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1 Topological Groups

This chapter contains basic results about the point-set topology of topological groups.
Our convention that all topological spaces are assumed to be Hausdorff will not be in
force for this chapter—whenever we use the Hausdorff condition, this will be mentioned
explicitly.

Definition 1.1. A topological group (G, -, T) consists of a group (G, -) and a topology T
on G (not necessarily Hausdorff) for which the map

¢:GxG—G, (g,h)—g'h
is continuous. Specializing this to h = e, we see that then the inversion map
iigr— gt
is a homeomorphism. It follows that the multiplication map

m: (g, h) — gh

is also continuous. For every a € G, the right translation map

palg) = ga™",
the left translation map
Aa(g) = ag,
and the conjugation map
Ya(g) = aga™

are homeomorphisms of GG onto itself, with inverses \,-1, p,—1 and v,-1, respectively. In
particular, the homeomorphism group of G acts transitively on G. It follows that every
neighborhood W of a group element g € G can be written as W = gU = Vg, where
U=X-1(W)and V = p,(W) are neighborhoods of the identity. In what follows, we will
mostly write G for a topological group, without mentioning the topology T explicitly. A
neighborhood of the identity element e will be called an identity neighborhood for short.
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Definition 1.2. We define a morphism f : G — K between topological groups G, K to
be a continuous group homomorphism. Topological groups and their morphisms form a
category which we denote by TopGrp.

Example 1.3. The following are simple examples of topological groups and morphisms.

(a)

(b)

(h)

The additive and the multiplicative groups of the fields Q, R, C, and the p-adic fields
Qp, endowed with their usual field topologies, are examples of topological groups.
The exponential maps exp : R — R* and exp : C — C* are morphisms.

The circle group U(1) = {z € C | |z| = 1} C C* is another example of a topological
group. The map R — U(1) that maps ¢ to exp(2nit) = cos(2nt) + ¢sin(27t) is a
morphism.

Every morphism f : R — R is of the form f(¢) = rt, for a unique real r. This follows
from the fact that Q is dense in R, and that an additive homomorphism f:Q — R
is determined uniquely determined by the element r = f(1), since Q is uniquely
divisible.

Every morphism f : U(1) — U(1) is of the form f(z) = 2™, for a unique integer
m € Z.

As a vectorspace over Q, the group (R,+) has dimension 2%. Hence the abelian
group R has 22% additive endomorphisms, almost all of which are not continuous.

Let H denote the additive group of the reals, endowed with the discrete topology.
Then id : H — R is a continuous bijective morphism, whose inverse is not continu-
ous.

Let F be afield and let GL,, F' denote the group of invertible n xn-matrices over F'. For
an n X n-matrix g, let g% denote the matrix with entries (¢%); ; = (—1)"" det(¢'(4, 7)),
where ¢'(j,1) is the (n —1) x (n — 1)-matrix obtained by removing column ¢ and row j
from the matrix g. Then gg# = g#¢ = det(g)1. Hence if F is a topological field, then
q(g,h) = g7th = detl(g)g#h depends continuously on g and h, and therefore GL,, F'
is a topological group. In particular, the matrix groups GL, Q, GL, R, GL, C, and

GL,, Q, are topological groups.

Every group G, endowed either with the discrete or with the trivial nondiscrete topol-
ogy, is a topological group.

Proposition 1.4. Suppose that (G;)ics is a family of topological groups. Then the product
K =1T1,¢; Gi, endowed with the product topology, is again a topological group. For each j,
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Topological Groups 3

the projection map pr; : K — G; is an open morphism. If H is a topological group and
if there are morphisms f; : H — G, for every j € J, then there is a unique morphism
[+ H — K such that prjof = f; holds for all j € J.

Proof. We have to show that the map ¢ : K x K — K that maps (g,h) to g~'h is
continuous. Let ¢; : G; X G; — G; denote the corresponding maps, which are by
assumption continuous. Then we have for each j a continuous map pr; og = qjo(prj X prj),

KxK %14 K

pr; x prjl lprj

GjXGj L Gj.

By the universal property of the product topology, this implies that ¢ is continuous.
The remaining claims follow, since these maps on the one hand are continuous (and

open) as claimed by the properties of the product topology, and on the other hand are

group homomorphisms. O

The following local criterion for morphisms is often useful.

Lemma 1.5. Let G, K be topological groups and let f : G — K be a (not necessarily
continuous) group homomorphism. Then the following are equivalent.

(i) The map f is continuous and hence a morphism of topological groups.

(i) The map f is continuous at one point a € G, i.e. for every neighborhood W of f(a),
there exists a neighborhood V' of a such that f(V) C W.

Proof. 1t is clear that (i) implies (ii): a continuous map is continuous at every point.
Suppose that (ii) holds and that U C K is open. If g € f~1(U), then f(a) = f(ag™'g) €
f(ag™')U. Hence there exists a neighborhood V of a with f(V) C f(ag')U. Then ga='V
is a neighborhood of g, with f(ga=™'V) C U. Hence f~!(U) is open. O

Below we will look into separation properties for topological groups more closely. At
this point we just record the following.

Lemma 1.6. A topological group G is Hausdorff if and only if some singleton {a} C G
15 closed.

Proof. Suppose that {a} C G is closed. The preimage of {a} under the continuous map
(9,h) — g~ 'ha is the diagonal {(g,9) | ¢ € G} C G x G, which is therefore closed
in G x G. Thus G is Hausdorff. Conversely, every singleton in a Hausdorff space is
closed. O

[Preliminary Version - December 13, 2017]



4 Chapter 1

Subgroups

Now we study subgroups of topological groups.

Proposition 1.7. Let H be a subgroup of a topological group G. Then H 1is a topological
group with respect to the subspace topology. Moreover, the closure H is also a subgroup of
G. If H is normal in G, then H 1is also normal.

Proof. 1t is clear from the definition that a subgroup of a topological group is again
a topological group. Let H C G be a subgroup. The continuity of the map ¢ from
Definition 1.1 ensures that

q(Hx H)=q(HxH)Cq(HxH)=H.

Thus H is a subgroup. Suppose in addition that H < G is normal. For a € G, put
Ya(g) = aga™. Since the conjugation map v, : G — G is continuous, we have

Ya(H) C va(H) = H.
This shows that H is normal in G. O

Lemma 1.8. Let G be a topological group and let A C G be a closed subset. Then the
normalizer of A,
Norg(A) = {g € G | 74(A) = A},

1s a closed subgroup.

Proof. For a € A let c4(g9) = gag™. Then ¢, : G — G is continuous and hence
c;'(A) ={g € G|gag € A} is closed. Therefore

S={e'(A) |ae A} ={ge G| (4) C A}
is a closed semigroup in G, and Norg(A) = SN S~ is closed as well. U

Lemma 1.9. Let G be a Hausdorff topological group, and let X C G be any subset. Then
the centralizer
Ceng(X) ={g€ G |[g, X] =€}

15 closed. In particular, the center of G is closed.

Proof. Given z € X, themap g — [g, ] = grg~'z~! is continuous. Therefore Ceng(x) =

{9 € G| [g9,z] = e} is closed, provided that {e} C G is closed. Then Ceng(X) =
N{Ceng(z) | x € X} is closed as well. O

[Preliminary Version - December 13, 2017]



Topological Groups 5

Lemma 1.10. Let G be a Hausdorff topological group. If A C G is an abelian subgroup,
then A is an abelian subgroup.

Proof. The commutator map (g, h) — [g, h] is constant on A x A and hence also constant

on the closure A x A = A x A. O

Lemma 1.11. Let G be a topological group and suppose that U C G is an open subset. If
X C G s any subset, then UX and XU are open subsets. In particular, the multiplication
map m : G x G — G, (g,h) — gh and the map q : (g, h) — g~ 'h are open.

Proof. For each x € X, the sets Ux = p,-1(U) and zU = X,(U) are open. Hence
UX = J{Ux |z € X} and XU = J{zU | x € X} are open as well. O

Proposition 1.12. Let G be a topological group and let H C G be a subgroup.
(i) The subgroup H is open if and only if it contains a nonempty open set.
(ii) If H is open, then H is also closed.

(iii) The subgroup H is closed if and only if there exists an open set U C G such that
U N H 1is nonempty and closed in U.

Proof. For (i), suppose that H contains the nonempty open set U. Then H = UH is open
by Lemma 1.11. Conversely, if H is open then it contains the nonempty open set H. For
(ii), suppose that H C G is open. Then G — H = |J{aH | a € G — H} is also open. For
(iii), suppose that U N H is nonempty and closed in the open set U. Then U N H is also
closed in the smaller set U N H C U. Upon replacing G' by H, we may thus assume in
addition that H is dense in the ambient group G, and we have to show that H = G. The
set U—H =U— (UNH) is open in U and hence open in G. On the other hand, H is
dense in G. Therefore U — H = @ and thus U C H. By (i) and (ii), H is closed in G,
whence H = . Conversely, if H is closed, then H is closed in the open set G. O

Corollary 1.13. Let G be a topological group and let V- C G be a neighborhood of some
element g € G. Then V' generates an open subgroup of G.

Corollary 1.14. Suppose that G is a Hausdorff topological group and that H C G is a
subgroup. If H s locally compact in the subspace topology, then H is closed. In particular,
every discrete subgroup of G is closed.

Proof. Let C' C H be a compact set which is an identity neighborhood in the topological
group H. Then there exists an open identity neighborhood U in G such that UN H C C.
Since C' is compact, C is closed in G and hence U N H = U N C' is closed in U and
nonempty. Now we can apply Proposition 1.12(iii). O

[Preliminary Version - December 13, 2017]



6 Chapter 1

A product of closed subsets in a topological group need not be closed. The standard
example is the additive group of the reals (R, +), with the closed subgroups A = Z and
B = \/27Z. Then A+ B is a countable dense subgroup of R which is not closed. However,
we have the following.

Lemma 1.15. Let G be a Hausdorff topological group, and let A, B C G be closed subsets.
If either A or B is compact, then AB C G 1is closed.

The proof uses a weak form of Wallace’s Lemma, which we will use on several occasions.

Lemma 1.16 (Wallace). Let Xy,... Xy be Hausdorff spaces containing compact sets
A C Xy, forjg=1,... k. If W C X, x---x Xy is an open set containing Ay X --- X Ay,
then there exist open sets U; with A; CU; C X, for j =1,...,k, such that

Ay X x A, CU x---xU, CW.

Proof. There is nothing to show for £ = 1. Suppose that £k = 2. We put A = A; and
B = A, and we fix a € A. For every point b € B, we choose an open neighborhood
Uy, x Vy of (a,b) such that U, x V;, € W. Since {a} x B is compact, finitely many such
neighborhoods Uy, X V4, ..., U, %V, cover {a} x B. We put U, = Uy, N---NU,, and
Vo=V, U---UV, . Then {a} x B C U, x V, C W. Now we let a € A vary. Since
A is compact, finitely many such strips U,, X V,,,...,U,, x V, cover A x B. We put
U=U,U---UlU,, andV =V, N---NV, . Then Ax BCU xV CW and the claim
is proved for k = 2.

For k > 3 we apply the previous argument to A = A; and B = Ay X --- X Ay, and
we obtain open sets U C X; and V C Xy x --- x X with Ax BC U xV CW. By
induction, we find now open sets Us,...U such that Ay x -+ x A, C Uy x ---U, C V.
Therefore Ay x -+ x A, CU x Uy x ---U, CW. O

Proof of Lemma 1.15. Suppose that A is compact and B is closed, and that ¢ € G — AB.
We have to show that G—AB contains a neighborhood of g. By assumption, A~'¢gNB = @.
If we put q(g,h) = g~ 'h, then q(A x {g}) € G — B. By Wallace’s Lemma 1.16 there
exists an open neighborhood V' of g such that ¢q(A x V) C G — B, ie. A-'VNB = @.
Hence VN AB = @ and the claim follows. The case where B is compact and A is closed
follows by taking inverses. O

Quotients

Suppose that H is a subgroup of a topological group G. We endow the set G/H of left
cosets with the quotient topology with respect to the natural map

p:G— G/H, g+— gH.

[Preliminary Version - December 13, 2017]



Topological Groups 7

Thus a subset of G/H is open if and only if its preimage is open. The next result is
elementary, but important.

Proposition 1.17. Let G be a topological group and let H be a subgroup. Then the
quotient map

p:G— G/H
is open. The quotient G/H is Hausdorff if and only if H is closed in G.

Proof. Suppose that U C G is an open set. Then p~'(p(U)) = UH is open by Lemma
1.11, hence p(U) is open by the definition of the quotient topology.

If G/H is Hausdorff, then {H} C G/H is closed, hence H = p~*({H}) C G is closed as
well. Conversely, suppose that H C G is closed. The map pxp: GxG — G/H xG/H
is open, because p is open and because a cartesian product of two open maps is again
open. The open set W = {(z,y) € G x G | x7'y € G — H} maps under p x p onto the
complement of the diagonal in G/H x G/H. Hence the diagonal {(¢H,gH) | g € G} is
closed in G/H x G/H, and therefore G/H is Hausdorff. O

Corresponding remarks apply to the set H\G of right cosets by taking inverses.

Proposition 1.18. Let G be a topological group. If N <G is a normal subgroup, then the
factor group G /N is a topological group with respect to the quotient topology on G/N. The
quotient map p : G — G/N ‘is an open morphism. The factor group G/N is Hausdorff
if and only if N is closed. In particular, G/N is a Hausdorff topological group.

Proof. We put q(gN,hN) = g~ 'hN and p(g) = gN. Then the diagram
GxG —1— ¢
lpxp lp
G/N x G/N —— G/N

commutes, and poq is continuous. Since p is open, p X p is also open and hence a quotient
map. It follows from the universal property of quotient maps that ¢ is continuous, and
therefore G/N is a topological group. The remaining claims follow from Proposition 1.17.

O

The next result is the Homomorphism Theorem for topological groups.

Lemma 1.19. Let f : G — K be a morphism of topological groups, and put N = ker(f).
Then f factors through the open morphism p: G — G /N wvia a unique morphism f,

G ! s K.
G/N

[Preliminary Version - December 13, 2017]




8 Chapter 1

If f is open, then f is also open.

