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Preface

This lecture note is an expanded version of the material presented in my lectures at KU
IWC 2025-2026 and ISC 2026.
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Chapter 1

Functions and their graphs

Let us review some basic terms and notation.

1.1 Sets and functions

In this section, we define sets and functions and fix our notation.

1.1.1 Sets

A set is a collection of objects, which we call elements. A set is usually represented by a
capital letter, and its elements are denoted by lowercase letters. To indicate that = is an
element of set X, we write

z e X.

This notation is typically read as “x is an element of X,” “x is in X,” or “x belongs to
X.” To indicate that z is not an element of X, we write x ¢ X, which is read as “x is not
an element of X,” “x is not in X,” “x does not belong to X,” or “X does not contain z.”

Some well-known sets already have their own symbols.

1. The set of all integers is denoted by Z

Z={.,-2,-1,0,1,23, ..}

2. The set of all rational numbers is represented by Q

@:{@:m,nez and n # 0}.
n

3. The set of all real numbers is denoted by R and is often visualized as a horizontal
line called the real line (Figure 1.1). Every real number corresponds to a unique
point on this line. Real numbers that cannot be expressed as rational numbers are
called irrational numbers. Here are some famous irrational numbers:

V2 =1.414..., e=2.718..., 7 = 3.141592....

7
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Figure 1.1: A real line.

Figure 1.2: A C B.

4. The set of all complex numbers is represented by C
C={a+bi:a,beR}
on which we have complex addition and multiplication
z+7 =(a+ad)+i(b+ 1), 22" = (ad’ — bb') +i(ab' + a'b)

for z =a+ b and 2/ =a’ +b'.

For two sets A and B, if all elements of A are also elements of B, then we say that A
is a subset of B (or A is included in B) and write

A C B.

For example,
Z c Q cRcC.

Most sets we encounter in calculus are subsets of R. Here are some frequently seen
subsets of R called intervals: for two real numbers a and b with a < b,

[a,b] ={z € R:a <z <D}, [a,b) ={z € R:a <z < b},
(a,b] ={z € R:a <z < b}, (a,b) ={r €eR:a <z < b}

We call [a,b] a closed interval and (a,b) an open interval. We also define unbounded
intervals:

[a,00) ={z € R: 2z > a}, (—o00,b] ={z € R:z < b},
(a,00) ={z eR: x> a}, (—00,b) ={zx € R:z < b}.
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Figure 1.3: A function from X to Y.

1.1.2 Functions
A function f from set X to set Y, denoted
f: X—>Y,

is a rule that assigns exactly one element y € Y to each element x € X. The “output”
y € Y assigned to an “input” & € X by the rule f is denoted by

y = f(x),

which is called the value of the function f at . The set X of all inputs is the domain of
f, while the set Y of all possible outputs is the codomain of f. The image (or range) of
f is the subset of the codomain consisting of all function values.

im(f)={f(z) €Y :z € X}

Example 1.1. For the function f given in Figure 1.3, the domain is {x1,z2,x3, x4}, the
codomain is {y1,y2, Y3, ya}, and the image is {y1,y2, Y3}

In calculus, we are primarily interested in the following families of elementary func-
tions mapping a subset X of R to Y = R:

1. Algebraic functions: These include polynomial functions, rational functions, and
root functions such as y = /x.
anx™ + -+ aog

f— n “ e — -
y=ant”+oodao, Y=oy Vz

2. Exponential and logarithmic functions:

xT

y=a", y=log,xr (mostnotably y=e* y=Inx)

3. Trigonometric functions and their inverses:

y=sinxr, y=cosr, y=tanxr, y = arcsinx
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Example 1.2 (Domain of a rational function). The domain of the following rational
function

a1t 1)
Y= et )@ —3) (1.1)

is{reR:x# —1/2,x # 3}.

Example 1.3 (Domain of a square root function). The domain of the following square

root function
y=+v2x—5 (1.2)
is{reR:x>5/2}.

Example 1.4 (Image of a quadratic function). Find the image of the following polynomial
function from R to R
y =222 4o +3=2x—-1)%+1. (1.3)

1.1.3 Sequences

A real-valued function f defined on the set of non-negative integers is called a sequence.
fiZsy— R, n— f(n)

By convention, we write f,, instead of f(n) and identify the function f with the ordered
list of its values:

f07 flu f27 f37 v
The limit of a sequence {f,}°°, denoted by

lim f,=1L

n—oo

is the unique value L that the terms of the sequence approach as n approaches infinity. If
such a limit exists and is finite, the sequence is called convergent (or is said to converge).
A sequence that does not converge is called divergent (or is said to diverge).

Example 1.5. For each of the following sequences, determine whether it is convergent
or divergent. Find its limit if it exists.

Ap = (_1>n, bn - <1> 5 Cn = (_1) 5 dn - ﬂ

2 n  n242n’
L2+l f_2n2—5 _ 3nt—Tn?+5
"= 1’ "4 3n7 n = 6 —4n4

1.2 Graph of a function

While algebraic formulas such as (1.1), (1.2) and (1.3) give us precise rules, graphs provide
the big picture. The graph of a function serves as a vital bridge between algebra and
geometry—a connection that forms the cornerstone of Calculus. By learning to translate
abstract equations into geometric properties now, you will develop the essential intuition
needed to understand rates of change, optimization, and behavior at infinity later.
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Figure 1.4: The Cartesian coordinate plane.

1.2.1 Coordinate plane

Points in a plane are identified by ordered pairs of real numbers, which together form the
Cartesian coordinate plane (see Figure 1.4). This coordinate system is constructed using
two perpendicular real number lines that intersect at their zero points. The horizontal line
is called the z-axis, and the vertical line is called the y-axis. Their point of intersection is
the origin, denoted by (0,0). For any ordered pair (¢, d), the first number ¢ represents the
horizontal directed distance from the y-axis, called the z-coordinate. The second number
d represents the vertical directed distance from the x-axis, called the y-coordinate.

The distance between two points (x1,¥;) and (z2,y2) on the coordinate plane is found
using the distance formula

V(s —21)2+ (y2 — 11)?

which can be derived from the Pythagorean theorem.

1.2.2 Graphs

For sets X C R and Y C R, the graph of a function f : X — Y is the set of points on
the coordinate plane corresponding to ordered pairs of the form (z, f(x))

G(f) =A{(z, f(x)) : x € X}.

This “curve” can be considered a visualization of f (Figure 1.5). More generally, an
equation with two variables z and y defines a curve on the plane (Figure 1.6)

{(z,y) : F(z,y) = 0}.

The z-intercepts of a curve are the z-coordinates of the points where the curve in-
tersects the z-axis. To find the z-intercepts, set y = 0 in the curve’s equation and solve
for . The y-intercepts of a curve are the y-coordinates of the points where the curve
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Figure 1.5: The graph of y = —32% — 423 + 1222 + 24z + 13.

Figure 1.6: An elliptic curve 22 — 3z —y? + 3 = 0.
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intersects the y-axis. To find the y-intercepts, set x = 0 in the curve’s equation and solve
for y. If any vertical line hits the curve more than once, it cannot be the graph of a
function, because one input x has multiple outputs y (Wikipedia: Vertical line test).

Example 1.6. Find the x and y-intercepts of the line given by
y =2z —3.
Example 1.7. Find the x and y-intercepts of the parabola given by
y =223z +1.

Example 1.8. A circle on the coordinate plane cannot be represented by a function
(why?). Find the x and y-intercepts of the circle with radius 3 centered at (—1,2).

(x+1)° + (y—2)* = 3%

1.2.3 Properties of a function

The “rise and fall” of a graph indicates whether a function is increasing (moving upward)
or decreasing (moving downward) when read from left to right. This behavior is de-
termined by the output values as the input values increase. More precisely, a function
y = f(z) is increasing on an interval I if f(x1) < f(z2) whenever z; < x9 in I, it is
decreasing on an interval I if f(z1) > f(x2) whenever 21 < 3 in I.

The average rate of change of y = f(x) between x = x; and & = x9 is the ratio of
the vertical distance (rise or fall) to the horizontal distance (run) between two points

(21, f(z1)) and (z2, f(x2)) on the graph.

Ay _y2—y _ flz2) — fz1) (1.4)

Axr  x9— 11 To9 — T

The “peaks” and “valleys” on a graph of a function represent where the graph changes
direction—specifically, where the function shifts from increasing to decreasing (peak) or
from decreasing to increasing (valley), and they are related to the maximum and minimum
values of the function. To be more precise, let X be a subset of R containing a and
y = f(z) be a function from X to R. The function value f(a) is the absolute maximum
of f,if

fla) > f(z) forall z € X.

The function value f(a) is a local maximum value of f, if

fla) > f(z) for all x near a.

