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Chapter 1

Numerical series

1.1 Numerical series

e We now introduce numerical series, which extend the operation of addition to an infinite
number of terms.

[ The sum of infinitely many terms, even if they are all positive, can give a finite result. ]

e Imagine measuring a square of area 2 using the following procedure: we divide the square
in half along the diagonal and measure the first right triangle: we obtain 1; then we divide
the second right triangle in half and measure the first of the two resulting right triangles:
we obtain %; the remaining right triangle is again divided in half... and so on indefinitely.
We obtain the infinite sum:

LTI S —il
2 48 16 32 2k T Lok

which, by the way it was constructed, must give 2 as its result.

O

\_
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Mathematical Analysis 1

Definition 1.1: of numerical series

Given a sequence {ay}ren, we call numerical series of the terms ay, the expression:

00
D
k=0

e It is read “series (or also sum) for k£ from 0 to +o00 of a;”. The values a;, are called the
general terms of the series.

Definition 1.2: of sequence of partial sums

The numbers
n
sn:Zak:ao+a1+...+an, Vn € N
k=0

are called the n-th partial sums of the series and they define the sequence {s,} of
partial sums.

e
1\

The behavior (character) of the series is determined by the limit of the sequence {s,,}
as n tends to infinity. We say that a series is convergent, divergent, irregular, if the
sequence {s,} of partial sums is convergent, divergent or irregular, respectively.

Definition 1.3: of sum of the series

If the sequence {s,} of partial sums is convergent, that is, if
S, >s€R as n— 4o

we say that s is the sum of the series, and we write Y oo ar = S.

~
.

~
J

Hence, if the sequence {s,} is convergent, we have:

oo
E ar = lim g ap = lim s, =s
=0 n——+00 n——+00

The series makes precise the idea of a sum of infinitely many terms, that is, we compute
the limit as n — +oo of the finite sum of the first n terms.

-

J

o [f instead of summing starting from 0, we start from an index ng > 0, we write Ziino ay

e To denote a generic numerical series without specifying the starting index ng we will use
the symbol > ay
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Mathematical Analysis 1

s N
A generic numerical series ) | a; always involves two different sequences:

1. the sequence {ay} of the terms of the series

2. the sequence {s,} of partial sums

Example 1.1: behavior of a series
Let us determine the behavior of the series:
o

k=1

Sl-

We have:

! 1+ ! + + ! > !

Sp = — = —t ..+ —=>n —

" N Vn
=

n terms, each >—=

=vn— 400 as n— +00

=

Hence the sequence of partial sums {s,} is divergent by the comparison theorem for se-
quences and, consequently, the series is divergent.

T T T \
/ b = > p ) ﬁ — 400 as n > +0o .......,...»
or 000000... —
mﬁ .....ao
§ 5 [ o‘... N
..° ak:ﬁﬁo as k — 400
0 ......................................I.........
\ \ \ \
0 10 20 30 40 50
\_ kon J
§ J

1.1.1 Main properties of numerical series

Observation 1.4

If a sequence {ay} has non-negative terms, that is, ar > 0,Vk, then the sequence of
partial sums {s,} is increasing and regular.
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Proof. Given a sequence {a} with non-negative terms, the sequence of partial sums {s,}
is increasing since:

Sn+l = Sn + Qnt1 > Sp, Vn, hence lim s, =sup{s,}
~—~— n—+00 neN
>0

by the monotonicity theorem for sequences. Consequently the sequence {s,} cannot be
irregular. It is therefore regular, that is, it either converges or diverges. O

( )
Given a sequence {ax} with non-negative terms:

e If {s,} is increasing and bounded, then it has a finite limit and ) as converges.

e If {s,} is increasing and unbounded, then ) a; diverges to +oc.
. J

e This remark also holds for sequences with eventually non-negative terms, positive terms,
or eventually positive terms.

Theorem 1.5

If a series Y ay, is convergent, then limg_, o ap = 0

Proof. By definition of convergent series, the sequence of partial sums {s,} converges to
a real number s, i.e., s, — s € R as n — +oo. Without loss of generality we consider
ng = 0.

We observe that the sequence {sy} can be defined recursively:
S0 = ao, Sp = Sp—1+an, Yn>1

Consequently we have:

ap = Sp — Sn—1 and hence lim a, = lim (sn — Sn—1) =s—s5=0
n—-+00 n——+00
O
'd \
The convergence of a series therefore implies that ap — 0 as k — 400, that is:
Zak convergent = lim a; =0 (1.1)
k——+o00
but the converse is not true (Example 1 is a counterexample):
lim ap,=0 = Z ay convergent (1.2)

k——+o0

Hence the fact that ap — 0 as K — +o00 is a necessary but not sufficient condition for the

convergence of a series.
(& J
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Mathematical Analysis 1

e From the contrapositive of (1.1) we have:

lim ap#0 = Z ay, is divergent or irregular
k—+o00

that is, if the limit is not equal to zero, then the series is not convergent.

1.1.2 Tails of series

If we modify a finite number of terms of a series, the value of the sum may change, but the
behavior of the series remains unchanged.

e If we modify the value of one term, for example ay,,, for n > ng the sequences of partial
sums, the original and the modified one, differ only by that term: hence both converge,
both diverge, or both are irregular. The same holds if we modify a finite number of terms.

The results on the behavior of series therefore also hold if the hypotheses are satisfied
“eventually”, i.e., from a certain index ny onward.

