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Chapter 1

Sequences and limits of sequences

1.1 Definition of sequence and properties
e Consider the set N of non-negative integers, ordered according to the natural order

N:0,1,2,3,...,n,...

Definition 1.1: Sequence

A sequence is a relation that associates with each natural number n € N (or from a
certain natural number ng onward) a real number a,, € R.

e A sequence is therefore a function:
f:N—=R

fin—ay,

or possibly
f:{neN:n>np} =R

for some fixed integer ng € N.

[ The sequence associates with the input variable n the output value a,,. ]

e The fact that the domain of the function f is the set of natural numbers makes it possible
to write the sequence by listing its values, in the order in which they follow one another
as m increases:

ap, ai, a2, ..., Qp,

e The dots after a,, indicate that we are not considering only the first n terms of the sequence
(i.e., a finite set of numbers), but the whole sequence of infinitely many terms (i.e., an
infinite set of numbers).

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini


https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

Example 1.1: Sequences

neN
neN

n €N

-

n—aé€lR

The last sequence is called a constant sequence.

0,1,4,9,16,...
1,-1,1,-1,1,...

Gy Gy Cy @y Q...

-

Example 1.2: Sequences

neNn>1

neNn>2

~

1
n— —

n

n+1
n +—

n—1

|\

~

nates (n, a,).
"

We can represent sequences graphically by the points of the Cartesian plane with coordi-

J

(.

Example 1.3: Graph of a sequence

Vs

The graph of the sequence n +—+ n? with n € {0,1,2,3,4} is:
16 AN
n i+ n?
9 L |
=
3
4 4 8
1r L] =
0 _T | | |
0 1 2 3 4
N i /
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'd \
To denote a sequence we will use the notation:

{an} or mn—a,
possibly specifying the set in which the input variable n varies (the whole set N or from a

certain value ng € N onward).
. J

A sequence {a,} is bounded if there exist two numbers m € R and M € R such that:
m<a, <M, VYnéeN

It is bounded below if m exists. It is bounded above if M exists.

Example 1.4: Bounded sequences

e the sequence {(—1)"} is bounded

e the sequence {n2} is only bounded below

e the sequence {(—2)"} is not bounded (neither below nor above).

Definition 1.2: Property that holds eventually

We say that a sequence {a,} has (or acquires) a certain property eventually if there
exists n € N such that a, satisfies that property for every n > n.

Definition 1.3: Positive and negative sequences

A sequence {a,} is called non-negative if:

an >0, Vn
A sequence {a,} is called positive if:

an >0, Vn
A sequence {a,} is called non-positive if:

anp <0, Vn
A sequence {a,} is called negative if:

an <0, Vn
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Definition 1.4: Eventually positive and eventually negative sequences

A sequence {ay} is called eventually non-negative if there exists n € N such that:
anp >0, Vn>n

A sequence {a,} is called eventually positive if there exists n € N such that:
ap >0, Vn>n

A sequence {a,} is called eventually non-positive if there exists n € N such that:
ap <0, Vn>n

A sequence {a,} is called eventually negative if there exists n € N such that:

an <0, Vn>n

Example 1.5: Properties that hold eventually

Consider the sequence {n — 2 +/n}. The graph of the sequence with n € {0,1,2,...,10} is:

K 3

ne—=n—2+n
30 o
[ ]
2, |
o [
S
11 o |
o
Oe -
o
_1 ‘ S | |
0 1 4 5 10

N " /

This sequence is eventually positive. With n = 4 we have a,, = 0, hence taking n = 5, we

have a,, > 0 for n > n.
& J

Example 1.6: Properties that hold eventually

Now consider the sequence {%} The graph of the sequence with n € {1,2,...,4} is:

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

e w w 7

Qan
N[ —
T
{
|

NN

N i /

This sequence is eventually less than 1071%°. With n = 10'%° we have a,, = 1071%°, hence
taking for example 72 = 10'%° + 1 we have a,, < 10719 for n > 7.

(& J

1.1.1 Convergent sequences and definition of the limit of a sequence

Definition 1.5: Convergent sequence

A sequence {a,} is called convergent if there exists a number £ € R such that:
lan, —£] <&, eventually (1.1)

for every € > 0.

4 \
A sequence {a,} is therefore called convergent if for every ¢ > 0 (as small as we like) there
exists a number n(e) € N such that:

lap, — ¢ <e for every mn > n(e)

The number n(e) depends (in general) on the value of €. If the sequence {a,} is convergent,

then the number ¢ € R is associated with it.
. J

Definition 1.6: Limit of a sequence

The number ¢ € R appearing in inequality (1.1) is called the limit of the sequence
{an}, and we write:

lim a, =/¢ or, equivalently anp — £ for n — 400
n—-+00
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e read, respectively:

the limit of a,, as n tends to infinity, is £

an tends to £ as n tends to infinity

Inequality (1.1) corresponds to the following two:

l—e < ap < l+¢ (1.2)

e Representing the points of a sequence graphically, we have:

K R

{4+ e

{—¢ \ o

\_ " /

The convergence condition means that, having fixed a horizontal strip “as narrow as we
like™:

(l—e,l+¢)
from a certain value of n onward, called n(e), the points a, of the sequence no longer

leave this strip. In the previous graph, having fixed the width of the strip, the values a,,
lie inside the strip for n > n(e).

Theorem 1.7: Uniqueness of the limit of a sequence

If a sequence {a,} converges to the limit ¢ € R, then this limit is unique.
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Proof. Suppose, by contradiction, that there exist two different limits, ¢1 and ¢, associ-
ated with the same sequence {a,}. Then, eventually, for every € > 0 we would have:

‘51—62’ = \ﬂl—an+an—£2| < |€1—an\+]an—€2\ < 2¢ (1.3)
—_——
=lan—l1|<e <e

We used the triangle inequality. Since € > 0 can be chosen arbitrarily small, (1.3) can
be satisfied if and only if:
by =1

Hence two different values ¢; and /5 cannot exist and consequently the limit (if it exists)
is unique. O

Example 1.7: Verifying the limit of a sequence

—(_i)n, for example starting from n = 9, lies within the

)

given by £ =0 and € = %. With n = 8 we have a,, = %, with n = 9 we have a,, = —%, hence

The graph of the sequence n —
horizontal strip:

1
lan| < = for every n>9

-

/

[ ]
1 o
8 I i ° * - ° °
1 o ° ° [} L] (]
- ' [ )
g s ° :
@ 1
° 1
—1)n
E n»—>(n)
1
1
}
1
1
I
L
-1 6
1 8 9

N : J

To prove that:

apb — 0 for n— 4+

we must verify that for every € > 0 there exists n(e) € N such that

n>n(e) =la <€
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The inequality is equivalent to

‘ (-1)"

n

1
< ¢ which is satisfied for n > —
€

Having fixed € > 0, it will suffice to choose the first integer

1
n(E) > g

to satisfy the condition required by the definition of limit.

\ J

Observation 1.8

Every convergent sequence is bounded.

Proof. Let {a,} be convergent to the limit £ € R. Choosing € = 1 in the definition of
limit, there exists n(1) € N such that

la, — €] <1 for every mn>n(l)
By the triangle inequality we then have
lan| = |(an =€) + €| < |an—C|+|¢|] < 1+ 4] forevery n >n(l)
The remaining terms ag, ai, . .., ay(1)—1 are finitely many, hence we can set
M =max { |ao|, |ail, ..., lagm)-1], 1+ ¢ } €R

and we obtain
—-M<a, <M forevery neN

that is, the sequence is bounded. O

e By contraposition we also obtain: if a sequence is not bounded, then it is not convergent.

e The implication does not hold in the opposite direction: a bounded sequence is not
necessarily convergent. A counterexample is the sequence {(—1)"}, which is bounded
(=1 < (=1)" <1 for every n € N) but is not convergent. Suppose indeed, for the sake
of contradiction, that (—1)" — ¢ € R: fixing ¢ = 3, we should have [(—-1)" — ¢| < %
eventually, whereas

if £> 0, for every odd n we have [(=1)" — /| =|—-1—4|=1+(>1;

if £ <0, for every even n we have |(=1)" —f¢| =1 —4] =1+ [¢] > 1.
In both cases the inequality |(—1)" — ¢| < 3 is violated for infinitely many values of n
(hence it does not hold eventually), and we have a contradiction. Therefore

{an} bounded = {a,} convergent
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Example 1.8: Verifying the limit of a sequence

Consider the sequence:

1+

n — =
n—1 n—1 n—1

n+1 n+1_n—1+1+1_ 2
n—1 a

This is the graph of the sequence with n € {2,3,...,20}:

O N

21 e o
[ J
< ®
3 O...‘
.‘°‘Ooooou
I |fromedoeebaad a0 A C e 2
nHZ—fi
0 \ \ \ \ \ \ \ \
2 4 6 8 10 12 14 16 18 20

\ n %
We see that the values a,, get closer to 1, hence we try to prove, using the definition of
limit, that:

. n—+1
lim =
n—+oon — 1

1

We must verify that for every € > 0 there exists n(e) € N such that:

1
nZn(e):>1—e<n—+1<1+e
n_

The left inequality is always satisfied (the numerator of the fraction is always larger than
the denominator). We take the right one:

n+1 nt+l—(n—1) 2
—1<e¢, <&, <e, n—1>-—
n—1 n—1 n—1 €
2
hence it is satisfied if n > re
€
Having fixed € > 0, it will suffice to choose the first integer
24¢
nle) >
€)> =
to satisfy the condition required by the definition of limit.
(& J
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Example 1.9: Verifying the limit of a sequence

For the previous example, we proved that the limit equals 1. Let us now check what happens
when we fix € = % In this case n (%) > 2J1F/12/2 = 5.
;3 7
n — ol
n—1
[ ]
3 ° l+e=1+ %
§ 2 .
1 [ ) PY °
| ® ® ¢ 0o 0 0 0 0 o o
1fmmmmm-- EEEEEEEEEEEREEEEEEEPEE S
1
1
1 1
2 |
1
: g — & = 1-— 5
0 —¢
2 5 6
\_ n J
If instead we fix ¢ = }1, in this case we have n (Ti) > 2?}44 =9.
R o
n+1
n— =T
[}
. (+e=1+73
g °
S ) e ,
4 VT.."‘Oooou
] fmmmmm s B REREEEEEEPE TP
3 1
4 \
1
1
| l—e=1-1
0 —¢
2 9 10
\ n Y
- J
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Example 1.10: Verifying the limit of a sequence

.

Consider the sequence:

1
ne 2n

This is the graph of the sequence with n € {1,2,...,20}:

o ™
3 |
2| o
..
g 11 :_:-:-.‘__'__‘_!-.‘-.‘..‘..'.-0__0__0__0_ ’
S
10 |
2 1
n+— 2n
O | | | | | | | | |
12 4 10 12 14 16 18 20

6 8
\_ n %
We see that the values a, get closer to 1, hence we try to prove, using the definition of
limit, that:

lim 27 =1
n—-+0oo

We must verify that for every € > 0 there exists n(e) € N such that:
n>nle)=>1-e<2n <l+e.

The left inequality is always satisfied (2 raised to a positive rational number), while for the
right one, taking the logarithm to base 2, we obtain:

1
— <1 1
- < logs(1 +¢)

Hence it is satisfied if: |

n> ——-———
log,(1 + ¢€)
Having fixed ¢ > 0, it suffices to choose the first integer

1
> e
logy(1 +¢)

n(e)

to satisfy the condition required by the definition of limit.

Author: Fabio Furini
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Example 1.11: Limit of sequences

Consider the sequence:
1
n — log (1 + —) .
n

This is the graph of the sequence with n € {1,2,...,50}:

-

0.8 nb—>log(1+%) i

0.6 |
IS
]

0.4 |

0.2 *.. |

0 ."'.'."'.".'."Q.."'.C..'..'Q."

\ ‘ : ‘
1 10 20 30 40 el

N 2 /

We see that the values a, get closer to 0, hence we try to prove, using the definition of
limit, that:

1
lim log (1 + —) =0
n—+o0o n

We must verify that for every € > 0 there exists n(e) € N such that:
1
nZn(e):>—e<log(1+—) <e
n

The left inequality is always satisfied (the logarithm to base e of a number greater than 1),
while for the right one, exponentiating, we obtain:

1
e —1

1
—+1l<e hence it is satisfied if — n > (ef—=1>0 with € >0)
n

Having fixed € > 0, it suffices to choose the first integer
1

et —1

n(e) >

to satisfy the condition required by the definition of limit.
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1.1.2 Divergent sequences and irregular sequences

Definition 1.9: Sequence divergent to +oo

A sequence {ay} is called divergent to +oc if for every M > 0 there exists a number
n(M) € N such that:
an > M for every n > n(M)

Definition 1.10: Sequence divergent to —co

A sequence {a,} is called divergent to —oo if for every M > 0 there exists a number
n(M) € N such that:
an < —M for every n > n(M)

The number n(M) depends (in general) on the value of M.

(. J

e In the two cases we will say, respectively, that +00 and —oco are the limits of the sequence
and we will write, respectively:

lim a, = +00 or lim a, = —o0
n—-+oo n—-+o0o

The values of a sequence divergent to +o0o eventually exceed any fixed real number. The
values of a sequence divergent to —oo eventually fall below any fixed real number.

L The symbols +0co0 and —oco are not numbers. ]

e If we represent the real numbers on the Euclidean line, each number corresponds to a
point and each point to a number.

e With the symbols 400 and —oco we agree to denote two “points”

400 lies to the right of every point of R
—oo lies to the left of every point of R

however, no number corresponds to these two points.

e On the symbols +00 and —oo the operations of sum and product with the properties stated
in Ry and Re are not defined, even though we will be able to perform these operations
“partially” (as we will see later).

Definition 1.11: The set R*

The set of real numbers R with the addition of the two elements +o0o and —oo will be

denoted by:
R* =R U {400} U {—00}

SAPIENZA
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e We can represent the set R* “visually” by putting the points of the line in one-to-one cor-
respondence with those of a semicircle (projecting them from the center of the semicircle
onto the line R):

: A C B o)

e No point on R corresponds to the points A and B; we will say that —oo is the “counterpart”
of the point A and +oo the “counterpart” of B.

e The limit operation becomes fully meaningful if set in R* instead of R, i.e., the limit of a
sequence can be a real number ¢ or +o00 or —oc.

Sequences whose limit is a real number are convergent; those whose limit is 400 or —oo
are divergent.

Example 1.12: Convergent and divergent sequences

e the canonical sequence {n} is divergent to +o0;
e the sequence {2"} is divergent to +o0;
e the sequence {—2"} is divergent to —oo;

1.
e the sequence {2~} is convergent to 1.

Observation 1.12

+oo if >0
lm n*=<1 ifa=0
n—-+oo

0 ifa<0

Proof. If a > 0, we must prove that the sequence diverges to +0o0. We must therefore
verify that for every M > 0 there exists n(M) € N such that

n>n(M)=a,>M
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The inequality
1
n® > M is satisfied for n > M«

Hence, having fixed M > 0, it will suffice to choose the first integer
n(M) > Ma
to satisfy the required divergence condition.

Hence there is no M > 0 such that n® < M for n € N, and the sequence is not bounded.
Hence n® — +oo for n — +o0.

If o < 0, we must verify that for every € > 0 there exists n(¢) € N such that

n>n(e) =>—e<n*<e¢

The left inequality is always satisfied. For the right inequality, since n® = ﬁ, we obtain
1
= <X E
n‘a|

which is satisfied if

I
nlel > = e, for n> e
€ gl/lal

Having fixed € > 0, it will suffice to choose the first integer

1

n(e) > T/l

to satisfy the condition required by the definition of limit.
O

e Finally, we observe that there are sequences that are neither convergent nor divergent

Definition 1.13: Irregular (indeterminate) sequence

A sequence that is neither convergent nor divergent is called irregular (oscillating) or
indeterminate.

Example 1.13: Irregular sequences

e the sequence {(—1)"} is neither convergent nor divergent (but it is bounded)

e the sequence {(—2)"} is neither convergent nor divergent (and not even bounded).

Proof. We check that the sequence {(—1)"} is irregular, that is, that it is neither con-
vergent nor divergent.
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It is not convergent: we proved it in Remark 1.8, where {(—1)"} was used as a
counterexample to the converse implication.

It is not divergent: for every n € N we have —1 < (—1)" < 1. Fixing M =1,
for every odd n we get (—1)" = —1 < M, hence (—1)" — +oo is impossible; for
every even n we get (—1)" =1 > —M, hence (—1)" — —oo is impossible.

The limit of {(—1)"} therefore does not exist. O

e For irregular sequences, the limit operation is not defined, i.e., their limit does not
exist.

Summarizing, the operation of computing the limit allows us to answer rigorously the
question: how do the numbers a,, behave as n becomes larger and larger?

1.2 Unbounded sets and their suprema/infima

e [t is convenient to adopt the convention introduced for limits also for the sup and the inf,
extending the definition of these quantities as follows

Definition 1.14: Supremum and infimum sup and inf (unbounded sets)

If a set E C R is not bounded above (below), we will say that

supE =400 (inf = —o0)

e In this way, property R4 of the real numbers can be stated as follows:

Ry — every non-empty set £ C R has a supremum and an infimum; sup E (inf F) is
a number if E is bounded above (below), otherwise it is +00 (—00).

1.3 Infinitesimal and infinite sequences

Definition 1.15: Infinitesimal sequence

A sequence {a,} tending to zero is called infinitesimal

Example 1.14: Infinitesimal sequences

e the sequence {%} is infinitesimal

e the sequence {#} is infinitesimal
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Theorem 1.16: On infinitesimal sequences

A sequence {ay} is infinitesimal if and only if the sequence of absolute values {|ay|} is
infinitesimal:

lim a, =0 <= lim la,|=0.
n—-+o0o n——+oo

Proof. We prove the two implications.

(=) If {ay} is infinitesimal, then a,, — 0 and therefore, for every € > 0, there exists
n(e) € N such that

la, — 0] <e forevery n>n(e)

——

= [fanl-0|
which is exactly the condition |a,| — 0.
(<) If |an| — 0, then for every e > 0 there exists n(e) € N such that

|lan]| —0| <& forevery n>n(e)

= lan| = lan—0|

which is exactly the condition a, — 0, that is, {a,} is infinitesimal.

O

e Beware: the theorem holds only for the limit 0. For instance (—1)" has [(—1)"| =1 — 1,
but the sequence {(—1)"} is not convergent.

e The concept of infinitesimal plays a central role and is also fundamental for having a
correct and effective intuitive picture of the concepts of infinitesimal calculus.

an “infinitesimal” is not an “infinitely small number” (a meaningless concept) but a vari-
able quantity (a sequence or, as we will see, a function) that becomes indefinitely
small.

Definition 1.17: Infinite sequence

A sequence {a,} tending to +oco is called infinite (an infinity)

Example 1.15: Infinite sequences
e the sequence {n2} is infinite

e the sequence {n!} is infinite

e Sometimes it is possible to specify whether a convergent sequence approaches its limit
from above or from below
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Definition 1.18: Limit from above

We say that the sequence {a,} tends to { € R from above and we write
lim a, =/¢"
n—+oo

if for every € > 0 we have that

0<a,—¥f<e, eventually.

~
(.

Definition 1.19: Limit from below

We say that the sequence {ay} tends to £ € R from below and we write

lim a, =¢"
n—-+00

if for every € > 0 we have that

0<l—a,<e, eventually.

Vs
&

~

e Saying that a,, — ¢* for n — +oo means stating that a, — ¢ and moreover a, >
eventually; hence a,, approaches £ from above, i.e., it approximates £ from above.

~

e Saying that a, — ¢~ for n — 400 means stating that a, — ¢ and moreover a, <
eventually; hence a,, approaches £ from below, i.e., it approximates £ from below.

Example 1.16: Sequence with limit from above

lim l:0+
n—4+oco n
T T I ‘
T N
0.8 |
0.6 |
IS .
S 1
0.4 T |
0.2 o, |
0 .................................
| | * 1
1 10 20 30 40 2
\ " J

Ve
|\
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Example 1.17: Sequence with limit from below

_ ( n n+1-—1 1 )
1m =1 = =1 —
n—+ocon + 1 n—+1 n—+1 n—+1
I
/ 1 ""'""""'""""'"":;.‘.'.:.'.'.::.‘.'.r\
0.8 % -
0.6 [ N
§ o
0.4 [ ne o |
0.2 =
0
| | |
0 10 20 30 40 50
\_ n J

Example 1.18: Sequence with a limit, but neither from below nor from above

lim o)) =0
n—+oo n
05 ™
0 .....t...'.l.....l.....l...........
S .’
S
—0.5 |- |
__1 ‘ ‘ | |
1 10 20 30 40 50
\ n /
In this case we can state neither that a,, — 0T nor that a,, — 0~ for n — +o00.

