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Introduction

In the early 20*" century there were two established mathematical formalisms created to describe
the, at the time, new theory of quantum mechanics. On one side was wave mechanics, primarily
pioneered by Schrodinger. On the other side was matrix mechanics, which was mainly developed
by Heisenberg, Born and Jordan. Matrix mechanics, since it made use of infinite matrices,
did not possess the level of mathematical rigour underpinning wave mechanics. However, both
formalisms were still producing valuable insights. A question which then quickly rose to the
forefront was whether these two formalisms were actually compatible with one another. It goes
without saying that it would be rather unwieldy if we attempted to describe our reality using
two incompatible mathematical formalisms. Because of this, academics began searching for
ways to unite wave mechanics with matrix mechanics. Some of these attempts centred around
mathematical representations of position and momentum. Without delving too deep into physics,
it is intuitively clear that most physically interesting or relevant quantities can be derived from
these two. One of the fundamental postulates of quantum mechanics states that any observable
physical quantity corresponds to a self-adjoint operator A acting on a Hilbert space H. If we can
show that two representations of position and momentum are in fact equivalent, we will have also
shown that the theories which surround these representations must be equivalent. So it stands
to reason that we would be quite interested in studying such operators which represent position
and momentum, which we will denote by X and P respectively.
Our preferred way of studying these operators is through the so-called canonical commu-
tation relation (CCR):
XP—PX =ihl. (0.1)

This relation had already begun to play an important role in quantum mechanics at the time.
So it was clear that any feasible mathematical representation of position and momentum had to
satisfy (0.1). However, the research into these operators quickly hits upon a minor inconvenience.
Namely that there exist no bounded operators which satisfy (0.1). In a finite dimensional Hilbert
space one can see this by noting that the trace of the left-hand side must be zero, while the trace
of the right-hand side must be nonzero. The infinite dimensional case is proven in Proposition
1.1.1. One of the most well known representations of X and P is due to Schrédinger, who defined
X and P on L%*(R) by setting

X (@) = of ()
Pf(x) = —ihf'(x),

on some dense domain, for instance the Schwartz functions. One can check through a simple
calculation that these do indeed satisfy (0.1).

In this thesis, we will first briefly discuss how the Stone-von Neumann theorem unified the
two competing formalisms by showing that any representation of X and P which satisfies (0.1)
is in some sense equivalent to the Schrodinger representation above. Afterwards, we will look
towards generalisations of the Stone-von Neumann theorem. We will first discuss a result proven
by Mackey [8] which extends the theorem to cover representations of separable locally compact
abelian groups. To this end, we will develop some theory involving these groups, in particular we
will show the existence of the Haar measure and prove some elementary properties. For locally
compact abelian groups we will also define the dual group and briefly discuss the Pontryagin
duality. Instead of directly proving Mackey’s theorem we will instead look to an even further
generalisation given by Loomis [7]. This generalisation only requires locally compact groups, not
necessarily abelian ones. Additionally, it also allows us to drop the requirement of separability.
To formulate this result we will introduce o-homomorphisms and Baire sets to fulfil the role



played by the dual group in the abelian case. Finally, we will use a result proven by Ambrose [1]
to show that the result proven by Loomis can be restricted to say the same as Mackey’s theorem
in the case where we are working with an abelian group.



1 The original Stone-von Neumann theorem

1.1 The original Stone-von Neumann theorem

Before we can formulate the original Stone-von Neumann theorem we must first spend some
additional time discussing the operators X and P. As was mentioned in the introduction, if a
Hilbert space H is finite dimensional there exist no operators which satisfy the CCR. We might
hope to avoid this issue by only considering Hilbert spaces of infinite dimension. However, the
following proposition shows that this does not work.

Proposition 1.1.1. Let X and P be operators on an infinite dimensional Hilbert space H which
satisfy (0.1). Then at least one of the operators is unbounded.

Proof. We presume that X is bounded, then we wish to show that P must be unbounded. We
make use of the identity
[A, BC] = B[A,C] + [A, B]C, (1.1)

which follows from a simple calculation. We use this identity inductively. Suppose for some
n € N we have [X, P"*1] = (n + 1)P"ihl. Then we can use (1.1) and (0.1) to obtain
[X, P"T2] = PP X, P] + [X, P"TYP = P"TYRI + (n 4 1)P™RIP = (n + 2)P" YRl

Since the base case for n = 0 is already given by (0.1), we conclude that [X, P"*1] = (n+1)P"ihl
holds for all n € N. This yields

(n+ DA|P"| < [IIX, PP < 2 |IX]) - (1P < 21X 1P 1P (1.2)

Suppose there is some n € N for which P"*! = 0. Then (1.2) implies that we must also have
P" = 0. By repeating this we see that P = 0, but this means that P could not possibly satisfy
(0.1). So we must have P! 2 0 for all n € N. This means we can divide by 2||X]|| - |[|[P""!]] in
(1.2) to obtain

(n+1)h
1P| > i
|1 X1I
By taking n arbitrarily large, we see that P must be unbounded. O

Proposition 1.1.1 shows that if we wish to mathematically represent position and momentum
in quantum mechanics, we are forced to work with unbounded operators. This complicates our
efforts, as unbounded are generally not as easy to work with compared to bounded operators.
However, we can avoid these issues by looking at the exponent of X and P, instead of the
operators themselves. Suppose we have some X and P which satisfy the CCR. Then we can
define

U(t) = e''X, V(s) = e'P. (1.3)

Since we have presumed X and P to be self-adjoint, Stone’s theorem [5, Prop. 10.14, p. 208]
tells us that ¢t — U(t) and s — V(s) are strongly continuous unitary 1-parameter groups. Here
we use strongly continuous to mean that for any « € H, the maps t — U(t)x and s — V(s)z
are continuous functions of ¢ and s respectively. Since U(t) and V(s) are unitary, they are
bounded, which is what we were looking for. We can use the fact that [X, P] = ihl to calculate
a commutation relation for U and V, for any ¢,s € R we have

Ut)V(s) = e "V (s)U(t). (1.4)



If we apply the above procedure to the Schrodinger representation of X and P which was men-
tioned in the introduction, we see that for f € L?(G) we have

¢ f(x) = o f2)

e f(a) = fla+5s).
For any choice of X and P which satisfies the CCR, we know that U(t) and V(s) defined by
(1.3) must satisfy (1.4). Stone’s theorem [5, Prop. 10.14, p. 208] also states that if e = 5
for all t € R, we must have A = B. This means that instead of directly analyzing the operators

X and P, we can simply study their corresponding 1-parameter groups. This now leads us to
formulate the original Stone-von Neumann theorem.

Theorem 1.1.1 (von Neumann [10]). Let H be a Hilbert space and let t — U(t), s — V(s) be
strongly continuous unitary I1-parameter groups such that

UV (s) = e ="V (s)U(t).

Then H can be written as a direct sum of closed subspaces {H,},er which are invariant under
all U(t) and V(s), such that for each H, we have a unitary operator T,: H, — L*(R) satisfying

TTUMTf(2) = e f(2)
TV(S)Tf () = [+ 5).

Suppose that t — U(t) and s — V(s) act irreducibly on H. That is to say there is no non-trivial
subspace of H which is invariant under oll U(t) and V(s). Then we only need a single operator

T: H— L*(G).

Theorem 1.1.1 essentially states that any representation of position and momentum which
satisfies the CCR is practically equivalent to the Schrédinger representation on L?(R). Therefore
the theorem shows that the physical implications of wave mechanics and matrix mechanics are
in fact the same. This is a very useful result, as it allows us to utilize whatever approach is more
convenient, without needing to worry if our results are applicable to another formalism.

1.2 Topological groups

We now turn to generalizing Theorem 1.1.1. To start, we take another look at the mappings
t— U(t) and s — V(s). As mentioned in Theorem 1.1.1, these are 1-parameter groups. This
means they are homomorphisms from the group of real numbers to the space of linear operators on
H. Another way to phrase this property is to say that ¢t — U(t) and s — V(s) are representations
of (R,+) on H. It then becomes logical to wonder whether we can extend Theorem 1.1.1 to
representations of other groups.

Of course, simply trying to prove a result for representations of arbitrary groups is not
possible. So we must restrict our attention to some specific class of groups. To determine which
groups we wish to study, we will first look at what makes (R, +) such a nice and useful group
to begin with. We note that R is actually not just a group, but of course also a topological
space. One can easily see that in this topology the maps (x,y) — = + y and x — —x are both
continuous. So we see that for (R, +), the group multiplication and inversion are both continuous
functions. this means that (R, +) is in fact a specific example of something we call a topological

group.



Definition 1.2.1. A group G is called a topological group if it has a topology 7 such that

(z,y) — zy, N

are continuous functions with respect to 7.

Any group equipped with the discrete topology will of course be a topological group. Another
example is the group (R\ {0},-). Additionally, we can consider the group GL,(R) with the
subspace topology induced by GL,(R) C M, x,(R) = R?", this is also a topological group.

Let G be a topological group and let A, B C G, then we can write

AB = {ab|a€ A, be B}, Al ={a"'|ac AL

A neighbourhood U of the identity, i.e. a unit neighbourhood, is called symmetric if U=! = U. It
is not difficult to see that UNU ~! is symmetric, so every unit neighbourhood contains a symmetric
unit neighbourhood. We now turn to proving some elementary properties of topological groups.

Lemma 1.2.1. Let G be a topological group, then we have

a) Let U be a unit neighbourhood, then there exists a unit neighbourhood V such that V2 C U.

b) Let A,B C G be compact. Then AB is also compact.
c) Let A,B C G. If either A or B is open, then so is AB.
d) Let A C G be closed and let K C G be compact. Then AK is closed.

Proof. a) Let A C G x G be the inverse image of U under the map from G x G to G given by
group multiplication. Then A is open in the product topology, which means we can find
unit neighbourhoods Wy, Wy C G such that Wi x Wy C A. If we now define V= W;NWs
it is clear that V is a unit neighbourhood which satisfies V' x V' C A, which means that
VZcU.

b) Since A and B are compact, the set A x B is compact as well. The multiplication map
from G x G to G is continuous, so the image of A x B under this map is compact. Since
this image is the set AB, we conclude the desired statement.

