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1.1

O. The Real Line

In a loose sense, Calculus can be defined as the “algebra of real numbers”. Real numbers are
therefore its most basic ingredient. At present, we are all familiar with real numbers, but constructing
them was a long process that took us more than two-thousand years. For the most intuitive numbers,
those that are a human universal and that we use to count, are what mathematicians call natural
numbers. Any other set of numbers is a construction deliberately introduced to solve a problem.

What we require of a number set so that it can be algebraically manipulated is that it satisfies
a set of properties that we globally refer to as an ordered field. So let us start by setting up those
properties and exploring what they allow us to do.

Ordered Fields

An ordered field is a set of elements —that we call numbers— with two binary operations: addition
(denoted with “+4-) and multiplication (denoted with “-”), which satisfy two set of properties: field
axioms and order axioms.
Definition 1.1.1 — Field. For all x, y, and z the following properties hold:
I. Addition axioms:

1. x+y=y+x commutativity
2. x+(y+z2)=(x+y)+z associativity
3. There is a number O such that x+0 =x zero
4. For each x there is a number, denoted —x, such that x4 (—x) =0 inverse
I1. Multiplication axioms:
S.x-y=y-x commutativity
6. x-(y-2)=(xy)z associativity
7. There is a number 1 such that x-1 =x unity
8. For each x # 0 there is a number, denoted x~!, such that x-x~! = 1 reciprocal
9. x-(y+z)=x-y+x-z distributive law

10. 1#0 nontriviality
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R ) Another way of representing the multiplicative reciprocal is using a division bar: xy =
X

xfy="-.
y

Any set with two binary opeartions satisfying these axioms is called a field. But to be an
ordered field there must be also a relation, denoted “<” (and read “smaller than or equal to”), with
the following properties:

Definition 1.1.2 For all x, y, and z the following properties hold:
III. Order axioms:

11. x<x reflexivity
12. Ifx<yandy<xthenx=y antisymmetry
13. If x<yandy<zthenx <z transitivity
14. Eitherx <yory<x linear ordering
15. If x<ythenx+z<y+z compatibility with addition
16. fO0<xand 0 < ythen0 < x-y compatibility with multiplication

Properties 11-13 define an ordering (sometimes call partial ordering). Property 14 defines a
linear or total ordering, meaning that any two elements can be compared and decided which one
is on the left and which one on the right (alternatively, it means that we can place the elements
on a straight line in such a way that x < y means that x is ‘to the left of” y). An ordered field is a
field satisfying all properties 11-16. The last two properties are important in order to manipulate
inequalities.

We will also introduce some other order symbols: “>”, read “greater than or equal to”, so that
x = yisequivalent to y < x; “<”, read “smaller than”, so that x < yis equivalent to x < y but x # y;
“>” read “greater than”, so that x > y is equivalent to x > y but x # y.

We can use properties 11, 12, and 14 to proof the following:

Proposition 1.1.1 — Law of frichotomy. For every pair of elements x and y of an ordered field,
one and only one of the following relations hold: x <y, x =y, or x > y.

The next proposition list a set of properties that can be proven to follow from the axioms of
an ordered field. You will recognise them as the standard algebraic operations we perform when
manipulating equations. It is important to make clear that they strongly depend on the axioms
above, hence the importance to have sets of numbers that are ordered fields in order to do algebra.

p) Notice that in general we will omit the symbol “” in multiplications, unless it is necessary to
avoid ambiguitiy.

Proposition 1.1.2 The following properties hold in any ordered field:
i. Unique neutrals If a +x = a for all a, then x = 0. If ax = a for all a, then x = 1.
ii. Unique inverses If a+x=0,thenx= —a. Ifax=1,thenx=a".
iii. No divisors of zero If xy =0, then x =0 or y = 0 (or both).
iv. Cancellation laws for addition If a+x=b+x,thena=>b. If a+x < b+x, then a < b.
v. Cancellation laws for multiplication If ax = bx and x # 0, then a = b. If ax > bx, then
az>bifx>0anda < bif x <O0.
vi. Ox =0 for all x.
vii. —(—x) = x for all x.
viii. —x = (—1)x for all x.
ix. Ifx#0,thex '#0and (x 1) =x.
x. If x#0and y # 0, then xy # 0 and (xy)~! =x~"1y~ 1,
xi. If x <yand 0 <z, thenxz <yz. If x <yand z <0, then xz > yz.
xii. [fx<<0andy <0, thenxy>0. Ifx<0andy >0, then xy <O0.
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xiii. 0 < 1.
xiv. x% > 0 for all x.
= Example 1.1 Using property xiv above it follows that (a — b)? > 0 for any two numbers a and b.
Using twice the distributive law, (a — b)2 = g% —2ab+b? > 0. Thus, adding 2ab to both terms of
the inequality we get a> +b? > 2ab. Dividing by 2(> 0) and using property v,
a4+ b

b< .
“ 2

m Example 1.2 Applying twice the distributive law we get, for any pair of numbers «a and b,
(a—b)(a+b)=d>—b".

(This identity is more useful applied right to left.) "

= Example 1.3 If 0 < a < b, then it follows that a® < b*. To see that, applying property xi above
we obtain a® < ab (multiplying by a > 0) and also ab < b* (multiplying by b > 0). So a® < b*. But
we can exclude that a®> = b?, for if that were true, then b> —a> = (b—a)(b+a) = 0. Buth+a > 0,
so the only possibility we are left with is b = a, which is not true. Therefore we must conclude that
a* < b2 [

Number Systems

Let us have a look at the different number systems that have been constructed, the kind of problems
that they are meant to solve and their peculiarities, up to the appearance of real numbers. There is
a further set of numbers, complex numbers, which to a certain extent close the need for different
number systems —at least from an algebraic point of view. In a way they “complete” real numbers
and are necessary in linear algebra and in advanced applications of analysis. They will not be
covered in this course though, so we will just mention them briefly.

Natural Numbers

This is the most basic set of numbers. Their meaning is intuitive and its main use is counting. All
human cultures have a name for at least the first few natural numbers, and most have a way to give
a name to natural numbers of arbitrary (or al least very large) size. Most cultures can add natural
numbers, and many can multiply them.

In mathematics, they are introduced as the set N = {1,2,3,...}. In more abstract terms, natural
numbers are constructed with two axioms:

1. There is one (and only one) first element 1 € N.
2. Every element n € N has a successor n+ 1.

Notice that 1, n, or n+ 1 are just arbitrary numbers. We commonly use the arabic numerals with
positional notation to name them, but their names change in different languages. Often we even
denote them with roman numerals (I, II, III, IV, etc.). As a matter of fact, this is the reason why
sometimes O is considered the first element of N, instead of 1.

Natural numbers can be added and multiplied (multiplication is the abbreviation of a repeated
addition). However, addition is conmutative and associative (and may even have a neutral element
if we start in O rather than 1), but there is no inverse of a number. In other words, the equation
n—+x = 0 cannot be solved in N (there is no x € N that satisfies the equation). This means that we
cannot define a substraction operation that works for all pairs of natural numbers.
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Multiplication is also problematic. It is conmutative, associative, there is a neutral element (1),
and it is distributive. But there is not inverse either (equation nx = 1, in general, has no solution in
N). This means that we cannot define a division in N (this is another way of saying that divisions in
N have, in general, a nonzero remainder).

Natural numbers do satisfy all axioms of order, so N is a totally ordered set. Not just that: since
every subset of N contains a first element, we say that the order is perfect (or that N is well-ordered).

Induction principle

The recursive construction of natural numbers leads to an important type of mathematical proof:
proofs by induction. The idea is that we have a proposition, p(n), which is supposed to be valid
for all n € N, and we want to prove it. Then all we need to do is to prove these two alternative
propositions:

1. Proposition p(1) is true.
2. If proposition p(n) is true then necessarily proposition p(n+ 1) is also true.

m Example 1.4 We will prove by induction this famous formula (first obtained by Gauss):

n(n+1)

424 4n=—"7F— neN (1.1)

This is a proposition that is supposed to hold for all natural numbers.
So let us have a look at p(1):

1= I(1+1)

==
which is evindently true. This proves the first induction step. As for the second, let us assume that
(1.1) holds for a given n € N and let us add n+ 1 to both sides of the equation:

(n+1)(n+2)

%{n+Uzﬂn+U(g+l):———E———.

n(n+1)

142+--+n+(n+1)= 5

This is equation (1.1) with n replaced by n+ 1. Thus we have derived proposition p(n+ 1) out of
proposition p(n), and therefore, if p(n) is true so must be p(n+1).
The formula is proven for all n € N. "

p) Itis important to realise the difference between the proposition
p(n) is true for all n € N,
and the proposition
p(n) is true.

The former is what we want to prove. The latter is valid for that particular n and no other,
and is what we are assuming as the second induction step in order to actually prove p(n+1).

Exercise 1.1 Prove by induction the formulas

nin+1)2n+1)
6 9

n?(n+1)?

e

P42+ 4n? =

P+23 4. nd =
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Integer numbers

The set of integer numbers is introduced to satisfy all the addition axioms of the definition of field.
Without being rigorous, the set of integers numbers is Z = {...,—3,-2,—1,0,1,2,3,...}. In other
words, we complete the set N with 0 and with another copy of N, which we label with a minus sign
(—N) and call negative numbers. Thus, Z = NU{0} U (—N).

Addition can be defined casewise:

1. Natural numbers follow the standard addition rule.

2. To add two negative numbers we add the numbers without sign and put a minus sign to the
result.

3. To add x € N and y € —N we ignore signs, substract the smallest from the largest, and put
the original sign of the largest to the result (with the caveat that O has no sign).

If you find these rules bizarre and lacking common sense, think of an alternative, more practical
definition. Assume that Z is an infinite storey building, 0 being the ground floor, 1 the first floor,
2 the second floor, etc, and likewise —1 is the first basement (underneath the ground floor), —2
the second basement (underneath the first basement), etc. Now think of addition as the result of
moving through floors in a lift. The first number of the addition will be the floor we start off from;
the second number is the number of floors that the lift will move up (if sign is positive) or down
(if sign is negative). Thus 3+ (—2) = 1 because going down two floors from the 3rd floor we end
up in the 1st one. Similarly, 2+ (—3) = —1 because going down three floors from the 2nd one we
end up in the 1st basement. And (—1)+ (—2) = —3 means that starting from the 1st basement and
going down two floors we end up in the 3rd basement.

Multiplication of integers follows the rule of multiplication of natural numbers, ignoring signs,
and then the sign of the result follows the sign rules

=+ | -

+ + | -

-1- |+

Again it is not difficult to understand why we have to adopt these rules. We do not need to
justify the 4 - + = + rule, because that is the standard multiplication in N. As for — -+ = — (or
+ - — = —), consider the product (—1) - 3. The standard way to interpret this multiplication is ‘add
—1 three times’, and if we do that we obtain

(=1)3=(=1)+(=D+(-1) = -3,

Now think of this sequence of operations:

(-1)3=-3,
(-1)2=-2,
(~)-1=-1,
(-1)-0=0,

(=1)-(=1) =2
What number should we put in place of the question mark? Well, if we continue the sequence we
observe on the right-hand sides of these equations, logically it would be 1. Thus (—1)-(—1) =1,
and this justifies the rule —- — = +.

It is not difficult to prove that all addition axioms are satified by Z, so substraction is well
defined. However, we have not added any new axiom to the multiplication, for zx = 1 is still an
equation without solution for most z € Z.
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7Z is also a totally ordered set, although it has lost the perfect order of N because it lacks a first
element.

Rational numbers

Rational numbers are the response to the search for a solution of the equation ax = 1 for any number
a, and the first ordered field. They are defined as Q = {n/m : nym € Z,m # 0} = Z x (Z — {0}).
The fraction n/m is the solution of the equation mx = n.

There are infinitely many fractions that can solve the equation mx = n (m # 0), namely n/m,
2n/2m, (—n)/(—m), etc., or if n = pk and m = pl, also k/I. Thus all these fractions are “equivalent”
in the sense that they represent the same rational number. So rational numbers are actually
equivalence classes of fractions, where two fractions nj /m; and ny /my are said to be equivalent if
nimy = nomj.

Rational numbers can also be ordered. If rj,r, € Q and we take representative fractions of
them r; = ny/m; and ry = n; /my (where m; > 0 and my > 0), then r; < ry if nymy < npmy, and
r1 > rp otherwise. As it can be seen, the order is linear.

@ is dense in itself, meaning that there is a rational number between any two distinct rational
numbers. Clearly, if r; < r are two rational numbers, r = (r; +r2)/2, also a rational number, is
between them two.

We might impose a well-ordering on Q if we wanted to, by the following procedure: start with
0, 1, —1; then append all irreducible fractions p/q such that —2 < p,q, < 2; then append those
such that —3 < p, ¢, < 3; and so on and so forth. The result is that (Q can be explicitly displayed as

1 1 3 31 12 2 4 41 13 3
= 1,-1,2,-2, -, ——=3, -3, -, ——, =, ——, -, —=,4,—4 - —— - —— =, —— ...
Q {07 ) ) ) 727 2737 372’ 273’ 373’ 37 ) 737 374’ 474’ 47 }
A very important consequence of this fact is that there are as many numbers in N as in Q (because
ordering Q as above means that a one-to-one correspondence can be established between both sets).

Real numbers

Despite the density of rational numbers, there are “holes” in between. For instance, the length of
the diagonal of a square of unit side is /2, not a rational number. One can find rational numbers
larger or smaller, and arbitrarily close to /2, but never a rational number that is exactly v/2.

p) The proof of this fact is an elegant example of reductio ad absurdum. Suppose /2 is rational
and let n/m be its irreducible fraction (n and m have no common factors that can be simplified).
Squaring the expression we obtain 2m? = n?, so n? is even, and therefore so is 7 (because if n
were odd, n?, being the product of two odd numbers, would be odd as well). Thus n = 2k.
Substituting in this expression 2m> = 4k, which we can simplify to m?> = 2k?. This implies
that m? is even and therefore so is m. But that is impossible because m and n should not have
any common factor.

So, from the assumption that \/2 is rational we arrive at a contradiction, therefore the
assumption is false and /2 is an irrational number.

Further insight on irrational numbers can be gained introducing the decimal representation
of rational numbers. We can represent rationals as decimal expressions which contain an integer
number, a decimal point, and a infinite sequence of digits. For example

% =0.500000..., % =0.333333..., % =1.166666..., % = 1.769230769230. ..

What all these expressions have in common is that the infinite sequence of digits on the right of the
decimal point is eventually periodic. The period may be longer or shorter, but there is always a
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definite period. Irrational numbers are all sequences of aperiodic decimal expressions. For instance,
V2 = 1.41421356237309504880168872420969807856967187537694807317 . ..

We could continue calculating decimals of this number but the sequence would never become
periodic.

We can construct the following bracketing of any irrational number by sequences of pairs of
rational numbers:

141 <V2<1.42
1.414 < /2 < 1.415
1.4142 < /2 < 1.4143
1.41421 < V2 < 1.41422

This procedure allows us to have a mental representation of any irrational number as that number
that would be bracketed by the two infinite sequences. This is how rational numbers can be
“completed” by filling in the holes they leave. This is how real numbers are constructed.

Real numbers inherit all properties from their rational “approximants” and thus form an ordered
field. But on top of that, the set they form, R, has a significant difference when compared to
Q: it is complete. We will later come back to this important property of real numbers, but we
want to emphasise here that the main implication of this property is that there is a one-to-one
correspondence between real numbers and points in a straight line: there is a real number (and only
one) to represent every scalar magnitude of any type. This is what makes real numbers so useful. It
is also the reason why we often refer to R as the real line.

R) A remarkable observation is that R is a set much bigger than Q —which, as we kown, is
as “large” as N and no more. As a matter of fact, we will show that there are more real
numbers between 0 and 1 than there are in N. To prove it we also proceed through reductio ad
absurdum. Let us us assume that we can order all those numbers in a sequence (as we did for
Q, for instance). To avoid being too abstract, just imagine that this is the beginning of the list:

r1 = 0.01004872657892653490023.. ..
ry = 0.98296480010826402228946. ..
r3 =0.61155551000102988922200. ..
r4 =0.11111989887811110101010...

We have underlined the first decimal digit of the first number, the second decimal of the second
numbers, and so on. We will construct a real number between O and 1 as follows: take for the
first decimal a number different from the number underlined in r;; for the second decimal a
number different from the number underlined in r,; and so on. For instance, r = 0.2790....
This number is not in the list, because it is different —by construction— to every one of the
elements of the list. However, it is a real number between O and 1 and therefore should be in
the list!

The conclusion from this contradiction is that our assumption is false: real numbers cannot
be listed. In other words, there is not a one-to-one correspondence between R and N because
there are more real numbers than natural numbers. Real numbers cannot be counted. Clearly
this means that irrational numbers are the ones that cannot be counted, so there are many
more irrational numbers that rational numbers!
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Absolute value, bounds, and intervals

In order to quantify how big or small are real numbers we have to get rid of their sign. This leads to
introduce their absolute value or magnitude, which we denote |x|. In particular, |x — y| quantifies
the difference between x and y, and therefore their distance in the real line.

Definition 1.3.1 — Absolute value. For any x € R we define its absolute value as

X if x>0,
—x ifx<O.

|x| = max{x,—x} = {

The absolute value has some important properties:

Proposition 1.3.1 For all x,y € R,

1. |x] >0.

2. |x| =0if and only if x = 0.
3. |yl = [x[lyl-

4 x+y < x|+ 1yl

50 [l =yl < lx =yl

All of them are easy to check except 5. But this one follows from 4. To prove it we observe that
| =be—y+y[ < —y[+Dbl = K-=p <=y
But on the other hand,
l=ly—x+x<ly=x[+}l = Dl=kl<ly—x=-yl

If both numbers |x| — |y| and |y| — |x| = —(|x| — |y|) are not larger than |x — y|, then ||x| — |y|| <
e —l.
Definition 1.3.2 — Bounds. Let A be a nonempty subset of R, and let x € R.
1. x is an upper bound of A if x > a for all a € A (A is then bounded from above).

2. xis an lower bound of A if x < a for all a € A (A is then bounded from below).

3. Ais bounded if it is bounded from above and from below.

4. x is the supremum of A (x = supA) if it is its least upper bound (supA = o if A is not
bounded from above).

5. xis the infimum of A (x = infA) if it is its greatest lower bound (infA = —oo if A is not

bounded from below).
6. If supA € A it is called maximum (maxA).
7. If infA € A it is called minimum (minA).

We have not properly defined real numbers. In particular, we have not provided a rigorous
statement of the property of completeness that characterises R (R is the only complete ordered
field). There are many ways of introducing this axiom, and one in particular relies on the idea of
bracketing intervals intuitively introduced in the previous section. There is an important result that
turns out to be equivalent to the completeness axiom, and which calculus uses profusely.

Theorem 1.3.2 — Completeness theorem. Let A C R be nonempty (A # @). The following
properties hold:

(i) Supremum property: If A is bounded from above then it has a supremum.

(i) Infimum property: If A is bounded from below then it has an infimum.

» Example 1.5 Consider the set A = {x € R : x*> < 2}. This set is the portion of the real line for
which the parabola y = x? lies strictly below the horizontal line y = 2, as illustrated by this picture:
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-3 -2 -1 0 1 2 3

-2 V2

From the figure it is clear that A = {x € R : —/2 < x < v/2}, because x = ++/2 are the two
points where y = x> meets y = 2. So 1/2 is an upper bound, and there can be no smaller bound, so
supA = v/2. Likewise, infA = —v/2. (They are not maximum and minimum because they do not
belong to A.)

Notice that if we consider instead the subset of Q defined as A’ = {x € Q : x> < 2}, even though
the definition looks similar to that of A, this set A’ has neither a supremum nor an infimum in Q.
Any upper bound r € Q of A’ must necessarily be > v/2, and we can always find another ' € Q
such that v/2 < 7 < r. Therefore no least upper bound can exist. "

Definition 1.3.3 — Intervals. The following subsets of R are globally referred to as intervals:
Open interval: (a,b) ={x€ R :a<x<b}.
Closed interval: [a,b] ={x€ R : a<x<b}.
Semiopen intervals:

(a,b) ={xeR :a<x<b},

[a,b) ={x€R :a<x<b}.
Infinite intervals:

(—oo,b] ={x R :x < b},

(—o0,b) ={x€R :x < b},
[a,00) ={x e R :a<x},

o) ={xeR :a<x},

» Example 1.6 Consider the set A = {x € R : |x| < 3}. Let us discuss which real numbers belong
to A. To do that we need to distinguish the cases (a) x > 0 and (b) x < 0.
(a) If x > 0 then condition |x| < 3 reads x < 3. Thus the interval [0, 3] is part of A.
(b) If x < 0 the condition |x| < 3 reads —x < 3, or equivalently, x > —3. Therefore [—3,0) is
also part of A.
Summarising, A = [-3,0)U0,3] = [-3,3]. .

= Example 1.7 Consider the set B={x € R : (x—1)(x—2)(x—3) < 0}. The condition that
defines B depends on the sign of the product three factors, so we need to know the sign of each of
them. These signs depend on whether (a) x < 1, (b) 1 <x < 2,(c)2 <x < 3, or (d) 3 <x. In cases
(a) and (c) there is an odd number of negative factors, so the product is negative, whereas in cases
(b) and (d) there is an even number of them, so the product is positive. Thus B = (—o0,1)U(2,3). m
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Problems
Problem 1.1 Given the real numbers 0 < a < b and ¢ > 0, prove the inequalities

a+tc
b+c’

(a) a<\/%<#<b, (b) %<

Problem 1.2 Prove that |a+ b| = |a| + |b| if and only if ab > 0.
Problem 1.3 Prove that

(a) max{x,y} = x+y+2|x—y|’ (b) min{x,y} = Jc—l—y—z\)c—y\
Problem 1.4 Find, using the absolute value, a formula to express the function
(x) x ifx>0,
X) =
¢ 0 ifx<O.

Problem 1.5 Factor out the following expressions of n € N, so that the corresponding statements
become self-evident:

(a) n* —niseven,

(b) n*—nisa multiple of 6,

(c) n*—1lisa multiple of 8 when 7 is odd.

Problem 1.6 Prove by induction the following statements valid for all n € N:
n
@ d"—b"'=(a—b) ) " b foralln € N,
k=1
(b) B’ —nisa multiple of 5 for all n € N,
© (1+x)">1+nxifx>—1.

Problem 1.7 Prove by induction the following statements valid for all natural numbers n > 1:

(a) n! < <”;1> :

(b) 2141 (2n)! > [(n+1)1]",
SR PRI B

V2 vn
1 n+1
HINT: In (a) use the inequality <1 + —i—l) > 2, valid for all n € N. In (b) prove first that
n
2n+2)!' > (n+2)"(n+2)!.

Problem 1.8
(a) Show, with an example, that the sum of two irrational numbers can be rational.
(b) Show, with an example, that the product of two irrational numbers can be rational.
(c¢) Isit possible to find irrational numbers x and y such that ¥ € Q?

Problem 1.9 Prove that
(@) V2+3¢Q,

(b) /n ¢ Qif nis not a perfect square (HINT: write n = k*r, where r does not contain any square
factor),

(c) vVn—14++vn+1¢QforallneN.

Problem 1.10 Prove the identity, valid for all x € R,

RS T E el A R
2 2 -




Problems 19

Problem 1.11 Identify the following sets:

() A={xeR: |x—3| <8},

(vi) F:{XGR:4<x},
(i) B={xeR:0<[x—2|<1/2}, x

(if)) C= {x € R : 2 — 5x+6 > 0} (vi) G={xeR:4x <2x+1<3x+2},
= ¥ . a2
(iv) D={xcR: x*}(x+3)(x—5) <0}, (vill) H={xeR: [x"—2f <1},
2x 18 (ix) I={xeR: |x—1||x+2| =10},
<V>E:{XGR¢XZ+8H7> } x) J={xeR: [x—1|+[x+2[ > 1}.

Problem 1.12 Given real numbers a < b we define, for each ¢ € R, the real number x(r) =
(1 —t)a+1b. 1dentify the following sets:

(i) A={x(t) : t=0,1,1/2}, (iii)) C={x(r) : t <0},
(i) B={x(r) : t €(0,1)}, (iv) D= {x(t) : t > 1}.

Problem 1.13 Find supremum and infimum (deciding whether they are maximum and minimum
respectively) of the following sets:

() A={-1}U[2,3), (v) E={xeR:3x>—10x+3 <0},

(i) B={3tu{2}u{-1}U]l0,1], (vi) F={xeR: (x—a)(x—b)(x—c)(x—d) <0},
(i) C={2+1/n: neN}, with a < b < ¢ < d given real numbers,

(iv) D={(n2+1)/n: neN}, (vii) G={2774+57: p,q €N},

(viii) H={(—1)"+1/m : n,m € N},






(2. Real Functions

2.1 Definition and basic concepts

Formally, a real function is a map from a set A C R to R. In practical terms, it is a “rule” that
“assigns” one —and only one!— real number to each element x € A. A basic notation for a function
is

f:A—R

2.1
x—y=f(x) D

Functions are also referred to as maps or mappings. They are usually denoted y = f(x), where f
represents the rule that assigns y to x.

m Example 2.1
(a) y = x? represents the rule f(x) = x> that maps each number x to its square.
(b) y = |x| represents the rule f(x) = |x| that maps each number x to its absolute value.
(¢) The function

2
fx) = {" ¥s2

¥—=3 x>2,

maps all real numbers smaller than or equal to 2 to their square, and those larger than 2 to
their cube minus 3.
(d) The function

1 x€Q,
-y el

maps all rational numbers to 1 and all irrational numbers to 0.
| |

The domain of a function is the set A. This domain is maximal if the function cannot be defined
for numbers x ¢ A.
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The image or range of a function is the set f(A) = {f(x) : x € A}.

Likewise, we call image of the set C C A to the set f(C) = {f(x) : x € C}.

We call inverse image of a set B C R to the set f~'(B) = {x € A : f(x) € B}. Note that
fYB) C A.

The graph of a function f(x) is the subset of R? defined by the points { (x, f(x)) : x € A}.
Plotting this set is how we represent functions.

A function is injective, or one-to-one, if for every pair of number x| # x, we have f(x1) # f(x2).
If a function is injective, the equation y = f(x) has either no solution or a unique solution.

A function is surjective, or onto, if f(A) = R. If a function is surjective, the equation y = f(x)
always has at least one solution.

A function is bijective if it is both injective and surjective. If a function is bijective, the equation
y = f(x) always has one, and only one, solution for each y € R.

A function is periodic if there exists ¢ > 0 such that f(x+¢) = f(x). The smallest such c is
referred to as the period of the function.

A function is even if f(—x) = f(x), and odd if f(—x) = —f(x).

A function is bounded if there exists M > 0 such that | f(x)| < M for all x in its domain.

A function is monotonically increasing if for every x,y in its domain such that x < y it
satisfies f(x) < f(y), and is monotonically decreasing if f(x) > f(y). We say it is monotonic
strictly increasing/decreasing if inequalities are strict. (Note that a constant is both monotonically
increasing and decreasing, but not strictly.)

s Example 2.2

(a) The domain of f(x) = x? is R and its image is f(R) = [0, o). This function is not injective

because x and —x have the same square. It is not surjective either because f(R) # R. The
inverse image of the interval [4,9] is f~1([4,9]) = [-3, 2] U[2,3].

(b) The domain of f(x) =logx is (0,e0) and its image is R. It is injective because two different
numbers have different logarithms. It is also surjective because any number y is always the
logarithm of a number, namely €”. So it is bijective.

(c) F(x) =¢e"—e " is an odd function because f(—x) = e ¥ —e* = —f(x).

(d) f(x)=cosxis even because cos(—x) = cosx.

(e) f(x) = sin’x is periodic of period 7 because sin®(x+ ) = sin’x.

Elementary functions

There is a wide range of elementary functions that we will work with. They include polynomials,
rational functions, trigonometric functions, the exponential and the logarithm.

Polynomials

These are functions of the form
P, (x) = ap)X" +ap_ 1 X+ arx+ay, 2.2)

where a; € R for all k= 0,1,...,n. The largest power, n, is called the degree of the polynomial.
Constants are polynomials of degree 0. Given the operations that define them, the domain of any
polynomial is R.

Rational functions
They are defined as quotients of two polynomials, namely
Pa(x)

: 23
On(®) (2.3)

fx) =
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The domain of both polynomials is R, but Q,,(x) may be zero at some points, where the quotient
will thus not be defined. Hence the domain of f(x) is {x € R : Q,,(x) # 0}.

Trigonometric functions

The two basic trigonometric functions are the sine (sinx) and the cosine (cosx). In terms of them
we can define also the tangent and cotangent:

sinx COSX 1
tanx = ——, cotx = — = ——. 2.4)
CcOSx sinx  tanx

The geometric definition of these functions, based on the unit circle, is described in Figure 2.1.

0(0,0) E=cos(x) 5(1:0)

Figure 2.1: Geometric definition of sinx, cosx, tanx, and cot.x.

There are two more trigonometric functions, although less common than the previous one,
namely the secant (secx) and the cosecant (cscx):

1 1
secx = —, cscx = —. (2.5
cosx sinx

The graphs of sinx and cosx are plotted in Figure 2.2. Those of tanx and cotx in Figure 2.3.

Trigonometric identities

cos?x+sinZx =1 1 +cot?x = csc?x

L tanx = tany
cos(xty) =cosxcosyFsinxsiny tan(xty)= = anxtany
anxtany

sin(x+y) = sinxcosy+cosxsiny tan2x = 12_?%

cos 2x = cos®x — sin®x cosxcosy = 3[cos(x —y) +cos(x+y)]
sin2x = 2sinxcosx sinxsiny = £ [cos(x —y) — cos(x +)]
1 +tan®x = sec’x sinxcosy = 1[sin(x —y) +sin(x+y)]

Table 2.1: Some important trigonometric identities.

Given their geometric definitions, all these functions are related by geometric identities. The
main one are listed in Table 2.1.
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sin x COS X

-3 - /2 Rt 12 5 3\

Figure 2.2: Plot of sinx and cosx.

cot x tan x

-An/3 -2ml3 -3 3 2mi3 4ni3

Figure 2.3: Plot of tanx and cotx.

2.2.4 Exponential

This is the function defined as f(x) = ¢*. The constant e appearing in this definition is the irrational
number introduced by Euler

e =2.718281828459045235360287471352662497757247093699959574966. . .

We will see a proper definition of this constant later on. Apart from that, the definition of the
exponential involves raising a real number to a real power. This requires some clarifications.

Integer powers of real numbers are easily defined through the concept of repeated product.
Thus e* = e - ¢ - e. With this definition, for any n,m € N it is straightforward that

en+m — enem7 (26)
from which it follows

(em)n =M. M. M = em+m+~~~+m — (2_7)
—_—

n times
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-5 -4 -3 -2 -1 1 2 3 4 5

Figure 2.4: Plot of ¢* and logx.
We will take these formulas as a basic definition. Extending them will provide meaning to powers
other than natural numbers. For instance, applying (2.6),

n—m_m __

e e n—m-—+m —

e e = e =

But extending (2.6) means assuming ¢~ = e"e¢"". Cancelling a factor ¢” in both sides leads to

As for fractional powers, equation (2.7) implies
(el/n)n _ en/n —e = el/n _ \n/g

Thus, /" = y/e™. This extension of the basic multiplicative rule provides a definition of the
exponential valid for all rational powers. It only remains to define it for irrational powers. But
irrational numbers can be approximated as much as we like by rational numbers. If fact, as we have
seen, irrational numbers can be bracketed by sequences of rational approximants; i.e., if x is an
irrational number, we can find two sequences of rational numbers such that

PL<p2<p3<-<pp<- - <x<--<gp<-<g3<qg2<(g1.
Thus we can define e* as the number bracketed by
el <e? <P << <<t <<t < <P < eP? < et

Using this definition we can summarise the properties of the exponential as follows:
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1. Its domain is R.
2. ¢ >0forallx e R.
3. It is monotonic strictly increasing —hence injective.
4. & =1.
5. (¢")? =™ for any a € R.
6. &Y =e¢.
7. e =1/e"
A plot of the exponential function is shown in Figure 2.4.
Some important functions defined in terms of exponentials define what is known as the hyper-
bolic trigonometry. The main one are the hyperbolic cosine (coshx) and sine (sinhx), defined as

&~ —X X ,—X
coshx = %, sinhx = %. (2.8)

Their plots are shown in Figure 2.5. It can be seen that coshx is even whereas sinhx is odd.

10

Figure 2.5: Plot of coshx and sinhx.

Hyperbolic tangent (tanhx) and cotangent (cothx) can also be defined (see Figure 2.6 for their
plots):

sinhx e —e™ coshx ¢ +e™* 1
= , cothx = — = = ,
coshx e*+e* sinhx e*—e* tanhx

2.9)

tanhx =

and similarly sechx = 1/coshx and cschx = 1/sinhux.
There is a list of identities relating these functions similar to that of the ordinary trigonometry,
as illustrated in Table 2.2.

2.2.5 Logarithm

This is the inverse of the exponential. If y = logx it means that x = ¢”. Its plot can be seen in
Figure 2.4 to mirror that of the exponential with respect to the line y = x.

p) Along these notes, whenever we write x = logy we mean that x is the solution of the equation
¥ =y, in other words, log of a number is the exponent to which we need to rise e in order to
obtain that number. In particular log1 =0 and loge = 1.

The main properties of the logarithm (derived from those of the exponential) are the following:
1. Its domain is (0, o).
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Figure 2.6: Plot of tanhx and cothx.

Hyperbolic trigonometric identities

cosh’x —sinh®x = 1 coth?x — 1 = csch®x
tanh x & tanh
cosh(x+y) = coshxcoshy+sinhxsinhy tanh(x+y)= %
. . . 2tanhx

sinh(x +y) = sinhxcoshy4coshxsinhy  tanh2x = —————

1 +tanhx
cosh2x = cosh?x + sinh® x coshxcoshy = % [cosh(x+y) 4 cosh(x — )]
sinh2x = 2sinhxcoshx sinhxsinhy = 1[cosh(x+y) — cosh(x —y)]
1 — tanh? x = sech®x sinhxcoshy = J[sinh(x +y) + sinh(x — y)]

Table 2.2: Some important trigonometric identities.

Its image is R —hence it is surjective.

It is monotonic strictly increasing —hence injective.
log1 =0.

log(x*) = alogx.

log(xy) =logx+1logy.

log(x/y) =logx —logy.

NNk wn

2.3 Operations with functions
2.3.1 Algebraic operations

Let A, B C R and consider the two real functions

f:A— R g:B— R
(2.10)
x—ry=f(x) x—ry=2g(x)
With these two functions we can perform the following algebraic operations:
(i) Addition: If C = AN B —where both functions are defined—,
+g:C—R
frs @2.11)

x—ry=fx)+gx)
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(i) Product: If C =ANB,

fg:C—R
2.12)
x—y=f(x)g(x)
(iii) Quotient: If C=ANB’, where B = {x € B : g(x) #0},
flg:C—R (2.13)

x—y=fx)/g(x)

For example, a polynomial is actually a sum of monomials, each a different function; or a
rational function is the quotient of two polynomials.

2.3.2 Compositions

A more involved operation is the composition of two functions. It is defined as

fog:C—R

x—ry=f(g(x) 219

The problem is to find the domain of this function, given the domains A and B of the composed
functions. For f o g to be defined x must belong to B, for g(x) to be well defined, so C C B. But in
order to evaluate f(g(x)), the number g(x) € A. Therefore

C={xeB:gx) €A} (2.15)

Even if A and B are simple sets, C may be much more involved.

= Example 2.3 Consider the functions f(x) = 1/(x—1) and g(x) = sinx. Clearly A =R — {1}
and B = R, two very simple sets. However, the domain of their composition f o g is the domain of
the function

(fog)w)= —

sinx—1’

i.e., R excluding those values for which sinx = 1 (because the denominator vanishes). This set is

cor{(on2)nez).

Composition is a noncommutative operation, i.e., fog # go f. In the example above, (f o
g)(x) = 1/(sinx — 1) is very different from (go £)(x) = sin (7).

x—1
It is, however, associative, i.e., fo(goh) = (fog)oh. We can thus define multiple compositions,

like fogohow = f(g(h(w(x)))), without ambiguity.

2.3.3 Inverses

We can introduce the identity function Id(x) = x. Given a function f : A — R, its inverse would
be a function £~ : f(A) — R such that fo f~! = f~!o f =1d. The idea is that if f maps x to y,
its inverse f~! maps y back to x.

Not all functions have an inverse that is defined all over their image f(A). For an inverse to
exist the equation x = f(y), for a given x € f(A), must have a unique solution;' in other words, f

It already has at least one solution because x € f(A).
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must be injective. Monotonic strictly increasing or decreasing functions are injective. This is why
the exponential has an inverse —the logarithm.

For those functions that are not injective in their domain A, we might be able to define several
inverses by constraining the domain to any subset where they are made injective. Thus, noninjective
functions may have several inverses.

s Example 2.4 Let f(x) = x>. Its domain is R, but this function is not injective in its domain.
However, we can constraint the domain to be [0,o0). In that case f(x) is injective and we can obtain
the inverse function by finding the unique solution of the equation x = f(y) = y?, where 0 < y.
Clearly this solution is y = \/x, therefore, within [0, o), the inverse of fis f~!(x) = /x.

Note that we might alternatively chosen the domain to be (—eo,0], where the function f is again
injective. However now the solution of x = y> with y < 0 is y = —/x. So another inverse of f is
) ==V .
m Example 2.5 Periodic functions are clearly not injective. Take sinx, for instance. An interval
where it is injective is [—7/2,7/2]. The inverse of this function within this interval is usually called
the arc sine: sin~! x = arcsinx. But we might have taken the interval [x/2,37/2], for instance. In
that case the inverse would be different: sin~! x = 7 — arcsinx. Or in the interval [37 /2,57 /2] the
inverse would be sin~!x = 27 + arcsin.x.

Similarly, arccosx = cos~! x when the domain of cosx is taken to be [0,7], and arctanx =
tan~! x when the domain of tanx is taken to be (—7/2,7/2).

Note that arccosx (or arccotx for that matter) is redundant, because

T . v/
arcCosx — 5 — arcsinux, arccotx = E —arctanx.

The graph of f~!(x) can be obtained from that of f(x) as the mirror image with respect to the
line y = x (see Figure 2.4).

p) BEWARE!! Never confuse f~!(x) with f(x)~' =1/f(x). In the case f(x) = sinx, is inverse
sin~! x = arcsinx, whereas (sinx) ! = cscx.

Exercise 2.1 Argue that sinhx has a unique inverse over R and that it can be obtained as
sinh~! x = log <x+ x2+1). (2.16)
The function coshx has two inverses (why?) that can be obtained as

cosh™'x = +log (x+ e 1) . 2.17)

HINT: For sinhx, solve 2x = ¢’ — e~ by transforming it into e? — 2xe” — 1 = 0 and reading it
as a quadratic equation in ¢”. Use a similar procedure for cosh.x.
Find an expression for tanh ! x. =
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Problems

Problem 2.1 Determine the domain of the following functions:

1

) f(x):m§ V) flx) = l—logx;
(i) f(x) =VI-x2+Vx2—1; (vi) f(x)=log(x—x?);
_ 1 . . V5—x
(iif) f(x) = e (vif) f1¥) = Jogx
(iv) f(x)=V1—vV4—x% (viii) f(x) = arcsin(logx).
Problem 2.2

(a) If f and g are both odd functions, what are f + g, fg, and fog?
(b) And what are the same functions if now f is even and g is odd?

Problem 2.3 Check whether the following functions are even or odd:

(i fx)= 2)—Ci—l iv) f(x) :COS(X3)Sin(x2)e_x4;
1
2_
(i) f(x) = 5 W) f0) = s
(iii) f(x) = Slzx, (vi) f(x)= log< x24+1— x)

Problem 2.4 For which numbers a,b,c,d € R the function f(x) = is its own inverse (i.e.,

fof=1Id) in the domain of f?

cx+d

3

Problem 2.5 Check that the function f(x) = lxi_Z is bijective and maps its domain R — {—1/2}
X

toR—{1/2}.

Problem 2.6

(a) Determine which of these functions are injective. For those that are obtain their inverse. For
those that are not, find two points with the same image.

(i) fx)=Tx ) flx)= 3x+2
(i) flx)= sm(7x 4); vi) flx)= 1
(iii) f(x) = Ecx :21) +2; (i) F(x) = e
(iv) f(x)= (vii) f(x) = (x+ 1).

(b) Prove that f(x) = x? —3x+ 2 is injective in (3/2,).
(c) Prove that f(x) = Y is injective in (1,o0) and find £~'(+/2/3).
X
(d) Determine if those same functions are surjective and bijective in their domains.

Problem 2.7 Calculate:
(1) arctan % + arctan %; (i1) arctan?2 + arctan3; (ii1) arctan % + arctan % + arctan %

HINT: Calculate the tangent of those expressions using the formula for the tangent of the sum and
paying attention to the signs.

Problem 2.8 Simplify the following expressions:
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(i) f(x) = sin(arccosx); (iv) f(x)=sin(2arctanx);
(ii) f(x) =sin(2arcsinx); (v) f(x)=cos(2arctanx);
(iii) f(x) = tan(arccosx); (vi) f(x) = e*loex,
Problem 2.9 Solve, for x,y > 0, the system of equations
¥ =y,
y=3x.
Problem 2.10
(a) Describe the function g in terms of f in the following cases (¢ € R is a constant):
(i) glx)=f(x)+c V) g(x) = f(|x]);
(i) g(x) = f(x+c); (vi) g(x) = |f(x)[;
(i) g(x) = f(cx); (vii) g(x) =1/f(x);
(iv) g(x) = f(1/x); (viii) g(x) = [f(x)]+ = max{f(x),0}.

(b) Plot the functions when f(x) = x2.
(c) Plot the functions when f(x) = sinx.

Problem 2.11 Sketch, using the fewest possible calculations, the graph of the following functions:

6] fgx; =(x+2)2-1; (vi) f(x)= ]1x] —x;
() f(x)=+v4—ux; )
(viii) f(x) = ;
2 1 [1/x]
(iii) f(x) =x 41—x, (0 f() = 21|
(iv) f(x) = ; x) f(x)=1-e"5
1+ x2 . . 2
o > (xi) f(x) =log(x"—1);
Sz o 1

HINT: In (viii) |x] denotes the integer part of x, i.e., the largest integer n < x.

Problem 2.12
(a) Prove that coshx is even and sinhx is odd.
(b) Prove the identities cosh®x — sinh?x = 1 and sinh(2x) = 2sinhxcoshx.
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3.1

(3. Sequences

Sequences of real numbers
A sequence is simply an infinite ordered list of real numbers
{al, az, az, ..., 4y, }

(We normally use the convention of delimiting sequences by curly brackets.) Often the first terms
of the sequence self-explain the rest of the sequence. This is the case of sequences such as

{1,2,3,4,...},  {1,1,1,1,...},  {1,0,1,0,1,0,...}.

In most cases though, they are given by a formula as a function of n, e.g.,

n

1 1\"
a, =n, b, =(-1)", = —, d,= <1+> )
n

Another possibility is to obtain a sequence through a recurrence. A recurrence is a formula that
obtains the nth term in the sequence given the previous k terms (most often just one or two). For
instance,

a,=+/a,1+1, a=1.

Sometimes the solution of a recurrence is given by a formula, but most of the times it is not possible
to find such a formula. Anyway, the recurrence provides a constructive way of describing the full
sequence.

p) We usually represent a sequence with the symbol {a,};_,, where a, is referred to as the
general term, regardless of whether there is an explicit formula that provides a,, as a function
of n or not.

In more rigorous terms we have the following definition of sequence:
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[ Definition 3.1.1 A sequence is amap f: N — R.

As a matter of fact, this is what the symbol a, denotes: to each n € N there correspond a real
number a,,.

R) Sequences can begin at n = 0 instead of n = 1, or in general at any index n = k, with
k=0,1,2,... Note that {a,}", = {anir—1};_,, so that any sequence can be rewritten as a
true map f: N — R.

m Example 3.1 — Fibonacci sequence. Leonardo di Pisa (c. 1170 — ¢. 1250), known as
Fibonacci (son of Bonacci), was an Italian mathematician, considered to be “the most talented
Western mathematician of the Middle Ages”. Fibonacci popularized the Hindu-Arabic numeral
system to the Western World mainly through his book, Liber Abaci (Book of Calculation), published
in 1202.

An example of Liber Abaci is the well-known sequence of Fibonacci numbers. Fibonacci
proposed the sequence as the solution to a problem of how a population of idealised rabbits grows
generation after generation. His assumptions were:

1. Begin with one male-female couple of rabbits that have just been born.

Rabbits reach sexual maturity after one month.

The gestation period of a rabbit is one month.

After reaching sexual maturity, female rabbits give birth every month.
A female rabbit gives birth to one male rabbit and one female rabbit.

. Rabbits do not die.

If F;, is the number of rabbit couples at month n, then Fy = 1 (the initial couple has just been
born), F; = 1 (rabbits need a month to reach sexual maturity) and then

oL W

Fn+1:Fn+Fn—17 n>07 (31)

in other words, the number of couples next month (F,.) is the number of couples the current
month (F,) plus all new couples. There is a new couple for every sexually mature couple, and the
sexually mature couples are those couples that existed last month (F;,_1), because it takes a month
to reach sexual maturity.

Iterating equation (3.1) we get the Fibonacci sequence

{1,1,2,3,5,8,13,21,34,55,... }.

Definition 3.1.2 Let {a,};” , be a sequence of real numbers. We say that this sequence
(a) increases monotonically if a, < a,4; foralln € N;
(b) decreases monotonically if a,, > a, foralln € N;
(c) is alternating if (a,.; — a,)(a, —a,—1) <0 for all n € N (i.e., it goes up and down
alternatively);
(d) is bounded from above if there exists ¢ € R such that a, < cforalln € N;
(e) is bounded from below if there exists ¢ € R such that a,, > ¢ for all n € N.

m Example 3.2 Let us consider the sequence a, = Pt It is easy to see that it is bounded from
n

above by 1, because the denominator is always larger than the numerator. Another way to see it is

by looking for a ¢ such that a, <c, i.e.,

n
n+1

<c & n<cn-+ec.
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Clearly this second inequality holds if we take ¢ = 1.

Let us now prove that {a,} , increases monotonically. To check for monotonicity it is
normally easier to check for the sign of a,, — a,,+| or whether a, /a, is larger or smaller than 1.
Let us try the former:

n n+l nn+2)—(n+1)? n?4+2n—n>-2n-1 -1 <0

a, —da == — = — p— ,
T 2 (n+)(n+2) (n+1)(n+2) (n+1)(n+2)

therefore a, < a,+1 and so the sequence increases monotonically. "

Definition 3.1.3 — Subsequence. A subsequence of a sequence {a,}; _, is any choice
{an, }7, of infinitely many elements of the sequence. (n is the rule that tells what is the kth
element of the subsequence.)

s Example 3.3 The sequence {ﬁ}:zl is a subsequence of the sequence {%}::1 The rule
n; = 2k — 1 tells that we are selecting only the odd terms of the sequence. m
m Example 3.4 The sequence {2,%_]}::1 is a subsequence of the sequence {%}::1 The rule
ni = 251 tells that we are selecting only the terms of the sequence whose index is a power of 2. =

Proposition 3.1.1 Every sequence has at least one monotonic subsequence (either increasing or
decreasing).

Limit of a sequence

Consider the sequence a, = % Let us explicitly display some of its terms:
n

1234 1000
2'374’5777710017

} = {0.5000, 0.6667, 0.7500, 0.8000,..., 0.9990,...}

where we have calculated the numbers to an accuracy of four decimal places. These numbers as
well as Figure 3.2 both illustrate the fact that the more we increase n the closer is a, to the value 1.
Sequences exhibiting this behavior are said to have a limit. In this case, the limit of a,, is 1.

[ T T
1 ________________________ —
L -
- * . M * -
0.8+ . ¢ i
F . 4
L .
<06 .
S - .
04+ =
02k ]
oL I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

n
n+1’

Figure 3.1: Plot of the first ten terms of the sequence a, =

We need a more precise definition of limit that captures this idea in all its flavour. To this
purpose we have the following definition:
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Definition 3.2.1 — Limit of a sequence. The real number «a is said to be the limit of the
sequence {a, } if for any real number € > 0 —no matter how small— there exits an index N
—which may depend on é— such that for every n > N the sequence satisfies the inequality

la, —al < €. (3.2)

The sequence is then said to be convergent.

m Example 3.5 Let us apply the definition to actually prove that the limit of a,, = j_ I is 1. Let
n
€ > 0 be a given arbitrary number. We need to find for which indices n the inequality
n
-l <e 3.3
n+1 ’ 3-3)

holds. Clearly,

n 1_n—(n—l—l) -1

n+l n+l  n+l

Thus inequality (3.3) is equivalent to

1 1
<e & n+l>- & n>-——1.
n+1 € £

We have the proof we wanted. Suppose € = 0.1. Then

1 1
——l=——1=10-1=9
€ 0.1 ’

so we can take N = 9 and the definition applies. Suppose € = 0.01. Then

1 1
——1=——-1=100—-1=99
€ 0.01 ’

so we can take N = 99 and again the definition applies.
It is clear that we can take € smaller and smaller, and that will imply that N is larger and larger,
but nevertheless, no matter how small € is taken, there always exists N satisfying the definition. m

We can also characterise sequences like a,, = n, which not only do not have a limit, but they
grow without bound as n increases.

Definition 3.2.2 — Divergent sequence. The sequence {a, } is said to be divergent to +oo if
for any real number C > 0 —no matter how large— there exits an index N —which may depend
on C— such that for every n > N the sequence satisfies the inequality

a, >C. (3.4)

Likewise, it is said to be divergent to —oo if for any real number C < 0 there exits an index N
such that for every n > N the sequence satisfies the inequality

a, <C. (3.5)

p) We denote the limit of a sequence with the symbol lim a,, = a if it converges, or lim a,, = 4=
n—yoo n—oo

if it diverges to +oo or —oo.
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m Example 3.6 The sequence a, = n? diverges to +o if p > 0, and converges if p < 0. We will
prove it by applying the definition.
Let p > 0 and C > 0 and consider the inequality

a,=n?>C & n>C\r.

In other words, if N > C 1/p , then for every n > N we will have a,, > C.
Let now p = 0. Then a, = 1 for all n € N, and therefore

lima, =1.
n—oo

Finally, let p = —g < 0 and € > 0. Then,

1 1 1\ /4
=—<Ee& & n? > — & n><) .
n4 & £

1
——0

lan—0| = nd

So if we take N > (1/€)'/4 then for every n > N we will have |a, — 0| < &. Therefore

lim a, = 0.
n—yoeo
n

Aside from convergent and divergent sequences there are sequences that neither converge nor
diverge. This are simply said to be nonconvergent sequences.

= Example 3.7 The sequence a, = (—1)"n is nonconvergent, because |a,| = n is divergent, but a,
alternates sign. "

Proposition 3.2.1 If the limit of {a,};_, exists, it is unique.

Proof. Suppose that a and b (a < b) are two limits of the same sequence. Then, according to the
definition, for every € > 0

lan, —a| < €, la, —b| < €.
In other words,
a, <a-+e, b—¢ <a,.

But if € is such that a + € < b — € this two inequalities cannot hold at the same time. And this can
be accomplished by any € < (b —a)/2. Hence b and a cannot be two different numbers. [ ]

Proposition 3.2.2 Every subsequence of a convergent sequence has the same limit as the sequence.

Applying the definition to prove that a sequence has a limit may be a daunting task. For that
reason we normally apply some properties that all convergent sequences satisty in order to simplify
the problem. These are some algebraic properties of the limits:

Proposition 3.2.3 Let {a,}>_, and {b,};_, be two convergent sequences with limits ¢ and b
respectively. Then the following properties hold:
: lgn(an:i:bn) =a+tb;

n—oo

[a——

2. lim a,b, = ab;

" a, a
3. if b, #0foralln € Nand b # 0, then lim — = —;
n—ewb, b
4. lima = a?;
n—yoo
5. lim loga, = loga.

n—soo

Two further theorems turn out to be very practical for calculating limits.



40 Chapter 3. Sequences

Theorem 3.2.4 — Sandwich rule. If lim a,, = lim ¢,, = [, and for all n > N, for some N € N,
n—yoo n—0

we have a,, < b,, < ¢, then also lim b, = [.

n—soo

In particular this implies that if lim |a,| = 0 then lim a,, = 0 too because —|a,| < a, < |an|.
n—oo Nn—soo

Theorem 3.2.5 Every monotonically increasing (respectively decreasing) sequence bounded
from above (respectively below) converges to some limit.

Proof. Suppose {a,}:;_, increases monotonically and is bounded above. The supremum property
(Theorem 1.3.2(i)) guarantees that {a, }'>_, has a supremum a. So a, < a for all n € N and no
other real number ¢ < a is an upper bound. Let us take € > 0 and set ¢ = a — €. This is not an
upper bound, therefore there must be some N € N such that ay > a — €. But since the sequence is
increasing we then have

a—e<ay<ant1 <ayp2<--<a<a+e.

In other words,

an—a| < € foralln>N. [ ]

As the proof shows, this theorem is a consequence of the completeness of real numbers.
Intuitively it makes perfect sense, for if a sequence keeps on increasing but cannot trespass a certain
bound, it must converge to something. And as a matter of fact, the proof shows that this “something”
is precisely the supremum of the sequence, if it increases, or its infimum, if it decreases.

m Example 3.8 Consider the sequence

sinn
a, = —.
n

In principle a, is the quotient of two sequences, namely b,, = sinn and ¢,, = n. However, none of
them has a limit: ¢, diverges to +oo and b, exhibits a random behavior, as illustrated by Figure 3.3.

(a) (b)

sinn
°
T
I
sin n

o 10 20 3 40 50 60 70 8 9 100
n

Figure 3.2: Plot of sinn at three different scales: (a) for 1 < n < 100, (b) for 1 < n < 1000, and (c)
for 1 < n < 10000.

However, it is always true that, irrespective of n, —1 < sinn < 1, so

1 1
- < dan < .
n n
. .1 . . .
Since lim — = 0, applying the sandwich rule we conclude that lim a,, = 0. "
n—oon n—oo

= Example 3.9 Consider the sequence {a,};_, defined by the recurrence

1
Apt] :E(a,,+6), a; =2.
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The first few terms look like
11 23 47 95
{2’4’5’2’4’8’16""} ={2,4,5,5.5,5.75, 5875, 59375,...},

so it seems that it does converge toward 6 and is monotonically increasing.
Let us first show, by induction, that {an};": | 18 bounded above by 6. To begin with, a; =2 <6.
Now suppose a, < 6. Then
1 1
any1 = =(a, +6) < =(646) =6,
2 2
so if a,, < 6 then also a,, | < 6.
Finally let us show that the sequence is monotonically increasing. For that, let us calculate

1 1
Apy1 —ap = E(an+6)—an = 5(6—0,,) >0

because we have shown that a,, < 6. Therefore a,; > a,, and because of the theorem, we have
proven that the sequence converges to some number a. To actually determine @ we must take the
limit in the recurrence as

. L. 1
,}2130“"“—5(}5‘;0"*6) & a—i(a+6) & 2a=a+6 & a=6.

m Example 3.10 Let us consider the sequence

3’ +2n—1

n St —2n+7

Calculating its limit through the definition is very difficult. However we can play the following
trick: we will factor out the largest power both in the numerator and in the denominator,

2 1 2 1 2 1
n2<3+—) JET FE L .
n

a n  n? n 2 n_ n?
n 1 727 o 7277
45 2 / s 2,0 s 20

( n3 n4) n nt nd nt

and now we can apply the algebraic rules for the limits. Since for any p > 0

then

2 1 2 7
lim<3+—2):37 lim<5—3+4>:5,
n—roo n n n—oo n n

and therefore

[98]

r}l_r};an:O-g:O.

From the example above we can infer the following proposition:
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Proposition 3.2.6 Let

_opnf + 0 nP T e an+ 0
B+ Bnd -+ Bin+Po

an

Then o
(@) ifg=p, lima, = B,
(b) ifg > p, li_r>nan =0
n—oco
(c) if ¢ < p, lim a, = o< if ap B, > 0 and lim a, = — if ¢, B, < 0.
n—yoo n—yoo

1
Proof. (a) and (b) are proven as in the example. For (c) we can prove equivalently that lim — =0
n—e dpy

because it reduces to (b). The sign is the sign of the quotient «, /8, —which is the same as that of
the product o, 3. [

Here is a list of some important limits that often occur in calculations:

1. lim /a=1foralla > 0.

n—oo

2. lim v/n? =1 forall p € R.
n—yo0

3. lima" =0forall [a| <1 and lima" = +eo foralla > 1.
n—yo0 n—o0

r

4. lim = =0forall |a| > 1 and r € R.
n—oo

Finally, there is a very important result that at this point will be very easy to prove:

Theorem 3.2.7 — Bolzano-Weierstrass theorem. Every bounded sequence has at least one
convergent subsequence.

Proof. The proof is very simple. From Proposition 3.1.1 we know that every sequence has at least
one monotonic subsequence. This subsequence will be bounded because the whole sequence is
bounded. Therefore this subsequence must converge to some limit by virtue of Theorem 3.2.5. W

p) Note that this result holds even for sequences without limit.

» Example 3.11 The sequence {(—1)"}"_, does not converge; however it is bounded, and the

oo

subsquence {1}, containing only the even terms clearly converges to 1. m

Number e
There is a special convergent sequence whose limit defines an irrational number of great importance
in mathematics. It is the following:

Definition 3.3.1

1 n
e = lim <1 + n) =2.7182818284590452353602874713526624977572 . .. (3.6)

n—soo

The sequence is monotonically increasing and bounded above, but converges very slowly to its limit,
as Table 3.1 shows. Both the prove of the convergence of this sequence and that of the irrationality
of its limit appear in Apppendix C.



3.3 Number e 43

n (1 + %)n
1 2
2 225
5 248832

10 2.59374246
100 2.704813829
1000 2.716923932
10000  2.718145927
100000 2.718268237

Table 3.1: Some values of the sequence (1 + %)n Note that » must increase by an order of
magnitude in order to obtain a new decimal figure of e.