- J
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1.4 Monotone sequences

Definition 1.20: Monotone sequences

A sequence {a,} is called non-decreasing if:

an < Apt1, VN
A sequence {a,} is called increasing if:

an < Apt1, VN
A sequence {a,} is called non-increasing if:

Qn 2 Gpt1, VN
A sequence {a,} is called decreasing if:

ap > Apt1, VN

A sequence is monotonic if it is non-decreasing or non-increasing; it is strictly mono-
tonic if it is increasing or decreasing.

Definition 1.21: Eventually monotone sequences

A sequence {a,} is called eventually non-decreasing if there exists n € N such that:
an < Apt1, VR 2> 1N

A sequence {a,} is called eventually increasing if there exists i € N such that:
an < Gpt1, YN >N

A sequence {ay} is called eventually non-increasing if there exists n € N such that:
Qp > Gptl, VN >N

A sequence {a,} is called eventually decreasing if there exists n € N such that:

Qp > Gpt1, YN >N

A sequence is eventually monotonic if it is eventually non-decreasing or eventually
non-increasing; it is eventually strictly monotonic if it is eventually increasing or
eventually decreasing.
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Example 1.19: Increasing and decreasing sequences

e The sequence {n?} is increasing

e The sequence {%} is decreasing
e The sequence {(—1)"} is not monotonic

e every constant sequence is monotonic (it is both non-decreasing and non-increasing),
but it is not strictly monotonic

Vs

J

e With regard to the limit operation, these sequences are of particular importance; indeed,
they are never irregular, but are convergent or divergent depending on whether they
are bounded or not.

Theorem 1.22: Monotone sequence theorem

e Let {a,} be a non-decreasing sequence that is bounded above. Then {a,}
is convergent, and its limit equals

sup{a, : n € N}.

e Let {a,} be a non-increasing sequence that is bounded below. Then {a,}
is convergent, and its limit equals

inf{a, : n € N}.

~
|\

Proof. We consider the case of non-decreasing sequences that are bounded above.

Since the sequence is bounded above, the set of values taken by the sequence {a,, : n € N}
is bounded above.

By the supremum property enjoyed by R, there therefore exists a finite supremum, which
we denote by £:
¢ =sup{a,:n €N} and (CeR.

We now need to prove that
lim a, =/

n—-+oo
and hence that for every € > 0 we have
{—¢e<a,<l+e, eventually.
The second inequality is obvious. For every n € N we have

an, < ¢ (and hence a, < /{+¢)

since £ is the supremum of {a,, : n € N} and hence an upper bound.
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By definition of supremum, ¢ is the least of the upper bounds of the set {a, : n € N}.

Therefore, since
L—e <,

certainly ¢ — ¢ is not an upper bound of the set {a, : n € N}. This means that there
exists an n(e) € N for which
Qp(e) > {—e.

On the other hand, the sequence is non-decreasing, therefore for every n > n(e) we have
An = Gp(e). We have thus proved that

an > apey > £ —¢ for every n > n(e)
Consequently, we have the claim:
lim a, =/
n——+o0o

The case of non-increasing sequences that are bounded below is proved analogously.
O

e The idea of the proof is conveyed by the following figure:

T R

o " /

e To express symbolically as well that the limit is the sup (or the inf) of a non-decreasing
(or non-increasing) sequence, we use the notation

an T4 or apl/l

This in particular implies that a,, — £~ (respectively, £7), but it contains a further piece
of information: the monotonicity of the sequence.
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e This theorem is a consequence of the completeness axiom (axiom of continuity) Ry of the
real numbers and therefore holds if the setting we consider is R. For example, it is not
true that an increasing and bounded sequence of rational numbers always has a rational
limit, i.e., in Q.

Example 1.20: Increasing and bounded sequence in

Let {a,} be the sequence defined as follows:
ap =0,a; =0.1,a2 = 0.1011, a3 = 0.10110111, a4 = 0.1011011101111 ...

At step n we append to the decimal number obtained at the previous step a digit
zero followed by n digits equal to 1. The sequence {ay} is evidently increasing, and
bounded above (for example, a,, < 1).

— In R the sequence converges to the number sup{a, : n € N}, which after the
decimal point has an infinite, non-periodic decimal expansion (one digit 1, one
digit 0, two digits 1, one digit 0, three digits 1, one digit 0, and so on forever)

— Hence the limit of the sequence is an irrational number. This example shows

that in the set Q the monotone sequence theorem is false.
(. J/

e The monotone sequence theorem can be completed with the next corollary, which considers
bounded or unbounded sequences.

Corollary 1.23: Of the monotone sequence theorem

Let {a,} be a non-decreasing sequence. Then there exists

nEI—Il-loo an = sup{a, : n € N}.

Proof. 1f {a,} is bounded above, the statement is contained in Theorem 1.22 (monotone
sequence theorem).

If instead {a,} is unbounded above, this means that, having fixed M > 0, there exists
an n(M) € N such that
Qn(M) > M

On the other hand, the sequence is non-decreasing, therefore for every n > n(M) we
have
an > Gn(M) > M

We have thus proved that for every M > 0 we have a,, > M, eventually. This means
that a,, — +oo for n — +o0.
O

Summarizing, we have:
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e if {a,} is bounded above, then it converges (and its limit equals the supremum of its
values, which in this case is a real number)

e if instead {a,} is unbounded above, then a,, tends to +oo (which in this case equals the
supremum of its values).

[ A monotonic sequence either converges or diverges (it cannot be irregular). ]

1.5 Limits of geometric progressions

e Consider the geometric progression with common ratio a € R:

e If a > 1, the sequence is increasing and unbounded above.
e If a = 1, the sequence is constant.
e If 0 < a <1, the sequence is decreasing and tends to zero.

e If a is negative, the sequence is not monotonic.

Observation 1.24

+00 ifa>1
ifa=1
lim a" = na
n—r+00 0 if |a| <1
does not exist if a < —1
|\ J

Proof. If a = 0, we have o' = 0 for every n > 1: the sequence is eventually zero and
therefore a™ — 0.

If 0 < |a|] < 1, we must verify that for every € > 0 there exists n(¢) € N such that
n>n(e)=la" <e

Since |a™| = |a|™, we must verify that
n>n(e)=la|" <e

Taking the logarithm in base |a|, which is decreasing since 0 < |a| < 1, the inequality is
satisfied if
n > log|a| g
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Having fixed € > 0, it will suffice to choose the first integer
n(e) > logj, €
to satisfy the condition required by the definition of limit.
If @ > 1, we must verify that for every M > 0 there exists n(M) € N such that
n>n(M)=a,>M

The inequality
a" > M is satisfied for n > log, M

Hence, having fixed M > 0, it will suffice to choose the first integer

n(M) > log, M

to satisfy the required divergence condition. O

Proof. If a < —1, we have |a] > 1 and therefore
a"=(—1)"|a|” with J|a|">1, ¥neN

that is, a™ > 1 for n even and a™ < —1 for n odd. We show that the sequence is neither
convergent nor divergent, that is, it is irregular.

It is not convergent: if, for the sake of contradiction, a™ — ¢ € R, then fixing

€ = % we should have |a" — /| < % eventually. Instead, if ¢ > 0, for every odd

n we have |a" — ¢| = |a|™ + ¢ > 1, while if ¢ < 0, for every even n we have
|a™ — €] = |a|™ 4+ |¢| > 1. In both cases the inequality is violated for infinitely many
values of n.

It is not divergent: fixing M = 1, for every odd n we have " < —1 < M, hence
a™ — 400 is impossible; for every even n we have a™ > 1 > —M, hence a” — —o0
is impossible.

The limit therefore does not exist. O
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Example 1.21: Infinitesimal and decreasing geometric progression

[ [
1F ° —
0.8 - |
n— (3)"
0.6 2 |
& °
]
04 |
[ ]
0.2 |- |
0 T . . . .
| | | |
0 2 4 6 8 10
n
I\ J

T T
1F ° —
0.5 |
s | ne (=3)"
[ ]
0 Y S G
—0.5 1 S \ \ \ \ ]
0 2 4 6 8 10
n
. _J
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Example 1.23: Divergent geometric progression

60

40

Qn

20

10

Example 1.24: Geometric progression that is neither convergent nor divergent

60

40

20

Qn

—20

—40

10

Author: Fabio Furini
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Chapter 2

Computing limits of sequences

2.1 Computing limits of sequences

e The proofs of the basic theorems on computing limits are based on the definition of
limit, on the use of inequalities, and on the use of properties that are eventually

true.

e In particular, these theorems illustrate the relation between the limit operation and the
algebraic structures' and the order structures® present in R.

[ We will simply write a,, — ¢ to mean a,, — ¢ for n — 400 ]

Properties of the limit operation with respect to algebraic operations.

Theorem 2.1: Algebra of limits, case of finite limits

Hypotheses:
1. ap, >4, €R 2. b, =>4, €R.
Claim:
1. antby > la+tly 2. Z—" N ﬁ—“ (bn, € # 0, eventually)
n b
3. a, b, — 4. a,l,’f — 0, (an,lq > 0, eventually).

Proof. We prove that:
an >l ER, by, >l R = ap + b, — by + 4
We consider
[(an +bp) = (ba + )| = [(an = La) + (bn — bp)| < |an — Lo| +[bn — L] (2.1)
by the triangle inequality. Since by hypothesis a,, — ¢, and b, — ¢, , we have that
lan, — 4| < e, and |b, — €] <e&p (eventually)

LA set on which an operation is defined is called an algebraic structure
2A set is endowed with an order structure if an order relation is defined on it
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for every ¢, > 0 and ¢, > 0. Bounding from above the terms on the right-hand side of
(2.1) we conclude that

l(an + bn) — (o + £)| < 2 max{eq, b}
N—

=¢ and >0

Since € is arbitrary, the claim follows. O

Proof. We prove that:
an >l ER, by > R = ay — by — by — &
For every ¢, > 0 and g, > 0, we have:

|(an —br) — (ba — €b)| = [(an — £a) + (o — bn)| < |an — La| + |66 — by
—— ——

<€a =[bn—¢p|<ep
Hence
[(an, — bn) — (ba — 0p)| < 2 max{eq,ep}
N———
=& and >0
Since € is arbitrary, the claim follows. O

Proof. We prove that:
an =Ly €ER, by >0, €R = ay by, — 4y by
We consider

\(an bn) — (fa Eb)’ = |an bn — anp gb + Ay, Eb — éa fb‘
= |an (bn - eb) + 4 (an - ga)‘ < |an (bn - Eb)’ + |€b (an - ea)|

= lan| [bn — €| + €] |an — Lo
by the triangle inequality and the properties of the absolute value. Hence
[(@n bn) — (€a )] < lan] 160 — o] + 6] lan — ol (2:2)
Since by hypothesis a,, — £, and b, — £, , for every ¢, > 0 and &, > 0 we have
lap, — 4o < eq and |b, — lp| < ep (eventually).
Moreover, since
lan, — la| > |an| — |€a| we have |a,| < |€y|+ €4, eventually.

Therefore, bounding from above the terms on the right-hand side of (2.2), we conclude
that
[(an, bp) — (Lo ly)| < ([€a|l +€a) €0+ |lb] €a = €| €6 + €] €a + €0 - €1
=¢ and >0
Since € is arbitrary, the claim follows. O

Author: Fabio Furini
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e Moreover, the limit operation preserves the ordering

Theorem 2.2: Sign-preservation, first form

Hypotheses:
1. a, — /4, 2. l;s0.

Claim:
an S0, eventually.

Proof. We consider the case ¢, > 0. By definition of limit we have that
lap, — €y| < e, eventually,
for every € > 0, which we rewrite in the form:
by —e < ap<l,+e, eventually.
Since £, > 0, we can choose € > 0 such that ¢, — e > 0; then the inequality
0<ly—e<ay

shows that a, > 0, eventually.

The case ¢, < 0 is proved analogously. O

Theorem 2.3: Permanence of sign (generalized form)

Hypotheses:
1. ap =4, €R 2. AeR 3. Ly > A\

Claim:
an > A, eventually.

Proof. Since £, > A, the number € = £, — \ is strictly positive. Applying the definition
of limit with precisely this value of €, we have, eventually:

ba—(lbg—N) < an < Lo+ (Lg—N)
=\

and therefore a,, > A, eventually. 0

e Analogously one proves that, if a, — ¢, € R and ¢, < A, then a,, < A eventually: it
suffices to choose ¢ = A — ¢, > 0 and to obtain, eventually,

lo—(AN=1Ly) < an < Lo+ (A—1Ly)
=\

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 33


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

e With A = 0 we recover the permanence of sign theorem, 15! form.

e We can now prove the case of the quotient in Theorem 2.1 on the algebra of limits.

Proof. We first prove that:

1 1
b, — by €R, éb;é() = — — —
bn, 4y
The case of the quotient then follows from the case of the product, already proved,

applied to the sequences {a,} and {i}:

Suppose £, > 0 (if ¢, < 0 one argues in the same way on the sequence {—b,}). By the
permanence of sign theorem (generalized form), applied with A\ = %” < £y, we have
Ly
by, > ) >0, eventually
in particular b, # 0 eventually and the quotlent — is well defined. Moreover, for every
e > 0, we have |b, — ¢,| < € eventually, and therefore eventually:

1 1l =ba| _ |bn— 4
bn Eb bn gb ‘bn’ wb’
2
<—|bn =0 < —
gb ’gb‘ | b‘ g% €
=¢ and >0
where we used |b,| > %”. Since € is arbitrary, the claim follows. O

Theorem 2.4: Sign-preservation, second form (part I)

Hypotheses:
1. a,— /40, eR 2. a, >0, eventually.

Claim:
£, > 0.

Proof. Tt follows from the previous theorem. Indeed, if by contradiction we had ¢, < 0,
from the previous theorem we would have a,, < 0 eventually, which is incompatible with
the hypothesis that a,, > 0 eventually.

This case cannot occur, i.e., the opposite holds, which is the claim of the theorem. [
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Theorem 2.5: Sign-preservation, second form (part II)

Hypotheses:

1. a,— /40, eR 2. b, >4, eR 3. an > b,, eventually.

Claim:
Ly > .

Proof. We consider the sequence a,, — b,; by the theorem on the algebra of limits we have
G — by — Ly — lp.
Since by hypothesis
an > b, and hence a, —b, >0,

by the sign-preservation theorem, second form (part I), applied to the sequence a,, — b,
we have
by — ¥, >0 and hence £, > 4.

O

e This theorem tells us that in an inequality between two sequences we can pass to the limit
on both sides, keeping the “<” or the “>".

e Note, instead, that in general strict inequalities “<” and “>" are not preserved when
passing to the limit.

Example 2.1: Passing to the limit with strict inequalities

For example, even if the a, are strictly positive, their limit ¢, is positive or zero, as
shown by the simple example % — 0.

Theorem 2.6: Comparison (squeeze) theorem

Hypotheses:
1. a, > ¥,c, £ and /€ R, 2. ap <b, <cp, eventually.

Claim:
b, — £.

Proof. By definition of limit we have, eventually, that

l—eqg<ap,<fl+e, and {—c.<c,<{l+e,
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for every €, > 0 and €. > 0. Hence:
¢ —max{eg, e} < ap <+ max{ey,e.} and £—max{es e} < ¢, <+ max{e,, e}
From the hypotheses of the theorem we therefore have, eventually, that
¢ —max{eq,ec} < an < by < ¢ <€+ max{eg,ec}
But then, eventually, we have

¢ —max{eg,e.} < by <+ max{eg,ec}.
——— ———

=& and >0 =¢ and >0

Since € is arbitrary, the claim follows. O

Theorem 2.7: Comparison theorem for divergent sequences

Hypotheses:
1. a, — oo, 2. a, <b,, eventually.

Claim:
b, — +o0.

Proof. Since a, — +00, for every M > 0 we have, eventually,
ap, > M

By hypothesis we also have a,, < b,,, eventually. Both properties hold eventually, hence,
eventually, we have
by, > an, > M

Since M > 0 is arbitrary, we conclude that b, — +o0. O

e Analogously one proves that, if a, - —oo and a, > b, eventually, then b, - —occ.

e Frequently used special cases of the comparison theorem are expressed by the follow-
ing corollaries, which are very useful when studying the product of an oscillating (but
bounded) sequence and one that tends to zero

Corollary 2.8: Of the comparison theorem (part I)

Hypotheses:
1. ¢, —0 2. |by| < ¢y, eventually.

Claim:
b, — 0.
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Proof. We know that eventually we have —c¢,, < b, < ¢,. Obviously
if ¢, -0 then —e¢, — 0.

Hence by the comparison theorem (with a, = —¢, and ¢ = 0) we have that b, — 0. O

Corollary 2.9: Of the comparison theorem (part II)

Hypotheses:
1. ¢, —0 2. {b,} is bounded (but not necessarily convergent).

Claim:
¢n by, — 0.

Proof. If {b,} is bounded, then |b,| < M for some M > 0 and for every n € N. We can
therefore write
|6, cn| < M |cyl.
Since
¢n — 0 also M |e,| — 0,
by Corollary 2.8 we conclude that b, ¢, — 0. O
( N\
The product of an infinitesimal sequence and a bounded one is infinitesimal.
. J

Example 2.2: Application of the corollary

Consider the sequence given by a ratio of two expressions, each consisting of a sum of powers
of n, such as:

n%/2 —3n+47

n3 + y/n — 3 n?

Factoring out the highest power both in the numerator and in the denominator we obtain:

n—

Now, by Theorem 2.1 on the algebra of limits and knowing that negative powers of n tend
to zero, we can state that:

3 1 3 1— =2+~
—— = —~— =~ nd/2 n
—0 —0 —0 —0
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hence the last sequence is convergent and consequently bounded. Now, by Corollary 2.9

and since

2 —3n+7
— 0 we have n nt -0
n3 4+ \/n — 3 n?

S-

Example 2.3: Application of the corollary

The sequence
sinn
n—

n
is the product of two sequences

1
n — — (convergent, infinitesimal) and n > sinn (irregular),
n

hence Theorem 2.1 on the algebra of limits cannot be applied (the second limit does not
exist).

e However, Corollary 2.9 can be applied. The sequence {%} is infinitesimal and, since
|sinn| < 1, the sequence {sinn} is bounded; therefore we have

. sinn
lim =

=0
n—+oco N
\ J

e The theorems on the algebra of limits seen so far work on pairs of sequences that are both
convergent or at least bounded.
Sequences with limits 400 and —oco

e Suppose, for example, that
ap, — ¢, and b, — +oo

then it is easy (and intuitive) to see that
an + b, — 4+
We will abbreviate this as follows:

by + 00 = +00

e Reasoning in a similar way we can summarize the rules for the limit of the sum (or
difference) of two sequences, one or both of which are divergent.

Rules of partial arithmetization of the infinity symbol
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Theorem 2.10: Partial arithmetization of the infinity symbol (addition)

Hypotheses:
1. ap, > ¥, €R 2. b, >+ 3. ¢, = +oo.
Claim:
1. a, +b, = ¥, +00=+00 2. ap,—b, >4, —00=—
3. b, +c, > +oo+00=4+00 4. —b, — ¢, > —00— 00 = —00.

& J
Theorem 2.11: Partial arithmetization of the infinity symbol (product)
Hypotheses:

1. a, >4, €R 2. b, > 0" orb, =0 3. ¢, — oo.
Claim:
Qp, Ea an ga
1. ap ¢y = by 00=00 (£, #0) 2. — 5 —=00 (l,#0) 3. ——= —=0.
b, 0 Cn 00
. J

e the sign of co must be determined with the usual rule of signs;

e in claim 2. it is understood, as usual, that b, # 0 eventually, so that the quotient is well

defined;

e hypothesis 2., namely that {b,} tends to zero from above or from below (and hence that

it eventually has constant sign), is necessary: with a,, = 1 and b,, = # — 0 we have

which is an irregular sequence (it tends neither to +o0o nor to —o0).

Example 2.4: Rule of signs

We have:
o if a, > ¢, R, ¢, >0 and b, — 0T then B2 — +00
o if a, >/, €R, ¢, <0 and b, — 0~ then ‘;—:—>+oo
o if a, >0, eR, 4, >0 and b, — 0~ then % — —o0
o if a, >4, €R, ¢, <0 and b, — 0T then 3 — —00
Therefore, in order to apply the rules of partial arithmetization of the infinity symbol, it is

necessary to determine whether b,, tends to zero from above or from below.
- J
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Proof. We prove that:

a
an =>4y €R, ¢, = 400 = — —=0.

Cn

For every ¢ > 0, since a,, — ¢4, eventually we have

lan, — lo| < e hence |an| < |la| + €.