Proof. The group homomorphism f exists uniquely by the Homomorphism Theorem for
groups. Since p is a quotient map, f is continuous and thus a morphism of topological
groups. If f is open and if W C G/N is an open set, then f(p~'(W)) = f(W) is open as
well. 0

Corollary 1.20. Suppose that G, K are topological groups and that K is Hausdorff. If
[+ G — K is a morphism of topological groups, then f factors through the open mor-
phism p: G — G /{e},

Connected components

Definition 1.21. Let x be a point in a topological space X. The connected component
of x is the union of all connected subsets of X containing x. This union is closed and
connected. We call a topological space X totally disconnected if the only connected
nonempty subsets of X are the singletons.

The connected component the identity element of a topological group G will be denoted
by G°, and we call G° the identity component of G. Since the homeomorphism group of
G acts transitively on G, the group G is totally disconnected if and only if G° = {e}. We
note that a totally disconnected group is automatically Hausdorff.

Proposition 1.22. Let G be a topological group. Then the identity component G° is a
closed normal subgroup, and G/G° is a totally disconnected Hausdorff topological group.

Proof. We put q(g,h) = g~'h and we note that a continuous image of a connected set is
connected. Since G°x G° is connected and contains the identity element, ¢(G°xG°) C G°.
This shows that G° is a subgroup. By the remark above, G° is closed. For every a € G,
the set v,(G°) = aG°a~! is connected and contains the identity, whence aG°a™! C G°.
This shows that G° is a closed normal subgroup.

It remains to show that G/G° is totally disconnected. We put H = (G/G°)° and
N = p~Y(H). Then N is a closed normal subgroup of G' containing G°. We claim
that N = G°. If we have proved this claim, then H = {G°} and thus G/G° is totally
disconnected. The restriction-corestriction map p|% : N — H is open, hence H carries
the quotient topology with respect to p|% : N — H. Suppose that V C N is closed
and open in N and contains the identity. Since G° is connected and contains e, we have

[Preliminary Version - December 13, 2017]
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vG° C V for all v € V. Hence V = p~!(p(V)), and therefore p(V) is closed and open
in H. But H is connected, whence H = p(V) and thus V' = N. It follows that N is
connected, whence N = G°. O

Corollary 1.23. Let f : G — K be a morphism of topological groups. If K is totally
disconnected, then f factors through the open morphism p: G — G/G°,

G ! s K.

G/Ge

Proof. Since f(G°) C K is connected, G° is contained in the kernel of f. O

Metrizability of topological groups
At some point the metrizability of topological groups will become important.

Definition 1.24. A pseudometric d on a set X is amap d : X x X — R satisfying
dz,z) =0, 0<d(z,y)=d(y z), dzz) <dy)+dy, =)

for all z,y,z € X. If d(z,y) = 0 implies that x = y, then d is called a metric. A
metric or pseudometric d on a group G is called left invariant if the left translation map
A, ¢ G — G is an isometry of the metric or pseudometric space (G, d), for every a € G.
In other words, we require for a left invariant metric that

d(z,y) = d(azx, ay)
for all a,z,y € G. A length function £ on a group is a map
(:G— Ry
with the properties
() =0, Lg)=1Lg™"), Ugh)<lg)+L(h),

for all g,h € G. It follows that the set {g € G | {(g) = 0} is a subgroup of G. If ¢ is a
length function, then
d(g,h) = ((g~"h)

is a left invariant pseudometric. This pseudometric is a metric if and only if ¢(g) = 0
implies that g = e.

[Preliminary Version - December 13, 2017]



10 Chapter 1

Theorem 1.25 (Birkhoff-Kakutani). Let G be a Hausdorff topological group. The
following are equivalent.

(i) The topology on G is metrizable by a left invariant metric.
(ii) The topology on G is metrizable.
(11i) The identity element e has a countable neighborhood basis.

The proof relies on the following technical lemma. We call an identity neighborhood
V symmetric if V = V=1 If V is any identity neighborhood, then VNV ~! is a symmetric
identity neighborhood.

Lemma 1.26. Let G be a topological group. Suppose that (K,)nez is a family of symmetric
identity neighborhoods with the property that K, K,K, C K,1 holds for all n € Z, and
with (\U,e; Kn) = G. For g € G we put

l(g) =inf{t > 0| thereis some k > 1 and ny,...,ng € Z
witht =2" 4. 42" and g € K,,, K, - - - Ky, }.

Then ¢ is a continuous length function. Moreover, {g € G | l(g9) < 2"} C K, and
therefore (,,cz K = {9 € G | £(g) = 0}.

Proof. First of all we note that for every g € G there exist numbers nq,...,n; with
g € K, ---K,,, because the union of the K, generates G' and because every K, is
symmetric. Thus ¢(g) is defined for all g € G.

fge Ky, - Ky and he K, ---K,_, then gh € K,,,, --- K, Kp,, - - - ;5. It follows
that ¢ satisfies the triangle inequality. Since each K, is symmetric, we have £(g) = (g~1)
for all ¢ € G. Finally, ¢(e) = 0 since e € K,, holds for every n € Z. This shows that ¢ is
a length function.

Next we show the continuity of . We note that ¢(g) < 2™ holds whenever g € K,,.
Let g € G be any element, and let ¢ > 0. We choose n € Z in such a way that 2" < ¢
and we claim that [¢(g) — ¢(h)] < € holds for all h € gK,. Since g 'h,h g € K,,
we have £(h) = ((g97'h) < £(g) + 2" and £(g) = ((hh~tg) < {(h) + 2". Therefore
[0(g) — ¢(h)| < 2" < e holds for all h € gK,,, and hence ¢ is continuous.

For the last claim, we note first that K, C K,K,K, C K,,;. Suppose now that
l(g) < 2". We have to show that g € K,,. There exists k > 1 and numbers ny,...,ny € Z
with g € K, - - - K, and with 2" 4 ... 4 2™ < 2" It will suffice to prove the following
claim.

Claim. Suppose that 2™ + --- 4+ 2" < 2", Then K, --- K,,, C K,,.

[Preliminary Version - December 13, 2017]
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Proof of the claim. We note that n; < n holds for j = 1,...,k. Hence K, --- K, C
K, _1---K,_1. This proves the claim for £ = 1,2,3. For k > 4 we proceed by induction
on k. Suppose that k& > 4. If 2™ + ... 4+ 2™ < 27! then K,, ---K,, , C K,_; by the
induction hypothesis, and K,, C K,_;, whence K, ---K,, C K, _1K,_; C K,. There
remains the case where 27! < 2™ ...+ 2™ < 2" We choose the smallest r € {1,..., k}
with 2771 <27 4 ... 4+ 2% Then 2" 4 --- 4 21 < 2771 and 2™+ ... 4 2™ < 271
By the induction hypotheses K, --- K, _, € K,_; and K,, ,,---K,, C K,_;. Thus
K, K, CK, 1K, K, 1 CK, 1K, 1K,_; C K,. Note that this is true also for the
extremal cases r =1 and r = k. ]

Proof of Theorem 1.25. 1t is clear that (i) = (ii) = (iii), and we have to show that (iii)
implies (i). Let (V,,)nen be neighborhood basis for the identity element. For n > 1 we
put K,, = G. Next we choose, for every integer n < 0, inductively symmetric identity
neighborhoods K, C G with K,, C V_,,, such that K,,_1K,,_1K,,_1 C K,,. This is possible
by the continuity of the 3-fold multiplication map G X G x G —— G. Let ¢ denote the
continuous length function resulting from Lemma 1.26, applied to the family (K, )nez.
Since e € (,ez Kn € 50V = {e}, we have {(g) = 0 if and only if g = e. Thus
d(g,h) = £(g~1h) is a left invariant continuous metric on G. Let U C G be an open set
and suppose that g € U. Then there exists an integer n € N such that gV,, C U. It follows
that the metric ball By-»(g) = {h € G | d(g,h) < 27"} is contained in gK_,, C gV, C U.
Therefore d metrizes the topology of G. O

Another important consequence of Lemma 1.26 is the following. We recall that a
Hausdorft space is called a Tychonoff space, or completely regular, or a T, 1-space if for
every closed set A C X and every point b € X — A there is a continuous map

0: X —[0,1]
with p(b) =0 and ¢(A) C {1}.
Theorem 1.27. Every Hausdorff topological group is a Tychonoff space.

Proof. Let A C G be a closed set, and let b € G — A. We have to show that there
exists a continuous function ¢ : G — [0, 1] with ¢(A) = {1} and ¢(b) = 0. Since the
homeomorphism A, of G maps the identity element e to b we may assume as well that
b=-e Weput K, = G for n > 1 and we choose a symmetric identity neighborhood
Ky € G — A. For n < 0 we choose inductively symmetric identity neighborhoods K,
in such a way that K, 1K, 1K, 1 C K,. Let ¢ denote the continuous length function
resulting from the family (K,,)nez by Lemma 1.26. Then ¢(e) = 0 and if ¢(g) < 1, then
g € Ko CG—A. Thus {(a) > 1 for all a € A. Hence ¢ = min{/, 1} is the desired
continuous function. O

[Preliminary Version - December 13, 2017]



12 Chapter 1

The open mapping theorem and meager sets

We recall some notions related to the Baire Category Theorem. Let X be a topological
space.

Definition 1.28. A subset N C X is called nowhere dense if its closure N has empty
interior. Equivalently, there exists a dense open set U C X which is disjoint from N. A
subset of a nowhere dense set is again nowhere dense.

A countable union of nowhere dense sets is called a meager set (a set of first category in
the older literature). It follows that subsets of meager sets are meager, and that countable
unions of meager sets are again meager. A subset M C X is meager if and only if there
exists a countable family of dense open sets (U, ),>o in X with M N(,~,Un = @.

A topological space X is called a Baire space if for every countable family of dense
open sets (U,)n>0, the intersection (-, U, is again dense. In particular, a Baire space is
not meager in itself. Every completely metrizable space and every locally compact space
is a Baire space by Baire’s Category Theorem.

Proposition 1.29 (The Open Mapping Theorem). Let f : G — K be a surjective
morphism of Hausdorff topological groups. If G is o-compact and if K is not meager in
itself, then f is open.

Proof. From the diagram

G ! K

S

G/ ker(F)

and the fact that p is open and that f is a bijective map, we see that we may assume in
addition that the morphism f itself is bijective. We have then to show that its inverse
f~1 is continuous. We write G = J, o An, with A, compact. For every n € N, the
restriction-corestriction f |?("An) . A, — f(A,) is a continuous bijection and hence a
homeomorphism. Moreover, each f(A,) is compact and therefore closed. Since K =
Unen f(An) is not meager in itself, there exists an index m € N such that f(A,,) contains
a nonempty open set V. Let U = f~}(V). Then U C G is open, and the restriction-
corestriction f|¥ : U — V is a homeomorphism. It follows from Lemma 1.5 that f~1 is
continuous. U

A Hausdorff topological group G is compactly generated if there exists a compact set
C C G which generates the group G. A compactly generated group is in particular
o-compact.

[Preliminary Version - December 13, 2017]
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Corollary 1.30. Suppose that f : G — K is a surjective morphism of Hausdorff topo-
logical groups. If G is compactly generated and if K is a Baire space (eg. locally compact
or completely metrizable), then f is open.

We continue to study meager and nonmeager sets in topological groups.

Definition 1.31. Let X be a topological space. The complement of a meager set is
called a comeager set. Note that this is not the same as a nonmeager set. Every subset of
X containing a comeager set is again comeager, and countable intersections of comeager
subsets are comeager.

Suppose that V' C X is open and that A C X is any subset. We say that A is comeager
in V if ANV is comeager in the subspace V. Note that we do not require that A C V.
We need the following localization result.

Lemma 1.32. Suppose that V' is an open set in the topological space X .
(i) A subset M C 'V is meager in the subspace V if and only if M is meager.
(i1) If A is a comeager subset of X, then A is comeager in V.

Proof. For the (i) it suffices to consider the case of nowhere dense sets. Suppose that
N C V is nowhere dense in the subspace V. Thus there exists an open dense subset
W C V which is disjoint from N. Since W is dense in V, we have N C V C W. Then
W U (X — W) is dense in X and disjoint from N. Therefore N is nowhere dense in X.
Conversely, if the closure of N C V' in V' contains a nonempty open set U C V', then also
U C N. Claim (i) follows now by passing to countable unions. Claim (ii) is a special case
of (i). If M = X — A is meager, then M NV =V — A is meager in the subspace V' by (i),
hence A is comeager in V. O

Lemma 1.33. Suppose that (X;)icr is a family of topological spaces. Let X = [[,c; X;
denote their coproduct (disjoint union) in the category of topological spaces. Then a subset
M C X is meager if and only if M N X; is meager in X; for every i € I.

Proof. If M C X is meager, then M N X; is meager in X; for every ¢ by Lemma 1.32.
Conversely, suppose that N C X and that N N X; is nowhere dense in X; for every ¢ € [.
We claim that N is nowhere dense in X. Let W; C X, be a dense open set which is
disjoint from N N X;. Then W = J,c; W; is open and disjoint from N and dense in X
Therefore N C X is nowhere dense. Hence if M; = M N X; is meager for every i € [,
then we write M; = Un>0 N,,; as a countable union of nowhere dense sets in X;. Then
Ny = U,es N, is nowhere dense and thus M = |J, ., N, is meager. O

n>0
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Definition 1.34. For a subset A of a topological space X we put
O(A) = U{U C X | U is open and A is comeager in U}.

Clearly, O(A) is open and possibly empty. The next result is Banach’s Category Theorem.
It says that O(A) is the unique maximal open set in which A is comeager.

Theorem 1.35. If O(A) # &, then A is comeager in O(A).

Proof. We consider sets C of open subsets of X with the following property: the members
of C are nonempty, pairwise disjoint, and A is comeager in every member of C. If A
is comeager in the open set U, then C = {U} is an example of such a set. The set P
consisting of all such sets C is nonempty and partially ordered by inclusion. Every linearly
ordered subset L of P has |JL € P as an upper bound. Thus (P,C) is inductive and
has, by Zorn’s Lemma, maximal elements. Let C be such a maximal element. We put

W = |JC and we note that W C O(A).
Claim. The set C = O(A) — W is nowhere dense.