Number e is not only an irrational number, but a transcendental one. This means that there is
no algebraic equation whose solution is e (in particular, e cannot be expressed in terms of radicals).
Many limits involve e. Here are a few examples:

m Example 3.12 Calculate

1 n+1
lim <1 —|—> .
n—oo n

Since we can factor out

1" 1\" 1
(1+) :(1+) (1+),
n n n
1 n+1 1 n 1
lim <1+> = lim (1+> (1+lim>:e.
n—oo n n—oo n n—oo n

——
=0

then

m Example 3.13 Calculate

1 n?+1
31_1%10<1+n2+1> '

The sequence

1 K41
<1 + ]{2—{—1> , keN,
is a subsequence of
1 n
(1)
n

(that corresponding to those n such that n = k? + 1). Any subsequence of a convergent sequence
has the same limit as the original sequence, therefore

2

1 n“+1
,}lﬁi<l+n2+l> -
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m Example 3.14 Calculate

1 2n2-3
lim (14— .
5‘30( +3n2—|—1)

We can rewrite

2n273
1 2}12—3 1 3n2+1 3nz+1
1 = 1
( +3n2+1> < +3n2+1> ] ’
so that

1 2n* -3 1 3n2+1
,}5{,‘0<1+3n2+1> - ,}5130(1+3n2+1>

Now, since

2
lim 2x=3
n—soo 3n2+1

lim | 1+-——
ﬁ£< +&ﬂ+1

we finally have

1 21?3 /
1 —_— = 2 3
Lo <1 - 3n2+1> <

341 w3 2
= im-——==
& n—w3n24+1 3’

It is easy to generalise this example and show that any limit of the form

lim (1+5,)",
n—soo
where
lim b, =0, lim ¢;, = oo,
n—oo n—oo

can be calculated as

fim (1 +by)n = e ()

n—soo

m Example 3.15 Calculate

1 n
lim <1 — > .
n—soo n

‘We can rewrite

(“Dn‘(n;l)n‘(lf(:l))n‘ <1+<nll>>" <1+ | >

n—1 n—1
Therefore
Jim (1_1> __t __I_
e o) () e

Incidentally, this example shows that the above argument is valid regardless of the sign of ,,. =
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As a matter of fact, number e is involved in any limit corresponding to what is referred to as an
indeterminacy of type 1™. This is a short way to refer to the limit of a sequence of the form a;",

where lim a, = 1 and lim ¢, = c. Here is an example:
n—yoo n—soo

m Example 3.16 Calculate

. 3n2+1 2n+1
n—es \ (3n+2)(n—3) '

First we check that

3n2+1 3n?+1
Iim———=lim———=1 Iim(2n+1) = oo
N =3 Amya g, b fmlnt D=

so we are dealing with a 1™ indeterminacy. The way to proceed is always the same. We rewrite

3n2+1 3n2+1 ( 3n2+1 Tn+17

(B3n+2)(n—3) 3n*2—Tn—6 3n2—Tn—6 > +3n277n76’

so that we can transform the original limit into

i (L N (1 T
n—e \ (3n42)(n—3)  neo 32 —Tn—6 '
Now
Tn+7
lim ————— =0
e 302 —Tn—6 ’
therefore
3n2+1 2n+1
lim [ —————— =
ng‘i(@nu)(n—s)) <
where
I (Tn+7)2n+1) .. 14n*+21n+7 14
Cc = 11m =1m —-——-——-" = ——.
n—e  3p2 —Tn—6 n—e 3n2—Tn—6 3

Indeterminacies

Apart from the 1% indeterminacy we have just encountered and which is related to the number e,
there are other indeterminacies that often appear when we calculate limits. They are basically these:

Their meaning is similar to that of the 1 indeterminacy. For instance, 0 - = just denotes the case
where we find a limit such as lim a,b,, where lim a, =0, and lim b,, = o (and similarly for the
n—oo n—oo n—oo

other cases).

p) Note that the following expressions are not indeterminacies, but well defined limits:

= Zoo,

00" = o0 OM:O7 00 400 = oo, f:O’ f
+ = 0
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Indeterminacies are related to one another. For instance, if lim a, = oo, and lim b,, = oo, then
n—oo n—soo

-1

. ay . _ .
lim 2 = lim a,b, ' = lim .
n—oeo P, n—oo n—oo Cl;
——
E 00-(0) 0
* 0

Indeterminacies must be solved case by case —there is no general rule to apply. We have
already found the Z indeterminacy in the case of rational sequences, and as Proposition 3.2.6 shows,
the solution depens on the specific sequence whose limit we want to calculate.

Other cases of this indeterminacy as well as the 8 indeterminacy require the following re-
sult:

Theorem 3.4.1 — Stolz theorem. Let {a,}_, and {b,}:>_, be two sequences of real numbers.
Suppose that {b,}:_, is strictly monotonic (increasing or decreasing) and either:
(a) lim b, = too, Or
n—yoo
(b) lima, = lim b, =0.
n—soo n—oo
Then

lim il _p lim &% = ¢, (3.7)

n—eo b, — b, _4 n—o by,

From this theorem we can derive three important corollaries:

Corollary 3.4.2

. 1
limc,=c = lim —(¢c;+c2+--+¢p) =c.
n—oo n—oo 1

Proof. Take the sequences a,, = c; +c2+ -+ ¢, and b,, = n, and note that b,, is strictly increasing
and diverges. Then

. Gp—an—1 . (ci+erttepmite)—(citeotHoer) L

lim — = lim = limc¢, =c,

n—eo b, —b,_| n—w n—(n—1) n—voo
therefore

. an

Jim - =c

Corollary 3.4.3

limc,=c = lim \/cicr---c, = c.
n—oo

n—yoo

Proof. Taking logarithms

1
logv/cicp ¢ = Z(logcl +logcy + -+ +1logey).

Since lim logc, = logc, applying the previous corollary we obtain
n—soo

1
lim log/cica--- ¢, = lim —(logcy +logey + -+ - +1loge,) = loge,
n—eo 1

n—soo
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and therefore

lim y/cica-+-¢c, =c.
n—yoo

|
Corollary 3.4.4
. an .
lim =a = lim /a, = a.
n—eo @, | n—oo
Proof. We can write
dp dp—1 ay
ap = —ay,
anp—1 ap—-2 ai
so if we define ¢, = a,/a,—1 forn > 1 and ¢; = a; we have
a, =C1C2+++Cy.
But lim ¢,, = a, therefore the previous corollary implies
n—yoo
lim y/cicy- - ¢, = lim W/a,, = a.
nses 1€2 n el n
|

= Example 3.17 We can easily show that lim /a = 1, for all @ > 0, as an application of the last
n—yoo
corollary, because

lim ¢/a = lim £ = 1.

n—oo n—o

Similarly we can prove that lim v/n? = 1, for all p € R, because
n—oo

p p
lim\”/nl’:limn:<lim " ) —1P=1.

n—soo n—soo (n — 1)1” n—eop— 1

= Example 3.18 We can calculate!

. <2n>
lim
n—oo n

using the third corollary as

2n
2n)! (n—1)!(n—1)! 2n(2n—1 4n—2
lim 2()2 _ i ZWH = D= DY 200 - ) gim 2122y,
noee (172)n—e plnl o (2n—2)! n—e n n—e R
where we have used the fact that (2n)! =2n(2n—1)-(2n—2)!andn! =n-(n—1)!. .

Stolz theorem is particularly useful when one of the sequences involved is a sum of n terms, as
in this example:

IThe symbols (Z) represent combinatorial coefficients. Their definition and properties can be found in Appendix B.
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m Example 3.19 Calculate

1 1 1

1+§+§+---+7

lim n
n—yeo logn

An application of the theorem transforms this limit into

1
0 1 1 1
lim L = lim = lim == lim =
n—elogn —log(n—1) n—e n n—yoo (n—1)+1 n—yoo 1
nlog | — log| ————— log| 1+
n—1 n—1 n—1

But we know that

1 n
lim <1—|— > =e,
n—eo n—1

and that loge = 1, therefore

R

=1.
n—eo logn

The indeterminacy oo — oo is a particularly difficult one, but often can be solved by an algebraic
manipulation of the expressions.

m Example 3.20 Calculate

lim (\/n2+2n—1—\/n2—3>.

n—soeo

Both terms in this expression are divergent sequences, so this is an co — oo indeterminacy. The trick
to calculate this limit is to make use of the identity

=y =(x—y+y) = x—yzxz_yZ-
X+y
In this case
Vri+2n—1—+v/n2-3= 21— (w3 = 2nt2
V2 +2n—1++vn2-3 ”\/1+%_ni2+”\/1_%
2+2 2

1.

- 2_ 1 3 n—yoo 1+1 -
Ji+i-L+\1-3
In the case that there are higher order roots involved, in may be useful to apply the generalised
identity

xPH P = (k=) (o a2y Py

that leads to
xp-i—l _ yp-i-l

- xP +xP*1y+xp72y2_|_ ... _|_xypfl _|_yp'

X=Yy
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Asymptotic comparison of sequences

In order to solve indeterminacies it is handy to compare sequences for large values of n. If they
behave similarly they can often be replaced by each other. If one is negligible with respect to the
other, it is the second one that decides the trend. Let us formalise this notion:

Definition 3.5.1 — Asymptotic comparison. Let {a,};, and {b,}_, two sequences which
either both diverge or both converge to 0. We say that
(a) a, and b, are equivalent (we denote it a, ~ b,) if

m Example 3.21 Example 3.19 proves that

1 1 1
1_|_,_|_7_|_..._|_7r-vl()gn7 (3.8)
2 3 n

(which incidentally proves that

1 1 1
lim ( 1+ -+ -4+ =) =00, 3.9
n—oo 2 3 n
a fact that will be of utmost relevance in the next chapter). "

= Example 3.22 Suppose that {€,};7_, is a sequence that converges to 0. We have seen that

lim (1+4¢,)"/& =e.

n—oo

Taking logarithms

Jim 1081+ &)

n—oo &y

in other words, log(1+¢€,) ~ &,.
We can now define the new sequence 6, = log(1+ ¢&,), whose limit is 0. Then g, = e% —1, 50
we transform the previous limit into

log(1+¢ 0,
1:hmwzlim 6" .
n—yoo &, n—eo @ — |
Therefore % — 1 ~ §,. "

We can infer further equivalences from geometric arguments. Figure 3.4 shows that? | sinx| <
|x| < |tanx| for all —/2 < x < /2 (we take absolute values because all quantities become negative
for negative x, but the relation between the lengths remains true). From the first inequality we
conclude that, within this interval,
sinx

<1
X

“The first inequality, | sinx| < |x, is obvious from the figure. The second one, |x| < |tanx| follows because the area of
the sector is obviously smaller than that of the big triangle. Now, the former is %\x\ whereas the latter is %\tanx\, hence
the inequality.
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tan x

sin x

0 cosx

Figure 3.3: Comparison of sinx, x, and tanx for small 0 < x < /2.

But - X > 0 for all —m/2 < x < /2 (because both sinx and x have the same sign), so
x

sinx
0<—«1.
X

From the second inequality,

el <

~X
| cos x|

sinx

| sinx|

& |cosx| <

) sinx
But since —— >0and cosx >0 forall —n/2 <x < /2,
X

sinx
cosx L —
X

1.

N

Let {&,};7 , be a sequence that converges to 0. From the inequality |sing,| < |g,| (which is
equivalent to —|g,| < sing, < |&,|) and the sandwich rule we conclude that

lim sing, = 0. (3.10)
n—oo

On the other hand, cosg, = /1 — sin® €, SO
lim cosg, = 1. 3.11)
n—yoo

Since we have

sin g,
cosg, < <1,
n

again using the sandwich rule we conclude that

sin g,

lim
n—oo £n

_1, (3.12)

or equivalently that sin g, ~ &,.

Also,
. tang, ) sin g,
lim = lim =1,
n—eo g, n—eo £, COS &,

therefore tang, ~ &,.
In summary, all these sequences are equivalent:
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log(1+¢,) ~ (e —1) ~ sing, ~ tang, ~ &,. (3.13)

Exercise 3.1 Using the identities

2

cos’x+sin’x =1, cos®x — sin’

X = cos2x,

prove that

£2
1—cosg, ~ ?" (3.14)

A very important equivalence is given in the following theorem:

Theorem 3.5.1 — Stirling formula.

n! ~\2mnn"e™". (3.15)
The correct use of equivalences is as follows. Suppose a, ~ ¢, and b, ~ d,,. Then
) . apb . Gy .. by . .
lim a,b, = lim ——"¢,d, = lim — lim — lim ¢,d, = lim c,d,.
n—soo n—oo ¢, dy n—oo ¢, n—roo d, n—oeo n—soo

~——
=1 =1
So sequences can be replaced by equivalent sequences in products (and it can easily be shown that
also in quotients).

Exercise 3.2 Calculate

1
,}gﬂ, log (nil) :

n

sin

However, using equivalences in differences can lead to incorrect results. This example is illustrative
of the sort of problems one can meet.

m Example 3.23 We want to calculate

lim (\/n4+n2—n2— 1>.

n—yoo

Proceeding as in Example 3.20,

e S S A ) el SN et e R St
therefore
1
lim (Vo a2t 1) =~
n—ro0

However, v/n* +n2 ~ n? because

4 2 1
‘/"nj”:\/u —
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so we might be tempted to reason as follows:

Vit +n?—n?—1~n*—n®>—1=—1,

in which case we would conclude incorrectly that

lim (\/n4+n2—n2— 1) =—1.

n—soo
[

The problem that this example illustrates is that in replacing a sequence by an equivalent one
we are ignoring smaller terms, which may become relevant if the dominant terms cancel out —as it
usually happens in oo — oo indeterminacies.

Negligible sequences, on the contrary, are relevant in sums and differences. For suppose
b, < a, and we want to calculate
Cn Cn . Cn

im = lim —" = lim &,
dp

because

In other words, in an expression like a, + b,, we can simply eliminate the negligible sequence.

s Example 3.24 Let us show that
log(3n® — 5n* +2) ~ 6logn.
Note that 2 < 5n% < 3n®, therefore
log(3n® — 5n* 4+-2) ~log(3n®) = log3 + 6logn.

But log3 <« 6logn, hence the equivalence. "

There is a hierarchy of negligible sequences which turns out to be very useful in calcula-
tions:

For any a,b > 0, and ¢ > 1, it holds

(logn)* < n” < " < n! < n". (3.16)
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Problems

Problem 3.1
(a) Let {x,}>_, be a convergent sequence and let {y,}*_, be a divergent sequence. What can be
said of the produt sequence {x,y, }:_;.
(b) If a sequence of integer numbers is convergent, what is this sequence like?
(c) Prove that every convergent sequence is bounded.

Problem 3.2 Given the following recurrent sequences, find the general term and compute their
limit:

(@) anyy = “";l,with o = 0; (ii) b1 = /2Dy, With by = 1.

Problem 3.3 Calculate the following limits:
(i) lim @+ 5", with a,b > 0; (i) Tim v/ (V2 1= Vs 1)
oo n—oo
n
2

2n+1 +3n+1
, with a,b > 0; (v) lim ;

(i) lim P T T

B

n-—1
e . 2 T
(@ir) lim n (\/’m_”>; (vi) lim ( s > "

Problem 3.4 Calculate the following limits:

® Jim Zoinn; @ fim
(e — gt/ e
(i) r}glolo 1 —nsin(1/n) ; V) ,}52, o
(i) lim i) Tim
n! n—o (n—1)"
@iv) r}i_fg)lon*yn; (wiil) lim 1+2\@+3\3§+...+n\fyﬁ.
n—eo n

Problem 3.5 If a > 0 and lim u,, = 0, calculate the following limits:
n—oo

b b\" -
(i) lim [ cos—+asin— | ; (i) lim % a bun‘
n—yo0 n n N0 a—l—bun

Problem 3.6 Calculate the following limits:

L 4 tok2 ]

Y. sin(7/k) i) lim [Jk—DY"; i) lim ) = sin-.

(1) lim ]{:117; n%ooll;[l n—>°°k;1 n2 k
n—oo ogn

Problem 3.7 Given that lim a,, = a, calculate
n—oo

4
. 2
1

bl log(n+1)

an
a+—+--+—
n
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Problem 3.8 Calculate the limit

3n
1
lim
”—>°°kg’1 vn?+k

using the sandwich rule.
HINT: Use the largest and smallest terms in the sum to bound the sum from above and from below,
respectively.

Problem 3.9 Let {a,};_, be a sequence of positive terms such that lim (a, —n) = /.

n—soo

(a) Prove that lim n _ 1.
n—o n

(b) Prove that lim nlog(a,/n) = ¢.
n—soo
Problem 3.10 Let {a,};_, be a sequence of positive terms such that lim (a,+/a,) = {. Apply
n—oo

Stolz theorem to calculate the limit

. a,
lim % 1

n—oo a1a2 “ee an
Problem 3.11 Prove that the following sequences are monotonic, determine whether they are

bounded, and find the limit in case they are:

(1) \/57 /2\/5’ /2 /2\/57’ (IV) I/anrl :3+2un, Wlth MOZO,

w+6
i) VEVITVEN 21 V2R ) e = Wit @ =1/2. 0w =3/2
(i) \/7 and (¢) up = 3.

(i) tpey =3+ % with 1o = 0

Problem 3.12 Consider the sequence defined by a,,1 = v/1+3a, — 1, with ap = 1/2.
(a) Prove that the sequence has a limit and find it.
—1
(b) Compute lim Gntl .
n—e ap—1

Problem 3.13 Consider the sequence defined by b,,; = 1 — b, /2, with by = 0.
(a) Prove that the sequence is alternating, i.e., (by+1 — by) (b —bn—1) < O.

(b) Assuming that it has a limit £, find it.

(c) Prove that |b1 — €| = %|b, — .

(d) Prove that the sequence has indeed a limit.
Problem 3.14 Consider the sequence defined by

Xn(14xp)

=1
1+2r, @ M

Xn+1 =

(a) Prove that x, > 0 for all n € N.
(b) Prove that the sequence is monotonically decreasing.

(c) Calculate its limit.
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(4. Series

Series of real numbers

Series are a special kind of sequences —those made of sums of terms of other sequences. As
sequences, they share all properties of sequences of real numbers studied in the previous chapter.
However, studying the convergence of a series is normally a difficult task —not to mention to
actually calculate its limit when it exists. That is why they are studied separately, and special
techniques to address their convergence have to be developed.

Suppose we have a sequence of real numbers {a, };_,. With this sequence we can construct
another sequence, that we will denote {Si};”_,, whose general term is the sum of all terms of the
original sequence up to the nth, namely

k
Sk=ai+a+--+ag=Y ay. (4.1)
n=1

(In what follows we will make common use of symbolic sums, whose properties can be found in
Appendix A.) The general term Sy of this new sequence is often referred to as the kth partial sum
of the original sequence.

The limit of the sequence of partial sums has a special notation:

lim Sy = . 4.2
o k n;] an 4.2)
This “infinite sum” (actually a limit) is what we normally refer to as a series.

m Example 4.1 As a first illustrative example we will introduce the geometric series
Y xR, 4.3)

in other words, out of the sequence {x"}’7_, we construct the sequence of partial sums

k
Sk=Y X' =1+x+x"+ - +x-
n=0



56 Chapter 4. Series

The geometric series is the limit of this sequence.

The geometric series is one of the very few cases in which not only its convergence can be fully
characterised, but also the sum can be explicitly computed when it converges. The reason is that an
alternative expression for S, can be obtained.

This is achieved by realising that if we multiply S, by x we almost recover §,, again:

xSp=g 424X =g -1 s DS =T - 1L
—_——
=5;—1

So if x # 1, we obtain

S_ka—l_lkaH
S T P

and if x = 1 clearly Sy = k+ 1. In summary,

1 _xk+1

- 1
Si=0 1 *7h (4.4)
k+1 x=1.

In terms of x we can distinguish these cases:
(a) If x=1then Sy = k+ 1 diverges to +co.
(b) If |x| < 1 then ]}im =0

—»00

1
lim S, = .
kglolok 1—x

(c) If x > 1 then klim ¥F1 = 400 and S diverges to +oo.
—»00

(d) If x < —1 then x* is an alternating sequence with no limit.
All this information is usually summarised in the formula

Y = , x| < 1. 4.5)

This example also illustrate the three cases we can meet when we address the convergence of a
series:

(a) S, converges; then we say that ) a, is convergent.

n=1

(b) S, diverges to teo; then we say that ) a, is divergent.
1

n=

(c) S, has no limit (e.g., is alternating); then we say that ) a, is not convergent.
n=1

p) The convergence of a series is not affected by altering (adding, removing, changing...) a
finite number of its terms. However, if it converges, the sum does change.

m Example 4.2 The convergence of the series
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in terms of x is exactly the same as that of the geometric series. The removal of the first r terms in
the latter does not affect its character. In this case it is particularly evident because

I IR 30
n=r n=0 n=0

so both series are proportional to each other. In particular this implies

Y X = , x| <1, (4.6)
n=r I—x
so the sum is different. n

m Example 4.3 A small variation of the geometric series is the arithmetic-geometric series. It is
defined as

Z nx".
n=1

(Starting at n = 1 or n = 0 is irrelevant because for n = 0 the corresponding term nx" = 0.) We
proceed through a similar argument. Let

k
Sk = an":x+2x2—|—3x3—|—---+(k—l)xk_1+kxk.

n=1
To begin with, if x = 1 then
k(k+1)
-

Sk=14+243+--F+(k—1)+k=
In this case I}LIE)S;{ = oo,
Suppose now that x # 1 and multiply Sy by x. Then
xS = x4+ 207 43 o (= Db Rk
Then, substracting
S — xSi = <x+2x2+3x3—|—--'—|—kxk) - (x2+2x3+---+(k— l)xk+kxk+1)
= x4+ — kL

The positive terms in the right-hand side form the partial sum of the geometric —except for the
first term, which is missing. Then
xk-H -1

(=08 T KT e k2 ket x- (k+ 1)k 4 ok +2
x—1 x—1 1—x
and therefore
x — (kA4 1)1 4 ok 2
(1—x)?

Now, if x > 1 the partial sum S; diverges when k — oo because of the term kx**2. If x < —1
the partial sum S does not have a limit when k — oo because kx**? alternates sign and grows
indefinitely in size. Finally, if |x| < 1 then

, _x— (k1) 4 gk 2 x
lim S; = lim = .
k—soo k—oo (1 —x)2 (1 —x)2

All this is summarized in the equation

Sk =

> X
Zlnx": 102 x| < 1. 4.7)
n—=
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Exercise 4.1 Using a similar procedure, prove that

k k k
(1—x) anx" :2an”— Zx”—kzxk+1.
n=1 n=1 n=1

By taking the limit in this expression, finally prove that

oo 2
Y nlv = (’16“)3, x| < 1. (4.8)
n=1 =%

Suppose that Y, a, is a convergent series. This means that lim S, exists. But clearly a, =
n=1 Nn—soo
S, — S,—1, therefore

lim a, = lim (S, — Sy_1) = lim S, — lim S,,_; = 0.
n—oo n—yoo n—oo n—oo

In other words:

Proposition 4.1.1 If Y} a, is a convergent series then lim @, = 0.
n=1 n—poo

Or in a form that turns out to be more useful: if lim a, # 0 then Y}, a, does not converge (it
n—ee n=1
either diverges or not converges).

= Example 4.4 The series

oo

I=1+1=1+1—=14--=) (=1)"
n=0

does not converge because a, = (—1)" does not tend to zero as n — oo (as a matter of fact, it does
not even converge because it is alternating).
This is another case in which all can be told from the expresion of the partial sum, because

k=

1 1if kiseven,
0 if kis odd.

So S itself is alternating, and therefore not convergent. "

= Example 4.5 The series

1

does not converge (in fact it diverges to 4-o) because

Unfortunately the converse of Proposition 4.1.1 is not true (otherwise telling the convergence
of a series would be a trivial matter), as the following example illustrates:
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= Example 4.6

11 | =
1+t oo =
tyF ot n§:1

—= oo,
n

The reason is that Sy ~ logk, as we know from Example 3.19. However, as we can see,

1
lim — =0.
n—oo 1

Series of nonnegative terms

A series of nonnegative terms is a series ) a, such that a,, > 0 for all n € N.

n=1
What is most relevant of this kind of series is that the sequence of partial sums is monotically
increasing, because Sy — Sx_1 = a; = 0. Therefore either the partial sums are bounded above —and

then the series converges— or they are unbounded —and then the series diverges to +oo.

Because of this property, every subsequence of {Sy};>_, will also be monotically increasing and
convergent to the same limit (or divergent it the series diverges). In other words: in this kind of
series convergence can be decided on any subsequence of partial sums. Often this simplifies the
problem.

A further consequence is that series, interpreted as “infinite sums”, satisfy the conmutative and
associative properties. This is sucintly captured by the term inconditional convergence. Series of
nonnegative terms are inconditionally convergent.

Based on these facts there is a set of tests to check convergence of a series of nonnegative terms.
Of the very many that can be found in the literature, we will simply list here the most common
ones.

Theorem 4.2.1 — Comparison test. Let 0 < a, < b, for all n € N. Then

ibn<oo = ian<oo.
n=1 n=1

Alternatively,
Z a, = = Z b,, = .
n=1 n=1

k k
Proof. Since Y, a, < Y, b, < Y, by < oo, the sequence of partial sums of {a,};;_, is bounded
n=1 n=1 n=1

above. [ |

oo

The requirement 0 < a,, < b, for all n € N is too strict. We can relax it to 0 < a, < b, for all
n > N (for some N € N). The reason is that what happens to a finite number of terms (the first N
ones) is irrelevant for the convergence of the series.

= 1

Exercise 4.2 Show that Z e by comparing this series with the geometric series. (Note
s

that n! > 2" forn > 3.) n
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Exercise 4.3 Show that

n

—— = oo by comparing this series with the harmonic series. =
ogn
2

oo

oo

Theorem 4.2.2 — Condensation test. Let {a,}_, be a monotonically decreasing sequence of
nonnegative terms, and let go < g1 < --- < gx < --- be a strictly increasing sequence of natural
numbers. Then

oo

Z (Qk-i-l _qk)aqk < o0 = Z ay < oo and Z (qk+] _qk)aqk+l — oo = Z a, = oo.
k=0 n=1 k=0 n=1

oo

qp+1

Proof. We can split the partial sum S, = ). aj, in blocks as
n=1

S‘Ip-H = S‘]O + (SQI - Sqo) + (SQZ - S‘Il ) +e (qu-f—l - S‘]p)'
Then

S‘]k+l - S61k =ag+1tag 2+ +dag, < (Qk+1 - Qk)a%

because the sequence a,, is monotonically decreasing and thus a,, is an upper bound to all terms in
the sum. Therefore

p

S‘]p+l < Sqo + Z (Qk—&-l - Qk)aqw
k=0

s0 Y (Gk+1 — gk )ag, < oo implies Y, a, < o because of the comparison test. Likewise, as ag,,, is
k=0 n=1
a lower bound to all terms in the sum, S,, ., —Sq, > (gk+1 — qk)aq,.,, SO

p

Sq() + Z (qk+l - Qk)aqu < qu-H
k=0

and hence Y, (gk+1 —qk)ag,,, = oo implies Y} a, = oo, again as a consequence of the comparison
k=0 n=1

test. [ |

As a corollary to this theorem we can obtain a simpler version that commonly appears in
textbooks as Cauchy’s condensation test. It just amounts to taking the sequence of integers g = 2~
in the previous theorem. As gii1 — qx = 2%, then (gis1 — qx)ag, = 2Xay and (qi+1 — qi)ag,,, =
2kay = %2"+1a2k+1. Hence both “condensed” series are one and the same. As a matter of fact,
the choice of 2 is made for purely historical reasons because any other natural number m > 1 will

do—notice that m* ! —m*F = (m — 1)mk = m=" (m — 1)m*+1.

Corollary 4.2.3 — Cauchy’s condensation test. Let {a,};"_, be a monotonically decreasing
sequence of nonnegative terms. Then

oo

Y day <o o ian < oo,
k=0 n=1

m Example 4.7 We will apply Cauchy’s condensation test to decide the convergence of Riemann’s
(or the generalised harmonic) series

=
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To this purpose we compute
];) 2ka ];) 2k(o—1) kg(’) 201 ’
This is the geometric series, which we know is convergent if and only if

1
2a—1

Therefore Riemann’s series converges if and only if o > 1. "

<1 N 20-1 5 1 & a>1.

m Example 4.8 Cauchy’s condensation test is particularly useful when logarithms are involved.
For instance, consider the series

> 1
ng‘zn(logn)a

and compute

= = 1
; klog2 log2 ;17’

which, up to a constant, is Riemann’s series. Therefore the tested series converges if and only if
a>1. [

One of the most powerful tests is the limit comparison test. The idea behind it is that two series
that behave similarly as n — oo have the same convergence properties. So the notions of equivalent
and negligible sequences adquire a special relevance here.

Theorem 4.2.4 — Limit comparison test. Given the series of nonnegative terms Z a, Z by:

n=1 n=1
(a) If a, ~ b, then

ian<°° = ) by<eo and Yai= = ) by=0co
n=1

(b) If a, < b, then

ibn<oo = ian<°° and Yai=o = ) by=oco
n=1 n=1

Proof.
(a) a, ~ b, means hm b" = 1. Thus, according to the definition of limit, given € > 0,

—g<Z—”—1<e & 1—s<%<1+8 & (1—-g)b, <a, < (1+¢€)b,
n n
for large enough n. If we take € < 1, (a) follows from the last inequality by the comparison
test.
(b) a, < b, means lim 3* = 0. Thus, given € > 0,
n—soo n

a
—e<b—”<e & —eb, < ay, < €b,
n

for large enough n. Hence (b) follows from a,, < €b, by the comparison test (the inequality
—&b,, < a,, is true but useless).
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m Example 4.9 In order to know if the series

z::v 242n+17

converges or diverges, all we need to know is that 32 +2n+7 ~3n2, 50 V32 +2n+7 ~+/3n.
Since the series

oo

n=1 fn n 1 I’l
because it is the harmonic series, then the series we are testing also diverges. "

Exercise 4.4 Prove, using appropriately the limit comparison test, that if a, > 0 for alln € N
and

lim n%a, =¢>0
n—yo0

then } a,<owifa>1and ) a,=«if a < 1. .

n=1 n=1

Theorem 4.2.5 — Root test. If a,, > 0 for all n € N and

lim W/a, =¢ >0,

n—oo

then Y a, <~if{<1and Y a, = if £ > 1. (The case £ = 1 remains undecided.)

n=1 n=1

Proof. Given{ >¢€ >0,
—e<Va,—l<e & [(—e<Va,<l+e & ({—€)"<a,<(l+e)

for large enough n. Now, if £ < 1 we can take € so that { + € < 1 (e.g., € = (1 —¢)/2). Therefore
the geometric series

i l+¢g)

and Y a, < o by the comparison test. On the contrary, if £ > 1 we can take € so that / —& > 1
n=1
(e.g., € =(£—1)/2). Hence

Z (0+¢e)

oo

—

oo

and Y, a, = oo by the comparison test.
n=1

If £ = 1 neither inequality is useful and we can conclude nothing. |

Corollary 3.4.4 to Stolz’s theorem transforms this test into another one:
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Corollary 4.2.6 — Quotient test. If a, > 0 for all n € N and

lim -2 —¢>0,

n—eo dy_ 1

then Y a, <e~iff¢<1land Y a, = if £ > 1. (The case £ = 1 remains undecided.)

n=1 n=1

Alternating series

When the terms of a series can be either positive or negative, the test developed in the previous
section are no longer valid. However, these series can be classified into two main groups according
to whether they are absolutely convergent or not.

oo

Definition 4.3.1 — Absolutely converget series. ) a, is said to be an absolutely convergent
1

n=

series if Y |a,| < oo
n=1

It is easy to prove that absolutely convergent series are also convergent in the usual sense.
Therefore all tests for series of nonnegative terms can be applied to the series of absolute values.

Dirichlet proved that absolutely convergent series converge inconditionally. On the contrary,
series that do not converge absolutely are conditionally convergent. This means that a permutation
and/or association of their terms can change their sum (this result was proven by Riemann). Their
interpretation as “infinite sums” is thus weaker than that of absolutely convergent series, because
an “order of sum” must be specified in advance (as a matter of fact, this is what the definition of a
convergent series does).

s Example 4.10 Consider the series

(_1)n+1

We will show later, in Example 4.11, that this series converges, but clearly does not do it absolutely
(because the series of absolute values is the harmonic series). Let us denote S its sum. Then

S_11+11+11+
23 4 5 6

Let us reorder its terms by choosing one positive followed by two negative terms, in order, and
then associate each positive with the first subsequent negative. We obtain

g_ (4 1 1+ 1 1 1+ 1 1 1+
a 2) 4 3 6/) 8 5 10 12
N—_—— N—_—— N—_———

=1/2 =1/6 =1/10
1 1+1 1+1 l—l- 1 | 1+1 1+1 1+ S
2 4 6 8 10 1 S 2 2 3 4 5 6 2
so with this manipulation the series sums half its initial value. "

Among the series with arbitrary sign patterns the most frequently met are those with alternating
signs. These are referred to as alternating series. They can have either of the two forms

gk

(—1)"*ay, i(—l)”an, (4.9)
n=1

n=1
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where a,, > 0.

p) Notethat ¥ (—1)"a, = — ¥ (—1)""a,, so the two forms are actually equivalent.
n=1 n=1

There is only one test for alternating series:

Theorem 4.3.1 — Leibniz test. If {a,};" , decreases monotonically and hm a, = 0, then the

alternating series

i )"a (4.10)

converges.

m Example 4.11 The series

e

converges according to Leibniz’s test because a, = 1/n is a monotonically decreasing sequence
that approaches 0 as n — oo. "

n+l

4.4 Telescoping series

A series Z ay is said to be telescoping if there exists a sequence {u, }_; such that a, = u, — 4

for all n € N.
The importance of telescoping series is that they can be easily summed. The reason is that the
partial sum

k

k
Sk = Zan = Z(un_”n-H) = Ur — Ug+1,
n=1

n=1

therefore we have the simple formula

—Upy1) = U —’}ilgoun. 4.11)

= Example 4.12 Consider the series
i 1
“onn+1)

Since we can expand

S B
nin+1) n n+l

HMS

the series telescopes identifying u, = 1/n, so

. o 1
z"nn—|—1 Z(n n—|—1>:1_r}1—{rolon:1'

n=1 n=1
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m Example 4.13 Consider the series

- 1
Z log (1 + > .
n=1 n

Since
1 1
log (1 + > = log (n—i— ) =log(n+1)—logn
n n

the series telescopes identifying u, = —logn, so

e 1
Zlog <1+> =0+ lim logn = co.
n

n—yoo
n=1

The series diverges to +oo. "

s Example 4.14 Consider the series

1
Z arctan 5
+n+n

The key to show that this series telescopes is to realise that

1 1 (n+1)—n

I+n+n® 1+na(n+1) l1+a(n+1)

and to compare this formula with the trigonometric identity

tanx —tany

tan(x —y) = ——————
(x=3) 1 +tanxtany’

which allows us to indentify x = arctan(n+ 1) and y = arctann. In other words,

1 (n+1)—n
arctan ———— = arctan | —————— | = arctan(n+ 1) —arctann
1+n+n? l+n(n+1)
and the series telescopes identifying u,, = — arctann. Therefore
Z arctan ! = —arctan 1 4 lim arctann = T + r_n
T+n+n? n—see 42 4

To be honest, every series is telescoping because

k k
= Z Z —Upi1) = UL — Upy 1,
n=1 n=1

so we can identify u; = u; — Sx_1, and choose u; arbitrarily. The problem is that this is tantamount
to being able to calculate Sy —usually a difficult problem. So we really call telescoping those series
for which the identification a,, = u,, — u, 4 is more or less explicit —as in the previous examples.
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Problems

Problem 4.1 Determine the convergent character of the following series of nonnegative terms:

@) i(;ﬂtﬂ) : (vii) ;“larcsin \}ﬁ; (xiii) Z

= logn

(ii) i . (viii) i n—1, (xiv) i ( 1—n)
n=1 (31’1— 1)2 n=1 (ﬂ)n n=1
oo ) o )

(iii) Z \/2,147 (ix) P ETE (xv) Z logn

@iv) Z \/ﬁ; (x) n;](\"/ﬁ— 1) ) (xvi) Z logn logn

|sinn| o0 1\"

V) Z P (xi) Z<1+> 3, o

(vi) Zsin—' . (xviii) i n Y’
= (xii) Z =\n-1)"

Problem 4.2 Prove that the series

i a b
= \2n—1 2n+1

converges if, and only if, a = b, and in that case calculate its sum.

Problem 4.3 Discuss, depending on the value of the parameter a in the given range, whether the
following series converge or diverge:

@) Z n(l+a)'e ™, fora>—1; (iii) Z , forany a € R;

a}’l

) Z (I+a)(1+a?)---(1+a")’

(i1) Z , fora > 0; fora > 0.

Problem 4.4 Determine whether the following series are absolutely convergent, and if not, whether
they converge conditionally:

@) Z 1Ogn ) ’;1(_1)n(\/,ﬁ—n);

(i) n;sin (irn+’11); (vi) ;(—1)"1og (nil);
o0 2 o0 1

(iii) Z(—])" <arctanjl) ; (vii) Z(—l)” <l—cosn>;

l’l

(iv) Z )" (arctann)?; (viii) Z  Tog( en+e ny

Problem 4.5 Sum the following series:
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3n+l n— 3 o/ 1—
@ Z v) Z u

)
B n , n(n+2)
i ¥ 5 o T o2
(iii) Z nt 1, (vii) i{xtiﬂyt%J with |xy| < 1;
n=0
(iv) Z( n+2-2vVn+l1 +\f> (viii) Z—cos?

> 1
“nd4+3n242n
HINT: Expand the general term in elementary fractions.

Problem 4.6 Obtain the sum of the series by rewriting it as a telescoping series.

Problem 4.7 Let % be a circle of radius r. Let 2y be a square inscribed in %j. Let €] be the
circle inscribed in 2y, and 2, a square inscribed in 4]. Continue the process this way and obtain
the sequence of circles {4, };;_, with radii {r,};_,. What is the sum of the areas of these infinitely
many circles?
Problem 4.8 Calculate lim a,, where a, = V2vV2V/2--- V2.

n—oo
HINT: Calculate the limit of loga,, first.

Problem 4.9 Let by € Z, b, € {0,1,2,...,9}, forn = 1,2,..., and form the series

(a) Prove that this series converges.
(b) Discuss the meaning of this series and why it is so important.
(c) Calculate its sum for b, =9 for all n > 0.

(d) Calculate its sum if b, = 1 for n even and b,, = 2 for n odd.

Problem 4.10
(a) Prove (graphically or otherwise) that the equation tanx = x has a solution (2n—1)7 < 4, <
(2n+1)% forevery n € N.

(b) Prove that Z % < oo,

Problem 4.11
(a) Let Z a, and Z b, two convergent series of nonnegative terms. Prove that Z Vapb, < oo,

n=1 n=1
HINT. Use the inequality xy < (x*> +y?)/2.

o . . . & — \a
(b) As an application prove that if the series of nonnegative terms Y a, < oo then Z Y <
n=1 n

n=1
Problem 4.12 Let {u, };_, be the sequence of all positive integers containing no zeros in their
decimal expression.

1
(a) Prove that Z — < 90.
n—=1Un
HINT: Group all terms u, with the same number of decimal digits.

w1 . ..
(b) What can you say about the series Z —, where {w,}7_, is the sequence of all positive
w
n=1"n
integers containing at least one zero in their decimal expression?
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Problem 4.13 In a real four-de-force we are going to calculate the —apparently impossible— sum
of the conditionally convergent series

;(—1)"105; (nL)

We will do that in steps:
(a) Show that

2:-4.6---(2n) =n12",  1-3-5---(2n—1) =
(b) Use Stirling to prove
2:4.6---(2n) ~V27ne "(2n)",  1:3-5---(2n—1) ~2e7"(2n)".

(c) Show that the partial sum Sy, of the series above can be written

o 22.4%.62...(2k)?
=08\ 13252 2k 1)2(2k+ 1) )

(d) Use the Stirling formulas derived above to calculate the limit of Sy; when k — co. Why does
this provide the answer to the problem?

Problem 4.14 Suppose a certain series can be written as
Z(aoun+alun+l+a2un+2)v o+ +op=0.
n=1

(a) Rewrite the general term as an ordinary telescoping series and provide a formula for the sum.

(b) Apply this result to calculate the sum
i 2n+1
“nn+1)(n+2)

(c) Do the same for the general case

((Xgun+a1un+1+"'+akun+k)a Z(Xj:()-

s

3
I
-
T.
=}

HINT: In (a), add and substract ou,+ and replace op = — (0 + a1 ). Use a similar procedure in

(c).
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5.1

(5. Limit of a Function

Concept and definition

Functions are defined for every single point of their domains. However, differential calculus has to
do with the behaviour of functions “around” points, not just at them. The limit of a function is a
way to characterise that behavior. The idea is to know what value the function is approaching as we
get closer and closer to a certain point a (not necessarily in the domain of the function).

Our first definition will base this knowledge in the well-known limit of sequences.

Definition 5.1.1 We say that the limit of a function f : A — R when x approaches a is ¢, and
denote it

lim f(x) = ¢, (5.1)

X—a

if, for every sequence {x,};_, C A such that x,, # a for all n € N and

lim x, = a,
n—soo

it holds
r}grolof(xn) =L.

Having a sequence in the domain that tends to a as n — oo is a way to approach a. The condition
X, # a is there to account for those cases in which a ¢ A. Note the remark “for every sequence” in
the definition. It is very important because if it holds, then what f(x) tends to does not depend on
how we approach a.

= Example 5.1 Consider the function f(x) = x% and the point @ = 2 (in the domain). Take the
sequence x, = 2+ &,. As long as g, # 0 for every n € N and &, — 0 as n — oo, this sequence
satisfies the conditions of the definition. Then

flxn) = (2+&) =4+28,+8 —— 4

n—soo
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This proves that
limx? = 4.
x—2

m Example 5.2 The previous example might suggest that calculating a limit could be as simple as
evaluating f(a). To show that this is not always the case consider the function

x—1

f)=5—

x2-1

a rational function whose domain is R — {1}. Take any sequence x,, = 1 +¢,, with g, # 0. If g, — 0
as n — oo then x;, — 1. Now,

& & 1 1
(1+€)—1 2g+e 2+ e 2

) =

This proves that
x—1 1

li -
21 2

even though 1 is not in the domain of f (hence f(1) does not even exists). "

» Example 5.3 For a final illustrating example consider the function f(x) = sin(7/x), whose
domain is R — {0}, and take a = 0 (not in the domain). Consider the sequence x,, = 1/n, satisfying
the requirements of the definition. Now,

f(x,) =sin(zn) =0

for all n — oo. So, if the limit exists, it has to be 0.
But now consider the sequence y, = 2/(4n+1). Then,

. 4n+1 . 1 . T . T
f(yn):sm<7r > >:s1n(7r<2n+2)>231n(2n7r+2>:sm2:1.

So we have found two different sequences, x, and y,, such that the two limits, f(x,) and f(y,)
exist, but are different. So f(x) does not have a limit when x — 0. .

Checking that the limit exists for every conceivable sequence might be a daunting task. For this
reason there is this alternative (but equivalent) definition of limit, which is not based on sequences
and is more widely used.

Definition 5.1.2 — ¢-6 definition. We say that the limit of a function f: A — R when x
approaches a is ¢ if for every € > 0 there exists 0 > 0 such that |f(x) — ¢| < € whenever
0<|x—al <.

The idea of this definition is that for every € > 0 you can find a 6 > 0 such that (a — 8,a) U
(a,a+8) C f'((¢—e,L+¢€)) (see Figure 5.1).

As with the limit of sequences (and for the same reason), if the limit exists it is unique. In other
words, if the limit of f(x) when x — a is both £ and m, then ¢ = m.

One-sided limits

There is a difference between the limit when n — oo and the limit when x — a: in the former case
we can only “approach oo from the left”, whereas in the latter case we can approach a both from the
left (x < a) or from the right (x > a). This motivate the definition of one-sided limit.
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0 a

Figure 5.1: Sketch for the £-6 definition of limit. The horizontal green stripe marks the interval
(0 —¢€,€+€), so the two vertical stripes correspond to f~' (¢ — €, £+ €)) —the set of points whose
image is (¢ —€,¢+ €). It is pictorially obvious that, no matter how narrow is the band, we can
always construct an interval (a — §,a+ 8) (vertical orange stripe) such that its image through f
(except maybe that of a itself) (horizontal orange stripe) is contained in (¢ — €,{+ €).

Definition 5.1.3 — One-sided limit. We say that the left-handed limit of a function f: A — R
when x approaches a is ¢, and denote it

lim f(x) = ¢, (5.2)

Xx—a-

if for every sequence {x,}>_; C A, such that x, < a for all n € N and lim x, = a, we have
n—oo

lim f(x,) = L.

n—oo

Similarly, we say that the right-handed limit of a function /' : A — R when x approaches a
is £, and denote it

lim f(x) = ¢, (5.3)

x—at

if for every sequence {x,}>_; C A, such that x, > a for all n € N and lim x, = a, we have
n—ro0

lim f(x,) = 0.

n—soo
m Example 5.4 The Heaviside step function is defined as

0, x<0,

mm:{ (5.4)

I, x>0,
and H(0) is defined arbitrarily —if at all. Clearly for this function

lim H(x) =0,  lim H(x) = 1.

x—0~ x—0T
The two one-sided limits exist, but they are different. Clearly then H(x) has no limit when x — 0. =

Proposition 5.1.1

limf(x)=¢ <  lim f(x)= lim f(x) =/

x—a x—a~ x—at
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5.1.2 Infinite limits

We can adapt the definitions above to describe a function that grows unbounded when x — a. For
instance:
Definition 5.1.4 — Infinite limits. We say that the limit of a function f: A — R when x
approaches a is +oo (respectively —oo), and denote it

lim f(x) = +oo (respectively liin f(x) = —e0), (5.5)

Xx—a

if for every sequence {x,}>>_; C A, such that x, # a for all n € N and lim x,, = a, we have
n—ro0

lim f(x,) = +oo (respectively r}g{}g F(xy) = —o0).

n—o

And similarly for the one-sided limits.

» Example 5.5 The function f(x) = |;17| tends to 4o when x — 0. The reason is that for every
sequence x, 7 0 such that lim x,, =0,
n—yoo

lim = oo,
n—soo |xn|

For the same reason, the function f(x) = % has a right-handed limit 4o when x — 0. However,

its left-handed limit is —eo, because taking any sequence x, < O such that lim x,, =0,
n—soo

.1
lim — = —oo,
n—o0 X,
Thus, 1/x has no limit —not even infinite— when x — 0. "

Two particularly important one-sided limits are:

Definition 5.1.5 — Limit at the infinities. We say that the limit of a function f : A — R when x
approaches +oo (respectively —oo) is £, and denote it

lim f(x) =/ (respectively 1_i>r£10o flx)=20), (5.6)

X—rA-o0

if for every sequence {x,};»_; C A, such that lim x,, = +eo (respectively —oo), we have
n—yo0

lim f(x,) = £.

n—oo

Exercise 5.1 Extend the definitions above to express the cases of a function that approaches
4o when x approaches 4o (all combinations of signs). u
A function such that f(x) — 4o when x — a® is said to diverge at x = a.
= Example 5.6 The function f(x) = 1 — 0 when x — Fco. Let us see it for the case x — +oco. Take

any sequence Xx;, that diverges to +oo. Then

1
lim — =0.
n—o0 X,

For x — —oo the argument is similar. "
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5.2 Algebraic properties

As in the case of sequences, computing limits through the definition is not an easy task. However
—as for sequences— limits satisfy a set of properties that allow us to do algebraic manipulations
with limits and simplify their calculations.

Proposition 5.2.1 Let f and g be two real functions such that lim f(x) = ¢ and lim g(x) = ¢'. Then
X—a x—a
the following properties hold:

1. )lcl_lg [f(x) £ gx)] =€+
2. lim f(x)g(x) = ¢

14
3. lim %) = — provided ¢’ # 0.
x—a g(x v
(These properties hold also in the case @ = £oo or even for one-sided limits.)
Proposition 5.2.2 Let f a real function such that lim f(x) = ¢. Then the following properties hold:
xX—a
1. fis bounded in an evironment of a;
2. if £ # 0, f(x) has the same sign as ¢ in an evironment of a;
3. if g is another function such that lin; g(x) = a, but g(x) # a in an environment of b, then
X—r
lin;(fog)(x) = /(; in particular, if £ > 0:
X—r
(a) limlog f(x) =log¥;
X—a

(b) lim f(x)* = ¢%, for any @ € R.
X—a

p) Anenvironment of a point a € R is an interval of the form (a —8,a+ §), where § > 0. If a
property holds “in an environment” it means that there exists some value § > 0 such that the
property holds within the environment (a — §,a+ 0).

m Example 5.7 Obviously limx = a. But from this and property 2. above we can conclude that for
xX—a

allneR
limx" = d".
Xx—a
A polynomial P,(x) is a linear combination of powers x*, k = 0,1,...,n. Thus, applying

properties 1. and 2. it follows that

lim P, (x) = P,(a). (5.7)

xX—a
Then, applying property 3.,

P, (x) P,(a)

im = , (5.8)
x=a Op(x)  Om(a)
provided a is not a root of O, (x).
Thus, calculating limits of polynomials or rational functions is a trivial matter. "

As for sequences, we have a Sandwich rule for functional limits:

Theorem 5.2.3 — Sandwich rule. If lim g(x) = limA(x) = ¢, and in an envionment of a it
X—a X—a
holds g(x) < f(x) < h(x), then lim f(x) = £. (This rule is valid even if @ = £eo or £ = £e0.)
X—a
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A simple consequence of this sandwich rule is that

i) =0 = lim /() =0, 59

Xx—a

simply because —|(x)| < £(x) < |f(x)]-
m Example 5.8 Let us apply the sandwich rule to calculate

1
lim x? sin <) .
x—0 X

We cannot simply apply the algebraic rules because sin ( ) has no limit when x — O (it oscillates
more and more wildly between 0 and 1 as we approach 0). However,

. 1
—x? < x*sin <> < x?
X

because for every x # 0 we have —1 < sin ( ) 1. Since +x> — 0 as x — 0, by the sandwich rule

1
lim x? sin <> =0.
x—0 X

0.005 ’

-0.2 $0.15 f0.1 -0.05 p; 0 s b.05 0.1 0.15 02

|
' -0.005

\
\\

Flgure 5.2: Plot of f(x) =x s1n( ) The dotted blue lines are plots of the two envelopes x> and
—x2.

Figure 5.2 shows a plot of f(x) explaining intuitively what we have just proven analytically. m

» Example 6.9 Let a > 0 and let us prove that

limv/x = +/a.

X—a

First of all, notice that this is equivalent to proving that

lim(vVx—+va) =0 & ;Lr%\ﬁ_ﬁ\ -

Xx—a

Now, to prove the latter we can write
x—a xX—a

< IVa-val = = VivaS va e

and the result follows from the sandwich rule. n
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Exercise 5.2 By a similar argument prove that for all a > 0

lim /x = V/a. (5.10)

X—a
HINT: Use the identity a —b = (a" — b")/(a" ' +a"2b+---+ab" 2 +b" ). .
m Example 5.10 From the equivalences (3.13), (3.14), it follows that for any sequence g, — 0 we
have
. ) . sing, . 1l—cosg, 1
lim sing, =0, lim cosg, =1, lim =1, lim —s— =5
n—soco n—oo n—eo g, n—oo Sn 2

By the sequential definition of limit it follows that

i 1 1
limsiny=0,  limcosx=1,  lm—"—1,  lim——"—_. (5.11)
x—0 x—0 x—0 X x—0 X 2

Using this limits and trigonometric identities we can easily prove that
lim sinx = sina, lim cosx = cosa. (5.12)

xX—a x—a

For instance, for the sine, setting x = a +¢,

limsinx = limsin(a +¢) = lim(sinacost + cosasint) = sina <1imcost> +cosa (limsint)

Xx—a t—0 t—0 t—0 t—0
=1 =0
= sina,
and similarly for the cosine. =

5.3 Asymptotic comparison of functions

Example 5.10 makes it clear that, thanks to the sequential definition of limit, the notion of asymptotic
comparison can be brought to the realm of functional limits. Hence we have:

Definition 5.3.1 — Asymptotic comparison. Let f and g be two real functions that either
both diverge or both converge to 0 as x — a (—oo < a < o). We say that f and g are equivalent
when x — a (and denote it f(x) ~ g(x) as x — a) if

lim@ =1.

x—a g(x)

Accordingly, given equations (3.13) and (3.14), we can state that

log(1+x) ~ (e"—1) ~ sinx ~ tanx ~ x (x—0), (5.13)
2
| — cosx ~ % (x—0). (5.14)

(We will later re-derive this same relations in a more systematic and natural way.)
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Problems

Problem 5.1 Calculate the following limits, simplifying the common factors that numerator and
denominator may contain:

T Vx—8 L1
) N ) R
@) )1(1_1}1}1 xX—a el (1) xlinéi Ix—4 v) )1613(1)7( x)x ;
(i) tim YV, (iv) lim L= YI=* (vi) Tim [ —— — 2
e x—a 0 x2 ’ ol \Wx—1 x—1)°
Problem 5.2 Calculate the following limits:
in2x3)2 . log(1—2x o
(i) lim %; (v) lim M; (ix) lim ( = ) ;
0 x x—0  sinx x—0 \sinx
(i) lim tan x” + 2x (vi) )lciir(l)(l + sinx)z/x; (x) lir%(cosx)l/xz;
e  sins2)
. . - —é . .. l—sin(x
(i) lim sin(x+a) sma; (vii) chl_r;(]) P (xi) ;g?r Gon)?
x—0 X ¢ .
... ..  tanx—sinx X
iv) Lim(1+x)'/*: viii) lim —————; i) lim &
(iv) lim (14+x)"% (viii) lim —— (xii) )1613(1)
Problem 5.3 Calculate the following limits:
@ lim X 44x—17 . (iv) lim (, /x2 4+ 4x — x) . (vil) 1_1>rj1E10o tanhx;
xee T2 — /26 4 x5 o )
3 , . T :
() fim x;_ing; ) xglllw e —1’ (viid) x—1>rﬂltl°° sinhx
x—oo X+
Jx i) lim 2 g (2T
(i) Tim — Y e 2 41 ) lm \ 2
x+/x+/x

Problem 5.4 Calculate the one-sided limits:

A (i) lim e'/; L 1—elx
@) xlg(l)li <x> ; x—0% (iii) xlgglim-
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(6. Continuity

Definition, properties, and continuity of elementary functions

Those functions whose limit at a point a of their domain coincides with the value of that function at
that point play a very special role in calculus. They mainly coincide with those functions whose
graph “can be plotted without lifting the pen from the paper” —which is the intuitive notion of a
continuous function.! The formal definition of continuity is the following:

Definition 6.1.1 — Continuity. A real function f is said to be continuous at a point a of its
domain if

lim f(x) = £(a). (6.1)

xX—a

Definition 6.1.2 — Continuity in intervals. f is said to be continuous in
(a,b) if it is continuous at every point x € (a,b);
[a,b) if it is continuous in (a,b) and lim fx)=f(a);
x—a
(a,b] if it is continuous in (a,b) and lirlr71 f(x)=f(b);
x—b~

[a, D] if it is continuous in [a,b) and in (a,b].

m Example 6.1 Examples 5.7 and 5.10 prove that:

(a) polynomials P,(x) are continuous in all R;

(b) rational functions P,(x)/Q,,(x) are continuous in all R except at the roots of Q,,;
(c) sinx and cosx are continuous in all R;

(d) tanx is continuous except at the zeroes of cosx;

(e) cotx is continuous except at the zeroes of sinx.

'We say ‘mainly’ because there are very weird functions, which one would intuitively not refer to them as continuous,
and nevertheless they are continuous in some subsets. But we shall not be concerned with these functions in this course.
We will rather focus on practical, “sensible” functions.
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m Example 6.2 Let us consider the exponential function. At any point a € R we can write
& — ea+(x—a) B R (ex—a _ 1)'
Sincee* ¢ —1~x—aasx—a,

lime* = e’ + e lim(x —a) = €.
X—a Xx—a

Therefore the exponential function is continuous in R. "

The algebraic properties of functional limits yield the following algebraic properties for contin-
uous functions:

Proposition 6.1.1
(i) If f and g are continuous at a, then so are f + g and fg. If on top of that g(a) # 0, then f/g
is also continuous at a.
(ii) If g is continuous at a and f is continuous at g(a), then f o g is continuous at a.
(iii) If an invertible function f is continuous at a, then f~! is continuous at f(a).

m Example 6.3 As a consequence of (iii) in the previous Proposition, logx, arcsinx, arccosx,
arctan.x, arccotx are continuous functions in their domains. "

= Example 6.4 Function f(x) = x%, for a € R, is continuous in (0,0). The reason is that f can be
written

f(x) — % = eotlogx7

i.e., as a composition of continuous functions.
If & > 0 and we define f(0) = 0, then it is also continuous at x = 0 because

lim %1°2* = lim ¢ =0
x—0t t——oo

(we have made the change of variable ¢ = ot logx).
If & = 0 then f(x) = 1 in (0,00), so it is continuous also at x = 0 if we define f(0) = 1. ]

Discontinuities

Discontinuities are points where a function is not continuous. There are several reasons why a
function may not be continuous at a point, and some of them bear a specific name.

. . smx . . . .
A function like f(x) = —— is continuous in all R except x = 0, because the denominator van-

ishes at that point. However, the function has a well defined limit at that point (see equation (5.11)),

. sinx
Iim — =1.
x—0 X

So we can re-define the function to be

sinx

-, X 07
fw={ 7

1 x=0,

and now it is continuous everywhere in R. One such discontinuity is called an avoidable disconti-
nuity because it can be “avoided” by properly defining the function.
The case of the Heaviside step function

H(x):{o x <0,

1 x>0,
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typifies a stronger case of discontinuity, which cannot be avoided. The function is continuous in
R — {0} (because it is a constant for x < 0 and for x > 0), but at x = 0 the left-handed limit is 0
whereas the right-handed limit is 1. So the limit when x — 0 does not exist because, although the
two one-sided limits exist, they are different. This is a jump discontinuity because the graph of
the function “jumps” at that point.

p) Note that, given the definition of continuity in intervals that we have made, although H (x) is
discontinuous at x = 0, it is continuous e.g. in [0, 1] (but it not continuous in [—1,0]).

Figure 6.1: Illustration of an asymptote for the function f(x) = *=%.

In some cases the function is not continuous because the one or both of the two one-sided limits
is oo. Such is the case of 1/x or logx. We say that the function has a singularity at that point. We
also call it an asymptote (see Figure 6.1).

Finally, a function can be discontinuous simply because it has no limit at a point. For instance,
L is continuous in R — {0} because the limit when x — 0 does not exist.

Sin X

I Exercise 6.1 Which kind of discontinuity has the function f(x) = xsin! atx = 0? n

Continuous functions in closed intervals

Continuity in a closed interval is a very restricting property. As a consequence, knowing that a
function is continuous in a closed interval provides us very relevant information about the function.
This information is captured in a series of theorems, the most important of which is due to Bolzano.

Theorem 6.3.1 — Bolzano’s theorem. If f is a continuous function in [a,b] and f(a)f(b) < O,
then there exists ¢ € (a,b) such that f(c) = 0.

This theorem is the formal expression of the well-known fact that we cannot draw a continuous
curve from a point above the X axis to another point below without crossing the X axis.
This theorem has an important corollary that basically expresses the same idea.
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Corollary 6.3.2 — Intermediate values theorem. If f is a continuous function in [a,b] and
min{f(a), f(b)} <z <max{f(a),f(b)}, then there exists ¢ € (a,b) such that f(c) =z.

We reword this result by stating that a continuous function in a closed interval [a, b] takes all
intermediate values between f(a) and f(b).

