Math2033 Mathematical Analysis (Spring 2013-2014) Tutorial Note 8

Riemann Integral (Part I): Riemann Integrability

We need to know

e how to judge whether a function is Riemann integrable or not.

Key definitions and results

Definition 1 (Partition, Mesh). Given a partition P = {xy,...,x,} of [a,b], where
a=xg<xy<--<x,=>b, we define Ax; = x; — x;_1 and define the mesh of P
by [|P|| = max<;<n Ax;.

Definition 2 (Upper, Lower Sum). Let f : [a,b] » R and P = {xp,...,x,} be a
partition of [a, b], we define the lower Riemann sum and upper Riemann sum
w.r.t. P tobe

L(f,P)= Y inf (f(lxi—1,x:D) Ax; = > miAx;

i=1 i=1
=my

U(f,P) = sup (f(xio1,x:1) Axi = Y MiAx;.
=" i=1
=M;

i

Also, given choices x} € [x;_1,x;], we define Riemann sum of f w.r.t. P to be

S(f,P) = ) f(xDAX;.

i=1

Remark. The beginning definition of Riemann integrability of f : [a,b] — R is: there
is an I € R such that for any € > 0, there is a § > 0 such that |P|| <d = |S(f,P)—
I| < e. Immediately from this definition f(x) is bounded (Exercise 1). In the rest
of the definitions and results we will require f(x) be bounded, then several useful
characterizations of Riemann integrability emerges.

Definition 3 (Upper, Lower Integral). Suppose f : [a,b] — R is bounded, the
lower integral of f(x) on [a,b] is the biggest inner approximation:

b
/ f(x)dx =sup {L(f,P): P is a partition of [a,b] }

and the upper integral of f(x) on [a,b] is the smallest outer approximation:

T b
/ f(x)dx =inf {U(f,P): P is a partition of [a,b]} .

Definition 4 (Integrability). We say that f(x) is Riemann integrable on [a, b] if

b T b
/ F)dx = / Fdx,

and the common value is denoted by fab f(x)dx.

Theorem 5 (Refinement). For partitions P, P’ of [a, ], we say that P’ is a refine-
ment of P if P’ D P, in this case, we have

L(f,P)< L(f,P)<U(f,P) <U(f,P).
Theorem 6 (Integral Criterion, Darboux). Let f(x) be bounded on [a,b], then
the following are equivalent:
(a) f(x)is Riemann integrable on [a, b].

(b) Ve >0, J apartition P of [a,b], s.t. U(f,P)—L(f,P) <e.
(Integral Criterion Theorem)

(c) 31, forevery € >0, thereisad >0s.t. ||P]|<d = |S(f,P)-I|<e.
(Riemann’s Original Approach)

Theorem 7. Let f(x) be continuous on [a, b], then f(x) is integrable on [a, b].

Remark. We will use Integral Criterion very frequently, for the sake of notational simplicity
let's define
(U-=L)(f,P)= U(f,P)—L(f,P),

then the integrability of f is the same as
Ve > 0,3 a partiaion P of [a,b] s.t. (U—L)(f,P)<e. (*)
Or equivalently,
Ve> 0,36 >0,||P||<éd = (U-L)(f,P)<e. (%)

(%) and (*x) are equivalent, and using which one of them depends on whether the
mesh ||P|| needs to be considered.



Example 1 (Increasing Functions & Dirichlet Function).
(a) Show thatif f : [a,b] — R is increasing, then f(x) is Riemann integrable.
(b) Show that the Dirichlet’s function D : R — R given by

D(x):{l ifxeQ
0 ifx¢Q

is not Riemann integrable on any closed interval.

Sol (a) For any P = [a, b], we have
W-L)f,P):=U(f,P)-L(f.P)

:Z( sup f— inf f)Ax,-

iox] bxioixi)
= > (Fri) = Fxim))Ax;
<D (F@) = fFxio))IP]
= (f) = f@)IIPIl.

Therefore for every € > 0, we can choose P = [a, b] such that

1Pl < e/(f(D) = fla)+ 1),
with this kind of partition,
U-L)f.P)<e,

therefore f(x) is Riemann integrable on [a, b] by Integral Criterion.

(b) For any P =— [a, b], we have

U(D,P)=2( sup D)Axi =>1-Ax; =b-a,

[xi-1,xi]

and we have

L(D,P):Z ([ inf D)Axi :ZO-Axi =0,

Xi-1,X;]
therefore
(U-L)YD,P)=U(D,P)-L(D,P)=b—-a =: €,

we conclude there is €, for any P = [a, b], (U — L)(D, P) > €( (the negation of Integral

Criterion), so D(x) cannot be integrable over any closed subinterval. |

Example 2. Let f(x), h(x) be Riemann integrable on [a, b] and let g : [a,b] - R
be such that
f(x)<g(x) < h(x) forall x € [a,b].

b b
Show that if / f(x)dx=A= / h(x)dx, then g(x) is also Riemann integrable.
a a

Sol For every P = [a, b], we have
L(f,P)<L(g,P)<U(g,P)<U(h,P). M

The Riemann integrability of f(x) and h(x) says that L(f,P) and U(h,P) is close to A
when P is refined enough, and then (U — L)(g, P) will be forced to be very close to zero,
let’s make this precise now.