¢) We presume A is open. It is trivial to see that the map x — zy is a homeomorphism for all
y € G since multiplication and inversion are both continuous. This means that for every
b € B the set Ab is open. So we see that AB = |J, 5 Ab is open.

d) Let {z;}ics be a net in AK which converges to some z € G. We can write x; = a;k;, where
a; € Aand k; € K for all i € I. Since K is compact there exists a subnet {k;; };c; which
converges to a limit in K. As multiplication and inversion are continuous, we see that the
net {aij }jer converges, since we can write each term as a;; = w;, k;,. Because A is closed
we know that {a;, };e; converges to a limit in A. Therefore we conclude that the limit of
{xi, }jer lies in AK, which means that AK is closed.

O

We wish to define a class of topological groups which are in some sense comparably nice
to (R,+). Besides being a topological group (R,+) has several other useful properties. As
a topological space, it is locally compact, which means that any point in R has a compact
neighbourhood. On top of this, it is also a Hausdorff space. Additionally, it is an abelian group.



It is then sensible to study other groups which share these properties. To this end, we say that G
is a locally compact abelian group, or LCA group, if it is locally compact, Hausdorff and abelian.
If G is locally compact and Hausdorff, but not abelian, we simply call G a locally compact group.
It might seem strange to include the Hausdorff property in our definition of a locally compact
group. However, it turns out that any topological group G has a Hausdorfl quotient group [3,
Prop. 1.1.6, p. 5]. Furthermore, every continuous function from G to a T}-space factors over
this quotient group [3, Prop. 1.1.6, p. 5]. This means that as far as continuous functions are
concerned, there is no difference between a topological group and its Hausdorff quotient group.



2 Locally compact groups

If we wish to extend the original Stone-von Neumann theorem to a statement about LCA groups
we must first develop some tools to study them. In this section, we will first construct the Haar
measure for a locally compact group G, which is a unique (up to positive multiples) left-invariant
measure on G. This measure allows us to integrate functions over G. Both the Haar measure
and the corresponding Haar integral play a vital role in the study of locally compact groups, and
they will be of great use to us in Section 3. R

After that, we will briefly introduce the dual group G. With the help of this dual group, we
will state an extension of the Stone-von Neumann theorem to LCA groups proven by Mackey
[8]. Finally, we will discuss why we cannot use G to study non-abelian locally compact groups,
and we will explain the method we use to get around this obstacle.

2.1 The Haar measure

We wish to construct a measure on a locally compact group G. Since G is a topological space we
have a natural choice for our o-algebra, namely the Borel o-algebra. Elements of this o-algebra
are referred to as Borel sets, and a measure on this o-algebra is called a Borel measure. Instead
of constructing a measure p directly, we will opt for a different approach using the following
theorem.

Theorem 2.1.1 (Riesz-Markov-Kakutani Representation Theorem [2, Thm 7.2.8, p. 192]). Let
X be a locally compact Hausdorff space and I a positive linear functional on C(X). Then there
ezists a unique reqular Borel measure p such that

1) = [ fin
holds for each f € C(X).

2.1.1 Constructing a Haar functional

Our goal in this section will then be to construct a functional on C(G) to which we can apply
Theorem 2.1.1. To this end, we will first define a “bracket” between compactly supported positive
functions on G. We will then use this bracket to construct a functional on G depending on some
function ¢, and we will show that this functional is subadditive. To arrive at our desired linear
functional I we will, in some sense, take the limit as we let the support of ¢ shrink to {e}.

Proposition 2.1.1. Let CF(G) denote the set of positive continuous functions on G with com-
pact support. Let f,g € CHG) with g # 0, then there is a finite list of elements s; € G and
positive constants c; such that for every x € G we have

f) < eigls; ta).
1=0

Proof. We write K = supp(f). Because ¢ is nonzero, we can find an open set Uy C G such that
infsep, g(s) > 0, we denote this infimum by M. Since K is compact we can find finitely many
s; € G such that K C U;L:1 s;Up. If we now take a specific x € C', there must be some s; such
that s; 'z € Up. For this s; we then have g(s; 'z) > M, so we see that

(s '2)
(@) < sup 1) (2.1)



Since for every z € G we can find a s; for which (2.1) holds, we conclude that
) < sup f(y “l
zl sup o(s7)

holds for all x € G. O

This proposition now allows us to make the following definition.

Definition 2.1.1. Let f,g € CH(G), then we define

(f:g)=inf {ch

i=0

There are s; € G such that f(z) < chg ) for all z € G. }

We note that Proposition 2.1.1 implies that Definition 2.1.1 makes sense, since we know the

set on the right-hand side to be non-empty. We now state some elementary properties of the
bracket.

Proposition 2.1.2. Let f,g, f1, f» € CF(G), we then have
a) (Lyf:g)=(f:g). (translation invariant)
b) (cf :g9) =c(f:g). (homogeneous)
¢) (fit+fa:9) < (fr:9)+ (fa:g). (sub-additive)
d) If f1 < f2, we have (f1:9) < (f2:9).
¢) Let h € CF(G) with h #0, then (f : h) < (f: ¢)(g : h).

Definition 2.1.2. Take some fo € C.F(GQ) with fo # 0. Then for f,¢ € CH(G) with ¢ # 0 we
define
(f:9)

(fo:p)

For the rest of this section, we will fix a specific fo and simply write J(f, ). In view of
Proposition 2.1.2 we can draw some immediate conclusions about J(f, ¢).

J(f’ ) Jfo(f7 )

Proposition 2.1.3. Let f,g,p € CH(GQ) with f,o #0. Let ¢ >0 and s € G, then we have
a) iy < I(fop) < (f 2 o),
b) J(Lsf, ) =J(f, ),
c) J(f +9,0) < J(f,0) + (g, 0),
d) J(cf,p) =cJ(f,¢).

As mentioned previously we will use this J to find a linear functional I on C.(G). Part 4 of
Proposition 2.1.3 already gives us the required homogeneity, but part 3 only gives subadditivity.
To find a functional which is additive we must take the limit as we let the support of ¢ shrink
to {e}. The following Lemma will play a vital role in proving this.

Lemma 2.1.1. Let f1, fo € CF(G) and take ¢ > 0. Then there exists a unit neighborhood V
such that for all p € CH(G) \ {0} with supp e C V we have

J(f1,0) + J(f2,0) < J(f1 + f2,0)(1 + ).

10



Proof. Choose fo € CH(G) such that fo =1 on supp(fi + f2). We take some § > 0 and define
f=/fi+ fa+0dfy. For j =1,2 we also define h; € CF(G) by setting

hj(x) = {0 fle) =0

7j otherwise.

Since the h; are uniformly continuous [3, Lemma 1.3.6, p. 11] there exists an open unit neigh-
borhood Vj such that

_ g
Ty eV = Ihy(e) — hiw)l < 5. (2.2)

If we set V' = V; + V5 it is clear that the above statement still holds if we replace V; with V.
Take some ¢ € CF(G) \ {0} with supp C V. Take finitely many sx € G and ¢ > 0 such that
f <>k ckls, @, we know that these s;, and ¢, exist due to Proposition 2.1.1. Take x € G with
¢(s;, 'z) #0. Then s, ' € suppp C V, so by (2.2) we have |h;j(z) — hj(sy)| < 5. This implies

_ _ 5
fi(x) = f(z)h;(z) < chcp(sk L2)hj(z) < chgo(sk L) (hj(sk) + 5) .
k k
Which means that (f; : ) <3, ¢ (hj(sk) + 5). Since hy + hg < 1 this yields the inequality

(fizo)+ (f2:0) <D ex(l+e).
k

Since this inequality holds for every finite collection of s € G and ¢ > 0 such that f <
>k ¢kLs, o, it also holds for their infimum. This means that (fi : @) + (f2: ¢) < (f : @)(1 +¢),
which yields

J(f1,0) +J(f2,0) S I(f o)L 4e) S (J(fr+ f2:90) +6T(fo:9) (1 +¢).
We now obtain the desired result by letting § — 0. O

Theorem 2.1.2. There exists a positive linear functional I on C.(G) which is left invariant.

Proof. We take f € CF(G) \ {0} and set Sy to be the interval |, (f : fo)] We now define

(f:fo0)’
s= JI sr
fecd(@N\{0}
Since each Sy is compact, S is also compact according to Tychonov’s Theorem. By Proposition

2.1.3 (a) we know that J(f : ¢) € Sy for all ¢ € CF(G), so each ¢ gives rise to an element
(J(f : ¢))f of S. For a unit neighbourhood V' we define

Ly ={(J(f:9)f €S |suppp C V}.

We now consider L = Ny Ly C S, where we take the intersection over all unit neighbourhoods
V. We claim that L is nonempty. Presume that L = ), then we must have S = L¢ = Uy L{,.
Since S is compact we must have Vi, ...,V such that

S=JLj, = ()Lv. =0
i=1 i=1

11



However, if we take a ¢ € Cf(G) with supp C Vi N---NV,, it is clear that ¢ € (), Lv;, which
is a contradiction. Since we have now shown that L # ), we can take an element (I(f))s € L.
It is clear that f — I(f) is a positive map from C(G), so it remains to show that it is linear
and left-invariant. Let f1, f2 € CF(G) and take € > 0. then by Lemma 2.1.1 there exists a unit
neighborhood V' such that

J(f1,0) + I(f2.0) < J(f1+ fas ) (1 +6), (2.3)

for all p € CH(G)\ {0} with suppy C V. Since I € L C Ly we can find a net {(J(f : ¢,))s}, C
Ly such that J(f : ¢,) = I(f) holds for all f € Cf(G). Combining this with (2.3) we get

I(f1) + 1(f2) < I(f + f2) (1 +e).

