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Subhomogeneous Operator Systems and
Classification of Operator Systems
Generated by A-Commuting Unitaries
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Abstract. A unital C*-algebra is called N-subhomogeneous if its irre-
ducible representations are finite dimensional with dimension at most
N. We extend this notion to operator systems, replacing irreducible rep-
resentations by boundary representations. This is done by considering
UCP (S) which is the matrix state space associated with an operator
system S and identifying the boundary representations as absolute ma-
trix extreme points. We show that two N-subhomogeneous operator
systems are completely order equivalent if and only if they are N-order
equivalent. Moreover, we show that a unital N-positive map into a finite
dimensional N-subhomogeneous operator system is completely positive.
We apply these tools to classify pairs of g-commuting unitaries up to
x-isomorphism. Similar results are obtained for operator systems related
to higher dimensional non-commutative tori.
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1. Introduction and Preliminaries

1.1. Introduction

Let ¢, ¢’ be two complex numbers of modulus 1, and let (u,v), (v/,v") be two
pairs of g-commuting unitaries and ¢’-commuting unitaries, respectively. If ¢ :
C*(u,v) — C*(u',v") is a *-homomorphism such that ¢(u) = u’, p(v) = o/,
we get that ¢ = ¢’. Therefore, no *-homomorphism can map a g-commuting
pair to a ¢’-commuting pair, unless of course ¢ = ¢'.

Now, consider S(u,v) and S(u/,v"), the operator systems generated by
such unitaries. One can show (see Theorem 4.9 below) that a unital and com-
pletely positive map between S(u,v) to S(u, v") which also maps u — ' v —
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v’, extends to a x-homomorphism from C*(u,v) to C*(u/,v"). It follows that
q = ¢’ whenever such a map exists.

This leads to a natural question. Does the existence of a unital positive
map u — u',v — v already implies that ¢ = ¢’? Or maybe being merely
positive is not enough, but n-positive will do? More generally, we ask when
does the n-order structure encode all of the information about the complete
order structure of an operator system.

One particular case for which we know the answer is the case of op-
erator systems acting on finite dimensional spaces. When § is acting on an
Ng-dimensional space, Choi proved (see Theorem 1.3) that any Ng-positive
map into S is completely positive. In particular, if S,’R both act on a fi-
nite dimensional spaces of dimensions Ng and Ny respectively, we get that
a max{Ng, Ng }-order isomorphism is a complete order isomorphism. There
are, however, operator systems which cannot be faithfully represented on a
finite dimensional space.

In this paper, we show that the answers to the above questions are
related to the notion of subhomogeneous C*-Algebras, and to an extension
of this notion to operator systems. Recall that a unital C*-algebra is called n-
subhomogeneous if its irreducible representations are finite dimensional with
dimension at most n, and subhomogeneous if it is n-subhomogeneous for some
n € N. We shall show in Theorem 3.1, that a C*-algebra A is subhomogeneous
if its associated matrix state space, UCP (A), has matrix extreme points
at level at most n. Inspired by this result we define an n-subhomogeneous
operator system, replacing irreducible representations by finite dimensional
boundary representations.

Using this framework, we show in Theorem4.2 that n-order isomor-
phisms between Ng-subhomogeneous and Ngr-subhomogenous operator sys-
tems (with Ns, Ng < n) is a complete order isomorphism, proving that for
N-subhomogeneous operator systems with NV < n, the n-order structure does
encode the complete order structure. Moreover, we prove that a unital and
n-positive map into a finite dimensional n-subhomogeneous operator system
is completely positive, giving an extension to Choi’s theorem.

We then consider finite dimensional operator systems generated by uni-
taries. We shall prove in Theorem4.11 that two d-tuples of unitaries, gener-
ating Ng-subhomogeneous and N,-subhomogeneous operator systems (with
Ns, N < n) are n-order equivalent if and only if they generate isomorphic
C*-algebras.

In Sect. 5, we return to our motivating question regarding g-commuting
unitaries. For & = S(u, v), we provide a characterization of matrix extreme
points in UCP (S) in terms of boundary representations for S, proving that
when ¢ is of the form e2™in for (k,n) = 1, § is n-subhomogeneous and
when ¢ = €2™ with § € [0,1] ¢ Q, UCP (S) is not subhomogeneous (see
Theorems 5.3 and 5.5).

As a consequence, we get that if (u,v) is a pair of g-commuting unitaries
and (u/,v") is a pair of ¢’ = eQWi%-Commuting unitaries, then the existence
of a unital n-positive map taking (u,v) to (u/,v’), implies ¢ = ¢/, and the
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map is in fact completely positive (this is Theorem 5.6). Similar results are
obtained for higher dimensional non-commutative tori in Theorems5.9 and
5.10.

The results we obtain show that in certain cases, the exitence of an
n-order isomorphism implies the existence of a complete order isomorphism.
It is natural to ask: how low can one take n to be? In Sect. 6, we treat the
question of whether the existence of a unital isometry (which is in particular
an order isomorphism) implies a complete order equivalence. We provide a

family of examples of ¢ = 2™ -commuting unitaries which are isometrically

2mi =k

isomorphic to a pair of ¢ = e = -commuting unitaries (although they are

not n-order isomorphic).

1.2. Positive Maps and Order Isomorphisms

Given a unital C*-algebra A, we say that a subspace S C A is an operator
system if it contains the unit and it is closed under the x-operation. Given
a tuple s = (s1,...,84) of elements in A, we denote by S(s) the operator
system generated by s. There is a natural partial ordering endowed on S, in
which s > s’ if s— s’ is positive in A, which we will call the order-structure or
1-order structure on S. Identifying A with some subalgebra of B(H) for some
H, we can endow M, (A) with the order structure from M, (B(H)) = B(H™),
where H" is the n-fold direct sum of H with itself. This gives us a notion
of positivity for elements in M, (A) and therefore for elements in M, (S).
We will call the partial ordering endowed on M, (S) the n-order structure
of §. We shall loosely refer to the totality of n-order structures on § as the
complete order structure.

For two operator systems S, R, and a linear map ¢ : S — R, we can
define ¢,, : M, (S) — M, (R) for all n € N by acting entry-wise, namely,
On(si5) = (¢(s45)) for all (s;;) € M, (S). We say that ¢ is positive if ¢(s) is
positive in R whenever s is positive in S. We also say that ¢ is n-positive if ¢,
is a positive map, and we say that ¢ is completely positive if it is n-positive
for all n € N. Note that n-positive maps are precisely the maps that preserve
that n-order structure of S.

Completely positive maps arise naturally in the study of operator sys-
tems through the C*-algebras that they generate. For example, given an
operator system S contained in some C*-algebra A, and a x-homomorphism
m: A — B for some C*-algebra B, we know that the restriction w|g is a
completely positive map. If we assume that S € B(H), R C B(K) for some
Hilbert spaces H, KC, any operator V : K — H induces a completely positive
map ¢y : S — B(K) given by ¢(s) = V*sV. In fact, for an operator system
S, an application of [1, Theorem 1.2.3] and [20, Theorem 1] shows that any
completely positive map ¢ : S — B(H) is of the form ¢ = V* 7| (-)V where
m: C*(S) — B(H') is a #-homomorphism for some Hilbert space H’' and
V :'H — H' is a bounded operator.

For n-positive maps which are not completely positive, we do not have
such a characterization, and it might seem that these maps “miss” some of
the C*-algebraic structure encoded in S about C*(S).
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Definition 1.1. Let S, R be two operator systems and let ¢ : S — R be a
unital linear map. We say that:
o ¢isan order isomorphism if ¢ is a bijection and both ¢, ¢! are positive.
e ¢ is an n-order isomorphism if ¢ is a bijection and both ¢, ¢! are
n-positive.
e ¢ is a complete order isomorphism if ¢ is an n-order isomorphism for
all n.

We say that S, R are order/n-order/completely order isomorphic if there
exists an order/n-order/complete order isomorphism between them.

