Chapter 3

Integration

3.1 Measurable functions

The fundamental object that measure theory works with is a measurable space,
i.e., a set endowed with a structure—a o-algebra of subsets. Like in many other
instances in mathematics, the moment we have objects, we define morphisms
between such objects, which are maps between sets preserving the structure (mor-
phisms between sets are (general) functions, morphisms between vector spaces
are linear transformations, morphisms between groups are homomorphisms, mor-
phisms between topological spaces are continuous functions, etc.).

Recall that for every function f : X — Y, where X and Y are arbitrary sets, its
inverse can be interpreted as a map

f2) - 2(X),

where for A c Y,
FHUA)={xeX : f(x)eA}cX.

This map commutes with set-theoretic operations, namely,
rua)-urtar e (na)-nren.

and

A= (1)
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Note that in the above relations the collections {A,} need not be countable. Like-
wise, we may apply f~! to collections of subsets, i.e.,

f2(2(Y)) > 2(2(X)).
where for C ¢ Z(Y),
fHO)={AcX : {f(x) : xeA}eC}.

The following lemma assets that any function into a measurable spaces pulls back
a measurable structure on its domain (similarly to how any function into a topo-
logical space pulls back a topology on its domain):

Lemma 3.1 Let X be a set, let (Y,Xy) be a measurable space and let f : X — Y.
Then, the collection of sets

fE)={f"(4) : Aety} c P(X)

is a o-algebra on X.

Proof: This follows from the fact that f/~! commutes with set-theoretic operations.
|

Definition 3.2 Let (X,Zx) and (Y,Zy) be measurable spaces. A mapping f :
X — Y is called measurable (77°70) if

F1(A) ezx for every A € Zy.

That is, if
f_l(ZY) C EX

Comment: Strictly speaking, measurability is a relation between o-algebras; we
should say that f is (Xx, Xy )-measurable, because X and Y may be endowed with
multiple o-algebras.

Z?(amp[e: The finer Xx is and the coarser Xy is, the more there are measurable
functions X — Y. In the extreme cases, if Xy = {@&, Y}, then every function
X — Y is measurable, and likewise if Xy = Z(X). AAA
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N ‘Exercise 3.1 Let (X,3x) and (Y, v) be measurable spaces. In the absence of any other
information, which are the only functions f : X — Y that are guaranteed to ve measurable?

Proposition 3.3 Let (X,Xx) and (Y, Xy) be measurable spaces. Suppose that Xy
is generated by a collection of sets €. Then, f: X — Y is measurable if and only

if
fUE) eZx forevery E €&,

ie.,

fUE) cZx. (3.1)

Proof: The “only if” part is trivial, as if f is measurable, then
fHE) e f(Zy) e 2.
For the “if”” part, suppose that (3.1) is satisfied. Consider the collection of sets
F={AcY : f1(A)eZx}.

This set contains £. It is also a o-algebra since f~! commutes with set-theoretic
operations; for example,

AcF = fYA)eZy = fUA)=(F1(A) eIy = A°cF.
It follows that Xy c F, i.e.,
F(A) eZx for every A € Zy,

which by definition means that f is measurable. [

Corollary 3.4 Let (X,tx) and (Y, 7y) be topological spaces endowed with the
Borel o-algebras. Then, every continuous function f : X — Y is measurable.

Proof: A function f : X — Y is continuous if the pre-image of every open set is
open,
fFUE) e 3 c B(X) for every E € Ty.

Since #(Y) is generated by 1y, it follows from Proposition 3.3 that f is measur-
able. |
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Comment: Functions into topological spaces are of particular importance, and
specifically real-valued functions. Let (X,X) be a measurable space and let f :

X — R. Unless otherwise specified, we say that f is measurable if it is (X, Z(R))-
measurable. A function f : R — R is called Borel-measurable if it is (#(R), Z(R))-
measurable and it is called Lebesgue-measurable if it is (£, (R ))-measurable.
We use the same terminology when the range is the field of complex numbers C.

Comment: The composition of measurable maps between measure spaces is mea-
surable: indeed if

(X’ZX) L) (Y’ ZY) i) (Z’ ZZ)

are measurable, then
(gof)'(Z2) = (7' (Z2)) c [ (By) € Zx.
In particular, the composition of Borel-measurable maps
f
is Borel-measurable. However, the composition of Lebesgue-measurable maps
f
(LAR) — (RAR))  and  (LBR)) — (R.A(R)))

is not necessarily Lebesgue-measurable.

Comment: We will also consider complex-valued functions. Topologically (though
not algebraically), the complex plane C is homeomorphic to R?. Thus,

B(C) ~ B(R?) ~ B(R) ® B(R),

where the product o-algebra was defined in Section 2.1.3.

By the definition of the product o-algebra, and since the projection maps C - R
are the real and the imaginal part,

B(C)=0c({Re(E) : E€c B(R)}u{lm™'(F) : Fe Z(R)}).
By Proposition 3.3, f is measurable if and only if for every E, F € Z(R),

1 (Re(E)) e Xx and 1 Im™(F)) e X,
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namely, if and only if
(Re f)'(E) € Zx and (Im £) ' (F) € Zx,
i.e., if and only if

Ref and Imjf are measurable.

Let (Y,Xy) be a measurable space and let f : X — Y, where X is some non-empty
set. We saw that if we endow X with the maximal o-algebra & (X), then f is
measurable.

Definition 3.5 Let (Y,Zy) be a measurable space and let f : X — Y. The o-
algebra generated by f is the intersection of all o-algebras on X with respect to
which f is measurable.

It is easy to see that the o-algebra generated by fis f~!(Zy).

Proposition 3.6 Let (X,X) be a measurable space and let f : X — R. Then, the
following are equivalent:

1. f is measurable.
. f'((a,0)) eX forall aeR.
. f"Y([a,00)) e X forall a€R.

. [ ((~o0,a)) e X forall aeR.

L N W N

. Y ((~o0,a]) eXforall acR.

Proof: This follows from Proposition 3.3 and the fact that each of these sets
generates A (R) (Proposition 2.9). |

We next verify that the notion of measurability of functions pieces together with
basic algebraic operations on functions:

—13heorn—
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Proposition 3.7 If f,g: (X,X) - C are measurable, then so are f + g and fg.

Proof: Define F : X - C x C by

F(x) = (f(x),8(x)),
and ¢ : Cx C - C by
d(z,w) =z+w.

Since #(C x C) = #(C) ® #(C), it is generated by the sets
{AxC : Ae B(C)} and {CxB: Be#(C)}.

