NON-SELFADJOINT OPERATOR ALGEBRAS:
DYNAMICS, CLASSIFICATION AND C*-ENVELOPES

ELIAS G. KATSOULIS

1. INTRODUCTION

This paper is an expanded version of the lectures I delivered at the
Indian Statistical Institute, Bangalore, during the OTOA 2014 confer-
ence. My intention at the conference was to offer a gentle introduction
to non-selfadjoint operator algebras, using topics that relate to my cur-
rent research interests. One of my main goals was to provide to the
audience most of the prerequisites for understanding the proof of The-
orem 5.13, which identifies the C*-envelope of a tensor algebra as the
corresponding Cuntz-Pimsner C*-algebra. (Providing these prerequi-
sites meant of course that I had to survey a good deal of my operator
algebra toolkit.) Another goal was to demonstrate (through their clas-
sification) that certain non-selfadjoint algebras store a great deal of
information about dynamical systems, in a much better way than their
C*-counterparts do. These remain two of the main goals of these notes
as well. During the preparation of this manuscript however, it occurred
to me that there is something else that should be included here. Re-
cently Chris Ramsey and I were able to extend the concept of a crossed
product from C*-algebras to arbitrary operator algebras in such a way
that many of the selfadjoint results are being preserved in this extra
generality, e.g., Takai duality. This opens a new, exciting and very
promising area of research that somehow never attracted the attention
it deserved. Describing these developments has become yet another
goal of these notes.

The paper is divided into eight sections, with this introduction be-
ing Section 1. In Section 2 several motivating examples of operator
algebras are presented. In Section 3 we see the precise definitions for
a C*-correspondence and the various operator algebras associated with
it. We also state the various gauge invariance uniqueness theorems of
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2 E.G. KATSOULIS

Katsura and others. In Section 4 we describe a very general process
for creating injective C*-correspondences from non-injective ones, with-
out straying away from the associated Cuntz-Pimsner algebras (up to
Morita equivalence). In Section 5 we give a complete treatment (includ-
ing proofs) for the C*-envelope of a unital operator space. In Section 6
we describe various classification schemes for operator algebras coming
from dynamical systems. In Section 7, we present a new topic that
was not covered during the meeting at Bangalore and was mentioned
earlier: crossed products of arbitrary operator algebras. The last sec-
tion of the paper deals with local maps and gives us an opportunity to
apply the concepts and tools developed so far to an area of study that
goes back to the early work of Barry Johnson.

This paper is written in such a way that it could be used for self
study or as seminar notes for an introduction to non-selfadjoint oper-
ator algebras. Hence the first few sections unfold at a slower pace and
they are less demanding compared to the last sections where I describe
my current research. I have included as many proofs as possible in an
article of this kind. Sometimes these are elementary and at other times
only sketchy and covering a special case of the theorem. My intention
is to give easy access to a variety of techniques without being fussy
about completeness. Nevertheless I hope that the non-expert will look
further into the details and the subject in general.

It goes without saying that this is not a comprehensive survey article
and therefore many important topics and results are not being covered.
The reader might also find that some of the topics covered receive an
amount of attention which is perhaps unwarranted. This is only due to
personal taste. I hope that these notes will serve as the nucleus for a
forthcoming book on the topic that will do justice to both the subject
and the mathematicians working on it.

Acknowledgment. 1 would like to express my gratitude to the organizers
of OTOA 2014, and in particular to Jaydeb Sarkar, for the invitation
to speak and also for the outstanding scientific environment, the hos-
pitality and the support they provided during my stay at the Indian
Statistical Institute, Bangalore. It was a memorable experience that
will stay with me for years to come.

2. EXAMPLES

In this section we examine various examples that motivate the gen-
eral theory.
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2.1. The semicrossed product Cy(X) x, Z". This is a very natu-
ral and important class of operator algebras. They were introduced by
Arveson [3], Arveson and Josephson [4] and their study was formalized
by Peters [56] in 1984. Since then, these algebras have been investi-
gated in one form or another by many authors [10, 11, 12, 13, 14,
19, 21, 38, 49, 62]

Let X C C be a locally compact Hausdorff space, Cy(X) be the
continuous functions on X and o : X — X a proper continuous map.
One can give a “concrete” definition of Cy(X) x, Z*1 as follows

Definition 2.1. Let (X, o) be as above. Given z € X and f € Cy(X),
we define

and

Sy =

In other words, for each z € X, f € Cy(X)

w2 ()6 = (f(z)€0, (f 0 0)(2)&1, (f 0 oP) ()&, .. )
and S, is the forward shift

S€=1(0,%,&1,&,.-).

The semicrossed product Co(X) X, Z™ is defined as the norm closed
operator algebra acting on @,cxH, and generated by the operators

ﬂ-(f) = @xeXﬂ'm(f) and Sﬂ-(f)vf € CO(X)v
where
S = @xEXSa:-

Note the covariance relation
m(f)S=Sn(foo), fe€Cy(X)

A more “abstract” definition can be given as follows. Let (A, «)
be a C*-dynamical system, i.e., A is C*-algebra and o : A — A is
a non-degenerate *-endomorphism (an endomorphism that preserves
approximate units).
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Definition 2.2. An isometric covariant representation (7, V') of the
C*-dynamical system (A, a) consists of a *-representation 7 of A on a
Hilbert space H and an isometry V € B(H) so that

T(A)V =Vr(a(4)), VAec A

Similar definitions apply for unitary or contractive covariant represen-
tations.

Definition 2.3. Let (A, «) be a C*-dynamical system. The algebra
AXZT is the universal operator algebra associated with “all” covariant
representations of (A, ), i.e., the universal algebra generated by a copy
of A and an isometry V satisfying the covariant relations.

Note that each covariant representation (7, V') provides a contractive
representation m X V' of A X, ZT. Similar definition can be given for
the universal operator algebra A x“" Z* (resp. A x" Z*) associated
with “all” unitary (resp. contractive) covariant representations.

The result below shows that the two definitions we have given so far
for Cy(X) X, Z* actually describe the same object.

Theorem 2.4 (Peters [56]). The representation Gyex Tz X Sy of
Co(X) X, ZT is isometric.

Proof. This result is an immediate consequence of the gauge-invariance
uniqueness Theorem of Katsura (Theorem 3.13). It pays however to
revisit Peter’s original argument, with ¢ being assumed a homeomor-
phism.

For each z € X and f € Cp(X) let

pe(N)E= (-, (foo ) (@)é f(@)éo, (fo o) ()& )

and U, is the forward shift on [*(Z). Let p = @pexp, and U =
@rex Uy. Tt suffices to verify that p x U is isometric on Cy(X) X,
77" since it is the wot-limit of representations unitarily equivalent to
@xGX Ty X Sm

Because of the amenability of Z, the representation p x U is faithful
(and so isometric) for the C*-algebraic crossed product Cy(X) X, Z.
Therefore for any unitary covariant representation (7, W) of (X, o), the
representation m x W is dominated in norm by p x U. If (7, V") is an
arbitrary covariant representation of (X, o) and V' =W 4V its Wold
decomposition, then the range space I — P = W*W = WW* com-
mutes with m because of the covariance relations. So we may examine
separately the covariant representations ((I — P)w, W) and (Pm,V).
The previous considerations show that we only need to focus on the
representation (Pr, V), with V' a pure isometry, i.e., a direct sum of
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forward shifts. However in that case one can see that Pm x V is uni-
tarily equivalent to the restriction of a regular representation of the
C*-algebra Cy(X) X, Z and the conclusion follows. n

It turns out that the representation theory of Cy(X) X, Z* allows
more than just integrated forms of isometric covariant representations.
Again this was first discovered by Peters in [56]. This result too has
been extended by now in many different ways and it follows easily
now from more general results. (See for instance [53].) However, the
original argument and the result itself are still a source of inspiration
for this author.

Theorem 2.5 (Peters [56]). The algebras A x" 7", A x4 Z" (and
A XU 7T in the injective case) are isometrically isomorphic.

Proof. I will prove only the isomorphism of Ax“"Z* Ax,Z*. Clearly
the norm of a finite polynomial in A X, Z* is dominated by its norm
in A x¢" 7", since any isometric covariant representation of (A, «) is
necessarily contractive.

To prove the converse, it suffices to show that any contractive covari-
ant representation (m,7T") of (A, «) is the restriction on a co-invariant
subspace of an isometric covariant representation (7, Vr) of (A, «). The
desired representation is actually given by the formula

m(a) 0 0

R 0 7(afa)) 0

wla)=1 o 0 w(a®(@) ...| e€4
and

7 0 0
Dy 0 0

Ve=| 0 I 0 ’
0 0 I

where Dy = (I — T*T)Y2. Verifying that the pair (7, V) satisfies
the covariance relations means that we need to check equality at each
entry to the left and right of the equation 7(a)Vy = Vo7t (a(a)). This
is immediate for all entries except from the (2, 1)-entry. There we need
to show that
m(a(a))Dr = Drr(a(a)), Va € A.
However,
m((a))T*T = T*7(a)T = T*T7(a(a))

and this suffices. ]
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Dilation results like the one above have received a lot of attention
(and continue to do so) as they allow for a representation theory that
is much richer than that of the selfadjoint theory. Nevertheless we will
not be focusing on such results in these notes. See instead [10] for a
recent comprehensive treatment.

2.2. The classification problem for semicrossed products. One
of the fundamental problems in the study of algebras is their clas-
sification up to algebraic isomorphisms. The non-slfadjoint operator
algebras are no exception to this rule

The problem of classifying the semicrossed products Co(X) x, Z*
as algebras was raised by Arveson [3]. Arveson’s idea was to use non-
selfadjoint crossed products in order to completely recover the dynam-
ics. (This cannot be done using C*-algebraic crossed products.)

Assume that o; and oy are topologically conjugate, i.e., there exists
a homeomorphism ~ : X; — X5 so that

YoO01=0207%.

Then the semicrossed products Cy(X1) Xo, ZT and Co(Xs3) X, ZT are
isomorphic as algebras. Hence conjugacy of the systems (X;,07) and
(X3, 09) is a sufficient condition for the isomorphism of Cy(X7) X,, ZT
and Cy(X3) X4, ZT. Is it necessary? Partial answers were given in the
following cases

e Both X; are compact, both o; have no fixed points, plus some
extra conditions. (Arveson and Josephson [4], 1969)

e Both X; are compact and o; have no fixed points. (Peters
[56], 1985)

e Both X; are compact and the set

{ve X |o(x) # 2,007 (z) = 0y (2)}

has empty interior. (Hadwin and Hoover [26], 1988)
e Both X; are locally compact and o; are homeomorphisms.
(Power [62], 1992)

The situation was finally resolved in 2008 by Davidson and the au-
thor. Our solution combined ideas of the previous authors regarding
the character space with a new approach as to how to work with char-
acters. Whereas the previous authors were using the character space in
order to characterize various isomorphism-invariant ideals intrinsically,
we instead used 2 X 2-upper triangular representations. The objective
of using representations was to understand what happens to the char-
acter space under the action induced by an isomorphism at the algebra
level. This approach also paid dividends in [11].
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Let us look closely at the character space M x ) of the semicrossed
product Cy(X) x, Z*. Any 0 € Mx, is determined uniquely by its
values on Cy(X) and VCy(X). Therefore there exist z € X and A € C,
Al <1, s0 that 0 |, (x) is just evaluation on z € X and 0(Vg) = Ag(x),
for any g € Cp(X). In that case we write § = 6, , and we think of A
as the “value” of § on V.! Note that in the case where z is not a fixed
point for o we have that A = 0 and so there is only one choice for 0, ),
i.e., 0. Indeed this follows by applying 6 to the covariance relation

geiV = eV(goo),

where {e;}; is an approximate unit for Cy(X) and g € Cy(X) satisfies
g(x) =1, g(o(z)) = 0. If x € X is not a fixed point for o, then there
are other possibilities for 6, 5 beyond 6,,. The collection of all such
characters 0, ) for a fixed x € X is denoted as M x,5.4)-

Now if A is an algebra, then reps, A will denote the collection of
all representations of A onto Ty, the upper triangular 2 x 2 matrices.
To each 7 € repg, A we associate two characters 0, and 0., which
correspond to compressions on the (1,1) and (2, 2)-entries, i.e.,

Ori(a) = (m(a)&, &), a€Ai=1,2,

where {£1,&} is the canonical basis of C?. If v : A, — Ay is an
isomorphism between algebras, then v induces isomorphisms,

(1) Ve : May, = M, by 7e(0) =00y~
(2) i reps, A1 = repg, Ay by 7y (m) =monTh
which are compatible in the sense that,

(3) ,YC(QW,Z') = e’yr(ﬂ),ia 1= 17 2a

for any m € repg, A;.
Let X be a locally compact Hausdorff space and o a proper contin-
uous map. For x1, x5 € X, let

rep,, ., Co(X)xoZ" = {7 € reps, Co(X)X,Z" | 0z € M(x,00,),% = 1,2}

Clearly, any element of repg, Co(X) x,Z" belongs to rep,, , Co(X) X, Z"
for some z,y € X.

