MA372: Differential Equations

Dylan C. Beck






Acknowledgements

Primarily, the contents of this document were created in the Spring 2023 and Fall 2023 semesters
at Baker University. I am grateful to the students in MA372 (Differential Equations) — especially
those who assisted in the enhancement of these notes with comments and suggestions.



Contents

0 Differential and Integral Calculus

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.10
0.11
0.12
0.13
0.14
0.15

Limits and Continuity . . . . . . . . . . . o L
Differentiation and L’Hopital’s Rule . . . . . .. .. ..o o000 0oL
Implicit Differentiation . . . . . . . . . . .. ... e
Exponential and Logarithmic Functions . . . . . . ... ... ... ... .......
Inverse Trigonometric Functions . . . . . . . . . . .. .. ... . o000 ..
Antidifferentiation . . . . ... oL L L
Computing Area Bounded by a Curve of One Variable . . ... ... .. ... ...
Definite Integration . . . . . . . . . . ... e
The Fundamental Theorem of Calculus . . . . . ... ... ... .. .. ...
u-Substitution . . . .. oL oL
Integration by Parts . . . . . . . ... o
Trigonometric Integrals . . . . . . . . . . o oL
Trigonometric Substitution . . . . . . . . .. L 0o o L
Partial Fraction Decomposition . . . . . . . . . . . ... . ... . ... ... ...
Improper Integration . . . . . . . . . . . . .. e e

1 First Order Differential Equations

1.1
1.2
1.3
1.4
1.5
1.6
1.7

Mathematical Modeling and Slope Fields . . . . ... ... ... .. ...
Elementary Differential Equations and Their Solutions . . . .. .. ... ... ...
Classification of Differential Equations . . . ... ... . ... ... .........
First Order Linear Equations and Integrating Factors . . . . . . ... ... ... ..
Separable First Order Equations . . . . . . . . . . ... ... ... . ... ......
Exact First Order Equations . . . . . . . . . . . . . . . ... ... . ... ...,
Existence and Uniqueness of Solutions . . . . .. ... ... ... .. ........

2 Second Order Linear Equations

2.1
2.2
2.3
24
2.5
2.6
2.7

Homogeneous Linear Equations with Constant Coefficients . . . . . . ... .. ...
Homogeneous Linear Equations and the Wronskian . . . . ... ... ... ... ..
Complex Roots of the Characteristic Equation . . . . . ... ... ... ... ....
Repeated Roots of the Characteristic Equation. . . . . ... ... ... .. ... ..
The Method of Undetermined Coefficients . . . . . . . ... ... ... ... ...
Variation of Parameters . . . . . . . . . .. . ... e
Review of Power Series . . . . . . . . . . L L

10
12
13
14
16
17
22
25
28
30
33
37
41
47

49
49
52
o4
o7
60
63
69

102



CONTENTS

2.8 Power Series Solutions of Linear Equations . . . . . . ... ... ... ........

2.9 Existence of Power Series Solutions of Linear Equations . . . . . .. ... ... ...

2.10 Euler Equations . . .

3 Other Solutions of Ordinary Differential Equations

3.1 Laplace and Inverse Laplace Transforms . . . . . . . ... ... ... .. ......

3.2 Laplace Transform and Initial Value Problems . . . . . . .. .. ... ... .....

3.3 Step Functions . . .
3.4 Impulse Functions . .

3.5 Convolution and the Convolution Integral . . . . . .. ... ... .. ... .....
3.6 Euler and Backward Method . . . . . . .. ... .. ... ... .. o o

3.7 Runge-Kutta Method

References

112
119
122

125
125
130
135
140
146
152
154

155



Chapter 0O

Differential and Integral Calculus

Broadly speaking, differential calculus is the study of instantaneous change. Early on in a first
calculus course, students learn that the derivative of a function at a point measures the slope of
the line tangent at that point; the slope of the tangent line at a point is simply limit of the slopes
of the secant lines passing through the specified point, and these slopes measure the average rate
of change of the function. Consequently, the derivative measures the instantaneous change of a
function. Bearing this in mind, calculus is immediately applicable in a wide range of fields — from
physics and engineering to biology, chemistry, and medicine. Conversely, it is the aim of integral
calculus to quantify change over time given the instantaneous rate of change. Combined, differential
and integral calculus constitute an indispensable tool in many applied sciences today.

0.1 Limits and Continuity

Calculus is the study of change in functions. Essentially, a function is simply a rule that assigns to
each input = one and only one output y = f(z). Often, in this course, we will simply consider real
functions, i.e., functions that are defined such that their inputs and outputs are real numbers.
We are unwittingly very familiar with real numbers: the real numbers R include zero, all positive
and negative whole numbers, all positive and negative rational numbers (or fractions), all positive
and negative square roots of positive rational numbers, and transcendental numbers like 7 and e.
We will use the notation f : R — R to express that f is a function whose domain is the real
numbers R and whose codomain is the real numbers R. Explicitly, the domain of a function is
the set of all possible inputs of a function, and the codomain of a function is the set of all possible
outputs of the function. Even more, the collection of all possible outputs of a function is the range
of the function. We will adopt the set-builder notation for the domain and range of a function f.

Dy ={x € R| f(x) is a real number} consists of real numbers = such that f(x) is a real number.

Ry ={f(x) € R |z € Dy} consists of real numbers f(x) such that z lies in the domain of f.

Example 0.1.1. Consider the real function f : R — R defined by f(x) = z. By definition, this
function outputs the real number = that is input. We refer to this as the identity function on the
real numbers. Consequently, the domain of f is Dy = R because the output of any real number is
a real number, and the range of f is Ry = R because every real number is the output of itself.

6



0.1. LIMITS AND CONTINUITY 7

Caution: the domain of a real function might not be all real numbers; the range of a real function
might not be all real numbers, either, as our next pair of examples illustrate.

Example 0.1.2. Consider the real function f : R — R defined by f(x) = 2. By definition, this
function outputs the square x? of the real number z that is input. Certainly, the square of any
real number is a real number, hence the domain of f is Dy = R; on the other hand, the only real
numbers that are the square of another real number are the non-negative real numbers. Explicitly,
for any real number z, the real number f(z) = 22 is a non-negative real number, i.e., we have that
z? > 0. Consequently, the codomain of f is R, but the range of f is Ry = Rso = {y € R |y > 0}.

Example 0.1.3. Consider the real function f : R — R defined by f(z) = \/x. By definition, this
function outputs the square root \/z of the real number x that is input. We cannot take the square
root of a negative real number, hence the domain of f consists of all non-negative real numbers,
i.e., we have that Dy = R = {x € R | x > 0}; on the other hand, every non-negative real number
can be realized as the square root of a non-negative real number. Explicitly, for any non-negative
real number y, the real number y? satisfies that y = \/37 = f(y?). Consequently, the codomain of
fis R, but once again, the range of f is Ry = Rso={y € R |y > 0}.

Generally, the restrictions on the domain of a real function consist of the following situations.
(a.) We cannot divide by zero.
(b.) We cannot take the even root of a negative real number.
(c.) We cannot take the logarithm of a non-positive real number.

Occasionally, it is necessary to split the domain or the range of a function into distinct chunks of
the real number line. By the above rule, the domain of the real function f : R — R defined by
f(x) = 27! consists of all nonzero real numbers. Consequently, we can certainly realize the domain
of fas Dy = {x € R | x # 0}, but it is sometimes more convenient to describe this set using the
union symbol U. Put simply, the union symbol U functions as the logical connective “or.” Clearly,
a nonzero real number is either positive or negative, hence we can partition the domain of f into
those real numbers that are positive and those real numbers that are negative. We achieve this
with the union symbol as Dy = {x € R| 2 > 0} U {x € R | 2 < 0}. Even more, we learn in college
algebra (or earlier) that the set of real numbers z satisfying the inequalities x > 0 and < 0 can
be described respectively using the open intervals (0, 00) and (—o0,0). Consequently, in interval
notation, the domain of the real function f(z) = z~! is given by Dy = (—o00,0) U (0, 00).

Exercise 0.1.4. Compute the domain and range of the function f : R — R defined by f(z) = z3.

Exercise 0.1.5. Compute the domain and range of the function g : R — R defined by g(z) = x73.

Exercise 0.1.6. Compute the domain and range of the function i : R — R defined by h(z) = @

Consider a function f : R — R whose domain is D;. Given any real number a in Dy, we say that
the limit of f(x) as « approaches a is the quantity L (if it exists) such that for every real number
e > 0, there exists a real number ¢ > 0 such that |x — a| < ¢ implies that |f(z) — L| < €. Put
another way, the quantity L can be made arbitrarily close to the value of f(x) by taking = to be
sufficiently close in value to a. Conveniently, if the quantity L exists, then we write L = glﬁlgr(ll f(x).
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Example 0.1.7. Let us compute the limit of f(x) = z?

as x approaches a = 1 using the definition.
Computing the limit is essentially like playing a game of limbo: we are handed a real number € > 0
(the limbo bar), and our challenge is to find a real number ¢ > 0 such that |22 — 1] < & whenever we
assume that |z — 1| < 0. Of course, we are at liberty to take § as small as necessary to ensure that
|22 — 1] < e. We may therefore assume that 0 < § < 1. Considering that 2> — 1 = (z — 1)(x + 1),
if we assume that |z — 1| < 0 < 1, then we must have that 0 < z < 2, from which it follows that

|lr + 1] < |z|+ 1 =2+ 1< 3 by the Triangle Inequality. Consequently, we have that
|22 = 1] = |(z = D)(z + 1)| = |z — 1|]x + 1| < 36.

Last, if we wish to have that |2® — 1| < e, then we should choose d to be the minimum of 1 and .

One-sided limits can be defined analogously to the limit above: the left-hand limit of f(x)
as x approaches a is the quantity L~ (if it exists) such that for every real number ¢ > 0, there
exists a real number ¢ > 0 such that —§ < & — a < 0 implies that |f(x) — L™| < e. Likewise, the
right-hand limit of f(x) as « approaches a is the quantity L™ (if it exists) such that for every real
number € > 0, there exists a real number § > 0 such that 0 < z—a < ¢ implies that |f(z)—L*| < e.

L™ = lim f(z) is the symbolic way to express the left-hand limit of f(z) as x approaches a.

r—a~

LT = lim f(z) is the symbolic way to express the right-hand limit of f(z) as x approaches a.

z—at

Ultimately, the two-sided limit exists if and only if the left- and right-hand limits exist and are
equal; thus, the two-sided limit is equal to the common value of the left- and right-hand limits.

L™ = lim f(z)= 11_I>nf(x) = lim f(z)=L"

T—a~ z—at
Graphically, it is possible to compute the two-sided limit L of some functions f(z) as « approaches
a by tracing one’s finger along the graph of f(z) from the left- and right-hand sides.

Example 0.1.8. Let us graphically compute the limit of f(z) = 2% as z approaches a = 1. Using
the graph of f(x) = 2%, we find that the limit is 1. Particularly, if we trace the graph with our left
pointer finger, moving from left to right toward the point x = 1, our finger stops at y = f(1) = 1.
Likewise, if we trace the graph with our right pointer finger moving from right to left toward x = 1,
our finger stops at y = f(1) = 1. Put in the language of calculus, we have that L= =1= L™ .

We say that a function f: R — R is continuous at a real number « if and only if

lim f(z) = f(a).

Tr—a

Explicitly, we require three things to be true of the function f(z) in this case.
1.) We must have that f is defined at the real number a, i.e., f(a) must be in the range of f.

2.) We must have that lim f(z) = f(a), i.e., the left-hand limit of f at a must be f(a).

r—a—

3.) We must have that lim f(z) = f(a), i.e., the right-hand limit of f at a must be f(a).

z—at

Consequently, if any of these criteria is violated, then the function f cannot be continuous at a.
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Example 0.1.9. One of the easiest ways to detect that a function is not continuous at a real

number a is to observe that the function is not defined at a. Explicitly, the function f(z) = % is

not continuous at a = 0 because the domain of f excludes a = 0 (since we cannot divide by zero).

Example 0.1.10. Consider the function f : R — R that is defined piecewise as follows.

fx) =

1 ifxz>0and
-1 ifz<0

Graphically, if we trace our fingers along f from the left-hand side, when we arrive at a = 0 from
the left-hand side, we find that the limiting value here is —1; however, if we trace our fingers along
f from the right-hand side, when we arrive at a = 0 from the right-hand side, we find that the
limiting value here is 1. Consequently, the function f(x) is not continuous at a = 0.

Example 0.1.11. Let us prove by definition that the function f : R — R defined by f(z) = |z| is
continuous for all real numbers a. Observe that f is defined piecewise as follows.

f(x)z{ z if x>0 and

—z ifx<0

Consequently, it suffices to show that g(z) = « and h(z) = —x are everywhere continuous. Given
real numbers 1,9 > 0, we must find real numbers d;,d, > 0 such that |z — a| < &; whenever
|z —a| < 6; and |—x — (—a)| < g2 whenever |z — a| < dy. Considering that the absolute value is
multiplicative, we have that |-z — (—a)| = |-z + a| = |—(2 — a)| = |z — a|, we may simply take
the real numbers §; = €; and Jy = £9. We conclude that g(z) = x and h(x) = —x are continuous
for all real numbers a so that f(z) = |z| is continuous for all nonzero real numbers by the piecewise
definition of f(x) prescribed above. We are done as soon as we show that

el = g Sy =0=Jp, S = Jup bl
By continuity of the functions g(z) and h(x) and by definition of |z|, the left-hand limit is given by
lim |z| = lim h(z) = h(0) = 0, and the right-hand limit is lim |z| = lim g(z) = ¢g(0) = 0.
xz—0~ z—0~ z—0t z—0t

Generally, continuity can be defined as a property of a function on any subset of its domain,
i.e., on any collection of real numbers that lie in the domain. Often, we will consider functions that
are continuous on their entire domain, but it is possible that a function is not continuous at some
point in its domain. We say that a function f is discontinuous at a real number a if f is not
continuous at the real number a. By the above three criteria, we can classify these discontinuities.

e We say that f has a removable discontinuity at a real number a if @ is not in the domain of
f but the left- and right-hand limits of f at a exist and are equal, i.e., lim f(x) = lim+ f(z).
r—a— Tr—a

e We say that f has a jump discontinuity at a real number a if both of the left- and right-hand
limits of f at a exist but are not equal, i.e., lim f(z)=L" # LT = lim+ f(x).
T—a— r—a

e We say that f has an essential discontinuity at a real number a if either the left- or the

right-hand limit of f at a does not exist, i.e., either lim f(x) or lim f(z) does not exist.
z—a~ z—at
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Often, if a function f is continuous for every real number in its domain Dy, we will say that
the function is continuous on its domain. Explicitly, if the domain of a function f is all real
numbers and f is continuous on its domain, then we will say that f is everywhere continuous.
Graphically, we may detect that a function is continuous if we can draw it without lifting our pencil.

Example 0.1.12. We can graph |z| without lifting our pencil, hence it is everywhere continuous.

2 2

Example 0.1.13. We cannot graph 7 without lifting our pencil at x = 0, hence 7 is not

continuous at @ = 0. On the other hand, for all real numbers a other than a = 0, we can graph this

2

function without lifting our pencil, hence = is continuous on its domain (—oo,0) U (0, 00).

Continuous functions abound: polynomial functions such as 23 — 22% + 2 — 7 and exponential
functions such as e* are defined for all real numbers and are everywhere continuous. Likewise, the
trigonometric functions sin(x) and cos(x) are defined for all real numbers and are everywhere
continuous. Logarithmic functions such as In(x) and log(z) and algebraic functions such as /z

and 23/2

are defined for all positive real numbers and are continuous on their domains. Further,
addition, subtraction, multiplication, division, composition, and any finite combination of these

operations on continuous functions result in functions that are typically continuous on their domains.

0.2 Differentiation and L’Ho6pital’s Rule

Given any real numbers a and h > 0 and any real function f(z) such that f(a) and f(a + h) are

defined, consider the closed interval [a,a + h] consisting of all real numbers z with a < z < a + h.

We define the secant line of f(x) over this interval as the line passing through the points (a, f(a))

and (a+h, f(a+h)). Observe that the slope of the secant line is given by the difference quotient
flat+h) = fla) _ flath)—fla)

Qalh) = (@a+th) —a h

By taking the limit of Q,(h) as h approaches 0, we obtain the derivative of f(z) at a

f(a) = Tim Qu(h) = lim L0 = /(@)

h—0 h—0 h

Of course, this limit might not exist; however, if it does, we interpret it geometrically as the slope
of the line tangent to f(x) at the point (a, f(a)). Given that the quantity f’(a) exists, we say that
f(z) is differentiable at a. One fundamental interpretation of the derivative in the context of a
function that measures something physical (e.g., velocity) is as the instantaneous rate of change.

8

Exercise 0.2.1. Use the limit definition of the derivative to compute f’(z) for f(x) = x°.
Exercise 0.2.2. Use the limit definition of the derivative to compute ¢'(z) for g(z) = 1.
Exercise 0.2.3. Use the limit definition of the derivative to compute h'(z) for h(z) = /.

One of the most important properties of differentiable real functions is the following.
Proposition 0.2.4. If a real function f is differentiable at a real number a, then f is continuous

at a. Fxplicitly, a function that is differentiable at a point in its domain is necessarily continuous
there. Conversely, there exists a function that is continuous but not differentiable on its domain.
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Proof. We will assume that f is differentiable at a real number a. Consequently, the limit

F(a) = lim Qu(h) — lim LM = /(@)

h—0 h—0 h

exists. Using the substitution x = a + h, we have that h = x — a. Crucially, under this substitution,

the limit of any function g(h) as h approaches 0 is equal to the limit of the function g(z — a) as x

approaches a. (Verify this by definition of the limit.) Consequently, the following identity holds.
f'(a) =lim Qu(z — a) = lim @) = Jla)

r—a r—a T — Q

Considering that £ — a is a polynomial function, it is continuous at a, and we conclude that

glcl_rg(x—a):a—azo.

Using the fact that the limit of a product is the product of limits (when both limits exist),

0= f(a)-lim(z —a) = lim flw) = fla) lim(z — a) = lim Jw) = fla) x —a=lim[f(z) — f(a)]
T—a T—a T — a T—a T—a T — Q T—a
yields the result that liin f(z) = liin[f(a) + f(z) — f(a)] = liin fla) + llin[f(x) — f(a)] = f(a).
Conversely, the fugc‘élion || ig c((l)ntinuous on its domairi gut it is :;10% differentiable at a = 0:
indeed, by Example , the piecewise function f(z) satisfying that f(z) = 1 for z > 0 and
f(z) = =1 for x < 0 is not continuous because the left- and right-hand limits do not agree at 0.
One can readily verify that this function is exactly the derivative of |z|, hence the claim holds. [

Computing limits by definition is even more tedious than it looks, but luckily, there are plenty of
tools that allow us to compute derivatives of functions without ever touching a limit. Particularly,

e the Power Rule says that if f(z) = 2" for some real number r, then f'(z) = ra"1;

e the Product Rule says that if f(z) and g(z) are both differentiable, then

d

() 9(a)] = ' (@)gla) + F()g (@)

e the Quotient Rule says that if f(x) and g(z) are both differentiable, then

d [f(x)] _ [(@)g(x) - fz)g'(x).
5] = T s e
e the Chain Rule says that if f(z) and g(z) are both differentiable, then

L ifog) = L)) = Flo)-g'@) = [ o (@) -o'(x).

Computing the limit of a function that is continuous is quite easy: we may simply “plug and
chug;” however, there exist functions that are not continuous. Even worse, when evaluating limits,
we can encounter situations that result in an indeterminate form when the limit is the form

0 00
— or —.
0 00
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Theorem 0.2.5 (L'Hopital’s Rule). Given any real functions f(x) and g(x) that are differentiable
for all real numbers x such that a < x < b (with the possible exception of one point x = ¢ for some
real number a < ¢ < b), consider the following conditions.

(1.) We have that lim f(z) = lim g(z) =0 or lim f(x) = lim g(z) = +o0.

Tr—cC Tr—C Tr—cC Tr—cC

(2.) We have that ¢'(x) # 0 for any real number x such that a < x < b and x # c.

/
(3.) We have that lim % exists.
Tr—cC g T

!/
Granted that each of the above conditions holds, it follows that lim m = lim f'(z)

e glx) e g(x)

1
n(x)l as x approaches a = 1.

Exercise 0.2.6. Compute the limit of f(z) = —
:L‘ —

Exercise 0.2.7. Compute the limit of g(z) = (2o — 7) sec(z) as x approaches a = 7 from the left.
sin(z)
sin(z) + tan(z)

Exercise 0.2.8. Compute the limit of h(z) = as x approaches a = 0.

_ sin(x)

Exercise 0.2.9. If - sin(x) = cos(z), compute the limit of f(z) as x approaches a = 0.

Caution: Unfortunately, the above example is not a valid proof of this limit identity: in fact, this
limit identity is needed to prove that %sin(m) = cos(x), so in order to prove this identity in a
rigorous and non-circular manner, we must use tools from trigonometry and the Squeeze Theorem.

0.3 Implicit Differentiation

Curves in the Cartesian plane can be represented by an equation involving a function of two vari-
ables. Explicitly, we are familiar with such curves as zy = 1 and y — 2* = 0; they are respectively
the functions y = f(z) = 27! and y = g(x) = x2. We refer to the functions f(x) and g(z) as the
explicit forms of the curves. Unfortunately, it is not possible to write every curve in the Cartesian
plane as a function of one variable: curves such as the unit circle 22 4+ 4> = 1 or the hyperbola
y? — 2 = 0 cannot be represented as functions because they fail the Vertical Line Test; however,
we will see throughout this semester that these curves provide important models in calculus. Curves
that do not admit closed-form expressions of the form y = f(z) can be written implicitly.

Under certain conditions, it is possible to find a “small enough” region in the Cartesian plane
in which an implicit curve can be represented by a function; thus, in this “window,” the slope and
tangent line of such curves are well-defined. Consequently, we may define the implicit derivative

by assuming that y is a function of z (on some “small window” in the plane) with derivative 3y’ = g—g.

Example 0.3.1. Compute g—g for the unit circle 2? +y? = 1.

Solution. Considering the variable y as some function y = f(z) of x and using the convention that

y = %, we may invoke the Chain Rule in order to determine that

_d _d 2 2\ /


https://en.wikipedia.org/wiki/Squeeze_theorem#Examples
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Crucially, each time the derivative operator % encounters the variable y, we differentiate y as we

would the function y = f(x) that represents y locally. Consequently, if y is nonzero, then

Otherwise, the tangent line does not exist if y = 0 because 2x+2yy’ = 0 has no solution if y = 0. ©
Example 0.3.2. Compute g—g for the parabola y? —x = 0.
Solution. By the Chain Rule applied to y = f(z), we have that

d d,
= — = — — = 2 / — ]_
0=-0=— (y" —z) = 2yy

so that Z—:'; =y’ = (2y)~! for all points (z,y) on the hyperbola such that y is nonzero. o

0.4 Exponential and Logarithmic Functions

Given any positive real number a, the exponential function with base a is given by exp,(z) = a”.
Crucially, the most important exponential function is simply exp(z) = e”: here, the base is Euler’s
number e ~ 2.72. Later, we will concern ourselves with the definition of Euler’s number; for now,
we need only recall the following properties of exponential functions for any real numbers z and y.

1.) a®t = a a¥ 3.) a* = (a")¥
2.) a* Y =a"a™¥ 4.) (ab)® = a*b* for any real number b > 0

We do not yet have the machinery available to use to prove the following, but it is true that

d x x

—e" =¢e".

dx
Considering that e* > 0 for all real numbers x, it follows that e is a strictly increasing function,
hence it passes the Horizontal Line Test and must therefore admit an inverse function; we refer

to this function as the natural logarithmic function In(z). Put another way, we have that

In(z)

e™® = g for all real numbers x > 0 and In(e®) = z for all real numbers =.

Observe that the range of e” is (0, 00), hence the domain of In(z) is (0, 00). Conversely, the domain
of e” is (—00, 00), hence the range of In(x) is (—o0, 00). We will also simply assert that

d 1
— Injz| = —.
T

dx

We may also deduce the following properties of logarithmic functions for any real numbers x,y > 0.

1.) log,(xy) = log,(x) + log,(y) 3.) log,(xy™") = log,(z) — log,(y)

2.) log,(z") = rlog,(z) for all real numbers r 4.) log,(x) =
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Even more, for any real number a > 0, the exponential function exp,(x) = a” is differentiable for
all real numbers x. Further, observe that y = a” is strictly positive for all real numbers x, hence
the function In(y) = zIn(a) is well-defined. Using the Chain Rule, we find that

y = 4 In(y) = i[x In(a)] = ln(a)-dix = In(a) and ia = iy _ 4y y' =yln(a) = a” In(a).

1
Y dx

By a similar rationale as before, one can define the logarithmic function log,(z) base a for any

positive real number a as the function inverse of a”; its domain is (0, 00), and its range is (—00, ).

Exercise 0.4.1. Compute the derivative of y = log,(x) by using the fact that a¥ = x.

0.5 Inverse Trigonometric Functions

Even though the trigonometric functions like sin(z), cos(x), and tan(z) are periodic, we can find
a region on the z-axis in which these functions pass the Horizontal Line Test and admit function
inverses. Explicitly, the inverse trigonometric functions are denoted as follows.

arcsin(x) = sin~*(z) domain: [—1,1] range: [—g, g}
arccos(r) = cos™ () domain: [—1,1] range: [0, 7]
arctan(z) = tan™*(z) domain: (—o0,00) range: <—g,g)

Considering that the input of the sine function is an angle, the output of the arcsine function is an
angle. Consequently, if x = sin(f), then it follows by definition that § = arcsin(x) so that

d arcsin(x) d0

— arcsin(z) = —.

dx dx
Observe that sin(#) is the ratio of the opposite side and the hypotenuse of a right triangle, so we
may construct a right triangle whose opposite side has length x and whose hypotenuse has length

1 in order to obtain sin(f) = x. Our right triangle therefore has the following form.

/ N

By the Pythagorean Theorem, we must have that 22 + a> = 1 so that a = /1 — 22.
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/ [
Vi—az?

do
Using the Chain Rule, we can compute T Explicitly, we have that
x

b _ 4 sin() = ix =1 so that 4 arcsin(z) = o _ 1 !
de  dx Cdxt dx dr cos() 1 — a2

Exercise 0.5.1. Use a right triangle involving 1, z, and v/1 — 22 to compute % arccos(z).

cos(0)

Using a similar idea as the one we employed to compute the derivative of arcsin(z) and arccos(z),
we will set up a triangle with tan() = x. Observe that tan(#) is the ratio of the opposite side and
the adjacent side of a right triangle, so we may construct a right triangle whose opposite side has
length = and whose adjacent side has length 1 in order to obtain tan() = x.

/ N

1

Once again, by the Pythagorean Theorem, we find that h? = 22 + 12 so that h = V1 + 22.

V1+a? z

/ N

do
Using the Chain Rule, we can compute e Explicitly, we have that
x

1
do — itan(@) = ix =1 so that 4 arctan(x) = a9 = cos?() =

2
0) - — .
sec™(0) dr dz dx dx dx 1+ 22
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Exercise 0.5.2. Use a right triangle involving 1, z, and v/1 + z2 to compute % arccot(x).

Last but not least, we will set up a triangle with sec(f) = z. Observe that sec(f) is the ratio of
the hypotenuse to the adjacent side of a right triangle, so we obtain the following diagram.

/ N

Once again, by the Pythagorean Theorem, we find that 22 = 0? + 12 so that 0 = V22 — 1.

/ N

do
Using the Chain Rule, we can compute T Explicitly, we have that
x

1
do _4 sec(f) = dix = 1 so that di arcsec(z) d0 = cos(f) cot(f) =

0) tan(9) - < _ B _
sec(f) tan(0) = . . dr v — 1

Exercise 0.5.3. Use a right triangle involving 1, z, and /22 — 1 to compute % arcesc(x).

0.6 Antidifferentiation

Considering that a derivative is a rate of change, it is natural in the applied sciences to begin with a
rate of change and use it to estimate the net change of a process over time. Explicitly, if we observe
that the velocity of a body is given by a function f(x) over some interval of time, then we may seek
a function F'(x) such that F'(z) = f(z) over this interval of time. Given that such a function F(z)
exists and satisfies that F’(z) = f(x), we refer to F'(z) as an antiderivative of f(z).

Exercise 0.6.1. Prove that the function F(z) = 32® is an antiderivative of f(z) = °.

Exercise 0.6.2. Prove that the function G(z) = zIn(x) — x is an antiderivative of g(x) = In(x).

Exercise 0.6.3. Prove that the function H(z) = ze® — e” is an antiderivative of h(zx) = ze®.
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Observe that for any antiderivative F(z) of a function f(z), there exists a family of antideriva-
tives indexed by the real numbers. Particularly, the function G(z) = F(z) 4+ C is an antiderivative
of f(z) for every real number C. Even more, by the Mean Value Theorem, every antiderivative
of f(x) is of the form F(z) 4+ C for some antiderivative F'(z) of f(x) and some real number C.
Consequently, we may define the general antiderivative or indefinite integral of f(x) to be

/f(m)da::F(x)—i—C'
for any real number C. By the familiar derivative rules, we obtain

e the Power Rule, ie., [2"dr = —52""" 4 C for all real numbers 7 # —1 and

e the Chain Rule, ie., [ f'(9(2))d (z)dz = f(g(z)) + C.

Further, indefinite integration is linear: for all real functions f(x) and g(z), we have
e the Multiples Rule [ kf(z)dz = k([ f(z)dz) for all real numbers k and
e the Sum Rule [[f(z)+ g(z)]dx = [ f(z)dz + [ g(x)dx

Exercise 0.6.4. Compute the indefinite integral of f(z) = x~1.
Exercise 0.6.5. Compute the indefinite integral of g(z) = 2ze®’.
Exercise 0.6.6. Compute the indefinite integral of h(x) = 2sin(z) cos(x).

Circling back to the opening remarks of this section, we will assume that the velocity of a body
over an interval of time is a continuous function v(¢). Even more, suppose that we note the position
s(t) of the particle at time ¢t = 0, i.e., the quantity s(0) is known. Considering that s'(t) = v(t), it
follows that s(¢) must differ from [ v(t) dt by a constant C' that depends on the quantity s(0). We
refer to this scenario as an initial value problem of the differential equation s'(t) = v(t).

Example 0.6.7. Consider the velocity function v(t) = 3t* — 4t + 2 of a body whose position s(#)
at time ¢ = 0 is given by s(0) = 7. Give an explicit formula for s(t).

Solution. Observe that s(t) = [wv(t)dt = [3t*dt — [4tdt = [2dt = t* — 2t* + 2t + C. By plugging
in our initial value of s(0) = 7, we find that 7 = s(0) = C so that s(t) =3 — 26> + 2t + 7. o

Exercise 0.6.8. Consider tossing a ball upward with an initial velocity of 48 feet per second and
constant acceleration of —32 feet per second from the edge of a cliff of height 432 feet. Compute
the maximum height of the ball; then, find the time it takes for the ball to reach the ground.

0.7 Computing Area Bounded by a Curve of One Variable

Continuing in the theme of extrapolating data from intermittent observations, suppose that we
observe the velocity v(t) of a particle over a period of time 0 < ¢ < 25, taking care to mark down
the velocity of the particle every five seconds. Consider along these lines the following table.

t |o|5]10]15]20]25
u(t) |25 ]31 3543|4746
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We can roughly approximate the total distance traveled by the body for 0 < ¢ < 25 by assuming
(incorrectly) that the body maintains a constant velocity each time we see it. Computing the total
distance travelled by the particle during our observation amounts to finding the displacement of
the body over each time interval and adding these quantities together. Explicitly, we have that

total distance traveled =25-5+4+31-5+35-5+43-5+47-5+46-5=1135.

Certainly, we can improve this estimation by taking more measurements: even recording one more
observation will give us a better understanding of the behavior of the particle over the specified
interval of time. Better yet, the more observations we record, the more accurate our understanding of
the total distance traveled; however, this also requires adding more numbers together. Consequently,
it will be convenient to develop notation to take sums of arbitrarily large quantities of data.

Let us assume for the moment that we have a collection of n real numbers a4, as, . . ., a,, for some
positive integer n. Certainly, the sum of these real numbers can be realized as

Zai:al—i—ag—l—---—i—an.
i=1

We refer to this as sigma notation: indeed, the Greek letter sigma ¥ is used as a mnemonic device
for “sum”; the subscript ¢ = 1 denotes the index of summation and informs us of the first term
a; in our collection of data; and the superscript n tells us that the sum terminates with the last
term a,, in our collection of data. We refer to the real number a; as the ith summand for each
integer 1 <1 < n; the entire sum Z?:l a; = a; +as + -+ + a, is called a finite sum.

Often, we will consider finite sums whose 7th summand can be conveniently expressed in closed-
form. Explicitly, this means that there exists a function f(z) such that a; = f(7).

Example 0.7.1. Consider the finite sum 1+ 2 + 3 + --- + 10 of the first ten positive integers.
Observe that the ¢th summand is simply the positive integer 7, hence we have that a; = ¢ and

10
L4243+ 4+10=) i
=1

Crucially, we point out another way to index the given sum — namely, we have that

10 10
S i=142434 - +10=0+1+2+3+-+10=Y 4.
i=1 i=0

Often, if a sum involves a summand of zero, we will simply omit it (unless it is more convenient to
include it). We could have also written this sum in a third way as follows.

10 20 20
D i=14243++10=(1+2+43+--+20) = (1L +124+13+---+20) =Y i—> i
=1

=1 =11

Example 0.7.2. Consider the finite sum 1+ 4+ 9 4 --- 4+ 100 of squares of the first ten positive
integers in which the ith summand is simply the positive integer :>. We have that a; = i and

10
L4494 4+100= Y
=1
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Example 0.7.3. Express the finite sum 1%+ 23 4 3% + ... 4+ 10003 of cubes of the first 1000 positive
integers in summation notation, identifying the closed-form expression for the ith summand a;.

Quite importantly, finite sums admit a convenient arithmetic of their own.

Proposition 0.7.4 (Properties of Finite Sums). Given any positive integer n and any real numbers
a1,y Qn, b1, ... 0,, and C, the following identities hold.

(i

.) (Empty Sum Law) We have that Y ;" a; =0 for all integers m < n.
(ii.) (Constant Sum Formula) We have that > C = C(n —m+ 1) for all integers m < n.
)

(iii.) (Linearity of a Finite Sum I) We have that Y., Ca; = C(3 0, ai).

(iv.) (Linearity of a Finite Sum II) We have that Y. (a; +b;) = i ai+ > o b;.

One can easily prove the above formulas by expanding and comparing the expressions on both
sides of the equation. We will not endeavor to prove the following identities because these details
are beyond the scope of this course; however, they will be indispensable in what follows.

Proposition 0.7.5. Consider any positive integer n.

n(n+1)'

i. have that | =
(i.) We have tha izlz 5

. "L, nn+1)2n+1)
) We have that Y i* = :
(ii.) We have tha 2 i 5

- 3 n(n+1) ’
(iii.) We have that ;z = [—2 :

Going back to our example of tracking a particle over a period of time, if we know the velocity
v(t) of the particle at any time 0 <t < 25, then we can approximate the total distance traveled by
the particle by recording the velocity a positive integer n times and computing the total displacement
of the particle over each interval of time. Explicitly, if we observe the particle for some real numbers
0=ty <ty <---<t,=25and we assume that the particle has constant velocity v(¢;) for each
integer 0 < ¢ < n, then the total distance traveled by the particle between time ¢; _; and time ¢; is
given by the real number At; = t; — t;_; and the total displacement of the particle on this closed
interval [t;_1,t;] is v(t;) At; (rate x time). Consequently, in sigma notation, we have that

n

total distance traveled = v(ty) Aty + v(ta) Aty + - -+ + v(t,) At,, = Z v(t;) At;.

i=1

By viewing the points (t;,v(¢;)) as lying on the graph of the velocity curve v(t), we may recognize
Sor v(t;) At; as an approximation of the area between the curve v(t) and the t-axis, i.e., the net
area bounded by the curve v(t) of one variable. We will now generalize this idea.

Consider any real function f(x) that is continuous on a closed and bounded interval [a, b]. Choose
any positive integer n; then, choose n real numbers a = x¢o < z; < --- < x, = b. Consider the closed
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and bounded intervals [x; 1, z;] for each integer 1 < ¢ < n. We refer to the collection P of such
closed and bounded intervals as a partition of [a, b], and we denote by Ax; = z; — x;_1 the length
of the interval [z;_1,x;]. Choosing sample points z] such that x;_; < zf < z; yields a so-called
tagged partition (P,z}) consisting of closed and bounded intervals and sample points within
them. We associate to each tagged partition a Riemann sum (or Riemann approximation)

Z f(x}) Ax; = f(27) Axy + f(25) Axg + - - - + f(x,) Ay,

Geometrically, we may realize f(x}) as the height of a rectangle with base Ax;, hence the above
Riemann sum provides an approximation of the net area bounded by the curve f(z) over the closed
interval [a, b]. Common tagged partitions are formed by taking x; to be the left- or right-endpoint
or the midpoint of [z;_1,x;]. Each of these tagged partitions uses n + 1 equally-spaced points
a=1x9<x < <x,=Db; the common length of each interval [z; 1, ;] is Az. Considering that

b—a:Aa:1+A:B2—{—---+Axn:ZAxi:ZAx:nA:E

by the second part of Proposition , we conclude that Azx = b_Ta
e We denote by L, the left-endpoint Riemann approximation of the function f(x) on the

closed interval [a,b] with Az; = Az = 2% and sample points 2} = (; = a + (i — 1) Az.

e We denote by R, the right-endpoint Riemann approximation of the function f(z) on
the closed interval [a,b] with Az; = Az = =% and sample points =} = r; = a + i Az.

e We denote by M,, the midpoint Riemann approximation of the function f(z) on the
closed interval [a,b] with Az; = Az = =% and sample points 2} = m; = a + 2+ Az,

Example 0.7.6. Compute the left- and right-endpoint and midpoint Riemann approximations of
the curve f(z) = z on the closed and bounded interval [0, 4] using four equally-spaced points.

Solution. By recognizing that a = 0 and b = 4, the length of each interval of the partition is
Ax; = Ax = 1-0 % =1
4 4
Consequently, the left-endpoint approximation satisfies that ¢; = 0+ (i — 1)1 = ¢ — 1; the right-
endpoint approximation satisfies that r; = 0 +¢ = ¢; and the midpoint approximation satisfies that
m; =0+ %(1) = % for each integer 1 <17 < 4. We conclude therefore that the following hold.

4

£4:;f(€i)Ax:Z€i:Z(i—l):Zi—le@—4:6

i=1 1=1 i=1 =1

M,y = A—42i_1—4' 41—1014—8
4—Zf(mi) JJ—Z 5 —22—25— _5()— ©
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Example 0.7.7. Compute the left- and right-endpoint and midpoint Riemann approximations of
the curve g(x) = 22 on the closed and bounded interval [0, 1] using five equally-spaced points.

Solution. Like before, we find that @ = 0 and b = 1 so that the length of each interval is

1-0 1
Ar=——=—.
5 5
By the above, the left-endpoint approximation uses the sample points ¢; = 0+ (i — 1) Az = %;

the right-endpoint approximation uses the sample points r; = 0 + iAz = ¢; and the midpoint

approximation uses the sample points m; = 0 + %Am = %. We conclude that

21—V 1 1 4 9 16\ 30 6
A= F =< 04— 42,2 10 b
Zg T2 52( ) (+25+25+25+25) 75 25

5 5 N2
P21~ iY 1/1 4 9 16 25\ 55 11
=Y gty Ae =T =2 S AT T R
Re=2 g(t)Ar =23 52(5) 5(25+25+25+25+25> 5%

5 5 . 2
m; 1 2t —1 1/ 1 9 25 49 &1 33
Mo = gtm) e =3 = 257 (%552 ) = 2 (505 * 505+ 500+ 106 * 108) = 106 °

Exercise 0.7.8. Compute the left- and right-endpoint and midpoint Riemann approximations of
the curve h(z) = 2 on the closed and bounded interval [0, 2] using eight equally-spaced points.

By allowing the number of sample points to grow arbitrarily large, the error of approximating
the area bounded by a curve of one variable by a Riemann sum shrinks to zero, hence we define

area bounded by the curve f(x) on the closed and bounded interval [a,b] = lim Z f(x) Axy,
n—oo

where x} are sample points of a partition P of [a,b] and Azx; = x; — x;_; for each integer 1 < i < n.

Example 0.7.9. Compute the area bounded by f(z) = 2? on the closed interval [0, 1].

Solution. Crucially, the above definition of the area does not depend on the choice sample points
xf or the partition P of [0, 1], so we may carefully construct these to make things as convenient
as possible. Given any choice of equally-spaced points a = zo < 21 < -+ < x, = b, we have that

Ax = 1—;0 = % We may choose the right-endpoint approximation so that x} = % and

R Zf Ax_i(%f(%) an_ngzz n+1)6(2n+1)

=1

by the second part of Proposition . By taking the limit as n — oo, we conclude that

1)(2 1
area bounded by z? on [0,1] = lim R, = lim nn+1)2n+1) _

n—00 n—00 6n3

2 1
6 3
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0.8 Definite Integration

Given any real function f(x) and any real numbers a and b, consider any collection of points
(2, f(x,)) on the graph of f(x) with a = 29 < 21 < -+ < 2, = b and Ax; = x; — x;_; for each
integer 1 < i < n. Each of the closed and bounded intervals [x; 1, z;] gives rise to a partition P
of the closed interval [a,b], and we may choose sample points x; for each integer 1 < ¢ < n such
that x;_1 < 2 < z; and 2] < 2§ < --- < 2. Crucially, we are not assuming here that the points
X, Z1, ..., T, are equally-spaced, hence we may denote ||P|| = max{Ax; | 1 <i <n}. We define

b
/Gf(x)dx ||P|H02f ) Az;

as the definite integral of f(x) on the closed and bounded interval [a, b]. Provided that the above
limit exists, we say that f(x) is integrable on [a,b]. We refer to the function f(z) in this case
as the integrand; the real numbers a and b are the limits of integration. By our work in the
previous section, we may interpret the definite integral f b f(z) dx as the net area bounded by f(x):
indeed, > " | f(z}) Az; is a Riemann sum representing rectangles of height f(x}) and width Az;.

