Chapter 9

Limit

Limit is the foundation of calculus that it is so useful to understand more complicating chapters of calculus.
Besides, Mathematics has “black hole” scenarios (dividing by zero, going to infinity etc.), and limits give us
an estimate when we can’t compute a result directly. Limits allow us to ask “What if?”. If we can directly
observe a function at a value, we don’t need a prediction. The limit wonders, “If you can see everything

except a single value, what do you think is there?”.*

9.1 Introduction

Sometimes we cannot work something out directly, but we can see what it should be as we get closer and

closer. To makes the concept of limit clear, an example will do.

Example 9.1. For z = 1, what is the value of the function

x? -1

r—1

For x =1,

0 0
Now, 0 is difficult for us to understand that we do not really know the value of 0 (it is “indeterminate”),

so we need another way of answering this.

So instead of trying to work it out for z = 1, try approaching it closer and closer:

*https://betterexplained.com/articles/an-intuitive-introduction-to-limits/
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x? -1

x x—1
0.5 1.5
0.9 19
0.99 1.99

0.999 1.999

0.9999 1.9999

72 —
Now we see that as = gets close to 1, then

gets close to 2. Before we proceed to the next step, we

shall try if we can still obtain the same result, starting from the larger side of z. Let us see.

x2 -1

x x—1
1.5 25
1.1 21
1.01 2.01
1.001 2.001

1.0001 2.0001

Turns out the results from the left (i.e. smaller x) and the right (i.e. larger x) yield the same outcome that

the function converges to 2 as well. We are more certain that it converges to 2 when z approaches 1.

12 -1
We want to say that y|,—2 = ((1))1 = 2 but we can’t, so instead mathematicians say exactly what is going
on by using the magic word “limit”. A

9.2 Definition

If f(x) is defined for all z near ¢, except possibly at ¢ itself, and if we can ensure that f(z) is as close as
we want to L by taking x close enough to (but different from) ¢, we say that the function f approaches the

limit L as x approaches ¢, and we write it as

lim f(z) = L.

rz—1

Therefore, for the above example, we shall express the result as

Then, we shall ask: what if the results from the left and right are not the same? What does it interpret?
Does the limit still exist?

Thttps://www.mathsisfun.com/calculus/limits.html
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A y=f[x1___________-—

y

/
>

Of-————-

From the graph above, we can see that the curve is not continuous (broken) at c¢. If we adopt the approach
used in the previous example, we will without doubt obtain different outcomes from the left and from the

right. We express them as

lim f(z)# lim f(x).

z—ct T—c—

We say the limit does not exist at x = c if the left limit and right limit are not equal.

9.3 Properties of Limit

There are many properties to help calculate the values of limits. If lim f(z) = L, lim g(x) = M, and k is a
r—c r—c

constant, then
1. lim kf(x) = kL
r—c

2. lim[f(x) £ g(z)] =L+t M

r—c

3. lim[f(x)-g(x)] = LM

r—c

f@) _ L

4. alzlgﬂcm M7fOI'M#O
5. If f(x) < g(x) on an interval containing c in its interior, then the order of the limits is preserved, i.e.,
L<M.
. . ox? -1
Example 9.2. Find lim
x—1 1 —
2 _ _
lim ~ ! = lim —(I D(z+1)
z—1 r—1 z—1 x—1

= lim(z+1)
r—1

= limxz+lim1
rx—1 x—1

= 141
= 2
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9.4 Technique

Limit problems could be quite tacky sometimes that require more advanced techniques to deal with, some

useful skills are listed as follows.

9.4.1 The Squeezing Theorem

The Squeezing Theorem, also known as the Sandwich Theorem, helps predict the value of a limit, by knowing
the limits of its boundaries. For example, we know that a boy is walking on the street, with a bakery shop
at the start of the street, a book store in the middle and an hospital at the end. Assuming that the boy goes
into the shops agreed to their order, if we know that the boy goes into the bakery shop at 16 : 02 and into
the hospital at 16 : 02, then it is certain that he arrives the book store at 16 : 02 as well.

