Chapter 4 Differentiation

In the study of calculus of functions of one variable, the notions of continuity, differentiability
and integrability play a central role. The previous chapter was devoted to continuity and its
consequences and the next chapter will focus on integrability. In this chapter we will define
the derivative of a function of one variable and discuss several important consequences of
differentiability. For example, we will show that differentiability implies continuity.

We will use the definition of derivative to derive a few differentiation formulas but we
assume the formulas for differentiating the most common elementary functions are known
from a previous course. Similarly, we assume that the rules for differentiating are already
known although the chain rule and some of its corollaries are proved in the solved
problems.

We shall not emphasize the various geometrical and physical applications of the
derivative but will concentrate instead on the mathematical aspects of differentiation. In
particular, we present several forms of the mean value theorem for derivatives, including the
Cauchy mean value theorem which leads to L’'Hopital’s rule. This latter result is useful in
evaluating so called indeterminate limits of various kinds. Finally we will discuss the
representation of a function by Taylor polynomials.

The Derivative

Let f(x) denote a real valued function with domain D containing an ¢ — neighborhood of a
point Xo € D; i.e. Xo is an interior point of D since there is an ¢ > 0 such that N.[xo] < D.
Then for any h such that 0 < |h| < &, we can define the difference quotient for f near Xo,

f(Xo + h) — f(Xo0)
0 5 0 (4.1)

Dnf(Xo) =

It is well known from elementary calculus (and easy to see from a sketch of the graph of f
near Xo ) that Dpf(Xo) represents the slope of a secant line through the points (xo,f(x0)) and
(Xo + h,f(Xo + h)). Then we have

Definition (Derivative) The function(k) is said to bedifferentiable at the interior point
ceDif Ir!rQth(c) exists. We denote the value of this limit bgcj and refer to this as

thederivative of f(x) at x = c.

We may also define the derivative of f(x) at the endpoints of an interval by using one sided
limits for Dpf(x). The set of points in D where the limit exists is the domain of a new function

f'(x), called the derivative of f(x). We shall also use the notation dy for the derivative of

dx
f(x). This derivative may be variously interpreted as:

e the slope of the tangent line to the graph of y = f(x) at the point, (x,f(x))
e the instantaneous rate of change of y = f(x) with respect to x.

It is important to note that while a secant line is a line through two points whose slope is
then well defined, a tangent line is a line characterized by just one point, the point of
tangency to the graph. Then the slope of the tangent line is not well defined but can only be
defined in terms of a limit procedure. Similarly, the average speed of an object over a given
time interval is well defined (it is the distance travelled during the time interval divided by the
length of the time interval). Instantaneous speed at a given instant is not well defined but,



like the slope of the tangent line to a curve, can only be defined by a limit procedure.

Definition (Derivatives of higher order) If the functioni(k) is differentiable, then its

2
derivative is denoted by'{x) or % This is called thesecond derivative of
n
y = f(x). We will denote derivatives of order higher than 2 BYy(k) or dx?‘/ forn e N.

Example Derivatives

(a) In an elementary calculus course, we derive formulas for the derivatives of many
elementary functions. The following functions are differentiable at each point where they are
defined:

f(x) = xP f'(x) = pxP1
f(x) = Sin(x) f'(x) = Cogx)
f(x) = CogXx) f'(x) = -Sin(x)
fx)=a*, a>0 f'(x) =a*Ina
f(x) = In(x) f'(x) = &

(b) The following functions are continuous for all x, but the derivative fails to exist at the
indicated points:

e f(x) = |x|is not differentiable at x = 0 since IhinJth(O) fails to exist (see problem 4.4))
e f(x) = /X s not differentiable at x = 0 since IhinJth(O) tendsto+oash -0

The examples in (b) show that there are continuous functions that are not differentiable. The
following theorem shows that there are no differentiable functions that fail to be continuous.

Theorem 4.1 If f(x) is differentiable at x= c in D, then {x) is continuous at x c.

Rules for Differentiation

In elementary calculus we learn differentiation formulas for commonly occurring functions
like the ones in example 4.1(a). In addition, we learn differentiation rules which allow us to
compute derivatives of various combinations of functions when the derivatives of the
separate functions are known.

Theorem 4.2 (Derivatives of sums, products, quotients) Supp@sednd gx) are
differentiable at x= c in their common domain, Dr'hen

1) %[le + C20](c) = Caf'(c) + C2g'(c) for all constants Cy,C»

2) &[f -g](c) = f'(c) - g(c) +f(c) - g'(c) (4.2)
f () - 9(0) -f(©) - g'(c)
3) %[g }(c) - 1© g(cé(c)z(c) 9© g 0,

Theorem 4.3 (Chain Rule) SupposéX) is differentiable at x= ¢ and x) is differentiable at



y = f(c). Then the composed functionp® = g(f(x)) is differentiable at x= ¢ and

F'(c) = g'[f(c)] - f'(c).