Now,
F'{AxC:Ae0C))={f"(A) : AeB(C)})cx

and
F'({CxB: Be#(C)})={g"(B) : Be Z(C)})cx,

proving that F' is measurable. Likewise, ¢ is measurable because it is continuous.
It follows that ¢ o F', given by

¢oF(x)=f(x)+g(x)

is measurable. The second part is proved similarly with ¢(z, w) = zw. |

Proposition 3.8 Let f, : X — R be a sequence of measurable functions. Then, the
functions

1 (3) = sup ()
g2(x) = inf £, ()

() = limsup £,(x)
g4(x) = lirrilinffn(x)

are measurable (here we use the topology of the extended real line, to allow for
infinite limits).
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Comment: The extended real line R is obtained from the real number system R
by adding two elements: —oco and oo. Topologically, a set U is a neighborhood of
oo if it contains a set (a, o), and analogously for the neighborhoods of —oo (this
topology is an order topology (170 n™n51B1) applicable to every totally-ordered
set). With this topology, the limits co and —oo reduce to the standard topological
definitions of limits.

Proof: Start with g,. For every a € R,
gi'((a,00]) = {xeX : supfy(x)>a}
={xeX : In, fu(x)>a}
=U s ((a,00]) €2
n=1

(the supremum at x is greater than a if and only if there exists an n for which
fn(x) > a). This implies that g, is measurable. We proceed similarly for g,. As
for g5 and g4,

83(x) = ifnlf SkUpfk(x) and g4(x) = SuPikI;rflﬁc(x)

which are measurable by the first two items. |

Corollary 3.9 If f and g are measurable then so are

max(f,g) and min(f, g).

Proof: Immediate from the previous proposition, taking f>, = f and f,.; =g. W

Coro[[ary 3.10 Let f, : X — C be a sequence of complex-valued measurable
functions. If

£(x) = lim £,(x)

exists for all x € X, then f is measurable.
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Definition 3.11 Given a function f : X — R, we denote its positive and negative
parts by

/T =max(f,0) and f~ =max(-f,0).

If f is measurable then by Corollary 3.9 both f* and f~ are measurable (every
constant function is measurable, see Ex. 3.1). Note also that

f=r-r and fl=f"+f,
hence the latter is measurable.

ESY Z;(er cise 3.2 Let (X, %) be a measurable space, and let D c R be a dense set. Let f: X — R
satisfy

{x: f(x)>c}eX

for all ¢ € D. Prove that f is measurable.

RSN Z?(ercise 3.3 Let (X,X) be a measurable space, and let A, B € X. Prove that f: AUB - R
is measurable if and only if its restrictions f|4 and f|p are measurable.

A5 Exer cise 3.4 Show that the following functions R — R are Borel-measurable:

_]0 xeQ an L xeQ
f(X)_{l x¢Q d 8(x) {—x x¢Q’

A5 Exer cise 3.5 Show that every monotone function f : R — R is measurable.

A5 Exercise 3.6 Let (X,X) be a measurable space, and let f, : X - R be a sequence of
measurable functions. Prove that the set of points in X on which f, converges is measurable.

3.2 Simple functions

Definition 3.12 Let (X,X) be a measurable space. For A c X, its characteristic
function (DT"3n TEPID) is defined by

( ) 1 xe€A
X =
x4 0 x¢A.
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Proposition 3.13 x, is a measurable function if and only if A is a measurable set.

Proof: This is immediate from the definition, as for every B € (R),

A 1e¢B and O0¢B

1(B) - A 0eB and 1¢B
Xa T x 0,1¢B
g 0,1¢B.

Definition 3.14 Let (X,X) be a measurable space. A simple function ((73pnD
Tawe) on X is a finite linear combination of characteristic functions of measur-
able sets with complex (or real) coefficients. That is,

f(x) = Zn:zj)(Aj(x), A€z,
J=1

A simple function is in standard representation (D°JpD MSN) if the A; are disjoint.
We denote the algebra of simple functions by SF(X,X).

Simple functions will be used repeatedly to approximate measurable functions:

Theorem 3.15 (Approximation of non-negative functions by simple functions)
Let (X,X) be a measurable space. If f : X — [0, 00] is measurable, then there
exists a sequence of simple functions, ¢; € SF(X,X),

0<p <<+ < f,

converging to f pointwise, and uniformly on any set in which f is bounded.

Proof: Foreveryne {0} uNand 0 < k <2 — 1, let

E,=f'((k27" (k+1)27™))  and  F,=f"((2" 00])
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(note that k27" ranges from 0 to 2" — 27" in steps of 27"). Define

221

¢a(x) = D k27w (%) +2"xp, ().
k=0
It is easy to set that ¢,, < f and that at all points where f(x) < 2",

J(x) = ¢n(x) <277,

hence the uniform convergence on sets where f is bounded.

f

—13heo1sy— u

Proposition 3.16 Let (X,Z,u) be a complete measure space. Then,

1. If f is measurable and g = f u-a.e., then g is measurable.

2. If f,, are measurable functions converging to f u-a.e., then f is measurable.

Proof: For the first part, let

A={xeX ¢ f(x) = ()},
It is given that u(A¢) = 0 (hence A is measurable). Let B € Z(R). Then,
g (B)=(s7'(B)nA)u (¢ (B) nA°)
= (f'(B)nA)u(g™'(B) nA).

———
)
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Since u is complete, then g=!(B) N A¢ c A€ is measurable, hence g~'(B) is mea-
surable, proving that g is measurable.

For the second part, let

A={xeX: fi(x) > f(x)}.

Since A has measure zero, A is measurable, and so are the functions f,|4 (see
Ex. 3.3). Since moreover f,|4 — f|a, it follows that f|4 is measurable (Corol-

lary 3.10). Define
2« |f(x) xeA
()= {0 X{A.

Then, f is measurable (once again see Ex. 3.3) and equals f u-a.e. It follows from
the first part that f is measurable. |

N ‘Exercise 3.7 Let (X,Z,u) be a measure space and let (X, ¥, 1) be its completion. Prove

that for every f : X — R which is u’-measurable, there exists an f : X — R which is y-measurable
and equals f u-a.e.

3.3 Integration of non-negative functions

Having a notion of (real- or complex-valued) measurable functions, we proceed
to define their integral over a measure space. We proceed in stages, starting with
real-valued function that assume non-negative values.

Definition 3.17 Let (X,X) be a measure space. We denote by L*(X,X) the space
of all measurable functions X — [0, oo ]; we denote by SF' (X, X) the space of non-
negative simple functions.

Definition 3.18 Let ¢ € SF*(X,X) be given by
¢(x) = Y a;xe; ().
=1
The integral of ¢ with respect to u is defined by

[¢du =Y a;u(E)). (3.2)
X st
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If A c X is a measurable set, we define

AM/!:/X)(AM/J,

Xa®(x) = 3 axe,oa(x)
=1

where we use the fact that

is a simple function as well, hence
fA¢dﬂ =Y a;u(E;nA).
=

Comment: Other standard notations for the integral are

[edutx) and [ g(x)u(d).