Definition 1.2. Let s, r be d-tuples generating operator systems S, R respec-
tively. We say that:

e s,r are order/n-order/completely order equivalent if there exists an
order/n-order/complete order isomorphism between S,R mapping s;
to r; for all 3.

e s, 1 are x-isomorphic if there exists a #-isomorphism of C*(S),C*(R)
mapping s; to r; for all 4.

It is well known that for all n € N, there are n-positive maps which are
not completely positive. Indeed, if N > n, the map ¢(™) : My — My given
by ¢ (A) = ntr(A)Iy — A is an n-positive map but not completely positive
(see [21] for proof).

Note that if 7 : C*(S) — A is a *-homomorphism, then 7|g is a com-
pletely positive map. This means that 7|g can be extended to the generated
algebra, to a completely positive map which is also multiplicative. Although
any completely positive map into B(H) can be extended from an operator
system to the C*-algebra that it generates, there might not be any extension
which is multiplicative.

In this work, we study to what extent does the n-order structure deter-
mine the complete order structure (and perhaps, the C*-algebraic structure).
The following theorem shows a case in which the n-order structure does de-
termine the complete order structure.

Theorem 1.3. (Theorem 5, [4]) Let A be a unital C*-algebra, and let ¢ : A —
M, be n-positive. Then, ¢ is completely positive.

A closer look at the proof shows that this remains true if we replace A
by an operator system S. Therefore, if S C M,, and R C M,,, are two opera-
tor systems acting on finite dimensional spaces, then being max{n, m}-order
isomorphic is equivalent to being completely order isomorphic. This is a case
where the N-order structure for some (maybe large) N encodes the complete
order structure. In Sect. 3 we find a generalization of this phenomenon.

1.3. Matrix Convex Sets and Matrix Extreme Points

Definition 1.4. Let V be a vector space. A matrix convex set over V is a
collection K = (K, )nen of subsets K,, C M, (V) such that:
k

Zﬁvi%‘ €K, (1)
i=1
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for all v; € K,,, and ~; € M,,n for i = 1,..., k satisfying Zle Vv =1,.

The sum in (1) is called a matriz convex combination. When ; is surjec-
tive for all ¢ (implying, in particular, n; < n) we say that this matrix convex
combination is proper.

When V is a locally convex topological vector space, we can also say
that K = (Kp)nen 18 a compact matriz convex set if each K, is compact in
M., (V) in the product topology.

The following are the two prime examples of compact matrix convex
sets, the first associated with an operator system and the second is associated
with a d-tuple of operators.

Definition 1.5. Let S be an operator system. The matriz state space of S is
the collection UCP (S8) = (UCP(S,M,,))nen, where:

UCP(S,M,,) ={¢:S — an is unital and completely positive}.

Note that UCP (S) is a matrix convex set over $*, and it is compact
(see the proof of Lemma 1.2.4 in [1]).

Definition 1.6. Let A be a unital C*-algebra, and let s = (s1,...,54) € A?
be a d-tuple which generates an operator system S. The matriz range of s is
the collection W(s) = (W, (s))nen, where:

Wha(s) = {(¢(s1), ..., d(sa))|¢ € UCP(S,My)}

This a matrix convex set over C%. Matrix ranges are the typical form
of compact matrix convex sets over C (see [16, Proposition 31]). The follow-
ing theorem shows that matrix ranges are related to n-order and complete
order equivalence of d-tuples. Since this theorem will be used extensively
throughout this work, we present it here as well.

Theorem 1.7. (Theorem 5.1, [5]) Let s € B(H)4,r € B(H)? be d-tuples of
operators.

1. Given n € N, if there exists a unital n-positive map ¢ : S(s) — S(r)
sending s to r, then Wy (r) C W, (s).

2. There exists a UCP map ¢ : S(s) — S(r) sending s to r if and only
if W(r) € W(s). If s is a commuting tuples of normal operators, this
inclusion is equivalent to o(r) C Wi(s), which is also equivalent to
W1 (I‘) C W1 (S)

3. There exists a unital and completely isometric map ¢ : S(s) — S(r)
sending s to r if and only if W(s) = W(r).

Definition 1.8. Let K = (K,,)%2; and L = (L,)$2; be two matrix convex
sets over vector spaces V and W, respectively. A matriz affine map from K
to L is a collection 6 = (6,,)%2; of mappings 6, : K,, — L,, such that:

k k
0 (Do) = D Vi n, (vi)7:
i=1 i=1
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for all v; € K, and v; € M, ,, for i = 1,...,k satisfying Zle Yivi = 1.
When V,W are both topological vector spaces, we say that 6 is continu-
ous if 0, is continuous for all n € N. Such a map is called a matriz affine
homeomorphism if each 6, is a homeomorphism.

Ezample 1.9. Let s be a d-tuple and set S = S(s) to be the operator system
they generate. The collection 8 = (6,,)°; of mappings 0,, : UCP(S,M,,) —
Wi, (s) defined by 6, (¢) = (¢(s1),.-.,¢(sq)) is a matrix affine homeomor-
phism. Indeed, it is surjective by the definition of W(s), and it is injective be-
cause positive maps are self-adjoint, which means that any ¢ € UCP(S,M,,)
is uniquely defined by the values of ¢(s;) for all i. Finally, 6,, is continuous
because the topology induced on UCP(S,M,,) is the weak* topology, which
means that ¢, converges to ¢ if and only if ¢,,(s) converges in M, to ¢(s)
for all s € S, which in particular means that ¢,,(s;) converges to ¢(s;) for
all ¢ (and therefore 0,,(¢,,) converges to 0,(¢)). 0, is a continuous bijection
from a compact space to a Hausdorff space, so 6, ! is also continuous.

This shows that we can switch between the two perspectives when study-
ing operator systems generated by d-tuples of operators.

Given a compact matrix convex set K = (K,)52;, A(K) denotes the

set of all functions F = (F,)%2, with F,, : M,,(K) — M, such that Fy is
continuous, and F' is matrix affine, in the sense that:

k k
Fn(z Vi vi) = Z'Y:Fni (vi)Yis
i=1 i=1

for every v; € K,,,v; € M, , such that Zle vivi = 1,. In the discussion
leading to [22, Proposition 3.5], it was shown that A(K') can be endowed with
a structure of an abstract operator system. The following proposition shows
us a deep connection between matrix state spaces of operator systems and
their complete order structure.

Proposition 1.10. (Proposition 3.5, [22])

1. If R is an operator system, then UCP (R) is a self-adjoint compact ma-
triz convex set in R*, equipped with the weak™ topology, and A(UCP (R))
and R are isomorphic as operator systems.

2. If K = (K,)%2 is a compact matriz convex set in a locally convex
space V', then A(K) is an operator system, and K and UCP (A(K))
are matriz affinely homeomorphic as operator systems.

We will also make use of the particular isomorphism which appeared in
the proposition. The set A(K) has a positive cone in which F' is positive if
F,(v) is positive for all n € N,v € K,,. In the case of A(UCP (S)) and S,
The complete order isomorphism of S and A(UCP (S8)), is implemented by
the mapping s — ds = ((ds)n)22,, where:

(0s)n (@) = &(s)
for all ¢ € UCP(S,M,,). This gives us a concrete way of studying S through
its matrix state space.
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When we shift our perspective from an operator system to its matrix
state space, we can use the theory of matrix convex sets to study it. In
particular, in Sect. 2, we use special points in UCP (S) which are the matriz
extreme points to study the structure of UCP (S).

Definition 1.11. Let K = (K,,)2; be a matrix convex set and let v € K, for
some n € N. We say that v is a matriz extreme point in K, if whenever v is
a proper matrix convex combination:

k
_ *
v= Z Vi Vi
i=1

then for all ¢, n; = n and v = wv;u; for some unitary u; € M,.

We set 0K = (0K )22, to denote the set of matrix extreme points in
K,, for all n € N.