Definition 1.6: of tail of a series

Given a series ) ;- ay and a value m € N, the series ) 3 . ay, is called a tail of the
series.

e Given a series »_~ar and m € N we have:
n n m

Z ap = (Z ak> — (Z ak> = Spn — Sm, Vn >m (1.3)
k=m-+1 k=0 k=0

hence for every tail (that is, for every m) the associated sequence of partial sums is equal
to that of the original series minus a constant. Consequently we have the following remark:

[ Every tail of a series has the same behavior as the original series. ]

e Given a convergent series, taking the limit as n — +o00 in (1.3) we obtain the relation:

Z ay = <Zak> — <Zak> =5—8, as n— +oo (1.4)
k=0

k=m+1 k=0

Consequently we have the following remark:

Given m € N, every tail > 72 41 ax of a convergent series can be interpreted as the error
that we make when approximating the sum s with the partial sum s,,.
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Theorem 1.7

If a series ) ay is convergent, then

s—Sm —0 as m— 4+
~——

o
=2

k=m+1

Proof. For every n > m, the n-th partial sum of the series is:

n
Sp = Sm + g ag

k=m+1

Taking the limit as n — +o00, we have:

§=8Sm+ lim Z ag

n—-+00
=m+1
o
= > @
k=m+1
Now taking the limit as m — +oo, we have:
(0.9] o
R D VRS o
k=m+1 k=m+1
that is, the claim of the theorem. ]
'a \

This theorem tells us that, if a series is convergent, then the value s — s,,, that is, the
error that we make when approximating the sum s with the partial sum s,,, tends to zero
as m — +o0o. In other words, the tail of a convergent series tends to zero as m tends to
infinity.

1.1.3 Harmonic series

Definition 1.8: of harmonic series

The harmonic series is the series Y po | &
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Theorem 1.9: behavior of the harmonic series

The harmonic series diverges to 400

e Graphically we have:

/ T T T T \
.....0
oooo‘°...
4 .Ooolo"'.. 4
oo.....
- 3 .o'.. n
@ . Sn =D p_1 1 —+00 as n— +oo
s 2 .
3
Le ar =1 —0 as k— +oo
0 0000000000000000000000000000000s0cassscscscss
| | | |
0 10 20 30 40 50

N Y

The harmonic series Y j; # is a counterexample that proves (1.2), since:

1 =1
kgl:il-loo = 0 and ; z diverges to 4 oo

e Before proving the theorem, we observe that for certain values of n the partial sums are:

1 1
s1 =1+ -, S9 =81+-=14+-+=-—=1+4—,
~— ~— 2
= S90 = Sg1

(L il

S4 =8 -+ - —+ - = —

. 2T \3 1) =279 2
—522

FE
=

N W

1 1 1 1 1 1 1 1
> 1+
9 10 11 1213 14 15 ' 16

516 :SS+<+++++++
~~

TV
1 1 1 1 1 1 1 1 _1
Zigtiet6Ti6T 66 TI6 T 162
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Proof. We prove by induction on 2" that
s =1+, VneN

Base case. Let n = 0. Then the statement becomes sq90 > 1 + g, ie., 1 > 1, which is
clearly true.

Inductive step. Assume that it is true for 2"~ and let us prove it for 2”. By the
inductive hypothesis, we have:

>14021
Son—
on—1 2 9
Moreover, we have:
> 1 n—1 1 n
Son = Son—1 + Z (k:) hence Son > 1+ 5 —1—5:1—1—5
k=2n—141
> on-l, e = 1
- 2 2

which is exactly the desired statement for 2".

We therefore have: n
s2n21—|—§—>+oo as n — +oo

and {sy, } is unbounded above and also monotonically increasing, since ax, = 1/k > 0,Vk >
1. Consequently {s,} diverges to +oco by the monotonicity theorem for sequences, and
the harmonic series diverges to +oc.

O

4 N\
The sequence ap = 1/k,Vk > 1, of the harmonic series has positive terms, hence the

sequence of partial sums {s,} is increasing, and it is divergent since it is unbounded.
- J

1.1.4 Geometric series

Definition 1.10: of geometric series

Given g € R, the geometric series with ratio q is the series ) ,- q*

Theorem 1.11: behavior and sum of the geometric series

Given the ratio q € R,

convergent if |¢| <1
o
the geometric series Z ¢ s divergent to +o0o if ¢ >1
k=0
irregular if ¢ < -1
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{ If the geometric series is convergent, its sum § is 117(1 J

Proof. Given q € R and n € N, the n-th partial sum of the geometric series is:

1— n+1
" 713 if g # 1
S 1o
k=0

n+1 ifg=1

since it equals the sum of the first n + 1 terms of the geometric progression. Moreover,

we have: )
400 ifg>1
1 ifg=1
lim ¢" =
e 0 if |q| < 1
| does not exist  if ¢ < —1
Hence, if ¢ # 1:
1
1—q"* +1 !
. L . . oty ]
nlgf&asn Ainlggm 1—gq o 1—gq nlgf&a(l q ) +00 ifg>1

does not exist if ¢ < —1

and if ¢ = 1 we have:

lim s, = lim (n+1)=+oc0
n—-+oo n——+00

O

e Given the ratio ¢ € R and a first term a € R, the result extends to the series > ;2 a q*
of the terms of the geometric progression:

(Convergent, with sum 0 ifa=0
. convergent, with sum £ if a # 0 and |¢| <1
the series Z agt s divergent to + oo ifa>0and g>1 (1.5)
w0 divergent to — oo ifa<Oand ¢g>1
| irregular ifa#0and ¢g < -1

Indeed, if a = 0 all the terms of the series are zero and therefore s, = 0 for every n. If
instead a # 0, by the product by a constant of summations the n-th partial sum is:

n n
Sn:Zaqk:a qu
k=0 k=0
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Mathematical Analysis 1

and therefore, by the theorem on the limit of the product of a constant and a sequence,
{55} has the same behavior as the sequence of the partial sums of 3%, ¢*, with the limit
multiplied by a (in the divergent cases the sign of a decides between +o0o and —o0).

Example 1.2: geometric series

Let us determine the behavior of the series:

k=0 k=0
It is a geometric series with ratio ¢ = 1/2, hence it is convergent and its sum s is 1/(1 —
1/2) = 2.
/ T T T T \
2 [ ......"'.......‘............................H'
) snzzzzo(%)k—)Q as n — 400
1.5 fe =
5
1e -
<
3
0.5 e |
. ak:(%)kéo as k— 4o
0 ®eessssccccsssse e 0-0-0-0-000000 0000000000
| | | |
0 10 20 30 40 50

Let us determine the behavior of the series:

> (%)

It is a geometric series with ratio ¢ = 13/12, hence it is divergent.

