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COUNIVERSALITY AND CONTROLLED MAPS
ON PRODUCT SYSTEMS OVER RIGHT LCM SEMIGROUPS

EVGENIOS T.A. KAKARIADIS, ELIAS G. KATSOULIS, MARCELO LACA AND XIN LI

We study the structure of C*-algebras associated with compactly aligned product systems over group
embeddable right LCM semigroups. Towards this end we employ controlled maps and a controlled
elimination method that associates the original cores to those of the controlling pair, and we combine
these with applications of the C*-envelope theory for cosystems of nonselfadjoint operator algebras
recently produced. We derive several applications of these methods that generalize results on single
C*-correspondences.

First we show that if the controlling group is exact then the couniversal C*-algebra of the product
system coincides with the quotient of the Fock C*-algebra by the ideal of strong covariance relations. We
show that if the controlling group is amenable then the product system is amenable. In particular if the
controlling group is abelian then the couniversal C*-algebra is the C*-envelope of the tensor algebra.

Secondly we give necessary and sufficient conditions for the Fock C*-algebra to be nuclear and exact.
When the controlling group is amenable we completely characterize nuclearity and exactness of any
equivariant injective Nica-covariant representation of the product system.

Thirdly we consider controlled maps that enjoy a saturation property. In this case we induce a compactly
aligned product system over the controlling pair that shares the same Fock representation, and preserves
injectivity. By using couniversality, we show that they share the same reduced covariance algebras. If in
addition the controlling pair is a total order then the fixed point algebra of the controlling group induces a
super product system that has the same reduced covariance algebra and is moreover reversible.

1. Introduction

Framework. In the present project we study further the effect of nonselfadjoint operator algebras and
boundary theory of group coactions on the theory of C*-algebras recently initiated by the authors and
Dor-On in [Dor-On et al. 2022]. We work in the class of algebras of a compactly aligned product system X
over a right LCM semigroup P in a group G with coefficients in a C*-algebra A (for brevity we will say
that such a pair (G, P) is a weak right LCM inclusion). Continuous product systems of Hilbert spaces
were coined by Arveson [1989] for R™, and their discrete counterparts were studied by Dinh [1991].
Motivated by Pimsner’s seminal work [1997], Fowler [1999] studied product systems of correspondences
over quasilattices. Since then discrete product systems have been studied by many authors (far too
many to list here) and constitute an active area of research in their own right. Recently there has been a
growing interest in passing from quasilattices to right LCM semigroups. Kwasniewski and Larsen [2019]
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studied the Toeplitz—Nica—Pimsner C*-algebra N7 (X) for right LCM semigroups proving Toeplitz—
Cuntz—Krieger-type uniqueness theorems. Here we turn our focus to equivariant quotients with an eye
towards Cuntz-type covariant realizations.

One of the main questions in this direction has been to identify the appropriate quotient of N7 (X)
so that faithful representations of A lift to faithful representations of the quotient. This cannot be
expected to hold unconditionally. The next best hope is thus to locate the quotient of N7 (X) so that
faithful representations of A lift to faithful representations of its fixed point algebra. Sehnem [2019]
has provided a full answer by introducing the strongly covariant representations. This generalizes the
study of Cuntz—Nica—Pimsner relations, initiated by Sims and Yeend [2010], and later continued by
Carlsen, Larsen, Sims and Vittadello [Carlsen et al. 2011]. A second aim of [Carlsen et al. 2011] was
to use these relations and provide a couniversal object by passing to an appropriate reduced quotient.
This was achieved under extra conditions on the product system (such as injectivity or directness of the
quasilattice).

Couniversality and boundary representations arise naturally in the context of nonselfadjoint operator
algebras and their C*-envelope in the sense of Arveson. With Dor-On, in [Dor-On et al. 2022] we
introduced a coaction variant of the C*-envelope and used it to fully answer the problem of Carlsen,
Larsen, Sims and Vittadello [Carlsen et al. 2011] without any assumptions on the product system X. Even
more, the results of [Dor-On et al. 2022] apply to weak right LCM inclusions (G, P) rather than just
quasilattices; more specifically, the C*-envelope CZ (7,(X)*, G, §¢) of the Fock tensor algebra 7; (X)*
with its normal coaction is couniversal for equivariant injective Nica-covariant representations of X.
Seeing Sehnem’s covariance algebra A x x P as the universal C*-algebra of an induced Fell bundle we
further showed that CZ (7, (X yt, G, §) coincides with the reduced C *-algebra of this Fell bundle, here
denoted by A xx , P.

The algebraic structure of Cg, (71 (X yt, G, 8¢g) was studied in [Dor-On et al. 2022]. Pivotal in this
endeavor was the remark that the strong covariance relations of Sehnem are actually filtered through the
Fock representation. Following Sehnem [2019], we will denote by A xx P the universal C*-algebra
with respect to the strongly covariant representations of X. We further consider the induced quotient
gsc(Th (X)) of T,(X) by the strong covariance relations. In [Dor-On et al. 2022] it is shown that the

canonical map
Gsc(Th(X)) = Ch (Ti(X)T, G, 8) ~ A xx, P (1-1)

env

is faithful if and only if the normal coaction of 7, (X) descends to a normal coaction on gs.(7,(X)),
e.g., when G is exact.

The motivation for the present work is two-fold. On one hand we wish to explore further general
settings that entail normality of the coaction of gs.(7,(X)) and thus identify the algebraic structure of
the couniversal object. Our main theorem here is that this happens when (G, P) is controlled by another
weak right LCM inclusion (G, P) with G exact. When G is abelian we can further induce dual actions on
the C*-algebras. This has the remarkable consequence that the canonical *-epimorphism

Con(TL(X)™, G, 8) = C (Th(X)T) (1-2)

env
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is faithful. On the other hand we wish to use the couniversal property in such a context and apply it in
the identification of C*-algebras. The quotient by the strong covariance relations is used as a model in
several constructions, and this line of reasoning allows to show functoriality without checking a long list
of C*-properties. This is quite pleasing in particular because reduced C*-algebras do not enjoy a priori
universal properties. In fact we follow the reverse route of using the identification of reduced objects and
then lift them to *-isomorphisms of the universal ones.

Main results. Controlled maps 9 : (G, P) — (G, P) between quasilattice ordered groups were introduced
by Laca and Raeburn [1996] with the purpose of extending the range of application of the faithfulness
and uniqueness theorems for Toeplitz algebras of quasilattice ordered groups. The key idea is that (G, P)
is amenable in the sense of Nica [1992], provided that G is an amenable group. A similar notion of
controlled maps was formulated simultaneously and independently by Crisp [1999] to prove that some
Artin monoids inject in their groups. The combination of these two sets of ideas led to the amenability and
nonamenability results for Artin monoids by Crisp and the third author [Crisp and Laca 2002]. Similar
results can be derived for the Fock algebra 7, (X) of a product system over P, as it has a P-core that
can be expressed as a direct sum of matrix algebras (see for example the proof of Theorem 6.4). As a
consequence one obtains for example that compactly aligned product systems over the free semigroup [}
are amenable, although the group [ is not, the reason being that the pair (", I} ) is controlled by its
abelianization or by its length map on (Z, Z).

However this type of argument is no longer valid for equivariant quotients as these relations live in
the diagonal of the P-core (and thus in the P-core). An elimination method was recently developed
in [Kakariadis 2020] when (G, P) = (£", 7} ) with the purpose of studying nuclearity and exactness
properties. By building further on these techniques, in the subsection on page 1458 we give a controlled
elimination method for passing from the P-cores to the P-cores of injective Nica-covariant representations.
Essentially the method asserts that any relation in a P-core must live at the diagonal and thus in a P-core.
We then use this to lift all properties from the realm of the P-fixed point algebras to the P-fixed point
algebras. For example this applies to the fixed point algebra property of Sehnem’s algebra [2019];
see Corollary 5.8. In particular exactness of G impacts on the maps appearing in (1-1).

Theorem A (Theorem 6.1). Let ¥ : (G, P) — (G, P) be a controlled map between weak right LCM in-
clusions and let X be a compactly aligned product system over P with coefficients in A. Consider the
canonical x-epimorphisms

qse(Th(X)) = A xx, P = CL(Ti(X)T, G, 86) = Ch (TL(X)T). (1-3)

env env
If G is exact then the left map is faithful. If in addition G is abelian then the right map is also faithful.

Theorem A implies that the coaction on gy (7, (X)) is normal when G is exact. As pointed out in
[Dor-On et al. 2022], this implies that the reduced Hao—Ng problem over discrete group actions has a
positive answer (Remark 6.3). A similar method applies whenever the C*-envelope functor is stable
under crossed products, e.g., for dynamics over abelian locally compact groups or when the tensor
algebra is hyperrigid [Katsoulis 2020; Katsoulis and Ramsey 2019], and we leave this to the interested
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reader. A further consequence of Theorem A is that amenability of G implies amenability of the product
system and thus universality of the reduced constructions (Theorem 6.4). The case of abelian G directly
generalizes the results of [Dor-On and Katsoulis 2020]. There is further potential for Takai duality results
even when (G, P) does not admit a dual. A further consequence of Theorem A provides a generalization
of the extension theorem of [Katsoulis and Ramsey 2019], which recognizes a Fock tensor algebra by the
presence of a coaction (Corollary 6.7).

Another application of the controlled elimination method concerns nuclearity and exactness results.
It has been observed by Katsura [2004] that nuclearity of a Cuntz—Pimsner algebra is equivalent to the
coefficient algebra being nuclearly embedded in the fixed point algebra. Kakariadis [2020] produced
similar results for 7’ . In Theorem 6.11 we first give an equivalent characterization for nuclearity of 7; (X)
for right LCM semigroups. Although our original goal was to exploit A x x P, we tackle any equivariant
quotient of N7 (X) that is injective on A.

Theorem B (Theorem 6.12, Theorem 6.13). Let v : (G, P) — (G, P) be a controlled map between weak
right LCM inclusions with G amenable and let X be a compactly aligned product system over P with
coefficients in A. Let (1, t) be an equivariant injective Nica-covariant representation of X. Then:

(1) A is exact if and only if C*(7, t) is exact.
(i) A < C*(m, 1) is nuclear if and only if C*(r, t) is nuclear.

We emphasize that the controlled elimination process occurs at the level of representations. One might
be intrigued to introduce a product system Y over P that would share the same algebras with X over P.
However it is not clear that such a procedure gives a compactly aligned product system. For this reason
we introduce the notion of saturation for controlled maps, which preserves inclusions of ideals in the
semigroups. Under this condition we do get a super product system on the same coefficient algebra that
does the job.

Theorem C (Theorem 7.7). Let ¥ : (G, P) — (G, P) be a saturated controlled map between weak right
LCM inclusions. Let X be an (injective) compactly aligned product system over P with coefficients in A
and let

Y, = ZEB X, forheP.
pedl(h)

Then the collection Y = {Y)}nep is an (injective) compactly aligned product system over P with coefficients
in A such that T, (X)T >~ T, (Y)™ with

(X)) =T (Y) and AxxP>~Axy,P,

by x-isomorphisms that preserve the inclusions X , — Yy p) for all p € P. These x-isomorphisms further
lift to x-isomorphisms

NTX)=2NTY) and AxxP~AxyP

that preserve the inclusions X, < Yy (p) for all p € P.
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Our method here is to show that the x-isomorphism 7, (X) >~ 7, (Y) is canonical on the tensor algebras
and then apply the C*-envelope machinery to induce the *-isomorphism A xx , P =~ A Xy P. The
saturation property can be induced by free products of abelian total orders, and is preserved by semidirect
products. As a notable application of this method we deduce that Sehnem’s covariance algebra of a
product system over ;! is nothing more than the Cuntz—Pimsner algebra of a single C*-correspondence,
in a similar way that the Nica—Cuntz—Pimsner algebra of F;" coincides with O, (Corollary 7.8).

We then take a closer look at total orders. To further motivate these results, recall that the Cuntz
algebra O, may be viewed as the Cuntz—Pimsner algebra of a Hilbert bimodule over the n°°-hyperfinite
C*-algebra. In spite of the coefficient algebra of the latter being much larger, Hilbert bimodules are better
behaved than other types of C*-correspondences and they allow for a rich theory, including versions
of Takai duality. Here we will show that the situation with O, generalizes to product systems that are
controlled by exact total orders. Towards this end we consider reversible product systems for which the
image of every fiber in A x x , P is a Hilbert bimodule. We then show that reversible product systems
produce all possible covariance algebras for weak right LCM inclusions that are controlled by total
orders in a saturated way. The construction relies on using the fixed point algebra and generalizes results
of Pimsner [1997], Abadie, Eilers and Exel [Abadie et al. 1998], Schweizer [2001], Kakariadis and
Katsoulis [2012], and Meyer and Sehnem [2019]. However our proof uses the C*-envelope machinery
and thus avoids categorical arguments.

Theorem D (Theorem 7.15). Let ¥ : (G, P) — (G, P) be a saturated controlled map between weak right
LCM inclusions and suppose that (G, P) is a total order. Let X be an (injective) product system over P
with coefficients in A. Then there exists an (injective) reversible product system Z over P with coefficients
in a C*-algebra B such that

ACB and X,CZyp) forall peP (1-4)
that satisfies
Axx P~BxzP and Axx),P>~Bxz,P, (1-5)

by *-isomorphisms that preserve the inclusions X, < Zyp) forall p € P.

Semigroup C*-algebras have been an important source of inspiration for this study. Our results have
a direct application to C*-algebras of right LCM semigroups where X, = C for every p € P. In this
case the Nica—Toeplitz C*-algebra is denoted by C;(P) for the Nica-covariant representations of P
and Theorem A (and in particular Theorem 6.4) is a direct generalization of [Crisp and Laca 2007,
Theorem 4.7]. Faithfulness of the maps of Theorem A has been further investigated in [Kakariadis et al.
2022] for (not-necessarily right LCM) semigroups that embed in exact groups. Theorem B asserts that
every quotient of C;(P) is nuclear and aligns with [Li 2013, Corollary 8.3] for quasilattices. Under the
saturation property, Theorem C asserts that the operator algebras of P coincide with those of a product
system Y over P with ¥, = CI?~ @ for h € P. This follows a recurring idea of obtaining realizations of
the same C*-algebra in different classes. It has been shown in [Li 2017] that C x¢ , P can be realized as
the partial crossed product of the smallest G-invariant subspace of the fixed point algebra of C}(P) by G.
Theorem D provides a similar (augmented) realization when ¥ is saturated and (G, P) is a total order.
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Let us close with a remark on controlled maps. It has been known that controlled maps cannot handle
HNN extensions of quasilattices as the height map does not have a trivial kernel on the semigroup. In
order to resolve this, recently an Huef, Nucinkis, Sehnem and Yang [an Huef et al. 2021] introduced a
more general definition of controlled maps for weak quasilattices that allows infinite descending chains
and thus produces direct limits of matrix algebras. The controlled elimination arguments we provide here
should be compatible with this general definition, as they refer to ideals of representations, which are
compatible with direct limits.

