CHAPTER 1
Real Numbers

1.1 Introduction

In this chapter, we shall study some basic properties of Real Numbers. We
shall assume the familarity of the students with the sets of Natural Numbers,
Integers and Rational Numbers. The set of real numbers can be constructed
from the set of rational numbers or can also be defined axiomatically. However,
the rigourous definition, in either of these two ways, is beyond the scope
of this book. Here, we shall state the properties of real numbers that are
used in the sequel. These properties can be classified in three catergories:
Alegebraic Properties, Order Properties and the property of ’Completeness’.
The algebraic and order properties have been used in high school mathematics.
However, the completeness property is not studied before. The completeness
property of real number system is most crucial in Calculus. In fact, the theory
of calculus is founded on the completeness property of the real number system.
Thus the emphasis of the present discussion is on the completeness property
and its consequences. The students are advised to focus on the completeness
property and urged to understand its fundametal role in the theory of calculus.

We now state the algebraic and order properties of real numbers.

(Algebraic Properties) : There are defined on R two binary operations,
namely addition (4) and multiplication (.) which satisfy the following prop-
erties:

(i) Commutativity : For all a,b € R, a+b=0b+ a and ab = ba.

(ii) Associativity : For all a,b,c € R, a+(b+c) = (a+b)+c¢, a-(b-c) = (a-b)-c.
(iii) There exist in R, two elements 0 and 1 such that 0 # 1 and for all
a€R, a+0=aanda-1=a.

(iv) For every a € R, there is an element —a in R such that a + (—a) = 0.

(v) For every a € R with a # 0, there is an element a~! in R such that
a-al=1.

(vi) Distributive Law : For all a,b,c € R, a-(b+c¢)=a-b+a-c.

Note : We write ab in place of a-b. The operations of subtraction and division



are defined as follows: for a,b € R,

a—b=a+(—=b) andif a#0, then %:ab_l.

As R possesses the above algebraic properties, R is called a field.

(Order Properties) : There is defined on R a relation, called an order
relation and denoted by <, which satisfies the following properties:
(vii) For all a,b € R, exactly one of the following statements is true:
a<b, a=b,b<a.
(viii) Transitivity: For all a,b,c € R, if a < b and b < ¢ then a < c.
(ix) For all a,b,c € R,
() a<b = a+c<b+c and
() a<b and 0<c¢ = ac<bc.
This last property states the relation between the algebraic operations and
order.
We write a < b < ctomean [a <band b < c],a < btomean [a <bora=
b], and b > a to mean a < b.
Statements such as a < b, a < c are called inequalities. We say that a real
number a is positive or negative according as a > 0 or a < 0.
The following are basic properties of inequalities:
)a>b & a—b>0.
2)a>0 < —a<0.
3)[a>0and b>0] = ab>0.
4) If a < b then ac < be if ¢ is positive and ac > b if ¢ is negative.
This latter result says that multiplication by a negative number reverses the
direction of inequality. For example,
2<5 = 2(-3)>5(-3) = —6>-15.
5)a<bandc<d = a=c<b+d.
This says that, like equations, we may add inequalities (in the proper order).
6)[0<a<band 0<c<d = ac<bd.
This says that we may multiply inequalities when no negative numbers are
involved. But this is false if negative numbers are involved. For example, it is
true that 2 < 5 and —3 < —2. But it is not true that —6 < —10.
N[0<a<band 0<c<d = a/d<b/c.
8) a#0 = a?®> 0. In particular, 1 > 0 since 1 # 0 and 1 = 12.
9a>0 = 1/a>0.Also,a>b>0 = 1/a<1/b.



10)a>1 = a>>aand0<a<1 = da?<a.
11) Let b > 0, y > 0. Then
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12) Let a < b+ € for every positive number €. Then a < b.

This result is often useful. To prove it, let @ > b, if possible. Then a — b > 0.

Hence taking e = a —b we get a < b+ (a—0b) or a < a. This is a contradiction.
Hence a < b.

Definition: Suppose S is a non-empty subset of R. A real number a is called
a minimum element of S and we write a = min S if (i) a € S and (ii) a < z
for all x in S.

A real number b is called a mazimum element of S and we write b = max .S
if (i) b€ S and (ii) = < b for all x in S.

A minimum element of S is unique (if it exists). To see this, let a,a’ be
both minimum elements of S. Then by definition, we must have a < a’and
a’ < a. Hence a = /. Similarly, a maximum element of S is unique (if it
exists).

1.3 Rational Numbers

We denote by N, Z and Q the set of all Natural numbers, Integers and Rational
numbers respectively.

The following property of N is equivalent to the Principle of Mathematical
Induction:
Well-odering principle : Every non-empty subset of N contains a minimum
element.

Also note that
(i) 1 = minN and if n € N and = € R are such that n < x < n+1, then x ¢ N.
(ii) The set of all rational numbers is an ordered field (like R).
(iii) Q is a dense set. That is, between any two distinct rational numbers there
is a rational number.

For, if a,b € Q, and a < b, then ¢ = (a+b)/2 € Q and a < ¢ < b.

1.5 Absolute Value

Definition: For every x € R, the absolute value of x is denoted by |z| and is



defined as follows:

2] = T ifx>0
=Y 2 ifz<o.

In other words, |z| = max{z, —z}.
For example, [2| =2, | —3| =3, |0 =0.

Also, if real numbers a, b correspond to points A, B on the real line, then
we define the number |a — b| to be the (non-negative) distance between A and

B.

Let x,y,a,b be any real numbers.

are particularly important.

1.

2.

|z| > 0. Also, |z| =0 if and only if z = 0.
| — x| = |x|. Hence |z —y| = |y — z|.

lzy| = |=|yl.
22| = |z]? = 22

Hence |z| is the non-negative square-root of 2.

z/yl = l|/lyl, ify# 0.

Let a > 0. Then |z| < a if and only if —a <z < a.

To prove |z| < a= —a <z < a,let |z| <a. Then
x>0=[-z<0<aand x=|z|] <a]sothat —a <z < a.
r<0=zx<0<aand —x =|z|] <aand so —a < z < a again.
The converse can be proved similarly.

—|z| <@ < z|.

|z £yl < |z +[yl-

For, by 7, —|z| <@ <z, —[y| <y <yl

Hence adding we get —(|z| + |y|) <z +y < |z| + |y|.

So by 6, [x +y| < || + [y].

We now list properties of absolute
value. Most of them can be proved by considering cases. The results 8,9,10



Alternatively, it is easy to see that |z + y| = |z| + |y| if =,y have the
same sign and |z + y| < |z| + |y| if = and y are of opposite signs.

Replacing y by —y in the last result we get
[z =yl <[]+ [ =yl = [z + [yl
9. |z = [yll < lw £ yl.
For, |z[=|(z —y) +yl <[z +y|l+Jyl.
Hence |z| —|y| < |z +y|.
Also,  —(lz| = yl) = Iyl = [z <[y + 2| = |z +yl.
So by 6, ||z| — |y|| < |z + y|. Finally, replacing y by —y,
[z —yl > [lz| = | =yl = [l=] = |yl
10. Let |a| # |b]. Then

ERSTCRRT

a+bl = |a] — b’

For by 8 and 9,

0<l|z+y|l <l|z[+]y] and 0 <|la]—[b]| <l|a+0].
Hence by 5 above and 7 of §1.2 we get

)x+y _ eyl Jz[+y]
a+b la+b] ~ |a] — 0]

11. Let a > 0. Then |z —y|<a & y—a <z <y+a.

12. Let a > 0. Then |z| < a < 22 < a2

and |z] >a & < —a or z>a.

13. If a1, a9, ..., a, are any finitely many real numbers, then

a1+ az+ o an] < Jar| + fazl + -+ [,

Notation: Given a,b € R, a < b, we define the following sets:
[a,b) ={r e R | a <x <b},
(a,b) ={z €R | a <z <b},



[a,0) ={z e R | a <z < b},
(a,b] ={z eR | a<z<b}.

The set [a, b] is called a closed interval with end points a,b and length b— a.
The set (a,b) is called an open interval and [a,b) and (a,b] are called half
open/half closed intervals.

In calculus many times we need to consider a set of those points which are

near a given point. Such a set is called a neighbourhood of the given point.
Thus given a number a and a positive number §, we write

N(a,d) = (a—6,a+9)

and call this open interval the d-neighbourhood (briefly, -nhd) of a. In other
words, N (a,d) is the set of those points which are distance less than § from
a:

N(a,d) ={x | |x — a| < d}.

Also, omitting the point a from N (a, ) we obtain the deleted §-nhd of a, which
is denoted as N'(a,d). Thus
N/(a76) = N(CL, 5) - {CL}
= (a—d,a)U(a,a+9)
{z|0< |z —a|] <d}.

1.6 Supremum and Infimum

Definition : Let S be a non-empty set of real numbers. Then




(i) S is said to be bounded above if there is a real number a such that x < a
for all z € S. Also, then a is called a rough upper bound or just an upper bound
for S. See Fig.1(i).

(ii) S is said to be bounded below if there is a real number b such that b < x
for all z € S. Also, then b is called a rough lower bound or just a lower bound
for S. See Fig.1(ii).

(iii) S is said to be bounded if S is bounded above and also bounded below.
See Fig.1(iii).

Examples : 1) The set S = {1,3,4,6} is bounded above and for example, 8
is a rough upper bound for S since all elements of S are less than 8. Similarly,
6,8.52,15/7 are also upper bounds for S. In fact, every number > 6 is an
upper bound for S. Also, S is bounded below and every number lel is a lower
bound for S. Hence by (iii) of the above definition the set S is a bounded set.
2) Consider the interval T' = [3,7.4). By definition, we know that 7" is the set
of all numbers x such that 3 < x < 7.4. Hence T is bounded above and every
number > 7.4 is an upper bound for 7. Also T is bounded below and every
number < 3 is a lower bound for 7. Hence T is a bounded set.

3) Let S be a non-empty set of real numbers. Then

S is a bounded set
< There are real numbers a,b such that a < x < bforall z € S

< S Cla,b] for some real numbers a, b.

4) The set R is not bounded above. To prove thissuppose that R is bounded
above and let a be an upper bound for R. Then every number in R must be
less than or equal to a. But this is not true. for example, a + 1 is an element
of R and a + 1 > a. This contradiction proves that R is not bounded above.
Similarly, it can be shown that R is not bounded below.

Consider the above set S = {1, 3,4, 6} again. Clearly, 6 is an upper bound
for S. But the number 6 has the following additional property: No number
smaller than 6 is an upper bound for S. To see this let a be any number < 6.
Then it is not true that every element of S is < a. For example, 6 is in S and
6 > a. Hence a is not an upper bound for S. The above two properties of 6,
taken together, mean that 6 is the smallest among all the upper bounds for S.
We say that 6 is the least upper bound for S. Similarly, 1 is a lower bound for



S and moreover, no number greater than 1 is a lower bound for S. Thus 1 is
the greatest lower bound for S.

Definition : Let S be a no-empty set of real numbers. A real number M is
called the least upper bound or the supremum for S, and we write M = sup S,
if
(i) M is an upper bound for S and
(ii) no number less than M is an upper bound for S. See Fig.1(iii).
Note that property (ii) can be stated equivalently as follows:
(i)’ For every number e > 0, the number M — ¢ is not an upper bound
for S. That is,
(ii)” For every number € > 0, there is at least one element g of S
such that z¢g > M — e. See Fig.1(iv).

Definition : Let S be a no-empty set of real numbers. A real number m is
called the greatest lower bound or the infimum for S, and we write m = inf .S,
if
(i) m is a lower bound for S and
(ii) no number greater m is a lower bound for S. See Fig.1(iii).
Note that property (ii) can be stated equivalently as follows:
(ii) For every number € > 0, the number m + ¢ is not a lower bound
for S. That is,
(ii)” For every number € > 0, there is at least one element yq of S
such that yo < m + €. See Fig.1(iv).
The numbers inf .S and supS are also sometimes called the exact bounds of

S.

Examples : 5) For the set S = {1,3,4,6}, we have sup.S = 6 and inf S = 1.
6) For T'=[3.7.4), supT = 7.4 and inf T = 3.

To prove this observe that 7.4 is an upper bound for T as = < 7.4 for all
x € T. Secondly, take any number a < 7.4. Then if a < 3, take 9 = 3, and
if 3 <a <74, take xg = (a + 7.4)/2. In either case we see that xp € T and
xzo > a. Hence a is not an upper bound for 7" and so supT = 7.4.

Next, 3 is clearly a lower bound for T Also if ¢ is any number greater than
3, then yy = 3 is an element of T" such that yg < ¢. So ¢ is not a lower bound
for T. Hence inf T = 3.
7) Let S be a no-empty set of real numbers. Then the supremum of S is
unique, if it exists. Similarly, inf S is unique, if it exists.



To prove this, suppose that S has two suprema, say M and M’. If these
are unequal then either M < M’ or M > M’. First suppose M < M’. Then
since M’ is a supremum of S, M is not an upper bound of S. This contradicts
our assuption that M is a supremum of S. We get a similar contradition if
M > M’'. Hence M = M’ and so S can have at most one supremum. Similarly,
it can be shown that inf .S is unique, when it exists.

8) The supremum of a set S C R, if it exists, may or may not be an element
of S. A similar remark is true for the infimum of S.

Thus in Ex. 6 above, supT = 7.4 is not in T = [3,7.4) while in Ex. 5,
sup S = 6 actually is an element of S = {1, 3,4,6}. Similarly, it is easy to see
that inf7" = 3 and 3 € T while inf(4,9] = 4 and 4 is not in the half-open
interval (4, 9].

But if sup S exists and belongs to S, then sup .S is clearly the maximum
element of S.

Conversely, if max S exists then sup S exists and max S = sup S. Thus in
Ex. 5, sup S = max S = 6. But the set T" in Ex. 6 has no maximum element
because sup T exists but is not in 7.

Similarly, inf .S exists and belongs to S if and only if min S exists; and in
either case, inf S = min S. Thus inf[3,7.4) = min[3,7.4) = 3.

Finally, the open interval A = (4,9) has no minimum element because

inf A exists and is 4 but 4 ¢ A.
9) Suppose S is a non-empty finite set of real numbers. Then by the property
6 of §1.4, S possesses the maximum element and the minimum element. Hence
in this case, sup S and inf S both exist and are respectively equal to max.S
and min S.

This is not true for infinite sets of real numbers: for example, the infinite
set N has no maximum element.

Therefore the distinction between sup S and max .S (and also between inf S
and min S) appears only when we consider infinite sets.

10) By Ex. 8 and 9, we see that T' = [3,7.4) is a bounded infinite set.

Note: Clearly, if inf S and sup .S both exist, then we have

infS<x<supS, forallxzels.

We now state the Completeness Property of real numbers.



10

The Completeness Property: For every non-empty subset S of R, if S is
bounded above, then sup S exists in R. (This is expressed by saying that the
ordered field R is complete.)

This property gaurantees the existence of the supremum of a non-empty
subset of R which is bounded above. From it a similar result for infimum can
be deduced; see property 2 below.

The ordered field Q of rational numbers is not complete in the above sense.
To prove this consider the set

A={zecQ|a2®<2}.

Then A is non-empty because for example, 1 € S. Next, 2 is an upper bound
for A because 2 € Q and

r>2 = 22>4>2 = 22 >2 = x ¢ A,

so that x < 2 for all x in A.

Hence A is bounded above. But sup A does not exist in Q. To see this
take any rational number a. Then by 5 of §1.3,a® # 2. Hence either a® < 2 or
a? > 2.

If a <0, then a <1 and 1 € A. Hence a is not an upper bound of A.

Let a > 0 and a? < 2. Consider the number b = (2a + 2)/(a + 2). Then
be Q,b>0and

2(a® —2) 2 — a?

(i) v¥*—2= (@1 2? (ii) b—a= P

By (i), b* < 2. Hence b € A. Also by (ii), b > a. Hence a is not an upper bound
of A.

Finally, let a > 0 and a? > 2. Then a is an upper bound of A. (Why ?).
But taking b as before we see that b € Q, b > 0 and by (i), b> > 2. Hence b
is an upper bound of A. Also, by (ii), b < a. Hence b is an upper bound of A
and b is smaller than a. Hence a is not the smallest upper bound for A, i.e.
a # sup A.

Thus we see that the subset A of Q is non-empty and is bounded above
but sup A does not exist in Q.

The following properties of real numbers can be deduced from the com-
pleteness property.
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1) Existence of irrational numbers : Consider the set
B={zcR|a2*<2}.

Then, as seen for the set A above, we can show that B is a non-empty subset
of R and B is bounded above. Hence by completeness property, sup B (= a,
say) exists in R. Clearly, a > 0. Also, as seen above,

a?<2 = a#supB and a®>>2 = a#supB.

Hence a? = 2. This number q is a real irrational number. It is clled the positive
square root of 2 and is denoted by v/2.

Note : Suppose a,b € R and a is irrational and b is rational. Then the
numbers a + b, —a,a — b and a~! are irrational. If b # 0, then the numbers
ab,ab™1,ba"! are irrational.

2) Let S be a non-empty set of real numbers. If S is bounded below, then
inf S exists in R.
To prove this, consider the set

Si={—-z|xeS}.
Then S7 is non-empty as S is non-empty. Also,

a is a lower bound for § < a <z, forallz e S
& —a> -z, forallz e S
& —a >y, forall y € .5p

< —a is an upper bound for Sj.

Now suppose that S is bounded below. Then by the above, S; is bounded
above and so, by completeness property , sup S1(= M, say) exists in R. Then
again by the above, —M is a lower bound for S. Also, given ¢ > 0, there is
xo € S1 such that zg > M — €. Hence yg = —x9g < —M + € and yy € S. Hence
—M =inf S.

3) Archimedean property : If z,y € R, then there is a natural number n
such that nx > y.

To prove this, note first that if x > y then the result holds with n = 1.
Next, let 0 < z < y. Suppose that there is no natural number n such that
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nx > y. Then for all n € N, we have nx < y. Hence the set S = {nz | n € N} is
non-empty and bounded above. Hence by completeness property sup S(= M,
say) exists. Then

For all n € N nr < M
= ForallneN, (n+ 1)z <M
= ForallneN, ne <M —x.

Now M —x < M asx > 0. So M —x is an upper bound of S and M —z < sup S.
This is a contradiction. Hence nx > y for some n € N.

4) For every y € R, then there is a natural number n such that n > y.
With z = 1, the Archimedean property implies that there is a natural
number m such that m = ma > y. So n = m + 1 is as required.

5) If z € R and = > 0, then there is a natural number n such that 0 < 1/n > =.

Here if x > 1, take n = 1. If 0 < x < 1, the Archimedean property implies
that there is a natural number m such that mz > 1. Now let n = m + 1. Then
nx > mx > 1 and so nz > 1 as required.

6) Given x € R, there is a unique integer m such that m < x < m + 1. This
integer is called the integral part of x and is denoted as [z].
To prove uniqueness of [z], let m,n be two integers such that

m<zx<m+1l and n<zx<n+1.

Then m <n+1and n <m+ 1. hence m <n and n < m; so m = n.