Corollary 4.4 (Derivative of the inverse) Suppose f is strictly monotomeé @ntinuous on
interval I. Then the inverse function=g f- is strictly monotone and continuous on the
interval J= f[I]. Moreover, if f is differentiable at x cinland f'(c) = 0, then g is

differentiable at d= f(c) and d(d) = %

Corollary 4.5 (Derivative of parametric equations) Suppose *(t) and y= g(t) are
differentiable functions of t for & t < b, and that f(t) + Ofora <t < b. Then

dy dydt g'(t)

dx — dxdt  f'(p)

Consequences of Differentiability

Just as there were a number of useful consequences of the property of continuity, there are
similar consequences associated with differentiability.

Local Extreme Points

A point c in the domain D of a function f(x) is said to be a local maximum for f(x) if for
some 6 > 0, we have f(c) > f(x) for all x € Ns[c] N D. If f(c) < f(x) for all x € Ns[c] N D, then
c is said to be a local minimum for f(x). We say that ¢ € D is a local extreme point for
f(x) if it is either a local maximum or a local minimum.

Theorem 4.6 (Extreme Points) Supposgj is defined and continuous on the interval | and
suppose & | is a local extreme point for(k). Then exactly one of the following
assertions must hold:

i) cis an endpoint of the interval |
ii) cis an interior point of | and f'(c) = 0
i) c is an interior point of | but f'(c) fails to exist

In an elementary calculus course students are taught that in order to find the extreme points
of a function it is just a matter of computing the function’s derivative and setting it equal to
zero. This theorem asserts that the extreme points of a function need not always be located
at a point where its derivative is zero.(see problem 4.27).

Mean Value Theorem for Derivatives

There are several versions of one result, all of which are usually referred to as the mean
value theorem for derivatives. The simplest version is known as Rolle’s theorem. Corollaries
4.8 and 4.9 and theorem 4.10 are generalizations of Rolle’s theorem.

Theorem 4.7 (Rolle’s theorem) Supposéxj is continuous on the closed intervéd, b], and f
is differentiable on the open intervéd, b). Suppose further thatd) = f(b) = 0. Then
there exists a point, € (a,b), where f(c) = 0.

Corollary 4.8 (Mean value theorem for derivatives) Suppgs@ fs continuous on the closed



interval,[a, b], and f is differentiable on the open interv@, b). Then there exists a
point, c e (a,b), where

f(b) —f(a) =f'(c)(b—a)

Corollary 4.9 Suppose(k) is continuous on the closed intervg, b], and f is differentiable
on the open intervala, b). Suppose further thatfx) = O for all x € (a,b). Then fis
constant orja, b].

Theorem 4.10 (Cauchy’s Mean Value theorem) Suppase fand gx) continuous on the
closed interval[a, b], and are differentiable on the open interv@l b). Suppose further
that f'(x),g’(x) never vanish simultaneously and th&ay = g(b). Then there exists a
point, ce (a,b), where
f(b) —f(a) _ f'(c)
glb)-g@  g'(c)

Indeterminate Forms
A limit of a quotient in which the numerator and denominator tend to zero simultaneously is
said to be an indeterminate limit of the form % Often, such limits can be evaluated by

means of a corollary of the Cauchy mean value theorem known as L’Hdépital ’s rule .

Corollary 4.11 (L'Hopital’s rule) Suppose(k) and gx) continuous on the closed interval,
[a,b], and are differentiable on the open interv@l b). Suppose further that(g) + 0
and g'(x) # Ofor x € (a,b) and that fa) = g(a) = 0. Then, either the one sided limits,

im1) and ljm &)
X—~a g(x) X—a g (X)

both exist and are equal, or else both limits fail to exist.

The limits as x tends to a in the corollary may be replaced by limits as x tends to b in the
case that f(b) = g(b) = 0, and the conclusion holds. Moreover the conclusions still hold in
the following situations which are also called indeterminate forms:

a) x tends to « or —o and f and g both tend to 0 as x tends to infinity
b) x tends to a, or b and f and g both tend to infinity as x tends to a or b.

Taylor Series Expansions

Corollary 4.8 can be extended to apply to derivatives of order higher than one. The result,
known as Taylor’s theorem, leads to polynomial expressions which can be used to
approximate a given function in a neighborhood of a fixed point.

Theorem 4.12 (Taylor's theorem) Suppose th&kj, together with all its derivatives up to
order n, f(x),f" (x),...,f™(x), are all continuous ora, b]. Suppose further that
fmD(x) exists at each point @B, b). Then for each fixedxe (a,b) and all x in(a,b)
there exists a point ¢ between x angsxuch that

) = fX0) + ' (X0)(X = X0) + 5-F ' (X0) (X~ X0)* + (4.3)



f(n+1)(C)
(n+1)!

ot n—l!f(”)(xo)(x—xo)”+ (X —Xo)™*

The sum of the first n+ 1 terms in the expression (4.3) is called the n — th degree Taylor
polynomial for f(x), expanded about the point x = Xo. The final term in the expression is
called the Lagrange form of the remainder term  in the expansion. An integral form for the
remainder term will be given in the next chapter. In the special case that xo = O, we refer to
(4.3) as the Maclaurin ’s expansion for f(x). In any case, the Taylor polynomial for f can be
used to approximate the values for f in a neighborhood of Xo.

