Infinite Series 16.2

i %
\!'t\ Introduction

We extend the concept of a finite series, met in section 1, to the situation in which the number
of terms increase without bound. We define what is meant by an infinite series being convergent
by considering the partial sums of the series. As prime examples of infinite series we examine
the harmonic and the alternating harmonic series and show that the former is divergent and the
latter is convergent.

We consider various tests for the convergence of series, in particular we introduce the Ratio test
which is a test applicable to series of positive terms. Finally we define the meaning of the terms
absolute and conditional convergence.

[0 be able to use the Z summation notation

3
\=} Prerequisites

Before starting this Section you should ...

0 be familiar with the properties of limits

[0 be able to use inequalities

\':H\ Learni ng Outcomes U use the alternating series test and the ra-

tio test on infinite series

After completing this Section you should be
able to ...

[0 understand the terms absolute and
conditional convergence



1. Introduction

Many of the series considered in section 1 were examples of finite series in that they all involved
the summation of a finite number of terms. When the number of terms in the series increases
without bound we refer to the sum as an infinite series. Of particular concern with infinite
series is whether they are convergent or divergent. For example, the infinite series

T+ 14141+

is clearly divergent because the sum of the first n terms increases without bound as more and
more terms are taken.
It is less clear as to whether the harmonic and alternating harmonic series:

1 1 1 1 1 1 1 1
HERE R BN TR

converge or diverge. Indeed you may be surprised to find that the first is divergent and the
second is convergent. What we shall do in this section is to consider some simple convergence
tests for infinite series. Although we all have an intuitive idea as to the meaning of convergence of
an infinite series we must be more precise in our approach. We need a definition for convergence
which we can apply rigorously.

First, using an obvious extension of the notation we have used for a finite sum of terms we
denote the infinite series:

ay+ax+az+---+a,+--- by the expression Zap
p=1

where a,, is an expression for the p term in the series. So, as examples:

14243+ = Zp sincethepthtermisapzp
p=1
[e.e]
P2+22 432 4. = Zp2 since the p' term is a, = p*
p=1
1 1 1 =L (=1)rtt —1)p+!
2 3 4 p P
p=1
Consider the infinite series:
o0
a1+a2+...+ap+...zzap
p=1
What we do is to consider the sequence of partial sums, 57, Ss, ..., of this series where
51 = a
52 = a1+ as
Sp = artayt-+a,
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That is, S,, is the sum of the first n terms of the infinite series. If the limit of the sequence
S1, Sa,...,8,,... can be found; that is

lim S, =95 (say)

n—oo

then we define the sum of the infinite series to be S:

S:

o
ap
p

=1

and we say “the series converges to S”. Another way of stating this is to say that

oo n

E a, = lim E ap
n—oo

p=1 p=1

Definition

Convergence of Infinite Series
oo
An infinite series g a, is convergent if the sequence of partial sums
p=1

k
Si, Sz, Sz, ..., Sk, ... in which S, = Zap is convergent

p=1

Divergence condition for an infinite series

An almost obvious requirement that an infinite series should be convergent is that the individual
terms in the series should get smaller and smaller. This leads to the following keypoint:

L
\'_-I‘ Key Point

The condition:

a, — 0 as pincreases (mathematically lim a, =0)
p—00

[e.o]
is a necessary condition for the convergence of the series E ap
p=l1

It is not possible for an infinite series to be convergent unless this condition holds.
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(i 1* | Which of the following series cannot be convergent?
N @) 4 +2+3+-
b)l+5+3+71+
I+

In each case, use the condition from the previous Keypoint.