Lemma 2.6. Let X be a locally compact Hausdorff space ando a proper
continuous map on X. Assume that x,y € X are not fixed points for n
and let ™ € rep,, Co(X) X, Z*. Then, y = o(x).

IThis statement is precise in the case where X is compact as V belongs to
C() (X) X 7+,
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Proof. By assumption, 6, = 0, and 0,5 = 6,0 and so 0,,1(gU) =
0r2(gU) = 0, for any g € Cy(X). Therefore for each g € Cy(X) there
exists ¢, € C so that

Clearly there exists at least one g € Cy(X) so that ¢, # 0, or otherwise
the range of m would be commutative. Applying 7 to gU f = (f on)gU
for f € Cy(X) and this particular g, we get

( 8 657 ) ( f%gj) f(ty) ) N ( f(néx)) f(??téy)) ) ( 8 009 )

for some t,t' € C, depending on f. By comparing (1,2)-entries, we
obtain,

fly) = f(n(x)),V € Co(X),

i.e., y =n(x), as desired. n

Theorem 2.7 (Davidson and Katsoulis [14], 2008). Let X; be a lo-
cally compact Hausdorff space and let o; a proper continuous map on
X;, fori=1,2. Then the dynamical systems (X1,01) and (Xs,03) are
conjugate if and only if the semicrossed products Co(X1) Xo, ZT and
Co(X32) X4, ZT are isomorphic as algebras.

Proof. I will prove the result under the assumption that both o; have
no fixed points. In that case, M(x, 0,2) = {0z0}, v € X;, i = 1,2,
and so the character space My, ,, equipped with the w*-topology is
homeomorphic to X;, ¢+ =1, 2.

Assume that there exists an isomorphism

v OO(Xl) X o1 Z+ — Co(XQ) Xy Z+.
Then the map
Ye : MXl,cn — MX2702

provides a homeomorphism between the spaces X; and Xs.Furthermore

%(repx7al(x) C()(X) Xa Z+) = rep’Yc(CIf),’Yc(Ul(w)) O[)(X) X AR

The previous lemma applied to the right side of the above equation
shows that

02(7e(7)) = e(01(2))

and the conclusion follows. ]
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2.3. The tensor algebra of a graph G. This is a class of algebras
that was introduced by Muhly and Solel [53] under the name quiver
algebras. They generalize Poescu’s non-commutative disc algebras [60,
61]. (See below for a precise definition.)

Let G = (G° G, r, s) be a countable directed graph and let G, denote
the (finite) path space of G, i.e., all vertices p € G° and all finite paths

V= €g€r—1...€1

where the ¢; € G! are edges satisfying s(e;) = 7(e;_1), i = 1,2,...,k,
ke N.

Let {&, }veg., denote the usual orthonormal basis of the Fock space
Hg = 1?(Go), where &, is the characteristic function of {v}. The left
creation operator L,, v € G, is defined by

Loy = { Ep i 5(v) =r(w)

0  otherwise.

Definition 2.8. The norm closed algebra generated by {L, | v € G..},
denoted as 75", is the tensor tensor algebra of the graph G. Its weak
closure, denoted as Lg, is the free semigroupoid algebra of G.

There is a particular class of graphs that deserves a special mention
here. If G is the graph consisting of one vertex p and a loop e, then
L, = I and the left creation operator operator L. is unitarily equivalent
to the forward shift on [2(N). For this graph G, the tensor algebra 'TgJr
is unitarily equivalent to the norm closed algebra generated by the shift
operator, i.e., the disc algebra A(ID). More generally, if G is the graph
consisting of one vertex p and n > 2 loop edges ey, es,. .., e, then the
corresponding creation operators L., Le,, ..., L., are pure isometries
with orthogonal ranges whose joint wandering space is one dimensional
(Cuntz-Toeplitz isometries). In this case, the tensor algebra 75" is
called the non-commutative disc algebra and it is denoted as A,,. These
algebras were introduced by Popescu [60] and play an important role
in the theory. As we shall see shortly, A, is the universal algebra
generated by a row isometry with n entries.

The algebras Tg+ were classified by Kribs and the author in 2004.

Theorem 2.9 (Katsoulis and Kribs [43], 2004). Let G, Gy be directed
graphs with no sinks. Then the tensor algebras ’731r and 7-ng are 1S0-
morphic as algebras if and only if G are Gy are isomorphic as graphs.

Once again a key ingredient of the proof is the use of multiplicative
forms and 2 x 2-upper triangular representations. Indeed, in a graph
algebra Tg+ one identifies the vertices of the associated graph G with
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the connected components of the character space of Tg+. The dimen-
sion of these connected components determines the number of loop
edges supported on each one of the corresponding vertices. By looking
at 2 x 2-upper triangular representations and the multiplicative forms
appearing in the diagonal entries, one can decide whether or not there
exist arrows between the vertices corresponding to these forms. Cal-
culating the number of these edges though requires an argument. See
[43] for more details. Note the arguments in [43] actually inspired the
work in [14].

Let see how the above result can be used beyond operator algebra
theory. We will reformulate a famous problem in graph theory as an
operator algebra problem.

Definition 2.10. Let G be a finite undirected graph with no loop
edges or multiple edges between any two of its vertices. A vertex-
deleted subgraph of G is a subgraph formed by deleting exactly one
vertex from G and its incidence edges.

Definition 2.11. For a graph G, the deck of G, denoted as D(G), is
the multiset of all vertex-deleted subgraphs of G. Each graph in D(G)
is called a card. Two graphs that have the same deck are said to be
hypomorphic or reconstructions of each other.

With these definitions at hand, we can state the following well-known
conjecture.

Conjecture 1 (Kelly and Ulam). Any two hypomorphic graphs on at
least three vertices have to be isomorphic.

A finite directed graph G will belong to the subclass & of all directed
graphs if G comes from a finite undirected graph by replacing each
edge with two directed edges with opposite directions. The concepts
of a card, a deck and hypomorphism transfer to graphs in & and the
Reconstruction Conjecture can be stated as

Conjecture 2 (Reconstruction Conjecture of Kelly and Ulam). Any
two hypomorphic graphs in &y on at least three vertices are necessarily
1somorphic.

Definition 2.12. If G € &, then a vertex-deleted subalgebra of ’Tg+ is
formed by deleting from G exactly one vertex and its incidence edges
and then taking the subalgebra of 75" formed by the partial isometries
and projections corresponding to the remaining edges and vertices re-
spectively.

Definition 2.13. For a tensor algebra 7", the deck of 75", denoted as
D(T5), is the multiset of all vertex-deleted subalgebras of 7;". Each
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graph in D(75") is called a card. Two tensor algebras that have the
same deck are said to be hypomorphic or reconstructions of each other.

In an ongoing collaboration with Gunther Cornelissen at Utreht we
have the following

Theorem 2.14. If G1,Gy € &, then the graphs G, and Gy are hypo-
morphic if and only ’Tngr and Tgt are hypomorphic as operator algebras.

Therefore the reconstruction conjecture admits the following equiv-
alent form

Corollary 2.15. The reconstruction conjecture in graph theory is
equivalent to the assertion that hypomorphic tensor algebras of graphs
i By are necessarily isomorphic as algebras.

There is a more abstract approach to defining the tensor algebra of
a graph. The situation is similar to that of semicrossed products and
there is a reason for that as we shall see soon.

Definition 2.16. Let G = (G° G!, 7, s) ba a countable directed graph.
A family of partial isometries {L.}.cga and projections {Ly},cg0 is
said to obey the Cuntz-Krieger-Toeplitz relations associated with G if
and only if they satisfy

(1) L,L,=0 Vp.qe GO p+g

(2) LiL;=0 Ve, feGW e f
<T) (3) LZLe = Ls(e) Vee Q(l)

(4) LeLi < Ly VeegW

(5) Zr(e):p LCLZ S Lp VP € g(o)

Definition 2.17. . The tensor algebra 73r of a graph G is the universal
operator algebra for all families of partial isometries {Le}.cgn) and
projections {L,},cg© which obey the Cuntz-Krieger-Toeplitz relations
associated with G.

It seems that we have given two different definitions for the same
object. The next result shows that there are no contradictions arising
from this.

Theorem 2.18 (Fowler, Muhly and Reaburn [23], 2001). The repre-
sentation of ’Tg+ on the Fock space H¢ is isometric.

In particular, A, is the universal algebra for a row isometry. The
above result follows easily as a corollary of Theorem 3.13.
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3. C*~-CORRESPONDENCES

The algebras appearing in the previous sections are all examples of
tensor algebras of C*-correspondences. In this section we describe in
detail that broad class of operator algebras.

The construction of C*-algebras coming from a C*-correspondence
originated in the seminal paper of Pimsner [58]. Pimsner considered
only injective correspondences in [58]. Even though such correspon-
dences are easier to work with, many natural C*-algebras come from
non-injective ones. Many mathematicians tried to extend Pimsner’s
ideas to non-injective correspondences with varied levels of success.
Now days Katsura’s approach [46] is considered to be the most suc-
cessful one; this is the one presented here. We start with the basic
definitions.

Let A be a C*-algebra. An inner-product right A-module is a linear
space X which is a right A-module together with a map

()= () X xX—>A
such that

(€ AC+m) = A (& Q)+ (&m)
(& na) = (& n)a
(n,&) = (&)
(§,€) = 0 if (£,€) =0 then £ =0.

For £ € X we write ||€]|% = [|(£,€)]|, and one can deduce that [|-||
is actually a norm. If X equipped with that norm is a complete normed
space then it will be called Hilbert A-module. For a Hilbert A-module
X we define the set L(X) of the adjointable maps that consists of all
maps s : X — X for which there is a map s* : X — X such that

(s€,m) = (& s™n), {Eme X

The compact operators K(X) C L(X) is the closed subalgebra of

L(X) generated by the "rank one” operators

65:77(2) = § <777 Z> ) 57 n,z e X

Definition 3.1. . A C*-correspondence (X, A, ¢) consists of a Hilbert
A-module (X, A) and a non-degenerate left action

p: A— L(X).

If ¢ is injective then the C*-correspondence (X, A, p) is said to be
injective.
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A (Toeplitz) representation (m,t) of X into a C*-algebra B, is a pair
of a x-homomorphism 7: A — B and a linear map ¢t: X — B, such
that

(i) 7(a)t(§) = t(ex(a)(§)),

(i) £(&)*t(n) = =((&, 1) x ),
for a € A and £, € X. An easy application of the C*-identity shows
that

(iii) t(§)m(a) = t(Sa)
is also valid. A representation (m,t) is said to be injective iff 7 is
injective; in that case t is an isometry.

Definition 3.2. The Toeplitz-Cuntz-Pimsner C*-algebra Tx of a C*-
correspondence (X, A, ) is the C*-algebra generated by all elements
of the form 7. (a),tx(£), a € A, £ € X, where (7, ts) denotes the
universal Toeplitz representation of (X, A, ¢).

The ideas of Pimsner [58] were brought in the non-selfadjoint world
by the pioneering work of Muhly and Solel [53], who recognized an
important subalgebra of the Toeplitz-Cuntz-Pimsner C*-algebra Tx.

