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Introduction

In the standard approach a function f(x) defined on an interval [a, b] is called Riemann integrable if the limit

n
lim Zf(:/v:)(mz —xi—1) asmax{Ti — To,T2 — T1,...,Tn — Tn—1} — 0
n— o0 p—y

exists and is independent of partitions and choices of sample points

a=z0 <z <z1 <73 <2< <zmp_1 <z <TH=0b

b

and then the limit is denoted by / f(z)dz.
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This approach emphasizes partaitions and sample points. It leads to more complicated arguments where we have
to deal with unnecessary technicalities. For example, when forming Riemann sums for the function in Figure 1 we are
required to keep adding partition points between 2 and 5 although it is obvious that it does not improve the accuracy
of the approximation.

Figure 1: A function with a flat part
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The approach presented here is completely equivalent to the standard approach, that is, it defines the same class
of Riemann integrable functions and the same integral, but it is simpler and more intuitive. For example, we do not
have to deal with the problem described above. It allows us to simplify proofs of properties of Riemann integrable
functions and the Riemann integral.

We present here the Riemann integral for functions on the real line R, but this approach has a natural extension to
functions in RY. All functions in our presentation are real valued and defined on R unless explicitly stated otherwise.

In Sections 1-3 we use the notation [ f instead of the standard f: f(z)dx because we define Riemann integrability
of a function defined on R rather than an interval [a, b] as is done in the traditional approach. For a Riemann integrable
function f we define the integral [ f without any reference to a specific interval. The notation ff f(x)dz is introduced
in Section 4 where Riemann integrability on an interval is introduced and the connection with Riemann integrability
on the real line, as presented in Sections 1-3, is carefully explained. In Section 5 we investigate the question whether
fn — f implies [ fn — [ f. Finally, in Section 6 we present the Fundamental Theorem of Calculus and related
properties of the integral.

The presentation is intended for students who have completed an introductory single variable calculus course and
are curious about why the concepts they learned work the way they do. Most of the material is accessible at that level,
though some proofs draw on ideas and techniques typically covered in a first course in advanced calculus. Readers
who are comfortable with the results but find certain proofs technically demanding are encouraged to skip or skim
them on a first reading and return to them later.

1 Simple functions

First we need to define the integral for simple functions. We start with the observation that the area under the graph
of the function
1, ifz €la,b)
p(z) = 7
0 otherwise

where —co < a < b < 00, is b — a (see Fig. 2). Note that the area does not change if we replace the interval [a,b) by
[a,b], (a,b], or (a,b).
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Figure 2: A brick function

We will call the area under the graph of y = ¢(x) the integral of ¢ and write

/cp:b—a.

It seems that the left-hand side of this equation does not depend on a and b, but it does, since ¢(x) depends on a and
b. A function like ¢(x) above, that is 1 on an interval [a,b) and 0 everywhere else, will be called a brick function on
[a,b). If ¢ is a brick function on [a,b), then the interval [a,b) will be called the support of ¢ and denoted by supp .
Thus, if ¢ is a brick function on [a,b), then supp¢ = [a,b). Since the brick function on [a,b) is the characteristic
function of the interval [a,b) the notation x[, ;) can be used when convenient. When we say “the brick function on
[a,b)” we always assume that —co < a < b < 0.

We use brick functions to build simple functions. A simple function may look like this.



T
Figure 3: A simple function

Definition 1.1. A function f is called a simple function if f is a linear combination of brick functions, that
is, if

n

f =11 +a2p2 + -+ WpPn = Zaisoia

i=1

where @1, @2, ..., e, are brick functions and a1, az, ..., a, are real numbers.

In the definition above the equality f = a1¢1 + a2p2 + - - - + @npn means that f(z) = aip1(z) + aspa(z) +- -+
anpn(z) for every x € R. In general, if f and g are any functions on R, the equality f = g means f(z) = g(z) for
every z € R.

The simple function in Figure 3 can be written as a linear combination of 5 brick functions. In general, there are
many different ways of representing a simple function as a linear combination of brick functions. For example, the
simple function in Figure 4 can be described as the sum of the brick function on [1,2) plus 2 times the brick function
on [2,3) plus the brick function on [3,5), but it can also be written as the sum of the brick function on [1,5) plus the
brick function on [2, 3).
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Figure 4: Two representations of a simple function

Since the area under the graph of the function

a, ifz € [a,b)
xr =
@) {O otherwise

is a(b — a) (see Fig. 5), it is natural to define /f = «a(b — a). Note that, if ¢ is a brick function on [a,b), that is
p(x) =1if z € [a,b) and p(x) = 0 otherwise, then f(x) = ap(x) and we have

Jae=[1=at-a=a [0

This observation motivates the following definition.



Figure 5: The area of the shaded rectangle is a(b — a).

Definition 1.2. For a simple function

f(@) = a1p1(2) + a2pa(z) + - + anpn(z) = Z i ()

/fzocl/cp:l—1-042/902+~--—i-ozn/<pnZX:O@/%‘~
i=1

The value of / f is called the integral of f.

we define

Note that while the integral of a simple function is defined using a linear combination of brick functions, this
representation is not unique. It is therefore necessary to show that the integral is independent of the representation
used.

[ Theorem 1.3. The integral of a simple function is independent of the representation. ]

Proof. We need to show that, if
D i = B,
i=1 j=1
then N -
Sacfe=35 [ v
i=1 j=1
First we show that, if .7, aips = 0, then > a; [ i = 0. Let suppp; = [as,b;) for i = 1,...,n, and let

co < ¢1 < -+ < ¢y be all the distinct numbers in the set {a1,...,an,b1,...,b,}. Then for every ¢ = 1,...,n and
every j = 1,...,m there are numbers ~; ; € {0,1} such that

m
wi = Z%ﬂ/)j,
j=1

where 9; is the brick function on [¢;j_1,¢;). Note that for every brick function ¢; on [a;, b;) there are indices k < I
such that ¢y = a; and ¢; = b;. Then ~;; =1 for k+ 1 < j <[ and 7;; = 0 for the remaining j’s. Consequently,

/soi =c¢ —ck = (Cht1 — ¢k) + (Chr2 — Cp1) + -+ (a — c-1)

:/¢k+1+/wk+2+m+/wz= i /wj=§%,j/wj

j=k+1



and thus

n n m n m m n m n
Zaz’/%‘ = (Z%’,j/%‘) = Zzam,j/%’ = Zzam,j/% => (Zam,j> /wj.
=1 =1 Jj=1 i=1 j=1 Jj=11i=1 j=1 =1
Now, if Y7 | aips = 0, we have
n n m n m m n m n
0=> aipi=) ai (Z %‘,ﬂ/h‘) =30 gt =Y @it =) (Z az‘%‘,j) ¥j.
i=1 i=1 j=1 i=1 j=1 j=1i=1 j=1 \i=1

Since Z;ﬂ:l (Z?:l amm) 1; = 0 and the supports 1, ..., ¢¥m are disjoint, we must have

Z Q%i,5 = 0
=1

for every 7 = 1,...,m and consequently

éai/%:i(_nlai%a)/wj:o.