/ T T T \
600 |- o
S = Do (%)k — 400 as n — 400 .
S 400 I
& aj = (%)k—>+oo as k400 ..0.
200 - ..o. i
o'....
oo"..... 0000
0 ceeess 8888800000  en00000000000000000000
\ \ \ \
0 10 20 30 40 50
\_ kon J
L Y,
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1.1.5 Arithmetic series

Definition 1.12: of arithmetic series

Given the first term a € R and the common difference d € R, the arithmetic series is

the series Y p- o(a + k d)

e The terms of the arithmetic series are the terms of the arithmetic progression with first
term ¢ and common difference d, that is, a, a+d, a+2d, ... As for the geometric series,
the first term is in position & = 0.

Theorem 1.13: behavior and sum of the arithmetic series

Given the first term a € R and the common difference d € R,

'divergent to +o00 ifd>0
divergent to —oo if d <0
oo
the arithmetic series Z(a +kd) is divergent to + 00 if d=0and a >0

k=0
divergent to —oco ifd=0and a <0

| convergent ifd=0and a=0

If the arithmetic series is convergent, its sum s is (

Proof. Given a,d € R and n € N, the n-th partial sum of the arithmetic series is:

n

sn:kzz()(a+kd):a(n+1)+d <n(n2+1)> :Zn2—|—<a—|—;i>n+a

since it equals the sum of the first n + 1 terms of the arithmetic progression. Therefore,
if d # 0, collecting the term of highest degree we have:

2a+d 2a +oo ifd>0
lim s, = lim —n?|[1+ +— 1=
n—+o0 n—+o0 2 dn d n? .
—_—— —oo ifd<0
—0 —0
and if d = 0 we have s, = a (n + 1) and therefore:
400 ifa>0
lim s, = lim a(n+1)=< -0 ifa<0
n——+00 n——+o0o
0 ifa=0
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The arithmetic series is therefore convergent only in the trivial case a = d = 0, in which all
its terms are zero, and it is never irregular (unlike the geometric series, which is irregular
for ¢ < —1).

e The fact that the arithmetic series cannot converge, except in the trivial case, also follows
from the necessary condition for convergence (1.1). The general term is ay = a + k d and

we have:
+oo ifd>0
lim (a+kd)=< -0 ifd<0
k——+o0
a ifd=0

that is, limg_, 1 oo ax = 0 only if d = 0 and @ = 0. In all the other cases the contrapositive
of (1.1) guarantees that the series is not convergent. The necessary condition does not
say, however, which the behavior is: it is the computation of the partial sums carried out
in the proof that establishes that the series is divergent, and with which sign.

Example 1.3: arithmetic series

Let us determine the behavior of the series:
o
1
14 =
3 ( - k)
k=0

It is an arithmetic series with first term a = 1 and common difference d = 1/2. Since d > 0,
the series is divergent to 4o0.

600 |- o
s Zzzzo(l%—%k)—%}—oo for n— 00 o°
....
%400 | -
£ ar =1+ 3k — 400 for k ;%00
200 |- |
0 --.-.’22:-:::.-.'............‘...................l
| | | |
0 10 20 30 40 50
k k, n J
S J
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1.1.6 Telescoping series

Definition 1.14: of telescoping series

A telescoping series is a series of the form:

o0

Z (b, — bg+1)  where {by} is a sequence

k=ng

Theorem 1.15: behavior and sum of the telescoping series

A telescoping series converges, diverges or is irregular according to whether the sequence
{bx} converges, diverges or is irregular, respectively.

If  lim b, =(€R" then > (be = brr1) = by — i by
k=no N—_——
=/leR*

Moreover, if ¢ € R, then the telescoping series is convergent and its sum s is by, — ¢

Proof. We have

no+n
Sp = Z (b — br+1)
k=no

= (bng = brg+1) + (bng+1 — bng+2) + - - + (bng+n — brg+n+1)

= bny — bpg+n+1

hence:
(oe)
2 Gu=ben) =l o =l (bro = Brotnsa) =bro = L b
=ng

Observation 1.16

The series Y o, m, called Mengoli’s series, is convergent and its sum s is equal
to 1.
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Proof. We have:
RIS VIS U
B S REED Sk EEL
=bp  =bp1
Mengoli’s series therefore has the form:
b, — b ith b 1 d lim b li ! 0
— i =— nd moreover  lim = lim - =
F ktl W F k & oreove k—+o0 F k—+oo k
hence it is a convergent telescoping series (ng = 1) and moreover s = by = 1. O

e Graphically we have:

T T T T
/ 1+ ...............ooooooooooooooooooooﬁ;\
oo"...
08 1
. 8n=2221m—>1 as n — +oo
s 06 .
04 .
0.2, a/k:m—ﬂ) as k— 400
0 ......- .............................
| | | |
0 10 20 30 40 50

Proof. Alternative proof

For every n > 1, the value of the partial sum of Mengoli’s series is:

Hence we have

> 1
g arp = lim s, = lim 1-— =1
— n—+400 n—-+00 n+1

Consequently Mengoli’s series is convergent and its sum s is 1. O

Author: Fabio Furini
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Example 1.4: telescoping series

Let us determine the behavior of the series:

> 1
k:1(3k:+2)(3k‘+5)
We have:
1 _a B aBk+5)-B(Bk+2)
(B3k+2)(3k+5) 3k+2 3k+5  (3k+2) (3k+5)
3(a-pB)k+b5a—-2p
3k+2) (83k+5)
= 3(a—p)=0 =a=08, 3a=1 hence Oz:ﬁ:l
Sba—2p=1 3
consequently:

1 1 1 1 1 1 1
Bk+2) 3k+5) 3\3k+2 3k+5/ 3|[3k+2 3(k+1)+2
~——
=br =bp4+1
The series therefore has the form:
1
b —bpy1 with by = kT2 and moreover kgrfm b, = kEI—II—loo 3552 =0
that is, a telescoping series (ng = 1), and we have:
o0
1 1 1 1
=—|b— lim by | =-b=—
Z(3kz+2)(31<:+5) 31 T St F| T3 T 15
k=1 ~—
—0
Hence it is a convergent telescoping series and its sum s is %
1\ J
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Chapter 2

Series with non-negative terms

2.1 Series with non-negative terms

A series ) a; with non-negative terms (or positive terms) is regular, that is, it is
either convergent or divergent to +oo (it cannot be irregular, as we have proved). Such a
series converges if and only if the sequence of its partial sums is bounded.