Definition 3.3. The tensor algebra Ty is the norm-closed subalge-
bra of Tx generated by all elements of the form 7. (a),t(§), a € A,
¢ € X, where (T, t) denotes the universal Toeplitz representation of
(X, A, ).

Let us see now how the examples of Section 2 manifest as tensor
algebras of specific C*-correspondences.

Example 3.4. (i) Let A be a unital C*-algebra and « a unital endo-
morphism. Set A=A, X, = A,
Em)=¢&n &neXa

and p(a)éb = a(a)éb, for a,b € A, ¢ € X,. A non-degenerate’
(Toeplitz) representation (m,t) of (X,, A) into a C*-algebra B should

satisfy
1=n(1) =7((1,1)) = t(1)"t(1),

where 1 € A is the unit element. Furthermore Properties (i), (ii) and
(iii) imply

r(@)t(1) = 7(p(@)1) = n(a(a))
m(la(a)) =t(1)m(a(a))
This implies that the pair (7 t( )) is a covariant representation of the
C*-dynamical system (A4, ), in the sense of Definition 2.2.

2If (m,t) is degenerate then restrict on the reducing subspace m(1).
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Conversely if (7, V') is a covariant representation of the C*-dynamical
system (A, «), then set t(§) = Vr(€), & € A and verify that the pair
(m,t) is a Toeplitz representation of (X,, A). In this case the tensor
algebra of (X, A) is the semicrossed product A x, Z™.

(ii) Let G = (G° G',r,s) be a finite graph. Let A = ¢,(G°), Xg =
co(G')

&)= > &emle), &EmeXg, ped®

s(e)=p

and (190(f)§g)(6) = f(r(e))&(e)h(s(e)), with £ € Xg, f.g € A and
eec G .

Let Let (m,t) be a non degenerate Toeplitz representation of the
graph correspondence (Xg, A). Let L, = w(1,), p € G° and L, =
t(1.), e € G', where 1, € Xg denotes the characteristic function of the
singleton {e}, e € G' and similarly for 1, € A, with g € G°. Then
L,L, =7(1,1,) = 6,,L,, where p,q € G°. Also,

LiLy = t(1.)t(1) = w({1e, 14)) = 0, for e, f € G' e # f

and similarly L} L, = Ly, e € G'. Tt is clear that the family {L.}.cgm)
of partial isometries and {L,},cgwo of projections obey the Cuntz-
Krieger-Toeplitz relations of Definition 2.16.

Conversely given a family {L.}.cgn) of partial isometries and
{Ly},ego of projections obeying the Cuntz-Krieger-Toeplitz relations
of Definition 2.16, we can define a Toeplitz representation of the graph
correspondence (Xg, A) by setting m(1,) = L,, p € G°, t(1.) = L,
e € G' and extending by linearity. In this case the tensor algebra of
(Xg, A) is therefore 75"

(iii) A broad class of C*-correspondences arises naturally from the
concept of a topological graph. A topological graph G = (G° G', 7, s)
consists of two o-locally compact® spaces G°, G!, a continuous proper
map 7 : G' — G° and a local homeomorphism s : G — G°. The set G°
is called the base (vertex) space and G' the edge space. When G° and
G! are both equipped with the discrete topology, we have a discrete
countable graph (see below).

With a topological graph G = (G°, G, r, s) there is a C*-correspon-
dence Xg over Cy(G°). The right and left actions of Cy(G°) on C.(G)
are given by

(fFg)(e) = f(r(e))F(e)g(s(e))

3Due to this assumption, all discrete graphs appearing in this paper are
countable.
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for F € C.(GY), f,g € Co(G°) and e € G'. The inner product is defined
for F,G € C.(G') by

(Fla) ()= ) F(e)G(e)

e€s—1(v)

for v € G°. Finally, Xg denotes the completion of C.(G') with respect
to the norm
(4) |F|| = sup (F | F) (v)"/.
veGO
When G° and G' are both equipped with the discrete topology, then
the tensor algebra 73r = 7}; associated with G coincides with the

quiver algebra of Muhly and Solel [53]. In that case, 75 has already
been described.

Theorem 3.5. Let (m,t) be a representation of a C*-correspondence
(X, A, ). Then there exists a map

Y K(X) — C*(m,t)

so that Y (O,,) = t(E)t(n)*, for all&,m € X. If m is injective then vy is
imjective as well.

Proof. Represent B = C*(w,t) faithfully on a Hilbert space H, and
consider the representation of K (X)) on the Hilbert space X ®4H. (See
below for a precise definition of that tensor product.) It is easy to see
now that we have an isometry £ ® h — t(§)h € H. Then 1), is the
equivalent representation of K(X) on the range of that isometry.

Definition 3.6. A representation (7, t) of a C*-correspondence (X, A, )
is said to be a covariant representation iff

m(a) = Y(p(a)), forall a € Jy,
where Jx = ¢ (K (X)) N (ker p)=*.

Definition 3.7. . The Cuntz-Pimsner C*-algebra Ox of a C*-cor-
break respondence (X, A, ¢) is the C*-algebra generated by all elements

of the form T (a),t (), a € A, £ € X, where (T, to) denotes the
universal covariant representation of (X, A, ¢).

It is not clear that a C* correspondence admits non-trivial Toeplitz
or covariant representations. For that purpose we introduce the interior
tensor product of C*-correspondences.

The interior or stabilized tensor product, denoted by X ® X or simply
by X®2 is the quotient of the vector space tensor product X ®g, X by
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the subspace generated by the elements of the form
fa®@n—E@pla)n, &§neX,aecA
It becomes a pre-Hilbert B-module when equipped with

(E®n)a: =L (na),
(€1 @m, & ®@m) = = (Y1, ({61, 62))12)
For s € L(X) we define s ® idx € L(X ® X) as the mapping

@y s(§) ®y.
Hence X ® Y becomes a C*-correspondence by defining pxgx(a) :=
vx(a) ®idy.

The Fock space Fx over the correspondence X is the interior direct
sum of the X®" with the structure of a direct sum of C*-correspon-
dences over A,

Fx=Ao X X%?q....
Given € € X, the (left) creation operator to (&) € L(Fy) is defined as

too(§)(a, €1, G-+ ) = (0,60, § © (1, E @ G- ).
For any a € A, we define
Too(a) = Lo @ p(a) ® (S7219(a) @ idy).

It is easy to verify that (7, ts) is @ Toeplitz representation of (X, A)
which is called the Fock representation of (X, A). Note that 7., is
faithful and so non-trivial.

We also need to produce non-trivial covariant representations. Our
presentation follows that of Katsura [46]. We require the following

Lemma 3.8. Let (X, A) be a C*-correspondence and J C A a closed
ideal. If k € K(X), then the following are equivalent

(l) k € K(XJ> = [{Qﬁaﬂl | 5777 € Xva € J}}
(i) (k&m) € J, forallé,ne X

Proof. Since the operators satisfying (ii) form an ideal, it is enough
to consider k > 0 satisfying (ii) and verify (i). It is enough show that
k* € K(X.J). Indeed, if k = lim,, }, f¢n o, then

= (5 ()
i J
- hgnzgﬁdml(&)v”j € K(XJ)
4,J

as desired. n

The previous lemma gives easily the following useful application.
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Corollary 3.9. Let (X, A), (Y, A) be C*-correspondences and let
p: A— L(Y)
0 LX) — L(X®,Y);s— s®1
Assume that k € K(X). Then k € ker ¢, if and only if k € K(X ker ).
In particular

Corollary 3.10. Let (X, A) be a C*-correspondence. Then for each
n € N, the restricted map

) K(X®"'Jx) 2k k©id € L(X®")
18 1sometric.
Proof. By the previous corollary, if k& belongs to the kernel of (5), then
<ka> 7) € ker g, for all &me Xl
On the other hand k£ € K(XJx) and so Lemma 3.8 shows that
(k€M) € Jx Ckeryp™, forall {5 € X¥" .
Hence k£ = 0. .

Let us prove now that (X, A) admits a non-trivial covariant repre-
sentation. Note that for the Fock representation we have

Too(a) — i (p(a) =L, 00D ..., a€cA

Therefore if we want a covariant representation we need to somehow
mod out with the ideal generated by the above differences, with «a
ranging over Jx. Let us try to determine that ideal.

Note that the above differences belong to K (Fx). Now if £ € X®™
and 77 € X®" and a € Jy, then

too(E)(La ® 0B 0B ... )too ()"
= 9(0,0 ..... £,...)a,(0,0,...,7a,...) S K(]:XJX)-

This calculation shows that the right candidate is K(FxJx). (Also
note that the above implies that K(FxJx) C C* (7w, to).) If we mod
out by K(FxJx) we have a covariant representation (7o, to,) With

Too 1 A =223 C* (Moo, tog) ——— C* (Moo, too) /K (Fx Jx)
oot X —2 s O (Mo too) ——— C* (Toos too) /K (Fx Jx),

where ¢ denotes the quotient map. In order to show that (Tu,ts) is
non-trivial, we verify that it is actually injective.



18 E.G. KATSOULIS

Assume that Too(a) = 0 and so 7w (a) € K(FxJx) Then,
a€ Jx
pla) € K(XJx)
(6) pla) ®id € K(X®*Jx)

and also lim, ||¢(a) ® id"|| = 0, because 7 (a) is compact. On the
other hand, Corollary 3.10 implies that,

(7) le(@)ll = le(a) @idl| = flo(a) @id?*|| = ...
and so ¢(a) = 0. Since a € Jy C ker ¢ we obtain a = 0. This shows
that (e, too) is injective and thus non-trivial.

3.1. The gauge-invariance uniqueness Theorems. Having estab-
lished that the representation theory of the Cuntz-Pimsner and Cuntz-
Pimsner-Toeplitz algebras is not in vacuum, now we need a test to let

us know when a particular representation of these algebras is actually
faithful.

Definition 3.11. A representation (7,t) of X is said to admit a gauge
action if for each z € T there exists a *-homomorphism

B.: C*(m,t) — C*(m, 1)

such that g,(w(a)) = 7w(a) and B,(t(§)) = zt(§), for all a € A and
e X.

Theorem 3.12 (Katsura [47], 2004). Let (X, A,p) be a C*-cor
respondence and (mw,t) a covariant representation that admits a gauge

action and is faithful on A. Then the integrated representation p = wxt
is faithful on Ox.

Proof. I will sketch the proof only in the case where Jy = A, i.e., ¢
is injective and p(A) C K(X).

Let (T, ts) be the universal covariant representation. Since both 7
and To, are injective, the maps ¢y» and ¢ , n € N, are injective. Let

An = thp (K(X®")) and A, = ¢p (K(X®")), neN.

Since A = Jx we have 7(A4) C ¢y(K(X)) and inductively A, C A1,
n € N. Similarly A, C A,+1, n € N. Set A, = U, A,, and similarly

for A. Clearly Ao and A, are the fixed point algebras for the gauge
actions on C*(m,t) and Ox respectively. Since p |1, = ¥n oz/;{nl, n €N,

we obtain that p |5 is injective. Since A, is an ascending union, p |5_
is also injective. This suffices to prove the injectivity of p.



NON-SELFADJOINT ALGEBRAS 19

Indeed assume that there exists a positive z € Ox M ker p. Since p
intertwines the gauge actions, i.e., po 8, = 8,0 p, z € T, we have

(8) po®=>dop,

where @ is the faithful expectation on C*(7,t) projecting on A, i.e.,
O(s) = [ B.(s)dz, s € C*(m,t), and similarly for ®. Applying (8) on =

we get that p(®(z)) = 0 and so ®(z) € ker pN A, = {0}, as desired. m

Combining the above theorem with our earlier results, we obtain that
the representation 7o, X o is faithful for Ox, as (Tuo, o) i injective.

Theorem 3.13 (Katsura [47], 2004). Let (X, A,¢) be a C*-cor-
respondence and (m,t) a representation that admits a gauge action and
satisfies

I'(mt)={a€ A|7(a) € Y (K(X))} =0
Then the integrated representation m X t is faithful on Tx.