Method 1. Note that the Riemann integrability of f : [a,b] — R says that for every € > 0,
there is ¢ > 0 such that

<€

b
Pl <6 — ‘S(f,P)—/ f(x)dx

for every choices x} € [x;_1,x;] (i = 1,2,...). By taking infimum and supremum over all
x; € [x;-1,x;] for each i, we have

b b
IPll<6 = L(f,P)—/ f(x)dx|<e and ‘U(f,P)—/ fx)dx| <e.

The same is true when f is replaced by % and with § replaced by ¢’. Take p = min{4,d’},
then by (!),
IPl<p = A-e<L(g,P)<U(g,P)<A+e,

and we are done. |
Method 2. Let € > 0 be given. As [V f(x)dx = A = [’ f(x)dx = sup(L(f.P) :
P = [a, b]}, there is a partition P; =— [a, b] such that o

A-L(f,P)) <e.

Since [ h(x)dx = A = [P h(x)dx = inf{U(h,P) : P == [a,b]}, there is a partition
P> = [a, b] such that
Uh,Py)-A<e.

Now we get a partition P = Py U P refining both P and P5, then by Refinement Theorem,

A-e<L(f,P))SL(f,P) and U(h,P)<U(h,Py)<A+e,

therefore from (!),
A-e<L(g,P)<U(g,P)<A+e,
and thus
U-L)(g,P)<(A+e)—(A—¢€) =2e. |



Example 3. Let f(x) be Riemann integrable on [a,b]. Show that g(x) on [a, b]
defined by

() = ifx=ay,a,...,a,
x .

f(X) if x € [a,b]\{a1,a2,...,a,}
is Riemann integrable, where a1, as,...,a, € (a,b).

Remark. We list a similar past exam problem in Exercise 3.

Sol For every € > 0, we take the following partition and denote P;, P; the to be chosen partition
of each subinterval.

Iﬁ Pi fﬁ fﬂ P P/ }% Pn+1
£ F——3F 3 : 3 4 3 ——3f —
an
= = e =
2e 2e 2e 2e
That is, we first draw n small intervals to cover those ay,...,a,. Next, in the remaining

n+ 1 intervals we choose P; such that for each i,
WU-L)f,Pi)<e
Let P/ = {a; —€,a; + €}, i.e., the end points of the interval we use to cover a;’s, then for

every i,

(U—L)(f,P{):( sup f-— inf f)~(26)§25up|f|-26=4sup|f|-e.

[a;—€.a;+€] lai—€.ai+el [a.b] [a,b]

Since f(x) is Riemann integrable on [a,b], it is automatically bounded on [a,b], so
SUppq p1lf1 < co. Therefore if we take

P=P UP{UP,UPjU---UP,,

then P = [a,b] and

n+l

W-L)(f,P)= YU~ L)(fP)+Z(U LY(f.P))

i=1 i=1

< (n+1)e+4ne sup |f| = (n+1+4n sup Ifl)e.
[a.b] [a,b]

Since all the numbers—n and supy, ;) |f|—are fixed (absolutely a constant), by Integral
Criterion we are done. |

Example 4 (2008 Spring). Let fi,f2,... : [0,1] — [0,1] be Riemann inte-
grable, prove that g(x) on [0, 1] given by g(0) = 0 and

g(x) = fn(x) forxe( 1 1]
+1'n

is also Riemann integrable by using Integral Criterion.

Sol Let P={0, %}UP’T[O 1], whereP’T[kH,l] then we have

1 1
(U~-L)g.P)= <U—L)(g,{o,m}) HU=L)@P) < 0 + U= 1)(g P).

(s 4 L
’(SUP[U.k—Lllg mf[o.ﬁlg) T

Let’s fix an € > 0.

We can fix a k such that 1/(k + 1) < €, and then
(U~L)(g,P)<e+(U~-L)g,P).

It is enough to choose nice enough partition P’ =— [ﬁ, 1] to make (U — L)(g, P’) small
(say, < Ce for some absolute constant C).

