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Abstract A definition of relative discrete spectrum of noncommutative W*-dynamical
systems is given in terms of the basic construction of von Neumann algebras, mo-
tivated from three perspectives: Firstly, as a complementary concept to relative
weak mixing of W*-dynamical systems. Secondly, by comparison with the classical
(i.e. commutative) case. And, thirdly, by noncommutative examples.
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1 Introduction

In his study of ergodic actions of locally compact groups, Zimmer [20,21] intro-
duced relative discrete spectrum and proved what was to become known as the
Furstenberg-Zimmer Structure Theorem. Proving the same structure theorem in-
dependently, Furstenberg [6] gave an ergodic theoretic proof of Szemeredi’s Theo-
rem.

In the noncommutative setting of W*-dynamical systems, Austin, Eisner and
Tao [1] proved a partial analogue of the Furstenberg-Zimmer Structure Theorem,
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providing conditions under which a certain case of relative weak mixing holds.
In their approach, which builds on the work by Popa [13], the basic construction
of von Neumann algebras is an essential tool, although they do not define rela-
tive weak mixing in terms of the basic construction, and do not define relative
discrete spectrum at all. Their use of the basic construction forms the basis for
our approach to relative discrete spectrum in this paper, where we employ the
basic construction for the von Neumann algebra of a W*-dynamical system and
the subalgebra relative to which we want to define discrete spectrum of the W*-
dynamical system. Of particular importance is [1]’s characterization of systems
which are not relatively weakly mixing in terms of the existence of a non-trivial
submodule, invariant under the dynamics and finite with respect to the trace on
the basic construction. In the noncommutative case these kinds of submodules
play an analogous role to the finite rank submodules which appear in the classical
case.

The paper has two main parts. The first, consisting of Sections 2 and 3, treats
our noncommutative definition of relative discrete spectrum. The definition is given
in terms of the basic construction, and is motivated by the need to make relative
discrete spectrum complementary to relative weak mixing as in the classical case.
Some tools and ideas provided by the theory of joinings of W*-dynamical systems
are used in the process. Our definition is then shown to not only be a noncommu-
tative generalization of classical relative discrete spectrum, but also to generalize
the noncommutative version of (absolute) discrete spectrum.

In the second part, consisting of Sections 4 and 5, we discuss two noncommuta-
tive examples of relative discrete spectrum. The first example (Section 4) is a skew
product of a commutative system with a noncommutative one. The second (Sec-
tion 5) is a purely noncommutative example on the von Neumann tensor product
of two noncommutative systems, where the second system is finite dimensional.
These examples show that our definition of relative discrete spectrum is indeed re-
alized in noncommutative systems, rather than just being an empty generalization
of the classical definition.

We end the paper with a brief discussion of some open problems (Section 6).

Throughout this paper we will be working only with traces on von Neumann
algebras, not general states or weights. Because of this we do not need the full force
of Tomita-Takesaki theory, but we do need at least the modular operator J. The
main reason for the appearance of J is to set up the right module structure of the
GNS Hilbert space. This is essential for our definition of relative discrete spectrum
in Section 3. The second reason J appears is to construct relatively independent
joinings in Section 2 and to use their theory to motivate our definition of relative
discrete spectrum via Theorem 3.1.

Note that we use the convention where inner products are linear in the right
and conjugate linear in the left.

2 Relatively Independent Joinings and Relative Weak Mixing

As the first step towards the concept of relative discrete spectrum, we study how
relatively independent joinings (see [4,2]) can be expressed in terms of the basic
construction. Combining this with theory from [5] regarding relative weak mixing,
places us in a position to proceed to relative discrete spectrum in the next section.
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In the remainder of this paper W*-dynamical systems are referred to as “sys-
tems” and we define them as follows:

Definition 2.1 A system A = (A, p, «) consists of a faithful normal trace p on a
(necessarily finite) von Neumann algebra A, and a x-automorphism « of A, such
that poa = pu.

In the sequel, for A we assume without loss that A is a von Neumann algebra
on the Hilbert space H, with u given by a cyclic and separating vector {2 € H, i.e.

p(a) = (£2,a82)

for all a € A.
The dynamics « of a system A can be represented by a unitary operator U on
H defined by extending
Uaf? := a(a)f2.

It satisfies
UaU™* = afa)

for all a € A.
Along with A above, we also use the notation

B:(B,I/,ﬂ) and F:(Fa)‘aSD)
to denote systems.

Definition 2.2 We call F a subsystem of A if F' is a von Neumann subalgebra of
A (containing the unit of A) such that u|rp = X and a|rp = ¢.

Throughout the rest of the paper, F will be a subsystem of A. Set
HF = m

Next we review elements of the basic construction and relatively independent
joinings. Let er denote the projection of H onto Hr. We consider the basic con-
struction, (A, er), the smallest von Neumann algebra (in B(H)) containing A and
er. See [15], [3] and [8].

Since p is a trace, we obtain from it a faithful semifinite normal tracial weight
i (Ajep)t — [0,00]. Tt is also defined and tracial on the strongly dense *-
subalgebra Aep A := span{aerb : a,b € A} of (A, er) via the equation

fi(aerb) = p(ab).

