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Abstract: In this paper, we formulate and prove a version of the Stone—von Neumann
Theorem for every C*-dynamical system of the form (G, K(H), ), where G is a locally
compact Hausdorff abelian group and H is a Hilbert space. The novelty of our work stems
from our representation of the Weyl Commutation Relation on Hilbert K(H)-modules,
instead of just Hilbert spaces, and our introduction of two additional commutation re-
lations, which are necessary to obtain a uniqueness theorem. Along the way, we apply
one of our basic results on Hilbert C*-modules to significantly shorten the length of Iain
Raeburn’s well-known proof of Takai—Takesaki Duality.

1. Introduction

One of the most famous mathematical results in quantum mechanics is the Stone—von
Neumann Theorem. Informally, the theorem establishes the physical equivalence of
Werner Heisenberg’s matrix mechanics and Erwin Schrodinger’s wave mechanics, which
was seen by Heisenberg to be an outstanding problem in the early days of quantum
mechanics [7]. The theorem was an attempt to prove that any pair (A, B) of self-adjoint
unbounded operators on a Hilbert space H that satisfies the Heisenberg Commutation
Relation on a common dense invariant subset D of their domain, i.e.,

[Alp, Blp] =ih-1dp,

is unitarily equivalent to a direct sum of copies of ()A( , 1/3;1), which are self-adjoint un-
bounded operators on L?(R) defined as follows:

Dom(X) = {f e L (R) ‘ /|xf(x)|2 du(x) < oo},
R

erDom()?):)?(f)d:f{R_’ c };

x = xf(x)
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Dom(Pp) = W2(R),
Vf eDom(Py): Pu(f) L —ih- f".

We recall that W!2(R) denotes the space of weakly-differentiable square-integrable
functions on R whose weak derivative is also square-integrable. This statement about
unbounded operators is not true in general, where complications arise from domain issues
— a well-known counterexample involving multiplication and differentiation operators
on L?([0, 1]) is given in [12].

The Stone—von Neumann Theorem was first given a rigorous formulation by Marshall
Stone in 1930 [19], and it was this formulation that John von Neumann proved in 1931
[20]. The exponentiated form of the Heisenberg Commutation Relation, called the Weyl
Commutation Relation, is investigated in these papers, because it involves only one-
parameter unitary groups. More precisely, a pair (R, S) of strongly-continuous one-
parameter unitary groups on a Hilbert space H satisfies the Weyl Commutation Relation
if and only if

Vx,y eR: SOMHRx) = e ™Y . R(x)S(y).

von Neumann proved that any such pair is unitarily equivalent to a direct sum of copies of
(U, V), where U and V are strongly-continuous one-parameter unitary groups on L*(R)
defined by

Vix,yeR, VfeL’R): [UW](f) = fle+hx) and [V()](f) =€ f.

Basically, U acts by translations, and V acts by phase modulations.

The statement of the Stone—von Neumann Theorem has undergone major revisions
in the decades since its initial formulation. George Mackey appears to have been the first
to recognize its generalization to second-countable locally compact Hausdorff abelian
groups, in [10]. Nowadays, his generalization is treated as part of his theory of induced
representations of locally compact Hausdorff groups and is generally considered the
standard modern formulation of the Stone—von Neumann Theorem, which we now state.

Theorem 1. Let G be a locally compact Hausdorff abelian group. If R and S are
strongly-continuous unitary representations of G and G, respectively, on a Hilbert space
'H that satisfy the Weyl Commutation Relation, i.e.,

Vx € G, Vy € G: SWIR(x) =y (x)- R(x)S(y),

then (H, R, S) must be unitarily equivalent to a direct sum of copies of(L2 (G), Ug, Vg)

where Ug denotes the unitary representation of G on L%(G) by left translations, and
V¢ denotes the unitary representation of G on L?(G) by phase modulations, i.e.,

Ue]N L r(xe)  and Vo] Lyr

forallx € G, y € G, and f e L*(G).

The work of Marc Rieffel in [16,17] has revealed that Theorem 1 is actually a state-
ment about the Morita equivalence of the C*-algebras C and C*(G, Cy(G), It), where It
denotes the strongly-continuous action of G on Co(G) by left translations. The theorem
thus acquires a more algebraic flavor. This Morita equivalence is a special case of a
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more general result known as Green’s Imprimitivity Theorem, which we actually need
to prove our covariant generalization of Theorem 1.

Several generalizations of the Stone—von Neumann Theorem can be found in the
literature. For example, [4] extends the theorem to measurable unitary representations
of G and G on a Hilbert space, and [13] extends the theorem to Hecke pairs using the
machinery of non-abelian duality. Although these generalizations are non-trivial and
interesting, their use of only Hilbert-space representations is a common limiting feature.

In this paper, we provide not just another incremental generalization of the Stone—
von Neumann Theorem, but a complete paradigm shift that significantly augments the
theorem’s range of applicability. By leaving the realm of Hilbert spaces and using rep-
resentations on Hilbert C*-modules, we show that the Stone—von Neumann Theorem
is not so much about representations of locally compact Hausdorff abelian groups on
Hilbert spaces as it is about representations of abelian C*-dynamical systems on Hilbert
C*-modules — for every C*-dynamical system of the form (G, K(H), o), where G is
a locally compact Hausdorff abelian group and H is a non-trivial Hilbert space, our
covariant generalization classifies up to unitary equivalence all quadruples (X, p, R, S)
with the following properties:

e X is a Hilbert K(H)-module. .

e R and § are strongly-continuous unitary representations of G and G, respectively,
on X that satisfy the Weyl Commutation Relation.

e p is a non-degenerate *-representation of K(7) on X that obeys the following
commutation relations:

R(x)p(a) = p(ax(@)R(x) and  S(y)p(a) = p(@)S(y)
forallx € G,y € @, and a € A. These relations are also called covariance relations.

Using results on non-abelian duality, one could very well generalize our covariant
version of the Stone—von Neumann Theorem to non-abelian C*-dynamical systems, or
even quantum-group dynamical systems, but such an undertaking would take us too far
afield, so we content ourselves with presenting only the abelian case, which we feel is
already a significant advance. Further generalizations will be explored in a sequel.

This paper is organized as follows:

e Section 2 is a short preliminary section that recalls some concepts and results about
C*-crossed products that we need. In particular, we show how to associate a Hilbert
C*-module to a C*-dynamical system in a canonical way. This Hilbert C*-module
is featured in Green’s Imprimitivity Theorem and is crucial to a formulation of our
covariant generalization of the Stone—von Neumann Theorem.

e Section 3 introduces Heisenberg module representations and the Schrodinger mod-
ule representation of an abelian C*-dynamical system (G, A, o). These concepts
allow an efficient formulation of our covariant generalization of the Stone—von Neu-
mann Theorem. We construct an injective map from the class of all Heisenberg
module representations of (G, A, «) to the class of all covariant module representa-
tions of (G, Co(G, A), It ® ), which is a C*-dynamical system that plays a pivotal
role in Iain Raeburn’s proof of Takai—Takesaki Duality.

e Section 4 provides an overview of the properties of Hilbert K(H)-modules that
have been established in [2,3]. Hilbert K()-modules obviously generalize Hilbert
spaces, yet they behave much like Hilbert spaces, which makes them very desirable
to work with.
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e Section 5 contains our main result: the Covariant Stone—von Neumann Theorem
(Proposition 7).

e Section 6 explains why the Covariant Stone—von Neumann Theorem is non-trivial,
i.e., it generalizes the classical Stone—von Neumann Theorem. A basic result in this
section also allows us to shorten Raeburn’s proof of Takai—Takesaki Duality.

e The Conclusions section describes some problems that this paper was unable to
resolve. It also suggests new avenues of research that would be of interest to both
mathematicians and physicists.

e Finally, an appendix contains a proof of an approximation lemma, stated in the main
body of the paper, that would be considered folklore, but for which we were unable
to locate an adequate reference.

We assume that the reader has a reasonable working knowledge of C*-algebras,
C*-dynamical systems, and Hilbert C*-modules. Throughout this paper, we adopt the
following notations and conventions:

N denotes the set of positive integers, and for each n € N, let [n] da N<,.

For a set /1, let Fin(/) denote the set of finite subsets of /.

For a locally compact Hausdorff abelian group G, let G denote its Pontryagin dual.

