Chapter 9
Haar Measure

We saw in Chap. 1 that Lebesgue measure on R is translation invariant, in the sense
that 2 (A +x) = A(A) holds for each A in Z(R?) and each x in R¢. Furthermore,
we saw that Lebesgue measure is essentially the only such Borel measure on R?:
if i is a nonzero Borel measure on R that is finite on the compact subsets of R¢
and satisfies t (A +x) = u(A) for each A in Z(R?) and each x in RY, then there is a
positive number ¢ such that p1(A) = cA(A) holds for every Borel subset A of R9.

It turns out that very similar results hold for every locally compact group
(see Sect.9.1 for the definition of such groups); the role of Lebesgue measure is
played by what is called Haar measure. This chapter is devoted to an introduction to
Haar measure.

Section 9.1 contains some basic definitions and facts about topological groups.
Section 9.2 contains a proof of the existence and uniqueness of Haar measure,
and Sect. 9.3 contains additional basic properties of Haar measures. In Sect. 9.4 we
construct two algebras, L' (G) and M(G), which are fundamental for the study of
harmonic analysis on a locally compact group G.

9.1 Topological Groups

A topological group is a set G that has the structure of a group (say with group
operation (x,y) — xy) and of a topological space and is such that the operations
(x,y) — xy and x +— x~ ! are continuous. Note that (x,y) > xy is a function from the
product space G x G to G and that we are requiring that it be continuous with respect
to the product topology on G x G; thus xy must be “jointly continuous” in x and y and
not merely continuous in x with y held fixed and continuous in y with x held fixed
(see Exercise 3). A locally compact topological group, or simply a locally compact
group, is a topological group whose topology is locally compact and Hausdorff. A
compact group is a topological group whose topology is compact and Hausdorff.
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Examples 9.1.1.

(a) The set R, with its usual topology and with addition as the group operation, is
a locally compact group.

(b) Likewise, RY, Z, and Z¢ are locally compact groups.

(c) The set R* of nonzero real numbers, with the topology it inherits as a subspace
of R and with multiplication as the group operation, is a locally compact group.

(d) Let T be the set consisting of those complex numbers z that satisfy |z| = 1. Then
T, with the topology it inherits as a subspace of C and with multiplication as
the group operation, is a compact group.

(e) The set Q of rational numbers, with the topology it inherits as a subspace of R
and with addition as the group operation, is a topological group; it is not locally

compact.
(f) An arbitrary group G, with the topology that makes every subset of G open, is
a locally compact group; it is compact if and only if G is finite. O

See Exercises 9—11 for some additional examples.
Let X be a topological space, and let x belong to X. Recall that a family % of
subsets of X is a base for the family of neighborhoods of x if

(a) each member of % is an open neighborhood of x, and
(b) for each open neighborhood V of x there is a set that belongs to % and is
included in V.

Let G be a group. If a is an element of G and if B is a subset of G, then the
products aB and Ba are defined by
aB={ab:b <€ B}

and
Ba = {ba:b € B}.

Likewise, if B and C are subsets of G, then BC and B~! are defined by
BC={bc:becBandceC},

and
B '={pb':beB}.

The set B is symmetric if B= B~'. Thus B is symmetric if and only if the condition
x € B is equivalent to the condition x~! € B.

Proposition 9.1.2. Let G be a topological group, let e be the identity element of G,
and let a be an arbitrary element of G.

(a) The functions x — ax, x — xa, and x — x~ ' are homeomorphisms of G onto G.

(b) If % is a base for the family of neighborhoods of e, then {aU : U € % } and
{Ua:U € %} are bases for the family of neighborhoods of a.
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(¢) If K and L are compact subsets of G, then aK, Ka, KL, and K are compact
subsets of G.

Proof. The definition of a topological group, together with the continuity of the
maps x — (x,a) and x — (a,x), implies the continuity of the functions in part (a).
Since these functions have continuous inverses (namely the functions that take x to
a 1x,toxa™!, and to x’l), they are homeomorphisms of G onto G.

Part (b) is an immediate consequence of part (a).

Part (c) follows from the fact that the image of a compact set under a continuous
map is compact (as usual, the compactness of the subset K x L of G x G is given by
Tychonoff’s theorem, Theorem D.20). a

Proposition 9.1.3. Let G be a topological group, let e be the identity element of G,
and let U be an open neighborhood of e.

(a) There is an open neighborhoodV of e such that VV C U.
(b) There is a symmetric open neighborhood of e that is included in U.

Proof. Since the map (x,y) — xy is continuous, the set W defined by W = {(x,y) :
xy € U} is an open neighborhood of (e,e) in G x G, and so there are open
neighborhoods V| and V, of e that satisfy V| x V, C W. The set V defined by
V =V NV, is then an open neighborhood of e that satisfies VV C U.

We turn to part (b). The continuity of the map x — x~! implies that if U is an
open neighborhood of e, then U~ is also an open neighborhood of e. Thus U NU !
is a symmetric open neighborhood of e that is included in U. O

Proposition 9.1.4. Let G be a topological group, let K be a compact subset of
G, and let U be an open subset of G that includes K. Then there are open
neighborhoods Vg and Vi, of e such that KVg C U and Vi, K C U.

Proof. For each x in K choose open neighborhoods W, and V, of e such that xW,, C U
and V.V, C W, (see Propositions 9.1.2 and 9.1.3). Then {xV, }sck is an open cover
of the compact set K, and so there is a finite collection xy, . .., x, of points in K such
that the sets x;Vy,, i =1, ..., n, cover K. Let Vg =N}, V,,. If x € K, then there is an
index i such that x € x;V,;, and so

XVR g xiinin g x,-le. g U.

Since x was an arbitrary element of K, it follows that KVz C U. The construction of
V., is similar. O

Let G be a topological group, and let f be a real- or complex-valued function
on G. Then f is left uniformly continuous if for each positive number € there
is an open neighborhood U of e such that |f(x) — f(y)| < € holds whenever x
and y belong to G and satisfy y € xU. Likewise, f is right uniformly continuous
if for each positive number € there is an open neighborhood U of e such that
|f(x) = f(y)| < € holds whenever x and y belong to G and satisfy y € Ux. Note
that we can replace the neighborhoods of e appearing in this definition with smaller
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symmetric neighborhoods of e (Proposition 9.1.3) and that for such symmetric
neighborhoods U the condition x € yU is equivalent to the condition y € xU and
the condition x € Uy is equivalent to the condition y € Ux. Thus x and y do in fact
enter our definition symmetrically.

Proposition 9.1.5. Let G be a locally compact group. Then each function in % (G)
is left uniformly continuous and right uniformly continuous.

Proof. Let f belong to % (G), and let K be the support of f. Suppose that € is a
positive number. For each x in K choose first an open neighborhood U, of e such that
|f(x)— f(¥)| < €/2 holds whenever y belongs to xU, and then an open neighborhood
Vy of e such that V.V, C Uy (see Propositions 9.1.2 and 9.1.3). The family {xV, }rex
is an open cover of the compact set K, and so there is a finite collection xy, ..., x, of
points in K such that the sets x;Vy,,i=1, ..., n, cover K. Let V be a symmetric open
neighborhood of e that is included in N_, V, (Proposition 9.1.3). We will show that
if x and y belong to G and satisfy y € xV, then |f(x) — f(y)| < €.