To prove the existence of [z], we consider various cases:

(i) Observe that [z] =0if 0 <z <1land [z] =-1if -1 <z <0.

(ii) If # > 1, by 4) there is a natural number such that n > z. of all such
natural numbers n, let m + 1 be the least, which exists by the well-ordering
principle. Then m < z. Thus m <z < m+ 1 and so [z] = m.

(iii) If z < —1, then —z > 1 and so by 4) there is a natural number such
that n > z. of all such natural numbers n, let p + 1 be the least, which exists
by the well-ordering principle. Then p < —x < p+1sothat —-p—1<x <p
and so [z] = —p — 1.

7) The set Q is dense in R. That is, between any two distinct real numbers
there is a rational number.
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Suppose a,b € R and a < b. Then b—a > 0 and so by 5), there is a natural
number n such that 1/n < b — a. By 6), there is an integer m such that

m—1 an+m

<
or an < m<an-+1
<

m 1
—<a+—.
n n

or a

Thus m/n is a rational number between a and b.

8) The set all irrational numbers is dense in R. That is, between any two
distinct real numbers there is an irrational number.

Suppose a,b € R and a < b. If a > 0 or b < 0, by 7), choose a rational
number 7 such that av2 < r < bv/2. Ifa < 0 < b, again by 7) choose a rational
number r such that 0 < r < by/2. Then as V2 > 0, we get on dividing by
\/5, a < 7“/\/5 < band c= T/\/§ is an irrational number as r is a non-zero
rational and /2 is irrational. Thus ¢ is an irrational number between a and b.

Examples : 1) Consider the set

S = {1, .Y

1 1
737"’7n

N =

1

Here every element z of S is of the form x = — for some n € N. Now 1 is
n

the maximum element of S because 1 € S and 1/n <1 for all n € N. Hence

1
sup S = 1. Next, inf S = 0. For, first — > 0. Secondly, given any ¢ > 0, by 5),
n

1
there is a natural number m such that — < €. Hence if xy = —, then g € S
m

m
and g < 0+ €. So inf S = 0. Finally, S has no minimum element because
infS=0¢S5.

2) Let S, T be non-empty sets of real numbers and S C 7. Then

(i) sup S <supT if T is bounded above.
(ii) inf T' < inf S if T is bounded below.

To prove (i), suppose that 7" is bounded above. Then there is a number k
such that x < k for all z € T. In particular, z < k for all x € S since S C T.
Hence S is also bounded above. So by the completeness property, sup 7" and
sup S both exist. Now z € S =z €T = x <sup7. Hence sup T is an upper
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bound of S. Therefore sup.S < supT since sup S is the least upper bound of
S. This proves (i). The reader can similarly prove (ii).

EXERCISE 1

1. Solve the inequalities:
3 4
(1) 3—5z<2z—11 (i) -1< ”H?.
x J—

2. Let a > 0 and f(x) = ax® + bz + c. Prove that
(i) f(x) >0forallx € R, & b% > ac.

(ii) If f(z) = 0 has distinct real roots o, f and « < 3, then for a given
number ¢,

ft) >0 & t<a or z>p,

f) <0 & a<t<p.

3. Solve the inequalities:

2
G) |3z +4] < [z +2| (i) 3+m (iif) 222 — 112 + 14 < 2.
— X

4. Prove that a set of real numbrs is bounded if and only if there is a
constant a > 0 such that |z| < a for all z € S.

5. Find the supremum and infimum of the following sets:
1
(1) (a,b) (i) (a,00) (iii) (=o0,a) (iv) {(=1)" :n €N}

) nT_lzneN} (vi){(—l)"Jij:; ‘neN)

6. If a,b € R, show that

(i) max{a,b} = %[a—i—b-i- la — b‘]v

(ii) min{a, b} = % [a tb—la— b[} .

7. Find a rational number between /6 and /7.

ANSWERS
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3
(i) x>2 (ii)x<10r1:>7.

: . . b\ 2 ac — b2
. (1) Use the identity f(z) = a[(x + E) + > ﬂ
(ii) Here f(x) = a(z — a)(x — B).
. (i) By §1.5 12), the inequality is equivalent to

(3 +4)? < (z+2)?
3
i.e. to (2x+3)(x+1) <0 or —§<m<—1.

1 3
. 1 o O n
(11)ac<2 (iii) 5 <7<
. Suppose that the number a exists as stated. Then for all x € S, we have
—a < z < a. Hence S is bounded. Conversely, suppose S is bounded.
Then there exist constants ¢,d such that ¢ < x < d for all z € S. Let

a > max{—c,d}. Then for all x € S,
—a<c<z<d<aor|z|<a.
. (i) sup = b,inf = a (ii) sup does not exist, inf = a

(iii) sup = a, inf does not exist (iv) sup = %,inf = —1

. . . -1
(v) sup = 1,inf =0 (vi) sup = 2,inf = &

. Since 600 < 625 < 700, we have

10v6 < 25 < 10V/7
or V6 < 2.5 < V7.

So we may take r = 2.5.
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CHAPTER 2
Limits

Introduction :

Limit is the fundamental concept of Calculus. It describes the behaviour of
a function as its input value approaches a particular value. We will introduce
the concept of limit in this chapter and study its basic properties.

Suppose a man wants to compute the speed of a vehicle passing through a
point P. He can determine the instantaneous speed by computing the average
speed from point P to points which are close to P. If these average speeds
over small distances approach a certain value, then that value is known as
the instantaneous speed at P. This is exactly how the speed of a vehicle is
determined in real-world models.

Neighbourhood of a point: Let ¢ € R and § > 0 be any positive real
number, then the neighbourhood of the point ¢ of radius ¢ is denoted by
Ns(c) and is defined as

Ns(c) = {zeR||lz—c<dé}={zeR|-d<z—c<}
= {zeR|c—d<z<c+d}=(c—0c+0)

= the open interval from ¢— 4§ to c—+ 9.

ity

c-6 ' c+6

Example : Np2(3)=(3-0-2,3+0-2)=(2-8,3-2).

% é {Hf’uu\ i S
\/7TTTFITT]
2 28 3 32 4

Example : N;5(2) = (2—-5,2+5) = (-3,7).

Deleted Neighbourhood of a point: Let ¢ € R and § > 0 be any positive
real number, then the deleted neighbourhood of the point ¢ of radius ¢ is
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denoted by Nj(c) and is defined as

Ni(c) = {zeR|0<|x—c| <}
{zeR|-d<z—c<d}—{c}
{zeR|-d<z—c<d z#c}
{zeR|c—d0<z<c+6, v#c}

= (¢c—6,c+0)—{ct=(c—9d,¢c)U(c,c+9).

Example : N4(1) =(1-3,1)U(1,143) = (-2,1) U (1,4).

Example : Suppose a particle falls freely experiencing no air resistance, and
its velocity v(t) at time ¢ is given by v(t) = 32t. Consider the following table
of values of v(t) :

t 1-911-99 | 1-999 | 2-0001 | 2-001 | 2-01
v(t) | 60-8 | 63-68 | 63-968 | 64-0032 | 64-032 | 64 - 32

From the bottom row of the above table we see that the velocity v(t) seems to
be approaching the value 64 as the time ¢ approaches 2. Observe that t can
approach 2 from the right side of 2 or from its left side; but v(t) approaches
64 in both cases.

+—e & ——0—— 0 —o—————————0—>

1.9 199 1999 2 20001 2001 201
left side right side
t— +— 1

We express the above observation mathematically as

2lg)g v(t) = 64,

and say that “the limit of v(t) as t approaches 2 is 64”.
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Formal Definition of Limit: Let f be a function defined in a deleted neigh-
bourhood of a point a € R. We say that L € R is the limit of the function f
at a and write lim f(z) = L if
T—a

for any € > 0,3 a § > 0 such that

if 0 < |z —a| <0 then |f(x)—L|<e
i.e. in terms of neighbourhoods,

if z € Nj(a) then f(x) € Ne(L).

ad| a at+é fEz & L+e
X Jix)

Note: We sometimes use the following notation: ‘3’ is read as ‘there exist’ or
‘there exists’. Also, ‘¥’ is read as ‘for every’ or ‘for all’.

Example: Let f(x) = b ,Vz € R, be a constant function. Let a € R. Show
that lim f(x) =b.

T—a
Solution: Let € > 0 be given, we have to find § > 0, such that,
if 0 < |z —a| <6 then |f(x) — b <e.
Note that in this case, |f(z) — b =[b—b =0 < e Va2 € R. Hence we can
take 0 to be any positive number and then we can say that
O<|z—a|l<d=|f(z)—bl <e
colim f(z) =b ie. limb=b.
T—a r—a

Example: Let f(z) =z, Vo € R, be the identity function. Let a € R. Show
that lim f(x) = a.
T—a

Solution: Let € > 0 be given, we have to find § > 0, such that,
if 0 < |z —a| <¢ then |f(z) —a] <e
Note that in this case, |f(x)—a| = [z —a|. So we take § = €. Then 0 < |z—a| <
d=|f(x)—al <e
SAim f(z) =a ie. limz =a.
r—a T—a
Example: Using the definition of limit, show that lim 2? = a2 for any a € R.
r—a
Solution: Let € > 0 be given, we have to find § > 0, such that
0<|z—a|l<d=|22—a? <e



Note that
2 —a? = |(@-a)z+a)
= |z —a| |z +dq
<z —a|(Jz| + |a]) [ by triangle inequality]
< |z —al(Ja] + 1+ |al) Vz € Ni(a)
= |z —al|(2]a|+1) Va € Ni(a)
< €
€
if — .
if |x—a| < Sal+ 1

So we choose § = min {QITT-H’ 1} . Then by the above,

0<|zr—al<d=|2?—d? <e
o lim 2% = o
Tr—a
202 +3 3
Example: Using the defintion of limit show that lim L =.
z—0 T+ 5 )

Solution: Let € > 0 be given, we have to find > 0, such that

0<M—M<6:>ﬁﬁ3—a<a
Note that
20 +3 3| _ [102®+15—3z —15| |102* -3z
r+5 5| 5(x +5) | 5(x+5)
| =(10z - 3) _|x|]10x—3]
5(z+5) | " 5lz+5
|10z + 50
< R v Ny (0
10|z + 5]
= 2|z —0| Vax € Ni(0)
< €

if |z — 0] <e¢/2. Hence choose 6 = min {§,1}. Then

20243
z+5

0<|z—-0]<d=
21‘24—3_3

3
§’<€.

o lim = —.
=0 T+ 5 5

19
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Exercises:
Using the definition of limit show that
a) lim 22 =4 b) lim(z? —z) =6 c¢) lim vz =3
r—2 4 1 r—3 " z—9
. X - . .
Vo= 9! Dimve=o

Non-existence of limit: Sometimes it so happens that a given function f
does mot have a limit at a given point a. That is, there exists no number L for
which the definition of limit is satisfied. But how can we prove this fact in a
given case?

For this purpose we first derive a necessary condition for the existence of
the limit of f(x) as z — a.

Thus suppose that ilg}l f(z) = L for a certain number L. Then, by def-

inition, given any € > 0, there exists § > 0 such that for all x the deleted
neighbourhood (a — §,a + 0) — {a}, we have

|f(x) = L] <¢/2. (A)
Hence, if x1, z2 are any two points in (a — d,a + 0) — {a}, we have

|f(z1) = f(@2)| = [f(21) = L+ L — f(x2)|
<|f(z1) = L+ [f(z2) — L| <€/2+€/2 = (B)

In other words, condition (A) says that the number L is such that the values
of f are close to the same number L for all values of x sufficiently close to
a. This implies condition (B) namely, the values f(x1), f(x2) of f are close to
each other for all values x1,xo of x sufficiently close to a.

Hence the condition (B) necessarily holds if the condition (A) holds for
some number L. Therefore, if condition (B) is not satisfied, then no number
L can exist for which condition (A) is satisfied.

Hence to prove the non-existence of the limit of f at a, it is enough to do
the following:

Find a particular number € > 0, with the following property: Given any
§ > 0, two numbers z; and z2 in € Nj§(a) can be found such that

[f(z1) = f(z2)] = €.

1
Example : Show that lim sin () does not exist.
z—0 T
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Solution: To see this, take ¢ = 1, and given any d > 0, choose a positive
integer n such that 1/(2nm — (7/2)) < . Let
x1 =1/(2n7 4 (7/2)) and z9 = 1/(2nm — (7/2)). Then clearly,
z1,22 € (—9,0) — {0} and
|[f(z1) = f(z2)] = [sin(2n7 + (7/2)) — sin(2nm — (7/2))]
=l1-(-1)]=2>1=¢e

Hence the limit lir% sin(1/z) does not exist.
z—

Actually, we see from the figure below that, as x gets close to 0 from the
right or from the left, f(x) does not approach any particular number. But f(z)
oscillates between 1 and —1 infinitely often. Hence we choose € and x1, x2 as
in the above.

Right Hand Limit:

Suppose function f(x) is defined for all z such that a < z < a + §; for
some 91 > 0. We say that right hand limit of f at point a € R is L1 € R if, for
any € > 0, there exists 0 > 0 such that
a<z<a+d=|f(zx)—Li| <e

We write this fact as lim+ f(z) =Ly = lim f(z).

r—a
r>a
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Left Hand Limit:

Suppose function f(x) is defined for all z such that a — J; < = < a for
some d2 > 0. We say that left hand limit of f at point a € R is Lo € R if, for
any € > 0, there exists § > 0 such that
a—d<z<a=|f(x)—La| <e.

We write this fact as lim f(z) = Lo = lim f(x).

T—a~
r<a

Remark : Observe that li_r>n f(z) = L if and only if
lim f(z)=L= lim f(x).
Tr—a~

z—at
Example : Let f(z) = %, x # 0. Find lirr%] f(x), if it exists.
T—
. . A .z
Solution: Note that lim f(z)=lim — = lim — = lim 1 = 1,
rz—0t z—0 T x—0 X x—0
>0 x>0 x>0
) .|z . —x .
and lim f(z) = lim — = lim — = lim(—1) = —1.
z—0— x—0 T x—0 T x—0
<0 <0 <0
oo lim f(x) # lim f(z). Hence lim f(z) does not exist.
z—0t z—0~ z—0

Properties of Limits:

Theorem : Let f be a function defined in some deleted neighbourhood of a
point a. If lim f(x) exists then it is unique.
r—a

Proof: Let ;gr}l f(x) = L; and ilgé f(z) = Lo, where Ly, Ly € R. We have to
prove that L1 = Lo. On the contrary, suppose Lj # Lo.
,‘,Ll—LQ#O. ‘Ll—L2| > 0.
Since il—% f(z) = Ly, we know that
for e = |L1 — La| > 0, 36; > 0 such that
0<|z—al<é=|f(z)—L1] < §. (1)
Since il_r}r(ll f(z) = Lo, we know that
for e = |L1 — Lo| > 0, 362 > 0 such that
0<|r—al<d=|f(x)— La| <5. (2)
Let 6 = min{&l, 52}
. by (1) and (2) we get
0<l|z—al <é=|f(x) - L] <35 |f(z) — La| < 5. (3)
Now € = ’Ll — L2| = |L1 - f(ﬂ?) + f(ﬂf) - L2|



[by triangle inequality]

[since |a—b| =

<Ly = f(@)] + |f(z) — La|

= f(@) = La| + | f(z) — Lo
<S§+5=¢ ifO<|zr—al<d, by (3).
€ <,

which is a contradiction. So L; # Lo is not possible. Thus L

. lim f(x) is unique, if it exists.
Tr—a

Theorem: Let f and g be two functions such that lim f(x)

lim g(x) = L. Then
r—a

r—a

a) ligl af(r) =« ligl f(x) = aK where « is a constant.

b) lim (f = g)(x) = lim f(2) = lim g(x) = K = L.

¢) lim(f - g)(x) = lim f(x) - lim g(x) = K - L

lim f(x)
. f _ z—a . K .
d) qul—>Hé E(.’L’) m = f’ prOVlded L # 0.
r—a

Proof: a) If @ = 0 then af(z) =0, V.

‘,liinaf( )—hmO—O—O lim f(z) =0 K.

r—a

Suppose a # 0.
Let € > 0, we have to find > 0, such that
O0<l|r—al<d=laf(z) —aK]|<e

Note that |af(z) — ak| = [a] |f(z) - K|.
Since ;EEL f(z) = K, we know that for ‘ >0,

O0<|z—al<dh=|flx)- K| < £ ol
Let 0 = 6;. Then by (1) we get

O0<l|zr—a|<d=l|af(zx)—aK| =

S0<|z—al<d =

lima f(z) = aK = agljlg}lf(x)

Tr—a
b) Let € > 0, we have to find § > 0 such that
O<|z—al<d=|(f+g)(z)— (K+L)<e

(1)

361 > 0 such that

|| f(z) — K]
\a\ﬁ e
laf(x) — aK| <e

= Lo.

23

= K and
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Consider
(f+9)(x) = (K+L)| = [f(z)+g(x) - K-L|
= [f(z) — K +g(z)—L|
< [flz) = K|+ g(z) — L, (1)

by triangle inequality.

Since liLn f(z) = K, we know that for § >0, 361 > 0 such that
0<|z—a|l<é =|f(x)-K|<5. (2)

Since ;13(11 g(xz) = L, we know that for § >0, 3 d2 > 0 such that
0<|r—al<d=|g(x)—-L|<§. (3)
Let 0 = min{dy, da}.
. by (2) and (3), (1) gives
O<|z—al<é=|[(f+g)(z) - (K+L)|<5+5=¢
“ I (f +)(@) = K + L= lim f(x) + lim g(x).

Similarly,
lim (f — g)(z) = K — L = lim f(z) - lim g(x).

c¢) First we prove that if lim g(x) = L then the function g is bounded in some
T—a

deleted neighbourhood of the point a.

Since lim g(x) = L, we know that
Tr—a

fore=1>0, 3§ > 0 such that
O<|r—al<d=lg(zr)— Ll <e=1

le. —1<g(x)—L<1

ie. L-1<g(z)<1+L

Let M = max{|L — 1], |1+ L|}.

Sg(x)] < M, Vz € Ng(a).

.. g(z) is bounded in the deleted neighbourhood N§(a).
Now we prove c).

Let € > 0, we have to find § > 0 such that
O<|r—al<d=|(fg)(x) — KL| <e.



Note that, using the triangle inequality, we have

|(fg)(x) — KL| = |f(x)g9(z) — g(z)K + g(z)K — KL|

(z) — K) + K(g9(z) — L)|

(z) = K)| + [K(g9(x) — L)|

z) — K[+ [K]|g(z) — L|

z) = K|+ (K[ +D]g(z) — L. (1)

I
=

)
/'\/é\/\/\
— — — ~—

~— ~—

f
f

IN

g

IN
a

Since li_r)n g(x) = L, we know that
g(z) is bounded in some deleted neighbourhood of the point a.
s.d61 >0and M € R, M > 0 such that
lg(z)| < M, Vz e Nj (a). (2)
Since lign f(z) = K, we know that
for 537 > 0, 3 42 > 0 such that
0<|r—al<d=|f(z) - K| <55 (3)
Since lign g(x) = L, we know that
m >0, 43 > 0 such that
Let 6 = min{él, (52, (53}
*. by using (2), (3) and (4), (1) gives
K 1)e € €
0<|z—al<6=|(fg)(x) - KL| < & s+t —crs=c
S0<lx—al<d=|(fg)(z) KL\<6.
- lim (fg) (@) = KL = lim f(z) - lim g(a)

r—a

for

A second proof of part c): Let ¢ > 0, we have to find § > 0 such that
O0<l|lr—al<d=|(fg)(x) — KL| <e.