In mathematical terms, suppose that f(z) < g(z) < h(z) holds for all  in some open interval containing a,
except possibly at x = a itself. Suppose also that

lim f(z) = lim h(z) = L

T—ra T—ra

Then lim g(z) = L too. Similar statements hold for left and right limits.

r—a

1
Example 9.3. Find the limit lim 2% sin(—-).
z—0 x
Consider that

1
—1<sin(—) <1
_sm(xi <
—2? < 2?sin(~) < 22
x

As

lim —2? = lim 2% = 0,
x—0 x—0

By squeezing theorem,

1
lim 2% sin(~) = 0.
x—0 €T

9.4.2 Intermediate Value Theorem

A continuous function attains all values between any two of its values. Take the following example to explain
what and how Intermediate Value Theorem works. A girl who weights 5 pounds at birth and 100 pounds at
age 12 must have weighted exactly 50 pounds at some time during her 12 years of life, since her weight is a
continuous function of time.

In mathematical terms, suppose that f(z) is continuous on [a,b] and W is any number between f(a) and

f(b). Then, there is at least one number ¢ € [a,b] for which

fle) =W

2

1
Example 9.4. Show that the equation z* —x — 1 = oy has a solution between 1 < xz < 2.
x
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Let )
2
= — — 1 — =
fl) = - —1-—— =0,
which means we have to prove that there exists ¢ such that f(c) = 0.
Then 3 )
)=-2,f2)=2
)= -2 r@)=2

By Intermediate Value Theorem, the curve must cross the x-axis somewhere between x = 1 and x = 2.

i.e. there is a number ¢ such that 1 <c¢ <2 and f(c) =0.

9.5 Exercises

Find the left and right limits of questions 1 — 4.

2
—4
1. f(a;):xx_2 at = 2.

2. f(x):%atxzo.

22 —2x—3
L@ = e

5. Let f(x) = |z| — .

(a) Does lin%) f(x) exist? (b) Is f(z) continuous at x=07
z—>

T=-3

6. Discuss the continuity of each of the following functions.

7. Show that, if possible, there exists ¢ in the interval such that f(c) = k.
(a)f(z) = 2% — 20 + 1;k = 4,[-3,2].
1
b = ik =0.5,1,2].
(10) = g7y = 05112
(¢)f(z) = 20sin(z + 3) Cos(%); k= —10,[0,5)].

8. (a) Given that 3 — 22 < wu(x) < 3+ 22 for all x # 0, find liﬁb u(x).
r—
(b) If liin |f(z)| =0, find li_r}n f(z).

Find the limit of the following questions.



10.

11.

12.

13.

14.

15.

16.

17.

18.

lim vz224+2+1—zx.

Tr—r+o0
o 4x?—2+3
lim —————
T—00 31‘2 + 5

4xr — 3
1m .
T—00 3;1;‘2 + 5

x — cos(x)

19.

20.

21. i

22.

23.

24.

25.

26.

27.

28.

29.

x?—1
m-—-——.
z=1 22 — 3z + 2

-1
lim Vo

z—1 x—1 "

. 2243
lim —.
T—r00 2T

. 2
xll)liloox(ez —1).

lim ze 3%.
T—r+00

. 22 +3z+1

lim —.
z—+00 zlnx

lim vz + 1ln(z + 1).

r—1t

1
1

lim —(z 4+ 1)(e=+1 —1).

Tr—00

. tan~'(3x) —
llm ——=2
z—+oo tan~1(Tx) —

ISIERNIE]
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Chapter 10

Differentiation

10.1 Introduction

This section deals with the problem of finding a straight line L that is tangent to a curve C' at a point P.
Let C be the graph of y = f(z), and P be the point (xg,yo) on C so that yo = f(xg). Also assume that P

is not an endpoint of C.

P (x0, yo)

=

Figure 2.1 L is tangent to C at P
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Given the curve y = f(x) and the point P = (zo, f(x0)), we choose a difference point @ on the curve C so
that @ = (zg + h, f(zo + h)). Note that h can be positive or negative, depending on whether @ is to the
right or left of P.

The line through P and @ is called a secant line to the curve. The slope of the line PQ , also known as

difference quotient, is

fwo +h) — f(x0)
h

For nonvertical tangent line,
Suppose that the function f is continuous at z = x¢ and that
f(@o +h) — f(20)

lim =m
h—0 h

exists. Then the straight line having slope m and passing through the point P = (zo, f(zo)) is called the
tangent line to the graph of y = f(z) at P. An equation of this tangent line is

y=m(z — o) + o

For vertical tangents,

If f is continuous at P = (xg,yo), where yo = f(z0), and if either

lim f(zo+h) — f(z0) — =
h—0 h
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or

%%f(xo+h}z_f($0) -
then the vertical line x = z is tangent to the graph y = f(z) at P.