Using the above theorem one can easily see that if (7w, ts) is the
Fock representation, then m,, X t4 is faithful for Tx.

Let us give an application of the gauge invariance uniqueness theorem
to tensor algebras. We need the following result which generalizes the
well known fact that the restriction of the Calkin map on the algebra
generated by the shift is an isometry. (Under the additional assumption
that X is strict, this result was obtained by Muhly and Solel [53].)

Proposition 3.14 (Katsoulis and Kribs [44], 2006). If (X, A, ¢) is an
injective correspondence, then

alg(Too, too) / K (Fx) =~ alg(Teo, too)

The following results tell us that for an injective correspondence
(X, A), the tensor algebras T, sits naturally inside Ox. It generalizes
the fact that the operator algebra generated by the shift operator is
completely isometrically isomorphic with the disc algebra and therefore
sits inside C(T).

Corollary 3.15. If (X, A) is an injective correspondence, then Ty
embeds isometrically and canonically in Ox.

Proof. In the previous proposition we saw that alg(meo, too) /K (Fx) =
alg(Too, too) and so alg(meo, too) /K (Fxiy) = alg(moo, too). However, as
we commented right after the proof of Theorem 3.12,

alg(woo,too)/K(]:XJX) Q C*(ﬂ-oo;too)/K(FXJX) ~ OX

and we are done. ]
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There is a stronger formulation for the above result: if (X, A) is an
injective correspondence, then the C*-envelope of T3 is isomorphic to
Ox. The reader can go now to Section 5 for the appropriate definitions
or even a proof of that result. Note however that the assumption of
injectivity for (X, A) cannot be removed without the considerations of
the section that follows.

4. ADDING TAILS TO A C*-CORRESPONDENCE

By adding a tail to a C*-correspondence, one can study arbitrary
C*-correspondences with the aid of injective ones, which in general are
better behaved. Loosely speaking, we say that a C*-correspondence
(Y, B, ) arises from (X, A, ¢) by adding a tail iff

(i) X CY and A C B, with

(@) =pla)s, acAecX
(ii) a covariant representation of (Y, B, 1)) restricts to a covariant

representation of (X, A, ¢)
(iii) Ox is a full corner of Oy

The origins of this concept are in the theory of graph C*-algebras.

Let G be a connected, directed graph with a distinguished sink pg €
G° and no sources. We assume that G is contractible at py, i.e., there
exists a unique infinite path wg = ejezes ... ending at pg, i.e. r(wg) =
po and the saturation of p is the whole graph. (Saturation in the sense
of [5]). Let p, = s(e,), n > 1.

Let (Ap)pego be a family of C*-algebras parameterized by the vertices
of G so that A,, = A. For each e € G', we now consider a full, right
Hilbert Ay) - module X, and a *-homomorphism

Pe - Ar(e) — ,C(Xe)
satisfying the following requirements.

o If ¢ # e, . is injective and maps onto K(X).
0 K(X.,) € por(4) and

(9) Jx C ker e, C (ker gox)l.
e The maps ¢px and ., satisfy the linking condition
(10) el (K(Xe,)) € ox! (K(X))
Let

Ty = co( (Ap)pego ),

where G = G%\{py}.
Let 77 be the completion of coo((Xe)eegr) with respect to the inner
product



NON-SELFADJOINT ALGEBRAS 21

<uav> (p) = Z <ueave> , DE€E gg
s(e)=p
Equip now 77 with a right Tj - action, so that
(uz)e = UeZs(e), €€ G a €T,

The pair (T, T7) is the tail for (X, A, p).
To the C*-correspondence (X, A, ¢) and the data

T = (Q, (Xe)eeglv (Ap)p€go7 (@6)6691)7

we now associate
A=A T,
(11) e
X.=XoT)
and we view X, as a A.-Hilbert module.
We define a left A -action ¢, : A, — L(X,) on X, by setting

pr(a,z) (8§ u) = (px(a)é,v),
where

_ 9061 (a’) (uel)a 1f € = €1
Ve = :
©e(Tr(e))Ue, otherwise

forae A, (€ X, x €Tyand u e T.

Theorem 4.1 (Kakariadis and Katsoulis [39], 2012). Let (X, A, p)
be a non-injective C*- correspondence and let X, be the graph C*-cor-
respondence over A, defined above. Then X, is an injective C*-cor-
respondence and the Cuntz-Pimsner algebra Ox is a full corner of Ox_.

Furthermore, if (7,t) is a covariant representation of X, then its
restriction on X produces a covariant representation of (X, A, ¢) .

4.1. The Muhly-Tomforde tail. Our Theorem 4.1 was inspired by
relevant work of Muhly and Tomforde [54]. Given a (non-injective) cor-
respondence (X, A, ¢x), Muhly and Tomforde construct the tail that
results from the previous construction, with respect to data

T = <g7 (Xe>e€g(1>) (Ap)peg(0)7 (¢e>e€g(1>>

defined as follows.
The graph G is illustrated in the figure below.
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A, =X, =kerpy, forall p e G and e € GO, Finally,
(pe(a)ue = alUe, €C g(1)7ue € Xe7 a € Ar(e)

4.2. The tail for (A, A, a). Given a (non-injective) correspondence
(X, A, px), we construct the tail that results from the previous con-
struction, with respect to data

T = <g7 (Xe>e€g(1)) (Ap)peg(0)7 (¢e>e€g(1>>

defined as follows.
Let 6 : A — M(ker px).
The graph G is once again

oP0 oP1 oP2 oP3 °
el e es

but A, = X, = 0(A), for all p € G and e € GW. Finally,
ve(a)ue = 0(a)ue, €€ GW u e X,,a€e Are)

Using the technique of “adding tails” we can dispose of the injectivity
assumption in Corollary 3.15.

Theorem 4.2 (Katsoulis and Kribs [44], 2006). If (X, A, ) is any
C*-correspondence, then Ty embeds isometrically and canonically in
Ox.

Another application of adding tails appears in [39].

Theorem 4.3. Let (A, ) a C*-dynamical system and X, the pertinent
correspondence. Then the Cuntz-Pimsner C*-algebra Ox, is strongly
Morita equivalent to a crossed product C*-algebra.

Finally let us give a sample of how exciting things can get with this
process of “adding tails”. This material is not required for accessing
the rest of the paper.

Definition 4.4. A multivariable C*-dynamical system is a pair (A, «)

consisting of a C*-algebra A along with a tuple o = (a1, g, ..., ),

n € N, of x-endomorphisms of A. The dynamical system is called

injective iff NI, kera; = {0}. To the multivariable system (A, ) we

associate a C*-correspondence (X,, A, ¢,) as follows. Let X, = A" =
? 1A be the usual right A-module. That is

(i) (a1,...,a,)-a=(a1a,...,aya),

() (@1, a). (Broe b)) = S aby) = S0, ab
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Also, by defining the *-homomorphism
Vo: A — L(X,): a— B ;(a),

X becomes a C*-correspondence over A, with ker ¢, = NI, ker o; and
p(A) € K(Xa).

It is easy to check that in the case where A and all «; are unital, X
is finitely generated as an A-module by the elements

where 1 = 14. In that case, (m,t) is a representation of this C*-
correspondence if, and only if, the #(¢;)’s are isometries with pairwise
orthogonal ranges and

w(e)t(§) =t(§m(a(c)), i=1,...,n.

Definition 4.5. The Cuntz-Pimsner algebra O(4,) of a multivariable
C*-dynamical system (A, «) is the Cuntz-Pimsner algebra of the C*-
correspondence (X, A, pq) constructed as above

In the C*-algebra literature, the algebras O(4,) are denoted as
A x4 O, and go by the name “twisted tensor products by O,,”. They
were first introduced and studied by Cuntz [9] in 1981. In the non-
selfadjoint literature, there algebras are much more recent. In Section
6, we will see the tensor algebra T (A, «) for a multivariable dynamical
system (A, a). It turns out that 71(A, «) is completely isometrically
isomorphic to the tensor algebra for the C*-correspondence (X, A4, ¢, ).
As such, O(4,q) is the C*-envelope of T(A, ). Therefore, O(4,4) pro-
vides a very important invariant for the study of isomorphisms between
the tensor algebras 74 q).

We now apply our “adding tails” technique to the C*-correspondence
defined above. The graph G that we associate with (X,, A, ¢,) has no
loop edges and a single sink po. All vertices in GO\ {py} emit n edges,
i.e., as many as the maps involved in the multivariable system, and
receive exactly one. In the case where n = 2, the following figure
illustrates G.
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There is a unique infinite path w ending at pg whose saturation is the
whole graph and so the requirements of Theorem 4.1 are satisfied, i.e.,
G is contractible at py.

Let J = N, kero; and let M(J) be the multiplier algebra of J.
Let 0: A — M(J) the map that extends the natural inclusion J C
M(J)). Let X, = Aye) = 0(A), forall e € GW, and consider (X, Ay ))
with the natural structure that makes it into a right Hilbert module.

For e € GMW\{e;} we define ¢, (a) as left multiplication by a. With
that left action, clearly X, becomes an A, ) — Ay)-equivalence bimod-
ule. For e = ey, it is easy to see that

e, (a)(0(b) = 0(ab), a,be A

defines a left action on X., = 6(A), which satisfies both (9) and (10).
For the C*-correspondence (X,, A, p,) and the data

T = <Q, (Xe)eegm» (Ap)peg<0>v (@e)eegm)?

we now let ((X4)r, A7, (¢a)r) be the C*-correspondence constructed as
in the previous section. For notational simplicity ((Xa):, Ar, (¢a)r)
will be denoted as (X, A,, ¢,). Therefore

A, = A® (G, 0(A))
X, = A" @ c(GW,0(A)).

Now label the n-edges of G emitting from each p € G as p,p®),
,p™. Tt is easy to see now that the mapping

co(g(l), 0(A)) > u+— @?:1{u(p(i))}p€g(o) €eEdr, Co(g(_o)a 0(A))
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establishes a unitary equivalence
X, = A" ® co(GW, 0(A))

o, (A0 (@ 04))

between the Hilbert A-module X, and the n-fold direct sum of the C*-
algebra A @ co(g(_o), 0(A)), equipped with the usual A @ co(g(_o), 0(A))-
right action and inner product.

It only remains to show that the left action on X, comes from an
n-tuple of *-endomorphisms of A @ co(g(f”, 6(A)). This is established
as follows.

For any i = 1,2,...,n and (a,z) € A® CO(Q(_O),@(A)) we define

OAéi(a7 LE) = (ai(a)7 Vi(aa .73))
where v;(a, 2) € co(G,0(A)) with

| _ [0, i =,
7@(aax)<p) - { :E(T(p(z))), otherwise.

It is easy to see now that (A ® co(g@, 0(A)),aq, ... ,dn> is a multi-

variable dynamical system, so that the C*-correspondence associated
with it is unitarily equivalent to (X, A;, ¢r).
We have therefore proved

Theorem 4.6. If (A, «) is a non-injective multivariable C*-dynamical
system, then there exists an injective multivariable C*-dynamical sys-
tem (B, 3) so that the associated Cuntz-Pimsner algebras Oaay is a
full corner of Op ). Moreover, if A belongs to a class C of C*-algebras
which is nvariant under quotients and cy-sums, then B € C as well.
Furthermore, if (A, «) is non-degenerate, then so is (B, [3).

5. THE C*-ENVELOPE OF AN OPERATOR ALGEBRA

Most experts will agree that the concept of the C*-envelope is at the
heart of the modern operator algebra theory. This is one of the lasting
contributions of Bill Arveson [1, 2] that will keep us busy for years to
come. The presentation we give here is complete with proofs and it is
essentially the Dritschel and McCullough approach to the subject [22]
via maximal dilations.

