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9 Integration of functions

Integral calculus has a tight relationship with differential calculus. Its essence is rep-
resented by the fundamental theorem of calculus that describes integration as inverse
process to differentiation. Nevertheless, to understand better that relationship, we con-
sider first the integration of functions in its own right. The historical motivation and
fundamental application of integration is to calculate volumes, areas limited by curves
and functions, and the length of curves. Generalizations of the methods involved lead
to the calculation of work, velocity, moments of inertia etc. and other applications in
science and engineering.

9.1 Definite integral of a function

The specific question that we will try to answer here is to calculate the area between
the curve of a function f(z) and the abscissa (the x-axis) in an interval [a,b]. To
ensure that the area is finite, we assume that the function and the interval are bound.
A closed and bound interval is called compact.

We define the partition P, of the interval [a, ] in n + 1 points:
P, ={xo,x1, 29, ...} Witha=xo<z; <z9<--- <z =0

It is not necessary to assume that the points are equidistant, i.e., that the n subintervals
with lengths z; — x; 1 = Az; (with ¢ = 1,2,--- ,n) are all of the same length. Now,
we define a set T, of n intermediate points, with

* % * . * .
T, =A{z], x5, .. xr} withe,  <af <z, i=1,2,---,n

and define the Riemann sum as

n

S =Y (@) (= wi).

i=1



Every term of the sum is the product of the value of the function with an interval of x
and hence represents the area of a rectangle with sides f(z}) and z; — x;_; (compare
with Fig. 1).
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Figure 1: Construction of a Riemann sum for a
funcién. The ¢; represent the 27 of the text. Source:

https://upload.wikimedia.org/wikipedia/commons/8/85/Riemannsumme.svg (public
domain).

In general, the Riemann sum does not correspond exactly to the area between the curve
and the abscissa, but only represents an approximation: by construction, the Riemann
sum does not only depend on f but also on the specific partition and the choice of
the intermediate points, both at the same time dependent on n: S, = S,.(f, P.,Ty).
However, the area below the curve must have a unique value and for that reason we
eliminate the dependence on P,, T,, and n by taking the limit n — oo, asking for the
result not to depend on neither the partition nor the intermediate points:

Definition 1 (Riemann integral):

Let f be a function defined on the compact interval [a,b] and P, a partition such that
the maximum length of the subintervals tends to zero when n — oo. If for all T,

nh—glo [Z f(@i) (@i — mi_l)] =7

exists, then
b
[:/ f(z)dx

is the Riemann integral of f on [a, b].

If the function f is bound in [a,b] and has at most a finite number of discontinuities
in [a, b], the Riemann integral exists.



Comments:
(1) The Riemann integral is a definite integral, i.e., represents a real and specific num-
ber, a scalar. Later, we introduce integral functions called antiderivatives or primitives.

(2) We know (Chapter on Continuity) that a continuous function on a compact interval
is bound and fulfills the hypotheses of Definition 1. More on this in Theorem 2.

(3) In many texts, the hypothesis is used that the function f is continuous, but this
is not necessary since it is possible to prove that there are discontinuous functions for
which a Riemann integral exists. Furthermore, it is possible to generalize the integral
concept for non-bound functions and non-bound intervals (improper integrals).

(4) Other formulations of the Riemann integral use the definition of lower and upper
sums:

Lp(f) = Z m;(z; —x;—1)  being m; the minimum of f in the subinterval 1,
i=1

Up(f) = Z M;(z; — x;—1) being M; the maximum of f in the subinterval 7.
i=1

If the minimum of all upper sums (choosing among all possible partitions) coincides
with the maximum of all lower sums (choosing among all possible partitions), we have
(also assuming that the maximum of all subintervals tends to zero)

b
minpU,(f) = maxpL,(f) = / f(x)dx.

This method (also known as the Darboux integral) is illustrated in Fig. 2.

Figure 2: Lower and upper sums for a function. The area below the
curve is bound to below by Lp(f) and to above by Up(f). Source:
https://upload.wikimedia.org/wikipedia/commons/5/59/Darboux.svg (dominio
publico).

(5) If the Riemann integral exists, then we can say that the function is Riemann in-
tegrable. There exist other integrability concepts (e.g. Lebesque), but unless stated
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otherwise, integrability refers to Def. 1 (or, below, to the existence of an antiderivative).

(6) From the definition it becomes clear that we need to ensure a correct use of limits
in a quite involved form (partitions, intermediate points). It is possible to make a

comparison of the terms:
b
= / f(x)dx.

The integral symbol fab represents an infinite sum that covers the whole interval. The
function part f(z}) is represented by f(z) and the size Az; of the interval i, is rep-
resented by dx, el differential, standing for an infinitesimal increment, in complete
analogy with dx in differential calculus.

lim [Z f(z)Ax;
i=1

(7) By convention, the areas are measured by positive numbers. To ensure that the
integral returns a positive number, we ask for f(z) > 0 for all z € [a, b] without loss
of generality. Below, we consider the cases when these conditions are not met.

Example 1:
Calculate the area below the function f(z) = kx, k > 0 in the interval a < b (with
a > 0) using a Riemann integral.

For k > 0 and a < b (with @ > 0), the area between the curve of the function and the
abscissa lies in the first quadrant and represents a right trapezoid limited by y = 0,
y = kx, z = a and z = b. Since f(z) > 0 between a and b, the integral I = fab kx dz
indeed corresponds to this area.