For no tangent line,

If the limit of the difference quotient fails to exist in any other way than by being oo or —oo, the graph

y = f(x) has no tangent line at P.

Example 10.1. Find an equation of the tangent line to the curve y = 22 at the point (1,1).
Note that f(z) = 22,20 = 1 and yo = f(x9) = 1. By definition, the slope of the tangent line is

o JE R =)
h—0 h
2 _

— im (1+h) 1
h—0 h

= lim(2+h)
h—0

= 2

Therefore, the equation of the tangent line is

y=m(r—20)+yo=2(x—1)+1=22-1

Example 10.2. Find the tangent line to the curve y = x ¥#72¢13 at the point (0,0).

For this curve, the limit of the quotient for f at x =0 is

hmw_hmﬂ_hmi_
h—0 h a0 Th T aSbpes T

Thus by definition, the vertical line = 0 (i.e. the y-axis) is the tangent line to the curve y = x'/3 at the
point (0, 0).

Example 10.3. Does the graph of y = |x| have a tangent line at x = 0?

For this curve, the difference quotient is

f(zo+h) — flzo) _ [0+R[—[0] _ |A]
h N h h

I

Now since — has different right and left limits at 0, the Newton quotient has no limit at h — 0. This
implies that y = |z| has no tangent line at (0,0). A

10.2 Derivative

From the Newton quotient rule, we can deduce the following definition.
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10.2.1 Definition

The slope of a curve C at a point P is the slope of the tangent line to C' at P if such a tangent line exists.

In particular, the slope of the graph of y = f(x) at the point z is

lim f(wo+h)— f(ffo).
h—0 h

We also call it the derivative of a function f = C at zg, also known as f'.

For the derivative of f at all points x,

h—0 h

If f'(z) exist (i.e., is a finite real number), we say that f is differentiable at x.

Example 10.4. Find the slope of the curve y =

2;:_ 3 at the point x = 3.

The slope of the curve at z = 3 is

N (RO i)
h—0 h
3+h 7}
_ lim9+2h 3
h—0 h

lim ———
30 27 + 6h
1
27

Example 10.5. Show that if f(z) = ax + b, then f'(z) = a.

By definition, we have

oy g St h) — f(z)
fllx) = hmf

10.3 Differentiation Rule

There are some fundamental derivative rules that we should pay attention to.
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10.3.1 Linear Rules of Differentiation

If f and g are differentiable at x, and if ¢ is a constant, then the functions f + g, f — g and cf are all

differentiable at x and

(f(@) £9(x))" = f'(x) £ ¢'(2)
(cf(x)) = cf'(x)

10.3.2 Product Rule of Differentiation

If f and g are differentiable at x, then their product fg is also differentiable at x, and

(f(@)g(x)) = f(x)g(x) + f(2)g'(x).

Example 10.6. Find the derivative of (2% + 1)(z* + 4) using the Product rule.

Using the Product rule, we have

%(ﬁ FDEE 4+ 4) = 22+ 4) + (22 +1)(302)

= 5z*+ 322+ 8z

10.3.3 Quotient Rule of Differentiation

If f and g are differentiable at x, and if g(x) # 0, then the quotient i is differentiable at = and
g

10.3.4 Reciprocal Rule

If ¢ is differentiable at = and if g(x) # 0, then the reciprocal 1/g is also differentiable at x and

Example 10.7. Find the derivatives of y =
By the Quotient rule, we have

By @)t -1y
dx (x+1)2
2z(x + 1) — 22
(x+1)2
2?4+ 2z
(z+1)?
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10.3.5 Elementary Derivatives

From the derivative rule, we can derive the derivatives of some elementary functions.

f(x) f(x)

c 0
X 1
x? 2x
1 1
VX = (x>0)
x NG x
x" "1 (r#0 and x"1 is real)
X
[x] sgn(x) = —
]

10.4 Derivative of Trigonometry

The derivatives of trigonometry are shown as follows.

