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ABSTRACT. The notion of a subproduct system, a generalization of
that of a product system, is introduced. We show that there is an
essentially 1 to 1 correspondence between cp-semigroups and pairs
(X,T) where X is a subproduct system and T is an injective subprod-
uct system representation. A similar statement holds for subproduct
systems and units of subproduct systems. This correspondence is used
as a framework for developing a dilation theory for cp-semigroups. Re-
sults we obtain:

(i) a *-automorphic dilation to semigroups of x-endomorphisms over
quite general semigroups;

(ii) necessary and sufficient conditions for a semigroup of CP maps to
have a x-endomorphic dilation;

(ili) an analogue of Parrot’s example of three contractions with no
isometric dilation, that is, an example of three commuting, contrac-
tive normal CP maps on B(H) that admit no *-endomorphic dilation
(thereby solving an open problem raised by Bhat in 1998).

Special attention is given to subproduct systems over the semigroup
N, which are used as a framework for studying tuples of operators
satisfying homogeneous polynomial relations, and the operator alge-
bras they generate. As applications we obtain a noncommutative
(projective) Nullstellensatz, a model for tuples of operators subject to
homogeneous polynomial relations, a complete description of all rep-
resentations of Matsumoto’s subshift C*-algebra when the subshift
is of finite type, and a classification of certain operator algebras —
including an interesting non-selfadjoint generalization of the noncom-
mutative tori.
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INTRODUCTION

MOTIVATION: DILATION THEORY OF CPy-SEMIGROUPS. We begin by describ-
ing the problems that motivated this work.

Let H be a separable Hilbert space, and let M C B(H) be a von Neumann
algebra. A CP map on M is a contractive, normal and completely positive
map. A CPy-semigroup on M is a family © = {©,};>¢ of unital CP maps on
M satisfying the semigroup property

Osit(a) = O4(0:(a)) , s,t >0,a € M,
Oo(a) =a, a € B(H),
and the continuity condition

lim (O:(a)h, g) = (O (a)h,g) , a € M, h,g € H.

t—to
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SUBPRODUCT SYSTEMS 803

A CPg-semigroup is called an Fy-semigroup if each of its elements is a *-
endomorphism.

Let © be a CPg-semigroup acting on M, and let a be an Eg-semigroup acting
on R, where R is a von Neumann subalgebra of B(K) and K D H. Denote
the orthogonal projection of K onto H by p. We say that « is an Fy-dilation
of ®@ifforallt>0and be R

(0.1) ©:(pbp) = pa(b)p.

In the mid 1990’s Bhat proved the following result, known today as “Bhat’s
Theorem” (see [9] for the case M = B(H), and also [40, 15, 29, 6] for different
proofs and for the general case):

THEOREM 0.1. (BHAT). FEwvery CPy-semigroup has a unique minimal Eo-
dilation.

A natural question is then this: given TWO commuting CPy-semigroups, can
one simultaneously dilate them to a pair of commuting Ey-semigroups? In [43]
the following partial positive answer was obtained?:

THEOREM 0.2. [43, Theorem 6.6] Let {¢:}i>0 and {6:}1>0 be two strongly com-
muting CPy-semigroups on a von Neumann algebra M C B(H), where H is a
separable Hilbert space. Then there is a separable Hilbert space K containing H
and an orthogonal projection p : K — H, a von Neumann algebra R C B(K)
such that M = pRp, and two commuting Ey-semigroups o and 3 on R such
that
¢s 0 01 (pbp) = pas o By(b)p
for all s;,t >0 and all b € R.

In other words: every two-parameter CPgy-semigroup that satisfies an addi-
tional condition of strong commutativity has a two-parameter Eq-dilation. The
condition of strong commutativity was introduced in [48]. A precise definition
will not be given here. THE MAIN TOOLS IN THE PROOF OF THEOREM 0.2,
AND ALSO IN SOME OF THE PROOFS OF THEOREM 0.1, WERE PRODUCT SYS-
TEMS OF W*-CORRESPONDENCES AND THEIR REPRESENTATIONS. In fact, the
only place in the proof of Theorem 0.2 where the assumption of strong com-
mutativity is used, is in the construction of a certain product system. More
about that later.

In [10], Bhat showed that given a pair of commuting CP maps © and ® on
B(H), there is a Hilbert space K O H and a pair of commuting normal *-
endomorphisms « and § acting on B(K) such that

@™ 0 ®"(pbp) = pa™ o " (b)p , b € B(K)

for all m,n € N (here p denotes the projection of K onto H). Later on Solel,
using a different method (using in fact product systems and their representa-
tions), proved this result for commuting CP maps on arbitrary von Neumann
algebras [48]. Neither one of the above results requires strong commutativity.

2The same result was obtained in [42] for nonunital semigroups acting on M = B(H).
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In light of the above discussion, and inspired by classical dilation theory [47, 49],
it is natural to conjecture that every two commuting (not necessarily strongly
commuting) CPg-semigroups have an Ey-dilation, and in fact that the same is
true for any k commuting CPg-semigroups, for any positive integer k. However,
the framework given by product systems seems to be too weak to prove this.
Trying to bypass this stoppage, we arrived at the notion of a subproduct system.

BACKGROUND: FROM PRODUCT SYSTEMS TO SUBPRODUCT SYSTEMS. Prod-
uct systems of Hilbert spaces over R} were introduced by Arveson some 20
years ago in his study of Eg-semigroups [3]. In a few imprecise words, a prod-
uct system of Hilbert spaces over R, is a bundle {X (¢)};cr, of Hilbert spaces
such that

X(s+t)=X(s)®@X(t), s,t € Ry.
We emphasize immediately that Arveson’s definition of product systems re-
quired also that the bundle carry a certain Borel measurable structure, but we
do not deal with these matters here. To every Eg-semigroup Arveson associated
a product system, and it turns out that the product system associated to an
Eg-semigroup is a complete cocycle conjugacy invariant of the Eg-semigroup.
Later, product systems of Hilbert C*-correspondences over R appeared (see
the survey [46] by Skeide). In [15], Bhat and Skeide associate with every
semigroup of completely positive maps on a C*-algebra A a product system of
Hilbert A-correspondences. This product system was then used in showing that
every semigroup of completely positive maps can be “dilated” to a semigroup of
x-endomorphisms. Muhly and Solel introduced a different construction [29]: to
every CPg-semigroup on a von Neumann algebra M they associated a product
system of Hilbert W*-correspondences over M’, the commutant of M. Again,
this product system is then used in constructing an Eg-dilation for the original
CPy-semigroup.
Product systems of C*-correspondences over semigroups other than R, were
first studied by Fowler [21], and they have been studied since then by many
authors. In [48], product systems over N? (and their representations) were stud-
ied, and the results were used to prove that every pair of commuting CP maps
has a *-endomorphic dilation. Product systems over Ri were also central to the
proof of Theorem 0.2, where every pair of strongly commuting CPy-semigroups
is associated with a product system over Rﬁ_. However, the construction of the
product system is one of the hardest parts in that proof. Furthermore, that
construction fails when one drops the assumption of strong commutativity, and
it also fails when one tries to repeat it for k strongly commuting semigroups.
On the other hand there is another object that may be naturally associated
with a semigroup of CP maps over any semigroup: this object is the subproduct
system, which, when the CP maps act on B(H), is the bundle of Arveson’s
“metric operator spaces” (introduced in [4]). Roughly, a subproduct system of
correspondences over a semigroup S is a bundle { X (s)}ses of correspondences
such that

X(s+t)CX(s)®X(t), s,teS.
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See Definition 1.1 below. Of course, a difficult problem cannot be made easy
just by introducing a new notion, and the problem of dilating k-parameter
CPy-semigroups remains unsolved. However, subproduct systems did already
provide us with an efficient general framework for tackling various problems
in operator algebras, and in particular it has led us to a progress toward the
solution of the discrete analogue of the above unsolved problem.

While preparing this paper we learned that Bhat and Mukherjee have also
considered subproduct systems over the semigroup Ry ([14]). They called it
inclusion systems and used it to compute the index of certain product systems.
This paper consists of two parts. In the first part we introduce subproduct
systems over general semigroups, show the connection between subproduct sys-
tems and cp-semigroups, and use this connection to obtain three main results
in dilation theory of ¢p-semigroups. The first result is that every ep-semigroup
over a (certain kind of) semigroup S can be dilated to a semigroup of x-
automorphisms on some type I factor. The second is some necessary conditions
and sufficient conditions for a ¢p-semigroup to have a (minimal) *-endomorphic
dilation. The third is an analogue of Parrot’s example of three contractions
with no isometric dilation, that is, an example of three commuting, contractive
normal CP maps on B(H) that admit no #-endomorphic dilation. The CP maps
in the stated example can be taken to have arbitrarily small norm, providing
the first example of a theorem in the classical theory of isometric dilations that
cannot be generalized to the theory of e-dilations of cp-semigroups.

Having convinced the reader that subproduct systems are an interesting and
important object, we turn in the second part of the paper to take a closer look
at the simplest examples of subproduct systems, that is, subproduct systems
of Hilbert spaces over N. We study certain tuples of operators and operator
algebras that can be naturally associated with every subproduct system, and
explore the relationship between these objects and the subproduct systems that
give rise to them.

SOME PRELIMINARIES. M and N will denote von Neumann subalgebras of
B(H), where H is some Hilbert space.

In Sections 1 through 5, § will denote a sub-semigroup of Rﬁ. In fact, in large
parts of the paper S can be taken to be any semigroup with unit, or at least any
Ore semigroup (see [25] for a definition), but we prefer to avoid this distraction.

DEFINITION 0.3. A cp-semigroup is a semigroup of CP maps, that is, a family
O = {Os}ses of completely positive, contractive and normal maps on M such
that

Osit(a) = O4(04(a)) , s,t €S,a e M
and
Oo(a) =a, a e M.

A cpo-semigroup is a semigroup of unital CP maps. An e-semigroup is a
semigroup of x-endomorphisms. An eg-semigroup is a semigroup of unital *-
endomorphisms.
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For concreteness, one should think of the case S = N¥, where a cp-semigroup is
a k-tuple of commuting CP maps, or the case S = Rﬁ, where a cp-semigroup is
a k-parameter semigroup of CP maps, or £ mutually commuting one-parameter
cp-semigroups.

DEFINITION 0.4. Let © = {O}ses be a cp-semigroup acting on a von Neumann
algebra M C B(H). An e-dilation of © is a triple (o, K,R) consisting of
a Hilbert space K D H (with orthogonal projection Py : K — H), a von
Neumann algebra R C B(K) that contains M as a corner M = Py RPy, and
an e-semigroup o = {as}ses on R such that for all T € R, s € S,

@S(PHTPH) = PHCYS(T)PH.

DEFINITION 0.5. Let A be a C*-algebra. A Hilbert C*-correspondences over
A is a (right) Hilbert A-module E which carries a non-degenerate, adjointable,

left action of A.

DEFINITION 0.6. Let M be a W*-algebra. A Hilbert W*-correspondence over
M is a self-adjoint Hilbert C*-correspondence E over M, such that the map
M — L(E) which gives rise to the left action is normal.

DEFINITION 0.7. Let E be a C*-correspondence over A, and let H be a Hilbert
space. A pair (0,T) is called a completely contractive covariant representation
of E on H (or, for brevity, a c.c. representation) if

(1) T : E — B(H) is a completely contractive linear map;

(2) 0: A— B(H) is a nondegenerate x-homomorphism; and

(3) T(xa) =T (x)o(a) and T(a-z) = o(a)T (z) for allx € E and all a € A.
If A is a W*-algebra and E is W*-correspondence then we also require that o
be normal.

Given a C*-correspondence E and a c.c. representation (o,7) of E on H,
one can form the Hilbert space F ®, H, which is defined as the Hausdorff

)

completion of the algebraic tensor product with respect to the inner product
(z@h,y®g) = (ho((z,9))9).
One then defines T : E @, H — H by
T(z ® h) = T(x)h.
DEFINITION 0.8. A c.c. representation (o,T) is called isometric if for all x,y €
E,
T(x)*T(y) = o({z,y))
(This is the case if and only if T is an isometry). It is called fully coisometric
if T is a coisometry.

Given two Hilbert C*-correspondences E and F' over A, the balanced (or inner)
tensor product E ® F' is a Hilbert C*-correspondence over A defined to be the
Hausdorff completion of the algebraic tensor product with respect to the inner
product

(x@y,we z)=(y, (z,w)-2), z,w € E,y,z € F.
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The left and right actions are defined as a- (z®y) = (a-2) ®y and (z @ y)a =
x® (ya), respectively, for alla € A,z € E,y € F. When working in the context
of W*-correspondences, that is, if £ and F' are W*-correspondences and A is
a W*-algebra, then £ ® F' is understood do be the self-dual extension of the
above construction.

DETAILED OVERVIEW OF THE PAPER. Subproduct systems, their represen-
tations, and their units, are defined in the next section. The following two
sections, 2 and 3, can be viewed as a reorganization and sharpening of some
known results, including several new observations.

Section 2 establishes the correspondence between cp-semigroups and subprod-
uct systems. It is shown that given a subproduct system X of N - correspon-
dences and a subproduct system representation R of X on H, we may construct
a cp-semigroup O acting on A. We denote this assignment as © = %(X, R).
Conversely, it is shown that given a cp-semigroup © acting on M, there is a
subproduct system E (called the Arveson-Stinespring subproduct system of ©)
of M'’-correspondences and an injective representation T' of E on H such that
© = X(E,T). Denoting this assignment as (E,T) = Z(0), we have that XoZ= is
the identity. In Theorem 2.6 we show that Zo is also, after restricting to pairs
(X, R) with R an injective representation (and up to some “isomorphism”), the
identity. This allows us to deduce (Corollary 2.8) that a subproduct system
that is not a product system has no isometric representations. We introduce
the Fock spaces associated to a subproduct system and the canonical shift rep-
resentations. These constructs allow us to show that every subproduct system
is the Arveson-Stinespring subproduct system of some ¢p-semigroup.

In Section 3 we briefly sketch the picture that is dual to that of Section 2. It is
shown that given a subproduct system and a unit of that subproduct system
one may construct a cp-semigroup, and that every cp-semigroup arises this way.
In Section 4, we construct for every subproduct system X and every fully
coisometric subproduct system representation 7" of X on a Hilbert space, a
semigroup T of contractions on a Hilbert space that captures “all the informa-
tion” about X and 7. This construction is a modification of the construction
introduced in [41] for the case where X is a product system. It turns out that
when X is merely a subproduct system, it is hard to apply T to obtain new
results about the representation T'. However, when X is a true product sys-
tem 7 is very handy, and we use it to prove that every egp-semigroup has a
x-automorphic dilation (in a certain sense).

Section 5 begins with some general remarks regarding dilations and pieces of
subproduct system representations, and then the connection between the di-
lation theories of cp-semigroups and of representations of subproduct systems
is made. We define the notion of a subproduct subsystem and then we define
dilations and pieces of subproduct system representations. These notions gen-
eralize the notions of commuting piece or q-commuting piece of [12] and [19],
and also generalizes the definition of dilation of a product system representa-
tion of [29]. Proposition 5.8, Theorem 5.12 and Corollary 5.13 show that the
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1-1 correspondences 3 and = between cp-semigroups and subproduct systems
with representations take isometric dilations of representations to e-dilations
and vice-versa. This is used to obtain an example of three commuting, unital
and contractive CP maps on B(H) for which there exists no e-dilation act-
ing on a B(K), and no minimal dilation acting on any von Neumann algebra
(Theorem 5.14).

In Section 5 we also present a reduction of both the problem of constructing an
ep-dilation to a cpp-semigroup, and the problem of constructing an e-dilation
to a k-tuple of commuting CP maps with small enough norm, to the problem
of embedding a subproduct system in a larger product system. We show that
not every subproduct system can be embedded in a product system (Propo-
sition 5.15), and we use this to construct an example of three commuting CP
maps 61, 02,03 such that for any A > 0 the three-tuple A\d;, Af2, A3 has no
e-dilation (Theorem 5.16). This unexpected phenomenon has no counterpart
in the classical theory of isometric dilations, and provides the first example of
a theorem in classical dilation theory that cannot be generalized to the theory
of e-dilations of cp-semigroups.

The developments described in the first part of the paper indicate that sub-
product systems are worthwhile objects of study, but to make progress we must
look at plenty of concrete examples. In the second part of the paper we be-
gin studying subproduct systems of Hilbert spaces over the semigroup N. In
Section 6 we show that every subproduct system (of W*-correspondences) over
N is isomorphic to a standard subproduct system, that is, it is a subproduct
subsystem of the full product system {E®"},,cn for some W*-correspondence
E. Using the results of the previous section, this gives a new proof to the
discrete analogue of Bhat’s Theorem: every cpg-semigroup over N has an eg-
dilation. Given a subproduct system we define the standard X -shift, and we
show that if X is a subproduct subsystem of Y, then the standard X-shift is
the maximal X-piece of the standard Y-shift, generalizing and unifying results
from [12, 19, 39].

In Section 7 we explain why subproduct systems are convenient for studying
noncommutative projective algebraic geometry. We show that every homo-
geneous ideal I in the algebra C(x1,...,x4) of noncommutative polynomials
corresponds to a unique subproduct system Xj, and vice-versa. The represen-
tations of X7 on a Hilbert space H are precisely determined by the d-tuples in
the zero set of I,

ZI)={T = (Ty,...,Ts) € B(H)": Vp € 1.p(T) = 0}.
A noncommutative version of the Nullstellensatz is obtained, stating that
{peClar,...,xq) : VT € Z(I).p(T) = 0} = I.

Section 8 starts with a review of a powerful tool, Gelu Popescu’s “Poisson
Transform” [38]. Using this tool we derive some basic results (obtained previ-
ously by Popescu in [39]) which allow us to identify the operator algebra Ax
generated by the X-shift as the universal unital operator algebra generated by a
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row contraction subject to homogeneous polynomial identities. We then prove
that every completely bounded representation of a subproduct system X is a
piece of a scaled inflation of the X-shift, and derive a related “von Neumann
inequality”.

