For example, this is
natural for stopping
times of random
processes.

There exist metrics
on R resp. [0, ]
such that (R) resp.
2(|0, 00]) is the Borel
o-algebra for this
metric.

3 Measure and Integration

Then f, is a simple function and positive whenever f is positive (the
latter follows from the fact that in this case f ~1[B, ;] = @ for all k, n).
Moreover, f,(x) — f(x). Indeed, if x € (), then there exists an ny € N
such that |f(x)| <2™. Then |f,(x) — f(x)| <27 " forall n > ny.
If f > 0then f; < f,41. Indeed, if f,,(x) = k27" then f(x) € [k27", (k+
1)27"). But then either

f(x) € [(2k)2~ 0D (2k 4 1)2- (1),
in which case f,, 1 (x) = (2k)2~(**1) = f£,(x), or
F(x) € [(2k+1)2- D) (2K 4+ 2)2~ (141,

in which case f,;1(x) = (2k4+1)2-"+1) > £, (x).

In the case where K = C, we find sequences of simple functions (g,
and (h,) that converge to Re f and Im f, respectively. Then we set f, :=
Sn + ihy, for all n € IN. O

We sometimes prefer to work with a slightly more general notion of
measurable functions. It has technical advantages to allow functions to
take the values oo or —oo.

Remark 3.54 (Extended real line). We put R := {—oc0} UR U {0} which
we endow with the o-algebra #(R), defined as 0(#(R) U {{—o0}, {0} }).
It follows that a function f: (Q2,X£) — R is measurable if and only if
F{oo}], fH{—c0}] € Zand f1[A] € Zforall A € B(R).

Similarly, %([0,c0]) is defined as o(%([0,c0)) U {{o0}}). We also re-
mark that Proposition generalizes to this situation.

Exercise 3.55. Let (), X) be a measurable space and f,: Q — R be mea-
surable for all n € IN. Then the functions liminf, . fy, limsup,_, fu,
inf,eN fn and sup,, . fn are measurable.

Hint: Observe that {x € Q : sup{fu(x) :n € N} > a} = Uyen{r € Q: fu(x) > a}.

3.7 The Lebesgue integral

Given a measure space (), X, ), we now introduce the Lebesgue integral
| fdpu for suitable complex-valued, measurable functions that we call
‘integrable’. We proceed in several steps and first define the integral for
(real-valued) measurable functions f taking values in [0, co].

Definition 3.56. Let (Q), %, 1) be a measure space. If f: O — [0,00] is a
simple function, with standard representation f = Y, 4,1 4,, one de-
fines the Lebesgue integral of f by

/fd?i = i arp(Ax)
P
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3.7 The Lebesgue integral

where, by convention, 0 - co := 0 and oo + co = co. The convention
0-o00 = 0 ensures

The following lemma shows that the Lebesgue integral for nonnegative that the Lebesgue
simple functions is positively linear and monotone. integral of the
zero function on

Lemma 3.57. If (), %, ) is a measure space, f,g: Q0 — [0, 00] are simple R is zero. Note
functions and A > 0, then [Af +gdu = A [ fdu+ [ gdu. Moreover, if that A(R) = co.

f<gthen [ fdu < [gdp.

Proof. 1f Y}, a;1 4, is the standard representation of f, then }/_; Aa;1 4,
is the standard representation of Af. Now A [ fdu = [ Afdpu follows
from the definition of the integral. Now let A = 1 and } ;" b;1p, be the
standard representation of g. If 2;0:1 ¢jlc, is the standard representation
of f +g,then C; = Uag+b=c; Ak N By Thus

n

/fdiH'/ng: iakﬂ(Ak)"‘iblV(Bl) = Zi (ax + by)u(Ax N By)
P = =

k=11=1
=Y en(C) = [ f+gdn,
=

where we have used the finite additivity of u and the fact that the sets
Ag N By are pairwise disjoint.

Now assume that f < g. Consider the function ¢ — f, with the conven-
tion that o0 —oco = 0 and oo — ¢ = oo for all ¢ € [0,00). Then g — fis a
nonnegative, simple function. Hence,

/gdﬂzf(g—fodV:/g—fdw/fd#Z/fd#,

since the integral of a nonnegative, simple function is clearly nonnega-
tive. [

Lemma 3.58. Let (), %, u) bea measure space and f: Q) — [0, 0] be simple.
Then v: X — [0, co] defined by v(A) = [ 1af dp is a measure on (Q, X).