Example 0.8.1. Express the following as the definite integral of a function on the interval [1, 8.

lim V2 + (27)? Az,

IPll—0 Zl (=)
Solution. Considering that we do not know the partition P or the sample points x}, there is not
much we can do other than recognize the function f(z). Comparing the limit with the definition
above, we recognize that f(z) = v/2z + 22 so that the limit in question is flg V2z + 22 dx. o

Exercise 0.8.2. Express the following as the definite integral of a function on the interval [0, 7].

Often, it is most simple to work with a regular partition P, i.e., a partition of [a,b] with n+1
equally-spaced points a = ¢ < x1 < --- < x,, = b such that Az, = Axg = Az, = Az = =2
Under this identification, we have that Aa:l = 1x1 — g so that ;1 = xg+ Axl = a+ Ax, from which
it follows that o = 21 + Azy = (a + Az) + Az = a + 2Az and x; = a + iAx for each integer
1 <4 < n. Choosing our sample points such that xf = z; = a + ¢{Ax and using the fact that

b—a
n

[P|l = max{Az; [1 <i<n}=Azr=

approaches zero if and only if n approaches oo, we conclude that

b —a
/f@)dx_ngﬁozf sz_nlugozfaﬂm)(bn )

Example 0.8.3. Express the following as the definite integral of a function on a closed interval.

27
nh_)rg()Zcos( 7T+’L—> ( n>
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Solution. Considering that Az = 27” = b_T“ and a = —m, we must have b = a+nlAr = —7+4+27 = 7.

Even more, the integrand is cos(z), hence the limit describes the quantity [”_cos(x) dx. o

Before we endeavor to compute any definite integrals by the limit definition provided above, it
is conceptually important to note that the definite integral can be computed by hand in some cases
without appealing to any limits. Explicitly, for any real numbers ¢ and d, we have that f;(c:ﬂ—’—d) dx
represents the net area bounded by the line cx + d and the coordinate axes. Consequently, this area
can be computed geometrically as a linear combination of areas of triangles and rectangles.

Exercise 0.8.4. Compute the definite integral fE’Q(Sx — 2) dzx using geometry.

Exercise 0.8.5. Compute the definite integral f_23(5 — 2x) dx using geometry.

Likewise, for any function of the form y = f(z) = V72 — 22, it follows that 22 + y? = r? yields
a circle of radius r, hence we can determine an integral of the form fjr Ve — 22 dzx.
Exercise 0.8.6. Compute the definite integral f_ll V1 — 22 dx using geometry.

Often, we will deal with definite integrals that cannot be computed by geometry; for now, if we
encounter this situation, we can sometimes use the limit definition of the definite integral.

Example 0.8.7. Compute the definite integral fol 2% dz as the limit of a Riemann approximation
as the number n of subintervals tends to infinity.

Solution. Considering that a = 0 and b = 1, we have that

b— 1-0 1
n n n

so that a +iAz =0+ % = % Consequently, it follows that

1 n
2 nn+1)2n+1) 1
/093 dx—JEEOZH( >( )—JEEW—Z’ = Jim 6 =3 °

Example 0.8.8. Compute the definite integral fo (z3 — 6x) dx as the limit of a Riemann approxi-

mation as the number n of subintervals tends to infinity.

Solution. Considering that a = 0 and b = 3, we have that
b—a 3 0
n n
so that a +iAz =0+ % = % Consequently, it follows that

/03(;1; — 62)da —nlggoz [(32) —6(%)] (%) :JE&%Z <2n7_2 - 182)

=1

Azr =

3
n

Granted that the limit of each of these Riemann sums exists, the limit of their difference is given
by the difference of their limits, hence it suffices to compute these limits separately.

3 Z81z‘3 8l iy S [n(n—i—l)r 81
" =1lm — - |— = —
2 4
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Consequently, we have that fog(xg — 6z)dr =8 — 108 = 2T, o

Based on the definition of the definite integrals and the summation properties outlined in the
previous section, we can extrapolate the following properties of definite integrals.

Proposition 0.8.9 (Properties of Definite Integrals). Given any real function f(x) that is integrable
on a closed and bounded interval [a,b], the following properties hold for f; f(z)dx.

(i.) (Empty Integral Law) [* f(z)dz =0
(ii.) (Reversing the Limits of Integration) [, f(z)dz = — f: f(x)dx
(iii.) (Additivity of Adjacent Intervals) fab f@)de = [ f(x)de+ fcb f(x)dx for all real numbers c
(iv.) (Constant Integral Formula) f: kdx = k(b— a) for all real numbers k
(v.) (Linearity of a Definite Integral I) f; kf(x)de =k f; f(z)dx for all real numbers k
(vi.) (Linearity of a Definite Integral II) f:[f(a:) +g(x)]dx = f: f(x)dx + fabg(a:) dx
Example 0.8.10. Compute the definite integral f01(3x2 +4) du.

Solution. By appealing to Example and Proposition , we have that

1 1 1 1 1
/(3x2+4)dx:/ 3:1:2da:—|—/ 4da;:3/ xde+4(1—O):3(§)+4:5. o
0 0 0 0

Example 0.8.11. Given any pair of real functions f(z) and g(z) such that f_ll f(z)dx = 2 and
[, g(x) dzx = —1, compute the definite integral fjl[Sf(x) —g(z)] dx.

Solution. By appealing to Proposition , we have that
1 1
[ b1 - geNdr= [ Gr@ + gt da
-1 -1

1

:/llgf(;c)dx+/ [—g(z)] dx

1

:3/1f(x)dx—/1g(x)d:p:3(2)—(—1):7. o

Example 0.8.12. Given any real function f(x) such that f04 fx)dx =1, fi f(z)dx = 3, and
fi f(z)dz =5, compute the definite integral f34 f(z)dzx.
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Solution. By appealing to Proposition , we have that

/34f(m)dx:/3_2f(x)dx+ zf(x)dl‘
:—/Zf(x)dx—i— Zf(l’)dl‘

:_/_Zf(x)dx+/_02f(m)da:+/04f(x)dx:—3+5+1:3. o

0.9 The Fundamental Theorem of Calculus

Calculus can be divided into two topics — differentiation and integration — that are connected
by the Fundamental Theorem of Calculus. Essentially, the Fundamental Theorem of Calculus says
that differentiation and integration are inverse operations: if f(z) is continuous on an open interval,
then f(x) admits an antiderivative by the definite integral, and conversely, the definite integral of
f(z) over a closed interval measures the net change of any antiderivative over that interval.

Theorem 0.9.1 (Fundamental Theorem of Calculus, Part I). Given any real function f(x) that is
integrable with a continuous antiderivative F(x) on a closed interval [a, b, we have that

/ f(z)dx = F(b) — F(a).

Even more, this quantity measures the net area bounded by the curve f(x) from x =a to x =b.

Proof. Observe that the quantity F'(b)— F'(a) measures the net change of F'(x) on the closed interval
la, b]. Given any collection of n real numbers a = xy < 27 < --+ < z,, = b, we have that

F(b) — F(a) = F(b) — F(zn_1) + F(an) — F(tp_s) + -+ F(z)) — F(a)

by adding and subtracting F'(x;) for each integer 1 < i < n — 1. Grouping each consecutive pair of
differences and using the fact that a = z¢ and b = x,,, it follows that

n

F(b) ~ F(a) = Y IF ()~ Flai1)]
i=1
By the Mean Value Theorem applied to F(x), for each integer 1 < i < n, there exists a real number
xf such that =,y < xf < x; and F(x;) — F(x;-1) = F'(x})(z; — x;_1). By assumption that F(x)
is an antiderivative of f(z) on the closed interval [a,b], we have that F'(z) = f(z), hence we can
rewrite each of these equations as F'(z;) — F(x;_1) = f(z}) Az; for the quantity Az; = x; — z;_1.
Going back to our above displayed equation with this new identity, we have that

F(b) — F(a) = Zf(x;) Az;.
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By taking the limit as n approaches co on both sides, we conclude the desired result that

n—oo

n b
F(b) — F(a) = lim [F(b) — F(a)] = T}L%Zf(x:) Az; = / f(x)dx. O

Consequently, if v(t) measures the velocity of a particle over time, then the (definite) integral of
v(t) over [a,b] measures the total distance travelled by the particle from time ¢t = a to time ¢ = b.

Exercise 0.9.2. Compute the net area bounded by the curve f(z) = 23 from z = —1 to z = 1.
Exercise 0.9.3. Compute the net area bounded by the curve g(z) = sin(z) from x = —F toz = 7.
Exercise 0.9.4. Compute the net area bounded by the curve h(z) = < from z =1 to z = e.

Remark 0.9.5. Like we previously mentioned, if F'(x) is an antiderivative of a real function f(z)
on a closed interval [a, b], the Mean Value Theorem implies that every antiderivative of f(z) over
la, b] is of the form F'(x)+ C' for some real number C. Consequently, the choice of antiderivative of
f(z) does not matter when it comes to computing the definite integral of f(x) on [a, b]:

/ F(@)dz = [F(b) + C] — [F(a) + C] = F(b) — F(a)

holds for all real numbers C' by the
One other way to interpret the first part of the Fundamental Theorem of Calculus is as follows.

Corollary 0.9.6 (Net Change Theorem). Given any differentiable function f(x) on an open interval
(a,b) such that f(a) and f(b) are defined, we have that

b
)~ () = [ Fw)ds

Put another way, the net change of f(x) over the closed interval |a,b] is ff f(x)dx.

Exercise 0.9.7. Consider a leaky water heater that loses 2 + 5¢ gallons of water per hour for each
hour after 7 AM. Compute the total amount of water leaked between the time of 9 AM and 12 PM.

Exercise 0.9.8. Consider any medication that disperses into a patient’s bloodstream at a rate of
50 — 24/t milligrams per hour from the time it is administered. Compute the amount of medication
dispersed into a patient’s bloodstream one hour after it is administered. Given that one full dose is
50 milligrams, what percentage of the dose reaches the patient’s bloodstream in an hour?

Exercise 0.9.9. Consider any particle that moves with velocity 2 — 10¢? + 24t meters per second
after initial observation at time t = 0. Compute the total displacement of and the total distance
travelled by the particle from time ¢t = 0 to time ¢ = 6; then, compare the values.

Conversely, the second part of the Fundamental Theorem of Calculus states that every contin-
uous function on a closed interval [a,b] admits an antiderivative in the form of a definite integral.

Theorem 0.9.10 (Fundamental Theorem of Calculus, Part II). Given any real function f(x) that
is continuous on a closed interval |a,bl], for all real numbers a < x < b, we have that

%l?@ﬁ:ﬂm
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Proof. Considering that f(z) is continuous on [a, b], it is integrable on [a, b], hence we may define

:/:f(t)dt

for all real numbers a < x < b. We must demonstrate that for all real numbers a < z < b, the limit

d F h)—F
—F(x) = lim (z+h) ()
dx h—0

exists. By the second and third parts of Proposition , it follows that

Flz+h) — / F(t dt—/f t)dt = /hf(t)dtqt/:f(t)dt:/:Jrhf(t)dt.

By the Mean Value Theorem for Definite Integrals, there exists a real number ¢ (depending
upon h) such that z < ¢ < x + h and thf (t)dt = f(c)[(x + h) — z] = f(c)h so that

fo - Pt h]z — F(x)

Considering that f(z) is continuous on the closed interval [a, b, it follows that

F(z+h)— F(x) _ P,

f(limc) = lim f(c) = lim

h—0 h—0 h—0

hence it suffices to compute the limit of ¢ as h approaches 0. By the Squeeze Theorem, we have

r=limzr <limec<lim(z+h)==x
h—0 h—0 h—0

so that }llirr(l)c =z and F'(x) = f(x) for all real numbers a < x < b, as desired. O
ﬁ.

Exercise 0.9.11. Compute the derivative of [ sin(¢) dt for any real number z > 0.
Exercise 0.9.12. Compute the derivative of ffl ¢! dz for any real number z > —1.
Exercise 0.9.13. Compute the derivative of fl In(t) dt for any real number = > 1.

Exercise 0.9.14. Given any differentiable real functions f(z), g(z), and h(z), use the
and the Chain Rule for derivatives to prove that

d [

G SO = FHENE) ~ fo)d @)

Exercise 0.9.15. Compute the derivative of fOxQ sin(cos(t)) dt for any real number x > 0.

Exercise 0.9.16. Compute the derivative of fli(()x) V12 + 1dt for any real number 0 < x < e'®

Exercise 0.9.17. Compute the derivative of f;; Vtdt for any real number 0 < x < 1.
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0.10 w-Substitution

Until now, we have managed to find the antiderivatives of many functions by viewing antidifferen-
tiation as the inverse to differentiation (in the sense of the

) and subsequently using the appropriate analog of the familiar rules for differentiation such as the
Power Rule and the Chain Rule. Explicitly, given any real number r # —1, we have that

1
/mrd:p: — 4
r—+1

by the Power Rule. Further, for any differentiable functions f(x) and g(x), we have that

/ F(g(@))g(2) de = f(g(x)) + C

by the Chain Rule. Essentially, if we make the assignment u = g(x), then it follows that fl—g = ¢'(x)
and f'(g(z))g'(z) = f'(u)%“. Conventionally, this relationship is written as du = ¢'(z) dz so that
f'(g(x))d (x) de = f'(u) du. Considering that f(u) is an antiderivative of f’(u), it follows that

/f’(g( dx—/f (v) + C = f(g(x)) + C.

Colloquially, we refer to this technique (and its broader applications) as u-substitution.
Exercise 0.10.1. Compute the indefinite integral of f(z) = (z + 1),

Exercise 0.10.2. Compute the indefinite integral of g(z) = z cos(2z?).

Exercise 0.10.3. Compute the indefinite integral of h(z) = z%e*’

Exercise 0.10.4. Compute the indefinite integral of k(z) = zv/2z — 1.

Even more, the technique of u-substitution can be used to evaluate definite integrals. Explicitly,
suppose that f’(x) is integrable on the closed interval [g(a), g(b)] and f'(g(x))g'(x) is integrable on
the closed interval [a, b]. By performing the substitution u = g(x), we have that du = ¢'(z) dx and
f(g(z))d () dx = f'(u) du. Even more, if z = a, then u = g(a), and if z = b, then u = g(b) so that

g(b)
/ f'(g r)dr = f(u) du

9(a)
Exercise 0.10.5. Compute the definite integral fol (2% — 1) dx.
Exercise 0.10.6. Compute the definite integral f:{% 2z sec?(z?) dx

Exercise 0.10.7. Compute the definite integral ff @ dx.

We say that a real function f(z) is even if it holds that f(—xz) = f(x) for all real numbers x in
the domain of f such that —z is in the domain of f. Consequently, the polynomial 3z* — 2% + 2 and
the trigonometric function cos(z) are even functions. Conversely, we say that f(z) is odd if it holds
that f(—xz) = — f(x) for all real numbers z in the domain of f such that —z is in the domain of f.
We note that the polynomial 42° + 2 + 1 and the trigonometric function sin(z) are odd functions.
We refer to the property that a function is even or odd as the parity of the function. We note that
a function need not have parity, as illustrated by the fact that f(x) = 2* + x does not satisfy either
f(=x) = f(x) or f(—x) = —f(x); however, the parity of a function is always well-defined.



0.10. u-SUBSTITUTION 29

Exercise 0.10.8. Explain whether f(x) = tan(z) is even, odd, or neither.
Exercise 0.10.9. Explain whether g(z) = z%€” is even, odd, or neither.

Exercise 0.10.10. Explain whether h(z) = sin*(z) is even, odd, or neither.
Proposition 0.10.11 (Properties of Function Parity). Consider any real functions f(x) and g(x).

(i.) (Preservation of Parity Under Nonzero Scalar Multiple) If f(z) has parity, then for all nonzero
real numbers «, the scalar multiple af (z) of f(x) by o has the same parity as f(x).

(ii.) (Preservation of Parity Under Sum) If f(x) and g(x) have the same parity, then their sum
f(z) 4+ g(x) has the same parity as both f(x) and g(x).

(iii.) (Preservation of Parity Under Product) If f(z) and g(x) have the same parity, then their
product f(x)g(x) has the same parity as both f(x) and g(x).

(iv.) (Products of Functions of Opposite Parity) If f(z) and g(x) have opposite parity, then their
product f(z)g(z) is an odd function.

(v.) (Preservation of Parity Under Quotient) If f(x) and g(x) have the same parity, then their
quotient f(x)/g(x) has the same parity as both f(x) and g(x).

(vi.) (Quotients of Functions of Opposite Parity) If f(x) and g(x) have opposite parity, then their
quotient f(x)/g(x) is an odd function.

(vii.) (Preservation of Parity Under Composition) If f(x) and g(z) have the same parity, then their
composite f(g(z)) has the same parity as both f(x) and g(x).

(viii.) (Composition of Functions of Opposite Parity) If f(z) and g(x) have opposite parity, then
their composite f(g(z)) is an even function.

(ix.) (Parity of the Derivative of a Function) If f(z) is differentiable and f(x) has parity, then the
derivative f'(x) has the opposite parity of f(x).

Proposition 0.10.12 (Definite Integral of an Even Function on a Symmetric Interval). Consider
any even real function f(z) that is integrable on a closed interval [—a, a]. We have that

/_Zf(x)d:cz?/oaf(x)dx.

Proof. By the third property of Proposition , it follows that

/_Zf(ﬂf)diﬂ:/_(:f(af)dﬂf-F/oaf(a:)dx,

Consider the substitution u = —z with du = —dz. By assumption that f(—x) = f(z), we have that

/_if(:c)da::/_if(—:c)da::/aof(u)(—du):—/aof(u)du:/Oaf(u)du:/oaf(x)dx_

Consequently, by the above two displayed equations, the desired identity holds. O
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Proposition 0.10.13 (Definite Integral of an Odd Function on a Symmetric Interval). Consider
any odd real function f(x) that is integrable on a closed interval [—a,a]. We have that

IRCLS

Proof. By the third property of Proposition , it follows that

/_Zf(m)da::/_Zf(:c)der/Oaf(;c)dx

By assumption that f(—xz) = — f(x), the substitution © = —x with du = —dx yields that

/f ydo = | —f(= dx—/ —f(u du):/aof(u)du:—/Oaf(u)du:—/oaf(x)dx

Consequently, by the above two displayed equations, the desired identity holds. O]

0.11 Integration by Parts

We turn our attention next to an analog of the Product Rule for antidifferentiation. We adopt the
shorthand notation u = f(x) and v = g(z) for some differentiable functions f(z) and g(x) so that
B — f(z) and & = ¢/(z) or du = f'(z) dz and dv = ¢'(z) dz. By the Product Rule, we have that

dx

d d

Tl = —[f(@)g(2)] = f(2)g'(2) + g(2) f'(2)-

Considering that v is clearly an antiderivative of L [uwv] = f(z)¢'(z) + g(x)f'(z), it follows that

uv:/[f(x)g’( )+ dx—/f dx+/ dx—/udv+/

By rearranging, we obtain an analog to the Product Rule for antidifferentiation.

Theorem 0.11.1 (Integration by Parts Formula). Given any differentiable functions u = f(x) and
v = g(x), under the convention that du = f'(x)dzx and dv = ¢'(x) dz, we have that

/udv:uv—/vdu.

Colloquially, we refer to this technique as the method of integration by parts because the
rule allows us to identify two parts of the integrand — namely, v and dv — in such a way that

(i.) the antiderivative of u is difficult to determine and its derivative du is simpler;
(ii.) the antiderivative v of dv is readily obtained; and
(iii.) the antiderivative of v du is known or can be found by the method of integration by parts.

Exercise 0.11.2. Use integration by parts to compute the antiderivative of x cos(x).
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Exercise 0.11.3. Use integration by parts to compute the antiderivative of In(z).
Exercise 0.11.4. Use integration by parts to compute the antiderivative of xe”.

Once again, the advantage of the method of integration by parts is that it allows us to trade
an expression u dv that is difficult to antidifferentiate for an expression v du whose antiderivative is
known or can be found by integration by parts. Consequently, we may identify families of functions
whose antiderivatives are unknown to us at this time — e.g., logarithmic and inverse trigonometric
functions — and use these as candidates for u. On the other hand, we may identify functions whose
antiderivatives are easily found — e.g., algebraic, trigonometric, and exponential functions — and
use these as candidates for dv. Ultimately, this gives rise to the following acronym.

Logarithmic Trigonometric Exponential

Essentially, this acronym is intended to help us remember how to prioritize the assignments of u
and dv to our integrand: if the function is further left on the list, then it should be made u; if the
function is further right on the list, it should be made dv. Consequently, we have the following.

Algorithm 0.11.5 (Using LIATE). Given any pair of functions f(z) and g(z) such that
(a.) f(x) is a logarithmic, inverse trigonometric, or algebraic function and
(b.) g(z) is an algebraic, trigonometric, or exponential function,

in order to compute [ f(z)g(x)dx, we may assign u = f(z) and dv = g(x) dz.

Exercise 0.11.6. Use integration by parts once to compute the antiderivative of 23 In(z).
Exercise 0.11.7. Use integration by parts twice to compute the antiderivative of z?sin(x).
Exercise 0.11.8. Use integration by parts three times to compute the antiderivative of x3e®.

Exercise 0.11.9. Explain the difficulty in using integration by parts with « = 2® and dv = e dx
to compute the antiderivative of z3¢**. Group the terms differently, and try again successfully.

Observe that in two of the above examples, we were required to use integration by parts multiple
times in order to find the antiderivatives of the given functions. Generally, if we wish to evaluate
the antiderivative of the product of a function f(x) and a polynomial p(z) = a,z™ + - - - + a1z + ay,
we may use a shorthand version of integration by parts known as the tabular method.

Theorem 0.11.10 (Tabular Method for Integration). Given any function f(x) whose antideriva-
tives are known and any polynomial p(x) = a,x™ + -+ - + a1x + ag with nonzero a,, we have that

n

/ p(a) flw) do = 3 (—1)p® (@)1 (),

k=0
where p*) () denotes the kth derivative of p(x) and I* f(z) denotes the k-fold antiderivative of f(z).

Proof. Observe that the nth derivative of p(z) is given by p™(x) = a,n! so that p®+"(z) = 0. By
the method of with u = p(z) and dv = f(x) dz, we have that
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for some real function F(z) such that L F(z) = f(z). By hypothesis, the antiderivative of F(z) is
known, hence we may use integration by parts with v = p/(z) and dv = F(x) dx to find that

/ P(@)F(z) dv = p/ (2) I (x) — / P ()P () do,

where I2f(z) denotes the antiderivative of F(z), i.e., £I?f(x) = F(z) so that 5 1%f(x) = f(x).
Combined with the above displayed equation, we have that

[rrsd = paro) - (H@r2r - [ i)

— ) F(a) ~ P OPI@) + [ 5P (@)

Using integration by parts once again with u = p”(x) and dv = I*f(x) dx, we have that

/ P (@) P f(x) do = p"(@) PP f () — / P"(2) I f(z) de.

Combined with the above displayed equation, we find that
[ pa) @) do = p@)F @) = § @) P F ) 4§ @ (@)~ [ 9701 (2) do

Continue in this manner until v = p™(z). By our opening remarks, we have that du = p™*Y(z) =0
so that [ vdu = 0. Observing the pattern and using F(z) = [ f(z)dx = I' f(z), we are done. [

Graphically, we can quite simply implement the tabular method by writing out a table with four
columns: the first column consists of the index k; the second column consists of the sign (—1)%; the
third column consists of the consecutive derivatives of p(x) up to and including 0; and the fourth
column consists of the consecutive antiderivatives I*™! f(x) of f(x). Once we have these, the tabular
method guarantees that [ p(z)f(z)dx can be found by adding the consecutive products of the kth
row of the second and third columns by the (k 4 1)th row of the fourth column.

Example 0.11.11. We will illustrate the tabular method to compute the antiderivative of 22 sin(z)

as in Example . Construct the following table with p(z) = 2% and f(z) = sin(z).
B (D pW(a) | 1M ()
0] + x? sin(z)
1 - 2z — cos(x)
2 + 2 — sin(x)
3 - 0 cos(x)

Consequently, we find that [ 2?sin(z) de = (- cos(z)) — 22(—sin(x)) + 2 cos(z), as desired.
Exercise 0.11.12. Use the tabular method to verify your solution to Example

Exercise 0.11.13. Use the tabular method to compute the antiderivative of z°(2x + 1)%.
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0.12 Trigonometric Integrals

Given positive integers (or whole numbers) m and n, we refer to an integral of the form

/sinm(x) cos"(x) dx
as a trigonometric integral: indeed, the integrand is a product of powers of basic trigonometric
functions. Quickly, one can glean that u-substitution fails, and integration by parts is hopelessly

complicated. Using basic trigonometry, however, we are able to evaluate these integrals by convert-
ing them to a form in which we can use the tried-and-true methods of yore. Given a right triangle

02
o =1.

2 T h
Using x to represent the angle whose opposite side has length o and whose adjacent side has length

with hypotenuse of length h > 0, base of length a, and height of length o, the Pythagorean Theorem
states that o? + a® = h2. By dividing each term in this equation by h, we have that % + %
a, the Pythagorean Theorem yields the so-called Pythagorean Identity
.2 20\ _
sin”(z) + cos®(z) = 1.

Consequently, we may convert any even power of cos(x) into a power of 1 —sin?(x) (and vice-versa).
Considering that -£ sin(z) = cos(z) and - cos(x) = —sin(z), we have the following stratagem.

Strategy 0.12.1 (Trigonometric Integration, Case I). Consider the case that either m or n is odd.

(a.) Given that m is odd, we may write m = 2k + 1 for some positive integer k so that

/ §in™ () cos™ (x) da = / §in2 1 (7) cos” (z) dar = / fsin?()]* cos™ () (sin(x) da).

Considering that sin®*(z) = 1 — cos?(z) and - cos(z) = — sin(z), letting u = cos(z) yields that

/sinm(x) cos" () dr = —/(1 — u®)ku" du.
Expanding the polynomial (1 —u?)* and using the Power Rule, we can find the antiderivative.

(b.) Given that n is odd, we may write n = 2¢ 4+ 1 for some positive integer ¢ so that
/sinm(x) cos"(x) dx = /sinm(x) cos® ™ (2) dox = /Sinm(x)(COSZ(J}))e(COS(ZE) dx).
Considering that cos*(z) = 1 — sin®*(z) and - sin(z) = cos(z), letting v = sin(z) yields that
/sinm($) cos"(z) dx = /vm(l — %) dv.

Expanding the polynomial (1 —v?) and using the Power Rule, we can find the antiderivative.

Example 0.12.2. Compute the indefinite integral of sin®(x) cos?(z).
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Solution. Observe that sin®(x) cos?(z) dz = sin?(z) cos?(z)(sin(x) dz). By the Pythagorean Identity,
we have that sin?(x) = 1 — cos?(z), from which it follows that

sin®(z) cos®(x) dx = (1 — cos®(z)) cos?(z) (sin(x) dx).
Using the substitution v = cos(z), we have that du = — sin(z) dz so that
sin®(z) cos?(z) dr = (1 — u*)u*(—du) = (u* — Du? du = (u* — u?) du.

Consequently, we find that

1 1 1 1
/sing(x) cos?(x) dr = /(u4 —u?) du = 5u5 - §u3 +C = ¥ cos®(x) — 3 cos®(x) + C. o

Exercise 0.12.3. Compute the indefinite integral of sin®(x).

Unfortunately, this method fails in the case that both m and n are even. Consider the trigono-
metric integral of sin?(z) cos?(x). By setting u = sin(z), we find that du = cos(x) dz so that

sin?(z) cos?(x) dx = u® cos(z) du.

But the lingering factor of cos(z) obstructs our efforts to take the indefinite integral. Likewise, a
similar obstruction appears if we attempt to let u = cos(x). Luckily, we have more trigonometric
tools at our disposal. Recall the following angle addition formulas.

sin(z + y) = sin(x) cos(y) + sin(y) cos(z)
cos(z + y) = cos(x) cos(y) — sin(x) sin(y).
Using these, we can derive the double-angle formulas by plugging in x = y.
sin(2x) = 2sin(z) cos(z)
cos(2z) = cos®(z) — sin®(x)
Considering that sin?(x) + cos?(x) = 1, we may simplify these identities as follows.
cos(2z) = cos?(z) — sin®(x) = [1 — sin®(x)] — sin®(z) = 1 — 2sin®*(z)
cos(2z) = cos?(z) — sin®(x) = cos*(x) — (1 — cos?(z)) = 2cos?(z) — 1
By solving for sin?(z) and cos?(z) above, we obtain the power-reduction formulas.

) 1 — cos(2z 1+ cos(2x
sin?(r) = 1= cos(2z) cos’ () = 1 conl2r)

2 2
One way to memorize the distinction is to “remember your sign” when using sine. Or as my former

student Ronald Heminway so eloquently put it, we may use the mnemonic device “sinus minus.”

Strategy 0.12.4 (Trigonometric Integration, Case II). Consider the case that neither of the integers
m and n is odd. Put another way, consider the case that both of the integers m and n are even.
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(a.) Given that m = n = 2k for some positive integer k, we have that

/ sin™ (z) cos™ () d = / sin?(2) cos™ () dx — / fsin(z) cos(z)]* da.

Using the double-angle formula sin(2z) = 2sin(x) cos(x), we have that

. 2k ) k
_ or  [sin(2z) |7 [sin”(27)]
[sin(x) cos(x)]™" = [ 5 = w
Using the power-reduction formula sin®(2z) = %[l — cos(4z)], we can then obtain a poly-

nomial in cos(4x). Continue using the power-reduction formula for cosine to obtain a linear
combination of cos(4x), cos(8x), cos(16x), etc. Each of these has an elementary antiderivative.

(b.) Given that m = 2i and n = 2j for some distinct positive integers ¢ and j, use the power-
reduction formulas repeatedly to express sin*(z)cos?(z) = [sin?(x)]*[cos?(x)]? as a linear
combination of cos(2x), cos(4x), cos(8z), etc. Each of these has an elementary antiderivative.

Example 0.12.5. Compute the indefinite integral of sin?(x) cos?(z).

Solution. By the double-angle formula, we have that
1 ’ 1
sin?(z) cos® () do = [sin(z) cos(x)]? dv = (5 sin(2x)) dx = 1 sin®(2x) dz.
Using the power-reduction formula, we find that

1
sin®(z) cos®(x) dx = = sin®(2z) dw =

1 [1 — cos(4x)] dx

>~ =
N

has an elementary antiderivative. Consequently, we conclude that

1 1

/ sin?(z) cos?(z) dz — % / 1~ cos(de)] dr = [g; -3 sin(4x)] e o

Exercise 0.12.6. Compute the indefinite integral of cos*(x).

Using the Pythagorean Identity sin?(z) + cos?(z) = 1, we can obtain another identity

tan?(z) + 1 = sec?(z)

(s:z;((i)) and sec(z) = @ Consequently,

we can adapt our stratagem from to evaluate integrals of the form

by dividing each term by cos?(z) and recalling that tan(z) =

/tanm(a:) sec"(z) dx.
Crucially, toward achieving this end, we must observe the following facts.

1.) By the Quotient Rule, we have that

= sec?(z).

d d [Sin(a:)} _ cos?(x) — (—sin(z))(sin(z))  sin’(z) + cos?(z)
dz

() = dz | cos(z) cos?(x) B cos?(x)
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2.) By the Chain Rule, we have that

d d . o . sin(z)
. sec(z) = %[cos(x)] = —[cos(z)] *[—sin(z)] = = sec(x) tan(x).

3.) Using the substitution u = cos(x) with du = —sin(z) dz, we have that

/tan(x) dr = / sin(z) dr = —du _ —In|u| + C = —In|cos(z)| + C' = ln|sec(z)| + C.
u

cos(z)

4.) Using the substitution u = sec(x) + tan(z) with du = [sec(x) tan(z) + sec?(z)] dx, we have

/ sec(z)[sec(x) + tan(x)] dp — / sec?(z) + sec(r) tan(x)

sec(z) + tan(x) tan(z) + sec(x)

dx = In|sec(z) + tan(x)| + C.

Strategy 0.12.7 (Trigonometric Integration, Case III). Consider the case that n > 2 is an even
integer. Explicitly, assume that n = 2k for some positive integer k, from which it follows that

/ tan™ (z) sec™ () dz = / tan™ (z) sec?* (z) du = / tan™ (z)[sec?(x)]F~ (sec(z) d).

Considering that sec?(z) = 1 + tan?(z) and - tan(z) = sec?(z), letting u = tan(z) yields that

/tanm(m) sec(z) dx = /tanm(af;)(l + tan?(x))" ! (sec?(z) dz) = /um(l +u?)F ! du.

Expanding the polynomial (1 + u?)*~! and using the Power Rule, we can compute the integral.

Exercise 0.12.8. Compute the indefinite integral of tan?(x) sec?(z).

Exercise 0.12.9. Compute the indefinite integral of tan®(x) sec(x).
Strategy 0.12.10 (Trigonometric Integration, Case IV). Consider the case that m > 1 is odd and
n > 1. Explicitly, assume that m = 2¢ 4+ 1 for some positive integer ¢, from which it follows that

/tanm(x) sec(x) dx = /tan%H(x)seC”(x) dx = /[tanQ(x)]Z sec" ! (z)(sec(z) tan(z) dx).

Considering that tan?(z) = sec?(z) — 1 and - sec(z) = sec(z) tan(z), letting v = sec(z) yields that

/tanm(x) sec"(x) dr = /[secQ(as) — 1] sec™ ! () (sec(z) tan(z) dz) = /(v2 — D" do.

Expanding the polynomial (v? — 1)*~! and using the Power Rule, we can compute the integral.

Exercise 0.12.11. Compute the indefinite integral of tan(z)sec?(z).
Exercise 0.12.12. Compute the indefinite integral of tan®(z) sec?(z).

Unfortunately, it is difficult to compute the indefinite integral of the function tan™(z)sec™(z)
when m > 2 is an even integer and n > 1 is an odd integer; however, in this case, it is possible to
use integration by parts and the Pythagorean Identity to transform the integrand into one that falls
into either or as follows.
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Example 0.12.13. Consider the trigonometric function tan?(x) sec(x). Observe that if u = tan(z)
and dv = sec(z) tan(z) dz, then by the method of , we have that

/ tan?(z) sec(z) dz = sec(x) tan(z) — / sec3(z) da.

We are now in a position to compute the indefinite integral by evaluating the indefinite integral of
sec3(z). By the Pythagorean Identity 1 + tan?(x) = sec?(x), we have that

/sec?’(q:) dx = /sec(:c)[tanZ(x) + 1] dx = /tanQ(x) sec(z) dx + /sec(m) dx.

By plugging this back into our above displayed equation and rearranging, it follows that

tan?(z) sec(x) = = | sec(z) tan(z) — [ sec(z)dz| = + sec(x) tan(z) — - Injsec(z) + tan(z)] + C.
/ il [ sectayas] - 2

0.13 Trigonometric Substitution

Beyond their extensive applications in geometry and physics, the trigonometric functions yield a
very powerful substitution method for integration. Consider the following right triangle.

0 [

By the Pythagorean Theorem, the side adjacent to the interior angle 6 has length v/a? — b%?x? so
that acos(f) = va? — b222. Observe that bx = asin(f) so that bdx = acos(f) df, and we have that

/\/de: /acos(@)(% cos(0) d@)

2
= %/0082(9) db

CL2

=3 [1 4 cos(20)] db (power-reduction formula)

&2

L.
=5 [9 + 3 sm(29)] +C

&2

=3 [0 + sin(0) cos(0)] + C (double-angle formula)

2

b b
= % aresin( = ) + 2V — b2 | + C,
2b a a?
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where the last equality comes from the substitution bz = sin(f) and the above triangle.

Strategy 0.13.1 (Trigonometric Substitution, Case I). Given a function f(z) that can be written
as g(x)va? — b?>z? for some nonzero real numbers a and b and some function g(x), we may attempt
to compute [ f(z)dz by making the substitution bz = asin(f) so that bdx = acos(f) db.

Example 0.13.2. Use a trigonometric substitution to compute the indefinite integral of z2v/1 — z2.

Solution. Considering that this function has a factor of /1 — x2, we may make the trigonometric
substitution z = sin(#) so that dz = cos(#) df. Observe that 22 = sin*(0) so that by the Pythagorean
Identity, we have that v/1 — 2% = /1 — sin?() = /cos?(f) = cos(#). Consequently, we find that

/ 2?1 — 22 de = / sin?(0) cos() (cos(0) d) = / sin?(0) cos?(0) dé.

By Example above and the double-angle formulas, we have that

1[ 1
/sin2(9) cos?(0) df = 3 0 — 1 sin(49)} +C

I 1
0 — 5 sin(20) COS(QQ):| +C

ool —

— é(@ — sin(#) cos(#)[cos*(0) — sin?(0)]) + C

= %[9 — sin(6) cos®(0) + sin®(6) cos(6)] + C.

Using the substitution = sin(#) and the fact that /1 — 22 = cos(#), we conclude that

1
/xzv 1—a%de = 3 [arcsin(x) — (1 — 2?32 4 231 — 22| + C. o

Exercise 0.13.3. Use a trigonometric substitution to compute the indefinite integral of \/1“’i7

Exercise 0.13.4. Use a trigonometric substitution to compute the indefinite integral of 2°v/1 — 922.
Exercise 0.13.5. Use a trigonometric substitution to compute the indefinite integral of \/5—57.

Certainly, it is possible to consider other possibilities for our initial right triangle. Explicitly,
suppose that the altitude and base of a right triangle are given as follows.

bx
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By the Pythagorean Theorem, the hypotenuse of the above right triangle has length v/a2? + b2x2.
Observe that bx = atan(f) so that bdx = asecQ(Q) df. Consequently, we have that

/ / sec
a? + b2x2 \/a2 + a2 tan?(

a sec?(6) db
Va2(1 + tan®(0))

_a [ sec’(0)do

v/ a?sec?(0)

(Pythagorean Identity)

— %/sec(@) do (a > 0 and sec(6) > 0)

= %ln|sec(9) + tan()| + C

a? + b%x? + bx

+C,

where the last equality comes from the substitution bz = atan(f) and the above triangle.

Strategy 0.13.6 (Trigonometric Substitution, Case II). Given a function f(z) that can be written
as g(z)va? + b2x? for some nonzero real numbers a and b and some function g(x), we may attempt
to compute [ f(x)dx by making the substitution bz = atan(f) so that bdx = asec?(6) df.

Example 0.13.7. Use a trigonometric substitution to compute the indefinite integral of 23v/1 + 22.

Solution. Considering that this function has a factor of /1 + 22, we may make the trigonometric
substitution z = tan(#) with dz = sec?(6) df. Observe that x? = tan?(0) so that by the Pythagorean
Identity, we have that v/1+ 22 = /1 + tan?(f) = y/sec2(0) = sec(f). Consequently, we find that

/ VI dr = / tan®(0) sec(0) (sec2() df) — / tan®(0) sec*(9) do.

We are now in a position to evaluate a trigonometric integral. By the technique outlined in
, we may borrow a factor of tan(f) and a factor of sec(f) and use the
Pythagorean Identity tan?(0) = sec?(f) — 1 to simplify the integrand tan®(0) sec®(0) df as follows.

/tan3(6’) sec®(6) df = /(8602(9) — 1) sec?(6)(sec(f) tan(6) d)

We now employ the substitution u = sec() with du = sec(f) tan(6) df to obtain the following.

1. 1

/(secz(é?) — 1) sec?(6)(sec() tan(f) df) = /(u2 — Du?du = /(u4 —u?)du = sU §u3 +C.
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Considering that u = sec(f) = V1 + 22, it follows that
1 1
/x3mdx = L+ - (2t o

Exercise 0.13.8. Use a trigonometric substitution to compute the indefinite integral of (z2+41)73/2.
Exercise 0.13.9. Use a trigonometric substitution to compute the indefinite integral of z%(x2+9)3/2.
Exercise 0.13.10. Use a trigonometric substitution to compute the indefinite integral of z5v/4 + z2.

Last, consider the following right triangle in which the base and hypotenuse are given.

bx

0 ]

By the Pythagorean Theorem, the side opposite the interior angle 6 has length v/b?z2 — a?. Observe
that bx = asec(f) so that bdx = asec(f) tan(f) df. Consequently, we have that

/ dx _/%sec(@) tan(0) do

b222? —a? a? tan?(0)

1 [sec(d)dd
~ab tan(6)
_ (6) d
= [ osc

1
== In|csc(6) + cot(9)| + C

+C,

1 bxr+a
— — n _—
Clb 621'2 _ a2

where the last equality comes from the substitution bz = asec() and the above triangle.

Strategy 0.13.11 (Trigonometric Substitution, Case III). Given a function f(x) that can be
written as g(z)vb?x? — a? for some nonzero real numbers a and b and some function g(z), we may
attempt to compute [ f(z)dz via the substitution bz = asec(d) so that bdx = asec(f) tan() db.