This inequality holds for all € > 0, so we conclude that I(f1) + I(f2) < I(f1 + f2). Since the
reverse inequality follows analogously from Proposition 2.1.3 (c¢) we conclude that I is additive.
Homogeneity and left invariance of I follow from a similar approximation argument combined
with Proposition 2.1.3 (d) and (b) respectively. Since any function f € C.(G) can be written as
f=f+—f- where fy, f_ € CF(G), we can simply extend I to a linear functional on C.(G) by

setting I(f) = I(f+)+ I(f-)- O

The existence of the Haar measure now immediately follows from Theorem 2.1.1. For the
rest of this thesis, we shall denote the Haar measure by p. The left-invariance of p follows from
the fact that I is left-invariant. We define L!(G) to be the space of all functions f: G — C for

which |f| is integrable. By defining
1711 = [ 1fldn

we turn L'(G) into a normed space, which is in fact even a Banach space [2, Thm 3.4.1, p. 99].
In Section 2.3 we will be interested in representations of L!(G). In order for such representations
to even make sense, however, we must first define a multiplication operation on L'(G) which
turns it into an algebra. For f,g € L'(G) we define the convolution of f and g by

£ g(p) = / 1(0)9(o p)du(o).

It follows from [2, Prop 9.4.1, p. 298] that f * g € L*(G) and that ||f * g|| < ||f]| - llg]]- So
we conclude that L'(G) is a Banach algebra. We can define a *-operation on L!(G) by simply
setting f* = f. Since the |f| is always real-valued, we see that ||f*|| = ||f||, which means that
L'(G) is a Banach *-algebra.

2.1.2 Properties of the Haar measure

Now that we have proven the existence of the Haar measure, this section will aim to prove
some elementary properties which will be of use to us later. For ease of writing we also define
fo(s) = f(p~ts), where p, s € G and f is a function on G.

Proposition 2.1.4. Let G be a locally compact group and let p be a Haar measure on G. Then
we have the following results:

a) If U C G is open and non-empty, we have u(U) > 0.
b) If K C G is compact, we have pu(K) < oo.

¢) Let f be a positive continuous function with [ fdu =0, then f =0.

12



Proof.  a) Assume we have a non-empty open set U with u(U) = 0. Since the Haar measure
is left-invariant, every translate pU of U has measure zero as well. We now claim that
any compact set can be covered by finitely many translates of U. Indeed, take a compact
K C @ and fix an element o € U. Then we have e € 07U, so it is clear that UpeK po U
is an open cover of K. Since K is compact we can find a finite subcover | J;_, p;o~'U, this
yields

p(K) < p(|J pic™'U) <> ulpic™U) = u(U) =0.
=1 i=1 =1

So every compact set has measure zero. Since p is a regular measure by Theorem 2.1.1,
this implies that ¢ = 0. However, Theorem 2.1.1 also says that u must be non-zero, so we
arrive at a contradiction.

b) Since p is locally finite, there must exist at least one non-empty open U C G with u(U) <
0o. As we discussed earlier, every compact set K can be covered by finitely many translates
of U, so we must have u(K) < oo.

c) Since f is continuous, f~!(0,00) C G is an open set. If ffdu = 0, we must have
pu(f~1(0,00)) = 0. Part (a) now tells us that f~'(0,00) must be empty, which means
that f = 0.

O

Since the Haar measure is invariant under left translations, we wish to study the Haar integral
when we apply a translation to the integrand. To do this, we will prove the following Lemma.

Lemma 2.1.2. Let G be a locally compact group and let p be a Haar measure on G. Then for
every f € LY(G) the function

o [ £ 5)duts)
1S continuous.

Proof. We wish to show that for a given pg € G and any € > 0 there exists a neighbourhood U
of pg such that

pev = | [ 1679 - s s)iuts)| <.

By replacing f with f,, we can presume without loss of generality that pg = e. We will first prove
the statement for functions with compact support. Let f be a compactly supported function,
K be the support of f and let V be a compact symmetric unit-neighbourhood. Take ¢ > 0
arbitrarily. We note that for p € V' we have supp(f,) C VK. Since f is uniformly continuous [3,
Lemma 1.3.6, p. 11], there exists a symmetric unit-neighbourhood W such that for all p € W
and all s € G we have

1f(p~ts) — f(s)| < W(VE)

This now implies that for p € V N W we have

€

SAWV@*Q—f@MM@<AW;WEﬁM®=a

Which is the result we required. We now take an arbitrary function f € L'(G). Let € > 0. Since
compactly supported continuous functions are dense in L'(G) [12, Thm 4.15, p. 143], we can

/f@*@—fwmma
G
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find a g with compact support such that

’/f—gd,u‘<§.

Since g has compact support, our above argument implies we have a unit-neighbourhood U such
that for all p € U we have | [ g, — gdu| < §. Together this yields

|fp_ fdu| =

t/h—ﬂ¢+%—g+g—fm4SL/%—&M4+W/ﬁp—WMFW/g—f

<S4Z4i=c
3 3 3 7

Which proves the statement for arbitrary f € LY(G). O

2.1.3 The Bochner integral

In Section 2.1.1 we have constructed the Haar measure on a locally compact group G. One of
the primary uses of this measure is through the fact that it allows us to integrate function on G.
However, we are currently only able to integrate functions which take values in R. The purpose
of this section is to introduce the Bochner integral, this will allow us to integrate functions which
take values in some Banach space E. In this section, we will consider a finite measure space
(X, A, 1) and functions on X taking values in a Banach space E, which we presume to be either
real or complex. One may object to this by noting that the Haar measure is not always finite.
However, we will see in Section 3.2 and Section 3.3 that the finite case is sufficient for our needs.
Before we can discuss integration, we must first define some concept of measurability for functions
f+ X — E.

Definition 2.1.3. A function f: X — F is called strongly measurable if there is a sequence of
simple functions {f,}nen such that lim ||f(z) — fn(z)|| = 0 holds u almost everywhere.
n—oo

Since it can often be challenging to construct a suitable sequence {f,}necn, we also define
another form of measurability.

Definition 2.1.4. A function f: X — F is called weakly measurable if for every ¢ € E* the
function ¢ o f: X — F, where F € {R, C}, is measurable in the usual sense.

The following theorem, often referred to as Pettis’s measurability theorem, allows us to relate
weak measurability to strong measurability.

Theorem 2.1.3. [4, Thm 2, p. 42] A function f: X — E is strongly measurable if and only if
a) There exists an N € A with u(N) = 0 such that f(X \ N) is separable.
b) f is weakly measurable.

One can easily see that any continuous function f is weakly measurable. However, fulfilling
condition (a) of Theorem 2.1.3 can cause some difficulties if the Banach space we are working
with is not separable. To overcome this we use the following result.

Lemma 2.1.3. Let f: X — E be a continuous function. If the support of f can be written as a
countable union of compact sets, that is to say it is o-compact, then f(X) is separable.

14



Proof. The image of a compact set under a continuous function is again compact, so we know
that f(X) must be o-compact. This means we can reduce our problem to simply showing that
every o-compact subset of E is separable. Since a countable union of separable sets is again
separable, it suffices to show that any compact K C F is separable. For every n € N we can use
the compactness of K to find k7,..., k:}(n) € K such that

r(n)
K c | Bai(k}).

i=1

We now claim that the set C = {kI' |n € N, ¢ =1,...,r(n)} is dense in K. Take some open set
contained in K, without loss of generality we presume that this set can be written as B,.(x) for
some z € K and r > 0. Take n € N such that r > L. Suppose k' ¢ B,(z) for alli =1,...,7(n).
Then for each i we have ||z — k|| > r > L, which means that z ¢ Bi(ki) foralli=1,...,7(n).
However, this yields a contradiction when combined with the fact that

r(n)
ze€B(r)cKc|JB
i=1

(k7).

1
n

Therefore there must be some i for which we have k' € B,(z), which means that C is dense
in K. Since C is a countable union of finite sets, it is countable. So we conclude that K is
separable. O

We can now finally move on to defining the Bochner integral. As with the Lebesgue integral,
we start by defining the integral of a simple function f = Y7 | a;xa,. Here the a; are vectors
in F and the A; are disjoint elements of A. For such functions we can simply define

[ fdn =" an(a),
=1

One can easily verify that for simple functions f and g and scalars a,b € C we have

Yool fin. e s

Definition 2.1.5. A strongly measurable function f: X — F is called Bochner integrable if
there exists a sequence { f,, }nen of simple functions such that

Jim [l = fulldu =0,

If this is the case, we define the integral of f by setting

/fdu:nli_)rréo/fndu.

Before we can make use of this definition, we must first verify that the limit lim, . [ fndp
exists, and that it is independent of our choice for {f,, }nen.

Proposition 2.1.5. Let f: X — E be a Bochner integrable function. Then [ fdu exists, and
does not depend on our choice of approximating sequence { fn }nen-

15



Proof. We shall first show that [ fdu exists. Let {f, }nen be a sequence of simple functions such
that lim, o [ ||f — falldi = 0. Let € > 0 and take M € N such that

5= sl < 5

holds for all n > M. Then for n,m > M we have

H/fndu—/fmduH s/llfn—medus/||f—fnllcz,H/Hf_fWHdM<g+§:E

This means that {f f”du}neN is in fact a Cauchy sequence. Since E is a Banach space the limit
of this sequence, which is how we defined [ fdu, must therefore exist.

We now show that [ fdu does not depend on our choice of {f,}nen. Let {gn}nen be another
sequence of simple functions satisfying lim, o [ ||f — gn||du. Using the triangle inequality, one
can easily show that lim, oo [ || f — gn||d = 0. This then implies that lim, oo [ f5, —gndp = 0,
which in turn means that lim,, ., f frndp = limy, o0 fgndu. O]

If we wish to show that some function f is integrable, constructing the required sequence of
simple functions directly can often be rather challenging. In the case where f is real-valued, we
know that f is integrable if and only if [|f|dy is finite. We might hope to prove a comparable
statement to make our lives easier. The following proposition demonstrates that this is indeed
possible.

Proposition 2.1.6. Let f: X — E be a strongly measurable function. Then f is integrable if
and only if [||f||dp < co. If either of these conditions are fulfilled, we have

[ sanf| < [r1an

Proof. Suppose f is integrable and let { f,, } nen be the sequence of simple functions which defines
[ fdp. Since Nt [ |1f — falldp = 0, the inequality | [|£1] — |1full | < || — full implies that
|| f|| is integrable, and that ||f,|| — ||f]] in L*(X). We can presume without loss of generality
that ||fn(2)]| < ||f(2)]| holds almost everywhere in X. This means we can use the dominated
convergence theorem [2, Thm 2.4.5, p. 63] to see that

Hﬂw_mwﬁﬂ“mﬂmw/um

Which is what we wished to prove.