Proof. As 1xf is the zero function, the map v clearly satisfies property
(M1). It remains to very (M2). So let (Ay) be a sequence of disjoint sets in
2. Define B, := J;_; Ax. Then

)= [tnfdn= [ Liasdn= 1 [1asdn= L vian

Clearly, B, C B4 foralln € N and A := U,,en Bn = Uken Ak Since f
is a simple function, take f = 2}”:1 ajlc, to be its standard representation.
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3 Measure and Integration

Observe that
m
v(A) = /Mfdy = / ajlcinadu

j=1

m

=) aju(CinA)
j=1
m

m
- nlgrolo/ 21 ajlc;ng, du
]:
o

— lim /]lgnfdy = 1im v(B,) = Y v(4y)

In the previous calculation we used the definition of the integral for sim-
ple functions, that it is positively linear, the continuity of the measure y,
and in the last step the identity v(B,) = }_;_; v(Ax) that was established
above. This proves (M2). Hence v is a measure. O

We can now define the Lebesgue integral by approximation for an ar-
bitrary measurable function f: ) — [0, c0].

Definition 3.59. Let (Q), ¥, 1) be a measure space and f: (3 — [0, oo] mea-
surable. One defines

/fdy:sup{/gdy : Ogggf,gsimple}.

We say that f is (Lebesgue) integrable, if [ fdu < co.

Example 3.60. If , is the Dirac measure on (), %) for an a € (), then for
all measurable f: ) — [0, 00| we have

/fdda = f(a)
and f is integrable if and only if f(a) < co.

Proof. First, let f be a simple function. Then &,(f~![{t}]) = 1ifa €
F{t}), ie. f(a) = tand 6,[f 1[{t}]] = Oelse. Thusin thiscase [ f dd, =
f(a). Now let f: 3 — [0, 0] be a measurable function. If g is a simple
function with ¢ < £, then

/g6 = g(a) < f(a).

Taking the supremum over such g, it follows that | fdu < f(a).
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3.7 The Lebesgue integral

For the reverse inequality, let g(x) := f(a)L;1[;¢(a)y (). Since f is

measurable and {f(a)} € #(R), it follows that f 1[{f(a)}] € . So g is
a simple function. Moreover, g < f. Hence, [ fdé, > [gdé, = f(a). O

Exercise 3.61. Consider the measure space (N, #(IN), (). A measurable
function f: IN — [0,00] is a sequence (a,)yeNn = (f(n))yen in [0, o0].
Show that f is integrable if and only if (a,) € ¢! and in this case,

/Nfdgznian.

Theorem 3.62 (Monotone convergence theorem). Let (Q), %, i) be a mea-
sure space and f,: Q) — [0, 00| be measurable functions for all n € IN that are
monotonically increasing in n. Then f(x) := sup, o fu(x) is measurable and

[ fdu=sup,cn [ fudp.

Proof. As a consequence of Exercise f is measurable.
One deduces from f, < f that

sup fnd,ug/fdy.
nelN

It remains to show the converse inequality. To this end, let 0 < ¢ < f be
simple and > 1. It suffices to show that

/(Pdﬂ < psup [ fudp.

nelN
The sufficiency follows from first taking the supremum over all simple
0 < ¢ < f and then taking the infimum over all § > 1. Define B, :=
{x e Q:Bfu(x) > ¢(x)}. Then B, € £, B, C By41 and U,,en B = QU
Moreover, we have Bf, > ¢ on B,. Define v(A) := [14¢du for all
A € X. Then v is a measure by Lemma Hence

/(pdy =v(Q) = lim v(B,)

n—00
= lim / ¢1p, du
<sup [ Bfndy

neN
= Bsup [ fndp.
nelN

This establishes the converse inequality. Hence sup,, . [ fudp = [ fdpu.
O

Remark 3.63. Let f: () — [0, 00| be measurable. Let (f,) be a sequence
of nonnegative measurable functions such that f, 1 f pointwise. Note
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Note that the notion
of a null set crucially
depends on the
measure, of course.
So sometimes it is
necessary to point
out this dependence
by speaking about a
pu-null set.