25
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Note that
|(fg)(z) — KL[ = |f(x)g(x) — KL
= |f(=)g(x) - Kg(z) - L f(z) + LK
+ L f(z) - LK + K g(z) — LK]|

l9(2)(f(z) = K) = L(f(z) — K) + L(f(z) — K)

+ K(g(x) - L)|

|/
|/

— K||g
— K||g

Zz T

IAIA I

() ()
() ()

[(f(z) = K)(9(z) — L) + L(f(2) — K) + K(g(x) — L)|
— LI+ [L][f(z) = K| + |K[|g(2) — L]
— LI+ (L] + D] f(2) - K]

+ (K[ +Dlg(z) - L[. (1)

Since lim f(z) = K, we know that
r—a

for %€ >0, 38 >0 such that
O0<|z—a| <& =|f(x) - K|< %
Since lim g(z) = L, we know that
r—a
for /e >0, 3 d2 > 0 such that
0<|z—a|l <d=|g(x) — L| < e
Since ilgé f(z) = K, we know that
for m > 0, 3 63 > 0 such that
O0<|z—al<ds=|f(zx) - K| < m
Since ;E}I}lg(x) = L, we know that
for m > 0, 3 64 > 0 such that
0<|zr—al<ds=lg(x)—L| < TR
Let 6 = min{él, 52, 53, 54}
Then using (2), (3), (4) and (5), (1) gives

0<fr—al<d = |(fa)le) - KL < LOVe

€

(IK|+1)e

+ (L1 + 1)
(f9)(z) = KL| <e.
KL.

S0<|zr—al<d
- lim (fg)(x)

4

(ILI+1)  3(IK[+1)
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1 1
d) First we prove that lim — = —.
wmag() L

Let € > 0, we have to find § > 0 such that
1 1

Note that
A;L,__,) ‘ 9(@) | _ |L—g(@)| _ |g(x)—L]| (1)
9(x) z)L lg@IL] — lg(@)[[L]"
Since hgl g(x) = L we know that

for e:|—2|>0, 361 > 0 such that
0<|z—a|l <o =|lg(a) —|LI| < lg(z) — L| < .
S0< |z —a| <8 = ZH < |g@)| -] < U
L L

ie. |Lr B < g(a)) < 12|+ &
ie. f<\g( z)| < 3|LJ.

S20 S 2

> gtz N~

mm<w\ (2)
Since 1im g(x) = L, we know that

lopee

F
s

for > 0, 3 d2 > 0 such that
O<|x—a|<52:>|g()—L|<$e. (3)
Let 6 = min{él, (52}

. using (2) and (3), (1) gives

1 1 2 |L|%e _
0<|$—a‘<(5:>‘m—z‘<lL||L‘ 26—6
li !
©lim —— = —.
"x—mg(af) L
.. by part c),

tim 1) lim<f() gl>

—a g gj) z—a (gg)
. 1 1 K
:iﬂﬂ)iﬂﬂ@_Kf_f'

Example: If lim f(z) = K, then lim |f(z)| = | K]|.
r—a r—a

Solution: Since li_r)n f(z) = K, we know that given € > 0, 3 § > 0 such that
O0<|z—a|<d=|f(z) - K|<e (1)
Now we have the inequality || f(z)| — |K|| < |f(z) — K|. Hence by (1),
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0<[z—a| <d=|f(z)| - |K[]<|f(x) - K| <e
So, lim | f(2)| = |K].
r—a
Example: Evaluate lim (222 + 32 — 6).
T—2
Solution: Using the above properties of limits, we get

lim (222 + 32z — 6) = 2lim2® 4 3lim z — lim 6
z—2 r—2 r—2 r—2

= 2x2°4+3x2-6=38.
Example: Evaluate the following limits:
a) lim (22 — 3z + 4).
T—2
Solution: Consider lim (22 — 3z +4) = 2 lim (%) — 3 lim () + lim (4)
r—2 r—2 r—2 T—2
=2(23) —3(2) 4+ (4) =16 — 6 + 4 = 14.
x4+ 4x -3
b) i 1 \
dr — 3
Solution: Consider lim :C—;i:c
r—1  x*—12
lim (2° + 4z — 3)
= o=l [since lim (22 —12) = —11 #£0 ]

lim (2% — 12) 21
z—1
P4 -3 2 -2
12—-12 —11 11°
I 3 —1
¢ xl—% x2 —1 3 9
-1 -1 1
Solution: Consider lim ~-—~ = lim (z-D@E"+z+1)
a—122—1 a=1 (z—1)(x+1)
2
1
i @ HEHD
z—1 (LE + 1)
_(P+1+1) 3
(1+1) 2
Note: In above example we cannot substitute x = 1 in numerator and

denominator at the first step, since we are considering the values of x near
1 but different from 1. Also, for this reason, we can cancel out the common
factor (z —1).

sint sin ax

Example: Use lim — =1 and find lim — , a#0,b#0.
t—0 t z—0 sin bx




Solution: We have
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sin ax . sin ax a
lim = lim —
z—0 sinbx  z=—0 azx sin baz b
sin ax 1 a
= lim X b hm — - X —
=0 ax lim, o 512 P A T b
4 —/ 12
Example: Evaluate lim 7374_
r—4 x—4
Solution: We have
I 4 —/x+12 I 4—\/33—|—12X4—|—\/x—|—12
im —— = lim
r—4 T —4 z—4 Tz —4 44+ /x+12
. 16 — (x +12)
= lim
e (z —4) (4 + Vz + 12)
. 4—x
= lim
P (e — )+ Vo1 12)
-1
= lim ———
=4 4+ \/x+ 12
B -1 -1
444 ¥12 0 8

Theorem: The “Sandwich” Theorem. Suppose g(z) < f(x) <

in some deleted neighbourhood of a point a.
If liLn g(z) = lign h(z) = L then ligl flx) =

Proof: Let € > 0, we have to find 6 > 0 such that

O<l|zr—al<d=|f(x)—L|<e. (1)
Since ligl g(x) = L, we know that

for € >0, 91 > 0 such that
O<l|lr—al<d =lg(z)—L|<e

ie. L—e<g(x)<L+e. (2)
Since ligl h(z) = L, we know that

for € >0, 9 J2 > 0 such that
O0<|z—al<dy=|h(x)—2|<e
ie. L—e<h(z)<L+e (3)

h(z) for all =

Since g(z) < f(x) < h(z) for all z in some deleted neighbourhood of a,

3 é3 > 0 such that
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0<|x—al <ds=g(z) < f(z) < h(z). (4)

Let 6 = min{dy, d2,d3}.

By (2), (3) and (4) we get
O<|z—a|l|<d=L—-e<g(x) < f(z) <h(zx)<L+e
ie. L—e< f(z)<L+e

Le. [f(z) — L| <e.

T f(r) = L.

Example: By using sandwich theorem show that lim v/z = v/a for any a > 0.
T—a

Solution: For any = > 0, we have

I [ a0 | R

VT +/a VE+ya

|z —a

Va
|z —a

|x\;a“‘ < Ve-vast

|z — al

[as vz > 0].

<

—|lx—a
Therefore since lim ! = lim = 0, by sandwich theorem we get

r—a a r—a \/a
lim (v/z — /a) = 0.
- lim /7 — lim v/a = 0.

T—a T—a
T—a

Example : Evaluate lim 2% cos(1/x).
z—0

Solution: We know that for all z # 0, —1 < cos(1/z) < 1.
co—x? < a?cos(1/x) < 2%, as 22 > 0.

Since lim (—z?) = lim 2 = 0, by sandwich theorem we get

z—0 z—0
lim 2% cos(1/z) = 0.
z—0

Some Extensions of the Limit Concept:
Infinite Limit: Let f be defined in some deleted neighbourhood of a point
a, then il_rg f(z) = oo if for any K € R, 30 > 0 such that
O0<|z—a|<d= f(z)> K.

Also, }Eg f(z) = —oo if for any K € R, 3§ > 0 such that
O0<l|r—al<d= f(z) < K.
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Limit at Infinity: Let A C R, f : A — R. Suppose (a,00) C A for some
a € R.
We say that lim f(x) = L if for every e > 0,3 K € R such that
T—r00
x>K=|f(x)—L|<e.
Suppose (—o0,b) C A for some b € R. We say that lim f(z) = L if for every
r—r—00

e >0, 3 K € R, such that,

r< K=|f(z)-L|<e

Note: We have introduced the symbols co and —oo in the above definitions.
They are not real numbers.

Note: We will make use of the following results:
1
1. lim — =0.
T—00 I
Proof: In fact, given any € > 0, choose K > 1/e. Then
r>K=z>1lle=e>1/z=0<1/z<e
1
2. lim —=0.
T——00 I
Proof: In fact, given any € > 0, choose K < —1/e. Then z is negative and so
r<K=z<-1lle=e>—-1/z = —-e<1/z<0.

3. lim e* = 0.
T—00

Proof: Note that e = 2.7182... > 1. Hence e® increases as = increases. So, let
e =1+t where t > 1. Given any K > 0, choose a positive integer n such that
n > K/t. Then

r>n=e">1+t)"=1+tn+---+t">tn>K =" > K.
Hence e* — o0 as © — oo.

4. lim €e* =0.
r——00

Proof: Let any € > 0 be given. In the last result, taking K = 1/e, we can
choose a positive integer n such that

—r>n=e">1le=>0<e’ <e

Hence ¢* — 0 as * — —oo.
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5. lim e* =1lime*=1. 6. lim e*=lime* =1
r—0+ x—0 r—0— x—0
x>0 <0

. 1 . 1 oo
7. lim ez = limezr = e =

x—0t x—0
>0
1 1
8. lim e% = lime% =—=—=0.
r—0— z—0 e (0. ¢]
<0
522 + 3z + 20

Example: Evaluate lim
z—o0  3x2 — 21

Solution: We have

g DTS 3T 20 (G+3+2) 54040 5
a0 3x2 — 2z (3_%) -~ 3_0 3

Example : If lim f(x) > 0 then show that there exists a § > 0 such that
r—a

O0<|z—a|l<d= f(z)>0.

Solution: Let lim f(z) = L > 0.
Tr—a

.'.f0r6:%>0, 39 > 0 such that

O<|z—a|<d=|f(x)—L|<e

ie. |f(z)—L| <%

fe. — & < f(z)—L<%
ie. L—% < fla)<L+%
lLe. £ < f(z) < 2L

s f@) > L& >0

SL0<|r—al<d= f(x)>0.

Exercises:

1. Evaluate following limits, if they exist.

: w2
(a) Jim, —— (b) Jim —=  (=>0)
. Jxr—5 . VJr—=x
(c) xlggo Vi3 (x >0) (d) Ill_}ngo itz (x >0)

2. If li_r)n f(x) < 0 then show that there exists a § > 0 such that
r—a
O0<l|r—a|l<d= f(z) <O.
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Continuity

The idea of continuity may be thought of informally as the quality of having
parts that are in immediate connection with one another. The idea evolved
from the intuitive notion of a curve without breaks or jumps.

Defintion: Let f be a function defined in some neighbourhood of a point a.
We say that the function f is continuous at the point a if

lim f(x) = f(a).

Tr—a

That is, f is continuous at a if for every € > 0, 3 6 > 0 such that
[z —a| <6 =|f(z) - fla)| <e

That is, f is continuous at « if following conditions holds:
(i) f(a) exists, i.e. f is defined at the point a and
(ii) lim f(x) exists and
Tr—a
(iii) lim f(x) = f(a).
r—a
If any one of the above conditions is not satisfied then f is not continuous (or
is discontinuous) at the point a.
If conditions (i) and (ii) are satisfied but (iii) is not satisfied then we say
that f has a removable discontinuity at the point a. This discontinuity can be
removed by defining f(a) to be the value of the limit of f at a.

If condition (ii) is not satisfied then we say that f has a non-removable
discontinuity or an essential discontinuity at the point a.

Example: Let f(x) = (22 —1)/(x — 1), =z # 1. This function is not defined

at 1, and is therefore discontinuous at 1. But the limit of f at 1 exists and in

fact, linﬁ f(x) = lirnl(aH— 1) = 2. So, if we define f(1) to be 2, then f becomes
T— z—

continuous at 1. So f has a removable discontinuity at 1.

Example: f: R — R,
fl@) = 4, x#0
= 0, z=0.
1
Here f(0) = 0, but lir% f(z) = lim — does not exist. Hence f has a
z—

. oa z—0 T
non-removable discontinuity at x = 0.
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1 1
IfaeR, a##0then lim f(z) = lim — = — = f(a). So f is continuous at
r—a r—a T a
x = a. Thus f is continuous everywhere except at 0.
Example: Let f: R — R,
fl) = B x#0
= 0, x=0.
: R £l O A
Here f(0) =0. Now lim f(z)=lim -— = lim — = lim 1 =1,
z—0t z—0 T x—0 x—0
>0
and lim f(z) = lim J| = lim — = lim(—1) = —1.
r—0— z—0 T z—0 X r—0
<0 <0

o lim f(x) # lim f(x).
z—0+ z—0~
- lim f(x) does not exist.
z—0
.. [ is discontinuous at x = 0.
‘0’ is a point of essential discontinuity of f.
Note that f can also be defined as

1 , >0
flz) = 0 , =0
-1 , <0

Example: Let f: R — R,
fla) = 20

= 0, =zx=0.
Here f(0) = 0.
. sinzx .
Also, we know that lim =1.So lim f(z) =1+# 0= f(0).
z—0 I z—0

.. f is discontinuous at z = 0.
It is a removable discontinuity. We can remove this discontinuity by redefining
f(0) to be 1.

Example: Let f: R — R,
f(z) = sin(2), 2#0
= 0, xz=0.
1
We know lim f(x) = lim sin <> does not exist.
z—0 x—0 X
.. f has an essential discontinuity at x = 0.
Example: Let f: R — R,
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f(x) = zsini, z#0

T

= 0, z =0.
Note that 0 < |zsin 2| = |z|-|sin 1| < |2| because | sin 1| < 1. Therefore, since
1
lim (0) = lim |z| = 0, by sandwich theorem it follows that lim zsin — = 0.
z—0 z—0 z—0 x
Since f(0) = 0, we see that f is continuous at = 0.
Example : Discuss continuity of f at z = 0, where
1
ex —1
= , 0
f(.%’) e%—&-l o 7&
= 0, z =0.
Solution: Here f(0) = 0. Note that
s -1
lim f(z) = lim c
A
1 1
YR S S e
0530@5(14‘:%) x?ol—i_:% *

z—1 0-1
Next, lim f(z)= lim 61 = =
z—0— 93662)8 ez 4+1 0+1

Thus lim f(z) # lim f(x). Hence lim f(z) does not exist. So, f is
z—0+ z—0— z—0
discontinuous at x = 0.
1
Example : f(z) = 1“1 ,x # 0, f(0) =0.
+ex
Discuss continuity of f at x = 0.

Solution: Here f(0) = 0. Note that

1

lim f(z) = lim 56611
SR TR
1
@ 0
= ;s = im gy = =0
§§065(1+g> §§0g+1 .
1
B 0x0
and lim f(zr) = lim re - = = 0.
z—0— =0 1 | o3 1+0

<0
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lin}] f(z) =0= f(0).
T—
.. the function f is continuous at x = 0.

Example : Discuss continuity of f at the points 1, 2 and 4 where

20 —1 | z <1
2
T , 1<z <2
F@)=93 304  2<up<4
z3/2 , x>4

Solution: (i) Here f(1) =2(1) —1=2—-1=1. Now
lim f(z) = lim f(z) = lim2® = (1) =1
r—1+ rx—1 x—1
>1 >1
and
lim f(z) =lim f(z) =lim(2z —-1)=2(1)-1=2—-1=1.

r—1— z—1 rz—1
<1 <l

lirr% flz)=1= f(1).
Tr—
.. the function f is continuous at z = 1.
(ii) Here f(2) =3(2) —4=6—-4=2.
Also, a}ﬂéﬂ fz) = il_}lgf(:c) = i1_>r112(3:c —4)=312)—-4=6—-4=2

x>2 >2
and lim f(z) = lim f(z) = lim 2? = 2% = 4.
T—27 T2 T—2
<2 <2

- lim f(x) does not exist.
r—2
. f is not continuous at x = 2.
3
(iif) Here f(4) = 43 = (4%) _ 93—

Note that lim f(z) = lim f(x) = lim :c% = 4% =38
r—4t r—4 r—4
x>4 >4
and xli{érll* f(z) = iﬂﬂx) = ilg}l(i%x —4)=34)—-4=12—-4=8.
r<4 r<4

lirr}lf(x) =8= f(4).
—
.. the function f is continuous at x = 4.

Example: Find numbers a and S if the function f is continuous at every
point of (—3,5), where
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r+a , 3<zx<l]
fle)=4q¢ 3z4+2 , 1<z<3
B+x , 3<xz<5

Solution: Here f(1) =3(1) +2=3+2=05.
Now lim f(z)=lim f(z) = lim(z + o) =1+ «.
r—1— r—1 z—1
<1 <l
Since f is continuous at x = 1, we have
li = i =i = f(1).
Jim f(z) = lim f(z) = lim f(z) = £(1)
Slta=5  ca=5-1=4
Also, f(3) =8+ 3, and
lim f(z)=1lm f(z) =lmBx+2)=33)+2=9+2=11.
r—3— r—3 r—3
<3 <3
Since f is continuous at x = 3, we have
lim f(z) = lim f(x)=lim f(x) = f(3).
z—3~ z—3+ x—3
S B+3 =11 B=11-3=8.
Sa=4,6=8.
Example: Let f: R — R, and K > 0 be such that
f@) = fW < Klz—yl Vz,yeR.
Show that f is continuous at every point ¢ € R.
Solution: Let ¢ € R. By data,
[f(z) = fy)| < K|z —y|, Vo,yeR. (1)
Let € > 0, we have to find § > 0 such that
2= < 8= |f(z) - fe)] < e
Let 6 = &. Then by (1),
lz—c| <d=|f(x)— flo)| < K|z —¢c| < Kd =€
- lim f(2) = f(2).
.. f is continuous at ¢ € R. So, f is continuous on R.

Exercises:

1. Discuss continuity of the function f at x =0:
1

2

(i) flz) = & x#-1
(ii) f(z) =1sinl z#£0,f(0)=0
(iii) f(z) = =22 £ 0, £(0) = 0.

2. Discuss continuity of f at x = %, where
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T , 0<z < %
flx) = 1 , T = %
1—a | % <z <l
3. Find numbers « and g if the function f is continuous at every point in
(—2,2), where
r+a , 2<z<0
fl)y=¢ 2¢+1 , 0<z<l1
B—xz , 1<x<2.
4. Discuss continuity of the function f at x = 4, where
% -4, 0<z<4
f(z) = 0 , x=4
- 2—;1 , x> 4.