Note that these are just notations, which like for the Riemann integral may provide
additional insight into the definition.

Example: Consider the segment [0, 1] with the o-algebra of Borel sets. The
Dirichlet function

D=1 xqg +0-xq
is a simple function (yes!) and its integral is
f Ddm=1-m(Q) = 1.
(0.1]
AAA

The next proposition shows that integrals of non-negative simple functions behave
as we would like them to behave:

Proposition 3.19 Let f,g € SF'(X,X) and let ¢ > 0. Then,

(a) [yefdu=c [y fdu.

(b) [((f+g)du= [, fdu+ [,gdu.

(c) If f <gthen [, fdu< [, gdpu.

(d) The map A ~ [, fdu is a measure on <.
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Proof: Item (a) follows directly from the definition. For Item (b), let
f=> aye, and g =Y bixr,.
=1 k=1
be in standard notation, i.e., {E;} and {F} are disjoint. Then,
f+g= Z Z(aj +bi)XEnF, -
j=1k=1
Hence,

i(a,- + bOu(E; 0 Fy)

Z ﬂFk)'f‘Zka/l(EjﬂFk)
=l =1 =

M:

fx(f+g)dﬂ

1

.
I
=~

M:

.
I
—_

M:

au(uft (E; 0 Fy)) ibw(u’;:l(Eka))

~.
—_

S

ZZ au(E;) + Zbkﬂ(Fk)

o
=[fd,u+fgdy.
X X

For Item (c) we write

f= Z ZanEijk and 8= Z Z biXEjnF,s

j=1k=1 j=1k=

and note that a; < b, whenever E; n F; + @. Hence
n m

fxfd'uzZn:iajﬂ(Efka)Szzbkﬂ(Eijk)=fxgd,u.

j=1k=1 j=1k=1

Finally, for Item (d), let

v(A)zfAfd,u.
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Clearly, v(@) = 0. Let (A,) be a sequence of disjoint measurable sets. Then,

V(ﬁA") ) /u:wfd“

n=1 =

Having a definition for the integral of simple functions, we proceed to extend the
definition for any function in L* (X, X):

Definition 3.20 Let f € L*(X,X). Then,
/fd,uzsup{[(]ﬁd,u L h< ], ¢eSF+(X,2)}. 3.3)
X X

Proposition 3.21 For f € SF'(X,X), the definitions (3.2) and (3.3) coincide.
Moreover, for f < ge L*(X,X) and ¢ >0,

[dellﬁ‘/xgdﬂ and [chdu:cfxfdy.

Proof: That the two definitions coincide is obvious, as if f € SF"(X,X),

fxfd,u:max{fxqbdu o< f, ¢ESF+(X,Z)}.
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If f<geL*(X,X) then

{_[X¢dll o< f, ¢eSF+(X,Z)}c{/X¢du L p<g, ¢eSF+(X,2)},

hence the inequality between the supremums. Finally, for ¢ > 0

{[X¢d,u s g <cf, ¢€SF+(X,Z)}={/};C¢¢ZM L cp < cf, ¢€SF+(X,Z)}
=C{fx¢du t g <, ¢eSF+(X,Z)}.

The following theorem is a central pillar in integration theory:

Theorem 3.22 (Monotone Convergence (DM M0IDNT)) Ler  f, €
L*(X,X) be monotonically increasing, f, < fy.1. Let

7o) = lim £,(x).

Then, f € L*(X,X) and
/fdu= lim ff,,du.
X n—oo Jx

Proof: Since (f;) is increasing, it converges everywhere (possibly assuming infi-
nite values); limits of measurable functions are measurable, hence f € L*(X,X).

Moreover, since f, < f,
[ fdus [ rau.
X X

lim fndugffdu.
n—oco Jx X

hence

For the reverse inequality, let 0 < @ < 1 and let ¢ < f be a non-negative simple
function. Define

E,={xeX : fi(x) > a¢(x)}.

—15heor—
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This sequence of sets is increasing (by the monotonicity of f,), measurable (be-
cause f, — a¢ is measurable) and its union is X (because for every x, f,(x) is
eventually larger than a¢(x) < af(x)). Now,

[ > [ fduza [ sdn,
X E, E,

where in the last step we used the defining property of points in E,. Define

W)= [ gdu.
1.e.,

/f,,d,uzav(En).

X

We have seen that v is a measure. By the lower-semicontinuity of measures,

lim | f,du>alim V(E,,)=av(UE,,)=av(X):a/[¢d/,t.
X n—>oo n=1 X

n—>oo

Letting @ — 1 and taking the supremum over all ¢ < f we obtain that

lim [ f,du> ffdu,
n—00o X X

which completes the proof. [

The Monotone Convergence Theorem has a very practical implication. The def-
inition of the integral of f € L*(X,X) involves a supremum over a huge set of
functions. By Monotone Convergence, it can be obtained as a limit over integrals
of simple functions increasing to f (and those always exist by Theorem 3.15).
We will now derive a number of almost immediate consequences of Monotone
Convergence.

Proposition 3.23 If f,g € L*(X,X), then

[Feydu= [ rau+ [ gdu
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Proof: Let ¢,, ¢, € SF"(X,X) be increasing to f and g, then ¢, + i, increases to
f + g, and by Monotone Convergence,

f(f+g)du= lim f(¢n+wn)du
X n—oco Jx

~tim ([ v+ [ nd)
:fxfdwfxgdﬂ.

Proposition 3.24 Let f, € L*(X,X). Then,

[ngndwgfxfndu.

(Verify that both sides are indeed well defined.)

Proof: By induction,
N N
" dy = f " du.
fX;f p= . [ S

Letting N — oo and applying the Monotone Convergence Theorem, we obtain the
desired result. |

N ‘Exercise 3.8 Let (X,Z,u) be a o-finite measure space. Let f : X — [0, c0) be measurable.

Show that
| rau- f[o,w)u({x L f(x) > 1) dm(2).

Hint: establish the identity first for indicator functions, then for functions in SF* (X,%), and finally
for functions in L* (X, X).

Proposition 3.25 If f € L*(X,X), then

/};fdu=0

if and only if f =0 u-a.e.,
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Proof: 1f ¢ 1s simple then, by definition, its integral is zero if and only if it equals
zero p-a.e. Suppose that f € L*(X,X) and equals zero u-a.e. Then, every simple
0<¢< fiszeropu-ae.,ie.,

ffd;z:sup ¢du=0.
X

psf X

Conversely, suppose that f € L*(X,X) and

Af@:&

{xeX : f(x)>0}:©1{xeX : f(x)>1/n}5©1En,

Then,

with (E,) increasing. By the lower-semicontinuity of u
u({xeX ¢ £(x)>0}) = lim u(E,).

If the left-hand side equals ¢ > 0, then there exists an n for which u(E,) > ¢/2.