We define a partition of [a,b] in n + 1 points, choosing an equidistant partition with
Az = (b— a)/n and setting:

To=a, r1 =a+ Ax, ro =a+2Ax, -+, r, =a+nAx =b,
with the “intermediate” points

i =a,25=a+ Az, 25 =a+2Az, -z, =a+ (n—1)Axz,

*
n

i.e., the intermediate points of each subinterval actually coincide with the lower limit
of each subinterval (permitted according to the definition). The Riemann sum is

S, = Z Fa) Az = Z fa)Ar =" ; a Z F(ah)
_ b;“ lka + k(a + Az) + k(a+2A2) + -+ k(a+ (n — 1)Az)],
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with n terms in the sum. Then:

S, = b_Ta-k[a+(&+Am)+(&+2Am)+~--+(a—i—(n—1)Aw)]

_ b;a-k[na+A:€(1+2+"'+(n_1))]'

We calculate the sum of the arithmetic progression 1 +2+---+ (n—1) =n(n—1)/2,
replace Ax, and obtain

5 - b—a'k{na_i_b—a.n(n—l)} :b_a'k'n{a—i—b_a-n_l

n n 2 n n 2
b—a n-—1
= k(b— . )
( a){a—i— 5 - ]
Now, we take the limit n — oc:
b— k kb
I'=1lm S, = k(b—a) {a—i— G}Z(b—a) a; )
n—oo

coinciding with the area that can be obtained with elementary geometry (the product
of the base of a trapezoid and the average length of the parallel sides).

We see that calculating integrals using the Riemann integral can be a tedious process
even for relatively simple functions. Below, we see a more efficient method.

9.2 Basic properties of the integral

Theorem 1 (immediate properties):

Let f be a Riemann integrable function on an interval [a, b]. Then:
(i) Inversion of the interval: fab f(x)de = — [ f(z)da.

(ii) Zero interval: [ f(z)dx = 0 for all ¢ € [a, b].

(iii) Independence of the integral on the variable of integration:

I=["f(x)dz = [" f(t)dt.

Comment:

Part (iii) emphasizes that the argument of the function (the integrand) over which is
integrated has to coincide with the variable of integration as identified through the dif-
ferential (here, dx or dt). The result is a scalar number that does not depend on z (or ¢).

In Definition 1, it was stated that a bound function with at most a finite number of
discontinuities is integrable. Here, we specify other types of integrable functions.

Theorem 2 (integrable functions):
(i) If f is continuous in [a, b] compact, f is integrable in [a, b].
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(ii) If f is monotonic in [a, b] compact, f is integrable in [a, b].

Comments:

(1) A continuous function on a compact interval is bound and has no discontinuities
and hence is integrable according to Definition 1.

(2) Assuming appropriate hypotheses about the intervals, we can establish that a
continuous function is always integrable but it is not necessary since there are non-
continuous functions which are integrable. Recalling that all derivable functions are
continuous, we find that the class of integrable functions is larger than the class of
continuous functions and the latter one larger than the class of differentiable functions.

Theorem 3 (basic properties):
Let f and g be integrable functions in [a, b] compact. Then,

(i) Multiplication with a number: f - f(x)de = cf f(z)dz, with ¢ € R.
(ii) Property of the sum: ff[f(m) + g(x)]dx = ff f(x)dx + f;g(x) dx

(iii) Additivity with respect to the interval: ff f(@)yde + [ f(z)de = [T f(z)dx (if f
is integrable in [a, b] and [b, c]).

(iv)
e

(v) Integrability of the absolute value: If f(z) is integrable in the interval [a, b] with
a < b, |f(x)] is also integrable, with | [* f(x)dz| < [”|f(z)|dz.

Monotomclty of the integral: If f(x) < g(z) for all = € [a,b], then ff f(z)dx <

(vi) Integrability of the product and the quotient: f(x)-g(z) and f(x)/g(x) are inte-
grable, the latter if for all z € [a, b] exists a k > 0 such that |g(z)| > k.

9.3 The fundamental theorem of calculus

Like in many contexts of mathematics, to formulate certain properties and results re-
quire the previous definition of appropriate concepts. To relate integral calculus with
differential calculus we need to move from the definite integral (a number) to the inte-
gral function (in analogy to the derivative in a point and the derivative as function).
First, we need to define for a function that function whose derivative is the original
function:

Definition 2 (antiderivative):
A function f : [a,b] — R has an antiderivative (or primitive) ¢ if ¢ is differentiable

with %Qﬁ(z) = f(z) for all x € [a, b].



This definition does not provide any method to calculate the antiderivative for a given
function f, neither gives a criterion on f to ensure the existence of ¢. It is a mere
definition of the relation between f and ¢. To proceed, we need to generalize the
definite integral and define the integral function.

Theorem 4 (integral function):
If the function f is integrable on [a,b] compact, then the function ¢,(z) = f; f(t)dt,
with = < b exists and is continuous in [a, b].

In the first place, we have defined an integral as function of the upper limit of the
interval. The independent variable of ¢ is x, the upper limit of the interval. For that
reason, the variable of integration has to be identified with another letter, here t. It is
an error to use the same letter in the same equation for both concepts.

