Chapter 5. Integration

Introduction. The term "integration” has several meanings. It is usually met as the
reverse process to differentiation, i.e. finding anti-derivative to a function. An
anti-derivative of a function f is a function F such that its derivative F' satisfies F' = f
on some suitable domain. In mechanics the velocity of an object in motion may be
determined from its acceleration by anti-differentiation.  In Business, a revenue
function may be computed from a given Marginal Revenue function by using
anti-differentiation. In these and other examples, the question of how to find an
anti-derivative of a particular function f leads to another meaning of the term
"integration” related to area under a graph, definite integration. These two meanings
under appropriate condition are linked by the so called "fundamental theorem of
calculus”. There are other subtle mathematical formulations also called integration
some of which are generalizations of the definite integration.

5.1 Anti-derivative

Definition 1. Let | be an open interval. Suppose F :1 — R is differentiable on | and
that F' =f. Then F is called an anti-derivative, indefinite integral or primitive of f.

Remark.

1. For agiven f:l —» R, there may be many or none such F with F' =f. IfF =1,
then let G = F + C, where C is a constant. Then G'=F' = f. Thus any two
anti-derivatives differ by a constant.

2. We can replace | in Definition 1 by any interval if we take the derivatives at the
end points of | to be the appropriate one-sided limits. (See Chapter 3 for
consequences.)

Theorem 2. If F is a particular anti-derivative of f on an open interval I, then every
anti-derivative of f on I is given by F(x) + C, where C is a constant, that is, the set of
all anti-derivatives of f onl is{ F(x) + C: Ce R}.

Proof. Suppose G is another anti-derivative of f onl. Leth=G —Fon . Then h’
=G' —F'=0o0n . Therefore, by Theorem 16 Chapter 4, h is a constant function, say
h=C. Thenh=G -F=CandsoG=F + C.

We normally write ff(x)dx = F(x) + C to denote finding an anti-derivative of f,
whenever a function F with F'(x) = f (x) or %F(x) =f(x) is found. Not every
function has an anti-derivative as the following example will show.

1, x>0
-1, x<0
an anti-derivative. This is seen as follows. Suppose f has an anti-derivative F :R —
Rwith F' = f . Then for x>0, F'(x) = f(x) =1. Therefore, by Theorem 2, for x >
0, F(x) =x +a for some constanta in R. For x <0, F'(x) = f(x) =-1. Thus, also
by Theorem 2, for x < 0, F(x) = —x + b for some constant b in R. Thus, )!Lr(p F(x)=a

and )!irg] F(x)=b. Since F is differentiable, F is continuous and is therefore

Example 3. The function f:R — R defined by f(x) ={ does not have
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Chapter 5 Integration

continuous at x = 0. Thus )!irgl F(x) :)!irgl F(x)=F(@0) Hence a = b = ¢, say.
Therefore, F(x) = |x| + ¢ . But then this implies that F is not differentiable at x = 0

since the function |x| is not differentiable at x = 0. This contradiction shows that f
does not have an anti-derivative.

The function f in the above example is not continuous at x = 0. But not every
discontinuous function does not have an anti-derivative as the following example
shows.

Example 4. The function f:R — R defined by
] 2xsin(x) —cos(%), x =0
o= { 0, X=0
x2sin(%), x#0
0 “=0 even though
1

f is not continuous at x = 0. We can take the sequence (a.), where a, = e Then

a,— 0. Then f(an) = %sin(Znn) —cos(2nz) = -1 for each n in P.  Therefore,
f (a) > —1= f (0). Hence the sequence ( f (a,)) does not converge to f (0).
Therefore, by Definition 2 of Chapter 3, f is not continuous at x = 0.

has an anti-derivative F :R — R, defined by F(x) = {

Theorem 5.
1. [ldx=x+C;
2. If f has an anti-derivative on an open interval I, then for any constanta, af also
has an anti-derivative on I and [af(x)dx=a | f(x)dx.
3. If f;and f, have anti-derivatives on I, then for any real numbers a and b,
j[af 1(X)+bfa(x)]dx=a f f1(x)dx+b f f 2(X)dx.

Theorem 5. is proved by direct verification and is left to the reader.

1
Theorem 6. For any rational number n, | x"dx = ri(n++1 +C,n+-1.
_ l( xnt j _ XD yn
Proof. Forn=-1, X\nT1 =(n+1)-77=x".

Remark. Using Theorem 5 and Theorem 6, we can find anti-derivative of any
polynomial function

Example 7.
1. [(3x+5)dx=3[xdx+5]1dx =3(% +C1)+5(X+Cy)
= 3x2 +5x+3C1 +5C;, = 3x2+5x + C, where C=3C; +5C; .
2. J(ox*—8x3+9x2+7)dx=5-2x>-8-+x*+9-5x3+ 7x+C
=X —-2x*+3x3+7x+C,

2 1 2
3. J(x3 +x%)dx =7 x5+ 5
3

1
5t

4 [ JX X+ Bydx= (X2 +x77)dx=

1 5 5
TXS = 3x3 +2x5 +C.
1 5 1
x4+ C=$x2 +2x7 +C.
2

%11 xit 4
We shall now extend our method of finding anti-derivative. This is an application of
the chain rule. Suppose | and J are open intervals, g: 1 > Rand F:J — R are
differentiable functions with g(1 ) < J. Then F and g are composable. The Chain

2
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Chapter 5 Integration

Rule says (F o g)'(x) = F'(g(x))g'(x) for every x in | (Reference: Theorem 8 Chapter
4) . If we write f for F', we have (F - g)'(x) =f (g(x))g'(x) for every x in I . This
shows that F o g is an anti-derivative of f (g(x))g'(x). In this way, knowing the
anti-derivative of f will enable us to determine the anti-derivative of a more complex
function f (g(x))g'(x). However, to apply this method of finding anti-derivative, we
need to put our function in the form of f (g(x))g'(x) for suitable differentiable
function g and function f whose anti-derivative is known.

Hence, we have the following theorem.

Theorem 8 (Change of Variable, Substitution).
Suppose g¢: | —»> R is differentiable and f : J — R is such that f has an
anti-derivative F: J >R and g(l) < J. Then

If(g() -9'(dx=F(g(x) +C.
Moreover, F can be chosen to be any anti-derivative of f. If we write y = g (x), then
the theorem is usually also remembered as

d
T1(y) g dx = [F(y)dy = F(y(x)) +C .

Remark. This is a theorem about anti-derivative. It gives us an extension to finding
anti-derivatives by enlarging our "lookup™ table through differentiation of composite
functions.

Example 9. ;
1. Find | /3x+4dx. Lety=3x+4. Then d—i =3. Here we let f (y) = Vy and g(x)=

3x +4. An anti-derivative of f is F(y) = i}rlyiﬂ = %y% and g'(x) =3.

[ V3x+4dx=%[/3x+4 -3dx=iyf(3x2+4)g’(x)dx=iff(g(x))g’(x)dx
=1.2gx)7+C=2@x+4)7 +C.
2. Find [(2x3 +X)vX2+1dx. Let g(x)=x2+1and so g'(x)= 2x, x> = g(x)— 1.
J@3+x)Vx2+1dx=[(2x2+1)Vx2+1 xdx =3 [(2x2 +1)yx2+1 2xdx
=3 1(2(g() - 1)+ 1) fo(x) 9'(x)dx = J(g(x) - 3),/a0X) g’ (x)dx

= f(y% — %y%)dy by Theorem 8, where y =g(x) is to be substituted,
1,3 1 1 i 2.5 1.3
:%y2+1—50¥y2+1+(::€y2—§y2 +C

=2(x2+1)7 —i(x2+1)2 +C.
3. Find [ xsin(x?)dx. Letg(x) =x?and f (x) =sin(x). Theng'(x) =3x. Therefore,
[ xsin(x?)dx = 4 | sin(x?)2xdx= 3 | sin(g(x))g'(x)dx
= 3(—cos(g(x))) + C=—% cos(x?) +C.
since an anti-derivative of sin(x) is — cos(x).
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Chapter 5 Integration

5.2 Riemann Integrals.

Area under a graph may be computed by Riemann integral. If the velocity of an
object is known numerically over a time interval from time = 0 to say, time = T, the
distance traveled in this time interval may be computed by determining the area under
the velocity-time graph of the object using Riemann integration. This approach is
different from using an anti-derivative of the velocity function, which may not be
available. What is now called the Riemann integral of a function f s a
mathematically rigorous formulation of the intuitive notion of the area under the
graph of f.

Area under a curve.

We now give a description of a procedure to compute the area of a region under a
curve.

Consider a continuous function f defined on [a, b] whose graph is given as follows.
y éd’
I

X:XX =
0312 bxn

The area under the curve between x =a and x = b and y = f (x) is approximated by the
rectangles shown below the graph of f. We have partitioned [a, b] into smaller
intervals  [xi, Xi«], 1=0, 1, ...,n-1withP:a=Xo<x:1<...< X, =h.
We now define the lower sum with respect to the ‘partition’ P to be the quantity given
by )

>(Xi — Xi—1)mi, where m;j = min{ f (X): X € [Xi1, Xi]}

i=1
By the Extreme Value Theorem, there exists ci in [Xi1, Xi] such that m; = f (ci). Now

we let the partition be equally spaced, say Xj—Xj-1 = % = Ax foralli. Then the
lower sum with respect to the partition is

n b —a n
g; “Hof(ci) = ; f(Ci)Ax.
If we take the common width of the rectangles Ax to be as small as we wish we shall

eventually approximate the area under the curve. That is to say, the area under the

curve
n

im S . _li \b-a

A=lim .; f(cAx =lim .; fc)=—m—
l.e. Given ¢ > 0, there exists a positive integer N such that for any integer n

n n

n>N= ‘Zf(ci)Ax—A‘ = ‘Zf(cﬂ%—A‘ <e.

i-1 i=1
Note here that the ci's are generally different for different n.
This gives an approach of finding area from below.

Similarly we can define the upper sum with respect to the 'partition' P to be the
summation
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é(xi —Xi-1)M,

where Mi = max{ f (X): X € [Xi1, xi]} = f (di) for some di in [Xi1, Xi] by the Extreme
Value Theorem. If we take the partition to be a regular partition as before, such that

Xi — Xj—1 = b— = AX, the area under the curve may be grven by
A=lim Z f(di)Ax =|im Z f(d; )

This is an approach to frndrng area under a curve from above
Example 10.

Find the area of the region bounded by y = x? and the x-axis and the line x = 3.
Let f(x) =x*. Suppose n is a positive integer. Let X, =0 and x, = 3. [We are going
to partition [0,3] into n equal parts.]

Let Ax = % ,Xi=Xo+1-AX= % Since x? is an increasing function on [0, ),

m; = min{f(x) : X € [Xi-1, X }—f(x. 1) = x,l—n2(| 1) (1)
Therefore, A leZf(x. 1)AX erz nz(| 1)2 by (1)

zrrwﬁ—gg( 1)2—|nlm2—3_i p 2. 0=Dn@0-1+D
] n-1n2n-1
=3 im T2 )—% m (- n)( %):%-z=9.
4 N
y
0 3 X
- D,

Typically Example 10 illustrates the method of finding area from below. Similarly,
by taking the upper sum we should get the same value for the area of the region in
Example 10. Now if instead of taking the minimum or maximum in each subinterval
[Xi-1, xi],nwe simply choose any value e; in [xi1, Xi], then by the continuity of f |, the

sum X (Xi—Xi1) f (e;) will lie between the upper sum and the lower sum. In this
i=1

n
way, as the size of the subintervals, Ax tends to 0, the sum > (x; —xi_1) f (ei) would
i=1

tend to the same value as the area under the curve. This approach has some
advantages. Firstly we do not need to find the maximum nor the minimum in each
subinterval. Secondly we do not need to confine to continuous functions so long as
tpe function is defined. However we need to impose on having the sum

>(Xi —Xi_1) T (ei) to be bounded and that for a meaningful definition of area, the sum
i=1
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should behave just like the case for the continuous function. Thus we want the sum
n

>(Xi —Xi_1) f (ej) called a Riemann sum to approach a finite value as the partition of
i=1
the interval [a, b] gets finer and finer.

Riemann Sum and Riemann Integral

We now formalize the above discussion. We will even be extending the definition to
discontinuous functions. The advantage of the following definition named after the
German mathematician George Friedrich Bernhard Riemann (1826-1866), is that it
avoids the need to find the maximum or minimum of the function over each
subinterval. Let f be defined on the closed interval [a, b]. We shall subdivide [a, b]
into n subintervals by choosing n-1 intermediate points between a and b.

Definition 11. A partition A of [a, b] is a finite set of numbers {xo, X1, ..., Xa } such
that

Aa=X<Xi<..X1< X =D,
Let Axi be the length of the i-th subinterval [Xii, Xi], i.e.AXi = Xi — X . The norm or
mesh of the partition A is max{Axi : i =1, ..., n} and is denoted by ||A|l. Thus ||A]| =
max{ xi — X1 :i =1, ..., n}.
Suppose now A:a =Xo < X1 < ... Xp-1 < X, = b is a partition. Let &, be a pointin [Xii,

xi], fori=1,2,..,n. The Riemann sum S of f with respect to A is defined by
n n
S= g f(fi)(Xi —Xi_1) = g f(fi)AX.

We denote S by R(f, A, €), where £ =(§ 1, & 2, ... & ) is the choice of & in [xi1, Xi].

We say the function f is Riemann integrable on [a, b] if and only if there exists a
number L such that given any ¢ > 0, there exists 6 > 0 such that for all partition A of

[a, b] with norm ||A|| < 8, we have for every Riemannsum S for A, |[S—L|<eg , i.e,

Zn;fo:i)Axi—L\ _IR(T,A Q) Ll <é,

where A is the partition A:a =X <X1 < ... X1 < Xan=band § =(&y, &, ... &) is given

by any choice of &, in [Xi.1, Xi].

n
If f is Riemann integrable on [a,b], we then write ”IAiHmOZf(fi)Axi =Land this
-0 i1

limit is denoted by f: f(x).
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Chapter 5 Integration

Definition 12. If f: [a, b] > R is integrable on [a, b], then the definite integral of f

or Riemann integral of f from a to b is denoted by fo(x)dx —Hllﬁn Z f(&i)AX;, a

is called the lower limit, b is called the upper limit and f (x) is called the integrand.

Remark.

Though Definition 12 is a remarkable elegant definition, it is not easy to use it to
prove the properties of the Riemann integral. Thus, we shall look at an approach by
Darboux using his so called Darboux sums, which are generalization of the upper and
lower sums. This approach is particularly useful for verification of the properties of

the Riemann integral. We shall develop this after the following example.