Theorem: If f and g are continuous functions at point ¢ then
(i) af is continuous at ¢, for any number a.
(ii) f % g is continuous at c.
(iii) f - g is continuous at c.
(iv) f/g is continuous at c, if g(c) # 0.

Proof: (ii) Since f and g are continuous at point ¢, we have
lim f(x) = f(c), lim g(z) = g(c). Hence
r—cC T—C

i (f -+ g)(z) = lim f(2) + lim g(@) = £(6) +9(c) = (£ + ) (0)

.. [ + g is continuous at point c. Similar proofs for (i), (iii) and (iv) hold.

Theorem: If f is continuous at z = ¢ and g is continuous at f(c) then the
composite function gof is continuous at c.

Proof: Since g is continuous at f(c), given € > 0, 31 > 0 such that
|f(z) = f(e)| < o1 = |(gof)(x) — (g0f)(c)] <€ (1)
Since f is continuous at c,
for 61 >0, 3 6 > 0 such that
[z —c| <6 =|f(z) = flo)] <. (2)
By (1) and (2) we get
[z —c| <6 = |(gof)(x) = (gof)(c)| <e.

. gof is continuous at c.

Example: If a function f is continuous at point ¢ then function |f| is also
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continuous at point c.

Solution: Let € > 0, we have to find § > 0 such that

[z —cf <o =||fl(x) = [fl(c)] <e

Since f is continuous at ¢, we know that

given e >0, 3 §; > 0 such that

[z — | <b1=|f(z) - flo)] <e

Let 6 = 6;.

Then, since ||f(x)| — |f(¢)|| < |f(z) — f(c)|, it follows that
2 —cl < 8= ||f(@)] - |f@)]| < e

. |f| is continuous at point c.

Example: Determine the points of continuity of the function » : R—{0} — R,
defined by h(z) = W

Solution: Let fi(z) =1, for all z € R, fao(x) =sinz, for all x € R, f3(x) =
|z|, for all x € R, fy(x) = x, for all z € R. We know all these functions are
continuous on R. We can write function h as h = £5U3012) - Gince addition of
continuous functions, division of continuous functions (non-zero denominator)
and composition of continuous functions yield a continuous function, we see

that h is continuous function on R — {0}.

Example: If f is continuous at a point ¢ and f(x) > 0 in some neighbourhood
of ¢ then \/f(z) is also continuous at c.

Solution: Let € > 0, we have to find § > 0 such that

|z —c| <d=|/flx)—/flc)] <e.

Suppose f(c) > 0. Then

— e W@+ VE)
(VI = VT % 2 s
@) = £l @)~ F)]
VI@+VI@ ~ VI

Since liin f(xz) = f(c) (as f is continuous at x = ¢), we know that
x C

for \/f(c)e >0, 3 & > 0 such that

s < = f@) - fOl <e/T@. ()
Let 6 = 6;.

- by (1) and (2) we get

IV f () =V f(e)l
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el <8 = 1) - VT < O =
Le. ’\/7 \/7‘<6

\/m is continuous at c.

Suppose fle)=0
Let € > 0, we have to find 6 > 0 such that

|zt —c| <d=|\/f(z)—0|<e
ie. /f(x) <e.
Since f is continuous at ¢, we know that
for €2 >0, 3 §; > 0 such that
|z —c| <01 = |f(z) — 0] <€
ie. f(x) <e

f(z) <e.
Let5—51

|:L‘—c|<5:> Vi) <e.

f(z) is contlnuous at c.

Example: Let f: R — R, f(z) = 2",n € N, then f is continuous at any
a €R.

Example: Polynomial function p(z) = a,2™ + ap_12" ' + - 4+ a1z + ao,
a; € R, n non-negative integer, is continuous at any a € R.

Example: Rational function r(z) = % where p(x) and ¢(x) are polynomial

functions, is continuous at all points where it is defined i.e. at all points x
such that ¢(z) # 0.

Example: f(z ) = Cgéx = tanx is continuous everywhere in R except on the

set {£2,£3% ...} ie. on the set of zeros of cosz.

Example: Discuss continuity of y/(x — 2)(z — 4).

Solution: (z — 2)(x —4) is a polynomial function and hence is continuous
everywhere on R.

(x —2)(z — 4) is continuous Vz € R such that (x —2)(z —4) >0
ie.x—2>0andz—4>0o0rz—2<0andx—4<0
le.xz>2andx >4 or x<2and x<4
ie.x >4 or x <2

(x —2)(x — 4) is continuous Vz € (—o0, 2] U [4, 00).

Example: Let u(xz) = z and
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R

9

Show that algr(l) flu(x)) # f(iii% u(z)).
Solution: Observe that f(u(z)) = f(z).
" lim flu(x)) = lim f(z) =0 [since mlir& f(z)=0= lim f(x).]

z—0~

Nowil_r)nu( x) = hmx—O
f(hm u(x)) £(0) = 1.
i f(u(@)) # f (lim u(x))

Example. Let f(z) = m,x # 0, f(0) =0 then f is continuous everywhere in
R except x = 0.
Example: Let
(1, zel-1,1]
F@ =0 . e (=00,—1)U(1,0)

then f is continuous everywhere in R except two points z = —1 and « = 1.
Example: Let
1 , xe( ,1H)u(2,3)=4
flx)=< 4—2 , z€(3,4)=B
0 , z€(AUB)*=R—-(AUB),
then f is continuous everywhere in R except three points x = —1,1, 2.

Example: Let
n—1 , n—-1<zx<n
f(z) = n ., xr=n
n , n<zx<n+1l, nez
then f is continuous at every point in Z¢. That is, f is continuous everywhere
except integer points.

Exercises:

1. Discuss the continuity of the following functions:
2
i) f(l‘) _ z*+2zx+1 (l‘ c R)

z2+1
i) f(z) =+ vz (r eR,z>0)
111) f(z) = cos(V1+ z?), (x € R)
v) f(z) =z —[z], (z€R)

where [z] denotes the greatest integer function.
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2. Find two functions f and ¢ such that f is discontinuous at x = 1 but
f - g is continuous at z = 1.

3. Give examples of functions f and g both of which are discontinuous at
point a € R but for which f + ¢ is continuous at a.

4. Give an example of a function f : [0,1] — R that is discontinuous at
every point of [0, 1] but for which |f]| is continuous on [0, 1].

Example: Discuss continuity of the function f on R where,
f(z) = 1if z is rational and,

= —1 if x is irrational.
Solution: Let ¢ € R. We show that function f is discontinuous at the point
¢, by showing that glgnc f(z) does not exist.

Let e =1 > 0 and 4 > 0 be any real number. By density theorem,
there is a rational number z; and an irrational number 3 in Nj(c). Hence,
F(@1) = flaa) = 1= (~1)| =2 > 1.

Hence lim f(z) does not exist. Therefore function f is not continuous at
Tr—cC
point ¢. Since ¢ be arbitrary real number, f is discontinuous on R.

Example: Let f : R — R be a continuous function such that f(z) = 0 for
every rational number x. Show that f(x) = 0 for any real number x.

Solution: Let ¢ be any real number. If ¢ is rational number we are through.
Suppose ¢ is an irrational number. We will prove that f(c¢) = 0. On the

contrary suppose f(c) # 0. Therefore |f(c)| > 0. Let e = @ Since f is

continuous at point ¢, there is > 0 such that |[f(z) — f(c)| < |f(26)| for all
T € Ng(c).
By density theorem there is a rational number x; € Ng(c). Hence, |f(z1) —

Fo)] < L that is 10 — f(c)| < L.

By canceling | f(c)| from both sides we get, 1 < %, which is contradiction.
Hence our assumption f(c) # 0 is wrong. Therefore f(c) = 0.

Example: Let f,g : R — R be continuous functions such that f(x) = g(z)
for every rational number z. Show that f(z) = g(z) for any real number z.
Solution: Since f(x) = g(z) for every rational number z, therefore f(z) —
g(x) = 0 for every rational number x.

Therefore (f —g)(z) = 0 for every rational number z. Since f, g are continuous
functions on R, therefore f — g is continuous on R. Hence by previous example
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(f — g)(z) = 0 for any real number x. Therefore f(z) = g(z) for any real
number z.

Note: 1) Let f,g: R — R be continuous functions such that f(x) = g(x) for
every irrational number z. Show that f(z) = g(z) for any real number z.

2)Let f,g : R — R are functions such that f(z) = g(x) for every rational
number z. If f and g are continuous at a point ¢ then f(c) = g(c).

3)Let f,g : R — R are functions such that f(x) = g(z) for every irrational
number z. If f and g are continuous at a point ¢ then f(c) = g(c).

Example: Let g : R — R be a function defined as,
g(z) = 2z, if x is rational and

g(x) =z + 3, if x is irrational.

Find all points at which g is continuous.

Solution: Let g be continuous at a point c.

Casel) c is a rational number.

Let h(xz) = x + 3 for all z € R. Clearly h is continuous function at point c.
Also h(z) = g(x) for all irrational numbers z, therefore by note 3) h(c) = g(c).
That is ¢+ 3 = 2¢, hence ¢ = 3.

Case 2) ¢ is an irrational number.

Let f(z) = 2x for all z € R. Clearly f is continuous function at point ¢. Also
f(z) = g(x) for all rational numbers z, therefore by note 2) f(c) = g(c). That
is 2¢ = ¢+ 3, hence ¢ = 3, which is a contradiction since ¢ is an irrational
number.

Therefore function g is continuous only at ¢ = 3.

Example: Find all possible continuous functions f on R such that, f(z+y) =

f@)f(y), Vz,y €R.
Solution: Since f(0) = f(0 + 0) = f(0)£(0) = (£(0))?, therefore f(0) =
0 or f(0) =

Case 1) f(0) = 1.

Since £(0) = f(1+ (~1)) = f(1)f(~1), therefore f(~1) = 7 = (F(1)) .
Let g be a rational number where p, ¢ are integers, ¢ > 0.

Consider f(2) = f(1 +1 ; % + .. —1—5 (Ip| times) )

= 78 FR) £y o f(E) (Jpl times )
=[P = [({(;))q]q = [f(5 " = (f(1).

Therefore f(z) = (f(1))* for' every rational number x.

P
q
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Hence by previous example f(z) = (f(1))* for any real number z.
Case 2) f(0) = 0.
For any real number z, f(x) = f(x+0) = f(z)f(0) =0.

Example: Discuss the continuity of the function

h(z) = max{f(z),g9(z)}, V& € R, where f and g are continuous functions
on R.

Solution: We know for any two real numbers a, b, max{a,b} =
Therefore for any real number x,

h(z) = max{f(z), g(z)} = f(x)+9(x)‘*‘2|f(x)—9(x)\

- (f+g)(x)+2|(f—9)(x)|.

Since f, g are continuous on R, f + g, |f — g| are continuous on R.
Hence h is continuous on R.

a+b+|a—b|
— -

Example: Discuss continuity of the function f at x = 0 where,
f(z) =sin(L), z #0, and £(0) =0.
Solution: Let e = 0.5 > 0 and > 0 be any real number. By Archimedian

property choose n,m € N such that, 1 = m < 0 and zy = % < 9.
2
Then, |f(x1) — f(z2)] = [(-1)" = 0] =1 > 0.5.

So lirr%) f(x) does not exist. Therefore f is discontinuous at the point 0.
Tr—r

Exercises:

1. Discuss the continuity of following functions.

1) For z € R, f(z) =z if x is rational; f(z) = 1 — x if  is irrational.
2) h =min{f, g}, where f and g are continuous functions on R.

2. Find all possible continuous functions f on R in each case:

Df(zy) = f(2)f(y), Yz,y €R.
2)f(x+y)=f(x)+ f(y), Vo,y €R
) f(xy) = f(x)+ f(y), Vr,y €R.

Continuous Functions on Intervals

Let ACR, f:R — R. We say that f is continuous on set A if f is continuous
at every point of A.

Definition: A function f: A - R (A C R) is said to be bounded on the set
A if these exists M > 0 such that |f(x)| < M Vz e A.

Note: Let ACR, f: A — R, then the Range of f or the image of A under
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[ is the set {f(z) € R | z € A}. Thus a function f is bounded if and only if
its range is a bounded set.

Example: Let f:(0,1) = R, f(z) = %, then f is not bounded on (0, 1).

To see this, let M > 1 be any given number. Let x = 1/2M. Then clearly,
z € (0,1) and 1/ = 2M > M so that |f(z)| =1/z > M.

Example: Let f:(1,2) = R, f(z) =1, then f is bounded on (1,2), since
[f(x)] <1, Vze(l,2)

Example: Let f: (1,00) = R, f(z) =1, then f is bounded on (1, 00) since
[f@)] <1, V€ (1,00).

Example: Let f:(0,1] = R, f(z) = e%, then f is not bounded on (0, 1].

Example: Let f:[l,00) = R, f(z) = e%, then f is bounded on [1,00) since
[f(z)] <e, Va € [1,00).

Definition : Let f be a real-valued function defined on a set S C R. The
function f is said to have an absolute maximum value on the set .S if there is
at least one point ¢ in S such that f(z) < f(¢), Vx € S. The number f(c) is
called the absolute maximum value of f on S.

We say that f has an absolute minimum value on S if there is a point
d € S such that f(z) > f(d), Vo € S, and then f(d) is called the absolute

minimum value of f on S.

Theorem: Boundedness Theorem For Continuous Functions.
Let a function f be continuous on a closed and bounded interval [a,b]. Then
f is bounded on [a, b].

Proof: We prove the result by contradiction. Assume that f is unbounded
(i.e. not bounded) on [a, b)].

Since [a,b] = [a,c] U[c,b] where &5 = c is the midpoint of [a, b], and since
f is unbounded on [a, b], we see that f is unbounded on [a, c] or [c, b]. Denote
by [a1, b1] the subinterval on which f is unbounded; if f is unbounded on both
the subintervals, let [c, b] = [aq, b1].

Since [a1, b1] = [a1, c1]U[e1, b1] where blg‘“ = ¢1 is the midpoint of [a1, b1],

and since f is unbounded on [ay, b1], we see that f is unbounded on [a1, ¢1]
or [c1,b1]. Denote by [ag, ba] the subinterval on which f is unbounded; if f is
unbounded on both the subintervals, let [c1,b1] = [ag, ba].

Continuing in this way, let, for each n, [an41,bn+1] denote that half of
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[@n, by on which f is unbounded. Note that the length of [an,by,] = %2, and
a<ap <ap < - <ay <b, <o < by < by <, for all n.

Let A ={a,a1,az2,---}. Then A C [a, b], so that A is a non-empty bounded
set of real numbers. Hence the supremum of A exists. Let o = sup A. Clearly,
a<a<hb.

(i) Let a < o < b.

Since f is continuous at «, for ¢ = 1, 36 > 0 such that
[z —al <d=[f(z) - f(a)] < L.

Now [f(2)] = I£(z) — f(e) + F(@)] < |(z) = (@) + | f(a)]

Hence |z —a| < § = |f(z)] <1+ |f(a)].
So, f is bounded on I = (o — 6, + 9).

Here a < a; <ay <---<a, < ---. Since a = sup A, corresponding to
the above 4, there exists m such that a,, > o — . Now choose n > m such
that b, — a,, = I’Q_—n‘l <. Then a — 9 < ay, < ayp, < by, < ay, +0 <+ 9. Hence
[an,bn] € (a— 0,0+ d) = I. Hence f is bounded on [ay, by,], which contradicts
the choice of [ay, by].

(ii) Let oo = b.

Then clearly, « = b, = b for all n. Then since f is continuous at «, for
e =1, 30 > 0 such that

rel=(a—-96a=|f(z)— fla) <L

So, as before, f is bounded on I, also there exists n such that [ay,b,] C I.
Hence f is bounded on [a,, b,], which is a contradiction.

(iii) Let a = a.

Then clearly, a = a, = « for all n. Then since f is continuous at «, for
e =1, 35 > 0 such that

zel=la,a+6)=|f(z)— fla)] < 1.

Hence, as before, f is bounded on I. Choose n such that b, — a,, = I’Q_—na < 4.
Then a = ay, < b, < a, + 9 = a+ J. Hence [ay, b, C [a, a0+ 0) = I. Hence f
is bounded on [ay, by], which is a contradiction.

Hence our assumption gives a contradiction in all cases. Hence f is bounded
on [a,b].

Example: The function f(x) = 22 + 1 is continuous and bounded on (0,1)
but does not attain infimum or supremum on (0, 1).

Here supremum of f = 2 and infimum f = 1. If there is ¢ € (0,1) such that
f(c) = 2, then ¢ +1 = 2 that is, ¢> = 1, therefore ¢ = +1 which is not in
(0,1). A contradiction to ¢ € (0,1). Therefore f does not attains its supre-
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mum. Similarly f does not attain its infimum.

Example: The function f(z) = sin(1), z # 0 and f(0) = 0 is discontinuous
at 0 € [—1,1]. Also it attains its infimum —1 and supremum 1 on [—1,1].
Example: Let f(z) = 2z, V2 € [0,1); f(z) = —2+2, Vze€[l,2) and
f(z) =1, V €2,3] be a function on [0, 3].

The function f is discontinuous at points 1,2 € [0, 3], bounded on [0, 3] and it
does not attain its supremum 2 on [0, 3].

Example: If every continuous function on a non-empty interval I is bounded
then show that I is a closed bounded interval.

Solution: If I is unbounded then the function f(xz) = x is continuous and
unbounded on I. Therefore I must be bounded.

Since I is bounded in R, by completeness property of R, a = inf(/) and
b = sup(]) exists in R.

If I is not closed then either a or b does not belong to I. Without loss of
generality, suppose a ¢ I. Therefore the function g(x) = ﬁ is continuous
and unbounded on I,a contradiction.

Therefore I must be closed.

Theorem: Extreme - Value Theorem For Continuous Functions.
If f is a continuous function on a closed and bounded interval [a, b], then there
exist points ¢ and d in [a, b] such that f(c¢) = sup f and f(d) = inf f.

(Here sup f = sup S and inf f = inf S, where S = {f(z)|x € [a,b]}.)

Proof: We know that since f is a continuous function on the closed and
bounded interval [a, b], f is bounded on [a, b]. Hence M = sup S and m = inf §
both exist on [a, b].

We will prove that f attains its supremum in [a,b]. The result for the
infimum will follow as a consequence because inf f = sup(—f) and —f is
continuous on [a, b] since f is so.

Let M = sup f. If possible, suppose that there is no x in [a, b] such that
f(z) =M.
Let g(x) = M — f(x). Then g(x) > 0, V& € [a,b]. Also, ¢ is continuous on

[a, b]. Hence % is continuous on [a, b]. Hence i is bounded on [a, b]. So, 3K >0

such that Vz € [a,b],ﬁ <K,

ie. ﬁM<K or M— f(z)> +.

