MA 1022 Calculus II Lecture Notes

March 20, 2025

Contents
I  Foundations of Integration| 5
(1 Lecture I: Antiderivatives and Indefinite Integrals| 7
2 Lecture IlI: Approximating Areas and Sigma Notations| 10
[2.1  Left and Right Endpoint Approximations|. . . . . . . . .. ... ... 10
[2.2  Sigma Notations Primer| . . . . .. . ... ... ... ... ...... 12
[3 Lecture IlI: Definite Integrals and Riemann Sums| 13
[3.1 Definite Integral via Geometry|. . . . . . . . . . ... ... .. 13
[3.2  Sigma Notations continued| . . . . . . . ... . ... ... 15
[3.3 Special Sums| . . ..o 17
[4  Lecture 1V: The Definite Integral as the Limit of a Riemann Sum| 20
[4.1 Riemann Sums: Left and Right Endpoint Approximation Revisited . 20
[4.2  Definite Integral as a Limit of Riemann Sums| . . . . . . .. ... .. 21
4.3 Properties of Definite Integral . . . . . ... ... ... ... ... .. 25
[II Integration Techniques| 28
B Lecture V: Fundamental Theorem of Calculus 28
[>.1 A Motivating Examplel . . . . . ... ... o000 28
0.2 Fundamental Theorem of Calculus Part Il . . . . . ... ... ... .. 29
0.3 Fundamental Theorem of Calculus Part Il . . . . ... ... ... .. 31



(6 Lecture VI: Integration Formulas and Application of the FTC] 34

[6.1 The Net Change Theorem| . . . . . . .. ... ... ... ... .... 34
[6.2  Function Symmetry|. . . . . ..o 37

7 Lecture VII: Integration by Change of Variable| 40
[7.1 A Motivating Examplel . . . . . . ... ..o 40
[7.2 Integration by Change of Variable| . . . . . . .. ... ... ... ... 41
[7.3 Examples . . ... .. ... 42

[8  Lecture VIII: Integrals Involving Exponential and Logarithmic Func- |
[_tions| 44
[8.1 More Examples on Indefinite Integrals using Change of Variable] . . . 44
[8.2  Change of Variable for Definite Integrals| . . . . .. ... ... .. .. 46

[9 Lecture IX: Integration by parts| 50
9.1 A Motivating Examplel . . . . . ... ... o000 50
[9.2 Integration-by-parts Formula. . . . . . ... ... ... ... 51
9.3 LIATEl . . . . . . . 53
[10 Lecture X: Integration by parts, Definite Integrals and Examples| 55
(10.1 When LIATE doesnt workl . . . . . . . ... ... ... ... .. ... 55
[10.2  When there is only one integrand| . . . . . . . ... ... ... ... 55
[10.3 Integration-by-parts More Than Oncel. . . . . . . . .. ... ... .. 56
(10.4 Definite Integrall . . . . . . . . ... ... Y4
(11 Lecture XI: Integrals of Trigonometric Functions| 60
(1.1 Sine and Cosine: Odd Powersl . . . . . ... ... .. ... ... ... 60
(11.2 Sine and Cosine: Fven Powers| . . . . . . . . . . ... ... ... ... 62
[L1.3 Overall Strategy (A Cautious Read)[. . . . . . .. ... ... ... .. 64
(12 Lecture XII: Integrals of Trigonometric Functions cont.| 66
[12.1 Tangent and Secant|{. . . . . . . .. . . ... .. ... ... ... 66
[12.2 Overall Strategy (A Cautious Read)[. . . . . .. ... ... ... ... 71
[12.3 Optional: Different Angles| . . . . . . . .. .. ... ... ... .... 72
(13 Lecture XIII: Trigonometric Substitutions| 75
(13.1 A Motivating Examplel . . . . . .. .. .. ..o 75
[13.2 Method of Trigonometric Substitution| . . . . . . ... ... ... .. 76
[13.2.1 Type Va2 — a2 withz =asin(0)] . . ... ... ... ... .. 7




(14 Lecture XIV: Trigonometric Substitution cont.| 82

14.1 Type Va2 +22 withx =atan ()| . . . . . . ... . ... ... ..., 82
14.2 Optional: Type Va2 — a? with 2 = asec ()] . . ... ... ... ... 85
ecture : Integration by Partia actions
(15 L XV:1 ion by Partial Fractions| 89
(15.1 A Motivating Examplel . . . . . .. . ... o000 89
[15.2 The Method of Partial Fraction Decomposition| . . . . .. ... ... 90
[15.3 Nonrepeated Linear Factors| . . . . . . ... .. ... ... ... ... 92
(16 Lecture XVI: Integration by Partial Fractions cont.| 94
[16.1 Repeated Linear Factors . . . . .. ... ... ... ... ....... 94
(16.2 Reducible and Irreducible Factorsl . . . . . . . . . ... ... ... 94
[16.3 General Strategy (A Cautious Read)| . . . ... ... ... ... ... 96
[16.4 Optional: why repeated factors?|. . . . . . . . .. .. ... ... ... 96
[16.5 Optional: why irreducible quadratic factors?| . . . . . . . . . . . . .. 97
ecture : Numerical Integration
17 L XVII:' N ical 1 01| 99
.................................... 99
[17.2 Midpoint Approximation| . . . . . . . . . . . ... ... L. 100
[17.3 Trapezoidal Approximation| . . . . . . ... ... ... ... ..... 102
[17.4 Error bounds for Midpoint and Trapezoidal Approximations| . . . . . 103
(18 Lecture X VIII: Numerical Integration Cont.| 105
[18.1 Simpson’s Approximation| . . . . . . . ... ... ... ... 105
[IIl  Applications of Integration| 109
M9 Lecture XIX: Area between Curves 109
(19.1 Scientific Motivation| . . . . . . . . . . ... Lo Lo 109
[19.2 Area between Curves: Special Case| . . . . . . . . . .. .. ... ... 110
[19.3 Area between Curves: General Casel . . . . . ... ... . ... .... 112
[19.4 The Needle Method for More Complex Regions . . . . . ... .. .. 114
[19.5 Read after class: More Involved Examples| . . . . ... ... ... .. 117
20 Lecture X X: Determining Volumes by Slicing] 119
[20.1 The Method of Slicing: Formula for the Cone| . . . . . . . . .. . .. 119
21 Lecture XXI: Disk and Washer; Arc Length and Surface Areal 122
21.1 The Disk Method| . . . . . . . . .. . .o 122
21.2 The Washer Methodl . . . . . . .. . ... ... ... ... .. .... 123



[21.3 Arc Length| . . . . . . . . . ...

22 Lecture XXII: Surface Area of Surfaces of Revolution!

23 Lecture XXIII: Mass and Center of Mass|
[23.1 Mass of Constant Density] . . . . . . . ... .. ... ... .. ... ..
[23.2 Mass and Center of Mass of A Continuous Object| . . . . . . . .. ..

[23.3 Mass and Center of Mass (Centroid) of a Lamina: Thin Sheets of

| Constant Density| . . . . . . . . . . . .o oL




Part 1
Foundations of Integration

We introduce the definition of antiderivatives, indefinite integrals, Riemann sums and
their limits — definite integrals, and lastly sweep through all integration techniques.

First, we provide a little motivation on why we want to study integration, a term
we have not yet defined.

Motivation

When you set your vehicle on cruise control at 50 miles per hour and travel for 4
hours, it is very easy to compute how far you have gone.

miles

50 X 4 hours = 200 miles.

hour

If you happen to drive at two distinct velocities, say 50 mph for 1 hour and 20 mph
for 3 hours, it is still reasonably easy to compute total displacement, i.e.,

il il
S 1 hour 4 20 2
hour hour

50 X 3hour = 110 miles.

However, when you begin to drive in the city, your velocity is no longer a (piece-
wise) constant function of time. How do you find the total distance you have traveled?

You may record the instantaneous velocities v (t1) ,v (t2), ..., v (t,) over the time
horizon [tq,t,]. For each subinterval [¢;,t;,1], you assume that the velocity is constant
at v (t;), for i =1,...,n — 1. Thus, total displacement, up to time ¢,, satisfies

S (tn) = (tl) (tz — t1> +v (tg) (tg — tz) +---4v (tn,1> (tn — tnfl) .
To make life simpler, let’s assume that the length of the subintervals is fixed, that is,
tiy1 — t; = At,

which corresponds to the frequency at which you record velocity, i.e., every At sec-
onds.
Thus, total displacement up to time t,, can be rewritten as

s(tny) =[v(t) +v(te) + -+ v(th_1)] At.

One would imagine that if we record the velocity more frequently, that is, by
shrinking At and incidentally increasing n, the number of recorded velocity data, we
should be making better judgment of the total displacement.



So, a natural question arises. Does the limit

Alitr_r>10<<5 (tn) = Al%r_{lo () +v(ts) + - +v(ty_1)] At

n— oo n—oo
exist? If so, is it truly the total displacement? The limit is not entirely trivial because
even though At is shrinking, the number of terms you add is growing. You know the
limit must be finite because you aren’t driving towards the endless universe.

Set this technical idea aside. What does this have to do with Calculus? What
is Calculus even to begin with? Are you reconsidering your life choices after taking
Calculus I and still yet unable to answer this question?

Let’s begin with actual CALCULUS! Historically, integration came first.



1 Lecture I: Antiderivatives and Indefinite Inte-
grals

Given that you know the derivative f’(z) of a function f (x) in the natural domain
of f(x), can you recover the original function f (z)? If not, what do you need to
recover it?

Definition 1.1 (Antiderivative). A function F is an antiderivative of f on an
interval I if F' (x) = f(x) for all x € 1.

Remark 1.1. F' is not unique for each f.

Theorem 1.1. If F' is an antiderivative of f on an interval I, then the most general
antiderivative of f on I is

F(x)+C
where C'is an arbitrary constant.
Remark 1.2. This is solely due to the fact that the derivative of a constant is zero.
Example 1.1. Find an antiderivative, I’ (x), of the function f (x) = 32 that satisfies
F(1)=-1.
Solution. The general antiderivative is
F(r)=2"+C.
Using the condition F' (1) = —1, we have
1=F1)=1°+C = C=-2 = F(z)=2°-2.
The following table provides the typical antiderivatives we use. The antidifferen-

tiation rules we have invoked are merely the reverse process of the associated differ-
entiation rules, mostly on Reverse Power Rule and Chain Rule.

’ Function ‘ General Antiderivative ‘ Antidifferentiation Rule ‘
" "+ Con# -1 Reverse Power Rule
sin (k) — 4 cos (kz) + C Reverse Chain Rule
cos (k) 2 sin (kz) + C Reverse Chain Rule
sec? (kx) = tan (k) + C Reverse Chain Rule
— csc? (k) Z cot (kz) + C Reverse Chain Rule
sec (kx) tan (kx) = sec (kz) + C Reverse Chain Rule
— csc (kx) cot (kx) - csc (kx) + C Reverse Chain Rule
ke e+ C Reverse Chain Rule
2 In|kz| +C, z#0 Reverse Chain Rule
m +arcsin (kz) + C Reverse Chain Rule
= (}m)z + arctan (kz) 4+ C Reverse Chain Rule




Remark 1.3 (Important). You can always check if you have the correct antideriva-
tive — just differentiate the antiderivative and see whether you get the original function
back.

Proposition 1.1 (Antidifferentiation is linear). If F' (x) and G (z) are the antideriva-
tives of f (x) and g (z), respectively, then for constants a and b, the antiderivative of

af (x) £bg (x) is
aF () £bG ().

Now, you may notice that we kept writing the English work “antiderivative”, which
is taking a lot of time and space. This pain gives rise to the following definition.

Definition 1.2 (Indefinite Integrals). The collection of all antiderivatives of f is
called the indefinite integral of f with respect to x, and is denoted by

/f (x) du.

The symbol [ is an integral sign. The function f(x) is the integrand of the
integral, and x is the variable of integration.

Remark 1.4. Finding the antiderivative of f and the indefinite integral of f are
precisely the same procedure and can be used interchangeably.

Example 1.2. Find the general antiderivative of the following functions:

1. f(z) =25

Solution.

2. g(x) = 1/Va.

Solution. First, we write g (x) = 27/2. Then,

3. h(z) = sin(2x).

Solution. )
H(z) = —3 cos2z + C.



4. f(z) = cos(x/2).

Solution. .
P (z) = 2sin <§> +C.
5. f (z) = e,
Solution.

Q(z) = —ée—% +C.

Example 1.3. Evaluate the following indefinite integrals:
1. [(2® — 2z +5)dx.
Solution.

1
/(x2—2x+5)dx:gxg—x2+5x+0.

2. [(3e* + 5= — ) dux.

Solution.

1 3 1
/(36236—}—%—71') dx2562x+§1n|x|—7rx—l—0.

Since finding the antiderivative and evaluating an indefinite integral are precisely
the same thing, the indefinite integral inherits the linear property, i.e.,

/(af (2) % bg () d = <a/f(x) dx) 4 <b/g(x) dx) (1)

where a, b are constants.
There is ABSOLUTELY NO such rule as

1@ =([r@a) ([o@a)



2 Lecture II: Approximating Areas and Sigma No-
tations

There are various quests in classical geometry that involve formulas of areas and
volumes of shapes. For example, the formula for the area of a circle came from
Archimedes by inscribing polygons inside a circle. He computed the area of the
polygons for each choice of number of sides and then found a pattern. He then took a
limit as the number of sides goes to infinity. At the time, 7 is not known. Archimedes’
formula for the circle is A = %C’r where C' is the circumference of the circle, and his
proof relies on comparing the area of a circle (unknown at the time) to the area of a
triangle with base C' and height . In modern day understanding, this area formula
certainly works since C' = 27r.

So, why integration, now? What really is integration? Archimedes’ approach to
the area of the circle, in fact, involves the area of a polygon. The area of a polygon
involves adding up lots of identical triangles. Each of these triangles is an isosceles,
with sides equal to the radius r. As we increase the number of sides, the triangle’s
height and base changes while the side length is preserved to be 7.

We are used to adding things up discretely as the objects we add are count-
able. Integration is a concept of adding things up, continuously. In other words,
you are adding very little things up, each with infinitesimal (varying according to
some law /function) size. This makes computing an area a special case of integration.
Whenever you need to add very little things up, you think of integration.

Example 2.1 (Scientific processes involving integration).
1. Area, volume, arc length, etc.
2. Displacement of a continuously moving object with time-varying velocity.

3. Kinetic energy of a continuously moving object with time-varying velocity and
mass.

4. Mass of an object with spatially inhomogeneous density.
5. Probability of an event characterized by a range of values governed by some

continuous density function.

2.1 Left and Right Endpoint Approximations

In the examples, we see that there is always something about varing quantities it is
captured by a function f (z). Here, we consider a concrete example.

10



Example 2.2. Find the area below the graph of the function f (z) = v4 — 22 on
[0, 2] by approximating it with two vertical slabs.

Solution. We know the exact solution here, i.e., the area of a sector with 90 degrees

and a radius of 2,

1
A=m (2)* = 7 ~ 3.14159.

First, we approximate the area by two vertical slabs with an identical width of
1, with height decided by the function value on the left endpoint. We find that the
sum of the area of the two bars is

Lo = Az x [f(0)+ f(1)] =1 x [\/Z+\/4—12] — 2+ /3 ~ 3.73205.

Hmmm. Gross overestimate. Can we improve by using four slabs with identical

width of %? We find

Ly = Az x [f(0)+f(%)+f(1)+f<g>}

~ 1 x [\/Z +V3T5+V3 + \/1.75]
~ 3.49571.

Getting better. Let’s be finer with eight slabs with identical width }L.
1 1 3 5) 3 7
Lgs=A - - - 1 - — -
= () e (5) 0 () s ()£ ()0 (3)]
= 411 x (STUFF)
~ 3.33982

This is getting much closer than what we started with, relatively speaking.

No one says that we cannot do the right endpoint approximation — it is
logically equivalent to the left endpoint approximation. Using four subintervals but
now evaluate the function at the right endpoints of the subintervals, we find

Ry = Az x [f (%) )+ f (;) +f(2)} ~ 2.49571.

We seem to have found a lower bound for the area estimate.

11



Remark 2.1. Howewver, in reality, for a general function, we do NOT mnecessarily
know the true solution. We are merely refining the partition. In the example above,
using the left endpoint approximation, we find the numbers decreasing towards the
true answer. But if we don’t know the true answer, we certainly don’t want this de-
creasing sequence to reach negative infinity. Luckily, the right endpoint approximation
provided such lower bound, ensuring that the true answer must lie between itself and
the upper bound, provided by the left endpoint rule.

Remark 2.2. Note that the function itself is decreasing. This fact has caused the left
endpoint approximation to be an overestimate, and the right endpoint approximation
to be an underestimate.

We will revisit this topic in more generality after we introduce the famous notation:
the sigma notation to facilitate faster communication mathematically.

2.2 Sigma Notations Primer

Now, enough of this. We seem to be spending quite some time writing down the L4 and
Rg’s. Tt is cumbersome and inefficient. Let me reintroduce the lazy mathematicians.

Definition 2.1 (Sigma Notation). Given a sequence of numbers x1,xs, ..., x,, the
sum of these numbers can be written as

(@1 + 22+ Fan) = 2
=1

where x; is the summand, 1 is the index symbol, 1 is the starting index, and n
1s the ending index; the symbol ¥ reads, “sigma”, represents, sum.

We will see the use of this in the context of Riemann sums, the precursor to the
limit definition of a definite integral. Next class, we will first explore to calculate areas
under the curve of known geometry, without the complication of sigma notations.
Then, when tackling problems without geometric inspiration, we proceed with the
sigma notation by noting a few simple sums first, such as sum of consecutive integers.

12



3 Lecture I1I: Definite Integrals and Riemann Sums

3.1 Definite Integral via Geometry

Definition 3.1 (Definite Integrals: Geometric). Given a continuous function f (x)

on [a,b], we say its definite integral from a to b, is the area under the graph of f over
the interval, written as

Az/abf(x)dx.

Example 3.1. Consider the function y = f (z) =1 — z.
1.5

0.5

0.5 1 1.5
The shaded shape is a triangle with a height of 1 and a base of 1. The area is 1/2.

More precisely,

/01(1—x)dx:%.

Example 3.2. Consider the function y = f () = v/4 — 2% (same example as in the
last lecture).

13



05 1 15 2 25 3
The shaded shape is a sector with a radius 2 and angle 90 degrees. The area is

m (2)* = 7. More precisely,

2
/ V4 — z2dxy = 7.
0

Example 3.3. Consider the function y = f(z) = 1/25 — (z — 5)* on [0,10]. Note
that this is a semicircle centered at (5,0). To see this, we square both sides and find

y?=25—(z—-5)° = (z—5)7+y*=25

()
6 1

/25 — (z — 5)°

2 4 5 6 8 10

The shaded shape is a semicircle with a radius 5. The area is 37 (5)% = L. More

10
2
/ \/25 — (z — 5)*de = B
0 2

We also allow negative area when the function is negative across the given domain.

precisely,

14



Example 3.4. Consider the function y = f (x) =2 — 1 on [0,4].