Then,
1
/j@sz@zi/@>i>a
X E, n JE, 2n

which is a contradiction. [ |

Corollary 3.26 If f, € L*(X,X) increases to f p-a.e., then

ffw:Mn aln
X n—oo Jx

Proof: Let E be the set on which f, increases to f. Then,

f—-fxe=0 u-ae.,

and
fu—faxe=0 u-ae.

By the previous proposition,

f(f— fxe)du=0=lim f(fn - fuxe)du,
X n—oo Jxx
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i.e.,

/XfXEd/l=_/de,u and /anXEdﬂ=fond#.

By Monotone Convergence, since f, yg increases to f xyg everywhere,

tim [ fuxedu= [ fredu.
n—oo Jx X

To conclude:

ff@=ffmwnhmfﬁnmnhmfﬁ@.
X X n—oo Jx n—oo J¥
m

N ‘Exercise 3.9 Let (R, Z(R),m) be the standard Borel measure space, and let f € L*(R).
Suppose that

Fx) = ilfm n)

has finite integral. Prove that f = 0 a.e.

N ‘Exercise 3.10 Let (X,Z,u) be a measure space and let f € L*(X,X) have finite integral.
Show that there exists for every € > 0 a § > 0, such that u(A) < ¢ implies

fAfd,u<s.

T4 material 3.1 Show what may go wrong when the convergence is not mono-
tone.

In the Monotone Convergence Theorem, the sequence of functions is increasing,
hence bounded from above by a limit f. For an arbitrary sequence in L*(X,X),
we have the following:

Proposition 3.27 (Fatou'’s lemma) Let f, € L*(X,X) be an arbitrary sequence.
Then.

mm&@gmmfﬁm
n—oo X

|
X n—oo

—16heoi—
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Comment: In particular, if f, — f, then

/fdugliminfffndu.
X n—oo  Jx

Proof: First note that the left-hand side is well-defined as the inferior-limit of a
measurable sequence is measurable. Since

liminf f, = lim inf f,

n—oo k>n

and infy, f; is increasing, it follows from Monotone Convergence that for every
n,

liminf £, dy = lim f inf f, du.
X h—>oo n—o00 Xan

Finally, since for every n and € > n

finffkd,usffgdu,
X k>n X

finffkdusinfffgdu,
X k>n >n JX

[liminfﬁ,dus lim infffgdpzliminfffndu.
X n—>oo n—>oo {>n JX n—>00 X

it follows that

hence

Corollary 3.28 If f,, f € L*(X,X) and f, — f p-a.e., then

ffdusliminf/ﬁdu.
X n—oo  Jx

Proof: If f, — f everywhere then this follows from Fatou’s lemma. Since we
can modify f on a set of measure zero without affecting the integral we obtain the
desired result. Specifically, we set

E = {x : ’}Lrgﬁl(x) :f(x)}
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Then f, yr converges to f yr everywhere, and it follows from Fatou’s lemma that

[fXEd,uSliminffanEdlu,
X n—o0o X

Since f xyg = f and f, yg = f, u-a.e., we obtain the desired result. [

Proposition 3.29 If f € L*(X,X) and [, f du < oo, then

p({x : f(x) = 00}) =0,

and the set
{x: f(x)>0}
is o-finite.
Proof: Consider the set
A={x: f(x) = oo},

which is measurable since

A= ((n, ).

n=1

Suppose A had finite measure, u(A) = ¢ > 0. Consider the sequence of simple

functions,
n xeA
n\X) =
() {O x¢A.

fgb,,d,uzcn
X

[fduzsup ¢ndu = oo,
X

neN JX

Then, ¢, < f for all n. Since

it follows that

which is a contradiction.

For the second part, let
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Then,
[raus [ paus"5,
i.e.,
u(B,) <n ‘/de,u< 0.
Since

{x ¢ f(x)>0} =B

n=1

the left-hand side is o-finite.

Proposition 3.30 (Borel-Cantelli) Let A, be measurable sets satisfying

> u(A,) < oo,
n=1
Then,

u (lim supAn) =u({x : x €A, for infinitely many n’s}) = 0.

n—oo

Proof: Take f, = xa, € L*(X,X) and apply Proposition 3.24. Then,

f ZXAH d,u = Z fXA,, d,u = Z,U(A”) < 00.
£n=1 n=17% n=1

It follows from the previous proposition that

0=M({x S - oo})

=u({x : xeA, for infinitely many n’s}).
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3.4 Integration of complex functions

Having defined integrals for non-negative, measurable real-valued functions, we
proceed to define the integral of general measurable (real- and complex-valued)
functions.

Definition 3.31 Let (X,X,u) be a measure space and let f : X — R be measur-

able. If either
[f*dp<oo or /f’d,u<oo,
X X

[ rau= [ grdu= [ 1

If both integrals are finite, we say that f is integrable (1"5"2720rN).

then

Comment: Since |f| = f* + f~, f is integrable if and only if

[ Vfldu < oo.

Proposition 3.32 The set of integrable functions forms a real vector space; the
integral is a linear functional on that space.

Proof: Let f, g be integrable and let a, b € R. Since

laf +bel| < allf] + [bllgl,

if follows from the monotonicity of the integral of non-negative functions that
af + bg is integrable. Next, suppose that a > 0. Then,

[afdu= [ (ary au- [(af)ydu=a [ fdu-a [ fdu=a [ fdu

If a < 0 we proceed similarly, using the fact that (af)* = —af*. Finally, let
h = f+g. Then,
h*—h™=f"-f +g -¢g,



@ Chapter 3

which we re-organize as
W+f+g =h+f"+g".

From the additivity of the integral for non-negative functions (Proposition 3.23),

fh+dﬂ+[f_du+fg_du=fh_dﬂ+/f+du+fg+d/1,
X X X X X X

fhd,uz/iﬁd,u—/h‘d,u
X X X
=ff+dﬂ—/f‘dﬂ+fg+d#—fg‘dﬂ
X X X X
:ffd,qu[gd,u.
X X

hence

Definition 3.33 Let f : X — C be measurable. It is called integrable if |f] is
integrable and we define

fxfd,F[XRefdﬂﬂfXImfdM.

The space of complex integrable functions is a complex vector space, which we
denote by L'(u) (or, to avoid all ambiguity, L' (X, X, u)).

Proposition 3.34 If f € L'(u) then

[ 7

< [ Ifldu

Proof: 1f f is real-valued, then

Lrafe| Lo o afs [ Lo i
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If f is complex-valued and its integral is zero then the statement is trivial; other-
wise, there exists an « € C such that « [, f du is real, positive and || = 1. Then,

oo fran-selo [ s

~Re [ afdu= [ Re(af)du< [ lofldu= [ |fld

where the fourth passage follows from the definition of the integral of a complex
function. o

Proposition 3.35 If f € L'(u) is real-valued then the set
{x: f(x)#0}
is o-finite. Moreover, for f,g € L'(u)
ffd,uz[gd,u forall AeX,
A A

if and only if

[ 17 -gldu=0
X
if and only if f = g u-a.e.