For more on the basic construction and the trace [, see [14, Chapter 4].
We can extend the dynamics of a to (A, er) by

ala) = UaU™
for a € (A, er). Then from [5, Section 3],
pLoa=n.
Furthermore, we have a unitary operator

U:H—H
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representing @ on the Hilbert space H obtained from the GNS construction for
((A,er), i1). Denoting the quotient map of this construction as

Ya: N — H, (2.1)
where
Ng:={a € (Aer): jila"a) < oo}, (2.2)
we define U : H — H via ~
Urn(a) = va(a(a)).
We now turn to the relatively independent joining and its relation to the basic
construction. The modular conjugation associated to the trace u, will be denoted

by J. We let
j:B(H)— B(H):aw Ja*J,

where B(H) is the von Neumann algebra of all bounded linear operators on H.
Carry the trace and dynamics of the system A over to A’ in a natural way using
j, by defining a trace p’ and *-automorphism o’ on A’ by

W (b) = o j(b) = (2,b2)

and
a'(b) :=joaocj(b)=UbU"

for all b € A’ (where we made use of UJ = JU). This defines the system
A= (A af).

Set
F = j(F),
Xi= |,
and
¢ = d|p.
Let
D:A—F

be the unique conditional expectation such that A o D = p. Then
D':=joDoj: A - F

is the unique conditional expectation such that A o D’ = p/. For later use we note
that, since j(f)2 = Jf*02 = fQ for all f € F, we have

D'(b)2 = D(j(b))12 (2.3)

forallbec A’
Define the unital *-homomorphism

§: FOF — B(H),

on the algebraic tensor product F @ F' as the linear extension of F x F — B(H) :
(a,b) — ab. Define the diagonal state

A)\F@F*)(C
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of A by
Ax(e) = (2,6(c)2)

for all ¢ € F ® F. The relatively independent joining of A and A’ over F is the
state Oy ' on A® A’ given by

pwosp =AxoDoD. (2.4)
Subsequently we denote this joining by
wi=pOx

and also write
Aor A" =(A0 A, w,a0d).

The cyclic representation of (A ® A’, w) obtained by the GNS construction will be
denoted by (Hy, 7w, {2.,). Let

Yo : AOA - H, :t— T (£) 020
By W we denote the unitary representation of
Ti=a®d
on H,, defined as the extension of
W (t) := 7w (7(1))

forallte Ao A
We also set

Hy :=v,(F®1). (2.5)

Next we turn our attention to expressing the GNS representation of w in terms
of H, which is convenient for our subsequent work. The key point is to construct a
natural unitary equivalence R : H, — H between W and U. In the classical case,
such a result appears in [12, pp. 63—64].

Proposition 2.1 We have a uniquely determined well-defined unitary operator
R:H,— H

satisfying Ry.,(a ® j(b)) = yu(aerb) for all a,b € A.
Furthermore,
U=RWR".
Proof Since j is linear, we may define Ro: A® A’ — (A, er) via the prescription

Ro(a®b) := aerj(b)

for a € A and b € A’. From the universal property of A ® A’, Ry is well-defined
and linear. Note that Ro(A ® A’) C Nz with Nz = {z € (A, eF) : ji(z*z) < o}
as in (2.2). Hence, we can consider

R:yu(A®A") = H :yu(t) = va(Ro(t)).
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We need to show that R is well-defined and uniquely extends to a unitary
operator H, — H. For clarity, below, we distinguish the inner products of H,
and H by subscripts w and fi. Note that for a,c € A and b,d € A,

(vr(Ro(a @ b)), va(Ro(c @ d))); = (va(aerj (b)), va(ceri(d))),

=A@ (b")era” cerj(d))
=fi(era”cerj(d)j(d")er)
=f(D(a"c)erD(j(b"d))
=u(D(a”c)D(j(b"d)))
=(£2,D(a"c)D'(b"d)12)
=(2,60 (Do D")((a"c) ® (b"d))2)
=w((a"c) ® (b"d)) = w((a ® b)*(c ® d))
=(Yw(a®D),yu(c®d),, ,

where we have used (2.3). So it follows that for all s,t € AGOr A,

(v (Ro(s)),va(Ro(t)); = (1w (s), 7w (b)), - (2.6)

Thus, R is well-defined (as ., (t) = 0 implies vz (Ro(t)) = 0) and can be extended

to an isometric linear operator, still denoted by R, from H,, to H. From [14, Lemma

4.3.10], vu(AepA) is dense in H. It follows that Ry, (A®A") = va(Ro(A® A")) =

vu(AerA) is dense in H. Hence, RH,, = H and therefore R is a unitary operator.
For a,b € A,

RW R (vu(aerd)) =RWw(a ® j (b)) = Ryw(a(a) ® j(a(b)))
=ya(a(a)era(b)) = va(a(aerd))
=U(ya(aerb)),

which implies that U = RW R*.