1)

4+

The shaded shape contains two triangles, one in blue underneath the z-axis, one
in green above the z-axis.
The blue triangle has a negative area of —%, while the green triangle has an area

of 2.
4
1
/(m—l)dx:—— g:4.
A 22

2

You may ask why “negative area” shows up here or whether it makes sense at all.
The short answer is that functions sometimes take negative values. But we haven’t
truthfully used function values in all examples above, but just the geometry of the
shaded area. The true (and longer) answer, in fact, depends on the true definition
of a definite integral, rather than the geometric one just provided. To arrive at the
true definition, we set up some facts about sigma notations in preparation for adding
infinitely many rectangles with very small widths.

3.2 Sigma Notations continued

Definition 3.2 (Sigma Notation). Given a sequence of numbers x1,xs, ..., x,, the
sum of these numbers can be written as

(@1 224 Fan) = 2
=1

where x; is the summand, 1 is the index symbol, 1 is the starting index, and n
15 the ending index; the symbol ¥ reads, “sigma”, represents, sum.

Example 3.5 (The index symbol can change and it doesn’t matter).

15



5
E:k:1+2+3+4+5

5 j2 42 52

i1 4—1 5-1

Carl Friedrich Gauss managed to add up the first hundred whole numbers, i.e.,

100
(L+2+43+---+99+100) = > "k

k=1

by observing that &+ (101 — k) = 101 holds for every k = 1,2,...,50. Thus, the sum
is 101 x 50 = 5050. There are many versions of this story, but one thing stays true —
he was seven when he figured this out.

Proposition 3.1 (Properties of Sums). Given constants a,b, and two sequences
{x:}), and {y:};_,, we have

1. Sum and Difference
i=1 i=1

2. Constant Multiple
n n
LS o
i=1 i=1

3. Linear Combinations
Z (az; £by;) = a (Z %) +b (Z yz)
i=1 i=1 i=1

4. Adding up a constant

n

Za = aZl = ¢ X (adding up the number 1, n times) = an
k=1 k=1

16



Example 3.6. When you see a complicated-looking summand, yet its terms are all
added or subtracted, you can divide and conquer,

Ei;(3k-—k?):: <3;§;k> —-<2§;k2>.

Hmmm, haven’t I heard this before? Yes, you have. This is precisely the same

property for Indefinite Integrals, see [Equation (1))

You can also factor negative numbers,

3.3 Special Sums
We now consider three specific sums whose formula can be derived.

Theorem 3.1 (Sum of Consecutive Positive Integers).

Proof. Consider adding up twice and then dividing by 2, but in a particular order,

14+24---+n
n+(n—-1)+---+1

Note that if we add up the terms, we obtain the same sum of n+1 for n times. Thus,
the sum of either sequence is as promised in the theorem. This argument is robust
regardless of the parity of n. O

We also have the sum of squares and cubes of consecutive integers,

s nn+1)2n+1)
Z’f ;

Zkg <n+1) (Z’f)

where the formula for the sum of cubes is exactly the square of the sum of the first
n consecutive integers. This is a remarkable fact from arithmetic.

The proof requires mathematical induction. We unfortunately don’t have the time
to go into the details. Feel free to read up about it.

17



Example 3.7. Find the sum 3,_, (k* — k).

Solution.

Sy e (5e) (5
5

k=1 k=1 k=1
sum formula (5 + ]-) (2 o+ 1) . 5) (5 + ].)
B 2
B 5.6-11 5-6
N 6 2
= 55 — 15
= 40

This sum is nice because the starting index is 1, which is precisely what the sum
formula gives. However, in practice, there may be cases where the starting index is
NOT 1. What do we do then?

We may add the missing terms and then subtract it so that the starting index
aligns with the formula.

Example 3.8.

10 10

B _10(10+1) B B
Zkf (Zk) _177_1755_1754,
k=2 k=1

But what if the starting index is no longer 2, but say, some number quite large.
Doing the add-subtract trick involves summing up the first few terms, which defeats
the purpose. Instead, we employ the index shift trick, and then utilize expansions of
the powers.

Definition 3.3 (Index Shift). For a sequence {x;} where i = 1,2,... n, the index

shift property has
n+1

n n—1
E T = E Thy1 = E LTl—1 = ...
k=1 k=0 k=2

The idea is to simply check whether the three sums represent precisely the same
summand. After every shift, check if you maintain the same number of terms (here
there are n terms), and whether the first term and the last term align. For example,
in the second sum, the first term is xg 1 = x1, as expected, and the last term is
Tn_1+1 = Tn, again, as prescribed.

Example 3.9. Find the sum Y,_, (k — 1)°.

18



Solution. Now, you must note that the starting index is NOT 1, and therefore, you
cannot apply the sum formula directly. In other words, you must align the starting
index properly.

9 8
1)(2-8+1 9.1
Z(k—1)222k2:8(8+ )é 8+1) _ 8 96 T 1217 = 204,
k=2 k=1

Example 3.10. Find the sum >,° . k.

Solution. You should NOT use the formula right away because the starting index is
NOT 1. Instead, apply the index shift to make it happen,

15

11
k=) (k+4)= (Zk) (421) 11+1)+4x11:66+44:110.
k=5 k=1

Example 3.11. Find the sum Y7,_, (k + 1),

Solution. Now, again, you must note that the starting index is NOT 1, and there-
fore, you cannot apply the sum formula directly. In other words, you must align the
starting index properly.

9
Z (k + 1)2 shlft:mdex Z (k’ + 2)2
k=2

8
SRS (R 4 4k + 4)

8 8 8
fincarity (Z k:2> + (4Zk> + (42 1)
k=1 k=1 k=1
8

sum formula ( +1)(2-8+1)+48(8+1 s
6 2
= 8'96'17+2-8-9+32
= 204 + 144 + 32
= 380

19



4 Lecture IV: The Definite Integral as the Limit
of a Riemann Sum

4.1 Riemann Sums: Left and Right Endpoint Approximation
Revisited

Equipped with the sigma notation, we can write down the left and right endpoint
approximations more compactly.

Definition 4.1 (Partition). A set of points P = x; fori =0,1,2,...,n witha = xy <
Ty < X9 < -+ < xy, = b, which divides the closed interval |a,b] into non-overlapping
subintervals of the form, [z, x1], [T1, 23], ..., [Tn_1, Ty, is called a partition of [a,b].
If the subintervals all have the same length, the set of points forms a regular parti-
tion of the interval [a,b].

We often refer to the set of z;’s as query points.

Definition 4.2 (Left and Right Endpoint Approximation).
Left Endpoint Approzimation:

Ly = [f(xo) Az + f (z1) Az 4 + [ (zp-1) Az
= [f (@o) + -+ [ (wn-1)] Az

= Az Z f(ziz1)

Right Endpoint Approzimation:

R, = f(z1)Ax+ f(z2) Ax+ -+ f (z,) Az
= [f (@) 4+ + [ (zn)] Az

=Ar) f(w)

Remark 4.1. Notice that the only difference is index at which you evaluate. The
“leftness” is captured by the index 1 — 1, while the “rightness” is captured by 1.

Definition 4.3 (Riemann Sums). Let f (z) be defined on a closed interval [a,b] and
let P be a reqular partition of [a,b]. Let Ax be the width of each subinterval [z; 1, x;]
and for each i, let x} be any point in [x;_1,z;]. A Riemann Sum is defined for f (z)
as

>_ [ @) A

20



This definition makes the left and right endpoint approximations special cases
of a Riemann sum. More precisely, on [z;_1, z;], we have
=T :a+(z— 1)A.’L’

Left Endpoint Approximation x;

*
(2
*
7

Right Endpoint Approximation x;

This precisely shows the “left” and “right” endpoints, which will help you remember
exactly the rule if all you can recall is the general form, i.e., the Riemann sum.

4.2 Definite Integral as a Limit of Riemann Sums

Definition 4.4 (Area under the curve). The area under the curve of a continuous,
nonnegative function y = f (x) on [a,b] is the limit, if exists,

b n
A:/a F@)de = lim 321 () B

where the step size Ax = b’Ta We also refer to

Area(n) = Z f(xf) Az.

Depending on whether the function is increasing or decreasing, the Riemann sum
may produce an underestimate, called lower sum, or an overestimate, called upper
sum. Having both the upper and lower sums ensures that the true answer lies between
them.

One particular difference between the approximations we made in the last lecture
and the limit of Riemann sums is that the former uses a finite number of subin-
tervals, while the latter uses infinitely many. In fact, the limiting procedure is the
mathematical glue that links the two symbols ¥ and [.

In the following examples, we aim to develop a general procedure of forming
Riemann sums for specific functions over specific intervals. Once we gain enough
proficiency, we will begin to consider the limiting case.

Example 4.1. Find a lower sum for f (z) = 10 — 22 on [1, 2] with 4 subintervals.

Solution 4.1. On this interval, f (z) is decreasing, which means a lower sum can be
achieved by the Right Endpoint Approximation (as a Riemann sum).
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The first step is to list all the query points,

To=1
r1 = 1.25
Te = 1.5
x3 =175
Ty =2

The second step is to identify the step size Ax = =2 = % = 1

We now assemble the Riemann sum using the nght Endpoint Approxmlatlon

Ry = Z fwi) Az i [(10 = f(1.25)) + (10 = f (1.5)) + (10 = f (1.75)) + (10 — £ (2))]
;1 [(10 — 1.25%) + (10 — 1.5%) + (10 — 1.75%) + (10 — 2%)]
= 7.28

One may quickly formulate an upper sum of the area of interest above, using

L= f (xim1) Ax = i (10— £ (1)) + (10 — £ (1.25)) + (10 — f (1.5)) + (10 — f (1.75))]
= i [(10 —1%) + (10 = 1.25%) 4 (10 — 1.5%) + (10 — 1.75%)]
= 8.03125

Now, we can focus on the limiting case, which requires some general thought
process.

Example 4.2 (Limit of a Riemann Sum using Right-endpoint Approximation). Con-

tinue with the same function on the same interval from the last example. Consider a

partition of the interval [1,2] with n subintervals. Each subinterval has length
b—a

1
Ax = = —,
n n

The set of query points would be

1 2 1
P:{1,1+—,1+—,...,1+” ,2},
n n n

22



where each element corresponds to xg, z1, o, ..., x,, respectively.
In order to assemble the Riemann sum with n subintervals, it is useful to write
an arbitrary query point in terms of n and i. Here, we realize that

wi=1+4ide =1+
n

with 1 being the left-most endpoint. Each query point follows 1 by multiples of
subinterval size Ax.

For the right-endpoint approximation, we use all query points but the first,
SO

i=14ide=1+—, i=1,23....n
n

In the following, we demonstrate the right-endpoint approximation. The approx-
imate area, as a function of n, satisfies,

Area (n) = Z f(z;) Az,

factoréut Az Az Z f (1 + ZA.T)
=1

T AeST (10— (1 +iA0)?)

i=1

Expand Az Z (10 — (1 + 2iAx + (Al")2 22))
=1

Simplify Ax Z (9 — 2iAx — (A%‘)2 ZQ)
=1

(320)- (%) s

Linearity | of sums

Ax

um rormulas 1 1 2 ]_
Sum Formul Az [9n—2Axn(nT+)—(Ax)2n(n+ >6( nt )]
1 9 2n(n+1) 1nnh+1)2n+1)
_— —_— n —_—— —_ —
n n 2 n? 6
Simplify 9_n+1_n(n—|—1)(2n—|—1)
N n 6n3
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By definition of the area under the curve, we have

2
A= / (10 — 2°) do = lim Area (n)
1

n—oo

n+l nn+1)2n+1)

= lim [9—
nl—>nolo n 6n3

1

—9—1-=

3

23
= — ~ 7.6667
3

which indeed lies between the upper and lower sum.

Example 4.3 (Limit of a Riemann Sum using Left-endpoint Approximation). This
example is avoided in class due the pedagogical inconvenience induced by the ugly
calculations. However, the principles are the same, and you should at least read
through to learn of how the details are resolved step-by-step.

We use the same example as above, but now use the left-endpoint approxi-
mation. The only difference lies in the query points we select. In this case, we use
every point but the last point. Mathematically, for the left-endpoint approximation,
we use all query points but the last, so

1
=14 (i—DAr=1+"" i=123,....n
n
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Thus, the Riemann sum with left-endpoint approximation is given by

Area (n) = Z f(xiq) Az,
i=1
Left-egipoint Az Z f (1 X 1 — ]_>
n
i=1
=10—g2 u i—1\°
f@=Lo-e sz<10—(1+ ) )
n

i=1

Fxpand A:Ci <10 - (1 42 (i; b, ;21)2»

i=1

LinearitLof sums Az (i 9> . (% i (Z _ 1)) — % A (l — 1)2]
Linearity of sums Az |95 — % (iz _ il) _ % <iz2 _Qii—i—il)]

=1 =
SumFgmulas Az -971—2 n(n+1)_n _i n(n+1)(2n+1) 2n(n+1) n
I n 2 n? 6 2
impli 1 1) (2 1 1 1
Simplify —{9n—(n+1—2)—((n+ JPntl) nt +—>]
n 6n n n
_ 9_n—1_(n+1)(2n+1)+l
n 6n? n
Taking a limit yields
-1 1) (2 1 1
lim Area(n) = lim 9 — _nt D)@t )+—
n—00 n—00 n 6n2 n
1
=9—-1—-+40
3—|—
23
=3

the same as the right-endpoint approximation, as it should be.

4.3 Properties of Definite Integral

Since the definite integral is the limit of a Riemann sum, it satisfies all the properties
of a sum, i.e., sum, difference, constant multiple, etc (see [Prop. 3.1)). There is one
particular property one may further borrow from sums.

25



Proposition 4.1 (Patching Property for Sums).

n m n
g ag = E ag + g Ak,
k=1 k=1

k=m+1
namely, you can split up the sum at whichever index m you want.

Example 4.4.

Proposition 4.2 (Patching Property for Definite Integrals). For a continuous func-
tion f (x) on |a,b], we have, for every ¢ € Dom (f),

/abf(:c)da::/acf(x)dx—l—/cbf(:c)dx

Example 4.5. Consider the function f (z) = 2?4+ 1 on [0, 3].

/03(x2+1)d:c_ +/23(x2+1)dx

exemplified by green and blue area added together.

10 %
— 2+ 1
8 1
6 1
4 1
2 1
it Il Il Il :L‘\A
-4 =2 2 4 6 8

Proposition 4.3 (Complementary Property).

[rww=-["r@a )

namely, the integral from a to b is the negative of the integral fomr b to a.
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Corollary 4.1. As a consequence of the Complementary Property , we
must have .
/ f(x)de=0
Proof. Let b = a in [Equation (2)] We have
/ f(x)dx:—/ f(x)de = 2/ fx)de =0 = / f(x)de=0

namely, the only number equal to its negative value is the number 0. O]
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Part 11
Integration Techniques

5 Lecture V: Fundamental Theorem of Calculus

5.1 A Motivating Example

Last week, we concluded with an expression for the definite integral of a function
f (z) on [a,b], via the limit of a Riemann sum,

b—a

n

b n
/ f(x)dx = lim Zf (xy) Az, Ax=
a n—oo el

To set up the Riemann sum, we’ve used the left- or right-endpoint approximation.
To evaluate the resulting sum, we’ve used the sum formula for consecutive integers,
or sum of squares of consecutive integers. To evaluate the limit, we used ideas from
Calculus 1.

This procedure, while mathematically sound, is painful. In today’s lecture, we
aim to develop a systematic way of computing the definite integral without setting
up a Riemann sum. We provide a powerful tool that links between definite integrals
and antiderivatives.

The first idea is to define a function F' (z) that describes the area under f (z) from
a fixed point a to an arbitrary point x,

F(x)= [ f(t)dt.
This means the definite integral of f (x) on [a, b] is just the function value F (b).
6 ¢ 6 1
t —_— F —

0 ) g
4 1
2 1

t ‘ x
5 -1 1 2 3 4 5
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Example 5.1. Consider the function f (t) = ¢+ 1 on [0,4]. Thus, for an arbitrary
upper bound x,

v rapezoi 1 1 2 1
F(x):/ (t+1)dtt zgoid +(;+ )x:(x—; )x:§x2+x
0

because at t = x, the area under the curve of f (¢) is a trapezoid, with side lengths 1
and z + 1 and a width of x.

Now, if we look more closely at the integrand f (z) and the defined function F (z),
we see that F'is an antiderivative of f, i.e.,

f@)—a+1
Flo)= o’ +a = F(5) = f ().

Certainly, F'(0) = 0, as expected because at t = 0, there is no area to add!

Is this a coincidence? Does this relationship hold for more general
nonlinear f (z)? Here comes the magical moment where differential and integral
calculus join hands.

5.2 Fundamental Theorem of Calculus Part 1

We first present a result that is precisely restating the Mean Value Theorem (from
Calculus I), namely, the average value of function must be attained somewhere in an
interval.

Theorem 5.1 (Mean Value Theorem for Integrals). If f (z) is continuous over an
interval [a,b], then there is at least one point ¢ € [a,b] such that

flor =5 [ fws

The way to understand this is to recall a little about the Mean Value Theorem
from Calculus I. There, for a differentiable function f (z) on [a,b], the slope of the
secant line must be achieved at least one time, valued f’ (c) for some ¢ € (a,b). The
slope of the secant line is also known as the average rate of change, or average
velocity. Here, in the MVT for Integrals, it is just another way of stating the same
physical concept that the average velocity (right-hand side) is attained somewhere at
xr = ¢ with value f(c).

Equipped with the Mean Value Theorem for integrals, along with the observations
made earlier in [Example 5.1 we now present one of the most important ideas in
Calculus.
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Theorem 5.2 (Fundamental Theorem of Calculus I (FTC1)). If f (z) is continuous
over an interval [a,b], and the function F (z) is defined by

F(l‘)z/rf(t)dt,

then F' (x) = f (x) over [a,b].

Proof. We proceed directly by taking a derivative of F' (z), using the limit quotient
definition.

definition of the derivativ .1
F'(x) entono;e erivative }ILIL%E[F(-T“‘h)_F(-T)}
definition of F S ettt e
efinition of £(z) lim - / Ft)dt — / F(t)dt
=0 h |/, a
atching property, Proposition 4.1 1 vth
TR | L
h—0 h z
Mean Value Thegem for Integrals lim f (C)
h—0
Shrinking the interval [z, z + h| bring all points to x
= f ()

O

Remark 5.1. The essence is that the derivative of F (x) is precisely the integrand
with variable x. The lower bound a does NOT matter.

Example 5.2 (Finding the Derivative with FTC I). Find the derivative of

z
_ dt
9(z) /1 811

=y

Example 5.3 (Finding the Derivative with FTC I AND the Chain Rule). Find the
derivative of

Solution.