Structure of the paper. In Section 2 we review the boundary theory and the theory of the cosystems from
[Dor-On et al. 2022]. In Sections 3 and 4 we review the main elements of the product systems theory,
and we see how they are enriched under the presence of a controlled map. We have included more details
from the aforementioned paper in order to set the ground for the next sections, and also prove additional
results that are not covered there. In Section 5 we present the controlled elimination method. Section 6
contains the applications to Sehnem’s covariance algebra, the structure of the couniversal C*-algebra,
amenable product systems, nuclearity and exactness, and the reduced Hao—Ng problem. In Section 7 we
give the product system reparametrizations under the saturation property with applications to reversible
product systems.

2. Operator algebras and their coactions

Operator algebras. The reader may refer to [Blecher and Le Merdy 2004; Paulsen 2002] for the general
theory of nonselfadjoint operator algebras and dilations of their representations.

Let A be an operator algebra, which in this paper means a subalgebra of B(H) for a Hilbert space H. We
say that (C, ¢) is a C*-cover of Aif 1 : A— C is a completely isometric representation with C = C*(¢(A)).
The C*-envelope C} (A) of Ais a C*-cover (CZ,,
if (C’, ') is a C*-cover of A then there exists a (necessarily unique) *-epimorphism ¢ : C" — Cg, (A)
such that ®(¢'(a)) = t(a) for all a € A. Arveson [1969] defined the C*-envelope in and computed it for a
variety of operator algebras, predicting its existence in general. Ten years later Hamana [1979] confirmed

(A), 1) with the following couniversal property:

Arveson’s prediction by proving the existence of injective envelopes for the unital case. The C*-envelope
is the C*-algebra generated in the injective envelope of A once this is endowed with the Choi-Effros
C*-structure.

Dritschel and McCullough [2005] provided an alternative proof based on maximal dilations for the
unital case. A dilation of a representation ¢ : A — B(H) is a representation ¢’ : A — B(H') such that
H C H' and ¢(a) = Py¢’(a)|y for all a € A. A completely contractive map ¢ : A — B(H) is called
maximal if every dilation ¢ : A— B(H') is trivial, i.e., Py ¢’ (a) = ¢ (a) =¢'(a)| g for all a € A. It follows
that the C*-envelope is the C*-algebra generated by a maximal completely isometric representation.

It does not hold in general that if w : C} (A) — B(H) is a x-representation then it is the unique
contractive completely positive extension of 7| 4. The algebra A is called hyperrigid if this is the case for
any representation 7 of C7 (A). An operator algebra A is said to be Dirichlet if

Cony (A) = A+ A%,
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Equivalently, A is Dirichlet if there exists a C*-cover (C, ) of A such that C = ((A) + ((A)*, in which

— *
case C =C7,,

(A). It follows that Dirichlet algebras are automatically hyperrigid.
Coactions on operator algebras. If X and ) are subspaces of some B(H) then we write
[XY]:=span{xy |x € X,y € V}.

All groups and semigroups we consider are discrete and unital. Further, we denote the spatial tensor
product by ®.

For a discrete group G we write u, for the unitary generator associated with g € G in the full
group C*-algebra C*(G). We write A, for the generators of the left regular representation C;(G).
We write A : C*(G) — C;(G) for the canonical *-epimorphism. Recall that C*(G) admits a faithful
s-homomorphism

A:C*(G)— CHG)®C*(G) such that A(ug) =g @ g,

given by the universal property of C*(G), and with left inverse given by id ® x for the character x
of C*(G). We will require some preliminaries from [Dor-On et al. 2022] on coactions on operator
algebras.

Definition 2.1 [Dor-On et al. 2022, Definition 3.1]. Let .4 be an operator algebra. A coaction of G on A
is a completely isometric representation é : A — A ® C*(G) such that the linear span of the induced
subspaces

Ag:={ac Alé(a)=aQu,}
is norm-dense in .A, in which case § satisfies the coaction identity
(6 ®idc))d = (ida ® A)S.

If, in addition, the map (id ® A)3d is injective, then the coaction ¢ is called normal.

If A is an operator algebra and § : A — A ® C*(G) is a coaction on A, then we will refer to the triple
(A, G, ) as a cosystem. A map ¢ : A — A’ between two cosystems (A, G, §) and (A’, G, ') is said to
be G-equivariant, or simply equivariant, if §'¢ = (¢ ® id)$.

If (A, G, d) is a cosystem then A, - A; C A, for all r, s € G, since § is a homomorphism.

Remark 2.2 [Dor-On et al. 2022]. Suppose that (A, G, §) is a cosystem and that § extends to a
x-homomorphism § : C*(A) — C*(A) ® C*(G) that satisfies the coaction identity

(B ®id)s(c) = (id® A)d(c) forall c € C*(A).
Then § is automatically nondegenerate on C*(.A) in the sense that

[8(C*(A)NCT(A) @ CT(G)] = C*(A) ] CH(G).
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Moreover, Definition 2.1 covers that of full coactions of Quigg [1996] when A is a C*-algebra. In this
case § is a faithful *-homomorphism and we have that

(A ={a" e A|8(a") =a"Qug1}= A,
Due to the Fell absorption principle, the existence of a “reduced” coaction implies that of a normal
coaction.

Proposition 2.3 [Dor-On et al. 2022, Proposition 3.4]. Let A be an operator algebra. Suppose there is a
group G that induces a grading on A, i.e., there are subspaces {Ag}¢e such that ) 2eG Ayg is norm-dense
in A, and a completely isometric homomorphism

S5 A—> AR C(G)
such that
S(ag) =a, @Ay forall ag € Ay, forall g €G.
Then A admits a normal coaction § of G such that §, = (id ® 1)4.

Example 2.4. The reduced group C*-algebra C;(G) admits a faithful *-homomorphism
Ay 1 C(G) = Ci(G)®C;(G) suchthat Ay(Ag) =g ® Ag.
Thus C;(G) admits a normal coaction § of G such that A, = (id® 1)4.

Definition 2.5 [Dor-On et al. 2022, Definition 3.6]. Let (A, G, §) be a cosystem. A triple (C, ¢, §¢) is
called a C*-cover for (A, G, 8) if (C, 1) is a C*-cover of A and §¢ : C — C ® C*(G) is a coaction on C
such that the diagram

L

A C

| Jo
(®id

A®CH(G) ——— CRC*(G)
commutes. When the coaction is understood we will say that C is a C*-cover for A over G.

Definition 2.6 [Dor-On et al. 2022, Definition 3.7]. Let (A, G, §) be a cosystem. The C*-envelope
of (A, G, 8) is a C*-cover (C¥ (A, G, ), , Seny) such that: for every C*-cover (C’, !, §') of (A, G, J)

env
there exists a x-epimorphism ® : C' — C¥* (A, G, §) that fixes A and intertwines the coactions, i.e., the

env

diagram
8/

V(A C’'®C*(G)
lcb ld>®id
LA — L CE (A, G, 8) ® CH(G)
is commutative on A, and thus is commutative on C’.

The existence of the C*-envelope of a cosystem was proved in [Dor-On et al. 2022] by a direct
computation that uses the C*-envelope of the ambient operator algebra. In order to state the result
explicitly we need to make some preliminary remarks and establish the notation. Suppose (A, G, §)
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is a cosystem, leti : A — CZ (A) be the C*-envelope of A, and recall that the spatial tensor product
of completely isometric maps is completely isometric. Then the representation of A obtained via the
composition

A= A Cc*(6) B ¢ (e CH6)
is completely isometric, and the C*-algebra
C*((i ®id)8(A)) := C*(i(ag) Qug | g € G)

becomes a C*-cover of A. This C*-cover is special because it admits a coaction id ® A, such that the
triple
(C*(i(ag) ®ug | g € G), (i®id)s, id® A)

is a C*-cover for (A, G, §). The following theorem summarizes fundamental results about existence and
representations of C*-envelopes for cosystems.

Theorem 2.7 [Dor-On et al. 2022, Theorem 3.8, Corollary 3.9 and Corollary 3.10]. Let (A, G, §) be a

cosystem and leti : A — Cg,,

(A) be the inclusion map. Then

(Cay(A, G, 8), 1, Seny) = (C¥(i(ag) Qug | g € G), (i ®@id)3, id® A).

env

(A, G, ).

Moreover, if ®:C} (A, G,8) — B is a x-homomorphism that is completely isometric on A, then it is

faithful on the fixed point algebra of C* (A, G, §).

env

If in addition § is normal on A, then 8¢y is normal on Cf,,

Remark 2.8. A coaction of an abelian group G is equivalent to point-norm continuous actions {8, }, ¢ of
the dual group G. Since every B, is a completely isometric automorphism it extends to the C*-envelope.
Hence the C*-envelope of a cosystem coincides with the usual C*-envelope of the ambient operator
algebra when G is abelian. Equivalently, every coaction of an abelian group on an operator algebra lifts
to a coaction on its C*-envelope. As pointed out in [Dor-On et al. 2022], it is unknown if this is the case
for general amenable groups.

Group homomorphisms implement coactions. Note that the following proposition for G = {eg} says
nothing more than that every C*-cover of a cosystem is a C*-cover of the ambient operator algebra.

Proposition 2.9. Let (A, G, §g) be a (normal) cosystem and let © : G — G be a group homomorphism.
Then G induces a (normal) coaction g on A. Thus every C*-cover of A over G is also a C*-cover of A

over G.

Proof. By the universal property of C*(G) we have a *-homomorphism
9 :C*G) — C*G), g+ Up(g)-

We then have the canonical completely contractive homomorphism

5g: A= 4@ CH(G) 4 A CH(G),
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which has id ® x as a completely contractive left inverse. By definition we have that

Ap:={aeAldgla)=a@up} 2{a € Ay [9(g) =h}

A=A, CY A CA

geG heg

and thus

Hence (id® 5)8G defines a coaction of G on A.

Next suppose that §¢ is normal and let g 5 = (id ® A)dg. Let §¢g be the coaction induced by 5. By
Fell’s absorption principle we have that the map A, > Ag ® Ay(,) gives a faithful *-homomorphism
of C;(G) and thus we get the induced completely isometric representation

3G,

A : algla, ® A | g € G)
dg l
— v sgheid
alg{ag ®)\z9(g) |g €@} +——— alg{ag ®)»g ®)»19(g) | ¢ € G}

which induces a faithful *-homomorphism §¢ ;. It follows that g, = (id ® A)§g and thus ég is a normal
coaction of G on A. O

Let us close this section with some remarks on topological gradings from [Exel 1997; 2017]. Recall
that a topological grading {B,}gec of a C*-algebra B consists of linearly independent subspaces that
span a dense subspace of 5 and are compatible with the group G, i.e., By = By-1 and Bg - B,  Bgj,. By
[Exel 1997, Theorem 3.3] the linear independence condition can be substituted by the existence of a
conditional expectation on B,. The maximal C*-algebra C*(B) of B is defined as universal with respect to
the representations of 5. The reduced C*-algebra C; (B) of B is defined by the left regular representation
of B on £2(B).

Definition 2.10. Let B = {B,}4c be a topological grading over a group G in a C*-algebra C*(B) that it
generates, with completely contractive Fourier maps E, : C*(B) — B,, i.e.,

E¢(b) =g nb forall be B, and g,heG.

Anideal T < C*(B) is called induced if T = (ZNB,). Anideal Z <1 C*(B) is called Fourier if E,(f) €1
for every f € T.

Remark 2.11. It follows that an ideal Z <1 C*(B) is Fourier if and only if E,(f*f) € Z for all f € T.
Every induced ideal is a Fourier ideal. The converse holds if G is exact and E, is a faithful conditional
expectation. These can be found at [Exel 2017, Proposition 23.9].

A topological grading defines a Fell bundle and once a representation of a Fell bundle is established
the two notions are the same. In a loose sense a Fell bundle 5 over a discrete group G is a collection of
Banach spaces {B,}¢cc. often called the fibers of B, that satisfy canonical algebraic properties and the
C*-norm properties; see [Exel 2017, Definition 16.1]. So we will alternate freely between Fell bundles
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and topologically graded C*-algebras. Spectral subspaces of coactions on C*-algebras are an important
source of topological gradings.

Definition 2.12. Let § be a coaction of G on a C*-algebra C and let Z <1 C be an ideal of C. We say that
the quotient map is G-equivariant, or that the quotient C/Z is G-equivariant if § descends to a coaction
of GonC/I.

Remark 2.13. If § : C — C ® C*(G) is a coaction and Z <1 C is an induced ideal then § descends to a
faithful coaction of G on C/Z; see for example [Carlsen et al. 2011, Proposition A.1]. The same holds
for the normal actions when G is exact; see for example [Carlsen et al. 2011, Proposition A.5].

3. Operator algebras of product systems

C*-correspondences. A C*-correspondence X over A is a right Hilbert module over A with a left action
given by a x-homomorphism ¢y : A — £X. We write £LX and KX for the adjointable operators and the
compact operators of X, respectively. For two C*-correspondences X, Y over the same A we write X®4Y
for the balanced tensor product over A. We say that X is unitarily equivalent to Y (and write X ~Y) if
there is a surjective adjointable operator U € £(X, Y) such that (U&, Un) = (&, n) and U (aéb) =aU (§)b
forall £, ne X and a, b € A. A C*-correspondence is called injective if the left action is injective.

A representation (m, t) of a C*-correspondence is a left module map that preserves the inner product.
Then (7, t) is automatically a bimodule map. Moreover there exists a x-homomorphism ¢ on KX
such that ¥ (6¢ ,) = t(§)t(n)* for all 6¢ , € KX. When 7 is injective, then both ¢ and v are isometric.
A representation (i, f) is called covariant if it satisfies 7 (a) = ¥ (px(a)) for all a in Katsura’s ideal
Jx = ker(pff N <p§1 (KX).

Toeplitz algebras. Let P be a unital subsemigroup of a group G. We will write P* for the set of elements
in P that are invertible in P. A product system X over P is a family {X, | p € P} of C*-correspondences
over the same C*-algebra A such that:

i X.=A.
(i) There are multiplication rules X, ®4 X, ~,, , X p4 for every p,q € P\ {e}.
(iii) There are multiplication rules A®4 X, ~u,, [A-X)] and X, ®4 A ~u,, [Xp-Al=X) forall p € P.
(iv) The multiplication rules are associative in the sense that
Upg.r(Upq ®1dx,) =up4r(idx, Qug,) forall p,g,reP.
We say that X is injective if every X, is injective. If x € P* then the multiplication rules impose that
Xy ®@a X1 A= X -1 Q4 Xy
In particular every such X, is nondegenerate since

ARQAX, =X, Q04X -1 Q@4 X, =X, Q4 A=X,.
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Throughout this work we will be assuming that all left actions are nondegenerate. We do this in order to
be able to use freely the results from [Dor-On et al. 2022; Sehnem 2019]. Nevertheless it is possible that
this assumption can be removed.

Henceforth we will suppress the use of symbols for the multiplication rules. Thus we write &,&, for
the image of §, ® &, under u, 4, and so

©pq(a)(&pEy) = (pp(a)s))E, foralac A and §,€X,, & €X,.
The product system structure gives maps
i LXp — LXpg suchthat i)9(5)(§,&,) = (S§p)&,.

If x € P*theni[* : LX, — LX,, is a x-isomorphism with inverse i,’jfl LX, o — LX,.

Definition 3.1. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A. A Toeplitz representation (, t) of X consists of a family of representations (, 1))
of X, over A such that

tp(Ep)ty(§y) =1,4(8pE,) forall §, € X, &, € X,.