To state it more formally, we say that f(a) is a local maximum value of f if there is an
open interval («, §) containing a such that for all « in this open interval, f(a) > f(x).
The absolute and local minimums of f can be defined by reversing inequalities.

Intuitively, a function y = f(x) is continuous on an interval [a, b] if its graph can be
drawn in a single, continuous stroke without lifting the pen from the paper (see Definition
3.14 for a formal definition).

A continuous function is guaranteed to have both an absolute maximum and an
absolute minimum value on any closed interval (Wikipedia: Extreme value theorem).
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1.3 New Functions from Old Ones

Functions can be transformed and combined in various ways to generate new functions.
We can transform existing functions geometrically by shifting, stretching, compressing,
and reflecting their graphs. Alternatively, we can combine multiple functions algebraically
using standard arithmetic operations and functional composition.
1.3.1 Geometric Transformations
Let y = f(z) be a given function, and let ¢ > 0 be a positive real number. The graph of
f can be transformed geometrically according to the following rules:
Shifting and Scaling

e Vertical Shifting:

— y = f(x) + c shifts the graph of f(z) upward by ¢ units.
— y = f(x) — c shifts the graph of f(z) downward by ¢ units.

e Horizontal Shifting:

— y = f(x — ¢) shifts the graph of f(x) to the right by c¢ units.
— y = f(z + ¢) shifts the graph of f(x) to the left by ¢ units.

e Vertical Scaling: For y = c¢f(z),

— If ¢ > 1, the graph is stretched vertically by a factor of c.
— If 0 < ¢ < 1, the graph is compressed vertically by a factor of c.

e Horizontal Scaling: For y = f(cx),

— If ¢ > 1, the graph is compressed horizontally by a factor of 1/c.
— If 0 < ¢ < 1, the graph is stretched horizontally by a factor of 1/c.

Reflecting
¢ Reflection over the z-axis:
y=—f(x)
The graph is reflected vertically across the x-axis (reversing the signs of the y-
coordinates).
e Reflection over the y-axis:
y=f(-x)

The graph is reflected horizontally across the y-axis (reversing the signs of the
z-coordinates).
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Original: f(z) = |z| Transformed: g(z) = —|z —2|+3
R Ly
(2,3)
2 | 2|

4 -2 2 4 4 —7 2 4

Figure 1.7: The graphs of the functions in Example 1.9

8

Example 1.9. Consider the base function f(x) = |z| defined by

2] = {”““ fo20 (1.5)

—x ifx <.

Let us find the formula for a new function g(x) that is obtained by shifting the graph of
f(z) to the right by 2 units, reflecting it over the x-axis, and then shifting it upward by 3
units.

1. Shift right by 2 units: f(x —2) = |z — 2|
2. Reflect over the x-axis: —f(x —2) = —|x — 2|
3. Shift up by 3 units: g(z) = —|z —2|+3

The resulting vertez of the absolute value graph moves from (0,0) to (2, 3).

1.3.2 Algebraic Operations

Two functions f,g : R — R can be combined using basic arithmetic operations.
e Sum:
(f +9)(@) = f(z) + g(z)
e Difference:

e Product:

¢ Quotient:
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X
T
Figure 1.8: The composition of functions f and g.
(fog)(x)=(x—2)° (go f)(z)=a2—2
4S Y 4 ”y
2 2

—2 2 1 —2 / 2 4
-2t —

Figure 1.9: The graphs of the functions in Example 1.11.

1.3.3 Composition of Functions

Another powerful method to combine functions is through composition, where the output
of one function becomes the input for another (Figure 1.8).

Definition 1.10. Given two functions f: X — Y and g:Y — Z, their composite
fogisa function from X to Z defined by

(fog)(x) = f(g(z)).

Example 1.11. Let f(x) = 2? and g(x) = z — 2. Find the composite functions (f o g)(z)
and (g o f)(x), and compare their graphs to notice that composition is not commutative.

o (fog)(z) = f(9(x)) = f(x —2) = (x —2)%> (A parabola shifted right by 2)

o (gof)(z) =g(f(x)) =g(x?) =22 -2 (A parabola shifted down by 2)
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2 1 2

2

Figure 1.10: Reflection symmetry of the even function y = x= across the y-axis.

(a,b)

Figure 1.11: Rotational symmetry of the odd function y = 2% — 32 about the origin.

1.3.4 Even and odd functions

A function f: R — R is even if

f(—x) = f(z) forall x

it is odd if
f(—x) = —f(z) for all z.

e The graph of an even function is symmetric with respect to the y-axis. If the point
(a,b) lies on the graph, its mirror image (—a, b) also lies on the graph. This creates
a perfect left-to-right reflectional symmetry (Figure 1.10).

e The graph of an odd function is symmetric with respect to the origin (0,0). This
means that if you rotate the entire graph 180° around the origin, it will land exactly
on top of itself. Visually, every point (a,b) on the graph has a corresponding point
(—a,—b) on the opposite side of the origin (Figure 1.11).

Note that a function f: R — R can be expressed as

fa) + f(=2) | (@) = f(=a)

fla) = 2 ;
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and then you can verify that

ola) = LI
is even and
o) = 10~ I

is odd. This shows that f : R — R can be expressed as the sum of an even function and
an odd function.

Example 1.12. Is the following function even or odd?
1. y=a%—2z
2. y=2>-3

3. y=a2-2x+5
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Polynomial functions

A function f: R — R is called a polynomial function, if its function value at x is of the
form

f(z) = apz™ + ap_ 12" 1 4 -+ agx® + a1 + ag.

Here, ay, are called the coefficients of f. When a,, # 0, the highest power n is called the
degree of f. We will focus on polynomial functions of degree 1 and 2, and their graphs.

2.1 Linear functions
Polynomial functions of degree 1 from R to R
y=mz+b (m#0)

are often called linear functions, because their graphs on the coordinate plane are lines.

Example 2.1. There exists exactly one line passing through two distinct points on the
plane. Find the linear function whose graph passes through two points (—1,3) and (2, —1).

The linear function y = ma + b has constant rate of change: for any two x1 and 9
with z1 < xo,
Y2 —y1  (mxa+b) — (mxy +b)

T2 —T1 T2 — T
It is equal to the coefficient m and measures the steepness and direction of the line (Figure
2.1). We call m the slope of the linear function. Note that the average rate of change of
a function defined in (1.4) represents the slope of the secant line connecting two points
on the graph of y = f(z) (Figure 2.2).

The line passing through a point (xg,yo) with slope m is the graph of
y =m(z — o) + Yo
Think of it as a consequence of geometric transformations: starting from y = max,

y=f(z)=>y=flz—=z0) =y=flz—1x0)+ 0.

19
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Figure 2.1: The graphs of linear functions with various slopes.

12
—y=-—2?+22+8
— y=x+6

10 {

—4

Figure 2.2: The average rate of change of f over an interval [a, b] is equal to the slope of
the secant line passing through (a, f(a)) and (b, f(b)).
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Figure 2.3: Two perpendicular lines.

In a plane, two lines can have three possible relationships:
1. they can be the same line,
2. they can be parallel, or
3. they can intersect at exactly one point.
Two lines represented by
y=miz+b and y=mox + bs.

are coincident if mq = msg and by = be; they are parallel if mq = mso and by # bo.

Theorem 2.2. Two lines represented by y = mix + by and y = mex + by are
perpendicular to each other, i.e. intersecting at a Tight angle, if and only if the
product of their slopes is —1.

mime = —1

Proof. After translations, it is enough to consider y = mjz and y = moz (why?). Apply
the Pythagorean rule to the right-angle triangle formed by (1,m;), (1, m2), and (0,0) to
derive the relation between my and ms. O

Not all lines on the coordinate plane are the graphs of linear functions. To include
missing ones like vertical lines, we have to use an equation like

axr +by+c=0.
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(0,0)|  +3 right

Figure 2.4: The graph of y = (z — 3)2 + 4 is obtained by shifting y = 22 to the right by
3 and upward by 4.

Vertical lines can be represented by z = d (thus a # 0 and b = 0) and horizontal lines
can be represented by y = d (thus a = 0 and b # 0). If b # 0 then this equation defines
a linear function

a c
=——x— .
YZT0

Note that y = d is a constant function, that is a function with the same output d for all

all inputs z € R.

2.2 Quadratic functions

Polynomial functions of degree 2 from R to R
y=asz® + a1z +ay (ag #0)

are often called quadratic functions, and its graph is a parabola.

2.2.1 Vertex form

Any quadratic function can be expressed in vertex form
_ 2
y=a(r—p) +q

Its graph can be obtained from the graph of y = az? by applying geometric transfor-
mations

y=fx)=y=flx—p) =y=flx—p) +q

See Figure 2.4.
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Example 2.3. To draw the graph of y = x> — 3x + 3, using the equality

2

(z —p)? = 2° — 2pz + p°

we have

Thus, we can obtain the graph of y = x? — 3x + 3 by shifting that of y = x? to the right
3/2 and upward 3/4.