What is the C*-envelope of an operator space &7 There are more
than one ways to approach the answer. Some might opt for the categor-
ical approach: the C*-envelope is the “smallest” C*-algebra containing
S. (See the statement of Theorem 5.10.) Others, like myself, prefer the
“utility grade” approach: the C*-envelope is the C*-algebra generated
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by the range of any maximal and isometric representation of S. (Now
read the proof of Theorem 5.10.) The truth be told, the C*-envelope
is an elusive object as we only know of its existence through non-
constructive proofs. As you can imagine, identifying the C*-envelope,
even for very concrete algebras or spaces, can be quite a feat.

In this section, all operator spaces S satisfy 1 € § C C*(S) and
all completely contractive maps between operator spaces preserve the
unit. See the monographs [7, 55] for the basic definitions and results,
such as the one appearing below.

Theorem 5.1 (Arveson [2], 1969). A (unital) completely contractive
map ¢ : S — B(H) admits a completely contractive (unital) extension

51 C*(S) — B(H).

Definition 5.2. A completely contractive (cc) map ¢ : S — B(H) is
said to have the unique extension property iff any completely contrac-
tive extension

p:C*(S) — B(H)
is multiplicative.
Definition 5.3. If p; : S — B(H;), i = 1,2, are cc maps then ¢, is
said to be a dilation of ¢; (denoted as ps > ¢1) if Hy O Hy and

i, (p2(8)) = Prypa(s) = ¢1(s), Vs € S.

Definition 5.4. A completely contractive (cc) map ¢ : & — B(H) is
said to be maximal if it has no non-trivial dilations: ¢’ > ¢ = ¢’ =
© @ for some cc map .

Theorem 5.5 (Muhly and Solel [52], 1998). A completely contractive
map ¢ : S — B(H) is mazimal iff it has the unique extension property.

Proof. Suppose ¢ is maximal and ¢ a cc extension on C*(S). By
Stinespring’s Theorem there exists a dilation p of ¢ so that the following
diagram

C*(8) —~ B(H)

commutes. (Here ¢ denotes compression on H.) The map p is a *-
representation and we may assume that

[P(C7(8))(H)] =K

or otherwise we compress.
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Since ¢ is maximal, for any s € S we have p(s) = ¢(s) ® s; for some
s1 and so p(s*) = p(s)* = p(s)* & si. Hence
[P(C(S)(H)] =H

and so K = H and ¢ = id. Therefore ¢ = p is multiplicative.

Conversely, assume that ¢ : & — B(#) has the unique extension
property and let p: & — B(K) be a dilation of ¢. Extend both ¢ and
p to completely contractive maps ¢ and p so that the diagram

C*(8) —~ B(H)

commutes on §. Hence the completely contractive map c o p agrees
with ¢ on § and since ¢ has the unique extension property, c o p is
multiplicative. Hence

Pyp(s*s) Py = Pup(s”) Pup(s) Py
Also by the Swarchz inequality
Pyp(s*s) Py > Pup(s™)p(s) Py
Subtracting the above gives

0> Pyup(s™)(I = Pp)p(s) Pr = (1= Py)p(s)Pr) (1= Pr)p(s) Pr) > 0

and so p((S) leaves H invariant. Analogous calculations with p(ss*)
also imply invariance of H by p(S*) = p(S)* and so H reduces p(S)
and therefore p(S). Hence p is a trivial dilation. n

As T explained in the introduction, the range of a completely isomet-
ric and maximal map will give us the C*-envelope. Proving that such
maximal maps do exist requires a clever trick.

Theorem 5.6 (Dritschel and McCullough [22], 2005). Every cc map
0 : S — B(H) can be dilated to a mazimal cc map ¢': S — B(H').

Proof. For convenience we assume that both A and H are separable.
The proof proceeds in two steps. First we prove that ¢ admits a dilation
1 on a Hilbert space H, which is mazimal with respect to ¢. That
means that any dilation ¢’ of ¢ on some Hilbert space H, satisfies

(12) (Pp,, — P, )V Py = Putp (P, — Py,) = 0.

By way of contradiction assume that such a dilation does not exist
for ¢. Hence there exists a dilation v; for ¢ which is non-trivial, i.e.,
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it does not reduce H. Since )y is not maximal with respect to ¢, it
admits a dilation v, that fails (12), i.e

(Psz B PHTM)wIP,H = PHw (PHIZJQ - PH#&) = 0.

Since 15 is not maximal with respect to ¢, it admits a dilation 5 that
once again fails (12), i.e

(P, = Pry, )V P = Prap(Pr,, — Pu,,) = 0.
Continuing like this and using transfinite induction, we obtain dilations
{1;}ier that fail (12) with respect to their successors, where I denotes
the first uncountable ordinal. Since the gap ordinals are uncountable,
we obtain a contradiction because of our separability assumption.

In order to finish the proof, let ¥); be a dilation of ¢ which is maximal
with respect to ¢, let ¥y be a dilation of v¢; which is maximal with
respect to ¥; and so on. Any weak limit of the sequence {1, },en gives
the desired maximal dilation ¢ of (. n

Notice an important implication of Theorem 5.5. If ¢ : S — B(H)
is completely contractive homomorphism of a (unital) operator algebra
S, then any maximal dilation of ¢ is automatically multiplicative. The
same conclusion on multiplicativity holds for arbitrary completely iso-
metric maps between operator algebras as we are about to see. First
we need the following.

Lemma 5.7 (Arveson [2], 1969). Let S, T be operator spaces and « :
S — T be a completely isometric (unital) map. If o : T — B(H) is
mazimal then

poa:S — B(H)
is also mazximal.

Proof. Indeed assume that p dilates ¢ o ¢ so that the diagram
B(K)

S§=~T——+B(H)

commutes. Then for any ¢ € 7 we have

Pup(a” (1)) = c(p(a™(1))) = (1)

and so by the maximality of ¢, there exists t; so that

p(a” (1) = pt) & .
Substituting t = a(s), s € S in the above, we get

pls) = (poa)(s) ® s
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and so o « is a maximal map. n

Corollary 5.8. If A, B are unital operator algebras and
a: A— B

15 a complete isometry, then o s multiplicative.

Proof. Consider the diagram
A—>B—5% BH)

with p a maximal completely isometric map. Since p is the restriction
of a x-homomorphism on C*(B), p is multiplicative. By the previous
lemma, poa is maximal. Arguing as above, we obtain that po« is also
multiplicative. Hence, a = p~! o (p o ) is multiplicative. n

The following results were discovered by Arveson [1] in special case
and by Hamana [25] in complete generality.

Theorem 5.9 (Hamana [25], 1979). Let ¢ : S — B(H) be a completely
isometric maximal map. If J C C*(S) is an ideal so that the quotient
map

q:C*(S) — C(S)/T
1s faithful on S, then

J C ker

where @ is the unique cc extension of ¢ to C*(S). (The ideal ker ¢ is
said to be the Shilov ideal of S C C*(S).)

Proof. Consider a map 6 that makes the following diagram

S|T
7N
S . B(H)

commutative. Now extend 6 to obtain a diagram

C(8)/T )
PN
C*(S) 5 B(H)

which is not a priori commutative. However, 6 o ¢ is a completely
contractive extension of ¢, which has the unique extension property.
Hence ¢ = 6 o q. In particular, J = ker q C ker ¢. N

Finally here is the existence of the C*-envelope.
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Theorem 5.10 (Hamana [25], 1979). Let S be a unital operator space.
Then there exists a C*-algebra C%,(S) (= the C*-envelope of S) and a
complete unital isometry

j: § — C;.(S)

ENV

so that for any other completely isometric unital embedding

p: S — C=Cp(S))

*
env

we have x-homomorphism w: C — C%,_ (S) so that mwo ¢ = j.

Proof. The candidate for C; (S) is the C*-algebra generated by the

range of any maximal representation j of S.
Indeed if

p(S)cC
S /B(’H)

J
are as in the statement, then j o o ~! is a maximal map and so extends
to a *-homomorphism that makes the above diagram commutative. m

Having defined the C*-envelope of an operator space now note that
Theorem 5.9 implies that if S is an operator space and J the Shilov
ideal of S in C*(S) then C* (S) ~ C*(S)/J.

A natural question arises here: does a unital operator space admit
enough maximal and irreducible representations to capture the norm?
One can weaken somewhat this question by asking irreducibility only
for the extension of these maps to the C*-envelope. The (affirmative)
answer to this question for separable algebras was obtained by Arve-
son [1] and more recently by Davidson and Kennedy [16], without the
separability assumption.

5.1. The C*-envelope of an arbitrary operator algebra. If A C
B(H) is a non-degenerately acting operator algebra with Iy; ¢ A, then
A, will denote its unitization.

Theorem 5.11 (Meyer [50], 2001). Let ¢: A — B be a completely
contractive homomorphism between operator algebras. Then its uniti-
zation @1 : Ay — By is also completely contractive.

This allows us to consider the category of operator algebras with
morphisms the completely contractive homomorphisms. In that cate-

gory
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Corollary 5.12. Every cc homomorphism ¢ : A — B(H) of an
operator algebra A can be dilated to a maximal cc homomorphism.
¢S — B(H).

The C*-envelope of a (non degenerately acting) operator algebra A is
the C*-algebra generated by A inside C*  (A;). This provides the last
prerequisite for reading the proof of the following result. Note that the
case where (X, A) is injective and strict was obtained by Muhly and

Solel in [53].

Theorem 5.13 (Katsoulis and Kribs [44], 2006). If (X, A, ) is a
C*-correspondence, then

(ConlT), 4) ~ Ox
via a map j that sends generators to generators.

Proof. I will give a proof only in the case where A has a unit, which
by non-degeneracy is a unit for Ox as well. By Corollary 3.15 we can
view Ty as a canonical subalgebra of Ox. It is enough to prove that
j’r; = {0}, where \77; denotes the Shilov ideal of T C Ox. By way
of contradiction assume otherwise.

Note that Ox admits a natural gauge action that leaves A invariant
element wise and twists X by unimodular scalars. Hence that gauge
action leaves Ty invariant. Since ‘77; is the largest ideal in Ox so that

the corresponding quotient map is completely isometric on Ty, we
conclude that jfr)—; is gauge invariant and so O/ jT; admits a gauge
action. Since the natural quotient map ¢ : Ox — OX/jT; is not

faithful, Theorem 3.12 implies that ¢ is not faithful on A and therefore
on Ty . This is a contradiction. n

See [44] for more details.

6. DYNAMICS AND CLASSIFICATION OF OPERATOR ALGEBRAS

An important moment for non-selfadjoint operator algebra theory
was the use of ideas from [11] in the work of Gunther Cornelissen
and Matilde Marcolli [8]. Cornelissen and Marcolli actually solved a
problem in class field theory by making heavy use of operator algebra
theory, including the theory presented in this section. Here is an outline
of their result.

A complex number a is called algebraic if there exists a nonzero
polynomial p(X) € Q[X] such that p(a) = 0. The polynomial is unique
if we require that it be irreducible and monic. We say that a is an
algebraic integer if the unique irreducible, monic polynomial which it
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satisfies has integer coefficients. We know that the set Q of all algebraic
numbers is a field, and the algebraic integers form a ring. For an
algebraic number a, the set K of all f(a), with f(X) € Q[X] is a field,
called an algebraic number field. If all the roots of the polynomial p(X)
are in K, then K is called Galois over Q.

Question 1. Which invariants of a number field characterize it up to
isomorphism?

The absolute Galois group of a number field K is the group G =
Gal(Q/K) consisting of all automorphisms o of Q such that o(a) = a
for all @ € K. Let f(X) € K[X] be irreducible, and let Z; be the
set of its roots. The group of permutations of Z; is a finite group,
which is given the discrete topology. Then Gk acts on Zy. We put
a topology on G, so that the homomorphism of G to the group of
permutations of Z; is continuous for every such f(X). Then Gk is a
topological group; it is compact and totally disconnected.

Theorem 6.1 (Uchida, 1976). Number fields E and F' are isomorphic
as fields if and only if Gg and G are isomorphic as topological groups.