In Section 9 we discuss the relationship between a subproduct system X and
Ax, the (non-selfadjoint operator algebra generated by the X-shift). The main
result in this section is Theorem 9.7, which says that X 2 Y if and only if Ax
is completely isometrically isomorphic to Ay by an isomorphism that pre-
serves the vacuum state. This result is used in Section 10, where we study the
universal norm closed unital operator algebra generated by a row contraction
(Th, ..., T,) satisfying the relations

TiT; = qiT;T; , 1 <i<j<d,

where ¢ = (gi;){ ;= € M,(C) is a matrix such that ¢;; = q;]-l. These non-
selfadjoint analogues of the noncommutative tori, are shown to be classified by
their subproduct systems when ¢; ; # 1 for all ¢, 5. In particular, when d = 2,
we obtain the universal algebra for the relation

TVTy = ¢TI,

which we call A,. It is shown that A, is isomorphically isomorphic to A, if
and only if ¢ =7 or ¢ =r"1.

In Section 11 we describe all standard maximal subproduct systems X with
dim X (1) = 2 and dim X (2) = 3, and classify their algebras up to isometric
isomorphisms.

In the closing section of this paper, Section 12, we find that subproduct systems
are also closely related to subshifts and to the subshift C*-algebras introduced
by K. Matsumoto [28]. We show how every subshift gives rise to a subproduct
system, and characterize the subproduct systems that come from subshifts.
We use this connection together with the results of Section 8 to describe all
representations of subshift C*-algebras that come from a subshift of finite type
(Theorem 12.7).

ACKNOWLEDGMENTS. The authors owe their thanks to Eliahu Levy for point-
ing out a mistake in a previous version of the paper, and to Michael Skeide, for
several helpful remarks.
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PART 1. SUBPRODUCT SYSTEMS AND ¢p-SEMIGROUPS
1. SUBPRODUCT SYSTEMS OF HILBERT W*-CORRESPONDENCES

DEFINITION 1.1. Let N be a von Neumann algebra. A subproduct system of
Hilbert W*-correspondences over N is a family X = {X(s)}ses of Hilbert
W*-correspondences over N such that

(1) X(0) =N,

(2) For every s,t € S there is a coisometric mapping of N -correspondences

Ust: X(s) @ X(t) — X(s+1),
(3) The maps Us,o and Uy 5 are given by the left and right actions of N on
X(s),
(4) The maps Usy satisfy the following associativity condition:

(11) Us-i—t,r (Us,t ® IX(T)) = Us,t—i—r (IX(S) ® Ut,r) .

The difference between a subproduct system and a product system is that in a
subproduct system the maps U, ; are only required to be coisometric, while in a
product system these maps are required to be unitaries. Thus, given the image
Usi(x®y) of x ®@y in X (s+1t), one cannot recover z and y. Thus, subproduct
systems may be thought of as irreversible product systems. The terminology
is, admittedly, a bit awkward. It may be more sensible — however, impossible
at present — to use the term product system for the objects described above
and to use the term full product system for product system.

ExAMPLE 1.2. The simplest example of a subproduct system F = Fp =
{F(n)}nen is given by

F(n) = E®",
where F is some W*-correspondence. F' is actually a product system. We shall
call this subproduct system the full product system (over E).

ExampPLE 1.3. Let E be a fixed Hilbert space. We define a subproduct system
(of Hilbert spaces) SSP = SSPg over N using the familiar symmetric tensor
products (one can obtain a subproduct system from the anti-symmetric tensor
products as well). Define

E®"=FE® ---QFE,

(n times). Let p, be the projection of E®" onto the symmetric subspace of
E®" given by

pnkl ®--® kn = % Z kafl(l) Q- Q ka'*l(n)'
o€ESy
We define
SSP(n) = E®" .= p,E®",
the symmetric tensor product of E with itself n times (SSP(0) = C). We
define a map Uy, p, : SSP(m) @ SSP(n) — SSP(m +n) by

Um,n(x ®Y) = Pmin(z @ Y).
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The U’s are coisometric maps because every projection, when considered as a
map from its domain onto its range, is coisometric. A straightforward calcula-
tion shows that (1.1) holds (see [35, Corollary 17.2]). In these notes we shall
refer to SSP (or SSPg to be precise) as the symmetric subproduct system (over
DEFINITION 1.4. Let X and Y be two subproduct systems over the same semi-
group S (with families of coisometries {U}s1es and {UY }sres). A family
V = {Vi}ses of maps Vi : X(s) — Y (s) is called a morphism of subproduct
systems if Vo : X(0) — Y (0) is the identity, if for all s € S\ {0} the map V; is
a coisometric correspondence map, and if for all s,t € S the following identity
holds:

(1.2) Vgt o Uy =UL, o (Ve @ Va).

V is said to be an isomorphism if Vy is a unitary for all s € S\ {0}. X is said
to be isomorphic to Y if there exists an isomorphism V : X — Y.

There is an obvious extension of the above definition to the case where X (0)
and Y (0) are #-isomorphic. The above notion of morphism is not optimized
in any way. It is simply precisely what we need in order to develop dilation
theory for cp-semigroups.

DEFINITION 1.5. Let N be a von Neumann algebra, let H be a Hilbert space, and
let X be a subproduct system of Hilbert N -correspondences over the semigroup
S. Assume that T : X — B(H), and write Ty for the restriction of T to X(s),
s €S, and o for To. T (or (0,T)) is said to be a completely contractive
covariant representation of X if

(1) For each s €S, (0,Ts) is a c.c. representation of X(s); and
(2) To1t(Usi(z ®@y)) = Ts(x)Te(y) for all s,t € S and all x € X (s),y €
X ().
T is said to be an isometric (fully coisometric) representation if it is an iso-
metric (fully coisometric) representation on every fiber X (s).

Since we shall not be concerned with any other kind of representation, we shall
call a completely contractive covariant representation of a subproduct system
simply a representation.

REMARK 1.6. Item 2 in the above definition of product system can be rewritten
as follows: B _ B
Toyt(Us ® Irp) = Ts(Ix(s) @ Tt).
Here T} : X(s) ®, H — H is the map given by
Ty(z ® h) = Ty(a)h.

EXAMPLE 1.7. We now define a representation T' of the symmetric subproduct
system SSP from Example 1.3 on the symmetric Fock space. Denote by §+

the symmetric Fock space
3. = @ E®",
neN
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For every n € N, the map T,, : SSP(n) = E®" — B(F.) is defined on the
m-particle space E®™ by putting
T (2)y = ppim(z @ y)

for all z € X(n),y € E®™. Then T extends to a representation of the sub-
product system SSP on 4 (to see that item 2 of Definition 1.5 is satisfied one
may use again [35, Corollary 17.2]).

DEFINITION 1.8. Let X = {X(s)}ses be a subproduct system of N-
correspondences over S. A family £ = {&s}ses is called a unit for X if
(1'3) §s @& = U:,t§s+t'

A unit & = {&s}ses is called unital if (§5,&) = In for all s € S, it is called
contractive if (€s,&s) < 1y for all s € S, and it is called generating if X (s) is
spanned by elements of the form

(1.4)

Usitetsn—1,5 (7 Usitsz,sg (Usys: (a1€s; ® a26s,) ® asésy) ®@ -+ @ anés, nt1),

where s = 81+ 89+ -+ + S,,.
From (1.3) follows the perhaps more natural looking

Us,t(gs &® gt) - €s+t-

EXAMPLE 1.9. A unital unit for the symmetric subproduct system SSP from
Example 1.3 is given by defining £, = 1 and

€n:U®’U®"'®U
———— ———
n times

for n > 1. This unit is generating only if £ is one dimensional.

2. SUBPRODUCT SYSTEM REPRESENTATIONS AND cp-SEMIGROUPS

In this section, following Muhly and Solel’s constructions from [29], we show
that subproduct systems and their representations provide a framework for
dealing with cp-semigroups, and allow us to obtain a generalization of the
classical result of Wigner that any strongly continuous one-parameter group
of automorphisms of B(H) is given by X — U, XU} for some one-parameter
unitary group {U;}ier-

2.1. ALL cp-SEMIGROUPS COME FROM SUBPRODUCT SYSTEM REPRESENTA-
TIONS.

PROPOSITION 2.1. Let N be a von Neumann algebra and let X be a subproduct
system of N -correspondences over S, and let R be completely contractive co-
variant representation of X on a Hilbert space H, such that Ry is unital. Then
the family of maps

(2.1) O, ZGHES(IX(S) ®a)}~2: , aGRo(N)I,
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is a semigroup of CP maps on Ro(N)'. Moreover, if R is an isometric (a fully
coisometric) representation, then ©4 is a x-endomorphism (a unital map) for
all s € S.

Proof. By Proposition 2.21 in [29], {O;}ses is a family of contractive, normal,
completely positive maps on Ro(N')’. Moreover, these maps are unital if R is
a fully coisometric representation, and they are x-endomorphisms if R is an
isometric representation. It remains is to check that © = {O;}scs satisfies the
semigroup condition @, 0 ©; = O4,4. Fix a € Ry(N)'. For all s,t € S,
0.(0,(a)) = Ry (IX(S) ® (ﬁt(lx(t) ® @E;‘)) R
= Ru(Ix(s) ® R)(Ix(s) ® Ix(ty ® a)(Ix(s) ® Rf)R:
= §s+t(U5,t & IG)(IX(S) & IX(t) ® a’)(U:,t ® IG)EI-H
= Rsii(Ix(st) ® a) Ry,
= @ert (a)
Using the fact that Ry is unital, we have
Oo(a)h = Ro(In ® a)Ro h
= Ro(In ® a)(1x ® h)
= Ro(1x)ah
= ah,
thus Og(a) = a for all a € N. O

We will now show that every cp-semigroup is given by a subproduct represen-
tation as in (2.1) above. We recall some constructions from [29] (building on
the foundations set in [4]).

Fix a CP map © on von Neumann algebra M C B(H). We define M ®¢ H
to be the Hausdorff completion of the algebraic tensor product M ® H with
respect to the sesquilinear positive semidefinite form

(Th ® h1, T2 ® ha) = (h1,©(TyT2)hs) .
We define a representation mg of M on M ®¢ H by
Te(S) (T ®h)=ST®h,
and we define a (contractive) linear map Wo : H - M ® H by
Wo(h) =1® h.

If © is unital then Wg is an isometry, and if © is an endomorphism then Wg
is a coisometry. The adjoint of Wg is given by

WE(T @ h) = O(T)h.
For a given CP semigroup © on M, Muhly and Solel defined in [29] a W*-

correspondence Eg over M’ and a c.c. representation (0,Tg) of Eg on H such
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that for all a € M
(2.2) 0(a) = To (Ipe ® a) T4,
The W*-correspondence Fg is defined as the intertwining space

Eo =L m(H M®e H),
where

LMm(HM®e H) :={X € BH M®e H)| XT =re(T)X, T € M}.
The left and right actions of M’ are given by
S X=I®sSXx , X -S=XS

for all X € Eg and S € M’. The M’-valued inner product on Fg is de-
fined by (X,Y) = X*Y. Eg is called the Arveson-Stinespring correspondence
(associated with ©).
The representation (o, Te) is defined by letting o = id a4/, the identity repre-
sentation of M’ on H, and by defining

To(X)=WgX.

(id e, To) is called the identity representation (associated with ©). We remark
that the paper [29] focused on unital CP maps, but the results we cite are true
for nonunital CP maps, with the proofs unchanged.

The case where M = B(H) in the following theorem appears, in essence at
least, in [4].

THEOREM 2.2. Let © = {Og}ses be a cp-semigroup on a von Neumann algebra
M C B(H), and for all s € S let E(s) := Fo,_ be the Arveson-Stinespring
correspondence associated with O, and let Ts := T, denote the identity
representation for ©g. Then E = {E(s)}ses is a subproduct system of M'-
correspondences, and (ida,T) is a representation of E on H that satisfies
(2.3) 0s(a) =Ty (Ips) ®a) T

foralla € M and all s € S. Ty is injective for all s € S. If © is an e-semigroup
(cpo-semigroup), then (idaq, T) is isometric (fully coisometric).

Proof. We begin by defining the subproduct system maps Uy : E(s) ® E(t) —
E(s+t). We use the constructions made in [29, Proposition 2.12] and the
surrounding discussion. We define

Ust =V Vst s
where the map
Vet Lm(HMRe, H) @ LMm(H M ®e, H) = LM(H, M @0, M ®o, H)
is given by ¥, (X ®Y) = (I ® X)Y, and
Vet : LMH M ®e,., H) = Lp(H M ®e, M ®e, H)

is given by Vi ¢(X) =T 0 X, where I's; : M ®e,,, H > M ®o, M ®e, H is
the isometry
Fs7t : S®@S+t h— S@@t I®@S h.
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By [29, Proposition 2.12], U, is a coisometric bimodule map for all s,t € S.
To see that the U’s compose associatively as in (1.1), take s,t,u € S, X €
E(s),Y € E(t),Z € E(u), and compute:

US,tJru(IE(s) & Ut,u)(X RY ® Z) = Us,tJru(X & ‘/z:u(l ® Y)Z)
=V (TeX)Vi,IeY)Z)
=T X, (IeY)Z

and
Ustt,u(Ust @ Ipw)) (X @Y ® Z) = Usqr,u(Vi, (I ® X)Y @ 2)
— Vi ([0 V(I ®X)Y)Z)
=Tl )l X)(IRY)Z .
So it suffices to show that
i I@X)0, =10, (eI ) eleX)
It is easier to show that their adjoints are equal. Let a ® h be a typical element
of M®e,, . I
FiuI @ X ) i4u(a®e,, 0 h) =Tl © X¥)(a®e,,, I ®e, h)
=T u(a®e,,, X" (I ®e, h))
=aQ®e, I ®e, X*(I Re, h).
On the other hand
I X )T ) stiu(a@o. .y, h) =
=1 X )(I®T)(e®e, I ®e,,, h)
=(I®I®X*)(a®e, I ®e, I ®e, h)
=a®e, I ®e, X" (I ®e, h).
This shows that the maps {Us,,} make E into a subproduct system.
Let us now verify that T is a representation of subproduct systems. That
(idpar, Ts) is a c.c. representation of E(s) is explained in [29, page 878]. Let
X € E(s),Y € E(t).
Tert(Ust(X @Y)) = W§_, ,T5 (I @ X)Y,
while
To(X)T(Y) = W5 XW4,Y.
But for all h € H,
Wo,X*Weo,h = We, X*(I ®e, h)
=1®e, X" (I ®e, h)
=TI X" ®e, I e, h)
=X ) (I®e.,,h)
=(IeX"):We,, h

s+t
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which implies Wg XWg Y = W§ T (I ® X)Y, so we have the desired
equality
T Uns (X @) = Ty (X)T(Y).

Equation (2.3) is a consequence of (2.2). The injectivity of the identity repre-
sentation has already been noted by Solel in [48] (for all h,g € H and a € M,
(WEXa*h,g) = (Xa*h,I®g) =(I®@a*)Xh,I®g) = (Xh,a®g) ). The final
assertion of the theorem is trivial (if ©; is a *-endomorphism, then Wg, is a
coisometry). O

DEFINITION 2.3. Given a cp-semigroup © on a W* algebra M, the pair (E,T)
constructed in Theorem 2.2 is called the identity representation of O, and E
is called the Arveson-Stinespring subproduct system associated with ©.

REMARK 2.4. If follows from [29, Proposition 2.14], if © is an e-semigroup,
then the identity representation subproduct system is, in fact, a (full) product
system.

REMARK 2.5. In [27], Daniel Markiewicz has studied the Arveson-Stinespring
subproduct system of a CPg-semigroup over Ry acting on B(H), and has also
shown that it carries a structure of a measurable Hilbert bundle.

2.2. ESSENTIALLY ALL INJECTIVE SUBPRODUCT SYSTEM REPRESENTATIONS
COME FROM c¢p-SEMIGROUPS. The following generalizes and is motivated by
[48, Proposition 5.7]. We shall also repeat some arguments from [32, Theorem
2.1].

By Theorem 2.2, with every c¢p-semigroup © = {O4}ses on M C B(H) we
can associate a pair (E,T) - the identity representation of © - consisting of a
subproduct system E (of correspondences over M’) and an injective subproduct
system c.c. representation T'. Let us write (E,T) = E(0). Conversely, given a
pair (X, R) counsisting of a subproduct system X of correspondences over M’
and a c.c. representation R of X such that Ry = id, one may define by equation
(2.1) a ¢p-semigroup O acting on M, which we denote as © = X(X, R). The
meaning of equation (2.3) is that ¥ o = is the identity map on the set of cp-
semigroups of M. We will show below that = o X, when restricted to pairs
(X, R) such that R is injective, is also, essentially, the identity. When (X, R)
is not injective, we will show that = o (X, R) “sits inside” (X, R).

THEOREM 2.6. Let N be a W*-algebra, let X = {X(s)}ses be a subproduct
system of N -correspondences, and let R be a c.c. representation of X on
H, such that o := Ry is faithful and nondegenerate. Let M C B(H) be the
commutant o(N) of a(N). Let © = X(X,R), and let (E,T) = Z(0©). Then
there is a morphism of subproduct systems W : X — E such that

(2.4) Ri=Ts0W,, seS8.
WiW, = Ix(s) — s, where qs is the orthogonal projection of X (s) onto KerRs.

In particular, W is an isomorphism if and only if Rs is injective for all s € S.
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REMARK 2.7. The construction of the morphism W below basically comes from
[48, 32|, and it remains only to show that it respects the subproduct system
structure. Some of the details in the proof will be left out.

Proof. We may construct a subproduct system X’ of M’-correspondences (re-
call that M" = a(N)), and a representation R’ of X’ on H such that Ry, is the
identity, in such a way that (X, R) may be naturally identified with (X', R’).
Indeed, put

X'(0)=M", X'(s) = X(s) for s #0,
where the inner product is defined by

<ZL', y>X/ = U(<:C7 y>X)a
and the left and right actions are defined by
a-z-b:=o0 Y a)xo T (b),

for a,b € M’ and z,y € X'(s), s € S\ {0}. Defining R{, = id and Wy = o;
and R, = R, for and W = id for s € § \ {0}, we have that W is a morphism
X — X'’ that sends R to R'.
Assume, therefore, that N'= M’ and that o is the identity representation.
We begin by defining for every s # 0

vs : M®eo, H— X(s)® H
by

vs(a®h) = (Ix) ® a)Rih.
It is straightforward to show that for all s € S the map vs is a well-defined
isometry. [({x(s) ® M)R? H] is invariant under Ix(s) ® M, thus the projection
onto the orthocomplement of this subspace is in (Ix ) @ M)" = L(X(s)) ® I,
so it has the form ¢s ® Iy for some projection g5 € £(X (s)). In fact, it is easy
to check that ¢, is the orthogonal projection of X (s) onto KerR;.