3 Measure and Integration

that such a sequence exists by Proposition It now follows from The-
orem that

/fdy:sup{/q)dyzog gogfsimple} =sup [ fndu.
neN

So while the integral for nonnegative measurable functions is defined as
the supremum over a very large class of simple functions, it is actually
already obtained by the supremum over an approximating sequence as
in Proposition[3.53]

Corollary 3.64. Let (0, X, i) be a measure space, f,g: Q) — [0, 00| measurable
and A > 0. Then [Af +gdu = A [ fdu+ [ gdu. Moreover, if f < g, then
Jfdu< [gdp.

Proof. Let (fy) and (gn) be sequences of simple functions such that f, T f
and g, 1 ¢ Then Af, + g4 T Af + g. Using monotone convergence and
Lemma we obtain

JAf+gdu=tim [ Afa+gadu
:J%A/fnder/gndy:)\/fder/gdP‘

The second assertion is clear from the definition and was already ob-
served in the proof of Theorem [3.62 O

Definition 3.65. Let (), %, 1) be a measure space. A null set is a set
N C O such that there exists a set M € £ with N C M and p(M) = 0.
Now let P = P(x) be a property which, depending on x, may be true or
false. We say that P holds almost everywhere or for almost every x € (),
if {x € O : P(x) is false} is a null set. If y is a probability measure, we
also say that P holds almost surely if it holds almost everywhere.

Remark 3.66. Note that we do not assume that a null set N is measurable.
A measure space in which all null sets are measurable is called complete.
It is not hard to see that the measure space (Q), .#,u*) in the proof of
Carathéodory’s theorem, Theorem [3.42} is always complete.

We note that there is a straightforward procedure to complete a mea-
sure space by minimally enlarging the c-algebra and thus the domain of
the measure to make all null sets measurable.

Example 3.67. Consider (R, Z(R), dp). Then almost every (or more pre-
cisely, dp-a.e.) x € R is equal to 0.

Consider (R, Z(R),A). Then almost every (or more precisely, A-a.e.)
x € Ris not equal to 0. In fact, almost every x € R is irrational.

Corollary 3.68. Let (Q), %, i) be a measure space and f: Q — [0, co] be mea-
surable. Then [ f du = 0if and only if f(x) = 0 for almost every x € Q).
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3.7 The Lebesgue integral

Proof. 1f f is a simple function, then the assertion is obvious. In the gen-
eral case, let a measurable f: Q) — [0, 0] with [ fdu = 0 be given. Let
(fn) be an increasing sequence of simple functions converging to f. Such
a sequence exists by Proposition It follows that [ f,du = 0 for
all n € IN. Hence, by the case above, {x € Q) : f,(x) # 0} is a null set,
whence there exists M,, € £ with u(M,) = 0 such that f,(x) = 0 for all
x & M. Put M := U,eny My Then M € Zand p(M) <Y > 1 u(M,) =0.
Moreover, x ¢ M implies that f(x) = 0. Hence f = 0 almost everywhere.

If, conversely, f = 0 almost everywhere, then there exists a measurable
set M with f(x) = 0 for all x ¢ M. If g is a simple function with 0 <
¢ < fthen ¢7'[{x}] C M for all x > 0. By the definition of the integral
for simple functions, [ ¢du = 0 and hence, since ¢ < f was arbitrary,

[ fdu=0. O

Exercise 3.69. Let (Q),%, 1) be a measure space and f: Q) — [0,0] be
measurable. Show that v: £ — [0, co], defined by

:/Afdy ::/]lAfdy,

defines a measure on (), X).

Moreover, show that if y(A) = 0, then v(A) = 0. In other words, v
is absolutely continuous with respect to 1, which is usually denoted by
writing v < u.

Remark 3.70. In the setting of Example the function f is called the
density of v with respect to .

In probability theory a density for a distribution is commonly taken
with respect to the Lebesgue measure. According to the Radon—Nikodym
theorem a probability measure P on #(R) has a density with respect to
the Lebesgue measure if and only if it is absolutely continuous with re-
spect to the Lebesgue measure. Equivalently, this is the case if and only if
its distribution function F(x) := P((—oo0, x]) is an absolutely continuous
function. Not every continuous real function is absolutely continuous,
but every Lipschitz function is.