The absolute Galois group is not well understood at all (it is con-
sidered an anabelian object). What we do understand well are abelian
Galois groups. For a number field K we denote by K the maximal
abelian extension of K. This is the maximal extension which is Galois
(i.e., any irreducible polynomial which has a root in K% has all its
roots in it), and such that the Galois group of K% over K is abelian.
For example, the theorem of Kronecker and Weber says that Q% is the
field generated by all the numbers exp(2%), i.e., by all roots of unity.
Unfortunately,

Example 6.2. The abelianized Galois groups of Q(v/—2) and Q(+/—3)

are isomorphic.

Theorem 6.3 (Cornelissen and Marcolli [8]). Let E and F' be number
fields. Then, E and F are isomorphic if and only if there exists an
isomorphism of topological groups

): Gy — GF
such that for every character x of G% we have Lr, = Lp oy, where
L, denotes the L-function associated with 1 .

Cornelissen and Marcolli make essential use of my work with Ken
Davidson on multivariable dynamics [11]. At the epicenter of this
interaction between number theory and non-selfadjoint operator alge-
bras lies the concept of piecewise conjugacy and the fact that piecewise
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conjugacy is an invariant for isomorphisms between certain operator
algebras associated with multivariable dynamical systems.

Recall from Section 2 the context of a topological dynamical system
(X,0) where X locally compact Hausdorff space and ¢ : X — X
proper continuous map or its C*-algebraic analogue (A, a) where A is
a C*-algebra and o : A — A non-degenerate *-endomorphism.

We may consider multivariable analogues of the above concepts. A
pair (X, o) is a multivariable dynamical system provided that X is a
locally compact Hausdorff and o = (01, 09,...,0,), where 0; : X — X
1 < i < n, are continuous (proper) maps. A similar definition holds
for a multivariable C*-dynamical system (A, «).

We would like to have an operator algebra A that encodes the dy-
namics of (X, o). Therefore A should contain a copy of Cy(X) and
Sy, ..., S, satisfying covariance relations

[5i=S5i(foo)
for 1 <i<nand f e Cy(X).

For w € F, say w =iy ...1, we write Sy, = S;, ... S;,. The covari-
ance algebra is

Ao ={Y" Sutu: fu€Co(X)},

welF;,

where F! is the free semigroup on n letters. This is an algebra since

(Su)(fSwg) = Suw(f 0 0w)g,
where 0, = 0y, 0- - -00;,. We need a norm condition in order to complete
Ap. In the multivariable setting we have more than one choices. Two
are the most prominent
(1) Isometric: SfS; =1for1<i<n

(2) Row Isometric: [Sl Se ... Snr[Sl So ... Sn] I.

Completing Ay using (1) yields the semicrossed product Cy(X) X, F;,
while completing A, using (2) yields the tensor algebra 7, (X, o) (See
Definition 4.4.)

6.1. Piecewise conjugate multisystems. In order to classify our
multivariable algebras up to isomorphism, we need a new notion of
conjugacy. An obvious one would be to say that two multivariable
dynamical systems (X,o0) and (Y,7) are conjugate if there exists a
homeomorphism ~ of X onto Y and a permutation @ € S, so that
T = 7%(1)7_1 for 1 <14 < n. This is too strong for our purposes.

Definition 6.4 (Davidson and Katsoulis [11], 2011). We say that
two multivariable dynamical systems (X, o) and (Y, 7) are piecewise
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conjugate if there is a homeomorphism v of X onto Y and an open
cover {U, : a € S,,} of X so that for each o € S,

Y Y, = Ta(i) [ the -

The difference between the two concepts of conjugacy lies on the fact
that the permutations depend on the particular open set. As we shall
see, a single permutation generally will not suffice.

Here are two examples of when piecewise conjugacy implies conju-
gacy. Both are taken from [11].

Proposition 6.5. Let (X,0) and (Y, 7) be piecewise conjugate multi-
variable dynamical systems. Assume that X is connected and that

E:={r € X :0i(x) =0,(x), for some i # j}
has empty interior. Then (X,o0) and (Y, T) are conjugate.
For n = 2, we can be more definitive.

Proposition 6.6. . Let X be connected and let 0 = (o1, 0%); and let
E as above. Then piecewise conjugacy coincides with conjugacy if and
only if X\E is connected.

6.2. The multivariable classification problem. We want to repeat
the success of Theorem 2.7. As it turns out we only succeed in the
“difficult” direction of that theorem: necessity of conjugacy for iso-
morphism. Indeed

Theorem 6.7 (Davidson and Katsoulis [11], 2011). Let (X,0) and
(Y, 7) be two multivariable dynamical systems. If Ty (X, o) and T (Y, T)
or Co(X) X, FF and Co(Y) x, FF are isomorphic as algebras, then the
dynamical systems (X, o) and (Y, T) are piecewise conjugate.

For the tensor algebras, sufficiency holds in the following cases:

(i) X has covering dimension 0 or 1
(ii) o consists of no more than 3 maps. (n < 3.)

For specificity,

Theorem 6.8 (Davidson and Katsoulis [11], 2011). Suppose that X is
a compact subset of R. Then for two multivariable dynamical systems
(X,0) and (Y, ), the following are equivalent:
(i) (X,0) and (Y,T) are piecewise topologically conjugate.
(il) To(X,0) and T.(Y,T) are isomorphic.
(i) T+(X,0) and TL(Y,T) are completely isometrically isomor-
phic.
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The analysis of the n = 3 case is the most demanding and required
non-trivial topological information about the Lie group SU(3). The
conjectured converse reduces to a question about the unitary group
U(n).

Conjecture 3. Let 11, be the n!-simplex with vertices indexed by S,,.
Then there should be a continuous function u of 11,, into U(n) so that:

(i) each vertex is taken to the corresponding permutation matriz,
(ii) for every pair of partitions (A, B) of the form

where |Ag| = |Bs|, 1 < s <m, let
P(A,B)={a €S, :alAs) = Bs,1 <s<m}.

If v = ZQGP(AB) To0, then the non-zero matrix coefficients of
w;j(z) are supported on |J-, Bs x A,. We call this the block
decomposition condition.

We have established this conjecture for n = 2 and 3 and Chris Ram-
sey has verified the cases n = 4, 5.

With Ken Davidson we considered only classical dynamical systems
(dynamical systems over commutative C*-algebras) and our notion of
piecewise conjugacy applies exclusively to such systems. Motivated by
the interaction between number theory and non-selfadjoint operator
algebras, one wonders whether a useful analogue of piecewise conjugacy
can be developed for multivariable systems over arbitrary C*-algebras.
The goal here is to obtain a natural notion of piecewise conjugacy that
generalizes that of Davidson and Katsoulis from the commutative case
while remaining an invariant for isomorphisms between non-selfadjoint
operator algebras associated with such systems. This was undertaken
successfully with Kakariadis in [40].

Definition 6.9. Let A be a unital C*-algebra and let P(A) be its
pure state space equipped with the w*-topology. The Fell spectrum A
of A is the space of unitary equivalence classes of non-zero irreducible
representations of A. (The usual unitary equivalence of representations
will be denoted as ~.) The GNS construction provides a surjection
P(A) — A and A is given the quotient topology.

Let A be a unital C*-algebra A and o = (a1, ag, ..., a,) be a multi-
variable system consisting of unital x-epimorphisms. Any such system
(A, @) induces a multivariable dynamical system (A,d) over its Fell
spectrum A.
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Definition 6.10. Two multivariable systems (A, «) and (B, 3) are said
to be piecewise conjugate on their Fell spectra if the induced systems
(A, &) and (B, 3) are piecewise conjugate, in the sense of the definition
above.

We have the following result with Kakariadis.

Theorem 6.11 (Kakariadis and Katsoulis [40], 2014). Let (A, «) and
(B, ) be multivariable dynamical systems consisting of x-epimorphisms.
Assume that either T, (A, a) and Ty(B, B) or A xo Fy and B x5 Fy;
are isometrically isomorphic. Then the multivariable systems (A, a)
and (B, ) are piecewise conjugate over their Fell spectra.

Problem 1. Is there an analogous result for the Jacobson spectrum?

In particular this implies that when the associated operator algebras
are isomorphic then both (A, «) and (B, 8) have the same number of
x-epimorphisms. (We call this property invariance of the dimension).
In the commutative case, the invariance of the dimension holds for
systems consisting of arbitrary endomorphisms. Is it true here?

Theorem 6.12 (Kakariadis and Katsoulis [40], 2014). There exist
multivariable systems (A, a1, ) and (B, 1, P2, B3) consisting of *-
monomorphisms for which T, (A, a1, as) and T,(B, p1, B2, B3) are iso-
metrically isomorphic.

Problem 2 (Invariance of dimension for semicrossed products). Let
(A, ) and (B, ) be multivariable dynamical systems consisting of *-
endomorphisms. Prove or disprove: if A xo F} and B xg IF:B are
isometrically isomorphic then n, = ng.

We say that two multivariable C*-dynamical systems (A, «a) and
(B, ) are outer conjugate if they have the same dimension and there
are x-isomorphism v : A — B, unitary operators U; € B and m € 5,
so that

v aiy(b) = U By (0)Us.
for all b € B and 1.

Theorem 6.13 (Kakariadis and Katsoulis [40], 2014). Let (A, «) and
(B, ) be two automorphic multivariable C*-dynamical systems and as-
sume that A is primitive. Then the following are equivalent:

(i) Ax.F,, and B xgF,  are isometrically isomorphic.
(i) T*(A,«) and TH(B, ) are isometrically isomorphic.
(iii) (A, «) and (B, ) are outer conjugate.
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Let us sketch the proof that (i) or (ii) implies (iii) in the above
theorem. Assume now that (A, «) and (B, /) are two multivariable
dynamical systems such that 7+(A,a) and T7(B,8) (or A x, F}
and B xg ]F:Lrﬂ) are isometrically isomorphic via a mapping «. Since

« is isometric, it follows that «|4 is a *-monomorphism that maps A
onto B (This is the only point where we use that « is isometric.) We
will be denoting a4 by a as well.

Let S;, i =1,...,n4, (resp. T;, i =1,2,...,ng ) be the generators
in TH(A,a) (resp. TH(B,)) and let b;; be the T;-Fourier coefficient
of a(s;), ie.,

O./(Sj) = boj + lelj + Tszj 4+ -+ Tnbnj + Y,

where Y involves Fourier terms of order 2 or higher.
Since « is a homomorphism,

a(a)a(S)) = alaS;) = a(Sja;(a)) = a(S))aa;(a),
for all @ € A. Hence, S;a(a)b;; = bjaa;i(a), a € A, and so
Bi(b)bi; = bijacja (b) = by;(b),

for all b € B.
From the intertwining equation

Bi(b)bi; = bi;a;(b),b e B (*)

we obtain.

e Since A is primitive, b; ; is either zero or invertible!

o If bij 7£ 0 then 51 ~ ONéj.

Therefore each equivalence class {1, 52, . .., B, } is equivalent to ex-
actly one class {ay, as, ..., &,}. The proof will follow if we show that
m = n. By way of contradiction assume that m < n.

Start with an "arbitrary” n-tuple (y1,y2, ..., ¥s). From the equation

Ty + Toys + - - + Ty, = lima(z.),

where z, are non-commutative polynomials in Si,95,...,5,, and
remembering that

CX(SJ’) = b()j + T1b1j + Tszj R Tnbnj + Y,

we obtain
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Yy = lim bul’i + b12$z + -+ blml‘gn

Yo = lim bgll'i + bzgﬂ?i + -4 bgml{iﬂ

Y = lim by 2! + bpox? + - 4 bypa™.

Perform Gaussian elimination to reduce this system to

gg = lim 622.’13'3 + ngxif + 4 Bgm.’ll'gl

g3 = lim [_)32.173 + l_)ggltg + -+ l_)gm.l’;n

Un = im bo? + b3 + -+ + bya™.

We continue this short of “Gaussian elimination” and we arrive at a
system that contains one column and at least two non-trivial rows of
the form

wy = limdx)'
e

we = lim dyx)",
e

where the data (w;,ws) is arbitrary. Therefore d;,ds are non-zero,
hence invertible. By letting w; = 1 we obtain that lim, 27 = d;’.
Therefore, if we let wy = 0, then we get that 0 = dyd; ", which is a
contradiction.