Example 0.13.12. Use a trigonometric substitution to compute the indefinite integral of 23v/z2 — 1.
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Solution. Considering that this function has a factor of v/x? — 1, we may make the substitution
x = sec() so that dz = sec(f)tan(f) df. Observe that 22 = sec?(f) so that by the Pythagorean
Identity, we have that /22 — 1 = \/sec2(f) — 1 = y/tan?(¢) = tan(¢). Consequently, we find that

/:L‘3\/ 2 —ldx = /8603(9) tan(6)(sec() tan(f) db) = /tanQ(Q) sec*(6) db.
Observe that we may use the substitution u = tan(f) with du = sec?(#) df to obtain

/tanQ(H) sect(6) do = /tanz(é) sec?(6)(sec?() db)

= /tanQ(O)(l + tan?(0))(sec?(9) d) (Pythagorean Identity)
= /u2(1 + u?) du
= /(u2 +ut) du

1 1
= §u3 + gu5 +C.

Considering that u = tan(0) = v/z? — 1, it follows that
1 1
/x3\/x2—1dx:g(x2—1)3/2—|—g(x2—1)5/2+0. o

Exercise 0.13.13. Use a trigonometric substitution to compute [(z* —4)73/2 dx.
Exercise 0.13.14. Use a trigonometric substitution to compute [ v42? — 9 dz.
Exercise 0.13.15. Use a trigonometric substitution to compute [ 2°v2? — 16 dz.

0.14 Partial Fraction Decomposition

We have thus far discussed several satisfactory techniques for integrating power functions, algebraic

functions, exponential functions, logarithmic functions, trigonometric functions, and their products;

however, we have not yet uniformly dealt with the problem of integrating rational functions. By

definition, a rational function is a quotient of two polynomial expressions, e.g., the rational functions
1 xr—2 3 —1

—— and d .
2+ 22 at x—5an 2 +1

We say that a rational function is proper if and only if the degree of the polynomial in the numerator
is less than the degree of the polynomial in the denominator. Of the displayed rational functions
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above, only the first is a proper rational function. By performing polynomial long division, we
may convert any improper rational function into a linear combination of proper rational functions.
Explicitly, we have that x — 2 = (z — 5) 4+ 3 so that dividing each side by x — 5 yields that

Tz —2 3

x—5 +x—2'

We may subsequently compute the antiderivative of this rational function by elementary methods.

-2
/x dm:/ 1+ 5 dx:/ldx+/ ’ de =z +3Injz - 2|+ C
) T —2 T —2

Likewise, by polynomial long division, we find that 2® —1 = x(2*+1) — (z+ 1) so that the improper

rational function can be written as the following linear combination of proper rational functions.

3 —1 r+1 T 1
2 +1 2 +1 224+1 x22+1

Once again, the antiderivative of this rational function can be found with relative ease.

-1 1 1 1
/i2+1dx:/xd$_/x2ildx_I2+1dx:5962_§1n<x2+1>—afctan(x)+0

Unfortunately, the antiderivative of the proper rational function (2 + 2z)~! cannot be obtained by
any technique we have discussed so far; however, it is possible to integrate this function by noticing
(quite cleverly) that it can be written as a difference of proper rational functions as follows.

| 1 1 1 /1 1 [ 1 1
do=[(———— Vdr== [ ~de—= dr = - (In|z| — In|z + 2
/x2+2x v /(2a: 2(x+2)) v Q/x v 2/x+2 v = g(nfe] =Injz+2) + €

Essentially, the content of this observation is the method of partial fraction decomposition.

Before we delve into the method of partial fraction decomposition, we must continue to recall
some important notions from college algebra. We say that a polynomial is irreducible if it cannot be
written as a product of two polynomials of strictly lesser degree. Consequently, a linear polynomial
ax + b is irreducible; it can be shown that a quadratic polynomial is irreducible if and only if it has
no roots. By the Quadratic Equation, the roots of a real quadratic polynomial az? + bx + ¢ are

b= Vb? — 4ac

2a

T

so that az?+bx+cis irreducible if and only if b —4ac < 0. We refer to the real number b? —4ac as the
discriminant of the quadratic: if this quantity is negative, the quadratic has only imaginary roots.
One of the most useful (and nontrivial) facts about real polynomials is that the only irreducible
polynomials with real coefficients are linear or quadratic. Put another way, it turns out that every
real polynomial factors as a product of linear and irreducible quadratic polynomials.

Theorem 0.14.1 (Partial Fraction Decomposition Theorem).

(a.) (Distinct Linear Factors) Given any real numbers a, b, ¢, and d such that a and ¢ are nonzero
and ax + b and cx + d are distinct, there exist nonzero real numbers A and B such that

1 A B

(ax + b)(cx + d) ax+b+cx+d'
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(b.) (Powers of Distinct Linear Factors) Given any real numbers a, b, ¢, and d such that a and c
are nonzero and ax+b and cx+d are distinct and any pair of positive integers m and n, there
exist real numbers Ay, Ao, ..., A,, and By, Bs, ..., B, not all of which are zero such that

1 . B
(az 4 b)m(ca 4 d)n 2; aa:+b ;(cxjtd)j'

(c.) (Linear and Irreducible Quadratic Factors) Given any real numbers a, b, ¢, d, and e such that
a and c are nonzero and d* — 4ce < 0, there exist real numbers A, B, C not all zero such that

1 A Bx +C

(ax + b)(cx? 4+ dx + e) _ax+b+cx2+dx—|—e'

(d.) (Distinct Irreducible Quadratic Factors) Given any real numbers a, b, ¢, d, e, and f such that
a and d are nonzero, ax®+bx +c and da® +ex + f are distinct, b* —4ac < 0, and e? —4df < 0,
there exist real numbers A, B,C, and D not all of which are zero such that

1 Az +B n Cx+ D
(ax? +br +c)(da? +ex + f) ar?+br+c dx2+er+ f

(e.) (Powers of Distinct Irreducible Quadratic Factors) Given any pair of positive integers m and
n and any real numbers a, b, ¢, d, e, and f such that a and d are nonzero, b* — 4ac < 0,
e? —4df < 0, and ax® + bx + ¢ and dx* + ex + f are distinct, there exist real mumbers
Ay, oo AL By, oo B, Cy, oo C, and Dy, Do, ... D, not all of which are zero such that

m

(az® + bz +c)™(dz® + ex + )" 4= aa:2+bx+c) =1 (dz? + ez + f)7°

Even more, these are all of the possible cases of proper rational functions with numerator 1.

1
Example 0.14.2. Use the to compute / —dx.
22 —5x—6

Solution. Observe that > — 5z — 6 = (xr — 6)(x + 1) is a factorization of z*> — 5z — 6 into distinct
linear factors, hence the method of partial fraction decomposition yields that

1 A B

:U2—5x—6_x—6+:v—|-1'

Clearing denominators and using the fact that (z — 6)(x + 1) = 22 — 5z — 6, we find that
1=A(x+1)+ B(x —6).

By setting = = 6, we find that 1 = 7A so that A = % By setting x = —1, we find that 1 = —78B so

that B = —%. Consequently, the method of partial fraction decomposition reveals that
1 1
1 7 —7

x2—5:13—6:a:—6+x—|—1'

We may therefore return to compute our indefinite integral with elementary techniques.

1 1/ 1 1/ 1 1 1
. dp=- do — - dr — —Inlz — 6| — 1 1|+ C.
/x2—5a:—6x 7/x—6$ 7/x+1 = e =6 = < lnfr 4+ 1] + ©
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Example 0.14.3. Use the method of partial fraction decomposition to compute [(z* —1)~!dz.

Solution. Observe that z* —1 = (22 —1)(2? +1) = (x — 1)(x + 1)(2% + 1) is a factorization of z* — 1
into distinct linear and quadratic factors. Considering that 0 — 4(1)(1) = —4 < 0, it follows that
22 + 1 is irreducible. Using the method of partial fraction decomposition, it follows that

o A N B +CI+D
-1 z—1 z+1 241"

Clearing denominators and using the fact that (z — 1)(x + 1) = 22 — 1, we find that
1=A(x+1)(z>+ 1)+ Bz —1)(2* + 1) + (Cz + D)(2* — 1).

Considering that this identity holds for all x, it follows that 4A = 1 by pluggingin x =1, —4B =1
by plugging in z = —1, and A — B — D = 1 by plugging in z = 0. We find immediately that

1 1 1 1
4,B 7 and D=A—-B 5 5

A —

Expanding the polynomial on the right in the second-to-last displayed equation, we find that
02° +1=1= (A + B+ C)x® + some polynomial of degree at most two.

Comparing coefficients gives that A + B 4+ C' = 0 so that C' = 0. We conclude that

1 —_
-1 =z

1 1 1
1 4 2
-1 z+1 22471

from which it follows that

1 1 1 1 11 1
. dr=- do — = _ d
/x4+1x 4/x—1x 4/a:+1 2/x2+1x

1 1 1
:L—lln|x—1|—11n|x+1|—§arctan(x)+0. o

Caution: it is not necessarily always possible to eliminate variables by plugging in carefully chosen
values z = a when implementing the method of partial fraction decomposition. Ultimately, it is in
fact best to use the method of undetermined coefficients, as outlined in our next example.
20 +1
Example 0.14.4. Use the to compute [ ——————dx.
p P / x4 4212 + 1

Solution. Observe that z* +4x? +3 = (22 + 1)(2? + 3) is a factorization of x* + 42% + 3 into distinct
irreducible factors. Using the method of partial fraction decomposition, we have that

2¢ +1 _Ax—i—B Cx+D

(@2 4+1)(22+3) a?2+1 * 2 +3

Clearing denominators, we find that

2z + 1= (Az + B)(2* + 3) + (Cx + D)(2* + 1).
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Considering that z? + 1 and z? + 3 are irreducible, we cannot eliminate either of these quadratic
factors by substituting x = a for any real number a. Consequently, we must compare coefficients.
Expanding the right-hand side in the second-to-last displayed equation, we find that

20+ 1= (A+C)2* + (B+ D)r* + 34+ C)x + 3B + D,
from which we obtain the following linear system of equations.

A+C=0 3A+C =2
B+D=0 3B+D =1

We have therefore that A = —C and B=—-D sothat 2= -3C+C =—-2C and 1= -3D+ D =
—2D. We conclude that A =1, B = %, C=-1,and D = —%, from which it follows that

/ 2z + 1 d:c:/ x—i—%_x—k% dx
x4+ 422+ 3 z24+1 2243
1 2 1 1 2 1
:_/ T+ dm——/ T+ d
2] 2241 2 ) 2243
1 2x 1 1 1 2x 1 1
= — d — de — = dr — = d
2/x2+1 x+2/x2+1 . 2/w2+3 . 2/x2+3 v

1 1 1 1 T
= —In|z® + 1| + = arctan(z) — = In|z? + 3 ——arctan(—)—i—C,
5l 1]+ Garctan(e) — 5 nfr 43— o N

2
where the last integral is determined by 2% + 3 = 3 {(\%) + 1] and the substitution u = \/ig o

Example 0.14.5. Use the to compute / 71 dx.
l‘ R—
. . . o 2z 4+ 3
Exercise 0.14.6. Use the method of partial fraction decomposition to compute dx.
x3 — 222+ 4x — 8

Observe that the method of partial fraction decomposition applies to proper rational functions;
however, by polynomial long division, every rational function induces a proper rational function.

Example 0.14.7. Use polynomial long division to express the following rational function as the
sum of a polynomial and a proper rational function; then, compute its indefinite integrals.

3+ 1

o= Tt

Solution. We proceed by polynomial long division. Our task is to sequentially eliminate the largest
power of x in each polynomial that appears as the dividend in the long division.

1.) Our dividend is 23 4 1, and our divisor is 22 + x + 1. Observe that,

(P +1)—z@®+2+ 1) =P +1) - @+ +2)= -2 -2+ 1.
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2.) Our dividend is now —z? — x + 1, and our divisor is 2* + z + 1. Observe that

(—2* —x+1) - ()@ +r+1)=(—2> -+ 1)+ (@*+z+1) =2

3.) Our dividend of 2 has lesser degree than 2% + x + 1, so the division terminates.

r—1

?+r+1) 28 +1
—xd -2tz

-2 -z +1

22 +x+1

2

Ultimately, we find that 2° +1 = (z — 1)(2? + x + 1) + 2 so that

2+ 1 14 2
—_— = — .
2?24+ r+1 2+x+1

Considering that 12 — 4(1)(1) = —3 < 0, it follows that 22 + x + 1 is an irreducible quadratic
polynomial, hence the method of partial fraction decomposition fails to improve the situation here;
rather, we may revert to the method of completing the square to find that

‘tr+l=a"+z+ Ly 12+1— +12+3

By settingu:x—i—%,we find that du = dx so that
2 1 1 8 1
?+r+1 (5U+§)+Z u®+ 3 3 <l>_|_1

One can perform a substitution ¢t = \%u with dt = \% du or simply recognize this integral as

8 1 4 2 4 20+ 1
- | ————du= —arctan| —=u | + C = —=arctan| ——— | + C.
3/<1u>2+1 V3 (\/3) V3 ( V3 )
V3
Ultimately, we conclude that the function has the following general antiderivative.

41 2 1 4 2¢ + 1
- dx= 14+ —" Ndr=-2*— — arct - C
/:1:2+x+1 v /(x +x2+:1:+1) v 23: x+\/§arcan( V3 )+ ©

Example 0.14.8. Use polynomial long division to express the following rational functions as the
sum of a polynomial and a proper rational function; then, compute their indefinite integrals.

41 (b)a:4—x2+1 (C)x5—4x4+9x2—6
2+r+1 ' x2—1 Yooz —xr—1

(a.)
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0.15 Improper Integration

Our interest in integrals so far has been to find the net area bounded by the curve f(x). Because of
this, we have restricted ourselves to closed and bounded intervals of the form [a, b]. Often, we are
interested in how a mathematical model behaves in the long-run, i.e., as x grows arbitrarily large
(or approaches +00). Under this framework, we develop the concept of the improper integral.

Given a function f(z) that is integrable over the closed region [a, b] for every real number b > a,
the improper integral of f(x) over the interval [a,c0) is defined (if it exists) as

00 b
/ f(x)de = bli}m f(x)dx.

By the , for any antiderivative F'(z) of f(x), we have that

b—o0

blingo/ f(z)dz = lim [F(b) — F(a)].

One can analogously define the improper integral of f(z) over the interval (—oo, b] as
b b
/ f(z)dx = lim f(z)dx
oo a——oo [,

whenever f(z) is integrable over the closed and bounded interval [a, b] for every real numbers a < b.
Even more, the doubly improper integral of f(z) over (—oo, 00) is defined as

IRCEEN [ e i) = (i [ e )

whenever f(x) is integral over the closed and bounded interval [a, b] for all real numbers a and b.
Exercise 0.15.1. Compute the improper integral floo x2dx.

Exercise 0.15.2. Compute the improper integral f_loo e’ dx.

Exercise 0.15.3. Compute the improper integral fooo re "dx.

Exercise 0.15.4. Compute the improper integral [ (1+ z?)~!dx.

Exercise 0.15.5. Compute the improper integral ffooo ze ™ dz.

Each of the above functions admits horizontal asymptotes, hence the improper integrals we
computed were all finite, and the ends of our computations justified the means.

One can also consider the improper integral of a function with a vertical asymptote. Given that
f(z) is continuous on the half-open interval [a, b) and xlirlr){ f(z) = £o00, we have that

b t
[ rwydn=tim [ j@)do = i [F(0) - Fla)

for any antiderivative F'(x) of f(x) (if this limit exists). One can analogously define the improper
integral of f(x) over the half-open interval (a, b] whenever lim f(z) = £oo (provided it exists) as
Tr—a

u—a™t u—at

b b
/f(x)d:v: lim / f(z)der = lim [F(b) — F(u)].
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Even if the integrand f(x) is unbounded as z > a approaches a and as x < b approaches b, it is
still possible to define the doubly improper integral of f(x) over (a,b) as

b t t
[ = i (i, [ serar) < i (i [ o)

provided that f(x) is integrable over the closed interval [u,¢] for all real numbers a < u <t < b.
Exercise 0.15.6. Compute the improper integral fol (x — 1) dz.

Exercise 0.15.7. Compute the improper integral fol 12 d.

Exercise 0.15.8. Compute the improper integral f_ll z 23 dx.

Conventionally, we say that an improper integral converges whenever the limit of definition
exists, and we say that it diverges if the limit does not exist. Even if we cannot explicitly compute
an improper integral, the Comparison Theorem allows us to say whether it converges or diverges.

Theorem 0.15.9 (Comparison Theorem for Improper Integrals). Consider any pair of continuous
functions f(x) and g(x) such that f(x) > g(x) > 0 for all real numbers x > a.

(a.) If [ f(z)dx converges, then [ g(z)dx converges.
(b.) If [ g(x) dx diverges, then [ f(x)dx diverges.

One can make analogous statements for the improper integrals me f(z)dx and ffoo g(x) dx,
doubly improper integrals, and improper integrals of a function with a vertical asymptote.

Exercise 0.15.10. Determine if the improper integral fooo xe® dx converges.

Exercise 0.15.11. Determine if the improper integral [~ ™% sin®(z) dz converges.



Chapter 1

First Order Differential Equations

Early in our mathematics education, we are introduced in Calculus I to the notion of the derivative
of a function of one real variable as the limit of a difference quotient. Explicitly, if f is any function
of a real variable x, then the derivative of f with respect to x is defined as the function

o) — i L) = @)

h—0 h

for all real numbers z such that the above limit exists. Essentially, the study of first order differential
equations seeks to understand how an equation relating a function and its derivative determines the
expression of the function (e.g., as polynomial, exponential, logarithmic, trigonometric, etc.). We
will come to find that this topic enjoys wide applications in economics, engineering, and physics.

1.1 Mathematical Modeling and Slope Fields

Generally speaking, a mathematical model is typically a system of functions or equations that
describes the mathematics of some real-world phenomena or physical process.

Example 1.1.1. By Newton’s Second Law of Motion, the force F' acting on an object of mass m
with acceleration a is given by F' = mua, i.e., force equals mass times acceleration.

Example 1.1.2. Given any real function f(z) that is integrable on a closed and bounded interval
[a, b], the average value of f(x) on [a,b] is given by

b
bia/ f(z)da.

Explicitly, if f(x) measures the amount of acetaminophen in a person’s bloodstream x minutes after

taking one dose, the average amount of acetaminophen in the bloodstream after a minutes is

L f(x)dx.

a Jo

Equations relating a function f and its derivatives f’, f”, etc., are called differential equations.
We will find in this course widespread applications of differential equations to mathematical models.

49
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Example 1.1.3. Objects in free-fall near the Earth’s surface experience the force of gravity acting
to pull them downward; however, this motion also results in an opposing force called the drag force
that pushes the object upward. Out of desire for simplicity, we may assume that the drag force 9 is
directly proportional to the velocity v at which the object moves, hence there exists a positive real
number 7y called the drag coefficient (or the constant of proportionality in generality) such
that the drag force is given by § = «yv. Consequently, if we denote by m the mass of an object and
denote by ¢ the acceleration of an object due to gravity as it falls toward the surface of the Earth,
the net force acting on the object in free-fall is governed by the mathematical model

F=mg—yv.

Explicitly, according to Newton’s Second Law of Motion, gravity acts on the object with a force
of mg while drag acts on the object with an opposing force of yv. Considering that force is equal
to mass times acceleration (once again by Newton’s Second Law of Motion) and acceleration is the
derivative of velocity, if we view v as a function of time ¢, we obtain a differential equation

dv

M =mg — .

Observe that the constants m, g, and v are completely determined, hence the only unknown quan-
tities in the above displayed equation are the velocity function v and its derivative dv/dt; however,
the derivative dv/dt of the velocity with respect to time is uniquely determined by the function v,
so in some sense, the only unknown quantity in the above differential equation is the velocity.

Example 1.1.4. Consider an object of mass m = 10 kg in free-fall with drag coefficient v = 5 kg/s.

We will assume that acceleration due to gravity is 9.8 m/s?. By Example , the net force acting
on the object as it falls toward the surface of the Earth is governed by the differential equation
dv
10— = (10)(9.8) — Hv.
= (10)(9.8) — 50

We may view this equation as an expression of the acceleration dv/dt as a function of the velocity v
as suggested in the previous example. Concretely, if v = 30 m/s, then dv/dt = —5.2 m/s%. Likewise,
if v =10 m/s, then dv/dt = 4.8 m/s*. Each possible value of the velocity v gives rise to a value of
the acceleration dv/dt. Considering that dv/dt is the slope of the line tangent to v at time ¢, we can
plot this information graphically in the tv-plane by placing a line segment of slope dv/dt for each
value of v. We refer to this plot as the slope field of the differential equation.
1
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We say that a real function f that satisfies a differential equation is a solution of the attendant

differential equation. Explicitly, in Example , the constant function v(t) = 19.6 satisfies that
dv 1
U o0=98— ot

hence this function is a solution of the differential equation 10dv/dt = 980—5v. Constant solutions of
differential equations are called equilibrium solutions. Consequently, in order to find equilibrium

solutions of a differential equation, it suffices to set all derivatives equal to zero.

Example 1.1.5. Consider a population of bacteria that grows according to the differential equation
dp
— = 1.01p — 101,
dt P

where p(t) measures the population of bacteria (in billions) ¢t months after our initial observation.
By setting dp/dt = 0 and solving for p, we find that p(¢) = 100 achieves equilibrium, hence there
is only one equilibrium solution of the above differential equation. Put another way, if we begin
with 100 billion bacteria, then the population of bacteria remains stable over time. By sketching
the slope field of this differential equation, we can predict the behavior of a population of bacteria.

(%
102 +-

101 -
100 —+
99 -+

98 +

Beginning with more than 100 billion bacteria, the population grows with time, as the above diagram
corroborates; with fewer than 100 million bacteria, the population decays.

Example 1.1.6. Generally, the most simple differential equations satisfy that

dy
= = b
7 ay +

for some real numbers a and b since the slope dy/dt of the equation y = f(¢) is linear with respect
to time. We refer to the real number a as the rate constant. Crucially, a positive rate constant
indicates growth because the slope dy/dt will tend to co as y tends to oo. Conversely, a negative
rate constant indicates decay because dy/dt will tend to —oco as y tends to co. We refer to the real
number b as the predation rate; the equilibrium solution is yo(¢t) = —b/a if a is nonzero.

Example 1.1.7. Certainly, there are differential equations in which the slope is not linear, e.g.,
dy 2
a7

Observe that for this model, the slope dy/dt of the function y = f(t) varies quadratically with the

value of y. Below is a diagram of the slope field for this differential equation.
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1.2 Elementary Differential Equations and Their Solutions

We have noticed thus far that differential equations arise naturally in the context of observable
physical phenomena. Even more, we have seen that it is possible to garner some understanding
of the behavior of a differential equation by sketching the slope fields; however, we have not yet
developed any hard-and-fast rules to obtain solutions of differential equations. We address this as
follows. Given any real numbers a and b, consider any differential equation of the form

dy

— = b.
i ay +

Observe that if a is nonzero and y is not equal to —b/a, then we have that

dy/dt
=a
y+b/la

by factoring a from the right-hand side and dividing by the resulting factor of y + b/a. Considering
this identity in terms of the differentials dy and dt and integrating both sides, we find that

/

Y
nly +b/al /y+b/a /a at +

or y +b/a = etC = e = ce for some real number C. Last, we obtain the solution
y(t) = e“e” — b/a.
We refer to this exponential function as the general solution of the differential equation

dy
—= = b.
7 ay +

Crucially, if we impose some initial condition y(0) = yo for some real number yy, then the result
is that C' = In|yo + b/al or e“ = |yo + b/a|, hence we obtain a particular solution in this case.
Generally, the problem of determining the constant C' such that y(t) = e“e® — b/a is a particular

solution to the above differential equation is referred to as an initial value problem.
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Example 1.2.1. Consider an object of mass m = 10 kg in free-fall with drag coefficient v = 5 kg/s.

We will assume that acceleration due to gravity is 9.8 m/s%. By Example , the net force acting
on the object as it falls toward the surface of the Earth is governed by the differential equation

dv 1

— =98 ——

dt 2"

By factoring —1/2 from the right-hand side of this equation and dividing by the resulting factor of
v — 19.6, we obtain an equation that can be easily integrated using common rules from Calculus I

! 1 1

Exponentiating base e yields that v(t) — 19.6 = e“e~"/2 hence we obtain the general solution
v(t) = eCe”? +19.6.

Given that the initial velocity satisfies that vy = v(0) = 0, it follows that
0=12v(0)=e" +19.6

so that e¢ = —19.6, and we obtain the particular solution of the initial value problem
v(t) = 19.6(1 — e*/?).

Below is a diagram of the slope field for the differential equation (plotted in orange) as well as the
integral curves for the general solution of the differential equation (plotted in blue).

1
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Example 1.2.2. Consider a population of bacteria that grows according to the differential equation

dp

— =1.01p — 101

dt p Y
where p(t) measures the population of bacteria (in billions) ¢ months after our initial observation.
Like before, if we factor 1.01 from the right-hand side of this equation, divide by the resulting factor

of p — 100, and integrate in ¢, then we obtain a general solution for the differential equation

p/
| — 100| = dt =101 | dt =1.01t+C
n|p | /p 100 / +

or p(t) = e + 100. Given that the initial population of bacteria satisfies that p(0) = po, the
population of bacteria is governed by the exponential function p(t) = (py — 100)e* + 100.
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102 +-
101 -

100

1.3 Classification of Differential Equations

Until now, we have referred to differential equations only peripherally or in the context of explicit
examples. We turn our attention in this section to the general classification and theory of differential
equations. Certainly, there is a distinction between differential equations that depend upon a single
variable (such as time) and those that depend on several variables (such as time, mass, acceleration,
temperature, etc.). We refer to any differential equation in which the underlying function y = f(t)
depends on a single independent variable ¢ as an ordinary differential equation. Consequently,
an (implicit) ordinary differential equation is any differential equation of the form

F(t7 y? y/7 y”’ cct 7y(n)) = 0

for some real function F, independent variable ¢, and real function y = f(¢). We have seen already
that it is occasionally possible to express an ordinary differential equation explicitly as

y(n) = F(t7 y? y/7 A 7y(n_1))

for some real function F, independent variable ¢, real function y = f(t), and positive integer n.
Consequently, the general form of a linear ordinary differential equation is given by

ao(t)y™ + a1 ()y" Y - 4 a1 ()Y F an(t)y — g(t) =0

for some positive integer n and real functions ag(t), a1 (t), ..., an—1(t), an(t), y = f(t), and g(t).

Example 1.3.1. Given any real numbers a and b, we obtain an ordinary differential equation
vy = ay+D.

Last section, we constructed the general solution of an ordinary differential equation of this form.

Example 1.3.2. Given any real function y = f(¢), we obtain an ordinary differential equation
y =y’ +sin(y).

Unfortunately, there is no closed-form expression for the general solution of this differential equation.
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By analogy to ordinary derivatives and ordinary differential equations, those differential equa-
tions involving partial derivatives are partial differential equations. Below are some examples.

Example 1.3.3. Given any real function v = f(t,z,y), the partial differential equation

ou  d%u N 0%u

ot 0x2  0y?
is commonly known as the heat equation; it takes its name from the fact that it models how heat
diffuses through a region. Often, the equation is expressed in subscript notation as u; = Uy, + Uy,.

Example 1.3.4. Given any real function v = f(t, z,y), the partial differential equation

0w 0*u  O*u

otz Ox2 + 0y?

is commonly known as the wave equation; it takes its name from the fact that it models the motion
of travelling or standing waves. Using subscript notation, the wave equation is s = Uy, + Uyy.

Every differential equation admits a derivative of highest order. Bearing this in mind, the order
of a differential equation is simply the highest derivative that appears in the differential equation.

Example 1.3.5. Observe that the ordinary differential equation of Example has order one
because the highest derivative appearing in the differential equation is the first derivative. Conse-
quently, this equation is said to be a first order ordinary differential equation.

Example 1.3.6. Given any real function y = f(t), consider the ordinary differential equation

Considering that the highest derivative appearing in the above equation is the second derivative, the
order of this differential equation is two; it is a second order ordinary differential equation.

Example 1.3.7. Like ordinary differential equations, every partial differential equation admits an
order: the heat equation u; = g, + uy, of Example and the wave equation uy = gy + Uy, of
Example are both examples of second order partial differential equations.

Last, there is a distinction to be made regarding the manner in which the terms of a differential
equation are related. Explicitly, a differential equation determined by a linear function F' is referred
to as a linear differential equation. Conversely, differential equations that are not linear are called
non-linear. Context will clarify the distinction between linear and non-linear equations, but it is
worth noting that non-linear equations are more difficult to solve in general than linear equations.

Example 1.3.8. Given any real numbers a and b and any real function y = f(t), the first order
differential equation ¥’ = ay + b is linear: indeed, we may view this as the differential equation

F(t,y,y)=y —ay—b=0.
Example 1.3.9. Given any real function y = f(t), the first order differential equation
y = y°® + sin(y)

is non-linear because the terms y? and sin(y) are non-linear functions of y.
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Example 1.3.10. Given any real function v = f(t, z,y), the heat equation u; = uy, + uy, is an
example of a second order linear partial differential equation since the degree of all terms is one.
Example 1.3.11. Given any real function u = f(t,z), the Dym equation

ou  4Pu

A
is a third order non-linear partial differential equation: indeed, this equation has order three because
the third partial derivative of u with respect to x appears in the equation, and it is non-linear because
the term uu,,, has degree four (as a polynomial in u, ty, Uy, and Uz ).

Before we conclude this section, it is imperative that we make the following definition.

Definition 1.3.12. Given any positive integer n, any real univariate function y = f(t), and any
real function F(¢,y,9,vy",...,y"™), a solution of the ordinary differential equation

F(t’ y7 y/7 y”’ st 7y(n)) = 0

on the open interval (a,b) is any real univariate function ¢(t) satisfying that

1.) the derivatives ¢'(t), #"(t), ..., ¢ (t) exist for all real numbers a < t < b and

2.) F(t,¢,¢',¢",...,¢") =0 for all real numbers a < t < b.

Remark 1.3.13. We will soon develop several techniques to deal with ordinary differential equa-
tions in a general setting; however, it is important to establish the following expectations.

i.) Crucially, not all differential equations y™ = f(¢,y,9/,v", ...,y V) admit solutions: indeed,
it is a matter of critical importance to determine if there exists a solution to a given differential
equation. We will later refer to this predicament as the problem of existence.

Even outside of the mathematical considerations that come with the question of existence, the
physical ramifications therein matter significantly: for if a real-world scenario is modelled by a
differential equation, then that equation ought to admit a solution. Under this identification,
the validity of the model in question can be checked against the existence of a solution.

ii.) Granted that a differential equation is known to possess a solution, it is natural to wonder
exactly how many solutions there are. We refer to this as the problem of uniqueness. We
have seen thus far that any differential equation that admits a general solution must possess
infinitely many solutions: indeed, it is clear that if f(t) = F’(t), then f(¢) is the derivative of
F(t)+C for all real numbers C, and the Fundamental Theorem of Calculus ensures that every
function whose first derivative is f(¢) is of the form F(t) + C for some real number C. On
the other hand, it is possible to impose some initial conditions in order to obtain a particular
solution to a differential equation; however, the question remains as to whether there could
be any further solutions. We cannot put the problem to rest until this is addressed.

iii.) Even if a differential equation admits a unique solution, it is often difficult in practice to
obtain: indeed, the vast majority of differential equations do not admit solutions that can
be realized in terms of elementary functions (e.g., polynomials or exponential, logarithmic, or
trigonometric functions). Consequently, it is typically necessary to use numerical methods to
approximate solutions to differential equation. We will deal with many types of differential
equations with tidy solutions, but we will also discuss the matter of approximating solutions.
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1.4 First Order Linear Equations and Integrating Factors

Consider any real bivariate function f(t,y) and any first order differential equation of the form

dy

= f(t,y). (1.4.1)

We will say that Equation ( ) is linear provided that f(t,y) depends linearly on the variable y.
Explicitly, Equation ( ) is linear if and only if there exist real univariate functions g(¢) and h(t)
such that f(t,y) = g(t)y + h(t). Consequently, a first order linear equation in standard form is

dy

o +p(t)y = g(t). (1.4.2)

Unfortunately, it is typically impossible to directly solve Equation ( ) by isolating the variable
y and integrating both sides of the equation, as we have in previous examples; however, thanks to
a technique due to Gottfried Wilhelm Leibniz, there is sometimes a way forward. Consider some
real univariate function p(t) that depends on the variable ¢ alone. By introducing this factor into
our first order linear equation and appealing to the Product Rule and Chain Rule, we find that

d dy

%[u(t)y] = u(t)g +u(t)p(t)y = p(t)g(t) (1.4.3)

so long as the derivative of the function pu(t) with respect to t satisfies that

d

210 = u(t)p(t)- (1.4.4)

Consequently, if we assume that u(t) is positive, then solving this differential equation yields that

Last, by composing each side of the above equation with the exponential function e, we obtain

pi(t) = exp ( / p(t) dt)

Crucially, we note that u(t) is positive, as required. We refer to u(t) as an integrating factor.
Algorithm 1.4.1 (Constructing an Integrating Factor). Consider any first order linear equation

& bty = (o).

Carry out the following steps to obtain an integrating factor p(¢) and solve the equation.

1.) Compute the antiderivative of the function p(t) with respect to t.

2.) Plug the function from the last step into the exponential function to find the integrating factor

ji(t) = exp ( / p(t) dt)-


https://en.wikipedia.org/wiki/Gottfried_Wilhelm_Leibniz
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3.) By construction, observe that the differential equation in Equation ( ) satisfies that

1) = (0)g(1)

Consequently, the solution to the differential equation at hand is given by

so long as this antiderivative can be evaluated; otherwise, we may take
1 t
w0 = (C+ [ o)
lu(t> to

for some conveniently determined real number ¢; and some arbitrary real number C.

Example 1.4.2. Construct an integrating factor and solve the following differential equation.

d
d_zt/ —y = cos(t)

Solution. We note that p(t) = —1 and ¢(t) = cos(t), hence by the algorithm for

t

, we may take u(t) = e~ since the simplest antiderivative of p(t) is —t. Even

more, the algorithm provides that the general solution of the above differential equation is given by

y(t) = L/,Le(t)g(t) dt = et/e_t cos(t) dt.

Computing the antiderivative in the definition of y(t) amount to performing integration by parts
twice, beginning with u = e™*, du = —e~"dt, dv = cos(t) dt, and v = sin(t). Carrying this out yields

/et cos(t) dt = e "sin(t) + /et sin(t) dt.

Continuing with our assignment v = e™*, du = —e~*dt, dv = sin(t) dt, and v = — cos(t), we obtain

/et sin(t) dt = —e " cos(t) — /et cos(t) dt.

Consequently, the original antiderivative can be solved according to the fact that

/e‘t cos(t) dt = e "sin(t) — e " cos(t) — /e‘t cos(t) dt.

By adding the common factor to each side and dividing by 2, we conclude that

1 1 1
y(t) =e' / e tcos(t) dt = iet(e_t sin(t) — e "cos(t) + C) = 5 sin(t) — 5 cos(t) + Ce'. o

Example 1.4.3. Construct an integrating factor and solve the following differential equation.

dy ;
- =1
dt+y +e
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Solution. Considering that g(t) = ¢ + €' and p(t) = 1, we may take p(t) = e’ since the simplest
antiderivative of p(t) is t. We conclude that the general solution to this differential equation is

1
y(t) = o) /,u(t)g(t) dt = e_t/et(t +e')dt = e_t/tet dt + e_t/ezt dt.
1
We can easily dispose of the second antiderivative; the first antiderivative can be solved by integra-
tion by parts with u = ¢, du = dt, dv = €' dt, and v = e'. Carrying this out, we find that

/tetdt:tet—/etdt:tet—et+0.

Consequently, we obtain the general solution for this linear first order differential equation

1 1
y(t) =e'(te! —e' +C) + e (56% + D) —t—1+ Eet +(C + D)e". o

Example 1.4.4. Construct an integrating factor and solve the following differential equation.

dy 2 2

—Z +t*y = 2te’

it Y

Solution. We note that g(t) = 2te’” and p(t) = 2. By the Power Rule, the simplest antiderivative
of p(t) is %t3, hence the integrating factor for this equation is given by u(t) = e’/3. Unfortunately,

in this case, we cannot find an elementary antiderivative for the product function
w(t)g(t) = e’ (2te’) = 2ttt

Consequently, according to the algorithm for , the general solu-
tion to the above first order linear differential equation is given by

1 t 3 3 t 2 1.3
y(t) = — (C’ —l—/ wu(s)g(s) ds) =Ce VB et /3/ 2se5 T35 (3. o
M(t) to to

Example 1.4.5. Construct an integrating factor and solve the following differential equation.

d
td_gt/ +y = e'sin(t) for all real numbers ¢ > 0

Solution. We note that the given equation is not in standard form. By dividing each of the terms
in the equation by a factor of ¢, we obtain a first order linear differential equation in standard form
dy 1 1, .
— 4+ —y = —e sin({).
a Ty = e sl
Consequently, we may identify that g(t) = ¢t 'e’sin(¢) and p(t) = ¢t~'. Considering that ¢ > 0, an
antiderivative of ¢! is In(¢), hence we obtain an integrating factor of u(t) = t. Using integration by
parts, we conclude that the general solution to the given differential equation satisfies that

y(t) = ﬁ /,u(t)g(t) dt = %/et sin(t) dt = %(et sin(t) — e’ cos(t) + C). o
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1.5 Separable First Order Equations

Given any real bivariate function f(z,y) and any ordinary differential equation of the form

dy

o= f(z,y), (1.5.1)

we may certainly rewrite Equation ( ) in the form

d
M(%?JHM%@/)% =0

by setting M (x,y) = —f(z,y) and N(x,y) = 1; however, this substitution is most fruitful in the
case that M (z,y) = M(x) is a function of the variable x alone and N(z,y) = N(y) is a function of
the variable y alone. Explicitly, in this case, Equation ( ) can be viewed at last as

dy _

M(z) + N(y)-

0. (1.5.2)

We refer to such an ordinary differential equation as separable. Clarifying this terminology a bit,
let us assume that y is a function of z. By the Chain Rule for Derivatives, it follows that

N(y)%:%/]\f(y)dy and M (z) :%/M(:C)dx

Even though this analysis may seem either obscure or pointless, in fact, it provides crucial insight
into solving separable ordinary differential equations since Equation ( ) yields that

N(y)dy = —M (z) dx so that /N(y) dy = —/M(m) dx.

By solving the left-hand side of the above integral equation, we obtain a solution to Equation ( ).

Example 1.5.1. Prove that the following differential equation is separable; then, find a solution.

d
d—y = ye” for all real numbers y > 0
T

Solution. By dividing both sides of the above equation by y and subsequently subtracting e* from
both sides of the resulting equation, we find that that differential equation is separable of the form

xT

Ldy _

0.
y dx

By the above exposition, the differential equation can be solved by integrating as follows.
1
In(y) —/—dy—/ewdx—em—i—C'
Yy

Consequently, we find that y(z) = e"*¢ = Ce®”" for some real number C. o

Example 1.5.2. Prove that the following differential equation is separable; then, find a solution.

Z—i = 2 cos*(z)



1.5. SEPARABLE FIRST ORDER EQUATIONS 61

Solution. Like before, it suffices to divide both sides of the above equation by »? and subsequently
subtract cos?(x) from the resulting equation. Carrying this out yields a separable equation

1 dy
2
—cos“(x) + —— = 0.
(z) i
We may now solve the differential equation by separating and integrating each side.

[ 9 1 2w +sin(2z) +C
g—/dey—/cos (x)dx—Q/[l—i-cos(%c)]dx— 1

By taking the reciprocal and flipping the sign, for some real number C, we find that

4
2z +sin(2z) + C”

y(z) =

Example 1.5.3. Prove that the following differential equation is separable; then, find a solution.

Y _ 1 + y? for all real numbers z > 0
In(z) dz

Solution. Even though it does not appear on first glance that this equation is separable, by rear-
ranging the quotient on the left-hand side and the sum on the right-hand side, we find that
1 dy In(z)
L+y?2de  x

Consequently, the first order differential equation at hand is separable. By integrating, we find that

arctan(y) = / ! dy = / In(x) dx = [n()]" +C.

1+ 92 x 2

Explicitly, one may use the substitution v = In(x) with du = %dx to solve in the antiderivative on
the right-hand side. Ultimately, we conclude that the general solution to this equation is

Continuing with our hypothesis that y is a function of x, a different but equivalent analysis of
the ordinary differential equation in Equation ( ) is possible. We assume to this end that there
exist real functions R(x) and S(y) such that M (z) = R'(z) and N(y) = S’(y), where the apostrophe
denotes the derivative with respect to the attendant variable. By the Chain Rule, we have that

dy dy d dy d
N _— = / _— = B _— = —
(W) =5 { dyS(y)l 0 = Wl
hence we may ultimately view Equation ( ) as the derivative of the following with respect to x.
d d d dy
— = — — =M N(y)— = 1.5.
L R(r) + S)] = - R(x) + () = M(x) + N(p) 7. =0 (153)
Consequently, if we take the antiderivative of both sides of Equation ( ) with respect to x, we

obtain a general solution R(x)+ S(y) = C of the ordinary differential equation in Equation ( ).
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Example 1.5.4. Completely solve the initial value problem, providing the interval of definition.

d
1—y2d—z:0andy(0)=\3/§

Solution. Observe that x — %y?) = (' satisfies the given differential equation. By plugging in x = 0
and using the fact that y(0) = v/3, we may solve for C' as follows.

1 3
C=0-- (%) — 1
3
Consequently, the general solution of the above ordinary differential equation is given by

y(z) = v3x + 3.