Theorem 3.71 (Fatou’s Lemma). Let (Q), X, i) be a measure space, f,: Q0 —
[0, 0o] be measurable and set f(x) := liminf, e fi(x). Then f is measurable
and

/fdy<hm1nf/fndy

Proof. Note that f(x) = sup;.inf,>¢ fu(x). Let gx(x) := inf,>¢ fu(x).
Then g is measurable by Exercise Clearly gx 1 f. So it follows from
monotone convergence that sup,.n [ gkdpy = [ fdu. On the other
hand,

/fdy—sup/gkdy <11m1nf/fndy
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3 Measure and Integration

Indeed, for every n > k we have gy < f, and thus [ g du < [ f.dp.
Since this is true for all n > k, we have [ gydpy < inf,>f [ fudu. By
taking the supremum over k € IN on both sides, the above inequality
follows. [

Definition 3.72. Let (), %, i) be a measure space, f: ) — K be mea-
surable. Then f is called integrable if [|f|dy < co. We write f €
LY, ).

If K =R, we set

/fdu 1:/f+dﬂ—/fdﬂ-

Note that if | f| is integrable then f and f~ are both integrable nonneg-
ative functions. If K = C, we set

/fdy:/Refdy—f—i/Imfdy.

Note that if |f| is integrable, then Re f and Im f are both integrable real-
valued functions.
If f is an integrable (real or complex) measurable function and A € %,

we define
/Afdu = /fllA du

Lemma 3.73. Let (Q), X, ) be a measure space.
(a) For all integrable f, we have | [ fdu| < [|f]dp.
(b) If f is integrable and A € K, then Af is integrable and [Afdu =
A [ fdp
(c) If f and g are integrable, then f + g is integrable and [ f + gdu =
Jfdp+ [gdu

Remark 3.74. Note that (b) and (c) can be expressed by saying that the
integrable functions form a vector space and the map f — [ fdu isa
linear map from the integrable functions to K.

Proof. Let us first consider the case where K = R.
(a) We have

\/fdu\ = \/ﬁdﬂ—/f‘du\ S/f+du+/f‘dﬂ:/|f|du,

where we have used Corollary in the last step.
(b) First note that by Corollary one has [|Af|du = |A| [|f|dp <

oo if f is integrable. This proves that Af is integrable whenever f is.
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3.7 The Lebesgue integral

Now, if A > 0, then (Af)" = Af* and (Af)” = Af~. Thus, using
Corollary 3.64

/Afdy:/Aﬁdy—/Af—dy
:A/f+dy—A/f—dy:A/fdy.
If, on the other hand, A < 0, then (Af)* = —Af~ and (Af)~ = —Af*.
Thus, in this case,
/Afdy — /—Af dy—/—)»f*dy
:A/f+dy—A/f_dy:)L/fdy.

(c) Since |f + g| < |f] + |g], it follows that

/|f+8|dﬂS/|f|+|g|dV=/|f|dﬂ+/|8|dP’<°°

if f and g are integrable.
Moreover, by definition and Corollary

/fdu+/ng=/f+dﬂ—/fdu+/g*dﬂ—/gdu

Z/f++g+du—/(f‘+g‘)dﬂ

Here, (x) follows from integrating the identity f™ + ¢ + (f + )~ =

(f+g)" + f~ + g and using Corollary
In the case where K = C, for (b) and (c) one uses that [ fdu =

JRefdu+i [Imfdu. We omit the easy computations. For (a), we use
that for every complex number z one has |z| = sup,_g Re(e'’z). So for
every t € IR one has

Re <eit/fd;t> :Re/eitfd]/t = /Re(eitf)dy < /]f]dy.
Taking the supremum over t € R, statement (a) follows. Il

Theorem 3.75 (Dominated convergence theorem). Let (Q), %, i) be a mea-
sure space and ( f,) be a sequence of integrable functions with the following two
properties.

() f(x) = limy e fun(x) exists for almost every x € Q), say outside the set
N € Zwith u(N) = 0.
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The technicalities
with f and f are
required as f might
not be measurable.
Alternatively, to
avoid speaking
about f and N,
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f: Q — Kis given
that is pointwise
almost everywhere
the limit of the f,.

In the lecture we
discussed here how
the expected value
of random variables
is usually computed
using densities for
the push-forward
measure.