Example Maclaurin Expansions and Taylor Polynomials
(a) The following expansions are some frequently used Maclaurin expansions:

e =1+X+ 2—1|x2+ %x3+

Sin(x) = x - 3—1|x3+ 5_1|x5_ 7_1|x7+
Cogx) = 1- 2—1|x2+ 4_1|x4_ 6_1'X6+
IN(L+X) = X— %x2+ %xs_ %x4+
arctan(x) = x — %x3+ %XS_ %x7+

(b) The Taylor series expansion for f(x) = In(x) about the point xo = 1 takes the form
In(x) = (x—1) - %(x— 1)2 + %(x— 1)3 - %(x— 1)+ -

Note that this is just the Maclaurin series for In(x) = In(1+x—1).

Solved Problems
The Derivative

Problem 4.1 Use the definition of derivative to compute the derivative of f(x) = /X for
x> 0.

Solution: For x > 0 we have from (4.1)

JX+h - /X
h

X+h-x

h(Vx+h + JX)
1
IX+h + /X

Let h tend to zero in the last expression, we can see that

Dif(x) =

IhinJth(x) exists and equals -1

2/%

Note, however, that for x = 0, we have



h - Jh
and the limit as h tends to zero of Dyf(0) does not exist. Then f(x) is not differentiable at
x=0.

JI0+h| -0
Dif(0) = YO L

Problem 4.2 Use the definition of derivative to compute the derivative of f(x) = Sin(x).
Solution: In this case, we have from (4.1),

Dif(xX) Sin(x + ht)1_ Sin(x)

_ Sin(x) Cogh) + Sin(h)Cog(x) — Sin(x)
h

= S|dx)%

+ cOs(x)—S'rrfh)
In problem 2.23 we showed
lim Cogh) -1 _
h-0 h

Then it follows that IhirQth(x) exists and equals Cogx).

0 and Iim>nh _,
h-0 h

Problem 4.3 (The exponential function) Use the definition of derivative to compute the
derivative of f(x) = eX.

Solution: Let us first indicate how the exponential function is defined. For A > 0 and
positive integers m,n, we define
A = yAT = (JA)".

This defines A* for x a rational number. For an irrational exponent x, we suppose first that
A > 1 and let §(x) denote the following set,

Sx) = {A":r<xandre Q}.

Then S(x) has an upper bound since for any integer m > x, it follows from A > 1 that
A" < A™for all r € S(x). Then §x) has a least upper bound and we then define

Definition For real numbers Ax with A> 0,
) if A> 1then AX = LUB SX)

i) if A=1thenA*=1

iii) if A < 1then (%) > 1and AX = 1/(UA)*

Then A*is defined for A > 0 and all real x. Now let e denote the number between 2 and 3
found in problem 2.14 as the following limit

e=lim(1+ %)" 1

For f(x) = € we have from (4.1)
_oevh e xeh-1
Dnf(x) = h = et ho

If we can show



then it will show that f'(x) = eX.
In order to show (2), it will suffice to consider h such that |h| < % ForO<h< % there
exists an integer msuch that

m§%<m+1,
. 1 1
i.e., ——] <h< ) 3)
Then
1 1
m+1l <e"<em 4)

e
and, for e given by (1), <1+ %)n <e and e< <1+ n} 1 )n for n sufficiently large.
This implies
(1+%)<e””<(1+ nfl). (5)
Using (4) and (5) together leads to

(i) =@ = (1 5ig)

and (3) implies

h 1 1 h
T+h Smer @ IT <1
Then we obtain
1 _ -1 1
1+h§ P Sl—2h for 0<h< 1/2 (7)
1_e-1,_1 for —1/2<h<0 8)

1+h = h ~— 1-2h
Then (7) and (8) used with theorem 3.3 leads to the result (2).

Problem 4.4 Show that f(x) = [x| is not differentiable at x = 0.

Solution: For this function we have
0+h|-0  |h| 1if h>0
Dyf(0) = 2EN=0 _ Il _
nf(0) h h { -1 if h<o0
Then IhinJth(O) fails to exist and then the definition implies that f is not differentiable at zero.

Problem 4.5 Prove Theorem 4.1, that if f(x) is differentiable at x = cin D, then f(x) is
continuous at x = C.

Solution: The function f(x) is continuous at x = c if
Ir!rg[f(c+ h)-f(c)]=0

But f(c + h) — f(c) = Dnf(c)h, and it follows that



It]ijg[f(c+ h) —f(c)] = lJIQ[th(C)h]
= limDnf(c) limh
h-0 h-0

—f(c)0 = 0.

Problem 4.6 Show that the function

xsin(+) if x+0
f(x) =
0 if x=0

is continuous at x = 0 but is not differentiable there.
Solution: Since [sin(X )| < 1 for all x, it follows that [f(x)| < [x| for all x, and this implies
IXirE\f(x) = 0 = f(0). Then fis continuous at x = 0. On the other hand,

in(L) —
Dwf(0) = —hsn<|[;> 0. sin( 1)

and we have shown previously that sin(%) tends to no limit as h tends to 0. Then f is not
differentiable at x = 0.
Note that f is differentiable at all x not equal to zero. Using the rules of differentiation

from theorem 4.2, we find
Iy — anl L 1\( -1
f'(x) = S|n<7> +xcos<7> (?)
and, as long as x is not equal to zero, this is a valid expression for f'(x).