Considering that the domain of y(x) is all real numbers, the interval of definition is (—o0,00). ¢
Example 1.5.5. Completely solve the initial value problem, providing the interval of definition.

dy

o= ycos(z) and y(0) =0

Solution. Crucially, we note that the above differential equation is separable: it may be written as

1
—cos(z) + Ldy_ 0

VY dx

Consequently, it follows that —sin(z) 4 2,/y = C satisfies the differential equation. Considering
that y(0) = 0 and sin(0) = 0, it follows that C' = 0 so that 2,/y = sin(x); solving for y yields that

sin?(x)
4

y(r) =

Considering that the domain of y(z) is all real numbers and the range of sin?(z) is [0, 1], it follows
that y(x) > 0 for all real numbers z, hence we conclude that the interval of definition is (—o0, 00). ©

Example 1.5.6. Completely solve the initial value problem, providing the interval of definition.

1
E% =e" and y(0) =1

Solution. Like all examples in this section, the above is a separable differential equation of the form

dy
—xe” + —= = 0.
xe +d9§

Consequently, we have that —xe®” + e* 4+ y = (' satisfies the differential equation. By plugging in
x = 0 and using the fact that y(0) = 1 and €® = 1, it follows that C' = €+ 1 = 2. We conclude that

y(x) = ze® —e® + 2.

Considering that the domain of y(z) is all real numbers, the interval of definition is (—o0,00). ©
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1.6 Exact First Order Equations

Consider the following ordinary differential equation for some real functions M (z,y) and N(x,y).

M(z,) + N(,) 2 =0 (6.0

Back in Section |.5, we established that if M (x,y) = M(x) is a function of the variable = alone and
N(z,y) = N(y) is a function of the variable y alone, then the general solution of Equation ( )
is particularly simple. Conversely, if there exists a real bivariate function ¥ (x,y) such that

0
@Dx(%y) = %d](ajay) = M(ﬂf,y) and

by(ey) = Lla,y) = Nix,y),

dy
then we say that Equation ( ) is exact, and we refer to the above real bivariate function ¢ (z,y)
as a potential function of the ordinary differential equation ( ). Crucially, we require that the

level curves ¢ (x,y) = k an explicit expression of y = p(z) as a differentiable function of x. Under
this identification, by the Chain Rule for Partial Derivatives, it follows that

d dy dy
%W(% o(x))] = o(2,y) + Wyl y) = = M(2,y) + N(z,y) = = 0.
We omit the proof of the theorem below; the reader may find the details in | , Theorem 2.6.1].

Theorem 1.6.1 (Criterion for the Existence of a Potential Function). Consider any pair of real
bivariate functions M (x,y) and N(x,y) such that the partial derivatives My(x,y) and Ny(z,y) exist
and are continuous on some open rectangle (a,b) x (c,d) in the Cartesian plane. We have that

d

M(z,y) + N(:U,y)d—y = 0 is exact if and only if M,(x,y) = Ny(z,y)
x

for every ordered pair (z,y) such that a < x < b and ¢ < y < d. Ezplicitly, provided that the partial

derwatives My(x,y) and N, (z,y) are equal on the open rectangle (a,b) x (c,d), then there exists a

potential function (z,y) such that ¥, (z,y) = M(z,y) and ¢ (x,y) = N(z,y).

Even though we omit the proof of the above theorem, we provide a general approach for determining
the potential function ¢ (z,y) underlying an exact differential equation as outlined in the proof.

Algorithm 1.6.2 (Constructing a Potential Function). Consider any exact differential equation

d
M (z,y) +N(:r,y)£ = 0.

Carry out the following steps to determine the underlying potential function ¢ (z,y).

1.) By definition of a potential function, we have that 1, (z,y) = M (z,y), hence it follows that

wwwzﬂwﬁwawﬁ

for some real univariate function f(y) that depends on y alone and some carefully chosen real
number a < xg < b. We note that this holds by the Fundamental Theorem of Calculus.
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2.) By definition of a potential function, we have that ¢, (z,y) = N(z,y), hence it follows that

N(x,y) = py(x,y) = f'(y) + a% /x M(t,y)dy

by the previous step, where f'(y) denotes the derivative of f with respect to y.
3.) Use the previous step of the algorithm to solve for f’(y); then, solve for f(y) by integrating.

Caveat: to carry out the above algorithm for , it is necessary to
begin with an exact equation; however, it is convenient and important to note that this algorithm
can be fruitful for any ordinary differential equation of the form in Equation ( ). Explicitly, if
the function f/(y) in the third step of the algorithm depends on z, then the equation is not exact.

Example 1.6.3. Prove that the following differential equation is exact; then, find a solution.

d
2x+2y+(2x+2y)£20

Solution. By the , it suffices to check that

B )
L (22 4+2) =2 = —(22+2
ay( x + 2y) ax( T+ 2y),

hence the above differential equation is exact. Explicitly, we may find a potential function by first
integrating 2z + 2y with respect to x and treating the constant of integration as a function of y.

Y(x,y) = /(2$+2y) dr = 2% + 2zy + f(y)

Even more, if we differentiate v (z,y) with respect to y, we must obtain 2z + 2y.

20 + 2y = a%w,y) - a%[w? eyt f(y)] = 20+ F().

Cancelling 2x from both sides yields that f/(y) = 2y so that f(y) = y* and ¥(x,y) = 22 + 22y + 3>
is a potential function for this differential equation. Consequently, the general solution to the given
differential equation is provided by x? + 2zy +y* = ¢(x,y) = C for an arbitrary real number C. ¢

Example 1.6.4. Prove that the following differential equation is exact; then, find a solution.

dy

= =0
dx

ey + sin(y) + [e” + x cos(y)]

Solution. By the Criterion for the Existence of a Potential Function, it suffices to check that

8_y[€ y+sin(y)] = e + cos(y) = e [e” 4+ x cos(y)],

hence the differential equation is exact. Like before, the potential function is obtained by integrating
ey + sin(y) with respect to = and treating the constant of integration as a function of y.

Y(z,y) = / [ey + sin(y)] dr = e"y + wsin(y) + f(y).
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Considering that the partial derivative of ¥ (x,y) with respect to y is e” 4+ z cos(y), we find that

x a a X : x
e’ + xcos(y) = a—yw«c, y) = a—y[e y+asin(y) + f(y)] = e + zcos(y) + f'(y).
Cancelling e* 4+ z cos(y) from both sides gives that f'(y) = 0 and f(y) is constant — say f(y) = 0.
We obtain the potential function ¥ (x,y) = ey + sin(y), hence the general solution to the above
differential equation is given by e®y + xsin(y) = ¢(x,y) = C for an arbitrary real number C. o

Example 1.6.5. Prove that the following differential equation is exact; then, find a solution.

dy

= =0
dx

x
% +1In(y) +e* + b +In(z) + cos(y)}
Solution. By taking the partial derivatives with respect to y and x, we find that

ol a

J_ 1, 1_ 9
5+ln<y>+e]—x+y—ax{y+1n<w)+cos<y)},

hence the differential equation is exact. By integrating ¥ + In(y) + ¢” in x, we find that

U(z,y) = / [% +1In(y) + ex} dr =yln(z) + zln(y) + €* + f(y).

By differentiating this equation with respect to y, we must have that

g +In(z) + cos(y) = (%@D(x, y) = (%[y In(z) +zIn(y) + € + f(y)] = In(z) + g + f'(y).

Cancelling the common terms from both sides of the equation yields that f'(y) = cos(y), and taking
f(y) = sin(y) yields the potential function ¥ (z,y) = yIn(xz) + zIn(y) + €* + sin(y). Consequently,
the general solution is given by yIn(x) + z In(y) + e* + sin(y) = C for some real number C. o

Example 1.6.6. Prove that the following differential equation is not exact.

dy _

dxo

e’ + e+ (e” + €Y)

Solution. By the , the given differential equation
is not exact because the partial derivatives do not agree unless y = x. Explicitly, we have that

0 9,
—(e® Yy = ¥ T — (% Y
ay(e +e¥)=¢"#e 830(6 +é¥)

if y # x. On the other hand, if we assume that y = x, then the differential equation simplifies to

d d
2¢* (1 4 —y) —2¢7 4+ 2% .

dz dz
Considering that 2e® is nonzero for all real numbers x, it follows that 1 +¢ = 0 and ¢y = —1. By
taking the antiderivative with respect to z, we conclude that y(z) = —x + C for some real number

C. Clearly, this is a contradiction, hence the above differential equation is not exact. o
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Example 1.6.7. Prove that the following differential equation is not exact.

dy
: dy
y cos(xy) + x sin(zy) -
Solution. Compare the partial derivatives of the terms of the differential equation. We have that
0
B cos(ry) = —xysin(zy) + cos(xy) by the Product Rule and the Chain Rule and
)
0
p sin(zxy) = xy cos(xy) + sin(zy) by the Product Rule and the Chain Rule.
x

Consequently, the differential equation is exact if and only if the equation
—xysin(zy) + cos(zy) = xy cos(zy) + sin(zy)

holds for all pairs of real numbers x and y. But this is demonstrably not the case: by taking x =0
and y = 1, the left-hand side of the above equation is 1, but the right-hand side is 0. o

Even if our ordinary differential equation does not appear exact on first glance, it is possible in
some cases to introduce an integrating factor that resolves in an exact equation. Explicitly, suppose
that there exists a real bivariate function p(z,y) such that the following equation is exact.

d
ple,y)M(a.y) + pla.y)N(r.y) 52 =0
By the , it is necessary that
9 )M (@, y) = L, y) N2, y) (1.62)
ay 7y 7y _8xlu >y 73-/' e

By the Product Rule for Derivatives, the above displayed equation resolves to

py (2, y) M (2, y) + p(x, y) My(z,y) = pa (2, y)N (2, y) + p(z, y) No (2, y).

Unfortunately, in general, Equation ( ) is a partial differential equation; however, if we assume
that p(z,y) = p(x) is a function of the variable = alone, then it follows that p,(z,y) = 0 so that

d My(I7y)—N$(l’7y)

— = ) 1.6.3

fonle) = A ) (163)
Crucially, if the coefficient of p(z) in the above Equation ( ) is a function of x alone, then this

displayed equation can be viewed as a linear and separable first order ordinary differential equation,
hence it can be solved with methods we have previously discussed. Likewise, one can perform a
similar analysis in the case that u(x,y) = p(y) is a function of the variable y alone to find that

d Nx(x,y)—My(I,y)
@u(y) = M(z.) ().

Algorithm 1.6.8 (Constructing an Exact Integrating Factor). Consider any differential equation

dy

Carry out the following steps to determine an integrating factor pu(z,y) that resolves in exactness.
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1.) Compute the partial derivatives M, (z,y) and N,(z,y).

2.) Compute the following pair of quotients of functions.

My<l‘,y) - Nx('r?y)
N(z,y)

Nx(xa y) - My(l', y)

P(x,y) = M(z.g)

and Q(z,y) =

3.) If P(x,y) = P(x) is a function of the variable = alone, then the ordinary differential equation

% u(w) = Pa)uta)

is linear and separable; solve this differential equation to obtain the integrating factor u(x).

4.) If Q(z,y) = Q(y) is a function of the variable y alone, then the ordinary differential equation

d%u(y) = Q(y)u(y)

is linear and separable; solve this differential equation to obtain the integrating factor u(y).

Example 1.6.9. Prove that the following differential equation is not exact; construct an integrating
factor that resolves the equation to an exact equation; and ultimately, solve the equation.

dy

TtV + (" —e¥)-= =0
e’ +e¥ + (e —e¥) .
Solution. Comparing the partial derivatives of the terms of the differential equation, we find that
0 0
ey = —(e"+eY)= — (e —e¥) = ¢
G ) = g =)
if and only if y = x. But as in Example , this is impossible: indeed, if we assume that y = x,

then the given differential equation simplifies to 2e* = 0 — a contradiction. Consequently, we are
not dealing with an exact equation; however, as M,(x,y) = e¥ and N,(z,y) = €*, it follows that
My(may)_Nx(xay> el —e*

P = fry f— _]_
(l’,y) N(.Z’,y) T — ey

is a function of the variable x alone. By the algorithm for ,
in order to determine an integrating factor u(z), it suffices to solve the differential equation

i) = —n(a).

By rewriting this equation as %du = —dx, it follows by basic antidifferentiation that In(u) = —x so

xT

that pu(z) = e*. By multiplying the original equation by p(z) = e™*, we obtain an exact equation

dy
1 y= 1—e"%)—= =0.
+eV "+ (1—e"") o
Explicitly, we have that %(1 +ev) = e " and £ (1 — %) = ¢¥~* by the Chain Rule. Conse-
quently, according to the algorithm for , it follows that

blary) = / (4 eV dr =z — v + f(y).
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By taking the derivative of ¥ (x,y) with respect to y, we find that

0 0
L=t = L) = o= @ 4 Fl)] =~ £ )
Cancelling term —e?Y~" from both sides of this equation yields that f’(y) = 1 so that f(y) =y. We
obtain the general solution z +y — e?~* = ¢(x,y) = C for an arbitrary real number C. o

Example 1.6.10. Prove that the following differential equation is not exact; construct an integrat-
ing factor that resolves the equation to an exact equation; and ultimately, solve the equation.
dy

22y +y* + (zy° — 2y)£ 0

Solution. Comparing the partial derivatives of the terms of the differential equations, we find that

0 0

—(2xy® + 1) = 62y® + 4y® and —(zy® — 2y) = o>

ay(y y') = 6xy” + 4y 5.0y ) =y

Consequently, the partial derivatives are not equal as functions, hence the differential equation is

not exact; however, our computations yield that M,(z,y) = 6xy? 4+ 4y* and N,(z,y) = y* so that
Ny(z,y) — My(z,y) _ y*— (6ay® +49°)  —3y°(2z+y) 3

Qle.y) = M (z,y) T Pyt PRety) v

By the algorithm for , we may find an integrating factor
w1(y) by solving the following first order linear differential equation.

d 3

o (y) = —;u(y)'

By separating the terms and performing basic antidifferentiation, we find that

1 1
Infyu(y) Z/—du y) = —3/—dy= —3In(y
[1(y)] e () ; ()
so that u(y) = y~3, and multiplying the original equation by u(y) = y =2 yields an exact equation
2\ dy
2 L )
r+y+ (x y2> I
Continuing with the algorithm for , we have that

Y(z,y) = /(2x+y) dv = 2* + zy + f(y).

By taking the derivative with respect to y of ¢ (x,y), it follows that

r— == Y(a,y) = %[w2+xy+f(y)] =+ f(y).

Consequently, we obtain that f'(y) = —2y 2 so that f(y) = 2y~!. We conclude that the general
solution is given implicitly by x* + zy + 2y~! = ¢(z,y) = C for an arbitrary real number C. o
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Example 1.6.11. Prove that the following differential equation is not exact; then, explain why the

algorithm for fails to produce a solution in this case.
d
wQ—xy+(xy+y2)£ =0

Solution. Comparing the partial derivatives of the terms of the differential equations, we find that

0 0
a—y(x2 — zy) = —x and %(Z‘y +9%) =y.
Consequently, the partial derivatives are not equal as functions, hence the differential equation is
not exact; however, our computations yield that M, (z,y) = —x and N,(z,y) = y so that
M, (x,y) — N,(x, —(x + 1
Ple,y) = y(7,9) (z,y) _ —( z):__ and
N(z,y) zy +y y

i Nx(xvy)_M (LC,y) _ T +y
e T X )

Unfortunately, neither P(z,y) is a function of x nor Q(z,y) is a function of y, hence the algorithm
for constructing an exact integrating factor fails. Even worse, it turns out that the given differential
equation does not admit a solution that can be expressed in terms of elementary functions! o

1.7 Existence and Uniqueness of Solutions

Back in Remark , it was pointed out that there exist differential equations that cannot be
solved. We encountered such an instance in Example . Even those differential equations that
admit solutions might have an abundance of them, and worse yet, it is typically impossible to realize
solutions of differential equations in terms of elementary functions. We turn our attention next to
the criteria that determine the existence and uniqueness of solutions to differential equations. We
leave the details of the following theorem to the curious reader (see | , Theorem 2.4.1]).

Theorem 1.7.1 (Fundamental Theorem of First Order Linear Ordinary Differential Equations).
Consider any real functions p(t) and g(t) that are continuous on an open interval (a,b) containing
a point tg. Given any real number vy, there exists one and only one function y = ¢(t) satisfying that

dy

o +p(t)y = g(t)

on (a,b) and y(to) = yo. Put another way, if p(t) and g(t) are continuous on an open interval, then
the above first order linear ordinary differential equation admits a unique solution y = ¢(t).

Even more, the proof of the
provides a closed form expression for the solution to the above differential equation.



70 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

Corollary 1.7.2 (Leibniz Formula for Solutions of First Order Linear Ordinary Differential Equa-
tions). Consider any real univariate functions p(t) and g(t) that are continuous on an open interval

(a,b) containing ty. Given any real number yy, consider the functions u(t) = exp (ftto p(s) ds> and

o(t) = ﬁ (yo + /t:,u(s)g(s) ds).

We have that ¢(t) is the unique solution of the initial value problem on (a,b) with y(ty) = yo and

Y bty = glt).

Example 1.7.3. Construct an open interval on which the following differential equation admits a
unique solution; then, determine the closed form expression for the solution with y(1) = 2.
dy

1
dy Lo
a T1—3Y

Solution. By the , it
suffices to determine an open interval on which both of the functions p(t) = 1/(t — 3) and g(t) = 2t
are continuous. Considering that ¢(t) is a linear polynomial and hence everywhere continuous, we
conclude that the largest interval on which p(t) and ¢(t) are both continuous is (0,3) U (3, c0). We
may restrict our attention to the open interval (0,3) in light of the fact that we wish to solve the
initial value problem with ¢y = 1. Corollary suggests we compute the functions

ult) = exo /t:p(s) ds) and o0) = (1 + /t:u(S)g(S) )

since the latter is the unique solution to the given initial value problem. By doing so, we find that

u(t) = exp (/j : ! - ds) — exp[In(3 — )]/ = %(3 ) so that

¢<t>:%(2+/1 S(3—3)ds):%(24—/1(35—52)6&3):%<—%t3+;t2+%>. o

Example 1.7.4. Construct an open interval on which the following differential equation admits a
unique solution; then, determine the closed form expression for the solution with y(7) = 1.

d
d_?z + tan(t)y = sin(t)

Solution. Observe that tan(t) is continuous for all real numbers other than those of the form w

for some integer n. Even more, sin(t) is everywhere continuous. Consequently, it follows by the Fun-

damental Theorem of First Order Linear Ordinary Differential Equations that the above differential

2n+1)w
2

equations admits a solution for all real numbers ¢ # ( for any integer n. Considering that we

are in search of a solution in the case that ¢y, = m, we may consider the open interval (7—;, 37“)

Corollary guarantees that the unique solution to the given initial value problem depends on

utt) = exo /t:p“) ) = e [ tan(s) s ) = explinfse()] = — sc?).
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We note that the resulting function is negative because sec(t) is negative on the open interval
T 37

(5, 7). Carrying this computation forward through the corollary, we find that

P(t) = ﬁ (yo + /t:u(s)g(s) ds) = cos(t) <1 + /: tan(s) ds> = cos(t) + cos(t) In|sec(t)]

is the unique solution to the above initial value problem. o

Even more, the following theorem completely resolves the question of existence and uniqueness
of solutions to first order non-linear ordinary differential equations and generalizes

Theorem 1.7.5 (Fundamental Theorem of First Order Ordinary Differential Equations). Consider
any real bivariate function f(t,y) such that both f(t,y) and its partial derivative Of /0y are contin-
uous on an open rectangle (a,b) X (¢, d) containing a point (to,yo). We may find some real number
h for which there exists an open interval (ty — h,to + h) contained within the open interval (a,b)
such that there exists one and only one function y = ¢(t) satisfying that y(to) = yo and

dy _

o= f(ty).

Put another way, if f(t,y) and its partial derivative with respect to y are continuous on an open
rectangle, then the above first order ordinary differential equation admits a unique solution y = ¢(t).

Example 1.7.6. Construct an open rectangle on which the following differential equation admits
a unique solution; then, determine the closed form expression for the solution with y(1) = 2.

= + 3 — 0

it Y
Solution. Considering that the above differential equation can be rewritten as 3y’ = —3, it follows
that f(t,y) = —y® and f, = —3y? are both continuous, hence there exists a real number h such

that the above initial value problem admits a unique solution on (1 — h,1 4 h) X (—o0,00) by the
. We construct the unique

solution (determining the value of the real number h) as follows: indeed, we have that

dy = —y* if and only if _dy = dt,

dt Y3

hence integrating both sides of this equation yields that 1/2y? = ¢ + C. By plugging in ¢ = 1 and

using the fact that y(1) = 2, it follows that C'+ 1 = 1/8 so that C' = —7/8. Consequently, the

solutions to the above initial value problem are given by y* = 2/(t —7/8). Even more, if we assume

that y is positive, then the unique solution of the initial value problem is ¢(t) = /2/(t — 7/8).

Observe that ¢(t) is defined for all real numbers ¢ > 7/8, hence we may choose h = 1/8. o

Example 1.7.7. Compute the largest region in the ty-plane for which the hypotheses of the Fun-
damental Theorem of First Order Ordinary Differential Equations are satisfied for the following.

dy
21— 2
dt y
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Solution. Observe that the real bivariate function f(t,y) = /1 —t?> — y? is defined if and only if
1 —t? —y? > 0 if and only if 2 + 3? < 1. Even more, its first partial derivative with respect to y

8f_8 42 ooN1/2 —2y
oy g TV = E

is defined if and only if 1 — > — y* > 0 if and only if * + y? < 1. Both functions are continuous on
their domains because they are products and compositions of continuous functions. o

Example 1.7.8. Compute the largest region in the ty-plane for which the hypotheses of the
are satisfied for the following.

dy

] _
g n(y* —t)

Solution. Observe that the real bivariate function f(¢,y) = In(y* — t) is defined if and only if
y? —t > 0 if and only if y? > t. Even more, its first partial derivative with respect to y

==y’ —1t) =

yr—t

is defined if and only if 32 — ¢ is nonzero. Both functions are continuous on their domains, hence
the region in question consists of all ordered pairs of real numbers (¢, y) such that y* > t. o

Unfortunately, it is entirely possible that the first order non-linear ordinary differential equation
y' = f(t,y) cannot be solved by any of the methods outlined in the previous sections of this chapter;
however, in this case, it is sometimes possible to carry out the following algorithm successfully.

Algorithm 1.7.9 (Picard’s Method). Consider any first order ordinary differential equation

dy

Carry out the following steps to determine a solution y = ¢(¢) of the initial value problem y(0) = 0.

1.) Begin with the real function ¢g(t) = 0.

2.) Construct the real function ¢ (¢ fo ds.
3.) Construct the real function ¢(t) fo ds.
4.) Continue to define the real function ¢, () fo )] ds for each integer n > 2.

Provided that the sequence {¢,(t)},>0 of real functions converges to a differentiable function ¢(t)
satisfying that ¢'(t) = f(¢,y) and ¢(0) = 0, we have obtained a solution to the differential equation.

Example 1.7.10. Employ to solve the initial value problem y(0) = 0 and

dy

29y +1).
o (y+1)
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Solution. Considering that f(¢,y) = 2(y + 1) does not depend at all on the variable ¢, the problem
is quite simple: indeed, we have that f[s, ¢,(s)] = 2(¢n(s) + 1) for all integers n > 0 so that

¢Hmwaéf@@@nm=2lomwm4nw=%+zl¢A$m

for each integer n > 0. By , it follows that ¢o(t) = 0 so that ¢,(t) = 2t,

¢ t
Go(t) =2t +2 ¢1(s)ds:2t+4/ sds = 2t + 2%
0 0

t t
4
%“%:%+2/¢M@d$=%+4/ﬁﬂﬁﬂd&:%+2ﬁ+§ﬁ
0 0

! ! 2 4 2
¢Aﬂ—2ﬁ+%/¢ﬂ@d&—%+4/‘G+ﬁz+§§>mh—%+2ﬁ+—ﬁ+—§,mﬂ
0 0

37 "3
! ! 2 1 4 2 4
¢dw:2t+%/¢4@d$:%+4/‘8+$2+—§+—f’d$:%+2ﬁ+—ﬁ+—§+——ﬂ?

Cleverly noting the structure of the denominator of the last summand of ¢5(t), we find that

ol 92 23 24 25
£ = —t+ —t>2+ =4 tt 5,
95(t) ottt Tyt gt Tt

from which we surmise the general form of the nth iterate of Picard’s Method as follows.

n 2k: i

k=1

(We could verify this formula using mathematical induction, but that is beyond the scope of this
class.) Bearing this in mind, it follows that the limit of this sequence of functions is the power series

o(t) = lim ¢, (t) = lim Z —tk 2—ktk i (2" =e* -1
n—oo n—oo P k! ’
Clearly, this function is differentiable with ¢/(t) = 2e* = 2(¢(t) + 1) and ¢(0) = 0. o

Example 1.7.11. Employ Picard’s Method to solve the initial value problem y(0) = 0 and

dy
— =1 1.
0t Y+

Solution. Beginning with f(t,y) =ty + 1 and ¢o(t) = 0, it follows by Picard’s Method that

amwlemmmwzék%@+n@=H[ﬂm@w
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for each integer n > 0. Consequently, it suffices to determine the definite integral fot S¢n(s)ds for

each integer n > 0. Certainly, if n = 0, this integral evaluates to 0, hence we find that ¢,(t) = t.
We are now in a fine position to determine the general form for the nth iterate of

t t
1
gzbz(t):t—ir/ s¢1(s)ds:t+/ 32ds:t—|—§t3
0 0

f ¢ 1 1 1
¢3(t) :t+/ So(s) ds:t+/ 24 =5t ) ds =t 4 P+ ——1°
0 0 3 3 35

¢ t 1 1 1 1 1
)=t ds =t 242t — S )ds=t+ =3 o 7
¢a(t) +/08¢3<8)S +/0 (S+3S+3-53) S L T A

We surmise from the first four terms of the sequence that the general term satisfies that

n

1 2k—1
qf)"(’f)221-3-5---(2/c—1)tk ’

k=1

(Once again, mathematical induction could be employed to establish the above formula.) Consid-
ering that this sequence constitutes the partial sums of a power series, it converges to the function

n 1 [o¢]
= i = i S
o(t) = lim 6. (1) ngﬁlo;1.3'5m(2k—1 ; 2k—1)t

Even more, it follows that ¢(t) is differentiable and ¢(0) = 0. Checking the derivative yields that

[e.e]

d — 1 d
_ - $2h=1 = g2kl
d Z1 3-5. 2k—1) Z1 3-5---(2k—1)dt

k=1

~+

N Z TET L

=1 k=3 — 1.
+t21 R CT— 3)t to(t) + o

Each of the above examples could be computed by elementary means because they are both sepa-
rable equations, hence we could determine a closed form for the power series in Example



Chapter 2

Second Order Linear Equations

Even more fundamental to the study of mathematical physics than first order differential equations
are the second order differential equations that model such physical phenomena as fluid mechanics,
heat conduction, wave motion, or electromagnetism. Besides these applications, the theory of second
order linear differential equations enjoys a beautiful and systematic approach that encompasses and
brings together many critical areas of mathematics, e.g., the algebraic study of roots of polynomials,
determinants and systems of equations from linear algebra, and power series from calculus.

2.1 Homogeneous Linear Equations: Constant Coefficients

By definition, a second order ordinary differential equation is any differential equation of the form

F(ty.y.,y")=0

for some real function F. Even more, we say that the above differential equation is linear provided
that F' is a linear function, i.e., there exist real functions G(t), P(t), Q(t), and R(t) such that

F(ty,y,y") = G{t) — P(t)y" — Q()y' — R(t)y.

We note the significance of the assumption that the functions G, P, @), and R depend only on the

variable ¢, hence F' is a linear function in y, ¢/, and y”. Certainly, if the function P(t) is zero for

all real numbers ¢, then the above differential equation does not possess order two, hence we may

assume that P(t) is nonzero for some real number ¢. By the same rationale, we need only consider

the real numbers ¢ for which P(t) is nonzero, hence we may rewrite the differential equation as
Q) , RE) _ G({)

VR P T POy

We will therefore restrict our attention to the open intervals where the above functions of ¢ are
continuous. Like in the previous chapter, the initial value problems in second order ordinary differ-
ential equations amount to solving a differential equation subject to the constraints that y(to) = yo
and y'(to) = y; for some real numbers ¢y, yo, and yj. Crucially, we need two initial conditions that
determine an ordered pair (to, 7o) and the slope y; of y(t) at the point ;. Essentially, this is due to
the Fundamental Theorem of Calculus: to obtain y(t) from y”(¢), we must antidifferentiate twice,

5
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resulting in up to two constants of integration for which up to two equations are required to solve.
We say that a second order linear ordinary differential equation is homogeneous if

P(t)y" = Q(t)y' + R(t)y =0

for some real functions P, ), and R; otherwise, the differential equation is non-homogeneous.

We will fix our attention throughout this section on the case that the functions P, ), and R are
constant and the second order linear ordinary differential equation is homogeneous. Explicitly, we
will assume that there exist real numbers a, b, and ¢ such that a is nonzero and

ay” + by’ + cy = 0. (2.1.1)

Roughly speaking, any solution to the above equation must be a function y(t) that satisfies a linear
relation with its first and second derivatives. We illustrate this notion as follows: if b = 0, then
ay” + cy = 0 if and only if y” = —<y. Consequently, the second derivative of y must be a constant
multiple of y. Considering the gamut of elementary functions from calculus and their derivatives,
the astute reader may notice that an exponential function of the form e™ for some real number ¢
has second derivative r2¢", hence the second derivative of €™ is in fact a constant multiple of e.
Bearing this in mind, we use the exponential function e as a prototype for Equation ( ).

By substituting y = €™, ¢ = re", and y” = r?e™, we obtain a homogeneous equation

(ar?® + br + c)e™ = 0.
Considering that the exponential function is never zero, it follows that
ar® +br +c=0. (2.1.2)

Equation ( ) is called the characteristic equation of Equation ( ). Crucially, the roots of
the characteristic equation correspond to solutions of a second order homogeneous linear ordinary
differential equation with constant coefficients, hence we have reduced a seemingly difficult question
of calculus to simply checking the roots of a quadratic polynomial. We are afforded to this end the
powerful tool of the Quadratic Formula; however, we must consider the following three cases.

1.) Equation ( ) admits two distinct real solutions.
2.) Equation ( ) admits two identical real solutions.
3.) Equation ( ) admits two non-real complex solutions.

Beginning with the first case, we will deal with each of the above scenarios in turn. We will assume
to this end that r; and ry are two distinct real solutions of the characteristic equation of a second
order homogeneous linear ordinary differential equation. Consequently, if we assume that y; = e™?,
then y]| = rie™! and y; = rie"! together with the fact that ar? + bry + ¢ = 0 imply that

/

ay! + by, + cy1 = (ar? +bry + c)e™t = 0.

rot

Likewise, the same analysis holds for y, = €™*, hence we conclude that for any real numbers ¢; and

¢2, the linear combination y(t) = c1y1(t) + coyo(t) of the functions y;(t) and yo(t) satisfies that

ay’ +by +cy=0
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by the linearity of the ordinary derivative. Even more, if we impose some initial conditions y(tg) = yo
and y'(ty) = y;, then we obtain the following system of equations.

{ cre" + cpel =y

crr1e + corpe™! = yg

By solving for the real number ¢, in the first equation and substituting it into the second equation,
we may solve for the real number ¢; in terms of 71, 79, to, Yo, and y(; then, this expression can be
substituted into the equation for ¢y to obtain an expression in terms of ry, 79, to, yo, and y;. We
omit the details of this process; however, the upshot is that the initial value problem is solved by

/
Yo — YoT2 _
0—6 rito and

C1 =
rL—7T2
/
Yot — Yo _
¢y = m——pralo,
r — T2

Often, in practice, the process of solving the above system of equations will be much clearer.

Algorithm 2.1.1 (Solutions of Homogeneous Second Order Linear Ordinary Differential Equation
with Constant Coefficients I). Given any real univariate function y = f(¢) and any real numbers a,
b, and ¢ such that a is nonzero, consider the homogeneous second order linear differential equation

ay” + by +c=0.
Carry out the following steps to determine the general solution y = ¢(t).

1.) Compute the roots of the characteristic equation ar? + br + ¢ = 0.

2.) Provided that the above characteristic equation admits two distinct real solutions r; and o,
the general solution of the above differential equation is given by ¢(t) = c1e™ + cpe™".

3.) Otherwise, if the characteristic equation admits two identical real solutions or two complex
conjugate solutions, then further analysis of the differential equation is required.

/

Given any initial conditions y(ty) = yo and y'(to) = y;,

4.) solve the following system of equations to obtain the solution of the initial value problem.

{ cre" + cpel =y

crr1 e+ corpe” = yg

Example 2.1.2. Construct the general solution to the following differential equation.
y' =2y =3y =0

Solution. Considering that the characteristic polynomial r> — 2r — 3 factors into distinct linear
polynomials (r+1)(r—3), it follows that r; = —1 and ry = 3 are its distinct real roots. Consequently,
the general solution of the above differential equation is given by y(t) = cie™ + cye3t. o
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Example 2.1.3. Construct the solution to the initial value problem with y(0) = 1, ¥/(0) = 8, and
y" — Ty + 10y = 0.

Solution. Like in the above example, the characteristic polynomial 2 — 7r + 10 factors into distinct
linear polynomials (r — 5)(r — 2), hence the general solution of the above differential equation is
y(t) = c1e% + coe?. Considering that y(0) = 1 and 3/(0) = 8, we obtain a system of equations.

Cl1+ Ccy = 1

501 + 202 =8
By subtracting twice the first equation from the second equation, we find that 3¢; = 6 so that
c1=2and ¢y =1 —¢; = —1. We conclude that y(t) = 2¢° — e* is the desired solution. o

Example 2.1.4. Construct the solution to the initial value problem with y(0) = 2, /(0) = —2,
and

6y" — 13y’ + 6y = 0.

Solution. Observe that 612 —13r+6 = (2r —3)(3r —2), hence the underlying characteristic equation
672 — 13r + 6 = 0 admits two distinct real solutions r; = 3/2 and r, = 2 /3. We obtain the general
solution of the above differential equation as y(t) = crest + CQ@gt; in order to obtain the particular
solution of the given initial value problem, we must solve the system of equations below.

Cc1+ cy =
2
— —Cg = —2
261 + 3C2
Clearing the coefficient of 2/3 from ¢y in the second equation yields that 9¢y/4 + ¢o = —3; then,
subtracting the first equation from this equation, we find that 5¢;/4 = —5. We conclude that
¢1 = —4 so that ¢ = 2 — ¢; = 6, hence the solution we seek is y(t) = —4e3t + Best, o

2.2 Homogeneous Linear Equations and the Wronskian

Continuing our discussion of second order linear ordinary differential equations, let us assume that
y = f(t) is a real univariate function and g¢(t), p(t), and ¢(¢) are continuous real functions defined
on an open interval I that contains a real number ty. Consider the initial value problem

y' +p)y +q(t) = g(t) (2.2.1)

with y(t9) = yo and y/'(t9) = y;. Last section, in Algorithm and the discussion preceding it, we
outlined a method for solving this initial value problem in the case that p(t) and ¢(¢) are constant
functions and g¢(t) is zero; however, the observant reader may very well find the exposition on the
matter unsatisfactory: indeed, it is entirely natural to wonder why all possible solutions of such a
differential equation are accounted for by the aforementioned algorithm. We turn our attention in
this section to this question; it is completely answered by the following fundamental theorem.
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Theorem 2.2.1 (Fundamental Theorem of Second Order Linear Ordinary Differential Equations).
Consider the initial value problem with y(to) = yo, ¥ (to) = yj, and

y' +pt)y +q(t)y = g(t)

for some real functions g(t), p(t), and q(t) that are continuous on an open interval I that contains
the point tg. There exists exactly one real univariate function ¢(t) that is defined for all real numbers
t in the open interval I and satisfies the initial value problem, i.e., ¢(to) = yo, ¢'(to) = yp, and

"+ p(t)d + q(t)p = g(t).

Bluntly put, the proof of the
is far beyond the scope of this course; however, we will simply accept it as a black box.

Example 2.2.2. Construct an open interval of maximum length for which the initial value problem
with y(m) = 1 and ¢/(7) = 0 admits a solution, but do not attempt to solve the equation.

cos(t)y” + sin(t)y’ + cos(t)y = 0
Solution. Considering that cos(m) = 1, we may divide by cos(t) to obtain an equation of the form
y" + tan(t)y +y = 0.

Considering that tan(t) is continuous on its domain, it follows that p(t) = tan(t), ¢(t) = 1, and

g(t) = 0 are continuous on the open interval (%, 37”) By the Fundamental Theorem of Second Order
Linear Ordinary Differential Equations, this is the open interval of maximum length for which the

initial value problem admits a solution since tan(t) is not defined for t = 7 or t = 37” o

Example 2.2.3. Construct an open interval of maximum length for which the initial value problem
with y(1) = e and y'(1) = 3.14 admits a solution, but do not attempt to solve the equation.

t?y" +ty' +y = Int|

Solution. Given that ¢? is nonzero, we may divide by #? to obtain an equation of the form

//_{_1 /+ 1 _IHW
VT TRV T
Each function p(t) = t71, ¢(t) = t72, and g(t) = ¢t ?In|t| is continuous on its domain, hence the
open interval of maximum length for which the initial value problem admits a solution is (0, 00). ¢

Even though we are not in a position to prove the Fundamental Theorem of Second Order Linear
Ordinary Differential Equations, we may still enjoy a discussion of some of the facets of the proof.
Certainly, if we know that a differential equation admits a solution (or if we assume that it does),
then it is natural to ask about “how many” solutions there are; this is especially tractable in case
we are dealing with a homogeneous second order linear ordinary differential equation

v+ pt)y +q(t)y = 0. (2.2.2)
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Proposition 2.2.4 (Principle of Superposition). Given any solutions ¢1 and ¢ of the equation

y" +pt)y +aq(t)y =0,
we have that c1¢1(t) + cap2(t) is a solution of this equation for any real numbers ¢, and cs.

Proof. We leave the details of the proof to the reader; however, we note that it is simple to verify
that (c1¢01 + cag2)” + p(t)(c11 + cada) + q(t)(c1p1 + c2¢p2) = 0 by the linearity of the derivative. [J

Essentially, the guarantees that for any homogeneous second order
linear ordinary differential equation that admits a solution, there are infinitely many solutions (one
for each real number). Conversely, we may ask whether every solution of the initial value problem
in Equation ( ) has the form ¢;¢1(t) + cag2(t). Of course, in the first place, we must have that

{C1¢1 (to) + capa(to) = yo and
c19(to) + c2dy(to) = yo-

Converting this system of linear equations into a matrix equation, we find that

{sﬁl (to) ¢2(t0)} {Cl} _ [Z/O}
¢ (to)  Ph(to)] L2 Yo
admits a unique solution if and only if the matrix involving the real functions ¢; and ¢ is invertible.
Consequently, for any real univariate functions ¢, (¢) and ¢2(t), we define the Wronskian matrix

(1) 9252(25)}
¢i(t) d5(t)

over the ring of continuously differentiable univariate functions; the Wronskian determinant is
W1, ¢2)(t) = dr1(£)d5(t) — ¢ (t)a(t)-

Crucially, we note that for any real univariate functions ¢;(t) and ¢,(t), the Wronskian determinant
W (1, ¢2)(t) is a real univariate function of ¢, so we may evaluate W (¢, ¢2)(t) at a real number t.

W (o000 = |

Example 2.2.5. Construct the Wronskian matrix of the following pair of continuously differentiable
univariate functions; then, compute the Wronskian determinant.

o1 (t) = t? ¢2(t) = In(t)

Solution. We have that ¢} (t) = 2t and ¢,(t) = t~!, hence the Wronskian matrix is given as follows.

W [t%, In(t)] = [; lnﬂ

Considering that the Wronskian determinant is the difference ¢; ()¢5 (t) — ¢} (t)p2(t) of the product
of the diagonal and antidiagonal elements of the Wronskian matrix, we find that

Wt In(t)] =t — 2tIn(t) = t[1 — 2In(?)]

for all real numbers ¢ > 0. Be sure to note that the domain of W (t) is the domain of ¢,(¢). Even
more, observe that W (¢) is zero if and only if In(f) = 1 if and only if ¢ = \/e. o
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Example 2.2.6. Construct the Wronskian matrix of the following pair of continuously differentiable
univariate functions; then, compute the Wronskian determinant.

Considering that the Wronskian determinant is the difference ¢, ()¢5 (t) — ¢} (¢)p2(t) of the product
of the diagonal and antidiagonal elements of the Wronskian matrix, we find that

Wlehe | =e(—e") —efel =-1-1= -2

for all real numbers ¢. Be sure to note that the domain of W (¢) is the common domain of ¢, (t) and
¢2(t). Even more, the Wronskian determinant of ¢! and e~ is nonzero for all real numbers t. o

By the discussion preceding Examples and , we obtain the following important fact.

Proposition 2.2.7. Consider any initial value problem with y(to) = vo, ¥ (to) = 5, and

Yy +pt)y +qt)y=0

for some real functions p(t) and q(t) that are continuous on an open interval I that contains the
real number ty. Given any real solutions ¢1(t) and ¢o(t) of the initial value problem, there exist real
numbers ¢ and cy such that c1¢1(t) + capa(t) satisfies the initial value problem if and only if

W (o1, ¢2)(t) = o1(t)d5(t) — ¢ (£)ea(t)
is nonzero at ty if and only if ¢1(to)ds(te) — ¢ (to)p2(to) is not zero.

Consequently, the Wronskian determines whether a linear combination of solutions of an initial
value problem constitute a solution of the initial value problem. Conversely, the Wronskian controls
all possible solutions of an initial value problem in the following sense (see | , Theorem 3.2.4]).