Recall that pgp(A) =
§(@1[A)) for

allA € %, see
Lemmal[3.3]

3 Measure and Integration

(b) There exists an integrable function g with |f,(x)| < g(x) for almost every
x € Qandalln € N.

Then f: Q — K, defined by f(x) = f(x)ifx & Nand f(x) = 0ifx € N, is
integrable and

lim /]fn—f|dy:0.

n—oo

In particular,
T}g{;/fnduz /fd#-

Proof. Changing f, and f on a set of measure zero, we may assume that
(a) and (b) hold everywhere. By Proposition f is measurable. Since
|f| < g, it follows that f is integrable.

Now observe that |f, — f| < 2¢ and hence 2¢ — |f, — f| > 0. By Fa-
tou’s Lemma 3.71],

/2ng = /li,gg{,glf(Zg— [fu = fI)du < li,ggglf/Zg— |fu— fldp

:/ngy—limsup |fn — f| dp.

n—oo

So limsup,, .., [|fn — f| du = 0, and therefore lim, o [|fn — f| dp = 0.
By Lemma[3.73]

[ fodu— [ fau| < [1fs = fldu—o0.
This proves the claim. O

Example 3.76. Let us give an example that condition (b) in Theorem 3.75
is necessary. Consider (R, Z(RR),A). If we set f;, 1= nl 1), then (fn) is
a sequence of simple functions converging to 0 everywhere. However,

JofadA=140= [0dA.

Exercise 3.77. Consider the situation of Exercise ie. (O,X,u)isa
measure space, f: () — [0, o] is measurable and v(A) := [, fdu.

Show that g is integrable with respect to v if and only if ¢ f is integrable
with respect to y and in this case,

/gdv:/gfdu-

We close this section by considering the integration under a push-forward
measure, which is of great importance for applications.

Theorem 3.78. Let (), X, y) be a measure space, (M, .F ) be a measurable space
and ®: (), X) — (M,.F) be measurable. We denote the push-forward of p
under ® by pg. Then for a measurable f: (M, #) — (K, %(K)) we have
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3.8 On the connection between the Lebesgue and Riemann integral

fo® e LYO,Z, u)ifand only if f € LY(M, F,ue). In this case,

/Qfocbdy — /Mfdycp.

Proof. First, let f = 2;1:1 a1 4, be a nonnegative, simple function. Then
n
fod = Z ak]lq,_1[Ak]
j=1
and thus, by the definition of the push-forward measure,
n 1 n
| foddu= Y an(@[A) = Y ape(4) = [ fduo.

It follows that for nonnegative, simple functions the assertion holds true.

Now let f: M — [0, oo] be measurable and ( f,;) be a sequence of simple
functions with f,, 1 f pointwise. Then, by monotone convergence and the
above,

Odyu = ddy = d :/ dute.
/Qfo H :gﬂg ano H ,Sféﬁ an ‘o Mf ‘o

This shows that the assertion holds for arbitrary measurable positive f.
Since |f o ®| = |f| o ®, it follows that f € £} (M, .F, ue) if any only
if fo® € ZY0O,%,u). The general formula follows by splitting real
valued functions f into the positive functions f* and f~ and complex
valued functions f into Re f and Im f. O

3.8 On the connection between the Lebesgue
and Riemann integral

We next compare the Lebesgue integral with the Riemann integral. As
is well-known, every continuous function f: [2,b] — R is Riemann in-

tegrable. We now show that such functions are also Lebesgue integrable
and the Lebesgue integral agrees with the Riemann integral.

Theorem 3.79. If f: [a,b] — K is continuous, then f is a Lebesque integrable
function on ([a, b], #([a,b]), ). Moreover,

FdA = R-/bf(t) dt.

[a,b]

Proof. Let a sequence of partitions 7, := (t(()”),...,t,((z)) with |7, — 0

be given and let ¢, = ((_fg”), e, 5,&?) be a sequence of associated sample
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3 Measure and Integration

points. Put

Then f, is a simple function and f la,6] fndA = S(f, 0, Cn).