Webster and Winkler proved in [22, Theorem 4.3] an analogue of the
Krein-Milman theorem for matrix extreme points in a compact matrix convex
set, namely that any compact matrix convex set is the closed matrix convex
hull of its matrix extreme points. In that sense, matrix extreme points are
analogous to extreme points in locally convex vector spaces. There is another,
stronger notion of matrix extreme points introduced in [8], which are called
absolute matrix extreme points.

Definition 1.12. Let K = (K,,)52; be matrix convex and let v € K, for some
n € N. We say that v is an absolute matriz extreme point in K if whenever v
is a matrix convex combination (not necessarily proper):

k
. *
v = E Vi ViVi
i=1

such that ~; are all non-zero, then for all i:
o if n; < n, then n; = n and v = ujv;u; for some unitary u; € M,,.
e if n; > n, then there exists some w; € K,,,_, such that v; = v} (vQw;)u,
for some unitary u; € M, .

The set of absolute matrix extreme points in K is denoted by Abex(K).

In other words, matrix extreme points are points which cannot be writ-
ten as matrix combinations from below, except in a trivial way, and absolute
matrix extreme points are points which cannot be written as matrix com-
bination from above or below, except in a trivial way. It is obvious that an
absolute matrix extreme point is in particular matrix extreme.

Unlike matrix extreme points, absolute matrix extreme points do not
give a nice generalization of the Krein-Milman theorem for any compact
matrix convex set. In fact, there are compact matrix convex sets which do
not have any absolute matrix extreme points (see [15, Example 6.30], and also
Theorem 5.5). But as we will see in Sect. 2, when considering UCP (S) for
some operator system S, the matrix extreme points are pure UCP maps, and
absolute matrix extreme points are restrictions of boundary representations
for S, which makes it easier to identify them.
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2. Matrix Extreme Points in Compact Matrix Convex Sets
In this section, we prove the following theorem:

Theorem 2.1. Let S be an operator system and let A = C*(S). A point ¢ €
UCP(S,M,,) is an absolute matriz extreme points of UCP (S) if and only if
it extends to a boundary representation on A.

Several proofs for particular cases of this result appear in the literature.
In [15, Corollary 6.28], there is a proof of this theorem for operator systems
generated by self-adjoint matrices, and in [14, Theorem 4.2], there is a version
of this theorem for general compact matrix convex sets K such that A(K)
acts on a finite dimensional space. Another matricial version appears in [8,
Theorem 3.10].

Before getting to the proof we will need some terminology. Recall that a
UCP map ¢ : S — B(H) is called pure if whenever ¢ is a CP map such that
¢ — 1) is CP, then ¢ = t¢ for t € [0,1]. Given some s € S, h € H, we say that
a UCP map ¢ : S — B(H) is maximal at (s, h) if whenever ¢(-) = V¢ (-)V
for an isometry V : H — K and ¢ € UCP(S, B(K)), we get that ||¢(s)h| =
l(s)Vh||. A UCP map which is maximal at every (s,h) € S x H is called
mazimal. Note that ¢ is maximal if and only if whenever ¢(-) = V*¢(-)V
for some isometry V : H — K, then ¢(-) = Vo(-)V* @ p(-) for some UCP
p:8S — B(VH)1Y).

A UCP map ¢ : S — B(H) is said to have the unique extension property
if it has a unique UCP extension to some ® : C*(S) — B(H), and ® is
multiplicative. Lastly, we say that a x-representation 7 : C*(S) — B(H) is
a boundary representation for S if it is irreducible, and 7|g has the unique
extension property.

We will now state some known results which will be needed for our
proof.

Theorem 2.2. ((Theorem B, [9])) Let S be an operator system in a unital
C*-algebra A. Then:

1. A matriz state ¢ on S is a matriz extreme point of UCP (S) if and only

if ¢ is pure.
2. Every pure UCP map ¢ € UCP (S) extends to a pure map ® € UCP (A).

The following proposition is due to Farenick and Tessier, showing that
restrictions of boundary representations are always pure and thus matrix
extreme:

Proposition 2.3. (Proposition 2.12, [10]) Let A be a unital C*-algebra gener-
ated by an operator system S and let m : A — B(K) be a boundary represen-
tation for S. Then, 7|g is pure.

The next step is to show that restrictions of boundary representations
are maximal. This observation was made in the context of operator algebras
by Dritschel and McCullough in [7, Theorem 1.1] (who followed Muhly and
Solel, see [17, Theorem 1.2]). The following reformulation in the context of
operator systems is due to Arveson.
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Proposition 2.4. (Proposition 2.4, [2]) Let S be an operator system and let
A =C*(S). Then, a map ¢ : S — B(H) is mazimal if and only if it has the
unique extension property.

We can now proceed to the proof of the main theorem of this section.

Proof. Assume that ¢ extends to a boundary representation of A, and assume
that

o= Zﬁ@‘%‘

is a matrix convex combination with +; non-zero for all ¢. For each 7, we get
that ¢ — v ¢;7; is completely positive. By Proposition2.3, ¢ is pure, which
means that there exists some ¢ € (0,1] such that v}¢;v; = t¢, from which it
holds that
(t29) 6alt™2) = 6.

¢ and ¢; both being UCP, we get that (t72~;)*(t~2;) = 1,,, so that when-
ever n; < n, we get that n; = n and that this matrix is unitary. When n; > n,
we get that ¢, is a dilation of ¢, and since ¢ has the UEP (being a bound-
ary representation), Proposition 2.4 implies that ¢; is unitarily equivalent to
¢ @ p; for some p; € UCP(S,M,,,_,). Therefore, ¢ is an absolute matrix
extreme point.

As for the converse, note that if ¢ is an absolute matrix extreme point, it
is pure by Theorem 2.2. By [6, Lemma 2.1], we can finish the proof by showing
that ¢ is maximal. Assuming it is not maximal, we apply [6, Lemma 2.3], and
find some pure UCP map ¢ € UCP(S,M,,11) such that ¢ = V*¢)V. Since
that is a matrix convex combination and ¢ is an absolute matrix extreme
point, we get that ¢» = U*(¢ @ p)U for some unitary U and a state p €
UCP(S,C). But now, defining:

10...00
01 ...00
Y1 = c . R 6Mn,n+1a '72:(O>~-~7O>1)€M1,n+17
0...010
we get that:

Y =U"(7ion +72p72)U = (U)* ¢(nU) + (72U)"p(72U)
is a non-trivial proper matrix convex combination, which shows % is not
matrix extreme (and thus not pure, by Theorem 2.2). This proves that ¢ is
maximal. Finally, it follows that ¢ is pure and maximal and thus extends to
a boundary representation for S. O

It follows from Theorem 2.1 that the restrictions to & of finite dimen-
sional boundary representations are precisely the absolute matrix extreme
points of UCP (S). We would also like to find out whether UCP (S) con-
tains information about infinite dimensional boundary representations, and
to characterize matrix extreme points which are not absolute. The first part
was answered by Davidson and Kennedy:
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Theorem 2.5. (Theorem 2.4, [6]) Let S be an operator system and let ¢ : S —
B(H) be a pure UCP map. Then, ¢ dilates to a boundary representation for
S.

This means that any matrix extreme point which is not absolute (namely,
it is not already a restriction of a boundary representation) is of the form
V* m|g V for some boundary representation 7. In Sect. 5 we will see an ex-
ample of an operator system for which UCP (§) has a matrix extreme point
of this form, with 7w being infinite dimensional.

As for the second part, we saw that matrix extreme points that are
not absolute dilate to another matrix extreme point which lies in the next
level of UCP (S). This gives a dilation-theoretic characterization of these
points, namely, matrix extreme points are either restrictions of boundary
representations or they dilate non trivially to another matrix extreme point
at the next level. In the last case, they are also compressions of restrictions
of boundary representations.

The above were stated for matrix state spaces, but through Proposi-
tion 1.10, we have the following corollary for a general compact matrix convex
set:

Corollary 2.6. Let K = (K,,)5%, be a compact matriz convex set over a lo-
cally convex vector space V.. Then v € K, is a matriz extreme point which
is not absolute if and only if it is of the form v*v~y for some ¥ € 0K, 41.