Proof. The proof is as simple as defining the function g(x) = f(x) — z, which being the sum of
two continuous functions is continuous itself in [a, b]. But either f(a) < z < f(b) (i.e., f(a) —z <
0< f(b)—z)or f(b) <z< f(a) (e., f(b)—z<0< f(a) —z); in any case, g(a)g(b) < 0. Then
Bolzano’s theorem implies that there exists ¢ € (a,b) such that g(c¢) = f(c) —z=0. [ ]

m Example 6.5 We shall prove, applying the intermediate value theorem, that the equation xe* = 1
has a solution x* > 0.

Let us define the function f(x) = xe*, which is continuous in R. Now, f(0) =0 and f(1) =
e=2.71828... Then f(0) < 1 < f(1), so 1 is an intermediate value of those f takes in the interval
[0,1]. According to the intermediate values theorem there exists 0 < x* < 1 such that f(x*) =1,
and that is the solution we are looking for. "

The last important result of this sort is the following theorem:

Theorem 6.3.3 If f is a continuous function in the interval [a, b] then there exists X, Xy € [a, D]
such that f(x,,) < f(x) < f(xp) for any x € [a,b].

In other words, a continuous function in a closed interval reaches its maximum and minimum
values within the interval (in particular, it is bounded).

The requirement of f to be continuous is well illustrated by the function f(x) = 1/xin [—1,1].
It is not even bounded because is not continuous in the interval (as a matter of fact, it is not even
defined at x = 0).

The requirement of the interval to be closed is illustrated, for instance, by the function f(x) =x
in [0,1). Although the function is continuous in the whole interval it does not reach the maximum
within it (the supreme of the values of f in that interval is (1) = 1, but it is clearly reached outside
the interval).

2
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Problems

Problem 6.1

(a) Prove that if f is continuous then so is |f|. Show that the reciprocal is false by finding a
counterexample.

(b) What can be said about a function that is continuous but all the values it takes are in Q?

Problem 6.2

(a) Let f:[0,1] — [0,1] be a continuous, surjective function. Prove that there exists ¢ € [0, 1]
such that f(¢) =¢

(b) Let f be a continuous function in [a,b] and let xi,...,x, € [a,b]. Prove that there exists

¢ € |a,b] such that f(c) Z F(xk).

Problem 6.3 Consider the function

1

flx) = Ax2—2Ax+1"

Determine for which values A € R the function is continuous in (a) R, or (b) [0, 1].

Problem 6.4 Study the continuity of the following functions:

' 5x+
i) fx)= ﬁ ) flx) { i;g
(ii) f(x)= 3/X+x -9 (), ’ I
sin( 7wx x < —1,
i BN i
; -1 > 1;
(v) f(x) = (arcsinx)?; Ex 1; ) 1
. X+ xé— 3
log(8x—3
((VI; f(X) B (X ) Og( X = ) (Xll) f sgnx+1 —1<x< 1,
vii) f(x) =x— L 2x, x> 1;
0, x=0;
. (xiil) f(x)=q -1, —2<x<2,
5 x>0, 4x—5, x>=2;

(ix) f(x)= 0, x=0, (x—1)2, x>1,
e'r, x<0; xiv) f(x)=<x—|x], —-1<x<1,
x+1, x<—1.

Problem 6.5 Which of these equations have at least one solution in the specified set?:

(i) x*—18x+2=0,in[-1,1]; (v) f(x) =0, in [-2,2], where f is given by
(ii) x—sinx=1,in R; Flx) = x? 42, -2<x <0,
(iii) ¢*+1=0,inR; —(¥+2), 0<x<y

(iv) cosx+2 =0, inR; (vi) x* —sin(mx)+3 =1, in [-2,2];

(vii) |sinx| =sinx+3,in R.

Problem 6.6 Prove that any polynomial of odd degree has at least one real root.






[7. Derivatives

7.1 Concept and definition

Derivates are introduced to characterise the rate of variation of a function with a number. The rate
of variation measures how much the function f(x) increases (positive) or decreases (negative) per
unit of variation of the variable x. Thus, within the interval |a,x] this rate will be

A _ 1)@
Ax x—a

Figure 7.1 illustrates that the narrower the interval [a,x] where the variation is measured the more
accurate the estimated rate. Ideally, the measure would be perfect if this interval were infinitely
narrow. This is the notion of derivative and the motivation of its definition:

Figure 7.1: The rate of variation of f(x) as obtained for different intervals.
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Definition 7.1.1 — Derivative. The derivative of the function f at the point a of its domain is
defined as

f'(a) =lim M 1.1)

x—a XxX—a

provided the limit exists. (When it does, we say that the function is differentiable at a.)

Alternatively, introducing the change of variable x = a + A, the limit (7.1) can be obtained as

. +h)— f(a)

"(a) = 1 fla '

fla) §0 h

Figure 7.1 also shows that f’(a) —the rate of variation of f(x) at x = a— coincides with the

slope of the straight line rangent to the graph of f(x) at the point (a, f(a)) —which is an important
geometric characterisation of the derivative concept.

p) Often you will see the derivative denoted as

@)= )

This is Leibniz’s notation —a bit more mnemotechnical because it reminds that the derivative
is, after all, a rate of change of f.

= Example 7.1 Consider the function f(x) = x2. Its derivative at any point x would be, according
to the defintion,

h)? — 2 24 Oxh4 2 — 2 2h+ 12
lim SR =8 P2 o R et k) = 2x.
h—0 h h—0 h h—0 h—0
Therefore f'(x) = 2x. .

Exercise 7.1 Using Newton’s binomial formula prove that the derivative of f(x) = x", with
n € N arbitrary, at any point x € R is f’(x) = nx"~!. (Note that this formula holds even if n = 0,
for which f(x) = 1.) n

m Example 7.2 Let f(x) = sinx and g(x) = cosx. By definition

£(x) = lim sin(x+ h) — sinx — lim sinxcosh + cosxsink — sinx
h—0 h h—0 h
. . cosh—1 . sinh
=sinx lim —— +cosx lim —.
0  h h—0 h
But
sinh cosh—1 1—cosh 1
lim—— =1 lim — =—limh———=-0--=0
oo h ' o h h0 h? ’

hence f'(x) = cosx.

Similarly
/ . cos(x+h)—cosx . cosxcosh—sinxsinh—cosx
g (x) =1lim = lim
h—0 h h—0 h
. cosh— ... sinh )
= cosx lim ———— —sinx lim — = —sinux.
=0  h =0 h

Thus we have the result (sinx)’ = cosx, (cosx)’ = —sinx. .
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» Example 7.3 Let f(x) = ¢* and compute

) — I e:xl.
f) hl—r>r(1) h ehl—% h

We say that f is differentiable in the interval (a,b) if it is differentiable at every point of the
interval.
The function f’, defined as

fl:A—R

, (7.2)
X—y= f ()C),

where A is the set of points where f is differentiable, is called the derivative function of f (or

simply the derivative of f).

Likewise, we can introduce higher order derivatives. For instance, f” is the second derivative
of f, i.e., the derivative function of f’. Or f" is the third derivative of f, i.e., the derivative function
of f”. And so on. (Beyond the third derivative it is customary to denote higher order derivatives as
£, the nth derivative of f.)

The following theorem emphasises that differentiability is a more restrictive property than
continuity.

Theorem 7.1.1 If f is differentiable at « it is also continuous at a.

Proof. 1tis very simple. All we have to prove is that

limf()=f(a) &  lim[f(x)—fa)]=0.

xX—a X—a

For that we just need to multiply and divide by x — a, and apply the algebraic properties of limits:

lim[f(x) — f(a)] = lim w(x—a) Cim IO =D e a) = fla)-0 =0,

x—a x—a XxX—a x—a XxX—a x—a

where we have used that the first limit exists (the hypothesis of the theorem) and it is the derivative
of fatx=a. |

An obvious consequence of this theorem is that discontinuous functions are not differentiable
at the discontinuities.

= Example 7.4 Function f(x) = |x| is continuous in R, however, f'(0) does not exist. The reason
is that

because |x| = —x for x < 0. Therefore the limit defining f/(0) does not exists because the left-handed
and right-handed limits are different. "
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m Example 7.5 Function

_ Jxsin(1/x), x#0,
O P

is continuous in R, however, f’(0) does not exist:

in(1/x)—0
lim 280D =0 (1),
x—0 x—0 x—0
On the contrary, function

g(x) = {)(;2 sin(1/x), jfga

is differentiable at x = O (in fact everywhere, as we will see later) and

£0) = 1im =S =0 (1)) =0,

x—0 x—0 x—0

7.2 Algebraic properties
The fact that derivatives are defined as limits leads to the following algebraic properties:

Proposition 7.2.1 Let f and g be two differentiable functions (in an appropriate set). Then:

(i) (Af+pg) =Af +ug', where A, u € R,; (linearity)
i) (fg) =fg+fg; (Leibniz’s rule)
(iii) (fog) =(f"0g)g; (chain rule)
@iv) ( £> = fgg—zfg’ provided g # 0; (quotient rule)
(v) (f 71)/ ! (inverse rule)

e
Proof. Except for some technicalities —which we will omit here—, the proof of these rules is just

an application of the algebraic properties of limits.
(i) From the linearity of limits,

Af(x) + pglx) —Af(a) + ugla)

(Af +ug) (a) = lim

iSO 8 )
=Af'(a)+ug'(a).
(ii) Now we need to add and substract f(a)g(x):
(F¢)/(@ = lim f (X)g(xzc - 2 (a)g(a) _ lim f)g(x) = f (a)g(X)):i (a)g(x) = f(a)g(a)
= tim () "D )t SO 0 0) 4 e )

where we have used that g is continuous because it is differentiable.
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(iii) Here we need to multiply and divide by g(x) — g(a):
(Fog) (@) —tim 8N =S @) _

ST ama S e —gla)  x-a

T f(y)_f(g( )) () g(a> / / —(fo a)e (a
_ylgf(la) y—g(a) lim =—— = f'(gla))g'(a) = (f' o g)(a)g'(a),

where we have changed the variable y = g(x), so that y — g(a) as x — a because g is

continuous.
(iv) First we need to prove (x ')’ = —x~2 for any x # 0. We do that using the definition:
1\’ 41 x—(x+h) —h ~1 1
) = x+h  x —lim """ " im— = _
<x) 0 h e hx(x+h) = 0 hx(x+h) = 0 x(x+h) x?

Now we write the quotien as a product and apply the product rule:

(-G -r ()

But 1/g = hog, where h(x) = x~!, so we can apply the chain rule and obtain

(-4
g g
Thus, finally,
(£) L -2 St

g g & g

(v) The equation that defines the inverse is (f o f~!)(x) = x. If we differentiate this equation, we
get

(for™ (=1

Applying the chain rule we obtain

—_1\/
(@) @=1,
from which we arrive at the result
/ 1
Y @)= .
W= e ne
The following examples illustrate how these rules can be applied to obtain new derivatives:
= Example 7.6 If f(x) = ¢* then f~!(x) = logx. Therefore

1 1

(logx)' = Sogx = 3

Logarithms can have a different base, say a > 0. They are denoted log, x and form the inverse
function of a*. Now a* = ¢*1°2¢, 50 by the chain rule

(@) = (e"log”)/ = (e"log”) loga = a*loga.

Therefore
1 1
(log,x)" = =

a°%~loga  xloga’
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» Example 7.7 Function f(x) = x%, with & € R, can be written as f(x) = e*!°#*, Thus, applying
the chain rule,

o o _
(xa)/ — ealogxi — %2 — o 1_
X X

= Example 7.8 If f(x) = sinx in [~7/2,7/2] then f~!(x) = arcsinx. Thus,
1

. I
arcsiny) = ————.
( ) cos(arcsinx)
But cosx = /1 —sin’x in [-7/2,7/2], so
1 1
. ! o o
(arcsinx)’ = = — =i
1 — sin”“(arcsinx)
because sin(arcsinx) = x. .
I Exercise 7.2 Calculate the derivative of the functions tanx and arctanx. U
fx) ) [ fx) fx) ()
1
c 0 sinx cosx arctanx ——
1+ x2
o o—1 ; -1
X ox Cosx —sinx arccotx ——
1+x2
1
e* e* tanx ——=1 + tan® x sinhx coshx
COS? X
-1 2 .
a* a*loga cotx ——— =—l—cot’x coshx  sinhx
sin“x
1 ! i ! tanh ! 1 — tanh?
ogx - arcsinx anhx =1—tanh“x
¢ X V1 —x? cosh?x
1 -1 -1
log, x arccosx cothx ——— =1—coth’x

xloga V1—x2 sinh® x

Table 7.1: Derivatives of most elementary functions. Here ¢, € R, a > 0.

Derivatives and local behaviour

We will see here a set of results related to the local behaviour of a function (i.e., the behaviour
within intervals). To begin with, we need to define local maxima and minima.

We say that a function f has a local maximum at a point a of its domain, if there is some
interval (a — 8,a+ &) such that f(x) < f(a) forall x € (a—6,a+9).

We say that a function f has a local minimum at a point a of its domain, if there is some
interval (a — 8,a+ 6) such that f(x) > f(a) forallx € (a—8,a+9).

Local maxima and minima are collectively called local extrema. If local extrema remain
extrema for all x in the domain of f, they are absolute extrema.
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Theorem 7.3.1 — Derivatives at local extrema. If f has a local extremum at a point a where
it is differentible then f’(a) = 0.

Proof. Consider the case of a maximum (the proof for a minimum is analogous). By the definition
of local maximum

i 10— f(@
x—a~ X—a

because f(x) < f(a) near a, so f(x) — f(a) < 0, but on the left of a we have x —a < 0. On the
other hand,

>0

i L= f(@)

x—at xX—a

<0

because the numerator is again f(x) — f(a) < 0, but on the right of a we have x —a < 0. Since
the derivative exists both limits must coincide, so the only possibility is that both are 0. Hence
f'(a) =0. [ |

» Example 7.9 Consider the function f(x) = |x(1 —x)|. We know that x(1 —x) > 0if 0 <x < 1,
and x(1 —x) < 0if x <0 orx > 1. Then we can rewrite

7 x(l—=x), 0<x<1,
X)) =
x(x—1), x<Oorx> 1.

Let us compute the derivative,

y 1-2x, O0<x<1,
fx) =
2x—1, x<Oorx>1.

The derivative at x = 0 and x = 1 does not exists because, being f(0) =0 and f(x) = x(x—1) for
x <0,

tim SO SO =D ey =t
x—0~ x—0 x—0~ X x—0~

However, since f(x) = x(1 —x) forx > 0,

lim L& =0 o =0 (1—x)=1.
x—07F x—0 x—07T X x—0+t
Since both one-sided limits are different the limit does not exist. For x = 1 the argument is similar.

Now to find the local extrema we need to look for the solutions of f'(x) = 0. This equation
boils down to 2x = 1, whose solution is x = %

Figure 7.2 presents a plot of f(x). One can clearly see that x = % is indeed a local maximum
—albeit not absolute, because there are points where f(x) > f(1/2)—; however, we can also see that
x = 0and x = 1 are local minima, but they are not contained in the equation f’(x) = 0. (Incidentally,
these minima are both absolute.)

There is no contradiction with the theorem though, because, as we have just seen, the function
is not differentiable at those points —a premise of the theorem.

This example brings about the point that, when looking for extrema, we need to check not only
the solutions of f’(x) = 0, but also the points where f’(x) does not exist. .

Notice also that f'(c) = 0 does not imply that ¢ is an extremum. For instance take f(x) = x°.
Clearly f'(0) = 0, however there is no extremum at x = 0 because f(x) > 0 for x > 0 and
f(x) <0forx<O.
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Figure 7.2: Plot of the function f(x) = |x(1 —x)|.

Theorem 7.3.2 — Rolle’s theorem. Let f be continuous in [a, b], differentiable in (a,b), and
such that f(a) = f(b); then there exists ¢ € (a,b) where f'(c) = 0.

Proof. The proof is very simple. Every continuous function in a closed interval reaches its absolute
maximum and minimum within that interval. There are three possibilities:
(a) Both extrema are in (a,b). In that case f will be differentiable at both of them, ¢y and cpax.
According to Theorem 7.3.1 f’(¢min) = f’(¢max) = 0.
(b) One extremum is at x = a or at x = b and the other one is at ¢ € (a,b). Then f'(c) = 0.
(c) One extremum is at x = a and the other one at x = b. Then the function must be a constant
because f(a) = f(b), and its derivative will be f’(x) = 0 everywhere in (a,b).
In any of the three cases we see that f'(¢) = 0 in at least one point of (a,b). [

Theorem 7.3.3 — Mean value theorem. Let f be continuous in [a,b] and differentiable in
(a,b); then there exists ¢ € (a,b) such that f(b) — f(a) = f'(c)(b—a).

Exercise 7.3 Prove the mean value theorem by applying Rolle’s theorem to the function

) =1 - (LO=LD) (-0~ 560

(First check that g satifies the hypotheses of the theorem.) u

There are practical consequences of the mean value theorem, which can be summarised in this
corollary:

Corollary 7.3.4 With the hypothesis of the mean value theorem:
(i) If f'(x) = 0 for all x € (a,b) then f is constant in (a,b).
(i) If f'(x) = g'(x) for all x € (a,b) then f(x) = g(x) + k in (a,b), with k € R a constant.
(iii) If f'(x) > O for all x € (a,b) then f is strictly increasing in (a,b).
(iv) If f'(x) < O for all x € (a,b) then f is strictly decreasing in (a,b).
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f(b)

f(a)

o ‘------\

Figure 7.3: Geometric interpretation of the mean value theorem. The green straight line joining the

points (a, f(a)) and (b, f(b)) is defined by the equation y = (W) (x—a)+ f(a). The red
parallel line proves that there is at least one point in the curve, (c, f (c)) where the tangent has the
same slope as (is parallel to) the straight line. This is the statement of the theorem.

Proof. Simply take a < x < y < b arbitrary and apply the mean value theorem:

F) = fx) = f'(c)(y—x),

where x < ¢ < y.

If we assume f'(c¢) = 0 for any ¢ € (a,b), then f(y) = f(x). Since this is valid for any pair of
points x,y in (a,b) this proves (i).

If we assume f'(c) > O for any ¢ € (a,b), then f(y) > f(x) whenever y > x. Since this is valid
for any pair of points x,y in (a,b) this proves (iii).

If we assume f/(c) < 0 for any ¢ € (a,b), then f(y) < f(x) whenever y > x. Since this is valid
for any pair of points x,y in (a,b) this proves (iv).

As for (ii), it is just a consequence of applying (i) to the function f — g. |

These resuls are useful in identifying the nature of extrema, as this example illustrates:

» Example 7.10 Find the absolute extrema of the function f(x) = 2x>/3 +5x*/3 in the interval
[—8,1].
There are four steps to solve a problem like this:
(1) Find the set where f’(x) exists, and solve the equation f’(x) = 0 within that set.
(2) Take all solutions of f'(x) = 0 along with the points where f’(x) does not exist.
(3) Check whether any of those point is a local extremum by checking the sign of f” on their left
and on their right.
(4) Compare the value of f(x) in all those points as well as the values at the extremes of the
interval. Select the largest and the smallest and identify the absolute extrema.
In the case we are dealing with here

10 10
flx)= ?()cz/3 +x 13 = ?(x—i- 1) 1/3,
This function is well defined for all x # 0. At x = O the derivative does not exists because the limit

2003 4 5x2/3
lim —M—
x—0 X

= lim (2 +5:717)
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diverges.

Now, the solution of f(x) =0is x = —1, and f’(x) > 0 for x < —1 (notice that x~'/3 < 0
whenever x < 0), but f'(x) < 0 for —1 < x < 0. The function thus increases on the left of x = —1
and decreases on the right, therefore there is a local maximum at x = —1.

As forx =0, f'(x) <0 for —1 < x <0, but f'(x) > 0 for x > 0. Thus there is a local minimum
atx =0.

That is all for local extrema. Concerning absolute extrema we need to compute

f(=1)=3,  f0)=0, f(-8)=—44, f(1)=7.

So the absolute maximum is at x = 1 (the rightmost extreme of the interval) and the absolute
minimum is at x = —8 (the leftmost extreme of the interval).
Figure 7.4 illustrates what we have just found. "

Apm—————

-40

Figure 7.4: Plot of the function f(x) = 2x°/3 4 5x%/3.

Theorem 7.3.5 — Cauchy’s mean value theorem. Let f and g be both continuous in [a, D]
and differentiable in (a, b); then there exists ¢ € (a,b) such that

[f(0) — f(a)lg'(c) = [8(b) — g(a)lf (c). (7.3)

(First check that 4 satifies the hypotheses of the theorem.) u

Cauchy’s mean value theorem is the basis for the proof of an important result in the calculations
of limits of indeterminacies of the type 8 or =. The theorem can also be applied to sequences—for
which it is often an alternative to Stolz’s theorem. The theorem (or rule, as it is customary referred
to) is named after the 17th-century French mathematician Guillaume de I’Hopital (1661-1704),
although it was first introduced to him in 1694 by the Swiss mathematician Johann Bernoulli
(1667-1748).
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Theorem 7.3.6 — I’Hopital’s rule. Let f and g be two functions such that g'(x) # 0 in an
environment of a (perhaps excluding a itself) and

[ _
Mgt "

If the limits lim f(x) and lim g(x), are both 0 or +oo, then
X—a X—a

limﬂ L.

w—ag(x)

p) L’Hopital rule remains valid even if @ = =eo or if the limits are one-sided.

m Example 7.11 Let us see a limit that we already know, but obtained using 1I’Hopital’s rule:

. sinx
lim —.
x—0 X
Since (sinx)’ = cosx and (x)’ = 1, and
. COSX
lim—— =1,

-0 1
we can readily conclude that
sinx

lim — = 1.
x—0 X

= Example 7.12 To calculate the limit
. eé“—x—cosx
hm 72 5
x—0 sinx

which is a 8 indeterminacy, we first compute

d . d .
— (" —x—cosx) =¢* — 1 +sinx, — sinx? = 2xcosx?,
dx dx
and try to obtain
. e —1+sinx
lim—————
x—=0  2xcosx
This remains a 8 indeterminacy, so again we compute
. d .
— (" —1+sinx) = e* +cosx, — (2xcosx?) = 2cosx* — 4x? sinx?.
dx dx
Now
. e*+cosx 1+1
lim 3 I =1,
x—0 2cosx* — 4x* sinx 2—-0
therefore
. e —1+sinx
lim———— =

=0  2xcosx?
and finally

. e€f—x—cosx
llm 72 == 1
x—0 sinx
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Exercise 7.5 Prove the equivalences, when x — 0,

2 2 x3

(14+x)%—1~ ox, ex—l—xw%, x—log(l—i—x)w%, x—sinx~€,

using I’Hopital’s rule. =

p) From the definition of limit it is clear that

)

lim —= =/ =
M) M gln)

because x,, = n is a particular sequence x,, — co. Therefore 1’Hopital’s rule can be applied to
sequences as well.

There is an important caveat to be made about I’Hopital’s rule: in general, it is not true that

) F0)

m mm
Wagl) xregn)’

as it is typically read in (incorrect) applications of this result. L’Hopital’s theorem states that the
existence of the second limit implies that the first limit is the same, but it may well happen that the
second limit does not exist while the first one does, as the following example illustrates.

s Example 7.13 Consider the limit
(= tim 500/
x—0  sinx
Since sinx ~ x when x — 0, then
2 .
1
0= tim =S in(1/x) = 0.
x—0 X x—0

However, if we apply I’Hopital’s rule and try to calculate

2xsin(1/x) —cos(1/x)

lim
x—0 COSX
this limit does not exist! n

m Example 7.14 Before applying 1’Hopital’s theorem one must check the hypothesis that the limits
of the numerator and denominator are both 0 or oo. Otherwise the application of the theorem will
lead to an incorrect result, as the following example illustrates:

, cosx
lim———— =
=0 1 +1og(1+x)

)

as it is easily verified. However, if one isists on applying I’Hopital’s theorem despite the fact that
the limits of the numerator and denominator are neither O nor oo, this is what one would obtain:

lim — = lim [ - (1+x)sinx] =0,
x—0 T x—0

which is clearly wrong! "
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Problems

Problem 7.1 Let f and g be differentiable functions in R. Write down the derivative of the
following functions in their respective domains:

(i) h(x) =/ f(x)>+g(x)?; (iv) h(x) =log (g(x)sin f(x));
(ii) h(x) = arctan (i:gg), (V) h(x) = f(x)$0; 1
(i) h(x) = (5(2))e®: O ) = 1 () T 8?)
Problem 7.2

(a) Make up a continuous function in R which vanishes for |x| > 2 and equals 1 for |x| < 1.
(b) Do it again, but this time make sure that the function is differentiable in R.

Problem 7.3 Check that the following functions satisfy the specified differential equations, where
¢, ¢1, and ¢, are constants:

() flx)= ;CC satisfies xf' + f = 0;

(ii) f(x) =xtanx satisfies xf' — f — f> = x%;

(iii) f(x) = c1sin3x+ ¢, cos3x satisfies [/ +9f =0;
(iv) f(x) =c1e* +cre ¥ satisfies f/ —9f = 0;

(V) f(x) = cre* + cpe™ satisfies [ — 7 +10f = 0;

(vi) f(x) =log(cie* +e*)+cy satisfies [+ (f/)? = 1.
Problem 7.4 Prove the identities (valid only in the specified regions)

. 1 =
(1) arctanx+ arctan — = > for x > 0;
X

.. 1+x /3
(i1) arctan 1 —arctanx = R forx < 1;
—X

. 2x
(iii) 2arctanx -+ arcsin — 5 =T, forx > 1.
. : 1+x : : :
HINT: Differentiate the equation and check one point of the specified region.

Problem 7.5 At which points does the graph of the function f(x) = x+ (sinx)!/3 has a vertical
tangent?

Problem 7.6 Given the function

X
T X 07
f = Tre 7
0 x=0,
calculate the angle between the tangents on the left and on the right of its graph at x = 0.

Problem 7.7 Find the sets where the function f(x) = v/x+ 2arccos(x + 2) is continuous and
differentiable.

Problem 7.8 Calculate the smallest « for which f(x) = |ax? —x+ 3| is differentiable in R.

Problem 7.9 Given the function

a+bx?, |x|<c,

x)=4 1 c >0,
f( ) M7 |X|>C,

find a and b so that it is continuous and differentiable in R.
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Problem 7.10 Given the function

3—x2
7 x <1,
=1,
T X> 17
X

(a) determine the sets where it is continuous and where it is differentiable;
(b) check that the mean value theorem can be applied to this function in [0,2] by determining the
point(s) ¢ € (0,2) where the theorem holds.
Problem 7.11 Function f(x) = 1 —x?/? vanishes in x = &1; however f’(x) # 0 in (—1,1). Find
which hypothesis of Rolle’s theorem is not satisfied.
Problem 7.12 Prove, using Rolle’s theorem, the following statements about a function f that is

continuous in [a, b] and differentiable in (a,b):
(i) If f vanishes k(> 2) times in [a, D] then f’ vanishes at least k — 1 times in [a, b].

(i) If f is n-times differentiable in (a, b) and vanishes in n+ 1 different points of [a, b], then f(")
vanishes at least once in [a, b].

Problem 7.13 Using the mean value theorem, find an approximation to 262/3 and log(3/2).

Problem 7.14 Calculate the limits

. . ex_ Sinx_ 1 A (IV) llmxl/x
(@) lim 2 ; Jm | 2
. +x _ _ _
(ii) ﬁmM. (v) lim (1+x) 31 T :
x—0 log|sinx| ’ =0 x
cee . 2 1
(iii) lim logxlog(x—1); (vi) limx (tan Z _tan ) .
x—1t frarees X X

Problem 7.15 Suppose h(x) is a twice-differentiable function and let

h(x)
=4 2

Calculate h(0), #'(0), and A”(0) so that f is continuous.
Problem 7.16 Calculate the limits

i) i ERA N o (2 gt
@) lim x +; —el; (iii) )}13010 — ;
2
(1+l)x p X
U . 1
(ii) )}g{}oeif’ (iv) }1_{{)10 (p Za,lc/x) , with p € N and a; > 0.
k=1

Problem 7.17 If f is a differentiable funtion such that

tim £ 22)

=1
x—0 5x3

and its derivative f” is continuous at x = 0,
(a) calculate f(0);

(b) calculate f/(0);
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(fof)(2x)

(c) calculate )161_% W
Problem 7.18 The equation e~/ f/ = 2 + tanx together with the condition f(0) = 1 define a one-
to-one, differentiable function in the interval [—7/4, /4. If g(x) = f~'(x+ 1), calculate the
limit

X efsinx
lim ———
x—0 g(x)
Problem 7.19 Let f(x) = |x*(x —4)| — 1.
(a) Find where f is continuous and where it is differentiable.

(b) Determine its extrema.
(c) Prove that f(x) = 0 has a unique solution in [0, 1].

Problem 7.20 Solve these optimisation problems:

(a) A factory that produces tomato sauce wants to can it in cylindrical cans of a fixed volume V.
Determine their radius » and height £ so that their fabrication consumes the least possible
material.

(b) A recipient with square bottom and no cap must be covered by a thin layer of lead. If the
volume of the recipient must be 32 litres, which dimensions should it have so that it requires
the least possible amount of lead?

(c) Find two numbers x,y > 0 such that x4+ y = 20 and x?y? is maximum.

(d) Find the rectangle inscribed in the ellipse (x/a)?+ (y/b)? = 1 with its sides parallel to the
axes of the ellipse, such that its area is maximum.

(e) With a tangent to the parabola y = 6 — x* and the positive axes one can make a triangle.
Determine which of those triangles has the smallest area and compute it.

(f) We need to construct a box with no cap with the shape of a parallelepiped whose base is an
equilateral triangle, and whose volume is 128 cm?’. If the material for the base costs 0.20
euros/cm?” and that for the lateral surfaces costs 0.10 euros/cm?, what are the dimensions of
the cheapest such box?

(g) Aright triangle ABC has vertex A at the origin, vertex B on the circumference (x — 1) +y? =
1 —side AB is the hypothenuse of the triangle— and side AC on the horizontal axis. Calculate
the location of C that maximises the area of the triangle.

(h) Let P = (xq,y0) be a point of the first quadrant (xg,yo > 0). A straight line through P cuts the
axes at A = (xo+ a,0) and B = (0,yp+ f3). Calculate @ > 0 and 3 > 0 so as to minimise

(i) the length of segment AB;

(i1) the sum of the lengths of OA and OB;
(iii) the area of the triangle OAB.
HINT: Triangle similarity implies 8 = xoyo/ .
Problem 7.21 Prove the following inequalities:
(@ (1+x)*>1+axforalla > 1, x > —1 (Bernoulli’s inequality);
(b) & >1+xforallx € R;
(©) IL—I—X <log(1+x) <xforall x > —1.
HINT: In all cases try to minimise the appropriate function.
Problem 7.22
(a) Prove that 10% < é forall x > 0, x #e.

(b) Prove that the previous inequality is equivalent to e* > x¢ for all x > 0, x # e.
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Problem 7.23 Determine the number of solutions of the following equations in the specified
domains:

(i) x’ +4x=3inR; (iii) x* —4x* =1inR; (v) x*=2in[1,00);

(i) ¥’ =5x—6inR; (iv) sinx =2x—1inR; (vi) x> =loglin (1,c).



8.1

(8. Taylor Expansions

Landau’s ‘o’ notation

As we did for sequences, when it comes to functional limits comparing functions is worthwhile.
Over time, a standard notation has been created that makes algebraic manipulations of functions
easy. We are going to introduce and discuss that notation.

Definition 8.1.1 We say that function f is negligible with respect to g when x — a (where
—oo L a < o) if

We denote this as f = o(g) (x — a), and read it ““f is small o of g as x goes to a”.

The intuitive meaning of f = o(g) (x — a) is that the numerical value of f(x) is much smaller
than that of g(x), the more so the closer is x to a.
This symbol bears a set of basic algebraic properties with which we can easily manipulate it:

Proposition 8.1.1 For given —oo < a < oo,

(a) if f=o0(g) (x—a)and A € R, then A1 f = 0(g) scaling
(b) if fi =o0(g) (x — a) and f» = 0(g) (x = a), then f1 + o = 0(g) (x = a) additive
(c) if fi =o0(g1) (x = a) and f, = 0(g2) (x — a), then fi f» = 0(g1g2) (x — a) multiplicative
(d) if f=o0(g) (x = a) and g = o(h) (x — a), then f = o(h) (x — a). transitive
(e) if f=o0(g) (x — a) then hf = o(hg) (x — a) factorisation

p) The short-hand version of these properties is

(@) Ao(g) = o(g),
(b) o(g) +o(g) = o(g),
(©) o(g1)o(g2) = 0(g182),
(@) o(o(h)) = o(h),
(e) ho(g) = o(hg),
where it is implicitly understood x — a. These are the common manipulations of the o symbol.
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Proof.  (a) We are given that

therefore

lim AF) m @ =0.

el e T

(b) We are given that

tim 118 _ i, 2209
x=a g(x)  a=a g(x)

therefore
fim SO EL0) i) | 2O
x—a g(x) x—a g(x) x—a g(x)
(c) In this case
. filx) L fx)
1 =1 =0;
D) gy
therefore
tim 220 _ i i)y o)
X—a gl X g2 x) X—a gl X X—a gz(x
(d) Now we know that
fx) oglx)
i e =
therefore
G RO O RS ST BN

x—a h(x) x—a g(x)h(x) x—a g(x) “¥—a h(x)
(e) Finally, if

tim L) _ 0,

x—a g(x)

then

B )
M hg) gl

= Example 8.1
(a) Ifa,0,y € Rand & > 0, then (x—a)"™* = o((x—a)?) (x — a) because

_ 4\7to
lim F=a™ lim(x—a)*=0.
x—a (x—a)?’ x—a
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1
(b) If ,7€ R, and ¢ > 0, then e = 0 (ﬂ) (x — *£e0), because

lim = lim — =0

X—rkoo xiry x—+oo xa

(c) sinx =o0(y/x) (x — 0T) because
sinx sinx sinx
lim — = lim —— = lim Iim — =0.
x—0t X x—)O*f X x—>04r f x—0t X
=0 =1
(d) 1—cosx=o0(x) (x — 0) because
1-— 1-— 1-—
lim — 2% fimx —— SO im e lim ——t g,

2 =0 x=0  x2

v%,_/

x—0 X x—0 X

N

(e) Clearly, when x — oo,
(logx)" =o(x?),  x'=o(d"), a" =o(x"),

provided r,q > 0 and a > 1.

m Example 8.2 To illustrate how to manipulate expressions involving o terms let us calculate
[14+x+x*+o0(x?)]?
By expanding this espression we obtain
14+ x+x2 400D =[1+x4+ x> +0(P)][1 +x+x* +0(x?)]
=14+x+x2+0(x?) +x+x2 + 2 +x-0(%) + 2%+ +x* + 27 0(x?)
+o0(x*) 4+ 0(x?) -x+0(x?) - ¥* 4+ 0(x?) - 0(x?).

Our first simplification is to add equal powers and to transform products like x - o(x*) = o(x*) (rule
(e)) or o(x?) -0(x*) = o(x*) (rule (c)). Then we get

[1+x+x>+o()) =1+ 2x+ 38 + 23 +x* +2-0(x*) +2-0(x*) +3-0(x*)
=1+2x43x> + 2 +x* +o(x*) + 0o(x?) + o(x*).
Now we apply rule (d) and transform o(x*) = o(x?) and o(x*) = o(x?), so
14+x4+x2+0(x?))? = 142043 +28° +x* +3-0(x?) = 14+ 2x 43 + 28° +x* + 0(x?).
Finally, 2x* = o(x?) and x* = o(x?), thus
[I+x+x2+o(D))? =14+2x 4387 +3-0(x?) = 1 +2x+3x* +0o(x?).

This is the simplest form of the result.

For a practical implementation of this calculation we do not really need to take all these
intermediate steps. Once an o(x?) in present in the expression every other one, or every o(x") with
n > 2, or every power x" with m > 2, can be simply neglected. "

p) Note that f = o(1) (x — a) is another way to express that lim f(x) = 0.
xX—a

Strongly related to the notion of negligible function is that of equivalent functions when x — a.
We will say that fi = f>+0(g) (x = a) if fi — f2 = 0(g) (x — a). The idea this represents is that
functions f and f, differ in a amount that is negligible compared to g when x approaches a.
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Taylor’s polynomial

Using the o notation we can re-express some features of a function f. For example, if we know that
f is continuous at a we know that

lim £(x) = /(a).

Xx—a

But we can rewrite this expression as

lim[f(x) — f(a)] =0,

Xx—a

which in terms of the o notation can be stated as
fx)=fla)+o(l) (x—a). (8.1)

From this viewpoint, a continuous function at a can be approximated by its value at a if we are
close enough to a.
We can go a step beyond. Let us assume that a function is differentiable at a. Then

L S0 = f(@)

x—a xX—a

= f'(a)

But this can be rewritten as

0=tim | LS )| iy /= SO ZS TN 0)
in other words,
f0) =fl@)+ fl@)(x—a)+o(x—a) (x—a). 8.2)

Since y = f(a) + f'(a)(x — a) is the equation of the tangent to f(x) at x = a, the equation above
expresses the fact that differentiable functions at a point a can be approximated by their tangent if
x is sufficiently close to a. The o(x — a), compared to the previous o(1) of continuous functions,
means that the approximation is better.

We can try to push the idea a bit further and see if this sort of approximations can be improved.
Inspired by the two equations (8.1) (8.2) we may try to seek for an expression like

f(x) = fla)+ f'(a)(x—a) +e2(x—a)* +o((x~a)®) (x—a),

i.e., we can try to use a parabola to approximate better the function near a. For this expression to
hold we must have

0 tim I = f@ @6 —a) —calx—aP _ 1)~ ()~ f (@) (x—a)

x—a ()C — a)z x—a (x - a)2

—C2 .

But this is equivalent to

L S0 = fla)— f (@) (=)

x—a (x—a)2

= ().

Now, to calculate the limit we can apply 1’Hopital’s rule (we know that f is differentiable at a).
This yields
f&)=fa) 1. f(x)—f(a)

O T0—a 2 a—a
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But the last limit is the definition of the derivative of f’ at x = a, so if we assume that f is twice
differentiable at @ we conclude that

/)
2

(&)

and arrive to the formula

f(x) :f(a)+f’(a)(x—a)—l—fﬂz(a)(x—a)z—i—o((x—a)z) (x = a). (8.3)

Let us do it once more: let us look for an improved approximation of the form

f"(a)

f(x):f(a)+f’(a)(x—a)—I—T(x—a)2+C3(x—a)3—|—0((x—a)3) (x — a).
Thus,
0 i /@ (@~ @) s —a) ~ T (x —a)’ —c3(x—a)?
T xoa (X*G)B
i [F0) @) f @) - B (x—a)?
T xoa (x—a)-” 3

or equivalently

oot B =S~ f @ =) = L —a)?

x—a (x—a)3

To compute the limit we apply 1’Hopital’s rule twice (we know that f is twice differentiable at a)
and get

S = f"e) 1 () = f(a)
C?’_)lclgclz 3:-2(x—a) _ﬁ)lcgl}z x—a '

Again this limit is the expression of the derivative of f” at x = a, so assuming f is three times
differentiable at a

_ f///(a)
3!

(because 3 -2 = 3!), which yields

3

f(x) :f(a)—i-f’(a)(x—a)—i-fﬂz(!a)(x—a)z—i-f;(!a)(x—a)3+o((x—a)3) (x—a) (8.4)
(note that 2 = 2!).

By now we can easily put forth a conjecture: if we define the nth degree polynomial

f"(a)

5 (x—a)+--+

Pra(x) = fla)+ f'(a)(x—a) +

(x—a)", (8.5)

which we will refer to as the nth order Taylor polynomial of function f at the point a, the previous
findings suggest the following theorem:
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Theorem 8.2.1 — Taylor’s theorem (I). If f is n times differentiable at a, then

f@x) =Pa(x)+o((x—a)") (x—a). (8.6)

Proof. In order to prove that
f(x) =Pa(x)+o((x—a)") (x—a),

we need to calculate the limit

)~ (o)
x—a (x — a)”

and show that it is zero. To do that we apply n — 1 times I’Hopital’s rule, so that we need to calculate
the limit

o S - B ()
x—a n!(x—a) '

But differentiating n — 1 times P, ,(x) all powers smaller than n — 1 disappear, and there remain the
last two terms. Now,

dn—] o dn—l ;
W(x—a) =(n—-1), W(x—a) =nl(x—a),
therefore

P () = £ D (@) + £ (a) (x—a).
Then the limit becomes

FU0) = @) — @) —a) 1) = f D a)

i = _ _ £ —

chl—I>Iclz n!(x—a) n!)lcl—rg x—a fra) =0

because
(n—1) _ £(n-1)

o £ =V @)

x—a xXxX—a
is the definition of the derivative of f"~1) at a. This completes the proof. |

p) We will write P, ,(x) in a more compact way as
n (k)
Poat) = Y W gy 8.7)

where we define () (a) = f(a) and 0! = 1.

= Example 8.3 Consider the function f(x) = (1 +x)%, where o € R. Then f(0) = 1 and

o) =al+x)" f0)=a,
f'(x) = a(a—1)(1+x)72,
£ = (e —1) (0 —2)(1+x)"7,

) =a(e—1)-(@a—n+D(1+x)*",  fP0)=al(a—1)---(¢—n+1).
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Therefore

(¢—1)

(Qan)f =1 oy X& Doy o@D (@—n+])

2 n!

There is an interesting notation for this expression derived from the formula for the binomial
coefficients. From equation (B.4), if o € N,

(a) _oa(a—1)-(a—n+l)

n n!

X+o(x") (x—0).

Since this formula is meaningful even if o € R, we use it as a definition and thus write
o - o\
I+x)% = xX+o(x") (x—0).

This is the famous binomial formula as it was first obtained by Newton in 1665. "

Calculating limits

Taylor’s theorem can be applied to calculating complicated limits. As a matter of fact, it is more
powerful than 1’Hopital’s rule in dealing with indeterminacies. A few examples will illustrate the
procedure.

m Example 8.4 Suppose we want to calculate the limit

. cosx—e +x
lim —————.
x—0 X
All we need to do is to use the Taylor expansions

x2 2

cosx:1—5+0(x2), e":1+x+%+0(x2).
Then
x X 2 X 2 2 2
cosx—e +x=1— E%—o(x )—1—x— ?—i-o(x )+x=—x"Fo(x).
Now
fim SO X 00 g o)
x—0 x2 x—0 x2 x—0 X2

But by definition the last limit is 0, so

. cosx—e +x
lim —— = —1.

x—0 x2
m Example 8.5 In Example 7.12 we calculated the limit
. €*—x—cosx
lim—————
x—0 smx

by applying twice I’Hopital’s rule. Let us do the same using Taylor expansion. As for the
denominator, since siny = y+o(y),

sinx? = x> + o(x?).
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f() Pro(x) o(x")
T e o(a”)
log(1+x) xx;+x33)j+ +( 1)"“); o(x")
g R o()
sinx x—ﬁ%—ﬁ—;ﬂ!—km—i-(—l)”(;f::)! o(x2"+2)
sinhx x+§+§+);7!+...+(2)’f:i)! 0(x2”+2)
coshux 1+§+ﬁ+g+---+(i’;! o2 1)
aresinx Xt ;33 z?ﬁsxs - 2:%;7)67 s .2'.%.'(;;(3,(12;21))(2%1 o)
arcsinhx  x— 2)633 + 2:35x5 - 2:%;7x7 T (_1)n2 23(253’("27121))62“1 o(x¥12)
arctanx x—);3—|—)§_x77_|_...+(_1)";::i11 0(x2n+2)
arctanh x x+);3+);5+x77+...+ ;::]1 o(x21+2)
tan x x+ %x3 + %xs + %)ﬂ o(x®)
tanh x x— l)c3 + gxs — £x7 o(x®)

3 15 315

Table 8.1: Taylor polynomials of some elementary functions as x — 0. (Here o € R.)

This suggests expanding the numerator up to x. Thus,

2 2
e"—x—cosx = 1+x+£+0(x2) —x— [1 —%+0(x2)

2

Therefore

. €' —x—cosx .
llm 72 =
x—0 sinx

x? +o0(x?)

m Example 8.6 Here is a complicated limit:

1
lim x* (1 —sec) .
X—$o0 X

1+o(1)
= lim 5———~ = lim =
—=0x2+o0(x?)  x=01+40(1)

] = x>+ o0(x?)
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To calculate this limit it is convenient to change to the variable ¢ = 1/x, so that

1 1 1
lim x° <l—sec> = lim — (1—) .
x—yo0 X —0t ¢ cost

Now, cost =1 — % +0(t?) (t — 0), therefore the limit becomes

, 1 11=S40) -1  —l40(1) 1
lim 5 (- ————— | = lim > R = lim ————>=——.
=0+t — 5 +o(1?) =07 15 1 =5 4 0(1?) -0+ 1+o0(1) 2

Here we have used that o(¢?) /1> = o(1), —% =o0(1),and o(t?>) = o(1), as t — 0. .

Remainder and Taylor’s theorem

The difference between the function f(x) and its Taylor polynomial B, ,(x) is called the remainder,
and denoted R, 4(x). It is the error we make when approximating f(x) by its Taylor polynomial.
So far we only know that R, ,(x) = o ((x —a)") as x — a, but it would be interesting to have a
quantitative estimate of that error. As a matter of fact, Cauchy’s mean value theorem can help us
in deriving such an expression. The result is a second version of Taylor’s theorem that yields an
explicit form for the remainder.

Theorem 8.4.1 — Taylor’s theorem (ll). Let f be a function n+ 1 times differentiable in an
interval /, and let a € I. Then, for every x € I there exists some ¢ between a and x such that

7 e)

) (x—a)"*t, (8.8)

f(x)=Pa(x)+

Proof. For each b € I let us define two functions:
F(x)=f(b)—Pu(b), Gx)=@0-x)""", xel
Note that

n ) (x
Palt) = ¥ L
= k!

is no longer a polynomial, but a complicated combination of the function f(x) and its n first
derivatives. Also note that both functions, ' and G, are differentiable in /.

Under this conditions Cauchy’s mean value theorem states that there exists ¢ between a and b
such that

Let us now compute all these terms and see what this expression amounts to.
First of all P, ,(b) = f(b), hence F(b) = 0. Then, F(a) = f(b) — P,.4(b). Now, G(b) =0 and
G(a) = (b—a)"*'. Thus,
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On the other hand G'(x) = —(n+1)(b—x)", and

d o 2| () FARIEY -
R M e e ) 1(—1)]
e [£G 90 e
:f(x)+];1 k!)(b—X)k— (k—l))‘ (b—x)k 1] .

The sum in the last expression is telescoping. Thus,

L SR () A C) 1| ) n_ g
which implies
d f(n+1) (x)
/ .« — _ EEPAY
F'(x)= demx(b) pr (b—x)".
Accordingly,
Fle) _ "o _ i
G(c) —(m+1)b—c (n+1)°
The theorem thus reads
f(b) = Pua(b) _ f"D(c)
(b—ay* ~ (1)
or equivalently
f(n+1)(c) n+1
=P Ty (= .
Changing the name of b to x this is the stament of the theorem. |

The theorem provides an expression for the remainder that bears the name Lagrange’s re-
mainder. Given that ¢ = (1 — 6)a + Ox for some 0 < 6 < 1, it is customary to write it in the
form

FD((1-6)a+ 6x)

D) (x—a)"',  0<6<l. (8.9)

IR eloE)) =

This is not the only possible form in which we can write the remainder. For instance, in the
proof of the theorem Cauchy chose to apply Cauchy’s mean value theorem to the same function
F(x) but to G(x) = b —x. The expression this yields for the remainder is

(nt1) (o
Roa(x) = fn!()(x—c)”(x—a).

So we have Cauchy’s remainder that can be expressed as
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FD((1-6)a+ 6x)
n!

Rya(x) = (1-6)"(x—a), 0<6<I1. (8.10)

In further chapters we will see yet another form for the remainder involving integrals.

I Corollary 8.4.2 P,(x) = P, 4(x) for any polynomial P,(x) of degree n and every a € R.

Proof. If f(x) = P,(x) then R, 4(x) = 0 no matter what a is because f"*!(a) = 0 for every a € R.
Hence Taylor formula is exact. |

= Example 8.7 To write down the polynomial P(x) = 1 — 2x? 4 x> in powers of x — 1 all we need
to do is to obtain its Taylor’s polynomial P3 ; (x). Since

P(x)=1-2x" 42", P(1) =0,
P'(x) = —4x+3x%, P(1)=—1,
P’ (x) = —4+6x, P'(1)=2,
P///(X) — 6, P///(l) — 6,

we have P(x) = P51 (x) = —(x— 1) + (x— 1)2+ (x — 1)3. (Check that it is indeed the same polyno-
mial by expanding the two binomials and simplifying.) "

Taylor series

Suppose we have a function f that can be differentiated infinitely often in an interval containing a.
For this function we have a formula

w=L 5

for each k € N and every x in the interval. We can then take the limit when k — oo in this expression.
Since the left-hand side does not depend on k£ we will obtain

=L5

Those functions for which

Vl

)" + Ri.o(x)

(x—a ”—l—hmRka( ). (8.11)

lim Ry 4(x) =0 (8.12)

k—yo0

for every x in the interval are given by their Taylor series

= f(n)
-y ! n,(a> (x—a)", (8.13)
n=0 :

as long as the series converges.
The expression we have just obtained is a particular case of a class of series referred to as
power series. These are series of the form

i ap(x—a)", a, € R. (8.14)
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We can assess the absolute convergence of these series using the root test. Accordingly, one such
series will converge absolutely if

lim |anlx—af <1 < <lim <’/|a,,|) x—a| < 1. (8.15)
n—oo n—yoo

We can define the number p > 0 by the formula

;zgi&\"/\an\. (8.16)

We refer to p as the convergence radius of the series because condition (8.15) holds for every x
such that

|x—al <p. (8.17)

In other words, the series (8.14) converges absolutely in the interval (a — p,a+p).
What happens outside this interval? If |x —a| > p then

lim /|a,||x —a|" = |x;a| =(>1.
n—yoo
Hence, for any € > 0,

l—& <|ag||lx—al" < l+¢€ = (L—&)" <lay||x—al"
if n is large enough. As we can take € so that { — e > 1 (e.g., € = (£ —1)/2), then

lim (£ —€)" = oo = lim |a,||x —a|" = e = lim a,(x —a)" #0.
n—oo n—oo n—oo
Therefore the power series does not converge.
In summary, the power series converges if x € (a — p,a+ p) and diverges otherwise, except
maybe at x = a £ p (where the root test yields a limit 1 and does not decide). At these two points
the analysis has to be done on a case-by-case basis.

R ) Asaconsequence of Corollary 3.4.4, the convergence radius can also be obtained as

1 .
— = lim
p n—oo

Aan+1
an

provided this limit exists.

» Example 8.8 Consider the Taylor expansion of f(x) = ¢* with remainder. Given that f") (x) = ¢*
we will have

noyn xn+1
e = Z — +Rno(x), Ryo(x) = P

, 0<O<l1.
= n! (n+1)!

Since the exponential is an increasing function, e%* < max{1,e*} —that includes the cases x > 0
and x < 0. Therefore

n
O<Rn0(x)<max{1,ex}x— —F 0
' nl o

for any given x € R. Hence

=2 X"
e = —.
k:()”!
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Table 8.2 is a version of Table 8.1 containing a list with the Taylor series of some elementary
fractions, along with their convergence radii. For some of these series is easy to prove the equality
with the function —as the case of the exponential—, for other it is more difficult, but for all of them
it can be proven that R, o(x) — 0 as n — co.

A nice —and very useful— property of power series is that they can be differentiated within
their interval of convergence. The precise statement of this property is:

Theorem 8.5.1 Let f(x) be an infinitely often differentiable function such that
f0) = Y an(x—a),  |r—al<p.
n=0

Then

S}

£x) = ilnanoc—a)"l = ¥ (n+ Daps (x—a)’,

n=0

and the convergence radius of this series is also p.

Aside from the practical applications of this theorem, there is a very important consequence
that we can extract from it:

I Corollary 8.5.2 The power series of f(x) in Theorem 8.5.1 is unique.

Proof. According to Theorem 8.5.1, the series for f can be differentiated term by term infinitely
often, and

oo

FOE) = Y (4 0k~ 1) (04 Dyl —a)”
n=0
so f)(a) = k!ay, which implies a; = %) (a) /k!—hence the coefficients are uniquely determined
by the function and its derivatives at x = a. |

m Example 8.9 The differentiability of power series helps finding some series. For instance,
suppose we want to obtain a power series, in powers of x, of f(x) = arctanx. We know of this
function that is odd, so its powers series can only contain odd powers. In other words,

arctanx = ) ax? L

n=0
But we also know that
, 1 1

(arctanx)’ = e Ty

SO

oo oo oo

Y (2n+ Da,x*" = ) (—x*)" = ) (—1)"x%", x| < 1.

n=0 n=0 n=0
As power series are unique, the coefficients of the two series that represent the same function must
be the same, therefore a, = (—1)"/(2n+ 1) and
. (_ 1 )n x2n+1

arctanx =
ng’o 2n+1

, x| < 1.
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f(x) Taylor series P
(ESIEDY <a>xn 1
n=0 n
0o n
og(1+x) n;]( ) n
2 x"
e - ”
n—0 "
0o K2+l
sinx —) oy ”
r;)( ) (2n+1)!
oo x2ﬂ+1
sinhx RN ~
= (2n+1)!
i( )n x2n
COSX -1 ”
- (2n)!
&) 2}’!
X
coshx ~
ngb (2n)!
. > 1:3-2n—1) 4,
1
arcsinx ’;)2'4...(2n)(2n+1)x
. o 1,3...(2}1—1) 2
. 1y n+1 1
arcsinhx n;O( ) 2.4...(2n)(2n+1)x
oo x2n+1
t —1)" :
arctanx ngf)( ) 2n+1
[=S) x21’l+1
tanh !
arctanhx Z 2+ 1

3
Il
<

Table 8.2: Taylor series of some elementary functions as powers of x, along with their convergence
radii p. (Here a € R.)

Numerical approximations

With the expression of the remainder we can find bounds to the error that we incur when approxi-
mating a function by its Taylor polynomial of a certain degree. This allows us to obtain numerical
values of transcendental functions —which would otherwise be difficult to obtain. Some examples
illustrate the method.

m Example 8.10 We know that

3

sinx = x — % —|—R470 (x), R4,0(x) = cos(Ox) 3

120 x, 0<06<l1.

We of course ignore the value of 0 (otherwise sinx could be exactly computed), but we know that
irrespective of 6 and x, |cos(0x)| < 1. Thus,

R < —.

Suppose we want to compute sin(0.1). From the previous inequality |Rqo(x)| < 8.3333 x 1073,
Now compare:

sin(0.1) = 0.09983341664...,  P;0(0.1) = 0.09983333333....
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The error incurred using this simple approximation is 8.3313 x 1078, very close to our estimate.

Suppose we do not want our error to be larger than 107>, What is the largest x for which we can
use this approximation? To answer this question we simply set the estimate to the error tolerance
and find |x|:

LT = |x] =V120x0.1~0.26.

m Example 8.11 Imagine that we want to compute v/3.8. We can do it by expanding the function
v/4 —x around x = 0. Thus,

f(x)=V4—x, f(0)=v4=2,

6= 5= 0= =3

7' = g 10 = s = a5

RAE I
Then

VA —x=2— % - g: FRyo(x),  Rao(x) = 16(4:;)5/2%, 0<6<1
Ifx>0,

[R20(x)| < 3 ©

160432 " 16(Va—x)°

Now we can estimate

0.2 (0.2)?
V38=Pp(02)=2——— (0.2) =1.949375...
’ 4 64
and use this estimation in the error bound
(0.2)3 s
R ~1.78x107".
R20(0)| < 1677949375 35 %
As a matter of fact,
V3.8 =1.949358869.. ., P>(0.2) =1.949375,
the difference being 1.61 x 1073, .

Local behaviour of functions

We saw in Corollary 7.3.4 that the sign of f’(x) determines wether the function is increasing
(positive) or decreasing (negative) at x, and Theorem 7.3.1 showed that at local extrema the function
satisfies f/(x) = 0 (provided it is differentiable). In its second formulation —with the remainder—
Taylor’s theorem provides a more detailed information about the local behaviour of a function
which has higher order derivatives.
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Before getting into it, we need to characterise another qualitative feature of functions: whether
their slope increases or decreases. This feature is called convexity.

We say that f is convex at x = a if it is locally above its tangent at that point, i.e., f(x) >
fla)+ f(a)(x—a) forall 0 < |x—a| < &, for some € > 0.

Likewise, we say that it is concave at x = q if it is locally below its tangent a that point, i.e.,
f(x) < fla)+ f'(a)(x—a) forall 0 < |x —al| < €, for some € > 0.

Finally, we say that f has an inflection point at x = a if the sign of f(x) — f(a) — f'(a)(x —a)
is different for x < a and for x > a.

Figure 8.1 illustrates these three behaviours.

convex concave inflection point

Figure 8.1: Local behaviour of a function with respect to its tangent at a point (convexity).

Suppose that a function f can be differentiated several times (posibly infinitely many) in a
certain interval and that the first nonzero derivative beyond the first at x = a is f")(a). We can use
Taylor’s theorem —with Lagrange’s remainder— to write

fx)=fla)+ f(a)(x—a)+

where ¢ = (1 — 0)a+6x with 0 < 6 < 1. One important point to stress here is that, since f") (a) # 0
—so0 it is either positive or negative—, when x is sufficiently close to @ —and so is c— £ (c) will
have the same sign as " (a). This is key for the argument to come.

Since we can write the Taylor expansion as

the sign of the left-hand side —which decides the convexity— will be determined by sign of the
product ) (c)(x —a)" or, given what we have just argued, by the sign of the product £ (a)(x —
a)".

Now, if n is odd, the sign of (") (a) is irrelevant because (x — a)" has a different sign for x < a
and for x > a. Therefore a will be an inflection point.

If n is even then (x —a)" > 0 for all x # a. Then the sign is determined by that of (") (a). We
will then have two possibilities:

(@) f"(a) > 0, and then the function is convex, or
(b) " (a) < 0, and then the function is concave.

If added to that we have that f’(a) = 0, then for n odd nothing changes —hence x = a still
is an inflection point—, but for n even the point x = a is a local extremum. A convex extremum
(f"(a) > 0) is a local minimum and a concave extremum (f")(a) < 0) is a local maximum.

All these results are summarised in Table 8.3.
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n signof fW(a)  f(a)#0 f'la)=0

odd +/— inflection point  inflection point
even + convex local minimum
even — convex local maximum

Table 8.3: Classification of the local behaviour of a function according to the sign of the first
nonzero derivative f")(a) with n > 1.

8.8 Function graphing

All the local information provided by the derivatives can be gathered to sketch a qualitative graph
of any function f(x). The steps to follow in graphing a function are these (some of them might not
be necessary):

1. Domain: Determine precisely the set of points where the function f(x) is defined.

2. Symmetries: It is helpful to know whether the function has one of these symmetries:

(a) Even: f(—x) = f(x).

(b) Odd: f(—x) = —f(x).