— sin(x) = cos(x)

dx

T cos(x) = sin(x)

— tan(z) = sec?(x)

dx

d
Proof 10.1. To prove that e sinz = cosz,
x

g JEHW —f(2) | sin(@ 4 h) —sin(z)
h—0 h h—0 n

T+ h+x T+ h—x

2 cos( 5 ) sin( 5 )

= lim

h—0 h
h 1 h
ZCOS(M% lim sin(—)
- 2 2 h—0 2
= lim
h—0 ﬁ
2
2z
= —)-1
cos( 5 )
= cosz
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10.5 Derivative of Natural Log and Exponential

For f(z) = In(x), the derivative is

For g(x) = e, the derivative is the same, i.e.

Therefore, if you differentiate the function infinitely many times, the outcome should still be the same.

10.6 Chain Rule

If f(u) is differentiable at v = g(z), and g(x) is differentiable at z, then the composite function f o g(z) =
f(g(x)) is differentiable at x and

(f(g(2))) = f'(g(x))g' ().
In Leibniz’s notation, by letting y = f(u) where u = g(x), we have y = f(g(z)) and
dy _ dy du
dr  dudx’

The Chain rule can be extended to composite functions with any finite number of intermediate functions.
Assume that y = f(u),u = g(v) and v = h(z). Then y = f(g(h(z))) and the Chain rule is

dy _ dy dudv
de  dudvds’
1
Example 10.8. Find the derivative of y = — 1
72 —

By the Chain rule, we let y = f(g(z)) with f(u) = 1 and u = g(z) = 2% — 4. Then

dy _ dydu
de ~  dudz
—1
= ()
_ —2x
T @y

10.7 High-order Derivatives

The second derivative of a function is the derivative of its derivative. If y = f(x), the second derivative is
defined by

yl/ — f”(l’).
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For any positive integer n, the nth derivative of a function is obtained from the function by differentiating

successively n times. If the original function is y = f(z), the nth derivative is denoted by

"y

dx™

or

£ ().

Specially, we have
F®a) = D)
dx ’
for k=1,2,--- ,n, if fO(z), fD(x),---, f)(x) are all differentiable.

Example 10.9. Calculate the first 3 derivatives of f(z) = V22 + 1.
Note that f(z) = (22 + 1), we have

1 _

f) = 5@ +17
= 2(2®+1)7

) = @+1)7 + x%l(xQ +1)7 (22)
- @P+1)7

O = (P +)F )

= 3x(2? + 1)_75

10.8 Mean-Value Theorem

Suppose that the function f is continuous on the closed, finite interval [a, b] and that it is differentiable on

the open interval (a,b). Then there exists a point ¢ in the open interval (a,d) such that

f() = f(a)

I ),

This says that the slope of the chord line joining the points (a, f(a)) and (b, f(b)) is equal to the slope of
the tangent line to the curve y = f(z) at the point (¢, f(c)), so the two lines are parallel.

Example 10.10. Show that sin(z) < « for all > 0.
Case (i): If x > g, then sin(z) <1 < g < z.

Case (ii): O <z < g, then by the Mean-Value theorem, there exists a point ¢ € (0, g) such that
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By (i) and (ii), sin(z) < « for all > 0.

10.9 Exercises

sin(x)

sin(x) — sin(0)

z—0

% §in(2) o

cos(c) < 1.

15

Find the derivatives of question 1 to 18 and the second derivatives of question 19 to 37 with respect to x.

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

y=(1-3z)%

y = (2% + 3z —5)°.
— 3 2 1 6
y=(z° - +ﬁ)~

y=va' +vad+ x.

1
- v 1
y= 2z —3)(4x — 7)3.

Bz —4)?
Y=z — 1)

y=+vVx—+Vax2-3.

_ 2y4 -3
YT @i rep

y=+/(1-22)3V322 + 1.

y = (32 — V922 — 8)°.

y=1In(z?+1).
y = e/

1
=1 .
y=In(——)
y =In(/x — 3).
y=y=a?In(22% +1).
_1n;v2+1
y=n=—r.
y=In ST

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

y = In(sin 3z).

y:

ecos?x’

y =22 —6x+7.

1
=3z — 7.
Y= Tt
y = x(dr — 3)?
Y = COS DT
yztanQac
1
L
_ sinz
Y- Snz+1

1

=vr+1-— .
Y ve+1
y = 2xlnaxd.
y = sin® 2z.
y:$2eaz

y = sin x cos 3.
y=In(3z% — 2z +1).

y = 2% sinx.

y=+vVa5 — 422 +1- 322
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38.