2.1.1 Comparison test

Theorem 2.1: Comparison test

Let {ay} and {b;} be two sequences with non-negative terms such that ay, < by eventually;
then:

i) Zbk convergent = Zak convergent

i7) Zak divergent = Zbk divergent

- J

e The series Y by is called the dominating series (majorant), while the series > ay is
called the dominated series (minorant).

Proof. Since aj, < by eventually, there exists m € N such that:
ap <bg, Vk>m

Let us now consider the n-th partial sums of the tails of the two sequences {a;} and

{bx}, with n > m:
n
sy = Z ar  and sP = Z bi,
k=m+1 k=m+1

Since 0 < ag < by, Vk > m, we have

0 < 52 < sb Yn>m (2.1)

n

The sequences {s?} and {s2} are regular, since {a)} and {b;} have non-negative terms.
Hence the claims i) and i7) are logically equivalent, so it suffices to prove the second one.

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 17


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

Mathematical Analysis 1

Saying that > a,, is divergent means, by the definition of divergent series, that s,, — +00
as n — +00. Moreover, since every tail has the same behavior as the original series, we
have s — +00 as n — +oo0.

From (2.1), by the comparison theorem for sequences, also s — 400 as n — +o0. Hence
the tail of {bs} is divergent and consequently > b, is divergent. O

Observation 2.2

Given o < 1, the series Y oo k% is divergent to +o0.

Proof. With a = 1 we have the harmonic series, which diverges to +o0o. With a < 1, the
series dominates the harmonic series, since:

1 1
- < —, VEeNk>1 and a<1
k — k~
hence Y 7, k% is divergent by the comparison test. O

e Graphically, for example with o = %, we have:

T T T T
/ 20 1 n 1 :"\
Sp = Zk:l w5 — 100 as n— 400 .....o
o...
15+ .o.... B
o'..
ﬁ o.....
10| ...o' |
< ®°
S o
..
5 .0" ) B
. ak:ﬁﬁo as  k — +o0o
':.......
0 0000000000000000000000000000000000000000
| | | |
0 10 20 30 40 50

N »

2.1.2 Limit comparison test

Theorem 2.3: Limit comparison test

Let {ax} and {by} be two sequences with positive terms. If the sequences are asymptot-
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ically equivalent, that is, if:
ap ~ b, as k— +oo

then the corresponding series Y aj and Y by are regular and have the same behavior,
i.e., either they are both convergent or they are both divergent.

Proof. The series Y ax and ) by are regular because the sequences {ax} and {b;} have
positive terms. Since aj ~ by as k — 400, we have:

%—>1 as k — +o©
by,

Hence, for every € > 0, there exists m € N such that Yk > m we have:

l—e< % <1+4+e andhence (1—¢€)by<ar<(l+¢e)by since by > 0,Vk
k

We have thus proved that (1 —¢) by < ap < (1 + ¢) by eventually. Hence, by the

comparison test, the series > ap and > by have the same behavior.

The first of the two inequalities implies that if > ax is convergent then > by is also
convergent, while the second one implies that if ) ax is divergent then ) by is also
divergent.

O

Observation 2.4

Given o > 2, the series y oo k% is convergent.

Proof. With o = 2 we have:

o1 k— +
2o kkry © >

and the series > 72, m converges (Mengoli’s series). Hence, by the limit comparison

test, > pe; 7z also converges.

With o > 2, the series is dominated by the series Y2, k%, since:

1
< =

1
Ta S VkeN,k>1 and o >2

hence Y 72 kia is convergent by the comparison test. O

e Graphically, for example with a = 2, we have:
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L5 e i
° B " 1
Sn =D k-1 %2
S 1te -
V)
2
3
0.5 -

o ak:k%—>0 as k — +oo

Example 2.1: limit comparison test

Let us determine the behavior of the series:

2. 5k+cosk
P 3+2k3
We have:
5k+cosk 5 1 =5 1
372 "2 2 as k— +oo and ;5? converges

hence the series is convergent by the limit comparison test.

[ [ [ [
/ 4 ......oooooooooooooooooooooooooooooooooooo\
o. Sn + ZZ:l % i ki2
3 N
[ ] .............‘...................‘.........
5 2| . |
° 5, = ZZ:I 531::}-;253/@
1 e |
0
| | | |
0 10 20 30 40 50
\_ n /
_ J
e N

However, even if the sequences are asymptotically equivalent, the corresponding series may

not have the same sum.
g J

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 20


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

Mathematical Analysis 1

2.1.3 Condensation test

Theorem 2.5: Condensation test

If {a} is an eventually decreasing sequence with non-negative terms, then the series

Soroqag and Y po g 2% aoi are regular and have the same behavior, i.e., either they are
both convergent or they are both divergent.

e Before proving the theorem, let us consider the sequence {8, } of the partial sums of the
sequence {2 aq}, that is, the sequence:

and let us derive two important relations with the sequence {s,} of the partial sums of
the sequence {ay}, that is, the sequence:

n

e We observe that, for certain values of n, the partial sums s,, are:

$1  =ay, s3 =s1+ax+ a3 <ai+2az
N~~~ ~—~ ~—~
=521 = 8221 <az

S7 =s3+as+ a5 + ag + ar a1 +2ax+4ay
—~— —~— O~
= S923_1 <aq4 <aq4 <ayq

S15 = 8S7+ag+ a9 + aig + ail
~— ~— M
= 8241 <ag <asg <ag
+ a2 + a13 + a1qg + a5 <ar1+2ax+4ag+8ag
~— o
<as <as <as <as

Observation 2.6

Given an eventually decreasing sequence {ay} with non-negative terms, we have:
n—1
spoo1 <D 2ap Yn>1 (2.2)
k=0
5,—/
=Sn—1
1\ J
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Proof. We prove by induction on 2" that

Base case. Let n = 1. Then the claim becomes so1_; < 2° ay, i.e., a; < a1, which is
clearly true.