Differentiation rules
Problem 4.7 Prove theorem 4.3, the chain rule for differentiation.

Solution: Suppose that g(x) is differentiable at x = ¢ and f(y) is differentiable aty = g(c). If
we denote the composed function by F(x) = f(g(x)), then the difference quotient has the
form

DhF(C) — f(g(C + h)% — f(g(C))

_ flo(c+h)) —f(g(c)) g(c+h)—g(c)
g(c+h) —g(c) h
Since g(x) is differentiable at x = ¢, it is continuous there by theorem 4.1. Therefore as h

tends to zero, g(c+ h) tends to g(c). Moreover, since f(y) is differentiable at y = g(c) it
follows that

f(g(c+h)) —f(g(c))
g(c+h) -g(c)
provided g(c + h) — g(c) does not vanish in a neighborhood of g(c). Then
f(g(c+h)) —f(g(c)) lim g(c+h) —g(c)
glc+h)—-g(c) ho h
= f'(g(c)) 9'(0).

There are more sophisticated arguments that avoid the necessity of assuming
g(c+ h) — g(c) does not vanish in a neighborhood of g(c). We define a function G(y) by

tends to f'(g(c)) as g(c+h) tendsto g(c)

|h|_|:B1DhF(C) = lh'ﬂ)]



fy)-flyo)
cyp-4 ™ Ty=yo
f'(yo) if y=yo

Then
imG(y) = G(yo)
so G(y) is continuous at y = yo. Then it follows from theorem 3.5 that
limG(9(x)) = limG(y) = G(yo) = f'(g(c))
Now the definition of G(y) implies
f(g(c+h)) —f(g(c)) = G(y)[g(c+h) —g(c)]
and this, together with the definition of DyF(c), leads to
limDnF(c) = limG(g(c +h)) limDng(c)

= f'(g(c)) g'(c). M

Problem 4.8 Prove Corollary 4.4 on the derivative of the inverse of a function.
Solution: Suppose f(x) is strictly monotone and continuous on the interval I. Then by a
previous theorem, g(y) = f-1(y) is also strictly monotone and continuous on the interval
J = f[l]. We want to show that if f(x) is differentiable at cin | and if f'(c) # O, then g(y) is
differentiable at b = f(c) and moreover, g'(b) = 1/f'(c). To show this, let F(x) denote the
composed function

F(x) = g[f(x)] = x forall xin I.
Then the chain rule implies that

F'(c) = d'[f(c)]f'(c) = g'(b)f (c).
But F'(c) = 1forallcin |, hence

/ 1
=—— N

Consequences of Differentiability
Problem 4.9 Suppose f(x) is continuous on [a,b] and is differentiable on (a,b). Suppose
also that f(x) has a local extreme point at x = ¢ for some ¢ € (a,b). Then prove that
f'(c) = 0.
Solution: We shall suppose that x = c is a local maximum for f(x). The proof in the case of
a local minimum is similar. If x = cis a local maximum for f(x), then for all h sufficiently
small (h can assume both positive and negative values as long as they are small) we have
f(c+ h) < f(c). But this implies

Diuf(c) = %

—f© -9 forh>o0

f(c+h)
h

Duf(c) = —f© >0 for h<0

Since IhirQth(c) = f'(c), the previous two lines imply f'(c) < 0 and f'(c) > 0. Together, these
imply f'(c) must vanish.ll



Problem 4.10 Suppose f(x) is continuous on [a,b] and is differentiable on (a,b). Suppose
further that f(a) = f(b). Then show that there is a point ¢, a < ¢ < b, where f'(c) = 0. This is
Rolle’s theorem.

Solution: We have assumed that f(a) = f(b) and if f(x) = f(a) for all xin (a,b) then it is
trivially true that f'(c) = 0 for a < ¢ < b. Suppose then that f is not constant. Then under the
hypothesis that f(x) is continuous on [a,b], the extreme value theorem asserts that f
assumes is maximum and minimum values at points of [a,b]. Since f is not constant, at
least one of these extreme values is different for f(a) = f(b). Then it must be that the
extreme value occurs at a point that lies strictly between a and b. But then the result of the
previous problem implies that f'(c) = 0.1

Problem 4.11 Suppose f(x) is continuous on [a,b] and is differentiable on (a,b). Then prove
that there exists a point ¢, a < ¢ < b, where f(b) — f(a) = f'(c)(b-a). This is the mean value
theorem for derivatives.
Solution: We begin by defining the function

g(x) = f(b) — f(x) — w(b—x) for a<x<b.
Then the assumptions on f imply that g is continuous on [a,b] and is differentiable on (a,b).
In addition, it is evident that g(a) = g(b). Then Rolle’s theorem implies the existence of a
point c in (a,b) where g'(c) = 0. But

! ! f b _f a
g(e) = —F(e) + g~
from which it immediately follows that f(b) — f(a) = f'(c)(b-a).H

Problem 4.12 Suppose f(x) is continuous on [a,b] and is differentiable on (a,b). Suppose
further that f'(x) = 0 for all xin (a,b). Then prove that f is constant on [a,b].