39.

40.

41.

42.

43.

CHAPTER 10. DIFFERENTIATION

d? d
Let y = 422 + 22 + 1. Prove that Y Yo,
dz? dx
d d?
Let y = v/22 — 2. Prove that (—y)2 + y7y =1.
dx dx?
3] d2 d
Let y = w. Find the value of k such that x—y +dy + k—y =0.
X dax? dx

Determine all the number(s) ¢ which satisfy the conclusion of Mean-Value Theorem for the given

function and interval.

(a) f(z) =22 —2z—8on[-1,3].
(b) f(z) =2z —2* — 2% on [-2,1].
(c) f(z)=4a2® — 822 — 2 on [2, 5]
(d) f(z) =8z +e 3% on [-2,3]

Suppose we know that f(z) is continuous and differentiable on the interval [—7,0], that f(-7) = —3
and that f/(z) < 2. What is the largest possible value for f(0)?

Show that f(x) = 2® — 7z? + 25z + 8 has exactly one real root.
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Application of Differentiation

11.1 L’Hopital Rule

There are some mathematical “black holes” that we do not understand, but we wish to. And I’Hopital Rule

is a super powerful tool to tackle such problems. It can be so useful when the following indeterminate

forms happen: *

Type Example
[0/0] fimy 222
x—=0 x 2
In(1/x
[oo/00] im M
x—0 cot(x?)
1
[0 - 0] lim xIln—
x—0+ X
|
[oo0 — 0] lim (tanx — )
x—(m/2)— m—2x
00 lim x*
[07] i %
[DOO] lim  (tan x)“**

(1]

x—(m/2)—

| X
lim (1 + )
X—00 5 W

Now we know that L’Hopital Rule shall be used when a indeterminate form happens. So how to use the

method? Technically, L’Hopital Rule tells us that if we have an indeterminate form, all we need to do is

differentiate the numerator and the denominator seperately, then take the limit. Take a look at the following

example.

2
Example 11.1. Find lim L
z——2 In(z + 3)

Thttp://tutorial.math.lamar.edu/Classes/Calcl/LHospitalsRule.aspx

17
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2
We have lim _rre which is in [9] form. Therefore, by L’Hopital Rule,
a——=2In(z + 3) 0
T+ 2 . 1
A ery Lm0
z+3
C o L
o ac—l)rr—l2 1
rz+3
= lim z+3
T——2
= —243=1
A
Example 11.2. Calculate
1
ALt
1
Since 1i_>m (1+ )z is of type [o"], set
y=(1+az)z.
So that
Lo
lny=mn(1l+2z)z = (1l +z)
x
In(1
lim Iny = lim M[@]
T—00 L£—00 T 00
= 1.
= 0
Taking exponentials gives
lim y =€’ = 1.
Tr—r 00
. 1
xl;n;o(l +xz)r =1.
A

11.2 Tangents and Normals

d
Let C be a curve on a rectangular coordinate plane. Consider a point (x,y) on C. The derivative Y is the

x
slope of the tangent to the curve at this point. For the slope of the tangent at a particular point P(z1,y1),

which

we simply put the coordinates in the expression of d— and that value of % is denoted by Ix |(m1’y1)

is actually the slope m of the tangent to the curve at point P.
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It is easy to determine the equations of the tangent and the normal to the curve at point P. By the
point-slope form, we have

Equation of the tangent at P:

Yy—u :m(zfﬂfl)-

Equation of the normal at P:

1
Y-y = —E(Jc—zl),where m#0

Example 11.3. Find the equations of the tangent and the normal to the curve y = 22 + 22+ 1 at the point
(0,1).
First, differentiate both sides of the equation with respect to x,

y =22+ 2

Then, substitute the point (0, 1) into the derivative,

Yl 0,1) = 2(0) +2 =2

which is the slope of the tangent.

Therefore, the equation of the tangent to the curve at (0,1) is

y—1 = 2(x—0)
2z—y+1 = 0
1
Slope of the normal to the curve at (0,1) = —3

Therefore, the equation of the normal to the curve at (0,1) is

1
y—-1 = *5@*0)
r+2y—2 = 0

11.3 Find Maximum and Minimum

11.3.1 Absolute Extreme Points

A function f has an absolute maximum value f(z() at the point z¢ in its domain if f(x) < f(z¢) holds

for every z in the domain of f.