Ve lab], f(x) < M — %’
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which is contradiction since M is the least upper bound (supremum) of f on
[a,b] and M — & < M.
.3 ¢ € [a,b] such that f(c) =sup f.
Theorem: Bolzano’s Theorem (Location of roots theorem).
Let f be a continuous function on a closed and bounded interval [a,b] and
assume that f(a) and f(b) have opposite sings. Then there is at least one ¢ in
the open interval (a,b) such that f(c) = 0.
Proof: Assume f(a) < 0 and f(b) > 0. Let S = {z € [a,b] | f(z) < 0}. Then
a € S. Also, S C [a,b] so that S is a non-empty bounded set of real numbers.
Hence the supremum of S exists, say c.

Now the possibilities are: f(c) <0 or f(c) >0 or f(c) =0.
Let f(c) < 0. As f is continuous at ¢ € [a, b], }31_>mc f(z) = f(c). Hence taking
e =5 f(c), 36 > 0 such that
€ (c—0d,c+6)= flc) —e< f(x) < flc) +¢,
so z € [c,c+0) = f(z) < 3f(c) <0.
Hence [¢,c+ ) C S. In particular, ¢+ %5 € S. This is a contradiction because
c=supS and ¢+ %5 > c¢. Hence f(c) < 0 is not possible.
Let f(c) > 0. As f is continuous at ¢ € [a, b], }:IE%: f(z) = f(c). Hence taking

€ =1f(c), 36 > 0 such that
€ (c—0d,c+6)= flc)—e< f(x) < flc) +¢,
so € (c—6,¢)=0<3f(c) < f(a).

But ¢ = sup S. Hence corresponding to the above J, there exists a point
xg € S such that ¢ > z9 > ¢ — 0. Then f(z9) < 0 as zg is in S. This is a
contradiction since as shown above, f(z) > 0in (¢ — 6, c¢).

Hence we must have f(c) =0, as required.

Note: The above theorem says that if f is a continuous function on a closed
and bounded interval [a,b] with f(a) < 0 < f(b) or f(b) < 0 < f(a), then
graph of the function f intersects X axis at a point between a and b.
Theorem: The Intermediate - Value Theorem for Continuous Functions.
Let f be a continuous function on a closed and bounded interval [a,b]. Let
x1,T2 € [a,b] such that x; < x9 and f(x1) # f(x2). Then f takes on every
value between f(x1) and f(x2) somewhere in the interval (1, x2).

Proof: Since f(z1) # f(z2), suppose f(z1) < f(z2) and let K be such that
f(z1) < K < f(x2).
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Let g(z) = f(x) — K, x € [x1,z2].
As f is continuous on [z1, z2]| C [a,b], g is continuous on [z1, z2|. Note that

g(x1) = f(z1)—K <0 and
g(zg) = f(z2) — K >0.

.. by Bozano’s Theorem 3 ¢ € (z1,z2) such that g(c) = 0ie. f(c)— K =0
ie. f(e) =K.

Note: Converse of the intermediate value theorem is not true.

For example the function f(z) = sin(1), = # 0 ; f(0) = 0 satisfies the
intermediate value property on [—1,1], but f is not continuous at 0 € [—1, 1].
Example: Given a real-valued function f which is continuous on the closed
interval [0, 1]. Assume that 0 < f(z) <1 for each x € [0, 1]. Prove that there
is at least one point ¢ in [0, 1] for which f(c¢) = ¢. Such a point is called a fixed
point of f.

Solution: Let g(z) = f(z) —z, = € [0,1]. Then ¢ is continuous in [0, 1] and

9(0) = f(0) = 0= f(0) > 0,
and g¢(1)=f(1)—1<0.

.. by Bolzano’s theorem 3¢ € [0, 1] such that g(c¢) = 0 ie. f(c) —¢ =0 ie.
fle)=c
Example: Let f be a continuous function on a closed and bounded interval
[a, b]. Show that the image of [a,b] under f, namely

f(la,0]) = {f(2) | = € [a, 0]},
is a closed and bounded interval.
Solution: By Boundedness theorem, the supremum and infimum of f([a, b))
both exist.
Let m = inf f([a,b]), M = sup f([a, b]).
By extreme value theorem, 3 ¢, d € [a, b] such that m = f(c) and M = f(d).
Hence by intermediate value theorem, f([a,b]) = [m, M| = [f(c), f(d)], as was
to be shown.

Example: Show that the equation 2%z — 1 = 0 has at least one root in (0, 1).

Solution: Let f(z) = 2%z — 1. Clearly, f is continuous in [0, 1].
Since f(0)=2"x0—-1=-1<0
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and f(1)=2'x1-1=2-1=1>0,

by Bolzano’s theorem it follows that 3 ¢ € (0,1) such that f(c) = 0 i.e.
2°xc—1=0.

c€(0,1)isaroot of 2* x x — 1 = 0.

Exercises:
1. Show that the equation x = cosz has a solution in the interval [O, g] .
2. Show that the polynomial p(x) = z* + 723 —9 has at least two real roots.
3. Does there exist a function which is bounded on [a, b] but does not attain

maximum or minimum on [a, b]? Justify your answer.

4. Let f be a polynomial of degree n, say f(x) = Zakxk, such that the

k=0
first and last coefficients ag and a, have opposite signs. Show that

f(z) =0 for at least one positive .

5. Let f(x) = tanz. Although f (%) =1and f (%’r) = —1, there is no z
in the interval (F,27) such that f(z) = 0. Explain why this does not
contradict Bolzano’s theorem.

Exercises on Limits and Continuity

1. Prove the following by using the definition of limit:

2 1
. 2 _ : I
(a) lm(@” +9) =10 (b) iy ~=—5 =5
z+4 1 z+3
li =- li =1.
() Jim =1 @lm—7r
2. Compute the following limits:
zt — 81 x3 — 7zt
lim ————— lim = "
(a) 153 222 — ba — 3 (b) 250 23
(c) tim @ tim 5 as0
) aBy 72 25022 + 2ax + a2 07
3. Use lim 227 — 1 to evaluate the following limits:
z—=0 X
sin 2x sin bx — sin 3z

(a) lim (b) lim

z—0 X z—0 T



10.

11.

12.

sinz —sina 1—cosz
lim — lim ———.
(c) 20 T —a (d) 250 22
Compute following limits using sandwich theorem:
. D—coszT , 3 3
(a) xli)rrolo 219 (b) Ilg(]glﬁ x° cos (m)
. 322 — sin 4z . 22
() im0 (@) lim 2oy
Compute following limits:
. 2% -10 . e*
() 25 10 (b) Am 5 e

(¢) lim —

11m .
z—o0 HT 4+ 3%

Find the number A which makes the function
fa) = ?-2 |, z<l1
7\ Az —4 , 1<z continuous at x = 1.

Discuss the continuity of the function f defined on R thus:

o) = {

1, if x is rational,
0, if z is irrational.

Discuss the continuity of

—6
% , < 0
flz) = 2 , =0
2 +4 , x>0.
. Discuss the continuity of f(x) = ;21} at = —1.
Determine the set of points at which f(z) = % is continuous.

Determine the points at which f(z) = v2? — 2z is continuous.

Examine the continuity of the following functions at z =0 :

z)l/® x
@ s = { 2

x)/ €T
<b>f<x>:{(”22>1 @0

e , =20

o1
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13.

14.

15.

16.

17.

18.

19.

B e~ 1/ , ©#0
@sa={ "y
d [ a5 w0
(@ f(z) { o
Let

f(x)—{ sint , x<c

ar+b , z>c
where a,b and ¢ are constants. If b and ¢ are given, find all values of a
(if any exist) for which f is continuous at the point z = c.

(a) Use the inequality |sinz| < |z|, for 0 < |z| < 7, to prove that the
sine function is continuous at 0.

(b) Use part (a) to prove that the cosine function is continuous at 0.
(c) Use parts (a) and (b) to prove that the sine and cosine functions are
continuous at any real x.

1
cos T

Use the inequality 0 < cosx < % <
sinx 1

for 0 < x < 7, to prove that

lim
z—0

Given a real-valued function f which is continuous on a closed and
bounded interval [a,b]. Assume that f(a) < a and that f(b) > b. Prove
that f has a fixed point in [a, b].

Show that every polynomial of odd degree with real coefficients has at
least one real root.

Let f be a continuous function on interval [0, 1] such that

£(0) = f(1). Show that there exists a point ¢ € [0, 3] such that f(c) =
fle+3).

(Hint: Consider g(z) = f(z) — f(z + 1), z €[0,1/2]).

Suppose f : [0,1] — R is continuous and takes on only rational values.
Show that f is a constant function.
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CHAPTER 3
Differentiation

The derivative is a central concept of differential calculus. The deriative is a
measure of how a function changes as its input changes. It can be thought
as how much one quantity is changing in response to changes in some other
quantity. The process of finding the derivative is called differentiation.

The Derivative:

Definition: Suppose a function f is defined on an open interval containing a

point a. If the limit, lim M

T—a T —a

(or derivable) at a and the derivative of f at a is denoted by f'(a).

exists, then we say that f is differentiable

So, f'(a) = lim M.

If we take x = a + h, then

Fa) — tn L0 = I a)

h—0 h

Right hand and left hand derivatives:
oot h) — f(a)
h—0+ h

exists, then it is called the right hand derivative of f

fla+h) = f(a)
h
it is called the left hand derivative of f at a, and is denoted by f’ (a). Clearly,

f'(a) exists iff f/ (a) and f’ (a) both exist and are equal.

at a, and is denoted by f/ (a). Similarly, if hlim exists, then
—0~

Examples:

1. The derivative of a constant function is 0 (zero) at any real number a.

2. Let f(x) = 22
To find the derivative of f(z) at point a.
fla+h)—f(a)
h

Consider lim
h—0
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= lim (
h—0
= lim 2a + h
h—0
= 2a.
Therefore, f'(a) = 2a.

Then lim 7f(m) ~ fla)
r—a €T —aq
_ iy YE VA

T—=a I —a

= lim

xﬁ\a\/er\/;L.

Hence, if a # 0, then f’(a)

if @ > 0, then f (0) =
at 0.

. Let f(z) = |z|, Yz € R.

Then lim M
r—a T —a
o Jzl=ld]
T—=a T — Q
x? — a2

= lim

a+h)?—a?

v=a (z —a)(|z| +|al)

Hence, if a # 0, then f'(a) = %
a
But if a = 0, then
/ T x /
fﬁ@—Qg&hﬂ_lmnfxm_

So, f1.(0) # f2(0).

Hence, f is not derivable at 0.

= —— and

= NG
. 1
lim —

z—0t \/5

. Let f(z) = /x, > 0. Let ageq0 be any point.

Y1 ifa>0

a

%:—1 if a < 0.
= lim — = —1.

z—0~ \x!

does not exist so that f is not derivable

Theorem 1 If f is derivable at a point a, then f is continuous at a.

Proof: Suppose f is derivable at a, so that lim
f'(a). Hence

Tr—a

f(z) = f(a)

r—a

exists and is
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f(z) = f(a)

tim £(2) = lim | 2220 (a4 f(a)
— f(a)- 0+ f(a)

= f(a).

Therefore f is continuous at a.

Note: The converse of the above theorem is not true.

For example, let f(z) = |z|,Vx € R.

Then f is continuous at 0, but as shown in example 4 above, f is not derivable
at 0.

Example: Determine whether the function h(x) = z|z|,z € R, is differen-
tiable and find the derivative if it exists.
Solution: Here, h(z) = z|z| =2?> ifz >0

=0 ifx=0

= —2? if x <0.
Clearly, h/(z) =2z ifx >0
=2z ifz<O0.

Let us check W}El(et%lel” h (1)S> differentiable at 0.
w —
, .
7, (0) = x%1+

) x—0
= lim r
z—0 T
= lim x
z—0
= (),
. h(z) — h(0)
A (0)=1 —_—
0= T
. —a?
= lim —
z—0 I
= lim —x
z—0

Therefore, b, (0) = h__(0) = 0.
Therefore, h is differentiable at 0 and 2'(0) = 0.
Hence, h is differentiable at each z € R.

Geometrical interpretation of derivative:
Consider two points Ala, f(a)] and BIb, f(b)] on the graph of the curve y =
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f(z). Let the chord BA meet X — axis at C so that ZXCB is its inclination.
Draw ordinates AP, BQ) and draw AR 1 QB.

We have AR = PQQ =h and RB= QB — PA= f(a+h)— f(a).

Therefore, tan(£XCB) = tan(£LRAB) = % = flat h})L — f(a). (1)

As h approaches 0, the point B moving along the curve approaches the point
A, the chord AB approaches tangent line T'A and /X CB approaches /XTA
which is the inclination, say 6, of the tangent at A.

On taking limits as h — 0, the equation (1) gives

tand = f'(a).

Thus, f/(a) is the slope of the tangent to the curve y = f(x) at the point
Ala, f(a)].

Note: The slope of the tangent at a point of a curve is also known as the
Gradient of the curve at that point.

Example: Check whether the function f(x) = |log(x)| is differentiable at
=1



Solution: At z =1,
fle+h) = f(z)=fA+h)— f(1)
= |log(1+ h)| — |log 1]

= [log(1 + h)]
Therefore, z+h) - f(z) _ log(1 + h)
h h
_ “log(1+h)
B h

So, fi.(1) = hi%ﬂ f(1+ h})L - f(1)
log(1 + h)

h—0 h

fL+h) - (1)

and f/ (1) = lim

h—0+ h

= lim ———— log(1 + h)
h—0

= —1.

Therefore, f (1) # fL(1).
So, f'(1) does not exist.
Therefore, f is not differentiable at x = 1.

ith>0

if —1<h<O.

o7

Example: If f(z) = xsin(l) when z # 0 and f(0) = 0, show that f is

T
continuous but not derivable for z = 0.
Solution: We have

@) = O] = fosin (3 )1 = falsin (3 ) I < o

8

Given any € > 0 taking 6 = ¢, we have |f(z) — f(0)] < |z| < € whenever

|z — 0| < 6.
Therefore, lirr[l) f(z) =0= f(0).
z—

Therefore, f is continuous at 0. Next,
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1
But, lim sin (> does not exist.

z—0 €T

Therefore, f'(0) does not exist.
Therefore, f is not derivable at = = 0.

Exercises:

1. Using the definition of derivative, find the derivative of the following

functions:

(a) f(z) = é,Vw ER,z#0
(b) f(z) =2’

(¢) f(x)=a2",neN

(d) f(z) =3"

(e) f(x) =cosx

. The motion of a particle moving in a straight line is specified by the

formula S = 2 + 2t + 3. Find the velocity of motion (i) initially, (ii) at
the end of 3 seconds.

. Discuss the derivability of the function f given by

f(z) =22 r <1
=2z, 1<z <2
=—22+3x—-2, z=>2,

at x =1, 2.

. Give an example to show that the derivative of a continuous function is

not always a continuous function.

. Check whether the function f defined by f(z) = |z — 2|+ |z| is derivable

at x =0, 2.

1
rez

. If a function f is defined by f(z) = —, x#0
1

+e=
=0, z =0,

show that f is continuous but not derivable at x = 0.

. Show that the function f(z) = |z — a|é(z) where ¢(z) is a continuous

function and ¢(a) # 0, has no derivative at the point z = a.
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8. Find the coefficients ¢ and d so that the function
f(x) =22, ifr<a
=cr+d, ifx>a
is continuous and derivable at a.

Differentiability of a function over an interval:
A function f is said to be differentiable on an open interval I if it is differen-
tiable at each a € I. If I = [¢,d] then f is differentiable on I if
(i) fl(c) exists and
(i1) f’(d) exists and
(ii1) f)(a) = f’(a) for each a such that ¢ < a < d.

Example: Define f : [-1,2] — R as follows:

f(z) == it-1<2x<0
=ginx fo<z<l1
— 2 fl1<zg <2 () (—1)
. m (@D el
e 1) — £ (1) — - = =
Solution: f'(—1) = f\(-1) xi{nﬁ z— (—1) xlinjlaﬂ—l !
L f@ @) a4
Also, f/(2) = f/(2) = lim 122012 =4
so, f'(2) = fL(2) ST 9 o5 7 — 2
. f(x) = f(0) . sinx —sin0
. / _ A SN —_— =
At =0, f(0) = lim S50 o = lim == == =1
. f(x)— f(0) . x—sin0
! i - L = —_— =
and f2(0) = lim == — 0= = lm == = 1.

Therefore, f(0) = f.(0) =1= f'(0) = 1.
flz) —

x

b ,er() xiglJr r—1 a:l—>rnl]:—1
— f(1 i -1
and f' (1) = lim f@) = 1) — lim 22¥ "2 which does not exist =
z—1— rz—1 z—=1 T —

f'(1) does not exist.
Therefore, f is differentiable on [—1,1) U (1,2].

Basic Rules of Differentiation:
There are a number of basic properties of derivatives that are very useful in
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the calculation of derivatives of various combinations of functions. We now
give a brief statement of some of these properties, which will be familiar to
the reader from earlier courses.

Theorem 2 Let f,g be functions defined on an interval containing point a
and f,g be differentiable at a. Then

1. If c € R, then the function (cf) is differentiable at a and
(cf)(a) = cf'(a).

2. The function f + g is differentiable at a and
(f +9)(a) = f'(a) + g'(a).

3. Product Rule:
The function f - g is differentiable at a and

(f-9)'(a) = f'(a) - g(a) + f(a) - g'(a).

4. Quotient Rule:
If g(a) # 0, then the function f/g is differentiable at a and
(£) (0= o) ter'e)

g (9(a))?

Theorem 3 Chain Rule:

Suppose I,J are open intervals and f : I — R, f(I) C J and g : J — R.
Suppose f is differntiable at a € I and g is differentiable at f(a). Then the
composite function (g o f) is differentiable at a and

(gof)(a)=g'(f(a)) - f(a).

Derivative of an inverse function: Suppose (i) f is a derivable function on
a closed and bounded interval [a, b] with a < b. Suppose (ii) f'(x) #0 V z €
[a, b].

Now, (i) implies that f is continuous on [a, b] and so the range of f is also
a closed and bounded interval, say [c, d]. Further, by (ii), it can be shown that
f is actually either strictly increasing or strictly decreasing on [a,b]. Hence f
is, in particular, a one-one function on [a, b]. Hence the inverse function, f~1,
of f exists and its domain is [¢, d]. Also, to describe the relation between f and
f~1, conveniently, let us write g = f~!. Then for every z in [a,b], y = f(x)
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is a unique number in [c, d]. Conversely, for every y in [c, d], there is a unique
number z in [a, b] such that y = f(x) i.e. such that z = g(y).
Thus for z in [a,b] and y in [¢, d], we have

y=f(z) & z=g().

Now it can be shown that, under the conditions (i) and (ii) above,
(a) g is also continuous on [c, d],
(b) the inverse function, g of f is differentiable on [¢, d] and for every y € [c, d],

(I = 5 where v = fia),
i ) = where y = f(x *
ie. gy = @)’ here y = f(z). (*)

Examples:
1. Every polynomial function p(z) = ag + a1z + asx?® + . .. + a,z" is differ-
entiable at any x € R.

2. Let f(z) =tanz = i;%, Va € R for which cosx # 0. Then
x

cosr-L sinz — sinz-% cosx
_ dx dx

f'(x) = 5

(cosx)

cos? z + sin’ x

cos? x
cos2 x
= sec? x.