Note that we can express the relatively independent joining in terms of i using
R:Forallac Aand b A,

w(a®b) = (Ryw(1), Ryw(a®b)), = (valer), yalaerj (b)),
=i(eraerj(b)) = p(D(a)er D(5(b)).
If HY denotes the vector space of all fixed points of W, then
av .= raY,
must be the fixed points of U. We also have a copy of Hy in H:
Hy:=RH) = Ry,(1® F) from (2.5)

=Ry.(1® F)

=7a[Ro(1® F)]

i (er ).

(2.7)

Having obtained our unitary equivalence R in Proposition 2.1, we can rephrase
relative ergodicity ([5, Definition 4.1]) from a “basic construction” point of view:
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Definition 2.3 We say that A Or A’ is ergodic relative to a subsystem F of A,
it Y C Hy.

We recall the following definition:

Definition 2.4 ([1, Definition 3.7]) We call a system A weakly mizing relative to
the subsystem F' if

N
Jim anz_:lA (1D a™@)) =0 (2.8)

N — o0

for all a € A with D(a) = 0.

Since p is tracial, Definition 2.4 coincides with [5, Definition 3.1] because of [5,
Proposition 3.8]. Thus the formulation of [5, Theorem 4.2] does not change:

Theorem 2.1 The system A is weakly mizing relative to F if and only if A O A’
is ergodic relative to F.

In the next section this theorem will allow us to formulate relative discrete
spectrum in terms of the basic construction as a complementary concept to relative
weak mixing.

3 Relative Discrete Spectrum

In this section we develop our definition of relative discrete spectrum, which gen-
eralizes the classical definition to noncommutative systems. The relation to the
classical case is given in Proposition 3.2, while noncommutaive examples are given
in the subsequent two sections. We continue using the notation from the previous
section.

The inspiration for our noncommutative definition of relative discrete spectrum
is the treatment in [7] of the original work of Furstenberg and Zimmer (see [7, p.
193]). The key difference in this paper, is the use of what we will call U-g-modules
(Definition 3.2), which play a role analogous to that of the finite rank modules
appearing in [7, Definition 9.2] and [7, Definition 9.10]. Unlike [7], we do not use
generalized eigenfunctions. Instead we opt to use the U-pfi-modules to define a
subspace analogous to the vector space £(X/Y) of all generalized eigenfunctions
appearing in [7, Definition 9.10]. These U-fi-modules are defined in terms of the
standard right- A-module structure of H discussed below.

In order to motivate our definition of relative discrete spectrum, we are going
to make use of ideas from relative weak mixing, as developed in [1, Sections 3 and
4] and [13, Section 2], and subsequently studied further in [5] in connection to
relatively independent joinings.

We begin by defining

za = j(a)z
for all z € H and a € A, making H a right-A-module. Of course, H is already a

left-A-module by A’s usual action on H, so H is in fact a bimodule, but it is the
right module structure that will be of particular significance for us.
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Definition 3.1 Given a closed subspace V' of H, denote the projection of H onto
V by Py. We call V' a right-F-submodule (of H) if VF C V, i.e. if za € V for all
z €V and for all a € F.

Proposition 3.1 LetV be a closed subspace of H. ThenV is a right F'-submodule
if and only if Py € (A, er).

Proof Simply note that, for all a € F,
J(FYV CV <& Py e (JFJ) = (A er),
the last equality following from [14, Lemma 4.2.3].

We are interested in Hilbert subspaces V' of H which are invariant under the
group {U™ : n € Z}, therefore we say that V is U-invariant if

uv =YV,
rather than just assuming inclusion.

Definition 3.2 Suppose V C H © Hp is a U-invariant right- F-submodule. Call
V a U-pi-module if in addition V satisfies

a(Py) < 0.

Definition 3.3 By €4, denote the closed subspace of H © Hr spanned by all
U-pi-modules.

We now want to capture the idea that relative weak mixing and relative discrete
spectrum exist as complementary concepts ([19, §12.4] presents this point of view
in the commutative case). It is based on the following result, the one direction of
which is proven in [1, Proposition 3.8], although they also mention that the other
direction holds. We prove the latter using Theorem 2.1.

Theorem 3.1 The system A is weakly mizing relative to F if and only if E4/p =

{o}.

Proof Note that the statement of the theorem can be rephrased as follows: The
system A is weakly mixing relative to F if and only if there are no non-trivial
U-ji-modules.

That (2.8) holds if there are no non-trivial U-fi-modules, follows from [1, Propo-
sition 3.8]. We prove the converse as follows:

Assume there is a non-trivial U-fi-module V. Hence, Py € N and we can set

x:=vya(Pv) € H.

As UV =V, we have a(Py) = UPyU" = Py. Hence, = € HU, with x # 0, since
Py # 0 and [ is faithful.

Since Pyer =0,

(z,7u(era)), = i(PVerpa) =0,

for all a € F. Hence, from (2.7), L Hy, so x ¢ Hj (since z # 0) and thus
HY ¢ Hy.

In other words, A O A’ is not ergodic relative to F. By Theorem 2.1 we are
done.
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Motivated by this result, we now present the main definition of this paper:

Definition 3.4 We say that the system A has discrete spectrum relative to F if
Eayr = HO Hp. Alternative terminology for this is to say that A is an isometric
extension of F.