2lan|—|lal

Moreover, since ¢, — +00, eventually we have

1
Cp > —
€
It follows that, eventually, we have
a lo| + € a
Jan| < % and hence | —| <& (|la| +&) = |[€a] € + €2
|cn| z n —_——
=¢& and >0
Since € is arbitrary, the claim follows. O
'd \

The four missing operations:

0
400 —00, 0-00, = and i
0 o0

are called indeterminate forms, since no rule can be established a priori to determine

their result.
g J

Example 2.5: Resolving indeterminate forms +oco — oo

Consider the sequence

n—vn+1l—+vn—-1

We have the difference of two sequences:

n—+vn-+1 with lim vn+1=+4+00
n—-+oo

n—+vn—1 with Iim vn—-1=+x
n—-+4oo

Hence we fall into the indeterminate form +o0o — oco.

Multiplying and dividing by v/n + 1 + v/n — 1 we obtain

(Wn+l-—vn—-1)(Vn+l+vn—-1) (\/n+1)2—(\/n—1)2_ 2

Vn+1l+yvn—1 - VnFl4+vn—-1  Vn+l+vn-1

recalling that a? — b?> = (a — b)(a + b). Now, considering the sequence in the denominator,
we have

lim vVn+1++vn—1=400+ 00 =400

n—-+00
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Using the rule

a
an =, €R, ¢, 200 = — =0
Cn

of the theorem on the partial arithmetization of the infinity symbol (product), we have:

2 2
lim vn+1—+vn—-1= lim

= = 0
n—r+00 n—too\/n+14++y/n—1 +00

e Limits of sequences of the form:
{orr )

can be handled by considering the sequence of their logarithms, taking for simplicity the
base e.

e 2
Given a sequence {a%" }, we have that:

if b, loga, — ¢ then a’r — ¢’ (2.3)
if b, loga, — 400 then a’» — +o0 (2.4)
if by, loga, — 0 then abr — 1 (2.5)
if b, loga, — —co then a’* — 0 (2.6)

If the sequence {bylogay,} is indeterminate (has no limit), then {ab } is indeterminate as

well.
_ J

Example 2.6: Computing limits by taking logarithms

lim (3n) (=3n?+7)
n—+o0o

taking logarithms we have
Qn

(—3 n? + 7) log?{;

b
since
1 — 2 = — . = —
nEI—‘,I-loo( 3n®+7) log(3n) 00 - +00 00
then ,
lim (3n)(737"+7) =0
n——+o0o
. J
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Example 2.7: Computing limits by taking logarithms (alternative method)

log ((3 n) (_3 "2+7))

lim (3 n)(_?’ ") = Lim e = lim e(737°+7) log(3n)
n—+00 n—+o0 n—-+00
since
1 — 2 —_ — o —_
ngl}rloo (=3n° +7) log(3n) 00 + 400 00
then ,
lim (3 n)(_?’" ) — = = ¢
n—-+00

~ J
( \

We also have the following indeterminate forms:
1°, 0%, o
Taking logarithms, they correspond to the indeterminate form
0-00

since:
log (1%°) =00 logl =00 -0
log (OO) =01log0=0-—00
log (+00?) = 0 log (+00) = 0 - +00

In the powers {a%"} the base is always (eventually) positive, hence in the form oo the base
is +oo0.

Limits of the form
07 and 0~

are not indeterminate forms. We have:
07 =0 and 0~ = 4o0.
since, taking logarithms, we have

log (O+°°) =+4+o00-log0=+4+00-—c0=—-00 and e =0

log (O_OO) =—00-log0=—-00-—00=400 and e =400

Example 2.8: Limits of the forms 07> and 0~

e Example of the case 07> = 0:

logn
lim (—) =0T =0.
n—-+o0o n
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Indeed we have

hence

lim

e Example of the case 07°° = +o0:

Indeed we have

hence

%Jroo;:
logn lo !
= limeg 2 =e ®=0.
n—-+o0o

1 logn
n—+oo \ N

1 —logn
—> =07 = 4o00.

lim (
n—-+4oo n

1 —logn
w -

NNy
Tlogn log +
. —logn log —
lim e n =et™ = +o00.
n—-+oo

l)—logn

1
elog( - =" logn log -

Author: Fabio Furini
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Chapter 3

Euler’s number

3.1 Euler’s number ¢ (Napier’s constant)

Theorem 3.1

The sequence
1 n
an:<1+—) with n>1
n

is convergent.

{bn}; (3) the synthesis of the two results.

o _ (R ()

n

a—l_ 1 n—1 n—1
=l (14 24) ()

where for the “>” we applied Bernoulli’s inequality:

1
(1+2)">14+nz with r=-—52>-1 and n>2
n

Hence we have

Proof. We will prove that the sequence {a, } is non-decreasing (a,, > an—1,Vn € N,n > 2)
and bounded (m < a, < M,¥n € N,n > 1); hence it is convergent by the monotone
sequence theorem. The proof is split into three parts: (1) the monotonicity of {a,} and
its lower bound; (2) the monotonicity and the upper bound of an auxiliary sequence

Part (1). To prove that {a,} is non-decreasing, we study, for n > 2, the ratio:
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i.e., a, > ap—1 and the sequence is non-decreasing.

To prove that {a,,} is bounded from below, we observe that, since a; = 2 and the sequence
is non-decreasing, it follows that a,, > 2,Vn > 1. O

Proof. Part (2). Consider the auxiliary sequence
1 n+1
bn:<1+) with n>1
n

To prove that {b,} is decreasing, we study, for n > 2, the ratio:
1\n+1 +1\n+1
) (")

1+
1 N n "
1+m) (m)

where for the “<” we applied Bernoulli’s inequality:

(1+z)">14+nz with z=

! 12—1 and n > 2

o
and for the “<” we applied the inequality

n 1 .
5 > since n?>n?>-1 for n>2
ns—1 n

Hence we have proved that

by,
bn—l

<1 hence b, < b,_1

and the sequence {b,} is decreasing.

Since by = 4 and the sequence is decreasing, we therefore obtain
by <by =4, Vn>1

that is, {b,} is bounded from above.

Author: Fabio Furini
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Proof. Part (3). The two sequences are related by

1
b, = ap, (1 + —) therefore b, > a,,Vn € Nyn >1
n
>1, Vn>1

and consequently
2<ap<b, <4, Vn>1

The sequence {ay} is therefore non-decreasing and bounded and, by the monotone se-
quence theorem, it is convergent.

O

Example 3.1: Graphs of the sequences {a,} and {b,}

000000 oo 0 o o
Cmmmmemmmmmemme ... ... .- ---mEm e
ees0000000c000sc000s0 e

PRSI
o
.

: (1%—%)”-—>e‘ for n — +o0

.

20 i

1 10 20 30 40 50

N " /

. J

e The limit of the sequence a,, just studied is an irrational number that is very important
in mathematics. This limit is denoted by the letter e (Euler’s number, or Napier’s
constant) and its decimal representation begins as follows:

2.7182818284 ...

By definition, we have:

e= lim (1+%)n (3.1)

n—-+00

e This number is very often used as the base of logarithms, which, when this base is used,
are called natural or Napierian logarithms (after the mathematician John Napier) and
are denoted simply by the symbol log (or In) without indicating the base.
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e Consequently, we have:

1 1\"
lim n log (1 + ) = lim log <1 + ) =loge=1
n—-+0oo n n——+oo n

Example 3.2: Computing limits with the sequence tending to ¢

lim (1_1)71:1
n—-+4oo n e
Since:
(n—l)n_ 1 B 1 _ 1 1
N nn_ ® n—1
V) A ()T ()
X —xr
L B
l] ------------------ TEMIT I T v ooy
e TR R P RO RO s % T o~ o .
: (—%)n%%forn%—i—oo
§ 5
0
| | | |
1 10 20 30 40 50
N n )

Let {cn} be any divergent sequence (to +0o or —o0); then

Cn, Cn
lim (1 + l) =e, lim (1 — i) _1 (3.2)

n—-+4oo Cn n—-+oo Cn,
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Proof. Recall that, given z € R, its integer part, denoted by |z], is the largest integer
not exceeding x.

If ¢, = 400, since |¢,| > ¢, — 1, by comparison we also have |¢,| — +oo. Hence, by
(3.1) and by the definition of limit we have

' 1 len |41 . 1 Len
nEToo(”LanH) :nETooOﬂan) =¢

Using:
len| <cen < |en] +1
we obtain
1 Cn 1 LCnJ+1 1 LCnJ 1
1+—) <(1+—) =<1+—) .(1+—)
( Cn Lcn] len] Len) g
—e :;1
and also
1\ 1 len] 1 len |41 1 -1
1+ — > (14 ——— =(14+ — 1 ——
(%n) ( Lan+1> <+Lan+1) (+Lan+1)
:e Jl

hence the first limit of the theorem follows from the comparison theorem.

If instead ¢, — —oo, then the sequence d,, = —c¢,, — 400, and we have

1\ 1\ —dn 4\ 1 dn—1 1
(o)) - () - o) o)

Since d,, — 1 — +00, the claim follows from the previous case.

The second limit of the theorem is proved analogously.

'd 1\
This theorem is useful for computing limits involving the indeterminate form 1°°
g J

Example 3.3: Computing limits with the sequence tending to ¢

We compute
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since:

lim = lim 1-— 5 =1, lim 5n+1=+400
n—+o0o 3 +n  n—+oo 3+n n—-+00

We rewrite the sequence as follows:

n 5n+1_ 34n —(5n+1)_ 1
3+n - n - (1+%)5n+1

= 3Gntl) 3 (5ntl)

(D% 7 ((+9)%) 7

—_
—_

w3

and we consider the denominator

—15
3(5n+1)
" n
1y@ 15 : n
1=k = —e since §—>+ooforn—>+oo
3
—e

Summarizing, we have:

Alternative method:

5n+1 5n+1
. n . 3
lim = lim 1-—
n—+oo \ 3+ n n—-+o0 3+n

—15
3(bn+1)
3+n
34n
_ 1\ ° 1
- nﬁlrfoo L= ?H_Tn T eld
i
since
3+n
— 400 for n — +o0
.
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Example 3.4: Computing limits with the sequence tending to ¢
Since:
| -n - n n n—1 1
(%) () () - () (i)
;re :1
(1- %)_n — et for n — +o00
< .
-]
3 -
P P RS AR S AL AALE AL T TR Y
\ \ \ \
10 20 30 40 50
\_ n Y
- J
Example 3.5: Computing limits with the sequence tending to ¢
o n
lim (1+—) =e* with aeR
n

n—-+oo
If o = 0 the result is immediate, since the sequence is constant:
0 n
(1+—) =1"=1=¢"
n

If instead « # 0 (so that we can divide by «), we have:
(0%

(1+%)n=(1+%)n: <1+%)Z

(07
—e

where we used the previous theorem with ¢, = 7, a sequence divergent to +o0 if & > 0 and

to —oo if e < 0.
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For example, with a = 2 we have:

K 62'1 ------------ i Y E -\
77 ........ . voocessscseossceccs
! (1+2)" = €2 for n — +o0
67 |
I
S 5| |
A - |
3 ‘ | | | |
1 10 20 30 40 50
K n J

3.2 Euler’s number in finance

e Suppose we own a capital of unit value and an annual interest rate ¢t. If the interest is
paid annually, after one year the capital owned will be

14+t-1=141t
e If instead the interest is paid monthly, we will have
— after the first month, a capital equal to
t t
1+ —-1=14+—
* 12 + 12
«

— after the second month, a capital equal to

2
t ot t t
I+ —+— (14— = —
+12+12< +12> <1+12>
N——

~\~
[e%

«

— after the third month, a capital equal to
2 2 3
t t t t
14+ — — |14+=] =1+ —=
( +12> +12 ( +12> ( +12>
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— at the end of the year we will have a capital equal to

12
t
14+ —

e If the interest is computed every n-th of a year, at the end we will have a capital equal to

ooty

e Fort =1 (a 100% return) we obtain exactly the sequence that defines e

( N\
Hence, even if the interest is paid an infinite number of times per year, the capital

does not grow to infinity but tends to e, since:

1\"
lim <1 + ) =e
n—-+oo n
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Chapter 4

Comparisons and asymptotic estimates

4.1 Comparisons and asymptotic estimates

e We have seen that a sequence tending to 0 is an infinitesimal; a sequence that diverges
(to 400, to —o0) is called an infinity (infinite quantity).

e When two sequences are both infinitesimals or both infinities, it is useful to be able to
compare them, to understand which of the two tends “more rapidly” to 0 or to infinity.

Example 4.1: Infinities

Examples of infinities are the following sequences:

{logn}, {vn}, {n*}, {2"}

Example 4.2: Infinitesimals

Examples of infinitesimals are the following sequences:
1 1 1 1
logn |’ vnl’ n? |’ 2n

o Let {a,} and {b,} be two infinities; considering the limit of their ratio we have 4 cases:

[

0 case 1): {a,} is an infinity of lower order than {b,}
an leR,I#0 case

n—+o0 by, +o00 case

\]

: {an} and {b,} are infinities of the same order

w

: {a,} is an infinity of higher order than {b,}

._.
=

W

N N N

nonexistent case 4): {a,} and {b,} are not comparable

e Let {a,} and {b,} be two infinitesimals (with b,, eventually different from zero); con-
sidering the limit of their ratio we have 4 cases:
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0 case 1): {an} is an infinitesimal of higher order
than {b,}
leR,l#0 case 2): {an} and {b,} are infinitesimals
lim = of the same order
n—-+oo bn
+oo case 3): {ap} is an infinitesimal of lower order
than {b,}
nonexistent case 4): {a,} and {b,} are not comparable
s ~
e The case a
- =1
bn

is particularly important: in this case we say that the two sequences {a,} and {b,}
are asymptotic (asymptotically equivalent).

e To indicate this, we write
an ~ by,

(read: a,, is asymptotic to by)
. J

e The asymptotic symbol is very useful in computing limits, thanks to the following prop-
erties:

Proposition 4.1: Asymptotic behavior

1. If a,, ~ b,, the two sequences have the same behavior:

e either they converge to the same limit,
e or they both diverge to oo,

e or neither of them has a limit.

2. We can write chains of asymptotic relations, i.e.:

if a,~b,~---~¢, then a,~c,

3. An expression made of a product or quotient of several factors can be estimated
factor by factor:

AN}
an b ay, b

9 / / / n ¥Yn
if a, ~a,, by, ~b,,cy ~c, then ——~ %
o ch

e Warning: the same does not hold for sums or for exponentials.
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Proof. 1. We prove the first statement
if a,, ~ b, then {a,} and {b,} have the same behavior

o Ifa, — 1 €R, since

b b
by = — -a, and — — 1 (by definition of asymptotic),
an an

then by the theorem on the algebra of limits we have
b, —>1-1=1.

e With the same steps, the theorem on the partial arithmetization of the infinity
symbol allows us to conclude that

if a, - +oo and a, ~b, then b, — +oo.

Observing that the asymptotic relation is symmetric, what we have just proved also
shows that if {b,} converges (diverges), then {a,} converges (diverges) as well.

e We conclude that if {a,, } is irregular, then {b,} is irregular as well, because if,
by contradiction, it were not, then by what we have just proved {a,} would
also be convergent or divergent.

2. We prove the transitivity of the asymptotic relation:

if ap,~b,~c, then a,~c,.

The hypotheses mean that

b
a—"%l and — — 1

by, Cn

Then by the theorem on the algebra of limits we have

il L.
@

Qan G
n

Cn

3. The third property is proved analogously.

Example 4.3: Asymptotic sequences by applying the definition

We prove that:
logn ~ log(n+ 1)

Factoring out n in the second sequence we obtain

1 1
log(n+1) =log (n (1 + E)) = logn + log (1 + E)
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Hence
logn . logn
el e .
n—-+0oo 10 n—-+0oo
A logn + log <1+—)
n
—_———
—0
- J
( A

e A typical way to show that
an ~ by,

consists in writing
ap = b, ¢, with ¢, — 1.

That is, decomposing {a,} into the product of a sequence {b,} and a sequence {c,}
that tends to 1.

Example 4.4: Asymptotic sequences via the decomposition method

Example:

-
N\

3 1
2n’+3n+1= 2n? <1+—+—)~2n2 hence a, ~ b,
N——— ~—

Qan bn (. 2

since

~
.

Example 4.5: Computing limits with asymptotic estimates

We compute the limit

2n3 +4n +1
nTréntl_ [f] (indeterminate form)
00

li _—
n—1>r-Ir—loo 5 (n + 1)3

Proceeding as before we can write

2 1
2nd+4n+1= 2n° (1+$+m) ~ 273

an al,

-~

—1

3 3 1
3 _ 3 2 _ 3 22 4L ) ~5nd
5(n+1) —§(n +3n +3n+1)J— 5n (1+n+n2+n3) 5n
Cn ,

—1

Using point 3 of Proposition (4.1) on asymptotic behavior we can write:

S~

a, a
—_—~

cnp C

. / /
it ap ~a,,c, ~c, then

s>
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and obtain
2n% +4n+1 2n3

5(n+1)3  5nd

that is, the two sequences have the same behavior. Hence

2n3 +4n+1 .2n3 2
im ——————— = lim — =—
n—+oo 5(n+1)3 n—+o0 503 5
(& J
e Another way to show that
an ~ by,

is to use the substitution principle.

e For the logarithm the substitution principle reads as follows: if

anp ~ b, and nEI}_loo b, = +o0 then log a,, ~ logb,

e Indeed, since a, ~ b,, we have Z—: — 1 and therefore log Z—Z — log1 = 0. We can then
write:
—0
—~
dn log 2™
loga, log <bn E) _ log by, —|—logz—: . g b,
logb, log b, a log b,, N log b,,
N——

—1

—+o00

e Warning: it is not enough that two sequences both diverge to +oco for them to be
asymptotic. For example logn and loge™ = n both diverge to +o0, but

. logn
lim

n—+oco N

—0#1

hence logn and log e™ are not asymptotic.

Example 4.6: Computing limits with the substitution principle and asymptotic

estimates

We compute the limit
lim logs(n®+4n + 1)
n——+00

using the substitution principle and asymptotic estimates. With the decomposition method
we have

4 1
n+4n+1= n? <1+—+—)~n2 and lim n?=+o00
~———— \b/ n n2 n—-+oo
an N N ——
—1

then, by the substitution principle,

logs(n® 4+ 4n 4+ 1) ~ log, (n2) =2 logzn
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and hence
lim logz(n®*+4n+1)= lim 2 loggn = +oo

n—-+00 n—-+00

4 N\
The fact that the asymptotic relation satisfies the 3 properties:
1. Reflexive: a, ~ ay
2. Symmetric: if a, ~ b, then b, ~ a,

3. Transitive: if a, ~ b, and b, ~ ¢, then a, ~ c,

means that “asymptotic”’ is an equivalence relation.
- J
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Chapter 5

Hierarchies of infinities and the ratio test

5.1 Hierarchies of infinities for sequences, part 1 and part 2

Theorem 5.1: Hierarchy of infinities (part I)

. log. n
lim Ea
n—+oco N

=0 (5.1)

for every a > 1 and a > 0.

Proof. We begin by establishing a useful inequality between any positive real number
and its logarithm.

For z € R, z > 0, let k be the integer part of x, i.e., the integer k for which we have
k <z < k-+1, moreover we have 2“’22k:(1+1)k21+k>a},

the first inequality follows from the monotonicity of the exponential function, the second
from the binomial expansion (or from Bernoulli’s inequality). Taking logarithms to base
a > 1, we obtain

log, x < z log,2 (for every x € R,z > 0).

We now apply this inequality to the number z = n®/2, and we have

« log,n 2
5 log, n < n®/? log,2 and naa/2 << log, 2,
hence 1 1 1 2 1 1
og,n _log,n
o = /2 pofZ < o log,, 2 ) and —ar — 0.

constant

By the corollary of the comparison theorem, the claim follows.
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Theorem 5.2: Hierarchy of infinities (part II)

for every a > 1 and a > 0.

Proof. We use the hierarchy of infinities theorem (part I), replacing the integer n with
the integer 2™:

constant

log,(2") im " log, 2

. n
0= Jtm —gm =, m, —gayr hence oo = 0.

If now a > 1 is fixed, choosing a > 0 such that 2 = a we obtain that % — 0, that is,
the second relation in the special case where n is raised to the exponent 1. The general
case follows from the identity:

= - () = ()

Indeed, by the previous result W — 0 (the base a/® is still a number > 1), hence
it follows that

e
Ln — 0 and from this the claim.
(@)

O

e These limits describe the “speed” at which logarithms (with base > 1), powers (with
exponent > 0) and exponentials (with base > 1) go to infinity. Logarithms with base > 1
go more slowly than any power with exponent > 0; powers with exponent > 0 go more
slowly than any exponential with base > 1.

e Exponentials with base > 1 are infinities of higher order than powers with exponent > 0
and than logarithms with base > 1. Powers with exponent > 0 are infinities of higher
order than logarithms with base > 1.