By the definition of vy and by the covariance properties of T', we have for all
a€ Mandbe M,

vs(a®@ 1) = I ®a)vs , vs(I ®b) = (b® I)vs.
Fix s € S and = € E(s). For all £ € X(s),h € H, write
P(E)h =z (@ h).
It is easy to verify that the linear map £ — t(§) maps X(s) into M’ and is
a bounded right module map. From the self duality of X(s) it follows that

there is a unique element in X (s), which we denote by V;(x), such that for all
e X(s),he H,

(2.5) (Va(@),E)h = 2"vi (E @ h).

The map V; is then a linear bimodule map. To show that V; preserves inner
products, write L¢, £ € X(s), for the operator L¢ : H — X (s) ® H that maps
h to € ® h and note that equation (2.5) becomes

L*\}S(I)Lf =a'vgLle , £ € X(s),
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or Ly, (z) = vsw, for all z € E(s). But since vy preserves inner products, we
have for all z,y € E(s):
<SC,y> = SC*y = SC*’U:’USy = L*{/S(E)LVS(y) = <‘/s('r)7 ‘/s(y»

We now prove that ViV = Ix(s)—qs. § € ImV2 if and only if Lgst(s)H =0.
But by [29, Lemma 2.10], E(s)H = M®e_ H, thus L{vs E(s)H = 0 if and only
if (§,m) = 0 for all n € (Ix(s) — ¢s)X (s), which is the same as £ € ¢, X (s).
Fix h,k € H. For x € E(s), we compute:
(Tu(2)h, k) = (W ah, k)

= (zh,I e, k)

= (vsah,v5(I ®e, k))

= (Va(z) ® h, R:k)

— (Ru(Va(@))h, ),
thus 75 = Rso Vg for all s € S. Define Wy, = V. Then Ty = Rs o W
Multiplying both sides by W we obtain Ts o Wy = Ry o WW,. But W W, =
I — g, is the orthogonal projection onto (KerRs)L, thus we obtain (2.4).

Finally, we need to show that W = {W,} respects the subproduct system
structure: for all s,t € S, v € X(s) and y € X (), we must show that

Wert(U(x @ y)) = U (We(2) @ We(y)).

Since T4 is injective, it is enough to show that after applying Tsys to both
sides of the above equation we get the same thing. But T, applied to the left
hand side gives

Ts+th+t(UsX,t($ ®y)) = Rs—i-t(UsX,t(x ®y)) = Rs(w)Ri(y),
and T4, applied to the right hand side gives
Tt (U5 (Wi(2) @ Wi(y)) = Ts(Ws(2)) T (Wi(y)) = Rs(2)Re(y)-
O
COROLLARY 2.8. Let X be a subproduct system that has an isometric represen-

tation V' such that Vi is faithful and nondegenerate. Then X is a (full) product
system.

Proof. Let © = X(X,V). Then © is an e-semigroup. Thus, if (E,T) = Z(0)
is the identity representation of O, then, by Remark 2.4, E is a (full) product
system. But if V| is faithful and V is isometric then V is injective. By the
above theorem, X is isomorphic to F, so it is a product system. O

2.3. SUBPRODUCT SYSTEMS ARISE FROM cp-SEMIGROUPS. THE SHIFT REP-
RESENTATION. A question arises: does every subproduct system arise as the
Arveson-Stinespring subproduct system associated with a cp-semigroup? By
Theorem 2.6, this is equivalent to the question does every subproduct system

DOCUMENTA MATHEMATICA 14 (2009) 801-868



SUBPRODUCT SYSTEMS 819

have an injective representation? We shall answer this question in the affir-
mative by constructing for every such subproduct system a canonical injective
representation.

The following constructs will be of most interest when S is a countable semi-
group, such as N¥.

DEFINITION 2.9. Let X = {X(8)}ses be a subproduct system. The X-Fock
space §x is defined as
Fx =P X(s).
sES
The vector Q :==1 € N = X(0) is called the vacuum vector of Fx. The X-shift
representation of X on §x is the representation

SX:X - B(Fx),
given by SX(z)y = USXt(:c ®vy), for allx € X(s),y € X(t) and all s,t € S.

Strictly speaking, SX as defined above is not a representation because it rep-
resents X on a C*-correspondence rather than on a Hilbert space. However,
since for any C*-correspondence F, L(FE) is a C*-algebra, one can compose a
faithful representation 7 : L(E) — B(H) with S to obtain a representation
on a Hilbert space.

A direct computation shows that §5X : X (s) ® §x — Tx is a contraction, and
also that S*(2)S¥(y) = S¥(US(z ®y)) so S is a completely contractive
representation of X. S¥ is also injective because SX(z)Q) = x for all z € X.
Thus,

COROLLARY 2.10. FEwvery subproduct system is the Arveson-Stinespring sub-
product system of a cp-semigroup.

3. SUBPRODUCT SYSTEM UNITS AND cp-SEMIGROUPS

In this section, following Bhat and Skeide’s constructions from [15], we show
that subproduct systems and their units may also serve as a tool for studying
cp-semigroups.

PROPOSITION 3.1. Let N be a von Neumann algebra and let X be a subproduct
system of N -correspondences over S, and let £ = {&s}ses be a contractive unit
of X, such that &y = 1ar. Then the family of maps

(3.1) Os :a (&, als),

is a semigroup of CP maps on N'. Moreover, if £ is unital, then O, is a unital
map for all s € S.

Proof. Tt is standard that O given by (3.1) is a contractive completely positive
map on N, which is unital if and only if £ is unital. The fact that O, is normal
goes a little bit deeper, but is also known (one may use [29, Remark 2.4(i)]).
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We show that {O;}ses is a semigroup. It is clear that Og(a) = a for all a € N.
For all s,t € S,

05(0¢(a)) = (&, (&, ade) &s)
= (& ®&s,, a8 @ &)
= <Ut*,sgs+tﬂ ) aUtis§S+t>
= (€55 a€s11)
= Os14(a).

a
We recall a central construction in Bhat and Skeide’s approach to dilation of
cp-semigroup [15], that goes back to Paschke [36]. Let M be a W*-algebra, and
let © be a normal completely positive map on M 3. The GNS representation

of © is a pair (Fg,fe) consisting of a Hilbert W*-correspondence Fg and a
vector g € Fg such that

O(a) = (fo,ale) for all a € M.

Fg is defined to be the correspondence M ®g M - which is the self-dual ex-
tension of the Hausdorff completion of the algebraic tensor product M & M
with respect to the inner product

(a®b,c®d) =0b0"0(a"c)d.
£o is defined to be &g = 1 ® 1. Note that o is a unit vector, that is -
(€o,80) =1, if and only if © is unital.

THEOREM 3.2. Let © = {O }scs be a cp-semigroup on a W*-algebra M.
For every s € S let (F(s),&s) be the GNS representation of ©4. Then F =
{F(s)}ses is a subproduct system of M-correspondences, and & = {&s}ses is
a generating contractive unit for F' that gives back © by the formula

(3.2) Os(a) = (&, a€s) for all a € M.
O is a cpo-semigroup if and only if € is a unital unit.
Proof. For all s,t € S define a map V,, : F(s+t) — F(s) ® F(t) by sending
Estrt 10 & ® & and extending to a bimodule map. Because
(a€s ® &b, c&s ® &ed) = (&b, (als, c&s) &ed)
= (&b, ©5(a"c)&ed)
=b" (&, Os(a"c)ér) d
=b"O4s(a*c)d
= (a&t+sb, bt5d) ,

Vst extends to a well defined isometric bimodule map from F(s+t) into F(s)®
F(t). We define the map Uy, to be the adjoint of V; ; (here it is important that

3The construction works also for completely positive maps on unital C*-algebras, but in
Theorem 3.2 below we will need to work with normal maps on W*-algebras.
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we are working with W* algebras - in general, an isometry from one Hilbert
C*-module into another need not be adjointable, but bounded module maps
between self-dual Hilbert modules are always adjointable, [36, Proposition 3.4]).
The collection {Us}stes makes F into a subproduct system. Indeed, these
maps are coisometric by definition, and they compose in an associative manner.
To see the latter, we check that (Ip) @ Vi t)Visrt = (Vis ® Ipy)Vigs,t and
take adjoints.

Urey ® Vat)Visit(arrsttb) = (Ip@r)y @ Vi) (aér @ £514D)
= a&r & gs o2 ftb

Similarly, (Vi.s @ Ip))Viys,t(a€risiib) = a&r @ £ @ &b, Since F(r 4 s +1) is
spanned by linear combinations of elements of the form a&, ys4+b, the U’s make
F into a subproduct system, and ¢ is certainly a unit for F. Equation (3.2)
follows by definition of the GNS representation. Now,

<§sa§s> = 65(1) , € Sa

so £ is a contractive unit because ©4(1) < 1, and £ it is unital if and only if
©; is unital for all s. £ is in fact more then just a generating unit, as F'(s) is
spanned by elements with the form described in equation (1.4) with (s1,...,s,)
a fized n-tuple such that s; + -+ s, = s. O

DEFINITION 3.3. Given a cp-semigroup © on a W* algebra M, the subproduct
system F' and the unit & constructed in Theorem 3.2 are called, respectively,
the GNS subproduct system and the GNS unit of ©. The pair (F,§) is called
the GNS representation of ©.

REMARK 3.4. There is a precise relationship between the identity represen-
tation (Definition 2.3) and the GNS representation of a ¢p-semigroup. The
GNS representation of a CP map is the dual of the identity representation in
a sense that is briefly described in [31]. This notion of duality has been used
to move from the product-system-and-representation picture to the product-
system-with-unit picture, and vice versa. See for example [44] and the ref-
erences therein. It is more-or-less straightforward to use this duality to get
Theorem 3.2 from Theorem 2.2 (or the other way around).

4. *-AUTOMORPHIC DILATION OF AN ep-SEMIGROUP

We now apply some of the tools developed above to dilate an ep-semigroup to a
semigroup of x-automorphisms. We shall need the following proposition, which
is a modification (suited for subproduct systems) of the method introduced
in [41] for representing a product system representation as a semigroup of
contractive operators on a Hilbert space.

PROPOSITION 4.1. Let N be a von Neumann algebra and let X be a subproduct
system of W*-correspondences over S. Let (0,T) be a fully coisometric covari-
ant representation of X on the Hilbert space H, and assume that o is unital.
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Denote

H, = (X(s) ®, H)/Kerﬁ

H:@Hs.

sES

and

Then there exists a semigroup of coisometries T = {Ts}ses on 'H such that for
allseS, ze X(s) and he H,

Ty (0s -2 @ h) = Ty(x)h.
T also has the property that for all s € S and all t > s
(4.1) TiT|y =Tu, » (t>5).

Proof. First, we note that the assumptions on ¢ and on the left action of N
imply that Hy & H via the identification a ® h < o(a)h. This identification
will be made repeatedly below.

Define Hy to be the space of all finitely supported functions f on S such that
for all s € S,

f(s) € Hy.
Hy is generated by the functions ds - £, where J; is the function taking the value
1 at s and 0 elsewhere, and & € H;,. We equip Ho with the inner product
(68 . €a 615 . 77) = 65,15(6; 77>7

for all s,t € S,¢ € Hg,n € Hy (here 05, is Kronecker’s delta function). Let H
be the completion of Hg with respect to this inner product. We have

H = @HS.
sES

It will sometimes be convenient to identify the subspace ds - Hys C H with Hj,
and for s = 0 this gives us an inclusion H C H. We define a family 7' = {7} ses
of operators on Hy as follows. First, we define Ty to be the identity. Now
assume that s > 0. If ¢ € S and ¢ # s, then we define Ts(ét <€) = 0 for all
&€ H,. Ift > s >0 we would like to define (as we did in [41])

(4.2) T (0 (@s @2, @R) =y (m1-s @ Tolws @ 1)),

but since X is not a true product system, we cannot identify X (t — s) ® X (s)
with X (¢). For a fixed ¢ > 0, we define for all s <t¢, £ € X(t) and h € H

Ty (00 (€@ 1) =61y ((Ixaw @ T E2 D).

T, can be extended to a well defined contraction from X (t)® H to X (t—s)® H,
for all ¢ > s, and has an adjoint given by

(43) o6y n@h=b ((Uiss® ) 0 Toh)).
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We are going to obtain T} as the map I}Q — H,_, induced by T;. Let Y € H,
satisfy T3(Y) = 0. We shall show that T50; - Y =0 in §;—s - H;—s. But
Tsbt-Y = 04— - ((IX(tfs) ® Tvs)(Ut*_&s ® IH)Y) )
and
Tis (L0 @ T @ In)Y ) (5) = TV @ T ) (U7 © In)Y
(+x) = T,(Y) =0,

where the equation marked by (*) follows from the fact that T is a representa-
tion of subproduct systems, and the one marked by (**) follows from the fact
that U;_s ¢ is a coisometry. Thus, for all s,t € S,

Ts (6,5 . Kerft) g 6t—s . Kerﬁ_s,
thus T induces a well defined contraction TS on H given by
(1) TG €on) =0 ((Ixp o 2 THULL0R),

where §®@h and (Ix—g) ®i)(U;‘7575§®h) stand for these elements’ equivalence

classes in (X (t) ® H)/Kerft and (X(t —5) ® H)/Kerft,s, respectively. It
follows that we have the following, more precise, variant of (4.2):

Ts (515 . (Utfs,s(xtfs ® :Cs) ® h)) = 5t75 . (ztfs ® fs(xs ® h)) .

In particular,
Ts (65 ‘T ® h) = Ts(xs)hv
forall s € S,zs € X(s),h € H.
It will be very helpful to have a formula for 7)1 as well. Assume that ). {®h; €
KerT;.

T <5t : Zfz‘ ® hi) = Ostt - ((Ut,s ® IH)(Z &® f;’%)) ;
and applying Ty to the right hand side (without the §) we get
fert <(Ut,s ® IH)(Z &LE® T:m)) = Tt(IX(t) ® fs)(z &E® T:hz)
= Tt(z & ® T,T7 hy)
=T(Y_ & @hi) =0,

because T is a fully coisometric representation. So

T: (5,5 . Kerft) g 5s+t . Kerfert,
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and this means that 7" induces on H a well defined contraction which is equal
to T, and is given by the formula (4.3).

We now show that 7" is a semigroup. Let s,t,u € S. If either s=0ort =0
then it is clear that the semigroup _property 1.1, = ASH holds. Assume that
s,t > 0. If u # s +t, then both T T} and Té_H annihilate &, - €, for all £ € H,.

Assuming u > s+ t, we shall show that T Tt and Ts+t agree on elements of the
form

- 6 ( u— tt(Uu—t—s,s & I)(xu—s—t & Ts & -Tt)) & ha

and since the set of all such elements is total in H,, this will establish the
semigroup property.

TsTtZ = Ts (5u—t (Uu—t—s,s(ﬂﬁu—s—t ®xs) ® Tvt(wt & h)))
e — (:cht ® To(ws ® Ty(z; ® h)))
— st (:cu,s,t RT(I @ Th)(zs ® T @ h))
= Oy—s—t (-Tu—s—t ® Tvs-i—t (Us (s @ x4) @ h))
= Tt+s5u (Uy—t—sts (Tu—s—t @ Us (x5 @ 24)) @ )
=Ty Z.

The final equality follows from the associativity condition (1.1).

To see that T is a semigroup of coisometries, we take & € X (¢),h € H, and
compute

LI (€0 h)) =
=T ((IX(t) ® Ty)(U;s @ Ip) (Urs @ Ir) (Ix(y @ T2) (€ ® h))

= Tyst(Uss ® Int) Ix () @ T2)(E @ 1)
=Ty (@ TLT:h) = Ty(E @ h),

T

/N

SO Téfj is the identity on H; for all ¢t € S, thus TSTS* = I. Equation (4.1)
follows by a similar computation, which is omitted. (|

We can now obtain a s-automorphic dilation for any eg-semigroup over any
subsemigroup of R’i. The following result should be compared with similar-
looking results of Arveson-Kishimoto [8], Laca [25], Skeide [45], and Arveson-
Courtney [7] (none of these cited results is strictly stronger or weaker than the
result we obtain for the case of eg-semigroups).

THEOREM 4.2. Let © be a eg-semigroup acting on a von Neumann algebra
M. Then © can be dilated to a semigroup of *-automorphisms in the follow-
ing sense: there is a Hilbert space IC, an orthogonal projection p of KC onto a
subspace H of K, a normal, faithful representation ¢ : M — B(K) such that
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©(1) = p, and a semigroup a = {as}ses of x-automorphisms on B(K) such
that for alla € M and all s € S

(4.5) as(p(a))|, = ¥(0s(a)),

so, in particular,

(4.6) pas(p(a))p = ¢(Os(a)).

The projection p is increasing for «, in the sense that for all s € S,
(4.7) as(p) > p.

REMARK 4.3. Another way of phrasing the above theorem is by using the
terminology of “weak Markov flows”, as used in [15]. Denoting ¢ by jo, and
defining j, := a; o jo, we have that (B(K),j) is a weak Markov flow for © on
IC, which just means that for all t < s € S and all a € M,

(4.8) Jt(1)js(a)je(1) = je(Os—i(a)).
Equation (4.8) for t = 0 is just (4.6), and the case t > 0 follows from the case
t=0.

REMARK 4.4. The assumption that © is a unital semigroup is essential, since
(4.6) and (4.7) imply that ©(1) = 1.

REMARK 4.5. It is impossible, in the generality we are working in, to hope for
a semigroup of automorphisms that extends © in the sense that

(4.9) as(p(a)) = ¢(Os(a)),
because that would imply that © is injective.
Proof. Let (E,T) be the identity representation of ©. Since © preserves the
unit, T is a fully coisometric representation. Let T' and H be the semigroup
and Hilbert space representing T" as described in Proposition 4.1. {T*}scs is a
commutative semigroup of isometries. By a theorem of Douglas [20], {T}scs
can be extended to a semigroup {V;*};cs of unitaries acting on a space K O H.
We obtain a semigroup of unitaries V' = {V; }scs that is a dilation of T', that is

PH‘/\/S|H:TS Y SGS
For any b € B(K), and any s € S, we define

s (b) = VbV,

Clearly, o = {as}ses is a semigroup of x-automorphisms.
Put p = P, the orthogonal projection of K onto H. Define ¢ : M — B(K) by
v(a) = p(I ® a)p, where I ® a : H — H is given by

I®a)d - z@h=¥56 -z2®ah , xz®hecE(l)®H.