For a locally compact Hausdorff space X and a normed vector space V, let ¢ :
Co(X) x V — Co(X, V) be defined by

df | X — \%
VfeCo(X), YoeV: fOUZ{fo(x)-v}'

Note that ¢[C¢(X) x V] € Ce(X, V).
e Foralocally compact Hausdorff space X anda C*-algebra A, let. : AxCo(X, A) —
Co(X, A) be defined by
ad | X - A
Vae A, Vf e Cy(X,A): a'f:{xHaf(x)}'

o All Hilbert-space inner products are conjugate-linear in the first argument and linear
in the second.

e For a Hilbert space H and vectors v, w € H, let |v)(w| denote the rank-one operator
on H defined by

VieH:  (u)w)e) L (wlx)y - v.

e Let Projy, i denote the orthogonal projection of a Hilbert space H onto a closed
subspace .

e ForaC*-algebra A and Hilbert A-modules X and Y, the set of adjointable/compact/unitary
operators from X to Y is denoted by L(X, Y)/K(X, Y)/U(X,Y). If X =Y, then we
write L(X)/K(X)/U(X).

e For a C*-algebra A and a Hilbert C*-module X (not necessarily over A), a *-
representation of A on X is a C*-homomorphism p : A — L(X), which is then said
to be non-degenerate if and only if

Span((lp(@]C) |a € Aand ¢ € X))\ = X.
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e For a locally compact Hausdorff group G and a Hilbert C*-module X, a unitary
representation of G on X is a group homomorphism R from G to the group U(X) of
unitary adjointable operators on X, which is then said to be strongly continuous if

and only if the map
G — X
x = [R(x)]()
is continuous for each ¢ € X.
e For a C*-dynamical system (G, A, @), let It denote the left G-action on Cy(G, A)

by left translations, and let It ® o denote the left G-action on Co(G, A) by a-twisted
left translations, which is defined by

Vx e G, Vf € Cy(G, A) : (|t®a)x(f)£{G_> A_l }
RED)

Note that (G, Cy(G, A), It ® @) is also a C*-dynamical system.

2. Preliminaries

As C*-crossed products will be used extensively in this paper, let us recall some concepts
in this area.

Throughout this section, we fix an arbitrary C*-dynamical system (G, A, «), with G
not assumed to be abelian. We also fix a Haar measure i on G.

Recall that the C-vector space C.(G, A) can be given a convolution *G, 4 o and an
involution *G.4.« by

" G — A
e sannst {17 [ o) so]
G

o & {G - po(e) .(i( f(x1>*)},

where A denotes the modular function of G.

Definition 1. A (G, A, a)-covariant module representation is a triple (X, p, R) with the
following properties:

(1) X is a Hilbert C*-module (not necessarily over A).

(2) p is a non-degenerate *-representation of A on X.

(3) R is a strongly-continuous unitary representation of G on X.
4) R(x)p(a) = p(ax(a))R(x) forall x € G and a € A.

Covariant module representations are used in the construction of C*-crossed products.
Givena (G, A, a)-covariant module representation (X, p, R), we can define an algebraic
x-homomorphism p x R, called the integrated form of (X, p, R), from the convolution
x-algebra (CC(G, A), *xG. A.q, G A ) to L(X) by

VfeCuG A (pxR(N)E /Gp(f(X))R(X) dpa(x).
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The full crossed product C*(G, A, «) is defined as the C*-algebraic completion of
(CC(G, A), %G A g, CA ) with respect to the universal norm ||| (G 4.¢).u given by

/1l A.0)u
a sup({ (o x R)Y () ILexy | X, p, R)isa (G, A, a)-covariant module representation})

for all f € Cc(G, A). This norm is well-defined as it is dominated by the L'-norm on
C.(G, A).

We let 7(G,a,«) denote the canonical dense linear embedding of C¢(G, A) into
C*(G, A,a), and if A = C, in which case « is necessarily trivial, we simply write
G-
For a (G, A, a)-covariant module representation (X, p, R), we denote by p x R the
extension of p x R to a C*-homomorphism from C*(G, A, «) to L(X).

To (G, A, @), one can associate a special Hilbert A-module, denoted by L2(G, A, a),
in a canonical manner. Observe that C.(G, A) is a pre-Hilbert A-module, whose right
A-action e and A-valued pre-inner product [-|-] : C.(G, A) xC.(G, A) — A are defined
as follows:

i |G — A
(D¢°a_{XH¢QMAm

df
(2) [oly] = / a1 (9 Y (x)) du(x) = (%04 x40 ¥)(eg) for all p, ¢ €
G

C.(G, A).
Define L2(G, A, «) to be the Hilbert A-module obtained by completing C.(G, A) with
respect to the norm induced by [-|-]. Let ¢(G,4,a) : Cc(G, A) — L2(G, A, «) denote
the canonical dense linear embedding, and if no confusion can arise, we will omit the
subscript and simply write g.

We will use ¢ when defining operators on L?(G, A, «) to remind the reader that
unless A = C, the elements of L2(G, A, o) are generally not functions from G to A.
Having said this, we can equip L>(G, A, ) with the following structural data:

e A s-representation M(@4-® of A on L?(G, A, ) such that for all ¢ € A and
¢ € Ce(G, A),

} foralla € A and ¢ € C.(G, A).

[MCA9@ @) =gt ).

e A unitary representation UG-A4.9) of G on L2(G, A, ) such that for all x € G and
¢ € C(G, A),

[U(G,A,a)(x)](q(¢)) =q((t® @) ().

e A unitary representation V(©4.% of G on L>(G, A, ) such that for all y € G and
¢ € C.(G, A),

[VErOm |@@) =a - o).

Proving that these representations are well-defined is a routine exercise. We refer the
reader to Chapter 4 of [22] for details. We will omit supscripts and simply write M, U,
and V if no confusion arises from doing so.

The Hilbert A-module L2(G, A, «) is the linchpin of our formulation of the covariant
Stone—von Neumann Theorem, and it is also the main player in Green’s Imprimitivity
Theorem, which we now state.
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Theorem 2 (Green’s Imprimitivity Theorem). Let (G, A, «) be a C*-dynamical system.
Then L2(G, A, ) is a (C*(G, Co(G, A), t ® a), A)-imprimitivity bimodule with the
following properties:

e [f B denotes the non-degenerate x-representation of Co(G, A) on L2(G, A, o)
uniquely determined by

Vg € Co(G, A), Vo € Ce(G, A): [E(®)](g(9) = q(gd).

then (LZ(G, A, @), B, U) is a (G, Cy(G, A), t ® a)-covariant module representa-
tion, and the left action of C*(G, Cy(G, A), t ® o) on L2(G, A,a)is B x U.

e The left C*(G, Co(G, A), It @ a)-valued inner product on L*(G, A, «) is uniquely
determined by

C*(G,Co(G, A ltew) (4 (D) g (V)
G — Co(G, A)
= NG oG MM | ] AG(X71.> - p(e)ax (w(x”.)*)

forall ¢,y € C.(G, A).
e The right A-action and the right A-valued inner product on L*(G, A, o) are pre-
cisely the ones that define L2(G, A, ) as a Hilbert A-module.

Complete proofs of Green’s Imprimitivity Theorem may be found in [5,22].

Remark 1. Proposition 3.8 of [15] says that

E % U: C*(G,Co(G, A), t ® a) — ]L(LZ(G, A, a))

is an injective C*-homomorphism and that Range(E X U) = K(Lz(G, A, a)).

3. Module Representations

Throughout this section, we shall fix an arbitrary C*-dynamical system (G, A, a) with
G abelian. We shall also fix a Haar measure ¢ on G and a Haar measure v on G.

Definition 2. A (G, A, @)-Heisenberg module representationis aquadruple (X, p, R, S)
with the following properties:

(1) X is a full Hilbert A-module.
(2) p is a non-degenerate *-representation of A on X.
(3) R is a strongly continuous representation of G on X.
(4) S is a strongly continuous representation of G on X.
B) S(Y)R(x) =y(x)- R(x)S(y) forallx € Gand y € G.
Hence, (R, S) satisfies the Weyl Commutation Relation for G on X.
(6) R(x)p(a) = p(ax(a))R(x) forallx € G anda € A.
Hence, (X, p, R)isa (G, A, a)-coggriant module representation.
(7) S(y)p(a) = p(a)S(y) forally € Ganda € A.
Hence, (X, p, S) is a (G, A, t)-covariant module representation, with ¢ denoting

the trivial action of G on A.