=1 1=

This shows that, if Y7 | aip; =0, then Y7 | oy fcpi =0.

Now assume
n m
> i =Y By
i=1 j=1
for some brick functions ¢1,...,@n,¥1,...,Ym and some numbers a1, ..., &n, B1,--.,Bm. Then

OélL,O1+"'+Oén§0n_ﬂ1¢1_"'_ﬂ'mwmzo

and thus, by the first part of the proof, we have

al/tp1+---+ocn/<pn—ﬁ1/wl_..._Bm/wmzo
oz1/<,01+~~~+ocn/<pn:51/¢1+...+5m/¢m_

The integral of a simple function has an intuitive interpretation as “signed area”. The areas of the rectangles
above the x-axis count as positive and the areas of the rectangles below the x-axis count as negative. For the function

or equivalently

O

in Figure 6, /f is the sum of the areas of the blue rectangles minus the sum of the areas of the orange rectangles.

Y

Figure 6: The integral of a simple function

The following theorem captures two fundamental properties of simple functions and the integral of simple functions:
The set of all simple functions is a vector space and the integral is a linear functional on that space.



Theorem 1.4. If fi, fo,..., fn are simple functions and ai,asz,...,an are real numbers, then the function
f=afi+tafot+ - -+anfn= E;;l a;i fi is also a simple function and we have

/f:al/fl+a2/f2+--~+an/fn:§ai/f¢.
J(Ge) =5 v

The proof of the above theorem is left as an exercise. Consider constructing your proof following these steps:

In other words,

(a) Show that, if f is a simple function and « is a real number, then af is a simple function.
(b) Show that, if f and g are simple functions, then f + g is a simple function.

(c) Use (a), (b), and mathematical induction to show that, if fi, f2,..., fn are simple functions and a1, az,...,an
are real numbers, then f =a1f1 +asfo+ -+ anfn = Z?:l a;fi is a simple function.

(d) Show that, if f is a simple function and « is a real number, then [af =a [ f.
(e) Show that, if f and g are simple functions, then [(f+g)= [F+ [g.

—~
-
N

Use (d) and (e) and the mathematical induction to show that, if fi, f2,..., fn are simple functions and
a1,az,...,an are real numbers, then [ (307 aifi) = Y1, ai [ fi.

In the next theorem we list some properties of simple functions that will be used in subsequent sections.

Theorem 1.5. Let f and g be simple functions.
(a) If f(z) < g(z) for all x € R, then /f < /g‘

(b) The function |f|(z) = |f(z)| is a simple function and

[1< [

(¢) The functions m(x) = min{f(z),g(x)} and M(z) = max{f(x),g(z)} are simple functions.
(d) The function h(z) = f(z)g(x) is a simple function.

Exercises

1.1. In the proof of Theorem 1.3 we claim that, since Z;’;l (Z;;l ai'yi,j) 1; = 0 and the supports ¥1,...,%m are
disjoint, we must have > 7 | a;v;,; = 0. Justify this claim.

1.2. Prove Theorem 1.4.

1.3. Prove Theorem 1.5. Hints:
(a) First show that, if f(z) > 0 for all x € R, then /f > 0. Then use the fact that f(z) < g(z) is equivalent to
g(z) = f(z) > 0.
(b) Represent f as a linear combination of brick functions with disjoint supports.
(¢) min{z,y} = 3(z +y — [z — y|) and max{z,y} = 3(z +y + [z — y|).

(d) Represent both functions f and g as linear combinations of the same brick functions with disjoint supports.

1.4. Prove: Let 7. f be the function defined by 7. f(z) = f(z — 2) for z € R. If f is a simple function, then 7. f is a
simple function and [7.f = [ f.



2 Riemann integrable functions

Now we are ready to define Riemann integrable functions on the real line.

Definition 2.1. A function f is called Riemann integrable if for every € > 0 there exist simple functions g
and h such that g(z) < f(z) < h(z) for all z € R and [(h—g) < e.

Figure 7: Approximation of an integrable function

Figure 7 illustrates the meaning of the above definition. A function f(z) is Riemann integrable if for an arbitrarily
small positive number ¢ we can find simple functions g(z) and h(z) such that the following three conditions are
satisfied

(a) The graph of y = g(x) is below the graph of y = f(x),
(b) The graph of y = h(x) is above the graph of y = f(x),
(c) The area between the graphs of y = g(z) and y = h(z) (the shaded area in Figure 7) is less than e.

It should be clear that, if we make ¢ smaller, we most likely will have to find new functions g and h that are closer to

f.
Since the Riemann integral is the only type of integration considered in this text, we will simply use the term “in-
tegrable” to mean “Riemann integrable”. The following theorem gives an equivalent definition of Riemann integrable

functions that some may find more intuitive than the above definition.

Theorem 2.2. A function f is integrable if and only if there exist sequences of simple functions gi,go, ...
and hi, ha,... such that

gn(z) < f(x) < hp(z) for every z € R and every n € N

and .
/(hn —gn) < - for every n € N.

\. J

Note that the use of % is just to make it concrete, but any sequence convergent to 0 will work. In other words,
the condition

J(hn —gn) < £ for every n € N
is equivalent to the following condition:

J(hn — gn) < en for every n € N and for some sequence of positive numbers 1, €2, ... such that lim &, = 0.
n— oo

Using this observation we could state the property in a more compact way:



Theorem 2.3. A function f is integrable if and only if there exist sequences of simple functions gi,go, ...
and hi, ha,... such that

gn(z) < f(z) < hp(z) for every z € R and every n € N

and
lim [ (hn —gn)=0.
n— oo
If convenient, we can always assume that the sequence g1, gz, . .. is increasing and that the sequence hq, hs, ... is
decreasing. Indeed, if g1,g2,... and hi,he,... are arbitrary sequences of simple functions such that g,(z) < f(x) <

hn(z) for every x € R and for every n € N and limn— o [(hn — gn) = 0, then for the sequences
gn(z) = max{gi(z), g2(z),...,gn(x)} and h;(z) = min{hi(z), h2(x),..., ha(x)}

we have
gn(z) < gn(z) < fz) < hp(z) < hn(z)

for every € R and for every n € N. Then
/gné/g:S/hZS/hn

and, since limn— o [(hn — gn) = 0, we have

lim [ (hp, —gn) =0.

n—00

Note that the sequence g7, gs5,... is increasing and the sequence and hj,h3,... is decreasing. Consequently, the
sequence [ g7, [g5,... is increasing and the sequence and [ k7, [ h3,... is decreasing. Since [ g, < [ h} for every
n € N, the sequence [gf,[g5,... is convergent. Similarly, since [h;, > [gi for every n € N, the sequence
J hi, [hs,... is convergent. Observe that we must have

lim [ g, = lim [ h},

because lim [ (hy, —g;) = 0. Finally, since [gn < [ g5 < [k, < [ hn, we have

n— oo

as n — oo. Consequently, both limits lim [ g, and lim / h,, exist and we have
n—oo n—oo

lim [ g,= lim [ g,= lim [ h,= lim [ h,.