Solution: We will suppose that f is not a constant and show that this leads to a
contradiction of the hypothesis that f'(x) = 0. If f is not constant, then there exist points p
and g in [a,b] where f(p) = f(q). Then by the MVT for derivatives, there is a point ¢ between
p and g such that

fo = 1@ .o

This contradicts the hypothesis that f'(x) = 0 for all xin (a,b), and we conclude that f is
constant on [a, b].

Problem 4.13 Suppose f(x) and g(x) are continuous on [a,b] and are differentiable on
(a,b). Suppose also that f'(x) = g'(x) for all xin (a,b). Then prove that f(x) = g(x) + C for
some constant C.

Solution: The hypotheses imply that the result of the previous problem can be applied to
F(x) = f(x) — g(x), to conclude that F(x) = C.

Problem 4.14 Suppose f(x) is continuous on [a,b] and is differentiable on (a,b). Suppose
further that f'(x) > O for all xin (a,b). Then prove that f is monotone increasing on [a,b].
Solution: For arbitrary points x1,X2 such that a < x1 < X2 < b, the MVT for derivatives
implies the existence of a point c in (x1,x2) such that f(x;) — f(x2) = f'(c)(x1 — x2) > 0. Then
we have shown that x; < xz implies f(x1) > f(x2), which is to say, f is monotone increasing
on (a,b). In the same way we can show that f'(x) < 0 for all xin (a,b). implies that f is

10



monotone decreasing on [a,b]. Taken together, these results say that if f'(x) is of one sign
on (a,b) then fis monotone on [a, b].

Problem 4.15 Show that for all x,y, 0 <y < X < x, |Sinx—siny| < [x—-Yl|.

Solution: The MVT for derivatives asserts the existence of a point ¢, between x and y such
that

SinXx—siny = cosc (X —Y).
Since cis between x and y, cis not equal to O or 7, so |cosc| < 1 and the result follows.

Problem 4.16 Show that for all x € R, € > 1 + x, with equality occurring only for x = 0.

Solution: The expression is an equality when x = 0. For x > 0, use the MVT for derivatives
applied to f(x) = e* on the interval [0,X] to write

e—-e’=e‘(x-0) for0<c<x,
e, e&-1=¢ex>x forx>0

Problem 4.17 Use the mean value theorem to show that for h > 0, and p > 1,

(1+h)P > 1+ph

Solution: We first rewrite the mean value theorem in an alternative form. Leth=b-a > 0
sothatb =a+h. Then

f(b) —f(a) = f'(c)(b—a) for some c between aand b
becomes
f(a+h) = f(a) + hf'(a+ Ah) for some 1,0 < 1 < 1.
In particular, for f(x) = x° and a = 1, this becomes
(1+h)? = 1+hp(1+1h)** > 1+ph
sincep>1land1l+4ih> 1.

Problem 4.18 Prove the Cauchy mean value theorem; i.e., Suppose f(x) and g(x) are

continuous on [a,b] and differentiable on (a,b). Suppose further that f'(x) and g'(x) never
vanish simultaneously and that g(a) # g(b). Then prove there exists a point c in (a,b) where

f(b) -f(a _ f'(c)
gb)-g@ d(©)°

Solution: Let
_ f(b) - f(a
~ g(b)-g(@)
and define
F(x) = f(x) - f(a) - A[9(X) - 9(a)].

Then F(a) = F(b) = 0 and since f and g are continuous on [a,b] and differentiable on (a,b),
the same is true of F. Then Rolle’s theorem applies and asserts that there exists a point c in
(a,b) such that F'(c) = 0. But

F'(c) =f(c)-Ad'(c) =0
and since f'(x) and g'(x) never vanish simultaneously, this implies

11



_ f-fta _ f'(c)
gb)-g@@ d©
This is what we wanted to prove. Note that if g(x) = x, this reduces to the usual mean value
theorem for derivatives.

Problem 4.19 Use the Cauchy mean value theorem to prove L’Hopital’s rule; i.e., suppose
f(x) and g(x) are continuous on [a,b] and differentiable on (a,b). Suppose further that
f(a) = g(a) = 0 and that g(x) # 0 and g'(x) # O for x in (a,b). Then show that the one sided
limits
. f(x) f'(x)
Moo M Mge0
either both exist and are equal or else both limits fail to exist.
Solution: Suppose
. f(x)
| =
Ty
Then by the definition of (one sided) function limit, it follows that for all ¢ > Othereisa é > 0
such that

| ')

9'(x)
Apply the Cauchy mean value theorem on the interval (a,x) to conclude that there exists a
point ¢, a < ¢ < X, such that

-Lke if a<x<x+94.

fx) _ f(o
gx)  g'(©)’

We used the fact that f(a) = g(a) = 0 here. Since c is between a and x, it follows that,
f(x) ‘ ‘ f'(c)
———-L|=|—%-L
9(x) g'(c)

This implies [im ;((’;)) = L, and proves L’'Hopital’s rule. We have assumed here that both a

and L are (finite) real numbers. The proof can be modified to show that the result also holds
when a if infinite and when L is infinite.l

<g if a<x<x+94.