124 L. Huang, L. Ismert

Definition 3. (L?(G, A, @), M, U, V) is called the (G, A, &)-Schrédinger module rep-
resentation.

Proposition 1. (L2(G, A, a),M, U, V) is a (G, A, a)-Heisenberg module representa-
tion.

Proof. We will verify the various axioms in Definition 2.
The fullness of L2(G, A, a) as a Hilbert A — module
By Green’s Imprimitivity Theorem, L2(G, A, @) is a (C*(G, Co(G, A), t ® a), A)-
imprimitivity bimodule, so it is a full Hilbert A-module.

For the verification of Axioms (2) through (4), we shall exploit a well-established
fact that is often used to prove Green’s Imprimitivity Theorem.
Fact Let ¢ € C.(G, A), and let (¢;);; be anetin C.(G, A). Then 1ir111q(¢i) =¢q(¢) in

AS]

L2(G , A, @) whenever hrrll ¢; = ¢ in the inductive limit topology on C.(G, A), i.e., the
le

following two conditions hold:

(I1) (¢i);c; converges uniformly to ¢.

(I2) There exist a compact subset K of G and an index i” € I such that Supp(¢;) € K
foralli € Is;.

The non-degeneracy of M
Let ¢ € C.(G, A). Let (e)),ca be an approximate identity for A that is norm-bounded
by 1. We claim that )lhirgl\[M(e;L)](q(cp)) = q(¢) in L*(G, A, ), which is true once we
€
can show that )ILIIR e, « ¢ = ¢ in the inductive limit topology on C.(G, A).
€
Firstly, note that (12) is satisfied as Supp(e;, . )  Supp(¢) forall 1 € A.

Next, let € > 0. By the continuity of ¢, there exists a Supp(¢)-indexed family
(Ox)xesupp(p) ©f open subsets of G such that for each x € Supp(¢), we have x € Oy

€
and [[¢p(x) —d(M)l4 < 3 forall y € O,.
As Supp(¢) is a compact subset of G, there exist x, ..., x, € Supp(¢) such that
n

K = U(K N Oxi). Find corresponding A1, ..., A, € I such that for any i € [n], we
i=1
have ||¢p(x;) — (e). - P)(x) |4 < g for all A € A;,. Then as A is a directed set, there
existsaA’ € A suchthat A; < A foralli € [n].
Lety € G. If y ¢ Supp(¢), then [[(ex «d)(y) —d(W) 4 = Oforall A € As,/;if

y € Supp(¢), then we can find an i € [n] so that y € O, in which case we have for all

[(ex « @)(¥) = dWlla = lI(er« )(¥) — (er« D) (x4 + (€« D) (xi) — P (xi) 4
+oxi) —d(la

€ € €
<—-+-+=

3 3 3
=€,

where we have used the fact that |le;||4 < 1 forall A € A. Hence, [ley « ¢ — Plloo < €
forall A € Asy, and as e > Ois arbitrary, we find that (e, . ¢), <o converges uniformly
to ¢, which means that (I1) is satisfied.
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Finally, another g-argument yields yn[l\[M(ek)](d)) = ® forall ® € L*(G, A, a),
€
so M is non-degenerate.
The strong continuity of U

Let ¢ € Cc(G, A), and let (x;);c; be a net in G that converges to eg. We claim
that liirrll[U(x,-)](q(¢)) = ¢(¢) in L>(G, A, o), which is true once we can show that
e

1ir111(lt ® ), (¢) = ¢ in the inductive limit topology on Cc(G, A).
1S

Firstly, note that (I1) is satisfied as It ® « is a strongly continuous action of G on
Co(G, A), which means that ((It ® o)y, (¢))ie1 converges uniformly to ¢.

Let K be a compact neighborhood of e . Then there exists ani’ € I suchthatx; € K
forall i € I-;s, which means that for all such i,

G — A
Supp((It® a),,(¢)) = Supp({x . (¢(x;1y)> }) = xi Supp(¢) € K Supp(¢).

As K Supp(¢) is a compact subset of G, we find that (I2) is satisfied.
An g-argument now shows that l_inll[U(xi)](CID) = forall ® € L2(G, A, ), so U
IAS
is strongly continuous.

The strong continuity of V

Let ¢ € C.(G, A), and let (y;);c; be a net in G that converges to eg. We claim that
l_inll[V(yl-)](q (@) = q(¢)inL%(G, A, o), which s true once we show that l_irrll Yiip=¢
1€ IAS

in the inductive limit topology on C.(G, A).
Firstly, note that (I12) is satisfied as Supp(y;¢) = Supp(¢) foralli € 1.
As the topology on G is the compact-open topology, (¥;);¢; converges uniformly to
1 on Supp(¢), which is a compact subset of G, so (y; - ¢);<; converges uniformly to ¢
on Supp(¢) and thus on all of G. Hence, (I1) is satisfied.
€

An g-argument now shows that liierrll[V(yi)](CD) =® forall ® € L>(G, A, a),s0V
is strongly continuous.
(U, V) satisfies the Weyl Commutation Relation for G on L*(G, A, )
Observe forall x € G, y € 6, and ¢ € C.(G, A) that

Vo) U® @) = [V ][V @)
- [vm](q({(y} o (¢(i‘1y))}>)
G — A
=CI( y = y() '“X(¢<x_1y)>})
([97 eonen) we))
G — 4
q< v >y () .ax(y(xfly) .(p(xly))})
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=y(x)- 4<{y r—>ax y§'¢(x1y))}>
=y -q [y > ax((y -¢)< _ly))D

=yx) - [U®)]@ - ¢)
=y - [UD]([Vn]@@))
=y(x) - [UV»)]@@),
so by continuity, V(y)U(x) = y(x) - Ux)V(y) forallx € Gand y € G.
(LZ(G, A, o), M, U) is a (G, A, a)-covariant module representation
Observe forall x € G,a € A, and ¢ € C.(G, A) that
[UoM@] @) = [Um)]([M@] (@ @))

-won(o(72.))
_q({é - ax(a¢(xA1y))})
= q({ y b ap(@ay (‘P(x_ly))})

= M@ (a))] (61(:(; - oy (¢(i_1y)) }>)

= [M(ex (@) ]([U®)] (g (¢)))
= [M(ax (@)U @) ] (g (),
so by continuity, U(x)M(a) = M(ax(a))U(x) forall x € G and a € A.
(LZ(G, A,a), M, V) isa (6 A, L) -covariant module representation
Observe for all y € 5, a € A, and ¢ € C.(G, A) that
[VM@]q(9) = [V ]([M@)](q@)))

~venl(((97 i)
= q({(y; Z () ~Aa¢(y)}>

=o({ 2 oo o))
"\ y = ally -]
= [M@]@(y - ¢))

= [M@]([V("]@ (@)
= [M@V»)]q(9)).
so by continuity, V(y)M(a) = M(a)V(y) for all y € Ganda € A. O

LS
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The ultimate goal of this section is to establish the following proposition, which we
presently state in an imprecise form.

Proposition 2. There is an injective map from the class of (G, A, o)-Heisenberg module
representations to the class of (G, Co(G, A), It ® a)-covariant module representations.

The proposition is imprecisely stated because we have not yet specified what the
injective map is, but this will be explicated in due course.

The main tool for proving the proposition is a C*-algebra-valued version of the
Fourier transform, which we will introduce soon. In order to show that this generalized
Fourier transform is well-defined, the following approximation lemma is indispensable.

Lemma 1. Let X be a locally compact Hausdorff space, V a normed vector space, and
D a dense subset of V. Then for any f € Cc(X, V) and € > 0, there exist y1, ..., Yn €
C.(X)and vy, ...,v, € D such that

< €.