Example 5.1: Computing limits using the hierarchy of infinities

We compute the limit

Now we write
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and studying the sequence in the exponent

logn
an = & we have a, — 0
n

thanks to the hierarchy of infinities theorem. Hence we have:

. . logn
lim {n= lim e~ =1
n—-+0o n—-+o0o

Example 5.2: Computing limits using the hierarchy of infinities

We compute the limit

2" +n 00
nEIEOO 271—1_1 = [g} (indeterminate form)
We can write:

~—
an a;L N——
—1

M fp = " (1+3)~2n
~—— 2

since, thanks to the hierarchy of infinities theorem, we have

2_71,_)0’

i.e., 2" is an infinity of higher order than n. Hence we can write:

2" 4+ n 2m
2n+1 ~ 2n+1
Now, since
2n 2» 1
ontl — gn T 2
then
. 2" +n B 1
n—1>1—}-100 ontl 9
. _J

5.2 The ratio test theorem

Theorem 5.3: Ratio test

Let {a,} be a positive sequence (i.e., a, > 0 for every n).

l<1, then a, — 0

. . a
If there exists lim —“% — and
n—+00 A

[>1 (or | =+400), then a, — +o0

. J

e The previous theorem reduces the study of the limit of a positive sequence {a,} to the
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computation of the limit of another sequence, the sequence (of ratios)

an+1
an

In some cases the latter is easier to study than the original one, as we will see in the

examples.
'd 1\
Note that in the case [ = 1 the theorem does not allow us to conclude anything.
(& J
Proof.

1. Suppose that:

a
ntl <1

Gn
Then, for every € > 0, we have, for n > n(e),

An+41
Qanp

<l+e
We can then write the chain of inequalities:

An(e)+1 < (l + 5) An(e)s  An(e)+2 < (l + 5) An(e)+1 < (l + 5)2an(5)7
~——
<(l+€) An ()
hence
neyrn < (L4 €)Fan

Choosing € small enough to have [ + ¢ < 1, we have
(I4+e)F =0 for k— +oo

On the other hand, n(e) is fixed and consequently a,,(.) is fixed as well; hence for
k large enough the right-hand side (and therefore the left-hand side) is as small as
we like. This proves the first claim, that is: a, — 0.

2. Suppose that:
Gnp+1

Gn

—1>1

Then, for every £ > 0, we have, for n > n(e),

a
n+1 Sl—¢

an

We choose € small enough to have | — e > 1; with steps similar to before we can
write

An(e)+k > (I = e)kan(e) and  (I—¢)f = +oo for k — +oo0.

On the other hand, n(e) is fixed and consequently a,,(.) is fixed as well; hence for
k large enough the right-hand side (and therefore the left-hand side) is as large as
we like. This proves the second claim, that is: a,, — +o0.

O
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Example 5.3: Using the ratio test theorem

Let us try to compute, with the ratio test, the limit

1
lim —2% — [f] (indeterminate form)
n—+o0o 1N o
we have
any1  log(n+1) n  n log(n+1)
an,  n+1 logn n+1 logn
we have o |
i :n+ ——=1- hence lim i =1
n+1 n—+1 n+1 n—+oon + 1
——
—0
moreover we have
1 1 1 1 1
ol 1) ~ 280 1 hence lim w =1
logn logn n—+oo  logn

where log(n + 1) ~ log(n) by the substitution principle, since n + 1 ~ n and lim,,_, ;oo n =
+00. Now, using the theorem on the algebra of limits, we have

. An+1
lim
n—+o0o  Qp

=1-1=1

hence Theorem (5.3) (ratio test) does not allow us, in this case, to conclude anything.
- _/

5.3 Hierarchies of infinities for sequences, part 3 and part 4

Theorem 5.4: Hierarchy of infinities (part III)

n
lim - =0 (5.3)

n—+oo n!

for every a > 0.

e hence exponentials with base > 0 go more slowly than the factorial

Proof. We apply the ratio test to the sequence

n b n+1 |
bn:a— we have 1L — a4 e and a4 —0
n! bn, (n+1)! a» n+1 n+1
Using the ratio test theorem, we obtain the claim. O
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Theorem 5.5: Hierarchy of infinities (part IV)

|
lim = =0 (5.4)

n—+oo NN

e hence the factorial goes more slowly than n"

Proof. We apply the ratio test to the sequence
n!
bn = ﬁ
we have
b1 (n+1)! " (n+1)-n! a"
by (n+1) nl o (n+1)ntl pl
_ (n41)-n" _( n )"_ 1
S (n+)r-(n+1) \n+1 _(1-1-%)”
and since
1 n
(1 + —) —e
n
then o )
n+1 |
by, e
Using the ratio test theorem, we obtain the claim. O
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Chapter 6

Recursively defined sequences

6.1 Recursively defined sequences

e We begin with the following problem:

The bank lends us ag euros, with a management fee of b euros per year, at a fixed
annual interest rate r (r € (0,1)). How much will we have to pay back after n years?

e After one year, the amount to be paid back will be
al =a0+7“a0+b=(1+7“)a0+b

after two years
ay=a;+rar+b=(1+r)a;+b
after three years

as=ag+ray+b=(1+r)ay+b

and so on...Each year the amount is computed using the amount of the previous year.
We therefore have the sequence:

ap given, ant1=14+7r) ap,+b with neN
— ~~
given value recursive relation

This is a very simple case of a recursively defined sequence, in which each term is
defined starting from the previous one (or the previous ones).

e In this case it is easy to convince ourselves that the sequence can be rewritten in closed

form (i.e., explicitly).

After one year:
ar=14+7r)a+0b

after two years:
ag=14r)ar+b=1+r) (L+7r) ag+b) +b

=1+ a+b(1+1+7))
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after three years:
az=(1+r)az+b=(1+r) ((1+r)2 a0+b(1+(1+7~))) +b
=1+ a+b(1+1+7)+1+7)?)
and so on ... hence

an=s"ap+b(l+s+s*+---+5""), where s=(1+r)>1

We can therefore easily compute the limit as follows:

lim a, = lim s”ao+b(1+s+s2+~-+s"71):+oo
n—-+00 n—-+00

However, it is not always possible to make explicit a sequence given in iterative form.
In that case, we are left with the problem of understanding its behavior and
its limit.

Example 6.1: Behavior of a recursively defined sequence

Given b > 0, we determine the behavior of the sequence defined by

ag = b, Apt1 = with ne N

14+ a,

All the terms of the sequence are positive, hence the denominator of the fraction appearing
in the definition never vanishes.

To verify this we proceed by induction:

Gn

> 0 (quotient of two positive numbers)
1+a,

ap=>b>0, andif a, >0 then an41 =

Consequently, all the terms of the sequence after the initial one are less than 1, since
ap <1+ a,,.

For example, with b = 5, we have:

5 5 5 > 5
= 5’ = —, = 6 = —’ p— 11 = —
“ “Te PTipzT i BT 143 16
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4, -
37 |
S
2, -
1 . .
0 * O ° ° ° °
| | | |
0 2 4 6 8 10
\_ n J
- J

Example 6.2: Behavior of a recursively defined sequence

Let us try to understand whether or not the sequence is monotone. We know that a, >
0,Vn € N; then the inequality a,, < a1 becomes

Qn

an < apy1 = ap < a
n

<~ 1l+a,<1<=a, <0

which we know to be false; hence the opposite inequality holds, i.e., the sequence is
decreasing (a, > ap41,n € N).

Since it is also bounded below (by zero), a,, converges to a finite non-negative limit, which
we call £ > 0.

We pass to the limit in the recursive relation.

. _ g (279} o ¢ _
@ETOO anH/ = nll)rfoo 1+a, hence (= 177 and consequently £ =0

= _

142

since ; (40— 2
1+/4)—
1474 0, 147 0, 147 0 0
1\ J

Example 6.3: Closed formula of the recurrence

Given b > 0, we look for the closed formula of the sequence:
ag=b, Ont1 = I for neN
1+ay,
With n = 1, we have
= 1+ ag

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 67


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

With n = 2, we have

ag ag

4y = @1 Thap _ Ttap _ _% 1+a _ a0
1+ a1 1—|—1i?10 11—:_2;(’)0 l+ag 14+2ag 1+2ag
With n = 3, we have
e 2 _ 5530 _ 5500 _ a0 1+2a _
P 1t ay 1+ 143a0 1429 14+3ap 1+3ag

1+2 ag 142 ag

and so on ...hence

=% ith neN and we have lim — 2 =0
1+nag n—+oo 1 +n ag

(& J

an

( T\

The previous example illustrates a good two-step strategy for studying the behavior of
recursively defined sequences:

1. we try to understand whether the sequence satisfies some monotonicity property;

2. if so, we examine the possible limits, taking into account the recursive relation.

6.2 Heron’s algorithm

e Given b > 0 and ¢ > 0, we study the following recursively defined sequence:

1
ag = b, Gntl = = anJri with ne N
2 an

It is evident that the sequence consists of positive numbers. To verify this we proceed by
induction:

1 1 /a2
apo=b>0, andif a, >0 then an+1_2<an+c>_<an+0> >0

n an

since we have the quotient of two positive numbers.

Let us try to understand whether or not the sequence is monotone. We know that a, >
0,Vn € N; the inequality a,41 < a, becomes

1 c 9
Unt1 < an &= 5 an+ — | <ap = c<a, < a, >c
an

since

1 c a +c
(an—|—><an, & < 2ap, a2 +c<2ad?, c<a?
2 an an

hence the sequence is decreasing if and only if:

a, > /e

We now need to understand whether or not this condition is true. We have
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(an+c)>ﬁ<:>(an—\ﬁ)2>0<:>an7é\/é

an

DO | =

Ap+1 =

since

1 2 2 —2a, Y 2
2<an+c>—ﬁ>0, a”+c—ﬁ>0, T+ a\/E>0 M>O

G 2ay, 2 ay, ’ 2 ay,

hence a, > +/c for every n > 1if b +# /c, whereas, if b = \/c, the recursive relation
=ap
gives a1 = % (\ﬁ + %) = y/c and, by induction, a,, = \/c for every n > 1. In either case
we therefore have
an > +/c, Vb>0 and n>1

1. If b > y/c the sequence is decreasing and is bounded from below by +/c, since
ap = b > +/c and a, > +/c for every n > 1. By the monotone sequence theorem it
therefore has a finite limit

¢=inf{a, :n € N} > /c>0

in particular £ > 0 and we may divide by £.

To identify it, we pass to the limit in the recursive relation, obtaining

B =3(0+5)

hence /= <€ + %) and consequently ¢ = +/c

N | =

since

1 c 1 /02 +c¢ 202 02— ¢ 2 —c
=5 (e+7) =0 f‘g( 7 >—0’ <2g )—0’ (u)—o

that is £2 = ¢ and, since £ > 0, we obtain £ = \/c (and not £ = —/c).
Therefore, if b > /c, the whole sequence converges to /c while decreasing.

2. If instead 0 < b < /¢, then by what we have seen before we will have a; > /¢, and
from that point on the sequence will start decreasing, again tending to /c.

3. Finally, if b = /¢, the sequence remains constant, since

o 1<\/E+c):1ﬁ\ﬁ+c_12c \/E\/E:\@

T2 2 Je 2/ e

and all the other terms a,, with n > 1, will consequently have the same value \/c.
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e Moreover, Vb > 0 and n > 1 we have:

c .
— <+/c since a, >/, c=+c- e and c¢<+c-a,
an ~—
<an
Summarizing, Vb > 0 and n > 1 we have:
C C .
— <Ve<ay, ap — e andalso — — +/c since ¢ =+/c\/c
Qn, Gn,

The inequalities are strict for every b # /c and hold as equalities for b = /c.

For every choice of b > 0 the sequence a, tends to \/c and can therefore be used to
approximate the square root.

Example 6.4: Behavior of the sequence

For example, with ¢ = 2 and b = 4 > /2 (red points) or b = 1 < v/2 (blue points), we have:

= 1)

an
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e I

\/§f | ° ° = 3
C\1|§ ®
1 |
104 |
2 \ \ \
0 1 2 3 4
\_ n J

The recursive computation of the values of the sequence just seen is called Heron’s algo-

rithm, originally proposed to compute the side of a square of area c.
(& J

e The steps of the algorithm are:

1. Having fixed the base equal to ag (the initial value b), we construct the associated
rectangle of area c. Its height will be 2, since the area of the rectangle is fixed equal
to that of the square, that is:

c
c= <a0 . )
ao

2. Since the side of the square we are looking for lies between ag and %, we take as the
new approximation a; the average of ag and %:

1 +c
a1 = =< | a —
! 2 0 ag

which becomes the new base of the rectangle. Then we take a; in place of ag and
repeat, and so on.

For example, let us try to compute the side of a square of area ¢ = 2; in other words,
we try to estimate the value v/2.

At the first iteration (with n=0) we consider, for example, a rectangle with base

ap = b = 4 (the first upper approximation of v/2); consequently, the height is % = %

(the first lower approx. of v/2). Hence: 3 < v/2 < 4.
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We compute the value a;:
1 At 1 9
a1 = — — — =
T2 2) 4

At the second iteration (with n=1) we have a rectangle with base a; =  (the second

upper approx. of v/2); consequently, the height is i = ﬁ = % (the second lower approx.

of \/5) Hence: g <V2< %.
We compute the value asg:
_ (9, 8\ _13
“2=3\179) " 72
At the third iteration (with n=2) we have a rectangle with base as = 17—123 (the third

upper approx. of \/§), consequently, the height is a—cz =g 132/72 — % (the third lower
approx. of v/2). Hence: % <V2< %

f T

S

—
N
IS

—
=
w

©|oo

N[~

o

o
3
Juy

\]
w‘;
I
N

- J

We compute the value ag:

1 (113 144) 23,137
az = 5 =

72 T113) T 16,272

At the fourth iteration (with n=3) we have a rectangle with base a3 = ?g;% (the

. : 32,544
fourth upper approx. of v/2); consequently, the height is é = 23’137316’272 = 33137 (th
fourth lower approx. of \/5) Hence: 3;‘;’;‘; <V2< fgé%

Already at the fourth iteration we have a fairly good estimate of v/2:

23137

16272 1.421890363... and /2 =1.414213562...

that is, an estimate that is correct up to the first decimal digit.
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Finally, we compute the value a4:

1 (23,137 32,544\ 1,064,876, 737
“=9\16,272 T 23,137) ~ 752,970,528
With the new estimate we have:

1,064, 876, 737

= 1.414234285 ... 2 = 1.414213562. ..
752,970 528 34285 and V2 356

which is correct up to the fourth decimal digit, i.e., with just one additional iteration we
have fixed 3 more decimal digits.
6.2.1 Error estimates for Heron’s algorithm

e The relative error &, at iteration n is:

~ |an — \/5\

Ep = —F7—

Ve

we have v/c < ay,Vb > 0 and n > 1, hence we can simply consider:

The value of 1/c is unknown, hence we need a way to analyze the values of the relative
errors that is independent of /c.

We first consider the absolute error:

f‘:n:an_\/E

we know that c
— <Ve<a,, Vb>0,n>1
an

hence we can obtain an estimate of the absolute error ¢,, made at iteration n as follows:

c .
en=an,—Vc<a,— — and &, =0 for n— 400 since a, — /¢
Qnp

Example 6.5: Error estimates for Heron’s algorithm (/2 = 1.414213562...)

We go back to the previous example with ¢ = 2 and b = 4, and we have:
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iter. % an estimate of V2 &,
n=0 . 4 4 <I= 3.5
n=1 8 g 2.25 <;m= 1.361. ..
n=2 4 us 1.569444444. .. < 375 = 0.295. ..
n=3| 3222 ity 1.421890363... < goGsEor— 0.0153. ..
nod | MOS0 LISSOIT ) g1ipges | < g EELEOSHAL 0,000041...
\ )

~§ 2 :
|
g
S °
1 i
°
0 | | | | | Y |
0 0.5 1 1.5 2 2.5 3 3.5 4
N n /
/ I I I
n=3r L |
n=2 o--+o e
n=1~W L i * =
=0 e——+————tpF 0 - - .
| | | |

|
144 /5113 9 4
113 72 4 /

e N
We now want to understand how “fast” the error decreases by comparing the relative

errors of two consecutive iterations. This estimate gives us information about the
quality of the algorithm, i.e., we want to determine the “rate of convergence” of
the algorithm.

N -
Q|00 |-
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We begin by observing that the value /¢ can be written as follows:

=+/c

N (R S A B NG T LG

C) L2 _
Ve 2 ve) 2 Ve 2y e

We now establish the relation between €,,1 and €,; we have:

1 c 1 c
5n+1:an+1_\/E:2<an+a> _2<\/E+ﬁ>
mn

1 \[_i_c c 1 €+c c
=—|lap—+Vet+———| == —_ -
2 \" an /¢ 2\ a, e

We now look for the relation between £,41 and &,, and we substitute ¢, = \/c &, into the
previous formula:
Veen

~ \2 ~9
1 1 1
ﬁgn_i_l:,(\ﬁig”):,m hence Epq1 = =
2 an 2 an 2 ap
We have:
N gn—an_ﬁ—a—n—l hence —— =

Ve oo e o e an  Ep+1

and hence we obtain:
IV

N 1
Entl = = =
179 T, 2145,

[ We have obtained the relation between &,11 and &,, independent of both a,, and /c. ]

From the formula just obtained we can deduce the following simplified and more intuitive
one:

1
0 < &ny1 < 5 min {6n,82}
with strict inequality when &, > 0 (if £, = 0 then £,41 = 0 and equality holds). Hence:

. ~ - 1 _
if 0<é&,<1, wehave €n+1<§€721

For example, if the relative error at a certain iteration equals 1073, at the next step it will
be less than 5-10~7. In other words, the number of zeros after the decimal point (which
equals the number of correctly estimated digits after the decimal point) doubles at each
iteration.
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The relative error of Heron’s algorithm at each step is proportional to the square of
the relative error at the previous step. The rate of convergence is quadratic.
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Limits of functions and continuity
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Chapter 1

Limits of functions, asymptotes and continuity

1.1 Sequential definition of limit

The limit operation can be extended from sequences to real functions of a real variable.

In this way we can describe the behavior of the function when the independent variable moves
close to a given point or becomes very large (in absolute value).

( N
e Consider an interval I, a point ¢ € [ and a function f defined in I, except possibly

at the point c.
e The interval I can be bounded or unbounded, closed or open.

e The point ¢ can be interior to the interval or one of its endpoints (possibly +oo
or —oo).

Definition 1.1: Limit (sequential definition)

With ¢, c € R*, we write
fx) =0 as =z — ¢

if for every sequence {xy} of points of I such that x, — ¢ as n — +oo and z,, # ¢,Vn,
we have

flxn) =€ as n — +o0

In these cases we can also write:

lim f(x) =4

Tr—cC

which is read: the limit of f(x), as x tends to ¢, is /.

( A
In other words, if for any sequence {z,} of inputs the sequence of outputs {f(z,)}

tends to the limit ¢ (finite or infinite), then we say that the limit of f(z), as = tends to ¢, is £.

The sequential definition of limit reduces the concept of limit of a function to that of limit
of a sequence.
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It is not the only possible definition. Another definition is the topological definition of
limit. The two definitions are perfectly equivalent.

1.1.1 Neighborhoods and topological definition of limit

Definition 1.2: Centered neighborhood of a point

Given § > 0 and x¢ € R, the neighborhood centered at xg associated with ¢ is the open
interval:

(xo—d,m0+08)={z€R:z0—0 <z <wm)+4}

To— 0 X0 To+ 0
( . ) .
R
(o — 6,20 + )

)

Saying that “a moves in a neighborhood of zy” means stating that

x € (xg — §, 20+ ), where we think of 0 < < 1.

Definition 1.3: Neighborhood of +o0o

Given a,b € R, the neighborhood of —oo associated with a is the interval:
(—o0,a) ={zc€R:z<a}

and the neighborhood of 400 associated with b is the interval:

(b,+00) = {z €eR:z > b}

—~a
A~

o
=

R
(—o0,a) (b, +00)

e We now introduce the expression “eventually as x — ¢”, analogously to what we did in
the case of sequences
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Definition 1.4: Property eventually satisfied by functions

We say that a function f eventually has a certain property as x — ¢ € R* if there exists
a neighborhood U of ¢ such that the property holds for f(x) for every x € U,z # c.

e We now give the topological definition of limit which, as already mentioned, is equivalent
to the sequential one seen above, but turns out to be useful.