The Toeplitz algebra T (X) of X is the universal C*-algebra generated by A and X with respect to the
representations of X. The Toeplitz tensor algebra T (X)™ of X is the subalgebra of 7 (X) generated by A
and X.

If (7, 1) is a Toeplitz representation then we write v/, for the induced representation on XX ,. We obtain
abimodule triple (-, V.5, ¥) on the bimodule (KX, K(Xy, X,), KX;) sothat ¢, ;(Og, &) =1, (&)t (&5)™
We will often interpret 7 as ¢, or ¥, to simplify our notation henceforth.

Proposition 3.2 [Dor-On et al. 2022, Proposition 2.4]. Let X be a product system over P with coefficients
in A. Let (r, t) be a Toeplitz representation of X. If x € P* then

Ix (Xx)* =1 -1(Xy-1).
If we Pandx e P* then
in (ky) € KXyy and Yy @iy (ky)) = Yy (ky) forall ky € KXy.

Suppose that 7 (X) is faithfully represented by (7, ). By the universal property of 7 (X) there is a
canonical *-homomorphism

§:T(X) = T(X)QCHG), (&) > i(5) Qup.

Sehnem [2019, Lemma 2.2] has shown that § is a nondegenerate and faithful coaction of 7 (X) when X
is nondegenerate, with each spectral space 7 (X)g, with g € G, given by the products

Tt Ep)ipy (Epy)* -+ T, (6" for pipy '+ prl =3g.

We will do a little bit more for semigroup homomorphisms.
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Definition 3.3. Let P and P be unital subsemigroups of the groups G and G, respectively. If ¥ : G — G is
a group homomorphism such that ¢ (P) C P, we write ¥ : (G, P) — (G, P) and say that 9 is a semigroup
preserving homomorphism.

Proposition 3.4. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A. Let v : (G, P) — (G, P) be a semigroup preserving homomorphism and suppose that
(7, t) is a faithful representation of T (X). Then there is a coaction of G on T (X) such that

§:T(X) = T(X)®C*G), (&) i(E)) ®uy(p).-

Moreover, each spectral space T (X), with h € G is given by the products of the form

Ty Ep )y (Bp)* - 1, ) for H(p) D (p) ™ -+ (pa) ' = h,

where we impose that t,,(§,,) = I when p; = ep and h # ep.

Proof. The universal property induces a x-homomorphism 5 T(X) = T(X)® C*(G). Moreover S is
injective with left inverse given by id ® x. By construction the fibers [7(X)], contain the generators
of 7(X). By Remark 2.2 and the definition of 7 (X), this gives the coaction of G. Proposition 2.9
provides the coaction of G. O

Remark 3.5. The Fock space representation of Fowler [2002] ensures that A, and thus X, embeds

isometrically in 7(X). In short, let F(X) = Z;BE p Xy and for a € A and &, € X, define (7, £),) by

T(a)s, = ¢4(a)é, and t_p(,fp)éq =£,¢, for all &, € X,,.

Then every (7, f,,) defines a representation of X, and hence it induces a representation of 7(X). By
taking the compression at the (e, e)-entry we see that 77, and thus 7,, is injective.

Definition 3.6. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A. The Fock algebra T (X) is the C*-algebra generated by the Fock representation (77, 7).
The Fock tensor algebra T, (X)1 of X is the subalgebra of 7, (X) generated by A and X.

It is shown in [Dor-On et al. 2022, Proposition 4.1] that the Fock algebra admits an analogous normal
coaction. Proposition 2.9 yields the next proposition.

Proposition 3.7. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A, and let T, (X) = C*(T, t) be its associated Fock algebra. If ¥ : (G, P) — (G, P) isa
semigroup preserving homomorphism then there is a normal coaction of G on T, (X) such that

8g : Th(X) > Th(X) @ C*(G), (&) > 1(5p) Quy(p).
Moreover for each h € G the spectral space T, (X)y, is the closed linear span of the products of the form

Epl (épl)fpz (épz)* T fpnq@p,ﬁl)fpn (spn)* for ﬁ(pl)ﬂ(pZ)_l T ﬁ(pn)_l =h,

where we impose that t,,(§,,) = I when p; = ep and h # ep.

In turn the coaction of G induces a faithful conditional expectation of the following form.
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Proposition 3.8. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A. Let v : (G, P) — (G, P) be a semigroup preserving homomorphism. Then T, (X) admits
a faithful conditional expectation Ep such that

Ep(Urs(kr)) = 890100\ Vrs(krs)  forall k5 € K(Xs, X,).

Proof. Let 8g : T,(X) — T;.(X) ® C*(G) be the normal coaction and let w, . be the faithful conditional
expectation on C;(G). Then 7, (X) admits the faithful conditional expectation

Ep = (ld X a)e,e)(id ® A)SG~

On the other hand for 4 € P let Y}, := Z?(p):h X, and consider the projections Qy : F(X) — Y;,. We
will show that

Ep(-)=)_0n- Q.

heP

It suffices to check on the spanning elements of the form

[=tp,Ep)ip, (€py)" -1y, (Ep,)1p, (6p,)",
where we impose that 7, (§,,) = I when p; = ep. For p € P we directly compute

f&, i 0 (p 2 ptipn) = e,
0 otherwise.

EP(f):{

If f&, # 0 then it is in some X, with r = pl_lpz e p;jlpnp which gives ¥ (r) = ¥ (p). On the other
hand we have that

<Z thQh>sp - {ffp it 9(py ' p2-- Pyl pap) =0 (p),

Py 0 otherwise.
We have that ﬁ(pl_lpz e p;_llpnp) = ¥ (p) if and only if ﬁ(pl_]pz e P;_llpn) =eg and so

Ep(f)= Z OnfQOn

heP

For the second part let r, s € P and &, € Y}, so that ¥ (p) = h. Then we directly compute

1ﬁr,s(kr,s)%'p it p= ss’, ¥ (p) = B (rs’),
0 otherwise,

EP(V_/}’,S (kr,s))gp = Qh\zr,s (kr,s)";:p = {
= 89().0(5) Vs (k. )Ep,

where we used that ¢ is a group homomorphism and so ¥ (s)?(s') = 9 (p) = F(r)9(s’). As pe€ P is
arbitrary the proof is complete. O
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Covariance algebras and Cuntz—Nica—Pimsner algebras. Let us review Sehnem’s strong covariance
relations [2019]. We will be using a description presented in [Dor-On et al. 2022]. Let P be a unital
subsemigroup of a group G. For a finite set F' C G let

Kp:={)gP.

geF

For r € P and g € F define the ideal of A given by

I B {ﬂteK(hg) kerg,—1, if Ky # @ and r ¢ Ky, 4,
T K A otherwise.
Then let

l-1gvr) = m Ir*IK{r,g}’
geF

and define the C*-correspondences

XF ::@X,Ir—](er) and X;:@Xg]?
repP geG

For every p € P define the representation (7, fr,,) to X7 given by
tr,pEp)(r) =ttpr(Ep ®Nr) € Xprlipry-1(prvpr), forall ny € Xp L1y py.

It is well defined as Ir—l(er) = I(pr)*l(perF) forall r € P, and Irfl(r\/F) = I(S’lr)*l(s’ers*IF) for all
r € s P. This provides a representation (wr, tr) of X on £(X ;) that integrates to a representation

O T(X) —> LX}).
Now consider the projections Q, r : X }L — X, r and define

I fllF:=1Qer®r(f)Qerl forall fe[T(X)].

In particular we have that

tF,p(Sp)Qg,F = ng,FtF,p(Sp) and tF,p(sp)*Qg,F = Qp—]g,FtF,p(sp)*,
and so Q.. r is reducing for the fixed point algebra [T (X)], under @ .

Definition 3.9 [Sehnem 2019, Definition 3.2]. A Toeplitz representation is called strongly covariant if it
vanishes on the ideal Z, </ [T (X)]. given by

Io:={f elTX)] | lim]] £l = 0},

where the limit is taken with respect to the partial order induced by inclusion on finite sets of P. The
universal C*-algebra with respect to the strongly covariant representations of X is denoted by A x x P.

That is, A xx P is the quotient 7 (X)/Z for the ideal Zo, <1 T (X) of strong covariance relations
generated by Z,. One of the important points of Sehnem’s theory is that the inclusion A < A xx P is
faithful. As a quotient by an induced ideal of 7(X), the C*-algebra A x x P inherits the coaction of G.
The following is the main theorem of [Sehnem 2019].
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Theorem 3.10 [Sehnem 2019, Theorem 3.10]. Let P be a unital subsemigroup of a group G and X be a
product system over P with coefficients in A. Then a *-homomorphism of A xx P is faithful on A if and
only if it is faithful on the fixed point algebra [A x x P],.

Due to the grading A xx P is the maximal C*-algebra of a Fell bundle over G. We consider two
reduced versions.

Definition 3.11. Let P be a unital subsemigroup of a group G and X be a product system over P with
coefficients in A. We write A xy ; P for the reduced C*-algebra of the Fell bundle in A xx P. If
q : T(X) — Tn(X) is the canonical *-epimorphism, then we write gs. (7, (X)) for the quotient of 7, (X)
by the ideal ¢(Z).

Remark 3.12. The notation SCX is used in [Dor-On et al. 2022] to denote the G-Fell bundle inside
A xg(; P. Therefore we have two ways of writing the related C*-algebras in the sense that

Axy P=C*S8CX) and A xx, P=CHSCX).

Sehnem [2019, Lemma 3.9] shows that the strong covariance relations do not depend on the group
embedding in the following sense. Suppose that P admits two group embeddings i : P — G and
ig 1 P — H and write C}, (SCcX) = C*(%,1%) and Cr(SCuX) = C*(™, t"). Then there exists
a *-isomorphism

Crtlax(SCGX) - Crtlax(SCHX)’ tig(p) (EiG(P)) = tlg(p) (‘i:iH(P))'

The *-isomorphism between C};.. (SCc X) and C};,, (SCy X) descends to a *-isomorphism that fixes X
at the reduced level, as well, and thus A x x 5 P does not depend on the group embedding either. Indeed
suppose that G is the enveloping group of P and thus there exists a group homomorphism y : G — H
that is injective on P. We then have that there is a *-homomorphism between the maximal C*-algebras
induced by the G-Fell bundle and the H-Fell bundle on Sehnem’s covariance algebra. Sehnem’s result
[2019, Lemma 3.9] is that this *-homomorphism is faithful. By Fell bundle theory we then get a canonical
x-epimorphism
C;(SCcX) — C;(SCuX)

that fixes X. Hence by construction it intertwines the normal faithful conditional expectations. Their fixed
point algebras are *-isomorphic to the fixed point algebras in the maximal C*-algebras and these are
x-isomorphic by [Sehnem 2019, Lemma 3.9]. Thus the *-epimorphism on the reduced models is faithful.

We see that the representations @ r used to define the strong covariance relations are subrepresentations
of 8,5 : T.(X) = To.(X) ® C;(G) for 8¢, = (id ® A)35, where 8¢ is the normal coaction on the Fock
representation. Indeed we can identify

X=X L-1¢ver)

geG
reP

with a submodule of FX ® £2(G) through the isometry given by

X L1 vgr) 3 0 > 1 ® 85 € X, ® £2(G).
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Recall here that FX ® ¢2(G) is the exterior tensor product of two modules (seeing £2(G) as a module
over C), and there is a faithful x-homomorphism

Ti(X) ® C5(G) € L(FX) ® BI*(G)) — LIFX @ £7(G)).
We then see that

tF,p(ép) = (fp(gp) ®)\p)|}(;r = S_G,)»(lit)(%‘p))b(;r for all JZAS P,

and likewise for their adjoints. Thus X IJE is reducing under SG, »(Th(X)). Recall also that X ¢ is reducing
for [T (X)]. as the range of the projection Q. r and so we obtain the representation

P or(Hlx  [TXOL > [T~ [[ £&Xp).
fin FCG fin FCG
In particular, by definition we have for an f € 7(X) that
fel. < P r(Plx, €co(L(Xp)|finF SG).
fin FCG

By definition we then get that the diagram

[T(X)]e —— [Ta(X)]e [n rec £(XF)

T |

[A xx Ple — [qse(Ta(X)]e — ([T ree £XF)) /(co(L(XF) | fin F € G))

is commutative. Consequently the e-graded x-algebraic relations in 7, (X) and A x x P induce relations
in gsc(7,(X)). In particular, since by [Sehnem 2019, Proposition 3.5] A is represented faithfully in the
bottom right corner of the above diagram, we obtain the following corollary.

Corollary 3.13 [Dor-On et al. 2022, Corollary 5.5]. Let P be a unital subsemigroup of a group G
and X be a product system over P with coefficients in A. Then we have A — qs.(T,(X)). Moreover, a
s-homomorphism of qs.(T, (X)) is faithful on A if and only if it is faithful on [qs.(T,.(X))].. Likewise for
the reduced C*-algebra A x x ; P.

4. Compactly aligned product systems over weak right LCM inclusions

Weak right LCM inclusions. A semigroup P is said to be a right LCM semigroup if it is left-cancellative
and satisfies Clifford’s condition [Lawson 2012; Norling 2014]:

forevery p,q € P with pPNgP # @& there existsa w € P such that pPNgP =wP.

In other words, if p, g € P have a right common multiple then they have a right least common multiple.
As we always see a semigroup P inside a group G, it follows that P is by default cancellative, and we will
refer to (G, P) simply as a weak right LCM inclusion. We use the adjective “weak” here to emphasize
that we do not assume that the least common multiple property holds for all elements in G.
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It is clear that w is a right LCM for p, ¢ if and only if wx is a right LCM of p, g for every x € P* A
weak quasilattice (G, P) is a weak right LCM inclusion with P N P~! = {e}, i.e., when least common
multiples are unique (whenever they exist).

Definition 4.1. Let (G, P) be a right weak LCM inclusion. A finite set F is said to be V-closed if for
any p,q € F with pP NgP # & there exists a unique w € F such that pP NgP = wP.

Equivalently, a finite ' € P is V-closed if and only if the familiar relation
p<q <> q 'peP

defines a partial order on F. In particular, if F is V-closed, then p P # g P for any p,q € F with p # q.
Furthermore, any V-closed set admits maximal and minimal elements. Our terminology here regarding
V-closed sets extends the familiar one from the case where (G, P) is a weak quasilattice order. There is
an alternative way for describing V-closed sets in the context of weak right LCM inclusions. Given a
finite subset F* C P we write

I(F) ={pP|peF}

for the set of principal ideals defined by F. It then follows that F' is V-closed if and only if Z(F) is closed
under intersections and the partial order defined on Z(F') by set theoretic inclusion lifts to a partial order
on F.

Let F C P be a finite set so that Z(F) is closed under intersections. From such a set F' we can produce
a V-closed subset FV such that Z(F) = Z(F") by choosing a minimal set of distinct representatives for
the principal ideals. This process does not produce a unique F in general.

Nica-covariant representations. Following Fowler’s work [2002], Brownlowe, Larsen and Stammeier
[Brownlowe et al. 2018] and Kwasniewski and Larsen [2019] considered product systems of right
LCM semigroups.

Definition 4.2. A product system X over a weak right LCM semigroup P with coefficients in A is called
compactly aligned if for p,q € P with pP Nq P = wP we have that

i[’f(S)i(’;’(T) e KX, whenever Se€KX,, TeKkX,.