This inequality certainly holds if neither x nor y belongs to K (for then f(x) =
f(y) =0). Now suppose that x € K and y € xV. Then there is an index i such that
x € x;V; and hence such that x and y belong to x;U,; (note that x € x;V,, C x;Uy; and
y € xV CxiVy, Vi, C x;Uy,). It follows that | f(x) — f(x;)] < &/2 and |f(y) — f(x:)| <
€/2 and hence that | f(x) — f(y)| < €. The remaining case to deal with is where y € K
and y € xV. Since V is symmetric, this is exactly the case where y € K and x € yV,
and the details we just looked at (with x and y interchanged) handle this. The left
uniform continuity of f follows. The right uniform continuity of f can be proved in
a similar way. O

Corollary 9.1.6. Let G be a locally compact group, let | be a regular Borel
measure on G, and let f belong to ¢ (G). Then the functions x — [ f(xy) 1(dy)
and x — [ f(yx) u(dy) are continuous.

Proof. We will check the continuity of x — [ f(yx) tt(dy) at an arbitrary point xq in
G; the proof for x — [ f(xy) 1(dy) is similar.

Let K be the support of f, and let W be an open neighborhood of xy whose
closure is compact. It is easy to check that for each x in W the function y — f(yx)
is continuous and vanishes outside the compact set K(W~)~!. Suppose that ¢ is a
positive number, choose a positive number &’ such that &'y (K(W~)~!) < &, and use
the left uniform continuity of f (Proposition 9.1.5) to choose an open neighborhood
V of e such that |f(s) — f(r)| < € holds whenever s and ¢ belong to G and satisfy
s € tV. Then for each x in WNx(V and each y in G we have yx € yxoV, and so

|[ 10~ [fomu@)] < [ 10— fimo) ()
<gu(kWw )" <e

Since ¢ is arbitrary, the proof is complete. O

The next two results will be used only in Sect. 9.4.
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Proposition 9.1.7. Let G be a topological group, and let H be an open subgroup of
G. Then H is closed.

Proof. The complement of H is the union of the left cosets xH, where x ranges
through the complement of H. Proposition 9.1.2 implies that each of these cosets is
open. It follows that the complement of H is open and hence that H itself is closed.

O

Proposition 9.1.8. Let G be a locally compact group. Then there is a subgroup H
of G that is open, closed, and c-compact.

Proof. Since G is locally compact, we can choose an open neighborhood U of
e whose closure is compact. Use Proposition 9.1.3 to choose a symmetric open
neighborhood V of e that is included in U. Of course V™~ is compact. Define sets V",
n=1,2, ..., inductively by means of the equations VI=Vand V" = V"1V and
then define H by H = U,V". If x € V" and y € V", then xy € V""" and x~! € V"
(recall that V is symmetric); hence H is a subgroup of G. It is clear that H is open
and so also closed (see Exercise 4 and Proposition 9.1.7). Since V™~ is compact and
H is closed, the closure of each V" is compact and included in H; the o-compactness
of H follows. a

Exercises

1. Suppose that G is a group and a topological space. Show that G is a topological
group if and only if the map (x,y) + xy~! from G x G to G is continuous.

2. Let G be R, with addition as the group operation and with the weakest topology
that makes each interval of the form (a,b] open. Show that (x,y) — x+y is
continuous, but that x — —x is not continuous. Thus G is not a topological
group.

3. Let G be R, with addition as the group operation and with the topology
for which the open sets are those that either are empty or have a countable
complement (check that these sets do form a topology on G). Show that

(a) x — —x is continuous,

(b) (x,y) — x+y is continuous in x when y is held fixed and continuous in y
when x is held fixed, and

(¢) (x,y) — x+yis not continuous.

Thus G is not a topological group.

4. Let G be a topological group, let U be an open subset of G, and let A be an
arbitrary subset of G. Show that AU and UA are open subsets of G. (Hint: Note
that AU = UgecpalU )

5. Show that if G| and G, are topological groups, then G| x G,, with the product
topology and with the operation defined by (x1,x)(y1,y2) = (x1y1,%2)2), is a
topological group.
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6. Let G be a topological group. Show that the following conditions are equiva-
lent:

(i) The topology of G is Hausdorff.
(i) For each a in G the set {a} is closed.
(iii) For some a in G the set {a} is closed.

7. Find all closed subgroups of R. In other words, find all subgroups of the additive
group R that are closed in the usual topology for R.
8. Let G be a Hausdorff topological group, and let E and F be subsets of G.

(a) Show that if E is compact and F is closed, then EF is closed.

(b) Show by example that if E and F are closed (but not compact), then EF
can fail to be closed. (Hint: Such examples can be found in the case where
G=R)

9. Let G consist of the 2 by 2 matrices of the form <?) I;) , where a is a positive

real number and b is an arbitrary real number. Show that G, with the operation
of matrix multiplication and with the topology it inherits as a subspace of R?,
is a locally compact group.

10. Let GL(d,R) be the collection of all invertible d by d matrices with real entries.
Show that GL(d,R), with the operation of matrix multiplication and with the

topology it inherits as a subspace of Rdz, is a locally compact group (it is called
the general linear group). (Hint: See Lemma 6.1.2, and recall how Cramer’s
rule for the solution of systems of linear equations gives an explicit formula for
the inverse of a matrix.)

11. Let O(d) be the collection of all orthogonal' d by d matrices. Show that O(d),
with the operation of matrix multiplication and with the topology it inherits as
a subspace of Rdz, is a compact group (it is called the orthogonal group).

12. Let G be the locally compact group introduced in Exercise 9. Construct a real-
valued function on G that is right uniformly continuous, but not left uniformly

continuous. (Hint: Consider
ab
— @b
(o 1) ¢ (b),

where ¢ is a suitable function from R to R.)
13. Derive Proposition 9.1.5 from Proposition 9.1.4. (Hint: Suppose that f belongs
to 2 (G). Consider the group G X G and the sets K and U defined by K =

{(xx) s x € supp(f)} and U = {(x,y) : |[f(x) = f(¥)] < €})

IRecall that a square matrix with real entries is orthogonal if the product of it with its transpose is
the identity matrix.
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9.2 The Existence and Uniqueness of Haar Measure

Let G be a locally compact group, and let u be a nonzero regular Borel measure on
G. Then U is a left Haar measure (or simply a Haar measure) if it is invariant under
left translations (or simply franslation invariant), in the sense that (1 (xA) = u(A)
holds for each x in G and each A in %(G). Likewise, U is a right Haar measure
if u(Ax) = u(A) holds for each x in G and each A in #(G). (Lemma 7.2.1 and
Proposition 9.1.2 imply that if x € G and if A is a Borel subset of G, then xA and
Ax are Borel subsets of G; hence the expressions t(xA) and p(Ax) appearing in the
preceding definition are meaningful.)

In this section we prove that there is a left Haar measure on each locally compact
group and that it is unique up to multiplication by a constant. A few properties of
Haar measures, plus the relationship between left and right Haar measures, will be
dealt with in Sect. 9.3. In Sect. 9.4 we will use these results to discuss some measure-
theoretic tools for harmonic analysis.

Examples 9.2.1.

(a) Lebesgue measure on R (or on R9) is a left and a right Haar measure; see
Proposition 1.4.4.

(b) If G is a group with the discrete topology (that is, with the topology that makes
every subset of G open), then counting measure on G is a left and a right Haar
measure; in particular, counting measure on the group Z of integers is a Haar
measure.

(c) Let T be the set of complex numbers z such that |z| = 1, made into a topological
group as in Example 9.1.1(d) in the previous section. Then linear Lebesgue
measure on T is a Haar measure. More precisely, if Ay is Lebesgue measure on
R, restricted to the Borel subsets of the interval [0,27), and if F: [0,27) — T is
defined by F(0) = e/, then AgF ! is a left and a right Haar measure on T. [

See Exercises 3 and 5 below and also Exercises 4 and 6 in Sect. 9.3, for additional
examples of Haar measures.