When a quadratic function is given as y = az? + bz + ¢, using the equality
(z + d)* = 2% + 2dz + d?

we can rewrite )
y=az"+bxr+c

=a |z + x| +c
| a
b

=a x—i—} -——+tc

The vertex form of a quadratic function shows that the graph of y = az? + bx + ¢ can
2
be obtained by shifting that of y = az? to the right p = —% and upward ¢ = —Z—a +c.

y=ar® = y=a(x—p)?
— y=alz—p)’+q

Therefore, the coefficient a determines the width and direction of the parabola, making
its shape identical to that of y = az?, but shifted to the vertex

(9. 9) b b n
=l-——,—+¢].
p,q 2%’ 4a
From the vertex form of a quadratic function, we can also tell the range of the function.

1. If a quadratic function from R to R is given as

fl@)=alz —p)*+q
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with a > 0 then since m(z — p)? > 0 for all x € R, we have

f@)=alz—p)’+q>q

for all z € R and we obtain y = ¢ when & = p. Therefore, the minimum value of
the function f is ¢ = f(p).

2. If a < 0 then m(x — p)? < 0 for all # € R and thus we have
fl@)=alz—p)*+q<q
for all x € R and we obtain y = ¢ when x = p. Therefore, the maximum value of
the function f is ¢ = f(p).
2.2.2 Factored form
Suppose that a quadratic function is in the form
y=alr—a)(z—pF) witha<p

It is easy to see that y = 0 when z = « or 3, and thus the z-intercepts are a and f.
Using this observation, you can sketch its graph (Figure 2.5).
In order to rewrite a quadratic function in a factored form, you may want to recall
the identity
(x—a)(z—B)=2°— (a+B)z+af (2.1)

or the quadratic formula: the solution to az? + bz + ¢ =0 is

. —b++b? —4ac
N 2a '

Thus,

2
b g —
axr” +0x + ¢ a(x 5a %4

—b—Vb?% — 4ac> <x s Vb2 — 4ac>

Example 2.4. Using the identity (2.1)

y=2a?—3z+2
=22 —(142)z+1-2
=(z—-1)(x—2)

or, by applying the quadratic formula

P CE:

—3)2-4-1-2 3+1
) = =1,2.

(
2-1 2
Now we can sketch the graph of y = x> — 3z + 2 using its x-intercepts. From its graph, it
is easy to see that

22 —324+2>0

forx <1 orax>2.
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40

T T T T T A
—4/ -2 2 4 \6
_10 is

Figure 2.5: The graph of y = —2(z + 3)(z — 5).

Example 2.5. Consider y = 22% + 3z + 1. Then, the quadratic equation
202 + 3z +1=0

has the solutions

—3+v32-4.2-1 1
= S———
a?/B 2'2 27

Thus, using
222 + 3z +1=2(x —a)(z — f)

we have
y =22 +3r+1=2z—(-1)] [a:— (—i)] =2(z+1) <x+;>

Now we can sketch the graph of y = 222 + 3z + 1 using its x-intercepts. From its graph
we see that
20 +32+1<0

for =1 <x < —1/2.

2.2.3 Curve sketching

In fact the above method can be generalized: to sketch the graph of a polynomial function
in factored form

flz) =alx —r)™ (x —re)™ - (x — 1),

1. first, note that the xz-intercepts are rq, ro, ..., and 7.
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y
20 5
10 |

4 x

—4 -2 2 4

—10 +
_20 4
_30 4

Figure 2.6: The graph of y = z(z — 3)(x + 2)%.

2. if the multiplicity m; of r; is even then the graph bounces off the z-axis at © = r;;
if m; is odd then the graph crosses the z-axis at = r;.

3. if the degree (mj1 + --- + my) of f is odd then the ends of the graph go opposite
directions (up-right, down-left or vice-versa); if the degree of f is even then the
ends of the graph go same direction (both up or both down).

4. if the leading coefficient a is positive then the graph rises to the right (for odd
degree) or both up (for even degree); if a is negative then the graph falls to the
right (for odd degree) or both down (for even degree).

5. finally, start with the end behavior, move to the first z-intercept (crossing or bounc-
ing), continue to the next, and so on, until the graph reaches the other end behavior.

Example 2.6. Sketch the graphs of the following functions.
1. f(z) = (z+1)(z - 2)(z — 4)
2. f(z) = (z+3)(x+1)(z — 2)(z — 5)
3. f(x) = =3(x — 2)%(2x + 3)
4o f(@) = (z+3)(x = 2)*(x +1)°
5. f(z) = 2% — 321 + 222

6. flx)=2® 52> —2+5
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2.3 Lines and parabolas

We have been studying the graphs of linear and quadratic functions. Let us draw any of
these two

y=[f(x) and y=g(z)
on the same coordinate plane:

1. two lines given by
y=miz+b and y=mox + by,

2. a line and a parabola given by

y=mz+n and y=ax®+bx+ec,

3. two parabolas given by

y=ax’+br+c and y=dz®+Vz+¢.

Their intersection is a common point (a, b) on the graph of y = f(x) and the graph of
y = g(x). Therefore, finding their intersections is equivalent to finding x = a and y = b
such that both equalities f(a) = b and g(a) = b hold. In order to find them, we can begin
by solving the equation

f(@) = g(x)

to obtain = a and then compute f(a), or g(a), to obtain b.
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Exercises
1. Find the intersection(s) of two lines given by

(a) y=2x+3and y = —x + 5.
(b) y=—2x+5and y = —2z — 3.
(c) y=3and y = —4x + 6.

2. Find the intersection(s) of a line and a parabola given by

(a) y=—2—1and y = —22% + 2.
(b) y =2z +3 and y = —22 + 2.
(c) y=—4x —3 and y = 222 + 1.
(d) y=1and y = —42% +2

(e) y=2and y = —42% + 2.
(f) y =3 and y = —4a? + 2.

3. Find the intersection(s) of a line and a parabola given by

=22+ 3and y = —2% — 5z.

(a) y

(b) y=—2?+4r — 1 and y = —22% + 4z + 3.
(c) y=—a2?+4r —1and y = —22% + 2z — 2.
(d) y=a2?+zand y = —2® + 3z — 1.

4. On what intervals is the inequality satisfied? See Figure 2.7.
(a) 22>z +2
(b) 22 <2 +2

5. On what intervals is the inequality satisfied? See Figure 2.8.

(a) —(z+1)2+4>2?
(b) —(z+1)%2+4 < 22



2.3. LINES AND PARABOLAS

a x

Figure 2.7: y =z + 2 and y = 2°.

[Ty

Figure 2.8: y = —(z + 1)2 + 4 and y = 2.
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Chapter 3

Rational functions and limits

We introduce rational functions and then study the limit behavior and continuity of a
function.

3.1 Polynomial long division

A function is called a rational function if it can be written in the form

~

(x

x)

)
—~

where f and ¢ are polynomial functions of x. Its domain is the set of all values of x
for which the denominator g(z) is not zero. When the degree of the numerator f(x) is
greater than or equal to the degree of the denominator g(x), we can perform polynomial
long division.

Theorem 3.1. For two polynomials f(x) and g(x), there exist q(x) and r(z) such
that
f(z) = g(x)q(z) + r(z),

where r(z) = 0 or the degree of r(x) is strictly less than n.

See Wikipedia: Polynomial long division.
Example 3.2. Verify the following identities.
1. 622 — 26z + 12 = (z — 4)(6z — 2) + 4.
2. 8z + 622 —3x + 1= (222 — 2+ 2)(42? +22) — Tz + 1.
8. 223 — 722 +5=(x—3)(22° —2 — 3) — 4.

31
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Corollary 3.3. Every rational function f(x)/g(x) can be rewritten as

@ _ )
o) 1Ot oy

where r(xz) =0 or degr(x) < deg g(x).

We say z = xq is a zero of a polynomial f(z) if f(xzg) = 0.

Corollary 3.4. If xg is a zero of f(x) then

f(x) = (z = z0)q(x)

for some polynomial q(x).

. 7

The above fact can be used to factorize a polynomial function. Once a polynomial
function y = f(z) is given in a factored form, we can use its z-intercepts and signs on
intervals divided by them to sketch the graph.

Example 3.5. Rewrite each of the following polynomials in a factored form using a given
zero and then sketch its graph.

1. y=a%+222 — 2 — 2 withx = —1.
2. y=2%-3x+2 withx = 1.

3. y=a®+ 622+ 122 + 8 with x = —2.

3.2 Limits

One of the most distinct characteristics of rational functions compared to polynomial
functions is their behavior concerning limits.