Theorem 2.2.8. Consider any homogeneous second order linear ordinary differential equation

Yy +pt)y +qt)y=0

for some real functions p(t) and q(t) that are continuous on an open interval I. Given any solutions
¢1(t) and ¢o(t) of the above equation, every solution of this equation is of the form ci¢1(t) + cado(t)
for some real numbers ¢, and co if and only if there exists a real number ty in I such that

W (1, ¢2)(to) = d1(to)dy(to) — ) (to)d2(to) # 0.

Given any solutions ¢4 (t) and ¢5(t) of Equation ( ) such that W (¢, ¢2)(t) is nonzero, we say
that ¢1(t) and ¢o(t) constitute a fundamental set of solutions of the differential equation. Even
more, these functions induce the general solution c¢;¢;(t) + ca¢2(t) of the differential equation by
Theorem . We outline the importance of the Wronskian and its applications as follows.
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Example 2.2.9. Consider any homogeneous second order linear ordinary differential equation

Y +pt)y +q(t)y = 0.

Given that ¢;(t) = ™! and ¢,(t) = €™ are solutions of the above equation, determine a necessary
and sufficient condition under which these functions constitute a fundamental set of solutions.

Solution. By definition of a fundamental set of solutions, we seek all real numbers ¢t for which the
Wronskian W (g1, ¢2)(t) is nonzero. Considering that ¢} (t) = r1e™* and ¢} (t) = rqe™!, we have that
W (1, 62)(t) = dr()dh(t) — B () Pa(t) = rae™ e — rre™fe™ = (ry — 1y el 2,

t

We note that the exponential function e *72) is nonzero, hence the Wronskian is nonzero if and

only if ro —r; is nonzero. Consequently, the real functions ¢;(t) and ¢»(t) constitute a fundamental
set of solutions if and only if ry and 7, are distinct. (Compare this result with Algorithm D)oo

Example 2.2.10. Prove that ¢;(t) = sin(In(¢)) and ¢o(t) = cos(In(¢)) form a fundamental set of
solutions of the following homogeneous second order linear ordinary differential equation.

t2y" + ty' +y = 0 for all real numbers ¢ > 0

Proof. By definition of a fundamental set of solutions, we must first establish that ¢;(t) and ¢o(t)
are solutions of the given differential equation; then, we must show that the Wronskian W (¢1, ¢2)(%)
is nonzero. Both of these ends are readily achieved by taking first and second derivatives.

(1) = 7 cos(in(1) 84(t) = — 7 snin(1)

(t) = —tlQ sin(In(t)) — t%cos(ln(t)) 1(t) = —tlg cos(In(t)) + tlgsin(ln@))

Consequently, we find that ¢;(f) and ¢9(t) are solutions to the given differential equation.

2@ 4+t + ¢ = —sin(In(t)) — cos(In(t)) + cos(In(t)) + sin(In(t)) = 0
2@y + tdy + o = — cos(In(t)) + sin(In(t)) — sin(In(t)) + cos(In(t)) = 0
Last, we compute the Wronskian of the pair of functions as follows.

/ / L. L 1

W (1, 2)(t) = 01(1)n(t) — 61 (1) a(t) = — 7 sin(t) — —cos™(t) = —
Considering that the Wronskian is nonzero for all real numbers ¢ > 0, we conclude that the given
functions form a fundamental set of solutions on the open interval (0, 00). O
We have seen in Proposition and Theorem that the Wronskian of a pair of solutions

of a homogeneous second order linear ordinary differential equation determines the existence and
uniqueness of solutions of the differential equation. Explicitly, every solution can be obtained as a
linear combination of a given pair of solutions to the differential equation if and only if the Wronskian
of the solutions is nonzero at a point. Even more, a pair of solutions constitute a fundamental set
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of solutions if and only if their Wronskian is nonzero on the interval of definition of the differential
equation. Consequently, it is natural to wonder if every homogeneous second order linear ordinary
differential equation admits a fundamental set of solutions: indeed, if this were true, then we would
be able to write down the solutions of such an ordinary differential equation as soon as we obtain
a fundamental set of solutions. We provide an affirmative answer in the form of the following.

Theorem 2.2.11 (Existence of Fundamental Solutions of a Homogeneous Second Order Linear Or-
dinary Differential Equation). Consider any homogeneous second order linear differential equation

Yy +pt)y +qt)y=0

for some real functions p(t) and q(t) that are continuous on an open interval I. Given any point t,
in I, there exist unique real functions ¢1(t) and ¢o(t) such that the following conditions hold.

P1(to) =

1 Pa(to)
¢ (to) =0

0 0
Ph(to) =1

Consequently, the differential equation admits a fundamental set of solutions ¢1(t) and ¢o(t).

Example 2.2.12. Construct the fundamental set of solutions of the following differential equation
that satisfy the conditions guaranteed by the
Theorem for the real number ¢ty = 0.

y' =9y =0

Solution. We begin by determining a fundamental set of solutions for the differential equation; then,
we may modify our solutions so that they satisfy the conditions of the theorem. Considering that
the characteristic equation here satisfies that 72 — 9 = 0, the roots of the characteristic polynomial
are , = 3 and 7o = —3. By Algorithm , we obtain the solutions ¢ (t) = €3 and ¢y(t) = e3.
Example ensures that these form a fundamental set of solutions of the differential equation;
however, in view of the fact that ¢/ (¢) = 3¢ so that ¢/ (0) = 3, we must modify these solutions to
obtain the desired solutions. Consider the real function ¢(t) = c1e® + coe™3! for some real numbers
c1 and ¢y that depend on the initial conditions determined by the following system of equations.

o +e=0¢0)=1
3c1 —3co =¢'(0) =0

We conclude that ¢ = ¢y = %, hence ¢, (t) = %e?’t + %e’& is a solution of the above equation by the
. We obtain the second solution in a similar manner as follows.

Cl+02:¢(0)20
3c1 —3c=¢'(0) =1

We find that ¢; = % and ¢y = —%, hence ¢o(t) = e?’t—%e’?’t is a solution of the above equation. Last,

1
6
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we verify that these solutions form a fundamental set of solutions by computing the Wronskian.

W1, 62)(t) = 1(2)d5(t) — ¢1(2)da(t)

1 1 1 1 3 3 1 1
_ <§e3t + §e3t> <§€3t 4 §€3t> _ (§e3t _ 5e:«;t) <6€3t _ 663t>

Lo 1 01 6 1o 1 1 &
= — — — —_ = - — — - 1
46 + 5 + 46 46 + 5 46
Considering that the Wronskian is identically 1 (and therefore nonzero), we conclude that Theorem

is witnessed by the fundamental solutions ¢;(t) = 3e* + Le™ and ¢s(t) = ge* — g% o

Even if the solutions of a homogeneous second order linear ordinary differential equation are
not known, the following theorem of Niels Henrik Abel ensures that it is possible to determine the
Wronskian of any pair of solutions. Crucially, demonstrates two important points.

1.) The Wronskian W (¢1, ¢2)(t) of any pair of fundamental solutions ¢, (¢) and ¢2(t) of a homo-
geneous second order linear ordinary differential equation is unique (up to a constant that
depends only on the underlying solutions ¢;(t) and ¢,(t) rather than as a function of ¢).

2.) Either the Wronskian W (¢1, ¢2)(t) of any pair of solutions ¢ (¢) and ¢(t) of a homogeneous
second order linear ordinary differential equation is identically zero or it is nonzero on the
interval of definition of the differential equation. Even more, this can be readily determined
by evaluating W (¢1, ¢2)(t) at any conveniently chosen real number t.

Theorem 2.2.13 (Abel’s Theorem). Consider any homogeneous second order linear equation
y' +pt)y +a(t)y =0

for some real functions p(t) and q(t) that are continuous on an open interval I. Given any solutions
¢1(t) and ¢o(t) of the above differential equation, there exists a real number C' depending only on
the functions ¢1 and ¢o (and not on t) such that the Wronskian of ¢1 and ¢y satisfies that

W (6, 2)(1) = C exp (— [ o0 dt).

Even more, W (o1, ¢2)(t) is identically zero if and only if C' = 0; otherwise, it is nonzero on I.

Proof. Considering the brilliance and simplicity of Abel’s proof, we provide the argument as follows.
By hypothesis that ¢;(¢) and ¢o(t) are solutions of the above differential equation, it follows that

1+ p(t)d) + q(t)¢r = 0 and
5+ p(t) s + q(t)pa = 0.

By multiplying the first equation by —¢,, multiplying the second equation by ¢;, and adding the
resulting equations, we obtain the following homogeneous differential equation.

(P10 — @ d2) + p(t) (P10 — P 2) =0
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We note that W (eoy, ¢2)(t) = (¢104 — ¢ ¢2)(t), hence the Product Rule for Derivatives yields that
W (@1, da) = d10y + @10 — 10 — s = d19y — B Pa.
Consequently, we may recognize the above as a first order linear ordinary differential equation
W'+ p(t)W = 0.

We can easily solve this equation by isolating the terms involving W and the terms involving ¢.

In|W| = /—dt /p(t) dt

We conclude that W (¢, ¢2)(t) = C exp( [ p(t ) for some real number C, as desired. Even more,
the constant C' depends only on ¢ (t) and ¢o(t) and not on ¢: indeed, observe that In|W| depends
only on the antiderivative of p(t), so we may appeal to the Fundamental Theorem of Calculus. []

Example 2.2.14. Compute the Wronskian of any pair of solutions of the following equation.
2y —tt+2)y + (t+2)y=0

Solution. Observe that for any nonzero real number ¢, we may reduce the above equation to

v (12 (12— o
Y Pyl )y=0

Consequently, according to with p(t) = — (1 + %), we have that

W (g1, ¢2)(t) = Cexp (—/p(t) dt) = Cexp V (1 + %) dt} = Cexp (t + 21Injt]) = Ct?*

for any pair of solutions ¢;(t) and ¢5(t) of the above equation. o
We conclude this section with the following algorithm summarizing the use of the Wronskian.
Remark 2.2.15 (Using the Wronskian). Consider any ordinary differential equation of the form
y' +p(t)y +a(t)y =0

for some real functions p(t) and ¢(t) that are continuous on some open interval I. Carry out the
following steps to determine the general solution of the above equation.

1.) Begin with two real univariate functions ¢;(t) and ¢o(t) that satisfy the differential equation
on I. Often in practice, this is difficult (or even impossible) to achieve.

2.) Granted that the solutions ¢;(t) and ¢o(t) above can be determined and written down in a
closed form using elementary functions, compute the Wronskian W (1, ¢o)(t).

3.) If W(é1, ¢2)(t) is nonzero for some real number ¢, in I, then every solution of the differential
equation is of the form cy¢(t) 4+ capo(t) for some real numbers ¢; and ¢,. Even more, this
ensures W (g1, ¢2)(t) is nonzero on I, so ¢1(t) and ¢o(t) form a fundamental set of solutions.

4.) Last, if we prescribe initial conditions y(0) = yo and ¥'(0) = y{, then we may uniquely deter-
mine the constants ¢; and ¢y from the previous step by solving a system of linear equations.



86 CHAPTER 2. SECOND ORDER LINEAR EQUATIONS

2.3 Complex Roots of the Characteristic Equation

Consider any homogeneous second order linear ordinary differential equation of the form
ay +by' +c=0 (2.3.1)

for some real numbers a, b, and ¢ such that a is nonzero. Back in Section 2.1, we determined that
in order to solve the above differential equation, it suffices to consider the characteristic equation

ar® +br +c = 0. (2.3.2)

Explicitly, we found that if Equation ( ) admits distinct real roots r; and 79, then for any real
numbers ¢; and ¢z, we have that ¢(t) = c1e™" 4 coe™! constitutes a solution of Equation ( ). By
Example , it follows that this is the unique general solution of this differential equation, hence
we have completely solved the second order ordinary differential equation ( ) in this case.

Unfortunately, we are not off the hook here: indeed, it is entirely possible that the discriminant
b% — 4ac of the characteristic polynomial ar? + br + ¢ is negative. By the Quadratic Formula, in this
case, the distinct non-real complex roots of the characteristic polynomial are given by

—bt Vb2 —4 b 1
r = ac:——j:—\/b2—4ac.
2a 2a  2a
By denoting a = —% and [ = i|b2 — 4ac|, the roots of the characteristic polynomial are complex
conjugates r1 = a + fi and ry = o — fi. By analogy to the solution outlined in Section 2.1, we

ought to consider functions of the form ¢ () = e(®*#9 and ¢y(t) = e®F)* as we begin our search
for a general solution. But how do we deal with an exponential function with a complex exponent?

Theorem 2.3.1 (Euler’s Formula). Given any real number t, we have that e = cos(t) + i sin(t).

Proof. Consider the power series expansion of e’ below.

X un
- t
6 — —_—
n!
n=0

By the Ratio Test, the above power series is valid for all real numbers t. Even more, if we assume
that it is valid to substitute ¢t into the above expression, then we obtain a formal power series

=0

3

Considering that 72 = —1, it can be shown that i* = —i and i* = 1 so that
e > (_1)nt2n+1

B L —1)men .
e' :Z o :Z(@;n)!—l—z;m:cos(t)—l—zsm(t). O

n=0 n=0

On its face, the above proof merely suggests the identity known as Euler’s Formula: indeed,
the rigorous verification of this fact is beyond the scope of this course; however, the intuition outlined
in the proof leads us to define the univariate exponential function of a complex exponent

e = cos(t) + isin(t). (2.3.3)
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Considering that cos(—t) = cos(t) and sin(—t) = —sin(¢), we ought to define
e = cos(t) — isin(t). (2.3.4)
Likewise, if we replace t by any real multiple Ct of ¢, we should find that
't = cos(Ct) + isin(Ct). (2.3.5)

Even more, the exponential function of a complex exponent should obey the usual laws of exponen-
tiation. Consequently, we must define complex exponentiation according to the following rule.

pla+Bit _ jat it (2.3.6)
Combined with Equation ( ), this yields the definition of the complex exponential function.
elaFBIt — eot cog(Bt) + e sin(St) (2.3.7)

Considering this complex function in terms of its real and complex components, it follows that
iert

dt
for any complex exponent r = a + fi. Consequently, the complex exponential function behaves

similarly to the real exponential function — and that is exactly how we have devised it.
Coming back to the solutions of the ordinary differential equation ( ) in the case that b*>—4ac

=re"t (2.3.8)

is negative, we recall that the roots of the characteristic equation ( ) are the complex conjugates
ry = a+ [t and ry = a — [t for some real numbers o and . By the exposition in the second
paragraph of this section, we found that the general solution of this equation ought to satisfy that
o(t) = c1¢1(t) + cago(t) for any real numbers ¢; and ¢ and the complex exponential functions

P1(t) = e @t — ot cog(Bt) + ie* sin(Bt) and
Pa(t) = PN = et cog(Bt) — e sin(ft).

Explicitly, the simplification goes through Equations ( ) and ( ). Even more, we have that

W(¢17 ¢2)<t) = ¢1(t)¢’2(t) - ¢’1(t)¢2<t)
= (a — 5i)e(a+ﬁi)t6(a—6i)t — (a + Bi)e(a+ﬁi)t€(a_6i)t
= (a — Bi)e*™ — (a + Bi)e*™

— _5Z-€2at

Considering that this complex function is nonzero so long as [ is nonzero, we may be inclined to
report that ¢1(t) and ¢5(t) form a fundamental set of solutions for the given differential equation
( ); however, we do not at present have a notion of complex solutions of a differential equation.
We seck to this end to “make real” the strictly complex functions ¢;(t) and ¢o(t). By the
, any linear combination of solutions of a differential equation is again a

solution of the differential equation. Consequently, we may consider the real univariate functions

— —¢1(t) ;_ P2(t) = e* cos(ft) and Yo(t) = Alt) = #(t) ®) 2_@'¢2(t)

7(t) = e sin(ft). (2.3.9)
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Bearing in mind that our original aim was to construct a fundamental set of solutions of the ordinary
differential equation ( ) in the case that [ is a nonzero real number, it suffices to prove that (1.)
71 (t) and 72(t) satisfy the specified differential equation and (2.) their Wronskian W (vyq,v2)(t) is
nonzero. We may then appeal to Theorem and to conclude the desired result.
We omit the details of the first point, but we note that the derivatives of v; and 7, satisty that

Y1 (t) = —Be* sin(Bt) + ae™ cos(Bt) = e*|a cos(Bt) — Bsin(Bt)] and
Y5 (t) = Be™ cos(Bt) + ae® sin(Bt) = e*[asin(Bt) + [ cos(Bt)], hence we have that
W (71, 72)(t) = e**[asin(Bt) cos(Bt) + B cos®(Bt) — asin(Bt) cos(Bt) + Bsin®(Bt)] = Be.
Once again, by assumption that [ is nonzero, it follows that W (vy1,72)(t) is nonzero, as desired.

Algorithm 2.3.2 (Solutions of Homogeneous Second Order Linear Ordinary Differential Equation
with Constant Coefficients II). Given any real univariate function y = f(¢) and any real numbers a,
b, and ¢ such that a is nonzero, consider the homogeneous second order linear differential equation

ay’ + by +c=0.
Carry out the following steps to determine the general solution y = ¢(t).
1.) Compute the roots of the characteristic equation ar? + br + ¢ = 0.

2.) Provided that the above characteristic equation admits two distinct real solutions r; and 7o,
the general solution of the above differential equation is given by ¢(t) = c1e™ + cpe™".

3.) Otherwise, if the characteristic equation admits complex solutions r; = a+ i and 1y = a— f3i,
the general solution of the differential equation is given by ¢(t) = c1e™ cos(St) + coe® sin(St).

4.) Last, if the characteristic equation has two identical real solutions, further analysis is required.
Given any initial conditions y(tg) = yo and y/'(to) = yp,

4.) solve the following system of equations to obtain the solution of the initial value problem.

{ ?J(O) = Yo
y'(0) = v

Example 2.3.3. Construct the solution to the initial value problem with y(0) = 1, ’(0) = 1, and
y'+y=0.

Solution. Observe that the discriminant of the characteristic equation 2 +1 = 0 is negative, hence
there two complex conjugate solutions r; = ¢ and r, = —¢ so that « = 0 and 8 = 1. We obtain the
general solution of the above differential equation as y(t) = ¢; cos(t) + cosin(t); in order to obtain
the particular solution of the given initial value problem, we solve the system of equations below.

{cl (0)
ca = y'(0)

Consequently, the particular solution we seek is simply y(t) = sin(t) + cos(t). o

1
1

)
)
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Example 2.3.4. Construct the solution to the initial value problem with y(0) =0, ¥’(0) = 1, and
y" — 6y’ + 13y = 0.
Solution. By the Quadratic Formula, the roots of the characteristic equation 7% —6r 413 = 0 satisfy

L 6E£4/62—4(1)(13)  6+£+/36—52 6++/—16
N 2 - 2

"= 2

=3E£2

so that @« = 3 and § = 2. We obtain the general solution of the above differential equation as
y(t) = c1€% cos(2t) + coe sin(2t) with ¢/ (t) = 3y(t) — 2c1€* sin(2t) + 2¢2e3 cos(2t) by the Product
Rule and Chain Rule. We solve the system of equations below to complete the initial value problem.

cg=y(0)=0
2¢, = 1/(0) = 1

Consequently, the particular solution we seck is simply y(t) = € sin(2¢). o

Example 2.3.5. Construct the solution to the initial value problem with y(0) = —1, ¢/(0) = 0,
and

4y" — 4y’ + 5y = 0.
Solution. Once again, the roots of the characteristic equation 4r? — 4r + 5 = 0 are given by

L AEVE () 4£VI6-80 _4EV6L 1
h 8 - 8 S8 277

and we find that o = % and 5 = 1. We obtain the general solution of the above differential equation

as y(t) = cre'/? cos(t) + cae'/?sin(t) with y/(t) = Ly(t) — cre'/?sin(t) + coe/? cos(t) by the Product

Rule and Chain Rule. We solve the system of equations below to complete the initial value problem.

e =y(0)=-1
1

3 ta=y0)=0

Consequently, the particular solution we seek is simply y(t) = —e'/? cos(t) + Le"/?sin(¢). o

2.4 Repeated Roots of the Characteristic Equation
Consider once again any homogeneous second order linear ordinary differential equation of the form
ay’ +by +c¢=0 (2.4.1)

for some real numbers a, b, and ¢ such that a is nonzero. By the technique laid out in Section 2.1,
the above differential equation can be solved by determining the roots of the characteristic equation

ar® +br +c = 0. (2.4.2)
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Explicitly, if Equation ( ) admits distinct real roots r; and 79, then Example and direct
verification ensure that y(t) = c;e™'+coe™! is the unique general solution of this differential equation
for any real numbers ¢; and ¢y. Even more, if Equation ( ) admits distinct conjugate complex
roots r; = a+ 7 and r9 = o — (1, then the general solution of this differential equation is given by
y(t) = c1e* cos(Pt) + cre* sin(ft) by the discussion carried out in Section

Last, we turn our attention to the case that there exists but one repeated root of the characteristic
equation. By the Quadratic Formula, this occurs precisely when the discriminant b?> — 4ac of the
characteristic equation is zero; in this case, the lone root of the characteristic equation is r = —b/2a.
Consequently, we are led as in Section to the solution ¢(t) = e~"/2%; however, by Theorem ,
every solution of Equation ( ) is a real linear combination some pair of distinct solutions, so it
is necessary to seek a second solution that is not a scalar multiple of ¢(t). We turn our attention
to the following method of D’Alembert that can be used in general to construct another solution.
Considering that this solution v(¢) of Equation ( ) is not a scalar multiple of ¢(¢), D’Alembert
cleverly notes that v(t) must be the product of ¢(¢) and a non-constant function o(t) so that

Y(t) = o(t)e(t),
V(t) = o(t)¢'(t) + o' (t)¢(t), and
V'(t) = a(t)¢"(t) + 20" ()¢ (t) + 0" () (2).

By assumption that y(t) is a solution of Equation ( ), it follows that
ay’ + by + ey =0. (2.4.3)

Computing the derivatives of ¢(t) = e /% yields that ¢/(t) = —LZe™"/2* and ¢"(t) = L /% by
the Chain Rule; then, replacing the functions ¢'(t) and ¢”(t) with these explicit expressions in the
above equation involving the derivatives of ~(¢) and simplifying the result, we find that

1) = a(t)e 2,

[ b
7 (t) = —2—0'(15) + a’(t)} e~/% and
a
" [ 0? b / " —bt/2a
V() = | 1zo(t) = o' (t) + o (1) [,

Consequently, Equation ( ) can be simplified to the following differential equation in (t).

v? b?
({Ea(t) —bo'(t) + aa”(t)} + {—%a(t) + ba’(t)} - ca(t)) e~ — (2.4.4)
Considering that e~*/2? is nonzero, it can be cancelled from each side of Equation ( ). Collecting

the coefficients of o(t), o'(t), and o”(t), we obtain the following differential equation in o(t).

ac”(t) + (g — % + c) (t)=0 (2.4.5)
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By our initial assumption that > — 4ac = 0, it follows that ¢ = Z—z, hence the term in Equation
( ) that involves o(t) is zero. We arrive at last at the ordinary differential equation ac”(t) = 0.
Considering that a is nonzero by hypothesis, we must have that ¢”(t) = 0, hence the Fundamental
Theorem of Calculus ensures that o(t) = ¢; + cot for some real numbers ¢; and ¢, so that

v(t) = cret? 4 cpte b2 (2.4.6)

— e—bt/Za

Crucially, we note that «(t) is a linear combination of the solution ¢ (t) and the real uni-

variate function ¢, (t) = te™"/2® that is itself a solution of Equation (2.4.1): indeed, by construction,
v(t) is a solution of this equation, and ¢»(t) is obtained from ~(¢) by setting ¢; = 0 and ¢; = 1. By
the Product Rule, we have that ¢4(t) = (1 — 2¢)e /2%, hence the Wronskian of ¢;(¢) and ¢(t) is

W61,62)(0) = GD4(0) = 6, 0)6a(t) = (1= gt )eie 4 Leble — vl

a

Considering that the real univariate exponential function is nonzero, we conclude that the Wronskian
is nonzero, hence ¢ (t) and ¢o(t) form a fundamental set of solutions of Equation ( ).

Algorithm 2.4.1 (Solutions of Homogeneous Second Order Linear Ordinary Differential Equation
with Constant Coefficients IIT). Given any real univariate function y = f(¢) and any real numbers a,
b, and ¢ such that a is nonzero, consider the homogeneous second order linear differential equation

ay’ + by +c=0.
Carry out the following steps to determine the general solution y = ¢(t).
1.) Compute the roots of the characteristic equation ar? + br + ¢ = 0.

2.) Provided that the above characteristic equation admits two distinct real solutions r; and 7o,
the general solution of the above differential equation is given by ¢(t) = c1e™ + cpe™".

3.) Otherwise, if the characteristic equation admits complex solutions r; = a+ i and ry = a— f3i,
the general solution of the differential equation is given by ¢(t) = c1e™ cos(ft) + c2e® sin(5t).

4.) Last, if the characteristic equation admits two identical real solutions r| = ry = —b/2a, the
general solution of the differential equation is given by ¢(t) = cre M2 4 eotebt/ 2

Given any initial conditions y(to) = yo and ¥/ (o) = v},

4.) solve the following system of equations to obtain the solution of the initial value problem.

y(0) = wo
y'(0) = 1
Example 2.4.2. Construct the solution to the initial value problem with y(0) = 1, 4/(0) = 2, and

y" — 6y + 9y = 0.
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Solution. Construct the characteristic equation r? — 6r +9 = 0 with discriminant 62 — 4(1)(9) = 0.
By the Quadratic Formula, there are two identical roots of the characteristic equation ry = ry = 3,
hence the general solution of the above differential equation is y(t) = c1€* + cote®. By the Product
Rule and the Chain Rule, it follows that y/(t) = 3y(t) +c2€, hence we obtain a system of equations.

{ e =y(0)=1

34+c=y'(0)=2

We conclude that the particular solution to this initial value problem is y(t) = €3 — te. ©

Example 2.4.3. Construct the solution to the initial value problem with y(0) = 0, ¥/(0) = 2, and
"+ 4y +y=0.

Solution. Construct the characteristic equation 412 +4r +1 = 0 with discriminant 42 —4(4)(1) = 0.

_1
27
hence the general solution of the above differential equation is y(t) = cie™"/? + cyte™/2. By the

By the Quadratic Formula, there are two identical roots of the characteristic equation r; = ry =

Product Rule and Chain Rule, we have y/(t) = —3y(t) + coe 2. Consider the system of equations.
{Cl =y(0)=0
co =1'(0) =2
We conclude that the particular solution to this initial value problem is y(t) = 2te™*/2. ©
Example 2.4.4. Construct the solution to the initial value problem with y(0) = 3, ¥'(0) = 0, and
9" — 24y" + 16y = 0.

Solution. Our characteristic equation 9r% — 247+ 16 = 0 has discriminant 242 —4(9)(16) = 0. By the
Quadratic Formula, there are two identical roots of the characteristic equation r; = ry = %, hence
the general solution of the above differential equation is y(t) = c;e*/? + cyte®3. By the Product
Rule and Chain Rule, we have that y/(t) = $y(t) + c2e™/3. We obtain the following equations.

C1 = y(O) =3
4+c=9'(0)=0
We conclude that the particular solution to this initial value problem is y(t) = 3e*/3 — 4te/3, o

Generally, the method of D’Alembert outlined in the context of homogeneous second order linear
ordinary differential equations with constant coefficients can be applied to any homogeneous second
order linear equation. Explicitly, we will assume that ¢(¢) is a nonzero solution of the equation

v+ pt)y +q(t)y = 0. (2.4.7)

Copying the idea set forth by D’Alembert, suppose that ¢(¢) is a non-constant function for which
v(t) = o(t)p(t). By the Product Rule, as in the exposition preceding Equation ( ), we have that

'(t) + o' (t)o(t), and

¢
" (t) + 20" ()¢’ (t) + " (t)p(2).
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By substituting « for y in Equation ( ) and simplifying, it follows that

po" + (2¢" + pp)o’ + (¢ + pd' + qp)o = 0.

Considering that ¢(t) is by assumption a solution of Equation ( ), the coefficient of o(t) in the
previous equation is identically zero, hence this line of argument resolves in the following equation.

o(t)o" + [2¢(t) + p(t)e(t)]o" =0 (2.4.8)

Crucially, the result is a homogeneous first order linear ordinary differential equation in ¢’(t). Even
more, Equation ( ) is separable since we may rearrange to isolate the functions o’(t) and o”(t).

Algorithm 2.4.5 (Reduction of Order). Consider any real univariate functions p(¢) and ¢(¢) that
are continuous and that define a homogeneous second order linear ordinary differential equation

Y+ p(t)y +q(t)y = 0.

Given that some nonzero solution y = ¢(t) to the above equation is known, carry out the following
steps to reduce to a first order equation and determine the general solution of the above equation.

1.) Construct the real univariate function o(t)p(t).

2.) Construct the general solution of the following first order linear ordinary differential equation.
¢(t)o” +[2¢'(t) + p(t)o(t)]o" =0

3.) Compute the Wronskian of o(t)¢(t) and ¢(t) to ensure a fundamental set of solutions.

Example 2.4.6. Use the Algorithm to solve the following homogeneous second
order linear ordinary differential equation provided that ¢(t) = sin(¢?) is a solution and ¢ > 0.

ty" —y +4t3y =0

Example 2.4.7. Use the Reduction of Order Algorithm to solve the following homogeneous second
order linear ordinary differential equation provided that ¢(¢) = ¢! is a solution and ¢ > 0.

t2y” _|_ Sty/ + y — 0

2.5 The Method of Undetermined Coefficients

Consider any non-homogeneous second order linear ordinary differential equation

y' + o)y + qt)y = g(t) (2.5.1)

that is defined for some real univariate functions p(t), ¢(t), and g(t) that are continuous on an open
interval in which g(¢) is nonzero for some real number ¢. We provide first a structure theorem that
governs the form of all solutions of Equation ( ). We require only two simple facts to this end.
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Proposition 2.5.1 (Reduction of a Non-Homogeneous Equation to the Homogeneous Case). Con-
sider any non-homogeneous second order linear ordinary differential equation

y' + o)y +qt)y = g(t)

that is defined for some real univariate functions p(t), q(t), and g(t) that are continuous on an open
interval in which g(t) is nonzero for some real number t. Given any pair of solutions v1(t) and vo(t)
of Equation ( ), their difference ~,(t) —y2(t) constitutes a solution of the homogeneous equation

v +p)y +q(t)y = 0. (2.5.2)

Consequently, if the real univariate functions ¢1(t) and ¢o(t) form a fundamental set of solutions of
Equation ( ), then there exist real numbers ¢y and co such that v1(t) — Yo (t) = c101(t) + cada(t).

Consequently, every non-homogeneous equation ( ) can be reduced to a homogeneous equa-
tion ( ) with the same coefficient functions p(t) and ¢(t). Even more, the following holds.

Theorem 2.5.2 (Fundamental Theorem of Non-Homogeneous Second Order Linear Ordinary Dif-
ferential Equations). Consider any non-homogeneous second order linear ordinary differential eq’n

y' +p(t)y +q(t)y = g(t)

that is defined for some real univariate functions p(t), q(t), and g(t) that are continuous on an open
interval on which g(t) is nonzero for some real number t. Each solution of Equation (2.5.1) satisfies

y = o(t) = c1¢1(t) + caga(t) +(t)

for some solution y(t) of the non-homogeneous Equation ( ), some fundamental set of solutions
1(t) and ¢o(t) of the homogeneous Equation ( ), and some real numbers ¢ and cs.

We derive the following algorithm for solving Equation ( ) using the previous two facts.

Algorithm 2.5.3 (Solutions of Non-Homogeneous Second Order Linear Equations). Consider any
non-homogeneous second order linear ordinary differential equation

y' +p(t)y +q(t)y = g(t)

that is defined for some real univariate functions p(t), ¢(t), and g(t) that are continuous on an open
interval in which ¢(¢) is nonzero for some real number ¢. Carry out the following steps to determine
the general solution y = ¢() of the above equation ( ).

1.) Construct the general solution c1¢;(t) + co¢2(t) of the corresponding homogeneous equation
y" +p(t)y +q(t)y =0.
Call this function the complementary solution of the corresponding differential equation.
2.) Construct some solution ~y(¢) of the non-homogeneous second order linear equation
y' o)y +a(t)y = g(t).

Call this function the particular solution of the corresponding differential equation.
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3.) By the
, the general solution of Equation ( )isy = o(t) = c101(t) + cada(t) + Y(t).

Unfortunately, we have not yet developed a tried-and-true method for tackling the second step
of Algorithm . Bearing this in mind, we turn our attention to resolving this issue throughout
the remainder of this section and the next. Out of desire for simplicity (and by analogy to the work
we have done in this chapter so far), we will consider first the case of a non-homogeneous second
order equation with constant coefficients. Explicitly, we will assume that y = f(¢) satisfies that

ay” + by +c=g(t) (2.5.3)

for some real numbers a, b, and ¢ such that a is nonzero and some real univariate function g(t) that
is continuous on some open interval in which ¢(t) is nonzero for some real number ¢. Considering
that g(t) is a linear combination of y, ¢/, and 3", our best guess for a potential solution of Equation
( ) is some scalar multiple of g(¢). Consequently, we assume that there exists a real number A
for which ¢(t) = Ag(t) is a solution of Equation ( ). By taking the first and second derivatives
of ¢(t) and plugging them into Equation ( ), we obtain a linear equation in g(t), ¢'(t), and ¢" ().

aAg"(t) + bAg'(t) + cAg(t) = ad”(t) + bg'(t) + co(t) = g(t)

Under “ideal” conditions, this linear equation can be solved using the linear algebra of systems of
equations. We refer to this technique in general as the method of undetermined coefficients
because in order to solve the differential equation, it suffices to solve for the unknown constant A.

Example 2.5.4. Construct a particular solution v(¢) of the non-homogeneous equation
Y’ + 3y + 2y = 8e .
Solution. We will assume that v(t) = Ae™3! satisfies this equation for some real number A so that
2473 = 9Ae™ — 9Ae™ + 24e = 4" + 3y 4+ 2y = 8.

Cancelling a factor of the nonzero exponential function ¢3! from each side of this equation yields
that 2A = 8 so that A = 4. We conclude that y(t) = 4¢3 is a particular solution of the equation. ¢

Example 2.5.5. Construct a particular solution v(¢) of the non-homogeneous equation
y' + 3y +2y="Te "
Solution. We will assume that v(t) = Ae™" satisfies this equation for some real number A so that
0=Ae " —3Ae™" + 247t =Te "

Clearly, this is a contradiction because the exponential function 7e™! is nonzero, hence our hypothesis
on the form of the solution ~(¢) is incorrect; however, if we assume instead that v(t) = Ate™" satisfies
the above equation for some real number A, then we obtain another equation

Ae™" = (—2Ae™" + Ate™) + 3(Ae™" — Ate™") + 2Ate™" = 4" + 37 + 2y =Te™".

Cancelling a factor of the nonzero exponential function e~* from each side of this equation yields
that A = 7 so that v(¢) = Tte™ is a particular solution of the above differential equation. o
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Caution: Example illustrates that the method of undetermined coefficients may fail at first;
however, it is typically possible to repair this failure and ultimately use it to find a particular
solution. Explicitly, in the previous example, hindsight suggests that our choice of y(t) = Ae™" was
doomed to failure: indeed, the characteristic equation y” + 3y’ + 2y is >+ 3r + 2 = (r + 1)(r + 2),
hence Algorithm asserts that the homogeneous equation y” 4+ 3y’ + 2y = 0 admits the general

2

solution cie™ + cpe™?, so we must avoid linear combinations of e~ and e~2* in our choice of ().

Example 2.5.6. Construct a particular solution ~y(¢) of the non-homogeneous equation
y" + 3y + 2y = sin(t).
Solution. We will assume that v(t) = Asin(t) satisfies this equation for some real number A so that
Asin(t) + 3Acos(t) = —Asin(t) + 3A cos(t) + 2Asin(t) = sin(?).

Considering this as a function identity that must be valid for all possible choices of ¢, it follows that
3A = 0 by plugging in t = 0 and A = 1 by plugging in t = § — a contradiction. Consequently, the
particular solution of this equation is not of the form Asin(¢) for any real number A; however, if
we assume instead that v(¢) = Asin(t) + B cos(t) for some real numbers A and B, then

[—Asin(t) — Bcos(t)] + 3[Acos(t) — Bsin(t)] + 2[Asin(t) + B cos(t)] = sin(t)

yields a function identity (A —3B)sin(t) + (3A + B) cos(t) = sin(t). Once again, by evaluating this
equation at ¢ = 0 and ¢ = 7, we obtain a 2 x 2 system of linear equations

3A+B=0

A-3B=1
By solving this system of equations (using any valid method), we find that A = % and B = —13—0 SO
that v(t) = 15 sin(¢) — -5 cos(t) constitutes a particular solution of the given equation. o
Caution: Example once again reveals that the method of undetermined coefficients may

require slight modifications. Explicitly, in the previous example, it turned out that cos(t) appeared
in the differential equation, so we assumed that it must appear in the particular solution.

Example 2.5.7. Construct a particular solution ~y(¢) of the non-homogeneous equation
y" 4+ 3y + 2y = 2te "
Solution. We will assume that ~(t) = Ate™" satisfies this equation for some real number A so that
Ae™' = (=2Ae" + Ate™) + 3(Ae”" — Ate™") + 2Ate ™" = 2te".

Cancelling a factor of the nonzero exponential function e~* from each side of this equation yields
that A = 2t — a contradiction. Consequently, we will assume that v(t) = Ate™ + Bt?e™' so that

Ae' + (2Be™" — 4Bte™' + Bt?e") + 3(2Bte™" — Bt*e™") + 2Bt?’e™! = 2te ",

Cancelling the nonzero exponential function e~* from both sides of the above equation and simpli-
fying, we find that 2Bt + (A + 2B) = 2t. Consequently, it follows that 2B =2 and A + 2B = 0 by
comparing coefficients, hence we conclude that A = —2, B = 2, and ~(t) = —2te™! + 2t%e¢~". o
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Example 2.5.8. Construct a particular solution ~(¢) of the non-homogeneous equation
Y’ + 3y + 2y =8e ' + Te ! +sin(t) + 2te".

Solution. Each of the Examples , , , and yield particular solutions of the respec-
tive non-homogeneous equations with 873, 7e~*, sin(t), and 2te~*. Consequently, by the linearity
of the derivative, their sum is a particular solution of the differential equation at hand.

1 3
Y(t) = de 3 + Tte " + 10 sin(t) — M cos(t) — 2te”" + 2t o

Last, we provide the general form for the method of undetermined coefficients in common cases.
Curious readers may consult the proof on page 181 of the textbook (cf. | , Table 3.5.1]).

Formula 2.5.9 (Method of Undetermined Coefficients). Consider any non-homogeneous second
order linear ordinary differential equation with constant coefficients

ay” + by’ +cy = g(t)

for some real numbers a, b, and ¢ such that a is nonzero and some real univariate function g(t) that
is continuous on some open interval in which g(¢) is nonzero for some real number t.

1) If g(t) = apt™ + a1t™ ' +- - - +a,, for some real numbers ag, ay, . . ., a,, consider the multiplicity
s of the root 7 = 0 of the characteristic equation. We obtain the general solution of Equation
( ) as y(t) = t5(Apt" + Ait" 1 + - + A,,) for some real numbers Ag, Ay, ..., A,.

2.) If g(t) = (apt™ + art™* + -+ + a,)e*® for some real numbers ag,ay,...,a,,a, consider the
multiplicity s of the root r = « of the characteristic equation. We obtain the general solution of
Equation (2.5.3) as y(t) = t5(Apt"+ A1t" 1 +- - -+ A, )e®" for some real numbers Ay, Ay, ..., A,.

3.) If g(t) = (apt™ + art™ ' + - - + a,)e? sin(Bt) or g(t) = (apt" +art" 1+ -+ a,)e® cos(Bt) for
some real numbers ag, a, ..., a,, a, 3, consider the multiplicity s of the root r = a4+ 7 of the
characteristic equation. We obtain the general solution of Equation ( ) as

Y(t) = t5(Apt™ + Ayt" 4o 4 A)e sin(Bt) + t5(Bot" + Bit" 4 - -+ + B,,)e™ cos(5t)
for some real numbers Ay, Ay, ..., A,, By, B1,...,B,.

Even more, the method of undetermined coefficients is self-correcting: if too little is assumed about
the general solution (), then a contradiction is obtained. Conversely, if too much is assumed about
the general solution (), then some coefficients of the general solution vanish without harm.

2.6 Variation of Parameters

Combined with the , the technique of variation of parameters
proves a formidable method for solving non-homogeneous second order linear ordinary differential
equations: indeed, by the end of this section, we will arrive at a formula for the general solution
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of any non-homogeneous second order linear ordinary differential equation that depends only on a
fundamental set of solutions of the corresponding homogeneous equation.
Consider any non-homogeneous second order linear ordinary differential equation

y' 4+ p(t)y +q(t)y = g(t) (2.6.1)

defined for some real univariate functions p(t), ¢(t), and g(t) that are continuous on an open interval
in which g(t) is nonzero for some real number ¢. By the

, every solution of equation ( ) satisfies
y = 9(t) = c11(t) + cag2(t) + (1)
for some solution (¢) of the non-homogeneous Equation ( ), some fundamental set of solutions

¢1(t) and ¢o(t) of the corresponding homogeneous equation, and some real numbers ¢; and c;.
Consequently, if the general solution c;¢;(t) + caga(t) of the corresponding homogeneous equation
is known, then ~(¢) may be determined according to the observation that ~(¢) must not be a linear
combination of ¢;(t) and ¢»(t). Crucially, we assume there exist functions () and uy(t) such that

(1) (t) 1 (t) + ua(t)do(t) so that
V(t) (1)1 (1) 4 ur (£) B (1) + uh(t)da(t) + ua(t)Ph(t) and
V() = ui(£)d1(t) + 2uy (8)d (1) + ur (1)@ () + un(t)Pa(t) + 2uy(8)B5(t) + ua(t)ds(t).