Thus relative weak mixing and relative discrete spectrum correspond to the two
extremes of £4/p, and are, in this sense, complementary.

In the remainder of this section we show that the classical definition of relative
discrete spectrum, as well as the absolute case of noncommutative discrete spec-
trum, are special cases of this definition, confirming that it is a sensible definition
in a noncommutative framework. What will remain after that, is to show that
there actually are noncommutative systems satisfying Definition 3.4, which we do
in the next two sections.

The classical notion of relative discrete spectrum is defined as follows (see [7,
Definition 9.10]):

Definition 3.5 Assume that A is a classical system, i.e. A = L°°(n) for a stan-
dard probability space (Y, X, 7). A F-submodule V of H = L?(n) is said to be of
finite rank if there are x1,...,z, € V such that

n
V= {Zaiwi e S < F},
i=1

where ajz; is simply pointwise multiplication of functions. We call x € H an
F-eigenvector of U if x belongs to some U-invariant finite rank F-module (for
simplicity, x = 0 is allowed). If H © Hp is spanned by the F-eigenvectors of U,
then we say that A has relative discrete spectrum over F in the classical sense.

Remark 3.1 In [7], the condition that H & Hp is spanned by the F-eigenvectors
of U, is expressed as H being spanned by the F-eigenvectors of U. These two
conditions are equivalent. This is simply because Hp is a finite rank U-invariant
F-module. Hence all elements of Hr are F-eigenvectors of U, so if x € H is an
F-eigenvector of U, then so is epax € Hp, and therefore (1 — ep)x € H © Hp as
well.

Definition 3.5 is indeed a special case of Definition 3.4 as is proved below in
Proposition 3.2. The proof uses direct integral theory, as it is used in [1, Lemma
4.1]. This is why we assume that (X, X,n) be standard, as it ensures that L*(7)
is separable ([11, Corollary 5.3]).

Proposition 3.2 Assume that A is a classical system, i.e. A = L>(n) for a
standard probability space (X,X,n) and o(f) = foT for some fized invertible
map T : X — X satisfying 1(Z) = n(T~*(Z)) for all Z € X. The system A has
discrete spectrum relative to F (in the sense of Definition 3.4) if and only if it has
relative discrete spectrum over F in the classical sense.

Proof Assume that A has discrete spectrum relative to F. The approach of the
proof is to express any U-fi module V' as the direct sum of finite rank modules,
using ideas from the proof of [1, Lemma 4.1].

Using [10, Theorem 14.2.1], since F' is commutative, we have a unitary operator
& : H — Hg where Hg is a direct integral Hg = ff,B Hy, dv(p) of Hilbert spaces
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H,, indexed by some standard probability space (Y, ), v). Thus, in particular, any
statement about a module V in Hg has a corresponding statement about ¢~V
in H.
Define
¢:F — B(Hg) : a— $ad™ "

The von Neumann algebra F' is then identified with the von Neumann algebra of
all diagonalizable operators ¢(F') = {My : f € L°°(v)} where My € B(Hg) is the
multiplication operator acting on € Hg via the equality (Msz)(p) = f(p)z(p)
for almost all p € X. Given any U-fi-module V, then as in the proof of [1, Lemma
4.1] we can write

D
BV = / Vi, du(p),
Y

for a measurable field of Hilbert subspaces V,, C Hp.
We shall now express $V as a direct sum of ¢(F)-modules of finite rank. For
each n € NU {oco} write

Y, :={peY :dim(Hp) =n}.

Each Y;, turns out to be measurable [10, Remark 14.1.5]. Consider the projec-
tions My, and define

Vi 1= / Ve du(p) = My, @V,
Ya

where xy, denote the indicator functions. As in the proof of [1, Lemma 4.1],
Jy dim(Vy) dv(p) < o0, s0 v(Yoo) = 0, hence Voo = 0 and the collection {Y;, : n €
N} satisfies v(UnenYn) = 1. It follows that &V can be identified with @,>1Va.

It is now straightforward to verify that each 'V, is a U-fi-module: We have,
for every f € F,

fO Vo= (Myy, )(V) = ¢~ (Myy, ) fV C ¢ 1 (My,, )V =& 'V,

so that each V,, is a right ¢(F')-module.

In a similar way to the proof of [1, Lemma 4.1], @ induces dynamics on Y
leaving each Y, invariant, which in turn means that each V;, is U-invariant, since
dUP ! is given by a measurable section of unitary operators ¥ : Y — pevU(Hp)
combined with S.

By construction, dim(V,) < n whenever p € Y;, and it follows that &=V, is
of finite rank.

So @V consists solely of ¢(F')-eigenvectors and hence V' and therefore (because
of Definitions 3.4 and 3.3) also H© H are spanned by F-eigenvectors as required.

We now prove the converse. Assume that A has relative discrete spectrum
over F in the classical sense. Then we simply have to show that the projection Py
corresponding to a finite rank F-module V C H & Hp satisfies fi(Py) < oo.