3. Let f = R — R be defined by f(z) = 2%+ 42r + 3 and g = f~!. Find
9'(8).
Solution: f is continuous and one-one function on R and f’(x)
504 +4 # 0 for any x € R. Therefore, the inverse function g = f~
is differentiable at every = € R.
Let zp=1= f(:l?o) = f(l) = 8.

Thererfore, ¢'(8) = )~

4. Let f: (—m/2,7/2) — (—1,1) be defined as f(z) = sinz.
Clearly, f(z) is continuous and one-one function on (—7/2,7/2) and

—_
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f(x) =cosxz #0, Ve € (—7/2,7/2).
So, the inverse function g(y) = f~!(y) = sin~! y is differentiable at every
y € (—1,1) and
I T |
cosw \/1—sin2x \/1—3/2

/
9'(y) = = , y € (-1,1).
f'(x)
5. Find the derivatives of the following functions:

(a) f(z) = (22% + bz + 3)*
(b) f(z)=3"m®

(c) \fz+\/z+Vx

(d) f(z) =sinh3z cosh(z/5)
Solution:

(a) f'(z) = 4(222 + 5z + 3)3(4x + 5)

(b) f'(z) = 35" log 3(cos ¥) = 3% cos x log 3

1

() f'(2) =
2\/e+ Vat e

(d) f'(z) = 3cosh3x cosh(xz/5) + %sinh 3x sinh(z/5).

3 3:1+\/:E<1+2\1/5E)]

6. Show that the function y = ze™ " satisfies the equation zy’ = (1 — x)y.
Solution: 3y = e ¥ —xze * = (1 —x)e ™.
Therefore, zy’ = (1 — x)y.

Exercises:

1. Find the derivatives of the following functions:

)COS[E

(a) y=(sinx
(c) f(z)= coth(tfm x) — tanh(cot x)
(@) fle)= 0T

xrer
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(e) f(z) = [sinz]

oz
1422

2. Determine whether each of the following functions is differentiable and
find the derivative wherever it exists:

(a) flz) ==+ |z

(b) f(z) = |z|+ [z +1]
(c) f(z)= \Sm$|

(d) f(z)= — V1 — a2

—z2

3. Show that the function y = satisfies the differential equation

—e

, 212

zy +2y=e".

4. Given that the function h(z) = 2® + 22 + 1 for € R, has an inverse
h~! on R, find the value of h_ll(y) at the points corresponding to x =

0,1,-1

5. Prove that the derivative of a differentiable even function is an odd
function and the derivative of an odd function is an even function.

6. Prove that the derivative of a periodic function with period T is a peri-
odic function with period T

T 1 0
7. Find f'(z) if f(z) = | 22 22 2
3 32?2 6z
1 1 du d
8. For u = 3 log (1 —_F > Check the relation d—:j£ =1.

Mean Value Theorems:

In this section we are going to study the mean value theorems, which relate
the values of a function to values of its derivative.

We begin by studing the relationship between the relative extrema of a function
and the values of its derivative.

Let I be an interval. A function f : I — R is said to have:
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1. a relative maximum at point a € I if there exists a neighborhood V' of
a such that f(z) < f(a) forallz e VN 1.

2. a relative minimum at point a € I if there exists a neighborhood V of a
such that f(a) < f(z) forall z € VN 1.

We say, f has a relative exremum at a € [ if it has either a relative maximum
or a relative minimum at a.

Theorem 4 : Let a be an interior point of I and f : I — R have a relative
extremum at a. If f'(a) exists then f'(a) = 0.

Proof: We prove the result for the case that f has a relative maximum at a.
The proof for the case of a relative minimum is similar.

Now, f'(a) exists and f’(a) € R.

So exactly one of the following is true:

1. f'(a) >0,
2. f'(a) <0,

3. f'(a)=0

First, suppose f’(a) > 0.

By definition of derivative, there exists a neighborhood V C I of a such that
f(z) — f(a)
xr—a

Ifz €V CI and z > a, then
(&) - fla) = (x — )T
So, f(x) > f(a) which contradicts to the hypothesis that f has relative maxi-
mum at a.

Therefore f/(a) > 0 is impossible.

Similarly, we cannot have f’(a) < 0.

Therefore, we must have f’(a) = 0.

>0forxz eV, x#a.

> 0.

Note:

1. Let f: I - Rand c e I. If f/(¢) =0 or f'(c) is undefined ,then ¢ is
called as a critical point for f.



65

2. The only domain points where a function can assume extreme values are
critical points and end points.

Theorem 5 : (Rolle’s Theorem)
Suppose a < b and f : [a,b] = R is

1. continuous on [a, ],

2. derivable on (a,b) and

3. f(a) = f(b).
Then there exists a point ¢ € (a,b) such that f'(c) = 0.

Proof: f is continuous on [a,b]. So, f is bounded on [a,b] and attains its
maximum value M and minimum value m on [a, b].
Hence, 3 ¢,d € [a,b] such that f(c) = M and f(d) = m. Clearly, m < M.
If m = M, then f is constant on [a,b]. Therefore, f'(x) =0, Vz € (a,b).
If, m < M, then the numbers m and M cannot both be equal to the equal
values f(a) and f(b).
So, first let M = f(c) # f(a).
Then ¢ € (a,b). Hence, by (2), f'(c) exists.
We now show that f/(¢) = 0.
Since f(x) < f(c), Vx € [a,b], we have
fz) = f(c)

>0forz<e
T —c
andf(x;:f(c)g()for:n>c.

Hence, as z — ¢~, we get f' (c) <0

and as x — ¢t, we get f/ (c) > 0.

Since f'(c) = fL(c) = fl.(c), we thereforeget f’(c) = 0.

So, ¢ is the required point.

A similar proof shows that if m = f(d) # f(a), then d is the required point.

Geometrical interpretation of Rolle’s theorem:

Geometrically, Rolle’s theorem says that, if f is continuous function on [a, b]
and if the graph of f has a tangent at each point between the points (a, f(a))
and (b, f(b)), which are on the same level, then there is a point ¢ (a < ¢ < b)
such that the tangent to the graph of f at point (¢, f(c)) is parallel to the
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X —axis, that is, f reaches its maximum or minimum value at an interior
point of [a, b].

f(a)=f(b)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Examples:

1. Let p be a polynomial of degree n > 2. Show that between any two
distinct roots of p there is a root of p/.
Solution: Let p(z) = apz™ + a12™ ' + ...+ ap_17 + ay, ag # 0
be a polynomial of degree n and let a and b be distinct roots of p(x)
with a < b.
So, p(a) = p(b) = 0. Clearly, p is continuous on [a,b] and derivable on
(a,b).
All conditions of Rolle’s theorem are satisfied.
So, there exists ¢ € (a,b) such that p'(c) = 0.
Therefore, a root of p’ lies between the roots a, b of p.

2. Verify Rolle’s theorem for the function
T 5T

44
Solution: Here, f(x) = e®(sinx — cos z).

f(m/4) = e™/*(sin(n /4) — cos(m/4))

f(x) =e*(sinz — cosz) on
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="H(1/V2) - 1/v2)
= 0.
f(5m/4) = > /4(sin(5m/4) — cos(5m/4))
= H((=1/v2) + 1/v2)
=0.

Therefore, f (%) =f (T)

T 5T

14 ] Also, f is differentiable and

Clearly, f is continuous on [

5
f(x) = e*(sinx — cosxz) 4+ e"(cosz + sinx) Vo € (Z, I)
So, all conditions of Rolle’s theorem are satisfied.

Hence, there must exist ¢ € <Z, 55) such that f’(¢) = 0.
To verify this, let f'(¢) = 0.

i.e. e“(sinc — cosc) + e(cosc+sinc) =0

i.e. 2esinc =10

ie. sinc=0 (" 2e¢ #0)

ie. c=nm, neZ.

So € T om
c=m -, —
’ 4’ 4
Hence, Rolle’s theorem is verified.

> satisfies f(c) = 0.

. If f(x) = (x — 3)log x then show that the equation xlogxz = 3 — x for
some z € (1,3).

Solution: Here, f(z) = (z — 3)log z.

F1)=(1—-3)logl =0, f(3) = (3—3)log3 = 0.

s () = fB3).

Clearly, f is continuous on [1, 3] and differentiable on (1, 3).

.. By Rolle’s theorem, 3¢ € (1, 3) such that f'(c) = 0.

Here, f(z) = (z — 3) log .

1

Therefore, f'(z) = (x — 3)— + logz, > 0.
x

- f(e) =0 gives -

“(c=3)+cloge=0.

s.cloge=3—c

. c € (1,3) satisfies the equation xlogx =3 — z.

+logc = 0.
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Theorem 6 : (Lagrange’s Mean Value Theorem)
Suppose a < b and f : [a,b] = R is

1. continuous on [a,b],
2. derivable on (a,b).

Then there exists a point ¢ € (a,b) such that

where k is chosen such that ¢(a) = ¢(b).
(a)

For this, we require f(a) — ka = f(b) — kb or k = f(bl)):a (1]

Now f is continuous on [a, b] and differentiable on (a,b). So, ¢ is continuous
on [a,b] and differentiable on (a,b). Also, ¢(a) = ¢(b).
Therefore, by Rolle’s theorem there exists ¢ € (a,b) such that ¢'(¢) = 0 i.e.
f'(c) =k ie.

~

flle) = —=FT—=, using [I]

Geometrical Interpretation of LMV T:
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Geometrically, LMVT states that there exists a point ¢ € (a,b), such that the
tangent at point (¢, f(c)) is parallel to the chord joining points (a, f(a)) and

(b, £(b))-

Note:

1. The expression

f(0) — f(a)
b

gives the 'mean value’ of the slope of f on

a
[a,b] and LMVT says that f’ must attain this mean value somewhere on

(a,b).

2. Ifwewriteb—a:hand% =6, then 0 < 0 <1andc=a-+06h.
Hence, LMVT can be stated as: If f = [a,a+ h] = R is

(a) continuous on [a,a + h],

(b) derivable on (a,a + h),

then there exists 6 € (0, 1) such that

fla+h) — fla) = hf'(a + 6h).

Examples:

1. Verify LMVT forf(x) = logz on [1,¢].
Solution: Here f(x) =logx, x € [1,¢].
Clearly, f is continuous on [1, e] and differentiable on (1, ¢). Also, f'(z) =
1

x
— f(1
To verify LMVT we have to find ¢ € (1, €) such that f'(c) = w
1 log(e) — log(1)

ie.
e—1

ie. — =
c e—1
Therefore, c=e —1 € (1,e) since e = 2.718. . ..

Hence LMVT is verified.
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2. If 0 < a < b < 1 then prove that

b—a . .
<sin'b—sin"ta <

V1 —a? V1—02

1

Solution: Consider f(z) =sin™" z, « € [a,b).
Clearly, f is continuous on [a, b]. Also,
1
() = ——, V2 € (a,b).
F@) = =g Vo€ ()
Therefore, f is derivable on (a,b).
So, by LMVT, 3¢ € (a,b) such that f'(c) =

1 sin~!'h—sin"ta

\/1—02: b—a

Here, 0 <a<c<b<l, . .a’><c?<b <l
So—a? > =2 > b2 > 1.

V1 —a2>V1—¢2>+1-0b2.

. 1 1 1

T V1-a? < Vi-c2 < V162"

f(b) — f(a)
b—a

1.e.

Using [I], we therefore get \/117a2 < 51“712:31“71“ < \/114;2‘
" \/% <sin7!h—sin"ta < bf_‘;ﬂ.

. Prove that |sinx —siny| < |z —y|, Vz,y € R.
Solution: Let z,y € R and f(t) =sint, ¢ € [z, y].
Clearly, f is continuous on [z, y].
Also f is derivable and f/(t) = cost, t € (z,y).
So, by LMVT 3¢ € (z,y) such that f'(c) = W

. siny — sinx
i.e. cosc = ————

—x
so that |cosc| = siny — sinz|

ly—=f
We know that |cosc| < 1, - Lsinu=sinzl g

ly—z|
colsine —siny| < |z —y|, Vz,y €R.

Recall that a function f : I — R is said to be strictly increasing on an interval
I if for any points z1, 22 € I such that x1 < zo, we have f(x1) < f(z2).
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Similarly, f is strictly decreasing on [ if for any points x1,z2 € I such that
x1 < Tg, we have f(x1) > f(z2).
Theorem 7 : Suppose a < b and f is derivable on (a,b). Then

1. f'(x) #0, Vz € (a,b) = [ is a one-one function on (a,b).

2. f'(x) =0, Yz € (a,b) = f is a constant function on (a,b).
3. f'(x) >0, Yz € (a,b) = f is a strictly increasing function on (a,b).
4. f'(z) <0, Vx € (a,b) = f is a strictly decreasing function on (a,b).

Proof: Let a < x < y < b, then by LMVT 3Je¢ € (z,y) such that f(y)— f(z) =
f(e)y — =), 1]

—

1. Suppose f'(x) # 0 Vz € (a,b).
To show: f is a one-one function on (a,b).
On the contrary, suppose f is not a one-one function on (a,b). Then
there exist z,y € (a,b) such that z < y and f(x) = f(y). But then by
[1], 3¢ € (z,y) such that f'(c) =0
i.e. Jc € (a,b) such that f’(¢) = 0, which is a contradiction.
So, f must be one-one on (a,b).

2. Suppose f'(x) =0 Vx € (a,b).
To show: f is a constant function on (a,b).
On the contrary, suppose f is not constant on (a,b).
Then 3z, y € (a,b) such that x < y and f(z) # f(y), so by [I], we have,

Je € (z,y) such that f'(c) = f(y;—;};(x) # 0.

Hence, 3¢ € (a,b) such that f/'(c) = 0 which is a contradiction.
So, f must be constant on (a,b).

3. Suppose f'(x) >0, Vz € (a,b).
Using [I], we have f'(c) = M

x
Here, z <y=y—x > 0.

So, f(y) = f(z) > 0= f(x) < f(y).
So, for any z,y € (a,b) with z < y, we have f(z) < f(y).
Therefore, f is strictly increasing on (a, b).

> 0.
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4. Similarly, we can prove if f'(z) < 0, Vax € (a,b), then f is strictly
decreasing on (a,b).

Note: f is increasing on an interval I, if for any z,y € I with x < y, we have

flx) < fy).

Similarly, f is decreasing on I if for any x,y € I with x < y, we have f(z) >

f(y).

So, by above theorem, if f'(x) > 0, Vz € I, then f is increasing on I and if
f'(x) <0, Va € I, then f is decreasing on I.

Ya local maximum
f’ undefined

local maximum

f'=0

local minimum

v

0 a c; [ C b

Thus if the derivative f’ has a fixed sign on an interval, the f is monotonic
on that interval. This fact leads us to a test, given below, for obtaining the
local extreme points of f on [a, b].

For example, in the above figure, consider values of f near the points
c1,c2,c3. Here f is continuous on [a, b] and also derivable on [a, b] except at cs3.

Now at points to the left of c¢1, the tangent to the graph of f makes an
acute angle with the positive x—axis, i.e. f/(x) > 0 at all these points. So f
increases on the left of ¢;. Also, at points to the right of ¢1, the tangent to the
graph of f makes an obtuse angle with the positive z—axis, i.e. f'(x) <0 at all
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these points. So f decreases on the right of c;. Hence f is locally maximum at
c1. Similarly, the reader should check that f is locally minimum at co. Finally,
since f is continuous at cs and derivable in a deleted neighbourhood of cs, it
can be similarly seen that f is locally maximum at cs.

These observations lead to following test for existence of local extreme values.

Theorem 8 : (The First Derivative Test for Local Extreme Values)
Let f be continuous on an interval I = [a,b] and let ¢ be an interior point of
I. Assume that f is differentiable on (a,c) and (c,b). Then

1. If there is a neighborhood (¢ — 6,¢ + 0) C I such that f'(x) > 0 for
c—0<zxz<cand fl(x) <0 forc < x < c+9, then f has a local
mazimum at c.

2. If there is a neighborhood (¢ — §,¢ + 6) C I such that f'(z) < 0 for
c—0<x<cand f'(x) >0 forc < x < c+9, then f has a local
minimum at c.

Proof:

1. If x € (¢ — 6, ¢) then by Lagrange’s mean value theorem, there exists a
point ¢, € (x,c) such that

Since, f’(¢;) > 0, we have f(c) — f(z) > 0.

s f(e) > f(z) for z € (¢ — 6, c).

Similarly, if € (¢,c+ 0) then by Lagrange’s mean value theorem, there
exists a point ¢, € (¢, x) such that

fle) = f(a) = (c = 2)f'(ca)

But here f/(c,) <0, also (¢ —x) <0.

s fle) = flx) =20

s f(e) > f(z) for z € (¢,c+ ).

Therefore, ¢ is a point of local maximum for f.

2. Proof is similar.
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Note: Suppose I = [a,b] and f : I — R is a derivable function. If ¢ is a point
of local extremum for f then c is either a critical point for f or an endpoint.

Examples:

1. Find the intervals on which f(z) = —23 + 122 + 5, = € (-3, 3), is in-
creasing or decreasing. Where does the function assume extreme values
and what are these values?
Solution: The function f is continuous on (—3,3). Also, f’ is defined
for all z € (—3,3) and
fl(z) = =322+ 12 = —3(2% — 4)
= -3(z+2)(x —2).
S f(x)=0for z =2,-2.
.o = —2,2 are critical points for f.
These critical points subdivide (—3, 3) into subintervals (—3, —2), (—2,2), (2, 3).

subintervals (-3,-2)  (-2,2) (2, 3)
sign of f’(x) - + -

*. f is increasing on (—2,2) and decreasing on (—3,—2), (2,3).

So, by first derivative test, we conclude that x = —2 is a point of local
minimum for f and x = 2 is a point of local maximum for f.
o f(=2) = —11 is minimum value for f and f(2) = 21 is maximum value
for f.
z? z?
2. Show that Y < log(l+ ) <x—m for z > 0.
2
Solution: Consider f(x) =log(1 + x) — (x - a;) , x> 0.
1 2
) = T—(l—x): TS0, Vz>o.

So, f(z) is strictly increasing on (0 00) = f(0) < f(z), Ya > 0.
2
log(1+0) < log(l+x) — <;1; - x)

2
2
S0 <log(l+2) — <:z: - :1:2>
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2

r— % < log(1 + z). ]
2
Now consider g(z) =z — ﬁ —log(l1+=z), =>0.
/ z Vo >0

g(a:) is str1ctly increasing on (0, 00).
.9(0) < g(x) for 0 < .
2

x
.0 - —— —log(1 .
SL0<a 20+ 7) og(l+x)

Slog(l+2) <o —

2

21+ )
Using [I] and [II], we get
2

[11]

x—%<10g(1+x)<x—ﬁf0rx>0.