Vx e X : Hf(x)—Z)ﬁ(X)-vi

i=1

14

If A is a regular Borel measure on X, then for any f € C.(X, V) and € > 0, there exist
Vis-woosVn € Co(X) and vy, ..., v, € D such that

/ Hf(x) = i) i
X i=1

This is a folklore result that can be straightforwardly proven using partitions of unity.
To avoid disrupting the flow of this paper, we will provide a proof of it in the appendix.

di(x) < e.
v

Definition 4. The A-valued generalized Fourier transform for G isthe map F : C, (6 , A)
— Co(G, A) defined by

_~ df G- A
VfeC(G.A): NS, fjmf(y) dv(y)
G

We proceed to demonstrate the consistency of this definition.
When A # C,itis notat all obvious why the image of F should be in Co(G, A). To see

this, let us pick f € C (6 A).Forevery x € G, the integrand of/Af(y) - f(y)dv(y)
G

belongs to cc(é, A), so the integral exists. Furthermore, for all x € G,

so F(f) is a function from G to A that is pointwise-bounded by || f||;. To check that
it is also continuous, fix x € G and € > 0. As Supp(f) is a compact subset of G with
respect to the compact-open topology on C(G), the Arzela-Ascoli Theorem says that
Supp(f) is an equicontinuous subset of C(G), so there exists an open neighborhood U
of x in G such that for all y € U and y € Supp(f),

/Af(y) ) dv(y)| = /Alf(l/)lllf()/)llA dv(y) = /Allf(V)IIA dv(y) = I1£11.
G A JG G

€
ly(x) =y < m
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Consequently, for all y € U,

IIF(HIx) = [FOIDa =

[ 20) - FOo) dviy) — /j
G G

= Hﬁ[y(x) —y]-
G

< /awoc) YOI dv(y)

=/ ) — YL L dv(y)
Supp(f)

€
_ - . d
=< /Supp(f) T+ 070 ILf()lla dv(y)

=1207 |If||1 Lf I

< €.

Asx € G is arbitrary, this proves that 7 () is continuous, so the image of F is contained
in Cp(G, A).
Now, given an f € Cc(G) and ana € A, we have for all x € G that

LF(f o a)l(x) = faﬂy) (f oa)y) dv(y)

= faf(y) [f @) -a] dv(y)

= [/af(y)f(y) dV(y)} -a

= f(x)-a. (Here, f denotes the Fourier transform of 1)

As we already know that f € Co(G),weget F(foa) = f oa € Co(G, A). Hence, as
f e CC( ) and a € A are arbitrary, we obtain

F[Span(Cc(G) ¢ A)] € Span(Co(G)  A) € Co(G, A).

Let f € cC(G, A). Lemma 1 makes it possible to obtain a sequence (f;),cn in

Span(C¢(G) o A) such that lim || f — f,ll; = 0. Then because [ F(f — fi)lloo <
n—oQ

lf — full; foralln € N, we get

Jim [F () = F(flloo = Jim IF(f = fillog =0

However, as seen above, F(f,) € Co(G, A) for all n € N, so because Co(G, A) is
complete with respect to the supremum norm, it follows that 7(f) € Co(G, A). As
f € Cc(G, A) is arbitrary, we have proven that F maps C¢(G, A) to Co(G, A).

Knowing now that F : C, (G, A) — Co(G, A) is well-defined, our next step is to
show the following.

Proposition 3. F extends to a C*-isomorphism F C*(a, A, L) — Co(G, A).
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Proof. It is routine to check that F : (cc(é, A), *G,A,u**a”“ ) = Co(G, A) is a x-
homomorphism. As we know that F is contractive with respect to |||, ;, the theory of

C*-crossed products says that F extends to a C*-homomorphism F.C* (6, A, L) —
Co(G, A).

By Lemma 2.73 of [22] and the theory of C*-tensor products, we have the series of
C*-isomorphisms

Cc*(G,A,1) = C*(G) ® A = Co(G) ® A = Co(G, A),
which are implemented as follows: For all fi, ..., f, € Cc (6) anday,...,a, € A,

n(a,A,O(Zﬁ 0“1‘) = Zﬁa(fi)Oai — Zﬁ@ai > Zﬁom.

i=1 i=1 i=1 i=1

n n

However, F (Z fio ai> = Z ﬁ oaj, so F agrees with some C*-isomorphism from
i=1 i=1

Cc* (G, A, L) to Co(G, A) onadense subset. It is therefore precisely that C*-isomorphism.

|

Definition 5. For a (6, A, L)—covariant module representation (X, p, S), let
S X SoF | Co(G, A) — L(X),
which is a non-degenerate x-representation of Co(G, A) on X.
Finally, let us tackle the main objective of this section.
Proof of Proposition 2. We divide the proof into two parts.

Defining the desired class map
Observe forall x, y € G and f € C. (6 A) that

[(t® ) (F(N]) :O‘X<[f(f)](x_l ))
( @) f) dv(y))
- /5 (1)) e (f () dv(y)
= fay(y)??(y) Lo (f () du(y)
/ 50 - [7 T o )] dvy)

=[F(xT @ n)]o.

Hence, (It ® &), (F(f)) = f(x/—\l~ (@, o f)) forallx € G and f € C(G, A).

Given a (G, A, @)-Heisenberg module representation (X, p, R, S), we will exploit
the computation above to show that (X, 7%, R) is a (G, Co(G, A), It ® a)-covariant
module representation.
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Firstly, p is anon-degenerate *-representation of A on X, so p x S is anon-degenerate
x-representation of C* (G, A, L) on X, which, in turn, means that 7”5 is a non-degenerate

x-representation of Co(G, A) on X. Secondly, we have forall x € G and f € C. (6 A)
that

Ry S(F(f)) = R(x)[ /ap(f(y))S(y) dv(y)]
- /6 R ()S() dv(y)
- /ép(ax(f(y)))R(x)S(V) dv(y)
_ fa y(x7) PSSR dv(y)

= [ () ptextramse dv(y)]R(x)
LJG

- fap(y(x—l) ()W) dv(y)]R(x)

_[ ~T(y) - (@, o S(y)dv(y) |R
_ Lo(T- @o 1)) v(y)] )

- Lo @ e njom)se dv(y)}R(x)

_ J;P’S(f(?\]- (@ f)))R(x)
=" ((It® @) (F(f))R(x).

As the image of F is dense in Co(G, A), it follows from continuity that for all x € G
and f € Cy(G, A),

RT3 (f) = n”S((It® @), (f))R().

Hence, (X, 705, R) isa (G, Co(G, A), It ® a)-covariant module representation.

We can therefore define a map from the class of (G, A, «)-Heisenberg module rep-
resentations to the class of (G, Co(G, A), It ® o)-covariant module representation ac-
cording to the rule

X,p,R,S) — (X, xPS, R).

Injectivity of the class map

Let (X1, p1, Ry, S1) and (X2, p2, R2, S2) be (G, A, o)-Heisenberg module representa-
tions such that

(Xl,ﬁp"sl, Rl) = (Xz,ﬂpz’sz, R2>~
Clearly, X; = X2, R| = Ry, and 7”151 = 7252 Hence,
PLNS =P o F=gf2 0 F =p) X 55,

which yields p; X S| = p2 x S2. By Proposition 2.39 of [22], p; = p2 and §1 = S».
Therefore, the proposed class map is indeed injective. |
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Actually, one can show that the image of the class map above is the class of
(G, Cy(G, A), It ® a)-covariant module representations whose underlying Hilbert C*-
module is a full Hilbert A-module. However, we will have no need of this fact.

4. Hilbert K(H)-Modules

In this section, we take a brief excursion into Hilbert K (7{)-modules. The initial material
can be found in [2,3], but we have decided to supply our own proofs, some of which are
simpler than the original ones.

Throughout this section, we shall fix a non-trivial Hilbert space H.

Lemma 2. Let P be a rank-one projection on H. Then there exists a unique positive
linear functional f on K(H) such that PSP = f(S) - P forall S € K(H).

Proof. This lemma is a simple exercise left to the reader. O

Let P denote the set of all rank-one projections on H. Lemma 2 says that there exists
a Pi-indexed family (fp) pep, of linear functionals on H such that

VP e P1, VS e K(H) : PSP = fp(S)- P.
These linear functionals play a pivotal role in the next result.

Theorem 3. Let X be a non-trivial Hilbert K(H)-module and P a rank-one projection
on H. Then X e P is a non-trivial closed subspace of X e P that has the structure of a
Hilbert space, whose inner product (-|-)xep 1S given by

Ve,neXeP:  (ZIn)xep g‘ﬁv(@lﬂ)x)-

Furthermore, the norm on X e P induced by (-|-)xep coincides with the restriction of
[I-llx to X @ P.

KH) .
X) isa

Proof. Ttis clear that Xe P is a subspace of X. As X is non-trivial, Span((X|X)

non-trivial ideal of K(H), butas K() is a simple C*-algebra, we have Span ( (X|X)X)K(H)
= K(H). Hence,

P e PK(H)P

— PSpan((X[X)) 7 p

c P Span((X|X)x) P Y

— Span((X e P[X e Py Y,

which implies that X e P is a non-trivial subspace of X.