Problem 4.20 Use L’Hopital’s rule to evaluate the limit
lim L—=Cosx

x>0 2 ﬁ

Solution: The functions f(x) = 1 - cosx, and g(x) = 2,/X are both continuous on [0,1] and
differentiable on (0,1). Also, f(0) = g(0) = 0 so the hypotheses needed in order to apply
L’Hopital’s rule are satisfied. Note that g is not differentiable at x = 0 but this is not needed
to apply the rule. We have f'(x) = sinxand g'(x) = 1/ /X, so we consider the limit

Iirgl Jxsinx = 0.
X—

Since this limit exists, the original limit also exists and both equal zero.ll

Problem 4.21 Use L’'Hopital’s rule to evaluate the limit
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lim -SINX — X
x-0 )(3
Solution: The functions f(x) = sinx — x, and g(x) = x2 are both continuous on [0,1] and
differentiable on (0,1). Also, f(0) = g(0) = 0 so the hypotheses needed in order to apply
L’'Hopital’s rule are satisfied. According to L’'Hopital’s rule, we consider the limit
limfosx—=1 _ 0
x-0 3X2 0’
and apparently the new limit must also be treated using L’Hopital’s rule; i.e., p(x) = cosx — 1
and q(x) = 3x? satisfy all the conditions satisfied by f and g so we are justified in applying
the rule again. We consider the limit
e —sinx _ _1pinSnx _ 1
WP ~6x  ~ 6 LE X 6
Note that we could have applied the rule a third time to the limit <2 but since this limit is
already known to exist and equal 1 from previous results, there was no need. It follows that
all three limits exist and equal -1/6.

Problem 4.22 Use L’Hopital’s rule to evaluate the limits
e—l/X2
xP

a) I)!rgl forp>0 and b) |)!I’Bl xPInx for p > 0.

Solution: Let f(x) be defined as

-1/x2
Fx) = € .|f x>0
0 if x=0

and let g(x) = xP. Then both f and g continuous on [0, 1], both are differentiable on (0,1),
and each tends to zero as x tends to zero. This ensures that L’'Hopital’s rule applies. Since

_ 2
f'(X) = ZeX% and g'(x) = px*t
we are obliged to consider the limit
L 2e 1
lxl—[:gl pxp+2 ’

This limit is again indeterminate and it is even worse than the original problem. Therefore,
consider the following limit, which is equivalent to the original problem,

. X~ P
|XI—II)] e—l/XZ )

This is an indeterminate form of the type =. L’Hopital’s rule applies to this type of
indeterminate form as well so we consider the derived limit
—px Pt P, xPR
im——— = 5 i —~.
x>0 @-Lx (_2/)(3) 2 x>0 glx

This limit is also an indeterminate form of the type = but notice that the power of x in the

numerator is now closer to zero than in the previous limit. By repeatedly applying the rule a

sufficient number of times, the power of x in the numerator will eventually become positive,

leading to a limit of the form 2, which is equal to zero. Therefore, we have for the limit in

a),

e—]sz
xP

IXLrQ =0 forp>0.
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Note that this limit implies that although both f and g approach zero as x tends to zero, e /¥’
approaches zero more rapidly than any positive power of x.
The limit in b) is not a quotient and does not seem to lend itself to treatment by

L’Hopital’s rule. However, if we rewrite the limit in the form

lim Inx

x-0 X xP
then the limit is an indeterminate form of the type =, and L'Hopital’s rule applies. We
consider the derived limit

. p
lim = = lim X_—0.
x-0 —p)(— x-0 p

Then it follows from the rule, that lerg xPInx = 0 for p > 0. This limit tells us that although Inx

tends to minus infinity as x tends to zero, it tends to minus infinity more slowly than any
negative power of x, or equivalently, Inx times any positive power of x tends to zero as x
tends to zero.l

Problem 4.23 Use L’Hopital’s rule to evaluate the limits

a) I)(Lrg')’(]—g( forp>0 and b)lim § forp > 0.
Solution: Note that in both of these limits, x tends to infinity rather than to a finite limit point.
However, L'Hopital’s rule can be shown to apply in this case as well, provided the quotients
tend to 0/0 or /0. Both a) and b) are of this latter type.
Applying the rule to the limit a), we consider the derived limit
1/x 1

Mot ~ iMpe =0 forp>0.

In limit b) we are led to consider the sequence of derived limits

. xeto — 1)xP-2
I|m L =1im X im Plp= DX X) =
x>0 @ x>0 X =00 e

Each time we apply the rule, the power of x in the numerator decreases by one while the
denominator remains unchanged. At some point, (note that p need not be an integer) we
arrive at a zero or negative exponent for x in the numerator. At that point, we can conclude
that all of the limits in the sequence exist and are equal to zero. That is,

I|m =0 forp > 0.
We can interpret these two limits to mean that although Inx, e* and xP all grow without

bound as x tends to infinity, €* grows more rapidly, and Inx grows more slowly than any
positive power of x.