Definition 3.6. Let f(x) be a function from a subset X of R to R. We say that
L is the limit of f(x) as x approaches a if, as the input values of x approach a but
do not equal a, the corresponding output values f(x) get closer to L, and then we
write

lim f(z) = L.

Tr—a

Note that
lim (apz™ + -+ + ap) = lim apz"
T—00 T—r00

and it is oo if a,, > 0 and —oo if a, < 0. What if x — —o0?

Example 3.7. Let us sketch the graphs of

@ +c and —L—I-c
x—b y_(sc—b)2

y:
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-2 1

Figure 3.1: The graph of y = ﬁ + 3.

Example 3.8. Let g(x) = ;% + c. Using its graph, compute

lim g(z), lim g¢(z), lim g(x), lim g(z).

r—bt r—b— r——+00 T——00

Example 3.9. Fvaluate the limits.

1.
. 4dr + 11
lim ———MMMM—
z—o0 5rd — 2 + 1
2.
2x3 — 22
ro00 322 + 4
3.

5— 4z 4+ 2z

Example 3.10. Evaluate the limits.

1.
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3.
_ )2 _
lim 3—x)*—9
x—0 X
4.
VA e A NG
lim
x—0 i
5.
. xr—3
lim

3.3 Continuity

Note that the graph of y = 1/x consists of two curves, one for x < 0 and the other for
x > 0. We can define a single function by applying different rules to different intervals of

the domain. These are known as piecewise-defined functions.

Probably the most famous piecewise defined function is the absolute value function
y = |x| defined in (1.5). Piecewise-defined functions are useful in studying the continuity

property of a function.

Example 3.11. Evaluate the limits.

—4 —4
lim | | and lim = | .
z—d4+ 4 —x z—d4— 4 —x

Example 3.12. Let us consider

w2 +1 ife <1
flz)y=+<1 ife=1
—%{L‘-i-l ifx > 1.

Evaluate its limits
lim f(x) and lim f(x).

z—1+ z—1—

Example 3.13. Let us consider

22 ifr<l1
fl@)=43 ifl<a<?2
x ifx > 2.

Evaluate its limits

lim f(x) and lim f(x).

T2~ z—21
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CONTINUITY

Figure 3.2: The graph of a piecewise function in Example 3.12.

2 -1 | 1 2 3 4 5

Figure 3.3: The graph of the function in Example 3.13.
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Definition 3.14. A function y = f(z) from R to R is continuous at x = a, if
1. the function value f(a) at © = a is well defined,

2. the left and right limits of y = f(x) as x — 1 exist and

lim f(z) = lim f(z)= f(a).

z—1— z—14+

On an interval I, y = f(x) is continuous if it is continuous at every a € I.

\

Example 3.15. Let us consider

_a? ife <1
J@) = {Zx—i—kr if x> 1.

Compute
lim f(x) lim f(z) and f(1).

T—1— r—14

Find k such that y = f(x) is continuous on R.
Example 3.16. Find ¢ and k such that the following function is continuous on R.
z? ifx>1

flx)y=<e ife=1
2c+k ifx > 1.



Chapter 4

Exponential and logarithmic
functions

We introduce exponential functions and their inverses.

4.1 Exponential functions
Let a be a positive real number. We define a® = 1. For a positive integers m, define

a"=a-a-----a and a "= —.

For a positive integer n, we write a'/™ (or {/a) for a positive real number b such that
b" = a. Then, for any positive integer m, define

1

am/n’

™ = (al/")m and o ™" =

These definitions show that a® is well defined for all rational numbers x, and then we can
extend its domain to all real numbers to obtain a function y = a” from R to R.

Note that for positive real numbers a and b, and non-negative integers m and n,

1.ama"=(a---a)-(a---a)=a---a=amt"
m .
2. ow =a™", since
a™ "/l =am" if m >n,
a""=——=(1=a"=am" it m=n,
a-.oa

1/a"™ = a7 = g™~ if m < n.
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3 2 1 9 3

Figure 4.1: The graphs of y = 2%, y = €”, and y = 5.

6 (5)7" = /()" =1/ ) = b = (2)"

a

These identities can be extended to real numbers: for all real numbers s and ¢,

1. asat — as—i—t

2. a: =qa°t
as)t — ast

4. (ab)’® = a®b*

(@)
—_~~ o~ I~

Assume a > 1 and then sketch the graph y = a®. This graph passes through (0, 1)
and (1,a). The function y = a” is increasing with

lim a* =00 and lim a® =0.
Tr—r00 r—r—00

If the base b is between 0 and 1 (0 < b < 1), the function y = b” is decreasing. Using
a=1/b> 1, realize it as

y=b"= (") =a"",
then we can draw its graph by flipping the graph of y = a” over the y-axis. We have

lim ¥* =0 and lim b = oo.
T—00 T——00



4.1. EXPONENTIAL FUNCTIONS

— y=2r
— y=(1/2)*
— y=logyx
—y=logpx

Figure 4.2:

The graphs of y = 2%, y = (1/2)*, y = logy x, and y = logy o 2.
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4.2 Inverse of a function

A function f: X — Y is one-to-one if whenever x; # x9 in X, we have f(x1) # f(x2), or
equivalently, whenever f(z1) = f(x2), we have 1 = x5. A function f: X — Y is onto if
for every y € Y, there is € X such that y = f(x).

Note that every exponential function from R to Rq is one-to-one and onto. When
f: X — Y is one-to-one and onto, we can obtain a new function g : Y — X by reversing
the correspondence arrows. Then they satisfy the following identities.

g(f(z)) ==z forall z€ X and f(g(z)) =2 forallzeY.

Thus g o f is the identity function on X and f o g is the identity function on Y. In this
setting, we say f is invertible and g is the inverse of f, and then write £~ for g.

Example 4.1. The following functions are invertible, i.e., one-to-one and onto.
1. The linear function y = 3z — 2 from R to R.

2. The quadratic function y = 2% from the set of all non-negative real numbers to the
set of all non-negative real numbers.

3. The rational function

from R\ {1} to R\ {3}.

When f : X — Y is invertible, to obtain an algebraic expression of its inverse, first
you can swap x and y in y = f(z) and then solve for y. The graph of f~! is

G(f™1) ={(b,a) : (a,b) € G(f)}

thus on the coordinate plane it can be obtained by flipping the graph of y = f(z) over
the line y = .

Example 4.2. Compute the inverses of functions in Example 4.1, and draw their graphs.

4.3 Logarithmic functions

For a positive real number a # 1, the logarithmic function with base a is the inverse of
the exponential function y = a” from R to Rg. We will denote it by

y = log,

Note that y = log, « is a one-to-one and onto function from R+ to R.
Here are some important properties of logarithmic functions. They can be verified by
using properties of exponential functions.

1. log,1=0

2. log,a=1
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3. log, a® = x for all real numbers z
4. a'°8.® = g for all positive real numbers =

5. log, AB = log, A + log, B

Let o = log, A and 3 = log, B. Then A = a® and B = d¥, thus AB = a%d® =
a®*8 which says that log AB = a + 8 = log, A + log, B.

6. log, A/B = log, A —log, B
7. log, A° = clog, A

8. base change: log, = = (logy a) (log, z), or

Let o = log, z, 8 = log, x, and v = log; a. Then,
=z W=z b =a

and thus b® = a® = (b7)® = 7. Therefore, § = Yo

Euler’s number e is an irrational number defined by

1 n
e = lim <1 + ) = 2.718...
n

n—oo

If log, a = ¢, then a = e® and

Thus when studying properties of exponential functions y = a®, we can focus on the
natural exponential function

y=e".

Also, for any positive real number a with a # 1 we have

Thus when studying properties of logarithmic functions y = log, x, we can focus on the
natural logarithm function

y=Inx.
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Exercises

1. Sketch the graph of the function.
(a) y=—2°""
(b) y=(1/2)" -
(c) y=2—1In(z+3)
2. Verify the following identities:
(a) logg81 =4, logy/31 = 0.
(b) In 2 = =2
(c) logs1/5 = logy /55 = —
(d) logg2=1/3, log0.01 = —2.
3. Find the domain of the following functions:
(a) f(z) =In(4—a?)
(b) f(z) =1In(z? — z)
(c) f(z)=+Vz—2—1logs(10 —z)

4. Expand the logarithmic expression.

() logy(ev/a? + 1)

(b) In 3=t

5. Combine into a single logarithm.

(a) log 6+ 4log2
(b) m2+1In(z +1) — $In(3z +7)

6. Solve the following equations:

(a) 8e372% =20

(b) 3ze® + 2% =0

(c) e** —e* —6 =0

(d) logy(25 —z) =3
)

1
(e) log(z+2) +log(x—1)=1



Chapter 5

Trigonometric functions

We define and study trigonometric functions.