For the converse, we assume |[ || f||du < oo, we now need to construct a sequence {f, }nen such
that lim,_,o [ [|f — fnlldp. Since f is strongly measurable, we know by Theorem 2.1.3 that
f(X \ N) is separable, where N is a set of measure zero. Replacing f with x f if necessary, we
can presume without loss of generality that f(X) is separable. Let C' = {¢1,ca,...} C f(X) be
a countable set which is dense in f(X). For § > 0 and n € N we define

Ay ={z e X | f(z) ¢ B5(0), cn € Bs(f(2))}
:A;i\no A2,
k=1
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Then for any fixed § the sets DS are pairwise disjoint. We now define a sequence {f,},nen of
simple functions by setting
n
fn = z; CiXD% .
1=

1
To check that f,, is indeed a simple function we need to verify that all of the D* have finite
measure. We do this by showing that ., D? has finite measure for any § > 0. We have

U DS = U A% ={z e X | f(z) ¢ Bs(0), ¢, € Bs(0) for some n € N}.
n=1 n=1

Since C' is dense in f(X), we can always find an n € N such that ¢, € Bs(f(x)). This means
that (J,—, D} = f~Y(E\ B;(0)). Suppose now that u(f~1(E\ Bs(0))) = co. Then we see that

/ 1 Flldp > / 1 flldp > / S = Su(f~1(E \ Bs(0))) = oo,
X f=H(E\Bs(0)) f=H(E\Bs(0))

which is a contradiction with our assumption that [ ||f||du < co. This means each Di% has finite

measure, so we see that f, is indeed a simple function.

We now wish to show that lim, e [ ||f — ful|ldu = 0. Take z € X. If f(z) = 0 we have z ¢ D2,

for all n € N and 6 > 0, which means that f,(z) = 0 for all n € N. If f(x) # 0 we can find
1

N € N such that || f(z)|| = +. So for all n > N we have z € f~'(E\ B1(0)) = U;—, D}’ . Since
1 1 1

the sets Dy are disjoint, there is only one Dy with x € Dy’ This means we have fn(x) = cgq

and ||f(z) — ¢k, || < Z. Since this inequality holds for all n > N, we see that f,(z) converges to

f(z) for every z € X.

By construction of our sequence {f,}nen we have || f,]| < 2||f]|, which implies that ||f — f,]| <
11+ 1f2]] < 3]|f]]- So now the dominated convergence theorem [2, Thm 2.4.5, p. 63] yields

nlglgo/ 1 = fulldn = 0,

which means that f is Bochner integrable. O

2.2 The dual group

ST

The original Stone-von Neumann theorem makes use of exponential mappings s — €**, where
x € R varies. A nice property of these maps is that they are homomorphisms from R to the
circle group S*. This motivates us to make the following definition.

Definition 2.2.1. A character of an LCA group G is a continuous homomorphism ¢: G — S*.

We will see that characters fulfil a similar role to the exponential function, but for general
LCA groups instead of just R. It is easy to see that we can define multiplication and inversion
of characters as follows:

(¢-9)(s) = B(s) - ¥(s) ¢ (s) = —.

Since we have multiplication and inversion, we can now define the dual group.

Definition 2.2.2. Let G be an LCA group, then the dual group G is defined as the group of all
characters of G.
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We now discuss a few examples of the dual group for some familiar groups.

Example 2.2.1. As mentioned previously, the map s — €%, with x € R, is a character of R.
In fact, it turns out that every character of R is of this form. Since these maps are parameterised
by x, we get that R = R. This explains why we did not need to consider the dual group when
we were discussing the original Stone-von Neumann theorem.

ikx

Example 2.2.2. The characters of Z are given by k + e** where 2 € S'. Conversely, the
characters of S* are given by z +— ¢**®, where k € Z. This means that Z = S' and S! = Z.

One might wonder if the dual group CAi of an LCA group G is itself again an LCA group.
Since S! is abelian, it is easy to _see that G must also be abelian. However, at the moment we
have not defined a topology on G. We hope to place some natural topology on G to make it a
topological group, specifically a locally compact one.

Definition 2.2.3. Let X be a topological space and let C(X) be the space of all continuous
functions from X to C. Let K C X be compact and let U C C be open, then we define

LK, U) ={f e C(X) | f(K) CU}.

The topology generated by the subbase consisting of all L(K,U) is called the compact-open
topology.

Since G is a subspace of C(G), it is reasonable to expect that results we obtain regarding
C(X) when it is equipped with the compact-open topology will be useful in furthering our
understanding of G. This motivates us to prove the following lemma.

Lemma 2.2.1. Let X be a topological space and let C(X) be equipped with the compact-open
topology. Then we have the following results:

a) The space C(X) is a Hausdorff space.
b) A net in C(X) converges if and only if it converges uniformly on compact sets.

Proof. a) Take f,g € C(X) with f # g. Then there must be a point © € X for which
f(x) # g(x). Since C is Hausdorfl we can find disjoint open neighborhoods Uy, Uy C C of
f(z) and g(x) respectively. Since U; and U, are disjoint, it follows that L({z},U;) and
L({z},Us) are disjoint as well. Since these sets are also open neighbourhoods of f and g,
the result follows.

b) Let {fi}icr be a net in C'(X) such that f; — f in the compact-open topology. Fix ¢ > 0
and take some compact set K C X. For x € X we define U, = f~'(B:(f(x))), then
U, is an open neighborhood of z. Combining the compactness of K with the fact that
K CU,ex Ur we find 1, ..., 2, € K such that K C U, U---UU,,. We now define

L= () LT 0K Bag ().

Since f(U.) C Bz (f(z)) C Bo: (f(x)) holds for all x € X, it is clear that L is an open
neighborhood of f. So there exists a ¢g € I such that for all ¢ > iy we have f; € L. Take
some i > ig arbitrarily and take some x € K, then there is a j for which z € U,,. Since
fi € L € L(Us; N K, Bae (f(x))) we get

2¢ €

[1iw) = £(@)] < 1) = Fog)| + 1f ) = fla)| < 5+ 5 ==,
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which shows that {f;};cr does indeed converge uniformly on compact sets.

For the converse, presume f; converges to f uniformly on compact sets. Let L be an open
neighbourhood of f, then we wish to find an ¢y such that for all ¢ > iy we have f; € L.
Since sets of the form L(K,U) form a subbasis for the compact open topology we can find
compact sets Ky, ..., K, C X and open sets Uy, ...,U, C C such that

fe (LK, U;) C L.

Jj=1

Since f; converges to f uniformly on compact sets, we can find for every j an ¢; such that
for i > i; we have f;(K;) C U;. Setting iy to be the largest of 41, ..., 5, we see that for all
i > o and all j we have f;(K;) C U;, which implies that

fie () L(K;,Uj) C L.
j=1

So we conclude that f; — f in the compact-open topology.
O

In view of Lemma 2.2.1 we equip G with the subspace topology induced by GcC C(X). This
makes G a topological space, but we still need to show that it is also a topological group.

Proposition 2.2.1. Let G be an LCA group and let G be its dual group. Then G is Hausdorff,
and a topological group.

Proof. Since Gisa subspace of C(G), Lemma 2.2.1 implies that it is Hausdorff. It remains to
show that G is a topological group.

Let ¢; — ¢ be convergent in the compact-open topology, then by Lemma 2.2.1 ¢; converges
uniformly to ¢ on compact sets. Let K C G be compact, then for all x € K we have

1 . ,133 _ 1 _ 1 _ ¢($) _ (bl(x)
67 @) =07 @I =1505 ~ 5@ = ame@ ~ si@)e@)!
1

[¢(x) — ¢i(2)] = [¢(x) — ¢s(x)| = 0.

" [6i(@)o(@)]

Where the last step follows from the fact that ¢; converges uniformly to ¢ on K. This shows
qﬁ;l — ¢!, which means that ¢ — ¢! is a continuous function.

Now suppose we have two convergent nets ¢; — ¢ and ¥; — ¥. Let K C G be compact, then
for all x € K we have

|0i(2)¢i(x) — G(2)P(2)] < |di(2)¢i(2) — di(2)Y(2)| + [9i(2) () — d(a)y(2)]
= [¢i(z) = P(@)| + |¢i(x) — ¢(x)| = 0.

Where the last step follows again from the fact that ¢; and v; converge uniformly to ¢ and
respectively on K. This shows that ¢;4; — ¢, which means that (¢,¢) — ¢1) is a continuous
function. 0

We have shown that G is a Hausdorff topological group, and we already knew that G is
abelian, so it now remains to check if G is locally compact. To show this, we will make use of
the Arzela-Ascoli theorem. Before we can formulate this theorem we need to define the concept
of equicontinuity.
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Definition 2.2.4. Let X be a topological space. A subset F C C(X) is called equicontinuous
at the point € X if for every € > 0 there exists a neighbourhood U of x such that for all y € U
and f € F we have |f(z) — f(y)| < e. If F is equicontinuous at every x € X, we simply call F
equicontinuous.

In the case where X is some LCA group G, we can make the following observation. If a
family F C G of characters is equicontinuous at the identity, then F must be equicontinuous at
every point in G. To see this, take some = € G and let € > 0. Since F is equicontinuous at e € G
we can find a unit neighbourhood U such that |¢(e) — ¢(yo)| < € for all yo € U and ¢ € F. Then
for all y = xyo € U we have

[6(x) — ¢(y)| = |¢(x)p(e) — d(x)(yo)| = |o(z)] - [d(e) — d(yo)| = |¢(e) — Do)l <,

which means that F is equicontinuous at x. We can now state the Arzela-Ascoli theorem, which
allows us to relate equicontinuity to compactness in the compact-open topology.

Theorem 2.2.1 (Arzela-Ascoli [9, Thm 9, p. 45]). Let X be a topological space. A family
F C C(X) is compact with respect to the compact-open topology if

a) The family F is closed.
b) For each x € X, the closure of {f(xz) € C| f € F} is compact.
¢) The family F is equicontinuous.