Consider then any finite rank F-module V := {Z?zl fivi: fi € F}

We now give a description of V,, for almost all p. Put w; := ®v; for each
i=1,2,...,n. Thus,

PV = {zn:Mgzwi 1gi € LOO(I/)}.

=1
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Hence all vectors of the form Mgw for g € L™= (v) and w € {w; : i = 1,2,...,n}
form a dense spanning set for #V and thus, from [10, Lemma 14.1.3], for almost
all p,

Vo = {Zgi(p)wi(p) 19 € L“(V)}
= span{w;(p) : i =1,2,...,n}.

Similar to the proof of [1, Lemma 4.1], we thus have,

a(Py) = /Y dim(V,) dr(p)) < /Y ndv(p) =n < oo.

We consider another special case of Definition 3.4 when F = C1 and A = u|p.

We take note that in this case the basic construction is given by (A, ep) =
JF'J = JB(H)J = B(H), using [14, Lemma 4.2.3]. Thus, since the trace on B(H)
is unique up to nonzero scalar multiples, we may take ji to be the canonical trace
Tr on B(H). In particular, this means that our U-fi-modules are exactly the finite
dimensional U-invariant subspaces of H.

Proposition 3.3 Let A = (A, u,a) be a system and F be the trivial system i.e
F =Cl1, A= p|r, and p = a|p. Then A has discrete spectrum relative to F if and
only if A has discrete spectrum, i.e H is spanned by the eigenvectors of U.

Proof Note that 2 is always a fixed point of U. Let £ denote the set of all
eigenvectors of U orthogonal to (2. Assume that A has discrete spectrum, i.e.
span& = H 6 C(2. For x € &, let

Sy = {sz:s € C}.

Then, it easy to verify that Sy is a U-fi-module. Moreover,

Ho Hp =span{S; : z € £}.

Thus, A has discrete spectrum relative to F'.

Conversely, assume that A has discrete spectrum relative to F. Then, as re-
marked above, all U-fi-modules V' have finite dimension, and they span H © C{2.
As each such finite dimensional U-invariant space V is spanned by eigenvectors of
U, Ho CQ is as well. It follows that A has discrete spectrum.

4 Skew Products

In order to complete the argument that our definition of relative discrete spectrum
(Definition 3.4) is sensible for noncommutative systems, we still need to exhibit
noncommutative examples. That is what we do in this section and the next.

In this section we focus on a skew product, starting with a classical system
and extending it by a noncommutative one.

The following result will be useful for both examples:
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Proposition 4.1 Let (B,v) and (C,0) be von Neumann algebras with faithful
normal tracial states v and o, both in their GNS representations on the Hilbert
spaces H, and Hy, with cyclic vectors §2, and 2, respectively. Consider the von
Neumann algebra tensor product A := BRC and the faithful normal state p :=
vQo. Set F := B® 1 with state \ := p|p. Then

(A,er) = BRB(Hy).
The trace i of (A, er) is given by

B(t) =) (20 ® hi, t(20 @ hi)) = p®Tr(t), (4.1)
i€T

forallt € (A,ep)t, where {h; : i € T} is any orthonormal basis for H, and Tr is
the canonical trace on B(Hy).

Proof Let J,, Jo and J = J, ® J, denote the modular conjugation operators
associated to v, o and p, respectively. By [14, Lemma 4.2.3] and [17, Section 10.7
Lemma 1] we have

(Ayep) = JF'J = (J,B'J,)®(J,B(Hs)Js) = BRB(H,). (4.2)

We compute the trace i using [14, Lemma 4.3.4]. To do this, we need elements
v; of (A’,ep) for i € T such that >, ; viepv; =1 (see Remark 4.1 below). Let

v, =1 Q® w;
where, for all z € Hy, w; € B(H,) is defined by
wiz = (Johs, 2) 2.

Note that,
(A er) = (JAJ, JepJ) = J (A ep) J
= (J,BJ,)®(J,B(Hy)Jo)
= B'®@B(H,).

So we have v; € <A',eF>.
In terms of the projection P of H, onto C{2, we have er = 1 ® P, since
H=H,® H, and Hr = H, ® (C{2,). Hence

vierv; = 1 @ w; Pw;.

For each i, the linear operator w; Pw; is the projection of H, onto CJsh;.
Hence,
vaepvi =1. (4.3)
i€T
Thus, applying the formula in [14, Lemma 4.3.4] in terms of 2 = 2, ® (2, for
allt € (A,ep)T,

at) = Z (Jv; 2,tJv; 2)
i€z
= (2 @ hi, (2, @ ha)) .
ieT
Since [ is faithful and the first equality of (4.1) holds, it follows from [16, Theorem
8.2] that the second equality of (4.1) holds.
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Remark 4.1 [14, Lemma 4.3.4] requires a net (v;) satisfying (4.3). However, the
assumption that Z is a directed set is not used, neither in the proof of [14, Lemma
4.3.4] nor in any results that [14, Lemma 4.3.4] depends on.

We now turn to the skew product. Let (X, X, p) be a standard probability
space with compact Hausdorff space X and Borel measure p. We let S : X — X
be an invertible map such that S™'X C X and SX C X, and which is measure
preserving with respect to p, that is,

p(K) = p(S™1(K)),

for all K € X.
We set

B :=L>(p), _QV::1,V(f)::/}(fdpandﬂ:B—)B:fooS.