Your solution

(a) a, = lim a, =

p—0Q

"JUOSIOAIP ST SOLIOS 9DOUI[]

114 ocoed Hd _ g
T w =P

'[:

Your solution

(b) a, = lim a, =

p—00

"3U1)899) I97[}N] Soambal j0u 10 ST JT I9YPOYAN "JUSSIOAT0D 9 AT SOLISS ST} OS

d oco—d d d
0="p wy T="0
Your solution
(c) a, = lim a, =
p—o0
co«—d d
“JUOSI0AT0D ¢ LB SOLIOS SI) urede os () = o wiry = dp

Divergence of the harmonic series

The harmonic series:
1 1 1 1

14+ -4+ r = q...
+ 5 + 3 + 1 + 5 +
has a general term a, = % which clearly gets smaller and smaller as n — oo. However, sur-
prisingly, the series is divergent. Its divergence is demonstrated by showing that the harmonic
series is greater than a series which is obviously divergent. We do this by grouping the terms of
the harmonic series in a particular way:

I S o A e N
273745 - 2 34 56 7 8
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Now

ettt — ot —+—F—+—+— == efc

1 1 1 1 1 1 1 1 - 1 1 1 1 1 1 1 1 1
9 10 11 12 13 14 15 16 6 16 16 16 16 16 16 16 2

and so on. Hence the harmonic series satisfies:
TN () Y () I
2 3 4 5 6 7 8
1+ (D (D) (5«
2 2 2

The right-hand side of this inequality is clearly divergent so the harmonic series is divergent

Convergence of the alternating harmonic series

As with the harmonic series we shall group the terms of the alternating harmonic series, this
time to display its convergence.
The alternating harmonic series is:

o1 1+1 1+1
23 4 5

This series may be re-grouped in two distinct ways.

1st re-grouping

. 1+1 1+1+ . 1 1 1 1 1 1
2 3 4 5 N 2 3 4 5 6 7

each term in brackets is positive since % > %, i > % and so on. So we easily conclude that S < 1

since we are subtracting only positive numbers from 1.

2nd re-grouping

. 1+1 1+1+ (4 1+_1 1 N 1 1 N
2 3 4 5 o 2 3 4 5 6

Again, each term in brackets is positive since 1 > %, % > i, % > % and so on.

So we can also argue that S > % since we are adding only positive numbers to the value of the
first term, % The conclusion that is forced upon us is that

1
- <S5<1
2

so the alternating series is convergent since its sum, S, lies in the range % — 1. It will be shown
in Section 16.5 that S =1n2 ~ 0.693
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2. General Tests for Convergence

The techniques we have applied to analyse the harmonic and the alternating harmonic series
are ‘one-off”:- they cannot be applied to infinite series in general. However, there are many tests
that can be used to determine the convergence properties of infinite series. Of the large number
available we shall only consider two such tests in detail.

The alternating series test

An alternating series is a special type of series in which the sign changes from one term to the
next. They have the form
6L1—CL2+G3—CL4+"'

(in which each a;, i = 1,2,3,... is a positive number)
Examples are:

(a)1—1+1—1+1-- (b1 —2+4+2—-24... () l—f+5—5+---.

For series of this type there is a simple criterion for convergence:

L
\'_-l‘\ Key Point

The Alternating Series Test

The alternating series
a1 — Qo +az — Qg4 + -+

(in which each a;, i = 1,2,3,... are positive numbers) is convergent if and only if

e the terms continually decrease:
ap > ag > asz > ...
e the terms decrease to zero:

a, — 0 as p increases (mathematically lim a, = 0)
p—0o

This is called the alternating series test.

- ;JTT“*-

- 1" Which of the following series are convergent

p:l 2p + 1) p=1
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(a) First, write out the series:

Your solution

+
.
|
mho
+
—
|

Now examine the series for convergence.

Your solution

"SOLIOS JUDSIDAIP ' 9I0JOIOT} SI ST} 0ISZ 0}

d
. (F+1)  (1+dg)
98I0AU0D JOU OP SOLIOS O} JO SULIOY [RIPIAIPUIL O} 9DUIS "SOSRIIOUL d SB T +— =

(F-n (0-d)

(b) Apply the procedure used in (a) to problem (b).