(c) Periodic: f(x+c) = f(x) for some ¢ > 0.
In the first two cases it is enough to represent the function for x > 0 (for x < 0 it is represented
using the symmetry). In the last case it is enough to represent the function in the interval
[0,c] (or any other interval of the same lenght) and then reproduce its graph periodically.
Other symmetries might be possible (e.g., f(a+x) = £f(a —x), i.e., f is even/odd around
the vertical axis x = a).

3. Continuity and differentiability: Discontinuities (“jumps”) and points where f’(x) does
not exists (“cusps”) are relevant features of the function, and might be useful in detecting
local extrema.

4. Zeroes: Finding the solutions of f(x) = 0 determines where f crosses the X axis. These
points separate regions where the sign of f remains constant.

5. Growth: Finding the solutions of f’(x) = 0 determines the regions where f increases
(f'(x) > 0) or decreases (f’(x) > 0). Usually this is enough to locate the extrema of f.

6. Convexity: The convex/concave regions are usually determined by the sign of f”(x). Inflec-
tions points can be inferred from that information (as points where the concavity changes).

7. Asymptotes: These are known curves (usually straight lines) which f(x) approaches when it
gets close to some points or to f-co. The main ones are:
(a) Vertical asymptotes: These are the vertical straight lines through the points x = a where
limif(x) = Foo,

X—a
(b) Horizontal asymptotes: These are the horizontal straight lines y = £ where /¢ is such

that hrf flx)==¢.
X—r+oo
(¢c) Inclined asymptotes: We say that y = mx + b is an asymptote of f(x) when x — +eo if

(In other words, f(x) =mx+b+o0(1) (x = £e0).)
Other types of asymptote are possible. In general, the curve y = g(x) is an asymptote of f
when x — oo if f(x) = g(x) +0(1) (x — *oo).
m Example 8.12 Sketch the graph of

_ 3x24+x+1

) x+2



118 Chapter 8. Taylor Expansions

X -
2 ) -

3x2 x4+ 1
Fi 8.2: Sketch of =—
igure etch of f(x) 2

The domain of this function is R — {—2} (because the denominator vanishes at that point.) It has
no obvious symmetries and, being a rational function, it is continuous and differentiable (an infinite
number of times) in all its domain.

We can obtain the derivative as

(6x+1)(x+2)—(Bx*+x+1)  6x+13x+2-3x —x—1 3x*+12x+1
(x+2)? B (x+2)? o (22

flx) =

This derivative vanishes when 3x? + 12x + 1 = 0. The roots of this parabola are x = —2 =+ /11/3,
ie., x; & —0.085, x, ~ —3.91. For x < x and x > x; function f increases (f’ > 0) and for
X < x < x1 it decreases (f' < 0).

f has no zeros because 3x> +x+ 1 > 0 for all x € R (the parabola has no roots). So f(x) <0
forx < —2 and f(x) > 0 forx > —2.

It is not necessary to analyse the concavity, as it can be inferred from all the other information,

including that of the asymptotes. We know there is a vertical asymptote at x = —2 because
lim = —oo, lim = oo,
x——2" f(X) x%72+f(X) +

There are no horizontal asymptotes because f diverges when x — £co. However, we can express the
polynomial P(x) = 3x? +x+ 1 in powers of x + 2 using Taylor’s polynomial, because P> _»(x) =
P(x). As

P(x) =3 +x+1, P(-2) =11,
P(x)=6x+1, P(=2)=—11,
P'(x) =6, P'(=2) =6,

we have P(x) = 11 — 11(x+2) + 3(x+2)%. Therefore

3 4+x+1 1 —11(x+2)+3(x+2)> 11 11
f) x+2 x+2 x+2 +3x+2) x+2 o

=3x—540(1) (x— %),
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i.e., y = 3x— 5 is an inclined asymptote both when x — F-co.
f(x) is represented in Figure 8.2. .

-1/2

2/3 T

272 3

0 3 27"

-1/2

< 1—s -3
- -2/3

4
Figure 8.3: Sketch of f(x) = qu
X

m Example 8.13 Sketch the graph of

4
f@ =gy

The domain of this function is R, and it is continuous and differentiable everywhere. It is an odd
function because

4(—x) 4x

= Cpre ™ @0

—f(x),

so we only need to care about the region x > 0. As every odd continuous function f(0) = 0, and
this is the only point where f croses the X axis. Besides f(x) > 0 for x > 0.
Its derivative is

£ = 4(x2+9) —4x-2x  4x*4+36—8x2  4(9—x?)
(2492 (2492 (249

Thus, in x > 0 we have f’(x) > 0 for x < 3 and f’(x) < 0 for x > 3. The function grows up to x = 3,
where it has a local maximum, and then decreases beyond that point.
As for the second derivative,

() = 859~ (364220 +9)2x _ —8x(x? +9) — (36— 4x’)x
(x2+9)* 2oy
o 8x3 —216x _ 8x(x2 _27)
(2493 (2493

so f is concave (f < 0) for x < v/27 = 3+/3 and convex (f” > 0) for x > 3v/3. At x = 31/3 there
is an inflection point.
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Finally, there are no vertical asymptotes (f is defined in the whole R), but since lim f(x) =0,
X—$o0

the X axis is a horizontal asymptote.
f(x) is represented in Figure 8.3. .
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Problems
Problem 8.1 Write the Taylor polynomial Ps o(x) for these functions:
(1) €*sinx; (iii) sinxcos2x; (V) sin x;

(ii) e~ cos2x; (iv) e*log(l —x); V) 5 1 3
—X

Problem 8.2 Write the polynomial x* — 5x® + x> — 3x +4 in powers of x — 4.
Problem 8.3 Write the Taylor polynomial P, ,(x) for these functions around the specified a:

(i) f(x)=1/xaround a = —1; (iii) f(x) = (1+¢*)* around a = 0;

(ii) f(x) =xe > around a = 0; (iv) f(x) =sinxaround a = 7.

Problem 8.4 Consider the function

B eil/"z, x#0,
f(x)_{O x=0.

(i) Prove by induction that ) (x) = Q,(1/x)e~ "/ * for x # 0, where Oy (1) is some polynomial.
(ii) Prove by induction that £ (0) =0 for all n € N.
(iii) Write the Taylor polynomial P, o(x) of f(x). What can you conclude from that?
Problem 8.5 Prove that

(i) sinx=o0(x%) (x —0) forall @ < 1; (iii) logx =o0(x) (x — oo);
(i) log(1+x?) = o(x) (x = 0); (iv) tanx —sinx = o(x?) (x — 0).
Problem 8.6 Calculate the following limits using Taylor’s theorem:

e —sinx—1

(i) lim cosx+e'—x—2

(1) lim

x—0 x2 x—0 X3 ’
inx — x4+ 3 11
(i) Tim S0 XTI/, (vii) lim < - > :
x—0 X x—0 \ X Sinx
V1= 1 /1
(iii) lim V7Y (viii) lim — ( — cotx> :
x—0 Sinx x—=0X \ X
(iv) lim w; (ix) lim x3/2 <\/x+ T+vi—1— 2\/)2) :
x—0 X X—yo0
X —sinx 1
lim——————— li —x*log(14+= ).
) xl—I>I(1)x(1—cos3x)’ () jfum, [x * 0g( +x>]
x X )
Problem 8.7 If f(x) = 577 +o0(x”) (x — 0), calculate
log[1 2
iy B S 272
x—0 X

Problem 8.8 Prove that the function

1 1
Lo ifx 4o,
x e —1
fx) = |
5, ifx:(),

is differentiable at x = 0 by calculating f'(0) from the definition.
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Problem 8.9 Determine the first nonzero order in the Taylor expansion of the following functions:
(i) f(x) =tan(sinx) — sin(tanx);

1 1
(i) f(x) = R (R+x2’

1
(i) f() = /1~ 1+x

Problem 8.10 Cons1der the function

1—cosx

fx) =

1+cosx’
This function is even and f(0) = 0, so its Taylor expansion up to 7th order will be
fx) =Ax* + Bt + O +o(x"), (x—0).
Then
1 —cosx = [Ax* + Bx* +Cx® + o(x)] (1 + cosx).
Using the Taylor expansion of cosx up to 7th order find the coefficients A, B, and C from this

equation.

Problem 8.11 Find coefficients a and b so that
(i) x— (a+bcosx)sinx = o(x*) (x = 0);

1 +ax?

x+bx3

Problem 8.12 Find constants a,b,c,d € R such that

(i) cotx— =o(x*) (x = 0).

1 4 ax + bx>
 l4cex+dx?

x

+o(x*) (x—0).

Problem 8.13 Given that v/1+x=1+3 +o0(x) (x — 0), prove:
(i) lim sin (n 1—|—n2> —0:;
n—oo
(i) ¥ sin? (n 1+n2) < oo,
n=0
Problem 8.14 Calculate the Taylor polynomial Py (x) for f(x) = 1 +x’sinx. Given the result,

does f have a local maximum, minimum or inflection point at x = 0?

Problem 8.15 Use a Taylor polynomial of the specified degree to provide an approximation to
these numbers, and give an upper bound for the error incurred:

1 .. 3

i . degree 3: (i) v/28, degree 2.
@) T dee
Problem 8.16 Given the function f(x) = cosx+ ¢,

(i) find its Taylor polynomial P; o(x);

(ii) estimate an upper bound for the error incurred if —1/4 <x < 1/4.
Problem 8.17 What is the smallest degree Taylor polynomial necessary to approximate the function
f(x) =¢€"in [—1, 1] with at least three exact decimal places?

Problem 8.18 Determine the convergence radius of the following power series, and specify the
interval where they converge absolutely:
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o X .-
(i) Z Znnz, (iii) ; T v) ,;)(3 —2x)"
nlx" = X"
; iv) ), —=:
n=1 n" n;] \/;l
1
Problem 8.19 Expand the function f(x) = = fork=1, 2, and 3.
—X

Problem 8.20 Consider the power series

x2—|—x+1 Za,,x

‘What are the values of the coefficients azpo, azo1, and azgn?
HINT: Recall that 1 —x* = (1 —x)(x> +x+1).
Problem 8.21 Calculate the derivatives £(!%0)(0) and £(23!)(0) of the function f(x) = log (1+x?).

Problem 8.22 Determine the convergence radius of the following power series, and calculate their
sums:

M Y~ i) Y (n+1)27"x"
n=1 n=0

Problem 8.23 Expand in power series the following functions, specifying the domain of validity
of those expansions:

() f(x)=sin?x; (iii) f(x)zajibx; ©) F5) = 1+x—(1—x)e>

.o 1+ ex
(if) f(x) =log \/j (iv) f(x) = 2_1x2;

Problem 8.24 Sum the following series:
(=) -
(1) Z 2”]’1‘ s (111) Zﬁ7
n=0
N
() ) 5
L
X

Problem 8.25 Given the function f(x) = Z n—', compute the values f(0), f(1), and f(2).
n!

n=1

2+1

Problem 8.26 Find a function f(x) that can be expaded in power series of x and such that it
satisfies the equation f’(x) = f(x) 4+ x with the condition f(0) = 2.

Problem 8.27 Prove that if f and g are twice differentiable, convex functions, and f is increasing,
then h = f o g is convex.

Problem 8.28 Discuss the convexity of the following functions:

M) fO)= (=20 (i) f(x) = [xlel; (iii) f(x) =log(x* —6x+8).
Problem 8.29

(i) Sketch the graph of the function f(x) = x+ log |x> — 1].

(i) Based on the previous graph, plot function g(x) = |x|+log |x? — 1| and h(x) = |x +log |x* — 1]|.
Problem 8.30 Sketch a plot of the following functions:
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(i) f(x) =e"sinx; (x) f(x) =log[(x—1)(x—2)];
(i1) f(x):ﬁ—l . e
(111) f(_x) — (Xl) f(x) - x<x_ 1) s
(iv) f(x) = x (xii) f(x) =2sinx+ cos2x
x—2
V) fx) = ( ) 23, 1 (i) f(x) =~
(vi) f(x)= (x —l)log<1+i), (xiv) f(x)=+/|]x—4;
1
(vii) f(x) = @ () f() = o
2x
. e
(viii) f(x) = ;I_ 1 (X\TT) flx) = o1 _.1 ;
o/ (xvii) f(x) =e *sinx;
(ix) f(x)=—— X’ (xviii) f(x)=x sm%

Problem 8.31 Draw the graph of the following functions:

(i) f(x) = min{log|x’ —3|loglx+3[}; (V) f(x) =xV®— 13

(i) f(x)= P (v) f(x) = arctanlog |x* —1[;
=1 e—=1] 2
1 1 (vi) f(x)=2arctanx+ arcsin <2>
(i) f(x) = e (a>0); I+x

Problem 8.32 Plot the function

el/x 0
fo)={ e 70
0 x=0,

1/x
. . . e
and discuss how many real solutions has the equation r =x
by

1
Problem 8.33 Given the function f(x) = 3 —i—xz plot the functions g(x) = sup f(y) and h(x) =
X y>x
inf f(y).
y>x

Problem 8.34 Determine the equations of the tangents to f(x) = log(1+ x?) at its inflection points
and plot them along with the graph of f(x).
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(9. Primitives

Differentiating is an operation that transforms an appropriate function f into another function f”,
which we refer to as its derivative. It makes sense to wonder about the inverse operation, i.e., given
the function f” to determine f.

Definition 9.0.1 — Primitive. A function F is called a primitive of f if F/ = f. We denote this
operation

[ rwax=r. ©.1
(Function f is called integrand.)

The first question we can ask is whether the primitive, if it exists, is unique. According to
Corollary 7.3.4 the answer is no —but almost so. The reason is that if /' and G are such that
F'=G' = f (ie., F and G are two primitives of f), then F(x) = G(x) + ¢ for some constant c.
Thus, primitives are unique up to an additive constant.

Some properties of primitives are inherited from those of derivatives. For instance, primitives
are linear; i.e., given functions f and g and constants a,b € R,

/[af(x)—I-bg(x)]dx:a/f(x)dx+b/g(x)dx. 9.2)

We can obtain a few elementary primitives by reversing the derivatives Table 7.1. The list is
shown in Table 9.1.

Some primitives have the pattern

[ £/(60)g/ @) dx = £ () +e. 93)

We call this primitives immediate.
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fx) F(x) fx)  F(x) fx) F(x)
xa+1 1
x% (a#—-1) 1 sinx —Cosx e arctanx
1
—1 . .
X log |x cosx  sinx arcsinx
g x| T
1
e e sinhx coshx — tanx
cos%x
a* . 1
a® coshx sinhx — tanhx
loga cosh” x

Table 9.1: Primitives F(x) of some elementary functions f(x) (up to the additive constant) as
obtained by reversing Table 7.1. Here @ € R, a > 0.

Here are some important special cases:

a+1

¢ (x) B , a g g(x)
/g(x)dx_loggwﬂ, [ @lgtoax=E 2

g g'(x) .
/ s dx = arctang(x) +c, / dx = arcsing(x) +c. (9.5)

V1—g(x)?

m Example 9.1 The primitive

sinx
/tanxdx:/—dx
COSX

has nearly the form

)
[

because (cosx)’ = —sinx. Then
/ sinx dye _/ —sinx dye _/ (cosx)’ Ix.
cosx cosx cosx
Therefore
/tanxdx = —log|cosx| +c. (9.6)

By a similar argument

/cotxdx = log|sinx| +c. (9.7)

m Example 9.2 Here is a more involved example:

d
/secxdx - [

cosx’
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In order to find this primitive, let us first compute

sinx p 2
= secxtanx, (tanx)’ = sec”x.

!/
secx) =
(secx) cosZx

Adding up these two equations we get
(secx+tanx)’ = secxtanx + sec’ x = secx(tanx + secx).

Therefore

(secx+ tanx)’
secx +tanx

= S€CXx

and from this we conclude

1+ sin
/secxdx = log|secx+tanx| + ¢ = log sy +c. 9.8)
CcoSX
Similarly we obtain
sinx
cscxdx = —log|csc cot =log|—— 99
/ xdx g|cscx + cotx|+¢ g T oosx (9.9)
Notice that
<1 —|—sinx>2 _ (I+sinx)®>  l+sinx cos? £ +sin?3 +2sin3 cos 3
coSXx 1 —sin%x I —sinx  cos?3 + sin® 5 —2sinjcos 3
_ Cos%—i—sin% 2: l—|—taniz‘ Z:tanz (f+£)
cos5 —sinj 1 —tan3 2 4/
sinx 2 B 1 —cos?x _ l—cosx 25in2§ B anzx
l+cosx) ~ (L+cosx)? 1-+cosx 2cos?§ 2’

therefore, we have the alternative expressions

log‘ 1 +sinx| llog <1+sinx> g <1+tan’2‘> :log‘tan <§+E)
cosx 2 1 —sinx 1 —tan3 2 471
log’Sinx = llog <1 — cosx) =log ‘tan{‘

14 cosx 2 1+4cosx 2

9.1 Integration by parts

Theorem 9.1.1 If f and g are two differentiable functions, then

[ 108 @) dx= @) - [ £ @godx. ©9.10)

Proof. Since f(x)g(x) is the primitive of [f(x)g(x)]’, we have

1)) = [ F@e] dr= [ [F @00+ 0] dx= [ fx)gdr+ [ fx)g ().

From here equation (9.10) follows straight away. |
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This is one of the most useful integration techniques, as a few examples will reveal.

m Example 9.3 A classic example is the integral

/ xe*dx.

Since ¢* = (¢*)’ it is easy to recognise the left-hand side of (9.10). Therefore

/xe"dx:xex—/l-exdx:xex—ex—i—c: (x—1)e" +c.

This example can be generalised whenever we have a function g’(x) easy to integrate several
times (e.g., an exponential, a power, a trigonometric function. ..) multiplied by a polynomial. The
polynomial plays the role of function f(x), and we have to apply integration by parts as many times
as the degree of the polynomial. (The example above is one of those cases, in which the polynomial
has degree 1.)

Exercise 9.1 Calculate

/(x2+ 1) sin(2x— 1)dx.

= Example 9.4 Often we cannot see g'(x) explicitly because g’(x) = 1. For example, in the integral
/ logxdx.

If ¢’(x) = 1 then g(x) = x, therefore

1
/logxdx:xlogx—/x-fdx:xlogx—/dx:xlogx—xqtc.
X

Thus, we can add the primitive of yet another elementary function to our list:

/logxdx:xlogx—erc. (9.11)

We can generalise this example to obtain the primitive of an inverse f~! if we know that F(x)
is a primitive of f(x):

Butx = f(f'(x)), therefore

[xtr Y wdx= [ £ @) (77 @ax=F (17! )

because the last integral matches the pattern of an immediate integral. Thus, we can con-
clude:
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Theorem 9.1.2 If function f has an inverse f~! and F'(x) = f(x), then

/f*l(x)dx:xffl(x) ~F(F (). ©.12)

m Example 9.5 We know that
/tanxdx = —log|cosx| = F(x)
is a primitive of f(x) = tanx. Therefore
/arctanxdx = xarctanx + log | cos(arctanx)| + c.

We can simplify this expression if we rewrite the cosine in terms of the tangent. Since

1
cos’x = — = cosx = (1 +tan’x)~1/2,
1 4-tan-x
then
1
log| cos(arctanx)| = log |(14x%)~"/2| = —Elog(l +x?).
Thus

1
/arctanxdx = xaretanx — o log(1+4x%) +c. (9.13)

Exercise 9.2 Prove that
/arcsinxdx = xarcsinx+ V1 —x%+c. (9.14)

m Example 9.6 Another typical use of the integration by parts is to recover the same integral after
applying the formula. Such is the case of

1
/de_
X

since 1/x = (logx)’,

1 d
/gdx: (logx)? — /logx—x.
x

X

From this we conclude that

1
2/gdx: (logx)?
X

thus

1 1
/g dx = E(logx)2 +c.

X
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m Example 9.7 The integrals

/e)C sinxdx, /ex cosxdx,

are another example of the same technique, where we have to integrate by parts more than once. In
the first integration we identify g’(x) = sinx and get

/ex sinxdx = ¢*(—cosx) — /(— cosx)e*dx = —e*cosx+ /cosxe)c dx.
In the second integration we identify g’(x) = cosx, so

/cosxex dx = " sinx — /sinxex dx.
Therefore, if we denote

S= /ex sinxdx, C= /excosxdx,
what we have obtained are the equations

S=—¢e"cosx+C, C=¢"sinx—S.

Solving this system we obtain

e’ e
S= E(Sinx— cosx) +c, C= E(sinx%—cosx) +c.

m Example 9.8 Another technique associated to the integration by parts is the construction of
recurrence formulas. This is illustrated by the example

dx
In(x) = /(l—i—xz)”’

whose case n = 1 is straightforward: /; (x) = arctanx. In order to find the recurrence we proceed as
follows:

dx 1 4 x? X2 1 2x
In+1(x):/ (14 22y :/ (1+x2)nt1 dx—/(1+x2)n+1 dx:ln(x)_z/x(1+x2)n+1 dx

We now integrate by parts

/ 2x 4 x 1 N 1 / dx I,(x) X
X————dx=—="———+— = — :

(14 x2)nt1 n(l+x3)" n) (1+x2) n n(l1+x2)"
Thus

1 X 2n—1 1 X
I =I(x)(1-— = ! (2
w1 (x) = In(x) < 2n> + 2n(1+x2)" 2n () + 2n (14x2)"

For instance,

h(x) = 5 arctanx 4 L
X) = —arctanx -~ - —/—>—
2 2 2 (1+x2)’
3 1 X 3 3 0x 1 X
B(x) = Th(x) + § 75 = garctanxy+ o 4
3(x) 4 2(x)+4 (1+x2)2 Sarc anx -+ 8 (1+x2) +4 (1 +x2>2,

etc. [ ]
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Primitives of rational functions

Rational functions can be integrated thanks to a partial fractions decomposition. First of all, we can
focus on rational functions
P(x)
R(x) = 2 (9.15)
W= 0w
where the degree of P(x) is smaller than the degree of Q(x), and Q(x) is a monic polynomial. The
reason is that if this is not true, then we can divide P(x) by Q(x), obtain a quotient polynomial C(x)
and a remainder M(x), so that we can write

P(x) M (x)
O(x) 0(x)
In the last rational fraction the degree of M (x) is smaller than the degree of Q(x), and the polynomial

C(x) can be readily integrated.
Any monic polynomial Q(x) can be factored out into a series of elementary factors, i.e.,

R(x) = =C(x)+

Ox) = (x—a)" - (x—a,)" (P +pixtq1) - (P+paxtg)”. (9.16)

Numbers ay,as, .. .,a, are real roots of the polynomial and n,n,, ... ,n, their respective multiplic-
ities. The quadratic factors (x2 +pix+gq j)mj are irreducible (i.e., p? < 44;) and correspond to
complex roots of the polynomial. Numbers m; are their respective multiplicities.

It turns out that the rational function (9.15) with denominator (9.16) can be expanded as

R(x) :; [

These partial fractions are easier to integrate. A few examples will illustrate the method.

A
il N

Aini i lex—i-Cﬂ Bjij+ijj
X

i ot | (9.17
(x—a)n| =[x +pixtg; (X2 +pjx—+qj)mi ©-17)

= Example 9.9 Calculate

2x2 —4x+6
/wdx,

(x—1)°
According to the partial fractions decomposition (9.17),

2 —4x+6 A LB C
(x—173  (x—1P3 (-1 x-1

There are several ways to find A, B, and C. For instance, we can multiply the equation above by
(x—1)* and get

26 —4x+6=A+B(x—1)+C(x—1)%.

Then setting x = 1 we obtain A = 4. Substituting this value of A in the previous equation and
simplifying yields

2% —4x+2=B(x—1)+C(x—1)? = 2x— 1) =B(x—1)+C(x—1)%,

hence B=0and C = 2.
An alternative is to obtain the Taylor polynomial for 2x> — 4x + 6 in powers of x — 1. It is
4+2(x— 1) Then
26 —4x+6 4+ (x—1)> 4 2

Go1)F -1 Go1p et
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Finally

2x> —4x+6 2

- —dx= s dx 2log|x—1
/(x—1)3 * / x—1)3 +/ o T leeh -1t

= Example 9.10 Calculate

x+2
/x(x— 1)(x—2) dx.

The partial fraction decomposition yields

x+2 _A+ B n C
x(x—1)(x—2) x x—1 x-2

Multiplying by x(x — 1)(x — 2) leads to
x+2=A(x—1)(x—2)+Bx(x—2)+Cx(x—1).

Setting x =0 we get 2 = 2A, i.e., A = 1. Setting x = 1 we get 3 = —B, i.e., B = —3. Finally, setting
x=2wegetd=2C,ie., C=2. Thus

/x(x—xlt(i Z)dx_/dx_3/x—1

=log|x| —3log|x— 1|+ 2log|x —2| +c.

m Example 9.11 Calculate

x+1
/xz(x )(x+1) dx.

The partial fraction decomposition yields

41 A, B C D
Rx—Dx+1) x x2 x—1 x+1°

Multiplying by x?(x — 1)(x+ 1) leads to
K H1=Ax(x—1)(x+1)+Bx—1)(x+1)+Cx*(x+1)+Dx*(x—1).

Setting x =0 leads to 1 = —B, i.e., B= —1. Setting x = 1 leads to 2 = 2C, i.e., C = 1. Setting
x=—1leads to 2 = —2D, i.e., D = —1. Now, substituting these constants

Hl=Ax(x—Dx+1D)—x—DE+D+x2x+1)—x*(x—1)
=Ax(x—1)(x4+1) = +1+3+ 2 -2 =Ax(x— D(x+ 1) +2>+1,

soA=0.
Now,

/ el / / / 1—|—10 |x—1|—log|x+ 1|+
- x—1]—log|x c.
X (x—1)( x+1 x—1 xrl x 8 &
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s Example 9.12 Calculate

/5x2—x—|—3
———dx.
x(x2+1)

The partial fraction decomposition yields
5x% —x+3 _A | Bx+C
x(x24+1)  x  K2+1°
Multiplying by x(x? + 1)leads to
56 —x+3=A0(*+1)+ (Bx+CO)x.
Setting x = 0 leads to A = 3. Substituting this value
502 —x+3=3(*+1)+ (Bx+C)x = 2x% —x = (Bx+C)x =
2x—1=Bx+C,

soB=2and C=—
Then

5x2—x+3 dx dx
= —=3] 1 1) —arct ,
/ x(x2+1) dx 3/ / 2+1 / 2ol 3log |x| +log(x* + 1) —arctanx + ¢

m Example 9.13 Calculate

/ 2x+4 d

—————dx

x2+2x+2

In order to perform a partial fraction decomposition we need to find the roots of the denominator.
However these roots are —1 i, so x> 4 2x+ 2 is an irreducible square factor. The way to proceed

in these cases is to take the first two terms and complete the square. In other words, we write
x*42x = (x+1)? — 1. Thus,

2x+4 2(x+2) 2(x+1) / dx
S S M e e A S e B O, 2
/x2—|—2x—|—2 * ./(x+1)2+1 ! /(x+1)2+1 R Gr e
=log [(x+1)2+1]+2arctan(x+1)+c
= log(x* +2x+2) + 2arctan(x+ 1) +c.

= Example 9.14 Calculate

/ 2x+4 d
———————dx
(x2+2x+2)?

Using the same transformation as in the previous example

Bk S G VR dx
/<x2+2x+2)2d /[(x+1)2+1]2d +2/[(x+1)2+1]2'

The first integral is immediate,

/ 2+ 1 1

[+ 1)2+1] (x+1)24+1 242x+2
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The second integral can be done using the recurrence derived in Example 9.8,

d 1
2/—x2:arctan(x+1)+2L.
[(x+1)2+1] x242x+2
Thus,
2x+4 X
—d g t 1 — .
/(x2+2x+2)2 x=arctan(et )+ G s e

Change of variable

Let F(x) be one primitive of f(x), and let x = g(¢) be a change from variable x to the new variable
t. By the chain rule

CF(50)) = £(50)g 1)

thus, integrating this equation,
F(g) = [ £(e0)g 0)ar

But using the change x = g(r) and the fact that F(x) = / f(x)dx, we can rewrite this identity
as |

/ flx)dx= / f(g())g (t)dr. (9.18)

This is the equation ruling a change of variable in the calculation of a primitive.

R) A simple way to remember this rule is to rewrite dx according to

dx
dx="—dtr=g(1)dr.
= g (1)

s Example 9.15 Calculate

e.x
/ e+ 1 dx.

Here the obvious change of variable is ¢* =t or x = log¢. Then dx = dt /t and

/ < d / rdi / di arctanf + ¢ = arctan(e*) +
X = _— = = C = e C.
eX+1 241t 2+1

m Example 9.16 Calculate

/ dx
V(=22 —T-2x
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Here the change of variable is " = 1 — 2x, choosing m so that all roots disappear. The simplest
choice is the least common multiple of 2 and 3 in this case, i.e., m = 6. So x = (1 —¢°)/2 and
therefore dx = —3t7 dt. Then,

—31‘5 1
/ = — _/ i 3 3/7dl‘ —3/ t+1+j dt
V/(1—2x)2 ¢1 2x =t f

3
_§(t+l) —3loglt—1|+c¢

3 2
-2 (1+\6/1—2x) —310g‘1—\6/1—2x‘+c

m Example 9.17 Calculate

/ dx

xV/1—x2

Whenever we have an expression like v/1 — x2 one possible change of variable is x = sinz, for then
V1 —x% = cost and dx = cost dt. In this case thls leads to

/x\/l— /smtcost ) sint

cost dt ) sint
= =lo
£ 1+ cost

:1Og<1+\‘/1|—7x>

Suggested changes of variables:

(I) If there appear v/1 +x2 then x = tant transforms

1 dt
1+2=— dx=—y,
Ccost Ccos“t

or x = sinht transforms

V1 +x% = cosht, dx = coshtdt.

(IT) If there appear v/x* — 1 then x = sect transforms

Vx%—1=tant, dx = secttant dt,

or x = cosht transforms
x2 —1 = sinht, dx = sinhz dt.

(ITI) As alast resource, in rational functions of sines and cosines we can use ¢ = tan(x/2), which
transforms

2t 1—1¢2 2dt

sinx = —— COSX = —— x=——.
1+12’ 1+1¢2’ 1+12
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Problems

Problem 9.1 Obtain the following immediate (or nearly so) primitives:

) 1+ smx - 1++/1—
() /COS2 (IV) / (Vll) /—i_\[x\/;dx,

1+cosx
sinx — cosx
dx; cos>
() /s1nx+cosx * ) /l—smx * (viii) / .4xdx;
sin® x
(11t) /(x2+1)5/2 dax: vi) /\/1+x2 dx; (ix) /x3\/1—x2dx.

HINTS: (iv) multiply and divide by 1 — cosx and expand; (v) idem with 1+ sinx; (vii) alternatively ¢ = /1 — /x; (viii)

cos® x = (1 —sin?x) cosx and expand; (ix) write x> = x(x2 — 1) + x and expand.

Problem 9.2 Obtain the primitives of the following rational functions:

. x? 22243 4x47x3746x2—20x+153

@ / ﬁdx; (i11) / fdx; ) / 2x2 9x+ 18 ax;
- 7d

@) / x2+x—|—1) ) /x2 2x+2 v / 2x2+1

HINTS: (i) X2 4+x+1=(x4+1/2)24+3/4; (v) ¥ =282 =9+ 18 = (x —2)(x = 3)(x +3); (vi) x* =22 +1 =
(x—=1)2(x+1)%

Problem 9.3 Obtain the following primitives doing an appropriate change of variable:

) / x*vVx—1dx; (ix) / m;;f/m; (xvii) / \/Vx+ 1dx;

Gi) [ x%sinV¥3dx; dx )
/ ) /1+€/1—x’ Gt /1+\/F

(i) [ cos(logx)dx: o | g o [vareas
e X

(iv) / sin(logx) dx; dx sinx+3 cosx |
(xii) /ﬁdx; (xx) / sinx+2cosx dx
V) / cos®(logx) dx; (xx) / sinx+ 3cosx dx
Vit (xiii) /V e’ — ldx; sinxcosx -+ 2sinx
) dx:
(Vi) x+3 o sin?xcos® x ;s \% 1+\3/;C
(xiv) / dx; (xxii) 3 dx;
(vii) / (x+1)3 tan3 x VX
vii
V1= (x+1)2 (xv) /7 (xxiii) /dyz’
34V ts5 (x+1)Vx+2

1 . dx d
ldx; (xxiv) /7ex—4e*x X

HINTS: (i) # = /x—1 (or int. by parts twice); (i) 12 = x3; (iii)—(v) t = logx; (vi) t = \/x; (vii) r = /1 — (x + 1)2;
(i) =142 ((X) 2 = 1+x; X) 2 =1 —x; (xi) r = €% (xii) 2 = ¥ — 1; (xiii) 12 = ' — 1; (xiv) t = cosx; (xV)
t=34+2x+5; (xvi)t = \/W; (xvii) t = \/7, (xviil) r = Vx+2; (xix) t = /2 + €*; (xx) f = tanx;
(xxi) t = tan(x/2); (xxii) £ = v/ 1 +x1/3; (xxiii) > = x+2; (xxiv) = &*

dx:
(Vi /(1+x2)3 * (xvi)/

Problem 9.4 Obtain the following primitives with the help of some trigonometric identity:
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1) / sin® xdx; (vi) / sin® xcos® xdx; (xi) / cos® xsin® xdx;
(i1) / cos® xdx; (vii) / tan® xdx; (xi1) / sec® xdx;
(iii) / sin® xdx; (viii) / tan® xdx; (xiii) / sin® xcos” xdx;
@iv) / cos* xdx; (ix) / e : (xiv) / tan’ xdx;

cos
) / cos6xdx; (x) / sin’ xdx; (xv) / tan> xsec* xdx.

HINTS: Identities to use: 2cos?x = 1+ cos2x; 2 sinZx = 1 —cos 2x; cos? x+ sinfx = 1; sec?x =1+ tan?x.

Problem 9.5 Integrate by parts to obtain the following primitives:

) / xtan®(2x) dx; %) / tan®(3x) sec’ (3x)dx; (ix) / (logx)® dx
(i1) /e"sinn’xdx; (vi) /eSinxCOSBXdX; (x) /x(logx)zdx;
. . . 2 . . xlogx )
(ii1) / €' cos2xdx; (vii) / x“logxdx; (xi) / mdx,
(iv) / sec® xdx; (viii) / K" logxdx; (xii) / arctan /xdx.

Problem 9.6 Obtain the following primitives by performing a trigonometric substitution:

2_|_1 dx
0) /\/xzi (111)/ 3/2d v) /)@\/9—7
. X ' ) )
(i1) /de, (iv) /x2\/71—x2’

Problem 9.7 Find recurrence formulas for the following integrals:

1 —1
1) 1 :/sinmxdx — Im:——sinm_lxcosx—i—milm,g
m m

(i) 1, :/(logx)’"dx — Iy, =x(logx)" —ml,_1;
(iii) 1, :/x’”e_xdx — L,=—x"e " +ml,_1;

@iv) I, :/tanmxdx — I,= 1tanmflx—lm_z;

2
W) 1 :/sec’"xdx — I, = m_ltanxsecm Zx+ L—llm 2,
1 —1
i) I, = /x’”ex2 dx — I,= Ex’”_lex2 — m2 2}
1 —1
vil) Iy, = /sinmxcos"xdx — Iy, =— sin” ! xcos" ! x + LIm—Zn-
’ ’ m—+n m—+n ’

Problem 9.8 Without calculating the integral, prove that

/ acosx+ bsinx

———————dx =Ax+ Blog|ccosx + dsinx| + const.
ccosx+dsinx

by determining the constants A and B as functions of a, b, ¢, and d.






OO. Fundamental Theorem of Calculus

Integration is a device that was invented to calculate areas of figures limited by curved sides. The
idea can be traced back at least to Archimedes. He is well known —among many other things—
by calculating the area of a circle of unit diameter, A, in terms of its perimeter, 7 (7 is the initial
of neplyetpoc = perimeter), obtaining the celebrated formula A = 7/4. He did that by using two
sequence of polygons, both circumscribed to and inscribed in the circumference, and then taking
the limit of the number of sides going to infinity (see Figure 10.1).

Figure 10.1: Archimedes’s construction to obtain the relation between the area and the perimeter of
a circle.

A similar idea was employed to obtain the area under more complicated curves. If we define a
signed area as in Figure 10.2(a) (i.e., it adds if f(x) > 0 and substracts if f(x) < 0), the problem is
how to calculate the total area enclosed by a curved within a given interval. Following Archimedes,
one way to estimate that area is to approximate it as a sum of rectangles, as in Figure 10.2(b). In
the limit when the width of these rectangles goes to zero we obtain the value of the seeked area.

m Example 10.1 As an example of this procedure, let us calculate, using this method, the area
below the curve f(x) = x* within the interval [0, a]. To do that, we divide the interval in n rectangles
of width a/n and heights (ak/n)?, with k = 1,2,...,n. The areas of these rectangles will then be
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Figure 10.2: (a) Area “under” a curve: above the X axis area has a positive sign and below the X
axis has a negative sign. (b) Approximations to that area as sums of thiner and thiner rectangles.

a’k? /n3. This yields the following approximation to the area:

n k2 a3 n 5
k=1 k=1

It is a know result that

124224 4n? = n(n+1)(2n+1)
6 )
thus
_ an(n+1)(2n+1)
A,=a o3 .
Therefore
L L 3n(n+1)(2n+1)_aj
A== Ima s T3
is the area we are seeking. "

Riemann’s integral

The problem with the heuristic idea exposed above is that, for that procedure to make sense, the
result should not depend on the division in rectangles that we propose. In other words, irrespective
of whether we choose all rectangles to have the same or different widths, the limit process should
yield the same area. Thus we need a more rigorous construction and limit process.

To this purpose, given an interval [a,b] we will define a partition of the interval as as the set
P ={x0,x1,...,Xn}, Where a = xp < x; <x3 < -+ < x,_1 <X, =D.

Now, for any function f bounded in [a, b], if we define

m;= inf f(x), M= sup f(x), (10.1)
Xi—] SXKX; Ximg <<y

then the (signed) area between the X axis and f(x) within the interval [x;_;,x;] —provided it can
be defined— will be bounded from below by m;(x; — x;—1) and from above by M;(x; —x;—;) —the
areas of two rectangles (see Figure 10.3). Thus, the two numbers

L(f,P) = Zmi(xi—xi_l), U(f,P) = ZM,‘(XI' —X,‘_l), (10.2)
i=1 i=1
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respectively called lower sum and upper sum of f with respect to the partition P, will be an upper
and a lower bound to the (signed) area between f(x) and the X axis within the interval |a,b]. By
construction L(f,P) < U(f,P).

M
M,
M, - M,
.
it 5
m, M
m m |, el g
a X, X, X% b X

Figure 10.3: Definition of the upper sum and lower sum for a function f(x) with respecto to a
partition of the interval [a,b]. The (signed) area between the X axis and f(x) is bounded between
them two.

Partitions can be defined by adding more points to it. Thus, Q is a refinement of P if P C Q.
Upon refining partitions we increase the lower sum and decrease the upper sum, i.e.,

L(f,P)<L(f,Q),  U(f,Q) <U(f.P).

Accordingly, if P and P, are two partitions of [a,b], then Q = P; U P, will be a refinement of both
of them and therefore

In other words, L(f,P1) < U(f,P,) irrespective of the partitions P; and P,.
This is summarised in the statement

supL(f,P) <ir}fU(f,P). (10.3)
P

This led Riemann to invent the following definition:

Definition 10.1.1 — Integral. A function f bounded in [a, D] is integrable in [a,b] if
b
SupLL(f, P) = infU (f,P) = / 7. (10.4)
P a

b
The number / f is known as the (Riemann’s) integral of f in [a,b].
a

p) Itis customary to use Leibniz’s notation for the integral and write

/ahf:/abﬂx)dx-

This notation reminds the definition of the integral as a sum (hence the sign [) of the areas of
rectagles of with dx and height f(x), for all a < x < b.
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m Example 10.2 Not all bounded functions can be integrated. For instance the function

1L, xeqQ,
f(x)_{o, x¢Q,

does not satisfy the definition because for every partition P of the interval [a,b] we have L(f,P) =0
and U(f,P) = b —a —because every subterval [x;_;,x;] contains both rational and irrational
numbers. "

s Example 10.3 The function
1, x=1
j={l =
07 X # 29
can be integrated in e.g. [0, 1]. Let P be any partition of that interval. Then L(f,P) = 0 because in
every interval of P f takes the value 0. On the other hand, U(f,P) = Ax, where Ax is the length of

the interval containing the point x = 1/2. Since by refining the partition Ax can be made arbitrarily
small,

b
L(f,P)=infU(f,P)=0 = /af:o.

An important result that justifies the heuristic construction is this:

Theorem 10.1.1 The bounded function f is integrable in [a,b] if and only if there exists a
sequence of partitions {P,}’_, such that

lim L(f,P,) = lim U(f,P,).
n—yoo n—soo

In other words, to prove the existence of an integral we simply have to take a partition P, of the
interval [a, b] into n equal segments, compute L(f,P,) and U(f,P,) and take the limits.

a 3
Exercise 10.1 Transform Example 10.1 into a rigorous proof that / K dx = %. n
0

The full characterisation of the set of functions that can be integrated according to Riemann’s
definition is out of the scope of this course. However, this set includes important classes of functions
worth mentioning:

Theorem 10.1.2 If f is continuous in [a, ] then it is integrable in [a, D).

The idea of the proof of this result is that continuous functions have the property that the
difference between their maximum and minimum values in a closed interval is smaller the smaller
the interval. This means that we can make the difference between L(f,P) and U(f,P) arbitrarily
small by simply refining the partition sufficiently.

Theorem 10.1.3 If f is monotonic in [a,b] then it is integrable in [a, b].

Proof. Let us assume that f is increasing (the proof is analogous for decreasing functions). The

idea of the proof is that, within the interval [x;_;,x;], the maximum of f is f(x;) and the minimum

is f(x;—1). Thus, if P, is the partition of [, b] into n equal size intervals,

bh—
n

b—a
b
n

L(f,Pn>—if<xi_1> a. U(ff»—if(xo
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and therefore

b_
U(f,P) — L(f,Py) = —2

Notice that monotonic functions need not be continuous, so this result is not contained in the
previous one.

Properties of the integral

Theorem 10.2.1 Let f and g be two integrable functions in [a, b]. Then the following properties
hold:
(1) / (af+Bg) = / f+[3/ gforalla,f eR linearity
b
(ii) / f< / g whenever f < gin [a D] boundedness
(iii) |f]is integrable in [a,b] and / | f] absolute integrability

b
A consequence of (ii) is that if f > 0 then / f=0.

Another consequence is that if M = sup f E’ )and m = inf f (x), then
x€[a,b] x€la,b]

b
m@—ﬂ)g/“fgﬁab—@. (10.5)

Theorem 10.2.2 — Interval additivity. Given a < b < ¢, function f is integrable in [a, c] if and
only if it is integrable in [a,b] and [b, c|. Besides

AV=L?+[} (10.6)

Notice that this formula implies

L7=L7—AV,

so interval additivity will be preserved beyond the constraint a < b < c if we define

/cbf:—/bcf. (10.7)

Riemann’s sums

Let f be a bounded function in [a,b]. For any partition P of this interval the expression

-

Il
-

S(f,P) =) flci)(xi—xi1), (10.8)

for any choice of points x;_; < ¢; < x; is referred to as a Riemann’s sum.
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It is clear from the definition that Riemann’s sums satisfy L(f,P) < S(f,P) < U(f,P). There-
fore, if f is integrable in [a,b] and {P,}}"_, is a sequence of partitions such that
lim [U(f,Py) —L(f, Pa)] =

n—soo

then

lim S(f. P, / f. (10.9)

This result is very useful in calculating some limits, as the examples illustrate.

m Example 10.4 Suppose we need to calculate the limit

w1
lim .
n—es = n+k

This limit does not define a series, because the terms in the sum change not only with k but also
with n.
In order to calculate this limit we need to rewrite the sum as

1

kg']n ; k/n n

The right-hand side is the expression of S(f,PB,), where f(x) =1/(1+x), cx =k/n and P, is a
partition of [0, 1] in n equal-size intervals. Since f is continuous —hence integrable—, then

limi L ims(rp)= [ &
=R S e

s Example 10.5 Let us calculate
n k l/l’l

li 1+ - .

i TT(1+7)
If we denote the limit ¢, then

. w1 k .
log/ = lim Z —log (1 + > = lim S(f,PR,),
n—ee = n n n—oo

where P, is a partition of [0, 1] in n equal-size intervals and f(x) = log(1+ x). Thus,

i
log€:/ log(1+x)dx.
0

Fundamental theorem of calculus

The basic idea of the connection between integrals and derivatives —the essence of the fundamental
theorem of calculus— is this. Let us denote A(x) the (signed) area between the X axis and the
function f within the interval [a,x]. Suppose that we increase the inverval by a very small amount
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h. In practical terms, we are enlarging the area by adding almost a rectangle of width 4 and height
~ f(x). In other words,

A+ ) AR+ O = f) & AEEN ZAR)

If we now take the limit 2~ — 0 we obtain the connection A’(x) = f(x). This is the basic result that
both Newton and Leibniz were aware of and which renders calculus such a powerful tool.

We are going to obtain this result in a more rigorous way by using our definition of (Riemann’s)
integral.

To begin with, let us first prove that integrals always define continuous functions:

Theorem 10.4.1 If f is integrable in [a, b], then F(x / f(t)dt defines a continuous function
in [a,b].

Proof. Take any point ¢ € [a,b]. Since f is integrable in [a,b] it is also bounded, so let M =
sup |f(x)|. Then

x€[a,b]
X C X X X
F(x)—F(c)| = / f(t)dt—/ F(0)dt| = / F(0)dt < / £(0)] dt| < / Mdt| = Mlx—c|.
a a c c c
By the sandwich rule,
)lclircl,|x—c| = )ICILI}‘F( x)—F(c)|=0 = )%EF(X):F(C)-
This proves that F is continuous at any ¢ € [a, b]. [

Notice that this result requieres nothing from f apart from its integrability. In particular, f
needs not be a continuous function.

s Example 10.6 Let

be a function with a jump discointinuity at x = 1/2. Now, for any x < 1/2,

:/Oxf(t)dt:/oxocitzo,

whereas for any x > 1/2,

1/2 X

X 12 1
:/f(t)dt: £t dt—i—/ soar= [ oars | ar=—.
0 0

Thus,

which is continuous everywhere. "
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Theorem 10.4.2 — First fundamental theorem of calculus. If f is continuous in [, b] then
X

F(x) = / f(r)dt is differentiable in (a,b) and F'(x) = f(x).
a

Proof. First of all
F h)—F 1 [xth
Fleth) = F) _ —/ f(t)dr.
h hJx

Now, in the interval [x,x + k| (or [x+ h,x] if h < 0) f reaches its maximum M), and minimum m;,
values —as every continuous function in a closed interval. Then, if 4 > 0

x-+h 1 x+h
myh < / f&)dt < Myh = my, < ﬁ/ f@)dt < My,
X X
andif h <0

m(—h) < x;f(t)dngh(—h) N mhg(_lh)/x:hf(t)dthh

1 x+h
= mhgf/ f(t)dt < My,
h Jx
x+h

1 L . .
In any case, the number 7 / f(t)dt is an intermediate value between my, and Mj,. Any continuous

X
function in a closed interval reaches all intermediate values between its maximum and its minimum,
so there must be a point ¢, € [x,x+h] (or in [x+ h,x] if h < 0) such that

Flen) = % /  ryr.

Clearly ¢, — x when i — 0. Therefore

F’(x) = }111_% M

= lim (@) = /().
|

The take-home message of this theorem is that integrals of functions are primitives of those
functions. Here is the connection between differentiation and integration. From now on, calculating
the area between the X axis and a given curve f(x) is as simple as finding the right primitive of f.
Actually, the problem is even easier: any primitive will do, because of this second version of the
fundamental theorem of calculus:

Theorem 10.4.3 — Second fundamental theorem of calculus (Barrow’s rule). If f is
continuous in [a,b] and G is any primitive of f in (a,b), then

X
Proof. According to the first version of this theorem F (x) = / f(t)dt is a primitive of f in (a,b).
a

a

Therefore G(x) = F(x) +c. Now F(a) = / f(t)dt =0, hence G(a) = F(a)+ ¢ = c. In other
words, F (x) = G(x) — G(a). Then ‘

/a " ) dx = F(b) = G(b) — Gla).
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p) Often primitives are referred to as “indefinite integrals” and denoted / f(x)dx, whereas

b
integrals of the form / f(x)dx are called “definite integrals”.
a

Corollary 10.4.4 If f is continuous in [a,b] and g;, g, are differentiable in (a,b) then

82(%)
H(x) = /g L, T (10.10)

is also differentiable in (a,b) and

H'(x) = f(g2(x)) &2(x) — f(g1(x)) g7 (x). (10.11)

Proof. Let F(x) be a primitive of f(x) in (a,b). Then H(x) = F (g2(x)) — F (g1(x)). Since F, g1, &>
are all differentiable, so is H. Finally, the derivative of H will be, by the chain rule,

H'(x) = F'(g2(x)) g5(x) — F'(g1(x)) g1 (x) = f(g2(x)) g5 (x) — f(g1(x)) &} (x)
because F’(x) = f(x). [ ]

s Example 10.7 If

3

X
F(x):/ costdt,
0

then F’(x) = 3x% cos(x>). n

Applying Barrow’s rule we can obtain particular versions of the integration by parts and change
of variable theorems:

Theorem 10.4.5 — Integration by parts. If f and g are two differentiable functions in (a,b),
then

b b b
/a F)g @) dx = f(x)g()| - / e (10.12)

The symbol in the right-hand side is a short-hand for

= f(b)g(b) — f(a)g(a). (10.13)

Theorem 10.4.6 — Change of variable. If g is continuous in [a,b] and differentiable in (a,b),
and f is continuous in g([a,b]), then

a

(®)
/gb f(u)du:/bf(g(x))g’(x)dx. (10.14)
8( a

Proof. On the one hand, if F is a primitive of f then

8(b)
[, Fdu=F(sv) - Fg(@)
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On the other hand, by the chain rule,

LR (5() = F'(800)8' () = F(s()&' (),

therefore F (g(x)) is a primitive of f(g(x))g’(x) and, according to Barrow’s rule,

b
| £(e0)g/ @) dx = F(g(0) ~ F(s(@).
a
The result follows from the fact that the right-hand side is the same for both integrals. |

m Example 10.8 Let us calculate the area of a circle of radius a. The equation of its circumference
is x> 4+ y? = a2, from which we obtain y = +v/a2 — x2. Clearly the area between the X axis and the
function f(x) = v/a> — x> within the interval [—a, a] is half the area we want to calculate, therefore

a
A=2 vVa? —x2dx.
—a

. . dx .
We can introduce the variable r = x/a, or x = at, so that m =a, and the limits x = —a — = —1
andx=a — t=1. Thus

1 1
A:2/ \/aZ—aztzadt:2a2/ V1 —12dr.
—1 -1

dt
Let us now introduce a second change of variable: ¢t = sin 6. Then 70 = cos 0, and the limits
t=—1— 0=—-m/2andr =1 — 6 = m/2. The integral then becomes

/2 n/2 1
A:2a2/ coszedezaz/ (1+cos29)d9:a2<ﬂ+sin26
—x/2 —7/2 2

w/2
) =
—m/2

=0

m Example 10.9 — One last integration trick. Suppose one has to compute the integral

I:/abf(x)dx.

A simple change of variable is given by x = a+ b — ¢, which transforms the integral into

I:/bf(a+b—t)dt

(because dx = —dt and t = b for x = a and t = a for x = b). Then, an alternative way of writing the
original integral is as an average of these two expressions, namely

/abf(x)dx: ;/ab [£(x) + fa+b—x)] dx.

As an illustrative example, let us calculate the integral

! /7‘[/2 dx
o 1++/tanx
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A first remark about this integral is that the integrand is a bounded, continuous function in [0, /2],
because tanx > 0 in this interval and, although it diverges when x — (%),

1
lim ———=0

(%) 1+ +/tanx

A second remark is that performing this integral by any other standard method poses a real challenge

(give it a try!) With this last trick though, it is a piece of cake.
According to the formula we have just derived,

1 [7/2 1 1
I= 7/ + dx
2 Jo 14++/tanx 1-++/cotx

because tan(7/2 —x) = cotx. But

1 1 1++/cotx+1++/tanx _ 2 ++/cotx++/tanx

+ — =
l++/tanx 1+4+/cotx (1++/tanx)(1++/cotx) 1+ +/tanx+ +/cotx+ /tanxcotx
_ 2++/cotx++/tanx
24 vtanx +1/cotx N

where we have just used the fact that tanxcotx = 1. Then

1 [m/2 T
I=— dx=—.
2 /o Ty
Exercise 10.2 Use the method above to prove that

T xsinx w2
72dx = —.
0o l+cos“x 4

1,
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Problems

Problem 10.1 Find a continuous function f such that f(0) =0 and

4—x? <
—, x<0
i) =9 (4+x2)2 7
eVvx, x> 0.

Problem 10.2 .
(a) Prove thatif fis oddthen | f(x)dx=0

a
a a
(b) Prove thatif fiseventhen [ f(x)dx=2 / f(x)dx.
—a 0

(c) Calculate the integral / sm sin ((x—8) ))dx

Problem 10.3 Calculate the following limits:

n—1
1/ TR 1
) ’}groloz k2’ (i) lim — Z e2k; (iii) }ﬂ]gi

n—eo 1 f 2 — k2
Problem 10.4 Calculate F(x / f(t)dt, with —1 < x < 1, for the following functions:

Q) f(x)=|x|e M, 1, —1<x<0,
i) £(x) = x—1/2]; M SO =1, o<x<t.

1
(iii) f(x) = I+x, —1<x<—5,
1, 0<x<1 - ) i |
) Lcrc0 i) f(x) = 3 1_§<x<§7
X7, —IxX ) — = :
(iv) f(X)={ ) | o opersh
=1, 0<x<1y (vii) f(x) = max { sin(mx/2),cos(mx/2)}.

Problem 10.5 Calculate the following integrals:

log2 2 2 __
(i) / Ver —ldx; (ii) / X
0 1 X
Problem 10.6 Calculate the derivative of the following functions:
. ot exp fxz tan /7 dt
W F) = [, San ) @)= | Ui} ds
2 1 p 2 logs
X t X
(i) F(x)= / P m; (v) F(x)= /0 x*f(t)dt, with f continuous in R;

[Fsin’rdr dt ) ) X Y5
(iil) F(x) = / - (vi) F(x)=sin / sin / sin“tdt ) dy |.
3 1+ sin®s 472 0 0

Problem 10.7 Find the absolute maximum and minimum in the interval [1,e0) of the function

flx)= /Ox_l (e_t2 —6_2’> dt.

HINT: lim fge*’z dt = /m/2.
X—yo0
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Problem 10.8 Prove that the equation

X 2
/e’ dt =1
0

has a unique solution in R and that it can be found in the interval (0, 1).

Problem 10.9 Let f(x) be a continuous function such that f(x) > 0 for all 0 < x < 1, and consider
the function

Flx) :2/Oxf(t)dt—/x1f(t)dt.

Determine how many solutions the equation F(x) = 0 has in [0, 1].

Problem 10.10 Find and classify the local extrema within (0, ) of the function

2 ‘
G(x) = / sinte®™ dt.
0

Problem 10.11 Write the equation of the straight tangent to the curve

V)2
y= / tan(¢?) dt
x2

at the point x = \/ /4.
Problem 10.12 Given the function

e —1—x
_— x <0,

2 M
x
=1
a—i—b/ e ldt, x>0,
0

calculate a and b so that it is continuous and differentiable.

Problem 10.13 Calculate the following limits:

N X oy g COSX [T g
() )lclg(l))73 </0 e dt—x); (ii) )1(13(1)74 /Osm(t )dt.

Problem 10.14 Calculate the two one-sided limits at x = O of the function

1 X2
—/ tan /7 dt.
0

2 .
. . * sint
Problem 10.15 Consider the function f(x) = / Tdt'
0

(a) Using the Taylor series of sint in powers of ¢, find that of f in powers of x.

(b) Calculate lim &
x—0 1 —cosx

(c) Discuss the convergence of the series Y f(1/n).
n=1

X

Problem 10.16 Let = -
et /) /—l/x a? + 1
values of a the function f is constant.

Determine, without computing the integral, for which

X
Problem 10.17 Consider the functions f(x) = ¢ —x*— 1 and g(x) = / f(t)dr.
0
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(a) Write the Taylor series of g in powers of x.
(b) Determine if g has a maximum, a minimum, or an inflection point at x = 0.

Problem 10.18
(a) Use the change of variable ¢ = sin® 0 to calculate the integral

1
/ arcsin/7 dt.
0

(b) Consider the function
2 COSZX

sin”x
flx)= / arcsin/7 dt + / arccos v/t dt.
0 0

Prove that f(x) = c, a constant, in the interval [0, 7/2].
(c) Determine the value of the constant c.

Problem 10.19 The equation

8(x)
/ (et2 +eil2> dt = x> +-3arctanx
0
defines an injective, differentiable function g in R. Calculate:
N/
() £(0),£'(0), and (g~')"(0).

. g (x)
(®) [ g(x)

Problem 10.20 Let f:[—1,1] — R be any integrable function.
(a) Prove that

/0 " ¢ f(sinx)dx = g /0 " flsinx) dx.

HINT: Do the change of variables y = 7 — x.
(b) Calculate the integral

- .
xsinx
/ 72dx
o 1-+cos*x

Problem 10.21 Let f be a differentiable function such that
16 18

! _ 12 X X
/Of(f)df—/x 2f)di+ g+ 5 e

Find f(x) and the constant c.
Problem 10.22 Prove that

xtzd exz
f~o— —5 00).
/Oe > (x )

Problem 10.23 Let f be a function n+ 1 times differentiable in an interval I, and let a,x € I.
Assume that the integral defining the function

Rn(x):nl!/a =) (e, n=0,1,...

exists.
(a) Calculate Ry(x).
(b) Integrating by parts, find a recurrence formula for R, (x).
(c) Solve the recurrence and interpret the result.



O 1. Geometric Applications of Integrals

11.1 Area of flat figures

Given two functions f and g such that f(x) < g(x) for all x € [a, D], we can obtain the area of the
flat figure S delimited by them and the vertical lines at x = a and x = b (see Figure 11.1(a)) as

b
A(S) = / [g(x) — £(x)] dx. (1L.1)

(a) (b)

Figure 11.1: Flat figure delimited by the functions f(x) and g(x) and the vertical lines at x = a and
x =b. (a) Simple case where f < g. (b) Case in which f and g cross each other, so the figure is
actually the union of several figures.