Theorem 9 : (Cauchy’s Mean Value Theorem)
Let a < b. Suppose the functions f,g : [a,b] — R are

1. continuous on [a, b

2. derivable on (a,b) and

3. ¢'(x) #0 Vax € (a,b).
Then there exists a point ¢ € (a,b) such that
Fe
g'(c

Proof: 1If g(a) = g(b), then g satisfies all conditions of Rolle’s theorem, so
there exists ¢ € (a,b) such that ¢’(¢) = 0. But it is given that ¢'(x) #0, Vx €

) _
)

(a,b).
g(a) # g(b).
For a <z <b, we define ¢(z) = f(z) — kg(x)
where k is a constant chosen such that ¢(a) = ¢(b)
ie. f(a )f( E}: f(b) = kg(b)
ie. k= a0 = gla)’ iy

Since, f,g are
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1. continuous on [a, b] and
2. derivable on (a,b),

¢ is also
1. continuous on [a, b] and

2. derivable on (a,b).

Also, ¢(a) = ¢(b).

.. ¢ satisfies all conditions of Rolle’s theorem.

Hence, there exists a point ¢ € (a, b) such that ¢'(c) = 0.
2 f(e) — kg (e) = 0.

e O C

using [I]

Examples:

1. Verify Cauchy’s mean value theorem for the functions f(z) = e* and
g(x) = e ® in [0,1]. Show that ¢ is the arithmetic mean of a and b.
Solution: f,g are continuous on [0, 1]. Also, f,g are differentiable on
(0,1). Further
g (r)=—e"#0 Voe(0,1).

Thus, all conditions of CMV'T are satisfied.
So, there must exist ¢ € (a, b) such that

c b

e - e?

T _e—cC - e—b _ g—a’
_620 —_ _eaer_
CL2c=a +bb.

a—+
S.c= € (a,b).

Hence, CMVT is verified and c is the arithmetic mean of a and b.
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2. Find ¢ of Cauchy’s mean value theorem for the functions cos x and sin x
in [0, 7/2].
Solution: Let f(x) = cosz, g(x) = sinz.
Then both f, g are continuous on [0, 7/2] and derivable on (0, 7/2).
Also, ¢'(xz) = cosx # 0, V€ (0,7/2).
So all conditions of CMVT are satisfied.
By Cauchy’s mean value theorem there exists a real number ¢ € (0,7/2)
such that

1
70) = glb) o) !
_ sinc  cos(m/2) — cosO
"—cosc  sin(m/2) —sin0
. —tanc= -1
Stanc=1

se=7/4€(0,7/2).
So, ¢ = /4 is the point satisfying [I].

1 1

3. Verify CMVT for the functions f(r) = — and g(z) = — on [a,b], a > 0.
x x

Show that the point ¢ of Cauchy’s mean value theorem is the harmonic

1
mean of a and b. Solution: Here f(x) = 3 and g(z) =

58|

Clearly, both f, g are continuous on [a,b] and derivable on (a,b), where
a > 0.
.. By CMVT, Jc € (a,b) such that
f'(e) _ f(b) = f(a)
g'(c)  g(b) —g(a)
=2/ 1/b*—1/a?
T —1/c2 1/b—1/a

2 11

Tyt
2 a+b

‘¢ ab
2ab
c= b).
c.c a+b€(a, )

Hence, CMVT is verified and c¢ is the harmonic mean of a and b.
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4. Show that for 0 < z < 7/2,

(a) sinz <z < tanx
2 sinz

(b) =<

™ xT

<1

Solution:

(a) For 0 <z < m/2,let f(x) =x —sinz, g(x) =tanz — x.
Then for all z € (0,7/2), f'(z) = 1 —cosz > 0 and ¢'(z) =
sec?x —1 > 0.
So, f, g are strictly increasing on [0, 7/2).
Hence, for 0 < z, f(0) < f(x) and g(0) < g(z)
ie. 0 <ax—sinz and 0 < tanz —
ie. sinx < x and x < tanx
sosine <z < tanw.

(b) For 0 <z <7/2, let F(z) =
Then F' is continuous on [0, 7/2]. .
Also, on (0,7/2), F'(z) = W
().

Hence, F is strictly decreasing on [0,7/2) and so for z € (0,7/2),

we have F(7/2) < F(z) < F(0).
sinx <1

sinx

and F(0) = 1.

< 0 since z < tanzx by

Therefore, — <
T

Exercises:

1. Verify Rolle’s theorem, if applicable, for the given function.

(a) f(x) =lz|, © € [-1,1]

(b) f(x) =x(zx—2)e™ ", x€]0,2]
(c) f(x) =92 —da, v € [-2/3,2/3]
(d) f(x) =cos’z, x € [-n/4,7/4].

2. Verify LMVT if applicable, for the given function.

(a) f(x)=¢€", x€[-1,1]
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11.

. Show that —
1+2x
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(b) f(z) =32* =52 +1, = € [2,5]
(¢) f(z) =sinz+ cosz, x € [0,27]

(d) flz)=Va?—4, z€[2,3].

. Verify CMVT if applicable, for the given function.

56‘2
(@) f(@) =€, gla) = o

) fx)=22+2, g(x) =23 -1, x €[1,2].

x € [-3,3]

<log(l+z) <z, z>0.

b— b—
. Show that — % < tan~ b —tanla < — 2 V0 <a<b

1452 1+ a2

. Verify Cauchy’s mean value theorem for functions f(x) = y/z and g(z) =

1
NG in [a,b], a > 0. Show that the number ¢ of CMVT is the geometric
x

mean of a and b.

Separate the intervals in which the polynomial 223 — 1522 + 362 + 1 is
increasing or decreasing.
agp Gnp—1

If + 1 + L+ 5 + aTn = 0, show that the equation

apx™ —i—am” 1+...+an_1x+an20hasaroot in (0,1).

I f(z) = 2(z + 1)(z + 2)(x + 3), show that the equation f’(x) = 0 has

three real roots.
Using f(x) = (4 — x) log z, show that xlogz = 4 — x for some x € (1,4).

Find the points of local extrema, the intervals on which functions are
increasing or decreasing for

(a) f(a:):a:—i-é, x#0

(b) f(z)=2% = €[-1,1]

(c) f(x)=a® -5zt +52> -1, x €R
(d) f(z) =z, x€(0,2)
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(e) f(@)=2*+3z+5, z€R
(f) f(z)

x
=——7, R
210"
12. Show that the equation tanz = 1 — x has at least one solution for
O<z<l.

13. Show that there is no k € R such that the equation 2% + 122 + k = 0
has two distinct roots in [0, 2].

14. Let I be an interval and f : I — R be differentiable on I. Show that if
the derivative f’ is never 0 on I, then either f/(x) > 0 for all x € I or
f'(z) <0 forall z el

15. Let p be a polynomial of degree n > 2. Show that between any two
distinct roots of p there lies a root of p'.

L’ Hospital’s Rules:
f(x)

In calculus, we frequently come across limits of the form lim ——. We note

i r—a g(:[;)
that the limit exists and is equal to w

T provided %13(11 f(z), ;13(11 g(z)

both exist and lim g(z) # 0.
r—a

f(z)
g9(z)

But if lim,_,, f(z) = 0 and lim,_,, g(x) = 0, then as z — a, may tend

to a finite limit or to oo or to —oo or it may oscillate.

0
In this case, we say that lim f(@) is of indeterminate form —.
v—a g(x) 0
Similarly, if lim f(z) = oo and lim g(x) = oo, then lim I (@) is said to be of
T—a T—a r—a g(l‘)

00
the indeterminate form —.

00
We state below a collection of theorems called L’ Hospital’s rule which are

0 o0
useful in evaluating limits of the form — and —. Other indeterminate forms
00

like 0- 00, 0°, 1°°, 0o — oo can be reduced either to 0 or 2 form by algebraic
00

manipulations and by taking logarithms or exponentials.
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Theorem 10 : (L’ Hospital’s Rule I)
Suppose a < b and functions f,g are derivable on (a,b) and ¢'(x) #0 Vx €

f'(x)

(a,b). Suppose that $1_1>I£l+ f(x) =0 = gglg(]il+ g(x) and zllgﬂ 7 () = L, then
lim @ = L.
z—at g(x)

Here, L can be a real number or oo or —oo.

Remarks:

0
1. I’ Hospital’s rule for — indeterminate form is also valid for left land

limits. There we replace (a,b) by (c,a) where ¢ < a and x — a™ by
x—a”.
Combining the versions of left hand limits and right hand limits, we ob-

tain L” Hospital’s rule for (two sided) limits of % indeterminate form as
follows:

Let f,g be functions which are differentiable in some deleted neigh-
borhood of a where ¢'(z) # 0 and let ;12}1 flz) =0 = :llg}lg(:c) and

i £ %) Z 1 then tim 1) —

e g'(a) wa g(x)

2. I’ Hospital’s rule I is also valid if instead of considering limits as x — a
where a is a real number, we consider limits as * — oo or x — —o0.

3. 1f tim 4.%)

z—at g’(m)

0
is also indeterminate of the form o’ then it may be possible
: o (@)
to apply the above theorem again to conclude that if lim

z—at g”(.%')
/
then it is equal to lim ! ($)
z—a™t g’(m)

exists,

Theorem 11 : (L’ Hospital’s Rule II)
Suppose a < b and functions f,g are derivable on (a,b) and ¢'(x) #0 Vrz €

/
(a,b). Suppose that xli>1‘111+ f(z) = o0 = xligh g(x) and xl_1>1}11+ i;/((i)) = L, then
f(x)

lim —= =1L
z—at g((l?)
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Remarks:

CIf lim

1. Above I’ Hospital’s rule can be stated for x — a~ or x — a with suitable

modifications in the hypothesis of the theorem.

. L’ Hospital’s rule II is also valid if instead of considering limits as x — a

where a is a real number, we consider limits as * — oo or z — —o0.

/(=)

z—at g (SL‘)

00
is again indeterminate of the form —, then by applying
00

1!
the above theorem again, we conclude that, if lim (@)

z—at g”(%’)
!/
is equal to lim (@)

z—at g (.CC) )

exists, then it

Examples:

sinz

1. Find lim .
z—0

Solution: ]%(x) = sinz, g(z) = z are differentiable everywhere on the
real line and f'(x) = cosz, ¢'(z) = 1.

Further, ¢'(z) # 0 for all x € R.

lim f(z) =0 = lim g(z)

z—0 , z—0

and lim —~% = lim cosz = 1.
x—0 g’(,ﬁ[;) x—0

Therefore, by L’ Hospital’s rule I, we have

: /
lim ST _ im f'(z) =1.
z—0 T =0 ¢'(x)
22
. Show that lim —7 = 0.
r—00 <%
. . a? . . 00
Solution: Note that lim —— is of the indeterminate form —. Also,
r—00 <L o0

f(x) = 22, g(x) = €% satisfy all hypotheses of L’ Hospital’s rule II, so
2

. . . .2z : , oD
xli)rgo o exists provided xh_)ng@ 202t exists. and again by L’ Hospital’s

rule, this limit exists provided lim ——-— exists.
z—o0 44T

2
Now lim —— = 0 and hence lim T 0.
z—00 4e2% T—00 2%
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2 2
3. Evaluate lim HCQLW
z—=oo x4 —1x+1
2
Solution: lim w (f form)
z—oo x4 —1x+1 o0
. 4z +5 00
= lim (— form)
z—o0 20 — 1 o0
= lim -
Xr—r 00
= 2.
. . 1—cosx
4. Find lim —
x—0 €T

Solution: Let f(z) =1 — cosz and g(x) = z2.

Both f, g are differentiable in every deleted neighborhood of 0 and ¢'(z) =
2z # 0 in that deleted neighborhood.
Also, lim f(z) =0 = lim g(x).
z—0 z—0
So, we can apply L’ Hospital’s rule I,

. 1—coszx . sinxzx 0
lim — = lim — form
x—0 X z—0 2x 0
. cosx
= lim

xz—0 2

Sometimes L” Hospital’s rule does not help us to evaluate a given limit
as illustrated in the following example.

V1 2
5. Find lim Y-
T—00 T
Solution: Here, f(z) = V14 22 and g(z) = =.
Note that, lim f(z) =oco = lim g(z).
T—>00 T—00

If we try to apply, L’ Hospital’s rule, we get a loop.

2z
. V1422 . 2v/1+22
llm _— = hm _—
T—00 T T—00 1
= lim
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. Find lim

However, the limit can be found directly as,

. V14 a2 1 + x2
lim ——— = lim = lim 4/1+ —2
T—00 T—00 T—00 x

log

T—00

Solution: Here f( ) = logz and g(z) = x are differentiable on (0, c0)
and ¢'(z) =1 # 0, Vo € (0,00).

1
By L’ Hospital’s rule, we have lim %8% _ lim Q = 0.

r—oo I T—00
xT
. . ef—cosr—zx
. Find lm —M8M8M .
z—0 Tsinx
x
. . et —cosr—zx 0
Solution: lim —————— — form
2—0 rsinx 0
. ef—cosr—x «x
= lim 5 -
z—0 z sinx
. e —cosxt —=x 0
= lim — — form
z—0 X 0
. e +sinze—1 0
=lim ——— — form
z—0 2z 0
. e’ +cosx
= lim
z—0 2

Now, we see how to evaluate limits for other indeterminate forms such
as 00 —00, 0-00, 1°, 09, 0o®. Here, the first two forms can be converted

0 00
into — or —. For the remaining forms we need to use the continuity of

00
the logarithmic and exponential functions.

r e*-—1

1 1
Solution: lim <—

z—0

. Evaluate lim (1 1 >

z—0+t \ T et —

. 1 1 e —1—=x 0
lim [ — — = — form
a—0\z e*—1 z(e® —1) 0

__ -1 0,
et — 1+ ze” 0 orm

1)has indeterminate form oo — oco.
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9. Evaluate lim (secx — tanz).
x—7/2

Solution: lim (secx — tanx) (00 — oo form)
x—m/2

. 1 sin x
= lim —
z—7m/2 \COST  COST

. 1—sinz 0
= lim <> ( form>
) cos T 0

COS T

= lim -
z—om/2 —Sinx
=0.

10. Evaluate lim z2log .
z—0t

Solution: lin%) z?log x (0 - oo form)
r—r

s form)

r—2

11. Evaluate lim (2 — x) tan (@)
x
n

Solution: lim (2 — x) ta L) (0 - oo form)
T—2 4
. 2-x 0
= lim ———— ( form>

=lim ——M—F——
_T 2 (tx
T—2 A 7 cosec (4)
) . T
= lim — sin? (—)
2 T 4

™

12. Evaluate lim z” (0° form)
x—07F



86

Solution: Put y = z*.
slogy =xlogr —0asx — 0T,
Hence, lim y = lim e'°8Y
z—0t z—07t
lim logy
= ez—0" (using continuity of ')
=¥ =1.
o lim 2% = 1.
z—07F

13. Evaluate lim (1 + maz)"/®

z—0t

Solution: Put y = (1 + mzx)'/?.
1

s logy = —log(1 + mx).
T

lim 1 = lim —log(1
xir(r)lJr o8y anl>1(r)l+ T Og( —|—’I7’L.7))

log(1 + mx
_ yy los(+mz)
z—0t X
. m
= lim
z—0+ 1 + max
=m.

. lim y = lim e'8Y
z—0t z—0+
lim logy
— edf—)0+ = e
. lim (1 +ma)Y/* = ™.
z—07F
14. Evaluate lim 25107
z—0+

Solution: Let y = =
.. logy =sinxlogx.

lim logy = lim sinxlogx
z—0t z—0t

sin x

log

im
z—0+ cosec T
. 1/x
= lim #
z—0+ cosec x cotx
. sin? z
= lim
z—0T T COST
2sinxcosx

z—0t COSXT — T SInT

(1°° form)

(0 - oo form)

(0° form)

(0 - oo form)

(g form)
<8 form)



. lim y = lim elosy

z—0* x—>'0+
lim logy
= €$%0+
=el =1
-+ lim 25t = 1.
z—07t

15. Evaluate lim (cosec a:)l/ logz
z—0

Solution: Let i = (cosec z)'/ 1082

logy = log(cosec x).

log x

1

T logy — T (2B(0%C)
x—0 20 IOg.CE

-1
coseczcosec - cot x
1

z—0 ES

= lim

X
= —lim x cotx
z—0

= — lim cosz - —
z—0 sinz

-1 1=-1.

o lim y = lim e'°8Y
z—0 z—0

lim logy
— 61‘—)0
e 6_1 = —.
e
. lim (cosec )1/ 108% = —
x—0 e

16. Evaluate lim (a® 4 z)'/*
z—0
Solution: Let y = (a® 4 z)'/.
1
s logy = —log(a® + )
x
. 3 . 1 x
. .ilg(l)logy = ilg%glog(a + )
. log(a® + x)
= lim ——=

z—0 €

1
— ljm &tz (a”loga +1)

x—0 1
. a®loga+1
=lim —————
x—0 at + x
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(00? form)

(% form)

(1°° form)

(00 - 0 form)

(8 form>
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=loga+ 1.
- lim y = lim €'°8Y
z—0 z—0
lim logy
— e$—>0
— eloga+1
=elga.el —qg.e.
clim(a® 4+ 2)Y* =a-e.
z—0
Exercises:

1. Evaluate the following limits, if they exist.

1‘2

(2) Jim 2

e — cosx

b) li
t _

(¢) lim 22— <

r—0 xr — SsInx

(e) lim

z—0 tan x
222 —3x +1
lim ——————
(f) $1£>I%) 172—113
T —1+log(l —
(g) lim & L1081 = 2)
z—0 tanx — x

(h) lim e

T—00

. tan bx
(i)

1m
rz—0t tanx

. at —1
O i
. (1
(k) lim xsin ()
T—r00 T
tanwx

() lim (1 — )



(m
(n
(o
(p)
(@)

(r)

z—0

lim (cosx)=
z—0

1
) 1i1rr(1J < — cot x)
xr— X

) tim (i« B log(ig—i- a:))

. 1 1
) lim | — S——
z—0 \ sinx «x

m"“

) < 1
lim
z—0 \ e? — 1

lim (1 +

T—00

)

§ T
T

(s) lim (:U2 - 1)10gx

(t)
(u)
(v)

(W)

(x) lim (e® 4 x)

T—00
2. Show that
(a) lim T T8 el
r—=a T —a
a® —b*
(b) th =loga — logb for a,b > 0.

C

r—1

lim (tanx
x—7/4

lim (z — a)”

r—ra

lim (secz)

x—7/2

)tan 2x
—a

cotx

. 1 2sinx
lim ( —
z—0+t \ T

8|~

x—0

(d) lim

T—00

lim a® +b* _ Jab.
(=)
(1+

8=

=e for m > 0.

m)

89
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3. Find the value of a, b such that

. z(l+acosz)—bsinx
lim 3 =
z—0 x

Successive Differentiation:
Derivatives of order greater than one are obtained by a natural extension of the
differentiation process, called successive differentiation. If the derivative f/(z)
of a function f exists at every point x in an interval I containing a point ¢,
then we can consider existence of the derivative of the function f’ at the point
c. In case f’ has a derivative at the point ¢, we refer to the resulting number
as the second derivative of f at ¢, and we denote this number by f”(c) or by
f@(¢). In similar fashion, we define the third derivative f”(z) = f®)(c), ...,
and the n'" derivative f(")(c), whenever these derivatives exist. Note that the
existence of the n'" derivative presumes the existence of the (n—1)"" derivative
in an interval containing c.
Ify = f(m)d, we denote the n'" derivative of f at z as f(™(z) or y,(z) or
n "y
D" f(x) or T

Examples:

1. If y = sin~! z, prove that (1 — 2%)ys — 2y; = 0.

Solution: y = sin~! z.