Example 13 fol xdx =3 .
Take any partition: P:xo=0<x:<...< X,=1. Let&; be any pointin [xi1, x]. Let

f (x) =x. The Riemann sum,

R( f P, f) = Zn; f(fi)AXi < Zn; f(Xi)AXi = i XiAXj = Zn‘i Xi(Xi —Xi,l)

15 2 1502 w2 0L _1.1
Z(x-—x1+(x.—x. 1))< Z(X —x2)+ 5 2Xi—Xic) Pl =5 + 5Pl
2 = 2 5 2 2
Therefore,
R(F,P,&) =5 < SIPI| woomsreeomeeeeeos (1)
Likewise,

R(f,P, &)= zil f(E)AX; > é f(Xi—1)AX; = :i Xi—1AXj = é Xi—1(Xi — Xj-1)

n

0F 52 - 0% 0)%) 2 3 N0 32 -3 Zoa-x Pl =4 - 2P

IN\gE

l
2
It follows that
~R(f PO < P woromsreemeeeeeees @
These two inequalities (1) and (2) implies that
|R(t. PO~ <LiPI.
Now given any ¢ > 0, just take 6 = 2e. Then for any partition P with ||P|| < 9,
‘R(f : P,é)—%‘ <Lipy<e Hence, by Definition 11, f is Riemann integrable on

[0, 1] and 501 f (X)dx :% .
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Let f:[a, b] > Rbea function. We recall that the function f is bounded if its range
is bounded. This means there exist real numbers o and 8 such that o < f (x) < 3 for all
x in [a, b] or equivalently, there exists positive real number K such that | f (x) | < K
for all x in [a, b]. If f is not bounded, then one can have arbitrarily large Riemann
sum or arbitrarily negatively large Riemann sum and so f would not be Riemann
integrable. (Reference: my article, "Riemann Integral and Bounded Function™ on My

Calculus Web ). Thus any unbounded function is not Riemann integrable.
5.3 Upper and Lower Darboux Sums, Upper and Lower Integrals

Suppose now f: [a, b] — R is a bounded function.

LetP: a=Xo<X<..<X =b be apartition for [a, b].
The upper Darboux sum with respect to Ehe partition P is defined by
U(f,P)= Z; Mi(Xi — Xi-1),

where M i = sup{ f (x) : X € [Xi1, Xi ]}. Note that since f is bounded on [a, b], f is
bounded on each [x i1, xi] and so the supremum M; exists for each i. Like wise for
each i, my = inf{ f (X) : X € [Xi1, X ]} exists since f is bounded on each [xi1, xi]. We
define the lower Darboux sum with respenct to the partition P by
L( f, P) = z mi(xi - Xi_1).
i=1

Because for each integer i suchthat 1 <i<n, mi<M;, L(f,P)<U(f,P).

Since f is bounded, there exist real numbers m and M such that m < f (x) <M for all
xin[a, b]. Hencem< Mi <M andm< m; <Mfori=1,2,...,n. Therefore, for
any partition P the upper Darboux sum

U(f,P)= ZM (Xi — Xi- 1)>mZ(x.—x. 1) =m(b—a)
Hence the set of all upper Darboux sums (over all partitions of [a, b]) is bounded
below by m(b — a). leeW|se the lower Darboux sum

We conclude that the set of all lower Darboux sums (over all partitions of [a, b]) is
bounded above by M(b—a). We may now make the following definition following
Darboux.

Definition 14. Suppose f : [a, b] > R is a bounded function. Then the upper
Darboux integral or upper integral is defined to be

U j: f=inf{U(f,P): P a partition of [a, b]}.
The lower Darboux integbral or lower integral is defined to be
L ja f=sup{L(f,P): P apartition of [a, b]}.

8
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Note that by the completeness property of the real numbers, the upper integral exists,
because the set of all upper Darboux sum is bounded below and the lower integral
exists because the set of all lower Darboux sum is bounded above.

We now observe some obvious properties of the Darboux sums with respect to
partition.

Suppose Q and P are partitions of [a, b]. We say Q is a refinement of P if each
partition point of P is also a partition of Q, more precisely if P < Q.

Lemma 15. The Refinement Lemma.
Suppose f: [a, b] > R is a bounded function. Suppose Q and P are partitions of
[a, b] such that Q is a refinement of P. Then

L(f,P)<L(f,Q) and U(f,Q)<U(f,P).

Proof. First we shall prove the lemma when Q contains just one additional point y
than P. Let P be denoted by P : a = xo < Xa< ... <X, = b. Suppose y e (Xj1, X;) for
some j between 1 and n. Then Q is the partition Q : a=Xo < X< ..<Xu <Yy <X <...
<xp=b. Letmj=inf{f(X):x e [Xj1,y]}, m"=inf{f(x):x e[y, xj]}. Then

m; = inf{ f (x) : X € [Xj1, X]} <m", m;".
Therefore,

n j-1 n
L(f,P)= .; mi(Xi — Xi-1) =:§ Mi(Xi — Xiz1) +Mj(y —Xj-1) + Mj(X; —y) + i:%)l mi(Xi — Xi-1)

i1 n

< IZ; Mi(Xi — Xi-1) +Mi(y —Xj-1) + M (x; —y) + i:%l mi(Xi —Xi-1) = L(f, Q).

Let Mj" =sup{ f(X): x € [Xj1, Y]}, Mj" =sup{ f(x) : x € [y, Xj]}. Then
M =sup{f(x):x € [Xj1, x]} =M, M;".
Therefore,n

U(f, P)=i§ Mi(Xi — Xi-1)
i1 n
= Zi Mi(Xi — Xi-1) + Mj(y —Xj-1) + Mj(Xj —y) + _Zl Mi(Xi — Xi-1)

i=j+
L n

> gi Mi(Xi —Xi-1) + Mi(y —Xj-1) + M (X —y) + i=jz+1 Mi(xi —Xi1) = U( f, Q).

This proves the lemma for the case when Q has just one additional partition point than
P.
For the general case, if Q contains k points not in P, then there is a sequence of
partitions, P = P, P1, P2, ..., Pc=Q where Q is obtained by adding one point at a
time. That is Pi.1, is obtained by adding one point in Q not in P; to Pi. Thus by the
special case,

L(f,P)=L(f,Po)<L(f,P.)<L(f,P)< ...<(f,Py)=L(f,Q)
and

U(f,P)=U(f,Po)>U(f,P)>U(f,P)> ... 2U(f, Py =U(f, Q).
This completes the proof.

The next result is an observation that any lower Darboux sum is less than or equal to
any upper Darboux sum.
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Theorem 16. Suppose f: [a, b] —» R is a bounded function. Suppose Q and P are
partitions of [a, b].
L(f,P)<U(f, Q)

Proof. The partition PUQ is a refinement of both P and Q. Therefore, by Lemma
15, L(f,P)<L(f,PuQ) and U(f,PuQ)<U(f, Q). Therefore,
L(f,P)<L(f, PuQ)<U(f,PuQ)<U(f,Q).

Theorem 17. Suppose f: [a, b]b—> Risa Eounded function. Then
Lf, f<uf, f.

Proof. By Theorem 16 for any partition P of [a, b], L(f, P) is a lower bound of {U(
f, Q): Q a partition of [a, b] }. Therefore, )

L(f,P) < in{U( f,Q): Qa partition of [a,b]} =U |, f.
Thus the upper integral U fa f is an upper bound of {L(f, P): P a partition of [a, b]
}. Therefore, U f: f >sup{L(f,P):P apartition of [a,b]} =L fz f.

5.4 Darboux Integral

For a bounded function we have defined the upper and lower integrals. So instead of
one integral we have two. Archimedes had devised a strategy to compute the area of
a non-polygonal geometric object by constructing outer and inner polygonal
approximations of the object. We have defined the upper and lower integrals, similar
in philosophy to the approach of finding successive outer and inner polygonal
approximations of a geometric object. Unlike the non-polygonal geometric objects,
where the outer and inner polygonal approximations will tend to the same value, there
IS no guarantee that the two integrals are the same. When they are the same it gives
meaning to a generalization of area.

Definition 18. Suppose f: [a, b] — R is a bounded function. V\ée say f ibs Darboux
integrable if the lower and upper integrals are the same, i.e., L| f=U] f.

Remark. This is Darboux's version of the integrability of a bounded function
completing the formulation of Riemann. We shall show that this is equivalent to
Riemann integrability.

Example 19.
1. The Dirichlet function h: [0, 1] - R, defined by

h(x) = 0, if x is rational
| 1, ifxis irrational
is not Darboux integrable.

Let P:0=Xo <X <X2<...<X,=1 be any partition for the interval [0, 1]. By
the density of the rational numbers and irrational numbers, in each of the
subinterval [xi-1, xi ], (i = 1,..., n) we can always find a rational number and an

10
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irrational number. Hence for i=1,...,n, {h(x): x e[xi-1,x ]} ={0, 1}. It
follows that, foreachi=1,..., n,

Mi (h, P) = sup{h(x): x €[xi-1, xi ]} = sup{0, 1}= max{0, 1}=1 and

m; (h, P) = inf{h(x): X €[xi-1, xi ]} = inf{0, 1}= min{0, 1}=0.
Therefore, the upper Darboux sum with respect to the Partition P is

U(h,P)= Z Mi(h, P)Axi = _Z;Ax. =
=
and the lower Darboux sum W|th respect to the Partition P is
L(h,P) = Zm (h, P)Ax; = 0.

The above statement is true for any partition P for [0, 1]. Hence the lower
Darboux integral of h,

L f h =sup{L(h,P) : P is a partition for [0,1]} =max{0} =0
and the upper Darboux integral of h,

U j h =inf{U(h,P) : P is a partition for [0,1]} =min{l} = 1.
Therefore, the lower Darboux integral L j h is not equal to the upper Darboux
integral U f h and so h is not Darboux integrable over [0, 1] by Definition 18.
We observe also that by the above remark about density of the rational and
irrational numbers, for any partition P with ||P|| < & , we can choose rational
points & i for each i and so the Riemann sum R(h , P, &) = 0 and if we choose

irrational points & ; for each i, the Riemann sum R(h , P, £) = 1. Hence by
Definition 11, h is not Riemann integrable.

2. The function f : [0, 1] defined by f (x) = x? is Darboux integrable.
Let P:0=X <X <Xz <...<X,=1be any partition for the interval [0, 1]. For
eachi=1,...,n,
Mi (f, P) =sup{f(x): x €[xi-1, xi ]} =x# and
mi (f, P)=inf{f(X): x €[Xi-1, % ]} =Xi-1
Therefore, the upper Danrboux sum with respectn to the Partition P is
U( f, P)= 2 Mi( f, P)(Xi —Xi-1) = 2 Xiz(Xi —Xi-1)

= i %(X _X| 1)+ 6(X| — Xi- 1)3 Z(Xiz —Xiz_l)(Xi —Xij-1)

<+ 200 xIPIP+ £ 20¢ -2
<z +3lIPIZ+lPI
because iZn;(xi —Xij1) = iZn;(xi2 -x2)=1
Therefore, since we can choose the norm of the partition ||P|| arbitrarily small,
uJ,f< §

Similarly the lower Darboux sum with respect to the partition P

L( f, P) = zn: mi( f , P)(Xi - Xi—l) = Zn; Xiz_l(Xi — Xi_1)

= 3406 - x00) + 0 %12~ H0F )~ 0)

11
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Chapter 5 Integration

n n
>3 +% 50— xi)? =3 20¢ - xEy) P
%— 3 ||P||
Therefore, Lf f>L(f,P) > %IIPII. Since ||P|| can be chosen to be

arbitrarily small, L fo f> % It follows then from Theorem 17 that

Uféf:Lf;f:%since Lj:fsuj:f.

5.5 Integrability Criteria

Darboux integrability is equivalent to Riemann integrability as we shall show in this
section. It is not always easy to compute the lower and upper integrals just to check
whether they are the same to decide on integrability. This amounts to actually
computing the integral. It is sufficient to check on the behaviour of the lower and
upper sums to see if they are very close to some value or alternatively if their
differences are getting smaller and smaller. This is crucial to formulate integrability
criteria. We start by giving next a very useful characterization of the upper and lower

integrals in terms of sequences.

Proposition 20. Suppose f: [a, b] — R is a bounded function. Then there exists a

sequence of partitions (P« ) of [a, b] such that Px < Pi.1, L'IQ |IP«|| = 0 and

L(f,P—L[_f and U(f,Py)—U [ f.

Proof. By definition of the lower integral and upper integral, there exist partitions P,'
and P," of [a, b] such that

Lj f-1<L(f, P1)<|_j f and Uj f <U(f, P)<uj f+l.

Let P, be a common refinement of P, and P," for which [|P4]| < 1. Then by the

Refinement Lemma (Lemma 15)
LI f—1<L(f,Py<L{ f and U f <U(f,Py)<U[ f+1.
Similarly, there exist partitions P, and P," of [a, b] such that
Lj f— <L(f P2)<|_j f and uj f <U(f,P! )<U§ f+
Let P, be a common refinement of P, , P,' and P," for which ||P,|| < 1/2. Then

Lf f-1 5 <L(f, Py <Lf f and U[ f<U(f,P)<U]. f+

12
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Chapter 5 Integration

We now define the sequence {P« } by repeating the above process. Suppose we have
defined partition P such that P.1 < Pk, ||Pd| < 1/k. By the definition of the lower

and upper integrals, there exist partitions Pi..' and Py.1" of [a, b] such that

b / b b ! b
Lfaf— k-:iL-l <L(f,Pk+1)£Ljaf and Ufaf SU(f,Pk/+1)<U§af+k11-

Let Pw1 be a common refinement of P« , P’ and Pw.i" for which ||Pwa|| < 1/(k+1).

Then by the Refinement Lemma,

b b
Lf g <L(f Pey) <L f and

Uj.:f SU(f,Pk+1)<Uj.:f +W11 and Py c Py,

In this way we obtain the sequence of partitions {P« } of [a, b] such that P«c Pwa

and II(irlg |IP«||=0. In particular, by the definition of convergence of sequence or by

the Comparison Test (Proposition 8 Chapter 2),L(f,Pk)—>Lj:f and

U(f,P)—U f:f . This completes the proof.

Theorem 21. Suppose f : [a, b] > R is a bounded function. The following
statements are equivalent.

(1) f is Darboux integrable.

(2) There is a sequence (P« ) of partitions of [a, b] such that

IkirQ (U(F,Py)—L(f,Px)) =0. Furthermore, for any such sequence, L(f,Py) - j:f

andU( f,Py) - | f.

(3) Given ¢ > 0, there exists a partition P for the interval [a, b] such that the
difference U(f,P) - L(f,P)<e.

(4) f is Riemann integrable, i.e., there exists a number L such that given any ¢ > 0,
we can find a & > 0 such that for any partition P for [a, b] with norm || P || < 8, and

for any Riemann sum S with respectto P, |S —-L|< €.

Proof. (1) = (2). Suppose f is Darboux integrable, that is, the lower and upper

integrals are the same. Take the sequence of partitions (P« ) of [a, b] given by
Proposition 20 such that L(f,Pk)»Lj:f and U(f,Pk)»Uﬁf . Since
P rufl

lim (U(f, P —-L(f,Py) =0

13
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(2)= (1). Suppose there is a sequence (P« ) of partitions of [a, b] such that
lim (U(T, P —L(f,Py) =0.