Proof': The first assertion follows from Proposition 3.29, as

{x: f(x) 20} ={x: f*(x) >0} ufx: f(x)>0}.
Suppose that

[ 1r - gldu=o0.
X
Then, by Proposition 3.25, f = g u-a.e., and for every A € Z,

‘fAfdu—ngdﬂ|=UXxA(f—g)du

Conversely, suppose that the set {x : f(x) = g(x)} is not a null set. Then, either

A={x: f(x)>g(x)}  or  B={x: f(x)<gx)}

< [1f -gldu=0.
X
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is not a null set. Suppose without loss of generality that A has positive measure;
then,

A= QAn = Q{x : f(x)-g(x) > 1/n},

and by the lower-semicontinuity of u one of the A, must have finite measure,
1(A,) =c>0. Then,

fAnfd“_/AngdﬂzfAn(f—g)duzg>0,
|

The last proposition asserts that integrals are not affected by variations of the
integrand on null sets. With this in mind, it is customary to redefine L!(u) as
equivalence classes of integrable functions that are equal up to sets of measure
zero. This approach has many advantages. For example, L' (u) is now a metric
space, with

a(f.¢) = [ If -sldu.
Indeed, positivity is satisfied only if we identify functions that differ on null sets.

N ‘Exercise 3.11 Let (X, X, u) be a measure space. Let A € X satisfy (A) < oo and let

sup f(x) = M < 0.
XeA

Suppose that
[ rdu=mu(a).
Prove that f(x) = M a.e. in A.

N ‘Exercise 3.12 Let (X,Z,u) be a measure space, and let f € L' (11). Show that
lim zu({x : |f(x)|21}) = 0.

ESY Z;(er cise 3.13 Easier than the previous exercise: let (X, X, u) be a measure space, and let
f € L'(u). Show that

lim p({x ¢ [£(x)]2 1)) = 0.

N ‘Exercise 3.14 Let (X, 2, ) be a measure space. Prove that y is o-finite if and only if there
exists a strictly positive f € L' (u).

Thus far, we have seen two convergence theorems: Monotone Convergence and
Fatou’s lemma. We now prove the third convergence theorem, which has many
applications:



Integration W‘

Theorem 3.36 (Dominated Convergence OBSYI MBIINT)) Let (X,Z, 1) be a
complete measure space. Let f, € L'(u) such that f, - f u-a.e). Moreover,
suppose that there exists a non-negative function g € L' (i) such that

lful<g  w-a.e. foralln.

Then f € L'(u) and
tim [ 1f, ~ f1dy = 0.
n—>oo X

In particular,

lim fnd,u=/fdp.
X X

n—o00

Comment: The assumption in the Dominated Convergence Theorem is that the
graphs of all f, are confined to a region of finite measure.

Proof:: f is measurable by Proposition 3.16 (Item 2). Since |f| < g p-a.e. and
g € L'(u) it follows that f € L'(u). It suffices to consider the case where f is
real-valued; since

28— |f - ful 20,
it follows from Fatou’s lemma that

[ 2gdu <timint [ (2g-1f - fl) du
X n—oo  Jx
:f2gdy+liminf(—[\f—fn|dp)
X n—o0 X
- [ 2gdu-timsup [ |f - fildu
X n—o0 X
and using the fact that g is integrable,
timsup [ |f - £l du <0,
n—oo X
which completes the proof. |

T4 material 3.2 The need for a dominating function: Take the following exam-
ple: the measure space is (R, #(R),m), and

1
f;1 = %X(nz—n,nhrn)-
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This function converges uniformly (and hence everywhere) to f = 0, and yet

lim fndm=1¢0:ffdm.
R R

n—oo

Note that there is no integrable g that dominates the f,.
N ‘Exercise 3.15 Let f,, f, gn. g : X - R be measurable functions in a measure space (X, Z, u).
Suppose that g, g € L' (1), |l < ¢,

lim f, = f and limg,=¢g ae.,
n—oo

n—oo

and
lim | g,du= f gdu.
X X

Prove that f € L' (u) and
tim [ fodu= [ fdu.
n—oo Jx %

N ‘Exercise 3.16 Let (X, X, 1) be a measure space, and let f, € L' (1) be a sequence of non-
negative functions, converging pointwise to f € L' (u). Prove that

tim ([ oda= [ rdu- [ 1f - filau) 0.

Proposition 3.37 Let f, € L'(u) such that

> [ \fildu < oo.
n=1 X

Then, Y72, f, converges u-a.e. to a function in L' (u) and

fngndu=gfxﬁ1d#-

Proof: By Proposition 3.24, since |f,| € L*(X,X),

o0

[}{;Ifn|dﬂ=§fxlfnldu-

=1
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(Note that in Proposition 3.24 both sides could be infinite, however here they are
finite.) Thus,

¢= 1l € L' (u),
n=1

and by Proposition 3.35 it is finite u-a.e. For each such x, the sequence of func-
tions

Fo(x) = gfm)

converges and satisfies |F,| < g. Applying the Dominated Convergence Theorem
to the sequence of partial sums, we obtain

fim f Fydu- / lim F, dy,
n—oo X X n—oo
which is the desired result. [ |

Proposition 3.38 (Simple functions are dense in L' (1)) Let f € L' (u). For ev-
ery € > 0 there exists a simple function

=D axa,
i=1

such that

flf—¢|du<8-
X

Proof: We may construct ¢, as in Theorem 3.15, such that it converges from
below to f* and from above to (—f~). Then, |f — ¢,| — 0 everywhere f is finite,
1.e., a.e. Since

|f_¢n| < |f| + |¢n| < 2|f|’

it follows from Dominated Convergence that

tim [ 1f=gdu= [ lim|f -] du=0.
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3.5 Lebesgue and Riemann integration

In the particular case where the measure space is (R, £, m), the integral we defined
is called the Lebesgue integral. The integral defined in first-year calculus is the
Riemann integral. We will now examine the relation between the two.

Let X = [a,b] and let f : [a,b] — R be bounded. If P = {ty,...,t,} is a partition
of that interval, then we define

Se(f)= Zn:Mk(tk —tie1) and sp(f) = Zn:mk(tk ~lr-1),
k=1 k=1

where
M; = sup f(x) and m; = inf  f(x),

tr—1 <x<ty Tk—1 <X

and

H()=infSa(f)  and () = supsn(/)

f is Riemann-integrable if both are equal.

Theorem 3.39 (Riemann integrability implies Lebesgue integrability) If f is

Riemann-integrable on [a,b] then it is Lebesgue-measurable and therefore

Lebesgue-integrable, with
[ 1
e - f it
a [a,b]

Moreover, f is Riemann-integrable if and only if the set of points in which it is
discontinuous has measure zero.