We observe that the function ¢,(x) is continuous according to Theorem 4. So while
the original function need not to be continuous, its integral is! However, we could
wish for more: If the integral function was differentiable, we could take its derivative
and compare it to the original function f. It is the fundamental theorem of calculus
that precisely establishes that relationship! We see that the integrability of f is not
sufficient, we have to ask for f being continuous.

Theorem 5 (fundamental theorem of calculus, FTC):
If the function f is continuous in [a,b] compact, then the function ¢,(z) = [T f(t) dt,

d
with x < b exists and is differentiable in [a, b] and its derivative is d—qba(x) = f(x).
T

Comments:
(1) This implies that ¢,(z) is an antiderivative of f(z), according to Definition 2.

(2) The derivative can be written as

([ roa) = s

showing that integration and differentiation are inverse processes.

Theorem 6 (set of antiderivatives):
If the function f is continuous in [a, b] compact, then f has a set of antiderivatives in

la, b] with ¢(z) = [ f(t)dt + C, with C € R.

Proof:
¢(z) is an antiderivative according to Def. 2 if it is differentiable and its derivative is
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identical to function f. We calculate

Lo = ([ rare) =L ([ o)+ Lo
_ %(/:f(ﬂdt)JrO:f(x)

The meaning of Theorem 6 is that we can add a constant to any antiderivative and it
remains an antiderivative. This leads us to the concept of the indefinite integral:

Definition 3 (indefinite integral):
The set of all antiderivatives of a function f is called indefinite integral and we write:

/f(x)dx:gb(x)+0, CeR ifandonlyif ¢'(z)= f(z).

Comment:
The indefinite integral relates two functions with the same independent variable x and
in absence of any interval limit the integration variable is also x.

How can we use the antiderivatives to calculate definite integrals? The following the-
orem provides a specific rule.

Theorem 7 (Barrow’s rule):
Let the function f be continuous in [a,b] compact and ¢ any antiderivative of f (in
this interval), then

b
I= [ f@)ds=60) - 6(0) = o(@)lz2% = o(a)]:

With this rule, it is possible to calculate the definite integral not via a process of sums
and limits like in Riemann’s integral, but as a subtraction of values of an auxiliar
function evaluated at the interval boundaries. That auxiliar function is precisely the
antiderivative. In the next section we study how to calculate the antiderivative.

9.4 Integration techniques

To solve integration problemas (both definite and indefinite integrals), it is common
to find the antiderivative first. For this task there is a range of strategies:

e Invert the rules of differentiation (immediate and almost immediate integrals)
e Simplify the function using Theorems 1 and 3

e Partial integration (see below)



e Integration through substitution (see below)
e Rule of logarithmic integration (see below)

e Use selected methods for special function types, exemplified below for rational
functions and trigonometric functions

If necessary, use then Barrow’s rule to determine the definite integral.
Recall: Differentiation is a craft, integration is an art!
9.4.1 Partial integration

Let us recall the product rule of differentiation:

Let f and g be differentiable functions. Then, (f(z)g(x)) = f'(x)g(z) + f(x)g' (x). A
way of interpreting this rule is to identify f(z)g(z) as the antiderivative of f'(x)g(z)+
f(z)g'(x). Then, we can integrate the equation and we obtain

[ @sta

)+ ()
[ @@ s+ [ @

Recasting the terms we obtain as rule for partial integration the following theorem.

g(x))de = f(x)g(x)+C,
)

J(x)de = f(x)g(z)+C.

Theorem 8 (partial integration):
Let f and g be differentiable functions (with their derivatives being continuous) over
la, b] compact. Then,

[ r@@ds = faga) - [ ey e

As always in the context of the indefinite integral, we have to carry a constant of in-
tegration: any constant may be added to an antiderivative since the derivative of any
the antiderivatives yields the same function.

For definite integrals, we obtain

[t = (gl - [ 1wy ds

The rule replaces one integral (on the left-hand side) by two terms, one is the prod-
uct of functions evaluated in the limits of the interval and another integral (on the
right-hand side), still unsolved, justifying the name of partial integration. This rule is
used if the integral on the right-hand side is easier to determine than the one on the
left-hand side. By construction, this rule can be interpreted as the inversion of the
product rule of differentiation.



Example 2: Calculate the following indefinite integrals using partial integration:

(a) F(z) = [xe®dx.

We know how to integrate polynomials and exponential functions, but we do not know
the integral of this product. We identify = with g(x) and e® with f’(z). It is easy to
integrate f’(z) and we obtain f(z) = e*, at the same time as ¢'(x) = 1. Therefore,

/xe”dx:xex—/1~exdx+C=xex—ex+C’:ex(x—l)th’.

(b) F(z) = [2*sinzdz.
We identify x? with g(z) and sinz with f/(z). It is easy to integrate f’(z) and we
obtain f(x) = — cosz, at the same time as ¢'(x) = 2x. Therefore,

/a:QSin:cdat::cz(—cosx) +/(2:c)~cos:cdx+0.

The integrand has lowered the order in the polynomial part and we have to apply
partial integration again to this integral, identifying 2z with g(z) (¢'(z) = 2) and cosx
with f'(z) (f(z) = sinx):

F(z) = —a*cosx + <2xsinaj — 2/sinxda:) +C.

In principle, the term 2xsinx provides a new constant of integration, but we can
absorb the two constants of integration in one (the sum of two arbitrary numbers is
just another arbitrary number). We integrate again and obtain the final result:

F(x) = —2®cosw + 2rsinz — 2(—cos ) + C = (2 — %) cosx + 2wsinx + C.