¢ is well defined because T is an isometric representation (so Kerﬁ is always
zero). We have that ¢ is a faithful, normal *-representation (the fact that T is
the identity representation ensures that ¢ is faithful). It is clear that ¢(1) = p.
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To see (4.7), we note that since V.* is an extension of T, we have T = Vp =

pVy'p, thus
pas(p)p = pVepVip
=pViVip
=p,

that is, pas(p)p = p, which implies that as(p) > p.
We now prove (4.6). Let §; - © ® h be a typical element of H. We compute

pas(p(a))pde - x @ h = pVip(I © a)pV'pd; - 2 @ h
=T(I®a)T}6 -z h
= Ts(l 2y a)65+t : (Ut,s ® IH) ((E ® T:h)
= Ts(gert : (Ut,s & IH) (:C Y (I ® a)f;h)
S (TSU@ a)f:h)
=0 -2 ® (O5(a)h)
= ¢(0s(a))ds -z @ h.

Since both pas(¢(a))p and p(O4(a)) annihilate K © H, we have (4.6).
To prove (4.5), it just remains to show that

pas((p(a)) ’H = O‘s((p(a)) ’H’

that is, that o (p(a))H C H. Now, V2 is an extension of T, Moreover (4.1)
shows that if £ € H,, with u > s, then ||T%(€)|| = ||€]|. Thus

€117 = 1VE€ll® = [1PrVi€ll + Ik = Pr)Vi€l® = 1Tl + Ik — Pr)Vi€]*.

So st = Tsf for ¢ € H, with u > s. Now, for a typical element J; - ¢ ® h in
H;, t €S, we have

as(p(a))d -z @h=V.I®a)V} 6 -z h
= V(I ®a)T*6 -z ®h
= Vibors - (Usy @ ) (2 ® (T @ a)T7 )
=Tbsst - (Usy ® IH)(ZL' QU a)i*h) €H,
because ds4¢ - @ (I ® a)fs*h € Hsyy,and s+t > s. O
5. DILATIONS AND PIECES OF SUBPRODUCT SYSTEM REPRESENTATIONS

5.1. DILATIONS AND PIECES OF SUBPRODUCT SYSTEM REPRESENTATIONS.

DEFINITION 5.1. Let X and Y be subproduct systems of M correspondences
(M a W*-algebra) over the same semigroup S. Denote by USXJ and Ugjt the
cotsometric maps that make X and Y, respectively, into subproduct systems.
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X is said to be a subproduct subsystem of Y (or simply a subsystem of Y for
short) if for all s € S the space X (s) is a closed subspace of Y (s), and if the
orthogonal projections ps : Y (s) — X(s) are bimodule maps that satisfy

(5.1) psrto UL, =UN 0 (ps@pr), s,tES.
One checks that if X is a subproduct subsystem of Y then
(5:2) Pstttuo Ug,/t-l-u(l ® (Ptu © Uti)) = Ds+t+u © Us)q-t,u((pSth ° U;,Q) ® 1),

for all s,t,u € §. Conversely, given a subproduct system Y and a family of
orthogonal projections {ps}ses that are bimodule maps satisfying (5.2), then
by defining X (s) = p,Y(s) and U, = psys o UY, one obtains a subproduct
subsystem X of Y (with (5.1) satisfied).

The following proposition is a consequence of the definitions.

PROPOSITION 5.2. There exists a morphism X — Y if and only if Y is iso-
morphic to a subproduct subsystem of X.

REMARK 5.3. In the notation of Theorem 2.6, we may now say that given a sub-
product system X and a representation R of X, then the Arveson-Stinespring
subproduct system E of © = X(X, R) is isomorphic to a subproduct subsystem
of X.

The following definitions are inspired by the work of Bhat, Bhattacharyya and
Dey [12].

DEFINITION 5.4. Let X and Y be subproduct systems of W*-correspondences
(over the same W*-algebra M) over S, and let T be a representation of Y on
a Hilbert space K. Let H be some fized Hilbert space, and let S = {Ss}ses be
a family of maps Ss : X(s) — B(H). (Y, T, K) is called a dilation of (X, S, H)
if

(1) X is a subsystem of Y,

(2) H is a subspace of K, and

(3) foralls€ S, TXH C X(s) ® H and T7|,, = St.
In this case we say that S is an X-piece of T, or simply a piece of T'. T is said
to be an isometric dilation of S if T is an isometric representation.

The third item can be replaced by the three conditions
1" To(-)Pu = PuTo(-)Pu = So(-),

2 PHTS’X( =S, for all s € S, and

3 PHTS|Y(S)®K@X(S)®H =0.
So our definition of dilation is identical to Muhly and Solel’s definition of di-

lation of representations when X =Y is a product system [29, Theorem and
Definition 3.7].

S)QH

PROPOSITION 5.5. Let T be a representation of Y, let X be a subproduct sub-
system of Y, and let S an X -piece of T. Then S is a representation of X .
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Proof. S is a completely contractive linear map as the compression of a com-
pletely contractive linear map. Item 1’ above together with the coinvariance of
T imply that S is coinvariant: if a,b € M and = € X(s), then

Ss(axb) = PyTs(axb)Py = PyTo(a)Ts(x)To(b) Py
= PyTo(a)PyTs(x) Py To(b) Py
= S0(a)Ss(x)So(b).
Finally, (using Item 3’ above),
Ssst (U (2 @ Y))h = Sert (pstUs 4 (x @ )R
= §s+t(Ps+tU§t($ ®y) @ h)
= PHTvs-i-t(UsYt(‘T ®y) @ h)
= PyTs(x)Ti(y)h
= PHT( YPuTi(y)h
Ss(@)Se(y)h-
]
EXAMPLE 5.6. Let F be a Hilbert space of dimension d, and let X be the
symmetric subproduct system constructed in Example 1.3. Fix an orthonor-
mal basis {e1,...,e,} of E. There is a one-to-one correspondence between

c.c. representations S of X (on some H) and commuting row contractions
(S1,...,54) (of operators on H), given by

S <—>§ = (5(61),...,5(6,1)).

If Y is the full product system over E, then any dilation (Y, T, K) gives rise to
a tuple T = (T'(e1),...,T(eq)) that is a dilation of S in the sense of [12], and
vice versa. Moreover, S is then a commuting piece of T in the sense of [12].

Consider a subproduct system Y and a representation 7' of Y on K. Let X be
some subproduct subsystem of Y. Define the following set of subspaces of K:

(5.3) PX,T)={HCK:T:HC X(s)®H forall s € S}.

As in [12], we observe that P(X,T) is closed under closed linear spans (and
intersections), thus we may define

KX1)= \/ H
HEP(X,T)
KX(T) is the maximal element of P(X,T).
DEFINITION 5.7. The representation T of X on KX(T) given by
X(@)h = Pgx1)T(2)h,
for x € X(s) and h € K*X(T), is called the maximal X-piece of T

By Proposition 5.5, TX is indeed a representation of X.
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5.2. CONSEQUENCES IN DILATION THEORY OF cp-SEMIGROUPS.

PROPOSITION 5.8. Let X and Y be subproduct systems of W*-correspondences
(over the same W*-algebra M) over S, and let S and T be representations of
X on H and of Y on K, respectively. Assume that (Y,T,K) is a dilation of
(X, S, H). Then the cp-semigroup © acting on Vo(M)', given by

0.(a) = Ty(Iy(s) @ a)T7

s

aeVy (M)/,
is a dilation of the cp-semigroup ® acting on To(M)' given by

@S(a) = Ss(IX(s) ® a)S: , a€ To(M)/,
in the sense that for all b € Vo(M) and all s € S,
O,(PybPy) = PyO,(b)Py.

Proof. This follows from the definitions. O

Although the above proposition follows immediately from the definitions, we
hope that it will prove to be important in the theory of dilations of cp-
semigroups, because it points to a conceptually new way of constructing di-
lations of cp-semigroups, as the following proposition and corollary illustrate.

PROPOSITION 5.9. Let X = {X(s)}ses be a subproduct system, and let S be
a fully coisometric representation of X on H such that Sy is unital. If there
exists a (full) product system Y = {Y(s)}ses such that X is a subproduct
subsystem of Y, then S has an isometric and fully coisometric dilation.

Proof. Define a representation T of Y on H by
(5.4) Ts = S 0 ps,

where, as above, p is the orthogonal projection Y(s) — X(s). A straightfor-
ward verification shows that T is indeed a fully coisometric representation of Y’
on H. By [43, Theorem 5.2], (Y, T, H) has a minimal isometric and fully coiso-
metric dilation (Y, V, K). (Y,V, K) is also clearly a dilation of (X, S, H). O

COROLLARY 5.10. Let © = {O;}ses be a cpo-semigroup and let (E,T) = Z(O)
be the Arveson-Stinespring representation of ©. If there is a (full) product
system Y such that E is a subproduct subsystem of Y, then © has an eg-
dilation.

Proof. Combine Propositions 2.1, 5.8 and 5.9. 0

Thus, the problem of constructing eg-dilations to cpg-semigroups is reduced to
the problem of embedding a subproduct system into a full product system. In
the next subsection we give an example of a subproduct system that cannot
be embedded into full product system. When this can be done in general is a
challenging open question.
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COROLLARY 5.11. Let © = {Os},enr be a cp-semigroup generated by k com-
muting CP maps 01, ...,0k, and let (E,T) = Z(0O) be the Arveson representa-
tion of ©. Assume, in addition, that

k
dolloill < 1.
=1

If there is a (full) product system Y such that E is a subproduct subsystem of
Y, then © has an e-dilation.

Proof. As in (5.4), we may extend T to a product system representation of Y’
on H, which we also denote by T. Denote by e; the element of N¥ with 1 in
the ¢th element and zeros elsewhere. Then

k k
ZHTeiTv; :ZH@H <1.
i=1 i=1

By the methods of [41], one may show that S has a minimal (regular) isometric
dilation. This isometric dilation provides the required e-dilation of ©. g

THEOREM 5.12. Let M C B(H) be a von Neumann algebra, let X be a sub-
product system of M’-correspondences, and let R be an injective representa-
tion of X on a Hilbert space H. Let © = (X, R) be the cp-semigroup act-
ing on Ro(M’) given by (2.1). Assume that (o, K, R) is an e-dilation of O,
and let (Y, V) = Z(a) be the Arveson-Stinespring subproduct system of « to-
gether with the identity representation. Assume, in addition, that the map
R’ 5b— PybPy is a *-isomorphism of R' onto Ro(M’'). Then (Y,V,K) is a
dilation of (X, R, H).

Proof. For every s € S, define Wy : Y(s) — B(H) by Ws(y) = PuVs(y)Pu.
We claim that W = {Ws}ses is a representation of Y on H. First, note
that PHO(S(I — PH)PH = @s(PH(I — PH)PH) = 0, thus PH‘/;(I ® (I —
Py))VFiPy = 0, and consequently PyVi(I ® Py) = PV, Tt follows that
Wi (y) = PuVs(y)Py = PuVs(y). From this it follows that
Ws(y1)Wi(y2) = PaVs(y1)PaVi(y2) = PuVs(y1)Vi(y2)
= PyVept (U, (11 ®@ 42)) = Wt (U, (11 ® 2)).

By Theorem 2.6, we may assume that (X, R) = (E,T) = E(0) is the Arveson-
Stinespring representation of ©. Because « is a dilation of ©, we have

Wo(I®a)W* = PyVi(I ® a)V Py = 0,4(a),

That is, © = (Y, W). Thus, by Theorem 2.6 and Remark 5.3, we may assume
that F is a subproduct subsystem of Y, and that T o ps = Wy, ps being the
projection of Y (s) onto E(s). In other words, for all y € Y,

Tvs(ps ® IH) = PHWs
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Therefore, W H C E(s)® H, and W |,, = T7. That is, (Y, W, H) is a dilation
of (E,T,H). But (Y,V,K) is a dilation of (Y, W, H), so it is also a dilation of
(E,T,H). I

The assumption that R’ 3 b — PybPy € M’ is a *-isomorphism is satisfied
when M = B(H) and R = B(K). More generally, it is satisfied whenever the
central projection of Py in R is Ik (see Propositions 5.5.5 and 5.5.6 in [22]).
Let (a, K,R) be an e-dilation of a semigroup © on M C B(H). (a,K,R) is
called a minimal dilation if the central support of Py in R is Ix and if

R=W* (U oes(M)) .
sES
COROLLARY 5.13. Let © be cp-semigroup on M C B(H), and let (o, K, R) be
a minimal dilation of ©. Then E(a) is an isometric dilation of Z(0).

5.3. ¢p-SEMIGROUPS WITH NO e-DILATIONS. OBSTRUCTIONS OF A NEW NA-
TURE. By Parrot’s famous example [34], there exist 3 commuting contractions
that do not have a commuting isometric dilation. In 1998 Bhat asked whether
3 commuting CP maps necessarily have a commuting *-endomorphic dilation
[10]. Note that it is not obvious that the non-existence of an isometric di-
lation for three commuting contractions would imply the non-existence of a
x-endomorphic dilation for 3 commuting CP maps. However, it turns out that
this is the case.

THEOREM 5.14. There exists a cp-semigroup © = {Op},ens acting on o B(H)
for which there is no e-dilation (o, K, B(K)). In fact, © has no minimal e-
dilation (o, K, R) on any von Neumann algebra R.

Proof. Let T1,T>,T5 € B(H) be three commuting contractions that have no
isometric dilation and such that 7775275 # 0 for all n = (nq,n2,n3) € N3
(one may take commuting contractions Ry, R, Rg with no isometric dilation as
in Parrot’s example [34], and define T; = R; ®1). For all n = (n1,n2,n3) € N3,
define

On(a) = T T32 T3 a(T35)"(T,°)"(17")" , a € B(H).
Note that © = X(X, R), where X = {X(n)},ens is the subproduct system
given by X (n) = C for all n € N3, and R is the (injective) representation that
sends 1 € X(n) to Ty 15215 (the product in X is simply multiplication of
scalars).
Assume, for the sake of obtaining a contradiction, that © = {0,,},cns has an
e-dilation (o, K, B(K)). Let (Y,V) = Z(a) be the Arveson-Stinespring sub-
product system of a together with the identity representation. By Theorem
5.12, (Y, V, K) is a dilation of (X, R, H). It follows that Vi, V5, V3 are a com-
muting isometric dilation of 71,75, T3 where V; := V(1) with 1 € X(1,0,0),
Va := V(1) with 1 € X(0,1,0), and V3 := V(1) with 1 € X(0,0,1). This is a
contradiction.
Finally, a standard argument shows that if (o, K, R) is a minimal dilation of
©, then R = B(K). O

DOCUMENTA MATHEMATICA 14 (2009) 801-868



832 ORR SHALIT AND BARUCH SOLEL

Until this point, all the results that we have seen in the dilation theory of cp-
semigroups have been anticipated by the classical theory of isometric dilations.
We shall now encounter a phenomena that has no counterpart in the classical

theory.
By [49, Proposition 9.2], if Ty, ..., Ty is a commuting k-tuple of contractions
such that
k

(5.5) DT <1,

i=1
then Ti,..., T, has a commuting regular unitary dilation (and, in particular,
an isometric dilation). One is tempted to conjecture that if 61,...,60; is a

commuting k-tuple of CP maps such that

k
(5.6) doleil <1,
=1

then the tuple 6y,...,60, has an e-dilation. Indeed, if 0;(a) = T;aT}, where
T1,..., Tk is a commuting k-tuple satisfying (5.5), then it is easy to construct
an e-dilation of 0, ..., 0 from the isometric dilation of T71,...,T;. However,
it turns out that (5.6) is far from being sufficient for an e-dilation to exist. We
need some preparations before exhibiting an example.

PROPOSITION 5.15. There exists a subproduct system that is not a subsystem
of any product system.

Proof. We construct a counter example over N3, Let eq, es, e3 be the standard
basis of N3. We let X (e1) = X (e2) = X (e3) = C2. Let X(e; +¢;) = C* @ C?
for all 4,5 = 1,2,3. Put X(n) = {0} for all n € N¥ such that |n| > 2. To
complete the construction of X we need to define the product maps Ufrf,n' Let
Ue)f7ej be the identity on C? ® C? for all 7, except for i = 3,5 = 2, and let
U§§,e2 be the flip. Define the rest of the products to be zero maps (except the
maps U, Up o which are identities). This product is evidently coisometric,
and it is also associative, because the product of any three nontrivial elements
vanishes.

Let Y be a product system “dilating” X. Then for all k,m,n € N*¥ we have
Ukymn(Uim @ D) = U (L @ Upy ),

or
Ubimm = UpmanI@UY VUL, ® )",

and
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Iterating these identities, we have, on the one hand,

Uegrertes = Ugyyegen Uly ey @ NI QUL )"
= Ul ey TRUL UL ., @ D*UY ., @ DI QU )"
= U} teres Ul @ DI QU )
(IoUk JUL ., oD U ., oDIoU) ),

and on the other hand
Uesertez = Uoyer e (Ueg e, @ DU QU )"
= U ey, [ QUL UL o, @ D' (UL, @ DI @ UL )
= Ue,yenes (Ul e, @ DU R UL, )
IeU) ) )U.  on)UL. e)IaU), ).

Canceling UY we must have

ei1tez,e3?

Y Y * Y Y * Y Y *
Uy e, @ DU @Ue, o))" (T @ Ugy o) )UL, oy @ D) (Ugy o, @ NI @ U, )

€1,€2 €1,€3 €3,€1

=UL ., oNIeU; VUIeU) UL, @)U, ., )IeU) )"

€2,€1 €2,€3 €3,62

X
Now, Uei’ej

UX. ohIeUX

€1,€2 €2,€3

=UX, eI UX

€2,€1 €1,€3

were unitary to begin with, so the above identity implies

) (I RUZ U ey @ 1) (Ug e, @ DI @ UZ

*
€3,€2 €1, €3,€1 611(52)

IRUE NUE . oD (UX,., o IoUL

€3,€1 €2,€3 €3,€2 62761)*'
Recalling the definition of the product in X (the product is usually the identity),
this reduces to

X X
I®Ug ., =Us,., @1
This is absurd. Thus, X cannot be dilated to a product system. O

We can now strengthen Theorem 5.14:

THEOREM 5.16. There ezists a cp-semigroup © = {©,, },ens acting on a B(H),
such that for all X > 0, \® has no e-dilation (o, K, B(K)), and no minimal
e-dilation (o, K, R) on any von Neumann algebra R.