Your solution

d —d
*}S9% SoLIes BHD{BUJ@Q[’B o3 /{q g,USS.ISAUOO ST SOLISS 9} 99U () = e OI.}II[ oSy
T

€ 4 d
C< B2 1 oours eouanbos SurseaIdop e st douanbos v oy, e

T
oo 4 VD — €D 4 &p — Ip WLIOJ O} JO SOLIOS SUIJRILIO)R UR ST - - - + i — é + &
1 1 !

= D Prym ur

— 1 SouLs SIY T,

7 HELM (VERSION 1: March 18, 2004): Workbook Level 1
16.2: Infinite Series



3. The Ratio Test

This test, which is one of the most useful and widely used convergence tests, applies only to
series of positive terms.

L
\'_-f\ Key Point

The Ratio Test

o0

o . . a
Let g a, be a series of positive terms. Suppose, as p increases, the limit of = = equals
a
p=1 p
a
a number \. That is lim —2= = . Then, it is possible to show that:
p—oo ay

e if A>1, then Z a, diverges

p=1

e if A<1, then Z a, converges

p=1

[e.9]
o if A=1, then Z a, may be convergent or divergent.
p=1

That is, the test is inconclusive in this case.

Example Use the ratio test to examine the convergence of the series

(a) 1+ 5 +5+5+ -
b) 1+ax+a*+2°+--

Solution

(i) The general term in this series is 1% ie.

o0

1 1 1 1 1
1+i+§+...zzﬁ a, = — api1 =

p=1

and the ratio
aper pb plp—1)...3)2)1) 1

ap, (p+1! (+plp—1)...3)2)(1) (»+1)
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Solution (contd.)

1
lim Gpi1 _ lim — =0
p—00 p—oo (p+ 1)

Since 0 < 1 the series is convergent. In fact, it will be easily shown using the techniques outlined
in in Section 16.5 that

1 1
1_{_5_{_@_{_...:6—1%1.718

(i) Here we must assume that > 0 since we can only apply the ratio test to a series of positive
terms.

Now
oo
l4ax+a24+2°2+--- = E Pl
p=1
so that
1
a, =", app1 =P
and ,
. Ap+1 . T .
lim 2 — lim = limz=2x
p—00 ap pP—00 xp—l pP—00

Thus, using the ratio test we deduce that (if  is a positive number) this series will only converge
if z < 1. We will see in Section 16.4 that

1
l+z+22+2°+--- Sk provided 0<z <1.
-
(replace = by —z and choose p = —1 in the Binomial series).
-'.:'.!TT::H
k- L
I®; Use the ratio test to examine the convergence of the series:
Ly |
1 8 27

In3  (In3)2  (In3)?

First, find the general term of the series.

Your solution
a, =
(g1 (cw) ~
d _d d _ (gup | gur
T_p oS 7 Z_+ZT+T
¢ ¢ 0o
Now find a1
Your solution
Ap+1 =
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+a(€9) _ 14dy,

o(1+d)
. . . Ap+1
Finally, obtain lim —~
p—co ay
Your solution
Ap+1 . Ap+1
Tptl lim 2 —
CLp p—00 ap
‘SOLI9S JUSSISAUOD ® SI S} 9OUS[]
(¢ u)
I > I
d
-7 Oloﬁ_[d L soseorour d se 7 «— (24 = (L) moy W (L) -
= Ty, I : - ! AT L) = A\ T N "= ATH) T T

Note that in all of these examples and guided exercises we have decided upon the convergence
or divergence of various series; we have not been able to use the tests to discover what actual
number the convergent series converges to.

4. Absolute and Conditional Convergence

The ratio test applies to series of positive terms. Indeed this is true of many related tests for
convergence. However, as we have seen, not all series are series of positive terms. To apply the
ratio test such series must first be converted into series of positive terms. This is easily done.

o0 [e.e]
Consider two series Z a, and Z la,|. The latter series, obviously directly related to the first,
p=1 p=1
is a series of positive terms.
Using imprecise language, it is harder for the second series to converge than it is for the first,
since, in the first, some of the terms may be negative and cancel out part of the contribution
from the positive terms. No such cancellations can take place in the second series since they are

all positive terms. Thus it is plausible that if Z la,| converges so does Z a,. This leads to
p=1 p=1
the following definition.

