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1. PROLEGOMENA

1.1. The extended real line. The extended real line
R=RU{—00,00} = [—00, 0]

is constantly used in this text. As an ordered set with —oo <z < oo for every = € R, the extended line
is order complete, meaning that every non-empty subset of R has a supremum and an infimum in R. As
a topological space R is a compactification of the usual line, a compact space containing R as a dense
subspace, and it is homeomorphic to a bounded closed interval of R; recall that a neighborhood of oo
(resp —o0) in R is any subset of R containing a half-line ]a, co] (resp. [—o0, a[) for some a € R).

1.1.1. Operations on the extended real line. Addition R x R — R has a continuous extension

#) + (#) : R x R~ {(00, —00), (—00,00)} = R

by co+r=00+00=00and —co+1r = —00+ (—o0) = —oc0 for every r € R; 0o — 0o and —oo + 0o are
not defined (no possible definition of co — 0o in R can make addition continuous on the point (co, —o0):
for every a € R the real sequences n + a and —n tend to oo, —oo repectively, and (n + a) + (—n) = a
tends to a). Similarly, multiplication is extended by continuity to R x R ~\ {(0,+00), (£00,0)} in the

way dictated by the theorem on limits, and 0(+00) and (+00)0 cannot be defined. We have the easy but
useful result:

. Let A, B be non—empty subset of R; assume that a + b is defined for every a € A and every b € B,
so that A+ B:={a+b: a€ A, be B} is also defined. Then:

inf(A+ B) = inf A + inf B; sup(A+ B) =sup A + sup B

provided that also the right-hand sides are defined (in particular, this always holds when A and B are
non—empty sets of real numbers).

Proof. Let’s prove it for suprema. If sup A + sup B = oo, then either sup A = oo or sup B = oo,
in any case either A or B has no upper bound in R, and this immediately implies that A + B has no
upper bound in R. If sup A 4+ sup B = —o0, then either sup A = —co and equivalently A = {—o0}, or
sup B = —oo, and equivalently B = {—oco}, or both, but in any of these cases we get A+ B = {—o0}
and the conclusion follows. If sup A and sup B are both finite we first get a + b < sup A + sup B for
every a € A and every b € B just summing up the two inequalities a < sup A and b < sup B, so that
sup(A + B) < sup A +sup B. And given € > 0, pick a € A and b € B such that a > sup A — /2 and
b > sup B —¢/2; then a + b > sup A 4 sup B — . This proves that sup(A + B) > sup(A) + sup B. O

REMARK. One can show that these formulae are in fact equivalent to the continuity of the extended
addition map: | — 0o, 00] and [—oo, 0o[ are topological semigroups under addition. Notice that A + B is
defined if and only if A and B are both subsets of one of these two semigroups.

There is an entirely analogous multiplicative statement for subsets of [0, co], with 0 playing the role
of —oo; we leave it to the reader.
1.1.2. Additivity of inf and sup. By induction and 1.1.1 it is clear that we also have

. If Ay, ... A, are non empty subsets of R then we have
inf(A; + -4+ Ap) =inf(41) + -+ inf(A4,,); sup(A; + -+ An) =sup(Ar) + -+ - + sup(4n,),

provided that both sides of the equalities are meaningful.
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1.2. Lattice operations on real valued functions. Two binary operations, V and A, are defined
on all the extended real line:

xVy=max{z, y}; = Ay=min{z, y}.

It is easy to see that V and A are continuous as mappings of R x R to R; as binary operations they are
commutative and associative (with Foo as neutral elements for V and A, respectively).
If X isasetad f,g: X — R are extended real valued functions we define f Vg, fAg: X — R as

fVyglx)=fx)Vvglx); fAgle)=f(z)Ag()

in particular the positive part f* and negative part f~ of a function f : X — R are defined as fr=fvo
and f~ = (—f) V0 (notice that also the negative part is a positive function!), The function f may the
be written as as f = f* — f~ (notice that if f~(x) > 0 then f*(z) =0, so that f*(z) — f~(z) is always
defined). The absolute value |f| is defined as |f| = f V (—f); we also have |f| = f* + f~.

1.2.1. Minimality of the positive and negative parts. For future use we note here the following fact:
the decomposition of f as f = fT — f~ is minimal in the following sense: if f = u — v, with u > 0, v > 0
positive functions, then f* < w and f~ < wv. In fact

(@)= flx) vo = (u(z) —v(z)) VO < ulx) V0= u(z),

and similarly for f~(z). In particular we have for real functions f and g that (f +g)* < f* + g™ and
(f+9) < f~ + g . Notice also that f < g is equivalent to f* < g™ and f~ > g~ in fact for every
x € X we have fT(x) = f(x) V0 < g(z) V0 = g*(z), and similarly for f~,¢g7: g7 (z) = (—g(z)) V0 <
(—f@) V0 = [~ (x).

1.2.2. Subsets and characteristic functions. A subset A of a given ambient set X is often identified
with its characteristic function, or indicator function, x4 : X — R defined by ya(z) =1 for z € A, and
xa(z) =0 for x € X \ A. Notice that if A, B C X then

XAUB = XAV XB; XAnB = XA/AXB=XAXB;} XAaB=|XA—XB|=Xxa+XB—2XAXB-
1.2.3. The following fact is sometimes useful:

. Ifa,b,c,d are real numbers then
[aAb—cAd|<|a—c|V[b—d|(<|la—c|+]b—d]); |avb—cVd <|la—c|V|b—d|(<|a—c|+|b—d]).

Proof. First formula: the only case that is not immediate is when a Ab = a and ¢ A d = d; we may
assume d > a by exchanging a Ab with ¢Ad if needed. Then we have a < d < ¢,sothat c—a>d—a > 0,
and |a — ¢ =c—a >d—a=|d— a|, as required. The second formula has an analogous proof, or comes
from the first by changing signs. (|

1.3. Some topological facts. Recall that a topological space is said to be separable if it has a
countable dense subset. A topological space is said to be second countable when it satisfies the second
axiom of countability, that is, it has a countable base for its open sets. Recall that if 7 is a topology on
the set X, a base for 7 is a subset £ C 7 such that every A € 7 is a union of members of £, that is,
A=U{Be&: BC A} for every A € 7. The following statement is then trivial:

. If (X, 1) is a topological space, a subset £ of T is a base for T if and only if givenp € X and A€ T
with p € A there is B € £ withp € B and B C A.

Next we observe:
. Bvery second countable space is separable.

Proof. Given a countable base £, pick xp € B for every non—empty B € &; the subset D of X so
obtained is countable and dense: given an open non—empty subset A of X, A contains some B € &, hence
xp € A, so that AN D is non—empty. O

1.3.1. Metrizable and separable spaces. Separability does not imply second countability: the Sorgen-
frey line S (see 3.0.15) is an example of a separable not second countable space. In metrizable spaces
this cannot happen:

PROPOSITION. A metrizable space is second countable if and only if it is separable.



Proof. Let D be a countable dense subset of the metrizable space X, and let d be a topology deter-
mining metric on X. Let £ be the set of all open balls with center at points € D and rational strictly
positive radii,

E={B(z,r: z€D,reQ}.

Clearly £ is countable, and we prove that it is a base for 7. If p € X and A € 7 with p € A, pick first
r > 0 such that B(p, r[C A. Next, pick € D such that d(p,z) < r/3 (possible because D is dense in X)
and a rational p with r/3 < p < 2r/3. Then p € B(x, p[, and B(x, p[C B(p,r[C A. In fact, if y € B(z, p|
we have

r 2
d(y,p) < d(y,r) +d(z,p) <p+ 5 <

=+
3573

=7

wl =

O

Second countability is a hereditary property, which means that every subspace of a second countable
space is also second countable (trivial: if £ is a base for 7 and S C X then £ = {BNS: Bef}isa
base for the topology induced on S). Hence a second countable space is also hereditarily separable, that
is, every subspace of a second countable space is separable.

1.3.2. Disjoint families. A family (Ex)xea of subsets of a set is called disjoint if its members are
pairwise disjoint, that is, A\, x € A and A # p imply that E\ N E, = (. Then

. In a separable space a disjoint family (Ux)xen of non—empty open subsets is at most countable.

Proof. Let D be a countable dense subset of the space. Then Uy N D is non—empty for every A € A;
picking a point z(\) € Uy N D we get a one—to—one map A — x(\) of A into D. Then A is countable. O

1.3.3. Separating closed sets by continuous functions. The following simple fact is often useful:

. If X is a metrizable space and A, B are disjoint closed subsets of X there exists a continuous
function u: X — [0,1] such that u(z) =1 for every x € A and u(x) =0 for every x € B.

Proof. Let d be a topology determining metric on X; recall that the function p4(x) = dist(z, A)(:=
inf{d(x,y) : y € A}) is continuous (it is even Lipschitz continuous) and p4(z) = 0 iff z € A; analogously
for pp. Then

__ pB@)

u(r) = —————
pa(x) + pp(x)

is as required (notice that pa(z) + pp(z) > 0 for every x € X, since p4 and pp are non negative with no

COmMIMON Zero). O

REMARK. If A and B are closed and disjoint in R™ it can be proved that u may also be taken smooth,
that is, there is u € C*°(R"™,R) such that u(z) =1 on A, u(x) =0 on B, and 0 < u(z) < 1 for every
x e R”.

1.3.4. Left and right limits.

PROPOSITION. Let I be an interval of R, let Y be a Hausdorff topological space, let f: I —Y be a
function and let £ € Y. Then: if ¢ is not the mazimum (resp: not the minimum) of I the following are
equivalent:

(1) i er f(2) = € (resp: lim, ., f(x) = £).
(i) For every sequence x; € I with lim;_,o x; = ¢ and x; > ¢ for every j (resp: x; < c for every
J) we have lim;_,o f(x;) = L.
(i) For every strictly decreasing (resp: increasing) sequence x; € I with im; o x; = ¢ we have

Proof. (i) implies (ii) implies (iii) are trivial. Let’s prove that (iii) implies (i). Arguing by contra-
diction, if (i) is false then there is a neighborhood V of ¢ in Y such that for no b € I with b > ¢ we
have f(Je,b]) C V. Define z; in the following way: xo > ¢, o € I is such that f(zo) ¢ V; assuming
xo > x1 > -+ > xj_1 have been defined, pick x; €|c,z;—1[N]e,c+ 1/(j + 1)[ such that f(z;) ¢ V. Then
x; is strictly decreasing and converges to ¢, but f(z;) ¢ V for every j, so that f(z;) cannot converge to
L. O
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1.3.5. Continuity of monotone functions. We recall some easy results on monotone functions, that
ought to be well-known.

PROPOSITION. Let I be an interval of R, and let f: I — R be increasing (resp: decreasing). Then
(i) If ¢ € I is not the mazimum of I we have lim,_,.+ f(x) = inf f({z € I : & > ¢}) (resp:
lim, ,.+ f(z) =supf({z €l :x>c}).
(ii) If ¢ € I is not the minimum of I we have lim,_,.+ f(z) = supf({x € I : = < ¢}) (resp:
lim, ,o+ f(z) =inf f{z el :x <c}).
(iii) The set of points of discontinuity of f is at most countable.
(iv) If I is a closed interval then f is continuous if and only if for every non—empty subset A
of I we have f(inf A) = inf f(A) and f(sup A) = sup f(A) (resp: f(inf A) = sup f(A) and
f(inf A) = sup f(A)).

Proof. (i) Let £ = inf f({x € I : = > ¢}) and let V be an open interval of R containing /£, so that
B = supV > £. We then have f(b) < S for some b € I with b > ¢; by monotonicity of f we get
f(z) < f(b) < B for every x such that ¢ < < b. On the other hand ¢ < f(z) for every x €]c,b], so
f(x) € [¢,B]C V for every x €]c, b], proving that lim, .+ f(z) = £.

(ii) has a proof entirely analogous to (i).

(iii) Assuming f increasing, by what just proved f is discontinuous at ¢ in the interior of I iff
flc™) < f(eT). Now if ¢ < d and ¢,d € int(I) we have f(cT) < f(d™), so that the intervals | f(c™), f(cT)[
and | f(d™), f(dT)[ are disjoint; by 1.3.2, these intervals form a countable set.

(iv) That the condition is sufficient for continuity is immediate, by (i) and (ii). The necessity is
a consequence of (i),(ii) and 1.3.4, recalling that if a set A has no minimum then there is a strictly
decreasing sequence in A converging to inf A, and analogously for max A and sup A. O

1.3.6. Increasing functions and left or right continuity.

PROPOSITION. Let I be an open interval of R, and let f, g : I — R be increasing functions; let c(f)
and C(g) be the sets of points of continuity of f and g, respectively. The following are equivalent:

(i) f(x) = g(x) for all x of a dense subset of I.
(ii) For every c € I we have f(c¢™) = g(c™) and f(ct) = g(cT).
(iii) C(f) = Clg) and f(x) = g(x) for every x € C(f) = C(g).

Proof. (i) implies (ii). Let D be the dense subset of I on which f and g agree. Then f(c™) =
limgep, oce f(@) = limgep, s<e g(x) = g(c¢™) and similarly for ¢*.

(ii) implies (iii). We have ¢ € C(f) if and only if f(c™) = f(c¢T), and by (ii) this is equivalent to
g(c™) = g(cT), that is, to ¢ € C(g).

(iii) implies (i). Since I \ C(f) is at most countable, C(f) is dense in I. O

Then, if we alter an increasing function f on its points of discontinuity (which may be an infinite
and even dense subset of I, see 2.2.2) in such a way that the function g so obtained is still increasing, the
functions f and g have still the same right and left limits. The right continuous modification of f is the
function f; : I — R defined by f(x) = f(z1), while the left continuous modification is f_(x) = f(z™).
Sometimes (e.g. in Fourier analysis) it is useful to consider the emivalue modification fy, defined by

o) - L@ A )

2 )
whose value is the center of the interval [f(z7), f(zT)].
1.4. Boolean algebras of sets.

DEFINITION. Given a set X, a non—empty subset A of P(X) is said to be a (boolean) algebra of
parts of X if given A, B € A then AU B and X ~\ A belong to A (briefly: an algebra of parts of X is a
non—empty subset of P(X) closed under union and complementation).

Since a complementation closed subset of P(X) is closed under union iff it is closed under intersection
(De Morgan’s formulae: ANB =X\ ((XNA)UX~\B))and AUB=X\ (X NA)N(X\B)), we
immediately get that an algebra is also closed under intersection, difference (A~ B := AN (X \ B)) and
symmetric difference (A A B := (AN B)U (B \ A)).

Recall that (P(X), A,N) is a commutative ring, with A as addition, and N as multiplication (neutral
elements are ), additive, and X, multiplicative). Algebras of parts of X are exactly the subrings of P(X)
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containing the multiplicative identity X. In fact, if A C P(X) contains X and is closed under symmetric
difference, then it is closed under complementation, since X ~ A = X A A if A C X, and if A is also
closed under intersection then it is closed under union, as remarked above, so that it is an algebra. Since
the intersection of a set of subalgebras of P(X) is a subalgebra of P(X), given a subset £ of P(X) we
can speak of the algebra generated by € in P(X), the intersection of all subalgebras of P(X) containing
E.

1.4.1. Finitely generated subalgebras of P(X). We want to describe the algebra A = A(€) generated
by a finite subset £ of P(X); we shall see that in this case A is also finite, and is generated by a finite
partition of X. Let G = EU{X N\ E: E € £} (that is, G is obtained by adding to £ the complement in
X of each of its elements). For every x € X we set G(z) = {G € §: x € G} and let G(z) = Ngeg(s) G-
Clearly G(x) belongs to A (it is a finite intersection of elements of A); moreover z € G(z), so that
G(z) is non—empty. And plainly G = |J,.o G(2), for every G € G. We claim that if G(x) # G(y) then
G(z) NG(y) = 0, so that B = {G(z) : z € X} is indeed a partition of X. In fact, G(z) # G(y) implies
G(x) # G(y) (otherwise G(z) = G(y), being intersections of the same set of subsets of X), and if a set F
belongs to one but not to the other, say z € F but y ¢ F, then X \ E € G(y), so that G(z) C E but
G(y) € X \ E, and G(z), G(y) are actually disjoint. Clearly B is finite, it has at most 22/l elements.
We claim now that:

. Every element A € A(E) can be written in a unique way as the union of a subset of B.

in fact, it is readily verified that the set of all these unions is an algebra, clearly contained in A(E);
and this algebra contains G O &, since, as above seen, G = | G(z) for every G € G, so that it
coincides with A(E).

Thus every finite algebra A is generated by a finite partition B of X; we call B the natural base of
A. We can describe B as the finest partition of X into elements of A; we have |.A| = 2/8.

1.4.2. Semialgebras. By a semialgebra of parts of a given set X we mean a subset £ C P(X) which is
closed under intersection (A, B € £ implies AN B € &) and is such that for every A € £ the complement
X \ A can be written as a finite disjoint union of elements of £; we also assume that ) € £. It is easy to
prove that

zeG

. If € is a semialgebra then the set A of all finite disjoint unions of elements of € is an algebra.
Proof. Clearly A is closed under intersection:

(ByU---UBE,)N(FLU---UE,) = U E; N Fy,
{1<j<m, 1<k<n}
and hence it is closed also under complementation: for each j we have X \ E; € A by hypothesis, and
XN (ByU-UEy) =X\ E).
j=1

O

One of the most important examples of a semialgebra is the semialgebra of all intervals of R. Remem-
ber that an interval of R is subset of R which is order—convex, that is, I C R is an interval iff z1, zo € T
and 1 < ¢ < w9 imply x € I. The associated algebra is that of plurintervals, finite disjoint unions
of intervals, the interval algebra for short. These intervals may be open, closed, half-open, reduced to
singletons, bounded or unbounded, etc..

EXERCISE 1.4.1. Prove that the set of left half-open intervals & = {]a,b] : a,b € [—o0,+oo[} U
{Ja, +o0[: a € [—00, +00[} is a semialgebra of subsets of R. Same for the right half-open intervals.

EXERCISE 1.4.2. (Important) Let X, Y be sets, and let £ and F be semialgebras of parts of X, YV
respectively. Then G ={E x F: E € &, F € F} is a semialgebra of parts of X x Y.

Solution. Since (E1 X F1)N(Ey X Fy) = (E1NEy) x (F1NFy) the set G is closed under intersection. And
if ExF € Gthen X xYN(EXF) = (X\NE)xY)U(Ex(Y\F)), disjoint union; if X\ E = E1U---UE,,
and Y N\ F = Fy U---U F,, both disjoint unions, then

XxY~N(ExF)=|[|JE | x(FUFRU---UF,) U(UEka>:
k=1

j=1
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OE]'XF U U EjXFk U<OEXFk>,
j=1 k=1

1<j<m,1<k<n

a finite disjoint union of elements of G. O

By induction it is easy to generalize this fact to any finite family of factors: if (Xj)1<k<m is a finite
family of sets, and & is a semialgebra on Xy, for k € {1,...,m}, then G = {E; x --- X E,, : Ey € &}
is a semialgebra on [];~,; Xi. If we call n—dimensional interval any subset of R™ which is of the form
I; x -+ x I, where each [j is an interval of R, then n—dimensional intervals in R™ are a semialgebra.

1.5. Ideals and filters. In a commutative ring (R, +, ) an ideal is a subset I of R which is additively
a subgroup and is such that a € R and b € I imply ab € I. In an algebra A of parts of X an ideal is then
a subset Z which is closed under symmetric difference and such that A € A and B € Z imply ANB € Z.
It is easy to see that Z C A is an ideal if and only if it is closed under union and contains the subsets of
its elements which are elements of A. An ideal Z of the algebra A is of course said to be proper if it is
properly contained in A, equivalently iff X ¢ 7.

EXERCISE 1.5.1. Let X be a set. Prove that for a subset R of P(X) the following are equivalent:

(i) R is closed under symmetric difference and intersection.
(ii) R is closed under union and (set—theoretic) difference.

A non-empty subset R of P(X) closed under A and N is called a (boolean) ring of parts of X. Prove
that if R is a ring then

A=RU{XNA: AcR}
is an algebra, and that R is an ideal of A.

Solution. (i) implies (ii) Given A, B € R we have AUB = (A A B)A(ANDB),and ANB=AA
(AN B).

(ii) implies (i) Given A, B€ R wehave AA B=(ANB)U (B~ A)and ANB=A~ (AN B).

Next we prove that A is an algebra. Clearly A is complementation closed. We prove that it is
closed under intersection. Given A, B € R we know that AN B € R; if A € R and X \ B € R then
ANB=A~N (X \ B) € R; finally, if X N\ A and X \ B € R then (X \~ A)N (X \ B) € R, so that the
complement A N B of this set is in A. In the course of the proof we have also proved that R is an ideal
of A. O

1.5.1. Dual ideals, or filters. If T is a proper ideal of the algebra P(X) of all subsets of X, then the
set
Fr={X~NA: AcT}

consisting of all complements of elements of 7 is called filter on X. Directly stated:

DEFINITION. If X is a set, a filter on X is subset F of P(X) such that:

(i) U, Ve FthenUNV € F (afilter is closed under intersection).

(i) U € F,V € P(X)and V D U, then V € F (afilter is closed under the formation of supersets).
(iii) The emptyset does not belong to F (equivalently under (ii): F is a proper subset of P(X)).

It is easy to see that F C P(X) is a filter if and only if Z = {X \ U : U € F} is a proper ideal of
P(X).

A base of the filter F on X is a subset B of F such that for every F' € F there is B € B contained
in F, F O B. Any subset B of P(X) which is the base of a filter is called filterbase. It is easy to see that

PROPOSITION. Let X be a set, and let B be a subset of P(X), Then B is a filterbase if and only if
0 ¢ B, and given U, V € B there exists W € B such that W CUNV.

Of course a filterbase is base of a unique filter on X, which is
F(B)={F C X : there is U € B such that F 2 U}.

Given a filter F on X, consider the dual ideal Z = {X \ U : U € F}. Then A =Z U F is an algebra
of parts of X, in which Z is a proper ideal (the verification is immediate: clearly A is complementation
closed, and if A, B are both in Z then AUB = X ~ ((X ~ A) N (X \ B)) is also in I (since X \ A and
X \ B are in F their intersection is in F, hence the complement of this intersection is in 7); and if either
A€ For Be Fthen AU B € F as superset of a set in F, so that A is an algebra).



1.5.2. Ezamples of filters. Given a topological space (X, 7) and a point p € X, recall that a neighbor-
hood of p in X is any subset U of X containing an open set A which contains p as an element, p € A C U.
It is plain that the set Z, of all neighborhoods of p in X is a filter; this filter has its open elements as a
base; in a metrizable space, also the balls centered at p with strictly positive radius are a base.

In a set X, call a subset U cofinite if its complement X \ U is finite; it is clear that if X is infinite the
cofinite sets are a filter; so that the set A consisting of all finite and cofinite subsets of X is an algebra
(the cofinite algebra).

We call countable a set that is finite, or countably infinite (i.e. of the same cardinality as N), and we
call co—countable in X any subset of X whose complement in X is countable; in an uncountable set the
co—countable subsets are a filter, and countable and co—countable subsets of X together make an algebra
(the co—countable algebra).

1.6. Generalized sequences (nets). Sequences are very useful in analysis, and they suffice to
describe the topology of every metrizable space. But the need, or at least the convenience of use, for
a more general notion often arises, in various circumstances. Let’s give some definitions. Recall that a
preorder on a set is a binary relation < that is reflexive and transitive; a preordered set is a pair (D, <)
formed by a set D and a preorder < on D. A directed set is a preordered set such that for any pair
a,f € D there is v € D such that &« < v and 8 < . Given a set X, and a directed set (D, =) a
generalized sequence, or net in X, indexed by D, is a function  : D — X, a — z, = z(«).

1.6.1. Limit of a net in a topological space. If X has a topology, and ¢ € X, we say that £ is a limit
of the net = : D — X if for every neighborhhood V of £ in X there is a(V) € D such that xz, € V for
every a = «(V') (this fact is also expressed by saying that the net z,, is eventually in V). Tt is easy to see
that if X is an Hausdorff space then a net has at most one limit: if /1, ¢35 € X, with ¢; # {5 then the net
x cannot converge to both ¢; and /¢5: let Vi, V5 be disjoint nbhds of /1 and ¢5 respectively; then there is
ay such that x, € Vi for a = a3 and there is as such that z, € V5 for a > aw; since D is directed there
is a = a1, ag, and for such an o we have z, € V3 NV, = (), absurd.

A subset E of the directed set (D, <) is said to be cofinal in D if for every a € D there is 8 € D such
that 8 = «. Observe that a net z : D — X in the topological space X does not have the point p € X as
limit if and only if there is a neighborhood V of p in X such that the set (X V) ={8e€ D: z(8) ¢ V}
is cofinal in D.

1.6.2. The directed set associated to a filterbase. Every filterbase B, partially ordered by reverse
inclusion, is a directed set (given U,V € B the set U NV contains some W € B). However the directed
set associated to B is not B itself, but the following

D={(z,U): UeB,zeU}; with the preorder (z,U) =< (y,V) L yov

1.6.3. Nets and topology. The notion of limit of a net is not really new, it can be interpreted also
within the usual notion of limit in general topology. If (D, <) is a directed set, take an object co(D) ¢ D,
and consider E = D U {oco(D)}; put on E the topology for which all subsets of D are open (equivalently,
all points of D are isolated in E), while a subset of E that contains co(D) is declared open iff it contains
a subset like T, = {8 € D: B = a}, for some o € D (the a—tail of D). It is easy to see that this is
a topology on E; directedness of the preorder is needed to ensure that a finite intersection of open sets
containing oco(D) is still open. In this topology co(D) is the only non-isolated point of F; and a net
z: D — X, with X a topological space, has ¢ € X as limit if and only if x : D — X has limit ¢ as a tends
to oo(D) in the topological space E. In this way the notion of limit of net is reduced to the topological
notion.

Conversely, assume that 7' is a topological space and that ¢ is a non—isolated point of T'; let S =
T ~\ {c}. Then the set

I.={U = Z ~ {c} : Z a neighborhood of ¢ in T}

is a filter of subsets of S. Take any base B for this filter and consider the directed set (D, <) associated
to B as above (1.6.2); if Y is another topological space and f : S — Y is a function we have that
lim,,. f(x) = £ € Y if and only if the net y; : D — Y defined by ys(z,U) = f(z) has limit ¢; the proof
is immediate. In this way a topological limit may be interpreted as the limit of a net.

1.6.4. Limits of monotone nets. As with sequences, monotone nets with values in the extended real
line R always have limits. Of course a net is called increasing if & < 3 implies z(a) < x(B), and decreasing
if it implies x(a) > x(S3).
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PROPOSITION. Let (D, <) be a directed set, and suppose that x : D — R is a monotone net. Then
lim,ep 2(a) always exists in the extended real line R; it is sup (D) if x is increasing, and inf z(D) if x
is decreasing.

The proof is identical to the one for sequences, and is left to the reader.

1.7. Lower and upper semicontinuous functions.

1.7.1. Definition. The lower topology on R =RU {—00, 00} is the topology whose open sets are,
besides () and the whole space R, the open half-lines with a lower bound, V, = {t € R:t> a}, a € R,
or a = —oo; it is a non—Hausdorff topology. If (X, 7) is a topological space, a function f : X — R is said
to be lower semicontinuous, lsc for short, if it is continuous when the target space R has this topology,
equivalently: for every a € R the set {f > a} :={x € X : f(x) > a} is open in X. Clearly continuous
functions, those that are continuous when R has the usual topology, are also lsc functions.

1.7.2. Pointwise suprema of lsc functions are Isc.

. Let X be a topological space, and let fx : X — R be a family of lsc functions. Then the function
f: X — R defined by f(x) =sup{fa(z) : A € A} is also Isc.

Proof. For every a € R we have

{1>ay=Jih>a

AEA
(I

In particular, a supremum of a family of continuous functions is lower semicontinuous, although in
general not continuous if the family is infinite.

EXERCISE 1.7.1. Consider R with the lower topology. Prove that a non-empty subset C' C R is
compact in the induced topology if and only if has a minimum. Deduce from it that if X is compact and
f:X = Risls.c., then f has a minimum.

Solution. If C' does not have a minimum in R, then {]a,00] : a € C} is a cover of C' (because for
every x € C there is a € C with a < x) by sets open in the lower topology, which has no finite subcover
(for every finite subset {a1,..., am} of C we have (J;-,]ax, 0o] =]a, 0] where a = min{ay,...,an} € C,
so that a € C' . (Uj—,]ax, 00]), and {Jax, o] : k=1,..., m} is not a subcover). So if C' # (), and min C
does not exist, then C' is not compact. And if min C' = a exists, this minimum is either —oo or not; if it is
—oo then the only open set containing it is the entire space; otherwise, given an open cover (Jax, oo])xea
of C we must have a €lay, 00| for some A € A, and then C Clay, oo] for this A.

Since the continuous image of a compact space is compact, f(X) must be compact in the lower
topology, hence min f(X) must exist. O

1.7.3. Upper topology. To complete the picture we have to define also the upper topology of R, the
topology whose non trivial open sets are the upper bounded half-lines {¢ < a}, with a € R or a = occ.
Given a topological space X, the upper semicontinuous functions, usc for short, are the f : X — R
continuous when the range space has this topology. Clearly, if X is a topological space and f : X — R
is a function then f is if and ounly if {f < a} is open in X, for every a € R.

And a pointwise infimum of usc functions is still usc, etc. A function f is usc iff its opposite —f is
Isc.

1.7.4. The usual topology. The usual topology of R has the open half-lines ]b, oc] and [—o0, a[, with
a,b € R as a subbase for the open sets, in the sense that finite intersections of thes half-lines, the open
intervals ]a, b[ and the half-lines themselves are a base (see 1.3). It follows that a function f : X — R
from the topological space X the R with the usual topology is continuous if and ony if it is both lower
semicontinuous and upper semicontinuous. Observe that the characteristic function of an open set is Isc,
the characteristic function of a closed set is usc.

1.8. Limsup and liminf. There are various situation in which the use of the notion of limit is
precluded from the fact that a limit does not always exist. For real valued sequences, or more generally
for real valued functions, the presence of a complete order on R =RU {—00, 400} allows us to define two
notions weaker than the limit notion, but always existent; these notions are fruitful in many situations,
and are used to formulate various important theorems of mathematical analysis.
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1.8.1. Definitions. Let (D, =) be a directed set, and let 2 : D — R be a generalized sequence with
values in the extended real line R. For each oo € D we set

() = inf{x(B); B = a}; z*(a) =sup{z(B): B = a}.

Observe that z, is an increasing net, while x* is decreasing: this is obvious, since if § = « the set
{z : v = B} is a subset of the set {z, : v = a}, by transitivity of the preorder, so that it has a larger
infimum, and a smaller supremum. Then these nets have a limit in the space R (see 1.6.4). We set

DEFINITION.

liminf 2(a) = lim . () (: sup z(a) = sup {inf{z(8) : 8= a}}) ;

a€eD aeD aED aED

hranesglpx(a) = iler%x () (— augjfjx () = ;22 {sup{z(B); 8 = a}}) :

1.8.2. First properties; limits. Notice that if a € R, and a > liminfaep #(a) then a cannot be the
limit of the net (not even in the lower topology): if a1 < a, but a; > liminf,cp z(a) then for every
a € D there is § = « such that () < a1, and for no a € D the set {z(8) : § = «a} is contained in the
neighborhood ]ai, +00] of a. Similarly, if a < limsup,ep (a) then a is not a limit of the net = (not even
in the upper topology).

. Ifx:D%@isanetthen

(*) liminf z(«) < limsup z(«).

aeD a€eD
Moreover the net has a limit in R if and only if limsup,cp x(o) < liminf,ep z(a); in this case we have
limsup,ep z(a) =liminfoep (), and this common value is the limit of the net.

Proof. For every a € D we have z, (o) < z(a) < 2*(«); passing to the limit in the inequality z. (o) <
z*(a) we get liminfoep z(a) < limsup,cp (o). Then limsup,cp z(o) < liminf,ep () is equivalent
to liminf,ep (o) = limsup, ¢ p z(c); if this happens then also limaep () is this common value (simply
apply the three functions theorem (it. teorema dei carabinieri) to the inequality z.(«a) < z(a) < 2*(«)).
And if liminfaep z(o) < limsup,cp z(a), then the limit of the net cannot exist, by what observed
just before the statement (a limit has to be not strictly larger than liminf and not strictly smaller that
lim sup). O

1.8.3. Composition with monotone functions.

. Let (D, =) be a directed set, let x : D — I be a net, where I is a closed interval of R, and let
@ : I — R be continuous and monotone. Then
liminf ¢ o () = p(liminf 2(«)); limsup ¢ o z(a) = p(limsup x(«)) if ¢ is increasing
aeD aceD aED aED
liminf p o z(a) = p(limsup z(e)); limsup p o z(a) = p(liminf z(a)) if ¢ is decreasing.
aeD aED aED aeD
Proof. The easy proof is left to the reader: it uses the fact that if ¢ is continuous and increasing then
o(inf A) = inf p(A) and sup p(A) = p(sup A) for every A C I, while continuous decreasing functions

exchange inf and sup (see 1.3.5). Notice in particular that liminf,ep(—2(e)) = —limsup,ep z(o) and
limsup,ep(—z(a)) = —liminf,ep z(a).
ExampLE 1.8.1. For D = R, ¢ = 400 we have liminf, , . sinz = —1, limsup,_,, sinz = 1
(trivially: for every punctured nbhd U of 400 in R we have infsinU = —1, supsinU = 1). And
2 2 2

liminf,_, o tanhx cos®z = 0, limsup,_, , . tanhx cos®x = 1: also in this case, if f(x) = tanhx cos®x

we have inf f(U) = 0 and sup f(U) = 1 for every punctured nbhd U of +oo in R (for a more detailed
analysis see at the end).

1.8.4. Limsup and liminf for sequences. Particularly important is the case of sequences (D = N,
¢ = o0). Let us review the definition in this case, in detail. Given a sequence n — x, of real numbers,
for every m € N we set

Tam = Inf{x, : n >m}; ), =sup{x, : n > m},
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so that .., is an increasing sequence of extended real numbers, and x;, a decreasing one; moreover
Tam <z, <z, for every n,m € N with n > m. As monotone sequences in the order—complete set R
these sequences have a limit:

Hm Zumm = sup{Z.m, : m € N} = liminf z,;
— 00

m—o0 n

. . . . y

lim z;, =inf{z), : m € N} = limsup x,.
m—00 n—00

EXERCISE 1.8.2. For a sequence (2, )nen of real numbers the following are equivalent:

(i) The sequence has no lower bound (resp: no upper bound) in R.
(ii) For some m € N we have x.,, = —oo (resp: x, = +00).
(iii) For every m € N we have z., = —oo (resp: z}, = +00).

EXERCISE 1.8.3. Let (s)n>1 be the sequence inductively defined by

s1=1;
-1 n+1
Sop = Sop—1 — 1 — % (nZ 1);
Son+1 = 1+ 825 (n > 1) .
Find
lim sup s,,, liminf s, .
n——+oo n—-+00

EXERCISE 1.84. If 2, = (=1)"(n+1)/(n — 1/2), determine lim inf,,_, o 2,, and limsup,,_, . Tn.

Solution. Notice that x — (z+1)/(xz — 1/2) is strictly decreasing for x > 1/2 (derivative —3/(2(z —
1/2)?)), and limg 4 oo (z +1)/(z — 1/2) = 1. Excluding n = 0, the subsequence of terms of even index is
decreasing to 1, while that of terms of odd index is increasing to —1. This clearly shows that

liminf x, = —1; limsupx, = 1.
n—0o0 n—00

For a more formal solution: given m > 1 we have:

1 1 1
for m odd : z*m:—L; x;“n:M
m—1/2 (m+1)—1/2
formeven: xyy=—7"—"-—""—"—; T =

(m+1)—1/2" "™ m—1/2
0

Very often one writes maxlim or minlim in place of limsup and lim inf. This may look surprising: in
elementary calculus one is always at pains to distinguish between the quite different notions of maximum
and supremum, or minimum and infimum! A justification is given by the following proposition. Given
a sequence (ZTp)nen (in a metrizable space X) all the points of the space X which are limits of some
subsequence (z,,x))ken are called cluster points (ital: valori di aderenza), sometimes also limit points, of
the original sequence (z,,)nen in X. Then:

PROPOSITION. Let (Zn)nen be a sequence of real numbers. The set of cluster points in R of the
sequence has a minimum, which is iminf, . x,, and a mazimum, which is limsup,,_, .. Tn.

Proof. The proof is at the end of the section. O

1.8.5. Operations with limsup and liminf.

. Let (D, =) be a directed set, and let x,y : D — R be generalized sequences.
0) if (o) < y(a) for every a € D , then

liminf z(«) < liminf y(a); lim sup z(«) < limsup y(a)
a€D a€D aEeD aEeD

Assume now that (x + y)(a) = z(a) + y(a) is defined for every a € D. Then
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(i) Liminf is superadditive and limsup is subadditive, that is
h(rlnelj:r)lf(z(a) +yla) > hgle%lf z(a) + hglellr)lfy(oz),
lim sup(z(a) + y(a)) < limsup z(a) + lim sup y(a)
aeD aeD aeD
provided that the right-hand sides are meaningful, i.e no +00 — 0o or —oo + 00 is encountered.
(i1) If limaep y(a) exists in R, then additivity holds. That is, we have
hgél[l)lf(x(()&) +y(a)) = hgél[l)lf z(a) + (llenb y(a)
lim sup(z(a) + y(«)) = limsup z(«) + lim y(«)
aceD aeD aeD
again provided that the right-hand sides are meaningful.
Proof. (0) is trivial. (i) We prove only the assertion on limsup. Given o € D we have for every
B = a:
(z +y)(B) = 2(8) + y(B) < z™(a) + y" (),

so that, taking suprema on the left—hand side for 5 > o we get
(@ +y)"(a) = sup{z(B) + y(B) : B = a} < z™(a) +y™(a);
taking limits as « varies in D we get the asserted inequality.

REMARK. The inequality is in general strict. For instance if f(x) = sinz and g(z) = — sinz we have
limsup,_, ., f(x) = limsup,_,,  g(x) = 1, so that the sum of the limsups is 2, but f + g = 0 has limit
0.

We prove (ii) again for limsup only. Writing a = limsup,¢p () and b = limaecp y(a) we need only
to prove that

limsup(z + y)(«) > a + .
aeD

We can assume a + b > —o00, since otherwise the above inequality is trivial. Then a > —oc and b > —o0.
Given a real number ¢ < a + b we can pick real numbers v < a and v < b such that u + v > ¢; there
is now @ € D such that y(a) > v for @ »= &; and since u < a < x*(«) we can pick S > « such that
x(f) > u. It follows that (z + y)(8) = x(8) + y(B) > u + v so that (x + y)*(«) > u+ v > ¢ for every
a = &. This implies lim sup, ¢ p(x + y)(e) > ¢, and since c is an arbitrary number smaller that a + b, we
obtain limsup,¢ p(z + y)(a) > a + b, as required. O

EXERCISE 1.8.5. Let a,, and b, be real sequences, and let a,b € R. Assume that

liminf a, > a, liminfb, >b; limsup(a, +b,) <a+b.
n— o0

n—0oo n— oo
Prove that then lim,, .o a,, = a and lim,,_, o b, = b.

1.8.6. Multiplicative versions. For positive real valued functions there of course is a multiplicative
analogue of the previous result, whose proof is entirely left to the reader:

. Let (D, =) be a directed set, and let x,y : D — [0,00] be generalized sequences. Assume that for
every a € D the product x(«) y(«) is defined. Then:

(i) Liminf is supermultiplicative and limsup is submultiplicative, that is
lim nf (2(a) y(a) > (iminf 7(a)) (imint y(a));

lim sup(z(a) y(@)) < (limsup z(a)) (limsup y(«))
aeD aeD aeD
provided that the right-hand sides are meaningful, i.e no 0 (£o0) or (£o00)0 is encountered.
(i) If limaep y() exists in [0, 00], then multiplicativity holds. That is, we have
liminf(z(a) y(@)) = (liminf 2(a)) (lim y(a))

limsup(a(a) y(a)) = (imsupa(a)) (lim y(a))
aeD acD ae

again provided that the right-hand sides are meaningful.
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1.8.7. Some applications. As a first application we give the true statement of the root test for the
absolute convergence of a numerical series.

. RoOT TEST Let Y7~ an be a series of complex numbers, and let o = limsup,,_, lan|Y™. Ifa <1
then the series is absolutely convergent, if a > 1 then the series does not converge.

Proof. To say that limsup, .. |an|'/" = a < 1 implies that if o < p < 1 there is m € N such
that |an|1/” < p for n > m. Then |a,| < p™ for n > m, and the series converges since its m—tail
is dominated by a geometric series of ratio p < 1. And if a > 1, given p with 1 < p < a we have
lan|V/™ > p <= |a,| > p" for infinitely many n € N, so that limsup,,_, . |a,| = +o0, and the series
cannot converge, since its general term does not tend to 0.

(I

We also immediately get

. CAUCHY-HADAMARD CRITERION FOR THE RADIUS OF CONVERGENCE Given a power Series
oo
Z ap 2"
n=0

let R = 1/limsup, ... |an|"/" (understanding that R = 0 if the denominator is co, R = oo if the
denominator is 0). Then the power series is absolutely convergent if |z| < R, and is not convergent for

|z| > R.

Proof. Set o = limsup,_, |an|'/". Then, assuming z # 0 we have limsup,_, . |a, 2"|'/" =
|2| limsup,,_, .. |an|*/™ = |2| @, so that by the root test the series converges if |z| v < 1, does not converge
if [z]a>1 O

The quantity R so obtained is for obvious reasons called radius of convergence of the given power
series.
. . oo no - . - . oo
Given a power series ) > ay 2", is derived series is the series ) " | nay z
application of 1.8.6, (ii) is

n=1  An immediate

. A power series and its derived series have the same radius of convergence.

Proof. Recall that lim,, ., n'/" =1 (n'/" = exp(logn/n) and lim,,_, logn/n = 0). Then

1/n l/n-

lim sup(na,|)*/™ = nh—>Ir<>lo n/™ limsup |a, |

= lim sup |ay|
n—o00 n—o00 n—o00

O

1.8.8. Another application: a limit related to subadditive sequences. A sequence n — x(n) of real
numbers is said to be subadditive if x(m + n) < x(m) + x(n) for every m,n € N. An interesting and
useful result on subadditive sequences is the:

. FEKETE LEMMA. If (x(n))nen is a subadditive sequence of real numbers then

i it {7 >

n—oo n n
(finite or —o0).
Proof. Plainly
liminfM > inf{z—) tn > 1}.

n
n—oo n n B

If we prove that for every m > 1 we have limsup,,_, . x(n)/n < z(m)/m we conclude that

n—oo n m n— oo n

limsupM < inf{M m > 1} < 1iminf@,

and our claim is proved. Observe first that by subadditivity we have z(mn) = z(n + --- + n) <
z(n) + -+ x(n) = ma(n) for every m, n > 1. We can write n = q(n)m + r(n), with ¢g(n) = [n/m]
(integer part of n/m) and r(n) € {0,...,m — 1}. By subadditivity we get

z(n) = x(g(n) m +r(n)) < x(g(n) m) + z(r(n)) < q(n) x(m) +a(r(n)) = ——
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which implies

z(n) 1 (r(n)) 1 z(m) | p(m)
n = m+ r(n)/q(n) z(m) + n = 1+r(n)/(n—rn)) m * n

where p(m) = max{z(r) : r=0,...,m — 1}. As n tends to infinity, n — r(n) > n —m + 1 also tends to
infinity and the rightmost hand side tends to x(m)/m; taking lim sup of both sides then gives:
3(n) | w(m) u(m)> _ a(m)

lim sup —= < lim sup
m

n—oo Mmoo <1+(T(n)/(n—7‘(n)) m n

Subadditivity is often checked with the following fact:
. Let q : [0,400[— R be concave and such that q(0) = 0. Then
q(z +y) < q(z) +q(y) for every  x,y € [0, +ool.

Proof. Assume that a2,y > 0. Then the line connecting (0,¢(0) = 0) with ((z + y),¢(z + y)) has
equation Y = (¢(z + y)/(z + y)) X; by concavity we get

o) > Y oy s EFY)

; = q(x) + >qlx+vy).
" iy ! q(z) +q(y) > q(z +y)

O

But in this case the result of Fekete’s lemma is immediate: g(x)/x is decreasing, by concavity of ¢,

hence
t
lim Minf{ﬂ : t>0}.

z—+o00 I t
A function ¢ : [0,400]— R may however be subadditive and zero at 0 without being concave, e.g. the
function ¢(z) = |sinx|: we have

q(z +y) =|sin(z + y)| = |sinz cosy + cosz siny| < |sinz cosy| + |cosx siny| =
|sinz||cosy| + | cosz||siny| < |sinz| + |siny| = g(x) + q(y).

1.8.9. Some proofs and more observations.

Solution. Detailed solution of Exercise 1.8.1. Every nbhd of +00 contains a half line as [a, 400, in
particular points as k7 and 7/2 + kr for k € N large. Then 0 < f(z) < 1 for z € [a, +oo[ (if @ > 0), in
particular 0 < f.([a, +oo[) < f*([a, +o0[) < 1. But f(knr) = tanh(kn) and f(w/2 + km) = 0 so that

f«([a, +00]) = min f([a, +oo[) = 0; f*([a, +00[) = sup f([a, +oo[) > sup{f(kn): k > a} = 1.
O

Proof. (of 1.8.4). Recall that a subsequence of the sequence (7, )nen is a sequence y, = (), where
1 N — N is a strictly increasing function. Given m € N we then have

Ysm = inf{yn : n > m} = inf{z, ) n>m} > inf{ag 0 k> v(m)} = 2.0,0m);
the inequality is due to the fact that {z,(,) : n > m} C {xx : k > v(m)}. Passing to the limit in the
inequality Yum > Typ(m) We get

liminfy, = lim s, > lim Tar(m) = lim %4, = liminf z,,.
n— oo m—r 00 m— 00 m—00 n— o0

We have proved that every cluster point of a sequence is not smaller that the limit inferior of the sequence.
It remains to prove that the limit inferior « is a cluster point, that is, the limit of a subsequence. We
consider this obvious if &« = —oo; we assume then o € R or @ = +00; we may skip the second case, since
then the sequence has +o0o as a limit, and hence as only cluster point. For m € N let

Am)={neN:z, <a+1/(m+1)};

clearly these sets are all infinite sets. Define now inductively v : N — N as v(0) = min A(0) and
v(m) = min{n € A(m),n > v(m—1)}; then p is strictly increasing and =, () < () < @ +1/(m+1)}.
Similarly for limsup. O



1. PROLEGOMENA 15

Solution. (of 1.8.3) We get so = —1/2; s3 =1+ (—1/2) = 1/2; observe that

) (_1)n+2 N (_1)n+1
Son+2 = So(n =Sopt1 — 1 — ———— = 859, + ———
2n+2 2(n+1) 2n+1 nt2 2 nto
so that
_ 1+1 1+ +(—1)"+1
Snt2 = To T3 Ty nt2
and
T S D ISR )
e s S n+2

Recalling that log 2 = limy, o Dne (—1)" T /0 we get

liminf s, =log2 — 1; limsups, =log2. O
n—00 n—o00

Solution. (of exercise 1.8.5) Write a,, = (an + by) — by. Then

lim sup a,, = limsup((an + b,) — by) < limsup(ay, + by) + limsup(—b,) < a+b— hn_l}inf b, <

n—o0 n—oo n—oo n—oo

<a+b-b=a.

Then limsup,, . @n < a < liminf,,_, an, equivalently lim,_,. a, = a. In the same way one sees that
lim,, o0 by, = . O

1.9. Limsup and liminf of sequences of real valued functions. Sequences of real valued
functions, or even of extended real valued functions have naturally pointwise suprema and infima, and
hence also pointwise limsup and liminf: the notion presents no difficulty. Given a sequence (fy,)nen of
functions f, : X — R=RU {—00, 00}, where X is any set, we consider for every m € N:

fem = /\ fn:X =R defined by fom(z) :=inf{fn(z): n>m},

n>m
and
fr = \/ fn:X =R defined by f'(x):=sup{fn(z): n>m},
n>m

the sequence (f.n is increasing and f is decreasing; the limits f. and f* of these sequences are, by
definition, the functions liminf, _,~ f, and limsup,,_, ., fn, so that we have, for every z € X:

a%,?_%géf fn)(‘r) = hnnigf In ($)7 (hm_}SU.p fn)(‘r) = lim_>sup fn(‘r)

EXERCISE 1.9.1. Let f, : R — R be given by f.(z) = (=1)"|z[*/". Find liminf, . f, and
lim sup,, . fn-

(We get liminf,,_,o fn(z) = —1 and limsup,,_, fo(x) =1 if z € R\ {0}; and liminf,_, fn(0) =

1.9.1. Limsup and liminf of sequences of sets. Very important in measure theory is the case of liminf
and limsup of sequences of subsets (A, )nen of a given set X: subsets of X are identified with their charac-
teristic functions, and obviously both limsups and liminfs of characteristic functions are still caracteristic
functions, in fact we have that A, -, Xxa, is the characteristic function of the intersection () An,
c A, so that

n>m

while \/, -, x4, is the characteristic function of the union |J,~,,

oo o0

1%112ng": U ﬂ A, ] liTrlnsupAn: ﬂ U A,

m=0 \n>m e m=0 \n>m

Notice that liminf,,_,~, A, may be characterized as the set of all x € X which are eventually (it: defini-
tivamente) in the sequence, while limsup,,_, . A, is the set of all x € X which are frequently, or infinitely
often, in the sequence, that is, belong to A, for infinitely many indices n € N.

EXERCISE 1.9.2. In X = R? for every n € N let A,, = Epi(p,) be the epigraphic of the power function
pn(x) = 2™, that is 4, = {(z,y) : * € R, y > z™}. Describe liminf,, o, A, and limsup,, , . An.
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(Results:
lirgiann = (] —1,1[x]0,00]) U ({—1,1} x [1,00[) U {(0,0)}
and
limsup A,, =
n—oo

(] =00, =1[xR) U ({ =1} x [=1,00[) U (] = 1, 0] x [0, 00[) U (]0, 1[x]0, 00[) U ({1} x [1, 00]).)

EXERCISE 1.9.3. We say that a sequence (A, ), of subsets of a set X has a limit if liminf,, A,, =
limsup A,, (this common value is the limit of the sequence). Prove that the sequence has a limit if and
only if for each x € X there is n(z) € N such that we either have x € A,, for every n > n(x), or x ¢ A,
for every n > n(z).

EXERCISE 1.9.4. For the sequence z,, = n?sin(nn/2)/(1 + n?) compute liminf and lim sup.

EXERCISE 1.9.5. State the theorem on the behavior of liminfp o f and limsupy o f when f is
post—composed with a monotone function ¢.

For the sequence z, = exp(3n/(n + 1) + cos(nm)) compute liminf and limsup. Compute also
limsup,_,, ., exp(3z/(x + 1) 4 cos(mx)).

EXERCISE 1.9.6. (i) Prove the

. RATIO TEST FOR THE CONVERGENCE OF A SERIES. Let (¢n)nen be a sequence of non—
zero complex numbers. If limsup,,_, . (|cnt1]/|cn|) < 1 then the series Y .- cn is absolutely
convergent. If iminf, oo (|cnt1l/|cn]) > 1 then the series does not converge.

(ii) Find a sequence a, > 0 of strictly positive real numbers such that the series Y a, is con-
vergent, but limsup,, , . (ant1/an) = +00.
From now on a = (a,)nen is a sequence of strictly positive real numbers, a,, > 0; we consider the
power series Y.~ a, 2"; let R = R, be its radius of convergence.

(iii) Prove that R = liminf, a;””.

(iv) (Requires some labor) Prove that
a
lim inf < liminf a}/ " < limsup a,ll/ " < lim sup n—+1,
n—o0  dn n—o0 n—00 n—oo  On

Un+1

and deduce from this that if lim, o0 any1/ay exists in R, then also lim,,_ o a,l/ " exists and

coincides with the previous limit.
(v) Compute limnﬁoo(n!)l/"/n.

Solution. (of Ex1.9.4) The function = — x2/(1+2?) is increasing on [0, +oo[(it has derivative 2x/(1+
2?)?) and has limit 1 as # — +o00; notice that |z,,| < 1 for every n. We have sin(n7/2) = 0 if n € 2N is
even, sin(nm/2) = 1 if n = 4k 4+ 1, sin(nn/2) = —1 if n = 4k + 3. For every m € N there are numbers
of the form 4k + 1 and of the form 4k 4 3 larger than m, then the sequence has terms of the form
z, = n?/(1 +n?) and of the form z, = —n?/(n? + 1) for infinitely many n > m; and no term is in
absolute value larger than 1. It follows that for every m € N

inf{z, :n>m}=-1; sup{z, : n>m}=1;
hence liminf,, . 2, = —1 and limsup,,_, ., n = 1.

Alternatively: every subsequence of the given sequence must have a subsequence in common with

either the subsequence zg) or with the subsequence x4k y1 or x4r43, since N = {2k : k e N}U{4k+1:

k € N} U {4k + 3 : k € N}. These subsequences converge to 0, 1 and —1 respectively. Then the cluster

points of the sequence are {—1, 0, 1} and the minimum is —1, the maximum is 1.
[l

Solution. (of Ex 1.9.5) For the statement see 1.8.5. Since exp is continuous and strictly increasing
we have

liminf exp(3n/(n + 1) 4 cos(nm)) = exp(lim inf(3n/(n + 1) 4 cos(n)));
n—oo n—oo
lim sup exp(3n/(n + 1) 4 cos(nw)) = exp(limsup(3n/(n + 1) + cos(nw)));
n—r oo n—oo
since cos(nm) = (—1)™ we have liminf,,_, o cos(nm) = —1 and limsup,,_, ., cos(nm) = 1; and

lim (3n/(n+1) =3,

n—oo
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so that:
lim inf teos(nm)) =3-1=2 i L cos(nm)) =341 =4
imin cos(nm) | =3—-1=2; imsup | —— + cos(nw) | = =4;
n—00 n+1 ’ n~>oop n+1 '
and finally
lim inf z,, = e lim sup z, = e*.
n—00 n—00

A discussion identical to the preceding one proves that also:

3
lim sup exp <% + cos(wz)) = el
x

T—r+00

O

Solution. (of Ex 1.9.6). (i) Given p with limsup,,_,.(|cn+1]/lcn]) < p < 1 we have that there is
m € N such that sup{|cp+1|/|cn] : n > m} < p, equivalently |c,+1|/|cn] < p for n > m. Then we
get |cmi1] < plemls [emaz2| < plem+i1] < p?leml, and by induction we easily see that |c,| < p" ™™ |cp|
for every n > m. Then the series > - |c,| is dominated by the series > - p" (|cm|/p™), which
converges since 0 < p < 1, and the series Y ¢, is then absolutely convergent. In the same way,
if liminf, o [cnt1l/|en] > 1, given p with 1 < p < liminf,, o |cht1|/|cn| we have that there exists
m € N such that |c,41|/|cn| > p for n > m, and this implies, in analogy to what above proved, that
len] > p™ ™ |em ]| for n > m; this implies clearly lim, o |cn| = 400, forbidding the convergence of the
series Y7 Cp.

(ii) Simply take a,, = 1/4™ for n even, and a,, = 1/2" for n odd. The series converges (we can also
easily compute the sum) but ag,11/az, = (1/227+1)/(1/427) = 24n /22n+1 = 922n=1 tends to +oo.

REMARK. The root test proves convergence of this series, in fact we have lim sup,,_, ar/™ =1 /2 < 1.
This shows that the root test is more sensitive than the ratio test in determining the convergence of a
series.

(iii) From the Cauchy-Hadamard criterion we know that R = 1/limsup,,_, . ar/ " by the theorem
on composition with decreasing maps, applied to the map ¢(z) = 1/z, decreasing homeomorphism of
[0, +00] onto itself, we get that R = o(limsup,, ., ar’™) = liminf, e (ar/™) = liminf, e an /™.

(iv) Let us first prove the leftmost inequality. If liminf,, oo Gpi1/an = 0, there is nothing to prove.
If not, we have that p,, = inf{a,+1/a, : n > m} > 0 for m large enough. As seen above in the proof of

(i), second statement, this implies a,, > p~ "™ a,,, for every n > m. Then al/™ > pm(am/p)/™; taking

liminf of both sides we get liminf,_,o0 an/™ > pm, for every m € N (we have limy, o0 (am/pm)Y/™ = 1).
Since liminf,, o0 @nt1/an = sup{pm : m € N} we conclude that liminf,, ay/" > liminf, e0 Gnt1/an,
as desired.

It remains to prove the rightmost inequality. This can be done with an argument as above, or as
follows: let 8 = limsup,,_, . @n+1/an. For every z € C we have

limsup |an 1 2" /|an 2" = |2| imsup any1/an = |2| B;

then, if |z| 8 < 1, equivalently if |z| < 1/8, the series converges, by the ratio test, so that |z| < 1/8
implies |z| < R. This of course implies 1/8 < R = 1/limsup,,_, ., ar/™, so that B > lim SUDP,, s 00 ar/™

(v) Setting a, = n!/n"™ we get

any1  (n+ 1) " n'" 1

an  (n+D)" pl T (n+ ) (L4 1/n)
so that lim,, e ny1/an = 1/e. It follows that lim, . (n))/™/n = 1/e.

REMARK. We have obtained that the sequence (n!)l/ ™ is asymptotic, as n — 00, to the sequence
n/e, a fact often useful in estimating limits of sequences.

O
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1.9.2. de I’Hoépital’s rule. As a further important application of the notions of lim inf and lim sup we
present the following result, which gives an immediate proof of the de I'Hopital’s rule:

. Let I be an interval of R, and let ¢ € R be an accumulation point of I; assume that f,g: I~ {c} —
R are differentiable functions, with ¢'(x) # 0 for every x € I \ {c}, and that either lim,_,. f(x) =
lim, . g(x) =0, or lim,_,. |g(x)| = c0. Then

P @)

I
lim inf - < limin < limsup —/—= f(z) < lim sup f/ (:c)
z—=c g (Z‘) z—c g(x) z—e g(x) zoc g (x)

Proof. We assume that ¢ = sup I so that all the limits are really for + — ¢~; an analogous proof will
evidently work for z — ¢T. Also, we prove only the third inequality, the first is entirely analogous (or
can be obtained from the third by considering (—f)/g instead of f/g). If limsup,_,. f'(z)/¢' (z) =
there is nothing to prove. Otherwise, given a real number 8 > limsup,_,. f'(z)/¢'(z) we prove that

f(=)

limsup,,_,. < B, which clearly implies the desired inequality. We have a left punctured nbhd [v, ¢[

of ¢ in I such that f/(x)/¢'(x) < B for every x € [y, c[. Given two points z,u € [y,c[, with & # u, the
Cauchy theorem of ”finite increments” says that

fl@) = flw) _ f1()
g(x) —g(u)  g'(&)

since clearly £ € [y, ¢[ we have proved that

*) fz) = fw)
9(x) — g(u)
Now, if limy,—¢ f(u) = limy—.g(u) = 0 we keep = € [, [ fixed and take the limit in (*) for u — ¢,
obtaining f(z)/g(x) < B for every x € [y, [, so that limsup,_,. f(z)/g(x) < S, as desired. In the other
case, of a diverging g, we write

@)~ fw) () [ f@) 1 /()

g(@)—g(u)  g(@)—g(u) gl@)—g(u) g(x) 1—gw)/g(x) g(z)—g(u)’

so that from(*) we get

f@) 1 f(u)
o) T—gw/g@ ="t 9 — g

for some £ in the open interval with extremes z,u;

< B forevery x,u € [y, c[, x # u.

x,u € [y,cl, x # u.