(¢) F(z) = [Inzdz.
Although the integrand is not a product, we can interpret it as such by introducing a

1
factor 1, identifying f'(z) = 1 (f(z) = z) and g(z) = lnzx (¢'(x) = —). We obtain:
x

/lnxdx = x-lnx—/x-ldx—i—C
T

= x-lnx—/ldx+0=m-lnx—x+0,
where we have absorbed the constants of integration in one.
(d) F(z) = [ Ldax.

We know that (Inz)" = — and therefore we can solve directly
x

1
/—da:zln:c—i—C,
x
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with the constant of integration. Nevertheless, we try to apply partial integration,

identifying f'(z) =1 (f(x) = x) and g(x) = i (¢'(z) = —%) We obtain

1 1 -1
/—dm = x-——/m~—2da:—|—C
x x x

1 1
= 1+/x-—2dx—|—C':1—|—/—d$+C’.
T x

On the right-hand side we reproduce the initial integral, plus 1+ C'. This result shows
that partial integration in this example does not lead us to the primitive. But it tells us
how to interpret the result and the constant of integration. With C' being an arbitrary
constant, C'+ 1 also is, and we can rename it as C' and write

/ldx = /ldx—l—C'.
x x

1 1
This is not an incorrect result because both f —dx and f —dx + C are antiderivatives
T T

1
of — and we have to recall that, in spite of the result, we have integrated once and

x
therefore there must be a constant of integration. If we calculate a definite integral in
this example (with 0 < a < b), no constant of integration appears:

/‘dﬂﬁ: T — —/I'—dxz(l—l)—l—/a:-—dx:/—d:c.
ax xa a IQ a 1’2 ax

The strategy to introduce a factor 1 which is identified with f’(x) is valid and can be
useful to solve other integrals.

The mnemotecnic rule ALPES is a way to memorize the order in which the functions
are normally assigned: Arcsine (and other inverse trigonometric functions), Logarithm,
Polynomial, Exponential, Sine (and other trigonometric functions): the type of func-
tion that appears first is the one assigned to g(x), el second one to f’(z). This rule
works because the functions easier to integrate are in the lower part of the list.

Applying partial integration, one tends to encounter one of the following cases:

e the rule solves the integral directly (Ex. 2(c));

e the rule simplifies the integral, but the process has to be repeated (e.g. to lower
the order of the polynomial until a constant is reached) to solve the integral (Ex.

2(b));

e the rule does not give a useful result (Ex. 2(d));

e the rule produces a term which is identical to the original integral, but with
inverted sign, that is: F(x) = h(x) — F(x) + C, where F(z) represents the
integral to solve and h(z) a non-constant function. Then, 2F (z) = h(x)+ C and
we solve F'(z) = h(x)/2+ C.
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9.4.2 Integration through substitution

This method is also known as integration via change of variables and can be interpreted
as the inversion of the chain rule of differentiation.

Theorem 9 (integration through substitution): Let f be a continuous function in
an interval J and g(z) a differentiable function with continuous derivative in a compact
interval [a, b] and image .J. Then,

g(b)

/ f(g(x)) - ¢ () dx = f(t)dt.

g(a)

Comments:
(1) t = g(z) represents the change of variable from x to t.

(2) The typical use of Theorem 9 is to replace the integral on the left-hand side (rep-
resenting the product of two functions) by the integral on the right-hand side and
proceed to resolve the right-hand side with other means (e.g., as immediate integral).
For that, it is important to recognize that one of the factors (¢'(x)) is the derivative
of the argument of the other factor (f(g(z))) (see example below). Nevertheless, The-
orem 9 works in both ways, i.e., also from right to left if appropriate.

(3) While performing a change of variables, the variable of integration and the limits
of integration also change. The change of variable of integration is visible in the dif-
ferential dt: it would be wrong to integrate the right side over x.

(4) For an interval |a, b], we know that a < b (for a = b, the integral would be zero), but
that does not imply that after the change of variable g(a) < ¢(b) is fulfilled. Indeed, the
simple change t = g(z) = —x implies that g(b) < g(a) and in the integral fgg(flb)) ft)dt
the lower limit is larger than the upper limit. As usual, we put the lower value as lower
limit and use (compare with Theorem 1(i)):

’ /) si a
/ flg(@)) - ¢'(z) do = {fgm) fe)dt st gla) < g(b),

— J5) F(dt si g(b) < g(a)

(5) For indefinite integrals, the rule is formulated as

[ fo@) @iz = [ ra

without any constant of integration because only one integral has been replaced by
another one. Resolving the integral [ f(f)dt, the result is a function that depends on
t, while a result depending on x is expected. To complete the calculation, we have to
resubstitute the result using

z=g"'(t),
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assuming that the inverse function ¢! of the change of variable is well-defined.

(6) While changing the variable of integration, the differential is changed:

t = g(z),
dt ,
% - g(l'),
dt = ¢'(z)dx.

While implementing a change of variable ¢t = g(z) in the integral [ f(¢)dt one has to
replace f(t) by f(g(x)) and dt by ¢'(z) dz as the theorem states.