Definition 1.5: Limit (topological definition)

Let ¢, € R*, and let f be a function defined at least eventually as © — c¢. We write
flx) > ¢ as z—c
if for every neighborhood Uy of ¢ there exists a neighborhood U, of ¢ such that

Vo € Us,z # ¢, we have f(z)e€ Uy

e This definition can be specialized to the specific cases:

( 7\

Finite limit at a finite point: f(z) >/ €Rasz —ceR

Ve>0,30>0: Vr#clz—c<d=|f(z)—{<e

AN J

Infinite limit at a finite point: f(z) > toccasz —c€R

VM >0,30>0: Vz#clz—c<dé=|f(z)]>M

Finite limit at infinity: f(z) > /€ R as x — +o0

Ve>0, 3>0: Viz|>b=|f(z)—{| <e

Infinite limit at infinity: f(z) — oo as x — +o0

VM >0, 3b>0: Viz|>b=|f(x)|>M

The fact that we have already developed the basics of limit calculus for sequences will make
it very convenient to use the sequential definition of limit to prove the theorems on limits
of functions starting from those seen for sequences.

Theorem 1.6: Uniqueness of the limit of functions

Given a function f, if f(x) — ¢ as © — ¢, then this limit ¢ is unique.
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Proof. If there were two limits ¢; and /¢, different from each other, taking any sequence
{z,,} such that z,, — ¢ and z,, # ¢, Vn, we would have:

f(zn) = 61 and f(z,) =l as n — +oo

Hence the sequence {f(zy)} would have two distinct limits: a contradiction. O

Definition 1.7: Infinitesimal function

A function f such that f(z) — 0 as x — c is called infinitesimal as © — c.

Definition 1.8: Infinite function

A function f such that f(x) — oo as x — c is called infinite as © — c.

e When we write:
flx) > ¢ as x —c¢ or lim f(z)=/¢

xr—c

we have

finite limit £ feR

i

infinite limit ! =+oc0

we have
o at a finite point . ceR
a limit o if
at infinity c=+o0
(. J

1.1.2 Finite limit at infinity

[ fle) > ¢ as x ¢ with f€R and ¢=+4o00

Example 1.1: Finite limit at infinity (sequential definition of limit)

Let us prove that:
e =0 as = — —o0

By the definition, we have to prove that for every sequence {z,} such that z,, — —oo as
n — 400, we have:
e =0 as n— +oo

By the definition of limit of a sequence, this means proving that, for every € > 0, we have:
|e“"| < e, eventually, thatis e™ <eg, eventually,
since the exponential is always positive. The last inequality is equivalent to:

xy <log e

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 81


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

If € > 0 is a small number (< 1), log € is a negative number (and large in absolute value).
We set
M(e)=—loge>0

We therefore have to prove that, for every M (g) > 0, we have:
xn < —M(e), eventually.

But this is exactly what holds by hypothesis, because x,, — —oc. Hence e* — 0 as z — —o0.
. J

1.1.2.1 Horizontal asymptote

Definition 1.9: Horizontal asymptote

We say that f has a horizontal asymptote with equation y = £ € R as x — 400
(x — —o0) if:
f(x) > LeR as x— 400 (x — —o0)

e Every situation of finite limit at infinity, therefore, corresponds graphically to the pres-
ence of a horizontal asymptote, that is, a horizontal line which the graph of the
function gets closer and closer to.

1.1.2.2 Limit from above or from below

e When a function has a finite limit at infinity, it is sometimes possible to specify whether
this limit is from above (¢*) or from below (¢7). Graphically, this means that the
graph of the function approaches the level y = ¢ from above or from below.

Definition 1.10: Limit from above or from below

With ¢, c € R*, we write
fx) =4t (07) as x —c

if for every sequence {x,} of points of I such that x, — ¢ as n — +oo and z,, # ¢,Vn,
we have
f(zy) =€t (£7) as n— +o0

e Stating that f(z) — ¢* means that f(z) — £ and moreover f(x) > £, eventually.
e Stating that f(z) — ¢~ means that f(z) — ¢ and moreover f(x) < ¢, eventually.

e In these cases we say that f(z) tends to ¢ from above (from below) as z tends to c.

Example 1.2: Limits from above/below

For example:

lim e* =0T
r—r—00
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the notation 07 means that the function tends to 0 from above, that is, the values of f(x)
tend to zero while remaining non-negative.

T

—4 -3 =7 -1 0 1 2

N - J
Example 1.3: Limit from above/below

Note that not every finite limit is necessarily from above or from below, as shown for
example by:

.

lim e 27 sin (x)+1=1
T—+00

2 3T

o
0l |-
3
w
3

The function f(z) tends to 1 as @ — 400, but we can state neither f(z) — 17 nor
flx) =17,

-
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1.1.3 Infinite limit at infinity

[ f(x) > ¢ as x ¢ with =400 and c¢=+oc0 ]

Example 1.4: Infinite limit at infinity (sequential definition of limit)

Let us prove that:
logy gz — —c0 as x — +o00

By the definition, we have to prove that for every sequence {x,} such that z,, — 400 as
n — 400, we have:
log; /9 2n — —0c0 as n — +00

This means proving that for every M > 0 we have:

-M
log, o xn < —M, eventually, thatis z, > (—) =2M  eventually

But by hypothesis z,, — 400, so, having fixed the positive quantity 2, we certainly have
xn > 2M | eventually. Hence logy /o x = —0c0 as * — +o0.

(& J

1.1.3.1 Oblique asymptote

e When a function has an infinite limit at infinity, it may happen (but it does not always
happen) that there exists an oblique line which the graph of the function gets closer and
closer to.

Definition 1.11: Oblique asymptote

We say that f has an oblique asymptote with equation y = mx+q (qg,m € R,m #0)
as x — +oo (—oo) if:

(f(z) = (mz+q) =0 as z— +oo (—o0)

Example 1.5: Oblique asymptote

Consider
flx)=2z+1+4+¢€°

and we want to test whether or not 2 x + 1 is an oblique asymptote as © — —oo. We have

lim (f(z)—(2z+1))= lim =0

T—r—00 T—r—00
Therefore, by the definition of oblique asymptote, the line
y=2x+1

is an oblique asymptote of f as x — —oc.
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= 2x+1+e% —

|

(@)
N~

J

(. J

e In less elementary cases, instead of having to “guess” the oblique asymptote, it is useful
to have an operational criterion to find it.

Proposition 1.12: Existence of an oblique asymptote
A function f has an oblique asymptote with equation y = mx 4+ q as x — +oo if and

only if the following two conditions hold:

lim M:rrLG]R,m;zféO and lim (f(z)—maz)=g€R

r—+oco X T—+00

An analogous criterion holds for x — —oc.
- J

e Note that the first condition requires f(z) to have the same order of infinity as y = x as
T — 400, since:

lim z=- and lim = = +o0
T——00 r——+00

Moreover, if m > 0 we have:

lim f(x) =—oc0 and lim f(z) =400

T——00 T—+400

and if m < 0 we have:

xEI_noof('x) =t and wkgloof(x) -

The oblique asymptote y = mx+q is a (non-horizontal) line that approximates the behavior
of a function that diverges as r — +oo.
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Proof. The first condition rules out the possibility that the asymptote is horizontal and
requires f(z) to have the same order of infinity as y = x. From the second condition:

if lim (f(z)—ma)=gq then lim (f(z)—(mz+q))=0

T—+00 T—>+00

Analogous reasoning for z — —oo. O

Example 1.6: Oblique asymptote

"

Consider
fla) =3z +Va
and compute
. 3r+x ) 1 _ '
Jim S (54 2] =5 i (Ba+vE-32)= lim Va= o0

since the second limit is infinite, the second condition of the proposition does not hold and
consequently the function has no oblique asymptote as x — +o0.

1.1.4 Infinite limit at a finite point

flx) ¢ as x ¢ with (=400 and c€eR J

Example 1.7: Infinite limit at a finite point (sequential definition of limit)

Let us prove that:
1
— > +oo as z—0
T

By the definition, we have to prove that for every sequence {z,} such that x,, — 0 as
n — +oo and x, # 0,Vn, we have:

—2—>+oo as n — +oo
mn

Note that the condition x, # 0,Vn, contained in the definition of limit, was irrelevant in
the previous examples where we had * — £o00, but now it clearly becomes relevant.

We therefore have to prove that for every M > 0 we have:

1 1
— > M, eventually, thatis |z,| < ——, eventually

a2 VM’
But by hypothesis x,, — 0, so, having fixed the positive quantity \/LM’ we certainly have
|| < \/LM eventually. Hence 1/2? — +00 as z — 0.

Author: Fabio Furini
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1.1.4.1 Right and left limits

e Sometimes a function behaves differently, as far as its limit is concerned, depending on
whether x approaches ¢ from the right or from the left.

Definition 1.13: Right and left limits

With ¢ € R* and c € R, we write
f(x) =€ as z—ct (c7)
if for every sequence {z,} of points of I such that z, — ¢t (¢c”) as n — +oo and

Ty # ¢t (¢7),Vn, we have
f(zn) = € as n — +o0

4 N\
The limit lim,_,. f(z) exists if and only if the right limit and the left limit exist and are
both equal to £. That is, if and only if:

lim f(z)= lim f(x)="/¢

z—ct T—C

However, it may happen that the right limit and the left limit exist but are different from
each other, or that only one of the two exists. In these cases:

lim f(z)  does not exist

Tr—c
\ J
Example 1.8: Right and left limits
Consider the functions y = % and y = x%:

K N

= 0
_9L i
4 | | | |
—3 —2 —1 0 1 2 3
\ : %
.1 .1 . .1 .
lim — = +o0, lim — = —oco while lim — does not exist
z—0t T z—0— T z—0 I
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. . 1 .
lim — = +oo0, lim — =400 and lim — = +oo
z—0t T z—0— T z—0 I

If f is defined in (a,b), the limit as x — a (respectively z — b) is automatically a right
limit (respectively a left limit).

1.1.4.2 Vertical asymptote

Definition 1.14: Vertical asymptote

We say that f has a vertical asymptote with equationz =c€ R asz — ¢ (¢" or ¢7)

if:

+

f(x) = £oo as x — ¢ (¢ or ¢)

e Every situation of infinite limit at a finite point, therefore, corresponds graphically
to the presence of a vertical asymptote, that is, a vertical line which the graph of the
function gets closer and closer to.

Example 1.9: Vertical asymptote

e z = ( is a vertical asymptote of

1
—  as x— 0
T
ax )
30| — 8
T
> 20 5
10 .
073 -2 —1 0 1 2 3

e z =0 is a vertical asymptote of

1 _
Z as x—0Tandas x —0
T

e z = ( is a vertical asymptote of

logz as z— 07
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1.1.5 Finite limit at a finite point

{ flx) ¢ as x —c¢ with f€R and ceR J

Example 1.10: Finite limit at a finite point (sequential definition of limit)

Consider the function f(z) = sinz and let us prove that:
sinz —+0 as z—0

By the definition, we have to prove that for every sequence {z,} such that x,, — 0 as
n — +oo and x, # 0,Vn, we have:

sinz, -0 as n— +oo
We start from the following elementary inequality:
|sinz| < |z|, Vx €R hence |sinz,| < |z,
By the comparison theorem:
if £, -0 as n — 4oo then also sinz, >0 as n — +oo
Hence sinz — 0 as x — 0 and we have:

ill)% sinz = f(0)

Consider the function:

1 if z#0
0 if z=0

and let us prove that:
flx) > 1 as z—0

By the definition, we have to prove that for every sequence {z,} such that x,, — 0 as
n — +oo and z, # 0,Vn, we have:

flxy) =1 as n— 400

We have
f(zn) =1, Vn, hence f(z,) —1 as n — +o0

Consequently f(z) — 1 as x — 0. In this case, therefore (unlike the previous example), we
have:

lim f(z) # f(0)
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e Think about the two examples just seen. In both cases the limit at a finite point of a
certain function exists and is finite.

e In the first case, this limit coincides with the value of the function at the point considered;
in the second case it does not.

e We therefore introduce the concept of continuity to distinguish these two cases.

1.1.6 Continuity

Definition 1.15: Continuity

If f: I — R and c € I, we say that f is continuous at c if

lim f(z) = f(c)

T—C

We say that f is continuous in I if it is continuous at each point of I.

e The continuity property on an interval has a simple geometric interpretation:

“the graph of a function continuous on an interval can be drawn, on that interval,
without lifting the pen from the paper”

e A function that is not continuous at a point ¢ is called discontinuous at c.

Example 1.12: Continuity

The function:

RS M

is discontinuous at 0. The function sin z is continuous at 0.

Example 1.13: Discontinuity

Consider the function: f(x) = z/|x|

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 90


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

In this case it is not possible to compute f(0) and the function f(x) is discontinuous at 0
since:

lim f(z) =1 and lim f(z)= -1

z—0t z—0—

Ve
|\

Definition 1.16: Jump discontinuity point

We say that c is a jump discontinuity point of f when the right and left limits at c
exist and are finite, but are different from each other. The jump is given by the difference
of the limits:

jump at ¢ = lim+ f(x) = lim f(x)

T—C r—Cc

Example 1.14: Jump discontinuity

The function

has a jump discontinuity point at x = 0, with jump equal to 2.

f
(.

( A
If one of the two limits, the right limit or the left limit (as x — ¢), coincides with f(c), we

say that f is continuous from the right or from the left, respectively.
- J

e Functions with jump discontinuities are well suited to model phenomena that undergo
sudden changes.

e Continuous functions, on the other hand, owe their importance to the fact that

lim f(z) = f(c)

r—c

can be interpreted by saying that “if x is close to ¢” then “ f(z) is close to f(c)", that is,
small variations of z imply small variations of f(x).
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1.1.7 Non-existence of the limit

e The limit of a function may also not exist

lim f(x) does not exist
r—c

Example 1.15: Non-existence of the limit (sequential definition of limit)

Let us prove that:

lim sinz does not exist
r——+00

To prove it, it is enough to find two sequences {z,} and {y,} such that x,, — 400 and
Yn — +00 as n — +oo, with {sinz,} and {siny,} tending to two different limits.

We take: .
T, =nm and yn:§+2n7r, Vn

consequently we have:

{n7} = 400 and {g+2n7r}—>—l—oo as n — 400

For these sequences we have
sinz, =0 and siny, =1, Vn

and consequently the two sequences tend to two different limits. Hence the definition of
limit is not satisfied and the limit does not exist.

Tl ™
—— sinz
0.5} |
> 0
—0.5 —
=1 | | | | | i
0 e m 27 Z+2m 3w 47
\_ . -
G J

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 92


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

Example 1.16: Non-existence of the limit (sequential definition of limit)

Let us prove that:

.1 .
lim sin — does not exist
x—0 x

To prove it, it is enough to find two sequences {x, } and {y,} such that z,, — 0, y, — 0 as
1

n — +oo and xn, Y, # 0,Vn, with {sin o and < sin y%} tending to two different limits.

We take:

1
Tp,=—— and y, , Vn>1

nm Z+2nmw

consequently we have:

1 1
{—}—)0 and {—}—)O as n — +oo

nT %—i—?nﬁ

For these sequences we have

1 1
sin— =0 and sin— =1, Vn>1
L, Yn

and consequently the two sequences tend to two different limits. Hence the definition of
limit is not satisfied and the limit does not exist.

The function has infinitely many oscillations in a finite space, so it is not possible to draw
its graph on an interval (0,b] with b € R,.

;o n

0.5

sin

—0.5 || -

|
015 02 025 03 035 04 045 0.5

5.1072 0.1 . . . . . . .
\ - /
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Chapter 2

Computing limits of functions

2.1 Computing limits of functions

o We state the theorems on limits of functions that follow immediately from the correspond-

ing theorems on limits of sequences and from the sequential definition of limit

2.1.1 Algebra of limits theorem

Theorem 2.1: Algebra of limits, case of finite limits

Hypotheses as © — c:
1. f(z) = 4 €R, 2. g(x) = b e R
Thesis as x — c:

1. f(z)£g(x) = b £ L, 2. f(z)g(x) = ¢4 Lo,

3. f(@) N il (f2 #0,g9(z) #0, eventually as = — c).

g(x) b

Proof. Let {x,} be any sequence such that
Tn #c¢,Vn, and z, —c as n — 4oo.
By hypothesis we have
f(zn) = 41 and g(zp) — o (61,02 € R).
From the theorem on the algebra of limits for sequences we therefore conclude that
fxn) £ g(xn) — €1 £ Lo,
and hence

f(@) £ g(x) = b+ 6.

Claims 2 and 3 of the theorem are proved in a perfectly analogous way.
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2.1.2 Sign-preservation theorems

[ In the following statements ¢ and ¢ will be points of R* unless otherwise stated.

Theorem 2.2: Sign preservation, 15 form

Hypotheses:
1. f(z) > ¢ as = —c, 2. /sO.

Thesis:
f(z) =0 eventually as © — c.

Proof. Let {x,} be any sequence such that
Tn #c¢,Vn, and z, —c as n — 400

By the hypothesis we have
flzn) = £>0

hence, by the sign-preservation theorem for sequences, applied to the sequence { f (a:n)},
we conclude that
f(zn) >0, eventually.

Since this holds for every sequence such that x, — ¢, we conclude that

f(z) >0, eventually, as = — ¢

Theorem 2.3: Sign preservation for functions, 2" form

Hypotheses:
1. f(z) = L€R as z —c,
2. f(x) >0 eventually as = — c.
Thesis:
{>0.
. J
Proof. It follows from the corresponding theorem for sequences. O

e For functions we also have the following sign-preservation theorem.
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Theorem 2.4: Sign preservation for continuous functions

Hypotheses:

Thesis:
f(z) >0 eventually as = — c.

1. f is continuous at ¢ € R, 2. f(e) > 0.

Proof. If f is continuous at ¢, then

f(¢) = lim f(z)

r—c

hence the hypothesis f(¢) > 0 means that

f(e) =1lim f(z) >0

r—C

and this, by the sign-preservation theorem (15! form), implies that

f(x) >0 eventually as = — c.

.

2.1.3 Comparison theorem

Theorem 2.5: Comparison theorem

Hypotheses:
1. f(x) = ¢ and g(z) = ¢ as =z —c,
2. f(z) < h(z) < g(x) eventually as = — c.
Thesis:
h(z) =0 as = —c.

Proof. Let {x,} be any sequence such that
Tn #c¢,Vn, and z, —c as n — 400

We want to prove that
h(zn) = € as n — +00

By hypothesis we know that:
f(zn) < h(zy) < g(xy,), eventually,

f(zn) = € and g(x,) = ¢, as x, —c

Hence, by the comparison theorem for sequences applied to:

{f(zn)}, {A(zn)} and {g(zn)}

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini

96


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

we conclude that
h(zn) = € as n — +00

O
Corollary 2.6: Of the comparison theorem (part I)

Hypotheses:
1. g(x) -0 as = —c,

2. |h(z)] < g(x) eventually as = — c.

Thesis:
h(z) -0 as = — c.

~
|\

Proof. Tt follows from the corresponding corollary for sequences. O

Example 2.1: Corollary of the comparison theorem

Let us prove that:
1

lim 2z sin— =0
r—0 x

We have

.1 .
z—0 as x — 0 and lim sin — does not exist
x—0 x

hence we cannot apply Theorem (2.1) on the algebra of limits for functions.

We have
<|z| and |x| =0 as =z — 0.

1
T sin —
a5

1

sin —‘ <1 hence
x

Hence, by Corollary (2.6) of the comparison theorem for functions, we have:

o1
rzsin— —0 as z— 0.
T
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=

le >
_1 0
\_ '

N

\_

Corollary 2.7: Of the comparison theorem (part II)
Hypotheses:
1. f(x) =0 as z — ¢,

2. g(x) is bounded, eventually, as = — c.
Thesis:

~

f(z)g(z) >0 as =z —c.

(.

Proof. It follows from the corresponding corollary for sequences.

Example 2.2: Corollary of the comparison theorem

Let us prove that:

T +sinz 1

im ———
z—+o0 2 +cosx 2
Factoring, we obtain

x +sinx z(1+52e) 7 (14802
2z+cose 2 (1+982) 2\ 14922

By Corollary (2.7) of the comparison theorem for functions, we have:

sinx

Cos T
— 0 and
T

— 0 as x — +oo.
T
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=
=
ISER

™ 37 2T 5w 3
K 2 2
T

Then, by Theorem (2.1) on the algebra of limits, we therefore have:

T+ sinx

————— 5 — as T — +00o.
2x + cosx 2

g

2.1.4 Theorems of partial arithmetization of the infinity symbol

Theorem 2.8: Partial arithmetization of the infinity symbol (addition)
Hypotheses as © — c:

1. f(z) > LeR, 2. g(xz) = +oo, 3. h(z) = +o0.

Thesis as x — c:
1. f(z)+g(x) = €+ 00 = +o0, 2. f(z)—g(x) > £ —00=—00,

3. g(z) + h(x) = 400 + 00 = 400, 4. —g(z) — h(x) 5> —00 — 00 = —0o0.

Proof. Tt follows from the corresponding theorem for sequences.

Theorem 2.9: Partial arithmetization of the infinity symbol (product)

Hypotheses as © — c:

1. f(z) > LeR, 2. g(z) — 0, 3. h(z) — oc.