We need a bit of notation. Let G be a group, let x be an element of G, and let f
be a function on G. The left translate of f by x, written ,f, is defined by ,f(r) =
f(x~'t), and the right translate of f by x, written f,, is defined by f.(¢) = f(tx~").
The function f (or f*) is defined by f(z) = f(t~!). Note that if x, y, and ¢ belong to
G, then

wf(@0) = () ) = fO7 ) =, f ) = () ()

hence

xyf:x(yf)-

A similar argument shows that

fxy = (fx)y'
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If A is a subset of G, then the characteristic functions of the sets A, xA, and Ax are
related by the identities

(xa)x = Xax

and

«(Xa) = Xxa-

This gives one reason for defining , f(¢) and f,(¢) to be f(x~'¢) and f(zx~!), rather
than f(xr) and f(¢x). (The definitions of , f and f, are not entirely standard; some
authors use f(xt) and f(tx) where we used f(x~'t) and f(zx~').)

If G is a locally compact group and if u is a left Haar measure on G, then

[arau= [ rau (1)

holds for each Borel function f that is either nonnegative or -integrable (note that
[xfdu = u(xA) = u(A) = [ fdu holds if f is the characteristic function of the
Borel set A, and then use the linearity of the integral and the monotone convergence
theorem).

Theorem 9.2.2. Let G be a locally compact group. Then there is a left Haar
measure on G.

Proof. Let K be a compact subset of G, and let V be a subset of G whose interior
V? is nonempty. Then {xV?°},c is an open cover of the compact set K, and so there
are finite sequences {x;}”_, of elements of G such that K C U’ x;V. Let #(K : V)
be the smallest nonnegative integer n for which such a sequence {x;}?_; exists. Of
course, #(K : V) =0 if and only if K = &.

Let us choose a compact set Ky whose interior is nonempty; it will serve as
a standard for measuring the sizes of various subsets of G and will remain fixed
throughout this proof. Roughly speaking, we will measure the size of an arbitrary
compact subset K of G by computing the ratio #(K : U)/#(Ky : U) for each open
neighborhood U of e and then finding a sort of limit of this ratio as the neighborhood
U becomes smaller. We will use this “limit” to construct an outer measure 1* on G,
and then we will show that the restriction of u* to %(G) is the required measure.

We turn to the details. Let % be the family of all compact subsets of G, and let 7%/
be the family of all open neighborhoods of e. For each U in % define hy: € — R
by hy(K) =#(K : U) /#(Ky : U).

Lemma 9.2.3. The relations

(@) 0<hy(K) <#(K:Ko),

(b) hu(Ko) =1,

(©) hy(xK) = hy(K),

(d) hy(Ky) <hy(Kz) if K1 C Ko,

(e) hU(Kl UKQ) < hU(Kl) +hU(K2), and

) hU(Kl UKQ) = hU(Kl) +hU(K2) ileUf1 ﬁK2U71 =0

hold for all U, K, K, K, and x.
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Proof. The relation
#K:U) <#(K:Kp)#(Ko:U) 2)

holds for all K and U, as we can see by noting that if {x;}{_; and {y;}’_, are se-
quences in G such that K C U | x;Ky and Ko C U _ly,U then K C U | U;?:lx,-ij.
Dividing both sides of (2) by #(Ko : U) gives assertion (a). Assertions (b), (c), (d),
and (e) are clear. In view of (e), we can prove (f) by checking that

# KUKy :U)>#(K; :U)+#(K,:U) 3)
holds whenever
KU 'nKU '=2. “

So suppose that (4) holds and that {x;}?_, is a sequence of points such that n =
#(K 1 UK, : U) and K; UK, C U xU. Then each set x;U meets at most one of K
and K; (for if x;U met both K| and K>, then x; would belong to K1U’ NKU™ D,
and so we can partition the sequence {x;}’__, into sequences {y;}?_, and {z;}%_,
such that K; C U’ _ iU and K» C Ul 1ziU. Relation (3) and part (f) of the lemma
follow. O

We now turn to the “limit” of the ratios #(K : U)/#(Kp : U)—that is, of the
functions {hy }yea - We will find this “limit” by constructing a certain product space
that contains all the functions Ay and then using a compactness argument to produce
the “limit” function.

For each K in ¢ let Ix be the subinterval [0,#(K : Kj)] of R. Let X be
the product space [Jxew Ik, endowed with the product topology. Since each
interval Ix is compact, Tychonoff’s theorem (Theorem D.20) implies that X is
compact. According to part (a) of Lemma 9.2.3, each function hy belongs to
X. For each open neighborhood V of e let S(V) be the closure in X of the set
{hy :U € andU CV}. If Vi, ..., V, belong to % (that is, if they are open
neighborhoods of e) and if V' is defined by V = N, V;, then hy € N}_,S(V;); since
Vi, ..., V, were arbitrary, this implies that the closed sets {S(V)}yee satisfy the
finite intersection property. The compactness of X now implies that Nyc4 S(V)
is nonempty. Let us choose, once and for all, an element A, of Nyc4 S(V). This
function A, is our “limit” of the functions Ay .

Lemma 9.2.4. The function he satisfies

(@) 0<he(K),
(b) he ( )=0,
(©) he(Ko) =1,
(d) he(xK) = h()

(@) he(Ki) < he(Kz) if K1 C K>,

) he KlUKz) < h, (K1)+h (Kz), and

(g) he (KlUKz)Zh (K1)+h.(K2) IfKiNK;, =

forall xin G and all K, Ky, and K, in €.

AAAA
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Proof. Let us begin with part (f). Recall that X, as the product space [Jxc« Ik, is
a certain set of functions on %, with its topology defined so that for each compact
subset K of G (i.e., for each element K of the index set €) the projection from X to
R defined by i — h(K) is continuous. Hence for each choice of compact subsets K
and K, of G the map from X to R defined by

h— h(Ky) +h(K2) — h(K1 UK>) o)

is continuous. Since this map is, in addition, nonnegative at each hy (see part (e)
of Lemma 9.2.3), it is nonnegative at each point in each set S(V). In particular, it is
nonnegative at h,, and so part (f) is proved.

Property (a) is clear, and properties (b) through (e) can be proved with arguments
similar to the one given above for part (f). We turn to part (g). Suppose that K;
and K, are disjoint compact subsets of G. According to Proposition 7.1.2 there are
disjoint open sets U; and U, such that K; C U; and K, C U,, and according to
Proposition 9.1.4 there are open neighborhoods V; and V; of e such that K1V, C Uy
and K»V, C U,. Let V =V NV,. Then KV and K,V are disjoint, and so for each U
that belongs to % and satisfies U C V! we have

hy (Kl U Kz) =hy (Kl) + hU(Kz)
(see part (f) of Lemma 9.2.3). Consequently the map defined by (5) vanishes at each
element of S(V~1). Since ke € S(V1), part (g) follows. O

Let us return to the proof of Theorem 9.2.2. We are now in a position to construct
the promised outer measure on G. Define u* on the collection of open subsets of
G by

w(U)=sup{he(K): KCU and K € €}, (6)

and extend it to the collection of all subsets of G by
u*(A) =inf{u*(U):ACU and U is open}. (7

It is clear that y* is nonnegative, that it is monotone, and that u*(2) = 0.
In view of (7), we can verify the countable subadditivity of y* by checking that
each sequence {U;} of open subsets of G satisfies

IJ*(UUI'> < ZH*(Ui)- (3

So suppose that {U;} is a sequence of open subsets of G. Let K be a compact subset
of U;U;. Then there is a positive integer n such that K C U?_,U;, and there are
compact subsets K1, ..., K, of Uy, ..., U, such that K = U?_| K; (use Lemma 7.1.10
and mathematical induction). It follows that
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u(U) < 2u*<vf>

M=

he(K) < D, he(K;) <

1

l

(see Lemma 9.2.4 and Eq. (6)); since K was an arbitrary compact subset of U;U;,
another application of (6) gives (8).