Similarly, the function f has an absolute minimum value f(z;) at the point x; in its domain if f(z) >
f(x1) for every x in the domain of f.

Note
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e A function can have at most one absolute maximum or minimum value, although this value can be

assumed at many points.
e Maximum and minimum values of a function are collectively referred to as extreme values.

1
e A function may not have any absolute extreme value. E.g.: f(2) = — has no finite absolute maximum.
T

11.3.2 Local Extreme Points

A function f has a local maximum value f(xz() at the point xg if f(z) < f(xo) in a certain neighborhood

of xQ-.

Similarly, the function has a local minimum value f(z1) at the point x; if f(x) > f(x1) in a certain

neighborhood of .

11.3.3 Increasing and Decreasing Functions

Let J be an open interval, and let [ be an interval consisting of all points in J and possibly one or both of

the endpoints of J.

Suppose that f is continuous on I and differentiable on J.
1. If f'(z) > 0 for all x in J, then f is strictly increasing on I.
2. If f/(x) <0 for all z in J, then f is strictly decreasing on I
3. If f/(x)’ > 0 for all z in J, then f is nondecreasing on
4. If f'(x) <0 for all z in J, then f is nonincreasing on [

Example 11.4. For an instance, y = 3z + 5 is a strictly increasing function for z € R since 3’ = 3 which is

greater than zero. A

There are two methods to find out the maximum or minimum point of a curve of f.
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First Derivative Test

f(x)

124 Decreasing
InCreasing -

- 0 4 3 : 0 —'x
BT O e B | 1 2 34 5
-4

| >~

~121 Increasing

“16

From the curve above, as x increases through —2, the function f(x) is first increasing and then decreasing. We

say f(z) has a maximum point at + = —2 and thus (-2, 16) is called a maximum point of the curve y = f(z).
Similarly, as = increases through 2, the function f(x) is first decreasing and then increasing. We say f(z)
has a minimum at « = 2 and thus (2, —16) is called a minimum point of the curve y = f(z).
Example 11.5. Consider the curve y = 223 — 322 — 12z + 10.

(a) Find the stationary points of the curve.

(b) Find the range of values of x such that y is decreasing or increasing.

(¢) Hence, find the maximum and minimum points of the curve.

(a) First we find the first derivative.

=6+ 1) —2)

Then put @ =0,
dz

6(z+1)(x—2) 0

r = —lor?2

When ¢ = —1,y = 17. When = = 2,y = —10. Therefore the stationary points are (—1,17) and
(2,—10).

(b) The trend of the curve is as shown below.
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APPLICATION OF DIFFERENTIATION

X x<-1

A<x<2

b
Il

x=2

o

Increasing

Decreasing

=

Increasing

d
(¢) As z increases through —1, & changes sign from positive to negative. Hence

dx
point.

d
As z increases through 2, d—y changes sign from negative to positive. Hence (2, —10) is a minimum
x

point.

Second Derivative Test

In the First Derivative Test, we first find the stationary points by solving f’(x) = 0. Then we consider the

changes in sign of f/(z), i.e. the slope of the tangent, as = increases through the z-coordinate of a stationary

point. In Second Derivative Test, we have the following testing method.

Suppose f(z) and f”(x) are differentiable with respect to z in an interval containing = = a.
If f'(a) =0 and f”(a) <0, then f(z) has a (local) maximum at x = a.
If f'(a) =0 and f”(a) > 0, then f(z) has a (local) minimum at x = a.

Example 11.6. Given the curve y = (z + 1)?(x + 4), find the maximum and minimum points of the curve.

First we find the first and second derivatives of the equation.

Put —= =0
i ’

dy
dx
d?y
da?

3(x+1)(x+3)

T

When = -1,y = 0. When z = -3,y = 4.
Therefore the stationary points are (—1,0) and (—3,4).

4y
dx?
2y
" dx?

For (—1,0),

For (—3,4)

= 6(zx+2)

= 3x+1)(z+3)

—1or —3.

|z=—1 = 6 > 0. Therefore, (—1,0) is a minimum point.

|z=—3 = —6 < 0. Therefore, (—3,4) is a maximum point.

(—1,17) is a maximum



11.4. CURVE SKETCHING 23

11.4 Curve Sketching

Before we start curve sketching, there are a few fundamental concepts that we should know.