Since g is defined “intervalwise” on (-
(547 +& 1€ (g
that

T J] s, let’s take € > 0 very very small such that

T j] for every j =1,2,...,k. We try to find partitions Py, P,,..., Py such

Pj T[ﬁ_l +eg, ]with (U~ L)(g,Pj)=(U~-L)(fj,Pj) small, and

/\
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(-

J+l

(U= L)(g {557, 747 +)) < 2suplgle < 2¢

(recall that { 1 1 + €]) Taking union over all these

J+I° j+ J+IJ+T
partitions, we get a partition of [m, 1] that makes all (U — L)(g,-)’s small.

=7 + &} is also a partition of [

Let’s find such P;’s. By the Riemann integrability of f; restricted to a subinterval, for the
€ >0 above we can find P; =— [j+1 +e&, 1] such that

(U=L)(.P) == (U=L)(f;.P)) < 57



The equality (!) holds since g = f; completely on [ 51t e 1] (but not on [+
why we shrink the interval before we apply Rlemann 1ntegrab1hty)

Now

PeU({ et = o]

J=1

1 1
—— 4.4

and therefore we have

k
(U-L)(g.P") = Z((U D@7 iy + oD+ U= L)@, 7))

k
Z (28+—) <2ke+e.

We may take £ = 5 at the beginning to conclude (U — L)(g, P’) < 2e. |

Jj+l° g

], that’s

Remark. The solutions of Example 3 and Example 4 can be much much simpler with
the help of Lebesgue Criterion in the next tutorial note. The difficult work here serve

as examples for us to appreciate Lebesgue Criterion.

Exercise

1. The beginning definition of Riemann integrability of f : [a,b] — R is: there is

an/ e R, forany € > 0, thereisad > 0s.t. ||P||<d = |S(f,P)-I|<e.
Suppose that f(x) is Riemann integrable on [a,b]. We show that f(x) is bounded
as follows:

(a) Let e =1 and 6 > 0 be the corresponding quantity in the definition above.
Fix a partition P = {x,...,x,} of [a,b] s.t. ||P|| < 6. Show that for every
x] € [x0,x1], and every ﬁxed X} €[xi-1,x;], 2 <i < n, we have

n
FGDIAXY < T+11+ ) F(xIAX;.
i=2
Therefore f(x) is bounded on [x¢, x1].

(b) Similarly conclude that f(x) is bounded on [x1,x2],[x2,x3],...,[Xn-1,%Xn]
respectively and conclude that f(x) is bounded on [a, b].

Remark. Therefore when we say that a function is Riemann integrable on [a, b], it
is automatically bounded on [a, b].

. We know that if f(x) is Riemann integrable on [0, 1], then so is | f(x)|. The con-

verse is not true in general:

(a) Give an example f(x) on [a,b] that is discontinuous everywhere but |f| is
Riemann integrable.

(b) Give an injective function on [0, 1] which is not Riemann integrable.

. (2010 Spring) Let f : [0,1] — [0, 1] be Riemann integrable. Let {r,} be a strictly

increasing sequence in (0, 1]. Prove that g : [0, 1] — [0, 1] defined by

ifxe{r, :neN}

s )_{f(x) if x € 0,11\ {ry : n €N}

is Riemann integrable.

b

. Let f(x) be Riemann integrable on [a, b], show that if / f(x)dx > 0, then there

is an 7 > 0 and a closed subinterval / such that f(x) > naon I

. Let f be strictly increasing on [a, b]. Let P be a partition on [a, b], then Q := f(P)

will be a partition of [ f(a), f(D)].

(a) Explain why f~! must be Riemann integrable.
(b) Show that bf(b)—af(a)=U(f,P)+L(f~',Q).



(c) Deduce that

b f(b)
bf(b)—af(a)s/ f)dx+ F N (x)dx.
a fla)

Explain why we have equality when f is continuous.

6. (Young’s Inequality) Fix a ¢ > 0, suppose that f : [0,c] — R is strictly increasing
with f(0) = 0.

(a) By using Exercise 5, show that whenever a € [0,c] and b € [0, f(c)],

a b
ab < / f(x)dx+ / £ x) dx. (%)
0 0

Remark. This inequality has a very strong geometrical intuition:

We have to avoid any graphical reasoning in our rigorous proof. Also by the
same reasoning we allow ab >0 and ab < 0, try to convince yourself this is true
by extending the graph below the y-axis ©.

(b) Suppose further that f(x) is continuous on [0, c], show that equality in (x)
holds if and only if b = f(a).

Hint: Recall Continuous Inverse Theorem.

(c) From (a), deduce that for any a,b >0 and p, g > 1 such that % + é =1,
1 1
ab< —aP +-b4.
q

7. Let k e Nand let f : [0,00) — [0, 0) be a continuous function such that f(f(x)) =
x* for every x € [0,00). Show that

1 -
/ f(x)zdx > L
0

k2+6k-3"

Hint: Use Exercise 6.