The case of tensor algebras in Theorem 6.13 is a special case of the
following much more general result. (See Definition 4.4 for the C*-
correspondences appearing below.)

Theorem 6.14 (Kakariadis and Katsoulis [40], 2014). Let (A, «) and
(B, ) be multivariable dynamical systems consisting of x-epimorphisms.
The tensor algebras T (A,«) and To(B, ) are isometrically isomor-
phic if and only if the correspondences (X,, A) and (Xg, B) are uni-
tarily equivalent.

In light of the above result we ask

Problem 3. Let (A, «) and (B, 3) be multivariable dynamical systems
consisting of x-monomorphisms. If the tensor algebras T, (A, «) and
T+ (B, B) are isometrically isomorphic does it follow that the correspon-
dences (Xq, A) and (X3, B) are unitarily equivalent?
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7. CROSSED PRODUCTS OF OPERATOR ALGEBRAS

As we have seen so far, most crossed product-type constructions in
the theory of non-selfadjoint operator algebras involve the action of a
semigroup which rarely happens to be a group, on an operator algebra
which is usually a C*-algebra. There is a good reason for this and it
goes back to the early work of Arveson who recognized that in order to
better encode the dynamics of a homeomorphism ¢ acting on a locally
compact space X, one should abandon group actions and instead focus
on the action of Z* on Cy(X) implemented by the positive iterates of
0. This theme was fully explored in Sections 2 and 6.

In this section we follow a less-travelled path: we start with an ar-
bitrary operator algebra, preferably non-selfadjoint, and we allow a
whole group to act on it. It is remarkable that there have been no sys-
tematic attempts to build a comprehensive theory around such algebras
even though this class includes all crossed product C*-algebras. Admit-
tedly, our interest in group actions on non-selfadjoint operator algebras
arose reluctantly as well. Indeed, apart from certain important cases,
the structure of automorphisms for non-selfadjoint operator algebras is
not well understood. Our initial approach stemmed from an attempt
to settle two open problems regarding semi-Dirichlet algebras (which
we do settle using the crossed product). We soon realized that even
for very “simple” automorphisms (gauge actions), the crossed product
demonstrates an unwieldily behavior that allows for significant results.

Definition 7.1. Let (A, G, «) be a dynamical system and let (C, j) be
a C*-cover of A. Then (C, j) is said to be a-admissible, if there exists
a continuous group representation & : G — Aut(C) which extends the
representation

(13) Gosmjoaso € Aut(j(A)).

Since & is uniquely determined by its action on j(.4), both (13) and
its extension & will be denoted by the symbol a.

Definition 7.2 (Relative Crossed Product). Let (A, G,«) be a dy-
namical system and let (C, j) be an a-admissible C*-cover for A. Then,
A xe oG and A NC o G will denote the subalgebras of the crossed
product C*-algebras C mag and C ] G respectively, which are generated

by Ce(G,7(A)) € Ce(G.C).

One has to be a bit careful with Definition 7.2 when dealing with an
abstract operator algebra. It is common practice in operator algebra
theory to denote a C*-cover by the use of set theoretic inclusion. Nev-
ertheless a C*-cover for A is not just an inclusion of the form A C C
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but instead a pair (C,7), where C is a C*-algebra, j : A — C is a
complete isometry and C = C*(j(.A)). Furthermore, in the case of an
a-admissible C*-cover, it seems that the structure of the relative crossed
product for A should depend on the nature of the embedding j and
one should keep that in mind when working with that crossed product.
To put it differently, assume that (A, G, ) is a dynamical system and
(Ci, ji), i = 1,2, are C*-covers for A. Further assume that the represen-
tations G 3 s+ j; 0, 0 ;1 € Aut(j;(A)) extend to x-representations
a G — Aut(C;), i = 1,2. It is not at all obvious that whenever
C1 ~ Cy (or even C; = C3), the C*- dynamical systems (C;, G, «;) are
conjugate nor that the corresponding crossed product algebras are iso-
morphic. Therefore the (admittedly) heavy notation A x¢ ;. G and
A X¢ ;o G seems to be unavoidable. Nevertheless, whenever there is
no source of confusion, we opt for the lighter notation A x¢, G and
Axg ,G. For instance, this is the case when the C*-covers involved are
coming either from the C*-envelope or from the universal C*-algebra
of A, as the following result shows.

Lemma 7.3. Let (A, G,«) be a dynamical system and let (C;, j;) be
C*-covers for A with either C; ~ C%, (A), i = 1,2, or C; ~ C%,..(A),
1 = 1,2. Then there exist continuous group representations o, : G —

Aut(C;) which extend the representations
G3 s jioagoj; € Aut(ji(A), i=1,2.

~Y . T ~Y T
Furthermore Axcmmg ~ AXe, jy0,9 and AXG, 5 G~ Axg, o 0.0,
via complete isometries that map generators to generators.

Definition 7.4 (Full Crossed Product). If (A, G, «) is a dynamical
system then

A Ao G=A XCr e (A)a g

In the case where A is a C*-algebra then A x, G is nothing else but
the full crossed product C*-algebra of (A,G,«). In the general case
of an operator algebra, one might be tempted to say that A x, G ~
A Xce (4) G. This is not so clear. First, it is not true in general
that C! .. (A) ~ C* (A) and as it turns out, C! . (A) is a much more

difficult object to identify than C?  (A). Furthermore, any covariant

env
representation of (C?  (A), G, «) extends some covariant representation
of (A,G,a). The problem is that the converse may not be true, i.e.,
a covariant representation of (A, G, ) does not necessarilly extend to
a covariant representation of (C%  (A),G, ). The identification A X,
G ~ A Xcs _(4)e G is a major open problem, which is resolved only in

the case where G is amenable or when A is Dirichlet.
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For the moment let us characterize the crossed product as the uni-
versal object for covariant representations of the dynamical system
(A, G, ). In the case where A is a C*-algebra, this was done by Rae-
burn in [64]. In the generality appearing below, this result is new.

Theorem 7.5 (Katsoulis and Ramsey [45], 2015). Let (A, G, a) be a
dynamical system. Assume that B is an approximately unital operator
algebra such that

(i) there exists a completely isometric covariant representation
(jAng) of (A7 g, OZ) into M(B)7
(ii) given a covariant representation (m,u,H) of (A,G,«), there
18 a completely contractive, non-degenerate representation L :
B — B(H) such that 1 = Lo j4 and u = L o jg, and,
(i) B = span{ja(a)ig(z) | a € A, z € C.(G)},

where
o(2) = / 2()jo(s)dus), for all = € Cu(G).
g

Then there exists a completely isometric isomorphism p: B — A X, G
such that

(14) poja=ia and po jg=ig
where (ig,ig) is the canonical covariant representation of (A, G, ) in

M(Ax, G).

In the case where G is amenable, all relative full crossed products
coincide as the next result shows. Its proof requires an essential use of
the theory of maximal dilations, as presented in Section 5.

Theorem 7.6 (Katsoulis and Ramsey [45], 2015). Let (A, G, a) be a
dynamical system with G amenable and let (C,7) be an a-admissible
C*-cover for A. Then

-A Ny g ~ -/4 >4C,j,oz g ~ A ><](T;'7j7a g

via a complete isometry that maps generators to generators.

One of the central problems of our theory is whether or not the
identity
(15) Canv(A %0 G) = CG (A) 30 G.
is valid. Fortunately in the case where G is an abelian group we show
that the above identity is indeed valid. The case where G is discrete
follows easily from the work we have done so far and from the ideas of

either [38] in the Z case or more directly from [10, Theorem 3.3], by
choosing P = G, @ = « and transposing the covariance relations. In
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the generality appearing below, the result is new and paves the way for
exploring non-selfadjoint versions of Takai duality.

Theorem 7.7 (Katsoulis and Ramsey [45], 2015). Let (A, G, «) be a
unital dynamical system and assume that G is an abelian locally com-
pact group. Then

Cva(A ><]Oé g) = CZm)(A) Noc g

Here is the promised version of Takai duality for arbitrary operator
algebras. We will make shortly an important use of that duality in our
investigation for the semisimplicity of crossed products.

Let (A, G, a) be a dynamical system with G an abelian locally com-

pact group. Let G be the Pontryagin dual of G. The dual action & is
defined on C¢(G, A) by &,(f)(s) =(s)f(s), f € C(G, A), v €G.

Theorem 7.8 (Takai duality, Katsoulis and Ramsey [45], 2015). Let
(A, G, «) be a dynamical system with G a locally compact abelian group.
Then

(Ax, G) %0 G~ A® K(LX9)),
where K(L*(G)) denotes the compact operators on L*(G) and A @
K(L*(G)) is the subalgebra of C%,,(A) @ K(L*(G)) generated by the

appropriate elementary tensors.

Let us give an application of our theory to solve a problem that actu-
ally motivated our investigation. In [12] Davidson and Katsoulis intro-
duced the class of semi-Dirichlet algebras. The semi-Dirichlet property
is a property satisfied by all tensor algebras and the premise of [12] is
that this is the actual property that allows for such a successful dila-
tion and representation theory for the tensor algebras. Indeed in [12]
the authors verified that claim by recasting many of the tensor algebra
results in the generality of semi-Dirichlet algebras. What was not clear
in [12] was whether there exist “natural” examples of semi-Dirichlet
algebras beyond the classes of tensor and Dirichlet algebras. It turns
out that the crossed product is the right tool for generating new exam-
ples of semi-Dirichlet algebras from old ones. By also gaining a good
understanding on Dirichlet algebras and their crossed products we were
able to answer in [45] a related question of Ken Davidson: we produced
the first examples of semi-Dirichlet algebras which are neither Dirichlet
algebras nor tensor algebras (Theorem 7.9). Stated formally

Corollary 7.9. There exist semi-Dirichlet algebras which are neither
Dirichlet nor isometrically isomorphic to the tensor algebra of any C*-
correspondence.
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Recall the definition of the Jacobson Radical of a (not necessarily
unital) ring.

Definition 7.10. Let R be a ring. The Jacobson radical Rad R is
defined as the intersection of all maximal regular right ideals of R. (A
right ideal Z C R is regular if there exists e € R such that ex —x € Z,
for all z € R.)

An element x in a ring R is called right quasi-regular if there exists
y € R such that x +y + 2y = 0. It can be shown that x € Rad R if
and only if xy is right quasi-regular for all y € R. This is the same as
1 + zy being right invertible in R! for all y € R.

In the case where R is a Banach algebra we have

RadR = {z € R | lim ||(zy)"||"/" = 0, for all y € R}

= {z € R | lim ||(yz)"||"/" = 0, for all y € R}.

A ring R is called semisimple iff Rad R = {0}.

The study of the various radicals is a central topic of investigation in
Abstract Algebra and Banach Algebra theory. In Operator Algebras,
the Jacobson radical and the semisimplicity of operator algebras have
been under investigation since the very beginnings of the theory.

Our next result uncovers a new permanence property in the theory
of crossed products.

Theorem 7.11 (Katsoulis and Ramsey [45], 2015). Let (A, G, «) be a
dynamical system with G a discrete abelian group. If A is semisimple
then A X, G is semisimple.

Proof. Assume that the crossed product is not semisimple and so there
is a nonzero a € Rad A X, G. Any isometric automorphism fixes the
Jacobson radical and so ®,(a) = a, € RadA x, G for all g € G,
where a ~ > gec 4gUy. By a standard result in operator algebra theory
involving the Fejer kernel, since a # 0 there is a g € G such that a, # 0.
This implies that a,b is quasinilpotent for all b € A and so a, € Rad A.
Therefore, A is not semisimple. n

The previous result raises two natural questions. Is the converse
of Theorem 7.11 true? Is Theorem 7.11 valid beyond discrete abelian
groups? As we shall see shortly, both questions have a negative answer.
To see this for the first question, we investigate a class of operator
algebras which was quite popular in the 90’s, the triangular AF algebras
[15, 18, 19, 20, 28, 48, 63].
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Definition 7.12. Let A be a strongly maximal TAF algebra. The
dynamical system (A, G, «) is said to be linking if for every matrix unit
e € A there exists a group element g € G such that eAay(e) # {0}.

