(1) |zn —yn] < 7—ll for each n € N
and
(2) |f(xn) — f(yn)| > € for each n € N.
Let

X ={z,:neN}

We prove that X is an infinite set. Suppose that the set X is finite. Then
there is a point ¢ € X such that ¢ = z,, for infinitely many n. Hence, we can
assume that

(3) ¢ = xn,, where n; < n;+1 for each i € N.
Then, by (3) and (1), we have

(4) 1g = yn;| < ;= for each i € N
and, by (3) and (2), we have

(5) [f(q) = f(yn,)| > € for each i € N.
Let

Y = {y,, :i €N}

Recall from (3) that n; < n;+1 for each ¢ € N; hence, by (4) and the second part
of Exercise 1.23, the sequence {y,, }52, converges to g. Thus, ¢ ~ Y (definition
in section 1 of Chapter II). However, by (5), f(q) # f(Y). Hence, f is not
continuous at ¢ by the definition of continuity (section 3 of Chapter II). This
contradicts the assumption in our theorem. Therefore, we have proved that X
is an infinite set.

Now, since X is a bounded infinite set, X has a limit point p in R (by
Exercise 5.16); furthermore, since X C [a,b] and p ~ X, it follows easily that
p € [a,b] (if p ¢ [a,b], then p # [a,b] by Theorem 2.5; hence, p # X by Exercise
2.10, a contradiction).

Since p € [a,b], f is continuous at p. Hence, by Theorem 3.12, there is a
6 > 0 such that

(6) [f(x) — f(p)| < § whenever x € [a,b] and |z — p| < 6.
Since p is a limit point of X, we have by Exercise 2.33 that

|2, — p| < § for infinitely many n.

Hence, by the Archimedean Property (Theorem 1.22), there is a natural number
k such that + < £ and |z — p| < §. Thus,

(S AP
lyk — pl <y — @x| + 2 —p| < £+ 3 <0
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Since |zx —p| < § < § and |y, —p| < 6,

Far) = F)] < £ ) — FO+ 1 0) — f)| € 5 +5=c.
This contradicts (2). ¥

We note the following terminology, which calls attention to an important
idea in connection with integrals.

Definition: The norm of a partition P = {xg,x1, ..., Zn} of [a,b], which we
denote by || P||, is defined by
IP]| = max{Ax; : i =1,2,....,n}.
Exercise 12.32: For any n > 0, there is a partition P of [a,b] such that
1Pl <.
We now prove our theorem.

Theorem 12.33: If f : [a,b] — R! is a continuous function, then f is
integrable over [a, b].

Proof: We will apply Theorem 12.15. Let € > 0. By Theorem 12.31, f is
uniformly continuous. Hence, there is a § > 0 such that

(1) [f(y) = f(2)|] < = whenever y,z € [a,b] and |y — 2| < é.

Let P = {zo,x1,...,x,} be a partition of [a,b] such that | P|| < § (P exists
by Exercise 12.32). For eachi = 1,2,...,n, f|[z;—1, ;] is continuous (by Exercise
5.3); hence, by the Maximum - Minimum Theorem (Theorem 5.13), f|[x;—1, ;]
attains its maximum value at a point y; € [z;_1, ;] and its minimum value at
a point z; € [x;_1,;]; in other words, we have that

(2) Mi(f) = f(ys) and mi(f) = f(2) for cach i = 1,2,..,n.
Now, we show that P satisfies the condtion in Theorem 12.15:

Up(f) — Lp(f) = Xu  Mi(f)Ax; — Bymi(f)Az;

= S [Mi(f) — ma( )] Az E S [F ) — fl2i)) Az

1)

n € _ € n L € n P .
< Ez:lEAxi = EzizlAf’% ~ b-a =1 (i — wi1)

=7=(2n —w0) = 3= (b—a) =€

Therefore, since ¢ > 0 was arbitrary, we have by Theorem 12.15 that f is
integrable over [a,b]. ¥

Exercise 12.34: If f : [a,b] — R? is a bounded function that is continuous
at all but finitely many points, then f is integrable over [a, b].
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Chapter XIII: The Algebra of the Integral

We show that sums, differences, products, quotients (with a condition), and
absolute values of integrable functions are integrable. Finally, we examine in-
tegrals over subintervals (which we discuss again in the first section of Chapter
XVI).

We remark that most results in this chapter follow immediately from a char-
acterization of integrability in Chapter XV. In addition, the best general theo-
rem about quotients follows easily from the characterization in Chapter XV (we
were unable to find a proof using the methods we use in the present chapter;
compare Theorem 13.36 with the result in Exercise 15.34). Nevertheless, this
chapter is important for two reasons: First, it is always a good idea to under-
stand why theorems are true from the most basic point of view; second, several
results we prove here are necessary for proving the Fundamental Theorem of
Calculus, which we want to prove as soon as possible, and some of those results
are not consequences of the characterization in Chapter XV (e.g., the inequality
in Theorem 13.17 and Theorem 13.40).

1. Integrability of Sums

We prove that the sum of two integrable functions is integrable and that the
integral of the sum is the sum of the integrals (Theorem 13.3).

Lemma 13.1: Let f and g be bounded functions defined on a nonempty
set X. Then

(1) lubrex (f(z) + g(x)) < lubrex f(z) + lubrexg(x)
and

(2) glbzex (f(z) + g(x)) = glbrex f(z) + glbrex g ().
Proof: For any y € X,
F) +9(y) < lubsex f(x) + lubyex g(x);
hence, lubyex f(z) 4+ lubyexg(x) is an upper bound for {f(z) + g(z) : x € X}.
Therefore, by the Completeness Axiom, lubyex (f(x)+ g(x)) exists and, clearly,

which proves (1). The proof of (2) is similar. ¥

The inequalities in Lemma 13.1 are in general strict, as can be seen, for
example, by taking f(x) =« and g(z) = —%x + % for all z € [0,1].