(7) The integration by substitution can be interpreted as the inversion of the chain rule
for differentiation since the derivative of a composed function is given by (f(g(x))) =

f'(g(x)) - g'(x).
Example 3: Calculate the following integrals using a change of variable:

(a) I = f02 zcos(z? + 1) du.
We observe that the derivative of the argument of the cosine is 2z which is (disregarding
a constant factor) the other factor of the function. We substitute

t=g(x)=2>+1
and calculate dt/dx = ¢'(z) = 2z and therefore x dz = dt/2. We change the intervals:

x=0 t=1,

t=5.

1

We calculate
2 ) b 1 1 [° I _
I= [ zcos(z°+1)de = | cost-(=dt)== [ costdt= —[sint]; = =(sin5—sin1).
0 1 2 2/ 2 2
(b) F(z) = [z cos(z® + 1) d.
We use the same change of variable, but there are no interval limits to be changed.
But a constant of integration has to be included and ¢ must be replaced by x after

integration. In many cases it is helpful to manipulate the expression to recognize g(x)
and ¢'(x) to prepare the substitution:

1 1
F(z) = /xcos($2+1) dr = §/C05(9€2+1)‘(2$) dr = Q/COStdt
1 1
= §Sint—|—C:§sin(:C2+1)+C.

(c) I = [j Vr? —adz, con r € RT,

In this example we perform the change of variable in the other direction (from one
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term to two). The reason is that the function describes one part of a circle of radius r
and this suggests a change of variable to angle t. We substitute and calculate:

T

dx

g(t) = rsint,
g'(t) = rcost,
rcostdt,
t=0,

7r

t=—,
2

where x = ¢(t) (names of the variables are arbitrary).

r w/2
/ V12— 22de = / Vr2 —r2sin®t - (rcost) dt
0 0

where the root represents f(g(t)) and r cost the part ¢'(¢). The justification is in the
next step in which we use the trigonometric property sin®u + cos? v = 1:

w/2 w/2
7’2/ \/1—Sin2t-COStdt:T2/ cos?t dt.
0 0

In the next step, we can perform a partial integration with ¢/(t) = cost and f(t) = cost
or use the trigonometric property 2cos*u = 1 + cos(2u):

w/2 1

I 2 -
, / (2
7r/2 ’T‘

7r7"2 r?

4 2

Now, we replace

and obtain
2 2

%cos(Qt ) dt = —/ dt + —/ cos(2t) d
/ cos(2t)d

2
w/2

/ cos(2t)
0

dt.
= h(p):p/27
= h'(p) =1/2,
dp/2,
; p:O’
= p=m,
ar? oo oar? P 2
T tgndle =T g0 =



(d) F(z) = [ Vr? —2?dx, with r e RT y |z| <.

We use part of (¢), to be specific the two changes of variable and we write:
2 2

F(z) = r—t(x) + T sinp(z) + C,

where ¢(z) and p(z) indicate that we have to substitute ¢ and p by x:

2 1
F(z) = % (t(:c) + 5 sin(2t(x))) +C,
using the trigonometric identity sin(2u) = 2 sin u cos u:
2
F(z) = B (t(z) + sint(z) - cost(x)) + C.

Since z = rsint, we have ¢ = arcsin(—) and
r

)

F(z) = % <arcsin(§) + sin(arcsin(%)) : cos(arcsin(%))) +C,
= %2 <arcsin(§) + ; . cos(arcsin(%))) +C.

Now, we apply another trigonometric identity, cos(arcsin(u)) = /1 — u?2,

r x| a?
F(x) = B (arcsm(;) +o 1-— §> +C,

representing the final result. One can confirm with Barrow’s rule that F/(r) — F(0) =

2
%, the result of (c).

9.4.3 Rule of logarithmic integration

Theorem 10 (rule of logarithmic integration): Let g be a function with g(z) # 0
and differentiable with ¢/(z) continuous. Then,

9@ (s
/ﬂ@m_IMM+G

Comment:
This rule can be interpreted as the inversion of the chain rule of the derivative of the

d
logarithm of a positive function, E(ln lg(x)]) = ¢'(z)/g(x).
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Example 4: Solve the following integrals:

(a) [ dw.

x
If we fix g(x) = Inz, we know that ¢’(x) = 1/ and hence

1 !
/ ! d:pz/ L dm:/g(x)dx:ln|g(x)|+C':1n|lnm|+C.

zlnz Inx g(x)

dx
b .
(b) f V1 — z2arcsinzx

To apply the rule, la function need not to contain logarithmic functions. We recognize
the derivative of the arcsine 1/4/1 — 22, Therefore, we choose g(z) = arcsinz and

g (z) = 1/4/1 — a2, Therefore,

/ \/1—7xd;;rcsinx :/ !ZJ,((;;

dx =Inl|g(z)|+ C = In|arcsinz| + C.

9.4.4 Integration of rational functions
A rational function R(z) is the quotient of two polynomials P(z) and Q(z):

P(z)  aus"+a,12" '+ 4 ag
Q('CE) B bvmv + bv—lxvi1 +oe bO ’

R(x) =

where u and v are the degrees of the two polynomials, respectively. Before we show
how to determine integrals of the kind

/R(a:)dx:/gggdx,

we anticipate that it is always possible to give a solution and that it will be composed
of a linear combination of rational functions, logarithms of linear functions, logarithms
of quadratic functions, and arctangents of linear functions.

The first case to consider is when v > v. Then, we perform a division of polynomials
(e.g., Ruffini’s rule) so that we obtain

Py (x)
Qx)
Now, H(x) stands for a polynomial that we integrate with the standard rule of inte-
Py(z)
Q(z)

R(x) = H(z) +

where the

gration of polynomials and we only need to add to this the integral of

degree of Pj(x) now is strictly smaller than the degree of Q(x).