Inductive step. Assume that it is true for 2"~ and let us prove it for 2”. By the
inductive hypothesis, we have sgn-1_; < zz;g 2% a,,. Moreover, we have:

2" —1 n—2 n—1

Son_1 = Son-1_1 + E a; hence Son_1 < E ok Qok + on—1 Qon—1 = E ok Aok
j=2n—1 k=0 k=0
N——

< =1 Agn—1

which is exactly the desired claim for 2.

e We now observe that the values of 3, are:

So=a1<2a1=2 s , S1=8S0+2a2<2s14+2a2=2 39
N —~—
= S90 = So1

50=81+4a4<2s3+2a3+2a1=2 54 (since a4 < ag)
~—

= S92

33=8+8ag<2s4+2a5+2ag+2a7+2as=2 sg (since ag < a7 < ag < as)
~—
= S93

Observation 2.7

Given an eventually decreasing sequence {ay} with non-negative terms, we have:

d 2Pag < 2s;m V>0 (2.3)
k=0

——

=5n

Proof. We prove by induction on 2" that

gn < 2 Son Vn > 0

Base case. Let n = 0. Then the claim becomes 55 < 2 sq0 = 257, i.e., a1 < 2 ay, which
is clearly true.

Inductive step. Assume that it is true for n — 1 and let us prove it for n. By the
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inductive hypothesis, we have 5,1 < 2 sg9n—1. Moreover, we have:
277.
- ~ - -
Sp = Sp—1 + 2" agn hence Sp < 28901+ Z 2a; =2 son
; 1
on ==L p1l
< Y o
i=2n—141
which is exactly the desired claim for n. O

e We are now able to prove the theorem.

Proof. From relation (2.2) we have:
son_1 < Sp-1, Vn=>1

Hence, if {5,} is convergent, that is, if > .7, 2F aqi is convergent, the subsequence
{sgn_1} is bounded. Since {s,} is monotone, the whole sequence {s,} is bounded
and convergent by the monotone sequence theorem. Consequently, if > 7, 2F ay is
convergent, then » 7° , ay, is also convergent.

From relation (2.3) we have:
Sp<28m, VYn>0

Hence, if {s,} is convergent, that is, if ) 2, aj is convergent, then the subsequence
{san} is convergent (since {s,} is monotone). Consequently, by comparison, {§,} is also
convergent, that is, 72 2k aqr converges.

Moreover, since {ag} has non-negative terms, the series cannot be irregular; consequently,
we also have:
oo oo
. k .
Z ap divergent <= Z 2% agr  divergent
k=1 k=0
which completes the proof of the theorem. O

e

-

Given an eventually decreasing sequence {ax} with non-negative terms, we have proved

that:
oo oo
> i > 2 i
ar convergent/divergent <= 2% aqr convergent/divergent
k=1 k=0

Hence the convergence/divergence of Y 72 2% a4 is a necessary and sufficient condition for
the convergence/divergence of 722 | ay.

N

Author: Fabio Furini
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2.1.4 Generalized harmonic series

Definition 2.8: Generalized harmonic series

Given a € R, the series > - 4 kla is called the generalized harmonic series

Theorem 2.9: Behavior of the generalized harmonic series

Given a € R,
© 4 divergent to + o0 if a <1
the generalized harmonic series Z o is
k=1 convergent ifa>1
. J

Proof. We have already established that it diverges for « < 1. For o > 1, the sequence
{k%} is a decreasing sequence with positive terms. We have:

Z2ka2k Z2’f W i 2!-9)
k=0 2 k=0

that is, a geometric series with ratio 2!, which converges if and only if 2!=% < 1, that
is, if 1 — a < 0. Hence, for a > 1, by the condensation test, the series converges. O

2.1.5 Passing from the discrete to the continuous

e The tools used to establish asymptotic estimates of functions can also be used to obtain
asymptotic estimates of sequences (passing from the discrete to the continuous),
and they provide useful tools for studying the behavior of a series with positive terms.

Example 2.2: passing from the discrete to the continuous

Let us determine the behavior of the series:

X el/k _q
2.~

From the asymptotic equivalence
@ _1~e@) as e(z) =0

we have
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Therefore the series, which has positive terms, converges by limit comparison with the series
of 1/k2.

Example 2.3: passing from the discrete to the continuous

Let us determine the behavior of the series:
i log (k + 3)
— k42
We have
k;—i—3_1+ 1 1 1
k+2 k+2 k+2

From the asymptotic equivalence
log(l1+¢e(x)) ~e(z) as e(z)—0

we have

log [ 1+ 1 ! 1 as k — 400
& k+2) " k+2 " k&

Thus it is a series with positive terms whose general term is asymptotically equivalent to

1/k. By comparison with the harmonic series, this series diverges to 4o0o.
1\ J

Example 2.4: passing from the discrete to the continuous

Let us determine the behavior of the series:

(2wl

k=1

From the third-order Maclaurin expansion

we have
1 11 1 1 i 1 1 b
——sin-=—-——(-—-———=+4o0|( = ~—= as 00
k kK k 6k3 2 6 k3

Therefore the series, which has positive terms, converges by limit comparison with the series

of 1/(6 k3).

- J
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2.1.6 Root test

Theorem 2.10: Root test

Let {ar} be a sequence with non-negative terms. If the following limit exists:

lim Yay = (€ R*

k—+o0

convergent iff<1l or f=—-0
then the series Z ap s
divergent to + o0 if£>1 or £ =+

Proof. Suppose that limg_, 1 ¥ar = ¢ < 1. Since ¥ar — ¢ € R, for every € > 0 there
exists m € N such that Vk > m:

{“/ak S £+§

Moreover, since £ < 1, we have £ < 1 — ¢ for a suitable € > 0. For this € we therefore
have, eventually:
eNk

hence ak<<1—7> , Vk>m

9 g
k < — — —_ =
A/ G _£+2<(1 €)+2 1 5

_ <
2

We have thus proved that aj < (1 — %)k eventually. The geometric series:

o0
ek . ) €
Z (1 = 5) is convergent since 1 — 3 <1
k=0

Hence, by the comparison test, the original series converges.