Lemma 13.2: Let f,g : [a,b] — R! be bounded functions, and let P be a
partition of [a,b]. Then

(1) Up(f +g) <Up(f) +Ur(9)
and

(2) Lp(f+g) = Lp(f) + Lr(g).
Proof: Assume that P = {zo,z1, ..., Zn}. By Lemma 13.1,
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(*) Mi(f +9) < Mi(f) + Mi(g) and m;(f +g) = mi(f) +mi(g), alli.
Therefore,
Up(f +9) = Sy M + 9)Ar, < S () + Milg)] A
= X Mi(f)Azi + Xioy Mi(g)Ax; = Up(f) + Up(g)
and, similarly, Lp(f +9g) > Lp(f) + Lp(g). ¥
We now prove our theorem.

Theorem 13.3: If f and g are integrable over [a, b], then f + g is integrable
over [a,b] and

P+ =L+ [0g

Proof: Let € > 0. Then, by the definition of the integrals of f and g (section
3 of Chapter XII), there are partitions P; and P of [a, b] such that

UPl(f)<fff+§ and UP2(9)<ffg+§.

Let P be a common refinement of Py and P, (see Exercise 12.3). Then, by
Lemma 12.8, Up(f) < Up,(f) and Up(g) < Up,(g). Hence,

Up( <ff+2 and Up(g <fg+2

— 13.2
Thus, since fl;(f +9)<Up(f+g) < Up(f)+Up(g), we have proved that

O Tar+9) < ([ F+109) +e

Similarly, there are partitions @1 and @2 of [a,b] such that

Lou(f)> [P f—5 and Lo,(9) > [Pg—

and, for a common refinement, @, of @1 and @2, Lemma 12.8 shows that
Lo(f) > Loy (f) and Lo(g) > Lo, (9): hence,

Lq >ff—5 and Lg(g >fg——

13.2
Thus, since il;(f +9) > Lo(f+9) > Lo(f)+ Lo(g), we have proved that

@ [ +9)> (I f+[2g) e
We now have that

12.10 —

(s fle) e 2 LG40 S Tar+9) < (L4 L00) +e

Therefore, since € was an arbitrary positive number, we see that
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PG+ =T+ =L r+["g.

Thus, f + g is integrable (by the first equality) and f;(f +9)= f[f f+ f[f g. ¥

Corollary 13.4: If each of finitely many functions f1, f2, ..., f, is integrable
over [a, b], then their sum is integrable over [a, b] and

Pt ottt f)= [+ [ ot [

Proof: Left as an exercise. ¥
Exercise 13.5: Prove Corollary 13.4.

In analogy with Theorem 13.3, the difference of two integrable functions is
integrable and the integral of the difference is the difference of the integrals. We
prove this result in the next section (Corollary 13.12).

Exercise 13.6: Define f: [0,2] — R® by

2 Lif0<az<l
flz)y=< 5 ,ifz=1
4 Lifl<z<2

Using Example 12.11 and Exercise 12.14, evaluate foz f-
2. Integrability of Scalar Products

A scalar product of a function f : X — R is the function A\f : X — R?
obtained by multiplying each value of f by a fixed real number \; that is,

(Af)(x) = Af(z) for all z € X.

The term scalar product is from vector spaces, where it refers to the product
of a vector by a field element. The terminology is, therefore, appropriate here
since the set of all real-valued functions defined on a nonempty set X forms
a vector space under pointwise addition of functions (the vectors) and scalar
product as defined above.

We prove that a scalar product Af of an integrable function f on [a,b] is
integrable and that the expected formula holds:

JINF= X[ F.

Combining this result with the result about sums in the preceding section (The-
orem 13.3), we have that the set V of all integrable functions defined on [a, ]

is a vector space and that ff is a linear transformation from V to the vector
space RY; in other words,

PO +209) =M [ f4+ X [lg, all f,g€V and Ay, A € RL.
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In connection with f: being a linear transformation, note that Exercise 12.26

characterizes all the nonnegative integrable functions in the null space of f;
We remark that our theorem about the integrability of scalar products is a
special case of the theorem about products that we will prove in section 4.
For any subset X of R! and any real number )\, we let AX denote the set
defined by

AX ={\z:z e X}.

Lemma 13.7: Let X be a nonempty bounded subset of R?.
(1) If A > 0, then lubAX = AlubX and glbAX = A\glbX.
(2) If A <0, then lubAX = AglbX and glbAX = NubX.

Proof: We prove part (1). Since (1) is trivial when A = 0, we assume that
A> 0.

Since x < [ubX for all x € X and since A > 0, it is clear that Az < MubX for
all z € X. Hence, MubX is an upper bound for AX; thus, by the Completeness
Axiom, lubAX exists and, obviously,

(a) lbAX < NubX.

Since Az < lubAX for all x € X and since A > 0, we have that z < %lub)\X
for all x € X. Hence, lubX < %lub)\X; thus, since A > 0, we have

(b) MubX < lubAX.

By (a) and (b), lubAX = MubX. Similarly, by replacing lub with glb and
reversing inequalities in the argument above, we obtain that glbAX = A\glbX.
This proves part (1).

We leave the proof of part (2) as an exercise. ¥

Exercise 13.8: Prove part (2) of Lemma 13.7.

Lemma 13.9: Let f : [a,b] — R! be a bounded function, and let P be a
partition of [a, b].

(1) For any A > 0, Up(\f) = AUp(f) and Lp(\f) = \Lp(f).

(2) For any A <0, Up(Af) = ALp(f) and Lp(A\f) = AUp(f).