5.1 Angle, triangle and circle

Trigonometric functions relate angles to the side lengths of a right-angled triangle or to

coordinates on a unit circle.

5.1.1 Right triangles

An angle measures the amount of rotation between two lines (or rays/segments) that
meet at a common endpoint (the vertex). The most familiar unit of angle measurement
is the degree. One degree is 1/360 of a circular rotation, so a complete circular rotation
contains 360 degrees. Then, a right angle is 1/4 turn or 90° and a straight angle is 180°.

Consider right triangles, which are triangles where two sides are perpendicular and
form a 90° angle (Figure 5.1). Since similar triangles have proportional sides, these ratios

depend solely on the angle 0, regardless of the triangle’s size.

Opposite Adjacent Opposite
Hypotenuse’ Hypotenuse’ Adjacent
B
@
Sy e
QSQ Opposite/Height
4 ]
A Adjacent/Base C

Figure 5.1: A right triangle.
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0(0,0) A(r,0)

Figure 5.2: The angle 6 is ¢/r in radians.

Degree —30° 0 30° 45° 60° 90° 180° 360° 390°
i 13
Radian ‘ cee —% 0 % % % g T o Tﬂ

Table 5.1: Degree to radian conversion.

Thus we can define the sine, cosine, and tangent values for their corresponding angles 6:

Opposite Adjacent
0sf =

Hypotenuse’ ~ Hypotenuse’

_ Opposite

0= —-—.
a Adjacent

sinf =

5.1.2 Radians

In order to extend the previous definitions of sine, cosine and tangent to functions defined
over real numbers, we need a different, more natural unit of angle measurement, called
radian. The angle at the center of a circle in a plane that is subtended by an arc is, when
measured in radians, equal to the ratio of the arc length ¢ to the radius of the circle r
(Figure 5.2).

L

0=-

r
By convention, counterclockwise rotations are positive, while clockwise rotations are
negative. Since a point can travel infinitely along the circle’s circumference in either

direction, the arc length s (and thus #) can span the entire set of real numbers, R. See
Table 5.1.



5.1. ANGLE, TRIANGLE AND CIRCLE 45

0/(0,0) A(1,0)

Figure 5.3: Point P rotating around the circumference of a unit circle.

5.1.3 Unit circle

Now to define sine and cosine as functions with domain R, we let P(«, 3) be a point on
the unit circle
242 =1

on the coordinate plane moving counterclockwise starting from A(1,0), and 6 be the
angle between OA and OP (Figure 5.3). Then we define cos 6 and sin 6 using the = and
y coordinates of P:

cos =a and sinf=p

This gives us the cosine function
cos:R— R, x+coszx

and the sine function
sin:R— R, z~sinz.

Remark 5.1. By convention, we write sinx and cos x in place of sin(x) and cos(x). Also

sin® & and cos® x are used to denote (sinx)* and (cosz)*.

Then, since P is on the unit circle, their coordinates are between —1 and 1,
—1<sin#,cos6 <1

and
cos® 6 +sin?6 =1 (5.1)
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for all # € R. Thus
cosf =+V1—sin?f, sinf ==++/1— cos26.

We further define the tangent function

Cos T
and then the secant, cosecant and cotangent functions

1 1 1
secx = , Cscx=-——, cotx= .
COS T sinx tan

By dividing both sides of (5.1) by cos?# and sin? f respectively, we obtain
1+tan?0 =sec?d and cot?f+ 1 = csc?f.
Example 5.2. 1. Compute the following values
(a) sinz and cosx for x =0,7/2,m,37/2 and 2w
(b) sin(77/6), cos(7m/6)
(c) sin(bm/4), cos(bm/4)
(d) sin(—m/3), cos(—m/3)
(e) sin(—57/6), cos(—5m/6)
2. Solve the following equations:
(a) 2sinx —1 =0
(b) tan’x —3 =0
(c) 2cos?x —Tcosz +3 =0
(d) V2sinxzcosx + cosz = 0
3. Verify the following identities:

(a) sinxz/cosx + cosz/(1+sinz) = secx
(b) cosz(secx — cosx) = sin? x
(¢) 2tanzsecx =1/(1 —sinz) —1/(1 + sinz)

(d) cosz/(1 —sinz) =secx + tanx

5.1.4 Graphs of trigonometric functions

We can draw the graphs of y = cosx and y = sin x by recording the x and y coordinates
of P turning around the unit circle. See the animation in Wikipedia: Sine and Cosine.
From the graphs (Figure 5.4), we see that

cos(—x) = cosz, sin(—x)= —sinz, tan(—z)= —tanz.
Because we can obtain each graph by shifting itself horizontally,
cos(x — 2m) = cosx, sin(x —27) =sinz, tan(z—7)=tanz

and similarly
cos(z — m/2) =sinz, sin(xz+ 7/2) = cosz.
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) —y =sinz

--- Yy =cosx

Yy =tanxz

e
\\ ,, \\ ,,/
\ ,' / \\ v’ i
N 7’ N ’
—27 N P N ™ e 2T
N .

N
S~l-7 _1 1 ~S--7

Figure 5.4: The graphs of y = sinx, y = cosx, and y = tanz.

5.1.5 Inverse trigonometric functions

As a function from [0, 7] to [—1, 1], y = cosz is invertible; as a function from [—m/2, 7 /2]
to [-1,1], y = sinz is invertible; as a function from (—7/2,7/2) to R, y = tanz is
invertible. We define their inverse functions

y = arccosx, Yy = arcsinx, y = arctanz
We also denote them by

Y= cos lux, Y = sin~!z, Y= tan~! .

Example 5.3. Compute the following values.
1. sin~1(v/2/2)
cos~1(1/2)
tan~1(—/3)
cos ! (sin(7/3))
sin~!(cos(—7/2))
cos(sin~1(3/5))
cos(tan—1(4/3))
sin(cos~1(3/5))

© % RS & e

tan(sin~!(z — 1))

~
S

cos(tan™!(3x — 1))
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Y
— y=sinz | 2]
—y=sin"lz (1, 7/2)
1 (m/2,1)
e x
-2 -1 1 2

—9L

Figure 5.5: The graphs of y = sinz and y = sin~! .

— y=coszx

—y=cos 'z

(m, —1)

Figure 5.6: The graphs of y = cosz and y = cos ™! z.
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— y =tanx

—y = tan~!x

Figure 5.7: The graphs of y = tanz and y = tan~! z.

5.2 Trigonometric identities
Here is a list of useful identities.
1. Angle sum and difference formulas

sin(a + ) = sinacos 8 + cos asin 3
cos(a + ) = cos acos B F sin asin 8

tan 6 + tan ¢
tan(0 % ¢) = T g

2. Double angle formulas

c0s 20 = cos® f — sin? 0
sin 20 = 2sin 8 cos 0
2tan 6

tan20 = ———
an 1 — tan26

3. Triple angle formulas

cos 30 = cos(20 + 0) = 4cos® ) — 3cos
sin 30 = sin(260 + 0) = 3sinf — 4sin® 9
3tanf — tan3 0

tan 30 =
an 1—3tanZ4

49
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4. Half angle formulas

sin? % = (1—cosyp)/2
cos? % = (1+cosyp)/2
g2 @ _ Lo cose
2 1+4cosp
5. Product-to-sum formulas
cosf cos = 3 (cos(d — @) + cos(6 + ¢))
sinf sin p = %(COS(Q — ) —cos(0 + )
sin @ cos = % (sin(0 + ¢) +sin(0 — ¢))
cosf sing = £ (sin(f + o) — sin(6 — ¢))

6. Sum-to-product formulas

sinf + sinp = 2sin (6 + ¢) cos 1 (6 — o)
sinf —sinp = 2cos (0 + ) sin 2 (6 — o)
cos@—l—cos<,0—20081(9+g0) COS%(Q ®)
cosf —cosp = —28in 5 ( + ) Sln%(e ©)

Example 5.4. Verify the following identities using suggested formulas.
1. cos(m/2 — ) = sinz, using an angle different formula.
2. (1+tanz)/(1 —tanz) = tan(w/4 + x), using an angle sum formula.
3. cos3x = 4cos®x — 3cosx, using addition and double angle formulas.

4. (sin3x — sinz)/(cos 3z + cos x) = tanz, using a sum-to-product formula.

5.3 Matrix function and rotation'

So far we studied functions from R (or its subset) to R. We can also consider functions
from R? to R?, sending a point (z,y) to a point (2/,3) on the coordinate plane.

5.3.1 Matrix functions

We write

A=
c d

for the function sending a point (z,y) to (ax+ by, cx+dy). For example, when a = 0,b =
1,¢=1,d = 0, this function sends (z,y) to (y,z).
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It is often clearer to use vector notation.

