Chapter 4

Integrals

4.1 The definition of an integral

Notation (Sigma notation). The Greek letter ¥ is used to denote sums such as

4

a1+ ao +ag+ag = g ag.
k=1

Here, the index k ranges from k£ = 1 to £ = 4 and it only takes integral values by convention.
As for the letter 3, this indicates that the corresponding terms aq, as, as, as are to be added.

Definition 4.1 (Partition). We say that P = {zo, 21, ..., z,} forms a partition of the closed
interval [a, b], if the elements of P are such that a =xy <2y <--- <z, =b.

Definition 4.2 (Darboux sums). Suppose that f is bounded on [a,b]. Given a partition P
of this interval, we may then define the lower Darboux sum

n—1
S(fP) =), inf f(@): (@ —a)
k=0 ksThk+1

and we may similarly define the upper Darboux sum

n—1

SHEP) =Y sup f(2) - (aner — ).

=0 [Tr:Trt1]

Definition 4.3 (Refinement). We say that a partition () is a refinement of the partition P,
if the partition ) contains more points than P does, namely if P C Q.

Lemma 4.4 (Darboux sums and refinements). Suppose f is bounded on [a, b]. Given any
partition P of the interval and any refinement () of this partition, one must then have

ST(f,P)<S7(f,Q) < ST(f,Q) < ST(f,P).

Thus, more refined partitions give rise to larger lower sums but smaller upper sums.
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Corollary 4.5 (Lower and upper sums). If f is bounded on [a, b], then one has

S7(f,P) < S™(f,Q)

for any two partitions P, () of the interval. In particular, one has
sup{S™(f, P)} < mf{S™(/,Q)}.
Definition 4.6 (Integrability). Suppose f is bounded on [a, b]. If it happens that

sgp{S*(f, P)} = igf{SJr(fa Q)},

then we say that f is integrable on [a,b], and we also use the notation

[ 7te)de=sup{s™(£.P)) = inf{5*(£. @)}

Example 4.7 (An integrable function). Every constant function is integrable with

/abcdaj:c-(b—a).

Example 4.8 (A non-integrable function). Let f be the function defined by
1 ifzrzeQ
f(x)_{ 0 iftz¢Q }
Then f is bounded, yet it fails to be integrable on every closed interval [a, b].

Theorem 4.9 (Integrability condition). Suppose f is bounded on [a,b]. To say that f is
integrable on [a, b] is to say that given any £ > 0, there exists a partition P of [a, b] such that

S+(f,P) —S_(f,P) <é&.
In practice, this integrability condition is much easier to check than our previous condition

Sl;p{S_(f, P)} = igf{5+(f, Q)}.

4.2 Integration rules

Theorem 4.10 (Additivity). Let a < b < ¢ and suppose that f is bounded on [a,c|. If f is
integrable on both [a,b] and [b, ¢|, then f is also integrable on [a, ¢|, and we have

/acf(x) dx:/abf(a:) dx+/bcf(x) dx.
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Theorem 4.11 (Linearity). Suppose f, g are bounded and integrable on [a,b]. Let ¢ € R.

(a) The sum f + g is then integrable on [a, b], and we have
b b b
[ 1@+ g@)de = [ p@ydo+ [ gle)d

(b) The scalar multiple ¢f is also integrable on [a, b], and we have

bcf(:v) dz = c bf(x) dz.
/ /

Definition 4.12. Our definition of integrability on [a,b] implicitly assumes that a < b. It is
quite convenient, however, to also introduce integrals for the remaining cases by setting

/baf<x)dx:—/abf(:c)d:c, /aaf(l‘)dac:(),

As one can easily check then, the last two theorems apply for these integrals as well.

Theorem 4.13 (Integrals and inequalities). Suppose f, g are integrable on [a, b] with
f(z) < g(x) for all = € [a,b)].

Then one may integrate both sides of the inequality to deduce that

/a  fla) de < / gl) do.

Theorem 4.14. Suppose f, g are differentiable with f'(x) = ¢’(x) for all z. Then there exists
some constant C' such that f(z) = g(x) + C for all .

Theorem 4.15 (Continuous implies integrable). If a function is continuous on [a, b], then
it must also be integrable on [a, b].

4.3 The fundamental theorem of calculus

Theorem 4.16 (FTC, part 1). Suppose that f is a continuous function. Then

F(z) = / £(t) dt

is a function whose derivative is f(x). In other words, one has F'(z) = f(z) for all .
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Theorem 4.17 (log and arctan). Each of the following statements is true.

(a) There exists a unique function logz which is defined for all z > 0 and satisfies

1
(logz) = =, log1 = 0.
x
(b) There exists a unique function arctan z which is defined for all z € R and satisfies
1
(arctan z)’ = ol arctan 0 = 0.

(c) Both logz and arctan x are strictly increasing wherever they are defined.