Problem 4.24 Use L’Hopital’s rule to evaluate the limits
a) limx* and b) lim(secx - tanx).
x-0 X-7/2
Solution: Note that neither of these limits involves a quotient so it would seem that

L’Hopital’s rule does not apply. However, in case a) we can write

lim x¥ = lim exnx — @BX™ _ g0 _ 1,
x-0 x-0

Here we have used the fact that e* is continuous for all x, together with the result from
problem 4.22b), which is based on L'Hopital’s rule.
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For limit b), we write

_ 1-snx
SecX — tanx = < gpap
hence
lim (secx — tanx) = lim L1=3nx
X—»n’/( ) X—=7/2 COSX
_ —COSX _
xor/2 —SINX

Taylor's Theorem
Problem 4.25 Prove theorem 4.12, Taylor's Theorem.

Solution: Suppose f(x) satisfies all of the conditions of theorem 4.12, and let x and Xo
denote fixed points in the interval [a,b]. Then let | denote the interval whose endpoints are x
and Xo. Now, fort € I, let

F(t) = f(x) - () - (x-O)f' (1) -

n+1

and  G(t) = F(t) - (55 )" F(xo)

Then G(x) = G(Xp) = 0 and Rolle’s theorem implies the existence of a point ¢ € | such that
G'(c) = 0. That is,

(X t) f(n)(t)

G'(©) = F(©) + (n+ (L) "1 2

But it follows from differentiating the expression for F that

F/(C) - _ (X ;]!C)n f(n+1)(C),

and by combining these last two expressions we find

Fxo) =~ (522 ) "(x=x0)F'(0)
= n+ =T (X Xo > (X XO) (x— C) f(n+l)(c)
= fvD () (>E X(;L))n:l

Setting this expression for F(Xo) equal to the expression obtained by substituting t = X in
the original definition for F(xo), leads to
1

fX) — f(Xo) — (X = Xo)f' (Xo) — -+ — (X_n—?(())nf(”)(xf)) = 1) OEr: - 01))!
which is to say,
f(x) = f(%0) + (x = X0)f (X0) + -+ — (X_n—!x")nf(”)%) + f“‘”’(c)—(x(n_ fol))n!+l

But this is what we needed to show in order to prove Taylor's theorem. Note that when n =0
this reduces to

f(x) = f(xo0) + (X —Xo0)f'(C)

which is the mean value theorem for derivatives. In other words, Taylor's theorem is the
generalization of the MVT for derivatives to derivatives of order greater than one. Note also
that the proof of each of these theorems involves a clever definition of a function F that
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reduces the proof to an application of Rolle’s theorem.

Problem 4.26 Suppose f, f' and f" are all continuous on (a,b) and that X, in (a,b) is an
interior local extreme point for f. Suppose also that f’(xo) # 0. Then show that necessarily,
f'(xo) = 0 and xo is a local maximum/minimum depending on whether f"(xo) is
negative/positive.

Solution: We will show first that the hypotheses imply that f'(xo) = 0. Let x denote an
arbitrary point in a small neighborhood of xo and use Taylor’s theorem to write

f(x) = f(xo) + f'(Xo) (X — Xo) + %f”(c)(x— Xo0)? for some c between x and xo

Note that
' (X0) (X — Xo) + %f”(c)(x “x0)% = (x— xo)[f’(xo) + %f”(c)(x - xo)].
Thus if
X—Xo| < & < ‘ ff,,(z(g))

then M(x,xo) =: f'(xo) + 5f"(c)(x - xo) has the same sign as f'(xo) for all xin a small
neighborhood of xo. Suppose, for example, f'(xo) > 0. In this case
f(x) = f(X0) + (X —Xo)M(X, X0)
> f(Xo) when x > Xo
< f(Xo) when x < Xo.

But this contradicts the assumption that X, is a local extreme point for f. Assuming that
f'(Xxo) < 0 leads to the same contradiction and it follows that in order for xo to be a local
extreme point for f, it is necessary to have f'(xo) = 0. Note that we are assuming here that
Xo is an interior point of (a,b) and that f is differentiable on (a,b) so these results are
consistent with theorem 4.6.

Now, given that f'(xo) = 0 and f"(xo) # 0, we have, for all x in a neighborhood of xo,

f(x) = f(xo) + %f”(c)(x— Xo)? for some ¢ between x and Xo.

If f'(x0) > 0, then by the persistence of sign theorem (problem 3.20) it follows that f'(c) > 0
and

f(x) = f(xo0) + %f”(c)(x ~%0)% > f(Xo)

for all x in a neighborhood of xo. Then Xo is a local minimum. Similarly, if f(xo) < 0, we see
that

00 = f(X0) + H"()(X—X0)? < f(x0)

for all x in a neighborhood of xg so that Xg is a local maximum for f.l

Problem 4.27 Using L feet of fencing, build a rectangular pen of maximal area, making use
of two fixed walls of height H and width W as shown in the following diagram.
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Here W+ H > L. Note that there are three different configurations that make use of the fixed
walls, one where y > H, one where y < H and x < W, and one with x > W. In each
configuration, find the range of values for x and y and express y in terms of x. The area in
each case is xy, so by expressing y in terms of x, this reduces area to a function of one
variable. Find the maximum area.
Solution: In the first configuration,y > Hand x+y+ (y—-H) =L, soy = %(L +H-x). In
this case , we have A(x) = 2x(L+H-x), forO<x<L-H, andH <y < Z(L+H).