Solution. We treat F'(z) as



where u () = \/x. Define f () = sin (z). Thus, by FTC 1, we have

_ dF Chain Rute | dF' |du prC 1 du | du 1 _
= = gu g — f(u)——sm(u)d——sm(\/i)§x :

dx T

=

F' (z)

Example 5.4 (Finding the Derivative with Two Variable Limits of Integration).
Find the derivative of

2

F (x) :/: t3dt

Solution. We utilize the patching property, and then the Chain Rule (used in the
last example).

2

F(r) = /x ' t3dt

C 12
/ £3dt + / £3dt
2

—/ t3dt+/ Bt

— F'(z) = -2+ (%)’ (20)

= 207 — 23

5.3 Fundamental Theorem of Calculus Part 11

Now, you may say, cool, we just defined a new function F' (z) = fax f (t) dt and found
its derivative as f (z). So what? Is it going to help me evaluate definite integrals

with a less messy method than doing Riemann sums?

Yes.

Consider the definite integral fab f (z) dx where F (z), defined as above, is the
antiderivative of f (z). Knowing that antiderivative is NOT unique, but a family
of functions, we can say that G (z) = F (z) + C is also an antiderivative of f (z).
Incidentally,

G(b)—G(a)=F(b)+C—(F(a)+0C)
F(a

= F ()~ F(a)
:/abf(t)dt—/aaf(t)dt

:/abf(t)dt
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Note that this antiderivative GG is completely arbitrary, meaning that to evaluate the
definite integral, it suffices to find one antiderivative and take a difference of the
function values at the endpoints. This result is called the Fundamental Theorem
of Calculus Part II, or also known as the Evaluation Theorem.

Theorem 5.3 (Fundamental Theorem of Calculus Part II (FTC II)). If f is contin-
uous over the interval [a,b] and F () is any antiderivative of f (x), then

/ f(x)dx=F (b) — F (a).

Proof. See OpenStax Textbook, Volume II, Theorem 1.5. n

Remark 5.2. It is absolutely crutical that you understand how integrals, derivatives
and antiderivatives are related, and it is NOT obvious. The essence of their relation-
ship is based on limits first, then some properties of the definite integral, and lastly,
some properties of antiderivatives. Make a full story and tell it to yourself in the
mirror.

Example 5.5.
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Example 5.6.
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6 Lecture VI: Integration Formulas and Applica-
tion of the FTC

6.1 The Net Change Theorem
Let’s recall the evaluation theorem, or the FTC part II,

/ f(x)dr =F(b) — F(a).

We know that F'(z) = f(x), so we can make this formula self-contained by using
expressions involving F' (x) alone. The result is the following theorem.

Theorem 6.1 (Net Change Theorem).

or

b
F(b)—F(a):/ F' (z) dx

The significance of this theorem lies in the physical interpretation. If F'(x) is
displacement, then one may consider F' (a) as the initial position at = = a, F’ (x) is
velocity, which we integrate over to obtain accumulated displacement. Adding the
initial position and the accumulated displacement, we obtain the final displacement
F (b).

Example 6.1 (Finding Net Displacement). Given a velocity function v (¢) = 3t — 5
(in meters per second) for a particle in motion from time ¢ = 0 to time ¢ = 3, find
the net displacement of the particle.

Solution. Let s(t) be the displacement at time ¢. We also know the relationship
s'(t) = v (t). Thus, applying the net change theorem, we integrate the velocity
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function from 0 to 3, i.e.,

3t2 =

- {_ - 54
2 =0
3 o33

2@ 50| -0+

_ 3

2

The net displacement is —% meters.
In the sketch, one see that the initial velocity is v (0) = —5 which means the

particle is gaining negative displacement. It starts to come back as time goes on,
attaining positive velocity for ¢t > 5/3. The net displacement of —% simply indicates
that the particle has “gone” so negative that it is just making it back to its initial
position (which would correspond to s(0), or equivalently a net change of 0 meters
from s (0)). Think physically, and then translate it mathematically.

4,,

L2

Example 6.2 (Finding total distance traveled). Displacement and distance are two
different physical quantities. Distance is the accumulation of speed, which is the ab-
solute value of velocity. In other words, “traveling at a positive or negative velocity”
are both accruing positive distance. So, to find total distance traveled, we integrate
|v (t)| from t =0 to t = 3.

The first step is to express |v (t)],



Then, the total distance traveled is given by

/03|v(t)|dt:/og—v(t)dt+ﬁv(t)dt

3

:/02(5_3t)dt+ﬁ(3t—5)dt

5
[ 3]s [3¢2 =3
= 5t——} +[——5t]

2 |, |2 s
=) -3 ()] -0 fror-so] - [3() - (3)

3t —5
—_—5 =3t

‘ ot

4 5

Takeaway (For Net Displacement and Total Distance Traveled).

b
Net displacement on [a,b] = / v (t)dt,

b
Total distance traveled on [a, b] = / lv ()] dt,

where |v ()| should be expressed in a piecewise fashion. One should find the intervals
on which v (t) is positive and negative, respectively, and write

v (8) —v (t), the intervals on which v (¢) < 0
v =
v(t),  the intervals on which v (t) > 0

and integrate the pieces over their corresponding intervals.
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6.2 Function Symmetry

Theorem 6.2 (Function Symmetry and Definite Integrals). For continuous even
functions such that f (—z) = f (x),

| t@an=2 [ @

For continuous odd functions such that f (—x) = —f (),

IRCES

The definite integral on the left-hand side of each equation is known as the definite
integral of f (x) over a symmetric interval about x = 0.

Remark 6.1. Noticing symmetry is particularly useful in terms of saving time for
calculations. Two steps are involved in using symmetry, and should be checked in this
order:

1. The interval is symmetric about x =0, e.g. [—2,2], but NOT [-3,4].

2. Verify the parity of the function.
Example 6.3 (Time saved for integrals of even functions). Evaluate f (328 — 2)dx.
Solution. We follow the steps of applying symmetry.

1. The interval is symmetric about z = 0. v

2. f(—z) =3(—x)* —8=132%—8= f(z),s0 f(z)is even. v

2 2
/ (3$ . 2) evenness 2/ 3:(: . 2
—92 0

1 r=2
FTC 11 9 |:§$9 _ 2$:|

Thus,



Can we verify the Theorem? Yes, just a little more brute force.

2 rrcn |1 =2
/ (33:8 — 2) dx = {ga;g — 21‘]

2 r=—2
1 1
=  [222—2(2)| — |=(-2)" —2(-2
3220 - [ -2y
512 512
= S 44y
3 3
1024
= — -3
3
~ 1000
B 3

Remark 6.2. The calculations saved are via the evaluation of x = 0 in the second
term, which simply takes out half the algebra.

3

j1 (2% — z) dx.

Example 6.4 (Time saved for integrals of odd functions). Evaluate [
Solution. We follow the steps of applying symmetry.
1. The interval is symmetric about z = 0. v

2. f(—z) = (—2)° = (—2) = —2® + . = —f (), so f () is odd. v/

Thus,

/_1(953_@@:0.

1
Can we verify the Theorem? Yes, just a little more brute force.

/_11(1:3—;1:)dx:{%4—%2}

=1

r=-—1

Remark 6.3. Notice that the time saved for odd functions integrated over a symmetric
interval is immense.

Example 6.5 (Impossible Problem?). Evaluate fi 2P d.
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Solution. We follow the steps of applying symmetry.
1. The interval is symmetric about z = 0. v

2. f(—z) = (—2)° ™" = —aPer

Thus,
5
/ 25 dr =0
-5

Can we verify the Theorem? This integral is impossible to do using the means
we have learned so far. Regardless, we arrived at the correct answer using symmetry.
There are many problems that can be solved using symmetry.

2

=—f(z),so0 f(z)is odd. v/

Takeaway (For Function Symmetry and Definite Integrals).

The effort saved for an odd function is immense because one avoids evaluating a
definite integral once for all.

The effort saved for an even function is half the algebra. However, one is still tasked
with a “one-sided” integral.

Fact 6.1 (Typical Even Functions).

e cos (kx), for any constant k.

o 1" where n is an even integer (including n =0).
o ™" where n is an even integer (including n = 0).
e The product of two odd functions.

e The product of two even functions.

Fact 6.2 (Typical Odd Functions).

e sin (kx), for any constant k # 0.
e tan (kz), for any constant k # 0.

e 1" where n is an odd integer.

The product of an even and odd function.

The motivation for the next section is

After applying all the symmetry and tricks, what if we still have a difficult integral?
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7 Lecture VII: Integration by Change of Variable

7.1 A Motivating Example

Consider the indefinite integral

/ (x3 + 13)5 (3:62 + 1) dx.

Um ... good luck finding the antiderivative quickly.
We should view the integrand as a product of two functions

f(z)= ($3+x)5 x (32° +1).

So, what kind of differentiation rule would possibly lead to a product? The Chain
Rule.

Thus, the antiderivative must be written as a function composition,
F(z)=g(h(x)) = f(x)=F(x) =g (h(x)) x M (z).
So, we pair up our observations,
g (h(2)) = («° +2)°,
B (x) = 32% + 1.

So, can we guess the function form of g? Yes, by looking at A’ (z) = 3z* + 1, we
find that
h(z)=2"+2+C.

We want ¢’ (h (z)) = (2* + x)°, so C = 0 and we identify

1
g (v)=2" = g(w)zéx(j—i-a

Altogether,
1
Fx)=g(h(z) = (z* +2)" + C.

You can verify that this is the correct antiderivative by taking a derivative of
F (x), via the Chain Rule,

F(2) = 5 x 6 (2 +2)° x (37 +1) = (7 +2)° (37 +1),
which is precisely the original integrand.
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7.2 Integration by Change of Variable

Now, let’s put more structure into how to identify an antiderivative when we see
things like this. We start with the chain rule itself. For a differentiable function
u (z), we have

(A o) = wer g

which implies
1

n+1

(u(z)"+C = /u”j—udx = /u”du.
x

Therefore, it is crucial to identify what u is when f (z) is presented in the above
fashion. At the same time, we must check du = “dz = o/ (z)dz and see if it is

accompnied along. Here,
/ (:U3 + :E)5 (31’2 + 1) dx,

we identify
u(z) =2+, = du=u(z)de = (32 + 1) da

using our knowledge of differentials. Thus,

6 3 6
/(x3+:c)5(3x2+1)da::/ug’du:%—l—C:%—i—C.

Example 7.1. Evaluate [ v/2x + 1dz.

Solution. What is bothering you? Whatever is under that square root. Okay, it will
go away if you set
u(r)=2r+1 = du=2dz.

So, this suggests that the original problem becomes

/de:/\/ﬂdx

where we still cannot move forward because we are dealing with the wrong differential.
We can find the correct differential via
du
du = 2dr — dx:?.

Together, we find

1 1 1/2 3 3
/\/Qx—l—ldx:/\/ﬂd?uzi/mdu:ﬁ(—u2)—|—C:—(2x—|—1)2+C’



Theorem 7.1 (Change of Variable). If u = g (x) is a differentiable function whose
range is an interval I, and f is continuous on I, then

[Ha@)g @de= [ fuau

Consider the integral in the form [ f (g (z)) ¢’ (z)dz. First, identify what f and
g are.

1. Substitute u = g ().

2. Write du = ¢’ (x) dz and construct [ f (u)du, namely, a variable change.
3. Integrate with respect to the new variable wu.

4. After obtaining the antiderivative in u, replace u with g (z).

Sometimes, it is almost a matter of aesthetic. If you see a square root of an ugly
function, then to reduce complexity, you should set the ugly function to be u, and
hope everything works out afterwards. If it doesn’t, then call something else u and
keep working.

7.3 Examples

Example 7.2 (Trigonometric Functions).

/3 sec” (5z + 1) da.

Solution. What’s bad? Whatever is inside the secant. Set

d
u=5+1 = du=>5dr = dx:?u.

Thus,

/3SGC2 (5&7+1)d$:3/se02 (u)dgu

= g/sec2 (u) du

zgtan(u)+C’
zgtan(5x+1)+0
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/COS (760 + 3) db.

Solution. What’s ugly? Whatever is inside the cosine. Set

u="70+3 = du="7d0 = d9:d7u.

Thus,
du 1

1 1
/COS (70 +3) do = /COS (u) - =z /COS (u)du = = sin (u)+C = ?sin (70 + 3)+C

Example 7.3 (Less Obvious Change of Variable).

3
/xQex dx.

Solution. What’s bad? Whatever is inside the exponential. Set

d
u=1 = du=32%dr = dex:?u.

Thus,
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8 Lecture VIII: Integrals Involving Exponential and
Logarithmic Functions

8.1 More Examples on Indefinite Integrals using Change of
Variable

Example 8.1 (A simple example done properly).

/e‘“”dm = du=de /e“ (—du) = —/e“du =—e"+C=—-e"+C

Example 8.2 (Another simple example done properly).

/cos (3x) dx 3o qu=d /cos (u) ?u =3 /COS (u) du = gsinu+C’ = gsin (3x)+C
Example 8.3 (More to clean up).
/.CE\/ 2z + ldx.

Solution. What’s ugly?” Whatever is inside the square root. Set
du
u=2r+1 = du=2dr = dmz;.

Thus,
d
/x\/QJJ + ldx = /x\/ﬂ?u
Still, we didn’t quite rid of all the terms with x. But notice that

u—1

u=22r+1 — x = 5
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Thus,

/x\/2x+1dx R /:E\/a—

2 2
— w1yt
= 1 U u2du
1
= Z/ u%—u%)du
112 2
1

This is NOT an obvious answer by just staring at the original function alone.

Example 8.4 (Not so obvious Trigonometric Functions).

/tan (x) dx = /sm (z) dx
cos ()
u=cos(x u=— sin(x)dx 1
(2),  du=—sin(z)d / L
u

= —In|u| +C
= —1In|cos ()| + C
= In|sec (z)| + C

where in the last step, we brought in the —1 as a power to cos (z), which is sec (),
due to the power extraction property of logarithm (email me if you don’t know what
this is).

Once again, you need to identify which function you should replace, and whether
the derivative of it is in vision.

Example 8.5 (Logarithmic Functions).

1 u=lnz, du=ilde 1
/ dx = 7 / —du
zlnzx U

= In|u|+C
= In|ln(z)| +C
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Takeaway. Ugly functions should be substituted because if the ugly function goes
away, the overall complexity is reduced, which is the precise goal of using a change of
variable. The following cases are all screaming for a change of variable u = g (),

1

g(z)

9 (), ——, (g ()" ,sin" (¢ (x)) , cos" (g (x)) ,exp (¢ (x)) , In (g (x)) -

Though the list is not exhaustive, it is a good place to start. Only through a lot of
practice problems can you gain experience and speed.

8.2 Change of Variable for Definite Integrals

We have seen a good number of indefinite integrals with the method of change of
variable. This means that we are able to find the antiderivative even when the
integrand looks a little nasty at the beginning. How does this method translate
to definite intgrals where the bounds of integration are specified?

Theorem 8.1 (Change of Variable for Definite Integrals). Let u = g (x) and let
g (x) be continuous over an interval [a,b], and let f be continuous over the range of
u=g(x). Then,

b g(b)
/f(g(x))g’(:r)dxz/() f (u) du.

In other words, after applying the change of variable, one must also change the bounds
of integration in the new variable.

w/4
/ sin (2z) dx
0

We propose the change of variable u = 2x so du = 2dxr — dx = %“. At the same
time, the bounds become

Example 8.6 (Aperitivo).

(lower bound) =0 = u =

(upper bound) x:% s oy=2.2_T
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Thus, altogether,

Example 8.7 (Antipasto).
1
/ 2w 3y
0
Set u = 422 + 3. Then du = Sxdr = 2zdxr = C{T“. Now, the bounds change to

(lower bound) =0 = u=4(0)>+3=3
(upper bound) z=1 = u=4(1)>+3=7

Thus,

Example 8.8 (Primo Piatto).

0
/ y (207 —3)" dy
~1

Let J
u=2y -3 = du=4dydy = ydyzzu.

47



Furthermore, the bounds change to
(lower bound) y=-1 = u=2(-1>-3=-1
(upper bound) y =0 = u=2(0)"—3= -3

Therefore, combining both the change of variable and the integration bounds update,

we have
0 -3
d
/ y(2y2—3)5dy=/ W=
1 1 4

Note that it is perfectly fine to have a larger lower bound after performing the change
of variable. Trust the math when it is nice and clear, over the cognitive inertia that
“stars must align properly”.

Example 8.9 (Secondo Piatto).

/2 cos® () df
0

We have nowhere to make a change of variable. One may suggest that u = cos ()
so the integrand may reduce to just u?. But the price to pay is the differential
du = —sin 6df, which is nowhere to be found in the integrand. Therefore, something
smarter must be done.

The core issue lies in the higher power of the cosine. If this problem can be reduced

in some way to the one in Aperitivo (see|Example 8.6)), then we are set. Luckily, there

is such a trigonometric identity

1 20
2
Thus,

/2 cos® (0) df = 1/2 (14 cos20) df.
0 2 Jo
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Now, for those who can integrate using the reverse chain rule very quickly, be my
guest and proceed more quickly. For those who want to see the change of variable,
follow me.

Set u = 260, and thus du = 2df — df = %du. Furthermore, the new bounds in
u become

(lower bound) 6=0 = u=2(0) =
T T
(upper bound) 6 = 5 = u= 2 <§> =T

Thus,

™

/20032(9)d9:1/2 (1 + cos26)df
0 2 Jo

1 ™

25/0 (1+cosu)d?u
1 ™

——/ (14 cosu)du
4 Jo

=1 [u + sinul,_g
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9 Lecture IX: Integration by parts

9.1 A Motivating Example

In the last homework, we were tasked to find the indefinite integral
/ rInxzdr, x-problem,
which we call the “x-problem”. The trick was to rewrite
Inz = % In 22,

and use a change of variable u = 2. This turns the indefinite integral into

1 1
/xlnxdm = é/xlnﬁdx = Z/lnudu, u-problem,

which we call the “u-problem”.
Then, we quoted directly a formula provided by the textbook

/lnud:c—u[lnu— 1Il+C

— /xlnxdmzi/lnudu

= imQ [lna:2 - 1} +C

1
= 11‘2 2nz—1]+C

IZ

L o
=3 Inx 1% +C
This demands a proper justification.

Now, knowing that the u-problem and the z-problem are equivalent, it doesn’t
hurt to study just the x-problem. We were prompted to use the method of change of
variable when we observe a product of two functions, as presented in the z-problem.
But unluckily, setting v = In x gives us

/xlnxdm = /uezudu

since u = Inz,du = %dx = zdr = 2?du = e**du. This is still a product of two
functions, which means we didn’t quite reduce the complexity.
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So, what other differentiation rule is associated with a product of two functions?
The chain rule, which inspired the method of change of variable, is indeed one. But
the product rule also involves a product of two function.