The main conclusions of the above argument are captured in the following theorem.

Theorem 2.4. Let €1,e2,... be a sequence of positive numbers such that lim e, = 0. If
n—r oo

gn(z) < f(z) < hn(z) for all z € R and alln € N, and

/(hn — gn) < &n for alln €N,

n—oo

then both limits lim / gn and lim h, exist and we have
n—oo

lim gn = lim ho .
n—oo n—oo




Since f is “squeezed” between g, and h,, it is natural to define

/f: lim [ gn= lim [ hy.

n—o0o n—o00

To use this as a definition of the integral of an integrable function we must show that the number [ f is independent
of the choice of the approximating sequences of simple functions g1, g2, ... and h1, ha,.... Let g7, g95,... and hi, h3, ...
be a different choice of approximating sequences of simple functions. Since the sequences

gl7givg27g;7“' and h17hﬂlﬁ7h27h‘;7"'

also satisfy the assumptions, both sequences

[on [ for [aine wa [ [ [ [

converge to the same limit. This is possible only if

lim [ g,= lim [ g, = lim [ h;, = lim [ Ay,
n—oo n—oo n—oo n—r 00

which proves the desired independence of the choice of the approximating sequences. Now we can give a formal
definition of the integral.

Definition 2.5. For an integrable function f we define

/f: lim gn = lim hn,

n—oo n—oo

where g1, g2,... and hi, ha, ... are sequences of simple functions such that g, (z) < f(x) < hn(x) for all z € R
and all n € N and lim /(hn — gn) = 0. The number [ f is called the Riemann integral of f.
n—oo

Since the Riemann integral is the only type of integral considered in this text, we will simply use the term “integral”
to mean “Riemann integral”.

The definition of the integral [ f is often given in the following equivalent form: The integral of an integrable
function f is

/f = sup {/g : g is a simple function such that g(z) < f(z) for all x € ]R} .

Note that we could define the integral of f as the infimum of the integrals of all simple functions that are above f:

/f = inf {/h : h is a simple function such that f(z) < h(z) for all x € R} .

Theorem 2.6. Let f and g be integrable functions.
(a) If f(z) < g(z) for all x € R, then /f < /g.

(b) The function |f|(z) = |f(x)| is integrable and ’/f‘ < /|f|

(¢) The functions m(xz) = min{ f(z), g(x)} and M(z) = max{f(x),g(x)} are integrable.

When constructing functions g(z) and h(z) such that g(z) < f(z) < h(z) for all z € R and [(h — g) < € we often
have to deal with some exceptional points that make the construction more cumbersome. It turns out that, as long
as there are finitely many points like that, we can simply ignore them. The following theorem makes this statement
precise. Note that it implies that we can safely change the values of f at a finite number of points without affecting
its integrability.



Theorem 2.7. If for every e > 0 there exist simple functions g and h such that [(h — g) < € and g(z) <
f(z) < h(z) for every x € R except a finite number of points, then the function f is integrable.

Proof. Let € > 0 and let f be a function such that there exist simple functions g and h such that [(h —g) < /2 and
g(z) < f(z) < h(z) for every = ¢ {c1,...,c,} for some c1,...,c, € R. Note that we must have g(z) < h(x) for every
z € R. If we define

f(z), ifx ¢ {c,...,cn}
1(g(z) + W) ifze{ecr,...,cn}’
then
g9(z) < f*(x) < h(z) (1)
for every x € R.
Now let

M =max |f(z) — " (z)| = max{|f(e1) = f7(cr)]:- - [f(en) = f7(en)[}-

If M =0, then f = f* and integrability follows directly from (1), so we can assume that M > 0. Let 0 = ;57 and
let ¢y, be the brick function on [ck,ck + ) for k =1,...,n. Then
—Mepr(z) = = Men(x) < f(z) = f7(2) < Moi(z) + -+ Mpn(2) (2)

for every x € R. Note that f(z) — f*(z) =0 for z ¢ {c1,...,cn}, so (2) holds trivially at such points, and at = ¢
it holds because |f(ck) — f*(cx)| < M = Mog(ck).
Adding (1) and (2) gives us

9(®) = Mpr(a) — - — Mpn(2) < f(2) < hlz) + Mpr(w) + -+ + Mpa ()
for every x € R. Define
9" (x) = g(z) = Mg1(z) — - = Mon(z) and h'(z) = h(z) + Me1(z) + - + Mepn(z).

Then g* and h™ are simple functions,
9" (x) < flz) <" (z)

for every x € R, and
[ =g = [+ Mr - M) = (g = Mooy =+ = M)
= [-g +2m [(or 4400

:/(hfg)+2Mn5

€ €
< = 4+2Mn =c.
2 + 4Mn
Since ¢ is an arbitrary positive number, this shows that f is an integrable function. O

Exercises
2.1. Prove Theorem 2.2.
2.2. Prove Theorem 2.3.

2.3. Show that simple functions are integrable and that for simple functions the integrals defined in Definitions 1.2
and 2.5 are the same.

2.4. If f is an integrable function, show that

/f = sup {/g : g is a simple function such that g(z) < f(z) for all z € R}

and
/f = inf {/h : h is a simple function such that f(z) < h(z) for all = € ]R} .

10



2.5. Prove Theorem 2.6. Compare this exercise with Exercise 1.3 and consider the hints given for that exercise.
2.6. Let a < b. Show that the following functions are integrable: X(4,5], X(a,b)> X[a,b), @0d X{a}. Then show that
I Xtar) = [ Xap) = [ Xtap) =b—a and [x(a) =0.

2.7. Show that integrable functions are bounded, that is, for every integrable function f(x) there exist numbers m
and M such that m < f(z) < M for all z € R. Moreover, there is a brick function ¢ such that me(z) < f(z) <
My(x) for all z € R. (Note that this implies that for every integrable function f we have supp f C [a,b) for some
—00 < a<b<oo.)

2.8. Show that, if f is an integrable function such that f(z) > 0 for all z € R, then there are sequences of simple
functions g1, g2,... and hi, he,,... and a positive number M such that

0< gu(2) < f(@) < hula) < M

for every x € R and every n € N, and such that lim [ (h, —gn) =0.

n—00

2.9. Show that for any integrable function f there exists a positive constant C' and a brick function ¢ such that
0 < f(z) + Cyp(z) for all z € R.

2.10. If g and h are simple functions such that g(z) < h(x) for every = ¢ {ci,...,cn} for some ci,...,c, € R, show
that that we must have g(z) < h(z) for every z € R.