To see that X e P is a closed subspace of X, suppose that (¢,),c 1S a sequence in
X e P that converges to some n € X. Then because ¢, # P = ¢, forall n € N, we have

n= hm ;n: hm ;n.P:(lim {n).P:T].P.
n— oo n— o0 n— o0

Hence, n € X o P, which proves that X e P is a non-trivial closed subspace of X.
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Clearly, (-|-)xo p is a sesquilinear form on X e P, so it remains to see that it is positive
definite and complete. Let ¢ € X e P. Then (| )y is positive in K(H), so by Lemma 2,
(¢18)xep = fP((L1E)x) = 0. Furthermore,

(C1E)xep = fPULIL)X) =0 = (CI¢)x = PCIE)xP = fPIC)x) - P = Ok
— ¢ =0x.

A short computation now shows that || ||xep = || ]lx forall € X e P. As X e P
is a closed subspace of X, it is a Banach space with respect to the restriction of ||-||x to
X e P and is thus a Banach space with respect to ||-||xep. Therefore, X o P equipped
with (-|-)xep is a Hilbert space, and the Hilbert-space norm on X e P is precisely the
restriction of ||-]|x to X e P. O

Theorem 4. Let X be a Hilbert K(H)-module, Y a K(H)-submodule of X that is not
necessarily closed, and P a rank-one projection on 'H. Then the closed K(H)-linear

X
span of Y o P in X is the closure Y of Y in X.

Proof. As Hilbert C*-modules are automatically non-degenerate, we have Y =

Span(YoK('H))x. As K(H) is simple, the closure of the two-sided ideal [
Span(K(H) PK(H)) of K(H) is all of K(#). Hence,

1i=3

Span(Y e K(H)) " = Span(Y e 1) .
Given ¢y, ..., ¢, € Xand Sy, ..., Sy, T, ..., T, € K(H), observe that
D Ge(SiPT) =) ((GieS)eP)eTi,

i=1 i=1

SO

Y = Span(Y e 1) = Span(((Y e K(H)) e P) e K(H)) . = Span((Y » P) e K(H)) ",

which proves that VX is the closure of the K(7{)-linear span of Y e P in X. O

The next theorem is the main result of [3], and it explains why Hilbert K (7)-modules
behave like Hilbert spaces. It says that the C*-algebra of adjointable operators on a
Hilbert K(H)-module X is isomorphic to the C*-algebra of bounded operators on the
Hilbert space X e P, for any rank-one projection P on H. At first sight, this seems rather
astonishing because X e P is generally a much smaller space that X itself, and it would
be hard to imagine why it should have much to say about X. However, having seen in
Theorem 4 that X e P generates a dense submodule of X, one can start to understand
why the theorem holds.

The proof given in [3] relies on concepts from an earlier paper [2], but the proof that
we give here is very direct and only depends on the previous definitions and results of
this section.

Theorem 5. Let X be a Hilbert K(H)-module and P a rank-one projection on H. Then
X e P is an invariant subspace for each T € 1L(X), and the map

LX) — B(X e P)
T = Tlxer

is a C*-isomorphism, where X e P is viewed as a Hilbert space. Furthermore, the
restriction of this map to K(X) yields a C*-isomorphism from K(X) to K(X e P).
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Proof. If X is trivial, then the theorem is clearly true, so let us assume henceforth that
X is non-trivial.

For each T € LL(X), the K(H)-linearity of 7" implies that X e P is an invariant
subspace of T'.

LX) — B(Xe P)
T + Tlxepr
that it is injective, let S, T € LL(X) satisfy S|xep = T |xep- Then by the K()-linearity
and continuity of both S and 7', they must agree on the closed K(7)-linear span of Xe P,

which is equal to X by Theorem 4. Hence, S = T.

Surjectivity is trickier to prove. Let L € B(X e P), and let (&;),;<; be an orthonormal

basis of X e P. For each J € Fin(I), let T, a Z@L(Si),gi € K(X) and Lj a

ie
Z|L(sl~))(£i| € K(X e P);thenforall¢ € X o P,
ieJ

It is easy to check that } is at least a C*-homomorphism. To see

T5(¢) = Z®L(8i)v8i )

ieJ

=) L&) o (eild)x
ieJ

= ZL(S,-) o (P(&l¢)xP)
ieJ

=D L) o (eild)xar - P)
ieJ

= Z(é‘il()x.P - L(ei)
ieJ

= DI el ©)
iel

=L;(),

which implies that Ty |xep = L. Next, forall{ € X e P,

L) = L(Z<s,-|;>x.p -a) = (&l xep - L) = Y _|IL(N) (&l (©).

iel iel iel
0 (L) jeFin(r) 18 @ net (partially ordered by C) that strongly converges to L. Also, for
all J € Fin(/),
ILsIBxery = sUp({IILs(D)lIxep | ¢ € X o P and [|¢]|xep < 1})
sup({IILs(©)lIxep | ¢ € Span({ei}ic;) and [¢llxep < 1})
sup({IL(©)lIxep | ¢ € Span({ei}ics) and I [Ixep < 1})
sup({IIL()llxep | ¢ € X @ Pand [[¢Ixep < 1})
I LlIB(xeP)

IA I

which gives, by the first part, [| T/ llx) = ILslIBxer) < IILIIB(xep)- Notice now that
(T7) jeFin(r) 1s @ norm-bounded net in IL(X) that strongly converges on the K(H)-linear
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span of X e P, which is dense in X. By an g-argument, (T7) jeFin(r) strongly converges

everywhere to some 7 € B(X). Likewise, (T ) JeFin(l) strongly converges everywhere

tosome S € B(X). As (T7(¢)In)x = <§|Tj*(n)) forall ¢, n € Xand J € Fin(I), taking
limits yields (T'(¢)|n)x = (¢1S(1))x. Therefore, T € L(X) and T|x,p = L, which
finishes our proof that the restriction map is a C*-isomorphism from IL(X) to B(X e P).

For the final part of the proof, observe for all ¢,n € X e P, S, T € K(H), and
& € X o P that

Ores, o7 (&) = (C @ S) o (n e T|E)y
= (¢ eS)e(nePT|E)y
=(CeS)e (T*P(nl&)x)

= (¢ @ ST*P) o (n]§)x

= (o ST*P) o (P(n|€)x P)

= (¢ @ ST*P) o ((nl€)xap - P)
= (1)xep - (¢ @ ST*P)

= [¢ o ST*P)(nl(&),

which means that @45 ye7 |xep € K(X @ P).Let ¢, n € X. Then by Theorem 4, we can
find

Cly oo s Cms My evesp€XOP and Sp,..., 8., T1,..., T, € K(H)

m n

so that Z ¢ o S; and Z n; e T; are arbitrarily close to ¢ and 7, respectively, which
i=1 j=1

ensures that

m n
OTIL tio51. Xy njeT; = D2 Oesie;
i=1 j=1

is arbitrarily close to ®; , in K(X). Hence, by the continuity of the restriction C*-
isomorphism,

m n m n
Z Z Oce8;.n;0T;IXer = Z Z

i=1 j=1 i=1 j=1

oS T;kP><77j|

is arbitrarily close to © ,|xep, Which says that O ,|xep € K(X e P). Therefore, the
image of IK(X) under the restriction C*-isomorphism is a non-trivial ideal in K(X o P).
As K(X o P)is asimple C*-algebra, this image is precisely K(X e P). The proof is now
complete. O

Using Theorem 5, we can show that every closed submodule of a Hilbert K(H)-
module has an orthogonal complement. The complementability of Hilbert K (H)-modules
has been known for a long while [11], but Theorem 5 appears to provide an expedient
proof.

Theorem 6. Let Y be a closed submodule of a Hilbert K(H)-module X. Then X =
YoY-
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Proof. Let P be a rank-one projection on H. Then Y e P is a closed subspace of X e P.
By Theorem 5, there is a projection Q € IL(X) such that Q|x.p = Projyep yep- If we
can show that Range(Q) = Y, then we are done, for a closed submodule of a Hilbert
C*-module is complementable if it is the range of an adjointable operator (Corollary
15.3.9 of [21]). Indeed, as Q is a projection, Range(Q) is a closed submodule of X, and

Range(Q) o P = {Q(¢) e P | £ € X} ={Q( @ P) | ¢ € X} = Range(Q|xep)
= Range(Projy,p y,p) =Y ® P,

so Range(Q) = Y by Theorem 4. O

Lemma 3. Let X be a non-trivial Hilbert K(H)-module and P a rank-one projection
on H. Then there is a ¢ € X such that ({|{)yx = P.