For each integer k > 1, by Theorem 17, L(f,Py) <L j: f<U fz f <U(T,Py).
Therefore,

0<U [ f-LJ. f <U(f,PY-L(T,Po.
and so 0<U ] f—L [ f <lim(U(F,PY-L(f,P) =0.
Hence, U fz f-L fz f=0andsoL fz f=U f: f and fis Darboux integrable.
Moreover, since 0<U(f,Px)-U fz f <U(f,Pyx)—L(f,Py) for each integer k > 1,
and so by the Comparison Test, U(f,Py)— U j:fz j:f . Similarly, since
O<L fz f —L(f,Py)<U(f,Py)—L(f,Py)foreach integer k > 1, by the Comparison
Test for sequences, L(f,Py) - L jZfz fo .

(2) = (3) Suppose there is a sequence (P« ) of partitions of [a, b] such that
Ikirg (U(f,P)—L(f,Px)) =0. Then, given ¢ > 0, there exists a positive integer N,

such that n>N=U(f,P,)-L(f,Pn)<e.

Let P =Pyand we have U(f,P)—-L(f,P)<e.

(3= (1) Suppose for any € >0, there exists a partition P for the interval [a, b] such
that the difference U(f,P) — L(f, P) <e. Thus, forany ¢ >0,

0<U [ f-L[ f<U(f,P)-L(f,P)<e
Therefore, U j: f < sz f. It follows then by Theorem 17 that sz f=U f: f

and so f is Darboux integrable.

(4) = (3). Assume f is Riemann integrable. Given ¢ > 0, then there exists 6 > 0
such that for any partition P for [a, b] with norm || P || <&, and for any Riemann sum
S with respectto P, | S —L|< &4 . Let T={Riemann sum S: S has the same
partition P}.
Thenforany SinT,

L—e/lAd<S<L+egld. -----mmmmmmmmmmmeee 1)
Let P: a=Xo <X:i<...<X, =D bea partition of [a, b] with ||P| <5. LetM;=sup{
f(X):Xx e [Xi1, X ]}fori=1,.,n. By the definition of supremum, for eachi, 1 <i<
n, there exists ciin [xi.1, Xi ] such that

f(ci)>M— m
Using this mequallty, the Riemann sum

R(f,P,C) = Zf(c)(x. Xi- 1)>Z(M. 4(b (b —a) i ~Xi1)

14
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_ZM (Xi—Xi1)—&=U(f,P)-<
where, C=(Cy,...,Cn). Therefore,
UC(F,P)<R(f,P,C)+ 5 <L+ g+7=Lt5 —mmmemmmes )
by inequality (1).

Now let mi = inf{ f (x) : X € [Xi1, X ]} fori = 1,..., n. By the definition of infimum,
for each i such that 1 <i < n, there exists d. in [Xi1, Xi ] satisfying
f(di)<m +4(b %
The Riemann sum
n n e
R( f, P, d) = E f (di)(Xi — Xi_l) < %(mi + m}(xi — Xi_1)
= X mi(xi—xi-1) + 7 =L(f,P)+ &
i=1

where d=(ds,...,dn). It follows that

L(f,P)>R(f,P,d)— >L—§—

by inequality
(1). Inequality (2) and (3) implies that, U(f, P) — L(f, P) <e. Hence (2) follows.

(2) = (4) Suppose there is a sequence (P« ) of partitions of [a, b] such that
Lirg (U(f,Py)—L(f,Px)) =0. This means given € >0, there exists a partition P;: a
= Xo < X1< ... < XL = b with L > 1 such that

UC,P)-L(f,P)<5
Denote the partition P; by P. Let K=min {xi —x.. : 1 =1, ..,L} Since f is
bounded, there exists M > 0 such that | f (x) | < M. First we shall specify our & for
the partition. Let R: a =y, <yi<... <yy = b be any partition such that |R| <4, where

0 = min(K, m)

Then because ||R|| < K, the number of subintervals of R, N must be strictly bigger
than L, which is the number of subintervals of P. Moreover because K = min {Xi —Xi.1
:1=1,..,L}andforeachi=12,..,N, yi—-vyi1 <|R|| < K, each subinterval [yii, yi ]
can contain at most one point from P. Therefore, each x; for i = 1,2,.., L-1 must
belong to one and only one subinterval [y;j,_1,y;;] for some ji, 1 <ji<N-1, i.e., fori=
1,2,.,L-1, yja<xi<yj. Letl={i:i=1,..,L-1} I={ji:i=1,...,L—1}. Then
for any Riemann sum with respect to the partltlon R,

R(F,R &) = X f (&)Wi-Yina)
L where i iyl 6= G, oo £)
= S EN—yi)+ T T @0~ i)

_Zf(f )Yi —VYi- 1)+2. 1 POy —Yi- 1)+2| 1 (F (&) =Ty —Yi-1)
=(Ef(5i)(yi —yia) + i T OO —Xi) + i F o —YJi—l)J
+2i (F (&) —F G — Vit

Note that the bracketed term is a Riemann sum S for the partition RUP. Thus
R(F,RO=S+X5 (F(&)—F (i) Vi)

15
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<U(f,RUP)+ 2 X5 M(y;, - Yj,0) < UCF,P)+ 2 B M(yj, - Yj1)
by the Refinement Lemma

<L(f P)+% £ 2Y I MIRI < L(f, P)+5 £+ 2MLIR]
<Lflf+d +2|\/|ng|_§ f+esmce IRII <o <
We have thus proved that

= 2(2ML + 1)

NS R i T S —— 4)
Similarly, R(f,R, &) =21 1f(f )Yi—Yin) =S+ g (F(E)—F Y~ Y1)
ZL(f1RUP)+_1Z.=1 (f (&) — F DG — Vi)
>L(F,P)+ 27 (F(E) =T )V = Yi-1)

>U(f,P)- f—zt‘sz(yji—yji_1)>U(P,f)— 2> MR
>u§%f—§ 2MLIRI| b
é T~ o~ 2 A pa—
>Uf, f-3 2ML2(2ML+1)>U§ f-g,
i.e. NS E VH R S S —— 5)

Since Lf f= Uf f=C (because (2) = (1)), it follows from inequalities (4) and (5)
that |R(f,R,&)— L| <é&. We have thus shown that there exists a real number C such

that for any partition R with norm ||R|| < & and for any Riemann sum S =R( f , R, &)
with respect to R, |S—C| <& Hence, f is Riemann integrable .

Remark.

1. Note that we have given the proof of Theorem 21 in more than one ways. Most
oftenly used part of the theorem will be the equivalence of statements (1) to (3).
Note that (4) = (3) = (1) < (2) = (4).

2. Theorem 21 is a very useful tool for further development of the integral.

3. In view of Theorem 21, we shall simply say a function is integrable whenever

anyone of the equivalent conditions in Theorem 21 is met.

Integrability of Monotone Function
Theorem 22. Suppose f: [a, b] - R is a monotone function. Then f is Riemann
integrable.
Proof. Since f is monotone on the closed and bounded interval [a, b], f is bounded.
Suppose that f is increasing. LetP: a =X, <x:i<...<X,=b be a partition for [a, b].
Then
n n
U(f,P)-L(f,P)= _Zi(Mi —mi)(Xi —Xi-1) < ||P|l _Zi(Mi -
1= =
Since f isincreasing, Mi = f (xi) and m; = f (xi.1). Therefore,
n
U(f,P)-L(f,P) <Pl gi( f(xi) = (xi-)) =IPlI(f(b)-f(a))

16
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If f(b)="f(a), then given any ¢ >0, for any partition P, U(f,P)-L(f,P)=0<e.

If f(b)=f(a), take any partition P such that ||P|| <& /(f(b) — f(a)). Then
U(f,P)-L(f,P)<|IP|I(f(b)—-f(a)) <e.

Therefore, by Theorem 21, f is Riemann integrable. The proof is similar when f is

decreasing.
Integrability of Continuous Function

Next we have a theorem which confirms that definite integrals do exist at least on

continuous functions.

Theorem 23. Every function which is continuous on the closed interval [a, b] is

(Riemann) integrable on [a, b].

Proof. If f:[a b] > R is continuous, then it is also uniformly continuous.
(Reference: Theorem 29 Chapter 3.). Therefore, given any € > 0, there exists 6 > 0
such that for all x, y in [a, b],

IX—y|<d=|f(x)-f(y)|<e/b-a). (1)

Let P:a=xo<Xi<X;<...<X, =D be a partition with norm ||P|| < 3, which is given
by (1) above. Fori=1,...,n,letM;i=sup{f(X):x e [xiz, X ]} Since f is
continuous on [Xi1, Xi ], for each i, by the Extreme Value Theorem, M ; = f (ci) for
some Ci in [Xia1, Xi ].

Similarly foreachi=1, ..., n, letmi=inf {f(X): x € [Xi1, Xi ]}. Again by the
Extreme Value Theorem, for each i =1, ..., n, there exists di in [Xi1, Xi ] such that
m; = f (di). The upper Darb%)ux sum with respnect to P is

U(f,P) = .; Mi(Xi — Xi_1) = .; f (Ci)(Xi — Xi-1)
and the lower Darboux sum with respect to Pn IS

L(f,P) = Z; mi(Xi — Xi-1) = I; f (di)(Xi —Xi-1).
It follows that the differenrg:e

U(t,P) - L(T,P) =§(f(0i)—f(di))(xi—Xi—1)=§;|f(Ci)—f(di)l(Xi—Xi—l)

n
< .21 bfa(xi —Xi-1) by (1) since|ci-di| <||P|| <§,1<i<n.

b-a
Thus, by Theorem 21, f is Riemann integrable. This completes the proof.

n
Therefore, U(f,P)-L(f,P)< £ ¥ (Xi—Xi1) = ﬁ (Xn—Xo) =&
i=1 -

17
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Remark. More generally, suppose f : [a, b] — R is a bounded function, that is, for
some real numbers Mand L, M < f (x) <L forall x in [a, b]. Suppose f is continuous
except possibly on a subset of "measure zero”. Then f is integrable. Indeed the
converse is also true: f is integrable implies that f is continuous except on a subset of
"measure zero™”. This result is stated by Darboux but is often referred to as Lebesgue
Theorem. By a set of measure zero we mean that the points of discontinuity can be
enclosed by at most countably infinite set of intervals whose total length is arbitrarily
small. Any finite or countable set is of measure zero. The set of rational numbers is
of measure zero. (See Chapter 14 for a definition of the Lebesgue measure of a set.)
This gives another way of proving Theorem 22 since any monotone function on [a, b]

can have at most countable number of discontinuities.

0, x+0

1 %20 " f is not continuous at O but f is integrable on

Example 24. f(x):{

[-1,1].

Let P:-1=Xo<X1<X2<...<X,=1Dbe apartition of [-1,1]. Let AXi =X — X1 .
Let
R(F.P, &) =2k f (&)X —Xi1) = 2y f (E)AX) -ermmrmmmemmeceeceeees (1)

be a Riemann sum with respect to the partition P and & =(&;, &2, ... €n), where € i is in
[Xia, Xi].
If &i=0fori=1 ...,n then f (i) =0*foralli=1 .. n andso
R(f,P,&) =20 f(EDAX =0. If £;=0forsome1<j<n,thenf(¢)=0foi=j,j-1
ori=#j, j+1, whichever makes sense.
The Riemann sum

R(f,P, &) =f(AX; +F(Sjra)AXjur OF R(F, P, &) =f(Cja)AXj +F(E)AX;.

Since | f(x) | < 1forall xin[-1, 1],

| AXj| +| AXjus |

or | Axj1| +|Axj)| < 2Pl

|R(f,P,f)|£{

Given any & > 0, we can take any partition P with [P <6 = % and |R(f, P, £)-0| <

2||P|| < . Therefore, f is Riemann integrable on [-1, 1] and jil f(x)=0.

Example 25 jab 1dx = (b—a).

Proof. Let f(xX)=1, Let P:a=Xo<X1<X;<...<X,=b be a partition of [a, b].

Since for any constant function, maximum and minimum are the same and so the
upper Darboux sum and the lower Darboux sum for the partition P are the same and it
follows that any constant function is Riemann integrable. Therefore, f is Riemann

18
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integrable and the integral is given by the limit of a sequence of lower sums of a
sequence of partitions by Theorem 21. Any lower sum
n n

L(f,P) =2 mi(Xi—Xi-1) = 2(Xi —Xi.1) = Xn —Xo = b —a. Take (Px) to be a sequence
i=1 i=1

of partitions such that ||P«| — 0. Then L( f, Py) — (b—a) since L( f, Py) is a constant
sequence and so fa 1dx = (b—a).

5.6 Properties of the Riemann Darboux integral

Theorem 26. Suppose f: [a, b] > R is a bounded function. If f is bounded and
integrable on the closed intervals [a, c] and [c, b], where a < c < b, then f s

integrable on [a, b] and | f(x)dx = [  fxdx+ | f(x)alx.

Proof. By Theorem 21, there exists a sequence (P, ) of partitions of [a, c] such that
lim (U(f,Pn)—L(f,Pn)) =0and L(f,Py)~ [ f.
Similarly, there exists a sequence ( Q.) of partitions of [c, b] such that
lim (U(f,Qu)—L(f,Qu) =0and L(f,Qn)— | f.
Then (P,uQn) is a sequence of partitions of [a, b]. Note that
U(f,P.uQn)=U(f,Py)+U(f,Qn)
and L(f,P.uQn) =L(f,Py)+L(f,Qn).
Therefore,
Hm (U(f,PaUQn)—L(f,PnUQn))
=lim (U(f,Pn)+U(f,Qn)—L(f,Pn)—L(f,Qn))
=lim (U(f,Pn)—L(f,Pn)) +lim (U(f,Qn)~L(f,Qn)) =0+0=0.
It follows by Theorem 21 that f is Riemann integrable on [a, b]. Moreover,
L(f,PaUQu) =L(f,Py)+L(f,Qu)~ [+ [ f .
Hence Sab f(x)dx = fac f(x)dx + fcb f(x)dx .

Theorem 27. Suppose f: [a, b] > R is a bounded function. If f is integrable on
[a, b], then for any c in (a, b), f is integrable on [a, c] and on [c, b] and

J ab f(dx = | : fodx + jcb f(x)dXx .