Proof: Assume that P = {zo, 21, ..., Tn}.
We prove part (1). Let A > 0. Then, by the first part of Lemma 13.7,

(*) M;(\f) = AM;(f) and m;(Af) = Am;(f), alli.
Therefore,
Up(\f) = Sy Mi(Af)Az; = 51 AM;(f) Ay = NUp(f)

and

Lp(Af) = Siymi(Af) Az 2 S0 xma(F)Az; = ALp(f).
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This proves part (1).
We leave the proof of part (2) as an exercise. ¥

Exercise 13.10: Prove part (2) of Lemma 13.9.
Theorem 13.11: Let A € R, If f is integrable over [a,b], then Af is
integrable over [a,b] and
b b
fa )\f = )\fa f

Proof: Let P denote the collection of all partitions of [a, b]. By the definitions
of the upper and lower integrals (section 3 of Chapter XII),

f Af = glbpepUp(Af), /\f f = M\glbpepUp(f)
and
2) ['Mf = lubpepLp(\f), A" f = NubpepLp(f)

We use the first part of Lemma 13.9 and then the first part of Lemma 13.7
in each of the following:

(3) glbpepUp()\f) = glbpep)\Up(f) = )\glbpepUp(f), it A> 0;
(4) lubpepr()\f) = lubpep/\Lp(f) = )\lubpepr(f), if A > 0.

We use the second part of Lemma 13.9 and then the second part of Lemma
13.7 in each of the following;:

(5) glopepUp(Af) = glbpepALp(f) = NubpepLp(f), if A <0;
(6) lubpepr()\f) = lubpep/\Up(f) = )\glbpepUp(f), if A <0.

Now, assume that A > 0. Then, using that f is integrable over [a, b] for the
last equalities below,

—b 1 3 1) b
T A Y gloperUp(Af) 2 AglbperUp(f) & Mof=x[0 1

and
LM E tubpepLp(\f) < MubpepLp(f) Z AL = [2 f:

therefore, Ta)\f =) f; f= fb Af, which proves the lemma when A > 0.

Finally, assume that A < 0. Then, using that f is integrable over [a,b] for
the last equalities below,

—b 5 2
T2 gibpepUp(Af) 2 NubperLe(H) 2 N[ f =X [0 1
and

LA £ 2 tubperLpnf) D AglbperUp (1) L XToF =X [ 1

therefore, Ta)\f =A ff f= f;)\f, which proves the lemma when A < 0. ¥
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We can now easily obtain the theorem for the difference of two integrable
functions that is analogous to the theorem for the sum of two integrable functions
in the preceding section (Theorem 13.3):

Corollary 13.12: If f and g are integrable over [a, b], then f—g is integrable
over [a,b] and

-9 =[f[9

Proof: By Theorem 13.11, —g is integrable over [a,b] and ff —g=— ffg.
Therefore, since f —g = f + (—g), we have by Theorem 13.3 that f — g is
integrable over [a, b] and

b b 13.3 b b 1311 b b
LU=9=L+Eo) = [ f+],—9= [, f-J 9 ¥
Exercise 13.13: Using Exercise 12.13, Example 12.18 and Exercise 12.20,
evaluate f02(5x2 —3r +4).
3. Integrability of Absolute Values

The absolute value of a function f: X — R is the function |f| : X — R
defined by

|f] (x) = |f(z)| for all z € X.

We prove that the absolute value |f| of an integrable function f on [a,b] is
integrable and that

INIEINT

The inequality is what we would expect in view of the definition of upper and
lower sums and the Triangle Inequality for absolute values (above Exercise 1.28);
however, our proof of the inequality is along different lines.

Lemma 13.14: Assume that f and g are integrable over [a,b] and that
f(z) < g(z) for all z € [a,b]. Then

b b
fa f S fa 9g-
Proof: Let h = g — f. Then, by Corollary 13.12, h is integrable and
b b b
Joh=19- 1T

Also, since h(x) > 0 for all x € [a, b], f; h > 0 (by Exercise 12.25). Therefore,

Jla= [l f>0,
which proves the lemma. ¥

Exercise 13.15: If f is integrable over [a,b] and a < f(z) < § for all
x € [a,b], then

ab—a) < [P f<B0b—a).
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Lemma 13.16: Let X be a nonempty set, and let f : X — R? be a bounded
function. Then

lubzex |f(z)| — glbrex | f(2)] < lubrex f(x) — glbrex f(x).
Proof: Let p,q € X. Then

L) = 1f(9)] 1%9 |f(p) = f(@)| = max{f(p), f(¢)} — min{f(p), f(a)}
<lubrex f(x) — glbzex f(2),

which says

If(p)| < lubzex f(z) — glbzex f(z) + | f(q)]-

Since this inequality holds for all points p € X, we have that

lubzex |f($)| < lubzeXf(x) - glbxeXf(w) + |f(Q)|

Hence,

lubyex |f($)| - lszeXf(x) + glbmeXf(x) < |f(Q)|

Since this inequality holds for all points ¢ € X, we now have that

lubge x |f(x)| - lszeXf(x) + glbmeXf(x) < glbgex |f(x)|7

which proves the lemma. ¥
We now prove our theorem.

Theorem 13.17: If f is integrable over [a,b], then |f| is integrable over
[a, b] and

INIEINT

Proof: Let € > 0. Since f is integrable over [a, b], we know from Theorem
12.15 that there is a partition P = {xg, 21, ..., , } of [a, ] such that

Up(f) — Lp(f) <e

Hence, using Lemma 13.16 on each of the intervals [x;_1, ;] for the inequality
is the third step below, we have

Up(If1) = Lp(|f]) = Bz [Mi(|f]) — ma(| f])] Az;
<Y [Mi(f) —ma(f)]Az; = Up(f) — Lp(f) <e.

Therefore, since ¢ > 0 was arbitrary, we have by Theorem 12.15 that |f] is
integrable over [a, b].

Finally, we prove the inequality in the theorem. Having just proved that |f|
is integrable over [a,b], we know from Theorem 13.11 that — |f| is integrable
over [a,b]. Therefore,
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A 13.14 13.14
SR 1 s L
which shows that ‘f: f‘ < ff |f]- ¥

Exercise 13.18: If |f| is integrable over [a,b], then is f integrable over
[a,b]?