Then B is a system if we view B as operators acting on L2(p) via pointwise
multiplication: for every f € L°(p), we have an operator

My : L*(p) = L*(p) : g+ fg.

We let
C=(C,0,7)

be a system such that H, in Proposition 4.1 is separable. Denote the unitary
representation of v on Hs, by Us,.
Now put
A := B&®C.

Then
(L*(p) ® Ho,ida, 1 ® 25)

is the GNS triple for A associated to the product state
= v®a.

Put
F=B®1

and let \ := p|p.

We construct the skew product dynamics a on A using the theory of direct
integrals (see for example [11] and [18, Section IV.8]). Consider the space of Hs-
valued p-square integrable functions L?(p; Hy ). Then L°(p) is *-isomorphic to the
von Neumann algebra M of all diagonalizable operators on L*(p; H,) = L*(p) ®
Hs ([11, Proposition 5.2]). In effect, any f € L°(p) is identified with M; ® 1.
Furthermore, 1 ® £2, is represented by 2 € L?(p, H,) given by 2(p) = 2, for all
p € X. If we put N(p) = C for all p € X, then from [11, Corollary 19.9] and its
proof we have the isomorphism

D D
/X Cdp(p) = /X N(p) do(p) = B&C.
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We identify A = B®C with this integral in the remainder of this section. The
elements a = f)? a(p) dp(p) of ff? C'dp consist of decomposable operators with
a(p) € B(Hos) for all p € X, such that

la()Il € L% (p),

and for any z € L?(p; H,) the element az € L?(p, H,) is given by

(az)(p) = a(p)z(p)

for all p € X. Moreover, from [18, Theorem IV.8.18], we have a(p) € C. Thus, we
may represent each a € f)? Cdp by amapa: X — C : pr a(p). In particular,
a=b®c € Ais given by a(p) = b(p)c, for any b € B = L*(v) and c € C.
Let
k:X—>7Z

be any measurable map. For a € ff? C dp, define for all p € X,

a(a)(p) = 7" (a(Sp)). (4.4)

Then « is the skew product dynamics, where k acts as the generator of a cocycle.
It is straightforward to verify that « is a well-defined *-automorphism of A leaving
u invariant, i.e. that A = (A, u, «) is a system.

Notice that F' is invariant under ¢ = «|r, since for all p € X,

adb®1)(p)=(boS)®1. (4.5)
We describe the unitary representation U of «. Note first that

(Ua2)(p) = (a(a)2)(p) = a(a)(p)2(p) = v (a(Sp)) 25
= U (a(Sp)25) = USP) (a2)(Sp).

Let z € fff H, dp(p) and approximate x by a sequence (x5) = (an{2) in Af2.
Since,

/ lzn (Sp) = 2(Sp)|I* dp(p) = l|lzn — z|* = 0 asn — oo,
X

it follows as in the proof of the completeness of L? spaces, that there is a subse-
quence (||zn, (Sp) — z(Sp)||) which tends to 0 except for p in a null set No C X.
Thus,
(Uz)(p) = lim Uy, (Sp) = U P (Sp),

for all p € X\ Ng. Without loss, we may define Uz such that this holds for all
p € X. Then it follows that

(U™ ) (p) = U FE Pa(s71p), (4.6)

To conclude, we discuss a concrete example of C. The main points from this
example are summarized in Proposition 4.2.
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Ezxample 4.1 Let G be a countable group endowed with the discrete topology and
let T : G — G be any group automorphism such that for each g € G the orbit of
g, T?g = {T"g : n € Z}, is a finite set (we refer to T%g as a finite orbit). Consider
the dual system on

C = £(G),

the group von Neumann algebra of G. Thus, C is the von Neumann algebra on
£?(G) generated by the following set of unitary operators:

{i(g) : 9 € G} (4.7)

where [ is the left regular representation of G, i.e. the unitary representation of G
on £2(G) with each I(g) : £2(G) — £*(G) given by

9)F)(h) = f(g™"h)
for all f € /(@) and g, h € G. Equivalently,
1(g)0n = dgn

for all g, h € G, where 8, € £?(QG) is defined by d,4(g) = 1 and §,4(h) = 0 for h # g.
Setting
25 =0

where 1 € GG denotes the identity of G, we can define a faithful normal trace o on
B by
o(a) = (2s,a82;)

for all @ € C. It follows that (¢2(G),idc, £2,) is the cyclic representation of (C, o).
We have a unitary U, : £2(G) — £*(G), defined by

Uy(f) = foT.
We define a x-automorphism ~ on C' by
v(c) = UqyelUy,

for all ¢ € C. Then, (C,0,7) is a system.
Using Proposition 4.1, the basic construction is given by

(A,er) = L=(p)@B(£*(G)).

