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1 Differentiability

In this section, we discuss the differentiability of functions.

Definition 1.1 (Differentiable function). Let f(x) be a function. We say
that f is differentiable at x = a if

fla+h) = f(a)
h

lim
h—0

exists. The value of this limit is called the deriwative of f at x = a and is
denoted by f'(a). We say that f is differentiable on (a,b) if f is differentiable

at every point on (a,b).

The first property of differentiable function is that it must be continuous.
Let’s recall the definition of continuous function.

Definition 1.2 (Continuous function). Let f(z) be a function. We say that
f is continuous at x = a if the limit of f at x = a exists and

lim f(z) = f(a).

Tr—a
We say that f is continuous on (a,b) if f is continuous at every point on
(a,b).
Theorem 1.3. If f is differentiable at x = a, then f is continuous at x = a.
Proof. Suppose f is differentiable at z = a. Then
lim f(z) = lim f(a+h)
= lim((f(a +h) ~ f(a)) + f(a)

(LY )

h—0 h
= f'(a)-0+ f(a)
= f(a)
Therefore f is continuous at z = a. O

However the converse of the above theorem is false. There exists function
which is continuous at a point but not differentiable at that point. Here is
an example.
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Example 1.4. Let

Then
1. f is continuous at x = 0.
2. f is not differentiable at x = 0.

Proof. The graphs of f(x) = |z| and its derivative are shown in Figure .

Figure 1: f(z) = |z|

1. The left and right-hand limits of f(z) = |z| at x = 0 are

lim f(z) = lim(—2)=0
z—0~ z—0~

li = i =0
A = e

Thus we have

lim f(x) = 0= f(0)

z—0

Therefore f is continuous at z = 0.
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2. Observe that

i S —fO) _ —h-0_
h—0~ h h—0~—

i WSO ) A0
h—0t h h—0t h

are not equal. Thus
LS~ 5(0)
h—0 h
does not exist. Therefore f is not differentiable at x = 0.

[
Example 1.5. Let
— S fr <0
f(z) = |x|sinx = a:.sm:z:, Z.fx
xrsinzx, if x >0
Find f'(x).
Solution. The graphs of f(x) = |z|sinz and its derivative are shown in
Figure
For x < 0, we have
f(z) = d (—xsinz) = —xcosx —sinx
= =
For x > 0, we have
f(x) = d (rsinx) = xcosx + sinx
= =
At z =0, we have
. [f(h) = f(0)
/ —
F0) = lim=—p
. |h|sinh =0
= lim
h—0 h
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flz) = |z|sinx

Figure 2: f(z) = |z|sinx

Therefore
—rcosx —sinz, ifxr<0
xcosx +sinx, ifx>0

Example 1.6. Let
si (1) if x #0
rxsin|—|, ifx
flz) = x
0, ifex=0

Determine whether f(x) is differentiable at x = 0.

Solution. The graphs of f(z) and its derivative are shown in Figure [3|
f(h) = f(0)

Since
1
h sin (—) -0
. . h
lim —%——~%* = lim

h—0 h h—0 h

~ tsin (1
= Jimpsin (7
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Figure 3: f(x) = xsin (i)

does not exist. Therefore f(z) is not differentiable at = = 0. O

The following example is important because it shows that the derivative
of a differentiable function can sometimes be discontinuous.

Example 1.7 (Function with discontinuous derivative). Let

1

22 sin <—), if v £ 0
T

0, ifx =0

fz) =

1. Find f'(x) for x # 0.
2. Find f'(0)
3. Show that f'(z) is not continuous at x = 0.

Solution. The graphs of f(z) and its derivative are shown in Figure [4]

F(z) = 2zsin G) ~ cos G)

1. When z # 0,
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—
—
o
S—
I
—
=
B

= h

) ) 1
= }lg% h sin (E)

1
Since |sin (—) ‘ < 1 is bounded and lim h = 0, we have
h h—0

—0

lim f(z) = lim (Qx sin (i) — cos (i))

f'(0) = }Lim h sin (%) =0

3. The limit

does not exist since lim cos (1) does not exist. Therefore f'(x) is not

. x—0 z
continuous at x = 0.