A note is in order for clarifying that this is independent of the choice of w. Recall that if w’ is a right
LCM of p, g then w’ = wx for some x € P* Since £LX,, >~ LX,, we have that i, (9)ig(T) € KXy if
and only if i )" (8)ig™ (T) = iy,* (i, (S)ig (T)) € KXy for all x € P~

Definition 4.3. Let X be a compactly aligned product system over a right LCM semigroup P with
coefficients in A. A Nica-covariant representation (i, t) is a Toeplitz representation of A that in addition
satisfies the Nica-covariance condition: for § € KX, and T € KX, we have that

ww(i;’(S)i;’(T)) if pPNgP =wP,
0 otherwise.

Up($)Ye(T) = {
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The Toeplitz—Nica—Pimsner algebra N'T (X) of X is the universal C*-algebra generated by A and X
with respect to the representations of X. The Toeplitz—Nica—Pimsner tensor algebra N'T (X)" of X is the
subalgebra of 7 (X) generated by A and X.

Remark 4.4. As noted in [Dor-On et al. 2022], the definition of Nica-covariance requires that the right-
hand side is independent of the choice of the least common multiple, i.e., if pP NgP = wP and x € P*
then

Y (i) (8)iy (T)) = Yrux (i, ()i (T)) forall SeKX,, TeKX,.

This is verified in [Dor-On et al. 2022, Proposition 2.4] (see Proposition 3.2 herein) and completes the
definition of Nica-covariance in [Kwasniewski and Larsen 2019].

Remark 4.5. By definition A7 (X) is a quotient of 7 (X) by an ideal generated by a subspace of [T (X)]..
Even though N7 (X) = T(X) when P = Z, this is not the case even when P = 7. Dor-On and
Katsoulis provide a counterexample to this effect in [Dor-On and Katsoulis 2020, Example 5.2]. The
same example further shows that 7(X)™" is not completely isometric to N7 (X)*.

Under the assumption of compact alignment, one can check that the Fock representation is automatically
Nica-covariant. Thus A7 (X) is nontrivial. As A7 (X) is a quotient of 7(X) by an induced ideal,
by [Carlsen et al. 2011, Proposition A.1] the nondegenerate and faithful coaction of 7 (X) descends
canonically to one on A7 (X). Alternatively one may use the arguments of the proof of Proposition 3.4
for the Toeplitz—Nica—Pimsner tensor algebra to deduce the following.

Proposition 4.6. Let (G, P) be a weak right LCM inclusion and X be a compactly aligned product
system over P with coefficients in A. Suppose that (7, 1) is a faithful representation of N'T (X). Then the
canonical *-homomorphism

§:NT(X) = NT(X)®C*(G), (&) 1(5)) Qu,
defines a coaction of G on N'T(X).

We have refrained from describing the spectral spaces for the coaction on /T (X) because of the fol-
lowing additional property of Nica-covariant representations. Let (i, ¢) be a Nica-covariant representation
of X. We compute

tp(Xp)*tp(Xp) ' tp(";:p)*tq(gq) ' tq (Xq)*tq(Xq) - [tp(Xp)*wp(’CXp)wq(ICXq)tq(Xq)]-

Next take a limit by contractive approximate identities in [#,(X ,)*t,(X ;)] and in [t,(X,)*t,(X,)], and
derive that

tp(Ep) 1,(E)) € [ty (X )ty (Xy)*] for wP =pPNgP, p'=p'w, ¢ =q¢"w,
and
1,(§,)"t4(5,) =0 for pPNgP =02.

Hence the C*-algebra C*(r, t) generated by 7 (A) and t,(X ) admits a Wick ordering in the sense that

C*(m,t) =span{t,(§,)t,(5)* | Ep € Xp, &, € X4 and p, g € P).
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In particular if N7 (X) = C*(7, f) then the spectral spaces that only matter are of the form

NT(X)pq*I = m{fp(é}p)fq(gq)* | gp € Xp» Sq € Xq}a

that is, only for g € G of the form g = pg~' for some p, g € P.
The following proposition gives a direct criterion to check compact alignment.

Proposition 4.7. Let (G, P) be a weak right LCM inclusion and let X = {X ,},cp be a product system
over X, = A. Let (m, t) be an injective representation of X. Then X is compactly aligned, if and only if
forall p,q € P we have that

tp(Xp)ty(Xg) S tp14(X p1y)ty—1y(Xg-1)*] for wP =pPNgqP,
if and only if for all p, q € P we have that
tp(Xp)tp(Xp) 14 (X gty (Xg)™ S [t (Xt (Xw)*] = Yy (KXy)  for wp=pPNgqP,

with the understanding that the left-hand sides are the zero space when p and q have no right common
multiple.

Proof. The first equivalence follows in the same way as [Katsoulis 2020, Proposition 3.2] and it is omitted.
By using that X, X7 X, is dense in X, for every p € P, we get the second equivalence. g

Let us now pass to the analysis of the cores of a Nica-covariant representation (7, t) of X. For a finite
F C P that is V-closed we write

Br :=span{y,(k,) | k, € KX, p € F}.

Since F is V-closed, Nica-covariance implies that By is a *-subalgebra of C*(x, ). In [Dor-On et al.
2022, Proposition 2.10] we show that every Bp is actually a C*-subalgebra. Moreover for such an F we
write

Br.p .= SpTl{@//q(kq) | kq S ICXq, qgekF- P}.

Likewise this is also a (closed) x-subalgebra. Finally we write
Bp\{e} = m{wp(kp) | kp S }CXp, e#xpeP} and Bp:=nmn(A)+ Bp\{e}.

We see that Bp\ (¢} is an ideal in Bp and thus the sum 7 (A) + Bp\ () is indeed closed. We refer to these
sets as the cores of the representation (7, ¢). In [Dor-On et al. 2022, Proposition 2.11] we showed that
we can exhaust the cores by using finite \V-closed sets, in the sense that

Bp = U{BF | F C P finite and Vv-closed}.

We denote by B the cores of T;(X) = C*(, 7). Recall that 7, (X) admits the faithful conditional
expectation

Ep:Ti(X) = Bp, 1p(Ep)ig(5))" =8, 41(Ep)ig(5y)

given by the sum of compressions to the (r, r)-entries in L(F X) (see Proposition 3.8).
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The Toeplitz—Nica—Pimsner algebra is modeled after the Fock algebra in this context. A compactly
aligned product system X over P with coefficients in A is called amenable if the Fock representation is
faithful on N'7(X). Let us give some equivalent conditions for this to happen.

Theorem 4.8. Let (G, P) be a weak right LCM inclusion and X be a compactly aligned product system
over P with coefficients in A. The following are equivalent:

(1) The coaction of G on NT(X) is normal.
(ii) The conditional expectation on N'T (X) is faithful.
(iii) The Fock representation is faithful on N'T (X).

(iv) The representation
NT(X) = C*(, ) @ C(P), 1p(&y) > 1(§,)QV,
is faithful for any injective Nica-covariant pair (7, t).
Proof. By the universal property there exists a canonical x-representation
NT(X) - NT(X)®C;(G)
that intertwines the conditional expectations. Thus items (i) and (ii) are equivalent. For the same reason

items (ii) and (iii) are equivalent.
Assuming item (iii) we have to show that the representation

NT(X)— C*(m,t) @ C;(P)

is faithful on the fixed point algebra. It suffices to show injectivity on the F-boxes for arbitrary V-closed
F C P. To this end suppose that

Y Yk =0

peF
for some k, € KX, and let po be minimal so that k,, # 0. Injectivity of 7 then implies that ¥, (k,,) # 0
as well. However, if O, : 0?(P) — Ce po 18 the canonical projection, minimality of p yields

Vpo(kpy) =1 ® Qp, (Z wp<kp))1 ® 0y, =0,
peF
which is a contradiction. This shows that item (iii) implies item (iv).
Since the *x-representation
NT(X)— C*(m,t) @ C; (P)

intertwines the conditional expectations, we finally have that item (iv) implies item (i). Il

On the other hand strongly covariant representations are Nica-covariant (which is expected as Nica-
covariance is an e-graded relation in [7,(X)].). It is proven by Sehnem [2019, Proposition 4.2] for
quasilattices, but the same proof passes to right LCM semigroups as well [Dor-On et al. 2022, Proposi-
tion 5.4]. Hence A x x P is a quotient of N7 (X).
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Proposition 4.9 [Dor-On et al. 2022, Proposition 5.4; Sehnem 2019, Proposition 4.2]. Let X be a
compactly aligned product system over a right LCM semigroup P with coefficients in A. Let
Y KX, — LX})

be the induced representations from (7p, tr ;). A representation (m, t) of X is strongly covariant if and
only if it is Nica-covariant and it satisfies

Y Urpkplx, =0 = Y k) =0
PEF peF

for any finite F C P and k, € KX .

Carlsen, Larsen, Sims and Vittadello [Carlsen et al. 2011] explored the idea of finding the couniversal
C*-algebra with respect to injective equivariant Nica-covariant representations of X. By using the
C*-envelope machinery we can prove that this object always exists, thus completing the couniversal
aspect of their program in the more general context of right weak LCM inclusions.

Definition 4.10. Let (G, P) be a weak right LCM inclusion and X be a compactly aligned product system
over P with coefficients in A. We say that a representation (7, t) of X is couniversal for N'T (X) if

(1) g is faithful,
(ii) C*(m,t) is an equivariant quotient of N'7(X),
(iii) (7, t) factors through any other equivariant quotient of A”7(X) that is injective on A.

Of course the C*-algebras of couniversal representations are automatically x-isomorphic by an equi-
variant homomorphism. In [Dor-On et al. 2022] we proved that the equivariant representation

NT(X) = Co(TL(X)T, G, 86)

env

that is given by the diagram

NT(X) » Cony (T (X)T, G, 56)
Ti(X)
is couniversal. Let us review the main arguments and see what more we can obtain.

Proposition 4.11 [Dor-On et al. 2022, Proposition 4.4]. Let (G, P) be a weak right LCM inclusion
and X be a compactly aligned product system over P with coefficients in A. Let ® : T,(X) — B be a
x-representation such that ®|za) is faithful. Then there exists a faithful x-homomorphism

ﬂ(X)_>B®C;:(P)7 fp(sp)'_)q)t_p(sp)®vp-

As a consequence the injective equivariant representations on product systems generate C*-covers for
the cosystem (7,.(X)T, G, §¢).
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Proposition 4.12 [Dor-On et al. 2022, Proposition 4.5]. Let (G, P) be a weak right LCM inclusion and X
be a compactly aligned product system over P with coefficients in A. Let ® : T, (X) — B be an equivariant
x-epimorphism such that ® |z a) is faithful. Then B is a C*-cover for the cosystem (T (X)*, G, 8¢).

Another consequence of Proposition 4.11 provides a generalization of the extension theorem of
[Katsoulis and Ramsey 2019]. It essentially allows us to recognize a Fock tensor algebra by the presence
of a coaction.

Theorem 4.13 (extension theorem). Let (G, P) be a weak right LCM inclusion and X be a compactly
aligned product system over P with coefficients in A. Let ® : T, (X) — B be a representation of X and set

A= alg{®7(A), d1,(X,) | p € P}.
Then the following are equivalent:

(1) @l (x)+ is completely isometric.

(i1) There exists a completely contractive map

A—> BQC*(G), Pty(§y) > P1,(5p) Qup.
(ii1) There exists a completely contractive map

A— BQC;(G), Dty(§y) > P1,(Ep) @ Ap.
(iv) There exists a completely contractive map

A— BQC(P), Pty(§y) > P1,(5,) Q V).

Proof. Below we have a diagram of completely contractive representations induced by Propositions 4.11
and 4.12, which are completely positive maps fixing the nonselfadjoint part. If any of the items holds
then it makes the representation of 7, (X)™ to A completely isometric and the proof is complete.

T.(X)+
alg{®7,(5,) @ up | &y eXp,peP}\’A
alg{®7,(E,) @A, | &) € X, p € P)

alg{®7,(€,) ®V, | £, € X, p € P}

~

T.(X)* O
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We now come to the last part of [Dor-On et al. 2022] that connects reduced C*-algebras with the
C*-envelope. By Corollary 3.13 and Proposition 4.12 we get a canonical *-epimorphism

o (T(X)T, G, 86).

env

Gsc(Th (X)) > Axx P=C

We remind the reader of the notation used here and in [Dor-On et al. 2022] as explained in Remark 3.12.
The same remark asserts that the C*-envelope of the cosystem is independent of the group embedding in
this setting.

Theorem 4.14 [Dor-On et al. 2022, Theorem 4.9, Theorem 5.3 and Corollary 5.6]. Let (G, P) be a weak
right LCM inclusion and X be a compactly aligned product system over P with coefficients in A. Then
the equivariant x-epimorphism

NT(X) = C* (T, (X)F, G, 8¢)

env

is couniversal. Moreover we have an equivariant *-isomorphism
* + Q ~
Can(T(X)7, G, 86) =~ Axx, P.
The equivariant x-epimorphism

qse(Ti(X)) = A xx; P~ Ch (Ti(X)T, G, 8¢)

env

is faithful if and only if the coaction of G on qs. (T, (X)) is normal.

5. Controlled maps

Let ¢ : (G, P) — (G, P) be a semigroup preserving homomorphism between weak right LCM inclusions
and let X be a compactly aligned product system over P with coefficients in A. By Proposition 2.9 the
Toeplitz algebra admits a G-grading that contains the G-grading, and the same is true for the fixed point
algebras. Of course this may be useless; for example the ¢-fixed point algebra for the map ¥ : G — {e}
is the entire C*-algebra. Nevertheless more can be obtained for weak right LCM inclusions as long as we
impose axioms that control the map. The following extends the controlled maps on quasilattice ordered
groups from [Laca and Raeburn 1996], see also [Fowler 2002] and [Crisp and Laca 2007], to the context
of weak right LCM inclusions.

Definition 5.1. A controlled map ¥ : (G, P) — (G, P) between weak right LCM inclusions is a semigroup
preserving homomorphism such that:

(A1) If pPNgP # 9, then 9 (p)P N (qg)P =0 (pP NgP)P.
(A2) If pPNgP # @ and ¥ (p) =V (q), then p =gq.

It is worth pointing out that in the case where P = G then there is only one right ideal (generated by
the identity). Therefore a controlled map in this case is simply an injective group homomorphism due
to (A2).
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Remark 5.2. It is clear that having ¢ (p)P N9 (¢q)P = ¥ (w)P whenever pP NgP = wP is equivalent
to (A1). Moreover, because of (A2) we have that 9! (eg) N P = {eg}. Indeed as ¥ is a group homomor-
phism we have that ¥ (eg) = eg. Now if ¢ (p) = eg for some p € P, then since pP NegP = pP # & we
get by (A1) that p = ei. This extra generality is crucial when we wish to consider the generalized length
function given by abelianization on the free monoid F;" [Laca and Raeburn 1996], and, more generally,
the Artin monoids of rectangular type [Crisp and Laca 2002].

Remark 5.3. Similar types of maps appear in [Crisp 1999] and [Brownlowe et al. 2018, Section 3].
However the maps therein satisfy the stronger requirement that 9 (p)P N9 (q)P =3 (pP NgP)P for
all p, g € P. This means that p, g € P have a right LCM if and only if 9 (p), ¥ (¢) € P also do. In our
Definition 5.1, the condition (A1) allows the possibility that ¢ (p), ¥ (q) have a right LCM in P even
when pPNgP = @.