We now keep u € [, ¢[ fixed; smce lim,_,.(1 —g(u)/g(x)) = 1, for x close enough to ¢, say = € [y, [ with
~" >~ we have (1 — g(u)/g ( ) > 0 so that we can multiply both sides of the preceding inequality by it

obtaining
g(—i; = <5Jr %) <1 - %) , for every z € [7', [;

taking lim sup in both sides:

s £ < imsrp (5 ! %) (1 - Z(—Zi) = (5 ’ %) (1 - %) -0
as desired. O

EXERCISE 1.9.7. Using the above result prove that if f :]0,00[— R is bounded and everywhere
differentiable then
liminf f/(x) <0 < limsup f'(z).

T—00 T—00
Deduce from it what in Italy is called teorema dell’asintoto: if f is bounded and lim,_, f'(z) exists in
R, then this limit is zero (consider f(x)/z ...). Give an example of an f with lim,_,~ f(z) =0, but

liminf f'(z) < 0 < limsup f'(),
r—00

Tr—r00
and an example of an f with lim,_, f(z) = oo, but lim,_,~ f'(z) =0
EXERCISE 1.9.8. Compute limsup,_,  (cosz + sinx), and observe that

lim sup(cos z 4 sin z) < lim sup cos  + lim sup sin x.
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EXERCISE 1.9.9. Lower and upper topology on R~have been defined in 1.7.1. These topologies are
both non-Hausdorfl, so that uniqueness of limits for R—valued nets in these topologies may fail, as in
fact it does. Let (D, <) be a directed set and let 2 : D — R be a generalized sequence.

(a) Prove that if £ € R is a limit of the net 2, with respect to the upper (resp: lower) topology on
the range space R then every a > £ (resp.: a < £) is also a limit.

(b) Prove that the set of limits of  in the upper topology is the closed interval [lim sup,, ¢ p z(c), oo],
while the set of limits in the lower topology is [—oo, lim inf,¢cp z(a)].

1.9.3. Upper and lower semicontinuous approzimations or real valued functions. The following result
has some intrinsic interest and will be used when comparing Riemann and Lebesgue integration (4.6.2).

PROPOSITION. Let X be a topological space, and let f : X — R be a bounded function. Then
there exist functions f., f* : X — R such that f, is lower semicontinuous, f* is upper semicontinuous,
fe < f < f* and moreover:

(i) Ifu: X = R is lower semicontinuous and u < f, then u < f;
(il) If v : X — R is upper semicontinuous and v > f, then v > f*.
(In other words, f. is the largest lsc function smaller that f, and f* is the smallest usc function larger

that f)
(i) f is continuous at x if and only if f.(x) = f*(x).

Proof. We will see that
f«(x) = sup{inf f(U) : U a neighborhood of = in X};
f*(x) = inf{sup f(U) : U a neighborhood of x in X}.

We now prove (ii). That f*, as defined, is usc, is immediate: if @ > f*(z) there is a nbhd U of z, which
we may assume open, such that sup f(U) < a; it follows that f*(£) < a for every £ € U. And clearly if
v > f and v is usc, then v(z) > f*(x) for every z € X: if for some ¢ € X we have v(c) < f*(c), given
a € R with v(c) < a < f*(c¢) there is an open nbhd U of ¢ such that v(z) < a for every x € U; since
f(z) <v(z) for every x € X this implies sup f(U) < a < f*(c¢); hence f*(¢) < a < f*(c), a contradiction.
In the same way (i) can be proved; (iii) is trivial. O

REMARK. When z is non isolated in X we have
felz) = f(z) Aliminf f();  f*(z) = f(z) Vlimsup f(t),
x t—x

as is easy to see. The function f* — f, is the oscillation function of f.

EXERCISE 1.9.10. Let X be a topological space, and let A be a subset of X. If f = x4 then
f+ = Xint(a), and f* = xci(a) (easy).

1.10. Infinite sums of positive functions. Let X be a set, and let w : X — [0, 0c] be a positive
extended real-valued function. For every finite subset F' of X the sum of w over F is defined: } yw =0
by definition, ), w =) _pw(x) for F finite non-empty. The sum is defined over arbitrary subsets A

of X by the formula:
Zw = Zw(m) = sup{Zw : FCAF ﬁnite}.
A €A F

Notice that this immediately implies that if A C B C X then:
SwsYw
A B

with equality iff w(z) =0 for every x € B \ A.

REMARK. For every set X, the set ®(X) of all finite subsets of X, partially ordered by inclusion, is a
directed set (the union of two finite subsets is still finite), and given w : X — [0,00] we can define a net
Sw @ Y(X) — [0,00] by sw(F) = > pw, for every F € ®(X). Since w(z) > 0 for every x € X, this net is
increasing and sup{s.,(F) : F € ®(X)} is exactly its limit in R. So we have defined 3, w as the limit of this
net, the limit of the sums of w on finite subsets, as the set gets larger and larger .. ..
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1.10.1. Associativity. Associativity of the sum in the commutative semigroup ([0, c0],+) may be
expressed by saying that if Aq,..., Ay, is a finite disjoint family of finite subsets of X, and A =J;"; A
is its union, then

Se-3(Sv)

This holds also for infinite sums:

. UNRESTRICTED ASSOCIATIVITY FOR SUMS OF POSITIVE FUNCTIONS. If w : X — [0,00] is a posi-
tive function, (Ax)xea is a disjoint family of subsets of X and A =|Jyop Ax then:

S i)=Y (z w<x>).

TEA AEA \z€A)y

Proof. If F' C A is finite, then ' = J, ., (F' N Ay), disjoint union, where each F'M Ay is finite; and
FN A, is non-empty only for a finite subset M of A, so that actually F' = (¢, (F'NAy) a finite disjoint
union of finite sets. By usual (finite) associativity we have

ED N (]
F AeM \z€FNAy
since ) pna, w < D4, w for every A we have
So-X (T o)y (S0) 2 (20)
F AeEM \FNAj, AEM AEA
we have proved that for every finite subset F' of A we have
Suey ()
xeA \ Ay
equivalently

Susy (0]

AEA

Conversely, take a finite subset M of A and for each A € M a finite subset F C Ay; by finite associativity
we have, setting F' = (J, o5, Fa:

> (S)-Zvsw
reM F A
so that
> (o) <z
AeM
Taking suprema as F) varies among the finite subsets of Ay, and using 1.1.2, we get
> (So) <3
AEM
for every finite subset M of A; equivalently

S5

AEA
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1.10.2. Isotony of infinite sums of positive numbers.

. If X ia a set, v,w : X — [0,00] are positive functions, and v(z) < w(x) for every x € X, then
Zv < Zw for every A C X.
A A

Proof. For every finite subset F' of A we have

SesYw
F F

then
YisSusTu
F F A
and the inequality > v <" , w for every finite subset F' of A is equivalent to >~ v <> , w. O

1.10.3. Finiteness of the sum. The following elementary fact is frequently encountered:

PROPOSITION. Let w : X — [0,00[ be a finite valued positive function. If Y w < oo, then w is
different from 0 on a set which is at most countable (i.e. {w # 0} := {x € X : w(x) > 0} has cardinality
not larger than Ry = |N| ).

Proof. Let s =3 w; then s is a positive real number. Given a > 0, let
Ela)={w>a}={ze X : w(x) > a}.

We claim that E(c) is finite and that |E(a)| < s/a. In fact, if F¥ C E(«) is finite we have ) pw < s,
and also ) _pw(z) >3 .pa=alF|, sothat |F| < s/a for every finite subset F' contained in E(c).
But then F(«) itself is finite and |E(a)| < s/a. Since we have

{w>0} = J{w=>1/n},

the set {w > 0} is countable, as a countable union of finite sets. O
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2. MEASURES AND MEASURABLE SPACES

2.1. Additive set functions. Areas, volumes, masses, electric charges are concepts which lead to
the definition of additive set functions (a set function is a function whose domain has sets as elements).
Given a set X and a subset A4 C P(X), a function ¢ : A — R is said to be additive if given A, B € A,
with AUB € A and A, B disjoint we have ¢p(AU B) = ¢(A) + ¢(B). We shall start the study of additive
set functions with positive values (allowing also co as a value); additive set functions of an arbitrary sign,
and even complex or vector—valued, are also important, but shall be studied later.

2.1.1. Positive set functions finitely and countably additive.

DEFINITION. Let A be a subset of P(X), with () € A, and let ¢ : A — [0, +00] be a positive function.
We say that ¢ is finitely additive if ¢()) = 0, and for every finite family (A1,..., A,) of pairwise disjoint
sets in A whose union (J!'"_; A,, belongs to A we have

¢ ([] An> =364

and ¢ is said to be countably additive, or also o—additive, if for every sequence (A, )nen of pairwise
disjoint elements of .4 whose union belongs to A we have

¢ (U An> = d(An).
n=0 n=0

Countable additivity implies finite additivity (since @ € A the finite sequence (A1, ..., A;,) can be
extended to (Ay,..., An,0,0,...))

2.1.2. Algebras and o—algebras of sets. To be able to work comfortably with additivity, it is indis-
pensable that the class A C P(X) of subsets of X on which the additive function under examination is
defined be closed under all elementary set theoretic operations: that is, if A, B € A then AU B, AN B,
the complement X \ A, etc. must all belong to A: in other words A must be an algebra of subsets of
X (see 1.4). And countable additivity can be exploited successfully if we have closure under countable
union as well.

DEFINITION. A o—algebra, or tribe, of parts of X is an algebra which is also closed under countable
union, that is, if (A, )nen is a sequence of elements of A, then also | .y An € A.

And a complementation closed subset of P(X) is a o—algebra iff it is closed under countable inter-
section, always by De Morgan’s formulae.

neN

EXAMPLE 2.1.1. For any set X there is a largest algebra of parts of X, namely P(X) itself, and a
smallest algebra, namely {0, X }; these are also c—algebras.

EXAMPLE 2.1.2. Given any set X, the subset A of P(X) consisting of all finite and cofinite subsets of
X is an algebra, which is not a tribe unless X is finite. And the subset B of all countable or co—countable
parts of X is a tribe, which coincides with P(X) iff X itself is countable.

EXAMPLE 2.1.3. An algebra A of parts of X is finite when it has a finite set of elements. Of course
a finite algebra is also a o—algebra. In 1.4.1 we proved that

. FINITE BOOLEAN ALGEBRAS Let A be a finite subalgebra of P(X). Then there is a finite partition
{A41,... A} of X, with Ay € A for every k = 1,...,m, such that every A € A is representable, in a
unique way, as

A= LJA;€ with S a subset of {1,...,m}.
kesS
This partition is the natural basis of the algebra A.

2.1.3. Finitely additive measures, premeasures, measures.

DEFINITION. Let A be an algebra of parts of X, and let u: A — [0, +00] be a positive extended real
valued function. We say that u is a finitely additive measure if u is finitely additive. We say that u is a
premeasure if it is also countably additive. A measure is a premeasure whose domain A is a c—algebra.

Recall that by definition of additivity u(#) = 0. We observed in 2.1.1 that countable additivity is
stronger than finite additivity: that is, every premeasure is also finitely additive; we note here that it
is strictly stronger: on an infinite set X let A be the algebra of finite or cofinite parts of X (see 2.1.2);
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define p : A — [0, 400 by u(A) = 0 if A is finite, and u(A) = 1 if A is cofinite. It is easy to check
that p is finitely additive (two cofinite subsets of N are never disjoint), but if X is countable then y is
not countably additive: u(X) =1# > v p({z}) =2 ,cx0 =0, so that x is not countably additive.
However if X is uncountable then p is a premeasure, i.e. countably additive, as it follows from the next
exercise.

EXERCISE 2.1.4. Let X be an uncountable set, and let A be the o—algebra of countable or co—-
countable subsets of X (2.1.2). Define u: A — [0,4+00[ by p(A) = 0 if A is countable, u(A4) = 1if A is
co—countable. Prove that u is a measure (called the co—countable measure).

Solution. Let (Ao, A1,...) be a disjoint sequence of elements of A. Let A = |J7_, An; if A is countable,
then all A, are countable, and u(A) = u(A,) = 0 for every n. If A is cocountable then one of the A,’s must
be cocountable, since a countable union of countable sets is countable, and in an uncountable set no countable
subset is also cocountable. Say that Ao is cocountable: then A, is countable for every n # 0, being contained in
X N Ag. Then 1 = u(A) = u(Ao) +04+0+ 0+ ... holds true. d

The simplest example of a non entirely trivial measure is the following: given a set X and a positive
function w : X — [0, +00] we define p = i,y : P(X) — [0, 400] by setting

u(A) = Zw (: sup{z w(x): FCA, F ﬁnite}) (finite or +00).
A

zeF

Countable additivity has been proved in 1.10.1, in a stronger form, for any family of disjoint sets, of
arbitrary cardinality. We can think of X as the universe, and at every point of X there is a mass w(x);
when w(z) > 0 we can think that {z} is an atom; p(A) is the sum of the masses of all atoms contained
in A. When w(z) =1 for every € X we get the counting measure on X: the measure of a subset is its
cardinality when the subset is finite, and is otherwise +0o. When w is the characteristic function of a
singleton {c} C X we get the so called Dirac measure at ¢, or unit mass at c, often denoted .: we have
only one atom, {c}, so d.(A) = 11if ¢ € A, 0.(A) = 0 otherwise. Construction of non-atomic measures,
like Lebesgue measure, is a non trivial matter that requires some effort.
2.1.4. First properties of measures.

. Let A be an algebra of subsets of X, and let u : A — [0, 400] be a finitely additive positive measure.
Then

(i) w is monotone, that is, if AC B and A, B € A, then p(A) < u(B).
(il) p is finitely subtractive, that is, if A C B, A,B € A, and u(A) < oo, then u(B ~ A) =
u(B) - p(A).

Proof. (i) We have B = AU (B ~ A), disjoint union, so that u(B) = u(A) + u(B ~ A) by finite
additivity; since u(B ~ A) > 0, we have u(B) > p(A).

(ii) Since p(A) is finite, we can add —u(A) to both sides of the equality u(B) = u(A) + u(B ~\ A)
obtaining pu(B) — pu(A) = p(B ~ A); if u(B) is finite this is an equality in R, otherwise both sides are
00. (]

When A C B and u(A) = oo, then of course by monotonicity also p(B) = oo, and u(B ~\ A) can be
anything, finite or infinite: e.g take the counting measure on N, B =N and A = {n € N: n > m}; we
have BN A ={0,...,m—1} so that u(B~ A) = m; or take B = N and A = 2N, subset of even numbers:
then u(B N A) = oo.

2.1.5. Countable subadditivity. Given a positive set function u : A — [0, +00], where A is an algebra
of subsets of X, we say that p is countably subadditive if whenever (A, ).cN is a sequence of elements of
A whose union | J,, .y An belongs to A we have

7 <U An> < iu(An)-
neN n=0

We have the following:

PROPOSITION. Let pi: A — [0,+00] be a positive finitely additive measure, where A is an algebra of
subsets of X. Then u is countably additive if and only if it is countably subadditive.
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Proof. There is a standard trick, worth remembering, to write a countable union of elements of an
algebra as a disjoint countable union of elements of the same algebra. Given the sequence Ag, Aj,... of
elements of A we set

n—1
By = Ag; By = A1 N Ag,...,in general B, = A, \ (U Ak> ;
k=0

it is immediate to prove that the B, ’s are pairwise disjoint and that, for every m € N:

O A, = 6 B,, so that also G A, = G B,
n=0 n=0 n=0 n=0

moreover B, C A, for every n € N. This immediately shows how countable subadditivity follows from
countable additivity, for positive measures:

1 <U An) =y (U Bn> =§;u(3n);

neN neN

and since B,, C A,, for every n, we have u(B,) < u(A4,) for every n, so that the last sum is dominated
by 3> 0o #(An).

And it is easy to show that finite additivity and countable subadditivity together imply countable
additivity; if A= A, disjoint union, then for every m we get

neN
S (An) = p (U An> < u(A),
n=0 n=0

the last inequality due to monotonicity. Then, letting m tend to infinity we get

S n(An) < uA),
n=0
and the reverse inequality is provided by countable subadditivity. (I

EXERCISE 2.1.5. Define finite subadditivity and prove that a positive finitely additive measure is
finitely subadditive.

EXERCISE 2.1.6. Let A be an algebra of parts of X and let u : A — [0,00] be a premeasure. We
say that two sets A, B € A are almost disjoint if p(AN B) = 0. Prove that if (Ag)ken is a sequence of
pairwise almost disjoint sets in A, with union A = (J, .y Ar € A then

w(A) = 3 u(Ap).
k=0

. , . . L . k—

Solution. Let’s apply the usual trick for making a disjoint union, By = Ap (Uj:é Aj). We
have By C A, and if the Ay’s are pairwise almost disjoint then p(Bj) = p(Ag): in fact Ax \ By =
AN (Uf;ol Aj) = Uf;ol A N Aj is a finite union of sets of measure zero, and has then measure zero.
Then, since A = J,cny Ax = Upen Br We have

p(A) = (B =Y p(Ax)
k=0 k=0
(the first equality due to the fact that the By’s are pairwise disjoint), as desired. (I

2.1.6. Continuity for increasing sequences.

. CONTINUITY FROM BELOW Let p1 : A — [0,400] be a positive finitely additive measure, where A
s an algebra of subsets of X. Then p is countably additive if and only if for every increasing sequence
Ao C Ay C ... of sets in A whose union A = A, belongs to A we have pu(A) = lim, 00 u(Ay)(=
sup{u(A,) : n € N}).

neN
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Proof. Assume p countably additive and let A,, be as in the statement. If B, = A, A,_1 forn > 1,
and By = Ag we have that A is the disjoint union of the B,,’s, so that

o0 m m
pA) = D p(Ba) = lim (Z “<B")> = (U B”) = Jim_p(An)
n=0 n=0 n=0
We have proved that countable additivity implies continuity for increasing sequences. We leave to the
reader the easy converse, that finite additivity and continuity for increasing sequences together imply

countable additivity. O

2.1.7. Decreasing sequences. What about decreasing sequences? In general the analogous statement
is false: given N with the counting measure, and A,, = {k € N: k > n} we have that Ag 2 A; D ..., and
p(Ay) = oo for each n € N, so that lim,, o p(Ay) = 00, but (" A, =0, and p(@) = 0 # co. However:

. CONTINUITY FROM ABOVE ON SETS OF FINITE MEASURE Let i1 : A — [0, 400] be a positive count-
ably additive premeasure, where A is an algebra of subsets of X. Then for every decreasing sequence
Aog 2 A1 D ... of elements of A whose intersection A = [, oy An belongs to A, and is such that
w(Ap) < oo for some m € N, we have pu(A) = limy, o0 pt(Ay) (= inf{u(A4,) : n € N}).

Proof. By discarding the first terms and reindexing the sequence if necessary we may assume that
w(Ap) is finite, so that all u(A,) and p(A) are finite; and we have that Ag \ A, is an increasing sequence
in A whose union is Ag ~ A € A; by 2.1.6 we have u(4p ~ A) = lim, o0 p(A4o \ Ap); but by finite
subtractivity:

p(Ao) = u(A) = p(Ao ~ A) = lim (u(Ag ~ An)) = lim (u(Ao) — p(An)) = p(Ao) — lim_ p(An),
which clearly implies p(A) = lim, 00 1(Ay). O

EXERCISE 2.1.7. Let u: A — [0, +00] be a positive finitely additive measure.

(i) Assume that for every decreasing sequence Ag 2O A; O ... of elements of A with empty inter-
section we have lim,,—, oo t(A;,) = 0. Then p is countably additive.

(ii) Assume that p verifies the thesis of the above proposition, that is: for every decreasing sequence
Ap 2 A; D ... whose intersection A = [, . An belongs to A, and is such that p(A,,) < oo
for some m € N, we have p(A) = limy, 00 p1(An)(= inf{u(A,) : n € N}). Prove that pz(,) is
countably additive; here F(u) = {A € A: u(A) < oo} is the ideal of sets of finite measure.

The next problem requires the notions of liminf and lim sup for a a sequence (A, )nen of subsets of
a set X given in 1.9; recall that from the definitions we have

liminf A,, = Ayl limsup 4,, = A, .
nree go (nom ) nﬁoop 77@0 (nL—Jm )
EXERCISE 2.1.8. Let p : A — [0, +00] be a measure (that is, u(@) = 0, p is countably additive, and
A is a o—algebra) and let (A, )nen be a sequence of sets in A.
(i) Prove that p(liminf,, o Ay) < liminf, e p(Ay).
(ii) Assume that for some m € N we have p (U~ An) < co. Then
limsup pu(A,) < p(limsup 4,,).

n—oo n—oo

(iii) Prove that if > 7 ; u(A,) < oo, then p(limsup,,_, . An) = 0.

Solution. (i) For simplicity let B,, = ()., Apn; for every m, and every n > m we have B,, C A, so

n=m

that, by monotonicity, u(B,,) < u(A,) for every n > m and hence
(*) #(Bm) < inf{p(An) : n > m};
now B, is an increasing sequence of sets of A whose union is liminf, o, A,; and a,, = inf{u(4,) :
n > m} is an increasing sequence in R which by definition has liminf,,_,c p(4,) as limit; so we get the
required inequality simply by passing to the limit in (*).

(ii) Repeat, mutatis mutandis, the proof of (i), this time using continuity from above instead of
continuity from below.

(iii) By countable subadditivity we get 1 (U;—,, An) < Yoo, i(Ay); and if the series converges then
limy, o0 (3 oe,, #(Ay)) = 0. O

EXERCISE 2.1.9. Let A be an algebra of subsets of X. Then A is also a o—algebra if and only if
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(i) A is closed under countable disjoint union, that is, for every disjoint sequence (A;)nen of
elements of A the union (J;. , Ay belongs to A.
(ii) A is closed under countable increasing union, that is, for every increasing sequence Ag C A; C
. of elements of A the union (J;” ; A, belongs to A.
(iii) A is closed under countable decreasing intersection, that is, for every decreasing sequence Ay 2
A1 D ... of elements of A the intersection ﬂzozo A, belongs to A.

2.1.8. Operations and order on premeasures. If p,v : A — [0,400] are premeasures on the same
algebra of parts of subsets of X, then y+ v : A — [0,400] defined by (1 + v)(A) = u(A) + v(A) is also
a premeasure; and if o > 0 then oy : A — [0, +00] defined by (o p)(A) = au(A) is a premeasure. Also,
if (ux)aen is any family of premeasures, then = >, pa, the function p: A — [0, 00] defined by:

w(A) = ZM)‘(A) (:: sup{z ux(A); F CA, Fﬁnite}) ,
AEA AEF

is a premeasure on A (countable additivity is a consequence of unrestricted associativity of sums of

positive numbers). Given a function w : X — [0, 00] the measure p,, defined in 2.1.3 is often denoted

> wex w(x) 6z, an infinite positive combination of Dirac measures. There is also a natural partial order

on premeasures: p < v means that u(A) < v(A) for every A € A.

EXERCISE 2.1.10. Assume that po < g1 < ... is an increasing sequence of premeasures on an algebra
A. Prove that then p(A4) = lim,_ oo pin(A) (= sup{pn(A); n € N}) defines a premeasure p on A.

2.2. Radon—Stjelties premeasures on R and R”. There is a quite natural correspondence be-
tween positive premeasures on the algebra A of plurintervals of R which are finite on compact intervals
(called here Radon—Stieltjes premeasures; clearly they are finite also on bounded intervals) and increasing
functions f : R — R; this correspondence is also a bijection if we conventionally restrict the admissible
class of increasing functions. We now describe this correspondence. For basic facts concerning increasing
functions see 1.3.5.

2.2.1. Premeasures to functions. Let p : A — [0,400] be a Radon—Stieltjes premeasure on the
interval algebra A of R. Define f = f, : R = R by setting

f(z) = p(0,2]) forx>0; f(x)=—wu(z,0]) forz<O.
It is immediate to check that f is increasing, and f(0) = 0. Moreover, f is right—continuous: if > 0,
and z; | x, then 0, z] = ﬂ?’;O]O, x;] and all |0, ;] have finite measure, so that p(]0, z]) = lim;_,o ©(]0, z;])
by continuity from above of premeasures; and if z < 0 and x; | z, then ]z,0] = U;‘;O]xj,O] and

p(Jz,0]) = lim; o p(Jz;, 0]) by continuity from below of premeasures. We leave it to the reader to check
that for a,b € R

p(la, b)) = f(07) = f(a™); p(la, b]) = f(bF) — fa™); u(la, b)) = F(b7) — fla™),...

etc; in particular for every ¢ € R we have, since {c} = [¢, ¢]:

p({c}) = f(c") — f(¢c7) =os(c) the jump of f at ¢,
so that f is continuous at a point c if and only if the singleton {c} has measure 0.
The function f is the distribution function (it. funzione di ripartizione) of the premeasure p, with
origin 0.

REMARK. When the premeasure y is finite, e.g. in probability theory, another distribution function
is preferred, the one with origin —oo:

F(z) = Fu(x) = p(] — oo,z]), forevery z € R.

Clearly F differs from f by an additive constant: we have f(z) = F(x) — F(0) = F(x) — p(] — 00, 0])
(prove it), so that F' has the same properties as f, in particular it is right continuous, but now F'(0) is
not necessarily 0, and F(—o00) := limg_, o F(x) = 0 (why?).

EXERCISE 2.2.1. Consider the premeasure p = (1/2)d_1 + (1/3)dg + (1/7)d1 /2 + d1; plot the graphs
of F,, and f,.

EXERCISE 2.2.2. Prove that there is an increasing right continuous function F' : R — R such that
F(—c0) = 0, F(c0) = 1, and the set of discontinuities of F is exactly the set @ of all rationals. Prove
that every such function is necessarily strictly increasing.
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Solution. We prove the last assertion first. Given x < y, there is a rational r €]z, y[, hence
F@)<F(r )< F(rT)=F(r) < F(y), sothat F(z)< F(y).

Choose a bijective indexing n +— 7, of the rationals. Define w : R — [0,4o00[ by w(z) = 0if z €
R\ Q, and w(z) = 1/2"" if 2 = r, € Q; w gives a measure g = j,, on P(R) by the formula
w(E) = > cpw(z); clearly this measure is finite (#(R) = 1), in particular it is a Radon measure.
Define ' : R — R by F(z) = pu(] — oo,2]) = > ,., w(t) (as in the Remark above). Then F' is right-
continuous and F(z~) = u(] — o0, z]) = pu(] — o0, 2] — {z}) = F(z) — p({z}) = F(z) — w(z), so that
F is discontinuous at z iff w(z) > 0, i.e. iff x € Q; the jump at x is exactly w(z) = u({z}). And
F(oo) =3, cpuw(t) =307 1/2"th = 1. O

2.2.2. Functions to premeasures. Assume now that we have an increasing function f : R — R.
Inspired by the above construction we define a set function A = Ay : Z — [0, +00] on the semialgebra 7
of all intervals of R by setting

Aa, b)) = £(b7) = f(a™); Ala, b)) = F(bT) — f(a™); A(la, b)) = F(b7) = f(a™),...

etc. (by definition f(+00) = sup f(R) and f(—o0) = inf f(R)). It can be proved that this set function
is finitely additive on Z (try to prove it; the proof is in 2.2.4), so that we can extend X to a finitely
additive measure on the interval algebra A. We prove that A is also countably additive by proving that
it is countably subadditive (recall 2.1.5 ).

We need first the following fact, whose proof is easy (a trivial application of left and right limits for
f) and left as an exercise:

. For every interval I of R we have

AI) =sup{\(K): K C I, K a compact interval}
A(I) =inf{\(J): I C J, J an open interval}.

Finally we prove

PROPOSITION. With the above notations and terminology, if I and I,, are intervals, and I C J;~_, I,
then AN(I) <3207 MIy,).

Proof. 1t 5~ | A(I,) = oo there is nothing to prove. If not, then A\(I,,) < oo for every n > 1; given
e > 0 pick an open interval J,, containing I,, such that A(J,,) < A(I,,) +¢/2". If K is a compact interval
contained in I, then K C I C {J;2; I, € U,~; Jn. Then {J, : n > 1} is an open cover of the compact
interval K, which must have a finite subcover. In other words there is m > 1 such that K C U?:l Jn, SO
that

By finite subadditivity we get

A (O Jn> < iA(Jn) < i (AMIn) +€/2™) < iA(In) +e,

n=1

so that, for every compact interval K contained in I and every € > 0:
AK) < 3T + =
n=1
since € > 0 is arbitrary we get
AMK) < i)\(ln),
n=1
and taking suprema as K varies in the compact subintervals of I we get A(1) < >~ | A(I,,), as desired. O

The premeasure \; associated to the identity function f(z) = x of R is the length, or Lebesgue
premeasure, of the intervals.
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2.2.3. Conclusion. We have seen how to associate to every Radon—Stieltjes premeasure u on the
algebra of intervals a right—continuous increasing function f,, its distribution function, which is 0 at 0,
and conversely to every increasing f : R — R a Radon-Stieltjes premeasure Ay on intervals. Of course
the same measure Ay is obtained if we consider f + k, with k a real constant, in place of f; and if f, g
are increasing functions that coincide where they are continuous, then again the measures Ay and A,
coincide. We standardize a choice by taking right continuous increasing functions which are 0 at 0; in
this way we have a bijective correspondence between premeasures and functions.

REMARK. For finite premeasures u one often standardizes by taking distribution functions F}, still
right continuous, but with F),(—o0) = 0, so that f, = F,, — F,(0), as seen above.

Every increasing function f : R — R, even not normalized, defines anyway a Radon—Stieltjes pre-
measure on intervals, often written df; this notation is due to the fact that if f € C1(R), or even if f is
continuous and only piecewise C!, we have for every interval [a,b] (or ]a,b] or [a,b], or |a,b], with a < b
and a,b € R):

b b
£(b) — F(a) = As([a,b]) = / df(t) emd  f(b) — f(a) = / F(t)dt,

the last equality being the fundamental theorem of calculus. The premeasure is in some sense the
derivative of its distribution function.

Finally, we have considered only measures and functions on the entire real line R, but it is quite
clear that the same constructions, with obvious modifications, can be repeated for increasing functions
and measures on any interval I of R: boundedness will now have to be replaced with "having a compact
closure in I”. For instance, the function log defines a measure on ]0, co|, finite on compact subintervals,
but infinite on the bounded subinterval |0, 1], whose compact closure is not contained in ]0, cof.

2.2.4. Proof of finite additivity. We have to prove that if I = |J"_, I,, where I is an interval and
I,, are pairwise disjoint intervals, then \f(I) = > | Af(I,) (see 2.2.2). Observe that if I; and I, are
disjoint intervals, then either I; < Ij (in the sense that © < y if z € I; and y € Ij) or I < Ij, so

that we may assume that Iy < I, < --- < I,,,. Since then I; U---U I,,,_1 is also an interval, we are
reduced to proving the case m = 2; this is boring (various cases have to be considered, e.g. I = [a,b] and
[a,b] = [a, c]U]e, b] or [a,b] = [a, c[U]c, b] etc.) but easy.

2.2.5. Radon premeasures on intervals of R™. A Radon premeasure on R™ is a premeasure defined
on the algebra A, of n—dimensional intervals of R™, u : A, — [0,00], that is finite on all compact
intervals (hence also on all bounded intervals). A standard way of obtaining Radon premeasures on R"
is the following: if ug : A1 — [0,00], k = 1,...,n is an n—tuple of Radon premeasures on R! we define
wi Ay —[0,00] by p(fy x -+ x I,) = [Tp—; p(Ix) (making use of co-0 =000 = 0); this is the (tensor)
product premeasure of the premeasures p,. One can verify that u is indeed a premeasure on A, (it is not a
completely straightforward proof, even finite additivity is not at all immediate). The most important case
is that of the n—dimensional Lebesgue premeasure A\, = A\$", product of n one dimensional measures.

EXERCISE 2.2.3. (Important)

(i) Given a,b € R with a < b write an explicit decreasing sequence Jj of open intervals with
intersection I =]a,b] and an explicit increasing sequence K; of compact intervals with I as
union.

One can then prove easily (accept this fact) that every interval I of R is the intersection of a decreasing
sequence of open intervals, and the union of an increasing sequence of compact intervals; moreover, if the
interval is bounded the open intervals may also be taken bounded.

(ii) Prove that the same is true for n—dimensional intervals.
(iii) Assume that p : A, — [0,+00] is premeasure finite on bounded intervals. Then we have, for
every interval I:

w(I) =sup{u(K): K CI, K a compact interval},
and if I is bounded then also
*) p(I) =inf{u(J): J 2 1, J a bounded open interval};

(iv) Let p: A, — [0, +00] be a finitely additive measure on the n—dimensional interval algebra A,,,
that is finite on bounded intervals. Assume that for every interval I we have:

p(I) =sup{u(K): K C I, K a compact interval},
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and that for every bounded interval I:
p(I) =inf{u(J): J 2 I, J a bounded open interval};
then p is a premeasure (i.e it is countably additive).

Solution. (i) Take Jx =la,b+ 1/k[ and K; = [a + (b —a)/j,b], with k,j > 1.

(ii) consider the interval I = []}_, I. For every k € {1,...,n} let K¥, r =1,2,... be an increasing
sequence of compact intervals with union I, and Jf, r=1,2,..., a decreasing sequence of open intervals
with intersection I,. Then L, = [],_; KF r > 1is an increasing sequence of compact n—dimensional
intervals with union 7, and U, = []}_; J¥, r > 11is a decreasing sequence of open n—dimensional intervals
with intersection I. Since a product of bounded one-dimensional intervals is bounded, the open intervals
U, are bounded if I is bounded.

(iii) The fact that u(I) is the supremum of the measures of compact intervals contained in (i) is
an immediate consequence of (i) and continuity from below of premeasures. For p(I) the infimum of
measures of open intervals containing it, we can again use (i) and continuity from above for decreasing
sequences of sets of finite measure: a bounded interval is the intersection of a decreasing sequence of
bounded open intervals.

(iv) We need to prove countable subadditivity, that if an interval I is the union of a sequence I, of
intervals then p(I) < Y 7, u(Ii). If the intervals I are bounded we can repeat verbatim the argument
given in the proposition 2.2.2 to prove the assertion. If some I is unbounded, take a compact interval
K C I; we then have, by the bounded case:

NE

w(K) <y p(lyNK);

el
Il

1

since p(I N K) < u(Ix) we get
p(K) < u(Iy),
k=1

for every compact subinterval K of I; taking suprema as K varies among compact subintervals of I we
conclude. O

REMARK. Unlike the one—dimensional case, it is in general not true that the measure of an unbounded
n—interval is the infimum of the measures of the open intervals containing it, if n > 2. For instance,
the y—axis {0} x R has 2—dimensional Lebesgue measure 0, but every open interval containing it has
measure oo.

2.3. Borel sets and oc—algebras generated by a class of sets. Given a set X, we may consider
the set of all o—subalgebras of P(X), called c—algebras on X; this set is partially ordered by inclusion,
and it is clear that the intersection of a set of o—subalgebras of P(X) is a o —subalgebra of P(X). Given
an arbitrary subset £ of P(X), we may consider the set of all the c—algebras on X containing £ (there is
always one, at least all of P(X)); the intersection of this set is the smallest c—algebra on X containing
&, is denoted by M(E), and called the o—algebra generated by £. Unless & is finite (a very peculiar case,
discussed in 1.4.1) there is no simple way of describing all the elements of M(E). Of course, if £ and
F are classes of subsets of X, and £ C F then we have M(E) C M(F): every o—algebra containing F
contains also &, so that M(F) is the intersection of a smaller set of c—algebras than M(E), and hence
is a larger o—algebra.

DEFINITION. If (X, 7) is a topological space, the Borel o—algebra on X is the o—subalgebra B(X)
of P(X) generated by the topology .

The elements of B(X) are called Borel sets of X (it. boreliani). Trivially the closed sets generate also
B(X). We focus now on B(R). It is generated by various interesting classes of subsets of R: all intervals;
the open intervals; the closed intervals; the open (closed) left rays | — 0o, a[ (a € R) or the open (closed)
right rays |a, +oo[ with a € R; and we can even let a vary on a dense subset C of R, instead of all of R.
We give only one of these proofs; from this all the others should be clear:

. Let C be a dense subset of R. Then the family Ec¢ = {Ja,+oo[: a € C} generates B(R) as a
o—algebra.
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Proof. Since E¢ is contained in the topology of R, the generated c—algebra is smaller than B(R). Let’s
prove that all open sets are contained in M(&¢). First observe that all open right rays are contained in
M(Ec): given a € R, pick a sequence a,, € C such that a,, — a and a,, > a; then ]a, +oo[= |, cy]an, +o0l.
By complementation, M(E¢) contains every closed left ray, | — 0o, b], and by intersection every left half—
open interval Ja,b]. But since every open interval is a countable union of half open intervals, in fact
la, b}= U, ]a,b — (b — a)/2"], M(Ec) contains all open intervals, hence all open sets, because every
open set A is a countable union of open intervals (e.g, those contained in A with both extremes in Q). O

Similarly, B(R"™) is generated by all intervals, or all open intervals; this is easy, since every open subset of R"
is a countable union of cubes of rational side-length, and center in Q™.

2.3.1. The tribe induced on a subset. If M is a o—algebra of parts of the set X, and S is a subset of
X, then

Ms={ANS: Ae M)}

is a o—algebra of parts of S, as is easy to see; it is the o—algebra induced, or traced, by M on S. We
have

PROPOSITION. Let X be a set, S subset of X, £ a subset of P(X), M = M(E) the o—subalgebra of
P(X) generated by E. If Mg ={ANS: A€ M} is the o—subalgebra of P(S) traced by M on S, then
Mg is the o—subalgebra of P(S) generated by {ENS: S € E}.

Proof. Let N be the o— subalgebra of P(S) generated by {ENS: S € E}. Clearly Mg D{ENS:
S € £}, so that Mg D N. On the other hand the set {A C X : ANS € N} is a o—subalgebra of P(X);
this c—algebra contains &, hence also M = M(E), in other words, AN S € N for every A € M, that is,
Ms CN. O

COROLLARY. If (X, T) is a topological space, and S C X has the induced topology, then B(S) is the
o—algebra induced on S by the Borel o—algebra B(X).

EXERCISE 2.3.1. Let M be an infinite c—algebra of parts of X. Prove that there is a countably
infinite partition (A, )nen of X consisting of elements of M. Deduce that every infinite c—algebra has
cardinality not less than the continuum ¢ = |P(N)].

Solution. We prove that if M is an infinite algebra of parts of X then X admits a countably infinite partition
(An)nen consisting of elements of M; when this is done, if the algebra is a o—algebra then we have an injective
mapping of P(N) into M defined by S+ |J,,c5 An.

The proof is by induction, based on the following trivial observation: if {X1,...,X,,} is a finite partition of
X by elements of M then at least one of the X} may be split as X = AU B, disjoint union of two non empty
sets A, B € M: if not, M has only 2™ elements (those obtained from unions of the X}’s, see 2.1.3).

Starting with the trivial partition Xo,1 = X, we split X as the disjoint union of Xi,1, X12 € M, both
non—empty; and one of these sets may be further split giving the partition {Xs1, X222, X2,3} which refines the
preceding one; by what above observed the process never stops, and yields the required countable partition.

REMARK. In fact we have proved that M contains a copy of the o—algebra P(N) of all subsets of N.

2.4. Measurable spaces; measure spaces; complete measure spaces.

DEFINITION. We call measurable space an ordered pair (X, M) consisting of a set X and a c—algebra
M of parts of X. We call measure space a triple (X, M, p), where (X, M) is a measurable space, and
i M — [0, +00] is a measure on M.

In a measurable space (X, M) the elements of M are often called measurable sets. The o—algebra
of a measure space has two noteworthy ideals (see 1.5): the ideal F(u) = {A € M : u(A) < oo} of sets
of finite measure, and the o—ideal (see the remark below) N () = {A € M : pu(A) = 0} of sets of 0
measure: notice in fact that, by countable subadditivity, every countable union of sets of zero measure is
still a set of measure zero.

REMARK. In a g—algebra the c—ideals are ideals closed under countable union: in a measure space the sets
of zero measure, and the sets of o—finite measure (see next section) are both oc—ideals. The notion of ideal is
however not terribly important in measure theory, and we use only, from time to time, the name.
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2.4.1. Complete measure spaces and completions. A measure space (X, M, p) is called complete if
every subset of a set of p—measure zero is still measurable, i.e. N C M and (M) = 0 imply N € M
(and p(N) = 0 too, of course). We can always enlarge the o—algebra of all measurable subsets of a
measure space (X, M, i) to get a complete measure space (X, M, ji): define M as the set of all E C X
such that there are A, B € M with A C F C B and u(B ~ A) = 0 (observe that it is equivalent to define
M as the set of all S € P(X) of the form AU N, where N is subset of a set M € M with u(M) = 0). It
is easy to see that M is a c—algebra containing M, and that the formula fi(E) = u(A)(= p(B)) defines
a measure Ji : M — [0, c0] which makes (X, M, i) a complete space (see below).

Proof. M is a o—algebra: if A C E C B and (B~ A) = 0 we have X \ B C XN E C X ~ A4 and
(X N A)~ (X N B) = B\ A, so that M is complementation closed. If (En)nen is a disjoint sequence in M, and
An C E, C By, then J,, 4» C U, En C U, Bn and U, Bn ~U,, An C U,,(Bn ~ An), with |, (Bn ~ Ay) of
measure zero, so that |J,, En € M. And if the E,’s are pairwise disjoint, then so are the A,’s, so that

#(UE) = (Uan) = ot = S

n

O

2.4.2. Subspaces of a measure space. If (X, M, u) is a measure space and S € M, we have the
trace o— algebra Mg = {ANS : A € M}; since Mg C M, the measure p restricts to a measure
| S : Mg — [0,00]; the triple (S, Mg, p | S) is the measure space induced on S by the original one.

REMARK. Unlike the notion of measurable subspace, where measurability of S was not assumed, we
suppose here that S € M. It is possible to give a notion of induced measure on the subspace (X, Mg)
even with S ¢ M (and thus Mg € M), but the generality thus gained seems to be not worth the trouble.

2.4.3. Finite, o—finite and semifinite measure spaces.

DEFINITION. A measure space (X, M, ) is said to be:

(i) Finite if u(X) < oo, in particular a probability space if u(X) = 1;
(ii) o—finite if X can be covered by countably many sets in M of finite measure;
(i) semifinite if for every E € M with pu(FE) > 0 there is F C E, F € M, with 0 < u(F) < co.

We have that finite implies o—finite, and o—finite implies semifinite. The first implication is trivial;
for the second, if A9 C A; C Ay C ... is a sequence in M such that A, T X, with each A, of finite
measure, for every £ € M we have that E N A,, T E, and each F N A,, is of finite measure, so that
p(E) = lim, p(E N A,) =sup{u(ENA,): n € N}, clearly proving semifiniteness of the measure. Most
spaces of interest in analysis are o—finite. Non semifinite spaces are rather pathological: by definition
they contain measurable sets on which the induced measure has the values 0, co and no other value
(atoms of infinite measure, see below, 2.4.4). Often what is needed in a proof is only the fact that every
set of nonzero measure contains a subset of finite nonzero measure, that is semifiniteness, much less than
o—finiteness. But o—finite measure spaces are the only ones well-behaved under products.

EXAMPLE 2.4.1. Let (X, P(X), 1) with u the counting measure; p is o—finite iff X is countable, and
is always semifinite. For a non semifinite measure consider a non—empty set X, with the trivial c—algebra
{0, X} and the measure which is zero on the emptyset and oo on X.

2.4.4. Atoms; purely atomic and atomless measure spaces.

DEFINITIONS. An atom in a measure space (X, M, u) is a set A € M such that 0 < u(A), and for
every measurable E C A we have either u(E) =0 or u(A~\ E) =0.

A measure space is said to be atomless if it has no atoms. It is called purely atomic if every A € M
of strictly positive measure contains an atom.

A tipical example of a purely atomic measure space is the space (X, P(X), py) where w : X — [0, 00|
is any function (see 2.1.3). All purely atomic measure spaces are essentially of this sort. An atomless
measure space will be the real line with Lebesgue measure.

Of course, measure subspaces of atomless measure spaces are also atomless, and measure subspaces
of purely atomic measure spaces are purely atomic.
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2.4.5. Direct sums of measure spaces. Let X, Y be disjoint sets and let A and B be o—algebras over X and
Y respectively. The direct sum, or coproduct, of the two oc—algebras A and B is the o—algebra A@® B over X UY
defined by {AUB : A € A, B € B} (verify that it is a s—algebra). If u: A — [0,00] and v : B — [0, 0] are
measures, then g G v : A@ B — [0, 400] defined by @ v(AU B) = p(A) + v(B) is a measure on A @ B, as it
is immediately checked. The measure space (X UY, A® B, u @ v) is the coproduct of the two measure spaces
(X, A, ) and (Y, B,v), and of course has these both as measure subspaces. The construction may be extended
to an arbitrary family (Xx,Ax, ux)rea of measure spaces: assuming the X, pairwise disjoint we consider their
union X, and on it the o—algebra A = @AeA Ay consisting of all subsets A of X such that AN X, € A, for
every A € A; the measure is

p(A) =Y (AN Ay),

XEA
2.4.6. Exercises.

EXERCISE 2.4.2. Let (X, M, u) be a measure space. Assume that E € M has o—finite measure, and
that (Ax)xea is an almost disjoint family of measurable subsets of E of strictly positive measure. Prove
that then A is countable (hint: prove it first with u(E) < o0). Deduce from it that in a purely atomic
space every set £ € M of o—finite measure is a countable disjoint union of atoms of finite measure.

Solution. Assume first that 0 < u(E) < oo. For every finite subset F' of A we have

S u(Ay) = (U AA> < u(E),

AEF AEF

(the equality because the Ay are almost disjoint, the inequality by isotony of u), so that, denoting by
®(A) the set of all finite subsets of A:

> u(Ay) <:= Sup{z p(AN): F e ‘1>(A)}> < W(E) < oo;

AEA AEF

by 1.10.3 the set A is countable. If E has o—finite measure we can write £/ = |J, oy E(k), where each
E(k) has finite measure. Let A(k) = {A € A: p(AxNE(k)) > 0}. Then each A(k) is countable, by what
just proved; and A = (J, oy A(k) (if o € A belongs to no A(k), we have (A, N E(k)) = 0 for every k € N,
but then A, = (J,cy Ao N E(k) has measure zero, being a countable union of sets of measure zero).
Then, if F has o—finite measure it contains only a countable set of pairwise almost disjoint atoms
(all of finite measure, of course: an atom of infinite measure is almost disjoint from every set of o—finite
measure). If F' is the union of this set, then £\ F' contains no atom; and if the measure is purely atomic,
this means that u(E \ F) = 0. O

EXERCISE 2.4.3. Let (X, M, 1) be a measure space. Prove that the following are equivalent:

(i) inf{u(E): E€M, u(E) >0} =a>0.
(ii) Every E € M of finite nonzero measure is a finite disjoint union of atoms.

And if (i) holds then the space is purely atomic.

Solution. We prove the last assertion first, that if u(E) > 0 then some atom A is contained in E.
If u(E) = oo, and E contains no measurable set of finite nonzero measure, then FE itself is an atom of
infinite measure. If not, E contains some measurable subset Ey with 0 < u(Ep) < oo. If Fy is not an
atom, then it contains a measurable subset Fy with 0 < pu(F1) < pu(Ep); inductively, unless we find an
atom, we get a sequence Ey 2 F2 D ... of measurable sets with strictly decreasing measures, u(FEp) >
p(Eq) > ...; this clearly contradicts the hypothesis, since then > %  pu(Ey \ Eng1) < p(Ep) < oo, and
hence lim;, o0 ((En ~\ Ent1) = 0, but p(E, N Ep41) > 0 for every n. We are then bound to find an atom
contained in E.

(1) implies (ii): if 0 < p(E) < oo, since the space is purely atomic E is a countable disjoint union of
atoms (see 2.4.2), necessarily of finite measure; and since these atoms have measures bounded away from
zero this union must actually be finite.

(ii) implies (i): if (i) is false there is a sequence E(n) € M such that 0 < p(E(n)) < oo and
lim,, o p(E(n)) = 0; taking a subsequence if necessary we can assume p(E(n)) < 1/2". Then the set
E =J,~, E(n) has finite nonzero measure, and contains all atoms contained in any F(n), which cannot
be a finite set, since their measures have 0 as infimum not a minimum. ]
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2.5. Outer measures and extension of premeasures. To be able to construct a significant
theory we need to have measures defined on o—algebras of subsets of a set. Given a premeasure y defined
on an algebra A we prove that u can always be extended to a measure on the o—algebra M(.A) generated
by A. There are various ways of doing that. We describe the one that seems to be the most commonly
used nowadays, through outer measures.

2.5.1. Outer measures: definition.

DEFINITION. An outer measure on a set X is a function ¢ : P(X) — [0, +00] such that
(i) ¢(0) = 0;
(ii) ¢ is monotone, that is A C B implies ¢(A) < ¢(B);
(iii) ¢ is countably subadditive, that is, for every sequence (A, )nen of subsets of X we have

¢ <U An> <D (An).

neN

2.5.2. Constructing outer measures. A standard way of constructing outer measures is as follows: we
are given a set £ C P(X) and a function p : £ — [0,+00]. We define ¢ = ¢, : P(X) — [0,400] by
¢(0) = 0 and for every A C X:

P(A) = inf{i p(En): AC | En, En € 5}

n=0 neN

(the infimum is taken on the set of sums obtained as (E,)nen varies on all countable covers of A by
elements of &; if no such cover exists, then ¢(A) = +00). Trivially ¢ is monotone. To check countable

subadditivity assume that A = J,,cy An; we prove that

6(4) < 6(Ay).
n=0

If the right hand side is +oco there is nothing to prove. If it is finite, given € > 0 pick for every n a
countable cover (E(n, k) : k € N} of A,, by elements of £ such that

3 P, ) < 6(40) + S

Then {E(n, k) : (n, k) € N x N} is a countable cover of A =, cy An, so that

oA S D plEm k)= (pr(n, k))) <D (6(A40) + 57 ) = D 6(An) + e
(n k)eNXN n=0 \k=0 n=0 n=0

since € > ( is arbitrary we conclude.

REMARK. Notice that ¢ = ¢, is unchanged if we remove from £ the sets with p(E) = oo (if all
countable covers of A C X by elements of & must contain elements F € £ with p(E) = oo, then

¢p(A) = oo, anyway).
2.5.3. The outer measure associated to a premeasure. If A is an algebra of parts of X and pu: A —

[0, 0] is a premeasure, the outer measure defined on P(X) as in 2.5.2 is denoted by p* and it is the outer
measure naturally associated to the premeasure p.

. For every E C X we have

w*(E) = inf {ZM(A") . A, € A a disjoint sequence, u(A,) < oo, A C U An} .
n=0

n=0

(with the usual proviso that if no such cover exists, then u*(E) = c0).

The proof is left as an exercise, using 2.1.5. Notice that if A is a c—algebra, i.e. p is a measure, then
we have, for every £ C X:
p*(E) =inf{u(A): EC A, Ae A}
Notice also that, as observed above, u* depends only on the ideal R of A consisting of the sets of finite
measure; R is a ring of sets, closed under union and difference.
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2.5.4. Measurability with respect to an outer measure. If an outer measure ¢ on X is not countably
additive, then it cannot be finitely additive (2.1.5). This means that there are pairs F, F' of disjoint subsets
of X such that ¢(EU F) < ¢(E) + ¢(F) (subadditivity of course implies that ¢(E U F) < ¢(E) + ¢(F)).
This is a partial motivation for the following;:

DEFINITION. If ¢ : P(X) — [0,400] is an outer measure, a subset A of X is said to be measurable
(with respect to ¢) if for every E in P(X) we have

O(E) = (BN A) + ¢(E~ A)(= ((E N A) + (BN (X ~ A))).

Briefly: a set is measurable if it splits additively every other set. To check measurability we need
only to prove that ¢(E) > ¢(E N A) + ¢(E ~\ A), since subadditivity gives the other inequality; hence
we can also assume ¢(E) < co. Notice that all sets of outer measure 0 are measurable: if ¢(A) = 0 then
d(ENA) <¢(A) =0 for every E, so that ¢(ENA) + ¢(E N A) = ¢(E \ A) < ¢(F) by monotonicity.
One of the most important results of measure theory is

. THE CARATHEODORY THEOREM Let ¢ : P(X) — [0,400] be an outer measure. Then the set M
of all measurable subsets of X is a c—algebra on X, and the restriction of ¢ to M is a complete measure

on M.
We divide the proof in some steps.
. Step 1 M is an algebra.

Proof. First notice that M is closed under complementation, since the definition of measurability of
A is symmetric in A and X . A. To prove that it is an algebra we prove that it is closed under union.
Let A, B € M. We have to prove that ¢(F) coincides with:

(*) P(EN(AUB))+¢(E N (AUB))
for every £ C X. By measurability of A we have:
PEN(AUB))=¢(EN(AUB)NA)+¢(EN(AUB)\ A);

now EN(AUB)NA=FENA,and EN(AUB) N A= (E~ A)N B (just use distributivity of N with
respect to U), so that (*) becomes (noticing also that £\ (AU B) = (E ~ A) ~ B):

(**) PENA) + (B A)NB)+ (B~ A)

by measurability of B we have ¢((E~ A)NB)+ ¢((E~ A)\ B) = ¢(E \ A , so that (**) coincides with
(**%) P(ENA)+o(EN A,

which is ¢(F), by measurability of A. O

We have proved that M is an algebra. It remains to prove that it is a c—algebra, and that ¢ is
countably additive on it. Let us prove

. Step 2 If Ay, ..., A, are measurable and pairwise disjoint, then for every E C X we have

¢(Eﬁ(A1U~~~uAm)):ifb(EmAk).

k=1
Proof. This is easy by induction, we need to prove it for m = 2. In fact, if A is measurable, and F, B
are subsets of X, with B disjoint from A, we have, by measurability of A:

HEN(AUB))=¢(EN(AUB)NA)+d(EN(AUB)N(X NA)=¢(ENA)+¢(ENB).

. Step 8 M is a tribe, and ¢ induces a measure on M.

Proof. Since we know that M is an algebra, we need only to prove that M is closed under countable
disjoint union. Let (A, ),>1 be a disjoint sequence of measurable sets. Let E be a subset of X. For every
m > 1 measurability of [ J]_, A, implies

(E)=¢(EN(A1U--UAp))+d(EN (X N (AU UAp)),
and by Step 2 we get

S(EN (AU = $(EN Ap).
k=1
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If A=J;2, A, we have X N A C X \ (4; U---UA,,), so that, by monotonicity
BEN (X (A1 U+ UAW) > 6(E N (X~ A)) = 6(E ~ A)

hence

SE) > S 0B N A) + 6(E ~ A)
Taking the limit on the right-hand side as szlltends to infinity we get
) HE) > 3 0(E 1 A + 6B~ A) = 6(E 0 A) + 6E~ A),
k=1
the last inequality being due to countable subadditivity of ¢. Then A is measurable. From (*) we also
get, for every £ C X:

S(E) =D G(ENAx) + $(E A),
k=1
and putting in this equality £ = A we get countable additivity of ¢ on M. O

EXERCISE 2.5.1. Let X be a non—empty set, and define ¢ : P(X) — [0,00] by ¢(0) =0, ¢(X) =1,
and ¢(E) = 1/2 for ) G E G X. Prove that ¢ is an outer measure. Assuming |X| > 3, prove that the
only ¢—measurable sets are () and X. What can be said for |X| < 27

Solution. (of Exercise 2.5.1) Monotonicity and countable subadditivity are immediate. Assume that
a proper non—empty subset A of X is ¢—measurable (the existence of such a set implies that | X| > 1).
Pick FE such that F N A and F ~ A are both non—empty, say both consisting of one point. Then
H(E)=¢p(ENA)+¢(E~NA) =1/24+1/2 =1, which is possible iff F = X, and implies that X has
exactly two elements. In this case clearly ¢ is a measure on P(X). O

2.5.5. Extension of a premeasure. Assume now that we have a premeasure p : A — [0, 400] on an
algebra A of parts of X. In 2.5.3 we have defined the outer measure p* associated to . Then:

LEMMA. With p,p* and A as above, if A € A then: (i) p*(A) = p(A); (ii) A is p*—measurable.

Proof. (i) Clearly p*(A) < p(A) (consider the cover (A4,0,0,...)). And if (A, )nen is a countable
cover of A by elements of A we have A = J;” (AN A,), so that, by countable subadditivity of 4 on A,
we have pu(A) <30 (AN Ay); since (AN Ay) < p(Ay) for every n € N we get

p(A) <Y (AN AL) < (A,
n=0

n=0
for every countable cover (A, )nen of A by elements of A, proving that u(A) < p*(A).
(ii) Given A in A an E € P(X) of finite p* measure we have to prove that

W (B) > p* (BN A) + (B~ A).
Given e > 0 take a countable cover (A, )nen of E by elements of A such that Y u(Ay,) < p*(E) +e.
Since p(A4,) = p(4, NA) 4+ u(A, ~ A) we have
PHE)+e> > p(An) =D p(An A+ p(A, \ A);
n=0 n=0 n=0

since (A, N A)npen and (A, N A),en are countable covers of EN A and E \ A, respectively, we get

S uAn N A) 2 (BOA) S u(An ~ A) = pt(E N A),
n=0 n=0

so that
wW(E)+e>p (ENA)+ p" (BN A);
since € > ( is arbitrary this implies
P (E) Z p(ENA)+ p* (B~ A),
thus proving p* —measurability of A. O
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REMARK. The preceding lemma remains valid if we assume only that A is a ring of parts of X, with
u: A — [0,00] countably additive and zero on the emptyset: we do not need X € A, we only need to
know that A is closed under union and difference, as is apparent from the proof. This fact is often useful.
Countable additivity of p on A of course cannot be dispensed with.

2.5.6. Uniqueness of the extension. Let A be an algebra of parts of a set X, and let p: A — [0, +00]
be a premeasure on A4, and let p* be the outer measure induced from p. Caratheéodory’s theorem shows
that p may be extended to a complete measure fi on the o—algebra M, of p*—measurable sets, a
o—algebra of parts of X that contains A, and hence contains also the o—algebra M (A) generated by .A.
This is the Carathéodory’s extension of the measure, i : M, — [0,+00]. It is a maximal extension in
this sense: if v : § — [0, 00] is another measure on a o — algebra S containing A, and v coincides with
pon A, then v(E) < u(E) for every E € M, NS. In fact, if E € M, NS is covered by the sequence
(An)nen of A we have by subadditivity and monotonicity of v:

V(E) <3 v(Ay) = 3 ulAy) = v(B) < 1 (E) = a(E).

And we have equality for all sets of o—finite 1 measure:
If (E) < oo, given € > 0 we pick a sequence (An)nen of A which covers E and is such that > > | u(An) <
B(E)+e;if A=,2, An we have

= pin 7 (U ) = g o (0 0 =i
and we have
B(E) <ia(A)=v(A)=v(E)+v(ANE)<v(E)+ p(ANE) <v(E) +e¢,
so that fi(E) < v(FE) + ¢ for every € > 0, and hence i(E) < v(E); notice that a(A) < >0 u(An) < W(E) + €.
Since every set of o—{finite i—measure is a countable disjoint union of sets of finite measure, the proof is achieved.
The following proposition contains the relevant part of the preceding discussion.

PROPOSITION. Let A be an algebra of parts of a set X, and let n: A — [0,400] be a premeasure on
A. The Carathéodory’s extension extends p to a complete measure fi on the o—algebra M,,, a oc—algebra
containing M(A); if v: S — [0,00] is another measure on a c—algebra S containing A, which coincides
with 1 on A, then we have v(E) < i(E) for every E € M, NS, with equality for all sets E of o— finite
[L—measure.