Brilliantly, Lagrange observed that we may impose some additional conditions on the first derivatives

Uy

!
Uy
u/

of the functions u;(t) and uy(t). Explicitly, according to Lagrange, we may assume that

uy ()1 (t) + us(t)g2(t) = 0. (2.6.2)
Consequently, the derivatives of (t) can be simplified to obtain that

Y(t) = wr(D)P1(t) + ua(t)da2(t),
V() = wi ()¢ () + ua(t)ga(t), and
V'(t) = uy (D)1 (t) + wi (8)d" (1) + uz ()95 () + ua(t) 3 (2).
We note that 7(t) represents a solution of the non-homogeneous equation ( ) so that

g(t) ="+ pt)Y +q(t)y
= Uy By + ur @y + ungh + uady 4 p(t) (wr @) 4 uadh) + q(t) (urdy + uaga)
= uy @) + uydy + [@] + p(t)d) + q(t)dilur 4[5 + p(t)dh + q(t)dalus.

Considering that ¢;(t) and ¢o(t) are by assumption solutions of the corresponding homogeneous
equation, the terms in parentheses above are identically zero, hence we obtain a differential equation

uy () (1) + ua ()95 (t) = g(t). (2.6.3)

Equations and can be viewed together as a system of algebraic equations that is linear in
the functions «)(t) and w)(t), hence () and uj(¢) can be obtained by elementary linear algebra:
indeed, we must first construct the corresponding matrix equation that represents the system.

o aolae] = L)
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Considering that ¢;(t) and ¢9(t) form a fundamental set of solutions by assumption, the coefficient
matrix above is invertible: explicitly, it is none other than the Wronskian matrix # (¢1, ¢2)(t) whose
determinant (i.e., the Wronskian) is nonzero by hypothesis. Consequently, it follows that

] = (6 5] o] - s e L5 6] Lo

Computing the matrix product on the right-hand side above and recognizing the denominator of
the fraction as the Wronskian of ¢;(¢) and ¢»(t), we conclude that

M and . — M
W (1, ¢2)(t) d uy(t) W(¢1,¢2)(t)' (2.6.4)

Last, computing the antiderivatives of u}(t) and w)(t) yields the general solution of Equation

VR )
y=9(t) = c1¢1(t) + caga(t) — oult /}V¢h¢2 dt + ¢o(t /¢V¢h%<)dt (2.6.5)

Theorem 2.6.1 (Solutions of Second Order Linear Ordinary Differential Equations). Consider any

HOES

real functions p(t), q(t), and g(t) that are continuous on an open interval I. Given any fundamental
set of solutions ¢1(t) and ¢o(t) of the homogeneous second order linear ordinary differential equation

y' +pt)y +aq(t)y =0,
the general solution of the corresponding second order linear ordinary differential equation
v+ o)y +at)y = g(t)

can be written in terms of some real number ty lying in I and some real numbers c¢; and co as

o _$i(s)9(s)
y = 6(t) = c161(t) + canlt) — nlt /}vﬁﬁg ds o ot /fv¢¢m>“

Example 2.6.2. Construct the solution to the initial value problem y(0) = 1, ¢/(0) = —1, and

y//_y/_Qy: 2€_t

Solution. By the above theorem,
it suffices to determine the general solution of the corresponding homogeneous equation

y' =y —2y=0.

We note that the characteristic polynomial 72 — r — 2 admits two distinct real roots: indeed, it can
be factored as r? —r — 2 = (r + 1)(r — 2), hence the general solution of the above homogeneous
equation is cie™ + cpe?t. Explicitly, it follows that ¢, () = e~ and ¢(t) = €* form a fundamental

set of solutions of the homogeneous equation; in fact, their Wronskian is given by

W (g1, 92)(t) = dr(t) g5 (t) — ¢ (t)ga(t) = e7'(2e™) — (—e™")e* = 3¢
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Consequently, the general solution of the non-homogeneous equation at hand is determined by

t e’ 2
d = / ds = —t and
/ W (61, 62)(s) ¢1 ¢2 0 3€° 3

t 2 —2s 2 t 2 2
/ d :/e—ds:—/e_3sds:——e_3t+—
W ¢1 ¢2 0 3e’ 3 0 9 9

We note that our choice of lower bound tq was made entirely in service of simplifying the definite

integrals at hand. We are at liberty to make this choice because the differential equation is defined
for all real numbers. We conclude that the general solution of the non-homogeneous equation is

2 2 2 2
y=o(t) = cre”t + cpe® — gte_t + e (§ - §G_St) = et 4 e — gte_t

Considering that y(0) = 1 and y'(0) = —1, we obtain the following system of equations.
cg+ce=y0)=1

2
—c1 + 25 — 3= y'(0)=—1

By adding the first and second equations above and simplifying, we find that 3¢y = % so that ¢y = %.
Considering that ¢; = 1 — ¢y by the first equation above, it follows that ¢; = g. o

Example 2.6.3. Construct the solution to the initial value problem y(0) = 1, ¥/(0) = —1, and
Y+ 2y + 2y =te?

Solution. By the above theorem,
we must first determine the general solution of the corresponding homogeneous equation

y" + 2y + 2y = 0.

We note that the discriminant of the characteristic polynomial 7% +2r+2 is 22 —4(1)(2) = —4, hence
the roots of the characteristic equation are —1 + 7. We conclude that the general solution of the
homogeneous equation is cie™" cos(t) + coe " sin(t). Explicitly, it follows that ¢y (t) = e~ cos(t) and
¢a(t) = e 'sin(t) form a fundamental set of solutions of the homogeneous equation with Wronskian

W (g1, d2)(t) = e Fcos(t)[e " cos(t) — e 'sin(t)] + [e ' sin(t) + e cos(t)]e " sin(t) = e .

Consequently, the general solution of the non-homogeneous equation at hand is determined by

P se=25sin(s) /t
d = ——— 2 ds = ssin(s)ds = sin(t) — tcos(t) and
/ W¢17¢2 /o e 0 (5) 0 (®)

L [seeosls) oo [ . )
/ W¢17¢2 d /0 = ds—/o scos(s)ds = tsin(t) + cos(t) — 1.
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We note that our choice of lower bound ¢y was made entirely in service of simplifying the definite
integrals at hand. We are at liberty to make this choice because the differential equation is defined
for all real numbers. We conclude that the general solution of the non-homogeneous equation is

y=¢(t) = cre " cos(t) + coe ' sin(t) — e~ cos(t)[sin(t) — t cos(t)] + e~ sin(t)[tsin(t) + cos(t) — 1].
Cleaning this up a bit by combining like terms and using that sin®(¢) + cos?(t) = 1, we find that
y = o(t) = cre " cos(t) + coe ' sin(t) + te™

Considering that y(0) = 1 and y'(0) = —1, we obtain the following system of equations.

g =y(0)=1
—C1 + co + 1= yl(O) =-1
We conclude that ¢; =1 and ¢o = —1 so that y = @(t) = e *cos(t) — e ' sin(t) + te™". o
Example 2.6.4. Construct the solution to the initial value problem y(0) = 1, ¢/(0) = —1, and
ot
142

Solution. By the above theorem,
we must first determine the general solution of the corresponding homogeneous equation

y' =2y +y=

y' =2y +y=0.

We note that the characteristic polynomial r* —2r 41 factors as a perfect square trinomial (r —1)2,
hence the general solution of the homogeneous equation is c;e! + cyte!. Explicitly, it follows that
1(t) = €' and ¢o(t) = te' form a fundamental set of solutions of the homogeneous equation and

W (1, d2)(t) = e'(te! +e') — el(te!) = e*.

Consequently, the general solution of the non-homogeneous equation at hand is determined by

/ ds /tids—/t i ds—lln(l—l—t?)and
W¢1,¢2 o Jo e+ Jy 14822

t 628 t 1
Wionons) B~ ) emitsn @7 ), 135208 = axctan(d).
/ W ¢17¢2 /0v 628(1+82) 5 /0 1+ 52 S arc an()

We note that our choice of lower bound ¢y was made entirely in service of simplifying the definite
integrals at hand. We are at liberty to make this choice because the differential equation is defined
for all real numbers. We conclude that the general solution of the non-homogeneous equation is

1
y = ¢(t) = cre’ + cote’ — §et In(1 + t*) + te' arctan(t).
Considering that y(0) = 1 and y'(0) = —1, we obtain the following system of equations.
cg=y(0)=1
C1 + Cy = @/(O) = —1

We conclude that ¢; = 1 and ¢ = —2 so that y = ¢(t) = e’ — 2te’ — 1€’ In(1 +¢2) + te’ arctan(t). o
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2.7 Review of Power Series

Like the title suggests, we turn our attention in this section to a brief review of power series. Our
aim is to provide a reasonably self-contained exposition on the subject, but the interested reader is
encouraged to consult our Calculus II notes for a more in-depth discussion of sequences and series
in general. Going forward, we assume a modest familiarity with the typical convergence tests for
sequences and series, but embedded links to resources are included throughout this section.

Recall that a nonzero real polynomial function of degree n is any function of the form

flz) =ao+ a1z + -+ aza”

for some integer n > 0 and real numbers ag, a4, ..., a, such that a, is nonzero. We refer to a; as the
coefficient of the monomial z° for each integer 0 < ¢ < n; the monomials a;z* are the terms of
the polynomial. Using the notion of infinite series, we obtain a generalization of polynomials that
allows us to include terms of arbitrarily large degree. Explicitly, we define the power series

Zanx—c V'=ag+a(z—c)Fay(r—c)P+-Fa(z—c)+---

n=0

We refer to the real number ¢ as the center of the power series f(z). Under this identification, a

polynomial function is simply a power series for which the sequence of coefficients a,, is nonzero for

only finitely many integers n > 0 (i.e., we have that a,, = 0 for all sufficiently large integers n).
Convergence of a power series depends not only on its coefficients a,, but also its center c.

Example 2.7.1. Consider the power series centered at x = 0 with sequence of coefficients a,, = n.

E an(x —c)" E nx"

Crucially, we note that the value of the function f(x) at x = a is determined by the convergence of
the underlying infinite series f(a). Explicitly, if # = —1, = §, or & = 1, the following hold.

f(=1) = i(—l)"n f(%) = in(%)ﬂ = OOO 2% f1) = ni:n

n=0 n=0 n=

By the Divergence Test, it follows that the infinite series corresponding to f(—1) and f(1) diverge.

By the , the infinite series corresponding to f (%) converges: indeed, we have that
an n+1 27 .o n+1 1
n—o00 an, n—o00 2n+1 n n—o0 2n 2

Theorem 2.7.2 (Ratio Test). Given any infinite sequence of real numbers a,,, consider the limit

an+1
a, |

L = lim

n—o0

o0

(a.) If L < 1, then the infinite series Z a, converges absolutely.

n=m


https://dylan-c-beck.github.io/ma172_MA172%20Lecture%20Notes.pdf
https://en.wikipedia.org/wiki/Convergence_tests#Limit_of_the_summand
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(b.) If L > 1, then the infinite series Z a, diverges.

n=m

(c.) If L =1, then the Ratio Test is inconclusive: the infinite series Z a, may diverge.

n=m

Proof. We can easily dispense of the case (c.) that L = 1 by considering the infinite series

=1 =1
;E and ;ﬁ

Both of these infinite series satisfy that L = 1; however, the former is the famously divergent
harmonic series, and the latter converges by the p-Series Test since it is a p-series with p = 2.
Likewise, if L = oo, then for all sufficiently large integers n, we have that |a,1]| > |a,|, hence
the sequence a,, is eventually increasing without bound in absolute value. By the Divergence Test,
we conclude that the infinite series diverges (because its sequence of terms diverges).
We may assume that L is finite. By definition of the limit L, given any real number € > 0, there
exists a positive integer m sufficiently large such that for all integers n > m, we have that

Ap+1
G,

— < — L <e.

By simplifying this inequality, for all integers n > m, it follows that

Qp41
G

L—e< < L+e.

Consider the real numbers 7 = L + ¢ and s = L — . We proceed by cases as follows.

(a.) If L <1, we can ensure that r < 1 by taking ¢ to be sufficiently small. Observe that

|G| < lan]r,
|am+2| < ‘am+1|r < |aM|T27

|am+3| < ‘am+2|r < |am-‘r1|r2 < |CLM|’/’3,

and in general, it holds that |a;,4ns| < |aa|r™. Consequently, we have that

) S [ 9] S
D lanl = lamirl =Y laminl <Y _lanlr™ = lan] Y 1"
n=m k=0 n=0 n=0 n=0

By the Convergence of Geometric Series, the geometric series on the right-hand side converges
by hypothesis that 0 < L < r < 1. By the Direct Comparison Test, the series ) |a,| converges,
hence the series in question converges absolutely by definition of absolute convergence.

(b.) If L > 1, we can ensure that s > 1 by taking ¢ to be sufficiently small. By a similar argument
as above, it follows that |a,,1»| > |an|s™. Considering that s > 1, it follows that

lim |a,| = lm |ap1n| > lm |ay|s" = |ay| lim s" = oo.
n— 00 n—00 n—00 n—o0

Consequently, the series in question diverges by the Divergence Test. O


https://en.wikipedia.org/wiki/Convergence_tests#$p$-Series_test
https://en.wikipedia.org/wiki/Convergence_tests#Limit_of_the_summand
https://en.wikipedia.org/wiki/Geometric_series#Infinite_series
https://en.wikipedia.org/wiki/Convergence_tests#Direct_comparison_test
https://en.wikipedia.org/wiki/Convergence_tests#Limit_of_the_summand
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Generally, the convergence of a power series can be determined by the Ratio Test as follows.

Theorem 2.7.3 (Convergence of Power Series). Consider the power series

flr) =Y anle — 0"
n=0
centered at the real number ¢ determined by the infinite sequence of real numbers a,,. There exists a
(possibly infinite) real number p > 0 called the radius of convergence of f(z) such that
(a.) f(x) converges absolutely for all real numbers x such that ¢ —p < x < c+ p and
(b.) f(z) diverges for all real numbers x such that x > c+ p or x < ¢ — p.

We refer to the interval I = (¢ — p,c+ p) where f(x) converges as the interval of convergence.
Even more, the radius of convergence and the interval of convergence satisfy the following properties.

(a.) If p = oo, then f(x) converges absolutely for all real numbers, i.e., I = (—o0, 00).
(b.) If p > 0 is finite, then f(x) may converge or diverge at x = ¢ — p and x = ¢+ p.
(c.) If p =0, then f(x) diverges for all real numbers x # ¢ and f(x) converges for x = c.
Proof. By the Ratio Test, the convergence of the power series f(x) is determined by the following.

Api1 (I _ C)n+1

an(x —c)"

el —o) Gnis
n—oo

L = lim

n—o0

= |z —¢| lim
n n—00 | A,

Consider the (possibly infinite) real number p such that the following equality holds.

1
— = lim
p n—o0

Ap+1
Qnp,

Certainly, if the above limit tends to 0, then L tends to 0 and p tends to infinity. Even more, in
this case, we have that L = 0, hence the Ratio Test ensures that f(z) converges absolutely for all
real numbers x. Conversely, if the above limit tends to infinity, then L tends to infinity and p tends
to 0, hence the Ratio Test ensures that f(x) diverges for all real numbers x # ¢ and f(x) converges
for x = c. Last, if the above limit is finite, then the real number p > 0 is finite. By the ,
the power series f(x) converges absolutely if and only if L < 1 if and only if

|z — ¢
p

<1

if and only if |z — ¢| < pif and only if —p < x — ¢ < pif and only if ¢ — p < x < ¢+ p. Put another
way, we have that f(z) converges absolutely for all real numbers z such that ¢ —p < z < ¢+ p and
f(z) diverges for all real numbers x such that z > ¢+ p or x < ¢ — p. ]

Caution: be very careful to note that the theorem does not guarantee
anything about the convergence of f(x) when z = ¢ — p or z = ¢+ p in the case that the radius of
convergence p is finite and nonzero; rather, we must explicitly test for convergence at these points.
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& n
x
Example 2.7.4. Construct the radius and interval of convergence of the power series g —
n!
n=0

Solution. We proceed by the Ratio Test.

n+1 |
L=1lm|— . "

xn—i—l

n! ‘

ACEE (Group like terms.)
n—oo | " n !

n!
= |z| im ——— (Cancel and factor out constants.)
1 ! E | as a f £ (n+1)
= |z| lm —— xpress n! as a factor of (n L
||Hoo<n+1)n! (Exp (n+1))
) 1
= |z| lim (Cancel common factors.)
=0.
We conclude that regardless of =, the power series in question converges absolutely. Consequently,
the radius of convergence is p = 0o, and the interval of convergence is I = (—00, 00). o
. . . > (_1)nx2n+1
Example 2.7.5. Construct the radius and interval of convergence of the power series Z 5
"n

n=0
Solution. We proceed by the

2n+3 n
) x 2™n,
L = lim .

A 1) | T

n—o0

:L‘Q(n—kl)‘ 2 . n+1 2?
———| = — lim = —
2n

By the Ratio Test, the series converges if L < 1 if and only if 2% < 2 if and only if —v/2 < z < V/2.
Even more, the series diverges if L > 1 if and only if 22 > 2 if and only if z > V2 or z < —/2.
Consequently, it suffices to determine convergence at z = ++/2. Observe that if = v/2, then

2 \/52”“ (— 1)+l NG

— = 5 = QSothatT:—.
2 \/5 2"n, n

Considering that this sequence is positive, decreasing, and converges to 0, by the Alternating Series
Test, we conclude that the power series converges at x = v/2. Likewise, if x = —v/2, then

(—1)"a = (1) (=2 = (1) (=) VR = (2T = (e

is alternating. By the above rationale, the series converges at * = —v/2. We conclude that the radius
of convergence of the power series is p = 2v/2, and the interval of convergence is [—v/2, v/2]. o


https://en.wikipedia.org/wiki/Convergence_tests#Alternating_series_test
https://en.wikipedia.org/wiki/Convergence_tests#Alternating_series_test
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o0

Example 2.7.6. Construct the radius and interval of convergence of the power series Z n"x".

n=0

Solution. We proceed by the Ratio Test.

= |x| lim (nt+ Dn+ D" = |z| lim (n + 1)<n+ 1)

n—00 nn n—00 n

(n + 1)n+1xn+1

ntxn

L = lim

n—o0

Consequently, it suffices to compute the limit of the terms involving n. We note first that if

11’
y—(l—i——),then
x

1
In(y) = :cln<1 + —) implies that
x

1dy x 1 1 1 1
- = -—— In(fl+—-)=- In{ 14— d
ydz 1+%(x2>+n( +x) x+1+n( —i—x)an

@:(1—%}) {— L —i—ln(l—i—l)} > 0 for all real numbers z > 1.
dx T z+1 T

Crucially, it follows that the sequence of n in the above limit is increasing and unbounded because

it is a product of increasing sequences neither of which converges to 0. Consequently, we have that

L = oco. By the Ratio Test, we conclude that the power series diverges for all real numbers z # 0. ¢
o0

. . . (83— =)

Example 2.7.7. Construct the radius and interval of convergence of the power series Z —
n=0

Solution. By grouping each of the terms of the power series with exponent n together under the

same exponent, we can view this power series as a geometric series with common ratio

r—3
-3

T =

By the Convergence of Geometric Series, we conclude that the power series converges if and only
if -1 <r < 1lifandonlyif -3 <z —3 < 3if and only if 0 < x < 6. Consequently, the radius of
convergence of the power series is p = 3, and the interval of convergence is I = (0, 6). o

Example 2.7.8. Given any nonzero real number ¢ and any real function g(z), consider the series

flz) = clg@)]"

n=0

By the Ratio Test, we have that f(z) converges absolutely if and only if

' lg(@)"*]
[g(z)]"

lg(x)| = nll_>1f{>lo|g($)| = lim

n—oo



https://en.wikipedia.org/wiki/Geometric_series#Infinite_series
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Even more, by the Convergence of Geometric Series formula, if |g(x)| < 1, then

o
e 1—g(x)
Consequently, we obtain a closed form of f(x) in terms of g(z) for all real numbers = with |g(z)| < 1.

Example 2.7.9. Use Example to express each of the following functions as a power series;
then, state the radius and interval of convergence for each power series.

1 1 1
®J1+x ®)1+ﬁ

Solution. (a.) Observe that for the real function g(z) = x, we obtain the power series representation

e.¢]
:Exn

n=0

that is valid for all real numbers x such that |z| < 1. We conclude that the radius of convergence
of the power series is p = 1, and the interval of convergence is I = (—1,1).

(c.) Observe that for the real function g(z) = —x?, we obtain the power series representation
1 — 1 — i(_$2)n — i(—l)nl’2n
1+a? 1-(-2?) £ —

that is valid for all real numbers x such that 0 < 22 < 1. Considering that 0 < 2? < 1 if and only if
—1 < x < 1, the radius of convergence is p = 1, and the interval of convergence is [ = (—1,1). o

One of the most useful features of power series is that we may differentiate them term-by-term.

Theorem 2.7.10 (Power Series Are Differentiable). Consider the following power series centered
at a real number ¢ with (possibly infinite) radius of convergence p > 0.

= Z an(x —c)"

(a.) We have that f(x) is differentiable on the interval I = (c — p,c+ p) with derivative

f/(m):% (m):%ian(aﬁ—c)”: S an (x — )" Znanm—c -1

Consequently, f'(x) is a power series centered at x = ¢ with radius of convergence p.

(b.) We have that the antiderivative of f(x) on the interval I = (¢ — p,c+ p) is given by
_ o _ o _ _ \n+1
)+ C = /f )dx = /Zanx c)"dx = Zan/x o)"dr = Zn+1(x o).

Consequently, /f(a:) dz is a power series centered at x = ¢ with radius of convergence p.

We note that in practice, the constant C' can be found by used the fact that F'(c¢) +C = 0.

Example 2.7.11. Use Example to find a power series representation for the following func-
tions; then, state the radius and interval of convergence for each power series.
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1 —2x
a) — ) et (c.) In(1+x) (d.) arctan(x)
( ) (1 _ :E)2 (b ) (1 + $2)2

Solution. (a.) By the Power Rule and the Chain Rule for Derivatives, we have that

1 d 1 d " = d > e
(1—m)2:@1—x:%;x :nz:%dm an ;nx 1

by Theorem ; the radius of convergence is p = 1, and the interval of convergence is (—1,1).
(b.) By the Power Rule and Chain Rule for Derivatives, we have that

—2z d 1 d - d -
4 s _1n 2n: _1 n_ 2n: _1 n2 2n—1
(1+22)2 del+4+2?2 dx nzzo( J'e nzzo( ) dz" ;( )"2na
with radius of convergence p = 1 and interval of convergence (—1,1).
(c.) Observe that if —1 <z <1, then 0 <1+ 2z < 2 and
In(l4+2z)+C = / = dr = /i( )" de = i( 1)”/:(:” dx = i (=1
N 1+I N n=0 _n:O _n:[) n+1
By plugging in = 0, we find that C' = In(1) + C' = 0, hence we conclude that
o0 n n+1
n(1
+ ) Z - + 1

n=0

with radius of convergence p = 1 and interval of convergence [—1,1]. Crucially, we achieve conver-
gence at both endpoints x = —1 and = 1 by the Alternating Series Test.
(d.) Last, we have that

0 (_1)nx2n+1

/Z "Q”dx—Z(—) /x%da::;W

n=0

arctan(x) + C =

By plugging in = 0, we find that C' = arctan(0) + C' = 0, hence we conclude that

n 2n+1

arctan
2n +1

with radius p = 1 and interval of convergence [—1, 1] by the Alternating Series Test. o

One immediate consequence of the previous example is that we may approximate (via power
series) the value of previously unknown quantities. By Example (c.), we have that

s = (=1)" 1 1 1 1
Z — arctan(1) = =1 -4+ 4 ...
1 arctan(1) 22n+1 3—1—5 7+9

n=0

Consequently, we can approximate 7 to any desired degree of accuracy, i.e., we can write the decimal
expansion of 7 in a manner that is accurate to as many decimal places as desired! We remark that
the convergence of the power series expansion of arctan(1) is very slow: indeed, it is asymptotically


https://en.wikipedia.org/wiki/Convergence_tests#Alternating_series_test

2.7. REVIEW OF POWER SERIES 109

equivalent to the alternating harmonic series, so one would require a better series approximation of
7 in practice. Even still, this expansion of 7 is historically significant and quite remarkable.

Consider any real function f(z) and any real number ¢ such that the nth derivative f((x) of
f(z) exists at © = ¢ for all integers n > 0. We will henceforth refer to the power series

2 4(n)(,
f) =3 T o

n

as the Taylor series of f(x) centered at z = ¢. Crucially, if a real function f(x) is represented by a
power series centered at z = ¢ on some open interval of the form (¢ — p, c+ p) for some real number
p > 0, then that power series must be the Taylor series of f(z) centered at x = c.

Theorem 2.7.12 (Uniqueness of Taylor Series). Given any real function f(x) for which the Taylor
series of f(x) centered at x = c exists, there exists a real number p > 0 such that the Taylor series
of f(x) centered at x = ¢ is the unique power series expansion of f(x) on the interval (¢ — p,c+ p).

Caution: be very careful not to misinterpret the theorem. Explicitly, this does not guarantee that
a real function f(z) admits a power series expansion; rather, it says that if f(z) can be represented
as a power series center at = ¢, then that power series is in fact the Taylor series of f(z).
We have in Examples , , and provided power series expansions of the logarithmic
function In(1 + ), the inverse trigonometric function arctan(z), and the rational functions
1 1

and )
1—=x 1+ 22

Consequently, by Theorem , these are in fact the Taylor series expansions of these functions
centered at x = 0! Generally, if it exists, the Taylor series expansion of a real function f(x) centered
at © = 0 is referred to as the Maclaurin series of f(z); the terminology is no doubt perplexing,
but it is commonplace and remains in use due to historical considerations.

Example 2.7.13. Construct the Maclaurin series of f(z) = e”.
Solution. We compute the nth derivative of e* for each integer n > 0. Considering that f(z) = e”

satisfies that f/(z) = €®, we find that f(z) = e® for all integers n > 0. Consequently, we have
that f(0) = 1 for all integers n > 0. By the formula for the Maclaurin series, we conclude that

n

o oo
1 T
emzz |xn:Z 1
— nl n!

n=0
Even more, by the , the series converges absolutely for all real numbers since
n+1 | ! 1
L=lim|—— 2| =1 Lzhﬁ]lim = 0. o
n—oo | (n+ 1)1 an n—oo | (n + 1)n! n—oomn + 1

Example 2.7.14. Construct the Maclaurin series of f(z) = cos(z).

Solution. We compute the nth derivative of cos(z) for each integer n > 0. Observe that

f(x) = cos(z), f"(z) = —cos(x), and
f'(z) = —sin(x), " (x) = sin(z).
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Considering that cos(z) is the derivative of sin(x), the derivatives of cos(z) are periodic with

U (z) = cos(x), fEHD (1) = —cos(z), and

FUEHI(2) = —sin(z), FUEH (2) = sin(z)
for all integers k£ > 0. Consequently, for each integer k£ > 1, we have that

FU9(0) =1, FEH(0) = 1, and
f(4k+1)<0) =0, f(4k+3)(0) = 0.

Put another way, the even derivatives of f(x) = cos(z) are alternating in sign and the odd derivatives
of f(x) = cos(x) are zero for x = 0. By the formula for the Maclaurin series, we conclude that

n.2n

ZfM0) (=D, e (=)
Cos(x):z; n'( b :Z<(2n;!$ :Z( (2)n)! '

n=0 n=0

Even more, by the Ratio Test, the series converges absolutely for all real numbers since

2n+2 |
I — lim x (2n)!

B 22(2n)!
n—oo | (2n +2)! %

1
— [ — 72 i
ngilo’(znw)(zm DEn)| ~ " el

n—oo 4n? 4+ 6n + 2 -

Example 2.7.15. Construct the Maclaurin series of f(z) = sin(z).

Solution. We compute the nth derivative of sin(x) for each integer n > 0. Observe that

f(z) = sin(x), f"(xz) = —sin(z), and
f'(x) = cos(x), " (x) = — cos(x).
Considering that sin(x) is the derivative of — cos(z), the derivatives of sin(x) are periodic with
U () = sin(x), fUH2(2) = — —sin(z), and
FED (@) = cos(a), F (@) = — cos(x)

for all integers k > 0. Consequently, for each integer &k > 1, we have that

F490) =0, FEH2(0) = 0, and
FED(0) = 1, FE(0) = —1.

Put another way, the odd derivatives of f(z) = sin(x) are alternating in sign and the even derivatives
of f(x) = sin(x) are zero for x = 0. By the formula for the Maclaurin series, we conclude that

. B 0 f(n)(o) n 0 (_1)11 it ) (—1)";];2"+1
sm(ﬂl?)_z n! z _me —;m.

n=0 n=0

Even more, by the , the series converges absolutely for all real numbers since

T
n—oo 4n2 + 10n +6

I — lim 3 (2n+1)! 2?(2n +1)!

: — i .
n—00 ’ (2n+3)! a2l ' n300 ‘ (2n+3)(2n +2)(2n + 1)! 0.
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Theorem 2.7.16 (Convergence of Taylor Series). Consider any real numbers ¢ and p > 0 and
any real function f(x) such that f™(x) is continuously differentiable for all integers n > 0 and all
real numbers x such that c — p < x < c+ p. Provided that there exists a real number K such that
|f™ ()| < K for all integers n > 0 and all real numbers x such that ¢ — p < x < ¢ + p, the Taylor
series of f(x) centered at x = ¢ converges to f(x), i.e., the following representation of f(x) is valid.

o

Once we know the Taylor series expansion of some real function f(x) centered at x = ¢, it is not
overtly difficult to find the Taylor series expansion of the real functions x* f(z) or f(z)/z* for some
any integer k > 1 or the Taylor series expansion of (g o f)(z) for some real function g(x); however,
it is possible to change the center of a Taylor series when performing these operations.

Example 2.7.17. Construct the Taylor series expansion of each of the following.

(a.) 23 cos(z) (b.) e~ (c.) e*™* (d) z — sin(z)

T

Solution. (a.) By Example , the Maclaurin series for cos(z) is given by

e
COS = E

n=

n2n

By multiplying this power series by 22, we obtain the Maclaurin series expansion

0 2n+3
2% cos(r) = Z
By the , we conclude that this series converges for all real numbers.
(b.) By Example , the Maclaurin series for e” is given by

o xn
L JR—
¢ = Z nl’
n=0
= ee™ ™, plugging in —22 to the above yields the Maclaurin series

.2 2 —
elx:eex:eg E

n=0 : n=0

1—a?

Considering that e

TL 2n

By the Ratio Test, we conclude that this series converges for all real numbers.
(c.) Likewise, by plugging in x — 4 to the Maclaurin series of e*, we obtain the Taylor series

4 o= (=)
:Z( n!)

n=0

of e” centered at x = 4. By the Ratio Test, this series converges for all real numbers.



112 CHAPTER 2. SECOND ORDER LINEAR EQUATIONS

(d.) By Example , the Maclaurin series for sin(x) is given as follows.
> n r2ntl 3 P 7
sin(x —nz 2n+1 —x—a—l—g—?jt

By multiplying this expansion by —1 and adding x, we obtain the following.

3 2 2 ) R L o

TR R TR
Last, by dividing each side of this identity by x, we conclude that

T — sin(z 2 4 6 8 0 (1 \ntl2n
roshfe) o oo 2, oy CUTe
z 35 7 ol >

(2n+1)!

By the Ratio Test, we conclude that this Maclaurin series converges for all real numbers. o

2.8 Power Series Solutions of Linear Equations

We return our attention to the following homogeneous second order linear equation.

P(z)y" + Qz)y' + R(z)y =0 (2.8.1)

We will refer to a real number xj in the domain of P(x) as an ordinary point of Equation ( )
provided that P(xg) is nonzero. Conversely, every point z in the domain of P(x) for which P(zg) is
zero is called a singular point of Equation ( ). We note that by definition, if z is an ordinary
point of Equation ( ), then the functions p(z) = Q(z)/P(x) and ¢(z) = R(z)/P(x) are defined
in a neighborhood of x4 so long as P(z) is continuous in a neighborhood of 5. We will assume as
usual that each of the functions P(z), Q(z), and R(x) is continuous in an open interval containing
the real number x4, hence we may reduce to the familiar homogeneous second order linear equation

v+ p(x)y + q(x)y = 0. (2.8.2)

We have until this point in the course rarely considered the situation in which p(x) and ¢(z) are
non-constant functions; however, we will develop in this section a new technique that allows us to
relax these assumptions a bit to encompass the case that p(z) and ¢(z) are polynomial functions.
Crucially, we assume that a solution y = ¢(z) of Equation ( ) admits a Taylor series

= Z an(;y — xo)" (283)

that is defined on an open interval. Considering that , we have that
= Z na,(x — x0)""* and (2.8.4)

Zn (n — Day(x — x0)" 2 (2.8.5)
n=2
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Consequently, by substituting y = ¢(x) and its derivatives into Equation ( ), we find that

inn—l Yan (z — xq) Znanx—x nl 4 ianx—xo : (2.8.6)
n=2

n=0

Equation ( ) is especially tractable in the case that p(z) and ¢(x) are polynomial functions. We
illustrate the mechanism first in the following example before laying out the general approach.

Example 2.8.1. Construct the general solution of the following second order linear equation.

!

y —y=20

Solution. Certainly, we can approach this equation as we have done since Section 2.1: the charac-
teristic equation (r — 1)(r +1) = r?> — 1 = 0 yields the general solution of y = v(z) = c1e” + cye

—x

Bearing this in mind, it follows that some solution of the equation admits a power series expansion
(since this is a sum of functions that admit Taylor series). Consequently, we will assume that

o
= E anpx”

n=0

is a power series solution of the equation at hand. Considering that ¢"(z) = ¢(z), it follows that

o o0
E n(n — 1)ay,z E anx"
n=2 n=0

Consider the change of index k£ = n — 2. We find that £ = 0 whenever n = 2 and n = k + 2 so that

i k+2)(k+ 1)agoz —Zanx
k=0 n=0

By viewing the indices k and n as dummy variables, the coefficient (n+2)(n+1)a, 2 of the monomial
2™ on the left-hand side and the coefficient a,, of the monomial x™ on the right-hand side must be

equal for each integer n > 0 by the Theorem. We conclude that
a
n+2)(n+1)a,10 = a, Or ayio = - . 2.8.7
Equation ( ) is distinguished as a recurrence relation; its significance lies in the fact that we

may repeatedly invoke the relation to write a,, 2 in terms of the preceding elements of the sequence.
Qp, Ap—2 Ap—yg

(n+2)(n+1) = = 1) 2= ) — 1)

Continuing this pattern of reduction, we must eventually come to the terms aqy or a; of the sequence.

Ap42 =

Crucially, this distinction depends on the parity (i.e., evenness or oddness) of the positive integer
n > 2. Explicitly, we will assume that k£ > 0 is an integer for which n = 2k or n = 2k + 1.

- A2k—2 _ A2k—14 R
TRk 2k —1)  (2k)(2k — 1)(2k — 2)(2k — 3) (2k)!
a2k—1 _ a2k—3 ai

P Rk )@k CE+DEEEF-DEk-2) 2k + 1)
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Consequently, we find that the series expansion of ¢(x) is given by

f: 72 oo x(2k+1)

— (2k) (2k +1)!
Each of the power series that determine ¢(x) converges for all real numbers by the , hence
they can differentiated term-by-term since ; however, it is not too

difficult to see that ¢(x) = c1e” 4+ coe™* for some real numbers ¢; and cy. Explicitly, we have that

k

—
T — _
€= Z k'
k=0
Considering that function composition is a valid power series operation, we find that
o0
B ( _1)k ij
T __
=) !
k=0
Consequently, the even terms of e™ are positive and the odd terms are negative so that

;e—l-ex:ix

k=0

By the same rationale, we may determine a function representation of the other power series.

1 oo 2k+1
g€ =€ ;%2k+1

We conclude at last that the function and power series representations are compatible.

2) = Wer g goyy Wiz _ o= :ao+a16$+ao—a16_m .
2 2 2 2

Algorithm 2.8.2 (Power Series Solutions Algorithm). Consider any second order linear equation
y' +p@)y +q(z)y =0

defined for some real univariate functions p(x) and ¢(z) that are continuous in a neighborhood of
xo. Carry out the following steps to derive a power series solution of the differential equation.

1.) Consider some solution y = ¢(z) of the equation that admits a power series representation.

[M]¢

¢(r) =

an(x — x0)"

Il
o

n

2.) Compute the first and second derivatives of ¢(x) using term-by-term differentiation.

oo
= Z na,(r — o))"
—1

[e.9]

" (r) = n(n — Da,(x — x0)" 2

n=2
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3.) Construct the power series equation ¢” + p(x)¢’ + q(x)p = 0.
Znn—lan:v—:c Znanx—x ”1 Zanx—xo =0
n=2

4.) Carry out a change of indices to express the above as one sum beginning at an integer ng > 0.
5.) Completely solve the recurrence relation induced by the above power series equation.
6.) Construct the radius and interval of convergence of the power series that define ¢(x).

7.) Check that the power series that define ¢(z) form a fundamental set of solutions for Equation
( ) by verifying that their Wronskian is nonzero at some point in their domain.

Example 2.8.3 (Airy’s Equation). Construct the general solution of the following equation.
y'—zy=0

Solution. Before we begin our solution, we remark on the novelty of this example: we have yet to
attempt a second order equation with non-constant coefficients; this marks our very first! We will
proceed according to the , hence we must first assume that

o0
= E anx”
n=0

is a power series solution of Airy’s Equation. Consequently, the identity ¢”(z) = z¢(x) yields that

ST+ 2)(n+ Danor" =Y aa" =Y aga™ (2.8.8)
n=0 n=0 n=0

Crucially, we cannot directly compare the coefficients of the monomials 2" and z"*! because they
have different degrees; however, using the change of index k = n + 1, we find that

[o.¢] o
E anx”H:g ap_ 12",

n=0 k=1

By viewing k as a dummy variable in the second power series and readopting the index n > 1, we

place ourselves in a situation to compare the two power series from the above equation ( ).
2a3 + 3 (n+2)(n+ Dansoa” =Y (n+2)(n+ Dagoa" = Y @y 12"
n=1 n=0 n=1
Considering the Theorem, for each integer n > 1, we must have that
2as = 0 and (2.8.9)

(n+2)(n+ 1apio = an1. (2.8.10)
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We note that a, o is the third term of the sequence after a,_1, hence it follows that the sequence
a, is determined by agy, agrr1, and agrio for each integer k£ > 0. Explicitly, the following hold.

a3k—3 a3k—6 ao
T EREk—1)  GREk-)Ek—3)Bk—4)  (3k)Bk—1)---6-5-3-2
3kl = (3 fkf)z(gk) N (3k+1)(3k)(?§l;5— 2)(3k—3) (3k+1)(3k)-1--7-6-4-3
fakr2 = (3k+23)k(31k+ 1)~ (3k+2)(3k jk1)4(3k— DEE) T Bk+2)(3k + 12)--~8-7~5-4

Considering that as = 0, it follows that asgio = 0 for each integer k£ > 0, hence we conclude that

oo
$3k+1

aoz (3k) 3k:—1 6-5-3- 2+a1;(3k+1)(3k)---7-6-4-3

for some real numbers ay and a;. Even more, by the , it can readily be established that
each of the power series the define ¢(x) converges for all real numbers. Computing the derivatives
of the attendant power series by differentiating term-by-term yields the following.

d k > :L.3k71

da “02(31@)(3/@—1)---6-5-3-2 kz_: 3k — 1)(3k —3)(3k —4)--6-5-3-2
dl 3k i o0 23k

%alz (Bk+ 1)(3k)---7-6-4-3| kz:: k)(3k —2)(3k—3)---7-6-4-3

Consequently, if we denote the power series with coefficient ag as ¢o(z) and the power series with
coefficient a; as ¢1(z), then ¢(x) = appo(z) + a1¢1(z) with ¢o(0) = 1, ¢(0) = 0, ¢1(0) = 0, and
¢1(0) = % Crucially, it follows that W (¢, ¢1)(0) = ¢0(0)¢}(0) — ¢;(0)¢p1(0) is nonzero. Choosing
ap = 1 and a; = 0 yields that ¢o(z) is a solution of ; likewise, the coefficients ag = 0
and a; = 1 establish that ¢;(z) is a solution of Airy’s Equation. We may therefore appeal to

to deduce that ¢g(x) and ¢;(z) form a fundamental set of solutions of Airy’s Equation. <

Caution: Example lays out the most elementary solution to that is currently
known; in fact, the functions ¢g(x) and ¢;(z) are typically referred to as Airy’s functions!