For each g € G let
Ry := span (U$5g)

and let Q4 be the projection of £2(G) onto R,. Set
Vg = LQ(P) ® Ry

and let P, = 1 ® Q4 be the projection of H := L*(p) ® £*(G) onto Vj.
We have

ﬂ(Pg) = Z ('QV ®6h7P9(QV ® 6h)) = Z <6h7Q96h> = dim(RQ) < o0,
heG heG

since all orbits are finite.
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The Vy’s , for g # 1, span H © Hr = L*(p) ® 027, since the Ry’s span 25 .
As Ry is spanned by an orbit, we have Uy Ry = Ry,. It follows that if z ® y € Vj,
then,

Uz ®y)(p) = UYP (x @ y)(Sp) = U7 (x(Sp)y) = x(Sp) UL Py € Ry,

for all p € X, since x ® y is represented by p — z(p)y in f)? H; d(p). Hence
U(z®y) € L*(p)® Ry, so UV, C V,. Using (4.6), it similarly follows that U 'V, C
Vg, 50 UVy = V.

The Vy’s are trivially right-F-modules, since F' = L*°(p) ® 1. Hence the Vy’s
are indeed U-fi-modules which (when excluding g = 1) span H © Hp as required
by Definition 3.4.

We briefly summarize:

Proposition 4.2 Consider a dual system C generated from a discrete countable
group G, with automorphism T : G — G with finite orbits, and a classical system B
obtained from a standard measure-preserving system (X, X, p, S). Form the system
(BRC, pu, o) with p as a vector state from 1 ® 01 and dynamics given by equation
(4.4). Then (BRC, u, o) has discrete spectrum relative to (B ® 1, ulBg1, | Bo1)-

Taking G to be the free group on a finite or countable set of symbols, with T'
induced by a finite orbit bijection of the symbols, provides a concrete and non-
trivial realization of C.

5 Finite Extensions

In this section we present a second example of relative discrete spectrum. In this
case, unlike the previous section, we start with a noncommutative system and
extend it by a finite dimensional noncommutative system (hence the name “finite
extension”).

Let M, = M, (C) denote the n x n matrices over C.

Definition 5.1 Consider a system B = (B,v,3). Let n € N. Consider the von
Neumann algebra A = B ® M,, with faithful normal trace u = v ® tr, where tr is
the normalized trace on M,,. Suppose further that there is a *-automorphism « of
A such that a(b® 1) = B(b) ® 1. Represent B as the subsystem F of A given by
F=B®1, A\(be1l) =v(b) and p(b®1) = f(b) ® 1. Then we refer to A = (A, i, @)
as a finite extension of F. Equivalently, we say that A is a finite extension of B.

Note that we can view B ® M,, as all n X n matrices with entries in B.

There is a general reason why finite extensions are isometric extensions (Propo-
sition 5.2): if the trace on the basic construction is finite, we automatically have
relative discrete spectrum, as we now show (Corollary 5.1).

Proposition 5.1 Let A be a system with subsystem F. Then the subspace HS Hp
is a U-invariant right F-submodule.

Proof Consider H& Hr and its corresponding projection 14 —ep. Since 14 —ep €
(A,er), H© Hp is a right F-module using Proposition 3.1. Furthermore, since
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a(F) = F, we have U"Hp = Hp. Consequently, for x € H S Hr and y € Hp, we
have

so that U(H © Hr) C H © Hp. Similarly, we have U*(H © Hr) C H© Hp.

Corollary 5.1 Suppose that A is a system with subsystem F and assume that
is finite, in the sense that ji(x) < oo, for every x € (A, eF)+ . Then A has discrete
spectrum relative to F.

Proof Since fi(la —er) < 0o, H©O Hp is spanned by a U-fi-module, namely itself.

Since the basic construction of a finite dimensional von Neumann algebra is
again finite dimensional, the trace on the basic construction is finite and we have:

Corollary 5.2 Fvery system on a finite dimensional von Neumann algebra has
discrete spectrum relative to every subsystem.

Another example follows from [9, Proposition 3.1.2]:

Corollary 5.3 Suppose that both A and F' are type 111 factors and that their index
[A: F) is finite. Then A has discrete spectrum relative to F.

Using Corollary 5.1, we can also prove the following:

Proposition 5.2 If A is a finite extension of ¥, then A has discrete spectrum
relative to F.

Proof Without loss of generality, assume that (B, v) in Definition 5.1 is in its GNS
representation B — B(H,) with cyclic vector £2,. One can easily verify that the
GNS triple for My, is (C™* ® C", 7,, A), where mp : My, = My ©@ My i c— c® 1,
and A = ﬁ > j—1€; ®e; with {e;} an orthonormal basis for C". Thus the GNS
triple for A = B ® M, is given by (H, © C" © C™, 7, 2), where 2 = 2, ® A and
T:BOM, —-BOM,OM,:a—~a®l.

From Proposition 4.1,

(A,erp) =B ® M, © My,
and
n=v0oTr,
where Tr := Tr,, ® Try,, with Tr, the usual trace (sum of diagonal entries) on M,
As [ is finite, A has discrete spectrum relative to F', by Corollary 5.1.

Example 5.1 We give a concrete realization of a finite extension for which the
dynamics is not compact nor a tensor product of the dynamics on the underlying
algebras. For simplicity, we focus on the case n = 2 in Definition 5.1.