Proof. See above. O

2.5.7. Approximation of sets of finite measure. The following simple fact will be very important in
integration theory:

Ifpr A— [0,400] is a premeasure and fi : M,, — [0,400] its Carathéodory extension, for every
E € M,, of finite i—measure and every € > 0 there exists A € A such that i(E A A) < e.

Proof. Find a countable cover (A, )nen of E by elements of A such that Y °  pu(An) < G(E) + ¢;
if B =, ,Anwe then have B € M, and fi(B) < fi(E) + ¢, equivalently fi(B \ E) < e (because
i(E) < 00). Pick m € N such that 33 _ ., u(A,) < e, and set A = |J,_; An. Then, noticing that
E~xACU? Ay

n=m-+1
N(EAA):;L(E\A)JFN(A\E)gM( U An>+u(B\E)§ > u(An) +e< 2.
n=m-+1 n=m-+1

2.5.8. An example.

EXERCISE 2.5.2. We have seen (2.1.3) that if X is a set and w : X — [0, 00] is a positive function
then the formula ju,,(A) = > ., w(z) for A C X defines a measure p,, : P(X) — [0,00]. We assume
that X is an infinite set, that w is finite-valued, and that p.,,(X) = oco. Let A be the subalgebra of
P(X) consisting of finite and cofinite subsets; define the set function p : A — [0,00] by the formula
w(A) = py(A) if A is finite, and p(A) = oo if A is cofinite.

(i) Prove that pu(A) = uw(A) for every A € A and that p is a premeasure

Let now p* : P(X) — [0, 00] be the outer measure associated to u by the usual procedure.
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(i) Prove that u,(E) < p*(E) for every E C X, with equality for every countable set.
(iii) Prove that p*(E) = oo for every uncountable subset of X.
(iv) Prove that every E € P(X) is p*—measurable.
We now specialize by taking X = R and w : R — [0, 00[ defined by w(z) = 0 if z € R\ Z, and
w(x) =27 A1 for x € N.
(v) Observe that on every uncountable subset E of R \ Z we have 0 = p,,(E) < p*(E) = oo.

Solution. (i) Notice that since w is finite-valued we have p,,(E) < oo for every finite subset E of X.
For every A C X we have piyy(X) = poy (A) + p (X N A); if A is cofinite then p,, (X N A) < 00, and by the
hypothesis 11, (X) = 0o we get iy, (A) = 00, so that p,,(A) = p(A) for cofinite sets. Countable additivity
of p on A is now obvious, since p(A) = p,,(A) for every A € A and p,, is countably additive on P(X).
Then p is a premeasure.

(ii) Given E C X, assume that (A, )nen is a countable cover of E by elements of A. Then, first by
monotonicity and then by countable subadditivity of fi,:

Mw(E) < :uw(U An) < Zﬂw(An) = ZN(An)a

neN neN neN

the last equality due to the fact that p.,(A4,) = u(A,) for every n € N since 4,, € A. We have proved
that
o (B) < Z w(Ay,) for every countable cover of E by elements of A,
neN
which implies p,, (F) < p*(E). If E is countable then {{z} : « € E} is a countable cover of E by elements
of Aand py(E) =3 cpw(z) = > cpu({r}), so that p*(E) < py(E), and equality p*(E) = p,(E)
then holds.

(iii) If E is uncountable then every countable cover (A, ),en by elements of A must contain a cofinite
set, since a countable union of finite sets is at most countable and cannot contain the uncountable set
E. Then ) ypu(A,) = oo, because one element of the sum is infinite. We have seen that for every
countable cover (A, )nen of E by elements of A we have ) p(A,) = oo: this is equivalent to say that
w*(E) = co.

(iv) We know that a set A C X is p*—measurable if and only if p*(E) = p*(ANE) 4+ p*(E \ A)
for every E C X with p*(E) < oo. This means that F is countable; then also EN A and F \ A are
countable, being subsets of E. But then p,(E) = pw(E N A) + py(E N A) by additivity of p.,, and on
each of these sets u,, and p* coincide, as seen in (ii); in other words the preceding equality is exactly
pr(E) = p (ENA)+p* (EXA).

(v) Trivial. O

This example shows that the Caratheodory extension may in fact be not unique on the generated
o—algebra: u, and p* are both defined on the same tribe P(R), they coincide on A, but differ on
co—countable sets, which are in the o—algebra generated by A, and shows also that the o—algebra of
p*—measurable sets, in this case P(R), may be much larger than the c—algebra generated by A.

2.6. Uniqueness of measures. Assume that u, v : M — [0, 00] are measures on the same measur-
able space (X, M). The coincidence set C = {E € M : u(E) = v(E)} contains of course the emptyset,
and is closed under countable disjoint union and countable increasing union. But this set is in general
not an algebra, even assuming finite measures and p(X) = v(X):

EXAMPLE 2.6.1. Let X = {1,2,3,4}, M = P(X); define measures p, v : M — [0,1] by u({a}) =1/4
for every a € X, and v({2}) = v({4}) = 1/2, v({1}) = v({3}) = 0. Then:
C={FeM:ukE)=vE)}=1{0,{1,2,34},{1,2},{2,3},{3,4},{4,1}},

as is easy to check, and u(X) = v(X) = 1; C is not an algebra, the algebra generated by C is M = P(X)
(every singleton is an intersection of two of the pairs in C). So two finite measures can coincide on a set
of generators of the o—algebra of measurable sets, and still be different.

2.6.1. Dynkin classes.

DEFINITION. A Dynkin class of parts of X is a subset D of P(X) which contains the emptyset (as
an element), is complementation closed, and closed under countable disjoint union.
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Every o—algebra is clearly a Dynkin class; and {0, {1,2, 3,4}, {1, 2}, {2, 3}, {3,4},{4,1}} is a Dynkin
class that is not a o—algebra. Every intersection of a family of Dynkin classes is of course a Dynkin class,
so that we may speak of the Dynkin class D(£) generated by the subset £ C P(X): it is the intersection
of all Dynkin subclasses of P(X) containing £; among these are all c—subalgebras of P(X) containing
£, so that

D(E) T M(E).

Recall that an algebra of parts of X is a o—algebra iff it is closed under countable disjoint union (see
2.1.8) so that a Dynkin class is a o—algebra iff it is an algebra; and since it is complementation closed,
this happens iff the Dynkin class is closed under intersection (a m—system, as some authors say).

LEMMA. Let D be a Dynkin class. Given A € D let Dy ={FE € D: ANE € D}. Then Dy is a
Dynkin class containing A.

Proof. Plainly X € Dy and D, is closed under countable disjoint union (if F,, is a disjoint sequence
in D4 with union £ € D then E N A is the disjoint union of the sequence E, N A € D, hence ENA € D).
It remains to prove that E € Dy implies X \ E € Dy, i.e. (X \ E)N A € D; equivalently, we prove that
X N ((X N E)Nn A) € D, true because this set is the disjoint union of ENA €D and X \ A € D. O

Let’s now prove the

. DYNKIN’S THEOREM If & is a subset of P(X) closed under intersection, then the Dynkin class
generated by &€ coincides with the o—algebra generated by E:

D(E) = M(E).

Proof. We know that D(£) C M(E); to prove the reverse inclusion we prove that D(€) is a c—algebra,
proving that it is closed under intersection. Given E € £ we consider, as in the lemma, the set Dp =
{DeD(): DNE € D(E)}; this set contains &, because END € £ C D(E) by the hypothesis that £ is
closed under intersection, and is a Dynkin class by the lemma; then D(€) C Dg, and hence D(E) = Dg.
We have proved: for every A € D(€) and every E € £ we have that ANE € D(€). Now, given A € D(E)
consider Dy = {E € D(€) : ANE € D(€)}. By the lemma this is a Dynkin class, and by what just
proved £ C Dy, so that D(E) C Dy, hence actually D(E) = Dy. We have proved: for every A € D(E)
and every B € D(€) we have AN B € D(£). Then D(E) is a o—algebra. O

2.6.2. Uniqueness of finite measures.

PROPOSITION. Let p,v be finite measures on the same measurable space (X, M); assume u(X) =
v(X), and that the set E CC ={E € M : u(E) =v(E)} is closed under intersection. Then C contains
the o— algebra M(E) generated by E.

Proof. Tt is easily checked that in the stated hypotheses C = {F € M : u(F) = v(E)} is a Dynkin
class; then C D D(€), and D(E) = M(E) by Dynkin’s theorem. O

In particular, two probability measures that coincide on a family of sets closed under intersection
coincide on the o—algebra generated by this family.
2.6.3. Coincidence sets of arbitrary positive measures.

PROPOSITION. Let p,v be measures on the same measurable space (X, M). Assume that the two
measures coincide and are finite valued on a set E C M closed under intersection. Then the two measures
coincide on all the sets of the o—algebra M(E) generated by € which can be covered by countably many
sets of €. In particular, if X has a countable cover by sets in £, then the two measures coincide on all

M(E).

Proof. For every E € E weset Eg ={FNE: Feftand Mg={ANE: Aec M(E)}. Then Mg
is a o—algebra of parts of F, and we know that Mg is exactly the c—algebra of parts of E generated
by £g (see 2.3.1). By 2.6.2 we have u(G) = v(G) for every G € Mpg. That is, we have u(G) = v(G)
for every G € M(E) that is contained in some member of £. If A € M(E) and A = J,cy Ak, with
A C Ej, € &, then with the usual technique A can be written as a disjoint union of sets Fy C Ej, with

Fip = A ~ (Uf;é Aj) € M(E), so that u(Fy) = v(Fy,) and hence also u(A4) = v(A). O
The following corollary is then immediate:

COROLLARY. Let Q2 be an open subset of R™. Two measures on B(Q?) that coincide and are finite on
compact intervals contained in § coincide on all Borel subsets of Q.
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Of course we could get the corollary also from the uniqueness part of the Caratheéodory extension;
but the above proof is much neater and more direct.

2.7. Lebesgue measure and the topology of R”. There is an intimate connection between
Lebesgue measure on R™ and the topology of R™. This is true not only for Lebesgue measure, but more
generally for Radon measures (see also 2.2.5). We call Radon measure on R™ any measure defined on Borel
subsets of R™ that is finite on compact subsets of R™. Since R™ is a countable union of compact intervals
(e.g R® = (Joo_,[-m,m]") any Radon measure is the (restriction to Borel sets of the) Caratheodory
extension of a Radon premeasure on intervals (see 2.5.5). We call u—measurable any set measurable in
the Caratheodory extension of p, and we still denote p this extension. Remember that all sets of outer
measure 0 are measurable. And remember that the Lebesgue measure on R"™ is the measure obtained
by Caratheodory extension of the premeasure on intervals defined by An(I1 X -+ x I,) = [[_; M (Ix);
the o—algebra L£,, of Lebesgue measurable subsets is then the set of all A C R™ which split additively
every other set. All singletons and all countable subsets of R™ have Lebesgue measure 0. In R™ every
coordinate hyperplane has Lebesgue measure 0 (the set {x € R™ : z; = ¢} is a degenerate interval,
product of copies of R on every place, with the degenerate interval {c} in the k' place).

EXERCISE 2.7.1. Compute the measure A, (A) of the set

A ={z eR": at least one coordinate of z is a rational number}.

Solution. The set A7 = Q x R"~! has measure 0, being a countable union of the sets {g} x R"~1,
q € Q. So the set A; of all points in R™ whose first coordinate is rational has measure 0. Similarly, if Ay
is the set of all points whose k—th coordinate is rational we have \,(Ay) = 0. Since A = [J;_; 4y is a
finite union of sets of measure 0, we also have A, (A) = 0. O

2.7.1. Outer regularity.

. If p is Radon measure on R™, then for every measurable set A we have
p(A) =inf{u(U): U D A, U open in R"}.

Proof. Clearly only the case p(A) < oo needs proof. Given e > 0 we can find a countable cover
(Ix)ken of A by intervals such that 7 o u(ly) < p(A) + €/2; we can assume these intervals to be
bounded (every interval is a countable disjoint union of bounded intervals); then for every k we can find
a bounded open interval Jj, containing Ij, such that pu(Jx) < p(Ix) + /282 (2.2.5). If U = Up, Jx we
have that U is open and

p(U) <> pJe) <Z (I) +/28+2) = Z;ﬂk

k=0

w(A) +e.

wlm

REMARK. We have really proved that p*(A) = inf{px*(U) : U 2 A, U open in R"} for every subset
A of R™ if p* : P(R™) — [0, 00] is the outer measure associated to p.

O

2.7.2. Regularity. Notice that since A C U, when p(A) < oo we have proved that given ¢ > 0 we
have an open set U containing A such that u(U \ A) < e. Since the measure p is o—finite this limitation
can be removed, that is: given any measurable A C R™ and ¢ > 0 there is an open set U 2 A such that
pw(U N A) < e: simply write A as a disjoint union |J;-, A of measurable sets of finite measure, and for
each k pick an open Uy D Ay such that u(Uy ~ Ay) < /251, Then U = Uiy Us is open, U D A and
U~ ACUpe Uk~ Ag) so that (U N A) <3070 (Ui~ Ap) < Sop je/2k =&

From the inside we can use closed sets:

LEMMA. If i is Radon measure on R™, then for every measurable set A and € > 0 there exist an
open set U containing A and a closed set F' contained in A such that p(U N F) < e.

Proof. Pick first an open set U containing A with u(U ~ A) < £/2; next an open V containing
B=R"~Aand p(V~B)<e/2. Then F=R"~V CAand U~ F C (U~ A)U(V \ B) so that by
subadditivity we have u(U N F) < u(U N A) + p(V N B) <e. O

In a topological space a subset G is said to be a Gs—set if it is a countable intersection of open sets,
a subset F is an F,—set if it is a countable union of closed sets, equivalently its complement is a G5—set.
Clearly Gs and F, sets are all Borel sets.
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THEOREM. Let i be a Radon measure on R™. For every u—measurable set A there are a Gs—set G
containing A and an Fy—set E contained in A such that u(G \ E) = 0.

Proof. For each k we pick open sets Uy, and closed sets Fj, such that Fi, C A C Uy and pu(Ug \ Fy) <
1/(k+1). U =2y Ux and E = |J,~, Fr we have E C A C G and G\ E C Uy, \ F}, for every k so
that u(G N E) < u(Up ~ Fi) <1/(k+ 1) for every k, and hence u(G \ E) = 0. O

The preceding proposition implies the important fact that y—measurable sets are all of the form
E U N, where FE is a Borel set, and N has (outer) p—measure zero, in particular Lebesgue measurable
sets are of this form. And it is important to notice explicitly that

. A subset N of R™ has Lebesque measure zero if and only if for every e > O there exists a countable
cover (Iy)k of N by intervals (N C Upe o Ii) such that > An(Ik) < €.

These intervals may also be assumed open and bounded.
2.7.3. Inner regqularity.

. Every Radon measure pn on R™ is inner reqular. That is, for every u—measurable set A we have
w(A) = sup{u(K): K C A, K compact}.

Proof. From the preceding theorem we clearly have p(A4) = sup{u(F) : F C A, F closed in R"}.
And for every closed set F' we have p(F) = sup{u(F N [—k, k") : k=1,2,3,...}; the sets F'N [—k, k"
are clearly compact. O

2.7.4. A compact set of positive Lebesgue measure with empty interior. We have seen that measurable
sets can be approximated from the outside with open sets, from the inside with closed or even compact
sets. The opposite is not in general possible : there are sets of positive Lebesgue measure which have
empty interior, as we now see. Order the rationals of [0,1] in a sequence (xy)i. Fix € > 0; for each k
consider the open interval I}, =]z) — /282 1 + /252 and set

K =10,1]~ G I, N[0, 1].
k=0

Then K is compact (it is closed and contained in [0,1]). And
o0 o0 o0 €
MK)=1-X (U Ikﬂ[0,1]> >1-Y M) > kZW =1-¢
k=0 k=0 k=0
Thus with € small we can make the measure of K very close to 1. It is clear that the interior of K is
empty, since K contains no rational number, and rationals are dense in R.

Of course analogous constructions can be carried out in R™. And one cannot approximate from the
outside with closed sets: e.g. the rationals have measure 0 but are dense, so the only closed set containing
them is R.

2.7.5. Elementary measure and Lebesgue measure. For definiteness we discuss area, two—dimensional
measure in R?; it will be clear that analogous things can be said for n—dimensional measure. Our
definition of area is intuitively much less appealing than the one given by, say, Archimedes, and preserved
more or less unchanged until the beginning of 1900, when Lebesgue and others created the modern theory
of measure.

We consider a bounded subset E of R?; consider the class A.(E) of all elements of A € Ay (two—
dimensional plurintervals) contained in E, and the class A*(E) of all B € A containing F. Clearly we
have A\2(A) < A2(B) for every A € A, (F) and every B € A*(FE); we say that E is elementarily measurable
(or measurable according to Peano—Jordan) if

sup{A2(A) : A€ A (E)} =inf{\2(B): B € A*(E)},

and of course this common value is, by definition, the area of E. It is not difficult to prove that if F
is elementarily measurable then it is Lebesgue measurable and its area is A\a(F) (we can find sequences
A; € A.(E) and B; € A*(E) such that A; is increasing, B; is decreasing and Xo(B; ~ 4;) < 1/27;
then if A ={J;4;, B =();B; we have A C E C B and \,(B \ A) = 0, with A and B both Borel
sets). But every set with empty interior will have sup{A2(A) : A € A.(E)} =0 (a rectangle with empty
interior has area zero), and we know that there are compact sets with empty interior and strictly positive
measure (see 2.7.4), so that there are Lebesgue measurable sets not elementarily measurable. If we want
to measure all open and all closed subsets, which seems to be highly desirable, we are forced to abandon
approximation from the inside by rectangles (we still have approximation from inside by compact sets).
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2.7.6. Vitali’s example of a non—measurable subset of R. From a practical point of view all subsets
of R™ are Lebesgue measurable: all ordinary constructions for building new sets out of old ones do
not make us leave the class of measurable sets. But in the most common version of set theory used
in Mathematics today nonmeasurable sets do exist. Using the axiom of choice in an essential way, the
italian mathematician Vitali was the first to give an example of a non measurable subset of R (example
easily adapted to R™). The example is also based on the important fact that Lebesgue measure on R™
is translation invariant: that is, for every a € R™ the translation z — a + = transforms measurable sets
into measurable sets of the same measure (this is immediate, from the fact that the statement is true for
intervals).

Consider in R the congruence modulo the additive subgroup Q of the rational numbers; its classes
are x + Q, translates of Q, and so they are all dense in R, so that they have non—empty intersection with
every nondegenerate interval of R. We may then find a set F, subset of [0,1], such that E N (x + Q)
consists of exactly one element, for every class x + Q: the existence of such a set is ensured by the axiom
of choice. Observe now that if r, s € Q are distinct, then r + F and s+ E are disjoint (r+x =s+y <=
x—y=s—r €Q, which is possible iff z = y, but then r = s). If we consider the set A of all rational
numbers contained in | — 1, 1] we have

0,1 |J(r+EB) <] - 1,2
rcA
The second inclusion is immediate (if —1 < 7 < 1 and 0 < z < 1 then —1 < r 4+ = < 2); for the first,
given a € [0, 1], we know that there is exactly one x € E such that r = a — x € Q; since 0 < a < 1 and
0<z<1weget —1<a—z <1 Then E cannot have measure 0: by monotonicity 1 = A;([0, 1[) <
M (U,ea(r + E)) and by countable additivity Ay (U,e4(r + E)) = >, caM(r+ E) =3 4 M(E), the
last by translation invariance. Then A;(E) > 0, which implies A (,c4(r + E)) = oo. On the other
hand A1 (U,c4(r + E)) < Ar(] = 1,2[) = 3, so that |J,c,(r + F) has finite measure. The contradiction
proves non—measurability of F.

EXERCISE 2.7.2. With E as above, prove that all Lebesgue measurable subsets of £ have measure
Zero.

EXERCISE 2.7.3. Prove the:

. DIFFERENCE THEOREM If A C R™ is Lebesgue measurable and A, (A) > 0, then
A-A={ox—y:xz€ A ye A}
contains a neighborhood of 0 in R™.

Proof. Follow these hints:

(i) Prove that there is a compact K C A such that A\, (K) > 0 (we shall prove that K — K contains
a nbhd of 0).
(ii) Prove that there is an open subset U of R™ such that K C U and A, (U) < 2\, (K).
(iii) It is well-known that the function z — dist(a, R"~\U) is continuous; let § = min{dist(z, R"~\U) :
x € K}; then § > 0, and if |z| < 6 then z + K C U.
(iv) Observe that K — K = {x € R": (z 4+ K) N K # (0} and conclude.

O

Solution. (i) Trivial, by inner regularity. (ii) Since 0 < A, (K) < 0o we have A, (K) < 2A,(K); then
U exists by outer regularity of K.

(i) That 0 > 0 is clear: the minimum of the distance function on K exists because this function
is continuous and K is compact; and the minimum cannot be 0, because the zero—set of the function is
exactly R"\U, disjoint from K. Then 2+ K C U if || < 0: if y = x+a with a € K, then |[y—a| = |z| < 0,
so that y ¢ R™ \ U.

(iv) We have: (z+K)NK # () <= (there exist a,b € K such that x+a =b < x = b—a), exactly
the definition of K — K. And if for some 2 we have (x + K) N K = () then we have \,,((z + K)UK) =
A (@ + K)+ A (K) = M (K) + A (K) = 20, (K) > A, (U). Then it is not possible that (x+ K)UK C U;
since K C U we have that z + K C U implies (x + K) N K # (; since in (iii) we proved that  + K C U
if |z| < § we get that the open ball of center the origin and radius ¢ is contained in K — K. O

EXERCISE 2.7.4. We want to prove (generalizing Vitali’s example) that in R™ there is a subset A
such that every Lebesgue measurable subset of A has measure 0, and every measurable subset of the
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complement B = R™ \ A has also measure 0 (prove that necessarily such a set cannot be measurable,
and that the outer measures of A and B are both strictly positive). Let a € R™ be a vector with at least
one irrational coordinate. Set G = Q" + Za, Go = Q" + 2Za, G1 = Gy + a.
(i) G and Gy are additive subgroups of R, G = Gy U G (disjoint union), and G; is dense in R".

Let E C R™ be a set of representatives of R”/G ((that is, E' N (z + G) contains exactly one element out
of each coset = + G of R"/G); set A = E + Go.

(ii) Prove that B=R"\ A= FE+ G;.

(iii) Provethat A—A:={r—y: z,y€ A} and B— B={x —y: z, y € B} do not intersect G;.

(iv) Using the difference theorem (2.7.3) prove that neither A nor B contain measurable sets of

nonzero measure.
(v) Prove that every E C R"™ of strictly positive outer measure contains a non-measurable subset.
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3. Measurable functions

Recall that a measurable space is a pair (X, M) formed by a set X and o—algebra of parts of X.
The relevant maps between such spaces are the measurable maps, which we now define.

DEFINITION. Let (X, M) and (Y, N) be measurable spaces. A function f : X — Y is said to be
measurable if f<(V) € M for every V € N (that is, the inverse image of every measurable set in the
range is measurable in the domain).

The theory of measurable functions has several analogies (and differences ...) with the theory of
continuous functions; recall that a map f : X — Y of topological spaces (X, 7x) and (Y, 7y) is continuous
iff f<(V) e rx forevery V € 7y.

3.0.7. First results. Some easy remarks:

. Constant maps are measurable. Compositions of measurable maps are measurable. Restrictions of
measurable maps are measurable.

Proof. Assume that (X, M) and (Y, N) are measurable spaces, and f : X — Y is a function. If f is
constant the inverse image of a subset of Y is either empty or X. And if (Z,P) is a third measure space
and f: X - Y and g: Y — Z are measurable then (go f)* (W) = f< (g« (W)) € M for every W € P
since g (W) € N, by measurability of g. And if S C X, then fig: S — Y is measurable with respect to
the induced o—algebra Mg ={BNS: B e M}. O

EXERCISE 3.0.5. Let (X, M) and (Y, N)) be measurable spaces, f : X — Y a function. Let (Xx)ken
be a countable cover of X by measurable sets (i.e. X; € M for every k € N and X = J, cy Xx). Then f
is measurable if and only if f|x, is measurable, for every k € N.

3.0.8. Changing o—algebras. As with continuity in topological spaces, measurability of f : X — Y,
with (X, M) and (Y, V') measurable spaces is the more significant the largest is the o —algebra on the range
space, and the smaller is the c—algebra on the domain space. In other words, if f : X — Y is measurable,
it remains measurable when the c—algebra M on the domain is enlarged to a bigger c—algebra, and also
if A/ on the target space is replaced by a smaller o—algebra; at the extreme, if M = P(X) then every f
with domain X is measurable, whatever the range space (Y, N); and symmetrically, if N' = {0, Y} is the
trivial o—algebra, then every f : X — Y is measurable, whatever the domain (X, M). This elementary
observation motivates some of the subsequent definitions.

3.0.9. Final o—algebra. Assume that (X, M) is a measurable space, Y is a set, and f : X = Y a
function. It is immediate to see that

Q;=Q={VCY: f(V)eM}

is a o—algebra of parts of Y. It is the largest possible c—algebra on Y which makes f measurable, and
is called the final, or quotient c—algebra of M wvia f. It has the following property:

. With notations and terminology as above, let g : Y — Z be a function, where (Z,P) is a measurable
space. If go f + X — Z is measurable, then g is (Y, Qp)—measurable.

Proof. For every W € P we have by measurability of g o f that (go f)= (W) = f<(g=(W)) € M,
and this is equivalent to say that g (W) € Qy. O

3.0.10. A sufficient condition for measurability. Notice that f : (X, M) — (Y,N) is measurable if
and only if @ D N. Then

PROPOSITION. Assume that f: (X, M) — (Y,N) is a map, and that £ is a set of generators for N.
Then f is measurable if and only if f*(E) € M for every E € €.

Proof. The condition says that £ C Qy, where Qj is the final c—algebraof f. Then N' = M(&) C Oy,
which implies measurability of the original f. (]

The preceding proposition is constantly used. A very important class of measurable functions will be
that of real valued functions from a measurable space (X, M) into R, where, unless otherwise specified,
it is understood that the o—algebra is that B(R) of Borel subsets of R. To check that f: X — R is
measurable, it is enough to check that strict upper Lebesgue sets as {f > a} :={z € X : f(z) > o}
belong to M, for every a € R (or even only for every a € Q); analogously for strict lower Lebesgue sets
{f < a}, etc. (2.3). Same for extended real valued functions f : X — R = RU{—o00,00}: recall that the

Borel sets of R are those of R, united with a subset of {—o00,00}. A very important corollary is:
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COROLLARY. Let (X,7x) and (Y, 7y) be topological spaces, and let f : X — 'Y be continuous. Then
[ (X,B(X)) = (Y,B(Y)) is measurable.

Proof. For every V € 1y we have that f< (V) € 7x C B(X), and 7y generates B(Y). O

Of course there are many more Borel measurable functions than continuous functions: observe that
a subset A of a measurable space X is measurable if and only if its characteristic function y4 : X — R
is measurable, but in a topological space a characteristic function is continuous iff it is the characteristic
function of an open—and—closed set. As an important example we single out the following one:

EXERCISE 3.0.6. The sign function sgn : C — C is defined by sgn(0) = 0, and sgn z = z/|z| for z # 0.
Prove that sgn is measurable (no specification of o—algebras means that Borel o—algebras are used, both
in domain and in range).

Solution. Let V be an open subset of C. If 0 ¢ V' then sgn® (V') = (sgnc )" (V) is an open subset
of C, = C ~ {0}, the punctured plane, since sgn|c, is a continuous self-map of C.. And if 0 € V, then
sgn® (V) = {0} Usgn® (V ~ {0}) is Borel subset of C (clearly sgn is not continuous at 0: the inverse
image of the open unit disk A = {w € C: |w| < 1} is {0}, not a neighborhood of 0!) O

3.0.11. Initial c—algebras. Assume now that X is a set, that (Y, Mx)aea is a family of measurable
spaces, and that for each A € A we have a function f) : X — Y). There is a smallest c—algebra M on X
among those that make all functions f) measurable. This c—algebra may be described in the following
way: for each A € A consider a set By of generators for A, (which might be of course all of N}). Then
M is the o—algebra on X generated by all sets of the form f{(V)), with V\ € By and A € A. The
most important application will be to the case of product spaces. But even the case of a single map
f X — Y has interest. For instance we can have X = S C Y and f = jg : § — Y the canonical
injection. In this case we have of course j§ (V) = V N S, and the initial c—algebra is the oc—algebra
Ns={VNS:VeN} already discussed in 3.0.7.

3.0.12. Product of a finite family of measurable spaces. Given two measurable spaces (X, M) and
(Y, N') we consider the product set X x Y, and we put on X x Y the initial c—algebra determined by the
canonical projections px : X xY — X given by px(z,y) = z and py : X XY — Y given by py (z,y) = y.
This oc—algebra is denoted by M ® N (read em tensor en), and is generated by all measurable cylinders
AxY =p5(A) and X x B = p} (B), with A € M and B € N (or A varying in system of generators
€ for M, same for B, F and N. Of course finite intersections of such sets are also a generating system;
and if A C X and B CY we have

AxB=(AxY)N (X x B) = p%(4) Np(B).

If £ and F are semialgebras which generate M and N respectively we have seen that the set of all
products G = {A x B: A € £, B € F} is a semialgebra of parts of X x Y (see 1.4.2); this semialgebra
generates M ® N. All this can be repeated with obvious changes for a product of a finite family
(X%, Mg))req1,...,my of measurable spaces: the product X = [Tie, Xp, set of all m—tuples (z1,...,Zy)
with ), € X}, is equipped with the o—algebra generated by the sets Ay x - -+ x A, = (=, pj” (Ax), with
Ay, varying in a system of generators for My

To specify a function f : T'— X = [[,-, X) arriving to a product, we can specify its component
functions fi = pi o f. Products are characterized by the following property: a function which arrives to
a product is measurable if and only if its component functions are measurable:

. Let (T, T) be a measurable space, let ((Xp, My))ke{1,...m} be a family of measurable spaces, and
let f:T—X= HZLI X be a function. Then f is measurable if and only if all its component functions
fe=prof, k=1,...,m are measurable.

Proof. Necessity is obvious, since compositions of measurable maps are measurable. And sets like
pi (Ar) are a system of generators for Q- ; My; since for every such set f* (p5 (Ax)) = (pr o f)* (Ax)
is T—measurable, by 3.0.10 f is measurable. O

3.0.13. Sections. To simplify notations we limit ourselves to the product of two measurable spaces
(X, M) and (Y,N). Having a third space (Z,P) and a function f : X x Y — Z we have the sections
of f, functions obtained by keeping one variable fixed and letting the other change. Given y € Y, the
y—section of f is the function f(#,y) : X — Z given by = — f(x,y); similarly, given x € X, the
x—section f(z,#):Y — Z is defined by y — f(x,y). The next result is very important for the theory
of multiple integration.



3. MEASURABLE FUNCTIONS 45

PRrROPOSITION. Let (X, M),(Y,N) and (Z,P) be measurable spaces, and assume that
f: (X XY, MQN)— (Z,P) ismeasurable.
Then all sections f(x,#) and f(#,y) of f are measurable.

Proof. Given x € X we have the injection 7% : Y — X x Y given by j*(y) = (z,y). This map
is (M, M ® N) measurable (its components are the maps constantly z and the identity of Y, both
measurable). Then the composition f o j% : Y — Z is measurable; this composition is exactly the
x—section f(xz,#). Similarly for the y—section. O

Given a € X, by a—section of a subset S C X X Y we mean the set S(a) ={y €Y : (a,y) € S}, of
which the function y — xs(a,y) is the characteristic function; similarly for b € Y.

EXERCISE 3.0.7. Let (X x Y, M ® N) be the product of the measurable spaces (X, M) and (Y, N).
Let A, B be subsets of X and Y respectively, both non empty. Prove that A x B is M ® N —measurable
if and only if A € M and B € N. Prove that M and A are the final c—algebras of px and py.

Solution. If Ax B € M ®N then for every a € A the a—section of A x B, namely B, belongs to N;
similarly for b € B the b—section A of A x B belongs to M. Then, if p§{(A) = AxY € M ®N we have
A € M, proving that M is the final c—algebra of M ® N by px; similarly for py. O

3.0.14. Borel sets in a product of topological spaces. Recall that if (X, 7x) is a topological space a
base for the open sets of X is subset £ of open sets such that every open set of the space is a union of
elements of £. Since £ C 7x we have M(€) C B(X) = M(7x). If £ is a countable set then of course we
have 7x C M(€) and hence M(E) = B(X); but in general the inclusion is proper. If (X, 7x) and (Y, 7y)
are topological spaces, then the product topology on X xY has the open rectangles U x V' as a base for the
open sets. It follows that B(X) ® B(Y) C B(X x Y), and the inclusion might be proper (examples exist,
see 3.0.15). If however 7x and 7y have countable bases, say Ex and Ey, then {UXxV : U € Ex, V € &y}
is a base for the product topology of X x Y, and a generating system for the o—algebra B(X) @ B(Y)
as well, so that B(X)® B(Y) = B(X x Y). A topological space is said to be second countable if it has a
countable base for the open sets; metrizable and separable spaces are second countable (a countable base
for the open sets are the open balls of rational radii centered at the points of a countable dense set, see
1.3). In particular B(R?) = B(R) ® B(R), etc.

ProposITION. If (X, 7x), (Y, 7y) are second countable topological spaces and (Z,7z) is a topological
space, then every continuous function f: X xY — Z is (B(X) ® B(Y), B(Z))—measurable.

Proof. Because B(X)®@ B(Y)=B(X xY). O

EXAMPLE 3.0.8. The functions (z,y) — z Vy = max{z,y} and (z,y) — = Ay = min{z,y} are
continuous from R x R — R, hence measurable. Similarly the addition from R x R to R, or C x C to C, or
[0, 00] x [0, 00] — [0, 00], or even R x R~ {(c0, —00), (—00,00)} to R is continuous and hence measurable.
Multiplication R x R — R, extended by declaring that 0(£o00) = (£00)0 = 0, is not continuous, but it is
Borel measurable.

3.0.15. The Sorgenfrey plane. The Sorgenfrey line S defined in Analisi Due, 2.4.15, is a space which is not
second countable: if S is a base for the open sets of S, for every real number a there exists U(a) € S such that
a € U(a) C [a,a + 1], in particular min U(a) = a. If we consider the subset U of S consisting of all U € S that
have a minimum, we get a map U — minU from U to R, which is onto R. Then |[R| < |i/| < |S|, proving that
any base for the topology of S has at least cardinality ¢, the continuum. But one can prove that B(S) = B(R):
with a little effort one can in fact prove that every S—open set is a countable union of right half-open intervals.
Then B(S) ® B(S) = B(R?). But the Borel tribe of the Sorgenfrey plane S x S is much larger than B(R?): the
topology induced by S x S on the second diagonal D = {(z, —z) : € S} is the discrete topology, so every subset
of D is in B(S x S), whereas B(R?) traces on D the Borel tribe (observe that = + (z, —x) is a homeomorphism
from R onto D, when D has the topology induced on it by R? (usual).

3.1. Measurable real functions. We now consider the particularly important special case of ex-
tended real valued functions from a measurable space (X, M) to the extended real line R = RU {—00, 00},
equipped with the Borel o—algebra. As observed in 3.0.10, such a function f : X — R is measurable iff
{f>a} (or {f <a}, or {f >a} or {f <a}) is measurable for each o« € R (or even only every o € Q).
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3.1.1. Basic properties.

. Let (X, M) be a measurable space.

(i) if (fn)nen is a sequence of extended real valued measurable functions, then the functions \/,cy fn
and N, cy fn, defined by

<\/ fn> (x) :=sup{fn(z) : n € N}, (/\ fn> (x) = inf{fn(x) : n € N},

neN neN
are measurable; and the functions f*, f., defined by

f*(z) =limsup f,(x) thatis f*= /\ \/ In

n—roeo meN \n>m

felx) = hnrggf fu(z) thatis f.= \/ /\ fn
meN \n>m
are measurable; in particular, the limit of a pointwise convergent sequence of measurable func-
tions is measurable.
(i) If f,g: X — R are measurable, then fV g, f Ag, fT, f~, |f| are measurable.
(iii) If f,g: X — R are measurable, then f + g and f g are measurable.
(iv) f:X — C is measurable iff Re f and Im f are measurable; and |f] , sgn f are measurable.

Proof. (i) Writing for simplicity f in place of \/,, f, we have, for every o € R:

{f>at=J{fa>0}
neN
(the supremum of a set of extended real numbers is strictly larger than some real number « if and only
if some member of the set is strictly larger than «). Similarly

{/\fn<a} = U{fn<a}.

n neN

Measurability of liminf and limsup follows easily iterating this fact; and from measurability of these
follows measurability of the limit, when the limit exists.

(ii) is a particular case of the first statement, for a two element set {f, g} in place of a sequence.
Notice that |f| = fV (—f).

(iii) Consider the function fvg: z + (f(z),g(x)) from X — R?; its component are measurable so
that fvg is B(R) ® B(R) measurable; addition and multiplication, being continuous, are (B(R x R), B(R))
measurable; but since R is second countable we have B(R) ® B(R) = B(R x R). Then f + g and f g are
measurable, as compositions of measurable functions.

(iv) In the usual identification of C with R? we have B(C) = B(R?) = B(R) ® B(R), Re and Im
are the projections, so that the statement is just the proposition in 3.0.12. And if ¢ : C — C is Borel
measurable, then ¢ o f is measurable: the sign function is Borel measurable (see 3.0.6), and the absolute
value function is continuous.

O

3.1.2. Linear spaces of measurable functions. Given a measurable space (X, M) we denote by EL (X)
or simply £T(X) or even only LT the set of all extended real valued positive measurable functions. We
denote L (X,K) (or simply £(X,K) or even only £(X) when the tribe M is understood) the set of all
K—valued measurable functions defined on X; this set is a vector space and an algebra of functions, and
L(X,R) is also a lattice. We have seen that £(X) is closed under post-composition with Borel measurable
functions, and under pointwise convergence of sequences,

Exercise 3.1.1. If f: X — R is measurable, and ¢ : R — R is Borel measurable (in particular continuous)
then ¢ o f is measurable. Prove that if ¢ is a homeomorphism then measurability of ¢ o f implies measurability
of f.

REMARK. If ¢ is not a homeomorphism of R then ¢ o f can be measurable without f being measurable. For
instance it can happen that |f| is measurable and f is not measurable: e.g. take a non measurable set A C X
and define f(z) =1 for x € A, f(z) = —1 for € X \ A. Then f is non measurable but |f]| is the constant 1 and
is then measurable.
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EXERCISE 3.1.2. Let (X, M) be a measurable space, and let f, g : X — R be measurable functions. Prove
that the set {g > f} :={z € X : g(z) > f(z)} is measurable.
Given a sequence f, : X — R of measurable functions, prove that the set

{zr € X: lim fn(z) exists in R}
n— o0
is measurable.

Solution. If the functions were real valued, then we would have {g > f} = {g — f > 0}, with the latter set
measurable since g — f is measurable. In the general case we can consider T = {(u,v) € R? : u < v}; this is a
Borel set, in fact an open subset of R?: the map fVg: X — R? that has f and g as components is measurable
and hence (fvg)“(T) = {g > f} is measurable.

For the second question simply note that if f. = liminf, f, and f* = limsup,, fn, then the set where the
limit exists is X \ {f« < f*} = {f" < f«}, hence is measurable.

Of course the limit function is measurable on the measurable set where it exists (by (i) of 3.1.1). O

EXERCISE 3.1.3. Let f : R — K be a function. Given a € R, the translate of f by a is the function
tra f : R = R defined by tr, f(x) = f(x — a); prove that if f is Borel measurable then its translates are Borel
measurable.

Assuming f everywhere differentiable, prove that the derivative f’ is measurable.

3.1.3. Some exercises and some solutions.

Solution. (of exercise 3.0.5) Since restrictions of measurable functions are measurable, necessity is trivial.
And if fx = f|x, is measurable for every k € N and V € N we have

vy =Jxenrmwv)y = v

keN keN

by the measurabilty of fi each fi (V) belongs to the o—algebra induced by M on Xj. in particular belongs to
M; then f< (V) is a countable union of elements of M. O

EXERCISE 3.1.4. Let X,Y be Hausdorff topological spaces, and let A C X be a finite or countably infinite
subset. Let f: X — Y be continuous on X \ A. Prove that f: X — Y is (B(X), B(Y))—measurable.

Addition from (#)+ (#) : Rx R — R and multiplication (#)(#) : R x R — R may be extended by continuity
to

(#) + (#) : R x R\ {(00, =00), (—00,00)} = R;  (#)(#) : R x R\ {(0, £00), (+00,0)} = R

prove that any further extension to all of R x R of the these maps is measurable (e.g one can define 0o + (—o0) =
(=0) + 0o = 0, or any other arbitrary value, and similarly for multiplication one can e.g. define 0 - (+o0) =
(£00) - 0 = 0 and addition and multiplication remain measurable).

Solution. Since X is Hausdorft, singletons of X are closed sets, in particular Borel sets, and hence all countable
subsets of X are Borel sets, in particular the o—algebra induced on A by B(X) is P(A), and X \ A is a Borel
set. If f: X — Y is continuous on X \ A, then for every open set V of Y the inverse image f* (V) is of the form
(UN(X N A)U f5(V), with U open in X, since fix. 4 is continuous; the second set is a countable set, hence a
Borel set, and U N (X ~\ A) is also Borel, intersection of the open U with X \ A, co—countable, hence Borel.

All the rest of the exercise is a trivial application of this result. O

3.1.4. Almost everywhere, almost every. Given a measure space (X, M, u), a subset N C X is said
to be negligible (it: trascurabile), p—negligible if the measure has to be specified, if it is contained in a
set M € M of measure u(M) = 0; being a null set is synonymous to having zero measure: when the
space is complete negligible and null sets coincide. A property P(x) applicable to points z € X of a
measure space is said to be true almost everywhere, abbreviated a.e. (it: quasi ovunque, abbr. q.o.) if
the set {x € X : P(x) is false} is negligible; equivalently, the property P(x) is true, except at most on a
null set (which contains the set where P(z) fails to be true). A function f: X — R, or f: X — C whose
cozero—set is negligible will be called negligible; a null function is a measurable negligible function. But
we shall more frequently speak of a function which is a.e zero. These distinctions disappear on complete
measure spaces. The set of all equivalence classes of measurable functions modulo null functions will be
denoted L,(X,K) or simply L(yu): its elements are the cosets f + N (u), if N (1) denotes the set of all
null functions.
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3.1.5. Measurable functions defined only almost everywhere. Very often it is the case that on a given
measure space (X, M, u) a numerical valued function f is defined not on the whole space X, but only
on a subset D of X whose complement X ~\ D is negligible, i.e. contained in a null set M € M. If f
is measurable (with respect to the induced o—algebra Mp = {AN D : A € M}) then there is one and
only one class of L(u) associated to f, in the following sense:

. In the above hypotheses there exists a measurable g : X — K such that the set {x € D : f(z) # g(x)}
1s negligible; and if h : X — K is another such function, then g = h a.e. on X.

Proof. Let M be a null set containing X ~\ D. Define g(z) = f(z) for x € X ~ M, and g(z) =0
for x € M; then g is measurable and {z € D; f(x) # g(x)} is contained in M. Clearly if h : X — K
is measurable and {x € D : h(z) # f(x)} is negligible, say contained in the null set N, then {z € X :
g(x) # h(z)} CMUN. O

3.1.6. A. e. equal with respect to Lebesgue measure. The following exercise highlights a very impor-
tant aspect of Lebesgue measure.

EXERCISE 3.1.5. We consider R™ with Lebesgue measure.

(i) Prove that every non—empty open subset U C R™ has strictly positive measure, A, (U) > 0.

(ii) Let D C R™ be open, let f,g : D — K be functions, and let ¢ be a point of the closure of
D in R". Assume that f and g are a.e. equal in D and that limy_ . .ep f(z) = @ € K and
lim, e zep g(z) = b € K exist in K. Prove that then a = b. In particular, if f and g are both
continuous at some point ¢ € D, and are a.e. equal, then f(c) = g(c), so that:

two continuous a.e. equal functions f,g: D — K are equal everywhere on D

(instead of K we might have any Hausdorff topological space as target space).

(iii) If I is an open interval of R and f, g : I — R are monotone and a.e. equal, then they coincide
on the complement of a countable set, and have the same left and right limits, differing at most
at jump points (see also 1.3.6).

Solution. (i) Immediate: given ¢ € U, for § > 0 small enough the open cube @ centered at ¢ of
half-side 6, namely Q = {x € R™: ||z — ¢|lo < ¢} is contained in U, so that A, (U) > A\, (Q) = 2"6™ > 0.

(ii) If @ # b we may take disjoint nbhds V4 and V4 of a and b respectively. There is then an open
nbhd W of ¢ € R™ such that if z € W N D ~\ {c} we have f(z) € V1 and g(z) € Va; in particular then
f(z) # g(x) for every x € WN D~ {c}, so that WND~{c} C{f # g}; but WND~{c} is a non-empty
open subset of R™, so that A\,(W N D~ {c}) > 0, contradicting the hypothesis f = g a.e.

All remaining questions now follow easily.

REMARK. Notice the important corollary: If in the class [g] of functions f € K, with D open in R",
that are a.e. equal to a given function g € KP, there is a continuous representative h, then this is the
only continuous representative in the class. This will naturally (in general) be the chosen representative
of the class.

O

3.2. Measurable simple functions. Given an algebra A of parts of a set X, a function f: X — K
is called A—simple, just simple when A is understood, if it has the following form: there is a finite partition
{E(1),...,E(n)} of X into elements E(k) € A such that f is constant on each E(k). Such a partition is
said to be admissible for f, or associated to f; if f(F(k)) = {ax}, with ax € K, then we have

/= Z kK XE(k)-
k=1

The range of a simple function is of course finite, f(X) = {a1,...,an}; if {y1,...,ym} is a bijective
indexing of the range (i.e. no y; is repeated) then the set f< (y;) = U{E(k) : ar = y;} belongs to A,
and we have the standard representation of f, f = Z;nzl Yj Xf+ (y;), the one with the coarsest partition.
Given two A—simple functions, there is a partition associated to both: if {A(1),..., A(m)} is associated
to f and {B(1),...,B(n)} to g, then {A(j) N B(k)} k) (discarding the emptyset if encountered) is
admissible for both; then f + g and f g have this as associated partition, as well as f V g and f A g when
K = R. So the A—simple K—valued functions are a K—algebra of functions, and the real valued simple
functions are also a lattice.
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ExAMPLE 3.2.1. If X = R", and A, is the interval algebra, the A, —simple functions are called step
functions. If A is the algebra of finite or cofinite subsets of X then A—simple functions are all functions
which are constant outside some finite subset of X.

EXERCISE 3.2.2. If A is an algebra of parts of X, the K—valued A—simple functions are the functions
of the vector subspace of KX generated by the characteristic functions of sets A € A.

Observe that if (X, M) is a measurable space, then the M—simple functions are exactly the mea-
surable functions with finite range. Remember that simple functions are always finite valued: we do not
allow oo as a value for a simple function.

3.2.1. Approzimation by simple functions. The next result is of fundamental importance. Assume
that (X, M) is a measurable space, and that f : X — [0, 00| is a measurable extended real valued positive
function. A subdivision of the positive half-line [0, 00[ is a finite set « = {ag,...,an} of positive real
numbers, with ap = 0 < a1 < -+ < am,; the mesh of a is max{a; —aj—1: j=1,...,m} . If o, are
subdivisions of [0, co[ we say that S is finer than « if it has more points, i.e. § 2 «a. To each subdivision
a of [0,00[ and each measurable f : X — [0,00] we associate a measurable positive simple function
fa : X — [0, 00] such that f, < f in the following way:

Jo= Zaj*l X5 (aj—1,a;]) T Om X< (Jam,o0))-

j=1
Notice that fo(x) =0if f(z) =0, fo(z) = am if f(z) = 00, and fo(z) = aj_1 if a;—1 < f(z) < a; for a
(necessarily unique) j € {1,...,m}. If 8 is another subdivision finer than a then we have f, < fg, as is

easy to see.

PROPOSITION. Let a(k) be a sequence of subdivisions of [0, 00| such that:
(i) a(k) Calk+1).
(ii) limg— 0o maxa(k) = 0o
(iii) limg_co mesha(k) = 0.
Then the sequence fr = fo(k) 18 increasing and converges pointwise to f; and the convergence is uniform
on every set on which f is bounded.

Proof. Condition (i) implies that the sequence is increasing. Put a(k) = maxa(k) and 6(k) =
mesh a(k). Given x € X we have to prove that lim,_,« fx(z) = f(z). If f(z) =0, then fi(z) = 0 for
every k; if f(x) = oo, then fi(z) = a(k) for every k, and by (ii) we have limy_,~, a(k) = co. Finally, if
0 < f(z) <a< oo, and a(k) > a we have:

0 < f(z) — fu(z) < 6(k),

and since by (iii) we have limy_, o (k) = 0 the conclusion is reached. O

A sequence «a(k) verifying (i), (ii) and (iii) is for instance

1 J . .
a(k):{OaQ—ka---aQ—ka---,k}:{j/Qk: §=0,...,k2"},

with max o (k) = k and mesh a(k) = 1/2F.
3.2.2. We immediately get:

COROLLARY. Let (X, M) be a measurable space, and let f : X — C be measurable. Then there is a
sequence of measurable simple functions p,, which converges pointwise to f and such that |¢on| 1 |f]; the
convergence is uniform on sets on which f is bounded.

Proof. Let u = Re f and v = Im f; choose sequences u;- e v of positive functions converging upwards

to u™ e v, Then ¢, = (uf —u;)+i (v} —v;) is as required (details of the proof are left as an exercise,
see below). O

Details of the proof Let’s prove first the real valued case, v = 0. We have to prove that u; 4+ u;, is increasing.
Given z € X, if u(z) = 0 then u'(z) = v () = 0 and also u;}(z) = uy, (z) = 0 for every n; if u™(z) > 0
then v~ (z) = 0 and u, (z) = 0 for every n, etc. Next, if |un| < |unt1] and |vn| < |vp41]| we have, trivially,
[th, + i Vn| < [Unt1 + i vnt1], since vVu2 4 02 increases if |u| and |v| both increase.
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3.2.3. Measurable functions on completions. When completing a measure space, the set of (equiv-
alence classes of) measurable functions modulo null functions does not change (in other words L(u) =

L()):

PROPOSITION. Let (X, M, i) be a measure space, and let (X, M, i) be its completion. For every
M—measurable function f : X — K there is a M—measurable function g : X — K such that the set
{f # g} is contained in a set M € M with u(M) = 0.

Proof. For the characteristic function of a set in M this is true (2.4.1). Then it is true for simple
functions; and since every measurable function is a limit of a sequence of simple functions, it is true for
every measurable function as well. (I
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4. INTEGRATION

We begin now the theory of abstract integration. Integrals will be first defined for measurable positive
simple functions, then for arbitrary measurable positive functions, then for some measurable functions;
these will have an integral only if they are not too large.

4.1. Integrals of measurable functions.

4.1.1. Integrals of positive simple functions. We start by defining the integral of a positive A—simple
function, with respect to a positive finitely additive measure p : A — [0, 00|, A an algebra of parts of X.
Assume that f = Z;nzl Yj Xf+(y;) 18 the standard representation of f (i.e. f(X) = {y1,...,ym}, with
y; # yi if j # k); then, by definition

/deu/xf/f:iyjﬂ(ﬁ(yj))

(as usual in measure theory, 0 co = 0 is used); this integral is a non negative real number, or co (this last
if and only if y; > 0 and u(f* (y;)) = oo for at least one j € {1,...,m}). We can immediately prove
that if {F(1),...,E(n)} is an admissible partition for f =Y, | ax xp(x) then

/ f=> axu(B(k));
X k=1

in fact, collecting all the E(k) such that oy = y;:
S n(BR) =3y (S {uBEE) : ar=y5}) =Sy n(f (1)
k=1 j=1 j=1

by finite additivity of u. We then get additivity of the integral: if f and g are positive and A—simple
there is a partition admissible for both f and g, so that f =)' | ax xgu) and g = >, Bk Xpu) and
f+9=>_1(ax+ Br) XE), whence

n

/. (7 +9) = Do B (B(R) = 32 0) + 3 B () = [ 1+ ]

k=1
That [, (X f) = A [ f for each X > 0 and each positive simple f is trivial. This implies that if a function
is represented as a positive linear combination of characteristic functions of sets in A, f = Zizl QKXE(k)>

with ag > 0, we have
p
[ 1= aunte)
X k=1

even if the E(k)’s are not pairwise disjoint. Notice that the integral is zero if and only if oy > 0 implies
w(E(k)) = 0, and that the integral is finite if and only if u(E(k)) = oo implies o = 0. Note that the
constant 1 has a finite integral if and only if (X) < co: by definition [y 1dy = u(X). Remember that

. A simple function f has finite integral if and only if its cozero set Coz(f) = {f # 0} has finite
measure.

Finally, the integral is isotone: if f < g with f, g positive simple then also g = f + h with h positive

and simple so that [, 9= [ f+ [y h> [y [
4.1.2. Integral of a positive measurable function. Let (X, M, u) be a measure space. For f € LT i.e.
f positive measurable, we define its integral as:

/fd;L:/ f/f:sup{/ pdu: 0< < f, wsimplemeasurable}.
X X X

It is non negative real number, or oco; clearly for positive simple functions this integral coincides with the
one already defined. Trivially this integral is isotone:

fgelt, f<g = /Xfﬁ/xg,

and positively homogeneous: f € L+ and A > 0 imply [, A f = X [, f. We also define the integral of f
extended to A as [, f:= [y fxa for f € LT and A e M.
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4.1.3. Positive functions with zero integral. Let us prove that a positive measurable function has
integral zero if and only if it is zero almost everywhere, that is, its cozero—set Coz(f) = {f # 0} has
measure zero

. If f € LT then
/deu=0 — u({f >0h=o.
Proof. We have N
{f>0y=J{r = 1/n},

n=1
and clearly ¢, = (1/n) x{f>1/n} is a simple function dominated by f, with integral (1/n)u({f > 1/n}).
Now, [y f =0 means that [, ¢ = 0 for every positive simple function under f, in particular
1
[ en =t = 1mp) =0

b'e n
equivalently u({f > 1/n}) = 0, for every n > 1. Then {f > 0}, a countable union of sets of measure zero,
has also measure 0. Conversely, if u({f > 0}) =0 and ¢ = > 7" | ax xg) is a positive simple function
with a; > 0 for every j € {1,...,m}, we have p(z) > ay > 0 for every x € E(k), so that E(k) C {f > 0},
and pu(E(k)) < p({f >0}) =0 for every k € {1,...,m}. Then

[ o= awntm) =0
X k=1

this is equivalent to say that the integral of f is zero. O

4.1.4. Monotone convergence. The most important theorem of abstract integration is the:

. MONOTONE CONVERGENCE THEOREM. Let (X, M, u) be a measure space, and let fo < f1 < fa <
. be an increasing sequence of functions in L1(X), such that f, T f pointwise. Then

/Xf=nli_>ngo an(ZSUp{/an:neN}).

Proof. By isotony we have [ fn < [y f for every n; we need to prove that [, f < sup{ [y fn: n € N},
Equivalently, given a simple measurable ¢, with 0 < ¢ < f, we have to prove that [y ¢ <lim, o0 [y fn-
We shall prove that for every A with 0 < A < 1 we have

lim fn > )\/ ®,
and we get the conclusion taking the limit in this formula as A — 17. Set E(n) = {f, > Ay}, ie.
E(n) ={z € X : fo(x) > Ap(z)}; then E(n) C E(n+1) (because fr, < fry1) and U,— o E(n) = X (if
w(x) = 0 then x € E(n) for every n; and if ¢(z) > 0 then A p(z) < p(z) < f(x) = limy, o fn(z), so that
eventually fy,(z) > Ap(x)). Then

(*) /fnz fnZ/ )‘90:)‘/ P XE(n)-

If o =301 ok Xak), With ag > 0and A(k) € Mfork =1,...,m wehave  Xp(n) = D_peq Mk XAK)NE(n)s
so that .
/ eXEm = Y ok p(Ax N E(n)),
X k=1
and from (*) we get

(*%) / = A Zak 1(Ax N E(n)),
X k=1

Since E(n) T X we have A(k) N E(n) 1, A(k); by continuity from below of measures we have p(A(k)) =
lim,, 00 p(A(k) N E(n)), for every k € {1,...,m}. Then, passing to the limit in (**) as n tends to co we
get
lim [ f,>\ Zak u(A(k)) = A/ @,

X pat b'e

n—oo

as desired. m
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4.1.5. Additivity of the integral.

. Let (X, M, ) be a measure space. If f,g € LT(X) then

/X(f+g):/Xf+/Xg-

TERMWISE INTEGRATION OF SERIES OF POSITIVE FUNCTIONS (or countable additivity of the integral of
positwe functions). If Y ° o fn is a series of functions in L(X), with pointwise sum f, then

fr=% [

Proof. Take sequences u,, and v, of simple functions in £1(X) such that u, 1 f and v, 1 g; u, and
vy, exist by 3.2.2. Then u,, + v, T f + g, so that by the monotone convergence theorem we have

/X(f—f—g):nli_ggo/x(un-i-vn);but /X(un—l—vn):/xun—i-/xvn, nli_}rrgo/xun:/xf, nh—>n<§o/XU":/Xg’
so that
/X(f+g)=/xf+/xg-

For the series theorem: if g,,, = > fn, then g, T f and by monotone convergence the integrals of
gm converge to the integral of f as m — oo, but by finite additivity we have:

[om=] (z fn) _ z [ s pasing o the i with o [ (z f,,) _ i [
O

4.1.6. Cebiceff inequality. The following inequality is almost trivial but quite useful (some people
call it Markov inequality):

. Given a measure space (X, M, ) and f € LT(X) for every a > 0 we have

u({fza})éé/xfdu-

Proof. We have

[ rduz [ fduz [ adi—aptisza)) whihimplies ((fzap< [ fau
X {fza} {f>a} a Jx
O

Remember that the cozero—set of a real or complex valued function f : X — K is the set Coz(f) =
{reX: f(zx)#0}.
COROLLARY. If f € LT and [ fdu < co then {f = co} has measure zero and Coz(f) = {f > 0}

has o—finite measure.

Proof. We have pu({f > 1/n} < n [y fdpu, so that {f > 1/n} has finite measure and Coz(f)
Uo—{f > 1/n} has o—finite measure. And {f = oo} C {f > n} for every n so that u({f = oco})
a((F > n}) < (1n) fy f for every n implies u({f = co}) = 0.

OIA

Thus a positive function with finite integral can assume the value co, but only on a null set, it is a.e.
finite—valued .

Notice also that for every f € LT and every M € M with u(M) = 0 we have fM f =0, since fxnm
can be nonzero only on M.
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4.1.7. A.e. equal functions have the same integral. We have seen in 4.1.3 that a function f € L has
zero integral iff it is a null function. Let us see that

CIf f,ge LT are equal a.e., then [ f = [y g.

Proof. Let M be a null set containing the set {f # g}, and let A = X ~ M. Then fxa = gxa, so
that [, f = [, 9;and [,, f = [,, 9 =0. Then

Jt= s fa=lo= o= fow o= Lo

EXERCISE 4.1.1. (solution in 4.1.11) Prove that for every f € £*:

/ f= lim f
X oo J{f>1/n}
Prove that if [, f < oo, then for every e > 0 there is E € M with u(E) < oo such that [, f > [, f —e.

4.1.8. Decreasing sequences. Given the monotone convergence theorem, one might wonder if there an
analogous theorem for decreasing sequences: there is, but with an added hypothesis on the finiteness of
integrals. The situation exactly parallels that of measures, which are continuous from below; continuity
from above requires a finiteness assumption. These situations will be handled in the sequel by the more
general dominated convergence theorem, 4.2.5; see also 4.4.2.