In the second configuration, we have x+y =L soy = L —xand A(x) = x(L — x) for
L-H<Xx<W.

In the third configuration, we have x+y+x-W=Lsoy =L+ W-2xand x varies
between the value W (wherey = L — W) and %(L + W), (wherey = 0). Then
AX) = X(L+W-2x) forW< x < %(L +W). Summarizing,

ix(L+H-x) for 0O<x<L-H
A(X) = X(L — x) for L-H<x<W
X(L+W-2x) for W<x< I(L+W)
For each of the three area expressions, the derivative equals zero for some positive value
for x, but this value for x may not lie in the interval where that area expression is valid. In
this case, it is necessary to check the endpoints of the intervals where each area function is
relevant and evaluate A(x) there. The derivative of A(X) is
2(L+H)-x for0<x<L-H
A'(x) = L—2x for L-H<x<W
L+W-4x for W<x<1(L+W)

and the zeroes of A'(x) in each of the the configurations are x; = %(L +H), X2 = %L, and
X3 = %(L +W).
In order to have x; lie in (O,L — H) it is necessary to have 3H < L and L < W+ H; i.e., the

max occurs in the first interval only if L, W and H satisfy 3HL < W+ H. In order to have x; lie
in (L-H,W) itis necessary to have L-H < %L <W, thatisW< L<2WandH < L < 2H.

Finally, in order for xs to lie in the interval (W, %(L + V\/)) the variables L,W and H must

satisfy 3W < L < W+ H. If none of these conditions is satisfied, then the max area must
occur at one of the two endpoints x = L-Horx = Wsince A=0atx=0and x = %(L +W).

Note that these two interior endpoints are points where A'(x) does not exist.ll
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Exercises

1.

10.

11.

12.

13.

14.
15.
16.
17.

18.
19.
20.
21.

Use the definition of the derivative in terms of the difference quotient to find the
derivative of: (a) f(x) = cosx, (b) g(x) = x°.

Let f(x) = [x— 3] and compute Dnf(2) and Dnf(4). Discuss IhinJth(Z).

Suppose f(x) is differentiable for all x and let g(x) = f(x+ 1)f(x — 1). Find Dnhg(x)
and IhirQDhg(x).

Use the definition of the derivative in terms of the difference quotient to show that

f(x) = ¥x— 2 is not differentiable at x = 2.

Suppose f(x) is such that for some C > 0, [f(x) —f(y)| < C|x—yJ?>. Then show that

f(x) = constant.
Use the definition of the derivative as the limit of the difference quotient to find the
derivative of f(x) = 1
JX
Use the rules of differentiation to find the derivative of f(x) = sin(,/x2 + COSX + 1)

Explain the difference between differentiation rules and differentiation formulas.
Suppose f € CY(R) and [f'(x)| < 1 VX € R. For xo = 1let xn = f(Xn-1) forn=1,2,...
Show that {x,} is a Cauchy sequence.

Suppose f(x) is differentiable for all x, f(0) = 0, and f'(x) < p < 0for all x > 0.
Show that f(x) tends to minus infinity as x tends to plus infinity.

Consider the function f(x) = x3Inx, for x > 0. Can f(0) be given a value so that f is
continuous for x > 0? For what values of x is f differentiable? For what x is f
increasing and for which values is f decreasing? Does f have any local extreme
points? Are these absolute extreme points?

Let

f(x){off x<0

1if x>0

For what values of pis g(x) = xPf(x) continuous and differentiable at x = 0?
For f(x) = /X and x,y in [0,10], does there exist a point ¢ between x and y such
that [f(x) — f(y)| = [f'(c)|)x — y|? Does there exist a constant M > 0 such that
[f(x) — f(y)| = M [x—y| for all x,y in [0,10]? What about for all x,y in [1,10]?
Find all the extreme points for f(x) = x> - 3x, -4 < x < 4.
Find all the extreme points for f(x) = [x® - 3x|, -4 < x < 4.
Find all the extreme points for f(x) = [x? - 1|, -3 < x < 3.
Does Rolle’s theorem predict the existence of a point ¢ between 0 and 2r where
f'(c) = 0if f(x) = |sinx|?
For what values of x is f(x) = €*/x is decreasing?
For what values of x is f(x) = xe™ is decreasing?
For what positive values of x is f(x) = sin(1/x) decreasing?
Evaluate the following limits:
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a)Iim[ 4 ___2 }

il 1-x4  1-x?
b) lim anx—x
x>0 X—8NX

0 lim—X
x>0 X+ 9NX

22. Find numbers a and p such that
a) lim

x-0

b) lim3NX=X _ 1
x0 axP

1 — cosx =1
xP

23. Suppose f and g are differentiable for all x and F(x) = f(x)g(x). Show that

DnF(X) = g(x+ h)Dnf(x) + f(x)Dng(x)
and find |hi_':QDhF(X)-

24. Suppose f and g are differentiable for all x and G(x) = f(x)/g(x). Show that

_ 1 f(x+h)
PhGe) = 5y PO+ G0 atx+

and find Ir!rQDhG(x), assuming that g(x) is never zero.

Dng(x)
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