Moreover, (a) |fz| < ||f]lo and the latter is integrable on our measure
space and (b) f,,(t) — f(t) forall t € [a,b]. Indeed, for fixed t € [a,b], we
have |f.(t) — f(t)] = \f(C](:)) — f(t)|, where CJ(:) is the sample point in
the interval [t](:ll, t](.:)] and j, is chosen such that t lies in this interval. But
then |§](:) —t < |t](.7’j) - t](ﬁﬂ < |mty| = 0 and hence, by the continuity of
£ it follows that |f(§")) — f(t)| — 0.

Hence the dominated convergence theorem, Theorem applies and
shows that f is integrable and

n—o00

dA = lim/ LdA = lim S(f, 70, ).
[a,b}f [a,b}f lim S(f )

Since, on the other hand, the Riemann sums converge to R-/ ab f(t)dt, the
assertion follows. O

Remark 3.80. Actually, the continuity assumption in Theorem is not
needed, if one is willing to enlarge the c-algebra. It can be proved that if
f: [a,b] — K is Riemann integrable then it is almost everywhere equal to
a measurable function that is Lebesgue integrable and the Riemann and
the Lebesgue integral coincide.

There is also an extension of Theorem to improper Riemann inte-
grals. We recall thatif —co < a < b < coand f: [a,b) — R is continu-
ous, then f is called improperly Riemann integrable on [a, b) if the limit
lim,4, R- f; f(t) dt exists. The limit is then called the improper Riemann

integral of f over [a,b) and denoted by R- abf f(t)dt.

Theorem 3.81. Let —o0 < a < b < ooand f: [a,b) — R be continuous,
such that the improper Riemann integral R-[ abfl f(t)| dt exists, then f is in-
tegrable on ([a,b), #([a, b)), A), the improper Riemann integral R—fabf f(t)dt
exists and

bh—
/W) faA =R [ f(n)at.

Proof. Pick a sequence (b,) C (a,b) with b, T b. By monotone conver-
gence and Theorem 3.79}

dA = 1i dA
/W)|f| im [ IF

n—o0 J(ab,

by b—
= lim R/ " If(p)] dt = R-/a F(5)] dt < co.

n—o00
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It follows that | f| is integrable on [a, b). Moreover, since 1|, ;,  f converges
to f pointwise and |1(,;,)f| < |f|, the dominated convergence theorem
yields

FdA = lim /ab)fd)\_ lim R/ F(t)dt = -abf(t)dt

[a,b) n—00 n—co

where we have used Theorem in the second step. O

Remark 3.82. Similar results as in Theorem also hold for improper
Riemann integrals that are improper on the left-hand side or on both
sides.

Example 3.83. In Theorem 3.81| the assumption that R-|, la,b) |f(t)| dt exists

is crucial and cannot be omitted. An example is given by f: [1,00) — R,
defined by f(t) = 2! In this case, by integration by parts, we obtain

t £x t t
R / S gy = =<0 —Cos dt — cos1 —R / O ar

as x — oo. The latter improper Riemann integral exists since |t 2 cos t| <
t~2 and the latter is integrable. It follows that the improper Riemann
integral R-[i <! dt exists.

On the other hand, on each interval [k7, (k + 1)7), we have [f(t)]| >
|sin(t)|((k + 1)7t) L. It thus follows that

/ fd)\>z /[kﬂ(kﬂ) sin(£)] dA(F)
—E(k;m -R-/O sin(#)] dt.

Since the harmonic series diverges, it follows that f is not integrable on
[1,00).

Remark 3.84. In what follows, we will also use the ‘differential’ dt in
Lebesgue integrals instead of the (formally correct) dA. We will thus

write b
or / f(t)dt
a

to denote the Lebesgue integral of f on the interval [a,b]. This is partic-
ularly helpful when the function f depends on more than one variable.
To have this feature also at hand for general measures, we will frequently
write [, f(x) du(x) instead of [, f du to emphasize that we are integrat-
ing with respect to the variable x.
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3.9 Integrals depending on a parameter

The main topic of this section is to interchange operations like integra-
tion, differentiation and taking limits. This is a topic at the very heart of
analysis.

Suppose that (), %, #) is a measure space. If we are given a map
f:0,1] x Q — C such that f(t,-) is integrable for all ¢ € [0, 1], we may
define F(t) := [ f(t,x) du(x). It is then natural to ask how F depends
on the parameter t € [0,1]. In this short section, we use the dominated
convergence theorem to prove some results in this direction.