O
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The differentiability at = 0 of the functions in the above examples are
summarized in the table below.

OE OE O
Example f(z) continuous differentiable continuous Graph
at z =0 at =0 at =0
1.4 || Yes No Not applicable | Figure |1
1.5 || sin x Yes Yes Yes Figure 2
1
1.6 x sin (—) Yes No Not applicable | Figure |3
x
1
1.7 2% sin (—) Yes Yes No Figure |4
x

Note. In all of the examples above, we define f(0) = 0.
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2 Mean Value Theorem

Imagine a vehicle traveling on a road. Suppose at time ¢t = a and t = b, the
displacements of the vehicle are f(a) and f(b) respectively. Then the average
velocity of the vehicle is

f(b) — f(a)

b—a
One may ask whether there always exists a time ¢ = £ such that the velocity
of the vehicle is exactly equal to the average velocity. Roughly speaking,
the mean value theorem gives an affirmative answer to this question if we
assume that velocity is defined at any time between a and b. The rigorous
statement of mean value theorem is stated below.

Theorem 2.1 (Lagrange’s mean value theorem). Let a, b be two real numbers
with a < b. Suppose f is a function such that

1. f is continuous on [a,b].
2. f is differentiable on (a,b).
Then there ezists £ € (a,b) such that

f(b) = f(a)

76 ==

In the vehicle example above, f(z) is the displacement of the vehicle and
x is the time. Then f’(z) is the velocity of the vehicle. One may wonder
whether the following situation gives a counter example to the above theorem.
Suppose from ¢t = 0 to t = 1, the vehicle remains at rest and from ¢ = 1 to
t = 2, the vehicle travels with a velocity of 2 units. Then the average velocity
of the vehicle is 1 but the velocity of vehicle is never equal to 1 from ¢ = 0
to t = 2. This does not contradict the theorem because we assumed that f’
is defined on (a, b) but velocity is not defined at ¢ = 1.

Before we give the proof of the Lagrange’s mean value theorem (Theo-
rem [2.1]), we state two variants of mean value theorem. The first one is a
special case of the Lagrange’s mean value theorem and the second one is a
generalization of it.

Theorem 2.2 (Rolle’s theorem). Let a,b be two real numbers with a < b.
Suppose f is a function such that
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1. f is continuous on [a,b).
2. f is differentiable on (a,b).
3. f(a) = f(b)
Then there ezists £ € (a,b) such that
f€)=0

Theorem 2.3 (Cauchy’s mean value theorem). Let a,b be two real numbers
with a < b. Suppose f and g are functions such that

1. f and g are continuous on [a,b].
2. [ and g are differentiable on (a,b).
3. ¢'(z) #0 for any x € (a,b)

Then there ezists £ € (a,b) such that

Note that Rolle’s theorem is a special case of Lagrange’s mean value
theorem. If we take g(x) = z in the Cauchy’s mean value theorem, we
obtain Lagrange’s mean value theorem. So Cauchy’s mean value theorem is
a generalization of Lagrange’s mean value theorem. First we prove Rolle’s
theorem. The following theorem will be needed for this purpose.

Theorem 2.4 (Extreme value theorem). Suppose [ is a function which is
continuous on a closed and bounded interval |a,b]. Then there exists p,q €
la,b] such that

f(p) < f(x) < f(q) for any x € [a,b].

In other words, f is bounded and attains both its maximum and minimum
values.

The rigorous proof of the Extreme value theorem requires some argument
in analysis and is omitted. We also need the following theorem whose proof
is very easy.
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Theorem 2.5. Let a,b, & be real numbers such that a < & < b. Suppose f is
differentiable at x = £ and either

f(x) < f(§) for any x € (a,b),
or

f(x) = f(§) for any x € (a,b).
Then f'(€) = 0.