Example 2.8.4. Construct the general solution of the following equation.
zy" +y +2y=0

Solution. Considering that P(x) = z, it follows that = = 0 is a singular point of the above equation.
We may therefore assume that y = ¢(x) is a power series solution centered at zo = 1

ole) = anlz—1)"

n=0
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Consequently, the identity x¢”(x) + ¢'(x) + z¢(x) = 0 yields that
x Z nn —Da,(x —1)"2 + Z na,(r —1)" P+ 1y a,(z—1)"=0.
n=0

Before we obtain a recurrence relation on the coefficients a,,, we must simplify the above equation.
Crucially, the center of each power series at hand is xy = 1 (i.e., these are not Maclaurin series),
hence we must use the fact that x = (z — 1) 4+ 1 to negotiate the terms with a coefficient of x.

xz (n—1ay(z —1)" (x—1 inn—lanx—1”2+§:nn—lanx—l)
n=2 n=2
inn—lanm—ln 1+inn—1anaj—1)
n=2 n=2
xian(x—l)":(x—l)ian(x—l)"—l—ian(x—l)”
n=0 n=0 n=0

= Zan(a: — )"t 4 Zan(x - 1"

=0

3

We seek next to ensure that all powers of the monomial x™ are equal; we achieve this by either a
change of index (when appropriate) or by evaluating the first few terms of each series.

in(n —Day(z—1)""' = i;(n + Dnagy i (z —1)" (change of index k =n — 1)
i”(n —Day(z —1)"" = i(n +2)(n+ L)apo(x — 1)" (change of index k = n — 2)
= 2ay + g(n +2)(n+ 1)apo(x —1)" (Plug in n =0.)

i”%(x -1t = g(n + Dapa(z —1)" (change of index k =n — 1)

=a; + i(n + Dapsr(x —1)" (Plug in n =0.)

n=1
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Zanx—l’”l Zan 1z —1)" (change of index k = n + 1)

n=1

Zan(rc — 1" =ap+ Zan(x —-1)" (Plug in n =0.)

Collectively, the sum of each of the infinite series beginning with n = 1 is zero, according to the
original differential equation xy” 4+ 3’ 4+ zy = 0 and our simplification, hence we find that

205+ a1+ ag+ Y _[(n+2)(n+ Dansa + (n+ 1) a1 + @y + an](z — 1)" = 0.

n=1

Considering that the power series expansion of a function is unique (if it exists) by the
Theorem, we conclude that for each integer n > 1, we must have that

2@2 +ay +ag = 0 and (2811)
(n+2)(n+ VDapyo + (n+ 1)2a,41 + a, + apq = 0. (2.8.12)
Equation ( ) yields that as = —3(ag + a1) and Equation ( ) simplifies to
(TL + 1)2an+1 + an, + Ap—1
Upig = — 2.8.13
2 (n+2)(n+1) ( )
Unfortunately, Equation ( ) represents a fourth order non-linear recurrence relation, so there is

little hope for solving a, 2 in terms of ag, a;, and ay; however, it is possible in this case to determine
the first four terms of the power series solutions ¢o(x) and ¢;(z) that form a fundamental set of

solutions of the equation at hand. Explicitly, if we set ag = 1 and a; = 0, then ay = —% and
4a2+a1+a0 —2—|—O+1 1
A2 = — = — e
’ 6 6 6

since this term is a, o with n = 1. Likewise, if we set ap = 0 and a; = 1, then ay = —% and
4@2+G1+CLO —2—|—1—|—O 1
a3 = — = — = —,
° 6 6 6

We conclude that ¢g(z) and ¢;(z) are determined by their first four terms as given by

1 1 1 1
do() = 1= S(@—1) "+ (@ =1)"+--- and ¢1(2) = (w = 1) = 5@ = 1)*+ Z(@ = 1)*+
One can check that ¢g(1) = 1, ¢p(1) =0, ¢1(1) = 0, and ¢} (1) = 1, hence ¢o(x) and ¢;(x) form a
fundamental set of solutions for the given differential equation by . o
Caution: Example illustrates that it is not always possible to solve the recurrence relation
obtained by the ; however, we can always determine the value of

the first n terms ag, ay,...,a,_1 for as large a value of n > 1 as desired.
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2.9 Existence of Power Series Solutions of Linear Equations

We turn our attention in this section to the question of existence of power series solutions of second
order linear differential equations. Consider the second order linear ordinary differential equation

P(z)y" + Q(z)y + R(z)y =0 (2.9.1)

defined for some real univariate functions P(z), Q(z), and R(x) that are continuous in a neighbor-
hood of some real number x4 for which P(z) is nonzero. We refer to zo as an ordinary point of the
differential equation ( ). We assume that y = ¢(x) is a power series solution of Equation ( )
centered at x = xy and defined on some open interval (zo — p, z¢ + p) for some (possibly infinite)
real number p > 0. Consequently, there exists a real sequence a,, such that

o(x) = an(z — )"
n=0
converges for each real number x such that zo — p < x < 2y + p. Crucially, this entails that
¢(wo) = ao, ¢ (w0) = 2ay,
¢’ (o) = an, ¢" () = 6as,

and ¢®)(xq) = klag for each integer k& > 0. On the other hand, if ¢(z) is a solution of Equation
( ), then we must have that P(z)¢"(z) + Q(z)¢'(x) + R(z)¢(x) = 0 in a neighborhood of .
Considering that P(x) is continuous in a neighborhood of xy and P(x¢) is nonzero, it follows that

¢"(z) + p(x)¢'(x) + q(z)p(z) = 0

in a neighborhood of x, for the real univariate functions p(z) = Q(x)/P(x) and ¢(z) = R(z)/P(z).
We may therefore determine the derivatives of ¢(z) at zo via the Product Rule so long as we know
the values of ¢(xy) and ¢'(x¢) since the above equation can be rewritten as

¢"(x) = —p(2)¢'(z) — q(x)(z).
Explicitly, we may compare the real numbers k!a, and ¢*)(z,) for each integer k > 2 according to

Kla, = ¢ (z0) = dczl):k—Q ¢"(x) = #[—p(l’)cﬁ'(ﬂc) = q(2)P(x)],_y, -

Ostensibly, in order to ensure that the above equation is well-defined, it seems sufficient to assume
that p(z) and ¢(x) are infinitely differentiable at xzq; however, this is not enough to guarantee that
the coefficients a; determine a convergent power series. We require the stronger condition that p(x)
and ¢(z) are analytic at z, i.e., the real univariate functions p(z) and ¢(x) admit Taylor series
expansions centered at x = x9. We have thus far in the course only encountered analytic functions,
so this is certainly not asking for too much, but it rules out a vast majority of real functions.

Theorem 2.9.1 (Fundamental Theorem of Power Series Solutions of Homogeneous Second Order
Linear Ordinary Differential Equations). Consider the second order linear differential equation

P(x)y" + Q(x)y + R(z)y =0
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defined for some real univariate functions P(x), Q(z), and R(z) that are continuous in a neighbor-
hood of some real number xy such that P(xg) is nonzero. If the quotient functions p(x) = Q(x)/P(x)
and q(x) = R(x)/P(x) are analytic at xo, then the general solution y = ¢(x) of the above differential
equation admits a power series expansion centered at x = xq, i.e., we have that

() = Z an(x — x0)".

n=0

Even more, there exist analytic functions ¢o(x) and ¢1(x) that form a fundamental set of solutions
of the above differential equation in a neighborhood of xq, i.e., we have that

P(z) = appo(w) + ar¢1(x).

Last, if the radii of convergence of the analytic functions p(x) and q(z) are some real numbers p,
and py, respectively, then the radii of convergence of ¢o(x) and ¢1(x) are at least min{p,, p,}.

We will not endeavor to prove this result (indeed, fundamental theorems are often quite difficult
to prove), but we point out that this theorem is due to the German mathematician Lazarus Fuchs in
the nineteenth century. Using the

as a black box, we are now in a position to
say that as long as the coefficients of Equation ( ) are analytic at an ordinary point in the
domain of P(z), then there is a power series solution of the equation whose radius of convergence
is at least as small as the minimum of the radii of convergence of the quotient functions Q(x)/P(z)
and R(x)/P(z). We illustrate this technique in the following examples; the reader is encouraged to
notice the method of passing to the complex plane to determine the radius of convergence (indeed,
the radius of convergence is the radius of the domain of the power series in the complex plane).

Example 2.9.2. Construct a lower bound for the radius of convergence of the fundamental set of
solutions of the following homogeneous second order linear differential equation.

y”+:vy’+:v2y=0

Solution. We note that P(z) = 1, Q(z) = z, and R(z) = z?, hence the quotient functions that
define the given differential equation are p(z) = = and ¢(x) = z?; these are polynomial functions,
so they are analytic for all real numbers so that p, = p, = co. By the Fundamental Theorem of
Power Series Solutions of Homogeneous Second Order Linear Ordinary Differential Equations, the
radius of convergence of the fundamental set of solutions of the above equation is p = oc. o

Example 2.9.3. Construct a lower bound for the radius of convergence of the fundamental set of
solutions of the following homogeneous second order linear differential equation.

(1—2)*y" +ay —y=0

Solution. We note that P(x) = (1 — z)?, Q(z) = z, and R(x) = —1, hence the quotient functions
that define the given differential equation are p(z) = z/(1—x)? and ¢(z) = —1/(1— )% We provide
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two different approaches to determine the radii of convergence of p(z) and g(x). On the one hand,
we may view p(x) as a product of the derivative of the usual geometric series 1/(1 — z) with x.

T d 1 d - n - n—1 G n

Consequently, by the , the power series expansion of p(z) converges for all real numbers

|z| < 1 so that p, = 1. Likewise, the above computation gives the power series expansion of ¢(z).

1 d 1 d = =
L e v e 7D DL DL

n=0

Like before, the Ratio Test yields that p, = 1. Considering p(x) and ¢(z) as complex functions,
their domains in the complex plane include all complex numbers for which their denominators are
nonzero. Consequently, the power series expansions of p(z) and ¢(z) converge at least for all real
numbers such that |z| < 1 because the only real zero of (1 — z)? is z = 1. Either way, we conclude
that the radius of convergence of the fundamental set of solutions of the given equationis p > 1. ¢

Example 2.9.4 (Legendre’s Equation). Construct a lower bound for the radius of convergence
of the fundamental set of solutions of the following homogeneous second order linear differential
equation (known as Legendre’s Equation) for any real number «.

(1—2%)y" — 22y +ala+ 1)y =0

Solution. We note that P(z) = 1 — 22, Q(z) = —2z, and R(z) = a(a + 1), hence the quotient
functions that define this differential equation are p(x) = —2z/(1—2?%) and ¢(z) = a(a+1)/(1—2?).
Like before, it is possible to determine the radii of convergence of p(z) and ¢(z) by expressing these
rational functions as power series: both p(x) and ¢(x) are induced by the geometric series 1/(1 — ).

_ T2 L - o _ - 2n+1
p(az‘)—m——Qx-l_xQ——Qx;x ——Q;x

Oz(O./—f—l) 1 - 2n

q(z) =

By the Ratio Test, each of the above power series converges for all real numbers such that |2?| < 1,
hence the interval of convergence of p(x) and ¢(z) is given by (—1, 1) so that p, = p, = 1. Considering
p(z) and ¢(z) as complex functions that are defined so long as 1—x? is nonzero, we find that = # +1.
Consequently, the largest disk of convergence centered at the origin in the complex plane extends
from x = —1 to x = 1 along the real axis, hence its radius is 1. Either way, we conclude that the
radius of convergence of the fundamental set of solutions of the given equation is p > 1. o

Example 2.9.5. Construct a lower bound for the radius of convergence of the fundamental set of
solutions of the following homogeneous second order linear differential equation.

(1+2%)y" +4zy +y =0
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Solution. We note that P(z) = 1+ 23, Q(x) = 4z, and R(z) = 1, hence the quotient functions that
define the given differential equation are p(z) = 4z/(1 + z*) and q(z) = 1/(1 + 2%). We have that

4z 1 - n,.3n
1 1 -
Each of these power series converges for all real numbers such that |z%| < 1 by the , hence

the radii of convergence for p(z) and ¢(z) are p, = p, = 1. By the
, the radius
of convergence of the fundamental set of solutions of the given equation is p > 1.

Before we conclude this example and the section, let us assume next that we seek a fundamental
set of solutions of the given equation for the ordinary point zy = % instead of zy = 0. Going through
the power series expansions of p(x) and ¢(z) centered at zo = % is still possible here, but it is rather
cumbersome: indeed, the simplest way would be to obtain p(x) and ¢(x) from some geometric series
centered at zy = %, so we would have to recognize 1 + 2 in terms of some polynomial in z — %
On the other hand, if we view 2 + 1 as a complex polynomial, then by the Quadratic Formula, its
roots are = —1 and z = 1 + ¥ since ® + 1 = (z + 1)(2? — 2 + 1). Consequently, the distance

from xg = % to the nearest root of 3 + 1 in the complex plane is */73, hence the fundamental set of

1

5 converge for all real numbers |:z: — %‘ < \/75 o

solutions of the given equation centered at zy =

2.10 Euler Equations
Given any real numbers o and 3, we refer to the homogeneous second order linear equation
22y + axy' + Py =0 (2.10.1)

as Euler’s Equation. We note that Equation ( ) admits exactly one singular point zo = 0
since the real quadratic polynomial P(x) = z? has a repeated real root at xy = 0. Every other real
number is an ordinary point of the equation. We will construct in this section the general solution of
Euler’s Equations for all real numbers x > 0. Observe that if y = 2" for some nonzero real number
r, then we may deduce a necessary condition for which y = 2" is a solution of Equation ( ) as
follows. By the Power Rule, we have that 3 = rz"~! and ¢y = r(r — 1)2"~2 so that

0=2%"+axy + By = 2°[r(r — 1)a" 2| + az(ra™ ) + 2" = [r* + (a — 1)r + pla"
if and only if 72 4+ (o — 1)r + 3 = 0 since we have assumed that x > 0. Consequently, if 7 is a root of
P+ (a—1r+p=0, (2.10.2)

then y = z" is a solution of Equation ( ). By analogy to the characteristic equation we studied
for second order linear equations with constant coefficients, we distinguish Equation ( ) as the
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Euler characteristic equation. Like before, the three cases for this equation are determined by
the discriminant (o —1)? — 48 of the quadratic polynomial 2+ (a— 1)r + 3. Quite like the ordinary
characteristic equation, the solutions of Euler’s Equation are derived for each of these three distinct
cases in much the same way. We summarize the results of this section in the following theorem.

Theorem 2.10.1 (Solutions of Euler’s Equation). Consider Euler’s Equation
2y’ +ary + =0

defined for some real numbers a and 5. Fvery fundamental set of solutions of this second order linear

ordinary differential equation depends on the discriminant (o — 1)? — 483 of the Euler characteristic

equation r* + (o — 1)r + 3 = 0. Ezplicitly, the (possibly complex) roots of this equation are
—(a—=1)++/(a—1)2—4p —(a—1)—/(a—1)2—-4p

ry = 5 and r9 = 5

Even more, the general solution of Euler’s Equation is completely determined by the following cases.

1.) Given that (o — 1)®> — 48 > 0, the general solution of Euler’s Equation is
y=o¢(x) = crx™ + cox™.

2.) Given that (o — 1)? — 48 < 0, the roots of the Euler characteristic equation are the complex
conjugates 1 = A+ pi and ro = X\ — i, and the general solution of Fuler’s Fquation is

y = ¢(x) = c12” cos[pIn(z)] + coz’ sin[p In(z)].

3.) Given that (o —1)®> — 43 = 0, there is one root 1y = —(av — 1) /2 (with multiplicity two) of the
Euler characteristic equation, and the general solution of Euler’s Equation is

y = ¢(x) = 12" + cox” In(x).

Proof. We have already established in the exposition preceding the statement of the theorem that
the discriminant (o —1)? — 4 of the Euler characteristic equation induces the aforementioned three
cases for the general solution of Euler’s Equation. By the Quadratic Formula, the roots of the Euler
characteristic equation are verified. Considering that the solutions of a second order linear ordinary
differential equation are unique (up to coefficients) by the

, it suffices to prove that the pair of real univariate functions
¢1(x) and ¢o(x) indicated in each of the above three cases form a fundamental set of solutions.

1.) Each of the real univariate functions ¢, (z) = 2™ and ¢y(x) = 2" provides a solution of Euler’s
Equation by construction. Even more, the Wronskian of ™ and x" is given by

W(z™,2™) = 2" (rox"™™ 1) — (riz™ 1)a™ = (ry — ry)a™ T2

Considering that r; and ry are distinct roots of the Euler characteristic equation by hypothesis
that (o — 1) — 48 > 0, it follows that the Wronskian of ™ and 22 is nonzero by assumption
that > 0. We conclude by Theorem that the general solution of Euler’s Equation is

y = o(x) = c10(z) + ca9(x) = c12™ + cpx™.
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2.) Crucially, we note that if (a—1)? =44 < 0, then 45— (a«—1)* > 0 so that A = —(a—1)/2 and
1= +/48 — (o — 1)? are real numbers. Even more, by the Quadratic Formula, it follows that
the distinct complex roots of the Euler characteristic equation are r; = A+ pi and ry = A — pa.
Consequently, the complex univariate functions v, (z) = z** and (x) = 2*~# provide a
pair of solutions of Euler’s Equation by construction; however, we seek real solutions of Euler’s
Equation. We have previously defined the complex exponential function

elOFPIT — o cog(B) 4 7€ sin(f).
By analogy to the real exponential function, we define a complex logarithmic function
22 = explln(x*P)] = exp[(a + Bi) In(z)] = e*@ cos[B 1In(z)] + i€ sin[B In(z)].

Considering that e*"®) = exp[aIn(x)] = exp[ln(z®)] = z* for any pair of real numbers z and
«, we obtain at last a definition for the complex exponential function x*+7.

2P = 2% cos[BIn(z)] + iz sin[B In(z)]
By the , for any real numbers ¢; and ¢y, we have that

1 (x) = M = 1” cos[pIn(z)] and

Go(z) = %@fﬁ(l’) =2 sin[p In(x)]

are real univariate solutions of Euler’s Equation. Check that their Wronskian is nonzero.

3.) Last, we will assume that r; = —(a—1)/2 is a root of the characteristic equation of multiplicity
two. Consequently, the Euler characteristic equation can be written as (r —r;)? = 0. Consider
the real bivariate function f(z,r) = (r — ry)%2" = 2%y” + azy’ + By. We have that

0 0
fr(z,r) = Ef(x, r)= E[(r —r)?2"] = 2(r — )" + (r — )" In(x)
by the Product Rule, from which it follows that f,.(x,r;) = 0. By Clairaut’s Theorem, we may

interchange the order of differentiation between the variables  and r to find that
2 2

d d d* [0 d[o 0
2 7 rl el 7’1 7"1 — 2 T 2 T
T [z" In(z)] + aT— (2" In(z)] 4+ Ba2" In(z) =« ) [ara: } + aT— {ara: } + 5arx

_9 a:zd—2:nr + oz:vi:vr + pa”
- Or dx? dx

a Vi !
= g(lﬁy +azy + By)

= fr(z,7).
Considering that f,.(x,r;) = 0 by a previous calculation, it follows that 2™ In(z) is a solution

of Euler’s Equation. Consequently, we obtain a fundamental set of solutions ¢;(z) = 2" and
¢2(x) = 2™ In(x) for Euler’s Equation since one can check that their Wronskian is nonzero. [



Chapter 3

Other Solutions of Ordinary Differential
Equations

Generalizing from second order linear ordinary differential equations to higher order linear ordinary
differential equations is delightfully simple: indeed, many of the techniques to solve linear ordinary
differential equations of arbitrary order n > 2 are analogous to those developed in our study of
second order linear equations in Chapter 2. Consequently, we seek at present to provide different
strategies for solving nth order linear ordinary differential equations for any integer n > 2. Both
algebraic and numerical methods are developed with an emphasis on equations arising in physics.

3.1 Laplace and Inverse Laplace Transforms

Consider any real univariate function f(z) that is defined for all real numbers z > a for some real
number a except at countably infinitely many points. We define the improper integral

/ f(z)dx = hm f(z)dx (3.1.1)

of f(z) on the interval (a,o0) as the limit of the deﬁnite integrals of f(z) over the intervals (a,b)
as b tends to co. Granted that these definite integrals exist and their limit as b tends to oo exists,
we say that the improper integral in f(z) converges; otherwise, the integral is said to diverge.

Example 3.1.1. Compute all values of p for which the following indefinite integral converges.

o
/ eP” dx
0

Solution. Certainly, if p = 0, then the integral diverges because eP* = 1 in this case. Consequently,
we may assume that p is nonzero, hence the antiderivative of e?* is determined by the Chain Rule.

> b epe ]l 1 diverges if p > 0 and
/ e’ dr = lim e’ dr = lim {—} = lim —(e”? — 1) = 1 ) o
0 b—oo J b=oo | P ] b—oo P —— lfp < 0.
p

Example 3.1.2. Compute all values of p for which the following indefinite integral converges.

/ z Pdx
1

125
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Solution. Like before, we must consider the case that p = 1 separately: indeed, if p = 1, then

00 b
/ v dr = lim [ 2 'dr = lim [In(2)]? = lim In(b) = cc.
1

b—oo 1 b—oo b—o0

On the other hand, if p # 1, then the antiderivative of 277 is determined by the Power Rule.

o ' b ‘ el ' pl—p _ 1 diverges if p <1 and
/ r Pdxr = lim P dx = lim =lim|(— | = 1 o
1

b—o0 1 b—o0 1—p 1 1—p _]_Tp lfp>1

Crucially, to guarantee the convergence of the integral ( ), we may assume that the integrand
f(z) is piecewise continuous on the open interval (a,b) for each real number b > a. Explicitly,
we seek a partition of (a,b) into finitely many points a = 2o < x; < - -+ < x, = b such that

1.) f(z) is continuous on each open subinterval (z;, z;+1) for each integer 0 <i <n — 1 and
2.) the left- and right-hand limits of f(z) in each open subinterval (x;,z;,1) are finite.

Put another way, it follows that f(x) is piecewise continuous on an open interval (a, b) if and only if
it is continuous on (a, b) except possibly at a countably infinite number of points at which there may
be jump discontinuities. We will not endeavor to prove this; however, it follows from the fact that a
function that is continuous on an open interval is integrable on that open interval and the definite
integral of an integrable function does not depend on countably infinite jump discontinuities.

We refer the reader to Section for more information and examples on improper integration;
however, due to its importance in the forthcoming definition of an integral transform, we recall one
of the most pleasant features of improper integration in the following comparison theorem.

Theorem 3.1.3 (Comparison Theorem for Improper Integrals). Consider any real univariate func-
tion f(x) that is piecewise continuous for all real numbers x > a.

1.) Given any real univariate function g(x) such that |f(x)| < g(x) for all real numbers x > M
for some positive real number M, if f]\c}o g(x) dx converges, then faoo f(z)dx converges.

2.) Given any real univariate function g(z) such that f(x) > g(x) > 0 for all real numbers x > M
for some positive real number M, if f]\(}o g(x) dx diverges, then faoo f(z)dzx diverges.

Consequently, the convergence of faoo f(z)dx is determined by the convergence of fj\oj g(x) dx.

Generally, we define an integral transform F'(s) with kernel K(s,t) via the definite integral

F(s) = / K(s,0)f(t) dt

for any (possibly infinite) real numbers a and b for which the definite integral exists. Crucially, F(s)
is a function that depends on a, b, and s; however, we will typically assume that a and b are fixed so
that F'(s) depends only on s, i.e., it is a real univariate function. Of all possible integral transforms,
we seek to study the Laplace transform with kernel K(s,t) = e™* over the open interval (0, 00)

C{f)} = / T et dt
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We will come to find in short order that the Laplace transform is an invaluable tool in the study of
linear ordinary differential equations because it allows us to convert from a differential equation to
a rational equation. Before we arrive at this invaluable observation, we require the following.

Theorem 3.1.4 (Existence of the Laplace Transform). Consider any real univariate function f(t)
that is piecewise continuous on the closed interval [0,b] for each real number b > 0. Given that for
each real number M, there exist real numbers a and C' that do not depend on t such that |f(t)] < Ce™
for all real numbers t > M, the Laplace transform L{f(t)} exists for all real numbers s > a.

Example 3.1.5. Compute the Laplace transform of f(¢) = a for any real number a.

Solution. Clearly, the constant function f(t) = a satisfies the hypotheses of Theorem because
el is increasing, so its Laplace transform exists: indeed, we have that

L{a} = / ae St dt = a/ e~ stdt = [—96_31 o for all real numbers s > 0.
0 0 0

S S

Crucially, the domain of £{a} consists of all positive real numbers. One can readily verify that for
any non-positive real number s, the improper integral that defines £{a} diverges. o

Example 3.1.6. Compute the Laplace transform of f(¢) = e® for any real number a.

Solution. Our exponential function is trivially bounded by itself for all real numbers, hence

at - at ,—st OO (a—s)t 1 (a—s)t = 1
L{e"} = eve dt = e dt = |——e = for all real numbers s > a.
0 0 a

— S 0 S—a

Once again, the domain of £{e"} is critically important: for any real number s < a, it follows that
a — s > 0 so that the improper integral that defines £{e*} diverges. o

Example 3.1.7. Compute the Laplace transform of f(¢) = cos(at) for any real number a.

Solution. Considering that cos(at) oscillates between —1 and 1, it is eventually bounded by any
exponential function, so the Laplace transform of cos(at) exists. We use integration by parts.

L{cos(at)} = /000 e cos(at) dt

1 o *°
= [——e_St cos(at)] - 2/ e *'sin(at) dt (u = cos(at) and dv = e~ dt)
s o st
I a L g T a7 . —st
=———( |——e¥sin(at)| + - e *cos(at)dt | (u=sin(at) and dv = e *" dt)
s s s o S Jo
1 a? . :
= — — —L{cos(at)} (Recognize the integral as a Laplace transform.)
s s

By solving for the Laplace transform, we obtain £{cos(at)} = % for all real numbers s > 0. ©
s2+a
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Crucially, the Laplace transform £{f(t)} is a linear transformation (or a linear operator)
from the real vector space of real univariate functions to itself. Explicitly, for any real univariate
functions f(t) and g(t) for which the Laplace transform is defined and any real number C, we have

LLCH() + g(t)) = / TR + g(0)] db

:/ —stcrf dt—f—/ —st

0 0

:C/ e~ f(t) dt+/ g
0 0

= CL{f)} + L{g(t)}.

Consequently, the Laplace transform is linear: it commutes with addition and scalar multiplication.
Considering that the Laplace transform is defined as an integral, it is not surprising that it is linear
because the integral itself is linear; however, we will come to appreciate this property even more.

Example 3.1.8. Compute the Laplace transform of f(t) = 3e™" — cos(t).

Solution. By the linearity of the Laplace transform, we have that

3 s
-2 -2
L{3e7* —cos(t)} = 3L{e *"} — L{cos(t)} = o R for all real numbers s > 0. o

Example 3.1.9. Compute the Laplace transform of f(¢) = sinh(at) for any real number a.

Solution. By the linearity of the Laplace transform, we have that

Csinhlat)} = ﬁ{%@“t - %e—at} B %ﬁ{eat} B %E{e_at} - 2(31_ a)  2(s :- a)

for all real numbers s > max{a, —a} = |a|. Getting a common denominator, we obtain

. 1 1 (s+a)—(s—a) a
L{sinh(at)} = 5—a) 205t a) = 25— a)(s T ) =22 for s > |al. o

Example 3.1.10. Compute the Laplace transform of f(t) =t* — ¢+ 1.

Solution. By the linearity of the Laplace transform, we have that
L{t? —t+1} = L{t*} — L{t} + L{1}.

Consequently, it suffices to compute £{t*} and L{t}. We use integration by parts with u = ¢%.

L{t?} = / et dt = [——t%“] += / te™*tdt = —L{t}.
0 S 0 5

0 S
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Crucially, we obtain £{t*} as a product of a rational function and £{t}, so it suffices to determine
L{t}. Once again, we will employ the technique of integration by parts with u = t.

L{t} = / te™*" dt = {——te_“] + —/ e *tdt = {_—2@_5’5] = =.
0 § o SJo s 0 s

We conclude by our recursive formula for £{t*} and the linearity of the Laplace transform that

2 1 1

S-S5 t+- for all real numbers s > 0. o
s s s

L{t? —t+1} = L{t*} — L{t} + £{1} =

Example 3.1.11. Compute the Laplace transform of f(t) = ¢™ for any integer n > 0.

Solution. Considering the recursive formula of Example , we surmise that
1
cimy = "y
s
for any integer n > 0. Consequently, using our £{1} from Example , we conclude that
-1 ! !
L{t"} = gﬁ{tnfl} = %L{t"ﬂ == Z—nﬁ{l} = 3::1 for all real numbers s > 0. ¢

One of the most important properties that a linear transformation may satisfy is injectivity.
Explicitly, we say that a function f(z) is injective if and only if f(x1) = f(z2) implies that x; = x5
for all z-values in the domain of f(x). Considering that the Laplace transform is a function, we can
determine if it is injective; moreover, the fact that £ is a linear operator ensures that £ is injective
if and only if £L{f(t)} = 0 implies that f(¢) = 0 for all t-values such that f(¢) lies in the domain of
L{f(t)}. By applying the definition of L{f(¢)} as an improper integral, it follows that if

0= L{(1)} = / T et dt = F(s),

then we must have that F'(s) = 0 for all valid s-values. We can check this for a given function f(t);
however, the injectivity of the Laplace transform is in general guaranteed by Lerch’s Theorem. We
will therefore not endeavor to prove this fact in general; we will simply seek to determine the inverse
Laplace transform of a function whose Laplace transform is known (or can be computed). Primarily,
for our considerations, this involves merely recognizing the function f(¢) for which L{f(¢)} = F(s).

Example 3.1.12. Compute the inverse Laplace transform of F(s) = 2 for any real number a.
s

Solution. We note that L{a} = % for s > 0 so that 5—1{2} =a fort > 0. o
s

S

Example 3.1.13. Compute the inverse Laplace transform of F'(s) = for any real number a.

s—a
Solution. We note that £{e™} = for s > a so that El{ } = e for t > 0. o
s—a s—a
Example 3.1.14. Compute the inverse Laplace transform of F(s) = % for a real number a.
s +a

Solution. We note that L{cos(at)} = % for s > 0 and £‘1{L} = cos(at) for t > 0. o

g2 a s2 + a?


https://en.wikipedia.org/wiki/Inverse_Laplace_transform#:~:text=It%20can%20be%20proven%20that,is%20known%20as%20Lerch's%20theorem.
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3.2 Laplace Transform and Initial Value Problems

We have determined thus far that the Laplace transform of a real univariate function f(t) is a linear
operator from the real vector space of real univariate functions to itself. Generally, the existence of
the Laplace transform L£{f(¢)} of a real univariate function f(¢) defined for all real numbers ¢ > 0
is completely determined by Theorem . We will restrict our attention to those real univariate
functions whose Laplace transform is well-defined. Each example of the Laplace transform we have
encountered thus far has been a rational function of a real variable s. Even more, we will illustrate in
this section that the Laplace transform can be used to convert a linear ordinary differential equation
into a rational equation that can be solved algebraically; the solution of the differential equation can
be obtained as the inverse Laplace transform of the resulting rational function. Before we outline
the general technique, we require the following distributive law for the Laplace transform.

Proposition 3.2.1 (Laplace Transform and the Derivative). Consider any real univariate function
f(t) such that for each real number M, there exist real numbers a and C that do not depend on t
such that | f(t)| < Ce™ for all real numbers t > M. Given that f'(t) is piecewise continuous on the
closed interval [0,b] for each real number b > 0, the Laplace transform of f'(t) is given by

L{f'(t)} = sL{f(t)} — f(0) for all real numbers s > a.

Proof. We illustrate the proof because it is fundamental in understanding the formula. Given any
real number b > 0, let t1,t,...,t, denote the real numbers in the closed interval [0, b] for which
f'(t) is discontinuous. By hypothesis that f’(t) is piecewise continuous on the closed interval [0, b],
it follows that t1,1,,...,t, are jump discontinuities, hence we have that

b n tir1
/ ety dt =Y / e f(t) dt
0 i=0 Yt

for tg = 0 and t,,.1 = b. Each of the definite integrals over the open intervals (¢;,¢;,1) exists because
f'(t) is continuous on each of these intervals. Even more, they can be determined explicitly using
integration by parts with u = ¢™*" and dv = f'(t) dt. Carrying this out yields that that

tit1 . tit1 tit1
| e = [l s [ e 0 de = e = ) s [t a

for each integer 0 < i < n + 1. By summing these definite integrals for each integer 0 < i < n + 1,
we find that the terms involving e~ f(¢;) cancel for each integer 1 < i < n, leaving only

b n ti+1 b
/ e St f'(t)dt = e~ f(b) — f(0) +32/ et f(t)dt = e f(b) — f(0) +s/ e f(t)dt.
0 i=0 t; 0
Considering that |f(¢)] < Ce® for all real numbers ¢ > M, it follows that

b b
£{ro} = Jim [ = Jim [e-sbf<b>—f<o>+s / e-stf<t>dt] — SL{f(1)} - (0)

0

for all real numbers s > a since the limit involving e =% f(b) converges to 0 if s > a. O
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Corollary 3.2.2 (Recursive Formula for the Laplace Transform of a Derivative). Consider any real
univariate function f(t) such that for each real number M, there exist real numbers a and C' that do
not depend on t such that | f®(t)| < Ce™ for all real numberst > M for each integer 0 < k < n—1.
Given that f™(t) is piecewise continuous on the closed interval [0,b] for each real number b > 0,
the Laplace transform of f™(t) can be obtained recursively according to the following formula.

L{FM)} = sL{f"V()} = FPD(0) for all real numbers s > a
Explicitly, the Laplace transform of f™(t) is given by
LLfM )Y = s"L{f(t)} —s"LF(0) — s"2f(0) — - - - — f®™=D(0) for all real numbers s > a.
Example 3.2.3. Use the Laplace transform to solve the initial value problem.
y" + 3y’ + 2y = 0 with y(0) = 1 and 3/'(0) =0
Solution. Using the linearity of the Laplace transform as well as Corollary , we find that

L{y" + 3y" + 2y} = £{0}
L{y"} +3L{y'} +2L{y} =0
s*L{y} — sy(0) —y/'(0) + 3[sL{y} — y(0)] + 2L{y} =0
(s +3s+2)L{y} —s—-3=0

s+ 3

L= re

Consequently, in order to determine y(t), it suffices to determine the inverse Laplace transform of
F(s) = L{y}. We achieve this via partial fraction decomposition on s? + 3s+2 = (s + 1)(s + 2).

s+ 3 A B

(s+1)(s+2) s+1+s—|—2

s+3=A(s+2)+B(s+1)

By plugging in s = —1, we find that A = 2. Likewise, if s = —2, then —B = 1 so that B = —1. We
conclude by the linearity of the Laplace transform that £{y} is given by

s+ 2 1 1

—_9. _ —9 A =2t _ 2—t_ —2t ]
s2 4+ 3s+2 s+1 s4+2 Lle™} = L} = L{2e e}

L{y} =

Considering that the Laplace transform is injective, it follows that y(t) = 2e™ — e72. o
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Unfortunately, we will come to find in the next example that if the characteristic equation of the
second order linear equation has repeated roots, then our current toolkit of Laplace transforms is
inadequate. Explicitly, if the characteristic equation is (r — r1)? = 0 for some real number 7, then
the partial fraction decomposition required to determine the inverse Laplace transform typically
results in a proper rational function whose numerator is constant and whose denominator is of the
form (s — r1)?. Before proceeding with the remaining examples, we resolve this issue as follows.

Example 3.2.4. Compute the Laplace transform of t"e® for any integer n > 0 and real number a.

Solution. By definition of the Laplace transform, we seek to determine the improper integral
L{t"e"} = / e Stne dt = / e (5=t gt
0 0

Crucially, we may recognize this as none other than the Laplace transform of ¢" shifted to the left
by a units in the sy-plane. Explicitly, if F/(s) = L{t"}, then for any real number s > a, we have

F(s—a)= / e (=0t gt = L{t"e™).
0

Considering that we derived F'(s) as a rational function in Example , we conclude that

!
L{t"e"} =F(s—a)= (S_TLW for all real numbers s > a. o

Proposition 3.2.5 (Shifting Property of the Laplace Transform). Given any real univariate func-
tion f(t) for which the Laplace transform is defined, the Laplace transform of e® f(t) is given by the
Laplace transform of f(t) shifted to the left by a units in the sy-plane. Explicitly, if L{f(t)} = F(s)
for all real numbers s > C, then L{e® f(t)} = F(s — a) for all real numbers s > a + C.

Proof. By hypothesis, the following improper integral converges to F'(s) for all real numbers s > C.

Fs) = L{f(1)} = / et di

Consequently, for all real numbers s —a > C| the following improper integral converges.
F(s —a) = / e~ =0 (1) gt — / et (1) dt = L{e (1)} m
0 0

We will come to find that the provides an indispens-
able tool in the theory of initial value problems involving linear ordinary differential equations. Be
sure to notice its importance in the following pair of examples involving initial value problems with
both homogeneous and non-homogeneous second order linear ordinary differential equations.

Example 3.2.6. Use the Laplace transform to solve the initial value problem.

y" — 4y’ + 4y = 0 with y(0) =1 and 3/'(0) = 1



3.2. LAPLACE TRANSFORM AND INITIAL VALUE PROBLEMS 133

Solution. Using the linearity of the Laplace transform as well as Corollary , we find that

Lyy" — 4y + 4y} = £{0}
L{y"} —4L{y'} +4L{y} =0
s"L{y} — sy(0) —y'(0) — 4[sL{y} — y(0)] + 4L{y} =0
(> —4s+4)L{y} —s+3=0

-3
Lyt = 52 —4s+4
Consequently, in order to determine y(t), it suffices to determine the inverse Laplace transform of
F(s) = L{y}. We achieve this via partial fraction decomposition on s? —4s + 4 = (s — 2).
s—3 A B
-2 s—2 (s—2p

S

s—3=A(s—2)+B

By plugging in s = 2, we find that B = —1 so that A(s—2) = s—2, from which we find that A = 1.
We conclude by the linearity of the Laplace transform that £{y} is given by

s—3 1 1
ﬁ{y}—s2—4s—|—4_s—2_(s—2)

Explicitly, we compute the Laplace transform £{(s — 2)72} = t?¢* via the

5 = L{e*} — L{te*} = L{e* —te*'}.

. By the injectivity of the Laplace transform, we obtain y(t) = e* — te*. o
Example 3.2.7. Use the Laplace transform to solve the initial value problem.
y' + 2y +y = 4e " with y(0) = 2 and 3/ (0) = —1
Solution. Using the linearity of the Laplace transform as well as Corollary , we find that

L{y" +2y +y} = L{4e”"}

L{y"y +2L{y'} + L{y} = 4L{e7"}

SL{y} = sy(0) — 9/ (0) + 20sL{y} — y(O) + £u} = —
2125+ 1)L 25— 3= 2
(s*+2s+ 1) L{y} — 25 — =

4 25+ 3

Lyt = GiD(E12s11)  Pr2sil
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Consequently, in order to determine y(t), it suffices to determine the inverse Laplace transform of
F(s) = L{y}. We achieve this via partial fraction decomposition on (s+ 1)(s*+2s+1) = (s +1)3.

4 N 25+3 (2s+3)(s+1)+4 A B N C
(s+1)(s2+25+1) s2+2s+1 (s+1)3 s+l (s+1)2 0 (s+1)3

252 + 55+ 7=A(s+1)?+B(s+1)+C

By plugging in s = —1, we find that C' = 4 so that 25>+ 5s+3 = A(s+1)? + B(s + 1). Comparing
coefficients of the quadratic polynomial on the left-hand side with the right-hand side, we find that

25> +5s5+3=A(s+ 1)+ B(s+1) = As* + (24 + B)s + (A + B)
so that A =2 and B = 1. We conclude by the linearity of the Laplace transform that £{y} satisfies

(2s+3)(s+1)+4
(s +1)°

L{y} =

1 N 1 4 1
s+1  (s+1)2 (s+1)3

=2L{e '} + L{t?e 7"} + 2L{t%e !}

= E{Qe‘t +tet+ 2t26_t}.

Explicitly, we compute the Laplace transforms of (s + 1)72 and (s + 1)~ via the
; thus, we obtain the desired solution y(t) = 2e™ + te™t + 227" o

Example 3.2.8. Use the Laplace transform to solve the initial value problem.
y W —y =0 with y(0) =1, y'(0) = 0, y"(0) = 1, and y"'(0) =0
Solution. Using the linearity of the Laplace transform as well as Corollary , we find that

L{yW —y} = £{0}
L{yW} — L{y} =0
s'L{y} — s’y(0) — 5% (0) — sy"(0) — y""(0) — L{y} =0
(s" = 1)L{y} — s’ —s=0

3+ s s

E{y}:s‘*—l:sQ—l‘
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Consequently, in order to determine y(t), it suffices to determine the inverse Laplace transform of
F(s) = L{y}. We achieve this via partial fraction decomposition on s* — 1.

s A B

G-De+D s—1 s+1

s=A(s—1)+B(s+1)

By plugging in s = —1, we find that —2A = —1 so that A = % Likewise, if s = 1, then 2B =1 so
that B = % We conclude by the linearity of the Laplace transform that £{y} is given by

[ S DN OV § IR B
+3 S+1—2£{e}+2£{e }—£{2e +gep

S

1 1
E{y}_zs?—l_i.s—l

Considering that the Laplace transform is injective, it follows that y(t) = 3¢’ + 1e™" = cosh(t). ©

Before we conclude this section, we remark on the novelty of Example : we had not prior
to this excursion solved a linear ordinary differential equation of order exceeding two! Crucially,
the provides a brand new technique
to solve many initial value problems involving linear ordinary differential equations of order n > 1.

3.3 Step Functions

We commence in this section our discussion of ordinary differential equations in the context of their
physical applications. We will come to find that the Laplace transform is especially useful in these
situations because it behaves well with respect to functions that admit countably infinitely many
jump discontinuities. Each of these such functions can be assembled from a very simple function
uc(t) called the unit step function or the Heaviside function centered at ¢ = ¢ defined by

0 ift<cand
UC(t) =
1 ift>ec

Crucially, the unit step function centered at ¢t = ¢ is a piecewise continuous function with a single
jump discontinuity at ¢ = c. Pictorially, its graph consists of two horizontal lines: the first line
extends indefinitely leftward from the open circle at t = ¢ along the z-axis; the second line extends
indefinitely rightward from the closed circle at t = ¢ at a height of y = 1. Especially interesting are
the additive and multiplicative properties of the unit step functions, as illustrated in the following.