4.1.9. Indefinite integral and density. (Important) Let (X, M, u) be a measure space. Let p : X —
[0, +00] be measurable. The indefinite integral of p is the set function v = v, : M — [0, +-00] defined for

Ae M by
v(A) = / pdu.
A

PROPOSITION. The set function v is a measure, and for every f € LT we have

/del/:/xfpdu-

Proof. Forevery E € M such that pu(E) = 0 we have that [, p = [ pxr = 0 because Coz(p xg) C E
has measure 0; in particular this holds for £ = (). And if (A(n)),en is a disjoint sequence in M with
union A, we have

fXAnZOfXA(n):>/XfXAnZO/XfXA(n) = V(A):;V(An),

by the theorem on termwise integration of series of positive functions. Next, if f = Z;nzl QEXEk) 18
measurable we have by linearity of the integral:

/ fdv = Zak/ XE(k) dv = Zak v(E(k)) = Zak / pdp = Zak / XE(k) pdp =
X k=1 X k=1 k=1 BE(k) k=1 X

/ (ZakXE(k)> pdu:/ fpdp.
x \11 X

Given f € L1 we then pick an increasing sequence f,, of positive measurable simple functions converging
to f; then f, p is an increasing sequence in £1 converging to f p, and for every n we have, by what just

proved:
/fndV:/ Inpdu;
X X

passing to the limit in this formula as n — co the monotone convergence theorem implies that

/deV=/Xfpdu-
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REMARK. Observe that p(E) = 0 implies v(E) = 0. One writes dv = pdu; p is the density function
of the measure v with respect to the measure pu; one also writes
dv
dp P
and thinks of p as the derivative of the measure v with respect to the measure u; we shall study this
situation in the sequel (Radon—Nikodym theorem, 7.1.7).

4.1.10. Fatou’s lemma. One of the basic tenets of integration theory, Fatou’s lemma deals with
arbitrary sequences of positive functions.

. Let (X, M, ) be a measure space, and let f, be a sequence of positive measurable extended real
valued functions on X (f, € LT(X)). Then

/ liminf f, du < hmlnf/ fndu.
X

n—oo

Proof. For every m € N set fom(z) = inf{f.(z) : n > m}. Then f.,, < f, for every n > m, hence
Jx fem < [x fn for every n > m so that

/Xf*msmf{/xfn:nzm};

taking limits in this inequality as m 1 co we get [, liminf, o fn on the left-hand side, by monotone
convergence, and liminf,,_, f « fn, by definition of liminf, on the right-hand side. O

REMARK. One might say that Fatou’s lemma expresses the sequential lower semicontinuity of the
integral on the set of positive measurable functions.

4.1.11. Solutions of the previous exercises.

Solution. (of exercise 4.1.1). If E(n) = {f > 1/n} and f, = f xgmn) we have f, T f (easy: E(n) C
E(n+1)sothat f xpm) < fXEm41); andif z € X and f(x) > 0 then f, () = f(z) assoonas 1/n < f(x),
while if f(x) =0 then f,(x) = f(x) for every n € N). By monotone convergence we then have

/E(n)fdu/xfnT/Xf-

If [f < oo, then for every ¢ > 0 we have [, f —e < [, f, so that there is m € N such that
fE(n) f> [ f—¢for n>m; by Cebiceff inequality we have that pu(E(m)) < m [, f is finite. O

4.1.12. Image measure. If (X, M, 1) is a measure space, (Y, ) is a measurable space and ¢ : X — Y
is a measurable map there is a natural way of transporting the measure g on Y to make (Y, ) into a
measure space.

. The set function ¢yp = pep* : N — [0, 00] defined for every B € N by pu¢* (B) = u(¢* (B)) is a
measure on N. For every f € £+ (Y) we have

/f ) dud*(y /f¢ ) da(z).

The measure ¢4 is the image measure of 1 by means of ¢; notice that p¢* is naturally defined also
on the final o—algebra Q4 D N of ¢.

Proof. Clearly u¢* (@) = 0. And if (A, )nen is a disjoint sequence of elements of N, or of Q,,, with
union A, then (¢ (An))nen is a disjoint sequence of elements of M, with union B = ¢ (A4). Then

po* (A) = Zu (6" (An)) =Y _no™ (A
n=0

proving countable additivity of u¢*. Notice now that if A C Y then xa o ¢ = X4 (a), so that if
u =3 0", ajXaQ) is an N —simple function then uod =377, aj Xp+(a(j)) is M—simple and for u > 0:

[ wiuo = 3o = 3o (46 = [ woodn
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For f € LT(Y) pick a sequence u,, 1 f of positive simple functions and pass to the limit in the formula
S x Un dpp™ = S « Un © ¢ dp, using the monotone convergence theorem (if u,, is increasing then clearly
also uy, o ¢ is increasing). O

The Lebesgue measure on the unit circle U = {z € C : |z| = 1} is the image measure pu, by the
canonical winding map t — €%, of the measure induced by Lebesgue measure on the interval | — m, 7| (or
on any interval of length 27): it is of course the ordinary arclength measure. This measure is invariant
by rotation, that is u(a E) = u(E) for every measurable E and every a € U; this rotational invariance of
the arclength measure on the circle is a consequence of translational invariance of Lebesgue measure on
the line, as we now see. If ¢(t) = €', and a = '™ with a €] — 7, 7] then ¢*~(aF) is the translate by a of
¢ (E), that is T = a+ ¢* (F), provided that the piece of T' which might fall out of | — 7, 7] is translated
back to this interval by a translation of 27 if @ < 0, of —27 if & > 0. So the Lebesgue measure of this
set is A (¢ (E)) = M (T).

4.1.13. Preimage measure and variable change. We now address the following question: having a set
X, a measure space (Y, N,v) and a function ¢ : X — Y, is there a measure A on the initial c—algebra
M = {¢p (V) : N € N}, such that v is the image measure of A by ¢, v = ¢ = A\¢* 7 There is only
one way to define A, and this is A(¢* (V') = v(V); this set function must be well-defined on M, and be
a measure.

Leaving the general case to exercise 4.1.2 we confine ourselves to the easier and important case in
which ¢ is a bijection; in this case of course the measure \ is the image measure by ¢! of the measure
v, that is A = gb;lz/: for every E € ¢ (N) we set (notice that £ = ¢ (¢(F)))

A(E) = v(o(E)).
It follows that f € L3, (Y) iff fo¢ € ﬁdw(/\/ (X) and

/fdz/ /foqbd)\)

The measure A is the preimage measure of v by ¢. Most interesting is the case in which X has already a
measure i defined on a o—algebra M containing ¢* (N) and X has a density with respect to p, that is
there is p € E:;L ) (X) such that

ANE) = /Ep(x) du(z) for every E € ¢~ (N);

then, for every f € L1(Y) we have

/‘f ) du(y /1fo¢ ) dA(z /qfo¢ dpu(a);

In Calculus the following fact is used: we have open sets U,V C R* and ¢ : U — V a C! diffeo-
morphism. We consider the Borel o—algebras B(U) and B(V) on U and V, so that ¢ and ¢~! are both
measurable, and as measures p and v on B(U) and B(V) respectively we take the (induced) Lebesgue
n—dimensional measure m. Now the preimage measure of m by ¢ has density |det ¢’(z)|, that is for
every Borel measurable £ C U we have

E»aémwwwmw

It is clearly enough to prove it for compact intervals (remember: if the measures A = ¢~ 1m and | det ¢'| dm
coincide on compact subintervals of U they coincide on B(U) (2.6.3)); the proof for general n will be given
in 8.8; we give here the proof for the case n = 1. Let @ = [a,b] (a < b) be a compact interval contained
in U; since ¢ is a homeomorphism, it is strictly monotone on each connected component of the open
set U C R!, so that ¢([a,b]) is the interval [¢(a), #(b)] if ¢ is increasing on [a,b], and is the interval
[0(b), p(a)] if ¢ is decreasing on [a,b]. In the first case ¢/(z) > 0 and

b
m(¢([a,b])):¢(b)*¢(a):/ ¢’($)d$/[ ) |6/ ()| da;

in the second case ¢'(z) < 0 for every z € [a, b] and

m((la, b)) = l/¢ M/H(WWMKHW@ML
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and the theorem is proved for n = 1. Notice that then for every positive measurable f on V' we have

/f @—/f ()] da.

EXERCISE 4.1.2. In the situation described above (X a set (Y, N,r) a measure space, ¢ : X - Y a
function), prove that the formula:

M= (V) =v(V) (VEN)
is a good definition of a set function A on the initial c—algebra ¢ (N) = {¢*(V)) : V € N} if and only

if ¢(X) has non—empty intersection with every set B € A/ with v(B) > 0, and that if this holds, then A
is a measure on ¢ (N) such that gz = v.

Solution. Observe that ¢ (V) = ¢~ (W) if and only if V N ¢(X) = W N ¢(X), equivalently if
VAW CY N ¢(X), so that v(V A W) = 0, and this clearly implies v(V) = v(WW). Then the condition
on ¢(X) implies that X is well defined. Moreover if ¢* (V) = () then v(V) = 0. so that A(@) = 0.
And ¢ (V,,) pairwise disjoint is equivalent to assert that the sets V,, are pairwise almost disjoint; if
V' = U,en Va is the union of the V,,’s this implies v(V) = 37 _v(V;,) (see exercise 2.1.6), hence also

Ao (V)) = 2,en M@ (Vi)), so that A is a measure
(I

4.1.14. Decreasing distribution function. In the following exercise we present an alternative approach
to the definition of integral of measurable positive function.

EXERCISE 4.1.3. Let (X, M, u1) be a measure space, and let f: X — R be measurable. We define
the decreasing distribution function of f as the function ps : R — R given by pf(t) = u({f > t}).
(i) Prove that py is decreasing and right—continuous.
(ii) Prove that f < g implies ps(t) < pg4(t), for every ¢ € R.
(iii) Let f, be an increasing sequence of measurable functions, converging pointwise to f. Prove
that then py, (t) T ps(t), for every ¢ € R.
From now on we consider only functions f : X — [0, 00}, so that py is relevant only for ¢ > 0.
(iv) Let ¢ = Z;n:o aj Xa(j) be a positive simple function, where we assume 0 = ag < a1+ < apm.-
Plot the graph of p,, assuming that all A(j) have finite measure if j > 0, and are pairwise
disjoint; in particular, note that p, is a step function with compact support in [0, co[, and prove

that -
/sodu=/ Py (t) dt.
X 0

(v) Prove that for every f € LT we have

Afw=Amm@ﬁ

(the latter integral may be intended as a Lebesgue integral, or a generalized Riemann integral
of the monotone function ps; supposing this known, we could use it to define the integral of f;
monotone convergence would in this way be very easy to prove).

Solution. (i) Is s < t then clearly {f > s} D {f > t} so that pu({f > s}) > p({f > t}). Andif¢, | ¢
in R, then {f > t,} 1 {f > t} so that u({f > t,}) T u({f >t} by continuity from below of the measure
78

(i) If f < g and f(x) > ¢ then also g(x) > f(x) > ¢, so that {f >t} C {g > ¢}, and monotonicity of
the measure implies p({f > t}) < u({g > t}).

(iii) We have {f >t} D {fn+1 > t} 2 {fn > t} for every n, as observed in (ii); and if f(z) > ¢ then
since f(z) = sup, {fn(x)} we have x € {f,, > t} for n large; in other words, {f, >t} T {f > t}, so that
Pr.(t) T pp(t).

(iv) We have py,(t) = p(X) if t < 0, For t € [0 = ag,a1][ we have p,(t) = > ;" u(A(k)). For
t € [a1,a2[ we have py(t) = Y.;, n(A(k)). In general for t € [aj—1,a;[, j € {1,...,m} we have

(t) = >k n(A(k)), and if t € [ap,, 00] then py(t) = 0. Thus

Z ZM Xlaj—1,a4["

j=1 \k=j
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Pf

1
| 1

ap=0 a; as as ay

FIGURE 1. A decreasing distribution function and the step function of an approximating
simple function.

Then, assuming first that all measures p(A(j)) are finite for j =1,...,m:

m m m

/OOO pe(t)dt =" WAR) | (a5 —ajo1) =D [ D n(AR) | aj = p(AR)) | aj-1;

j=1 \k=j j=1 \k=j j=1 \k=j
in the second sum we set 7 — 1 = [ so that this sum becomes, recalling that ag =0
m—1 m m—1 m
5 (32 wa) =52 (35 wtat)
1=0 \k=I+1 I=1 \k=I+1

putting again j in place of [ in this sum we get:

=D [ Do nAw) aj*i Y wAR) | aj = u(A(m)) an + 7u(A(j))aj
j=1 \k=j j=1 \k=j+1 j=1

which is of course [ ¢ du. If for some j > 0 we have p(A(j)) = oo then [y ¢ = oo, and trivially also
fooo Py (t) dt = oco.

REMARK. Notice that if f: X — oo] is positive measurable and a = {ag =0< a1 < - < an} is a
subdivision of [0, 00| (see 3.2.2), letting A(j) = f* (Jaj, a;j41]) for j < m, and A(m)) = < (Jam,o0]) the
function f, = Z;":O aj XA(j) is exactly the one considared in 3.2.2, and the integral of f, coincides with
the integral of the step function p, = py,, : [0, 00[— [0, o0

Pa(t) = pr(aj) Xlaj—1,a;[>
=1

approximating p; from below.

(v) is now immediate: if wu, is an increasing sequence of positive simple functions that increases to
f, by (iii) py, is a sequence of positive step functions which increases to ps; we apply the monotone
convergence theorem. O

EXERCISE 4.1.4. Let (X, M, 1) be a measure space. Prove, using the previous exercise, that for every
fecLt

m—o0

m2™
. 1 om
[ 1=t o S e e X fla) > 3/2m)).
X -
j=1
EXERCISE 4.1.5. (Assumes that 4.1.14 is known) Let (X, M, ) be a measure space, and let f: X —
10, 0o be measurable and strictly positive. Assume that the decreasing distribution function py of f is

finite valued for ¢ > 0. The function —py : [0, +oo[— R is increasing and hence it has an associated
Radon-Stieltjes measure —dpy, finite on compact subintervals of ]0, co[. Prove that this measure is the

image measure puf<, and deduce that
[ gdu= [ tdpy.
X [0,00]

EXERCISE 4.1.6. Let (X, M, u) be a measure space, and let f € LT(X).
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(i) Prove that if Y-, npu(f<(Jn —1,n])) < oo, then [, f < occ.
(ii) Find f € LT(R) such that [, f < oo, but > npu(f<(Jn—1,n])) = oo, with o = A1, Lebesgue

measure.
(iii) Find f € L*(R) with [, f = oo but
Z(n —Du(fT(n—-1,n])) <o (as above, u =Lebesgue measure).
n=1

(iv) Assuming p(X) < oo, prove that [y f < oo if and only if 307 | (n — 1) u(f< (Jn — 1,n])) < oc.
(v) Always assuming p(X) < oo prove that if f : X — R is measurable then f* have both finite
integrals if and only if

D ln=1u(f<(n - 1,n]) < cc.

nez

EXERCISE 4.1.7. Compute py (see 4.1.14) for the measure space (R, L1, ) and

; z —|z — 1
fla) =sinw; f(z) =% f(z) = e 1" f(a) = 2| 7% Xj0,00p; f(2) = T2
plot py whenever possible, and compute fooo pf(t)dt. Now consider the subspace of R™ given by B =
{z e R": ||z]|oo = max{|zg|: k=1,...,n} <1}, with measure induced by the n—dimensional Lebesgue
measure, and let f(z) = fo(z) = 1/[z||%, where oo > 0. Find py, plot it, and use it to compute [}, f.

EXERCISE 4.1.8. (A look into countable subadditivity) Let (X, M, pu) be a measure space. Let
(A, )nen be a sequence of sets in M; for every n € N let x,, = x4, be the characteristic function of A,;
for every € X let v(x) = Y7 xn(z). Notice that v(x) is the cardinality of the set {n € N: z € A,}
when this set is finite, and is co otherwise; in particular, limsup,,_, ., A, = {v = oo}. Let A ={J,;7, A,.

Prove that for every f € L™ we have
f<fvi=>] 1

and prove that if v is bounded, v(z) < m € N~ for every « € X, then

Z/ f<m / f in particular, with f =1 we get ZM(A") <mpu <U An> ;
n=0 An A

n=0 n=0

(if every x in the union belongs to at most m sets of the sequence then the sum of the measures of all
the sets is at most m times the measure of the union).

4.2. The space L'(y) of summable functions. We now extend the integral to some not neces-
sarily positive measurable functions.

DEFINITION. Given a measure space (X, M,u) we define £, (X,K) as the set of all measurable
functions f : X — K such that || f||, := [ |f] < oo.

Functions in £}, (X, K) are called integrable, or summable. We have || f||; = 0 if and only if Coz(|f|) =
Coz(f) has measure zero, that is, f is a null function (4.1.3). And for every f € L£(u) the cozero—set
Coz(f) has o—finite measure. Notice also that, by definition, functions in E}L are finite valued; then a
function in £T with finite integral is not necessarily in £!(u); but it is always a.e. equal to a function in
L1(p), since it assumes the value oo only on a set of measure zero (4.1.6).

Remember: nonzero constant functions belong to E}L (X,K) if and only if n(X) is finite.

4.2.1. Integral of functions in L*(p). Tt is immediate to see that £} (X, K) is a K—vector subspace of
KX: if f, g are measurable then f 4 g is measurable and |f +g| < |f|+|g] so that || .f +gll1 < || f]l1+ llgllx
is also finite; and if o € K we have that « f is measurable and |« f| = || |f] so that ||« f]1 = |a| || f]1-
There is a unique way of extending to £! the integral already defined on £ if we want it to be K—linear:

for a real valued f we set:
[= ][
X X X

this is a real number: by hypothesis, |f| = f* + f~ has a finite integral, and since f* < |f| the integrals
[y f* are both finite. Homogeneity is trivial, [y (a f) = a [y f for real aw and f € £},(X,R). Additivity:
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ifh=f+gthenwehave ht —h™ = ft — f~+g" —g~ < hT™+f +g = f"+g"+h™, whence

/Xh++/Xf*+/Xg*:/Xf++/Xg++/Xh— (:>/xh+7/xh7:/xf+7/){f7+/xg+*/xg7

We have seen that the integral on E}L (X,R) is a linear form. It is also isotone:

. Assume that f,g € L}, (X,R) and that f < g. Then [ f < [y g, and equality [ f = [y g holds if
and only if {f < g} is a null set.
Proof. [y g— [x[=[x(g—[f)and g— f e L(X), with Coz(g — f) = {f < g}; apply 4.1.3. O
4.2.2. Integral of complex functions. For a complex valued f: X — C we have
|Re f|V [Im f| < [f] < |Re f[ + [Im f],
so that f € E}L(X,(C) if and only if Re f and Im f are both in E}L(X, R). We define, for f € E}L(X, C):

/Xf::/XRewai/XImf;

straightforward calculations prove C—linearity of this integral. We now prove:

. FUNDAMENTAL INEQUALITY For every f € L},(X,K) we have

[ 1= [1ne s,

Proof. For f real we have —|f| < f <|f| so that by isotony

s [rs [ e mad [ [ rh< [n

For f complex—valued, notice first that the inequality is trivial if the integral of f is zero. Assume then
Jx f=a#0and let a =5gn(a). Then |a| = cva so that:

[ il=a [ 1= @n=[ Retar)

the last equality because the integral of « f is real, so that [ + Im(a f) = 0; then, by the fundamental
inequality for real functions

/XRemf)g‘/XRemf)]g/X|Re<af>|s/X|af|=/X|f|,

recalling that |o| = 1. O

EXERCISE 4.2.1. Prove that the fundamental inequality is an equality if and only if f has sign almost
everywhere constant on X.

Solution. (synthetic) In the real case the fundamental inequality is an equality iff either [ /7 =0
or [ fT =0, that is iff either {f < 0} or {f > 0} have measure 0; in the complex case the chain of
inequalities used in the proof has to be a chain of equalities; we must have [, (|Re(a f)] —Re(a f)) = 0,
and [ (Ja f| — |Re(a f)]) = 0, which is true iff | f| = [Re(ar )| = Re(a f) a.e. on X. In other words
o f(z) > 0 for almost every z € X, that is f(z) € Ry sgn(a) for a.e. z € X, with a = [ f.

([

4.2.3. The following will be used in 7.1.7

PROPOSITION. Let (X, M, u) be a measure space, and let f,g € E}L(X, C). Then f =g a.e. if and
only if [, f = [pyg for every E € M.

Proof. Clearly f =g a.e. implies f xg = g xg a.e. for every E € M and so also

/f:/fXE:/ng:/g, for every E € M.
E X X E

Conversely, assume [, f = [, g for every E € M; then [ Ref = [,Reg and [,Imf = [,Img for
every E € M and we are reduced to the case of real f, g. Setting E = {f > g} we have [(f —g) >0,
and since f(x) > g(x) for every x € E we can have [, f = [, g only if p(E) = 0 (4.2.1). Similarly, if
F={f<g}weget u(F)=0. Then {f # g} ={f > g} U{f < g} = FUF has measure 0. O
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REMARK. The statement:
. If f,g € LY(X) are such that fEf = ng for every E € M, then f =g a.e.

is FALSE unless some additional hypothesis is made on u: take an uncountable set X with the o—algebra of
countable or co—countable subsets, and the measure p that is oo for co—countable, and 0 for countable sets: the
constants 1 and 2 have integral 0 on countable and co on co—countable sets, but are never equal. We can prove
(but the proof is much more complicated than (ii) above, owing to possibly infinite integrals):

. If u is semifinite, and f,g € LT (X) are such that fEf = ng for every E € M, then f =g a.e.

Proof. Let A= {f < g}; it is enough to prove that ;1(A) = 0 (an analogous proof will work for B = {g < f}).
Given n € N, let E(n) = {g <n} N A. Then p(E(n)) = 0; in fact, if not, by semifiniteness we get E C E(n) with
0 < u(E) < oo. Then [, f = [p9 < [zn=npu(E) < oo; it follows that [,(g — f) = 0, but g(z) — f(z) > 0
for every x € E, impossible if p(E) > 0. Then p(E(n)) = 0 for every n, so that u({g < oo} N A) = 0 (since
{g <oo}=Ur_ {g <n}). If u({g = o0} NA) > 0 we still get a contradiction: notice that since f(z) < oo for
every x € A we still have {g = co} N A =J;_,{g = oo} N AN {f < n}; unless these sets have all measure zero
we can get E C {g = co} NAN{f < n} with 0 < pu(E) < oo; then [, f < nu(E) < oo, but [, g = co. Then
1(A) = (AN {g <oo}) +u(An{g=oc}) =0. O

4.2.4. The normed space L*(1). We have seen that on the vector space E}L (X,K) the function f —
I /1lx has all the properties of a norm, except that || f||; = 0 is equivalent to f being a null function, that
is, f = 0 a.e. and not to f identically zero (it is only a seminorm, not a norm). The set N, (X,K) of
null functions is clearly a vector subspace of [,}A(X, K); the quotient space Eb (X,K)/N,(X,K) is denoted
by L}L(X ,K) or simply by L'(x) when the scalar field has been specified somehow. Its elements are the
cosets f + N, (X,K) of the subspace N, (X,K): for a given f the coset f + N,(X,K) is the set of all
measurable functions a.e. equal to f. Clearly || f]l1 = ||g||1 for every pair of functions f and g equal a.e.;
on the quotient space the function f + N, (X,K) — ||f|l1 is well defined, and is a norm. But we often
deliberately confuse L'(u) and El, and we speak of a function f € L'(u): it is a convenient abuse of
language of which it is indlspensable to be aware, and it is in general harmless. Sometimes we speak of
the integral of a function f only defined a.e.: by 3.1.5, if a measurable g : X — K that coincides with f
a.e on the domain of f is in L(u), then all such functions h are a.e. equal to each other, hence with the
same integral. Convergence in L!(u) of a sequence f,, € L'(u) to f € L'(u) means of course convergence
in this normed space, that is lim,, ||f — f»|l1 = 0.

REMARK. If f,, € L*(p) converges to f € L'(u) in the L'—mnorm, then clearly we also have

dm [ = [t e |[ g /fn ]/ 7= < [ 15 = ful = 1f = Sl

In other words, the integral is a continuous linear form on L!(u), i.e. convergence in L! implies that the
limit may be carried under the integral sign, the integral of the L'—limit is the limit of the integrals.
But the fact that lim, o [ fn = [ f, even if coupled with pointwise convergence of f, to f, does not
ensure convergence of f,, to f in the L'—norm. An example is the following: X = [0, 1], m = Lebesgue
measure, f, = 1(X]o,1/(2n)] = X]1/(2n),1/n]); We have that f,(x) — 0 for every x € [0,1] (prove it), so that
f =0; and clearly we have

1
fn=0 but / |fn] = / nxjo,i/n) = 1, foreveryn >1,
[0,1] 0

(0,1]

so that the integral of the limit is the limit of the integrals, but f,, does not converge to 0 in L', since
Ifnll1 = 1 for every n > 1. But there is a particular case in which this is true, which is of interest in
probability theory:

. SCHEFFE’S THEOREM Let (X, M, 1) be a measure space; assume that f, is sequence of positive
functions in L'(u) converging pointwise a.e to f, and assume that

o [ e f g

Then f, converges to f in L'(u).
For the proof see exercise 4.2.5.

EXERCISE 4.2.2. Let (X, M, 1) be a measure space, and let f € LfL(X, K). Prove that if g : K —» K
is Lipschitz continuous, and g(0) = 0, then go f € L), (X,K). Find a function f € L},([0,1],R) such that
f? ¢ L'; in particular, L'(p) in general is not closed under multiplication (m Lebesgue measure).
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Solution. If L > 0 is a Lipschitz constant for g we have |g(y)| = |g(y) — ¢(0)] < L|y — 0] = L|y|
for every y € R, so that |g(f(x))] < L|f(z)| for every z € X; g o f is measurable since so is f and g is
continuous, and L |f| € L'(u) since f € L'(u). An example is f(z) = 1/y/z for = €)0,1], and f(0) =
clearly f € LL.([0,1]), but (f(x))*> =1/z ¢ L},([0,1]).

(I

4.2.5. The dominated convergence theorem. Monotone sequences are handled very well by the integral
we are discussing. The Lebesgue dominated convergence theorem deals with not necessarily monotone
sequences; we deduce it from Fatou’s lemma.

THEOREM. Let (X, M, 1) be a measure space, and let (fn)nen be a sequence of functions in L' (i)
which converges a.e. to the function f; assume that there is g € L*(n) such that |f,| < g, a.e. in X, for
every n € N. Then f € L'(u) and f, converges to f in L'(u), so that we also have

lm/h—/f

Proof. We can redefine f, g and all the f,,’s if necessary on a null set so that convergence is everywhere
and |fn(z)| < g(z) holds everywhere (reset all these functions to zero on the union of all the countably
many null sets on which these requirements are violated). Then |f| < g and f measurable imply f €
L' ().

Notice that |f — ful < |f| + |fal < g+ g, so that h, = 29 — |f — fu| > 0, and the sequence h,
converges pointwise to 2g. We apply Fatou’s lemma to h,,, obtaining

/Qggliminf/ hnliminf</ 2gf/ |ffn|> :/ 29+1iminf</ |ffn|> =
=/ 29—1imsup/ |f = ful,
X n—oo JX

which immediately implies
1imsup/ |f — ful <0, equivalently lim / |f— ful =0,
n—oo X n—oo [y

which is the desired conclusion. O

4.2.6. Normally convergent series in L'(u). In a normed space (E,||#]|) one can consider series
of vectors, ZZO:O Uy, With u, € F; as usual, we say that the series converges to s € E if the sequence
(8m)men of partial sums converges to s; by definition s,, := ZT:O Uy,. In the normed space F we say that
the series Y uy is normally convergent if the series of the norms is convergent, i.e. > o [Jun| < oc:
this name is perhaps badly chosen, since not necessarily a normally convergent series is convergent, see
4.2.10; but in L'(u) we have

. THEOREM ON NORMALLY CONVERGENT SERIES IN L'(u). Let Y0 ) fn be a series in L*(u) that
is normally convergent, i.e. > oo || full1 < 00. Then Y07 fn converges a.e. and in L*(p) to a function

fELl ,'andfxf Zn Ofon

Proof. For every n we have |f,| € LT; if for every @ € X we set g(z) = >.,°|fn(x)|, by the
countable additivity of integrals of positive functions 4.1.5 we have [, g = > > [ [fn| < 00. Then
p({g = 00}) = 0 (4.1.6); we have that the series > ° | f,(z)| is convergent for every z € X \ {g = oo};
since absolute convergence implies convergence the series > f, () is convergent on X \ {g = oo}; and

Zn
n=0

so that dominated convergence theorem allows us to conclude. ([

<Z|fn )| < g(x) forevery z € X \ {g = oo},

4.2.7. Convergence in L'(u) and convergence almost everywhere. Convergence in L*(u) does not in
general imply a.e. convergence. The following is an example of a sequence converging to 0 in L([0,1])
with Lebesgue measure, which converges at no point of [0,1]. Start with go = 1, the constant 1. Next
let g1,1 be the characteristic function of [0,1/2], g1,2 the characteristic function of ]1/2, 1]; in general g, 1
is the characteristic function of [0,1/2"], while gy, x, with £ = 2,...,2" is the characteristic function of
J(k—1)/2"™ k/2"]. Order all the g, in a sequence (f,)men; it is clear that f,,(z) does not converge for
any z € [0, 1] (we have f,,,(z) = 0 and f,,(z) = 1 for infinitely many m,n € N), but since f[O,l} gn = 1/27
clearly || fm |1 — 0 as m — co. However we have the following very important:
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PROPOSITION. If (fn)nen converges to f in L'(u) then some subsequence (f,))ken of (fn)nen
converges pointwise a.e. to f.

Proof. Simply recall that in a metric space every Cauchy sequence contains a subsequence of bounded
variation, i.e. a subsequence (f,(x))ren Whose total variation

Z Hfl’(k) - fu(k71)H1 < 00
k=1

is finite (see e.g. Analisi Due, 2.11.7). Then the series

Fooy + D> (Futry = Foto—1))

k=1

is normally convergent in L' (1), so that its sequence of partial sums, which is Ju(k), converges a.e. to its
sum f (4.2.6). O

EXERCISE 4.2.3. The space L!(5) of the discrete measure space (X, P(X), »), where s is the count-
ing measure, is generally denoted ¢*(X) = ¢' (see 4.3) Prove that convergence in ¢! implies uniform
convergence (in particular then also pointwise convergence).

4.2.8. On dominated convergence. If a sequence in L'(u) converges pointwise to a function and is
dominated by a given function in L'(x) then it also converges in L'(u), as proved by Lebesgue’s theo-
rem. One might wonder if convergence in L!(11) coupled with pointwise convergence implies dominated
convergence, that is: if a sequence f,, € L'(u) converges to f, both in L'(u) and a.e., does there exist a
function g € L'(p) such that |f,| < g for every n € N? The answer is negative:

EXAMPLE 4.2.4. In the measure space [0, 1] with Lebesgue measure, for n > 1 and k = 1,...,n let
fnk = N X](k=1)/n2k/n?]- Then || fnxll1 = 1/n, so that arranging all f,x in a sequence fy,, this converges
to 0 both a.e. and in L'. But ¢ = Vg ok & L': in fact g(x) = 307 N X]1/(n+1),1/n] SO that

> 1 1 =1
/[0,1]gzzn(g_”+1)zzn+1:oo

n=1 n=1

Of course, as seen above, a sequence of bounded variation in L () of functions in L*(p) is dominated
by a function of L' (u).

EXERCISE 4.2.5. Prove Scheffé’s theorem (4.2.4) in the following way: prove first that (f — f,,)T < f;
apply dominated convergence to prove that lim,, fX(f — fn)T = 0; the rest is easy ...

Solution. Since f,(z) > 0 we have f(z) — fn(x) < f(x); since the positive part ¢ — tT = max{t,0}
is an increasing function we have (f(z) — fn(z))™ < (f(z))T = f(x), so that (f — fn)T < f for every n.

Clearly f € L'(u) (it is a positive function with a finite integral); by continuity of the positive part, we
have lim, o (f — fn)* = 0 a.e., so that by dominated convergence lim, o [(f — fn)* = 0. Now we

have |f*fn| = (f*fn)Jer(f*fn)i and fffn = (fffn)Jr*(f*fn)ia so that
*n:2*n+* —Jn *n:2 *nJr* —Jn)
=l =2 =) ==t = [ 1=l =2 [ =" = [ =1
and taking limits as n — oo we get zero on the right-hand side. O

A simpler proof may be obtained using the generalized dominated convergence theorem 4.4.7

4.2.9. Approzimation of L' functions. We denote by S(u) the subspace of L' (1) consisting of simple
functions, so that S(u) is the space of integrable simple functions: it consists of all measurable simple
functions which are 0 outside a set of finite measure. It is clear that

LEMMA. S(u) is dense in L*(u)

Proof. If (¢n)nen is a sequence of measurable simple functions which converges pointwise to f € L*(u)
and such that |p,| 1T |f] (3.2.2) we have ¢, € S(u) (since |p,| < |f| € L'(p)) and by dominated
convergence lim,, || f — ¢n |1 = 0. O

But measurable sets are often quite complicated, so simple functions are not really simple. We are
interested in approximating functions in L'(u) with functions we know better about.
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PROPOSITION. Let (X, M, u) be the Carathéodory extension of a premeasure on an algebra of parts
of X. Then the space of A—simple integrable functions is dense in L'(u). If X = R™ and p is a Radon
measure, then the integrable step functions are dense in L'(u); and continuous functions with compact
support are also dense in L*(u).

Proof. We need to prove that every function ¢ € S(u) is approximable with A—simple functions in
the L'(u) norm. Let ¢ = 37" a;j xp(j), with a; # 0 and 0 < u(E(j)) < oo for every j = 1,...,m; set
a=>"", laj|. Given e >0, by 2.5.7 there is A(j) € A such that u(E(j) & A(j)) < e/a, for j=1,...,m.
Then the function ¢ = 377" | a; xa(j) is A—simple, and:

m m m
e — [l :/ Zaj(XE(j) —Xxag))| < / Z lajl [XE@) — xa@)| = Z |aj|/ IXEG) — Xa@)| =

x|i: b gt = b's

m

> lagl n((EG) & A@G) <e.

j=1
If the algebra A is the interval algebra then every A(j) is a finite disjoint union of bounded intervals.
To conclude that continuous functions with compact support are dense in L}L (R™) it is clearly enough to
prove that for every bounded interval I and every € > 0 there is a continuous function u with compact
support such that ||x; — ul|1 < e. Remember that we can find a compact interval K C I and a bounded
open interval V' 2O I such that u(V ~ K) < e (see 2.2.5). By 1.3.3 there exists a continuous function
u: R™ — [0, 1] such that u(z) = 0 for z ¢ V (so that Supp(u) C V is compact) and u(z) =1 for x € K;
accepting this result we have

ol Sxver sothat - uli < [ xvodi =V~ K) <z,

REMARK. Using the remark in 1.3.3 we see that v may even be supposed C°.
|

4.2.10. Completeness of L*(u). The space L' (1) is a Banach space, i.e. it is a complete normed space,
as we now see. Remember that a normed space (F, ||#]]) is called complete when every Cauchy sequence of
F has a limit in F; and in a normed space this is equivalent to assert that every normally convergent series
of E is convergent in F (see e.g. Analisi Due, 2.12.4; let’s quickly review the argument: a Cauchy sequence
with a converging subsequence is convergent; every Cauchy sequence has a subsequence of bounded
variation, and convergence of sequences of bounded variation is trivially equivalent to convergence of
normally convergent series). Thus the theorem on normally convergent series expresses completeness of
L ().

Completeness is perhaps the main profit obtained from this more general theory of integration.

4.3. The space ((X). We now take a look at the discrete measure space (X, P(X), »), where s is
the counting measure. All functions are of course measurable. The only set of measure 0 is the empty set,
and the sets of finite measure are exactly the finite subsets, so that simple functions with finite integral
are exactly the functions which are finite—valued and nonzero only on a finite set. It is quite obvious that
for every positive function f: X — [0, o0] we have:

/ f(x)dx(z) = sup{ Z fx): FCX, F ﬁnite}

X zeF

(by definition, the integral is the supremum of the integrals of positive simple functions dominated by
[f; every simple function dominated by f with finite integral is then of the form }__ . ¢(x) x{s}, with
F a finite subset of X, and 0 < ¢(z) < f(z), ¢(z) < oo, for every z € F etc, ...). In other words,
the integral in the counting measure is exactly the infinite sum ) f described in 1.10. Notice that the
necessary condition for finiteness of the sum given in 1.10.3, that {f # 0} be countable, is exactly the
o—finiteness of the measure of Coz(f), if f has a finite integral. We have then that f € L () if and only
if f is finite valued and representable as f = (ut —u™) +i (vT —v7), with all the four positive functions

u®, v* summable; of course Coz(f) is at most countable, for every f with finite sum, positive or not.

It is customary to write ¢! (X) instead of L'(); the integral of f over A C X will be denoted >_ , f.
Instead of saying that f € ¢1(X) we also say that f is summable over X.
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4.3.1. Unrestricted additivity. Unrestricted associativity holds also for sums of functions in ¢!(X),
and it may also be thought of as unrestricted additivity of infinite sums; this is trivial, since it is true for
positive functions

. UNRESTRICTED ADDITIVITY FOR SUMMABLE FUNCTIONS. Let X be a set, and let f: X — K be a
function; let (A(N))aea be a partition of X. Then

(i) If f € £1(X) then the function s : A — K defined by s(\) = 2aw fisin H(A) and

*) Y=Y (=2 ¥ rw@

A AEA \z€A(N)

(i) If f € L1(A(N)) for every XA € A, and

(**) Do <o

xeA \ AN
then f € £1(X) (consequently, (i) holds and the sum on X of f may be obtained as in (*), by

removing the absolute values).

Proof. (i) has been observed above: it is a consequence of 1.10.1 and of the linearity of sums.
(ii) 1.10.1 says that the sum in (**) is exactly || fl1 = >y | f]- O

We present some important applications of this fact.
4.3.2. Fubini—Tonelli, the discrete case.
PROPOSITION. Let X,Y be sets, and let f: X XY — K be a function.

(i) (FUBINI) Assume that f € ¢1(X x Y,K). Then for every x € X the function y — f(z,y) is in
(Y, the function x +— Y yey f(xy) isin (X)) (the same is true exchanging X and Y ) and

Yoo fay)=> | D ) Z(Zf(x,y))

(z,y)EX XY ze€X \y€eYy yeY \zeX

(ii) (ToneLLI) If

YA D@yl | <oo, orif Z(Zlf(:c,yﬂ)@o,

zeX \yeY yeY \zeX
then f € (1(X x Y,K) (so that the sum of f on X x Y may be computed as in (i)).

Proof. (i) is simply unrestricted additivity 4.3.1 with the partitions ({x} X Y)zex or (X X {y})yev;
(ii) is the second part of 4.3.1 O

As an important consequence of the above proposition we prove the homomorphism property of
the complex exponential. Recall that by definition exp z = ZZOZO 2™ /n!, where the series is absolutely
convergent for every z € C. We have

e (’LU+Z)n & n n ,wnfk Zk & n ,wnfk Zk
exp(w+z) =) =) <Z (k)T) =2 <Zm>
n=0 n=0 \k=0 n=0 \k=0
On N x N consider the function (j, k) + w’ 2% /(j! k!); the preceding sum is the sum of this function on
the partition given by M(n) = {(j,k) € Nx N: j + k = n}; moreover we certainly have summability,
since by absolute convergence w and z may be replaced by their absolute values, leaving the sum finite
with value exp(|w| + |2]); thus (Fubini):

o n n—k Jk 7k Jj kK
w z w’ z w’ z
eXp(w+Z>:Z<Z(nk)!k!>: > S :Z<Z j!k!)z

n=0 \k=0 (j,k)ENXN jeN \keN

J k J
Zw— c :Zw— exXpz = eXpw exp z.
2] )T 2T
JEN keN JEN
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EXERCISE 4.3.1. If f,g € KZ their convolution is, by definition, the function f x ¢ : Z — K defined

by
Frgl@)=>fl@—y)gly)
yeZ

whenever this formula is meaningful, that is, the right hand side is defined somehow.
(i) Prove that if f,g € ¢1(Z) then f x g is defined on Z, that f * g € £*(Z) and that

1 gl < WS lglle = I f gl Do frg=D_f> 9
Z Z Z

Ifa:nw— a, and b : n — b, are two sequences (n € N) they may be considered as two—sided
sequences a,b € K% by assuming a,, = b, = 0 for n < 0; their convolution a * b is then always defined,
and

(axb), = Zan,k b for n >0, while (a *b),, =0 for n < 0.
k=0
Given the two series Y 7 a, and Y. - by, their Cauchy product is, by definition, the series

i(a*bnfz <Zan kbk>

n=0 =

(ii) Prove that if a and b are absolutely convergent then their Cauchy product is also absolutely
convergent and its sum is the product of the sums (D ya)(D>_yb) (this is of course a particular
case of (i), and includes the preceding result on the homomorphism formula of exp as a particular
case).

EXERCISE 4.3.2. If f € KX and g € KY, their tensor product f ® g : X x Y — K is defined by
f®@g(x,y) = f(x)g(y). Prove that if f € (1(X,K) and g € ¢*(Y,K) then f®g € ¢}(X x Y,K) and
1f @ gl = [If111lgll-

4.3.3. Euler’s product formula for the ¢ function. As a final result we present the famous Euler’s product
formula for the zeta function: for s > 1 we set

SR
—n
(we know that n — 1/n° is summable over N~ if s > 1). Given a prime p, every n € N~ may be written uniquely

as n = p”™ m(n), where m(n) is prime to p, and v(n) > 0; we partition N~ in sets M(m) = {p* m : v € N},
where m ranges in the set N(p) of all integers in N~ prime to p; then

C(s) = Z <Z (pulm)s>: Z %(Z(;)V):llp_s Z %

meN(p) \v=0 meN (p) v=0 meN (p)

Given another prime g, the argument may be repeated to show that

1 1 1
2 i TTTe 2

meN (p) meN (p,q)

where now N(p, q) is the set of all strictly positive integers prime to both p and q. If p1,...,p;,... is a bijective
elencation of all primes (in any order) we then have, for every integer 7:

) === ¥ -

J meN (Pr)

where N(P;) is the set of all strictly positive integers whose factorization does not contain any of the primes
p1,...,pr. Notice that N(P1) D N(P2) O N(P3) D ..., and moreover (o, N(P.) = {1}: every integer strictly
larger than 1 has a prime divisor. From this one easily sees that

1
li S o— | =
rggo ms 1
meN (Py)
so that, passing to the limit in (*) as 7 — co we get

C(S) - H 1-— pis < r—00 )

j=1 =1

one of the most beautiful results of Euler.
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EXERCISE 4.3.3. Prove that the sum, where p € R:

1

(m,n)eENXN~{(0,0)} (m + n)P

is finite if and only if p > 2, and in this case its value is ((p — 1) + {(p). (hint: sum on the blocks M (k) =
{(m,n) e NxN:m+n=~k}, with k=1,2,3,...).

4.4. Uniform convergence almost everywhere and L (p). Let (X, M, 1) be a measure space,
and let g € L(X,R) be measurable. In exercise 4.1.14 we defined the decreasing distribution function pg
of g as pg(t) = p({g > t}); this function is positive, decreasing and right—continuous, so that if p,(t) = 0
for some t > 0 we have py(s) = 0 for all s > t; the set {t € Ry : pg(t) = 0}, if non—empty, is then a closed
half-line [a, +o00[ (closed because of right continuity). This number a is called the essential supremum of
g; in other words

essup(g) = inf{t e R: p({g > t}) =0}

(when no such ¢ exists, then the essential supremum of g is co; when the set is non—empty, the infimum
is actually a minimum, as seen above). For every measurable f € L(X,K) we define

[flloc = essup(|f]) = inf{t € R: u({[f] > t}) = O};

notice that || f]leo = sup{|f(z)| : 2 € X ~{|f] > || fllcc}. The essentially bounded functions are those for
which this quantity is finite, they form a linear subspace £5° (X, K) C L(X,K); then ||#|o is a norm on
L®(u) = LY (X,K) = L°(X,K)/N,.(X,K), the essential supremum norm. Of course if the measure is
such that the only null set is the empty set (e.g. the counting measure, where L™ is denoted £°°), then
the essential supremum norm is exactly the sup—norm. We leave to the reader the proof of the following
fact:

. A sequence fn, € L®(n) converges to f € L(u) in the essential supremum norm if and only if
there is a null set N C X such that on X ~ N the sequence f, converges uniformly to f. The space
(L (), ||[#]loo) s a Banach space; it is also closed under (pointwise) multiplication, in fact

1] glloe < W[ flloo llglloo;

so L>(u) is also a Banach algebra.

EXERCISE 4.4.1. (Easy but important) Let (X, M, i) be a measure space. Prove that L>(u) C L' (u)
if and only if u(X) < oo (bounded measurable functions are summable on finite measure spaces) and
in this case ||f|l1 < p(X)|/flloo- Deduce that on a finite measure space convergence in L implies
convergence in L'. The sequence f, = X[o,n]/7 in Li(R) proves that this is not true in absence of
finiteness of the measure space.

EXERCISE 4.4.2. We have seen that in general L!(u) is not closed under multiplication (4.2.2).
However: if f € L'(u) and g € L>(p) then g f € L'(n), and ||g flli < llglloo [If[l1 (easy). If p is
semifinite, then we have also:

. Let g € L(X) be such that g f € L'(u) for every f € L'(u). Then g € L> ().
(requires some ingenuity ... ).

EXERCISE 4.4.3. Let X be an uncountable set, M the o—algebra of countable or co—countable
subsets.

(i) Prove that f: X — K is measurable iff it is constant on some co—countable subset of X (hint:
find the simple functions first and recall that every measurable function is the pointwise limit
of a sequence of simple functions).

(ii) Let p: M — [0,00] be the measure which is zero on countable sets, co on the others. Prove
that L'(u) = {0}.

(i) With z asin (i) describe L7 (X, K) and prove that L°°(x) is isomorphic to K (as a vector space
and as a K—algebra).

EXERCISE 4.4.4. Let X be a set. Prove that if f € £1(X) then there is ¢ € X such that |f(c)| =
max | f|(X); deduce that £} C £ and that || f||ecc < ||f]l1, for every f € £}; equality || f| s = ||f|l1 holds

only for functions whose support is a singleton, or empty.



68

Solution. Assume that f € ¢! is not identically zero; then there is a € X such that |f(a)] > 0;
the set E = {|f| > |f(a)|} is then finite (by 1.10.3) and non-empty because a € E; then there is
¢ € E such that |f(c)] = max{|f(x)| : * € E}; we also have |f(c)| = || f]lco, because if z ¢ E we have
If(z)] < [f(a)] < |f(c)|. Clearly || flli = D ex [f(@)| > |f(c)|, and if there is a € X \ {c} such that

f(a) # 0 we have
[fllee = [f ()l < [f () + | f(a)] < ]2
O

EXERCISE 4.4.5. Let (X, M, u) be a measure space and let ' C K be closed in K. Denote by
L} (X,F) the set of all f € L'(u) such that f(x) € F for a.e. x € X. Prove that L}, (X, F) is a closed
subset of L'(u). Identifying two measurable sets A, B € M such that (A A B) = 0, prove that the ideal
F(u) ={A e M: u(A) < oo} is a complete metric space in the metric p(A, B) = u(A A B) (consider
1
L, (X,{0,1}) ...).
EXERCISE 4.4.6. (One-sided convergence) Let (X, M, ) be a measure space. Let (f,,), be a sequence
in LL(X,R).
(i) Assume that 0 < f,, < f for every n, and that f, — f a.e. Then [, f, — [, f (this last may
be finite or +00).

(ii) The conclusion of (i) remains true assuming g < f,, < f in place of 0 < f,, < f, provided that
g€ LL(X,R).

Solution. (i) Fatou’s lemma says that [, f <liminf, [, fn; and since [ fn < [ f for every n we
get limsup,, [ fn < [y f and we conclude; (ii) simply take f, —g, f—g .... O

EXERCISE 4.4.7. A generalized dominated convergence theorem

. Let (X, M, 1) be a measure space. Assume that we have two sequences fn,gn € L*(u), a.e. con-
verging to f and g respectively, that |fn| < gn a.e. for every n € N, and lim, fx Gn = fx g < oo. Then

f € LY (u), we have
li n = )
[ =

COROLLARY. If f, is a sequence in L' (u) converging a.e. to f andlim, || ful1 = ||f|l1 < oo, then fn
converges to f in L*(u).

and f, converges to f in L*(p).

Solution. We have |f — fn| < |f] + |fn] < g+ gn, and lim, o (g + gn) = 29 a.e. on X. We apply
Fatou’s lemma to the sequence (g + gn) — |f — fn] > 0, obtaining

/X2g§hnni>i£f</g+/gn /If fn)/2ghglﬂsolip/ |f = fal,

and cancelling [ 2g we get

1imsup/ |f— fal <0.

n—oo

For the corollary, apply the above with g,, = | fn|. O
REMARK. Notice that Scheffé’s theorem (4.2.4) is a particular case of the corollary, with f,, = |fn]|.

EXERCISE 4.4.8. Compute the limits:

11 —sin 1 —sin(z/n) 201 sin 1 —sin(z/n)
hm dx; hm dx;
Va2 +1/n vz +1/n

00 3
hm/ 1— sin® z/n) dz; lim/ 78111(:0/71) dz.
Cz+1/n n Jo x

(you may use the convergence theorems, but for some of the above also trivial estimates work; for the
last limit use [~ = fol + [7). Same questions for:

2011 00 i 2
hm/ n cos(z/n) d hm/ cos? x/n lim/ sin”(z/n) .
0

nr+1 n x5/2
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EXERCISE 4.4.9. Let (X, M, 1) be a measure space, and let f € LT, with 0 < [ f < co. Prove that
for every a > 0 and n € N~ the function g(z) = gn.o(z) = n sin(f(z)/n%) is in L'(u), and compute,
expressing the answer in terms of [ f:

A(a) = lim gn,a(‘r) dﬂ(‘r)
X

n—00
(hint: get to a situation in which you can use dominated convergence; recall that |sint/¢| < 1...).

EXERCISE 4.4.10. (assumes 4.1.14 and 4.1.5) Let (X, M, p) be a finite measure space, 0 < p(X) < oo,
and let f : X — R be measurable. The (increasing) distribution function of f is the function Fy : R — R
defined by F(t) = Fy(t) = p({f < t}) = u(f (] = 00,1])).

(i) Prove that Fy is increasing and right continuous, and express it by means of the decreasing
distribution function ps(t) = u({f > t}).
(i) Prove that:
For t < 0: Fy(t) = ps-((—=t)7) (left limit of py- in —t > 0).
For t > 0: Fy(t) = p(X) — pyp+(t).
and deduce from that and what proved in Exercise 4.1.14 that f € L'(u) if and only if

0 oo
/ Fr(t)dt and /0 (W(X) — Fy(t)) dt

— 00

are both finite, and in that case:

/Xf:/OOO(M(X)—Ff(t))dt—/_OOOFf(t)dt.
X)

(

B

Fy

/

A

FIGURE 2. If F} is as plotted, we have f € L'(u) iff the two regions A and B have finite
area, and in that case [, f = area(B) — area(A).

(iv) Prove that the image measure pF* (see 4.1.5) is the Radon—Stieltjes measure dFy, and deduce

from it that if f € L!(u) then
/ Fdp = / tdFy (b).
X R

EXERCISE 4.4.11. Let (X, M, 1) be a measure space. If E € M is such that 0 < u(E) < oo, and
[+ X = Kis such that fip € LL(E), we define the average of f over E as

for= w7 (= )7 i)

(it may be interpreted as the integral on F with respect to the ”rescaled” measure p/p(FE)). Assume
now that C' C K is a closed subset of K such that fE f € C for every E of finite nonzero measure, and
that the measure is semifinite. Prove that then f(z) € C for a.e. € X (hint: prove that for every open
disk B(c,r[C K~ C we have u(f< (B(e,r[)) = 0; given a countable base for the open sets of K consisting
of open disks ...).

EXERCISE 4.4.12. Using the power series expansion of sinz/x prove that if a > 1:

& sinx 1
/ e dxr = arctan <—> .
0 T a
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Solution. We have for every x € R:

2" o0 sinz o0 > 2"
th t —ar d = —azr —1 n__— d .
"Gnrp Sotha A ¢ T (A ¢ 2;( V' G )

we want to prove that if @ > 1 then

| e (Z(n"m) =2 [

n=0 n=0

sinx

Dﬂg

A sufficient condition for this is the convergence of the series of the L'norms on [1, co[ (theorem on normal
convergence of a series in L'), that is the series

E:/‘ 2n+1)d

(this says that the sum of the series of absolute values of the functions is in L!([0, oc[), and this sum
dominates the partial sums of the original series). The integrals are easily computed:

> " 1 < dt 1 >
—ax dr = —t - t(2n+1)—1 —t dt =
/0 ¢ (2n +1)! * (2n + 1)! /0 ¢ @y a1 (2n + 1)! /0 ¢

r'(2n+1) 1

a2rt1(2n + 1)1 a2rtl(2n 4+ 1)’

and clearly the series > > 1/(a*"*!(2n 4 1)) converges iff @ > 1. Then, if @ > 1 we also have, by the
theorem on normal convergence

> sinx = e zn > (-1 1 1
—ax dr = —1)" —ax dr = — t -
/0 e ——dz Z( ) /0 e Gn i) x HZ:OQnJrl —on1 — arctan (a) ;

n=0

recalling the ciclometric series arctanz = Y~ ((=1)"z*" ! /(2n + 1), for |z] < 1.

REMARK. For 0 < a < 1 the series of integrals does not converge. However we have
oo
w(a) = / e~ (sinz/z) dr = arctan(1/a) for every a > 0.
0

In fact, the integral converges for a > 0, and the theorem on differentiation of parameter depending
integrals says that
oo
¢ (a) = f/ e sinxdr = —
0

=00
—ax
€

. —1
m(*a sSmx *COSZ') - = 1—{——0,2’

and since the derivative of arctan(1/a) is —1/(1 + a?) for every a # 0, and
lim ¢(a) = lim arctan(l/a) =0,
a—r 00

a—r o0

we conclude.

O

4.4.1. Infinite integrals. If (X, M, p1) is a measure space and f : X — R is measurable, the formula

Jr= =k

is meaningless only when [, f™ = [, f~ = oo. If at least one of the integrals [, f* and [, f~
finite, we say that f is integrable in the extended sense, and we define its integral, which may then be
0o or —oo, by this formula. If f is integrable in the extended sense then so is fxg for every E € M,
and the indefinite integral v = vy : M — [—00, 0] defined by v(E) = [, f (:= [y f x&) is a countably
additive function: the easy proof is left to the reader (notice that actually V(E) = vt (E) —vp-(BE) is
the difference of two positive measures, of which one at most can be infinite valued).

We note the following facts:

. Let (X, M, u) be a measure space, and let f,g: X — R be real valued measurable functions. Then:
(i) If f < g and f and g are integrable in the extended sense, then fX f< fX g.
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(i) If f < g, f is integrable in the extended sense, and fo > —oo, then g is integrable in the
extended sense (similarly, if g is integrable in the extended sense and fXg < 00, then f is
integrable in the extended sense).

(i) If f and g are integrable in the extended sense, and fx f+fx g is defined, then f+g is integrable
in the extended sense, and [ (f+9) = [x [+ [x 9-

Proof. Exercise. ([l

Solution. (of the previous exercise) (i) As seen in 1.2.1, f < g is equivalent to f* < gt and f~ > g~ <
—f7 < —g7; summing the inequalities obtained by integrating we have

Jr= = f= L

(i) As above we get fT < g* and f~ > g7 if fX f exists and is not —oo, we have that fX f~ is finite, and
then also fX g~ is finite.

(iii) If both integrals are finite the proof is that given for L},(X,R). We can then reduce to the case in which
one, or both, integrals are infinite; exchanging f and g we may assume that [ « [ is infinite; by changing signs we
may also assume fX f = oco. Then fx f~ is finite, and fX g cannot be —oo, so that fX g~ is also finite. Recall
that, by 1.2.1, (f +9)" < fT+g" and (f+9)” < f~ +¢ . In our case we then get fX(f +9)” < o0, so that
Jx(f +g) is defined and is not —co. Moreover [, (f + g) = oo, since otherwise f* + g7 = (f+g)+ (f~ +97)
has also a finite integral, but fX fT = oo by assumption. Then fX(f +g) = 0. O

Sometimes we say integrable without adding ”in the extended sense” unless for some reason this has
to be emphasized. Of course, a function integrable in the extended sense with a finite integral differs
from a function in L}L(X ,R) only on a null set, and may be considered belonging to L (u).

EXERCISE 4.4.13. Let X be a set, and let f : X — R be a real valued function. The set ®(X) of all
finite subsets of X, ordered by inclusion, is a directed set and we can define a net > f : #(X) — R by
the formula A+ >, f (:= Y, c 4 f(x)). Prove that this net has a limit in R if and only if f is integrable
in the extended sense with respect to the counting measure » on X, and that

Aelan)Zf Zf <: /de%> '

Solution. For positive functions the assertion is trivial: the net A — > , f is increasing, it always has
its supremum sup {Y , f : A € ®(X)}, clearly coinciding with [ fds, as limit. Writing f = f*— f~ we
have Y, f =>4 fT =>4 f~ and continuity of addition in | — 0o, 00| or in [—o0, co[ ensures that if f is
integrable then the net has the mtegral as its limit. It only remains to prove that if Z xfT=Yf =0
then the net has no limit in R. Let P = {f > 0} and Q = {f < 0}. Given any A € ®(X), since
> paf =00 we can add to A a finite set B C P~ A such that ), 5 f is large as we please, and since
ZQ\A J = —oo we can also add to A a finite subset C' of Q to make ), ,~ f smaller than any negative
number we want. (]

4.4.2. Monotone convergence theorem, extended version.

. Let (X, M, ) be a measure space, and let f, be a monotone sequence of measurable extended real
valued functions, with pointwise limit f; assume that fo is integrable (in the extended sense). If the
sequence is increasing (resp: decreasing) and fX fo > —oo (resp: fX fo < o) then f and dll f, are

integrable and
lim fn / f
n—o0 X

Proof. Assume that f, is increasing. By (11) of 4.4.1 we have that all f, are integrable and the
integrals are an increasing sequence in R; moreover f; is increasing and f,; is a decreasing sequence of
positive functions with a finite integral. By the monotone convergence theorem we have

Jm [ S = /f+

and by dominated convergence we have also

im [ 17 = /X J7(< o)

n—oo

the conclusion is now immediate. For the decreasmg case, just change signs. (]
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We also easily get as a corollary

. FATOU’S LEMMA, EXTENDED VERSION Let (fy,)nen be a sequence of extended real valued measurable
functions on the measure space (X, M, p).