Proof. By Theorem 3, we can find a non-zero n € X e P, 30 (n|n)xep > 0. As

(minx = (ne Plne Py =PnnxP = nn)xep - P,

‘ 1
we see that ¢ O S n satisfies (¢[¢)x = P. =
<77|7])X0P

Definition 6. Let A be a non-trivial C*-algebra and X a non-trivial Hilbert A-module.
We say that K(X) acts irreducibly on X if and only if the only closed K(X)-invariant
A-submodules of X are {Ox} and X.

Proposition 4. Let X be a non-trivial Hilbert K(H)-module. Then K(X) acts irreducibly
on X.

Proof. As X is a full Hilbert K(H)-module by the simplicity of K (), Proposition
3.8 of [15] implies that X is a (K(X), K(H))-imprimitivity bimodule. By the Rieffel
Correspondence Theorem (Theorem 3.22 of [15]), there exists a lattice isomorphism
between

e The lattice of closed two-sided ideals of K(H), which includes {OK(’H) } and K(H),
and

e The lattice of closed K(X)-invariant K(7)-submodules of X, which includes {Ox}
and X.

As K(H) is simple, the only closed K(X)-invariant K(?)-submodules of X are therefore
{Ox} and X. O

The next result appears to be new, and it serves as the main bridge between the theory
of Hilbert K(H)-modules and the main result of this paper, which will be presented in
the next section. The proof that we offer here is an adaptation of Arveson’s proof of
Theorem 1.4.4 of [1].

Proposition 5. Let X and Y be non-trivial Hilbert K(H)-modules. If ® is anon-degenerate
x-representation of K(X) on Y, then (Y, ®) is unitarily equivalent to a direct sum of

copies of (X, iK(X)L)]L(x)).
Proof. Fix a rank-one projection P on H, and consider

~ ~

KX e P) —> KX) -2 L(Y) —> B(Y o P),
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where K(X o P) = K(X) and L(Y) = B(Y e P) come from Theorem 5. By defi-
nition, the non-degeneracy of (®, Y) means that

Y = Span({[®(1)]Q) [T € K(X)and ¢ € Y))

which yields

Ye P =Span({[®(T)](¢) | T € KX)and ¢ € Y})Y o P

C Span({[®(]Q) [T € K(X)andz €Y} o P

= Span({[®(T)](. e P) | T e K(X) and ¢ € Y})Y

= Span(([P(T)yapl () [ T € KX) and € Y o P}

— Span([¥(S)I() [S€RXe Pyand €Yo P))"

= Span({[V(S)](n) | Se KXeP)andn e Y e P})Y.P (By Theorem 3.)
CYeP.

Hence, ¥ is a non-degenerate x-representation of K(X e P) on the Hilbert space Y o P,
and so the first part of Arveson’s proof says that there is a rank-one projection Q €
K(X e P) such that U (Q) # Og(vep)-

By Theorem 5, there is a projection E € K(X) such that Q = E|xep. As ¥ (Q) #
Ok (Yep), it must be that ®(E) # Opy), so E # Og(x). By Lemma 2, there exists a linear
functional fp : K(X e P) — C satisfying

VSeK(XeP): 0SO=fp(S)- 0.

Define a linear functional g : K(X) — C by g(T) a fp(T|xep) forall T € K(X);
then

ETE|xep = (ElXeP)(TxeP)(Elxep) = Q(T|xer)Q = fP(T|Xep) - Q
= JP(TIxer) - Elxep = [&(T) - Ellxep-

By Theorem 5 again, we may conclude that ETE = g(T) - E forall T € K(X).
Consider the K(H)-submodule E [X] of X, which is non-trivial as E # O x), and

closed as E is a projection. Similarly, ®(E) [Y] is a non-trivial closed K(H)-submodule

of Y. Hence, by Lemma 3, there exist ¢ € E[X] and n € ®(E)[Y] such that (¢|¢)x =
P = (n|n)y. We now claim that the map

U:Span({T(t e A) e X| T e K(X), A e K(H)})
— Span({[®(T)](ne A) e Y | T € K(X), A € K(H)})

defined by

D T e A) > Y [D(T)](n e Aj)

i=1 i=1
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forall 77, ..., T, e K(X)and Ay, ..., A, € K(H) is well-defined by virtue of being
an isometry. Indeed,

<Z[@(n)1(n o Aj)

i=1

> fo(rline )
j=1 Y IR (H)

n

= | D (@1 e An|[@(T7)](n e 4)))y

ij=1

K(H)
n

_ Z ([DTHIADPE)] () o AD|[@(T;) | ([P(E)(m) ® Aj))y
ij—=1
(Asn e [@(D)][Y])

n

= | D (@ E)(n o A)|[®(TE)](n e A)))y

K(H)

i,j=1 K(H)
= Zn: ([®(TE) " S(TE)|(n e A)|ne Aj)

i,j=1 K(H)
- i<[<1>(ETJ-*TiE)](77°Ai)n'A/‘>Y

i,j=1 K(H)
- Xn: <[CI>(g(Tj*T,-) : E)](n e Ap|ne A,->Y

i,j=1 K(H)
= Zn: g(Tj‘E) ([@E) (e Ap)|neAj)

K(H)

i,j=1
n
= 1> g(TJ?“Ti> (neAilneA;)
ij=1

K(H)

n

(T]?“Ti> “Af(nln)yA;

I
oq

ij K(H)

n
= | X e(1;7) - arpa;
ij=1

and a near-identical computation using (£ |¢)x = P also yields

<ZT,-<; « AN Ti(¢ .A,-)>
i=1 j=1

(As (nln)y = P.)

K(H)

n

» g(T;Ti) ATPA;

ij=1

v &) K(H)
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Therefore, U is a surjective isometry. By continuity, U extends to a surjective isometry
U : X — Y, where

X LSpan((T(C e A) | T € K(X), A € K(H)]) |

and

Y & Span(([@()I(n e A) | T € KX) A € K(H)) -

Note that X’ is a K(X)-invariant closed submodule of X and is non-trivial as ¢ € X'.
Also, Y is a @[K(X)]—invariant closed submodule of Y and is non-trivial as n € Y.
Hence, X’ = X by Proposition 4, so U : X — Y’ is a surjective isometry that, moreover,
is K(H)-linear. We may thus apply Theorem 3.5(i) of [9] to deduce that U € U(X, Y’ )

Next, we claim that UT = ®(T)|y:U forall T € K(X). Fix T € K(X). Then for all
Ti,...,T, e KX)and Ay, ..., A, € K(H), we have

(UT)(Z T;( o A») = U(Z TTi(§ e A;-))

i=1 i=1

=D [®(TT)](n e Ay)

i=1

=) (DT e A)

i=1

= [®(T)] (Z[cb(m](n . A»)

i=1

= [@(T)U](Z T;(§ -Ao).

i=1

By the density of Span({T'(§ @ A) | T € K(X), a € K(H)}) in X, we obtain UT =
O (T)|y U as expected.
Now, define a poset (3, ) with the following properties:

e S is an element of P if and only if the following hold:
— S consists of pairs of the form (Z, V'), where Z is a non-trivial CD[K(X)]-invariant

closed submodule of Y, and V € U(X,Z) with T = V~[®(T)|z]V for all
T € K(H).
— If (Z1, Vi) and (Z,, V») are distinct elements of S, then Zy L Z».
e Forall 51,5 € B, we have S| C S if and only if S| C Ss.

If ¢ is a chain in (B, ©), then | J € is an upper bound for € in (3, C), so by Zorn’s
Lemma, there exists a maximal element M of (T, C). We claim that Y = @ Z,
Z,V)eM
where the direct sum is internal. If this were not true, then @ Z C Y. Letting
Z,V)eM
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L

Z a @ Z | , Theorem 6 says that Z’ is a non-trivial closed submodule of Y. A
Z.V)eM
routine verification reveals that ®(7)[Z'] € Z' for each T € K(H) and that

K(X) — L(Z)
T = oDz

is a non-degenerate *-representation of K(X) on Z'. We may thus apply the first part of
the proof to Z’ to obtain (Z/ " W), where

e Z"is anon-trivial CD[]K(X)]-invariant closed submodule of Z’ (and hence of Y), and
o WelU(X,Z') with T = W [®(T)|z/1W forall T € K(H).