11.4.1 Concavity and Inflections

We say that the function f is concave up on an open interval I if it is differentiable there and the derivative
/! is an increasing function on I.

Similarly, f is concave down on [ if f’ exists and is an decreasing function on I.

il

]
i
i
i
i
i
i
i
i
i
0

6] X ¥ [5) X x
Convex Quadratic function Concave Quadratic Function

If f(x) is a function on [a, b] such that f(x) is second differentiable on (a,b), then
(i) f”(x) > 0 if and only if f(z) is concave upward on (a,b)
(ii) f7(z) < 0 if and only if f(x) is concave download on (a,b).

11.4.2 Point of Inflection

Let f(z) be a continuous function. A point (a, f(a)) on the graph of f(z) is a point of inflection if the graph

on one side of this point is concave downward and concave upward on the other side. That is, the graph

changes concavity at = = a.

(a) ) (b) , (c)
y Tangent at the point y Tangent at the point y

of inflexion P of inflexion Q

Note A point of inflection of a curve y = f(x) must be a continuous point but need not be differentiable

there. In Figure (c), R is a point of inflection of the curve but the function is not differentiable at .
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Example 11.7. Find the points of inflection of the curve y = 2* — 622 + 8z + 10.

y = 4a®—122+8
Y o= 122% —12
= 12(z—1)(z+1)

For y” =0,z =1 or —1.

X x<—1 x=-1 —1<x<1 x=1 x>1

y" + 0 - 0 +

v . . . .

3 concave pt of inflexion concave pt of inflexion concave
upward downward upward

The curve has points of inflection at © = 1 and = —1. These two points are (—1,—3) and (1,13). A

11.4.3 Asymptote

A straight line is an asymptote to a curve if and only if the perpendicular distance from a variable point
on the curve to the line approaches to zero as a limit when the point tends to infinity along the curve on

both sides or one side of the curve. (see figure below)

—_d_ _ _ - - - b .

(i) the line x = ¢ is said to be vertical asymptote of the curve y = f(x) if

lim f(z) =occor lim f(z)=o0
z—ct T—c

(ii) the line y = ma + ¢ is said to be an oblique/horizontal asymptote of the curve y = f(z) if

lim [f(z) — (max+¢)] =0

Tr—r00

To find the asymptote y = mz + ¢,

m = ILm f(xx) and ¢ = ILm [f(x) — ma]
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1
Example 11.8. (i) The curve y = — has two asymptotes x = 0 or y = 0. (ii) The curve y = €* has an
x

asymptote y = 0. (iii) The curve y = — sinz has an asymptote y = 0. A
T

11.4.4 Procedures
Finally, we can sketch a curve by using the knowledge mentioned above. Steps of skecthing a graph involve
1. Find the first derivative and second derivative of f(z).
2. Determine the range of x that it is increasing or decreasing.
3. Determine the relative extreme points and points of inflection of f(x).
4. Find the asymptotes of the graph of f(z).

5. Finally, sketch the graph.

2

Example 11.9. Sketch the curve y = 231 =
2
Let f(z) = 231 . First, find the first and second derivative of the function.
4z — 2?
/ p—
» _ 8
f (.’E) - (2 _ .23)3

To find the extreme point(s) of the curve, put f'(x) = 0.

4 — 22

— = 0
(2—x)?
zd—2) = 0
r = 0or4
When =0,y =0. When z =4,y = —8.
Therefore, the extreme points are (0,0) and (4, —8).
8 . . .
For (0,0), f7(0) = 2-0p = 1> 0. Therefore, (0,0) is a minimum point.
8 . . .
For (4,-8), f"(4) = @-1p = —1 < 0. Therefore, (4, —8) is a maximum point.
To find the concavity of the curve,
x x<0 x=0 0=x=2 x=2 2<x<4 x=4 x>4
Y Decreasing 0 Increasing Undefined Increasing 0 Decreasing
y” + / + / - / -
¥ Concave Local Concave Concave Local Concave
upward & .. upward & / downward & . download &
. Minimum . . . . Maximum .
decreasing increasing increasing decreasing
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To find the asymptote(s),note that f(x) is defined for all real values of x except & = 2. Therefore, the curve

is discontinuous at x = 2 and thus x = 2 is a vertical asymptote of the graph.