Theorem 4.18 (FTC, part 2). Let f be a continuous function. Given any function F' whose
derivative is f, one must then have

b
/ f(z)dx = F(b) — F(a).
Theorem 4.19 (Substitution). If the functions f, ¢’ are both continuous, then
b ) g(b)
[ ftatwy gy = [ o
a g(a

Definition 4.20 (Antiderivative). When F' is a function whose derivative is f, we say that
F' is an antiderivative of f. The most general antiderivative of f is usually denoted by

/f(:v) dx = F(x) + C,

where C' is an arbitrary constant. This is merely another way of expressing the fact that

Fl(z) = f(x).
Example 4.21. Start with any of the known facts about derivatives, say
1
2\/ z\/ T !
(%) x, () = e, (arctan z) o

Then one can readily express these facts in terms of antiderivatives, namely

/2$dx:x2+0, /exdzze”C—I—C, / dx = arctanx + C.

2+ 1

Theorem 4.22 (Properties of antiderivatives). If f, g are continuous and ¢ € R, then

/[f(x)+g(x)] dx:/f(x) dx+/g(x) dz, /cf(x) dx:c/f(x) dz.

Theorem 4.23 (sin and cos). There exists a unique pair of functions sin x, cos x such that
(sinz) = cos, (cosz) = —sinz, sin0 = 0, cos0 = 1.
Moreover, these two functions are defined for all x € R, and they also satisfy the identity

sinz +cos’z =1 forall z €R.
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4.4 Techniques of integration

Formula 4.24 (Substitution). One method for computing integrals is given by the formula

[ o) g@ e = [ fwydu. where u=gla)

You should regard this formula as an intermediate step that helps us compute the integral on
the left in terms of the integral on the right; once we have computed the latter, we can simply
recall our choice of u = g(z) to determine the former.

Example 4.25. We use the substitution formula to compute the integral
/x5(:c6 +10)? du.
Setting u = 2% + 10, we find that du = 62° dz, hence also

1 u? (2% + 10)*
/ZL‘(ZE + 10) dx—6/u du 24—1-0 51 + C.

Example 4.26. We use the substitution formula to compute the integral

/x—l—l d
(x +2)? v

In this case, we take u = x + 2 to simplify the denominator. Since du = dx, we find

1 —1
/&;2)2 dx:/uT du:/u_ldu—/u_2du

1
=log|u| +u '+ C =logl|r +2| + —— + C.
T+ 2

Theorem 4.27 (Integration by parts). If the functions f’, ¢’ are both continuous, then

[ 1@ o) de = 1) g(o) - [ @) 9') o

It is quite common, and also convenient, to rewrite the last equation in the form

/udv:uv—/vdu, where u = g(z) and v = f(x).

Example 4.28. We use integration by parts to compute the integral

/m2 -log x dzx.

Setting u = log z and dv = 2% dx, we find that du = % dxr and v = %, hence also

31 301
/x2'logxdx:/udv:uv—/Udu:x og:v_/m___da:
3 3
C.

31 1 31 3
T ogx__/xde:x ogx

=4
3 3 9
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Trick 4.29 (Tabular integration). There is a standard trick for integrating a polynomial
times any function f which is easy to integrate (like sines, cosines and exponentials are). One
places the polynomial on the left side of a table and repeatedly differentiates it until a zero is
produced; the function f is placed on the right side of the table and it is repeatedly integrated
the same number of times. The result of this computation is then obtained by multiplying the
entries of the table going diagonally down with signs alternating from each line to the next.

Example 4.30. Using tabular integration, one can easily compute the integral
/x2 -sinz dr = —2%cosz + 2xsinz + 2cosx + C.

Namely, the terms on the right hand side are merely those obtained from the following table
by multiplying entries going diagonally down and by changing the sign of the second term.

Differentiating | Integrating
x? sin
2x —CoST

2 —sinz
0 cos &

4.5 Integration of rational functions

Definition 4.31 (Degree of a polynomial). The degree of a nonzero polynomial p(x) is the
highest power of x that appears in the polynomial.

Definition 4.32 (Proper rational function). A rational function is said to be proper, if the
degree of its numerator is strictly smaller than that of its denominator.

Lemma 4.33 (Division with remainder). Every rational function can be expressed as the
sum of a polynomial and a proper rational function.

Example 4.34. To apply the previous lemma for the rational function

2 —x+4
x—+2

Y

one simply divides the two polynomials to get

2 —x+4 10
_— = -3+ .
T+ 2 T+ 2

In fact, this computation is quite representative of the general case, which reads

58) _ gy 2 B
g@) - O

In that case, Q(x) is the quotient and R(x) the remainder one obtains upon dividing f by g.
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Theorem 4.35 (Partial fractions). Let f be a proper rational function whose denominator
is the product of m polynomials having no non-constant factor in common. Then f itself is the
sum of m proper rational functions whose denominators are the m polynomials.

Example 4.36. Some typical partial fractions decompositions are given by the equations

f+2 2 2
(x—2)(x+3) -2 x+3’
32° + 1 r—1 2

(x2+1)(x+1) _IE2+1+£E+1;
3x+3x+2 2*+a+1 1
w3(x+2) a3 r+2°

In practice, one is given the function on the left hand side and has to come up with the partial
fractions decomposition on the right hand side. The only information provided by the previous
theorem is that the rational functions on the right hand side must all be proper.