(i) Assume that there is a function u: X — R integrable, with fX u > —o00, such that u < f, a.e.,
for every n € N. Then every f, is integrable and

/ liminf f, <lim inf/ -

X n—oo n—oo X

(il) Assume that there is a function v : X — R integrable, with fx v < 00, such that v > f, a.e.,
for every n € N. Then every f, is integrable and

lim sup/ fn < / limsup f,.
n—oo X X n—oo
Proof. Inboth cases integrability of the f,,’s follows from (ii) of 4.4.1. The proof of (i) is then identical
to the proof of the original Fatou’s lemma, by using the above extended version of monotone convergence,

and is left to the reader. Proof of (ii) may follow similar lines, or is simply deduced from (i) by changing
the sign. O

4.4.3. Some solutions.

Solution. (of Exercise 4.1.5) For simplicity, put a(t) = —ps(t) = —p{(f > t}). If s < t we have
|s,t] =]s, 0o[—]t, 00| so that

p(f (s, 1) = n(f = (s, 00N (It 00[)) = u(f (s, 000) — u(f (Jt,00]) = py(s) — ps(t) = alt) — als)
(finiteness of py has been used in an essential way for subtractivity). The image measure pf* and the
Radon—Stieltjes measure A, of « then coincide and are finite on the right half-open intervals of |0, oo|
with lower bound strictly positive; then they coincide on the Borel subsets of ]0, 0o, by o—finiteness and
2.5.5. For every positive measurable g :]0, co[— [0, oo] we have (see 4.1.12)

/ o(t) duf < (t) = / o(f (@) du(z),
[0,00[ X
and we get the result with g(t) = ¢. O

Solution. (of Exercise 4.1.6) (i) We clearly have f < g if g := > | nXfe(jn_1,n): given z € X,
if f(z) > 0 then z € f<(Jn — 1,n]) for a unique n € N, so that f(z) < n = g(x). Since [, g =
Yoo np(f<(n—1,n])) < oo, we also have [, f < co.

(ii) If f(z) = 1/(1 4 2?) it is well-known that [, f < co; but g = xr has infinite integral.

(iii) Consider f(x) =1/(1+ |z|); then [, f =00, but h:=>  (n —1) X (n-1,n]) = 0.

(iv) We have, with h as in (iii) and g as in (i) and (ii):

9= nXse(n-1m]) :Z((nfl)ﬂLl)Xf“(]n—Ln]):
n=1 n=1

Z (n = 1) Xfe(qn-1,n)) +Z Xfe(n—1,n]) = b+ X{r>0);
n=1 n=1

since X has finite measure we have that x(s-¢y has finite integral (u(x{f>0})), hence fx g is finite iff

[ I is finite; and f is sandwiched between h and g, h < f < g.

(v) Put ¢ = > s ln — 1 Xjn—1,n- 2z € f(Jn—1,n]) we have n — 1 < f(z) < n, and if n <0
then |f(z)|] < |n — 1] and f(z) < 0, i.e. f(x) = f~(x), while if n > 0 then |f(x)| < ¢(z) + 1, and
f(z) > 0so that f(z) = fT(x). We then have |f(z)| < o(z) + x{r>0} (), so that if ¢ is summable f is
also summable. And we also have 0 < ¢ — x{f<0y < |f], so that summability of f implies summability
of ¢, always taking account of the fact that x{s-0} and xys<o} are summable because u(X) < oo. (|

Solution. (of exercise 4.1.7). Clearly pgin(t) = oo for t < 1, psin(t) = 0 for t > 1. Clearly ps(t) = o0
for every t € R if f(z) = e®. If f(x) = e~1*l we have clearly py(t) = oo if t < 0; if ¢ > 1 then ps(t) = 0
(1 is the absolute maximum of f), and if 0 < ¢ < 1 then

{reR:e >t} ={zeR: —|z| >logt} = {z € R:|z| <log(1/t)}, so that ps(t) = 2log(1/t);
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hence pf(t) = 2(log(1/t))*" for t > 0. The integral is easily computed:

o) 1 1
/ pr(t)dt = / 2log(1/t) dt = [72t10gt]é +/ 2dt = 2.
0 0 0

Now f(z) = |z 712 X0,00; clearly pys(t) = oo it ¢t < 0. If ¢ > 0 then
{zeR: flx)>ty={z>0: 272 >t} = {z < 1/1*} =]0,1/t*].

Then ps(t) = 1/t* for t > 0, and hence [;° ps(t) dt =

f(@)=1/(1+2?); pf = oo for t <0, and1ft>0wehave{f>t}:{:c€R: 1+ 22 > 1/t}; this set
is empty for ¢ > 1 (clear: 1 is the absolute maximum of f), and is | — \/1/t — 1,1/1/t —1[if 0 < t < 1.
Then ps(t) =24/1/t —1if t €]0,1] and ps(¢) = 0 if ¢ > 1. Integral:

o 1o 1 1
/ pf(t)dt:/ 2,/——1dt=4/ «/1—t£:4/ VI—6do =
0 0 t 0 2/t 0

For the last: p¢(t) = Ap(B) =27 if ¢t <1. It ¢ > 1 then

{reB: |z|z2 >t} ={zeB: ||z <t} sothat pp(t)=2"t""/* (t>1).

00 1 00
/ pf(t)dt:/ 2"dt+2”/ t/ e dt;
0 0 1

we know that [~ dt/tP = oo if 3 <1 and 1/(8— 1) if 8 > 1; then:

o 00 if a>n
wdX, = t)dt = .
/Bf /0 psa ) 2n<1+ a > if a<n

n—«uo

We then get

O

Solution. (of Exercise 4.4.2) Clearly g f is measurable and |g f| = |g||f| < ||9]le | f], and moreover
9llo [ f € L* (1) since f & L (u); thus g f € L* ().

Assume now that ¢ is measurable but not in L>°(u). Then infinitely many of the sets {n < |g| < n+1}
have nonzero measure; there is then an increasing sequence nj — oo of integers such that p({n; < |g| <
nk + 1}) > 0, and we may also assume that n, > 2* (taking a subsequence). By semifiniteness we have
a measurable E(k) C {ny < |g| < ni + 1} such that 0 < pu(E(k)) < oo. Then:

oo

1 1 &1
= —_— e L'(u), in fact / — — < 00
=3 oy e € H RPN RITED I
But g f ¢ L'(p), in fact:
o0 1 o0
gf / gl ) ——= / ng =) 1=o0.
flon= 2 BT S 2 B o™~ 2

O

Solution. (of Exercise 4.4.3) (i) If f : X — K is a simple function with range f(X) = {y1,...,9p}
then A; = f< (y;) is a partition of X into measurable sets; exactly one of these sets is co-countable, the
others all countable; so the simple functions are those that are constant on a co-countable set. Then the
same is true for measurable functions: if f,, is a sequence of simple functions converging pointwise to f,
and each f,, is constantly a,, on the co—countable set A,,, then f is constantly a = lim,_,~ a,, on the set
A ="y A, a co—countable set. Then every measurable function is constant outside some countable
subset of X; and it is clear that every such function is measurable.

(ii) Notice that the null functions are exactly those that are zero outside a countable subset of X.
Every positive measurable function has integral 0 (when it is zero outside a countable set, hence a.e. 0)
or +0o (when it is constantly a > 0 outside a countable set).

(iii) Modulo null functions all measurable functions are constant; so L}° coincides with the set of all
measurable functions, and L>(u) = L5° /N, can be identified with the space of constant functions. [
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Solution. (of exercise 4.4.5) Given a sequence f, € LL(X, F) converging to f € L'(u1) we prove that
f(z) € F for a.e. x € X. In fact we have a subsequence f, ) of f,, that converges to f also a.e.; the set
N(k) ={x € X : f,(z) ¢ F} has measure 0, hence also N = |,y IV (k) has measure 0. For z € X \ N
we have f, ) () € F for every k, so that f(z) = limp oo fo(r) (%) € F, since F' is closed.

Then LL(X ,F) is a complete metric subspace of L!(u), for every closed F C K, in particular
L, (X,{0,1}) is complete. And clearly this metric space is isometric to (F(u),p) the isometry being
A — xa; in fact, for A, B € F(u):

p(4.B) = p(A & B) :/ dy :/ ass :/ x4 — xsl = Ixa — xslhs
AAB X X
recalling that |xa — xB| = x4aB- =

Solution. (of Exercise 4.4.9) Since |gn,o(z)| < n'~*|f(z)| and f € L'(u) we have gn.o € L* (). We restrict
the integral to the set C' = {f > 0}, and we write

e [ U@ o
[one=n= [ SORD 1(0) du).

Now we have:

so that dominated convergence says that
. sin(f (z)/n") /
hm/ifxdux: £
M Jo @y @M=

lim Gno = lim n'™° /CM f(z) du(x) = oo.

n—oo [ n—oo f(x)/na
while for o = 1 this limit is fx f, and for > 1 the limit is 0. g

Solution. (of Exercise 4.4.10) (i) If s < ¢ then | — 00, s] C] — 00, t], then f< (] — 00, 8] C f(] — 00, t]),
and by monotonicity of the measure we have Fy(s) = u(f< (] — o0, s]) < pu(f< (] —o0,t])) = Fy(t). Right—
continuity is continuity from above of measures on set of finite measure: if ¢,, | ¢ then | — 0o, t,,] |] — 00, t]
s that Fy(ty) = p(f~ (] — 00, ta])) 4 u(f=( — o0, t])) = Fy(t). Since (] — 00,8]) = X ~ f*(|t, 0[)
and the measure is finite, by subtractivity we get

p(f ([ = 00,t])) = (X N f(Jt, 00f) = u(X) = u(f (]t 00[)) = u(X) — ps(t).

(i) Ift <Othen {z € X : f(z) <t} ={z e X :—f(x) <t} ={xe X: f(x) >t} (if
f(z) <t <0 then f(x) = —f (x)). Now, if a > 0 and g : X — [0, 00[ is positive measurable, then
p{g > a}) = limy ,,— pg(s)(:= pg(a™), as is easy to see, if the measures are finite (if s, 1 a, then
{9 > sn} L {9 >a}). Then, if t <0, from (i) we have Fy(t) = ps-(—t7).

If t > 0 then easily {f >t} = {fT >t} so that as seen in (i) we get Fy(t) = u(X) — ps+(t).

(iii) We have that f € L'(p) if and only if f* € L'(p); by 4.1.14 this happens if [;* ps= (t) dt < oo;
and

so that, if a < 1

| o= [T w0 - o)< .
0 0

/Ooopf(s)ds:/ooopf(s)dSZ/O pf(—t)dt:/o Fy(t)dt

(If p : [0,00] — [0, 00] is decreasing, then [~ p(t = ;7 p(tT) dt: left and right—continuous modifica-
tions of p differ on an at most countable set, wh1ch has Lebesgue measure Zero).

(it is clear that [ (u(X) — F(t))dt is area A, while ffoo Fy(t)dt is area B).

(iv) Is easy, using what done in 4.1.5. O

Solution. (of Exercise 4.4.11) Recall that semifinite measure means that every set of nonzero measure contains
a set of finite nonzero measure. If for some disk as in the hint we have u(f“(B(c,7[)) > 0 then we can find a
measurable £ C f7(B(c,r[) with 0 < u(FE) < co. Then, since |f(z) — ¢| < r for every z € E we have

Fod- [ ol Hrol < v

so that fE f ¢ C, contrary to the assumption.
Then f~(B(c,r[) has measure zero for every disk disjoint from C; and since K \ C' is a countable union of
such disks we have that u(f (K~ C)) = 0. O

—C
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4.5. Continuity and differentiability of parameter depending integrals.

THEOREM. Let D be a metrizable space; let (T, M, ) be a measure space, and let f : D x T — K
be a function. Assume that for every x € D the function T — f(x,t) is in L}L(T, K), so that the formula:

F(z) = /T Ft) du(t)

defines a function F : D — K. Let x € D be given.

(i) Assume that there are a nbhd. U of x in D, and a function v, € Lb(T) such that for every
y € U the inequality | f(y,t)| < 7. (t) holds for p—a.e. t € T. Assume also that for uy—a.e. t €T
the function y — f(y,t) is continuous at x. Then F is continuous at x.

(il) Assume now that D is an open subset of the normed K—space Y, that u is a vector of Y, that
for every y € D the derivative O, f(y,t) exists for almost every t € T, and that moreover there
are a nbhd. U of x in D, and a function v, € L}L(T) such that for every y € U the inequality
|0uf(y, )] < vx(t) holds for a.e. t € T. Then 0, F(x) exists and

uF(z) = /T Ouf (2 ) dpu(t).

The proof is a simple application of dominated convergence:

Proof. (i) Given = € D let (xy,), be a sequence in D converging to « in D. We have to prove that
lim,, oo F'(zy,) = F(x), that is, defining f,, g : T — K by f.(t) = f(zn,t), and g(t) = f(z,t) we claim
that

*) i [ a0 du(t) = [ ote)dute).
T T

In fact, by the hypotheses f,,(t) — g(t) for u—a.e. t € T (continuity of f at z in the first variable); and
given a nbhd U of x and ~, € LL(T) as in the hypotheses, we have x,, € U eventually, say for n > N, so
that | fn(¢)| < v, for u—a.e. t € T, as n > N; by dominated convergence (*) holds.
(ii) Given z € D, thereis § > 0 such that z+Au € D forevery A € KwithA € § B={£ e K: [{| <}
apply (i) to the function g : § B x T — K given by:
flx+Au,t) — f(x,t)
0(0,0) = 0uf(a,0); (1) = LETALD
for |A| small enough (such that x + Au € U) we have, by the mean value theorem:

flx+ Au,t) — f(x,t)

A€eIB~N{0}, teT;

lg(A,B)] =

< sup{|0uf(z + Eu, )]+ [€] <A} < 7a(t).

A
]
EXERCISE 4.5.1. (see also 4.4.12) Prove that the formula:
oo : t
) o) = [ e
0 t

defines a function ¢ € C*(]0,00[,R). Give an esplicit formula for ¢'(z), not containing integrals, and
deduce from it an analogous expression for ¢(x).

Solution. The derivative with respect to  of the integrand is —e™®! sint. Given z > 0, let a = z/2
(or simply pick any a with 0 < a < z), and let U = [a, 0[. For y € U we have

| —e ¥ sint| = e ¥ |sint| < e V' < e,

of course ¢t — e~ belongs to L'([0,00]), since a > 0. Then ¢ € C'(]0,00][, and (see formula for the
primitive of e~** sint):
—xt t=o00

o -1
go’(ac):/o (—e “'sint)dt = 6—2(Sint+COSt)

1+z :1+z2'

t=0
Then we get
rccotanz + k (x> 0);

p(z) = a
= 0 (e.g., by dominated convergence; or simply because |p(z)| <

but one easily sees that lim, - ©(x)
Jo e ™ dt = 1/x), so that
p(x) = arccotan x (x > 0).
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O

4.5.1. Continuity and differentiability of sums of power series. The following is well known; but we
want to get it as a corollary of the previous theorem. If a = (ay,)nen is a sequence of complex numbers,
and ¢ is a complex numbers, we have the power series with coefficient sequence a = (an)nen and initial

point c,
oo
Z an (z — )™
n=0

It is clear that, by a simple translation, we may confine ourselves to the case ¢ = 0. We know (see e.g.
1.8.7) that if R = R, = 1/ limsup,,_, . |a,|"/™ is the radius of convergence of the series > o0 ; a,, 2", then
the convergence set C, of the series is sandwiched like that:

{zeC: 0<|z2|<R}CC, C{zeC:0<|z| <R}

If R > 0 then C, has a non—empty interior, the open disc of convergence, all of C when R = oo, otherwise
the interior of C,, is R B = {0 < |z| < R}. Recall that the derived power series > - na, z"~! has the
same radius of convergence R,. On C, we may define the function f,(z) = ZZOZO an 2™, so that on the
open disc of convergence the sum g,(z) = Y_o- | na,z""! is also defined.

Let us prove

. CONTINUITY AND COMPLEX DIFFERENTIABILITY OF POWER SERIES SUMS In the interior of C,
the function f, is continuous, and differentiable in the complex sense, with derivative f.(z) = g.(2).

Proof. The space (T, M, p) is (N, P(N), 5) with s the counting measure. That(x =)z € int(C,)
means |z| < R; pick r with |z] < r < R; the nbhd U of zis r B = {w € C : |w| < r}. The function
(y,t) — f(y,t) is here (w,n) — a,w™; the function v, = 7, : N — [0,00[ is n — |a,|r™; we have
v. € LY(T) = £*(N) because every power series is absolutely convergent at every point in the interior of
Ca, in particular at w = r, that is Y~ |a, ™| < 00). This proves continuity of f,. For differentiability
we only have to change 7., that is now v, (n) = n |a,|r" 1.

REMARK. We can apply the differentiation theorem as stated also to complex derivatives essentially
because a mean value theorem holds for complex derivatives: if D C C is an open set containing the
segment [a,b] = {a+t(b—a): t €[0,1]}, and f : D — C has a complex derivative f'(z) at every z € [a, b],
then |f(b) — f(a)l < [[f'llfae) [b— al, where || f'[ja,p) = sup{[f(2)] : = € [a, b]}.

O

4.6. Riemann integral and Lebesgue integral. The Riemann integral is defined with a par-
ticular kind of simple functions, the step functions with compact support (recall that the support
Supp(f) of a function f : X — K, where X is a topological space, is the closure of the cozero—set
of f, Supp(f) = clx{f # 0}). These are the vector subspace S. = S.(R™) of the space of all functions
from R™ to K generated by the characteristic functions of bounded intervals of R”. Every nonzero ¢ € S,
is representable as ¢ = >°" | ax Xpk), Where ay, € K, and {E(1),..., E(m)} is a finite set of pairwise
disjoint bounded intervals; the integral of ¢ is, by definition,

/n = Zak AM(E(k)).
k=1

Clearly S.(R™) is contained in L'(),). We confine our attention to real valued functions.

DEFINITION. A function f: R™ — R is said to be Riemann integrable (R—-integrable for short) if for
every € > 0 there are u,v € S, such that u < f <wv, and [p, (v —u) <e.

This condition is clearly equivalent to the assertion:

sup{/ u:qu,uESc}inf{/ v:vESC,vZf};

by definition, this separator is the Riemann integral of f. From the definition it immediately follows that
an R-integrable function is bounded and has compact support (since there exist u,v € S, withu < f <w
we have that Supp(f) C Supp(u) U Supp(v), and minu < f < maxwv). And it is also immediate to verify
that

PROPOSITION. Let f: R™ — R be a function. The following are equivalent:
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(i) f is R—integrable.

(ii) For every sequence e > 0 with limg_,o €, = 0 there are sequences uk, vy € S, such that:
(1) ug < f <wy for every k € N;
(2) ug is increasing and vy is decreasing;

(3) Jan(vk —ug) < ek, for every k € N.

Proof. (i) implies (ii) By the definition, we find ug, vy € S, such that ug < f < vg and fRn (vo —up) <
€p. By induction, assuming that

g <up < Lup 1 < f<pr <o <oy < g

have been defined, we find ¢g, ¥y € S. with o < f < ¢y and [p, (Vr —pr) < €. Setting up = up—1Vex
and vy = Y A vi—1 we conclude the induction (note that vy — ur < 9 — ¢r). That (ii) implies (i) is
trivial. 0

Assuming f Riemann integrable and ug, v as above we now set:
u(zx) = klim ug(z) = sup{ui(z) : k € N}; v(z) = klim v (z) = inf{og(x) : k € N}
— 00 — 00

then u < f < v, the functions v and v are Borel measurable, and all three functions are Riemann integrable
with the same integral. By dominated convergence fRn uy, converges to fRn u and fRn v converges to
fRn vin L*(\,). Then fRn (v—u) = 0 both in the Lebesgue and the Riemann sense, so that the Lebesgue
measure of the set {x € R™ : v(z) — u(x) > 0} is zero. This implies that f is Lebesgue measurable (it is
a.e. equal to the Borel measurable functions v and v), and fRn f= fRn u = fRn v, both in the Lebesgue
and the Riemann sense. We have proved that if f is R-integrable then it is also in L!(\"), and the two
integrals coincide.

4.6.1. Lebesgue integral and generalized Riemann integral. Assume now that I is an open interval of
R, and that f : I — K is R-integrable on every compact subinterval of I. Let [ak,bi] be an increasing
sequence of compact subintervals of I whose union is I (such a sequence always exists, pick ag, by € T
such that ay | inf I and by T supI). If xx = X[q, b,] then [f| xx T |f] on I; by monotone convergence we
then have that the Lebesgue integral of |f| on I is

by
Jis1= i [ 1= i [ ) o
I —oo Jr1 k—o0 ak

but the last limit is also the generalized integral, in the Riemann sense, of |f|; we have proved that a
locally R-integrable function is Lebesgue summable on the open interval I if and only if it absolutely
R~integrable in the generalized sense. Of course, if this is the case, dominated convergence implies also

that ,
/I f@)dA@) = Jim / fdr = lim / I

so that, in this case, the Lebesgue integral coincides with the generalized Riemann integral; but without
absolute convergence the function is not Lebesgue integrable.

4.6.2. Theorem of Lebesgue—Vitali. Step functions are not pliable enough to adapt closely to wildly
oscillating functions, and R-integrability is equivalent to continuity almost everywhere, as the following
theorem shows.

. THEOREM OF LEBESGUE-VITALL. A function f : R" — K is R—integrable if and only if it is
bounded with compact support, and its set of points of discontinuity has Lebesgue measure 0.

Proof. We assume that f is real valued. By definition the lower Riemann integral of f is

l(f)Isup{/nu:uGSchf}

while the upper Riemann integral of f is

T(f):inf{/wv:vesc, vZf},

so that f is Riemann integrable if and only if I(f) = I(f). Recall the lsc and usc approximations f. and f* of
f discussed in 1.9.3; the functions f. and f* are Borel measurable, bounded and with compact support (their
support is contained in Supp(f)), so they both belong to L*(\,). We shall prove that

*) I(f)= [ fedhas  I(f)= [ [ d,

R™ R™
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(both integrals intended as Lebesgue integrals). This concludes the proof because:

f is Riemann integrable <= (ff = fo)dA\n =0 < f"(z) = fi(z) for almost every z € R"
R’Vl
<= f is continuous almost everywhere.

First we see that

. Afu e Se andu < f, then u(z) < fu(z) for a.e. x € R™; and similarly if v € Sc andv > f thenv(z) > f*(x)
for a.e. x € R™; then L(f) < [y fo and I(f) > [on [

In fact, if u = >}~ | o X (k) With the E(k) pairwise disjoint we have u(z) < f.(x) for every = ¢ ;- OE(k):
for, if x belongs to the interior of E(k) then we have u(t) = ax < f(t) for every ¢t € int(E(k)), so that ax <
inf f(int(E(k))) < fe(x), hence u(z) = ar < fi«(z) (by the same argument we also have u(z) = 0 < fi(x) for
xz ¢ U, cl(E(k))). Since |, 0F(k) has n—dimensional measure 0 we conclude. The proof for v is entirely
analogous. It remains to prove equality in (*). We choose a compact interval @ containing the support of f in
its interior; by partition of @ we mean, in this section, a finite disjoint family P = {A(1),..., A(m)} of intervals
whose union is Q; the mesh of the partition is mesh(P) = max{diam(A(j)) : j € {1,...,m}}. To every partition
P ={A(1),...,A(m)} of Q there are a lower step function up < f and an upper step function vp > f associated
to it, in the following way:

up = Y inf F(A(4)) Xa();
j=1

vp =) _sup f(A(7) xa@) :
j=1

in other words up is the largest step function smaller than f with P as an associated partition, while vp is the
smallest step function larger than f with P as associated partition. Assume now that P(k) is a sequence of
partitions of @ such that limy_,o, mesh(P(k)) = 0, and for every k set up = up)y and vy, = vpx). Let F(k) be
the union of the boundaries of all intervals in P(k); then F'(k) has n—dimensional measure zero, and hence the
same holds for F' = |J;—, F(k). We shall prove:

. For every x € R" N\ F we have fi(z) = limp_, o0 up(z) and f*(z) = limp_ o0 vi(z).

Proof. We prove that f.(z) = limk_ 00 ur(z) if © ¢ F, analogous proof for v; and f*. Given z € @ and € > 0,
we find an open ball B(z,d] centered at = such that inf f(B(z,d[) > f«(x) —e. For k large enough, say k > k.
we have mesh(P(k)) <, so that every interval of P(k) containing x is contained in B(z,d[. Since x ¢ F, for
every k the point z is in the interior of some interval A € P(k), and if A C B(z, §[ we have ui(z) = inf f(A) and
f.(#) > inf £(4) > inf f(B(z,d) > f.(z) - <. o

Since An(F') = 0 we have that ux converges a.e, to f. and v converges a.e to f*; both sequences are clearly
dominated by ||f|ls X@ € L*(As), so that by dominated convergence

. * .
f«= lim Uk, 7= lim Vk.
Jrn k—oo Jpn Jrn k—oo Jpn
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5. PRODUCT MEASURES

Given two measurable spaces (X, M) and (Y, N') we have defined a product (X x Y, M ®@N) of these
spaces (3.0.12). If we have two measure spaces (X, M, u) and (Y, N,v) we plan to define a measure on
M@ N, the product measure, which will be denoted p x v or u ® v, and to relate integrals with respect
to this measure to integrals on the factor spaces.

5.1. Product measure. The set G = {E X F : E € M, F € N} of all measurable rectangles is
a semialgebra of parts in X x Y (see 1.4.2); let’s call A the generated algebra, consisting of all finite
(disjoint) unions of elements of G; the c—algebra generated by A is of course M ®N (3.0.12). Guided by
our geometrical intuition we define p @ v(E x F') := pu(E) v(F) (as usual the convention 0- 0o = 00-0 =0
is used), and we prove (see 5.1.1) that on G this set function is countably additive: this implies that we
can extend it to a premeasure on the generated rectangle algebra 4. We can then give the:

DEFINITION. Given two measure spaces (X, M, u) and (Y, N, v) their product measure space is the
triple
(X XY, MRIN, n®v),
where 1 ® v is the restriction to M ® N of the Caratheéodory extension of the premeasure defined on the
rectangle algebra by p @ v(E x F) = u(E) v(F), for every rectangle E x F.

5.1.1. Product premeasure. A function f € L1 (X xY)(= L} g (X xY)) will be called a function of
class 7 if the functions obtained integrating the sections (recall that all sections of a measurable function

are measurable, see 3.0.12):
/ flz,y)dv(y / f(z,y) du(z

belong to LT(X) and L*(Y) respectively, and moreover

/X () du(x) = /Y () dv(y)

In other words, function of class Z are those positive measurable function on the product for which the
iterated integrals both exist and coincide:

/(/f“/d” ) /(/fxydu )du(y);

this common value (which will be [y, fd(x ® v) in the right cases) is provisionally denoted I(f).

PROPOSITION. If f,g € LT(X X Y) are of class Z then f + g and X f, for every A > 0, are of class
ZandI(f+g)=1(f)+1(g), INf)=M(f). If [, is an increasing sequence of functions of class T and
fa 0 f, then fis of class T and I(f,) T I(f). And if fn € LT(X xY) is a sequence of functions of class
T then > 0" o fn is of class T and:

€ (Z fn> - i 1),

Proof. Left to the reader, we only prove the monotone convergence: for every = € X the x—section
fn(z, #) is an increasing sequence in LT(Y), converging to the z—section f(z,#) of f, so that ¢, (z) =
Jy falx,y)dv(y) T [y f(z,y) dv(y) = @(z); then ¢ € LT(X), and since ¢,, T ¢ we have also

1) = [ enwau) 1 [ ([ swnav) aue

exchanging the variables we get

1) = [ttt [ ([ s aut)) ant

and the iterated integrals of f must then coincide, being limits of the same sequence I(f,). (I

Notice now that if f € LT(X) and g € LT(Y) then f® g€ LT (X xY) isof class Z and I(f ® g) =
Jx I [y g (trivial):

/X (/Y f(@) g(y) du(y)) dp(x) Z/Xf(x) (/Y 9(y) du(y)) du(z) = (/Y 9(y) dy(y)) /Xf(x) du(z)
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and exchanging x and y we get the same result. If £ € M and F € N then xgxr = XE ® XF, so that
all characteristic functions of measurable rectangles, and hence also all positive A—simple functions are
of class Z; formula (*) of the preceding proposition says that the set function

p@V(E X F)=1(xg ®xr)

is well-defined (because it depends only on the characteristic function xpxr = xg ® xr and not on the
representation of E x F' as a countable disjoint union of rectangles) and is countably additive on the set G
of all measurable rectangles, and hence is a premeasure on the generated algebra A. Then we can define
the product measure on M ® N as in 5.1. From now on we call Tonelli function every function f of the
class Z such that I(f) = [ vxy fdrn®v; a Tonelli set is a subset of X x Y whose characteristic function
is a Tonelli function; thus all measurable rectangles and their finite unions are Tonelli sets; from (*) we
get that the class T of all Tonelli sets is also closed under countable disjoint union. But as the following
example shows, in absence of o—finiteness not all measurable sets are Tonelli sets.
5.1.2. An example. First we get some practice with the product measure:

EXERCISE 5.1.1. Prove that a subset F of X x Y has o—finite y ® v—outer measure if and only if
EC(PxY)U(X xQ)U(Ax B),
where P, () are null sets, and A, B are sets of o—finite measure, in X and Y respectively.

Solution. Since p@ V(P xY)=p®v(X x Q) =0, it is clear that a set verifying this condition has
o—finite outer measure; let’s prove the converse. Clearly F has o—finite ;4 ® v—outer measure iff there
exists a sequence (Ag X By )ken of rectangles of finite measure (u ® v(Ag x By) = u(Ag) v(Byg) < oo, for
every k € N) which covers E. Let

I={keN: p(A)=0} J={keN: v(By) =0 K=Nx (IUJ).
IfP=Uper Ak, Q@ = Upey Brs A= Urek Ak, B = U Br it is clear that these sets are as required. [

Now an example to show that not all M ® N —measurable sets are Tonelli sets. Consider X =Y =
[0,1] with M = N = B([0,1]), Borel subsets of [0, 1], u counting measure, v Lebesgue measure. Let
D = {(z,z) : = € [0,1]} be the diagonal; clearly D is M ® N —measurable (D is closed in the square
[0,1]2, hence it is a Borel subset of the square, and B([0,1]?) = B([0, 1]) ® B([0,1]) = M @ N, by second
countability of [0,1]). Clearly

/X(/YXD(W/)dV(y)) du(w)=/x0du(w)=0; /Y(/XXD(%y)du(w)) dV(y)Z/YldV(y)=1,

so that xp is not a Tonelli function. Let us prove that p ® v(D) = oo; even more, every subset E of D
of o—finite ;4 ® v—measure is contained in a rectangle such as X x N, with N of Lebesgue measure 0,
and hence has p ® v—measure zero. In fact the previous exercise shows that £ C (X x Q) U (4 x B),
where @ has Lebesgue measure zero, and A and B are o—finite (in the counting measure the only null
set is the empty set); then A is countable, so that F'= D N (A x B) = {(z,z) : « € AN B} is countable.
It follows that pa(E) C Q U pa(F); if N is this set, then v(N) = 0, and E C X x N. Thus there are
situations in which integrals of measures of sections have no relation to the measure of the set; absence
of o—finiteness is at the root of this bad behavior.

5.1.3. Fubini-Tonelli’s theorem. In all the following we assume that (X, M, u) and (Y, NV, v) are fixed
measure spaces. A rectangle with o—finite sides in X x Y is a measurable rectangle A x B whose sides
A, B are both o—finite in X and Y respectively; if X and Y are both o—finite, then clearly the entire
space X X Y is a rectangle with o—finite sides.

LEMMA. FEvery measurable subset of X XY contained in a rectangle with o— finite sides is a Tonelli
set.

Proof. First we prove that every measurable subset F of a measurable rectangle A x B whose sides
A, B have both finite measure is a Tonelli set. Consider the class of sets:

D={ECAXxB:FEisa Tonelli set}.

Clearly A x B € D; by (*) of 5.1 D is closed under countable disjoint union; if we prove that E € D
implies A x B~ E € D, then D is a Dynkin class of parts of A x B, which contains all measurable
rectangles contained in A x B; since these rectangles are closed under intersection, this Dynkin class is a
o—algebra of parts of A x B (see 2.6.1) which contains all rectangles contained in A x B; thus D contains
all M ® N —measurable subsets of A x B.
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We have, assuming E € D:

([ asnten - xetanavm) e = [ (xa) [ xn - [ xetam) duio -

/ <XA($) v(B) */ xe(z,y) dV(y)> dp(z) = p(A)v(B) — I(xe) = p @ v(A X B) — p@v(E) =
e Y
v(Ax B\ E),

and clearly the same holds exchanging = and y, so that A x B\ E € D. Finally, every rectangle A x B
with o—finite sides can be written as a countable disjoint union Uzio Ay x By of rectangles whose sides
have finite measure; if £ C A x B is measurable, and E, = E N (A X By), then every Ej is a Tonelli
set, hence so is E, by (*) of 5.1. O

. THE FUBINI-TONELLI THEOREM Let (X, M, u) and (Y,N,v) be o—finite measure spaces.
(i) (Tomelli) If f € LT(X X Y) then

[ tnavosten= . (] ) - (. i)

(i) (Fubini) If f € L'(p @ v) then the x—section f(x,#) of f is in L*(v) for p—a.e. z € X,
the a.e. defined function o(x) = [, f(z,y)dv(y) is in L*(u) and we have [y o(z)dp(z) =
Jxwy fl@y)du @ v(z,y), in other words

/Xxyf(z y) dp @ v( / (/f:cy ) dv(y )du(x)-

Of course an entirely analogous statement holds with x and y exchanged.

Proof. (i) By the preceding lemma and o—finiteness of the measures the characteristic functions of
all measurable sets in the product are Tonelli functions, so that every positive simple function is Tonelli,
and hence every function in L1 (X x Y') is Tonelli.

(ii) With the usual decomposition of a measurable function we can assume f € LT(X x Y) and
the theorem is already proved by (i). We only observe that for f positive the integral of the x—section

= [y f(z,y)dv(y) is defined for every z € X, possibly being oo, and that ¢ € L*(X); since
fx godu < 00, the set {¢ = oo} has yu—measure zero: not necessarily all sections are in L', in general
only almost all. (I

REMARK. We assume o—finiteness to make the statement simpler; in fact, for the validity of (i) it is
enough to assume that Coz(f) is contained in a rectangle with o— finite sides. And since cozero sets of
functions in L' always have o—finite measure, Fubini’s theorem is always applicable.

5.1.4. Completion of a product measure. Even if the factor spaces (X, M, ) and (Y, N, v) are com-
plete, the product measure is almost never complete: simply note that if P € M is a non—empty pu—null
set then P x Y has u ® v—measure zero, but if there is S C Y with S ¢ N then P x S ¢ M@ N.
But we do not discuss this situation in depth. If (X x Y, £, A) is the completion of p ® v, then for every
L—measurable function f: X x Y — K there is a g : X x Y — K which is 4 ® v—measurable and such
that {f # g} is a p ® v—null set. So we may always replace f with such a g and reason on g, assuming
of course o—finite factor spaces.

5.1.5. Finite products. There is no difficulty in treating products of finite families of measure spaces
by induction on the number of factors. There is an obvious associativity of products, in the sense that
(X xY) x Z is naturally identified with X x (Y x Z), and both are identified with the set of ordered
triples X x Y x Z, analogous identifications with o—algebras and measures.

The Lebesgue measure on R™ was defined as the complete Caratheodory extension of the premeasure
defined on intervals by A, ([Ti—; Ir) = [ 15— M1 (Zx); it is then also the completion of the product measure
AP = A\ ®---® A\ on Borel subsets of R" (these measures coincide and are finite on compact intervals):
Lebesgue measurable sets are obtained adding to Borel sets sets of outer measure zero (or removing from
them sets of outer measure 0).

EXERCISE 5.1.2. Consider the map 6 : R?® = R® x R® — R" given by 6(z,y) = = — y (difference).
Prove that if N C R™ is A,—null, then 6 (V) is Ag,—null. Deduce from this that if f : R® — K
is Lebesgue measurable then f o : R® x R" — K (i.e the map (z,y) — f(x — y)) is also Lebesgue
measurable.
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Solution. If N has Lebesgue measure zero, it is contained in a Borel set B C R™ of A\,, —measure zero.
Then 0 (B) = C is a Borel subset of R” x R™. On Borel sets we have

Aon (C) = /n A (Cy) dNp(z) where C, = {y € R": (z,y) € C},

equivalently C,, = {y € R" : © —y € B} = & — B; then \,(C,) = \,(z — B) = \,(B) = 0 for every
x € R™, so that A\, (C) = 0. Since §* (N) C C, this implies Mg, (6 (IV)) = 0.

Given a Borel subset V of K the set f< (V) is Lebesgue measurable in R™, hence it has the form AUN,
with A € B(R™) and N a Lebesgue null set; then (f o 8)= (V) =367 (A) U (N), with 67 (A) € B(R?")
and Ag, (6 (IV)) = 0.

[l

EXERCISE 5.1.3. Let (X, M, u) be a measure space, and let f € LT(X).

(i) Prove that all these sets are measurable in X x [0,00] with M ® B([0,00]): the trapezoid
Trap(f) = {(z,y) € X x [0,00] : 0 <y < f(x)}; the epigraphic Epi(f) = {(z,y) € X x [0,00] :
f(z) <y} and the graphic Graph(f) = {(z,y) € X x [0,00] : y = f(2)}.

Assume now that the measure space is o—finite.

(ii) Prove that (X is one dimensional Lebesgue measure on [0, 50])

| s =noxmapt: [ g / u({f > ) dt

(the last formula is already known).
(iii) Prove that the graph of f has measure zero.

Solution. (i) The function g : X x [0, co] — [0, 00] x [0, 00| defined by g(x,y) = (f(x),y) is measurable
(its composition with the first projection is f opx, with the second projection the composition is pjg,o))-
Then

Trap(f) = g* ({(s,t) € [0,00)” : s <t}); Epi(f) = g ({(s,1) € [0,00]* : s > 1});
Graph(f) = g« ({(s,t) € [0,00]* : s =1}).
(ii) We get, by Tonelli’s thorem:

M®A(ﬂap(f))=/x </[O+ ]xﬂapm(w,y)dk(y)) du(w)Z/deu-

(note that the x—section of Xvap(s) 18 X[0,f(x)])- Integrating in the other way:

. ( /X Xrap(f) (2, Y) du(:c)) dA(y),

and {z € X : (z,y) € Trap(f)} = {x € X : y < f(x)}, so that

1@ NTrap(f)) = /

[0,

/X Xrap(f) (%, y) du(z) = p({f > y}) = pr(y™),

if pr(y) == p({f >y} (see 4.1.14). Then
p @ A(Trap(f)) = /[o,oo] ps(y™)dy <= /[o,oo] Ps(y) dy) ,

the last equality due to the fact that ps(y) = ps(y~) for all y € [0, 00] but a countable subset.
(iii) The z—sections ot the graph are singletons, of zero Lebesgue measure in [0, 0o]. O

EXERCISE 5.1.4. For every a > 0 let E(a) = [0,a] x [0,00] and let E = [0,00[%. Let f : R> — R be
defined by f(z,y) = e *¥ sinx.

(i) Prove that f € L'(E(a)) for every a > 0 and express the integral of f on E(a) as an iterated
integral, reducing it to integrals in one variable, in both ways.
(ii) Prove that f ¢ L*(E).
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(iii) In spite of (ii), limg—co fE(a) f(z,y) dedy exist and is finite; compute it, and use it to evaluate
the generalized integral

T ging . “sinx
dr := lim dx.
0 X a—r o0 0 X

Solution. (i) The function f is continuous and hence measurable, and all sets are measurable. We
apply Tonelli’s theorem to |f|, and check finiteness of the iterated integral, integrating in y first:

a y=00 a |
/ |f(x,y)|dacdy:/ (/ e_””ydy) sinxdx:/ de<oo,
E(a) 0 y=0 0 T

since clearly x — |sinz|/x is bounded measurable on the set [0,a], of finite measure. We may as well
answer now to (ii): the same reduction brings us to

/If(w,y)ldwdy=/ Lzl 4,
E 0 €z

It is well known, and worth remembering, that this last integral is oco:

|smac| / |s1ngc| / |s1nm| 2 =1
dz > LA Y=
/O Z -1)m Z -1)m e m Z k >

k=1
Let’s complete the answer to (i): removing the absolute value clearly brings

/ f(w,y)dwdy=/ Slnxdﬂc;
E(a) o T

integrating first in the variable = we get

Y=00 Tr=a Y=o [ _ —xy r=a
fz,y) dedy :/ </ e "Ysinx dz> dy = / {e—(cosz +y sinx) dy =
y z y

=0 =0 o [1+9° 2=0
oo dy /OO e—ay .
— cosa + ysina) dy.
/0 1+y? 0o 1+y? (
We have obtained that for every a > 0:

a : o] —ay
f(:c,y)dzdyz/o Slzxdz:g—/o ¢ y2(cosa+ysina)dy.

E(a)

E(a)

Now we have, for y > 0:
|cosa +ysina| _ 1+y

1+ yQ — 1+ yQ’
the function y +— (1 +y)/(1+ y?) has a finite maximum g in [0, o] (it is continuous, positive, and tends
to 0 at infinity; we could easily compute p, but it is not relevant), so that

oo e—ay oo efay oo M
——(cosa +ysina)d §/ ——(cosa +ysina)| dy < / e Ydy =—,
/0 1er2( ysina)dy ; ‘1+y2( ysina)| dy o y=":
which tends to 0 as a — co. We have obtained the important result (Dirichlet’s integral):

10 gin . “sinx T
dr := lim dr = —.
0 T a—0o0 0 X 2

We reiterate the fact that this is not a Lebesque integral: as seen above sinz/z ¢ L} ([0, 00]) O
5.1.6. Partial integration for Radon—Stieltjes measures.

. Let F,G : R — R be increasing and right—continuous. Denote the respective measures by fE dF and
fE dG respectively. Prove that if a,b € R and a < b then

(/ Fla—)dG(z) = FO)GO) — Fa)G(a) - | G(a)dF()

]a,b] ]a,b]

(consider the triangle T = {(z,y) € R? : a <y < x < b}; compute the product measure of this triangle
with Fubini’s theorem ... ). Prove also that if F' and G do not have a common point of discontinuity (in
particular, if one of them is continuous) then the formula can also be written as:

[HF@MQMF@QMHQQM/ G(z) dF ()

la,b]
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Proof. Observe first that all measures considered are o—finite (actually even finite on the sets con-
sidered) so that Fubini’s theorem is applicable. Integrating first with respect to y, then to x

/T (dF ® dG) = / o ( /y e dG(y)) dF (z) = / o (G(z) — G(a)) dF (z) =

(T'(z) ={y: a <y <z} =Ja,z])

o G(z)dF (z) - G(a)(F(b) — F(a));

reversing the order of integration:

dF @ dG) = dF (x dG = F(b) — F(y™))dG =
L} ® dG) Lqmm<égmw ( 0 () Aqmm<<> (v7)) dG(y)
(T(y) ={z: y<ax<b}=lyb])

F(0)(G(b) — G(a) - o F(y™)dG(y);

comparison of results yields the formula.
If F and G do not have a common point of discontinuity then the set of discontinuities of F' has dG
measure zero, hence the functions F and x +— F(z~) are dG—a.e. equal, so that

/]a,b] F@”)dG(w) = / F(z) dG(z).

la,b]
]

REMARK. We can drop the requirement of right continuity; the same proof leads then to the formula
. F(z7)dG(z) = FOM)GOBT) — F(aT)G(a™) — . G(z)dF(z),
which simplifies to] ! -
/ Fl@)d6() = POHGHY) ~ Fa)Gla™) = [ Gl)dF(@)
if F" and G have no ]C(;ILIHOH point of discontinuity. -

EXERCISE 5.1.5. (Lebesgue measure of the euclidean unit ball in R™) By Fubini’s theorem we have,
if f(z) = e~ =l

f(x) dh,(x) :/ e~ e d\P" = H / e dz = 72,
R™ k=1"R

Compute the function ps(t) = A ({f > t}) and [~ ps(t) dt, and deduce that, if B = {z € R" : |z| < 1}
we have

n

n/2 9 /2
An(B) = —L - T
T2+ 1) ~ al(n/2)
Solution. Clearly ps(t) =0 fort > 1. If0 <t <1 we get {f >t} ={z € R": |z| < (log(1/t))"/2},
the open ball of center 0 and radius (log(1/t))/?, with measure (log(1/t))"/? \,(B), so that (using also
the change of variable ¢t = e™"):

/OO p(t)dt = A\, (B) /1(10g(1/t))”/2 dt = M (B) /OO "2 e dx = A\, (B)T(n/2 + 1).
0 0 0

Observe that A\1(B) = 2, A\o(B) = 7, \3(B) = 47/3, \s(B) = 7%/2, ecc. O

EXERCISE 5.1.6. Prove the formula
1
Iz +y) B(z,y) =T(x)T(y) (Re z, Rey > 0, B(z,y) := / (1—t)= vt dt) ;
0

(you may find it, e.g, in Analisi Due, 9.24.7).
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6. LP SPACES

There are various situations in which one needs to consider integrals of a measurable function raised
to some power; the most common situation is integrals of squares of functions, but other exponents are
also sometimes useful. The theory is very important in modern analysis.

6.1. Basics.

DEFINITION. Given a measure space (X, M, pu), a measurable function f € L£(X,K), and a real

number p > 0 we set
1/p
1= ([ 1e)
X

This is a non—negative real number, or co (co'/? := 00), and is zero iff f = 0 a.e.. We denote Lh(X,K)
the set of all measurable K—valued functions for which || f||, < co.

Thus £ (X, K) may also be described as the set of all measurable functions such that |f[" € L' (p).
For p =1 we naturally re-obtain the already familiar E}L (X,K). We easily see that

. For every p > 0 the set L7, (X,K) is a vector subspace of L(X,K).
Proof. If f,g € LF(X,K) then

[f + 9" < (1 + 19D < CIFIV 1gD)P = 2°1f1P V 1gl” < 2°(If P + |91"),
and the last function is clearly in L!(p), since | f|?, |g|P € L' (n). For A € K we get ||A fll, = [Al[|fll, O

The quotient space LF (X, K)/N,(X,K) where a.e. equal functions are identified will be denoted
LE(X,K) or simply LP(u). Caution: f + |[[f[|, will be a norm on LP(u) only for p > 1;if 0 < p <1
the function ||#]|, is absolutely homogeneous, as observed in the above proof, but it is not subadditive,
barring extremely trivial cases (6.4.2).

6.1.1. L°°(u) and LP(u). The space L™ (i) of essentially bounded functions has ben defined in 4.4;
let us relate it to LP(u). On infinite measure spaces constant (non-zero) functions are not in L, for no
p > 0, and in general there are bounded functions not in any L?; for these functions their finite L°° norm
is not related to their infinite LP norms. But we have

Af || flleo = 00, orif f € LP(u) for some p > 0 then || floo = limg—oo || fllg-

Proof. We can assume f # 0. Let’s prove first that iminf, || fllg > || fllcc. Take 0 < o < || f||oo;
then {|f| > a} has strictly positive measure and for every ¢ > 0:

151 = (/. |f|q>1/q > ( /{ . |f|q>1/q > ( /{ . |a|Q>1/q — a (u({|f] > a}))2:

so that, for every a > 0:

1£1lq = e (u({If] = a})

taking liminf in the preceding inequality we obtain liminf,_, || fllq > o (if u({f > a}) = co then both
sides are oo for every ¢; otherwise lim, o o (u({|f| > @}))}/? = a). Since « is an arbitrary positive
number strictly less than ||f||c, we conclude. If ||f]lcc = oo the proof is concluded. Assume then
[ flloo < 00 and that f € LP(u) for some p > 0, and let’s prove that limsup,_, . || fllq < ||f]le; We have,
for g > p: |f17=[fIT7P [P < [ FIEP|fIP, so that

JEE S TS R T T
X X

and taking limsups as ¢ — oo we get the desired inequality.
O

REMARK. Observe that if pu(X) < oo then | flleoc = limy—oo ||f]lq for every measurable function
feL(X).
In the course of the proof of the preceding proposition we have proved the:

. CEBICEFF’S INEQUALITY FOR LP. For every measurable f and every o, p > 0 we have

£l > a (u({|f] > a})/7.
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6.1.2. Conjugate exponents and Hoélder inequality. Given p > 1 there is one and only one number
p > 1 such that (1/p) + (1/p) = 1, namely p = p/(p — 1); p is the conjugate exponent of p, and p, p are a
pair of conjugate exponents (clearly p is the exponent conjugate to p). To complete the definition, we say
that 1,00 are also a pair of conjugate exponents; notice that 2 is a self-conjugate exponent. Recall the
familiar arithmetico-geometric inequality: if u, v > 0 then we have \/uv < (u + v)/2: for two positive
real numbers the geometric mean y/uv is smaller than the arithmetic mean (u + v)/2. This inequality
generalizes to weighted averages: if a, 8 > 0 and a+ 8 = 1, then, for every pair of real numbers u, v > 0:

uv? < au+pBv  (with equality iff u = v).

The proof is an immediate consequence of the (strict) concavity of the logarithm function on |0, col; if
u, v are distinct strictly positive real numbers, and a+ 5 = 1 with o, § > 0, then the conver combination
au + v belongs to the open interval of extremes u and v, so that

log(au + Bv) > a logu + B logv = log(u®v?) <= u*v® < au+ Bo.
We need the following corollary:

. YOUNG’S INEQUALITY If p,q > 1 are conjugate exponents (i.e. 1/p+1/g=1) and a, b > 0 then

a? b
a/bg _+_)
p q

and equality holds if and only if a? = b1.
Proof. In the above inequality put a = 1/p, 8 =1/q, u = a?, v = b. O

. HOLDER’S INEQUALITY Let (X, M, 1) be a measure space, let f,g be measurable, and let p,q be
conjugate exponents. Then

17 gl < £l lgllg-

Proof. The case p = 1, ¢ = oo is trivial, and has been proved in 4.4.2. Assume then p, ¢ > 1. If f,
or g, is a null function, then both sides of the inequality are zero. Excluding this case, if || f||, = oo or if
llgllq = oo the right hand-side is co. We are then reduced to the case in which || f||, and | g||; are both
finite and nonzero; putting | f(x)|/|| f|l, in place of a and |g(z)|/||g|l4 in place of b in the above inequality

we get
[f@)[lg@)] _ [f@)P | lg@)|?
S P + q
Iflpllglle = IAIE  allglld
integrating both sides of this inequality we get

1 15 llglg
o el € ==+ g =
£l llgllq

=1

+

3

1 1
plfle  algla  » q
and we conclude. 0

When p = ¢ = 2 Holder’s inequality is also known as the Cauchy—Schwarz inequality for integrals.

EXERCISE 6.1.1. Assuming p > 1 and ¢ = p, prove that Holder’s inequality is an equality if and only
if |f|P and |g|? are linearly dependent in L(X).

One often uses the fact that if f € LP(u) then |f|P~1 € LP(u), in fact (p — 1)p = p; the space LP(u)
is called the conjugate space of LP ().

6.1.3. Triangular, or Minkowski’s, inequality. We now prove that on LP(u), for p > 1 the map
f || fllp is indeed a norm.

. Let (X, M, u) be a measure space, and let f,g € L(X) be measurable. If p > 1 we have
I1f+gllp < [1f1lp + lgllp-

Proof. For p =1 and p = oo the inequality is known, assume 1 < p < oo. If f or g are not in LP(u)
then the right—hand side is co. Assuming f, g € LP we have f + g € LP(u) and:

\f+glP =1f+gllf+ gt <IFIF+alP~" + gl [f + 9P~
we integrate both sides and apply Holder’s inequality, putting for simplicity ¢ = p:

1F + gl < Ifllp LS+ g5/ + llgllp 11 + gl5/¢ = 117 + gl =" < 1f Iy + llgllps

and since p — p/q = 1 we conclude. O
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6.2. Completeness of LP(u). We have proved that L!(u) is Banach space. A similar proof yields
the same result for LP(p). Remember that convergence of f,, to f in LP(u) is equivalent to assert that
|f — falP converges to 0 in L'(u).

. Let (X, M, ) be a measure space, and let Y fn be a normally convergent series in LP (). Then
the series converges a.e. and in LP(u) to a function f € LP(u).

Proof. Let gm = > 4o | fx]; then g, is an increasing sequence and

lgmlls < D~ 1felly < D I fxlly = S,
k=0

k=0

so that gP is an increasing sequence in L!(u) whose integrals f  9h, < SP have a finite upper bound;
then gF, converges a.e. to g? € L*(p). It follows that the series > p-  fi(z) converges for a.e. z € X to
a function which we call f(z). Let’s prove that the series converges to f in LP(u); in fact

‘f(w)ka(x) | S A@ < Y 1@ = 9@) - gnl@) < gla),
k=0 k=m+1 k=m+1

for a.e. z € X. Then |[f — >, fxl” < gP € L'(u); by dominated convergence, we have

Jim [ =3 al =0 ot [ 17325 =Hf—k2_%fk

and the proof ends.

p
p

O

6.2.1. Convergence in L? (1) and pointwise convergence. The sequence of functions considered in 4.2.7
converges to the zero function in L?([0, 1]) for every p €]0, oo, but nowhere pointwise, so that convergence
in L?(u) does not in general imply a.e. convergence if p < co. However

PROPOSITION. For 0 < p < oo, if a sequence f, € LP(u) converges to f in LP(u), then some
subsequence converges to f also a.e.

Proof. Pick a subsequence f, () of bounded variation, i.e. such that >~ o || fukt1) = follp < 00,
and apply the theorem on normal convergence of series in L? (). ([

Of course, convergence of a sequence in L () is uniform convergence on the complement of some
set of measure zero, and implies convergence a.e.

6.2.2. Approzimation of LP functions. Recall that S(u) is the set of simple functions that are in
L'(p) (4.2.9). Trivially, S(u) € LP(u) for every p > 0 (notice that if ¢ = 32", o xp(;), standard
representation with the value 0 omitted if in the range of ¢, then [P = 377, |a; [P xp(j) € S(u), since
all E(j) have finite measure if ¢ € S(u)). It is easy to see that S(u) is dense in LP(u): if f € LP(u)
and ¢, is a sequence of simple functions converging pointwise to f, and such that |, | 1 |f| (3.2.2), then
¢on € LP(u) and ||f — ¢ullp — 0 as n — oo (|f — pn|P < 2P|f|P € L' (n)). Now, if E and F are sets of
finite measure, and p > oo then

1/p 1/p . Y
Ixe — xrllp = </x Ixe — XF|p> B (/X X%AF> =u(E & F)Y? = |Ixg — xrll'?,

so that if the measure p is the Caratheodory extension of a premeasure on an algebra A, for every
f € LP(p) and every € > 0 there is an A—simple function g which is also in S(u) such that ||f —g||, < e.
In particular, if p is a Radon measure on R"”, for every f € LZ(R") and € > 0 there is a step function ¢
with compact support such that || f — ||, < e. We leave to the reader the proof of the fact that continuous
compactly supported functions can also approximate functions in LI (R™) if p < co: the proof in 4.2.9 is
easily adapted to this case. For p = oo and p = m, Lebesgue measure, the closure of C.(R™) in LS (R™)
is the space Cy(R™) of continuous functions in R™ which are 0 at infinity, i.e. such that lim,_, f(x) = 0;
the proof is not difficult (but perhaps non—trivial for beginners).
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6.3. Variation of L? with p. As a paradigmatic easy example consider the function f(z) = 1/z
for x > 0: we have that f € LP([0,1]) for 0 < p < 1, while f(x) € L?([1,00]) for p > 1; there isno p > 0
such that f € LP(]0,00[). We have

PROPOSITION. Let (X, M, u) be a measure space, and let 0 < p < ¢ < r < oo. Then Li(u) C
LP(u) + L"(p), and LP(u) N L"(u) C Li(w); moreover, if 1/q = «a/p + B/r, a convex combination
(a, 8 >0, o+ =1) then we have

1£1lg < 1A 117

Proof. We can write a measurable f : X — K as the sum of a function whose non zero values are of
absolute value larger than 1, and a function bounded by 1: simply take E = {|f| > 1}, F = X N\ E =
{|f] <1} and write f = fxg + fxr. We have |f|9 = |f|?xE + |f|? xF, for every ¢ > 0, so that, if we
assume f € L9(u), we have |f|? xg, |f|9 xr € L*(n). Notice that if p < ¢ then |f|P xg < |f|? x&, so that
|fIPxe € L', ie. fxg € LP; and if r > ¢ then |f|" xr < |f|9xF, so that |f|" x# € L', in other words
fxr € L". This proves that L? C L? + L". For the second part assume first = oo; then oo = p/q, and

6 =1 _p/qa and
A9 =1FP LA < 1P ||f||g.?p2/ 11 S/ LIPS = 1 Fllg < IFIB/91FIRSP
X X

If r <oowehavel =aq/p+pq/r=1/(p/(eq))+1/(r/(5q)) and we apply Holder’s inequality with
conjugate exponents p/(aq) and r/(q) to the pair of functions |f|*? and |f|#9:

oq/p Baq/r
q_ aq | £|1Bq P r a B
Joaste= [ s s( / |f|) ( /. |f|) 1l < 12

EXERCISE 6.3.1. Strictly connected to the interpolation inequality is the following

. GENERALIZATION OF HOLDER’S INEQUALITY If p,q > 1 and 1/r = 1/p+ 1/q then, for any mea-
surable f,qg we have

£ gllr < 15 llgllq-
Hint: apply Holder’s inequality to |f|" and |g|", with conjugate exponents p/r and ¢/r.

Solution. Following the hint we get

r/p r/q
WAl < 1A oo gl e = ( / |f|p> ( / |g|q> A gl
X X

while the left-hand side is || f g||7.

6.3.1. L? spaces if u(X) < oo. The following result is very important:

PROPOSITION. Let (X, M, pu) be a finite measure space, u(X) < oo. Then LP(u) decreases as p
increases, and if p < q < oo then

1£llp < w(O)YP=Y fllg in particular, if ¢ = oo we get || fllp < n(X)VP||f|oc-

Proof. On finite measure spaces bounded measurable functions are in L'; then L>(u) C LP(u) for
every p > 0, if u(X) < oco. The preceding proposition 6.3 then implies that if p < ¢ < oo we have
L1 C [P+ L[> = [P and also the inequality with the norms (which then is obtained by applying Holder’s
inequality to |f|P and |f]|° = 1, with conjugate exponents ¢/p and q/(q — p)). O

REMARK. The situation is particularly neat in the case of probability spaces, ;(X) = 1: then p < ¢
implies || f[lp < [[fll4-

EXERCISE 6.3.2. Find f € (5, LP([0, 1]) ~ L>([0,1]).
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6.3.2. (P spaces. The opposite behavior is encountered in the case of £ spaces, spaces LP(X, P(X), 5)
where s is the counting measure. Here £°° 2 (P for all p > 0: in fact |f(z)[P < Y7, [f(#)[P = [/ f]|} for
every ¢ € X, so that |f(z)] <| fl|lp for every z € X, equivalently || f||cc < ||f|lp- Then spaces ¢? increase
with p, while p — || f]|, decreases. In fact by proposition 6.3 if if p < ¢ < 0o we have 2 N £>° C (9, that
is #P C ¢7; and the inequality in that same proposition gives (o = p/q, 8=1—p/q)

£ llg < WFUB LIPS < NFIE N AP = 1] £l
We have proved:

PROPOSITION. Let X be a set, and put (P = (P(X). If 0 < p < g < oo then £P C 09, and || fllp > || fll4-
Proof. See above. (I

The inequality on the norms means that the norm topologies get stronger as p decreases. Uniform
convergence on these spaces is weaker than any P convergence. On the contrary, on finite measure
spaces L (i.e. uniform a.e.) convergence is stronger than any LP convergence, and these convergences
get weaker as p decreases, as implied by the inequality || f||, < u(X)YP=/4| f||, for p < q.

EXERCISE 6.3.3. Assume 0 < p < oo, and f € ¢P. Prove that for every € > 0 there is a finite
set F. C X such that |f(z)| < € for z € X \ F_, and deduce from this that there is ¢ € X such that
|f(e)] = || flloo, and that || f||, = || flloc if and only if the cozero set of f contains at most one element.