Proof. By Theorem 21, since f is Riemann integrable, there is a sequence (P« ) of
partitions of [a, b] such that
Lirpo (U(f,P)—L(f,Py)) =0.
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We may assume that the point ¢ belongs to each partition P, . We explain this as
follows. Let Q« = P « U{c}, then by the Refinement Lemma, for each positive integer
n,
U(f, Q) —L(f,Q«)<U(f,P«)-L(f,Px).
Therefore, by the Comparison Test for sequences, Ik'ﬂl (U(F, Q) —L(f,Qk) =0. Ifc
¢ P, we replace P« by Q«. Hence we may assume that ¢ belongs to partition P for
each positive integer k. Therefore, each partition Py is a union of a partition P, for
[a, c] and a partition Py" for [c, b]. In particular,
U(f,P)=U(f,P)+U(f,PM)
and L(f,P«)=L(f,P)+L(f,P").
Thus, U(f,P«)—-L(f,P«)=U(f,P)—-L(f,P)+U(fP")—L(F,P")
and so
U(f, P ) —L(f,P")< U(F, Pe)—L(f, P«)

and U(f,P") —L(f, P") < U(F, Po)—L(T, Py).
Therefore, by the Comparison Test for sequences,

lim (U(f, Py —L(f,Py) =0
and L'IQ (U(f,P)—L(f,Py)) =0
It follows by Theorem 21 that f is Riemann integrable on [a, c¢] and on [c, b].
Moreover,

L(f, P =L(f, PR+ L(F, P~ [+ ] f.

Thus, jab f(x)dx = fac f(x)dx + fcb f(x)dx .

Next we shall list the properties of the Darboux sums which we shall use later.

Lemma 28. Suppose f:[a, b] > R and g: [a, b] — R are bounded functions. Let
P:a=Xo<X:<X;<...<Xy,=b beapartition of [a, b]. Then

L(f,P)+L(g,P) < L(f+g,P)
and U(f,P)+U(g,P) > U(f+g,P). - (A)
Furthermore, for any real number k,
L(kf,P)=kL(f,P) andU(kf,P)=kU(f,P) ifk>0
U(kf,P)=kL(f,P) andL(kf,P)=kU(f,P) ifk<0 = =--mmmmmmmmmmmmmmees (B).

Proof. These are observation regarding properties of infimum and supremum.
First we set up some notation. Suppose h: [a, b] — R is a bounded function and
P:a=Xo<X1<X:<...<X,=bisapartition of [a, b]. Foreachi=1,...,n, let
Mi (h, P) = sup{h(x): X e[xi-1, xi ]} and m; (h, P) = inf{h(x): x €[xi-1, xi ]}. We begin
by examining the components of the lower sums.
mi (f,P)=inf{ f(xX): x €[xi-1, xi ]} is a lower bound of {f (X): x €[xi-1, xi ]}and
mi(g, P) = inf{ g(x): x €[xi-1, X ]} is a lower bound of { g(x): x e[xi-1, X ]}
Therefore,
m; (f,P)+ mi(g, P) <f (x) + g(x) forall x e[xi-1, xi].

It follows that m;i (f, P) + mi(g, P) is a lower bound of { f (x) + g(x): x €[Xi-1, Xi |}
Therefore,

mi (f,P)+ mi(g, P) <inf{(f+g)(X): x g[Xi-1,xi |} =mi (f+g, P) --------- 1)

by the definition of infimum,
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and so ) )
L(f ) P) + L( g, P) = E mi( fv P)(Xi _Xi—l) + g]:- mi(g! P))(XI _Xi—l)

< Eni mi(f+ g, P)(Xi — Xi-1) = L(f+ g, P).

This proves the first inequality of (A). We proceed with the second inequality of (A)
similarly. By definition M; ( f, P) is an upper bound of {f (x): x [xi-1, X ]} and
Mi(g, P) is an upper bound of { g(x): x €[Xi-1, Xi ]}. Therefore, for all x e[xi-1, Xi ],
Mi (f,P)+ Mg, P)>f (x) + g(x). It follows that M; (f, P) + Mi(g, P) is an upper
bound for the set { (f + g)(X) : X €[xi-1, Xi ]}. Hence, by the definition of supremum,
Mi (f,P)+ Mi(g, P) >sup{ (f+ g)(X) : X €[Xi-1, xi ]} = Mi (f + g, P) ------- (2)

Then ) )
U(f,P)+U(g,P)= Zi Mi(f, P)(Xi —Xi—1)+i§1 Mi(9, P))(Xi = Xi-1)

n
> % Mi(f + g, P)(Xi — Xi-1) = U(f+ g, P)
by (2).

This proves the second inequality of (A). To prove the inequality (B), note that for a
bounded set of real numbers, A, for any k >0, inf(k A) =k inf(A), sup(kA) = k sup(A).
Also for k <0, inf(k A) = k sup(A), sup(kA) =k inf(A). It follows that for each
i1=1,...,n,

mi (kf,P)=km;(f,P)and M; (kf,P)=k M; (f,P) ifk>0and

mi (kf,P)=kM;(f,P)and M (kf,P)=km;(f,P) ifk<O0.
Therefore, it follows from this set of equalities that
L(kf,P)=kL(f,P) and U(kf,P)=kU(f,P) ifk>0;
U(kf,P)=kL(f,P) andL(kf,P)=kU(f,P) ifk<D0.

Theorem 29. Suppose f: [a, b] > R is a bounded function. If f is Riemann
integrable, then for any real number k, kf is Riemann integrable and

jab kf (x)dx = k fab f(x)dx.

Proof. By Theorem 21, since f is integrable, there is a sequence (P, ) of partitions of
[a, b] such that Jim (U(f,Pa)—L(f,Pa) =0 and that L(f,Pp)—[ f and
U(f, P [ 1.
If k>0, then
lim (UCk T, Pn)—L(kf,Pn)) =lim (kU(T,Pn)—kL( f,Pn))
=k lim (U( f,Py)—L( f,Py)) =0
If k <0, then
lim (U(kf,Pa)—L(KF,Pn) =Jim (KL(f, Py)—kU( f,Py)
=—kim (U( f,Pn)—L( f,Pn) =0.
Therefore, by Theorem 21, k f is integrable and L(k f,P,) =kL(f,Py) - k f:f if
k>0and L(kf,Py)=kU(f,Py) k[ fifk<Oandso JPkf =k[’ .
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Theorem 30. Suppose f:[a, b] > R and g:[a, b] > R are bounded functions. If
f and g are integrable, then f+ g is integrable and

f:(f +0)= fab f +§ab g.

Proof. Since f and g are integrable, by Theorem 21 there exist a sequence (P, ) of
partitions of [a, b] such that |im (U(f,Pn)-L(f,Pn)) =0 and a sequence (Qn) of
partitions of [a, b] such that |im (U(g,Qn)-L(g,Qn)) =0. Take the sequence of
partition (R. ), where R, = P,uQ, for each positive integer n. By the Refinement
Lemma, for each positive integer n,

L(f,Pn)<L(f,Rn)<U(f,Ry) <U(F,Py)

and

L(ng”)SL(glR")SU(Q’RH)SU(Q!QH)'
It follows that 0 <U(f,Ry) —L(f,Rs) <U(f,Py) —L(f,Py) ----mm-mmmmmmmmmeev (1)
and 0<U(g,R)—L(g,Rn) <U(g, Qn) -L(g, Qn). --r-mmrmmmmmmemes )

Because of inequalities (1) and (2), |im (U(f,Pn)—L(f,Pn)) =0 and that
Hm(U(g,Qn)-L(g,Qn)) =0, by the Comparison Test for sequences,
Hm (U(f,Rn)~L(f,Rn)) =0 and |im(U(g,Rn)-L(g,Rn)) =0. Consequently,
(see for example Theorem 21 (2)), we have that
L(f,R)= [f, UC(F,R) = |of L(g, R~ g, U(g,R)=[ g —(3)
Now by Lemma 28, for each positive integer n,
L(f,Ry)+L(g,Ry) < L(f+g,R) <U(f+g,Ry)<U(f,Ry)+U(g,Rn) - 4)
Therefore,
0< U(f+9g,Ry)-L(f+g,Rn) <U(f,Ry) —L(f,Rn)+U(g, Rn) —L(9, Rn) ---- (5)
Since
lim (U(f,Rn) = L(f,Ra)+U(g,Rn)—L(g,Rn)
=lim (U(f,Ro) = L(f,Rn) +im (U(g,Rn)~L(g.Rn)) =0,
it follows from the inequality (5) and the Comparison Test for sequences,
lim (U(f+g,Ra)—L(f+g,Rn)) =0.
Therefore, by Theorem 21 (2), f+ gis integrable. By the inequality (4), the limits in

(3) and the Squeeze Theorem for sequences, L(f +g,Rn)—>j:f+j: g. But
b b b b
L(f +g,Rn)—>§a(f+g)andso fa(f+g):§a f+§a g.

Remark. A proof using Theorem 21(4) is presented in Ng Tze Beng's "Calculus, an
introduction”, 9.4.3.

Theorerp 31 Suppose f:[a, b] > R isabounded functions. If f> 0 and integrable,
then jaf > 0.

Proof. Since f is integrable, by Theorem 21 (2), there exists a sequence (P. ) of
partitions of [a, b] such that L(f,P,) - j: f. Sincef >0, L(f, P, >0 for each
positive integer n. f:f being the limit of the sequence (L( f, P.) ) is therefore
greater than or equal to 0.

Theorem 32. Suppose f:[a,b] > R and g: [a, b] > R are bounded functions. If
f and g are integrable on [a, b] and f (x) > g(x) for all x in [a, b], then
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jabf zj:g.

Proof . Since f (x) > g(x) for all x in [a, b], f—g > 0 and so by Theorem 31
jab(f —g)>0. But by Theorem 29 and Theorem 30,

[2(f-g) =2 f+[2g =l f-Ila.
It follows that jf f—f;’gZOand SO J}f f zfabg.

Remark. One can give a proof using either the upper Darboux sum or the lower
Darboux sum and Theorem 21 (2).

We next state a useful observation.

Proposition 33. Suppose f: [a, b] > R is bounded and integrable. If g: [a, b] —»
R is a function such that g = f except on a finite set of points in [a, b], then g is
integrable and [ g = f.

Proof. g(x) — f(x) =0 for all x but a finite set of points in [a, b]. This meansg — f
is a linear combination of functions of the type considered in example 24.
Therefore, by Example 24, Theorem 29 and 30, g - f is integrable and J;’(g—f) =0.
Since g=(g-f)+fandboth (g — f)andf are integrable, by Theorem 30, g is
integrable and

Jag=Ia(f+@-f) =JJf +12@-f)=]7f +0=]7f.
This completes the proof.

Remark. In fact much more is true. By Lebesgue Theorem, if g = f except on a set
of "measure” 0 in [a, b] , and if f is integrable, then g is integrable and J&f’g = fab f.

Theorem 34. Suppose f : [a, b] > R is a bounded function. Suppose f is
continuous on (a, b). Then f is integrable and the integral does not depend on the
values at the end points of the interval.

Proof. We shall use the equivalent condition (3) for integrability in Theorem 21.
That is, we shall show that given any & > 0, there is a partition P for the interval [a, b]
such that the difference U(f,P) —L(f,P)<se.
Since fis bounded, there exists K> 0 such that | f (x) | <K forall x in [a, b].
Let (an) be a decreasing sequence in (a, (a +b)/2) such that a, — a. Let (b,) be an
increasing sequence in ((a +b)/2, b) such that b, — b. Given any ¢ > 0, there exists a
positive integer N such that n > N impliesthat0 <a,—a<e/(8K)and 0<b —-b, <
e/ (8K). Let m be any fixed integer > M. Since f is continuous, f is continuous on
the closed and bounded subinterval [an , bm]. Therefore, by Theorem 23, the
restriction of f to [am, bn] Is integrable. By Theorem 21 (3), there exists a partition P
for the interval [an , bn] such that

UCT |tambmts P) = LCT [fanbm » P) <é/2.
Adding in the two end points a and b we get a partition Q for [a, b]. Thatis, Q=P
u{a, b}. Then the upper Darboux sum with respect to Q is

U(f, Q) =sup{f (x) : x € [a,am]}(am —a) + U(f [fanbn, P)
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+sup{f (x) : x € [bm, b]}(b—Dbm)
< K(am - a) + K(b - bm) + U( f |[am,bm]a P) <eld+ U( f |[am,bm]a P)
Likewise, the lower Darboux sum with respect to Q is
L(f,Q)=inf{f (x): xe[a,am]}(@m—a) +L(f |jambn]: P)
+inf{f (x) : x € [bm, b]}(b—bm)
>—K(am—a)+L( T |janbm}, P) — Kb —bm) > —el4+L(T |[anba]s P)-
Therefore,
U(f, Q—-L(f,Q) <&l2+U(f |anbm, P)—L(f |@anbn , P).
<el2+el2=¢
It follows by Theorem 21 (3) that f is integrable. By Proposition 33 the integral is
independent of the values of f at the end points of the interval.

We can show much more.

Given any integer k in P, there exist integers n, and my such that 0 < ap,

and 0 <b—bp, <ﬁ .

interval [an,, bm,] such that
UCT fan,, bm ], P = L(F [[an, bm,], Pe) < 3.

Without loss of generality we may assume that ne < np and me < myq for each

integer k in P.
Let Q« =P« u{a, b}. Then, we can show similarly as above that
U(f,Q0-L(f, Q<.

Hence L'IQ (U(f,Qk)—L(f,Qx)) =0. Therefore, by Theorem 21 (2),
U(t,Qu—J,f.
But U(f,Qk) =sup{f (X): xe[aan]}(an, —a)+U(f|[an,bm, Px)

+sup{f (X) : x € [bm,, b]}(b—Dbm,)
and |sup{f (X) : X € [a,an,]}(@n, —a) +sup{f (X) : x € [bm,, b]}(b—Dbm,)|

<L

1 4Kk
Since Ik'fﬂ K= 0, by the Comparison Test,
lim (sup{f (x) : x € [a,an,]}(@n, — @) +sup{f (X) : x € [bm,, b]}(b—bm,)) =0.

It follows that le U( f|[an,, bm,], Px) :Lim U(f,Q) = j:f . It is clear that
U(f [[an,, bm,], Px) is independent of the end pointsbof the interval [a, b].
Similarly, we can show that L( f|[an,, bm,],Pi) - |, f.

Since L(f|[an,,bm],Px) < f::kkf < U( f|[an,, bm,], Px), by the Squeeze Theorem for

1
~a<BKK
By Theorem 21 (3), there exists a partition Py for the

sequences, lim fank f={f.

Remark. Note that the only use of the continuity of f on (a, b) in the proof above is
to deduce the integrability of f on the subintervals [an , bn].

Example 35.

(1) Let fo=q < X*0

2,x=0 "
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By Proposition 33, | f(x)dx = |} xdx = [X?Z]: = 0 assuming the Fundamental
Theorem of Calculus.

x?, 0<x<1
2x3-1,1<x<2 °
j f(x)dx = f f(x)dx+§ f(x)dx by Theorem 34 and Theorem 26
= f x2dx +§ (2x® —1)dx and assuming the Fundamental Theorem of
Calculus .
3 4
=[%]0+[%—x] =3+@-2)-(3-1)=5+6+3=63.
3
(3) fo [x]dx= fo [X] dx+f dx+f X]dx= f de+§ 1dx+f 2dx
by Proposition 33

(2) Let f(x)= {

=0+1-2-1)+2-(3-2)=0+1+2=3,

Riemann Sums Convergence Theorem

We have seen in Theorem 21 (2) that if f: [a, b] &> R is integrable, then the integral
is the limit of a sequence of lower Darboux sums with respect to a sequence of
partitions of [a, b]. We shall show next that the integral is the limit of any sequence
of Riemann sums with respect to a sequence of partitions {P.} of [a, b ] so long as
[[Pal| — 0.