We can prove that each Borel subset of G is y*-measurable by verifying that if
U and V are open subsets of G and if u*(V) < +oo, then

pr(V) = pr(Vvnu) +p(Vnue) )

(see the proof of Proposition 7.2.9). We proceed to check this inequality. Let € be a
positive number. Choose a compact subset K of VN U such that

he(K) > u*(VNU) —e, (10)

and then choose a compact subset L of V NK° such that he(L) > p*(VNK°) — €.
Then K and L are disjoint, and, since VN U C VNKC, L satisfies

he(L) > u*(VNU) —e. an
It follows from these inequalities and Lemma 9.2.4 that
he(KUL) = he(K) + he(L) > u*(VNU)+u*(VNU®) —2e.

Since € is arbitrary and he (K UL) < u*(V), inequality (9) follows. Consequently
2(G) is included in the o-algebra of y*-measurable sets, and the restriction of p*
to #(G) is a measure (Theorem 1.3.6). Call this measure (.

We turn to the regularity of u. Note that if K is compact, if U is open, and if
K C U, then he(K) < u(U). It follows from this and (7) that

ha(K) < u(K). (12)

Furthermore, if K is a compact set and U is an open set that includes K and has a
compact closure (see Proposition 7.1.4), then

he(L) < he(U™)
holds for each compact subset L of U, and so
H(K) <p(U) <h(U™).

It follows that u is finite on the compact subsets of G. The outer regularity of u
follows from (7), and the inner regularity follows from (6) and (12).

It is easy to check that u is nonzero and translation-invariant (use Lemma 9.2.4
and Eqs. (6) and (7)). Thus u is the required measure. O

The following lemma gives a fundamental elementary property of Haar meas-
ures; we will need it for our proof of Theorem 9.2.6.
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Lemma 9.2.5. Let G be a locally compact group, and let |l be a left Haar measure
on G. Then each nonempty open subset U of G satisfies L(U) > 0, and each
nonnegative function f that belongs to # (G) and is not identically zero satisfies

[fdu>0.

Proof. Since U is regular and not the zero measure, we can choose a compact set
K such that p(K) > 0. Let U be a nonempty open subset of G. Then {xU } ¢ is
an open cover of the compact set K, and so there is a finite collection, say xi, ...,
Xx,, of elements of G such that the sets x;U, i = 1, ..., n, cover K. The relation
U(K) <3, u(xU) and the translation invariance of p imply that p(K) < nu(U)
and hence that (1 (U) > 0. Thus the first half of the lemma is proved.

Now suppose that f is a nonnegative function that belongs to .# (G) and does
not vanish identically. Then there is a positive number € and a nonempty open set U
such that f > eyy. It follows that [ fdu > eu(U) > 0. O

Theorem 9.2.6. Let G be a locally compact group, and let |1 and v be left Haar
measures on G. Then there is a positive real number ¢ such that v = c|l.

Proof. Let g be a nonnegative function that belongs to J#(G) and does not
vanish identically (g will be held fixed throughout this proof), and let f be an
arbitrary function in J# (G). Since [ gdu # 0 (Lemma 9.2.5), we can form the ratio
Jfdu/ [gdu. We will show that this ratio depends only on the functions f and g
and not on the particular Haar measure p used in its computation. It follows that the
Haar measure v satisfies

Jfdv _ [fdu
Jgdv  [gdu

and hence satisfies [ fdv =c [ fdu, where cisdefinedby c= [gdv/ [gdu. Since
this holds for each f in ¢ (G), Theorem 7.2.8 implies that v = cpL.

We turn to the ratio [ fdu/ [gdu. If h € (G x G), then Proposition 7.6.4
implies that the iterated integrals [ [A(x,y) u(dx)v(dy) and [ [h(x,y) v(dy) u(dx)
exist and are equal. If in the second of these integrals we reverse the order of
integration, use the translation invariance of the Haar measure u to replace x with
y~!x (see (1)), again reverse the order of integration, and finally replace y with xy,
we find that

//h(xvdey)u(dX) = '/'/h(y*‘x,y)u(dx)v(dy)
= '/'/h(y’laxy)V(dy)u(dX) (13)

Let us apply this identity to the function 4 defined by

f(x)g(yx)

")) = eloo) viar)
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(Note that & does belong to # (G x G): Corollary 9.1.6 and Lemma 9.2.5 imply that
x> [g(tx) v(dt) is continuous and never vanishes; furthermore, if K = supp(f) and
L = supp(g), then supp(h) C K x LK~!.) For this function & we have h(y~!,xy) =
FODgx)/ [g(ty~ ") v(dt), and so Eq. (13) implies that

. —1
[rwutan = [etntan [ L0 ())1)3( Vi)

Thus the ratio of [ fdu to [gdu depends on f and g, but not on , and the proof
is complete. a

The reader should note that if the locally compact group G is commutative (and
if, for convenience, the group operation is written additively), then a simpler proof
of Theorem 9.2.6 can be given. In fact, it is easy to check that if f and g belong to
A (G), then

[ rau [eav=[ [ gt uidnviay
— [ [ 4380 mi@n vidy)
— [ [ 0)str=0 vidy) i)
= [ [r0)s(=0m(a@n vidy)

:/fdv/gdy.

Thus if we let g be a nonnegative function that belongs to .# (G) and does not vanish
identically and if we define cby c = [gdv/ [gdu, then [ fdv =c [ fdu holds for
each f in .2 (G). It follows that v = cu.

Exercises

1. Let G be the set of rational numbers, with addition as the group operation and
with the topology inherited from R. Show that there is no nonzero translation-
invariant regular Borel measure on G.

2. Let G be a locally compact group, let u be a left Haar measure on G, and let f
and g be continuous real-valued functions on G. Show that if f and g are equal
H-almost everywhere, then they are equal everywhere.
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3. Let G be the multiplicative group of positive real numbers, with the topology it
inherits as a subspace of R. Show that the formula

B ) = [ LA

defines a Haar measure on G.
4. Let G be a locally compact group that is homeomorphic to an open subset (say
U) of RY, and let ¢ be a homeomorphism of G onto U.

(a) Show that if for each a in G the function u +— @(a¢@~!(u)) is the restriction
to U of an affine” map L,: RY — R?, then the formula

1
N
1) o(a) [det(Ly-1(,] (du)

defines a left Haar measure on G.
(b) Likewise, show that if for each a in G the function u — @(¢~'(u)a) is the
restriction to U of an affine map R, : R4 — R4, then the formula

' 1
)= [ ey A
defines a right Haar measure on G.
5. Let G be the group defined in Exercise 9.1.9. Suppose that we identify G with
the right half-plane in R? by associating the point (a,b) with the matrix (g Il)) .

Show that the formula

w(A) :///;aizdadb

defines a left Haar measure on G and that the formula

w(A) = / L
Aa
defines a right Haar measure on G. (Hint: Use the preceding exercise.)
6. Let G be a locally compact group, and let i be a left Haar measure on G. Show
that the topology of G is discrete if and only if p({x}) # 0 holds for some
(and hence for each) x in G.