Exercise 13.19: If f and g are integrable over [a,b], then the maximum
function f\/ g and the minimum function f A ¢ are integrable over [a,b]. (We
defined f\/ g and f A ¢ in Exercise 4.33.)

(Hint: The same as the hint for Exercise 4.33.)

Exercise 13.20: We defined the notion of a distance function for a set in
Exercise 1.30. Let Z([a,b]) denote the set of all functions that are integrable
over [a,b]. For any f,g € Z([a,b]), let

a(f,9) = J;1f = al.
Determine whether d is a metric for Z([a, b]).
4. Integrability of Products

We prove that the product of two integrable functions is integrable. It is not
possible to give a formula for the integral of the product; in particular, the inte-
gral of the product of two integrable functions is not necessarily the product of
the integrals (e.g., foz 2?2 # (foz ac)(foz x) by Example 12.18 and Exercise 12.20).

Our theorems about products (along with other results) can be used to show
that all polynomials are integrable over any closed and bounded interval [a, ],
a < b (Exercise 13.28).

We first prove that the product of two integrable functions is integrable for
the case when the functions are nonnegative; we then apply Exercise 13.19 to
obtain the general result (Theorem 13.26).

Note the following exercise for use in Lemma 13.22.

Exercise 13.21: Using axioms in section 1 of Chapter I, prove that if
0<a<band 0<c<d, then ac < bd.

Lemma 13.22: Let f and g be bounded nonnegative functions defined on
a nonempty set X. Then

(1) [glbzex f(2)][glbrexg(x)] < glbrex(f - 9)(x)
and

(2) lubzex (f - 9)(x) < [lubrex f()][lubrex g(x)]-
Proof: By Exercise 13.21, we have
[9lbeex f(@)][9lbrexg(®)] < fy)g(y), ally € X.

Hence, [glbzex f(x)][glbzexg(x)] is a lower bound for {(f - g)(z) : = € X}.
Therefore, glb,cx(f - g)(z) exists by the Greatest Lower Bound Axiom (section
8 of Chapter I) and
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[9lbeex f(2)][glbrexg(2)] < glbrex (f - 9)()-
This proves (1). The proof of (2) is similar. ¥

Lemma 13.23: Let f,g : [a,b] — R! be bounded nonnegative functions,
and let s be an upper bound for both f([a,b]) and g([a,b]). If P is a partition
of [a,b], then

Up(f-9) = Lp(f-9) < s[Up(f) — Lp(f)] + s[Up(9) — Lr(g)]-

Proof: Let P = {xg,1,...,2n}. We see from Lemma 13.22 that

(*) mi(f)mi(g) <mi(f - g) < Mi(f - g) < Mi(f)Mi(g), all i.
Hence,
Up(f-9) = Lp(f-g) = T [Mi(f - 9) — ma(f - 9)| A

< S (M) - i Fyma(a)],
= S [Mi(f)Mi(g) — mi(f)Mi(g) +mi(f)Mi(g) — mi(f)mi(g)| A
= Xiea Mi(g)[Mi(f) — ma(f)]|Azi + Zimymi(f)[Mi(g) — mi(g)]Az;
< i [Mi(f) — mi(f)]Axi + 555 [Mi(g) — mi(g)] A
= s[Up(f) = Lp(f)] + s[Up(g) — Lr(g)]- ¥

Our next lemma is the product theorem for nonnegative functions.

Lemma 13.24: If f and g are nonnegative functions that are integrable
over [a,b], then f - g is integrable over [a, b].

Proof: Let € > 0 (we will use Theorem 12.15). Since f and g are integrable
over [a,b], f and g are bounded; thus, we have an upper bound s > 0 for both
f([a,b]) and g([a,b]). Now, by Theorem 12.15, there are partitions P; and P»
of [a,b] such that

(1) UPl(f) - LPl(f) < i and UPz(g) - LPz(g) < i

Let P be a common refinement of P; and P, (see Exercise 12.3). Then, by
Lemma 12.6 and Lemma 12.8, we have

(2) Lp,(f) < Lp(f) <Up(f) < Up,(f)

and

(3) Lp,(9) < Lp(g) < Up(g) < Up,(9)-

Now,

and, similarly,
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(3) (1)
Up(g9) — Lp(9) < Up,(g9) — Lp,(9) < =

Hence, by Lemma 13.23 (and since s > 0),
Up(f-9) —Lp(f-9) <sz +s5 =€

Therefore, since ¢ > 0 was arbitrary, we have by Theorem 12.15 that f - g is
integrable over [a,b]. ¥

Exercise 13.25: If f and g are integrable over [a,b] and neither f nor g
changes sign on [a, b], then f - g is integrable over [a, b].

We are ready to prove the general theorem about products.

Theorem 13.26: If f and g are integrable over [a, b], then f-g is integrable
over [a, b].

Proof: Let 0 denote the zero function on [a, b] (i.e., 0(z) = 0 for all z € [a, b]).
Consider the maximum and minimum functions of f and 0 and of g and 0 (as
defined in Exercise 4.33): f\/0, f AO, g\/0, and g AO. By taking the four
cases involving the possible signs of f(z) and g(z) for a fixed (but arbitrary)
point x, we see that

D) f9=UVD) - (gVO) +(fVO) - (gAD)
+(fAD)- (gVO0) + (f AD) - (9 AD).

Each of the functions f\/0, f AD, g\/0, and g AO is integrable over [a, b]
by Exercise 13.19; furthermore, none of these functions changes sign on [a, b].
Hence, by Exercise 13.25, each of the four product functions on the right - hand
side of (1) is integrable on [a,b]. Therefore, by (1) and Corollary 13.4, f - g is
integrable on [a, b]. ¥

Corollary 13.27: If each of finitely many functions is integrable over [a, b],
then their product is integrable over [a, b].

Proof: The corollary follows from Theorem 13.26 by a straightforward in-
duction (Theorem 1.20). ¥

Exercise 13.28: Use results in this chapter to prove that polynomials are
integrable over any closed and bounded interval. (Note: The result also follows
from Theorem 12.33 since polynomials are continuous by Theorem 4.16.)