Proof: Suppose that f is Riemann-integrable. For every partition P, define

Gp = ZMkX[tk—latk] and 8p = ka)([tk,l,tk]-
k=1 k=1

We note that

Sp(f):f Grdm  and sp(f)zf gpdm.
[a,b] [a,b]
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Also, for every partition,
gp < f < Gp.

By the construction of the Riemann integral, there is a sequence of partitions P,
such that Gp, is monotonically decreasing, gp, is monotonically increasing, and

lim Gp, dm = lim gpn dm = f f(x)d

n—co J[a,b] [a.b

Let
G = lim Gp, and g =lim gp,.

n—o00o n—o00o

Then, by Dominated Convergence,

de—hmf Gp, dm = ff(x

[b] n—o00
[]gdm—hm[ gp, dm = /f(x)dx

1.e.,

f (G-g)dm=0.
[a.b]

g§<f<G,

Since

it follows that G = g m-a.e., hence f is measurable (here we use the fact that m is

complete), and
b
dm = [ Gdm = f x)dx.
S Fdm= [ )
|

& ‘Exercise 3.17 Prove the second part of this theorem: that a function is Riemann-integrable
of an only if the set of points at which it is discontinuous has measure zero.

3.6 Modes of convergence

Let X be a set (with no additional structure) and let f,, f : X - C. There are two
classical senses in which we may define convergence f, — f:
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(a) Pointwise convergence:
lim f,(x) = f(x) VxeX.
(b) Uniform convergence:

Jim sup £, (x) = f(x)] = 0.

Uniform convergence implies pointwise convergence, but the opposite is not true:
The classical example is X = [0,1) and f,(x) = x*, which converges to f(x) =0
pointwise, but not uniformly.

If (X,Z,u) is a measure space, then we may define additional modes of conver-
gence (for measurable functions):

(d) u-almost-everywhere convergence:
u(fr s Jim f,(x) = £(0)}) =0,

(e) L'(u)-convergence:

tim [ 1f,~ f1du = .

n—oo

(f) Convergence in measure: for every € > 0,

Iim p({x = [fu(x) - f(x)| 2 }) = 0.

—19heo1—

Examples: Consider the following functions:

XO,n
7, =X
n

P1=X[01] P2=X[01/2] P3=X[1/21] P4 =X[0,1/4]>+---

8n = X (nn+1) I = nX10,1/n]

| | uniformly | pointwise | p-a.e. | L'(u) | in measure

fa—0 yes yes yes no yes
g~ 0 no yes yes no no
h, -0 no no yes no yes
pn—0 no no no yes yes
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Proposition 3.40 Convergence in L' implies convergence in measure.

Proof: Suppose that f,, — fin L'(u), i.e.,
tim [ 17, - fldu = 0.
X

n—oo

Let € > 0 be given, and denote
Ay ={x : |fu(x) = f(¥)] > &}.
Then,
J V= rlduz [ 1= fldu> eua,),
X An
1.e., .
u{x < 1) = 1) 2 e}) < = [ 1fu= fldu 0.
]

Proposition 3.41 If f, — f in measure, then f, has a subsequence converging to
f u-a.e.

Proof: By the definition of convergence in measure, for every € > 0
Tim u({x < 1f(x) = f(2)| 2 }) = 0.

Take & = 1/k. Then, there exists an n; such that

(5 () FOO1 2 1KY < 5.

Since the right-hand side is summable, it follows from Borel-Cantelli (Proposi-
tion 3.30) that

u({x + |fi(x) = f(x)| 2 1/k for infinitely many k’s}) = 0,
whereas
{x : |fu(x) = f(x)| > 1/k for infinitely many k’s}¢
={x : |fo(x) = f(x)| < 1/k for k large enough}
x + lim £, () = £},
That is, f,, - f p-a.e. |
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Corollary 3.42 If f, — f in L', then there is a subsequence of f, converging to f
u-a.e.

Proof: L'-convergence implies convergence in measure, which implies the a.e.
convergence of a subsequence. [

N ‘Exercise 3.18 Let (X,Z,u) be a o-finite measure space. Let f, € L'(u) be non-negative
functions satisfying
[ fdu=1.
X
(a) Show that it is not necessarily true that f,/n — 0 a.e. (b) Show that f; /n2 = 0ae.

A5 Exercise 3.19 Let (X, %, u) be a finite measure space and let f;, f be uniformly-bounded
measurable real-valued functions. Show that f, — f in measure implies that f, — f in L' (u).

N ‘Exercise 3.20 Show that the condition
Jim p({x = |fa(x) = f(x)[>0}) =0,
implies that f,, - f in measure.

N ‘Exercise 3.21 Show thatif f, < f,., is a monotone sequence of measurable functions and
f. — f in measure, then f, — f a.e.

A5 Exer cise 3.22 Show that Dominated Convergence holds if a.e. convergence is replaced by
convergence in measure: let (X, X, u) be a measure space. Let f,, f be measurable, with |f,| < g €
L'(u). Furthermore, f, — f in measure. Show that f € L' (1) and

tim [ fydu= f Zn
n—oco Jx X
N ‘Exercise 3.23 Show that f, - f and g, — g a.e., then f, + g, — f + g a.e.
The final theorem of this section applies to finite measure spaces, and states that

in such spaces convergence a.e. implies, in a certain sense, “‘almost uniform con-
vergence’.
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Theorem 3.43 (Egoroff) Let (X,2,u) be a finite measure space. Let f,, f : X - C
be measurable, such that

lim f,(x) = f(x)  p-ae.

Then there exists for every € > 0 a measurable set A, such that u(A) < &, and
fu = f uniformly on A°.

Proof: Let
B={x: lim f,() = /()

which is a set of full-measure (i.e., its complement is a null-set).

For every n and k we define the set
A(n,k) = U{x €B : |fj(x) - f(x)| > 1/k}.
j=n

This collection is decreasing as a function on » and increasing as a function of k.
Since f,, - f pointwise in B,

ﬁA(n,k) =g

(this is the set of points x for which |f,(x) — f(x)| > 1/k infinitely-often). Since
u is a finite measure, it follows from the upper-semicontinuity of the measure that
for every k € N,

tim (401, = (Y401 0)) -0
Given € > 0 and k € N, we may choose n; sufficiently large such that
u(A(ng,k)) <e27*
Let then

A=B U JA(n, k).
k=1
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By the sub-additivity of u, u(A) < &. On the other hand,

A°=Bn (DA(nk,k))c

=B (xeB : If() - F@)2 kY
=<8+ 10 - F(0] < 1k,

That is, x € A¢ implies that

VkeN 3m Yism  |fi(x) - f(x)|< k.
In other words, f,, = f uniformly on A°. [
N Exercise 3.24 We say that f, — f almost-uniformly if there exists for every & > 0 a
measurable set A, such that u(A) < € and f, converges to f uniformly on A°. Show that almost

uniform convergence implies a.e. convergence (hence convergence in measure).