2A map F: RY — R? is affine if there exist a linear map G: R? — R? and an element b of R? such
that F(x) = G(x) + b holds for each x in RY. If F is affine, then G and b are uniquely determined
by F, and we will (for simplicity) denote by det(F) the determinant of the linear part G of F (see
Sect. 6.1).
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9.3 Properties of Haar Measure

Let G be a locally compact group, and let i be a regular Borel measure on G.
The map x — x~! is a homeomorphism of G onto itself (Proposition 9.1.2), and so
the subsets A of G that belong to %(G) are exactly those for which A~! belongs to
%(G) (Lemma 7.2.1). Define a function [i on %(G) by ft(A) = u(A~"). It is easy
to check that [ is a regular Borel measure on G. The relation

[ rai= | fau (1)

holds if f is a Borel function that is nonnegative or fi-integrable; this is clear if f is
a characteristic function and follows in general from the linearity of the integral and
the monotone convergence theorem.

Proposition 9.3.1. Let G be a locally compact group, and let [l be a regular Borel
measure on G. Then W is a left Haar measure if and only if [i is a right Haar
measure, and is a right Haar measure if and only if [1 is a left Haar measure.

Proof. The identity (Ax)~! = x~!A~! implies that [i(Ax) = {i(A) holds for each x
in G and each A in %(G) if and only if u(x'A~") = u(A~") holds for each x in
G and each A in #(G). The first half of the proposition follows. We can derive the
second half from the first by replacing y with fI and noting that ,EL =U. O

Corollary 9.3.2. Let G be a locally compact group. Then there is one and, up to a
constant multiple, only one right Haar measure on G.

Proof. In view of Proposition 9.3.1, this is an immediate consequence of Theorems
9.2.2 and 9.2.6. O

Proposition 9.3.3. Let G be a locally compact group, and let U be a left Haar
measure on G. Then U is finite if and only if G is compact.

Proof. The regularity of p implies that u is finite if G is compact.

We turn to the converse. Suppose that u is finite. Let K be a compact subset
of G such that ¢(K) > 0 (for instance, K can be a compact set whose interior is
nonempty; see Lemma 9.2.5). The finiteness of t(G) implies that there is an upper
bound, for instance 1 (G)/u(K), for the lengths of those finite sequences {x;}/ for
which the sets x,K, i = 1, ..., n, are disjoint. Thus we can choose a positive integer
n and points xi, ..., x, such that the sets x;K, i = 1, ..., n, are disjoint, but such that
for no choice of x,4 are the sets x,K, i =1, ..., n+ 1, disjoint. It follows that if
x € G, then xK meets U?_,x;K, and so x belongs to (UL x;K)K ~!; hence G is equal
to the compact set (U, x;K)K 1. O

It follows that each compact group G has a Haar measure g such that u(G) = 1.
In dealing with compact groups one often assumes that the corresponding Haar
measures have been “normalized” in this way.
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Let G be a locally compact group, and let u be a left Haar measure on G. The
maps u — ux are homeomorphisms of G onto itself (Proposition 9.1.2), and so for
each x in G the formula . (A) = u(Ax) defines a regular Borel measure u, on G.
The translation invariance of y implies that p, satisfies t1,(yA) = g (yAx) = p(Ax) =
Ux(A) for each y in G and each A in %(G). Thus L, is a left Haar measure, and so
Theorem 9.2.6 implies that for each x there is a positive number, say A(x), such
that 1, = A(x)u. The function A: G — R defined in this way is called the modular
function of G. See Exercises 2 and 4 for some examples.

If v is another left Haar measure on G, then there is a positive constant ¢ such that
vV =cl, and s0 Vy = clly = cA(x)L = A(x)V holds for each x in G. Thus the modular
function A is determined by the group G and does not depend on the particular left
Haar measure used in its definition.

Recall that (x4)x = )ax holds for each member x and subset A of G. It follows that

[ fedu =) [ fau @

holds if f is the characteristic function of a Borel subset of G and hence if f is a
Borel function that is nonnegative or t-integrable.

Proposition 9.3.4. Let G be a locally compact group, and let A be the modular
function of G. Then

(a) A is continuous, and

(b) A(xy) = A(x)A(y) holds for each x and y in G.

Proof. Let u be a left Haar measure on G, and let f be a nonnegative function that
belongs to . (G) and does not vanish identically. Then [ fdu # 0 (Lemma 9.2.5),
and so Corollary 9.1.6 and Eq. (2) imply the continuity of A. The relation A(xy) =
A(x)A(y) follows from the calculation

Alxy)p(A) = p(Axy) = A(y)u(Ax) = A(y)A(x) L (A).
O

A locally compact group G is unimodular if its modular function satisfies
A(x) =1 at each x in G. Thus a locally compact group G is unimodular if and
only if each left Haar measure on G is a right Haar measure and so if and only if
the collection of all left Haar measures on G coincides with the collection of all
right Haar measures on G. Of course every commutative locally compact group is
unimodular.

Proposition 9.3.5. Every compact group is unimodular.

Proof. Let G be a compact group, and let A be its modular function. The relation
A(x") = (A(x))" holds for each positive integer n and each element x of G
(Proposition 9.3.4); hence A is unbounded if there is an element x of G that satisfies
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A(x) > 1 or that satisfies 0 < A(x) < 1 (for then x~! satisfies A(x~!) > 1). However
the continuity of A and the compactness of G imply that A is bounded; thus A(x) =1
must hold at each x in G. a

The remaining results in this section will be needed only for a few exercises and
for the definition and study of M,(G) in Sect.9.4; they can be omitted on a first
reading.

Proposition 9.3.6. Let G be a locally compact group, and let L be a left Haar
measure on G. Then each Borel subset A of G satisfies

p4) = [ A u(av).
Proof. Define a measure v on %(G) by

v(A) :/AA(x’l)u(dx).

We will show that v is regular, that v is a right Haar measure, and finally that v = [i.
We begin with the regularity of v. For each positive integer n let G, be the open
subset of G defined by

1
Gn:{xeG:—<A(x1)<n}.
n

Let U be an open subset of G. Since v(U) = lim, v(U NG, ) (Proposition 1.2.5), we
can show that

v(U) = sup{v(K) : K C U and K is compact}
by checking that
v(UNG,) =sup{v(K): K CUNG, and K is compact}

holds for each n. However this last equation is an easy consequence of the regularity
of u and the fact that 1/n < A(x~!) < n holds at each x in G, (consider the cases
where (U NG,) = o0 and where (U NG,) < +oo separately). Now suppose that
A is an arbitrary Borel subset of G. We need to show that

v(A) =inf{v(U):A C U and U is open}. 3)

We can certainly restrict our attention to the case where v(A) is finite. Let € be
a positive number. Then for each n we can choose an open subset U, of G, that
includes AN G, and satisfies v(U,) < V(AN G,) + &/2" (use the regularity of u
and the fact that 1/n < A(x~') < n holds at each x in G,). The set U defined by
U = U,U, then includes A and satisfies v(U) < v(A) + &; since € is arbitrary, (3) is
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proved. It is easy to see that each compact subset K of G satisfies v(K) < +eo (note
that u (K) is finite and that the function x — A(x~!) is bounded on K). With this the
proof of the regularity of v is complete.

Since v is regular and nonzero, the calculation

vy = [, A ()

(here we used (2) and part (b) of Proposition 9.3.4) implies that v is a right Haar
measure.

Thus there is a positive number ¢ such that v = ¢[i (see Proposition 9.3.1 and
Corollary 9.3.2), and so

v v 1 B
~ F R T J, A i)

holds whenever A is a Borel set that satisfies 0 < [1(A) < +ee. Since A is continuous
and has value 1 at e, we can make the right side of the equation arbitrarily close to
1 by letting A be a sufficiently small symmetric neighborhood of e. Thus ¢ = 1, and
sov=[. O

Corollary 9.3.7. Let G be a locally compact group, let | be a left Haar measure
on G, and let v be a right Haar measure on G. Then a Borel subset A of G satisfies
W(A) =0 if and only if it satisfies v(A) = 0.