For the oblique/horizontal asymptote, let y = ma + ¢ be the asymptote. Then the slope and the constant

term are

Therefore, the oblique asymptote is y = —x — 2.

[Jimf(z) ~ mal
2

[ lim
r—00 2 — I

+ 7]

T 2 — x?

2—x

]

To find the z-intercept and y-intercept, sub x = 0 and y = 0 into the equation. When z = 0, y = 0.
2

Therefore, y-intercept is 0. When y = 0, 235_ =0, i.e. x = 0. Therefore, x-intercept is 0.
x

With the above information, the curve is sketch below.

[N

N\

AN

s

R4
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11.5 Exercises
For Question 1 — 10,, find the equations of the tangent and the normal to the curve at the given point.
L. y=a® +4x — 7 at the point (1, -2) 6. y = cosdx at the point %, 0)
2. y = (22 — 3)% at the point (—1,-1) 7. 2 4+ y? = 13 at the point (2, 3)
3. y= BT at the point (1,1) 8. y? = —5z% + 2 +9 at the point (0,3)
4. y = v/2z at the point (2,2) 9. 2%y — xy? + 16 = 0 at the point (2, 4)
5. y = zv/x + 1 at the point (0,0) 10. 2® — 3xy + y® = 13 at the point (—1,2)
11. The curve C : 322 + 22y — y? = 7 is given.
dy
Find —=.
(a) Fin e
(b) Hence, find the equations of the two tangents to the curve C' which are parallel to the line
3y + 5z =0.
12. Consider the curve C : 22 — 2ysinz — y? = 7.
dy
Find —.
(a) Fin 7
(b) P(g, fg) is a point on the curve C. Find the equation of the tangent to the curve at P.
13. Consider the curve C : 2%y — 2y® +4 = 0.
dy
Find —.
(a) Fin o
(b) If the line z 4+ 2y = v/3 — 5 is the normal to the curve C' at a point P, find the coordinates of P.
1
14. Find the equation of the normal to the curve y(z +1)? = 2 which is perpendicular to the line y = —§w.
15. Find the maximum and minimum points of each of the following curves by the First Derivative Test.
(a) y=22% -4z +3
(b) y=—22+6x+5
(c) y=3z —a3
(d) y2z3 — 622+ 5
(e) y =4a3 — 322 — 182+ 6
(f) y=(x —2)(2® — 4z + 1)
(g) y=z+2sinz for 0 <z <27
(h) y=sinz + =sin2z for 0 <z <
16. Find the maximum and minimum points of each of the following curves by the Second Derivative Test.

(a) y=a*—222 -8
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(b) y = 3a* — 823 — 622 + 24w + 7
(x+ 1)}z -1)

4
=222 4+ =
() y=22"+—
1
() y:§cos2xf0r0§a:§7r.
() y=a—e”
(h) y = Indx — 222

T

17. Consider th = —.
onsider the curve y = —3 1

a

b) Find the points of inflection of the curve.

(a)
(b)
(¢) Find the asymptote to the curve.
(d) Sketch the curve.

4
18. Consider the curve y = — 1 + .
xz+2

dy
Find —=.
a) Find -~
(¢) Find the asymptotes to the curve.
(d) Sketch the curve.

b
19. Let f(z) = it; for x # 4, where a and b are constants.

curve y = f(x) are —2 and 4 respectively.

(a) Find the values of a and b.
(b) Find all the asymptotes to the curve y = f(z).
(¢) Sketch the curve y = f(x).

2tz +2

20. Consider the curve y = T
—x

APPLICATION OF DIFFERENTIATION

Find the maximum and minimum points of the curve.

(a)

(b) Find the turning points of the curve. Test whether each point is a maximum or a minimum point.
)
)

The z-intercept and the y-intercept of the

(a) Find the maximum and minimum points of the curve.

(b) Find the asymptotes to the curve.

(c) Sketch the curve.

21. HKALE 2003II 8

‘Let f(z) =22 — 8

p— 1(3: #1).
(a) Find f'(z) and f7(x).

(b) Determine the values of x such that
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i f(z) >0 i, f(z) >0
ii. f'(z) <0 iv. f"(x) <0

(¢) Find the relative extreme point(s) and point(s) of inflection of f(z).
(d) Find the asymptotes of the graph of f(x).
(e) Sketch the graph of f(x).

29