3. Subhomogeneous Matrix Convex Sets

In this section, we introduce the notion of Subhomogeneous matrix convex
sets. Recall that a unital C*-algebra A is called Subhomogeneous, if there
exists some N € N such that every irreducible representation of A is of
dimension less than or equal to N. We say that A is N-Subhomogeneous, if
N is the smallest integer satisfying this condition.

Proposition 3.1. Let A be a unital C*-algebra. The following are equivalent:

o A is N-Subhomogeneous.

e QUCP (A) c UY_, UCP(A,M,,).

Proof. Assume that A is N-Subhomogeneous and let

» € OUCP(A,M,,) for some m. Our goal is to show that m < N. Using
[1, Corollary 1.4.3], we know that ¢(x) = V*m(2)V for some irreducible
representation 7 on some Hilbert space K, and V : H — K is an isometry.
Since 7 is an irreducible representation, it must be finite dimensional with
dimension less then or equal to N. But then, we have that ¢ is a compression
of 7, which means that m < IV and we are done.

For the converse, assume that JUCP (A) C Uf;]=1 UCP(A,M,,), and
let m be an irreducible representation of A. If 7 is finite dimensional, it is
a matrix extreme point, which means it has to lie in some UCP(A, M,,) for
n < N, and we are done. Otherwise, assume that 7 : A — B(H) with H being
infinite dimensional. Choose some N + 1 dimensional subspace M C H, and
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define V : M — H by Vm = m. Then, we have that p(z) = V*r(z)V is
a matrix extreme point by [1, Corollary 1.4.3] which lies in UCP(A, My 1)
which is a contradiction. This shows that all irreducible representations are
finite dimensional and of dimension less then or equal to N, so A is N-
Subhomogeneous. O

Definition 3.2. Let K = (K,,)22, be a compact matrix convex set over a
locally convex vector space V. We say that K is Subhomogeneous if there
exists some N € N such that 0K, = 0 for all n > N. If N is the smallest
integer satisfying these conditions, we say that K is N-Subhomogeneous.

Proposition 3.1 shows that if K = UCP (.A) for some unital C*-algebra
A, K is N-Subhomogeneous if and only if A is Subhomogeneous.

We use this relation in order to extend the notion of subhomogeneity to
operator systems.

Definition 3.3. Let S be an operator system. We say that S is Subhomoge-
neous if UCP (S) is Subhomogeneous, and that it is
N-Subhomogeneous if UCP (S) is N-Subhomogeneous.

By Theorem 2.1, we see that S is N-Subhomogeneous if and only if
the finite dimensional boundary representations for S are of dimension less
than or equal to N. We do not know whether a Subhomogeneous operator
system may admit an infinite dimensional boundary representation. Note,
however, that regardless of the answer to that question, subhomogeneous
operator systems are completely normed by their finite dimensional boundary
representations.

In the rest of the section we show that Subhomogeneous compact matrix
convex sets can be recovered from a finite number of levels.

Proposition 3.4. Let K = (K,,)32, be an N-Subhomogeneous compact matriz
convex set over some locally convex vector space V. Then

K = E(KN)

Proof. Let v be a matrix extreme point in 0K, for some n < N. Then for
any u € Ky_, we have that v ® v € Ky by matrix convexity. Therefore,
any matrix convex combination of matrix extreme points, can be written as
a matrix convex combination of points which all lie in K. Therefore, by
applying the Webster-Winkler Krein-Milman theorem ( [22, Theorem 4.3]):

K =to(0K) =co(Kn)
O

In particular, we get that if K = (K,,)22, is the smallest compact
matrix convex set for which the N-th level is K. For the special case of
matrix convex sets over C? for some d € N, we can improve this result. For
a compact matrix convex set K = (K,,)°; in C? and some N € N, the set
WAL (KY) g defined as the smallest matrix convex set which has Ky at
level N. We can also describe those sets in terms of their matrix extreme
points.
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Proposition 3.5. Let K = (K,,)%; be a compact matriz convex set in CC.
Then, K = WNTUIY(K) if and only if it is n-Subhomogeneous for some
n<N.

Proof. Assume first that K = WNTIL(K) = co(Ky). In that case, any
point v € K,, for m > N is a proper matrix convex combination of points
from level N, which means it is not matrix extreme. Therefore, the highest
level which contains a matrix extreme point is N or lower, which proves the
claim.

For the converse, note that by [13, Corollary 2.5] and Proposition 3.4:

K= @(Kn) = CO(Kn) C CO(KN)7

and by matrix convexity, we get equality. We finish the proof by noting that
co(Ky) is (by definition) the minimal matrix convex set which has Ky at
level N. O

4. Subhomogeneous Operator Systems

According to Proposition 1.10, S is completely order isomorphic to A(UCP ()S),
via the map ds : S — A(UCP (S8)) such that ds(s) = ((ds(8))n)nen is given
by:

(0s(5))n(0) = 6(s)

for all n € N and ¢ € UCP(S,M,,). In this section, we show that this map
gives us a way to lift an equivalence of two matrix state spaces to an equiv-
alence of the associated operator systems.

Proposition 4.1. Let S and R be two operator systems, and assume that T =
(T,)22, is a matriz affine homeomorphism of UCP (S) and UCP (R). Then,
T induces a complete order isomorphism of S, R.

Proof. Define a mapping T, : A(UCP (R)) — A(UCP (S)) by T.F = (F, o
T,)22 . We claim that this is a complete order isomorphism of the two oper-
ator systems. In order to do so, we use the identification M, (A(UCP (R)))
with A(UCP (R),M,,) and similarly for S. In that case, one may write
(T )nF as the map (F,, o T,,)5%°_ for all FF € A(UCP (R),M,,). By defi-
nition, (7%.),F is positive if and only if F,, o T,(¢) is positive for all m € N
and ¢ € UCP(S,M,, ). But because T is a bijection, we get this this is true if
and only if F,,,(¢) is positive for all m € N and ¢ € UCP(R,M,,), which is
equivalent to F' being positive. T, is obviously unital (the unit does not de-
pend on the argument), meaning the map is indeed UCP. Similar arguments
for T—' shows that this map is a complete order isomorphism. Finally, the
map 551 o T, o d is a complete order isomorphism of S, R as a composition
of such. O

We are now ready to show that the N-order structure (for some large
enough N) encodes the complete order structure of the operator system.
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Theorem 4.2. Let S, R be Ns-Subhomogeneous and N -Subhomogeneous op-
erator systems, and set N = max{Ng, Nr}. Then, S and R are completely
order isomorphic if and only if they are N -order isomorphic.

Before proving this theorem, we need the next two propositions.

Proposition 4.3. Let ¢ : S — R be an N-order isomorphism and let k < N.

Then, the collection ¢* = (¢} )nen of mappings ¢ : L(R,M,,) — L(S,M,,)

given by ¢F (V) 1= 1o restricts to a bijection of UCP(S,My) and UCP(R, M)
for all k < N. In addition, the restriction is a bijection of OUCP(S,My,) and

OUCP(R,My) for k < N.

Proof. First note that ¢* is a matrix affine map. Indeed, by definition we get
that:

k k
S (D _viven) = Qi) o b = Z%wz éi
i=1 i=
' k
Z ¥ . ()i

for every matrix convex combination of linear maps. Moreover, note that if
k < N, then for every ¢ € UCP(R,M}), the map ¢} (¢) = ¢ o ¢ is a com-
position of k positive maps and thus makes a k-positive map into My, which
is completely positive (by Theorem 1.3). Assume that ¢ € UCP(R,My) is a
matrix extreme point of UCP (R), and assume that ¢71) is a proper matrix
convex combination of the form:

¢
G =D it
i=1
for v; € UCP(S,My,),v: € My, k for i = 1,..., /¢ satisfying Zle vivi = 1y,
and that k; < k for all 4. Because ¢! is an N positive map satisfying:

(~1)5l0] = 009", VO e UCP(S,M,).

we get that:

Y= kqbk"/] Z% k »iyi

is a matrix convex combination in UCP (R) from levels below k. 1) is a matrix
extreme point, which means that k; = k and ¥ = u’;(¢_1),*€wzul for some
unitary ;. But from this it follows that ¢;1v = ujv;u;, which proves that
@i is matrix extreme. Similar arguments for ¢~ 1" shows that the map is
indeed bijective. O

Proposition 4.4. Let ¢ : S — R be an N-order isomorphism. Then, ¢*
restricts to a matriz affine homeomorphism of c6{OUCP(R,My)}_, and
D{OUCP(S, M) HY,.