Proof. Let X be as in Proposition 5.15. Let © be the cp-semigroup generated
by the X-shift, as in Section 2.3 of the paper. Of course, ©, as a semigroup
over N3, can be generated by three commuting CP maps 61,02, 03. X cannot
be embedded into a full product system, so by Theorem 5.12, © has no minimal
e-dilation, nor does it have an e-dilation acting on a B(K). Note that if © is
scaled its product system is left unchanged (this follows from Theorem 2.6: if
you take X and scale the representation S you get a scaled version of ©). So
no matter how small you take A > 0, A01, A02, Af3 cannot be dilated to three
commuting *-endomorphisms on B(K), nor to a minimal three-tuple on any
von Neumann algebra. (|
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Note that the obstruction here seems to be of a completely different nature
from the one in the example given in Theorem 5.14. The subproduct system
arising there is already a product system, and, indeed, the cp-semigroup arising
there can be dilated once it is multiplied by a small enough scalar.

PART 2. SUBPRODUCT SYSTEMS OVER N
6. SUBPRODUCT SYSTEMS OF HILBERT SPACES OVER N

We now specialize to subproduct systems of Hilbert W*-correspondences over
the semigroup N, so from now on any subproduct system is to be understood
as such (soon we will specialize even further to subproduct systems of Hilbert
spaces).

6.1. STANDARD AND MAXIMAL SUBPRODUCT SYSTEMS. If X is a subproduct
system over N, then X (0) = M (some von Neumann algebra), X (1) equals
some W*-correspondence E, and X (n) can be regarded as a subspace of E®™.

The following lemma allows us to consider X (m + n) as a subspace of X (m)®
X (n).

LEMMA 6.1. Let X = {X(n)}nen be a subproduct system. X is isomorphic
to a subproduct system Y = {Y(n)}nen with coisometries {U}, . }mmnen that
satisfies

and

(6.1) Y(m+n) CY(m)®Y(n).

Moreover, if pmin is the orthogonal projection of Y (1)®™+7) onto Y (m +n),
then

( ) ’ Pm+ Y (m)®Y (n)

and the projections {pn }nen satisfy

(6-3) Pk+m+n = Pk+m+n(lE®k ® Pmtn) = Pkt+m+n (Pk+m ® Igen).

Proof. Denote by U.X , the subproduct system maps X (s) ® X (t) — X (s +t).
Denote E = X(1). We first note that for every n there is a well defined
coisometry U, : E®" — X (n) given by composing in any way a sequence of
maps UpY,, (for example, one can take Uz = Uy (U, ® Ig) and so on). We
define Y(n) = Ker(U,)*, and we let p, be the orthogonal projection from
E®" onto Y (n). p, = U}U,, so, in particular, p, is a bimodule map. For all
m,n € N we have that

E®™ @ Ker(U,) C Ker(Upan).-

Thus E¥™®@Ker(U,)* 2 Ker(Upin)®, 80 pmin < Igem @pp. This means that
(6.3) holds. In addition, defining U}, ,, to be py,4n restricted to Y (m)®@Y (n) C
E®(m+n) gives Y the associative multiplication of a subproduct system.
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It remains to show that X is isomorphic to Y. For all n, X(n) is spanned by
elements of the form U, (1 ® - - ® ), with z1,...,z, € E. We define a map
Vi : X(n) = Y(n) by

It is immediate that V,, preserves inner products (thus it is well defined) and
that it maps X (n) onto Y (n). Finally, for all m,n € N and z € E®™ y € E®™,

Vingn (Uﬁ,n(Um(z) ® Un(ﬂ))) = Vintn (Um+n(1' ® y))
= Pmtn(T @ Y)
= Pmtn(PmT @ pny)
= Pt (ViU (2)) ® (VaUn(y)))
= Uppon (ViU () @ (Vo Un (),
and (1.2) holds. O

DEFINITION 6.2. A subproduct system'Y satisfying (6.1), (6.2) and (6.3) above
will be called a standard subproduct system.

Note that a standard subproduct system is a subproduct subsystem of the full
product system {E®"}, cn.

COROLLARY 6.3. Every cp-semigroup over N has an e-dilation.

Proof. The unital case follows from Corollary 5.10 together with the above
lemma. The nonunital case follows from a similar construction (where the
dilation of a non-fully-coisometric representation is obtained by adapting [41,
Theorem 4.2] instead of [43, Theorem 5.2]). O

Let k € N, and let E = X (1), X(2),..., X(k) be subspaces of E, E®% ... E®F
respectively, such that the orthogonal projections p, : E®™ — X (n) satisfy
Pn < Igei @ pj
and
Pn < pi @ Ipe;

for all 7, j,n € N, satisfying i+j = n < k. In this case one can define a maximal
standard subproduct system X with the prescribed fibers X(1),..., X (k) by
defining inductively for n > k

X(n) = ﬂ E® @ X(j) ﬂ ﬂ X(i)® E®

i+j=n i+j=n
It is easy to see that
Xm)y= (] Xm)e--eXm.)= [) X({)oX().
ni+...+nm=n i+j=n
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We then have obvious formulas for the projections {p, }nen as well, for example

Pn = /\ pi®pj, (n>k).

i+j=n
6.2. EXAMPLES.

EXAMPLE 6.4. In the case k& = 1, the maximal standard subproduct system
with prescribed fiber X (1) = E, with E a Hilbert space, is the full product
system Fg of Example 1.2. If dim F = d, we think of this subproduct system as
the product system representing a (row-contractive) d-tuple (T4, ..., T4) of non
commuting operators, that is, d operators that are not assumed to satisfy any
relations (the idea behind this last remark must be rather vague at this point,
but it shall become clearer as we proceed). In the case k = 2, if X (2) is the
symmetric tensor product E with itself then the maximal standard subproduct
system with prescribed fibers X (1), X(2) is the symmetric subproduct system
SS Pg of Example 1.3. We think of SSP as the subproduct system representing
a commuting d-tuple.

EXAMPLE 6.5. Let E be a two dimensional Hilbert space with basis {e1,e2}.
Let X (2) be the space spanned by e; ® e1,e1 ® ea, and e2 ® e1. In other words,
X (2) is what remains of E®? after we declare that e ® e = 0. We think of the
maximal standard subproduct system X with prescribed fibers X (1) = E, X (2)
as the subproduct system representing pairs (71, 7%) of operators subject only
to the condition 75 = 0. E®" has a basis consisting of all vectors of the form
€ =€q, @ ®e,, Where o =y ---ay, is a word of length n in “1” and “2”.
X (n) then has a basis consisting of all vectors e, where « is a word of length
n not containing “22” as a subword. Let us compute dim X (n), that is, the
number of such words.

Let A,, denote the number of words not containing “22” that have leftmost
letter “1”7, and let B,, denote the number of words not containing “22” that
have leftmost letter “2”. Then we have the recursive relation A,, = A,_1+B,_1
and B,, = A,,_1. The solution of this recursion gives

1+\/5>n

dim X (n) = A, + B, = < 5

As one might expect, the dimension of X (n) grows exponentially fast.

EXAMPLE 6.6. Suppose that we want a “subproduct system that will represent
a pair of operators (71, 7%) such that T;75 = 0 for i = 1,2”. Although we have
not yet made clear what we mean by this, let us proceed heuristically along
the lines of the preceding examples. We let E be as above, but now we declare
e1®ey = ea®eg = 0. In other words, we define X (2) = {e;®e2,e2®e2}t. One
checks that the maximal standard subproduct system X with prescribed fibers
X(1)=FE,X(2)is given by X(n) =span{e; ®e1 ® - - Qej,ea®@e1 ® - ey}
This is an example of a subproduct system with two dimensional fibers.
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At this point two natural questions might come to mind. First, is every stan-
dard subproduct system X the mazimal subproduct system with prescribed fibers
X(1),...,X(k) for some k € N? Second, does dim X (n) grow exponentially
fast (or remain a constant) for every subproduct system X ¢ The next example
answers both questions negatively.

EXAMPLE 6.7. Let E be as in the preceding examples, and let X (n) be a
subspace of E®™ having basis the set

{eq : |a| = n,a does not contain the words 22,212,2112,21112,.. .}.

Then X = {X(n)}nen is a standard subproduct system, but it is smaller than
the maximal subproduct system defined by any initial k fibers. Also, X (n) is
the span of e, with a = 11---11,21---11,121---11,...,11---12, thus

dim X (n) =n+1,

so this is an example of a subproduct system with fibers that have a linearly
growing dimension.

Of course, one did not have to go far to find an example of a subproduct
system with linearly growing dimension: indeed, the dimension of the fibers of
the symmetric subproduct system SSPra is known to be

n+d—1 >

dim SSPea(n) = ( n

Taking d = 2 we get the same dimension as in Example 6.7. However, SSP :=
SSPc: and the subproduct system X of Example 6.7 are not isomorphic: for
any nonzero z € SSP(1), the “square” UPT (z ® x) € SSP(2) is never zero,
while Ui, (e2 ® e2) = 0.

Here is an interesting question that we do not know the answer to: given a
solution f: N — N to the functional inequality

flm+n) < f(m)f(n), m,neN,
does there exists a subproduct system X such that dim X (n) = f(n) for all
neN?

REMARK 6.8. One can cook up simple examples of subproduct systems that
are not standard. We will not write these examples down, as we already know
that such a subproduct system is isomorphic to a standard one.

6.3. REPRESENTATIONS OF SUBPRODUCT SYSTEMS. Fix a W*-correspondence
E. Every completely contractive linear map Ty : E — B(H) gives rise to a c.c.
representation T of the full product system Fr = {E®"},cn by defining for
allz € E®" and h€ H

(6.4) T (2)h =Ti(Ip@Th) - (Igee-v @ Th)(z @ h),
where Ty, : E®@ H — H is given by fl(e ® h) = Ti(e)h. We will denote
the operator acting on 2 ® h in the right hand side of (6.4) as T", so as not
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to confuse with Tn, which sometimes has a different meaning (namely: if T
denotes a c.c. representation of a subproduct system X then

T.:X(n)®H — H
is given by

To(z @ h) = T(x)h
for all z € X(n),h € H. Of course, when X = Fg, T is a representation
of Fp and T is the restriction of T' to F, then " = Tvn forall n). If X is a
standard subproduct system and X (1) = E, we obtain a completely contractive

representation of X (n) by restricting 7™ to X (n). Let us denote this restriction
by T,,, and denote the family {7}, },en by T.

PROPOSITION 6.9. Let X be a standard subproduct system with projections
{Pn}nen, and let Ty : E — B(H) be a completely contractive map. Construct
the family of maps T = {Ty}nen, with T,, : X(n) — B(H) as in the preceding
paragraph. Then the following are equivalent:

(1) T is a representation of X.

(2) For all m,n € N,

(6.5) Ton(Lx (m) ® T) (P @ P ® o) (Pr o, @ Ir) = 0.
(3) For alln €N,
(6.6) T"(pt @ Ir) = 0.

Proof. If T is a representation, then

Tvm(IX(m)®Tn)(pm®pn®IH)(p#z+n®IH) = Tvm-i-n(pm-i-n@IH)(p#ern@IH) =0,

so 1 = 2. To prove 2 = 3 note first that (6.6) is clear for n = 1. Assuming
that (6.6) holds for n =1,2,...,k — 1, we will show that it holds for n = k.

Ty @ In) =TT @ T ") (pi @ In)
= fl(l ® fkfl)(IE @pi_1 @ Ig + Ip @ pr—1 @ L) (pir @ Ir)
(6) =T"(I @ T (py—1 ® In))(pic © Inr)
=T1(I ® Th—1(pr—1 @ In)) (ot © Ir)
(%) = 0.

The equality marked by (*) is true by the inductive hypothesis, and the one
marked by (**) follows from (6.5).
Finally, 3 = 1: by (6.6) we have T"(p, ® Ig) = T™. On the other hand,

T™(pn ® I't) = T(pn @ It). Thus
Tm-ﬁ-n(pm-i-n ® IH) = Tvm+n(pm+n ® IH)
— Tvm-i-n
= Tvm(lx(m) & Tn)
= Tvm(IX(m) ® Tvn)(pm @ pn @ In),
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which shows that T is a representation. O

ProPOSITION 6.10. Let X be the maximal standard subproduct system with
prescribed fibers X (1),...,X(k), and let Ty : E — B(H) be a completely con-
tractive map. Construct T as in Proposition 6.9. Then T is a representation
of X if and only if

(6.7) T (pr®Ig)=0 forall n=12,... k.

Proof. The necessity of (6.7) follows from Proposition 6.9. By the same propo-
sition, to show that the condition is sufficient it is enough to show that (6.7)
holds for all n € N. Given m € N, we have p,, = A 44> where ¢ runs over all
projections of the form ¢ = Ix;) @ pj or ¢ = p; @ Ix(j), with 4,5 € N, and
i+ j =m. But then p = V, q*, thus if (6.7) holds for all n < m then it also
holds for n = m. g

6.4. FOCK SPACES AND STANDARD SHIFTS.

DEFINITION 6.11. Let X be a subproduct system of Hilbert spaces. Fix an
orthonormal basis {e;}icz of E = X(1). X(n), when considered as a subspace
of §x, is called the n particle space. The standard X-shift (related to {e;}iczr)
on Fx is the tuple of operators S~ = (S'X)iez in B(Fx) given by

S (2) = Urn(ei ® @),
forallieZ, neN and z € X(n).

It is clear that S;¥ = SX(e;), where S¥X is the shift representation given by
Definition 2.9.

If F denotes the usual full product system (Example 1.2) then §r is the usual
Fock space and the tuple (SI);c7 is the standard shift (the Z orthogonal shift
of [37]). We shall denote Fr as § and (SI);cz as (S;)iez. It is then obvious
that the tuple (Six)iel is a row contraction, as it is the compression of the
row contraction (S;);ez. Indeed, assuming (as we may, thanks to Lemma 6.1)
that Uy, » is an orthogonal projection py+r, : X (m) @ X(n) — X (m +n), and

denoting p = @,,p,, we have for all i that S¥ = pSi’SX.

EXAMPLE 6.12. The ¢g-commuting Fock space of [19] also fits into this frame-
work. Indeed, let (as in [19]) T'(C?) be the full Fock space, let T';(C?) denote
the g-commuting Fock space, and let Y (n) be the “n particle g-commuting
space” with orthogonal projection p,, : (C%)"® — Y (n). Then a straightforward
calculation shows that the projections {p, }nen satisfy equation (6.3) of Lemma
6.1, thus Y = {Y(n)},en is a subproduct system (satisfying (6.1) and (6.2)).
With our notation from above we have that §y = I';(C?) and that the tuple
(SY,...,SY) is the standard g-commuting shift.

S the standard shift of the full product system on the full Fock space, will
be denoted by S, and will be called simply the standard shift.

By the notation introduced in Definition 5.7, the symbol S¥ is also used to
denote the maximal X-piece of the standard shift S. The following proposition
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— which is a generalization of [12, Proposition 6], [19, Proposition 11] and [39,
Proposition 2.9] — shows that this is consistent.

PROPOSITION 6.13. Let X subproduct subsystem of a subproduct system Y .
Then the mazimal X -piece of the standard Y -shift is the standard X -shift.

Proof. Let E = Y (1), and let F' = Fg be the full product system. Viewing
F(n) ® §p as direct sum of |Z|" copies of Fg, (S), is just the row isometry
(Si; 0+ 085, )iy.....inez from the space of columns §r & Fr @ - - into Fp. In
other words, for h € §r and i1,...,i, € I,

(§)n((ei1 ®---Qe;,) ®h) =S, 0---08; h= (€i1 ®---Qe;)Qh.
This is an isometry, and the adjoint works by sending (e;, ® ---®e; )®h € FF
back to (e, ® - ®e;,) ®h € F(n) ® §r, and by sending the 0,1,...,n —1

particle spaces to 0.
Now, if Z is any standard subproduct subsystem of F', then

(57), = Psz (5), lztwes.
thus

(6.8) (évz):; = Pz(n)e5 (5)

Now if h is in the k particle space of §r with £ < n, then (5/:2);;}1 =0. If
k > n, then since Z(k) C Z(n) ® Z(k — n) we may write h = > _ & ® n;, where
& € Z(n) and n; € Z(k —n). Thus by (6.8) we find that

(6.9) (57); (Z &® m) =Y pl&opl_m=Y &®n.

From these considerations it follows that the standard X-shift is in fact an
X-piece of the standard Y shift, as (SY = (SX)x. It remains to show
that the X-shift is maximal.

Assume that there is a Hilbert space H, §x € H C §y, such that the com-
pression of SY to H is an X-piece of Y, that is, H € P(X,SY) (see equation
(5.3)). Let h € H © Fx. We shall prove that h = 0. Being orthogonal to all
of Fx, pY h must be orthogonal to X (n) for all n. Thus, we may assume that
h €Y(n)e X(n) for some n. But then by (6.9)

(SY)*h=hoQ.

But since H € P(X,SY), we must have h ® Q € X(n) ® H, and this, together
with h € Y(n) © X (n), forces h = 0. O

*

n '8z’

Dl sx

7. ZEROS OF HOMOGENEOUS POLYNOMIALS IN NONCOMMUTATIVE
VARIABLES

In the next section we will describe a model theory for representations of sub-
product systems. But before that we dedicate this section to build a precise
connection between subproduct systems together with their representations
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and tuples of operators that are the zeros of homogeneous polynomials in non
commuting variables.

REMARK 7.1. The notions that we are developing give a framework for study-
ing tuples of operators satisfying relations given by homogeneous polynomials.
One can go much further by considering subspaces of Fock spaces and “repre-
sentations”, i.e., maps of the Fock space into B(H), that give a framework for
studying tuples of operators satisfying arbitrary (not-necessarily homogeneous)
polynomial and even analytic identities. Gelu Popescu [39] has already begun
developing such a theory.

We begin by setting up the usual notation. Let Z be a fixed set of indices, and
let C((x;)icz) be the algebra of complex polynomials in the non commuting
variables (x;);cz. We denote z = (2;);ez, and we consider z as a “tuple
variable”. We shall sometimes write C(z) for C{(z;);ez). The set of all words
in 7 is denoted by F¥. For a word a € Ff, let |a| denote the length of a, i.e.,
the number of letters in a.

For every word o = 1 - - - o, in Z denote 2% = x4, -+ - To,,- If o = 01is the empty
word, then this is to be understood as 1. k is also referred to in this context
as the degree of the monomial x®*. C(z) is by definition the linear span over
C of all such monomials, and every element in C(z) is called a polynomial. A
polynomial is called homogeneous if it is the sum of monomials of equal degree.
A homogeneous ideal is a two-sided ideal that is generated by homogeneous
polynomials.