We are now ready to show that G is locally compact. Since we already know G to be an
abelian Hausdorff topological group, this would mean that G is in fact an LCA group. To aid
our proof, we shall first prove a minor lemma.

Lemma 2.2.2. Let X be a topological space and let F C C(X) be equicontinuous. Then F, the
closure of F in the compact-open topology, is also equicontinuous.

Proof. We define the closure of F in the topology of pointwise convergence, denoted using ?p,
by saying that f € F* if and only if there is a net {f,},cs in F such that f,(z) — f(z) for every
z € X. We shall show that F is equicontinuous, and that F C F”. Since any subset of an
equicontinuous set is clearly equicontinuous itself, this will imply the desired result.

We start by showing that Fis equicontinuous. Fix x € X and let € > 0. Take some f € fp,
then there is a net {f,},cs in F such that f,(y) converges to f(y) for all y € X. Since F is
equicontinuous we can find a neighbourhood U of = such that for all y € U and all g € F we
have |g(z) — g(y)| < 3¢. In particular, this inequality holds for all f,. Take some y € U, then we
can choose a (g such that for all ¢ > ¢y we have

5@~ £@)] < 3 7) ~ fil)l < 5e.

By combining these inequalities, we obtain

17(@) ~ F@) < 17(@) — F@)|+ 1) — )]+ 150) — )] < 5o+ et e =<
Since we can repeat this process for every y € U, we conclude that F’ is equicontinuous.
It now remains to show that 7 C F . Take a f € F. Then there is a net {f,},c; in F which
converges to f in the compact-open topology. By Lemma 2.2.1 we see that f, — f uniformly on
all compact sets. Since every singleton {z} C X is compact, this means that f,(z) — f(z) for
all x € X, which means that f € 7. O
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Theorem 2.2.2. Let G be an LCA group. Then its dual group @, with the compact-open
topology, is locally compact.

Proof. Let U C G be a compact unit neighbourhood. For a € (0, %) we define
Va:{zéSl|z:62”‘”, 17a<x<10r0§x<a}.

It is clear that V, is an open neighbourhood of 1 in S!. We now define N, = L(U,V,) N G, so
N, is the set of all characters which map U into V;. Per definition of the compact-open topology
N, is an open neighbourhood of the identity element in G. We now wish to use Theorem 2.2.1
to show that N, is compact. Since condition (a) is already satisfied, we turn to condition (b).
Take some p € G. Then per definition of the characters on G we have {¢(p) € C | ¢ € N,} C S*.
Since S' is compact, the closure of this set will also be compact.

This leaves condition (c), so we must show that N, is equicontinuous. In view of Lemma 2.2.2,
it suffices to show that N, is equicontinuous. Take some ¢y > 0. For € € (0, %) we define

Vo={zeS'|z=€e"" 1-ec<z<lor0<z<e}.

Using basic geometry we can then find some specific ¢ > 0 with ¢ < i such that for all z € V,
we have |1 — z| < 9. We fix this € and consider V.. We wish to find a unit neighbourhood
U; C G which is mapped into V; by all ¢ € N,. To this end we will argue by contradiction, so
we suppose no such unit neighbourhood exists. Take an n € N such that a < ne < % and let W
be a unit neighbourhood for which we have W™ C U. By our assumption we can find p € W and
some ¢ € N, such that ¢(p) ¢ V.. We can write ¢(p) = €*™*® for some z. Since we do still have
o(p) € V, we know that either e <ax <aor1l—a <z <1-—e¢. Suppose for now that ¢ < z < a.
Since a < ne < % we can then choose a j < n such that a < jx < % This inequality means
that ¢(p?) = €279 ¢ V,. However, we have p/ € W/ C W™ C U, which means we must have
#(p?) € V. In the case where 1 —a < 2 < 1 — ¢ we can derive a contradiction analogously. So
we must have some unit neighbourhood U; which is mapped into V; by all ¢. Then we see that
for all p € Uy and all ¢ € N, we have ¢(p) € V.. As we mentioned earlier, this means that for
each ¢ € n, we have |¢(e) — ¢(p)| = |1 — ¢(p)| < e. So we conclude that N, is equicontinuous at
the identity, which means N, is equicontinuous everywhere. By Lemma 2.2.2 we see that N, is
equicontinuous, which means we can use Theorem 2.2.1 to conclude that N, is compact in the
compact-open topology.

We note that N, is a compact neighbourhood of the identity element of G. If we take an arbitrary
o€ G, we can use Lemma 1.2.1 (b) to see that ¢N, is then a compact neighbourhood of ¢. So
we conclude that G is locally compact when equipped with the compact-open topology. O

We have now shown that we can define a natural topology on G which turns G into a locally

compact abelian group. Since G is an LCA group, we can define its dual group @, which we
call the bidual of G. We make special note of the fact that in Example 2.2.1 and Example

2.2.2 we have groups G where G =~ G. We shall see that this is not a coincidence. Through a
simple calculation one can verify that for all p € G the map ¢, which sends ¢ € G to o(p) is a

homomorphism from G to S. If {¢;}jers is anetin G converging to some ¢ € G we know from
Lemma 2.2.1 that ¢; also converges pointwise to ¢. So we have

to(85) = 05(p) = ¢(p) = 1p(9)-

This implies that ¢, is continuous, which means that ¢, € G. So we have a group homomorphism

p =, from G to G. Using this homomorphism, we arrive at the following theorem.
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Theorem 2.2.3 (Pontryagin [3, Thm. 3.5.5, p. 80]). Let G be an LCA group, then the map
LG Gisa homeomorphism. Since ¢ is then also an isomorphism, we have G~aG.

While we do not make very extensive use of Theorem 2.2.3 in this thesis, we would like to
underline that it is a very important result for the general study of LCA groups.

2.3 A theorem of Mackey

With the help of the dual group, we can now state an extension of the Stone-von Neumann
theorem to LCA groups.

Theorem 2.3.1 (Mackey [8]). Let G be a separable locally compact abelian group and let G be
its dual group. Let o — Uy be a strongly continuous unitary representation of G on a Hilbert
space H, and let T — V. be a strongly continuous unitary representation of G on H. Suppose
that for all 0 € G and T € G we have

Uy Ve =71(0)V, U,.

Then H can be written as a direct sum of closed subspaces {H,},c1 such that for all v we have a
unitary operator T,: H, — L*(G) satisfying

TL_lvTTLf('r) = T(Z‘)f(.]?)
T 'U,T, f(z) = f(z0).

We make note of the fact that the role which was played by exponential functions in The-
orem 1.1.1, is now fulfilled by characters. This explains why we introduced characters as a
generalisation of the exponential function.

So far in this section we have exclusively discussed locally compact abelian groups instead of
general locally compact groups, in contrast to the Haar measure which we defined for all locally
compact groups. Since S is abelian, it is quite hard and often impossible to define a non-trivial
homomorphism from a non-abelian group to S'. So while Definition 2.2.2 can be made for non-
abelian groups, the dual group of a non-abelian group will often be trivial. This means we cannot
rely on the dual group if we wish to extend our study to arbitrary locally compact groups.

To fill the gap left by the dual group G we look at a representation of the algebra L'(G).
We must first explain what exactly we mean by a representation of L!(G). Recall that L1(G) is
a Banach *-algebra. Because of this, we define a representation of L!(G) to be a continuous -
homomorphism from L!(G) to the space of bounded linear operators on a Hilbert space. Suppose
we have such a representation 7: L'(G) — B(H) of L'(G) on some Hilbert space H. Take some
set A C G such that x4 € L'(G), then we find

m(xa)® = 7(x%) = 7(xa)
m(xa)" = 7m(x4) = 7(xa)-

This means that 7(x4) is in fact an orthogonal projection on H. In light of this, we write
m(xa) = P4. Through some more calculations, we can make two observations about the mapping
A — Pj4. Firstly, for any A, B C G we have

Panp = m(xanB) = m(xaxs) = m(xa)m(xB) = PaPg,

so A — P4 turns intersections into multiplication. Furthermore, if we have A, As, -+ C G such
that all A,, are disjoint, we get
o0 o0 oo
PufleAn = W(XU,‘,’LOZIA”) =7 <Z XAn> = ZW(XAn) = Z Py, .
n=1 n=1 n=1
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So under our mapping A — P4, disjoint unions correspond to summation. This leads us to make
the following definition.

Definition 2.3.1. A mapping A — P4 from P(G) to B(H) is called a o-homomorphism if it
satisfies

Pynp = PaPp
Puse 4, = Z Py,
n=1

where the latter equality is only required to hold if the sets {A4,,}52, are disjoint.

Since it is often too difficult to work with all possible subsets of GG, we wish to restrict ourselves
to some suitable class of subsets. This class will be the Baire sets of G. However, before we can
define the Baire sets of G we must first give two prerequisite definitions.

Definition 2.3.2. A set K C G is called Gy if it can be written as

K = ﬁ U,,
n=1

where the sets U,, are all open.

These Gy sets, or specifically the compact Gs sets, will form the foundation of the class of
Baire sets. However, the class of all compact G sets of G is generally not something we can use
for any measure theoretic purposes. This means we cannot use the Haar measure we constructed
in Section 2.1, which severely limits the methods we can employ. To fix this, we will introduce
the concept of a o-ring.

Definition 2.3.3. A collection A C P(G) is called a o-ring if
e For A,B € A we have A\ B € A.
e For Ay, As,--- € A we have U:il A, € A.

If A is only closed under finite unions, we say A is a ring.

We note that this definition bears a great deal of resemblance to the usual definition of a
o-algebra. Indeed, it is trivial to see that any o-algebra is also a o-ring. One can see a o-ring
A as a o-algebra where we have dropped the requirement that G € A. Many theorems proven
for o-algebra’s can also be shown to hold for o-rings. In particular one can easily verify that,
given some collection A C P(G), we can find the smallest o-ring containing A, denoted by o(A),
analogously to how we would find the smallest o-algebra containing A. With Definition 2.3.2
and Definition 2.3.3 out of the way, we are now ready to define Baire sets.

Definition 2.3.4. Let Cj denote the set of all compact Gs subsets of G. The Baire sets of G
are the elements of the o-ring generated by Cy. We denote this o-ring by B.