15 Page 14 of 27 R. Kiri et al. IEOT

Proof. We already showed that the restriction of ¢* to the matrix extreme
points at levels below N is a bijection. But because ¢ is matrix affine with
(;5_1* as an inverse, we get that it also restricts to a matrix affine invertible
map between co{OUCP(R, M)}, and co{UCP(S,My)}i_,. In order to
extend this map to the closure, it suffices to prove that ¢}, : L(R, M) —
L(8,My) is continuous for all & < N. Indeed, since the topology is the weak™*
topology, we get that 1, converges to ¢ in L(R,My) if and only if ¢, (r)
converges to 1(r) for all » € R. But this means that for all s € S, ¢(s) € R
and thus ¢} (¥n)(s) = ¥n(@(s)) converges to ¥ (P(s)) = ¢5(¥)(s) and thus
@rbn converges to ¢y, which means that ¢} is continuous. Finally, we get
that a limit point of co{OUCP(R,My)}Y_, is mapped to a limit point of
co{OUCP(S, M) }2_,, which completes the proof. O

We are ready to provide a proof for Theorem 4.2.

Proof of Theorem 4.2. A complete order isomorphism is in particular an N-
order isomorphism, so we will only prove the converse. Assuming ¢ is an
N-order isomorphism, we use Proposition 4.4, to show that ¢* : UCP (R) —
UCP (S) is a matrix affine homeomorphism (recall that both sets are n-
generated for n < N). Therefore, we can now apply Proposition4.1 to get
a complete order isomorphism of S and R given by 57721 o (¢*)« o ds. This
completes the proof.

It is worth noting, that a direct calculation which follows the last part
of the proof, shows that:

(%)« 0 05(8))k () = (35(5))r 0 Pk (¥) = (65(8))k (> © @)
= ¥(¢(s)) = (5r(6(5)))r(¥),

from which it holds that 677%1 o (¢*)« 0 ds = ¢. Therefore, the N-order iso-
morphism ¢ is the complete order isomorphism.

4.1. Subhomogeneous Matrix Ranges

Theorem 4.5. Let s,r be two d-tuples of operators such that S(s) is Ng-
Subhomogeneous and S(r) is Ng-Subhomogeneous, respectively. For N =
max{Ng, Nr}, the following are equivalent:

1. s and r are N-order equivalent.
2. s and r are completely order equivalent.
3. WN(S) = WN(I‘).
4. W(s) = W(r).
Proof. (1) <= (2) is a consequence of Theorem 4.2. (1) = (3) and (4) <

(2) follow from Theorem 1.7, which means we only need to prove (3) = (4).
But note that by Proposition 3.5, we have that:

W(s) = WY L(W(5)) = co( Wy (s)) = co(Wa (1))
= WM () (1)) = W(r)
which completes the proof. O
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In general, choosing an N lower then max{Ng, Nz} might not be suffi-
cient. Before giving a concrete example, we will require the following lemma.

Lemma 4.6. Let s,r be any two d-tuples. Then, Wi(s) = Wi(r) if and only
if the tuples are 1-order equivalent.

Proof. By 1.7, the tuples being 1-order equivalent implies that

Wi (s) = Wi (r), which means we only have to prove the converse. We
assume that the equality holds and show that the mapping s; — r; extends to
a well defined 1-order isomorphism of the generated operator systems. Define

¢ :8(s) — S(r) by:
d(apls + Z a;s; +b;87) = apl, + Z a;ri +biry.

We show that whenever the argument on the left hand side is positive, so
is the image on the right hand side. Positive maps are bounded, which will
also prove that this map is a well defined extension from span {s;} to S(s).
Assuming positivity for the argument on the right hand side, we will prove
that for any state ¢ : S(r) — C:

Y(aoly + Zaﬁi +b;17) = ao + Zaﬂﬁ(ﬁ') +bi(r;)" = 0.

Indeed, because 1 : R — C = M is positive, it is completely positive, which
means:

(W (r1);-- ., P(ra)) € Wi(r) = Wi(s),

and thus (¥(r1),...,1%(rq)) is of the form (p(s1),...,p(sq)) for some com-
pletely positive p : S — C. We can now conclude that:

a0+ Y aitp(rs) + bith(r)" =ag + > aip(si) + bip(si)*
=p(aols + Z a;s; + bis;) >0,
i

which is what we wanted to prove. This gives is positivity for ¢ and positiv-
ity of ¢! follows the same argument as for ¢, which means ¢ is a l-order
isomorphism. O

The next is an example of 1-Subhomogeneous tuple and a 2-Subhomog-
eneous tuple, which are l-order equivalent but not 2-order equivalent, thus
proving that in general, Theorem 4.5 cannot be improved by choosing N <
max{Ns, N }.

Example 4.7. Let H = L?(Bs) such that B, is the closed unit ball in R?, and
let M,,, M,, be the multiplication by coordinate functions My, f(z1,z2) =
x;f(x1,22) for i = 1,2. (M, , M,,) is a pair of self-adjoint and commuting
operators, which means by [5, Corollary 4.4] (and also, the first paragraph of
Sect. 3) that the matrix range of this set is the minimal matrix convex set
which has o(M,,, M,,) at its first level:

W(M,,, My,) = W (g(M,,, M,,)).
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Moreover, [5, Theorem 2.7] tells us that:
Wi (M, , My,) = conv (0(M,, M,,)) = Bs.
We then consider another pair (Fy, Fy) € B(C?)? of matrices given by:

10 01
(o) A= (V)

It is easily verified that this is a pair of anti-commuting unitaries. Applying
[18, Corollary 5.9], we get that the mapping M,, — F; for i = 1,2, extends
to a unital and positive map from S(My,, My,) to S(Fy, F3), and then, by
Theorem 1.7:

Wl(FlaFQ) C Wl(MainMa:z)'

We can prove that the converse inclusion also holds. Note that for every
€ = (&,&) € C? with &% + |&]? = 1, we get that:

(§"F1E,E7 Fr8) € Wi(Fy, Fa).

Therefore, we have that for all § € [0,27], we can choose ¢ = (111, rye'%2)
with:
1+ cos (0) 1 —cos(0)

T = 5 o = 9 cos (61 — 02) = sgn(sin (9)),

and get that:
1]l =1, (& F1& § F2€) = (cos (0),sin (9)).
This proves that W; (F, F») contains the unit circle in R?, and by convexity:
Wi(M,,, My,) = By C Wi(F, Fy)

which gives the equality. By Lemma4.6, we have that the pairs are 1-order
equivalent.

We now show that they cannot be 2-order equivalent. Indeed, by Theo-
rem 5.3 we have that W(Fy, Fy) is 2-Subhomogeneous, while W(M,, , M,,) is
1-Subhomogeneous (by minimality). Therefore, a 2-order isomorphism would
imply an existence of a matrix extreme point in Ws(M,,, M,,) by Proposi-
tion 4.3 which is impossible.

Another consequence of the fact that N-Subhomogeneous operator sys-
tems correspond to N-Subhomogeneous matrix range, is the following gener-
alization of Theorem 1.3 for Subhomogeneous operator systems.

Theorem 4.8. Let s,r be two d-tuples such that S(s) is N-Subhomogeneous.
If the mapping r; — s; defines a unital N-positive map ¢ : S(r) — S(s), it
is completely positive.