If T = (T})iez is a tuple of operators on a Hilbert space H and o = «g - - g,
is a word with letters in Z, we define

Ia — ThoOtZ .. .Tak.

We define T° = Ig. If p(z) =3 caz® € C(z), we define p(T) = 3, cal®.

If F is a Hilbert space with orthonormal basis {e;};cz, An element e,, ®
@ eq, € E®% will be written in short form as e,, where a = aq ---ag. If
p(x) = >, cax® € C(z), we define p(e) = > caeo. Here eg (0 the empty
word) is understood as the vacuum vector .

PROPOSITION 7.2. Let E be a Hilbert space with orthonormal basis {e;}icz.
There is an inclusion reversing correspondence between proper homogeneous
ideals I < C(z) and standard subproduct systems X = {X (n)}tnen with X (1) C
E. When |Z| < oo this correspondence is bijective.

Proof. Let X be such a subproduct system. We define an ideal
(7.1) I* :==span{p € C(z) : In > 0,p(e) € E®" © X (n)}.

Once it is established that IX is a two-sided ideal the fact that it is homogeneous
will follow from the definition. Let p € C(z) be such that p(e) € E®™ & X (n)
for some n > 0. It suffices to show that for every monomial x® we have that
2%p(z) € IX, that is,

ea @ ple) € E®1H o X (Ja| +n).
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But since X is standard, X (Jo| +n) C X(Ja]) ® X (n), thus
E®ll g (E®" © X (n)) C E®l*H" & X (Ja] + n).

It follows that IX is a homogeneous ideal.

Conversely, let I be a homogeneous ideal. We construct a subproduct system
X7 as follows. Let I(™ be the set of all homogeneous polynomials of degree n
in I. Define

(7.2) Xi(n) = E®" o {p(e) : p c I},

Denote by p,, the orthogonal projection of E®" onto X;(n). To show that X is
a subproduct system it is enough (by symmetry) to prove that for all m,n € N

Pmtn < Ipem @ pn,
or, in other words, that
(73) X](TI’L‘FH) QE®’"®X1(n).

Let x € X;(m +n), let « € T, and let g € I™. Since I is an ideal, 2%¢(z) is
in 10m*7) | thus (2, e, ® q(e)) = 0. This proves (7.3).

Assume now that |Z| < co. We will show that the maps X ~— I and I — X;
are inverses of each other. Let J be a homogeneous ideal in C(z). Then

I = span{p € C(z) : In > 0,p(e) € E®" © X ;(n)}
() = span{p € C(z) : In > 0,p(e) € {q(e) : g € J™M}}
= span{p: In > 0,p e JW}
(k%) = J,

where (*) follows from the definition of X, and (**) from the fact that J is a
homogeneous ideal.
For the other direction, let Y be a standard subproduct subsystem of Fr =

{E®"} en. Clearly, (IV)™ = {p € C(z) : p(e) € E®* ©Y(n)}. Thus
Xpv(n) = E®" s {p(e) :pe (I")"™}
=E®" o {ple):pe{qgeClx):q(e) e E*" oY (n)}
=E*" s (E®"eY(n))
=Y (n).

~—

O

We record the definitions of X and X; from the above theorem for later use:

DEFINITION 7.3. Let E be a Hilbert space with orthonormal basis {e;}icz (|Z| is
not assumed finite). Given a homogeneous ideal I<4C{x), the subproduct system
X1 defined by (7.2) will be called the subproduct system associated with I. If
X is a given subproduct subsystem of F, then the ideal I of C(x) defined by
(7.1) will be called the ideal associated with X.

We note that X; depends on the choice of the space E and basis {e;};cz, but
different choices will give rise to isomorphic subproduct systems.
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ProrosiTION 7.4. Let X and Y be standard subproduct systems with
dim X (1) = dimY (1) = d < oo. Then X is isomorphic to Y if and only if
there is a unitary linear change of variables in C(x1,...,xq) that sends I
onto IY .

Fix some infinite dimensional separable Hilbert space H. As in classical alge-
braic geometry, given a homogeneous ideal I < C(z), it is natural to introduce
and to study the zero set of I

Z(1) = {T = (T)iex € BU) :¥p € I,p(T) = 0}.
Also, given a set Z C B(H)%, one may form the following two-sided ideal in
Clz)
I(Z)={peCz): VT € Z, p(T) = 0}.
In the following theorem we shall use the notation of 6.3. This simple result is

the justification for viewing subproduct systems as a framework for studying
tuples of operators satisfying certain homogeneous polynomial relations.

THEOREM 7.5. Let E be a Hilbert space with orthonormal basis {e;}icz (not
necessarily with |Z] < oo), and let I be a proper homogeneous ideal in
C{(x;)icz). Let X1 be the associated subproduct system. Let Ty : E — B(H)
be a given representation of E. Define a tuple T = (T(e;))icz. Construct the
family of maps T = {Ty}nen, with T, : X(n) — B(H) as in the paragraphs
before Proposition 6.9. Then T is a representation of X if and only if T € Z(I).

Proof. On the one hand, E®" & X(n) = span{p(e) : p € I™}. On the other
hand, for every p € I™ and every h € H,
T"(p(e) ® h) = p(D)h.

Hence, the Theorem follows from Proposition 6.9. |

LEMMA 7.6. Let J <C{(x;)iez), |Z| < 00, be a proper homogeneous ideal. Let
S be the X s-shift representation, and define T = (T;)ier by T; = S¥7(e;),
i €Z. If p € C(z) is a homogeneous polynomial, then p(T) = 0 if and only if
peJ.

Proof. The “if” part follows from Theorem 7.5. For the “only if” part, let
p ¢ J be a homogeneous polynomial of degree n. Applying p(T) to the vacuum
vector 2, we have

p(L)Q2 = Pp(e),
where P is the orthogonal projection of E®™ onto X ;(n). But as p ¢ J, p(e)
is not in E®™ & X ;(n) = ker P, thus Pp(e) # 0. In particular, p(T) #0. O

We have the following noncommutative projective Nullstellensatz.

THEOREM 7.7. Let H be a fized infinite dimensional separable Hilbert space.
Let J be a homogeneous ideal in C{(x;)iez), with |I| < co. Then

I(Z() = J.
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In particular, Z(J) = {0 = (0,0,...)} if and only if J is the ideal generated by
all the x;,i € T.

Proof. I1(Z(J)) 2 J is immediate. To see the converse, first note that equal-
ity is obvious when J = C{(z), so we may assume that J is proper. Also
note that since J is homogeneous Z(J) is scale invariant. From this it fol-
lows that I(Z(J)) is also a homogeneous ideal. Indeed, if h,g € H, and
plz) = >, cax® € I(Z(J)), then for all A € C one has for every tuple
T = (Ti)iez € Z(1),

0= (p(A\Dh,g) => | Y calTh,g) | N,

k \|al=k

and since a nonzero univariate polynomial has only finitely many zeros, it
follows the homogeneous components of p are all in I(Z(J)).

Assume now that p is a homogeneous polynomial not in .J. Let SX7 be the
X s-shift representation, and define T = (T});ier by T; = S%7(e;), i € T. It is
clear that B(H)? contains some unitarily equivalent copy of 7', which we also
denote by T. By Theorem 7.5, T € Z(J). But by Lemma 7.6, p(T) # 0, so
p ¢ I(Z(J)). This completes the proof. O

8. UNIVERSALITY OF THE SHIFT: UNIVERSAL ALGEBRAS AND MODELS

In [5], Arveson established a model for commuting, row-contractive tuples.
Using an idea from that paper that appeared also in [12] and [19] — an idea
that rests upon Popescu’s “Poisson Transform” introduced in [38] (and pushed
forward in [33] and [39]) — we construct below a model for representations of
subproduct systems. Roughly speaking, we will show that every representation
of a subproduct system X is a piece of a scaled inflation of the shift. Our
model should be compared with a similar model obtained by Popescu in [39].
We will also see below that the operator algebra generated by the shift S¥X is
the universal operator algebra generated by a representation of X.

8.1. NOTATION FOR THIS SECTION. We continue to use the notation set in the
previous section. Let X be a standard subproduct system of Hilbert spaces
over N, to be fixed throughout this section. Let p, : E®" — X(n) be the
projections. Denote E = X(1). Let {e;};cz be an orthonormal basis for E,
fixed once and for all.

We denote the standard X-shift tuple by S* = (S:X);cz , and we denote the
standard X-shift representation of X on §x by SX. We consider Fx to be a
subspace of the full Fock space §, we denote the full shift by S = (S;)iez, and
we denote the full shift representation of F on § := §r by S.

Given a representation T : X — B(H), we will write T = (T});ez for the tuple
(T'(ei))iez-

We denote by Ax the unital algebra

Ax = span{ﬁa ca € FE}
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We denote by Ex the operator system
Ex :=spanAx Ay,

and by Tx = C*(S¥) the C*-algebra generated by S;*, i € 7 and Iz,. We
denote by K(Fx) the algebra of compact operators on Fx

If T and U are two representations of X on Hilbert spaces H and K, respec-
tively, then we define

ToU

to be the representation of X on H @ K given by (T @ U)(x) = T'(z) ® U(x).
We also define
T® Ik

to be the representation of X on H ® K given by (T'® Ix)(z) =T (z) ® Ik.
8.2. Popescu’s “PoISSON TRANSFORM”. After obtaining the results of this
section, we discovered that they were obtained earlier by Popescu [39]. We are

presenting them here since they are important for the rest of this paper but we
leave out some of the arguments.

PRrOPOSITION 8.1. K(Fx) C Ex.

Proof. The result follows from the equations

(8.1) -85 (8%); =P
ieT
and
(8X)P (1 -y 8k (SX)j.‘> SX% % = pigi(ea, )ep.
i€l
As the elements p|geg span §x, it follows that (Fx) C Ex.
Full details can be found in [39, Theorem 1.3] O

Given a representation 7' of X on a Hilbert space H and given an integer
m € N, we denote by m - T" the representation

m-T:X —>BH®H®---&H)

m times

given by m - T(x) = T(x)®T(z)®--- @ T(x). T is a row contraction (i.e.,

m times

EieI T; T < Ig) if and only if T' is completely contractive. When T is a row
contraction the defect operator A(T) is defined as

AT) =1-) T:T;,
ieT
and the Poisson Kernel [38] associated with T is the family of isometries

{Kr (Z)}O§T<1
K, (I):H—-3®H,
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given by
K (D)h =Y ea® (r®AGCD)T7R) .
QEF;

(See the beginning of [38, Section 8] for the remark that T has “property (P)”,
and [38, Lemma 3.2] for the fact that these are isometries). When it makes
sense, we also define K (T') by the same formula with » = 1. The Poisson
transform is then defined as a map

& =dp: C*(S) — B(H)
0(a) = ®r(a) = lim K, (1) (0@ D, (T).

By [38, Theorem 3.8], ® is a unital, completely positive, completely contractive,
satisfies

(S*8P*) = TP,

and is multiplicative on Alg(S, Iz), the algebra generated by S and Iz (P is in
fact an Alg(S, Iz)-morphism).

THEOREM 8.2. Let T be a c.c. representation of X on H. There exists a
unital, completely positive, completely contractive map

U:Ex — B(H)
that satisfies
(($N)*(s5)™) = LT, o, 8 € FF
and
(8.2) U(ab) = ¥(a)¥(b), a € Ax,be Ex.

Proof. By the lemma below, the range of K, (T') is contained in §x ® H for all
0 <r <1, thus

(PSX ® IH)KT (Z) =K, (Z) .
We may then define
VID)((8X)(5X)%)) = lim K (D) (89" (80)7) @ 1) Kr (T)

() = lim K, (2)" ((8°8") © 1) K. (D)
=TI°T",

where in (*) we have made use of the coinvariance of Fx under S. This obvi-
ously extends to the desired map on £x. 0

LEMMA 83. K. (I)H CFx @ H.

Proof. This was proved in [39, Equation (2.5)] for » = 1. The same argument
(using the fact that p, there, can be chosen homogeneous) works also for r <
1. a
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8.3. THE UNIVERSAL ALGEBRA GENERATED BY A TUPLE SUBJECT TO HOMO-
GENEOUS POLYNOMIAL IDENTITIES.

THEOREM 8.4. J < C{((x;)iez), be a homogeneous ideal. Then Ax, is the uni-
versal unital operator algebra generated by a row contraction in Z(J), that is:
Ax, is a norm closed unital operator algebra generated by a tuple in Z(J),
(namely, (S;")icz), and if B C B(H) is another norm closed unital operator
algebra generated by a row contraction (T;);ex € Z(J), then there is a unique
unital and completely contractive homomorphism ¢ of Ax, onto B, such that
©(S;7) =T, for all i € T.

Proof. This follows from Theorems 7.5 and 8.2. O

8.4. A MODEL FOR REPRESENTATIONS: EVERY COMPLETELY BOUNDED REP-
RESENTATION OF X IS A PIECE OF AN INFLATION OF SX. We will now con-
struct a model for representations of subproduct systems. In [39, Section 2],
a similar but different model — that includes also a fully coisometric part and
not only the shift — has been obtained.

THEOREM 8.5. Let T be a completely bounded representation of the subproduct
system X on a separable Hilbert space H, and let K be an infinite dimensional,
separable Hilbert space. Then for all v > ||T||ep, T is unitarily equivalent to a
piece of

(8.3) SX @rik.

Moreover, ||T||cb is equal the infimum of r such that T is a piece of an operator
as in (8.3).

Proof. Tt is known that ||T||ee = ||(T3)iez|lrow, where T; = T'(e;). Thus if r >
70 = || T||et, then Y-, TiT < ral < r?l. Put W; = =T}, so Yoier Wil <
rg/r?I. Then K, (W) is an isometry (it is equal to K, /,.(r/roW), and r/rolW.

is a row contraction). Thus we may define a map (as in the proof of Theorem
8.2)

U: B(§x)— B(H)
by
U(a) =K1 (W) (a® I) K1 (W).
¥ is a normal completely positive unital map that satisfies
W ((8Y)*(8)7) = WW | o, € Fy.

Since ¥ is normal it has a normal minimal Stinespring dilation ¥(a) =
V*r(a)V, with 7 : B(§x) — B(L) a normal *-homomorphism and V : H — L
an isometry. It is well known that 7 is equivalent to a multiple of the identity
representation. Thus we obtain, up to unitary equivalence and after identi-
fying H with VH, that r—'T; = Pyn(S{)Py = P (S ® Ig)Pu, for some
Hilbert space G. To see that T is a piece of S* ® Is we need to show that
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(S¥ @ Ig)*|,, = T; for all i € Z. In other words, we need to show that
Pym(S{) = Pyn(S)Py. But, for all b € Ex,

= U(S;*D)

(x) = W(S7)¥(b)

== PHTF(SZX>PH7T(I)>PH,
where (*) follows from (8.2). By Proposition 8.1, the strong operator closure
of Ex is B(Fx). Pun(S¥) = Pym(S¥X)Py now follows from the minimality
and normality of the dilation.
It is clear that r~!T is a also piece of SX ® I for every K with dim K > dim G,
so we may choose K to be infinite dimensional.
We want to show that necessarily dim K > dim H. Since S X @ Ik is a dilation
of =, I, = 3,7 S (S%)* @ Ik is a dilation of Iy — >, .7 v~ 2T;T;. But the
latter operator is invertible so it has rank dim H. Thus the rank of Pr ® I =
I —>,e7 57 (S%)* ® Ik, which is dim K, must be greater.
Now the final assertion is clear. 0

We can now obtain a general von Neumann inequality.

THEOREM 8.6. Let X be a subproduct system, and letT be a c.c. representation
of X on a Hilbert space H. Let {e1,...,eq} be an orthonormal set in X (1),
and define T; = T(e;) and S = S¥X(e;) for i = 1,...,d. Then for every
polynomials p and q in d non commuting variables,

Ip(Ty, - Ta)a(Ta, - Ta)* || < Ilp(ST, - -, SE)a(ST -, STl
Proof. Since T is a piece of SX ® rIk for all r > 1, we have
p(Ty,....,Ty)g(Th,...,Tq)" = P(p(rSl, ooy mSa)q(rSy, ..., 1Syt ® IK)P

for some projection P, and the result follows by taking r \ 1. O

9. THE OPERATOR ALGEBRA ASSOCIATED TO A SUBPRODUCT SYSTEM

9.1. Let X be a subproduct system. Recall the definitions of Ax and £x from
8.1. If {e;}iez is an orthonormal basis for X (1), then Ax is the unital oper-
ator algebra generated by (S7%);er with S = SX(e;). If {fi}ier is another
orthonormal basis then the tuple (SX (f;))iez is not necessarily unitarily equiv-
alent to (S7);ez. For instance (with the above notation), if X and {ey, ez} are
as in Example 6.7, and

fi= %(61 +e3) , fa= %(61 —e2),

then S;¥, S are partial isometries, whereas Ty = S (f1) and T = S¥X(f2)

are not. Thus, the unitary equivalence of the row (S; ) does not determine the
isomorphism class of the subproduct system X.
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PROPOSITION 9.1. Let X and Y be two subproduct systems with X (1) = E
and Y (1) = F. Assume that {e;};cz is an orthonormal basis for E and that
{fitiez is an orthonormal basis for F. Then the shifts (S7¥)iez and (S} )iezr
are unitarily equivalent as rows (i.e., there exists a unitary V : §x — §y such
that VS¥X = SYV for all i € I), if and only if there is an isomorphism of

subproduct systems W : X — 'Y such that We; = f; for alli € T.

Proof. If X and Y are isomorphic with the isomorphism W sending e; to f;,
then define a unitary V : §x — §y by

V= @W’X(n)'

neN

VSX = SYV follows from the properties of W. Conversely, a unitary V in-
tertwining §X and §Y must send Qx to Qy. Indeed, such a unitary must
send {Qx}* (which is equal to V;,ImS;¥) onto a subspace of {Q2y }* that has
codimension 1 in Fy, thus it must send {Qx}+ onto {Qy}+. It follows that
VQx = Qy. Thus, given a unitary V intertwining S~ and SY, we may define
W|X(n): X(n) — Y(n) by

WSXQ=vsXa=:5rq,

for all || = n, and it is easy to see that the maps W’X(n) assemble to form an
isomorphism of subproduct systems. (]

In the example preceding the proposition, we saw how the shift “tuple”
(97X, 555) depends essentially on the choice of basis in E. However, the closed
unital algebra generated by (S;%, S5 ) is isomorphic to the one generated by
(Ty,Tz). Similar remarks hold for £x and Tx.