L @a@) =@ e+ (@)d @)

Now, if we integrate both sides against x, via the FTC I, we have

/d%(f(x)g(x))dx:/f'<x>g(x)da:+/f(x)g’(x)dw

:»ﬂ@ﬂmz/fmwmm+/ﬂwwmm

Rearranging, we obtain

/f(w)g’ (ﬂ?)dl“:f(x)g(fc)—/f'(fﬁ)g(ﬂ?)d$~ (3)
Thus, by making a change of variable

u=f(z) = du=f"(z)dz
v=yg(x) = dv=g (z)dx,

we can rewrite [Equation (3)|as

/ udv = ww — / vdu (4)

which is the celebrated, Integration by parts formula.

9.2 Integration-by-parts Formula

Theorem 9.1 (Integration-by-parts). Let u = f(x) and v = g(z) be functions
with continuous derivatives. Then, the integration-by-parts formula for the integral
inwvolving these two functions is:

/ wdv = uv — / vdlu, (5)

Remark 9.1. The advantage of using the integration-by-parts formula is that we can
use it to exchange one integral for another, possibly easier, integral. In other words,
you are transferring the difficulty of one integral to another.
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Example 9.1 (Simple but effective). Evaluate [ zsinazda.

Discussion 9.1. One general observation is to see which function can be simplified if
differentiated, and which function stays about the same if integrated. Set the former
as u, and the latter as dv. In this case, we see that the function u = x goes away by
differentiating, while dv = sin xdx stays trigonometric if integrated.

Solution. Thus, via this change of variable, we identify

/ vsin (2) dz = / udv = uv — / vdu. (6)

We formulate the table

Using [Equation (6)} we see that
/:csin (x)dx = /udv = uv—/vdu = —x cos (a:)—/ — cos (z) de = —x cos (x)+sin (z)+C
Question 9.1. What if you do u = sinx and dv = xdx? Try it at home. There is

nothing wrong with this choice in the sense that it will produce the same answer, but
with much longer algebra.

Example 9.2 (Old problem revisited, with justifications).

/xlnxdm,

where we use

Thus,

) 2?1 x? 1,
zln(z)dr = | udv =uv — [ vdu =2"In(z) — E—dx:?ln(x)—zx +C,
T

as expected.

Takeaway 9.1. Your job: identify v and dv. And it might take you several trials.
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9.3 LIATE

Trial-and-error, as we know from experience, works but is time-consuming. Is there
a better “tell” to choose u and dv? We employ the following mnemonic.

Simplifying: Decreasing complexity when differentiated

u - - - Logarithmic > Inverse Trig > Algebraic > Trigonometric > Exponential - - - dv

Vi

Price to pay: Increasing complexity when integrated

This is the hierarchy we abide when doing integration by parts. For example, when
given a product of a logarithmic function L (x) and an algebraic function A (z), we
always set u = L (x), and dv = A (x) dx. The reason for this is that the logarithmic
part, after differentiation, becomes significantly simpler. The price to pay, when
integrating A (z), is not so bad.

Example 9.3. Evaluate [ ze**dz.
Solution. By the mnemonic, we select
u==x, du=dx
dv = e®dx, v= %632.

Thus,

1 1 1 1
/a:e3xdx = /udv = uv — /vdu = gzcegx - g/e?’xdzv = gxe?’” - 563”” + C.

Example 9.4 (Integration-by-parts, Twice). Evaluate [ a?e**dz.

Solution. Even though this problem looks similar to the last one, which implies a
similar procedure, let’s focus on the slight differences and see if we can develop some
intuition.
By the mnemonic, we select
w=2% du=2z%

1
dv = e*dzx, v= 563“7.

Thus, using the result of the last problem,

1 2 1 211 1
/$2€3$d.’£ = /udv = uv—/wdu = §x263x—§ /xe?’xdx = gxe?’””—g [gﬂve?’m — 563’”] +C
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Question 9.2 (Bonus: see HW3). Find a general formula for

/x”e"”dm

for any integer n # —1.
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10 Lecture X: Integration by parts, Definite Inte-
grals and Examples

We continue from last class but now work on examples where the LIATE principle
no longer works.

10.1 When LIATE doesn’t work
Example 10.1. Evaluate
/ﬁfﬁ

Solution. If we follow LIATE, we will have

uw=1t>, du=3t3dt
dv=e’dt, v =277
where we run into the issue of not knowing the antiderivative of et”.

However, we do know how to integrate f te”dt via substitution. So, we should
put ourselves in that position. To achieve this, we use

uw=1t> du=2tdt,

1
dv = tetht, v = EetQ.

Thus,

w=t% du=2tdt,

1
dv = tet2dt, v = §et2.

We follow what we have identified and write

/tgetzdt = / (tQ) (tetzdt> = /udv = uv — /vdu
2 1 . 2 > 2 5 1
= Eet — / <§€t ) (2tdt) = Eet — /tet dt = Eet — §€t + C

10.2 When there is only one integrand

Let’s find the antiderivative of Inz. This was the “u-problem” in [Section 9 We are
now able to justify the formula for the antiderivative of natural log.
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Theorem 10.1 (Antiderivative of natural log).
/ln(a:)dx:x(ln(x) -1)+C.
Proof. We integrate by parts using

1
u=In(x), du=—dx
T

dv=dr, v==x

which highlights a neat trick of using the function dv = 1dx.

Thus,
/ln () dx :/(ln (x)) (1dx) = /udv :uv—/vdu

:xln(x)—/xidxzanln(ac)—/da::xln(x)—x+C’:x(ln(5L’)—1)+C’

O

10.3 Integration-by-parts More Than Once
Example 10.2. Evaluate [ sinlnzdz.

Solution. Just like the one with Inx, where we only observe one function in the
integrand, we use dv = ldz as the other function.
Set

1
u=sin(lnz), du= cos (Inz) x;
x

dv=dx, v=uw.

/sin (Inz)dr = uv — /vdu

cos (In )
= zsin (Inx) r———=dx

= zsin (Inx) /cos (Inz)d

Thus,
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Now, we need to deal with the second integral, which is equally difficult. However,
do not give up. We integrate by parts again. Set

sin (In x)

dx

u=-cos(lnz), du=
x

dv=dx, v=ucx

/cos (Inz)dr = uv — /vdu

entar) - [ 2(-0)

X

Thus,

=zcos(Inx) + /:Esin (Inz)dz

Now, define I = [ sin (Inz)dz, the original integral. Piecing the above information
together, we have

I= /sin (Inz)dr =xsin(Inz) — /cos (Inz)dx

=zsin(Inz) —xcos(Inz) — I +C
In other words,

zsin (Inz) — z cos (Inx)

add I on both sides
2

I= +C

I =zsin(lnz) —xzcos(lnz) —I+C

Discussion 10.1. Come up with your own similar example and solve it. You may
try Exercise 47 in Section 3.1 in OpenStax Vol. 2, first.

10.4 Definite Integral

This is a straightforward procedure.

Theorem 10.2 (Integration-by-parts for Definite Integrals). Let u = f (z) and v =
g (x) be functions with continuous derivatives on [a,b]. Then,

b b
/ udv = [uv)"=" —/ vdu

Example 10.3. Evaluate fol re 2% d.
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Solution. By LIATE, we select
u=ux, du=dx;

1
dv = e ®dx, v= —56_236.

Then, following integration-by-parts, we have

1 1
/ ze ¥ dr = [uv)’Z, — / vdu
0 0

1 17 1 v=l
— ——6_2 + - __6—23:

2 21 2 o
1, 171, 1,
= —26 + 5 [ 26 ( 26 )]

1, 1, 1

¢TI T

4 4

Moral of the story: consistent book-keeping gets the job done.
Example 10.4. Evaluate fol (Ina? + 1) d.
Solution. By LIATE, we select

2z
2 +1

uzln(x2+1), du = dx
dv=dx, v==x

By integration-by-parts, we have

/1ln(x2—|—l)dx—[xln(xz—l—l)r1—/1x 2 dx
0 =0 0 172+1
L2

—[m(z)_m_z/O e

:ln(2)—2<1—%)

T
=n2-2+—
n —|—2
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where we explicitly compute the integral in the box
1,2 1,2
1—-1
/ f dx = / Ldz
0 r2+1 o 2?2+1
1 1
/ ldx — / 5 dx
0 0o o+1
=1 — =1
[x]m:() - [tan ! (I):|:L’:0
=1— [tan™"' (1) — tan™" (0)]
s

—1-=
4
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11 Lecture XI: Integrals of Trigonometric Func-
tions

In the last few lectures, we have seen an awful dosage of integrals such as

/COS xrdzx, /sin 2xdx, /tanxdx,

or even ones a bit more nasty such as

/ cos? (z) dz, / sin? (z) da.

The first set is not terrible, but the second set requires that we know some trigono-
metric identities. The goal, at the end of the day, is to reduce the problem in the
second set to the first, via any mathematical means. Conscious practices of learning
which type of identity one must use (or whether we need one at all) is the key to
success in integration of trigonometric functions.

The identities we often call for are

sin? (z) + cos® (z) = 1

tan® (z) + 1 = sec” (z)

cos? (x) = 1+ C(;S (20)
1—
sin? (z) = —C;S (26)

11.1 Sine and Cosine: Odd Powers

Let’s start with a simpler teaser problem.

Example 11.1. For any integer n, evaluate the integral

/cos” (x)sin (z) dx
Solution. The sin (z) here is the angel to help us. Using the change of variable,
u=cos(r) = du= —sin(x)dx.

we have

/cos” (x)sin (z) dx u=cos(@), du=-sin(z)ds —/u”du
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A similar technique can be applied to

/sin” (x) cos () dx.

In other words, if we are in either form, we are in good shape because a simple
change of variable takes us directly to the antiderivative. So, the goal of the following
problems is to put ourselves in such a form.

Now, let’s face a harder problem.

Example 11.2. Evaluate

/ cos? () sin® (z) dz

Solution. So, we are not in the two forms as described earlier. Some work must be
done.

We wish the cubic of sine is just a single power, while the rest of the expression
can be written entirely in terms of cosine so a change of variable of u = cosx gets the
job done. The famous trigonometric identity comes to the rescue.

Note that

sin® (z) = sin® (z) sin () = (1 — cos” (z)) sin (z).

This turns the original integral to
/(3082 (z)sin® (z) dx = /COS2 () sin? () sin () dx
= /C082 () (1 — cos® (x)) sin (z) d

u=cos(z), 2=* sin(z)dz - /U2 (1 _ u2) du

The problem
/C083 (z)sin? (x) do

can be solved in a similar fashion where we kill the odd cosine power instead, using
the same identity as the last example.
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Question 11.1 (Bonus problem). So, can we solve the more general problem? Eval-
uate

/ cos” (x) sin™ (x) dx
where m is an odd integer, and n is any integer.

Note that integrals such as

/ cos® (z) d, / sin® (z) dz

are special cases of the general problem.

Example 11.3 (We love odd powers).

/cos3 (x) dx = /COS (z) cos® (z) dx
= /cos (z) (1 — sin® (z)) da

u=sinz, i;:cos(m)d;r /(1—U2) du

3

u
= u—§+0
.3
= sin (z) — s1n3(x) +C

Question 11.2. Can you solve

/sin5 () dx?

11.2 Sine and Cosine: Even Powers

In the last section, we saw examples where the integrand always contains odd powers
of either sine or cosine, which forms a derivative/antiderivative relationship conve-
niently. Their integrals tend to be more straightforward with a direct change of
variable, after some manipulations.

The cases we now need to deal with is just an integrand with even trigonometric
powers. Instead of a direct change of variable, we make use of the double angle
formula.
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Example 11.4 (Squares).

/ cos? (z) dz = / H#S(%)dx

= %/(1 + cos (2x)) dx

1 sin 2z
= — C
2 {an 5 ] +

Example 11.5 (Squares cont.). Note that the same technique can be applied to

problems such as
1—
/sin2 (3x) dx = /%mdx
1

_ 5/(1_(:05 (62)) dz

(- oo

where you pay extra attention to the double angle formula, i.e., the angle is dou-
bled from 3z to 6.

What if both sine and cosine show up in even powers?

Example 11.6 (Double angle formula applied twice).

/ cos? () sin® (w) dor " EE T / (chs@x)) (1—cc;s<2w>)dx

(14 cos(2x)) (1 — cos (2x)) dx

(1 —cos*(2z)) dz

( 1+ cos (4z)
<1_%_cos§4x))dx
(

— e S S

(1 — cos (4x)) dx

O = OOl ix| = x| = = = =
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where a lot of algebraic brooming is done to show all details.

Question 11.3. Can you solve

/ cos* (x) sin? (z) da?

What about
/0086 (z)sin® () dz?

They both use the same technique at first and then branch off. What’s the difference?
If you can answer this, you don’t need to read the next section.

11.3 Overall Strategy (A Cautious Read)

So, it seems we have an awful lots of varieties here. How do we practice to make our
success rate higher?

Strategy 11.1 (Sine and Cosine).

Problem:
/COSm (x)sin™ (z) dx.

Weapons: identity sin? (z) + cos? (z) = 1 and double angle formula,
cos® (x) = H%S(%)
sin? () = 1- C(2)S (20)

1. If n is odd, then we write
sin” (x) = sin™ ! () sin ()

in preparation to use a change of variable u = cosz. sin” ' (z) now has
an even power, which can then be fully converted to an expression of cos x using
the identity sin? (z) = 1 — cos? (z).
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2. If m is odd, then we isolate
cos” (z) = cos" ! (z) cos ()

in preparation to use a change of variable v = sinz. cos"™! (z) now has
an even power, which can then be fully converted to an expression of sin x using
the identity sin® (z) = 1 — cos? (z).

3. If both m and n are even, then use the to reduce the
problem into either case 1 or 2 and apply the method there.
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12 Lecture XII: Integrals of Trigonometric Func-
tions cont.

12.1 Tangent and Secant

Now that we have dealt with sines and cosines with the help of trigonometric identities
involving them, it’s time to face their evil twin: tangent and secant. We are luckily
blessed with a nice trigonometric identity for them

tan® (z) + 1 = sec” (). (7)
Can’t remember this? There is no excuse because you can derive it on the spot.
.2 2 _
sin® (x) + cos” (x) =1
divide both sides by cos?(z) sin” () 1

cos? () ~ cos? (z)
= tan® (z) + 1 = sec? (z)

There are a few more basic integrals you should know by heart now.
/:sec2 () dx = tan (z) 4+ C;
/sec (x) tan (x) dx = sec (z) + C;
/tan () dx = In|sec ()| + C'; (see
/sec () dx = In|sec (z) + tan (x)| + C.

The last one seems a bit obscure. We prove it here.

Theorem 12.1 (Indefinite Integral of Secant).

/sec () dz = In [sec (z) + tan (z)| + C
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Proof.

/SQC (ZL‘) dr the least ogvious step /SeC (l‘) sec (.1') + tan (I’) du
sec (x) + tan (z)

/ sec? () + sec () tan (z) i
tan (z) + sec (z)
u=tan(z) +sec(x) _ / 1 du
du=(sec?(z)+sec(z) tan(z))dz u
= In|u| +C
= In |tan (z) + sec (z)| + C

[]

Equipped with the basic integrals and the identity per [Equation (7), we can solve

many problems involving integrals of tangent and secant. The technique revolves
around your familiarity of the basic information.

Example 12.1. Evaluate

/sec5 (x) tan (z) dx

Solution.

/8605 (x) tan (z) dx =

sec? (z) (sec (x) tan (z) dx)

I
IS

QU

IS

e

I

8

&
——

Qm
_|_
Q

n
@
(@]
[$)8
S
~—
+
Q

Gl — ot

Takeaway. A lone tan (z) is not very helpful, either as a derivative or as an integral.
It becomes more convenient when paired with tan (x)sec (z) so that it can be used
as the differential of sec ().

With this in mind, let’s try another.

Example 12.2. Evaluate

/ sec® (z) tan® (z) dx
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Solution.

/ sec® (z) tan’ (z) dz

U=

du=sec(z) tan(z)

Takeaway. In this example,

sec? (z) tan? (z) (sec () tan () dx)

sec” () (sec® () — 1) (sec (z) tan (z) dz)

sec(z)

N
[N}
—~
IS
[\o}
|
—_

)du

—— — —

—~
N
S
|
N

2) du

S
ot
Wl =
S
w
_|_
Q

sec” (z) — % sec’ (z) + C

Tt = o] =

we not only split out the factor of sec(x)tan (x) to
form a differential, but also used the identity to reduce the remaining tan? (x) into a
quantity involving sec (x), which is what we wanted as the change of variable in the

first place (by forming the corresponding differential).

Note that in the last two examples, the power of secant is always odd. What if it

is even?

Example 12.3 (Square powers of Secant).

/tan5 (7) sec? (x) dx u:til($)d /uSdu

which isn’t that terrible.

du=sec?(x)

= —uS+C

What if the power is even but more than 27
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Example 12.4 (Higher even powers of Secant).

/tan5 (z) sec* (x) dz = /tan5 (z) sec? (x) sec? (z) dx
tan(z)+ 1=sec?(z) /tan5 (z) (tan® (z) + 1) sec® (z) dz

u=tan(z) / @ (1) du

du=sec?(x)dx
= / (u7 + u5) du

1 1
= §u8—|—6u6+0

1 1
= 3 tan® (z) + 8 tan® (z) + C

Takeaway. With even powers of secant, we can always extract a differential sec? (z)
which means we want to make a change of variable v = tan (). The remaining even
powers of secant can be further reduced to an expression involving tan? () using the
identity.

In the case for secant, we actually love the fact that secant has an even power
because it automatically lends itself to the differential of tanx.
How about tangent or secant just by themselves?

Example 12.5 (Tangent cubed). Evaluate

/ tan® (z) dz.

Solution.
/ tan® (z)de =

tan (z) tan® () dz

tan (z) (sec” (z) — 1) da

/
/

— / tan (z) sec? () dx — / tan (z) dx
/
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Another infamous example is just an odd power of secant. So far, we have used
exclusively the method of change of variable. Now, it’s time for integration by parts
to shine.

Example 12.6 (Secant cubed). Evaluate

/sec3 (x) d.

Solution. Via integration-by-parts using

u=sec(r), du=sec(x)tan(x)dx
dv = sec? (x)dr, v = tan ()
we have

dv

/sec3 (x)dx = /wm

u

= sec (x) tan (z) — /§ec (z) tan? (z) dx
—— ~~

uv vdu

= sec (x) tan (z) — /sec (z) (sec? (z) — 1) du
= sec (x) tan (z) — / (sec’ (z) — sec (z)) dx
= sec (x) tan (z) — /se(:3 (x)dx + /Sec (x) dz.

Rearranging by adding [ sec® (z) dz to both sides, we have

2 / sec® (z) dr = sec () tan (z) + /sec (x) dx

= sec (z) tan (z) 4+ In [sec (z) + tan (z)| + C
sec (z) tan (x)

1
= /sec3 (x)dx = — 5 + §ln|sec (x) + tan (z)| + C
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12.2 Overall Strategy (A Cautious Read)

So, it seems we have an awful lots of varieties here. How do we practice to make our
success rate higher?