One might wonder why we would choose to work with the o-ring of Baire sets, when it can
seem more reasonable to use the o-algebra of Borel sets. However, we will see in the proof of
Lemma 3.4.1 that these restrictions are necessary. As this lemma can not be proven if we were to
use either a o-algebra or Borel sets. Lastly, we note that since B is generated by compact subsets
of G, it follows that every Baire set is also a Borel set. This means that the Haar measure, which
we had originally constructed for Borel sets, can still be used when we restrict ourselves to Baire
sets.
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3 A Theorem of Loomis

We now turn our attention to finding a way to extend the Stone-von Neumann theorem to locally
compact groups in general, not just abelian ones. In this section, we will consider such a more
general statement proven in 1952 by Loomis [7].

Theorem 3.0.1 (Loomis [7]). Let G be a locally compact group and let p — U, be a strongly
continuous representation of G on a Hilbert space H. Additionally, let A — Py be a o-
homomorphism from the Baire sets of G to an abelian family of orthogonal projections on H.
Suppose we have, for all p € G and all Baire sets A, the following relation:

U,Pa = PyaU,. (3.1)

Suppose additionally that H is irreducible under the action of the U, and P4. Then there exists
a unitary T: L?(G) — H such that

(T1U,T) f(s) = fp(5)
(T7'PaT) f(s) = xa(s)f(s).

If H is not irreducible under the U, and P4, we can write H as a direct sum of subspaces H,
such that the above statement holds for each H,.

The idea of the proof is to find an element y € H and an open Baire set M C G with Pyy # 0
such that for any 0,7 € G and any Baire set E we have

EcoMntM = PgU,y = PgU,y. (3.2)

We summarise this by saying that y is constant throughout M. In Section 3.4 we will see how the
existence of such y and M allows us to construct the unitary operators mentioned in Theorem
3.0.1. However, we first need to show that these elements do indeed exist, which we will do in
the following sections.

3.1 First step

We wish to find an x € H and a compact Baire set F' such that the norm of Py is bounded by
a constant times p(A) for all Baire sets A C F. In Section 3.2 we will use this to construct our
desired y and M. Before we can tackle this result, we must first prove the following Lemma.

Lemma 3.1.1. Let G be a locally compact group and let m be a finite Baire measure on G. If
p— m(pA) is continuous for every Baire set A, then m is absolutely continuous with respect to
the Haar measure.

Proof. We take a Baire set A and apply Fubini’s theorem [11, Thm 19, p. 269] to the function
(s,t) — xa(st). We note that this theorem can be used since [2, Prop 1.5.1, p. 31] allows us to
extend p and m to both be complete measures. This now yields

//XAstdu ydm(t //XAstdm (t)du(s)
—//xé—m() /m s A)dpu(s).
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We claim that null sets of the Haar measure are preserved under right translations. To see this,
take a p € G and consider the function pu,(A) = u(Ap). It is clear that this defines a measure
on (G, and since the Haar measure is left-invariant we find

pp(cA) = p(oAp) = p(Ap) = pp(A). (3.4)

So i, is a left-invariant measure on G. By uniqueness of the Haar measure, there must be a
number ¢ € R such that p, = cu. So if p(A) = 0 we must have pu(Ap) = 0 as well. We first
suppose that p — m(pA) is continuous. Then p — m(p~1A) is also continuous since p — p~ ! is
continuous by the definition of a topological group. If u(A4) = 0, equation (3.4) implies that the
left-hand side of (3.3) is 0. Since m(p~tA) is continuous and its integral is 0, Proposition 2.1.4
implies that m(p=*A) = 0 for all p € G. In particular, we have m(A) = 0, so we conclude that

m is absolutely continuous with respect to u. O

Remark 3.1.1. The reason we are interested in this result is because we, eventually, wish to use
the Radon-Nikodym theorem [2, Thm. 4.2.2, p. 123]. However, we note that the usual version
of this theorem requires both measures involved to be o-finite. However, it is not too difficult to
see that the Haar measure is not always o-finite. For instance, if we consider the group (R, +)
and equip R with the discrete topology. Then using the regularity of the Haar measure we see
that it is simply the counting measure, which is obviously not o-finite.

To get around this we will make use of a generalised version of the Radon-Nikodym theorem
[12, Thm. 5.2.6, p. 209]. In order to apply this to a Haar measure p and some finite Baire
measure m we must show that for all Baire sets A we have

m(A) = sup m(A),
ECA
p(E)<oo
where we only take the supremum over Baire sets F, since p(E) might otherwise not be defined.
Since m is a Baire measure, it is inner regular [6, Thm G, p. 228]. So we can write m(A) as
sup 4 m(A), where the sets K are compact. Since these K are compact, they have finite Haar
measure according to Part (b) of Proposition 2.1.4. This then immediately implies

m(A)= sup m(A)= sup m(A).

KCA ECA
K compact w(E)<oo

This means that if m is also absolutely continuous with respect to p we can apply the generalized
version of the Radon-Nikodym theorem given in [12, Thm. 5.2.6, p. 209]. With the help of the
above result and Lemma 3.1.1 we can move on to proving the main result of this section.

Lemma 3.1.2. There exist an element x € H, a compact Baire set F with Ppx # 0 and a
constant k such that for every Baire set A C F we have

[|1Pazl|? < kp(A). (3.5)

Proof. Take a Baire set Fy for which Pg, # 0. Then we can find an € H such that Prx # 0.
We define a Baire measure m by setting m(A) = (Pax,z) = ||Paz||?. Note that P4 is a bounded
operator for all Baire sets A, so this m is a finite measure. From (3.1) we can see that for any
Baire set A we have

m(pA) = (Poaz,x) = (UyPaU,-154). (3.6)

Since p — U, is strongly continuous, equation (3.6) implies that p — m(pA) is a continuous
function for every Baire set A. Lemma 3.1.1 now tells us that m is absolutely continuous with
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respect to p. By the Radon-Nikodym theorem ([12, Thm. 5.2.6, p. 209]), there exists a
Baire-measurable function f: G — [0, 00) such that for every Baire set A we have

2 = A) = du.
[Paz]> = m(A) /Af ,

We now wish to construct a compact Baire set ' on which we can bound f by some constant k.
Since m is a Baire measure, it is regular [6, Thm G, p. 228]. Given that m(Fy) = ||Pg,z||? # 0,
we can then find a compact Baire set F' C Fy with m(F) # 0, which implies that Ppa # 0. We
now need to find a bound for f on F', we know that

/ fdp =m(F) = ||Prz||* < cc.
F

Since f > 0 this implies that f is bounded almost everywhere (with respect to ) on F. So we
can find a constant k > 0 such that [, fdu < [} kdp, this now yields

2 _ _ _
1Pacl = m(4) = [ paus [ k= uca)

for any Baire set A C F', which is the required result. O

3.2 Finding y and M

In the previous section, we found a compact Baire set F and an ¢ € H with Prpa # 0 for which
there is a constant k£ > 0 such that for every Baire set A C F' we have

|[Paz|| < kp(A).

In this section, we will use Lemma 3.1.2 to construct a suitable M and y, and we will show that
Pyy # 0.
Since Ppg is a projection, we can assume without loss of generality that Prz = x. We can

VH(F)

also assume that ||z||?> = p(F), replacing = by e« if necessary. Our goal in this section will
be to find a particular element y € H such that Py # 0, we will then show in a later section
that this y is in fact constant throughout M.

In this section and in Section 3.3 we will need to make use of the Bochner integral we developed
in Section 2.1.3. Before we can do this, however, we need to verify that the functions we wish to
integrate are indeed integrable.

Proposition 3.2.1. Let V' be a o-compact open unit neighbourhood with finite measure. Then
for all w € H the function f: V — H given by f(p) = Upyw is Bochner integrable.

Proof. Since V has finite measure we can apply the results from Section 2.1.3 which we developed
for finite measure spaces, even though the Haar measure is not finite in general. We first need
to verify that f is strongly measurable, which we will do with the help of Theorem 2.1.3. Since
f is continuous we know that ¢ o f is continuous, and therefore measurable, for all ¢ € H*. This
means that f is weakly measurable. Since V' is o-compact it follows from Lemma 2.1.3 that f(V)
is separable. So by Theorem 2.1.3 we conclude that f is strongly measurable.

We can now prove that f is integrable. Since U, is unitary for all p € G’ we have

/||f Jlldp = /||U wlldp = /leldp—llwllu( )<

So we can use Proposition 2.1.6 to conclude that f is integrable. O
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Since the mapping p — U, is strongly continuous, we know that p — U,z is a continuous
function. This means we can choose a unit neighbourhood V; C G such that

1
Upz = al| < 5ll«li (3.7)

holds for all p € V;. Because the Haar measure is locally finite there exists an open set of finite
measure, so without loss of generality we can presume that u(V;) < oo. Since this V7 will not
always be o-compact, we cannot use Proposition 3.2.1 to integrate over Vi. By [3, Prop 1.2.1
(b), p. 7] we can find a o-compact open subgroup of G, which we will call G;. We now define
V =ViNG;. Then V is an open unit neighbourhood which satisfies the demands of Proposition
3.2.1. Firstly, since V' C G we know that V is o-compact. Secondly, since V' C Vi we know
that p(V) < oo and that (3.7) holds for all p € V. This means we can use Proposition 3.2.1
to integrate any function of the form p — U,w, for w € H, over V. Since these are the only
functions we will need to integrate in this section and Section 3.3, we are now ready to proceed
with the rest of our proof.

We define

v/
2= — U, xd
u(V) Jy

as the “average” over V. We can now easily see that

I =l = ||y [ @ = avds]| < 5 [ 100 = el

1 /1 1
< — —llz||dp = =||z]].

From the above, we can deduce the following inequality:

1 1
esa] > Sllel> = Su(F). (33)
Indeed, we have
[(z,2)] = [(z + 2 =z, 2)| = | ||2]* = (2 — =, )]

1
> |lll® = [(z = 2, @) = [lel* = Iz = 2| - ||l > 5[]
We now take an open Baire set V with compact closure contained in V' such that

1
VAW) < =

wVAVo) < o
The existence of such a set is a direct consequence of the fact that the Haar measure is a regular
measure. We also take a symmetric unit neighbourhood W such that VoW? C V, the existence
of which follows from the proof of Lemma 1.2.1 (a). We now separate F' into a finite number
of disjoint pieces C;, where each C; is contained in some right translate Wq; of W. If we then
define

(V).