Proof. The formula A — [,A(t™')u(dt) defines a right Haar measure on G
(Proposition 9.3.6), and so there is a positive constant ¢ such that for each A in Z(G)
we have v(A) = ¢ [, A(t~") u(dt). Since A is positive everywhere on G, it follows
that A satisfies v(A) = 0 if and only if it satisfies i (A) = 0 (see Corollary 2.3.12).
O

Exercises

1. Let G be alocally compact group, and let it be a right Haar measure on G. Show
that p(xA) = A(x~ ") (A) holds for each x in G and each A in Z(G).
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. Let G be the group considered in Exercises 9.1.9 and 9.2.5, and let A be the

modular function of G. Show that A <g l;) = 1/a holds for each <g l;) in G.

. Let G be as in the preceding exercise. Find a Borel subset of G that has finite

measure under the left Haar measures on G but infinite measure under the right
Haar measures on G.

. Show that the formula

" 1
B = | g )

where A is Lebesgue measure on Rdz, defines a left and a right Haar measure
on GL(d,R). Hence GL(d,R) is unimodular (note, however, that it is neither
compact nor abelian). (Hint: See Exercise 9.2.4.)

. Let G be a locally compact group and let i be a left Haar measure on G. Show

that G is unimodular if and only if u = fI.

. Let H be {0, 1}, with the discrete topology and with addition modulo 2 as the

group operation. Let G be HY, with the product topology and with the group

operation defined component-by-component in terms of the operation on H.

(a) Show that G is a compact group.

(b) Let u be the Haar measure on G for which p(G) = 1 (see Proposition 9.3.3
and the remark following it). Show that

) 1
u({{aj} €G:a,, =bifori=1,...,k})= 7
holds for each sequence ny, ..., n; of distinct positive integers and each

sequence by, ..., by of elements of {0,1}.

(c) Show that there are compact subsets K and L of G such that u(K) = u(L) =
0,but KL =G.

(d) Let f: G — [0,1] be the map that takes the sequence {a;} to the number
> a2~ Show that A(B) = u(f~"'(B)) holds for each Borel subset B of
[0,1].

. Let G be a locally compact group, and let u be a left Haar measure on G. Show

that u is o-finite if and only if G is o-compact.

. Let G be a locally compact group that is not unimodular, let u be a left Haar

measure on G, and let v be a right Haar measure on G. Show that there is
a Borel subset A of G such that u(A) < +eo and V(A) = +eo. (Hint: See
Proposition 9.3.6 or Exercise 9.3.1.)

. Let G be a locally compact group, let u be a left Haar measure on G, and let

v be a right Haar measure on G. Suppose that outer measures p* and v* and
measures (] and v; are associated to ( and v as in Sect. 7.5.

(a) Show that A« = My+.

(b) Show that a subset of G is locally u;-null if and only if it is locally v;-null.
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9.4 The Algebras L'(G) and M(G)

Since most of the topics dealt with in this section involve measures and integrals on
products of locally compact groups, we begin by recalling some of the necessary
facts.

Suppose that X and Y are locally compact Hausdorff spaces and that ¢ and v are
regular Borel measures on X and Y, respectively. If X and Y have countable bases
for their topologies, then (X x Y) is equal to B(X) x #(Y), u and v are o-finite,
and the product measure (4 X v (as defined in Sect. 5.1) is a regular Borel measure
(see Proposition 7.6.2). Thus the theory of product measures contained in Chap. 5 is
adequate for the study of products of regular Borel measures on second countable
locally compact Hausdorff spaces.>

We dealt with products of arbitrary locally compact Hausdorff spaces in Sect. 7.6;
there we showed that if y and v are regular Borel measures on X and Y, then

[ [renu@oviay) = [ [ sty vianua

holds for each f in J# (X x Y), and we used the Riesz representation theorem
(applied to the functional f — [ [ f(x,y) 1t(dx) v(dy)) to construct a regular Borel
measure [ X V on X x Y such that

Jrawsv)= [ [rennavia) = [ [renviaua) o

holds for each f in J£ (X x Y). We proved that (1) also holds for many other
functions on X x Y (see Theorem 7.6.7 and Exercises 7.6.3 and 7.6.4).

Now let G be an arbitrary locally compact group, let u be a left Haar measure
on G, and let f and g belong to £ (G, %(G), ). The convolution of f and g is the
function f * g from G to R (or to C) defined by

[f()g(s~'t)u(ds) if s f(s)g(s~'¢) is integrable,
0 otherwise.

(f*g)(f)Z{

Some basic properties of convolutions are given by the following propositions.

Proposition 9.4.1. Let G be a locally compact group, let | be a left Haar measure
on G, and let f and g belong to L' (G,2B(G),11).

(a) The function s — f(s)g(s't) belongs to £ (G,%(G), 1) for w-almost every t
inG.

(b) The convolution f* g of f and g belongs to £ (G, %(G),u) and satisfies
£ *gllr < [ llglls-

3In particular, the reader who is interested only in second countable locally compact groups can
ignore the references to Sect. 7.6 in what follows.
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We need the following two lemmas for the proof of Proposition 9.4.1.

Lemma 9.4.2. Let G be a locally compact group, let [l be a left Haar measure on
G, and let f belong to X' (G, %(G), ). Then there is a sequence {K,} of compact
subsets of G such that f vanishes outside | J, K,

Proof. We can use Corollary 2.3.11 and the regularity of u to produce a sequence
{Un} of open subsets of G that have finite measure under y and are such that f
vanishes outside | J,, U,. Let H be a subgroup of G that is open and o-compact (see
Proposition 9.1.8). Since each nonempty open subset of G has nonzero measure
under u (Lemma 9.2.5), it follows that each U, meets at most countably many left
cosets of H and hence that | J,, U, is included in the union of a countable collection
of left cosets of H. Since H, along with each of its cosets, is o-compact, the lemma
follows. O

Lemma 9.4.3. Let G be a locally compact group, let | be a left Haar measure on G,
and let F: G x G — G x G be defined by F(s,t) = (s,5~'t). Then F is a measure-
preserving homeomorphism of G X G onto itself. That is, F is a homeomorphism

such that each Borel subset A of G x G satisfies (1 x 1)(A) = (u x u)(F~(A)).

Proof. The inverse of F is given by F~!(s,t) = (s,st); thus F and F~! are both
continuous, and F is a homeomorphism. The regularity of the measure (u x p)F~!
follows. Now suppose that U is an open subset of G X G. For each s in G the
sections Uy and (F~!(U)); are related by (F ! (U)), = sUj, and so Proposition 7.6.5
and the translation invariance of u imply that (u x u)(U) = (u x u)(F~1(U)). Tt
follows from this and the regularity of the measures u x u and (u x u)F~! that
(ux u)(A) = (ux u)(F~'(A)) holds for each A in (G x G). O

Proof of Proposition 9.4.1. It follows from Exercise 7.6.4 that the function (s,7) +—
f(s)g(t) belongs to £ (G x G,%(G x G), u x ) and then from Lemma 9.4.3 that
the function (s,¢) — f(s)g(s~'t) belongs to ' (G x G, B(G x G),u x u) (see
Sect. 2.6). Since in addition (s,?) + f(s)g(s~'¢) vanishes outside a G-compact set
(apply Lemma 9.4.2 to f and g, and then use Lemma 9.4.3), Theorem 7.6.7 implies
part (a) and the first half of part (b). The second half of part (b) follows from the
calculation

Jira@luan < [ [176)ts 1) (s uiar)

= [ [ 176t uids) = £l

O

Note that if fi, f>, g1, and g, belong to ! (G, B(G),u), if fi = f» pu-a.e., and

if g1 = g u-ae., then fi xg; = f> % gy p-a.e.; this follows, for example, from the
calculation

Il fixg1— faxgalli < |f1x (g1 —g2) I +11(fi — f2) &2l
<|Ifillillgr —g2lli + l.fi — f2llillg2lli =0



300 9 Haar Measure

(see also Exercise 4). Thus convolution on .#' (G, %(G), i) induces an operation
on L' (G,%(G), u); this operation is also denoted by * and called convolution.