2.11. Prove: Let 7. f be the function defined by 7. f(z) = f(x — 2) for z € R. If f is an integrable function, then 7, f
is an integrable function and [7.f = [ f for all z € R.

2.12. Prove: If a function f is integrable and g(x) = f(x) for all but a finite number of values of z, then g is integrable

and [g=[f.

2.13. True or false: If a function f is integrable and g(z) = f(z) for all values of z except an infinite sequence
{z1,x2,...}, then g is integrable and [g= [ f.

3 Integrability of linear combinations and products

Theorem 3.1. If f is an integrable function and c is a real number, then the function cf is also integrable

and we have
/cfzc/f.

Proof. If f is an integrable function, then there exist sequences of simple functions g1, g2,... and hi, he,... such that
gn(z) < f(x) < hn(z) for every € R and every n € N and lim /(hn —gn) =0.
n— oo

Since the zero function is integrable, the function cf is integrable and [cf = c [ f when ¢ = 0.
Now assume that ¢ > 0. Then cg1, cgz,... and chi,chs,... are simple functions such that that cgn(z) < cf(z) <
chn () for every z € R and every n € N and

lim [ (chn, —cgn) = lim /c(hn —gn) = lim c/(hn —gn)=clim [ (hn—gn)=0.

n—oo n—o0o

If ¢ < 0, then cgi,cgz, ... and chi, cha,... are simple functions such that that ch,(z) < ¢f(x) < cgn(z) for every
z € R and every n € N and

lim [ (cgn — chn) = lim ¢(gn — hn) = lim c/(gn —hn)=clim [ (gn—hn)=—clim [ (hn—gn)=0.

n— o0 n—o0 n—oo n—oo n—o0

Consequently, in both cases the function cf(z) is integrable and

/cleim cgn:clim/gn:c/f.
n— o0 n—oo

11



Theorem 3.2. If f1 and f2 are integrable functions, then the function f1 + f2 is also integrable and we have

/(f1+f2)=/f1+/f2.

Proof. Assume fi; and f> are integrable functions. Since fi is an integrable function, there exist sequences of simple
functions 91,1,91,2, - - - and }1,1,17 h1,2, ... such that

gin(z) < fi(z) < hign(x) and lim [ (hin—g1,n)=0.

n—o0

Similarly, since f2 is an integrable function, there exist sequences of simple functions ga2,1, g2,2,... and ha,1,h22,...
such that

g2, (z) < fa(x) < hgn(z) and  lim [ (k2 — g2,n) =0.

n— oo
Consequently,
91.n(x) + g2,n(2) < f1(2) + fa(2) < han(z) + hon(z)
for every x € R and every n € N, and we have
lim ((hi,n + h2n) — (91,0 + G2,n)) = nlLH;o (hin — g1,n) + HILH;O (h2,n — g2,n) = 0.

n—r00

Since gi1,n + g2,» and hi n + h2,, are simple functions, the above shows that the function fi + f2 is integrable and
/(f1+f2) = lim /(gl,n+92,n) = lim /91,n+ lim /gz,n I/f1+/f2~
n—oo n—oo n— oo

By induction, Theorems 3.1 and 3.2 can be generalized to the following important property of integrable functions.

O

Theorem 3.3. If fi, fa,..., fm are integrable functions and a1, az, . .., am are real numbers, then the function
f=aifi+azfo+ - +amfm = 1o, aifi is also integrable and we have

/f=a1/f1+a2/f2+---+am/fm:§;ai/fi.
[ (Ge)=E 1

In other words,

Theorem 3.4. If f and g are integrable functions, then the function fg is also integrable.

Proof. We will prove this theorem in three steps.
Step 1 First we assume that f is a function such that there are sequences of simple functions gi,g2,... and
hi,ha,... such that

0 < gn(z) < f@) < hnlz) <M

hn(
for some M, every = € R and every n € N, and such that lim /(hn — gn) = 0. Since
n—oo
h

(gn(2))* < (f(2))* < (ha(2))?,

for every 2 € R and every n € N, (g1)2, (g2)?, ... and (h1)?, (h2)?,... are simple functions, and

[ = 002) = [+ 90) 0 = ) < 221 [ 1= g0
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it follows that lim / ((hn)* = (gn)?) = 0. This proves that the function (f)? is integrable.
n— oo

Step 2 Now let f be an arbitrary integrable function. Then there is a brick function ¢ = x[q4,5) such that f(z) =0
for every = ¢ [a,b). Note that fo = f and (¢)? = ¢, which will be used below. Moreover, there exists a positive
constant C' such that 0 < f(x) + Cp(z) for all x € R. By Exercise 2.8, there are sequences of simple functions
gi,92,... and hi, he,... and a positive number M such that

0 < gn(z) < f(2) + Cp(x) < halz) <M

for all z € R and n € N, and such that lim /(hn —gn) =0.
n—oo
By Step 1, the function (f + Cp)? is integrable. Consequently, the function

() =(f+Cp)* —2fCp—C*(p)? = (f + Cp)* —20f — C*p

is integrable by Step 1 and Theorem 3.3.
Step 3 Let f and g be arbitrary integrable functions. Since

1
fa=5((f+9° = ("= ()7,
the function fg is integrable by Step 2 and Theorem 3.3. O

Exercises
3.1. Prove Theorem 3.3.

3.2. True or false?
(a) If f and g are integrable, then [(fg)= [ f [g.
(b) If f and g are integrable, then [(fg) < [ f [g.
(c) If f and g are non-negative integrable, then [(fg) < [ f [g.
(d) If fg=0, then [ f [g=0.
3.3. True or false?
(a) If f is an integrable function, then the function (f)™ is integrable for every n € N.
(b) If f is a non-negative integrable function, then the function /f is integrable.

(¢) If f a non-negative integrable, then the function (f)® is integrable for every a > 0.

. . 1 ifze . ?
3.4. Is the function f(z) = { 0 otherwise integrable?
3.5. True or false?
(a) If f1, f2,... are integrable functions and the series Y -, fn(x) converges for every x € R, then the function

f(x) =3°°° | fa(z) is integrable and we have [ f =27 | [ fn.
(b) If fi, f2,... are integrable functions and the series Y -, fn(x) converges absolutely for every = € R, then the
function f(z) = >0 | fn(x) is integrable and we have [ f=3>"°° [ fa.

(c) Let fi,f2,... be integrable functions. If the series > ., fn(x) converges absolutely for every z € R and
o2 J Ifa] < oo, then the function f(z) =Y oo, fn(x) is integrable and we have [ f =37 [ fa.