EXERCISE 6.3.4. Observe that if & > 0 then n — 1/n® is in ¢#(N~) iff p > 1/a. Deduce from this
that if there exist p, ¢ with 0 < p < ¢ < co such that (?(X) = ¢9(X) then X is a finite set.

6.3.3. Ezxercises on the variation of LP with p.

EXERCISE 6.3.5. Let (X, M, u) be a measure space. Assume that (A(n))nen is a disjoint sequence
of sets in M of finite strictly positive measure. Let 0 < p < ¢ < oc.

(i) Assuming that for some subsequence B(k) = A(n(k)) we have limy_,oc p(A(n(k)) = 0, prove
that there is f € LP(u) ~ L%(u) (hint: it is not restrictive to assume u(B(k)) < 1/2%; set
bi = p(By), and for a > 0 define the measurable function go : X — R by go = >0 b XBk)-
Given 0 < p < g < oo, prove that if 1/¢ < o < 1/p we have go € LP(u) ~ L(p)).

(ii) Prove that if for some subsequence By = A(n(k)) we have by = pu(B(k)) > a > 0, then there
is f € L% (u) \ LP(u) (consider separately the cases of by bounded and limy_, o b = 00; in the
second case we may assume by > 2F .. .).

Solution. (i) We have, for r > 0:

oo o0
[ai= o=
X k=0 k=0

Since limy o0 by = 0, if 1 — ar < 0 we have limg_, o b,lcfo” = oo and the integral is infinite; if 1 —ar > 0

we have .
1 1
l—ar —
bk S ok(l—ar) — (21—047") ’

so that Yo, b, " < 0o; the integral is finite.
(ii) Assume by bounded, then we have a < by < b for every k € N. Given o > 0 we consider
Ja = Dopeo XB(k/(k+1)%; for r > 0 we have

o0 oo o0
b

1 a
rdu = —b that — < Tdu < —_
/Xgoz H Z (k+1)ar ks S0 a Z (k+1)ar — /Xga H = Z (k+1)ar

then [y gi, dp < oo if and only if ar > 1;if 1/q < v < 1/p we have go € L9(p) but go ¢ LP(p).
If b has no bounded subsequence then limy_, o, by = 00, and passing to a subsequence we may assume
b > 2%, Given o > 0 we consider go = Y po( by ® XB(k), as in (i); then again

oo o
[ =3 v =y
X k=0 k=0

and we conclude as in (i), noting that now b, > 2. O

EXERCISE 6.3.6. Let (X, M, 1) be a measure space. The following are equivalent:
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(a) There exists a sequence E,, € M with lim,_, . u(F,) =0 and 0 < p(E,) for every n.
(b) There is a sequence Ay € M with 0 < u(Ay) < 1/2F for every k.
(c) There is a function f € L' (u) ~ L (p).

(d) There is a disjoint sequence By € M with 0 < u(By) < 1/2* for every k.

((a) implies (b) easy; for (b) implies (c) prove that the formula f(z) = >~ k x4, defines a.e. a function
f € LY (u) ~ L*(p); for (c) implies (d) consider a suitable subsequence of the sequence E,, = {n < |f| <
n+ 1}, with f € L1 (u) ~ L*(p) ...). Other equivalences are:

(e) For every p,q with 0 < p < g there is f € LP(u) ~ L9(w).
(f) There exist p,q in R with 0 < p < g such that LP(u) C LI(p).

Solution. That (a) implies (b) is trivial: if a sequence of strictly positive numbers tends to 0, then
there is a subsequence (1(Epk)))ken such that u(Ey,y)) < 1/2%; simply set A = E, ).
(b) implies (c) The series >_,-, kx4, is a series of positive measurable functions, so that we have

[ 1=k Y 5 <
X k=0 k=0

Then {f = oo} has measure 0, and f € L'(u) (to be more precise for the punctilious: f coincides a.e.
with a function in L' (), which we still call f). And f ¢ L°(u): since all terms are positive, we have
f > kxa,, so that {f > k} D Ag, hence p({f > k}) > pu(Ax) > 0, for every k € N, consequently
e = 0.

(c) implies (d) Since f ¢ L°(u), infinitely many F, have strictly positive measure. Moreover
lim,, 500 p(Ey) = 0, since by Cebiceff’s inequality we have u(E,) < (1/n)|f||1; and the E,, are pairwise
disjoint. Some subsequence By = E, ) will then be such that pu(By) < 1/2%.

That (d) implies (a) is trivial.

For the other equivalences: (d) implies (e) is exercise 6.3.5; (e) implies (f) is trivial. Finally, (f)
implies (c): if f € LP(u) ~ L9(u) then |f|P € L'(u) by definition, but |f|P ¢ L>(u) (by Proposition 6.3,
L'(p) N L () € L9(p) for every ¢ > p).

]

EXERCISE 6.3.7. (uses the previous exercises 6.3.5 and 6.3.6) Let (X, M, ) be a measure space.
Prove that the following are equivalent:

(i) There exist p, g, with 0 < p < g < 0o, such that LP(u) O L(u).

(ii) For every disjoint family F(n) € M of sets of finite nonzero measure we have lim,,_,c p(F(n)) =
0.

(iii) For every disjoint sequence E(n) € M of sets of finite nonzero measure we have that sup{u(E(n) :
n € N} < oo.

(iv) There are disjoint sets A, B € M, with A of finite measure, and B either empty or an atom of
infinite measure, such that X = AU B.

(v) If0 < p < g < oo wehave LP(u) D Li(p).

And if (ii) holds, then L*(u) C LP(u) for every p > 0 if and only if B is empty.

Solution. (i) implies (ii): exercise 6.3.5; (ii) implies (iii) is trivial. (iii) implies (iv) Let s = sup{u(FE) :
E e M, u(FE) < oo}; we claim that s is finite, and in fact s = max{u(E): F € M, pu(F) < oo}: picking
a sequence E(n) of sets of finite measure such that lim, o #(E(n)) = s, we consider F(n) = Jp_, E(k);
then F(n) is increasing, and s > p(F(n)) > p(E(n)) so that, setting F' = |J;~, F(n) we have

s 2 p(F) = lim p(F(n)) > lim u(E(n)) = s,

ie, u(F) = s. If s = co then for some subsequence F(n(k)) of F(n) we have limy_ oo u(F(n(k + 1)) ~
F(n(k))) = oo, contradicting hypothesis (i). Then s is finite, and F' has maximum measure among the
sets of finite measure. Consequently X ~\ F' cannot contain sets of finite strictly positive measure: if
WX NF)=0weset A=X and B = 0; if u(X ~ F) > 0, then X \ F is an atom of infinite measure; we
set A=F and B=X\F.

(iv) implies (v). On an atom of infinite measure every summable function is almost everywhere 0;
then L7 (X, C) can be identified with L (A, C); then recall 6.3.1. And (v) trivially implies (i) O

EXERCISE 6.3.8. Let (X, M, i) be a measure space. The following are equivalent:
(i) There are p,q € R, with 0 < p < ¢ such that LP(u) C L1(u).
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(ii) For every disjoint sequence F(n) € M of sets of finite nonzero measure we have that inf{u(E(n) :
n €N} =a>0.

(iil) inf{u(E): Ee M, n(E) >0} =a > 0.

(iv) Every E € M of finite nonzero measure is a finite disjoint union of atoms.

(v) For every real number p > 0 we have LP(u) C L (u).

(vi) For every pair of real numbers p, ¢ with 0 < p < ¢ we have LP(u) C L%(u).

Solution. (i) implies (ii): see 6.3.5; (ii) implies (iii): see 6.3.6; (iii) is equivalent to (iv) was proved in
2.4.3.

(iii), (iv) imply (v): if f is in LP(p) then Coz(f) = {f # 0} has o—finite measure; by (iv) every set
E € M of o—{finite measure is a countable disjoint union of atoms of finite measure, so that Coz(f) =
U~y A(n), where each A(n) is an atom of finite measure, and the A(n) are pairwise disjoint, so that
we can write f = ZZO:O Yn Xn, Where xn = Xa(n) and y, € K. By (iii) the measures of these atoms are
bounded way from zero, a, = u(A(n)) > a > 0 for every n. Then, for every m € N:

AL =D [yal? s(AMR)) 2 D yal? @ > [ym[” o
n=0 n=0

which implies |ym| < || f]|,/a!/? for every m, hence

1/ 1lp

al/l’ ’

[ flloo <

(v) implies (vi): Proposition 6.3; (iv) implies (i) trivially.

6.4. Convexity and LP spaces.

6.4.1. Convezxity combinations of arbitrary length. In a real vector space V', given two vectors a,b
the set {aa+5b: a,0>0,a+p=1} ={(1—t)a+tb: t € [0,1]} of all convex combinations of a, b is
the convex hull of the set {a,b}, the smallest convex subset of V' containing the two points a, b, namely
the segment of extremes a, b. Given a set of n vectors {a1,...,a,} CV a convex combination of these
vectors is

n n
Zak ar, provided that o« >0, Z ap = 1.
k=1 k=1

By induction on the cardinality of the subset one proves easily:
. A convex set contains all convexr combinations of its finite subsets.

Proof. For singletons it is trivial. Assuming that all convex combinations of subsets with n elements of the
convex set C are in C, let {a1,...,an, ant1} C C, and let ax > 0 be such that ZZ;L} ar = 1; we want to prove
that 3771 ag ap € C. In fact, setting o = 3 p_, ax, and a = 3 p_, (ax/a) ax, a convex combination of the first
n vectors:

n+1 n m

ag
E ok ar = E Qg Ak + Qp41 Apyl = Q@ E - + Qnt1Gnt1 = @0+ Qnt1 An1.
k=1 k=1 k=1

By the inductive hypothesis a € C; then aa + apt1 ant1 € C as the convex combinations of two vectors, a and
an+1, belonging to C. O

COROLLARY. Let I be an interval of R, and let f : I — R be convex. Then, for every conver
combination Y ;_, o ) of a finite subset {x1,...,xn} of I we have

Jlaray + -+ anwa) S on f(@) + -+ o flwn) or f(Zam)éZakfm)
k=1 k=1

(with strict inequality if [ is strictly convex, all ay, are strictly positive, and the xj are distinct).

Proof. {(zg, f(zx)) : k=1,...,n} is a finite subset of the convex set Epi(f) = {(z,y): x € I,y >
f(z)}, which contains every convex combination of its finite subsets. O

EXERCISE 6.4.1. Prove
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. JENSEN’S INEQUALITY FOR POSITIVE FUNCTIONS Let (X, M, i) be a probability space (u(X)=1),
and let w : [0,00[— [0, 00 be continuous, convex and increasing. Then for every f € LT we have

(f)s o

Hint: pick a sequence ¢, of positive simple functions such that ¢, 1 f ...

Solution. If ¢, = ZZ;(?) Yk XE(k) is the standard representation of ¢,, a representation of w o ¢y, is

Wop, = ZZ@:(?) w(yr) XE(k); observe that

/X o = ;W(E(k)) and /X W0 pn = ;w@kmw(k»,

are convex combinations, with u(E(k)), k =1,...,m(n) as coeflicients (in fact X = UZL(T) E(k), disjoint
union, so that 1 = ZZI:(?) u(E(k))), and convexity of w says that

wl D unBE) | <> wly) pEE),
k=1 k=1

W(/ @n)ﬁ/wown for every n € N.
X X

Since w is increasing w o ¢, is also increasing and by continuity of w this sequence converges pointwise
towo f,ie wop, Two f. By monotone convergence the right-hand side has fX wo f as limit, while by
continuity of w the left-hand side tends to w ([ f). O

in other words

EXERCISE 6.4.2. In a probability space (X, M,pu) we have |fll, < ||fllq for p < ¢ and every

measurable f : X — K (6.3.1). Prove it by Jensen inequality; then get from this the inequality
£l < u(X)V/P=1/a || f||, valid when u(X) is finite but not necessarily 1.

EXERCISE 6.4.3. (A generalized Holder’s inequality) Let (p(k)i1<k<n be an n—tuple of positive num-

bers such that 1 =Y | 1/p(k). Prove that for every n—tuple a1, ..., a, of positive numbers we have
n n ap(k)
) <SG
o2
and that for every n—tuple fi,..., f, of measurable functions we have, denoting by f = HZ:l fr their
product:

Ifll < H | fellper) -

k=1
Assume now that y ;" 1/p(k) <1, and that 1/p=>"7" , 1/p(k). Then, with f and f as above:

1£1lp < TT el ey

k=1

Solution. Taking logarithms of both sides the given numerical inequality is equivalent to

n n ap(k)
Zlog a < log Z plzk) )

k=1 k=1

/p(k)

which, setting zj = ai(k), equivalently a; = x,lc , becomes

- log "Ly
20w Slog@m)’

k=1

which, since 1 = >"}'_, 1/p(k), is consequence of the concavity of the logarithm function, and hence true.
Then we simply put in inequality (*) ar = |fx(2)|/||fx|pcr), and integrate both sides.
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For the second part: we have 1 =%, 1/(p(k)/p); apply the first part with p(k)/p in place of p(k)
and with fi replaced by |fx|P to get:

161 < TLIAl oo = TT 1070
k=1

k=1

and raising both sides to the power 1/p we conclude. (I

6.4.2. Subadditivity, concavity, convexity. As observed in 1.8.8 a concave function ¢ : [0,00[— R
which is 0 at 0 is subadditive: given a,b > 0 we get a, b as convex combinations of 0 and a + b,
that is @ = (a/(a + b)) (a+b) + (1 —a/(a + b)) 0 so that g(a) > (a/(a + b)) q(a + b) and analogously
q(b) > (b/(a +b))g(a+ b) so that, adding these inequalities we get ¢(a) + ¢(b) > q(a + b), with strict
inequality if a, b > 0 and ¢ is strictly concave. If 0 < p < 1 the function g(x) = zP is strictly concave (in
fact ¢"(z) = p(p — 1) 2P=2 < 0 if x > 0), so that we have (a + b)? < aP + b if a,b > 0.

Conversely a convex function p : [0,00[— R such that p(0) = 0 is superadditive, that is p(a + b) >
p(a)+p(b) if a, b > 0, with strict inequality if p is strictly convex. This shows why ||#||, is not subadditive
for 0 < p < 1: if E, F are disjoint sets of finite strictly positive measure then

1/p
Ixe +xrly, = (/X XE+/XXF) = (W(B) + p(F)Y? > p(BY? + u(F)V? = |Ixellp + lIxelp;

at the same time subadditivity of o + P for 0 < p < 1 proves that the map f — [f], = [ [fIP = |||’
is subadditive. Then this map defines a metric on LP(u), by dist(f,g) = [f — ¢lp, translation invariant
(i.e. dist(f + h,g+ h) = dist(f, g) for any f,g,h € L?) (but we have [« f], = |a|? [f]p, so that [f], is not
a norm) this metric makes LP a metrizable complete topological vector space, completeness is still the
theorem on normal convergence. But these spaces have a limited interest in analysis.

We have seen that if p > 1 and a,b > 0 then (a 4 b)? < 2P(a? 4 bP); but a better constant for it is
2P~1 as we see in the following exercise.

EXERCISE 6.4.4. Given ay,...,a, > 0 we have
If p>1: al +- 4 abl < (ag 4 +ap)? <nP Hal +-- +ab)
if 0<p<l: nP Yol +---+a)<(ar+--+a,)P <al+---+ab.

Solution. Superadditivity of the convex function x — 2P has been proved above. And we have

P p P
(a1+...+an)P:nP(ﬂ+...+a_”) < nP <ﬂ+...+a_") :npfl(aij...jLag)’
n n n n
the inequality due to the convexity of xP. (I

6.4.3. Some problems.

EXERCISE 6.4.5. Let (X, M, 1) be a finite measure space. Let f be a measurable non zero function
belonging to LP for every p < co. Prove that

1
[

im >
p=oo || £l

= [1fllse-

Solution. We have |f[PT1 = |f||f|? < || flloe | f|P; integrating both sides we get || f]|2T1 < || f]loo I£117

p+l =
so that 41 +1
v P
”f“P;;l < || fllco = limsup “f“p;;l <[ flloo-

71 p—oo I fllp

Recall that if p < ¢ then || ]}, < u(X)/7/4]| f]lg; applying this formula with g =p+ 1 we get:
11, pir o WAl
| fllp+1 > LX) /r- 1) = [Iflps1 = (X)L

so that

+1
1125 1l
£l p(X)1/P
the right—hand side tends to || || as p tends to co so that the liminf of the left—hand side is larger than
£ lloo- O
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EXERCISE 6.4.6. Let f : [0, 00[— R be defined by f(z) = ze~*. Compute || f||, for every p > 0. Find

the limit
(n!)l/n

lim
n—o00 n

Solution. Since f is positive, continuous, and 0 = f(0) = f(oco) we have || f||s = max f([0, c0]); now
fl(x)=(1—2x)e *is 0 for x =1, so that ||f|lcc = f(1) = 1/e. And:

0o 0o oo 4p dt r 1
/ |f($)|pd$:/ :Cpefpzdx:/ —eit—:(p;l%
0 0 0 P pp+

p p
then )
(Cp+1)Pr - . : 1
11y = ==y since L [1£llp = 1/l = .
and since lim,_, o, p!/? = 1, we get
r /e 1 nt/n 1
LS N S LSS
p—00 p e n—oco N e

O

EXERCISE 6.4.7. Consider f, :]0, 00[— R defined by fu(z) = (1/(x(1 4 log® ))*; a > 0 is constant.
(i) Find {p > 0: fo € L?([0,1])}.
(i) Find {p > 0: fo € LP([1,00[)}.
(iii) Find {p > 0: fo € L?([0,00[)}.
Do the same for g(z) = 1/z*. Given 0 < p < r < oo find functions f,g € L(]0,00[) such that f €
L%([0,00]) iff q € [p,r] and iff ¢ €]p, 7], respectively.
(iv) Given a, 8 > 0 let f(= fa,5) : R™ — R be defined by

n 1/2
1 2
@)= e e oy 1= @) |

Given p > 0 find a, 8 > 0 such that f € LP(R™) (use integration on spheres, Analisi Due 9.27).

EXERCISE 6.4.8. Let (X, M, 1) be a measure space, and let 1 < p < oco.

(i) Prove the dominated convergence theorem for LP:

. If fn, f,9 are measurable functions, f, — f a.e., |fn] < g for every n € N, and g € L
then fn, f € L? and f, converges to f in LP.

(ii) Generalize the dominated convergence theorem for LP: if f,, f,gn, g are measurable, f, — f
a.e., gn — g a.e., |fn] < gn, and gn, g € LP are such that fX gL — fX gP, then f, converges to
fin LP.

(i) If fr, — f a.e., and f,, f € LP, then f,, converges to f in LP if and only if || fn ||, = || fllp-

Solution. (i) Since |fn|P < gP € LY, clearly also |f|P < g € L', so that f,, f € LP. And we have
[f = ful? < (ST )P < 2271 S + | £alP) < 2071 (gP + g7) < 27gP € LY clearly |f — ful?” — 0 ace..
The dominated convergence theorem says that [ [f — fu[P — 0, that is || f — fn]|5 — 0.

(ii) We have, again:

[f = Ful? < (fI 1) S 227HFIP + [ fal?) < 2P7H (g7 + 90,

and we can apply the generalized dominated convergence theorem to conclude that | < |f = falP = 0.
(iii) If f,, converges to f in LP, then ||f.|l, — ||fllp, as in any normed space: recall that by the
triangle inequality we get ||| fll, — || fnllp] < ||f — fnllp. The converse is the preceding result, with |f,,| as

gn, |f] as g. O

EXERCISE 6.4.9. Let (X, M, 1) be measure space. Let 1 <p < oo and 1 < r < oo.

(i) Prove that L' N L* is dense in LP.
(ii) Prove that the set {f € LP N L" : || f]l» <1} is closed in LP (hint: Fatou’s lemma).
(iii) Let f, be a sequence in LP N L", and let f € L". Assume that f,, converges to f in LP and
that there is a > 0 such that for every n we have ||f,||» < a. Prove that f € L4, and that f,
converges to f in LY for every ¢ # r in the closed interval of extremes p,r.
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Solution. (i) L' N L> contains S(u), space of integrable simple functions, which is dense in every L?
with p < co.

(ii) Assume that f,, is a sequence in the given set, converging to f in LP. We have to prove that f is
still in the set, i.e. that ||f]|, < 1. There is a subsequence that converges to f also a.e., and we may as
well assume that f,, itself converges a.e to f. If r < co then, by Fatou’s lemma:

/ [fI" < liminf/ [fn]” < 1;
X n—oo X
if r = oo then |f,(x)] <1 for a.e. x € X clearly implies |f(z)| <1 for a.e x € X, that is, || f|lcc < 1.

(iii) If ¢ € [p,r] there is a, with 0 < a < 1, such that 1/¢ = «/p + (1 — «)/r. The interpolation
inequality then says that for every n € N:

1 = fallg S ILf = fally I1f = falls™

Moreover from (ii), with a in place of 1, we know that || f. < a, so that || f — fullr < | fll- + | fallr < 2a,
so that

I1f = falle < (2a)' = IIf = full3s
the proof is completed. (Il

EXERCISE 6.4.10. (A more general Young’s inequality) Let ¢ : [0, 00[— [0, 00[ be a self-homeomor-
phism of [0, ool.
(i) Prove that ¢ is strictly increasing, that ¢(0) = 0 and lim,_,o0 () = 0.
Given nowa, b > 0 we consider subsets S(a) and T'(b) E(a,b) of R? so obtained:
S(a) ={(z,y) e R?: x € [0,a], 0 <y < ¢(x)}, trapezoid of ¢ over [0, al.
T(b) = {(z,y) e R? :y € [0,b], 0 < z < p~Y(y)}, trapezoid of =1 over [0, b].
(ii) Prove that

a b
Ao(S(a)) = / (@) dz, Ao(T(b)) = / o (y) dy,

and that, if F(a,b) = S(a) U T(b) then

a b
Na(E(a,b)) = Aa(S(a)) + Aa(T(b)) = / o@)do+ [ o () dy.
0 0

(iii) Let R(a,b) = [0, a]x[0,d] be the rectangle; prove that R(a,b) C E(a,b), and that unless b = (a)
then

a b
A2(R(a,b)) = ab < Aa(E(a,b)) thatis ab< /0 o(x) dx Jr/o o (y) dy.

(iv) Let p > 1; using ¢(z) = 2P~ prove that ab < a?/p+b9/qif 1/p+1/q¢=1 and aP? # b4.

Solution. Schematic: (i) easy (an injective continuous function on an interval is strictly monotone;
since 0 is the minimum of [0, co[ and 0 = (a) for some a > 0, ¢ cannot be decreasing, otherwise ¢(c) < 0
if ¢ > a, impossible. Then ¢ is increasing; by surjectivity ¢(0) = 0 and lim,_,« p(z) = ).

(ii) Fubini’s theorem; note that S(a) N T'(b) C Graph(y) and that A2(Graph(p)) = 0, so that
Aa(E(a,5)) = Aa(8(a)) + 2o (T(D)).

(iii) Look at the figures; if b < ¢(a) then E(a,b) ~ R(a,b) = {(x,y) : ¢71(b) <z <a,b<y < p(x)},
a set with area f;,l(b)(ga(z) —b)dz > 0. If b > ¢(a) then E(a,b) \ R(a,b) = {(z,y) : v(a) <y <b,a<

r < o (y)}, a set with area fﬁ(a)(go_l(y) —a)dy > 0. If b = ¢(a) then E(a,b) = R(a,b).
(iv) Compute. O

EXERCISE 6.4.11. Let (X, M, i) be a measure space.

(i) Let f,g € L'(u). Prove that |[f + glli = [[flli + [lgll1 if and only if f = 0, or there exists
A: X — [0, +oo[ measurable and such that g(x) = A(z) f(z) for a.e. x € Coz(f).

(i) Let p €]1,00[ and assume that f,g € LP(u). Prove that ||f + gll, = | fllp + llgllp if and only if
f =0, or there exists a constant A > 0 such that g(z) = X\ f(x) for a.e. z € X (in other words,
LP spaces are strictly conver if 1 < p < 00).
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(a, p(a)
b = a,b
> (a,b)
(D) a
FIGURE 3. Case b < p(a).
p(a) —
a
FIGURE 4. Case b > ¢(a).
Solution. Recall first that the absolute value on K is a strictly convex norm: that is, we have |a+b| = |a|+ b

for a,be Kiff a=0or b= Aa with A > 0.

(i) The inequality || f+g|[1 < ||f|l1+]/g]/1 is obtained by integrating the inequality | f(x)+g(z)| < |f(z)|+]g(x)],
and the resulting inequality between integrals is an equality if and only if |f(z) 4+ g(z)| = |f(x)| + |g(z)] for a.e.
z € X; in turn this happens iff f(z) =0 or g(z) = A(z) f(z), with A(z) > 0, for a.e. z € X. If f(z) =0 a.e., then
clearly we have equality; if not, setting A(z) = g(z)/f(x) for every z € Coz(f) we have equality iff A(z) > 0 for
almost all « € Coz(f).

(ii) The conditions are clearly sufficient for equality, as in every normed space. Assume then f,g both
nonzero; we also assume f + g nonzero (otherwise the inequality is assuredly strict) Repeating the proof of
Minkowski inequality we see that it is satisfied as an equality iff

(a) We have

(@) +g@)If(2) + g(@)"~" = f@)|1f(@) +g@)" " +|g(@)| [ (z) + g(z)[""" for almost every z € X,

equivalently |f(z) + g(x)| = |f(x)| + |g(x)| for a.e. € Coz(f + g);
(b) Hélder’s inequality with functions [f|, |f + g[’~" and |g|, |f + g|?~" are verified as equalities.

This last condition, since f+ g # 0, holds iff |f|” = a|f + ¢|? and |g|” = b|f + g|* for some constants a,b > 0
(6.1.1). Then |g|? = k|f|? for some k > 0, so that |g(z)| = c¢|f(z)| for some ¢ > 0; on Coz(f + g) we must, by
(a), have g(z)/f(xz) = A(z) > 0, so that ¢ = |A(z)| = A(z) for a.e. x € Coz(f). O

6.4.4. Jensen inequality.

. Let (X, M,u) be a probability space (i.e. u(X) = 1). Let I be an open interval of R, and let
w: I — R be a convex function. Let f : X — I belong to L*(u). Then fX f €1, the function wo f is
integrable in the extended sense, and we have the

JENSEN INEQUALITY w (/ f> g/ wo f.
X b'e

If w is strictly convex and f is non—constant, then the inequality is strict.
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Proof. Let ¢ = fX f; then ¢ € I; in fact, by the hypothesis f € L'(u) we have that ¢ € R, and if
inf I = a is finite then we have a < f(z) for every x € X, so that integrating we get a = fx a < fx f=c,
i.e. a < ¢; similarly we get ¢ < b if b =supl < co. Since c is in the interior of I and w is convex there is
a real m such that w(t) > w(c) + m (t — ¢) for every t € I (simply take any m between the left and right
derivatives of w at ¢). Then for every € X we have

w(f(z)) = wle) +m (f(z) = o);
the function on the right—hand side of this inequality is in L!(x); then the function on the left-hand side,
which is measurable because w is continuous, is integrable in the extended sense (4.4.1) and

/Xwofzw(c)-l—m(/Xf—c):w(c)—i—m(c—c):w(/xf).

If w is strictly convex we have w(t) > w(c) + m (¢t — ¢) for every t € T \ {c}, so that integrating we get a
strict inequality, unless f(z) = ¢ for a.e. z € X. O

REMARK. It may very well happen that wo f has co as integral. If X = [0, 1] with Lebesgue measure,
I =R, w(t)=t*and f(x) =1/y/z, then [, f =2, but wo f(2) = 1/ has infinite integral over X.

Of course we also have

. Let (X, M,u) be a probability space (i.e. u(X) = 1). Let I be an open interval of R, and let
¢ : I — R be a concave function. Let f : X — I belong to L'(u). Then fX f €1, the function ¢po f is
integrable in the extended sense, and we have the

JENSEN INEQUALITY FOR CONCAVE FUNCTIONS 10) (/ f) > / ¢of.
X X

If ¢ is strictly convex and f is non—constant, then the inequality is strict.
Proof. Apply Jensen inequality to the convex function w = —¢. O

EXERCISE 6.4.12. Recall that on a finite measure space (X, M, ) for every measurable f we have
| flloo = limp—00 || fllp- Given a real valued measurable f : X — R, compute:

1 1
lim - log (/ ePF(@) d,u(ac)) ; lim —log (/ cosh(p f(z)) d,u(ac))
(the second may be a little difficult ... ).

EXERCISE 6.4.13. Let (X, M, 1) be a measure space. Given a measurable not a.e. zero f € L(X)
we consider the function ¢ :]0, 0o] —]0, 0o] given by

o(p) = /X P =171

Prove that this function is finite—valued on an interval I of ]0, oc0] (which may be empty or reduced to a
single point) and that in this interval log ¢ is a convex function.

Solution. (of Exercise 6.4.2) If ¢ > p the function w(t) = t%/? is continuous, positive, increasing and
strictly convex on [0, co; given a measurable f : X — K we apply Jensen inequality for positive functions
(6.4.1) to |f|P, obtaining

/
w</X|f|p) < [wolsle that </X|f|p)qp§/X|flq — 1l < I

This inequality can be applied to finite measure spaces with the measure v = p/u(X) obtaining:

() "= (e " = (Lo« (o)

which immediately implies the desired result. (]

Solution. (of Exercise 6.4.12) If g(z) = ef(®) then [, e? 7@ du(z) = [ (g(z))? du(z) so that

1/p
1
Stog ([ e aue)) = tow ([ 2 aute)) " =toglglly gl a5 p - .
p X X

Since g > 0 we have ||g|jcc = essup g, and since exp is increasing and continuous on the reals essupg =
exp(essup f) so that the required limit is essup f.
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For the second limit first notice that cosh(p f(x)) = cosh(p|f(x)|), since cosh is an even function.
It is not restrictive then to assume f(x) = |f(x)] > 0. As p goes to oo the term e ?/(*) tends to 0 if
f(z) > 0, and is constantly 1 if f(x) = 0, so that it should be ininfluent; in other words we guess that
(assuming f(x) > 0) the second limit coincides with the first. In fact:

%log (/X cosh(p f(z)) du(w)) - %bg (/X er @) du(w)) = %log (%) ;

for ¢t > 0 we have e¢'/2 < cosht < e? so that the argument of the logarithm is between 1/2 and 1, hence
the preceding is between —log2/p and 0, and tends to 0 as p — oo. Then the second limit is exactly

essup | f| = [|.f[|oo- O
Solution. (of Exercise 6.4.13) We know that if 0 < p < ¢ < r < oo and 1/q¢ = «/p + S/r, with
a, >0and a+ B =1 then || fll; < | fl5 I£112, so that
w(@) =712 < IFI @ IFIZ T = @) /P o(r)® 97
taking logarithms we get
aq aq
log p(q) < 5 o8 p(p) + == logp(r),

we now have aq/p + Sq/r = 1, so that if v = aq/p and 6 = Bq/r we have ¢ = yp + dr, a convex
combination, and from above we get

logp(vyp+dr) < vlogy(p) + 6 logp(r),
thus concluding the proof.
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7. SIGNED AND COMPLEX MEASURES

As remarked at the beginning, additive functions appear also with arbitrary real values, not only
positive values, e.g the electric charge contained in a given portion of space. The fundamental requirement
is that of countable additivity.

7.1. Preliminaries. Assume that (X, M) is a measurable space; we have seen (2.1.8) that any
linear combination with positive coefficients of positive measures defined on M is still a positive measure
on M. We then try to define a signed measure in the following way: assume that u,v : M — [0, 00| are
positive measures defined on M; define A : M — [—00,00] by AM(E) = u(E) — v(E), for every E € M,
of course, since 0o — 0o is not defined, one of the two measures has to be finite for this to make sense;
assume for definiteness p(X) < oo; then A is defined, and A does not assume the value co. It is easy to
check that A is countably additive.

DEFINITION. Let (X, M) be a measurable space. A function v : M — R is said to be a signed
measure if v() = 0 and v is countably additive, that is, for every disjoint sequence (A, )nen of M we

have
v (U An> = ZV(AH).
n=0

n=0

Implicit in this formula is the fact that Y v(A,) is meaningful, whatever the disjoint sequence
(An)nen is, in particular, no co — 0o or —oo + oo is ever encountered; and we have

i)u(An) = "}gnoo i)u(An),

but the convergence is necessarily also absolute, as is easy to see: the union UZOZO A,, does not depend
on the order of the terms, so that the series is commutatively convergent, hence absolutely convergent;
this fact will be confirmed also indirectly. A signed measure can assume at most one of the two values
{—00, 00}: if A € M has measure v(A) = +oo then every B € M containing A has the same infinite
measure: in fact v(B) = v(A) + v(B N\ A) = oo + v(B \ A); then v(B ~\ A) cannot be Foo, and
v(B) = 4oo. In particular, ¥(X) must be oo (—o0) if some set A € M has measure oo (—o00), so if
o0 € v(M) then —oo ¢ v(M).

As seen above, the difference of two positive measures, one of which finite, is a signed measure. If
w: M — [0, 00] is a positive measure, and f is an extended real valued measurable function, y—integrable
in the extended sense (4.4.1) the indefinite integral of f , vy =v: M — R defined by

V(E)=[Efdu=/Ef+du—/Ef‘du

is then a signed measure (each of v*(E) = [}, f* is a measure, and at least one of them is finite). We
shall prove that every signed measure arises in this way, for a convenient positive measure p.
7.1.1. Continuity on monotone sequences. Exactly as in the positive case we get:

PROPOSITION. Let (X, M,v) be a signed measure space. Then :

(i) CONTINUITY FROM BELOW If Ay C A; C ... is an increasing sequence in M with union A,
then v(A) = lim, o0 v(A4y).
(i) CONTINUITY FROM ABOVE ON SETS OF FINITE MEASURE Ag 2 A; D ... is a decreas-

ing sequence in M with intersection A, and v(A,,) is finite for some m € N, then v(A) =
limy, 00 ¥(Ar).

Proof. Imitate the proof given in 2.1.6 and 2.1.7 for positive measures. (|

7.1.2. Terminology. If (X, M, v) is signed measure space, given a subset A € M we say that:
o A is positive if v(B) > 0 for every B C A, B € M.
e A is negative if v(B) <0 for every B C A, B € M.
o Ais nullif v(B) =0 for every BC A, B € M.

Then a set is null if and only if it is simultaneously positive and negative. If v(E) = [ f dy for a function

f:X— R integrable in the extended sense on the measure space (X, M, u), then every measurable subset
of P = {f > 0} is positive, every measurable subset of @@ = {f < 0} is negative, and every measurable
subset of Z(f) = {f =0} is null. Clearly:
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. The positive sets P, the negative sets Q, and the null sets N are all c—ideals of the tribe M, that
18, they are closed under countable union and measurable subsets.

Proof. Easy exercise. (I

Of course a set of strictly positive/negative measure is not necessarily a positive/negative set!
7.1.3. The Hahn decomposition. The following lemma is the key result in our approach to the theory
of signed measures:

LEMMA. Let v : M — [—o00,00[ be a signed measure which does not assume the value co. Then
s =sup{v(FE): E € M} is finite, and actually there is P € M such that v(P) = s (i.e., the supremum
is a mazximum).

Proof. Clearly we have 0 < s < oo. Pick a sequence s, = v(4,) > 0, with A,, € M, such that
lim,,—, 0 $n, = s. For every n € N let A,, be the subalgebra of M generated by the subset {Ay,..., A,}:
it is a finite algebra of parts of X, whose elements can be written as disjoint unions of intersections of
the Ay and their complements (see 1.4.1). Let B,, be the union of all the elements G of the basis of A,
with v(G) > 0: then v(B,,) = max{v(F) : F € A,}, in particular v(B,) > v(4,).

We prove that v(limsup,,_,., Bn) = s, so that we conclude, with P = limsup,,_,., By,. For, consider
the sequence k — v(B,U- - -UBy 4 ); we claim that this is an increasing sequence of real numbers. In fact,
since Ap4i+1 2 Antk, the set Byigi1 ~ (BpU---UDBp k) is the union of those elements G of the basis of
Ayt k+1 not already contained in By, U+« -U By 4k, with #(G) > 0, so that we have v(Bp 4541~ (BpU---U
By4+x)) > 0. By continuity from below, if C), = (g~ Bn+k we get v(Cp) = limp—y00 ¥(Bp U -+ - U By,
with v(Cy) > v(Bn) > v(A,). Now Cp 2 C1 D Cy D ... is a decreasing sequence of sets of finite positive
measure, so that if P = ﬂflozo Cpn(= limsup B,,) we get v(P) = lim,,oo ¥(Cp) > lim, 0 ¥(A4,) = s by
continuity from above. (I

. THE HAHN DECOMPOSITION THEOREM If (X, M, v) is a signed measure space then there is a pos-
itive set P € M whose complement Q = X \ P is a negative set. Such a decomposition is unique modulo
null sets: if P', Q" is another, then P A P' = Q A Q' is a null set.

Proof. Assume that the measure does not assume the value co. By the lemma there is P € M
such that v(P) = s = max{v(A) : A € M} is the largest possible measure of a measurable set. If
A C P is measurable with v(A4) < 0 then v(A) is finite (otherwise, as seen, v(P) = —oo, too) and
then v(P ~ A) = v(P) — v(A) > v(P), contradicting maximality of v(P), so that P is a positive set.
And @ = X ~ P cannot contain a set B of strictly positive measure, otherwise P U B has measure
v(P)+v(B) > v(P), again contradicting maximality of v(P). Hence @ is a negative set. If P’ is another
positive set with negative complement then P~ P’ is negative being disjoint from P’, and positive being
contained in P, hence it is null; same for P’ \ P. (I

Given a signed measure v and a Hahn decomposition X = P U @Q for v, we set for £ € M:
vH(E)=uENP), v (E)=—v(ENQ); [VI(E)=v(E)+v(B);

then v = v™ —v~, and vT, v, |v| are positive measures, called respectively the positive part, the negative
part, and the total variation of v. If 0 : X — {—1,1} is defined by o(z) = xp — x¢g then

v(E)=vT(E)—v (E)= /Ea(x) dlv|(z), for every E € M.

We have done what we set out to do with signed measures.
The Hahn decomposition has certain minimality properties that we explore in the next exercise.

EXERCISE 7.1.1. Let (X, M, v) be a signed measure space; let 1 : M — [0, 00] be a positive measure
that dominates v, in the sense that [v(E)| < u(E) for every E € M. Prove that then |v|(E) < p(E) for
every I/ € M.

Thus the total variation |v| of the signed measure v may be described as the smallest positive measure
that dominates v.

Solution. Immediate: if X = P U(Q is a Hahn decomposition for v we have, for every E € M:
vI(E)=v(ENP)<u(ENP); v (E)=-vENQ)=ENQ)<uENQ),

so that
VI(B) = v*(E) + v~ (B) < u(E N P) + p(EN Q) = u(E).
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We stress the fact that a signed measure which does not assume the value oo has actually a finite
maximum value (v(P) = v+ (X)), and if it does not assume the value —cc it has a finite minimum value
(v(Q) = —v~—(X)). It can be proved that the set of values of a finite signed measure is always a compact
subset of R.

7.1.4. Mutual singularity of measures. Let (X, M) be a measurable space, and let v : M — R be a
signed measure. We say that v is supported by a measurable M € M if X \ M is a v—null set. Clearly
the set of all M € M which support v is closed under countable intersection (a countable union of y—null
sets is a v—null set), and the formation of supersets (it is the set of all complements of the o—ideal of
v—null sets). To give some examples: Lebesgue measure is supported by R \ Q, a counting measure is
supported only by the entire space, the Dirac measure §; on P(R) is supported by the singleton {0}, or
by any set containing 0. The identically zero measure is supported by any set in M, () included.

DEFINITION. Let v and p be signed measures on the measurable space (X M). We say that v is
singular with respect to p, and write v L p, if v is supported by a set B € M that is null for u.

This relation is clearly symmetric: if B is null for p then p is supported by A = X \ B, a set null
for v. Then we often say that p and v are mutually singular, instead of saying that v is singular with
respect to u, or vice—versa. In other words:

Two signed measures u, v on the same measurable space (X, M) are said to be mutually singular if
they are supported by disjoint sets, equivalently there is a partition X = AU B of X into disjoint sets
A, B € M such that B is a null set for 1 and A is null for v. If v is a signed measure then v+ and v,
the positive and negative parts of v, are mutually singular, being supported on the two complementary
pieces of a Hahn decomposition for v. The Lebesgue measure and Dirac’s measure are mutually singular.

7.1.5. Absolute continuity.

DEFINITION. Let v be a signed measure, u a positive measure on the measurable space (X, M). We
say that v is absolutely continuous with respect to p, and write v < u, if E € M and p(E) = 0 imply
v(E) = 0.

Typically, if f : X — R is p—integrable in the extended sense, then v(E) == [, fdp is absolutely
continuous with respect to . And any measure is absolutely continuous with respect to the counting
measure, for the simple fact that the only set with counting measure zero is the empty set, which by
definition has v—measure zero for every measure v. Clearly v < p if and only if v+, v™ < u, as is
immediate to see. Absolute continuity and mutual singularity exclude each other, in this sense:

Afu, v M — R are measures, w positive and v signed, v L p and v < u together imply v = 0.

Proof. By mutual singularity we can write X = P U Q, disjoint union, with x(Q) = 0 and P null for
v. For every E € M contained in @ we have u(E) = 0, so that v(E) = 0 by absolute continuity. Then
@ is a null set for v, so that X, union of two sets null for v, is null for v. (I

If F: R — R is increasing, then clearly the Radon—Stieltjes measure dF' = pp is not absolutely
continuous with respect to Lebesgue measure when F' is not continuous (singletons have Lebesgue measure
zero). Surprisingly, there are continuous increasing functions F' such that not only up is not absolutely
continuous with respect to A, it is even singular, yur 1 Al One such example is the dewvil’s staircase, or
Cantor’s function, which we shall describe later (8.5).

EXERCISE 7.1.2. On a measurable space (X, M) let u be a positive measure, and let A\, v be signed
measures. Assume that A + v is also a signed measure. Prove that:
(i) A Lpand v L pthen (A+v) L p.
(ii) T A< pand v < p then A+ v < p.

Solution. (i) If X = P, U@y and X = P, U Q2 are measurable partitions of X such that p is
supported by @1 and @2, and X is supported by Py, v by Ps, then p is supported by Q1 N Q2 and A+ v
by PLUP, = X \ (Ql ﬂQg).

(ii) Trivial.

O

7.1.6. As said above, the typical example of the situation v < u is when v(E) = fE f du for some f
integrable in the extended sense. But it may happen that v < p, yet there is no f such that dv = fdu:

in (R, B(R)), with A Lebegue measure and p = » counting measure we have A < pu, but there is no
f:R — R such that \(E) = [, fdu = >, .p f(x) for every E € B(R): necessarily such an f, having
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finite sum on any bounded interval, would have a countable cozero set, thus of Lebesgue measure zero,
and for every E C R\ Coz(f) we would have [, fdu = 0; in fact we have v L X, if v(E) = [, fdp. As
it frequently happens, this situation is due to lack of o—finiteness of the measure pu.

We turn to the proof of the most important result in this context, the Radon-Nikodym theorem.
First a lemma:

LEMMA. Let p,v be finite positive measures on the measurable space (X, M). Then, unless v L p
there is ¢ > 0 and E € M such that n(E) > 0 and E is a positive set for v — e p.

Proof. Consider the signed measure v — (1/n)u, for n = 1,2,...; for every n > 1 let P, UQ,, be a
Hahn decomposition for it. If for some n > 1 we have u(P,) > 0, then we have our E = P,, and our
e = 1/n. If not, then pu(P,) = 0 for every n implies p(P) = 0, with P = (J;2; P,. Then p L v; in fact, if
Q=X~P=""_,Qn wehave (v — (1/n)u)(Q) <0 for every n > 1 (since Q C @, a negative set for
v —(1/n)p), hence v(Q) < (1/n)u(Q) for every n > 1, that is, v(Q) = 0. O

7.1.7. The Radon—Nikodym theorem.

THEOREM. Let (X, M, ) be a o—finite measure space, and let v : M — R be a o—finite signed
measure. Then there exist unique signed measures vg, Vy, : M — R such that vs L W, Vo < 1 and
v = vs + Va. Moreover there is, unique up to equality pu—almost everywhere, a function p : X — R,
integrable in the extended sense, such that v,(E) = fE pdu, for every E € M.

Proof. First, we split v into its negative and its positive part, and prove the theorem separately
for v*; in other words we assume v positive. We can also assume that both measures are finite: since
the measures are both o—finite by hypothesis we can consider a countable partition X = UZOZO Xk
into disjoint sets X}, such that u(X%) < oo and v(X}) < oo, and prove the theorem on each piece X}
separately.

So we assume that x4 and v are finite positive measures on (X, M). Let (all integrals are with respect
to the measure p):

V={fel"(X): / fdu<v(E) forevery E € M}.
E
Observe that V' is closed under V, that is, if f,g € V then fV g € V. In fact, for every E € M:

= = <
[Efvg /JTEH{ng}fvg+/Eﬂ{f>g}fvg [Eﬁ{fﬁg}g+/15ﬁ{f>g}f B
<v(EN{f<gh)+vEN{f>g}) =v(E).

asup{/xf:fGV}.

We prove that there exists p € V such that f +p = a. In fact there is a sequence f, € V such that
an = [y fa T a;if g = foV fi---V fn then g, is an increasing sequence in V, hence [, g, < v(E)
for every F € M and every n € N, and fX Gn > ap, so that, if p € LT(X) is the limit of g,, by
monotone convergence we have [, p = lim, [, gn < v(E) for every E € M, in particular for £ = X
we get [y p = lim, [\ gn > limya, = a. Let vu(E) = [, pdp; then v, < p, and we claim that
(v — va) L p. If not, the lemma just proved implies that there are ¢ > 0 and E € M such that
p(E) > 0 and v(A) — va(A) > ep(A) per ogni A € M contained in E; then p +exg € V, but
Jx(p+exe)=a+ep(E) > a, a contradiction.

Uniqueness of the singular part and the absolutely continuous part: if v = vs + vy = Ag + Aa, With
Vs, As L pand vy, < i, vy < @ then

Let now:

A=V — A\s = A\a — Va,

where the left—hand side is singular with respect to p, and the right-hand side is absolutely continuous.
Then the measure « is identically zero (7.1.5). Uniqueness of the density function is in 4.2.3. O

REMARK. The most interesting and important part of this theorem is the existence of the density p;
that is, observe that

L If (X, M, ) is a o—finite measure space, v : M — R is a o— finite signed measure, and v < w, then
there is, unique up to equality u—almost everywhere, a function p : X — R, integrable in the extended
sense, such that v(E) = [, pdu, for every E € M.
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7.1.8. L' for a sum of measures. Observe that if i, v are positive measures on the measurable space
(X, M), then L}, = L, NL,, and that for f € L'(uu+ v) we have

/de(,u-i-u):/xfdu—i—/xfdu.

As usual the proof is carried out first for positive simple functions, then for functions in L™, etc.; do it.
Moreover we trivially have pp < p+v and v < p+v. If pand v are o—finite we then have du = a d(p+v)
and dv = Bd(u + v) for some positive functions «, 8; since d(u + v) = (o + ) d(n + v) we clearly have
a+ =1 (ae).

7.1.9. The (e,d)—condition for absolute continuity. For future use we give the following:

DEFINITION. Let (X, M) be a measurable space, let u : M — [0,00] be a positive measure and

v: M — R asigned measure. We say that v is (€, 6)—absolutely continuous with respect to u if for every
e > 0 there exists 6 = 6. > 0 such that [v(F)| < e for every E € M with u(E) < 4.

Trivially this form of absolute continuity is stronger than the previous one: if y(FE) = 0 then |v(E)| <
e for every £ > 0, so that ¥(F) = 0. And it is strictly stronger, in general: if X = [0, 1], M = B([0,1]),
1 = m = dx =Lebesgue measure, and dv = dx/z (that is, v(F) = [, dx/x) then v < p, but for any
given § > 0 we have v(]0,d]) = f]o,é] dr/x = co. However:

EXERCISE 7.1.3. With p and v as above, if v is a finite measure then v < p implies that v is
(g, 6)—absolutely continuous with respect to p (reduce to v positive; see also 7.2.9).

7.2. Complex measures.

DEFINITION. If (X, M) is a measurable space, a countably additive function p : M — C is said to
be a complex measure.

Notice that p(0) = 0: in fact p(0) = p(@ U 0) = u(0) + 1(0), and since p(0) is finite this implies
(@) = 0. Of course, if u: M — C is a complex measure then u, = Rep and p, = Im p are finite signed
measures, and as such they have finite total variations; if v = |u,| + ||, then g, < v and p, < v;
since all measures are finite by Radon—Nikodym theorem there are real functions u,v € L'(v) such that
dpr = udv and dp, = vdv, so that du = (u + i v) dv, meaning that

,u(E):/(u—i—iv)dV for every E € M,
E

Let’s define the total variation of the complex measure p, a positive measure |u| that dominates p, in the
sense that |u(E)| < |p|(F), and |u| is the smallest positive measures v that verifies this condition; it is of
course to be proved that such a minimal measure exists.

Assume that v is any positive measure on M such that du = pdv with p € LL(X,C) (we have seen
that such measures exist, e.g. v = |u.| + |.]). We shall prove that then |p|dv is the required total
variation.

For every F € M define

(TOTAL VARIATION) |u|(E) = sup {Z (W(Ex)| : Ey,...,Em € M, E= | Ey, disjoint union} .
k=1 k=1
We immediately have |u|(E) < A(E) for any positive measure A that dominates p:

S B <7 AME) = ME);
k=1 k=1
if we prove that |u|(E) = [, |p|dv for every E € M we are done: this proves also that || is a measure.

The proof, which requires a little work, is in the next number. However, the real case is very easy:

EXERCISE 7.2.1. Prove that if © : M — R is a signed measure and du = pdv for some positive
measure v on M and some p : X — R, with p v—integrable in the extended sense, then |u|, as defined
by the above formula, is exactly p* + =, and we also have d|u| = |p| dv.

EXERCISE 7.2.2. Prove directly that the Total Variation formula defines |u| as a positive measure.

EXERCISE 7.2.3. If i, v : M — C are complex measures on the same measurable space (X, M), then
i+ 1] < |l + [v], and for every a € C || = |af .



104

Solution. The second statement is trivial. For the first, for every F € M:

((n+V)E| = |(E) + v(E)| < [u(E)| + [v(E)] < |ul(E) +[v[(E),

so that |u| + |v| is a measure that dominates p + v, and is hence larger than |p + v|, smallest measure
that does it. g

7.2.1. The total variation as an integral. Given an interval I of R, we consider the angle (with vertex at the
origin) given by A(I) ={z € C: z=re" 0 I, >0} If0<e < m, since cos is decreasing in [0,e] we have
cos¥ > cose for ¥ € [—¢,¢], so that

Al—e,e]l ={r(cos¥ +isind): r > 0,9 € [—e,e]} ={z € C:Rez > |z| cose};
then, if ¢, 8 €R, (B—)/2 =¢ <7 and v = (a + 8)/2 we have, since e~*" A[a, 8] = A[—¢,¢] that
Alo, 8] = {z € C: Re(e™ " z) > cose |z|}.
PROPOSITION. Let 1 : M — C be a complex measure on the measurable space (X, M), and assume that

v:M —[0,00] is a positive measure such that du = pdv, for a function p € L (X,C). Then |u|(E = [, lpldv
for every E € M, if |u| is defined as in the above formula.

l(X / 1ol dv

since the same proof will work for every E € M. Let Z = Z(p) be the zero—set of p. For n = 3,4,... we
partition the complex plane into n angles A6, (x—1),0n,x] where 0, = —7 +2kw/n, k =0,...,n, and consider
E(nk) = p*~ (A0, (k—1),0n,k] ~ {0}). Then, for every n > 3 the family {Z, E(nl),...,E(nn)} is a partition of
X into measurable sets; we write E(k) in place of E(n, k) and (k) in place of y(nk) = (0,(k—1) + 0n,x)/2 in the
proof that follows. For z € E(k) we have cos(m/n)|p(x)| < Re(e™"'®) p(z)) so that:

Proof. 1t is clearly enough to prove that

cos(w/m) [ 1p(@)]du(e) = cos(r/r) /X 1@l du(e Z / cos(m/n) |o(x)] du() <
Y Re ”(k) Re d e~k x)du(z)| =
<3 [ rete Z ( /E(k) () dyu(z )>Sk_1 /m)”( ) dyu(z)

= Z [v(E(k))| < [v](X).
We have obtained
cos(r/n) [ 1p(@)]du(z) < 41(X),

for every n > 3; letting n tend to oo we conclude. O

Notice that with notations as in the preceding proposition we have for every E € M:

W(E) = /E sgn p(z) ol dv = /E o) dlul,

where o(x) = sgn p(x) is a measurable function of absolute value 1 for |u|—almost every x € X. Of course
if w = pr +ip, then p, < |pu| and p, < || so that du, = wdlu| and du, = vd|u| with u,v positive
functions in L'(|u[); then from pu(E) = [, o(x)d|u| we get

io(8) = [ Reodul = [ wdpl and o (B) = [ modul = [ vdl,
E E E E

so that u = Reo and v =Imo (|u|—a.e. in X).
7.2.2. Total variation of a premeasure. The following result has some intrinsic interest, and will be
used in the future:

. Let (X, M) be a measurable space, and let v : M — C be a complex measure. Assume that A is an
algebra of parts of X which generates M as a o—algebra. Then for every A € A we have

|v|(A) = sup {Z lv(Ag)|: Ak € A, {A1,..., Ap} pairwise disjoint subsets of A} .
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Proof. Tt is clearly enough to prove it for A = X. Given a disjoint finite family F1, ..., E, € M, and
e >0, for every k € {1,...,m} we pick A € A such that |v|(E; A Ay) < € (being finite, the measure |v|
on M is the Caratheodory extension of the restriction of |v| to A, so we can apply 2.5.7). By the usual

trick we make {A1,..., A, } into a disjoint family, By = Ax ~ (Uk_l Aj). We claim that

=1
Do WB) =Y (B - ale),
k=1 k=1
where lim,_,o+ a(g) = 0. This clearly concludes the proof. Notice that
k—1 k—1
(B = |v(Ae) —v | | A4 || = ) = v | | AN A4 || >
j=1 j=1
k—1 k—1
> (A = vl | J A0 4y | = (AR =D vI(4; 0 Ap).
j=1 j=1

Now we have, for j # k, since E; N Ej, = :
IXa(k) A XAG) ] = Ixaw) A Xag) — XE®r) A XEG) < IXA®k) — XEMW] V IXAG) — XEG) |,
(formula 1.2.3) so that

[V[(Ax N Aj) = /X Xak) AN Xa@) dlv] < /X IXatk) — XE®)|V IXa6) — XEG | dIV| <

< / (IXAk) — XB®)| + IxaG) — xB@)|) dlv] = [V[(Ax & Ex) + [V[(A; & Ej) < 2e.
X

We then have
V(B = [v(A)] - 2(k — D) > [(Ay)] — 2me,

so that
> w(Br) =D [v(AR)] - 2me;
k=1 k=1
[v(Ag)| = [v(Ak) — v(Ek) + v(Ek)| 2 [v(Ek)| — [v(Ak) — v(ER)],
and

|Z/(Ak) - V(Ek)l = |Z/(Ak N Ek) - V(Ek N Ak)l < |V(Ak N Ek)l + |Z/(Ek N Ak)l < |V|(Ak A Ek) < g,
so that |v(Ay)| > |v(Ex)| — ¢; finally we get

Do WwB =Y (B - (2m® + m)e.
k=1

k=1

O

EXERCISE 7.2.4. Prove that if p is a complex measure and p(X) = [p|(X) then p is a positive
measure.

Solution. Recall that for a complex function the modulus of the integral (with respect to a positive
measure) is the integral of the modulus if and only if there is @ € R such that for almost all points in the
domain the values of the function are in the ray {re®: r > 0} (4.2.1). Then, if

W(X) = |ul(X) = /X o) dlu| = /X dlul(> 0),

we have that o(z) =1 for |u|—a.e. © € X, so that u(E) = |p|(E) for every measurable E. O
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7.2.3. LY(p) for signed or a complex measure. Having a measurable space (X, M) and a signed or a
complex measure p on it, we define L*(u) as L*(|ul|), with |u| the total variation of u. By definition the
integral is

/deuzz/xfadlul (:/XfRead|M|+i/XfImad|N|:/de,ur-i-i/xfdm),

where o is the density of u with respect to ||, a measurable function with values in the unit circle U for
|u|—almost every z € X. We have the fundamental inequality:

‘/deu‘ﬁfxlfldlul-

If 11 is a signed measure, u = put — p=, with du™ = xpdlu| and du= = xgd|p|, with P,Q a Hahn
decomposition for p we evidently have

[ saw= [ st =xa)dul= [ rxedil= [ frodul= [ rart= [ ra

in other words
/ fdu=/ fdu+—/ fdu™.
X b'e X

From this it is easy to see, arguing as we did for proving linearity of the integral on L? o (X, R) that if p
and v are real valued signed measures, and f € £!(u) N L (v), then (assuming that pu + v is defined):

/fdqul/ /fdu+/fdy

The same is true for a sum of complex measures, as is easy to check. In other words, the symbol [ fdp
is bilinear, linear in f when y is given, but also in u for f fixed

EXERCISE 7.2.5. Let u be a complex measure on the measurable space (X, M). Prove that

|p|(X) = sup{’/ fd,u‘ : fmeasurable, |f| < 1};
X
and that the sup is actually a max.

Solution. First observe that since |p| is a finite measure every bounded measurable function is in
L'(u), so the integrals in the formula exist. By the fundamental inequality

’/de“’ : /X Fldul < /X [da] = 11| ()

and since dp = o d|p| with |o(z)| =1 for |u|—a.e. x € X we have

ool

7.2.4. The chain rule. If (X, M) is a measurable space, v : M — [0, 00] a positive measure and p
a signed or a complex measure defined on M, we have used the notation dy = pdv to mean that for
every E € M we have u(F) = fE pdv, with p in L'(v) if p is a finite measure, an extended real valued
function integrable in the extended sense if v is a not finite signed measure. In this case of course u < v;
and the Radon—Nikodym theorem says that if both measures are c—finite then p exists. That du = pdv
may also be denoted as

dlul |1 (X).

O

du
dv P5
in fact the function p, if it exists, is uniquely determined up to v—a.e. equality (4.2.3).

PROPOSITION. (i) In the above hypotheses a measurable function f: X — C is in L*(u) if and only

if fp € LY (v), and
[ sin=| toi
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(i) Assume that p is also a positive measure, that X is a signed or complex measure defined on M,
and that d\ = 7 du. Then d\ = T pdv; in the other notation

A _dr d
dv  dp dv’

Proof. (i) By definition f € L*(p) iff f € L'(|p|) and [y fdu = [y fod|u|, and from 7.2.1 we have

d|u| = |p| dv, and o = sgn p. Since o(x) has absolute value 1 for |u|—a.e. z € X, we have fo € L'(|u|) iff

f € LY(|p]); with the usual decomposition into real and imaginary parts, and into positive and negative
parts, we have to prove that if f € £1(X) then

[ s = fioldv

knowing that for every E € M we have |u|(E) = [, |p| dv. This was proposition 4.1.9.

(i) Since [y fdX = [ fsgn7(z)d|\| we can consider only positive measures. That is, we are reduced
to prove the chain rule for positive measures. We have to prove that A\(E) = [ p Tpdv for every E € M.
From (i) we know that

/X(XET)pdv=/X(xET)du :=/Tdu=)\(E);

E
the last equality being d\ = 7 du. The proof is concluded. (I

EXERCISE 7.2.6. Prove that if 4 is a complex measure on the measurable space (X, M) then, for

every f € L'(|u|) we have
[ sdu=[ sawvi [ ran.
X X X

Prove that if pu, v are complex measures on M and f : X — C is a bounded measurable function then

/de(qul/):/dequ/dez/.