In a general case, where f and g can cross one or several times within the interval [a, b], the
figure S is made of the union of several figures —joined at the crossing points (see Figure 11.1(b)).
Strictly speaking we should then decompose the calculation between consecutive crossing points
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and apply formula (11.1) taking into account which function is the largest in each subinterval. This
can be done automatically by extending formula (11.1) as

= [~ 1) ax (11.2)

» Example 11.1 Let us calculate the area between f(x) = x(x —2) and g(x) = x/2 within the
interval [0,2]. Since in that interval f(x) < 0 and g(x) >0,

2, x 2/x 2 i3 22
JZ%(S):/O (E—x(x—Z)) dx:/o (E—x +2x> dx:z—g—i—x )
8 7
S -
3+ 3

= Example 11.2 Let us now calculate the area between the curves f(x) = x and g(x) = x* /4 within
the interval [—1,2]. First we need to find the crossing points:

x=— = x=0, x==2.
Between —2 and 0 we have g > f, but between 0 and 2 the opposite holds. Thus,

o (e ()52 G

23

11
16 2 16

2

0

=2-1-

Area of flat figures in polar coordinates

Suppose we have a curve given as r = f(0), where r is the distance to the origin and 6 the angle
with the positive X axis. These two variables are known as polar coordinates, and its relation to the
cartesian coordinates is given by the transformation (see Figure 11.2(a))

x=rcos0, y=rsinf. (11.3)

Figure 11.2(b) illustrates a curve r = f(6) expressed in polar coordinates.
The problem we face now is that of calculating the area of the figure formed by the curve
r = f(0) and the radii at angles 6 = a and 6 = b, i.e., the figure S = {(r7 0):a<0<bh 0<r<
0) } In order to achieve that we can introduce the analogue of upper and lowe sums. If we

introduce the partition P = {6y, 0y,...,6,}, wherea =6y < 6; < --- < 6,1 < 6, = b and define
m; =  inf 0), M;= su 0), 11.4
, inf_f(6) S f(6) (11.4)

then <7 (S), the area of S, should be bounded as
ZE 7(6:—6-1) Z F(6;—6i-1). (11.5)

If f2 is an integrable function, this is equivalent to the Riemann definition of the integral. Thus, in
the limit we will find
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Yy
r E
2.
(v
0 [
r cost X
(a) (b)

Figure 11.2: (a) Polar coordinates. (b) A curve expressed in polar coordinates r = f(6) and its
associated upper and lower sums construction. Here rectangles are replaced by circular sectors.

o (S) = ;/abf(e)Zde. (11.6)

= Example 11.3 Let us calculate the area enclosed by the curve (x> +y?)? = y?> —represented in
Figure 11.3.

05—

05| —

Figure 11.3: Curve (x> +y?)3 =y

To begin with, we will rewrite the curve in polar coordinates as

(r*)* = r*sin* 0 =  rt=sin’6 =  r=+/|sin6]=f(6), 0

N
(un)
N
)
)

Accordingly

T

1 2« T
ﬂ(s):i/o \sin9|d9:/0 sin0.d0 = (—cos 0)| " =2




11.3
11.3.1

168 Chapter 11. Geometric Applications of Integrals

Volumes
Solids of a given section

Suppose we have a solid S whose sections parallel to certain plane at a distance u from that plane
are given by the function ag(u). Suppose further that the solid spans all distances a < u < b. Then
the volume of S will be given by

V() = / ’ as(u) du. (11.7)

The proof of this result —first used by Pappus of Alexandria in the 4th century— follows
the same spirit as Riemann’s upper and lower sums construction. Suppose we make a partition
P={a=up,uy,...,u,—1,u, = b} of the segment |a,b]. Any sum

n
ZaS(Ci)(”i —ui-1), Ui-1 < ¢ < Uy,
i=1

is a Riemann sum of the function ag(u#) which represent the sum of the volumes of a stack of
parallelepipeds that provides an estimate of the volume of the solid S. Thus we obtain formula
(11.7) as long as ag(u) is an integrable function.

m Example 11.4 As an example let us calculate the volume of a square pyramid of base side / and
height h. If we take the basal plane as the reference plane, sections parallel to the base at height u
are squares of side x (see Figure 11.4). The value of x can be determined by triangle similarity as

h u u
_— — l 1 — = ).
2 -9z = 0F ( h)
Accordingly

X

Figure 11.4: Volume of a square pyramid of base side / and height % calculated through its sections.
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Solids of revolution

As a special application of formula (11.7) we can obtain formulas for solids of revolution —i.e.,
solids generated by the turn of a plane figure around the X or the Y axis.

Around the X axis

Jx)

Figure 11.5: Solid of revolution generated by the curve y = f(x) with a < x < b as it revolves
around the X axis.

As illustrated in Figure 11.5, the portion of the curve y = f(x) within the interval [a, b] generates,
as it revolves around the X axis, the surface of a solid of revolution S. Sections of this solid
perpendicular to the X axis are disks. If the section is taken at a < x < b, then the radius of the disk
is f(x). Therefore as(x) = 7 f(x)? and consequently

b
Y (S) = n/ f(x)%dx. (11.8)

m Example 11.5 To determine the volume of a sphere of radius a we can take as a solid of revolution
of the curve f(x) = v/a? — x? within the interval [—a,a]. Thus,

’ =27 a3—£ :4—na3
—a 3 37

a

V() =n [ (@-Pdx=n <a2x— f)

—a

Around the Y axis

In the case that the flat figure between the curve y = f(x) and the X axis delimited by the interval
[a, D] revolves around the Y axis, we obtain a solid of revolution S as that of Figure 11.6. To
calculate its volume we need to adapt Pappus’s construction a little bit, because each interval of
a partition P = {a = x¢,X1,...,X,—1,X, = b}, along with the corresponding heights f(c;) (where
xi—1 < ¢; < x;), generates a hollow cylinder (a tube). The volume of that cylinder is the difference
between that of the outer cylinder 7 f(c;)x? and that of the inner cylinder 7 f(c;)x? ;. Thus, the
Riemann sum

anﬂ(x,-z —xf 1) f(ei) (11.9)
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Y

N /! Jx)

e==z== — X

Figure 11.6: Solid of revolution generated by the curve y = f(x) with a < x < b as it revolves
around the Y axis.

provides an estimate of the volume of the solid S. This is valid for any ¢;, but if we choose
¢i = (x;+x;_1)/2 we can rewrite in a much better way as

i27€0if(ci)(xi —Xi1). (11.10)
=1

This is a Riemann sum of the function g(x) = 27mxf(x), so if g is integrable in [a, b] then

b
7/(5):271/ xf(x) dx. (11.11)

a

m Example 11.6 Let us calculate the volume of a doughnut (a torus in mathematical parlance), the
solid represented in Figure 11.7. This volume will be twice the volume generated by the half-disk
delimited by the function f(x) = \/a* — (x — R)? and the X axis within the interval [R —a,R + a],
as it revolves around the Y axis. Hence

R+a
V(S)=4n x\/a?—(x—R)%dx
R—a

With the change of variable x = R+ asin 0 (thus X' = acos 6) we transform the integral into

/2
7(S) :475/ (R+asin@)a®cos® 6.d6

—7/2

iﬁf

e

o

Figure 11.7: Solid of revolution generated by the curve (x — R)? +y? = a? as it revolves around the
Y axis. This solid —actually a doughnut— is called in mathematics forus.
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Now, sin 6 cos? 0 is an odd function, so

/2
/ sinBcos’0dO =0
—m/2

and therefore

) /2 ) ) /2 ) 1 /2
YV (S) =4nRa / cos“0d0 =2mRa / (1+c0s20)d6 =2nRa <7r—|—sin26 )
-2 -2 2 —/2
=0
= (27R)(na?).

11.4 Length of curves

Consider a parametric curve C = {r(t) € R" : a <t < b}, and the partition of the interval [a,b]
defined by P = {a = to,11,...,tn—1,t, = b}. If we join with straight segments the point r(fy) with
r(t), the point r(z;) with r(#;), and so on and so forth up to r(#,—;) with r(z,), we obtain a
polygonal curve IT(P) that approximates the curve C (see Figure 11.8). The length of IT(P) is easy
to calculate:

n
Z(T(P)) =Y |Ir(t) —r(ti-1)- (11.12)
i=1
If we multiply and divide each term of this sum by the length of the interval of the parameter we
obtain
() —r(t-
X(H(P)) = ( Zt) t(; ) (ti —ti-1). (11.13)
i=1 i~ b

As we refine more and more the partition

I‘(l‘,') — l’(ti_1 )

i —tiq ti—ti—1—0

r' (1)

and . (I1(P)) gets closer and closer to a Riemann sum of the function ||r'(¢)[|. Thus, if this
function is integrable,

Figure 11.8: A curve along with its polygonal curve associated to a partition.
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b
2(0) :/a 17 ()| dt. (11.14)

= Example 11.7 A circumference of radius a is a plane curve C given by the parametrisation
r(t) = (acost,asint), where 0 < t < 2m. Thus, its length can be obtained as

2 21 2
,,%(C):/ \/x’(t)z—l—y’(t)zdt:/ \/azsinzt—i—azcosztdt:/ adt =2ma.
0 0 0
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Problems

Problem 11.1 Calculate the area delimited by the following curves:
() y=x*y=(x-2)%y=(2-x)/6;
(i) x*+y>=1,x24+y> =2x;
(iii) 1—x 2—x
i) y=—,y=—,
Y 1+x Y 14+x Y

(iv) one loop of the curve y* = (x —a)(x — b)?, with a < b.

=0,y=1;

x(x*—1)
(x2+1)32
Problem 11.3 Calculate the area delimited by the following curves:

(i) r = a6 (Archimedes’s spiral), 0 < 6 < 27, and the segment {(x,0) : 0 < x < 27wa};
(ii) a petal of the three-petal rose r = acos30, —w/6 < 6 < /6;
(iii) half a lemniscata r = a\/cos20, —m/4 < 0 < w/4.

Problem 11.4 Let A the plane figure limited by the curves y = x* and y = 1/x. Determine:
(a) the area of A;
(b) the volume of the solid generated when A revolves around the X axis.

Problem 11.2 Determine the area between the curve f(x) = and the X axis.

Problem 11.5 Compute the volume of the solids generated when the following sets revolve around
the X asis:
(1) 0<y< I +sinx, 0 <x < 2m;
(i) R? <x2+)y? <4R%:;
(iii) plane figure delimited by the curves y =sinx and y =x with 0 < x < 7.

Problem 11.6 Compute the volume of the following solids:
22

+ == =1 revolves around the X axis;

(i) the solid generated when the ellipse R

(i1) same thing around the Y axis;
(iii) the solid whose base is the ellipse above and whose sections perpendicular to the X axis are
isosceles triangles of height 2.

Problem 11.7 ) )
(a) Calculate the area of the ellipse —+ Yo 1.
a’  b?
2 2 72
(b) Calculate the volume of the ellipsoid S+t 5= 1.
a’  br 2

(c) Check the result of Problem 11.6 (i) and (ii) as particular cases of the previous result.
HINT: Notice that intersecting the ellipsoid by planes parallel to the coordinate planes (x =0, y =0,
or z = 0) we obtain ellipses.

Problem 11.8 Calculate the length of the following curves:
(i) catenary: y = e 2 0<x<2;
(i) cycloid: x(f) = a(t —sint), y(r) = a(1 —cost), 0 < t < 2m;
(iii) hypocycloid or astroid: x*/3 4 y*/3 = 4;

N/
(iv) tractrix: y = alog <a—|—ax> —va*—x*a/2<x<aq
X

(v) cardioid: r =14co0s0,0< 6 < 27.
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(A. Sums and products

Sums and products are commonly denoted by the symbols
n n
Zak5a1+a2—|—~-—|—an, HakEalag---an. (A.1)
k=1 =

This is a handy symbolic notation that helps doing calculations thanks to a set of properties that
allow simple manipulations. Some of these properties are common to sums and products:

Common properties of symbolic sums and products:

(1) Trivial sum/product:

(ii) Separating out some elements:

S

n—r
Zak—a1+a2~l— -t+a,+ Z ap = (Zak) +ap—ry1+an_ry2+---+ap,
k=r+1 k=1

n
Hak:alClZ Ay H ag = (Hak> Apn—r+1An—r+2 "
k=1

k=r+1

foralll <r<n—1.
(iii) Shifting indices:

n n+r n+r
Z ag = Z Ak—r, Hak = H Ak—r,
k=1 k=r+1 =1 k=r+1

for all r € Z.
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(iv) Reversal:

n n n
Z An—k+1, Hak = Hankarl-
k=1 k=1 k=1

Other properties are specific for sums and for products:

nM:

Properties of symbolic sums:

(i) Additive property:

n

Zak—l—bk Zak—i—Zbk

k=1

(i1)) Homogeneous property:

M=

=c Z a, ceR.
k=1
(iii) Telescoping property:

n

(@ —ar1) =ay—ao, Y (a—a1) = a1 —dppi.
=1

D=

~
Il
—_

(iv) Distributive property:

(i aj) (i’”c) Y Yajhn

j=1 j=1k=1

(v) Sum of a constant:

n
Zc:nc, ceR.
k=1

Properties of symbolic products:

(1) Multiplicative property:

fles i) (11

(ii) Homogeneous property:

n n v
Ha,z: (Hak> , rYeR.
k=1 k=1

(iii) Telescoping property:

ak ap oag aj

, .
=1 %-1 4o =1 %+1  Adn+l




169

(iv) Product of a constant:

n
Hc =", ceR.
k=1
m Example A.1 In order to calculate
n
142+ +n=Y k
k=1

we can simply apply the reversal property of sums:

n

f (n+1-k)= Z(nJrl)—ik.
k=1 = k=1

I M:

This provides an equation for our sum, which leads to

L

because (n+ 1) is a constant (i.e., does not dependent on k). Hence the well-known result

i n+1)

n+1 =n(n+1),

uM:

= Example A.2 Let us now calculate

n
143454+ 2n—1)=) (2k—1).
k=1

We will do that in two ways. The first one amounts to splitting the sum as

M:

(2k—1) i i n+1) n=n(n+1)—n=n

k

For the second one we “complete” the sum with the even numbers, i.e., 2+4+-- -+ 2n, so that

=

(2k—1)+i2k: [143+-+@2n—1)]+[2+4+--+2n]
k=1

~
Il
_

2n 2n(2n+1)

=1+2+344+-+2n—1)+2n=) k= 5 =2n* +n.
k=1

But it is very easy to calculate the sum of the even numbers:

So we obtain

Y 2k—1)=2n*+n—(n*+n)=n".

T
[N
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Exercise A.1 Write down as symbolic sums:
(@ 3+6+9+---+60, and calculate it;
(b) the polynomial 3x — 6x% +9x> — 12x* + - - - +57x'% — 60x%.

m Example A.3 The simplest way to calculate the sum

is to write the first sum down explicitly, like

3 3
S=Y m+Y 2m+ Y 3m=(1+2+3)+2(2+3)+3-3=6+10+9=25.

= Example A.4 Let us calculate

100
S=Y (2k—1)=1014103+105+---+199.
k=51
To do that we write
100

S= ZZk—l ZZk—l),
k=1

where we have added an substracted all the terms from k£ = 1 to kK = 50. But we now know that
100 50

Y (2k—1)=100>=10000, Y (2k—1)=50%= 2500,
k=1 k=1
therefore

S = 10000 — 2500 = 7500.

m Example A.5 The apparently complicated sum
101

§= Z\/—ZF

is actually very easﬂy done with a few manipulations. First of all, we can shift the index in the
second sum as,
100

S = Zf—Zf
and secondly,
%f—ﬁ+§f—2+§:\/j,

100

Z\/—Z\/ﬂﬁ Z\/Ho

99 99
S=2+ — j—10=—
=5 =5

SO
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(B. Binomial formula

Binomial coefficients

Consider the following combinatorial problem. We have two letters, a and b and we want to form
sequences of length n using k letters a and n — k letters b. For the sake of clarity, suppose that n = 5
and k = 3. We can form 10 different sequences, namely

aaabb, aabab, abaab, baaab, aabba, ababa, baaba, abbaa, babaa, bbaaa.

This procedure becomes inpractical if n and k are large, so we need an alternative way of counting
these expression without explicitly writing them down. For the moment, we will introduce a symbol
to express this number: the combinatorial coefficient (}) (read it “n choose k™).

Imagine that we want to evaluate (Z) We divide the sequences into a block with the first n — 1
letters, and a block with the last letter. Sequences are of two types: those having an a in the second
block, and those having a b. How many are there of the first type? Well, we have a block formed by
all possible sequences of length n — 1 containing k — 1 letters @ and n — k letters b. We do not know
how many of these sequences are there but we know the number must be (Z:}) And what about
the second type? In this case the first block are all possible sequences of length n — 1 containing k
letters a and n — k — 1 letters b, and this number is (";1). Then the total number of sequences of
length n we want to know is the sum of the two types. In other words,

n n—1 n—1
= . B.1
(&)= G20) (") =
This is a recurrence equation, but in order to iterate and obtain the numerical values we need some
starting value.

Some combinatorial numbers are easy to obtain. For instance, if k = 0 or » all letters in the
sequence are identical, so only one sequence is possible. Hence

§-()-
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Besides, the number of sequences with k letters a and n — k letters b is the same as the number of
sequences with k letters b and n — k letters a, because this number does not depend on the identity
of the letters. In terms of binomial coefficients,

B-(2)

Now, equation (B.2) provides all binomial coefficients for n = 1. For n = 2 we can apply the
recurrence (B.1) and obtain the one we still don’t know,

()=)=()-1-2

There are two sequences with one a and one b (obviously, ab and ba). If we continue calculating
now the coefficients for n = 3,4, ... we will obtain the table

n=1 1 1

n=2 1 2 1

n=3 1 3 3 1

n=4 1 4 6 4 1

n=>5 1 5 10 10 5 1
n=>5 1 6 15 20 15 6 1

which is known as Pascal’s triangle. 1t is very easy to write a new row because they start and end
with 1 and every position is obtained by adding up the two coefficients it has on top (this is what
equation (B.1) actually says).

There is a closed formula for (’,Z) which we can derive using combinatorics. Imagine that the k
letters a are all distinct (e.g., because the carry a subscript, a, as, ..., a;) and the same holds for
the n — k letters b. The total number of different sequences is not the permutation of n elements,
because now all of them are different. This number isn! =n-(n—1)---2-1 (we can take any of
the n letters for the first position, then any of the n — 1 remaining ones for the second position, then
any of the n — 2 remaining ones for the third position, etc.).

But there is an alternative way of making all these sequences, namely we take the (Z) sequences
we had when all @’s and all b’s were identical, but now make all possible substitutions of them by
the nonidentical letters. There are k! different arrangements of the letters aj, a»,. . . ,a; in the stubs
left by the letters a, and (n — k)! different arrangements of the letters by, bs....,b,_ in the stubs
left by the letters b. This makes a total of k!(n —k)! (Z) sequences. Since both countings must yield
the same result,

k!(n—k)!(Z) =nl.

In other words,

(Z) - k!(nn_!k)! e 1)“1;!(”_]{“)’

(B.4)

where in the second version we have simply cancelled common factors in the numerator and the
denominator.

I Exercise B.1 Check recursion (B.1) explicitly using formula (B.4). L
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Exercise B.2 Prove the identities

(o) =rGo) o) =)

Binomial formula

We now whan to derive a formula for (a+b)" as a sum of powers of a and b. Take, for instance,
the case n = 2:

(a+b)* = (a+b)(a+b) = aa+ab+ ba+bb = a*> +2ab+ b.

Or the case n = 3:

(a+b)> = (a+b)(a+b)* = (a+b)(aa+ ab+ ba + bb)
= aaa + aab + aba + abb + baa + bab + bba + bbb = a* + 3a*b + 3ab* + b°.
In the explicit multiplication we can see how all sequences of letters a and b appear. As a matter of
fact, the last step is just grouping those having k letters a and n — k letters b and adding a coefficient
that counts how many such sequences there are. So it’s not surprising that the coefficients that we

see appearing are the binommial coefficients in the nth row of Pascal’s triangle.
We can therefore guess the binomial formula

(a+b)" = Z (Z) bk, (B.5)
k=0

We will prove this formula using induction.
For n = 1 the formula reads

o (o ()

which is trivially true.
Now, let us assume that the formula holds for n. Then we can obtain the formula for n+ 1 as

a n+1: a a "— ala n a n:an n Clk n—k < n ak n—k
(a+b) (a+b)(a+Db) (a+b)"+b(a+b) k;o(k> b +bk§)(k) b

_ Zn: (”) Ak 4 Zn: (”) ak L
=0 \k =0 \k

In the first sum we arrange the expression so that it explicitly depends on k+ 1 (by adding and
substracting 1 as appropriate):

(a+ by :kzi%) ((k+’11) - l)ak+lbn+l(k+1) +§a (Z)akbrwrlk’
and now shift the index from k41 to k (see Appendix A):
(a+b)™H! :nil ( n >akbn+lk+ i <n>akbn+lk‘
k—1 =\ \k

k=1
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Next we single out the last element (k = n+ 1) of the first sum and the first element (k = 0) of the
second sum and merge both sums into one:

(a+b)! = <”> oy Z <ki 1>akbn+l—k_|_ Z (Z)akbn+1—k+ <g> pitl
n k=1 k=1
~—— ———

=1 =1

:an+1+z": N ()| gkprtiok g gt
= L\k—1 k '

Finally we use the recurrence (B.1):

! 1
(a+by™* =1+ Y (”‘]'C‘ )akbn+lk+bn+17
k=1

and identify a"*! and b"*! with the terms k = n+ 1 and k = 0 of the sum, respectively:
1
(a+b)y! = ri (’H' 1>akbn+l—k.
i—o\ k

This is formula (B.5) with n replaced by n + 1, so assuming that the formula holds for n implies
that it also holds for n+ 1. This completes the proof.

Exercise B.3 Using the binomial formula (B.5) prove the identities

56 L0160

HINT: choose appropriate values for a and b. u



(C. Euler’s number

A usurer lends money at an Annual Percentage Rate (APR) of 100%. This means that if you needed
1000 euros, you would have to return 2000 euros after a year (the ‘principal’ plus 1000 euros of
interest). But this guy realises he is loosing money with this procedure, for he can lend you the
1000 euros for 6 months, after which you must return 1500 euros, and if you still need the money
for another 6 months you can keep it, but the interest rate during the second 6 months is applied to
the new principal, 1500 euros. So at the end you must pay 2250 euros, instead of 2000. You end up
paying a factor 1.5 x 1.5 = 2.25 the initial principal (i.e., 125% APR).

But why stopping there? What if he repeats this procedure every three months? After each
three-month period you owe the usurer 1.25 the previous principal. This means you owe 1250
euros after 3 months, 1562.50 after 6 months, 1953.125 euros after 9 months, and you must return
2441.40625 euros after one year. In total you pay 1.25% = 2.44140625 times the principal (= 144%
APR).

The logical step is obvious: if the usurer divides the year in n periods, after one year you end
up paying

(-3

times the principal. The optimal for the usurer is to make as many divisions of the year as possible,
and it’s clear that there is no limit to the number of such divisions. So, according to this logical
argument, the usurer feels entitled to multiply the principal by a factor

1 n
lim <1+> =e=2.71828182845904 ...
n

n—soo

Rounding up, you owe the usurer 2718.28 euros (= 172% APR). Perhaps the surprise here is
that—to the usurer’s disappointment—this amount is not infinite!

As a matter of fact this is what modern banks do—only they do not apply usurious annual
interest rates. Thus, if the interest rate is 0 < r < 1 per year, the amount you must return after one
year is a factor over the principal that is calculated as

. r\"
lim (1_,_,) =e.
n

n—soo
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For instance, a 5% interest rate means » = 0.05 and ¢" =~ 1.051, i.e., a 5.1% APR. If you return the
money after, say, 10 years instead, the factor is el ~1.649,ie., a 64.9/10 ~ 6.5% APR. And so
on. The longer the return period the higher the APR (with an exponential increase). This is the
reason why banks are so fond of lending mortgages.

It is not our concern here to discuss the fairness of financial practices, but to prove that the
above limit exists, as well as its irrational nature.

Existence

The way we are going to prove the existence of e as a genuine real number is by proving that its
defining sequence is monotonically increasing and bounded from above.

Proposition C.1.1 The sequence {a,};_, defined by

1 n
a, = (1 + >
n
is monotonically increasing

Proof. Let us apply the binomial formula to a,,

1 n n n 1 k n n! n n! n A n
=\t ) = ) =) =2 — =2
< +"> L <k> <n> Z(n—k)!k!n" +k§’2(n—k)!k!nk +k§2

k=0 k=0

Au(n) = (n_n]i)!nk _ n(n—l)(n_i)k...(n—kjtl) _ <1_i> (I_D (1—]:1).

If we do the same with a,, 1,

P
S—

A (n+1 1 2 k—1
r(n+1)
il =2 — A H=(1- 1-— el 1= :
1 +,§2 k! e(nt1) ( n+1>< n+1> < n+1>
Now, it is clear that for any j € N

U AU >1—1,

n+1 n n+1 n

therefore Ay (n+ 1) > Ay(n) for all k. Also A,(n) > 0. Accordingly,

n+1 A
k n —‘r 1 l’l —|— 1
any1 =2+ Z Z n
which proofs the claim. u

To proceed we are going to need two trivial observations. The first one is that n! > 2"~! for all
n € N (the equality holding only for n < 2). This is clear because

n!=2-3---(n—1)n, 2l =2.2...2.2
— N—
n—1 factors n—1 factors

and every factor of n! is larger than (or, in the case of 2, equal to) 2. An immediate consequence is
that
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(the equality holding only for n < 2).

The second observation is that A;(n) < 1 for every 2 < k < n, the reason being that every factor
forming A (n) is strictly smaller than 1.

With these two observations we can prove the second proposition:

Proposition C.1.2
1 n
a, = <1 + ) < 3.
n

Proof. As we have just seen,

1 1 L — 1
<2+22k 1—2+22k_2+1 =3

1 B on—1’
from which a,, < 3 for all n € N. |

2

Irrationality

Before we consider the rational or irrational nature of e we are going to prove its most famous—and
computationally efficient—representation.

Theorem C.2.1

Proof. Establishing the convergence of this series is straightforward. As a matter of fact, in the
proof of Proposition C.1.2 we have shown that

1" &1
a, = l—i-) < — <3,
( n k;)k!

from which convergence follows immediately. Now, taking m € N fixed, for every n > m we have

because Ay (n) > 0 for every 2 < k < n. Hence the bracketing

n

2 Ar(n) 1
24 Z a <ap < o
k=2 k=0

holds true for every n > m. On the other hand, since

limAg(n) =1, k>2,

n—yoo

taking limits in the bracketing we get

m

Zy\e\z

This new braketing holds for every m € N, therefore



178 Chapter C. Euler's number

The proof the e is irrational makes use of this representation, and it’s a proof by contradiction.
But before we get into it we are going to obtain a bracketing of e that both provides an excellent
approximation to calculate e as well as paves the way to prove its irrationality.

Lemma C.2.2

1
xn<e<xn+%, anZ—.

Proof. As all terms in the series defining e are positive, the first inequality, x,, < e is straightforward.
As for the second,

1 1 1
=Nt G T ) Ty T
1 1
=x,+ 1+ + + 4
! (n—I—l)![ n+2 (n+2)(n+3) (n+2)(n+3)(n+4)
< Xpt {1+ Ly 1 . 1
X |l =x - -
" (n+1)! n+l (n+1)2 (n+1)3 SRRV
1 n+4+1 1
_xn+(n—|—1)! P

This bracketing states that the error we make approximating e by x, is smaller than 1/n!n—
quite a small number for not too large values of n. For instance, if we take n = 9, the error is smaller
than 3 x 107, and indeed

98641

= —— =2.7182815255. .. =2.7182818284 ...
X9 = 36383 82815255..., e 8281828

And here comes the irrationality proof, due to Fourier:

Theorem C.2.3 — Fourier, 1815. ¢ is irrational.

Proof. Suppose otherwise that e = p/g, an irreducible fraction with ¢ > 1 (e is not an integer).
Then,

1
xg<e <xq+% = qlgxg < (g—1)!p <qlgx,+1.
But ¢lgx;, =N € N, and also (g —1)!p € N, and yet N < (¢ — 1)!p < N+ 1, which is impossible

(there is no natural number between two consecutive natural numbers). Hence the rationality
assumption for e leads to a contradiction. |



(D. Solutions to exercises

D.1 The Real Line

Problem 1.1

(a) First of all, if 0 < a < b, then 0 < \/a < v/b (for suppose it were false and v/b < v/a; then
squaring we would have b < a, which we know is false). Now, multiplying this last inequality
by v/a > 0 we get

(Va)’<vavb =  a<Vab.

2
For the second inequality, we start off from the fact that ( Va— \/Z)) > 0 and then expand the

binomial to obtain a —2v/ab+ b > 0. Adding 2+v/ab to the inequality we get a+ b > 2v/ab,
and finally multiplying by 1/2 we obtain

b
anr > Vab.

The last inequality is obtained by adding b to a < b to obtain

a+b

a+b<b+b=2b >

<b.

(b) Since 0 < a < b and ¢ > 0, then ac < bc. Now we add ab to the inequality and obtain
ab + ac < ab + bc. Factoring out the common factor in each side of it,

a(b+c) <b(a+c) & Z<Ziz

because dividing by a > 0 or b > 0 does not change the inequality.

Problem 1.2 Proving this amounts to proving two statements: (i) that |a + b| = |a|+ |b| implies
ab > 0, and (ii) that ab > 0 implies |a + b| = |a| + |b|.
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Let us start with (i). If we square the expression we get |a +b|? = (|a| + |b|)?. But |a +b|* =
(a+b)?. Now expanding both binomials we obtain

a® +2ab +b* = |a|* 4 2|ab| + |b]?,

and cancelling common terms in both sides we end up with 2ab = 2|ab| > 0.

As for (ii), ab > 0 means that a and b have both the same sign. Suppose a > 0 and b > 0. Then
la+b| = a+b=|a|+ |b|. Suppose now that a < 0 and b < 0. Then we can write a = —|a| and
b = —|b|, and therefore

la+b|=|—la|—[b]| = | (la| +[b])| = |a| + |b].

Problem 1.3
(a) Suppose x > y. Then max{x,y} =xand |[x—y| =x—y, so

x+y+|x—y| _x+y+x—y_%_x
2 B 2 27

Suppose now that x < y. Then max{x,y} =y and |x —y| =y—x, so

x+y+le—yl  xt+y+y—x 2y
2 N 2 2

y.

In both cases the two sides of the equality yield the same result.

(b) Suppose x > y. Then min{x,y} =yand [x—y| =x—y, so

x+y—lx—yl _x+y-—x+y 2y
> 2 277

Suppose now that x < y. Then max{x,y} =xand |x—y| =y—ux, so

x+y—|x—y| _x+y—y+x_g_x
2 N 2 2

Again, whichever the case, both sides of the equality yield the same result.

Problem 1.4 Clearly ¢(x) = max{x,0}, so using the formulas from the previous exercise

x|

Problem 1.5
(a) n?> —n=n(n— 1), which is even because it is the product of two consecutive numbers —one
of which must be even.

(b) n* —n=n(n*—1) = (n—1)n(n+ 1), hence must be a multiple of 3 because it is the product
of three consecutive numbers —one of which must be a multiple of 3—, but is also a multiple
of 2 because in every three consequtive numbers at least one is even —and possibly two.
Thus it is a multiple of both, 2 and 3, therefore is a multiple of 6.

(c) Odd numbers are written as n = 2k — 1, with k € N. Hence n> — 1= (2k—1)? -1 =
4> — 4k +1— 1 = 4k> — 4k = 4k(k — 1). Tt is clearly a multiple of 4, but since one of the
other two factors must be even, it is a multiple of 8.

Problem 1.6
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(a) Let us check that the identity holds for n = 1. The left-hand side is clearly a — b. As for the
right-hand side,

1
Zalfkbkfl — aObO — 1’
k=1

so the right-hand side is also a — b.
Now let us assume that for a particular n the formula holds. Then

N

Cl _bl’l Z kbk_l.

Multiplying this equation by a we get

N
N

an+ _abn Z n kbk 1 abn Z +1*kbk71'

Let us substract »"*! from both side of the equation:
an-i—l _ bn+1 = ab" _bn+1 + (a —b) i a”"’l_kbk_l'
k=1

In the first two terms of the right-hand side 4" is a common factor, so we can write

an+1 _bn+1 b"(a b Zn: +lfkbk71

and now (a — b) is a common factor of both term in the right-hand side, so

an bn+l (a b

1
bn+ Zal’l+l kbk 1] — (a_b)rial’l‘#l*kbkfl7
k=1 k=1

and we are done, because we have just proven that the formula is also valid for the next
natural number n+ 1.

(b) Forn=1we getn’ —n=1—1=0, which is trivially a multiple of 5. Now, assuming n° —n
is a multiple of 5, we can expand

(n+1)° = (n+1)=n" +50* + 100> + 100> +5n+ 1 —n—f = (n° —n) +5(n* +2n° +2n* +n).

The first term of this sum is a multiple of 5 by assumption, and the second one is obviously a
multiple of 5 because of the factor 5 in front of it. Therefore (n+1)> — (n+ 1) will also be a
multiple of 5.

(¢) For n =1 we have 1 +x > 1+ x, which is obviously true. Let us assume that for a certain
n it holds (1 +x)" > 14 nx. Since x > —1, we know that 1 +x > 0, so if we multiply the
inequality by (1 +x) we obtain

(1+x)" > (14+x)(1+nx) = 1 +x+nx+nx? =1+ (n+ 1)x+nx.
Now, nx? > 0 forany x € Rand n € N, so 1 + (n+ 1)x+nx? > 1 + (n+ 1)x. Therefore
(14+x)" 1 > 14 (n+1x.

Problem 1.7 In all cases, the first case we must check is n = 2, since the inequalities are valid for
n>1.
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(a)

(b)

For n = 2 the left-hand side is 2! = 2 and the right-hand side is (3/2)> = 9/4 = 2.25, so the
inequality is true. Now let us prove that

I’l—|-1 n n+2 n+1
n! < 5 = (n+1)< 5

To that purpose, we multiply the inequality by n+ 1 and get

(n+1)"+! n+1\"""
N<—2 =2
(n+1)< o 5

Then, using the hint,

n_|_1 n—+1 1 n+1 n_|_1 n+1
DN<2 — 1 —_—
(n+1)! < ( > > < +n—|—1 >
1+ 1 n+1_ n+2 n+1
n+1 S \n+1 '
(1)1 <2 n+1 - n+2\"" /nri "H_ n+2\"!
2 n+1 2 S\ 2 '

which proves the inequality we were looking for.

But

SO

Let us first prove that (2n+2)! > (n+2)"(n+2)!, or equivalently that

m > (n42)".

To do that we use the definition of factorial and cancel all common factors in the fraction:
(2n+2)!  (2n+2)(2n+1)2n---(n+3)(n+2 —3.2-1
(n+2)! (n+2 —73.2.1
=2n+2)2n+1)---(n+3).

If we now replace all factors by n+ 2, which is smaller than any of them, we get the lower
bound

(2n+2)!

i ) ) = ()",

n times

which is the equality we wanted to prove.

Let us now prove 2!-4!---(2n)! > [(n+1)!]" using induction. Take n = 2 —the first value
for which the inequality is supposed to work. The left-hand side is 2!-4! =2 .24 = 48, while
the right-hand side is (3!)? = 62 = 36, so the inequality holds for n = 2.

Assume now that 2!-4!---(2n)! > [(n+1)!]" holds, multiply both sides by (2n+2)! and
use the inequality just proven:

2041 (20)1(2n+2)! > [(n+1)1]"(2n+2)! > [( ) (2 (04 2)!
= [(n—Fl)‘(l’l-i—Z] [n—I—Z ] n_|_2)1_ [(n_|_2) ]n-i—l

and so the inequality also holds for n+ 1.
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(c) Take n = 2. The left-hand side is 1+ 1/ V2 & 1.7, whereas the right-hand side is V214,
Hence the inequality holds for the first value of n. Assume now that

1 1
I —z ot —= >/
N R A

and add 1/+/n+ 1 to both sides of the inequality. We end up with

1 1 1 VnFl+1 o/ +1
e _ Ynyndlel Ynlnd Dl
V2 n+1 vn+1 vn+1 vn+1

Now, n(n+ 1) > n?, therefore

1 1 V241l n+l
V2 Vn+1~ Vn+l i+l
and the inequality is proven.
Notice that in this case there is a simpler way to obtain the inequality without using induction.
All we need to do to find a lower bound to the sum in the left-hand side is to replace every
term by the smallest one, namely 1/+/n. If there are two or more terms in the sum (i.e. if
n > 1) then we obtain a strict lower bound with this operation. So

n+1

1 1 1 1

I+ —=+F+—=>—F=++ " —n
V2 vn~o\/n n +/n
e e
n times
Problem 1.8

(a) 1+ V2 and 1 —+/2 are clearly irrational numbers (their decimal expressions have the same
decimal part than v/2), but if we add them up we obtain 2, which is a rational number.

(b) If we multiply v/2 by itself we obtain 2.

(c) Consider the number a = ﬂﬂ and let us compute
V2 Va2 5
oV = (fzf) - (V)" = (va) =2

Therefore, either a € Q —in which case x = y = v/2 is the example we are seeking— or
a ¢ QQ —in which case x =a and y = /2 is that example.
Problem 1.9
(a) Suppose that /24 /3 = r € Q. If we square both sides,

2 2_5
(\f2+\/§> = & 24+34+2V2V3 =1 & V6 = . >

The right-hand side in the last expression is a rational number, so /6 must be a rational
number. Suppose there is an irreducible fraction p/g such that V6=p /q. Squaring, 6¢> = p?,
so p must be even, i.e., p = 2k. Substituting 64> = 4k>, which simplifies to 3¢*> = 2k>. Thus
g must be even too, but that is not possible because ¢ and p do not have common factors.

Hence v/6 ¢ Q and therefore V2+4/3 ¢ Q.

(b) Suppose \/n = k+/r = p/q, an irreducible fraction. Squaring this equation rk’¢*> = p?. But
this is impossible because r does not contain any square factor whereas all factors in the
right-hand side are squared. Hence \/n ¢ Q.



184 Chapter D. Solutions to exercises

(¢) Suppose vVn—1++/n+1=r € Q. Squaring

2
-2
n—1+n+142vVn—1vVn+1=1> RN nz—lzr 5 "

The right-hand side is a rational number, but the left-hand side cannot be because n> — 1 is
not a perfect square (two consecutive numbers cannot be both perfect squares, and n? is).

Thus vn—1++vn+1¢ Q.

Problem 1.10 All we need to do is to expand the binomials in the left-hand side of the equation:

2 2
(58) o (552 = ol o ) = 0+ 4 25 2+ o — 23]

2 2 4

Problem 1.11
(i) Since |z| < ais the same as —a < z < q,

k—3]<8 & -8<x-3<8 < 3-8<x<3+8 & —5<x<IL

Hence A =[5, 11].
(i1) On the one hand
1

|2\<1 & 1< 2< & 3<<
. 2 2 =7 2 2SSy

On the other hand 0 < |x — 2| holds if, and only if, x # 2. Therefore B = (3,2) U (2,3).

(iii) We can factor out x> — 5x +6 = (x —2)(x — 3), therefore C = {x € R : (x —2)(x—3) > 0}.
So C contains those x for which both factors are either nonnegative or nonpositive, i.e., x > 3
and x < 2. Hence C = (—o0,2] U3, 00).

(iv) D contains those x for which an odd numbers of the three factors in the inequality are negative,
ie.x<—3and 0 <x < 5. Thus D = (—e,—3)U(0,5).

(v) Factoring out x> +8x+7 = (x+1)(x+7) we can rewrite
2x+4
E = xeR:L>O :
(x+1)(x+7)

Thus either all factors in the fraction must be positive or one positive and the other two
negatives. This holds for x > —1 and —7 < x < —4, hence E = (—7,—4) U (—1,).

(vi) Since

x> —4 (x—2)(x+2)

4 4
—<x & 0<x—- & 0< & <=
X X X X

F will contain those x for which either all three factors in the fraction are positive or one is
positive and two negatives, i.e., 2 < x and —2 < x < 0. Hence F = (—2,0) U (2,00).

(vii) The inequality 4x < 2x+ 1 is equivalent to 2x < 1, i.e., x < % The inequality 2x+1 < 3x+2
is equivalent to 0 < x+ 1, i.e., —1 < x. Hence G = [—1, %)

(viii) |x?—2x| < 1 means —1 < x?—2x < 1. The inequality —1 < x> —2x means 0 < x> —2x+1 =
(x — 1)2, which only holds for x # 1. On the other hand, the inequality x*> — 2x < 1 means
x* —2x—1 < 0, which holds for all x within the two roots of x> —2x — 1 = 0. These two
roots are 1 ++/2 > 0and 1 —v/2 < 0. Therefore H = (1— V2, 1) U(1,1+\@).
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(ix)

)

The equation

x—1|x+2/=10 < |x—=1)E+2)|=10 < [FP*4+x-2/=10
is actually two in one, namely

P©+x-2=10, x*4+x—2=-10.

The solutions of the first one are the solutions of x> +x— 12 =0, i.e., x = —4 and x = 3. On
the other hand, the second equation becomes x> 4 x + 8 = 0, which has no real solutions.
Thus I = {—4} U{3}.

The inequality |x — 1|+ |x+2| > 1 has to be discussed in three regions: (a) x > 1, (b)
—2<x<1,and (¢) x < —2.

(a) x > 1. The inequality becomes x — 1 +x+2 > 1 because the numbers within the absolute
values are both nonnegatives. This is equivalent to 2x+1 > 1, i.e., x > 0. Since we are
assuming that x > 1, all numbers in this region satisfy the inequality.

(b) —2 < x < 1. The inequality becomes 1 —x+x42 > 1 since x —1 < 0 but x+2 > 0. This
inequality turns out to be 3 > 1, which is obviously true, so all numbers in this region satisfy
the inequality.

(c) x < —2. The inequality becomes 1 —x —x—2 > 1 since bothx—1 <0 and x+2 < 0.
This inequality becomes —2x—1 > 1, i.e., 24+ 2x < 0 or x < —1. But we are in a region
where x < —2, so all numbers in this region satisfy x < —1.

Consequently J = R.

Problem 1.12

(@)
(ii)
(iii)
(iv)

x(0) =a,x(1) =b,x(1/2) = (a+D)/2.
B = (a,b).

C = (—o,a).

D = (b,o0).

Problem 1.13

@)
(i)
(iii)

supA = 3 # maxA; infA = —1 = minA.
supB =3 = maxB; infB= —1 = minB.
supC =3 = maxC; infC =2 # minC.

(iv) Writing (n?+1)/n as n+ 1/n is clear that supD = oo; inf D = 2 = minD.

(v)

(vi)

(vii)

The two roots of the parabola are x = 3 and x = 1/3. Since the coefficient of x? is positive,
the parabola is negative between the two roots. Hence E = (1/3,3) and supE = 3 # maxE;
infE = 1/3 # minE.

F contains those numbers for which an odd number of factors are negative. Thus F =
(a,b)U(c,d) and supF = d # max F; inf F = a # minF.

supG = %4—% = 17—0 =maxG; infG = 0 # minG.

(viii) We can express H =H,  UH_,where Hy ={1+1/m:meN}and H_ . ={—-1+1/m:m¢€

N}. Since all numbers in H_ are smaller than all numbers in H,, supH = supH, =2 =
max H, whereas infH = infH_ = —1 # minH.
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D.2 Real Functions

Problem 2.1
(i) We can factor out the denominator as x> — 5x+6 = (x —2)(x — 3); therefore, the domain is
R—{2,3}.
(ii) There are two conditions for f(x) to exist: 1 —x? > 0 and x*> — 1 > 0. Together they imply
1 — x? = 0. Therefore the domain is just the set {—1,1}.

(iii) There are two conditions to be met for x to be in the domain: first, 1 — x2 > 0; second,
x # /1 —x2. The first condition implies x> < 1, or equivalently, —1 < x < 1. The second
condition is not fulfilled if x = v/1 —x2. Squaring this equation we obtain x> = 1 —x?, which
is equivalent to x> = 1/2. The two solutions of this equation are x = £1/+/2, but of them
two, only the positive one is a solution of the original equation x = v/1 — x2. Thus the domain
is [-1,1/v/2)U(1/v2,1].

(iv) The two coditions to be met for x to be in the domain are 4 —x*> > 0 and 1 — /4 —x2 > 0.
The first one reads x> < 4, i.e., —2 < x < 2. The second one implies v/4 — x2 < 1. Both sides
of this inequality are positive, so we can square it to obtain 4 —x*<1,ie., x2 > 3. This
holds either if x > v/3 or x < —+v/3. Therefore, the domain is -2, —\@] U [\/g, 2.

(v) The denominator vanishes if logx = 1, i.e., if x = e. Since the logarithm requires x > 0, the
domain is (0,e) U (e,o0).

(vi) The condition to be met now is x — x> > 0. We can factor x — x> = x(1 — x), so the roots
of the parabola are x = 0 and x = 1. Since the coefficient of x* is negative, the parabola is
positive provided 0 < x < 1. The domain is then (0,1).

(vii) Three conditions need to be met: first, x > 0 because x is the argument of a logarithm; second,
logx # 0 because it is the denominator; and third, 5 — x > 0 because it is the argument of a
square root. The second condition implies x # 1, whereas the third one implies x < 5. Thus
the domain is (0,1) U (1,5].

(viii) The first requirement is x > O for the logarithm to be meaningful. The second one is
—1 < logx < 1 because the domain of the arcsin is the interval [—1,1]. Since logx is
monotonically increasing, this inequality is equivalent to e~! < x < e, so the domain is the
interval [e~!,e].

Problem 2.2
(a) We know that f(—x) = —f(x) and g(—x) = —g(x). Then

(f+8)(—=x) = f(—x) +8(—x) = —f(x) —g(—x) = =(f +8) (%),
so f+gis odd. Now,

(f8)(=x) = f(=x)g(—x) = [-f(¥)][-g(¥)] = f(x)g(x) = (fg)(x),
so fg is even. Finally,

(fog)(—x)=f(g(—x)) = f(—8(x) = —f(8(x)) = —(fog)(x).
Thus f o g is odd.

(b) Now f(—x) = f(x) and g(—x) = —g(x). Then

(f+8)(—x) = f(—x) +g(—x) = f(x) — g(—x),

so f + g is neither even nor odd. As for the product,

(f8)(=x) = f(=x)g(—x) = f(x)[-g(¥)] = —f(x)g(x) = —(f&) (x),
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so fg is odd. Finally,

(fog)(—x) = f(g(—x)) = f(—gx)) = f(g(x)) = (fog)(x).

Thus f o g is even.
Problem 2.3 (i)

The function is odd.
(1)

(—x)? — (—x) _ X +x
(—x)2+1 x> +1

f(_x) = 7é :l:f(x)a

so the function is neither.
(iii)
—sinx  sinx

f(-x) = = =S (),

—X —X X

The function is even.
(iv)
F(=x) = cos ((=x)*) sin ((—x)?) e~ " = cos(—x*) sin(x?)e ™" = cos(x) sin(x?)e ™ = f(x).
The function is even.
v)

1 1
VETFT—(—x) Va2 1+x

so the function is neither.

f(=x) =

(vi) This function is the logarithm of the function in the previous item, so it seems that it has no
defined parity because

f(=x) :10g< x2+1+x) :

However,
(\/x2+1+x) (\/xz—i—l—x) 21— 1
X24+14+x= — _ 7
xX2+1—x VX2+1—x Vx24+1—x
SO

f(=x) zlog( x2+l+x> =log <\/)%l—x> = —log (\/x2+1—x> = —f(x).

The function is odd.
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Problem 2.4 The equation defining the inverse function is (fo f~1)(x) = (f~' o f)(x) = x. If the
function is to be its own inverse it must satisfy the equation (f o f)(x) = x. In other words,

_af(x)+b a (&) +b _alax+b)+b(cx+d)  (a®+bc)x+ (a+d)b

cf(x)+d c(&4h) +d ~clax+b)+d(cx+d)  (a+d)ex+ (be+d?)

(fof)(x)

For the last two expressions to be the same we must have

(a+d)c=(a+d)b=0,

a* =d>.

There are two ways in which the top equations can be fulfilled. The first one is ¢ = b = 0. Since the
second equation implies a = +d, the two resulting functions are fj(x) = x and f>(x) = —x. The
second possibility is that a +d = 0, or d = —a. Then all three equations hold. This corresponds to
the function

) = ax—+b

cx—a’
whose only constraint is that ¢ and a cannot be both zero.

Problem 2.5 The statement of the problem is that f(x), understood as a mapping f: R—{—1/2} —
R —{1/2}, is bijective. A simple way to see that the domain of f is R —{—1/2}, that it can be
inverted in its domain, and that the domain of f~'is R — {1/2}.

That the domain is R — {—1/2} is obvious because x = —1/2 is the only zero of the denominator.
That f can be inverted is a matter of solving x as a function of y in the equation

_y-3
C1=2y

x+3

= 1Tim = y(14+2x)=x4+3 = y-3=x(1-2y) = «x

Yy

The inverse function is then

1, X3
fow= 1—2x

and its domain is clearly R — {1/2}.

Problem 2.6
(a) An easy way to check for injectivity is to determine whether the equation y = f(x) has a
unique solution for those y for which it can be solved.
(i) Foreveryye€ R,

y=71x—-4 = x="—F—.

So there is a unique solution no matter y, which means that the function is injective.

(ii) Only if —1 <y < 1 the equation
y =sin(7x —4)

can have a solution. On the other hand, two points x; and x; such that 7x, —4 =
Tx1 — 4+ 2nm, with n € Z, are both solutions of the same y. Clearly x, = x; + 2n7/7.
Therefore there are infinitely many solutions for each —1 < y < 1, which means that
the function is not injective.
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(iii) Foranyy € R,
y=@E+1)P+2 = x=(-2)'-1,
so the solution is unique and the function is injective.
(iv) Take y so that

_x+2
S ox+17

Y
Then

yax+1)=x4+2 = y—-2=x(1—-y).
Thus, provided y # 1, we obtain

y—2
X= ———
I-y
and the solution is unique. The function is injective.

(v) Take y and solve for y = x> —3x+2, or x> —3x+2 —y =0. Then

o 3£9+4(y—2) 3+Ay+1
- 2 - 2 '

The equation has a solution only if y > —1/4. But for all y > —1/4 there are two
different solutions. Therefore the function is not injective.

(vi) Consider the equation

X

y:x2+1'

If y = 0 the only solution is x = 0. If y # 0 it can be transformed into
yF+)=x = w*—x+y=0.

The solutions of this quadratic equation are

L 1EV1-47

Y

There is solution only if y? < 1/4,i.e., —1/2 <y < 1/2,but forevery —1/2 <y < 1/2
there are two different solutions for the same y, hence the function is not injective.

(vii) Foreveryy > 0,
X

y=e' = logy=—x = x=—logy

The solution is unique and the function is injective.

(viii) Foreveryy € R,
y=loglx+1) = €e=x+1 = x=¢&-1.

The solution is unique and the function is injective.



190 Chapter D. Solutions to exercises

(b) The solutions of the equation y = x> — 3x + 2 are (see previous item)

3+44y+1
xX=——.
2

Clearly one solution is larger than 3/2 and the other is smaller than 3 /2. Therefore, if we
limit the domain to those x larger than 3/2 only one solution survives and the function
becomes injective.

(c) Take two values 1 < x| < x; and calculate the difference

X1 X :x](x%—l—l)—xz(x%—l—l):(xz—xl)(xlxz—l)
2+1 x+1 B+ (x3+1) (F+1)(x3+1)

fx) = f(x) = > 0.

So f(x) is monotonically decreasing for x > 1 and therefore injective.
Now, since the solution of y = f(x) is (see previous item)
144/1—4y?
X=—"
2y ’
fory = V2 /3,

2,
C1£/1-8/9 341 V2

o223 vz | L
V2
Since the domain of the function is (1,c0), only the top solution is in the domain; thus
FV2/3) = V2.
(d)

(i) There is a unique solution for every y € R, therefore the function is surjective, hence
bijective.
(ii) Not surjective because the range is [—1,1].
(iii) Surjective and bijective.
(iv) Not surjective because y = 1 is not in the range of the function.
(v) Not surjective because the range is [—1/4,00).
(vi) Not surjective because the range is [—1/2,1/2].
(vii) Not surjective because the range is (0, o).
(viii) Surjective and bijective.
Problem 2.7

(1) Let us denote 6; = arctan%, 6, = arctan %, and 6 = 0, + 6. Firts of all, 0 < 0, < w/4, so
0< 6 < m/2. Now,

tan; +tan@ 5+
tan 0 = tan(60; + 6,) = an oy + tan b2 :i

s/,
~ 1—tan6tan6,

=576~

QN = || —

Therefore 6 = /4.
(ii) Now 6; = arctan2 and 6, = arctan3, and /4 < tan 6, , < 7/2,s0 /2 < tan6 < 7. Then

tan 0; +tan 6, _2+3_i_
l—tan® tan® 1—6 —5

tan 6 = tan(6; + 6;) = —1.

Therefore 6 = 37 /4.
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(iii) Denote 0; = arctan % 6, = arctan % 65 = arctan % and 6 = 0; + 6, + 65. Since 0 < tan 6; <
m/4 then 0 < tan® < 37w /4. Accordingly tan6 >0if 0 < 6 < w/2and tan6 < 0if /2 <
0 <3m/4.
First of all we need to work out a formula for tan(6; + 6, 4 65). For the sake of simplicity
we will denote 7; = tan 6; and 7;; = tan(6; + 6;). Thus,

TI+T
040 4o 2tB o TB  T+h+B—Tn0G
tan( 1+6+ 3)— = ) = .
1— T1273 1-— m’t’g 1— T1T) — T T3 — 737

The formula is

tan 07 + tan 6, + tan 83 — tan 0; tan 6, tan 03

tan 6 = 1 —tan@; tanH, —tan O, tan O — tan O3 tan O;
substituting,
- 1+i+i—% _40+16+10—1_65
- Lo 17 80-8-2-5 65
Thus 6 = /4.
Problem 2.8

(i) Denote 8 = arccosx, so that cos @ = x. Then

flx)=sin0 = v/1—cos20 = /1 —x2.

(i1) Denote 6 = arcsinux, so that sin @ = x. Then,
f(x) =sin(20) = 2sinBcos @ = 2sin O/ 1 —sin® @ = 2x/1 —x2.

(iii) Denote @ = arccosx, so that cos @ = x. Then

sinf V1—=cos26 B V1=2x2

=t = =
flx) =tan® cos 60 cos @ X

(iv) Denote 6 = arctanx, so that tan 8 = x. Now,

sin” 6 1
tan* 0 = cos20  cos2f L
o)
cos 0 = ;
V1+tan?6
And since sin@ = cosOtan6,
sinf = _ tand
V1+tan?6

Then

2tan 0 2x

f(x) =sin(20) = 2sinBcos O = a6 _ o

(v) Denote 0 = arctanx, so that tan @ = x. Then

1 —tan% 6 1 —x2

_ _ 2 20— —
f(x) =cos(20) =cos“ 0 —sin“ 0 = o~ 152
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(vi) Since 4logx = log(x*), then f(x) = elogl’) = 4,

Problem 2.9 If we take logarithms in the first of these equations we obtain
ylogx = xlogy.

The second equation is y = 3x, so substituting for y in the previous equation we end up with
3xlogx = xlog(3x) = xlog3 + xlogx.

Since x > 0 (i.e., x # 0) we can cancel one factor x from the equation,
1
3logx =log3+logx = 2logx=1og3 = logx= 5 log3 = logx=log V3,

therefore x = /3.
Problem 2.10 Use GeoGebra to help you with this exercise.

Problem 2.11 Here are some hints to help you plot these functions:
(i) Start off with the plot of g(x) = x?; function f(x) = g(x+2) — 1, so shift the plot two units
to the left and one unit down.

(ii) Start off with the plot of g(x) = y/x and then tranform it into that of 4(x) = y/—x by reflecting
it on the Y axis. Then f(x) = h(x —4), so shift this plot four units to the right.

(iii) Start off from the plots of g;(x) = x> and g»(x) = 1/x. Near x = 0 g; is negligible with
respect to go —which diverges to o at x = 0. Far from x = 0 it is g, that is negligible with
respect to g1, which grows indefinitely. So f(x) is close to g2(x) as x ‘moves’ toward 0, and
close to g;(x) as x goes far awat from x = 0. Sketch the plot of f(x) using this information.

(iv) Start off with the plot of g(x) = x? and shift it up one unit to get that of 4#(x) = x*> + 1. Then
f(x) =1/h(x). Since h(x) > 1 for all x # 0 and 2(0) = 1, then f(x) < 1 for all x # 0 and
f(0) = 1. Besides, h(x) grows indefinitely as x goes away from the origin, so f(x) has to
approach 0.

(v) g(x) =x—x*>=x(1—x),s0 g(x) >0if 0 <x < 1and g(x) <0if x <0 orx > 1. Therefore

X%, ifo<x<1,
-]

x, otherwise.

(vi) €*is monotonically increasing and croses 1 at x = 0. Therefore
ef—1, ifx=0,
fx) = .
1—¢%, ifx<O.

All that needs to be done is to reflect the graph of ¢* — 1 (equal to that of ¢* but shifted down
one unit) for x < 0 on the X axis.

(vii) If x > 0 then |x| —x = 0, but if x < 0 then |x| —x = —2x. So

0, if x>0,
fx) = :
v—2x, ifx<0.
(viii) [x] is the smallest integer not larger than x. So for instance, [3.14] = 3, |0.5] = 0, but
| —1.58] = —2. So the function f(x) is going to be piecewise constant, equal to 1/n for some

integer n, in given intervals. All we need to do is to determine those intervals. Of course,
f(x) is only defined if x 7 0 and if [ 1] # 0.
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(ix)

x)

(xi)

Let n be an integer and let us try to figure out where

-+

By definition
1
n< —<n+l. (D.1)
X

As we have mentioned above, f(x) will not be defined if n = 0. This means all x such that

0< ! <1
X
The left inequality implies x > 0. The right inequality implies x > 1. Therefore the domain
of fis (—e0,0)U(0,1].
Consider first x € (0, 1]. Then, according to (D.1) n > 0. From the left inequality x < 1/n,
and from the right one x > 1/(n+1). Thus

f(x):l for all x € ( :

,], neN.
n n+1l'n

In other words, f(x) =1 for x € (1/2,1], f(x) = 1/2 for x € (1/3,1/2], f(x) = 1/3 for
x € (1/4,1/3], etc. This covers the plot of f(x) within the interval (0, 1]. By the way, the
function gets closer and closer to 0 as x approaches 0.

Consider now the interval (—eo,0). Then n in (D.1) must be negative. Then the left inequality
again implies x < 1/n and the right one x > 1/(n+ 1). The result is the same:

1 1
flx)= . for all x € (n—i—l’n

], ne —N.
So we have f(x) = —1 if x € (—oo, —1], f(x) = —1/2if x € (—1,—-1/2], f(x) = —1/3 if
x € (—1/2,—1/3], etc. This covers the whole interval (—oo,0).

Function g(x) =x*> — 1 < 0if —1 < x < 1 and g(x) > 0 otherwise, so

flx) =

1—x%, if—-1<x<1,
x> —1, otherwise.

All that one has to do is to reflect the portion of the graph of x*> — 1 in the interval (—1,1) on

the X axis.

Plot g(x) = ¢*. The plot of g(—x) is just the mirror image with respect to the Y axis. And
that of —g(—x) is a new reflection with respect to the X axis. Shift the whole plot one unit
upward and you will get the plot of f(x) = —g(—x)+1=1—¢"".