Thesis as © — c:

1. f(@) h(g) > L-co—o0 (££0), 2. L&)

g()

~
Ol ~

=00 (£#0),
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3 M — £ = 0.
h(z) oo
Proof. It follows from the corresponding theorem for sequences. O

e As for sequences, the sign of co must be determined with the rule of signs.

Example 2.3: Partial arithmetization of the infinity symbol

1
lim <— — 2) z® = +o0o
r——00 \ I

Since (5 — 2) — —2 and 23 > —00 as x — —o0.

1

2.2 Change of variable theorem for limits

Theorem 2.10: Change of variable in the limit

Let f and g be two functions for which the composition fog is defined, at least eventually
as r — xg € R*. If:

1. lim g(x) =tp € R*, 2. lim f(t)=/¢€R"

T—TQ t—to

3. g(x) #tyo, eventually, as x — xg

Then:
li = li t).
Jim f(g(w)) = Jim f(t)
. J
'd )
Hypothesis 3. is not necessary when f is continuous at ¢y, or when ty = to0.
. J

,

Proof. Let {x,} be any sequence such that

Tp # Xo,¥n, and x, — T9 as n — 4oo.

We have

g(xn) = to as n — +oo (by hypothesis 1)
and

g(xzy) # to, eventually (by hypothesis 3).
Therefore

f(g(zn)) = £ (by hypothesis 2).
If tg = foo the condition g(x) # +oo is obviously satisfied, while if f is continuous at
to, £ = f(to), so if g(zy) = to for some n we would have

flg(zn)) = f(to) = ¢
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and hence the convergence
fg(zn)) = € as n— +oo

would be guaranteed anyway.

Example 2.4: Computing a limit with the change of variable theorem

Let us compute the limit
I | 223 +4x+1
im log | ——————
T—+00 & 5 (1‘ + 1)3

The functions f and g are:

3
g(x) = (%) and  f(t) =logt.

We have t = g(z) and

223 +4x+1

(f 09)(@) = f(g(x)) = log ( CEmE

) and 9= +o0.

We compute

. 2 2
:BEI—EOO g(x) = 5 and consequently ¢y = B

Now we compute

2
lim logt =1log— (as we will see, the logarithm is continuous in R )
t—2/5 )

Hence 5
Jim f(g(x)) = log =
- e )
22344 z+1
5 (#+1)3
2
Y O U S Y A B ...
17 -
>
3
) log(ZéﬁJﬁﬁ?l
log £ *------------------------------------------‘ ------
log%%/’\_____/—f |
| | | | | |
0 1 2 3 4 5 6 7
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Moreover:

z—0
using the theorem we have:

1 1
iig%) g(z) = H and tli)l;% logt = log H

since

lim223+4z+1=1 and lim5(z+1)3=5
x—0 x—0

Example 2.5: Computing a limit with the change of variable theorem

Let us compute the limits

lim ez and lim ex.
z—0t z—0~
The functions f and g are:
g(x)=— and f(t) =€

We have t = g(x) and

(fog)(z)= f(g(a:)) = e% moreover zp=0" and xy=0".

% — 400 as ¢ — 07 and hence ty = +o0o. Now we compute:

. . 1
lim e' =400 hence lim ex = 4o0.
t—+00 z—0F
2. % — —oo as ¢ — 07 and hence tj = —oo. Now we compute:
Q t Q 1
lim e =0 hence lim ez = 0.
t——o0 z—0~

&=

1
ot
o
ot
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Chapter 3

Limits of polynomials and rational functions

3.1 Limits of polynomials at +oo

e A polynomial of (maximum) degree n can be written as:
n .
P,(z) = Zai x*  with a; € R, for i €{0,1,...,n}, and a, #0.
i=0

The value a; is the coefficient of the monomial i, with i = 0, 1,...,n, while ¢ is the
literal part of the monomial. In this notation, without loss of generality, the monomials
are ordered by increasing values of the exponents. !

e Factoring out a, x™, that is, the last monomial, which is the one of maximum degree, we

have:
—0 as z—*oo
ag a1 an—1
P,(x) = a, 2" + — +...+ +1
an " ap ™ Ap T
'd N\
lim P,(z)= lim a,z"
r—+o00 n( ) r—+o00 n

To compute the limit of a polynomial as x — 400, it is enough to compute the limit of the

monomial of maximum degree.
(& J

Example 3.1: Limits of polynomials as ©z — £+oo

For example:

8 1
lim 8—2%432%) = lim 32° +1| = lim 3% =40

T——+00 z—+00 323 a % x—+00
—_————

—0 as z—+o00

'If a monomial of degree i is missing we have a; = 0; ao is the constant term since z° = 1.
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120 4
lim (1204+4z—-22%) = lim —22% | —4+ ——+1| = lim —22%® =400
T——00 T——00 —2 23 —2 2 T——00
~—_——
—0 as z——o00
. J

3.2 Limits of rational functions at +oo

e Let f be a rational function (ratio of polynomials):

Pn(a:):Zaixi with a; € R, for i=0,1,...,n, and a, #0.

Pn(z) =) bz’ with b €R, for i=0,1,...,m, and by, #0.
=0

e Factoring out a,x™ in the numerator and b, ™ in the denominator, that is, the monomials
of maximum degree, we have:

—0 as z—*o0
7\

a a Gy
0 + 1_1_|_.”+ nl_l_l
ap T an " Gy T
P(z)  apz"
Pun(z)  byam
bo b1 bm—1
1
bmxm+bmxm—1+ +bmx+
—0 as x—*oo
( A
P n
lim w(2) = lim Gots lim = AL

r—+00 Pm(x) r—+00 bm gae r—+00 bm

To compute the limit of a ratio of polynomials as © — +oo, it is enough to compute the

limit of the ratio of the monomials of maximum degree.
1\ J

Example 3.2: Limits of rational functions as * — t+oo

For example:
. 14323 . 33 .
Iim ———= lim —— = lim 3z=—-00
z—00 24 x2 z——00 T2 T——00
1 3 3
im — 3% 3% 31
zo4+00 1 — 10z + 2% 254 t5too | 1
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. Ta*+62° . 6a°
z—1>r—noo —4 47z _x—1>r—noo 7x5_x—1>111

To compute the limit of rational functions (without the constant term) as x — 0 we must
factor out, in the numerator and in the denominator, the powers of minimum degree.

Example 3.3: Limits of rational functions as z — 0

For example:

—0 as z—0

3
— 222 1—§a:+3:v3

lim 5 - = lim =lim—-2z=0
z—0 r+x4—x z—0 z—0

—0 as z—0

3.3 Limits of quotients of sums of powers with rational exponents

e The same rules hold for quotients of sums of powers with rational exponents:

as r — oo we must factor out the power with the maximum exponent

as  — 07 we must factor out the power with the minimum exponent

Raising to a power can also be defined with a negative base if the exponent is a rational
number (fraction) with an odd denominator. Hence in this case we can compute the limit
as © — 0 (otherwise only as z — 0).

Example 3.4: Limits of quotients of sums of powers with rational exponents

For example:
y 22/3
1313%3331/3+w+:c2

Factoring out in the denominator the power with the minimum exponent, we have:

2/3 2/3

T Z

1/3 2 = 2
ST S (14 i )

£2/3

= 2/3 5/3
3l/s <1+QT+IT>

5™ i )
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hence .
1 1
lin})%zg lin}) /3 =0
z—=03z/°+x+x z— 228 53
14—+ —
3 3

—0 as z—0
g J
'd N\

Another option to compute limits as x — 0 is to make a change of variable:

1
r=—, if £ = 0" then y = 400, if 2 =0~ then y = —c0
Yy

and hence we reduce to the case of limits at do0.
g J

Example 3.5: Computing the limit of rational functions as x — 0" with a change

of variable

We want to compute the following limit:

22/3 2/3

li m
x%3331/3+w+m2’

f@) = 3zl/3 + x + 22

Making the change of variable x = y we therefore have to compute the following two limits:

Ol
. 1 -
e Y AT

2/3
lim f(z)= lim <i>

z—0~ yomo g @)1/3 + g;/ + <1)2

and

We have:

N _
1/<3y> 2 3 —1/3y 2/—31 —
) ey

y y

Y

Factoring out in the denominator the power with the maximum exponent, we have:

—2/3 —-2/3

—_

y y 11 1

~1/3 1 2 = 2 \ 9 .1/3

1
3y2/3 + 3¢5/3 )
Hence:

1 1 1 1

1

— lim — lim =0
1/3 1/3

3 yo-coy (1+3 2/3+3y5/3) 3 by (1+3 2/3+3y5/3)
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since, as y — Fo00, we have

! —0 and (1 ! + = —1 i
W an +3y—2/3 W since

1
3,78 — 0, 3,53 — 0.
Since the right limit and the left limit of f(x) as x — 0 exist and are equal to 0, then:

lim f(z) =0

z—0
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Chapter 4

Continuous functions

4.1 Algebra of continuous functions theorem

Theorem 4.1: Algebra of continuous functions

Let f and g be two functions defined at least in a neighborhood of xg € R and continuous
at xg. Then:

1. f(z) £ g(x) is continuous at xo; 2. f(x)-g(z) is continuous at z;
fz) . , .
@ is continuous at zp provided that g(x¢) # 0.
g(x
" J

Proof. Let us prove, for example, claim 3., the others being analogous. By hypothesis
we know that f and g are continuous at xg, that is:

f(z) = f(xo) and g(x) — g(zo) as x — xo.

Moreover g(xzop) # 0 and hence, by the sign-preservation theorem for continuous
functions, g(x) # 0 eventually as x — xo.

Then, by the theorem on the algebra of limits, we conclude that

1), o)

T — X0
g(z)  g(zo)
that is, f(z)/g(x) is continuous at xg.
O]
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4.2 Continuity of elementary functions theorem

Theorem 4.2: Continuity of elementary functions

The following elementary functions are continuous at all points of their domain:
1. Powers with integer, rational or real exponent;
2. Exponential functions;
3. Logarithmic functions;

4. Elementary trigonometric functions (sinx, cosx)

Proof. For example, let us prove the continuity on the whole of R of the functions sin x
and cosz.

e We have seen that sinz is continuous at x = 0; let us show that cosz is also
continuous at x = 0.

e The unit (trigonometric) circle shows that, if = is an angle in the first quadrant,
sinx +cosx > 1

since 1 is the hypotenuse of a right triangle with legs sin x, cos x.

-

~

sinx

(—1,0) (1,0)

COS T

(07 _1)

- J
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o It follows that

0<1—cosx <sinxz forz € [O, g} , and hence

0<1-—cosxz <|sinz| forxe [_E’ f]
272
e Then, by the comparison theorem,

1—cosx—0 as £ — 0 hence coszx —1 as z—0

and therefore cos z is continuous at 0.

Proof. e To now prove the continuity of sinx at a generic point x¢g € R we consider
the chain of relations:

| sin(xg + h) — sinzg| = |sinzg cosh + sin h cos xg — sin zg|
= |sinxg (cosh — 1) + cos zg sinh|
< |sinzg (cosh —1)| + |coszg sinh|
= |sinzg| |cos h — 1| + | cos zg| | sin A

Now |sinh| and |cosh — 1| tend to zero as h — 0, by what we have just proved,
while | sin x| and | cos 2| are constants, so

sin(xg + h) —sinzg -0 as h — 0

that is
sin(zg + h) — sinzg as h — 0

and sin z is continuous at zg. An analogous argument shows the continuity of cos x.
O

'd N\
e Having proved that sin x, cosx are continuous on the whole of R, we deduce that the

functions tan z, cot x are continuous on their domain (by the theorem on the algebra
of continuous functions)

e Power functions with integer exponent are continuous (on the whole of R), since
f(z) = x is obviously continuous, and f(z) = 2" is the product of n continuous
functions.

e Polynomials are continuous functions, since they are obtained by adding functions of
the type c ™, which are continuous by the previous point.

e Rational functions (i.e., quotients of polynomials) are continuous functions, except at
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the points where the denominator vanishes (the denominator is a polynomial, hence
it vanishes at a finite number of points)

4.3 Continuity of composite functions theorem

Theorem 4.3: Continuity of the composite function

Let:
e g be a function defined at least in a neighborhood of xy and continuous at x,

e f be a function defined at least in a neighborhood of ty = g(zo) and continuous at
tOz

then f o g is defined at least in a neighborhood of xy and is continuous at x.

Proof. Since g is continuous at xg,

lim g(z) = g(x0) = to

T—T0

then, by the change of variable theorem for limits, we have:

lim f(g(z)) = lim f(¢)

T—T0 t—to

and since f is continuous at tg, we have

lim f(t) = f(to)

t—to

and the thesis is proved. O

o [t follows that all the functions that can be obtained from elementary functions by sums,
products, quotients and compositions are continuous on their domain. Hence, by com-
bining functions in this way, we still obtain continuous functions.

' N\
To summarize:

e sums, products and quotients of continuous functions give continuous functions (where
the denominator does not vanish);

e the elementary functions of mathematical analysis are continuous on their domain;

e the composition of continuous functions gives a continuous function.
\ J

e It is therefore possible to know a priori that a function is continuous on its domain,
without applying the definition of continuity case by case.
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For continuous functions, if z( is a point of the domain, the limit as z — x( is computed
simply by substituting xg into the analytic expression of the function, that is:

f(@) = f(zo) as = —m

Example 4.1: Continuous functions and finite limits at a finite point

The following function is continuous for z € R:

hence:

Example 4.2: Continuous functions and finite limits at a finite point

The following function is continuous for x € R with 2 k7# <x <2k n+ n,Vk € Z:

f(z) =+Vsinz  hence lim vsinz = vsinm =0

T
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ISECERS

Example 4.3: Continuous functions and finite limits at a finite point

The following function is continuous for z € R with z # (2k+ 1) §,Vk € Zt:
f(z) =log, (1 + (tanx)?), Va>0,a#1

hence:
: 2 2
ilir(l) log, (1+ (tanz)?) = log, (1 + (tan0)?) =log, 1 =0

For example, with a = e we have:

O N

0.6 |- |

0.4+ |

— log (14 (tanz)
0.2 | |

1
vl
8 O
Ql:\
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Chapter 5

Comparison of infinities

5.1 Comparison of infinities for functions

Theorem 5.1: Comparison of infinities

Given a, B, > 0, a,b > 1, we have
logl @
lim —2a? _ and lim xT =0
x—+oo ¢ z— oo hAT
& J
Proof. The theorem will be proved with the tools of differential calculus. O

e Any power with positive exponent is an infinity of higher order than any power of
logarithms with base > 1, and

e Any exponential with base > 1 is an infinity of higher order than any power with
positive exponent.

Example 5.1: Comparison of infinities

) log? x ) z3
L R N PR

r——+00 1;(16/7) =0

=0,
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1l |
2
_z®
PN 3/2 x
o (5/2)
~ log” =
2(1677)
0
|
0 1 10
\_ z J
\ J
'd \
If a function n(x) — +oo as  — ¢ € R*, we have, from the comparison of infinities theorem:
B
(IOga (77(73))) (n(:ﬂ))a
lim & =0 and lim =0 with o,86,A>0, a,b>1
T—C (77(3;)) z—c pAn(x)
. J
Example 5.2: Comparison of infinities
log (&
i 22 g
z—0 ol

since, with n(z) = Z5, we have n(z) — 400 as z — 0.

SIS
1
—_
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Observation 5.2

lim z® logfa:zo (a>0,ﬂ=m, n,m €N, n odd, a > 1)
z—0t n

Proof. Given o, 8 > 0,a > 1 we have:

lim log? z log? z _

1\ 1\ \*
=0 and (—) (— log,, <—>>
x—+oo % i T x

Setting t = 1, 2 — +o00 is equivalent to ¢t — 01, and substituting we have:

oo s e
xgrfm o =(=1)" lim t* log,t=0

t—0t

sincewehavea:%>0,ﬁ:1>0anda:e>1.

Example 5.3: Comparison of infinities

lim z'/? logx =0~
z—0*1

4 + N

/2 log

[SA{E

o
N |-
—_

Fabio Furini

lim zV% =1~
z—0t
since
lim 2V* = lim eggl/2 logz 07 — 1~
z—0t z—0t S——~—
=exp(z!/2 log )
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T N

—~ ‘

8 1
= 2| exp(x!/2 log z) N
0

1

N - /

If a function e(z) tends to 07 as  — ¢ € R*, it follows from the previous remark that:

)
D= -

|\

"

J

r

lim (e(z))® ( log, (E(S(I)))ﬂ =0 (a>0,0= @, n,méeN, n odd, a>1)

T—C n

Example 5.4: Comparison of infinities

lim —cosz log (cos 33) = {1

il
o=

since, with e(x) = cosz, we have e(z) - 0" asx — 5~ and o = = 1.

04 |
—cosz log (cosz)
E o02f .
g
0 »
|
0 2
\_ i /
. J
( N\

From the comparison of infinities theorem it follows that:

P b)\a:
lim =400 and lim — =400 with «,8,A>0, a,b>1
z—+00 logg x z—+o0 %
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Observation 5.3

lim 2% V% =400 (a,A>0, b>1)

z—0T

Proof. Given a, A > 0,b > 1, we have:

b)\m

lim — =400
z—+oo ¢

Setting t = 1, # — +o00 is equivalent to ¢t — 01, and substituting we have:

)

. b)\l‘ 5 1 « Az . a )\/t
lim — = lim (— b** = lim t* bV' = 400

t—0t

Example 5.5: Comparison of infinities

1
lim z e = +0
z—0t

since we havea=A=1land b=e>1

f 200 N\

I ez

—

g 100 -

Observation 5.4

lim 276" =0  (a,A>0, b>1)

z—0t
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=

Proof. Given a;, A > 0,b > 1 we have:

xa

A e =0

Setting t = 1, 2 — +00 is equivalent to ¢t — 01, and substituting we have:

)

a 1\ 1
B T (-) — — limt M=o

a—+o0 PAT  ztoo \ x Az t—0+

O

.

Example 5.6: Comparison of infinities

lim 232 Y2 =g
r—0t

sincewehavea:%,Azlandb=e>1.

o 1)

p—3/2 =1/

o
K 0 335 ID

Ve

|\

lim 2% b** =0 <a=ﬂ>0,n,m€N,nodd,myéO,)\>0,b>1>
n

T—r—00

~

Observation 5.5

|\

Proof. Given a;, A > 0,b > 1 we have:

x
lim — =
Setting t = —x, x — +00 is equivalent to t — —o0o, and substituting we have:
z® (=0)° A
lim — = lim —~— = (-1 i @ pAt —
AT iE = I, e = (U I 70 =0
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Example 5.7: Comparison of infinities

lim z2¢* =0
Tr—r—00

since we have a =2, A=1and b =e > 1.

T .2

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini

120


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Chapter 6

Fundamental limits and asymptotic estimates

6.1 Fundamental limits
e We now look at some common techniques for computing limits that combine the gen-
eral theorems on limits with the use of some fundamental limits of certain elementary

functions.
6.1.1 Fundamental limits of sine and cosine

T

e We want to compute
sinx 0
i = |- d 1 =
rli:% X |:0:| an xli;I(l) x2 0
which are indeterminate forms.
/ 1] . ,\
sing
T Y4
'l
0.5} N
> 0
—0.5 - S .
sin x
(4
l"
-
4
—1F 1 '4 1 |
- -z 0 z IS
\_ z J

121
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T

T
L]
1
)

L}
1
)
/]
1
]
1
1
’

sinx

Proof. The functions sinx and x are odd functions, hence is an even function.

Therefore it is sufficient to compute

sin x

lim
z—0+t X

We have:

sin & tan

ErooooooooooooOR

o
H A

HP =sinx AT =tanx AAP: x
The area of the triangle OPA is smaller than that of the circular sector OP A, which in
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turn is smaller than that of the triangle OT A. It follows that

—_

1
5-1-sinx < —-1-x < §-I~tanx

[\

—_—— —— —_—
area triangle OPA area circ. sector OPA area triangle OT A

that is, for x € (0, %)
sinx <z < tanx

Dividing by sin x, which is positive because x € (0, %), we have

X

, Vx e <0, g) that is cosz < G <1, Vxe (O, g)
T

1< <

sinx COS T

By the comparison theorem, since lim,_,gcosx = 1, the lemma follows.

. l—cosz 1
b =3 (6.2
(& J
Proof. We consider
1—cosx 1 —cos’x _ (sinx 2 1
2 x2(1+cosz) \ =z 1+ cosx
hence, since 2% — 1 and (1+cosz) — 2 as 2 — 0, the claim follows. O
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6.1.2 Continuous extension of a function

e Based on the limit (6.1) just proved, the functions f(x) = S22 and g(z) = 1‘;85’”, initially

-z

not defined at x = 0, can be extended by continuity also at x = 0, by setting

_ )i e #£0 _ s i a#0
f(@) {1 if z=0 9(z) i if =0

The functions f and g defined in this way are continuous also at x = 0.

e if a function f(z) is not defined at zp but the finite limit exists

lim f(z) =1/

T—T0

the function can be extended by continuity also at zg, by defining
flzo) =1

e If instead the function f has at xy a jump discontinuity, a vertical asymptote, or in
any case does not have a finite limit, it is not possible to make it continuous at xy by
changing its definition at a single point.