Solution. Since du = o d|u| we have du, = Re(o) d|u| and du, = Im(o) d|pl; if f € L (|u|):

[ fiw= [ sodul= [ 1Ret@)itma)dl = [ fRe(@dul+i [ fmodu -

:/)(fdur+i/)(fdﬂLa

the last equality being due to (i) of the above proposition.
For the last assertion: the hypothesis that f is bounded measurable implies that f € L!(\) for every
finite positive measure A on (X, M), in particular then f € L*(|u + v|). We clearly have

(M"’V)r = Wy + Vp; (,U/"'V)L =W, + v,
so that, by what just proved:

/de(MvLV):/de(umLVr)Jri/de(umLVL),

and we are reduced to the case in which p and v are real, i.e. signed measures. We know by direct proof
(see 7.1.8) that if 4, v are positive measures then [\ fd(u+v) = [ fdu+ [ fdv, so that we have to
prove that for f € L'(u) N L(v), with p and v positive measures we have

| raw=v)= [ rau—[ o

If duy = ud(p +v) and dv = vd(p + v) then 0 < u,v < 1 so that fu, fo € LY(u) N LY (v) if f €
LY(u) N LY(v), and since d(p — v) = (u —v) d(u + v) we get

| pin=w= [ s-vdusn) = [ fudrn)= [ jodpe)= [ rau- [ v
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7.2.5. The Banach space of finite K—valued measures. If (X, M) is a measurable space a finite K—valued
measure on M is a countably additive function p : M — K. We shall drop the adjective finite unless needed for
emphasis or to avoid ambiguity. When K = R one also speaks of a finite signed measure, or charge (as we have
seen signed measures are allowed to take —oo or +o00 as values, but we exclude this in what follows).

It is clear that any finite linear combination with coefficients in K of K—valued measures on M is still a
K—valued measure on M, so that these measure are naturally a K—linear space. We have

. For every measurable space (X, M) the set M(X) = Mm(X,K) of all finite K—valued measures defined on
M is a Banach space under the norm ||u|| = |u|(X).

Proof. By exercise 7.2.5, if p1, v are K—valued measures on (X, M) we have |p + v| < |u| + |v|, in particular
|+ v[(X) < |p|(X) + |v|(X), so that p— |u|(X) is subadditive and hence a norm (the remaining conditions are
trivial). Completeness: assume that » . pn is a normally convergent series of K—valued measures, that is, the
series Yy linll = 20 cn [0 |(X) is convergent. Given E € M we set

p(E) =Y pn(E)

(note that this series is absolutely convergent, since |un(E)| < |un]|(E) < |pn|(X) = ||n]l, so that the definition
makes sense), and we have to prove that p is countably additive. If E = UmeN FE,,, with the E,, € M pairwise
disjoint, we get

pE) =Y pn(E) = <Z un(Em)> =

neN neN \meN

(we interchange the sums, proving later the admissibility of this action)

> (z un(Em)> S (),

as required. The interchange is admissible because the sum of absolute values:

> <Z |un<Em>|) <y <Z IunI(Em)> = S mal(B) < 3 ial(X) < 00

neN \meN neN \meN neN neN

is finite; we apply Tonelli-Fubini theorem in the space £*(N x N). Thus u is a K—valued measure and since:

PE) =D (B < D [pa(B) < > |ual(E),
n=0 n=m-+1 n=m-+1

we have (remember that the sum of a series of positive measures is always a (not necessarily finite) positive
measure):

L= pa (B)< D |ual(BE),
n=0 n=m-+1
in particular, for £ = X, we get
m oo
p=Y mal[ < D el
n=0 n=m-+1
and the proof ends. O

EXERCISE 7.2.7. Let (X, M) be a measurable space and let M(X) = M (X,K) be the Banach
space of finite K—valued measures. As usual, we say that u,v € M(X) are mutually singular, and we
write p L v if there is a decomposition of X as X = AU B, disjoint union, with A, B € M and B null
for pu, A null for v.

(i) Prove that if 4 L v then |u+ v| = |u| + |v|, so that ||u+ v|| = ||ul + ||V

(ii) Let (un)nen be a sequence in M (X) such that > ° o ||pn| < oo, and let p: M — [0,00] be a
o—finite measure. Let p; = A; + v; = p; dp + v; be the Radon-Nikodym decomposition of p;
with respect to p, in other words, v; L p. Prove that then

n=0 n=0 n=0 n=0 n=0

with both series -7 o An, D07 ¥ normally converging in M (X), and Y7 p, normally con-
verging in L' ().
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7.2.6. Exercises.

EXERCISE 7.2.8. Let pu, v : M — [0, 00] be positive measures such that A\ = p— v is a signed measure
(equivalently, one at least of them is a finite measure). Then AT <y and A~ < v; and if g L v, then
M =pand A\~ =v

Solution. Let X = P UQ be a Hahn decomposition for A. Then, for every F € M:
XF(E) = A(ENP) = (BN P) = v(ENP) < y(EN P) < p(E),
the last inequality being monotonicity of the positive measure p. Similarly:
A (B) = -\ENQ) = v(ENQ) - u(ENQ) < v(ENQ) < v(E).

If o L v and AU B is a partition of X into measurable sets, with p supported by A and v supported
by B, then, trivially, this is also a Hahn decomposition for A, so that

AM(E)=XMENA) =puENA) —v(ENA)=u(ENA) =pu(E), forevery E€ M,

and similarly for A~ and v.
d

EXERCISE 7.2.9. Let (X, M, 1) be a measure space. Let v : M — C be a (finite) measure.

(i) Prove that v < p iff vf and v are all absolutely continuous with respect to u, and also iff
lv| < p.
(ii) Prove that if v < p, then for every & > 0 there is § > 0 such that p(FE) < § implies |[v(E)| < e.
(iii) Assertion (ii) fails if v is not finite: consider dv = dx/x on [0, 1], or dv = |z|dz on R
(see also 7.1.9)

Solution. (i) Assume v < p and that p(E) = 0. Then v(E) = v,(E) + iy (E) =0 <= 1,(E) =
v,(E) =0, so that v < p <= 1, < p and also v, < p. Assuming v signed measure we prove that
v < piff v < p. Let PUQ be a Hahn decomposition of v; if u(E) = 0 then u(ENP) = p(ENQ) =0
by monotonicity of u, so that ¥(ENP) = vT(E) =0 and also —v(ENQ) =v~ (E) =0. Thus v <
implies v < p, and clearly v* < p implies in turn v = v+ — v~ < pand |v| =vT +v~ < p. And if v
is a complex measure such that v, v, < p we have |v;|, |v,| < p hence also |v| < |v.| + |v,| < p.

(ii) By (i) we can assume that v is a finite positive measure. We argue by contradiction: if not, there
is € > 0 such that for every n € N there is £, € M, with u(E,) < 1/2""! such that v(E,) > e. Consider
Fro =U,>m En. Then p(F,,) <3, 5, t(En) <305, 1/2"F = 1/2™. The sequence F,, is decreasing,
Fo D Fy D Fy, D ...;let F = _oFn; then p(F) = limy, oo p(Fn) = 0, but v(Fy,) > v(Ey,) > € for
every m, so that v(F) = lim,, o ¥(F,,) > €, contradicting v < p.

(iii) In fact f[a’aM] dr/x = log(l + 6/a) — oo as a — 0, and f[a7a+6] |z|dz = ad 4+ §2/2 = oo aDs
a — 00.

EXERCISE 7.2.10. Let (X, M, u) be a measure space, and let v : M — [0, 00] be another positive
measure. We consider the ideal F = F(u) = {E € M : pu(E) < oo} of the sets of finite py—measure as
a semimetric(=pseudometric) space under the semimetric p(E,F) = u(E A F) = ||xg — xrl1, and we
assume that v is finite on F.

Prove that the following are equivalent:

(a) v is uniformly continuous.

(b) v is continuous.

(c) v is continuous at @

d) v<p.
If we consider the quotient F, of F obtained by identifying E and F when p(E, F)) = 0, observe that v
is well defined on this quotient iff v < pu.

Solution. That (a) implies (b) and that (b) implies (c) is trivial. (c) implies (d): continuity of v
at the emptyset is exactly this: given € > 0 there is § > 0 such that p(E,0)(= p(E)) < ¢ implies
[V(E) —v(®)| = v(E) <e. If u(E) =0, then u(E) < § holds for every § > 0, then v(FE) < ¢ for every
e >0, i.e v(E) = 0. By exercise 7.2.9, we also have (d) implies (¢); that (c) implies (a) is trivial, because
of additivity of v.

O
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8. DIFFERENTIATION OF MEASURES IN EUCLIDEAN SPACES

Recall that by a Radon measure in R™ we mean a positive Borel measure u : B, — [0,00] that
is finite on compact (hence also on bounded) sets (B,, is the o—algebra of Borel sets of R™). Let B}
denote the ideal of B,, consisting of bounded sets. If, as usual, K = R or K = C, a locally finite Radon
K—valued measure is a countably additive function p : B — K. Notice that strictly speaking p is not
a measure, since it is not defined on a o—algebra. However i induces a finite measure on the Borel sets
of any compact subset of R™. And there is a unique positive Radon measure |u| : B, — [0, 00] such
that |u(E)| < |p|(E) for every bounded set, and |u| is the smallest measure that does so: simply put
together all total variations of measures induced on compact subsets; specifically: R™ = U;OZO Q, where
Qr = [k, k]™ is the compact cube centered at the origin with side 2k; if py, is the K—valued finite measure
induced by p on Qy, let v be the measure v (E) = |ui|(EN(Qr ~ Qk—1)), and set |u|(E) = > oo, vk (E).
It is obvious that |u| has the required properties. Moreover p extends to a finite K—valued measure on
all of B, iff |u|(R™) < oo: finite K—valued Borel measures are of course Radon measures as well. For
every locally finite Radon measure 1 and every bounded open set U C R” there is a finite Borel measure
v which coincides with u on subsets of U and is zero outside U: simply put v(E) = p(U N E). This
explains why, when concerned with properties of a local nature, we may assume p finite and defined on
all B,,.

8.0.7. Regularity of Radon measures.

PROPOSITION. FEwvery positive Radon measure p is reqular.
Proof. The proof was given in section 2.7. O

Let us recall that this means that for every Borel set E we have u(E) = sup{u(K) : K C
E, K compact}, and p(E) = inf{u(U) : U 2 E, U open}.

8.1. Derivatives with respect to the Lebesgue measure. The most important Radon measure
is of course Lebesgue measure; we shorten A, to m, dimension will be understood somehow. Every
locally finite Radon measure p that is absolutely continuous with respect to Lebesgue measure is of the
form fdm, where f € L{ _(R",K): by this symbol we denote all measurable f : R” — K such that
fix € L}, (K), for every compact subset K C R™. All continuous functions, and in general all measurable

functions bounded on bounded sets are in L{. (R™), as all functions in L'(R™); but there are others, e.g.
if f(x) =1/|x|* with 0 < a < n then f € LL _(R") ~ L*(R"), and f is unbounded in every nbhd of 0.

loc
Since Lebesgue measure is o—finite, it is easy to deduce from the Lebesgue-Radon-Nikodym theorem:

. Ifp B — K is a locally finite Radon measure on R™, there exist and are unique two locally finite
Radon measures X\ and v, with A < m and v L m such that u = A 4+ v. Moreover there is a function
f e Li _(R",K), unique up to equality m—a.e., such that d\ = f dm.

loc

Proof. Apply the Lebesgue—Radon—Nikodym theorem to @, then put together the results. (I

The Radon—Nikodym derivative with respect to m assumes a much more analytical character, and
can be related to the usual notion of derivative given in Calculus (in the one-dimensional case; in the
n—dimensional case it becomes the notion of density, as defined and used by physicists). To be more
precise, the following result can be proved:

. With pu, \,v and f as in the preceding proposition, we have for a.e. x € R™

L pB@r) L MB) o WBler)
B A B I B

here B(z,r] = {{ € R" : |¢ — x| < r} is the closed euclidean ball centered at x of radius r, but any
norm can be used, and even sets much more general than balls. Call substantial family any family of
Borel subsets of R", indexed by the points of R”™ and the strictly positive reals, {E.(z) : x € R™, r > 0}
such that:

e For every € R and r > 0 we have E,(z) C B(z,r].
e For every z € R” there is o = a(x) > 0 such that m(E,.(z)) > am(B(z,r]), for every r > 0.

That is, the sets E,(x) must have a measure which is at least a fixed percentage of the measure of
the ball they are in. They do not have to contain the point z; given E C B(0,1] with m(E) > 0 the
family F,.(x) = {x +rE : x € R™, r > 0} is substantial. A typical example are the half-open intervals
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{Je,z4+7r]: z € R, r >0} and {Jx—r,z] : x € R, r > 0}. Notice also that no relation is assumed between
E.(x) and E,(y) for different x, y € R™.
Then the above theorem is true with F,.(z) replacing B(xz,r|. Let us give an explicit statement:

. THE DIFFERENTIATION THEOREM Let p : B} — K be a locally finite Radon measure on R"; let
p=A+v, withA<m,d\= fdm andv L m. If (E.(z))sern,r>0 s a substantial family in R™, then
for m—almost every x € R™ we have

pE) o AE@) o (B )

S (Br@) s (B (@) A B )

We prove now parts of this theorem; completion of the proof is in 8.6
8.1.1. Derivative of the absolutely continuous part. For f € Ll (R™,K) and r > 0, x € R" we define
the average of f over the ball B(z,r]:

A f(z) = 7{3 L J@dm©) = £(6) dm(©);

1
m(B(ZL', 7’]) /B(m,r]

the function (z,7) — A, f(z) is continuous from R™x]0, o[ to K (see exercise 8.1.1). For the time being,
we accept without proof the following difficult:

THEOREM. If f € LL _(R™) then lim,_,o+ A, f(x) = f(x) for almost every x € R™.

loc

For every constant k we have k = fB(I 41 kdm(€), in particular f(z) = fB(I ,1 /(@) dm(g) so that the
preceding theorem says that

lim (f(&) — f(z))d¢ =0 for almost every = € R™.
r=0t JB(2,r]

We can prove that the same is true with an absolute value in the integral. Specifically: we call a point
x € R™ a Lebesgue point for f if

tim 7€)  fla)lde =0
r— B(z,r]

this clearly implies that f(x) = lim,_o+ A, f(z). Then
. If f € LL (R™) then almost all points of R™ are Lebesgue points for f.

loc

Proof. For every constant ¢ € K we consider the function  — |f(x) — c|; by the preceding theorem
we have

|f(x) —c| = lim |f(&) —c|ldg, for every x € R" \ E(c) with m(E(c)) = 0.

r—0t B(w,r]

Let D be a countable subset of K dense in K, and let £ = |J..p, £(c); then m(E) = 0. We prove that
every x € R™ \ F is Lebesgue point for f. In fact, given x € R" \ FE and € > 0 we may pick ¢ € D such
that | f(z) — ¢| < e; then, for every r > 0:

][ If(f)*f(x)ldééf (If(f)*0|+|cff(w)l)d§:][ 1f(§) = cldg +|f(z) =,
B(z,r] B(z,r] B(z,r]
and taking lim sup,._,¢+ of both sides:

fimsup | WO~ F@Ide <17 el +1f) —el <22

r—0t

We now immediately have:

. Let f € LL.(R™), and le E.(x) be a substantial family in R™. Then for every x in the Lebesque set
of f, hence for almost every x € R™, we have

lim [f(§) = f(x)]d§ = 0;  lim f(§)dE = [(x).

r—0t E.(z) r—0t E ()



Proof. We have, for x in the Lebesgue set of f:

1 1
£, @ swlde =g [ i@ —s@laes s [ e - s

1 1
ol IICENCIUS P QUGN

as r — 0. Since

f (&) de — f(z)
E,(z)

f (F(6) - F(x)) de
E,(x)

< 72 PGRCIE

the first statement immediately implies the second. (I

EXERCISE 8.1.1. In R” let x5, be a sequence converging to x € R", and let r, > 0 converge to r > 0.
If Xk = XB(wy,rs) then x converges a.e. to X = Xp(z,,)- Moreover, if R = sup,{ry + |v — zx[} then
B(zy, i) € B(z, R] for every k € N. Prove that if f € L{ (R™) then A, f(z) is continuous as a map of
R™x]0, co[— K.

Solution. Assume that |z — y| < r, and pick ¢ with |z — y| < t < r then, since |z, — y| — |x — y|,
and r, — r for k large enough, say &k > N, we have |z, — y| < r and r, > t; then xx(y) = 1 for
k > N. Similarly one proves that x;(y) = 0 for k large enough if |z — y| > . Thus xx(y) converges to
x(y) for every y € R™ but at most when |z — y| = r, the (n — 1)—dimensional sphere of center z and
radius r, a set of n—dimensional measure zero. The rest is clear: |f|xp(s,r) dominates all f xx, because
Bz, ) C Bz, R] for every k (if |zx — y| < ri then [z — y] < & — 2] + [k — 4] < |z — x| + 72 < R)
so that

lim rerae= [ pede
k—o0 B(zk,rk) B(z,r]

O

8.1.2. Monotone functions are derivable almost everywhere. As a first application of the preceding
powerful theorems we show:

THEOREM. Let F': R — R be increasing. Then F is differentiable a.e., with derivative F'(x) >0
a.e.; moreover F' € L _(R), and for every interval [a,b] we have

loc
F(b) — F(a) > / F'(z)dx.
[a,b]
Proof. Let p = pr be the Radon—Stieltjes measure associated to F, defined by u(]a,b]) = F(b*) —
F(a™), p(a,b]) = F(b™) — F(a™), etc., see 2.2. Let C be the set of points of continuity of F. The
following four families are all substantial families in R

[z, +7r]; [z,x+r] Jz—rz; [z—r ],

so that, if f € LL (R) is a representative of the Radon—Nikodym derivative d\/dm, where ) is the abso-

loc
lutely continuous part of p, we have f(z) > 0, because A is a positive measure, and by the differentiation

theorem 8.1, for a.e x € C:

)= tim M@)o plee s g plzora) g, plz—nal)
r—0+ T r—0+ r O+ r o - s
that is
f) = tim F@ED) = F@) o Flatn)7) = Fla)
r—0t r 0+ r
o F@ = F(@—n®) . Fla) = F((z—r)")
r—0t r 0+ r

But F(t7) < F(t) < F(t") for every t € R so that
F({(x4+r)")— F(x) - F(z+7r)— F(x)
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and the three functions theorem (it: teorema dei carabinieri) allows us to conclude that F'(z) = f(x)
exists for a.e. € C; and since R \ C is countable, hence of zero Lebesgue measure, F’(x) exists a.e. in
R. If y = A+ v, with A < m and v L m we have d\ = f(z)dz and if a,b € R with a < b we have

w(ab) = FO) -~ Fat) = [ f@de+v(at) > [ f@)ds,
Ja,b] [a,b]

and since F'(b) — F(a) > F(b~)— F(a™) the proof is concluded (notice that f]a n [ () do = f[a p f (@) do =

f]a,b[ f(x)dx etc).
O

8.2. Radon measures on the real line and functions of bounded variation. Locally finite
Radon measures on R have a distribution function; in 2.2.1 we defined it for positive Radon measures,
called there Radon—Stieltjes measures. The same definition can be given here:

DerFINITION. If 1 : B — K is a locally finite Radon measure its distribution function with initial
point 0 is F' = F), : R = K defined by

py_ {10 a0
—p(a,0)  w <0

When g is a finite Borel measure one often chooses the distribution function with —oo as origin, the
function G(z) = u(] — 0o, z]); clearly we have G(x) = F(x) — F(—o00) = F(z) 4+ p(] — o0, 0]). Notice that
on left—open intervals we recover the measure from F as p(]a,b]) = F(b) — F(a).

8.2.1. First properties. Continuity from below and above of measures implies:

. If p is a locally finite Radon measure then its distribution function F' is right continuous and has
finite left limits at every point.

If the measure p is real then F is the difference of two right continuous increasing functions, F =
A — B, the distribution functions of p* and p~; if the measure is complex then F = (A— B)+1i(C — D),
where all four functions A, B,C, D are right—continuous and increasing.

Proof. For continuity, imitate the proof given for positive measures. For the rest: write u = u* —
and let A, B be the distribution functions of pu*, u~ respectively. If p is complex, write p = (" — ") +
i(p — w7 ) and let A, B,C, D be the distribution functions of these four positive measures. O

8.2.2. Functions of bounded variation. The total variation of a locally finite Radon measure p on
R is a positive Radon measure, whose distribution function (with initial point 0) is a monotone right—
continuous function S with S(0) = 0. The minimality property of |u| implies that for every pair a,b € R
with a < b we have
lu(la, )| = |F(b) — F(a)] < S(b) — S(a).
And this is the property we need to characterize functions which are the distribution functions of some
locally finite Radon measure.

DEFINITION. Let I be an interval of R, and let F': I — K be a function. We say that F' has locally
bounded variation on I, or that F' is a function of locally bounded variation on I if there is a monotone
function S : I — R such that

|F(z1) — F(z2)|] <|S(x1) — S(x2)| for every x1,z2 € 1.
We say that F' has bounded variation on [ if the function S above may be taken bounded on I.

The definition usually given is another, and we shall give it in 8.3. In the situation of the previous
definition we say that the monotone function S controls, or dominates the variation of F'; we may always
assume that S is increasing, changing the sign if necessary, so that the definition above might be given by
saying that there is an increasing function S such that z1, o € I and x1 < a9 imply |F(x2) — F(x1)| <
S(x2) — S(z1). The space of all K—valued functions on I of locally bounded, resp. bounded variation
is denoted BVioc(I,K), resp. BV (I,K), with the usual shortenings. Lipschitz continuous functions have
locally bounded variation, controlled by linear functions. Clearly monotone functions are in BVj,.(I), and
in BV (I) if they also are bounded; in fact BVioc(I) is the vector space generated by monotone functions.
We collect here some results on functions of bounded variation:

. Let I be an interval of R. Then



(i) BVioe(I,K) and BV (I,K) are vector spaces.
(ii) A complex function F : I — C is in BV (I) or BVioc(I) iff so are Re F' and Im F’
(iii) A real function F : I — R is in BViee(I) if and only if F is the difference of two increasing
functions.
(iv) A function F € BVioc(I) has finite left and right limits at every point ¢ € I; and has an at most
countable set of points of discontinuity. Moreover F'(x) exists for m—a.e. x € I.

Proof. () If F, G € BVioc(I,K) and the increments of F' and G are controlled by the increasing
functions S and T respectively, then, assuming x; < xs:

[(F'+ G)(22) = (F + G)(21)] < |[Fx2) = Fa1) +[G(z2) = Gz1)] <
< (S(w2) = S(21)) + (T(w2) = T(21)) = (S + T)(w2) = (5 + T)(an),
with S + T increasing; and |o F(x2) — a F(z1)| < |a|S(x2) — |a|S(z1), with |a| S increasing; same for

BV.
(ii) If F has (locally) bounded variation then

| Re(F)(z1) — Re F(x2)| < |F(21) — F(z2)] < [S(z1) — S(x2)]
for x1,x9 € I, and the same for Im F. And if A, B : I — R have (locally) bounded variation, by (i) so
has ' = A+iDB.

(iii) If F is real with variation dominated by the increasing function S : I — R then S+ F and S — F
are increasing functions; assume in fact x1 < zo, 1, T2 € I:

(S = F)(z1) < (S = F)(22) <= F(x2) = F(z1)
and since |F(z2) — F(x1)| = max{F(x1) — F(z2), F(z2) — F(z1)} < S(z2) — S(z1), both are true. We

have F = (S+ F)/2—(S—F)/2
(iv) All this is true for increasing functions, hence for their linear combinations. O

8.2.3. The Radon measure defined by a function BVi,.(R). We prove that:

PROPOSITION. Let F' : R — K be a function in BVi,c(R). There is a unique locally finite Radon
measure = pr : B = K such that for every a,b € R, a < b:

pa, b)) = F(b©) = F(a™);  p(a,b]) = F(b7) = F(a™); p([a,b]) = F(b) — F(a™);
p(la, b)) = F(b7) = F(a™); p({a}) =F(a™) - F(a").
Moreover the distribution function of ur with initial point 0 is
G(z) = F(zt) — F(0T).
And the measure is finite on all of By if and only if F' has globally bounded variation.

Proof. Write F' = (A — B) +i(C — D) (with C, D missing if F' is real valued); then pa, up, e, tp
are positive Radon measures defined on By; and u = pa — pup + i (bc — up) is a locally finite Radon
measure on B}, whose values on intervals are as described. This proves existence; for uniqueness, two
locally finite K—valued Radon measures p, v which coincide on compact intervals coincide on all of Bj:
in fact, given a bounded Borel E set pick a compact interval containing it, say [—a,a] 2 E. The set
D={AC[-a,a]: A€ By, u(A) =v(A)} is a Dynkin class of parts of [—a, a], as is immediate to prove;
since D contains all subintervals of [—a, a], it contains also all Borel subsets of [—a, al, in particular E.

The assertions on global boundedness are easy. ([

Notice that the values of F' on its points of discontinuity are completely irrelevant for the measure
HF.

8.3. The point variation of a function on an interval. We have defined functions of bounded
variation, or locally bounded variation, but we haven’t defined variation; we are going to do it now. Given
a function f : I — K (the range could be also any normed space) its total variation V f(I) on I is a
positive real number, or +00, defined in the following way. A subdivision of the interval [ is a finite subset
{zo,..., xm} of I containing the extremes of I that belong to I; it is understood that a subdivision has
always a strictly increasing indexing, zg < -+ < Z,,. The variation of f on the subdivision {zg,..., Zm}
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is defined as Y ;- | f(zx) — f(zk—1)|. The total variation of f on the interval I is the supremum of the
variations of f over all subdivisions of I:

I)=sup {Z |f(xk) — f(xk—1)] : {z0,...,Tm} a subdivision ofl} .
k=1

Observe that V f(I) = 0 if and only if f is constant on I. We immediately see that if f is of bounded
variation according to the definition in 8.2.2, then V' f(I) < oo; in fact, if S : I — R is bounded increasing,
and |f(t) — f(s)| < S(t) — S(s) for s <t and s,t € I, then

> 1f(r) = flae) Z S(zk_1)) = S(xm) — S(z0) < S(sup I) — S(inf I),
k=1 =

so that
(*) Vf(I) < S(supI) — S(inf I).

8.3.1. The variation function. To prove the converse, namely that V f(I) < co implies the existence
of a bounded monotone function controlling the variation, we need to prove a sort of additivity of the
variation with respect to the interval I. First observe that the finer the subdivision, the higher the
variation: we say of course that a subdivision {yo,..., ¥} is finer than the subdivision {xo,..., z;m}
when it has more points, that is {zo,..., m} C {yo,- .., Yn}; then

Do @r) = Flaw-)l < D0 1F ) = fly)l;
k=1 =1

it is in fact enough to prove that the variation on a subdivision increases when adding just one point,
and this is trivial. Notice in particular that if a,b € I and a < b then |f(b) — f(a)] < V f([a,b]). This
monotonicity shows that the variation is attained also on subdivisions which are prescribed to contain a
given finite subset.

LEMMA. If A, B are subintervals of I, and max A = min B, then AU B is an interval, and
Vf(AUB) =V f(A)+V f(B) in particular, if a < c <b, a, b€ I thenV f([a,b]) =V f([a,c])+V f([c,b]).

Proof. Let ¢ = max A = min B. To compute the variations we may work with subdivisions of AU B
that contain the point ¢; if {zq,...,Zm-1,c} is a subdivision of A and {¢,y1,...,yn} is a subdivision of
B then the union {zg,...,Zm-1,¢Y1,...,Yn} is a subdivision of AU B so that

n

Z|f k) = f@r-1)| + 1£(e) = F@m-)| + (1) = LI+ D1 (i = Fu)| < VF(AUB),

1=2
and taklng suprema of the left-hand side we get (1.1.1):
VF(4)+ VI(B) < V(AU B);

but we also have

m—1
D1 F@r) = flap-)l +1£(e) = flam-1) + [F(w) = flo)l + Z |f (= Fna)l S VI(A) + VE(B),
k=0

and again taking suprema of the left-hand side we get the reverse inequality. O

PROPOSITION. Let I be an interval of R, and let f : I — K be a function. The following are
equivalent:

(i) The function f is locally of bounded variation, that is, there is an increasing S : I — R such
that |f(x2) — f(z1)| < S(x2) — S(x1) for x1 < x2, 21,22 € 1.
(ii) For every compact subinterval [a,b] of I the total variation V f([a,b]) of f on [a,b] is finite.
Moreover S may be taken bounded if an only if V f(I) < oo.

Proof. That (i) implies (ii) has been observed above: V f([a,b]) < S(b) — S(a). (ii) implies(i). Fix a
point ¢ € I and define T : I — R by T'(z) = V f([c,z]) for > ¢, T(z) = =V f([z,]) for & < ¢ (T = T.f
is the total variation function of f, with initial point ¢; in the case of continuous curves, T is exactly the
curvilinear abscissa; one can also pick ¢ = inf I for functions of globally bounded variation). It is easy to
see that:

if ¥1 <@g, with @1, 29 € I, then T'(z2) — T(x1) = V f([z1, 22]);
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(one has to consider some cases; if ¢ < 27 < 22 then we have, by the lemma, V f([c, 22]) = V f([c,z1]) +
Vf(z1,22)); if 21 < ¢ < zg we have V f([x1,22]) = V f([z1,¢]) + V f([c,z2]), etc). Then T controls the
variation of f:

(**) T(x2) = T(x1) = Vf([1,22]) = |f(22) = f(21)].

The assertion on globally bounded variation is easy. ([

8.3.2. Continuity of the variation function. Notice that formulae (*) and (**) above imply that if S
is any increasing function that controls the variation of f, then S controls also the variation of T, that is
T(x2) — T(x1) < S(x2) — S(x1). Some other interesting properties of T' are investigated in the following
proposition.

PropoOSITION. Let f : I — K be of locally bounded variation, and let T =T.f : I — R the variation
function of f of initial point c. Then, if a is in the interior of I we have

T(a") =T(a)+|f(a) = fa¥)l; T(a)=T(a")+|f(a) = fla”)l;
in particular T is left/right continuous at a iff f is left/right continuous at a.

Proof. Given € > 0 there is § > 0 such that if z €]a, a+4] then T(x)—T(a*) < e and |f(z)— f(aT)| <
e. Pick next a subdivision {a,z1,..., 2y, = z} of [a, 2], with z €]a, a + §], such that

T(z) — T(a) —e =V f(la,z]) —e < |f(x1) = f(a)l + D |f(a) = flan-1)] <
k=2

[f(@1) = f(@)| + T(@) = T(21) < |f(21) = fa)| + T(x) = T(a") + T(a¥) = T(a1) <

[f(@1) = fla)| +e < [f(z1) — f(a®) + f(a®) — fa)| +e < |f(a™) — f(a)| + 2¢;
the last two inequalities because x1 €]a,a + §]. We have proved that given ¢ > 0 there is 6 > 0
such that for every = €la,a + &) we have T'(z) — T'(a) < |f(at) — f(a)| + 3e; letting © — a™ we get
T(a®)=T(a) < |f(a™)—f(a)|+3e, so that T(a™)—T(a) < |f(a™)—f(a)]; since | f(2)— f(a)| < T'(2)-T(a)
we get also |f(a™) — f(a)] < T'(a™) — T(a), and finally

T(a®) =T(a)+[f(a®) = f(a)l;
in much the same way we get T'(a) =T(a™) + |f(a) — f(a™)]. O

8.3.3. Essential variation and point variation. Unless f € BVjoc(I) is continuous, the variation is not
finitely additive on the interval algebraof I: if a < ¢ < b, a, b € I then V f([a,b]) = V f([a,c])+V f([c, b)),
as seen in 8.3.1; now V([a,c]) = V/([a, ) + |£(¢) — f(c™)| and V f([eb]) = |F(c) - F(cH)] + V F(Je.b]),
as seen in the previous proposition, so that

V f(la,0]) = (V f(la,c) +V f([e, b]) = | f(e) = f(cT)|s Vf([a,8]) = (Vf([a,c]) +V (e b]) = [f(c) = f(cT)I.
But if f is continuous then the variation is a premeasure on the interval algebra, the Radon—Stieltjes
premeasure of its total variation function 7' = T.f, as is immediate to see. And the variation is also a
premeasure on the algebra of finite disjoint union of subintervals of I whose extremes are in the set C
of points of continuity of f. We call this measure the point variation measure of f, and we denote it by
Dhf-

We remarked in 8.2.3 that every function f : I — K of locally bounded variation gives a locally
finite Radon measure py = df, and that this measure depends only on left and right limits of f, and is
insensible to the values of f on its points of discontinuity. Accordingly, the total variation of this measure
must depend only on left and right limits of f. On the other hand the variation V f([a, b]) introduced in
the previous sections depends strongly on all values of f, including those on discontinuity points, and we
won’t have in general V f(J) = |pf|(J), not even for intervals with extremes at points of continuity of f,
as the following trivial example shows:

EXERCISE 8.3.1. For f: R — R the characteristic function of {0} find
T(z) = T-oo(x) = Vf(] = 00,2]),
write f as the difference of two increasing functions A and B and describe pf, |pf| and ppuy.

Solution. T'(x) = 0 for x < 0, T(0) = 1, T(x) = 2 for x > 0; we have A = (T'+ f)/2 = X[0,00]
B = (T—f)/2 = Xjo,00[s #A = 1B = 0o, unit mass at 0, and the measure is puy = 6y — do = 0(= |py|).
The point variation measure is ppy = pa + g = pr = 20o. (I
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Also, |uy| is a measure, and V f is not a measure on the algebra of plurintervals contained in I, unless
f is continuous, as seen above. The measure |u¢| is the essential variation of f.
We now compare the measures puy and |py|:

PROPOSITION. Let I be an interval of R, and let f € BVioc(I). For every x € I let

w(z) = [f(27) = f(@)| + [f(z) = f@)] = [f(=T) = f(z7)];
(notice that w(xz) > 0 for every x € I, and w(z) = 0 if and only if f(x) belongs to the segment
[f(z7), f(z")]). Let py be the purely atomic measure p,(E) = > cpw(x). Then for every Borel
subset E of I we have
prf(E) = pow(E) + |ps|(E)].
Consequently the point variation and essential variation of f coincide if and only if f(z) € [f(z™), f(z™)]
for every x € 1.

The proof is in exercise 77.77. Notice only that if f is right continuous, or left continuous, or midpoint
continuous then the essential variation and the point variation coincide.

EXERCISE 8.3.2. Find a formula for T'(z) = Ty f(x), where f(z) = x — [z] is the fractional part of z,
and plot the graph of T'. Write the measure 1. as a positive and negative part, find a Hahn decomposition
for p¢. Is the measure defined on all of By = B(R)?

Solution. The function T will be right continuous, and with a jump of 1 at every integer, since f is
right—continuous with a jump of —1 at every integer. For z € [0, 1] we have f(z) = z, and for z € [n,n+1],
n € Z, we have of course T'(z) = T (n) + (x — n); and T'(n) = 2n, as easily seen by induction. Then
a formula which describes T' is for instance T'(z) = = + [z] (the plot, very easy, is omitted). We have
Alx) = (T + f)(x)/2 ==z, B(z) = (T — f)(z)/2 = |[z]. The measure ps = u* is the Lebesgue measure,
pB = P~ =Y,z 0n, With 0, the Dirac measure at n. A Hahn decomposition is R \ Z, positive set, and
Q = 7, negative set. Since pa(R) = oo and pp(R) = oo, u cannot be defined on B;. We have

w(E) = pa(E) — pp(E) =m(E) — Card(ENZ) for every bounded Borel set E € Bj.
O

ExaMPLE 8.3.3. Since functions of bounded variation are differentiable a.e., a nowhere differentiable
function will have infinite variation on every non degenerate interval; in particular, continuous nowhere
differentiable functions are of this sort.

8.3.4. Functions of class C'. If a function f is of class C! on a compact interval [a, b], then we have
the formula

b
V(lab)) = / F(0)] dt

(formula for the length of a curve, see e.g Analisi Due, 3.4.1). It follows that if f € C'(I), with I not
necessarily compact, then

Vi) = / |f/(t)|dt (finite or infinite).
I
In particular an f € C1(I) is always in BVioc(I), and is in BV (I) iff f' € L1(I).

EXERCISE 8.3.4. Prove that f(z) = sinz/z is not in BV(R) in two ways: by directly exhibiting a
sequence o < x1 < ... such that >, | f(zx) — f(zk—1)| = 0o, and by proving that f’ ¢ L*(R)

Prove that g(x) = sin® /22 is in BV(R) in two ways: by proving that ¢’ € L'(R), and also in the
following way: between two consecutive zeros ar < apy1 the function g has a unique local maximum
g(ck); express Vg(R) in terms of a series built with the g(cx), and prove that this series converges (do
NOT try to compute explicitly neither ¢; nor g(cg)!).

Solution. The obvious attempt is to take o = 0 and z, = 7/2+km; we have f(xy) = (—1)*/(7/2+k)
and

m m (71)k71 _ m 1 1
;U(xk) (k1) ;F/Q_Hm 7/2+ (k—1)r ;<7r/2+k77+7r/2+(k—1)7r>2

U 1

> .
_kz::27r/2+k7r7
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clearly the last sum diverges to co as m — oo.
For x # 0 we have
jon_ TCOST —sinx  cosx  sinx,
fiz) = 2 - 22’
and sinz/z? € L([1, 00[), but cosz/x ¢ L([1, o0[).
We have, for x # 0:

, 2sinz cosz x? — 2z sin®x  sin(2z) sin®
J(@) = . = — -2,
x x x

a function that is clearly in L*(R \ [~1,1]), hence in L!(R), being continuous.
The zeroes of g are clearly ap = km, k € Z ~ {0}. We consider the function on [0, co[ (it is an even
function). Writing
sinx

12 _ .
g(x)=2 = (xcosz —sinz),

the sign of the derivative is given by sin z(x cos  —sin x); in |kw, (k+1)7[ the derivative is zero at only one
point, the solution ¢ in this interval of the equation cotana = 1/x (see at the end for a more detailed
proof); since f(kw) = f((k+ 1)m) = 0 and f(z) > 0 in the interior, ¢ is the only point of absolute
maximum of f in the interval, and f is increasing in [k7, ci] and decreasing in [ck, (k + 1)x]. In every
interval [k, (k 4+ 1)m] we then have Vg([kn, (k + 1)7]) = 2g(ck); and Vg([0,7]) = 1 so that

Vg([0,00]) = 1+ 2g(ca);

now we have g(cx) = sin® ¢ /(cx)? < 1/(cx)? < 1/(k*x?). Then

— 4 1 2
Vg(R):2Vg([0,oo[):2+];4g(ck) <24 — ;ﬁ =2+,

FIGURE 5. Plot of g (not on scale), with 57/6 < z < 5.

REMARK. Let’s give a more precise study of the sign of sin z(x cos z — sinz) in |km; (k + 1)x[; since

sin® z > 0 in this interval we have, dividing both sides by z sin® x:

sina(zcosx —sinz) > 0 < cotanz > 1/x x €lknm, (k+ 1)7[;

it is plain that the set of these x is |k, cx[, with kn < ¢, < 7/2 + k7.
An ingenious application of methods of complex analysis, using fomulae related to the zeroes of
cotan z — 1/z, allows the exact computation of Vg, which if I remember correctly is e — 5.

O

EXERCISE 8.3.5. (Not entirely easy) All functions considered here are real valued. Prove that a
function f belongs to L?([0,1]) if and only if f € L([0,1]), and there is an increasing function g : [0,1] —
R such that, for 0 < z; < x5 < 1:

/z () dt

(for the necessity part, use Cauchy—Schwarz inequality. . .).

< (g(x2) — g(z1)) (22 — 21)
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Solution. Put 1 = x and z9 = = + h with A > 0; dividing both sides of the inequality by h? we get

x+h 2
i s

as h — 07 we have that f;+h f(t) dt/h converges for a.e z € [0,1] to f(z), so the left hand—side converges
a.e. to (f(z))?, while the right hand side tends a.e to the derivative g’(x) of g. Then

(f(z)? < g'(z) forae ze|0,1];

gle+h) —g(x)

< Y
- h

integrating we get

/ (f(2))? de < / § (@) dx < g(1) — g(0).
0 0

Then f € L2([0,1]). Conversely, assuming f € L?([0,1] a natural candidate for g is g(z) =
fom (f(t))*dt. To get the inequality we apply the Cauchy—Schwarz inequality to functions f and 1 on
T2
f(t)dt

the interval [z1, z2]:
T2 Z2 1/2
<[Cus([7r)" wmar

squaring both sides we get the required inequality. (I

Solution. (Of exercise 7.2.7) If X is the disjoint union of A, B with A null for v and B null for 4 then,
given a partition (A4;)i1<j<m if A into measurable sets, and a partition (By)1<k<n of B into measurable
sets we have that the join of these partitions is a partition of X so that:

k=1

ZI(AHV)(AJ-)I + 3+ ) (Bl < i+ v](X);

but since v(A;) = u(By) = 0 the left-hand side is

DA+ D v (By)l;
j=1 k=1

and the supremum of these sums as the partitions vary is |u|(A4) + [v|(B) = |u|(X) + |v|(X); we have
proved that |u|(X)+|v|(X) < |u+v|(X), and since the reverse inequality is always true we get equality.
The proof just given for X is clearly adaptable to any £ € M.

(ii) Since A\; < p and v; L g we also have A; L v, so that ||| = [|A;]| + |lv; |, by what just proved.
Then convergence of the series Z;io |lee5]| is equivalent to the convergence of the two series Z;io 12511
and 377 [[vs]l; and since d|A;| = |p;] dp and [|A; ]| = [|p; |1, everything follows easily. O

8.3.5. More exercises.

EXERCISE 8.3.6. Given f € L{ _(R") we have defined
Af@=F  fway
B(z,r]

Prove that if f € L'(R") then A, f € L'(R"), and compute [g, A, f(z)dz in terms of [, f (hint: write
Arf(x) = [zu f(x+y) xrB(y) dy/m(rB) and use Fubini-Tonelli’s theorem. .. )

Solution. Consider the function F': R x R™ — K given by (z,y) — f(z + vy) x»5(y); if f is Borel
measurable this function is Borel measurable as a function of R” x R™ into K ((z,y) — x+y is continuous,
hence measurable, and so (z,y) — f(x+y) is measurable if f is Borel measurable; clearly (z,y) — x»5(y)
is measurable; and even if f is only Lebesgue measurable still the function F is Lebesgue measurable,
essentially because the inverse image under addition of a set of n—dimensional measure zero in R™ is a
set of 2n—dimensional measure zero in R™ x R™). We prove that F' € L'(R"™ x R"). In fact, integrating
first in the x—variable

L[ ramias)a= [ o ([ 1F@iae) = [ s ([ 156 plae) a-

[ 18lxen) dy = mB) 11 < .
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By Tonelli’s theorem F belongs to L'(R™ x R™). Then Fubini’s theorem says that = — [5, F(z,y) dy,
which is exactly m(rB) A, f(z), defines a.e (in our case everywhere) a function belonging to L'(R") (thus
proving that A, f € L'(R™)) and that

/Rann F(z,y) dedy = / (/ Fla,y) dy) do (: m(rB) / A f(@) d:z:) :

exchanging the order of integration in the integral of F' we repeat the above calculation without the
absolute value on f, and get

[ ety =ms) [ g
R xR"™ Rn

since this equals m(rB) [p. Arf(z) dz we get

/ A, f(x)de = f(u) du.
n R’Vl

EXERCISE 8.3.7. Let F': R — R be defined by
F(z) = (1_%)2 if v <0; F(z)=sinz if0<x<2m F(r)=—(z—2m)? if2r<u.
(i) Plot the graph of F'.
(ii) Show that f has bounded variation on |—o0, z|, for every « € R; describe TF(z) = V F(]—o0, z]);
plot it, and plot two increasing function A, B with A — B = F.
(iii) Prove that there is a unique signed measure v : By — R such that v(]a,b]) = F(b) — F(a) for
every a,b € R, a < b.
(iv) Find a Hahn decomposition for v.
(v) Find the Radon— Nikodym decomposition of v with respect to Lebesgue measure m.
(vi) Compute [, u(x)dv(x), where u(x) is so defined: u(0) = 1/2, u(r) =1, u(2r) = 3; u(x) = 1 for
x<0,ulx)=3for0<z<m, ulz)=—1form<a<2r ulx)=2for2r <z <3m ulz)=0
for x > 3.

Solution. (i) OK.

.
N\

FIGURE 6. Graph of F.

(ii) First notice that since F is right continuous, and also left continuous but at z = 0, with a jump
or(0) = F(0) — F(07) = —1, T will be everywhere continuous but at 0, where will be right continuous
with a jump of 1. We have T'(x) = 1/(1 — x)? for # < 0 (for monotone functions, the variation on an
interval is the absolute value of the increment), and hence T'(0~) = 1; then T'(0) = T'(0%) = 2; in [0, 7/2]
the function F' is increasing, so that T'(z) = T'(0) + sinz — sin0 = 2 +sinz. In [7/2,37/2] the function
F is decreasing, and hence T'(x) = T'(n/2) + F(n/2) — F(z) =341 —sinz =4 —sinz; in [37/2,27] F
increases again, and T'(x) = T'(37/2) 4+ sinz — sin(37/2) = 6 + sinz. Finally in [27, +00] the function
F is decreasing and we then have T'(x) = T'(27) + F((27) — F(x) = 6 + (z — 27)2. We now compute
A= (T +F))2:

1
Az) = E
A(z) =3+4sinz z € [37/2,2n]; A(x) =3 =z € [27, 00].

Computation of B = (T' — F)/2:
B(x)=0 z€]—00,0[; Blx)=1 z€l0,n/2]; B(x) =2—sinz z € [r/2,37/2];

x €] —00,0[; A(z) =1+sinz z€[0,7/2]; A(z) =2 =z € [r/2,3n7/2];
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B(z) =3 € [3n/2,27); B(z) =3+ (z — 21)* = € 27, oq].

(iii) We see that A is bounded; hence the measure p4 will be finite, pa(R) = A(c0) — A(—00) = 3,
and v = u4 — pup can be defined.

FI1GURE 7. Graph of T

3
3

2
2

1

s 371 2n i i
2 2

7
F1GURE 8. Graphs of A, B; B, on the right, has a jump of 1 at 0.

(iv) A set is positive for v where A is increasing, negative where B is increasing; it is easy to
see that P =] — 00,0[U]0,7/2] U [37/2,27[,is a positive set for v, its complement @ = R~ P =
{0}U]n/2,37/2[U[27, 00| is a negative set.

(v) For the absolutely continuous part we compute the derivative F”, which exists everywhere but at
x = 0, 2m; this derivative is also continuous where it exists:

F'(x) = ﬁ x €] —00,0[; F'(z) =cosz =z €]0,2n[; F'(z) =—-2(x—27) x €27, 00];
Then the absolutely continuous part is dA = F’(x) dm; notice that f(x) = F’(z) is integrable in the
extended sense (the integral of the positive part is clearly finite). The singular part is —4. A pair of
disjoint Borel sets which support these two measures is, for instance, R ~ {0} for A, and {0} for the
singular part.

(vi) Finally the integral is:

/Ru(:c) d\(z) + /Ru(z) d(—=d(x)) = /]R\{O} u(z) F'(z) dm(z) — u(0) =
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1 0 ) ™ 2m 3m
f§+/ md:ch/O 3(‘,ossvdz+/7r (fl)coszder/ 2(=2(x — 2m)) dx =

—00 27
1+1+0+0 272 1 272
-z — 2T = - — 27",
2 2
O

8.4. Absolutely continuous functions. A function F': I — K where [ is an interval of R is said

to be locally absolutely continuous in I if F'(x) exists a.e. in I, it is in L}, (I), and for every pair a,b € [

we have F(b) — F(a) = f; F'(x) dx; it is said to be absolutely continuous on I if it is locally absolutely
continuous, and moreover F’ € L*(I). We denote by ACi,(I) the set of locally absolutely continuous
functions on I, by AC(I) the subset of globally absolutely continuous functions on I; plainly these are
vector spaces of functions. As a reminder:

locally absolutely continuous functions are those a.e. differentiable functions which are the integral
of their derivative.

They clearly are continuous functions, and may alternatively be described as those functions F': [ —
K of the form

F)=F @)+ [ 10
for some ¢ € I and some f € L _(I) (or f € L*(I) in the case of globally a.c. functions).

loc

REMARK. The space AC(I) is, in Functional Analysis, denoted W11(I) and similarly ACi,c(I) is
denoted V[/licl (I) (Sobolev spaces).

Functions in AC)oc(I) are those functions in BVj,.(I) whose associated measure is absolutely contin-
uous with respect to Lebesgue measure:

. For every interval I we have ACioc(I) € BVipe(I) and AC(I) = BV (I) N AC\oc(I). Moreover for
every function F € AC(I) we have

VF(I) = / \F'(2)|dz = | F']|.

Proof. Clearly the second statement implies the first. Given any subdivision zg < --- < x,, of I we

have
Ui m Tk m Tk Tom
S OIF(zk) = Flax-1)| < / Fl(z)de| <> |F’(:c)|dz:/ |F’(z)|dx§/|F’(z)|d:c.
k=0 k=0 |V %Tk-1 k=0YTk—1 xo I

then:

VE(I) < / P (z)] dz;

this proves that F' is of bounded variation. For the opposite inequality recall that if dA = F’(z) dx with
F' € LY(I) then d|\| = |F'(x)|dx (7.2.1); and by 8.3.3, since F is continuous its point variation and
essential variation coincide. O

8.4.1. The (e,0) condition for absolute continuity. We have seen that if u: M — [0, 00] is a positive
measure, and v : M — K is a finite measure, then the condition v < p, meaning that p(E) = 0 implies
v(E) = 0, may also be expressed as: given € > 0 there is § > 0 such that p(E) < § implies [v(F)| < ¢
(7.2.9 or 7.1.9). This condition may be used to characterize locally absolutely continuous functions among
continuous functions, with no differentiability involved. A sequence ([a;,b;])1<j<n Of compact intervals
is said to be non overlapping, or almost disjoint, if the interiors of two distinct intervals are disjoint,
equivalently two distinct intervals intersect on a set of Lebesgue measure 0.

DEFINITION. Let f: I — K be a function, and let [a,b] be a compact subinterval of I. We say that
f satisfies the e — § condition for absolute continuity on [a, b] (briefly: satisfies the (g, d)AC condition on
[a,b]) if for every € > 0 there is § > 0 such that for every sequence ([a;,b;])1<j<n Of non overlapping
subintervals of [a,b], with > 7, (b; — a;) < e, we have 327, [f(b;) — f(aj)| <e.

It is clear that functions that satisy the (¢,)AC condition are continuous, and are a vector space of
functions. Let’s prove :

LEMMA. Let f:[a,b] = K be a function. The following are equivalent:
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(i) f satisfies the (e,6)AC condition on [a,b].
(ii) For every e > 0 there is a 6 > 0 such that for every sequence ([a;,b;])1<j<n of non overlapping
subintervals of [a,b], with Z?Zl(bj —aj) <6, we have Z?:1 Vf(la;,b;]) <e.

In other words, if (i) holds, then the total variation function T'(x) =V f([a,z]) of f satisfies the (¢,6)AC
condition; in particular this function is continuous, hence bounded on [a,b).

Proof. Given ¢ > 0 let ([aj,b;])1<j<n be a sequence of non overlapping intervals such that > 7_, (b; —
a;) < 90. Forevery j € {1,...,n} let a; = 2(4,0) < z(4,1) < --- < z(j,n(j)) = b; a subdivision of [a;, b,].

n n(j) n n n(j)
YD @Gk —2(Gk—1) ) =) (b —a;) <5 henced | D [f(x(j, k) = flz(Gk—1)| | <e.
j=1 \k=1 j=1 j=1 \ k=1

Taking suprema as z(j, k)o<k<n(j) varies in the set of all subdivisions of [a;,b;], for every j, we get
> Vi(az.bj)) <e.
j=1

Since V f([aj,b;]) > | f(b;) — f(a;)|, (i) implies (i) is trivial.

8.4.2. Characterization of local absolute continuity.

PROPOSITION. Let I be an interval of R and let F' : I — K be a function. The following are
equivalent:

(i) On every compact subinterval of I the function F verifies the (¢,6)AC condition.
(ii) F is locally absolutely continuous, that is F' exists a.e on I, and

F(b) — F(a) = / F'(z)dx  for every a,b € I.

Proof. We can of course assume that I is compact. (i) implies (ii): by lemma 8.4.1 the function F
has locally bounded variation and its total variation function is continuous; we prove that if M C I has
zero Lebesgue measure then pur(M)(= |pr|(M)) = 0; this proves up < m. Given € > 0, let § > 0 be
as in the (g,6)AC definition for T'. Since M has m—measure zero, it can be covered by a countable set
(Ij)jen of subintervals of I, which may be assumed pairwise disjoint, such that > 72 (b; —a;) < 9, where
a; = inf I; and b; = sup I;. Then we have, for every n € N, Z?:O(T(bj) —T(aj)) < € because for every
n the sequence ([a;, b;])o<j<n consists of non overlapping intervals whose lengths have a sum less than d,
hence also 3 7% (T'(b;) — T'(a;)) < €; this means that pur(M) = 0, as desired. (ii) implies (i): the formula
v(E) = [, F'(x) dz defines a finite measure on the Borel subsets of I; apply 7.2.9. O

EXERCISE 8.4.1. Prove that if g : J — K is Lipschitz continuous, then g € ACio(J), and |¢'(z)| < k,
if k is a Lipschitz constant for g.

Let I be an interval of R, let F': I — R be in AC)oc(I), and let g : F'(I) — K be Lipschitz continuous.
Prove that go F' € AC)oc(I) (hint: use the (g, )AC condition).

EXERCISE 8.4.2. The identity F'(z) = x of R verifies a global (g,0)AC condition (simply with § = ¢)
but its derivative, the constant 1, is not in L'(R); that is F is in ACjec(R) ~ AC(R). This does not
happen on bounded intervals. Prove that if the interval I is bounded then F': I — K is in AC(I) if and
only if it verifies a global (g, §)AC condition on I.

Solution. Clearly F(z) = F(c)+ [ f(t)dt with f € L{ (I) and we have to prove that if F' verifies
a global (g,5)AC condition on I then f € L!'(I). From lemma 8.4.1 we know that the total variation
function T.F(z) = [ |f(t)| dt verifies the same condition, in particular then it is uniformly continuous on
I. Then T, is bounded on I and (theorem on extension of uniformly continuous functions) 7. extends to
a continuous function on the compact closure I of I) and this clearly implies that f € L*(I) ([, |f(t)|dt =
T.(supI) — T.(inf I)). O
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8.5. The devil’s staircase. One wonders if the following might be true: let F' be continuous
of (locally) bounded variation. Is F' (locally) absolutely continuous? The simple minded examples of
monotone non absolutely continuous functions have jump discontinuities. Nevertheless this conjecture is
false. We describe here an example. Pick a strictly decreasing sequence 1 = ég > 01 > ..., with limit 0.
We construct a decreasing sequence [0,1] = Ey 2 E; D ... of compact sets, with m(F,,) = d,, in this way:
remove from [0, 1] = Ey an open interval centered at 1/2, in such a way that the two remaining intervals,
I(0) < I(1), have the same length 6 /2; this is clearly possible, since §; < do. If Ey = I(0)UI(1), then E
is compact, and m(E;) = d1; next, from each interval I(0), I(1) remove an open interval with the same
center as I(0) and I(1), in such a way that calling I(0,0) and I(0,1) the intervals obtained from I(0), and
I(1,0) and I(1,1) those obtained from I(1), each has length d2/4; so that Es, union of these four compact
intervals, has length m(Ez) = d2. It is clear how the induction proceeds: we have E,, = .c(0.1y L(c),
union of 2" disjoint compact intervals each of length 6, /2™ so that m(E,) = d,; from each of the intervals
I(c) we remove an open interval with the same center as I(c), of length 2r, such that the two remaining
intervals I(c,0) < I(c,1) have both length 8,,11/2" " (we take r, = (65, — 0p41)/2"1); and E,; is the
union of all these 2"*! intervals. Clearly E = ﬂf;o E,, is non empty, as the intersection of a decreasing
sequence of non empty compact sets, and m(E) = lim,,—,oc m(F,) = 0; we might also prove that |E| = ¢
and that F is perfect, i.e it has no isolated point (see 8.5.1). But we are interested in another construction.
For every n let g, = x&, /dn, and put

FIGURE 9. The devil’s staircase (here §, = (2/3)").

Then f, is increasing, f,(z) =0 for z < 0 and f,(x) = 1 for z > 1. Notice that f, is constant on
each open interval that is a connected component of R \ F,,; even more, if A is one such interval, then
fn(x) = fuy1(x) for every z € A. The key observation is that for every ¢ € {0,1}"™ we have

1 . 1 5n 1 5n+1 5n+1 1
n(t) dt = el () dt = — fact — % = -
/I(c)g (t) /I(C)g +1(t) on 0 ac n 27 Opiq <2n+1 on+1 on

so that if p is the cardinality of the set J = {c € {0,1}" : I(c) < A} we have, for every z € A:

mmzzl mmmﬁmmwzwb%mmwﬁ

ceg 71(e) ceJ 2"

And if z € I(c) for some ¢ € {0,1}™ then f,, and f,+1 coincide on the interval of R\ E,, to the immediate
left of I(c), in particular f,(minI(c)) = fp+1(min I(c)), so that

5@ = fans @ = | [ (gal) = g0t

min I(c)

<[ aO-gen@ld < [ g gl

min I(c) I(c)

for every x € I(¢). The computation is easy:

1 1 1 1 dt
) —genlar= [ (G- )ar [ (G- as | dt _
/I(c) i 1(c,0) \Ont1  On I(e,1) \Ont1  On 1(e)~(I(c,0)UI(c,1)) On
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26ns1 [ 1 1 1 (60 20041 1 St 1
i — (= _ = _— (292t _
on+T <6n+1 5n> * o <2n ont1 2n 5, ) =2

Then || fni1 — folloo < 1/277 ! so that the sequence f,, is of finite variation in the uniform norm, and
hence converges uniformly to a continuous increasing function f which is zero for x < 0 and 1 for x > 1.
On R \ F the derivative of this function is zero: if z ¢ F, and n is the smallest integer for which z ¢ FE,,,
then x belongs to an open interval A disjoint from Ej for all £k > n, and all functions fi, k£ > n and f
have the same constant value on A. Then f’(x) = 0 for every z € A. Since m(E) = 0 we have f'(z) =0
for a.e. x € R. The positive finite measure ps is supported by the set F, and we have uy 1L m.

With the sequence 6, = (2/3)™ the set E obtained is the celebrated Cantor’s ternary set. The
function f is the Cantor’s function; its graph is called devil’s staircase: f is a function that does its
growth only on a set of length zero! Notice that f([0,1] \ E) is a countable set: in fact [0,1] \ E is the
union of countably many open intervals, on each of which f is constant. It follows that the compact set
f(E) has Lebesgue measure 1: f is a continuous monotone function which maps a set of measure 0 onto
a set of measure 1.

It can be proved that every set of strictly positive measure contains a non measurable subset. If
B C f(F) is non measurable, then A = E N f*(B) is a Lebesgue measurable subset of R (it is a subset
of a null set for m, so it is measurable) whose image B is non measurable.

EXERCISE 8.5.1. Prove that in fact f(E) = [0,1]. Prove that F has the continuum as cardinality,
and that moreover no point of F is isolated.