3.6. All proofs in this section use characterization of integrability presented in Theorem 2.3. Prove the theorems in
this section directly from Definition 2.1.
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4 The Riemann integral on an interval

Definition 4.1. Let —0co < a < b < oo. A function f is called integrable on [a, b] if the function

P = {f(x), if z € [a,b)

0 otherwise

is integrable. If a function f is integrable on [a,b], we define
b
[ 1@z = [ fxion,

The use of [a,b) instead of [a,b] in the above definition is for technical convenience. The proofs of Theorems 4.2
and 4.3 illustrate it well. In the proof of Theorem 4.2 we use the fact that if g and h are simple functions, so are the
functions gx(c,q) and hx(c,q). In the proof of Theorem 4.3 we use the equality fX{a,5) = fX[a,c) T fX[e,b)- Since it is not
true that fX(a,6] = fX[a,c] + [X[c,b) Decause of a single point, we would have to deal with that point which introduces
unnecessary technical complications.

A function does not have to be defined outside an interval [a, ] to be integrable on an interval [a,b]. Since the
general definition of integrability is given for functions defined for all real values of x, there is a formal problem when
f(z) is not defined for all real values of z. This problem can be easily fixed by defining f(z) = 0 for every z ¢ [a, b].
We write f : [a,b] — R to indicate that f is defined on [a, b].

[ Theorem 4.2. If f is integrable on [a,b] and [c,d] C [a,b], then f is integrable on [c,d]. ]

Proof. Let € > 0. If f is integrable on [a, b], then there are simple functions g and h such that
9(x) < f(@)X(ap) (@) < h(z)
for all z € R and [(h—g) <e. If [¢,d] C [a,b], then
9(@)X[e,a) (@) < f(@)X[e,a)(2) < A(T)X[e,0) (@)

forallz € Rand [ (hX[c,d) - gX[c,d)) < €. Since gx(c,q) and hx|c,q) are simple functions and ¢ is an arbitrary positive
number, the function fxi.,q) is integrable. O

Theorem 4.3. If f is integrable on [a,b] and ¢ € (a,b), then

/abf(:c)dx - /acf(x)dx—l— /be(x)dx

Proof. Note that the functions fx(4,c) and fx(c,») are integrable by Theorem 4.2. Since fX[a,6) = fX[a,c) T [X[c,b), WE

h
- /abf(m)dmZ/fX[a,b) :/(fX[a,c) + [X[ew)) :/fX[a,c)+/fX[c,b) Z/:f(m)dx—l-/cbf(m)dm.

The formal definition of Riemann integrability and the integral is very important from the theoretical point of
view. All properties of integrable functions and the integral are directly or indirectly derived from the definition.
However, in applications we almost never use the definition to check if a function is integrable, because there are
theorems that give simple to use conditions that are sufficient for integrability. The following two theorems are good
examples of such conditions.

O
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[ Theorem 4.4. If f : [a,b] — R is monotone, then it is integrable. ]

Proof. Assume first that f : [a,b] — R is increasing. Let € > 0. If f(b) = f(a), then f is constant, and integrability
is immediate. Otherwise choose n € N such that

b—a
—(7(0) - f(@) <<
Define
b—a
a; = a+]T and ¢; = Xlaj_1,a;)
for j =1,...,n. Now we define simple functions

9=> flaj-1)p; and h=>_ f(a;)p;
j=1

j=1
Since f is increasing, for every x € [a;—1,a;) we have

flaj—1) < f(z) < flay),

an consequently
9(z) < f(z) < h(z)

for every = € [a,b). Moreover,

-/ (Z (f(aj)—f(aj—l))soj>
j=1

= S o(f(@) - fas) [
j=1
" b—a

= Y (r(e) ~ fla)
b _ n

=— ENT(fla) = flz-0)

j=1
=200 - @) <=
Thus f is integrable on [a, b].
If f is decreasing, then — f is increasing so integrability of f follows. O

All proofs presented so far, while requiring a certain level of mathematical maturity, do not require any concepts
that are not covered in a standard calculus course. The proof of the following important result uses uniform continuity,
a standard topic in an advanced calculus course.

A function f : [a,b] — R is continuous if for every ¢ > 0 and every x € [a,b] there exists a d; > 0 such that
|f(z)— f(y)| < e for every y € [a, ] such that |z —y| < §,. The subscript z in §, emphasizes the fact that §, depends
on z. If we take a different x € [a,b] we may have to adjust the d, even if we use the same ¢. A function is called
uniformly continuous if for every e it is possible to find a § > 0 that will work for every z in the domain of the
function. It turns out that every continuous function on a bounded closed interval is uniformly continuous. This is
a nontrivial result — it may seem surprising that a local property (continuity at each individual point) automatically
becomes a global one on such intervals.

The assumptions that the interval is closed and bounded are essential. For example the function f(z) = 1/x is
continuous on the bounded (but not closed) interval (0, 1], but it is not uniformly continuous on that interval. On
the other hand, the function f(x) = x? is continuous on the closed (but not bounded) interval [0, cc), but it is not
uniformly continuous on that interval.
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[ Theorem 4.5. If f : [a,b] — R is continuous, then it is integrable. ]

Proof. Let € > 0. Since f is a continuous function on a bounded closed interval, it is uniformly continuous and thus
there is a § > 0 such that .
[f(s) = f(®)] < " a whenever |s — t| < 4.
—a

Let n € N be such that b-a < 4. For 5 =1,2,...,n we define
n

. b—a b—a
P Y L= )

Since f is continuous, f is bounded and

€
zsggf( )_zlélff fla) < 3=
for every j =1,2,...,n. Let ¢; be the characteristic function of the interval I; for j =1,2,...,n. Now we define
9=>_(inf f@)p; and h=3 (sup f(a))p,
j=1 j=1 J
Note that
g(z) < f(z) < h(xz) for every z € [a,b)
and
Jw-9=] <Z<sup F@es = Y (inf F)e )
=1 z€l; =1 z€<
-/ sup f(z) — inf f(z)
o \e€l z€l;
=3 (sup s~ inf @) [
= z€l; z€l;
= <supf — inf f(z )) b-a
= zel z€l;
< Z b—a n =€
=1
Thus f is integrable on the interval [a, b]. O

In the following theorem we give another condition that implies integrability of a function on an interval. The
proof is based on another advanced tool from real analysis, namely compactness. A set S C R is compact if every
open cover of S contains a finite subcover. This means that, if S C UiEI Ui, where U;’s are open subsets of R indexed
by the set I, then S C J;_, U;, for some 41,...,in € I. For S to be a compact set, this has to be true for every open
cover.

In the proof of the next theorem we use the fact that every bounded closed interval [a, ] is compact. In our case
the open coverhas the form

[a,0] € |J (c—de,c+6e),
c€la,b)
so the indexing set is the interval [a, b] itself and the open sets are the open intervals (¢ — dc,c + d.). While it is not
obvious that the interval [a, b] is compact, it is relatively easy to see that both the fact that it is closed and that it is
bounded are essential here. Indeed, the open cover

(0,1) = fj (%17%)

n=3
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does not have a finite subcover and the open cover

s

[0,00) = (-1,n)

n=1

does not have a finite subcover.
Note that the assumption that the limit lim f(z) exists for every ¢ € [a, b] does not imply continuity of f on [a, b].
r—rc

Theorem 4.6. If f : [a,b] — R is a function such that the limit lim f(x) exists for every c € [a,b], then f is

Tr—c
integrable.