We let B1 = (Bi1,v1, 81) and B2 = (Ba, v2, 52) be systems.

Consider B = B; @ B2 which we view as the set of all matrices of the form

b1 0
0 b2

for b1 € By and by € Bs.
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Let s € (0,1) C R and put
v=3s(rv1®0)+ (1 —5)(0D o).

Then v is a faithful normal state on B. So B = (B, v, ), with § = 81 @ B2, is a
system.
Set
A=B0G M, and uw=vQotr.

We now describe dynamics on (A, u). Let

W = [wl wQ] €A,

w3 W4

be unitary, where w; € B, and define a(a) := WaW™ for all a € B ® Ma. Then
A = (A, p,a) is a system.

[ e

From direct calculations, the requirements that W satisfy a(b®1) = W {g 2
B ® 1 for every b € B, and that a(b® 1) = 8(b) ® 1, yield
B(b) = wibw] + wabwi = wsbwj + wabw} (5.2)

and
wlbw§ + wgbwz = wgbwf + w4bw§ =0

for all b € B. The direct sum structure of B will allow us to satisfy the latter
requirement easily, while still giving nontrivial dynamics. This is done by setting

w1 =v1 &0 and wg =v4 D0
for v1,v4 € B1, and
wz = 0P v2 and w3z = 06 vs
for v2,v3 € Ba. Then (5.2) reads
v1b1v] B vabavs = vab1vy @ vsbavs

for every b = b1 @ b2 € B. The v; are necessarily unitary, since W is. It follows
that (5.2) is satisfied exactly when vjv1 € B} and vivs € B5.
We now show that « is not a product of the #-automorphism § and a *-

automorphism on Ms. By direct calculation, for every m = {zl 22] € Mo,
3 My
mllBl 0 mgvle{lBl 0
0 malp 0 mavavzlp
1 — 2 2
a( B ® m) TTL3’U4”U>1'<1]5’1 0 7TL4131 0
0 m203U§132 0 mlle.

So, a(1p ® m) is not of the form

1p @t = |:tllB t213} .

tslp talp
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Thus, a cannot be a tensor product of dynamics on B and Mz, respectively, unless
B; =0 and vov3 = v3v3 = 1p,, or Bo =0 and vivy = vav] = 1p,.

Now consider a specific case. Let B1 be the group von Neumann algebra gen-
erated from a free group G on two symbols ¢ and d. Let v1 be the trace on B
(Example 4.1). The map 81 : B1 — Bi : a — Il(d)al(d)* is a x-automorphism of
B;. Furthermore, since vy is a trace, v1(81(b1)) = v1(b1). Note that in the cyclic
representation (¢2(G),id, 1), with 1 € G the identity, the unitary representation
of 1 is given by

UBI 59 = U,Bll(g)(sl = (Sdgd*1

for all g € G (i.e. Ug, = l(d)r(d) where r is the right regular representation of G).
Assume that B2 # 0.
Let v1 = v := l(d). Then we show that B is not compact. If we consider the
orbit Uﬁzléc of 0. under Ug,
Ung(sc == { .. 75d*2cd2a (5d—1cd1 5 567 5dcd’1 5 (Sdzcd—z, 5d3cd*33 .. .},

then we have d™cd™™ # d"cd™ ", and

=2

||6d7n cd—m — 6d’n cd—™m

for all m,n € Z with m # n. Hence, Ugl d. cannot be totally bounded, so that, as
we are in a metric space, the closure of U%] dc cannot be compact. It follows that
B is not a compact system, i.e. B does not have discrete spectrum.

Thus we have constructed a finite extension A of a non-compact system B,
such that « is not the product of the dynamics on B with the dynamics on Ms.

It ought to be possible to take an infinite direct sum of copies of A above, to
obtain an isometric extension of B which is not a finite extension, by weighing the
traces of the copies of A by weights adding up to one, and allowing for possibly
different finite extension dynamics on the copies of A. However, the foregoing finite
extension already makes our main point, namely, it gives a purely noncommutative
example of relative discrete spectrum.

6 Further Questions

We end the paper with an informal discussion of some problems related to relative
discrete spectrum.

We can consider an intermediate system between a system and an isometric
extension of it, and ask if the intermediate system leads to two new isometric
extensions. (In the classical theory such a result holds; see [7, Lemma 9.12]). In
the noncommutative case it can be shown that the intermediate system is an
isometric extension of the system, but the question is if the original isometric
extension is also an isometric extension of the intermediate system. One obstacle
is relating the modules of the different pairings with one another.

A technical problem when using our definition of relative discrete spectrum, is
deciding if a given projection in the basic construction has finite trace.

Lastly, is it possible to formulate our Definition 3.4 of relative discrete spectrum
in a way that more closely resembles the classical Definition 3.57 For instance, we
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would like to know if there is a sensible notion of generalized eigenvalue. Gener-
alized eigenvectors appear to be “virtual objects” in our definition and it would
be interesting to see whether or not one can find an equivalent formulation of our
definition directly in terms of generalized eigenvectors.
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