EXAMPLE 9.2. Let X be the subproduct system given by X (0) = C, X (1) = C?
and X(n) = 0 for all n > 2. Let Y be the subproduct system given by
Y(0)=Y(1) =Y(2) = Cand Y(n) =0 for all n > 3. Then since x and
Ey contain the compact operators on Fx and Fy (the Fock spaces), we have
Ex =Tx = Mg(@) =Ty =E&y.

On the other hand, let {e;, es} be an orthonormal basis for X (1). Then if 2
is the vacuum vector, then Ax is generated by S*(Q) = I, 5% (e1), S¥(e2). In
the base {Q, ey, ex} for Fx, these operators have the form

1 0 0 0 0 O 0 0 O
01 0})J,{1t 0 0],{0 O O
0 0 1 0 0 O 1 0 0
Thus,
a 0 O
Ax = b a 0]labceC
c 0 a
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On the other hand, Ay is generated by

1 00 000 , (000
I=10 1 0f,8"(f)=(1 0 0],(S"(f))" =0 0 0],
0 0 1 010 100

where {f1} is an orthonormal basis for Y(1). Thus

Ay =

o o

0 0
a 0 ‘a,b,cG(C
b a

So Ax # Ay (in Ax the solutions of T2 = 0 form a two dimensional subspace,
and in Ay they form a one dimensional subspace).

9.2. Ax AS A GRADED ALGEBRA. For every subproduct system X there exists
a unique completely contractive multiplicative linear functional py : Ex — C
that sends AI to A and SZX to 0 when |a| > 0. The existence of py follows from
Theorem 8.2 (using the Poisson Transform), but it is also clear that pg is just
the vector state associated with the vacuum vector Qx:

po(T) = (TQx,0x) , T € Ax.

po can be considered also as a conditional expectation py : Ax — C - Qy,
inducing a direct sum

(9.1) AX:POAX EBkerpoz(C-IEBZSZXAX.

Ax contains a dense graded subalgebra, with the homogeneous elements of
degree n being S¥ (&), where ¢ € X(n). To be precise, we have the following
proposition.

PRrROPOSITION 9.3. Every T € Ax can be written in a unique way as

T = i T,
n=0

where T, € span{SX (&) : £ € X(n)} and the sum is Cesaro convergent in the
norm topology.

Proof. The proof uses a familiar gadget in operator algebra theory, the gauge
action of the torus. For every t € [—m, 7], let W; : X — X be the subproduct
system automorphism given by

X(n) 3 € e € X(n).
The gauge action on Ax is given by
w(T)=WTW; |, T € Ax.
Note that if & € Z", then
W(SX) = sy,

(03

DOCUMENTA MATHEMATICA 14 (2009) 801-868



SUBPRODUCT SYSTEMS 851

and it follows also that for all 7' € span{S™(¢) : £ € X(n)},
#(T) = e™T.

Moreover, for all T € Ax, the path ¢t — v(T) is strong operator continuous.
Given T € Ax, we define

™

1 .
Bu(1) = 5= [ (@),

—T
where this is interpreted in the strong operator sense.
It is easy to show that @, is an idempotent whose range is span{SX(¢) : € €

X(n)}.

Define linear maps on Ax by

N
n
Un(T) = ; (1 - N) o,,(T).
It is then a standard argument (using the Fejer kernel) to prove that >~ @, (T)
is Cesaro convergent to 7' in the norm topology, that is, to show that for all
T e Ay,

N—o0

N (T)-T| — 0.
It remains to prove the uniqueness assertion. Assume that 7= )" T,, where
the sum is Cesaro convergent to T, and T}, € span{S~(¢) : € € X(n)}. Then
for all N > n,

N

m n N —o0

3, <Z (1—N)Tm> :(1—N)Tn V=%
m=0

On the other hand,

o (3 (1= 7)) = o)

m=0

whence T;, = @,(T). O
9.3. VACUUM STATE PRESERVING ISOMETRIC ISOMORPHISMS OF Ax.
LEMMA 9.4. Let ¢ : Ax — Ay be an isometric isomorphism. Then ¢ is unital.

Proof. A theorem of Arazy and Solel [1] implies that an isometric map between
Ax and Ay must send I € Ax to an isometry in Ax N A%. It follows that
o(I) =cl, |¢| = 1. But since ¢ is a homomorphism, then ¢ = 1. O

LEMMA 9.5. Foralln €N, £ € X(n)
IS* @I = 15 (©)2x]l = l€ll-

Proof. Because SX(£) maps the orthogonal summands X (k) of Fx into the
orthogonal summands X (k + n), it suffices to show that for all n € X(k),

IS*©)nll < €Nl (because S*(§)Qx = €). Now, S¥(E)n = py (€ @ n),

thus
1S*(nll* < 1€ @nl* = 1€
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O

LEMMA 9.6. Let ¢ : Ax — Ay be an isometric isomorphism that preserves
the direct sum decomposition (9.1). Then ¢ preserves the grading: if £ € X (n)
then p(SX(€)) is in the norm closure of span{SY (n) : n € Y (n)}.

Proof. Since ¢ is a homomorphism, it suffices to show, say, that ¢(S;%) has
“degree one”, that is, it is in the norm closure of span{SY (n) : n € Y(1)}. By
assumption, we may write p(S7) = >, a;SY + T, with T in the closure of
span{SY(n) : n € Y(n),n > 2}. But o= 1(>°,a;SF +T) = S, and ¢~ 1(T)
is in the norm closure of span{S¥ (&) : n € X(n),n > 2}, so o1 (}, a;SY) =
S + B, with B = —¢p~}(T) (note that ¢~! also preserves the direct sum
decomposition (9.1)).

If T'= 0 then we are done, so assume T # 0. Then B # 0, also. But

L= |57 = 157 Qx| < (57 + B)2x | < 15¥ + Bl = 11> @S},

and at the same time

1Y aisTl =11 aisT Qv < IQ_ Sy +T)Qy || <

<Y @Sy + T = |Is¥) = 1.
From T # 0 we arrived at 1 < 1, thus T' = 0. 0

THEOREM 9.7. X 2V if and only if Ax and Ay are isometrically isomorphic
with an isomorphism that preserves the direct sum decomposition (9.1), and this
happens if and only if Ax and Ay are isometrically isomorphic with a grading
preserving isomorphism. In fact, if ¢ : Ax — Ay is a grading preserving
isometric isomorphism then there is an isomorphism V : X — Y such that for

dlT e Ax, o(T)=VTV*.
Proof. X 2Y implies Ax = Ay because these algebras are then generated by
unitarily equivalent tuples.

For the converse, we will assume that X and Y are standard subproduct sys-
tems. The isomorphism V : X — Y is defined on the fiber X (n) by

V() = V(S¥(©)x) = e(S¥())Qy , £ € X(n).

If it is well defined, then it is onto. Lemma 9.5 shows that V is an isometry on
the fibers:

IS*©)x [l = 1S* (Il = (ST ) = lle(S™ (€)v|.
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Lemma 9.6 implies that V' (€) sits in Y'(n). V respects the subproduct structure:
ifmneN, e X(n),ne€ X(m), then

Vo a(§ @) = VS™ (py, (6 ®n)0x
= (S (P (E@M)))Qy
= (5% (€)S* )2y
= o(S%(6)e(S* ()
(%) = P (9(5%(£)2y @ 0(S¥ (1)) Q2y)
= n(V(E) @ V(n).

(*) follows from the facts S¥ (y)Qy =y and S (y1)SY (y2)Qy = S¥ (Ph.n (11 ®

Y2))Qy = P (Y1 @ y2) = P, (S (y1)Qy @ S (32)Qy ).

Finally, let us show that for all T' € Ax, ¢(T) = VTV*. What we mean by
this is that for all £ € X, p(S*(£)) = VSX(E)V*. Let o(SX(n))Qy = V(n) be
a typical element in Fy.

VSOV *p(S™* )y = VS¥(&)n
=Vpr(Een)

= o(S* (™ (€ @n))y

= o(S¥(§)S* ()Qy

= o(SX(€)e(S¥ (),

This completes the proof. O

SX
SX

10. CLASSIFICATION OF THE UNIVERSAL ALGEBRAS OF g-COMMUTING
TUPLES

DEFINITION 10.1. A matriz q is called admissible if g;; =0 and 0 # ¢;; = qﬁl

for all i # j.

10.1. THE ¢-COMMUTING ALGEBRAS A; AND THEIR UNIVERSALITY. Let
{e1,...,eq} be an orthonormal basis for E := C%, to be fixed (together with d)
throughout this section. Let ¢ € My4(C) be an admissible matrix, and let X,
be the maximal standard subproduct system with fibers

X)) =F, X;2)=EQ Ecspan{e; ®e; — qije; Qe; : 1 <i,5 <d,i # j}.

When ¢;; =1 for all i < j, then X, is the symmetric subproduct system SSP.
The Fock spaces §x, have been studied in [19].

For brevity, we shall write S instead of SiX . We denote by A, the algebra Ay, .
By Theorem 8.4, the algebra A, is the universal norm closed unital operator
algebra generated by a row contraction (71, ...,Ty) satisfying the relations

TiTjZQijTan 1§Z<]§d
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10.2. THE CHARACTER SPACE OF A,. Let M, be the space of all (contractive)
multiplicative and unital linear functionals on A,, endowed with the weak-*
topology. We shall call M, the character space of A,. Every p € M, is
uniquely determined by the d-tuple of complex numbers (z1,...,24), where
z; = p(S?) for i = 1,...,d. Since a contractive linear functional is completely
contractive, (x1,...,x4) must be a row contraction, that is, |z1|? +...+|x4|? <
1. In other words, (z1,...,x4) is in the unit ball By of C¢. The multiplicativity
of p implies that (x1,...,2z4) must lie inside the set

Zq = {(zl,...,zd) € By : (1 _Qij)zizj =0,1<i<j < d}
Conversely, Theorem 8.4 implies that every (z1,...,zq) € Z4 gives rise to a
character p € M, that sends S to z;. Thus the map

My 3 p— (p(S]),....p(SD) € Z,

is injective and surjective. It is also obviously continuous (with respect to the
weak-* and standard topologies). Since M, is compact, we have the homeo-
morphism

(10.1) M, = Z,.

Note that the vacuum state pg corresponds to the point 0 € Z, C ce.

When ¢;; = 1, the condition (1 — g;;)z;z; = 0 is trivially satisfied, so when
gi,j = 1 for all 4, j, then Z; is the unit ball B4q. When ¢;; # 1, the condition is
that either z; = 0 or z; = 0. Thus, if for all 4, j, g;; # 1, then Z; is the union
of d discs glued together at their origins.

10.3. CLASSIFICATION OF THE Ay, ¢;; # 1. Given a permutation o (on a set
with d elements), let U, be the matrix that induces the same permutation on
the standard basis of C?.

PROPOSITION 10.2. Let q and r be two admissible d x d matrices. Assume that
there is a permutation o € Sq such that r = UyqU; Y, and let M1, ..., \q be any
complex numbers on the unit circle. Then the map

(102) €e; — )\iea(i)

extends to an isomorphism of X, onto X,, and thus the map
Si— )‘iS;(i)

extends to a completely isometric isomorphism between A, and A,.

Proof. For all n, the map (10.2) extends to a unitary V,, of E®". For n = 2,
this unitary sends e; ® e; — gije; ® €; t0 Aidjeq(i) @ €q(j) — AiNjGij€q(s) © €o(i)-
But r = U,qU; ! implies To(i)o(j) = Gij, thus

Vaiei®@ej —qije; © ei = Aidjeo(i) ® €q(j) = AidjTo(i)o(j) €a(j) @ €o(i)
so Vs is a unitary between X,(2) and X, (2) that respects the product. By
induction, it follows that V = {Vn| X (n)}" is an isomorphism of subproduct
systems. The final assertion follows from Proposition 9.1. ]
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THEOREM 10.3. Let g and r be two admissible d x d matrices such that gi;,7:; #
1 for alli,j. Then X4 is isomorphic to X, if and only if there is a permutation
o € Sq such that r = U,qU; . In this case the isomorphisms are precisely
those of the form

€i = Ai€g(i)s
where A1, ..., Ag are any complex numbers on the unit circle, and o is such that

r=U,qU, .

Proof. One direction is Proposition 10.2, so assume that there is an isomor-
phism of subproduct systems V : X, — X,. Let f; := V~le;. Thereisad x d
unitary matrix U = (u;;) such that f; = >, u;ze;. As V is an isomorphism of
subproduct systems, we have for all i # j

Xq r
Ve '(fi ® fj—1iifi @ fi) = p3 (i @ ej —rije; @ e;) =0,
thus

(D winer) ® (Y wjier) =iy (Y wgner) ® (Y waer) €
k l k l

€ span{e;, ® €, — Gmnen ® €m : M # n},
or
(10.3) Z(uikuﬂ — i UjpUir)ex & e € span{em © en — gmnén @ € M F N}

k,l

The coefficients of the vectors ep ® er in the sum above must vanish, thus
UikUjk — TijUku = 0 for all ¢ # j. Since r;; # 1, we must have ujru;, = 0
for all k and all ¢ # j. Thus the unitary matrix U has precisely one nonzero
element in each column, and it therefore must be of the form U D, where D

is a diagonal unitary matrix.
Equation (10.3) becomes

Uic (i) Ujo (7)o (i) © €a(j) ~ TijUjo(j) Yio(i)€o(s) © €o(i) €
€ span{e;, ® €, — Gmnen ® €m : M # n},
but this can only happen if

Uio (i) Ujo(j) €a(i) @ €o(j) — TijUjo(j) io (i) €o(j) © €a(i)
is proportional to
€a(i) @ €o(j) ~ do(i)o(j)€a(s) ® oi)s
that 18 Uie(4) Uje () Do (i) () = Wjo(j)Wic(i)Tij» OF Tij = o(i)a(j)- Replacing o with

o1, the proof is complete. O

COROLLARY 10.4. Let q be an admissible d X d matriz such that there is no
permutation o € Sy such that ¢ = UyqU;'. Assume that qi; # 1 for all
i,j. Then the only automorphisms of X, are unitary scalings of the basis

{1, ea}-
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THEOREM 10.5. Let g and r be two admissible d x d matrices such that gi;,7:; #
1 for all i,5. Then Ay is isometrically isomorphic to A, if and only if there
is a permutation o € Sq such that r = U,qU; . In this case the isometric
isomorphisms between Aq and A, are precisely those of the form

Si = AiSg iy
where A1, ..., g are any complex numbers on the unit circle.

Proof. If r = U,qU, !, then by Proposition 10.2 and Theorem 9.7 A, and A,
are isomorphic (with an isomorphism that preserves the direct sum decompo-
sition (9.1)).

Conversely, assume that ¢ : A, — A, is a completely isometric isomorphism.
Then ¢ induces a homeomorphism between M, and M, by p+— po ¢. Recall
that M, and M, are both homeomorphic to d discs glued together at the
origin. Thus the homeomorphism p — p o ¢ must take pg of X, to py of X,
because these are the unique points in M, and My, respectively, that when
removed from M, and M, leave d disconnected punctured discs. Thus ¢ sends
the vacuum state of A, to the vacuum state of A,, and must therefore preserve
the direct sum decomposition (9.1). By Theorem 9.7, there is an isomorphism
of subproduct systems V : X, — X, such that ¢(e) = V e V*. By Theorem
10.3 we conclude that there is a permutation o € Sy such that r = U,qU, *. Tt
also follows that ¢(S) = AiS7 ). O

COROLLARY 10.6. Let q be an admissible d X d matriz such that there is no
permutation o € Sq such that ¢ = U,qU;t. Then the only isometric automor-
phisms of Aq are unitary scalings of the shift {S{,...,S5}.

As a corollary of the above discussion we have:

COROLLARY 10.7. Let q and r be two admissible d x d matrices such that
Qij,Tij 7 1 for alli,j. Then Ay is isometrically isomorphic to A, if and only
if Xq 2 X,

10.4. X,; AND A,;, d = 2. In the particular case d = 2, we let a complex
number ¢ parameterize the spaces X, (we may allow also ¢ = 0) defined to be
the maximal standard subproduct system with fibers

X,(1)=C?, X,(2) =C*®C* S spanfe; ® ea — gea @ €1}

Since M = Bs, A; is not isomorphic to any A, with ¢ # 1 (recall that when
g # 1, M, is homeomorphic to two discs glued together at the origin). Thus
Theorem 10.5 gives:

COROLLARY 10.8. Assume that d = 2. Then Xy = X, if and only if Ay is

isometrically isomorphic to A,, and either one of these happens if and only if

either r =q orr=q 1.

Elias Katsoulis has pointed out to us that the above corollary also follows from
the techniques of [18].
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The above result is reminiscent to the fact that two rotation algebras Ay and
Ay are isomorphic if and only if either 270 = e2mif’ or (e2mi0) =1 = 2™ One
cannot help but wonder whether one can draw a deeper connection between
these results then the superficial one, in particular, can the classification of
rotation algebras be deduced from the classification of the algebras A,?

By Corollaries 10.4 and 10.6 we have the following.

COROLLARY 10.9. Let d = 2 and let ¢ # 1. Then subproduct system X, has
no automorphisms aside form the unitary scalings of the basis. The algebra A,
has no isometric automorphisms other than unitary scalings of the generators.

On the other hand, a direct calculation shows that every unitary on C? extends
to an automorphism of X7, and thus induces a non-obvious automorphism of

Aj.

11. STANDARD MAXIMAL SUBPRODUCT SYSTEMS WITH dim X (1) = 2 AND
dim X (2) =3

Again, let {e,...,eq} be an orthonormal basis for £ := C?. We will soon
turn attention to the case d = 2. For a matrix A € My(C), we define the
symmetric part of A to be A® := (A + A')/2 and the antisymmetric part of
A to be A% := (A — A")/2. Denote by X4 the maximal standard subproduct
system with fibers

d
Xa()=E, Xa(2)=E®Eospan{ Y ajje; ®e¢;
i,j=1

We will write S4 for the shift SX4. We will also write A4 for Ax,.

PROPOSITION 11.1. Let A,B € M4(C). Then there is an isomorphism V :
X4 — Xp if and only if there exists A € C and a unitary d X d matriz U such
that B = \UYAU. In this case, U extends to the isomorphism V between X 4
and Xp by V1 =U.