Proof. By Proposition 3.5, W(s) = WN'min(s). For any UCP map ¢ : S(s) —
M, (with n < N), we have that ¥ o ¢ : S(r) — M, is completely positive,
which means that:

Wi(s) C Wy (r).
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From this inclusion, and the minimality of W(s):
W(s) = coOWn(s)) C W(r).

We can now use Theorem 1.7 again to conclude that the mapping r; — s;
extends to a UCP map, which is precisely what we wanted to prove. O

4.2. Matrix Ranges Generated by Unitaries

The case where S, R are both generated by d-tuples s, r of unitaries is of par-
ticular interest. This is because unitaries are known to have some “rigidity”
properties with respect to the algebraic structure of the algebras that they
generate.

Recall that for an operator system S and the C*-algebra B = B(H),
we say that the map ¢ € UCP(S, B) has the unique extension property if ¢
has a unique UCP extension to some & € UCP(C*(S), B), and this map is a
sx-homomorphism. UCP maps which map unitary d-tuples to unitary d-tuples
always have this property.

Theorem 4.9. Lets,r be d-tuples of unitaries and assume that s; — r; defines
a UCP ¢ : S(s) — S(r). Then, this map has the unique extension property.

Proof. We may assume without loss of generality that C*(s) and C*(r) are
concrete subalgebras of operators on Hilbert spaces H, KC respectively. In that
case, we may apply Arveson’s extension theorem (see [1, Corollary 1.2.3])
and find a UCP ® : C*(s) — B(K) which extends ¢. Then, we may apply
Stinespring’s dilation theorem (see [20, Theorem 1]) to find a Hilbert space
K’, a x-homomorphism 7 : C*(s) — B(K’) and an isometry V : L — K’ such
that for all s € C*(s):

O(s) = V*r(s)V.

Since V' is an isometry, we may also identify K with the closed subspace
VK C K'. This way, we can decompose K' = K @ K and write for all

a € C*(s):
= (%0 %):

In particular, for all i, we have that s; and ¢(s;) = ®(s;) are unitaries, which
means that:
Nepony [ P(si)TD(si) +fvi o) Bi + i i
71'(51) W(Sz) - < ﬁfqﬁ(sz) _|_5;<% ﬁ:/@z +5;5i
_( ldc+v o) Bi+oi\ _ (lde 0
Bid(si) +0;vi BB+ 670 0 Ider )’

so we can conclude that v/v; = 0 (and similarly, 5f3; = 0), which implies
that v; = 6; = 0. Therefore:

0= (5 5)

for all i =1,...,d, and since s; generates C*(s), we get that ® is multiplica-
tive, which makes it a *-homomorphism. 0
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Corollary 4.10. For a d-tuples s,r of unitaries, the mapping s; — 1; defines
a complete order isomorphism of S(s) and S(r) if and only if it extends to a
x-isomorphism of C*(s) and C*(r). In particular, that x-isomorphism is the
unique UCP extension of that map.

For a tuple s, we say that s dilates to r if there are faithful x-represen-
tations 7 : C*(s) — B(H),p : C*(r) — B(K) and an isometry V : H — K
such that:

7(s;) =V p(r;)V

for all = 1,...,d. Note that identifying V'H with H as closed subspaces of
K, we can also write the dilation as:

(i) = Py p(14)] 5 5

Note that the dilation gives rise to a UCP map of S(r) to S(s) which maps r;
to s;. The converse is also true, meaning that the existence of such a UCP map
implies a dilation by using Arveson’s extension theorem and Stinespring’s
dilation theorem. We can now give significant improvement of Theorem 4.5
for tuples of unitaries.

Theorem 4.11. Let s,r be two d-tuples of unitaries such that W(s) and W(r)
are Ng-Subhomogeneous and Ny.-Subhomogeneous, respectively. Setting N =
max{Ng, Ny}, the following are equivalent.

1. s and r are N-order equivalent.

s and r are completely order equivalent.
s dilates to r and r dilates to s.

. WN(S) = WN(I‘).

W(s) = W(r).

s and r are x-isomorphic.

N

Proof. We already have (1) <= (2) <= (4) <= (5). Note that (2) = (6)
follows Corollary 4.10, and the preceeding remarks are essentially the proof
of (3) < (6). O

5. Operator Systems Related to the Noncommutative Tori

In this section, we apply the tools developed so far to the theory of g¢-
commuting unitaries and, more generally, A-commuting unitaries. Given a
self-adjoint matrix A = (Aij)ﬁjzl with |\;;| = 1, we say that a d-tuple
U,...,Uuq of unitaries are A-commuting if w;u; = Ajjuju;. When d = 2,
A is uniquely determined by a single complex number ¢ of modulus 1, and in
this case, we say that u,v are g-commuting if uv = quu.

5.1. g-Commuting Unitaries

When ¢ is of the form ¢ = e2™n for co-prime k,n € N, we will use the
notation g, for convenience. The following proposition is folklore, and we
provide a proof for completeness.
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Proposition 5.1. Let u,v be a pair of qx n-commuting unitaries, and let 7 :
C*(u,v) — B(H) be an irreducible representation. Then dim’H = n and there
exists an orthonormal basis for H, such that w(u), 7(v) can be written in the
form:

m(u) =AU, w(v) =1V,
where U,V are given by:

00 01

10 00

, N 01...00
U:dlag(17q7z,k7"'aanl)7 V= .. i i 3 . (2)

00 .10

The pair U,V will be referred as the standard representation of g, 1-commu-
ting unitaries.

Proof. Assume that m : C*(u,v) — B(H) is an irreducible representation
and define @ = 7(u),? = w(v). For all k,m € N, we have that:

a"m(uFo™) = w(u ™) = ¢t n(ukvmu") = m(uFo™)a",

because ¢y, = 1. The same calculation works for 0" which shows that
", 0" € w(C*(u,v)). Therefore, there exists some &, ¢ of modulus 1 (be-

cause U, ¥ are unitaries), such that @” = &Idy and o™ = (Idy. Given some
non-zero vector h € H, we have

K—span{uvmh|€m€{ n+1l,...,n—1}}CH

is invariant of w(C*(u,v)), and by irreducibility, K = H, from which it holds
that H is finite dimensional. Now, we can use the fact that @ is unitary, to find

an eigenvector h for u for some eigenvalue A\ of modulus 1, so that @h = Mh.
But then, for all £ € N:

av‘h = qf ,0"uh = g, 0"h,
so that {71, oh, ... ,17”’1?1} is a basis consisting of eigenvectors of @ for n dis-
tinct eigenvalues. But again, we have that their span is an invariant subspace
for 7(C*(u,v)), which means that H = span{h,...,#" 'h}. Finally, choose
some 7 such that n™ = (~!. A direct calculation shows that with respect to
the basis {#*~'5""'h}?_,, @ and ¥ take the desired form. O

Since any boundary representation is irreducible by definition, we now
have the following corollary.

Corollary 5.2. Let S = S(u,v) be an operator system generated by qi n-
commuting unitaries. Then, Abex(UCP (8)) is not empty, and is contained
in SUCP(S,M,,).

Proof. First, we know by Theorem2.1 that Abex(UCP (S)) are precisely
the restrictions of boundary representations for C*(u,v) with respect to
S(u,v). Boundary representations are irreducible so in our case, Proposi-
tion 5.1 shows that the boundary representation are mappings into M,, so
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that Abex(UCP (S)) € UCP(S,M,,). By [6, Theorem 3.4], we know that
any operator system admits a boundary representation, which also shows
that Abex(UCP (S§)) is non-empty. O

Using this corollary and our knowledge of matrix extreme points, we
can give a characterization of UCP (S) of an operator system generated by
qk,n-commuting unitaries.

Theorem 5.3. Let S = S(u,v) be an operator system such that u,v are gy -
commuting unitaries. Then:

1. UCP (S) is n-Subhomogeneous.
2. OUCP(S,M,,) = Abex(UCP (S)), and this is the set of all restrictions
of boundary representations for S.
3. For all1 < k < n, OUCP(S,My) is non-empty, and any
p € OUCP(S,My,) can be written in one of two forms:
o v =~*Yy forp € OUCP(S,My41).
o o ="y for 1 € Abex(UCP (S)).