) ) x x
A:R* = R, — A
y Y
Then, i
x x a bl |z ar +b
y Y c d| |y cr +dy

When det(A) = ad — be # 0, such a function is one-to-one and onto, and its inverse

function is

_d_ __b
Afl — ad—bc ad—bc

C a
" ad—bc ad—bc
5.3.2 Rotation matrix and angle sum formulas
In particular, the following function

cosf@ —sinf

9 =
sind cosf
sends a point (z,y) to
' (cosf)x — (sinf)y
Yy’ (sin@)x + (cos @)y

Its geometric meaning is the rotation of points on the coordinate plane counterclock-
wise through an angle 6 about the origin. Note that

det(Ay) = cos® O +sin0 =1

for all 8, and the inverse function is given by

1 cos(—0) —sin(—0) cosf  sinf
_p = =
sin(—6)  cos(—0) —sin€ cosé
We have
x cos ¢ x — sin
4 | 4, 4, ¢ by
Y singx + cospy

cosf(cospx —sinpy) — sinf(sinpx + cos p y)
sinf(cos px — sin @ y) + cos O(sin ¢ x + cos py)

[ (cos @ cos ¢ —sinfsing) x — (cos @ sin g + sinf cos @) y

I

(sin cos ¢ + cosfsin ¢) x + (— sin @ sin ¢ + cos O cos P) y
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Yy
P P
Ki/ \\
» Po(20, o)
\
\
/ \\
9+
“\
L T
0

Figure 5.8: A two-step transformation: a first rotation of ¢ reaching Pj, followed by a
second rotation of 6 reaching P». The cumulative arc demonstrates that the composition
of these two rotations is equivalent to a single rotation through an angle of ¢ + 6.

which should be equal to

A x|  fcos(@+¢) —sin(@+¢)| |z| |cos(f+¢)x—sin(0+ )y
e y sin(@0 +¢) cos(@+¢) | |y sin(f + @) x + cos(0 + ¢) y

for all (x,y) on the coordinate plane (see Figure 5.8).
Therefore, we have the angle sum formulas:
1. cos(0 + ¢) = cos B cos ¢ — sinfsin ¢
2. sin(0 + ¢) = cosfsin ¢ + sin O cos ¢
For the tangent function,

sin(f + ¢)  cos@sin¢ + sinf cos ¢
cos(f + ¢)  cosfcosd — sinfsin ¢

tan(0 + ¢) =

and then by dividing the numerator and denominator by cos f cos ¢, we obtain

_ tanf +tan¢
tan(0 + ¢) = 1 —tanftan¢’

The angle difference formulas can be derived from the angle sum identities by
applying

cos(—¢) = cos ¢, sin(—¢) = —sin ¢, tan(—¢) = — tan ¢.
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5.3.3 Double, half and triple angle formulas

By setting ¢ = 6 in the angle sum identities, we obtain the double angle formulas:
1. cos 26 = cos® @ — sin? 6.

2. sin260 = 2sin @ cos 6.

For the tangent function,

tan 20 sin 26 2sin 6 cos 6
an =
cos20  cos26 — sin? @

sin @
256 _ 2tand
_sin?0 1 —tan?@’
cos2 6

Rewriting the cosine double angle formula using cos? 6 + sin® 6 = 1

c0s 20 = cos® § — sin? 0
=1—2sin%0
=2cos?0 — 1,
we have

1 — cos20
_— cos
2 b

1 20
sin? ) = 29 LT CoS20

2
and then, by setting ¢ = 260, we obtain the half angle formula:

a2 @ sin? £ 1 —cosg
an” = = :
2 cos?Z  l+cosy

Using the angle sum identities and double angle formulas, we obtain the triple angle
formulas:

1. cos30 = cos(20 + 6) = 4cos® § — 3cos .
2. sin 36 = sin(20 + 0) = 3sinf — 4sin> 6.

For the tangent function,

~ tan260 + tan6
1 —tan26 tané
2tan 6

T tanzg T ta00  3tanf — tan®0
2 tan 6 - _ 2
1 — =20, tan 0 1—3tan= 0

tan 30 = tan(260 + 6)
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Chapter 6

Differentiation

We study differentiation of functions and their applications.

6.1 Derivative and tangent line

The average rate of change of y = f(z) on interval [a, b] given in (1.4) can be rewritten

as
Ay fla+h)— f(a)
Ax h

using h = b — a. The “instantaneous rate of change” of y = f(x) at x = a is measured by
its limit as A — 0.

The derivative of a function f(z) at x = a is

fla+h) = fa)
- :

f'(a) = lim

Example 6.1. Compute the derivative of the following function at a given point.
I.y=mz+0batz=a.
2. y=22>—-3zx+5atx=-1,0,1,2.
3. y=0B8+z)/(2—x) at x = a.

4. y=9yx atx =9.

The tangent line to y = f(x) at # = a is the line passing through (a, f(a)) on the
graph of y = f(x) with the same rate of change at x = a. Thus its equation is

y = f'(a)(x - a) + f(a).

Example 6.2. Find the equation of a line tangent to the graph of the following function
at a given point.

95
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Figure 6.1: The graph of y = ;’f—ﬁ and its tangent line at x = 3.

1.y=5x> -z +4atx=2.
2. y = —162> + 36z 4 200 at = = 2.
3. y=0B8+z)/(2—x) at x =3.

4. y=9yx atx =9.

6.2 Derivative rules

The derivative as a function, denoted f’(z) or % or %, is a new function that gives

the instantaneous rate of change (or slope of the tangent line) of the original function
y = f(x) at any point x. It can be obtained by combining the following rules:

L. (cg)(z) = cg'(x)
2. (g£h)(x)=g'(x) £ (x)
(gh) () = ¢'(x)h(x) + g(x)R' (x)

1 (§)(x) = LEA g @)

5. (goh)(z) = ¢ (h(z))h'(x) (the chain rule)

3.

and formulas:
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de __
1. =0
2. df; e
da® _ de* _ x
3. 4~ =a"lna, thus - =e”.
dlog,x _ 1 dlnzx _ 1
4. —p= = 55, thus “% = = for . > 0.
5. dj% = Ccos .
6. d‘;l% = —sinzx.
7. dtanz s — sec? x.
Examples

1. Find an equation of the tangent line to the curve y = iij& at the point (1,0).

Answer: First, let us compute the derivative: using the quotient rule,

, 2z(z? 4 1) — (2? — 1)(22) 4

(xQ + 1)2 (I’Q + 1)2

4

Therefore, at © =1, m = /(1) = 7 = 1, and the tangent line is y = 1(x — 1) + 0,

ory=x—1.
2. Find the z-coordinate(s) of all points on the graph of f(z) = v/2x + 1 where the
tangent line is parallel to the line x — 3y = 6.

Answer: By rewriting  — 3y = 6, we have y = %m + g and thus the line has slope
m = % The derivative of f is, by the chain rule,

1
d(2x+1)2 1 1_ 1 1
"(z) = -2 = (2 DH212=(2 1 = —.
fi(x) I 5(20+1)2 Qz+1)72 = s
Now, setting
1 1
flla)=——=

V2r+1 3
we have v/2x + 1 = 3. Therefore, 22 +1 =9, or x = 4.
3. Consider the function f(x) = x?e~®. Find the coordinates of all points on the
graph of f where the tangent line is horizontal.

Answer: First, we compute the derivative: using the product rule and the chain
rule,

fl(z) = 2ze™ — 2% = ze (2 — ).

Then, setting f’(z) = 0 we obtain z = 0 or z = 2. Since f(0) = 0 and f(2) = 4e~2,
we have (0,0) and (2,4e~2).
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. Find an equation of the tangent line to the curve f(z) = tan(2z) at z = %

. Find the equation of the line tangent to y =

CHAPTER 6. DIFFERENTIATION

. Find an equation of the line tangent to the curve y = In(z? — 3) at the point where

x =2
Answer: Let us compute the derivative: using the chain rule,

J - din(z® —3) 2z

dz x2 -3

Therefore, m = y/(2) = § = 4. At z =2, y = In(4 — 3) = 0. The tangent line is
y=4(xr—2)+0,ory=4r —8.

g
Answer: Let us compute the derivative: using the chain rule

f'(z) = 2sec?(2z).

Therefore, m = f'(%) = 2sec®(Z) = 2(v2)? = 4. At = %, y = tan(Z) = 1. The
tangent line is y =4(z — §) +1,ory =4z +1 - 3.

. Determine the values of  for which the rate of change of g(x) = xlnxz — z is equal

to 2.
Answer: Let us compute the derivative: using the product rule,
1
d(x) = <1‘lnx+a:'> —1=Inz.
x

Setting ¢/(z) = 2, we have Inz = 2, and thus x = €2.