Exercise 13.29: If the product of two bounded functions is integrable over
[a, b], then must each of the functions be integrable over [a, b] 7 In other words,
is the converse of Theorem 13.26 true?

Exercise 13.30: True or false: If f and g are integrable over [a, b], then

B A1)

fff-g‘g
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5. Integrability of Quotients

Let f and g be integrable functions defined on an interval [a, b] such that
g is never zero. The quotient 5 is not necessarily integrable since % may not

be bounded. However, L g integrable when L is bounded. We do not know
how to prove this theorem without using a characterization theorem in Chapter
XV. At this time, we prove that g is integrable when g is bounded away from
zero (Theorem 13.36). You will be asked to prove the general theorem later (in
Exercise 15.34).

If X is a nonempty set and g : X — R?! is a function, then we say that g is
bounded away from zero provided that there is an o > 0 such that |g(x)| > «
for all x € X.

We first prove the theorem about integrability of quotients for the case of
reciprocals (Theorem 13.35); then the theorem about quotients follows easily
using our previous theorem about the integrability of products (Theorem 13.26).
This pattern is analogous to what we did to obtain theorems about limits of
quotients and derivatives of quotients in previous chapters.

We prove three lemmas. We use the first two lemmas to prove the third
lemma, which we use to obtain the result about reciprocals.

Lemma 13.31: Let g be bounded function defined on a nonempty set X
such that glb,exg(x) > 0. Then

1 1
(1) glbzex g(@) — lubzexg(z)
and

1 1
(2) lubrex 365 = g2
Proof: Since 0 < g(y) < lubgexg(x) for all y € X, we have

1 1
mgmforallyeX

Hence is a lower bound for {ﬁ : ¢ € X}. Therefore, glbmexﬁ

1
> lubae x g(@)
exists by the Greatest Lower Bound Axiom (section 8 of Chapter I) and

1 1
Thexg@ = 9Wzex 3Gy

Therefore = glbxexﬁ since if < glbmexﬁ, then there

1 1
? lubgex g(x) lubeex g(x)
exists z € X such that ﬁ < glbwexﬁ, a contradiction. This proves (1). The

proof of (2) is similar (and is left as an exercise). ¥
Exercise 13.32: Prove part (2) of Lemma 13.31.

Lemma 13.33: Let g be bounded function defined on a nonempty set X
such that lubgexg(x) < 0. Then
1 1
(1) glbzex 565 = mrexo®
and

1

1 _
(2) lubsex 35 = ey
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Proof: Let h = —g. Then, since glb,ecxh(x) 13.7 —lubzexg(z) > 0, we can

apply 13.31 to h to obtain that

1 _ 1
(a) glbxeXW = Tubyex h(x)

and

1 1

(b) lubxeXW ~ Ylbzexh(@)
Therefore,
1137 1 1 137 L
glbeex gty = —lubiy = o — Thexe®

and

L 137 O) -1 13.7 1

lubsex 5y = —9beeX ey = Thoxh® — whoxe@: ¥

Lemma 13.34: Let g be bounded function defined on a nonempty set X
such that g is bounded away from zero, say |g(z)| > « for all € X. Let

M = luz)méXﬁ? m = glmeXﬁ

Then M —m < luba:EXg(w)a_zglba:EXg(w)'

Proof: Let
Xt={zeX:g(x) >0}, X ={zreX:gx) <0}
We prove the lemma by considering three cases.

Case 1: X = X™*. Then

13.31 1 1
M—m =" 5= ~ Tuhrexs®

= lubrexg(2)—glbyexg(@) - lubzexg(x)—glbrexg(x)
Lglbe e x g(@)[lubs e x g(x)] a? ’
Case 2: X = X~. Then
13.33 1 . 1
M=m =" 5@ ~ Thexs@

— lubyexg(@)—glbrexg(r) - lubrexg(@)—glbrexg(z)
lglbae x g(@)lubz e x 9(2)] a? )

Case 3: X+ # () and X~ # (). Then we can let

v =glbg(XT), v =lubg(X™).

We see that
1331 1 13.33 1 1 -t -
M_mB3t L 1833 1 1 oy ey
= m Yt oyT YT [y~

< lubsexg(@)—glbsex g(x) < lubre x g(x)—glbs e x g(z) ¥
= Y] a? :

Theorem 13.35: If g is integrable over [a,b] and g is bounded away from
zero, then £ is integrable over [a, b].
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Proof: Since g is bounded away from zero, there exists a > 0 such that
lg(z)| > « for all z € [a,b].

Let € > 0. Since g is integrable over [a,b], we have by Theorem 12.15 that
there is a partition P = {xo, %1, ..., Zn} of [a, b] such that

(1) Up(g) — Lp(g) < a?e.
Now,
Up(}) = Lp(3) = Simg[Mi(3) — mi(3)] Az

13.34 (@) —mm; (¢
< o MO Ay = 5, [Mi(g) — mi(9)] A

a2

=L [Up(9) — Lr(g)] (2 €.

Therefore, since ¢ > 0 was arbitrary, we have by Theorem 12.15 that % is
integrable over [a,b]. ¥

We are ready to prove our main result.

Theorem 13.36: If f and g are are integrable over [a,b] and ¢ is bounded
away from zero, then 5 is integrable over [a, b].

Proof: By Theorem 13.35, % is integrable over [a,b]. Therefore, since 5 =
I %, *5 is integrable over [a,b] by Theorem 13.26. ¥

Exercise 13.37: Rational functions are integrable over any closed and
bounded interval contained in their domain. Prove this without using Theo-
rem 12.33.

Exercise 13.38: Give an example of integrable functions f, g : [0,1] — RY

such that 5 is integrable over [0, 1] but g is not bounded away from zero.