We show that the closed set B = O(A) — W has empty interior. For otherwise there
would exist a nonempty open set V. C B. Then V NW = &, and there would exist an
element u € O(A)NV. Hence there would exist an open set U containing « in which A is
comeager. But then A would be comeager in VN U C N by Lemma 1.32(ii), and hence
CU{UNV} € P would be a bigger collection than C, contradicting the maximality of C.
Hence B = O(A) — W has nonempty interior, and thus C' = O(A) — W is nowhere dense.

Claim. A is comeager in W .
The open subspace W is homeomorphic to the coproduct [[{U | U € C} of the subspaces

UeC. Let M =W —A. Forevery U € C, the set UN M is meager in U by the definition
of C. Hence M is meager in W by Lemma 1.33.

Now we finish the proof. We have O(A) = M U W, for a set M which is meager in
X and hence meager in O(A) by Lemma 1.32(i). Now O(A) — A= (M — A)U (W — A).
Since W — A is meager in W, this set is also meager in O(A) by Lemma 1.32(ii). Thus

O(A) — A is a union of two sets which are meager in O(A) and therefore A is comeager
in O(A). O

In the topological group Q every subset, including the empty set, is comeager. The
following dichotomy will be used below.

Lemma 1.36. Let G be a topological group. Then either O(&) = G and G is meager or
0(w)=0.

Proof. The set O(@) is invariant under all the left translation maps A, and hence either
empty or all of G. If G = O(@), then G is meager by Theorem 1.35. O
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We recall that a subset A of a topological space is called Baire measurable or almost
open if there exists an open set V' such that the symmetric difference M = (AUV)—(ANV)
is meager. We will see in Proposition 1.40 below that these sets form a o-algebra and
that every Borel set is Baire measurable.

Lemma 1.37. If A C X is Baire measurable and not meager, then O(A) is not meager
and in particular nonempty.

Proof. Let V' C X be open such that M = (VUA) — (VN A) is meager. Since A itself is
not meager and since A C V U M, the set V is not meager. O

The following result is known as Pettis’ Lemma.

Theorem 1.38. Let G be a topological group. Suppose that A, B C G are nonmeager
subsets. Then O(A)O(B) C AB. If A is Baire measurable and nonmeager, then A~ A is
an identity neighborhood.

Proof. Suppose that g € O(A)O(B). Then O(A) and O(B) are nonempty, and O(A) N
gO(B)™! # @. Now gO(B)™' = gO(B™!') = O(¢gB™1), since A\, and the inversion map
are homeomorphisms. Hence W = O(A) N O(gB™') # @. By Lemma 1.32(i) and The-
orem 1.35, both A and gB~! are comeager in W. Hence AN gB~! is comeager in the
nonempty open set W. By Lemma 1.36 the empty set is not comeager in W, because G,
containing the nonmeager sets A, B, is not meager. Hence AN gB~! # & and therefore
g € AB. If A is Baire measurable and not meager, then O(A) # @ by Lemma 1.37.
Thus O(A)"'O(A) is an open identity neighborhood. But O(A)™! = O(A™'), and
O(A™HO(A) C A1 A O

Corollary 1.39. Suppose that G is a topological group and that H C G is a subgroup. If
H contains a Baire measurable set which is not meager, then H 1is open.

The following is a useful property of Baire measurable sets.

Proposition 1.40. The Baire measurable sets in a topological space X form a o-algebra
which contains all open sets. Hence every Borel set in X 1s Baire measurable.

Proof. Every open set is Baire measurable. In particular, the empty set is among the
Baire measurable sets. Suppose that A C X is Baire measurable. We claim that the
complement B = X — A is also Baire measurable. Let U C X be open such that
(UUA) — (UnN A) is meager and put V = X — U. We note that M = U — U is nowhere
dense. The symmetric difference of two sets is not changed if we replace both sets by
their complements. Hence

(VUB)—(VNB)=UUA) —(UNA) C(UUA) —(UNA)UM

[Preliminary Version - December 13, 2017]
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is meager, and therefore B is Baire measurable. Suppose that (A4,),>0 is a family of
Baire measurable sets. For every A, there is an an open set U, such that the symmetric
difference M,, = (4, UU,) — (A, NU,) is meager. We put A = J,~g An, M = U, Mx
and U = {J,59Un. Then 4, — U C A, — U, C M,, whence A — U C M. Likewise,
U— A C M, and therefore

(AUU) — (ANU)=(A—U)U(U - A) C M

is meager. This shows that the Baire measurable sets form a o-algebra. Since every open
set is Baire measurable, every Borel set is Baire measurable. O

We recall that a topological space is called Lindelof if every open covering has a
countable subcovering. Examples of Lindelof spaces are second countable spaces and
o-compact spaces.

Theorem 1.41. Let GG, K be topological groups and let f : G — K be a group homo-
morphism. Assume also that K is Lindeldf and that G is not meager in itself. If for every
open subset U C K the preimage f~1(U) is Baire measurable, then f is continuous.

Proof. A closed subset of a Lindel6f space is again Lindel6f. Replacing K by f(G),
we may thus assume in addition that f(G) is dense in K. Let V' C K be an identity
neighborhood. We claim that f~!(V') contains an identity neighborhood. We choose an
identity neighborhood U C K such that U~'U C V. By assumption, E = f~}(U) is Baire
measurable. Since K is Lindelof and f(G) is dense, we find elements g, € G such that
K =, f(ga)U. Hence G = J,5q 9nE. Since G is not meager, E cannot be meager.
Hence E~'E is an identity neighborhood by Theorem 1.38, and f(E~'E) C V. It follows
that f is continuous at the identity element of G. By Lemma 1.5, the map f is continuous
and hence a morphism of topological groups. O

We recall that a map between topological spaces is called Borel measurable if the
preimage of every open set is a Borel set.

Corollary 1.42. Suppose that the topological group G is either locally compact or com-
pletely metrizable and that the topological group K 1is either o-compact or second count-
able. Then a group homomorphism f : G — K is continuous if and only if f is Borel
measurable.

Finite dimensional topological vector spaces over local fields

An absolute value on a field F' is a nonzero map | — | : F — R>q with |0] = 0 which
satisfies the triangle inequality and which is multiplicative,

o+ b < la[ +[b] and |ab] = |al[b],

[Preliminary Version - December 13, 2017]



Topological Groups 17

for all a,b € F. It follows that |a| > 0 for all a« € F*. Such an absolute value determines
a metric and a topology on F. If |a| = 1 holds for all a € F*, then the absolute value is
called trivial. The field F is called a local field if this topology is locally compact and if
| — | is nontrivial. Examples of local fields are the real field R and the complex field C
with their usual absolute values, but also the p-adic fields Q, with |a| = p~ 7@ where Vp
is the p-adic valuation.

Lemma 1.43. Suppose that K is a local field. For every r > 0, the set
Bf(0)={aeK|]a <7}
18 compact. In particular, K is o-compact.

Proof. Let C' C K be a compact 0-neighborhood. There exists € > 0 such that BX(0) C C,
and thus BX(0) is also compact. We choose a € BX(0) in such a way that |a| < 1/r. This

is possible because | — | is nontrivial. Then <B¥(0) = BK/M(O) is compact, and hence
BX(0) C BSM(O) is also compact. O

Let K be a local field. A topological vector space over K is a vector space E over K
which is a Hausdorff topological group, such that the scalar multiplication map

KxE—E,  (tu)—stu

is continuous. A morphism of topological vector spaces over K is a continuous K-linear
map.

Theorem 1.44. Let E be a topological vector space over a local field K. Then the following
are equivalent.

(i) E has finite dimension.
(ii) E is as a topological vector space isomorphic to K™, for some m > 0.
(iii) E is locally compact.

Proof. Suppose that (i) holds and that vy, ..., v, is a basis for . The map f : K™ — F
that maps (z1, ..., 2zm) t0 2101 + - - - + 2,y is a bijective morphism of topological vector
spaces. We claim that the inverse of f is continuous at 0. We endow K™ with the box
norm

| (21, ..., 2m) | = max{|z1], ..., |2m|}
and we put V. = {u € K™ | |u| < e}, fore > 0. For § > 0 we put Ls = {z € K| |z| < 0}.
We have to show that for every € > 0, there is an open 0-neighborhood W C E with
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W C f(V.). Passing to a smaller bound € > 0 if necessary, we may assume that ¢ < 1 and
that there exists a € K with |a| = . Let S = {u € K™ | |u| = ¢}. Then S. is compact
and therefore f(S;) is closed in E. There exists § > 0 and an open 0-neighborhood V' C E
such that the image W of Ls x V under the multiplication map K x £ — F is contained
in £ — f(S.). Since

W= J{zV]0<|s <},

the set W is open. Moreover, we have sw € W for every w € W and every s € Lj.
Suppose that u € K™ is a vector with » = |u| > . Then there exists b € K with
|b| = er~!. Then bu € S. and |b] < 1. Tt follows that f(u) &€ W. This shows that
W C f(V.). By Lemma 1.5, the inverse of f is a morphism.

It is clear that (ii) implies (iii).

Now we show that (iii) implies (i). Suppose that F is locally compact. We showed
already that (i) implies (ii), hence every finite dimensional subspace F' C F is locally
compact. By Corollary 1.14, such a finite dimensional subspace is closed. Let W C E be
a compact 0-neighborhood, and let a € K be an element with 0 < |a] < 1. There is a
finite set A C E such that W C A+ aW. Let F' denote the linear span of A. We claim
that W C F. We have W C F 4 aW. Iterating this inclusion, we see that W C F +a™W
holds for all m > 1. Suppose that w € W — F'. Since F' is closed, there exists a symmetric
open 0-neighborhood U C E such that (w+U)NF = &, whence w ¢ F'+U. On the other
hand, Wallace’s Lemma 1.16, applied to the compact set {0} x W C K x E, shows that
there exists 0 > 0 such that zWW C U holds for all z € Ls. But for m sufficiently large,
la™| = |a|™ < §. Hence a™W C U and thus w € F 4+ a™W C F + U, a contradiction.
Hence W C F. It remains to show that £ = F. For every u € E there exists a § > 0
such that zu € W holds for all z € Ls. Therefore W spans E, and hence F' = E. O
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2 Locally compact groups and the
Haar integral

We call a topological group G a locally compact group (a compact group) if the topology
on G is Hausdorff and locally compact (compact).

General properties of locally compact groups

Proposition 2.1. Let G be a locally compact group. Then a subgroup H C G is closed
if and only if it is locally compact. If H C G is a closed subgroup, then G/H is locally
compact.

Proof. A closed subspace of a locally compact space is again locally compact. Conversely,
a locally compact subgroup of a Hausdorff topological group is closed by Corollary 1.14.
For the last claim, suppose that H C G is a closed subgroup, and that ¢ € G is any
element. We have to show that g H has a compact neighborhood in G/H. Let V' C G be an
open identity neighborhood with compact closure. Then p(Vg) is an open neighborhood
of g because p : G — G/H is open, and thus p(Vg) is a compact neighborhood of
gH. O

It is straightforward to see that a closed subgroup of a compact group is open if and
only if it has finite index. The following is somewhat more general

Lemma 2.2. Let G be a locally compact group, and suppose that H C G is a closed
subgroup of countable index. Then H is open.

Proof. Let (gn)n>0 be a countable set of elements with G = (J,~,9nH. Since G is a
Baire space and since the cosets g, H are closed, there is an index m such that g,,H has
nonempty interior. But then H = A -1g,,H has nonempty interior and hence is open by
Proposition 1.12. 0

Lemma 2.3. Let G be a locally compact group. Then G has a o-compact open subgroup.
In particular, every connected locally compact group is o-compact.



20 Chapter 2

Proof. Let C' C G be a compact symmetric identity neighborhood. Then H = (C) =
CUuCCuCCCuU--- is o-compact. Since C contains a nonempty open set, H is open. [J

Proposition 2.4. Let G be a locally compact o-compact group and let (V,,)nen be a count-
able family of identity neighborhoods. Then there exists a compact normal subgroup N G
with N C (,,en Va such that G /N is metrizable.

Proof. The proof uses Lemma 1.26. Since G is o-compact, there exists a family of compact
sets (Ap)pen of G with G = J, .y An. We put L, = AgU---UA,, for n > 0. We
also put K, = G for n > 1. For the integers n < 0, we choose recursively symmetric
identity neighborhoods K, as follows. Given K, .1, we choose an identity neighborhood
W such that ~,(b) = aba™ € K, holds for all (a,b) € L_, x W. The existence of W is
guaranteed by Wallace’s Lemma 1.16, since L_,, is compact and v,(e) = e. We then choose
a compact symmetric identity neighborhood K,, C W NV_, such that K, K, K, C K.
Let ¢ denote the corresponding continuous length function on G, as given by Lemma 1.26.
Then N = (,cn Kn = {9 € G | £(g9) = 0} is a compact subgroup of G. We claim that
N is a normal subgroup. For a € L,, we have a € L,,,, for all s > 0. If g € N, then
likewise g € K_,,,_¢ holds for all s > 0. Thus v,(g9) € K_,,_s+1 holds for all s > 0. Since
K, C K, holds for all n € Z, this implies that 7,(g) € N, and therefore N is normal
in G.

Since £(g) = £(h) holds whenever g~'h € N, we obtain a well-defined length function
¢ on G/N, via £(gN) = {(g). Because p : G — G//N is a quotient map, ¢ is continuous.
Also, £(gN) = 0 holds if and only if g € N. Therefore d(gN, hN) = £(g~'h) is a continuous
left invariant metric on G'//N. It remains to show that d determines the topology on G/N.
Suppose that W C G/N is an open identity neighborhood. We claim that there exists
an integer m < 0 with p(K,,) € W. Let U = p~'(W). Then U is an open identity
neighborhood, and N C U. If there exists no m < 0 with K,, C U, then (K,, — U),<o is
a nested family of nonempty compact sets. But then ((K,, —U) = N — U is nonempty,
a contradiction. Therefore there exists an integer m with p(K,,) C W. Hence if g € G
is any element, then {hN € G/N | d(hN,gN) < 2™} C p(g)W. This shows that the left
invariant metric d determines the topology on G//N O

Definition 2.5. A Hausdorff topological group G has no small subgroups if there exists
an identity neighborhood U C G such that the only subgroup of G that is contained in
U is the trivial group {e}. If G has not small subgroups, and if K — G is an injective
morphism of topological groups, then K also has no small subgroups.