We will investigate the impact of the existence of a controlled map on Nica-covariant representations.
Henceforth fix a controlled map ¢ : (G, P) — (G, P) between two weak right LCM inclusions. Suppose
that (7, ) is a Nica-covariant representation of a compactly aligned product system X over P with
coefficients in A. If p,q € P with 9(p) = ¥ (g) then by (A2) either p = g or pP NgP = J; thus
Nica-covariance yields the orthogonality

tp(€p)tq(5q) = 8p g ({61, &q))-
Hence the C*-algebra
By-1ny = Span{yrp 4 (kp.g)  kpg € K(Xy, Xp), D(p) =h=1(q)}
is a matrix C*-algebra. For a v-closed F C P we define
By-1(5) = Span{By-1¢;, | h € F}.

By conditions (A1) and (A2) of Definition 5.1 we get that 9~ (F) is also \V-closed (and thus the above
space is a C*-algebra). Therefore every By-1(r) is the inductive limit of the matrix C*-subalgebras

span{vr, 4 (kp o) 1 kp g € K(Xy, X)), pog € F, ¥(p) =0(q)} for finite V-closed F C ﬂ_l(}').
Taking the closure of the union we obtain the ¥-fixed point algebra

Bﬂ“(’P) = SPWl{Wp,q (kp,q) | kp,q € ]C(Xq, Xp)v v (p) =1(q)}.
It follows that
Bp = Span(y,(KX,) | p € P} By 1(p.

It is clear that the faithful conditional expectation Epon C*(7, 1) = T,(X) described in Proposition 3.8
is onto Eﬁ*l('P). We already commented on the effect of semigroup preserving homomorphisms of the
form 9 : (G, P) — (G, P) on T(X) and 7, (X). We give some basic facts about the effect of controlled
maps on 7, (X).
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Proposition 5.4. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Let ® : T,(X) — B be a
x-representation such that ® |z a) is faithful. Then there exists a faithful x-homomorphism

T.(X) = BRC;(P), 1,(&,) > Pty(Ep) ® Vi(p).

Proof. The proof follows the same lines as Proposition 4.11 with the observation that B g-1ny forh € G is
a matrix algebra. U

As an immediate consequence we have the following corollary which extends Theorem 4.13 to the
controlled setting.

Corollary 5.5. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Let ® : T)(X) — B be a
x-representation and set

A= alg{®7(A), ®1,(X,) | p € P}.
Then the following are equivalent:
(i) @|7 (x)+ is completely isometric.
(i1) There exists a completely contractive map
A— BQC*(G), @1,(&,) > O1,(5,) Quy(p).

(iii) There exists a completely contractive map

A_>B®C;:(g)a q)t_p(gp)'_) q)fp(fp)(@)\ﬁ(p)-

(iv) There exists a completely contractive map
A— B®CI(’P), CI>t'p(§p)|—><I>t'p(§p)®Vﬂ(p).
Proof. The proof follows as in Theorem 4.13, modulo Proposition 3.7 and Proposition 5.4. O

Controlled elimination. We will require the following lemma for solving polynomial equations in the
¥-fixed point algebra.

Lemma 5.6. Let ¥ : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Let (7, t) be an injective
Nica-covariant representation of X.

() Let p, q be distinct in 9~ (h). Forr,s € 9~'(h) with (r, s) # (p, q), we get
ty(X ) Vs (krs)tg(Xy) = (0)  forall kys € K(Xs, Xr).
(ii) Let F C P be V-closed and F 9~ (F) be finite and V-closed. Let (r,s) € F x F with ¥ (r) =9 (s)
and ks € K(Xs, X,) such that
Z Wr,s(kr,s) = 0»

r,seF
D (r)=0(s)
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and suppose that h # eg is minimal in F so that k, , # 0 for distinct p, q € O ~L(h). Then there exists a
V-closed F' C P and a finite V-closed F' € 9 ~\(F') with eg ¢ F' and |F'| < |F| — 1 such that

tp(Xp) Yp.q(kpo)tg(Xy) S Bp.

Proof. (1) First we note that condition (A2) of Definition 5.1 yields pP Ng P = @. By Nica-covariance
we have that 7, (X ,)* ¥, s (k. )1, (X4) = (0), unless

Jw,z,ve P such that pPNrP=wP, gPNsP =zP and rlwPNsTizP =0P. (5-1)
If (r,s) # (p, q) and U (r) = h = ¥ (s), then condition (A2) of Definition 5.1 implies that pP NrP = @
or g PNsP = &, in which case
tp(Xp)*wr,s(kr,s)tq(Xq) = (O)

(i) Minimality of 4 in F forces minimality of p, ¢ in F. If (5-1) holds, then Nica-covariance yields

tp(Ep) Wrs (ki )tq(6g) € Y11y g-150 K(X 1505 X p-1,0)),
otherwise the product is zero. If r = s and v exists then there are p’, ¢, x, x’, y, ¥’ € P such that
pp =rx, qq'=ry and xx' =yy'
But then
pp'x =rxx'=ryy' =qq'y,
giving the contradiction that p P Ng P # &. Hence in this case the product is zero. We will show that the

lrv) = eg = (g~ 'sv) for r # s unless (r, s) = (p, q). If 9 (p~!
then condition (A2) of Definition 5.1 yields p € r P. Likewise g € s P. Minimality of p, g in F forces

product is zero also when 9 (p~ rv) =eg

either (p, g) = (r, s) or k. = 0. Set
F={h'glgeF.g>h} and F :={u'v|u,veF, dwu)=hu>v)Co (F).
We see that F' is V-closed with |F'| < |F| —1 and so F”’ is V-closed with

|F'| <IF\{p.q}| = |F|-2.

1 1

Moreover we see that p~'rv, g~ sv € F’ whenever v exists. Hence for every &, € X, and &, € X, there

are suitable &, , with nontrivial 7/, s" € F’ so that

0= Z tp(ép)*whs(kr,s)tq (g:q) = tp(gp)*wp,q (kp,q)tq (gq) + Z wr/,s’(k;’,s/)a O
s r',s’

In the next proposition we show that we can eliminate elements of the form ¥, (k, s) for r # s with
¥ (r) = v (s), from a polynomial equation in the -fixed point algebra. Such arguments for the left-regular
representation appear in [Dinh 1991, Proposition 2.10] and [Laca and Raeburn 1996, Lemma 4.1] for
semigroups over quasilattices, i.e., when X, = C for every p € P and (G, P) is a quasilattice. Here we
need to move in three directions: (a) beyond one-dimensional fibers, (b) beyond quasilattices, and (c)
beyond just the left-regular representation. A step towards this direction is done in [Kakariadis 2020] for
quasilattices that are controlled by (Z", 7', ), and here we expand further on this approach.
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Proposition 5.7. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Let (7, t) and (7', t") be
injective Nica-covariant representations such that there exists a canonical x-epimorphism

Q:C*(', 1) = C*(m, 1), with  ®(n'(a)) =7 (a), P(1,(&p)) =1,(5p).

Proof. As By, C B;*I(P)
the C*-subalgebras of the form

we need to show just one direction. To this end suppose that ® is injective on

B}, = Span(y/,(KX,) | p € F)
for every finite V-closed F € P. We will show that & is injective on every
Bl 1ry = SR, (k) | 9(r) = D () € F)
for all v-closed F € P. Our strategy is to show the implication

Z W) (kr.y) € ker @ = ks =0 whenever r #s

r,seF
Y (r)=v(s)eF

for every finite \VV-closed F € ©~!(F). Then injectivity of ® in the smaller cores yields

Yok = Y Yrslke) =0 = ) ¥l(k)=0.

refF r,seF refF
D (r)=v(s)eF

S V) =YYk =0

r,seF refF
Y (r)=v(s)eF

and so

Since F is arbitrary this proves injectivity of ® on Bj-1 5. We proceed by induction on the size of 7.
Case 1. Assume that 7 = {h} and let F be a finite \V-closed subset of ©# ~! (F). Suppose that
Z wr,s (kr,s) =0,

r,seF
Y (r)=0(s)=h

and fix p, g € 9~ '(h). Then condition (A2) of Definition 5.1 implies that

iﬁp(/CXp)lﬁp,q(kp,q)iﬁq(/CXq)pr(/CXp)( Z wr,s(kr,s))lﬁq(/CXq)Z(O)-

r,seF
Y (r)=0v(s)=h

Using an approximate identity on both sides gives that ¥, ,(k, ;) = 0, and the injectivity of v implies
that k, , =0. As (p, q) was arbitrary we have that k, ; =0 for all r, s € 9~ (h) and so

> k) =0.

r,seF
9 (r)=v(s)=h

Hence @ is injective on Bj-1 5 whenever |F| = 1.
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Case 2. Assume that F = {eg, h} and let F be a finite \V-closed subset of © ~! (F). Suppose that

E Wr,s(kr,s) =0.
r,seF
9 ()= (s)

By condition (A1) of Definition 5.1 we have that if p # g with ¥ (p) = 9 (q) € F then p, g € 9~ (h).
As before and by using item (i) of Lemma 5.6 on p, g we get that

Wp(’CXp)Wp,q (kp,q)Wq (’CXq) = 1ﬁp(’CXp)< E Wr,s(kr,s)> Wq (KXq) = (0)
r,seF
D (r)=0v(s)

Using an approximate identity eventually gives that k, , = 0 whenever p # q. Hence k, ; = 0 whenever
r # s in F and injectivity of ® on B/, gives that

> Y key) =0.

r,seF
9 (r)=09(s)

Hence @ is injective on B:?—l( ) Whenever F = {e, h}.

Case 3. Assume that 7 = {h, h»} and let F' be a finite V-closed subset of ON(F). Suppose that

> W/ (ky.s) € ker ®.

r,seF
B (r)=v(s)efh1,ha}

Without loss of generality assume that it is written with the understanding that for every v, (k. s) we
have that either v/ (k. ;) = 0 or that

‘l’;,s(kr,s) ¢ Bz/yfl(ﬂ(r)p)-

Choose h € F to be minimal such that w[/J,q(kP,q) £ 0 for distinct p, g € 9~ '(h). Hence kp.q # 0 and so
0# ‘/’;,q(kp,q) ¢ Bzirl(hP)'
By using Lemma 5.6 item (ii) we have that
tp(Xp)*l//p,q(kp’q)tq(Xq) g Bﬂ—l(]:/) fOI‘ |]:/| E ],
with eg ¢ F'. By using injectivity of Case 2 we then derive that
YL KX )W) o Cp )Ws (KX ) C Bl -

By using approximate identities on both sides we get the contradiction

W;,q(kp,q) € B:?—‘(hP)‘

Hence @ is injective on Bj-1 5 whenever |F| < 2.
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Case 4. Let F C P be v-closed with |F| =n+1 and assume that & is injective on Bj-1 7 forall 'CP
with |F'| < n. We will show that ® is injective on Bj-1 . To this end let F be a finite V-closed subset
of ®~!(F) and suppose that

> (k) €ker @,

r,seF
Y (r)=0v(s)eF

with the understanding that for every v, (k. ;) we have that either v, (k) = 0 or that

11”;{,3(161‘,5) ¢ Bl;_l(l?(r)'P)'
Choose h € F to be minimal such that ‘ﬁ;,q(kp,q) £ 0 for distinct p, g € 9~'(h). Hence kp.q # 0 and so

07 ‘/f;y,q(kp,q) # Béfl(hp)'
By using Lemma 5.6 item (ii) we then have that
tp(Xp) Vp.g(kp )ty (Xg) C Byry for |F| < |FI—1=n,
Using the induction hypothesis we then derive that
W (KX )W, Uep )V, (KX g) S Byor oy S Bl -

By using approximate identities on both sides we have the contradiction

Uy akpg) € Bz/S‘*l(hP)‘
This concludes the proof of the proposition. O
Combining with [Sehnem 2019, Theorem 3.10] we get the following corollary.

Corollary 5.8. Let ¥ : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Then the following are
equivalent for a strongly covariant representation (1, t) of A Xx P:

(1) The *-representation 1 is faithful on A.

(i1) The induced *-representation is faithful on the fixed point algebra Bp of A xx P.
(i) The induced *-representation is faithful on the ¥ -fixed point algebra By-1(py of A xx P.
In particular this holds for the x-representations of qs.(T, (X)) and A xx . P.

A second application of the controlled elimination allows us to pass in between the C*-envelopes
induced by G and G.

Proposition 5.9. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions, and
let X be a compactly aligned product system over P with coefficients in A. Let 8g be the induced coaction
of Gon T, (X) and T, (X)™. Then C* (T,(X)", G, 8G) inherits a normal coaction of G and there exists a

env
G-equivariant x-isomorphism

Coy(T(X), G, 86) =~ CL (TL(X)", G, 8g)
that fixes T, (X)™.
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Proof. By Theorem 2.7 and Propositions 2.9 and 3.7, we get that C* (T,(X)*, G, 8¢) admits a normal

env
coaction of G and therefore there exists a G-equivariant *-epimorphism

d:.C*

env

(T.(X)*, G, 86) — C: (TL(X)T, G, 8g)

env

that fixes 7, (X)™. By construction ® is G-equivariant, and so it intertwines the faithful conditional
expectations induced by G. On the other hand, by Theorem 2.7 the map ® is faithful on the G-fixed point
algebra of CZ,, (T,.(X Yyt G, 8¢). By Proposition 5.7 the map @ is faithful on the G-fixed point algebra of

C: (Ti(X), G, 8g). Consequently @ is injective. O

6. Applications

Couniversality of Sehnem’s covariance algebra. We will consider weak right LCM inclusions that are
controlled by exact groups. In this case we get normality of the coaction of G on g4 (7,(X)), and thus
the latter coincides with A x x 5 P and, by [Dor-On et al. 2022, Theorem 5.3], with C% (T.(X)", G, 56).

env
* (LX), G, 56) by the strong covariance relations in

This provides another algebraic description of CZ,

the Fock space representation.

Theorem 6.1. Let ¥ : (G, P) — (G, P) be a controlled map between weak right LCM inclusions and
let X be a compactly aligned product system over P with coefficients in A. Consider the canonical
k-epimorphisms

Gse(Tr(X)) = A xx, P~ Cl (Ti(X) ", G, 86) = Chy(TL(X)).

env env

If G is exact then the left map is faithful. If in addition G is abelian then the right map is also faithful.

Proof. First we show that the ideal of the strong covariance relations is G-induced. Let Z, be the image
of the strong covariance relations in 7, (X) so that 7, (X)/Z, = gs.(T»(X)). Let us denote by B the
cores of the Fock representation (77, 7) and let gz, : T, (X) — ¢sc(7,.(X)) be the canonical *-epimorphism.
Proposition 5.7 implies that

I)ngﬂ—l(p): U kerqIAﬂEﬂ-1(]:)= U kerqumEF :I)LHEP.
finite V-closed finite V-closed
FCP FCP
Therefore we get that
I = (LN Bp) = (T N By-1(p)),
showing that 7, is indeed G-induced.
Consequently, by exactness of G we derive that the normal coaction of G on 7, (X) descends to a normal

coaction on the quotient gy (75 (X)). Thus by Proposition 4.12 we have that g5 (7;.(X)) is a C*-cover for
(T.(X)+, G, Sg). Therefore there exists a G-equivariant *-epimorphism

P : gso(Th (X)) = CL(T(X) ", G, 5¢)

that fixes 7, (X)*. The *-epimorphism ® intertwines the coactions (and thus the faithful conditional
expectations implemented by normality and exactness of G), and it is faithful on the G-fixed point algebra
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[gsc(T5.(X))]. by Corollary 3.13. Hence we derive that @ is faithful by Corollary 5.8. By Proposition 5.9
we conclude that
Gse(Th(X)) = C (T (X)), G, 86g) ~ CE (T (X) T, G. §¢).