The function is defined only if |x| > 1. Besides, it is an even function, so it will be symmetric
with respect to the Y axis. Let us then focus on the positive interval [1,e0). Notice that
f(x) =log(x—1)+1log(x+ 1). These are two graphs of logx, the first one shifted one unit
to the right and the second one shifted one unit to the left. Since logx grows very slowly
but diverges at x = 0, near the point x = 1 function log(x — 1) will diverge and log(x+ 1)
will then be negligible. In oher words, f(x) ~ log(x — 1). On the other hand, when x is large
x+1=x,s0 f(x) =~ 2logx. Plot f(x) using this information.
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(xii) As x grows far away from the origin (positive or negative) 1/x becomes very small, so
sin(1/x) approaches 1/x, and therefore f(x) approaches 1. On the other hand, sin(1/x)
oscillates wildly as x gets near the origin, but x modulates the amplitude (making it smaller
the closer to the origin).

Problem 2.12
(a) Since coshx = (¢*+¢7¥)/2, sinhx = (¢* —e™¥)/2,

e X +ef e ¥—¢*

cosh(—x) = = coshux, sinh(—x) = 7 =" sinhx.
(b) First identity:
cosh? x — sinh? x = 1 (ezx +e X4 2) - ! (ezx e - 2)=1
4 4 '
Second identity:
: 1 X —X X —X 1 2x —2x :
2s1nhxcoshx:§(e —e ) (e +e >:§(e — 1+ 1—¢ ) = sinh(2x).
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D.3 Sequences
Problem 3.1

(a)

(b)

(©)

If lim x,, = O then it is a 0 - « indeterminacy and the result will depend on the sequences
n—oo

involved. For instance, if x, = 1/n and y, = n, then x,y, = 1 is a convergent series. Or if
y, = n? instead, then x,y, = n diverges. Or if x, = (—1)"/n and y, = n then x,,y, = (—1)"
which is neither convergent nor divergent.

However, if ,}1_{1.}0 x, = a # 0, then we are certain that x,y, will diverge. To prove that suppose

that @ > 0 (if a < 0 the argument is analogous). Take some 0 < € < a and chose C > 0
arbitrarily large. For sufficently large n we will have at the same time a — € < x,, < a+ € and
C < y,. Thus 0 < (a— €)C < x,y,, and it is clear that (a — €)C can be made arbitrarily large
by suitably choosing C.

There will be an index N € N such that the sequence is constant for all n > N. To prove it
just choose a very small € > 0. If the limit of the sequence is ¢, then £ — & < x,, < £+ € for
all n > N. But x,, € Z, so the only way that thisn inequality can hold for very small € is that
¢ € 7Z and that x, = ¢ for all n > N.

By definition, if we take some € > 0 there will be an N € N such that / — & < x,, < £+ ¢ for all
n > N (¢ is the limit). Then the sequence is bounded for n > N. There remain {x,x2,- -+, x5}
outside that interval. But there is a finite number of these numbers, so one of them is the
largest (say x;) and another one is the smallest (say x;). Define a = min{x,/ — €} and
b = max{x 0+ €}. Then for all n € N we have a < x,, < b, which proves that the sequence
is bounded.

Problem 3.2

®

(i)

Let us compute a few terms of the sequence:

0 13715
‘274’8167 |

The pattern is clearly

2" -1

- =1-27"

a, =
Clearly this holds for ag = 1 — 1 =0, and if we introduce this formula in the recurrence we
obtain

ap+1  1-27"41 2-2" o
ap+1 = n2 = ) = > =1-2 (+1).

This proves the guessed formula by induction.
The limit of the sequence a, is clearly 1.

Define a, = log.b,, where c is the base of the logarithm —to be specified. If we take log,. in
both sides of the equation we obtain

1 log.2+a
log. b, 1 = log, <\/2bn) =3 (log.2+1log.b,) < ani1= %,
and obviously ap = log.by =log.1 = 0. Now, if we take ¢ = 2 (binary logarithms) then
log, 2 = 1 and recurrence we obtain is
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exactly the same as in item (a). The solution will therefore be the same, and

by =20 =2172",
The limit of b, is clearly 2.

Problem 3.3
(i) Applying Corollary 3.4.4 to Stolz’s theorem, instead of calculating the limit of /a, we will
calculate the limit of a, /a,_;. Thus we want to obtain the limit
a+b ’

nglolo a—lppn—1 7

Suppose a = b. Then
) 2a"
Suppose that a > b. Then
a(1+% 1+ (&)" 1
Ezlim—( (Z)l =alim }E“) [=a;=a
n—oo . = n—soo n—
ot (1+5) (D)
By symmetry the limit will be b if a < b.
Summarising all cases in a single expression, £ = max{a,b}.
(i1) Since
lim YA+ Vo _ |
n—oo 2

the limit we want to calculate is an indeterminacy 1. Hence

. <W> e

n—yoo 2

where
Y Vb Y vVb—2 1
¢ = lim n (W—1> _ fimaVatVe=2 1 1imn(<75—1+<71§—1).
So we need to calculate
l(a) = lim n (Va—1)
and then ¢ = J[¢(a) + £(b)]. But
I/n _ 1 (loga/n) __ 1 (loga/n) __ 1
() = lim & — lim & —lim & loga,
n—se  1/n n—e  1/n n—e loga/n

where we have first used the identity a* = ¢*1°2¢ and then multiplied and divided by loga.
Denoting €, = loga/n
et —1

{(a) =loga lim ,

n—oo &y
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and since €, — 0 and we have the equivalence ¢® — 1 ~ g, we conclude ¢(a) = loga.
n—yoo
Thus

1 1
c= E(loga+10gb) = Elog(ab) = log Vab

and finally
<\[+\[> — MoV — \/ab,
n—>oo

(iii) Using the identity x> —y? = (x —y)(x+y) in the form x —y = (x> —y?)/(x+) (equivalently,
multiplying and dividing by the conjugate of x —y),

2
2 ( n2+1> —n A +1—42 n
limn( " +1—n)zlimn — limn — lim .
n—yeo n—yoo n2+14+n n—e \p2414n no°\/n241+4n

1 1
Vn2+1= n2<1—|—2>=n\/1+2,
\/ n n

s . 1

lim ——" — lim = lim

R N ’H‘”\/HH%H_E‘

(iv) This time we need to use the identity x* —y* = (x —y) (3 + 2y + x> +y}) as x —y =
(x* —y*)/(x* +x*y +xy? +y3). Thus, if we denote

E: lgn\/ﬁ(\4/l’l2+ —\/I’l+1>,
n—oo
then

0= 1lim v/n A1 (ot 1)?
ey (n2—|—1)3/4—|—(n2—|—1)1/2(n—|—1)1/2—|—(n2—|—1)1/4(n—|—1)+(n+1)3/2'

Now,

SO

Butn? +1—(n+1)>2 1 —2m—)=—2n and
1 3/4

(n*+1)3* =p3/2 <1+nz> ~nl?,

1\ 12 1\ 12
<n2+1>1/2(n+1>”2="<1+z> ”l/z<”> ~n'l?,

n n

1\ 1
P+ 1) 4 n+1)=n'/? <1+2> n <1+> ~nl?,

n n

32 _ 32 1\*? 32
(n+1)"“=n 1+Z ~nle,

3/2

so the denominator is ~ 4n>/~. Accordingly,

_ _h,3/2
(i T2V =20 1

n—soo 4n3/2 n—soo 4n3/2 B 5
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(v) Factoring out the largest term of the numerator and of the denominator,

) 2n+1 +3n+1 ' 3n+1 [1 4 (2/3)n+1} . 1+ (2/3)n+1
Iim ——— = lim =lim3—————— =3.
n—yeo QN4 30 n—eo 3014 (2/3)"] n—eo 14 (2/3)"
(vi) This is a 1” indeterminacy, so
) )1271
: n+1\
E_,}gg<n2_3n> -
where
Coni—1(n?+1 =1 1 +3n . nP—1 1+43n 3
c¢= lim —1)=1lm . = lim . =—.
nse 21 n?—3n n—e 21 n? —3n nseon?—3n  2n 2
Thus ¢ = ¢3/2.
Problem 3.4

(1) Since sinnm = 0 for every n € N the sequence is identically 0, therefore the limit is O.

(i) We rewrite the expression as

1 E|
= psin+ 1 1 1l
) n (6" e 'l) ) en — Sy ) gin1 en SNy 1
(=1lm ————+= =Ilim ——F =lime"n - /.
n—e  —psin(l/n)  n—e L _ginl  noeo + —sin
n n n n

% —— 0, then

If we now denote &, = % —sin
n—soo

&
(= limens. =L
n—oeo &

1,

because ef" — 1 ~ &,.
(iii)) We can rewrite

n lim & n"
= l1im —
n—eo {/p! n—e \l !’

/= lim

and now apply Corollary 3.4.4 to Stolz’s theorem to calculate the limit of a, /a,_; instead of
the limit of /a,,. Thus

Butn!=n-(n—1)!, so
n n—1 n—1 n—1
—14+1
¢ = lim — — lim —~ — fim | 2 ~jim (P21
n—eop(n—1)""1 " noe (n—1)""1  noe\n—1 farent n—1

1 n—1
= lim <1 + ) =e.
n—oo n—1

Alternatively, we can use the equivalence n! ~ (27tn)!/>n"e~" and subtitute to obtain

/= lim lim " lm— " —fim—°
= 1 f— = 1 = 1 = 67
ne () nme (mp) 2gnen) M nmee (22n)!2rme ! e (27n) /2

given that

lim (277)/2 = lim (v27)'/" (/) = 1.

n—soo n—soo
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(iv)
lim =3/ = lim (Y/n) 7 = 1.

n—yoo n—yoo

(v) The limit is 0 because 2" < n!; nevertheless we will prove the same limit in an alternative
way, just for the sake of illustration. Let us expand

n times
——
2" 2-2-.-2-2-2 2 2 2 2 2
0< — = = —. ee— e — . —
n' n-(n-1)--3-2-1 nn-1 3 2 1

Now, among all the fractions appearing in this expression (excluding the factors 1 and 2) the
largest one is 2/3. Therefore we obtain an upper bound if we replace all fractions by this
one, i.e.,

on 2\" 2
0<= < (=2 2.
< n! < (3)

Since the rightmost side of this inequality goes to 0 as n — oo, by the sandwich rule

.20
lim — =0.
n—eo !

(vi) Likewise, this limit is 0 because n”> < 2". But there is an alternative way to prove this. For
that, we apply Stolz’s theorem (the denominator is a monotonically increasing function that
diverges to o) and calculate

n?—mn-172 2n—1 . 2n—1

,}E}; on _on—1 :nl_ri}ozn—l(z_l) :nl_{?o -1 "

And now apply Stolz’s theorem again and calculate

pom—l=(2n=3) 2 a2,
,,EE, on—1 _on-2 _ng{}ozn—zg_l)_nggzn—z_ :
Therefore
2
. n
a5 =0
(vii)
n—1 n 1 n
lim = lim—"— = lim--( ——) =0.e=0.
n—eo (n—1)"  n=en(n—1)" nsen \n—1

(viii) Applying Stolz’s theorem

1422 3 "
/= g f+3\/2§+ +ny/n

n—oo n

(notice that the denominator is monotonically increasing and divergent) can be obtained as

(= tim— " i Y i =

nsont—(n—1)2 n=e2n—1 n-e2n—1

Problem 3.5
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(i) This is a 1* indeterminacy, thus

n
£ = lim <cosb+asinb> = e,
n

n—soo n

where

n—oo n n n—eo n n—yoo n

. b b . b . . b
c=1limn(cos—+asin——1)=1limn|cos——1)+alimnsin-—.

b b? b b
Butl—coszwmandsmﬁwﬁ,thus

. b? b
c=limn|——==)+alimn— =0+ab =ab.
2n2

n—eo n—e n

Therefore ¢ = .

(i1) Here is another 1” indeterminacy, so

where
1 1 2
o= fim A (470 ) 2 i L AT O A b 200
n—eo u, \ a-+ buy, n—oeo 1, a-+bu, n—eo u, (a4 buy,)
—2b 2b
= lim =—-—
n—oo q + buy, a
Therefore ¢ = ¢ 2b/4,

Problem 3.6 We solve all these limits using Stolz’s theorem.
(i) The denominator is logn, a monotonically increasin sequence that diverges. Thus, if we call

the limit ¢,
(= tim — S0/, SN/ g, sin®/n) g, sin(a/n)
n—elogn —log(n—1) n—>oo10g(") n—>oo10g(" Jlr) n—>W1og(]+m)
—1
= WL |l
"—>°°1/(l’l—1) n—o N

(ii) If we denote the limit by ¢, then

log¢ = lim log (ﬁ(Zk— 1)1/"2> = lim Zlog( 2k — )1/"2) = lim Z —log (2k—1)

n—eo el n—eo n—oo £

¥ log(2k—1)

. k=1
= lim 3
n—yoo n

Now we apply Stolz’s theorem and compute

log(2n—1 log(2n—1
logl = lim 2827 = 1) _ . loeC@n—1) _

noeon?—(n—1)2 e 2n—1

Therefore ¢ = 1.
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(iii) Taking the n” out of the sum

2 Yy k2sin%

L I
¢=1lim Y = sin— = lim = —
nﬁmk:l n n—oo n

thus applying Stolz’s theorem

2 cin l 21
Cim I iy T gy ]
g‘,}ﬂ?onz_(n_w—,}g?oz;qq_,}51302;1—1_2’

where we have used sin% ~ %

Problem 3.7 If we denote ¢ the limit we want to calculate and apply Stolz’s theorem (the denomi-
nator, log(n+ 1), is a monotonically and divergent sequence) we get

dan

I Ii an/n 5 an I im % i

= lim = lim =lim —— = lim — = lima, =aq,
n—es log(n+ 1) —logn ’H“’nlog("nil) nﬂwnlog(l%—%) noeoplnsie "
using the equivalence log (1 + %) ~ %

. . 1 . .
Problem 3.8 The smallest term in the sum is T (the one with the largest denominator) and the

largest term is ﬁ (the one with the smallest denominator). Since there are 3n terms in the sum

3n noq 3n
<Y < )
Vni4+3n S Vnl+k V241

For the two bounding sequences we have

Jim " 3.0 dim o 3,

n—e \/p2 4 3p - n—e \/p2 41

therefore applying the sandwich rule we conclude

3n
1
lim) —— =3
"ﬁ“’kg’l vn?+k
Problem 3.9 ’
@ Tim 2 = 1im =" i T ) because " o L
n—oo 1 n—soo n n—o N n n

(b) limnlog (@> = lim nlog (1—1— an—n> = limn- 22" = lim (a, —n) = ¢, where we
n—yoo n n—eo n

n—eo n n—yoo
have used the equivalence log(1 +¢€,) ~ &, for any sequence &, — 0.
n—soo

Problem 3.10 Assume that

lim % —"—
n—yoo aiar---ay

Then

.1 <
logx = r}l—%loﬁ (nlogan — 1;1 logak> .
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Since n? is a monotonically increasing, divergent sequence we can apply Stolz’s theorem with

b, = n? and
n
a, =nloga, — Z logay,
k=1

and calculate instead

logx = lim n — An-1
n—eo by — b, 1 .

On the one hand n> — (n— 1)?> = n> —n?> +2n— 1 = 2n — 1. On the other hand,

n n—1
a, —ay—1 = nloga, — Z logay — (n—1)loga,— + Z logay = nloga, — (n—1)loga,—; —loga,
k=1 k=1

(1= Vloga, — (1= 1)logay 1 = (1~ 1)log 2.
an—1

Therefore

_.oon—1 a, \ logl B
logx—nlgrolo2 1log( >—2—log\/z = x =L

n— an—1

Problem 3.11
(i) We can write the sequence as x,1; = v/2x,, with xo = 1. In order to know whether the
sequence is monotonically increasing or decreasing we need to assess the sign of
2x, — X2 (2 —x4)Xn

n
Xntl —Xn =/ 2%y — X = =

2xn + Xy N V2% + X,

(We have used the identity x —y = (x> —y?)/(x+y).) The sequence is clearly posivite,
because xo = 1 > 0 and x,,, | = /2x,, > 0 whenever x,, > 0. Thus the sign of x,, | — x,, will
be the sign of the factor 2 — x,,.

We are going to prove now that x, < 2 for all n € N. First, xo = 1 < 2; second, if x, <2
then x,.1 = v/2x, < V2.2 =2. Hence it is proven by induction. But with this we have
simultaneously proven

X, < 2, Xp+1 — Xy > 0,

so the sequence increases monotonically and is bounded from above —hence converges.
The limit can be obtained by taking limits in the recurrence equation:

lim x,41 = lim \/2x,,
n—yoo n—oo

and if we denote lim x, = x, this equation becomes
n—soo

x=V2x = K =2x = x(x—2)=0.

Of the two solutions of this equation, x = 0 and x = 2, the latter has to be the solution because
the sequence begins at xyp = 1 and increases.
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(i) We describe de sequence as x, 11 = /2 + x,, with xo = 0, and proceed as in (i):
2+x, —x2
Xpil —Xn = V24X — Xy = ———.
" " T 2 F X+ X

The equation x% — x —2 =0 has two roots, namely x = —1 and x = 2, and therefore 2 4 x,, —

x2 = (x,+1)(2 —x,). Thus,
e (xn+1)(2—x,)
n+1 n /72+xn+xn .

The sign of x,, 1 — x, is the sign of 2 — x,, —because, as in (i), x, > 0 for all n € N.
Let us now prove —using induction— that x,, < 2 for all n € N. Clearly xo = 0 < 2, and if
X, <2 then x,41 = v/2+x, <242 =2. So we have just proven that

X, < 2, Xpa1 — X, >0,

and thefore the sequence converges. Denoting lim x, = x and taking limits in the recurrence
n—oo

equation
lim x,, 11 = lim v/2+x, =>x=V2+x = x> =2+4x :>x2—x—2:O,
n—oo n—soo0
whose roots are x = —1 and x = 2. Of them, the latter is the limit because the whole sequence
is positive.
(iii) The difference of two consecutive terms is

u u 6—u
un+1_un:3+?n_un:3_3n: 2717
so its sign will depend on whether u,, < 6 or u,, > 6. Let us prove by induction that it is the

former. To begin with ug = 0 < 6. Now let us assume that u,, < 6. Then

6
Upo) =3+ <342 -343=6,
2 2
so u, < 6 implies u,; < 6, and this completes the proof. Then we can conclude that
uy+1 — uy > 0, hence the sequence is monotonically increasing. On the other hand 6 is an
upper bound, so it is convergent. To calculate the limit we need to take limits in both sides of

the recurrence equation. If we denote lim u,, = ¢, then
n—oo

l
{=34+— = {=6.
2
(iv) In this case u; = 3 and u,, 1 = 3+ 2u,, > 2u,. In particular this implies u, > 2u; = 2-3; also

uz > 2ur =2%-3; uy > 2uz =23-3; etc. In general
u, >2"1.3,
But 2"~ ! — o0, 50 lim u,, = oo.

n—yoo n—yoo

(v) We calculate the difference

w+6 w) —Tu, +6
U =y = oy =
Butx® —7x+6= (x—1)(x*> +x—6) = (x — 1)(x — 2)(x+3), therefore

1
Uy — Uy = 7(14" — 1) (un —2) (u + 3).
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(a) Since up = 1/2 we have 0 < up < 1, so let us try to prove by induction that the whole
sequence is in (0,1). Assume 0 < u, < 1. Then
34+6  1+6
o<u<l = 0o 1T
7 7
therefore 0 < 1,11 < 1. And since the whole sequence is in (0, 1) we have
u, —1 <0, u, —2 <0, u,+3 >0,
and therefore u, is monotonically increasing and bounded from above by 1 —hence
convergent. We can calculate the limit, ¢, by solving the equation
IANN
=7 B-7046=0.
7
There are three solutions, namely ¢ = —3, 1, and 2. Of those three the limit must be 1
because 0 < u, < 1, up = 1/2, and u, increases monotonically.
(b) Since up =3/2 we have 1 < up < 2, so let us try to prove by induction that the whole
sequence is in (1,2). Assume 1 < u, < 2. Then
1+7 uw+6 846 S+6
l<u <8 Tl tto O = 1<BFo
7 7 7
therefore 1 < u,1; < 2. And since the whole sequence is in (1,2) we have
u, —1 >0, u, —2 <0, u, +3 >0,
and therefore u,, is monotonically decreasing and bounded from below by 1 —hence
convergent. Again the limit can only be £ = —3, 0, and 1. Of those three the limit must
be 1 because 1 < u, <2, up = 3/2, and u,, decreases monotonically.
(c) Since ug =3 we have 2 < uy, so let us try to prove by induction that the whole sequence
is bounded from below by 2. Assume u,, > 2. Then
3
3 u,+6 8+6
> 8 >——=2
n 7 7 ’
therefore u,,; > 2. This completes the proof. Now,
u, —1 >0, u, —2 >0, u, +3 >0,
and therefore u,, is monotonically increasing —but there is no upper bound that we
know of. Suppose there is such an upper bound —even though we do not know which
one—; it that case the sequence would have a limit. But the limit can only be { = —3,
1, or 2. And neither of them can be because up = 3 and the sequence is monotonically
increasing. Therefore there is no upper bound for this sequence —which means that it
diverges.
Problem 3.12

(a) Let us calculate the difference

143a,— (1+a,)?*  f+3a,— Y —2a; —a?
—ay,=\/1+3a,~1—a,= =
anst = =14 30— 1= = e = e L ran
2

a, —a, an(l_an)

T 1t3a,+1+a, i+t3a,+1+a,
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The sequence is a,, > 0. The reason is that ag = 1/2 > 0 and if a, > O then a1 = /1 + 3a, —
1 >+/1—1=0. Accordingly both the denominator of the fraction and the first factor in
the numerator are positive. On the other hand, ap = 1/2 < 1, and if a, < I then a,; =
V1+3a,—1<+/1+3—1=2—1=1,s0 1 is an upper bound for the sequence —which
means that the second factor in the numerator is also positive. Hence a,+; — @, > 0 and the
sequence is monotonically increasing. Since is is also bounded from above —by 1— it has a
limit £ —to be determined.

If we now take limits in the recurrence equation we obtain

(=+v1+30-1 =  U+1=V14+30 = (0+1)>=1+3¢
= Co2d+ =1+30 = 2=,
The only solutions are ¢ = 0 and 1, but since ap = 1/2 and a,, is monotonically increasing,
the limit must be ¢ = 1.

(b) Both the numerator and the denominator go to 0 as n — o, so we face a 0/0 indeterminacy.
Substituting the recurrence, and using the identity x —y = (x> —y?)/(x +y),

. app—1 . V14+3a,—2 . 1+43a,—4
lim =lim —— = lim
n—eo  Q, — n—e  a,—1 n— (/1+43a,+2)(a, — 1)
= lim S 3 = lim 3or1]
n—o (\/143a,+2)(ay,—1) ne (/14 3a,+2) (ar—1]
3 3
T V14342 4
Problem 3.13

(a) We need to compute the product (b, — b,)(b, —b,—1) and prove that it is negative. In order
to do that a good strategy is to write down this expression as a function of b,, alone. The term
b+ is directly provided by the recurrence equation

by

bl’l+1 :1—?

On the other hand, the same recurrence implies

bnfl

bu=1-=2

bu_1 =2(1—by).

Therefore

b

n 2* bn
(bn+1 _bn)(bn_bn—l) - <1 B 3 —b,,> (b"_2+2bn) = &

(3b, —2)?
s

(3by—2)=~

The last expression is always negative unless b, = 2/3. So as long as b, # 2/3 the sequence
keeps alternating. On the other hand, if b, = 2/3 then

by 1 2
hoog—=1- - _*%
n+1 D) 3 37

so the rest of the sequence remains fixed at 2/3.
(b) If lim b,, = £ then, taking limits in the recurrence equation we obtain
n—soo
2

¢
2
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(c) Substituting £ =2/3,
2 b, 2 1 b, 1(2
AN 23322(3 )
factoring out a 1/2 factor. Taking absolute values in both sides of the obtained equation we
get to the desired result.

(@ 1 by 3 = b1 3

, then, setting n = 1 we obtain

2| 1 20 12
bi—Z|==|bp—Z|==-Z.
: 3‘ 2|7 3‘ 23
Setting n = 2,
2| 1 20 11 12
T I I R B i
Setting n = 3,
2| 1 20 112 12
b= lp—S|=-. . 2= .2
T3 T 27 3] 2223 2373

valid for all n € N. If we take limits,

. 2 2. 1 ) 2 ) 2
Jim ”"—3‘ “3iman=0 = JE‘;(”"‘_@) =0 = jimb=5
Problem 3.14
(a) Clearly x; =1 > 0. Now, if we assume x,, > O then also 1+ x, > 0 and 1 4 2x,, > 0; therefore
Xn(1+x,)
=——=>0
= T T

and the results is proven by induction.

(b) Let us calculate

_xlltw)  _ xtmew—ba %

it — % = T 14 2x, _71+2x,,

<0
14 2x,

because the denominator is positive and x2 > 0. Hence the sequence decreases monotonically.

(c) Denoning ¢ the limit of x,, and taking limits in the recurrence we obtain

0(140)

=17

= 1420 =0+0 = f41P=f+F =

Il
e
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D.4 Series
D.4 Series
Problem 4.1
(i) Converges according to the root test:
n+1 1
im {fap = lim 5> =5 <.

y L
(i) Converges because \/2T f > and ;l 2 < e
L_~land ¥ 1=co

iv) Diverges because
(iv) g oy o And L
(v) Since |sinn| < 1 we can write
|sinn| 1
n?+n n?:4+n
Since n21+ 2 and Z 5 < oo then

Fle - g

n=1 l’l2 +n
by the comparison test.
(vi) Converges because sin (niz)

(vii) Diverges because arcsin (ﬁ) ~L=_"and ¥ % = oo,

(viii) Converges according to the root test:

v3n—1 1
Jim Va, = lim —7— =5 <1.

Alternatively,
3n— 1 > R 1\"
Yo I(a) 1)
The first series is arithmetic-geometric and the second is geometric, both with argument

1
ﬁ<1'

(ix) Coverges according to the quotient test:

(n+1)"1 31pl

r}grolo an _r}ﬂw3”+1(n—|—l) nt
[ | _ 1
But 755 = o =3,80
_aper . (D™ 1 (mD)" 1 1\" e
N A S 3 e eI ) =<t

(x) Converges according to the root test:

lim /a, = lim (/n—1) =0 < 1.

n—soo
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(xi)

(xii)

(xiii)

(xiv)

(xv)

(xvi)

(xvii)

Converges according to the root test:

1 1"
lim{/cTn:3111i_r>£10(1+n> :§<1.

n—soo

Converges according to the root test:

1
limﬁzliml—:0<l.

n—oo n—oo Ogl’l
Converges according to the root test:

n 2
lim /a, = lim —— =0 < 1.

n—yoo n—eo logn

If we rewrite

\/nz-f-l—n:%jll_nzz > 11 Nzia
Vi2+1+n Vr+1+4n 2n

l:oo,
n

1

we easily conclude that the series diverges because

s

logn is an ever increasing function of n, so eventually logn > 2. Then n'°¢" > »n? and
therefore

1 1
nlogn < ,,TZ

Since Y niz < oo we conclude that the series converges by the comparison test.
n=1

Let us apply Cauchy’s condensation test: the convergence of the series will be equivalent to
that of

i * i * i 1 2\
K (klogz)klogZ - = Jklog2 (10g2)10g2 )

i=1 (log2k)'°s*" (=

=Ck

If we apply the root test,

1 2
1 k — i
/}glgo\/a - /}g?o klog2 < (10g2)10g2> =0,
so the series converges.

Since

lim ¢/n = 1,

n—oo
then
1 1

~ —,

n\/n n

Therefore the series diverges because

s
S =
I
8
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n n 1 n
lim ( > = lim <1+ ) =e,
n—e \ 1 — 1 n—yeo n—1

the series diverges (in any convergent series the general term must tend to zero).

(xviii) Since

Problem 4.2 Reducing the general term to a unique fraction,

2(a—b) .
a b 2(a—b)n+a+b P ifa#b,
1 - 2_ ~ b
2n—1 2n+1 4n? —1 CH; 7 fa—b.
n

Clearly the series converges if, and only if, a = b.
Now, in the case a = b, the series is

> a a = a
_n):l (2n—1 _2n+1> = L (=), =g

n=1

Then
S=u— limu, =a.
n—soo

Problem 4.3
(1) Applying the root test,

b n 13 n —a __ —d
r}%@—}}g&ﬁ(l—i—a)e = (14+a)e .

Bute® > 1+aforalla#0,so (1 +a)e ® < 1 for all a # 0 and the series converges. For
a =0 we have (1 +a)e ™ =1 and the series becomes

Yn=
n=1
(i1) Using the quotient test,

n n—1 — 1N 1 n—1
lim Gn = lim A (n—1) :1irn< n1> :?

noeoqy_y  noea'n! (n— 1)1 an—se\n—

so the series converges for a > e and diverges for a < e. What happens for a = e must be
decided with a different argument. But using Stirling,

n" n" 1 1
e'n!  en2mnnte  \2m nl/?’
so the series diverges for a = e because Z -z =ooforany o < 1.
n=1"

(iii) It seems we might use the quotient test, but

_ 1 1
. ay nle" (n—1)n-1ta . (n—1\"""" , 1\"* 1

lim = lim . ]:ehm =elim(1——- =ee =1,

n—eo gy | n—eeptt4 (p—1)le" n—soo n n—c0 n

so it does not decide in this case. Let us use Stirling instead,

nle" \V2rnnte "e" \/ R

phtta ~ nhtta na— 1/27

so the series converges for a — 1 / 2> 1 (i.e. a > 3/2) and diverges otherwise.
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(iv) First of all, the series converges trivially for a = 0, because all terms are zero in this case.
For a > 0 we have

al’l

(1+a)(1+a2)---(14a")

a, —

>0,

so we can try the quotien test. This amounts to computing the limit

. Ol artl (14+a)(1+a*)---(1+a")
lim =
n—e  ay (1+a)(1+ad?)---(14+a")(1+at1) a"
a, ifa<l,
— lim ————— =1 ifa=1
n—eo (14 @"t1) 27 -
0, ifa>1.

Whichever the case, this limit is always smaller than 1, hence the series coverges for any
a=>0.

Problem 4.4

(i) The series does not converge conditionally because logn < n, so 1/logn > 1/n, and the
harmonic series diverges. Thus

Y

= o0

= logn B

by the comparison test.
It does converge conditionally though, as the Leibniz’s test proves: 1/logn is a monotonically
decreasing sequence that tends to zero.

(i1) Let us first expand
) 1 . 1 ! w1
sin ( nT+ — | = sinnmcos — +cosnmwsin— = (—1)"sin —.
n Y n W n n

Thus this is an alternating series of general term sin(1/n). It is not absolutely convergent
because sin(1/n) ~ 1/n and the harmonic series diverges. It is conditionally convergent
though, because sin(1/n) is monotonically decreasing toward zero (Leibniz’s test).

(iii) Since

1\> 1
arctan— | ~ —,
n n

the series converges absolutely.

@iv) Since

T
lim arctann = — #£0
n—soo 2 7&

the series does not converge (not even conditionally).

(v) We can write

(\/nz—l—n> (\/nz—l—i—n) 2 —1—n2 1
vn:—1+n V= 1+4n VnP—1+n

n—1-n=
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SO
o0 oo _1)n+1
Ly (Vi) - § U
nz:“l( ) nz::l\/nz—l—i—n
Now,

1 1
Vnt—1+n T o

hence the series does not converge absolutely, but it does conditionally because the general
term (without sign) is monotonically decreasing toward zero (Leibniz’s test).

(vi) Let us rewrite

i(—l)"log (nj—l) = i(—l)"“log <”: 1) = i(_l)nﬂlog <1+i> .

n=1 n=1 n=1

1 1
log<1+) ~ —
n n

the series does not converge absolutely, but it does conditionally because the general term
(without sign) is monotonically decreasing toward zero (Leibniz’s test).

(vii) We know that 1 —cos g, ~ 83 /2 for any vanishing sequence &,. Then,

| 1 1
—COoS— ~ —
n 2n?

and the series converges absolutely.
(viii) First of all,

e'+e"~e" = log(e"+e n)~log(e")=n.

Therefore

1 1

~ —

log(e"+en) n

and the series does not converge absolutely because the harmonic series diverges. It doe
conditionally though, because the general term (without sign) is monotonically decreasing
toward zero (Leibniz’s test).

Problem 4.5 There are only three types of series of which we know the sum: geometric, arithmetic-
geometric, and telescoping series. So the point of this exercise is to identify these three types of
series within the proposed ones.

(1) We can write

3"+1—2"—3_33" 12" 3\ L1
4n T4 84n T \4 g\2/

Therefore

0 3n+1_2n73 oo 3 n 1
24;1:32@ 3

n=0 n=0

= (1\" 1 11 1 47
Y (+) =3 ! i Y
~ \ 2 1-3/4 81-1/)2 47 4

n=0
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(ii) This is an arithmetic-geometric series of argument 1/2, so

Sy 1/2

Z L VY

o (1-1/2)2

(iii) This one is the sum of an arithmetic-geometric and a plain geometric series of argument 1/3,
o)

Z,‘4n+1_42 <> Z() 1_1/13/3) +1_11/3:3+;:z.

n=0

Notice that in the arithmetic-geometric series ), nx" = ) nx" because the n = 0 term is
n=0 n=1
Zero.

(iv) If we denote u, = \/n—+/n+ 1, then

\/n+2—2\/n—|—1—|—\/ﬁ: f—\/n—|—1— (\/n+1—\/n+2) = Uy — Upy1-

Thus,
Z( —2vn+1 —i-\f)—ul—hmun

Since u; = 1 — v/2 and

hmun—hm(\f—\/iﬂ— )_r}ﬂo\/»_f_\/ﬁ 0,

the sum
i( 2-2Vn+1+vn) = 1-v2,

(v) We can split

N s S A

= - = Up — Up+1, Up =

V1) Vi v 1) Vi Vet
Thus

-

—u] —limu, = 1.
n—oo

i\/n+1
a1 Vn(n+

(vi) Splitting

Io n(n+2) =lo S +lo nt2 =lo o —lo ntl =u,—u
2]~ E\lnr1) 7% i E\nyz) M el

where we can identify

n
u, =log nr1)

we obtain
> n(n+2) :
n;llog [(n—l— 1)2] =u —r}ggun = —log?2.



D.4 Series 213

(vii) We can split the terms of the series into even and odd:
Z % % ZXLZk 2k+lJ + Z_x 2k2+1 2k+2 Zxky + Zxkyk+l
= Z xy) +yZ ) =14y Y ()
k=0 k=0 k=0

Since |xy| < 1, then

Y () = .

Y alglyl = LY
1 —xy

(viii) If we give values to n and evaluate cos(27n/3) we observe a repetitive pattern:

n 0 1 2 3 4 5 6 7 8
cos2mn/3) | 1 —1/2 —1/2 1 —1/2 —1/2 1 —1/2 —1/2

If n = 3k then cos(27n/3) = 1, otherwise cos(2zn/3) = —1/2. Therefore

271'n la 1l 3& 1 a1 3& 1
S —_— _— == —_— — _— = —— —_— — —
where we have summed up for all n as if cos(2nn/3) = —1/2 always, and then we have
corrected for the multiples of 3 so that the contribution of each one is 1(= —1/2+3/2).
Then
1 1 3 1 12 5
S=—F—+-—=-14+—-=1=.
21-1 21 —x 777

Problem 4.6 The denominator factorises as n(n-+1)(n+2), and the elementary fractions expansion
yields

1 1/1 2 1 1/1 1 1 1
n3+3n2+2n:2<n_n+l+n+2) :2(n_n+1_n+1+n+2>
YA 1/ 1 1
_2<n_n+1>_2<n+1_n+2>'

Vv
=Up =Un+1

Since

1/1 1
Jim u, = lim > <_n+1) =0,

then

i;—u—l oyt
=pdy3ryon 2\ 2) 4
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Problem 4.7 Let r, be the radius of the circle ,. The diagonal of 2,, the inscribed square will be
2r,, therefore its side will be v/2r,,. This side is the diameter of %1, the circle inscribed in 2,
therefore

rﬂ

nyl = ﬁ, ro
and the areas of %, and %, will be related by

:]"7

2
2 A 2
An+1:7rrn+1:7t5”:7", Ao = r.
Solving this iterative equation is very easy, because applying successively the iteration,
2 2 2 2
r r r r
A1:77 AZZTa A3:?7 Al’l:?7

Thus,
1

,;)An:ﬂrzngé —ﬂr22< > 1_1/2—2717r2.

Problem 4.8 Taking the logarithm of the sequence

1 1 1 1 I 1 1 1
logan:Elog2—|—zlog2+glogZ—l—--'—i—?logZ: <2+4+8—|— —|—2 >log2,

therefore
n
hm logan =log?2 Z o =log?2 Z ( > =log2 -

which implies lim a, = 2.
n—yoo

l =log?2,
2

Problem 4.9
(a) The series can be written as

Z 10”7 O+Z On’

so we will prove the convergence of the series on the right-hand side. The reason to separate
out the term by is because its nature is different from the rest of the coefficientes b,,.
Now, this is a series of nonnegative terms and b, < 9 for all n € N, so

&by 39 =1 1/10
< :9 —_— :9.7:1.
L 1o 107 E(m) 1-1/10

The series converges by the comparison test. Not just that: its maximum value is 1, and it is
reached when all b,, = 9.

(b) Take any real number, say & = 3.141592653.... Its decimal expression is an integer num-
ber followed by a decimal point and an infinite sequence of digits (numbers in the set
{0,1,2,...,9}). The meaning of this positional expression is this:

1 4 1 5
=3+1x0.144x0.014+1x0.001+5 x0.0001 +--- =3 —
T=3+1x0.1+4x0.01+1x +5x R RATTRETERET

In other words, the decimal expression of any real number is a series of the form of the
one we are discussing. The fact that the series converges means that this representation is
meaningful, and not just a formal description of the number. As a matter of fact, the proof
that the series starting in » = 1 can be at most 1 means that the decimal part of the real
number is always in the interval [0, 1], as it should.
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(c) This question is asking for the value of the real number 9.999999... Written as a series,

o 9 1

9.999999... =y — —9. _— ___
,1;)10” 1—1/10

S09.999999 ... = 10.
(d) Now we have to calculate the number 1.21212121...:

b b 1
121212121... = Z o= Z ot Z T = Z ot Z 102k+1

—Z()+2M(IY—O+ﬁ1—6m”””
=\ 100 10 & \ 100 5)1—-1/100 5 99 99

In other words, 1.21212121--- = 120/99, a rational number (its decimal expression is
periodic).
Problem 4.10
(a) The location of the points 4, is illustrated in the following figure, which proves graphically
the result:

4 11 |
—_— N — — —_— < oo
m*(2n—1)2 #2n¥’ )} n? ’

so the series Y A2 < oo by the comparison test.
n=1

Problem 4.11
(a) The inequality xy < (x* +y?)/2 implies

«aﬁz¢a¢a<%;“.
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The series

ian‘i‘bn:l ian+ibn < o
n=1 2 2 n=1 n=1

because the two series of the right-hand side converge. Therefore the series E‘, Vayb, < o
by the comparison test. !
(b) If we take b, =1/ n?, the result is a straightforward application of the previous result because
)oi n2 < oo,
n=1
Problem 4.12
(a) Let % denote the set of positive integers with exactly k digits, none of which is zero. Clearly,

which amounts to nothing but performing the sum grouping those terms corresponding to
integers with the same number of digits. The advantage of doing this is that we know that the
smallest integer in %4 will have all its digits equal to 1, and its largest all its digits equal to 9.
Now, the smallest integer in % satisfies

min%, =111---1>100---0 = 10F°1,
N—— ——

k digits k— 1 zeros

therefore u > 10! for all u € %, and

1 < 1
u 10k

As there are 9¥ integers in % (each of the k digits can be anything between 1 and 9), then

1 1 ok 9\!
Z u < Z 10K—1 — 10k =9 (10) :

UEU UEU
Hence
> 1 > 79\ = /9N 1
— <9 (> =9 <> =9—— =090.
ng’lun k; 10 k;) 10 1-9/10
(b) We know that
=1 | =1
IR Y Y

—— N

integers with no zeros  integers with zeros

But the series of the left-hand side is the divergent harmonic series, and we have proven that
the first series of the right-hand side is convergent, so the second one must be divergent.

Problem 4.13
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(a) If we write2-4-6---(2n) = (2-1)(2-2)(2-3)---(2-n) we see that there are n factors 2 in
the product, and the remaining factors form the product 1-2-3---n = n!, hence the result.
As for the product 1-3-5---(2n— 1), we need to realise that

2n)!'=1-2-3-4-5-6---(2n—1)-(2n)=1-3-5---(2n—1)-2-4-6---(2n);
hence

(2n)! ~ (2n)!
2-4-6---(2n)  nl2n’

1.3.5-..2n—1) =

(b) On the one hand,
2:4.6---(2n) =n12" ~ V2mne "'n"2" = 2nne " (2n)",

and on the other hand,

(2n)!  4mne 2'(2n)*"
ni2n V2mne " (2n)"

(c) Let us calculate a few terms:

1-3-5---(2n—1)= =V2e"(2n)".

2
S2:—log%+log§ :10g<123>

i 10g< Cilh >

5 1-32.5)°

4

5

B T 87T % 132527 )

2 3

=1 log = —log =
S4 og = +0g3 og4
3

Se :—log —|—10g§—logf

so the pattern seems to hold. Let us prove the result by induction. Assume

S — 1o 22.4%.6%...(2k)?
* =B\ T35 32 2k — 1)2(2k + 1)

We must prove that

22.4%.6%... (2k)%(2k +2)?
Sa(k+1) = log 5.52 2 2
1-35.52...(2k—1)2(2k + 1)2(2k + 3)

In order to do it we notice that
2k+1 2k+2 22.4%.62..-(2k)?
S =Sy —log | =——— | +log | =—= ) =1
2k+1) =92 08 <2k+2>+ o8 <2k+3> Og<1-35-52---(2k—1)2(2k+1))
2k +2)? 22.4%.62... (2k)%(2k +2)?
+log (2k+2) ~log 67 (2k)°(2k+2) ,
(2k+1)(2k +3) 1-35.52...(2k—1)2(2k 4 1)2(2k + 3)

which is what we wanted to prove.
(d) We have

22.4%.62- .- (2k)% ~ 2mke K (2k)%K,  1.3%.5%...(2k—1)? ~ 2¢ 2K (2k)*

therefore

22.4%.62... (2k)? anﬂw_ k.
1_35.52...(2k—1)2(2k+1 Z;/%/W g
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nk
SZkNlOg(szrl)

and therefore

T
li —1 (7) .
Jim Sz =log | 5

SO

{82} is a subsequence of {Si};”_ ;. Since the latter converges the limit of the former must
be the same. Hence

lim 5, = ¥ (~1)"log <ni1> — log (g) .

k—yeo n=1

Problem 4.14
(a) Following the hint, we can rewrite the general term of the series as

An = Oty + Ol Uty 1 + Uy 2 = Ololty + (O + 01 )iy 1 — Qlolty 1 — (O + O )ty 42
= [Otoun + (a0 + al)”n-H] - [O!oun+1 + (a0 + Otl)un+2] =Uy, —Up+1,

where U, = aou, + (o + 01 )uy41. Thus
Y (0ot + Qi1 + ity 42) = oty + (@ + o )z — lim [t + (0t + @1 )it 1.
n=1

(b) Expanding the rational expression into elementary fractions we find

2n+1 1/1 2 3
e e — ,
nn+1)(n+2) 2\n n+1 n+2

so o =1, a; =2, p = —3 and u,, = 1 /n. Therefore

> 2n+1 1 5
Lot gy 2t -0 =4

(c) In the general case we can rewrite the general term as

ap = Oy + O Upy1 + 00Uz 42 + -+ Ok 1 Up k-1 + Oly ik
= Ooup + (+ O U1+ Ol 2 + -+ + O U g1 + Ol 1
~ Gt
= Oty + (0t + Q1 Uy 1 + (+ 00)Up 12+ + O Un k1 + Qi
— Qont1 —| (0t + Q1 tn12

= 0oty + (0t + 0 )t 1 + (0t + 01 + Oty 2+ + (’ O+ + 02 H Ok—1 ) Upyk—1 + Okl 4k

— Qotpg1 — (O + 0 )ty 42 —"'—‘ (o+ o+ + 0g_2)Upii—1 ‘,

and since oty = — (0o + - - + Qg—2 + O )y 4k, we finally have a, = U, — U,11, where

Uy = gty + (0t + 01 )it 1+ (0 + Oy + 00 )ty 2+ -+ (0 + -+ - 4 02+ O 1 )ty f—1-
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D.5 Limit of a Function
Problem 5.1
(i) We use the identity X" —a" = (x—a)(x" ' +x"2a+x"3a*+ - +xa" 2 +a""!) and obtain

_n n—1 -2 =32 ... n—2 n—1
hmx” a :limM(x +xX"fa+X""Pat+ - +xd" " +a ):na"’l.
x—=a X—da x—a xX—a
(i) We use the identity x —a = (y/x — y/a) (/x+ /a) and get
I Vx—+/a 5 x—Ja 1
im ——— = lim = .
W x—a e (i@ (Vitya)  2va
(iii) Here we need to use two identities. Since 64 = 8% = 43,
x—64=(vx—8) (Vx+8), x—64:(\3/;—4)<x3/9+4€/i+16).
Then,
V8 M(W%e/ﬂm)
li =1
D6 YE—4  xosh (1—64] (\/x+8)
(iv) We can rewrite
_ ) 2
s (VTR (TR ey e
1+vV1—x2 I1+V1I—-x2 14++v1—x2
Therefore
o VI b i 1 1
im————— = lim = lim = _.
x—0 x2 xa0%<1+ /1_x2> =01 4+/1 —x2 2
(v) We can rewrite
1 . 1-(1-x)* 1-(1-3x+3—-x") 3x-32+x x(3-3x+x?)
(1-x3  (1-x? (1-x)? o (=x3 0 (-xpP
Thus
1
—1 _ 2 _ 2
lim 00 i 2B 236 E) | 33
x—0 X x—0 X(l—x)3 x—0 (1—x)3
(vi) We can rewrite
I Vx+1 Va1
i1 (A-D(A+D) a1
Therefore
fim (L — D (L2 VAL VA ]
x—1 ﬁ—l xX— =1\ x—1 x—1 -1 x—=1 =1 x—1

Problem 5.2
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(i) If x — 0 we know that sin2x> ~ 2x3, so

in2x>)? 1
fim S020)° _ iy,
x—0 X x—)OXK

(i) We can divide numerator and denominator by x:

2
tanx xtanzxz + 2

f=lim—=*— =1lim —2%—
=0 14x =0 14+x

Now,
. tanx? . 1 sinx? . tan x?
lim = lim 5= = = limx 7 = 0.
x—0 X x—0 COS X X x—0 X
Thus ¢ = 2.

(iii) Expanding sin(x+ a) = sinxcosa + cosxsina,

sin(x+a) —sina 5 sinxcosa — sina(l — cosx)

£ =1lim = lim
x—0 X x—0 X
. sinx . . 1—cosx . X X2
=cosalim — —sinalim —— = cosalim = —sinalim —— = cosa,
x—=0 X x—0 X x—0 x x—=0 X
=0

since sinx ~ x and 1 —cosx ~ x*/2 when x — 0.

(iv) This limit is an indeterminacy 1%, therefore

. 1

0 =1lim(14x)"* = ¢, c:limf(1+x—1)zlim{:1.

x—0 x—0X xﬁOX
Thus ¢ =e.
(v) Since log(1 —2x) ~ —2x and sinx ~ x when x — 0,

log(1—-2 -2

tim 08U =20 T2,

x—0  sinx x—0 X

(vi) This limit is an indeterminacy 1%, therefore

, 2 2si
¢ = Tim (1 +sinx)?/* = ¢, ¢ =lim =(1+sinx—1) = lim MY _ o,

x—0 x—0 X x—0 X

Thus ¢ = 2.

(vil) We can factor out 5 i

in the numerator to obtain

X sinx . —sinx __ 1 exfsinx -1
f=lim— =lime"™~— —lim—
x—0 X —SInx x—0 X —S1nx x—0 X —SsInx

because lin(l) eSM¥ = 1. Now x — sinx — 0 as x — 0, therefore ¢* 5" — 1 ~ x —sinx, so
X—

. X-—smx
¢ = lim

ATSIY
xﬁOQC;*SIIﬁ
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(viii)

(ix)

)

(xi)

(xi1)

We can rewrite

sinx

tanx —sinx ooy —sinx  sinx I —cosx 1
x3 x3 x x? cosx’
But sinx ~ x and 1 —cosx ~ x?/2 as x — 0, so
_ tanx—sinx . X /2 1 1 1
lim ————=lm~-lim—— lim—=1-2-1= .
x—0 X x—0 x x—0 % x—0 COSX 2 2
First of all,
sinx e
m— =1, im — = g = oo,
x—0 sInx x=0smx—x  x—0 Slxﬂ —1

so the limit is an indeterminacy 1. Thus,

sinx

. X\ sinex ) . sinx X . sinx x—sinx
Ezhm(,—) =e°, ¢ =1lim — (,——1>:1m - C— =—1.
x—0 \ sinx x—0 8inx —x \sinx x—0sinx—x  sinx

Therefore £ = 1/e.

Another indeterminacy 1%, so

R _ g L —X)2

. .1
)lclir(l)(cosx) e, c —)lclir(l)x—z(cosx— 1) —)ngO Z

Therefore £ = 1/+/e.

The best strategy here is to change the variable to t = x — 7, so that x — 7 becomes ¢ — 0.
Then

=-1/2.

sin(x/2) = sin(mw/2+1¢/2) = sin(m/2) cos(t/2) + cos(m/2) sin(z/2) = cos(z/2).
=1 =0
Then

lim 1 —sin(x/2) — tim 1 —cos(t/2) :lim%/g 1

= (x—1)? 10 r? i—0 Z 8

where we have made use of the equivalence, valid for t — 0,

(t/2)* _ ¢

2 8
We first need to manipulate a little this expression. For that purpose we substract and add 1
to the numerator to write

. oa—=>b" Coad—-1-b"+1 oa—1 b -1
/= lim = lim = lim — lim .
x—0 X x—0 X x—0 X x—0 X

1 —cos(t/2) ~

We can calculate separately

Coa—1
f, = lim
x—0 X

Whatever result is yields, the other limit will be the same replacing a by b. But first of all we
must realise that a* = €*1°8¢, 5o that @* — 1 ~ ¢*1°2¢ — | ~ xloga when x — 0. Then

xloga __
0 =1lim & Ly #1084

loga.
x—0 X x—0

Therefore ¢ = loga —logb = log(a/b).
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Problem 5.3
(i) On the one hand, as x — oo,

4 7
CHdx—T=x (1—1—2—) ~ X,
x

3
On the other hand,
2 6 5 2 3 1 3 7 1 3
Tx“—/2xX04+x =Tx" —x"\/24+—=x"| ——4/2+— ~ =25,
X X X
Therefore
X dx—7 X 1

Iim—m—m—m—m—m—m— = lim ——— = — .
x50 Tx2 — /240 £ x5 w2 )% V2

(i) On the one hand, as x — oo,

.3 sinx?
x+sinx’=x| 1+ ~X
X

because |sinx?| < 1 for all x € R. On the other hand,
S5x+6 ~ 5x.
Therefore

x—+sinx® .
= lim

fim 28y XL
x—e Sx+6 x—e 5S¢ 5

(ii1) As x — oo,
/ / / 1 / / /1 1
X+ X+\/);=\/)E 1+; X+\/)7C=\/)7C 1+ ;‘f—ﬁf\f\/;c,

1im¢:nm£:1.
X—>00 x+\/x_|_7 x—)wﬁ

(iv) This is an indeterminacy co — oo, sO we must transform

<\/x2+4x—x> (\/x2+4x+x) B X2 4 dx — 2 B Ay
VX2 +4x+x V2t Ax4x Vi fAx4x

thus

VX2 +4x—x=

Now, as x — oo,

4
x2+4x+x:x<\/1++l> ~ 2x,
x

therefore

lim (\/x2 +4x—x) = lim Y,

4x
X—00 x=o0 \/x2 +4x+x xgl;lo 2;{
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(v) To begin with, ¥ — 1 ~ € as x — o0, 50

lim
x—0 X — 1  x—eo /

Now, since lim e* =0,

X—s—00

ex

lim =0.

x——c0 e¥ — 1

(vi) When the sign of x is not defined —as in this case that we need to calculate the two limits
when x — +oo— we can write

1
Va2 +1=20x|y/1+ —.
x°+ |x| +4x2

Soasx — +oo

Vax? 41 ~2|x]|.
Then,

x=2 X1 . x=2 ) X 1

ey =y Jimge = lin =

(vil) We can express tanhx in different ways. Each one will be more suitable to calculate one
specific limit. Thus, multiplying or dividing numerator and denominator by e*,

sinhx B E—e ™ P - |—e %

tanh == = = = .
YT oshy  eter 4l lte ™
So
2x
~1

lim tanhx = lim > = lim el

X—po0 x—oo 2% 4 1 x_>oo£2//(
and

. .  —— L —pF
(Jim tanhx = fim = = fim ——e =1

(viil) We can rewrite

e 25 222
sinhx e*—e* eX—1 |—e¢ 2’
S0,
. e . 2eF 20
lim — =lim —— = lim — =2,
x—oeoginhx  x—ee @ — 1 xoeo P2
and

lim ¢ = lim L— lim =0.

x——oo sinhx X——oo | — e*zx I reney _672x
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(ix) We are facing here an indeterminacy 1%, therefore

lim

= e s
X—Foo

2x+7 Va2 4x—3
2x—6

where

c= lim 4x2+x—3<

x—too

2x+7 A 13vV4x2+x—3
2x—6 " xoreo 2x—6 ’

But v/4x? +x — 3 ~ 2|x| as x — t-o0, we have

. 13V4Ax2+x—3 . 26¢ . 13V4Ax24+x-3 . —20%
lim ———— = lim — =13, lim ———— = lim ——=-13.
X—roo 2x—6 x—oo 2% X—r—oo 2x—6 x——oo 2
Problem 5.4
(i) If x is a positive number close to 0 we have |x| = 0. If it is negative, | x| = —1. Therefore

1\ 1\°
lim () = lim <> =Iliml1=1,
x—0t \ X x—0T \ X x—07T

1\ !
lim <> = lim <> = lim x=0.
x—0" \ X x—=07 \ X x—0~

(ii) We will change the variable x tor = 1 /x:

and

lim ¢!/ = lim ¢ = oo, lim ¢! = lim ¢ =0.
x—0T [0 x—0~ [—r—oo

(iii) We will change the variable x to t = 1 /x:

1 —el/x o 1=€ -
m -—-—=lm —— = lim —/ = —1,
0+ L4el/x it l4el  1oto S

and
1—el/x o 1=¢

xli{(r)l* 14el/x =% 1+
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D.6 Continuity

Problem 6.1
(a) The function g(x) = |x| is a continuous function and | f(x)| = (go f)(x) is continuous because
the composition of continuous functions is a continuous function.
As for the reciprocal, take

1, x =0,

fx) = {—1, x < 0.

It is clearly a discontinuous function, however |f(x)| = 1 everywhere, which is continuous.
This example illustrates that from the fact that | f(x)| is continuous one cannot conclude that
f(x) itself is continuous.

(b) We are talking here about a function f : R — @Q that is continuous. One such function would
necessarily be constant. Let us see why. Suppose that f(x;) = ¢; and f(x2) = g2 # ¢1. Since
the function is continuous it must take all intermediate values between ¢; and ¢, within the
interval [x1,x;]. But between any two rational numbers there are infinitely many irrational
numbers, so there must exist x € (x1,x2) such that f(x) is irrational. This is a contradiction
and therefore g, # ¢ is not possible.

Problem 6.2
(a) The information that the function is surjective means that x( and x; in [0, 1] such that f(xp) =0
and f(x;) = 1. Now, consider the interval [xo,x;] (or [x,x0], depending on which one is
bigger). The function g(x) = f(x) —x is continuous (the sum of two continuous functions)
and satisfies

g(xo) = —xo, gx1) =1—x.

If xo = 0 then ¢ = 0 is the point we are looking for. If x; = 1 then ¢ = 1 is that point. If
none of these two things happen then g(xp) < 0 and g(x;) > 0 and we can apply Bolzano’s
theorem: there must exist ¢ € (0, 1) such that g(c) = 0 —which is equivalent to f(c) = c.
Whichever the case, we can conclude that there exists ¢ € [0, 1] such that f(c) =c.

(b) Consider the number

n=1Y .
k=1

1
n
We can obtain a lower bound to i by replacing in this expression all the f(x;) by the smallest

one. Thus,

p> min flx).

yeensll

Likewise, we can obtain an upper bound replacing them by the largest one:

So pt is a value intermediate between two values that the function f takes in the interval [a, ],
therefore, since it is continuous, there must be a number ¢ € [a, b] at which f(c) = .

Problem 6.3 Since f is a rational function, all that it is required for it to be continuous is that the
denominator does not vanish within the specified set.
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(a) In this case the denominator must never vanish. If A = 0 the function f(x) = 1 and trivially
continuous in R. Consider now A # 0. Since in this case the denominator is a quadratic
polinomial, the requirement that it never vanishes can be rephrase as its two roots being
complex. The condition for that is that the discriminant is negative, so

4A2—41 <0 & A(A-1)<0.

This holds if each factor has a different sign, i.e., if 0 < A < 1. Therefore the function is
continuous in R provided A € [0,1).

(b) Any of the values of A found in the previous item make the function continuous in R —hence
also in [0, 1]—, so we just have to check what happens if A < 0 or if A > 1. In any of these
two cases the denominator will have two real roots, so the key point is that none of them lies
within the interval [0, 1] where we want f(x) to be continuous.

By solving the quadratic equation we find the two roots as

:WW:H_ 1— -1 _Wzl—m.

X1 ) X2 =

If A =1 both x; =x; = 1 and so f is not continuous at x = 1. Thus A # 1 is required. In
this case x; > 1, so it will always be outside the interval [0, 1]. We can ignore it. On the
contrary, x; < 1, so it will be also ouside the interval provided x, < 0. This condition implies
v 1 —=A~1 > 1, which can only hold if A < 0.

Summarising, f(x) will be continuous in [0, 1] provided A < 1.

Problem 6.4
(i) Numerator and denominator are continuous functions in IR, so this function will be continuous
except when the denominator vanishes. It does when x> —8x+ 12 = (x—6)(x —2) =0, s0 f
is continuous in R — {2,6}.
(i) The function is the sum of a plynomial (continuous in R) and the function e3/*. The
exponential is continuous everywhere and the function 3 /x too, except for x = 0. Besides,
3/x

lim e

= OO’
x—0t

so f is continous in R — {0}.

(iii)) Polynomials are continuous in R and so the tangent except when its argument is an odd
multiple of /2. This means the points

n7t—2+7r
3 6’

T
3x+2:n7r+§ =>x= nez.

f is continuous except at these infinitely many points.

(iv) The polynomial is continuous in R, so f is continuous wherever the argument of the square
root is not negative. This means x> — 5x+ 6 = (x — 3)(x —2) > 0, which happens for x > 3
or x < 2. Thus f is continuous in (—eo, 2] U [3,0).