Strategy 12.1 (Tangent and Secant).
Problem:

/ tan™ (z) sec” (z) dz.

Weapons: identity tan? (z) + 1 = sec? (z) and the derivatives

o tan (z) = sec? ()

d
o 5ec (x) = sec (x) tan (z)

1. If n > 2 is even, we extract a secant square
sec” (r) = sec” % () sec? (x)

in preparation to use a change of variable u = tanx. We use the identity
to rewrite the remaining sec” 2 (z) in terms of tan x.

2. If m is odd and n > 1, we isolate a factor of sec (x) tan ()

tan™ (z) sec™ (x) = tan™ ! (x) sec" ! (x)|sec (x) tan (z)

in preparation to use a change of variable u = secz. We use the identity
to rewrite the remaining tan™! (x) (m — 1 is even now) in terms of sec z.

3. If m is even and j is odd, then use the identity to express tan™ (x) in terms
of sec (z). Use Integration-by-parts to integrate odd powers of sec (x) per

Fxample 12.6,

4. m odd and n = 0, i.e., pure odd power of tangent. Rewrite
tan™ (z) = tan™"* (z) tan® (z) = tan™" (z) (sec’ (z) — 1) = tan™? (x) sec” (z)—tan"* (z) .

Integrate the first term using a change of variable u = tan (z). Repeat the
rewriting process for tan™ 2 (z) if necessary.
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12.3 Optional: Different Angles

From the past, we understand how to integrate

/sin (2z) dz

either via a direct inspection or a quick change of variable u = 2z.

/ sin (2) cos (2z) da

is also not so terrible because u = sin (2z) gets the job done (fill out the details
yourself).
What if now a cosine counterpart shows up, with a different angle?

Question 12.1. Evaluate
/sin (2x) cos (3z) dx.
Trust me, nothing you know from before or this lecture will work.

We take a step back and think about how these two things may be produced.
Recall that there are sum and difference formulas for sine and cosine.

sin (z 4+ y) = sin () cos (y) + cos () sin (y)
sin (x — y) = sin (z) cos (y) — cos (x) sin (y)
If we add these two equations, we obtain
sin (o + 3) = sin («) cos (B) + cos () sin ()
sin (a — ) = sin () cos (8) — cos (a) sin (3)
= sin (a + ) + sin (o — 8) = 2sin (a) cos (B)

C
C

If we let @« = ax and 8 = bz, and divide both sides by 2, then we have
1 1
sin (ax) cos (bx) = 5 sin ((a +b) x) + 5 sin ((a —b) z) .

This formula is quite handy because we can express a product of sine and cosine of
any two angles, using the sum of sines.
We are now in position to solve the last example.

Example 12.7. Evaluate

/sin (2x) cos (3z) dx.
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Solution.

identi 1. 1.
/sin (2x) cos (3x) dz dentity 5 sin (2x 4 3z) dx + / 5 sin (2x — 3z) dx

sin(—z)=—sin(z)

1
sin (bz) do — 5 /sin (x) dx

—_

N | — [\3|»—\

ot

5 cos0)] - 5 - cos o)

1 1
= —1g °°® (5x) + 5 c0s () +C

How do we then deal with sin (ax)sin (bz) and cos (az)cos (bx)? The cosine
sum /difference identity comes to the rescue.

cos (a4 ) = cos () cos (B) — sin («) sin (5)
cos (a — ) = cos (a) cos () + sin (a) sin (3)

Adding these two equations, we have

cos () cos (B) = %cos (a+B)+ %COS (a—B)

Subtracting these two equations, we have

sin (a) sin (3) = % cos (a0 — f8) — %COS (a+p)

Using o = ax and 8 = bx, we have
1 1
cos (ax) cos (bx) = 5 o8 ((a+b)z)+ 5 cos ((a —b)x)
sin (ax) sin (bx) = % cos ((a—b)x) — % cos ((a+b) x)

Question 12.2. Evaluate [ cos (2x) cos (5z) dx and [ sin (6z) cos (4x) da.

This part turns out to be extremely relevant in your future studies in Ordinary
and Partial Differential Equations, whose solutions model or approximate real-world
phenomena since their constructions involve first principles, such as conservation of
mass, current, or energy. In short, for 0 < x < L, where L is the length of our
domain, we have

L
/0 coS (%x) sin (%x) dr =0, m #n,
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known as the orthogonality property of the sine and cosine functions. For any “nice”
function f (x), the orthogonality property enables us to find the Fourier representation
of it, namely, the coefficients a,, and b, that satisfy

f(x) = ian cos (n%x) + ¢, sin (%m) :

Such representation helps us solve ordinary and partial differential equations. If you
want to know more about this, you may take linear algebra, differential equations and
then partial differential equations to fully appreciate the beauty of sines and cosines.
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13 Lecture XIII: Trigonometric Substitutions

13.1 A Motivating Example

From a geometric standpoint, the definite integral
1
/ V1 —22dx
0
represents the area of a semicircle of radius 1. But to be able to note this geometric

feature hinges on the information provided by the integrand with the prescribed
bounds of integration. One becomes immediately stuck if the integral is changed to

/2 V1 — z2dx.
0

f(x) — /=2

K
0.5 1 1.5

This integral is nearly the worse kind because of the following reasons:

1. It has a single function integrand — terrible for a direct change of variable, e.g.
v = 1 — 2 will not work because there is nothing left for us to express the
differential du.

2. It is not trigonometric, so nothing from the last section can help.

3. Even with integration by parts, we are forced to set u = /1 — 22 and dv = dx,
since otherwise we are dealing with the same problem.

x
u=v1—22 du=——=dx;
V1—a2

dv=dx, v=uw.
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which produces

2
/\/1—:B2d$::r\/1—x2+/\/%da:,

a worse situation as the ugly square root now moves to the denominator.

So, game over?

13.2 Method of Trigonometric Substitution
We once again embrace the famous identity

sin® (0) + cos® (0) = 1
but express the other way around,

1 —sin® (0) = cos® (0).

How can this identity help us? Let’s observe the defining similarity between the
expression
1 —2%v.s.1—sin?(6).

If we set « = sin (), then we can easily express
1 —2? =1—sin?(#) = cos® (0)

= V1 —22=4/1—sin?(0) = \/cos? (f) = cos ().

In other words, we have changed the variable from x to 6, i.e., turned an z-problem
into a #-problem. This suggests that our differential dx should also be changed into
an expression involving df. This is not a difficult job if you understand differentials.

r =sin(f) = dx = cos (6)db.

This change of variable is called the Method of Trigonometric Substitution.
Unlike regular substitution, where we replace a part of the integrand with a new
variable, here we replace the independent variable x directly with a trigonometric
function.
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13.2.1 Type va? — 2?2 with x = asin (0)
Example 13.1. Find the antiderivative of v/1 — 22, and evaluate the definite integral

1
/ V1 — 22dx.
0

Solution.

/ V1— 22dx d; “ "’ / /1 — sin? (6) cos ( (8a)
= / \/cos? () cos (6) df (8h)
= /cos2 (0) do (8¢)

1

- / (1 + cos (26)) df (8d)

_ 1(0+81n29)+c

—~

5 5 8e)
You may complain: shouldn’t we express the antiderivative in terms of 7 Well-said.
We will do it in the next example. Let’s not forget that our task here is to evaluate
the definite integral.

Every change of variable will induce a change in the bounds of integration. We
keep the following record:

Thus,

/ VI = e = ( 51“29) =7

1
2

=% :(%vL%Sin (g)) - (0+0)}
1
2




Remark 13.1 (The Most Important Idea in this Section). There is a t in the third
step above per |Equation (8). We took a square root of cosine square and immedi-

ately combined it with the cosine outside. This step requires further scrutiny because

typically.
\/cos? (0) = |cos (0)]
Why can we just remove the absolute value sign? This is because cos6 > 0, but why?
Note that the original function v/1 — x? has a natural domain —1 < x < 1. With

a change of variable x = sin (0), the bounds for x put bounds on 6. Replacing x by
sin (0) in the inequality and solving it leads to

1<sin(0) <1 = —ggegg.

This range of 6 corresponds to the first and fourth quadrant. Guess what? cos6 is
positive in both of these quadrants, thus justifying

|cos (0)] = cos () .

Takeaway 13.1. The remark above seems a small thing, but is often the reason why
people (yes, including mathematicians) screw up a change of variable because of the
lack of care of basic mathematics.

So, how can we be more careful? Right before you proceed with the method of
trigonometric substitution, consider

1. Note the domain of the integrand — this determines the range of values for x,
which is important since you set x = Some Trig Function right after.

2. Figure out the range of values for 6.
3. Do proper mathematics in this new variable (just like the remark).

Example 13.2 (A More General Example). What about
/ Va? — x%dx

for any positive number a?
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Solution. Set x = asin ().

/ V@ —z2dy T2 / \/a2 — a%sin? (0)a cos (6) df

dr=a cos(6)db

_ /Wz (1 — sin® (6))acos (6) db
= /\/macos (0)db
= aQ/(:os2 (0) do

2 .
_ a {9_‘_8111229}4_0

2
2

= E[H—i-sinécose]—l—C

where we noted that the natural domain for the integrand is

Q

—a<zr<ag = —a<agasinf <a
T T
= cosf >0

justifying the square root of cosine squared as just cosine.
Here, we are NOT done because the antiderivative should be written in terms of
x. We make use of the triangle formed by the change of variable x = asiné. From

2 _ 2
Figure 1: Schematics of the triangle induced by the change of variable z = asin (6).

the antiderivative expression,
2
/\/@2 — 22dx = % [0 + sinfcosb] + C,
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we need to express ¢ and cos @ (since we know sin (§) = 2 already via the change of

variable. We find

2 _ 2
cos () = YL
a

6 =sin~! <§> )

Thus,
2
/\/@2 — 22dx = % [0 + sinfcos ] + C

2 pr——)

=2 [sin_l (2)+ zu] +C
2 a a a
2

S (2) e

a

Example 13.3 (Variant).

x2 z=2sin(z) 4 sin2 (‘9)
dx fide 2cos (0) db
/ [4 — 2 dx=2 cos(z)dx 4 — 4Sin2 (9) ( )
4sin? ()
= — 79
/ 3 cos (0) cos (0) db

= 4 / sin? (0) df

= 4/1_%8(29)(59

= 2 [6’ —sin (0) cos (0)] + C

= 2 |sin™! (z) — =

Strategy 13.1 (Solve integrals with v/a? — 2 as part of the integrand.).

1. Make sure the integral cannot be solved by simpler methods.
2. Set x = asin (#) and dz = acos (0) dx.

3. Va2 —z2 =acosb.
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4. Simplify (very important).

5. Evaluate the (simpler) integral now, typically a trigonometric integrals, with
techniques learned from the last section.

6. Draw the triangle to re-express the antiderivative in terms of x.
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14 Lecture XIV: Trigonometric Substitution cont.

Using a trigonometric substitution = = asin (), thanks to the famous identity
sin? (f) + cos? (§) = 1, we can solve integrals involving v/a% — 2. What about
[ Va? + 2%dx? The plus sign does not promote the use of this identity, but another.

14.1 Type va?+ z? with = = atan (0)

Compare the expressions
1+ 2% v.s. 1+ tan® (6)

both of which have the form 1 plus something squared. The second item is the other

famous identity
1+ tan® () = sec? (0).

Thus, it seems natural to use the change of variable
r = tan (§) = dx = sec? (0) db,

and thus

/mdx = / \/ 1+ tan? () sec? (9) df

= / |sec 0] sec? (6) d6

= /sec3 (0) do

_ w%mm(a) + tan (9)| + C

where we drop the absolute value sign because of the subtle reason (see remark in the
last lecture): domain of the integrand is all real numbers, and thus

v T
—0<r<0o00 = —o0 < tanf < oo — —§<0<§

1

— > () because cosf > 0 in
cos 6

which corresponds to the 1st and 4th quadrant. secf =

these two quadrants.
We aren’t done since we need to express the answer in terms of z. Once again,

we utilize the triangle (see |[Figure 2) and find that
secl = V1 + 22,
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and therefore,

/\/1+x2dx:w—k%lrwsec(ﬁ)—l—tan(é’ﬂ%—c

Vid+a? 1
:%+§ln‘\/1+x2+x’+c.

We likely never expected this answer from the get-go, but now we are able to say
confidently that this is the answer because every step is justified.

=

1

Figure 2: Schematics of the triangle induced by the change of variable z = tan (0).

In general, using x = atan (0), we write
Va2 + 2% = \/a2 + a? tan? (0)

= \Ja2 (1 + tan? (0))
Va2y/sec? ()
asec(0).

Example 14.1 (Small variant). Rewrite
/ Va2 + 4dx

by using a trigonometric substitution and solve it.

Solution. Since the expression under the square root is of the type a? + 2%, we use
the change of variable

r=2tanf = dx = 2sec® (6)d.
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Thus,
/ Ve +ddy = / 8tan® (0) /4 + 4 tan? (A)df
= 8 / tan® () 2sec (0) df
= 16 / tan? (9) sec (9) tan (6) dO
= 16/ (sec® (8) — 1) sec (6) tan (6) d6
- 16/ (u* — 1) du
= ?u?’ —16u+C

1
= §6sec3 (0) — 16sech + C

3
16 (/4 + 22
_ ?<—;x> —8Vit+ 2+ C.

where we used the triangle with opposite x, adjacent 2 and thus hypotenuse /4 + 22
hypotenuse 4+x2 See Figure 3
5 .

—sect = adjacent =

25

2

Figure 3: Schematics of the triangle induced by the change of variable x = 2 tan (0).

Example 14.2 (Slightly harder). Evaluate

/ x?
dz.
V14 22
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Solution. The change of variable is x = tan (), with differential dz = sec? () df.

- —tan2 (9) sec? (0)do

/\/1+x2dx 1+ tan? ()
= /tan2 (0) sec (0) do

= / (sec2 0 — 1) sec 0df

= /sec3 0do — /sec 0do

= O8O L i jsee (6) + tan (6)] — Insee (6) + tan (6)] + €
2
S N T R

where we used the known solution to the integral of secant cubed, see [Example 12.6|
(turns out to be more useful than it seems).

14.2 Optional: Type va? — a? with x = asec (0)

We have successfully dealt with the case [ va? £ a2?dz. A subtle case arises:

/\/1'2 — a?dx.

With such a minute flip of the terms, the technique is similar yet the change of variable
is vastly different. We use the tangent/secant identity but in a rearranged form,

sec?f — 1 = tan? 4.
So, with x = asecf, we have

Va2 —a? = VaZsec? — a2 = \/a? (sec2f — 1) = |atan ). (9)

Once again, we arrive at the subtle issue of possibly dropping the absolute value sign.

The original integrand function v/z? — a? has domain (—oo, —a] U [a,00), or in
other words, z > a or x < —a. With the proposed change of variable x = asec@, we
need to solve for the bounds of 0, i.e.,

r>a = asecld >a = sec0 >1 = cosf <1
while the other inequality suggests

r< —aq = asecld < —qg = secl < -1 = cosf > —1.
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Combining both statements about cos 6, namely,
—1<cosf <1, (natural range of cosf)

we deduce that 0 < 6 < 7 (natural domain of cosf), representing the 1st and 2nd
quadrant. Guess what, we can no longer say |tanf| = tan@ for free now, because
tan 6 is not always positive. In fact, it is negative in the 2nd quadrant, and positive

in the 1st.
<<z
tan (6)] = tan (6), 0<0<%;
—tan(f), 7 <6<

Va2 —a? = |atanf|,

we are also able to tell that

atan(0), z>a
—atan(0), x < —a

latan (0)| = {

We will see how this can be a convenience for the example below.

Example 14.3. Evaluate

V2
/ Va2 — ldx.
1

Solution. Introduce x = secf and thus dx = sec tan 6d6.
Notice that the bounds of integration surmise that 1 < z < /2, and we identify
a = 1 here. Therefore, by |[Equation (10), we have

Va2 —1= [tanf| = tanf

because © > 1.
With the bounds in x, we find the bounds in 6,

r=1 = secl=1—= 6=0;

1
T=v2 = secl =vV2 = cosf = — — 9:2
V2 4
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This change of variable reduces the integrand to

V2
/ Vv —1lde =
1

/4 Vsec? — 1secOtan 6do
0

/4 tan 6 sec 8 tan 0d6
0

™

/4 tan? () sec 0df

/ sec” (0) — 1) sec 0df
0
/ sec? — /4 sec 0df
0 0
1 o
[w + 3 In |sec (#) 4 tan (#)[ — In |sec (f) + tan (9)‘}
6=0
0=7%
[sec 0)tan (0) lln |sec (6) 4 tan (0)|]
2 =0
sec % ) tan (%) 1 T T —
( 2lnlsec<4>+tan<4)‘)
sec (0)tan (0) 1
b In|sec (0) + tan (0)]

(e __WH\) (=t

2
1

ﬂ—21n<\/§+1>

2

Takeaway. Know your special angles. You are more likely tripped up by them than
the calculus technique here.
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Trigonometric Substitution Summary

Only when you must use a trigonometric substitution, you consider the following
change of variables according to the form

Va? —x%, x=asin(x).
va?+2?, x=atan(x).
Var—a?, x=asec(z).

Less is more.

Question 14.1. Evaluate this integral in three ways.

1
/ 2x dz.
_11' +1

Question 14.2. Try using x = cos 6 for

[ 7=

Compare the answer to the case where you use x = sinf. Are they the same?
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15 Lecture XV: Integration by Partial Fractions

P(z)

0@ dz. So far in our

This section devotes to the integrals of rational functions, [
course, we have seen examples such as

1
/ de =Inlz +a| + C, (11)
r+a

or something a little harder

1 z=atan(0) 1 2
—d = 0)do
/$2+a2 v dz=asec?(0)do /a2tan2 (9)+a2asec (6)
1 2
= 0) do
/ a? (tan? () + 1)asec (6)
1 1 9
= E/mSGC (6) do
1
-
a

1
= Z0+C
a

15.1 A Motivating Example

1
/ ] _Izdx.

A trigonometric substitution = = sinf will get the job done, but does it seem a bit
overkill as the integrand looks so simple? There is no good reason to tell whether this
problem has a simpler method, but it doesn’t hurt to think about a better approach,
with trigonometric substitution backing us up.

The innovation here is another mathematical reduction: we try to reduce the
fraction 1_1902 into a form like the one in the integrand of [Equation (11)', i.e., a simple
fraction with only a single power in the denominator. This process of reduction is

called the method of partial fraction decomposition.