By Donsig’s criterion if A is semisimple then (A, G, «) is linking.
The following example shows that there are other linking dynamical
systems.

Example 7.13. Let A, = C & Ty, and define the embeddings p,, :
»An — An+1 by

pn(r@a) = =& a
T

Then A = liﬂAn is a strongly maximal TAF algebra that is not
semisimple. Consider the following map v : A, — A, given by

T
V(rda) = @ x

a

You can see that ¢ o p, = p,r1 09 on A, and so ¢ is a well-defined
map on UA,,. By considering that

vz @a) = 20 x
x

one gets Yoyt =9 o) = p,.10p, on A,. Hence, ¥ extends to be

an isometric automorphism of A. Finally, for every efg eA,i#]

02n
2n n n 2n
ez(,j ) Oz, 65',21- ) P )(ez(,j ))
02n
02n 02n 02n
— eg?j") 02, efi") O2n,
02n OQn 65,2]”)
02n
_ Oy, eg?jn)
OQn

Therefore, (A, Z,1) is a linking dynamical system.

The following theorem and the previous example establish that the
converse of Theorem 7.11 is not true in general.
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Theorem 7.14 (Katsoulis and Ramsey [45]). Let A be a strongly
mazimal TAF algebra and G a discrete abelian group. The dynamical
system (A, G, «) is linking if and only if A x, G is semisimple.

In order to answer the other question we need the following.

Lemma 7.15. Let A be an operator algebra and let IC(H) denote the
compact operators acting on a separable Hilbert space H. If A® K(H)
is semisimple, then A is semisimple.

Proof. Identify A® IC(#H) with the set of all infinite operator matrices
[(aij)]55=1 with entries in A, which satisfy

a5y = (i) || ——— 0.

m—r0o0

By way of contradiction, assume that 0 # x € Rad A. Let
X=zr®e; € AQK(H)

be the infinite operator matrix whose (1, 1)-entry is equal to z and all
other entries are 0.
If A ={(aiy)]55-; € A® K(H), then an easy calculation shows that

(CLHZ')n 0 0

aglx(anx)"*l 0 0
aglx(anx)”*l 0 0

(AX)" =
= A((aux)”_l X 611) .

Hence
lim [|(AX)"[["/™ < lim [|A[|Y/" lim sup || (ag12)" || /"

= limsup || (ay,2)"|Y™ = 0

because z € Rad.A. Hence 0 # X € Rad A ® KC(H), which is the
desired contradiction. ]

We now show that Theorem 7.11 does not necessarily hold for groups
which are not discrete and abelian. Using our Takai duality, we can
actually show that this fails even for T.

Example 7.16. A dynamical system (B, T, ), with B a semisimple
operator algebra, for which B x5 T is not semisimple.

We will employ again our previous results and Takai duality. In
Example 7.13 we saw a linking dynamical system (A, Z, «) for which A



46 E.G. KATSOULIS

is not semisimple. Since (A, Z, «) is linking, we have by Theorem 7.14
that the algebra B = A X, Z is semisimple. Let 8 = &. Then,

BxgT=(Ax,Z) xa T~ AxK(*(Z)),
which is not semismple,

Quite interestingly, the converse of Theorem 7.11 holds for compact
abelian groups. Once again, the result follows from Takai duality.

Theorem 7.17 (Katsoulis and Ramsey [45]). Let (A, G, a) be a dy-
namical system, with G a compact, second countable abelian group. If
A X, G is semisimple, then A is semisimple.

Proof. Assume that A X, G is semisimple. Then Theorem 7.11 implies
that (A Mo g) X4 G is semisimple. By Takai duality, A ® IC(LQ(Q)) is
semisimple and so by Lemma 7.15, A is semisimple, as desired [

Another natural question in the theory of crossed products asks
whether or not the class of tensor algebras is being preserved under
crossed products by locally compact abelian group. Our next result
shows that this is not the case.

Theorem 7.18 (Katsoulis and Ramsey [45]). Let G be a discrete
amenable group and let o : G — Aut (A(]D))) be a representation.
Assume that the common fixed points of the Mdbius transformations
associated with {ay}.eg do not form a singleton. Then A(D) x, G is
a Dirichlet algebra which is not isometrically isomorphic to the tensor
algebra of any C*-correspondence.

Nevertheless for a special class of dynamical systems we obtain a
positive answer.

Theorem 7.19 (Katsoulis and Ramsey [45]). Let A be a tensor algebra
and let o : G — Aut A be the action of a locally compact group G by
gauge actions. Then the relative crossed product A Xc: (4)a G is the
tensor algebra of a C*-correspondence.

It turns out that the above result allows us to reformulate a prob-
lem in C*-algebra theory, the Hao-Ng Isomorphism Conjecture, into
a problem concerning the C*-envelope of a crossed product operator
algebra and the validity of (15). We direct the reader to [45] for more
details.

8. LOCAL MAPS AND REPRESENTATION THEORY

The study of local maps, i.e., local derivation, local multipliers etc,
has a long history in operator algebras [31, 30, 32, 33, 34, 35, 36].
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My involvement with such maps started somewhat accidentally. I was
trying to understand whether or not a compact adjointable operator on
a Hilbert C*-module has a non-trivial invariant subspace. Of course it
does and as it turns out the adjointable operators have lots of common
invariant subspaces provided the C*-module is not a Hilbert space.
Characterizing these common invariant subspaces and other peripheral
results however required a result of Barry Johnson on local multipliers
[31], which sparked my interest on the topic.

Definition 8.1. If X’ is Banach space and S C B(X), then § is said
to be reflexive iff the following condition is satisfied

TeBX), Txe[Sz],VeeX = Te€S

For § C X unital algebra this is equivalent to the familiar
T(M)C M,YM € LatS = T €S

Theorem 8.2 (Katsoulis [42], 2014). Let E a Hilbert C*-module over
a C*-algebra A and let L(E) be the adjointable operators on E. Then

Lat L(E) ={EJ | J C (E, E) closed left ideal }

where
EJ={{j|{ck,jeT}

and the association J — EJ establishes a complete lattice isomor-

phism between the closed left ideals of (E, E) and Lat L(E).

Note that if End4(FE) denotes the bounded .A-module opertors on
E, then the above implies

Lat L(E) = Lat End 4(E)

Theorem 8.3 (Katsoulis [42], 2014). Let E be a Hilbert module over
a C*-algebra A. Then

AlgLat L(E) = End 4(E).
In particular, End 4(F) is a reflexive algebra of operators acting on E.
The proof follows from the following

Theorem 8.4 (Johnson [31], 1968). Let A be a semisimple Banach
algebra and let ® be a linear operator acting on A that leaves invariant
all closed left ideals of A. Then

®(ba) = ®(b)a, Va,b € A,

i.e, ® 1s a left multiplier.
In particular, if 1 € A is a unit then ® is the left multiplication
operator by ®(1).
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Definition 8.5. A map S : A — X into a right Banach A-module is
said to be a local left multiplier iff for every A € A, there exists left
multiplier &, € LM (A, X') so that S(a) = ®,(a).

Approximately local multipliers are defined to satisfy an approximate
version of the above definition.

Proposition 8.6. Let A be a Banach algebra with approximate unit.
If S € B(A), then the following are equivalent

(i) S is a closed left ideal preserver

(ii) S is an approximately local left multiplier
(iii) S € Lat Alg LM (A).

Proof. Assume that (i) is valid and let a € A. Note that the set

Jo=Talbe A ca
is a closed left ideal. Hence S(a) € J, and so
S(a) =limb,a = lim Ly, (a),
i.e., S is an approximate left multiplier.
Assume now that (ii) is true. To show that S € Lat Alg LM (A), it

is enough to prove that S(7,) C J,, for all a € A. However, since S is
an approximately local left multiplier

S(ba) = lim L, (ba) = lim ¢,,ba € T,

and since is bounded, we obtain (ii).
The rest of the proof follows from similar arguments. n

The proposition above allows us to reformulate Johnson’s theorem
as follows

Theorem 8.7 (Johnson [31], 1968). The space LM (A) of left multipli-
ers over a semisimple Banach algebra is reflexive, i.e.,Alg Lat M (A) =

A.

Question 2. What about Johnson’s Theorem in the context of non-
semisimple operator algebras? Is the space LM (A) of left multipliers
over an operator algebra reflexive?

It is easy to produce a negative answer even for finite dimensional
algebras.

Example 8.8. If

9‘2{(3 K) M,MGC}Z{Mﬂtem!A,uGC}
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then
So: A — A AN + peyg —> A + 2peqs
is a local multiplier which is not a multiplier.

Indeed if A # 0 then Sy(A + pers) = (L + (p/N)er2) (AL + pers) or
otherwise Sy (pe12) = 21 (per2). This shows that Sy is a local multiplier.
It is easy to see that in the case A # 0, the factor (I4p/Aej2) is uniquely
determined by Al + pe;s and so Sy cannot be a multiplier.

Proposition 8.9. (Hadwin [32, 33] 90’s) Let A be a Banach algebra
generated by its idempotents and X be a right Banach A-module. Then

any approximately local left multiplier from A into X is a multiplier.
Hence LM (A, X) is reflexive.

Proof. Let S : A — & be an approximate left multiplier. Note that
for any a,p € A with p = p?, we have S(ap) € Xp and S(a(1 —p)) €
X (1 — p) Therefore

S(a)p = S(ap)p + S(a(l —p))p
= S(ap)p = S(ap).
Repeated applications of the above establish the result in the case

where p is a product of idempotents. Since A is generated by such, S
is a left multiplier, as desired. n

The previous result formed the basis for a variety of results by Had-
win, Li, Pan Dong and others to establish reflexivity for LM (A), where
A ranges over a variety of algebras rich in idempotents, including nest
and CSL algebras.

What about semicrossed products? Or tensor algebras of multi-
variable systems? What about their spaces of derivations? Are they
reflexive? Are local derivations actually derivations? Such algebras
might contain no idempotents. We use instead Representation theory

Theorem 8.10 (Katsoulis [41]). If G = (G°,G',r,s) is a topological
graph, then the finite dimensional nest representations of its tensor
algebra ’Tg+ separate points.

The above generalizes an earlier result of Davidson and Katsoulis
(2006) regarding tensor algebras of graphs.

Corollary 8.11. If G = (G° G',r,s) is a topological graph, then
LM(T;) is reflexive.

Proof. Let S be an approximately local multiplier on ’Tg+ and let
pi: T§ — B(H;), i€l
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separating family of representations on finite dimensional Hilbert space
so that each p;(75") is a finite dimensional nest algebra. Furthermore,
pi(T5") is a right 75"/ ker p;-module, with the right action coming from
pi. Since S preserves closed left ideals we obtain

Si T ) ker py — pi(Tg")s a + ker p; — pi(S(a)).

However S; is an an approximate left multiplier and so Hadwin’s The-
orem implies that S; is a actually a left multiplier. Hence

Si(ab + ker p;) = S;(a + ker p;)p;(b)
and so
pi(S(ab) — S(a)b) =0, foralliel
Since N; ker p; = {0}, the conclusion follows. n

Corollary 8.12. A local left multiplier on Co(X) X, Z* is actually a
multiplier.

Problem 4. Is the same true for A x, Z* in the case where A is a
non-commutative C*-algebra?

Remark 8.13. The above Corollary is not valid for multipliers taking
values in a C'(X) X, Z*-module.

Theorem 8.14 (Katsoulis [41]). Let G = (G° G', 1, s) be a topological
graph and let {G,}ego be the family of discrete graphs associated with
G. Assume that the set of all points v € G° for which G, is either acyclic
or transitive, is dense in G°. Then any approzimately local derivation
on 7;r is a derivation.

Corollary 8.15 (Katsoulis [41]). Let (X,0) be a dynamical system
for which the eventualy periodic points have empty interior, e.q., 0 is a
homeomorphism. Then any local derivation on Co(X) X, Z" is actually
a derivation.

Problem 5. What about the case where o is an arbitrary selfmap?
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