Suppose that limy o ar = £ > 1. Since #ar — £ € R, for every € > 0 there exists
m € N such that Vk > m:

Yax 2 -

Moreover, since £ > 1, we have £ > 1 + ¢ for a suitable € > 0. For this ¢ we therefore
have, eventually:

k
ap, > E—%>(1+5)—%:1+% hence ak>(1+%) , YVk>m

We have thus proved that ap > (1 + %)k eventually. The geometric series:

= ek . €
Z (1 + 5) is divergent since 1+ 5 >1
k=0

Hence, by the comparison test, the original series diverges.
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[ Clearly, these arguments remain valid also if £ = —oo or 400, respectively. ]

Observation 2.11

convergent if b < 1

0 divergent it b>1
The series Z K? . bF with BeR,b>0 is
k=1 convergent if b=1 and < —1

divergent ifb=1 and B> —1

Proof. 1t is a series with non-negative terms, and we have:

VEB bk =b-kP/*  and  lim K% = lim exp %Jogk =1

k——+o0 k——+o0
———
—0

hence, by the root test, it converges for b < 1 and diverges for b > 1. If b = 1, the series

becomes:
[oe) o 1
B _
DK =) =5
k=1 k=1

that is, a generalized harmonic series; it is convergent for 8 < —1, while it is divergent

for g > —1. O

Observation 2.12

The series > 7 b* /k* with b > 0 is convergent

Proof. It is a series with non-negative terms, and we have:

k
’“%:%—m as k — +oo

hence the series converges by the root test. O
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2.1.7 Ratio test

Theorem 2.13: Ratio test

Let {ar} be a sequence with positive terms. If the following limit exists:

. Ap41
lim o reR*
k—+oo ap

convergent ifl<1l or f=—-—
then the series Z ap 18
divergent to + 00 if£>1 or £ =+

Proof. Suppose that limy_, 4o ar11/ar = £ < 1. Reasoning as in the proof of the root
test, there exists m € N such that Vk > m:

Ak41 ( 5)
<|1-—=
ag 2

for a suitable € > 0. Reasoning iteratively, this implies that:

& e & e\ k—m+1

We have thus proved that ap < (1 — %)kim am eventually. The geometric series:

> g\ k—m €
Z <1 — 5) am, 1S convergent since 1 — 3 <1

=m

Hence, by the comparison test, the original series converges.

Suppose that limg_, o ax11/ar = £ > 1. Reasoning as in the proof of the root test, there
exists m € N such that Vk > m:

L (1 o i)
ak 2

for a suitable € > 0. Reasoning iteratively, this implies that:

€ € € e\ k—m+1
ak+1><1+§) ak><1—|—§> (1—1—5) ak_1>...>(1+§) am

We have thus proved that aj > (1 + %)k_m am eventually. The geometric series:

> g\ k-m €
Z (1 + 5) am is divergent since 1+ 3 >1

k=m

Hence, by the comparison test, the original series diverges. O
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[ Clearly, these arguments remain valid also if £ = —oo or 400, respectively. ]

Observation 2.14
o 1 B
Do=¢
k=0

Proof. We have
/k+1)! 1
1/k!  k+1
Therefore the series, which has non-negative terms, converges by the ratio test. The proof
that the sum of the series is equal to e will be given later using series of functions. [

—0 as k— +oo

2.1.8 Series with non-positive terms

e We know that the behavior of a series does not change if we alter a finite number of
its terms. Consequently, the tests for series with non-negative terms also apply to series
whose terms are eventually non-negative.

e Moreover, by factoring a minus sign out of the whole series, we see that these tests can
also be applied to series with non-positive terms, and hence to series whose terms are
eventually non-positive.

In summary, therefore, the tests we have seen apply to series all of whose terms (except for
a finite number) have the same sign.
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Chapter 3

Series with terms of variable sign

3.1 Series with terms of variable sign

Definition 3.1: absolutely convergent series

A series Y ay, is absolutely convergent if the series Y |ay| converges.

Theorem 3.2

If a series Y ay, converges absolutely, then it converges.

Proof. Without loss of generality, let ng = 0 and consider the following series:

[e.9]

(lax| - ax)
k=0

It is a series with nonnegative terms since, for every k € N, we have:
|ak|—ak:—2ak >0 if ap <0

lag| —ax =0 if ap>0
Moreover, by the triangle inequality, for every k£ € N, we have:
|ak| — ar, = |lax| — ar| < lax| + |ax| = 2|ax]
>0
Hence, by the comparison test for series with nonnegative terms, we have

o0 o0

Z |ax| convergent — Z (Jax] — ax) convergent
k=0 k=0

Since for every k € N we have a; = |ax| — (Jax| — ax) and the series Y ;2 |ax| and
> reo(lax| — ar) converge, we have:

oo [e.e] o0
oar=> laxl =D (Jar| — ar)
k=0 k=0 k=0
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that is, the series is the difference of two convergent series. Consequently, the series
> re o ak is convergent as well. O

e The following is an alternative proof.

Proof. Without loss of generality, let ng = 0 and split the sequence {s,} of partial sums
into two sequences, the first containing only the positive terms and the second only the
negative terms:

st = E ar and s, = Z —ap  hence s, =s! —s,
ke{0,1,....,n}: ap>0 ke{0,1,...,n}: ar<0

Consequently, it is enough to show that the sequences {s;"} and {s,, } are convergent to
conclude that {s,} converges, and hence that the series ) aj converges.

We observe that {s;'} and {s; } are monotone non-decreasing sequences and moreover,
by the triangle inequality, we have:

n n
CAR S Z lax| and s, < Z |ak]
k=0 k=0

On the other hand, by hypothesis the series > ay converges absolutely, i.e., > |ag| con-
verges, and hence the quantity Y, |ax| is bounded; therefore the sequences {s;} and
{s,, } are bounded above and non-decreasing, and hence they converge, by the monotone
sequence theorem. ]

Example 3.1: absolute convergence

Let us determine the behavior of the series:

o (=D

with a>1

We have:

‘ (=n*
5o

1 — 1
= VEeN,k>1 and Z T is convergent for « > 1
k=1

Therefore the series converges absolutely and hence it converges.

(& J
( A
Absolute convergence implies ordinary convergence, also called simple convergence:
Z |ax| convergent = Zak convergent (3.1)
but the converse is not true (we will give a counterexample later):
Z aj convergent Z lag| convergent (3.2)
Hence absolute convergence is a sufficient but not necessary condition for ordinary conver-
gence.
(& J
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3.1.1 Alternating series and the Leibniz test

e Among series with terms of variable sign, a particularly simple case is given by alternating
series, for which the following convergence test holds.