Definition
Conditional Convergence

o) (e e}
A convergent series E a, for which its related series E |la,| is divergent is said to be
p:]_ p:]_

conditionally convergent

Absolute Convergence

o) o
A convergent series E a, is said to be absolutely convergent if E la,| is convergent.
p=1 p=1
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For example, the alternating harmonic series:

 (—1)ptt 1 1 1
ZL:1_§+§_1+'“
p=1 p
is conditionally convergent since the series of positive terms

o0 o0

—1)ptt 1 1 1
yo| = D e
p=1 p p=1 P
is divergent.
T 11 1
I$ﬁ Show that the series 5 + 16 + .-+ is absolutely convergent.
-—...,.:_ . . H

First, find the general term of the series

Your solution

Shbodaes =30 ) L=

i)
—_

i(dZ)EdD i(dZ)Z: '._+$_%+%_
a(1-) a(1—) o
The related series of positive terms is
Your solution
sthtat = ( ) o gy =
p=1
. . 1=d
i(d2) _dp o8 i(d2) Z
T T
Now use the ratio test to examine the convergence of this series
Your solution
p" term = (p+ 1) term =
1((HI-d)Z) — w0y (T + d) @ — w0y ,,d
1) ¢
What is Tim | 221" tem,
p—o0 pt term
Your solution
. [+ D" term
lim |———| =
p—o0 pt term
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K[BC}H[OSC[B ST l(( Z)) Z QOUQH ‘3593 Orjed 9yl Kq 9,119319/\110:) ST STLI9Y} SAD,ISOd JO solIes a3y} 0§
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d, d (1 —dg)d d d i d
soseorowr d se o L)@+ de) (1 = de)dg(1+de)( +dg) _ il(1+d)c)
I (1 - de)de i(de)
Exercises

1. Which of the following alternating series are convergent?

(a) Z (_1)17 111(3) (b) Z (_1)p+ (C) Z psin(?p + 1)%

= p ~ P+l (p +100)

2. Use the ratio test to examine the convergence of the series:

WYt mYL @Y
a —_— — ¢ —
p= (2]7 * 1)p+1 p=1 p! p=1 \/]3
<1 > (—1)p+t
d
@ Gz @2 %
p=1 p=1
3. For what values of x are the following series absolutely convergent?
Y ) N )
@3 —— O
p=1 p p=1 p:
T Jo
sonfeA [€ 10 JU0SIOATUO0D A[OIN[OSCR ST SOLIOS [RUISLIO OT[} 08 (T JO dN[RA 93 JO 0AIP0dSOLIl) () = Y

=d
d I
PUL oM 1S9} OIyel o1} SUISn ‘SoLIas S} 10 ﬁ Z ST sur19) oA131S0d JO soLIas poje[al oy ], (q)
x
oo

T > |z| 31 yue810Au00 A[9IN[OSqR ST $O1I0S [RUISLIO O1[) OS |T| = Y puy
I:d

d
oM 1S9} OT)el O} SUISN ‘SOLIdS SIY) I0] ﬁ Z ST suL1o) oA1ISOd JO SoLds poje[al oy, (B) ¢
al’l Y3
‘porpdde oq
Jouue) 1599 OIJRI JY[} OS SULIY] dAIYISOd JO SalIas ® JON (9)  ‘queSIealp 0s ¢/O0T = Y (p) ‘solIes

d d
OTIOULIRY 9} YHM uostredurod Aq JUSSIOAIP SI SOLIOS UIAIS O} U} ; < % 9OUIS ‘IOAOMOT]

"OAISTI[DUODUL ST 9893 08 T = Y (9)  ‘qua8moauod os ) = Yy (q) ‘yue810auod os () = Y (®) g
JUOSIOAID (D)  ‘JUASIATOD (() ‘JUOSIOAU0D (R) 'T SIOMSUY
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