Note that in the previous definition it does nor make a difference if we require only
that some identity neighborhood does not contain a nontrivial closed subgroup, because
G is regular.
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Corollary 2.6. Suppose that the locally compact group G has no small subgroups. Then
G has an open metrizable subgroup.

Proof. Let U C G be an identity neighborhood which contains no nontrivial subgroup
of G. By Lemma 2.3, the group G has an open o-compact subgroup H. Now we apply
Proposition 2.4 to H and the constant family U, = U N H, for n € N. It follows that the
compact normal subgroup N < H is trivial, and hence that H is metrizable. O

We now study the existence of small subgroups in the totally disconnected case.

Lemma 2.7. Let G be a locally compact group und suppose that V' is a compact open
neighborhood of the identity. Then V' contains an open subgroup H C G.

Proof. By Wallace’s Lemma 1.16, applied to the compact set V' x {e} C V x V| there
exists an open symmetric identity neighborhood U C V such that VU C V. In particular,
UU C V. By induction we conclude that for every k& > 1 the k-fold product U ---U is
contained in V. Hence the open subgroup H = UUUUUUUU U- - - is contained in V. [

In order to put this result to work, we need two results about totally disconnected
locally compact spaces.

Lemma 2.8. Suppose that X is a compact space, and that v € X. Then the set
Q(zx) = ﬂ{D C X | D contains z and D is closed and open}

18 connected.

In a general topological space, the set Q(x) as defined above is called the quasi-
component of x.

Proof. Clearly Q(z) is closed and contains z. Suppose that Q(x) = AU B, with z € A
and A, B closed and disjoint. We have to show that B = @. Since X, being compact,
is normal, there exist disjoint open sets U,V C X with A C U and B C V. We put
C =X —(UuV) and we note that C' and @Q(x) are disjoint. For every ¢ € C' we can
therefore choose an an open and closed set W, containing x, but not containing c. The
open sets X — W, cover C'. Since C' is compact, there exists cq,...,¢,, € C such that
CC(X-W,)U---U(X =W, ). Hence C is disjoint from the set W =W, n---NW, .
Also, W is closed and open, and therefore Q(x) C W. Since W is disjoint from C', we
have W CUUV. Now Y =U U (X — W) is open and Z =V NW is open and contains
B. Since X =Y UZ and Y N Z = &, the set Y is closed and open and thus Q(z) C Y.
It follows that B = &. H
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Lemma 2.9. Suppose that X is a locally compact totally disconnected space, and that
x € X. Then x has arbitrarily small compact open neighborhoods.

Proof. Let V' be a neighborhood of x. We have to show that V' contains a compact open
neighborhood of x. Passing to a smaller neighborhood if necessary, we may assume in
addition that V is open and that V is compact. We put A = V — V and we note that
we are done if A = @, with U = V. If A # &, we make use of Lemma 2.8. Since X is
totally disconnected, we have Q(x) = {z}. Hence for each a € A, there exists a compact
neighborhood U, C V of & which does not contain a, and which is open in V. Then
(U, | a € A} N A = @&. Hence there exist finitely many points as,...,a, such that
U=U,N---NU,, is disjoint from A. Then U is closed and open in V, and U C V. But
then U is also open in X. O

The next result is van Dantzig’s Theorem.
Theorem 2.10. Let G be a locally compact group. Then the following are equivalent.
(i) G is totally disconnected.
(ii) Ewvery identity neighborhood in G contains an open subgroup.

Proof. Suppose that (i) holds and that U C G is an identity neighborhood. By Lemma 2.9,
there exists a compact open identity neighborhood V' C U and by Lemma 2.7, there
exists an open subgroup H C V. Hence (ii) follows. Suppose that (ii) holds and that
g € G — {e}. There exists an open subgroup H C G — {g}, and thus is no connected set
C' C @ containing e and g. Hence (i) follows. O

Corollary 2.11. If a locally compact totally disconnected group G has no small subgroups,
then G 1is discrete.

For compact groups we obtain a stronger form of van Dantzig’s Theorem.
Theorem 2.12. Let G be a compact group. Then the following are equivalent.
(i) G is totally disconnected.
(ii) Ewvery identity neighborhood contains a normal open subgroup.

Proof. Suppose that (i) holds and that U is an identity neighborhood. By Theorem 2.10,
there exist an open subgroup H C G which is contained in U. Since G = |JG/H is
compact, G/H is finite. Let N denote the kernel of the action of G on G/H. Then N
has finite index in G, and N = ({1.(H) | a € G} is closed. Since G/N is finite, G/N is
discrete and therefore N is open. Claim (ii) follows, since N C H C U. If (ii) holds, then
G is totally disconnected by Theorem 2.10. O
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Remarks on profinite groups

A compact group satisfying condition (ii) in Theorem 2.12 is commonly called a profinite
group. Let (F};);es be a family of finite groups. If we endow each group F; with the discrete
topology, then the F; are compact and the product

¢=][~x

iel
is a totally disconnected compact group. The fact that the topology is totally disconnected
follows from the next lemma.

Lemma 2.13. A product of totally disconnected spaces is again totally disconnected.

Proof. Let X = [],.; X; be a product of totally disconnected spaces X;. Suppose that
C' C X is a nonempty connected set. Since the X; are totally disconnected, pr;(C) C X;
is for every ¢ € I a singleton. But then C' itself is a singleton. O

The next result is a very weak version of the Peter-Weyl Theorem.

Lemma 2.14. Let G be a profinite group and suppose that g € G is not the iden-
tity element. Then there exist an integer n > 1 and a morphism of topological groups

p: G — GL,(C) with p(g) # 1.

Proof. By Theorem 2.12 there exists a normal open subgroup N C G — {g}. Then F =
G/N is a finite group and gN # N. Let f: F' — GL,(C) be a faithful representation
of F'. Such a representation exists, for example via the embedding of F' in the complex
group ring C[F], see Definition 2.18 below. Then the composite

p=fop:G— G/N — GL,(C)
is a morphism with p(g) # 1. O

Proposition 2.15. Let G be a profinite group. Then there exists a family of finite groups
(Fi)ier and a closed injective morphism f : G — [[,c; Fi. Hence G is isomorphic as a
topological group to a closed subgroup of a product of finite groups.

Proof. Let I denote the set of all open normal subgroups of G. For every N € I we put
Fy = G/N, and we put fy(g9) = gN. Then each Fy is a finite group and the fy fit
together to a morphism f : G — [[y; Fv. Since the open normal subgroups form a
neighborhood base of the identity in G by Theorem 2.12, the morphism f is injective.
Since G is compact, f is closed. O

A first major goal is to prove that a suitable version of Lemma 2.14 holds for all
compact groups. This requires the Haar integral.
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The Haar integral

Suppose that X is a Hausdorff space. The support of a continuous map ¢ : X — R is
the closed set

supp(p) = ¢~ (R — {0}).

We say that ¢ has compact support if supp(p) is compact. The real valued continuous
functions with compact support form a real vector space which we denote by C.(X). For
o, € Co(X) we write ¢ < 9 if p(z) < 9(x) holds for all x € X. The nonnegative
functions in C,(X) form a positive cone which we denote by

Cr(X)={p e C(X) | 0 < o}
We note C.(X) is a normed vector space with respect to the sup norm

lolo = supfle(e)] [ = € X}

Lemma 2.16. Suppose that X is a locally compact space and that C' C X is compact.
Then there exists a continuous map ¢ : X — [0,1] with compact support, and with

p(C) € {1}

Proof. For every ¢ € C we choose an open neighborhood U, of ¢ with compact closure.
Since C' is compact, there are c;,...,¢,, € C with C C U, U---UU,, = U. Then U
has compact closure U. Since U is normal, there exists a continuous map ¢ : U — [0, 1]
with (C) C {1} and (U — U) C {0}. If we extend ¢ to all of X by putting p(x) = 0
for x € X — U, then ¢ is continuous and has the desired properties. O

We need also the fact that a continuous function with compact support on a locally
compact group is uniformly continuous.

Lemma 2.17. Let G be a locally compact group, and suppose that ¢ € C.(G). For every
e > 0 there is a symmetric identity neighborhood V' such that |o(g) — ¢(h)| < € holds for
all g,h € G with g7*h e V.

Proof. We choose for every a € G an identity neighborhood W, such that [¢(a)—¢(g)| < 5
holds for all g € alW,, and then an identity neighborhood U, such that U,U, C W,,. Since
C' = supp(yp) is compact, there exist aq,...,a, € G such that C C ayU,, U---Ua,U,,, .
We choose a symmetric identity neighborhood V' such that V=V C U,, N---NU,, and
we claim that V' has the desired property. Suppose that h € gV. If gV Na,U,, = & holds
for all k =1,...,m, then ¢(g) = ¢(h) = 0. On the other hand, if gV N a,U,, # @, then
g € a;U,, V! and therefore gV C a;U, V'V C a,U, U, C apW,,. Hence if h € gV,
then |¢(ar) — ¢(h)| < 5, and therefore |p(g) — ¢(h)| < e. O
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At this stage it is convenient to introduce the group ring.

Definition 2.18. Let G be a group (without any topology) and let R be a commutative
ring. The group ring R[G] is the free R-module with basis G. The elements of R|G| are
thus formal linear combinations geG Cgg With coefficients ¢, € R, where only finitely
many coefficients ¢, are nonzero. The group multiplication extends to a bilinear multipli-
cation R[G] x R[G] — R[G] which turns R[G] into an associative R-algebra. Explicitly,
the multiplication is given by

( Z ax:c) ( Z byy) = Z Z ayby—1,.
z€G yeG zeG yeG

Whenever G acts linearly on an R-module M, this action extends to R[G] and turns M
into an R[G]-module. The map

E:chgl—>ch

9eG geG
is called the augmentation map. This map is an algebra homomorphism € : R[G] — R.

Observation 2.19. Suppose that G is a locally compact group. Then G acts from the
left on the vector space C.(G) via

(ap)(z) = p(a™"z) = (90 A1) (@)
Indeed, we have
blap) =b(poAg-1) = poA-1 0 -1 = o Aba)-1 = (ba)e

for all a,b € G. For an element a = 3, a,4g in the real group ring RG] and ¢ € C,(G)

we have thus
ap = Z Agp 0 Ag-1.

geG

We note that the sum on the right-hand side is finite.

Definition 2.20. We call a linear functional
I:C.(G)—R
an invariant integral or Haar integral if the following hold.

(i) If p € CH(G), then I(p) > 0.
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(ii) If g € G and if p € C.(G) , then I(gp) = I(p).
(iii) There exists a function ¢ € CF(G) with I(¢) > 0.

Axiom (i) implies that I(p) < I(¢) if ¢ < ¢b. We note that if I is an invariant integral
and if s > 0, then sI is again an invariant integral.

Example 2.21. Let G be any group, endowed with the discrete topology. Then G is
locally compact and the compact subsets are the finite subsets of G. Then C.(G) can be
identified with the real group ring R[G] as follows. An element a = ) _, a,9 is viewed
as the map g — a,4. In this case I(a) = €(a) is an invariant integral.

geG

Our next aim is to prove the existence of an invariant integral on every locally compact
group. We define R[G]™ to be the set of all elements ) _ ., c,g in the real group ring R[G]
whose coefficients ¢, are nonnegative. We note that R[G]™ is closed under multiplication,
addition, and multiplication by nonnegative reals. If a € R[G|t and if ¢ € CH(G), then
ap € CH(G).

Lemma 2.22. Suppose that G is a locally compact group and that o, € CF(G). If
a # 0, then there exists an element a € R[G|tT with ¢ < aa.

Proof. We put t = |a|,, s = |¢|, and U = {# € G | o(x) > £}. Then U is a

nonempty open set. Since C' = supp(yp) is compact, there exist elements gi,..., ¢, € G
with C C U U --- U g,U. For z € g,U we have gra(z) = a(g,'z) > £ Thus
a= 2—,{9(91 + -+ 4+ g,) has the desired property. O

Let G be a locally compact group. For functions ¢, € CF(G) with o # 0 we define
their ratio as
(p:a) =inf{e(a) | a € R[G]" and ¢ < aa}.

By Lemma 2.22, this number is finite and nonnegative.

Lemma 2.23. Suppose that G is a locally compact group and that p,v,a, B € CHG),
with o, B # 0. Then we have the following.

(i) (99 : @) = (p:a) = (p:ga) for all group elements g € G.
(i) (s¢:a)=s(p:a) for al real numbers s > 0.

(iii) If o <, then (¢: ) < (¥ : ).

(iv) (p+v:a)<(p:a)+ (¥:a)

(v) (p:8) < (p:a)(a:f).
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(Vi) el < (v :a)]al.

Proof. In what follows, a and b are elements in R[G]". Claims (i) and (ii) follow directly
form the definition, since for g € G, the relation ¢ < aa holds if and only if gy < gaa.
Likewise, for s > 0 the relation s¢ < aa holds for s > 0 if and only ¢ < %aa, and
(0 : @) = 0 holds in any case. For claim (iii), suppose that ¢ < aa. Then ¢ < ¢ < aa.
For claim (iv), suppose that ¢ < ac and that ¢ < ba. Then ¢ +1 < aa+ba = (a+b)a.
For claim (v), suppose that we have a,b € R[G]" with ¢ < ac and a < bf. Then ¢ < abf
and thus (¢ : ) < e(ab) = €(a)e(b). For claim (vi), suppose that a € R[G] with ¢ < ac.
Then ¢(z) < (aa)(z) < €(a)|a|,, holds for all z € G. O

Lemma 2.24. Let G be a locally compact group. Given functions ¢, € CHG), there
exists a function n € C.(G) with the following property. For every e > 0 there exists a
symmetric identity neighborhood V- C G such that

(pra)+@:a)<(I+e)lp+via)+e(l+e)(n:a)
holds for all « € CHG) with o # 0 and supp(a) C V.