ES ‘Exercise 3.25 Show that Egorov’s theorem does not extend to o-finite spaces.
The following theorem states that in a certain sense, measurable functions over

finite segment are “almost continuous’:

Theorem 3.44 (Lusin) Let f : [a,b] - R be measurable. Then, for every & > 0
there exists a compact set K c [a,b] such that m([a,b] ~ K]) < &, and a function
g € C([a,b]), such that g|x = flk-

Proof: It suffices to consider the case where f is non-negative (for then, apply
the theorem for f*). Then, there exists by Theorem 3.15 a sequence of simple
function ¢, € SF' (X, X), such that

lim g, (x) = f(x)  Vxe[ab]

Now, every simple function is of the form

My
l//n = ZanviXAn,i'
i=1
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Let & > 0 be given and let ¢,,; € C([a, b]) satisfy

m({x: 60i(3) 2 xa, (D)) < o
Then, .
S = Zn;an,ifﬁn,i
is continuous and satisfies,
m({x : fi(x) #ua(0))) < 1o

Finally, set
E=U{x : fi(x) #0a(x)}.

n=1

Then, m(E) < &/4 and
}Lrgf,,(x) = f(x) Vxe[a,b]\E.

By Egorov’s theorem, there exists a measurable set A c [a,b] \ E such that f,
converges uniformly of A and m([a,b] ~ E ~ A) < g/4. Its limit is continuous
(relative to the subspace topology of [a,b] \ E \ A).

Let K c [a,b] \ E \ A be compact, such that
m([a,p]~K) <&

(here we use the inner-regularity of the Lebesgue measure). Note that [a,b] ~ K is
open, hence is a countable union of open intervals. We can therefore extend f|x
into a continuous function g by linear interpolation in each interval in [a,b] \ K.
Clearly,

m({x : g(x) # f(x)}) <e.

3.7 Product measures

Let (X,XZx,u) and (Y,Zy,v) be measure spaces. We have already defined the
product o-algebra,
Zx ® Ly
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on X x Y. We proceed to define a product measure on the product o-algebra. The
construction is quite natural. We want a measure, which we will denote by u x v,
with respect to which sets of the form A x B are independent” (in the probabilistic
sense), i.e.,

uxv(AxB)=u(A)v(B).

With this in mind, we start constructing such measures.

Definition 3.45 Let (X,2Zx) and (Y,Zy) be measurable spaces. A measurable
rectangle (7" ]:15?3) in X xY is a set of the form

AxB AEZx, BEZY.

(Note that even for X =Y =R, it needs not look like a rectangle.)

Y

AxB

Lemma 3.46 The collection £ of measurable rectangles is an elementary family.

Proof: We need to show that £ is closed under intersection and that the comple-
ment of a measurable rectangle is a finite disjoint union of elements in £. Indeed,

(AxB)n(CxD)=(AnC)x(BnD)

and
(AxB) =(AxB°)u(A°x B) u (A x B°).
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Corollary 3.47 The collection A of finite disjoint unions of elementary rectangles
forms an algebra.

Proposition 3.48 Let A be the algebra of finite disjoint unions of elementary rect-
angles. Then,
(on (./4) =2x ® Xy.

Proof: Since for every A € Zx and B € Xy,
AxYeEcA and XxBefcA
if follows that
Yk ®Ly =0 ({AxY: :AeXx}Uu{XxB: BeXy})co(A).

Conversely, A c ¥x ® Xy, hence 0(A) ¢ Xx ® Zy. [ |

We next want to define a pre-measure 7 on .A. Naturally, we will set

/s (gAk X Bk) = /(Z:/,L(Ak)V(Bk)

As in previous instances, we need to show that this definition is independent of
representation, and that r is o-additive.

Independence on representation is straightforward. To prove that 7 is o-additive,
it suffices to consider the case where A, x B, are disjoint measurable rectangles,
with -

L[Aann:AxB.

n=1

ForxeXandyeY,

@) = S (s, ().

n=1

Integrating over x (viewing y as fixed), using Proposition 3.24 (for series of func-
tions in L*(X, X)),

pAx0) = [ a0 =3 [xn 0)adis= Yo ().

—20heo18y—
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Similarly, integrating over y we obtain that

7(4 % B) = u(A)V(B) = Y u(AIV(B,) = Y 7(A, x B,).

n=1 n=1

The pre-measure &, which is defined on the algebra .4 generates an outer measure,
whose restriction on Xy ® Xy is a measure extending 7. We call this measure the
product measure (75922 N7'R), which we denote by u x v. Note that if both u
and v are o-finite, i.e.,

X=UJA, and Y-=JB, u(A,),v(B,) < oo,
n=1 n=1
then
XxY = U UA,,me,
n=1m=1
and

(A, x B,) = u(A,)v(B,) < oo,

1.e.,  is o-finite, hence it has unique extension.

Comment: The construction of a product can be extended to any finite number of
factors.

Definition 3.49 Let X and Y be sets and let A ¢ X x Y. For x € X, the x-section
(707) of A is
Ar={yeY : (x,y)eA} cY.

Likewise, for y € Y, the y-section of A is
A ={xeX : (x,y) €A} c X

For a function on X x Y we define its x-section f, : Y — R and its y-section
fr:X—>Rby

£:() = f(x,) and  f'(x) = f(x,y).

The x-section of f is the formal way of saying “we fix x and consider f only as a
function of y”.
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Y
Ay
yt- I
Ay
X x
Lemma 3.50 Let A c X x Y. Then, for x € X,
(ra)s=xa,: Y >R
Likewise, fory e Y,
(xa)’ =xa : X->R.
Proof: Let x € X. Then,
1 (x,y)eA 1 yeA,
(ra)e(v) =xa(x.y) = {O otherwise {O otherwise =xa.0y).

|
The following proposition shows that sections of measurable sets/functions and
measurable.

Proposition 3.51 Let (X,Xx) and (Y,Xy) be measurable spaces.
1. IfEcXx®Xythen E, € Xy and EY € Zx forall x e X and y e Y.

2. If f: X xY - Ris Zx ® Xy-measurable, then f, is Xy-measurable and f” is
Yx-measurable for all x e X and y € Y.

101
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Proof: Given x e X and y € Y, define
R={EcXxY : E,eXy and E’€ZXyx}.
‘R contains all the measurable rectangles: for A € ¥x and B € Xy,

B xeA

@ otherwise ’

(AXB)xz{

i.e., in either case, (A x B), € Xy.