1

W= /V UoFe.xdp.

we can see that

1 / 1 1
z=—— dep:—/Uprdp:—/UPicixdp
n(V) Jy 7’ n(v) Jy ° p(v) Jy ° U

i v i

p(v)
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Suppose now that for all ¢ we have

[(ys, )| < %u(ci).

Then the identity z =), y; implies
1 1
(2, z)| < Z [(yi, 7)| < 52#(@') = gﬂ(F)o
Since this is a clear contradiction with (3.8), we conclude that there is some 4 for which we have

{2 > S4(C) (39)

Since this is the only y; we care about, we drop the index and write y = y;, C = C; and o = a
for the remainder of the argument. We now take M to be an open Baire set between VW and
VoW?2, note that MC~! C V. Suppose now that Py;y = 0, we then have

1
<y,x) = <PMnyiE> = m /V<PMcUpPCx,x>dp

1 / 1
=—— | (PyPycUyx,x)dp = ——
u(V) Jy e (V)
Suppose that M¢ N pC # () and take some o € M° N pC. Then o = po’ for some o’ € C, which
means that p = o (¢/)"" € M°C~L. Since M°C~! C V¢, this means that M¢ N pC can only be
nonempty for p € V. Since Fp = 0 this means that we can restrict the integral to the domain
V' \ Vo. From equation (3.5) we see that

/ (PrrenpcUpz, x)dp.
v

<PNICﬂpCprax> = HPM“ﬁpCprHz = HU;JD;)*IMCF'IC'||2

=||P 2 < ku(C (810)
—H p*lMcﬂCxH > M( )s

where the last inequality follows from the fact that p~*M°¢NC C C C F. Equation (3.10) now
yields

1 1 n(VA\ Vo) 1
[y, z)| < MiG) /V\Vo [(PrrenpcUpz, x)|dp. < H(V)/V\Vo ku(C) < G ku(C) < 2/1(0)'

This is a contradiction with equation (3.9), so we conclude that Pyry # 0.

3.3 Averaging process

In Section 3.2 we found a Baire open set M and a vector y. While the construction employed in
Section 3.2 might seem somewhat overly convoluted, we need to use it if we wish to show that y
is constant throughout M, which we will do in this section.

Recall that y was defined as
1

_— U,Poxdp.
M(V)/V peGHEE

Take some 0.7 € G arbitrarily, we wish to show that if £ C oM N 7M we have

y:

PpU,y = PpU,y. (3.11)

Before we can show that this equality holds, we must first prove a minor Lemma.
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Lemma 3.3.1. Let y be defined as in Section 3.2, FE be a Baire set and o € G. Then we have
PrU,y = /v PerpcUpxdp.
Proof. Substituting the definition of y and using (3.1), we get
PrUyy = /VPEUUchcdp = /V Pg P, ,cUspxdp
= /VPEmgchgpxdp: /V PgnpcUyxdp, (3.12)

which is what we wished to show. ]

With Lemma 3.3.1 we see that (3.11) is in fact equivalent to

/ PEmchpxdp:/ PrnpcUyxdp. (3.13)
oV TV

We note that the only difference between the left and right-hand side in (3.13) is the domain
of integration; the integrand is Pgn,cU,x for both sides. Since we can only have E N pC # 0
if p € EC™!, the integrand is supported on a subset of EC~!. As mentioned in Section 3.2 we
have MC~! C V, together with the assumption £ C oM N7M we find that

EC'coVnrV.

So the common integrand is supported on a set which belongs to both domains of integration,
which means that the integrals must be equal.
3.4 Constructing the unitary equivalence

In the previous sections we have found an open Baire set M and an element y € H such that y
is constant throughout M, that is to say: For any Baire set F and all o,7 € G we have

fECoMnTM, then PgrU,y= PgU,y.

In this section we will use this pair in order to construct the map 7: L?(G) — H mentioned in
Theorem 3.0.1, and to show that it is in fact unitary.
For any Baire set E contained in some translate oM of M we define

[E] = PgU,y.

Note that this is well defined, because if E C 7M for some 7 # ¢ we must have E C oM N 7M.
Equation 3.4 then implies that PrU,y = PgU.,y, so we see that [E] does not depend on which
specific translate of M the set E is contained in.

Consider a Baire set E C oM, we can easily see that (3.1) implies

[pE] :PpEUpo‘y: UpPEUay:Up[E]- (314)
We also note that for another Baire set A we have

[AN E] = PanpUyy = Pa(PgUyy) = P4[E]. (3.15)
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Suppose we have F = U;’ZO FE;, where the F; are disjoint. We then have

[E] = PeU,y =Y PuUsy =Y _[Ei. (3.16)
=0 =0

Note that since Pg, Pr; = Pg,; Pp, for all i and j, the vectors [E;] and [E}] are orthogonal. We
now consider the function m(E) = ||[E]||?>. From (3.14) and (3.16) we conclude that m is left-
invariant and o-additive. It is easy to check that m(0)) = 0, so we see that m has the makings
of a Haar measure on GG. There is just a single problem, which is that m is only defined on sets
FE which are contained in some left translate of M. Let By denote the set of all Baire sets which
can be written as a finite disjoint union of sets contained in some left translate of M. One can
easily verify that By is a ring, and in light of (3.16) we can extend m to be a measure on By. To
extend m to all Baire sets we will need the following Lemma.

Lemma 3.4.1. Let V be a Baire subset of G. Then there exists a countable family {E;}ien of
Buaire sets such that for all i € N we have E; C o;M, for some o; € G, and we have

=1

Proof. Let Gy be the collection of all compact G5 subsets of G and let M be the collection of all
subsets of G which can be covered by a countable union of Baire sets contained in left translates
of M. We will show that Gog € M. Take some K € Gy and fix a 7 € M. It is clear that
{p77 M}, cK is an open cover of K. Because K is compact there must exist a finite subcover
{piT"*M}™_,, which means that K € M.

We now claim that M is a o-ring. Take A, B € M and let | J;2, E; be the covering of A. Then
A\ B C AcC Uz, Ei, so we have A\ B € M. Now let Ay, As,... € M and let {U;Z, E}}2,
be their respective coverings. Then U;Z, 4; C U;Z, Uj2, B}, and since a countable union of
countable unions is again countable, we have | J;=, 4; € M.

Combining these results we see that o(Gy) C (M) = M. Since o(Gy) is the o-ring of Baire
sets, this implies the desired result. O

As we mentioned in Section 2.3, it is the proof of Lemma 3.4.1 which requires us to work
with o-rings and Baire sets instead of simply using the more ubiquitous o-algebra of Borel sets.
If we were to use the latter, it is clear that our proof of Lemma 3.4.1 would no longer work.

In view of Lemma 3.4.1, we can define an outer measure m* by setting

m*(A) = inf {Zm(Ei) E; € By for all i, A C | | Ez} .
1=1 =1

It follows from [6, Thm A, p. 42] that m* is indeed an outer measure defined on all subsets
of G which can be covered by countably many Baire sets contained in a left translate of M.
By Lemma 3.4.1 we then know that m* is an outer measure defined for all Baire sets. Since
we know m* is a measure when restricted to the o-ring of m*-measurable sets [6, Thm C, p.
47], we want to show that every Baire set is m*-measurable. Take a K € Gy. As we saw in
the proof of Lemma 3.4.1, we can find p1,...,p, € G such that K C |J_, p;M. By defining
A; = ;)ZM\U;;I1 pj M we obtain a disjoint collection of sets such that K C J;_, p;M = U, 4;.
If we now set B; = K N A;, we have K = J;_, B;. It is clear that B; C p;M for alli=1,...,n,
so we conclude that K € By. This means that Gy C By, which implies o(Gy) C o(Bp). Since
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0(Go) is the o-ring of Baire sets and each set in o(By) is m*-measurable [6, Thm A, p. 49], we
conclude that m* can be restricted to a Baire measure 7. This measure m has several properties
which will prove to be of use to us. Firstly, for any Baire set E contained in some left translate
of M we have m(E) = m(E) = ||[E]||?>. Secondly, since m is left-invariant, we know that m
must be left-invariant as well. Finally, 77 is a Baire measure, which means that m is regular [6,
Thm G, p. 228]. This means 7 has all the defining properties of the Haar measure, so by the
uniqueness of the Haar measure [3, Thm 1.3.4, p. 9] we conclude that m = cu for some scalar
c. By replacing y with ¥ we get m = p. This then implies that u(E) = m(E) = ||[E]||* holds
for any Baire set E contained in a left translate of M.

We now turn to constructing the unitary map 7: L?(G) — H. Since it is difficult to find the
desired mapping immediately, we first define 7' on a dense subset of L?((G) and then extend it
to a map on the entire space.

Proposition 3.4.1. Let Sy be the space of functions of the form

n
f = Z i XE;»
i=1

where a; are constants and every E; is contained in some left translate of M. Then Sy is dense
in L?(G).

Proof. We will first show a simpler statement. Let A be a Baire set such that x4 € L*(G),
we will show that x4 € Sp. By Lemma 3.4.1, there exists a sequence {F;}32; such that
Ac€ U;’il E; and for all i we have a p; € G such that E; € p;M. We define {B;}$2, by setting
By = FE; and B; = E; \U;;ll E; for i > 1. Then {B;}{2, is a disjoint sequence which satisfies
Ui, Bi =U;_, E; for all n € N. We now define the sequence {f,} by

n n
fo= _XB. =Y XBAA-
i=1 =1

We note that B; \ A C B; C E; C p;M, and it is easy to see that B; and B; \ A are Baire sets.
So we conclude that f,, € Sy for all n € N. Since the B;, and hence also the B; \ A, are disjoint,
we see that

n n

fn= E XB; — E XBi\A = XUr_,B; — XU B,\A = XU, B;,NA-
=1 =1

To show that f,, — x4 as n — oo, we note that

lIxa — full* = / X4 — xur_ Binal?dp = /XA\u;zle,-du =u (A\ U B@) :
=1

It is clear that {4\ U]_, B;},-, is a decreasing sequence of sets. Additionally, x4 € L*(G)
implies that A has finite measure, so we have p (A \ J;—, B;) < oo for all n € N. This allows us
to use [2, Prop. 1.2.5, p. 10], which yields

i [y~ full? = lim p (A\ U Bi) ~ lm p (Am N Bf)

=1 i=1

=u<AﬂﬁBf> =u<A\GBZ-> = () = 0.
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So we conclude that x4 € Sy;.