Proof. Let ¢ be a matrix extreme point in UCP (S). By Theorem 2.2, we
know that ¢ € UCP(S,My) is a pure UCP map, so by Theorem 2.5, it is of
the form ¢ = v*¢y for an isometry v and a restriction of a boundary repre-
sentation ¢ = 7|g. Since 7 is a boundary representation, it is of dimension n
by Proposition 5.1, which means that ¢ € UCP(S,M,,). From this it follows
that k& < n. Proposition 5.1 also shows that Abex(UCP (S)) C 0UCP(S,M,,)
is non-empty, which proves that UCP (S) is n-Subhomogeneous. Lastly, if
© € OUCP(S,M,,), it is either in abex(UCP (8)) or it dilates to some matrix
extreme point ¢ € OUCP(S, M,,11) by [6, Lemma 2.3]. Since OUCP(S,M,,4+1)
is empty, ¢ has to be in abex(UCP (S)), and this completes the proof of the
first and second parts of the theorem. Lastly, note that UCP(S, C) is a com-
pact and convex set, so by the Krein-Milman theorem, it has a classical
extreme point, which has to be matrix extreme point in a trivial sense. By
[6, Lemma 2.3], it dilates to a matrix extreme point in OUCP(S, M), which
is not an absolute matrix extreme point unless n = 2 (in which case we are
done). When n > 2, we can use the same lemma to dilate this point to other
matrix extreme points in QUCP(S,My) for all 2 < k < n, and then at level
n, the point will be an absolute matrix extreme point and will not dilate
to another point at a higher level. This proves that all levels up to level n
are non-empty in QUCP (S§), and that all points below level n are compres-
sions of matrix extreme points from one level higher, which completes the
proof. O

We now move to consider the case where the angle is an irrational
multiple of 7, that is, ¢ = €>™ with 6 € [0,1] \ Q.

Proposition 5.4. Let u,v be a pair of g-commuting unitaries where q is irra-
tional, and let w : C*(u,v) — B(H) be an irreducible representation. Then
H is infinite dimensional.

Proof. Assume by contradiction that H is finite dimensional. In that case,
m(u) is a unitary acting on a finite dimensional vector space, which means
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that it has a non-zero eigenvector h € H for some non-zero eigenvalue A € T.
In that case, 7(v)*h is a non-zero vector satisfying:

m(u)m(v)kh = ¢"r(v) r(u)h = A" (v)*h

which means that {m(v)*h}3°, is an infinite set of eigenvectors of distinct
eigenvalues, and therefore, they are linearly independent which contradicts
the fact that H is finite dimensional. 0

This provides us with enough information to describe the matrix state
space of UCP (S) in the irrational case.

Theorem 5.5. Let S = S(u,v) be an operator system such that u,v are q-
commuting unitaries for irrational q. Then:

1. UCP (S) is not finitely generated.
2. abex(UCP (S)) = 0.
3. OUCP(S,My) is non-empty for all k € N, and any
p € OUCP(S,My) can be written in the two forms:
e © = y*Yy for an isometry v and ¢ € OUCP(S,My11).
o o =V*n|gV for an isometry V and m a boundary representation

for S.

Proof. UCP(S,C) is a compact convex set in a locally convex topological
vector space. By the Krein-Milman theorem, there is a classical extreme point
in this set, which has to be a matrix extreme point, so JUCP(S, C) is non-
empty. For such a matrix extreme point ¢, we know that it is a pure point by
Theorem 2.2, but it is not maximal, because then it would be a restriction of a
boundary representation by [6, Lemma 2.1] which contradicts Proposition 5.4.
We may now use [6, Lemma 2.3], and dilate ¢ to a matrix extreme point at
level 2, so that QUCP(S,M;) # 0. But we can now continue by repeating
this process and dilate a matrix extreme point in QUCP(S,M,,) to a matrix
extreme point in OUCP(S, M,,11), because this process will reach a boundary
representation in a finite amount of steps of this form. This shows that there
are matrix extreme points at every level of the set, which proves (1) and proves
the first part of (3). (2) is an immediate consequence of Proposition 5.4, and
Theorem 2.1. Finally, the second part of (3) is the work of Davidson and
Kennedy (see [6, Theorem 2.4]). O

By using this characterization, we show that rational
gk n-commuting unitaries can be detected through their n-order struc-
ture.

Theorem 5.6. Let u,v be a pair of qj ,-commuting unitaries, and let 4,0 be a
pair of q-commuting unitaries (q might be irrational). Assume that the map-
ping U — u, ¥ — v defines a unital and n-positive map. Then, ¢ = qi.n, and
this map is completely positive. If this mapping is an n-order isomorphism,
it extends to a x-isomorphism of C*(u,v) and C*(@, D).

Proof. First note that by Theorem5.3, UCP (S(u,v)) is n-generated. By
Theorem 4.8, the unital and n-positive map of S(@,0) to S(u,v) which is
defined by ¢(@) = u,d(0) = v is completely positive. Therefore, we invoke
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Theorem 4.9 and get that ¢ has the unique extension property, and thus ex-
tends to a *-homomorphism of C*(@,?) to C*(u,v), which we denote as 7.
We now have that uv = g, ,vu, but also:

wv = w(uv) = qm(va) = quu,
from which it follows that ¢ = g . In the case where ¢ defines an n-order iso-

morphism of the corresponding operator systems, we also have an extension
of ¢ to a x-isomorphism of the generated C*-algebras. 0

5.2. A-Commuting d-tuples

Theorem 5.3 gives us a complete description of the boundary representations
of g-commuting unitaries. But the proof relies, in part, on the fact we are
working with pairs of g-commuting unitaries. Characterizing the boundary
representations for more general A-commuting unitaries is harder. Even the
dimensions of those representations are unknown in general (although there
are some results, such as [12, Proposition B.1]). But when A = ()\ij)g,jﬂ is a

self-adjoint complex matrix with [A;;| =1 and \;; = T are rational, we
can still give some bound on the dimension of the irreducible representations.

Proposition 5.7. Let s be a d-tuple of A-commuting unitaries for some ratio-
nal A. Let N =lem{n;;}. If m: C*(s) — B(H) is irreducible, then H is finite
dimensional, and dimH < N¢.

Proof. Similar to the g-commuting case, we set U; = 7(s;), and note that for
all ry,...,17q € Z:

d d d d
v Loy = DT vy = Qoo
j=1 j=1 Jj=1 Jj=1

J#i
which means that UN € 7(C*(s))’ for i = 1,...,d. By irreducibility, there
exists some scalars 7y, ...,nq of modulus 1, such that UYN = n;Idy for i =
1,...,d. Picking some non-zero vector £ € H, we have that:

’I“jE{O,...,N—l},jZl,...,d R

d
K = span H U;’f
j=1

from which irreducibility implies K = H, and H is finite dimensional. Since
the space is spanned by at most N vectors, we also have the bound on the
dimension. 0

Note that the example in [12, Proposition B.1] shows a 3-tuple of uni-
taries which are A-commuting for A; ;11 = €25 but are irreducibly rep-
resented on an n-dimensional Hilbert space, a dimension smaller than the
estimate, n®. Although we do not have an exact knowledge of the dimensions
of irreducible representations of such tuples, we still have a bound. We can
thus show that they are all Subhomogeneous.

A d-tuple s” is said to be a universal d-tuple of A-commuting unitaries
is for every A-commuting d-tuple of unitaries s, there exists a surjective *-
homomorphism 7 : C*(s*) — C*(s) such that 7(s}) = s; for all i.
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Proposition 5.8. Let A = (/\ij)zd,jzl be rational and set s* to be the universal
d-tuple of A-commuting unitaries. Then, UCP (S(s™)) is N(A)-Subhomog-
eneous for some N(A) < N?, and whenever r is a d-tuple of A-commuting
unitaries, then UCP (S(r)) is

n-Subhomogeneous for some n < N(A).