Theorem 36. Suppose f : [a, b] — R is Riemann integrable on [a, b] and (P, ) is a
sequence of Partition of [a, b]. Let R(f, P,, C,) be a Riemann sum with respect to
the partition P, with C, being any choice of points in the subintervals of P,. If ||P,|
converges to 0 as n tends to infinity, then the sequence of Riemann sums

(R(f,Pn,Cn))
tends to [ f

Proof. Since f is integrable, by Theorem 21 (4) given any € >0, we can finda é > 0
such that for any partition P for [a, b] with norm || P || < 3, and for any Riemann sum
S with respect to P, |S— fa f|<e. Since ||P.| converges to 0, we can find an integer
N such that for any n > N, ||P.|| < 8. Therefore, because each R(f, P, , C,)is a
Riemann sum with respect to P, , |R(f,Pn,Cy)— [ f|<eforalln>N. This means
the sequence (R(f, Pn, Cy) ) converges to Ia f as n tends to infinity.

Remark. The usual application of the above theorem is to a sequence of partitions

( Pn), where ||P4|| = (b — @)/n as is the case when P, is a regular partition and the
Riemann sum R( f, P, , Cy) with respect to P, is chosen such that C, the choice of
points in the subintervals of P,. is chosen either to be the end point or beginning point
of the subinterval. In more detail, the application is stated below.

n
Corollary 37. Suppose we are given a limit of the form |im > g(i). If we can write
i=1

g(i)= f(x) n  \where either x; = a+|bnaorx. a+(i—1)¥,then
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I . _ b
im 2 00) =i 3 fox) 272 = foodx.
if fis Riem%nn integrable on [a, b]. Therefore, if we can find an anti-derivative F of
f,then lim Y g(i) = F(b) — F(a) by the Fundamental Theorem of Calculus.
i=1

Example 38.
LL@; 5n = —r'q”llz nm
= [§ VB=2x dx = —+[(5— 2321} = ~%(392 —532)
5/_ 3.

Darboux Sums Convergence Theorem

It is a natural question to ask that if the function f is integrable on [a, b], then does
the same conclusion as in Theorem 36 holds true for either the upper Darboux sums
or lower Darboux sums, that is, does the sequence of either upper Darboux sum or
lower Darboux with respect to any sequence of partitions converge to the integral of f
if the norm of the partitions tend to 0.

Theorem 39. Suppose f : [a, b] —» R is integrable and (P, ) is a sequence of
partitions of [a, b]. If ||Py| converges to O as n tends to infinity, then

lim (U(f,Pn)—L(f,Pyn)) =0and consequently L(f, P) - [2fand UFPy)—f2f

Proof. Since f is integrable, by Theorem 21(4), given € > 0, then there exists 6 > 0
such that for any partition P for [a, b] with norm || P || <&, and for any Riemann sum
S with respect to P,

|S—-L|< ¢bd.
Let T ={ Riemannsum S : S has the same partition P}.
Thenforany SinT,

L-—e/ld<S<L+gld. = e 1)
Let P: a=Xo<Xxi<..<X,=Dbe apartition of [a, b] with ||P || <d. LetM;=sup{f
(X) : x € [Xi1, X ]} fori=1,..., n. By the definition of supremum, for eachi, 1 <i <
n, there exists ¢i in [Xi1, Xi ] such that

f(ci)>Mi— ﬁ

Then, using this Lnequality the Riemann sum

R(T,P,C)= % f (€)(Xi ~i-1)

> E(Mi _ﬁ)(xi —Xi-1) = gi Mi(Xi —xi_l)—% = U(f, p)_%’

where, C=(cy,...,Cn).
Therefore,
U(f,P)<R(f,P,C)+%<L+

by inequality (1).

26
©Ng Tze Beng



Chapter 5 Integration

Now let mi = inf{ f (x) : X € [Xi1, X ]} fori =1,..., n. By the definition of infimum,
foreach i, 1 <i<n, there exists diin [Xi1, Xi ] such that
f(di)<m +4(b )’
Then, using this inequality, the Riemann sum
n

R(f,P,d)= I; f (di)(Xi —Xi-1)

< E(mi +m)(xi —Xi-1) = ; mi(Xi —Xi—1)+% =L(f, p)+%

where d=(ds,...,dx).
Therefore,

L(F,P)>R(FP ) -y >L-y-g=l-5. e ©)
It follows from (2) and (3) that if ||P4|| <9, then U(f,P)—L(f,P)<e.
Now since ||P.|| — 0, there exists an integer N such that n > N = ||P,|| < 4.
Therefore, by what we have just proved,

n>N=U(f,Py)-L(f,Pn)<e.

This means |im (U(f,Pq)-L(f,Pn)) =0.

Remark. The argument in the proof of Theorem 39 is in the proof of Theorem 21 (4)
= (3) and is reproduced here for convenience.

Mean Value Theorem

Theorem 40 Mean Value Theorem for Integrals.
Suppose f is continuous on the closed interval [a, b] with a <'b. Then there exists a

point v in [a, b] such that fabf =f(y)(b-a).

Proof. Since f is continuous on [a, b], by the Extreme Value Theorem, there exists
c,din[a, b] suchthat m= f(c)<f(x) <f(d) =M forall xin[a, b]. Therefore, by
Theorem 32,

j m < f f< f M
and so f(c)(b- a)<§ f < f(d)(b-a).
Dividing the above inequality by (b — zt;)\) we get

f
f(c) < jbia <f(d).
Therefore, since f is continuous, by the Intermegliate Value Theorem, there exists
f
between ¢ and d , i.e. x in [a, b] such that fbaa =f(y). (The left hand side of the
equation above is known as the mean value.) Hence jabf =f(y)(b-a).

Example 41. We can estimate f f sin®(x)dx using the Mean Value Theorem for

Integrals. It says there exists c in [g, Z Jsuch that f sind(x)dx = sin®(c)( - %)

Z sin(c). Since the function sine is increasing on [6 51

sin(g ) <sin(c) < sm( )= ﬂ. It follows that = 75 < sin®(c) < 5 and so

II olN

ola o= |l

L < j sind(x)dx < £ - 3. Therefore, 125 < j sin®(x)dx < 25
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5.7 Fundamental Theorem of Calculus

The most important theorem in Calculus is the fundamental theorem because it
provides the link between differentiation and Riemann integration. Our next result is
a theorem of Darboux which gives the fundamental theorem without the assumption
of the continuity of the derived function f' of f.

Theorem 42. Darboux Fundamental Theorem of Calculus.

Suppose F : [a, b] — R is a function continuous on [a, b] and differentiable on (a, b).
Suppose the derived function F' : (a, b) — R is integrable in the sense that any

extension of F'to the end points a and b is integrable. Then jab F'=F(b)-F(@) .

Proof. For each integer n > 1 let the regular partition P, for [a, b] be

Po:a=xo<xi<..<X =D,
with || Po || = (b-a)/n, xc=a+k2=2 fork=0,1, ..., n. Foreachk=1, ..., n, since
F is continuous on [x«1, X and differentiable on (x«1, Xx), by the Mean Value
Theorem (Theorem 15 Chapter 4), there exist & in (X1, Xx) such that

F' (&) (% = Xk1) = F(X) = F(Xa). =mmmmmmmmmmmmmmmmmemeoeeeee (1)

Let R(F', Pn, C,) be the Riemann sum with respect to the partition P, , where C,
=(&1, &2, ... &n) IS the choice of &; in [Xi.1, Xi] given by (1).
Then

R(F',Pn,Cp) = kz::l F'(E) Xk — Xk-1) = é F(Xk) — F(Xk-1) = F(Xn) — F(X0) = F(b) — F(a)

Since || Pn || = (b—a)/n — 0, by Theorem 36, the sequence of Riemann sums (R( F', P
, Cn) ) tends to Lf F' . Butthe sequence is constant and so R(F', P, Cy) — F(b) -
F(a). Therefore, [YF' =F(b)—F().

The following is the more familiar form of the fundamental theorem of calculus.

Theorem 43 (First Fundamental Theorem of Calculus)

Suppose F: [a, b] » R is a function continuous on [a, b] and differentiable on (a, b).
b
Suppose F': (a, b) > R is continuous and bounded. Then ja F =F(b)-F(@) .

Proof. F': (a, b) > R is continuous and bounded implies that F' is integrable by
Theorem 34 and that the integral does not depend on the values of the extension of F'
at the end points. Hence, the theorem follows from Theorem 42.

Remark.
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Suppose f: [a, b] > R is integrable and has an "anti-derivative" F : [a, b] > R,
which is continuous on [a, b] and F'(x) = f (x) for all x in (a, b). Note that F need not
be differentiable at the end points of the interval. Then by Theorem 42,

Ja f = F(b) -F(a.

The significance of Theorem 43 is that we can use any "anti-derivative” to compute
definite integral. Let f be a function continuous on [a, b] and so integrable on [a, b].
For any continuous function F defined on [a, b] such that F'(x) = f (x) for all x in (a,
b), (i.e. F is an "anti-derivative” of f in the sense given above),

f:f = F(b) — F(a) = [F(x)]3. This is the usual form that the theorem is used.

Example 44 jol(x3 —6x2 +2x + 1)dx

Let f (x) = x* - 6x* + 2x +1. Then f is continuous on [0, 1]. We recognize
. . 4 . . . .

immediately that F(x) = % —2x3 + X2 + x is an anti-derivative of f. Thus

[0 —6x2 + 20+ =[5 - 23 +x2+x]} =+ —2+1+1-0=1%.

Remark.

Not all continuous functions have anti-derivatives expressible in terms of elementary
functions. By elementary function, we mean any function formed from real constant,
the identity function, the exponential function, the logarithmic function, the
trigonometric functions and the inverse trigonometric functions, by adding,
multiplying, dividing or forming composition. Not all integrable functions have

[1 _y2
anti-derivatives.  For example, the function Iox does not have an
J1-x2/4
anti-derivative in terms of elementary functions on [-1, 1] and the function
> o .
f (x)= _11’XX_<00 does not have an anti-derivative on [-1, 1] but is integrable. We

can still compute j_ll f which is 0.

Theorem 45 (Second Fundamental Theorem of Calcullus).

Suppose f :[a, b] - R is integrable. Define F: [a, b] > R by F(x) = f:f for x in
[a, b]. Then

1. Fis continuous on [a, b].

2. If f iscontinuous at x in [a, b], then F is differentiable at x and F'(x) = f (x).

Proof. Since f is integrable, f is bounded on [a, b]. Thus, there exists a positive

real number K suchthat —K < f (x) < K for all x in [a, b]. We shall show that F is

uniformly continuous and hence continuous. Forany x <ysuchthata<x<y<bwe

have that —K < f (t) < Kforall tin gx, y]. Hence, taking integrals, by Theorem 32,
—-K(y—x) < fx f <K(y—-x)

and so

I f]<K(Y =) =Ky =X remmemeemeemeemeemeeeeeeees (1)
Forany x<ysuchthata<x<y<b,

Fy) =, f=[ f+] f=F+[ f.

Therefore, ,
FO-FO=[, f. oo @
Similarly, if a <y < x <b, by interchanging the role of x and y above, we get,
29
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FOO-Fp=f, . ©)
It follows from (1), (2) and (3) that, forany a<x <y <D,
IF() - F(y)l <Kly—x|

Hence for any € > 0, take & to be any real number such that 0 < & < &/K. Then for all
X, yin [a, b],

| Xx=y|<d=|FX)-F({)| <K/ x-y<KeK=¢.
This means F is uniformly continuous on [a, b] and so continuous on [a, b].
Part (2).
Suppose f is continuous at x, € [a, b]. We shall show that F(x) =, f(t)dt is
differentiable at xo. For x > Xo,

FO)O—F(xo)=Ta f —[a° f=[° f+1f-[°f =Igf
and for X < Xo,

FOO—F(xo)=1a f—[3° f =l f =3 f+ 0 F) ==[°F =] f
where we use the convention that when ¢ < d in [a, b] , |5 f =—¢ f.

X
- f
For x # X, let H(x)= F(X))(_)I(:O(XO) - ){X_(’XO . Then by the definition of the

derivative, )I(im H(x) = F'(xo), where the limit is taken to be the appropriate left or
right limit when x, = a or b. We shall show that H(x) tends to f (xo) as x tends to Xo.
Since f is continuous at Xo , given g > 0 there exists a > 0 such that
IX=Xol <= F(X)—f(Xo) <e=>F(Xo)—e<f(X)<f(X0)+e.
That is to say, for all x in [a, b] with X € (Xg —J, Xo +0) , we have
f(Xo)—e< F(X)< f(Xg)+e& —-m-mmmmmmmmmmmmmmmmm oo 4)

Now we consider the right limit first. For x in (Xo, Xo+3d), using (4) and Theorem 32,
we obtain

jx)i)( f(Xo)—¢) < Ix); f < jx);(f(xo)"'g) .
That is to say, for any x in (Xo, Xo+9),
(f (X0) —&)(X—X0) < [y, f (DAt <(f(Xo0)+e)X—Xo).
Dividing the above inequality by (x —Xo) > 0, we obtain

% T (Hdt
f(Xo)—e< —x—x, =H) <f(Xo) +e.

Therefore, |H(X) — f (Xo)| <¢&. This shows that lim Hx) = f (Xo).
~X0
Similarly, for the left limit, we take x in (Xo =9, Xo). Then from (4) and Theorem 32,
we obtain for any x in (Xo =8, Xo),
[ (x0)—e) <1 f <J3°(F (xo) +¢).

Xo o f(tydt
As before we get f(xo)—¢< fXxof_(t)zdt = jx;_g(g =H(X) <f(xo) +&. This shows

that the left limit Jim H(x) = f(xo) . Therefore, if xo, is in (a, b), then
lirxn H(X) =lim H(x) = f (Xo) and so F'(xo) :Iirrg H(x) = f (Xo). By the above argument
-X4 —Xp X=X

F'(a) =lim H(x) = f(a) and F'(b) =)!lrp H(x) = f (b). This shows that for all x in

[a, b], F'(x) = f (x).
This completes the proof.
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Corollary 46. Suppose f :[a, b] > R is continuous. Define F: [a, b] > R by
F(x) = j f for xin[a, b]. Then F is differentiable and F'(x) = f (x) for all x in [a, b],
i.e., F isan anti-derivative of f.

Definition 47. Suppose f :[a, b] > Ris mtegrable. Suppose ¢ and d are two points
in [a, b] such that c <d. We define j f= —f f . With this definition, we have then
for any x, y in [a, b], fyf _f f . In particular, for any x, y and z in [a, b],

IRESREI M

Corollary 48. Suppose f : [a, b] > R is continuous. Let c be in (a, b]. Define
F:[a, b] > R by F(x)= f f forxin[a, b]. Then F is differentiable and F'(x) = f (x)

forall x in [a, b], i.e., F isan anti-derivative of f.