Consider the integral
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15.2 The Method of Partial Fraction Decomposition

This method originates from observing the process of combining simple powers using
common denominators. For example

Observing putting it together

1 1 3 2 2 5
Easier to integrate...x ) + 13 = (a(:a:—:— )2;_(;2:;)) =3 f; n 6...Harder to integrate

<

\Figuring out how to break it apart

Since these expressions are connected by equality, their integrals are also the same.
Therefore,

2 ) 1 1
/Ldm‘:/ d:l:+/ dr =In|z + 2| +In|x + 3|+ C.
2?2 + 5246 T+ 2 r+3

So, how do we achieve the reverse procedure, that is, given an ugly rational ex-
pression, how can we decompose it into linear combinations of simple fractions?
Note that the fractions shown above both have a coefficient of 1, so in order to find
the correct components of the decomposition, it amounts to determine the factors.
In other words, we see coefficients A and B that satisfy

2¢ + 5 B A n B
224+504+6 x+2 x+3

Knowing how the denominator factors comes really handy. The job now is to set up
two equations to solve for A and B. We combine the fractions and find

A B A(x+3)+B(x+2) (A+B)xz+ (3A+2B)

x+2+x+3: (x +2)(x+3) 22+ 5z 46

Since A and B are just real numbers, we must have

A+B=2
3JA+2B =5

Multiplying the first equation by 2 and subtract it from the second, we have

3A+2B =5
—-) 2A+2B=14
A=1
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and thus B = 1. We retrieve the partial fraction decomposition of

245 _ A B 1 1
24+52+6 x+2 x+4+3 x+2 x+3

Let’s return to the seemingly innocent example in the last section.

1
/1_$2d$

Solution. The foremost task is to recognize the factors of the denominator.

Example 15.1. Evaluate

-2 =(1—2)(1+2).

Now, we are in position to find the unknown coefficients in the partial fraction de-
composition,

1 A B A(l+x)+B(1-2) A+Ar+B—-Bx |(A-B)z+ (A+DB)

1—22| 1—z 1+z 1 — 22 1— 22 N 1— 22

where we employed a step of collecting common terms together, that is, terms with
x, and constant terms.

Since the first expression (boxed) must be equal to the last expression (boxed),
the numbers A and B must satisfy

A-B=0
+) A+B=1
2A:1:¢A:; B=

1 A B
dr = d d
/1—x2x /1—x x+/1+xx
1 1 1 1
:—/ dw—}——/ dx
2 1—2z 2 1+z

1 1
:—éln]1—$|+§ln|1+x|+0

I
2

Therefore,

What if the degree in the numerator is higher than that in the denominator?
Long division first (review it yourself), then decompose only when the denominator
has degree more than two (inclusive).
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Example 15.2 (deg (P (z)) > deg (Q (z))). Evaluate

243 5
/de

z+1
Solution. We perform long division first
2+ 3z +5 3
_— = 2 .
x+1 (x+2)+ r+1

Since the remainder has degree one in the denominator, it is already a simple fraction.
We proceed with integration

IZ

2+3 5 3
/Mda::/(x—irQ)dx—i—/ dr = — 42z +3lnjz+ 1|+ C.
r+1 r+1 2

15.3 Nonrepeated Linear Factors

belongs to the class of fractions whose denominator has nonrepeated
linear factors, i.e., the factors all differ from each other. More precisely, we say a
polynomial @ (z) has nonrepeated linear factors when

Q (7) = (a1x + by) (agx + by) - - (anx + by,)
where a; and b; are respectively distinct.

Then, for a rational function 22 with deg (P (x)) < deg (Q (x)), it is possible to

Q(x)

find constants Aj, A, ..., A, that satisfy
P A A A,
(x) — 1 + 2 _|_ . _I._ -
Q(r) ax+0b  ayx+ by a,T + b,
Example 15.3 (Important Example). Evaluate

/ 3x + 2 d
—dzx.
3 — a2 — 2

Solution. Notice that the numerator has lower degree. So we begin factoring the
denominator first.

-’ ==z (x®—2-2)=z(z—-2)(z+1).

As the factors are nonrepeating, we seek coefficients A, B and C' satisfying

3z+2 A B C  A@-2)(x+1)+Br(r+1)+Cr(z—2)
w3 —22—-2r x -2 x+1 r(x—2)(x+1)
SO
3r+2=A(x—-2)(z+1)+Bx(x+1)+ Cx(z—2). (12)

There are two ways to solve this.
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1. (Method of Equating Coefficients) We did this earlier. This amounts to equating
the unknown coefficients to the corresponding given coefficient with the same
power of x. Here, we first group the terms in the numerator in [Equation (12)|

3r+2=A(x—-2)(x+1)+Bx(v+1)+ Czx (v —2)

3x+2:A(:p2—m—2)+B(x2—l—x)+C’(a:2—2m)
= Ax? — Az — 2A + Bx? + Bx + Cz? — 2Cx
=2*(A+B+C)+a(—A+ B —20) + (=24)

So,
A+B+C=0
—-A+B-2C=3
—2A =2
We read off from the third equation that A = —1, which reduces the equations
to
B+C=1
B-20=2

This suggests that C' = —% and B = %.

2. (Method of Strategic Substitution) This is my favourite part of doing partial
fractions. If we have done the decomposition correctly, the values A, B and C'
must hold for all x. This means we can substitute convenient values of z in
IEquation (12)[to solve for one coefficient at a time.

2=0 = 2=A(-2)(1) = A=—1
r=2 = 3(2)+2=B((2)(3) = B=

[GURIN

r=-1 = 3(-1)+2=C(-1)(-1-2) = C=—

Regardless of which method you choose, we end up with the partial fraction decom-

position,
3 2 1 4 1 1 1
/de:/ -+ = - = dx
3 — a2 — 2 z 3rx—2 3z+2

4 1
:—ln|x|+§ln]:c—2\—gln]a:+2]+0
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16 Lecture XVI: Integration by Partial Fractions
cont.

16.1 Repeated Linear Factors

If @ (x) has repeated linear factors, up to multiplicity n, i.e.

Q(z) = (ax +b)",
then its partial fraction decomposition must contain factors up to this multiplicity,

A A
ar +b (agg+b)2 (ax +b)"

2
(z+2)*"

Example 16.1. Decompose the fraction

Solution. Since the denominator has a repeated linear factor, we consider the de-
composition

2 A B A@+2+B Az+(2A+ B)

+ =
(42?7 =+2 (z+2)° (z+2) (z +2)°
Matching coefficients, we have 2z = Az + (24 + B) which implies

A=2
2A+B=0 = B=—-4.

Thus,
2x 2 4

(x+2)? 2+2 (v+2)

You may wonder — why do we need to do this in the first place, when the de-
nominator has such a repeated factor?” Why can’t do we the first approach with just
constant coefficient? See the optional reading at the end of this lecture.

16.2 Reducible and Irreducible Factors

We say a quadratic factor az? + bx + c is irreducible if b* — 4ac < 0, that is, the
equation az? + bz + ¢ = 0 has no real solutions and hence cannot be decomposed
into real factors. When we speak of irreducibility, we are solely referring to factors
whose degree is more than 1 (e.g., quadratic, cubic, and higher). For denominator
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Q) (x) containing irreducible quadratic factors, we must include the following term in
the decomposition to account for the irreducibility,

Ax + B
ax? +bxr +c

To see the reason why we do this, see the last section for an optional fun read.

2r —
/ f 3dx.
x° +x

2r — 3 2 — 3

Bz x(2+1)

Example 16.2. Evaluate

Solution.

where we note that 22 + 1 is an irreducible quadratic factor. Thus,

2r — 3 _é+Bx+C’_A(:v2+1)+:B(Ba:+C’) _ (A+B)a*4+Cz+ A
r(224+1) 2 22+1 x(z2+1) B x (22 +1)

So, we form the equation
21 —3=(A+B)2*+Ca+ A

Setting x = 0, we have A = —3. Since A+ B = 0, we must have B = 3. C' = 2 since
it’s matching the linear coefficient. Thus,

2-3 _ 3 3042
r(x2+1) x 22+1

Altogether, we follow the integration steps
/ 2z — 3 p / / 3r + 2
— l‘ =
z (2% + 1) 71
1
= —31n|x|+/ dx—|—2/ s dx
x? x4+ 1

U= 3 _
22+l —31n|x|+§/adu+2tan Yx)+C

du=2zdx

3
= —31n |z| —|—§1n|u| +2tan"! (2) + C

3
= —31n|x|+§ln‘x2+1|+2tan’1(:c)+C'
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16.3 General Strategy (A Cautious Read)

P(z)

Takeaway. For a rational function =~

Q(z)’

1. If deg (P (z)) < deg (Q (x)), factor @ (z).

(a) The Method of Partial Fraction Decomposition:

i.

ii.

iii.

1v.

If @ (z) has only distinct linear factors, then the decomposition is
simple with constant coefficients.

If Q (x) has a nonrepeated irreducible quadratic factors az? + bx +c,
then its decomposition must include a linear numerator

Ax + B
ax? +bxr+c

If @ (z) has a repeated linear factor ax + b with multiplicity n, then
the decomposition must include
All' + By AQ(L’ + By AnCL’ + Bn
ar +b (az +b) (az +b)

that is, additional fractions with denominator up to multiplicity n.

(ugly case) If @ (x) has a repeated irreducible quadratic factors
ax? + bx + ¢ with multiplicity n, then the decomposition must include

AlfL' + B1 AQQZ’ + BQ + i An$ + Bn
ax? +br +c¢  (ax? + bx + 0)2 (ax? 4+ bx + )"

2. If deg (P (z)) > deg (Q (x)), do long division, and go back to step one.

16.4 Optional: why repeated factors?

Suppose we don’t do the procedure for repeated factors, and just perform a usual
decomposition as

2x

A B A(x+2)+B(r+2) (A+BM+2M+B)

(x + 2)2

= + =
r+2  x+2 (z +2)° (z+2)?

Matching the coefficients, we have

A+ B =2
2(A+B)=0 = 2x2=0, great!

96



In more general terms, suppose we have a fraction

cx+d A B A(ax+b)+ B(ar+b) a(A+B)z+b(A+ B)

- + -
(ax +b)? ar+b ar+b (az 4 b)? (az +b)?
which yields the system

a(A+B)=c
b(A+B)=d — bgzd — ad — be = 0.

In other words, this forces the original function to have a,b,c and d constrained to
this equation, or otherwise we obtain obsurdity. If a method is so stringent that the
function it works with has to be certain forms, it’s a bad method.

In linear algebra, the quantity ad — bc has a special meaning for 2 x 2 matrices

<l

It is called the determinant of the matrix. When ad — bc = 0, it implies that the

vector (a,b) is a multiple of (¢, d), i.e., there is some number k such that ax + b =

k (cx + d). This suggests that one can simplify ﬁ as one of the factors cancel,

which then present no problem at all, i.e., the care we needed to take has nowhere to
be taken.

16.5 Optional: why irreducible quadratic factors?
We see the necessity of using a factor

Ax + B
ar?+bx +c

by assuming the contrary that we don’t need it.
Consider the fraction

P(x)
(ax + ) (ax? + bxr +¢)’

a # 0.

with (o + ) not a factor of P (x), or otherwise they cancel, and this problem is
absurd with just the quadratic factor.

Suppose that this fraction is ready to be decomposed, that is, P (x) has a strictly
smaller degree than the denominator. We may suppose that deg (P (z)) = 1, since
in practice, if you claim that doing constant coefficient (as follows) is enough, then
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it must be enough for all possible cases. So, to logically “break” the claim, we have
this degree at our disposal.
We formulate the decomposition without the linear factor, and write

P (x) A B
(ax + B) (ax? + bz + ¢) _om:+5+ax2+bx+c
_ A(ax* +br+c)+ B(ax+ 3)
(ax + ) (ax? 4+ bx + ¢)
_ Aax® + 2 (Ab+ Ba) + (Ac+ Bp)
B (ax + B) (ax? + bz + ¢)

OK, if deg (P (z)) = 1, then the numerator is just a linear function, which means
A =0 (since a # 0 by assumption). But if A = 0, this implies that

P (x) B

(ax + B) (ax? +bx+c) ax?+bx+c

which means (ax + ) is a factor of P (z), which is not true by assumption. Thus,
this decomposition cannot work.

There are simpler /prettier reasons why we must include a linear numerator in the
irreducible quadratic factors when doing partial fraction decompositions. But the
one given above is a practical one. You may find some explanations with a far more
mathematical nature, such as the Euclidean algorithm for polynomials, but that’s for
another time.
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17 Lecture XVII: Numerical Integration

So far, we have learned four main integration techniques: integration by substitu-
tion (change of variable), integration by parts, method of trigonometric substitution
and lastly method of partial fraction decomposition. This class of techniques is typ-
ically known as analytical technique, in the sense that they only require pen-paper
derivations rather than computer power.

Have we solved all possible integrals? There is always a function whose antideriva-
tive is analytically unavailable. Rather than evaluate integrals using analytical means,
we resort to various techniques of numerical integration to approximate their val-
ues.

17.1 Setup

We remind of ourselves what constitutes a Riemann sum. First, we need a partition,
see definition We state it again here.

Definition 17.1 (Partition). A set of points P = z; for i = 0,1,2,...,n with
a =z <1 < Ty < - < xy = b, which divides the closed interval |a,b] into
non-overlapping subintervals of the form, [xg, 1], [x1, 2], ..., [Tn_1,Ts], is called a
partition of [a,b]. If the subintervals all have the same length, the set of points forms
a regular partition of the interval [a,b].

We have the freedom to choose any point that lies in a subinterval as a query point
x} such that =} € [x;_1,;]; it is the point at which we evaluate the function f (z7).
Doing so for each subinterval formulates the set of query points

Q={z],25,...,2}

where
i <z <z, 1=1,2...,n.

Recall that for the left endpoint approximation, we have x; = z;_;. For the right
endpoint, we have z] = z;.
If the partition is regular with common subinterval length Az = b’T“, then we
write each point in the partition as
b—a

r,=a+iAr=a+1 : (13)
n

For the following approximation rules, all it hinges on is where we put the query
point z;.
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17.2 Midpoint Approximation
By the name’s sake, we put the query point in the middle of a subinterval.

. Ti1t+ @
xl = - .
2

Noting from the expression for x; per [Equation (13)| we have

i i1 . : 2t —1
*:u:—(aqL(z—l)Ax—ka—l—zAx): !

o 5 5 (2a 4 (21 — 1) Az) = a+

Ax.

(14)
Then, with this formalism, we can prove that the midpoint approximation approxi-
mates the area under f (z) on [a, b].

DN —

Theorem 17.1 (Midpoint Approximation). Assume that f (z) is continuous on |a, b].
Let n be a positive integer and stepsize Ax = b_T“ Given a regular partition on |a, b]

with stepsiez Ax, and m; is the midpoint of the ith subinterval, set

M, = il f(m;) Az.

Then ,
lim M,, = [ f(x)dz.
n—oo a
Proof. Use |Equation (14) and try it at home. O

Definition 17.2 (Relative Error). Given a true answer A and an approximation B,
we say the relative error of this approrimation is

A - B

Erel -
Al

Definition 17.3 (Query Points). Query points of an approximation are the points in
an interval at which we evaluate the function.

Example 17.1. Use M, to estimate fol (22 + 1) du.

Solution. Each subinterval has length Ax = % = %; We list the points making the

subintervals
0 123
747 47 4’

NN
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The query points for the midpoint approximation then are

1357
mi={55 55

Thus, evaluating at these query points, we have

S

I
M-
~
3

) Az

HORIORIORIO!
(oov2) o () (G ()|

—

|
N S »Jkl»—*ﬁ-
o
»n|*‘
+
—_

@lOO

NN
_|._

[EA—"

We can perform an error analysis since we know the true solution

e -8
/(x +1)dx:—:>Er61: 3 ‘6
0

3 |
The midpoint approximation with just 4 subinterval is already doing pretty good.
See the following sketch: red boxes use the midpoint ( ) of each
subinterval as height (function value), each with a width of 1.

~ 0.00390625.

[SLIFSN

f(z) —ax?+1

02505 07 1 125 1.5
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17.3 Trapezoidal Approximation

With left-endpoint, right-endpoint or midpoint, we have used rectangles to approx-
imate the area under the curve. The trapezoidal approximation uses trapezoids in-
stead, by connecting secant lines through the points in a partition.

Instead of going through the formalism, let’s rework the previous example, using
trapezoids to approximate the area underneath the curve.

Example 17.2 (Trapezoidal Approximation). Use Ty, that is, the trapezoidal ap-
proximation to estimate fol (2* +1) dz.

Solution. Denote f(x) = 22 = 1. The query points of the trapezoidal rule are
precisely the points in the partition. In this case, they are

123
ti: 7_7_7_7]- .
{0 114 }

The function values corresponding to these query points are

17 5 25
ti = 1)_7_7_72 7.: 71)"'74'
/(&) { 16°416 } 1=0

The first trapezoid is formed by connecting the points (0,1) and (3, 1¢). It has area
Alzé(f(towf(tl))mc:%(H?)i:%

Doing a similar calculation, we find that
Azzé(f(h)—i-f(tZ))Aw:%(%+Z>i:%78
Agzé(f(tz)—i-f(tS))Ax_%<§+?>i:%
A4:%(f(t3)+f(t4)>m—%(%Mﬁ_%

Adding up these areas, we have
_33+37+45+57_43
TT128 U128 128 128 32

The relative error to the true solution % is

‘4_1_
3

which is twice as bad as the relative error when using the midpoint approximation.

|5

2|

w

B = ~ 0.0078125.

[P
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f(x) —ax2 41

T

|
>

025 05 075 1 125 15

The calculations we just went through is awfully brute-force. However, we note a
pattern in terms of the individual areas A;.

Ai: (f<$2_1)+f($2>>Al’, 1= 1,2,...,71,.

1
2
Therefore,

To=> A== (f(tis) + [ ()
=1 i=1

Spelling out the sum, we note that the first and the last query point are used once,
but all interior query points are evaluated twice. In other words,

Az

Lo == (f(wo) +2f (w1) + -+ 2f (waa) + f (20)) -

We often associate the trapezoidal rule with the sequence of weights {1,2,2,...,2,2,1}
to help us remember how it is formed.

17.4 Error bounds for Midpoint and Trapezoidal Approxi-
mations

We next state a result without proof and demonstrate the way to use it. The proof
relies on a topic to be learned in Calculus III (Taylor series).

Theorem 17.2 (Error Bounds for Midpoint and Trapezoidal Approximation).
Let f (x) be a continuous function over [a,b], having a second derivative " (x) over
this interval. If M is the mazimum value of f" (x) over [a,b], then the upper bounds
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for the (absolute) error in using M,, and T,, to estimate fab f(x)dx are

M (b—a)®
24n3
M (b—a)®
12n3

Example 17.3. Determine n, the number of subintervals we should use to guarantee
that an estimate of fol e*”du is accurate within 0.01 if we use the midpoint rule? How
about the Trapezoidal rule?

Error in M,, <

Error in T, <

Solution. By the theorem, we need to identify two things: the value of M, and the
interval [a,b]. The interval is easy, with a = 0 and b = 1.