(v) arcsinx is only defined for x € [—1, 1], but in this region it is continuous because is the inverse
of a continuous function. Thus f is continuous in [—1, 1].

(vi) The polynomials are continuous everywhere, so the only requirement is that the argument of
the logarithm is positive, i.e., 8x — 3 > 0. Hence f is continuous in (3/8,c0).

(vii) This function represents the decimal part of x and is clearly discontinuous at the integers.
Thus f is continuous in R — Z.
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(viii)

(ix)

(x)

(xi)

(xii)

The polynomial and the sine function are both continuous everywhere, and so is 1/x except
at x = 0. Function f is defined at x = 0 though, so we must check the definition of continuity
at this specific point. Since |x?sin(1/x)| < x*> and x> — 0 as x — 0, then

tim £(x) = 0 = £(0)

and f is continuous in R.

For x > 0 the function is continuous except for x = (2n— 1)7/2, n € N. For x < 0 the
function is always continuous. We must compute the two one-sided limits at x = O to check
for continuity at that point. Now,

tanx X

li = lim — = lim — = | =0.

S0 = i T = i = v
And on the other side,

lim ¢'/* = lim ¢ =0.

x—0~ I——o0

Thus,
lim £(x) = 0 = £(0),

so f is continuous in R — {(2n—1)7/2 : n € N}.

As close as we like to a rational number there is always an irrational number. As close as we
like to an irrational number there is always a rational number. So, f is discontinuous at every
x # 0. Atx = 0 function f(x) is continuous though. The reason is that | f(x)| = |x| — 0 as
x— 0, so

lim £(x) = 0 = £(0).

x—0

Each piece of this piecwise function separately is a continuous function, so we just need to
check what happens at the joints. Thus,

lim f(x) = lim (x—1)°=0,  lim f(x) = lim (jx| —x) =0,

x—1+ x—1t x—1-
SO
lim f(x) =0= f(1).
x—1
And
lim f(x)= lim (Jx]—x) =2, lim f(x)= lim sin(7mx) =0,
x——1- x——1* x——1t x——1-

so f(x) is continuous in R — {—1}.

The two polynomials defining the function for |x| > 1 are continuous function. In (—1, 1) the
function is defined as sgnx+ 1, which is continuous except at x = 0. We now need to check
the two joints. Thus,

lim f(x) = lim 2x =2, lim f(x) = linl1 (sgnx+1) =2,
x—=1-

x—1t x—1t x—1-

SO

tim f(x) =2 = f(1).
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And

lim f(x)= lim (sgnx+1)=0, lim f(x)= lim (x+1)*=0,

li
x——1- x——1 x——1* x——1-

SO

lim f(x)=0=f(—1).

x——1

Summarising, f(x) is continuous in R — {0}.

(xiii) Each of the three pieces of this piecewise function is continuous (a polynomial or the absolute
value of a polynomial), so we need to check just the joints. Thus,

li = lim (4x—5) =3 li = lim |x*—1|=3
B 0= lip Ge=9) =3, lip Sl =g e - 1=3
SO
lim f(x) =3 = f(2).
x—2
And
li — 1 2_1:3 li — 1 2:4
Jm f() = lim 1) =3, lim f(x) = lim x* =4,

so f(x) is continuous in R — {—2}.
(xiv) The functions defining f(x) for |x| > 1 are both polynomials —hence continuous. Within
|x| < 1itis defined as g(x) =x— [x]. Now, g(x) =x+1 forall -1 <x <0, g(x) = x for all
0 <x<1,and g(1) =0. Thus function f(x) can be redefined as
(x—1)%, x>1,
fx) =1 x, 0<x<1,
x+1, x <0.

All three pieces are continuous (polynomials), so we must look at the joints. So,

lim f(x)= lim (x—1)>=0,  lim f(x) = lim x=1,

x—1t x—1t x—1- x—1-

and
li =1 =0 li =1 1)=1.
xi%lJr f(X) xir(l)l+x ’ xir(l)l*f(X) xir(gl’ ()C+ )

Therefore the f(x) is continuous in R — {0, 1}.

Problem 6.5
(i) Denoting f(x) = x> — 18x+2, a continuous function in R, we have f(—1) =21, f(1) = —15,
so Bolzano’s theorem guarantees at least one zero in [—1, 1].
(ii) Denoting f(x) = x—sinx— 1, a continuous function in R, we have f(0) = —1 and f(7) =
7w —1> 0, so Bolzano’s theorem guarantees at least one zero in [0, 7].

(iii) Since e* > 0, we know that ¢* +1 > 0, so the equation cannot have any solution in R.
(iv) Since —1 < cosx < 1 for all x € R, the equation cosx = —2 cannot have any solution in R.

(v) f(x) >0 forall -2 <x<0and f(x) <O for all 0 < x < 2. If f(x) where continuous
this would imply that £(0) = 0. But the function is not continuous at x = 0 (f(07) = 2,
F(0T) = —2), so there is no solution to the equation f(x) =0 in [—2,2].
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(vi) Denoting

3 7 X 2
flx) = xz —sin(mx) +3 — 3= xz —sin(nx)—i-g,

f(=2)=—4/3 and f(2) = 8/3, so Bolzano’s theorem guarantees at least one zero in [—2,2].
(vii) Clearly |sinx| — sinx < 2, so the equation | sinx| — sinx = 3 cannot have any solution in R.

Problem 6.6 If f(x) = az1x*" ! +ap,x® + -+ ajx +ap then, as x — oo we have f(x) ~
azy 1 X2 Therefore the signs of f(x) for large positive x and large negative x are opposite, so we
can apply Bolzano and conclude that f(x) must be zero at least at one point in R.
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D.7 Derivatives

Problem 7.1
@
Wy =L (x).f"(x) + 8(x)g'(x)
f(x)*+g(x)?
(i)
H(x) = 1 L)) — fx)g'(x) _ f(0)g'(x) — f(x)8(x)
1+<ﬂw>2 802 fOP g
8(x)
(iif)

1 (x) = f(8(0))g (0" + £ ((x)) £ (x)e’™ = [f (8(x)) g (x) + f (8(x)) £ (x)] .
(iv) First of all h(x) =log (g(x)) +log (sin f(x)), so

1= 80) | F)cosf(x) &) o
PO T i) g WU

(vi)

Problem 7.2 In both items we are asked to figure out a function g(x) such that

; Xl <1,

, x> 2,

(x), l<x<2,
(—x), —2<x<-—1,

O =

flx) =

o

is the requested function.
(a) For f(x) to be continuous we need g(x) to be continuous and fulfill the two conditions
g(1) =1, g(2) = 0. The simplest such function is the straight line g(x) = ax + b, for which
these two conditions imply

b=1
a+o=1 & a=-1, b=2.
2a+b =0,

Thus g(x) = —x+2.
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(b) Since the derivative of f for |x| < 1 and |x| > 2 is 0, now we need g(x) to satisfy also
g’ (1) = g'(2) = 0. These are four equations, so the simplests function would be a polynomial
with four unknown coefficients, namely g(x) = ax® 4 bx? + cx +d. But we can determine
the polynomial more precisely given the information we have. For instance, the fact that
g(1) = 0 means that g(x) = (x — 1)g(x), with g(x) is a second degree polynomial. Given
this expression, g'(x) = g(x) + (x — 1)¢’(x), so 0 = g’'(1) = ¢g(1), and this implies g(x) =
(x—1)r(x), with r(x) a lineal polynomial. In other words,

g(¥) = (x—12(ax+b),  g(x)=2(x— 1)(ax+b)+a(x—1)%

We can now impose the constraints g(2) = 1, g’(2) = 0, and this leads to

2a+b=1, 2a+b=1, a= -2,

= =

22a+b)+a=0, 5a+2b=0, b=>5.
Thus g(x) = (x — 1)%(5 — 2x).
There is a simpler way to achieve the same result though. It amounts to finding a continuous
and differentiable function with a local maximum and a local minimum. One such function
is cos>a(x — b). This function reaches a maximum at x = b, where it is 1, and a minimum at
a(x—b) = m/2, where it is 0. If we want the maximum to be at x = 1 then we must choose

b = 1. If we want the minimum to be at x = 2 we must choose a(2— 1) =7/2,i.e.,a=7/2.
Thus g(x) = cos® 5 (x—1).

Problem 7.3 c
i fl(x)=—- 2 therefore
xf 4 f ==+ =0.
(i) f'(x) = tanx+x(1 +tanx), therefore
xf'— f— f? = xtanx + x> — ¥’ tan? x — xtanx — x> tan® x = x°.
(iii) f'(x) =3cycos3x—3cysin3x and f”(x) = —9c¢; sin3x — 9¢; cos 3x, therefore
f"+9f = —9cy sin3x — 9¢; cos 3x + 9(cy sin3x + ¢2 cos 3x) = 0.
(iv) f'(x) =3c1e** —3cpe 3" and f"(x) = 9c1e* 4 9cye 3%, therefore
" —9f =9c1e¥ +9cre 3 — 9(cle3x +C2€73x) =0.
(V) f'(x) = 2c1€* +5c2e> and f"(x) = 4c1e® +25¢2e*, therefore

" =T7f +10f = 4cie* +25c2> — T(2c1€% 4 5¢27) 4 10(c1e* + c2e>)
= (4—14+10)e™ + (25 -35+10)>* = 0.

o ciet—e
=997 and
(vi) f'(x) P an
() = (cre"+e )2 —(cre* —e™™)? 1 cref—e™* 2
N (cre¥+e¥)? B cref+e>x )’
therefore

—x\ 2 —x\ 2
" N2 ciet—e™* ciet—e™*
_ S N — ) =0.
f= <cle"+ex> * <clex+e"
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Problem 7.4 {
(i) Differentiating f(x) = arctanx + arctan —,
x

Lo, 1\ L,
1 +x2 1 ) 14x2 2+l
1+
x
Therefore f(x) = ¢, a constant. To find out which constant we must evaluate f(x) at any

point x > 0, say x = 1. Then f(1) = ¢ = arctan 1 +arctan1 = 2x/4 = 7 /2.

1
(ii) Differentiating f(x) = arctan 1 T arctan.x,
o 1 l—x+14+x 1 2 1
X)) = f— — —_
NNAEE: 2 (1-x)? 1+x2  (1—-x)2+(1+x)?2 142
(%)
2 1 2 1

- = - = 0.
1—2x+x24+142x+x2 14x2 242x2 142

Therefore f(x) = c, a constant. To find out which constant we must evaluate f(x) at any
point x < 1, say x = 0. Then f(0) = ¢ = arctan 1 4 arctan0 = 7 /4.

X
S Differentiati o aret . ’
(iii) Differentiating f(x) arc anx—l—arcsml_i_x2
2 1 2(1+x%) —2x-2x
/ —
Sl = 14x2 - 2y \2 (1+x2)?
11— ==
=
2 N 142 2(1—-x%) 2 N 2(1—x?)
C1+a? (T+x2)2 =42 (14222 1422 (1422)/(1 —x2)2
2 2(1—x2) 2 2

= — :0
) 1+x2 (T+x2)(x2—=1) 1+4+x2 1+4+x2 7

where in (*) we have used the fact that x > 1 implies that \/(1 — x2)2 = x> — 1 > 0. Therefore
f(x) = ¢, a constant. To find out which constant we must evaluate f(x) at any point x > 1,
say x = 1. Then f(1) = ¢ =2arctan 1 +arcsin1 =2x/4+ /2 = 7.
Problem 7.5 If we calculate f'(x) = 1 + 4 (sinx) /3 cosx we observe that this function diverges
whenever sinx = 0, i.e., for x = nt with n € Z. Those are the points where the tangent straight line
is vertical.

Problem 7.6 Let us calculate the derivative on the left, f/(07) and on the right, f'(0"). Since

f(0)=0,

oo g SO T
O = = s = A e =
ot g 0= £(0) iy _
f(o )_Xlif(I)IJr X _xl)I(I)l+1_|_el/x_tll_>Igl_|_et =0.

So the slope of the tangent on the left is 1 —hence it forms an angle 7 /4 with the X axis— and that
on the right is 0 —hence it is parallel to the X axis. Thus the angle between both tangents is 7 /4.

Problem 7.7 The domain of this function requires that x+2 > 0 and —1 < x4+ 2 < 1 be satisfied
simultaneously. This happens for x such that 0 < x4 2 < 1, in other words, for x € [-2, —1]. Within
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this domain the function is continuous because so are x + 2, 1/x, and cosx —hence its inverse— in
their respective domains.
About differentiability,

() arccos(x+2) Vx+2 arccos(x+2) [ x+2
xX) = — = - ’
2vx+2 V1= (x+2)? 2vVx+2 —3—4x—x2
which diverges when x = —2 and is defined only if x> +4x+3 = (x+ 1)(x+3) < 0. This happens

for x € (—3,—1), an interval that overlaps with the domain excluding the point x = —1. Thus the
derivative exits only forx € (—2,—1).

Problem 7.8 Function f(x) will be differentiable if and only if x> —x+3 > 0 for all x € R or
ax? —x+3 < 0 for all x € R. The reason is that in either of these two cases the parabola does not
cross the X axis or it just touches the axis at one point (it is only if the parabola crosses the axis that
its absolute value generates points with no derivative). The condition for this to happen is that the
discriminant of the parabola be < 0, i.e., 1 — 12a < 0. Thus a > 1/12.

Problem 7.9 Function f(x) is even, so it is enough to make sure that it is continuous and differen-
tiable at x = c. The function will be continuous at x = ¢ if

1
a+bc® = —.
c

On the other hand, for x > 0 the function is

a+bx’, 0<x<ec,
-, x>c,
X

so its derivative will be

2bx, 0<x<c,
f/(x): 1
5 .x>C,
X

and therefore f(x) will be differentiable at x = c if
1

1

c2

And from the previous equation we obtain

So for |x| < ¢ the function is defined as

f(x):210<3—)ci>.

Problem 7.10
(a) The two pieces defining this function are continuous and differentiable within their respective
sets, so the only critical point is x = 1. Let us first check the continuity at this point. So
1 3—x?
lim f(x)= lim - =1,  lim f(x)= lim —— =1,

x—1t x—1t X x—1- x—1- 2
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hence

lim f(x) = 1 = £(1),

x—1

which proves that the function is continuous also at this point. As for differentiability,

— (1 1_q 1—
£y = tim LSO s e
=l x—1 —ltx—1 st x(x—1)
—f(1) .| -2 (1—x)(1+x)
"17)= 1 le- 2 - lim — = — lim ~—\" "%
F) = lim == = Jim = im sy T e
—(1
el G ) Y
x—1- 2
so f is differentiable at this point and f’(1) = —1. Summarising, f is continuous and

differentiable in R.
(b) Given that f is differentiable in IR, there must exist ¢ € (0,2) such that

Q- FO =720 & 1-3=2/() = -3=r)

We do not know whether c is in (0,1) or in [1,2), so we have to check both. We have

—X, x < 17

flx) = 1
5 x}l

X

Assuming 0 < ¢ < 1, the equation becomes

1 1
—=~=—-Cc = c=z.

2 2

Assuming 1 < ¢ < 2, the equation becomes

1 1
L S}

2 c?
Problem 7.11 The derivative is
2
/ [
f ('x) - 3)(,'1/3 )

so f is not differentiable at x = 0. This is the hypothesis that is not met.

Problem 7.12
(i) Assume that a < x; <xp < -+ < x| < x; < b are the k points where f vanishes in [a, b].
In any of the k — 1 intervals [x;,x;], with j =1,2,...,k—1, we can apply Rolle’s theorem
and conclude that there must be at least a point in each of them where f’ vanishes. This
means that f’ vanishes at least k — 1 times in (a,b) —hence in [a, D).

(i) We can recursively apply the previous result and obtain

f vanishes n+ 1 times in [a,b] = f’ vanishes n times in [a, b]
f vanishes n times in [a,b] = f” vanishes n— 1 times in [a, ]

f" vanishes n— 1 times in [a,b] = f" vanishes n — 2 times in [a, b]

f (=1) vanishes 2 times in a,b] = f () vanishes 1 time in [a,D].
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Problem 7.13 Let us consider the function f(x) = x*/3 in the interval [26,27]. By the mean value

theorem

2723 _062/3 — 2 26<c<27
3C1/3 ) b

SO

2623 =9 — 26<c<27.

2
3c1/37
Approximating ¢ ~ 27 we obtain

2 79
2623 ~9 -2 = 2 _8777777...
9 9

The exact value is 8.776382955 ...

Taking now g(x) =logx in [1,3/2] we can write

1/3 1 3
log(3/2)=-(=-1)=—, 1 =
0g(3/2) C<2 ) 5o 1<e<3

From this we conclude

1 1
7<logB3/2) <5 & 03333333 <log(3/2) <0.5.

The exact vale is 0.405465108. ..

Problem 7.14
(1) We can obtain the limit

. €—sinx—1
{ = lim —s
x—0 X

by applying I’Hopital’s rule twice, as

. e +sinx 1
{=lim—— = —.
x—0 2 2

(i1)) We can obtain the limit

7 — lim log | sin 7x|
=0 log|x]|

by applying I’Hopital’s rule as

sinx

7cos7xsinx . TcosTx !

(=1 =1l

m — = 11m 1im — = m ———7,
x—0 sin7xcosx x—0 CcOSXx x—0S8Iin7x x—0 sin7x

and then again,

COSX
=Tl =1.
ng(l)7cos7x

(iii) Writing the limit as

log(x—1)
1
logx

{= lim
x—1t

sinx
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it becomes a e /oo indeterminacy, which we can sort out using 1’Hopital’s rule. Thus,

‘

_ 2 2
_ET Mg (oe)”
m x—1t x—1 =1t x—1

¢ = lim
x—1t —

0w ==

And we can solve this 0/0 indeterminacy by applying I’Hopital’s rule once more to obtain

21
~ lim 228X .
x—=1t X

Therefore ¢ = 0.
(iv) This limit can be written as

1
¢ = lim x'/* = lim 8%/ = exp{lim ng} .

X—$00 X—300 X—o0 X

This new limit can be obtain by applying I’ Hopital’s rule as

1
lim — =0,
X—o0 X

therefore ¢ = 1.
(v) The limit

1 1+x_1_ 42
Ezlim( +x) : X—X
x—0 X

is a 0/0 indeterminacy, which can be solved by applying I’Hopital’s rule three times. The
denominator becomes then 6. As for the numerator, (1 —x —x?)"” = 0, so we have to take
three derivatives of g(x) = (1 +x)'** = eI#¥)log(1+¥) Thys,

g'(x) = g(x) [log(1 +x) + 1],

&' = () [log(1 +) + 1]+ 52

log(l+x)+1  g(x)
1+x (1+x)%

g"(x) = g(x)[log(1+x) + 1]° +3g(x)

Therefore

(= 1lim {g(x) [log(1+x)+ 1]3 +3g(x)

log(1+x)+1  gx) | _1
6 x—0 N

14x (1+x)2 2
(vi) We can change the variable x to t = 1/x. Then

. 2 1 . tan2t —tant
{=Ilimx|(tan- —tan— | = lim ——.
X

X—poo X t—0t t

We can solve this 0/0 indeterminacy by applying 1’Hopital’s rule to obtain

2 1
{=1i ————— | =1.
50" <00522t coszt)
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Problem 7.15 First of all, £(0) = 0 because if £(0) = ¢ # 0, then

. - h(x)
1 =lim —2% = +o
xl—r>r(l)f(x) xl—I>r(l) x2 ’

so f would not be continuous at x = 0.

Now, since the limit above is a 0/0 indeterminacy we can try to apply 1’Hopital’s rule and
calculate

/
lim M
=0 2x

otherwise it would be 4-oo and

im ") _

x—0 x2 ’

As h is twice differentiable #’'(x) — A’(0) as x — 0. For the same reason as above /'(0) = 0,

again in contradiction with the fact that f is continuous at x = 0.
Finally, once stablished that #'(0) = 0 we can rewrite

’ 1 1/ "

| h(x)_llimh(x) h(O):h(O)‘

x—=0 2x 2 x—0 X 2
This limit has to be 1 if f is to be continuous at x = 0, thus /#”(0) = 2
Problem 7.16

(i) We can change the variable x to t = 1 /x to tranform the limit

X 1/t _
Ezlimx[(l—i—l) —e]: lim (l—l—t)ie.
X—yo0 X

t—0t t

Since (1+1)'/" — e ast — 0" we face a 0/0 indeterminacy. Let us apply 1'Hopital’s rule
and calculate

Ezhmﬂ+0m< ! _J%“+”>_

e lim t—(1+1)log(1+1)
=0+ t(1+41) 12 t—0+ t2(1+t)
t—(14+1)log(1+1¢
PR EY(ES) I EY))
t—0t t

another 0/0 indeterminacy that can be solved by applying 1"Hopital’s rule again twice. Doing
it once we get
log(1
¢ = —% lim M7
2 10+ t
and the second time we obtain

(= —Cpim =€

— lim — = )
210t 1+1¢ 2

(i1) Taking logarithms in the limit we can calculate it as

1
log¢ = lim [leog <1 + > —x} .
xX—yo0 X
Now we change the variable x to 7 = 1 /x and write

1 141¢)—1t
log/ = lim M’
1—0+ t
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a 0/0 indeterminacy that can be solved by applying I’Hépital’s. Thus,

1 1 t 1 1 1
logf=lim = —— lim —— = —~ lim —— = —.
t—0+ 2t 2 -0+ t(141) 210t 1+1¢ 2

Therefore £ = 1/+/e.

(i1i1) This is an indeterminacy 1 which can be calculated as

2l/x 4 18l/x . . 2l/x 4 18l/x
Ezlim<+8 _e e—mnma| 22T )
X—roo 2 X—yo0 2

Now we change the variable x to 7 = 1 /x and write

1 26418 -2 1 2r—1 18" —1 1/d d
lim ———=—-| li lim 2 —18
T 2050 t 2 <t—1>I(I)1+ t +t—1>0+ t > 2 <dt =0 dt t—0>
1
= 5(10g2 +1log18) =log V36 = log6.
Therefore ¢ = 6.
(iv) This limit generalises the previous one. Again,
= lim Z L/ :ec, c=limx lia}{/x—l .
x=oo \ p = X—yoo P
Now we change the variable x to 7 = 1 /x and write
Lo Y ak 1 a, 1 d 1 &
= — 1 — — —d = — 1
p tl>0+ p Z p k;l dtak t=0 k; 08k

=log |(a1az---ap) /p} )

Therefore £ = (ajay---a,)"/?.

Problem 7.17
(a) Suppose f(0) =c #0. Then
- f2x)
= x—>0 5x3 ’

in contradiction with the hypothesis. Thus f(0) = 0.
(b) Introduce the variable ¢ = 2x3. Then t — 0 as x — 0. Thus,

f) 2. f)=f0) 2,
I=lmSp =sim———— =570,

hence f/(0) =5/2.
(c) Applying I’Hopital’s rule, the limit
2
)i (FO)(29)
=0 f1(3x)
can be obtained through the derivatives of the functions at the numerator and denominator.
But
d

d d / / - = &
oD@ = G (r20) = F () @02 760 = 5
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and since £(0) = 0 also f~!(0) = 0. Then

/= lim 2f'(2x)f (f(20)) £'(f 7' (3x)) _ 2f'(0)f (£(0)£"(f71(0)) _ 2/'(0)
x—0 3 3 3
25 125
T3 28 127

Problem 7.18 Since g(x) — f~1(1) = 0 as x — 0, this limit is a 0/0 indeterminacy. Thus we can
apply I’Hopital’s rule to calculate it as

¢ =1lim (ex—i-cosxefsmx) f (ffl(x-I— 1)) = zfl(o)-

x—0

All that remains is to compute f'(0). We can do that evaluating the equation defining f(x) at x = 0.
This yields,

OO0y =2 = f(0)=2e,

since f(0) = 1. Thus ¢ = 4e.

Problem 7.19
(a) f is continuous in R because so are polynomials and the absolute value function. As for
differentiability, we can express f in a piecewise description as

) 43 —x*—1, O<x<4,
X)) =
x*—4x3—1, otherwise,
separating out the cases where x°(x —4) < 0 from those where x*(x —4) > 0. Both pieces
are differentiable (they are polynomials), so we must check the joints. Since

£ 12X —4x%, 0<x<4,
X)) =
43 —12x%, x<Oorx>4,

we have f/(0—) = f/(0") = 0, so f is differentiable at x = 0, but f'(4~) = —64, and
f1(47) =64, so f is not differentiable at x = 4.
Summarising, f is continuous in R and differentiable in R — {4}.

(b) First of all we need to look where f’(x) = 0. This means
4%3-x)=0 = x=0,x=3.

If x < 0 but close to x = 0 then f'(x) = 4x*(x — 3) < 0; if x > 0 but close to x = 0 then
f'(x) = 4x*(3 —x) > 0. Therefore f has a local minimum at x = 0. On the other hand, if
x < 3 then f’(x) = 4x*(3 —x) > 0 and if x > 3 then f'(x) = 4x*(3 —x) < 0, so f has a local
maximum at x = 3.

But this is not the whole story because f is not differentiable at x = 4 —hence x = 4 cannot
be a solution to f’(x) = 0. We need to check this point separately. Now, f(4) = —1, but for
any x # 4 near x = 4 we have f(x) = [x*(x—4)| — 1 > —1, so x = 4 is a local minimum.
Finally, —1 is the smallest value that f(x) can take, and f(0) = f(4) = —1, so both, at x =0
and at x = 4, function f(x) reaches its absolute minimum. There is no absolute maximum
though, because the function grows indefinitely as x — +oo.

(¢) f(0)=—1and f(1) =2, so Bolzano’s theorem guarantees that there is at least one solution
to f(x) =0 in (0,1). On the other hand, in (0,1) we have f'(x) = 4x*(3 —x) > 0 so the
function is monotonically increasing. Therefore the solution is unique.
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Problem 7.20

(a)

(b)

(©

(d)

The amount of material is proportional to the surface of the can, which is given by the formula
S = 277> 4+ 27rh. But cans have all the same volume V = 7tr°h, so h =V /7r? and thefore

Vv
S=2r <r2+>.
r

Minimising the surface amounts to minimising the function

Vv
_ 2
) =r+—.
This is a differentiable function for all » > 0, so the minimum is reached at a solution of

I sV (v~
f(ry=2r 7rr2_0 = r—2n_ = r= o

1/3
-l ()"
r T

Lead is proportional to the surface. If the side of the square base is a and the height 4, then
the surface will be S = a? + 4ah. The volume constraint, 32 = a2h, implies h =32/ a2, so

128
S:a2+7 :f((,l)

and

Now,

128
f’(a):2a—? = =64 = a=4, h=2.

We can eliminate y = 20 — x, so the function to maximise is
f(x) =x*(20—x)*.
Now,
f'(x) = 2x(20 — x) — 3x?(20 — x)? = x(20 — x)? (40 — 2x — 3x) = 5x(20 —x)*(8 —x) = 0.

The two solutions x = 0, x = 20 clearly minimise the function. The maximum is then x = 8
andy = 12.

If x is half the horizontal side of the rectangle, then

2
X
y=b\1=2

is half the vertical side. Then the area of the rectangle is

2
A=4xy=4bx\/1— —.
a
Maximising this area is tantamount to maximising

A? , xt
f(x)—@—x -

which means solving the equation
4x3 2x?
'X)=2x——5 =2x(1—" | =0.
et a(12)
One solution is x = 0 —which is obviously not the right one— and the other two solutions
are x = t+a/ V2. Clearly the one that maximises the area has to be x = a/ V2.
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(e) The picture illustrates how to construct the described triangle:

H emmmmmmcmcccccsss e ———————

o
=
-
-
-

We can select an arbitrary point on the parabola, (xp,6 — x%). The slope of the tangent at
that point will be m = —2x, (obtained differentiating 6 — x?), so the equation of the tangent
straight line will be

y=6— x5 —2xo(x —x0) = 6+ x5 — 2xox.

Now, this straight line meets the Y axis at A(0,6+x3), and the X axis at B((6 +x3)/2x0,0),
so the area of the triangle will be

(6+x)* _ 9 X
A = = — 3 —_— = .
Ax o + 3x0 + 4 f(XQ)

Minimising the area means solving

9 3% 3(xf+4x3—12)  3(x3+6)(x3—2)
/ —_ 3 -0 — 0 0 — 0 0 = 0
f(x0) x(z) ot 4 4x(2) 4x(2)

The only meaningful solution to this equation is xo = v/2.

(f) The area of the triangle at the base is a*>v/3 /4, and that of the lateral rectangles 3ah, so the
total cost will be

3 2
C:O.2O><a27—|—0.10><3ah=0.10>< \@("2+\f3ah> .

Since 128 = ha*+/3/4 we get v/3ah = 512/a, so C = 0.10 x v/3f(a), where

2
flay=5+22

a

The value of @ minimising cost will be a solution of

512
f’(a):a—a—zzo = =512 = a=38.
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(g) For a given 0 < x < 2 the corresponding y on the circunference is given by

=1 - 12 = VA2 ).

Thus, the three points of the triangle are A(0,0)

x(2 —x)), C(x,0). The area of
the triangle will then be § = x+/x(2 —x) /2 = x*/2(2 — x)1/2/2. So maximising this area is
tantamount to maximising
fx) =48> =22 —x) =20 —x*.
The corresponding x will be a solution of

f'(x) = 6x* —4x> = 2x*(3 —2x) = 0.

The only meaningful solution is x = 3/2
(h) Triangle similarity implies
yo+B _ B X0Y0
= — = = o = =
Pyl xXoyo + B0 = B + B B

(i) The length of segment AB is

6:\/(xo+a)2+(yo+ﬁ)2=\/(xo+a)2+(y +M) \/(xo+a) +

%
2
= (xo+a)y/1+ 2

aZ
a(xo+ )

So minimising ¢ is tantamount to minimising

fla)=0*= (xo+a)? <1+§2> .

Differentiating

flla) =2(x0+ ) (1 + i ) 2(xo+a) y

2(xo + ) <1+£—/—xoyo—g>
:2(xo+oc)< —xoy%> =0.

o3

This equation has the solution

o= (xoﬂz)) '

)

B = )"

(i) The sum of segments OA and OB is

f(a):xo+a+yo+[3_xo+yo+a+°—y°

Differentiating

X Xi
Fle)=1-"20=0 = a=(uw0)? B="20= (x)".
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(iii) The area of the triangle is

1 1 xoy0\ Yo (xo+@)?  yo (X3
2(XO+(Z)(y0+B) 2(XO+O£) Yo + o > o > OC+ X0+ O

Minimising the area implies minimising

_2A X2

0
o =—=+42 .
fla) " oc+ X0 +

Differentiating

2
Xi X0Y0

Problem 7.21
(a) For a =1 the inequality becomes a trivial equality. For a > 1 take the function

fx)=14+x)*—1—ax.
Differentiating,

f)=a(l+x) ' —a=0 = (Q4+x)*"'=1 = x=0,
so x = 0 is a local extremum. From the second derivative,

') =al@—1)(1+x)*? = f"(0)=ala—1)>0

we conclude that x = 0 is a minimum —the absolute minimum if x > —1—, therefore
f(x) > f(0) =0 for every x > —1. This means

(I+x)*>14ax.
(b) Take the function
fx)y=¢"—1—nx
Differentiating,
flx)=e—1=0 = x=0,
so x = 0 is a local extremum. From the second derivative,
f'x)y=¢" = f'(0)=1>0,

we conclude that x = 0 is a minimum —which is absolute in this case because there is no
other one in R. Therefore f(x) > f(0) = 0 for every x € R, i.e.,

e >1+x.

(c) Take the function

£(x) = log(14x)

I+x
Differentiating,

, 1 1 X
f'(x) T+x (1+x?2 (1+x)? = *=0
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so x = 0 is a local extremum. From the second derivative,

1 2 1—x
"(x) = — = = f0)=1>0,
PO =G T e~ (300 F0)
we conclude that x = 0 is a minimum —which is absolute in this case because there is no
other one when x > —1. Therefore f(x) > f(0) = 0 for every x > —1. This proves the first

inequality. As for the second, take

g(x) =x—log(1+x)

and differentiate:

1 X
l4+x 14+x

g =1 = x=0,

so x = 0 1s a local extremum. From the second derivative,

1

m f1(0)=1>0,

f(x) =

we conclude that x = 0 is a minimum —again absolute—, so f(x) > f(0) = 0 for every
x > —1. This proves the second inequality.

Problem 7.22
(a) Take the function

_ logx

f(x)

X

Differentiating,

1-1
:70gx:0 = X =e.

f'(x)
From the second derivative,

2logx—3 1
f'(x) = —a = f(e)= —3 <0,

32

s0 x = e is the absolute maximum for x > 0. Thus f(x) < f(e) for all x > 0, x # e, which
means

1 1
ogx _

X e
(b) Multiplying the inequality by ex it becomes elogx < x, and taking exponentials

x¢ < e,

Problem 7.23
(i) The polynomial f(x) = x’ +4x —3 ~ x” as x — o0, 50 f(x) — %0 as x — oo and f(x) — —oo
as x — —oo. Thus f(x) = 0 at at least one point. What we need to know is to figure out
how many times f(x) bends up and down and from that determining the number of times it
crosses the X axis. Now,

flx)=7%4+4>0

for all x € R, therefore f(x) increases monotonically. The conclusion is that there is only
one solution.
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(ii) Similarly to the previous exercise, f(x) = x> —5x+6 ~ x> as x — Fo0, 50 f(x) — o as

(iii)

(iv)

(v)

(vi)

x — o0 and f(x) — —oo as x — —oo. Thus f(x) = 0 at at least one point. Now,
flx)=5x*-5=0 = x==I,

and from the second derivative
f"x) =20 = f'(1)=20>0, f'(—1)=-20<0,

so we conclude that x = —1 is a local minimum and x = 1 a local maximum. But f(1) =2>0
and f(—1) =10 > 0, so the local minimum is above the X axis. In conclusion, there is only
one solution.

f(x) =x*—4x> —1 ~x* as x — oo, 50 f(x) — o0 when x — oo, It is not guaranteed that
there is even a single solution. From the derivative,

fl(x) =4x® —12x* =4x*(x—3) =0

we conclude that x = 0 and x = 3 may be extrema. f’(x) < 0 around x = 0 (at both sides), so
it is an inflection point. However, close to x = 3 we have f’(x) < 0 for x < 3 and f’(x) >0
for x > 3, so at x = 3 the polynomial reaches its absolute minimum f(3) = —28. Since this
value is below the X axis, f(x) has to cross it twice. Therefore there are two solutions to the
equation.

The function f(x) =2x — 1 —sinx ~ 2x as x — £eo, 50 f(x) — o0 as x — oo and f(x) — —oo
as x — —oo, Thus f(x) = 0 at at least one point. Now,

f'(x)=2—cosx>0 forallxeR,

so f(x) monotonically increases. Therefore there is only one solution.

Let us first rewite the equation. Taking logarithms the equation becomes
f(x) =xlogx—1log2 =0.

f(1)=—log2 < 0and f(x) — o as x — oo, s0 f(x) vanishes at one point at least. Now,
f'(x) =logx+1,

which is f'(x) < 0 forx < 1/e and f’(x) > 0 for x > 1/e. In other words, f’(x) > 0 in the
interval [1,0), so f(x) monotonically increases in that interval. Therefore there is only one
solution.

Writing the equation
f(x)=x*+1logx=0

we have f(1) =1> 0, and f(x) ~ x* as x — oo, 50 f(x) — o as x — Foo. There is no
guarantee that the equation has even a single solution in that interval. From the derivative,

1 2x%2+1
f) =2 - =27

X X

we conclude that f’(x) > 0in (1,0), so f(x) increases monotonically. Therefore the equation
has no solution in that interval.
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D.8 Taylor Expansions

Problem 8.1
(i) There are two ways to solve these exercises. The first one amounts to applying Taylor’s
formula for B, 4(x). For the case of f(x) = ¢*sinx we have

f(x) =€*sinx, f(0)=0,
f'(x) = €*(sinx + cosx), f)=1,
f(x) = 2excosx, f0)=2,

£ (x) = 2¢*(cosx — sinx), f"(0)=2,

4) (x) = —4€*sinx, f(4) (0)=0,

(x) = —4e*(sinx+cosx), f(s)(o) =—4,
thus
PRI

P — -
570( ) X+X + 3 30

The alternative way —the one we will follow here— amounts to relying upon known Taylor
expansions and operate with them. For instance in this case we know that when x — 0

2 x3 x4 xS x3 )CS

X
=1 - ] T4
e* +x+2+6+24+120+ o(x), sinx = 6+120+0( %),

therefore, multiplying the two expressions —and collecting any power higher than x> as
o(x>)— we obtain

SRR PR O . A S O S AR
276 24 120 6 120

2—;62/+0(x5)

+ B; —l—o(xs)}

6 120

;62/4-0()65)

1 1 1 1 1
_ 2 (L 1Yy 3 _ 5 5
=x+x +<2 6> +<120+24 12>x +o(x”)
PRI

PR
[x——l——l—o( )}—F > I

+ {x} - —l—o(xs)}

+

xrox 5
=x+x*+ 3 3O—Fo(x)
and we get to the same result.
(i1)) Now
4 2 4
2 2 2
_xzzl—xz—l—%—i—o(xS), cos2x:1—()2€) (2)2+0(x5):1—2x2+3x4—|—0(x5),

so multiplying and collecting equal powers,

4 2
e cos2x = [1 —x*+ % —|—0(x5)} [1 — 2%+ 3x4+0(x5)}
2 1 2\ 4 5
=1—(1+2)x"+ 5—1—24—5 x*+o(x)

19
=1-3x+ €x4 +o0(x).
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Thus
19
P570(x) =1- 3x2 + €x4.
(ii1) Using the trigonometric identity
1
sin@cosp = 3 [sin(0 + @) +sin(6 — ¢)]
we can write
. L. .
sinxcos2x = 5 (sin3x —sinx).
Now, since for z — 0
3 5
sinz=z—%+lz—20+0(z5),
then
1 9 5 81 Py
sinxcost:E <3x—2x3+40x5—x+x6—lxzo> +o(x°)
(iv) In this case
2 3 4 5 2
f:1+x+%+%+%+é—o+o(x5), log(l—x):—x—% ————— —+o(x),
SO
x ¥ A ¥ x
log(1—x)=—x |1+ 4+ 4+ 4= 4o(®)| [14+x+= += 4
e log(1 —x) x[+2+3+4+5+0(x)}[+x+2+ + )]
(e e (Al e (L Ly
=—x —|x —+ -+ )x -4+
2 2 23 6 4
1 I 1 1 1Y\ 4 4
3 4 89
:—x—§x2—§x3—x4—mx5+o(x5)
Therefore
3, 43 4 8
Pso(x) = —x— 2% — - —x* — —1,
5.0(x) e e T

(v) Since sin’*x = (1 —cos2x)/2,

sinzx:% 1—1-1-(2;)2—(22)244‘0@5)

hence

4
Ps o(x) = X — %
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(vi) We know that

1 [}
-2 = Y =142+,
n=0
therefore
=5 = 1+ +o(x),

which implies Ps o(x) = 1+ x°.

Problem 8.2 The Taylor polynomial Py 4(x) of P(x) = x* — 5x> +x? — 3x + 4 is obtained through

P(x) =x* =5 +x% —3x+4, P(4) = —56,

P'(x) = 4x —15x* +2x 3, P(4) =21,

P (x) = 12x* = 30x + 2, P (4) =74,

P"(x) = 24x — 30, P"(4) =66,

PW (x) =24, P (4) =24,
Hence

P(x) = —56+21(x—4)+37(x—4)2 + 11(x—4)> + (x — 4)*.
Problem 8.3

(i) The polynomial must be expressed in powers of t = x+ 1, so if we write

1 1 1
,:7:_7:_1_1‘_12_..._1”4_...
x t—1 1—1¢

we immediately obtain B, _j(x) = —1— (x+1) — (x+ 1) —--- — (x + 1)".

(i1) Since
(—2x)? (—2x)"" el
) +- W + O(X )
2n—1
(n—1)!

e F =14 (—2x)+

=12+ 2% 4+ (—1)"!

then
xe—2x:x_2x2_|_2x3_{_....}.(_1)"_17)6"—{—0()6”).

Thus

Pn,0<x>:X—2x2+2x3+...+(_1)n71 N

(iii) We can expand (14 ¢*)? = 1 +2¢* +¢*, so

2 n
(142 =1+2 l—l—x-l—xz-I-'---l-z'—l—o(x")}—i—[l-i-Zx-i-
242"
=4+4x 437+ + +' X"+ o(x"),
n.
from which

242n

Poo(x) =4+dx 437+ + RV

n!

K1 —l—o(x”’l)

(2x)?
2

(20)"

n!

+o(x")
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(iv) We must express the polynomial in powers of ¢ = x — 7, therefore sinx = sin(7 +17) = — sint,
and
i z+t3 a 4o (—1)" e +o(t* 1
sinx=—t+———+---+(—1)'——+o0 .
6 120 (2n—1)!
Thus
(k=7 (x-n) (x—m)>-!
P =P, =—(x—T — —1)"
2n,7r(x) 2n l,n(x) (x ) + 6 120 +eet ( ) (27’1 _ 1)!
Problem 8.4
(i) Forx #£0,

Fx) = et

33

so Qi(r) = 2r3. Suppose now that ) (x) = Q,,(l/x)e_l/"2 for x # 0 and some n € N.
Differentiating once more,

2

1 2 2
f(n-‘rl): —;Q;(l/x)-i-ijn(l/x) e_l/x :Qn+l(1/x)€_1/x’

where Q0,11 (t) = —t2Q/,(t) +2t3Q,(¢) is a polynomial if so is Q,(¢). This proves the result
foralln € N.

(i1) First of all,

1 _l/xz _

£'(0) = lim fO=FO) 1,

x—0 X x—0 X t—rtoo

Suppose now that £(0) = 0 for some n € N. From (i),

() (x) — £ ) 2
f<"+1>(0):1imf () = /*(0) = lim %Qn(l /X)e” V" = lim 1Q,(t)e™" = 0.

x—0 X t—+oo

This proves that £ (0) = 0 for all n € N.

(iii) Since we have proven that f")(0) = 0 for every n € N, this means that B, o(x) = 0 for every
n € N. In other words, the best polynomial approximation to f(x) at x = 0 is just 0. The
conclusion we get from this fact is that the reminder of this function must be R, o(x) = f(x)
for any n € N.

This is one example of a function that does not have a Taylor series which converges to it.

Problem 8.5
(1) Since sinx ~ x when x — 0,

. sinx .X ) _
lim —— = lim — = limx' "% =0
x—0 x% x—0 x% x—0

because 1 —a > 0.
(ii) Since log(1+x?) ~ x*> when x — 0,
1 1 2 2
lim og(1+x*) X

=lim — = limx = 0.
x—0 X x—0 X x—0
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(iii)) We need to calculate the limit

1
lim 08X
X—oo X

Since this is an indeterminacy = we can apply 1’Hopital and calculate instead

lim — =0.
X—o0 X
(iv) Since
. tanx —sinx
lim —
x—0 X

isa 8 indeterminacy we can apply I’Hopital and calculate instead

. 14tan%x—cosx
lim .
x—0 2x

And we apply I’Hopital again because this is still a % indeterminacy:

2tanx(1 + tan? i
lim anx(1+ tan”x) + sinx _o.
x—0 2

Problem 8.6
(i) When x — 0 e have

2

ele—i—x—}—%—ko(xz), sinx = x4 o(x?),
thus
e’ —sinx—1 1—|—x+§+o(x2)—x—1 ) )c22+0(x2)
lim = lim = lim
=0 x? x—0 x2 0 a2
1 1
—1im ([ = n)=
xlin<2+0( )> 2
(i) Whenx — 0
3 5
inx—x— X 5
siny =x— + 120—i—0(x ),
SO
. 3 3 5 3 5
1imw:hmx_%+f70+0(x5)_x+%:hmleo"' ()
X0 X x—0 x5 =0 IS

) 1 1
= lim <1zo+0<1>) =120

(iii) When x — 0 the denominator sinx = x + o(x). On the other hand, cosx = 1 + o(x) and

VI—x=1-35+o0(x),so0

. cosx—y/1—x  l+4o(x)—1+5 = F+o(x) %—Fo(l) 1
Iim — =1lim = lim = lim = —.
x—0 sinx =0 x+o(x) —=0x+o(x) x=014o0(l) 2
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(iv) Whenx — 0

3 3
tanx:x+§+0(x3), sinx:x—€+0(x3),
SO
3 3 3
tanx — si x+E 4ol —x+% L +o(x? 1
fi XS0 XS o) 6 :limzif)zlim ~+o(1)) =
=0 X3 x—0 x3 =0 X x—=0 \ 2
(v) Whenx — 0
cos3x:1—§x +o(x%), smx:x—g—ko(x ),
SO
3
—si o L1o(1 1
lim&—limé—()—hm(si()zi‘

—
[\
~

x—0 x(l — COS 3x) o x—0 x (%xz —|-0(x2)) T x50 % _|_0( )

(vi) Whenx — 0

2 2 3
cosle—%+o(x3), e":1+x+%+%+0(x3),
SO
cosx+e —x—2 . 1—)“72+0(x3)+1+x+%2+%—x—2 , %+0(x3)
im = lim =lim >————+
x—0 x3 x—0 x3 x—0 x3
1 1
—lim (- +o(l)) = -.
) <6 ol )> 6
(vii) First of all
: < 1 ) . sinx—x
Iim|{—-—— | =1lim - .
x=0\x sinx/ x>0 xsinx
Now, sinx = x + o(x*) when x — 0, so
lim sin).c—x: in o(x?) . o(1) — lim o(1) _
=0 xsinx  x=0x240(x3) x=014o0(x) x=0140(1)
(Remember that o(x") can be replaced by o(x™) when x — 0 if n > m.)
(viii) To begin with, since cotx = cosx/sinx,
.1 (1 . sinx—xcosx
lim—( — —cotx | =lim ——————
x—0Xx \ X x—=0  x“sinx
Now,
3 2 3
sinx = x — % +o(x*) =x+o(x), XCOSX = X [1 - % —i—o(xz)] =x— % +o(x?),
hence
sinx —xcosx x—%—l—o(f)—x—i—%3 §+0(x3) I+o(1) 1
lim ————— =Ilim = lim = lim ==

=0 x%sinx x50 x>+ o0(x3) o083 4o(x3)  x=0l140(1) 3
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(ix) We cannot apply Taylor when x — oo, but we can rewrite the limit by changing the variable
tot = 1/x. Then

R Y
¢ = 1im X3/ (\/x+1+\/x—1—2\/5c) = lim ,
t—

X—po0 [3/ 2
and multiplying numerator and denominator by /%,

VIiFi+V/T—1-2
12 '

/= lim
t—0t

Now we know that when ¢t — 0

o(o—1
(14+0)%= 1+at+(2)t2+0(1‘2),

so setting o0 = 1/2,

2 2
tot t ot
\/1+t:1+§—§+o(t2), \/l—t:1—§—§+o(t2).
Thus,
1+t—Cqo(?)+1-L—-L—2 —C 4 o(r?) 1
(= lim —2—3 . 28— lim 2 ———=1lim (-~ +0(1) ) =—-
1—=0+ t =0+ t =0+ 4 4

(x) Changing fromxtor=1/x,

= lim [x—leog <1+1>} = lim [1_W] — lim M_

X—>oo X

If we now write

log(14+1)=1— e +o(?) (t—0),

2
then
2 2
t—t+5 +o(t?) 2 +o(t?) 1 1
0= 1li 2 = lim 2——~2 =i — ) =-.
t;%l* 2 zir(% 12 tir(?* 2+0( ) 2

Problem 8.7 To begin with, when y — 0

2
y
log(1+y) =y— = +o(y?).

In our case

X Xz

y=f(x)= —E—Z—i—o(xz),

which clearly goes to 0 when x — 0. Then
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and o(y*) = o(x?) because y = —% + o(x). Therefore

2 1 (x? 3
log[1+ f(x)] = <—; — xz +0(x2)> ~3 (2 +0(x2)> +o(x?) = —g - gxz +o(x?).
If we now substitute
log[l+f(x)]+5 . —5— 3 +o(x?)+3 L —3x2+o(x?)
m = lim =lim —=—+——-
x—0 x2 x—0 x2 x—0 X2
3 3
=1l —— 1) | =—=.
£%< 8+d)> 8
Problem 8.8 From the definition,
1 1 1
— f(0 Y o_1 0 2— Y —1)-2
x—0 x x—0 x =0 2x%(ef—1)

Now, ¢ — 1 = x +o(x) when x — 0. This means that the denominator is 2x>(e* — 1) = 2x> + o(x?)
when x — 0, and so we need to expand the numerator up to order o(x*). We need more terms of the
exponential:

x2 3

x
ex—l:x—f—?—}-g—f—o(f).

Substituting in the numerator we have

3 3 3

2—x)(e"—1)—2x= 2x—|—x2—|—% +o(x®) —x* — % +o(x})—2x = —% +o(x%).
Then
x 3 1
—£ 4 ~Lioq 1
£(0)= lim670(x) - im670() -
x—0 2x3 +0(x3) x—0 2+0(1) 12
Problem 8.9

(i) The difficulty of this problem is that we don’t know beforehand to which order we need to do
the Taylor expansions of the functions involved in order to get the first nonzero term. It turns
out that the first order is the seventh. Thus we need the expansions for x — 0

3 2 17 X x x’

tanx:x+x——|——x5+—x7—|—o(x7) sinx=x——+4 — —
3 15 315 ’ 6 120 5040

+o(x").

Since sinx is the argument of tan(sinx) we will need to calculate the expansions of sin’x,

sin” x, and sin’ x. So,

4
. . . X 2
sin®x = sinx-sinx = x> — = 4+ —x% 4+ o(x’),

3 45
> 13
sin® x = sin®x - sinx = x> — % + EX7 +o(x"),

. . . 5
sin® x = sin®x - sin’ x = x° — 6x7 +o(x"),

sin’ x = sin®x - sin’ x = x” + o(x’).
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Besides o(sin’ x) = o(x”). Likewise, tanx is the argument of sin(tanx), therefore

2 17
tan? x = tanx - tanx = x> + ~x* + —x% +o(x7),
3 45
11
tan® x = tan” x - tanx = x> +x° + EX7 +o(x"),
5
tan® x = tan® x - tan® x = x° + ~x’ + o(x"),

3
tan’ x = tan’x - tan’ x = x” + o(x’),

and o(tan’ x) = o(x").
Then,

1 2 17
tan(sinx) =sinx+ 3 sin® x + — sin x4+ ——sin’ x + o(x"),

15 315
3 5 7 5
Y R A Ml T B
="~ % T120 5000 T ))+3 (x > T 10" o)
2 5 17
15 X — 6X7 +0(x7)> 315 (x"+o(x")) +o(x")
3.5
XX 107 4 7
*HE a0 soa0” TOX)
Similarly
sin(tanx) =tanx — ltan3x+ L tan’ x — tan’ x+o(x’)
6 120 5040 ’
32 17 1 11
= <x+ % + Exs + E)ﬂ + 0(x7)> —g <x3 + X+ EX7 —|—o(x7)>
+ L X+ §x7 +o(x") ) — ! (x7 +0(x7)) +o(x")
120 3 5040
©oox 55 4 7
—X"‘g—%—loog.x +0(X )

Accordingly, substracting these two expansions,

7

f(x) = tan(sinx) — sin(tanx) = ;—O +o(x") (x—=0).

(i1) We can write

fO) =~ [1-(142)72, 2=

x
R R’

and use the expansion (1+z)72 = 1—2z+0(z). Then
) X
(I+z2)°=1 —2E +o(x),
and

Fl) = [1—1+2%+0(x) —2 X

%2 2 +o(x).
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(iii) We can rewrite the function as
£ = (14931 =) = (1 =) P (1 4)71

and then use, when x — 0,
ola—1
(1+x)*=1+ax+ (2)x2+0(x2).

For oo = 1/3 this leads to

2 2
X X X X
(40P =145 =5 +o(?),  (1-0)=1-3="+o(x?),

and for ¢ = —1/3

2 2
Q40P =1-240221003), (-0 =1+11221002).
3°9 3°9
Multiplying,
2 2
(1+x)' 31 =x)"13 = 1+f_£+0(x2) l—i—f—I—fxz—i—o(xz)
39 3°9
2 2
:1+§x+§x2+0(x2),
(1-x)3(1+x)713 = 1—f—xj+o(x2) -2 4221 0(x)
39 39
2 2
=1—Zx+=x*+0(x?),

39

and substracting,

£0) = 3eto().

Problem 8.10 First of all, as x — O,

2 4 6
x° X X
=l - - 7
oSt > T2 70 TOW)
SO
S 7 RS AR
X or — (A2 4+ Bx* £ CxO N X X X 7
2 23 T a0 oW = A B G ol 225 4o = gag o)
A B A
=2Ax°+ (2B— = |x*+ (20— = + = | A° 7).
x+< 2>x+<C 2+24>x+o(x)
The two expansions coincide if
1
2A = —
27
A 1 1 1 17
2B 2 24’ 4’ 24’ 2880
B A 1
20— -+

2 24 720
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Problem 8.11

®

(ii)

Let f(x) =x— (a+bcosx)sinx = x —asinx — bsinxcosx = x —asinx — (b/2)sin2x. Up to
fourth order,
3

4
sinx:x—€+0(x4), sin2x:2x—§x3+0(x4),

therefore

4b
at X o).

2b
fx) Zx—ax+%x3_bx+?x3+0(x4) =(l—a—b)x+

This function will be f(x) = o(x*) if and only if

I
N}
I
0|
S
I
|
|

atb=1, 4 1
a+4b=0, 3

Both cotx and the rational function diverge when x — 0, so we can multiply by x and write
the equivalent equation

1+ ax?

m :O(XS) (x—)()),

f(x) =xcotx —

where neither of the two functions involved is singular at x = 0. Take first the rational
function. This is a product of two functions, namely

1 +ax? _
m = (1+ax2)(1+bx2) 1.

But (14+z) ' =1-z+22—2+0(z%), (z— 0), therefore
(14+bx3) P =1 -2 + 02" =038 +0(x®) = 1 —bx® +b*x* +0(x°)

(we don’t need to keep powers higher than x> in the expansion). Substituting

1 2
% =1 — bx® + b —i—o(xs)} + [ax2 —abx* +0(x5)}
X
=1+ (a—b)x*> —b(a—b)x* 4+ o(x").

As for xcotx, we can also write it as the product of two functions

. —1
COSX sinx
XCOtx =X——— =CosSx | — .
sinx X

Now,
2 4 ; 2 4
cosx:l—%+;—4+o(x5), gzl—%—ké—o—ko(xs):l—y,
where y = % - % +o0(x°). Then
LED TN S =14 [5 =2 o] 4 [E o) + o)
; =1+y+y +y +o(y’) = ¢ " 1o0 Tt 3¢ Tolx o(x

2

X 7
e e 5
+6+360x +o(x”)
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(where we have taken into account that y3 4 0(y?) o x5 4+ 0(x%) = 0(x”)). Accordingly,

¥ xt x? 7 P
B P SN B "' SN 5
xcotx [ > +24+0(x )] { +5 T 360" +o(x )] 3 45+0(x)
and
@ X
flx) = [ -3 —45+0(x5)} — [14+(a—b)x* —b(a—b)x* +o(x")]
1

We will have f(x) = o(x°) if, and only if,

b—a=4%, 2 1
3 : = a=——-, b=——.
The interest of this exercise is to show that when x — 0,
1 — 242
cotx = f +o(x*),
X — 7sx°

which provides a reasonable approximation of cotx as a rational function near x = 0.

Problem 8.12 We can transform the expression into
(1+ex+dx®) =14+ax+bx* +o(x*), (x—0),

because o(x*)(1+cx+dx?) = o(x*)+o0(x>) +0(x%) = o(x*). Using the expasion for the exponential

2 3 4
ex:1+x+%+%+%+o(x4), (x—0),

and multiplying we get

1 1 ¢ 1 ¢ d
X 2\ - 2 . ° 3 I 4
(1+ex+dx?) =1+ (1+c)x+ <2+c+d>x +(6+2+d>x +<24+6+2)x +o(x").

Comparing the two sides of the first equation we obtain

1 ¢
l+c= —+-+d=0
+c=a, 6+2+ )
1 1 ¢ d
= d=b —+-+=-=0.
2+c+ , > +6+2

The two equations on the right can be rewritten as
2d = !
chad=-7 IS S
1 127 T
C+3d:—1,

1 1
b = — from the equations on the left. Hence

d from th \ ta=—
and from these values we get a X B

2
_ 4545

¢ = x | x2
1—§+§

+o(x*), (x—0).
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Problem 8.13
(i) First of all we can write

1 1 1 1 1
V1i4+n?=n 1+2:n[1++0<2>] :n++0<> (n — o0).
n n
Let us denote &, = £ 40 (1). Then

siny/ 1+ n? =sin(an+¢,) = (—1)"sing, = (—1)" [e, + o(&,)] .

Buto(g,) =0 (1), so

n

sinzwy/1+n* = (—1)"% +o <1> = (—1)"%[14—0(1)] (n — o0).

Thus
lim sinwy/1+n2 =0.
n—soo

(i) From the previous result

2

sin?y/1+n2 = n—[l +o(l)] (n—o0);

4n2

. . 2 .
in other words, sin? mv/1+n2 ~ f? when n — o. The convergence of the series follows

oo

from the fact that n% < oo,

n=1
Problem 8.14 Since sinx = x+o(x), then f(x) = 1+x*+o0(x*), when x — 0. Thus Py o(x) = 1 +x*.
Accordingly f has a local minimum at x = 0.

Problem 8.15
(i) Let us consider the function

1
Vidx

The value we want to obtain is f(0.1). The Taylor expansion for this function near a = 0
follows from

fx) =

F0 = (14072, f0)=1,
F==514+07, 70y =3,
£(x) = %(l—l—x)’s/z, £1(0) = %
) = (1), )=,
0 = 12 (140,

which implies

3, 5, 35 1\,
=x"—— R = — 0<B<l.
+8x Tl 3,0(x) 78 (m) x, 0<0<

X
P370(x) :1—5
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Now P30(0.1) = 0.9534375 and since v/1 + 6x > 1 for every x > 0,

35
|R30(x)| < @x‘l = |R30(0.1)] <2.7x 107>,

Hence 1/v/1.1 = 0.9534(3) —where the figure in brackets may be affected by the error.
(The exact value is 1/v/1.1 = 0.953462589...)

(ii) Consider the function f(x) = v/27 +x =. Then v/28 = f(1). To ontain the second degree
Taylor expansion around a = 0 we calculate

flx)=(27+x)'3, £(0)=3,
1 1
/ — (27 -2/3 / _
f'(x) 3( +x)77, £'(0) 77
2 2
11 __ = -5/3 1 ———
f(x) 9(27 +x)777, £7(0) 187"
10
7 _ Y —8/3
7 (x) > (27+x)"",
from which
X x2 5 x
P =3+ - = R . — P P
200 =31 g Rl =g wTe)®
Now P, o(1) = 3.03657979 and since v/27 + 0x > v/27 = 3 for every x > 0,
|Ry0(x)| < 50 IRa0(1)| < =0.9408 x 107°
20 531441 20 531441 '

Hence v/28 = 3.0365(8). (As a matter of fact v/28 = 3.036588972...)