As M C {(Z” , W)} UM € B, this contradicts the maximality of M. Therefore,

Y = @ Z indeed, so
(Z,VyemM

VI eK(H): () = ®z.v)em®(D)lz = Bz.v)yem VIV !
=[®zv)emV]T [@(Z,V)eM V_l]-

The proof is finally complete. O

5. The Covariant Stone-von Neumann Theorem

In [16], Marc Rieffel used a special instance of Green’s Imprimitivity Theorem to prove
the classical Stone—von Neumann Theorem. According to him, the classical Stone—von
Neumann Theorem is a statement about the Morita equivalence of the C*-algebra C
with the crossed product C*(G, Co(G), It). This gives us a more algebraic way of seeing
things, and it is precisely this point of view that guided our search for the covariant Stone—
von Neumann Theorem in the beginning. As we are dealing with Hilbert C*-modules
instead of just Hilbert spaces, we will require the full strength of Green’s Imprimitivity
Theorem, as can be seen in our proof of the next result.
For the remainder of this section, we shall fix arbitrary C*-dynamical systems (G, A, «)

and (G, A, ) with G abelian. We shall also fix a Haar measure ¢ on G and a Haar mea-
sure von G.

Proposition 6. Recalling the (G, A, a)-Schrodinger — module  representation
(LG, A, ), M, U, V),

ZMV U : C*(G, Co(G., A), It ® a) — }L(LZ(G, A, a))

is then an injective C*-homomorphism such that Range (nM’V X U) = K(Lz(G, A, a)).

Proof. 1t suffices by Remark 1 to show that aMV = B Let f € cc(é, A) and ¢ €
C.(G, A). Then

[V E@D]@@) = [Mx V(D] @@
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_ / [M(F () 0 V)] (@(@) dv(y)

G

= /Gq(f(y)(y ~¢)) dv(y).

The last integral looks like it should be g(F(f)¢), and indeed it is, but we have to
exercise some caution in justifying our guess. By Fubini’s Theorem, we have for all
Y € Ce(G, A) that

<61(1ﬁ)

/GQ(f(V)(V - $)) dV(J/)>

L2(G,A,a)

- /6 GNP - E2Gn0 W)

/ a1 (Y fF [y () - o()]) du(x) | dv(y)

I
ST

/ a1 (V) [y @) - F(o)]) du(x) | dv(y)

/G /6%—1 (v [y - Fe)]) dv(y) | du(x)

- /G axl(tzf(x)*[ /awx)-f(y) dv(y)}w)) du(r)

= /Ga (Y W FNIDP@)) dux)
= [@WIaFNP)E6.A 0

This establishes the validity of our guess. Hence, nM'V(}" (f)) = E(F(f)) for all
feCe (G, A), and as the range of F is dense in Co(G, A), we conclude that MV =g
O

Definition 7. Let (X, p, R, S) be a (G, A, «)-Heisenberg module representation and
Y,o0,T,U)a(G, A, B)-Heisenberg module representation. We say that (X, p, R, S) is
unitarily equivalent to (Y, o, T, U) if and only if there exists a W € U(X, Y) such that

WROW*=T(x), WSWW'=U(y), Wp@W"=0o(a)

forallx € G,y € 6, and a € A, in which case we write (X, p, R, S) ~w (Y,o0, T, U).

Definition 8. We say that (G, A, «) has the von Neumann Uniqueness Property (vNUP)
if and only if any (G, A, «)-Heisenberg module representation is unitarily equivalent to
a direct sum of copies of the (G, A, o)-Schrodinger module representation.

We are now ready to prove the main result of this paper.

Proposition 7 (The Covariant Stone—von Neumann Theorem). (G, A, «) has the vNUP
if A = K(H) for some non-trivial Hilbert space H.
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Proof. Let (X, p, R, S)bea (G, K(H), «)-Heisenberg module representation. We know
from Proposition 2 that (X, 7PS, R) is a (G, Cy(G, K(H)), It ® a)-covariant mod-

ule representation. Consequently, 775 x R is a non-degenerate *-representation of
C*(G, Co(G,K(H)), It ® @) on X. However, Proposition 6 says that

MV 5 U C*(G, Co(G. K(H)), It ® ) — K(LZ(G, K(H), a))

is a C*-isomorphism, so it follows from Proposition 5 that

(X, PS5 xR o (nM*V X U)l)

~w @(LZ(G, K(H), a), iK(Lz(G,K(H),a))wL(LZ(G,K(H),a)))

iel

for some index set / and some W € U(X, @ LZ(G, K(H), oz)). We thus have

iel

[nP’S % Ro (nM,V x U)l](T) = W*@@ic; T)W,
forall T € K(L*(G, K(H), a)), or equivalently,
75X R(F) = W @ie MV 5 UF) | W
forall F € C*(G, Cy(G, K(H)), t ® ). It follows from Proposition 2.39 of [22] that
R = W @i U@ W and  705(f) = W [@iera™V () [w
forallx € G and f € Cy(G, K(H)). However, as
aPS =pTSo7'_l and 7™V =mo7‘_l,
we find that
PR = WH@ieMx V() |w
forall f € C *(5 , K(H), L). Another application of Proposition 2.39 of [22] yields
S) =W @iV ]W  and  p(A) = W¥[@ie/M(a) |W

forall y € Ganda e K(H). The covariant Stone—von Neumann Theorem is hereby
established. O

Our method of proof in no way depended on the classical Stone—von Neumann
Theorem, so it is a proper generalization in every way, as expressed by the corollary
below.

Corollary 1. The classical Stone—von Neumann Theorem is precisely the case when
‘H = C (any strongly-continuous action of a locally compact Hausdorf{f group on C is
necessarily trivial).
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6. The Non-Triviality of the Covariant Stone—von Neumann Theorem

One may now ask, “Does the covariant Stone—von Neumann Theorem really say anything
new? Is there a unitary transformation that reduces it to the case of the trivial action of
G on K(H)?” The following result makes this question an extremely valid one.

Proposition 8. Let (G, A, o) be a C*-dynamical system with G not assumed to be
abelian. Then there is a Hilbert A-module isomorphism Q2 : L2(G, A a) — L2(G, A, )
that satisfies

Vo € Co(G, A) 1 Q(q(6,4.0 (@) = %G,A,t)({f : axlé”(x))}>'

Proof. This is an easy verification that we leave to the reader. O

Even though L2(G, A, a) is isomorphic to LZ(G, A, 1), note that the covariant Stone—
von Neumann Theorem is not a statement about the unitary equivalence of Hilbert
C*-modules, but a statement about the unitary equivalence of Heisenberg module repre-
sentations. Having said this, the next two results give a complete answer to the question
above.

Proposition 9. Let (G, A, @) and (G, A, B) be C*-dynamical systems, with G abelian
anda # B. Then a direct sum of copies of the (G, A, o)-Schrodinger module representa-
tion cannot be unitarily equivalent to a direct sum of copies of the (G, A, B)-Schrodinger
module representation.

Proof. By way of contradiction, suppose that there are index sets / and J such that
@(B(G, A, a), M@A® YGAa) V(G,A,a))
iel
~w EB('—Z(G’ A, B), MGAB) YGAB V(G,A,m)
jeJ

forsome W € U @ L2(G, A, a), @ LZ(G, A, B) |. Then we have for all x € G and
iel jeJ
a € A that

VAN MO @) = MO0 (@ (@)U A (),
UGAD @MEAP @) = MCAP (B (a))U AP (x),

W[ @ie VG4 ) | W = @,e, U4 ),
W[@ie MA@ | W* = @0, MOAP @),
so it follows that
®jesMEP (Be(@) = e U CHP (OMEAD (@)U A ()71
= [©;c/ VAP () [[0;e/MTAD @] [ @6, U AP ()71

= W[@ic U4 @) |[@ieM P2 @) ][ @10/ U4 07! W
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_ W[@ielU(G,A$a>(X)M(G,A,a)(a)U(GA,A,a)(x)—l]W*
= W[@ie MO (@) [ W
= ®jesMEP (0, (a)).

which yields M(©4-) (B, (a)) = MG 4P (a,(a)). Hence, for all x € G, a € A, and
¢ € Cc(G, A),

G A
q‘G’A"’)<{y - ax(a>¢><y)}> = [MOP @@ ]lac.an®)

= [MOAD @) |(g(6.4.5) )

TAGAD\ Ny = Be@oM] )

from which we get (o (a) — Bx(a))@p(y) = 04 for all y € G. As we can choose ¢ to
assume any value at any point, we obtain o, (a) = By (a) forallx € G anda € A, which
contradicts o 7# f. O

Corollary 2. Let (G, K(H), @) and (G, K(H), B) be C*-dynamical systems, with G
abelian, H a non-trivial Hilbert space, and o # B. Then any (G, K(H), «)-Heisenberg
module representation cannot be unitarily equivalent to any (G, K(H), B)-Heisenberg
module representation.