The rational function R(x) admits a partial fractions decomposition and for that we
use that any polynomial (here, Q(x)) can be factorized using its roots:

Qx) = clz—r)" (1=r2)" - (w=ro)™ [(x=p1)*+q ™" [(w—p2) +¢5]" - - - [(z=p) "+ ™,
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where r1,79,..., 75 are s different real roots of Q(x) (with multiplicities ny,no, ..., ny)
and p; £ iqy, pe £+ iqe,... are t different complex roots of Q(x) (with multiplicities
my, Ma,...,my) and ¢ is a constant. Simple roots with multiplicities 1 are included in
this notation.

For each root (corresponding to a factor of Q(x)) we can use the following table to
determine the term(s) that have to appear in the partial fraction decomposition (PFD).

Root factor of Q(x) Term in PFD
(z =) > ict ]

[(z —p)* + ¢ Z:il [(z—p)2+ ¢

This includes simple roots (with multiplicities 1).

In this way, the partial fractions decomposition of a rational function is then schemat-
ically given by a summation of terms,

mpg

fﬂ > zkx+Nzk
Q(x) Z; (x — 1)t Z 2+ q

iE—pk

k=1 =1

where the first group of sums refer to the real roots and the second group to the com-
plex roots. The unknown coefficients K, M, N in the numerators of the right-hand side
are determined via comparison with the left-hand side when both sides are multiplied
with Q(z) and terms of same order are compared. Note that the left-hand side is then
Py(x). This task and the partial fractions decomposition in general are part of basic
algebra and not related to integration.

We emphasize that there are only 4 types of fractions that appear in the decomposition
(real or complex roots, with or without multiplicity). Since the integral of a sum is
the sum of the integrals, we only need to state the solutions for these 4 types of
integrals (where K, M, N represent real numbers determined in the partial fractions
decomposition):

K

$—7’d$ = Klnlz—r|+C,

K —-K
/—dx = — +C with n > 1,

(x —r)n (n—1)(z —r)mt
Mz + N M Mp+ N _
/—(ZL‘ _:;)2+q2dx = Tln[(:p_p>2_’_q2]+pTarCtan <¥) _|_C,
Mx + N M
der = +(Mp+ N) - I,(x), m>1,
/[(ﬁ—p)“rq?]m 2(1 —m)[(z — p)? + ¢2|m1 (Mp +N) - In(x)
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dx

where I,,(z) =

I te=rsar

is determined recursively with

r—Pp

S T V7 e e e B e o)
= larC an u
Li(z) = . t ( . ) +C.

Examples are provided in the work sheet.

9.4.5 Integration of trigonometric functions

We have already used a change of variable involving trigonometric functions in Example
(3c,d). Here, we give a table of suitable substitutions for functions that involve either
trigonometric functions or functions to which trigonometric identities can be applied.
The following table is not exhaustive and does not give a single substitution that fits
all cases. A lot of practice and trial-and-error is needed to solve integrals. The variable

names are arbitrary.

If f(z) contains try with
dx
a? — x2 T =asinf ?:acose
T
or z = atanhu | — = asech?u
gllu
T
va?+ x? z = asinhu g—:acoshu
U
T
orx =atanf | — = asec’d
g@
2 —a? x = acoshu a]—x:asmhu
U
T
orx =asec | — =asecOtanb
gliﬁ
s
Circular functions s =sinx — =Ccosz
%llz
& .
Or C = COS X — = —sinx
T
£ = tan(2) gllx 2
or t = tan(% _ =
2 dt 1+ ¢2
, 2t 1 —¢?
sinx = , COST =
J 1+1¢2 1+ ¢2
U
Hyperbolic functions u=e" — ="
T
S
or s =sinhzx ? = coshz
or ¢ = coshx e sinh
ai
T 2(x
ort = tanh(a) = %sech (5)
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Of particular interest is the substitution ¢ = tan(§) because it allows to replaces all
simple sine and cosine functions with rational functions.

Examples are provided in the work sheet.

9.5 Improper integrals

We recall that the Riemann integral was defined for a bound function f over a compact
(bound and closed) interval [a, b].

The definite integral f: f(z)dz is improper if at least one of the following hypotheses
are met: (a) The interval is not bound. (b) The function f is not bound in the interval.

9.5.1 Integrals in unbound intervals (improper integrals of the first kind)

Integrals in unbound intervals (also known as improper integrals of the first kind) can
be found if either the lower bound of the interval in question is —oo or the upper bound
of the interval is 400, or both. We therefore distinguish the following possibilities:
(a) Let f be bound and integrable in [M,b], with b € R and M < b. The improper
integral is defined as

b b
I —/ f(z)dx = lim / f(z)dx.
—0 M——oco Jar
(b) Let f be bound and integrable in [a, N], with a € R and a < N. The improper
integral is defined as

00 N
I = / f(z)dx = lim / f(z)dx.
a N—oo J,
(c) Let f be bound and integrable in [M, N], with M < N. The improper integral is
defined as

M——o0

[e%s} c N
I:/ f(x)dx = lim / f(x)d:r;jt]\}im / f(x)dx,
—00 M -0 Je
withc€ Rand M <c¢ < N.