1
N p
. 2 1

..y1—1_$2

L(1=2?)yi-1=0.
Differentiating both sides w.r.t. =, we get

(1 —2%)2y190 + 32 (—22) = 0

(=2 —ay =0

2. If y = log(log =), prove that zys + y1 + xy? = 0.
Solution: y = log(logx).
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~logzx
1

LU

= log

Differentiating bc1>th sildes w.r.t. x, we get
TY2 + Y1 = —W;
B x
T 22(logx)?
= —ayi.
coxye +y1 +ayd = 0.

The n'" derivative of some standard functions:

1.

If y=(ax+0b)™, meR,

then y; = ma(az + b)"™ 1,

yo = m(m — 1)a®(ax + b)™ 2,

y3 = m(m — 1)(m — 2)a3(az + b)™3 and

in general, y, = m(m —1)(m —2)...(m —n+ 1)a"(ax + b)™".

If m is a positive integer, then

Yn = (m_n)!a”(a:z:+b)m_" ifn<m
=mla™ ifn=m
=0 if n > m.

1

Ify = .
y ar +b

Put m = —1in (1), we get

Yn = (_1>(—2) - (—n)a”(ag} + b)flfn
_ (=1)"nla”
ph s

. If y = log(ax + b).
1

We have, y; = .
Ve g1 ar +b “

By above result (2), we have
(=) Yn —1)la®
(az + b)"

Yn =

Iy =a™*.

We have y; = ma™* loga

91
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g = ma™ (log a)?
y3 = m3a™*(log a)3.
In general,

Yn = m"a"*(loga)".

Iy =emr

Put a = e in (4), we get
Yn = m"e™*(loge)”

— mnemx.

. If y = sin(ax 4+ b), then we have

y1 = acos(ax + b) = asin(ax + b+ 7/2)

yo = a® cos(ax + b+ m/2) = a®sin(az + b + 27/2)
y3 = a®cos(ax + b+ 27/2) = a3sin(azx + b + 37/2)
In general,

Yn = a"sin(ax + b+ nw/2).

. Similar to (6), if y = cos(ax + b), then

Yn = @™ cos(ax + b+ nm/2).

. If y = e sin(bx + ¢), we have

y1 = ae® sin(bx + ¢) + be™ cos(bx + ¢).
Put a =rcosf, b =rsinf

where 7 = Va2 + b2, § = tan~!

Coy1 = re® cosOsin(bx + ¢) + re® sin 0 cos(bx + ¢)
=re*®sin(bx + ¢+ 0)

S y2 = r2e®® sin(br + ¢ + 26)

In general,

Yn = e sin(bzx + ¢ + nb).

b
a

. Similarly, if y = e® cos(bz + ¢), then

n ,axr

Yn = "€ cos(bx + ¢ + nh)
b
where r = Va2 + b2, 0 = tan™! —.
a

Examples:
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16z + 18
1. fy=————. find y,.
Yo o2 ysr 3 0
] 16x + 18 16x + 18
Solution: Here y = =
202+ 5x+3  (x+1)(2x +3)
N B
YT Tt
2(—1)"pll"  12(—1)"ni2"
S Yn =

(z+1)ntl 2z 4+ 3)n+LT

2. If y = e** cos? xsin z, find the n'" derivative of y.

Solution: We have y = ¢?* cos? zsin x

1
= 62“?5(1 + cos 2x) sin x

1 1
= e < sinz + 3 cos 2z sin x>

2
= 2 1sinaer 1sin?)x — 1sinac
N 2 4 4

1 1
=2 (4 sinx + 1 sin3x>

2x _: 2x _:
Sy =-—-e““sinz + —e“* sin 3.
Y=1 1

1 1\ 1 3
SoYn = 1\/571 %" sin (x +ntan~! 2) +Z\/ﬁn e?® sin (355 +ntan~! 2) .

Theorem 12 : (Leibnitz’s Theorem)

If y = uv, where u and v are functions of x possessing derivatives of nt" order,
then

Yn = (UU)TL
=" Coupv +" Crup—1v1 + ... +" Cr_1Un—r410r—1
+" Crpey vy + ... +" Cruv, (1]
n!
n —_
where "C,. = 7(?1 ST

Proof: We prove the theorem using mathematical induction.
Step 1: y1 = (wv);
= U1V + uvy
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= 'Couv + 'Cruv
Thus, the result is true for n = 1.

Step 2: Assume that the result is true for n = m. Therefore

Ym = (uv)m
=" Cottrv +" Crtm—1v1 + ... +" Cr 1 Um—r41Vr—1

+" Crtty—ry + ... " Crpe1u1Vm—1 + Crbtyy,.

Differentiating both sides, we get

Y(im+1) = (u0)mt1
=" Cotbyr1v +™ Cottvr +™ Crpmvr +™ Crm 102
+ o O U2V T Cr U1 Uy
+™ Crttm—r410r +" Crh—rVp41
+ . A" Crut vy T Cruvg
=" Cotums1v + (MCo 4+ Cr)umvr + (MC1 4+ C1)t—1v2
+... +("Cr1 " Cum—rvr + .+ Cruvp 41

We have the results,
"Cr1 +™ Cp =G and MGy =" Crga, MCo = G
Therefore

Ym+1 = (UW0)mt1
=" Cottyni1v +™ Cramvy +™ Cott 102
+ o A" Cotg 1y A O utm
Therefore, the result is true for n = m + 1.

Hence, by the principle of mathematical induction the theorem is true for all
positive integers n.

Examples:

1. If y = (sin~! z)2, prove that
(1 — 22)yns2 — (2n + Dayn1 — n?y, = 0.
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Solution: We have y = (sin~! z)2.

Differentiating both sides w.r.t. x, we get
1

V1 — 22

SVl —a2 =2sin"la.

Squaring and simplifying, we get

(1 —22)y? — 4y = 0.

Differentiating once again, we get

(1 — 22)2y1y2 — 22y — 4y; = 0

22y [ =2y —ay — 2] =0

=2y —ay —2=0 (1]
Differentiating [I] n times using Leibnitz’s theorem, we get

Yy = 2sin "tz -

["Co(1 — 2)ynt2 +" C1(—22)ypt1 +" Ca(—2)yn]
— ["Coxyns1 +" Cryn] =0

S (L= 2)Ynsa = 2n2Yngr — n(n = 1)y — TYnp1 — nyn =0
S (1= 22)ypyo — (2n + Dzyny1 — ny, = 0.

I y% + y% = 2z, show that

(22 — Dypaa + (2n + 1):1cynjil + (n? —m?)y, = 0.
Solution: We have y% + — =2z

1 ym
Put ym =t.
1
1?2 — 22t + 1 = 0 which is a quadratic equation in ¢. Solving it for ¢,
we get
t=x+Va?-1.

We ignore the negative sign.

.'.t:a:+\/a:2—1:yi
sy=(z+ Va2 -1m 1]
Differentiating [I] w.r.t. to x, we get
y1 = m(z + 22 —1)" ! (1 + x§_1>
m(z +vx2 — 1)™
|
Va2 — 1y =my

Sy =
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Differentiating once again, we get

o
Va2 —1ys + ————y1 = my
o

VaZ—1
pr m my
Vz2-1
c(@2 =Dy +zyr —mPy =0 (1]

Differentiating [/] n times using Leibnitz’s theorem, we get
(2% = Dynt2 + n(22)yns1 + n(n — 1)yn + Tyns1 + nyn — m2y, =0
(2% = Vyneo + 2n+ Dayprr + (02 —m?)y, = 0.

3. If x = tan(logy), prove that
(14 22)yps1 + (2nz — Vy, +n(n — 1)y, = 0.
Solution: We have z = tan(logy)
clogy =tan"lx
1

Sy = etan_ T [I]
Differentiating [I] w.r.t. z, we get
- 1
— ptan l:p_
n=e 1+ a2
(1 + xZ)yl — etan™ "z _ y
(1 +a?)y -y =0 [11]

Differentiating [/] n times using Leibnitz’s theorem, we get
(14 2*)ynt1 +1(22)yn +1(n — Dyn-1 — yn =0
S (4 22)ypsr + 2nz — Dy +n(n — Vyp—1 =0

Exercises:
1. Find the n" derivative of
(a) z"e”

(b) z3cosx

1
2. Let f(x) = xsin x) for z # 0 and f(0) = 0. Show that f is continuous
at 0 but f’(0) does not exist.

1
3. Let f(x) = 2*sin <> for  # 0 and f(0) = 0. Show that f/(0) exists
x
but f’ is not continuous at 0.

4. Prove that
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(a) d% <a2 1 x2> = 2% {(C(L_—la):;:il * (atgz“]'

(b) If y = sin? 2 sin 2z, then
1
Yo =7 [2”“ sin(2z + nr/2) — 4" sin(4x + nm/2)].

(c) If y = e** cosxsinzx then

1 2
Yn = ie‘w(a2 + 4)"? sin(2z + ntan~! <> ).
a

5. If y = €® sin™! @ oog o gin o then prove that
(1 - 2)yni2 — 2n + Daynr1 — (n? + a?)y, = 0.

6. If y = sin(msin ! z), then show that
(1 = 22)ypi2 — (2n + Daynr1 + (n? — m?)y, = 0.

7. If y = (2% — 1)™, prove that
(xQ - 1)yn+2 + 2l‘yn+1 - n(n + 1)yn = 0.

8. If y = log(z + V1 + 22), prove that

(a) (14+2%)y2 +ay1 =0
(b) (1 + 2B yni2 + (2n + Daypr1 +n’y, =0
(¢) Ynt2(0) = —n2y,(0).

Taylor’s Theorem:

Taylor’s theorem can be regarded as an extension of the mean value theorem
to higher order derivatives. Whereas the mean value theorem relates the
difference of values of a function and its first derivative, Taylor’s theorem
provides a relation between the difference of values of the function and its
higher order derivatives.

It is useful to be able to approximate a function by an infinite series. Taylor’s
theorem can be used to represent a function as an infinite series.

Theorem 13 : (Taylor’s Theorem with Lagrange’s form of remain-
der)
Let n € N, let I = [a,b] and let f: 1 — R be such that f and its derivatives
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1 f7 . f™ are continuous on I and that f™*V) exists on (a,b). If xg € I,
then for any x € I, there exists a point ¢ between x and xy such that

Fx) = flao) + f(xo)(x — x0) + f”éﬂfo)

(n)
+...+W(x—xo)"+'(w—xo

(x — z0)?

Note: We may write the conclusion of Taylor’s theorem as
f(z) = P,(x) + Ry(x) where

Pa() = f(xo) + f (o) (z — o) + L)

2!

n
(x—x0)2+...+f(;(‘$0)
f(n+1)( c) '

(n+1)!
point ¢ between x and x, is the Lagrange’s form of remainder of order n.
Suppose f possesses derivatives of all orders on I. If R,(x) — 0 as n — oo for
all z in I, then we say that the Taylor series generated by f at zg converges

to f on I and we write

(x —x0)" is

the Taylor polynomial for f at 29 and R, (z) = (2 — x0)" ! for some

X ok
foy =31

k=0

) (ao)
k
ol (x — x0)".
This series is known as Taylor’s series expansion of f at xg.
With x¢g = a and x = a+ h, we have the following version of Taylor’s theorem.
Theorem 14 : (Taylor’s Theorem - Second form)
Let f be a function defined on [a,a + h| such that
1. the n' derivative f™ is continuous on [a,a + h)

2. the (n + 1) derivative f"V) exists on (a,a + h).

Then there exists a point ¢ in (a,a + h) such that

1" (n) (n+1)
(a)h2++f (a)hn+f (C)hn+1

We have another form of Taylor’s theorem known as Maclaurin’s theorem.



99

Theorem 15 : (Maclaurin’s Theorem)
Let f be a function defined on [0, x] such that
1. the n'* derivative £ is continuous on [0, z]

2. the (n + 1) derivative f1) exists on (0, z).

Then there exists at least one real number ¢ in (0,x) such that

(0 (n) 0
1) = 1@+ o)+ I O gy
f ("H)(C) 1
where R, (z) = “———>2""! is called the Lagrange’s form of remainder.

(n+ 1)

Note: Suppose f possesses derivatives of all orders on I. If R,(z) — 0 as
n — oo for all z in I, then the Maclaurin series generated by f converges to
f and we write

This series is known as Maclaurin’s series expansion of f.

We are not proving any of these theorems. Assuming their validity we solve
examples.

Maclaurin’s series expansions of some basic functions:

1. Expansion of e*
Let f(z)=¢€* .. f(0)=€e"=1
fllx)y=e* - f/(0)=1
f”(IE) — ew f//(o) — 1
[y = e (o) =1

By Maclaurin’s theorem, we have
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" (n)
f@) = FO) + O+ TV IOy
2 3 n
flz) = e —1+x+x—+§|+...+%+...

2. Expansion of sinx
Let f(z) =sinx .. f(O) =0
f(x) = cosx 1(0) =

f(x) = —sing s f”(O) =0
fO(z)=—cosz .. fO0)=-1
f@(x) =sinz . fH0)=0

By Maclaurin’s theorem, we have

" (n)
F@) = £(0)+ f/(0)z + f2(!0):v2 P n!(O):U” s
3 5 7
f(z) =sinx == %—l—% %4—
3. Expansion of cosx
Let f(z) =cosx .. f(0)=1
f'(z) = —sinz - f'(0)=0
f’(x) =—cosx . f"(0)=-1
fO(x) =sinz . f30)=0
f@(x) =cosz .. fD0)=1
By Maclaurin’s theorem, we have "
fa) = 10 + )+ T %02 g SOy
2 4 6 '
f(z) =cosx=1— %+%—%+...

4. Expansion of log(1 + x)
Let f(z) =log(1+2) .. f(0)=1logl=0

fla) = o FO=1
(z) = S f(0) = -1

(14 2)?




9@ = g 190 =2
9@ = g 100 =6

By Maclaurin’s theorem, we have

"0 ) (0
1) = fO) + 7O+ TV ¢ 0
2 223 62t
f(m):log(l—i—:):):x—g T
R
—tTT e T Ty
Examples:
1. Obtain Maclaurin’s series expansion of tan x.
Solution: Let y = f(z) =tanx .. y(0) =
fl(z) =sec’z =1+tan’x
Sy =1+92 cy(0) =1
Y2 = 2yy1 2y2(0) =0
Y3 = 27 + 2yy2 - y3(0) =2
ya = 4dy1y2 + 2y192 + 2yys3 S ya(0) =0
ys = 8y1y3 + 6Y3 + 2yys - ys5(0) = 16
By Maclaurin’s theorem, we have
0 Y (0
F@) = 50 + (O + 202 o 10O
23 162°
f(x):tan:p::c—{—?—&— = +..
1 2
=z + 5113 + T5$5 +
2. Verify the Taylor’s series expansion
2 2> 2
tan lr =24+ - 4.,

3 5 7

101
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Hence find the value of % as an infinite series.
Solution: Here y = f(z) =tan"!x -y(0) =0.
vy = f'(z) = Sy1(0) =1

Now (1 +z%)y; = 1.
Differentiating n times using Leibnitz theorem this gives

1+ 22

(1 + xQ)yn-l-l + 2nzy, + n(n - 1>yn—1 =0.

Hence at x = 0,

Yn+1(0) = —n(n — L)yn—1(0).

Thus,

yam(0) = —(2m — 1)(2m — 2)y2m—2(0) (1)
and

Yam+1(0) = —(2m)(2m — 1)y2im-1(0) (2).
Since yp(0) = y(0) = 0, by induction (1) shows that y2,,,(0) = 0 for all
TSri:lce y1(0) = 1, (2) gives successively y3(0) = —2,y5(0) = 24,y7(0) =
—720 and so on.
By Maclaurin’s series, we have

). 0,
' n!

f(x) = f0) + f(0)z + 5 =a” + .. " 4.
23 242° 72027
S i B
f(x)=tan"'z ==z 30 3 -
x3+x5 x7+
=r——+——-=+...
3 5 7
Putting z = 1, we have
tan~ 11 =1 1+1 1+
anll=1-—-+-—c-+...
3.5 7
-o4_ 3 5 7 “ e e
3. Assuming the validity of expansion prove that
e"’“ncosx—l—kx—x—g_ﬁ_mj_
- 3 4 5 DY



Solution: Let f(z) =e*cosz .. f(0) =1
fM(x) = 27/2e% cos (z + )
- f1(0) = V2cos (5) = V2 <%> —
f"(0) =2cos (5) =0

3 _ 3r) _ 1) _
F3(0) = 2v2cos (2F) =22 (ﬁ) =-2
f@(0) =4cosm = —4
By Maclaurin’s series expansion, we have

" (n)
1O, 100,

f@) = £(0) + f'(0)x +

3 1.4

f(x):emcosle—i—x—%—g—i—...

1
. Find series expansion of log 1 + z
-z

[log(l + z) — log(1 — x)].

+ ... and

2 3 ) 7
3 $5 1,7
:$+?+E+7+

r o+ ...
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. Use Taylor’s theorem to express the polynomial 22% + 722 + = — 6 in

powers of (x — 2).
Solution: Let f(z) =223+ 7224+ 2 -6 .. f(2) =40

fl(z) =622 + 14z + 1 o f(2) =53
f(x) =122+ 14 S f7(2) =38
O (z) =12 - f32) =12
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Hence () is a constant function. So f*(z) =0, for n > 4.
By Taylor’s theorem,

J@) = )+ F @) -2+ L "2(!2)

=40+ 53(z — 2) + 19(z — 2)? + 2(z — 2)3.

(x—2)%+

6. Expand sinz in ascending powers of (:1: — E).

Solution: Let f(z) =sinz .. f(7/2) =sin(n/2) =1
f'(z) = cosx S f(m/2) =0
f"(x) = —sinx S fN(m)2) = -1
f®(x) = —cosx O (r/2) =0
) =sinz L fW(r/2) =1

Using Taylor’s theorem, we have
f'(7/2)
2!

:1—%(x—w/2)2+%(x—7r/2)4—|—...

fO(r/2)

(z—m/2)*+ i

f@) = f(m/2)+f (r/2)(z—7/2)+ (z=m/2)+...

Exercises:

1. Expand tanz in powers of (1: — g)

2. Expand 5 + 2% — 4z + 327 in powers of (z — 1).

3. Find series expansion of sin™! z.

log(1+ )

4. Use Taylor’s theorem to expand the function i
x

in ascending

powers of x upto first 4 terms.
5. Use Maclaurin’s series to expand the function log(1 + sinx).

6. Verify the Maclaurin’s series expansion

b — x> ab
sin x—x#—a—kﬁ—k...
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7. Prove the Maclaurin’s series expansion

2 ot

sin x

=1 —_ = — Ce
€ +z+ 5 8 +
8. Expand e* in powers of (z — 1).

9. Find the Taylor’s series generated by f(z) = 2% at z¢ = 1.

10. Find series expansion of (1 4 x)" on [0, x].