6. Integrability Over Subintervals

We prove that if f is integrable over [a, b] and if [c, d] is a subinterval of [a, b],
then the restriction of f to [c, d] is integrable over [c,d].® As a consequence, we
obtain the following sum formula (where ¢ is a point of [a, b]):

Lo f =Tt 107

Theorem 13.39: If f is integrable over [a,b] and [c,d] is a subinterval of
[a, b], then the restricted function f|[c,d] is integrable over [, d].

Proof: Let € > 0. Since f is integrable over [a, b], Theorem 12.15 gives us a
partition P of [a,b] such that

(1) Up(f) — Lp(f) < e
Let @ = PU{¢,d}, a partition of [a,b]. Then, since @ is a refinement of P,

8To avoid cumbersome notation, we write fcdf instead of fcd f|[c,d] for the integral of
over [c.d].

135



12.6 12.8
<

Lo(f) '€ Lo(f) € Ug(f) € Un(f).

Hence, by (1), we have that

(2) Ug(f) — Lo(f) < e
Let R = QNlc,d]. Since ¢,d € @ and Q is a partition of [a, b], R is a partition
of [¢,d]; furthermore, each term in the sum for Ugr(f|[c,d]) — Lr(f|[c,d]) is a
term in the sum for Ug(f) — Lg(f), and all terms in the sums are positive (since
each term is of the form [M;(f) — m;(f)]Az;). Thus,

Ur(flle,d]) = Lr(flle,d]) < Uq(f) — Lq(f).-
Hence, by (2),
Ur(flle,d]) — Lr(fl[c.d]) <e.

Therefore, since € > 0 was arbitrary, we have by Theorem 12.15 that f|[c,d] is
integrable over [c,d]. ¥

Theorem 13.40: If f is integrable over [a,b] and ¢ is any point of [a, ],
then

JiF = I+ 15

Proof: Let € > 0. By Theorem 13.39, [* f and fcbf exist. Thus, since the
integral of a function is, by definition, the common value of the upper and the
lower integrals of the function, there are partitions Py of [a,c] and P; of [c, b
such that

(1) Up,(flla,d) < [y f+ %5, Le(flla,c)) > [ f—%
Ur,(flle;t) < [ f+ 5, Lea(fllest)) > [1 f = 5.
Let P = P, U P;, a partition of [a,b]. Then

U=+ (07 -5) < Lnliad) + La(flle) = Lo(H) < 11
and

I <Up() = Up,(llard) + Ur(Flle. ) < (S F+5) + (27 +3).

The first and last parts of the expressions give us that

Jif+ [ f—e<[lF<[if+[ f+e

Therefore, since € > 0 was arbitrary, we have that

Rr=fif+[lf ¥

A useful result in the reverse direction to Theorem 13.39 is in Exercise 13.43.

136



Exercise 13.41: Evaluate f_zz f when

T yif =2 <2 <0
f(“){ 22 Jif0<z <2

Be sure to explain why f is integrable over [—2,2].

Exercise 13.42: Evaluate ffzf when f(z) = |z + 1]. Be sure to explain
why f is integrable over [—2,2].

Exercise 13.43: If f is integrable over [a,c] and f is integrable over [c, b],
then f is integrable over [a,b] and f;f =[ f+ fcb f.

Exercise 13.44: Evaluate ff f when

e Jifl<az<2
V=Y 241 Lif2<z<3.

Be sure to explain why f is integrable over [1, 3].
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Chapter XIV: The Fundamental Theorem of
Calculus

We prove the Fundamental Theorem of Calculus. This beautiful theorem
shows a surprising connection between derivatives and integrals — in short, the
theorem unifies the subject of calculus. Thus, it is only appropriate that the
theorem stand alone, in a chapter all by itself. Nevertheless, we include an
application that illustrates a geometric aspect of the theorem; namely (in section
2), we discuss the use of the theorem in connection with computing area, which
puts our informal discussion in Chapter XI on a firm (rigorous) foundation.

1. The Fundamental Theorem

We prove the Fundamental Theorem of Calculus after we prove the following
technical lemma.

Lemma 14.1: Assume that f is integrable over [a,b], where a < b. Let
€ [a,b], and let h # 0 be a real number such that p + h € [a,b]. For each
x € [a,b], let F(z) = [ f (which exists by Theorem 13.39).

(1) If h > 0, then ‘w— p),ﬁfp+h|f—f(p)|-

(2) 1f h < 0, then |F=LG — p(p)| < 52 7|7 — £(p)].
Proof: To prove (1), assume that A > 0. Then, since a <p <p+ h,

f:_'_hf 1?;10 f:f+fpp+hf
Thus,

QA F@) ( gy ) _ 1ty
P I
also, since f;HL f(p) = hf(p) (by Exercise 12.13),

() =2 /7" f(p)

Hence,

[Pt )| = [ =0 1)

1?;12‘ fp+hf £ ) ‘f’”hf f(p) ) fp+h|f f)l.

This proves (1).
To prove (2), assume that A < 0. Then, since a < p+h < p,

fp 1340 fp+hf+ p+hf
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Thus,
F(p+h)—F ] p+h P — P
( f)l —(jU) — h (LL f J;z f> p+h f’

also, since f;;h f(p) = —hf(p) (by Exercise 12.13),

F0) =t [Jen f0)-

Hence (note for equality in third row below that _—Ll > 0),
F(p+h)—F

’ o+ L})L ®

p)‘: T p+hf+h p+hf(p)’

=[5 (S T S 7)) 252 S £ )

13.17
= R = F@D| SR S 1S~ F):

This proves (2). ¥

Theorem 14.2 (The Fundamental Theorem of Calculus): Assume
that @ < b and that f : [a,b] — R? is a continuous function.

(1) The function F given by F(z) = [ f for each & € [a,b] is differentiable
on [a,b] and F' = f.

(2) If g is any differentiable function on [a, b] such that ¢’ = f, then

J2f=g(b) - ga).