Proof. Note that F(x) = j f—j f—f f . Therefore, by Corollary 46,
F(x_dxj f= f f =f(x)forall xin [a, b]. Hence F' =f.

Corollary 49. Suppose | is an open interval and f : | — R is continuous. Let X, be
in I and define F: 1 > R by F(x)_f f forxinl. Then F'(x) = f (x) for each x in I.

Example 50

(1) Letg: R —> R bedefinedby g(x)= flx J2+t2dt. Let f(t)y=y2+t?. Then
g(x) = |, f(tydt=F(x). Thus by Corollary 49, g'(x)=F'(x)=f(X)=2+x2.

(2) Leth: R —R be defined by h(x)= [ 2+ dt
Therefore, h(x) = F(x?), where F is defined in example (1). By the Chain Rule
for differentiation, h'(x) = F'(x?) - 2x = f(x?) - 2x, where the function f is defined
in Example (1). Hence h'(X) = 2xy/2+x*

Corollary 49 provides a way to find the anti-derivative of a continuous function. It is
then a natural question to ask whether if we relax the continuity condition to one of
integrability, then the conclusion of Corollary 49 holds. The answer is no in general.
A counterexample is is provided by the function in Example 51.

Example 51. Let g : [0, 1] > R, be a function defined by
0 ifxisirrational
g(x) = % if 0 <x < 1lisrational and x = % in its lowest terms
1 ifx=0orl

Then g is bounded, integrable and f; g=0.

We shall now show that g is integrable by using one of the equivalent conditions for
integrability in Theorem 21.
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Given any ¢ > 0, by the Archimedean property of R, there exists a positive integer m
> 1 such that 1/m < ¢/2.
Observe that there can only be a finite number of reciprocals of integers that are
greater than or equal to 1/m:
Take any rational number p/q with p/q in its lowest terms and 0 < p/q < 1. This
means that 1 < p < q and the greatest common divisor of p and q is 1. g(p/q) > 1/m if
and only if 1/q > 1/m if and only if 1< q <m. Thus, the number of rational numbers
in [0, 1] that have values greater than or equal to 1/m is finite and this set includes the
point 0 since g(0) = 1. That is the finite set
Se={pg: g=1,....m;p=1, ..., qru{0}
is precisely the set on which the values of g are greater than or equal to 1/m.
We shall show that g satisfies condition (3) of Theorem 21. Recall that the finite set
Sm is precisely the set {y €[0, 1]: g(y) > 1/m}. Note that 0,1 € S,. Let the number of
points of Spbe k+1. Order the elementsyo, Y1, V-, ..., Yk of Sp.as follows:
O=yo<yi<ya<...Yka<y=1
Choose k-1 pair of points, each pair constitute an interval containing each vy; in its
interior and of length < &/2 for i =1, 2, ..., k=1 and such that they are all mutually
disjoint. That is, we choose x1 <X, < ... <Xz, such that
O0=Yo<X1<Y1<X2<X3<VY2<Xs<Xs5<...Xok-4< Xok-3<VYk-1<Xok-2<VYx=1.
We choose further two more points, Xo and Xz« -1 and name yo as X -1, Yk as Xz such
that 0 =X_1= Yo< Xo<X1 End Xok —2 < Xox -1 < Xak =Yk =1.  We further require that

%(XZJ- X 1) <G e M

Obviously,

P: O:X_1<X0<X1<X2<X3<X4<X5< oo Xok —a < Xok =3 < Xok —2 < Xok -1 < Xok =1
forms a partition for [0, 1].
Now by the density of the irrational numbers in any interval, fori =0, 1, ..., 2k

mi(g,P)=inf{g(X): x e[xi-1, % ]}=0.  —mmmememmemeeeeeee (2)
Now since foreachj=0, 1,2, ...,K, yj € [X2j -1, X2 j ] and so by the definition of Sy,

M2; (9, P) = sup{g(x): X €[xej-1, Xej I}= g () ~=mrmrmmemmmmememmeees (3).
forj=0,1,2, ...,k.
Now because for j=1,2, ..., k, [X2j-2, Xj-1]" Sm = I,

M2;.1(9, P)=sup{g (X): X €[Xzj-2, X2j 1 I}< /M —--mmmmmmmmmeen (4).
forj=1,2, ...,k

2k 2k
U(g, P) - L(g, P) = .;) Mi(g, P)AX; _g‘) mi(g, P)AXi,
2k

= Z(:) Mi(g, P)AX; by (2)

k k
= Z(l) M2i(g, P )AXy; + z(:) Myi-1(9, P)AX2j_1
j for

P K
< 2 gUiAXy + 2, L Axzis by (3) and (4)
= =
K K
< D AXgj+ % D AXpj1 since g (y;) <1
=0 j=0

1 2k
<el2+ 7y > AXj by (1)
=0
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2%
<gf2+1/m since X AXj=Xx—X1=1
=0

<gl2+¢el2=c¢.
Therefore, given any € > 0, we can find a partition P such that, U(g, P) — L(g, P) <.
By Theorem 21 (2), g is integrable. Furthermore by Theorem 39, for any sequence of
partitions ( P, ) of [0, 1] with ||P.|| —0 (take ( P, ) to be the sequence of regular

partitions), L(g,Pn)— f; g. But for each positive integer n, by the density of the
irrational numbers, L(g, Pn) = 0. Therefore, j; g=0.

Remark.

1. Since g is non-negative and fol g =0, the function G :[0,1] — R defined by
G(x) = |, g =0 foreach x in [0,1]. Hence, G'(x) = 0 and so G'(x) = g(x) for all
rational x in [0,1].

Thus G is not an anti-derivative of g. This gives a counterexample to relaxing
the continuity condition in Corollary 50.

2. The function g in Example 51 is continuous at every irrational points and
discontinuous at every rational points in [0, 1].  Therefore, we can apply
Lebesgue Theorem (reference: Theorem 33 Chapter 14) to conclude that g is
integrable because the rational points constitute a set of measure zero.

We show below that g is continuous at irrational points.
Given any ¢ > 0, choose a positive integer m such that 1/m < e.
Take an irrational number x in [0, 1]. Letd=min{jx —y|:y € Sw}. Thend>0
since x is irrational. Obviously the open interval (x — 3, X + ) do not meet S, .
This is, because if (x — 3, x + 3)n Sm # I, then there exists p/q in Sy such that |x -
p/g| < & contradicting that |x - p/g| > min{|x —y| : y € Sm } = 8. That means for all
yin(x—29,x+3)N [0, 1],y ¢ Swand consequently, g(y) < 1/m <e. Therefore,
la(y) —9()l = la(y) - 0| = g(y) <.
We have thus shown that for all y in [0, 1] such that |y — x| < & we have |g(y) —
g(x)| <e.
It follows by definition that g is continuous at x. Since x is arbitrary, g is
continuous at every irrational point x in [0, 1]. Now we shall show that g is
discontinuous at any rational point x. For any rational point x in [0, 1], by
definition g(x) > 0. Let € = g(x)/2 > 0. For any 6 > 0, by the density of the
irrational numbers in any interval, there exists an irrational number y; in (X — 8, X
+38)n [0, 1]. Then |g(ys) — g(X)| = |0 — g(X)] = g9(x) > g(x)/2 = . We have thus
shown that for any 6 > 0, we can find a ys in (x — 8, X + 8) [0, 1] such that |g( ys)
—g(x)| > g(x)/2 = €. This means g is not continuous at x, if x is rational. Hence g
IS not continuous at any rational number in [0,1]. This completes the proof of the
assertion.

Example 51 shows that differentiation is not an inverse to Riemann integration as
provided by the construction in Corollary 49, even on bounded function with at most
countably infinite points of discontinuity. Also Riemann integration is not an inverse
to differentiation on the class of differentiable functions with bounded derivatives
modulo constant functions with domain a closed and bounded interval. This is
witnessed by a very difficult example of a function f defined on [0, 1], which is
differentiable, has bounded derivative but the derivative f' is discontinuous at every
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point of a set of "positive measure™ in [0,1] . Therefore f'is not Riemann integrable
by Lebesgue Theorem. The construction of such a function is in two stages. The first
part is to construct a set of 'positive measure' . Such a set would necessarily be
uncountably infinite. The next stage is to make use of this set and its complement
together with the function x2sin(+) to make the definition. The details are found in
[Chapter 8 Example 35, Counterexamples in Analysis, by Bernard R. Gelbaum and
John M.H. Olmsted, published by Holdan-Day, Inc ].

Example 52
_ , B X, 0<x<1
(1) Letf:[0,2] - R be defined by f(x)_{ M1 1<x<2
The function f is plainly continuous. The function F: [0, 2] — R defined by
fof=Jgtdt, x<1 [o tdt, x<1
F(x) = 1e | X =9 1 X
fof+if, x>1 fo tdt+J;(2t—1)dt, x>1
[‘2]6:—2, x<1 2 y<1
[+ -1, x>1 S+x2-% x>1
is differentiable on [0,2] and F ' = f by Corollary 48

x2 1
@ %), 1+t2dt__“x Tzdt+f mdt]—— Tt (-, 1+t2dt)
= LFx?) - LF(x), where F(x) = fo T
=F'(x?)- 2x-F'(x) by the Chain Rule and Corollary 48
1 1

-1

by the First Fundamental Theorem of Calculus,
22X 1
T l4x4 14x2

dt

5.8 Products and Modulus of Integrable Functions

If f isintegrable on [a, b], does it follow that the modulus | f | is also integrable over
[a, b] ?

And if f and g are integrable on [a, b], is the product f g also integrable on [a, b]?
We shall answer these questions in the affirmative.

Theorem 53. Suppose f : [a, b] > R is a real valued function. If f is Riemann
integrable on [a, b], then | f|is also Riemann integrable on [a, b] and

HZ f(X)dX‘ Sfil f(x) ldx.

Proof. We need to work with the properties of supremum and infimum. The
property that for any bounded subset A of R, inf A = — sup(—A) will be used. Since f
is integrable, there exists a partition P : a =X < xi< ... <X, = b of [a, b] such that the
difference of the upper and lower Parboux sums with respect to P for f,

U(f, P) - L(f,P) =§(Mi—mi)(xi—xi-1)<8, ------------------------- 1)
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where M i =sup{f (x) : x € [Xix, Xi ]}, and mi=inf{ f (X) : X € [Xi1, X |}=—sup{-f
(X) : x € [Xi1, X |}
Therefore, for integer 1 <i<n,
Mi—mi=sup{f(X):xe[Xi,X]}+ sup{-f(X) : x € [Xi1, Xi ]}
=sup{f(x)-f(y): xyeXi,xl}
using the fact that for two bounded sets A and B, sup (A+B) = supA + sup B.
Also the difference of the upper and Lower Darboux sums with respect to P for | f| is

U(l ], P)-L( Tl P)= E(Mé —mp(Xi —Xi-1) <&,

where M ' = sup{| f (X)| : X € [Xi1, Xi ]}, and mi' = inf{| f (X)| : X € [Xi1, X ]}=
—sup{-| f (X)| : x € [Xi1, X ]}.
Therefore, for integer 1 <i<n,
Mi'—mi =sup{|f(X)|:x e [Xi1,Xi ]} + sup{—| f(X)|: x € [Xi1, Xi |}
=sup{| FO)I - [f (VI : X,y € [Xia-Xi ]}
Infactsincea e {f(X)-f(y): X,y € [Xia, xi ]} ifandonlyif—a e {f(x) -f(y): X,
y € [Xi1, Xi ]}, forinteger 1 <i<n,
Mi—mi=sup{|f(X)=f()|: X,y € [Xi1, X ]}.
Similarly, for integer 1 <i<n,
Mi'—mi=sup{|FO)=|FWIl: XY e [Xi1, X ]}
It follows from the inequality for any a, b in R, ||a] —|b]| < |a - b, that
Mi{—mi{<Mi—-m; fori=1,...,n  -—-mmmmmmmmmmm- (2)
The difference of the upper gnd lower Darboux sums,

U(l |, P)-L(fl, P)= E(MS —M{)(Xi = Xi-1)

n
< Z(Mi -mi)Xi—Xic)UP, f)-L(P,f)<ce
i=1
by (2) and (1).
Therefore, by Theorem 21(3), | f| is integrable.

By Theorem 29, —| f | is also integrable. Since we have the inequality —| f| < f <| f],
by Theorem 32,

b b b
_gal f (x) ldx sbfa foodx < | f(x) ldx.
This means that Ha f (x)dx‘ < jal f (x) ldx. This completes the proof of Theorem 53.

We can use the above argument to prove the following.

Theorem 54. Suppose f :[a, b] > R is a bounded function. If f is (Riemann)
integrable on [a, b], then f?=f xf isalso (Riemann) integrable on [a, b].

Proof. Let K=sup{|f(x)| : x € [a, b]}. If K=0, we have nothing to prove since f
would be the zero constant function. Assume K > 0. Take any € > 0. Since f is
integrable, there exists a partition P : a = Xo < xi< ... <X, = b of [a, b] such that the
difference of the upper and Iowear Darboux sums with respect to P for f,

U(f,P)-L(f,P)= §(Mi —m;i)(Xi —Xi-1) < /(2K ),
Fori=1,...,n,let M} :sup{_fz(x) ‘X e [Xi1, X ]} andmi =inf{ f?(x): x € [Xi1
X 1}= —sup{—f?(x) : x € [Xix, xi]}. Thenfori=1,...,n,
Mi—mi=sup{f?(X):x e [Xi1, X ]} + sup{—f?(X): x € [Xi1, Xi ]}
=sup{f2 () -f2(y): xy € [Xi1, x 1}

35
©Ng Tze Beng



Chapter 5 Integration

=sup{|f? () -2 WI: X,y e [Xix, xi ]}
=sup{[ f () - fWIf )+ TV X,y € [Xia, xi ]}
<2Ksup{|f(X) = f(Y)|: X,y € [Xi1, X ]}
=2K (M i—m i)-
Therefore, the difference of the upper Darboux sum and the lower Darboux sum with
respect to P for 2, is

U( f 2, P) - L( f 2, P) = Zn;(M: - mé)(xi —Xi_1) < 2K ign;(Mi - mi)(xi —Xi_1)

<2K¢g/(2K )=¢e.
This inequality implies by Theorem 21 (3), that f? s integrable on [a, b].

An easy consequence of the above theorem is the following.

Corollary 55. Suppose f and g are integrable on [a, b], then fg= fx gisalso
integrable on [a, b],

Proof. Notethatfg=1/2[(f +g)>- f?— g?. By Theorem 54, f2, g?and (f +
g )? are integrable. Therefore, by Theorem 30, [(f + g )?— f2?— g ?] is integrable.
The result then follows from Theorem 29..

Theorem 56. Suppose f :[a, b] > R is integrable. If there exists K > 0 such that
forall xin[a, b], | f(x)] > K, then 1/f isalso integrable on [a, b].