Proof. By Lemma 2.16 there exists a continuous function n : G — [0, 1] with compact
support, such that n(z) =1 for all = € supp(y) Usupp(¢)). We put

§(x) = p() + ¢ (x) + en(z)

and we define functions ¢, € CH(G) as follows. On the closed set {z € G | p(z) = 0}

we put ¢(z) = 0. On the closed set supp(y) we put ¢(z) = %. This is possible since

the zero-set of £ is a closed set which is disjoint from supp(¢) U supp(¢)). The function

¢ is defined similarly as ¢(z) = ?((;C)) on supp(v), and ¢(z) = 0 elsewhere. We note that

¢ + 1 < 1. We choose § > 0 so that 6]¢] 0 < €% and 2§ < £2. By Lemma 2.17 there is
a symmetric identity neighborhood V' such that

lo(z) — )], [Y(x) —¢y) <

holds whenever =1y € V. Tt follows for such z,y € supp(yp) that

X o(@)E(y) —py)é(x)| 1

|o(z) — @(y)| = CEw) <5 lo(x)E(y) — w(y)E(z)]
< 8% lp(2)€(y) — p(x)€(2)] + 8% lp(2)é(x) — (y)é(z)]

20 ) 30 €
<= - <= < -,
< Sl 516l < S1El <5
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If z7'y € V and if ¢(z) = 0 # $(y), then also |p(z) — 4(y)| = ||
We claim that V has the desired properties. Let o € CF (G
with supp(a) C V' and suppose that a € R[G]" with

3
5
nonzero function

Yl « 8 <
)\—6—
be a

¢ <aa.
Then ¢ = £¢ < (aa)@. If a(g~'z) # 0, then g7'z € V and therefore ¢(x) < ¢(g) + £.
Hence if a =}, ay9, then
2) <) agalg ' n)p(r) <D ag(@lg) + §5)alg ' x).
geG geq

and hence (¢ : a) < degag@(g) + 5). Similarly, (¢ : o) < EQGG ag(z/}(g) + 5) and
therefore

(pra)+(W:a) <Y ag(¢lg) +d(g) +e) < ag(l+e) =e(a)(l+e).

geG geG
Thus
(pra)+ @) <(p+vten:a)lte) <(p+y:a)l+te)+e(l+e)(n:a)

as claimed. m
Construction 2.25. We now fix a nonzero function ¢y € C.f(G) and study the quantity

(p: )

I(p,a) = :
(0 : )

for p, a0 € CF(G) with a # 0 # . Note that (g : @) > 0 by Lemma 2.23(vi). From the
definition of I(p, @) and Lemma 2.23 we conclude that

I(p, @) < (¢ : ¥o),

forallg € G, v € CF(G)—{0} and all s > 0. We note also that for all ¢, € CF(G)—{0}
there exists by Lemma 2.24 function n € C.J(G) such for every £ > 0 there is symmetric
identity neighborhood V' such that

I(p, )+ 1, ) < I(p+1,a)(1+¢e)+e(1+e)(n, o) < I(e+, a)(1+e)+e(1+e)(n : o).
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holds for all nonzero o € CH(G) with supp(a) € V. In order to obtain an additive
functional, we wish to pass to the limit as € approaches 0. The problem is that V' and «
depend on €. We circumvent this by a compactness argument. Let

P =G/ (G) - {0}.

We consider the compact infinite cube

Q= H [(%1:@0)’ (¢ SOO)}'

peP

Given a symmetric identity neighborhood V' C G and a nonzero a € CJ(G) with
supp(a) € V, we may consider the element (/(p,a))y,cp € @, and the set Qv C Q
consisting of all such elements. These sets () have the finite intersection property. Hence

ﬂ{@ | V' C G is a symmetric identity neighborhood} C @

is nonempty. We pick an element [ in this intersection. Thus [ is a map [ : P — R
which assigns to every ¢ € P the real number

I(p) = pry(I) € [oyy: (9 : 0)] C R,
and I € Qy holds for every identity neighborhood V' C G.

Theorem 2.26. Every locally compact group admits an invariant integral.

Proof. Suppose that ¢,9 € P and that s > 0. For every identity neighborhood V' and
and every o € P with supp(a) C V we have I(p + ¢, a) < I(p,a) + I(¢, ). Since
I is contained in the closure of Py, the relation (¢ + 1) < I(y) + I(1)) holds as well.
Similarly, the relation I(sp, a) = sI(p, a) implies that I(sp) = sI(yp).

There is a constant ¢ > 0 such that for every ¢ > 0 there exists a symmetric identity
neighborhood V' such that I(p, ) + I(¢, ) < I(p + ¥, a)(1 4+ €) + (1 + €)c holds for
all @ € P with supp(a) € V. Since I is contained in Py, we have I(p) + I(y)) <
I(p+1)(1+4¢€)+e(l+¢e)c. This is true for every € > 0, hence I(p) + I(v) = I(p + ).

Every function ¢ € C.(G) — {0} can be written as a difference ¢ = ¢ — 9, with
1,02 € P as defined above. We put I(p) = I(p1) — I(¢2) and we have to check that
this expression is well-defined. If ¢ = 3 — @, is another decomposition of this type, then
01+ w1 = @3+ o, and thus (1) + I(ps) = I(ps) + I(¢2), whence I(p1) — I(pg) =
I(p3) — I(p4). Conversely, every linear extension of I to C.(G) has to satisfy these
formulas.

It follows readily that I is additive and that I(sy) = sI(y) holds for all s € R. Hence
I is a linear functional. By construction, I is invariant under the G-action. We have
I(g, @) = 1 no matter what a and V' are. Hence I(¢g) = 1. O
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Thus we have established the existence of a Haar integral on every locally compact
group. We now show that such an integral is unique up to a positive constant. We first
make an observation about invariant integrals.

Lemma 2.27. Let J be an invariant integral on the locally compact group G and suppose
that ¢ € C.(G). For every a € R[G] we have

J(ap) = e(a)J (¢)-
If p,a € CHG) and if « # 0, then J(a) # 0 and

J(p) < (¢ a)J(a).

Proof. Ifa =73 cqagg, then J(ap) =3 o J(aggp) = > ,cqaqg) () by the G-invariance
of the integral. This proves the first claim. Now suppose that ¢, € CF(G)—{0} and that
a #0. If a € RIG]T and if ¢ < aa, then J(¢) < €(a)J(a), which proves the last claim.
By assumption, there exists an element ¢ € C.F(G) with J(p) > 0. By Lemma 2.23 there
exists an element a € R[G]|T with ¢ < aa and thus 0 < J(p) < J(aa) = €(a)J (). O

Now we show that an invariant integral is determined uniquely up to a positive scaling
factor.

Theorem 2.28. Let G be a locally compact group and suppose that I, J are two invariant
integrals. Then there exists a positive real s > 0 such that J = sI.

Proof. Tt suffices to prove the following. Given two functions @1, o € CF(G) — {0} and
two invariant integrals I, J, we have

This, in turn, will be a consequence of the following claim.

Claim. Given 1,2 € CH(G) — {0} and a real number e > 0, there exists a function
a € CFH(G) — {0} such that

(1 =)y a)J(a) < J(p;) =12,

holds for every invariant integral J.

Let us assume for the moment that the claim is correct. Since J(ps2) < (g : a)J(«)
holds by Lemma 2.27, we have

(1) L Jp1) _ J(e1)
S o) J) = g

(1—¢)
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By symmetry, the same inequality holds if we exchange ¢; and ¢,. Moreover, we may
replace J by I. If we then take inverses on both sides, we obtain the inequality

1(901)< 1 (p1:0)
I(p2) = (1—¢)(p2: )

Hence we have

e .1 J(p)
I(g2) = (1 —€)* J(2)
Since € > 0 was arbitrary, we conclude that

I(p1) < J (1)
I(pa) = J(pa)

By symmetry we get also the reverse inequality. and hence the two fractions are equal.
It remains to justify the claim.

Proof of the claim. We put C' = supp(¢1) Usupp(p2) and we choose a continuous function
with compact support n : G — [0, 1], such that n(C) C {1}, using Lemma 2.16. We
choose s > 0 in such a way that ¢ > 2s(n : ;) holds for j = 1,2. Then we choose
a symmetric identity neighborhood V' such that |¢;(x) — ¢;(y)| < s holds whenever
r7ly e V, for j = 1,2. We also choose a function 8 € CH(G) — {0} with supp(8) C V
and we put a(x) = B(z) + B(z71). Hence a(z) = a(z™!). We have to show that

(1 =2)(p; : @) (a) < J(g;).

We choose t > 0 such that tJ(¢;) < sJ(a) holds, for j = 1,2. Then we choose a
symmetric identity neighborhood W with compact closure W such that |a(z) — a(y)| <t

holds whenever 7'y € W. Since C is compact, there exist elements g, ..., ¢, € G such
that C' C giWU---Ug,W. Weput Uy =G —C and U, = gy W, for k =1,...,m. This is
a finite open covering of (G. Hence there exists partition of unity 1y, ..., ¥, subordinate

to this covering, that is, vy, : G — [0, 1] is continuous, supp(¢x) C Uy, and > ;- ¢y = 1.
It follows that > ;"  ¢x(c) =1 for all ¢ € C, and that ¥y, ..., ¢, € CF(G). In particular
we have

(a) 0; = ) Ukp;
k=1

for j = 1,2. In what follows, x and y denote arbitrary elements of GG. For y € £V we have
;i(z) —s < p;(y), and therefore (p;(z) —s) - (za) < ;- (xar) holds for all z. Integrating
this inequality, we obtain

(b) (i(@) = 8)J(a) < J(g; - za).
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For y € gyW we have g; 'y = (g, 'z)(z7'y) € W and therefore a(z7'y) = a((z71y)™}) <
a(gy'w) +t. Thus ¥y, - (za) < iy - (gra)(z) + t. Multiplying both sides by ¢;, summing
over k, and integrating we arrive at the inequality

() T - (wa)) <Y T(e59) (gre) () + T (;).

k=1

Since tJ(¢;) < sJ(«), we conclude that

(d) (pj(x) —2s)J ZJ or - i) (grar) ().

We put ¢ = max{0, ¢; — 2s}. The right-hand side in (d) is nonnegative, hence

NE

(@) : ) (@) < ) J(pr - ve) = J(g))-

i

1
By Lemma 2.27, J(p;) < (¢; : @)J (). Also, we have ¢; < ¢ + 2sn. Combining (b) and
(c), we obtain
(pja) S (¢ +2sm:a) < (@)1 a) +2s(n: o) < (9] a) +2s(n:9;)(g; : @)
and thus
(1 =e)(p;: a)J(a) < (] : ) < J(g)).
This proves the claim and finishes the proof of the theorem. O

Theorems 2.26 and 2.28 show the existence and uniqueness of an invariant integral
on a locally compact group, up to a positive real scaling factor. From now on we write

T(s@)z/cso

Example 2.29. There will be very few occasions where we have to evaluate a Haar
integral explicitly. Nevertheless it might be instructive so see some examples relating the
Haar integral to the integrals arising in real analysis.

for this integral.

(a) G =R is the additive group of the reals, in the usual topology Let ¢ € C.(G). Then
there exists an interval [u,v] C R containing supp(y), and [, ¢ = [’ ¢(t)dt, where
the right-hand side denotes the Riemann integral. If we choose a larger interval [u/, v']
containing [u,v], then f t)dt = f ©(t)dt, so the left-hand side is well-defined. It

remains to show that the rlght hand side is translation invariant. But this is true,
since ::8 o(t — s)dt = [ (t)dt holds for all s € R.
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(b) G =1U(1) = {z € C* | |z| = 1} is the circle group. We put [, ¢ = fol (exp(2mit))dt,
where the right-hand side denotes again the Riemann integral. Since fol p(exp(2mit))dt =
Joo= fo (exp(2mi(t — s)))dt holds for all s € R, this is the Haar integral.

(¢) Let A denote the Lebesgue measure on R™. For the additive group G = R™, the
Haar integral is given by fG Y= me v)dA(v). This follows from the fact that A is
translation invariant.

The modular function

Construction 2.30. Let G be a locally compact group. The real vector space C.(G) is
a left R[G]-module with respect to the left G-action gy = ¢ o ;-1 and for a € R[G], the
diagram

Ce(G) —— Cul(G)

commutes. In short,
/ :C(G) — R
e}

is a homomorphism of R[G]-modules, where R[G] acts on R via the augmentation map e.
We now consider a different R[G]-module structure on C.(G), by putting

G x C.(G) — C.(G), (9, ¢) — @oy,-1
This G-action turns C.(G) into a left R[G]-module in a different way. We put
L) = [ @orym
e
Since 7, = Ag 0 pg = py 0 Ag, we conclude that Ij(¢) = [, ¢ o p,—1 and hence that

I,(poNg) = I,(p). Therefore I, is an invariant integral. By Theorem 2.28 there exists a
positive real number s such that s/ = I,. We put mod(g) = s. Thus

mod(g)/ap:/<p0fyg_1:/@opg_l.
G G G
I

() = /Gso O Pgh)-1 = /Gso 0 p-1 0 pg-1 = mod(g) mod(h)/ ®,

G

For g, h € G we have
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which shows that
mod(gh) = mod(g) mod(h).

Hence mod : G — Ry is a group homomorphism, the modular function. We will
show next that mod is a morphism of topological groups. But first we note the following
algebraic fact. If we extend mod in the natural way to the group ring R[G] by putting
mod(Y_ cq agg) = D e agmod(g), then R becomes an R[G]-module and

/G:CC(G) — R

is again a homomorphism of R[G]-modules, but for a different module structure on C.(G)
and on R.

Proposition 2.31. Let G be a locally compact group. Then the modular function
mod : G — R

1s a morphism of topological groups, which is independent of the Haar integral.