Proof: To prove part (1), first note that the function F in (1) is, indeed,
defined for each x € [a,b] by Theorem 12.33 (since f|[a,x] is continuous by
Exercise 5.3).

Now, fix a point p € [a,b]. We want to show that F’'(p) = f(p). We show
this using the definition of the derivative (in section 1 of Chapter VI),

F'(p) =limy,_0 w (if the limit exists).

Specifically (recalling the definition of limit in section 1 of Chapter III), we show
that for any € > 0, there is a 6 > 0 such that

* w — f(p)| <ewhen h #0, p+ h € [a,b], and |h| < 6.
Proof of (*): Let € > 0. Then, since f is continuous at p, Theorem 3.12
gives us a § > 0 such that
(i) |f(z) = f(p)| < 5 for all x € [a,b] such that |z — p| < 6.

We prove that this choice of ¢ satisfies (*).

Fix h # 0 such that p+ h € [a,b] and |h| < 6.

Assume first that h > 0. Then, by (i), | f(z) — f(p)| < 5 for all = € [p,p+h};
hence,
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13 4 p+h o 12.13
fiU e h

ST - f)) S

3
Thus,
F(p+h)—F .1 +h he c
|[ZBE@ g L )| < R(hg) =5 <

This proves (*) when h > 0.

Assume next that h < 0 (the proof is the same as when h > 0, as we will
see). Then, by (i), [f(z) — f(p)| < 5 for all € [p + h, p]; hence,

13.14 ¢ 12,13 B
p+h|f f( )| < ;:+h§ - 7h§'
Thus,
14.1 (part (2))
F h)—F — — € €
L IO _jp)| < R LI - ) < R (-hg) =5 <

This proves (*) when h < 0.
Therefore, we have proved that for any € > 0, there is a § > 0 such that (*)
holds.

Hence, F'(p) = f(p). This completes the proof of part (1) of our theorem.

To prove part (2), let g be any differentiable function on [a,b] such that
g = f. Then, by part (1) of our theorem, ¢’ = F’. Hence, by Theorem 10.8, g
and F differ by a constant, say

F(z) — g(z) =C for all z € [a,b].

Let’s evaluate C': Since F(a) = g(a)+C and F(a) = [ f = 0 (by the definition
of F), we have that C = —g(a). Therefore,

i F=F@®) = g(b)+C = g(b) — g(a).
This proves part (2) of our theorem. ¥

It is easy to apply the Fundamental Theorem of Calculus to evaluate integrals
of many continuous functions whose integrals we could not have evaluated up
until now. For example,

34 3% 15 _ 242 4 _ 243 243 _ 14
(t= -5 =5, [[Vi=sr-512=3

fO% sin(z) = —cos(%) + cos(0) = 1,

and so on. However, there are numerous continuous functions whose integrals

. 2 .2 .
we still can not evaluate: For example, fl ;?;1“ or even one as simple as

J. 12 L We will never be able to evaluate the first integral; however, we will see in

140



Chapter XVT that the second integral is In(2) and, thus, that logarithm tables
can be used to approximate the value of the second integral.

Exercise 14.3: The assumption that f is continuous in part (1) of the
Fundamental Theorem of Calculus is necessary: Give an example to show that
part (1) of the theorem would be false if we had only assumed that f is integrable
over [a, b].

(Note: Part (2) of the Fundamental Theorem of Calculus generalizes to
functions f that are only assumed to be integrable over [a, b]. We will not prove
this.)

Exercise 14.4: Let f : [0,6] — R be the continuous function whose graph
is drawn in Figure 14.4 below. Let F be the function in part (1) of Theorem
14.2, F(z) = [y f forall 2 € [0,6]. At which points (on the z - axis) does F have
local or global extrema? What type of extremum occurs at each such point?
Sketch a rough graph of F' (showing where F' has inflection points).

Figure 14.4

Exercise 14.5: If f is a continuous on [a, b] and a < b, then there is a point
p € (a,b) such that

b
This result is called the Mean Value Theorem for Integrals, and f(p) = %‘L—i is
often referred to as the average value of f over [a,b]. (The next three exercises

are follow ups to this one.)

Exercise 14.6: Find the average value of f(x) = sin(2z) over [0, Z]. (Av-
erage value is as defined in Exercise 14.5.)

The mean daily temperature in Morgantown ¢ months after May 1 (¢ < 6)
is given by the formula f(t) = 63 4 30sin(f%). Determine the average value of
the temperature between June 1 and September 1.
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Exercise 14.7: Give an example to show that the result in Exercise 14.5
would fail if we had only assumed that f is integrable on [a, b].

Exercise 14.8: Assume that f is continuous on [a,b] and that a < b. For
any x € [a,b] with > a, the average value of f over [a,z] is %_—Z (Exercise
14.5); on the other hand, the average of the values f(a) and f(x) is M

Determine all the continuous functions f on [a, b] such that for all = € [a, b]
with « > a, the average value of f over [a,z] is the average of the values f(a)

and f(x).

2. Area Again

Let f be a continuous nonnegative function on an interval [a,b]. In Chapter
X1, we intuitively discussed the idea of the area between the graph of f and the
interval [a, b], and we indicated how to compute the area. It is almost evident
that the Fundamental Theorem of Calculus gives us a rigorous definition for
the area function A that we used in Chapter XI and is the theorem behind the
procedure we arrived at for computing area in Chapter XI. It is only almost
evident because our approach to area in Chapter XI was slightly different than
our approach to the integral in Chapter XII. We show in this section that the
two approaches are actually equivalent.

We temporarily disregard the approach to area in Chapter XI. In its place, we
define the area between the graph of any integrable function f and the interval
[a, b] on which f is defined in terms of the integral. This general definition does

not require f to be continuous or to be nonnegative (as was required in Chapter
XI).

Definition: Let f be an integrable function on the interval [a, b]. We define

the area between the graph of f and the interval [a,b] to be ff |f]- (Recall that
|f| is integrable over [a,b] by Theorem 13.17.)