Obviously, the naming of the quantities M, N is arbitrary. We have defined the im-
proper integral as the limit of a proper definite integral. There are three different
outcomes of the limit process:

(i) If the limit does not exist but is also not infinite (in case (c¢), in at least one limit),
the improper integral does not exist.

(ii) If the limit does not exist and is +00 or —oo (in case (c), in at least one limit and if
the other limit is not covered by (i)), the improper integral is divergent with I = +o0
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or [ = —o0.
(iii) If the limit exists and is finite (in case (c), in both limits), the improper integral
is convergent and its value is I.

Example 5:
Type (a)
0 0
T _ : T _ : 10 __ : _ oMy
/_ooe de = Mlin—loo y e“dr = Mlg{loo[e lar = Mli>H—loo(1 e”) =1 convergent.
Type (b)

0 N

1

/ —dr = lim —dr = lim [Inz]) = lim In N = oo divergent.
1 X N—ooo J1 @ N—oo N—o0

I:/ re " de.

First, let us calculate the primitive using a change of variable t = x

1 1 1 1
/xe’”de = §/2336302dx =3 /etdt = —564 +C = —567# +C

Type (c)

2
Therefore,

and consequently

o 1 1
/ ze " dz = lim (—(1 - e_Nz)) =_.
0 N—oo \ 2 2

Similarly, for the other part of the improper integral:
0 0
1 1 1 1
/ ze ™ dx = {——e‘ﬂ] =4 e ™M = ——(1- e_MQ),
M 2 o 2 2 2

and consequently

In this case we find

o 2 1 1
Tdr=—4+-=0
/_ooa:e T 2+2

and the improper integral is convergent with I = 0. In this example, we put ¢ = 0
because ¢’ = 1 and the calculation simplifies, but any other choice of ¢ would also
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work. Also, the function ze

fi)oo ve " dy = — I ze " dx.

is actually an odd function and we could have used

A valid formulation in this case is also

© 121 1 e 1 ap
[:/ xe Vdr = lim [——ez] = lim [—ieN —|—§e’M ,

1 1
I = lim (—e_MQ) + lim (——e_Nz) =0,
M——oco \ 2 N—oo 2

where we have used Barrow’s rule and that the 1nd1v1dual limits exist. In a further

simplification, we could have put ffo 2y = [}Hn f T e " dx.
—00

and from there

9.5.2 Integrals of unbound functions (improper integrals of the second
kind)

Improper integrals of the second kind can be found if the function tends to +o00 or —oo
at a finite value of x (which is either at the interval boundary or at an inner point).
We therefore distinguish the following possibilities:

(a) Let f be integrable in [a,b) and JE? |f(z)| = co. The improper integral is defined
as

b b—e
I—/f( Jdz = lim f(x)dx

e—0+

(b) Let f be integrable in (a, b] and hm+ |f(x)| = co. The improper integral is defined
T—a
as

I= /bf(x)dx = lim ’ f(z)dx.

e—0+ ate
(c) Let f be integrable in (a,b), lim+ |f(x)] = 0o and liril |f(x)| = co. The improper
T—ra r—b—
integral is defined as

c b—e

I—/ f(x)dx = hm f(z )da:—l—el_i)r(gr f(z)dx

+e€ c

where a < ¢ < b.

(d) Let f be integrable in [a, ¢) and (¢, b] and limi |f(x)| = co. The improper integral
T—C:
is defined as
c—e b

I—/ f(x)dx = hm f(z)dx 4+ lim f(z)dx

e—0+ ote

We have defined the improper integral as the limit of a proper definite integral. There
are three different outcomes of the limit process:
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(i) If the limit does not exist but is also not infinite (for (c¢) and (d), in at least one
limit), the improper integral does not exist.

(ii) If the limit does not exist and is 400 or —oo (for (c) and (d), in at least one limit
and if the other limit is not covered by (i)), the improper integral is divergent with
I =+ooor [ =—ooc.

(iii) If the limit exists and is finite (for (c¢) and (d), in both limits), the improper inte-
gral is convergent and its value is I.

Example 6:
Type (a)

. . 1—
dx = lim [arcsinz], °,

1
1
= — dr =
/0 1 — 12 T 5—)0+/ 1 e—0+

and therefore

™
I = lim (arcsin(l — ¢) — arcsin0) = arcsinl = — convergent.
e—0+ 2

We also note that the function is not defined at x = 1, and, for example, the integral
f; ﬁ would be a standard definite integral.

Type (c)

lim dr + lim

1 c 1—e
1 1 1
= ——dx = —_— ——dx
/_1 V1— a2 e—0+ /—1+6 V1—a22 €—>0+/c V1—a22

We have to fix ¢ and appropriately choose ¢ = 0 because it is in the center of the
interval. So we have

I = lim dz + lim

0 1—e
1 1
i —dx
64)0+/1+61/1_x2 E*>0+\/0' V1 — 2

The second term we have computed above, as well as the antiderivative and obtain

I= g+eli%l+ [arcsinzz]o1+E 2+6£r51+ (0 — arcsin(e — 1)) = g—arcsin(—l) = §—|—§ = .

In this example, we could have used also the even symmetry of the function to obtain
the result. A separate example for type (b) is not necessary.