Example 3.3.1. Give the following sum of unit step functions as a piecewise function.
f(t) = u_a(t) +uo(t) + ua(t)

Solution. By definition of u_4(t), it follows that f(¢) = 0 for all real numbers ¢t < —1 and f(¢) =1
for all real numbers —1 <t < 0. Likewise, we have that ug(t) = 1 for all real numbers ¢ > 0, hence
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we have that f(t) = 2 for all real numbers 0 < ¢ < 1. Last, we have that u;(¢) = 1 for all real
numbers t > 1 so that f(t) = 3 for all real numbers ¢ > 1. We conclude that f(t) is defined by

0 ift<—1,
1 if —1<t<0,
f(t): . <o
2 if0<t<1, and
3 ift>1.

Example 3.3.2. Give the following piecewise function in terms of unit step functions.

9 ift < 1,
ft)=<0 if —1<t<3, and
2 ift>3

Solution. Considering that f(t) = 2 for all real numbers t < —1 and f(t) = 0if —1 <t < 3, we
are inclined to believe that f(t) = 2 — 2u_;(t) for all real numbers ¢t < 3. Even more, for all real
numbers t > 3, we have that f(¢) = 2, hence we may add the step function 2u3(t) to achieve this.

F(t) =2 — 2u_y () + 2us(t) o

Example 3.3.3. Give the following piecewise function in terms of unit step functions.

Ft) = {sin(t) ift <0

cos(t) ift>0
Solution. Quite simply, we may take f(t) = sin(t) + ug(t)[cos(t) — sin(t)]. o

We will henceforth consider the unit step function u.(t) as a “switch” centered at ¢t = ¢ in the
following sense: for all real numbers t < ¢, the “switch” is turned off, and for all real numbers t > c,
the “switch” is turned on. Consequently, for any real univariate function f(t), the piecewise-defined
function g(t) = wu.(t)f(t) may be viewed as the real univariate function that is identically zero for
all real numbers ¢ < ¢ and f(¢) for all real numbers t > ¢. Electrical current is modelled in this way.
Considering this perspective, we turn our attention to the behavior of the unit step function wu.(t)
with respect to the Laplace transform: if we assume that ¢ > 0, then by definition, we have that

o0 oo 1
L{u.(t)} = / e u(t) dt = / e *tdt = —e~ for all real numbers s > 0 (3.3.1)
0 c S

because e *fu.(t) = 0 for all real numbers ¢t < ¢ and e *u.(t) = e~ for all real numbers ¢ > c.
Even more, if we view multiplication of a real univariate function f(¢) by u.(¢) as translation to the
right by ¢ units, the above calculation suggests an important property of the Laplace transform.

Proposition 3.3.4 (Scaling Property of the Laplace Transform). Given any real univariate function
f(t) for which the Laplace transform is defined, the Laplace transform of u.(t) f(t—c) is given by the
Laplace transform of f(t) scaled by a factor of e~ in the sy-plane. Explicitly, if L{f(t)} = F(s)
for all real numbers s > a, then L{u.(t)f(t —c)} = e *F(s) for all real numbers s > a.



3.3. STEP FUNCTIONS 137

Proof. We seek to exhibit a closed form for the following improper integral on its domain.

Ll f(t— )} = /0 T et (1)t — o) dt = / T — o) dt

Consider the change of variables u =t — ¢ so that —st = —s(¢ + u) = —c¢s — su. We have that

/00 e f(t—c)dt = /OOO e T f(u)du = e /OOO e flu)du=e"* /OO e S f(t)dt.

c 0

Crucially, we may recognize the latter improper integral as the Laplace transform of f(t) so that
L{u.(t)f(t —c)} =e “L{f(t)} = e “F(s) for all real numbers s > a. O

Example 3.3.5. Use the Laplace transform to solve the initial value problem.

1 ifm<t< 27 and
Y+ 2+ 2y = TSI ith y(0) = 0 and ¢/(0) = 1
0 otherwise

Solution. We must first define the differential equation in terms of unit step functions. Considering
y" + 2y + 2y as a unit switch that is off for all real numbers ¢ < 7 and ¢ > 27, it follows that

Y+ 2y + 2y = up(t) — uax(t).

Using the linearity of the Laplace transform, the
, and Equation , we proceed to evaluate the initial value problem as follows.

L{y" + 2y + 2y} = L{ux(t) — ue (1)}
L{y"} +2L{y'"} + 2L{y} = L{ux ()} — L{uax (1)}
(4 + 25 + DL{} — 1= (™ — ™)

1 1

L — (p— TS _ ,—27s
v} = ‘ )3(32+23+2)+82+25+2

We require partial fraction decomposition to determine the form of £L{y} so that we may ultimately
deduce y(t) using the inverse Laplace transform. Considering that the discriminant of s* + 2s + 2
is 22 — 4(1)(2) < 0, it follows that s? + 2s + 2 is an irreducible quadratic polynomial, hence we take

1 A Bs+C

s(s? 4 2s + 2) 8+82+28—|—2

TS __ ,—27s

for some real numbers A, B, and C. Crucially, we may view the exponential function e~ e as

a coefficient, so it does not affect the partial fraction decomposition. Clearing denominators yields

1=A(s*+25+2)+ (Bs+(C)s
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so that 2A = 1 with s = 0. We conclude that A = % Expanding the quadratic polynomial on
the right-hand side, we find that 1 = (B + %)52 + (C + 1)s + 1. Comparing coefficients, we must
have that B + % = 0 so that B = —% and C'+ 1 = 0 so that ' = —1. Last, we recognize that
s +2s+s = (s+1)%+ 1 so that we may ultimately express the Laplace transform of y(t) as

11 1s+1 1
L — (p—TS _ ,—27s - _ 2
fyh=(e ¢ )(2 s (8+1)2+1)+(s+1)2—|—1
(e — e 11 1 s+1 1 1 N 1
B 2 s 2 (s+12+1 2 (s+1)2+1 (s+1)2+1°

Each of the rational functions with an exponential coefficient represents the Laplace transform of
a real univariate function of the form w.(t) f(t — ¢) for some real number ¢ by the

. Even more, each of the rational functions in s + 1 is the shifted Laplace
transform of a real univariate function g(¢) by the
Carefully, we recover the inverse Laplace transform of the right-hand side to find that

1
y(t) = i[uﬂ(t) — Use ()] [1 — e cos(t) — e " sin(t)] + e 'sin(t) for all real numbers t > 0. ©

Example 3.3.6. Use the Laplace transform to solve the initial value problem.

in(t if0<{<mand
y”+4y:{sm() PU=TS T Gith y(0) = 0 and /(0) = 0

sin(t) +sin(t —7) ift>n
Solution. Once again, we must recognize the differential equation in terms of unit step functions.
y" + 4y = uo(t) sin(t) + u, (t) sin(t — )

We proceed per usual according to the linearity of the Laplace transform and the
to evaluate the initial value problem as follows.

L{y" + 4y} = L{up(t) sin(t) + u,(t) sin(t — 7)}

Ly} +4L{y} = L{ug(t) sin(t)} + L{u(t)sin(t — )}

2 _ ]' —T7Ss 1
(s +4)E{y}_s2+1+e s2 41
1 o 1
=m0 ¢ Er DD

We require partial fraction decomposition for each rational function. Crucially, both of the quadratic
polynomials s?+1 and s%+4 are irreducible since their roots are complex conjugates. Consequently,
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the form of the partial fraction decomposition is given for some real numbers A, B, C, and D by

1 As+B+C’s+D that
= SO a
(s24+1)(s2+4) 241 s?2+4

1= (As+ B)(s*+4)+ (Cs+ D)(s* + 1) and

1=(A+C)s*+ (B+ D)s>+ (4A+ C)s + (4B + D).
Comparing the coefficients of each of the polynomials, we obtain the following system of equations.

A+C=0 B+D=0

1A+ C =0 4B+ D =1

Each of the linear equations in A and C can be easily solved to find that A = C' = 0. Likewise, we
may subtract B+ D = 0 from 4B + D = 1 to determine that 3B = 1 so that B =% and D = —%.

3 3
1 1 1 1 1 1
L _ _ . - —7s .
v} 3(52+1 52+4)+3€ (32+1 32+4>

Each of the rational functions with a coefficient of e~ is the Laplace transform of wu.(¢)f(t — )
for some real univariate function f(t) by the . Bearing

in mind the form of the denominator s? + a? for some real number a, we recognize that

y(t) = % {sin(t) - %Sin(%)} + %uﬁ(w {sin(t - %sin(Zt - 2@] | o

Example 3.3.7. Use the Laplace transform to solve the initial value problem.
y W+ 5y” + 4y = 1 — u.(t) with y(0) = 0, ¥/(0) = 0, y”(0) = 0, and y”'(0) =0

Solution. We proceed by appealing to the linearity of the Laplace transform and the
to evaluate the initial value problem as follows.

L{y™ +5y" + 4y} = L{1 — u. (1)}

Ly} +5L{y"} +4L{y} = L{1} — L{ux(t)}
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Considering that s? 4+ 5s? +4 = (52 + 1)(s? + 4) is a product of irreducible quadratic polynomials,
the partial fraction decomposition is given for some real numbers A, B, C, D, and E by
1 A Bs+(C  Ds+FE

= that
s(s?2+1)(s®+4) s+ s2+1 * 214 0

1= A(s* 4+ 55% +4) + (Bs + C)(s* + 45) + (Ds + E)(s* + s) or

1=(A+B+D)s"+ (C+E)s®+ (5A+4B + D)s* + (4C + E)s + 4A.

Consequently, we have that 44 = 1 if s = 0 so that A = }1.
polynomial on the right with the constant polynomial on the left, we obtain a system of equations.

Comparing the coefficients of the quartic

1

B+D+ =0 C+E=0
5

4B+ D+ =0 AC+E=0

We conclude that 3B = —1 and 3C' = 0 so that B = —%, D =1 and C = E = 0. Considering this

129
partial fraction decomposition in the context of the Laplace transform, it follows that

11 1 s 1 s
Ly =1—em™) (= -2, —. .
yp=0-ec )(4 s 3 24112 32+4)

—TS

Each of the rational functions with a coefficient of e~ is the Laplace transform of w.(t)f(t — )
for some real univariate function f(t) by the . Bearing
in mind the form of the denominator s 4 a? for some real number a, we conclude that

y(t) = — — = cos(t) + % cos(2t) — u,(t) E — %cos(t —7) + 1—12 cos(2t — 27T):| : o

3.4 Impulse Functions

Often, in examples arising in physics and electrical engineering, it is necessary to consider physical
phenomena that involve a very large force acting for a very short period of time. Concretely, we will
assume that g(t) is a real univariate function defined for all real numbers ¢t > 0 with the additional
property that g(t) > 0 for all real numbers ty — e < t < tg + ¢ for some real number ¢, and some
“sufficiently small” real number € > 0 and ¢(t) = 0 for all real numbers t <ty — e and t > ¢y + «.
Considering that the definite integral of g(t) over the entire real line measures the area bound by
the curve g(t) over its domain, if g(¢) measures the force in a mechanical system, it follows that

I@%:K:g@dtzlijﬁﬂm

measures the impulse of the force g(t) over the interval of time (ty — &,ty + €). Perhaps the most
immediate physical example relates the current g(t) of an electrical circuit to its total voltage I(e).
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We will find it most fruitful to henceforth direct our attention to a particularly interesting family
of force functions defined for any “sufficiently small” real number € > 0 by the piecewise function

1
— if —e<it< d
da(t) _ 26 1 19 £ an

0 otherwise.

Considering that ¢ is sufficiently small, it is natural to wonder what becomes of the impulse function
I(g) corresponding to d.(t) as e tends to zero. By definition of I(¢), we have that

o0 € 1 1 £
I(c) = = [ —dt=— =1
(e) /_ @ /_ ppdt=g |

£

for all real numbers € > 0. Consequently, the impulse function I(¢) corresponding to the family of
force functions d.(t) are all identically equal to 1; on the other hand, we have that

limd.(t) =0

e—0
for any nonzero real number t. Explicitly, as € tends to zero, the interval on which d.(¢) is nonzero
shrinks to the origin, hence everywhere except at the origin, it follows that d.(¢) = 0.

Unfortunately, at the origin, the result of the limit of d.(¢) as e tends to zero is not well-defined;

however, if we expand our view to consider distributions in addition to the functions with which
we are presently familiar, then we obtain a meaning definition of the unit impulse function that
is zero everywhere except at the origin and yet induces an impulse of unit magnitude at the origin.
Explicitly, the Dirac delta function §(t) is a distribution defined for all real numbers ¢ satisfying

o

d(t) = 0 for all real numbers t # 0 and / o(t) dt = 1.

—00

Considering that the Dirac delta function §(¢) is not in fact a function, we cannot define its Laplace
transform according to the usual definition; rather, its Laplace transform is given as the limit

L{o(t = to)} = lim L{d(t — o)}

On the bright side, computing this limit is feasible: if ¢y > 0, then as ¢ tends to zero, we must have
that € < ty so that ¢y — e > 0. Consequently, it follows that d.(t — ty) is defined for ¢t > 0 in the
limit. Even more, this function is nonzero if and only if {5 — e < t <ty + €, hence we have that

hH(l] L{d.(t —to)} = lin%/ e *td.(t — to) dt (definition of the Laplace transform)
E— e=0 Jq
to+e 1
= lim —e M dt (Refer to the above exposition.)
e—0 to—e 2e

= lim (definition of the definite integral)
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€s _ ,—€s
= =105 Jim & ‘ (Our limit depends only on ¢.)
e—0 2se
ES —ES
= ¢ "% lim se e (Employ L'Hopital’s Rule.)
e—0 23
= e 105, (Plug and chug with € = 0.)

Formula 3.4.1 (Laplace Transform of the Dirac Delta Function). Consider the Dirac delta function
d(t — to) centered at t = to for any real number ty > 0. We have that

e ifty >0 and
Lol — 1)} - o
1 Zf to = 0.
Proof. By the preceding exposition, we have that £{d(t — tg)} = e "% if t; > 0 so that
L{6(t)} = lim L{5(t —to)} = lim e ™ =1. O
0(t)} = lim L{6(t —to)} = lim e
Example 3.4.2. Use the Laplace transform to solve the initial value problem.

y'+y=0(t—1) with y(0) =1 and y'(0) =1

Solution. Like usual, we may evaluate the initial value problem by appealing to the linearity of the
Laplace transform and the

L{y" +y} = L{o(t - 1)}
Ly} + L{y} =e°

P+ 1D)L{y}—s—1=¢"

e’ s 1
Lk = I N R
y(t) = uy(t) sin(t — 1) + cos(t) + sin(t) o

Example 3.4.3. Use the Laplace transform to solve the initial value problem.
y@W —y = §(t) with y(0) = 0, ¥/(0) = 1, 3(0) = 0, and y"'(0) = 2

Solution. Once again, the name of the game is to employ the linearity of the Laplace transform and
the to solve the initial value problem.

L{y"W —y} = £{a(t)}
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L{yW} - L{y} =1

(s* = DL{y} —s*—2=1

L{y} =

s +3
4

st —1

Carrying out the partial fraction decomposition with s* — 1 = (s> + 1)(s + 1)(s — 1), we find that

s>+ 3 As+B+ C n D that
= so tha
st —1 5241 s+1 s—1

$*+3=(As+B)(s* 1)+ CO(s* +1)(s = 1) + D(s* + 1)(s + 1) or

$4+3=(A+C+D)s*+(B-C+D)s>+(—A+C+D)s+ (—B—-C + D).

We find that —4C' =4 if s =1 and 4D =4 if s = —1 so that C' = —1 and D = 1. Comparing the
coefficients of the cubic polynomial on the right with the quadratic polynomial on the left above,
we conclude that A =0 and B + 2 = 1 so that B = —1. Ultimately, this yields that

1 1 1

L = — — )
{v} s2+1 s—|—1+s—1

Each of these rational functions admits a familiar inverse Laplace transform, from which we obtain
y(t) = —sin(t) —e " + €. o
Example 3.4.4. Use the Laplace transform to solve the initial value problem.
4y — 4y — 3y = 6(t — ) + ug.(t) with y(0) =1 and ¢'(0) =0

Solution. We proceed as is routine by using the linearity of the Laplace transform and the
to evaluate the initial value problem as follows.

L{4y" — 4y' = 3y} = L{6(t — 7) + uax(t)}
AL{y"} — ALYy} = 3L{y} = L{6(t — ™)} + L{uzx (1)}

1
(45 —4s = 3)L{y} —ds+4=¢eT + ¢ °™
s

e s n g 2ms n 4s — 4
s2—4s—3  s(4s? —4s—3) 4s?—4s—3

L{y} = 1
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Each of these rational functions requires partial fraction decomposition so that we can more easily
recognize the inverse Laplace transform. Considering that 4s* —4s — 3 = (25 + 1)(2s — 3), the form
of the partial fraction decomposition for each of the three cases can be determined as follows.

1 A N B
4s2 —4s—3 2s+1 25s—3

1=A(2s—3)+B(2s+1)

1 C D E

s(4s? — 4s — 3) §+28—|—1+28—3

1=C(2s4+1)(2s —3) + Ds(2s — 3) + Es(2s + 1)

4s—4  F N G
4s2 —4s—3 2s+1 25s—3

4s —4=F(2s—-3)+G(2s+1)

Conveniently, the coefficients of each polynomial equation can be obtained by plugging in the roots
of the linear polynomials s, 2s + 1, and 2s — 3. Carrying this out, we find that A = —}l, B =1

4
C = —%, D= %, E = %, F= %, and G = % so that the Laplace transform of y(t) is

L 1 (1 1 1, (2 1 3\, (1 3
=—e — — —e - — — = .
1=y 2s—3 2s+1) 6 s 25s—3 2s+1) 2\2s—3 " 2s+1

Considering that 2s —3 = %(s — %) and 2s+1 = %(s + %), we obtain the inverse Laplace transform

y(t) — éuw(t>(€3(t—w)/2 . 6—(t—7r)/2) - 1—12u27r(t)(4 . e3(t—277)/2 . 36—(t—27r)/2) + Z%L(e3t/2 + 3€_t/2). o

We summarize our discussion of the Laplace transform and its usefulness in the solution of initial
value problems with nth order linear ordinary differential equations in the following algorithm.

Algorithm 3.4.5 (Laplace Transform Solutions of Initial Value Problems with Constant Coef-
ficients). Given any integer n > 1, any real univariate functions y(t) and g¢(¢) defined for all real
numbers ¢ > 0, and any real numbers aq, ..., a,_1,an,to, - .., t,_1, consider the initial value problem

y™ 4+ a1y Y 4 a1y + any = g(t) with y@(0) = ¢; for each integer 0 <i <n — 1.
Carry out the following steps to determine a solution y = f(t) for all real numbers ¢ > 0.
1.) Compute the Laplace transform £{g(t)} of g(t) using the linearity of the Laplace transform.

2.) Compute the Laplace transform of 4™ + a1y + .- + a,_1y' + a,y using the linearity of
the Laplace transform and the
to express L{y"} as a real polynomial in s of degree i with leading coefficient £{y}.
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3.) By simplifying the equation involving £{y}, it ought to be possible to obtain an equation of
the form (s" + a;s" '+ -+ + an_15 + a,)L{y} = h(s) for some real univariate function h(s).

4.) By factoring this polynomial in s into linear and irreducible quadratic polynomials, the method
of partial fraction decomposition yields an expression of £{y} in terms of rational functions.

5.) Compute the inverse Laplace transform of each rational function to determine y = f(t).
We conclude this section with a table of Laplace transforms we have derived in these notes.

Table 3.4.6 (Common Laplace Transforms). Consider any real numbers a, ¢ > 0, and ¢y > 0.

f(t)=LHF(s)} F(s)=L{f(t)} domain of F(s) | derivation in the notes
a
a - >0 Example
s
: 1
e? s>a Example
s—a
cos(at) s2j——a2 5s>0 Example
sin(at) 32—C|L——a2 s>0 Quiz 14 Solutions
" n!
t e s>0 Example
n—1
f™ () s"F(s) — Z sPR=LER) () s>a Corollary
k=0
e f(t) F(s—a) s>a Proposition
n!
e o s>a Use the table.
I :
ue(t) —e % s>0 Equation
s
ue(t) f(t —c) e “F(s) s>a Proposition
d(t —to) ¢ tos s>0 Formula
(f*9)(t) F(s)G(s) s>a Theorem
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3.5 Convolution and the Convolution Integral

We have thus far in this chapter developed a general theory to solve initial value problems involving
linear ordinary differential equations with constant coefficients via the Laplace transform. Explicitly,
the linearity of the Laplace transform allows us to express the Laplace transform of the function

any"™ + a1y + -+ ay + agy

as the difference of (a,s" +a, 15" +---+a;s+ag)L{y} and a real polynomial in s. Unfortunately,
we are not able to employ this technique to solve initial value problems involving ordinary differential
equations with coefficients that are not constant because the Laplace transform does not commute

with multiplication of functions. Concretely, according to Table , we have that
1 1
57 3
(s —1) s2(s —1)

hence the Laplace transform of te' is not the product of the Laplace transform of ¢ and the Laplace

L{te'}t = = L{t}L{e'},

transform of e!. Countless examples along these lines illustrate this failure. Luckily, we may define
a “generalized” product of continuous functions over which the Laplace transform commutes.

Definition 3.5.1. Given any real univariate functions f(¢) and g(¢) that are continuous for all
real numbers ¢ > 0 (except possibly at countably infinitely many non-negative real numbers), the
convolution of f(t) and g(¢) is the real univariate function defined by the convolution integral

(f*g)(t) :/o f(t—x)g(x)dx.

Even though we will not endeavor to prove the following proposition in the notes, we encourage the
interested reader to verify the following properties for their own edification and practice.

Proposition 3.5.2 (Properties of Convolution). Given any real univariate functions f(t) and g(t)
that are continuous for all real numbers t > 0 (except possibly at countably infinitely many non-

negative real numbers), the following properties hold for the convolution (f * g)(t) of f(t) and g(t).
1.) (Associativity) We have that [f = (g % h)]|(t) = [(f * g) % h](t) for all real numbers t > 0.

2.) (Commutativity) We have that (f * g)(t) = (g * f)(t) for all real numbers t > 0.

3.) (Distributivity) We have that [f «(g+h)](t) = (f*g)(t)+ (f *h)(t) for all real numberst > 0.

4.) (Homogeneity) We have that (f *0)(t) = 0 for all real numbers t.

Example 3.5.3. Compute the convolution (f * 1)(¢) of the function f(t) = cos(t).

Solution. By definition, the convolution of cos(¢) and 1 is given by

(f=1)(t) = /0 cos(t — ) dv = [—sin(t — )]}, = sin(t).

Consequently, it is not necessarily the case that (f * 1)(¢) = f(t); however, one could demonstrate
(with a bit of thought) that for the Dirac delta function §(t), it holds that (f x0)(t) = f(¢). o
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Example 3.5.4. Compute the convolution (f * f)(t) of the function f(t) = sin(¢).

Solution. By definition, the convolution of sin(¢) with itself is given by

(f*=f)t) = /0 sin(t — ) sin(x) dz
= /0 [sin(t) cos(x) — sin(x) cos(t)] sin(z) dx (Double Angle Formula)
= sin(t) /0 sin(x) cos(x) dx — cos(t) /0 sin®(z) dw

1 ' 11
= sin(¢) {5 sin2(:c)1 — cos(t) / {— - = cos(2x)] dx (Power Reduction Formula)
0

0 2 2
1 t 1
=5 sin®(t) — 2 cos(t) + 2 sin(2t) cos(t).
Observe that sin (37”) = —1 and cos (37”) = 0 so that (f = f)(%7r + 2k7r) = —% for any integer k.
Consequently, it is not necessarily the case that (f * f)(¢) is non-negative. o

We turn our attention at last to the usefulness of the convolution integral with respect to the
Laplace transform. Like we indicated at the beginning of the section, the Laplace transform enjoys
the commutative property with respect to convolution, according to the following principal theorem.

Theorem 3.5.5 (Commutative Law for the Laplace Transform and Convolution). Given any real
univariate functions f(t) and g(t) with respective Laplace transforms F(s) and G(s) defined for all
real numbers s > a for some real number a > 0, the Laplace transform of (f = g)(t) satisfies that

L{(f*g)(t)} = F(s)G(s) for all real numbers s > a.

Proof. We will compute the product F'(s)G(s) and verify that it is indeed the Laplace transform of
(f * g)(t). By definition of the Laplace transform of f(¢) and g(¢), we have that

reGe) = ([Teiwan) ([T e maman)

- /O°° (/0"" e f(2)g(y) dy) dz.

Explicitly, the improper integral in x does not depend on y, so we may commute the integral in x
with the terms involving y. Likewise, the improper integral in y does not depend on x, so we may
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commute the integral in y with the terms involving x. We are now in a position to make an inspired
substitution © = x 4+ y with du = dy. Observe that for y = 0, we have that v = x and u tends to
infinity as y tends to infinity. By solving for y, we find that y = u — x so that

reGe = [ ([Tt a)

_ /OOO </OO e () g(u — ) du> dz.

Crucially, we note that the region of integration is defined for all real numbers u > = > 0. Granted
that Fubini’s Theorem applies (so that we may interchange the order of integration), we obtain

reGe = [ ([T e i@t —a i) o

_ /OOO /:o e f(2)g(u — 7) du do

_ /OOO /0 e f(2)g(u — o) da du

_ /OOO e (/Ou F(2)g(u — ) dx) du

= [ et s du

= L{(f = 9)(®)}.
Last, we note that L{(f * ¢g)(¢)} is defined so long as L{f(t)} and L£{g(t)} are defined. By hypoth-

esis, we conclude that L{(f % g)(¢)} is defined for all real numbers s > a. O

Example 3.5.6. Compute the inverse Laplace transform of F(s) = = i =l

Solution. By the , it suffices to view

F(s) as a product G(s)H(s) of Laplace transforms of real univariate functions g(t) and h(t).
Fl=—r =1 1 1 _gome

$3—s2 $2(s—1) s2 s—1

Crucially, we note that G(s) = £{t} and H(s) = L{e'} so that g(¢t) =t and h(t) = ¢'. We are now
in a position to determine the inverse Laplace transform f(t) = L™{F(s)} = (g * h)(t) as follows.

(g*h)(t):/o(t—x)exdx
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t t
= / e’ dr — / xe® dx (Expand and simplify.)
0 0

=t(e! —1) — ([mex]g — /Ot e” dx) (u = and dv = e* dx)

=t(e' — 1) — (te" — e + 1)

= —t—1
Consequently, we find that L7{F(s)} = f(t) = ¢! —t — 1 for all real numbers ¢ > 0. o
2
Example 3.5.7. Compute the inverse Laplace transform of F'(s) = ﬁ
Solution. By the , it suffices to view

F(s) as the product G(s)H(s) of Laplace transforms of real univariate functions g(t) and h(t).

2s 2 S

F pr— p— . p—
(5) (s244)2 s244 s2+4

G(s)H(s)

Crucially, we have that G(s) = L{sin(2t)}, H(s) = L{cos(2t)}, g(t) = si (
We are now in a position to determine the inverse Laplace transform f(t) = L7 {F(s)}
t
(g% h)(t) = / in(2t — 2) cos(2) da
0
t
= / [sin(2t) cos(2x) — sin(2z) cos(2t)] cos(2x) dx (Difference Formula for Sine)
0
t t
= sin(2t) / cos?(2x) dx — cos(2t) / sin(2x) cos(2x) dz (Expand and simplify.)
0 0

t 1 1 sin(2t)
= sin(2t) /0 [5 +3 cos(4:c)} dx — cos(2t) /0 U du (Double Angle Formula)

ENR! !
= sin(2t) g + 3 sin(4x)} ~ 1 sin?(2t) cos(2t)
0

[t 1 1
= sin(2t) 5 + 3 sin(4t)] ~1 sin?(2t) cos(2t)

Consequently, we find that £L71{F(s)} is given as above for all real numbers ¢ > 0. o
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We conclude this section with a discussion of the importance of the convolution integral in the
study of linear ordinary differential equations with constant coefficients. Given any real numbers a,
b, and ¢ and any real univariate function g(t), consider the linear ordinary differential equation

ay” + by’ + cy = g(t) with y(0) = yo and 3'(0) = y (3.5.1)

for some real numbers yy and y(,. Like usual, the linearity of the Laplace transform and the
yield a subsequent equation

(as® 4+ bs + c)L{y} — (as + b)yo — ayy = G(s) (3.5.2)

for the Laplace transform G(s) = £L{g(t)}. By solving for £{y}, we obtain a third equation

_ (as +b)yo + ay; G(s)
Fyt = as? +bs +c as?+bs+c (353)
Conveniently, if we adopt some notation for each of the functions on the right-hand side
(as + b)yo + ayp G(s)
) = dw = 0.4
(5) as? +bste o (5) as? +bs+c’ (354)

then by the linearity of the inverse Laplace transform, we obtain the solution y(t) = ¢(t) + ¢ (¢) for
the inverse Laplace transforms ¢(t) = £L71{®(s)} and ¥(t) = L7{¥(s)}. Even more, it is crucial
to note that ¢(¢) is the solution of the corresponding homogeneous initial value problem

ay” +by' + cy = 0 with y(0) = yo and y'(0) = y
and 1(t) is the solution of the corresponding non-homogeneous initial value problem
ay” + by' + cy = g(t) with y(0) = 0 and 3'(0) = 0.

By the method of partial fraction decomposition, it is possible to express ®(s) as a sum of rational
functions whose inverse Laplace transforms can be determined by referring to the table of
. On the other hand, it is possible to perform partial fraction decomposition to
express ¥(s) as a product of G(s) and a sum of rational functions; then, by the
, we may at last write W(s) as a convolution integral.
Explicitly, if we denote by H(s) = (as* + bs + ¢)~! the transfer function of Equation , then

t
ult) = £HUE)} = LHCOHE) =+ W0 = [ ot -h@)de. (359
0
Example 3.5.8. Give the solution of the initial value problem in terms of a convolution integral.
y" + 2y — 15y = g(t) with y(0) =0 and »'(0) =0

Solution. By the above exposition, we recognize that ®(s) = 0 and ¥(s) = G(s)H (s) for the transfer
function H(s) = (s* + 2s — 15)~!. Consequently, in terms of a convolution integral, the solution is

y=w(t) = L7{U(s)} = (g% h)(t) = / g(t — 2)h(x) d with h(t) = L7 {H(s)}.
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We may employ the method of partial fraction decomposition to express H(s) as a sum of rational
functions whose inverse Laplace transforms can be easily deduced. Explicitly, we have that
1 1 A B
H(s) =

12— 15 (5—3)(s+5) s5-3 s+5
for some real numbers A and B. Unravelling this equation yields that
1=A(s+5)+ B(s—3)

so that A = ¢ for s =3 and B = —3 for s = 5. We conclude that H(s) = (s —3)™' — (s +5) "
and h(t) = %e‘% — %e‘“. Bearing this in mind, we obtain the solution as a convolution integral
1 t
y=1(t) = g/ (e — e ™) g(t — z) du.
0

Crucially, for many cases of the univariate real function g(t), it ought to be possible to compute the
convolution integral to determine y = () using power series or numerical integration. o

Example 3.5.9. Give the solution of the initial value problem in terms of a convolution integral.
y@ — 2" +y = g(t) with y(0) =0, 4/ (0) =0, y’(0) = 0, and y"(0) =0

Solution. We repeat the process outlined in the above exposition to find that

G(s) G(s) G(s)
L{y} = 92521 1 = (s2—1)2 - (s —1)2(s+1)2

Consequently, we must employ the method of partial fraction decomposition to obtain an expression

of £L{y} in terms of some rational functions whose denominators we recognize in terms of the inverse
Laplace transform. Explicitly, we seek real numbers A, B, C, and D such that
1 A B C D

Go12G6+1)? s—1 (s=12 s+1 s+

1=A(s—1)(s+1)*+B(s+1)*+C(s —1)*(s+ 1) + D(s — 1)

We note that it is possible to obtain B = i and D = }l by plugging in s = 1 and s = —1, respectively.
Comparing coefficients after simplifying this cubic polynomial in s, we find that

1 1
1:(A+C)s3+(A—C+§)32+(—A—C)s+(—A+C+§)

so that A+ C =0 and A — C = —1. We conclude that A = — and C' = 1 so that
Ciy} 1 G(s) |1 G(s) 1 G(s) 1 G(s) |
4 s—1 4 (s=1)2 4 s+1 4 (s+1)2
By the table of , we can readily determine that (s — 1)7' = L71{e'},
(s=1)2=LHte'}, (s+ 1) =LHe '}, and (s +1)72 = L7H{te™ '}, hence we conclude that
¢
y=(t) = 411 /o (e +xe” + e +xe ")g(t — x)d.

Even though the usefulness of this expression may not be immediate to the reader, we point out that
in many cases, it is possible to evaluate the convolution integral by a power series or with numerical
integration. Concretely, for many applications, it is not necessary to compute the integral explicitly;
we only need to determine an approximation of y = 1)(t) to some satisfactory degree of accuracy. <
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3.6 Euler and Backward Method

We have at this point exhausted all of the analytical techniques used to solve ordinary differential
equations that we will cover in this course. Briefly summarized, these methods include

e the
e simplification and direct integration of
° to obtain

e construction and use of the characteristic equation according to the

algorithm,
e construction and use of the characteristic equation in tandem with
and the to solve non-homogeneous second order
linear ordinary differential equations with constant coefficients,
e determination of a recurrence relation to obtain
for second order linear equations with non-constant coefficients,
e construction and use of Euler’s characteristic equation for , and
e the for initial value problems.

We turn our attention next to numerical methods of solving ordinary differential equations. Unfor-
tunately, in many of the differential equations that arise in applications, these analytical techniques
either do not apply (e.g., if the equation is non-linear) or present computational difficulties (e.g., if
the equation involves more complicated functions than we have discussed). Bearing this in mind, we
seek techniques that allow us to accurately approximate solutions of ordinary differential equations
without any requirement of writing down a closed-form expression for the solution.

We will for the sake of simplicity focus primarily on the first order initial value problem

dy

o = () with y(to) = yo (3.6.1)

for some real numbers ty and yy. Even more, we will assume that the real bivariate functions f and
f, are continuous on some open rectangle in the ty-plane that contains the point (to, o). By the

, there exists an open interval
that contains to for which there exists a unique solution y = ¢(t) of Equation

Definition 3.6.1. Given any real bivariate function f(¢,y) such that f and f, are continuous
on some open rectangle in the ty-plane that contains the point (%o, o), the Euler Method is a
numerical technique that can be used to solve any first order initial value problem of the form

dy _
dt

Explicitly, the Euler Method is defined recursively by the first order recurrence relation

f(t,y) with y(to) = vo.

Yns1 = Yn + f(tn, Yn)(tns1 — t,) for each integer n > 0. (3.6.2)
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Definition 3.6.2. Given any real bivariate function f(¢,y) such that f and f, are continuous on
some open rectangle in the ty-plane that contains the point (to, yo), the Backward Euler Method
is a numerical technique that can be used to solve any first order initial value problem of the form

d :
= [(t.y) with y(to) = .

Explicitly, the Backward Euler Method is defined recursively by the first order recurrence relation

Yni1 = Yn + f(tna1, Yns1)(tnr1 — t,) for each integer n > 0. (3.6.3)

Crucially, we note that this formula determines the sequence y, 1 implicitly in terms of ¢, and vy,
as opposed to the Euler Method that provides an explicit formula for v, in terms of ¢, and y,,
hence the difficulty in carrying out the Backward Euler Method largely depends on f(¢,y).

Often, it is most convenient in practice to carry out the Euler Method and the Backward Euler
Method with a fixed step size h =t,, .1 — t,, for all integers n > 0, as in the following examples.

Example 3.6.3. Compare the Euler and Backward Euler Method to solve the initial value problem
y =t — 1+ 2y with y(0) = —1

on the closed interval 0 < ¢ < 1 with step sizes h = 0.1, h = 0.05, and h = 0.025.
Example 3.6.4. Compare the Euler and Backward Euler Method to solve the initial value problem
2

r_ Y . _
y —t2+1w1thy(0)—1

on the closed interval 0 < ¢ < 1 with step sizes h = 0.1, h = 0.05, and h = 0.025.

We note that there are many ways to devise numerical methods. Often, these techniques are
constructed by estimating values defined by limits in precise contexts. Explicitly, the Euler Method
and the Backward Method are both derived from the limit definition of the derivative

y/(t) —  lim y(tn—l-l) B y(tn>

tnt+1—tn tn—i—l —t,

by assuming that h = t,,.1 — ¢, is “sufficiently small.” Once a numerical method has been defined,
its convergence is a critical concern. Concretely, we seek to determine the accuracy of a solution
obtained numerical as the step size h = t,,1 — t,, tends to zero. We will assume that y = ¢(t) is a
solution of the underlying differential equation. We define the global truncation error

E, = Qb(tn) — Un

as the sequence of differences between the actual value ¢(¢,) of the solution at the real number t,
and the approximate value y, of the solution at the real number ¢, for each integer n > 0. Given
that the approximate value ¥, and the actual value ¢(t,) coincide, the local truncation error in
proceeding one step is due to the nature of the approximation; as such, it is more subtle.
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Formula 3.6.5 (Local Truncation Error Formula for the Euler Method). Given any real bivariate
function f(¢,y) such that f, f;, and f, are continuous on some open rectangle in the ty-plane that
contains the point (tg,yo), the local truncation error for the Euler Method is given by

e = tus) — s = 58" ()t — )
for some real number ¢, < ¢, < 41 for each integer n > 0. Consequently, we have that
eal < g max{[(6)] 0 < ¢ < D}t — 1)
for the interval of definition [a, b] of the unique solution y = ¢(t) of the differential equation.
Example 3.6.6. Construct a formula for the local truncation error for the Euler Method if
y' =ty and y(0) = 1.

Example 3.6.7. Construct a formula for the local truncation error for the Euler Method if
2

Y
/
V=5 and y(0) = 1.

3.7 Runge-Kutta Method

We point out that the Euler Method belongs to a more general class of numerical methods.

Definition 3.7.1. Given any real bivariate function f(¢,y) such that f and f, are continuous on
some open rectangle in the ty-plane that contains the point (¢g, o), the Runge-Kutta Method
is a numerical technique that can be used to solve any first order initial value problem of the form

dy

I f(t,y) with y(to) = yo.

Explicitly, the Runge-Kutta Method is defined recursively by the first order recurrence relation
1
Ynt+1 = Yn + a(k’m + 2kno + 2kng + kna)(tny1 — t,) for each integer n > 0. (3.7.1)

Each of the coefficients k,,; is defined recursively as follows for a fixed step size h = t,,11 — t,.

knl - f(tna yn)

1 1
(3.7.2)

2
kn4 = f(tn + ha Yn + han)
Example 3.7.2. Carry out the Runge-Kutta Method to solve the initial value problem

"=t — 1+ 2y with y(0) = -1
on the closed interval 0 <t < 1 with step sizes h = 0.1, h = 0.05, and h = 0.025.

Example 3.7.3. Carry out the Runge-Kutta Method to solve the initial value problem

2

r_ Y . _
Y —t2+1W1thy(O)—1

on the closed interval 0 <t < 1 with step sizes h = 0.1, h = 0.05, and h = 0.025.

1 1
an - f(tn + §h7 Yn + _hkn2)




References

(BDOY]
[Bec22]
[RA15]

[Ste07]

William E. Boyce and Richard C. DiPrima. Elementary Differential Equations and Bound-
ary Value Problems. 9th ed. John Wiley & Sons, Inc., 20009.

Dylan C. Beck. MA172: Calculus II. 2022. URL: https://dylan-c-beck.github.io/
mal72_MA172%20Lecture’20Notes.pdf.

Jon Rogawski and Colin Adams. Calculus: Early Transcendentals. 3rd ed. W.H. Freeman,
2015.

James Stewart. Essential Calculus. Brooks/Cole, Cengage Learning, 2007.

155


https://dylan-c-beck.github.io/ma172_MA172%20Lecture%20Notes.pdf
https://dylan-c-beck.github.io/ma172_MA172%20Lecture%20Notes.pdf

	Differential and Integral Calculus
	Limits and Continuity
	Differentiation and L'Hôpital's Rule
	Implicit Differentiation
	Exponential and Logarithmic Functions
	Inverse Trigonometric Functions
	Antidifferentiation
	Computing Area Bounded by a Curve of One Variable
	Definite Integration
	The Fundamental Theorem of Calculus
	u-Substitution
	Integration by Parts
	Trigonometric Integrals
	Trigonometric Substitution
	Partial Fraction Decomposition
	Improper Integration

	First Order Differential Equations
	Mathematical Modeling and Slope Fields
	Elementary Differential Equations and Their Solutions
	Classification of Differential Equations
	First Order Linear Equations and Integrating Factors
	Separable First Order Equations
	Exact First Order Equations
	Existence and Uniqueness of Solutions

	Second Order Linear Equations
	Homogeneous Linear Equations with Constant Coefficients
	Homogeneous Linear Equations and the Wronskian
	Complex Roots of the Characteristic Equation
	Repeated Roots of the Characteristic Equation
	The Method of Undetermined Coefficients
	Variation of Parameters
	Review of Power Series
	Power Series Solutions of Linear Equations
	Existence of Power Series Solutions of Linear Equations
	Euler Equations

	Other Solutions of Ordinary Differential Equations
	Laplace and Inverse Laplace Transforms
	Laplace Transform and Initial Value Problems
	Step Functions
	Impulse Functions
	Convolution and the Convolution Integral
	Euler and Backward Method
	Runge-Kutta Method

	References