Proof. Let V : X4 — Xp be an isomorphism of subproduct systems. There is
a d x d unitary matrix U = (u;;) such that

d
fi = ‘/1(61') = Zuijej.
j=1

Then

0=Vi(p3 (D aijei @ e;))
i
=3 (Y aii fi ® fi),

4,J
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SO Z” ai; f; ® f; must be a spanning vector of span {Z” bije; ® ej}. Writing
out fully what this means,

A E aij E UikUjier @ e = E brier ® ¢
Kl

i, k.l
for some A € C, so
b=\ Z @i Uik Uji -
i,j
But the right hand side is precisely the ki-th element of AUt AU.

Conversely, assuming B = AU'AU, one can read the above argument from
finish to start to obtain an isomorphism V : X4 — Xp. O

We see that for X4 and Xpg to be isomorphic the ranks of A and B must be
the same, as well as the ranks of their symmetric and anti-symmetric parts.
For example, if A is symmetric and B is not then X4 2 Xp, a result which
may not seem obvious at first glance.

THEOREM 11.2. Assume that d = 2. Let A, B € M3(C) be any two matrices.
Then Ay is isometrically isomorphic to Ap if and only if X4 = Xp, and this
happens if and only if there exists A € C and a unitary 2 x 2 matrix U such
that B = A\U'AU.

The proof of Theorem 11.2 will occupy the rest of this section. Denote by
M 4 the character space of Ay, that is, the topological space of contractive
multiplicative and unital linear functionals on A4, endowed with the weak-x
topology.

LEMMA 11.3. The topology of M 4 depends on the rank r(A®) of the symmetric
part A° of A:

(1) If r(A®%) = 0 then M4 = Bs, the unit ball in C%.

(2) If r(A®) =1 then M4 = D, the unit disc in C.

(3) If r(A®) = 2 then My is homeomorphic to two discs pasted together at
the origin.

Proof. We proceed similarly to the lines of 10.2. Every character p € My

is uniquely determined by A\; = p(S{') and \a = p(S5'), which lie in Bs.
Conversely, every (A1, A2) € By that satisfies

Z Qi )\1)\] =0
0,J

gives rise to a character p by defining \; = p(S) and Ay = p(S3'). Thus,

MA = VA = (>\17>\J) S B2 . Zaij)\i)\j = 0

2%
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Clearly, V4 = V4. However, every symmetric 2x 2 matrix is complex congruent
to one of the following:

0 0 10 10
2= (5 o) =6 0) o= (0 )

i.e., there exists a nonsingular matrix 7 such that A® = T*D;T, for i = r(A®).
But then Vs = T‘lVDi = Vp,, so it remains to verify that Vp, is homeomor-
phic to the spaces listed in the statement of the lemma. U

COROLLARY 11.4. If r(A®) # r(B?®) then Ax Z Ap.

We can use this corollary to break down the classification of the algebras A4

to the classification of the algebras A4 with fixed r(A®). The easiest case is
- . . 1

r(A®) = 0, because then A is either the zero matrix or a multiple of (01 0),

and these two matrices give rise to non isomorphic algebras (these are the

algebras generated by the full and symmetric shifts, respectively).

The next easiest case is r(A%) = 2.

LEMMA 11.5. If A, B € M5(C) and r(A®) = r(B*®) = 2, then A, is isometri-
cally isomorphic to Ap if and only if X4 = Xp, and this happens if and only
if there exists A\ € C and a unitary 2 x 2 matriz U such that B = \U'AU.
Any isometric isomorphism between Ax and Ap arises as conjugation by the
subproduct system isomorphism arising from U.

Proof. In light of Theorem 9.7 and Proposition 11.1, it suffices to show that any
isometric isomorphism ¢ : Ay — Ap sends the vacuum state to the vacuum
state. But the vacuum state in M 4 and in M g corresponds to the point where
the two discs are glued together. Since ¢ induces a homeomorphism between
Mp and M4, it must send the vacuum state to the vacuum state. O

REMARK 11.6. In the previous section we have seen already that there is a
continuum of non-(completely isometrically)-isomorphic algebras A4 and sub-
product systems X4 with r(A%) = 2, namely the algebras A,. One can see
that these algebras 44 are not exhausted by the algebras A, of the previous
1
0
non-isomorphic, and only for ¢ = 1 is this algebra isomorphic to an 4, (in this
case ¢ = —1).

section. For example, all the algebras Ay with A = 2), with ¢ > 0, are

We now come to the trickiest case, r(A4%) = 1.

LEMMA 11.7. If A, B € M5(C) are two symmetric matrices of rank 1, then
there ezists A € C and a unitary 2 x 2 matriz U such that B = N\U'AU, and
consequently X 4 =2 Xpg and Ay is isometrically isomorphic to Ag.

Proof. We only have to prove the first assertion, and we may assume that

1
B = (0 8) We may also assume that there is a unit vector v = (v, v)?
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U= (E “_2_> .
V2 —U1
Then

viar — (T %\ (7 Y _(m m\ (o 0\ _ (1 0
-1 T % —t1) \v 0 00/

Below we will also need the following lemma.

such that A = vvt. Now let

LEMMA 11.8. Let A be a 2 x 2 matriz for which r(A®) = 1. Then there exists
one and only one g > 0 for which there is a A € C and a unitary U such that

< 1 q) — AUAU.

Furthermore, if A is non-symmetric then A is congruent to the matriz

(4o)

Proof. Direct verification, using Lemma 11.7 and the fact that congruations
preserves, up to a scalar, the anti-symmetric part. O

L q
A, = .
! (q 0)
By the above lemma, we may restrict attention only to the algebras A4, with
q>0.
Recall that the character space M, of Ay, is identified with the closed unit

disc D by

Let us write A, for the matrix

Ma, 3 p— p(S5) e D.

We write p, for the character that sends S; “ to z € D. This identifies the
vacuum vector pg with the point 0. Recall also that if ¢ : AAq — Ay, is an
isometric isomorphism, then it induces a homeomorphism @, : My, — My,
given by p.p = pop. We write F,, for the homeomorphism D — D induced by
@, that is, F, is the unique self map of D that satisfies

Pz = PR, (z) » 2 €D.
Let us introduce the notation
O(0;q,7) = {F,(0)|¢ : Aa, — Aa, is an isometric isomorphism},
and
0(0;9) = O(0; 4, 9)-
LEMMA 11.9. Let g, > 0. If ¢ # r then 0 does not lie in O(0;q,r).
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Proof. Assume that 0 € O(0;¢,r). Then there is some isometric isomorphism
¢+ Aa, — Aa, that preserves the character pg. It follows from Theorem 9.7
and Proposition 11.1 that, for some unitary 2 x 2 matrix U and some A\ € C,
A, =AU'A,U. But, as noted in Lemma 11.8, this is impossible if r #¢. [

LEMMA 11.10. The sets O(0;q,r) are invariant under rotations around 0.

Proof. For A with || = 1, write ¢y for the isometric isomorphism mapping

S to AS (i = 1,2). For b = F,(0) € O(0;q,7), consider ¢ o 5. We
Aq Aq Aq

have po((¢ 0 ©x)(52 1)) = po(p(AS3?)) = Apo(p(S3 7)) = Ab. Thus Ab €

O(0;q,7). O

LEMMA 11.11. Let g, > 0. If q # r then Aa, is not isometrically isomorphic
to Aa,.

Proof. Assume that ¢ : As, — Aja, is an isometric isomorphism. We have
po o @ = py, with b = F,(0), and F, is a homeomorphism of D onto itself.

By definition, b € O(0;¢,r). By Lemma 11.9, b # 0. Denote C' := {z : |z| =
[b|}. By Lemma 11.10, C' € O(0;¢,7). Consider C" := F;'(C). We have that
C’" C O(0;r). C' is a simply connected closed path in D that goes through the
origin. By Lemma 11.10, the interior of C’, int(C"), is in O(0;r). But then
F,(int(C")) is the interior of C, and it is in O(0;¢,r). But then 0 € O(0;¢,r),
contradicting Lemma 11.9. 0

That concludes the proof of Theorem 11.2.

12. THE REPRESENTATION THEORY OF MATSUMOTO’S SUBSHIFT
C*-ALGEBRAS

In [28] Kengo Matsumoto introduced a class of C*-algebras that arise from
symbolic dynamical systems called “subshifts” (we note that in the later paper
[17] Carlsen and Matsumoto suggest another way of associating a C*-algebra
with a subshift. Here we are discussing only the algebras originally introduced
in [28]). These subshift algebras, as we shall call them, are strict generalizations
of Cuntz-Krieger algebras and have been extensively studied by Matsumoto, T.
M. Carlsen and others. For example, the following have been studied: criteria
for simplicity and pure-infiniteness; conditions on the underlying dynamical
systems for subshift algebras to be isomorphic; the automorphisms of the sub-
shift algebras; K-theory of the subshift algebras; and much more. In this section
we will use the framework constructed in the previous sections to give a com-
plete description of all representations of a subshift algebra when the subshift
is of finite type.

12.1. SUBSHIFTS AND THE CORRESPONDING SUBPRODUCT SYSTEMS AND C*-
ALGEBRAS. Our references for subshifts are [28] and [16, Chapter 3].

Let Z = {1,2,...,d} be a fixed finite set. Z% is the space of all two-sided infinite
sequences, endowed with the product topology. The left shift (or simply the
shift) on Z? is the homeomorphism o : Z% — Z% given by (o(x))r = 1. Let
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A be a shift invariant closed subset of Z%. By this we mean o(A) = A. The
topological dynamical system (A, O" ) is called a subshift. Sometimes A is also
referred to as the subshift.

If W is a set of words in 1,2, ..., d, one can define a subshift by forbidding the
words in W as follows:

Aw = {x € T : no word in W occurs as a block in x}.

Conversely, every subshift arises this way: i.e., for every subshift A there exists
a collection of words W, called the set of forbidden words, such that A = Ay .
In this context, if W can be chosen finite then A = Ayy is called a subshift of
finite type, or SF'T for short. By replacing Z if needed, we may always assume
that W has no words of length one. If W can be chosen such that the longest
word in W has length k£ + 1 then A is called a k-step SFT. A 1-step SFT is
also called a topological Markov chain. A basic result is that every SFT is
isomorphic to a topological Markov chain ([16, Proposition 3.2.1]).

For a fixed subshift (A, o] A), we set

A¥ = {a: o is a word with length k occurring in some z € A},

and Ay = U, _oA*, A* = U2 (AF. With the subshift (A,o],) we associate a
subproduct system X, as follows. Let {e;}icz be an orthonormal basis of a
Hilbert space E. We define
Xa(0) =C,
and for n > 1 we define
Xa(n) =span{e, : a € A"}.
We define a product Uy, p 1 Xp(m) @ Xp(n) — Xa(m +n) by

eap, if af e At
Unn(ea ®ep) = {0 else

Since AT C A™ . A", X, is a standard subproduct system.

DEFINITION 12.1. The C*-algebra associated with a subshift (A, U|A) 1s defined
as the quotient algebra

Op = OXA = TXA/K:(SXA)'

REMARK 12.2. Just to prevent confusion: In [28], O was defined as the quo-
tient by the compacts of the C*-algebra generated by the “creation operators”
(that is, the X-shift) on Fx, without using the language of subproduct systems.

12.2. SUBPRODUCT SYSTEMS THAT COME FROM SUBSHIFTS.

ProproSITION 12.3. Let X be a standard subproduct system such that there is
an orthonormal basis {e;}icz of X (1), with T finite, such that
(1) Every X(n), n > 1, is spanned by vectors of the form e, with |a] = n.
(2) For allm,n € N, |a] = n and eq € X(n), implies that there is some
B,v € I™ such that eg @ eq and eq @ e~ are in X (m +n).
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Then there is a shift invariant closed subset A of I% such that X =
Xa. X is the maximal standard subproduct system with prescribed fibers
X(1),X(2),...,X(k+1) if and only if A is k-step SF'T.

Proof. For all k € N, define
AP ={aeTF e, e X(k)}.
For all m € Z, k € N, define the closed sets
Anr={x€ 7% (T g1y« s Tmtk—1) € A(k)}.

Condition (2) implies that X (k) always contains a nonzero vector of the form
€q, |a| = k. That implies that the family { A, i }m,x has the finite intersection
property. Indeed,

Am17k1 N Am2,k2 ) AM,K 7£ (Z),

where M = min{mq,ms}, K = max{ms + ko, m1 + k1} — M. By compactness
of 7% we conclude that the closed set

A=) Amk
m,k

is non-empty. A is invariant under the left and the right shifts, so o(A) = A,
so (A, a’A) is a subshift. By condition (2), A* = A®). Condition (1) together
with the definition of X, now imply that X = Xj,.

The final assertion follows from the following facts, together with X = Xj,.
Fact number one:

E®" & X (n) = span{e, : a is a forbidden word of length n}.

Fact number two: X is the maximal standard subproduct system with pre-
scribed fibers X (1),..., X (k + 1) if and only if for every n > k + 1,

X(n)= () X@)eX(),
i+j=n
or in other words, if and only if
E®"oX(m)=\/ (E®"o(X(i)®X())
i+j=n

\ (B @ (E® o X(j) + (E® © X (i)) ® B®7).

i+j=n

Fact number three: A is a k-step SFT if and only if for every n > k + 1,
{forbidden words of length n} =

U (Z' - {forbidden words of length j} U {forbidden words of length i} - 7).
i+j=n

These facts assemble together to complete the proof. O
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Not every subproduct system is isomorphic to one that comes from a subshift.
Indeed, in the symmetric subproduct system SSP (see Example 1.3) for any
basis {e;}iez of X (1), the product e; ® e; for ¢ # j is never in X (2), and thus
the images f; and f; of e; and e; in any isomorphic subproduct system X can
never be such that f; ® f; is mapped isometrically to Uffl (fi ® fj). Thus if
SSP is isomorphic to X, for some subshift A, then A must be the subshift
containing only constant sequences. But such Xy is clearly not isomorphic to
SSP.

As another example, the subproduct system X (0) = C, X (1) = C2, and X (n) =
0 for n > 1, cannot be of the form X, for any A C 2.

12.3. THE REPRESENTATION THEORY OF THE C*-ALGEBRA ASSOCIATED
WITH A SUBSHIFT OF FINITE TYPE. Let A be a fixed subshift in 7% (with
T ={1,2,...,d}), and let X = X, be the associated subproduct system. We
will denote the X-shift by S (instead of S¥) to make some formulas more read-
able. Let Z; be the image of S; in the quotient Op. We define fori € 7, k € N
the sets

EF ={ac A" :iac A"},

LEMMA 12.4. If A is a k-step SFT, then for alli € T,
(yeA* |y >kiye A}y ={af € A" :a € EF g c A*}.

Proof. Assume that v € A* is such that |y| > k and iy € A*. Defining
a =" and B = Y41 - Vkr1, We have that v = a8 where a € EF and
B e A*.

Conversely, if v = a3 € A* where a € EF and 8 € A*, then iy must be in A*.
Indeed, if not, then iy must contain a forbidden word. But v € A*, thus the
forbidden word must be in i« (since A is a k-step SFT). But that is impossible
because o € EF. O

LEMMA 12.5. If A is a k-step SF'T then for alli,j € T, i # j,

SrS; =0,
and
(12.1) S;Si= ) S8*S™ mod Kx.
ozEEéc

Consequently, Ex = Tx.

Proof. Since the S; are partial isometries with orthogonal ranges, we have
S¥S; =0 for all i # j. Since Kx C Ex C Tx (Proposition 8.1), Ex = Tx will
be established once we prove (12.1).

S} S; is the projection onto the initial space of S;. Call this space G. We have

G = span{e, : @ € A" such that ia € A*}.
The space
G’ = span{e, : @ € A* such that ia € A* and |a| > k}
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has finite codimension in G. But by Lemma 12.4,
G ={eap: af € A*,a € EF},

that is, G’ is spanned by e, where 7 runs through all legal words beginning
with some o € EF. Thus, G’ is the range of the projection Y acEk S8
Since G’ has finite codimension in G, we have (12.1). O

PROPOSITION 12.6. For every subshift A, the d-tuple Z = (Z1, ..., Zq) satisfies
the following relations:

(12.2) p(Z) =0, for all p € I,
(12.3) Z7Z;j =0, foralli,jel,i#j,
and
d
(12.4) > ziz; =1.
1=1

In particular, Z; is a partial isometry for all i € T. If A is a k-step SFT, the
Z also satisfies

(12.5) ZiZi= Y Z°Z* | foralli €T

aeEf

Proof. The quotient map 7x — Op is a *-homomorphism, so (12.2) follows
from Theorem 7.5. (12.3) and (12.5) follow from the previous lemma, and
(12.4) follows j;from equation (8.1). O

THEOREM 12.7. Let A be a k-step SFT. Every unital representation w: Oy —
B(H) is determined by a row-contraction T = (T1,...,Tq) satisfying relations
(12.2)-(12.5) such that w(Z;) = T; for all i € I. Conversely, every row con-
traction in B(H)? satisfying the relations (12.2)-(12.5) gives rise to a unital
representation ™ : Ox — B(H) such w(Z;) =T; for alli € T.

Proof. Tt is the second assertion that is non-trivial, and we will try to convince
that it is true. By Theorem 8.2, there is unital completely positive map

V:Ex — B(H)

sending S°S' 5% to T*TP*. Since enough of the rank one operators on §x arise
as S*(I — Zle 5;5%)85* (see equation (8.1)), and because T satisfies (12.4),
we must have that U(K) = 0 for every K € K(Fx). By Lemma 12.5, £x = Tx,
and it follows that ¥ induces a positive and unital (hence contractive) mapping

F!OAHB(H)

that sends Z%Z%* to T*T"*. Roughly speaking: 7 must be multiplicative
because Z and T satisfy the same relations. In more detail: every product
(2°2°*)(Z2* Z°*) may be written, using the relations (12.2)-(12.5) as some
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sum Zv 6Z'YZ6*. The mapping 7 then takes this sum to Zv 62725*, and this
can be rewritten (using the same relations) as

(IQIB*)(IQ'IB'*) _ W(ZQZH*)W(ZO‘/ZB,*)-

This shows that

m (20272 27)) = m(2° 272 2°7),

and since the elements of the form Z%Z"* span Oy, and since 7 is a positive

linear map, it follows that 7 is in fact a *-representation. O
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