Proof. Assume f : [a,b] — R is a function such that the limit lim f(x) exists for every ¢ € [a,b]. Let £ be an arbitrary
Tr—rc

positive number. For every c € [a, b] there exists a d. > 0 such that

£

flz) — iﬂf(x)‘ < 0—a) whenever 0 < |z — ¢| < de.
Note that
[avb] - U (C_ 507C+ 5c)
c€la,b]
Since [a, b] is a compact set, there are ci,...,cn € [a,b] such that

[a,b] C (c1 — bcyyc1+de;) U U (en — bepsCn + e,y )-

There is a b1 € {c1,...,¢n} such that a € (b1 — dp,,b1 + O,). We define ap = a and a1 = b1 + &, so that
[ao,a1) C (b1 — by, b1 + by ).

Next we take a by € {c1,...,cn} such that a1 € (b2 — by, b2 + b,) and define az = ba + dp,, so that [a1,a2) C
(b2 - 61727 b2 + 6’32)'

In general, if ap, a1, ...,a;-1 are defined, we take a b; € {c1,...,cn} such that a;—1 € (b —p;,b; +0p;) and define
a; =b; + (55]. so that [ajfl,aj) C (bj — 5bj,bj + 553.).

Since there are only n intervals in the finite subcover, this process terminates after at most n steps and produces
numbers

ag < a1 << am

such that [a,b] C [ao, am). Note that for all j € {1,...,m} we have

. €
f(z) — zl;ngj fl@)| < -0 for all x € [aj_1,a;).
Now we define c
xlgrbljf(m)fm ifx €laj_1,a5) forj=1,....m—1
g(z) = zlilglm flx) — ﬁ if x € [am—1,b)
0 otherwise
and -
zh_)r{blj (:c)—l—m ifx €laj_1,a5) for j=1,...,m—1
W) — . € .
(z) Jim f(2) + 3w if 2 € [am_1,b)
0 otherwise

e
b—a

Then g and h are simple functions such that h(xz) > g(z) for every x € R. Since h(z) — g(z) <
and g(z) = h(z) =0 if = ¢ [a,b), we have

for every x € R

/(h—g)<ﬁ(b—a)=g.

Moreover, since g(z) < f(z) < h(z) for every = ¢ {c1, ..., cn, b}, integrability of f follows by Theorem 2.7. O
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When the notation f; f(z)dr was introduced we assumed that —co < a < b < co. Sometimes it is convenient

to use fab f(x)dx when a = b or a > b, but the meaning has to be defined since these cases are not covered by our
original definition.

Definition 4.7. For an integrable function f we define
a b a
/f:() and /f:—/ f
a a b

In Theorem 4.3 it was important that the point c is between a and b. With the above convention we can generalize
the theorem as follows.

Theorem 4.8. If f : [a,b] — R is integrable, then

/j f(@)dz = /:f(:c)dgwr /j )l

for any o, B, € [a, b].

Proof. The case when o < v < f is covered by Theorem 4.3. Consider the case when o < f < «. Then, again by

Theorem 4.3, we have 5
z)dr = z)dr + f(x)dx

/j F(w)dz = /; F(@)de — //;f(ac)dx.

Since — [ f(z)dz = [. f f(x)dz, we obtained the desired equality

/j f(z)dw = /: f(z)dz + /f f(z)dz.

The other cases can be proved in a similar way (see Exercise 4.9). O

and thus

Exercises
4.1. Show that an integrable function is integrable on [a, b] for all —co < a < b < 0.

4.2. Show that the following definition is equivalent to Definition 4.1: A function f is called integrable on [a, b] if the
function fx[q,s is integrable. If f is integrable on [a, b], we define fff(:c)dx = [ Xla.b)-

4.3. True or false?

(a) If f is an integrable function, then [ f = fab f(z)dz for all —o0o < a < b < co.

(b) If f is an integrable function, then [ f > fab f(z)dx for all —co < a < b < co.

(c) If f is an integrable function, then [ f = f: f(z)dz for some —oo < a < b < 0.
4.4. How would you modify the presented proof of Theorem 4.4 to show that a decreasing function is integrable?
4.5. Does Theorem 4.5 remain true if [a, b] is replaced by [a, b)?

4.6. Show that the function f(z) = 1/z is not uniformly continuous on the interval (0,1]. Note that it suffices to

show that, for example, there is no § > 0 such that < 1 for any z,y € (0, 1] such that |z —y| < 4.

1_1
z oy

4.7. Show that the function f(z) = 2 is not uniformly continuous on [0, c0). Note that it suffices to show that, for
example, there is no & > 0 such that ‘xQ — y2’ < 1 for any z,y € [0, 00) such that |z —y| < 4.
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4.8. Show that the assumption that the limit lim f(x) exists for every ¢ € [a,b] does not imply continuity of f on
Tr—c
[a, b].

4.9. Complete the proof of Theorem 4.8 by considering the case when -~ is to the left of a and g, and the case when
two of the numbers «, 3, are equal. Is it necessary to consider any other cases?

5 Integrability of limits of sequences of integrable functions

In our approach a function is integrable if it can be approximated by simple functions, in a certain specific way, and
then the integrals of the approximating simple functions converge to the integral of the function. In this case we can
say, somewhat informally, that f, — f implies [ fn — [ f. Is this a general property of the integral? More precisely,
we are going to address the following two important questions:

e If a sequence of integrable functions (f,) converges to a function f, is f necessarily an integrable function?

e If a sequence of integrable functions (f,) converges to an integrable function f, is it necessarily true that the
limit limp oo [ fn exists and equals [ f7?

Example 5.1. Consider the following sequence of functions

o) = {1 if x € (—n,n] .

0 otherwise

Clearly functions f,, are integrable. Since f(z) = limp— oo frn(z) = 1 for every z € R, the limit is the constant function
1, which is not integrable because its support is not bounded (recall that by Exercise 2.7 every integrable function
vanishes outside some bounded interval).

We can try to fix the problem by imposing that the approximating functions vanish outside a fixed bounded
interval. The next example shows that it does not help.

Example 5.2. Consider the following sequence of functions
Lodfre(:1
fuwy =gz o€ Gl
0 otherwise

Clearly functions f,, are integrable. Since

L ifz € (0,1]
0 otherwise

f(x) = lim fn(z) = {

n—00

the limit function f is not integrable because it is not bounded (recall that by Exercise 2.7 every integrable function
is bounded).

Now we look at the second question. We assume that limit function is integrable and ask if in such case the limit
of the integrals equals the integral of the limit function. As the following two examples show, both things can go
wrong. First, it is possible that a sequence of integrable functions f, converges to an integrable function, but the
sequence of the integrals f fn is not convergent.