Example 4.37. We determine the partial fractions decomposition of the function

T+ 3 r+3

&) = T = o)

Since the denominator is the product of two polynomials, f can be written as the sum of two
fractions whose denominators are these two polynomials. In other words, we can write

z+3 7777

G- DeiD) -1 1:1

Note that the unknown fractions must both be proper by the theorem above. Since each of the
denominators has degree 1, each of the numerators must have degree zero. This means that
r+3 A B

($_1)(x+1):x—1+$+1 (4.1)

for some constants A, B that need to be determined. We clear denominators to get
r+3=Ax+1)+B(x—-1)
and then we look at some suitable choices of x. Setting x = 1 gives
4=2A = A=2,

while setting x = —1 gives
2=-2B — B=-1.

In view of the last two equations, the desired partial fractions decomposition (4.1) is thus

r+3 2 1

(z—1)(z+1) 2—1 az+1°
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Example 4.38. We use partial fractions to compute the integral

2 4ax—2
/ CERCE

Proceeding as before, we know that we can write

24— 77 9
@+ )a+) 211 rt1

for a suitable choice of numerators. Since each of these fractions is proper, the first numerator
has degree 1 or less, while the second numerator has degree zero. In other words,

24z —2 _Ax—l—B+ C (4.2)
(2 + D) (x+1) 224+41  x+1 '

for some constants A, B, C' that need to be determined. Clearing denominators gives
P+ r—2=(Av+B)(x+1)+C(z*+1)
and we can now look at some suitable choices of z. We set x = —1 to get
1-1-2=20 = 20=-2 = (C=-1,
we set x = 0 to similarly get
2-B+C=B-1 = B=-1,
and we set x = 1 to get
1+1-2=2A+B)+20 = A=-B-C=2.

Returning to equation (4.2), we may finally conclude that

2 -2 2 1 1
/ A d:p:/—x d:z:—/ dw—/ dx
(x2+1)(x+1) 241 241 x+1

The two rightmost integrals are rather easy to compute, and so is the integral

2z du
/x2+1da: /u og |u] + C =log(z* + 1) + C,

if one uses the substitution u = 22 4+ 1. Once we now combine the last two equations, we find

2
—2
/(If—l—ﬁ)x(x—i—l) dx = log(x* + 1) — arctanx — log |z + 1| + C.
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Example 4.39 (Improper rational functions). Consider a rational function such as

2 -2+ 2 -2+

&) =T "o he+n

Although the denominator is a product of two factors, we cannot use partial fractions directly
since the given rational function is not proper. We first use division of polynomials to write

-2+ 2¢ — 1
S S L A |
1) 2 —1 o +x2—1

and then we integrate both sides of this equation to get

/f(m)dx:%Z—x+/2x_1d:v. (4.3)

x?—1
The rightmost integral does involve a proper rational function, so we can now write

2r—1 A B

x2—1_ac—1+x+1 (44)
using partial fractions. Proceeding as usual, we clear denominators to get
20 —1=A(x+1)+ B(z—1)
and we look at some suitable choices of = to find
x=1 z=-1 = 1=24, -3=-2B = A=1/2, B=3/2.
This determines the missing coefficients in (4.4), hence that equation actually reads
2 — 1 _ 1/2 n 3/2
2-1 z-1 z+1°
Inserting this fact in equation (4.3), we may finally conclude that
/f(x)d:p:x;—x+ % dx—f—/ng_i_Q1 dx
:%Q—x—l—%-log\x—1|+g-log|x+1|+0.
Example 4.40 (Integrals involving arctan). Given any fixed a # 0, it is easy to show that
/gg;ﬁcaz _ arctar;(x/a) ) (4.5)

Namely, one uses the substitution x = au to get dr = a du, hence also

/ dx :/ adu :1/ du _arctanu_i_ozarctan(z/a)jLC'

22 4+ a? a?u?+a?2 a ) w241 a a

This settles the simplest case in which the denominator of the given rational function cannot
be factored; a more general case is described in our next example.
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Example 4.41 (Completing the square). Consider the rational function

2x +4
Its denominator cannot be factored since the discriminant (—4)% — 4 - 8 = —16 is negative. In

particular, one cannot use partial fractions to integrate this function, either. Let us write
24+ 8= —dr+4+4=(r -2 +4=u’+4 (4.6)
by completing the square and by setting u = x — 2 for convenience. This actually gives

20 +4 2u+2)+4  2u+38

f(x):x2—4a:+8: u2 +4 w2+ 4

and the new denominator resembles that of the previous example. Since du = dz, we get

2u 8
/f(:r:)dx—/u2+4 du+/u2+4 du

arctar;(u/Q) Lo

= log(z* — 4z + 8) + 4arctan(z/2 — 1) + C

= log(u® +4) + 8-

by using equation (4.5) in the second equality and equation (4.6) in the third.