Now if in addition G is abelian then C¥* (7, (X)™) inherits the coaction of G by the dual gauge action G.

env
Due to couniversality we thus derive

Con(T(X)™, G, 86) 2 Cy(Ti(X)T, G, 8g) = C4 (T (O ™). O
Combining with Proposition 2.9 and Proposition 4.12 we get the following corollary.

Corollary 6.2. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions such
that G is exact, and let X be a compactly aligned product system over P with coefficients in A. Then
qsc(Th (X)) is couniversal with respect to both G-equivariant and G-equivariant quotients of T, (X) that
are faithful on A.

Remark 6.3. As an immediate consequence of Theorem 6.1 we get that the coaction of G on gy (7, (X))
is normal. Therefore one can use the results of [Dor-On et al. 2022] to derive that the reduced Hao-Ng
problem for discrete group actions on A X x ; P has a positive answer when (G, P) is controlled by (G, P)
with G exact. A similar method applies whenever the C*-envelope functor is stable under crossed products,
e.g., for dynamics over abelian locally compact groups or when the tensor algebra is hyperrigid [Katsoulis
2020; Katsoulis and Ramsey 2019], and we leave this to the interested reader.

Next we consider amenably controlled weak right LCM inclusions, i.e., the range of the controlled
map is inside an amenable group. In this case the reduced C*-algebras become universal with respect to
classes of representations. First we consider N7 (X). (A variant of) the following has been obtained by
Fowler [2002] for nondegenerate product systems over quasilattices. Here we extend it to the weak right
LCM inclusions framework with a different approach that does not require nondegeneracy of X.

Theorem 6.4. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions with G
amenable and let X be a compactly aligned product system over P with coefficients in A. Then the Fock
representation is faithful on N'T (X).

Conversely, suppose that (1, t) is an injective G-equivariant Nica-covariant representation of X and
for every V-closed F C P we have linear independence in the ¥-cores in the sense that

By-1(r) = Z@ By-11y-
heF

Then (7, t) integrates to a faithful representation of N'T (X).

In particular, a Nica-covariant pair (7, t) defines a faithful representation of N'T (X) if and only if the
associated representation is G-equivariant and satisfies the condition

Zlﬂp(kp)=0 < k,=0  forall p€eF,
peF

for every V-closed F C P and every finite V-closed F € 9~ (F).



COUNIVERSALITY AND CONTROLLED MAPS ON PRODUCT SYSTEMS OVER RIGHT LCM SEMIGROUPS 1465

Proof. Let (7, t) be a faithful representation of A”7 (X) and consider the canonical *-epimorphism
O :NT(X)=C*#,1) = T (X) =C*@, 1).

Let Eg be the faithful conditional expectation induced by Proposition 3.8 on 7; (X). Let Eg be the faithful
conditional expectation on N7 (X) induced by the amenable G. Since QDEQ = Eg®, it suffices to show
injectivity of @ on B for every V-closed F C P. To this end fix a finite V-closed F € 9~ !(F) and
suppose that

f = Z{lzrl,rz(krl,rz) | krl,rz € ’C(Xrg’ Xrl), rl’ r2 S F’ 19(7'1) = 79(’”2)} € kerq)'

Let 4 be minimal in F such that k,, ,, # 0 with ©#(g1) =¥ (g2) = h. Using condition (A2) of Definition 5.1
and the Fock space representation we have that

kl]lﬂz = Qq1 QD(f)qu =0

for the projections Q,, : FX — X, which gives the required contradiction. Thus the Fock representation

is injective and also we have linear independence of the cores. The converse follows with a similar proof.
For the last part it is clear that the condition with F = {eg} and F = {eg} implies that 7 is injective.

Moreover the condition shows that the canonical *-epimorphism @ is injective on the C*-subalgebras

Br = span{y (k) | r € F}

for every finite V-closed F € P, and so & is injective on Bp. Thus by Proposition 5.7 the map ® is
injective on éﬁ—l(fp) and hence on N7 (X). O

Next we consider the universal covariance algebra A x x P.

Theorem 6.5. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions with G
amenable and let X be a compactly aligned product system over P with coefficients in A. Then a strongly

Proof. By Theorem 6.4 we have that A x x P coincides with gy (7,(X)) and A x x ; P. Thus the result
follows from Corollary 6.2. O

Remark 6.6. When (G, P) is amenably controlled then we have a wider selection for a coaction that
implements the extension theorem. The diagram in the proof of Corollary 6.7 on page 1466 depicts those.
We denote restrictions of *-homomorphisms by solid arrows, and we have used Proposition 4.11 for the
upper and lower completely isometric maps. Recall that if G is amenable then C*(G) ~ C;(G) is nuclear,
and by [Li 2013] C} (P) is also nuclear.

Corollary 6.7. Let ¥ : (G, P) — (G, P) be a controlled map between weak right LCM inclusions with G
amenable. Suppose that A, X , € B(H) for p € P define a compactly aligned product system X ={X ,} ,cp
and set

A:=alg{A, X, | p e P}.

Then the following are equivalent:
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(i) There is a completely isometric isomorphism
A= T(X)", &> 1(E)).
(i1) There is a completely contractive map
A= T(X)TQCHG), & —>i(5)Qup.
(iii) There is a completely contractive map
A= T(X)TQCHG), &)>1(5) Q0.
(iv) There is a completely contractive map
A= T(X)TQCi(P), & —>1()QV,.
(v) There is a completely contractive map
A= T.X)T@CHG), &> 1(5p) Quy(p)-
(vi) There is a completely contractive map
A= T(X)TQCH(P), &> 1(§) ® V).

Proof. The proof follows by the system of completely positive maps fixing the nonselfadjoint part
below, where the solid arrows denote the maps that arise from restrictions of x-homomorphisms from the
appropriate C*-algebras to the required subalgebras.

NTX)*

~

= NT(X)RC*(G)
alg{tp(ép) Qup | 'i:p € Xp» p € P}

C*(m,H)®C*(G)
alg(t,(E,) Qu, [E,€X,, pe P}

C*(mr,H®C5(G)

C*(m.1)®C*(G)

alg{tp(ép) ®Ap | é:p € va p € P} alg{tp(fp) ® Ay (p) |Ep € va p € P}

~ ~

C*(,t)QC; (P)
alg(t,E,)®V, |§,€X,, pe P} T alg(t,(€,) ® Vo(p) 1 &5 € X, p € P)

|

NTX)*t O

C*(71,H)®C} (P)
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Exactness and nuclearity. We will require some results about nuclearity which we record here for
convenience.

Lemma 6.8 [Katsura 2004, Proposition B.8]. Let (7, t) be a representation of a C*-correspondence X
over A such that m(A) C B and t(X) C Y for a second C*-correspondence Y over B. If m : A — B is
nuclear then the induced map  : KX — KY is nuclear.

Lemma 6.9 [Kakariadis 2020, Proposition 3.1]. Let A, A’ be C*-algebras and consider the ideals I <1 A
and I' < A’. Suppose we have the commutative diagram of short exact sequences

0 I A A/l 0
ool s
0 I A A/l ——0

where ¢ : A — A’ is an injective *-homomorphism that satisfies ¢(I) C I', ¢ : A/l — A'/I is the
induced map and ¢y = @|;. If ¢ : A — A’ is nuclear, then @y and ¢ are both nuclear.

Lemma 6.10 [Kakariadis 2020, Proposition 3.3]. Let A, A’ be C*-algebras and consider the ideals I <t A
and I' Q A’. Suppose we have the commutative diagram of short exact sequences

0 I A A/l 0
T
0 I A A/l ——0

where ¢ : A — A’ is an injective x-homomorphism that satisfies ¢(I) C I', ¢ : A/l — A'/I is the
induced map and ¢y = @|;. Suppose further that there exists a contractive approximate identity (e;) of I’
such that p(a)e; € po(1) forall a € A. If ¢o and ¢ are nuclear, then so is ¢.

First we provide a nuclearity and exactness result for 7, (X).

Theorem 6.11. Let (G, P) be a weak right LCM inclusion and X be a compactly aligned product system
over P with coefficients in A. Let E p : T,(X) — Bp be the faithful conditional expectation that arises by
compressing to the diagonal. Then the following are equivalent:

(1) A is nuclear (resp. exact) and E p Qmax idp is a faithful conditional expectation on T, (X) ®max D
for all C*-algebras D.

(i1) Tr(X) is nuclear (resp. exact).

Proof. We will show nuclearity; exactness follows in the same way. Notice that for any C*-algebra D we
have the commutative diagram

C*(J_'[, E) ®max D—— C*(7_T, lT) ® D
lEP®maxid J/EP®1d
EP@maxD—>EP®D

and we recall that E p ® id is faithful on C*(7, 1) ® D.
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Suppose first that C*(77, 1) is nuclear. Then trivially E p ®paxid is faithful on C* (7, ) ®max D. Since A
is the corner of C*(7, 1) at the (e, e)-place we have that A is nuclear, as the compression of a nuclear
C*-algebra.

For the converse, the diagram above implies that it suffices to show that B p is nuclear. Equivalently it
suffices to show that B is nuclear for every finite V-closed F C P. Tothisend let F ={py, ..., p,}. We
choose the enumeration so that it covers the partial order in F in the sense that if p,, > p, then m < m’.
We will use induction on 7.

For the first step we have that ‘ﬁpl (KX p,) is nuclear as A is nuclear by [Katsura 2004, Proposition B.7].
For the inductive step suppose that B F, 1s nuclear for i = {p;, ..., px} (which is V-closed by the choice
of the enumeration). We will show that so is Epk+1 for Frv1 ={p1,..., Pk, Px+1}- The enumeration
shows that py1 is minimal in Fj4; and hence

EFk+l = EFk @ 1/_’Pk+1 (’CXPk+1)'

Indeed let k), € KX, such that
k+1

>V kp) =0.
i=1

Due to minimality of py| in Fi; we have that

k+1

kl’k+l = ka+1 (Z J’Pi (kpi)> QPk+l =0,

i=1

for the projection Q, ., : FX — X, ,. Minimality of py; also gives that Bp, is an ideal in B, and

we thus derive the following short exact sequence
0— EFk - EFk+l - lppkﬂ(lcxpkﬂ) — 0.

Since B, is nuclear by the inductive hypothesis and v, +1 (KX p,.,) 1s nuclear by the base case we have

Pr+
that B, is nuclear. Inducing on k gives that By = B, is nuclear. g

In the amenably controlled case, and by combining with Theorem 6.4, we can deduce nuclearity and
exactness of A7 (X) from nuclearity and exactness of A, and conversely. The exactness equivalence
passes to A x x P, however this fails for nuclearity even for P = Z due to a counterexample of Ozawa
in [Katsura 2004]. In [Kakariadis 2020] it is shown that A x x P is nuclear if and only if the embedding
A < A xx P is nuclear when (G, P) is a quasilattice controlled by (Z", 7', ) that satisfies a minimality
condition. In fact this holds for any quotient in between the Toeplitz—Nica—Pimsner and the covariance
algebra. Here we generalize to controlled maps by amenable weak right LCM inclusions. Recall that in
the amenably controlled case the reduced C*-algebras are universal.

Theorem 6.12. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions with G
amenable and let X be a compactly aligned product system over P with coefficients in A. Let (7, t) be an
equivariant injective Nica-covariant representation of X. Then A is exact if and only if C*(7, t) is exact.
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Proof. We are going to introduce new product systems from X. Therefore in order to make a distinction
we will write E )}E for the faithful conditional expectation on the Fock C*-algebra 7, (X) of X.

If C*(m, t) is exact then so is A, since exactness passes to C*-subalgebras. For the converse, by
Theorem 6.4 we have that X is amenable and thus C*(7, t) is a quotient of 7, (X). Hence it suffices to
show that 7; (X) is exact. In view of Theorem 6.11 it suffices to show that E § ®max 1dp 1s faithful on
T5.(X) ®max D for all C*-algebras D.

Towards this end let the product system ¥ = {Y,},cp be defined by

_—®max
Y, =1,(X,)©D C To(X) ®max D.

That Y is a product system follows as X is a product system. Since X is compactly aligned we have that

ax max

= = ®m _—®
Yo YiY Y C U (KX )W KX) 0D = Ju(KX) 0D =[¥, Y]]

for wP = pP Ngq P, with the understanding that ¥, Y ; Y, Yq* = (0) when p and ¢ have no common right
common multiple. Thus by Proposition 4.7 we get that Y is a compactly aligned product system over P
with coefficients in A.

Again by Theorem 6.4 we have that Y is amenable. Our goal is to show that the identity representation
on Y is faithful on N7 (Y) >~ 75 (Y), and thus we have that

NTY) = To(Y) = To(X) Qmax D-

We then derive that the faithful conditional expectation E 1;, on 7;(Y) coincides with E }}5 ®max 1dp and
the proof will be completed. We will invoke Theorem 6.4.

First we see that the identity representation is G-equivariant. Indeed we have that (7, 7) admits a
coaction 8g of G and thus we have an equivariant s-homomorphism

86 ®max idp : Ta(X) Omax D = (T.(X) ® C*(9)) ®pax D-
By amenability of G and associativity of the maximal tensor product we get that
(T.(X) ® C*(9)) ®max D = Tp.(X) ®max C*(G) @max D
> (To.(X) ®max D) ®max C*(G) = (T5.(X) @max D) ® C*(9),

and thus we deduce that Sg Qmax 1dp is a coaction of G on T, (X) ®max D. By construction Sg Rmax 1dp
satisfies the coaction identity with aligned fibers in the sense that

[7;»(X) ®max D]g = W‘gmax.

Secondly let F' € P be a V-closed finite set and let k;, € KY, such that ) peF id(k;) = 0. For every
state ¢ € S(D) we have the completely contractive map

id ®@max @ : [YpY 5] @max D = ¥, (KX,),  ¥p(ky) @d > (), (kp).

Therefore we derive

> (d @max $) (K),) = (id Rmuax $) ( > k;,> =0.

PEF peF
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Note here that this is a relation in 75 (X) with every (id ®max ¢) (k/p) ey »(KKX ). Thus if pg is a minimal
element in F such that (id ®max d))(k;,o) # 0, then we get

Py (id @max $) (K),)) Ppy = Pp, (id ®pax ¢) ( > k;,) Py, =0,
peF
where P, : FX — X, is the canonical projection. However the compression to X, is a faithful
x-representation on 1}1,0 (KX p,), and thus we get the contradiction that (id ®max ¢)(k;,0) = 0. Continuing
inductively we deduce that (id ®max qb)(k;,) =0 for all p € F (one by one for fixed ¢). As this holds for
all ¢ and the family {id ®max ¢}¢es(p) separates [Y,Y ;,“] ®max D we get that k; =0 for all p € F. Hence
the assumptions of Theorem 6.4 hold for ¥ and the proof is complete. g

Theorem 6.13. Let v : (G, P) — (G, P) be a controlled map between weak right LCM inclusions with G
amenable and let X be a compactly aligned product system over P with coefficients in A. Let (7, t) be an
equivariant injective Nica-covariant representation of X. Then A — C*(x, t) is nuclear if and only if
C*(m, t) is nuclear.

