct sum of A(l, k) irreducible representations pjx, i = 1,... , A(l, k) of Rg

, A(Lk)
on the mutually orthogonal subspaces Hj, of H, with Hy, = @ Hj,. However
i=1
the representations pyk, i = 1,..., A(l, k), are all unitarily equivalent, so there are

unitary maps Vj;; from ’Hllk to ka with
Viikpiie @)V, = puc(z) for x € Ry,

A(lk)
and mi(2) = Y. Vikpuw(@)V), © € Ry.
i—1

Since T'y, is ;n irreducible representation of Ry on Hy it is unitarily equivalent
to pi1k, and there is a unitary map Uy, from Hy, to H}, with pg(z) = U Lw(z)Up,
for x € Ri. The unitary Vj1,Ujx, maps Hy to ka and may be viewed as a partial
isometry sj; in B(H) with unital space Hj and final space ka.

We have

shaspa = Hi=EP{Hu | AL k) # 0}
k
= Z A(l7 k)sliksz‘ik = Z A’w((pa q, l)7 (l7 i7 k))sl’ikszk’ik
i,k i,k

= ) Au(pa, D), (hi k))snirshin

(hyi,k)EVy

where G(V,,, V4,) is the graph for the complete in-split A,, of A. This yields partial
isometries sk, (1,4,k) € V4, in H satisfying the Cuntz-Krieger relations for Oy4,,,
so gives a representation ¢ : £ — B(H) of a dual system (P, A, Q). The domain

m
of the endomorphism defined by ¢ is € B(H}), which is isomorphic to R via the
k=1

map I'. For z € R, we compute that

Tp(x)

r (Z <p(em:)> =T Z erp(err)
k Lk

A(lk)

D Tilewplent)) =D > purlext)
Ik Lk i=1

Z Viikpuir (exz) Vi,
(1,4,k)EVa
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Y ViUnTk(er)Up Vi,

(Lik)EVW

= Z Slik er(ejx) Slik
(L, k) E€Vay J

= Z sk (U(@))sfik) ,
(Lyi,k)E V2

since the initial space of sy is Hi. Thus the endomorphism defined by ¢ is . O

It is worth noting that by using Theorem a few more facts can be gleaned
from the argument of Proposition LTl If A is a 0-1 matrix and B is an in-split of
A, then using the notation of the proof of Proposition[41], the domain N of ¢, is
{T5. Ty, | Jx € W}, and N is abelian. We also saw that the projection 77 T,
was y, S1S7, so dom (py) contains {S;S7 | I € V}', which in turn contains the

Iegk
range ofJ the endomorphism ¢4. The following proposition is a converse to this.

Proposition 4.9. Let M, N be finite direct sums of type 1 factors with d : N' — M
a unital inclusion and v : M — M an injective unital x-endomorphism of M with
ran (¢) C d(N). Then ¥|qnry = ¢ is an injective unital x-endomorphism of N and
Yy 15 an in-split of V..

Proof. View N'C M. Since range of 1 is contained in AV, it is clear that ¢(N) C N.
Represent M in B(H) via a unital inclusion and use Theorem [£.8] to write 1) as
4, the x-endomorphism associated to a representation ¢ : (P, A,Q) — B(H) of
a dual system with A a 0-1 matrix, namely the complete in-split of the matrix
. Thus 9, is the complete in-amalgamation of A. We will show that ¢, is
an in-amalgamation of A, which by Corollary B4 is enough to finish the proof.
Note that N’ in B(H) is abelian, since as noted earlier a composition of unital
inclusions is a unital inclusion. With the notation of Theorem 222, so that p, q are
coordinate systems on H with ¢ defining the partial isometries from q; to p; we
have M = C*(q)’, and ran ¢ C C*(p)’. Thus C*(p)’ C N, since A is the complete
in-split of ¢, and so C*(p)’ is the smallest von Neumann algebra containing ran
with abelian commutant. If w; is the unit of A, where N' = @N;, let w be
the reduced orthogonal coordinate system defined by the projections w;. We have
C*(q) 2 C*(w)" D C*(p)’, so since the C*-algebras are finite dimensional we have
C*(q) C C*(w) C C*(p) and by Proposition[hl q < w < p. If 7 ={T1,... ,T;} is
the partition needed to form the complete in-amalgamation of A, thenry, = > p;
€Ty,
are orthogonal projections defining a reduced orthogonal generator r for f; with
M = @PripMry, as in Theorem 71 Thus r < w < p, and it follows that there

is a partition of T}, into m(k) sets, T}, ... ,T,:n(k) so that each projection w; is a
sum of projections {p; | j € T}} for some k and i, 1 < i < m(k). Relabel these
, , m(k)
projections wj, sowj, = > pj,andry = > w}. Since p = 9| and N = PNy
jETIQ i=1

with Ny = wiNwi = wi Mwi, it follows that ¢. is the in-amalgamation of A
corresponding to the partition {7} | k = 1,...,1, 1 <1i < m(k)} of the vertices of
the graph of A. |
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Theorem EL8] completes a picture of the correspondence ¢ — ¢, between repre-
sentations ¢ : (P, A, Q) — B(H) of a dual system, with A a 0-1 matrix, and injec-
tive unital *-endomorphisms ¢4 of a finite sum of type I factors M, M C B(H).
Given ¢ an injective unital s-endomorphism of M C B(H) with ¢, = B, there
is a representation ¢y of a dual system (P,B,,Q) with ¢y, = ¢, where B, is
the complete in-split of B. If the endomorphism ¢ arose from a representation
¢: (P,A Q) — B(H), so that ¢ = ¢4, then by Theorem 4.7 B is also the complete
in-amalgamation of A. By Corollary B.9, B,, must then be an in-split of A, and so,
by Proposition [4.1] there is a representation 1 of a dual system with matrix B,, so
that its associated endomorphism ¢y, is the restriction of pgs. Now ¢y = ¢ = @4,
S0 @y is the restriction to dom ¢y of g, . In particular, dom ¢y C dom ¢g,. How-
ever both ¢ and ¢g are representations of dual systems involving the matrix B,,,
80 ()« = (Pgy )+ = B and so the number of type I factor summands in dom gy
and dom ¢4, must be the same. Thus dom ¢y, = dom ¢y, and ¢ = ¢, also.

We remark that this correspondence associates the infinite representations ¢ with
unital *-endomorphisms of finite direct sum of type I, factors. It also restricts to a
correspondence between representations of Cuntz-Krieger algebras O 4, A satisfying
condition I of Cuntz-Krieger, and injective unital x-endomorphisms ¢ of finite direct
sums of type I factors with ¢, a matrix satisfying condition I of Cuntz-Krieger.

This correspondence, and our knowledge of the partial order can be used to
work with x-endomorphisms in a fairly straightforward manner. For example let
¢ : M — M with ¢, = B be an injective unital *-endomorphism of M, a finite
direct sum of type I factors, M C B(H). If A < B, then by the comments at
the end of section 3, A,, < B,, where A,,, B,, are the complete in-splits of A and
B respectively. In fact A, < B, via a finite sequence of 0-1 matrices. Theorem
shows that ¢ is the x-endomorphism ¢y associated with a representation ¢ of
a dual system (P, B, Q). By applying Proposition[Z1] a finite member of times,
there is a representation 1 of a dual system (P’,A,,Q’) with the image of ¢
containing that of ¢, the x-algebras generated by ¢ and v are equal, and with ¢4
the restriction of the *-endomorphism ¢y, associated to 1. Thus by Proposition
lim(M, @) ~ lim(N, ¢y ), where N is the domain of py.
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