We will show that L'(G,%(G),u), with convolution as multiplication, is a
Banach algebra. (This Banach algebra is often denoted by L'(G).) Recall that
an algebra is a vector space A on which there is defined an operation - (called
multiplication) for which the identities

u-(v-w)=(u-v)-w,
u-v+w)=u-v+u-w,
(u+v)-w=u-w—+v-w, and
o(u-v)=(au)-v=u-(av)
hold for all u, v, and w in A and all scalars . A Banach algebra is an algebra for
which

(a) the underlying vector space has the structure of a Banach space, say with norm
I, and
(b) the relation ||u - v|| < ||u||||v|| holds for all u and v in A.

Proposition 9.4.4. Let G be a locally compact group, and let U be a left Haar
measure on G. Then L'(G,%(G),u), with convolution as multiplication, is a
Banach algebra.

Proof. With the exception of the associative law for convolutions, the conditions
that define a Banach algebra are either immediate or given by Theorem 3.4.1 and
Proposition 9.4.1.

We turn to the associative law. Suppose that f, g, and & belong to 2 (G) (or
to A C(G)) and that x belongs to G. Then the functions involved in computing
f*(gxh)and (f xg) xh are all integrable, and these convolutions are given by

(F % (gm0 = [ £65)(gh)(s™x) (ds)
— [ [ 9l 5 u(an uias)
and
(£ 8) <m) @) = [ (@) (Oh"x) ()
= [ [ #sls ™ 0h5) p(ds) ().

Consider the last of these integrals; in it reverse the order of integration and use
the translation invariance of u to replace ¢ with st. It follows that (f x (g *h))(x) =
((f*g)*h)(x). Thus the associative law holds for those elements of L! (G, %(G), 1)
that are determined by functions in % (G) (or in # ©(G)); since these elements
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are dense in L'(G,%(G),u) (Proposition 7.4.3), the associative law follows (see
Exercise 2). O

Let us turn to the convolution of measures. We begin with the following lemma.

Lemma 9.4.5. Let G be a locally compact group. If L and v are finite positive
regular Borel measures on G and if L X V is the regular Borel product of |l and v,
then the formula

(uxv)(A) = (uxVv)({(xy) € GX G:xy € A})

defines a regular Borel measure on G. Furthermore,

(1)) = [V ) p@n) = [uay ) viay) @)

holds for each A in 2(G).

Note that Corollary 7.6.6 implies that the functions appearing on the right side
of (2) are Borel measurable.

Proof. Let F: G x G — G be the group operation (in other words, define F by
F(x,y) = xy). Then u * v is given by the equation (i * v)(A) = (u x v)(F~1(A)),
and so is a measure on #(G) (see Sect. 2.6). Corollary 7.6.6 implies that each A in
P(G) satisfies (2). We need to check the regularity of p  v.

We begin by checking that an arbitrary Borel subset A of G satisfies

(u*v)(A) =sup{(u*Vv)(K): K CAandK is compact}. 3)

Suppose that € is a positive number, that Ky is a compact subset of F~!(A) such that
(u x v)(Ko) > (1 x v)(F~'(A)) — & (see Proposition 7.2.6), and that K = F(Kj).
Then K is a compact subset of A such that F~'(K) D K, and hence such that
(uxVv)(K) > (u*Vv)(A) —&. Since € is arbitrary, (3) follows. In particular, ft * v is
inner regular. Since for each A in Z(G) we can use (3), applied to A, to approximate
A° from below by compact sets and hence to approximate A from above by open sets,
the outer regularity of u x v follows. a

Recall that M,(G,R) is the Banach space of all finite signed regular Borel
measures on G (the norm of y is the total variation of u). Likewise, M,(G,C) is
the Banach space of all complex regular Borel measures on G. Here we will denote
each of those spaces by M(G).

Let i and v belong to M(G). We define their convolution [ * v by

(s v)(A) = [ vl ) = [y ) vidy). @

It follows from the preceding lemma and the Jordan decomposition theorem that the
two integrals appearing in (4) exist and are equal, and that u * v is regular. Thus
uxveM(G).
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It is easy to check that if y and v belong to M(G) and if f is a bounded Borel
function on G, then

Jrawsv)= [ [reu@vian = [ [reviau@ o

(first check (5) for characteristic functions, and then use the linearity of the integral
and the dominated convergence theorem).

Proposition 9.4.6. Let G be a locally compact group. Then M(G), with convolution
as multiplication, is a Banach algebra.

Proof. Let vy, v,, and v3 belong to M(G). Then each Borel subset A of G satisfies
(v % (v v))(A) = [ vs) (5" 4) v ()
= //V3(y71x71A) v (dy) vy (dx)
and
(1 v2) £ v3)(4) = [ va(u'4) (v +v) )
= [ [vlen D va@ v
(in the last step of this calculation we used (5)). The associativity of convolution
follows.

We turn to the inequality ||u* v|| < ||u|||v]|. Let {A;}] be a finite partition of G
into Borel sets. Then Exercise 4.2.8 implies that

Sl = 3| [ uao ) viar)

< [ Slutan Hl1vian < [ luldivi= vl

Since the partition {A;} was arbitrary, the inequality ||u* v|| <|/u||||v| follows. The
remaining conditions in the definition of a Banach algebra are clearly satisfied. O

Let us consider the relationship between the convolution of functions and the
convolution of measures. Corollary 9.3.7 implies that an element of M(G) is
absolutely continuous with respect to the left Haar measures on G if and only if
it is absolutely continuous with respect to the right Haar measures on G. Thus
we can define M,(G) to be the collection of elements of M(G) that are absolutely
continuous with respect to some (and hence every) Haar measure on G.

Recall that an ideal in an algebra A is a linear subspace I of A such that u-v and
v-u belong to I whenever u belongs to [ and v belongs to A.
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Proposition 9.4.7. Let G be a locally compact group. Then

(a) My(G) is an ideal in the algebra M(G),

(b) if 1 is a left Haar measure on G, then the map f + vy (Where vy is defined
by v¢(A) = [, fdu) induces a norm-preserving algebra homomorphism of
L' (G,%(G), ) into M(G), and

(c) the image of L'(G,%(G), 1) under this homomorphism is M,(G).

Proof. Tt is clear that M,(G) is a linear subspace of M(G). Suppose that u is a left
Haar measure on G, that v; € M(G), and that v, € M,(G). Let A be a Borel subset of
G that satisfies (A) = 0. The translation invariance of u implies that y(x'A) =0
holds for each x in G; since v, < U, the relation v, (x’lA) = 0 also holds for each
x in G. The definition of v; * v, now implies that (v; x v,)(A) = 0. Hence v| x v, €
M, (G). The proof that v, x v € M,(G) is similar (use Corollary 9.3.7 to conclude
that if (A) = 0, then u(Ay~") = 0 holds for each y in G). Thus M,(G) is an ideal
in M(G).

We already know that the map f +— vy induces a norm-preserving linear map
whose image is M, (G) (Proposition 7.3.10). The calculation

Vi) = [ 1a(0) [ 9ls ™0 plds )
= [ [t uidn uids)
— [ [ vitan vytas)

= (vy* Vg)(A)
shows that it preserves convolutions. O

Proposition 9.4.7 provides a “coordinate-free” description of L' (G, %(G),u): it
is isomorphic to the algebra M, (G), whose definition depends only on the existence
of Haar measures and not on the choice of a particular left or right Haar measure.