Proof. 1t is clear that if C*(s, t) is nuclear then A — C*(m, ) is nuclear. Let us prove the converse.
By Theorem 6.4 we have that 7, (X) >~ N7 (X) and so (i, t) promotes to a #-representation of 7, (X).
Due to amenability, C*(G) = C}(G) is nuclear (and so the minimal and the maximal tensor product
coincide). Let 8 : C* (i, t) — C* (7, 1) ® C;(G) be the coaction of G and let E = (id® Eg)$ be the faithful
conditional expectation induced on C* (7, t) by the faithful conditional expectation Eg of C;(G). Let D
be any C*-algebra. Associativity of ®max and nuclearity of C;(G) yields

D Qmax C* (11, 1) ®max C;.(G) = (D ®max C* (1, 1)) ® C;(9),
and s0 idp @max id ®max Eg = (idp ®max 1d) ® Eg is faithful on D ®max C* (71, 1) @max C;(G). Hence
idp ®max E := (idp @max id @max Eg)(idp @max 8)
is a faithful conditional expectation of D ®@max C* (7, ) on D ®max Bp. Therefore we have the commutative

diagram
C*(m,t) Qmax D — C*(mw, 1) ® D

l |

Bp @uax D ——— Bp® D

where the vertical arrows are faithful conditional expectations. Hence it suffices to show thatif w : A — Bp
is nuclear then the fixed point algebra Bp is nuclear. As the latter is an inductive limit, it suffices to
show that nuclearity of 7t in Bp induces nuclearity of the embedding By-1(py < By-1(p) for every finite
V-closed F € P. We will actually show nuclearity of the embedding

Bﬁ—l(]-') —> Bﬁ—](]:,fp) g Bﬂ—](’P)v
where we write
9~ (F-P)={pP|d(p) € F}.
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First we remark that Bx contains a contractive approximate identity for Br.p. Indeed let (e;) be a con-
tractive approximate identity for Br so that lim; e; v, (k,,) = ¥, (k) for every p € ®»~1(F). Consequently
lim; e;t,(§,) =1,(§,) for every p € 9~ 1(F) and thus

lim e;1 (§)1r (5,15 (8)" = 1p(€)1r (§,)1,(&,)" forall 1,5 € P.

Thus lim; ey, 4 (kp.g) = ¥p.q(kp.q) for every p, g € 071(F - P).
Now fix a finite V-closed F. By using maximal elements we can write F in levels, i.e.,
]:= {h1]7 "'7h1n|’h217 ---,h2n2, --'7hm17 ---»hmnm}’
such that every

Fii={hit, ... hin,},  with i €{1,...m},

consists of the maximal elements of F \ U;_:ll]-' ; and F consists of the maximal elements of F.
We now proceed by induction. For the base case let 4 € P and consider the space

Y= ) tp(Xp).
pedl(h)

By using condition (A2) of Definition 5.1 we can equip Y}, with the A-valued bilinear map defined by

(yh, yl/1> = y;lky;l € JT(A) for all Yh, y;l €Yy

Then each Y, becomes a C*-correspondence over A, since 7 is faithful. The embedding Y, < [Y; By-1(p)]
and nuclearity of 7(A) < By-i(py imply nuclearity of the embedding

Bﬁ—l(h) = [YhY}T] — [YhBlg—l(fp)Y;:] = Bﬁ—l(hp) forall h € P,

by [Katsura 2004, Proposition B.8]. Maximality of the &;; in F yields that the /;;P are minimal in
{hP | h € F} with respect to inclusions. As F is V-closed we have that ;P Nhy;P = & for j # j'.
Hence the C*-algebras By-1(n,;) are orthogonal and thus the embedding

ni ni
®
By, = E By-1(n,;) = E By-14n,,p) S Bo-17,p)
j=1 j=1

is nuclear. For the inductive hypothesis suppose we have shown that the embedding By-1(zy <> By-1(z.p)
is nuclear for

F/:{hllv"'vhlnla"'hi1’~~-ahij}

for some j € {1,...,n;}. If j <n; then set h := h;(j41); if j = n; then set h = h41y1. We will show
that the embedding
Bf)—l(]://) —> Bﬁ—l(]://,fp) for .FN = .F/ U {h}

iS nuclear. By Construction Bﬂ—l(]_‘/) iS an ideal in Bﬁ—l(]://) and Bﬂ—l(F//) = Bﬂ—l(h) + Bﬁ—l(]_‘/); thus

Bﬂ_l(}—”)/Bﬂ—l(]:/) =~ Bﬂ_l(h)/(Bﬁ—l(h) N Bﬁ—](]:/))-
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Likewise By-1(z.p) is an ideal of By-iz».p). From the base case we have nuclearity of the map

Bﬁ—l(h) —> Bﬁ—l(hp) - Bl}—l(]_-//_rp).
By applying Lemma 6.9 on the commutative diagram of short exact sequences

0—— Bﬁ_l(h)/Bl?—l(]:/) — Bﬂfl(h) E— Bﬂ_l(h)/(Bﬁ—l(h) N Bﬂ—](]:/)) —0

| | |

O —_— Bﬂ—] (F'-P) _— Bﬂ—l(]:u.rp) _— Bﬁfl(f//.'P)/Bﬁ,l(F/.,P) —_— 0
we get that the right vertical arrow is nuclear, i.e., the map
Bﬁfl(]:”)/Bﬂ—l(]:/) ~ Bﬂ’l(h)/(Bﬁ—l(h) N Bﬁ—l(]:/)) — Bﬂfl(]:”-'P)/Blg—l(]:/_p)
is nuclear. Let (¢;) C By-1(z be a contractive approximate identity for By-1z.p), and note that
Bﬁ—l(]://) -e; C Bﬁ—l(]://) . Bﬁ—l(]:/) = Bﬁ—l(f/).
Using the inductive hypothesis and Lemma 6.10 on the commutative diagram of short exact sequences

0 _— Blg—l(]_‘/) _— Bly—l(]://) _— Bl?’l(]:”)/Bﬁ—l(]:/) e 0

| | |

0—— Bﬁ—l(]:/,p) e Bﬁ—l(]://,p) e Bl?’l(]:”-P)/Bﬁfl(f/.'p) — 0

we derive that the middle vertical arrow is nuclear, as required. This concludes the inductive step. Now
by using induction we derive that By-1(z) <> By-1(z.p) is nuclear, and the proof is complete. O

7. Saturated controlled maps

A product system reparametrization. Let v : (G, P) — (G, P) be a controlled map between weak right
LCM inclusions and let X be a compactly aligned product system over P with coefficients in A. We can
then define the C*-correspondence

Y, = Z@ X, forall heP.
ped=1(h)
One is tempted to consider the family Y = {¥}, },cp and associate its C*-algebras with those of X. However

it is not clear that Y is in general a product system (let alone compactly aligned). Nevertheless this
happens for controlled maps that satisfy one extra condition.

Definition 7.1. Let 9 : (G, P) — (G, P) be a controlled map of weak right LCM inclusions. We say that
¥ is saturated if for any h € P and t € ¥ ~!(h’P) there exists an s € P with 9 (s)P =hP and t € s P.

Remark 7.2. In particular, saturated maps satisfy the following property:
(A3) If z € P* then there exists an x € P* such that ¥ (x) = z.

Indeed, we apply the saturation property for z € P* and t = eg € ¥~ !(zP) to obtain an x € P with
eg € x P. Hence we get that P = x P giving that x € P*
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The following provides a good supply of saturated controlled maps. Recall that a pair (G, P) is a fotal
order if G =P 'UP and P~' N P = {eg}. It is clear that total orders, being lattices, form weak right
LCM inclusions.

Proposition 7.3. Let (G, P) be an abelian total order. For n € N U {00} consider the free product
(*?ZIG, *;’ZIP) of n copies of (G, P). Then the map

O (kf_ G, %' \P)—> (G, P), (g0i,(82)ir - (8)i, = 1+ 8+ + 8

is a saturated controlled map.

Proof. For condition (A1) of Definition 5.1, if p, g € %}_, P with

p(i_, P) ﬂé(*,’;ll’) # &,

then the freeness construction implies that either p < g or g < p.

For condition (A2) of Definition 5.1 suppose that p, g have a right LCM and they satisfy ¢ (p) = 9 (q).
Without loss of generality assume that r = ﬁ_lc] € %7, P. Then 9#(r) =0. If ¥ = (r1);, - - - ()i, then
r1 4 -+ ry =0 giving that rp, € —P N P = {0}. Inductively we get thatr; =---=r; =0and so p =g.

Next we verify that 9 is saturated. To this end let

ﬁ = (Pl)il (pZ)iz e (pk)ikv
and let & € P with
h<9%(p)=pi+p2+-+px
Let £ € {1, ..., k} be the smallest index such that 4 < p; 4+ p2+-- -+ pe. Set
W:{h if =1,
h—(p1+p2+---+pe—1) otherwise,
and notice that &’ € P with A’ < p,. Let

—_{@%1 if e=1,
(pl)il (pZ)iz e (pe—l)l'[,1 (h/)ie OtherWiSC.
Then g < p and ¥ (q) = h, as desired. O

Example 7.4. A second example comes from types of semidirect products. Let (G, P) and (H, S) be
quasilattice ordered groups and consider an action « : H — Aut(G) such that ¢|g : S — Aut(P) restricts
to automorphisms of P. Then we can form the semidirect products G x4 H and P X, S with respect to
the relations o, (g)h = hg. The condition on o makes P - S a subsemigroup of the semidirect product, and
in [Kakariadis 2020] it is shown that the pair (G x4 H, P X4 S) is quasilattice ordered. Now suppose that
(G, P) admits an abelian controlled map ¢ in (G, P;) and (H, ) admits an abelian controlled map ¥, in
(G2, P). In order for the semidirect product to inherit the obvious controlled map on (G; @ G, P ® P»),
it is necessary that « is ©#;-invariant in the sense that ¢« = 9, for all h € H. We can then define the
homomorphism

V:(G X H, PxyS)— (GID Gy, PrdP2) suchthat ¥(gh) = (01(g), 92(h)).
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We claim that if ¢; and ¢, are saturated, then so is ¢. Suppose that ¥ (gh) = (¢1(g), P2(h)) > (m, £).
Then there are s, r; € G and s, r, € H such that

g=s11r1, Ui(s))=m and h=sor, U(sp)=4¢.

It follows that ¥ (s152) = (m, £) and gh = sys2a,' (r1)r2.
The following examples show that surjectivity is not enough to render a controlled map saturated.

Example 7.5. Take the free quasilattice on two symbols a, b and take ¥ to be its abelianization map.
Then for ab and (0, 1) € Z* we have that ¥ (ab) = (1, 1) > (0, 1). However {b} =9 ~1((0, 1)) and ab # b.
(Although, Proposition 7.3 induces a saturated map on free quasilattices.)

Example 7.6. Consider the Baumslag—Solitar group B(3,3) = (a, b | a’b = ba®). Recall that every
element x € B(3, 3) admits a unique normal form
x =al'"b'a?? ... aP*b*aP+"  with pi,...,pr€{0,1,2}, pry1€Z, keZ,.
Let B4 (3, 3) be its subsemigroup generated by a, b. If x is in its normal form as above, it follows that
x=al'b"a?? ... .aP*b*a?*' € B, (3,3) < ¢€1,....,e=1, prs1>0.

By [Spielberg 2012, Theorem 2.11] we have that the pair (B (3, 3), B4+ (3, 3)) is a quasilattice ordered
group. In [Kakariadis 2020] it is shown that the abelianization gives a surjective controlled map

9 :(B3,3), B+(3,3)) = (Z2,73), aP'bal?b---aPbaP*' > (p1+- -+ pit1, k).
However this map is not saturated. Take ¢ = a*b and h = (1, 1) so that
2 =2, Ded, H+Z%.
We have that 9~ (1, 1) = {ab, ba} and thus these are the only choices for a possible s with ©(s) = (1, 1)
and s < t. However we see that

(ab)'t=b"lab¢ B,(3,3) and (ba) 't=a"'b"'a’b ¢ B.(3,3).

Theorem 7.7. Let ¥ : (G, P) — (G, P) be a saturated controlled map between weak right LCM inclusions.
Let X be an (injective) compactly aligned product system over P with coefficients in A and let

Y, = ZEB X, forheP.
ped~l(h)
Then the collection Y ={Yy}nep is an (injective) compactly aligned product system over P with coefficients
in A such that T, (X)) ~ T,(Y)" with

T.(X) >~ To(Y) and Axx,P=~Axy,;P,

by *x-homomorphisms that preserve the inclusions X , — Yy (p) for all p € P. These x-isomorphisms
further lift to x-isomorphisms

NTX)=NTXY) and AxxP~AxyP

that preserve the inclusions X, < Yy (p) for all p € P.



COUNIVERSALITY AND CONTROLLED MAPS ON PRODUCT SYSTEMS OVER RIGHT LCM SEMIGROUPS 1475

Proof. Let A act on both the left and right of each Y, with 42 € P via the usual multiplication of operators.
By using condition (A2) of Definition 5.1 we can equip Y}, with the A-valued bilinear map defined by

(Vhs Yp) == yiyp € AC T(X) forall yy, y, €Y.

Then each Y, becomes a C*-correspondence over A. Since ker gy, =) ped—1(h) ker ¥x,, We have that
every Y}, is injective when every X, is so.
We now show that ¥ := {Y} },ep is a product system. Since [Y;,Y,] = Y} ® 4 ¥, we have to show that

[Y Y] =Yy, forall h,geP.

As (7, 1) is a Toeplitz representation we have that Y, Y, C Yy, for all h, g € P. For the reverse inclusion,
let p € P with 9 (p) = hg, and we will show that 7,(X ,) € [Y,Y,]. Since ¢ is saturated there are ¢, ¢’ € P
such that

p=qq and 9V(q)P =hP.

We can write ¢ (q) = hz for some z € P* and let w € P* with ¢ (w) = z by condition (A3) of the saturation
property. Since ©(¢)®(¢') = ¥ (p) = hg it follows that ¥ (¢’) = z~'g. We thus conclude that

Dqw H=h and O(wq)=g.
Recall that X, satisfies [7,,-1(X,,-1)f,(Xy)] = 7T (A). By taking elementary vectors we get the required
Ep(Xp) = [fq(Xq)fq’(Xq’)] = [t_q (Xq)ﬁ(A)t_q’(Xq’)]
= [fq(Xq)fw—l (Xw—l)fw(xw)fq’(xq/)]
c [qu*I (qufl)qu’(qu’)] - [Yﬂ(q)ﬁ(wfl)yﬁ(w)z?(q’)] = [YhYg]-

Next we show that Y is compactly aligned. Let &, i’ € P and take p € 9 ~'(h) and ¢ € 9~ (h'). If
hvh =oothen pV g =o0as well forall pe 9~ (h) and g € 9~ (h’), and so

VY= Y (X)X, =(0).
ped ™! (h)
gev~ ()

On the other hand, if 1V i’ < oo and pV g < oo for p € 971 (h) and ¢ € 9! (1), then

fp(Xp)*fq (Xy) C [lrp—lw(Xp—lw)qu—lw(Xq—lw)*].
Since w = px = gy we have that ¥ (p~'w) =h~ 19 (w) = (W) ~'¥ (w) = ¥ (¢~ 'w) and also ¥ (w) =hVH'.
Hence

YyYy = Z tp(Xp)*1q(Xq) S Y1 oviry Y covmny )

ped ™' (h)
qed ' ()
pVg<oo

Thus Proposition 4.7 gives that Y is compactly aligned.
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By definition we have that #X ~ FY (by grouping together summands with the same #-image), and
therefore we have that 7, (X) =~ 7, (Y) and that 7, (X)" >~ 7, (Y)™. Notice that these identifications are
G-compatible. By applying Proposition 5.9 and Theorem 4.14 we then get

Axx; P~Ci (T.(X)", G, 86) =~ Ch (Th(X)",G,85) ~ CE (TL(Y)', G, 8g) >~ A xy,, P.