It is easy to see that R is a o-algebra: for example, if E € R, then

(E)e={yeY : (x,y) ¢ E} = (E,) €Xy
(E)Y ={xeX : (x,y) ¢ E} = (E) eZx,

1e., ECeR.

Since R contains a collection generating Xx ® Xy,
ZX ® ZY c R,

which proves the first part.

The second part follows from the fact that if f is Xx ® Xy-measurable, then for
every C € Z(R),

f_l(C) € ZX ® Zy,

hence

(f)(C)={yeY : fi(y) eC}
={yeY : f(x,y)eC}
={yeY : (xy)ef(C)}
={yeY : ye(f(C)).}
=(f(0) e 2y,

—22heoin—  where the last inclusion follows the first part. [
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Theorem 3.52 Let (X,Zx,u) and (Y,Zy,v) be o-finite measure spaces. For E €
Y5 ® Xy, the real-valued functions fr : X - R and gg : Y — R defined by

fe:x—v(E,) and gy u(E”)

are Tx- and Xy-measurable, respectively. Moreover,

wxv(E) = [ fedu= [ goav

which we may also write as

uxv(E) = [ WE)du(x) = [ u(E)dv(y).

Proof: Start by assuming that both spaces are finite measure spaces. Let C be
the class of sets for which the statements are true. Note that for each measurable
rectangle, £ = A x B,

~ _|v(B) xeA ~
Je(x) =v(Ey) = {0 otherwise V(B)xa(x)
and
ge(y) = u(E”) = {g(A) z;gwise = pu(A)xs(y)

are both measurable. By definition of the product measure,

[ fedu=u(ay(B) and [ gedv=p(a)v(B).

Thus, the class C contains the measurable rectangles, which are a generating set
for 2y ® Xv.

By additivity, any finite disjoint union of measurable rectangles is also in C. In-
deed, let E, F € Zx ® Xy be disjoint measurable rectangles. Then,

Jeur(x) =v((Eu F),) = v(E) +v(Fy) = fe(x) + fr(x)
geur(y) =((EuF)”) = u(E”) +v(F”) = ge(y) + gr(¥)

—21heo1sy—
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proving that fz,r and gg,r are both measurable. Moreover,

uxV(EUF) = px v(E) +p x v(F)

=fﬁ@+fﬁ@=/hmw

X X X

:[gEdV+[ngVZ/gEuFdV-
Y Y Y

This proves that C is an algebra. By the Monotone Class Theorem (Theorem 2.20),
it suffices to prove that C is a monotone class (which will imply that it is a o-
algebra, hence equal to Xy ® Xy).

So let (E,) be an increasing sequence in C and let E = U2, E,. The functions

fe.(x) =v((En)s)  and  gg,(v) = u((E,)")

are measurable (since E, € C), increase pointwise, and by the lower-semicontinuity
of measures converge (pointwise) to

o0

tim £ 0) = Jim o8 = (UGB, = (80 =

n=1

lim g, (x) = lim u((E,)") = p (U(En)y) =v(E) = ge(v)-
n=1
Then, fr and gg are measurable, and by Monotone Convergence,

[ o)) = fim [ (6) () = fim px v(E,) = o v(E).

where we used once again the lower-semicontinuity of measures. Similarly,

[ gs()ar(s) = lim [ 6, (9 diu(y) = lim p < v(E) = x W(E).

Hence E € C. A similar analysis holds for decreasing sequences, proving that C is
a monotone class (which is where we use the fact that the measure is finite).

It remains to address the case where the spaces are o-finite (see exercise). [ |

ES ‘Exercise 3.26 Extend the above theorem for the case of o-finite spaces.



Integration 105

Theorem 3.53 (Fubini-Tonelli) Let (X,Xx,u) and (Y,Zy,v) be o-finite measure
spaces. Then,

1. Tonelli: Let f : X xY - R be in L* (X x Y). Then,

s = [LOa)  and  hG)= [ P du()

are in L*(X,2x) and L*(Y,Xy), respectively. Moreover,

fXXde(#XV)=fx(fyfx(y)dV(y))du(X)=fy(foY(x)du(x))dv(y).

2. Fubini: The same holds with L*(X x Y) replaced by L' (u x v).

Comment: Fubini’s theorem states that under those conditions, in short-hand no-

e [Xxyfd(ﬂxv)=f}§(£(fdv)dy=£{(£§fdp)dv.

We will commonly omit the brackets, and simply write

'égxyfd(llXV)=/}{/;fdvdy:fyf§§fdﬂdv_

Proof: For E € X3y ®Xy and f = yp, the first part (Tonelli’s theorem) coincides with
the Theorem 3.52. By additivity, Tonelli’s theorem holds for any simple function.
If feL*(XxY),let f, be a sequence of simple functions increasing to f. Then,
(f»)» increases to f, and ( f,)” increases to f7; by Monotone Convergence,

lim ,(x) = lim [ (F).0)adv() = [ £0)dv() =g(x)

and
lim () = Tim [ (£ () du(x) = [ () dua(x) = h(),

hence g and 4 are in L*. Finally, using once again Monotone Convergence,

/gd,uzlim g, du = lim fnd(,uxv):/ Fd(uxv),
X n—oo JX xY XxY

n—oo X
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and
[hdv: tim [ 7, dv = lim fnd(va):[ Fd(uxv).
Y Y n—o00 JXxY XxY

This proves Tonelli’s theorem.
Suppose now that

feL*(XxY)nL'(uxv).
Then, Tonelli’s theorem obviously holds and in particular, g € L'(u) and h €
L'(v). Fubini’s theorem follows by applying it to f* and f~ separately (and if f
is complex-valued, to its real and imaginary parts). [

A note on completeness: even if u and v are complete, the product measure is
almost never complete. This is easy to see: suppose that A € Xy satisfies u(A) =0,
v is a finite measure and &?(Y) contains non-measurable sets. Then, every set

EcAx(Z2(Y)\Zy)
is not in Xx ® Xy (otherwise E, would be in Xy for all x), and yet
EcAxY and uxv(AxY)=0.

Given two complete measures p and v we can consider the completion of u x v.
Fubini’s theorem can be adjusted to this case, but note that measurability becomes
then an issue.
N ‘Exercise 3.27 Consider the measure space (R?, (R?),m) and the set

E={(x,x) : xeR}.
Prove that E is measurable and that m(E) = 0.

N ‘Exercise 3.28 Let E c R? be Borel-measurable and let m be the standard Borel measure.
Let

£ = {(ax.by): () < E}.
where a, b # 0. Prove that E is measurable and that m(E) = abm(E).

N ‘Exercise 3.29 Let (X,2,u) be a complete measure space and let f € L*(X,Z) n L' (u).

Prove that
Jofan= [ w1002 ) dm(o).

3.8 The n-dimensional Lebesgue integral

T4 material 3.3 Prove that the Lebesgue measure in R? is invariant under rigid
transformations.