Proof. Fixane>0. Sincef isintegrable on [a, b], by Theorem 21 (3), there exists
a partition P : a =X, <x<... <X, =b such that the difference of the upper and lower
Riemann sum,

U(f,P)—L(f,P)<eK ?, = —ommmmmmmmmeeeeeee (1)

where U(f,P):Z;Mi(Xi—XH), Mi=sup{f(x):x e [xi1, X ]} and

L(f,P)= Zn'i mi(Xi —Xi—1), mi=inf{ f(x):x e [Xi1, X ]}
Then i )
U(f,P)-L(f,P) :;(Mi—mi)(xi—xi—l)- -------------------- (2)

Let M =sup{l/f(X):x e [Xie,Xi]}andmi =inf{l/ f(X):x e [Xi1, X ]}=
—sup{-1/f(x) : X € [Xi1, Xi ]}. Then for integeri=1, ..., n,
Mi'—m;i' =sup{l/ f(x):x e [Xi1, X ]} + sup{-1/f(X): x € [Xi1, Xi |}

=sup{l/f(x) -1/ f(y): x,y e [Xiz, X ]}

=sup{|/f(x) =L/ f(y)|: X, ¥ € [Xi1, X ]}

=sup{| fO)— TWMINTO)FWI: Xy e [xia, xi ]}

<sup{| f(X)— f(y)|/K?: X,y € [Xi1, X |}
because for any x in [a, b], 1/|f ()| < 1/ K,

=sup{| F 09— FWI: Xy € [xia, X I} K?
= (M= N K2 e 3

Since U(1/f,P)= Z Mi(Xi —Xi-1)and L(1/f,P)= Z mi(Xi — Xi_1), the difference of

the upper and Iower Darboux sums with respect to P for 1 /f,

U/ f,P)-LQA/E,P)= Z(M’ mi(Xi —Xi-1) < VK2 Z(IVI. mi)(Xi —Xi-1) by (3)
i=1

36
©Ng Tze Beng



Chapter 5 Integration

= (UK*)(U(f,P)-L(f,P)) by (2)

< (1/K*)eK *=¢ by (18).
Hence, condition (3) of Theorem 21 is satisfied by 1/ f and so 1/ f is integrable on
[a, b]. This completes the proof.

5.9 Integration By Parts And The Change of Variable Formula.

Integration By Parts

Integration by parts is a formula often used for computing Riemann integrals or
definite integrals of the Lebesgue type. We shall start from the usual anti-derivative
form of the formula. Let | be an interval. Suppose F : 1 — R is an anti-derivative
of f:1 > RandG: 1 — R isan anti-derivative of g: | - R. Then we have that F’
= f and G’ = g. The product formula for differentiation tells us that
(FG) =FG+FG =fG+Fg. - 1)
From here we consider additional condition on f and g to give a formula for the
relation between anti-derivative of f G and that of F g. At this point, if we assume
that f and g are continuous, then both f G and F g are continuous. Therefore, fG
and F g have anti-derivatives by Corollary 54. Using (1) we can write
fG=(FG)-Fag.
Thus any anti-derivative of f G is of the form F G — anti-derivative of F g. This s
seen as follows. Suppose H is an anti-derivative of Fg. Then H> = Fg = (FG)’
—fG sothat (FG)’—H’=fG. Thismeans K = F G- H isan anti-derivative of
f G. On the other hand if K is an anti-derivative of fG, then K’=fG = (FG)’ -
Fg sothat (FG-K)'=(FG)’ -K’= FgandsoH=FG - Kis an anti-derivative of
F g. Therefore, K=FG - H. This means we have
I £ (x)G(x)dx = F(X)G(X) — | F(x)g(x)dX.

We have thus proved the following theorem.

Theorem 57. Let | be an interval. Suppose F : 1 — R is an anti-derivative of f: |
— Rand G: | - R is an anti-derivative of g: | > R. If fand g are continuous,
then we have the following formula for anti-derivatives:

I £ ()G(x)dx = F(X)G(X) — | F(x)g(x)dx.

Theorem 58. Suppose F:[a, b] > Rand G : [a, b] — R are continuous. Suppose
that F and G have continuous and bounded derivatives on the open interval (a, b).
Then

{7 P0G = [FRG012 - [ FOG! ()X, wmmeememeeeee ©)

Proof. Since F' :(a, b) — R is continuous and bounded, by Theorem 34 F' is
integrable on [a, b]. Since G is continuous, G is integrable. Therefore, by Corollary
55, the product F' G is integrable on [a, b]. We deduce similarly that F G' is
integrable on [a, b]. Hence the sum F' G + F G' is integrable on [a, b]. Since FG is
an anti-derivative of F' G + F G' on (a, b), by the First Fundamental Theorem of
Calculus (Theorem tf‘r3),
ja (F'()G(X) + FX)G' (x))dx = [FX)G(x)]5.
Then by the linearity of the integral (Theorem 30),
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{7 Fo0Geodx+ [ L FG 09dx = [FeOGM 1L
Formula (C) then follows.

We can improve the theorem a little.

Theorem 59. Suppose F:[a, b] > Rand G : [a, b] —» R are continuous. Suppose
that F and G are differentiable on (a, b) and F' and G’ are integrable. Then

{7 P0Gk = [FRG12 - [ FG!(dx.

Proof. The proof is almost exactly the same as that of Theorem 58. By Corollary 55
,F'G and F G' are integrable on [a, b]. By linearity, F' G+ F G' is integrable on [a,
b]. Note that by the product rule for differentiation, (F G)’ = F G + F G’.
Therefore, by Theorem 42 (Darboux Fundamental Theorem of Calculus),

{7 (F'00G) + FG' 00)dx = [ . (FG)' = [FOG()12
The formula then follows by linearity of the integral.

Change of Variable Formula

Suppose g:[a, b] — [c, d] is a differentiable function and f: [c, d] — R is a bounded
function. A necessary condition for the change of variable formula

) g 1 E——— ©)

to hold isthat 1. (g (x)) g' (x) is Riemann integrable on [a, b] and
2. f is Riemann integrable over a domain containing the range of g.

Theorem 60. Suppose ¢: [a, b] — R is a continuous function and f: [c, d] > R is
integrable and has an anti-derivative. Suppose the range of g < [c, d] and g is
differentiable on (a, b). If (f-g)g' is integrable on [a, b], then formula (D) holds.

Proof. Let F be an anti-derivative of f. Note that since F is differentiable on [c, d],
F is continuous and therefore, F«g is continuous on [a, b] because g: [a, b] > R is
continuous. Then F' = f . By the Chain rule for differentiation, F<g is
differentiable on (a, b) and

(F=9)'(x) = F(g())g'(x) =f(g () g'(x)= (f-9)(x) g'(x)

forall xin (a, b). If (f-g)g" is integrable on [a, b], then (F - g)' is integrable on [a,
b]. Therefore, by Darboux Fundamental Theorem of Calculus (Theorem 42),

J : f(g(x)g/(x)dx = | :(F °g)' =Fog(b)-Fog(a)=F(g(b) - Fg@)

But f is integrabble with antiderivative F, again by Darboux Fundamental Theorem
of Calculus, Séa;f =F(g(b)) — F(g(a)).
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a(b)

It follows then that jz f g/ (dx =) o

f (x)dx. This completes the proof.

Remark. If the function f is continuous on its domain then f is Riemann
integrable and has an antiderivative given by the Fundamental Theorem of Calculus.
Thus, we often replace the condition on f in Theorem 60 by continuity as in Theorem
61 below.

Theorem 61. If g: [a, b] — [c, d] is a continuous function differentiable on the open
interval (a, b) and suppose that g' : (a, b) — R is continuous and bounded and if f:
[c, d] = R is continuous, then formula (D) holds.

Proof. By assumption f o g is continuous on [a, b] and so is bounded on (a, b).
Since g': (a, b) > R is continuous and bounded, (f og) g is continuous and
bounded on (a, b). Therefore, by Theorem 34, (f og) g is integrable on [a, b].
Since f is continuous on [c, d], by the Corollary to the Second Fundamental theorem
of Calculus (Corollary 46), f has an anti-derivative on [c, d], given by .
F(x)= fz f (t)dt. Therefore, by Theorem 60, formula (D) holds.

Theorem 60 supposes that (f- g) g' is integrable on [a, b]. Under what condition
can we guarantee the Riemann integrability of (f cg) g' on [a, b]. Formula (D)
requires that f be Riemann integrable on a domain containing the range of g. If we
impose sufficient condition on g' we can deduce that (f og) g' is Riemann integrable
on [a, b]. Itis, however, not true in general that if f is Riemann integrable and g is
continuous, then f og is Riemann integrable. For a counter example see Example 5
of Composition and Riemann Integrability on My Calculus web.

Theorem 62. Suppose f: [c, d] » R is Riemann integrable and g: [a, b] — [c, d] is
a continuously differentiable strictly increasing function mapping [a, b] onto [c, d].
Then ( f og) g' is Riemann integrable on [a, b] and formula (D) holds, that is,

J f @o0)g/00dx = [ f (x)dx.

Proof . Since f is integrable on [c, d], by Theorem 21 (3), given any & > 0, there
exists a partition W for [c, d],
W:C:|o<|1<...<|n:d
such that
U(f,W)—L(f,W)<g/l2 = - 1)
Since g: [a, b] — [c, d] is a strictly monotonic increasing bijective map, its inverse is
also a strictly monotonic increasing bijection and so
gW:a=z<z<..<z=b
wherezi=g*l ,i=12, ..., n, isa partition for [a, b].
Because f is integrable, f is bounded on [c, d], that is, there exists a real number M
> 0 such that | f (x) | <M for all xin [c, d]. Since g¢' :[a, b] &R is continuous on [a,
b], g' is uniformly continuous. Therefore, given ¢ > 0, there exists & > 0 such that
X-yl[<d=10"(x) -9 () |<e/(2(M+1)(b-a)) - )
Now refine the partition g *W, by adding points if need be, to get a partition Q
Q: a=X<Xi<..<Xx=Db,wherek>n,
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with || Q|| = max {xi—xi1 :i=1,2,...,k} <8 Thismeansg™(W)< Q. Then g(Q)
=P isarefinement of W since W c g(Q) =P. Let

P:c=Yo<yi<..<y=d,
then yi=g(x), i =1, 2,..., k. Therefore, by the definition of upper and lower Darboux
sums,

L(f,W)<L(f,P)< U(f,P)<U(f,W)

and so we have, U(f,P)—-L(f,P)< U(f,W)-L(f,W)< &2, that is,

U(f,P)—L(f,P)<el2. --m-mmmmmmmmmmmmm oo (3)
Since g is differentiable, by the Mean Value Theorem, there exists & € [Xi-1, Xi] such
that

AYi=Yi=Yia=gX)—gXa)=9g Ei)(Xi—Xi1) =g (E)AXi. ----- (4)

Note that g' (§i) >0 for i =1, 2,..., k since g is increasing on [a, b].

We shall use what we have just proved. Note that the upper Riemann sum of ( f o Q)
g' with respect to the partition Q (as given before with ||Q|| < 8) is defined to be
k

U((f20) g, Q)= X Mi(f 00)g', Q)AXi, =-mmsmmmsromemmsemmsemmemoe e ()

where Mi((fog)g', Q)=sup{feog(x)g (X):x e [Xi, X} 1=1,2,..., k
For each integer i=1, 2,..., k,
Mi((fog) g, Q) =sup{feog(x)g' (x): X e [Xis, xi]}
=sup{fog (x) (9" ¥) —g'E)+Feg(x)g (&) x € [Xis, X]}
But for each i =1, 2,..., k, and for any x € [Xi_1, Xi,
fog(x) (9" (X) —g'(€n)) <[feg X (x) —g'(E) <|f(g (X)) &/(2(M+1)(b-a))
by (2) since [x — & |< |[xi — Xia|<||Q|| < &
<M &/(2(M+1)(b-a))
since | f (y)] <M forall yin [c, d]
< ¢/(2(b-a)).
Therefore, foreachi =1, 2,..., k,
Mi( (feg) g, Q) =sup{feg (X) (9 (X)-g'EN+Tfeg(X)g (&): X € [Xis, X]}
< el(2(b-a))+ sup{f o g (x) 9" (&): X € [Xi-1, Xi]}
<el(2(b—a)) +sup{fog(X):x e [xuX]}g (Ei) sinceg' (§i) >0
=¢/(2(b —a)) +sup{ f (x) :x e [y, Yil}g' (§1), since g is a bijection.
It follows from (5) End the above inekquality that

U((T29) 9, Q)< X 5 gyAxi+ L sup{ f (9 1 X€ [y, yil}g'()AX
k

= g+ Zsup{ (0 xeyia, yiliAyi= &2+ U(T, P) by (4)
=
<gl2+L(P, f)+ a/% by (3)
=L(P, f)+e<L| f+e
Therefore, the upper integral

b , , d
UJ.(fogg <U(fogg, Q<L f+e
that is, for any € > 0,

USl(fogy <L [ f+e

Therefore, since € > 0 is arbitrary, . ;
U ogg sLf f oo (6)
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k
Recall L((f-g) g, Q)= 2 mi(f 2 g)g’, Q)AX,
where mi( (fog) g, Q) =inf{fog (X) g’ (X): X € [xi1, X}, 1=1,2,..., k.

But for integer i =1, 2,..., k,
mi( (fo9) g, Q) =inf{fog(x) 9" (x): x € [Xis, X[}
=inf{fog () (9" (x) -g'(E))*+fog(x) 9" (&): X € [Xia, Xi]}
> inf{— M &/(2(M+1)(b-a)) + f og (X) 9" (&): X € [Xi1, Xi]} by (2)
> —¢/(2(b—a)) +inf{ f og (X) :x € [Xi1, xi]}9' (&) since g' (&) >0
= —l(2(b —a)) + inf{ f (X) :x € [yi-s, Vi]}g' (&) since g is a bijection.
Therefore, the IoweIE sum of (feog)g' wuth respect to the partition Q,

\L((f-9) g, Q)= 21 mi( f 2 9)g’, Q)AX;

K Kk
> Z_Z(l{—a)AXi +i§ inf{ f(X):x e[y, Yil}9'(EDAX

i=1

—g +_§i inf{ f () : X €[yi1, Vi]}Ayi= — e/2 + L(f, P) by (4).
1=
It follows that

L(f,P)<L((foQ) g, Q)+ &2  -rmmmemrmmmmmermemecees )
Now UJTF <UCE,P)<L(f,P)+42 by (3)
<L((feQ)d, Q)+ el2 +&/2 by (7) above

< L[ (fogg +e
using the fact that the upper integral of f < U( f, P)andthat L((f-g)g’, Q) <the
lower integral of (fog)g'.
Therefore, U fff <L j:(f °oQ)g’ +e.
Since this is true for any € > 0,

d b ,

Ul f<Lffegg e (8)
Combining (63 and (8)bwe get . ;

dULfija(fog)g’fuja(fbog)g/gLfcfb d
But L f<Uf fandso Uf f=L| (fogg'=Uf (fogg =L/ f.
Therefore, by Theorem 21 (1), (fog) g' is integrable on [a, b] and
b , b ) d d
Jif ey =U[ (Fogg =L f=]f

This completes the proof.