. Find an equation of the tangent line to the curve y = e” cosx at the y-intercept

(0,1).
Answer: Let us compute the derivative. By the product rule,
Yy =e"cosx — e’ sinz = e (cosz — sinx).
At x =0, m =14'(0) = 1(1 — 0) = 1. Thus the tangent line is y = 1(z — 0) + 1, or
y=a+ 1.

e _
matw—(]

Answer: The derivative is, by the quotient rule,
;e 2x 4 1) —e"(2)  e"(2rx—1)
B (224 1)? (2 +1)2

Atz =0, m = 60(;1) = —1 and y = % = 1. Therefore, the tangent line is

y=—1(z—-0)+1,ory=—x+1.

. Find all points on the interval [0, 27] where the tangent line to f(x) = 2sin z+cos? z

is horizontal.
Answer: The derivative is, by the chain rule,
f'(z) =2cosz —2coszsinw = 2cosx (1 —sinz).

From f’(x) = 0, we have cosx = 0 or sinxz = 1. Therefore, 2 = 5 37
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10. Find the point on the curve y = \/x where the tangent line passes through the
point (—1,0).

Answer: Let the unknown point on the curve be (a, v/a). Then, the slope of tangent

line at a is
1

~ 5

The slope of the line connecting (—1,0) and (a, /a) is

Vi-0 _ a

a—(-1) a+1

y'(a)

Then, from
1 a
2va a+1

we obtain a + 1 = 2a, or a = 1. Therefore, the point we are looking for is (1,1).

6.3 Maximum and minimum values

By the Extreme Value Theorem, a continuous function f on a closed interval [a,b] is
guaranteed to attain both an absolute maximum and an absolute minimum. Furthermore,
by Fermat’s Theorem, if f has a local extremum (maximum or minimum) at ¢ and f’(c)
exists, then f’(c) = 0.

Intuitively, a local maximum occurs where a function stops increasing and begins
decreasing—that is, where its derivative f’(x) changes sign from positive to negative (+
to —). Conversely, a local minimum occurs where f’(z) changes sign from negative to
positive (— to +). See Figure 6.2. For a function to change direction in this way, its
slope must either momentarily hit zero or fail to exist entirely. This simple observation
reveals exactly where to look: points where f’(x) = 0 or where f/(z) is undefined are our
primary candidates for local extrema. This insight leads directly to Fermat’s Theorem
and sets up our general strategy for finding maximum and minimum values.

A number ¢ in the open interval (a,b) is called a critical number of f if either
f'(¢) =0 or f'(c) does not exist.

Consequently, the local extrema—and by extension, the absolute extrema—can only
occur at critical numbers or at the boundary endpoints. The values of f at these critical
numbers serve as our prime candidates for the absolute maximum and minimum. To find
the absolute maximum and minimum values of a continuous function f on [a, b]:

1. Find the critical numbers: Find all critical numbers of f in the open interval

(a,b).

2. Evaluate f at the critical numbers: Calculate the function value f(c) for each
critical number ¢ found in Step 1.
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Local Maximum

Local Minimum

(Incfeasing) (DecreNing)

(Decrdgsing) (Incrgfising)

Figure 6.2: Sign change of f’(x) at critical points: A local maximum occurs when f’
changes from + to —, and a local minimum occurs when f’ changes from — to +.

3. Evaluate f at the endpoints: Calculate the function values at the boundary
endpoints: f(a) and f(b).
4. Compare the values: Compare all the function values collected in Steps 2 and 3:

e The largest value is the absolute maximum value of f on [a,b].

e The smallest value is the absolute minimum value of f on [a, b].

Examples
1. Find the absolute maximum and minimum values of f(z) = #3 — 322 + 1 on the
interval [—1, 3].

Answer: To find its critical numbers,
f'(z) = 32% — 62 = 3x(x — 2) = 0.

It give us x = 0,2 € (—1,3). Then, we evaluate f(—1) = =3, f(0) =1, f(2) = =3,
and f(3) = 1. Therefore, we have Absolute Max: 1 (at z = 0,3), Absolute Min:
-3 (at x = —1,2).

z ||-1](=1,00]0](0,2)] 2 |(23) ]3
I () + 0| - 0 +
f@ [ -3] ~ 1] N\ [-3] ~ |1

Table 6.1: First derivative test and interval behavior for f(z) = 23 — 322 + 1.

2. Find the absolute maximum and minimum values of f(z) = x* — 222 + 3 on the
interval [—2, 2].

Answer: To find its critical numbers, we need to solve

f(z) = 473 — 4o = 4$($2 —-1)=0
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It gives us x = —1,0,1 € (—2,2). Next, let us evaluate f(—2) = 11, f(—1) = 2,
f(0) =3, f(1) = 2, and f(2) = 11. Therefore, we have Absolute Max: 11 (at
xr = £2), Absolute Min: 2 (at z = £1).

z |2 (=2-D|-1|(L0]o[@O1]1]@2]2
@) | - — 0 + (o] - o] + |+
fz) | 11 N 2 23T N 2] 4 1

Table 6.2: First derivative test and interval behavior for f(z) = z* — 222 + 3.

3. Find the absolute extrema of f(z) = ;"5 on the interval [0, 2].

Answer: To find its critical numbers, we need to solve

(2 +1)—2z(2z) 1—2a? 0
(932—1—1)2 - (.76'2—1-1)2 -

It gives us 2 = 1 € (0,2). Then, let us evaluate: f(0) =0, f(1) = 3, and f(2) = 2.
. Absolute Max: % (at 2 = 1), Absolute Min: 0 (at 2 = 0).

fi(a) =

4. Find the absolute maximum and minimum values of f(x) = xv4 — 22 on the in-
terval [—1,2].

Answer: To find its critical numbers, we need to solve
e 222
Vi —122 4 — 22

It gives z = v/2 € (—1,2). Next, we evaluate: f(—1) = —v/3(~ —1.732), f(v/2) =
2, and f(2) = 0. .. Absolute Max: 2 (at 2 = v/2), Absolute Min: —/3 (at z = —1).

flx)=V4—22+az- =0

5. Find the absolute maximum and minimum values of f(z) = 2%/3(5 — z) on the
interval [—1,4].

Answer: The derivative is

10 4,4 5 5(2 — )
/ _ -Y,-1/3 _2,.2/3_ 2\« %)
fla) =g 37 T 31/
Then, from f'(z) = 0, we have z = 2; f’(x) does not exist at z = 0. Both
are in (—1,4). Let us evaluate f(—1) = 6, f(0) = 0, f(2) = 3V/4(~ 4.76), and
f(4) = V16(= 2.52). .-. Absolute Max: 6 (at x = 1), Absolute Min: 0 (at z = 0).
6. Find the absolute maximum and minimum values of f(z) = 2 cosz+sin(2x) on the
interval [0, %]

Answer: Let us compute the derivative:
f'(z) = —2sinz +2cos(2x) = —2sinz +2(1 — 2sin® z) = —2(2sinz — 1)(sinz 4+ 1).

Then, on (0, g), we have f'(z) = 0 only when z = §. Next, we evaluate f(0) = 2,
F(2)=2(8) + 4L = 2B~ 2508), and £ (5) = 0. .. Absolute Max: 23 (at

x = %), Absolute Min: 0 (at = = 7).
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7. Find the absolute extrema of f(z) = ze~2* on the interval [0, 1].

10.

Answer: The derivative is
fl(z) = e — 2ze™2® = e72%(1 — 2z).

Thus, f'(z) = 0 givesz = § € (0,1). Let us evaluate f(0) =0, f (3) = o (~ 0.184),

and f(1) e%(% 0.135). .. Absolute Max: 5 (at x = %), Absolute Min: 0 (at
z =0).

. Find the absolute maximum and minimum values of f(x) = IHT”” on the interval
1, 2.

Answer: To find its critical numbers,

1
=.x—Ilnzx 1-—Inx
f/(x): Z xQ = 1.2 :07

which gives Inz =1, or # = e € (1,€?). Then, let us evaluate f(1) =0, f(e) = (=
0.368), and f(e?) = %(~ 0.271). .. Absolute Max: 1 (at 2 = ¢), Absolute Min: 0
(at x = 1).

. Find the absolute maximum and minimum values of

4—z2 if —2<zx<1
flz)= .
20 +1 if1<x<3

on the closed interval [—2, 3].

Answer: Piece 1 gives f/(z) = =20 =0 = x =0 € (—=2,1). Piece 2 gives
f'(x) =2 # 0. Let us check boundary point x = 1. Then, we evaluate candidate
values: f(—2) = 0, f(0) = 4, f(1) = 3, and f(3) = 7. ... Absolute Max: 7 (at
x = 3), Absolute Min: 0 (at z = —2).

A particle moves along a straight line with position function s(t) = 2¢3 —9t24+12t+1
for 0 <t < 3. Find the particle’s maximum and minimum distance from the origin
during this time interval.