Type (d)

b
I:/ ! dx with a<c<b.
w T—C

= 400 and we write

The integrand is not defined for x = ¢ and lim
r—ct r — C

b b
I:/ f(z)dx = hm/ f(z)dz + lim f(z)dz

e—0+ e—0+ e



We have to calculate both terms separately

El_1>r(§1+/a f(x)dx = El_l}%l_’_ Injz —cf], " = Egrgl+(ln lc—€e—c|—Inla—¢|)
= lim In = —o0 divergent.
e—0+  |a— ¢
’ b
elg(gr » f(z)dzr = elg(gr In|z — ., = eli%lJr(ln |b—c|—1In|c+€—cl)
b—
= lim In b= =00 divergent.
e—0+ €

While both improper integrals diverge, and so the overall integral, we may recognize
that the curve of the function has an odd symmetry with respect to x = ¢ and that
the divergent integrals may cancel out if the limit process is combined. This is indeed
the case for this example:

b c—e b
P.V. /a xicdx = lim [/a f(z)dx + C+€f(x)dx}

e—0+
o b—cl . [b—

la — ¢ lc+e—c la—d|

_ 111|c—e—c|

This is called the principal value of the integral.

It is possible to combine improper integrals of the first and second kind. In that case,
limits have to be taken separately.

9.6 Applications of integrals

The application of integral calculus are very diverse and are present in many fields of
sciences and engineering. We limit ourselves here to two general and simple concepts:
to determine areas and lengths of curves.

9.6.1 The area between two curves

The Riemann integral introduces the definite integral precisely as a representation
of the area A between the curve of a bound function and the abscissa in an inter-
val [a,b]. For the integral really representing the area, we assume that f(z) > 0 for
all z € [a,b]. In that case, fab f(x)dx > 0 and it corresponds directly to the area (if
the calculation contains units of length, the integral contains units of lengths squared).

We have to check what happens if f(z) is negative or if it changes its sign in the
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interval [a,b]. Let I = f;f(x) dz
b
f(x)>0 VYV z¢€la,b] A:]:/f(x)dx,

b
flz) <0 V x€la,b A:—I:/(—f(a:))d:v,

i.e., the integral of a negative function is negative, but its absolute value corresponds
to the area (recall that que V means “for all the values of”).

If f(x) changes its sign in points ¢y, ¢, . .., ¢, (that can be identified solving f(¢;) =0

for ¢;), then it is possible to determine the areas of each subinterval [a, ¢;], [c1, o], . . ., [¢n, ]
according to the rules above and sum them up, or use the absolute value:

1= [V@iar

We can generalize the concept to the area between two curves given by f(z) and g(z):
b
f@)-9@)20 ¥ welod] A=I= [ () - g(w)ds

f@) —gx)<0 ¥ zelab) A=-I= / (9(z) — f(x))dr,

If f(x)—g(x) changes its sign in points ¢y, ¢a, . . ., ¢, (that can be found solving f(c¢;) =
g(ci)), then it is possible to determine the areas of each subinterval [a, ¢1], [¢1, o], - . ., [¢n, ]
according to the rules above and sum them up, or use the absolute value:

b
A= [(15@) - gta)] do.

9.6.2 The arclength

A curve in the cartesian plane can be represented in various ways. We consider two
types, the explicit form and the parametric form.

If a curve is given by a function f(x) explicitly, we identify its position by sets of pairs
(x,y) = (z, f(x)) and assume that f(x) is differentiable and its derivative continuous
in the compact interval [a,b]. Then, the arclength of the curve between two points

(a, f(a)) and (b, f(b)) is given by

b
l:/ V14 (f(z))*ds.

If a curve is given in parametric form, we identify its position by sets of pairs (z,y) =
(x(t),y(t)), where both the position on the abscissa and the ordinate depend on the
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parameter t. We assume that both x(t) and y(t) are differentiable and their derivatives
continuous in the compact interval [¢;,t5]. Then, the arclength of the curve between

two points (z(t1),y(t1)) and (z(t2),y(t2)) is given by

1—/ V(T B dt.

Example 7: Calculate the arclength of the following curves:

4
(a) Let f(z) = 3% between z = 0 and = = 3.
The curve is a straight line with slope 4/3 passing through the origin, limited by (0, 0)

and (3,4). Easily, we obtain f'(z) = 3 We use the formula for the explicit function

and determine

l—/ﬁdw—/\/:dx—/\/»dz—/—d:g = 5.

(b) Let z(t) = rt — rsint and y(t) = r — rcost between t = 0 and ¢ = 27.
The curve represents the arc of a cycloid. In ¢t = 0, (z,y) = (0,0) and in ¢t = 27,
(z,y) = (271, 0).
We calculate:
2(t) = r(1—cost),
y'(t) = rsint,

and therefore
27 27
I = / V (r(1 = cost))? + (rsint)2dt = r/ \/(1 — cost)? + sin? t dt
0 0

2T 21
= r \/1+COS2t—2cost+sin2tdt:r V2 — 2costdt.
0 0

Now, we use the trigonometric identity 2sin®u = 1 — cos(2u):

2 t 27 t ™
7“/ 4 sin® (—) dt = 27‘/ sin (—) dt = 27°/ sinp - 2dp,
0 2 0 2 0

where we do not need to take the absolute value of sin(%) because in the relevant
interval the sine is not negative and we do a change of variable ¢/2 = p. We close the
calculation:

I = 4T/ sinpdp = 4r|— cosp|j = —4r[cosp|j = —4r(—1—1) = 8r.
0
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