.

6.1.3 Other fundamental limits

e We know that for every sequence {a,} diverging to +o00 or —oco we have

1\
lim (1 + > =e
n—-+4oo an,

e By the sequential definition of the limit of a function, this fact immediately implies the
next fundamental limit
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N z /

( )
If n(x) is a function that tends to infinity® (i.e., it is an infinity: n(xz) — +00), we have:

(1 + $)ﬂ(m) —e (6.4)

%it does not matter what = tends to

\ J
Example 6.1: Limits of functions tending to e
1.

1 222-10
A (1 * m) -

since with n(z) = 2 2% — 10 we have

n(x) - +oo as x — +oo.

1 1/x
m (14— =
mirg)l"' ( * 1/1‘) €

since with 7(z) = 1 we have

n(z) = +oo as = — 0%,

From the fundamental limit (6.3) three more can be deduced
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Corollary 6.4

log(1
i 108 +¥)
y—0 Yy

—1 (6.5)

Proof. Taking logarithms in (6.3), we obtain

1\* 1
log<1+—> :xlog<1+—)
x x

1
lim x log <1—|——> =loge =1.
z—+o00 x

hence

Now, if we set y = %, x — Fo0 is equivalent to y — 0%, and the last limit can therefore

be rewritten in the following form:

M —1 as y— 0.
Y
]
a os(a) ] )
1 -
D

0

€T A/

-0.5 at

-1 0

N : Y,

(6.6)

z—0 X
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Proof. If in (6.5) we instead set y = e —1, y — 0 is equivalent to z — 0, and substituting
we obtain

loge®* =z

ex—l_ex—1_>1 as z= — 0.

Taking reciprocals we obtain the fundamental limit.

-

Example 6.2: Fundamental limit

We compute:
.oe -1
lim
z—0 X
We set z = —z;  — 0 is equivalent to z — 0, and substituting we obtain:
e’ —1 e —1 e —1
lim = lim = — lim =-1
z—0 T z—=0 —Z z—0 z
~——
=1
. J

Corollary 6.6

lim ——— =« with a€eR (6.7)
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Proof. If in (6.5) we instead set y = (1 4+ z)* — 1, with « any real exponent, then z — 0
is equivalent to y — 0 and we have:

log(1+y) logll+(1+2)*—1] alog(l+z)

Y 1+z)>*-1 1+z)*-1
log(1
= L 'og( +x)—>1 as x — 0.
14+z)*-1 x
But since also los(1
gl +2) 1 o 250,
T
then
aT
— 1 — 0.
1+z)—1 e

Taking reciprocals and then multiplying by « we obtain the fundamental limit.

O
" 1sf N
1 (142)3/2-1 K
T ol
4 3/2 x
= o
1+a2)32 -1 |
0
—0.5_ ] 0 1
Ny z J
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6.2 Asymptotic estimates

Definition 6.7: Asymptotic functions

Two functions f , g are said to be asymptotic as x — c if
lim 7]’(;10) =1
z—c g(x)
and we write f ~ g as x — c.
|\ J

e The asymptotic symbol for functions enjoys all the properties stated for sequences

f As x — 0 we have (from the fundamental limits): |
sinx ~ x (6.8a)
log(1+z)~ux (6.8b)
cosz ~1— %.%2 (6.8¢)
e ~1+z (6.8d)
1+z)*~14ax with a€eR (6.8¢)

e The functions ~ z behave, to a first approximation or to first order, like z as z — 0.

If £(z) is a function that tends to zero® (i.e., it is an infinitesimal: £(z) — 0), we have:
sin (e(z)) ~ e(x) (6.9a)
log (1 + () ~e(z) (6.9b)
L 5
cos (e(z)) ~ 1 — 5 € (x) (6.9¢)
€@ ~ 14 e(x) (6.9d)
(14+¢e(2)* ~1+ae(z) with aeR (6.9¢)
“it does not matter what x tends to

\ J

e Formulas (6.1.3) follow from formulas (6.8) simply by a change of variable: replace x with

e(x).
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Example 6.3: Limits with asymptotic functions

I Ser 1 T

(z—1)% [0
0

We use the estimate

@ — 1 ~ e(x)

with
e(z)=3(x—1) and e(z) >0 as z — 1

Then, as x — 1, we have ,
SE D 103 (@-1)>%

nd (w — 1)? (& — 1)2
. r—1 . x—1 1
I e 1 - Mo 3

Example 6.4: Limits with asymptotic functions

. log(1+2x) 0
lim —=———— 2 = |~
z—0 sin3zx 0

We use the estimate
log(1 +e(x)) ~ e(z)
with
e(r)=2z and e¢(z) -0 as =z — 0.

Hence, as z — 0 we have
log(1+2x) ~ 2z

Now we also use the estimate
sine(z) ~ e(z)
with
g(x)=3x and eg(x) >0 as x — 0

Hence, as x — 0 we have
sin3x ~ 3z

Then, as x — 0, we have
log(1+2x) 2z

sin3 x 3x
and
. log(1+2x) . 2z 2
lim —— = lim — = —
z—0 sin3zx z—=03x 3
g J

Example 6.5: Limits with asymptotic functions

lim vVa3+222+1—2=[+o0 — ]

T—+00
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We rewrite,

2 1
Vil +222+1—z==zx (3 1+(—+—3)—1)
x

x

We use the estimate

1
V1+e(r)—1n~ gz-:(a:)
with ) .
e(x) = (E + F) and e(x) >0 as x — +oc.

Then, as x — 400, we have

1 /2 1
\3/:E3+2x2+1—:v~w[§ (—4——)]

xz  x3
and 1 /2 1 2
lim va3+2224+1—2z= lim x[— (——i——)]:—
r——+00 T—>—+00 3 €T x3 3
- J

6.3 Asymptotic estimates and graphs

e Asymptotic estimates are useful not only for computing limits, but also for sketching the
qualitative graph of a function in a neighborhood of a given point, or as x — +o0.

Example 6.6: Known graphs

o A
1+ |
22— o
B 0
—1+ |
-2 | I
-5 1 0 1 )
\ . J
\ J

Example 6.7: Qualitative graph

We now want to study the qualitative graph of the function (the sum of the previous two):

f(@) = Yz + 22 = 25 + 22
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e the function is defined and continuous on all of R;

2

e as x — +oo, f(z) ~ x*, since

2 2
. 3 +x
Iim —— =1
xr—r+00 x2

Therefore f(x) — 400 as * — £00; moreover, for = large in absolute value, its graph
will be similar to that of 22.

. . 1
e Moreover, the function vanishes at * = 0 and, as x — 0, f(x) ~ x3, since

i 2
. xs3 X
lim — =1
z—0 3

—+

therefore, in a neighborhood of z = 0, its graph will be similar to that of :c%; in
particular, it will have a vertical tangent at the origin.

Example 6.8: Actual graph

f(z) = Yz + 22 = 25 + 22

o 3

:Eil% +a:2 T

2 | -

> 1 i
0 \)
-1 | | | |
—1.5 -1 —0.5 0 0.5 1 1.5

\_ ' /
. _J

e Often the behavior of a function in a neighborhood of a point (for example, the fact that it
has a vertical or horizontal tangent) can be predicted from a suitable asymptotic estimate.

e The asymptotic estimate allows us to sketch the qualitative graph of f (in a neighborhood
of the point) by comparison with that of a known function (for example, a power with
rational exponent).

e Analogous estimates are useful as z — Fo0.

Growth of a function at infinity
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e Suppose we want to sketch the graph of a function f that, as * — 400 (or —o00), tends
to 400 (or —o0).

To describe the speed at which the function tends to infinity, the following notions are
useful: we say that, as + — +00,

superlinear growth () +o00
f has { linear growth if ll)I_lI_l Tx = ¢ m (finite and different from 0)
x oo
sublinear growth 0

Analogous definitions are given for x — —oo.

Example 6.9: Growth of a function at infinity

Only when a function has linear growth is it possible for it to have an oblique asymptote

For example, as x — +o0
e Superlinear growth: exponentials a® and powers z® with a > 1.

e Sublinear growth: logarithms log, z and powers z® with 0 < a < 1.

Example 6.10: Growth of a function at infinity

The function )
flz)=2x+¢e"+e=

e as x — o0 it is asymptotic to e¥; therefore it tends to 400 with superlinear growth;
e as x — —oo it is asymptotic to 2 x; therefore it tends to —oo linearly
e since

lim [f(z)—22z]=1

T——00

the function has the oblique asymptote

y=2x+1 as * - —x

Example 6.11: Graphs

f)y=¢€%  lim e* =400, lim e*=0, lime*"=1
T—~+00 T——00 z—0
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S D

15 -
e.’,U -
> ].0 | ]
5 - |
——
O | | | |
-3 —2 -1 0 1 2 3
\_ z Y
1 . 1 . 1 . 1 . 1
flx) =ex, lim e» =1, lim e= =1, lim ez =0, lim ez =400
T—r+00 T——00 z—0— z—0t

Example 6.12: Actual graph

f(a:)=2x+ex+e%, f(x) ~€e® as © — +oo, lim f(z)=+o0

z—0t
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/100 I

80 - -

60 |-

40 |-

DO
@]
I

. . . . 4
N ° J
f(x):2x+e$+e%, fz)~2z as * — —o0, lim f(x)=1

z—0~
Coaf
0
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Chapter 7

Asymptotic expansions

7.1 The “little 0” symbol and asymptotic expansions

Definition 7.1: of little o

Given two functions f(z) and g(x), defined in a neighborhood of ¢ € R*, we say that

f(@) =o(g(z)) as z—c
(read “f(x) is little o of g(x)” as x — ¢) if and only if
f(z)

—= >0 as x—c
g9(z)

|\

.

J

p
The symbol o(g(x)) as = tends to ¢ does not denote a particular function f(z), but any
function f(x) such that the ratio between f(z) and g(x) tends to 0 as z tends to c.

.

Example 7.1: Little o

For example:

.

2

) x
z“=o(x) as z—0 since — —0 as z—0
%

3
) x

> =o(r) as z—0 since ——0 as z—0
x

3
_ x
3 =o0(z%) as x—0 since ——0 as x—0
x
2
efl/a:

7 —0 as =z —0

=o(z?) as x—0 since
%

Vs
\\

e From the definition of asymptotically equivalent functions, we have:

f(z)

flx)~g(x) as o c<—= —+~ =1 as x —c¢

g(z)

in these cases we have:
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f(z)

—=—1—=0 as z—c and M

9(@) @) —0 as z—c

from the definition of little o we can then write:

flx)—g(z) = o(g(a:)) as r—c

We have the following asymptotic expansion:

f(@) ~g(x) as = c< f(z) =g(z) +o(9(z)) as v —c

e Moreover, we have:

~g(x) as x —c M as T —c

9(a) + (@)~ gla) o @ o= ZE 50 as 2 e
since: o@)+ fz) &
T RTC)

which tends to 1 as z — ¢ if and only if f(x)/g(z) tends to 0 as z — c.

In such situations we say that g(z) is the principal part of the sum g(z) + f(x) and
that f(z) is negligible with respect to g(x) as x — ¢; that is:

f(z) =o(g(z)) as z—c

We have the following asymptotic expansion:

g(z) + f(z) ~ g(z) as z— c< f(z) =o(g(z)) as =z —c

e It follows from the definition of little o that with three functions we have:

f(z) = h(z)

—0 as =z —c
9()

f(z) =h(z)+o(g9(z)) as == c<=

e The “little 0” symbol behaves as follows with products:
f-olg) =o(f-9)

o(f) -o(g) =o(f - 9)

Example 7.2: Little o and products

For example, as x — c:
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s N
Some properties of the little o symbol, shown through examples:

, as r —c

, Ya € R, a #0, as T —c
, as x — 0

) = o(z)
) = o(z)
ao(z) =o(z), VYacR, as z-—c
) =o(z)
) = of

=0 x2), as x — 00

A function f is said to be infinitesimal as x — ¢, and we write

f(@)=o0(1) as z —c if f(z) >0 as z —c¢

Example 7.3: o(1)

For example:

Vz=o0(l) as x—0" since -0 as z—0F

NS

72 =0(1) as x — 4oo since T—>0 as T — +0o

o We have:
lim f(z) = ¢ <= lim(f(z) — ) = 0 < ilﬁ\nyf(ac) -4 =0

Tr—C r—cC

hence
lim f(z) =0 <= f(z) ={(+0(1) as x—c

Tr—C

the last expression reads “f(x) is the sum of ¢ and of a function that is infinitesimal as
x—c’

Example 7.4: o(1)

For example:

2
x2:a:(1+0(1)) as z—1 since —=z—1 as x— 1

x
2
3
2 +3z=2(3+0(1)) as x—0 since H—x=x+3—>3 as x*—0
x
2
3 3
x2+3x:x2(1+0(1)) as x — +oo since H—szl—i-——)l as T — +00
x x
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vV 5 )
Ve +5=vz(1+0(l)) as x— 4oo since f/i_ =4/1+—-——1 as z— 40
i 7

Some properties of the o(1) symbol:

o(1) £o(1) =0o(1), as xz—c
o(1)-o(1) =0(1), as x—c
c-o(l)y=0(1), as z—¢, c#0
(I1+0(1) - (1+0(1)) =1+0(1), as z—c
1
1+0(1):1-1-0(1), as T — ¢
1—1—0(1)_0:0(1)’ as x—c¢, c#0

Since

Example 7.5:
We have
2
x +o(1l
(z+ 0(1))2 = w2(1 +0(1)) as x— 4oo since # =1 as z— +o0
7

7.2 Asymptotic expansions derived from the fundamental limits

We have seen that the following fundamental limits hold:

i 1-— 1 log(1 1 14+2)*—1
i ST p g LTC05T Ly o)y ety et
=0 X z—0 x? 2" -0 T z—0 z—0 x

and consequently the following asymptotic equivalences hold as x — 0:

2

1
sinx ~ x, 1—cosa:~§:1c, ef =1~z logl+z)~z, (1+2)*—1~ax

Let us now see how to obtain the asymptotic expansions starting from the fundamental
limits:
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Hence, as x — 0:

sin x sinx —x

75 %
which gives the asymptotic expansion:

sinz =z + o(x)

—-1—=0, ———— — 0 hence sinz —x = o(z)

. l—cosz 1
lim ——— =
z—0 T 2
Hence, as ¢ — 0:
1-— 1 2(1— — z?
cosz 1 0 (1 —cosz)—x
x2 2 2 2

which gives the asymptotic expansion:

coszr=1— % x? +0(a:2)

— 0 hence 2 (1 —cosz) — 2% = 0(2362)

lim 080+ _

z—0 T

Hence, as © — 0:

log(1 log(1 —
og( +w)_1_>0’ M_)O hence log(l+z)—x =

T Z

which gives the asymptotic expansion:

log(1+2) =2+ o(x)

o(z)

X
-1
lim &~ =1
z—0 X
Hence, as x — 0:
z_q T _ 1 _
€ —1—0, u%O hence
x T

which gives the asymptotic expansion:

e® =1+x+ o(x)

e —1—z=o(x)
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Hence, as x — 0:

(1+x)0‘—1_a_>0 1+z)*—-1-azx
i i

— 0 hence (1+2)*—1—az=o(zx)

which gives the asymptotic expansion:

1+2)*=14+az+o(z)

e These asymptotic expansions can be generalized

( N\
If e(x) is a function that tends to zero, i.e., it is an infinitesimal (it does not matter what
x tends to), we have the following asymptotic expansions derived from the fundamental
limits.

As e(z) — 0, we have:

sin (e(z)) = e(z) + o(e(z)) (7.1a)

am e = 1 — % £2(z) + o(2(x)) (7.1b)

log (1+¢(z)) = e(z) + o(e()) (7.1c)

@ =1+ ¢(z) + o(e(z)) (7.1d)

\ (14¢e(2)" =14 ae(z) + o(e(z)) with a €R (7.1e)
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Chapter 8

Intermediate zero theorem and bisection
method

8.1 Zeros of a function

'd N\
Given a function f, we are interested in solving the equation:

f(@) =0 (8.1)

that is, in finding the zeros of f. The zeros are the solutions of equation (8.1), that is, the

points ¢ of the domain of the function where f(c) = 0.
. J

e When f is a polynomial of degree < 4 there are formulas that give the solutions of (8.1).
However, if f is a polynomial of degree > 4 or a more complicated function, except in
particularly lucky cases, there are no formulas for the solutions of equation (8.1).

e Geometrically, solving equation (8.1) means determining the z-coordinates of the inter-
section points between the graph of y = f(x) and the x-axis. There can be: infinitely
many solutions, a finite number of solutions, no solutions.

Example 8.1: Zeros of a function

Consider the function f with the following graph:
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the equation f(z) = 0 has 3 solutions in the interval [a,b], that is, the function f has 3

zeros, x1, o and xs.
- J

Theorem 8.1: Intermediate zero theorem (Bolzano’s theorem)

If a function f : [a,b] — R is continuous on the interval [a,b] and f(a) - f(b) < 0, then
there exists ¢ € (a,b) such that f(c) = 0. If f is also strictly monotonic then the zero c
is unique.

e The idea of the proof is to construct two sequences that converge to the zero of the
function. To understand how to construct them, consider for example a function with

f(a) >0 and f(b) <O0:

or R

fla)r-
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e We set ag = a and by = b and compute

b
co = 20 ;_ O, the midpoint of the interval [ag, bo].

In the previous example we have:

f(Co)

f(bo)

N /

If f(co) = 0 we have found a zero. If f(cp) # 0 we look at the sign of f(ap) - f(co) and
proceed as follows:

if f(ao) . f(CO) <0 with a1 = ag, b1 = ¢y
we create [aq,b]
if f(ao) . f(C()) >0 with a1 = cg, b1 = by

In the previous example we have f(ag) - f(co) < 0, hence we have a1 = ag, b1 = co.

e With a; and by, we compute:

a1 + by
2

In the previous example we have:

1= , the midpoint of the interval [aj,b1].
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If f(c1) = 0 we have found a zero. If f(c1) # 0 we look at the sign of f(ai) - f(c1) and

proceed as follows:

if f(a1)- f(c1) <O with a2 = a1, b =i
we create [ag, bo]
if f(al) . f(cl) >0 with as = ¢, by = by

In the previous example we have f(a1) - f(c1) > 0, hence we have ay = ¢;, by = b;.

e We now generalize this idea in the proof of the theorem.

Proof. Consider the following two recursively defined sequences:

an if f(an) - f(en) <0

ao = a, On41 = Vn eN
cn if f(an) - flen) >0
en it f(an) - flen) <0
bo = b, bn+1 = Vn e N
by, if f(an)- f(cn) >0
where
B = an—2i—bn7 Vn € N

The two sequences create a sequence of intervals [ay, b,] with the following properties:

1) We have a,, < an+1, hence the sequence {a,} is increasing and, since a,, < b,Vn,
it is also bounded. Moreover, we have b, > b,1, hence the sequence {b,} is
decreasing and, since b,, > a, Vn, it is also bounded.

2) b, —a, = %2 (each interval is half as long as the previous one)

on
3) f(an)- f(bn) <0  (because of how a, and b, were chosen at each step)

By point 1), we can then deduce that the sequences {a,} and {b,} have a finite limit,
thanks to the monotone sequence theorem. Hence:

apb — ¥ €R and b, > ¥l €R as n — +oo.

From point 2) we deduce that:
h—
b, — a, = 2Ta — 0 as n — +oo, and therefore ¥y =/¥01 =/
By the continuity of f, we then have that:
2
flan) - f(bn) = (f(0)”" as n— +oo

On the other hand, from point 3) and the sign-preservation theorem we deduce
(f (E))2 < 0. Therefore it must be f(¢) = 0 and thus ¢ is the zero we are looking for,

that is, ¢ = ¢.
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e We have proved:

f:a,b] = R continuous on [a,b] and f(a)- f(b) <O
= there exists ¢ € [a,b] such that f(c) =0

hence “f : [a,b] — R continuous on [a,b] and f(a) - f(b) < 0” is a sufficient condition for
“there exists ¢ € [a, b] such that f(c) = 0" and “there exists ¢ € [a, b] such that f(c) =0"
is a necessary condition for “f : [a,b] — R continuous on [a,b] and f(a) - f(b) < 0”. The
implication does not work in the other direction:

there exists ¢ € [a,b] such that f(c) =0
#  f:[a,b] = R continuous on [a,b] and f(a)- f(b) <O

It suffices, for example, to consider f(x) = 22 — 2 on the interval [~2,2]. We have
f(—=2) =2 and f(2) =2, hence f(a) - f(b) £ 0, but the function does have zeros:

o ™

-2 | |

Hence the theorem provides sufficient (but not necessary) conditions for the existence of
a zero of a function.

e The proof of the theorem is constructive, that is, we have constructed two sequences that
tend to a zero of the function (constructive proof/algorithm). This algorithm is called
the bisection method.