Example 5.3. Consider the following sequence of functions
3 . 11
fuiy = {™ re(F]
0  otherwise

Clearly functions f, are integrable and f(z) = lim,— oo fn(x) = 0 for every x € R, so the limit function is integrable.
Since

/ foe
"+l n+l ’
the sequence of the integrals [ f, is not convergent.

In our final example the sequence of the integrals converges, but not to the integral of the limit.
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Example 5.4. Consider the following sequence of functions

Fulz) = {n2 ifexe (ﬁ_la%] ]

0  otherwise

Clearly functions f, are integrable and f(z) = limp,— oo fn(x) = 0 for every & € R, so the limit function is integrable.

Since
n

n?
S L—C—
/f nn+1) n+1 -
we have limn o [ fn = 1, but since [ f =0, limn—oo [ fn # [ f.

In the above examples the condition “sequence of functions (f,) converges to a function f” was interpreted as
limp o0 fn(z) = f(x) for every x in the domain of f. This type of convergence of sequences of functions is called
pointwise convergence.

We will introduce a stronger type of convergence of sequences of functions for which the statement “If f, — f,
then [ fn — [ f.” will be true. By stronger convergence we mean a convergence with fewer convergent sequences. In
particular, the sequences in the above examples should not be convergent any more.

First we examine more carefully the formal definition of pointwise convergence.

fn — f pointwise on the interval [a, b] if for every z € [a,b] and every € > 0 there exists an n, . € N such that
|fr(z) — f(z)] < € for every n > ng ..

We include z and ¢ in n, . to emphasize the fact that the number n, . € N depends on both = and e. If we use the
same ¢ for different points z, it may be necessary to find different numbers n, . for the inequality |fn(z) — f(x)| < €
to hold. If we insist that for every ¢ > 0 we can find a number n. that will work for every x € [a, b], then we are going
to describe a stronger type of convergence. This type of convergence is called uniform convergence.

frn — [ uniformly on the interval [a, ] if for every ¢ > 0 there exists an n. € N such that |f,(z) — f(z)| < € for
every n > n. and every x € [a,b].

Note the similarity between the definitions of uniform continuity and uniform convergence. In both cases, a “local”
property (convergence at each point, continuity at each point) is strengthened by requiring a single bound to work
everywhere simultaneously.

Theorem 5.5. If the functions f, are integrable on [a,b] and fn — f uniformly on [a,b], then f is integrable

on [a,b] and /b flx)dx = le /b fn(z)dz.

Proof. Since the functions f, are integrable on [a, b], they are bounded on [a, b] and thus f is bounded on [a, b] being
the uniform limit of a sequence of bounded functions.
Let € > 0. Since f, — f uniformly on [a, b], there is an n. € N such that

1f(x) = fu.(2)] < ﬁ for all z € [a, b]

and thus . .
*m < f(x) = fre(2) < m for all z € [a, b]. (3)

Since fn. is integrable on [a, b], there are simple functions g and h such that
g9(x) < fn.(z) < h(z) for all z € [a,b) 4)

and

b
/a (h(z) — g(a))d < .

From inequalities (3) and (4) we get
e

9(z) = mX[a,m(w‘) < f(z) < h(z) + 4(%

) X[a,p)(z) for all z € [a, D).
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Note that g — ﬁxlmb) and h + ﬁxhb) are simple functions. Moreover, we have

/ab <(h(x) + ﬁxm,b)(x)) - <9(m) - ﬁx[a,b)(xg) dr = /:(h(x) — g(z))dz + g <e

Since € is an arbitrary positive number, this shows that f is integrable. Moreover, since

b
g/ 1) = fa(@)de < sup|£(z) = fu(@)](b—a) 0 as n — oo,

a,

b
/ (F(@) — fu(2))da

because fn, — f uniformly on [a, b], we have
b

lim [ (f(z) = fu(z))dz =0

n—o0 a
b b
and thus/ f(z)dr = lim frn(x)dz. O

n—oo J.

Exercises

5.1. Verify the claims made in Examples 5.1 and 5.2.

5.2. Verify the claims made in Examples 5.3 and 5.4.

5.3. Show that the sequences of functions f, in Examples 5.1-5.4 are not uniformly convergent.

5.4. Show that, if f, — f uniformly on [a,b] and each function f, is bounded, then the limit function f is also
bounded.

5.5. Show that f, — f uniformly on [a,b] if and only if sup, ;; | f(2) — fn(z)| — 0.

5.6. Let f, f1, f2,... be functions on [a,b]. We say that Zfl = f uniformly on [a,b] if Zfl — fasn — o0

=1 =1

uniformly on [a,b]. Show that if Z fi = f uniformly on [a,b] and each function f, is integrable on [a,b], then f is

=1

o b b
an integrable function and Z/ fi(z)dz = / f(x)dx.
i=1"a a

6 The Fundamental Theorems of Calculus

In this section we discuss some connections between integrability and other properties of functions we are familiar
with from the calculus course, including continuity and differentiability. These properties offer additional insight into
integration and also provide essential tools for applications of the integral.

Thus far we only dealt with integrals over a fixed interval. Now we want to make the upper limit of the integral a
variable. Note that if f is integrable on [a, b], then it is integrable on [a, z] for every x € [a,b] and thus F(z) = [ f(t)dt
is a well-defined function on [a, b].

Theorem 6.1. If f is integrable on [a,b], then the function

Fz) = / "t

is continuous on [a, b].

Proof. If f is integrable on [a,b], then f is bounded on [a,b], so there is an M € R such that |f(z)| < M for every
z € [a,b]. For every c € [a, b] we have
/ f(t)dtf/ f(t)dt‘ =

21
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Therefore
lim |F(z) — F(c)| =0,

T—cC

which means that F' is continuous at c. O

The figure below illustrates an intuitive property of continuous functions on an interval, called the Mean Value
Theorem for Integrals (Theorem 6.2 ). The area below the lower green line is clearly less than the shaded area while
the area below the upper green line is clearly more than the shaded area. If we imagine that we are moving the lower
green line upwards, then there must be an elevation where the area below that line is equal to the shaded area. Since
the function f is continuous, the line at that elevation must intersect the graph of f.

Y

M,,,
e
a

y = f(z) i

\

| |
| |
| |
1 1
c b x

-+

mi¥ - -

Figure 8: The Mean Value Theorem for Integrals

Theorem 6.2 (Mean Value Theorem for Integrals). If f : [a,b] — R is continuous, then there is a c € (a,b)
such that

b
/ flz)dz = f(c)(b—a)

Proof. First we note that for any ¢ € (a,b) we have f; f(z)dx = f(c)(b— a) if f is a constant function.
Now assume that f is not constant on [a, b]. Since f is a continuous function on [a, b], there are two distinct points
z1, T2 € [a,b] such that

m=min f(z) = (@) and M =max f(a) = f(z).

Then m < f(z) < M for every x € [a,b] and consequently

m(b—a)z/abmdxg/abf(w)dmg/abMdac:M(b—a).