In the definition we assume f is integrable, not just that | f| is integrable even
though the area is the integral of | f|. By doing so, Theorem 13.3 assures us that
the existence of area is invariant under vertical translation; this is obviously a
property that any notion called area should have. In fact, this property would
fail if we had only assumed in the definition that |f| is integrable: For example,
if f is defined on [0, 1] by

f@) = 1 , if x is rational
~ 1 -1 ,if x is irrational

then fol |f| =1 but fol |f + 1| does not exist (just like in Example 12.12).
Next, we bring the definition of area above in sync with the approach to

area in Chapter XI. We first provide terminology for the types of sums we used
in Chapter XI.

Definition: Let f : [a,b] — R! be a function, and let P = {zo,x1,..., 2, }
be a partition of [a,b]. A Riemann sum for f with respect to P is a sum of the
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form ¥, f(t;)Az; for any choice of points ¢; € [x;_1, x;] for each i. We denote
any such Riemann sum by Rp(f) (without reference to the points ;).

We now define the notion of limit for Riemann sums. The definition gives
rigorous meaning to the intuitive idea for limits of sums that we worked with
in Chapter XI (see the footnote on the second page of Chapter XI). Recall that
the norm, ||P||, of a partition P is defined above Exercise 12.32.

Definition: Let f : [a,b] — R! be a function. We say that L is the limit of
the Riemann sums for f as the norms of the partitions of [a,b] go to 0, written

limy pj—o Rp(f) = L,

provided that for each € > 0, there is a 6 > 0 such that if P = {xg, 21, ..., 2, } is
any partition of [a,b] and || P|| < 6, then |Rp(f) — L| < ¢, meaning that

|, f(ti)Az; — L] < € for all choices of points t; € [z;—1, x;].

Finally, the following theorem will show that our approach to area in Chapter
XTI is the same as area defined in terms of the integral at the beginning of this
section (see comments following the proof):

Theorem 14.9: If f is a continuous function on [a, b], then

J2 f = limypj—o Rp(f).

Proof: Let € > 0. Then, since f is uniformly continuous (by Theorem 12.31),
there is a 6 > 0 such that

|f(y) — f(2)] < = whenever y, z € [a,b] and |y — z| < 6.

Let P = {xo, 1, ..., xn } be any partition of [a, b] such that ||P| < §. Then,
since 6 satisfies the condition for ¢ in the proof of Theorem 12.33, the calculations
in the proof of Theorem 12.33 show that

(*) Up(f) = Lp(f) <e.

Now, choose any points t; € [x;_1, ;] for each i. Since m;(f) < f(t;) <
M;(f) for each 4, it is clear from the definitions of Lp(f) and Up(f) (section 2
of Chapter XII) that

Lp(f) < Zimy f(ti) Az < Up(f);
also, by the definition of the integral (section 3 of Chapter XII),
b
Le(f) < Jo f = Up(f)-
Thus, by (*),
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b
S f () A - [ ] <
Therefore, since the points t; are any points in the intervals [z;_1, 2],

‘RP(f)*f;f)<e.¥

As in Chapter XI, let f be a continuous nonnegative function on an interval
[a,b]. By Theorem 14.9, we can now conclude that the area function A in
Chapter XTI is the function in part (1) of the Fundamental Theorem of Calculus;
that is,

A(z) = [ f for each x € [a, ).

We also see that the procedure for computing area in Chapter XI, which is sum-
marized in (#) above Example 11.1, is justified by part (2) of the Fundamental
Theorem of Calculus.

Exercise 14.10: Let f(z) = 2% +  — 2. Find the area between the graph
of f and the interval [—2, 3].

Exercise 14.11: Let f(z) = gzi—s. Find ¢ > 0 such that the area between
the graph of f and the interval [c, 3¢| is largest.

Exercise 14.12: Using only Theorem 14.9 and the Mean Value Theorem
(Theorem 10.2), give a short, elegant proof of part (2) of the Fundamental
Theorem of Calculus.

Exercise 14.13: If f : [a,b] — R! is a function such that limpj_o Rp(f)
exists, then f is bounded on [a, b].

Exercise 14.14: If f : [a,b] — R! is a function such that limp_o Rp(f)
exists, then f is integrable over [a,b] and

J2 f =1limy py_o Rp(f).

(Hint: Let L = limpj_o Rp(f). Let € > 0. Give reasons for each of the
following statements: There is a partition P = {xg,z1,...,2n} of [a,b] such
that L — 5 < ¥j, f(ti)Azx; < L+ 5 for all t; € [w;_1,2;]. For each i, there
exist p;, q; € [x;—1,x;] such that M;(f) — oy < f(p:) and f(q:) < mi(f) +
20—y (note that M;(f) and m;(f) exist by Exercise 14.13). Then Up(f) — 5 =
2?21[Mi(f)—m]Axi < L+%5, hence Up(f) < L+¢; similarly, Lp(f) > L—e.

—b
Thus, [ f<L+eand L —e< fo The result now follows.)

The converse of the first part of Exercise 14.14 is true: If f is integrable over
[a, ], then lim) p o Rp(f) exists. Thus, a function f is integrable over [a, b] if
and only if lim p|_o Rp(f) exists, in which case f; f =limp|—o Rp(f). This
equivalence justifies the somewhat common practice of defining the integral in
terms of Riemann sums.
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Riemann sums are useful for envisioning how to set up an integral to solve
a mathematical or physical problem. One illustration of this is in Chapter XI
— it was only natural to use Riemann sums to arrive at the notion of area. We
give another illustration in the following exercise:

Exercise 14.15: Let f be a continuous nonnegative function on [a, b]. Using
Riemann sums, find a reasonable formula for the volume of the solid obtained
by revolving the graph of f about the x - axis.

Indicate that your formula is reasonable by showing that it gives the known
value (%m"s) for the volume of the sphere of radius r centered at the origin in
3 - space.
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