If the function f has several zeros in [a,b], the procedure does not indicate which
of them will be determined. The zero found depends on the interval [a,b] given as
input, and finding it may require infinitely many iterations. However, by stopping the
procedure, as we will see, we obtain an estimate of the zero and of the error made.

8.2 Bisection method
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Example 8.2: Bisection method

e We look for a zero of the continuous function f(z) = 22 — 2 on the interval [, 4],
that is, we look for the value of v/2. Initialization, with n = 0 we have:

[a’O?bO] = |:%74:| y f(a):_;_ia f(b):14 = C():Z and f(CO):le_z

/ f(=z) \

[

S

o
NG

N

e Iteration n = 1, we have:

[a1751]=[%72], fla)=—=, fl)=— = a=— and f(a)=——

64
i

N

ol

O |
NG
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Example 8.3: Bisection method

e [teration n = 2, we have:
11 9 7 49 29 329
b = —_—, = = —— b = — = — = ——
[az, bo] [8 ,4], f(a2) 61’ f(02) TR IRET: and  f(cz) 956
49 i
16
329 | i
256
T -
64 z
4 D,
e Iteration n = 3, we have:
11 29] 7 329 51 553
a3, bs] = [gyﬁ_ , flas)=—57, fbs) =5 = =55 and fles) = 150
N ™
329 | _
256
553 | -
1024
T =
64 =
(¢ Y,
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Example 8.4: Intervals of the bisection method

Plotting the values obtained in the previous exercise, we have the following intervals and
estimates of v/2:

/ T T \
n=31 *—0—o -
n=2 C==p== - L —
wm = | (=== @-—--=-—-————— { ] —
= (=g oo oo greo00= O €
°
i | | |
1 11 51 29 9
K 2 8 \/5 32 16 1 4J
\ _J
8.2.1 Error estimates for the bisection method

e At iteration n, we have:

¢ € [an, by)

that is, the zero lies inside the n-th interval. Hence, stopping the procedure after n steps,

an approximates the zero from below and b,, approximates the zero from above. Therefore:
an <c< by

e The estimate of the value ¢ at iteration n is:

an + by,

2

Cp —

that is, the midpoint of the interval [a,, by].

e The absolute error ¢,, made at iteration n is:

En = |en — ¢

The value of ¢ is unknown, hence we need a way to analyze the values of the errors
that is independent of c.

e We can estimate the error at iteration n as follows:

b—a
En =len — | < on
this follows from:
— the length of the interval at iteration n is I’Q—n‘l
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— the midpoint of this interval is ¢, and c lies inside the interval itself

— the distance of any point ¢ from the center of the interval is less than or equal to the
length of the interval itself

[ If n — +oo then g, — 0, that is, the error tends to zero as n tends to infinity. ]

e At iteration n, we can improve the error estimate as follows:

- lb—a b—a
en=len—d < 55 =51

that is, half the length of the interval [ay, b,], since ¢ € (ap,c,) or ¢ € (¢p, by).

Example 8.5: Error estimates for the bisection method (v2 =

1.414213562. . .)

Let us go back to the previous exercise with b — a = %; in the first 6 iterations we
have:
iteration | @, ¢, b, estimate of V2 &,
n=0 |1 2 4 225 <2_ 175
n=1 |1 L 9 1375 <12 - 0875
n=2 |4 2 9 18195 <12 _ 04375
_ 11 51 29 7/2 _
n=3 T 33 15 1.59375 <= 0.21875
11 95 51 /2 _
n=4 T o1 33 1.484375 < Z5 = 0.109375
n= 1L 188 95 4996875 < T2 = 0.0546875
- N
15} 8
n 221/31
§ 1f |
0.5 73 8
\ % 1 2 3 7 : y
n

e In order to guarantee that the error made does not exceed a given tolerance ¢, that is,
to impose €, < J, we need to perform n(d) iterations, where n(9) is the smallest integer
that satisfies the inequality:
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obtained by solving for n(J) in the maximum error estimate:

b—a
0= o(n()+1)

hence

on()+1) _b—a

and n(0) + 1 = logy <b ; a)

Clearly, if 6 — 0 then n(d) — 400, and the smaller the error tolerance, the larger the
number of iterations needed to guarantee it.

)

e If we wanted to reduce the tolerance by one decimal digit, that is, to go from § to 15,

would have:

we

since

b b— b—
10

27:?5)

the number of additional iterations is independent of the interval [a, b], and it is equal to

log, 10 ~ 3.32

On average, more than three bisections are needed to improve the accuracy of the estimate
by one significant digit; convergence is therefore slow.

Example 8.6: Bisection method (error estimates)

Again for the previous example:

e if we want a tolerance (maximum error) § = 0.00001 = 10~°:

n (107°) > log, <%> —1=17.416...  hence n (107°) =18

e if we want a tolerance (maximum error) § = 0.000001 = 10~¢:

106

n (107°) > log, ( /2 ) ~1=20.738...  hence n(107%) =21

We now want to understand how “fast” the error decreases by comparing the errors of
two consecutive iterations. This estimate gives us information about the quality of the
algorithm, that is, we want to determine the “rate of convergence” of the algorithm.
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e Consider the maximum error, which we denote by €} ; we have:

b—a

* *
En = Gnti and en < g,
hence
* b—a
€n+1 1 . nt2 1
—T= = —  since = —
8* b—a 2
n 2n+1

1
* _ *
Ent+l = 5 €n
25n+1 26”7«

The maximum absolute error of the bisection method at each step is proportional to
the maximum absolute error at the previous step. The rate of convergence is
linear.

e For every triple cpy1, ¢, and ¢,—1, with n > 1, we have the following relation:

Cp—1+Cn

5 (8.2)

Cnt1 =

that is, the estimate ¢,41 is the midpoint of the interval with endpoints ¢,—1 and ¢,. We
now write:
Cntl =C+Entl, Cp=C+Ep, Chn-1=C+Ep-1

now, substituting into equation (8.2), we obtain:

ct+éept+cec+éen— 2c+en+en—1

C+ént1 = 5 = 5
_ . En + En—1
2
hence
Entl = En ¥ En-l +25n_1 = %en (87;;1 + 1)

The term e,,_1/e,, that is, the ratio between the errors of two consecutive iterations, can
be an arbitrarily small or large number (indeed, the error at each iteration can increase
or decrease).
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Chapter 9

Welerstrass theorem and intermediate value
theorem

9.1 Weierstrass theorem

e The following theorem establishes sufficient but not necessary conditions for a function
to have a maximum and a minimum.

Theorem 9.1: Welerstrass theorem

If a function f : [a,b] — R is continuous on the interval [a,b], then it has a maximum M
and a minimum m in [a, b].

( )

Under the hypotheses of the theorem there exist:
Tm and xp € [a,b]  such that  f(zn) < f(x) < f(xp) for every =z € [a, ]

We say that z,, is a minimum point of f and m = f(z,,) is the minimum of f.

We say that zj; is a maximum point of f and M = f(x)/) is the maximum of f.
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Properties of the supremum /infimum
e Given two non-empty subsets F1, Fs of R we have:
sup (E1 U Eg) = max (sup FEq,sup Eg)

This property holds for both bounded and unbounded sets. If one or both sets are
unbounded above we have: sup(E; U E2) = +oo. For the infimum we have:

inf (E1 U E3) = min (inf By, inf E)

Proof.
We prove that f has a maximum in [a,b]. Consider the function:

f:la,b] = R, andset {¢=supf
[a,b]

We now need to prove that:

i) ( is finite, that is, £ € R;

i1) £ is equal to f(xg) for some xq € [a,b] (and hence ¢ is the maximum and z¢ is the
maximum point).

We split the interval [a,b] into two equal intervals: I; and I; by the properties of the
supremum we have:

sup f = max <sup f,sup f) thatis supf=supf or supf=supf
[a,b] I I la,b] I [a,b] I

Hence for one of the two intervals, which we call [a1,b1], it will be true that:

{= sup f
[a1,b1]

We now split [a1,b1] into two equal intervals; for one of them, which we call [ag, bo], it
will be true that:

{= sup f

[az,b2]

Proceeding by bisection in this way, we construct a sequence of intervals [a,, b,], each
contained in the previous ones, with the properties:

1) the sequence {a,} is monotone non-decreasing and bounded, and the sequence {b,, }
is monotone non-increasing and bounded;

2) bn—an:%—n‘l%O as n — +0oo;

3) { = sup f (the supremum of f is attained in the interval [a,, by,])

[‘lnabn]
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By the same reasoning used in the proof of the intermediate zero theorem (which uses the
monotonicity theorem for sequences), from points 1) and 2) it follows that the sequences
{an} and {b,} converge to the same limit z¢ € [a, b]:

anp — x9g and b, —> xrg as n — +oo.

We now proceed by cases.

Proof. Case 1: £ € R

If ¢ € R, for every n there exists a point t, € [ay, b,] such that:
1
E—E < fty) < ¢ (9.1)

Indeed, since £ — % is less than ¢, which is the least upper bound of the values of f(z)
in [ay, by, f—% is not an upper bound; hence there exists t,, € [ay,, b,] with property (9.1).

Since t,, € [ay,b,], and we have:
an — x9 and b, - x9 as n — 4+oo then ¢, - x9g as n — +o

by the comparison (squeeze) theorem. Again by the comparison theorem, (9.1) then
gives

lim f(t,) =¢

n—-+00
On the other hand, since f is continuous and t,, — xg, we have:
lim f(t,) = f(xg) therefore f(xg) = /.

n—-+4o0o

Then, since ¢ is the sup of the values of f in [a,b], £ is the maximum of f in [a,b], and
it is attained at the point zy, the maximum point. Therefore, in this case the theorem
is proved.

Case 2: £ = +00

If ¢ = 400, for every n there exists a point t,, € [ay, b,] such that:

ftn) 2 n (9.2)

Reasoning as above, one proves that t,, — xo for some z( € [a,b]. Since f is continuous
at xo:

lim f(tn) = f(z0)

n——+o0o
but by (9.2) we have
lim f(t,) = +o0

n—-+00o
which is a contradiction, since at xg the function must have a finite value. Hence this
case cannot occur.

Similarly, one proves that the function has a minimum in [a, b].
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Mathematical Analysis 1

The proof is a constructive existence proof (similar to that of the intermediate zero theorem),
which, however, cannot be used algorithmically since, after each bisection, it is not known
a priori which interval the supremum or infimum is associated with.

The hypotheses of the Weierstrass theorem are all essential

1. The interval must be closed

( )
Consider as a counterexample:

f(z) =2 with z € (0,1)

The function is continuous on a bounded, but not closed, interval. In this case, the
function has neither a maximum nor a minimum (its supremum, 1, and its infimum,
0, are not attained by the function).

AN J

2. The interval must be bounded

( N\
Consider as a counterexample:

flx) =2 with x €R
The function is continuous on an unbounded interval but has neither a maximum nor

a minimum (it is not even bounded).

AN J/

3. The function must be continuous

( N\
Consider as a counterexample:

- |

The function is defined on a closed and bounded interval [0, 1] but it is not continu-
ous. The function has neither a maximum nor a minimum (its supremum, 1, and its
infimum, 0, are not attained by the function).

AN J

for = € (0,1)

for =0 and z=1

= 8

9.2 Intermediate value theorem

Theorem 9.2: Intermediate value theorem

If a function f : [a,b] — R is continuous on [a,b], then it has a maximum M and a

minimum m in [a,b] and it takes all the values between m and M.
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'd \
We are under the hypotheses of the Weierstrass theorem, hence we have:

T and xps € [a,b]  such that  f(zn) < f(x) < f(zym) for every =z € [a, b
The intermediate value theorem further tells us that:

VA € (m,M), there exists z(\) € [z, zn] such that f(z())) = A

This property is called the intermediate value property.
(& J

Proof. From the Weierstrass theorem we have a maximum point x3; and a minimum
point x,, such that f(xp/) = M (maximum) and f(z,,) = m (minimum) in [a,b]. Let

m<A< M
and consider the function
g(x) = f(x) = X with z € [z, zr]
which is continuous since f(z) is continuous on [a, b] and z,,, zpr € [a, b].

Hence:
g(zpy) = flapy) = A=M—-X>0

9(@m) = f(@m) —A=m—-A<0

Then, by the intermediate zero theorem, there exists z(\) € (2, zar) such that:

g(z(N)) =0 thatis f(z(N) =\

O
e Given a function continuous on an interval [a, b], graphically we have:
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4 N

This function does not have the intermediate value property, that is, the values A € (y1, y2)

are not outputs of f.
- J

e The properties of the two previous theorems can be summarized in the following single
statement:
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Corollary 9.3

If f : Ja,b] — R is continuous, then

f(la, b]) = [m, M];
i.e., the image of an interval [a,b] is the interval with endpoints:

m = min and M = max f.
[a,b] f [a,b] /

~
|\

Proof. 1t follows from the Weierstrass theorem and the intermediate value theorem. [

Example 9.2: Failure of the intermediate value theorem in Q

o Let
f(z) = 2?

and consider f as a function from the set Q of rational numbers to Q itself (this is
legitimate because the square of a rational number is rational).

e Then f does not have the intermediate value property.

e Indeed, for example,
f1)=1,f(2) =4,

but f does not take all the rational values between 1 and 4: for example, it never
takes the value 2, or 3.

e In other words, the intermediate value property holds for continuous functions thanks
to the properties of the set of real numbers.

e This is a further reason why it is useful to work in the set of real numbers rather than
in the set of rational numbers.

s
|\

9.3 Existence theorem for the n-th root

Theorem 9.4

For every y € R, y > 0 and n € N, n > 1, there exists one and only one x € R,z > 0,
such that 2™ = y.
'd \
This number z is called the n-th root of y
- J
Proof. Consider the function f(x) = z™.
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This function is continuous on all of R, because it is the product of n continuous
functions g(z) = x.

We show that there exist
xg > x1 >0 such that 2] <y < 3.
If y = 1 the n-th root exists and is unique; moreover:
1. If y > 1: it suffices to choose

x1=1,29 =y and we have z] <y <zy (1<y<y")

2. If y < 1: it suffices to choose
x1 =y,r2 =1 and we have z] <y<ay (K" <y<1)

Then we can apply the intermediate value theorem to the continuous function f(x) = z"

on the interval [z, z2]. Here its minimum is z} and its maximum is zf.

Since:
7 <y <uzy, thereexists zg € [z1,22] such that z( =y.

Uniqueness follows from the fact that the function is strictly increasing.
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Chapter 10

Monotone functions on an interval and
invertibility

10.1 Monotone functions on an interval

e We now deal with monotone functions on an interval (and not necessarily continuous),
and the next theorem (based on the completeness axiom of R) can be seen as an extension
to functions of the monotonicity theorem for sequences.

Theorem 10.1: Monotonicity theorem for functions

Let f : (a,b) — R be a monotone function. Then for every ¢ € (a,b) the right and left
limits as © — ¢ exist and are finite; at the two endpoints a, b the right limit (at a) and
the left limit (at b) exist, possibly infinite.

Proof. Suppose f is increasing in (a,b) and let ¢ € (a,b), that is, a point inside the
interval.

We prove that the following limit exists and is finite:

lim f(z)=sup{f(z):z € (a,0)}.

Tr—Cc—

We set
¢=sup{f(z):z € (a,c)}

Note that ¢ exists and is finite by the supremum property, since f(c) is an upper bound
of the set {f(z) : z € (a,c)}.

Hence we need to prove that

lim f(z) =14

Tr—Cc

So let {z,} be any sequence in (a, ¢) such that xz,, — ¢, and let us prove that f(z,) — ¢,
i.e., that for every € > 0 we eventually have

L—e < f(zg) <l+e.
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The second inequality is obvious, since f(xy) < ¢ by definition of ¢, because z,, € (a,c).

O

Proof. To prove the first one, we observe that, since £ — ¢ is less than £, i.e., less than the
least upper bound of {f(z) : € (a,c)}, it is not an upper bound of this set; therefore
there exists a point

z € (a,c) such that f(z)>/{¢—c¢

Since f is increasing, it follows that
f(z) >l —¢e,Vx € (Z,¢)
On the other hand, by hypothesis
T, <c¢,Vn and x, > c as n — 400
therefore x,, € (Z, c) eventually. Hence
f(zn) > € —¢ (eventually)

which is what we needed to prove.

Similarly, one can prove that the following limit exists and is finite:

lim f(z)=inf {f(z):2 € (c,b)}.

T—ct

As for the limits at the two endpoints of the interval, we prove that the following limit
exists:

lim f(x)

r—b—

We set (as before)
¢ =sup{f(z):z€(ab)}

however, in this case ¢ could also be 400 (we cannot claim that f(b) is an upper bound
of the set, because the function is not defined at b). We therefore proceed by cases.

In the case £ < oo the previous proof can be repeated. ]

Proof. If instead ¢ = oo, the argument changes. From the hypothesis
sup { f(z) : € (a,b)} = +o0
it follows that for every M > 0 there exists & € (a, b) such that f(z) > M.

By the monotonicity of f, then

flz) > M, Vze(z,b)
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hence, taking any sequence x,, — b, we have z;,, € (Z,b) eventually, and therefore
f(zn) > M, eventually,

therefore
lim f(z,) =400

n—-+o0o

In the same way one proves that the following limit exists:

lim f(z)

r—at

O

e N
A consequence of the monotonicity theorem is that if a function is monotone on an interval

(a,b), its possible points of discontinuity in (a, b) are necessarily jump discontinuities, except

for the endpoints a, b, where there may also be a vertical asymptote.
. J

10.2 Continuity and invertibility

e We have seen the theorem stating that if a generic function with domain D is strictly
monotone, then it is invertible.

e We also know that the converse is not true in general: there exist functions that are
invertible on an interval but not monotone.

Example 10.1: Invertible but not monotone function

Consider for example

1—12%2 if 0<z<1,
f(z) = 2 .
x if <0

its graph is:

o

0.5
;: O [ |

xr
\\\
—0.5 |- 8
-1 \

-1 0 1
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This function satisfies the invertibility condition, which requires the graph of f to be inter-
sected at most at one point by every line parallel to the z-axis, but it is not monotone.

e If we add the hypothesis of continuity and require the domain to be an interval, being
strictly monotone becomes a necessary and sufficient condition for invertibility, as stated
by the following theorem.

Theorem 10.2: Invertibility of monotone and continuous functions

Let f: I — R be a function defined on an interval I.

If the function f is continuous, then it is invertible on the interval I if and only if it is
strictly monotone.

In this case its inverse function is also strictly monotone and continuous.

Proof. We already know that if f is strictly monotone, it is invertible (regardless of the
hypotheses that f is continuous and that it is defined on an interval).

We show that the converse holds, i.e., that if f is continuous and invertible, then it is
strictly monotone.

Suppose by contradiction that the function is not strictly monotone; then there exist
three points
x1 < x2 < x3 (in the interval TI)

such that
f(z1) < f(z2) and f(z2) > f(x3)
or such that

f(z1) > f(z2) and f(z2) < f(x3).

Suppose the first of the two alternatives holds (the other case is handled similarly). Let
us compare the values f(z1) and f(z3); they cannot be equal because f is invertible by
hypothesis, hence

f(z1) < f(xs) or f(z1) > f(z3).

Again, suppose the first of the two alternatives holds (the other case is handled similarly).
So we know that:

z1 <xp <wm3 and f(21) < f(z3) < f(z2).

Since f is continuous, by the intermediate value theorem there exists
xo € (z1,22) such that f(zo) = f(z3).

Since z¢p # x3 (because z1 < x9 < x3), it follows that f cannot be invertible, a
contradiction. This proves the first part of the theorem.
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Now let f be a continuous, strictly monotone and hence invertible function on I, and let
g be its inverse function, which is also strictly monotone and invertible. We prove that
g is continuous.

e By what we observed after the monotonicity theorem, the strictly monotone func-
tion g is either continuous or has jump discontinuity points.

e In the latter case the image of g is not an interval (but the union of at least two
disjoint intervals), which is a contradiction because this image is /. Hence ¢ is
continuous.

O

e Note that in the proof of the previous theorem we used both the intermediate value
theorem and the monotonicity theorem for functions. Moreover, we implicitly used the
completeness axiom of R.

e The theorem just proved means, in particular, that:

[ a continuous and invertible function on an interval has a continuous inverse function. ]

e This fact completes the proof of the continuity theorem for elementary functions:

1. the continuity of the function a” implies the continuity of the function log, x.

2. the continuity of the functions sinz, cosx and tanx implies the continuity of the
functions arcsin x, arccos x and arctan x.
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