Theorem 3.3: Leibniz (alternating series) test

Consider the series
oo

Z (—1)k ar with a; > 0,Vk

k=ng

If the sequence {ay} is decreasing and ay, — 0 as k — +o00, then the series is convergent.

Moreover:
2n 2n+1
Sop = Z (—1)k ap | s and Sop4+1 = Z (—1)k ap T s as n — +oo
k:no k=no
1 J

e The partial sums with even index approximate the sum s from above and those with odd
index from below.

e The Leibniz test can clearly be applied also if the terms eventually have alternating signs
and the sequence {ay} is eventually decreasing.

Example 3.2: Leibniz test

Let us determine the behavior of the series:
o0
1
1k =
EE
k=1
The sequence ap = % is decreasing and non-negative. Moreover % — 0 as k — 400,
hence it satisfies the two conditions of the Leibniz test theorem. Consequently, the series is
convergent.
4 | N
1} e |
ak:%—>0 as k — 400
05 8
UJQ ) ® e ® o o
0 ® ® ¢ 0 0 006 00 0 o0 o
5
2n k
Sop = (1% a
o514 2n = e (1) ax |
* * ° LA B B B I
—1p e Son+1 = irg{l(—l)k )|
| | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
N\ ko /
. J
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(=D*

The series Y oo, +— converges and is a counterexample to (3.2), that is, a series that
converges but does not converge absolutely, since:

00 (_1)k o 0o
Z -— :kz_l and ;

p diverges (harmonic series)
k=1

| =
| =

Proof. Consider the sequence of partial sums {s, } with ng = 0 and the two subsequences
extracted from it, {s2,} and {son+1}.

For {sa,} we have:

sp=agp, S2=8p—a1+ ax <S8y, S4=82—a3+ as < Sa,
~— ~—

<ay <as

hence the sequence {s9,} is monotone decreasing.

For {s2n+1} we have:

81 =ag—ai1, 83=S1+ax— a3 =81, S5=S3+as4— as = 83,
~—
<asg <as4

hence the sequence {s2,+1} is monotone increasing.

Moreover, we have:

81 < Sopt1 = Son — Gant1 < Sop < So

therefore {so,+1} is bounded above and {s2,} is bounded below. The two sequences are
hence convergent, by the monotone sequence theorem.

The two sequences converge to the same limit, because
0 <s9p —Sopt1 < agpt1 —» 0 as n— +oo

Calling s this limit, since {s2,} is monotone decreasing and {sg,1} is monotone increas-
ing, we have:

2n

Sop = Z(—l)k ag | s

k=ng

quently we have:

and

Hence the series is convergent since sg2,+1 — s and sy, — § as n — +00, and conse-

Sp — 8

2n+1

Son+1 = Z(—l)k ap T s

k=ng

as n — +oo

as n — +oo
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Corollary 3.4: of the Leibniz test theorem

Given a series satisfying the hypotheses of the Leibniz test theorem, we have:

|s — Sl < am+1, YmeN

——
:‘Zio:erl(_l)k akl

e For every m, the error made by approximating s with s,, is, in absolute value, bounded
above by the value of the first omitted term. In other words, the tail of the series tends
to a value less than or equal to ap,41.

Proof. Since
Sopt+1 T s and Sop L 8 as n — 400

we therefore have, for every n € N:
Son-1 <8< 82, and  Sopt1 <8< sgp
from which we deduce
0<s5—59p-1< 82, — Sopn—1 = a2y and 0 < sop —8< 8on — Sopt1 = G2nt1

Therefore, for every m, whether even or odd, we have:

o0

> D) a

k=m+1

|s — 8| = < @t

O

Example 3.3: Leibniz test

Let us determine the behavior of the series:

o0
—1
Z(_l)k:%rk
k=1
We have:
k—1 k—1 k—1 1
ak >0,VEeNk>1 and ——~——0 as k— +o0

TRtk k() k(k+1) &k

hence the series does not converge absolutely. However, the series is decreasing for k > 2
since:

k > E—1
k+1)(k+2) ~k(k+1)
—

=0k+1 =ay

S RE<BP4k-2<—k>2

hence the series converges by the Leibniz test, since it is eventually decreasing.
- J
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Example 3.4: Leibniz test

Let us determine the behavior of the series:

> 1
S
k=2
We have: o -
akzoi >0,Vk > 2 and Oi —0 as k£ — +
moreover
1 1 1
Oik > % for k>3 and ; % diverges

hence the series does not converge absolutely. Proving algebraically that the sequence {ay}
is decreasing is complicated; instead, we pass from the discrete to the continuous setting.
We have, for x € R and x > 2:

__logzx

1-1
fx) and f/(l‘):#SO for z>e

It follows that f is decreasing for x > e; consequently the sequence a; = f(k) is decreasing
for k > 3 (the first integer > e). Hence the series converges by the Leibniz test.

. J

( N\

if Zak converges and Zbk converges  then Z(ak + by) converges

if Zak converges and Zbk diverges  then Z(ak + by) diverges

This can be checked by viewing the series as the limit of the sequence of partial sums and

applying the theorem on the limit of a sum.
. J

Example 3.5: Leibniz test

Let us determine the behavior of the series:

X k414 (=1)k K2
>
k=1
We split it into the sum of two series:
S k+1+ (-1 E Sk +1 o (—D)F
D N
k k k
k=1 k=1 k=1

For the first series we have:

k+1 k+1
3 >0,Vk>1 and 13

hence it converges by the limit comparison test, since:

—0 as k£ — +

k+1 1

o
1
5 Y2 and Z = converges
k=1
The second series converges by the Leibniz test; hence the original series converges.
. J
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Mathematical Analysis 1

Example 3.6: Leibniz test

Let us determine the behavior of the series:

= vk + (1)
S (—k )

k=1

We split it into the sum of two series:

00 \/_ 00_1k 001
1 ( V- () )>:Z(\/E) +>l

k=1

The first series converges by the Leibniz test; the second diverges (harmonic series); hence
the original series diverges.