Proof. We choose a function ¢ € CF(G) — {0}. If I, J are two invariant integrals, then
there exists by Theorem 2.28 a real number s > 0 with J = s/. Hence 0 # J(¢p o0 vy,-1) =
sl(po~y,-1) = smod(g)l(¢) = mod(g)J(p), which shows that mod is independent of the
chosen Haar integral.

We now prove that mod is continuous at the identity. By Lemma 1.5 this will imply
that mod is continuous. Let C' = supp(y) and suppose that ¢ > 0. Let U C G be an
open symmetric identity neighborhood with compact closure U. By Lemma 2.16 there
exists a continuous function with compact support 7 : G — [0, 1], with n(CU) C {1}.
Let V C U be a symmetric identity neighborhood such that

\@(x)—w(y)ILHSeL¢

holds for all z,y € G with x71y € V. We claim that for x € V and y € G we have

(1) www—¢@»én§w@XL@

If y € CU, then n(y) = 1 and y~Y(yx) = 2 € V, so (1) is true. If y ¢ CU, then y & C
and y ¢ Cz~', whence ¢(y) = 0 = ¢(yz), so (1) holds also. Now we integrate (1) with
respect to the variable y and obtain

Léwoml—wwénégénéw#O
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It follows that | [, o 0 p,-1 — [, ¢| <€ [, . Since [, pop,1 =mod(z) [, ¢, this implies
that
|mod(z) — 1| < ¢

holds for all z € V. O

Definition 2.32. A locally compact group is called unimodular if mod is constant on G.
This holds if and only if the Haar integral on G is bi-invariant,

/wOpa:/wz/s@oAa
G G G

Proposition 2.33. Let G be a locally compact group. Then G is unimodular if G is

abelian, or compact, or if [G,G] = G.

for all a € G.

Proof. 1f GG is abelian, then p, = A\,-1 and the claim follows from the left invariance of the
Haar integral. If G is compact, then mod(G) C R is compact. Since every nontrivial
subgroup of (Rs, ) is unbounded, mod(G) = {1}. The last claim follows from the fact
that (R, -) is abelian and that mod is continuous. O
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3 The Peter—Weyl Theorem

In this chapter we work over the complex field C. The real part of a complex number z
is denoted by Re(z), and the imaginary unit is written as ¢ = /—1. We denote complex
conjugation by z —— z. This should not be confused with the closure operation for sets
in a topological space.

The support of a complex valued continuous function ¢ on a topological space X is

supp(p) = ¢~ 1(C — {0}).

We denote by C.(X,C) the complex vector space of all continuous complex functions on
X with compact support. It follows that C.(X, C) splits as a real vector space as

Ce(X,C) = Ce(X) & 1C(X)

We put L
o) = o(z),

where z — Zz denotes complex conjugation. If G is a locally compact group, then G acts

from the left on C.(G,C) via
G x Ce(G,C) — Cu(G,C),  (9,9) —> gp =@ o Ag-1.
Definition 3.1. Let G be a locally compact group. A linear map
I:C.(G,C)—C
is called a complex Haar integral if the following hold for all ¢ € C.(G,C) and all g € G.

(i) I{poXg1) = I(p).

(ii) I(Pyp) is real and non-negative.

(iil) I(@p) # 0 if o # 0.
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Proposition 3.2. On every locally compact group G there exists a compler Haar inte-
gral I. If J is another complex Haar integral, then there exists a real number s > 0 such
that J = sI.

Proof. Let I be a Haar integral on G. For ¢ € C.(G,C) we have ¢ = ¢ + ¢y, with
1,92 € C.(G), and we extend I to C.(G,C) by putting I(p) = I(p1) + 4(p2). Then I
is a complex linear map satisfying (i) and (ii). Property (iii) follows from Lemma 2.27.
Suppose that J is another complex Haar integral. For ¢ € Cf(G) — {0} we have
= /@ € C.(G) — {0}, and J(p) = J(¢¢0) > 0 by property (iii) of a complex Haar
integral. Therefore the restriction of J to C.(G) is a Haar integral. Hence there exists
s > 0 such that J(a) = s/(«) holds for all & € C.(G). Since C.(G) generates C.(G,C) as

a complex vector space, J = sI. U

A complex Haar integral I on a locally compact group will again be denoted by

A=, /

For an element @ in the complex group ring C[G] we have then

/ﬁwzwwéw,

where € : C[G] — C is the augmentation homomorphism.

Definition 3.3. Suppose that F is a complex vector space. A sesquilinear form on E is

a map
b: ExE—C

which is bi-additive and which satisfies the identities
b(zu,v) = zb(u,v) and  zb(u,v) = b(u, 2v)

for all u,v € E and z € C. A sesquilinear form b is called hermitian if b(u,v) = b(v, u)
holds for all u,v € E. A hermitian form b is positive definite if b(u,v) > 0 holds for all
nonzero u € E.

Construction 3.4. Let G be a locally compact group. For ¢, € C.(G,C) we put

wwzzﬁw

By the properties of a complex Haar integral, (—|—) is a positive definite hermitian form
on C.(G,C). Moreover, we have

(gelgd) = (pl¥)

for all ¢, € C.(G,C). In order to carry on, we need results from operator theory.
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Convex sets in Hilbert spaces

We recall that a norm on a complex vector space E is a map |—| : E — R with the
properties
|u+v| < |u] +|v], | zu| = |2||u], |u| = 0 if and only if u = 0,

for all u,v € E and z € C. Hence a norm is a length function. A norm determines in
particular a metric and a topology on F.

Definition 3.5. Suppose that (—|—) : E'x E — C is a positive definite hermitian form
on a complex vector space E. The associated norm on E is

lul =/ {ulw).

We note that
|u+v|2 = |u|2+2Re<u|v) + |v|2

and that ;
(ulo)y = 157w+ o],
k=0
On several occasions we will use the parallelogram identity
lo+yl” + e —y|* =2(lz]* + [y]”).

which is a direct consequence of the definition of the norm. In order to see that |—|
satisfies the triangle inequality, we first prove the Cauchy-Schwarz inequality,

[(ulv)| < Jul[v].
For this we expand the nonnegative expression
| wluyu— Jul®o]” = [(o]u)2lu]® = 2]u]* Re((v]u) (ulo)) + |u]*|v]*
= Jul"Tol” = [{ulo)Plul® = Tul*(Tul*[v]* = [(ulo) ).
It follows from the Cauchy—-Schwarz inequality that
lu+o|* < (Ju] + [v])%,

hence |—| is indeed a norm. The norm |—| turns E into a metric space, and the Cauchy—
Schwarz inequality shows that (—|—) is continuous. This follows of course also from the
explicit formula for (—|—) in terms of |—|* The pair (F, (—|-)) is called a pre-Hilbert
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space. A linear subspace F of a pre-Hilbert space E is again a pre-Hilbert space if we
restrict the hermitian form to F. If the pre-Hilbert space E is complete with respect to
| —|, then E is called a Hilbert space. Hence a closed linear subspace of a Hilbert space is
again a Hilbert space. For a locally compact group G, the complex vector space C.(G,C)
is an example of a pre-Hilbert space.

Example 3.6. On the complex vector space C™ we put

m
(ulv) = Z U V-
k=1

We call this the standard hermitian form. Then (C™, (—|—)) is a Hilbert space.
The previous example is universal, as the following lemma shows.

Lemma 3.7. Let (E,(—|—)) be a Hilbert space of finite dimension m. Then there exists
a linear isomorphism f : C™ — E such that (f(u)|f(v)) = (u|v) holds for all u,v € C™.

Proof. Let vq,...,v,, be abasis for E. We use the Gram—Schmidt algorithm to transform
this basis into an orthonormal basis vy, ..., 0,,. Then

f(z,"'uzm) :Zzlﬁl—i_"'—i_'zm@m
is a linear isomorphism which preserves the hermitian forms. O

We call a nonempty subset K of a real or complex vector space E convex if for all
u,v € K and all s € [0,1] we have su+ (1 — s)v € K. Arbitrary intersections of convex
sets are again convex. If K and L are convex, then K + L is also convex.

Lemma 3.8. Let E be a pre-Hilbert space and let K C E be a nonempty complete subset
which is convex. For every u € E there exists a unique point p(u) € K which minimizes
the distance to wu.

Proof. We put d = inf{|u —v| | v € K}. For v,w € K we have by the parallelogram
identity

[(v—u)— (w—u)|*+ |(v—u)+ (w—1u)|*=2|v—u]®+2|w—u|?
whence

lv—w|® =2|v—u|®+2|w—u|® —4|u— Lo +w)| <2|v—u|®+2|w—u|® - 4d*

Hence if (v,)n>0 is a sequence in K with lim,, |u —v,| = d, then (v,),>0 is a Cauchy
sequence. Its limit v = lim, v, € K then satisfies |u —v| = d. For v,w € K with
|u —v| = |u — w| = d the inequality shows that v = w. O
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The previous lemma has several important consequences for convex sets. If F is a
normed vector space, we define the closed convex hull of a subset X C E as

conv(X) = ﬂ{K C E | K is closed, convex and X C K}.

This set is in particular closed and convex.
Let w be a nonzero vector in a pre-Hilbert space E and let s be a real number. A
half-space H C E is a set of the form

H = H(w,s)={u € E | Re{(w|u) < s}.

Half-spaces are closed and convex. The next result is a special case of the Banach—-Hahn—
Mazur Theorem.

Proposition 3.9. Let K be a closed convex set in a Hilbert space. Then
K = n{H | H C E is a half-space containing K }.
Proof. The right-hand side is closed and convex and contains the left-hand side. It suffices
therefore to prove that for every u € E — K, there exists a halfspace H C E containing K
with u € H. We put v = p(u), where p is the map defined in Lemma 3.8, and w = u — v.
Thus w # 0. Let s = Re(v|w). Then
0 < Re(w|w) = Re{w|u) — s,

hence u ¢ H(w,s). Suppose that y € E — H(w, s). We have to show that y ¢ K. We
consider the map

t— (1=t +ty —u|® = |w|*+ 2t Re(v — y|w) + ]y — v|*.

Its derivative at time ¢t = 0 is
25 — 2 Re(y|lw) < 0.

Hence there exists ¢ € [0, 1] such that | (1 —¢t)v+ty —u| < |v —u|, and thus y ¢ K. O
Proposition 3.10. Let C' be a compact set in a Hilbert space . Then

K =conv(C)
18 compact.
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Proof. Given e >0, weput D ={u € E | |u| <} and U ={u € E | |u] <e}. Since
C' is compact, there exists a finite set A C C such that C' C D 4+ A. The convex hull L
of the finite set A is the continuous image of a simplex, and hence compact. Hence there
exists a finite set B C L such that L C D+ B. Since both L and D are closed and convex
and since L is compact, the set D + L is closed by Lemma 1.15 and convex. We have
CCD+ACD+LCD+ D+ B. Since D + L is closed, convex and contains C', we
have K C D+ L C D+ D+ B CU+ B. Hence K is totally bounded. Since K is also
complete, K is compact. O

For a subset X in a pre-Hilbert space FE we put
Xt={veFE|(zjv)=0forall xcC}
Since z+ = ker[u — (x|u)] is closed, Xt is a closed complex subspace of E.

Lemma 3.11. Suppose that F' C E is a complete complex subspace in a pre-Hilbert space
E. Then E=F @ F+.

Proof. For u € E we put u; = p(u) and uy = u — uy, where p : E — F' is the map
defined in Lemma 3.8. We claim that uy € F*. For every w € F' — {0} and every z € C
we have

lus|* < Jus + 2w|” = |uz|* + 2Re((uz|w)2) + |2 |w]*.

Putting z = ﬁ(wh@, we see that

-1
0< —— <w|u2)|2.

|w]

Thus uy € F*+ and therefore E = F + F*. Since FNF* = {0}, we have a direct sum. [

Normed vector spaces and bounded operators

We need to recall some notions and facts from functional analysis. In what follows, we
consider only complex vector spaces. Most of the results have analogues for real vector
spaces, with the obvious modifications. If (E, |—| ) is a normed vector space, we put

Bi(v)={u€ E||u—v|y<r},

for r > 0. For r, s > 0 we have
sBEF(0) = BEZ(0).

As customary in functional analysis we will call linear maps operators.
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Lemma 3.12. Let F' be a linear subspace of a normed vector space E. Then its closure
I is also a linear subspace.

Proof. The closure of F' is a subgroup of E by Proposition 1.7. For every z € C we have
zF C F, whence zF' C F. This shows that F'is a linear subspace. OJ

Definition 3.13. Let (E,|—|) and (F,|—|z) be normed vector spaces. A bounded
operator
T:FE— F

is a linear map which maps bounded sets to bounded sets.

Lemma 3.14. Let (E, |—| ) and (F,|—| ) be normed vector spaces and letT : E — F
be an operator. The following are equivalent.

(i) T is Lipschitz continuous.
(ii) T is continuous.
(iii) T is bounded.
(iv) T(BE(0)) is bounded for some r > 0.

Proof. 1t is clear that (i) implies (ii) and that (iii) implies (iv). Suppose that (ii) holds.
Then there exists ¢ > 0 such that T(BF(0)) € B{(0). Therefore T(B/(0)) C B, (0)
holds for all » > 0, and hence 7" is bounded. Hence (ii) implies (iii). Finally, suppose that
(iv) holds. Then there exist 7, s > 0 such that T(BF(0)) € BL(0) holds, which implies
that T'(B/7(0)) € B[, (0) holds for all ¢ > 0. Thus |T'(u)| < 7 |u| holds for all u € E,

and hence |T'(u) —T'(v)|p < 2|u — v| holds for all u,v € E. Thus (iv) implies (i). O
For a bounded operator T': E — I we define its operator norm
|7 = sup{|Tul | u € BY'(0)}.

It follows that
| Tu| < |T]|ul]g-

In particular, T"is a |T'|-Lipschitz map.

Lemma 3.15. Suppose that E and F are normed vector spaces. Then (B(E,F),|—|)

is a normed vector space. If D is another normed vector space and if S € B(D, E) and
T e€B(E,F), then |TS| < |T||S]-
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Proof. For S,T € B(E,F), z € C and u € E we have
| (S = 2T)ulp < (IS] + 2T ]ul

It follows that ®B(E, F') is a vector space and that the operator norm satisfies the triangle
inequality. Moreover, |T'| = 0 holds if and only if 7" = 0. Suppose that z € C — {0}.