The second part of the proof is treated likewise. First note that any representation of X lifts to a
representation of Y in a unique way, as every fiber of Y is spanned independently by the corresponding
fibers of X. Applying similar arguments as above for a representation (7, ¢) in the place of the Fock
representation we see that this correspondence preserves Nica-covariant representations. Hence we get
that N7 (X) = NT(Y).

Finally the *x-isomorphisms A Xy, P >~ A Xy, P gives an injective map
[A Xx P]pq—l ~ [A XX P]pq—l —> [A Xy, P]l?(pq_l) ~ [A Xy P]ﬁ(pq_l)'
Therefore we get a commutative diagram

NTX) —2 S NT(Y)

J/KIX qu
AxyP—2 S AxyP

where the upper horizontal arrow is a x-isomorphism. Since the ideals of strong covariance relations are
induced, it suffices to show that

ker ®gy N[NT(X)]., S kergx.

Equivalently it suffices to show that W is faithful on the G-fixed point algebra defined on A x x P. However
this follows by Corollary 5.8 as W is by definition faithful on A. O

Theorem 7.7 gives a very clear picture for the covariance algebras of a product system over a free
product order of the form (*;’ZIG, E3 P) for an abelian total order (G, P). It is well known that the
Cuntz C*-algebra O, for n € N can be viewed as either the Nica—Cuntz—Pimsner C*-algebra of the
trivial product system over the free semigroup on n generators or as the Cuntz—Pimsner C*-algebra of the
C*-correspondence (C", C). Our next result generalizes this fact to arbitrary product systems over the
free semigroup.

Corollary 7.8. Let X be a compactly aligned product system over the free semigroup FX = (iy, ..., ip).

Lj*

=l1,...,

Reversible product systems and total orders. An application of the theorem of Burns and Hale [1972]
asserts that G admits a total order if and only if for every nontrivial finitely generated subgroup H of G
there exists a totally ordered L and a nontrivial homomorphism H — L. If L = Z then the group is called
left indicable. There are plenty of abelian total orders. Examples include R? with the lexicographical
order and Z? with the semigroup given by the half-plane defined by any line through the origin with
irrational slope. Conrad’s theorem [1959] asserts that if (G, P) is a total order and G is Archimedean
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then G embeds in R so that P embeds in RT. Here we say that G is Archimedean if whenever eg < x <y,
there exists an n € N such that y < x". We refer the reader to [Clay and Rolfsen 2016] for an exposition
of these results.

There are not many ways for a total order to be controlled by an abelian total order.

Proposition 7.9. Let (G, P) be a total order and let U,y : (G, P) = (G, Pap) be the abelianization map.
Then the following are equivalent:

(i) There is a controlled map v : (G, P) — (G, P) where (G, P) is an abelian total order.
(i) 9, (0)NP ={ec).
(iii)) The abelianization map is a controlled map and (G, Pay) is a total order.
If any (and thus all) of the above hold then the abelianization is a saturated controlled map.

Proof. 1If item (i) holds then ¢ factors through the abelianization. Since p! (eg)N P ={eg} is a controlled
map, we have that ﬁa})l 0)N P ={eg} as well.
Assume that item (ii) holds, and we will show that (G, Pyp) is a total order. First we clearly have that

— Py U Py = 0p(P U P) = Gy,

Next suppose that — Py, N Py, 7~ {0} so that there are &, g € Py with 2 4+ g = 0. As the abelianization
map is surjective there are p, g € P with pg = eg with ¥ (p) = h and 9 (¢) = g. As (G, P) is a total
order we derive that p = g = eg and thus 7 = g = 0. Next we show that ¥, satisfies conditions (A1)
and (A2) of Definition 5.1. Let p, g € P. Then either p < g or ¢ < p and condition (A1) follows. For
condition (A2) suppose without loss of generality that p < g with ¥,(p) = 94, (¢). Then g = ps for
seP 019;)1(0). Then s = e and so p =gq.

If item (iii) holds then clearly item (i) holds, concluding the equivalences between all items.

For the saturation property let a7 € P and an h € Py, such that ¢,,(1) = h+h'. Take an s € z?a;l (h)
since the abelianization map is surjective. Then either s <t or s > ¢. Butif s > ¢ then i = ¥ap(s) > Vap(¢)
which is a contradiction. Thus we must have that s <1t. O

Remark 7.10. There are exact total orders for which the abelianization map is not controlled. An example
is given by the Klein bottle group

Ki=(x,y | x yx=y~") = (x,y | x=yxy)

with the total order induced by the semigroup Kt generated by x, y in K. It is not hard to see that Kt
induces a total order on K, being left indicable (or since K is the extension Z x Z). Alternatively one
can see that every element in K is written (uniquely) in the form x™ y” for m, n € Z and we take cases:
if m,n > 0 then x™y" € [; if m > 1 and n < 0 then we have that x"y" = x" " 1y™"x e K*;if m =0
and n < 0 then x™y" = y" € (KT)~!. By symmetry these cover all cases. We see that ¥, (yxy) = Fap (x)
and so e # y> e KT N 19,;bl (0). In fact we have that I, = Z x Z, and [}, = Z x Z, and thus it does

not define a total order as —I; NICE = 7.
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Definition 7.11. Let (G, P) be a total order and let X be a product system over P with coefficients
in A. We say that X is a reversible product system if every X, is a Hilbert bimodule in A xx 3 P, i.e., if
AxxyP=C*(m,t)thent,(X,)t,(X,)* C Aforall pe P.

It follows that reversible product systems consist of Hilbert bimodules. The converse holds also for
injective product systems, as in this case every strongly covariant representation is Katsura-covariant
fiberwise.

Proposition 7.12. Let (G, P) be a total order and let X be a product system over P with coefficients in A.
Suppose that every X , is injective. If (7, t) is a strongly covariant representation of X then (7, t,) is a
covariant representation of X p, in the sense of Katsura, for every p € P.

Therefore an injective product system X is reversible if and only if every X, is a Hilbert bimodule.

Proof. Fix p € P and a € A such that ¢,(a) =k, € KX . In view of strong covariance of Proposition 4.9
and Katsura covariance we have to show that

[rr(a) +V¥p rkp)lx, =0 for F ={e, p},
where

XF == @Xrlr_l(r\/F)-

repP

Let r € P with r = ps for some s € P. Then for every §, =§,§; € X, and b € I,-1(,, ) We have that

mp(a)éb = (pp(a)§p)ésh = (kpép)ssh = Yr p(kp)érb.

Now suppose that » < p. Then by construction ¥ r ,(k,)&-b = 0 and we have to show that wr(a)§.b =0
as well. To this end it suffices to show that

Ir—l(er) = IF_IK{r,e) m IF_IK(r,p) = (0)

Since r < p we have that r ¢ Ky, ,) € pP while p € K, ;. Therefore r~'p # e and so

IrilK(r.p) = m ker(prfll‘ gker(prflp - (0)7
IEK(r,p)
and the proof is complete. U

In the case of (G, P) = (Z, Z), the following result was established in [Kakariadis 2013].

Proposition 7.13. Let (G, P) be a total order and let X be a product system over P with coefficients in A.
Then X is a reversible product system if and only if the tensor algebra T, (X)™ is Dirichlet in A X x ; P.

Proof. Let (i, t) be a faithful representation of A x x; P. Suppose first that X is a reversible product
system so that ¢, (X ,)t,(X,)* € w(A) for all p € P. We will show that

A xx ; P = span{t;(Xy) +1.(X,)* |s,r € P}.
Let s, r € P. If rs—! € P then we have that

15 (X)tr (Xr)* S [t (X ) 1(X ) 11 (X -1 "] S [ (A1 (X)) = 11 (X =)™
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If sr—! € P then we have that
ts (Xt (Xp)* S [t (X)) (X )1 (X ) ] C [t (X 1) (A)] =t 1 (Xgp1).
Hence
A xx 5 P =span{ty(X,)t,(X,)" | s,r € P} Cspan{t;(X;) +1.(X,)" |s,r € P} C A xx, P,

and so T, (X)™" is Dirichlet in A xx 5 P.
Conversely, assume that 7, (X)™ is Dirichlet in A x x.» P and let E be the conditional expectation
induced by the coaction of G on A xx; P. Then E(T;(X)") =n(A) and

E(A xx 5 P)=E(T.(X)T + (TL(X)T)*) = (A).
Thus for each p € P we have that 7,(X,)t,(X,)* € E(A xx; P) =m(A) as desired. O

The next corollary squares with the fact that Popescu’s noncommutative disc algebra is not Dirichlet.
Recall that for abelian coactions the C*-envelope of a cosystem coincides with the usual C*-envelope of
the ambient operator algebra.

Corollary 7.14. Let v : (G, P) — (G, P) be a saturated controlled map between weak right LCM inclu-
sions and suppose that (G, P) is an abelian total order. Let X be an injective product system over P with
coefficients in A. Then T,(X)™" is Dirichlet if and only if every strongly covariant representation (7, t)
of X satisfies t,(X)t,(Xy)* € A whenever ¥ (p) =¥ (q).

Proof. By Theorem 6.1, and since the controlling pair is abelian, the C*-envelope of 75 (X)" is A x x P.
For the injective X, let Y be the injective product system over P with coefficients in A constructed
in Theorem 7.7. By construction we see that Y, with 7 € P is a Hilbert bimodule if and only if
1 (Xp)ty(X)* € A for all p,g € ®~!(h). By applying Remark 2.8, Theorems 6.1 and 7.7, and
Propositions 7.12 and 7.13 we have that the Fock tensor algebra 7, (X)" is Dirichlet in A xx P, if
and only if 7; (Y)™ is Dirichlet in A xy P, if and only if every Y;, with h € P is a Hilbert bimodule, if
and only if 7,(X,)t,(X,)* € 7w (A) whenever ¥ (p) =1 (q) =h forall h € P. Il

The next theorem shows that, for weak right LCM inclusions that are controlled by total orders in a
saturated way, reversible product systems produce all possible covariance algebras.

Theorem 7.15. Let ¥ : (G, P) — (G, P) be a saturated controlled map between weak right LCM in-
clusions and suppose that (G, P) is a total order. Let X be an (injective) product system over P with
coefficients in A. Then there exists an (injective) reversible product system Z over P with coefficients in a
C*-algebra B such that

ACB and X, S Zyp) forall peP (7-1)
that satisfies
Axxy P>~BxzP and AXX’)LPZBXZ,}L'P, (7-2)

by *-homomorphisms that preserve the inclusions X , < Zyp) forall p € P.
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Proof. By Theorem 7.7 we can assume that (G, P) = (G, P). Let («, t) be a faithful representation of
A xx, P, and let

B:=Bp =C*({t;(Xs)t;(X5)* | s € P} and Z,:=[t,(X,)B] forall pe P\{e}.

The trivial C*-correspondence structure on A X x ; P descends to a C*-correspondence structure on
each Z, over B. Notice here that since (G, P) is totally ordered we automatically have that the product
system Z = {Z,},ep is compactly aligned. Also C*(B, Z) = C*(x, t) admits a coaction of G from
A xx, P. Hence by Theorem 4.13 we have that

alg(B, Z, | p € PY=Tu(2)™.

By construction

Axx P=TZ)"+(Th(Z))*

thus the cosystem of 75 (Z)" over G is Dirichlet in a C*-cover. This gives at the same time that this
C*-cover A xx; P is the C*-envelope of the cosystem 7;(Z)" over G, and that Z is reversible by
Proposition 7.13. Theorem 4.14 then concludes that

Bxz, P~C: (T.(Z)",G,b6c) ~ A xx, P.

For the case of the universal C*-algebras we proceed as in Theorem 7.7. That is, first we notice that
the x-isomorphism between the reduced C*-algebras implies an embedding of the Fell bundles

[AXx Plyg-1 [AXx5 Plpg-1 <> [B Xz Plyg-1 =[B Xz P,

which lifts to a x-epimorphism W : A xx P — B xz P. Since X € Z we also have a *-epimorphism at
the level of the Nica—Toeplitz—Pimsner algebras and thus the diagram

NT(X) —2 S NT(2)

qu lqz

AxyP—2  Bx,P

is commutative, and fixes X. Since the ideals of strong covariance relations are induced, it suffices to
show that

ker ®gz N[NT(X)]. C kergy.

Equivalently it suffices to show that W is faithful on the G-fixed point algebra defined on A x x P, which
by definition is B. However this follows by the property of A xx P as W|, is by construction faithful.
It is left to show that injectivity of X implies injectivity of Z. By Theorem 7.7 we can still assume that
(G,P)=(G,P). Tothisend let p € P and f € kergog. We need to show that f = 0.
As B, p is an ideal in B we have that B = B, ,) + B, p, and let f| € Bj; ) and f € B,p be such
that f = fi + f2. Let (¢;) be a contractive approximate identity of v,(KX ,) so that

0= fe;i = fie; + fae;.
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However (e;) is also a contractive approximate identity for B,p and so
lim fle,- = —lim fzei = fz.
i A

By Nica-covariance fie; € B), for all i, and so we have that f, € B),. Thus we can assume without loss
of generality that f € B(s<p). As Bs<p) is the inductive limit of Br for F ={p; < p» <--- < p, = p}
we may assume that

n

f:Z‘/’pi(kpi) with k, € KX, and py <py<---<p,=p.
i=1

Recall the representation (7 f, F) on

_ X
Xr=@@X 1% )
repP

and we will show that
n
> Wrp tep)lx, =0.
i=1
As (7, t) is strongly covariant this will give that f = 0 by Proposition 4.9. For r > p we have that

f € ker (pg C ker (prZ, and for every 7, € X,Ir)fl(er) we have that 7. (,) € t,(X,) € Z,. Hence

n

Iy (Z i;i (kpi)(nr)> = Z Vo (kp )ty () = ftr(n,) = 0.
i=1

i=1
As t is isometric we obtain

. k . = " k . :O’ f > . 7_3
ZwF,p,( pi)lx, 1% : ;lm( i) orr>p (7-3)

=l
i=1 or
On the other hand for r < p we have that r ! p # e, and so

X -

X X
r=l(rvF) = Ir—]K(m,; < ker(pr"p = (0).

Hence trivially

n
Z‘/fF,p,- (kp,-)lxrlx_l( " =0, forr<p. (7-4)
i=1
By (7-3) and (7-4) we have that } /_; ¥, r(kp,)|x, =0, and the proof is complete. O
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