Proof. First, note that by Proposition5.7, all boundary representations of
S(s?) are of dimension lower or equal to N?. Let N(A) be the largest integer
for which there exits a boundary representation on an N(A) dimensional
Hilbert space. By combining Theorems 2.1, 2.2 and [6, Theorem 2.4], we get
that all absolute matrix extreme points are in UCP(S(s*), k) with k& < N(A),
and that any other matrix extreme points are compressions of such points,
which means that all extreme points lie in UCP(S(s*),My,) for k& < N(A).
Because there is an absolute matrix extreme point in UCP(S (SA),MN( )
we have that UCP (S(s")) is N(A)-generated. Next, let r be a d-tuple of
A-commuting unitaries. By the universal property of S(s’), there exists a
s-homomorphism p : C*(s) — C*(r) such that p(s?) = r;. Therefore, if
¢ € abex(UCP (S(r))), it is a restriction of a boundary representation 7 :
C*(r) — B(H), which means that 7o p : C*(s®) — B(H) is a boundary
representation, and thus an absolute matrix extreme point in UCP (S(s")).
Therefore, dim’H < N(A). This means that the largest integer n for which a
boundary representation for S(r) exists, must satisfy n < N(A), we get that
UCP (S(r)) is n-generated for some n < N(A). O

We finish this part by extending Theorems5.6 and 4.5 for the case of
A-commuting unitaries.

Theorem 5.9. Let A be rational and let s be a d-tuple of A-commuting uni-
taries. If v is a d-tuple of A-commuting unitaries. If the mapping r; — s;
extends to a unital N(A)-positive map ¢ : S(r) — S(s), then A = A. In par-
ticular, if the mapping is an N(A)-order isomorphism, the tuples are com-
pletely order equivalent and generate isomorphic C*-algebras.

Proof. Under the assumptions, we have that UCP (S(s)) is n-generated for
some n < N(A). By Theorem4.8, we have that the unital N(A)-positive
map which maps r; to s; for ¢ = 1,...,d, is completely positive. Therefore,
we use Theorem 4.9 to conclude that this mapping has the UEP, and thus
extends to a x-homomorphism of the generated C*-algebras. Since this map
is multiplicative, we use similar calculations as the d = 2 case, to get that
A = A. If the mapping defines an N (A)-order isomorphism, we now have
an inverse which is N(A)-positive, and get that this map extends to a x-
isomorphism of the C*-algebras. O

And finally:

Theorem 5.10. Let A be rational and s be a d-tuple of A-commuting unitaries.
For a d-tuple v of A-commuting unitaries, the following are equivalent:

1. s and r are N(A)-order equivalent.
2. s and r are completely order equivalent.
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s dilates to r and r dilates to s.
- W) (8) = Wy (r).
W(s) = W(r).

s and r are x-isomorphic.

S Ot W

Proof. (1) <= (2) follows Theorem5.9. (2) <= (3) follows the discussion
following Corollary 4.10. (2) <= (5). For (5) = (4), note that we only
have to prove (4) = (5). Because W(s) is n-generated for some n < N(A),
by Proposition 5.8. Therefore, we invoke Proposition 3.5 and conclude that
W(s) is N(A)-minimal, which means that W(s) C W(r) and by Theorem 1.7,
there exists a UCP map of the corresponding operator systems, mapping
r; to s;. By Theorem 5.9, this map extends to a x-homomorphism of the
generated C*-algebras, from which it follows that A = A. Now, we can repeat
those arguments for W(r), and get (5). Finally, (2) <= (6) also follows

Theorem 5.9. O

6. Classification Up to Unital Isometries

In this section, we try to investigate whether the conditions of Theorem 5.6
are strict. Namely, does there exist a pair of g, commuting unitaries which
is m-order equivalent (for m < n) to some g-commuting pair, but the two
pairs are not completely order equivalent?

More specifically, we move to consider unital isometries. Because unital
isometries are positive, they are an example of 1-order isomorphism (see [19,
Proposition 2.11]). The following theorem provides a relation between the
existence of unital isometries to certain dilation properties of g-commuting
unitaries.

Theorem 6.1. [11, Theorem 6.4] Let 6,0 € [0,1],q = €2™ ¢/ = 2™ and
v =60 —0". The smallest constant cg g such that every pair of q-commuting
unitaries can be dilated to cg g times a pair of ¢’ -commuting unitaries is given
by:

4

|y +u + oy + 03

0979/ = C’Y = |

where u~, v are the universal pair of €7 -commuting unitaries.

Setting cg 1= cg,0, we get from the theorem that the existence of a unital
isometry between (ug,vg) and (ugr,vg:) (where the two pairs are universal),
implies that ¢y = cp-. We do not know if the converse is true in general, but we
can deduce that whenever such an isometry cannot exist, the corresponding
dilation constants must be different. The following corollary now follows easily
from our now set of tools.

Corollary 6.2. For 6 € [0,1], co =1 if and only if 6 =0 or 6 = 1.

Proof. If 6 = 0 or 8 = 1, there is nothing to prove, because every pair of
commuting unitaries is a dilation of itself. On the other hand, if a pair of ¢-
commuting unitaries dilate to a pair of commuting unitaries (with ¢’ = 1), we
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can invoke Theorem 5.6 (because a the dilation implies a completely positive
map which maps the commuting unitaries to the g-commuting unitaries) and
get that ¢’ = ¢ so that # =0 or 6 = 1. O

When 6 # 0, 1, there are still some cases of two different angles which
correspond to the same dilation constant. For example, for all § € [0, 1], it
is known that cy = c1_g. In the following proposition we provide another
proof for this fact, and we also give an example of a large family of 1-order
isomorphic but not completely order isomorphic g-commuting pairs.

Proposition 6.3. Let § € [0,2n]. Then, the mapping ug — ui_g,vg — V1_g
extends to a unital isometry of the operator systems. Moreover, cg = c1_g.

Before giving the proof, note that for all n € N, we have that the
universal pair of ¢ ,-commuting and the universal pair of q(,, 1) ,,-commuting
unitaries are 1l-order equivalent but not completely order equivalent. This
gives a family of examples for n-Subhomogeneous operator systems which
are l-order isomorphic but not n-order isomorphic (and in particular, not
completely order isomorphic). We now move to the proof of the proposition.

Proof. Assume first that 0 = % for coprime k,n € N and set ¢ = e?™ ¢/ =

e?™(1=9) " Considering U, V the standard representation as in (2), we see that
if UV = qVU, then:

UVt = (VU)' = qUV)" = VU,
which means that U?,V? is a pair of ¢’-commuting unitaries. Moreover, the
mapping ¢ : M,, — M, given by ¢(a) = o' is a unital isometry, which means
that its restriction of S(U, V') is a unital isometry. Next, we let Uy, Vjy be the
universal pair of g-commuting unitaries, which is given by:

Up = @ Ugap, Vo= @ Vo0,

a,BeT a,B3€T

where Up o3 = aU and Vy 3 = BV. In that case, the mapping Uy — Uy
and:

‘/9 = @ ‘/Gt,a,ﬁ
a,BeT
is a unital isometry from S(Up, Vy) to S(Up, V)}). But Uy, V) are a universal
pair of § = ¢’ commuting unitaries, which completes the proof for the rational
case.
Assuming that 6 is irrational, we consider the following pair of infinite
matrices:

u = (qnan,m)n,mEZa v = (5n,m,+1)n,m,€Z
which act on ¢3(Z). Those are clearly g-commuting unitaries, and they form
a universal pair (by [3, Theorem 1.9 and 1.10]). Working similarly to the
rational case, we have that the transpose map u +— u! = u and v — ¢,
defines a unital isometry of the generated operator systems, where the second
operator system is generated by wu,v?, which is a universal pair of ¢/ = -
commuting unitaries. This completes the proof. O
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