Let us close this section by returning to the map 7' constructed in Sect. 3.5 (see
also Theorem 4.5.1, Example 4.5.2, Theorem 7.5.4, and the remarks following the
proof of Theorem 7.5.4).

Theorem 9.4.8. Let G be a locally compact group, and let L be a regular Borel
measure on G. Then the map T constructed in Sect. 3.5 is an isometric isomorphism
of L*(G,%(G), 1) onto the dual of L' (G, %(G), 1t).

Proof. According to Proposition 3.5.5 we need only show that T is surjective. So
suppose that F belongs to (L'(G,%(G),u))*.

Let H be a subgroup of G that is open and o-compact (see Proposition 9.1.8),
and let JZ be the family of left cosets of H. For each C in JZ let #(C) be the
o-algebra of Borel subsets of C, let uc be the restriction of u to #(C), and let
Fc be the linear functional on L' (C, %(C), uc) defined by Fo({f)) = F({f")) (here
f" is the function on G that agrees with f on C and vanishes on C°). Since ¢ is



304 9 Haar Measure

o-finite (recall that C, as a coset of H, is o-compact), we can choose a bounded
Borel measurable function g¢ on C such that Fo({f)) = [ fgcduc holds for each
fin ZY(C,%(C),uc) (see Theorem 4.5.1). By modifying gc on a pc-null set if
necessary, we can assume that |gc(x)| < ||[F¢|| < ||F|| holds at each x in C. Now
choose a sequence {g,} of continuous functions on G such that

(@) |gn(x)| < ||F|| holds at each x in G, and
(b) for each C in J# the sequence {g, } converges to gc f-almost everywhere on C

(construct the functions g, on each C separately, using Lusin’s theorem (Theorem
7.4.4) and the o-compactness of the sets in .7; see also D.6). Finally, define? g
by g = limsup, g, (in case we are dealing with complex-valued functions, define
the real and imaginary parts of g separately). Then g is a bounded Borel function,
and the relation F({f)) = [ fgdu holds for each f in ' (G, B(G),u). Thus T is
surjective, and the proof is complete. O

Exercises

Note: In the following exercises G is a locally compact group with identity element
e, and U is a left Haar measure on G.

1. Show that if f and g belong to % (G), then f * g belongs to . (G).

2. Show that if f and g belong to .Z!(G,%(G),u) and if {f,} and {g,}
are sequences in .Z'(G,%(G),u) such that lim,|f, — f|li = 0 and
lim, ||g, — gll1 = 0, then lim,, || f;, x g» — f * g|[1 = 0.

3. Suppose that f and g belong to .Z' (G, %(G), it). Show that in the definition of
f * g the expression f(s)g(s~'t) can be replaced
(a) with f(rs)g(s™ "),

(b) with f(s~")g(st)A(s~ "), and
(c) with f(ts~D)g(s)A(s™1).

4. Show that if fi, f», g1, and g, belong to L' (G,%(G),u), if fi = f u-
almost everywhere, and if g; = g p-almost everywhere, then f; xg; = fo * g»
everywhere.

5. Show that G is commutative if and only if convolution is a commutative
operation on L' (G). (Hint: To show that the commutativity of L' (G) implies
that of G, consider f * g and g * f for suitable nonnegative functions f and g in
Z(G).)

6. (a) Suppose that the locally compact group G has a countable base for its
topology. Show that there is a sequence {¢,} of nonnegative functions in
ZY(G,%(G),u) (or even in # (G)) such that [ ¢, du = 1 holds for each
n and such that

4The function g cannot be defined simply be requiring that its restriction to each C in 7 be gc;
see Exercise 12.
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lim||f5 @, — fll1 =Tim|| g, * f = fll1 =0 (6)

holds for each f in .Z'(G,%(G),u). Such a sequence is called an
approximate identity. (Hint: Let {U,} be a decreasing sequence of open
neighborhoods of e such that each open neighborhood of e includes some
U,. For each n let @, be a nonnegative function that belongs to ¢ (X),
vanishes outside U,, and satisfies the relations ¢, = (¢,) and [ @, du = 1.
In verifying (6) it might be convenient to begin with the case where
fex(G))

(b) Now omit the assumption that G has a countable base for its topology.
Show that there is a net’ { @y} 44 of nonnegative functions in .#(G) such
that [ @, dp = 1 holds for each o and such that limgy || f * Qo — f]|1 =
limy ||@g * f — f]|1 = O holds for each f in .Z'(G,%(G),u). (Hint: Let
the directed set A be the collection of all open neighborhoods of e, and
declare that U <V holds if and only if V C U.)

. Show that §,, the point mass concentrated at e, is an identity for the algebra

M(G).

. Show that G is commutative if and only if convolution is a commutative

operation on M(G).

. Suppose that v € M(G), that f € £'(G,%(G), ), and that y is the finite

signed or complex regular Borel measure defined by is(A) = [, fdu (see
Proposition 7.3.8). Define functions g and /# on G by

[f(s7't)v(ds) ifsrs f(s~'t)is |v|-integrable,
8(r) = :
0 otherwise,

and

h(s) = [f(st™OA@ Y v(dt) ift— f(st™)A(™") is |v|-integrable,
B 0 otherwise.

Show that g and h belong to .Z!(G,%(G), i) and that (v us)(A) = [, gdu
and (Us*V)(A) = [, hdu hold for each A in A(G).

Let v, f, and iy be as in Exercise 9. Show that v iy = 0 holds for each f in
ZY(G,%(G), ) if and only if v = 0. (Hint: Use Exercise 9 and Corollary 9.1.6

SRecall that a directed set is a partially ordered set A (say ordered by <) such that for each o and
B in A, there is an element y of A that satisfies ¢ < y and 8 < y. A net is a family indexed by a
directed set. A net {xq }qea in a topological space X is said to converge to a point x of X if for
each open neighborhood U of x there is an element o of A such that x,, € U holds whenever o
satisfies & > 0. Thus limy || f * @ — f]|1 = 0 holds if and only if for each positive € there is an
element o of A such that ||f % @ — f||1 < € holds whenever o satisfies a > oy. See Kelley [69]
for an extended treatment of nets.
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to show that if f belongs to .# (G) and satisfies v * s = 0, then [ fdv = 0;
then use Theorem 7.3.6.)

11. Show that L!(G) has an identity if and only if the topology of G is discrete.
(Hint: Use Exercise 6 in Sect. 9.2 and Exercises 7 and 10.)

12. Let G be R?, with the usual group operation but with the topology defined in
Exercise 7.2.4. Show that
(a) G is alocally compact group,
(b) {0} x R is an open, closed, and o-compact subgroup of G, and
(c) there is a function f: G — R that is not Borel measurable, but for which

each section fy is Borel measurable. (Hint: See Exercises 8.2.7 and 8.2.9.)

This explains the footnote in the proof of Theorem 9.4.8.

Notes

The history of Haar measure is summarized in the notes at the ends of Sections 15
and 16 of Hewitt and Ross [58].

The reader can find a more extensive introduction to topological groups in
Pontryagin [98] or in Hewitt and Ross [58].

The proof given here for the existence of Haar measure (which is a modification
of Halmos’s modification of Weil’s [126] proof) depends on the axiom of choice.
Proofs that do not depend on this axiom have been given by Cartan [24] and Bredon
[19]. Cartan’s proof is given by Hewitt and Ross [58] and by Nachbin [93]. Hewitt
and Ross and Nachbin also give calculations of Haar measure for a number of
groups.