Proof. This follows immediately from Propositions 7 and 9. O

Corollary 2 should remind physicists of Haag’s Theorem in quantum field theory
(QFT), which posits the failure of the uniqueness of the canonical commutation relations
within QFT in general [6].

We finally arrive at a discussion of Takai—Takesaki Duality.

Theorem 7 (Takai—Takesaki Duality [14,22]). Let (G, A, «) be a C*-dynamical system.
Then

C*(G.C*(G. A, @),3) =K(LX(G)) ® A,

where & denotes the dual action ofa on C*(G, A, a).
In his proof of Takai—Takesaki Duality in [14], Iain Raeburn first showed that

C*(G, C*(G, A, ),@) = C*(G, Co(G, A), It @ ).

He then formed a C*-isomorphism c*(é, C*(G, A, a),a) = K(LZ(G)) ® A as a
composition of a series of C*-isomorphisms shown below, each requiring a lengthy
justification except for the last one:

C*(G, Co(G, A), 1 ® a) = C*(G, Co(G, A), 1 ® 1) = C*(G, Co(G), It) @ A
~ K(L2(G)) ®A.

His “untwisting” of « is thus performed at the level of C*-crossed products, with the
last C*-isomorphism being given by the classical Stone—von Neumann Theorem, which
relies on Green’s Imprimitivity Theorem. However, by taking full advantage of Green’s
Imprimitivity Theorem, we can derive a shorter proof of this C*-isomorphism, which
“untwists” « at the level of Hilbert C*-modules:
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Proposition 10. Let (G, A, o) be a C*-dynamical system. Then C*(G, Co(G, A), t ® ) =
K(L*(G)) ® A.

Proof. By Remark 1, Proposition 8, and basic results about Hilbert C*-modules, we
have a one-line proof:

C*(G, Co(G, A), It ® o) = K(LZ(G, A, a)) ~ K(LZ(G, A, L)) =~ K(LZ(G) ® AA>

~ ]K(LZ(G)) ®A O

7. Conclusions

We would like to present here some questions and thoughts that naturally arose while
writing this paper:

(1) Is there a C*-algebra A not C*-isomorphic to K(7) for a Hilbert space H such that
any C*-dynamical system of the form (G, A, ) has the von Neumann Uniqueness

Property? As C*-subalgebras of K(7{) are C*-isomorphic to a direct sum @ K(H,),
iel

where the H;’s are Hilbert spaces, we think that a series of technical extensions can

be made to accommodate the Covariant Stone—von Neumann Theorem for such

C*-algebras.

(2) The results of this paper suggest that quantum mechanics could be developed using
Hilbert C*-modules as state spaces, in which case the expectations of observables
would assume values in a C*-algebra. Can this idea be developed further?

(3) Asmentioned in the introduction, we suspect that the covariant Stone—von Neumann
Theorem could be generalized to actions of non-abelian groups using techniques of
non-abelian duality.

While interesting in a purely-mathematical context, the Covariant Stone—von Neu-
mann Theorem has a rich interpretation from the perspective of quantum mechanics. By
including representations of C*-dynamical systems, it allows for the consideration of
time-dependence of observables in addition to time-dependence of states. To contrast,
recall that a time-independent quantum system is modeled by a Hilbert space H and

a Hamiltonian H whose corresponding one-parameter unitary family, <e_(i t/h)-H )teR’
determines the time evolution of the state space via
Vi eH, VieR: () =e MH ).
The time evolution of the state space determined by H can also be viewed as time
evolution of the algebra B(H) of bounded observables via {I;& : it /1)- ,%B 7(?:*)0 t/h)-H },

for all T € B(H). From this perspective, one may state the time-independent version of
Ehrenfest’s Theorem:

d ~
T WITWy = (|l - H. T])y,

As the Covariant Stone—von Neumann Theorem applies to C*-dynamical systems
of the form (G, K(H), @), and as all *-automorphisms of K () are implemented via
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conjugation by unitaries, we make a convenient but natural restriction in the case when
G = R to the action «©, where C € B(H) is self-adjoint, and

VT e B(H), Vi eR: ol (T) &L @t/W-Cpp=tit/h)C,

The covariance conditions present in the definition of an (R, K(H), ac)—Heisenberg
module representation (X, p, R, S) then reduce to commutation relations between C
and the infinitesimal generators of R and S. It is in this context that we are able to get an
infinitesimal version of the Covariant Stone—von Neumann Theorem, which will appear
in a sequel to this article.

As mentioned in the introduction, a catalyst for the Stone—von Neumann Theorem
was to investigate the uniqueness of pairs (A, B) of self-adjoint Hilbert-space operators
satisfying the Heisenberg Commutation Relation. Nelson’s counterexample [12] shows
that uniqueness fails in general, and decades of research have been devoted to identifying
sufficient conditions for (A, B) thatimply that (¢’"#) _p, and (¢/""®), _p satisfy the Weyl
Commutation Relation.

In the sequel, we follow the strategy in [§]—which takes place in the Hilbert-space
setting—to provide necessary and sufficient conditions for when a pair (A, B) of un-
bounded self-adjoint operators on a Hilbert K(H)-module yield one-parameter unitary
groups that satisfy the Weyl Commutation Relation.
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Appendix

Proof of Lemma 1. Fix f € Co(X, V) and € > 0. Let K 2 Supp( f), and let (Up) ek
be a K-indexed sequence of open subsets of X with the following properties:

e U, is an open neighborhood of p in X for each p € K.
€
o [f(x)—f(PIy < 3 forall x € U,,.

Clearly, {U P}p <k Covers K, and as K is compact, there is a finite subset F of K such
that {Up}pEF also covers K and U, # U, for distinct p, p’ € F. As X is locally
compact and Hausdorff, there is a partition of unity (yp)  for K that is subordinate

pe
to {Up}peF’ ie.,

e ¥y € Ce(X, [0, 1]) and Supp(y,) € U, foreach p € F, and

° Z yp(x) < lforall x € X, with equality holding for all x € K.
peF
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Define P € C.(X, V) by

Vx e X : P(x) a Z Yp(x) - f(p).

peF

For all x € X, we have f(x) = Y y,(x) - f(x) (if x € K, then Y y,(x) = 1;

peF peF
otherwise, f(x) = Oy), so

LF) = Py = [ D vp@) - LF) = £ <D vp@If @) = £y
peF v peF
€ €
< Zyp(x)~§ <3
peF

in D such

As D is a dense subset of V, we can find an F-indexed sequence (v P)p oF

that Hf(p) —vp ||V < g for each p € F. Define O € C.(X, V) by

Vx e X: 0x) a Z Yp(x) - vp.

peF
Then for all x € X,

1P = QW lly = [ D v, - [ = ]| <D vp@|f(p) = vyl

peF v peF

§Zyp(x)~§§

peF

W Mm

Therefore, by the Triangle Inequality, we have for all x € X that

2¢e

1f ) — QWlly < If @) — Py +P(x) — Q) < §+ § =5 <«

As Q has the desired form, the first part of the theorem is therefore established.
Let U be an open neighborhood of K whose closure is compact (such a neighborhood ex-
ists because X is locally compact and Hausdorff). Then U is a locally compact Hausdorff

space and f|y € C.(U, V), so we may apply the first part to find y1, ..., yn € Cc(U)
and vy, ..., v, € D such that forall x € U,!

" €

f|U(x)—ZVi(x)'vi <T(U)'

i=1 \%
Letyy, ..., ¥, denote the respective extensions of 1, ..., ¥, to X by Oy. Then 71, ..., 7 €
C.(X), and

n n
f fO) =Y P v dax) = / FloG) =Yyt v da)
X i=1 v v i=1 v

1 The measure of a pre-compact subset, with respect to a regular Borel measure, is finite.
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< f LT
u 1T+ A(0)

€
:)»(U)'T(U)

< €.

The proof of the second part of the theorem is therefore established. O
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