Proposition 3.85. Let (), X, j1) be a measure space. Furthermore, let f: [0, 1] x
Q) — K be such that the following three properties hold.

(@) x— f(t,x) € LY O, L, ) forall t € [0,1].
(b) t — f(t,x) is continuous for almost all x € Q).

(c) Thereexistsag € L1 (Q, %, u) such that |f(t,x)| < g(x) forall (t,x) €
[0,1] x Q.

Then F: [0,1] — C defined by F(t) = [ f(t,x) du(x) is continuous.

Proof. Lett, — tin [0,1]. Then f(tn,x) — f(t,x) for almost all x € Q) by
(b). Since | f(tn, x)| < g(x) for all x € Q by assumption and g € £1(Q),
it follows from the dominated convergence theorem, Theorem that

F(ta) = [ f(ta ) dp(x) = [ f(t,%) dn(x) = F(2).

This proves the continuity of F. O

Proposition 3.86. Let I be an interval in R and (Q), X, i) be a measure space.
Furthermore, let f: I x Q) — K be such that the following three properties hold.

@) x+— f(t,x) € LY, 2, u) forallt € L.
(b) t — f(t,x) is differentiable for all x € Q).

(c) There exists a g € L1 (O, %, p) such that |Sf(t,x)| < g(x) for all
(t,x) € I x Q.

Then F: I — Kdefined by F(t) = [, f(t, x) du(x) is differentiable. Moreover,
9 f(t, x) is integrable for all t e I and

0= [ Fexan) = [ S du().

Proof. Fix t € I and let (t,) be a sequence in I that converges to t. De-
fine hy, h: Q — C by hy(x) == (t, — )" (f(tn, x) — f(t,x)) and h(x) =
9 f(t,x). Then hy, is integrable for every n € N as a linear combination of
integrable functions. Moreover, h,(x) — h(x) for all x € Q by assump-
tion. By the mean-value theorem, &, (x) = % f(&n, x) for some ¢, between
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t and t,. In particular, |1,| < g. Thus the dominated convergence theo-
rem shows that & is integrable and

W:/th(x)dy(x) —>/Qh(x)dy(x) = Q%f(t,x)dy(x).

This finishes the proof. O

3.10 Product measures

In this section we construct a o-algebra and a corresponding measure on
the product of two suitable measure spaces. Our motivation is to extend
the theory in order to deal with iterated integrals. The product measure
will allow us to write an iterated integral as a single integral with resprect
to the product measure.

Definition 3.87. Let (), X;) be a measurable space for k = 1,...,n.
The product (measurable space) of the spaces (), £y) is the measurable
space (IT¢_; Qk, ®j_; Zk), where [T;_; Q; is the Cartesian product of the
sets (), i.e., the set of all tuples (x1,...,x,) where x;, € O and ®;_; Lk
is generated by the cuboids A; x - - - x A, where Ay € %.

Exercise 3.88. Let ((),X) and, for k = 1,...,n, also (Q, X;) be measure
spaces. Let fi: QO — () be a function and define f: Q — TT}_; Q by
f(x) = (fi(x),..., fu(x)). Show that f is >/ ®;_; Ly-measurable if and
only if fi is X./2-measurable forallk =1,...,n.

In the following, let (Q);, ;, ;) be o-finite measure spaces for i = 1, 2.
We define a measure y1 ® p» on the o-algebra ¥ ® X which is the prod-
uct of the measures 1 and y; in the sense that

m1 @ p2(A x B) = p1(A)p2(B)

for all A € X1 and B € X,. Note that as y1 and yuy are o-finite, by Corol-
lary there exists at most one such measure.
Foraset Q C O x Oy and x € Oy, y € )y, we define the cuts [Q],

and [Q], by
[Qlx:=={yeM:(xy) €Q} and [Q];:={xeM:(xy) € Q}

Lemma 3.89. Forx € Oy, y € Opand Q € X1 ® X we have [Q]y € Xp and
[Qly € Z1.

Proof. We put ¥ := {Q € 1 ® Xy : [Q]x € £p}. We claim that 4 is a o-
algebra on () x (). Clearly (S1) holds, since [()1 X O]y = . (S2) and
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Observe that the
2-dimensional
Lebesgue measure
Ay is the product
measure of the
one-dimensional
Lebesgue mea-
sure with itself.