Problem 8.16
(i) Since forx — 0
2 243

cosle—%+o(x3), e":l—i—x—l—i—i-g—i—o(f),

then
3

X
P370<X> = 2+X+ g

(i) First of all (cosx)® = cosx and (¢*)*) = ¢*, so f*)(x) = f(x). Therefore

0 Ox
R3’0(x) = %x“, 0<06<l.

Now | cos 0x| < 1 and ¢®* < max{e*,1}. Thus for —1/4 <x < 1/4

|R30(x)| <

1+el/4 /1
4

4
— — —4
24 > 3.72 x 107",

Problem 8.17 The reminder of the Taylor expansion of f(x) = ¢* around a = 0 is

eex

Ruo(x) = (n+1)'x”+], 0<6<1,
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so an upper bound for —1 < x < 1 will be

e

Ruo0) < T

If we want to have three exact decimal places the error should be smaller than 1073, so we must
look for the smallest n for which (n+1)! > 10°. Since 6! = 720 and 7! = 5040 then n = 6.

Problem 8.18
(1)
1 a1 _
E:’}gw 222 = p=2
Forx=2
_ = — < 00,
n;l 2mp? n; n?

so the interval of absolute convergence is [—2,2].

(i)

! 1)t 1)" "
p—tim 2 D D (14 L) e
nseop®  (n41)!  noe  pt n—yoo n
Forx=e
10
n:.e - S
nn

so the series does not converge absolutely at x = +e. Therefore the inveral of absolute
convergence is (—e,e).

(iii)
Y T B
FR e T R TR
For x =10
= 10" |
n; nl107—1 ’n; n ’
so the interval of absolute convergence is (—10, 10).
(iv)

so the interval of absolute convergence is (—1,1).
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(v) We can rewrite the series as

so the radius of convergence is
1

1
_——= 1 \/ n — = —
o r}gr;\/z 2 = P 5

Whenx—3/2=+1/2

o0 1 S
Y3 -Lrs-Yi-e
=i n=0

xi,

Therefore the interval of absolute convergence is given by |x —3/2| < 1/2,i.e., (1,2).

(vi)

2 1

n—yoo 1/2n
and for [x—2| =1

\V2n Z\/ZT’l ’

so the interval of absolute convergence is given by |x —2| < 1, i.e., (1,3).

Problem 8.19 We can rewrite the function as f(x) = (1 —x)~*, which matches the function

T

n=0

fort = —x and &« = —k. Thus

( _lx)k = i <_nk>(—1)"x”-

Now

n n!
_(k+n-1)!  [(k+n-—1
Conlk—1)! O\ k-1 )7
Therefore
1 = (n+k—1
= X"
- nl )

For k = 1 the coefficients are (8) =1, so

—
8

as expected.

)

k(k+1)---

(k+n—1)

n!
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For k = 2 the coefficients are ("Tl) =n—+1,s0

1 oo

=) (n+1)x".
ik
Finally, for k = 3 the coefficients are (";2) =n+2)(n+1)/2,s0
! ! i( +2)(n+1)x"
==Y (n n .
(I1—-x)3 2 =

An alternative way of getting the same result goes as follows. We know the result for k = 1
because it is the geometric series,

—
8

Now differentiating this equation we obtain

1 oo

(=2 r;)(n—i- )x",
which is the result for k = 2. And differentiating again,
2 :i(n+2)(n+l)x”
(1 - x)3 n=0 7

which, divided by 2, yields the result for k = 3.
Problem 8.20 Using the hint we write

1 _l—x_ 1 X
R4x+1 1=x3 1-x3 1-x%

Now,

1 oo oo

_ 3\ _ 3 X v il
1_x3_Z(x) _an’ 1_x3_r;)xn ’

n=0 n=0

therefore

1 oo [S)

3n 3n+1
—_— X —_ X .
X 4x+1 nzb n;)

In other words, the coefficients a, are such that a3, = 1, a3,+1 = —1, and a3,y = 0. Accordingly
azoo = 1, azor = —1, azp2 = 0.

Problem 8.21 For a function f(x) that can be expanded as a Taylor series

o r(n)
f(x)zZOf ,(O)x”-

n

Therefore the coefficient of x” in this series is f”)(0)/n!. Since

log(1+u) = i (=0

n=1

un

n
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then

(_1)n+1 x2n
" .

s

log(1+x%) =

3
Il
—_

Therefore f(231) (0) = 0 because the coefficients of the odd terms are all zero, and the coefficient of
100
x Vs

(=1 1 S19(0) 1 (100) 100!
= —_—— _— = 0 =
50 50 100! o — 0=
Problem 8.22

(i) Letus denote f(x) the sum of the series. Then

Zx"l Zx —7, x| < 1.

Therefore f(x) = —log(1 —x) + ¢. To determine the constant we just calculate f(0). From
the series f(0) = 0, and from the latter expression f(0) = c¢. Therfore ¢ = 0 and

Z— —log(l—x), |x|<1.

(i1) First of all we can write the series as

oo

i(n+1)(%)":2(n+1)z"

n=0 n=0

where t = x/2. Now

oo oo oo oo / 1 !/ 1

n=0 n=1 n=0

(in (*) we have added the term n = 0 to the sum because it is a constant, and the derivative of
a constant is zero). Therefore

o 1 4

127" = = <2.
Ly Tw2r @ M
(The radius of convergence of the geometric series is 1, i.e., converges for [t| < 1; since
x| <2.)
Problem 8.23

(i) To begin with
1
f(x) =sin’x = 5(1 —c0s2x),

and since
= t2n

cost =y (—1)" , teR,
n;) (2n)!

substituting we obtain

o0 x2n
=3 [1— Z<—1>"((22n)),] -3

n=0

_ i(_l)nﬂzzn—l X" xeR
B (2n '
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(i1) We can rewrite

+x 1 1
=1 —— = —log(1 — —log(1 —
f(x) =Tog /1 = S log(1+x) — 5 log(1—x)

and use
log(141) = -1 — t| <1
og(1+1) = Y (-1 15, <1,

to obtain

But

(—1)r 41 {1 if n is odd,
-

0 ifniseven,

Therefore

00 x2n+1

=Yy <t

(iii)) We can rewrite

X 1
f@x) = a 1+bx/a’
Now since
L it” lt| <1
-t &7 ’
then
P b" = b" > b a
F@ =2 Y (1= = Y (1)t = Y (1) e, <[
n=0 n=0 n=1
(iv) We can express
1 1 1 & /2\" &
21—x%/2 2,;) 2 ’;)2"“
and the converge requires x*/2 < 1, i.e., |x| < v/2.
(v) We can rewrite
fx)=(1+x)e " —(1—x)e".
At this point we can already expand the exponential, so that
e s o N
X _ o — _ — R
DI Wl e e
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The expansion of (1+x)e " is the same one but changing x by —x, i.e.,

1—n " > ,l—n
My =14 Y (1)

h n=1

(I+x)e =1+ Zl —~
n—=

Substracting both expansions

Sy =(1+x)e —(1-x)e" = i’l(—l)nl;nx”— il ln!n
B i nn_!lxn_ i(—l)"n;lx" — i[l_(_l)n]nn—!l

But 1 — (—1)" =2 when n is odd and = 0 when 7 is even, therefore

=4
f — 2k+1
(x) ,;0 (2k+1)!

An alternative derivation arises from realising that

f(x) =e " +xe* — e +xe* = 2xcoshx —2sinhx,

for then
0 2n oo 2n+1 o 2n+1 oo 2n+1
X X X X
flx)=2x - =2 2
n;o(%)' ,;)(2n+1)! ,;)(Zn)' ,?::0<2n+1)'
> 1 1 > 2n+1 1
=2 - ntl _ o _ 2n+1
,,ZE><(2")’ (2n+1)‘> ,,Zz)<(2n+1)' (2n—|—1)')
- 2n hd 4n
=2 2n+1 2n+1
Lot~ X
Problem 8.24

®

(ii)

in i <1> 1i <1>"1 li - 1 i AY
_— = n — = — n — = = n = = X
n=1 2" n=1 2 2n:l 2 2n:l x=1/2 2 n=0 x=1/2
B 1( 1 >’ 1 B 1 B
2\1=x/ |\mypp 200=x) |y 201 1/2)
(iii)
Y o-Yi(3) -5t log(1 )| log(1/2) = log?
= _ —_ = _— e — X e _= .
a2t T \2 =1 " lx=1/2 =1/2
(iv)
oo _1 n =) 2n+1
Z( ) :Z(— )"x :arctanlzﬁ.
ot 2n+1 =0 2n+1|,_, 4
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Problem 8.25 Forx =0

=1
f(O):ZE:e—l
n=1""
Forx=1
> n > 1 > 1
f(l): _——= _= — =
n;n! ng’l(n—l)' ngbn'
Forx=2
> n? > n = n+1 =N =1
f(2)= 15221("—1)'220 . zzﬁjuzoa:f(l)w:ze.
n= n= n= n—= n=

Problem 8.26 Since f(0) = 2 the series must be
flx)=2+ Z anx".
n=1

Now,

oo

fl(x)= inanxnfl =Y (n+Dapx",
n=1

n=0

so f'(x) = f(x) +x implies

oo

Y (n+ Va1 X" =x+2+ ) an",

n=0 n=1
or equivalently
ay +2ar)x+ Z (n+ a1 X" =2+ (1+ap)x+ Z apx”.
n=2 n=2
From this equality we geta; =2, a, = (14a;)/2=3/2 and forn > 1

dan

apy1 = —.
n+1 n+1

The iteration yields

1 1 1 1
e T a1 " T a—D)n—2)" T T an—D)(n—2)---4.3°%

The denominator is n!/2, so

2
an = = i, n>1.
n! n!
Therefore
f)=2+42x4+3Y = =2+42x+3(e" —1—x) =3¢" — 1 —x.
n— v

It is straightforward to check that this function satisfies both f(0) = 2 and f’(x) = f(x) +x.
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Problem 8.27 Let us compute two derivatives of A:
H=(fog)g, H'=(fog)g+(fog)g"=(/"o8)(g)+(fog)g"
Since f is convex f” og > 0; since f is increasing f’ o g > 0; since g is convex g’ > 0; and of

course (g')? > 0. Therefore h” > 0, hence & is convex.

Problem 8.28
(i) f(x)=x73—=2x%3 50

oy D23 4 i w10 3 4 a3 10y 2
f(x)—3x 3 f(x)—9x +9x =35~ x+5 :

Since x*/3 > 0 for all x # 0, then f(x) is concave for x < —2/5 and convex in —2/5 <
x < 0andx>0. At x = —2/5 it has an inflection point, and at x = 0 the function has a
nondifferentiable cusp.

(i) f(x) is not differentiable at x = 0. Now, for x > 0
f)y=xe,  fx)=@x+De",  f(x)=(x+2)e,

so the funtion is always convex. On the other hand, the function is even (because f(—x) =
f(x)), so it is convex also for x < 0.

(iii) x* —6x+8 = (x —2)(x —4), so the domain of this function is (—o0,2) U (4,0). On the other
hand, in its domain

x) = log(x? — 6x+8) = log|x® — 6x + 8| = log |x — 2| + log |x — 4|,
g g

SO

/ 1 1 " 1 1
FO==+—3 PO =Gy~ o

and then we have f”(x) < 0 in the whole domain of the function. Thus f(x) is concave.

Problem 8.29
(i) f(x) =x+loglx® —1:

-2 -0 -8 -6 -4 21 /lo\] 2 4 6 8 10

(i) g(x) = f(|x]) h(x) = [f(x)]:
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\

6
8

4
6

2
4

=10 -8 -6 -4 -2 0 2 4 6 8 10

2

-2

=10 -8 -6 -4 -2 0 2 4 6 8 10

-4

-2
Problem 8.30
(i) f(x) = €*sinx: this function oscillates between y = ¢* and y = —e*, crossing the X axis at

x =nn, where n € Z.

(i) f(x)=vaZ—1—1:

i
1 i
H '
| o
-8 -6 -4 -2 \1 0 / 2 4 6 8
1 i

(iii) f(x) = xe'/:

2
S0
) 6 - 2 0 2 2 6 8
-2
/1
-4

(iv) f(x) =x%e":
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V) f(x) = (x—2)x%3

i) ) = 2 - Dog (1))

0.5

-15 -1 -0.5 0.5 1.5

-0.5

-15

(vii) f(x) =

N logx:
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10
8
6
4
2
0 2 4 6 8 10 12 14 16 18
-2
-4
-6
-8
-10
2
x =1
(viil) f(x) = :
) x2+1
\4
2
0
-8 -6 -4 -2 [/ 2 4 6 8
-2
) el/x
(i) f(x) =1~
Vi
05{ !
15 ET) 5 o 5 0
-05
-1
-15

() f(x) =log [(x— 1) (x—2)]:
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(xii) f(x) = 2sinx+ cos2x:

A A [T

(xiii) f(x) =

X° +
Vax2 +1
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(xiv) f(x)=+/|x—4|:

1
) )=
\4
2x
(xvi) f(x) = —
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20

-4 -3 -2 =1 0 1 2 3 4

(xvii) f(x) = e *sinx: this function oscillates between y = ¢™* and y = —e™*, crossing the X axis
at x = nxw, where n € Z.

1
(xviii) f(x) = x?sin —: this function has an oblique asymptote because
X

1 1 1
in— =— — — Foo
sin x+0<x2) (x )

X
(given that sint = ¢+ o(t?) (t — 0)); hence

flx) =+ [i+0 <):2>] =x+o(l) (x— %oo).

Therefore the function looks different on a small scale and on a large scale. On a small scale
it is an oscillatory function between —x> and x? that crosses the X axis at x = j:%, for all
n € 7Z—{0}; on a large scale it asymptotes to y = x:

N @
small scale large scale

02 -2 - o i 2

/\vf‘v“w

-0.01

Problem 8.31
(i) f(x) =min{log |x* —3|,log|x+3|}:
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1
(i) f(x)= P 1—| 1|: this function has a different form for x > 1, for 0 < x < 1 and for
x| — xX—
x<0.
Forx > 1
1 1
= —_ :0
U x—1 x-1
For0 <x < 1wehave [x—1|=—(x—1) so
1 1 2
f(x)_x—l+x—l_x—1
For x <O wehave [x| —1=—(x+1) and [x— 1| = —(x—1), so
1 1 2
f(x)__x+1+x—1 IR

o= N w » a o 4

1

iii x) = —

@) f0) =~ 7o =]
on whether x > a,0 <x <a,orx <O0.

(a > 0): this function also has different definitions depending

Forx > a
1 1 —a
i) = l14+x l+x—a (x+1)(x—a+1)
which has two vertical asymptotes, x = —1 and x = a — 1, both out of the region x > a.
ForO0<x<a
1 1 2x—a
flx) = l4+x l+a—x (x+1)(x—a—1)
which again has two asymptotes, x = —1 and x = a+ 1, both out of the region 0 < x < a.
For x <0
1 1 a
fx) =

I—x 14+a—x (x—1)(x—a—1)’

which also has two asymptotes, x = 1 and x = a + 1, both out of the region x < 0.
Here is a plot for @ = 5 (which is generic):
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\4
1.5
a=5
1
Q
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 4 5 6 7

-0.5

-1
-15

(iv) f(x) = xvx*— 1: notice that

£ =y 1~ 5,

and since \/1—t=1—1/24o0(t) (t — 0), when x — oo,

1 1
F(x) = x|x| [1—2)624-0 <x2

(v) f(x) = arctanlog|x?> — 1|: when x — 41 the logarithm diverges to —co, so f(x) — —7/2. In
other words, even though the function is not well defined in x = =1, at these two points it
has an avoidable discontinuity which can be remedied by setting f(4+1) = —m/2. On the
other hand, as x — oo the logarithm diverges to oo and therefore f(x) — /2.

-8 -7 -6 -5 -4 -3 -21-1 0\ 1 2 3 4 5 6 7 §

-n/2
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2
(vi) f(x) = 2arctanx + arcsin ( 1 * ): the domain of this function is R because so is the

+x?
domain of arctanx and the argument of the arcsin is within [—1, 1]. To see this
2
(x—1)220 & P-2%+120 & 4122 & ol <1,
X +1
2
(41220 & LHu+120 & P4l =<
x2+1
- 2x S 1
2+1”7

if we calculate f’(x), using the fact that

< 2x )’ 2(14+x%) — (20)%  2(1—x%)

1 4 x2 (1+4x2%)2 (1+x%)%’
we obtain
2 1 2(1—x°
fO=1a+ o a2 (i+x2)g'
(1+4x2)?
But
4 1420 pxt -4 -2 4x (1-x2)?
(1+x2)? (1+x2)? (1+x2)? (1+x2)%’
SO
2 1+x%) 2(1—x° 2 1—x?
S = 1+ x2 (|li_x2|) . (E—i—xz)g R [1 + 1 —le] '
Now

11— {1, x| < 1,

1=x2] | =1, [|>1,
therefore

F = TEE x| <1,

0, |x| > 1.

Function f(x) is thus constant if |x| > 1 and strictly increasing if |x| < 1. Besides, f(x) is
obviously continuous because so are all functions involved, so the constant values it takes for
x> 1 and x < —1 can be found as

= arctan1 + +tarcsinl = E+E = =+7.
f(£l)=+2 144+ lj:242

3n/2

n/2

-2 -1 0 1 2

—n/2

-3n/2
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Problem 8.32

1+a

Problem 8.33 Let us calculate the derivative of f(x):

34— (1+x)2x  3-2x—x*  (3+x)(1-x)
N (3+x2)2 o (B3+x2)2 (34227

f'(x)

so the function increases for —3 < x < 1 and decreases for x < —3 and x > 1, hence it has a local
maximum at x = 1 and a local minimum at x = —3. The X axis is a horizontal asymptote, and
f(1)=1/2, f(=3) = —1/6. Besides f(x) =0 for x = —1 only. Here is a plot of the function:

1Y
0.75
0.5
02
0
-lo -8 -6 -4 -2 0 2 4 6 8 10
-0.25
-05
Therefore
1
| -, x< =3
5 x <1, . 6
8(x) =supf() = M) =002 ), sz a<,
flx), x>1,
0, -1 <x

Here is a plot of these functions:
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1Y
0.75
9() -
U.Jd
0.25
0

-10 -8 -6 -4 j 0 2 4 6 8 10

h(x) -0.25
-0.5

Problem 8.34 We first need to calculate two derivatives of f(x):

2x 2(1—x?)

f’(x):ma f”(x):m,

Thus x = +1 are inflection points of f(x) (because f”(x) < 0 on one side of them and f”(x) > 0
on the other side). The slopes at these two points are f'(1) =1, f/(—1) = —1, and the coordinates
of those points are (1, f(1)) = (1,log2), (— 1, f(—1)) = (—1,log2). Therefore the two straight
tangents are

y=log2+(x—1), y=log2—(x+1).

The plot of f(x) along with these two tangents goes as follows:
Y
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D.9 Primitives

Problem 9.1
(i) cos™2x = sec

dx
/ =tanx+c.

2x =1 +tan’x = (tanx)’; hence

cos?x

(i) sinx —cosx = —(cosx+ sinx)’; hence
sinx — cosx .
——————dx = —log|sinx+cosx| +c.
sInx + Cosx

(iii) 2x= (x*+1)’; hence

X o 1 2 —3/2
/WdX——3(x +1) +c.
(iv) I +sinx (1+sinx)(1 —cosx) _ 1+ sinx—c?szx— sinxcosx’ thus
1+4cosx 1 —cos?x sin” x

| s
ma’x:/csczxabﬁ-/cscxdx—/ c.osx dx—/cotxdx
sin®x

1 +cosx
— cotx —log | cscx + cotx| + cscx — log | sinx|

1—
- cox —log(1+cosx) +c.

sinx
1 1 +sinx 1 +sinx
) — = —— = 5 thus
1 —sinx 1 —sin“x COS“ X
dx sinx sinx+ 1
- :/seczxder/ 5 dx =tanx+secx+c =
1 —sinx COS* X COSX

(vi) 2x = (1 +x?); hence
/de— 1+x2+c
V14x? ‘
1
M) As (1 — b
(vii) S( ﬁ) 2\/},

/H v\/li_ﬁdx:_z/(lﬂ/l_ﬁ) (1—vA)' dx
:_2(1—\/})—g(1—\/)€)3/2+c:2\/?c—%(1—\/Sc)3/2+c’
(where ¢/ =c¢—2).

3 2 1 —sin’x

... COS°X  COS“X , . _
(viii) = ——(sinx)' = ————(sinx)’, hence
. 4 . 4 . 4
sin"x  sin"x sin”x
cos’ x 1 1 N |
——dx = ——— — ——— | (sinx)’dx = —~csc’ x+cscx +c.
sin” x sin“x  sin“x 3

(ix) ©V1-2=x(2—1)V1-x2+xv1—x2 = —x(1—x*)>2 4 x(1—2*)"/2. Since (1 —x2)' =
—2x, then

/x3 1—_x2dxz%(l_XZ)S/Z_%(l_x2)3/2+C.
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Problem 9.2

. 1
® C2(x—1)2 «x

2
] +log|x—1|+¢;

110 | 1|—|—110(2—|— +1)+ ! arctan<2x+l>+
— = log|x— —log(x"+x — — |+
38 6 ¢ 3V3 3

.. 1
(i1) —m
(iii) 510g\x—1]—310g\x|+;+c;

(iv) 2arctan(x— 1) +c;
(v) 2x% +7x+3log|x —2| —4log |x — 3| + 5log|x+ 3| +¢;
2 1 |

X
(vi) 3+4(x71) ey +c.

Problem 9.3

(i) %(x— )72+ g(x— 132+ %(x— 132 4¢;

2
(i1) 3 (—x3/2 cosx/? + sinx3/2) +c;
L X X,
(iii) 3 cos(logx) + > sin(logx) +c;
(iv) —% cos(logx) 4+ % sin(logx) 4 ¢;

(v) % + 1% cos(2logx) + g sin(2logx) +¢;

(vi) 2v/x+log|x+ 3| —2v/3arctan \/g +c:

32

(vi) %[1—(x+1)2] -+ 12 4 ¢

1 1
2112 a0y
(ix) 2arctanv/'1+x+c;

3
(x) —5(1—x)2/3+3(1—x)1/3—3log}1+(1—x)1/3\+c;

(viil) — +c;

2x
(xi) % —2¢" +1log (ezx + 265+ 2) +2arctan(e* 4+ 1) +¢;

(xii) arctanv/e? —1+c;
(xiil) 2ve* —1—2arctanve* — 1+c;

1 1 1 1 1
(xiv) 5 cos’ x + 3 cos’ x+ §COS3x+Cosx+ 3 log(1—cosx) — Elog(l +cosx) +¢;

(xv) v2x+5—3log (3+v2x+5) +c;

1 1
(xvi) —t_—1+10g|t—1|—t+—1—10g]t+1\+c, witht = /(x—1)/(x+1);

(xvii) g(\/}+1)5/2—%(\/x+1)3/2+c;
(xviii) x —2vx+242log (\/x+2+1) +c;
(xix) 2v2 + e +2log (\/2—1—6)‘—\@) —V2log (\/z+ex+ﬁ) g
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1 1 7
(xx) glog|tanx+2\ - Elog (tan2x+ 1)+ §x+c;

) X X 2 tan(x/2)
xxi) lo ’tan f‘ —2lo (tan2 -+ 3) + —— arctan < ) +c;
(xxi) log 2 g > /3 /3

(xxii) g (1 +x1/3>5/2 -2 (1 +x1/3)3/2+c;

1/3
(xxiii) log’(x+2)l/3— 1 —%log [(x+2)2/3+ (x+2)"3 4+ 1} ++/3arctan (M)H) +c;

1 1
(xxiv) I log|e* —2| — 7 log(e*+2)+c.
Problem 9.4
(i) sin’x = 1 cosax
22

) X
dx="—
/Slnxx 3

1 cos2x
(i1) cos“x = > + 5

, hence

sin2x +c.

ENI

, hence

1
/coszxdx = % + 1 sin2x + c.

1 1 1 1 1 1 1 1 3
(i) sin*x = Z(l — cos2x)? = i §c052x+ ZCOSZZX =1 Ecos2x—i— 3 + gcos4x =g

1
3 cos2x+ 3 cos4x, hence

3 1 1
/sm xdx = 8x sin2x + 0 sindx+c.

1 1 1 1 3 1 1
(iv) cos*x= 1(1 +cos2x)* = 1 + = cos2x+ —cos?2x = = + = cos2x + gcos4x, hence

2 4 8 2

3 1 1
/cos4xdx = §x+ 1 sin2x + e sindx + c.

1 1 3 3 1 5 3 3
v) c;)s6x:8(1+cos2x)3:8+800s2x+800s22x+800332x:16+Scos2x+1600s4x+
— (1 —sin®2x)(sin2x)’, hence

16

6 3 3 1 M 3
/ COS de 1 X 1 S1n Zx s 4ax 1 SN 2Zx sin” 2x +c¢

1. ) I .5
= Rx+151n2x+a81n4x—@sm 2x+c.

1 1 1
(vi) sin®xcos’x = 17 cos?2x = 378 cos4x, hence

4
/sinzxcos2xdx X i sindx+c
8 32 '

(vii) tan?x = (tanx)’ — 1, hence

/tanzxdx =tanx—x+c.



282 Chapter D. Solutions to exercises

(viii) tan*x = tan? x(tanx)’ — tan? x = tan” x(tanx)’ — (tanx)’ + 1, hence

1
/tan4xdx = gtan3x—tanx+x+c.

i = (14 tan®x)(tanx)’, hence
(i) g = (1+tan"x)(tanx)
d 1
/ )i dx = tanx+ ~ tan’ x +c.
cos*x 3
(x) sin’ x = —sin* x(cosx)’ = —(1 —cos®x)?(cosx)’ = (—1+2cos®x — cos* x)(cosx)’, thus

2 1
/sinsxdx = —Ccosx—+ gcos3x— gcos5x+c.

3

(xi) cos sin’

2

x = (1 —sin®x) sin? x(sinx)’ = (sin®x — sin*x) (sinx)’, so

1 1
/cos3 sin®xdx = 3 sin® x — 3 sin® x + c.
(xii) sec®x = (14 tan’x)?(tanx)’ = (14 2tan®x+ tan*x)(tanx)’, hence

2 1
/sec6xdx = tanx + 3 tan® x + 3 tan® x + c.

3 2

(xiii) sin®xcos®x = —(1 — cos®x) cos’

x(cosx)’ = (cos*x — cos®x)(cosx)’, therefore

. 1 1
/SII’I3XCOSZXdX = gCOSS)C— gCOSSX‘l—C.

(xiv) tan®x = tanx[(tanx)’ — 1] = tanx(tanx)’ — tanx, thus

1
/tan3xa’x =5 tan” x + log | cos x| + c.

4

(xv) tan’xsec* x = tan® x(1 4 tan”x) (tanx)’ = (tan® x 4 tan’ x)(tanx)’, thus

1 1
/tan3xsec4xdx = Ztan“x—&— gtan6x+c.

Problem 9.5 1
(i) tan*(2x) = E(tan2x)/ —1,s0

1 2 1
/xtan2(2x)dx: E/X(taan)’dx—/xdx: —%—i— %taan— 5/tan2xdx
x2 X
= 4=

1
> +3 tan 2x + Zlog |cos2x| +c.

(ii) Since (e*) =¢*,
/ex sintxdx=e*sintx— 7 / ¢* cos Txdx = " sin Tx — mwe* cos Tx — w2 / e sinxdx.
Therefore
(1+7%) /ex sin Txdx = " (sin wx — 7w cos 7x)
and finally

/ex sinTxdx = 5 (sin7tx — 7w cos 7rx) + c.

1+nx
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X

(iii) Since (e*)' =¢*,
/e costdx:exc0s2x+2/exsin2xdx:ex0052x+2exsin2x—4/excos2xdx.

Then
5 /ex cos2xdx = €*(cos 2x + 2sin2x)

and
X

/ex cos2xdx = %(cos2x+2sin2x) +c
Since sec?x = 1+ tan?x = (tanx) and (secx)’ = secxtanx,

/sec3xdx: secxtanx—/tanzxsecxdx: secxtanx—/sec3xdx+/secxdx

= secxtanx—/sec3)cd)c—i-log]secx%—tanx!7

(iv)

therefore

2/sec3xdx = secxtanx + log|secx + tan x|

and finally
5 1 1
/sec xdx = —secxtanx + 3 log|secx+ tanx| +c.

1 1
(v) First of all tan®(3x)sec’ (3x) = gtan2(3x)(tan 3x) sec3x = 5 [tan3(3x)}/sec 3x. Thus,

1 1
/ tan’(3x) sec’ (3x) dx = ) tan® (3x) sec 3x — 5 / tan’ (3x)(sec3x)’d
l

1
— X)SECIHIX — — tan X)SeCcrxdx.
=5t 33 3 : 43 3xd

But tan?(3x) = sec?(3x) — 1, so
/ tan*(3x) sec 3xdx = / tan’(3x) sec’ (3x) dx — / tan’(3x) sec 3xdx

:I(x)—/sec3(3x) dx+/sec3xdx.

And from the previous exercise,

1 1
sec3xtan3x+ 3 log | sec3x + tan 3x],

3
3x)dx = —
/sec (3x)dx 5
1
/sec 3xdx = glog | sec 3x + tan3x]|.

Therefore,

1 1
/tan4(3x) sec3xdx =1(x) — g Se¢ 3xtan3x+ 3 log|sec3x + tan3x|
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This yields

I(x) = étan3(3x) sec3x — lI( )+

1
3 sec3xtan3x — 18 log|sec3x+ tan3x|,

18
from which
iI(x) _1 tan’ (3x) sec 3x + 1 sec3xtan3x — 1 log|sec3x + tan3x|
3 9 18 18 ’
which leads to

1 1 1
I(x) = 7 tan® (3x) sec 3x + 22 5€¢ 3xtan3x — 7 log|sec3x+tan3x| + ¢

1 1 1
=17 tan 3xsec’ (3x) — 22 5€¢ 3xtan3x — 7 log|sec3x+tan3x| +c.
(The last line is obtain by replacing tan?(3x) = sec?(3x) — 1.)

/

B

sinx

(vi) Since e sinx)

cosx = (e
/ " cos® xdx = 8™ cos? x4 2 / " cosxsinxdx

= " cos? x4 2™ sinx — 2 / e cosxdx

= M cos? x 4 2 sinx — 265 ¢ = 51 (coszx +2sinx — 2) +c

= & (—sin’x+ 2sinx — 1) + ¢ = =" (1 —sinx)* +c.

3 3
(vii) /leogxdx—%logx—f/x fdx——logx—x——kc

3 9
(viii) If m+# —1,
m+1 1

xm+l xm+l
/x’"logxdx = ;i

1
logx — —— [ X" Zdx= 1 ——Y+c.
O 1 x Tl 8t (m+1)2+c

Ifm=-1,
1 L )
/;logxdx: /logx(logx) dx = E(logx) +c
(ix) Taking 1 = (x)’,
3 3 21

/(logx) dx = x(logx) —3/,€(logx) ;dx.

Similarly,
1

/(logx)zdx = x(logx)? — 2/;610ng dx = x(logx)? — 2xlogx + 2x.

Thus,

/(logx)3 dx = x(logx)® — 3x(logx)* + 6xlogx — 6x +c.
2 1
(x) / (logx)? =5 (logx) /x logxf dx. Also,

x? x?
/xlogxdx Elogx—f/x —dx= Elogx— T

Therefore
2 2 )

/x(logx)zdx = %(logx)z - % logx+ T +e.
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x 1/ 1Y
i th hand, ————=—=-| ——
(xi) On the one hand, (+2) > (1+x2> , SO

On the other hand,
1 A  Bx+C
M2 % 142
Setting x = 0 we obtain A = 1. Thus,

1=A(14x%)+Bx* +Cx.

=14+ +B*+Cx = —x¥*=B¥*+CX = B=-1, C=0.

Hence,

dx 1 )
/ +x2 / /1+ 5 logx—ilog(l—i—x ).

(Notice: we do not need to write log |x| because the logx of the integrand forces x > 0.)
Therefore,

xlogx logx 1 1 2
FOBT v =% 1 logx— - log(1
/(1—|—x2)2 X 2(1+x2)+2 ogx— og(l+x")+c

(xii) Using 1 = (x)’ we get
/arctan Vaxdx = xarctan v/x — ! /96)62/3 dx = xarctan /x — ! / i dx
3) 714223 3) 1+x23
Now,

BRSO VE R R -y ORI S N N ST (x2/3>’
1 +x2/3 1+x23 1+x2/3 2 1 +x%/3 ’

thus
3/1“2/3“:)622/3—;10%(1“”)-
Accordingly,
/arctan%dx = xarctan y/x — \Z; + %log (1 + \%ﬁ) +c
Problem 9.6

(i) Using the change of variable x = sect, with dx = secttant dt,

1 2r+1
X+ dx —/usecti&m’di:/sec3tdt+/sectdt.
Vaz—1 tant

Using
; 1 1
sec’tdt = Esecttant—kElog|sect+tant\,
/sectdt:10g|sect+tant|,

1 1 3 1
\ZCZL Esecttant—i—ilog\sect+tant]+c-Ex x? —i-flog‘x—i—\/ ’—Fc
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(i1) Using the change of variable x = tan¢, with dx = sec2zdt, and the identity sec2t = 1 +tan?t,

2 2
X tan“t . 1.
/7dx:/75secztdt:/tanztcos3tdt:/s1n2tcostdt:fs1n3t.
(x2+1)5/2 sec>t 3
tant

V1+tan2t

Since sint =

/ x? d X "
X = C.
(x241)3/2 3(x2+1)32

(iii) Using the change of variable x = sint, with dx = cost dft,

/ x d / sin’ costdt /tanztdt tant —t+ x arcsinx -+
—_—dadx = _— g = — C= — — X C.
(1—x2)3/2 cos3t Vi—2
(iv) Using the change of variable x = sint, with dx = cost dt,
d cosT V1—x2
/ al = — dt:/cscztdt:—cott+c:— al +c.
x2/1—x2 sin”tcost X

(v) Using the change of variable x = 3y, with dx = 3dy,

J B
2V9—x2 27) y2\/1—y2 9y 9x '

Problem 9.7
(i) First of all we write

In= /sinmxdx: /sinzxsinm*Zxdx: /(1 — cos?x)sin™ 2 xdx
= m,z—/COSszinm_zxdx.

Now, since

1 2

—sin"™" x = (m—1)sin™ “xcosx,

dx

we can integrate by parts

/ cos® xsin” 2 xdx =

1

1 sin”™ ! xcosx — ﬁ/sin’"—] x(—sinx) dx
m—
1

= sin” ! xcosx+ ——1,,.
m—1 m—1

Therefore

1 1 o om—1
IL,=1, >— I, — sin”” " xcosx,
m—1 m—1

which can be rewritten as

1 1 —1 1
<1 + > L,=1,_»— sin 'xcosx = I,= le_z — —sin™ ' xcosx.
m— m m
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(i1) Integrating by parts,

In= /(logx)mdx = x(logx)™ — /;ém(logx)"”1 ; dx = x(logx)"™ —ml,_,.
(iii) Integrating by parts,
I, = /xme_xdx = —x"e "+ /mxm_le_xdx =—x"e *4+ml,_;.
(iv) First of all,
m—2

tan™ x = tan™ > xtan’x = tan™ > x(tan’ x4 1 — 1) = tan" % x(tanx)’ — tan" % x.
Thus,

I, = /tanmxdx =— m,2+/tanm*2x(tanx)’dx.
Now, integrating by parts,

/tan’"‘zx(tanx)’dx =tan" 'x— /(m —2)tan™ 3 x(1 + tan® x) tanx dx

=tan" 'x— (m—2)(Ly_z+1,).
Therefore,
Iy=—Ly o+tan™ ' x— (m=2)Ipo2+1Ly) = m—1)L,=—(m—1)I, +tan™ ' x,

SO

m—1

L,=—1, >+ I tan™" " x.

m —

(v) First of all

sec™ x = sec” 2 xsec? x = sec” % x(tanx)’,

so integrating by parts,
I, = /secmxdx — tanxsec” 2 x — /(m —2)sec™ 3 x(secxtanx) tan xdx.

But
sec™ 3 x(secxtanx) tanx = sec™ 2 xtan’x = sec” > x(sec’x — 1),

therefore

I, =tanxsec" 2x— (m—2)(ly—In2) = (m—1)l,=tanxsec” >x+ (m—2)l, 2,

and finally

1 ey m—=2
I, = tanxsec” x4+ ——1, ».
m—1 m—1
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(vi) First of all

1 ’
. . — / . —
sin” xcos" x = sin” ! x(— cosx)’ cos” x, = —sin™ lx? (cos”“x) ,
n

so integrating by parts,

Inp = /sinmxcos"xdx

| 1 e
=— sin” ! xcos" x4 —/(m — 1)sin™ 2 xcosxcos" ! xdx
n+1 n+1
1 . m—1 R
=— sin” ' xcos" ! x + /smm 2 xcos"? xdx.
n+1 n+1
But
sin” 2 xcos" "2 x = sin™ 2 xcos" xcos> x = sin" 2 xcos" x(1 — sin’x)
= sin"™ % xcos" x — sin™ xcos” x,
therefore
Lyn=— sin’"_lxcos”Hx—l—L_l(l 20— Imn)
m,n n+1 n+1 m—2,n mn)s
from which
m-+n ) m—1
o = — sin™ ' xcos" M x + ——1y 2,
n+1 n+1 n+1
and finally
som—1 n+1 m—1
Ipp = — sin” " xcos” X+ ——1Iyu 2,
m+n m+n

Problem 9.8 There is no need to calculate the integral. If the right-hand side is the primitive of the
integrand then

acosx+ bsinx

(Ax+ Blog |ccosx+dsinx|) = —,
ccosx+dsinx
in other words,

A +B—csinx+dcosx B acosx—+ bsinx

ccosx—+dcosx ccosx+dsinx’

which when reduced to a single fraction becomes

(Ac+Bd)cosx+ (Ad — Bc)sinx _ acosx+bsinx
ccosx+dcosx ~ ccosx—+dsinx’

The two functions are the same if, and only if,

_ac+bd _ad—bc

A=——+5 ==,
2 4d?>’ ¢ +d?

Ac+ Bd = a,
Ad — Bc = b,
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D.10 Fundamental Theorem of Calculus
Problem 10.1 Forx <0,

4—x?  A4xr-27 1 2x*
(4+x2)2  (4+x2)2 442 (44+x2)

Now,
dx larctan{
44+x2 2 2
and
/ 2 d / e d al + dx al + ! arctanx
———mdX= [ X5 dx = — =— = -
(4+x2)? (4+x2)2 44 x2 44+x2 4+x2 2 2
Thus,
X
f(x) = m +a.

For x > 0, with the change r = \/x (dx = 2t dt),
x) = /e\/fdx: 2/te’dt =2(t—1)e' +b=2(yVx—1) eV +b.

Continuity and f(0) = 0 requires f(0~) =a=0and f(07) = =24 b =0, thus

X

flx) =<4 4+x%
2(vx—1)evV* 42, x>0.

x <0,

Problem 10.2
(a) Changing x = —

=" fwax=[" f—tyar=— " foydi=-1 = 20=0

(b) Using the same change,

/_aaf(x)dx:/oaf()dx—i- flx dx—/f dx+/ t)dt = 2/

(c) Changingt =x—38,

/6105in(sm((x_8)3))dx=/_zzsin(sin(f3)>dt=0

because the integrand is an odd function.

Problem 10.3 These are all Riemann’s sums:

®

w1 1 I dx T
,}EELZ anZn'mW—/ow—a“ta“—m

k=1
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(ii)

. 1 1 n . 1 1 Zk/l'l 1 2X 82_1
hmfZ\/ezk:hme-e :/e dx = )
n—>oonk:] n_mk:l n 0 2
(iii)
n—1 n—1 1
1 1 1 dx T
lim —— — lim 7-7:/ —arcsinl = —.
n—)ookgl,/nz_kZ n—)ook;ln li(k/n)Z 0 m 2
Problem 10.4
(1) Forx <0,
x 2
F(x):/ (—t)e di = (1 —x)e" — =
-1 e
Forx > 0,
0 X 2 2
Fx) = / (—t)e’dt+/ teldi=1—"4+1—(14+x)e =2 —(1+x)e™.
-1 0 e e

Feo= [ (5r) =20 2 2o

F(x)Z/_ll/2 <;—t> dt + 1;2 (t—;) dt:ZJr(x_z)z(lH).

Thus, F(x) = |x| — 1.
(iv) Forx <0,

X 3 1
Flo= [ fPar="1"
-1 3

Forx > 0,

0 X X X 3 1 3_3 1
F(x):/ tzdt+/ (l‘z—l)dt:/ tzdt—/ T N LU
-1 0 -1 0 3 3

(v) Forx <0,

F(x):/ dt =x+1.
-1

For x > 0,

0 X X X 2
F(x):/ dl+/ (l—i-l)dt:/ dt+/ fdt:xf—i-x—l—l.
—1 0 1 0 2
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(vi) Forx< —1/2,

X xZ
F(x):/_l(l—i-t)dt: (12 S

For —1/2 <x < 1/2,

-1/2 1> 1 2x+1 4x+3
F(x) = 1+1)dt+ dt = ~ = .
) /—1 (1+1) +2/—1/2 8+ 4 8

Forx > 1/2,

-1/2 1 rl/2 X 3 (1—x)2
F(x)= 1+1¢ dt+7/ dt+/ 1—t)dt=-— )
(x) /4 ( ) 2J)-1)2 1/2( ) 4 2

(vii) For —1 < x < 1/2 we have cos(7x/2) > sin(7x/2), hence

X

F(x):/ cos(t/2) dt = >

2 p [1+sin(7mx/2)].

For 1/2 < x < 1 we have sin(7x/2) > cos(7mx/2), hence

SRS

[1 +v2- cos(nx/z)} .

F(x)= /ll/zcos(m/Z)dt+/;;zsin(m/Z) dt =

Problem 10.5
(i) With the change r = v/e* — 1, i.e., x = log (1 +t2) (hence dx = 2tdt /(1 +1%)), we get

log2 1 942 41
\/ex—ldx:/ dt =2 —2arctanl = ——.
0 0o 1472 2
(i) With the change x = sect (hence x> — 1 = tan’ and dx = secttant dt) we obtain
2. /21 ™/3 /3 x T
/ a dx:/ tan’tdr = (tant —1)| —= =+/3—=.
1 X 0 0 3 3
Problem 10.6 \ )
3" — 2"
() Flx)= 22
6x2
i) F/(x) = ————.
(i) F(x) 1 +sin? (x3)
.3
(i) F'(x) = S

1 sind ([ sin’rdr) + ([ sin’1dr)>

. , 2xtanx 2
(iv) F'(x) = —5—exp / tan+/1dt ;.
1

X
/ tan /7 dt
1

(v) F'(x) =2x /O ' f(t)dt +x*f(x).

(vi) F'(x) = cos </Oxsin (/Oysin3tdt> dy) sin </Oxsin3tdt>.
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Problem 10.7 f/(x) = e~ @ 1" —¢=26—1) 50 f/(x) =0 when (x— 1)2 = 2(x— 1), i.c., when x = |
or x = 3. Between those two values (x — 1)? < 2(x— 1), and for x > 3 the opposite holds. Therefore
Sf'(x) >0for 1 <x<3and f/(x) <0 for x > 3. Thus there is a local maximum at x = 3 —which
is the absolute maximum. To obtain the absolute minimum we need to obtain

x—1 x—1 1 _ 1
lim £(x) = lim < [ eta- e—zfdt> Y () I
0 0

X—yo0 X—yo0 2 x—o0 D 2

Since f(1) = 0, the absolute minimum is reached at x = 1.

X
Problem 10.8 Function f(x) = / ¢ dt —1is an increasing function because f'(x) = & > 0.
0

Further £(0) = —1. On the other hand, ¢'" > 1 for all > 0, so

1 1
f(l):/ efzdt—1>/ dt—1=0.
0 0

Therefore f(x) = 0 has a unique solution in (0, 1).

Problem 10.9 F(x) is a continuous function (is the difference of two integrals) in [0, 1]. On the
other hand,

F(O):ZW—/OIf(I)dt:—/Olf(t)dt<0

(it is negative because f(x) > 0 in [0, 1], therefore the integral is positive), and

F(l)zz/olf(z)dz—sz/olf(z)d»o

(it is positive for the same reason). Since F'(x) has opposite signs at the extremes of the interval it
must be zero somewhere in between. Thus, the equation F(x) = 0 has at least one solution. To see
that there are no more solutions we differentiate

F'(x) =2f(x) = f(x)(=1) = 3f(x) > 0.
Therefore F(x) increases monotonically in [0, 1], hence can be zero only once in the interval.

Problem 10.10 If x > 0 the equation G’ (x) = 2xsin (x?) ¢"() = 0 has solutions x = \/n7, with
n € N. Since the exponential is always positive, the sign of G’(x) is determined by sin (xz). So

it starts being positive and alternates sign every other solution. So /(2k — 1) are maxima and
v/ 2km are minima (k € N).

Problem 10.11 For x = /7 /4 we get y = 0. On the other hand, since y’ = —2xtan (x4), the slope
at x = {/m/4 will be —2+/m/4 = —~/4x. This yields for the tangent straight line the equation

y:—W(x—W> :\/E—WX.

Problem 10.12 If the function must be continuous at 0 then lim f(x) = lir(r)l+ f(x). But
X—

x—0~
ef—1— 1 2 2 2 1= 2 2 2
lim f(x) = lim 5 X = lim +x+x°/ "‘20()5 ) X =limw
x—0~ x—0 X x—0 X x—0 X
) 1 1
= [z*"(l)] =7

X 0
lim £(x) = lim (a+b/ ef4dt) :a+b/ e dt=a.
x—0t x—0 0 0
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Hence a = 1/2. Now, for the function to be differentiable at x = 0 it must hold

LR FO) - f(0)
x—0~ X x—0*F X
Since f(0) =1/2,
ef—1—-x 1 ,
- —2 1 Cl—x—x2)2
hmwzhmyzhmex ;‘ x/
x—0~ X x—0 X x—0 X
2 3 3 1 v 42 3 3
— lim l+x+x°/24+x/64+0(x°)—1—x—x7/2 —lim " /64 o0(x)
x—0 x3 x—0 x3
“ale T T e
1 Y4 1
_ *—I-b/ e dt— = . .
tim LSO _ 2 o 2 _jim? et ar =2 ( / e"4dt>
x—07T X x—0 X x—=0Xx Jo dx 0 =0
=be™| =b
x=0

Therefore b = 1/6.
Here is a shorter alternative. We can Taylor expand both functions up to first order. On the one
hand

ex:1+x+x;+x63+0(x3),
therefore

ef—1-x 1 x

— 2  —3 8+0(x).
On the other hand if

X 4
gx) = / e dt
0
then g(0) =0, g'(x) = e and g'(0) = 1, so
g(x) =x+o(x),
therefore
a+b/ e dt =a+bx+o(x).
0

If f(x) has to be continuous and differentiable at x = 0 both expansions must coincide up to first
order, hence we obtain the same values for a and b.

Problem 10.13
(i) Using I’Hopital’s rule once we get
-1 1

lim ——— = .
xgrg) 3)62 3
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(i) Since limcosx =1,
x—0

COSX
lim sin dt = lim — / sm
x—0 X4 0 ( x—0 x4

Applying I’Hopital’s rule once we get

sin (x3) B 1

=0 4x3 4

Problem 10.14 Using I’Hoépital’s rule once we get

lim 2xtan |x| — lim tan |x| :il.
x>0+ 6x2 x—0t  3x 3

Problem 10.15

(a) Since
sint. i(_ ) " /2t2n _ nt2
t = (2n+1) 0 2n+1’
we obtain
o0 —1)" x2n+2
fo) = Y A

~ (2n+1)!2n+1°

n

2

(b) 1 —cosx= %—i—o(xz) (x — 0) and f(x) :x2+0(x2) (x—0),s0

lim ﬂ =2.
x—01—cosx

(c) The series converges because
f(1/n) ! + : and Z <
n)—=-— 0 _— _— oo,
n? n? “on?
Problem 10.16

I S S I
a+x2 x2a?+1/x2 a>+xr a2+ 1

)

flx) =

so in order to have f’(x) = 0 for any x we need a = +1.

Problem 10.17

oo x2n ) ) x2n
@ flx)=Y 1= 27. Then
n=0 n: n=2 h:
oo 2n+1
glx) = <l (2n+1)

(b) Since g(x) =x"/10+0 (x°) (x — 0) —i.e., the first nonzero derivative at x = 0 is the fifth—

the point x = 0 is an inflection point.

Problem 10.18

>
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(a) dt =2sinBcos0dO =sin20d0, therefore
1 /2 /2
I :/ arcsin/r dt :/ arcsin(sin ) sin20 d6 :/ 0sin26d0.
0 0 0

We can now integrate by parts, where u = 6 and v/ = sin26, and then

/2
0

0 72 w2 1
I:—§c05260 +§/0 Cos20d9:§+zsin26

T
=—+40.
1 +

Thus

1 b
/ arcsin/rdt = —.
0 4

(b) Differentiating,
f'(x) = 2sinxcosxarcsin(sinx) — 2 cos xsinxarccos(cosx) = xsin2x — xsin2x = 0.

Therefore f(x) is constant.

(c) We can calculate ¢ by substituting any value of x, for instance x = /2. Then

1 0 1
c=f(n/2) :/ arcsin\/fdt—i—/ arccos /1 dt :/ arcsin/z dt.
0 0 0
But this is precisely the integral we have obtained in (a), so ¢ = 7 /4.

Problem 10.19
(a) Setting x = 0 in the equation

/ « (e’2 + e*’z) di = 0.
0

Since the integrand is a strictly positive function, the only possibility for this equation to hold
is that g(0) = 0.

Differentiating,

/ g()? | ,—gx)*) _ 3,2
g(x)(e +e ) 3x+1+x2’

thus, using g(0) = 0, we obtain g’(0) = 3/2.

Finally, we know that g(0) = 0 so g~'(0) = 0. Then

NN L
() O =Ty " 3

(b) Since it is an indeterminacy % we can use 1’Hopital’s rule and calculate

@)@ (e _2/3 4
x—0 g’(x) g’(O) 3/2 9

Problem 10.20
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(a) With this change of variables the limits remain the same, so
T T
1= / xf(sinx)dx = / (m—y)f(sin(m—y))dy.
0 0
But since sin(7 —y) = siny, we have
n . n .
1= [ (x=y)ftsiny)dy=n [ f(siny)dy—1.

Thus

(b) Since

sinx sinx

2 = f(SiIlX),

1+cos?2x 2 —sin’x

we are in the situation described in the previous item. Hence

/ T xsinx T [T sinx T [T (cosx)
= —dx = — S - —— N 7
o 14cos?x 2Jo 14cos2x 2 Jo 1+4cos?x
2
T T T T
= ——arctan(cosx)| = ——(—2arctanl) = —.
2 ( ) 0 2( ) 4

Problem 10.21 Differentiating the equation,
fx)==xfx)+2P+2x"7 = (142 f(x) =2 (1+x%) = flx) =22,
Now substituting back into the equation and setting x = 1,

/lf(t)dt 1+1+ = ol 1+1+ = ! 1+1+ = !
=—-+—-+4c —| =c+=<-+4c¢ - =<-+=-+cC c=——.
0 8 9 81, 8 9 8 8 9 9

Problem 10.22 By definition f(x) ~ g(x) (x — a) if

im /=) =
x—a g(x) I

In our case we have to calculate the limit

x 12
) e’ dt
¢ = lim 2% .
x—yoo X [Dx

Since this is a = indeterminacy, we can apply I’ Hopital and obtain

£ = lim e = lim 47)62 =1
aoe (4x2eF —2e7) [4x2 xoedx2—2
This proves the equivalence.
Problem 10.23
@ Ro(x) = [ f(1)dt = f(x) - f(a).
1 n ¢(n) o * n—1 ¢(n) f(n)( ) n
® Ri(@) = - | = 000 4 [ oy O ar| = L @) Ry
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(c) Using the recurrence iteratively we obtain

Ro(x) = f(x) = f(a),
R\ (x) = f(x) = f(a) = f'(a) (x - a),

In other words, R,(x) = f(x) — P, 4(x), where P, ,(x) is Taylor’s polynomial of f(x) at the
point a. Function R, (x) is therefore the remainder of order n of Taylor’s approximation.
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D.11 Geometric Applications of Integrals

Problem 11.1
(1) Here is the figure delimited by the three curves:

12 1 11/6 2

y=x*and y = (x—2)> meet at x = 1; y = x*> and y = (2 — x)/6 meet at x = 1/2; and
y=(x—2)?and y = (2—x)/6 meet at x = 11/6 and x = 2. The area enclosed by this three
curves is calculated as

2 x 11/6 , 2—x 71

(i1) Here is the figure delimited by the two circumferences:

1/2 1

They meet at x = 1/2. By symmetry,
1 /2 /2 2 3
A:4/ \/1—x2dx:4/ cosztdt:2/ (1 +cosarydr = V3
1/2 /6 ©/6 3 2

using the change x = sinf and the identity 2cos’# = 1 + cos2t.

(iii) Here is the figure delimited by the four curves:

/2 1 )
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The area is then
1/2 1— L /o_ 1— 29
A:/ — M+/ ot M+/ * dx
0 l+x 12\I+x  T+x 1 I+x

12 2 Ud 22— 1/2 1
:/ a dx+/ * +/ xdx:1—210g(l+x)‘ +1log(1+x)
o 1l+x 121+x 1 1+x 0 1/2

2
+3log(1 —i—x))l —1=-2log(3/2) +1og2—1log(3/2) +3log3 —3log2 = log2.

The result is easier to obtain if we express the curves as

l—y 2—y
xX=—" xX=—
1+y 1+y

for then

L2y 1- 4
A:/(y—y>@:/‘:vwzmy.
o \1+y 1+y o 14y

(iv) Here is the figure delimited by the curve:

a7
LN

By symmetry, the area is

b b
A:2/a (bfx)\/xfadx:2/a [(b—a)—(x—a)] xfadx:%(bfa)s/z.

Problem 11.2 Given the figure
1

the area is obtained, by symmetry, as

1 x(] — 2 /4 dt m/4 int
A:2/ x(x)dx:Z/ tant (1 — tan®t) cos>t :2/ 2sint — — ) dr
0 (x241)3/2 0 —— cos?t 0 cos?t

1
cos2 1

/4
=6—4V2,

0

/4 2

=4(—cost)

0 cost

where we have made the change of variable x = tant and used the identity 1 4 tan?x = 1/cos?x.
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Problem 11.3
(i) Here is the figure:

The area is obtained as
1 27 4
A= 5/0 a*0%do = §7t3a2.

(ii) Here is the figure:

The area is obtained, by symmetry, as
/6 2 /6
A:/ a2c0s23ede:“—/ (1+c0s66)d6 = 2.
0 2 Jo 12

(iii) Here is the figure:

The area is obtained, by symmetry, as

/4 2
A:/ a?c0s20d0 = L.
0 2

Problem 11.4
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(a) Both curves meet at x = 0 and x = 1, and within [0, 1] we have y/x > x?. Then

1 1
A= —x?) dx = =.
/O(\/;c x7) dx 3
(b)
1 1 3
V:ﬂ?/ xdx—ﬂf/ x4dx:—ﬂ:.
0 0 10
Problem 11.5

)
21 2r
1% :Jt/ (1+sinx)?dx = n/ (1 +2sinx+sin’x) dx
0 0
2 3 1
:n/ ~ +2sinx — - sin2x | dx = 372
0 2 2

(i)

4 4 28
V =_-n(2R)® — - nR> = =" 7R
CR) - 3R = =m

(iii) Since x > sinx within [0, 7],

n n 1 1 Tt n?
2 s 2 2 .
V:7r/0 (x —sin x)dxzir/o (x—2+2s1n2x>dx:3—2.

Problem 11.6

®
a 2 4
ver [ » (1 - xz) dx =~ nbta.
—a a 3

3/2
a / x2 4 ) X2
V:47T/0 xb I—de:—gﬂ'ba <1_(,12>

(iii) The area of the triangular section at x will be

(i)

oy

= —mha’.
3 a

0

x2

=2b\/1——
a(x) =

hence

a 52 /2 /2
V:2b/ 1-Sdx=2ab | cos’0d0=ab | (1+cos20)d6 = mab,

using the change of variable x = asin 6.

Problem 11.7
(a) By symmetry

a x2
A:2/ b 1——2dx:7rab
—a a

(see Problem 11.6(iii)).
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(b) Rewrite the equation of the ellipsoid

2 2 2 2 2
X y z X y
2 2 a2 hr
where
2 2
z z
a(Z):a 1—C7, b(Z):b 1_c7

This means that the sections of the ellipsoid perpendicular to the Z axis are ellipses, with
axis a(z) and b(z) (—c < z < ¢). Their area is A(z) = ma(z)b(z) (see (a)), therefore

c 2 4
V = mab <1_22> dz = —mabc.
¢ c 3

22
(c) If the ellipse — + i 1 rotates around the X axis, it generates an ellipsoid with ¢ = b, hence
a
V =4mab? /3. If it does around the Y axis, the ellipsoid will have ¢ = a, hence V = 47ma’b /3.

Problem 11.8
(i) r(x) = (x,e/2 +e7*2), thusr'(x) = (1, (/% —e7/2)/2) and ||r(x)[| = 1/ 1 +sinh?(x/2) =
cosh(x/2). Accordingly
2 X
L:/ cosh=dx=2sinhl =e—e '
0 2

(i) ¥'(r) = (a(1 —cost),asint),

I¥(1) | = ay/ (1 = cosr)? +sint = ay/2(1 — cost) = 2a

Therefore

.t
S1n —

27 t b
L:2a/ sinfdt:4a/ |sinu|du = 8a.
0 2 0

(iii) One arc of the curve can be parametrised r(x) = (x, (4 —x2/3)3/ %), where 0 < x < 8 (the
other three have identical length). Thus r'(x) = (1,—x‘1/ 3(4—xH3HY ?) and [|¥'(x)|| =
V14+x723(4 —x2/3) = 2x~1/3. Accordingly

8
L= 8/ x V3dx = 48.
0

(iv) Taking r(x) = (x,y(x)) we get, after a lengthy calculation,

2 42 2 42
/ = 1 _761 x = / = 1 a a :g
¢() ( , el =1+ =

X

Therefore

ad
L:a/ —x:a10g2.
a2 X



D.11 Geometric Applications of Integrals 303

(v) The parametrisation is r(6) = (r(6)cos 6,r(0)sin6), so
r'(6) = (r'(6)cos® —r(0)sin6,r (6)sin6 +r(6)cosH)

and therefore, using cos? 0 +sin’6 =1,

COS'.

¥ (6)] = \/r’(9)2+r(9)2 = \/sin2 0+ (14c0s0)2=+/2(1+cosB) =2
Accordingly,

21
L:2/
0

0 b /2
cos‘d9:4/ \cost\dt:8/ costdt = 8.
2 0 0
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