Then |2Tu|, = [2||Tu] < |2[|T||u|g, whence |27 < |z||T'|. The same reasoning
shows that |T'| = [1(2T)| < ‘—i‘|zT|, and thus |2T'| = |z||T'|. Hence the operator
norm is indeed a norm. For v € D we have |T'Sv|. < |T||Sv|z < |T||S||v]|p, which
proves the last claim. O

We recall that a complete normed vector space is called a Banach space.

Proposition 3.16. Suppose that (E, |—|z) and (F,|—| ) are normed vector spaces.
If F is a Banach space, then (B(E,F),|—|) is a Banach space. In particular, the
dual space
E*=9B(E,C)

of a normed vector space is always a Banach space.
If E has finite dimension, then every operator T : E — F is bounded.

Proof. Suppose that F' is complete and that (7,),>0 is a Cauchy sequence in B(FE, F).
For every u € E, the sequence (T,u),>, is a Cauchy sequence in F' because

| 7w — Tou| < |1, — Tl |u| 5

We put Tuw = lim,, T,,u. Since each T, is linear, T,,(u + zv) — T,u — zT,,v = 0 holds for
all vectors u,v and scalars z. Therefore T'(u + zv) — Tu — zTv = 0 holds as well, which
shows that T': E — F is linear. There exists k& > 0 such that |T,, — Ti| < 1 for all
m > k. Therefore |Tu — Tyu| » < |u| g, and thus T'— T}, is continuous. Hence T is also
continuous, and we have proved that B(F, F') is complete.

If E has finite dimension m, then FE is as a topological vector space isomorphic to C™
by Theorem 1.44. We fix such an isomorphism of topological vector spaces f : C" — F.
Let uq,...,u, denote the standard basis of C™. We put vy = T(f(ux)). The map
h : C™ — F that maps (2, ..., zy) to 2101 + -+ - + 2,V is continuous, and h = T o f.
Hence T' is continuous. ]

It follows that every bijective linear map between finite dimensional normed vector
spaces is Lipschitz continuous. In particular, such a vector space is always a locally

compact Banach space.
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Proposition 3.17. Let (E, |—| ) be a normed vector space. Then there exists a Banach

space (E |—1z) and a linear isometric injection j : E — E with dense image. If
(F,|—|x) is a Banach space and if T : E — F' is a bounded operator, then there is a

unique bounded operator T:E— F such that T o3 =T,

J A -y
j /
N T
E.

Proof. Let C C EN denote the complex vector space of all Cauchy sequences in E, and
let N C C denote the complex vector space of all sequences in E converging to 0. For
a sequence u = (uy)n>o in C, the sequence (|uy|yz)n>0 is a real Cauchy sequence by
the triangle inequality. We put |u| = lim, |u,|z. Then N = {u € C' | |u| = 0}
and £ = C/N is a normed vector space, with norm |u+ N|; = |u|. For u € E we
put j(u) = (u)p>o + N € E. Then j is an isometric linear injection. For a Cauchy
sequence u = (uy)p>o € C, we claim that u+ N = lim,, j(u,). Given € > 0, there exists
k > 0 such that |u, —u,| < e for all m,n > k. Hence we have for all n > k that
lim,, |4, — um| < e, which shows that |j(u,) —u+ N|z < e. This proves the claim,
and it also shows that j(E) C E is dense.

We have proved so far that every Cauchy sequence in J(FE) has a limit in E, and that
Jj(FE) is dense in E. Hence every Cauchy sequence in E has a limit, which shows that E
is a Banach space.

If 7€ B(E, F) and if F' is complete, then we may define T(u+N) = limn Tuy,. This is
a linear operator which extends 7. For u+ N € E we have lim,, |Tu, |, < |T] lim,, |u,],

hence T is bounded. Since j(E) C E is dense, T is the unique continuous extension
of T O

Corollary 3.18. If (E,(—|—)) ¢

is a pre-Hilbert space, then (E,(—|—)) is a Hilbert space
in such a way that (j(u )|j( )) = (ulv)

holds for all u,v € E.

Proof. We use the notions introduced in the previous proof and we put

1 > -k -k 2
<u+N|v+N)—ZkZ:0'L |u+i*v + N[,

for u,v € C. This map is continuous on E x E. We have (j(u)[j(v)) = (ulv) for all

u,v € E. Since j(E) x j(E) C E x E is dense, (—|—) is a positive definite hermitian form
on I. O
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The following results are not needed for the proof of the Peter-Weyl theorem, but
they fit well in this section on bounded operators.

Lemma 3.19. Let T' : E — F be a bounded operator between normed vector spaces
E,F. Suppose that E is a Banach space, and that r,s > 0. If BF(0) C T(BE(0)) holds,
then BY(0) C T(BSEEHa)(O)) holds for every € > 0.

Proof. We put 6 = 1= Suppose that w € BE(0). We claim that we can find elements

u, € 0" 1BE(0), for n =1,2,..., such that
lw—T(uy +ug+ -+ up) | p <"

For n = 1, this is clear: we choose u; € BE(0) in such a way that |w — Tu;| < rd. Now
we proceed by induction. Given uyq, ..., u,, we have

v=1w—T(uy +uy+---+u,) € 8"BF(0) C 6"T(BE(0)).
Hence we can find u,,; € 6"BF(0) such that
|w —T(up +ug+ - +up) — Tupyr| < 76"t
Now |u,| < s6™'. Since E is complete and since 0 < § < 1, the limit u = >~ u,
exists in F, and T'(u) = w. Moreover,

|u|§525"’1:5ﬁ:s(1+5). O

Theorem 3.20. Let E be a Banach space, let F' be a normed vector space and suppose
that T : E — F is a bounded operator. Then either T(FE) is meager or T is surjective
and open.

Proof. Suppose that T'(E) is not meager. Since T(E) = (J,,», T(B}(0)), there exists some
)

n > 1 such that T(BE(0)) (0)) has nonempty interior. Hence there exists v € ' and r > 0
such that v + B,.(0) C T'(B,(0)). Thus

B,(0) € T(Bx(0)) + T(Bn(0)) € T(B,(0)) + T(B,(0)) € T(B3;,(0)).

By Lemma 3.19, B,(0) C T(Bs,.1(0)). Hence T'(BE(u)) contains for every s > 0 an open
neighborhood of T'w. Thus T is an open map, and 7T'(F") contains an identity neighborhood
BE(0). Since F' = J,5, nBL(0), we have F = T(E). O

Corollary 3.21 (Open mapping theorem). Suppose that E, F' are Banach spaces and
that T : E — F is a bounded operator. If T' is surjective, then T is open.
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Corollary 3.22 (Closed graph theorem). Suppose that E, F are Banach spaces and
that T : E — F is an operator. Then T is continuous if and only its graph

X ={(u,Tu) |lue E} C ExF
15 closed.

Proof. 1f T is continuous, then its graph X is closed. Conversely, suppose that X is closed.
Then X is a closed linear subspace of E x F' and hence a Banach space with respect to the
norm |(u,v)| = |u|z + |v|z. The projection map pr: E x F' — E' is continuous and
linear. Its restriction to X is continuous, bijective and, by Corollary 3.21, open. Hence
the map u — (u,T'u) is continuous, and thus 7" is continuous. O

Corollary 3.23. Let T be an operator on a Hilbert space E which satisfies (Tulv) =
(u|Tv). Then T is bounded.

Proof. Let X C E x E denote the graph of 7. We show that X is closed. If (u,)n>0 is a
sequence in E,, such that (u,, Tu,),>0 converges to (u,v), then we have for w € E that

(wlw) = lim(Tu,|w) = liyrln(un\Tw) = (u|Tw) = (T'u|w).

It follows that Tu = v, and thus (u,v) € X. Hence X is closed, and T is continuous by
Corollary 3.22. O

Adjoint operators in Hilbert spaces

The next result is a special case of Riesz” Representation Theorem. We recall that E* =
B(E,C).

Proposition 3.24. Let E be a Hilbert space. The map
L:F— FE*, u+— (ul-)
18 a semilinear isometric bijection.

Proof. 1t is clear that L is semi-linear, L(zu) = ZL(u). For u # 0 we have (u|u) > 0, hence
L(u) # 0. This shows that L is injective, and we claim that L is also surjective. Suppose
that £ € E* is a nonzero bounded linear form, with kernel F' C E. Since C = E/F the
kernel F is a closed hyperplane. By Lemma 3.11, £ = F'® F*, and F* has dimension 1.

Let v € F* be a nonzero vector. Then a = £(v) # 0 and the vector u = Iflgv has the
property that £(u) = I‘Z';Q = (ulu) = L(u)(u). Since ker(§) = F' = ker(L(u)), we conclude

that £ = L(u). Hence L is surjective.

For v € BE(0) and u € E we have |L(u)v| = [(ulv)] < |u]|, hence |L(u)| < |ul.
If u # 0, then (u\ﬁu} = |u], hence |L(u)| > |u|. Thus |L(u)| = |u| holds for all
uec k. O
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Proposition 3.25. Let E be a Hilbert space and suppose that b : E X E —— C is a
sesquilinear form. The following are equivalent.

(i) b is continuous.
(ii) There exists a real number r > 0 such that |b(u,v)| < r|u||v| holds for all u,v € E
(iii) There ezists a bounded operator T € B(E) such that b(u,v) = (Tu|v) holds for all
u,v € L.
If these equivalent conditions are satisfied, then |T| < r and T is uniquely determined.

Proof. Suppose that b is continuous. Then there exists € > 0 such that |b(u,v)| < 1 holds
for all u,v € BE(0). Then b(u,v)| < L|u]|v| holds for all u,v € E, so (ii) implies (ii).

Suppose that (ii) holds. Then for every u € E, the map b(u, —) is linear and bounded.
We define a semilinear map B : E — E* by B(u) = b(u, —). By Proposition 3.24 there
is a unique operator 7' : ' — E with Lo T = B. Thus (Tu|v) = b(u,v) holds for all
u,v. For v € BE(0) we have

| Tv|* = (Tw|Tv) = b(v, Tv) < r|Tv]

and thus |Tv| < r. Hence T is bounded, with |T'| < r.

It is clear that (iii) implies (i). O

Corollary 3.26. If E is a Hilbert space, then there ezists for every T € B(E) a unique
T* € B(E) such that
(Tulv) = (u|T"v)

holds for all u,v € E. The operator T™ is called the adjoint of T'. We have
=T and |T|=|T"|.

Proof. We put b(u,v) = (u|Tv). By Proposition 3.25 there exists a unique 7" € B(F)
such that (T*v|u) = (v|T'u) holds for all u,v € E. Thus (u|T*v) = (Tu|v) and T** = T.
Since [(u|Tv)| < |T'||u||v], we have |T*| < |T|. But this implies that |T'| = |T**| <
| 7], and therefore |T'| = |T*]. O

A linear operator T': E — FE on a Hilbert space E is called self-adjoint if
(Tulv) = (u|Tv)

holds for all u,v € E. It follows that (T'u|u) € R, and T is bounded by Corollary 3.23.
Conversely, a bounded operation T' € B(F) is self-adjoint if and only if

T=T".

An example of a bounded self-adjoint operator is the projection operator p : £ = F @
F1 — F associated to a closed linear subspace F' C E as in Lemma 3.11.
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Lemma 3.27. Let T be a self-adjoint bounded operator on a Hilbert space E. Then
|T| = sup{[(T'ulu)| | u € BY'(0)}.

Proof. We put v(T) = sup{|(Tu|u)| | u € BF(0)}. Thus

(1) [(Tulu)| < v(T)|u]?

holds for all u € E. By the Cauchy-Schwarz inequality we have |(Tw|u)| < |T||ul|?,
whence
v(T) < |T].

In order to show that |T| < v(T) we use the identity
(T(x +y)le+y) — (T(z — y)lz —y) = 4Re(Taly)

For s > 0 we substitute z = su and y = %Tu. By (1) and by the parallelogram identity
we obtain

AITul? < o(T) ([su+ 2Tul* + |su—1Tu]) = 20(T)(ul® + 5| Tul?).

For Tu # 0 we may put s = Ilj;ull and we obtain 4|Tu|? < 2v(T)2|Tu| |u| and thus

| Tu| < v(T)|u].
This inequality is also valid if Tu = 0. Hence
|| <v(T). O

Definition 3.28. Let F, F' be normed vector spaces and assume that F'is complete. An
operator 7' : E — F'is called compact if for every bounded set B C E, the set T'(B) has
compact closure. It follows that every compact operator is bounded. An example of a
compact operator is the projection operator p : £ = F ® F+ — F associated to a finite
dimensional linear subspace F' C FE.

The following is the Spectral Theorem for compact self-adjoint operators. We denote
the set of all complex eigenvalues of an operator T by op(T"). This set is called the point
spectrum of T.

Theorem 3.29. Let T be a compact self-adjoint operator on a Hilbert space E. For an
eigenvalue z € op(T), we let E, = ker(T — zidg) denote the corresponding eigenspace.
Then we have the following.
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(i) o
(i)
)
)

p(T) C R and for distinct eigenvalues s,t, the eigenspaces Fg, E, are orthogonal.
|| € op(T) or —|T'| € op(T).
(iii) We have 3 e, Bt = E.

(iv) The set op(T) is finite or countable. If op(T) has an accumulation point z, then

z=0.
(v) For every 0 #t € op(T), the eigenspace E; has finite dimension.

Proof. We may assume that T' # 0, since otherwise all claims are trivially true.

If w € E is an eigenvector for the eigenvalue z € C, then (Tu|u) = Z(u|u) is real,
which shows that z € R. If s,¢ are different eigenvalues and if u € E; and v € E, then
t{ulv) = (Tulv) = (u|Tv) = s(u|v), which shows that (u|v) = 0. Hence (i) is true.

For (ii) we use Lemma 3.27. Let u,, € BF(0) be sequence of vectors with

lim [(Tu,|u,)| = |T'| > 0.