Remark.

1. Note that Theorem 62 holds true when g is continuously differentiable and
increasing on [a, b]. To prove this, in place of g *W, just pick a point in the
pre-image of each of the points in W. Then we refine this partition to Q. P =g(Q)
is a partition of [c, d] but the points yi = g (xi), i =1, 2,..., k need not be distinct.
Inequality (5) in the proof of Theorem 62 above still holds true, i.e., Ayi= g' (&
YA Xi, fori=1,2,..., k. Note that if yi = g (x) = yi1 = g (Xi1), then, since g is
increasing, g is constant on [xi-1, Xi] and g'(x) = 0 for all x in [xi_1, Xi] and we can
choose any x for &i. The rest of the proof is exactly the same as in the proof of
Theorem 62.
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2. In Theorem 62 we do not require that f has an antiderivative. This caters to a
larger class of functions including step functions.

The case when g is strictly decreasing is given as follows.

Theorem 63. Suppose f: [c, d — R is integrable and g: [a, b] — [c, d] is a
continuously differentiable strictly decreasing function mapping [a, b] onto [c, d].
Then (f og) g'is integrable on [a, b] and

J2 f (@ongroodx = [ dx = [ ~f (odx

The proof of Theorem 63 is exactly the same as the proof for Theorem 62 except that
we use the function — (f og ) g' instead of (fog)g" and taking care that this time
round, g' (&) <0 and in the equation
Ayi=g (&)AXi
the points y; are oriented in the opposite direction, that is
d=yo>y1>..>y%=c,
where yi = g (x), 1 =1, 2,..., k. Care should be exercised when taking supremum or
infimum, use — g' (§ i ) > 0, for instance the following may be used to derive the
supremum
sup{-fog (x) g’ (x): x € [Xis, xi]}
=sup{ —fog (x) (9" (x) —g'(&)) —f g (x) 9" (&): X € [Xis, Xi}
< sup{ M &/(2(M+1)(b-a)) + f o g (X)(— 9" (§)): X € [Xis, Xi]}
<el(2(b—a)) +sup{fog (x):x e [Xi,Xx]}-0'(&)) since —g' (&)=0.
=¢&l(2(b —a)) + sup{ f (x) :x € [yi, Vil }(—g' (&i)), since g is onto on [Xi_1, Xi].

Remark. Theorem 63 holds true when g is continuously differentiable and
decreasing on [a, b].

Example 64 .
In the integral fo x3(2x* —3)3dx, let g(x) = 2x* — 3, g'(x) = 8x® and f (y) = y*°.

Then, fis continuous and g is continuously differentiable and so by Theorem 61

1 1 (1) -1
J o x¥(@x* - 3)Ydx = % J, f(@00)g/(xdx = % S(O) f (y)dy = % J y¥dy

-3y ]_3‘ 32(1=3¥3),
by the First Fundamental Theorem for Calculus.

5.10 The Second Mean Value Theorem for Integrals

Theorem 65. Suppose F: [a, b] — R is continuous and g :[a, b] — R is
increasing and differentiable on [a, b] and its derivative ¢' is integrable on [a, b].
Then there exists ¢ in [a, b] such that

[*F g/ =Fo)g(b) - g(@)
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Proof. Since F is continuous on [a, b], by the Extreme Value Theorem, there exists d
and e in [a, b] such that for all x in [a, b],

F()<FxX)<F(). = 1)
l.e., F(d) and F(e) are respectively the minimum and maximum of F.
Next since g is increasing and differentiable on [a, b], g'(x) > 0 for all x in [a, b].
Thus multiplying (1) by g'(x) we get for all x in [a, b],

F(d) 9'(x) < F(x) g'(x) < F(e)g'(x).
Note that since F is continuous, F is integrable. Since g' is integrable, by Corollary
55, the product F g' is igtegrable %n [a, b]. Thergfore, by Theorem 32,
F) [, g0 <[, Fg <F@) [, g'(xdx.
By the Intermediate Value Theorem, there exists ¢ between d and e and hence in [a,
b] such that
b b

J.Fg'=FO ], g

Since g' is integrable on [a, b], by the First Fundamental Theorem of Calculus,

.9 =gb)-g(a.
It follows that | F g’ = F(c)(g(b) - g(a).

Theorem 66. Suppose f :[a, b] — R is increasing and differentiable on [a, b] and
its derivative f' is Riemann integrable on [a, b], and suppose that g:[a, b] — R is
continuous on [a, b]. Then there exists ¢ in [a, b] such that

[Jfa=f@ [ g+ fm] o

Proof. Since g is continuous on [a, b], we can define for each x in [a, b]
G(x):fzg(t)dt . By the Second Fundamental Theorem of Calculus, G is an
anti-derivative of g.
Then using inte%ration by parts (Theorem 58),
J. fge0dx = [f (0G13 - | : G(x) f'(x)dx
) (e R I P O RALC - S——— L)
since G(a) = 0.

By Theorem 65, since G is continuous and f is increasing with derivative f
integrable, there exists c in [a, b] such that

J GO /(0 =GE)(F(b) = F(@).  =eomeerrrrereee @
Thus substituting (2) in (1) we obtain,
j: fg=Ff(0)G(b) - j: G(x) f'(x)dx =f (0)G(b) - G(c)(f (b) - f(a))
=f (b)(Géb) - G(c)) +f(@)G(c)
—f )| ], gvdt— ]  gvydt] + f (@) [ gctyet

=) [, goodx+ f (@ |7 gx)dx = t@) [ g+ F(b) J g
This completes the proof.

Remark.
1. Theorem 66 is also known as the second mean value theorem or Bonnet's theorem
and Theorem 65 is known as the mean value theorem for weighted means.
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2. ltis clear that Theorem 66 holds true when f :[a, b] — R is decreasing and
differentiable on [a, b] and its derivative f'is integrable on [a, b]. Just apply
Theorem 66 to — f .

3. Actually the conclusion of Theorem 66 is valid if f is merely monotone and g is
integrable. As you might expect, the proof is much harder. A proof would
require a Riemann- Stieltjes version of Theorem 65 and a Riemann-Stieltjes
version of integration by parts.

Exercises 67.

1. Consider the partition P = {0, 1/4, 1/2,1} of the interval [0, 1]. Compute the lower
and upper Darboux sums, i.e., L ( f, P) and U( f, P) for the following three
choices of function f: [0,1]—> R:

(i) f (x) = x for all x in [0,1].
(i) f (x) =19 for all x in [0, 1].
(iii) f (x) = —x? for all x in [0, 1].

2. Suppose that the bounded Eunction f: ga, b] —R is such that f (x) = 0 for rational
xin [a, b]. Provethat L | f<0<U | f.

_ _ —%xz, x<0
3. Suppose f : R —Ris defined by f(x)=7y {
§X2, x>0

each x in R. What is the most general anti-derivative of the function g(x) = |x| ?

Determine f '(x) for

4. Show that a necessary and sufficient condition for f : [a, b] —R to be integrable
is:

For any ¢ > 0, there exist integrable functions g and h on [a, b] such that
g<f<h
and jz h— j: g<e
[Hint: use one of the equivalent condition in Theorem 21.]
5. Use only the definition or equivalent definition of the integral to prove that

jé t3dx = %x“ :

6. Showthat [ u()dx=1if x(x)=x].

7. Let [x] be the largest integer < x. Do the following functions have anti-derivatives
on the whole of R?

(i) f(x)=x,x=0, f(0)=1.
(i) () = [x].
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(i) f(x)= 1/2|)i| ik

sin(%), X+0
0, x=0

9. Suppose f: [a, b] > R is a Lipschitz function, i.e., there exists a constant C such
that |f(x) —f(y)|< C|x—y|. Provethat f is integrable.

8. Prove that the function f(x)= { is integrable on [0, 1].

10. Suppose that S is a non-empty bounded subset of R. For a real number k, define
kS={ks:se S}
Prove that
(1) sup kS =k supS and infkS=kinfSifk>0
(ii) supkS=kinfSandinfkS=ksup Sifk<D0.

lx2, X rational

11. Suppose f : [0, 1] >Risdefinedby f)=4 £ '~ . Provethat f
—§x2, X irrational

IS not integrable.

12. Suppose f :[a, b] =R is continuous and such that fo =0. Prove that there is
a point c in [a, b] such that f (c) = 0.

13. Suppose f :[1, 2] —»R is defined by

f00 0, x irrational
X)= . - .
%, x rational and x = T in its lowest term

Prove that f is integrable.

14. Suppose f :[a,b] >R and g : [a, b] >R are integrable. Prove the following
cauchy Schwarz inequality:

Jita< itz [foge.

[Hint: For each number A, define p(4) = jZ(f —g9)%. Thenp (A) is a quadratic
function always > 0. ]

15. Suppose f : [a, b] =R is bounded and continuous except at one point X, in the
interior (a, b). Prove that f is integrable.

16. Suppose f :[a,b] >R and g: [a, b] >R are integrable. Prove that

b b b
Jof+al<f If1+]gl.
17. Suppose that the function f: R — R is differentiable. Define the function H: R
— R by
Ho) =" (f(®+ f(-t)dt forallxinR.
Find H" (x).
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18. Suppose that the function f: 5 — R has a continuous second derivative. Prove
that f(x)= f(0)+ f'(Ox+ [, (x—t)f"(tydtforall xinR.

19. Suppose that the function f: R — R is continuous. Define
G(x) = [ ,(x—t) f (tydlt
forall x in R.
Prove that G"(x) = f (x) forall xin R.

20. Show that the conclusion of the Mean Value Theorem for Integrals (Theorem 40)
can be strengthened so that we can choose the point  to be in (a, b), not just in
[a, b].

21. Suppose that the function g: R — R is continuous and that g(x) > 0 for all x.
Define h(x) = LXJ ﬁdt forall xin R and let J = h(R). Prove thatif f:J—> R is

the inverse of h: R - R, then f:J — R is a solution of the non-linear
differential equation

f'(x)=g(f(x)) forall xinJ
f(0)=0 '

22. Suppose that the function f : [a, b] —R is continuous and let P be any partition
of its domain [a, b]. Show that there is a Riemann sum R( f, P, C) that equals

fz f . [Hint: Use the Mean Value Theorem for Integrals.]
23. (i) Let p and n be counting numbers in P with n > 2. Prove by induction that
nz_:l Kp < 022 zn: kP
< < :
e S e
(if) Use (i) to prove that for a counting number p,

1 1
foxpdx: o+l

24. Suppose f: [0, o) — R is continuous and that |im f(x) =a, where a is a real
number. Prove that lim % f; f (Hhdt=a.

25. Suppose that f is continuous on [a, b] and that j:f(x)g(x)dx=0 for any
continuous function g on [a, b] such that g(a) = g(b) = 0. Prove that f =0 the
zero constant function.

26. Prove that for any two counting numbers n and min P,

j; X™(1—-x)"dx = f;(l —X)™x"dx.

27. Suppose that the function f: R — R has a continuous second derivative. Prove
that for any two numbers a and b,

{7 Xf"00dx =b T '(b)+ f (a)—af '(a)— f (b)

28. Suppose that the function f: R — R has a continuous second derivative. Fix a
number a. Prove that

I £ Ox—tydt=—(x—a)f'@)+ f(x)~f (@) forall x.
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29. Suppose that the function f: [0, ) — R is continuous and strictly increasing and
that f is differentiable on (0, ). Suppose f (0) =0. Consider the formula
X f(x)
Jof+], fi=xf forallx>0.
Provide a geometric interpretation of this formula in terms of areas. Then prove
this formula.

30. Suppose that the function f : [0, o) — R is continuous and strictly increasing with
f(0)=0and f([O, oo)) = [0, o). Then define
F(x) = f and G(X) = f f-1 forall x>0.
(i) Prove Young's Inequality:
ab< F(a) +G(b) foralla>0andb>o.
(ii) Use Young's Inequality with f (x) =x P for all x>0 and p > 1 fixed, to
prove that if the number q is chosen to have the property 1/p + 1/q =1, then
abg%p+% foralla>0and b>o.

31. (a) Suppose that the function f : R —R is differentiable and f' =cf for some
constant c. Prove that there is a constant k such that f(x) =k e ® forall x in R.
(b) Show that if f(x)= f f (t)dt for all real number x, then f = 0, the O constant

function.

32. Suppose f:[a, b] — R is continuously differentiable, i.e., f is differentiable and
f':[a, b] » R is continuous. Use integration by parts to prove that

lim | f (1) sin(xdt = 0.

33. Use the Second Mean Value Theczre)m for Integrals (Theorem 66) to prove that
10 sin(x
Iy S| <2

1

34. Suppose that the function f: R — R is continuous. Prove that

§5 fuyx—uydu= [ ([ ftdt)du.
[Hint: Differentiate both sides.]

35. Evaluate (a) |nLrp02 5 sm( L) (b) §Lane)2dx (c) f x2 cos(xydx.

36. Let the function f be continuous on [0, ). Show that
J o xf(sin0oydx =2 | f(sin(x)dx .

Hence, or otherwise, compute fg X sin*(x)dx.
(Hint: Use the substitution x = © — t and the identity sin(z —t) =sin(t).)

37. Find the following derivatives.

l X 1 sin(2x) 1

1 d 1
a. dx J1 1+t3+t6dt' b. dx 1+t5+t10dt'
d_psinc x2) 1
COx - T+t dt
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38.

39.

40.

41.

42.

43.

44,

45.

Find the following integrals.
a. [x217¢%dx. b [xe32®dx. ¢ [(x+1)e*13*dx.

Find the following integrals.

1 6 1 1_ X
a. j(x2+5)(6+x2)dx' b. 54 ﬂmdx. C. jo T4 xa 9%

Use integration by parts to find the following integrals.
a. [secl(odx. b [xZcos@qdx. ¢ | sin(In(x2))dx

Evaluate : a. LS JX tan7t(/x)dx. b. fg In(x? + 1)dx.

Find
a. | sin®(3x)cos(3x)dx; b | sin®(x)cos(x)dx.

Find the following integrals.
2 2 Ix2 —
a. | —=X—dx b. | —=ZX—dx . fXT%dx.
1/525—4x2 s V9 +x2 ,
XC+XT+XT+ X +x+1 X“+3
d | s dx. e, §X(X2+X+l)dx.

2
f, j(xxzjz%dx. 0. | /o= /X dx.

Suppose f is continuous on [02, 8] and twice differentiable on (0, 8) such that
f" (x)>0. Then show that fof(x3)dxz 2 f(2). (Hint: Jensen's inequality.)

More generally, suppose f is continuous on [a, b] and twice differentiable on
(a, b) withf" (x) <0 forall xin (a, b). Suppose g : [c, d] — R is a function that

| - [ g0
maps [c, d] into [a, b]. Suppose g is integrable on [c, d]. Let J= CdT

Then prove that j: f(gx)dx<(@d-c)fJ).
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