The value of M involves the maximum of the second derivative of the integrand
function, f (z) = e* . Taking a second derivative, we found that

F" (z) = 2% (1+227).
On the interval [0, 1], we must have
F () = 2" (1+22%) <2-¢ - (1+2(1)%) = Ge.
The error bound for midpoint approximation thus can be written as

M (b—a)’ < 6e (1 —0)°  6e e
24n3 T 24n?2  24n2  4n?’
In order for the error to be less than 0.01, we solve the inequality

e 100e
L2001 = n>/ ~ 8.24,
An2 = L VA

Since n needs to be an integer, we need to round up to n = 9 that guarantees that

1
/ e dy — M,
0

Now, for the trapezoidal approximation error, notice that

M (b—a)® < 6e (1 —0)° _ 6e e
12n3 —  12n2  12n2  2n2’

e /100e
—— < 0.01 > ~ 11.
o = 00l =— n> 5 66,

which means we need to round up to n = 12 to guarantee that

1 2
/ e“dr —1T,
0
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< 0.01.

T, <

and thus

< 0.01.




18 Lecture XVIII: Numerical Integration Cont.

The midpoint approximation estimates the integral using piecewise constant functions
— indeed, the elements of the approximation are rectangles, with a flat top. The
trapezoidal approximation estimates the integral using piecewise linear functions —
the shapes are trapezoids, with a slanted top. So, a natural follow-up question would
be whether we can use piecewise parabolas to estimate the integral.

18.1 Simpson’s Approximation

Let’s consider a very simple case. Given the definite f;f f (z) dx, we approximate
it using the definite integral f;c; P (x) where P (z) = Az* + Bx + C is a quadratic
function passing through the points (xg, f (20)), (21, f (1)) and (29, f (22)). We are
able to determine the coefficients A, B and C using these three points. More precisely,
since the parabola and the function share these three points, we set up

f(xo) = Az + Bay +C
f(x1) = Az} + Bz, +C
f(z2) = Az} + Bay + C

We are NOT going to solve for A, B and C, as you will see that there is no need. In
addition to these equations, we note the relationship between the points xg, x1 and
Zo, that is,

To — xog = 2Ax, 2x1 = T) + To(since 1 is the midpoint of zy and x3).
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It is time to compute [ * P (z) da.

/;2 f(z)dz

Q
~

A B e
= [§x3 + —x + C’x]
A B,,
= g(xQ—x0)+5(x§—x%)—|—C(332—:1:0)
A 9 9 B
= 3 (z2 — x0) (23 + Toma + 27) + 5 (g — x0) (x2 + x0) + C (22 — x0)

factor (ws—xo) @ [QA (x% + Toxo + :z:g) + 3B (z2 + x0) + 60}

ro—xo=2A% A
=24 5 [24z3 + 2Amozs + 2A25 + 3By + 3Bxo + 6C]
A. Az 2 2
= ? AI2+BI2+C + Ax0+BI'0+C
J(@2) f(@o)
Az 2 2
+? [A (x2 + 2x0x9 + xo) + 2B (29 + x9) + 40]

A
3
ertzg=201 % [f (22) + [ (w0) + A(221)" + 2B (21) + 4C]
A
3

f(x2) + f (x0) +4 | Aa+ Bay +C
f(t”;)

A

_ Tx [f (20) + 4 (1) + f (22)].

where at step A., we isolate terms that yield the values f (z¢), f (z1), f (x2).
Note that this derivation holds true for any three consecutive points in a partition,

/%i+2 P (x)dr = A;? [f (i) + Af (i1) + [ (Tiz2)]

where we duff tail at z;,5 as the point shared by the approximation on [z;, ;4] and
[Tiy2, Tital.
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Theorem 18.1 (Simpson’s Approximation). Assume that f (z) is continuous over
la,b]. Let n be a positive even integer and Ax = b’Ta Consider a regular partition
on |a,b]. The query points are precisely the points in the partition

Lo, L1,X2, ..., Tn.

Simpson’s approximation with n subintervals is given by

o = % [F (w0) +Af (1) +2f (22) + 4f (w3) +++ + 2f (na) +Af (o) + f (2a)].
Then, ,
lim S, :/ f(z)dx.

n—o0

The approximation has error bound
M (b—a)°
180n*

where M is the mazimum of ‘f(4) (x)‘ over |a, b.

Error in S, <

Similar to the trapezoidal rule, we remember Simpson’s approximation using the
sequence of weights {1,4,2,4,2,4,2,4,1}. Note that it always starts with 1,4 and
ends with 4,1, and thus must use an even number of subintervals.

Remark 18.1. Since Simpson’s approximation uses piecewise parabolas, the approxi-
mation is exact for polynomials of degree up to 3 (why?). It’s obvious that Simpson’s
rule must be exact for quadratics, but why cubics also?

Example 18.1. Use S to estimate fol r3dw.

Solution. Subinterval length Ax = }1. The query points are precisely the points in

a partition:
11
=<¢0,—, =, =, 1.
Q { ) 47 27 4’ }
Simpson’s approximation using 4 subintervals

Si = B8 (f (w0) + Af (w2) + 2f (w2) + 4f (w5) + f ()

3
1, 1\* 1\° 3\*
== a(=) +2(=) +4(2) +1

| o
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As it turns out, this is indeed the exact answer since

1 4
3 L z=1 1 1
/Ox TT Y =0T 4
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Part II1
Applications of Integration

For the past eighteen lectures, we have developed the theory of integration via the
limit of a Riemann sum and analytical techniques such as integration by change of
variable, by parts and by partial fractions. For even more nasty integrals where an
analytical solution is not available, we resort to numerical integration schemes such
as the midpoint, the trapezoidal or the Simpson’s rule. However, all the problems
we have faced are superficial; in other words, they are just integrals sitting there,
“ready” to be solved, without any scientific context.
So, what’s truly a scientific problem that can be addressed by integration?

19 Lecture XIX: Area between Curves

We have learned an awful lot about the area under a single curve, typically repre-
sented by the graph of a function which describes a single physical quantity, e.g., dis-
placement. However, in many scientific problems, we are often interested in knowing
the difference between two physical quantities, governed by two different functions.
In other words, can we find the area between two curves by adapting the knowledge
of the area under a single curve?

19.1 Scientific Motivation

Consider two particles, with velocity function vy (¢) and v, (¢), with v; > v, for all t >
0, i.e., one is going faster in the positive direction. The relative position/displacement
between the two particles, up to time ¢, is captured by the integral of the velocity
difference,

AS (t) = /o [v1 (s) —wvo (8)] ds

Indeed, if v; is vastly bigger than v, in the positive direction, this integral will grow
in time. We will see later that if we drop the assumption about the ordering of the
velocities, a small modification is needed for this formula.
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19.2 Area between Curves: Special Case

Given two functions f (z) and g (x) where f (z) > g (z) for z € [a, ], the area between
f(x) and g (z) can be formulated via the Riemann sum

Ax Y (f @) =g (@) A,

namely, the vertical slabs with width Az now have a height of the function value
difference, rather than a single function.
As n — oo (and simultaneously as Az — 0), we have the following result.

Theorem 19.1 (Special Formula for Area between Ordered Curves).

Let f (z) and g (x) be continuous functions such that f (x) > g (z) for x € |a,b]. Let
R denote the region bounded above by the graph of f (z) and below by the graph of
g (x), and on the left and right by the lines x = a and x = b, respectively. Then, the
area of R is given by

A=/ f (@) — g (x)) d.

Example 19.1 (Obvious order of f (x) and g (x)).
If R is the region bounded above by the graph of the function f (z) = x+4 and below
by the graph of the function g (z) = 3 — § over the interval [1,4], find the area of R.

Solution. How can we prove that f () > ¢ (x) on the interval [1, 4], as it is essential
to use the Theorem? I will leave it to you. The hint is that to prove f (z) > g (z)
on [1,4] is to first show that f (1) > ¢g (1) and then show that f'(x) > ¢’ (z), namely,
given that one player starts ahead (position), it also runs faster (velocity).

We can also just sketch the graphs (see shaded area in green). Thus, by the
Theorem, the area is given by

- A= [ 1@ - g @) ds
0| ainoass [ [+ (3-2)]a
z :/14[3;“]6;90
o
2| | . :(2(4)2+4—Z—1>
1 2 3 4 5 6 57
1
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Example 19.2 (A nonlinear example).
Find the area between the curves f () = In (z) and g () = 22 — 42 + 3 on [1, 3].

Solution. We need to first identify which function is the larger one. Since g (z) is a

parabola that opens upward with roots at z = 1 and = = 3, the parabola is below the

x-axis on [1,3]. Meanwhile, f () is positive for x > 1. So in this case, f (z) > g (z)
n [1,e].

A:/ f (@) — g(@)da
f(z) —  f(zx)=1In(2) 3

.| — ) =t drt 3 — [ e (-t o

r=3

xlnx—x———i—Qx —Bx]

r=1

ln/f—l——+2—3}

|
[31113 3— —+2(3) 3(3)]
-
=31

3__
R

Example 19.3 (What if the interval is not provided?).
Find the area between the curves f (r) =8 — 2% and g (z) = 4.

Solution. The foremost task is to figure out the bounds of integration. This amounts
to finding the intersection of the two functions by setting the functions equal.

f@) = g()

— 8—2? = 4
— 22 = 4
— r = 12
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For —2 < 2 < 2, we note that the upper function is f (z). Thus,

Question 19.1. Read Example 2.2 in the textbook.

Takeaway 19.1 (Solution Strategy for the Special Case).

1. Identify the bounds of integration.

(a) If given, go to step two.
(b) If not given, then set the functions equal and find the bounds.

2. Identify which function is upper and lower.

3. Apply the formula in the Theorem.

19.3 Area between Curves: General Case

The condition on f (z) > g (x) is rather restrictive because in practice, functions cross
each other so the larger function becomes the smaller one. What should we do in this
situation? Let’s discover it with a simple case.
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Suppose f(x) > g(z) on [a,b] and g(z) > f(x) on [b,c|]. Note that the area
between f (z) and g (z) satisfy

A= [ @ -g@ldet [ o)~ fo)]ds
~ [ @ -g@lar+ [ ~17@ - g@)da

/1u ~g@ldr+ [ 1 @) - g (@) ds
:=l|fu»—g@nm

where we used the fact that the absolute value take on the negative sign if the argu-
ment is negative. This observation, in fact, provides a more general characterization
of area between curves.

Theorem 19.2 (General Formula for Area between Curves).

Let f(x) and g (z) be continuous functions over an interval [a,b]. Let R denote the
region between the graphs of f(x) and g(x), and bounded by the lines x = a and
x = b, respectively. Then, the area of R s given by

b
:/“uwﬂ—gmMMa

Example 19.4 (A Rudimentary One). Find the area between the functions f (z) = z
and g (z) = 22 on [0, 2].

Solution. By noting the fact that x > 22 for 0 < x < 1land z < 2% for 1 < x < 2,
we know there is more to this problem than it appears. Indeed, we appeal to the
general case formula because the functions cross each other once, precisely, at the
intersection point, found by setting the functions equal

fl@) =g
— r =
— rz—2° = 0
— z(l—2) = 0
— 1z = 0

So, the “watershed” point is x = 1, as it is on the interior of our domain of interest
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(that is, [0,2]). We analyze the two subregions, R; and R,, separately,

2
A:/ }x—xz‘dx
4 5 2 0

f(z) —f(z) =z —/Ol}x—xQ\dw+/12

Question 19.2 (A More Involved Example). Read Example 2.3 in the textbook.

19.4 The Needle Method for More Complex Regions

The needle method is a term coined by Dr. Binan Gu during his lecture for Calculus
IV students at WPI. The reason why it shows up now in Calculus II is because the
method works quite similarly in a simpler context (for now). Let’s begin with an
example, understood in three ways: 1) geometric observation; 2) an application of
the needle method in the a-direction and 3) in the y-direction.

Example 19.5 (A Complex Region).
Consider the region depicted in the following figure. Find the area of R, adjacent to
the function f (z) = z?, g (z) = 2 — x and the horizontal line y = 0.

Solution. By a purely geometric observation with the dashed black line, we note that
the area can be decomposed into two parts: 1) the area strictly under the parabola
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f (z), and 2) the area strictly under the line g (z) = 2 — z.

45 x

N

—1 1 2 3 4
11

Therefore, total area is the sum of the individual pieces.

Ar = Ag, + Ag,

1 2
:/ xde—i—/ (2—x)dx
0 1

Remark 19.1 (An Important Remark leading to the Needle Method). What’s miss-
ing here, without harm, is the “lower function”. But didn’t we just give a formula of
the area of between curves, yet in the last example, we didn’t quite see a difference?

The lower function, in the previous example, is precisely the horizontaly = 0. This
means, the integrals in the second line of the calculations should be more “pedantically”
written as

AR1+AR2:/01 (xQ—O)dx—l—/lQ[(Q—x)—O]dx.

Question 19.3. But this raises a question: can we deal with integrals bounded by
nonlinear curves in a more systematic fashion?” How are we going to determine the
bounds of integration, and which function is the upper and lower? Does the upper and
lower relationship change as we jump over an intersection point? See the following
example, slightly modified from the previous one. You will see that the previous
“pedantic” observation is helpful and should be the go-to methodology.
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Theorem 19.3 (The Needle Method: z-direction.).

Let R be the region between f(x) and g (x), with multiple intersections 1 < o <
.. < m,. We insert a vertical line, “the x-needle”, x = c through the region where
x; <c< w1 Then,

1. The first curve this needle touches (and enters the region) is the lower function.

2. The second curve this needle touches (and exits the region) is the upper function.

Theorem 19.4 (The Needle Method: y-direction.).

Let R be the region between f (y) and g (y), with multiple intersections y; < ys <
oo < Yn. Weinsert a horizontal line, “the y-needle”, y = ¢ through the region where
Yi < ¢ < Yiy1. Then,

1. The first curve this needle touches (and enters the region) is the lower function.
2. The second curve this needle touches (and exits the region) is the upper function.

Example 19.6 (A Complex Region Revisited).

We consider the same region as in the last example. Instead of solving the problem
in the x-variable, where a decomposition is needed, we solve the problem in the y-
variable.

Solution.

45 .

-1 r 1 2 3
—1 1L 1!l

The y-needle enters the region at the yellow cross, at the “lower” curve, now expressed
in terms of y, that is, h (y) = \/y (instead of y = 2?). The y-needle exits the region
at the teal cross, at the “upper” curve, also expressed in terms y, j (y) =z =y — 2
(instead of y = = — 2).

The bounds of integration, for y, is determined by the max and min of possible
y-values, which is 0 < y < 1, as you can observe from the plot.

116



Therefore, total area is appealing to [['heorem 19.1| but in the y-direction.

This is precisely the same answer as we obtained in the previous example, as expected.

19.5 Read after class: More Involved Examples

Example 19.7 (A Much More Complex Region).
Find the area of R, adjacent to the function f(z) = 2%, g(z) = 2 — 2z and h(z) =
x (x — 2), in the first and fourth quadrant, as depicted below.

y 41

— fw-a
4+ —_— g(z)=2—-=
m— h (z) =z (z — 2)

Zoom in
—

Ry

Solution. The middle intersection point is just between f (z) and g (x), so it is still
x = 1. The left intersection is between f (z) and h(z) at x = 0, while the right
intersection is between g (z) and h (x) at x = 2. Thus, the region of interest can be
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decomposed into two parts.

A= Ap, + Ap,

= [ -n@lars [ 9@ - he)a
/1[ﬁ—x(x—z)]dx+/12[2—x—x(x—2)]dx
/ - +2x]dx+/12[2—x—a:2+2m]da;

0

/Qxdx—i—/ 2—|—m—a72]dx
0

37 7=2
= [mQ]xil + {Qw + 2% — x_}
’ 3 =1

SRR

1

118



20 Lecture XX: Determining Volumes by Slicing

The volume of a circular cylinder is rather easy to compute and to visualize, solely
because of its constant cross-section. Indeed,

2
‘/cylinder =7TR°h

where R and h are the radius and the height of the cylinder, respectively.
But the volume for the cone is a dubious one,

1
‘/;:one - §7TR2 h

where R is the radius of the base. It looks like quite similar to the formula of the
cylinder but why the factor 1/3 and not anything else? Via calculus, we can fully
justify the formula for the cone, among many, using the method of slicing.

20.1 The Method of Slicing: Formula for the Cone

Let’s “situate” the cone in the xy-plane, by putting its base adjacent to the y-axis.
The center of the base circle sits at the origin, and extend h units to the tip on the
x-axis. Viewed in the xy-plane, the cone has a triangular size view.

Consider an arbitrary circular cross-section of the cone, taken at z = s. We want
to calculate the cross-section area at this very slice. Via the similar triangle, we find
that the radius r (lowercase) at this slice satisfies

r  h-—s (h—s)R

p— :}T:

R h h

Therefore, the area of this slice at © = s satisfies

A =t = (4200

Now, if we give this sliced “disk” a thickness of ds, then we can compute its infinites-
imal volume

dV (s) = A(s)ds.
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Altogether, the volume of the cone is adding up all such disks, via

V—/Oth(s)
:/OhA(s)ds
:/Ohﬁ(—(h—hs)Rde

2 h

_7% (h* — 2hs + %) ds
0

TR [, , 17"
—F[hs—hs +§S:0
7 R? h3
=— |* =P+ —

h? { * 31

1
:ngRh

Note that this is precisely saying the volume of the circular coneis V' = % x base area X
height.

Based on the insight of V' = [dV = [ A(z)dxz, we can now compute the volume
of many shapes that have an axial symmetry like the cone and the cylinder. All
it amounts to is to compute the area A (z) at an arbitrary x-value, using given
information.

Example 20.1 (Cone with a Square Base: Example 2.6 in the text). Consider now
a cone with a square base of side length [ and a height of h. We can find its volume
via the method of slicing as well.

Solution. We situate the cone with a square base with its tip at the origin, and
have z-axis act as the axis of symmetry (see sketch Figure 2.14 in the text). At an
arbitrary z-value, we need to determine the cross-section area, which is a square of
unknown side length s.

Via similar triangle, again, we find that this unknown side length satisfies

== s:x—l — A(m):(w—ly.

s
l

SR
=)
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Therefore, by the method of slicing, we have

1
— _I%h.
3

Note that this formula makes sense because it mimics that for the circular cone, in
the sense that V' = % X base area X height.
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21 Lecture XXI: Disk and Washer; Arc Length
and Surface Area

21.1 The Disk Method

The cone and the cynlinder are often referred to as a solid of revolution. Indeed, a
cone can be formed by rotating a line through the origin about the z-axis (or the y-
axis). Similar, a cylinder can be obtained by rotating a constant function (horizontal
line) about the z-axis (or a vertical line about the y-axis). The function we use to
rotate certainly can be more general. The method of finding the volume of a solid of
revolution is a special case of the method of slicing, call the “Disk Method” because
the slices are in fact disks, i.e., a circle with tiny thickness.