-

Example 3.7: Leibniz test

Let us determine the behavior of the series:

> G

k=1

.

k+1

We have:

(_1)k+1 (_1)k
= — , VEe Nk >1
k k
moreover, the sequence a; = % is decreasing and % — 0 as k — 400, hence it satisfies the

_1\k+1
two conditions of the theorem. Consequently, the series > "7, ( 1,)6 converges.

. J
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Chapter 4

Series of functions

4.1 Series of functions

e Series of functions are numerical series depending on a parameter z: when these series
converge for every value x belonging to a certain interval, they represent functions of a
new kind

e There are two important classes of series of functions, namely trigonometric series and
power series. We will only deal with power series, also called Taylor series, which can
be seen as a natural extension of Taylor expansions.

4.1.1 Taylor series of the elementary transcendental functions

e Taylor’s expansion/formula with Lagrange remainder can be rewritten in the form:

R (g
£y =30 L) (o gt 4 (4.1)
k=0 ’
where the Lagrange approximation error is
f(n+1) c .
Bu(e) = £ (@ =0 (4.2

and c is a suitable point between zy and x.

Definition 4.1: Taylor series

If a function f has derivatives of every order, the series
(e}
£ (o
> T (g
k=0

is called the Taylor series of the function f centered at xg.
- J

( N\

At a given point x € (a,b), if the error
E,(z) -0 as n— +o0

then the Taylor series is convergent and its sum equals f(z). This is equivalent to saying
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that the n-th partial sum of the series has a finite limit and this limit is precisely f(z). In
formulas:

= P (@) k
Mm@ = Z — (x —x0)" = f(z) as mn— +o0
—_— P k!
Taylor polynomial
N /

Definition 4.2: function expandable in Taylor series on an interval

Given a function f : D — R with derivatives of every order, if
E.(x) >0 as n— 400, VzelICD

we say that f(z) is expandable in Taylor series on the interval I.

\ J

e There are (infinitely differentiable) functions that are expandable in Taylor series on the
whole real line, others that are expandable only on a bounded interval, and others for
which the interval reduces to a single point (the point xg).

e We now deal with the three elementary transcendental functions:
f(x)=¢€", f(x)=sinx and f(x)=cosz

which we will show to be expandable in Taylor series on the whole of R. They are three
transcendental (not algebraic) functions.

e Real functions of a real variable are classified into algebraic functions and transcen-
dental functions. Algebraic functions are built through a finite number of applications
of the four arithmetic operations, of raising to a power and of extracting the n-th root.
Transcendental functions are all the functions that are not algebraic.

4.1.1.1 The Taylor series of the exponential function

Example 4.1: Maclaurin formula/expansion of the exponential

Maclaurin formula/expansion of order n of the exponential with Lagrange remainder:

@ I x2 .773 " eC I
n — n .
(n—i—l)!x _1+$+2+3!+'“+n!+(n+1)!x ith c€0,4]
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Proof. From the Maclaurin expansion of order n of e* with Lagrange remainder, we have
that for every integer n and x € R there exists a point ¢, lying between 0 and z, such
that:

= gk e 11
aB __ - n
¢ _kzok! CE

We fix x and let n tend to +o0o. The point ¢ may vary with n but, since it always lies
between 0 and x, we have:
. {e’” if >0
e” <

1 if z<0

and e? = 1, hence e stays bounded. From the hierarchy of infinities theorem we have:

xn+1

m—)o as n — +oo

hence the error tends to zero, that is:

mn—l—l

C
m@ —>0 as n — +oo

since it is the product of an infinitesimal sequence and a bounded one. We have therefore
proved that the function e® can be written as the sum of a power series, its Taylor series,
convergent for every x € R. O
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Observation 4.4

(4.3)

Proof. It suffices to set x equal to 1 in the Taylor series of the exponential function. [

e We have derived a second definition of Euler’s number e (Napier’s constant); the first one

was:
1 k
e= lim <1—|—>
k—+o00 k

e Consequently, we have two methods for computing an approximation of the value of e:

(4.4)

1. The first method is based on formula (4.4), and by fixing k¥ = n we obtain the
approximation:
1 n
e~ (1 =+ >
n

2. The second method is based on formula (4.3), and by computing the n-th partial
sum we obtain the approximation:

"1
ezzﬁ
k=0

(1+ %)n > hoo 7 €
n =1 | 2.0000000000... 2.0000000000... 2.7182818284...
n =2 | 2.2500000000... 2.5000000000... 2.7182818284...
n =3 | 2.3703703704 ... 2.6666666666... 2.7182818284...
n= 2.4414062500... 2.7083333333... 2.7182818284...
n= 2.4883200000... 2.7166666666... 2.7182818284...

Author: Fabio Furini

SAPIENZA

UNIVERSITA DI ROMA

40


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

Author: Fabio Furini

Mathematical Analysis 1

o N
e* .........................................:::::—4
e n 1 1\7
. e>> > om e>(1+13)
2 N
| | | | |
1 10 20

30

40 50

e The second method is therefore much more efficient at approximating the value of e

J

4.1.1.2 The Taylor series of the elementary trigonometric functions

. (2 k+2)
sinz = Ty g41(z) + S L) ok

Example 4.2: Maclaurin formula/expansion of sine and cosine

Maclaurin formula/expansion of odd order of the sine with Lagrange remainder:

(2k+2)!
3 5 2 k+1 - (2 k+2)
5 @ T sin (€) 9kt .
=r— —+—+...+ (-1 th c e |0,
gty et G it @R ¢ with ¢ € [0,2]
1| = [i(x) x
/ |‘ 1( ) ',' ‘-'~‘ & T5(3§')
0.5 ‘|‘ T%<1) 3 Sl
'-‘ — sinx “‘ :
= 0 o ‘.‘ ‘T7($) s
—05 ks N\ o
—1 e 'l' L

S
vl |-
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Maclaurin formula/expansion of even order of the cosine with Lagrange remainder:

cos(? F+1) (¢) o k+1
2kt 1)
562 $4 562 k COS(2 k+1) (C)
T E 2k ith
a ot gt G ¢ Vith c€l0.a]

T

cosx =Ty p(x) +

. 0o . x2 k1 00 X .’L‘2k
Vl‘ c R, sinx = Z(—l) m, COSx — Z(_l) (2 k‘)!
=0 k=0
| J
Proof. -

4.2 Series in the complex field
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