Solution. Clearly f([0,1]) = f(E)Uf([0,1]\E) = [0, 1]; if A is one of the open intervals that compose
[0,1] \ E its extremes are in F, and f is constant on A, so that f(A) C f(E). Then |E| > |f(E)| =,
so that |E| = ¢. But a direct argument is perhaps more convincing: let D = {0,1}{12:3:-} be the set of
all sequences of {0,1}; clearly |D| = ¢ = |R|. There is an obvious bijective map ¢ : D — E: for every
¢ € D consider the restriction c[n of ¢ to {1,...,n}; then (I ,)n>1 is a decreasing sequence of compact
intervals, of lengths m(/.},,) = 6,/2" with limit 0, so that their intersection contains exactly one point,
which we call p(c). Clearly this map is injective: if ¢,d € D and ¢ # d, let p be the smallest integer such
that c(p) # d(p), say c(p) = 0 and d(p) = 1; we have p(c) € I, ©(d) € I, and the intervals I, < Iq,
have distance 2r,_1 = (6,1 —6,)/2P 1, so that also ¢(d) —p(c) > ((6,—1 —p)/2P~1. On the other hand,
if c|p = d|p then we have |¢(d) — ¢(c)| < d,/2P, since for every n > p the intervals 1., and I, are both
contained in I, = I4),, an interval of length 0,,/2P, and so also ¢(c), ¢(d) are both in this interval. Then
no point of E is isolated: given ¢ > 0, pick p > 1 such that §,/2P < ¢, and all infinitely many points
o(d), with d|p = c|p will be in [p(c) — &, p(c) + €]. O

REMARK. The set F has continuum cardinality and Lebesgue measure 0; all of its 2¢ subsets have
then measure 0. Knowing that B; has cardinality ¢, this proves that there are Lebesgue measurable
subsets of R that are not Borel sets.

EXERCISE 8.5.2. With f the Cantor’s function, define ¢ : [0,1] — R by g(x) =  + f(z). Then
(i) g induces a homeomorphism of [0, 1] onto [0, 2].
(if) m(g(E)) = m(g([0,1] \ E)) = 1.
Let h : [0,2] — [0,1] be the inverse homeomorphism g~! : [0,2] — [0,1]; as every set of strictly positive
measure, g(F) contains a non Lebesgue measurable subset B; if A = h(B), then x4 o0h : [0,2] — R is not
Lebesgue measurable, although y 4 and h are both Lebesgue measurable (and h even continuous).

Having measure zero, clearly E contains no non—degenerate intervals. Since intervals are the con-
nected subsets of R, the connected components of FE are the singletons. That is, FE is a compact totally
disconnected set, one that contains no connected subset of more than one point. This feature can be
shared also by compact sets of positive measure, like e.g. the one constructed in 2.7.4. But we can repeat
the preceding construction with a decreasing sequence 9,, > §,,+1 with limit § > 0, since the proofs above
given for the topological properties of E do not depend on § = 0, and prove that F is perfect and totally
disconnected: given ¢(c) < ¢(d), there is an interval of R \ E contained in |¢(c), ¢(d)].

8.5.1. Continuous and discrete measures. For functions of locally bounded variation on R (or on an
interval I of R), F: I — K we denote by dF' = dup the measure pp; we have already used this symbol for
positive measures when F is increasing. The only care to be observed is that we can write dF = F'(z) dx
if and only if F is locally absolutely continuous. In all other cases dF is of the form dF = F'(x) dx + dv,
where v is a measure singular with respect to Lebesgue measure dz. The function F’(z) is in Li (I)
and coincides a.e. with the classical derivative of F'. The singular part can be further decomposed. Call
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continuous a locally finite Radon measure such that every singleton has zero measure, and call discrete
a measure of this form: p(E) = > _pc(x), equivalently u(E) = > pc(r)0.(E), where ¢ : R — K is
a function which is summable on every bounded subset E of R. Such a measure is supported by the
cozero—set of ¢, necessarily countable (its bounded parts are countable, since the sums over bounded sets
are finite), and hence singular with respect to any continuous measure, for which all countable sets are
null sets. For a function F € BVj,.(R) the discrete part of dF' = pp is of course

S (F(a*) - F(a7))
zeR
Sometimes the continuous part of a measure that is singular with respect to Lebesgue measure is
called the Cantor part of the measure; some authors call diffuse these measures.
8.5.2. Integration by parts. For increasing functions F, G : I — R we proved (see 5.1.6) that for a < b,
a,b € I we have

/ F(z7)dG(z) = F(bT)G(b) — F(a™)G(a™) f/ G(z1)dF(z);

Ja,b] Ja,b]

the bilinearity of this formula in F' and G immediately implies that it holds also when F' and G are of
locally bounded variation (for real F,G write F = A — B and G = C — B with A, B,C, D increasing
right continuous). Let us see some applications. Unless explicitly stated otherwise, functions of locally
bounded variation are taken right continuous.

EXERCISE 8.5.3. (The Abel-Dirichlet’s criterion for convergence of improper integrals) Let f €

L. ([0,00]), and let g € BV ([0, o0l). Assume that F(z) = [ f(t) dt is bounded, and that lim,_, g(z) =
0. Then
T Too
ILm f(t)g(t)dt exists in K, in other words the generalized integral f(t) g(t)dt is finite.

Solution. By the preceding formula (notice that F' is continuous)

/ " (1) glt) dt = F(a)g(a) - / " F(t) dg(0);
0 0

now F is continuous and bounded, and hence is in L*(d|g|), so that lim,—o [ F(t)dg(t) f[o oo Fdyg

exists finite (essentially dominated convergence: if z,, is any sequence that diverges to co, the functions
F(t)X[0,5,](t) sgn g(t) are dominated by ||F||s, a constant which is in L'(d|g|) since d|g|([0, oo[) < 00).
When & — o0, since F' is bounded and g tends to 0 we get

lim zf( /F )dg(1)

T—r00 0

EXERCISE 8.5.4. Let f € L'([0,00[) be monotone. Prove that then lim, o zf(x) = 0.

Solution. Since f is monotone, lim, o f(z) exists in R; since f € L'([0, c0[), this limit must be 0.
Then either f is positive and decreasing, or f is negative and increasing; by changing the sign we can
always assume the first case. Then f is of bounded variation on [0, oo, with V f(]0, oo[) = f(0); and

/ If(t)dt=f(:v)x— / a0 =)+ [ e-dro)

since z f(x) > 0 we have [t ( ) < [y f(t)dt; moreover z — fo df( ),z > fo t) dt are both
increasing, and by the hypothesm f € Ll([O oo[) the limit limgy o0 [ f = [;° f(t)dtis ﬁnlte so that
both limits are finite. But then also lim,_, oz f(2) > 0 is finite, and thls hmlt must be Zero (0therw1se
f ¢ L'([0,00[)). Notice that we also get
/ f(z)dx = / x (—df(x)) for every decreasing function in L'([0, oo[).
O

EXERCISE 8.5.5. Assume that F,G € ACjoc(I). Then for any a,b € I integration by parts formula
gives

/b(F’GJr FG")(x)dx = F(b) G(b) — F(a) G(a).
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Deduce from it that the product of two locally AC functions is locally AC, and that
(FG)(x)=F'(2)G(z) + F(x) G'(z) for ae. ze€l.

Conversely, prove directly that FG € ACjo.(I) and deduce from this fact the integration by parts formula
for locally AC functions.

Solution. First part: immediate: the very formula is the assert.
Second part: fix a compact subinterval J of I. Given ¢ > 0 find § > 0 such that for every non—
overlapping family of subintervals ([a;, b;])1<j<n of J such that 337, (b; — a;) < J we get that

ZIF F(aj)| < ZIG G(aj)| <&

Let us estimate with the usual ”bilinear trick”: for any a,b € J we have
|G(b) F(b) — G(a) F(a)| = [G(b) F(b) — G(b) F(a) + G(b) F(a) — G(a) F(a)| <
<|GO)|[F(b) = F(a)| + [F(a)| [G(b) — G(a)] <
<Gl [F(®) = Fla)| + | Flls |G(b) — G(a)],
with ||G||; = max{|G(z)|; x € J}, ||F||; = max{|F(x)|; © € J}. Then
Z |G (b;) F(b;) — Glaz) Flay)| < > (Gl |[F(bs) = F(ay)| + [Flls1G(bs) = Glay)]) <

Jj=1

<Gl Z [F(bj) — Faz)| + 1 Flls ZIG Glag)l < (Gl +1Fllr) e

J=1

Then F G is 1oca11y absolutely continuous. The Leibniz rule for the derivative of a product of course
holds wherever F' and G are both differentiable, hence a.e.; then (F G)'(z) = F'(z) G(z) + F(x) G'(z)
for a.e. x € I, and

b
/ (F'(2) G(x) + F(z) G'(x)) do = F(b) GB) — F(a)G(a)  a,be I, a<b.

Of course the left-hand side may also be written

/ G(z) dF(z) + / F(z)dG(z).
[a,b] [a,b]

EXERCISE 8.5.6. (Folland exercise 32) If F,,, F € NBV(R) and F,, — F pointwise, then
T(z) < linrgigf T, (),
for every x € R; here T),(z) = VF,(] — o0, z|, T(x) = VF(] — o0, x]).
Solution. Given z € R, let g < z1 < ...z, = = be a subdivision of | — 0o, z]. For every n we have
P
Y 1Fulax) = Fuler-1)| < Tula).

k=1

Keeping the sudivision fixed take liminf, ., on both sides; on the left—-hand side we have actually a
limit, hence:

P
> |F(xx) = F(ax—1)| < liminf T, ();
n—oo

since this holds for every subdivision {zo,...,xp} of | — 0o,2] we also have, taking suprema on the
left-hand side:

VF(] —o00,z]) = T(x) < liminf T, ().

n—o0
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EXERCISE 8.5.7. Observe that the sets E,, whose intersection is the Cantor set are all symmetric
with respect to x = 1/2, that is, xg, (t) = xg, (1 — t) for every t € R; deduce from it that if f is the
Cantor function then

1
f@—z)=1— f(z) for every z € R and hence /f(ac)dac:—.
0

Solution. Clearly also g, (t) = gn(1 —t) if g, = x &, /0n- Then, by a change of variable, t =1 — s

fn(:c)/oxgn(t)dt/l”gn(ls) (ds)/l1 gn(s)ds/lo gn(s)ds+/olgn(s)ds

—X —Xx

1/0 gn(s)ds = 1— ful1 —2).

Passing to the limit we get f(z) = 1— f(1— ). This functional relation (which geometrically means that
the graph of f is self-symmetric in the plane symmetry of center (1/2,1/2)) implies that the integral
over [0,1] is 1/2:

/Olf(z)dzflof(lt)(dt)/Ol(lf(t))dtlfolf(t)dt,

/Olf(z)dz%.

EXERCISE 8.5.8. Let p : B, — [0,00] be a o—finite positive measure on the Borel tribe B, of R™.
If 1 is not absolutely continuous with respect to Lebesgue measure m, then there is a set A € B,, with
m(A) = 0 but p(A) > 0. Prove that nevertheless m—almost all translates of A have p—measure zero,
ie. p(x+ A) =0 for m—a.e. z € R" (let B={(z,y) e R" xR": z —y € A}; compute (1 ® m)(B) by
Fubini-Tonelli’s theorem ... ).

so that

O

Solution. Clearly B is Borel measurable, because (z,y) — x — y is continuous. Both measures are
o—finite, so that Fubini—Tonelli’s theorem is applicable and if B, = {y € R" : (z,y) € B} = v — A is the
r—section of B we get

pem®)= [ ( / dm<y>) pte) = [ = A)duta) = [ 0duta) <o

x

The y—section is BY = {z € R": (z,y) € B} =y + A, so that

peom®) = [ ([ au)) ant = [ o+ 4)dmiy),

this must be zero; then the positive measurable function y — p(y + A), having integral zero with respect
to m, is zero m—a.e. O

EXERCISE 8.5.9. Let I = [a,b] be a compact interval. Assume that F' : I — K is absolutely
continuous, and that F’ € LP(I) with 1 < p < oo; let ¢ be the exponent conjugate to p, and let o = 1/g.
Prove that F' satisfies a Holder condition of exponent o, that is, there exists a constant k > 0 such that

|F(xz2) — F(x1)| < klzg — 21]®  for every 1,29 € 1.

Solution. ITmmediate: apply Holder’s inequality with |F'(z)| and 1 (assuming x; < 22, p < 00):

T2 1/p 1/q
/ F'(z)dx S/[ ]|F/($)|dl’§ (/[ ]|F'($)|pdaz> (/[ ]1qdaz> <

1/p
s(/ |F’<w>|pdx> 22 — 21| = [F [l |2 — 1|,
[a,b]

The case p = oo is the case of Lipschitz continuous functions, already discussed in a previous exercise.
O

[F(x) — F(x1)] =

EXERCISE 8.5.10. Let I be an interval of R, and let f : I — K be locally of bounded variation. Given
c €I we define T =T.f as in 8.3, by T'(z) = V f([a, z]) for = > a, etc.
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(i) Prove that for every a € I we have T'(at)—T(a™) = |f(a™)— f(a)| +|f(a— f(a™)]|, so that the
jump of T at a coincides with the absolute value of the jump of f at a iff f(a) € [f(a™), f(a™)]
(see 8.3.2).

(ii) Given a > ¢, a € I, observe that T'(a™)(= lim, .- V f([c,2])) = V f([c, a]).

(ii) Prove that the total variation is an additive function on the interval algebra of I if and only if
f is continuous and that it is then countably additive, and the associated premeasure is then
equal to dT' = pr.

Solution. (i) The result is contained in 8.3.2.

(ii) Given € > 0, pick a. € [c,a[ such that T'(a~) — e < T'(x) for every = € [ae,a]. Then, if © €lac,]:
T(a™) —e <Vf([e,ac]) <V [(le,a]) < V([e,2] = T(x) <T(a™),
proving what claimed.

(ii) Assume that a > ¢ is a point of discontinuity for f. Then T'(a) =V f([c,a]) = T(a™) + |f(a) —
f(a™)| while Vf([c,a]) =T(a™), and V f({a}) = 0, so that V f([c,a]) > V f([c,a]) + V f({a}). Then, if f
is discontinuous V f is not additive. It is trivial to prove additivity of the variation with f continuous,
and also that V f([a,b]) = T'(b) — T'(a); so that V f is on intervals the premeasure dT'. O

EXERCISE 8.5.11. A standard way of embedding isometrically ¢*(N) into L!([0,00[) € L'(R) is by
the following interpolation: the sequence (a,) = (a(n))nen is applied to the piecewise constant right—
continuous function F, : [0, 00[— K given by Fi,(x) = ay) = a([z]), where of course [z] is the integer part
of x, largest integer not strictly larger than x. Often this function a is considered defined on R, identically
zero on | — oo, 0[; the same trick is used to embed ¢1(Z) into L*(R), and also arbitrary sequences, not
necessarily summable, two sided or not, can be identified in this way with piecewise constant functions.
The embedding is isometrical because a € ¢*(N) iff F, € L([0, 00[) and
Z ap = / F,(xz)dz in particular, taking absolute values |la|l1 = || Fall1-

0

Notice that for any sequence we have

n n+1
Z ap = / F.(x)dx
k=0 0

= / F,(z)dx = / Fu(x)dx = / Fu(x)dx = / Fy(x)dx | ;
[0,n+1] [0,n+1] 10,n+1] 10,n+1]

and that, considering F, as defined on R the measure dF}, is:

oo

dFy = (an —an-1)0, (a_1 =0).

n=0

(i) For any sequence a € KN, prove that V F,([0,00[) = > o, |an — an—1| (this justifies the name:
”sequence of bounded variation” given to sequences (ay,)nen such that > | |an, — an—1] < 00).
(ii) Prove Abel’s summation formula

n

n n k—1
Zakbk:anak—z Zaj (bk_bk—l)a
k=0 k=0

k=1 \j=0
and deduce from it Abel-Dirichlet criterion for (nonabsolute) convergence of a series:
. If an and by, are sequences, a,, has bounded partial sums (sup, {|>;_, ax|} < o0) and b,

is of bounded variation and with limit 0 at infinity, then the series Z;O:o ag b, is convergent,
i.e. limy, oo ZZ:O ay by exists finite).

Solution. (i) Easy (notice that pairs on the same interval [n,n + 1[ give zero contribution to the
variation).

(ii) With F, and F}, as previously defined we have Y o ar by = f[o i1 Fa(@) Fy(2) dz; by partial
integration formula, taking F,(x)dz = dA(z), where A(z) = [ Fu(t)dt:

/ Fu() Fy(x) de = A((n +1)7) Fy((n +1)7) — A(07)Fy(07) — / A(w) dFy(z) =
[0,n+1] [0,n41]
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n [e%S) n n k—
bn Zak 7/ A(:C) <Z(bkbk1)5k> :bn Zak 72
k=0 (0,n+1] k=0 j

1
aj | (bx — bg—1)
k=0 k=1 0

(taking account of the fact that A is continuous, A(0) = 0, and in general A(n) = .,
integer n. The criterion is now immediate (it is of course a particular case of that for integrals done in
exercise 8.5.3): we have

aj, for every

n

n n k—1
(*) Zakbk:bn Zak_z Zaj (bk_bk—l);
k=0 k=0

k=1 \ j=0

since b,, — 0 and the sum »_;'_, a; remains bounded, say by M, the first term in the right hand side of
(*)tends to 0; and since

oo [k—1 oo
Z a; |bkfbk,1| §M2|bkfbk71| < 00,
k=1 |j=0 k=1
the second term is the n” —partial sum of an absolutely converging series. (]

EXERCISE 8.5.12. (Folland, exercises 39, 40) Let F,, be a sequence of positive increasing functions
such that F(z) = Y .2 F,(x) is finite for every = € [a,b]. Then F'(z) = > .7 F/(z) for a.e = € [a,b]
(consider the series of measures u, = dF;, in the space M ([a,b]) of finite measures ...).

Let now f : R — R be the Cantor function. Let n — [ay,,b,] be a bijection of N onto the set of

subintervals of [0, 1] with rational endpoints, and let f,(z) = f((x — an)/(bn — ay)). Then
o fu(@)
F('T) = Z gn+1

n=0

is continuous, it is strictly increasing on [0, 1], but F'(x) =0 for a.e. z € R.

Solution. We can consider finite measures in M (R), by extending the functions as F,(z) = F,(a)
for v < a and F,(z) = F,(b) for & > b: this is equivalent to extending the measures p, = dF, by

declaring | — 0o, a[ and b, +oo[ null sets for them. Then p, = F) (x)dx + vy, with v, L m. The series
S0 o lunl(R) = 300 o (Fn(b) — Fu(a)) converges; then (see exercise 7.2.7) the series Y, F) converges

normally in L}, (R) and a.e. to F'(x), where F’(z) dz is the absolutely continuous part of dF = pp. The
first part is proved.

For the second part, setting F,(z) = fn(x)/2"T! we clearly have F/(z) = 0 for a.e. € R and for
every n, so that by the first part F'(z) = 0 a.e.; only the fact that F is strictly increasing is to be checked;
and this is trivial: if z; < x2 then z; < ap < b, < z2 for some p € N (in fact for infinitely many p € N),
so that

Flw) = F(w1) =Y Fu(w2) = Y Fu(a1) = Y (Fa(w2) = Fu(a1)) > Fy(w2) = Fp(a1) > 2;01+1.

O

Before the next exercise read this: if I is an interval of R, and f : I — R is increasing, the set
S(f)={y €R: »(f(y)) > 2}, where 5 is the counting measure, is an at most countable set. In fact,
£ (y) is an interval, and as soon as it contains more than one element it has a non empty interior; and
any disjoint family of open intervals of R is at most countable (pick a rational number in each interval,
and obtain a one-to—one function of the family into Q). Then, for any pair A, B of disjoint subsets of T
we have that f(A) N f(B) is at most countable, being contained in S(f). And also, for any A C I we
have that f(I ~ A) N~ (f(I) ~ f(A)) is at most countable (it coincides with f(I ~ A) N f(A)). Taking
account of these observations:

EXERCISE 8.5.13. Let I be an interval of R and let F': I — R be increasing and continuous.
(i) Prove that for every B € By the set F(B) is a Borel set. Hint: consider the set

M={BeB;: F(B) is Borel};

prove that this set is a o—algebra of parts of I containing the subintervals of I.
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(ii) Prove that the formula (m is Lebesgue measure)
p(B) = m(F(B))

defines a measure on By, and that this measure coincides with up = dF'. Prove that m is the
image measure of y = pup on F(I).
(iii) Deduce from (ii) that for every g € L (F(I)) we have

| stwint) = [ g0 ar)
F(I) I
in particular if F € AC(I) we get

/ 9(y) dm(y) :/goF(:c) F'(z) dx.
F(I) I

Solution. (i) Clearly M contains all intervals, since any continuous image of an interval is an interval,
hence a Borel set. Since the image preserves countable unions, M is closed under countable unions.
Finally, if E € M, then F(I \ E) differs from F(I) \ F(E) by a countable set, hence is also a Borel set.

(ii) If (An)nen is a disjoint sequence of Borel subsets of I, then (F(A,))nen is an almost disjoint
sequence of Borel sets (F(Ax) N F(A;) is at most countable, hence of zero Lebesgue measure), hence

m (U F(Aw) =D m(F(4)),
k=0 k=0

proving countable additivity of u. For an interval [a,b] C I we clearly have
u([a,b]) = m(F([a,b]) = m([F(a), F(b)] = F(b) — F(a) = pr([a, b]);

since compact intervals are a generating system closed under intersection, by uniqueness we get u = ur.
Let us now prove that for every compact interval [¢,d] C F(I) the inverse image F* ([¢c,d]) is an
interval J C I with up(J) = d — ¢. In fact by monotonicity of F' this inverse image is an interval,
closed in the relative topology of I because F' is continuous; if F(a) = ¢ and F(b) = d then a < b and
pr(la,b]) = d—c =m([e,d]); but pr(la,b]) = pr(J); in fact, if x € J and < a we have F(x) = F(a)
and if z € J and x > b then F(z) = F(b), so that F(supJ) — F(inf J) = F(b) — F(a) =d —c.
(iil) Simply recall 4.1.12.
O

EXERCISE 8.5.14. (©® quite difficult) Let [a,b] be a compact interval, f : [a,b] — R a continuous
function. We define N = Ny : R — [0, 0] as N(y) = »(f* (y)), where s is the counting measure; that
is N(y) is the number of points in the fiber of f over y if this fiber is finite, otherwise N(y) = co. We
consider a sequence of partitions of [a, b] : the n'! partition is

I(nl) =[a,a+ (b—a)/2"]; I(nk) =]a+ ((k—1)/2")(b—a),a+ (k/2™)(b—a)], k=2,...,2";

we also set J(nk) = f(I(nk)), k=1,...,2" and g, = Zill X.J(nk)-
(i) Prove that
gn(y) == ({k e {1,....2"}: fT(y) N I(nk) # 0}),
and that g, T N.
(ii) Let A(nk) = inf J(nk) and A(nk) = sup J(nk). Express [, gn(y) dy with these constants, and
prove that

/RN(y) dy =V f(Ja,b]) finite or oco.

Assume now that f is of bounded variation on [a, b].

(iii) Prove that there is unique positive measure p on the Borel subsets of [a, b] such that p([c,d]) =
V f([c,d]) for every subinterval [c, d] of [a, b].
(iv) For every Borel subset B of [a, ] we define the function N : R — [0, 00] as

Np(y) = »(f"(y) N B).

Prove that for every such set B:

/ Np(y)dy = u(B).
R
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(v) Assume now that f is absolutely continuous. We say that y € R is a regular value for f if for
every x € f< (y) the derivative f'(z) exists and is non zero (in particular, any y ¢ f([a,b]) is a
regular value). Prove that m—almost every y € R is a regular value.

Solution. (i) is trivial: for every y € R we have that g,(y) is the cardinality of the set {k €
{1,...,2"} : y € J(nk)}; and clearly y € J(nk) = f(I(nk)) if and only if f<(y) N I(nk) # 0.
Clearly gn(y) < gn+1(y); every J(nk) is the union of two J((n + 1)k), and the cardinality of the set
{k € {1,...,2"} : y € J(nk)} can then only increase with n. And given a finite subset A C f* (y),
as soon as (b — a)/2" is smaller than the smallest distance of a pair of distinct points of A we have
gn(y) = |A], so that gn(y) T N(y).

(ii) Clearly we have

[ an(wydy = 3" m(a k) = S (Awk) — Ak
k=1 k=1

of course A(nk) = max f(I(nk)) and A(nk) = min f(I(nk)); assume that £(nk) < n(nk) are points of
the closed interval I(nk) where these values are assumed, that is either A(nk) = f(&(nk )) and A(nk) =
f(n(nk)), or viceversa A(nk) = f(n(nk)) and A(nk) = f(£(nk)). Then

2n 2n

/R gn(y)dy = 3" (A(nk) — Ank)) = 3 £ (E(nk)) — F(n(nk))| <

k=1 k=1
2 2m
< DI (EmR) = fn(nk)) + Y 1f(Emk)) = fn(n(k = 1)))| < V f([a,b]).
k=1 k=2
As n 1 oo, by monotone convergence we have fR gn T fR N, so that

/R N(y)dy < V f([a,b]),

and we need the reverse inequality. Given «, with 0 < a < V f([a,b]) get a subdivision ag = a < a1 <

-+ < ap = bsuch that 3°%_, [f(2;) — f(xj-1)] > a. Taken € N so large that (b—a)/2" < max{a;—a;_1 :
j = 1,...,p}. We have, using the notations previously introduced, and setting x(nk) = sup I(nk),
z(n(k — 1)) = inf I(nk):

/}R guly) dy = S IF(ER)) — Fnnk))| > 3 |F @(nk)) — fla(nlk - 1))]:
k=1 k=1

let S(j) = {k € {1,...,2"} : aj1 < z(n(k — 1)) < z(nk) < a;}, and let T = {k € {1,...,2"} :
z(n(k — 1)) < aju) < xz(nk), for some j(k) € {1,...,p — 1}}. Then

+ ) f(@(nk)) = fla(nk = 1));

If to this we add and subtract ), - (|f(a;k)) = f(@(n(k—1)))|4|f(x(nk))— f(a;x))|) We get the variation
of f on the subdivision obtained by joining the points {ao, ..., ap} with the points {z(nk): k=0,...,2"}
so that

/Rgn(y) dy = a =Y (If(ajw) = flanlk = 1)) +|f(@(nk) = flaw)| - | (@(nk) = fnk-1))));

keT

since f is continuous at all points a;, as n tends to infinity this sum tends to 0. We then get

/ N(y)dy = o,
R
and since « is an arbitrary number smaller than V f([a, b]) we conclude.
(iii) Since f is continuous we have V f([c,d]) = V f([e,d]) = V f(Je.d]) = V f (¢, d]) = T, (d) —Ta(c),
that the measure is the Radon—Stieltjes measure associated to the monotone function Ty, (z) = V f([a, ]
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(iv) We know, from (ii), that the formula is true when B is a compact subinterval of [a, b]. We simply
have to prove that [, Np(y)dy is defined for every Borel subset B of [a,b] (in other words y — Np(y) is
Lebesgue measurable) and that B +— fR Np(y)dy is a measure. Simply consider

D ={B € By :y+— Np(y) is Lebesgue measurable, and / Np(y)dy = n(B)};
R

it is easy to see that D is Dynkin class of parts of [a,b]: for the complement observe that the set
{y € R; Niapj(y) = oo} has Lebesgue measure 0, since fR Niay(y)dy = V f(la,b]) is finite. Since D
contains the intervals we have D = By, p).

(v) The set N of points of [a,b] at which f’ does not exist is contained in a Borel set M of measure
0; if A= MU Z(f") we clearly have [, |f'(z)|dz = 0; but the measure B — [, |f'(z)|dz coincides with
u (because on intervals it coincides with p); then

/ Na(y)dy =0,
R

and since N4 > 0 this implies Na(y) = 0 for a.e. y € R; now Na(y) = 0 means that there is no x € A
such that y = f(x); that is, if y = f(z) then x ¢ A, so that f’(x) exists and is non—zero, i.e., y is a
regular value for f. (|

8.6. The metric density of a Radon measure. If i : B} — K is a locally finite Radon measure
on the bounded Borel subsets of R™, given an open euclidean ball B(z,r[ we define the average density
of ppon B(z,r| as

- _ MBr) _ pBar) e 2
= 7i<m,r[d“ T omB) =) = 2y

Notice that if u < m and du = fdm, with f € LL_(R"), then Q,u(z) = A, f(z), as in 8.1.1. The
(metric) density at © € R™ is

Du(z) = Tl_i>161+ Qrp(x), provided that the limit exists.

EXERCISE 8.6.1. Observe that r — Q,pu(z) is left—continuous, and that

lim Q. (z) = BT ( u<B(w,r]))7

t—rt m(B(z,r]) Up, 7T

so that @Q,p(x) has finite left and right limits at every r > 0, and Du(z) can be computed also using
closed balls in place of open balls.

EXERCISE 8.6.2. Let p : B, — [0,00] be a positive Radon measure. Keeping r > 0 fixed, prove
that  — Qru(z) is a lower semicontinuous function from R™ to [0,00[. If g < m then this function is
continuous.

Solution. Assume that xy is a sequence in R" converging to x € R". If xx = XB(z,,r[ a0d X = XB(a,r[
then we have limy—, 0 xx(v) = x(y) if y € B(x,r[) orif |[y—z| > r (since limg_ 00 (|y — x| —7) = |y — 2| — 7,
eventually |y — x| — r has the same sign as |y — | — 7, if this is non—zero). In particular we have:

x(z) < liminf y,(z) = xdp < / (liminf xp) du < lim inf/ Xk i,
k—o0 R™ n  k—oo k—o0

n

by Fatou’s lemma. In other words:

w(B(z,r[) < likm inf pu(B(zk,r]), (dividing both sides by m(B(x,r[) = v, ") Qru(x) < likm inf Qp(zg).
— 00 — 00

If © < m then xj converges u—a.e. to x, since m({|y — z| = r}) = 0 implies p({|ly — z| = r}) = 0,
and we can apply Lebesgue’s dominated convergence theorem to the sequence Xk XpB(z,r], Where R =
sup{r + |z — x| : k € N}.

O

Our aim is to prove the differentiation theorem stated in 8.1. Because of the local character of metric
derivatives, we need to prove the theorem only for finite measures: if p is locally finite, given a big
bounded open set, say B(0, R[ with R large, we can consider the finite Radon measure pg : B, — K
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given by ur(F) = u(E N B(0, R[); then, given x € B(0, R[ we have that Du(x) exists iff Dug(z) exists,
and they coincide. So we shall prove that if f € L! (R"™) then

lim A, f(x) = f(x) m—ae. in R",
r—0+
and that if v is a finite measure with v L m then
Dv(z) = Dlv|(z) =0 m—a.e. in R";

from these facts the differentiation theorem follows immediately. A convenient tool for the proof, of inde-
pendent interest, is the notion of maximal function, with the maximal theorem which is a generalization
of Cebiceff’s inequality. First we need a technical lemma.

8.6.1.

LEMMA. Let (Bj)i<j<n be a finite family of open balls in R™. Then there is a subset J C {1,...,N}
such that the balls (B;) ey are pairwise disjoint and

N
m | B | <3"> m(B)).
Jj=1 JjedJ

Proof. Let B; = c¢; + r; B, with B the open unit ball; assume that the indexing is with decreasing
radii, i.e. such that vy > ro > .-+ > ry. We define the subset J by induction in the following way:
j(1) = 1 € J; consider now the set J5 of all j € {1,..., N} such that B; N By = 0; if this set is empty,
then J = {1}, otherwise j(2) = min J,. Assuming that {j(1),..., j(p)} have been defined, set Jp41 =
{7€{1,....,N}: BN By =0, forall k € {1,..., p}}; if Jp11 is empty, then J = {j(1),..., j(p)},
otherwise j(p + 1) = min Jp41. Since {1,...,N} is finite the process must end at some p; we define
J={j1),...,5(p)}. We now prove that

N
UBi < (e +3r,B);
j=1 JjeJ

in fact, assume that k € {1,..., N} isnot in J; then By = ¢, +7i B has non-empty intersection with some
ball ¢; +r; B, with r; > r, and j € J; then ¢, + 7 B C ¢; + 3r; B. By monotonicity and subadditivity
we then get

N
m U Bl <m U(Cj +3r;B) | < Zm(cj +3r; B) =3" Zm(Bj).
j=1 j€J jeJd jeJ
([

8.6.2. The maximal theorem. If u : B,, — K is a finite K—valued measure on the Borel sets of R™,
its mazimal function is the function My : R™ — [0, o] defined by

B
BBED )
m(B(z,7])

Notice that My = M|ul: the notion is really a notion for finite positive measures. For any given 2 € R"
we of course have lim, o |p|(B(z, r[)/m(B(x,r[) = 0, since |u|(R™) < oco; but it is not at all apparent
that M p(z) is finite m—a.e., or even only for some x € R™. We observe that:

Miu(z) = sup{Qulul(z) : 7> 0} = sup{

. Mp : R™ = [0,00] is lower semicontinuous: that is, for every a > 0 the set {Mp > «a} is open in
R™.

Proof. Let a € {Mp > a}; then |u|(B(a, t[)/m(B(a,t]) > a for some t > 0; given § > 0, if [z —a| < §
then B(z,t+ 6[2 B(a,t[, so that
(Bt +3) _ lul(Blat)
m(Bla,t+0) = m(Blat+ o))
as § — 07 the last quotient tends to |u|(B(a,t])/m(B(a,t[) > «, and hence it is larger than « for &
small. For this § we clearly have Mu(z) > «, for all z € B(a,d[. Alternatively, we can use exercise

8.6.2: for fixed r > 0 the function z — Q,|pu|(x) is lsc, so that My is Isc, as a supremum of lsc functions
(immediate). O

[l (B(z,t +6[) = |ul(B(a, t]) =
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. THE MAXIMAL THEOREM Let u : B, — K be a finite K—valued measure on the Borel sets of R™.
Then, for any o > 0 we have

m (M > a}) < 2l (] = 1 B™).
Proof. For each x € E(a) = {Mp > a} there is an open ball B(z, r(z)[ such that
[l (B(z,r(2)]) > am(B(z,r(x)]).

Given a compact K C E(«), there is a finite set {B(x;,r(z;)[: 1 < j < N} of these balls which covers K;
by lemma 8.6.1 there is a disjoint subset of this set, say By,..., By, such that m (Uj\[:1 B(z;, r(xj)[) <
3m 3, m(By). Then

" ; B 3 () 3"
m(K) <m | Blajr(ay)[ | <3" > m(By) <3" 3 ==l [ U B | < = lul@®").
j=1 k=1

«
k=1 k=1

We have proved that for every compact subset K of E(a) we have m(K) < (3"/a)|u|(R™) ; since
m(E(a)) =sup{m(K): K C E(«), K compact}, we conclude. O

8.6.3. Differentiation of a singular measure.

PROPOSITION. Let v : B, — K be a finite K—valued measure on the Borel sets of R™. Assume that
v is singular with respect to Lebesque measure. Then, for every substantial family E,.(x) and m—almost
every x € R™ we have

. v(Er(2))
lim ————=5 =0.

r—0+ m(E(z)) 0
Proof. We have

W(E @) _ WI(E@) _ WI(Br) 1 (Blr)
m(E () = mEx) ~ mE @) o) m(Blr])’

so that it is enough to prove that the metric density of |v| is a.e. zero. So we assume that v = |v|, i.e., that
v is positive. There is a Borel set A C R™ such that »(R™ \ A) = 0 and m(A) = 0. Given € > 0 we find a
compact subset K of A such that v(K) > v(A)—e = v(R™)\e = ||v||—e. Let us split v as the sum of two
measures, v1(E) = v(EN K) and 15(F) = v(E \ K). Then [j1n] = v(R" \ K) < ¢; clearly Dvi(z) =0
for every z € R \ K given a > 0, the set {x € R™ : limsup,_,o+ v2(B(x,r[)/m(B(x,r[) > a} is clearly
contained in {Mvs > a}; the maximal theorem implies

3" 3"
M < — < —e.
m (M > a}) < 2 ) < £
Then
{z € R": limsup Q,v(z) > a} C KU{Mvs > a},

r—0+

a set of Lebesgue measure smaller than 3"¢/a. By the arbitrariness of e, we get

m ({x € R": limsup Q,v(z) > a}) = 0.

r—0+
Since
{z € R": limsup Q,v(z) >0} = U {z € R": limsup Q,v(x) > 1/k},
r—0+ K1 r—0+
we get

m ({x € R": limsup Q,v(z) > 0}) =0,

r—0+

as required O
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8.6.4. Density for absolutely continuous measures. Assume that f € L'(R") is given. If g € L] .(R")
it is easy to prove that at every point x of continuity for g we have:

lim [4,9(x) ~ g(@)] = lim A,lg — g(x)|(x) = 0.

r—0t
Integrable step—functions are continuous a.e., so that the preceding formula is a.e. true in R™ if g is a
step—function in L'(R"™). Now fix a > 0; we prove that the set

F(a) ={z € R": limsup|A4, f(zx) — f(z)| > a}

r—0+t

has Lebesgue measure 0; since the set {z € R" : Dvy(z) # f(x)} is contained in ;- , F(1/k), we conclude
(here v is the indefinite integral of f, dvy = fdm). Given € > 0 pick a step—function g € L'(m) such
that || f — gl < e, and write
[Ar f(z) = f(@)] =[Ar(f — 9)(2) + Arg(x) — g(2) + g(z) — f(2)] <
< Arlf = gl(@) + Arlg — g(@)|(x) +1g(x) — f(2)] <
< MIf — gl(@) + Aclg — g(@)|(2) + lg(2) — F(@)],

where M| f — g|(z) = sup{A,|f — g| : » > 0} is the maximal function of the measure |f — g| dm; then
limsup |4, f(2) — f(z)] < MIf - gl(x) + |g(a) — f(&)|  for m—ae. v € R".

r—0+

Then
{z € R" : limsup A, f(z) — f(z)| > o} S{M|f —g| > a/2} U{|f — g| > a/2} UN;

r—0t

with m(N) = 0; the maximal theorem says that
m((M1f ~ gl > a/2}) < 8" 2] ~glh <3 2 <,
and by Cebiceff’s inequality:

2 2
—g|>af2H) < —|f - < —e.
m({lf —gl>a/2}) < —|f —gli < ~e
We have proved that
2 2
m(F(a)) <3"—ec+ —e¢,
@ @

and by the arbitrariness of ¢ we conclude that m(F(«)) = 0, as required.
The proof of theorem 8.1.1 is concluded.

REMARK. Given f € L] (R™) we have that lim, ,o+ A, f(z) = f(z) a.e. in R" and also that almost
every x € R™ is a Lebesgue point for f, that is

lim |f(y) — f(z)|dy = 0.

r—0t B(z,r]
These notions depend on the particular representative f, and are not invariant if we substitute f with
another function a.e. equal to it. However lim,_,q+ A, f(x), when it exists finite, and a value [f](x) such
that lim,._,q+ fB(I’T] |f(y)—[f](x)| dy = 0, when such a value exists, depend only on z and on the class [f]
of functions a.e. equal to f, and not on the particular representative f: the proposition in 8.1.1 asserts
that [f](z) exists for a.e. € R™, and that given any representative g € [f] we have g(x) = [f](z) for a.e.
x € R". We can of course get a representative a.e. defined by the formula z +— [f](z): this is the one
with the largest Lebesgue set.

EXERCISE 8.6.3. Assume that f € L'(R") is non zero. Prove that there is k > 0 such that, for |z|
large enough

Mf(x) > —;

||

k

then M f € LY(R") if and only if f = 0.
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Solution. Since f is nonzero, we have lim, o [ o |f|dm = ||f||1 > 0, so that there is > 0 such that
J.glfldn =a>0.1If || > r, then 7B C B(x,2|z[] so that

1 1 a a/(2" vy,)
fWldy= g [ Wy 2 g [ sy - ,
][B(z,2|x|] 2" v |2™ S B(o,20a)) 2" vplz|™ Jop 2" vp |z|™ |z|™
so that, if k = a/(2" v, ) we have
Mf(x) > G (] > 7).
For the last assertion, simply recall that  ~ 1/|z|™ is not in L'(R™ \ B).
(]

EXERCISE 8.6.4. (Folland, exercise 23 pag. 100) For f € L'(R") define another maximal function
M*f:R" — [0,00] as

M* f(x) = sup {][ |f(y)|dy : = € B, B an euclidean open ball} .
B

Prove that M f(z) < M*f(z) < 2™ M f(z).

Solution. The first inequality is trivial (M f(x) is a supremum taken over a smaller set of averages,
those over balls centered at x). If B is an open ball containing z, of radius p > 0, then B(xz,2p[2 B, so

that
1 1 A n n
lfl=—n | fIS— fl=—=n |fl=2 |fl < 2" Mf(x).
B Un P JB Un P J B(z,2p] vn (2p) B(z,2p[ B(z,2p[

EXERCISE 8.6.5. Prove that if f € L*(R") and 2 € R" is a Lebesgue point for f, then
|f(2)] < M f(z).

Solution. If = is a Lebesgue point for f, then x is also a Lebesgue point for |f], as is clear from the
inequality ||f(y)| — [f(2)l| < [f(y) — f(2)]. Then

£(@) = lim |F()|dm(y) which implies |f<z>|ssup]{3 I wlamt) = M)

r—07+ B(z,r] >0

O

8.7. Some complements.
8.7.1. The Severini—Egoroff’s theorem on almost uniform convergence. On finite measure spaces
pointwise convergence implies uniform convergence outside sets of arbitrarily small measure:

. SEVERINI- EGOROFF’S THEOREM Let (X, M, i) be a finite measure space. If f, € L(X,K) is a
sequence of measurable functions which converges pointwise a.e. to f : X — K, then f, converges to f
almost uniformly on X : in other words, given 6 > 0 there is a set E € M with u(E) <, such that on
X \ FE the sequence f, converges uniformly to f.

Proof. For a given x € X it is false that f,(z) converges to f(z) if and only if there is € > 0 such
that |f(z) — fn(x)| > € for infinitely many n € N; this last set is exactly limsup,,_, . {|f — fu| > €}; in
other words the set M = {z € X : f,(z) does not converge to f(x)} is

M= U limsup{|f — fn| >} oralso M= U limsup{|f — fn| > 1/k}.

Since by hypothesis p(M) = 0, each set Ay, = limsup,,_, {|f — fn| > 1/k} has zero measure. This set is

Ap = [ By(k), where By(k) = (J{If — fal > 1/k};
p=0

n=p
now By(k) D By1(k) 2 ... is a decreasing sequence of sets of finite measure with intersection of measure
zero, so we can find p(k) € N such that E(k) = B, has measure smaller than §/2*"1. If E = ;= E(k),
then p(E) < §; and if z € X \ E, then z € X \ E(k), so that if n > p(k) we have |f(z) — fn(z)| < 1/k;
this says that f, converges uniformly to f on X \ F. O
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8.7.2. Severini—FEgoroff’s theorem, version with dominated convergence. To make the preceding proof
work one needs only to know that for every k > 1 there is p large enough to make the measure of
By(k) = Un_ {|f — fn| > 1/k} finite; this is trivially true if the entire space has finite measure; another
possibility is the following:

. Let (X, M, ) be a measure space. If f, € L(X,K) is a sequence of measurable functions which
converges pointwise a.e. to f: X — K, and |f,| < g for some g € L'(u), then f, converges to f almost
uniformly on X.

Proof. Simply note that {|f — fn| > 1/k} C {g > 1/(2k)}, since | f — fn| < 2g, hence U, {|f — fn| >
1/k} € {g > 1/(2k)}; by Cebiceff’s inequality pu({g > 1/(2k)}) < 2k [ g.
O

8.7.3. A continuity property for L' functions. We have seen that functions in L!(R) can be nowhere
continuous, and even have essential supremum infinite on every non—empty open set. The following result
may therefore come as a surprise:

. Let f € LY(R™). Then, for every § > 0 there exists a closed set F C R™ with m(R" \ F) < 6, such
that f|F) is continuous on F.

Proof. Choose a sequence gj, of functions in C.(R™) which converges in L!(R") to f and is of bounded
variation in L*(R™), ie. such that >~7 [|gr+1—gkll1 < oo. We know that in this hypothesis the sequence
gr converges also a.e. to f; moreover, if g = |go| + .7, [gr+1 — gx| we have g € L'(R"), and clearly
lgr] < g for every k € N. Then, given § > 0 there is a subset of measure less than §, and by outer
regularity we may suppose it to be an open set U, such that on the complement F' = R™ \ U the sequence
gr. converges uniformly to f. (I

Some people express the above situation by saying that every L! function is almost continuous. Of
course this does not mean that f has points of continuity; it is the restriction of f to F that is continuous
on F.

8.7.4. Lusin’s theorem. Strictly related to the preceding result is

. LUSIN’S THEOREM. Let f : R" — K be measurable. Then

(i) Assume that f is zero outside a set C of finite measure. Then for every § > 0 there is a compact
subset K of C such that f|K is continuous, and m(C ~ K) < 4.

(ii) For every § > 0 there is a closed subset F of R™, with m(R™ \ F) < §, such that f|F is
continuous.

Proof. (i) The sets Ex, = {|f] > k}, k > 1, are a decreasing sequence of sets of finite measure
(B C C) with empty intersection, so that m(Ey) < §/3 for k large; we may reset f to be 0 on Ej, so
that, calling f; the new function, f; is now bounded and zero outside a set of finite measure, and hence
f1 € LY(R™). The preceding result says that there is a closed subset F' C R™, with m(R™ \ F') < §/3, such
that f1|F is continuous; next, simply pick a compact K C F N Coz(f1), with m(F NCoz(f1) ~ K) < 4/3.

(i) Write R™ = U;’;OjB. For j = 1,... pick a compact subset L; C j B\ (j — 1) B such that f|L;
is continuous, and m((j B\ (j — 1) B) \ L;) < §/27F'. Then F = U2, L; is a closed set: if = ¢ F,
and j is the smallest integer strictly larger than |z|, we have x € j B \ |J/_; Li, and open set disjoint
from F. And f|F is continuous, since each L; is open—and-closed in the relative topology of F' (we have
Li=Fn(jB~(j—1)B); clearly m(R" \ F) < § O

There is a theorem of general topology which says that any continuous function from a closed subset
F of R" to K may be extended to a K—valued continuous function on all of R™ (the Tietze—Urysohn
extension theorem). Then the preceding theorem implies that if f : R” — K is measurable, and § > 0,
there is g € C(R",K) and a closed subset F' C R™, with m(R™ \ F) < 4, such that f|F = g|F.

8.7.5. More exercises.

EXERCISE 8.7.1. Prove that the function F : R — R defined by F(z) = 2z + [ sin(1/t) dt is strictly
increasing and has a finite derivative everywhere, but F’ not continuous.

Solution. Clearly we have F'(x) = 2+ sin(1/x) > 0 for « # 0, and F is continuous, so that it is
strictly increasing; we prove that F’(0) = 2. In fact, assuming x # 0:

/OZ sin(1/t) dt /OZ(tQ)(—sin(l/t))(—l/ﬂ) dt [¢2 cos(1/t)]z§ - /OZ 2t cos(1/t) dt‘ <
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< ‘SCQ cos(l/:c)‘ + ‘/ 2t cos(1/t) dt‘ < 2 |cos(1/z)| + ‘/ 2\t dt' <
0 0
< 2?4 2? =227,
so that we have, for z # 0:
1 [ 1 [
‘—/ sin(l/t)dt‘ < 2|z| hence lim —/ sin(1/t) dt = 0.
T Jo z=0x Jq
(]

EXERCISE 8.7.2. Prove that for every subset £ of R of zero Lebesgue measure there is an absolutely
continuous increasing function F' : R — R such that F'(z) = oo for every x € E (Hint: there is a
decreasing sequence Uy D Uy O Us O ... of open sets such that E C ﬂf;o U, and m(U,) < 1/2"+1 ).

Solution. Let f, be the characteristic function of U, let F,(x) = ffoo fa(t)dt, and

F(x) = ZFn(x) — Z /”” fn(t)dt = / (Z fn(t)> dt;
n=0 n=0" ~° n=0

Then clearly F is increasing, finite-valued (F(+o00) = >~ ;m(U,) < 1) and absolutely continuous. We
prove that F’(¢) = oo for every ¢ € ()7, Un. For z # ¢ let v(x) be the cardinality of the set

x

N(z) ={n € N: z is contained in an interval contained in U, }.

If n € N(x) we clearly have (Fy,(x) — F,(c))/(z — ¢) =1, so that

F(x) — F(o) i Ey.(x) — Fi(c) Fyy(z) — Fi(c)
—_— = —_ > Z —— =y(x).
T —c pre T —c N () T —c
It is plain that lim,_,. v(z) = oo (given an integer N, pick an interval Jc¢ — §, ¢+ [ contained in Uy; then
v(xz) > N for every x in this interval); then

F'(c) = lim Flz) = Fle) > lim v(z) = 0.

T—cC €T —cC T—cC

O

EXERCISE 8.7.3. Given a function f: R" — K and a € R", we say that a is a period for f if f(z+a) = f(z),
for every x € R"™; trivially the zero vector is a period for every function; we say that a function is periodic when
it has a nonzero period. We may also weaken the notion of period by asking f(z 4+ a) = f(z) only for m—a.e.
x € R™ with m Lebesgue measure.

(i) Prove that the set of all periods of a function is an additive subgroup of R™; this subgroup is denoted
Per(f), the group of periods of f, so that f is periodic iff Per(f) is not the trivial subgroup. Notice
that if G is a non-trivial additive subgroup of R™ then its characteristic function x¢ is periodic and
Per(xa) 2 G.

(ii) Prove that a continuous periodic function f : R™ — K with a group of periods dense in R" is a constant.

(iii) Let f : R™ — K be periodic and in Li,.(R"); prove that for every r > 0 the function A,f : R® — K
defined by A, f(x) = fB(z’T[ f is also periodic, and Per(A, f) 2 Per(f).
(iv) Prove that a locally summable periodic function f with a dense group of periods is a.e. constant.

(v) Prove that a measurable periodic function f with a dense group of periods is a.e. constant (hint: to
use (iv), consider arctan f ...).

(vi) Prove that a proper additive subgroup of R™ is measurable if and only if it has zero m—measure (hint:
use the difference theorem 2.7.3, and observe that an additive subgroup that contains a nbhd of 0
necessarily coincides with R™).

Solution. (i) Easy; to prove that if a € Per(f) then also —a € Per(f) simply observe that f(z) = f(z—a+a) =
f((z —a) 4+ a) = f(z — a) for every x € R. Clearly Per(xe) 2 G: if a € G then z +a € G if and only if x € G
(we also have Per(xg) = Gj; but if periodicity is in the weaker sense of a.e. equality then Per(xa) may be strictly
larger, e.g. the Dirichlet function xq is a.e. equal to the constant 0, hence its period group is R, in the weaker
sense).

(ii) If Per(f) = G with G dense, then f(a) = f(0) for every a € G, so that f is constant on G; and clearly a
continuous function constant on a dense subset is constant (f* ({f(0)}) is a closed subset of R"™ containing the
dense subset G, hence f~ ({f(0)}) = R™). Alternatively we might observe that for a continuous function Per(f)
is closed in R™ (proof immediate), and that a function with period group R™ is necessarily constant.
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(iii) We have

Arf(z) = vnlrn /B(N] Fly)dy = vnlrn /TB fla+t)dt

and when written in this form it is clear that A, f(x 4+ a) = A, f(z) for every x € R™ and every a € Per(f).

(iv) Considering A, f, by (iii) and (ii) we have that A,f is a constant, for every r > 0. The sequence of
constants A, f converges a.e. in R" to f by the differentiation theorem; of course a pointwise limit of a sequence
of constant functions is necessarily a constant function, so that f is constant a.e.

(v) Clearly arctan f is in L°°(R"™), and hence is locally summable. It is also periodic with the same period
group of f; by (iv) arctan f(z) = k for a.e. z € R"; then f(x) = tank for a.e. x € R".

(vi) Let G be an additive subgroup of R™. If G is measurable and m(G) > 0 the difference theorem says that
G — G is a nbhd of 0; but G — G = G since G is a subgroup. Now if § B C G for some § > 0 then G = R™: given
x € R™ there is a positive integer k such that «/k € § B (simply take k > |z|/d) so that z = k(z/k) € G.

REMARK. Nonmeasurable subgroups do exist. We know that R" is a Q—vector space of dimension ¢. If we
consider a proper Q—vector subspace of R" of finite or countable codimension over Q, its additive group G has
countable index, i.e. its set R™/G of cosets is countable (it is a Q—vector space of finite dimension); if G were
measurable, it could not have zero measure, since R™ is a countable union of translates of G; but then G cannot
be a proper subgroup of R"; the contradiction can be avoided only if G is non measurable.

d

8.8. Change of variables in multiple integrals.

PROPOSITION. Let U,V be open subsets of R, and let ¢ : U — V be a C* diffeomorphism. Then the image
measure of the measure dy = |det ¢'(z)| dx on U is Lebesque measure on V.

This proposition will be proved shortly by induction on the dimension n. First observe that the Proposition
is equivalent to any one of the following statements (the proof of this fact is left as an exercise):

o [or every compact interval Q of R"™ contained in U we have

Q) = /Q | det ¢/ ()] da.

e For every positive Borel measurable function f :V — [0, 00] we have

/f @—/f )| det ()] da

e VARIABLE CHANGE IN MULTIPLE INTEGRALS The function f : V. — K is in L., (V) if and only if we
have f o ¢|det¢’| € L%, (U), and:

|ty = [ seota)|aen s @) da.

Proof. For n =1 see 4.1.13. Assume that ¢ : U — V and ¢ : V — W are C"* diffeomorphisms, both verifying
the proposition. Then ¢¥o¢ : U — W also verifies the proposition. In fact, if f : W — [0, o0] is positive measurable
we have

/f Mf/f )| det ()| dy

this is because 1) verifies the proposition; and since also ¢ verifies the proposition we have

/f )) | det 4 (y Idy—/f 2))) | det o/ (9())] | det ¢ (z)] de,
so that
| 1@rdz= [ oo sta) |det(6(e) det¢'(@)]do
w U

and since det 1)’ (¢(z)) det ¢’ (z) = det(1) o )’ (x), we conclude that 1) o ¢ verifies the proposition.

We say that a diffeomorphism ¢ : U — V verifies locally the Proposition if for every p € U there is an open
nbhd U, of p in U such that, denoting by ¢, : Uy, — V;, = ¢(Up) the induced diffeomorphism, ¢, verifies the
proposition. If ¢ verifies the proposition locally, then ¢ verifies the proposition. In fact, given a compact interval
@ contained in U, pick a nbhd U, for every p € U where the proposition is verified; for every p pick then a compact
cube @) centered at p and contained in U,. By compactness of @ there is a finite subset p(1),...,p(m) € Q such
that @ C Uy, @p(r)- Considering the subalgebra of parts of Q generated by the intervals Q,x) N Q, we can write
Q as a finite disjoint union of intervals I(1),...,I(r), each contained in some U, ), where the proposition holds.

Then
m(p(Q)) =m o(1(g = m(p(1(j))) = det ¢’ (z)| dz = ded)'x dr.
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Next, assuming the inductive hypothesis that the proposition holds for every C! diffeomorphism between
open subsets of R™ we prove that the proposition holds if U,V are open sets in R"*! and ¢ : U — V is of the
form (we denote by (¢,z) the independent variable of R"*! i.e. t € R and © € R™)

o(t,z) = (¢po(t,z),...,Pn(t, z)) with ¢o(t,z) = ¢,
that is the first component of ¢ is the identity of R, ¢o(¢,z) = t, in other words we have

o(t,z) = (t, ¢1(t, @), ..., Pu(t, @)).
We may write ¢ as ¢(t,x) = (¢,9¢(x)), where for each t € pry(U) = J(= pry(V)) the function ¢ (x) =
(p1(t, ), ..., dn(t,x)) is a diffeomorphism of the t—section U(t) = {x € R" : (t,x) € U} of U onto the t—section
V() ={y € R" : (t,y) € V} of V. Given a positive Borel measurable f : V — [0,00] we have, by Tonelli’s

theorem:
/f(ty) dm(t,y) =/ < f(ty) dy) dt;
\% teJ V(t)

Now v : U(t) — V(t) is a diffeomorphism of open subsets of R", so that by the inductive hypothesis we get, for
every t € J:

F(ty)dy = / F (0 (2)) | det Bt ()] e,
V(t) Ut)

where 0,1 (z) is the jacobian matrix of 1; with respect to the z—variables. Then det 0,1 (z) = det ¢'(t,z) for
every (t,z) € U. We have obtained:

/ Fty) dm(t,y) = / ( f(¢(t7x))|det¢’(t7m)ldm> dt;
\% teJ U(t)

and again by Tonelli’'s theorem we get

/tej </U(t) f(¢(t,x))|det¢’(t,x)|dx> dt:/Uf(qs(t,x))|det¢’(t,x)|dm(t,x),

We now prove that locally every C! diffeomorphism ¢ : U — V between open subsets U,V of R**! may
be factored as the composition of two diffeomorphisms each of which is the identity on some variable. Given
p € U, by a suitable permutation of coordinates on domain and range we may assume that d1p(p) # 0. The
map a : U — R™™! defined by a(z) = (p1(x), 2, ..., Zn+1) is locally invertible at p, having jacobian determinant
d10(p) # 0, and hence induces a C* diffeomorphism of an open nbhd U, of p onto an open subset W of R™ .
Let g : W — U, be the inverse diffeomorphism, and set ¥ = ¢ o 5. Then ¢ is a ¢! diffeomorphism from W
onto V, = ¢(Uy), and ¢ = 1) o a. Now « is the identity on the last n variables, and 1) is the identity on the first
variable, so they both verify the Proposition. The proof is completed.

O






1.

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.
1.8.
1.9.

Contents

PROLEGOMENA
The extended real line
Lattice operations on real valued functions
Some topological facts
Boolean algebras of sets
Ideals and filters
Generalized sequences (nets)
Lower and upper semicontinuous functions
Limsup and liminf
Limsup and liminf of sequences of real valued functions

1.10. Infinite sums of positive functions

2.

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.

3

3.1.
3.2.

4.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.

5

5.1.

6.1.
6.2.
6.3.
6.4.

7.1
7.2.

8.1.
8.2.
8.3.
8.4.
8.5.
8.6.
8.7.
8.8.

MEASURES AND MEASURABLE SPACES
Additive set functions
Radon—Stjelties premeasures on R and R™
Borel sets and o—algebras generated by a class of sets.
Measurable spaces; measure spaces; complete measure spaces
Outer measures and extension of premeasures
Uniqueness of measures
Lebesgue measure and the topology of R™
Measurable functions
Measurable real functions
Measurable simple functions
INTEGRATION
Integrals of measurable functions
The space L' (1) of summable functions
The space £'(X)
Uniform convergence almost everywhere and L% ()
Continuity and differentiability of parameter depending integrals
Riemann integral and Lebesgue integral
PRODUCT MEASURES
Product measure
L? SPACES
Basics
Completeness of L (u)
Variation of LP with p
Convexity and LP spaces
SIGNED AND COMPLEX MEASURES
Preliminaries
Complex measures
DIFFERENTIATION OF MEASURES IN EUCLIDEAN SPACES
Derivatives with respect to the Lebesgue measure

Radon measures on the real line and functions of bounded variation

The point variation of a function on an interval
Absolutely continuous functions

The devil’s staircase

The metric density of a Radon measure

Some complements

Change of variables in multiple integrals

143

© 00 ~JotwwhN

© © © 00000 W TN JJO U UL B B B WWwWwWwwWwhNNN = =
OO O JUTUON OO TI e OHFHFRFOMUTWOTWOOOHTNDNO©OULO

103
110
110
113
114
122
124
133
137
140