It is clear that the above argument can be used to show that any simple function is an element
of Sys. This means that the closure of the set of simple functions must also be contained in Sj;.
However, since simple functions are dense in L?(G) [2, Prop. 3.4.2, p. 100], this closure is equal
to L?(G). So we conclude that Sy = L*(G). O

Definition 3.4.1. Let {E;}" ; be a disjoint family of Baire sets such that each E; is contained
in a left translate of M. Then we define the map T by

T (Z aiXE1,> = Zai [Es).

i=1
We can verify through a simple calculation that 7' is a linear mapping from Sy; to H. By

using the fact that u(E) = ||[E]||?, we get

n n

ITAP =D lalPIENP = Y lasPu(Ed) = (11

i=1 i=1

So we see that T is an isometry. Since Sy is dense in L?(G) by Proposition 3.4.1, we can use
a well-known fact from functional analysis to extend T to an isometry from L?(G) to H, which
we will also denote by T

Proposition 3.4.2. Let T be the unique extension of the map from Definition 3.4.1. Then T
satisfies

(T71U,T) f(5) = f(s)
(T PaT) f(s) = xa(s)(s),
for all Baire sets A and all p € G.

Proof. We note that x,r(s) = xg(p~'s), so for all f € Sy we can use (3.14) to see that

Upr = ZaiUp[Ei] = Zai[pEi] =T (Z aiXpEi> = Tfp7
=1 i=1 i=1

which implies the first part of our result. For the second equality we use the fact that yang =
XAXE together with (3.15) to obtain

PATf = Z a; PalE Z a;[ANE] = (Z azxme> =T(xaf),

i=1
which implies that the second equality is also true. O

Proof of Theorem 3.0.1. Proposition 3.4.2 tells us that T is indeed the map which was mentioned
in Theorem 3.0.1. However, for T to be a unitary map it must be surjective. Suppose that H is
irreducible under p — U, and A — P4. The proof of Proposition 3.4.2 shows us that T(L?*(G))
is invariant under all U, and P4. Since we know that T'(L*(G)) # {0} this must mean that
T(L*(G)) = H, so T is indeed the desired unitary mapping.

If H is not irreducible under p — U, and A +— Py, it is not guaranteed that 1" will be surjective.
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To show that Theorem 3.0.1 still holds for the whole of H in this case we employ Zorn’s
lemma. We define the set P to be

P = {{Vi},c; |forallie I, V; C H, Theorem 3.0.1 holds for V;, V; NV, = {0} for all j #i}.

So the elements of P are collections of closed linear subspaces of H which only share the zero
vector, such that Theorem 3.0.1 holds for each of these subspaces. We make P a partially
ordered set by simply ordering these collections under inclusion. Suppose we now have a chain
C = {W;}jes in P. Then it is clear that W = [Jy, cc Wo is an upper bound for this chain.
Before we can apply Zorn’s lemma we do however need to check that W also lies in P. Take
Vi,Vo € W, then per construction of W we can find W7, W5 € C such that V; € W; and
Vo € Ws. Since C' is a chain we must have either W, C Wy or Wy C Wy, we presume without
loss of generality that Wy C W5. This means that V; and V5 both lie in W5, which implies that
Vi NV, = {0}. Since it is trivial to see that each element of W is a closed linear subspace of H
for which Theorem 3.0.1 holds, we conclude that W € P.

By applying Zorn’s lemma we see that P has a maximal element W. We define V =
@Dy ey V' and claim that V = H. Indeed, assume that V # H, then we know that V+ # {0}.
We claim that V* is invariant under p — U, and A — P4. Indeed, take x € V+, then we have
forally e V

(Upy,x) = (y,Upz) =0,
(Pay,r) = (y, Paz) = 0.

Where we use the fact that V' is invariant under U, and P4. By the above argument we see
that V1 fits the criteria of the theorem. This means we can simply repeat our entire proof, this
time taking V' instead of H, to find a closed subspace Vy C V- for which Theorem 3.0.1 holds.
Since Vy C Vit is clear that Vo NV’ = {0} for all V'. Therefore we have W Cc W U{V}} € P,
which contradicts the fact that W is a maximal element. So we must have V = H, this means
that H can indeed be written as a direct sum of closed linear subspaces for which Theorem 3.0.1
holds. O

3.5 Deducing Mackey’s Theorem

Since we had promised Theorem 3.0.1 to be a generalisation of Theorem 2.3.1, we now wish to
show that the latter can indeed be deduced from Theorem 3.0.1.
The following result will play a vital role in our proof.

Theorem 3.5.1 (Ambrose [1]). Let p — U, be a weakly continuous unitary representation of a
locally compact abelian group G on a Hilbert space H. Then there is a o-homomorphism A — Py
from the Baire sets of G to orthogonal projections on H such that for all x,y € H and p € G we
have
Wy} = [ rlo)d(Paz.v)
The symbol d(P4x,y) on the right-hand side of the equation is used to say that we integrate
7(p) as a function of 7 with respect to the (complex) measure defined by A — (Pax,y).

Remark 3.5.1. Theorem 3.5.1 is a generalisation of Stone’s theorem. To see this, we take a
strongly continuous unitary 1-parameter group ¢ — U(t) on some Hilbert space H. By Stone’s
theorem [5, Thm 10.15, p. 210] there exists a self-adjoint operator A on H such that U(t) = e**4
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for all t € R. If we now apply the spectral theorem [5, Thm 10.4, p. 205] to A, we find a o-
homomorphism A — P, from R to a family of orthogonal projections on H such that for all
x,y € H we have

(Az,y) = / M(Pya, ).
a(A)

Since A is self-adjoint we must have o(A) C R. By setting Py, = 0 whenever A ¢ o(A), we can
drop the restricted domain o(A) from the integral and simply integrate over the entirety of R. It
then follows from the definition of functional calculus for unbounded self-adjoint operators that
for all z,y € H we have

(U(t)z,y) = / (P, ).

So we see that Stone’s theorem allows us to characterize a strongly continuous unitary 1-
parameter group by integrating over a family of orthogonal projections. If we approach Stone’s
theorem from this angle, it becomes clear that Theorem 3.5.1 generalises this result to unitary
representations of arbitrary LCA groups.

We can use Theorem 3.5.1 in order to essentially replace a representation p — U, with a
o-homomorphism A + P4. However, we do not wish to use this on a representation of G, but
rather on a representation of its dual group G. To this end, we will slightly modify Theorem
3.5.1.

Corollary 3.5.1. Let G be a locally compact abelian group and let T — Vi be a representation
of G on a Hilbert space H. Then there is a o-homomorphism A Pa from the Baire sets of G
to orthogonal projections on H such that for all x,y € H and T € G we have

(Vya,y) = /G r(p)d(Paz.y). (3.17)

The proof of this statement follows trivially by combining Theorem 3.5.1 with Theorem 2.2.3.

Proof of Theorem 2.53.1. Let p — U, and 7 + V. be strongly continuous representations of G
and G respectively, as stated in Theorem 2.3.1. By applying Corollary 3.5.1 to 7 +— V. we get a
o-homomorphism A — P4. Before we can apply Theorem 3.0.1 we must first verify that A — P4
satisfies the required commutation relation U, Py = P,oU,. Let x,y € H and take a 0 € G.
Then we can use (3.17) together with the relationship U,V,; = 7(0)V,U, and the fact that U, is
unitary to see that

/ T(p)A{Pra,y) = / r(op)d{(Paz,y) = 7(0) / (p)d{(Paz, ) = 7(0) Vo, )
G G G
— (r(0)Vri,y) = (Us Vo b, y) = (VLU Y, U )

= / 7(p)d(PAU; 2, U ty) :/ 7(p)d(U, PAU; 2, 9).
G G

Since this holds for all 7 € G we can use [1, Statement II] to conclude that
(Poaz,y) = (UsPAUS "2, y)

for all z,y € H. This means that P,y = UUPAUgl, so we see that A — P, satisfies the
commutation relationship U, P4 = P, AU,. We can now apply Theorem 3.0.1 to ¢ — U,-1 and
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A — P4 to conclude that H can be written as a direct sum of closed subspaces H, such that for
each of these subspaces we have a unitary operator T,: L?(G) — H, which satisfies

(T7U,1T,) f(s) = f(s0)

(T, ' PaT,) f(s) = xa(s)f(s). (3.18)

We now turn our attention to proving that (7, 'V, T,) f(s) = 7(s)f(s) holds for all T € G. Take
f,g € L*(G), it is clear that for any Baire set A we have

(xafsg) = /G xa(8) F(8)g(E)du(s) = /A £(5)a()dp(s). (3.19)

If we now consider the measure A — (xaf,g), it follows from (3.19) that this measure is abso-
lutely continuous with respect to the Haar measure p, and that its Radon-Nikodym derivative
is given by h(s) = f(s)g(s). This means that for every 7 € G we have

/ () f(s)a(du(s) = / r(8)d(xaf ).
G G

In view of this equality we can use (3.18) to see that for all 7 € G and f,g € L*(G) we have

(rf.g) = /G () £()g(3)du(s) = /G r(s)d(xafsg) = /G r(s)d(T, PaT, f,g)
= /GT(S)d<PATLf7 TLQ) = <VTTLf7 Tbg> = <TL_1PATLf’ g>'

Which leads us to conclude that T, 'V, T,f = 7f for all f € L?(G). It is now clear that T,
satisfies the equalities

TV T f(s) = 7(s)f(s)
T7'UGT f(s) = [(s0).

Since all conclusions of Theorem 2.3.1 are now proven, this finishes our proof.
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