Passing to a subsequence, we may assume in that both ¢ = lim,, (T'u,,|u,) and v = lim,, T'u,,
exist. We note that (T'u,|tu,) = t(Tu,|u,) is real. Thus

0 < |Tun — tun|® = |Tun|* — 2(Tun|tuy) + 12| un|* < 26 — 26(Tun|uy,).

The limit over the right-hand side is 0, hence v = lim,, T'u,, = lim,, tu,,. Since |t| = |T'| # 0,
we conclude that lim,, u, = u = v and thus v = Tu = tu. Since t = (T'u|u) # 0, we have
u#0. So By # 0, and |t| = |T'|. This proves (ii)

For (iii) we first note the following. If D C F is a T-invariant subspace, then D+
is also T-invariant. For if z € D and y € D*, then 0 = (Tz|y) = (z|Ty). We put

Fr=3%copr Er- Then T(F) C F and hence T(F) C F. It follows that T(FL) CF.

Then the restriction-corestriction of T' to the Hilbert space Fois again a compact self-
adjoint operator, hence either F T = 0or F" contains a nontrivial eigenspace of T' by
(ii). Therefore F=o0. By Lemma 3.11 and Lemma 3.12, E = F @ FL, and thus (iii) is
proved.

Now we prove (iv) and (v). Given e > 0, let S = {t € op(T) | [t| > €}. We claim that
D =3, ¢ E; has finite dimension. If D would have infinite dimension, we could find in
D a sequence of pairwise orthogonal eigenvectors w,, of length |u,| = 1, with eigenvalues
t, € S. But then we would have |Tu, — Tum|2 > 2¢ for m # n, contradicting the
compactness of T'. It follows that S is finite and that F; has finite dimension for all ¢ € S.
Therefore op(T) is finite or countable, and 0 is the only possible accumulation point of
op(T). This proves (iv) and (v). O
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Hilbert modules for locally compact groups

Suppose that F is a pre-Hilbert space. An operator T': E — E is called unitary if T is
bijective and if
(Tu|Tv) = (ulv)

holds for all u,v € E. A unitary operator is bounded, and so is its inverse.

Definition 3.30. Let G be a topological group. A Hilbert G-module E consists of a
Hilbert space E and a continuous linear action

GxFE—FE,

such that every g € G acts as a unitary operator on E.

Example 3.31. Let £ = C™ with the standard hermitian form as in Example 3.6. A
matrix g € C™*"™ is unitary if and only if g*g = 1 holds, where g* denotes the conjugate-
transpose matrix, (¢*);; = g;;- The unitary group

U(m) = {g € C™™ | g*g = 1}.

is a compact matrix group. If E is a finite dimensional Hilbert space, then there exists
by Lemma 3.7 an isomorphism f : C™ — FE which preserves the hermitian forms. If

FE is a Hilbert G-module, then C™ becomes a Hilbert G-module G x C"™ — C™ via
gu= (f"togo f)(u). The associated homomorphism G — U(m) is continuous.

For a locally compact group G with complex Haar integral |, o We denote by L*(G) the
completion of the pre-Hilbert space C.(G,C). We view C.(G,C) as a dense subspace of
L*(G). Since every g € G acts as a unitary operator on C.(G,C) via go = ¢ 0 A\,-1, it
acts also as a unitary operator on the completion L?(G) by Lemma 3.17. In particular,
G acts linearly on L*(G). If [, is replaced by another complex Haar integral, then the
norm and the hermitian form on L?(G) are scaled by a positive real number. This does
not change the topology and geometry of L?(G).

Lemma 3.32. The action of G on L*(G) is faithful.

Proof. Let g € G — {e}, and let U be an identity neighborhood with UU~! C G — {g}.
Let ¢ € C.(G) —{0} be a function with supp(¢) C U. Then supp(gy) = gsupp(p). Since
gUNU = @, we have gp # . O

Proposition 3.33. Let G be a locally compact group. Then the action
G x L*(G) — L*(G)

is continuous and thus L*(G) is a faithful Hilbert module for G.
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We first prove a lemma. An action satisfying the assumptions of the following lemma
is sometimes called strongly continuous.

Lemma 3.34. Suppose that G is a topological group acting as an abstract group linearly
on a Hilbert space E. Assume that each g € G acts as a unitary operator on E, and that
there is a dense subset X C E with the property that for each x € X, the there is an
identity neighborhood V- C G such that the map V. — E, a — ax is continuous. Then
the action G X E — E 1is continuous and thus E is a Hilbert G-module.

Proof. Suppose that ¢ > 0 and that g € G and u € E. We choose = € X with |z —u| <
e/4, and we choose an identity neighborhood V' C G such that |z — ax| < &/4 holds for
alla € V. For h € gV and w € 354(u) we have then

|gu — hw| < |gu — gx| + | gz — hx| + |hx — hu| + |hu — hw|
=|lu—z|+|z—gthz| + |z —u| + |u—w| <e. O
Proof of Proposition 3.33. We put X = C.(G,C) C L*(G) and we apply Lemma 3.34. We
choose an open identity neighborhood U C G with compact closure. By Lemma 2.16 there
exists a continuous function n : G — [0, 1] with compact support and with n(UC) C {1}.
Given € > 0 and ¢ € C.(G,C), there exists by Lemma 2.17 a symmetric open identity

neighborhood V' C U such that |¢(z) — p(a™'z)||n| < /4 holds for all @ € V and all
x € G. We claim that

(1) (@) = ela™ ) In] < (e/4)n(z)

holds for all a € V and all # € X. This is certainly true if x € UC, because then n(z) = 1.
If 2 ¢ UC, then x € C and a 'x & C, so the left-hand side is 0, and the inequality is also
valid. We integrate the squares of both sides of (1) over z. We obtain

lo —apl*[n]” < (/4)* 0],
Therefore | — ap| < e/4. By Lemma 3.34, F is a Hilbert G-module. O

Now we prove an important results which use an averaging process over a compact
group. We call a complex Haar integral on a compact group G normalized if

/dgzl.
G

Theorem 3.35. Let G be a compact group with normalized complex Haar integral fG and
let E' be a Hilbert module for G. Let T € B(E) be a bounded operator. Then there exists

a unique bounded operator T € B(FE) such that
(Tulo) = [ (X9 ulgv)dg
@
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holds. The operator T commutes with all elements of G, and |T| < |T|. If T is self-
adjoint, the T is also self-adjoint. If T is compact, then T is compact.

Proof. Given u,v € E, the map g — (T'g~u|g~'v) is continuous and therefore contained
in Ce(G, C), since G is compact. Also, b(u,v) = [,(T'g~ ulg~'v)dg is a sesquilinear form
on E. We have [{T'g  ulg= )| < |T| g~ u||g v| = |T||u||v|, whence

b(u,v>|sfg|T||u||v|dg= 7]l ]o].

By Proposition 3.25, the sesquilinear form b is continuous and the existence and uniqueness
of T follows. The left invariance of the complex Haar integral shows that (hTh~ Lulv) =
(Th™Yu|h~v) = (Tulv) holds for all u,v € E and h € G, whence hTh™ =T

If T is self-adjoint, then (T' — |=) is a hermitian form, and then (I’ — |=) is also
hermitian. Thus 7 is self-adjoint.

Suppose that T is compact. Then A = T'(B¥(0)) is compact, and so is the set

GA={ga|geGandaec A} CE.

The closed convex hull K = conv(GA) is compact by Proposition 3.10. Suppose that
H(w,s) C E is a half-space containing K. For v € BF(0) and ¢ € G we have then
gTg 'u € GA, whence

Re(Tu|w) = / Re(Tg 'ulg tw)dg = / Re(gTg 'ulw)dg < / sdg = s.
a e a

By Proposition 3.9, T(BE(0)) C conv(GA), and therefore T is compact. O

A nonzero Hilbert G-module is called irreducible if it contains no proper nontrivial
Hilbert G-submodule. It follows that every nonzero finite dimensional Hilbert G-module
contains a nonzero irreducible Hilbert G-module.

Lemma 3.36. Let G be a compact group with normalized complex Haar integral fG.

Suppose that E s a nonzero Hilbert G-module. Then there exists a finite dimensional
1rreducible Hilbert G-module F C E.

Proof. Let w € W be a nonzero vector. The operator T' = (w|—)w is continuous and
self-adjoint. The image of T is the 1-dimensional space Cw, and thus T' is compact.
Therefore T is compact and self-adjoint by Theorem 3.35. We claim that (Tw|w) # 0.
The map ¢ : g — (Tg"'wlg~'w) = [(w|g~'w)|” is non-negative and not constant. Hence
its integral (w|Tw) is positive. In partlcular T # 0. By Theorem 3.29, T has a finite
dimensional eigenspace E;. Since T is G-invariant, its eigenspace F; is also G-invariant.
In the finite dimensional vector space E; we choose a nonzero G-invariant subspace F' of
minimal dimension. Then F'is an irreducible Hilbert G-module. O

[Preliminary Version - December 13, 2017]



54 Chapter 3

Corollary 3.37. Let G be a compact group. Then every irreducible Hilbert G-module E
has finite dimension.

The next result is the main theorem for Hilbert G-modules for compact groups.

Theorem 3.38. Let G be a compact group with normalized complexr Haar integral fG.
Suppose that E is a Hilbert module for G. Then there exists a family (F;)ier of finite
dimensional pairwise orthogonal irreducible Hilbert G-modules F; such that

E:ZF

iel
Proof. We may assume that £ # 0. Let F denote the set of all nonzero finite dimensional
irreducible Hilbert G-modules contained in E. We fix a set K whose cardinality is strictly
bigger than the cardinality of F. Let P denote the collection of all maps F': [ — F
which are defined on subsets I of K, and which have the property that F; L F; holds
for ¢ # 7. Such a map is injective and therefore I C K. We define a partial order < on
P by putting F' < F’ if F’ extends F. Then (P, <) is inductive and we can choose a
maximal element F'in P. We put X = > ., F; and we claim that X = E. Otherwise,
X+ would be a nontrivial Hilbert G-module. By Lemma 3.36 there exists then a nonzero
finite dimensional irreducible Hilbert G-module D C X+. We may choose an element
k € K — I because the cardinality of K is big enough, and we may extend F to I U {k}
by putting F, = D. Then we have constructed a larger element than F', a contradiction.
Thus X = FE, and the claim is proved. O

Theorem 3.39 (Peter—Weyl Theorem). Let G be a compact group, and suppose that
g € G—{e}. Then there exists a finite dimensional irreducible Hilbert G-module E for G
such that g acts nontrivially on E.

Proof. We decompose the Hilbert G-module L?(G) as in Theorem 3.38 as L*(G) =

> it Fi Since G acts faithfully on L*(G), there exists an index ¢ such that g acts non-

trivially on Fj. O

Theorem 3.40. Let G be a compact group. Then there exists an index set I, a family
(my)ier of natural numbers m; > 1 and an injective closed morphism of topological groups

G — [JU(m).
iel
Proof. We choose a faithful Hilbert G-module E for G, for example E = L?(G). Let
(F})icr be a family of irreducible Hilbert G-modules as in Theorem 3.38. For each i € I
we fix a Hilbert space isomorphism F; = C™:. In this way we obtain a morphism p :

G — [l,c; U(my). Since E is faithful, p has trivial kernel. Since G' is compact, p is
closed. ]
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In short, every compact group is isomorphic as a topological group to a closed subgroup
of a (possibly infinite) product of unitary matrix groups.

Theorem 3.41. Let G be a compact group. For every identity neighborhood U C G, there
exists a closed normal subgroup N <G with N C U such that G/N is isomorphic as a
topological group to a closed subgroup of U(m), for some m.

Proof. We choose an injective morphism

p:G—>HU(mi):H.

el

as in Theorem 3.40. There exists a basic open set W = [[,.; Vi € [[,.; U(m;) with
p Y(W) C U. Thus there is a finite set Iy C I such that V; = U(m;) holds for all
i€l —1Iy. Let M = [[,.; M; with M; = {1} for all i € I — Iy, and M; = U(m;) for
i € I. Then M is a closed normal subgroup of H, and the quotient H/M is isomorphic
to [ Lz, U(mi). We put N = p~'(M). Then the induced morphism G/N — H/M is an
injective morphism, and N C U. O

Corollary 3.42. Let G be a compact group. If G has no small subgroups, then there
exists m > 1 and an injective morphism

G — U(m).

Lemma 3.43. Let I' be an abelian group group and let E be a nonzero finite dimensional
complex vector space. If I acts linearly and irreducibly on E, then dim(E) = 1.

Proof. Suppose that v € I'. If F' C F is an eigenspace of v, then F' is ['-invariant, because
I' is commutative. Hence F' = E. It follows that every v € I' acts as a multiple of the
identity. Hence every subspace of F is ['-invariant, and thus dim(£) = 1. O

Corollary 3.44. Let G be a compact abelian group. Then there exists a set I and a closed
injective morphism

G — [Ju).

For a locally compact group G, we let G denote a set of representatives for the class
of all irreducible Hilbert G-modules. This is called the unitary dual of G.

Proposition 3.45. Suppose that G is a compact group. Then for every D &€ @, there
exists a submodule F C C.(G,C) C L*(G) with F = D.
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Proof. We may assume that D = C™ as a Hilbert space. Thus we are given a continuous
homomorphism f: G — U(m) C C™™. For k =1,...,m we put

or(r) = frea(z),

and we define a linear map h : C"™ — C.(G,C) via h(z1v1 + -+ + 20m) = 2101 + -+ - +
Z+m,,, where vy, ..., v, is the standard basis for C™. We claim that h is G-equivariant.

For g € G we have
9gvk = Z Fi(9)v;
j=1

and

ger(x) = fealg'x) ka,] D fiala ijk 9)p;(x

which shows that h is equivariant. By Proposition 3.25 there exists a self-adjoint operator
T :C™ — C™ such that
(Tulv) = (h(u)|h(v))

holds for all u,v € C™. Since the hermitian form on the right is G-invariant, 7" commutes
with all elements of GG. Since T is a compact operator and since every eigenspace of T is
G-invariant, T" = t1 for some t > 0. Since h # 0, we conclude that ¢ > 0. This implies
that h is injective and therefore %h is an isomorphism of Hilbert G-modules. O
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