Proof. Suppose f(x) < f(§) for any = € (a,b). The proof for the other case
is more or less the same. For any h < 0 with a < £ + h < £, we have

fE+h) = f(§)

>0
h =

Now f/(&) exists and we have

) — i LEER = I

>0
h—0— h -

On the other hand, for any A > 0 with £ < £ + h < b, we have

fE+h)—f(&)
h

<0

Thus we also have

f'(€§) = lim

h—0+ h
Therefore we have f/(§) = 0. O

Now we are ready to prove Rolle’s theorem.

Proof of Rolle’s theorem. Suppose f is continuous on [a, b], differentiable on
(a,b) and f(a) = f(b). By Extreme value theorem (Theorem [2.4)) there exists
p,q € [a,b] such that

f(p) < f(x) < f(q) for any z € [a, b].

If p € (a,b), i.e., p # a,b, then we take £ = p. If ¢ € (a,b), then we take
¢ = q. If both p and ¢ do not lie on (a,b), then f is a constant function
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and we take £ to be any point in (a,b). In any of the above cases, we have

1/(¢€) = 0 by Theorem . O

Next we use Rolle’s theorem to prove Lagrange’s mean value theorem.

Proof of Lagrange’s mean value theorem. Let

F0) - (@)

9(z) = flz) = = —

The function g(x) is constructed so that

o0 o) = (50~ 10D (i SOSD,)

£0) ~ fla)

= (f) - fla) - HE

= 0

_a)

Applying Rolle’s theorem to g(x) on [a,b], there exists & € (a,b) such that
¢'(§) = 0 which means

f(b) — f(a)

!

SRS AR P

re-2=

and the proof of Lagrange’s mean value theorem is complete. 0

It is well known that a function with non-negative derivative is monotonic
increasing. We may use Lagrange’s mean value theorem to give a rigorous
proof of this statement.

Theorem 2.6. Let f(x) be a function which is differentiable on (a,b). Sup-
pose f'(x) > 0 for any x € (a,b). Then for any x,y € (a,b) with v <y, we
have f(x) < f(y).

Proof. Suppose f'(x) > 0 for any = € (a,b) and z,y € (a,b) with x < y. By
Lagrange’s mean value theorem, there exists £ € (,y) such that

fly) = f(x) = [y — )

which is non-negative since f'(§) > 0 and y — « > 0. This completes the
proof of the theorem. O
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Proof of Cauchy’s mean value theorem. Let f and g be functions which are
continuous on [a, b] and are differentiable on (a, b). Suppose ¢'(x) # 0 for any
x € (a,b). First of all g(a) # g(b), for otherwise ¢’'(§) = 0 for some £ € (a,b)
by Rolle’s theorem which violates our assumption on g. Thus we may let

be) = fia) - L =T g0
Then
- - (1002800 10~ =S
= (10 ) - 2T ) — gt

Applying Rolle’s theorem to h(x) on [a, b], there exists £ € (a,b) such that

W€ = 0
/ f(b) B f(a) / -
/ f(b) — f(a’) /
FE& S - fa)
g'(€) 9(b) — g(a)

Note that ¢'(£) # 0 since we assumed ¢'(z) # 0 for any z. This completes
the proof of Cauchy’s mean value theorem. ([l
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3 L’Hopital Rule

In this section, we study an application of Cauchy’s mean value theorem
which gives a powerful tool to evaluate limits.

Theorem 3.1 (L’Hopital rule). Let f(x) and g(x) be functions and a €
[—00, +00] (Here a can be —oco or +00) which satisfy

1. f(z) and g(x) are differentiable for any x # a.

2. lim f(z) = lim g(x) =0, (or liLn f(z), liLn g(x) = +0).

3. ¢ (x) #0 for any z # a.

f'(2)

" @)
Then

=1

lim @ =1
z—a g(x)
Proof. For simplicity, we assume a # too and lim f(z) = lim g(z) = 0.
T—a r—a
Redefine f and g, if necessary, so that f(a) = g(a) = 0. Then for any = > a,
we have

1. f and g are continuous on [a, x].

2. f and g are differentiable on (a, x).