Example 21.1 (The Disk Method). Consider the function f(z) = 2% on [0,2]. Re-
volve the parabola about the x-axis once to form a solid “Sombrero”. Compute the
volume of this solid.

Solution. So, all we need is the area of a slice at an arbitrary location x. Since the
function is rotated about the z-axis, the function height f (x) is used as the radius.
Therefore,

Altogether,

Theorem 21.1 (The Disk Method). Let f (z) be continuous and nonnegative. Define
R as the region bounded above by the graph of f (x), below by the x-axis, on the left by
the line x = a and on the right by x = b. Then, the volume of the solid of revolution
formed by revolving R around the x-axis is given by

V—/abw[f(x)]zdx.
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If g (y) is revolved about the y-axis for ¢ <y < d, then the volume of the solid of
revolution formed in this fashion is given by

d
V:/ g (v)) dy.

Example 21.2 (Rotating about the y-axis). Consider the region between the function
y=4—2% and y = 4 on [0,2]. Rotate this region about the y-axis. Compute the
volume of the resulting solid of revolution.

Solution. Let’s set up the problem in the y-coordinate, appealing to the second part
of the theorem.

y:4—x2:>g(y):x:\/4— , 0§y§4

The slices now are horizontal, i.e., parallel to the z-axis, making them much easier
to visualize. At an arbitrary value y, the disk has radius g (y) (the function “height”
measured from the y-axis to the graph of g). Thus,

v= [
:7T/04< 4—y>2dy

7T/04(4—y)dy

27 y=4
= [4y — y_}
2|,

= 7[16 — §]

=8m

Question 21.1. Read Example 2.8 and 2.9 in the text.

21.2 The Washer Method

So far, the solids of revolution we saw have no cavities in the middle. They are
produced by regions under a curve adjacent to either principal axis. However, when
such region is no longer bounded below by the z-axis, for example, the solids of
revolution will create a hole.

Example 21.3 (Minimal Example of a Solid with a Cavity). Consider the function
f(x) = \/xr and g(x) = 1 (horizontal line). Revolve the region between f (x) and
g (x) on [1,4].
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A thin rectangle in the ...produces a washer when
[ region between two curves... T revolved around the x-axis.

B
B

fx) = Jx 37

21 2|
. gix) =1 , o

10 1 2 3 4 5 §% 1 1 2 @4 5 6
-1+ -1+ | |
_al _a] d.a
31 34
_4__ —4_
(@) (b)
When the region between ..it produces a solid of
two curves is revolved ys revolution with a cavity.
41 about the x-axis... a4
3l 3
24 24
' /', I ; / S,
-1 09 1 2 3 4 5 &% -1 0 o2 3 8 5 6%
-1+ 1 3 1l
-24 -2 L
—-34 -3+
—44 -4
(©) (d)

Figure 2.22 (a) A thin rectangle in the region between two curves. (b) A
representative disk formed by revolving the rectangle about the x-axis. (c) The region
between the curves over the given interval. (d) The resulting solid of revolution.
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Solution. We refer to the great figure in the text. We first consider a thin strip at x
of width dx in the region of interest. If rotated about the x-axis, the thin strip will
produce a hollow cylinder with infinitesimal volume

dV () = A(z) de = [z (f ()" =7 (9 («))"] du

as the cross-sectional area is simply the difference of two concentric circles.

Thus,
4
V:/ dv (z)
1

4
/ dx
:7'('/ (x —1)dx
w__
2
4

|
)

The solid with a middle cavity resembles the washer, which we use to coin this
method. In general, we collect the result in the following Theorem.

Theorem 21.2 (The Washer Method for Solids of Revolution). Let f (z) and g (z)
be continuous and nonnegative such that f (z) > g(x) over |a,b]. Denote R as the
region bounded above by f (x) and below by g (x), on the left by x = a and on the right
by x = b. Then, the volume of the solid of revolution formed by revolving R around
the x-axis is given by

I
3

—

I
=

I
3

Ve [ G @) - r g @) do

For the y-variable counterpart: let u(y) and v (y) be continuous and nonnegative
functions of y such that u(y) > v (y) on [c,d] (y-values). Denote Q as the region
bounded above by y = d and below by y = ¢, on the left by v (y) and on the right by
u(y). Then, the volume of the solid of revolution formed by revolving R around the
y-axis is given by

V= [ @) -7 W) dy



Question 21.2. Exercise for you: consider the region between f (x) =z, g (z) = %,

x = 1 and x = 4. Revolve this region about the y-axis. Find the volume of the
resulting solid of revolution.

Example 21.4 (Axis of rotation is other than the principal axes). Consider the
region between the function f (z) =4 — z and the principal axes. Rotate this region
about the line y = —2. Find the volume of the solid of revolution.

Solution. You may ask, can we just shift everything up by 2 units and apply the
washer method? Yes. Go try it.

What [ wanted to do is to directly characterize the radius at an arbitrary point
0 <z <4 (why 47). The distance from the curve to the z-axis, at some point z, is
precisely the function value 4 — x. But since the axis of rotation is 2 units further
out, we need to take it into account. In other words, the radiusis (4 —x)+2 =6 —x.
Thus, at this z, the cross-sectional area is

A(x) :7r((6—yz:)2 - 2%).
This suggests that the volume is no other than the integral of the cross-sectional area.
4
V= / Al(x)dx
04
/ T [(6— z)? — 2°] dx
0

4
:w/ [2? — 122 + 32] dx
0

ZL‘S =4
=7 {? — 622 + 3295}

z=0

21.3 Arc Length

The previous section uses the Fundamental Theorem of Calculus on volume compu-

tation, namely,
b
V = / v (z).

In other words, we find the formula expressing a volume element/differential at an
arbitrary location x, and simply “add up” (integrate) the volume differential to obtain
total volume.
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In a similar fashion, in order to calculate total arc length of a curve, we figure out
how to express a length element/differential ds (z) at an arbitrary location x on the
curve, and then add up all the length elements at all z-values.

Consider a point (x,y) and its nearby point with z-coordinate x + dx where dz is
arbitrarily small. The point x + dx corresponds to a function value y + dy. Visually,
we can connect the data points (z,y) and (z + dz,y + dy). Call the length of this
secant line ds (x), namely, the length element at x. Thus, by Pythagorus, we have

ds (z) = \/(dz)® + (dy)® = | (dx)? [ 1 ( + (Zi) ) =1+ (%)de

Therefore, total arc length of a curve f (z) on [a,b

J is
S = /ds /,/1+ dx_\/fi’

The requirement is that f (z) must have a well-defined first derivative.

Example 21.5 (Sanity check for straight lines). Consider the straight line y = 2241
for m # 0. Compute the arc length of this line from [0, 1].

2,,
O
S—

1,

0 0.5 1 1.5 2

Solution. We know from the basic geometry that the length of this segment is

VETZ |,
To use calculus, we find that f’(x) = 2. Thus,

—/01\/1+(f’(x))2dx—/01\/1+(2)2da:—\/g/oldx—\/5
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Example 21.6 (Simple Curve - Complicated Answer). Find the arc length of the
function f (z) = z* on [0, 5].

Solution. Looking at the formula, we need the derivative squared. So
fl(z) =20 = (f'(x)" = 42”.

Thus, total arc length on this interval is given by

% r=tan g 1
/ V1+da2dy / \/ 1+ tan? (0) = sec? (6) df
0 dz=1 sec2(0)do 0 2
- L /4 sec” (0) db
0

sec (0) tan () N In|sec 6 + tan 6]]1%%
2 2

N~ N

0=0

| =

e (3) tan (5) e o von ]
= — ) tan ( — n [sec — n—
7 [sec (7)) tan (5 sec o + tan -
1
~1 [sec (0) tan (0) + In |sec 0 + tan 0|]
1

- 7l(v)W+mva+i]-o-m]

V2+In|v2+1|
4

There is always a y-counterparts, that is, given a function g (y) on [c, d|, determine
the formula for the arc length. We revisit the fundamental application of Pythagorus
since the length element remains the same,

ds (y) = \/(dn)* + (dy)* = <dy>2<(j—z) +1>— L1 (g (9))dy

Thus,

S = /Cd V1+ (9 () dy.
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22 Lecture XXII: Surface Area of Surfaces of Rev-
olution

Let f(z) be a nonnegative smooth function over [a,b]. We rotate f (z) about the
x-axis, obtaining a surface of revolution (the interior is the solid of revolution, dealt
with already). The goal is to compute the surface area of the resulting surface.
Again, the idea is to figure out the surface area element by considering a small
vertical strip on the surface at location x. At this location, we know that the arc

length element is ds (z) = 1/(dz)” + (dy)®, now representing the thickness of this
strip. The thin strip, revolved around the x-axis, produces a band of width dz, and
in fact, length of the circumference of the circle with radius f (x), which is 27 f (z).
Therefore, the surface area element satisfies

dA (z) = 2nf (x)ds = 2 f (x) \/ (dz)* + (dy)* = 2 f (x) \/1 + (f' (2))’dx

Example 22.1 (Surface area of a sphere of radius R). A sphere of radius R can be
obtained by rotating the curve f (z) = v R? — 22 for —R < 2 < R about the z-axis.
Therefore, we can go ahead and use the surface area formula. We first find that

X

R2 — 22

f'(x) = -

Using the formula, we write the integral carefully

2
SA = /2m/R2—x2 1+ L) dz

_27r/ VR — a2\ [1+ —— _332

2 __ 2 2
_27T/ —R x—l—a:dx

R2 — 12

—27r/ VR —x2mw
—27TR/ dx

=27R[R — (—R)]
= 47TR2

where the simplification is astounding.
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Example 22.2 (Surface area of a cone). A cone of radius R and height H can be
obtained by rotating the straight line f (z) = %x about the z-axis, for 0 < x < H.
To compute the surface area, we need the derivative

Thus,
H
SA = / 2nf (x ’ dx

= 27T/ —x\ 1 + dx
2 /
WR / xdx

@H__
H H| 2

/ RZ

— nRVH? + R?

This is the surface area of a cone on the lateral. If you want to include the base, then
simply add wR? to the answer above.

Optional reading: An Object with Finite Volume but Infinite
Surface Area

Example 22.3 (Gabriel’s horn). Consider the function f (z) = < on [1,a] where a >
is an arbitrary number. Let R be the region under f (z) and above the z-axis.

1. Compute the volume of the solid of revolution about the z-axis.
2. Compute the surface area of the surface of revolution about the x-axis.

3. Send a to oo.

Solution. The volume of the solid is not difficult. We utilize the formula involving
cross-sectional area and find

V(a)z/ 7 (f ( dx—w/ —dx_w{_ﬂz:jzﬁ{l_ﬂ

130



To use the surface area formula, we must compute the derivative

£ ==

2

Together, we find, via some good effort of integration,

SA(a) = /a27ff + [ (z
1

= 27T/ —\/1+—4dx
T
4 1
= 27r/ T +

_ /wxf

T x?

/“ vat+1
27 —3d£€
1 T

u=1’> = du=2xdr.
Thus,

/ \/x4 “ VuZ+1 du
Cuu 2
/ “* Va2 + 1
5 — 5 —du
Here, we use the trigonometric substitution
u=tanf = du = sec®(0)du
and also
uw=a*® = 0 =tan"' (a2) ;
T

=1 = 0=—.
“ 4
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Thus,

1 / ViZ 1
1

u2

1 [ tan’l(a2> tanfl(a2)
=3 / sec (6) cot? (0) d9+/ sec (0) do
R I
1] (@) cosd f=tan=1(a2)
= 3 /:lr md@%—lnbec@—i—tan@b:%
1 | . ; than_l(aQ)
= - |- £
A0 + In [sec 6 + tan |} .
1| Vat+ 1
= 3 ln‘\/a‘*—l—l—{—az)— ¢ 2+ —ln‘\/ﬁ—l—l’—l—\/ﬁ
a
Collectively,
1
V(a):ﬂ{l——} — T, asa— o
a
var+1
SA(a)=m [ln‘\/a4+1+a2‘— ¢ :— —ln‘\/§+1‘+\/§ — 00, asa— 0o
a

In other words, the solid for 1 < x < oo will have a finite volume, but an infinite

surface area.
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23 Lecture XXIII: Mass and Center of Mass

23.1 Mass of Constant Density

Example 23.1. (Motivating example 1) N point masses mq,ma, ..., my sit on a
weightless seesaw of length L. Their locations on the seesaw are described by the
coordinates 0 < 1 < x9 < -+ < xy < L. Where would you put the fulcrum so that
the seesaw balances?

Suppose this fulcrum sits at 0 < T < L and everything balances. What “every-
thing balances” means is that the seesaw experiences zero torque, or otherwise it will
tip over to the side that experiences more torque.

For the first mass, it is at a displacement z; — T from the fulcrum, and exerts its
weight my. The amount of torque on the seesaw by the first mass is

T = (331 —f) m.

Since the seesaw is in balance if the fulcrum is at =, we must have total torque equal

to 0, that is,
N

ZTi:Z(aji—E)mi:O.

i=1

Now, we need to solve for T.

N

N N N N
=1 =1 =1 =1

i=1

which then ultimately yields
N
izt TiMi
N Y
Dimt M

where we observe that the denominator is total mass.

T =

We often refer to the numerator as the first moment of the objects, typically

denoted as
N
M = Z T;my,
i=1

and the total mass
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Thus, the center of mass formula can be condensed to

_ M

T=—.

m
The center of mass in this case is known as the 1D center of mass, because we
treat the seesaw as merely an interval of certain length. Using a similar principle, we

can derive the center of mass of several objects on a plane, which is in 2D.

Theorem 23.1 (Center of Mass of Objects in a Plane). Let my, ma, ..., m, be point
masses located in the xy-plane at points (x1,y1), (T2, Y2) ;.. (Tn,Yn), respectively,
and let m = Y, m; denote the total mass of the system. Then the first moments
M, and M, of the system with respect to the x- and y-azes, respectively, are given by

N N
i=1 =1

The center of mass situates at the coordinate

M, _ M,

xr = —7 = —

m m

Example 23.2 (Find the center of mass of objects in a plane). Given three points
masses

my; = 2kg @ (—1,3)

ms = 4kg Q (2, —2)
Find the center of mass of the system.
Solution. We compute the ingredients, namely, the first moments M,, M, and total

mass m.
m=2+6+4=12kg

M, = me = myxy + maxs + maxs = (2) (—1) + (6) (1) + (4) (2) = —12

M, =" may; = myys + mays + mays = (2) (3) + (6) (1) + (4) (-2) = 4.

i=1

Thus,
M, 12 M, 41
T T ¢ YT T 12T 3

We verify that the center of mass should make sense geometrically. One may connect
the three points and form a triangle. The center of mass must lie in the interior of
the triangle.
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23.2 Mass and Center of Mass of A Continuous Object

So far, we have only considered point masses on a line or in a plane. The natural
generalization would be objects with continuous distribution of masses, such as a con-
tinuous segment of an interval, or thin sheet of material. In the former, a continuous
segment of an interval, say [a, b], with density p (z) has total mass

m:/abp(:p)dx
M = /xp

The center of mass of this line is thus 7 = -

and first moment

Example 23.3 (Center of mass of a Line Segment (1D)). Consider the line segment
[0, 3] with density p (e~*). Total mass is given by

3
m = / dx—/ e dr=1—e3.

The moment satisfies

3 3
M :/ ve dy = —we " |°23 +/ e “dx
0 0

= [—3673 + 0} + (—e’m)i
=3¢+ (1 — 6_3)

=1-—4e”.
Thus, the center of mass is
M 1—4e3
T=— = ~0.8428
m 1—e3

This answer makes sense because the density indicates that it’s denser towards 0 and
less dense towards 3; the center of mass should be tilted to the denser side.

23.3 Mass and Center of Mass (Centroid) of a Lamina: Thin
Sheets of Constant Density

For the thin sheet in 2D, we assume that the sheet is thin enough so that it can
be treated as a 2D plane. Such a sheet is called a lamina. We further assume, in
this section, that the density is constant. The geometric center of laminas is called
the centroid. We utilize symmetry (discussed below), when applicable, to find the
center of mass of lamina, in the following examples.
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Theorem 23.2 (The Symmetry Principle). If the region R is symmetric about a line
l, then the centroid of R lies on I.

Now, let’s analyze the center of mass of a lamina formed by the region between a
function f (x) and the z-axis, for a < x < b. Once again, the ingredients to calculate
the center of mass, is first moments with respect to the x- and y- axes, respectively,
and the total mass m.

Consider a vertical thin strip of width Az in the region R at location x;, and let’s
compute the mass of this strip. The strip has area f (z;) Az, and thus a mass of
pf (z;) Az where p is the density (with units mass per length squared since we are in
2D). Therefore, the total mass of the lamina is given by the limit of a Riemann sum,

n b
m%pr(xi)Axn;mp/ f(z)dx.

This formula makes perfect sense because it is precisely the area times density.
Now, we need to figure out the first moments with respect to the z-axis and y-
axis, respectively. At a particular location z;, the thin strip itself has center of mass

<xi, i g”). The second coordinate is the curious one, but still makes sense because

vertical component of the center of mass of a rectangle strip is precisely at halfway
between the z-axis and the function value f (z;). Furthermore, the rectangle can be
treated as a point mass at the center of mass, and therefore, its moment with respect
to the z-axis follows the same calculation before for point masses. More precisely, the
moment of this rectangle at x; is given by the product of the mass of the rectangle,
and the distance between the center of mass and the z-axis,

M., = pf (z;) Ax - f<2xi) = p[f (;Ei)] Az,

Summing over all such strips, we have

M= 3y, R,

2

The moment with respective to the y-axis is a little easier, since the distance from
the center of mass of each strip to the y-axis is precisely ;. Thus,

n b
My:JLrEOprif(xi)Aa::p/ xf (v)dx.
i=1 a

Altogether, the center of mass is given by (the same formula as previously)
M, _ M,

f:—’ = —

m m
We collect the takeaway of these derivations in the following theorem.

136



Theorem 23.3 (Center of Mass of a Thin Plate in the zy-plane). Let R denote a
region bounded above by f (), below by the z-axis, for a < x < b. Let p be the
constant density. Then

1. The mass of the lamina is
b
m = p/ f(z)dx.
2. The moments M, and M,, with respect to the x- and y-azes, respetively, are
b 2 b
M, :p/ @dm, M, :p/ zf (x)de.

3. The center of mass has coordinates

@9 = (% %)

m’ m

Example 23.4 (Center of Mass of Area under the Parabola). Consider f (z) = z?
on [0, 2].
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Question 23.1. Now, based on the last example, consider the region between f (z) =

2? and g (z) = —z* on [0,2]. Can you confirm that the center of mass is at (2,0), by
utilizing to the symmetry of the region?
4 £y A
— f@ =2
r) = —1?
5] g (z)
E 0
g
—92 1
—4 ‘ >
0 1 2 3 4
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