Answer: The derivative is
s'(t) =6t — 18t +12 =6(t> — 3t +2) = 6(t — 1)(t — 2)

Thus, §'(t) = 0 gives t = 1,2 € (0, 3). Now we evaluate position: s(0) =1, s(1) = 6,
s(2) =5, and s(3) = 10. .". Maximum distance: 10 (at ¢ = 3), Minimum distance:
1 (at t =0).



Chapter 7

Integration

We study integration of functions and their applications.

7.1 Definite integrals and area

The definite integral of a function f over a closed interval [a, b]

/abf(x)dx

represents the net signed area bounded by the curve y = f(z) and the z-axis fora <z <b
(Figure 7.1), and it is defined as the limit of a Riemann sum (Figure 7.2).

b . i wb—a
| o= tim 3 ran
a i=1

In practice, however, we compute it using an antiderivative of f, that is, y = F'(z) defined
on [a, b] such that F'(x) = f(x) for all z in (a,b).

r

Theorem 7.1. Let f be a continuous function on a closed interval [a,b]. If F is
an an antiderivative of f, then

b
/ F(t)dt = F(b) — F(a).

Examples

Evaluate the following definite integrals.
1. f_ll 23 — 222 + 4w dx

Answer: We can find the antiderivative using the Power Rule:

4 3 /
2
<Z—§+2x2> = 2% — 222 + 42.

63
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Y
11
Ay
: x
™
Az
1!
Figure 7.1: f027r sinzdr = A; — As.
Yy
8 | |
e
41 |
s
: | |
1 2 3 4
Figure 7.2: A Riemann sum for 14 1:22+2 dz.
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Apply the Fundamental Theorem of Calculus:

24 28 ! 1 2 1 2 4
T2 9?2 Z42)—(=4Z42)=—2.
ER TRl (R R R CR R)

2. f14 VI +1de
Answer: We can rewrite 1/ as z'/2 and integrate:

4 9 4
/ (2?2 + 27V dx = [1‘3/2 +In ZL‘:|
1 3 1

_ (§(4)3/2 —|—ln4> - (§(1)3/2 —|—ln1>
Since 43/2 =8 and In1 = 0,

16 2 14
=5 +h4)—--=—+1n4.
<3+n> 3 3+n

4 2?3045
3. Jy i de

Answer: Use polynomial long division on the integrand:

2
T +3l‘+5:x+2+ 3
r+1 r+1

Now integrate term-by-term:

4 3 .132 4
/ r+2+ ——)de=|—+22+3n(z+1)
2 1’+1 2 2

Evaluate at the bounds £ =4 and z = 2:

16 4 )
= <2+8+3ln5> - <2—|—4+31n3> :10+31n<3>.

Examples

Compute the area of the region enclosed by the given curves.

1. y = 2% — 522 4+ 42 and the z-axis.

Answer: Find the z-intercepts:
-5 +4r =0 = z(z—1)(z-4)=0 = z=0,1, 4
Determine the sign of f(x) on each sub-interval:

e On [0,1], f(x) > 0 (above z-axis).
e On [1,4], f(z) <0 (below z-axis).

65
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Find the antiderivative: F'(z) = % - % + 222, Calculate the areas:

1
Al—/ (z° — 52?4+ 4z) do = [—+23:
0

Ay = (1) (/14(353 — 52? + 4x) da:) =—(F(4) - F(1)) = (1) (—3 — 12) =0

Therefore, the total area is

7 135 142 71
A4 Ay = — 4222 _
Lt =t =15 7%

. y=sinz, y = cosz, and the y-axis (See Figure 7.3).

Answer: Find the first positive intersection point:

. T
sinz =cosx — tanx =1 — .CC:Z

On [0, ﬂ, cosx > sinz. Set up and evaluate the integral:

w/4
(Area) = / (cosz — sinz) dx = [sinz + cos x]g/4 .
0

= (sin%—i—cos%) — (sin0 + cos0) = V2 — 1.

=2z and y = z°.
Answer: Find the intersection points by setting the equations equal:
=22 = 22 -20=0 = x(2-2)=0 = z=0,2=2.

On [0,2], 2z > 22. Set up and evaluate the integral:

(Area):/02(2x—a:2)dx: [:::2—”?;’]:: <4—§) ~0=7

T and x = In 3.

Answer: Find the intersection point of y = e* and y = e™:

x —x 2z

e’ =e — =1 — x=0.

On [0,1n3], e* > e~*. Set up and evaluate the integral:
In3 In3
(Area) = / (" —e ¥)dx = [e" + e 7] On
0

1 4
= (eln3+e_ln3) - (eo—l-eo) = (3—1— > —2=_.
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Yy =sinx

IS
S~—

(SE

Y = Ccosx

7r)4

Figure 7.3: The region enclosed by y = sinx, y = cos z, and the y-axis.

7.2 Integration rules

In all formulas below, C' represents an arbitrary constant of integration. The antideriva-
tive of a function f(z) is represented using the indefinite integral symbol:

/f(x) dx = F(x) + C.
7.2.1 Fundamental Rules

Odx =C

/k: dx = kx +C (kis a constant)

/kf(a:)dx:k/f(a:)dx

J @) £ g@)de = [ f@)do s [ gl ds
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7.2.2 Power Rules and Logarithmic Forms

/m"dx:n+1+0 (n# —1)

1
/dx:ln|x]+0
x

9@ o (s
/g(aj) dr =In|g(z)| + C

7.2.3 Exponential Functions
/ez der=e"+C

/a’”daz:a—FC (a>0,a#1)

Ina

7.2.4 Trigonometric Functions

/sinxdx:—cosm—kC'
/cosxdx:sinx—i—C
/sechdac:tanx+C

/tanxdmzln|secx|+0= —In|cosz|+C

7.2.5 Core Integration Techniques

Integration by parts is a useful technique to compute the integral of a product of func-

tions.
/m/dx = uv — /u’vdm

Theorem 7.2. For two continuously differentiable functions u and v,

Integration by substitution is a counterpart to the chain rule for differentiation.

/ F(g(a))g' () da = / f(u)du where u = g(z)
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Theorem 7.3. Let g be a differentiable function from [a,b] to an interval I with
a continuous derivative. If f: I — R is a continuous function then

/ f(g z) dxr = /g (g:j) f(u) du.

Given fab f(g(x))h(x) dz with h(z) = c¢’(x) for some constant ¢, we set u = g(x) and
then from

we obtain dz = 1/¢'(x) du. Thus, rewriting everything in terms of u, we have

/ flu e )du—/gj::)cf(u)du.

Examples

Evaluate the following definite integrals.

1. foﬂ/z cos? 6 db

Answer: Using the identity cos 26 = 2 cos?# — 1, rearrange to get cos®f = W,
/W/2 1+ cos 26 40 = 1 [9+ sinZG]ﬂ/z
0 2 2 2 |,

Evaluate at § and 0

1 T sinm sin 0 1 /m

== |(Z —(o = (5+0)=1
2[(2 2><+2)]22+ 4
2. fOﬂ/2 lii(lzlogij dx

Answer: Let u = 1 + cosz, so g—; = —ginz, or sinxdr = —du. Update the

integration interval: When x = 0, u = 1+cos0 = 2; When z = §, u = 1+cos (g) =
1. Substitute into the integral:

1 2
_ 1 2
du:/ fdu:[lnu] =In2—-—In1=1In2.
2 u 1 u 1

3. fol zel®* 3 4y
Answer: Let u = 422 4+ 3, so & = 8z, or zdx = fdu Update the integration

dx
interval: When o = 0, u = 4(0)2 + 3 = 3; Whenle,u—4() +3 ="
Substitute into the integral:
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4. fol x? cos(%ﬁg) dx

Answer: Let u = T5~, so % = 37”372, or #?dx = %du. Update the integration

interval: When x =0, u = 0; When z = 1, u = 5. Substitute into the integral:

/W/2 2 J 2 [ , r/Q 2 ( LT 0) 2
cosu | — | du= —|sinu = —(sin- —sin0) = —
0 3T 3T 0 3T 2 3T

2
) foﬂ/ z cosx dx

Answer: Use integration by parts with u = x and v = cos x:

U=z = u =1

v =cosr = wv=sing

Apply [w'dz =wv — [v'vdz

71'/2 7r/2 7T/2
/ zrcosxdx = [:U sin $:| — / sinz dx
0 0 0

w/2
—(ZsinZ —0) - |- —_—1+( Z )—_——1.
(281n2 0) [ COSIZ‘]O 2() COS2 cos 0 9

) fol xe 2 dx

Answer: Use integration by parts with u = = and v/ = e~2%:

U=z = u =1

V= = uv=-—3e

Apply [wv'dz =uv — [vvdx