Now consider the function g(z) = f(x)(b — a). This is a continuous function on the interval [a, b] such that
b
o) =m(b-a) < [ fa)de < M(b - a) = gla2).

b
Thus, by the Intermediate Value Theorem, there is a point ¢ between z1 and z2 such that g(c) = / f(z)dz which

means that

[ f@z = 106 - o)

22



In Theorem 6.1 we prove that the function F(x) = [ f(t)dt is continuous if f is integrable. If we assume more,
namely that f is continuous in [a,b], then F' is differentiable. Note that it says that

& ([ s0a) = s,

which indicates that, in a sense, differentiation is opposite to integration. It is arguably the most important and
surprising property of the integral.

In Theorems 6.3-6.5 we talk about differentiability of a function F' on an interval [a,b]. By differentiability at the
endpoints we mean existence of one-sided derivatives, that is,
F h)—F
Flath) =F@) 44 F)= lim

h—0—

F(b+ h) — F(b)
———

\
>
1
o
I
>

Theorem 6.3 (Fundamental Theorem of Calculus I). If f is continuous on [a,b], then the function

P(z) = / "t

is differentiable on [a,b] and F'(z) = f(z).

Proof. For every x € (a,b) we have

Fle+h) —F@) 5T pede— [Zfde 1 et i L _ 1
N h =m0 = i Litoh = im )

where ¢, is a number between x and z+h and h is such that +h € [a, b]. Since }llirr%) cp, = x, we have }llir% flen) = f(x),
— —

by continuity of f. Consequently,
. F(x+h)—F(z) _
Jim S =2 ),
proving differentiability of F and the equality F'(z) = f(x).
If x = a, then we need to modify the above argument by using h — 0+ instead of h — 0. Similarly, for z = b we
need to use h — 0— instead of h — 0. O

So far, our focus has been heavily theoretical. While a rigorous foundation is essential for understanding integra-
bility and deriving its core properties, theory alone offers little help when we need to calculate the integral of a specific
function. Attempting to build sequences of approximating simple functions and computing their limits is incredibly
tedious, if not practically impossible, for everyday calculations. The following theorem gives us a practical way of
calculating many integrals.

Theorem 6.4 (Fundamental Theorem of Calculus II - easy version). If f : [a,b] — R is continuous and
F :[a,b] = R is a differentiable function such that f(z) = F'(z) for all z € [a,b], then

b
/ f(z)dx = F(b) — F(a).

Proof. Let G(x) = [ f(t)dt. Since G'(x) = f(z) = F'(x) on [a,b], there is a constant C such that F(z) = G(z) 4+ C
for all z € [a, b]. Consequently,

b a b
F(b) — F(a) = G(b) — G(a) = / F(t)dt — / F(t)dt = / o
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For most applications the above easy version is sufficient, but it turns out that the continuity assumption can be
replaced by a weaker assumption of integrability. This stronger version is no longer an easy consequence of Theorem
6.3.

Theorem 6.5 (Fundamental Theorem of Calculus II - difficult version). If f : [a,b] — R is integrable and
F :[a,b] — R is a differentiable function such that f(z) = F'(z) for z € [a,b], then

/ f(z)dx = F(b) — F(a).

Proof. Let € > 0. There exist simple functions g and h such that g(z) < f(z) < h(z) for all z € [a,b] and [(h—g) < e.
Let the numbers
a=a<a1 < - <an-1<a,=Db

contain all discontinuity points of g and h in the interval (a,b). By the Mean Value Theorem there are numbers
c1,C2,...,Cn such that
ap <cp <ap <c2<: < lpn-1<Ch<an

and F(a;) — F(aj—1) = F'(c;)(a; —aj—1) for j =1,...,n. Then

n n

F(b) = F(a) = > (F(a;) — F(a;-1)) = ZF/(CJ')(%‘ —a;1) = fe;)(a; —a;1).

j=1 Jj=1

Let ¢; be the characteristic function of the interval [aj_1,a;) for j = 1,...n. Then

g(x) < Zf(cj)%' (z) < h(z)

and thus .
[o= [ (Lo < [n
Since . . J .
/ (Z; f(%‘)%‘) = Z;f(cj)/%' = Z;f(cg')(aj —aj-1) = F(b) — F(a),
we have

/ggnm—ﬂ@g/h
The above, together with [ ¢ < [ f < [hand [(h — g) <€, gives us
[ 1= - Fap) <<

Since ¢ is an arbitrary positive number, we can conclude that

/f:F@—F@)
O

In Theorems 6.4 and 6.5 we assume differentiability of a function F : [a,b] — R. This should be interpreted as
differentiability of F' in (a,b) and one-sided differentiability at the endpoints. Since every function satisfying these
conditions can be extended to a differentiable function defined on an open interval containing [a, b], we could assume,
without loss of generality, that F' is defined and differentiable on an open interval containing [a,b]. Note that only
the values of F'(z) and F'(z) for = € [a, b] are used in the formulation of those theorems and the proofs.

We conclude this section with the proof of the so-called “substitution rule” for integrals.
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Theorem 6.6. Let f : [a,b] = R be a continuous function. If ¢ : [a, B] — [a,b] is a continuously differentiable

function, then
»(B)
/ flp )dm—/ f(z)dz.
# (o)

Proof. Let

z) = / " ftyar

»(B)
/ ., J@hde = Fp(8) = Flp(a)

by the Fundamental Theorems of Calculus I and II.
Now consider the function G(z) = F(¢(x)). Since

G'(z) = F'(p(x))¢' () = [(o(2))¢' (@)

Then F'(z) = f(x) and

we have 5
/ fle(@))¢' (x)de = G(B) — G(a) = F(p(B)) — F(p(a)),
again by the Fundamental Theorem of Calculus II. Hence
©(B)

8
/ Flp(@))¢' (z)dz = F(p(B)) = F(p(a)) = / f(z)dz.

(@)

O
Exercises
6.1. Justify the inequality |ff f(t)dt’ < M|z — ¢| in the proof of Theorem 6.1.
6.2. Show that, if f is integrable on [a,b], then for every ¢ € [a,b] the function F(x) = [ f(t)dt is continuous on
[a, b].
6.3. Show that, if f : R — R is integrable, then for every ¢ € R the function F'(z fz t)dt is well-defined and

continuous on R.

6.4. Show that, if f : R — R is integrable on every bounded interval [a,b], then for every ¢ € R the function
= [ f(t)dt is well-defined and continuous on R.

6.5. Show that, if f is integrable on [a,b], then the function G(x) = [ F(t)dt, where F(x) = [T f(t)dt, is dif-
ferentiable. In other words, but less precisely, if we integrate an 1ntegrable functlon twice, we get a chfferentlable
function.

6.6. Show that, if f is n times continuously differentiable in [a, b], then the function F(z f f@t)dt, is (n+ 1)
times differentiable in [a, b].

6.7. Show that, if f : R — R is continuous, then for every ¢ € R the function F(z f f(t)dt is differentiable on R.
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