3. ¢'(y) # 0 for any y € (a,x).
By Cauchy’s mean value theorem (Theorem [2.3)), there exists £ € (a,z),
(here ¢ depends on x), such that
f'©) _ fle) = fla) _ f(x)

g€ g(r)—gla) g(x)

Therefore

lim @) = lim 718

z—at ( (ZC) z—a™t

gat g'(€)
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Note that £ — a as z — a since £ € (a,x). The same is true for the left-hand
limit and the proof of L’Hopital rule is complete. O]

Let’s show how L’Hopital rule still works when a = +oo. Define F(y) =
f(;) and G(y) = g(;). Then

() g(b)
F'(y) = — 2 and G'(z) = — /2
Applying L’Hopital rule to F(z) and G(x) at x = 0, we have
lim _f(x) = lim _F(y)
=400 g x) y—0t G(y)
F/

= lim )

y—0t G/(y)

o

B E y?

= Jm =5

o
G

= lim (f)
y%0+ g/(g

W

T—>+00 g’(gj’)

Other cases of L’Hopital rule can be proved in similar ways.

Example 3.2. Fvaluate the following limits.

3z T

et —e”
1. lim -
=0 sSinx
2
) 63:1: -1
2. lim

z—0 COS T — COS 2%
In(1 — cosx)
" 20+ Insinz

In(5z® — 2z + 3)
.l
4 x—1>I—|I—loo In(422 + 1)

Solution.



University Mathematics

1. Since

lim(e** — e™*) = limsinz = 0,
z—0 z—0

we may apply L’Hopital rule and get

) €3a: —e 2 ) 3631’ +e®
lim —_— = lim —
z—0 ST z—0 COS T

3+1
1
= 4

2. Applying L’Hopital rule two times, we get

2 2

. e — 1 ) 6res”
lm ——— = lim - -
z—0 COS T — COS 2% z—0 —sinx + 2sin 2z

3622e3%” 4 Ge3e”

im
z—0 —cos T + 4 cos 2z

B 6
 —1+4
= 2
3. Since
lim In(1 —cosz) = lim Insinz = —oo,
z—0t z—0t
we may apply L’Hopital rule and get
In(1 — cos ) T~
lim ——— = lim —=>=%
e—0+  Insinz a0+ 52
sinx
) sin? x
= lim
=0t (1 — cosx) cosx
: 1 —cos’x
= lim
2—0t (1 — cosx) cosx
. 1l+cosx
= lim —
a—0t  COST
= 2

4. Since

lim In(52° — 272+ 3) = lim In(4z® + 1) = 400

T—+00 T—+00

16
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we may apply L’Hopital rule and get

1522—2
lim In(52* — 22 + 3) — lm 5z3g2z+3
T—400 1n(4:1;2 + 1) x—+00 ﬁ

(42% + 1) (1522 — 2)
z—too  8x (b3 — 2x + 3)
L@+ )5 - %)
= lim 5 3
3

2

O

The limits in the above examples are of the forms % and 2. L’Hopital

rule can also be used to evaluate limits of the forms 0 - oo, 0°, 00® and 1°°.
Example 3.3. Evaluate the following limits.

1. lim zlnzx
z—0t

2. lim z*
z—0t

3. lim (224 1)ms

T—+00

4. lim(cos x)a%2

x—0
Solution.
1.

) . Inzx

lim rlnz = lim ——

z—0t z—0t P

1

= lim :”1

rz—0Tt — =

x

= lim (—2)

z—0t
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In ( lim xz) = lim In(z")

z—0t

Therefore

lim 2° =¢ =1
z—0t

. 2 1 . . 2 ﬁ
In (xgrfoo(x + 1)1 ) = xgrfooln((x +1)mz)
. In(z*+1)
= lim ————~=

T—>+00 Inz
2z
241

= lim
T—r—+00

1
X
22

11m
z—+oo 12 + 1

Therefore
lim In((z* + 1)we) = €

T—+00

In (lim(cosx)z%) = limln((cos@w%)

x—0 z—0

Incosz

Therefore

lim (cos ) 2 =2
z—0
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